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PLATE 2 

10 A pair of reciprocal animals a f te r  the completion of metamorphosis. 
X 1. Each of the fore limbs o n  thc tigrinnni larva is slightly heavier than its 
corresponding linib on the punctatum. 

11 Photograph from dorsal view of the dissected heads of a pair of operated 
animals (tigrinum on the le f t )  preserved late in larval life, each with the 
transplanted eye 011 the left side. 
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Figure 6: An order of magnitude census of the major components 
of the three model cells we employ often in the lab and in this 
book. A bacterial cell (E. coli), a unicellular eukaryote (the budding 
yeast S. cerevisiae, and a mammalian cell line (such as an 
adherent HeLa cell).  
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—Evolution is constrained by energy demands, delivery and 
conversion across scales

—Life is a self-sustaining (heritable) organisation of matter 
brought out of equilibrium locally and persistently

—The organisation, growth, and maintenance at all levels of 
organisation, molecules, organelles, cells, organs and whole 
organisms requires constant energy conversion

Metabolic rates (Power)

• Organismal Growth: Metabolism and Size
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• Summary — Organism Scaling Laws
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1. Size of animals and plants varies over many orders of magnitude including within a 
given taxon or families

2. Animals and plants show characteristic allometric relationships: relative growth and 
self-similarity

3. Allometry reflects internal and external constraints in organisation, namely:

4. The West-Brown-Enquist model provides a quantitative framework that explains the 
ubiquity of ¼ exponents in allometry, in particular Kleiber’s law

5. The WBE model yields a universal ontogenetic bounded growth curve
6. The WBE model redefines a universal biological clock adjusted for mass (internal 

constraint) and temperature (external constraint), where the clock ticks slower as 
size increases. 

7. There are obvious limits to this model and some features are incorrect (eg. planarian)
      but it provides a compelling 0th order model to explain organismal growth and size. 

— Mechanical constraints (elastic similarity)
— Energy delivery to all cells in the organism

—Key feature: Hierarchical self-similar branching network with 
invariant terminal units and minimisation of energy dissipation

4



• Organismal Growth: Metabolism and Size
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THE POWER LAW FOR ORGANISMS 
In biology, West argues, a ¾ power law is particularly widespread. Let’s look at the 
metabolic rate, which is centrally important because it is the internal engine of all living 
things, the rate at which an organism converts inputs (food) to outputs (work):  
 

Elephants are roughly 10,000 times (four orders of magnitude, 104) heavier than 
rats; consequently they have roughly 10,000 times as many cells. The ¾ power 
scaling law says that, despite having 10,000 times as many cells to support, the 
metabolic rate of an elephant (that is, the amount of energy needed to keep it 
alive) is only 1000 times (three orders of magnitude, 103) larger than a rat’s; note 
the ratio of 3:4 in the powers of ten. This represents an extraordinary economy 
of scale [in the use of resources] as size increases. 
 

Figure 1 shows this relationship, which also explains the relentless march toward 
larger size as evolution proceeds: small reptile to dinosaur, eohippus (an early 
horse about the size of a fox terrier) to modern horse, small sea mammal to 
whale.3 Yet, as we saw at the outset, scaling factors also impose limits to size, as 
the organism encounters tradeoffs between the efficiency of larger size and the 
handicaps that large size inflicts.  

 
FIGURE 1 
RELATION BETWEEN SIZE (BODY MASS) AND METABOLIC RATE OF ANIMALS 

‘ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Source: Mann, Charles C. “How Nature Scales Up” (review of Scale by Geoffrey West). Wall Street Journal, 
June 23, 2017. After West [2017], Figure 1 on page 3.  

                                                        
3 We are now supposed to call eohippus (“dawn horse”) hyracotherium. Almost no one does, eohippus 
being much more melodious; and, while the comparison of eohippus to fox terrier is copied from textbook 
to magazine article to this essay, few people know what a fox terrier is, much less how big one is. Gould 
[1991] documents the spread of this silly meme. Gould, Stephen Jay. 1991. “The Case of the Creeping Fox 
Terrier Clone,” in Bully for Brontosaurus, W. W. Norton & Co.  
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closely fit a single universal curve (Fig.·6). Ontogenetic growth
is therefore a universal phenomenon determined by the
interaction of basic metabolic properties at cellular and whole-
organism levels. Furthermore, this model leads to scaling laws
for other growth characteristics, such as doubling times for
body mass and cell number, and the relative energy devoted to
production vs maintenance. Recently, Guiot et al. (2003)
applied this model to growth of solid tumors in rats and
humans. They showed that the growth curve derived from
Eq.·7 gave very good fits, even though the parameters they
used were derived from statistical fitting rather than determined
from first principles, as in ontogenetic growth. This is just one
example of the exciting potential applications of metabolic
scaling theory to important biomedical problems.

Temperature and universal biological clocks
Temperature has a powerful effect on all biological systems

because of the exponential sensitivity of the Boltzmann factor,
e–E/kT, which controls the temperature dependence of
biochemical reaction rates; here, E is a chemical activation
energy, T absolute temperature, and k Boltzmann’s constant.
Combined with network constraints that govern the fluxes of
energy and materials, this predicts a joint universal mass and
temperature scaling law for all rates and times connected
with metabolism, including growth, embryonic development,

longevity and DNA nucleotide substitution in genomes. All
such rates are predicted to scale as:

R ! Mb
–1/4e–E/kT ·, (8)

and all times as:

t ! Mb
1/4eE/kT ·. (9)

The critical points here are the separable multiplicative nature
of the mass and temperature dependences and the relatively
invariant value of E, reflecting the average activation energy
for the rate-limiting biochemical reactions (Gillooly et al.,
2001). Data covering a broad range of organisms (fish,
amphibians, aquatic insects and zooplankton) confirm these
predictions with E~0.65·eV (Fig.·7). These results suggest a
general definition of biological time that is approximately
invariant and common to all organisms: when adjusted for size
and temperature, determined by just two numbers (1/4 and
E~0.65·eV), all organisms to a good approximation run by the
same universal clock with similar metabolic, growth, and
evolutionary rates! (Gillooly et al., 2005).

Metabolic scaling in plants: independent evolution of M3/4

One of the most challenging facts about quarter-power
scaling relations is that they are observed in both animals and
plants. Our theory offers an explanation: both use fractal-like
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Fig.·7. Plot of mass-corrected resting metabolic rate, ln(B Mb
–3/4) vs inverse

absolute temperature (1000/°K) for unicells (A), plants (B), multicellular
invertebrates (C), fish (D), amphibians (E), reptiles (F), and birds and mammals
(G). Birds (filled symbols) and mammals (open symbols) are shown at normal
body temperature (triangles) and during hibernation or torpor (squares). Figure
taken from Gillooly et al. (2001) with permission.

Colloquium

Allometric scaling of metabolic rate from molecules
and mitochondria to cells and mammals
Geoffrey B. West* †‡, William H. Woodruff* § , and James H. Brown†¶!

*Los Alamos National Laboratory, Los Alamos, NM 87545; †Santa Fe Institute, 1399 Hyde Park Road, Santa Fe, NM 87501; and ¶Department of Biology,
University of New Mexico, Albuquerque, NM 87131

The fact that metabolic rate scales as the three-quarter power of
body mass (M) in unicellular, as well as multicellular, organisms
suggests that the same principles of biological design operate at
multiple levels of organization. We use the framework of a general
model of fractal-like distribution networks together with data on
energy transformation in mammals to analyze and predict allo-
metric scaling of aerobic metabolism over a remarkable 27 orders
of magnitude in mass encompassing four levels of organization:
individual organisms, single cells, intact mitochondria, and enzyme
molecules. We show that, whereas rates of cellular metabolism in
vivo scale as M!1/4, rates for cells in culture converge to a single
predicted value for all mammals regardless of size. Furthermore, a
single three-quarter power allometric scaling law characterizes the
basal metabolic rates of isolated mammalian cells, mitochondria,
and molecules of the respiratory complex; this overlaps with and
is indistinguishable from the scaling relationship for unicellular
organisms. This observation suggests that aerobic energy trans-
formation at all levels of biological organization is limited by the
transport of materials through hierarchical fractal-like networks
with the properties specified by the model. We show how the mass
of the smallest mammal can be calculated (!1 g), and the observed
numbers and densities of mitochondria and respiratory complexes
in mammalian cells can be understood. Extending theoretical and
empirical analyses of scaling to suborganismal levels potentially
has important implications for cellular structure and function as
well as for the metabolic basis of aging.

The classic allometric scaling relationship relating metabolic
rate (B) to body mass (M),

B ! B0M
3⁄4 [1]

(with B0 being a normalization coefficient), was formulated first
for mammals and birds by Kleiber in the 1930s (1–4). It has since
been extended to a wide range of organisms from the smallest
microbes (!10"13 g) to the largest vertebrates and plants (!108

g; refs. 4 and 5). Although the value of B0 varies among broad
taxonomic or functional groups (endotherms, ectotherms, pro-
tists, and vascular plants; ref. 4), the value of the scaling exponent
(b) is invariably close to 3⁄4. Furthermore, many other physio-
logical variables such as lifespan, heart-rate, radius of aorta,
respiratory rate, and so on scale with exponents that are typically
simple multiples of 1⁄4 (2). The origin of the universal quarter
power and, in particular, of the 3⁄4 exponent in Eq. 1 rather than
a linear relationship (b # 1) or a simple Euclidean surface-to-
volume relationship (b # 2⁄3) has been sought for decades. A
quantitative theoretical model (6) has been developed that
accounts for quarter-power scaling on the basis of the assump-
tion that metabolic rates are constrained by the rate of resource
supply. Accordingly, allometric exponents are determined from
generic universal properties of hierarchical transport networks
such as the vascular systems of mammals and plants, which occur
naturally in biological systems. More generally, it has been shown

that quarter powers reflect the effective four-dimensional frac-
tal-like character of biological networks (7).

In this paper we apply the general ideas underlying the model to
show how the scaling of metabolism can be extended down through
all levels of organization from the intact organism to the cell,
mitochondrion, respiratory complex, and ultimately to an individual
molecule of cytochrome oxidase, the terminal enzyme of cellular
respiration. Accordingly, a relatively simple variant of Eq. 1 con-
nects complex biological phenomena spanning an astounding 27
orders of magnitude in mass from a single molecule to the largest
mammal. We know of no precedent for this observation nor any
previous theory that could explain it. Its universal character clearly
reflects something fundamental about the general principles of
biological design and function. The extension of scaling phenomena
down to the molecular level offers potentially important insights
into the organization of metabolic pathways within cells and
organelles as well as into how these fundamental units are inte-
grated functionally at higher levels of organization. In addition to
showing how the general principles of the network model account
for these phenomena, we show how the turnover rate of the enzyme
molecules of the respiratory complex propagates through the
hierarchy to limit the maximum aerobic metabolic capacity of whole
organisms. Furthermore, the allometric scaling of metabolism at
cellular and molecular levels focuses attention on processes asso-
ciated with aging and mortality.

The origin of b # 3⁄4 for both animals and plants follows from
three key properties of their branching transport systems (6): (i)
networks are space-filling (thus, for example, they must reach
every cell in the organism), (ii) their terminal branch units such
as capillaries in the circulatory system or mitochondria within
cells are the same size, respectively, for all organisms or cells of
the same class, and (iii) natural selection has acted to minimize
energy expenditure in the networks. More generally, the uni-
versal quarter power can be derived by assuming that the number
of terminal units (such as capillaries or mitochondria) in the
hierarchical network is maximized when scaled (7). Because this
latter argument does not invoke any specific structural design or
dynamical mechanism, it can be expected to hold at all levels of
biological organization. Because this model works so well for
plants and animals with macroscopic vascular systems, it is
natural to speculate that similar geometric constraints affect
transport processes at the cellular, organelle, and molecular
levels. The observation that b # 3⁄4 for unicellular (4) as well as
multicellular organisms suggests that the distribution networks
within single cells obey the same design principles. Furthermore,

This paper results from the Arthur M. Sackler Colloquium of the National Academy of
Sciences, ‘‘Self-Organized Complexity in the Physical, Biological, and Social Sciences,’’ held
March 23–24, 2001, at the Arnold and Mabel Beckman Center of the National Academies
of Science and Engineering in Irvine, CA.
‡To whom reprint requests should be addressed. E-mail: gbw@lanl.gov.
§E-mail: woody@lanl.gov.
!E-mail: jhbrown@unm.edu.

www.pnas.org"cgi"doi"10.1073"pnas.012579799 PNAS # February 19, 2002 # vol. 99 # suppl. 1 # 2473–2478
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• Allometry - Law of relative growth
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Head: 50% body 12.5% of body 

Legs: 12.5% of 50% of body 

751HISTORY OF ALLOMETRY

FIG. 2. Pézard (1918, p. 25). This graph represents
the evolution of size (cubic root of weight ‘‘P’’), length
of the comb and length of spurs in three individual
cockerels.

FIG. 3. Champy (1924). Series of male Dynastes
showing the relative increase of horns as a function of
size.

isogonic growth, and growth that is special
or conditioned can be called heterogonic
growth’’ (Pézard, 1918, p. 23). ‘‘Hetero-
gonic growth’’ remained the commonest
expression for individual relative growth
until the introduction of ‘‘allometry’’ in
1935, especially in the English literature.
Pézard’s monograph was a remarkable ex-
perimental study, which influenced many
people working in a wide range of areas:
the physiology of sex of course, but also
embryology, endocrinology, biometry. It
showed clearly that the relevant variable
was not time, but body size. Furthermore,
his use of graphs made the significance of
the data particularly clear. There was, how-
ever, an important absence in Pézard’s
work. He did not propose any hypothesis
about the algebraic form of the law of het-
erogonic growth of the comb.

In 1924, in a book entitled Sexuality and
Hormones, Christian Champy, another
French physiologist, proposed such a for-
mula. In this book, he coined the expression
‘‘Dysharmonic growth’’ for ‘‘an extremely
general phenomenon,’’ which he claimed to
have discovered: the continuous increase of

the relative size of secondary sexual char-
acters as a function of body size (Champy,
1924). The book provided impressive illus-
trations of this phenomenon, especially in
insects (Fig. 3). Champy explained this
phenomenon by a sexual hormone causing
an increase of the rate of mitotic cell divi-
sions in certain parts of the body. For this
reason, he argued that the relative growth
process was adequately described by a par-
abolic curve (Champy, 1924, p. 148–151).
‘‘Disharmonic growth’’ followed thus a law
of the form:

2V 5 at

where V is a measure of the secondary sex-
ual character, t is body size, and q a con-
stant (Champy, 1929). In this formula, the
relative growth of an organ is obviously a
function of body size. This equation is not

C. Champy (1924)

—Questions: 
• what dictates the relative partitioning of 
organismal growth among organs, limbs etc?
• How are proportions monitored and controlled?

• How is growth symmetry ensured? 
    And when it is asymmetric, how is this  controlled?

https://www.carolina.com/fiddler-crabs/fiddler-crab/FAM_142450.pr

fiddler crabs
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• Growth Rate, Duration/Arrest

Thomas LECUIT   2019-2020

— Question: What is measured? Intrinsic « ruler » of growth
Cell intrinsic process, organ specific, organism specific?
Interactions/coordination at each scale (ie. between cells) and across scales (feedbacks?)

— Organ and organism size may be regulated by:
 Growth duration and/or growth rate.
— Need to regulate growth arrest (determinate growth).

dM/dt T1 T2 T3 T4

arrest

• In search of Sensor(s) and Coordinator(s)

time

mass/size

time

mass/size
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• Cellular versus Organ scale models of growth arrest

Thomas LECUIT   2019-2020

— Question: What controls growth arrest? 
Hypothesis:  Cell-scale model: counting cell size, cell number, cell divisions etc.

          
If so the pattern of cell division should affect organ shape and size.  

— In plants and animals tissue growth is driven by both cell division (increase 
in cell number) and cell growth (increase in cell size). 
—The two processes are coordinated (balanced growth)  but can be 
independently regulated (unbalanced growth)

9

• balanced growth

• unbalanced growth

growth division
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2014). It first performs two rounds of longitudinal divisions at right
angles to one another to produce four cells of equal size. This is
followed by a transverse division that separates the two tiers,
generating the octant stage embryo (Fig. 1). At this stage, the upper
tier is slightly, but significantly, smaller than the lower tier (Yoshida
et al., 2014). All cells in both tiers then undergo a tangential division,
giving rise to eight inner cells and eight outer cells (dermatogen
stage). This division separates the protoderm (the precursor of the
epidermis) from the inner tissues (the precursors of the ground and
vascular tissues) (Fig. 1). Recent work shows that the outer cells of the
dermatogen stage embryo are more than twice the volume of the inner
cells, a feature that had been impossible to detect in 2D sections
(Yoshida et al., 2014). In the following stages, both the orientation of
cell division and volumetric asymmetry are very regular in the lower
half of the embryo, whereas they are less constrained in the upper half.
The next round of divisions that forms the early globular stage is a

central formative event. The outer, protodermal cells divide
anticlinally, only to extend the outer layer. By contrast, the inner
cells divide longitudinally. Here, the four basal cells form larger,
outer ground tissue precursors and smaller, inner vascular
precursors. At about the same time, the uppermost cell of the
suspensor is specified as the hypophysis and divides asymmetrically
to form a smaller lens-shaped cell that is the precursor of the
quiescent centre (QC) and a larger basal cell that is the precursor of
the distal stem cells of the root meristem (Fig. 1).
The specification of different cell identities during embryogenesis

is tightly controlled by specific molecular pathways and is often
marked by the onset of specific gene expression patterns. In the
following sections, we discuss our current understanding of the
cellular and molecular events that take place during the formation of
outer (protoderm) versus inner layers, the specification of vascular
and ground tissues, the determination of shoot and root domains, and
the establishment of the first stem cells.

The separation of inner and outer fates
At the octant stage, all cells of the embryo proper divide along a
tangential plane, aligned along the apical-basal axis, giving rise to
two cell populations with very different identities: the protoderm
and the inner cells (Fig. 1). What dictates this tangential division
plane is not clear. The WUSCHEL-RELATED HOMEOBOX
(WOX) transcription factors, together with auxin signalling
(Box 1), have been implicated in this process. Tangential division
is perturbed in wox2 mutants (Haecker et al., 2004, Breuninger

Upper tier
Lower tier

Embryonic
Extra-embryonic

Protoderm
Inner
Hypophysis

Vascular tissue
Ground tissue

QC
Columella

Initial
Daughter

Zygote Octant Dermatogen Globular
Early Late

HeartTransition
Late

2-cell 4-cell1-cell
Mid Early

Outer view

Cross-section

Seedling

Key

Fig. 1. Arabidopsis embryo development. Surface view and longitudinal cross-sections of a developing Arabidopsis embryo. Cells are coloured according to
their lineage, as indicated in the key. Based on data from Yoshida et al. (2014).

Box 1. Auxin: a versatile patterning molecule
Auxin is a versatile plant signalling molecule that plays a central role in
nearly all aspects of growth and development (Zhao, 2010). Auxin is
interpreted through a short nuclear signalling pathway. When auxin
levels are low, AUXIN RESPONSE FACTORs (ARFs), which are
transcription factors, are bound and inhibited by unstable, nuclear
AUX/IAA proteins (Reed, 2001; Guilfoyle and Hagen, 2007). When
levels increase, auxin binds to the SCFTIR1/AFB ubiquitin ligase complex
and increases the affinity of this enzyme for its substrates, the AUX/IAAs
(Gray et al., 2001; Dharmasiri et al., 2005; Kepinski and Leyser, 2005).
The ubiquitylation and subsequent degradation of AUX/IAAs by the 26S
proteasome releases ARFs from inhibition, thereby allowing them to
modulate the expression of their target genes, which in turn mediate
auxin-dependent growth and development.
The active form of auxin is indole-3-acetic acid (IAA), a tryptophan-like

molecule. An obvious question is how such a structurally simple
molecule can elicit such a wide variety of cellular responses. Part of
the answer probably lies in the large size of the TIR1/AFB receptor, AUX/
IAA and ARF families (Remington et al., 2004; Dharmasiri et al., 2005);
the mixing and matching of different members within these families
provides each cell with a unique response machinery, thus enabling a
tailored auxin response. In the embryo, for example, ARF expression
patterns are dynamic and divergent, forming a prepattern that enables
specific auxin responses in each cell type (Rademacher et al., 2011).

421

REVIEW Development (2015) 142, 420-430 doi:10.1242/dev.111500
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Arabidopsis embryogenesis
Galetti R., Verger S., Hamant O.& Ingram GC. Development. 143:3249. 2016

Goh T. et al, and Guyomarc’h S. Development. 143:3363. 2016
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the cytokinin receptors, the SAM is smaller and the leaf
area is decreased [22,23]. Clearly, more research has to be
performed to establish whether a causal relationship exists
between SAM size and leaf size.

Number of cells recruited to the primordium
The first phase of leaf development corresponds to the
emergence of a primordium from the SAM. The number
of cells allocated to the leaf primordium has been estimat-
ed, based on clonal analysis, at approximately 100 cells,
but varies depending on the plant species [24,25]. One
would expect that when more cells are initially recruited
to the leaf primordium, the final leaf size could be larger
because more cells would participate in the cell division

phase (Figure 2). However, to our knowledge only one
example in Arabidopsis has been reported in which the
number of cells allocated to the leaf primordium affects the
final organ size. In the struwwelpeter (swp) mutant, show-
ing altered expression of an RNA polymerase II transcrip-
tion mediator, smaller leaves containing fewer cells are
produced. This decrease in cell number was observed in
very young primordia, suggesting that the initial cluster of
cells, from which the leaf will develop, is reduced in cell
number [26].

Cell division rate
Progression through the different phases of the cell cycle
requires a strict temporal regulation of the activity of

TRENDS in Plant Science 

Figure 1. Different developmental stages of Arabidopsis thaliana at the rosette, leaf and cellular level. From inside to outside the circle the different phases of development
(cell proliferation phase, meristemoid division phase and cell expansion phase) are shown as pictures of a rosette (day 4–20 after sowing), leaf 1–2 (day 4–20), and cell
drawings of the abaxial side of leaf epidermis (day 4–20). Dividing cells in the primary general cell-division front are represented in green, meristemoid cells in orange and
expanding cells in yellow. Two drawings are represented for a leaf [base (inner) and tip (outer) of the leaf] when dividing (small squared shape) and expanding cells (puzzle
shape) are present – underlining the progression of the transition phase.
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three sequential asymmetric divisions thereby generating
three pavement cells [81,82]. The contribution of the mer-
istemoid cells to leaf growth appears to be important
(Figure 2), because prolonging the division phase of these
cells by decreasing the expression of PEAPOD (PPD)
genes, encoding putative DNA-binding proteins, leads to
the production of larger, more dome-shaped leaves [83].
Conversely, the overexpression of PPD genes results in the
formation of smaller leaves. PPD regulates the arrest of a
secondary cell cycle arrest front involving dispersed mer-
istemoid cells. This secondary cell cycle arrest front occurs
after the arrest of a primary general cell division front
[7,83].

Control of leaf organ size: regulation of multiple
processes and compensation
An increasing number of growth regulators underline the
complexity of leaf growth control (Figure 3) and the need
for the integration of different processes such as the timing
of cell division, the transition of cell division to cell expan-
sion, the rate and extent of cell expansion and the control of
meristemoid divisions. Some regulators only affect one
process, while other regulators affect multiple components
of leaf growth such as the GIF proteins which control both
the cell division rate and the duration of the cell division
phase [40]. Furthermore, although no clear link between
SAM size and leaf size has been described yet, a smaller
SAM is also produced in the gif triple mutant. Other
regulators control leaf growth by affecting both cell divi-
sion and cell expansion. DELLA proteins inhibit leaf
growth first by altering the cell division rate during the
proliferation phase, followed by altering the cell expansion
rate during the expansion phase [36]. Similarly, AUXIN

RESPONSE FACTOR2 (ARF2), a member of a family of
transcription factors that mediate gene expression in re-
sponse to auxin, is a repressor of growth affecting cell
division and cell expansion [84,85]. Conversely, EBP1,
an orthologue of the human epidermal growth factor re-
ceptor-binding protein ErbB-3, positively regulates leaf
growth not only by promoting cell proliferation during
early leaf development, when the cell division rate is high,
but also by promoting cell expansion in differentiating cells
[86]. However, the proliferation phase is shortened when
EBP1 is overexpressed. As a consequence, gain- and loss-
of-function of EBP1 results in the formation of larger and
smaller organs, respectively.

The dual role of the above growth regulators underlines
the existing interconnections between the different phases
of leaf growth, and the required coordination between the
two essential processes, cell proliferation and cell expan-
sion, to drive growth. Another example highlighting this
interconnectivity is the phenomenon of compensation ob-
served in different mutants [6,87,88]. In an3 or ant
mutants, a decrease in cell number is associated with an
increase in cell size, but not sufficient to compensate the
decrease in leaf area [43,54]. Similarly, a decrease in cell
number caused by overexpression of ICK/KRP inhibitors of
CYCLIN DEPENDENT KINASES results in a remarkable
cell enlargement compensating the reduced cell number
[6]. How the compensation phenomenon is regulated
remains unclear. Recently, the analysis of leaves that have
a chimeric expression of AN3 and KRP2 revealed that for
the an3 mutant the compensation appears non-cell auton-
omously whereas overexpression of KRP2 in a sector of
wild-type leaves results in a cell-autonomous compensa-
tion [89]. The non-cell-autonomous compensation in an3

Cell proliferation

Cell expansion

Meristemoid division

Primordium size

Cell division rate

Cell division duration

Meristemoid division
Cell expansion duration

SWP

APC10 , GIFs, CDC27a

miR319-TCP(4)-miR396 -GRFs-GIFs
ARGOS-ANT-AIL-CYCD3
DA1, EOD1, KLU, DELLA 

PPD

EXP10 , EBP1, ARL,TOR 
 ZHD5 , ARF2

Cell number
ARF2,  EBP1

Cell expansion rate
 DELLA

Cell size

 RPT2a

DELLA

TRENDS in Plant Science 

Figure 3. Molecular mechanisms regulating leaf size. The different processes occurring during leaf development (cell division and cell expansion) are represented. The
different events that could influence the final leaf size (primordium size, cell division or expansion rate, cell division or expansion duration, and meristemoid division) and
genes involved in positive (green) or negative (red) regulation are shown. Abbreviations: SWP (STRUWWELPETER), APC10  (ANAPHASE PROMOTING COMPLEX10 ), GIF
(GRF-INTERACTING FACTOR), CDC27a  (CELL DIVISION CYCLE PROTEIN 27 HOMOLOG A), TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PCF), GRF (GROWTH-REGULATING
FACTOR), ARGOS (AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE), ANT (AINTEGUMENTA), AIL (AINTEGUMENTA-LIKE), CYCD3 (CYCLIN D3), EOD1 (ENHANCER
OF DA1-1), ARF2 (AUXIN RESPONSE FACTOR2), KLU (KLUH), EXP10  (EXPANSIN10 ), EBP1 (ErbB-3 EPIDERMAL GROWTH FACTOR RECEPTOR BINDING PROTEIN), PPD
(PEAPOD), RPT2a  (REGULATORY PARTICLE AAA-ATPASE 2a ), ARL (ARGOS-LIKE), TOR (TARGET OF RAPAMYCIN) and ZHD5  (ZINC FINGER HOMEODOMAIN5 ).
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— Growth can occur without cell division in plants:
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 (i.e., from 28% to 7% of the E260 in the nucleic

 acids extracts could be attributed to material other

 than nucleic acid, and this interfering material ap-

 peared to increase in amount relative to nucleic

 acids as the seedlings grew). Because of the un-

 certainties in this method, and because nucleic acids

 extracted from different sources by different meth-

 ods have slightly different spectral properties, the

 nucleic acid analyses in this paper are sufficiently

 quantitative only for indicating gross changes in

 total nucleic acid content (see Results section).

 RESULTS-When root and shoot "meristems" of

 wheat from grain given approximately 600 kr

 of Co60 gamma radiation were fixed at daily inter-

 vals for the first 12 days and squashes examined

 for mitotic figures, none was found among the many

 thousands of cells examined; by contrast, several

 thousand mitotic figures were found in unirradiated

 controls (Haber and Luippold, 1960). In the present

 study we used grain from the same batch, irradiated

 with 800 kr from the same Co60 source, and grown

 under the same growth conditions as in the earlier

 studies. Anatomical investigations of these plants,

 to be published in another paper, confirm the ab-

 sence of any cell division during growth, not only

 in the regions usually designated as "meristems"

 but also in any other part of the developing seed-

 lings (Foard and Haber, 1961). -
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 Fig. 1. Nine-day-old wheat grown from irradiated grain.

 Left: 9-day-old unirradiated control seedling. Right: 9-day-

 old seedling growing without cell division from irradiated

 (800 kr) grain.
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 Fig. 2. Length and dry weights of first foliage leaf of

 gamma-plantlets. Length and dry weight measurements

 were taken from 4 independent groups of 38 plants for each

 day (4, 7, 10, 13). The tallest 7 leaves (minus coleoptiles)

 were measured and then dried for weight determinations.

 Thus the groups of plants sampled, although not a random

 sample of the grains sown, are comparable with one another.

 Length of the (folded) leaf in unsown grain was measured

 on sections and corrected by assuming a shrinkage factor

 of 15% during processing for sectioning (Foard and Haber,

 1961).

 The appearances of a 9-day-old gamma-plantlet

 and an unirradiated plant of the same age are

 shown in Fig. 1. Although gamma-plantlets are

 always much smaller than unirradiated plants of the

 same age, they nonetheless undergo very great en-

 largement from their original size in the unsown

 grain. By 12 days, the first foliage leaf can become

 16 times longer than when folded in the unsown

 grain (Fig. 2). lThe great increase in size of the

 leaf can not be attributed only to swelling of the em-

 bryo by water uptake, as shown by the increasing

 dry weight of the leaf with time in Fig. 2. It is

 also apparent that in this group of gamma-plantlets

 the leaves stop growing in height after about 10

 days, but still continue to increase in dry weight.

 This suggests that the limitation in elongation of

 these leaves is not related to a loss of the capacity

 to undergo synthetic processes after elongation has

 ceased. This interpretation is also suggested by our

 finding that gamma-plantlets that have reached their

 maximum leaf height while growing in darkness

 will become green when transferred to light. That

 the growth of the gamma-plantlets is sustained by

 TABLE 1. Effects of metabolic and growth inhibitors on the

 germination of gamma-plantlets

 Length of first leaf

 Treatment Germination (12 days)

 Water controls 87% 10.8 mm

 10-3 M 2,4-dinitrophenol 0%o

 10-2 M sodium azide OO

 0.2 M nicotine 0%O
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 of 15% during processing for sectioning (Foard and Haber,
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 The appearances of a 9-day-old gamma-plantlet

 and an unirradiated plant of the same age are

 shown in Fig. 1. Although gamma-plantlets are

 always much smaller than unirradiated plants of the

 same age, they nonetheless undergo very great en-

 largement from their original size in the unsown

 grain. By 12 days, the first foliage leaf can become

 16 times longer than when folded in the unsown

 grain (Fig. 2). lThe great increase in size of the

 leaf can not be attributed only to swelling of the em-

 bryo by water uptake, as shown by the increasing

 dry weight of the leaf with time in Fig. 2. It is

 also apparent that in this group of gamma-plantlets

 the leaves stop growing in height after about 10

 days, but still continue to increase in dry weight.

 This suggests that the limitation in elongation of

 these leaves is not related to a loss of the capacity

 to undergo synthetic processes after elongation has

 ceased. This interpretation is also suggested by our

 finding that gamma-plantlets that have reached their

 maximum leaf height while growing in darkness

 will become green when transferred to light. That

 the growth of the gamma-plantlets is sustained by

 TABLE 1. Effects of metabolic and growth inhibitors on the

 germination of gamma-plantlets

 Length of first leaf

 Treatment Germination (12 days)

 Water controls 87% 10.8 mm

 10-3 M 2,4-dinitrophenol 0%o

 10-2 M sodium azide OO

 0.2 M nicotine 0%O
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 acids as the seedlings grew). Because of the un-
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 quantitative only for indicating gross changes in

 total nucleic acid content (see Results section).
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 under the same growth conditions as in the earlier

 studies. Anatomical investigations of these plants,

 to be published in another paper, confirm the ab-

 sence of any cell division during growth, not only

 in the regions usually designated as "meristems"

 but also in any other part of the developing seed-

 lings (Foard and Haber, 1961). -
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 old seedling growing without cell division from irradiated
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 sample of the grains sown, are comparable with one another.

 Length of the (folded) leaf in unsown grain was measured

 on sections and corrected by assuming a shrinkage factor

 of 15% during processing for sectioning (Foard and Haber,

 1961).

 The appearances of a 9-day-old gamma-plantlet

 and an unirradiated plant of the same age are

 shown in Fig. 1. Although gamma-plantlets are

 always much smaller than unirradiated plants of the

 same age, they nonetheless undergo very great en-

 largement from their original size in the unsown

 grain. By 12 days, the first foliage leaf can become

 16 times longer than when folded in the unsown

 grain (Fig. 2). lThe great increase in size of the

 leaf can not be attributed only to swelling of the em-

 bryo by water uptake, as shown by the increasing

 dry weight of the leaf with time in Fig. 2. It is

 also apparent that in this group of gamma-plantlets

 the leaves stop growing in height after about 10

 days, but still continue to increase in dry weight.

 This suggests that the limitation in elongation of

 these leaves is not related to a loss of the capacity

 to undergo synthetic processes after elongation has

 ceased. This interpretation is also suggested by our

 finding that gamma-plantlets that have reached their

 maximum leaf height while growing in darkness

 will become green when transferred to light. That

 the growth of the gamma-plantlets is sustained by

 TABLE 1. Effects of metabolic and growth inhibitors on the

 germination of gamma-plantlets

 Length of first leaf

 Treatment Germination (12 days)

 Water controls 87% 10.8 mm

 10-3 M 2,4-dinitrophenol 0%o

 10-2 M sodium azide OO

 0.2 M nicotine 0%O
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 TABLE 2. Protein content and dry weight of gamma-plantlets

 Protein content Dry weight

 Material analyzed (,ug/plant) (mg/plant)

 minus scutellum 107 0.50

 Unsown embryo

 with scutellum 330 1.23

 minus scutellum 489 5.60

 9-day-old gamma-plantlets

 with scutellum 980 7.23

 minus scutellum 480 5.33

 3-day-old unirradiated seedlings

 with scutellum 708 6.39

 metabolism is further illustrated by the effects of

 various inhibitors of metabolism and growth on

 their germination, as shown in Table 1.

 The protein content per developing gamma-plant-

 let also increases during germination, as shown in

 Table 2. Gamma-plantlets and unirradiated seedlings

 of nearly the same dry-matter content (correspond-

 ing to 9-day-old and 3-day-old plants, respectively)

 have nearly the same protein content. Both these

 findings suggest that gamma-plantlets can synthesize

 their own protein from breakdown products of re-

 serve proteins in the endosperm (see Discussion

 section) .

 In addition to utilizing endosperm reserves, de-

 veloping gamma-plantlets can utilize atmospheric

 CO2 in photosynthesis. Table 3 shows a light-de-

 pendent C02-reduction with approximately half the

 soluble C14 from short-time exposure to C1402 ap-

 pearing in sucrose and large percentages in other

 compounds typically labeled by plants in such short-

 time photosynthetic fixation experiments: sugar

 phosphates, glycine, and serine (Bassham and

 Calvin, 1957).

 The foregoing results suggest that gamma-plant-

 lets can carry on many synthetic processes, includ-

 TABLE 3. Photosynthesis in 9-day-old gamma-plantlets

 Light conditions during 30-min

 exposure to C1402

 1000 ft-c white light Darkness

 Total C14 fixed per shoot a 3 22.8 cps 0.0 cps

 Distribution among soluble

 compounds

 Sucrose 53%

 Sugar phosphates 18%

 Glycine 9%

 Serine 7%

 Malic acid 3%

 Aspartic acid 3%

 Alanine 2%

 a-Ketoglutaric acid (?) 1%

 Glyceric acid 0.7%

 Citric acid 0.6%

 Others 2%

 a Total C14 fixed into hot 80% ethanol- and water-soluble

 constituents by the first foliage leef and coleoptile.

 ing protein synthesis and photosynthesis, despite the

 heavy irradiation dose, in the absence of cell divi-

 sion. The radioautographs in Fig. 3 indicate, how-

 ever, that there is no DNA synthesis in growing

 root tips of gamma-plantlets. These experiments

 involved a high concentration of H3-thymidine and

 a very long period of exposure to the tracer com-

 pared to most other studies of DNA synthesis us-

 ing H13-thymidine as a tracer. This explains the

 very great accumulation of insoluble radioactivity

 in nuclei of unirradiated plants; in contrast, the

 failure of growing roots of gamma-plantlets simi-

 larly to accumulate radioactivity is all the more

 striking. The complete failure to concentrate any

 H3 in the nuclei of gamma-plantlet root tips was

 confirmed by examination of thousands of cells in

 root tips similarly treated at various times during

 the course of growth from 3 through 11 days. Label

 is incorporated into unirradiated nuclei. So the lack

 of accumulation of H3 in DNA of irradiated nuclei

 cannot be attributed to an incapacity of the tracer

 to reach sites of DNA synthesis. Consequently we

 can conclude that the growing gamma-plantlets

 cannot undergo any DNA synthesis.

 We next attempted to determine if there is any

 RNA synthesis in gamma-plantlets. Unfortunately,

 determination of RNA contents of gamma-plantlets

 held many experimental difficulties, mostly con-

 cerned with colorimetric tests for pentose and with

 an incapacity to separate quantitatively RNA from

 DNA for UV-absorption measurements. However,

 the fact that gamma-plantlets undergo no DNA

 synthesis and the fact that the cells comprising the

 seedlings are all derived from the embryo (i.e.,

 there is no cell migration) permit us to answer the

 question whether or not the RNA content increases

 by analyzing for total nucleic acid (RNA plus

 DNA). The results in Table 4 show that the total

 nucleic acid content (measured by UV absorption)

 increases as the irradiated embryos grow into

 seedlings. Since we have no data on the initial

 amounts of RNA and DNA, we have no idea of

 the relative increase in RNA content. Because of

 other experimental difficulties involved in these

 determinations (see Materials and Methods sec-
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•   -ray induced block of cell division
affects overall growth but does not block 
growth completely (« gamma-plantelets »)

• Dry mass synthesis (proteins) so 
growth cannot be solely attributed to 
water flux

• Cells become larger: 260 vs 28µm in 
mesophyll

• Differential growth of roots and shoots

OxPhos inhibitor
Cytochrome oxydase inhibitor in Gram- bact
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Uncoupling of cell division and plant development
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Fig. 3. Transgene expression and histone HI activity in Arabidopsis and tobacco seedlings. Cdc2a mRNA, protein and histone kinase activity were
detected as described in Materials and methods. The results shown correspond to one representative experiment. Histone HI phosphorylation was
quantified for 1 mg of total protein extract and the corresponding values are shown under each sample. Untransformed 2-week-old seedlings were
used as control in (A), (B) and (C). (A) Two-week-old Arabidopsis seedlings transformed with: cdc2a+, transgenic line C4 (wt.C4) and C6 (wt.C6);
and cdc2a.A14F15, transgenic line A2 (A14FI5.A2) and A5 (A14FI5.A5). wt.C4 and wt.C6 are the Arabidopsis lines showing the highest kinase
activities. (B) Same as (A), but using 2-week-old tobacco seedlings transformed with: cdc2a+, transgenic line 2 (wt.2) and line 9 (wt.9);
cdc2a.A14F15, transgenic line 4 (A14F15.4) and line 5 (A14F15.5). wt.2 and wt.9 are the tobacco lines showing the highest kinase activities.
(C) Same as (A), but using 2-week-old tobacco DN mutants. Note that a reduced kinase activity was found in these two lines in which high levels
of cdc2a.N147A223 mRNA and protein were detected.

independent tobacco lines transformed with the 35S-
cdc2a+ construct were analysed in the RI and R2 genera-
tions. Eight lines overexpressed the transgene, of which
three lines showed higher cdc2a+ mRNA and protein
levels. From 11 lines transformed with the 35S-
cdc2a.AJ4FJ5 construct, nine overexpressed the trans-
gene, of which six showed higher mutant transcripts and
protein levels. Figure 3B shows two lines with high levels
of cdc2a+ and cdc2a.AJ4FJ5 mRNA and protein. Similar
levels of histone HI kinase activity were detected in
Arabidopsis and tobacco plants transformed with either
construct, when compared with untransformed control
plants, except for two 35S-cdc2a+ lines from each species
that exhibited higher kinase activity (Figure 3A and B).
Neither the wild-type nor the mutant overexpressing
cdc2a.A14F15 affected Arabidopsis or tobacco develop-
ment, except for a tendency to lose apical dominance in
some Arabidopsis plants (data not shown).

From three independent Arabidopsis transformations
with the 35S-cdc2a.N147A223 construct, only three trans-
formants were obtained: two were escapes and one con-
tained the transgene without expression (data not shown).
Because the overproduction of Cdc2a+ does not affect the
viability of the plants, we concluded that the introduc-
tion of the mutated Cdc2a protein was lethal. Several
35S-cdc2a.N147A223-transformed tobacco plants were
obtained. However, from the nine independent lines ana-

lysed in the RI generation, only three lines showed
expression of the mutant mRNA, and in these lines
expression levels were very low. When the R2 populations
were analysed, the three lines displayed aberrant seedling
development (Figure 4A-C). The two lines that segregated
for a single locus, DN5 and DN9, were studied further.
cdc2a.N147A223 mRNA and protein accumulate to high
levels in these lines during the early stages of development
(Figure 3C). Lower histone HI kinase activity was, how-
ever, detected in these plants (Figure 3C).

Developmental analyses of DN5 and DN9 tobacco
plants
The morphology and anatomy of DN5 and DN9 plants
were analysed during development. Seedlings from both
lines display similar development. Therefore, the data for
only one line are normally presented in the figures.
The development of Cdc2a+-overproducing plants and
untransformed plants is identical (data not shown).

Two-week-old DN5 and DN9 seedlings have shorter
roots, with a reduced number of lateral roots. Cotyledons
and first leaves have a reduced size and are more elongated.
Microscopic analysis revealed that cells in all tissues of
the mutants are larger than those from untransformed
plants (Figure 5A-D). Epidermal cells and stomatal guard
cells in the cotyledons are, on average, twice as long and
wider than in untransformed plants (Figure 5A and B). In
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Fig. 4. Development of tobacco DN5 and DN9 plants. (A) DN5 line R2 generation, 3 weeks after germination. Seedlings were germinated in vitro,
in medium without selection. Arrows indicate untransformed seedlings. There is a variation in phenotype severity between the various mutant
seedlings. (B) Close-up of one DN5 seedling, 2 weeks after germination, showing early development drastically affected compared with (C), anuntransformed seedling of the same age. (D) Four-week-old DN5 and (E) control plants, growing in soil. Mutant leaves, while significantly smaller,gradually acquire shapes similar to those of the untransformed plants. The same number of leaves is found in DN mutants and control plants.(F) Two-month-old DN5 (right side) and untransformed (left side) plants, growing in soil. Mutant plants are shorter than the controls, and mature
leaves, although slightly smaller, exhibit normal shape. (G) Side view of mature flowers of untransformed plants (left side), and representativeflowers of DN5 and DN9 plants (centre). In older mutant plants, the floral development is more severely affected (right side). (H) Same as (G), butshowing an upper view. (I) Mature seed pods of untransformed (left side) and DN5 (right side) plants. The mutants produce only a few viable seeds.

roots, epidermal cells are also longer, but cell width did
not increase (Figure 5C and D). Cross-sections of a first
leaf (Figure 6F), cotyledon and root (data not shown)
showed that the anatomical structure of these organs is
not affected in mutant plants. Tissue identity and the
number of cell layers remain unchanged. The shoot apical

meristem in the mutant has a reduced size, but the cells
are no larger than those of the control. It consists of
the three layers (LI, LII and LIII) typically found in
untransformed plants (Figure 6A and B). Interestingly,
cells in the root apical meristem are disorganized in the
promeristem region (Figure 6D). The normally tiered set
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Fig. 5. Cell size in tobacco DN5 and DN9 mutants. In (A)-(D), photomicrographs were taken of chlorolactophenol-cleared whole-mount seedlings.
In (E) and (F), the material was vibro-sliced, cleared and analysed microscopically (see Materials and methods). Note that all cells in the mutant are
larger than those in the control. (A) Cotyledon of a 2-week-old untransformed seedling, and (B) a 2-week-old DN5 seedling, showing the epidermis.
(C) Root of a 2-week-old untransformed seedling, and (D) 2-week-old DN5 seedling, showing the epidermis. (E) Cross-section through a fully
expanded leaf of an untransformed flowering plant, and (F) a DN9 flowering plant. Bars = 100 rm.

of initials, typical of the closed-type of meristem found in
tobacco (Figure 6C) (Clowes, 1981) cannot be completely
recognized. Distinct collumela and lateral root cap cells
are found, composed of larger cells.

The width and length of leaves of mutant and control
plants growing in soil were measured. As shown in Figure
7C, the ratio between width and length of cotyledons and
first leaves was lower in the mutants. This reflects the
elongated shape of cotyledons and first leaves of the
mutants. Nevertheless, as the mutant plants grow, new
leaves progressively exhibit a normal shape (Figures 4D
and 7A-C), although they never reach the sizes found in
control plants. While they are structurally normal, all cells
are larger compared with the control (Figure 5E and F).

Stems in the mutant plants grow less than those in
untransformed plants; consequently the internodes are
smaller and the final size of the plant is slightly shorter
(Figure 4F). Flowers are also smaller and their size varies
within the same plant (Figure 4G and H). Nevertheless,
they have all organs, albeit with a reduced size, and are
fertile. Interestingly, in contrast to all other plant organs,
all cells in the flowers have normal sizes (data not shown).
The subsequent seed pods are small and contain less seeds
(Figure 41). Mature embryos have smaller cotyledons, but
the cells have a normal size (data not shown).

Developmental timing is not affected in DN5 and DN9

mutants. New leaves are initiated at the same rate as in
the untransformed plants. The increase in leaf size as a
function of time was measured, and showed that leaf
growth in mutants parallels that of the control plants
(Figure 7D). The passage from juvenile to adult phase is
also unaltered, with mutants flowering concomitantly with
the untransformed plants.

cdc2a.N147A223 mRNA and protein levels fluctuated
during the life cycle bf DN5 and DN9 plants (data not
shown). Such variations were not observed in Cdc2a+-
overproducing plants. This suggested the existence of a
complex control mechanism of cdc2a.N147A223 expres-
sion. However, there is always a direct correlation between
levels of the mutant protein and the severity of the
phenotype.

Cdc2a.N147A223 is out-competing the wild-type
protein
The negative dominance of the overproduced Cdc2a.
N147A223 over the endogenous wild-type protein was
expected to be achieved by the titration of regulatory
molecules. As already demonstrated, much lower histone
HI kinase activity was found in the mutants, supporting
a possible competition between the wild-type and
mutant allele.

To further test this hypothesis, transgenic tobacco
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Fig. 5. Cell size in tobacco DN5 and DN9 mutants. In (A)-(D), photomicrographs were taken of chlorolactophenol-cleared whole-mount seedlings.
In (E) and (F), the material was vibro-sliced, cleared and analysed microscopically (see Materials and methods). Note that all cells in the mutant are
larger than those in the control. (A) Cotyledon of a 2-week-old untransformed seedling, and (B) a 2-week-old DN5 seedling, showing the epidermis.
(C) Root of a 2-week-old untransformed seedling, and (D) 2-week-old DN5 seedling, showing the epidermis. (E) Cross-section through a fully
expanded leaf of an untransformed flowering plant, and (F) a DN9 flowering plant. Bars = 100 rm.

of initials, typical of the closed-type of meristem found in
tobacco (Figure 6C) (Clowes, 1981) cannot be completely
recognized. Distinct collumela and lateral root cap cells
are found, composed of larger cells.

The width and length of leaves of mutant and control
plants growing in soil were measured. As shown in Figure
7C, the ratio between width and length of cotyledons and
first leaves was lower in the mutants. This reflects the
elongated shape of cotyledons and first leaves of the
mutants. Nevertheless, as the mutant plants grow, new
leaves progressively exhibit a normal shape (Figures 4D
and 7A-C), although they never reach the sizes found in
control plants. While they are structurally normal, all cells
are larger compared with the control (Figure 5E and F).

Stems in the mutant plants grow less than those in
untransformed plants; consequently the internodes are
smaller and the final size of the plant is slightly shorter
(Figure 4F). Flowers are also smaller and their size varies
within the same plant (Figure 4G and H). Nevertheless,
they have all organs, albeit with a reduced size, and are
fertile. Interestingly, in contrast to all other plant organs,
all cells in the flowers have normal sizes (data not shown).
The subsequent seed pods are small and contain less seeds
(Figure 41). Mature embryos have smaller cotyledons, but
the cells have a normal size (data not shown).

Developmental timing is not affected in DN5 and DN9

mutants. New leaves are initiated at the same rate as in
the untransformed plants. The increase in leaf size as a
function of time was measured, and showed that leaf
growth in mutants parallels that of the control plants
(Figure 7D). The passage from juvenile to adult phase is
also unaltered, with mutants flowering concomitantly with
the untransformed plants.

cdc2a.N147A223 mRNA and protein levels fluctuated
during the life cycle bf DN5 and DN9 plants (data not
shown). Such variations were not observed in Cdc2a+-
overproducing plants. This suggested the existence of a
complex control mechanism of cdc2a.N147A223 expres-
sion. However, there is always a direct correlation between
levels of the mutant protein and the severity of the
phenotype.

Cdc2a.N147A223 is out-competing the wild-type
protein
The negative dominance of the overproduced Cdc2a.
N147A223 over the endogenous wild-type protein was
expected to be achieved by the titration of regulatory
molecules. As already demonstrated, much lower histone
HI kinase activity was found in the mutants, supporting
a possible competition between the wild-type and
mutant allele.

To further test this hypothesis, transgenic tobacco
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Fig. 7. Leaf development in tobacco DN mutants. (A) Display of the cotyledons (left side) until the fourth leaf (right side) from 3.5-week-old DN5
(upper panel) and untransformed (lower panel) seedlings, growing in vitro. Mutant cotyledons have a more elongated shape. Leaf shape in the
mutants gradually parallels that in the control. (B) Mature leaf of untransformed (left side) and DN5 (right side) plant. Their shape and size are
nearly the same. (C) Measurements of the ratio between width and length (W/L) in representative untransformed (SRI) and mutant (DN5 and DN9)
leaves. These values were used to evaluate differences in shape between mutant and control leaves. In the mutant cotyledons (COT), the W/L ratio is
much lower, reflecting their elongated shape. As plants grow, the W/L ratios found in newly formed leaves from the mutants (L2-L8) gradually
parallel the control, reflecting their similar shape. (D) Measurement of the increase in length (left side) and width (right side) of three representative
fifth leaves of control (SR1) and mutant (DN5 and DN9) plants during development. Measurements were taken every 4 days. They show that the
kinetics of leaf growth in the mutants is similar to that of the control. Both reach maximum leaf expansion after similar periods, although leaves in
the mutants are in general slightly smaller.

was observed in the cell cultures of the other transgenic
and untransformed plants analysed. The highest levels of
kinase activity were detected after 3 days, when most
cells were dividing (Figure 9D).

Nuclear DNA content in DN plants
We showed that overproduction of Cdc2a.N 147A223
resulted in plants consisting of fewer cells. These cells
underwent normal differentiation but were much larger.
We were interested to know whether there was an increase
in their nuclear DNA content.

Microscopic analyses of a number of different cell types
from DN plants showed that no nuclear division occurred
without cytokinesis. There was always a single nucleus
present per cell. To investigate whether endoreduplication
might occur in the large mutant cells, their nuclear DNA
content was monitored by flow cytometry (data not shown).
The percentage of 2C (G1) and 4C (G2) cells in the
different organs of 2-week-old seedlings was similar in
the DN5 mutant and the control. In mature leaves of 2-
month-old plants, the same percentages of 2C and 4C
cells were also found in DN5 and control plants. No
polyploid cells were detected at these stages of develop-
ment. The results show that extra DNA replication does
not occur in the DN plants during development.

Discussion
Morphogenesis and histogenesis occur throughout plant
life due to continuous iterative growth at the meristems.
This implies that, in contrast with animals, cell division,
elongation and differentiation occur throughout develop-
ment and must be perfectly coordinated. However, the
extent to which these processes are linked with each
other, and coupled to plant development, remains largely
unknown.

To approach this question, we disrupted the function of
a key regulator of the Arabidopsis cell cycle, the Cdc2a
kinase, by introducing dominant mutations in its catalytic
subunit and ectopically expressing them in plants. We
showed that dominant mutations can be used successfully
as an alternative approach to study gene function in plants.

Cdc2a overproduction does not affect plant
development
As a control in our experiments, we have overexpressed
the wild-type cdc2a in Arabidopsis and tobacco. Plants
with high levels of Cdc2a+ developed normally, except
for a tendency to lose apical dominance. However, we
cannot distinguish between a direct effect of Cdc2a
function or a more general stress response to protein
overproduction. Results obtained when tobacco protoplasts
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Fig. 4. Development of tobacco DN5 and DN9 plants. (A) DN5 line R2 generation, 3 weeks after germination. Seedlings were germinated in vitro,
in medium without selection. Arrows indicate untransformed seedlings. There is a variation in phenotype severity between the various mutant
seedlings. (B) Close-up of one DN5 seedling, 2 weeks after germination, showing early development drastically affected compared with (C), anuntransformed seedling of the same age. (D) Four-week-old DN5 and (E) control plants, growing in soil. Mutant leaves, while significantly smaller,gradually acquire shapes similar to those of the untransformed plants. The same number of leaves is found in DN mutants and control plants.(F) Two-month-old DN5 (right side) and untransformed (left side) plants, growing in soil. Mutant plants are shorter than the controls, and mature
leaves, although slightly smaller, exhibit normal shape. (G) Side view of mature flowers of untransformed plants (left side), and representativeflowers of DN5 and DN9 plants (centre). In older mutant plants, the floral development is more severely affected (right side). (H) Same as (G), butshowing an upper view. (I) Mature seed pods of untransformed (left side) and DN5 (right side) plants. The mutants produce only a few viable seeds.

roots, epidermal cells are also longer, but cell width did
not increase (Figure 5C and D). Cross-sections of a first
leaf (Figure 6F), cotyledon and root (data not shown)
showed that the anatomical structure of these organs is
not affected in mutant plants. Tissue identity and the
number of cell layers remain unchanged. The shoot apical

meristem in the mutant has a reduced size, but the cells
are no larger than those of the control. It consists of
the three layers (LI, LII and LIII) typically found in
untransformed plants (Figure 6A and B). Interestingly,
cells in the root apical meristem are disorganized in the
promeristem region (Figure 6D). The normally tiered set
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of endoreduplication is correlated with a decrease in CDK
activity. Also, in maize endosperm and tomato fruits, the onset
of endoreduplication is accompanied by a decrease in CDK
activity (Grafi and Larkins, 1995; Joubès et al., 1999). Start of
DNA replication requires the assembly of a protein complex at
the origins of replication, called the prereplication complex
(Bryant et al., 2001; Nishitani and Lygerou, 2002). At the onset
of S-phase, prereplication complexes are activated, resulting in
DNA replication. For several species, high CDK activity has been

demonstrated to ensure that chromosomes are only replicated
once per cell cycle by inhibiting reactivation of the replication
origins in G2 cells. Onlywhen the CDK activity drops at the end of
S-phase, cells are reset for replication, resulting in endopoly-
ploidy (Hayles et al., 1994;Moreno andNurse, 1994; Itzhaki et al.,
1997). The underlying principle of activation of DNA replication is
conserved in plants (Castellano et al., 2001, 2004; Masuda et al.,
2004). As such, it is reasonable to assume that also in plants
a reduction in CDK activity is required for cells to endoredupli-
cate. The observation that CDKA;1 activity is not totally inhibited
in endoreduplicating cells suggests an active role for this CDK in
the endoreduplication cycle. Such a role has recently been
elegantly demonstrated by the specific overexpression of a
dominant negative allele of the maize A-type CDK in endosperm
cells, resulting in inhibition of endoreduplication, correlated with
the reduction in CDKA;1 activity (Leiva-Neto et al., 2004).

Specific inhibition of the mitotic cell cycle CDKA;1 complexes,
through overexpression of the KRP2 gene in the meristem,
causes a premature start of the endoreduplication cycle. There-
fore, we propose a model in which the level of CDK activity
determineswhether a cell dividesmitotically or endoreduplicates
(Figure 9). We assume that the CDK activity gradually decreases
as cells move away from the meristem. As long as the CDK
activity is above a certain threshold, cells divide, but once the
kinase activity drops below the threshold, cells stop proliferating

Figure 9. Model Illustrating the Role of CDK Activity in Controlling the

Onset of Endoreduplication.

For details, see text.

Figure 10. Simulation of the Onset of Endoreduplication.

Simulation of KRP2 protein abundance and CDKA;1 activity as based on predefined CDKB1;1 activity. Activities were simulated in arbitrary units.

CDKB1;1 initiates KRP2 phosphorylation when it reaches the activity threshold of 4 units. KRP2 inhibits CDKA;1 activity above its threshold of 8.

CDKA;1 activity first remains above a level that is assumed to be necessary to maintain mitotic division. In the gray-colored zone, CDKA;1 activity drops

below this critical level, marking the onset of the endoreduplication cycle. Note the remaining CDKA;1 activity at this stage to keep the

endoreduplication cycle running.

(A) Wild-type (Col-0) plants.

(B) CDKB1;1.N161-overexpressing plants.

(C) KRP2OE plants.
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and serrated leaves because of a reduction in cell number as a
consequence of an inhibition of the mitotic cell cycle. Moreover,
these transgenic plants point to the involvement of KRPs and
CDK activity in endoreduplication because overproduction of
the Arabidopsis KRPs or the tobacco (Nicotiana tabacum) KRP
homolog NtKIS1a resulted in a decrease in the ploidy level in
older leaves (De Veylder et al., 2001; Jasinski et al., 2002; Zhou
et al., 2002).

Here, we investigate the physiological relevance of the in-
teraction between KRP2 and CDKA;1 at the onset of endoredu-
plication. A specific inhibition of the mitotic CDKA;1 complexes
through mild KRP2 overproduction was found to result in an
increase in the DNA ploidy level. We propose a mechanism by
which the level of CDKA;1 activity determines whether a cell
divides or endoreduplicates. Moreover, we show that the KRP2
protein abundance is regulated posttranscriptionally through
CDK phosphorylation and proteasomal degradation. The obser-
vation that CDKB1;1/cyclin complexes phosphorylate KRP2,
whereas KRP2 protein levels are stabilized in plants overex-
pressing a dominant negative CDKB1;1 allele, prompts us to
postulate that CDKB1;1 regulates the level of CDKA;1 activity in
dividing cells through the control of KRP2 protein abundance.

RESULTS

KRP2 Specifically Binds and Inhibits CDKA;1
and Not CDKB1;1

Previously, the interaction of KRP proteins with the archetypical
A-type CDKA;1 but not with the B-type CDKB1;1 has been dem-
onstrated by yeast two-hybrid analysis (Lui et al., 2000; DeVeylder
et al., 2001; Zhou et al., 2002). To analyze the CDK binding
specificity of KRP2 in vivo, transgenic lines were generated that
overexpressed an N-terminal hemagglutinin (HA)-tagged KRP2
gene under control of the constitutive Cauliflower mosaic virus
(CaMV) 35S promoter. Several independent lines were obtained.
For molecular analysis, two lines (S1 and S2) homozygous for one
T-DNA locuswith highHA-KRP2 levels and two lines (W1 andW2)
with low HA-KRP2 levels were selected, referred hereafter as
strong and weak KRP2OE lines, respectively (Figure 1A). Differ-
ences in transgene expression were reflected in the KRP2 mRNA
and protein levels and the strength of CDK activity inhibition
(Figures 1B to 1E). Although CDK activity was more severely

inhibited in the strong than in the weak KRP2OE lines, no linear
correlation was found between the amount of transgenic KRP2
protein and the level of CDK inhibition. This observation points
toward the presence of a KRP2-resistant fraction of CDK/cyclin
complexes that cannot be inhibited by KRP2, even at high levels.

As reported previously, strong KRP2OE lines had a reduced
leaf size compared with that of wild-type plants and a distinct
morphology (De Veylder et al., 2001) (Figure 1A). The observed
decrease in leaf size was due to a strong reduction in cell num-
ber resulting from an inhibition of the mitotic cell cycle (Table 1)
(De Veylder et al., 2001). Also for the weak KRP2OE lines,
a negative effect on the mitotic cell cycle was seen, as illustrated
by the reduction in leaf size and cell number, although the
phenotype was less pronounced than that of the strong KRP2OE

lines (Table 1). Weak KRP2OE lines differed from the strong lines
in the lack of a serrated leaf phenotype (Figure 1A).

The CDK binding specificity of KRP2 was initially tested by an
in vitro binding assay. Recombinant KRP2 proteinswere coupled
to Sepharose beads that were used to make an affinity column.
To this column Arabidopsis protein extracts were applied, and
the bound and unbound fractions were probed for the presence
of CDKA;1 or CDKB1;1 by protein blot analysis with specific
antibodies (Hemerly et al., 1995; Porceddu et al., 2001). As a con-
trol, a BSA-Sepharose affinity column was used. The CDKA;1
proteinwas found to bind specifically to the KRP2 column (Figure
2A). Interestingly, not all CDKA;1 protein retained on the column
because a portion of CDKA;1 was found in the unbound fraction.
In contrast with CDKA;1, no CDKB1;1 associated with the KRP2-
Sepharose column (Figure 2A).

To analyze the in vivo binding specificity of KRP2, HA-KRP2–
containing complexes were immunoprecipitated from total pro-
tein extracts prepared from strong and weak KRP2OE lines.
Subsequently, the pulled-downmaterialwasprobedwithCDKA;1-
and CDKB1;1-specific antibodies. For both cell extracts, a clear
CDKA;1 signal was detected. The amount of CDKA;1 protein that
coimmunoprecipitated with KRP2 correlated with that of the

Table 1. Abaxial Epidermis Cell Size and Cell Number in Leaves of

Wild-Type and KRP2OE Plants

Leaf Size

(mm2)

Abaxial Epidermal Cells

Line Estimated Number Size (mm2)

Col-0 15.03 6 1.02 13,532 6 875 1,160 6 33

CaMV 35S:KRP2 W1 11.08 6 0.38 11,104 6 861 1,033 6 78

CaMV 35S:KRP2 W2 10.25 6 0.30 10,712 6 898 968 6 74

CaMV 35S:KRP2 S1 7.68 6 0.37 1,895 6 205 4,330 6 494

CaMV 35S:KRP2 S2 8.98 6 0.23 1,770 6 93 5,250 6 358

All measurements were performed on 3-week-old mature first leaves.

The indicated values are means 6 SE (n ¼ 6 to 10).

Figure 2. Specific in Vitro and in Vivo CDKA;1 Binding by KRP2.

(A) In vitro interaction of KRP2 with CDKA;1. Protein extracts were

loaded onto a BSA-Sepharose or KRP2-Sepharose column, and bound

and unbound fractions were tested for the presence of CDKA;1 or

CDKB1;1 with specific antibodies. Input and unbound fractions repre-

sent one-thirtieth of the amount of protein loaded on the beads.

(B) In vivo interaction of KRP2 with CDKA;1. Immunoprecipitated

HA-KRP2 complexes from total protein extracts of 3-week-old wild-

type (Col-0) and strong (35S:KRP2 S1) and weak (35S:KRP2W1) KRP2OE

plants were analyzed by immunoblot analysis with anti-HA, anti-CDKA;1,

and anti-CDKB1;1 antibodies. Total protein extract (one-tenth of the

amount loaded) from untransformed plants was used as control.
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in both the mitotic cell cycle and endoreduplication cycle.
Distinct CDKA;1/cyclin complexes have been demonstrated to
regulate the mitotic cell cycle and endoreduplication cycle, and
endoreduplication has been suggested to involve loss of
M-phase CDK activity (Grafi and Larkins, 1995; Larkins et al.,
2001). As such, the different effect on the endoreduplication
cycle observed for strong and weak KRP2OE lines is best
explained by a specific inhibition of the mitotic CDKA;1/cyclin
complexes in the weak KRP2OE lines, whereas in the strong
KRP2OE lines both the CDKA;1/cyclin complexes with a role in
the mitotic cell cycle and the endoreduplication cycle are tar-
geted. To test this hypothesis, CDKA;1 kinase activity was mea-
sured in the leaf tissue of the first leaf pair harvested 9 and 15 d
after sowing (DAS). Leaves of 9-d-old plants predominantly
divide mitotically, whereas those of 15-d-old plants mainly
endoreduplicate (Boudolf et al., 2004a; Beemster et al., 2005;
Vlieghe et al., 2005). For wild-type leaves, CDKA;1-associated
kinase activity was lower at 15 than at 9 DAS, illustrating that
dividing cells possess more CDKA;1 activity than endoredupli-
cating cells (Figures 4A and 4B). In mitotic cells (9 DAS), a de-
crease in CDKA;1 activity was observed for both the strong and
the weak KRP2OE lines by ;40 and 20%, respectively (Figure
4A). By contrast, at 15 DAS, kinase activity was inhibited by
;40% in the strong KRP2OE lines, whereas in the weak lines,
CDKA;1 activity was unaffected (Figure 4B). These data indicate
that in the strongest KRP2OE lines CDKA;1/cyclin complexes
with a role in both the mitotic cell cycle and endocycle were

inhibited, whereas in the weak KRP2OE lines, mainly the mitotic
CDKA;1 complexes were targeted.

Inhibition of the Cell Cycle in Mitotically Dividing Cells
Triggers the Mitosis-to-Endocycle Transition

To confirm that a specific inhibition of the mitotic CDKA;1/cyclin
complexesaccounts for theprematureonsetof endoreduplication,

Figure 4. KRP2 Dose-Dependent Control of the Endoreduplication

Cycle.

Quantitative analysis of immunoprecipitated CDKA;1 kinase activity in

the first leaf pair of wild-type (Col-0) and weak (35S:KRP2 W1 and W2)

and strong (35S:KRP2 S1 and S2) KRP2OE plants, using histone H1 as

substrate. Data represent average 6 SD (n ¼ 2).

(A) Nine-day-old mitotically dividing leaves.

(B) Fifteen-day-old endoreduplicating leaves.

Figure 5. Meristem-Specific Overexpression of KRP2.

(A) Expression pattern of the STM promoter as visualized by confocal

microscopy on 5-d-old STM:YFP-histone H4 seedlings and phenotypes

of 3-week-old wild-type (Col-0) and two independent STM:KRP2OE

plants.

(B) Scanning electron microscopy analysis of the adaxial epidermis

of the first leaf pair of a 3-week-old wild-type (Col-0) and STM:KRP2OE

(line 5) plant. Bar ¼ 100 mm.

(C) Ploidy level distribution of the first leaves of 3-week-old untrans-

formed (Col-0) and STM:KRP2OE plants as measured by flow cytometry.

The indicated values are means 6 SD (n ¼ 3 to 5).
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division actually occurs [4]. Compensated cell enlargement 
depends on a significant increase in the vacuolar volume 
(often ten times the cytoplasmic volume), and begins only 
after cell division ceases. Thus, compensation is not a passive 
result of decreased cell division (as in the cake analogy), but a 
result of unknown positive, emergent control mechanisms.

Third, compensation is not always observed when cell 
division declines in the leaf primordium. Large-scale 
screening of Arabidopsis leaf size/shape mutants found 
several mutants with a moderately low number of leaf cells 
but without compensated cell enlargement [12,13]. A 
reduction in cell number caused by the over-expression of 
the BIG BROTHER E3 ubiquitin ligase gene results in even 
smaller leaf cells [22]. Thus, compensation is not a simple 
trade-off between cell division and expansion in an organ of a 
given size.

Fourth, as mentioned above, changes in cell size are not 
observed when cell division is enhanced. For example, the 
loss-of-function mutation ANGUSTIFOLIA3/GIF1 (AN3/
GIF1) typically causes compensation (a shortened period of 
cell division that results in a decreased number of cells and 
increased cell expansion). However, over-expression of the 
same gene simply increases the period of cell division and 
the number of leaf cells without causing any abnormality in 
cell size [23]. A similar phenomenon has been reported for 
several other genes, including AINTEGUMENTA [24].

Fifth, we recently found that there may be a threshold 
decrease in cell division that triggers compensated cell 
enlargement (U. Fujikura, G. Horiguchi, and H. Tsukaya, 
unpublished data). Moreover, compensated cell enlargement 
is observed in the tip-most region of leaf primordia soon 
after the cells in the region stop dividing, whereas active cell 
division still occurs in the basal regions at this stage [4]. This 
fact strongly suggests that compensated cell enlargement is an 
expression of some emergent control of cell expansion that 
is not linked to the final number of cells in the primordium, 
but to some component (e.g., level or speed) of cellular 
proliferation. How, then, are they linked? Does the trigger 
for compensation function in a non-cell-autonomous or 
cell-autonomous manner? We do not yet know the answers 
to these questions, but a recent study revealed that only a 
subset of the genetic pathways involved in leaf-cell expansion, 
which are used in normal leaf growth, are enhanced when 
compensated cell enlargement is triggered [25]. This fact is 
an important clue as to the mechanism of compensation. The 

construction and analysis of chimeras for AN3 expression 
in leaf primordia should enhance our understanding of 
compensation, a big mystery that must be solved. 

High-Ploidy Syndrome Offers Clues to the Link 
between Ploidy and Organ Size

Another curious phenomenon in the organ-wide 
control of plant organ size is the link between ploidy and 
organ size. High-ploidy syndrome offers clues to this link. 
Colchicine-induced polyploidization has been widely used 
for horticultural improvement because tetraploid plants 
(described as 4C) are generally larger than the parental 
diploid (2C) plants. This effect on body size is attributable to 
increases in cell size [26]. Tetraploid Arabidopsis plants (4C 
= 20: four chromosomes of each type) are larger than their 
diploid parents (2C = 10) in terms of leaf, flower, and cell size 
in the leaf lamina (Figure 2). 

In addition, annual weeds such as Arabidopsis frequently 
exhibit repeated endoreduplication that results in cell-
autonomous genome duplication during such developmental 
processes as trichome differentiation and increases in 
epidermal cell volume [27,28]. Endoreduplication is a 
modified version of the cell cycle that lacks M phase. During 
each round of endoreduplication, the genome is duplicated, 
but the number of chromosomes stays the same, resulting in 
polyteny (a condition in which the replicated chromosomes 
do not separate). Do these two methods of achieving 
polyploidy (i.e., increasing the number of chromosomes 
versus polyteny) work in the same way to increase cell 
volume?

doi:10.1371/journal.pbio.0060174.g001

Figure 1. Compensation Does Not Maintain the Overall Size and 
Shape of Leaves
(A) Gross morphology of the sixth leaf of wild-type Columbia (wt: 
left) and KRP2-over-expressor (o/x: right) plants. There are significant 
differences in the size and shape of the leaves. Scale bar, 1 mm. (B) A 
paradermal view of the first layer of palisade tissue from the leaves 
shown in panel (A): Left, wt Columbia, and right, KRP2-o/x. Scale bar, 
100 µm. Note the increase in cell size (a result of compensated cell 
enlargement) in the KPR2-o/x.

doi:10.1371/journal.pbio.0060174.g002

Figure 2. The Mysterious Relationship between Polyploidy and 
Organ/Cell Size
Diploid, tetraploid, and octaploid Arabidopsis Columbia plants, two 
weeks after sowing, are shown from left to right. (A) Gross morphology 
of the plantlets. The octaploid plant has smaller leaves compared to 
the diploid and tetraploid plants. c, cotyledon. Unit of scale, 1 mm. (B) 
Paradermal view of the palisade cells in the first leaves. From left to right, 
diploid, tetraploid, and octaploid. Bar, 100 µm.
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Block of cell division increases compensatory cell growth but, in general, induced growth does not 
affect cell division
• Existence of a threshold of cell division inhibition to induce compensatory growth: cell division 

sensing?
• Cell autonomy and non-autonomy of compensatory mechanisms: 

the cytokinin receptors, the SAM is smaller and the leaf
area is decreased [22,23]. Clearly, more research has to be
performed to establish whether a causal relationship exists
between SAM size and leaf size.

Number of cells recruited to the primordium
The first phase of leaf development corresponds to the
emergence of a primordium from the SAM. The number
of cells allocated to the leaf primordium has been estimat-
ed, based on clonal analysis, at approximately 100 cells,
but varies depending on the plant species [24,25]. One
would expect that when more cells are initially recruited
to the leaf primordium, the final leaf size could be larger
because more cells would participate in the cell division

phase (Figure 2). However, to our knowledge only one
example in Arabidopsis has been reported in which the
number of cells allocated to the leaf primordium affects the
final organ size. In the struwwelpeter (swp) mutant, show-
ing altered expression of an RNA polymerase II transcrip-
tion mediator, smaller leaves containing fewer cells are
produced. This decrease in cell number was observed in
very young primordia, suggesting that the initial cluster of
cells, from which the leaf will develop, is reduced in cell
number [26].

Cell division rate
Progression through the different phases of the cell cycle
requires a strict temporal regulation of the activity of

TRENDS in Plant Science 

Figure 1. Different developmental stages of Arabidopsis thaliana at the rosette, leaf and cellular level. From inside to outside the circle the different phases of development
(cell proliferation phase, meristemoid division phase and cell expansion phase) are shown as pictures of a rosette (day 4–20 after sowing), leaf 1–2 (day 4–20), and cell
drawings of the abaxial side of leaf epidermis (day 4–20). Dividing cells in the primary general cell-division front are represented in green, meristemoid cells in orange and
expanding cells in yellow. Two drawings are represented for a leaf [base (inner) and tip (outer) of the leaf] when dividing (small squared shape) and expanding cells (puzzle
shape) are present – underlining the progression of the transition phase.
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et al., 2010). The existence of a threshold for the induction of com-
pensation suggests that there is an unknown mechanism of sens-
ing cell proliferation activity and modulating cell expansion during 
differentiation.

HOW ARE PROLIFERATING AND DIFFERENTIATING CELLS 
LINKED?
Since proliferating cells and differentiating cells coexist in the 
same leaf primordium during leaf development (Donnelly et al., 
1999; Kazama et al., 2010), it is possible that a defect in cell pro-
liferation affects postmitotic cell expansion in a non-cell autono-
mous manner. Alternatively, mitotic cells showing unusually low 
cell proliferation activity may enhance their own cell expansion 
after exiting the mitotic cycle. Studies of genetic chimeras showed 
both of these suggestions to be true depending on the trigger of 
the defects in cell proliferation. When chimeric leaves with an3  
mutant sectors and AN3 -overexpressing sectors were examined 
using the CRE-loxP system, compensation was seen irrespective 
of leaf cell genotype (Figures 1A–D; Kawade et al., 2010). This 
suggested that a mobile signal is transmitted from the an3  sec-
tors to neighboring cells to enhance cell expansion. Interestingly, 
this signal seems unable to move laterally beyond the midvein 
in the leaf primordia, as a longitudinal half-and-half chimera 
separated by the midvein exhibited compensation only in the 
an3  half (Figure 1E). On the other hand, KRP2-induced com-
pensation occurred in a cell autonomous manner when wild-
type sectors and KRP2-overexpressing sectors coexisted in leaves 
(Figures 1A,F,G; Kawade et al., 2010). There are two possible 
interpretations regarding how individual cells cause compensa-
tion on overexpression of KRP2. Since mitotic cells overexpressing 
KRP2 are already larger than wild-type (Ferjani et al., 2007), such 
a difference may be maintained until maturation of the leaves. 
The other interesting interpretation is that cells “remember” very 
low levels of cell proliferation activity and show enhanced cell 
expansion based on this “memory” when they enter the postmi-
totic phase of leaf development (Fujikura et al., 2007b; Kawade 
et al., 2010). Thus, compensation appears to be a heterogene-
ous phenomenon, with multiple inputs and pathways leading to 
enhanced cell expansion.

(Wang et al., 2003; Hu et al., 2006). These observations suggest 
that modulation of cell expansion in many cases does not trig-
ger compensation through cell proliferation. Taken together, these 
observations indicate that some specific types of compensation 
are unidirectionally induced only when cell number is decreased.

HOW IS COMPENSATION TRIGGERED?
As discussed above, a decrease in cell proliferation specifically 
induces compensation. This raises the question of how compensa-
tion is triggered. The observations that rotundifolia4-D (rot4-D) and 
growth regulating factor5 (grf5) decrease cell number in the leaves, 
but fail to induce compensation provide insight into this question 
(Narita et al., 2004; Horiguchi et al., 2005). The grf5 phenotype is 
especially important as GRF5 is an interacting partner of AN3, and 
both of these molecules promote cell proliferation (Horiguchi et al., 
2005). The degrees of reduction in cell number in these mutants are 
milder than those of ant or an3  (Narita et al., 2004; Horiguchi et al., 
2005), suggesting that there is a threshold level of cell number or cell 
proliferation activity below which compensation is triggered. This 
was confirmed by two experiments. In the first experiment, a series 
of AN3 -silenced lines were used. The leaf cell number was reduced at 
various levels according to the strength of AN3  silencing, but com-
pensation was triggered only when cell number was substantially 
reduced (Fujikura et al., 2009). In the second experiment, a series of 
oligocellula (oli) mutants were used. The leaves of these oli mutants 
had a reduced number of normal-sized cells (Fujikura et al., 2009). 
In contrast, oli2 oli5 and oli2 oli7  double mutants had fewer leaf 
cells than the parental single mutants and showed compensation 
(Fujikura et al., 2009). These three OLI genes encode a yeast NOP2 
homolog that is involved in ribosome biogenesis (OLI2) and two 
ribosomal protein RPL5 paralogs (OLI5 and OLI7 ; Fujikura et al., 
2009). These findings were also consistent with the observation that 
strong ribosomal protein-defective mutants exhibit compensation 
(Ito et al., 2000; Horiguchi et al., 2011). Similar observations were 
made using KRP2 and miR396. KRP2 inhibits CDKA;1 activity, 
while miR396 targets many members of the GRF family (De Veylder 
et al., 2001; Rodriguez et al., 2010). Overexpression of these genes 
impairs cell proliferation and induces compensation, but only in 
mutants  showing strong expression (Verkest et al., 2005; Rodriguez 

FIGURE 1 | Schematic diagram of chimeric leaves and cell size. (A) A 
wild-type leaf. (B) An an3 leaf with cells larger than wild-type. (C) An AN3-
overexpressor in the an3 background with normal-sized cells. (D) A chimeric leaf 
consisting of AN3-overexpressing (deep green, right) and an3 (red, left) cells. 
Cells are larger than wild-type regardless of genotype. (E) A half-and-half 
chimera. An AN3-overexpressing sector containing midrib (deep green, right) 

showed maintenance of normal cell size, while an adjacent an3 sector (red, left) 
contained cells larger than those in the AN3-overexpressing sector. (F) A 
KRP2 -overexpressing leaf with cells larger than wild-type. (G) A chimeric leaf 
consisting of wild-type (light green, left) and KRP2 -overexpressing (yellow, right) 
sectors. Cells in the KRP2 -overexpressing sector were larger than those in the 
wild-type sector.
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et al., 2010). The existence of a threshold for the induction of com-
pensation suggests that there is an unknown mechanism of sens-
ing cell proliferation activity and modulating cell expansion during 
differentiation.

HOW ARE PROLIFERATING AND DIFFERENTIATING CELLS 
LINKED?
Since proliferating cells and differentiating cells coexist in the 
same leaf primordium during leaf development (Donnelly et al., 
1999; Kazama et al., 2010), it is possible that a defect in cell pro-
liferation affects postmitotic cell expansion in a non-cell autono-
mous manner. Alternatively, mitotic cells showing unusually low 
cell proliferation activity may enhance their own cell expansion 
after exiting the mitotic cycle. Studies of genetic chimeras showed 
both of these suggestions to be true depending on the trigger of 
the defects in cell proliferation. When chimeric leaves with an3  
mutant sectors and AN3 -overexpressing sectors were examined 
using the CRE-loxP system, compensation was seen irrespective 
of leaf cell genotype (Figures 1A–D; Kawade et al., 2010). This 
suggested that a mobile signal is transmitted from the an3  sec-
tors to neighboring cells to enhance cell expansion. Interestingly, 
this signal seems unable to move laterally beyond the midvein 
in the leaf primordia, as a longitudinal half-and-half chimera 
separated by the midvein exhibited compensation only in the 
an3  half (Figure 1E). On the other hand, KRP2-induced com-
pensation occurred in a cell autonomous manner when wild-
type sectors and KRP2-overexpressing sectors coexisted in leaves 
(Figures 1A,F,G; Kawade et al., 2010). There are two possible 
interpretations regarding how individual cells cause compensa-
tion on overexpression of KRP2. Since mitotic cells overexpressing 
KRP2 are already larger than wild-type (Ferjani et al., 2007), such 
a difference may be maintained until maturation of the leaves. 
The other interesting interpretation is that cells “remember” very 
low levels of cell proliferation activity and show enhanced cell 
expansion based on this “memory” when they enter the postmi-
totic phase of leaf development (Fujikura et al., 2007b; Kawade 
et al., 2010). Thus, compensation appears to be a heterogene-
ous phenomenon, with multiple inputs and pathways leading to 
enhanced cell expansion.

(Wang et al., 2003; Hu et al., 2006). These observations suggest 
that modulation of cell expansion in many cases does not trig-
ger compensation through cell proliferation. Taken together, these 
observations indicate that some specific types of compensation 
are unidirectionally induced only when cell number is decreased.

HOW IS COMPENSATION TRIGGERED?
As discussed above, a decrease in cell proliferation specifically 
induces compensation. This raises the question of how compensa-
tion is triggered. The observations that rotundifolia4-D (rot4-D) and 
growth regulating factor5 (grf5) decrease cell number in the leaves, 
but fail to induce compensation provide insight into this question 
(Narita et al., 2004; Horiguchi et al., 2005). The grf5 phenotype is 
especially important as GRF5 is an interacting partner of AN3, and 
both of these molecules promote cell proliferation (Horiguchi et al., 
2005). The degrees of reduction in cell number in these mutants are 
milder than those of ant or an3  (Narita et al., 2004; Horiguchi et al., 
2005), suggesting that there is a threshold level of cell number or cell 
proliferation activity below which compensation is triggered. This 
was confirmed by two experiments. In the first experiment, a series 
of AN3 -silenced lines were used. The leaf cell number was reduced at 
various levels according to the strength of AN3  silencing, but com-
pensation was triggered only when cell number was substantially 
reduced (Fujikura et al., 2009). In the second experiment, a series of 
oligocellula (oli) mutants were used. The leaves of these oli mutants 
had a reduced number of normal-sized cells (Fujikura et al., 2009). 
In contrast, oli2 oli5 and oli2 oli7  double mutants had fewer leaf 
cells than the parental single mutants and showed compensation 
(Fujikura et al., 2009). These three OLI genes encode a yeast NOP2 
homolog that is involved in ribosome biogenesis (OLI2) and two 
ribosomal protein RPL5 paralogs (OLI5 and OLI7 ; Fujikura et al., 
2009). These findings were also consistent with the observation that 
strong ribosomal protein-defective mutants exhibit compensation 
(Ito et al., 2000; Horiguchi et al., 2011). Similar observations were 
made using KRP2 and miR396. KRP2 inhibits CDKA;1 activity, 
while miR396 targets many members of the GRF family (De Veylder 
et al., 2001; Rodriguez et al., 2010). Overexpression of these genes 
impairs cell proliferation and induces compensation, but only in 
mutants  showing strong expression (Verkest et al., 2005; Rodriguez 

FIGURE 1 | Schematic diagram of chimeric leaves and cell size. (A) A 
wild-type leaf. (B) An an3 leaf with cells larger than wild-type. (C) An AN3-
overexpressor in the an3 background with normal-sized cells. (D) A chimeric leaf 
consisting of AN3-overexpressing (deep green, right) and an3 (red, left) cells. 
Cells are larger than wild-type regardless of genotype. (E) A half-and-half 
chimera. An AN3-overexpressing sector containing midrib (deep green, right) 

showed maintenance of normal cell size, while an adjacent an3 sector (red, left) 
contained cells larger than those in the AN3-overexpressing sector. (F) A 
KRP2 -overexpressing leaf with cells larger than wild-type. (G) A chimeric leaf 
consisting of wild-type (light green, left) and KRP2 -overexpressing (yellow, right) 
sectors. Cells in the KRP2 -overexpressing sector were larger than those in the 
wild-type sector.
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et al., 2010). The existence of a threshold for the induction of com-
pensation suggests that there is an unknown mechanism of sens-
ing cell proliferation activity and modulating cell expansion during 
differentiation.

HOW ARE PROLIFERATING AND DIFFERENTIATING CELLS 
LINKED?
Since proliferating cells and differentiating cells coexist in the 
same leaf primordium during leaf development (Donnelly et al., 
1999; Kazama et al., 2010), it is possible that a defect in cell pro-
liferation affects postmitotic cell expansion in a non-cell autono-
mous manner. Alternatively, mitotic cells showing unusually low 
cell proliferation activity may enhance their own cell expansion 
after exiting the mitotic cycle. Studies of genetic chimeras showed 
both of these suggestions to be true depending on the trigger of 
the defects in cell proliferation. When chimeric leaves with an3  
mutant sectors and AN3 -overexpressing sectors were examined 
using the CRE-loxP system, compensation was seen irrespective 
of leaf cell genotype (Figures 1A–D; Kawade et al., 2010). This 
suggested that a mobile signal is transmitted from the an3  sec-
tors to neighboring cells to enhance cell expansion. Interestingly, 
this signal seems unable to move laterally beyond the midvein 
in the leaf primordia, as a longitudinal half-and-half chimera 
separated by the midvein exhibited compensation only in the 
an3  half (Figure 1E). On the other hand, KRP2-induced com-
pensation occurred in a cell autonomous manner when wild-
type sectors and KRP2-overexpressing sectors coexisted in leaves 
(Figures 1A,F,G; Kawade et al., 2010). There are two possible 
interpretations regarding how individual cells cause compensa-
tion on overexpression of KRP2. Since mitotic cells overexpressing 
KRP2 are already larger than wild-type (Ferjani et al., 2007), such 
a difference may be maintained until maturation of the leaves. 
The other interesting interpretation is that cells “remember” very 
low levels of cell proliferation activity and show enhanced cell 
expansion based on this “memory” when they enter the postmi-
totic phase of leaf development (Fujikura et al., 2007b; Kawade 
et al., 2010). Thus, compensation appears to be a heterogene-
ous phenomenon, with multiple inputs and pathways leading to 
enhanced cell expansion.

(Wang et al., 2003; Hu et al., 2006). These observations suggest 
that modulation of cell expansion in many cases does not trig-
ger compensation through cell proliferation. Taken together, these 
observations indicate that some specific types of compensation 
are unidirectionally induced only when cell number is decreased.

HOW IS COMPENSATION TRIGGERED?
As discussed above, a decrease in cell proliferation specifically 
induces compensation. This raises the question of how compensa-
tion is triggered. The observations that rotundifolia4-D (rot4-D) and 
growth regulating factor5 (grf5) decrease cell number in the leaves, 
but fail to induce compensation provide insight into this question 
(Narita et al., 2004; Horiguchi et al., 2005). The grf5 phenotype is 
especially important as GRF5 is an interacting partner of AN3, and 
both of these molecules promote cell proliferation (Horiguchi et al., 
2005). The degrees of reduction in cell number in these mutants are 
milder than those of ant or an3  (Narita et al., 2004; Horiguchi et al., 
2005), suggesting that there is a threshold level of cell number or cell 
proliferation activity below which compensation is triggered. This 
was confirmed by two experiments. In the first experiment, a series 
of AN3 -silenced lines were used. The leaf cell number was reduced at 
various levels according to the strength of AN3  silencing, but com-
pensation was triggered only when cell number was substantially 
reduced (Fujikura et al., 2009). In the second experiment, a series of 
oligocellula (oli) mutants were used. The leaves of these oli mutants 
had a reduced number of normal-sized cells (Fujikura et al., 2009). 
In contrast, oli2 oli5 and oli2 oli7  double mutants had fewer leaf 
cells than the parental single mutants and showed compensation 
(Fujikura et al., 2009). These three OLI genes encode a yeast NOP2 
homolog that is involved in ribosome biogenesis (OLI2) and two 
ribosomal protein RPL5 paralogs (OLI5 and OLI7 ; Fujikura et al., 
2009). These findings were also consistent with the observation that 
strong ribosomal protein-defective mutants exhibit compensation 
(Ito et al., 2000; Horiguchi et al., 2011). Similar observations were 
made using KRP2 and miR396. KRP2 inhibits CDKA;1 activity, 
while miR396 targets many members of the GRF family (De Veylder 
et al., 2001; Rodriguez et al., 2010). Overexpression of these genes 
impairs cell proliferation and induces compensation, but only in 
mutants  showing strong expression (Verkest et al., 2005; Rodriguez 

FIGURE 1 | Schematic diagram of chimeric leaves and cell size. (A) A 
wild-type leaf. (B) An an3 leaf with cells larger than wild-type. (C) An AN3-
overexpressor in the an3 background with normal-sized cells. (D) A chimeric leaf 
consisting of AN3-overexpressing (deep green, right) and an3 (red, left) cells. 
Cells are larger than wild-type regardless of genotype. (E) A half-and-half 
chimera. An AN3-overexpressing sector containing midrib (deep green, right) 

showed maintenance of normal cell size, while an adjacent an3 sector (red, left) 
contained cells larger than those in the AN3-overexpressing sector. (F) A 
KRP2 -overexpressing leaf with cells larger than wild-type. (G) A chimeric leaf 
consisting of wild-type (light green, left) and KRP2 -overexpressing (yellow, right) 
sectors. Cells in the KRP2 -overexpressing sector were larger than those in the 
wild-type sector.
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—  Neither cell number nor cell size per se determine organ size

— Non-autonomous compensation reveals organ (or organism)-
scale regulation of tissue size 

the cytokinin receptors, the SAM is smaller and the leaf
area is decreased [22,23]. Clearly, more research has to be
performed to establish whether a causal relationship exists
between SAM size and leaf size.

Number of cells recruited to the primordium
The first phase of leaf development corresponds to the
emergence of a primordium from the SAM. The number
of cells allocated to the leaf primordium has been estimat-
ed, based on clonal analysis, at approximately 100 cells,
but varies depending on the plant species [24,25]. One
would expect that when more cells are initially recruited
to the leaf primordium, the final leaf size could be larger
because more cells would participate in the cell division

phase (Figure 2). However, to our knowledge only one
example in Arabidopsis has been reported in which the
number of cells allocated to the leaf primordium affects the
final organ size. In the struwwelpeter (swp) mutant, show-
ing altered expression of an RNA polymerase II transcrip-
tion mediator, smaller leaves containing fewer cells are
produced. This decrease in cell number was observed in
very young primordia, suggesting that the initial cluster of
cells, from which the leaf will develop, is reduced in cell
number [26].

Cell division rate
Progression through the different phases of the cell cycle
requires a strict temporal regulation of the activity of

TRENDS in Plant Science 

Figure 1. Different developmental stages of Arabidopsis thaliana at the rosette, leaf and cellular level. From inside to outside the circle the different phases of development
(cell proliferation phase, meristemoid division phase and cell expansion phase) are shown as pictures of a rosette (day 4–20 after sowing), leaf 1–2 (day 4–20), and cell
drawings of the abaxial side of leaf epidermis (day 4–20). Dividing cells in the primary general cell-division front are represented in green, meristemoid cells in orange and
expanding cells in yellow. Two drawings are represented for a leaf [base (inner) and tip (outer) of the leaf] when dividing (small squared shape) and expanding cells (puzzle
shape) are present – underlining the progression of the transition phase.
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the cytokinin receptors, the SAM is smaller and the leaf
area is decreased [22,23]. Clearly, more research has to be
performed to establish whether a causal relationship exists
between SAM size and leaf size.

Number of cells recruited to the primordium
The first phase of leaf development corresponds to the
emergence of a primordium from the SAM. The number
of cells allocated to the leaf primordium has been estimat-
ed, based on clonal analysis, at approximately 100 cells,
but varies depending on the plant species [24,25]. One
would expect that when more cells are initially recruited
to the leaf primordium, the final leaf size could be larger
because more cells would participate in the cell division

phase (Figure 2). However, to our knowledge only one
example in Arabidopsis has been reported in which the
number of cells allocated to the leaf primordium affects the
final organ size. In the struwwelpeter (swp) mutant, show-
ing altered expression of an RNA polymerase II transcrip-
tion mediator, smaller leaves containing fewer cells are
produced. This decrease in cell number was observed in
very young primordia, suggesting that the initial cluster of
cells, from which the leaf will develop, is reduced in cell
number [26].

Cell division rate
Progression through the different phases of the cell cycle
requires a strict temporal regulation of the activity of

TRENDS in Plant Science 

Figure 1. Different developmental stages of Arabidopsis thaliana at the rosette, leaf and cellular level. From inside to outside the circle the different phases of development
(cell proliferation phase, meristemoid division phase and cell expansion phase) are shown as pictures of a rosette (day 4–20 after sowing), leaf 1–2 (day 4–20), and cell
drawings of the abaxial side of leaf epidermis (day 4–20). Dividing cells in the primary general cell-division front are represented in green, meristemoid cells in orange and
expanding cells in yellow. Two drawings are represented for a leaf [base (inner) and tip (outer) of the leaf] when dividing (small squared shape) and expanding cells (puzzle
shape) are present – underlining the progression of the transition phase.
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the cytokinin receptors, the SAM is smaller and the leaf
area is decreased [22,23]. Clearly, more research has to be
performed to establish whether a causal relationship exists
between SAM size and leaf size.

Number of cells recruited to the primordium
The first phase of leaf development corresponds to the
emergence of a primordium from the SAM. The number
of cells allocated to the leaf primordium has been estimat-
ed, based on clonal analysis, at approximately 100 cells,
but varies depending on the plant species [24,25]. One
would expect that when more cells are initially recruited
to the leaf primordium, the final leaf size could be larger
because more cells would participate in the cell division

phase (Figure 2). However, to our knowledge only one
example in Arabidopsis has been reported in which the
number of cells allocated to the leaf primordium affects the
final organ size. In the struwwelpeter (swp) mutant, show-
ing altered expression of an RNA polymerase II transcrip-
tion mediator, smaller leaves containing fewer cells are
produced. This decrease in cell number was observed in
very young primordia, suggesting that the initial cluster of
cells, from which the leaf will develop, is reduced in cell
number [26].

Cell division rate
Progression through the different phases of the cell cycle
requires a strict temporal regulation of the activity of

TRENDS in Plant Science 

Figure 1. Different developmental stages of Arabidopsis thaliana at the rosette, leaf and cellular level. From inside to outside the circle the different phases of development
(cell proliferation phase, meristemoid division phase and cell expansion phase) are shown as pictures of a rosette (day 4–20 after sowing), leaf 1–2 (day 4–20), and cell
drawings of the abaxial side of leaf epidermis (day 4–20). Dividing cells in the primary general cell-division front are represented in green, meristemoid cells in orange and
expanding cells in yellow. Two drawings are represented for a leaf [base (inner) and tip (outer) of the leaf] when dividing (small squared shape) and expanding cells (puzzle
shape) are present – underlining the progression of the transition phase.
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• Cell division and cell growth in animals

Thomas LECUIT   2019-2020

• In general animal cells divide (mitosis) after 
doubling their volume during the G1, S and G2 
phases.

• This is also true in Yeast S. cerevisiae.
• As a result cells keep often a nearly constant 

volume over many cell generations.
• If so, tissue growth is dependent on cell division, 

and counting cell number could be a proxy for 
« measuring » tissue size.

• Work in Yeast revealed the dominance 
of cell growth over cell division: 
proliferation has no impact on cell 
growth, but the converse is not true.  

• How is cell growth coordinated with cell division?
• How to affect cell size?

— DNA content
— Cell cycle regulators

Nature Reviews | Molecular Cell Biology
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experiments were also interpreted in terms 
of specific cyclin–CDK combinations that 
catalyse particular cell-cycle transitions8. 
Finally, simple biochemical experiments 
and immuno precipitations of cells at various 
stages of the cell cycle revealed the preferred 
partners of various CDKs and cyclins9.

The first serious blow to this orderly 
scheme was the discovery that mice that 
lack CDK2, although infertile, are viable and 
healthy10,11. Thus, CDK2 is only essential for 
the meiotic cell cycle and is not required  
for interphase in somatic cells, even though 
it is abundantly expressed in all dividing 
cells and highly conserved among multi-
cellular organisms. The redundant activity 
that controls essential S-phase functions in 
the absence of CDK2 turned out to be that of 
CDK1 (REFS 12–14). Deletion of other CDKs 
and cyclins in mice led to a further revision 
of the ‘specialized CDK’ hypothesis for the 
mammalian cell cycle. Santamaria et al. 
recently published the ultimate step in this 
line of work15. The authors describe a func-
tional cell cycle in embryos that lack CDK2, 
CDK4 and CDK6. According to the classical 
view, cells from this mutant mouse should 
not be able to leave G1 phase, but they do. 
Malumbres, Barbacid and Kaldis wrote 
elegant summaries with helpful and com-
prehensive tables of the results16–18, which 
we summarize in TABLE 1. Another aspect of 
cell-cycle control that could be fully inde-
pendent of CDKs is the periodic pattern of 
cell-cycle-related transcription, which seems 
to function in the absence of all S-phase and 
M-phase cyclins in budding yeast19.

Clearly, CDK1 is an essential protein and 
can control the mammalian cell cycle in 
mouse embryonic fibroblasts. Conversely, 
CDK2 is only absolutely required for 
meiosis, CDK4 is required in the pancreas 
and CDK6 has a vital role in erythropoiesis. 
The reasons for these tissue-specific defects 
are not clear: do they reflect a peculiar 
requirement for a specific CDK subunit or 
are there no alternative CDKs available in 
these tissues at these stages of development? 
Could a Cdk1 gene knock-in under the 
control of the Cdk2 gene promoter rescue 
the meiotic defect of the Cdk2-knockout 
mice? This seems improbable, but perhaps 
should be tested. One would guess that 
Cdk4 expressed in the haematopoietic  
lineage would rescue the Cdk6 knockouts.

The threshold model
Why were the earlier experiments so mislead-
ing? Quite simply, they were not sufficiently 
rigorous. Antibody injection and antisense 
experiments are inherently difficult to control 

and interpret correctly, and they cannot 
substitute for ablations that are achieved using 
gene targeting. Although dominant-negative 
mutants give clear results, they can be 
problematic if several kinases share the same 
activating partners. For example, expression 
of kinase-dead CDK2 can inhibit CDK1 by 
titration of S-phase cyclins.  When CDK2 is 
completely absent, these  cyclins are available 
to activate CDK1 and enable it to replace the 
function of CDK2. Kinase-independent func-
tions of the CDK complexes could be another 
possible explan ation for the differential effects 
of CDK  deletions and CDK inactivations. 
Such  functions, if they exist, have yet to be 
explored.

It is not surprising that CDK1 can replace 
CDK2, because CDK1 can be activated by 
interphase cyclins, such as cyclins D, E  
and A, as well as by mitotic B-type cyclins12,15. 
Biochemical tests cast doubt on the converse 
ability of CDK2 to bind mitotic cyclins, and 
so it was surprising to find recently that 
cyclin B could bind to and activ ate CDK2 
(REF. 20). CDK1 and CDK2 are >60% identi-
cal in amino-acid sequence, and thus these 
overlapping abilities to bind different partners 
are perhaps to be expected, although the 
functional asymmetry of CDK1 and CDK2 is 
more difficult to explain. Why CDK2 cannot 
substitute for CDK1 might be explained by its 
lower levels of expression, for example, rather 
than by differences in its intrinsic properties.

But the question still remains: what 
distinguishes CDK activity at the G1–S-phase 
transition and the G2–M-phase transition?  
A simple answer to this might lie in the nature 
of the cyclins that are bound to CDKs at dif-
ferent stages of the cell cycle21. Biochemical 

Figure 1 | The classical and minimal models of cell-cycle control. a | Cycling cells undergo three 
major transitions during their cell cycle. The beginning of S phase is marked by the onset of DNA repli-
cation, the start of mitosis (M) is accompanied by breakdown of the nuclear envelope and chromosome 
condensation, whereas segregation of the sister chromatids marks the metaphase-to-anaphase transi-
tion. Cyclin-dependent kinases (CDKs) trigger the transition from G1 to S phase and from G2 to M phase 
by phosphorylating distinct sets of substrates. The metaphase-to-anaphase transition requires the 
ubiquitylation and proteasome-mediated degradation of mitotic B-type cyclins and various other 
proteins, and is triggered by the anaphase-promoting complex/cyclosome (APC/C) E3 ubiquitin ligase. 
b | CDK1 and CDK2 both show promiscuity in their choice of cyclin partners and can bind cyclins A, B, 
D and E, whereas CDK4 and CDK6 only partner D-type cyclins. Thick lines represent the preferred 
pairing for each kinase. c | According to the classical model of cell-cycle control, D-type cyclins  
and CDK4 or CDK6 regulate events in early G1 phase (not shown), cyclin E–CDK2 triggers S phase, 
cyclin A–CDK2 and cyclin A–CDK1 regulate the completion of S phase, and CDK1–cyclin B is respon-
sible for mitosis. d | Based on the results of the cyclin and CDK-knockout studies, a minimal threshold 
model of cell-cycle control has emerged. Accordingly, either CDK1 or CDK2 bound to cyclin A is suffi-
cient to control interphase, whereas cyclin B–CDK1 is essential to take cells into mitosis. The differences 
between interphase and mitotic CDKs are not necessarily due to substrate specificity, but are more 
likely to be a result of different localization and a higher activity threshold for mitosis than interphase.

Why were the earlier 
experiments so misleading? 
Quite simply, they were not 
sufficiently rigorous.

PERSPECT IVES

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 9 | NOVEMBER 2008 | 911
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• Growth compensation revealed by polyploidy

Thomas LECUIT   2019-2020

Gerhard Fankhauser (1901–1981)

Fankhauser G. 1939. J Hered 30: 379–388. 

POLYPLOIDY IN THE SALAMANDER,
EURYCEA BISLINEATA

GERHARD FANKHAUSER
Department of Biology, Princeton University

AMONG animals, a very limited
number of cases of polyploidy

. have been recorded so far.2"
These can be divided into three cate-
gories: (1) In a few species of inverte-
brates, mostly arthropodes, polyploid
races exist in nature; e.g.. the triploid
race of the land isopode. Triclwniscus
clisabethac,24 and the tetraploid race of
the brine shrimp, Artemia salina.1 (2)
In moths, polyploid individuals may be
produced by experimental means, by
backcrossing species hybrids,14 or by
centrifuging eggs at the beginning of de-
velopment.17 (3) Polyploid individuals
appear occasionally in diploid species,
e.g., in Drosophila.4 To this group also
belong the occasional triploid individuals
that have been found among preserved
embryos of frogs and salamanders by
various authors.11

The discovery of triploid specimens
among normal amphibian embryos indi-
cated that triploid larvae occur in na-
ture. It was shown last year that in the
common newt, Triturus viridescens,
these exceptional triploid larvae may be
identified in life by means of the "tail-
tip method." The tailtips of young
larvae are amputated, fixed, and stained
in toto. In the transparent fin surround-
ing the tail, mitotic figures are always
present and allow a determination of
the chromosome number of each indi-
vidual. This method enables us, for the
first time, to follow the development of
triploid salamander larvae and to in-
vestigate the effects of polyploidy in a
vertebrate.

Last year, a total of 311 tailtips of
Triturus larvae were examined. Five
larvae were found to be triploid, with
33 chromosomes instead of 22. The fre-
quency of triploidy in nature would thus

TAILTIP FOR CHROMOSOME COUNTS
Figure 15

An amputated tailtip, stained and mounted
for microscopical examination. The darkly
stained axis, containing muscles, nerve cord
and notochord, is surrounded by a transparent
fin. In the epidermis covering the fin, mitotic
figures are always present. The chromosome
number may be determined easily in late pro-
phase and in metaphase (30X)-

be about 1.6%. Four of these triploids
were raised through metamorphosis.

In view of the rather low frequency
of triploidy in the newt, and of the diffi-
culties encountered in raising any ani-
mals of this species beyond metamorpho-
sis, a search was made for triploids
among larvae of a lungless salamander,
Eurycea bislineata. The larvae of this
species do not metamorphose until the
third year, nor do the animals pass
through a strictly terrestrial phase after
the transformation. It should therefore
be easier to raise them to an advanced
stage, possibly even to sexual maturity.
On the other hand, the species offers
cytological disadvantages which make
the counting of chromosomes more diffi-
cult : the fin surrounding the tail is less
transparent, the epidermal cells of the
tailfin are considerably smaller, and the
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TETRAPLOID (4n) TRIPLOID (3n) DIPLOID (2n)

CHROMOSOMES IN THREE TAILTIPS
Figure 16

Small portions of the epidermis of a tetraploid, a triploid, and a diploid tailtip, each with a mitosis in metaphase (486X)- Below, the
three metaphase plates enlarged (972X)- The chromosomes cannot be counted accurately in photomicrographs, but the dimensions and the
general appearance of the whole chromosome group clearly indicate differences in chromosome number. The average size of the non-dividing
nuclei is also roughly proportional to the number of chromosomes they contain.Downloaded from https://academic.oup.com/jhered/article-abstract/30/9/379/791427
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• Polyploid cells are larger
(see course #1 12 Nov)
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GROWTH OF TETRAPLOID
Figure 21

Three stages in the development of the second tetraploid larva (4;i). two triploid larvae (3;i), and
the same female. The tetraploid is the smallest of the four larvae. A—eight weeks old; B—ten weeks;

3n
FIRST TETRAPLOID

figure i i

The first tetraploid larva (left), together
with a triploid (center) and a diploid (right),
all developed from eggs of the same female,
laid at the same time. Note the large size of
the tetraploid pigment cells. Seven weeks old.
(4.5X.)

ing several trials, spaced over two
weeks, it did not show the slightest in-
terest in a rapidly squirming worm
which aroused an almost instantaneous
snapping reaction on the part of all
diploid and triploid larvae at the first
trial. It was therefore preserved at the
age of nine weeks. At present, the other
tetraploid feeds well and takes about the
same amount of food as the other larvae.
Its reactions are, however, decidedly
slower, and it remains behind in growth
(Figure 21).

In Eurycea, polyploidy is thus not
connected with gigantism, as in the ma-
jority of plants and in some animals,
like Trichoniscus.24 Of the four trip-
loid larvae of Triturus viridcscens raised
last year, only one showed a striking in-
crease in body size.11 The examination
of serial sections through the other three
revealed that all organs, with the possi-
ble exception of the notochord, contain
larger, but fewer cells.13
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We may, therefore, expect that the
tetraploid Eurycea larvae have only half
the normal number of cells of twice the
normal volume. This is clearly indicat-
ed by the pigment cells in the skin, and
by the epidermal cells of the tailtip. If
this condition applies to all organs, it
might lead to harmful consequences.
The number of red blood cells, and thus
the oxygen-carrying power of the blood
would be reduced. Brain and spinal cord
would contain only half the normal num-
ber of ganglion cells, and this might in
turn affect the functioning of the nervous
system. In the retina of the eye, we
would find only half the normal number
of visual cells, so that the visual acuity
of a tetraploid animal should be below
normal. In general, the larger cell size

in all organs would tend to interfere with
the rapid exchange of substances be-
tween center and surface of individual
cells.

Effects of Triploidy on Sex
In animals with a definite sex chromo-

some mechanism, triploidy has a strik-
ing effect on sex. While the homoga-
metic sex is normal, the heterogametic
sex is changed to an intersexual condi-
tion,4' 15 since the normal 1:2 ratio be-
tween a single X chromosome and two
sets of autosomes cannot be attained in
a triploid individual. In amphibians, the
sex chromosomes do not appear to be
visibly differentiated from the auto-
somes. The evidence from crosses be-
tween normal frogs and occasional her-
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• Polyploid larvae have normal morphology and quasi normal size
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PROBABLE ORIGIN OF POLYPLOIDS
Figure 24

Normally, both egg and sperm contain a
single haploid set of chromosomes (N). Occa-
sionally, egg cells occur with the diploid chro-
mosome number (2N). If fertilized by nor-
mal, haploid sperms, -they give rise to triploid
embryos. The reciprocal combination, fusion
of a normal, haploid egg with an exceptional
diploid sperm, would also produce a triploid
animal. If two exceptional gametes meet, a
tetraploid embryo would result.

Polyploid individuals may occur
among other classes of vertebrates, but
a satisfactory demonstration of their
existence will meet with considerable
cytological difficulties. Salamander lar-
vae, with large cells and chromosomes
and with removable tailtips, offer a
unique opportunity among vertebrates
since experimentally produced, haploid
larvae are also available for compari-
son.10 Furthermore, there is perhaps no
other group of animals in which the de-
tails of normal development have been
worked out so thoroughly and analyzed
to such an extent by experimental meth-
ods. A combination of cytogenetical and
embryological procedures may well lead
to a new phase in the analysis of poly-
ploidy.

Summary
1. The diploid chromosome number

of Eurycea bislineata is 28.
2. Triploid and, more rarely, tetra-

ploid larvae occur in nature. They may
be discovered while developing normally,
by chromosome counts and by compari-
son of nuclear sizes in amputated tail-
tips. Polyploid larvae may be identified
tentatively by the larger size, wider spac-
ing, and smaller number of pigment cells.

3. Of 134 larvae examined so far,
thirteen were triploid and two tetra-
ploid.

4. The triploid larvae develop and
grow normally. They may or may not
become slightly larger than the controls.
The tetraploid larvae are slightly small-
er than the diploid and grow more
slowly.

5. As in triploid larvae of the newt,
Triturus viridescens, gigantism of poly-
ploid Eurycea larvae is prevented by a
reduction in cell number which compen-
sates the increase in size of the individ-
ual cells.
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MAINTENANCE O F  NORMAL STRUCTURE IN HETEROPLOID 
SALAMANDER LARVAE, THROUGH COMPENSATION 

O F  CHANGES IN CELL SIZE BY ADJUSTMENT 
O F  CELL NUMBER AND CELL SHAPE 

G. FANKHAUSER 
Department of Biology, Princeton University, New Jersey 

SIX FIQUEES 

INTRODUCTION 

Our knowledge of the effects produced by deviations from the normal, 
diploid chromosome number (‘ ‘heteroploidy ”) is based largely on 
studies on plants in which polyploidy is widespread under natural con- 
ditions and easily induced by experimental means. Investigations on 
polyploidy in animals were limited almost entirely to a few species of 
arthropods until it was recognized, a few years ago, that abundant ma- 
terial for such studies is furnished by amphibians where aberrations in 
chromosome number occur spontaneously with surprising frequency 
and may also be induced experimentally (for a general review and 
bibliography see Fankhauser, ’45). The analysis of the consequences of 
such large-scale quantitative changes in the genetic system is of par- 
ticular interest in animals and, especially, in vertebrates in which the 
closer integration of the individual produces special conditions that 
may well modify the usual effects of heteroploidy. Moreover, the strong 
tendency shown by amphibian embryos to return into normal channels 
of development following the most severe operations performed by the 
experimental embryologist, a tendency usually referred to as “ regula- 
tion,” may express itself here also, although the interference is of a 
much more subtle nature than usual since it affects the intimate consti- 
tution of the nucleus. 

The most outstanding feature of polyploid salamander larvae is the 
absence of gigantism that is so generally associated with an increase in 
chromosome number in plants. Young larvae whose chromosome num- 
beps range from the diploid to the pentaploid are all of approximately 
the same size. Even among haploid larvae that are smaller as a rule, 

Heteroploidy = any deviation from the normal diploid chromosome number ; polyploidy = 
presence of three, four, or more complete sets of chromosomes (Winkler, ’16). 

445 

Fankhauser G. 1945. J Exp Zool 100: 445–455. 
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Figure 1. Changes in cell size are accompanied by modification of cell and tissue architecture. (A) Eurycea
bislineata (northern two-lined salamander) larvae of differing ploidy are shown. Polyploids occur spontane-
ously in nature at a frequency of 5%–10% for triploids and ,1% for tetraploids. With increasing ploidy, cell
sizes increase and cell numbers decrease, so that, ultimately, animal size remains roughly constant. In this image,
one notes fewer and larger pigment cells in the head of the tetraploid as compared with the diploid. (From
Fankhauser 1939; reprinted, with permission, from Oxford University Press # 1939.) (B) Nuclei in the tetra-
ploid epidermal cells are much larger than in the diploid, and, by inference, cell size is also greater. It is evident
from the metaphase cells that chromosome number is much greater in the tetraploid. (From Fankhauser 1939;
reprinted, with permission, from Oxford University Press # 1939.) (C) The pentaploid Notophthalmus vir-
idescens (eastern newt) larva at 5.5 wk of age appears similar to the diploid, except for the altered size and
number of pigment cells. Spontaneous pentaploids are found in nature at a frequency of ,1%. Polyploidy can
also be induced by heat treatment (Fankhauser and Watson 1942). (Legend continues on following page.)
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• In spite of large differences in cell size due to polyploidy, cells 
adapt their morphology to produce normally shaped organ.

• The diameter and thicknesss of epithelial tubes and layers are 
preserved. 

• Growth compensation revealed by polyploidy
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• Growth compensation in Drosophila
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Fig. 2. The relationship between log
"!

cell area and log
"!

wing area for males and females from the Brighton and
Dahomey base stocks. For both sexes from the two
stocks the slope was significantly less than 1, giving
evidence for compensation (Brighton males : slopeØ
0.153≥0.0627, tØÆ13.5, nØ 62, P! 0.0001 ; Brighton
females : slopeØ 0.165≥0.0694, tØÆ12.03, nØ 63; P!
0.0001 ; Dahomey males : slopeØ 0.346≥0.0377 tØ
Æ17.35, nØ 225, P! 0.0001 ; Dahomey females : slopeØ
0.265≥0.039, tØÆ18.84, nØ 225, P! 0.0001). The
measurements of the Brighton stock were taken from 62
males and 63 females reared at a density of one larva per
vial. The 225 males and 225 females from the nine bottles
in the parental generation of the selection experiment
were pooled to provide the Dahomey base stock
measurements.

males and females from both the Brighton and the
Dahomey base stocks (Fig. 2), giving evidence for
compensation as a consequence of regulation of total
wing area.

(ii) Selection lines

The wing areas of the first 25 males and females
emerging in the large and small selected lines showed
a steady divergence from the control lines in each
generation (Fig. 3). Analysis of variance, with selection
regime as a fixed e�ect and replicate lines nested
within selection regimes, showed that the di�erence
between the large and control lines first became
statistically significant (P! 0.05) in females in gen-
eration 3 and in males in generation 4. The cor-
responding time for both sexes in the small lines was
generation 4 (P! 0.001). The wing area of the control
lines fluctuated between generations, but linear re-
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Fig. 3. The response to selection for increased and
decreased wing area in lines produced from the Dahomey
base stock. The generation means for each of the three
replicate large and small selection lines are shown as
deviations from the overall mean of the three control
lines. Each value is based on the measurements of 25
individuals of each sex from each line. Error bars
represent the 95% confidence limits of the mean for each
replicate large and small selection line in each generation.

Table 1. Realized heritabilities for upward and
downward selection on wing area with constant cell
area, calculated as the mean of the regressions of the
wing area response on cumulated selection di�erential
for each replicate selection line

h#≥SE

Large Small n

F≠M 0.42≥0.07*** 0.47≥0.06*** 3
F 0.43≥0.10* 0.46≥0.04*** 3
M 0.41≥0.14* 0.48≥0.13* 3

*P! 0.05; ***P! 0.001.
Standard errors were calculated from the observed variance
of the regression coe�cients between replicates (Hill, 1972).
F, females, M, males, F≠M, o�spring mean. A one-tailed
t-test was performed to test whether the heritability value
was significantly di�erent from zero.

gression showed no significant trend over generations.
Despite the constraint on cell area, selection yielded
large and significant realized heritabilities for wing
area (Table 1).
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were pooled to provide the Dahomey base stock
measurements.

males and females from both the Brighton and the
Dahomey base stocks (Fig. 2), giving evidence for
compensation as a consequence of regulation of total
wing area.

(ii) Selection lines

The wing areas of the first 25 males and females
emerging in the large and small selected lines showed
a steady divergence from the control lines in each
generation (Fig. 3). Analysis of variance, with selection
regime as a fixed e�ect and replicate lines nested
within selection regimes, showed that the di�erence
between the large and control lines first became
statistically significant (P! 0.05) in females in gen-
eration 3 and in males in generation 4. The cor-
responding time for both sexes in the small lines was
generation 4 (P! 0.001). The wing area of the control
lines fluctuated between generations, but linear re-
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deviations from the overall mean of the three control
lines. Each value is based on the measurements of 25
individuals of each sex from each line. Error bars
represent the 95% confidence limits of the mean for each
replicate large and small selection line in each generation.

Table 1. Realized heritabilities for upward and
downward selection on wing area with constant cell
area, calculated as the mean of the regressions of the
wing area response on cumulated selection di�erential
for each replicate selection line

h#≥SE

Large Small n

F≠M 0.42≥0.07*** 0.47≥0.06*** 3
F 0.43≥0.10* 0.46≥0.04*** 3
M 0.41≥0.14* 0.48≥0.13* 3

*P! 0.05; ***P! 0.001.
Standard errors were calculated from the observed variance
of the regression coe�cients between replicates (Hill, 1972).
F, females, M, males, F≠M, o�spring mean. A one-tailed
t-test was performed to test whether the heritability value
was significantly di�erent from zero.

gression showed no significant trend over generations.
Despite the constraint on cell area, selection yielded
large and significant realized heritabilities for wing
area (Table 1).

• The wing blade area is not proportional to cell surface area

• If cell number and cell area change in proportion then the 
slope of log transformed data should be greater than 1

• If they varied independently the slope should be closed to 1 

• If there was a complete compensation then the slope would be 0 
and partial compensation would have slopes between 0 and 1. 
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Fig. 7. The slope (and standard error) of the linear
regression of log

"!
cell area and log

"!
wing area for males

and females of the large, small and control selection lines
in each generation of selection. Each point is derived
from the regression for the 75 individuals representing the
pooled replicate lines of each selection regime. The slopes
for the large and small lines were no longer significantly
di�erent from zero by generation 5 and 4 respectively
(large females : tØ1.72, d.f.Ø 73, NS; large males : tØ
1.4, d.f.Ø 73, NS; small females : tØ 0.29, d.f.Ø 73, NS;
small males : tØ1.1, d.f.Ø 73, NS).

available variation in total wing area for selection to
act upon therefore declined as selection proceeded,
although the variance in cell area did not.

4. Discussion

Our most important finding was a negative association
between cell number and cell area in the wing blade.
This result provides evidence that the overall area of
the wing blade (or of its components) is controlled,
irrespective of the pattern of cellularization. Given
optimal nutrition and su�cient time to complete
development, the cell number in adult imaginal disc
derivatives is controlled by local cell-to-cell inter-
actions (Bryant, 1987; Bryant & Simpson, 1984;
Bryant & Schmidt, 1990). In the wing disc, decapenta-
plegic is expressed in a thin medial stripe, and the
secreted gene product (a TGF-b growth factor
homologue) controls proliferation and cell patterning
(Zecca et al., 1995). The e�ects appear to extend over
a distance corresponding to 5–10 cell diameters from
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Fig. 8. The relationship between log
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cell area and log
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wing area for males and females of the large, control and
small selection lines in generation 8. The selection lines
were produced from the Dahomey base stock. Three
hundred males and 300 females were measured from each
selection regime.

the source of the signal (Nellen et al., 1996; Lecuit et
al., 1996; Burke & Basler, 1996). Control of the
overall area of the tissue implies that DPP (and other
extracellular signals acting on cell division) span a
certain absolute distance, rather than, in some sense,
‘counting cells ’.

In addition, we found increased levels of com-
pensation between the number and size of cells as
wing area deviated more strongly from that of the
base stock. The response to selection for wing area
through altered cell number therefore occurred in the
face of an opposing mechanism for control of total
wing area, and resulted in declining variance in total
wing area. Selection evidently changed the disc cell
interactions that control proliferation and it would be
extremely interesting to know how this enhanced the

—selection for large 
and small wings

0.153

0.165

0.346

0.265

• Selection for large and small wings gives rise to increased 
compensation 

— evidence of partial compensation

McCabe J, French V, Partridge L (1997). Genet Res 69: 61–68. 
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• Larval imaginal discs grow exponentially from 50 to 50.000 cells in 4 days

• Growth compensation revealed by cell division regulators

BRYANT AND LEVINSON Growth Control in Imaginal Discs 357 

1 lmagmal Wing Disc 

lo2 ~-latlat~L;~;ng , MJting , , , ,Puparron 1 

20 30 40 50 60 70 80 90 100 110 120 130 
Hours After Ovtposltlon 

FIG. 2. Growth curve of the wild-type (Ore EC) imaginal wing 
disc, expressed as mean cell number (&SE) for various times after 
the mid point of a 2-hr egg collection. Hollow symbols, data from 
histological study by Madhavan and Schneiderman (19’77). Solid 
symbols, data from cell counts of dissociated discs in the present 
study. Times of hatching, molting, and pupariation are approximate. 
Actual mean pupariation time in this experiment was 124 hr. 
Samples taken after pupariation were from 2-hr collections of 
freshly pupariated animals, timed from the mid point of the collection 
(taken to be 120 hr). 

and it shows no increase in cell number until mid-first 
instar. The growth curve is asymmetrically sigmoid, 
the maximum growth rate occurring during the second 
and early third instars. The cell-number doubling time 
during this period is 5.9 hr. Growth slows down during 
the second half of the third instar and stops at about 
50,000 cells at the time of pupariation. There is no 
increase in cell number during the first 8 hr after 
pupariation, but the presence of pupal cuticle makes it 
impossible to use our cell counting techniques at stages 
later than this. 

When wing discs were dissected from 4- or 5-day 
(mid or late third-instar) larvae and transplanted into 
the abdomens of wild-type female adult hosts, their 
appearance after 7 or 14 days of culture was very 
similar to that of mature wing discs (Fig. 3) except for 
minor distortions presumably caused by damage during 
transplantation and by pressure from host tissues. In 
contrast, wing discs from l(.)gd homozygotes showed 
extensive growth when cultured under the same con- 
ditions (Fig. 4). Some of the mutant discs cultured for 
7 days showed an abnormal shape and folding pattern 
similar to that seen in situ in mutant larvae (Bryant 

FIG. 3. Wild-type imaginal wing discs after culture in vivo (un- 
stained whole mounts). (a) Disc from I-day larva, cultured for ‘7 
days. (b) Disc from I-day larva, cultured for 14 days. (c) Disc from 
5-day larva, cultured for 7 days. (d) Disc from 5-day larva, cultured 
for 14 days. 

FIG. 4. l(2)gd imaginal wing discs after culture in vivo (unstained 
whole mounts). (a) Disc from I-day larva, cultured for 7 days. Note 
the resemblance to l(Z)gd wing discs in situ (Bryant and Schubiger, 
1971). (b) Disc from I-day larva, cultured for 14 days. (c) Disc from 
B-day larva, cultured for 7 days. (d) Disc from 5-day larva, cultured 
for 14 days. 

Bryant PJ, Levinson P: Intrinsic growth control in the imaginal 
primordia of Drosophila, and the autonomous action of a 
lethal mutation causing overgrowth. Dev Biol 1985, 
107:355-363.  

Stefan Harmansa (IBDM, Marseille)

Stefan Harmansa (IBDM, Marseille)
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by planar polarised myosins can promote boundary formation and tis-
sue elongation during the larval wing disc stage. Long-range force pat-
terns are also crucial to shaping the wing during the pupal stage. We

review the different ways in which both local and global force patterns
can be generated, such as: patterned acto-myosin contractility, pat-
terned anchorage to the extracellular matrix, and patterned tissue
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larva

3557Cdc2 mutant disc patterning and growth

ing that cell division is effectively inhibited at 30°C in
Cdc2E1-24 pupal wing discs. 

Cdc2E1-24 pupal wings appeared to be of normal size 30
hours after the temperature shift but were composed of cells
considerably larger than those seen in wild-type pupal
wings raised under identical conditions (Fig. 1E,I
compare with Fig. 1C,F). For a more accurate com-
parison of growth, we generated wing discs in which
cells in the anterior compartment were mutant for
Cdc2E1-24, while cells in the posterior compartment
were rescued by expressing a UAS-Cdc2+ transgene
under control of en-Gal4 (in a Cdc2E1-24 mutant back-
ground). As in the previous experiment, incubation at
the restrictive temperature was started at pupariation
and wing discs were analyzed 30 hours later. In the
resulting discs, the anterior compartment was normal
in size, but was apparently composed of fewer and
larger cells, as indicated by the presence of fewer and
larger nuclei compared to the posterior compartment
(Fig. 1D,G,H). Adult flies did not eclose, but the
pattern of vein and intervein regions analyzed 30
hours after the temperature shift was normal. The
ratios of distances between the anterior margin and
the various veins was not significantly different from
wild type. This result demonstrates that the size of the
pupal wing is not regulated by controlling cell
numbers and that the formation of a normal vein
pattern is not dependent on pupal cell divisions.

This finding was confirmed by analyzing Cdc2E1-24

clones induced during second instar and allowed to
proliferate at the permissive temperature (18°C)
before shifting to the restrictive temperature at pupari-
ation. Clones were identified by the lack of Hs-NM
expression (Xu and Rubin, 1993). After 30 hours at
30°C, homozygous Cdc2E1-24 clones appear to consist
of cells with larger nuclei than those of the surround-
ing Cdc2+ cells (Fig. 2A,B), suggesting increased cell
size. The transition from low to high nuclear density
coincided precisely with the clone borders (Fig.
2A,B). In spite of their increased size, Cdc2E1-24

mutant cells appear to contribute normally to the adult
wing. We observed groups of large cells with
multiple, clustered trichomes that are integrated
normally into the local pattern of the surrounding
wing tissue (Fig. 2C,D). Although the clones were not
marked in the adult, double labeling pupal wings with
phalloidin to visualize trichomes and a DNA stain to
localize Cdc2E1-24 clones showed that the clustered
trichomes are produced by the large Cdc2E1-24 mutant
cells (data not shown). Despite the presence of the
clonal regions with reduced cell number and altered
differentiation (clustered trichomes), wings were of
normal size and shape and had a regular vein pattern.
This demonstrates that adult dimensions are reached
normally with reduced cell number. 

Blocking cell division does not affect the
spatial and temporal patterning of DNA
replication in pupal wings
To investigate whether inhibition of cell division has
an effect on the cells’ developmental program, we

analyzed the pattern of DNA replication in Cdc2E1-24 pupal
discs. In wild-type discs, DNA replication in the vein regions
occurs before DNA replication in the intervein regions. Repli-
cation spreads from the veins to the intervein region in a wave-

Fig. 1. Inhibition of pupal cell division does not perturb growth. Wings from
pupae shifted to 30°C at the start of pupariation are shown. (A,B) Detail of wild-
type (A) and Cdc2E1-24 (B) pupal wings after a 16 hours incubation at 30°C. At
this stage, many mitotic figures are present in wild-type (arrows in A), but absent
from Cdc2E1-24 wings. (C) Wild-type, (D) Cdc2E1-24 expressing UAS-Cdc2+

under control of en-Gal4 in the posterior compartment (Cdc2E1-24, en-Gal4;
UAS-Cdc2+) and (E) Cdc2E1-24 pupal wings were kept at 30°C during pupal
development, fixed at 30 hours apf and stained with Hoechst. For comparison of
cell size, magnifications of wild-type (F), the anterior region of Cdc2E1-24, en-
Gal4; UAS-Cdc2+ (G), the posterior region of Cdc2E1-24, en-Gal4; UAS-Cdc2+

(H) and Cdc2E1-24 (I) wings are shown. Cdc2E1-24 cells which have not
undergone pupal divisions (G,I) are enlarged relative to wild-type cells that have
divided normally (F,H). The pattern of vein and intervein regions in Cdc2E1-24,
en-Gal4; UAS-Cdc2+ and Cdc2E1-24 wings is not affected.

3559Cdc2 mutant disc patterning and growth

wing discs had fewer but very much larger cells in the anterior
compartment than in the posterior compartment (Fig. 4B). Sur-
prisingly, the size of the anterior compartment was almost
comparable to wild-type controls in these cases (compare Fig.
4A and B). Although such a dramatic increase in cell size in
the anterior compartment combined with relatively normal
overall disc shape was observed rarely, it demonstrates that cell
growth can continue to a large extent in the absence of cell
division in cells lacking Cdc2 activity. 

Most of the discs in this experiment, as well as in experi-
ments where discs were shifted to the restrictive temperature
without a prior heat shock, displayed a smaller number of very
large cells in the most anterior dorsal region of the wing disc
and a distorted overall disc shape (Fig. 4C). However, in these
cases mitotic figures were observed in the anterior compart-
ment and many anterior cells were normal in size. Clonal
analysis involving marked lineages showed that the small cells
in the anterior compartments of such discs were of posterior
compartment origin and therefore that cells were able to cross
the AP compartment boundary under these conditions (data not
shown). This indicates that even though these cells lose en
expression and thereby the expression of the UAS-Cdc2
transgene as well, the perdurance of UAS-Cdc2 gene products
appears to be sufficient to allow a few more cell divisions.

Inhibition of cell division in mid-larval stages does
not block patterning processes
Growth of the discs depends on global patterning cues coming
from the AP compartment boundary. In the wing disc,
Hedgehog (HH) secreted by cells of the posterior compartment
induces dpp expression in anterior cells adjacent to the com-
partment boundary. Secreted DPP in turn controls growth of
the A and P compartments and directs symmetric expression
of the target genes optomotor blind (omb) and spalt in domains
of different width centered on the dpp stripe (Lecuit et al.,

Fig. 4. Inactivation of Cdc2 function in larval development prevents
cell division but not cell growth. DNA staining of wild-type (A) and
Cdc2E1-24, en-Gal4; UAS-Cdc2+ wing imaginal discs (B,C); C was
heat shocked at 37°C in early third instar and aged for 2 more days at
30°C. Anterior is to the top. Note the increased nuclear cell size in
the cells of the anterior compartment of Cdc2E1-24, en-Gal4; UAS-
Cdc2+ (B,C). The proportion of cells that show increased nuclear
size varies between discs.

Fig. 5. Patterning along the anterior-posterior axis in Cdc2E1-24 discs.
(A-D) dpp-lacZ expression in Cdc2E1-24 (A,B) and wild-type (C,D)
discs. B and D show higher magnifications of A and C respectively.
Cell size in B is increased relative to D. We note a slight relative
increase in the width of the dpp-stripe in the Cdc2E1-24 disc, which
might reflect a slight developmental delay in Cdc2 mutant discs at
30°C, equivalent to an earlier stage of development when the
endogenous dpp stripe is broader. (E) Nested expression of Spalt
protein (green) and omb-lacZ (red) visualized by anti-β-galactosidase
staining, in a Cdc2E1-24 disc. This nested pattern of omb and spalt
expression reflects the wild-type situation (Lecuit et al., 1996; Nellen
et al., 1996). (F) DNA staining of the same disc as in E shows fewer
nuclei, which are less densely packed compared to a wild-type disc
(G) treated in parallel.
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• in Cdc2/CDK1 mutants, cells go through S phase but do not enter into mitosis 
and instead, endoreplicate and grow larger than controls

• The larval and pupal wing tissues acquire quasi normal dimensions when cells are 
much larger.

• This rules out cell number and cell size as a sensing mechanism: rather this 
suggests a global (organ scale) sensing mechanism that measures tissue 
dimensions (area, volume?)

• Sustained growth is due to endoreplication: reveals impact of DNA content but 
not of cell growth per se. 
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cells increase their DNA content to !1000C, possibly
to facilitate the high metabolic activity required of them
(reviewed in Zybina and Zybina, 1996). The chromo-
somes of trophoblast giant cells have regions in which
replicated copies are tightly associated (Varmuza et al.,
1988). Thus their chromosomes are polytene, although
they are not aligned along their entire lengths to produce
the intricate banding patterns seen in insect polytene
cells. DNA replication in trophoblasts is cyclic, and as-
pects of mitosis are present. The chromosomes bundle
in what has been termed “endoprophase,” and then
decondense and dissociate in “endointerphase” when
DNA replication occurs. Changes in cell cycle regulators
were investigated in the trophoblast cell line, Rcho1
(MacAuley et al., 1998). During Rcho1 polytenization,
Cyclin D1 is induced, Cyclins E and A remain high, and
levels of Cyclin B are reduced. The CDK inhibitor (CKI)
p57Kip2 is upregulated as Rcho1 cells differentiate and
become polytene (Hattori et al., 2000). p57 protein accu-Figure 3. Endocycles Bypass Aspects of S Phase and Mitosis to
mulates at the end of each S phase and disappearsDifferent Extents
several hours before each subsequent S phase. Further-The gray circle indicates a generic mitotic cell cycle, and the black
more, a mutation that stabilizes p57 blocks S phasearrows indicate truncated cell cycles found in different types of

endoreplicating cells. entry, suggesting that this inhibitor may mediate fluctua-
a: Drosophila larval tissues, post-cycle 6 ovarian nurse cells. tions in Cyclin E/Cdk2 activity and thus allow periodic
b: Cycle 1–4 Drosophila nurse cells. replication origin licensing and firing. Interestingly, the
c: Cycle 5 Drosophila nurse cells, mammalian giant trophoblasts.

mutation used to stabilize p57 encompasses a putatived: Endomitosis in mammalian megakaryocytes.
CDK phosphorylation site. This suggests that there may
be feedback between CDK activity and p57 stability,
and so provides one of the switches required to buildtransgenic mice (Zimmet et al., 1997). Antisense experi-
a biphasic oscillator. As described below, a CDK/CKI-ments with megakaryocyte cell lines show that decreas-
based oscillator may also be a plausible explanation foring the levels of Cyclin D3 blocks polyploidization, and
how some endocycles are controlled in Drosophila.thus Cyclin D3 appears to be critical for driving thrombo-

An interesting parallel exists between the control ofpoietin-induced endocycles (Wang et al., 1995). Studies
differentiation and polytenization of trophoblasts andof Drosophila Cyclin D/Cdk4 show that this complex
the maintenance of diploidy during Drosophila develop-can also increase ploidy in endocycling tissues, and
ment. The Drosophila Escargot protein, a member ofsuggest that it does this by potentiating cellular growth,
the snail family of transcription factors, is required torather than via direct effects on cell cycle regulators
prevent diploid abdominal histoblasts from becomingsuch as RBF, a fly retinoblastoma homolog (Datar et al.,
polyploid during larval development, when the majority2000). Knockout studies in mice are also consistent with
of the tissues are in the endocycle (Fuse et al., 1994;the idea that Cdk4 and the D-type cyclins are used to
Hayashi, 1996; Hayashi et al., 1993). A mouse generegulate growth, but this possibility has not yet been
(mSna) that is most homologous to Escargot is downreg-tested extensively. In the case of megakaryocyte endo-
ulated during trophoblast differentiation and polyteniza-cycling, it is not yet known what the critical targets of
tion (Nakayama et al., 1998). Overexpression of mSnathe Cyclin D3 kinase complex are.
in rat Rcho1 cells reduced the frequency with whichEndomitosis in megakaryocytes involves nuclear en-
these cells differentiated to form giant polytene tropho-velope breakdown and the appearance of condensed
blast cells, but did not affect the kinetics of endocycleschromosomes and multipolar spindles (Nagata et al.,
in trophoblasts that had already differentiated. Both the1997). Sister chromatids have been observed to sepa-
Drosophila Escargot and mSna proteins are expressedrate in anaphase A, but anaphase B does not occur. As
in a variety of diploid tissues. These observations havea consequence, replicated copies of the chromosomes
led to the proposal that the Escargot and mSna tran-are incorporated into the same nucleus when the nuclear
scription factors affect differentiation decisions that pre-envelope reforms at a stage equivalent to telophase.
clude endoreplication.Cytokinesis appears to be bypassed completely. Mega-

karyocyte endomitosis is reported to occur at subnormal
levels of the mitotic regulatory kinase, Cyclin B/Cdk1 Endocycling in Plants

Many plants contain tissues that become highly poly-(reviewed in Zimmet and Ravid, 2000), and the observa-
tion has been made that degradation of Cyclin B is ploid during development. A survey of Arabidopsis re-

vealed polyploidy in hair trichomes, leaf epidermal cells,relatively enhanced (Zhang et al., 1998). Thus, premature
or excess degradation of Cyclin B might account for the root tip cells, and cells in the hypocotyl (Galbraith et al.,

1991; Melaragno et al., 1993). In some cell types theexit from mitosis prior to anaphase B, nuclear division,
and cytokinesis. extent of endoreplication appears to be intrinsically con-

trolled by the differentiation program, but environmentalMammalian trophoblasts, which contribute to the pla-
centa, also become polyploid via endocycles. These influences such as light can also affect endoreplication

• Growth compensation revealed by cell division regulators
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inhibition is relieved through Cdk2/cyclin A-dependent
hyperphosphorylation of the TAD, which displaces the RD and
enhances the recruitment of a transcriptional co-activator, the
histone deacetylase p300/CREB binding protein (Ep300/Crebbp).
This complex promotes the expression of genes responsible for
driving mitotic entry (Chen et al., 2009; Laoukili et al., 2008;
Major et al., 2004; Park et al., 2008). As a precautionary measure
against premature activation, phosphorylation of FoxM1 can be
reversed by protein phosphatase 2A (PP2A) and its regulatory
subunit B55α (Alvarez-Fernández et al., 2011). The concerted
actions of phosphorylation by Cdk2/cyclin A and
dephosphorylation by PP2A/B55α fine-tune the transcriptional
activity of FoxM1 such that it is restricted to fall precisely within
the mitotic window. FoxK2, a closely related family member, also
requires phosphorylation by Cdk/cyclin complexes for the
regulation of its transcriptional activity, although the exact
repertoire of its target genes remains to be established (Marais et
al., 2010).

By studying how the phosphorylation of Rb and FoxM1 impacts
gene expression patterns, it is easy to recognize that cell cycle
regulators can post-translationally modify components of the
transcriptional machinery as an effective way to achieve the
periodic expression of phase-specific gene clusters necessary for
triggering cell cycle transitions, namely G1/S and G2/M (Fig. 2).
Phosphorylation occurs at multiple sites on the target proteins,
which may serve as a mechanism to ‘sense’ the level of kinase
activity before endorsing the next event in the progression through
the cell cycle.

The regulation of RNA polymerase II (RNA Pol II)-based
transcription by members of the Cdk and cyclin families has been
well described. The carboxyl-terminal domain (CTD) of RNA Pol
II contains multiple heptapeptide repeats that can be targeted by
Cdk/cyclin complexes, with Cdk1 being the first to be identified
(Cisek and Corden, 1989). Progressive changes in the
phosphorylation status of the CTD play a crucial role in the timing
of its polymerase activity and the sequential recruitment of various
co-regulators. Following a long history of reports about Cdk/cyclin
complexes with catalytic activity towards the CTD (Fig. 3), newly
annotated members of the Cdk and cyclin families continue to join
the ranks in the control of RNA Pol II-based transcription.
Specifically, it was recently demonstrated that cyclin K partners
with Cdk12 and Cdk13 to mediate phosphorylation of the CTD
(Bartkowiak et al., 2010; Blazek et al., 2011; Cheng et al., 2012).
Collectively, it should be appreciated that the control of RNA Pol
II-based transcription is analogous to the regulation of the cell
cycle, whereby a series of Cdk/cyclin complexes, activities of
which are restricted during each phase of the transcription cycle, is
required to achieve the dynamic patterns of phosphorylation marks
on the CTD and drive the step-wise progression from pre-initiation,
initiation, elongation to termination (Fig. 3). A better understanding
of how Cdk/cyclin complexes trigger each transition and how the
CTD code is deciphered into productive events during RNA
synthesis will be the aim of future investigations. Unlike cell cycle
regulation, which is plagued by extensive compensatory
mechanisms, Cdk and cyclin members involved in transcriptional
control appear to be non-redundant as their ablation usually results
in embryonic lethality; this applies to Cdk7 (Ganuza et al., 2012),
Cdk8 (Westerling et al., 2007), Cdk11 (Li et al., 2004), cyclin H
(Patel and Simon, 2010), cyclin T2 (Kohoutek et al., 2009) and
cyclin K (Blazek et al., 2011).

In addition to the regulation of global gene expression,
Cdk/cyclin complexes have been implicated in specific
transcriptional pathways, the most notable of which is the Wnt/β-
catenin signaling cascade (Fig. 4). Wnt signaling controls a
multitude of developmental processes and, unsurprisingly, aberrant
pathway activity has been linked to various diseases. The most
common manifestation of de-regulated Wnt signaling is colorectal
cancer, in which loss-of-function mutations in the APC tumor
suppressor gene are prevalent, leading to hyperactivation of β-
catenin (Bienz and Clevers, 2000). Therefore, suppressing the Wnt
pathway became an attractive route for therapeutic intervention
(Anastas and Moon, 2013). An RNAi screen to identify modifiers
of β-catenin transcriptional activity and colon cancer cell
proliferation pinpointed CDK8 as a key player and demonstrated
its copy number amplification in a substantial fraction of colorectal
cancers (Firestein et al., 2008). Although the precise mechanism by
which Cdk8 potentiates β-catenin-mediated transcription remains
poorly understood, its kinase activity was demonstrated to be
essential, and its role as part of the ‘Mediator complex’ together
with cyclin C, MED12 and MED13 (Knuesel et al., 2009) was
suggested to be involved.

Apart from modulating the transcriptional activity of β-catenin
in the nucleus, cell cycle regulators can also exert their influence
over Wnt signal transduction remotely at the cell surface (Fig. 4).
This is made possible by the recent discovery of Cdk14/cyclin Y
complexes, which are anchored to the plasma membrane (Jiang et
al., 2009). Membrane tethering is dependent on an N-terminal
myristoylation motif on cyclin Y and is responsible for bringing the
catalytic domain of Cdk14 in close proximity to its substrate, the
Wnt co-receptor Lrp6 (Davidson and Niehrs, 2010; Davidson et al.,
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Fig. 2. Cdk/cyclin complexes regulate Rb/E2F- and FoxM1-mediated
transcription. During the G1 phase of the cell cycle, Cdk4/cyclin D (cycD)
and Cdk2/cyclin E (cycE) complexes sequentially phosphorylate (P) Rb,
leading to the activation of E2F proteins and the expression of E2F-
responsive genes. This cluster of genes encodes cell cycle regulators
required for G1/S transition [cyclin E, cyclin A (cycA) and Cdk1], enzymes
involved in nucleotide biosynthesis [thymidine kinase (TK)] and
components of the DNA replication machinery [Cdc6 and origin
recognition complex subunit 1 (Orc1)]. During the G2 phase of the cell
cycle, Cdk2/cyclin A and Cdk1/cyclin B (cycB) complexes sequentially
phosphorylate FoxM1, leading to the relief of its self-inhibition and the
recruitment of a histone deacetylase p300/CREB binding protein (CBP)
that activates the expression of FoxM1 target genes. This cluster of genes
encodes cell cycle regulators required for the execution of mitosis (cyclin
B) and interactors of the kinetochore complex crucial for proper
chromosome segregation [centromere protein F (Cenpf )]. The effects of
Cdk phosphorylation on FoxM1 can be counteracted by the phosphatase
PP2A/B55α.

S. Lim and P. Kaldis. Development 140, 3079-3093 (2013) doi:10.1242/dev.091744 

• Impact of cell proliferation on cell growth: E2F, 
pRB

• E2F promotes G1/S transition by inducing S phase 
Cyclin and other S phase genes (eg. thymidine kinase, 
origin of replication proteins etc). 

• The retinoblastoma protein Rb inhibits E2F. 

• E2F induces also G2/M transition via String/Cdc25 expression

• Growth compensation revealed by cell division regulators

Neufeld TP, de la Cruz AF, Johnston LA, Edgar BA (1998) Coordination of 
growth and cell division in the Drosophila wing. Cell 93: 1183–1193. 
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Figure 1. Enlargement and Death of stg and dE2F Mutant Cells
(A) 48-hr-old stg7B cells in the wing pouch induced by FLP/FRT-mediated somatic recombination. Cells are stained for the clonal marker
(p-myc; green), DNA (blue), and Actin (red). The enlarged mutant cells are positively stained with the two copies of the p-myc and marked
with yellow asterisks in the lower twopanels. 1/1 twinspots lacking p-myc are larger than the area photographed. Genotype, hs-FLP; FRT(82B)
stg7B p-myc/FRT(82B).
(B) 48-hr-old E2F729 cells in the wing pouch positively marked with two copies of LacZ and denoted by yellow asterisks. Three mutant cells
are enlarged, and the fourth is apoptotic (arrowhead). Genotype, hs-FLP; FRT(82B) E2F729 LacZ/FRT(82B).
(C) A mosaic of Minute1 and Minute cells, showing that Minute cells (dark) are normal in size. The Minute mutation is a recessive cell lethal,
so no twin spot is seen. Genotype, hs-FLP; FRT(82B) N-myc/FRT(82B) M(3)95A.
(D) A mosaic of stg9A/stg9A M1 and stg9A/1 M cells at semipermissive temperature. The stg9A/stg9A mutant cells are positively marked with two
copies of p-myc and are grossly enlarged. Genotype, hs-FLP; FRT(82B) stg9Ap-myc/FRT(82B) M(3)95A.
(E) Enlarged E2F729 cells in a Minute background. Genotype, hs-FLP; FRT(82B) E2F729LacZ/FRT(82B) M(3)95A.

Asano et al, 1996; Duronio et al., 1996; Royzman et al., cycle gene functions (Xu and Rubin, 1993). This con-
firmed that string, cyclin E, and dE2F are each required1997). RBF counteracts these effects (Du et al, 1996a).

Previous studies suggested that the critical proximal for imaginal cell proliferation and revealed a common
fate for disc cells that sustain a cell cycle arrest or delay.regulators of thewing disc cell cycle areCyclin E (CYCE),

which promotes S phase initiation, and String (STG), a Cells homozygous for a null alleleof string (stg7B) divided
only once, implying that string must be transcribed atCdc25-type phosphatase that promotes mitosis (Milán

et al., 1996a, 1996b). Here, we use the FLP/FRT and least every two cell cycles. Arrested stg7B cells became
enlarged, indicating that cell growth continued after theGAL4/UAS techniques to delete or overproduce these

four genes in the growing wing. We show that they are arrest (Figure 1A). Arrested cellswere gradually lost from
the disc epithelium (Table 1) through a process termedrate-limiters of the disc cell cycle and that dE2F can

modulate rates of cell proliferation by regulating tran- “cell competition” (Simpson, 1979). Slowly dividingcells,
generated using a temperature-sensitive string allelescription of both cyclin E and string. Although slowing

the cell cycle suppresses growth,we find that accelerat- (stg9A), also enlarged and were also eliminated, though
more slowly than the nondividing stg7B cells (Table 1).ing the cell cycle is insufficient to stimulate growth.
Cells homozygous for a null dE2F allele (dE2F729) achieved
clone sizes of up to 15 cells but otherwise behavedResults
much like string mutant cells: they enlarged and were
then lost (Figure 1B and Table 1; Brook et al., 1996). TheCell Cycle Arrest Allows Continued Growth

but Leads to Cell Death largest dE2F729 cells were observed basal to the disc
epithelium,a location sharedwithapoptotic dE2F729 cellsTo determine the effect of cell cycle arrest on disc cell

growth, we used mitotic recombination to delete cell (Figure 1B), and apoptotic cells induced by other treat-
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growth, we used mitotic recombination to delete cell (Figure 1B), and apoptotic cells induced by other treat-

• Stg/Cdc25 and E2F mutant cells do not divide and are larger. 
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Figure 5. Ectopic Cell Cycle Gene Expression Alters Cell Size
en-GAL4 was used to coexpress UAS-GFP and the UAS-transgenes
noted, in posterior compartments. (A–F) Wing discs at z100 hr AED
stained for DNA to show differences in nuclear density. GFP is not
shown, but the anterior-posterior compartment boundary is indi-
cated by white lines in the high magnification panels (B, D, and
F). Wild-type discs (A and B) show similar cell densities in both
compartments, whereas overexpressed dE2F1dDP (C and D) in- Figure 6. Cell Cycle Deregulation Alters Cell Numbers and Cell Size
creased posterior cell density, and RBF decreased it (E and F). Note but Not Compartment Size
that no alteration of posterior compartment size is evident. (G)–(I) The indicated transgenes andGFPwere expressed posteriorly using
show forward scatter (FSC) analysis of 94 6 2 hr discs. Thin lines en-GAL4.
plot control, anterior cells, and thick lines plot experimental cells (A) Number of posterior (P) cells, plotted as ratios to number of
overexpressing dE2F (G), GFP only (H), or RBF (I). anterior (A) cells. Data were summed from all FACS experiments

(4–31 trials/genotype) giving .105 total cells for each genotype. Cell
cycle retardation decreased P cell numbers, whereas cell cycleE and string transcription. Therefore, thesefindings sup-
acceleration increased P cell numbers. Suppression of cell deathport the idea that overexpressed RBF slows the cell by P35 further increased the cell number in these cases.

cycle by repressing the dE2F targets,string andcyclin E. (B) P compartment areas plotted as ratios to A compartment areas
at different developmental timepoints. Ten wing discs of each geno-
type were measured. P compartments are smaller than A compart-Compartment Growth Is Not Affected
ments but grow faster. Ectopic expression of cell cycle regulatorsby Cell Cycle Deregulation
had insignificant effects on P compartment size, except in the caseTo determine whether these alterations in cell prolifera-
of dE2F1dDP1P35, which extended the larval phase and allowedtion altered tissue growth, we measured the areas of growth beyond the normal size.

anterior (A) and posterior (P) compartments in en-GAL4 (C)Relative cell sizes, represented asP/A ratios.Cell size was deter-
discs at a series of developmental time points. Growth mined by nuclear density determination of confocal sections of in-

tact discs (in situ; light gray bars) or by forward scatter (FSC) mea-effects of GAL4 targets would be expected to change
surement of cells from dissociated discs (FACS; dark gray bars).the ratio of P/A compartment size. Contrary to this, we
Transgene dependent decreases in cell size lower the P/A ratio,found that changing the proliferative rate of P cells did whereas increases in cell size increase this ratio. Each FACSexperi-not significantly affect the size of P compartments or mentwas repeated at least four times, and .105 cells were analyzed

their rates of growth relative to Acompartments (Figures per experiment. For in situ data, four or more discs of each genotype
5 and 6B). This remained true even when UAS-P35 was were analyzed, and 280–511 nuclei were counted per section. P/A

ratios represent median values. p values were calculated by theincluded to suppress cell death. Inone exceptional case,
two-sample Wilcoxon rank-sum (Mann-Whitney) test, using WT aslarval development was extended for several days and
the reference group. Samples that were significantly different fromposterior compartments did achieve larger than normal
WT are marked with asterisks (*, p , 0.05; **, p , 0.01).sizes (dE2F1dDP1P35; Figure 6B; see Discussion).
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However, even in this case the P compartment was
normal in size throughout most of its development and
grew at the normal rate.
As might be deduced from these results, altering the

number of cells in the P compartment without changing
its size resulted in striking changes in cell size. Cell
size changes were readily visible (Figure 5) and were
assessed by both FACS and cell densitymeasurements
made microscopically (Figure 6C). Bothmethods showed
that accelerated proliferation correlated with decreased
cell size, whereas retarded proliferation correlated with
increased cell size. FACS data were analyzed to deter-
mine whether cell size changes were due to changes in
cell cycle phasing, but in each case the experimental
cells showed changes in average size during all cell
cycle phases. Similar cell size effects were observed at
all developmental stages tested, from early third instar
(76 hr AED) to late pupation (160 hr AED; data not
shown).
The observed relationship between cell numbers, com-

partment sizes, and cell sizes suggests that accumula-
tion of mass in the P compartment progressed at the
normal rate regardless of changes in cell division rates.
Although it might be inferred that cell cycle deregulation
has no effect on cell growth, there remained a further
consideration. Studies of disc development have dem-
onstrated that compartments function as units of size
control (Garcı́a-Bellido et al.,1973; SimpsonandMorata,
1981). Since expression of the en-GAL driver we used
is itself compartmentally determined, we suspected that
compartmental size controls might counteract any ef-
fects of GAL4 targets on growth.

Figure 7. Cell Cycle Acceleration Does Not Increase Clonal Growth
(A) Areas (left) and representative photos (right) of 43-hr-old clonesClonal Growth Is Regulated Independently
expressing the indicated transgenes under Act.GAL4 control. Noteof Cell Cycle Progression
the cell size changes at right, as visualized by the clonal marker,To circumvent compartmental size controls, we used GFP-nls. Enlarged RBF expressing cells show large cytoplasmic

clonal gene activation. Mosaic analysis has shown that extensions, whereas diminutive dE2F1dDP1P35 expressing cells
cell lineages within compartments are plastic and that have little visible cytoplasm.

(B) Area measurements and representative photos of transgene ex-clone sizes can be varied tremendously by varying cell
pressing clones 77 hr after induction. Graphs show that ectopicgrowth capability (Garcı́a-Bellido et al., 1973; Simpson,
dE2F1dDP1P35 confers no growthadvantage, and they also reveal1979; Simpson and Morata, 1981). Hence, we assessed
the eventual growth disadvantage imposed by ectopic RBF. Photosthe size, in area, of clones expressing UAS-linked target show entire wing anlage. Below each genotype we indicate median

genes under Act.GAL4 control (Figure 7). Forty-three clone areas and numbers of clonesmeasured (n). 3 axes have units
hours after induction, clone areas for all genotypes of pixels 3 1023, where 1000 pixels 5 169.4 mM2. Photos in (A) are

the same magnification, as are those in (B).tested were essentially unaffected by changes in prolif-
erative rate. This remained true even when cell death
was suppressed by coexpressed P35. For example, 43 the size of controls (1311 mM2 vs. 2949 mM2; n 5 83, 76;
hr RBF expressing clones had a median cell number of Figure 7B). Thus, prolonged expression of RBF does
only 4, and CYCE1STG expressing clones of the same eventually suppress growth. As in the case of dE2F
age had a median cell number of 24. Yet both clone loss, this probably reflects the limited amount of DNA
types had similar median areas (554 and 619 mM2, re- produced by slowly cycling cells. Considering that RBF
spectively). As in the experiments using en-GAL4, the can act as a growth suppressor, the nearly normal size
discrepancy between cell numbers and clonal areas of posterior wing compartments expressing RBF (Figure
could be explained by altered cell sizes, which were 6) is probably due to the compensating effects of com-
readily evident (Figure 7A). partmental size control. In contrast, 77 hr clones of rap-
As a more sensitive test, we induced Act.GAL4 idly dividing cells expressing dE2F1dDP1P35 grew to

clones very early in disc development (38 hr AED) and sizes comparable to controls but no larger (Figure 7B).
scored them 77 hr later (Figure 7B). A single clone with These clones had a median area of 2750 mM2 (n 5 94)
a growth advantage can take over as much as half the and control clones expressing P35 alone had a median
wing when induced this early (Simpson and Morata, area of 2949 mM2 (n 5 76). This agrees with results
1981), whereas cells with a growth disadvantage are obtained using the en-GAL4 driver and confirms that
eliminated (Simpson, 1979; Table 1). We found that 77- accelerating cell proliferation by increasingdE2Factivity

does not accelerate growth.hr-old clones expressing RBF1P35 were roughly half

• A gradual increase in cell division rate causes a 
gradual decrease in cell size: E2F and DP 
overexpression.

• A decrease in cell division rate causes cell 
enlargement, but such overgrowth cannot be 
sustained (without endoreplication): RB over 
expression
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Figure 5. Ectopic Cell Cycle Gene Expression Alters Cell Size
en-GAL4 was used to coexpress UAS-GFP and the UAS-transgenes
noted, in posterior compartments. (A–F) Wing discs at z100 hr AED
stained for DNA to show differences in nuclear density. GFP is not
shown, but the anterior-posterior compartment boundary is indi-
cated by white lines in the high magnification panels (B, D, and
F). Wild-type discs (A and B) show similar cell densities in both
compartments, whereas overexpressed dE2F1dDP (C and D) in- Figure 6. Cell Cycle Deregulation Alters Cell Numbers and Cell Size
creased posterior cell density, and RBF decreased it (E and F). Note but Not Compartment Size
that no alteration of posterior compartment size is evident. (G)–(I) The indicated transgenes andGFPwere expressed posteriorly using
show forward scatter (FSC) analysis of 94 6 2 hr discs. Thin lines en-GAL4.
plot control, anterior cells, and thick lines plot experimental cells (A) Number of posterior (P) cells, plotted as ratios to number of
overexpressing dE2F (G), GFP only (H), or RBF (I). anterior (A) cells. Data were summed from all FACS experiments

(4–31 trials/genotype) giving .105 total cells for each genotype. Cell
cycle retardation decreased P cell numbers, whereas cell cycleE and string transcription. Therefore, thesefindings sup-
acceleration increased P cell numbers. Suppression of cell deathport the idea that overexpressed RBF slows the cell by P35 further increased the cell number in these cases.

cycle by repressing the dE2F targets,string andcyclin E. (B) P compartment areas plotted as ratios to A compartment areas
at different developmental timepoints. Ten wing discs of each geno-
type were measured. P compartments are smaller than A compart-Compartment Growth Is Not Affected
ments but grow faster. Ectopic expression of cell cycle regulatorsby Cell Cycle Deregulation
had insignificant effects on P compartment size, except in the caseTo determine whether these alterations in cell prolifera-
of dE2F1dDP1P35, which extended the larval phase and allowedtion altered tissue growth, we measured the areas of growth beyond the normal size.

anterior (A) and posterior (P) compartments in en-GAL4 (C)Relative cell sizes, represented asP/A ratios.Cell size was deter-
discs at a series of developmental time points. Growth mined by nuclear density determination of confocal sections of in-

tact discs (in situ; light gray bars) or by forward scatter (FSC) mea-effects of GAL4 targets would be expected to change
surement of cells from dissociated discs (FACS; dark gray bars).the ratio of P/A compartment size. Contrary to this, we
Transgene dependent decreases in cell size lower the P/A ratio,found that changing the proliferative rate of P cells did whereas increases in cell size increase this ratio. Each FACSexperi-not significantly affect the size of P compartments or mentwas repeated at least four times, and .105 cells were analyzed

their rates of growth relative to Acompartments (Figures per experiment. For in situ data, four or more discs of each genotype
5 and 6B). This remained true even when UAS-P35 was were analyzed, and 280–511 nuclei were counted per section. P/A

ratios represent median values. p values were calculated by theincluded to suppress cell death. Inone exceptional case,
two-sample Wilcoxon rank-sum (Mann-Whitney) test, using WT aslarval development was extended for several days and
the reference group. Samples that were significantly different fromposterior compartments did achieve larger than normal
WT are marked with asterisks (*, p , 0.05; **, p , 0.01).sizes (dE2F1dDP1P35; Figure 6B; see Discussion).

Neufeld TP, de la Cruz AF, Johnston LA, Edgar BA (1998) Coordination of 
growth and cell division in the Drosophila wing. Cell 93: 1183–1193. 

• Conclusions:
—There is a dominance of cell growth over cell 
division (cell division does not affect cell growth)
—Growth is monitored/measured at the tissue 
scale (wing imaginal disc), but not at the cellular 
scale.  

• Growth compensation revealed by cell division regulators
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• Ras, Pi3K and TOR signalling
control cellular anabolism and 
growth

Figure 2. The mTOR Signaling Pathway
(A) The key signaling nodes that regulate mTORC1 and mTORC2. Critical inputs regulating mTORC1 include growth factors, amino acids, stress, energy status,
and oxygen. When active, mTORC1 promotes protein synthesis, lipogenesis, and energy metabolism and inhibits autophagy and lysosome biogenesis. Alter-
natively, mTORC2 is activated by growth factors and regulates cytoskeletal organization and cell survival/metabolism. In this figure, the proteins depicted in red
are oncogenes, and the ones in green are tumor suppressors.
(B) The key outputs of the mTORC1 and mTORC2 pathways. mTORC1 regulates a plethora of biological processes through the phosphorylation of several
proteins. S6K1 and 4E-BP1 are by far the best-characterized substrates of mTORC1. mTORC2 regulates survival/metabolism and the cytoskeleton through the
phosphorylation of many AGC kinases including Akt, SGK1, and PKC-a.

276 Cell 149, April 13, 2012 ª2012 Elsevier Inc.
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larvae form small pupal cases but die without any indica-
tion of pupal development. These phenotypes demon-
strate that Dp110 and p60 are essential genes and are
consistent with Dp110 and p60 being required for normal
larval imaginal disc growth. These experiments do not
reveal, however, whether Dp110 and p60 are required in
the discs themselves or in other larval organs that influ-
ence disc growth.

Dp110 and p60 are autonomously required for adult cells
to achieve their normal size
To investigate whether Dp110 and p60 are required
within the imaginal discs themselves, we generated
mitotic clones of mutant cells in heterozygous Dp110 or
p60 flies by using the Flipase (Flp) and Flp recognition
target (FRT) site-specific recombination system [40].
Mutant phenotypes were examined in the adult eye, a
highly ordered structure made up of repeated units or
ommatidia, each of which contains the same pattern of dif-
ferentiated photoreceptors and accessory cells. We found
that both Dp110– and p60– eye clones form indented
patches containing ommatidia that are reduced in size
(Figures 2a,b). The internal eye structure was examined
using tangential sections in which Dp110– clones (–/–)
were distinguished from their corresponding sister clones
or twin-spots (+/+) and the surrounding heterozygous cells
(+/–) by an absence of red pigment granules (Figure 2c).
The p60– clones of cells contain a small amount of
pigment as a consequence of the presence of P[gR10],
which contains the white+ marker, but they can still be dis-
tinguished from their twin-spots and the surrounding het-
erozygous tissue (Figure 2d). 

Dp110– cells, and to a lesser extent p60– cells, are signifi-
cantly smaller in both cross-section (Figures 2c,d) and lon-
gitudinal-section (data not shown) than cells in the
surrounding heterozygous and wild-type tissue. Thus,
these experiments show that both Dp110 and p60 are
autonomously required for eye cells to achieve their
normal adult size. In addition, the mutant clones are con-
sistently smaller than their twin-spots, suggesting that cell
number as well as cell size might be reduced. Although
reduced in size, the mutant photoreceptors can still differ-
entiate and form rhabdomeres (which stain dark blue) by
expanding and re-organising their internal membranes.
Furthermore, almost every ommatidium contains the wild-
type number of photoreceptors, suggesting that Dp110 and
p60 are not essential for photoreceptor differentiation. The
characteristic trapezoid arrangement of photoreceptor
rhabdomeres within each ommatidium and the orientation
of the ommatidia relative to one another are generally wild
type in p60– clones, but are sometimes disrupted in
Dp110– clones. Together, these data clearly demonstrate
that in Drosophila the class IA PI 3-kinase, Dp110, and its
adaptor, p60, are required in a cell-autonomous manner for
the same process: the attainment of normal cell size. The
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Figure 2

Dp110– and p60– ommatidia and cells in the adult eye are reduced in
size. The FLP-FRT recombination system was used to generate
mitotic clones 60 h ± 12 h AEL and adult eye phenotypes were
examined. Scanning electron micrographs of (a) Dp110– and
(b) p60– ommatidia that were indented (*) and reduced in size
(arrows). Tangential sections demonstrate that (c) Dp110– and
(d) p60– clones (–/–) contain smaller cells and photoreceptor
rhabdomeres than their twin-spots (+/+) and the heterozygous tissue
(+/–). The p60– and Dp110– adult eye clones were marked by a
reduction in or absence of pigment (see Materials and methods
section). The scale bar represents 10 µm. Flies had the following
genotypes: (a) y w P[hs-FLP ry+]/+ ; P[gH ry+] FRT82B
Dp110A/FRT82B M(3)95A P[w+], (b,d) y w P[hs-FLP ry+]/+ ; p60B

FRT40A/P[w+ hs-π-myc] FRT40A; P[gR10, w+]/+ and (c) y w P[hs-
FLP ry+]/+ ; P[gH ry+] FRT82B Dp110A/FRT82B P[w+].

(a) (b)

(c)

(d)

*

+/ +

+/ +

+/ –

+/ –

–/ –

–/ –
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expression of cell-cycle regulators in the posterior com-
partment of the wing imaginal disc, have shown that
activation or inhibition of cell division in one compart-
ment increases or reduces cell number without affecting
the size of that compartment. Rather, that compartment
contains more smaller cells or fewer bigger cells and
growth is unaffected [31,32]. These results suggest that
imaginal disc growth is not regulated through the cell
cycle but by an additional mechanism that is dominant
over the cell cycle. We have previously shown that over-
expression of Dp110 increases adult wing and eye size,
whereas overexpression of Dp110D954A reduces adult
wing and eye size [21]. Thus, imaginal disc growth
might be controlled by a mechanism that involves
Dp110 and p60. 

To test this hypothesis using experiments directly com-
parable to the cell-cycle experiments described above,
we examined the effect of En–GAL4-driven Dp110 or
Dp110D954A expression on the growth of the posterior

compartment of the wing imaginal disc. In these experi-
ments, posterior compartment size was visualised
120 hours AEL by co-expressing GFP with the Dp110
transgenes. The approximate area covered by the ante-
rior and posterior compartments of several discs for each
genotype was assessed, so that anterior compartment
size, posterior compartment size, total disc size and the
ratio of anterior compartment size to posterior compart-
ment size could be determined. Although these experi-
ments were performed using embryos collected from a
2 hour egg lay and reared at a constant density, imaginal
disc size did vary considerably by the time of dissection.
Despite this variation, we found that the size of the pos-
terior compartment was significantly increased by Dp110
expression and reduced by Dp110D954A expression
(Figures 5a,b). In contrast, the size of the anterior com-
partment for each genotype was not altered significantly.
In addition, when the ratio of anterior to posterior com-
partment size was calculated for each disc, we found that
Dp110 expression consistently reduces the ratio,
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Figure 3

Dp110 and p60 modulate imaginal disc cell
size throughout the cell cycle. (a) Clones of
cells expressing GFP together with the
indicated Dp110 or p60 transgenes were
induced 72 h AEL. Wing imaginal discs were
then dissected and their cells dissociated and
analysed by flow cytometry 43 h later. The
forward scatter (FSC) profiles of control cells
(pink) versus GFP-expressing and transgene-
expressing cells (green) are shown. The effect
of (b) Dp110 and (c) Δp60 expression on cell
size throughout the cell cycle was
investigated by comparing FSC profiles of G1
cells with an approximate DNA content of 2C
(X) or of S + G2 cells with an approximate
DNA content of 3–4C (Y). Larvae were the
following genotypes: y w hs-FLP/+;
Act > CD2 > GAL4 UAS-GFPnls/UAS-
Dp110, Dp110D954A, p60 or Δp60. 
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entry but not progression through the entire cell cycle
[44]. Thus far, mammalian class IA PI 3-kinases have not
been implicated in the regulation of cell size, possibly
because cell size is rarely monitored in tissue culture
experiments. Alternatively, cell size and cell division
might be more tightly linked in cultured mammalian cells,
so that increased biosynthesis results in increased cell
division rather than increased cell size. 

Cell number regulation by Dp110 and p60 
The analyses of cell number in Dp110– clones and in clones
of cells overexpressing Dp110D954A, p60 or Δp60 demon-
strate that Dp110 and p60 are required for cells to achieve
their normal number. The effect on cell number in Dp110–

clones is less severe than the effect of p60 or Δp60 expres-
sion. A probable explanation for this difference is that over-
expressed p60 or Δp60 immediately inhibits signalling
through Dp110. In Dp110– clones, significant amounts of
Dp110 mRNA and protein, and hence signalling through
Dp110, might persist for several cell divisions. 

Although inhibiting Dp110 reduces the rate of increase in
cell number, ectopic expression of Dp110 does not
detectably enhance the rate of increase in cell number
within the time frame of the experiment shown (43 hours,
Figure 4). When Dp110 is expressed throughout wing
development, an approximately 7% increase in cell
number is observed in the adult wings [21]. Considering
the natural variation in cell number observed, this increase

would not have been detectable within the time frame of
the experiment described here. There are a number of
explanations for the failure of the Dp110 expression to sig-
nificantly increase imaginal disc cell number. Firstly, the
G2/M transition might be unable to respond to Dp110-
induced growth, as discussed above. In addition, several
experiments have shown that the relationship between
cell division and cell death in the developing wing imagi-
nal disc is complex and involves compensatory feedback
mechanisms. The induction of cell death can result in
compensatory proliferation, and the induction of overpro-
liferation is often accompanied by increased cell death
(see the Introduction and [31,39,45,46]). Clearly, further
experimentation will be required to establish the relation-
ships between Dp110 activity, growth, cell proliferation
and cell death in the developing imaginal disc. We have
observed that inhibiting apoptosis by co-expression of p35
partially inhibits the ability of p60 or Δp60 to reduce cell
number (data not shown). Thus, inhibiting Dp110 might
reduce cell number both through effects on cell division
and cell survival.

Dp110 and p60 regulate compartment and disc size
Previously, we have shown that Dp110 expression
increases and Dp110D954A expression reduces adult eye
and wing size [21]. In contrast, increasing or reducing cell
division by manipulating the activity of direct regulators
of the cell cycle does not affect disc or compartment size
[31,32]. In a directly comparable experiment, we demon-
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Figure 5

Modulating Dp110 activity alters compartment
size. (a) En–GAL4 was used to express
UAS–GFP alone (control) or to co-express
UAS–GFP with UAS–Dp110 (Dp110) or
UAS–Dp110D954A (Dp110D954A) in the
posterior compartment of the wing imaginal
disc. Discs from female larvae were dissected
120 h AEL and analysed by fluorescence and
light microscopy. The scale bar represents
100 µm. (b) The approximate areas covered
by the anterior compartment, the posterior
compartment and the anterior plus posterior
compartments were analysed using Adobe
Photoshop, and the ratio of anterior to
posterior compartment area for each disc was
determined. Control, n = 17; Dp110, n = 20;
Dp110D954A; n = 13. Larvae had the following
genotypes: En–GAL4 UAS–GFP/+,
En–GAL4 UAS–GFP/UAS–Dp110,
En–GAL4 UAS–GFP/UAS–Dp110D954A.
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entry but not progression through the entire cell cycle
[44]. Thus far, mammalian class IA PI 3-kinases have not
been implicated in the regulation of cell size, possibly
because cell size is rarely monitored in tissue culture
experiments. Alternatively, cell size and cell division
might be more tightly linked in cultured mammalian cells,
so that increased biosynthesis results in increased cell
division rather than increased cell size. 

Cell number regulation by Dp110 and p60 
The analyses of cell number in Dp110– clones and in clones
of cells overexpressing Dp110D954A, p60 or Δp60 demon-
strate that Dp110 and p60 are required for cells to achieve
their normal number. The effect on cell number in Dp110–

clones is less severe than the effect of p60 or Δp60 expres-
sion. A probable explanation for this difference is that over-
expressed p60 or Δp60 immediately inhibits signalling
through Dp110. In Dp110– clones, significant amounts of
Dp110 mRNA and protein, and hence signalling through
Dp110, might persist for several cell divisions. 

Although inhibiting Dp110 reduces the rate of increase in
cell number, ectopic expression of Dp110 does not
detectably enhance the rate of increase in cell number
within the time frame of the experiment shown (43 hours,
Figure 4). When Dp110 is expressed throughout wing
development, an approximately 7% increase in cell
number is observed in the adult wings [21]. Considering
the natural variation in cell number observed, this increase

would not have been detectable within the time frame of
the experiment described here. There are a number of
explanations for the failure of the Dp110 expression to sig-
nificantly increase imaginal disc cell number. Firstly, the
G2/M transition might be unable to respond to Dp110-
induced growth, as discussed above. In addition, several
experiments have shown that the relationship between
cell division and cell death in the developing wing imagi-
nal disc is complex and involves compensatory feedback
mechanisms. The induction of cell death can result in
compensatory proliferation, and the induction of overpro-
liferation is often accompanied by increased cell death
(see the Introduction and [31,39,45,46]). Clearly, further
experimentation will be required to establish the relation-
ships between Dp110 activity, growth, cell proliferation
and cell death in the developing imaginal disc. We have
observed that inhibiting apoptosis by co-expression of p35
partially inhibits the ability of p60 or Δp60 to reduce cell
number (data not shown). Thus, inhibiting Dp110 might
reduce cell number both through effects on cell division
and cell survival.

Dp110 and p60 regulate compartment and disc size
Previously, we have shown that Dp110 expression
increases and Dp110D954A expression reduces adult eye
and wing size [21]. In contrast, increasing or reducing cell
division by manipulating the activity of direct regulators
of the cell cycle does not affect disc or compartment size
[31,32]. In a directly comparable experiment, we demon-
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Modulating Dp110 activity alters compartment
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UAS–GFP alone (control) or to co-express
UAS–GFP with UAS–Dp110 (Dp110) or
UAS–Dp110D954A (Dp110D954A) in the
posterior compartment of the wing imaginal
disc. Discs from female larvae were dissected
120 h AEL and analysed by fluorescence and
light microscopy. The scale bar represents
100 µm. (b) The approximate areas covered
by the anterior compartment, the posterior
compartment and the anterior plus posterior
compartments were analysed using Adobe
Photoshop, and the ratio of anterior to
posterior compartment area for each disc was
determined. Control, n = 17; Dp110, n = 20;
Dp110D954A; n = 13. Larvae had the following
genotypes: En–GAL4 UAS–GFP/+,
En–GAL4 UAS–GFP/UAS–Dp110,
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Fig. 3. Wild-type and membrane-targeted DpIlO expression promote wing growth, whereas catalytically inactive DpIlO inhibits wing growth.
(A-D) Wings of flies expressing DpllO and GAL4 in the dorsal wing pouch. (A-H) Bar 250 ,um. (E-L) Wings of flies expressing DpIO and GAL4
along and just anterior to the anterior/posterior (A/P) boundary. (E) The A/P boundary is indicated by a line and the anterior cross vein by an arrow.
Longitudinal veins III and IV are also shown. (I-L) Distribution and orientation of wing hairs just distal to the anterior cross vein; proximal is left.
Bar 25 ,um. (M-P) Confocal images of wing imaginal discs from third instar larvae expressing DpllO, J-galactosidase (5-gal) and GAL4 in the
dorsal wing pouch. 0-galactosidase expression is shown in red and epitope-tagged Dpi lO in green; the dorsal (d) and ventral (v) wing pouches are
indicated; anterior is left, dorsal is up. Bar 100 ,um. Similar results were obtained with different DpI 1O P element insertion lines. Flies were of the
following genotypes: (A) GAL4/+, (B) GAL4/+; UAS-WT-DpJJO/+, (C) GAL41+; UAS-DpJJO-CAAX/+, (D) GAL4/+; UAS-DpJO0D954A/+,
(E and I) dpp-disc-GAL41+, (F and J) UAS-WT-DpJJO; dpp-disc-GAL41+, (G and K) UAS-Dp1JO-CAAX; dpp-disc-GAL41+, (H and L) UAS-
DplJOD954A; dpp-disc-GAL41+, (M) GAL4/+; UAS-P-gall+ (N) GAL41+; UAS-WT-DplJO/+; UAS-P-gall+ (0) GAL4/+; UAS-DpJlO-CAAX/+;
UAS-P-gal/+ (P) GAL4/+; UAS-DpJOID954A/+; UAS-P-gal/+.

ventral wing pouch (Figure 3M-P). The region of GAL4
expression was revealed by immunostaining for ,3-galacto-
sidase expression (in red, left-hand panel), and ectopic
Dpi 1O expression was detected by a monoclonal antibody
directed against a myc peptide epitope engineered onto
the N-terminus of the DpIlO expression constructs (in
green, right-hand panel). Consistent with the effects
observed in adult wings, the GAL4 expression domain
was expanded by WT-DpIlO and DpliO-CAAX and
contracted by Dpli OD954A. Similar differences were
observed in discs expressing Dpi 1O along the A/P bound-
ary, even in the regions that give rise to non-wing blade
adult structures, such as the notum and hinge (data not
shown). Significantly, the same effects were also observed
in leg and haltere discs expressing DpIlO along the A/P
boundary, indicating that the effect of DplIO on the
growth of imaginal discs is not specific to wing discs.

We next examined whether the observed differences in
wing size resulted from alterations in cell size or cell
number. The number of cells per unit area was assessed
by counting wing hairs, single apical extensions found on
the surface of each wing blade cell. Wings generated by
transgene expression along the A/P boundary were ana-
lysed by examining an area of fixed size on the the wing
blade (Table I, columns 1-4), and by looking on the wing
margin between veins III and IV (Table I, columns 5-7).
Surprisingly, we found that DpilO and DplIO-CAAX
expression increased both the overall number of cells and

their size. In contrast, Dpi 1OD954A decreased both cell size
and cell number.

Ectopic DpllO expression affects eye growth and
organization
To further analyse the role that DpIlO might play in the
growth of imaginal discs, we examined the effects of
ectopic expression during eye development. The Droso-
phila compound eye is a repetitive and highly organized
structure generated by the stepwise recruitment of cells to
ommatidial clusters behind an indentation in the eye
imaginal disc known as the morphogenetic furrow. These
clusters grow and differentiate during larval and pupal
development and ultimately give rise to the adult retina
(Wolff and Ready, 1993). The DpliO transgenes were
expressed in cells posterior to the morphogenetic furrow
during late larval and early pupal development using a
GMR-GAL4 line (see Materials and methods).

The expression of wild-type (Figure 4B) or membrane-
targetted DpilO (data not shown) generated enlarged
and bulging, roughened eyes with fused ommatidia and
misplaced or duplicated bristles, whereas DpiIOD954A eyes
were smaller and flatter (Figure 4C). The hexagonal lenses
or facets that form the surface of each ommatidium were
larger (WT-DplIO) or smaller (Dpli OD954A). The small
eyes contained the wild-type number of facets (775 ± 9,
n = 4 for control eyes; 777 ± 8, n = 4 for DpIlOD954A
eyes), whereas the enlarged eyes actually contained fewer
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cell membrane (Britton et al. 2002). In normal wing disc
cells, we observed tGPH fluorescence throughout the en-
tire cell membrane (Fig. 2A). Higher tGPH levels colo-
calized with Armadillo, however, which is located in
adherens junctions at the apical region of the cell mem-
brane (Fig. 2A). This suggests that dPI3K signaling is nor-
mally most active at the apical region of wing disc cells.
To determine whether the observed tGPH fluorescence
in wild-type cells reflects endogenous dPI3K activity, we
inhibited dPI3K activity by expressing !p60. p60 is an
adapter protein that links the catalytic subunit of dPI3K
(Dp110) to upstream activators such as the Drosophila
Insulin receptor (dInr) and the IRS homolog Chico. !p60
is a variant of p60 that lacks the Dp110 interaction do-
main and inhibits dPI3K activity, presumably by pre-
venting endogenous Dp110 from binding to and becom-
ing activated by dInr and Chico (Weinkove et al. 1999).
Overexpression of !p60 (Figs. 1F, 2D) reduced tGPH
fluorescence throughout the cell membrane, indicating
that much of the membrane-associated tGPH in wild-
type discs results from the activity of endogenous dPI3K.
Similar results were obtained upon overexpression of
dPTEN, a lipid phosphatase that dephosphorylates PIP3

(data not shown).
Overexpression of dPI3K (Fig. 1D) resulted in strong

recruitment of tGPH to the cell membrane. Expression
of RasV12 also resulted in high tGPH levels at the cell
membrane (Fig. 1E), suggesting that RasV12 activates
dPI3K signaling, and thus increases PIP3 levels. To verify
that these effects did not result simply from increased
overall levels of the tGPH reporter, we performed West-
ern blots on wing discs in which most cells overex-
pressed either dPI3K or RasV12. Overexpressed dPI3K or
RasV12 did not increase tGPH levels relative to controls
(Supplemental Fig. 1 in Supplementary Material at
http://www.genesdev.org). This result is consistent with
our interpretation that increased levels of membrane-
associated tGPH in response to RasV12 and dPI3K results
from relocalization and not increased levels of the re-
porter. These results suggest that RasV12 activates
dPI3K, consistent with experiments in mammalian sys-
tems, showing that RasV12 can directly bind to and acti-
vate dPI3K (Rodriguez-Viciana et al. 1994; Pacold et al.
2000). However, we cannot rule out other potential
mechanisms that may explain how RasV12 recruits tGPH
to the cell membrane, such as inhibition of the lipid
phosphatase dPTEN.

Overexpression of dPI3K increased tGPH fluorescence
throughout the entire cell membrane, including both
apical and basolateral regions (Fig. 2B). In contrast,
RasV12 only recruited tGPH to the apical region of the
cell membrane (Fig. 2C), in which tGPH colocalized
with Armadillo (data not shown). This effect did not re-
sult simply from recruitment of overexpressed RasV12 to
apical regions, as overexpressed RasV12 was distributed
throughout the cell membrane (Supplemental Fig. 2 in
Supplementary Material at http://www.genesdev.org).
These results suggest that Ras may require other apically
localized factors to activate dPI3K signaling, although
other explanations are possible.

Figure 1. RasV12 expression increases dMyc protein levels and
activates dPI3K signaling. (A) FACS analysis of wing disc cells
overexpressing RasV12, dMyc, or dPI3K. Green and red traces
represent GFP+ (experimental) and GFP− (control) cells, respec-
tively. Each trace is normalized to fit the graph as the numbers
of GFP+ and GFP− cells analyzed for each sample were not ex-
actly equal. (Left) Cell size. Forward scatter data, which gives a
relative measure of cell size, shows that expression of RasV12,
dMyc, or dPI3K increases cell size. (Right) Cell cycle. DNA
content data, which shows the proportion of cells in G1 (2C) and
G2 (4C), indicates that expression of RasV12, dMyc, or dPI3K
decreases the proportion of cells in G1. (B,C) Flp/Gal4 clones
(marked with GFP in B! and C!) expressing either dMyc (B,B!) or
RasV12 (C,C!) show increased staining with a dMyc-specific an-
tibody (B,C). (D–G) Flp/Gal4 clones (marked by loss of the CD2
cell membrane marker in D',E',F!,G!) expressing either dPI3K
(D) or RasV12 (E) have increased cell membrane-associated
tGPH, a PH-GFP fusion protein used as an indicator of dPI3K
signaling. In contrast, clones expressing either !p60 (F) or
!p60+RasV12 (G) have reduced cell membrane-associated tGPH.
Note that apical tGPH and lateral "CD2 sections are shown,
resulting in slight misalignment of tGPH and "CD2 in these
images. Magnification: B,C, 40×; D–G, 100×.
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• A constitutively active form of Ras (RasV12) 
activates Pi3K signalling (Pi3P)

• Ras signals via Pi3K, linking tissue signalling 
(Receptor Tyrosine Kinase) to cell and tissue 
growth. 
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Figure 2. Effects of Ras Activity on Cell Size,
Cell Cycle Progression, Clone Size, and Cell
Division Rate
(A–D) RasN17 and RasV12 have opposite effects
on cell size and cell cycle phasing. Clones
expressing RasN17 (A and B) or RasV12 (C and
D) were induced at 48 hr AED and analyzed
by FACS at 96 hr AED. Dark trace represents
GFP1 (experimental), and light trace repre-
sents GFP2 (wild-type) cells. Numbers in (A)
and (C) represent the ratio of GFP1 mean FSC
to GFP2 mean FSC for data shown. Control
samples expressing GFP alone analyzed in
parallel had an FSC ratio of 0.99. In (B) and
(D), the percentage of cells in each phase of
the cell cycle for GFP1 and GFP2 cells are
shown.
(E) RasN17 and RasV12 have opposite effects on
clone size. The median area of clones ex-
pressing RasN17 1 P35 or RasV12 divided by
the median area of clones expressing P35
or GFP alone, respectively, is shown. Clones
expressing RasN17 were induced at 72 hr AED
and analyzed at 116 hr AED. RasV12-express-
ing clones were induced at 58 hr AED and
analyzed at 94 hr AED. The number of clones
scored (n) is indicated. Clone areas signifi-
cantly different from their controls aremarked
with asterisks (*, p , 0.05; **, p , 0.01).
(F) RasN17 slows the cell cycle and induces
apoptosis. Clones were induced at 72 hr AED
and analyzed at 116 hr AED. The number of
cells per clone as a percentage of the total
number of clones analyzed for each genotype
is plotted. Median cell doubling times (DT)
and the number of clones scored (n) are indi-
cated in each panel. Doubling times signifi-
cantly different from P35 are marked with as-
terisks (*, p , 0.05; **, p , 0.01). # indicates
p , 0.05 compared with RasN17 alone.
(G) RasV12 does not affect the cell doubling
time. Clones were induced at 81 hr AED and
analyzed at 118 hr AED. RasV12 doubling times
were also the same as control at 48–73, 58–
94, and 77–118 hr AED. None of the doubling
times are significantly (p , 0.05) different
from control.

alone (Figure 2E). We conclude that reduction of Ras maintained in the GTP-bound conformation and thus is
constitutively active (Barbacid, 1987). RasV12 expressionactivity decreases cellular and clonal growth rates, re-

sulting in decreased cell and clone sizes. increasedmeanFSC values in all phases of the cell cycle
(Figure 2C; Table 1). Microscopic observation confirmed
that cells expressing RasV12 were considerably largerActivation of Ras Increases Cell and Clone Growth

FACS analysis was also performed on discs containing than wild-type cells (Figures 3A–3D) and demonstrated
that RasV12 expression did not disrupt the monolayerflip-out clones expressing RasV12, which is preferentially
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• Ras signalling promotes cell division and cell 
growth as well as clone size

the breakdown of lipids via lipolysis and b-oxidation and
the bulk degradation of cytoplasmic constituents via autop-
hagy, presumably to prevent futile cycles of synthesis and
degradation [8,9]. Cumulatively, this promotion of anabolic
activity underlies the effects on cell, tissue, and organismal
growth for which the pathway is best known. This central
node of metabolic control is intimately linked to pathways
that sense secreted growth factors as well as the cellular
abundance of amino acids, glucose, oxygen, and energy,
which are concomitantly required for full activation of
mTORC1 [10]. Growth factors and amino acids have an
especially acute effect on mTORC1 activation and it has
come to be appreciated that these two inputs act through
parallel, largely independent pathways [11–13]. We dis-
cuss the molecular events downstream of PI3K that lead to
activation of mTORC1, with emphasis on how growth
factor-stimulated PI3K signaling and amino acid signaling
are integrated at the lysosome, where mTORC1 is activat-
ed.

The primary pathway from PI3K to mTORC1: switching
on Rheb
A little more than a decade ago, the PI3K–Akt pathway
and mTOR pathway were both known to be important,
growth factor-sensitive regulators of protein synthesis and
cell growth, but whether they functioned within a linear
pathway or in parallel remained an unresolved question
[14]. Genetic and biochemical studies unified these path-
ways through identification of two missing links between
Akt and mTORC1: the small GTPase Rheb and its negative
regulator, the TSC complex [15–32]. These and subsequent
studies have shown that regulation of a switch involving
Akt, the TSC complex, and Rheb is the primary mechanism
through which PI3K signaling activates mTORC1
(Figure 1).

Direct activation of mTORC1 by Rheb
Rheb, which is essential for development in both flies and
mice, is a potent activator of mTORC1 [25,33,34]. Two
Rheb family members, Rheb1 and Rheb2 (also known as
RhebL1), are found in mammals, and although Rheb1 is
the essential isoform in mice and appears to be the domi-
nant regulator of mTORC1, both isoforms are ubiquitously
expressed [35,36] and can activate mTORC1 [37–39]. By
contrast, Rheb does not stimulate mTORC2 kinase activity
in vitro or signaling in vivo [39–41]. Active Rheb can
indirectly inhibit PI3K and mTORC2 signaling by inducing
various mTORC1-dependent negative feedback loops
[1,42]. Like all GTPases, Rheb cycles between GTP- and
GDP-bound states that differ in conformation and function.
GTP-bound Rheb, but not GDP-bound Rheb, robustly sti-
mulates mTORC1 activity [39,43] through what is likely to
be a direct interaction with the kinase domain of mTOR,
mLST8, and perhaps Raptor [39,43–45]. This role appears
to be unique to Rheb among small GTPases [28,31]. If
recombinant Rheb is purified from bacteria [39] or mam-
malian cells [43,45] and loaded with GTP, its subsequent
addition to in vitro mTORC1 kinase assays is sufficient to
stimulate mTORC1 activity toward its physiological sub-
strates. Likewise, mTORC1 exhibits in vitro kinase activi-
ty only if copurified from cells with Rheb mutants that are

highly GTP bound, but not those that are nucleotide defi-
cient [44]. Because of the unique role played by Rheb, it is
required for activation of mTORC1 in response to both
amino acids and growth factors [13].

The evidence that Rheb directly activates mTORC1 is
quite strong, but two indirect mechanisms have also been
suggested. First, active Rheb has been proposed to com-
petitively bind a putative endogenous inhibitor of
mTORC1 known as FK506-binding protein 38 (FKBP38),
thereby relieving an inhibitory interaction between
FKBP38 and the FKBP12–rapamycin binding (FRB)
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Growth factors

Anabolic metabolism

4E-BP S6K other
substrates

Amino acids
glucose

Glucose
oxygen
energy

Rag
GTPases

PI3K

PDK1 PIP3
?

AKT

TSC
complex

Rheb

mTORC1
PRAS40

TRENDS in Cell Biology 

Figure 1. The pathways through which class I phosphoinositide 3-kinase (PI3K)
activates mechanistic target of rapamycin complex 1 (mTORC1). Growth factors
(including hormones, cytokines, and chemokines) activate receptor tyrosine kinases
(RTKs) or G-protein-coupled receptors (GPCRs), which, through various mechanisms,
activate PI3K. PI3K generates phosphatidylinositol-3,4,5-trisphosphate (PIP3), which
specifically binds Akt and 3-phosphoinositide-dependent kinase 1 (PDK1) promoting
the phosphorylation and activation of Akt by PDK1. Phosphorylation of Akt by
mTORC2 boosts its activity several-fold and mTORC2 activation is at least partially
PI3K dependent. Akt inhibits the tuberous sclerosis complex (TSC) complex (TSC
complex), the specific GTPase activating protein (GAP) for the small GTPase Ras
homolog enriched in brain (Rheb), through multisite phosphorylation of the TSC2
subunit. This relieves inhibition of Rheb, allowing it to become activated and
stimulate mTORC1 kinase activity. Once mTORC1 is activated by Rheb, the
simultaneous phosphorylation of its inhibitory subunit 40-kDa proline-rich Akt
substrate (PRAS40) by Akt and mTORC1 itself causes PRAS40 to dissociate from
mTORC1. This is thought to increase substrate access to the complex. Glucose,
oxygen, and energy levels are also sensed upstream of the TSC complex. Amino
acids (and glucose) are sensed upstream of mTORC1 via pathways that regulate the
Rag GTPases, which do not directly activate mTORC1 but serve to bring it in proximity
to Rheb in cells. mTORC1 directly phosphorylates numerous substrates including
ribosomal protein S6 kinase (S6K) and eukaryotic translation initiation factor
4E-binding protein (4E-BP), which mediate its control of anabolic metabolism,
cellular growth, and proliferation.
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— Cell autonomous growth compensation: cells that do not divide 
grow larger due to the dominance of growth on cell division 

— Cell intrinsic growth requires the Ras, Pi3K and TOR pathway 
signalling

— Neither cell number nor cell size per se determine organ size

— Growth is measured as a tissue/organ scale quantity (volume, 
surface etc).  

• Determinants of tissue size in Animals

28
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GROWTH OF TRANSPLANTED ORGANS 
VICTOR C .  TWITTY .4NO JOSEPH L.  SCH\VIND 

PLATE 2 

10 A pair of reciprocal animals a f te r  the completion of metamorphosis. 
X 1. Each of the fore limbs o n  thc tigrinnni larva is slightly heavier than its 
corresponding linib on the punctatum. 

11 Photograph from dorsal view of the dissected heads of a pair of operated 
animals (tigrinum on the le f t )  preserved late in larval life, each with the 
transplanted eye 011 the left side. 
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most marked discrepancy between the two appears late in 
larval life, when metamorphosis is approaching, and is due 
to the fact that, although at this time the eyes of the two 
species practically cease to grow, an accompanying retarda- 
tion in body growth occurs only in A. punctatum. Between 
fifty-four and sixty-six days after operation the growth in 
length of tigrinum and punctatum larvae averaged 15 mm. 

’ 1 I A.PUNCTATUM 

I I I I 
@ 10 7+ 80 0 t 4s 1. 1 A” .z O a f % *  % * *  

DhYS AFTER OPERATION 
Fig. 1 Growth in total length of five pairs of larvae of the two species used, 

with maximal feeding, during the period from before the feeding stage until 
the approach of metamorphosis. 

and 2 mm., respectively, while the size of the eyes remained 
throughout this interval practically constant in both species. 
2. Growth of heteroplastically transplanted eyes. a. Growth 

of tigrinum eyes transplanted to punctatum. The very close 
correspondence between the growth of the normal tigrinum 
eye and the eye of this same species grafted to punctatum is 
shown by the data plotted in figure 2 and by the series of 
outline drawings of these eyes in figure 5,  constructed from 
the same data. 

www.virginiaherpetologicalsociety.com/

Ambystoma punctatum

Ambystoma tigrinum

THE GROWTH O F  EYES AND LIMBS TRANS- 
PLANTED HETEROPLASTICALLY BETWEEN 

TWO SPECIES O F  AMBLYSTOMA 

VICTOR C. TWITTY AND JOSEPH L. SCHWIND 
Oeborn Zoological Laboratory 

FIYE TEXT FIGURES AN'D m o  mms (MX FIQURES) 

INTRODUCTION 

The transplantation of organ rudiments between embryos 
of different species, as introduced by Harrison ('24), offers 
a new approach to the experimental study of development. 
By exchanging rudiments between forms in which the defini- 
tive organs show pronounced differences, one can determine 
the relative importance in development of factors intrinsic 
and extrinsic to the organ in question. The two species 
employed by Harrison for heteroplastic grafting, Amblys- 
toma punctatum and A. tigrinum, differ markedly in rate of 
growth, and hence are well adapted for an analysis of the 
factors affecting the size, of their organs. 

I n  the earlier experiments of Harrison ('24, '29 a) ,  a 
tigrinum organ grafted to an embryo of the smaller punc- 
tatum became larger than its normal tigrinum control, while 
a punctatum organ grafted to a tigrinum embryo grew more 
slowly than the normal punctatum organ. In  a continuation 
of these experiments, undertaken at the suggestion of Doctar 
Harrison, lack of uniformity in the growth of the animals 
indicated the necessity of carefully controlled feeding. The 
only feasible method of standardizing this factor, since the 
two species used differ greatly in their capacity for faod con- 
sumption, was to give both forms throughout the course of 
the experiment the maximum amount that they would eat. 

61 
THE JOURNAL O F  EXPERIMENTAL ZdI-OQY,  VOL. 59, NO. 1 

V. Twitty and J. Schwind. 1931. J. Exp. Zool. 59:61-86. https://doi.org/10.1002/jez.1400590105

• Organ-specific size measurement

• Heteroplastic graft experiments between two 
salamander species with different growth rates

• Limbs grow according to graft growth rate. 

1931

29

Different growth rates



• Organ-specific size measurement
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I I .  The limb 
Growth of heteroplastically transplanted limbs. Twelve 

pairs of operated animals were available in this series. The 
growth of their heteroplastically transplanted limbs was care- 
fully followed. The limb bud of the normal and grafted limbs 

Eye of Amblystona tigrinzMn Eye  of  Amblyetomcr p w t a t w n  

Normal eye 

@ 

Eye transplanted 
to punctatum Normal eye 

13 days after operation 

21 days after operation 

34 days after operation 

49 days after operation 

Eye transplanted 
to tigrinum 

- 
66 days after operation 

Fig.5 Graphic representation of the growth of the normal and transplanted 
eyes, reconstructed from the data given in figures 2 and 3. The normal and 
grafted eyes of the same species are shown in adjacent columns. To facilitate 
comparison of the grafted eye with the normal eye of the host species, the two 
eyes on tigrinum are shaded; those on punctatum, unshaded. X 6.5. 

V. Twitty and J. Schwind. 1931. J. Exp. Zool. 59:61-86. https://doi.org/10.1002/jez.1400590105
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These data are based on measurements made on five puncta- 
tum larvae with transplanted tigrinum eyes and a like number 
of tigrinum controls, the latter being the donors of the grafted 
eyes. The five pairs of animals had been particularly vigor- 
ous and healthy from the beginning of the experiments, and 

DAYS AFTER OPERATION 
Fig.2 Growth in diameter of the normal tigrinum eye (dots) and of the 

tigrinurn eye grafted to punotatnm (circles). It ia Been that the two practically 
coincide. The growth of the normal eye of the punctatum host (broken line) 
ie aleo shown for comparison. The data are derived from five paire of animals. 

had all been operated within an interval of about one day. 
They do not represent by any means the total number of 
animals on which the conclusions from the experiments are 
based. There were available in addition about twenty-five 
operated punctatum larvae and ten tigrinum controls. These 
additional animals showed essentially the same condition as 

GROWTH OF TRANSPLANTED ORGANS 69 

A. tigrinum; the same data were also used for constructing 
the outline drawings in the right half of figure 5. Inspection 
of these figures shows that essentially the same condition 
obtains in this series as that which has been described for 
organs transplanted in the opposite direction. 

ul 
W 
a 

3 
w > u 
Y 
0 

D A Y S  AFTER OPERATION 

Fig.3 Growth of the normal punctatum eye (dots) and of the punctatum 
eye grafted to tigrinum (circles) in a typical pair of larvae. In later larval 
life the grafted eye becomes larger than the control organ. The growth of the 
normal eye of the tigrinum host is shown for comparison (broken line). 

During the major portion of larval life the growth of the 
punctatum eyes agrees closely with the growth of the control 
eyes of the donor. In  advanced larval stages, however, it is 
seen that the grafted punctatum eye does become somewhat 
larger than the control eye on the punctatum donor. This 
situation is comparable to that appearing just before meta- 
morphosis in the preceding series. 
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PLATE 2 

10 A pair of reciprocal animals a f te r  the completion of metamorphosis. 
X 1. Each of the fore limbs o n  thc tigrinnni larva is slightly heavier than its 
corresponding linib on the punctatum. 

11 Photograph from dorsal view of the dissected heads of a pair of operated 
animals (tigrinum on the le f t )  preserved late in larval life, each with the 
transplanted eye 011 the left side. 
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• Heteroplastic graft experiments between two 
salamander species with different growth rates. 

• Eyes grow according to graft growth rate. 

—Tissue and cell intrinsic properties

30

• The observations reveal a level of control over organ 
size which is independent of total organism energy 
supply: 
—tigrinum feeds more than punctatum yet in 
equivalent energy input (feeding) and delivery (WBE 
model) its limbs scale autonomously and in a species 
specific manner. 

• Growth arrest signals are not simply monitoring 
tissue/organ size independent of local cellular/tissue 
properties (eg. cell metabolic power Bc?, organ 
« sizemeter »?)

• In other words the arrest signal must originate from 
local organ size measurement and is dependent on 
cellular intrinsic (species specific) properties.
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• Organ-specific size measurement

— Organ intrinsic control mechanisms of tissue growth

• Imaginal discs from late larvae transplanted in the growth permissive environment of adult 
females grow to their final size. 

• A stop signal is intrinsic to the tissue and does not depend on the environment. 
• in these conditions, l(2)gl mutants do not stop. 

Garcia-Bellido A: J Insect Physiol 1965, 11:1071-1078.  

Bryant PJ, Levinson P: Intrinsic growth control in the imaginal 
primordia of Drosophila, and the autonomous action of a 
lethal mutation causing overgrowth. Dev Biol 1985, 
107:355-363.  

358 DEVELOPMENTAL BIOLOGY VOLUME 107, 1985 

FIG. 5. Metathoracic leg disc from l(Z)gd larva after culture for 14 
days in wivo, showing two sets of concentric folds. 

and Schubiger, 1971) but with longer culture periods 
the shape of the implants became irregular. Metatho- 
racic leg discs removed from 5-day l(.)gd larvae and 
cultured for 14 days in vivo developed a second set of 
concentric folds (Fig. 5) similar to those seen in situ 
in older larvae (Bryant and Schubiger, 1971). 

Cell counts were carried out on both wild-type and 
mutant wing discs in situ and on discs of both types 
cultured in adults for up to 28 days, with the results 
shown in Fig. 6. Wing discs from wild-type larvae 
collected before the mean pupariation time (124 hr) of 
this population showed a maximum of 48,700 cells, 
whereas discs from larvae sampled after this time 
contained fewer cells. Presumably, the latter larvae 
were atypically slow growing. Mutant discs were 
smaller than wild type at 96 hr, but the cell counts 
were close to those of wild type at 120 hr. Subsequently, 
during the extended larval period characteristic of 
1(2)gd, cell numbers in the wing disc continued to 
increase and reached an average of 141,000 cells by 
148 hr. 

When 96-hr wild-type wing discs were cultured in 
adult female abdomens, they grew very slowly and did 
not reach cell numbers characteristic of mature (120 
hr in situ) wing discs until 21 days, at which point the 
average cell number was 44,600 (Fig. 6). A significant 
decrease of cell number was seen at 28 days, possibly 
due to the deteriorating condition of the host. Mutant 
discs, on the other hand, showed apparently continuous 
growth during the same culture period, reaching an 
average of 916,000 cells after 28 days of culture 
(Fig. 6). 

Salivam Gland Imaginal Ring 
The imaginal rings of dipteran larvae each consist 

of a small population of diploid cells destined to 

develop into an internal organ of the adult during 
metamorphosis (Fig. 1; Kowalevsky, 1887). The imaginal 
rings of the salivary gland of a third-instar Drosophila 
larva are shown with nuclear fluorescence in Fig. 7a. 
The average cell number reached 167 & 20 cells in the 
imaginal rings of mature third-instar wild-type larvae, 
but increased to 501 + 45 in the rings of old l(2)gd 
larvae (Fig. 8). After culture for 21 days in wild-type 
female hosts, wild-type imaginal rings grew only 
slightly, to 238 k 31 cells, whereas with Z(2)gd the cell 
number reached 64,800 f 16,900. At this time the tissue 
had a folded epithelial structure similar to that of 
imaginal discs (Fig. 7b) and the dissociated cells were 
also similar to those of imaginal disc tissue (Martin, 
1982) showing a highly columnar shape with a promi- 
nent nucleus (Fig. 7~). 

Foregut Imaginal Ring 
The imaginal ring of the foregut in a mature third 

instar larva (Fig. 1) is shown with nuclear fluorescence 
in Fig. 9a. The average cell number reached 536 + 47 
cells in the imaginal rings of mature third-instar wild- 
type larvae, but increased to 1500 + 152 cells in the 
rings of old l(2)gd larvae (Fig. 10). After culture for 21 
days in wild-type adult female hosts, wild-type imaginal 
rings grew only slightly, to 838 + 231 cells, whereas 
with l(2)gd the cell number reached 73,000 + 17,000. 

As with the salivary gland imaginal ring, cultured 
foregut imaginal ring tissue showed a folded epithelial 
structure (Fig. 9b) and the cells resembled imaginal 
disc cells (Fig. 9c). 
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FIG. 6. Cell numbers (means f SE) in wild type and l(Z)gd wing 
discs, in situ and after various periods of culture in vivo. The 
imaginal discs for the culture experiment were taken from 4-day- 
old larvae. Arrow indicates mean pupariation time of the Ore RC 
larvae used for counts of cell numbers in situ. 
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FIG. 2. Growth curve of the wild-type (Ore EC) imaginal wing 
disc, expressed as mean cell number (&SE) for various times after 
the mid point of a 2-hr egg collection. Hollow symbols, data from 
histological study by Madhavan and Schneiderman (19’77). Solid 
symbols, data from cell counts of dissociated discs in the present 
study. Times of hatching, molting, and pupariation are approximate. 
Actual mean pupariation time in this experiment was 124 hr. 
Samples taken after pupariation were from 2-hr collections of 
freshly pupariated animals, timed from the mid point of the collection 
(taken to be 120 hr). 

and it shows no increase in cell number until mid-first 
instar. The growth curve is asymmetrically sigmoid, 
the maximum growth rate occurring during the second 
and early third instars. The cell-number doubling time 
during this period is 5.9 hr. Growth slows down during 
the second half of the third instar and stops at about 
50,000 cells at the time of pupariation. There is no 
increase in cell number during the first 8 hr after 
pupariation, but the presence of pupal cuticle makes it 
impossible to use our cell counting techniques at stages 
later than this. 

When wing discs were dissected from 4- or 5-day 
(mid or late third-instar) larvae and transplanted into 
the abdomens of wild-type female adult hosts, their 
appearance after 7 or 14 days of culture was very 
similar to that of mature wing discs (Fig. 3) except for 
minor distortions presumably caused by damage during 
transplantation and by pressure from host tissues. In 
contrast, wing discs from l(.)gd homozygotes showed 
extensive growth when cultured under the same con- 
ditions (Fig. 4). Some of the mutant discs cultured for 
7 days showed an abnormal shape and folding pattern 
similar to that seen in situ in mutant larvae (Bryant 

FIG. 3. Wild-type imaginal wing discs after culture in vivo (un- 
stained whole mounts). (a) Disc from I-day larva, cultured for ‘7 
days. (b) Disc from I-day larva, cultured for 14 days. (c) Disc from 
5-day larva, cultured for 7 days. (d) Disc from 5-day larva, cultured 
for 14 days. 

FIG. 4. l(2)gd imaginal wing discs after culture in vivo (unstained 
whole mounts). (a) Disc from I-day larva, cultured for 7 days. Note 
the resemblance to l(Z)gd wing discs in situ (Bryant and Schubiger, 
1971). (b) Disc from I-day larva, cultured for 14 days. (c) Disc from 
B-day larva, cultured for 7 days. (d) Disc from 5-day larva, cultured 
for 14 days. 
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• Organ-specific size measurement

— Cell extrinsic « organic » properties: communication at scale of organism

• Manifestation of regulative growth by extrinsic/environmental factors in heteroplastic grafts 
where growth stage of graft and host are different

REGULATION I N  THE GROWTH OF TRANSPLANTED 
EYES 

VICTOR C. TWITTY 
Osborn Zoological Laboratory, Yale U n i v e d t y  

TWO FIOUEES 

INTRODUCTION 

The method of embryonic transplantation is well adipted 
for the study of certain fundamental problems of growth. 
Experiments in which organ rudiments are exchanged be- 
tween embryos of species with markedly different rates of 
growth (Harrison, '24) have made it possible, for instance, 
to demonstrate the important influence on growth of factors 
intrinsic to the grafted tissue. Eyes and limbs transplanted 
in this manner between Amblystoma punctatum and the much 
larger A. tigrinum parallel almost perfectly in their growth 
the normal control organs upon the donor species (Twitty 
and Schwind, '28), in spite of the fact that the grafts are 
growing in an environment normally occupied by organs of 
much different size. These results are logically explained 
by assuming that the organic environment is essentially the 
same in both species-a condition which would permit an eye 
or a limb rudiment of one form to realize its hereditary 
growth endowment equally well when transplanted to the 
other. This type of experiment, then, demonstrates the effec- 
tiveness of intrinsic factors without revealing the r61e un- 
doubtedly played in the regulation of their expression by 
extrinsic or environmental factors. These latter influences 
can probably be manifested under experimental conditioiis 
only when the transplantation creates a disharmony between 
the organ and its environment. 
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Fig. 1 Outline drawings, illustrating the growth of eyes grafted between 
larvae of Amblystoma punctatum and A. tigrinum of different ages. X 6. G, 
grafted eyes. The skin was removed from the heads to expose the epee to better 
advantage. A and B represent the same individual of Amblyetoma punctatum 
with an eye grafted from the younger individual of the larger species A. ti- 
grinum; A, immediately af ter  the operation; B, forty days later. B is drawn 
from a photograph and A is reconstructed from careful measurements of the 
eyes at the time of operation. C is drawn from a photograph of a punctatum 
larva similar to the one in A, except that  it had been completely starved since 
the operation. D and E, Amblyetoma tigrinurn with an  eye from an older 
punctatum larva, at the beginning (U) and end (E) of the experiment. E is 
drawn from a photograph, while D is reconstructed from meaaurements made at 
the time of operation. 

young graft

old host young host

old graft

• The young graft accelerates growth with respect to host 
which does not grow in experimental conditions

(a phenomenon also called « catch-up growth », see 
Course #6)
• The old graft retards growth with respect to host
• So growth is regulative until correct proportions (size 

ratio) between organ of different species within the 
same chimera are reached
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catch-up growth
slowed down growth
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toward equalization does not appear. I f  the host is younger 
than the donor, on the other hand, as in grafts from A. punc- 
tatum to A. tigrinum of the same size, the growth of the 
eye is inhibited even when the host is fed liberally and grows 
at a rapid rate. This condition can be explained by assuming 
that during the growth of the animal the eye and its organic 
environment normally undergo correlated, progressive 
changes which regulate the gradual expression of the intrinsic 
growth capacity of the eye. In the case just mentioned, for 
example, the environment in which the older eye was placed 
probably had not yet developed to the point where it could 
further release the growth mechanism of the grafted organ. 
Expression of the growth capacity of the eye is primarily a 
function of the relation between the physiological conditions 
in the organ and in the environment provided by the host, 
rather than of mere growth in size of the latter. 

From the results of earlier experiments cited and those 
presented here, one is inclined to  conclude that the potential 
size of the eye is largely determined by intrinsic factors, but 
that the expression or realization of this potentiality during 
the growth of the animal depends upon its interaction with a 
gradually changing organic environment. 
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• Importance of cellular/tissue environment



• Cell growth regulator indicates non-autonomous compensation
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Figure 5. Growth of Clones Overexpressing dMyc
(A) Two dMyc-expressing Act.Gal4 cell clones (right) or three con-
trol clones (left), showing that the area encompassing dMyc-
expressing clones is larger than that of control clones. Clones were
induced at 48 6 4 hr AED and fixed for analysis at 118 6 4 hr AED.
(B) Quantitation of the areas of control Act.Gal4 clones and clones

Figure 4. Overexpression of dMyc in Wild-Type Wing Discs expressing dMyc. Clones were induced at 48 or 72 hr AED and
(A) FSC plots showing the relative size of control cells versus dMyc- analyzed at 118 hr AED. dMyc-expressing clone areas were larger
expressing wing disc cells. Left panel, cells are expressing dMyc than controls at both time points. Mass doubling times (mass DT;
in random cell clones using Act.Gal4. dMyc-expressing cells also see Experimental Procedures) for 70 hr clones (48–118 hr AED),
express GFP (green); control, GFP-negative cells are from the same Act.GFP control 5 12 hr; Act.dMyc 5 9.4 hr. Very similar mass
disc (red). Right panel, FSCplot of En.dMyc, GFP-expressingdiscs. DTs were obtained for clones induced at 72 hr and fixed at 118 hr
Green trace, posterior cells coexpressing GFP and dMyc; red trace, AED. n, number of clones analyzed. The asterisk indicates p # .001
control, non-GFP-expressing anterior cells. relative to control.
(B) Rhodamine-phalloidin staining of actin in a normal wing disc,
showing that anterior and posterior cells are very similar in size at

rates than control clones. Staining with acridine orangethis stage of development. Arrow points to the boundary between
showed that overexpressed dMyc induced some apo-anterior and posterior cells. A, anterior; P, posterior.

(C) Actin staining of a wing disc expressing dMyc in posterior cells ptosis (data not shown). Consequently, in some experi-
(right part of disc) under En.Gal4 control. Inset shows magnified ments we coexpressed the baculovirus caspase inhibi-
detail of the A/P border, showing the large, dMyc-expressing cells tor P35 (Hay et al., 1994) along with dMyc. However,
in the posterior. These cells have a mean FSC value 16% larger suppressing cell death did not detectably affect dMyc-than anterior control cells (see [A]).

induced growth (not shown). In addition, the thickness
of the disc epithelium remained normal, indicating that
the clone areas were a reasonable measure of clonalsuggest that although dmyc is important for normal cell

and body size, the proportions of individual organs are volume. We conclude that the dMyc-induced increase
in cell size, leading to a larger clone area, reflects agoverned by the pattern system.
direct increase in growth rates.

dMyc Overexpression Increases Cellular
Growth Rates dMyc Alters Cell Cycle Phasing but Not Cell

Cycle RatesAlthough the increase in cell size after overexpression
of dMyc suggested an increased rate of growth, we Since c-Myc has a pronounced effect on cell cycle pro-

gression in mammalian cell culture (Amati, 1998), wewished to measure growth rates directly. The area en-
compassed by a clone of GFP-positive, dMyc-express- asked whether dMyc affected cell cycle progression or

cell division rates in wing discs. We approached thising cells reflects the growth achieved over time by all
of the cells within the clone (Figure 5A). As shown in question first by expressing dMyc in actively dividing

cells and then by expressing dMyc in populations ofFigure 5B, clones induced late in disc development, as
well as those induced early, increased in area at faster arrested cells.
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Table 1. Phenotypes and Rescue of dmyc Mutants

Genotype Viability (%) (n) Bristle Area, Pixels (n) Cell Area (mm2) Wing Width (mm) Wing Length (mm)

WT 85 (214) 1994 (25) 173 930 6 20 1827 6 40
dmycdm1/Y 99 (221) nd nd nd nd
dmycP0/Y 83 (197) 1497 (36) 150d 865 6 40d 1685 6 40d
dmycP1/Y 29 (81) 768 (18) 149d 820 6 40d 1587 6 60d
dmycP0/Y 1 dMyc nd 1881 (38)b 182c 896 6 35c,d 1805 6 13c
dmycP1/Y 1 dMyc 77 (186)a 1155 (21)b nd nd nd

Complementation

Genotype Viability (%) Bristles (n) Breakpoints

dmycP0/WT 88 1 (198) —
dmycP0/Df(1)N8 0 2 (137) 3C1;3D6
dmycP0/Df(1)75e19 45 2 (151) 3C11:3E4;5E
dmycP0/Df(1) GA102 100 2/1 (200) 3D5;3F7-8
dmycP0/Df(1) HC244 100 1 (82) 3E8;4F11

Viability is expressed as a percentage of the expected number. Wings from dmyc mutant adults were examined for trichome density to
determine cell size (area). The number of trichomes from a specific region next to the posterior crossvein was counted within a 0.05 mm
square and converted to area/cell (mM2). There were 43 squares from dmycP0 male wings, 31 each from dymcP1 and control male wings, and
34 from dymcP0; C765.dMyc male wings. Wing width is the distance from the posterior margin (at vein 5) perpendicular to the anterior margin.
For wing length, vein 3 was measured from its origin in the hinge to the distal wing tip. A total of 20 dmycP0, 20 dmycP1, 26 dmycP0; C765.dMyc,
and 15 control male wings were analyzed. Rescue of specific dmyc phenotypes by overexpression of dMyc cDNA was carried out by three
means (see footnotes a–c). Complementation tests of dmycP0 with X chromosome deficiencies were carried out by crossing dmycP0 animals
to wild-type (WT) flies or to flies carrying the deficiencies noted, and dymcP0/Df progeny were scored for viability. dymc is located at 3D5. (n),
number of animals scored; nd, not determined.
aHeat shock–induced (HS) dMyc transgene was used.
bScabrous Gal4 and UAS-dMyc used.
cC765-Gal4 and UAS-dMyc used.
dp # .001 (reference 5 WT).

FSC assay, dmyc cells were substantially smaller than in adult wings. Each epidermal cell of a wing secretes
a single hair, called a trichome. Trichome density iswild type. FSC values of dmycP0 cells were reduced by

17% and those of dmycP1 by 23% compared to wild indicative of cell size in the wing. We scored the number
of trichomes within a precisely defined area of the wingtype (Figure 2A).

The DNA profiles of cells from dmyc mutants were blade from wild-type and dmyc adult males and found
more cells per unit area in dmycP0 and dmycP1 mutantnearly identical to controls but did show a small yet

reproducible increase in the G1 fraction relative to con- wings than in control wings. The cell area in both mu-
tants was approximately 14% smaller than wild-typetrol cells of the same developmental age (Figure 2B and

not shown). Since cells in G1 are smaller than S phase cells (Table 1). Furthermore, measurement of the length
and width of mutant and wild-type wings showed thator G2 cells, we determined FSC values for the G1, S,

and G2 fractions separately. These measurements es- wings from dmycP0 and dmycP1 males are between 8%
and 15% smaller in each dimension than controls (Tabletablished that dmyc mutant cells are smaller in each

phase of the cell cycle (Figure 2). 1). Thus, the small dmycP0 wing size is due to smaller
cells. Calculation of an approximate area (length 3Todeterminewhether thedmycmutant cells remained

small throughout development, we examined cell size width) of the mutant wings suggests that dmycP1 wings

Figure 2. Analysis of Cell Size in dmyc Mu-
tant Wing Discs
(A) Representative forward scatter (FSC) dis-
tributions of control (green), dmycP0 (red), and
dmycP1 (blue) wing disc cells from flow cyto-
metric analysis. Three independent experi-
ments were performed with similar results.
The mean FSC height of each genotype (and
FSC values for cell cycle phases) is, control,
117 (G1 5 105.9, S 5 116.7, G2 5 129.3);
dmycP0, 97 (G1 5 81.8, S 5 91.3, G2 5 105.3);
and dmycP1, 79 (G1 5 67, S 5 72, G2 5 91).
(B) DNA profiles from the flow cytometric
analysis in (A). The traces for each genotype
are color coded as in (A).

Johnston LA, Prober DA, Edgar BA, Eisenman RN, Gallant P (1999) Cell 98: 779–790. 

• Myc regulates cellular growth, and size of 
cellular clones

• Myc does does not induce cell division 
(independently regulated by Stg/Cdc25). 
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dMyc-Induced Growth Is Independent of Cell
Cycle Control
With the same set of Act.dMyc1Stg clones, we quanti-
tated growth rates by measuring clone areas (Figure
6B). Act.dMyc1Stg cells were much smaller than Act.
dMyc-expressing cells (Table 2). Nevertheless, the area
of Act.dMyc1Stg clones was actually greater than
clones expressing dMyc alone (Figure 6B). Calculation
of the mass doubling times (see Experimental Proce-
dures) showed that control clones doubled their mass
in 12.9 hr and thus kept pace with cell division (cell
DT 5 12.9 hr; Figure 6B). However, Act.dMyc clones
doubled their mass in 10.9 hr, faster than the cells di-
vided. Act.dMyc1Stg clones doubled their mass in
10.2 hr and divided every 10.6 hr (Figure 6B). Therefore,
although the faster cell cycle time yielded more cells in
the Act.dMyc1Stg clones, the total clonal mass, and
thus overall growth rate, remained the same as in Act.
dMyc clones. This result provides direct evidence that
dMyc promotes cellular growth. Moreover, it demon-
strates that dMyc’s effect on growth is independent of
its alteration of cell cycle phasing. Finally, it shows that
although dMyc levels affect the length of G1, dMyc-
induced growth is unable to deregulate G2 control in
wing disc cells.

dmyc Is Regulated by the Disc Patterning System, Figure 7. dmyc Expression in the Wing Disc and Its Effect on the
Cell Cycleand Its Ectopic Expression Can Prevent Cell

Cycle Arrest (A) In situ hybridization of a wing disc to dmyc mRNA. dmyc mRNA
is present at high levels in the wing pouch and at lower, variableAs a second test of how dmyc affects the cell cycle, we
levels throughout the rest of the disc but is not expressed in cellsexamined a population of arrested cells in the wing disc.
flanking the dorsoventral (D/V) boundary of the disc (arrow). ThesedmycmRNA accumulated to variable levels in proliferat- cells make up the zone of nonproliferating cells (ZNC). In theseing wing disc cells but was not present in cells that had images, anterior is to the left and dorsal is up.

exited the cell cycle, such as a “zone of nonproliferating (B) In situ hybridization of dmycP1 mutant wing disc, showing that
cells” (ZNC) that straddles the dorsal–ventral boundary dmyc mRNA is undetectable in all regions of the disc. A similar

result was observed for dmycP0.of the disc (Figure 7D). This ZNC will differentiate the
(C) The absence of dmyc mRNA in the ZNC requires the activity ofsensory bristles and hairs of the adult wing margin
Wingless. Wing disc in which a dominant-negative form of TCF(O’Brochta and Bryant, 1985). Cells of the ZNC dramati- (dnTCF) is expressed specifically in the ZNC under control ofcally slow their growth and exit the cell cycle late during C96.Gal4. dnTCF blocks Wingless activity in the ZNC and results

the third larval instar (O’Brochta and Bryant, 1985; John- in the induction of dmyc mRNA (arrow).
ston and Edgar, 1998). We previously showed that the (D) Control wing disc labeledwith the S phasemarker BrdU, showing

the ZNC as a population of arrested cells surrounding the D/Vpatterning gene wingless (wg), a member of the Wnt
boundary (bracket).gene family and the primary pattern organizer at the
(E) BrdU-labeled wing disc in which dMyc is expressed specificallydorsoventral (D/V) boundary in the wing, is required for in the ZNC with C96.Gal4. Many of the cells at the D/V boundaryboth cell cycle and growth arrests in the ZNC (Phillips have incorporated BrdU, indicating they are not arrested (bracket).

and Whittle, 1993; Johnston and Edgar, 1998). There- The cell cycle arrest of the ZNC includes a G2 arrest in anterior cells
fore, we first asked whether Wg activity repressed dmyc flanking the D/V boundary and a G1 arrest in the anterior cells at

the D/V border and in all posterior cells (see Johnston and Edgar,expression in the ZNC. Using C96.Gal4, which is ex-
1998). Interestingly, ectopic expression of dMyc prevents only thepressed specifically in the ZNC, we blocked the activity
G1 arrest. Inset shows pattern of C96.Gal4 with expression of GFP.of Wg in these cells by expressing a dominant-negative (F) Model for regulation of cellular growth and cell division by dMycform of dTCF, a DNA-binding protein required for Wg in wing disc cells. Extracellular signaling molecules such as those

signal transduction (van de Wetering et al., 1997). This regulating metabolism (e.g., insulin) or patterning (e.g., Wingless)
treatment prevents the cell cycle arrest (Johnston and signal to dMyc to regulate cellular growth. Cyclin E activity is modu-

lated in response to the altered growth rates and controls the G1/SEdgar, 1998) and also resulted in induction of dmyc
transition. Although our data suggest that dMyc controls Cyclin EmRNA in these cells (Figure 7C). Thus, like the cell cycle
posttranscriptionally, we cannot rule out a more direct influenceand growth arrests of the ZNC, dmyc expression is (broken arrow). However, indirect regulation of Cyclin E activity byregulated by the wg dorsal–ventral patterning system Myc has been documented in vertebrate cells (Amati, 1998). The

of the disc. length of the cell cycle is also limited by the availability of Stg/
The observation that wg negatively regulates the ex- Cdc25. Stg/Cdc25 expression is independently controlled by the

patterning signals (e.g., Johnston and Edgar, 1998); thus, cell cyclepression ofdmyc in the ZNCsuggested that the absence
rates can be controlled at both G1/S (by cellular growth) and G2/Mof dmyc mRNA in these cells might be a prerequisite
(by Stg/Cdc25).for their cell cycle and growth arrests. To determine

whether ectopic dMyc could bypass cell cycle arrest

• Myc mutant animals are smaller (smaller 
cells)

• But over expression of Myc in clones 
does not produce larger animals… Yet 
cells are larger and divide normally. 

• Points to another level of growth 
compensation which is non-autonomous 
(ie. depends on cellular environment) and 
operates within a tissue: cell competition

Cell
780

Figure 1. Molecular and Genetic Character-
ization of dmyc Mutants
(A) Map of genomic sequences surrounding
the dmyc locus, located at 3D5 on the X chro-
mosome. The dmycP0/P1 P element is inserted
within less than 100 bp upstream of the puta-
tive transcription start site. Also shown is the
insertion site,within the first intron ofdmyc, of
the gypsy element giving rise to the dmycdm1.
(B) Adult male wild-type (left) and dmycP0 mu-
tant (right) flies, illustrating their size dif-
ference.
(C) Scanning electronmicrographs of the dor-
sal thorax of wild-type (left) and dmycP0 mu-
tant (right) males. Note the shortened and
more slender bristles of themutant compared
to the wild type.

Results Two observations suggest that dmycP0 and dmycP1 are
hypomorphic, rather than complete loss-of-function al-
leles. First, although dmyc mRNA expression was se-Isolation of Novel dmyc Mutants

To obtain alleles of dmyc stronger than diminutive1 verely reduced in mutant imaginal discs (Figure 7B), full-
length dmyc transcripts were detected in adult dmycP0(hereafter called dmycdm1), we searched the published

mutations within the genomic region harboring dmyc for and dmycP1 homozygous females by Northern blot (not
shown). Second, the viability of dmycP0 and dmycP1 de-P element insertions. We identified a P element inserted

immediately upstream of the putative transcription start creased dramatically when they were in trans to defi-
ciencies that removed the dmyc locus (Table 1), a stan-site of dmyc (Figure 1). This allele, dmycP0, had similar

but additional defects in comparison to dmycdm1 (Table dard test for hypomorphic function (Ashburner, 1989).
Interestingly, although dmyc mutant adults are small1). We mobilized the P element in dmycP0 and recovered

another mutant, dmycP1, which showed even more se- and take longer to develop, their body parts are appro-
priately proportioned, with no patterning or cell fatevere defects (Table 1). Three lines of evidence indicated

that the P element in dmycP0 and dmycP1 caused the specification defects other than the variably penetrant
eye phenotype. The dmyc mutants phenocopy muta-dmycmutant phenotypes. First, the most readily scored

phenotype (thin bristles) was tightly linked genetically tions in biosynthetic pathways that directly influence
cellular growth (e.g., Minutes, Dopa decarboxylase,to the P element, as deficiency mapping placed both

between 3C11 and 3D6 (Table 1). Second, both P alleles SAM decarboxylase), as well as mutations in the insulin
receptor pathway (e.g., chico; Böhni et al., 1999), whichhave dramatically reduced levels of dmyc mRNA in

imaginal discs (Figure 7B). Third, most of the defects regulates metabolism. Therefore, we tested whether the
dmyc phenotypes reflect cellular growth defects.were rescued by expression of dmyc cDNA (Table 1).

dmyc Mutations Cause Size Defects in the Adult dmyc Cells Are Smaller than Wild-Type Cells
In general, small body size in Drosophila results from aBoth dmycP0 and dmycP1 mutations cause a variety of

phenotypic defects. Like dmycdm1, dmycP0 and dmycP1 reduction of both cell size and cell number (Stern and
Emlen, 1999). To determine the relative contributionshomozygous females are sterile, and both male and

female adults are significantly smaller than wild type of these parameters to the smaller body size of dmyc
mutants, we measured the size of dmyc cells at twoand have thinner, shorter bristles (Gallant et al., 1996;

Schreiber-Agus et al., 1997) (Figures 1B and 1C). In con- distinct stages of development: in adult wings and in
their precursors in the wing imaginal disc. We dissoci-trast to dmycdm1 mutants, dmycP0 and dmycP1 mutants

develop more slowly than wild type and occasionally ated wing discs from mature control and dmyc mutant
larvae, stained the cells with a DNA dye, and examinedhave rough, small eyes (not shown). In addition, dmycP1

mutants are subviable (Table 1). These phenotypes sug- them by flow cytometry, where the relative cell size of
a population of cells can be obtained from the forwardgest an allelic series that can be ordered from the weak-

est to strongest, where dmycdm1 , dmycP0 , dmycP1. scatter (FSC) distribution (Neufeld et al., 1998). By the
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• Minute genes encode ribosomal proteins required for 
protein translation

• Minute mutations are recessive lethal mutants that slow 
down development dominantly

• Minute mutant cells divide more slowly
• Cells and adults have a normal size (and shape)
• This indicates that size is not controlled by a 

determination of time/duration but of size

control +/+ M/+

time

size

216 DEVELOPMENTAL BIOLOGY VOLUME 42,1975 

1, I) derived from mitotic recombination 
proximal to Most and marked with f”“, 
and M/M+ clones (d in Fig. 1, I) marked 
with mwh. The mean sizes of both types of 
clones at different developmental stages 
are presented in Fig. 3. 

The curve corresponding to Minute 
clones shows an exponential growth of the 
Minute disc throughout development, as 
happens in normal flies (Bryant, 1970; 
(Garcia-Bellido and Merriam, 1971a). This 
indicates that larval and imaginal develop- 
ment are simultaneously delayed in Min- 
ute individuals. An exponential growth 
throughout a longer than normal develop- 
mental time is understandable if the imag- 
inal wing cells divide more slowly in Min- 
ute than in normal larvae.’ 

Figure 3 shows that f”“” (non-Minute) 
clones, induced at any age, are always 
larger than the simultaneously arising 
mwh (Minute) clones. Since reQ cells differ 
from normal cells in neither growth rate 
nor viability (Ripoll, 1972), and the mean 
.sizes of mwh and f”“” clones arising simul- 
taneously under the same conditions are 
identical (see Figs. 4 and 5), the difference 
between the two curves presented in Fig. 3 

z Because clone size is measured in cell number and 
not area, cell size is not a factor in these considera- 
tions. The equivalence in size of the largest Minute 
clones inducible in Minute and normal individuals 
(e.g., Figs. 3, 5, and 6) rules out a reduced number of 
presumptive disc cells as the cause of delayed pupa- 
tion in Minute genotypes. The kinetics of imaginal 
disc cell proliferation in Minute versus normal show 
that the doubling time for Minute cells exceeds that 
for normal. Doubling time may be increased by either 
a reduced mitotic rate or by cell death. If one 
postulates that Minute cells divide at a normal rate 
but a constant fraction of cells die at each cell 
division, it can be shown that the fraction, a, of cells 
surviving in each generation that will account for the 
observations may be computed from the equation a = 
2’.*, where r is the ratio of lengths of larval develop- 
ment of normal relative to Minute individuals. On 
this model, only about 29% cell death per division is 
required to account for the approximately 3-day delay 
observed for M(2)c/+. Although cell death cannot 
easily be ruled out as the cause of pupal delay, we feel 
that reduced mitotic rate is more plausible and 
consider it the variable of importance in this study. 

I 24 48 72 96 120 144 ~ 
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FIG. 3. Semilogarithmic plot of the mean sizes of 
clones resulting from mitotic recombination through- 
out development in wing discs y fSEa/M(l)oSp; mwh 
jv/+ (genetic constitution I, Fig. 1). Abscissa repre- 
sents the time (hr) between deposition and irradia- 
tion. PF, puparium formation. A, y f”“” recombinants; 
0, nwh jv M(l)oSP recombinants. 

has to be attributed to a cell autonomous 
effect directly associated with the change 
in the Minute condition. Although the 
large size of some clones arising in Minute 
flies had- already been reported (Stern, 
1936; Kaplan, 1953; Murphy and Toku- 
naga, 1970; Stern and Tokunaga, 1971), the 
fact that only spontaneous clones had been 
studied led to the interpretation that mi- 
totic exchange in arms carrying Minutes 
had a tendency to take place earlier in 
development than mitotic exchange else- 
where in the complement. However, since 
the slopes of the curves presented in Fig. 3 
reflect the lengths of the corresponding cell 
cycles (time needed to halve the number of 
cells per clone), the difference between the 
curves shows that the larger size of f”“” 
clones is due to a higher mitotic rate of the 
non-Minute cells compared with the sur- 
rounding Minute cells. The cell cycle time 
estimated from Fig. 3 for M(l)@’ cells is 12 
hr, whereas the cell cycle of the non- 
Minute cells (calculated using only the 
exponential part of the curve) takes 8.5 hr. 
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tively. Apparently Minute cells, although 
viable, have a lower mitotic rate that 
lowers their ability to compete with nor- 
mally growing cells. It may be imagined 
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FIG. 5. Semilogarithmic plot of the mean sizes of 
clones resulting from mitotic recombination through- 
out development in wing discs y pm/+; M(3)iSSlmwh 
jv (genetic constitution II, Fig. 1). Coordinates as 
described in Fig. 3. A, y fs6” M(3)ib5 recombinants; 0, 
presumptive mwh M(3)P recombinants; 0, pre- 
sumptive mwh recombinants (see text). 
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Fro. 6. Semilogarithmic plot of the mean sizes of 
clones resulting from mitotic recombination through- 
out development in wing discs y f”““/T(l;2)scs’l+; 
mwh jv/+ (genetic constitution IV, Fig. 1). Coordi- 
nates as described in Fig. 3. A, fs6”M(2)c recombi- 
nants; 0, mwh ju recombinants. 

that, owing to their reduced mitotic rate, 
Minute clones originating early in develop- 
ment lag behind the surrounding non- 
Minute cells to such an extent that they 
are not sufficiently mature to differentiate 
into cuticle. Such cell competition would 
therefore explain the complete absence of 
clones arising in earlier stages. 

The phenomenon of cell competition can 
also account for the smaller final number of 
Minute cells in mosaic wings of Minute 
individuals if it is imagined that they are 
overgrown by more rapidly dividing non- 
Minute cells. The normal shape and size of 
mosaic mesothoraces in which more than 
one-third of the cells derive from not more 
than 5/4, of the anlage (Ripoll, 1972) indi- 
cates the existence of appreciable regula- 
tion in the developing wing disc. 

Dorsal Abdominal Histoblasts 
Analyses similar to those described 

above were carried out for the abdominal 
histoblasts. Table 1 shows the distribution 
of clone sizes found in the different recom- 
binant classes from genetic constitutions I, 
II, and IV (Fig. 1). Since the response of the 
abdominal histoblasts to irradiation does 
not change during larva1 development 
(Garcia-Bellido and Merriam, 1971b; 
Guerra et al., 1973), data from different 
larval stages are pooled. Only tergites II-VI 
were scored. Due to the low storability ofju 
(not simultaneously muh) in clones of one 
bristle, the mean sizes are calculated from 
clones embracing two or more bristles. 

As was the case in the wing disc, non- 
Minute clones found in the tergites are on 
the average larger than the Minute clones 
arising in either Minute (I and II in Table 
1) or non-Minute (IV in Table 1) individu- 
als. It is interesting to note that, although 
the number of cell divisions needed to 
complete development is similar in both 
systems (Garcia-Bellido and Merriam, 
1971a,b), in the abdominal histoblasts 
non-Minute cells do not overgrow Minute 
cells as dramatically as in the imaginal 
wing disc. Whereas the largest non-Minute MORATA AND RIPOLL Cell Autonomy of Minutes 219 
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ment lag behind the surrounding non- 
Minute cells to such an extent that they 
are not sufficiently mature to differentiate 
into cuticle. Such cell competition would 
therefore explain the complete absence of 
clones arising in earlier stages. 

The phenomenon of cell competition can 
also account for the smaller final number of 
Minute cells in mosaic wings of Minute 
individuals if it is imagined that they are 
overgrown by more rapidly dividing non- 
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one-third of the cells derive from not more 
than 5/4, of the anlage (Ripoll, 1972) indi- 
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tion in the developing wing disc. 
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Analyses similar to those described 

above were carried out for the abdominal 
histoblasts. Table 1 shows the distribution 
of clone sizes found in the different recom- 
binant classes from genetic constitutions I, 
II, and IV (Fig. 1). Since the response of the 
abdominal histoblasts to irradiation does 
not change during larva1 development 
(Garcia-Bellido and Merriam, 1971b; 
Guerra et al., 1973), data from different 
larval stages are pooled. Only tergites II-VI 
were scored. Due to the low storability ofju 
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bristle, the mean sizes are calculated from 
clones embracing two or more bristles. 

As was the case in the wing disc, non- 
Minute clones found in the tergites are on 
the average larger than the Minute clones 
arising in either Minute (I and II in Table 
1) or non-Minute (IV in Table 1) individu- 
als. It is interesting to note that, although 
the number of cell divisions needed to 
complete development is similar in both 
systems (Garcia-Bellido and Merriam, 
1971a,b), in the abdominal histoblasts 
non-Minute cells do not overgrow Minute 
cells as dramatically as in the imaginal 
wing disc. Whereas the largest non-Minute 

• Clones of M+/M+ (wildtype) cells have a faster exponential growth that clones of M/+ mutant cells
• Clones of M/+ mutant cells have a slow growth rate and as such are outcompeted.
• Minute mutants with more severe growth defects are lost if induced early in development. 

• The normal size of wings indicate regulation of growth at the organ scale
• Strong perturbation of growth patterns are corrected to produce 

normally sized limbs and animals
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“Minute” (iV) mutants of Drosophila show a characteristic prolongation of developmental 
time. We chose three different Minute mutants to examine the proposition that this slower rate of 
development is also reflected in a decreased mitotic rate in imaginal disc cells. The division rate of 
normal cells (M+) dividing in Minute individuals and of Minute cells dividing in normal 
individuals has been analyzed by inducing mitotic recombination in the growing wing disc and the 
abdominal histoblasts. In both kinds of experiments, clones of non-Minute cells are always larger 
than simultaneously arising Minute cell clones implying a higher mitotic rate for M+, as compared 
to M, cells. In addition, Minute cells seem to be unable to compete with normal cells in the wing 
disc; however, their viability in the abdominal histoblasts is nearly normal. The possibility of 
inducing, at any developmental age, cells with different cell-cycle lengths and clones that are 
larger or smaller than normal provides a powerful new technique with which to approach develop- 
mental problems. 

INTRODUCTION 

A set of mutants of Drosophila melano- 
gaster known generically as “Minutes” 
have an interesting phenotype. They are 
homozygous lethal with an early phenocrit- 
ical phase; when heterozygous, they ex- 
hibit shortened bristles and sometimes ab- 
normal morphogenesis of other structures. 
Some of them are reported to increase the 
rate of mitotic recombination (Stern, 1936; 
Kaplan, 1953). All of them lead, in varying 
degrees, to a slowdown in development. 
Stern and Tokunaga (1971) showed in 
genetic mosaics that bristle differentiation 
and lethality of some Minutes are cell 
autonomous in their expression. For a de- 
scription of the Minute mutants and of 
those mutations and special chromosomes 
used in this work, see Lindsley and Grell 
(1968). 

In this report we show that the develop- 
mental delay of Minutes is also reflected in 
a cell autonomous decrease in mitotic rate. 
We have studied the proliferation dynam- 

‘Present address: MRC Laboratory of Molecular 
Biology, University Postgraduate Medical School, 
Hills Road, Cambridge, CB2 2QH England. 

its of cells changed by mitotic recombina- 
tion (Stern, 1936) from a Minute to a 
non-Minute condition, and vice versa, in 
two developing cellular systems with dif- 
ferent and well-analyzed growth parame- 
ters: The imaginal wing disc (Bryant, 1970; 
Garcia-Bellido and Merriam, 1971a) and 
the dorsal abdominal histoblasts (Garcia- 
Bellido and Merriam, 1971b; Guerra et al., 
1973). 

MATERIAL AND METHODS 
Two basic experimental procedures are 

employed. To examine cell division of M+ 
cells in a M background, heterozygous (and 
therefore phenotypically) Minute larvae 
were X-irradiated to induce a mitotic ex- 
change between the M locus and the cen- 
tromere. Following the proper mitotic seg- 
regation, sister M/M and M+/M+ cells are 
produced: the homozygous M condition is 
cell lethal so that only a M+ clone will 
result from the induced exchange. These 
M+ cells proliferate, of course, in an indi- 
vidual most of whose cells are still pheno- 
typically M. The recombination event it- 
self is monitored by use of appropriate cell 
markers (see Fig. 1, parts I, II, and III). 
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FIG. 6. Camera ludica drawings of large 9 f “’ M’ clones (shaded arees) resulting from irradiation of y f”“/M(l)n; mwh jv/+ + females at 24 hr AEL ((a), (b), and (c)). These 
clones almost entirely fill the anterior or posterior wing compartment. The remaining M(l)n patches are found in characteristic regions: along the A/P boundary the costal 
region and the alar region. (a) and (b) show dorsal and ventral surfaces of the same wing. The clone shown in (c) entirely filled the posterior dorsal compartment, the ventral 
part of the clone is shown. The A/P compartment boundary (coincident for most of its length with the clone border) was drawn here with the camera lucida; in (a), (b), and 
(d) it was not and has been indicated by a straight line. (d) shows a fragmented lK(l)n; mwh jw clone (black) adjacent to a g f”“” M’ clone (shaded). The y f”“” iW clone was 
induced at 48 hr AEL and the M(l)n; mwh jv clone at 126 hr AEL. 

FIG. 6. Camera ludica drawings of large 9 f “’ M’ clones (shaded arees) resulting from irradiation of y f”“/M(l)n; mwh jv/+ + females at 24 hr AEL ((a), (b), and (c)). These 
clones almost entirely fill the anterior or posterior wing compartment. The remaining M(l)n patches are found in characteristic regions: along the A/P boundary the costal 
region and the alar region. (a) and (b) show dorsal and ventral surfaces of the same wing. The clone shown in (c) entirely filled the posterior dorsal compartment, the ventral 
part of the clone is shown. The A/P compartment boundary (coincident for most of its length with the clone border) was drawn here with the camera lucida; in (a), (b), and 
(d) it was not and has been indicated by a straight line. (d) shows a fragmented lK(l)n; mwh jw clone (black) adjacent to a g f”“” M’ clone (shaded). The y f”“” iW clone was 
induced at 48 hr AEL and the M(l)n; mwh jv clone at 126 hr AEL. 
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In the wing disks of Drosophila slowly dividing cells of Minute mutations are progressively eliminated from Minute/ 
Minute+ mosaic compartments by a process known as cell competition. From a study of two different Minutes we show 
here that the intensity of competition is greater in the more extreme Minute with the slowest rate of cell division. 
The way in which the more rapidly growing Minute+ clones grow and overcome the surrounding Minute cells is 
described and cell competition is shown to be a result of local interactions between slow- and faster-growing cells. 

INTRODUCTION 

Very little is known about the way in which growth 
is controlled in developing animals. The control of 
growth and size, although an important subject, is 
poorly amenable to experimental analysis. Different 
aspects of this topic, such as: the control of the different 
events in the cell cycle (Hartwell, 19’74), changes in the 
cell surface throughout development, and the possible 
intermediary role of the cytoskeleton between cell sur- 
face receptors and the nucleus (Edelman, 1976; Nich- 
olson, 1976) have been investigated. However cell-cell 
interactions are of prime importance throughout growth 
and one level of control may be at the level of the entire 
cell population (Wigglesworth, 1959). A rather ne- 
glected aspect of the problem has been the study of the 
behavior of cell populations. We are currently investi- 
gating the phenomenon of cell competition in Drosoph- 
ila. This phenomenon involves interactions between 
groups of cells with different growth rates and may be 
related to the control of growth. 

Cell competition was first described by Morata and 
Rip011 (1975). These authors studied a group of muta- 
tions in Drosophila, the Minutes, and showed that their 
extended period of development was the result of a cell- 
autonomous slower rate of division. Minute flies are of 
normal size, show moderate to good viability, and have 
no abnormalities other than smaller, thinner bristles. 
When clones of Minute cells are produced in non-Minute 
animals, however, they do not survive. The elimination 
of these slowly dividing but viable cells was termed cell 
competition. This observation has been confirmed 
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(Simpson, 1979) and it has been shown that other mu- 
tations may be subject to a similar effect (Simpson and 
Schneiderman, 1976; Ripoll, 1978). It must be empha- 
sized that the Minute cells are only inviable when they 
are growing next to non-Minute cells. The process of 
cell competition therefore relies upon cell interactions. 

When Minute+ clones are produced in a Minute an- 
imal they grow to be very large as a consequence of 
their advantaged growth rate. Such clones, however, 
always respect certain boundaries which are the limits 
of the compartments (Garcia-Bellido, Ripoll, and Mor- 
ata, 1973, 1976). During the growth of a large Minute+ 
clone, many of the surrounding Minute cells in the same 
compartment are eliminated by cell competition, in the 
same way that Minute clones disappear in a background 
of Minute+ cells. Such mosaic compartments are always 
normal in size and shape. The process of cell competi- 
tion is therefore closely correlated with the control of 
size. It only occurs within compartments (Simpson, 
1976). Compartments, which are believed to be inde- 
pendent units of development and to be under the con- 
trol of a discrete set of selector genes (Garcia-Bellido, 
1975), may also represent units of size control (Crick 
and Lawrence, 1975; Simpson, 1976). 

We do not know yet whether cell competition is an 
aspect of growth control, or whether there is some triv- 
ial explanation. The experiments presented in this pa- 
per were designed to answer two questions. First, is cell 
competition solely a result of the difference in growth 
rate? To examine this problem we have studied cell 
competition between various Minutes and wild-type 
cells, and between the different Minutes themselves. 
Second, what is the pattern of growth of compartments 
mosaic for Minute and Minute’ cells and how do the 
Minute+ cells overcome the surrounding Minute cells? 
A clonal analysis has enabled us to follow this process. 
Our results indicate that cell competition is the result 
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• Cell competition is higher when mitotic rate differences are stronger
• Cell competition induced by Minute mutations operate within 

« compartments », which work as unite of growth control.
• Cell competition is a result of local interactions between fast (M+/

M+) and slow dividing cells (M/+)

M+/M+
M/+

M/+
compartment boundary
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FIG. ‘I. Camera lucida drawings of clone outlines. (a) and (b) M(1) 
n; mwh jv clones in a M(l)n background, (c) and (d) y  f”“” W clones 
in a M(l)n background. 

with the 1M+ cells were not only reduced in size but 
many of them were dispersed into two or more frag- 
ments (see Fig. 6d). 

None of the large 1/f 36a M+ clones examined crossed 
the A/P compartment boundary to mingle with cells 
on the other side, although many of the clone borders 
were coincident with this boundary. Cells of different 
compartments are known to be touching one another 
(Lawrence, 1975). In the case of the wing, anterior and 
posterior cells are in direct contact as shown by the 
behavior of engrailed clones (Morata and Lawrence, 
1975; Lawrence and Morata, 1976) that cross the A/P 
compartment boundary, even if produced late in devel- 
opment. We found eight M(l)n; mwh jv clones touching 
a y fS6”W clone but situated on the other side of the 
A/P compartment boundary. The size of these clones 
(27 f 6) (SE) was no smaller than that of other M(l)n; 
mwh jv clones found in the same compartments (16 
f 3 (SE), n = 12) or in the contralateral wings (10 
+ 1 (SE), n = 11) of the same flies (n = 8). We therefore 
conclude that cell competition does not occur across 
compartment boundaries. 

DISCUSSION 

We do not yet know whether cell competition occurs 
in all parts of the fly’s body. It has so far only been 
shown to occur in the imaginal wing disk (Morata and 
Ripoll, 1975; Simpson, 1976; 1979) and head disk (Baker, 
1978). However the extra growth of M’ clones has been 
seen in all cephalic and thoracic imaginal disks inves- 
tigated so far, and in the genital disk, and this suggests 
that the phenomenon is at least common to all of the 
disks. It is not yet clear whether it occurs in the ab- 
domen. 

FIG. 8. Schematic representation of the experiment in which 2/ fS6”/M(l)n; mwh jv/+ + flies, resulting from cross 4, were irradiated twice, 
at 48 and 120 hr AEL. Wings bearing large ?/f”“” H+ clones (shaded area) resulting from the first irradiation were selected. At the second 
irradiation recombination in 3R results in the formation of mwh jv clones (black areas). The M or M+ constitution of these clones remains 
unchanged. Those arising within the Q f’S”M+ clone (genetically ‘y f”; mwh jv) remain IV, whereas those arising in the rest of the wing 
(genetically M(l)% mwh jv) remain hf. Of the former, those clones near the growing edge of the large hP clone (B) are larger and rounder 
than those in the middle of the clone (I). Of the latter, those clones situated in the same compartment as the hP clone and actually touching 
it (a) are smaller (and sometimes fragmented) than those not touching the M+ cells whether found in the same compartment (b) or not (c). 
M(l)n; mwh jv clones touching the M+ territory but situated on the other side of a compartment boundary, (d) are not decreased in size. 

Sequential induction of clones:
— M+/M+ clone in a M/+ background
— a clone is outcompeted (smaller and fragmented)
— b clone is not affected

M/+

M+/M+

wildtype clones

—Cells gauge their respective growth rates and any discrepancy is 
corrected so as to produce normally sized tissues and organs
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Figure 2. Cell Competition in Tissues Mosaic for Cells with Different Copy Numbers of the dmyc Gene

(A) Control twin clones which both express two copies of dmyc and are marked by either two or zero copies of the GFP transgene. Both
clones are of similar size.
(B) Experimental clones which either express four or two copies of dmyc and are marked by two or zero copies of the GFP transgene. The
4xdmyc clones are larger than the 2xdmyc clones.
(C) Control twin clones which both express four copies of dmyc and are marked by either two or zero copies of the GFP transgene. Both
clones are of similar size.
(D–F) Quantitative analysis of clone sizes. (D) 16 clones like the ones described in (A) were analyzed by outlining their contours and measuring
the number of pixels within the contour lines (8 2xGFP clones and 8 0xGFP siblings). The average values of 5989 pixels/clone and 6419 pixels/
clone are plotted. The Mann-Whitney test showed that there is no significant difference in clone size between the two classes (p ! 0.916,
Z ! "0.105). There is a significant size difference, however, between the 2xdmyc/0xGFP clones in D versus those in E (p ! 0.012, Z ! "2.469).
(E) Twenty-four clones like the ones described in (B) were analyzed (12 4xdmyc and 12 2xdmyc siblings). The average values of 14#206 pixels/
clone and 3#043 pixels/clone are plotted. The Mann-Whitney test showed that there is a significant difference in clone size between the two
classes (p $ 0.000, Z ! "3.522). (F) Eighteen clones like the ones described in (C) were analyzed (9 2xGFP clones and 9 0xGFP siblings).
The average values of 5#271 pixels/clone and 5#801 pixels/clone are plotted. The Mann-Whitney test showed that there is no significant
difference in clone size between the two classes (p ! 0.825, Z ! "0.221). There is a significant size difference, however, between the 4xdmyc/
2xGFP clones in (F) versus those in (E) (p ! 0.004, Z ! "2.843). These 4xdmyc/2xdmyc experiments were also analyzed by counting cell
numbers in clones rather than area of clones (and also with a reversed arrangement of markers) and yielded essentially the same results (not
shown). This indicates that the different clone sizes of 4xdmycand 2xdmyccells do not simply reflect differences in cell size. In our quantitative
image analysis, we measured average cell sizes of 66,46 pixels/cell (for 4xdmyc cells), 63,67 pixels/cell (for 3xdmyc cells), and 63,58 pixels/
cell (for 2xdmyc cells).

generated sibling clones composed of cells with four or 4xdmyc cells only overproliferate when surrounded by
cells with fewer copies of dmyc.two copies of the endogenous dmyc gene (see Experi-

mental Procedures). Since these paired clones are de- The use of a tandem duplication to create cells with
increased gene expression has several advantages overrived from the same recombination event, and are thus

always of the same age, their relative growth can be transgenic approaches, such as faithfulness in tran-
scriptional regulation and defined moderate changesdirectly compared.

We observed that the clones of cells homozygous for in transcriptional levels. This system bears a potential
caveat, however, as the tandem duplication coveringthe tandem duplication of dmyc (referred to as 4xdmyc)

were significantly larger than their wild-type sibling dmyc (Dp(1;1)Co) harbors about a dozen additional
genes, and their increase in copy number might contrib-clones (with two copies of dmyc, referred to as 2xdmyc

clones, Figures 2B and 2E; see legend for quantitative ute to the competition behavior of 4xdmyc clones. To
address this possibility, we generated a new set ofand statistical analyses). Interestingly, the 4xdmyc

clones were also larger than control clones that were clones homozygous for a derivative of Dp(1;1)Co in
which one of the two dmyc genes was inactivated (seeinduced simultaneously in different animals in which all

cells carried four copies of dmyc (Figures 2C and 2F). Experimental Procedures). Such control cells failed to
out-compete surrounding cells, indicating that the am-Likewise, the 2xdmycclones were not only smaller than

their 4xdmyc siblings, but also smaller than control plification of dmyc copies is essential for homozygous
Dp(1;1)Co cells to overproliferate.2xdmyc clones growing in a background where all cells

had two copies of dmyc (Figures 2A and 2D). These To support our assumption that the heritable differ-
ence of dmyc expression alone is responsible to causeobservations demonstrate that clonal growth depends

on the properties of the cellular environment. The competition in the above-described system, we created

• Myc is a major regulator of cell anabolism
• Changing the levels of Myc expression causes cell competition

• Cells grow and divide as a function of their cellular environment:
— 4xmyc cells grow more only when juxtaposed to 2xmyc cells 
— 2xmyc clones grow less when juxtaposed to 4xmyc cell
—control clones surrounded by Myc overexpressing cells are     
eventually eliminated

• Yet clones of cells with higher levels of Myc do not cause aberrant 
morphology (size and pattern).

tub>myc

—Cells gauge their respective growth rates and any discrepancy is 
corrected so as to produce normally sized tissues and organs

—Cell competition is induced by cells expressing 
different levels of Myc

E. Moreno and K. Basler Cell, Vol. 117, 117–129, April 2, 2004 

• Myc level is very frequently upregulated in cancers
Cell
120

Figure 3. Wild-Type Cells Are Out-Competed by Cells with Elevated dmyc Expression

(A) Clones of GFP-marked wild-type cells (white), generated in a tub!dmyc genetic background, gradually disappear. Twenty-four hours after
induction, small clones are scattered throughout the wing imaginal tissue. Forty-eight hours after induction, most clones have disappeared
from the center of the wing primordium, only a few persist in the periphery. After 72 hr, all clones have disappeared.
(B) Wild-type cells marked with a UAS-GFP reporter in a wild-type disc as a control.

an independent second genetic setup in which wild- dMyc. We interpret the absence of tissue deformation as
an indication that cells with more dMyc overproliferate attype cells are confronted with cells expressing extra

dMyc. A transgene was used that drives a dmyc cDNA the expense of surrounding cells with less dMyc.
from the ubiquitously active promoter of the tubulin"1
(tub) gene. The composition of the transgene (tub! dMyc-Induced Proliferation Depends on Full
dmyc!Gal4) allowed the Flp recombinase-mediated Strength Ribosome Biogenesis
generation of Gal4-expressing cells that are wild-type As mentioned above, several studies have implicated
regarding dmyc expression. These cells were marked genes encoding components of the protein synthesis
by the use of a UAS-GFP reporter. Clones of such GFP- machinery as targets for Myc regulation, including sev-
positive wild-type cells were eliminated (Figure 3A) in eral ribosomal protein genes (Eisenman, 2001; Boon et
a spatial and temporal pattern characteristic for cell al., 2001; Gomez-Roman et al., 2003; Orian et al., 2003).
competition: they were lost first in the center of the wing Hence it is likely that dMyc enables cells to prevail in
primordium and subsequently in the periphery where competitive situations by promoting protein synthesis.
competition is weaker (Simpson, 1979; Moreno et al., To further explore this assumption, we carried out a
2002a). Control clones that expressed similar levels of genetic epistasis experiment in which 4xdmyc cells were
Gal4 and GFP, but were not surrounded by tub!dmyc generated that were at the same time heterozygous for
cells, survived normally (compare Figure 3A with Figure the ribosomal protein gene M(2)60E and therefore lim-
3B). Together, these experiments show that a heritable ited in their translational capacity. This gene encodes
increase in dMyc levels—either by gene duplication or RpL19 and is a conserved target for Myc proteins in
a heterologous promoter—confers an advantage to Drosophila (Orian et al., 2003), rats (Guo et al., 2000),
imaginal cells with the consequence that they out-com- and humans (Fernandez et al., 2003; Li et al., 2003).
pete cells with lower levels of dMyc. 4xdmyc M(2)60E# /$ clones were no longer able to out-

compete surrounding cells and were even eliminated
(Figure 5A). This is consistent with the notion that ribo-4xdmyc Clones Expand without Morphological
somal proteins act downstream of dMyc and that theAlterations but at the Expense of Cells
ability of dMyc to confer a competitive advantage towith Lower Levels of dMyc
cells is dependent on a maximally active protein synthe-We next analyzed 4xdmyc and 2xdmyc clones in the
sis machinery.adult to determine if their deviant proliferation behavior

causes morphological alterations. Neither the 4xdmyc
clones nor the few surviving 2xdmyc clones were ob- dMyc-Induced Cell Competition Relies

on the Killing of Wild-Type Cellsserved to cause tissue or organ deformations (Figures
4A and 4C). We also determined the size of such clones To analyze how 4xdmyc clones grow at the expense of

cells with fewer copies of dmyc, we asked if apoptosisby counting bristles in the notum and found that 4xdmyc
clones contained significantly more bristles than of surrounding cells contributes to the overproliferation

behavior of such clones. Sibling 4xdmyc and 2xdmyc2xdmyc clones (Figure 4B). This observation reinforces
the notion of a hierarchy during cell competition, in clones were induced in discs in which half of the cells,

those of the posterior compartment (“P”), were pro-which cells with more dMyc out-compete cells with less

wt

tub>myc
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Figure 1. The Growth Regulator dMyc but
Not the PI3K-Dp110 or Cyclin D/Cdk4 In-
duces Cell Competition

(A and C) Clonal assay of cell competition that
utilizes three clone types (see Supplemental
Figure S1 at http://www.cell.com/cgi/content/
full/117/1/107/DC1 for details). Mitotic recom-
bination produces a GFP-expressing “Gal4”
clone (green) and its “Sibling,” marked by a
cell surface marker (red). An independent re-
combination event produces a !-galactosi-
dase-marked clone (“Neutral,” blue). A (ante-
rior) and P (posterior) show wing disc
orientation in this as well as all subsequent
disc images. In control assays, all three clone
types were similar in size (B). (B) Clone sizes
in wild-type wing discs. Clones expressing
dMyc, Dp110, or CycD " Cdk4 were larger
than GFP controls (p # 1.0 $ 10% 5). Siblings
of dMyc clones were smaller (p # 1.29 $
10% 9), indicating they were at a growth disad-
vantage. (D) RpL14 expression rescues
growth of M(3)66D cells and induces cell
competition. RpL14-expressing clones are
significantly larger than controls in M(3)66D
discs not expressing RpL14 (Neutral diff.,
p # 0.02). Sibling and neutral clones in the
same M(3)66D wing discs (Neutral same)
were smaller than controls (p # 4.9 $ 10% 10

and p # 0.0085, respectively). (E) A second
assay of cell competition uses flp-outs events
to produce neutral !-galactosidase-marked
clones (blue) in wing discs in which the re-
gional driver DppGa14 is used to overexpress
growth regulators (green). DppGal4 is only

expressed in imaginal discs and in salivary glands (unpublished data). Clones were categorized as medial (M, light blue) if within 50 pixels
(corresponding to approximately eight cell diameters) of the Dpp expression domain. All remaining clones were considered lateral (L, white).
(F) Neutral clone sizes in lateral and medial regions of wild-type discs. Clones in the anterior, medial region of dMyc-expressing discs were
significantly smaller than those in the same region of GFP controls (p # 0.0003). Sizes shown represent the mean of several clone measurements.
Error bars, SEM.

effectively, since sibling clones were much smaller than long growth period (72 hr) required in this assay made
it difficult to determine how much time cells in neutralclones in control discs (Figure 1D). We asked whether

cells at a distance were also affected by the RpL14- clones actually spent near Gal4/dMyc clones. Thus, we
turned to a different assay to investigate the impact ofexpressing clones by examining the size of the neutral

clones in the same disc and the size of neutral clones proximity to dMyc-expressing clones.
in control M(3)66D discs. Neutral clones in the same
disc as Gal4/RpL14 clones (Figure 1D, Neutral [same]) Distance and a Compartment Boundary Protect

Cells from Competition by dMycwere smaller than neutral clones in control M(3)66D
discs (Figure 1D, Neutral [diff.]). This suggests that Gal4/ To refine our control over the period of growth of neutral

clones, we used the DppGal4 driver to express dMycRpL14 clones competed with distant, neutral clones,
although less effectively than closely situated sibling or Dp110 in a broad stripe of anterior wing disc cells,

induced neutral lacZ-expressing clones randomly through-clones. Thus, expression of RpL14 in cells mutant for
rpl14 increases their ability to grow and induces cell out the disc, and then scored the size of the clones after

defined periods of growth (Figure 1E). To determine howcompetition, leading to slower growth in surrounding
cells in a proximity-dependent fashion. These results the proximity of neutral clones to fast-growing cells af-

fected their growth, clones were scored according toare consistent with previous experiments showing that
wild-type cells compete against Minute mutant cells their location: near (medial, within approximately eight

cell diameters from the anterior edge of the dMyc ex-(Morata and Ripoll, 1975; Simpson, 1979). In addition,
they show that the three-clone assay successfully mea- pression domain) or far (lateral) from the dMyc-express-

ing cells (Figures 1E and 1F). In addition, we made notesures cell competition and demonstrate that cell compe-
tition induced by dMyc and in Minutemosaics is similar. of whether clones resided in the posterior (P) or anterior

(A) compartment, two of the earliest and largest develop-In our experiments with Gal4/dMyc clones, we found
that the size of neutral clones in contact with and resid- mental compartments formed in the disc.

In control discs expressing only GFP in the Dpp do-ing in the same compartment as Gal4/dMyc clones was
significantly smaller than those residing in the opposite main, medial and lateral clones in both compartments

were not significantly different in size (Figure 1F). Simi-compartment (see Supplemental Figure S1B at http://
www.cell.com/cgi/content/full/117/1/107/DC1). The larly, clones in discs expressing Dp110 were similar in
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disc as Gal4/RpL14 clones (Figure 1D, Neutral [same]) Distance and a Compartment Boundary Protect

Cells from Competition by dMycwere smaller than neutral clones in control M(3)66D
discs (Figure 1D, Neutral [diff.]). This suggests that Gal4/ To refine our control over the period of growth of neutral

clones, we used the DppGal4 driver to express dMycRpL14 clones competed with distant, neutral clones,
although less effectively than closely situated sibling or Dp110 in a broad stripe of anterior wing disc cells,

induced neutral lacZ-expressing clones randomly through-clones. Thus, expression of RpL14 in cells mutant for
rpl14 increases their ability to grow and induces cell out the disc, and then scored the size of the clones after

defined periods of growth (Figure 1E). To determine howcompetition, leading to slower growth in surrounding
cells in a proximity-dependent fashion. These results the proximity of neutral clones to fast-growing cells af-

fected their growth, clones were scored according toare consistent with previous experiments showing that
wild-type cells compete against Minute mutant cells their location: near (medial, within approximately eight

cell diameters from the anterior edge of the dMyc ex-(Morata and Ripoll, 1975; Simpson, 1979). In addition,
they show that the three-clone assay successfully mea- pression domain) or far (lateral) from the dMyc-express-

ing cells (Figures 1E and 1F). In addition, we made notesures cell competition and demonstrate that cell compe-
tition induced by dMyc and in Minutemosaics is similar. of whether clones resided in the posterior (P) or anterior

(A) compartment, two of the earliest and largest develop-In our experiments with Gal4/dMyc clones, we found
that the size of neutral clones in contact with and resid- mental compartments formed in the disc.

In control discs expressing only GFP in the Dpp do-ing in the same compartment as Gal4/dMyc clones was
significantly smaller than those residing in the opposite main, medial and lateral clones in both compartments

were not significantly different in size (Figure 1F). Simi-compartment (see Supplemental Figure S1B at http://
www.cell.com/cgi/content/full/117/1/107/DC1). The larly, clones in discs expressing Dp110 were similar in
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Figure 1. The Growth Regulator dMyc but
Not the PI3K-Dp110 or Cyclin D/Cdk4 In-
duces Cell Competition
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clone (green) and its “Sibling,” marked by a
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combination event produces a !-galactosi-
dase-marked clone (“Neutral,” blue). A (ante-
rior) and P (posterior) show wing disc
orientation in this as well as all subsequent
disc images. In control assays, all three clone
types were similar in size (B). (B) Clone sizes
in wild-type wing discs. Clones expressing
dMyc, Dp110, or CycD " Cdk4 were larger
than GFP controls (p # 1.0 $ 10% 5). Siblings
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growth of M(3)66D cells and induces cell
competition. RpL14-expressing clones are
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• Changing the levels of Myc 
expression causes cell competition

    similar to Minute mutations
• Cell competition is not a 

systematic consequence of 
juxtaposing cell populations with 
differential growth rates

(Pi3K pathway does not induce cell 
competition, nor does cell 
proliferation)

—Cells gauge their respective growth rates and any discrepancy is 
corrected so as to produce normally sized tissues and organs
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Figure 5. Competition by 4xdmyc Cells Is Dependent on Maximal Protein Synthesis and Assisted by Apoptosis of Surrounding Cells

(A) Clones of 4xdmyc cells (bright green) that are simultaneously heterozygous mutant for M(2)60E, which encodes ribosomal protein RpL19.
Such clones no longer out-compete surrounding cells and instead are even less abundant and smaller than 2xdmyc clones. The 2xdmyc cells
generated in this experiment have three copies of the M(2)60E gene; however, as shown previously, such an increase of M(2)60E copies has
no effect on the proliferation rate or the competitive behavior of such cells (Simpson, 1979).
(B and C) 4xdmyc/2xdmyc sibling clones (GFP marked in green) in discs in which apoptosis is suppressed in the posterior compartment (“P,”
red: anti-Engrailed staining in [C]). Note the relatively large 2xdmyc clone (lack of GFP marker) and relatively small 4xdmyc clone (bright green)
in the P compartment, where apoptosis is blocked by expression of a UAS-puc and a UAS-p35 transgene.
(D) Twenty-eight clones were measured in the genetic background of (B) and (C). In the anterior compartment (“A,” to the left of dashed line),
4xdmyc clones grew considerably more than in the posterior compartment (“P,” to the right of dashed line). Average clone sizes were 25!330
pixels (seven 4xdmyc clones in “A”) versus 14!068 pixels (seven 4xdmyc clones in “P”). Significance by Mann-Whitney test: p " 0.025, Z #
$ 2.236. In contrast, 2xdmyc siblings hardly survived in the A compartment but grew readily in the P compartment. Average clone sizes were
913 pixels (seven 2xdmyc clones in “A”) versus 6!620 pixels (seven 2xdmyc clones in “P”). Significance by Mann-Whitney test: p " 0.003,
Z # $ 3.003. The size differences of 4xdmyc/2xdmyc twins in the A compartment and the size differences of 4xdmyc/2xdmyc twins in the P
compartment were also subjected to a Mann-Whitney test and confirmed to be of significant difference, with p # 0.017 and Z # $ 2.364.
(E) A control experiment where clones with two copies of dmyc, either marked by lack of GFP or extra GFP, but all wild-type, were analyzed
in a background where apoptosis was blocked in the posterior compartment as in (D). All clones grew similarly, whether in the A or the P
compartment (the Kruskal-Wallis test shows that there is no significant size difference between the four classes, p # 0.531, chi-square #
2.206). The size differences of 2xdmyc/2xdmyc twins in the A compartment and the size differences of 2xdmyc/2xdmyc twins in the P
compartment were subjected to a Mann-Whitney test and confirmed not to be of significant difference, with p # 0.338 and Z # $ 0.958.

expression of constitutively active forms of Armadillo gest that Dpp is the strongest cell survival signal in the
wing and that endocytic uptake of Dpp might promote(ArmS10; Pai et al., 1996), Ras (RasV12; Fortini et al., 1992),

PI3 kinase (Dp110CAAX; Leevers et al., 1996), and the type Dpp signaling and cell competition. In support of this
hypothesis, we found that overexpression of Rab5 canI receptor Tkv (TkvQD; Nellen et al., 1996) (Figure 7). While

no rescue was obtained by stimulating the Wingless cause a transcriptional upregulation of the Dpp target
gene spalt (Figures 8A–8C).pathway, we did observe some survival of cell clones by

activating the EGF and insulin pathways. This rescuing
activity was low, however, as clones only survived in Reduced Dpp Transduction

in Out-Competed Cellsthe periphery of the wing disc where cell competition is
weak. Best rescue was obtained by activating the Dpp The assumption that cells with lower relative dMyc levels

compete ineffectively for limiting amounts of Dpp raisespathway, as TkvQD-expressing cell clones survived expo-
sure to tub% dmyc cells for at least 90 hr (Figure 7). the prediction that such cells exhibit a decrease (or

increase) of target genes normally induced (or re-Confirmation of this result was obtained by two addi-
tional means of increasing Dpp signaling, overexpres- pressed, respectively) by Dpp. Indeed we found that

wild-type cells surrounded by tub% dmyc cells expresssion of Dpp itself and of its type II receptor Punt (Figure
7). Moreover, we found that the constitutive activation reduced levels of the Dpp target gene spalt (Figures

8G–8I) and occasionally also elevated levels of the Dpp-of the Dpp pathway prevents activation of caspases
(Figures 8D–8F) and basal extrusion of wild-type cells repressed gene brinker (brk) (Figure 8J–8L). Even in our

other two settings where cells with different levels ofsituated amongst tub% dmyc cells. These results sug-

• Myc « super-competitor » cells require 
translational machinery (ribosomes assembly).

—Cells gauge their respective growth rates and any discrepancy is 
corrected so as to produce normally sized tissues and organs

—Cell competition is induced by cells expressing 
different levels of Myc
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• Compensatory mechanisms: apoptotic cell death is 
induced in 2xmyc cells adjacent to 4xMyc cells 
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Figure 6. Elimination of Wild-Type Cells by
tub!dmyc-Expressing Cells Is Caused by,
and Depends on, Apoptosis and JNK Sig-
naling

(A–D) Wild-type clones in a tub!dmyc back-
ground contain cells with activated caspases.
Wild-type clones are marked by the expres-
sion of GFP (green, A), and caspase activation
is revealed with an antibody against activated
caspase-3 (red, B); (C) merge of the two im-
ages. (D) Optical z section of clones in (A)–(C).
The levels of active caspases are stronger in
the cell with a more basal position.
(E–H) Wild-type clones expressing p35 in a
tub!dmyc background. Wild-type cells ex-
press both a UAS-GFP and a UAS-p35 trans-
gene. (H) Optical z section of clones in (E)–(G).
Cells with high levels of active caspases are
not basally extruded.
(I–L) Wild-type clones overexpressing dIAP1
in a tub!dmyc background. Wild-type cells
express both a UAS-GFP and a UAS-dIAP1
transgene. (L) Optical z section of clones in
(I)–(K). dIAP1-expressing cells do not contain
activated caspases and are not basally ex-
truded.
(M–P) Wild-type clones overexpressing puc
in a tub!dmyc background. Wild-type cells
express both a UAS-GFP and a UAS-puc
transgene. (P) Optical z section of clones in
(M)–(O). Puc-expressing cells do not contain
activated caspases and are not basally ex-
truded.

dmyc compete, i.e., the dmycP0 and the 4xdmyc/2xdmyc ent levels of dmyc invariably results in the same out-
come: cells with lower levels are eliminated. In each ofmosaics, we can detect a partial upregulation of brk

expression in the dmycP0 and 2xdmyc cells, respectively the three cases, the cells with lower dmyc levels would
have been viable and would have contributed normally(Figures 8M–8R). In combination with the recent demon-

stration that brk is an immediate target of transcriptional to adult tissues if surrounded by cells of equivalent ge-
notype. The same behavior has previously been ob-repression by the Dpp signal transduction pathway

(Müller et al., 2003), these observations support the hy- served in mosaics of wild-type and Minute mutant cells
and is referred to as cell competition (Morata and Ripoll,pothesis that dMyc out-competed cells transduce insuf-

ficient levels of Dpp. Finally, both activation of caspases 1975; Simpson and Morata, 1981; Lawrence, 1992). All
Minute genes that have been molecularly analyzed soand upregulation of brk could be blocked by overexpres-

sion of Rab5 (Figures 8S–8X), suggesting that a lower far encode structural components of the ribosome. Het-
erozygous Minute mutant cells, therefore, have a lowerrate of endocytosis may contribute to the diminished

Dpp signaling and subsequent apoptosis of out-com- rate of protein synthesis (Lambertsson, 1998). Raising
the copy number or expression level of a Minute genepeted cells.
above wild-type has no effect on survival or proliferation
properties of imaginal cells (Simpson, 1979). On the con-Discussion
trary, we find that an increase in dMyc expression above
wild-type transforms cells into super-competitors. SuchOverexpression of myc protooncogenes has been impli-

cated in the genesis of many human tumors. Myc pro- cells out-compete wild-type neighbors that are not com-
promised by any genetic means. A likely explanation forteins seem to regulate diverse biological processes, but

their mechanistic role in tumorigenesis is poorly under- this difference relates to the position Myc assumes in
the hierarchy controlling protein synthesis. The abilitystood. Here we report a series of observations which

indicate that the apposition of cells exhibiting unequal of Myc to activate a variety of genes encoding compo-
nents of protein synthesis pathways (Eisenman, 2001;levels of Myc protein elicits a win/lose situation reminis-

cent of cell competition; cells with higher levels of Myc Boon et al., 2001; Gomez-Roman et al., 2003; Orian et
al., 2003) indicates that it may have the capacity toappear to compete more effectively for limiting amounts

of survival factors, causing an imbalance in proliferation stimulate protein translation in a coordinate manner. The
common denominator, then, of classical cell competi-and survival in their favor and at the expense of cells

expressing lower levels of Myc. tion in Minute mosaics and that elicited by different
levels of dMyc appears to be the apposition of cells
with unequal rates of protein synthesis. While this ratedMyc Transforms Cells into Super-Competitors

In three situations designed and examined here, the decreases by reducing either Minute or dmyc expres-
sion, it is not normally limited by Minute levels (Simpson,apposition of imaginal cells that heritably express differ-

wt clones (GFP+) 
in a tub>>Myc background
are outcompeted, unless cell 
death is suppressed
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Figure 3. Appropriate Wing Size Requires
Cell Competition

(A) Adult wings of M(3)66D flies expressing
RpL14 in the Dpp domain (orange) were indis-
tinguishable in size from M(3)66D controls
(blue). (B–D) The size of wild-type wings ex-
pressing dMyc, Dp110, or CycD ! Cdk4 (or-
ange) compared to controls (blue). (B) dMyc
expression resulted in increased cell size
(data not shown) and increased the width of
the Dpp domain (arrows), but overall wing
size was unchanged. In contrast, wings ex-
pressing Dp110 ([C], orange) or CycD ! Cdk4
([D], orange) overgrow, particularly within the
anterior compartment, where the growth reg-
ulator is expressed (p " 0.001). (E) Quantifica-
tion of wing discs sizes. Each is shown as a
percent of controls. Discs expressing dMyc
are the same size as controls, while those
expressing Dp110 or CycD ! Cdk4 are larger
than controls (p " 0.004). (F) Quantification of
adult wing sizes. Interestingly, whereas discs
expressing Dp110 were larger than those ex-
pressing cyclin D ! Cdk4, the reverse is true
for adult wings. Error bars, SEM. (G) Size reg-
ulation requires cell competition. Wing discs
and adult wings from animals that ubiqui-

tously overexpress dMyc (Tub # dmyc, y!#Gal4 No HS) were approximately 20% larger than controls. Upon clonal removal of the dmyc,
y! cassette by flp-out recombination (Tub # Gal4 ! HS), wing discs and adult wings were similar to the size of controls.

dMyc had no effect on the expression of the Dpp activity flies expressing DppGal4/RpL14 were the same size as
control M(3)66D wings (Figures 3A–3F and data notmarker P-mad, nor did it alter the expression of the

positive Dpp target spält or the negative Dpp targets shown). In striking contrast, both wing discs and adult
wings expressing Dp110 or CycD ! Cdk4 by either assaythickvein and brinker, suggesting that cells suffering the

effects of dMyc-induced competition receive sufficient were significantly larger than controls (Figures 3C–3F
and data not shown). Thus, large populations of cellslevels of signaling from Dpp (see Supplemental Figures

S3A–S3D at http://www.cell.com/cgi/content/full/117/ overexpressing dMyc do not cause the wing to over-
grow. Rather, both the developing wing disc and the1/107/DC1and data not shown). We also examined these

cells for activation of JNK signaling, since it accompan- mature adult wing achieve normal size. Since cell com-
petition is induced by localized expression of dMyc ories reduction of Dpp signaling and cell competition in-

duced in M(2)60E mosaic wing discs (Moreno et al., RpL14 but not by Dp110 or CycD ! Cdk4, these results
suggest that the process of cell competition is important2002a). However, although cells in both Gal4/dMyc and

Gal4/Dp110 clones activate expression of the JNK target for the wing disc to regulate its size properly.
Based on these results, we hypothesized that if com-puckered (puc) (Martin-Blanco et al., 1998), puc expres-

sion was not detected in cells under competitive stress petition between wild-type cells and those expressing
dMyc was necessary for the wing disc to reach the right(data not shown). Furthermore, expression of the JNK

ligand eiger, the single Drosophila Tumor Necrosis Fac- size, then expression of dMyc in every cell—creating a
disc with no overt competition—should allow the disc totor (TNF) homolog (Igaki et al., 2002; Moreno et al.,

2002b), was unaltered in DppGal4/dMyc discs (data not overgrow. To test this, we expressed dMyc ubiquitously
under control of the Tubulin $-1 promoter in wild-typeshown). We eliminated JNK signaling using a null mutant

of the MKK7 MAP Kinase hemipterous (hep) (Glise et flies (hereafter called Tub # dMyc flies). Consistent with
our hypothesis, Tub # dMyc adult flies were significantlyal., 1995). Under these conditions, death was reduced

only about 30% in cells under competitive stress (Fig- larger than controls and weighed about 15% more than
control flies (see Supplemental Figure S2 at http://www.ure 2F).
cell.com/cgi/content/full/117/1/107/DC1). The size of
wing discs and of adult wings was approximately 20%Cell Competition Is Required to Control
larger than controls (Figure 3G). Thus, when all cellsAppropriate Wing Size
express dMyc, the wing overgrows, suggesting that inCell competition leading to the death and elimination of
the absence of overt cell competition, the normal controlsome cells may be necessary to prevent overgrowth
imposed on wing size was overridden.of the wing when a growth promoter such as dMyc is

We further postulated that since wings locally ex-expressed. To examine this possibility, we looked at the
pressing dMyc grow to normal size (Figure 3), then Tub #effect of large, fast-growing populations of cells on the
dMyc wings should reduce their size upon reintroduc-regulation of wing disc and adult wing size. By both
tion of wild-type cells in mosaics. The Tub # dMycthe three-clone assay and the DppGal4 assay, wing
construct contained the dmyc cDNA and an adultdiscs and adult wings expressing dMyc were the same

size as controls. Similarly, adult wings from M(3)66D marker, yellow (y ), flanked by FRT sites and followed
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Figure 3. Appropriate Wing Size Requires
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(A) Adult wings of M(3)66D flies expressing
RpL14 in the Dpp domain (orange) were indis-
tinguishable in size from M(3)66D controls
(blue). (B–D) The size of wild-type wings ex-
pressing dMyc, Dp110, or CycD ! Cdk4 (or-
ange) compared to controls (blue). (B) dMyc
expression resulted in increased cell size
(data not shown) and increased the width of
the Dpp domain (arrows), but overall wing
size was unchanged. In contrast, wings ex-
pressing Dp110 ([C], orange) or CycD ! Cdk4
([D], orange) overgrow, particularly within the
anterior compartment, where the growth reg-
ulator is expressed (p " 0.001). (E) Quantifica-
tion of wing discs sizes. Each is shown as a
percent of controls. Discs expressing dMyc
are the same size as controls, while those
expressing Dp110 or CycD ! Cdk4 are larger
than controls (p " 0.004). (F) Quantification of
adult wing sizes. Interestingly, whereas discs
expressing Dp110 were larger than those ex-
pressing cyclin D ! Cdk4, the reverse is true
for adult wings. Error bars, SEM. (G) Size reg-
ulation requires cell competition. Wing discs
and adult wings from animals that ubiqui-
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suggest that the process of cell competition is important2002a). However, although cells in both Gal4/dMyc and

Gal4/Dp110 clones activate expression of the JNK target for the wing disc to regulate its size properly.
Based on these results, we hypothesized that if com-puckered (puc) (Martin-Blanco et al., 1998), puc expres-

sion was not detected in cells under competitive stress petition between wild-type cells and those expressing
dMyc was necessary for the wing disc to reach the right(data not shown). Furthermore, expression of the JNK

ligand eiger, the single Drosophila Tumor Necrosis Fac- size, then expression of dMyc in every cell—creating a
disc with no overt competition—should allow the disc totor (TNF) homolog (Igaki et al., 2002; Moreno et al.,

2002b), was unaltered in DppGal4/dMyc discs (data not overgrow. To test this, we expressed dMyc ubiquitously
under control of the Tubulin $-1 promoter in wild-typeshown). We eliminated JNK signaling using a null mutant

of the MKK7 MAP Kinase hemipterous (hep) (Glise et flies (hereafter called Tub # dMyc flies). Consistent with
our hypothesis, Tub # dMyc adult flies were significantlyal., 1995). Under these conditions, death was reduced

only about 30% in cells under competitive stress (Fig- larger than controls and weighed about 15% more than
control flies (see Supplemental Figure S2 at http://www.ure 2F).
cell.com/cgi/content/full/117/1/107/DC1). The size of
wing discs and of adult wings was approximately 20%Cell Competition Is Required to Control
larger than controls (Figure 3G). Thus, when all cellsAppropriate Wing Size
express dMyc, the wing overgrows, suggesting that inCell competition leading to the death and elimination of
the absence of overt cell competition, the normal controlsome cells may be necessary to prevent overgrowth
imposed on wing size was overridden.of the wing when a growth promoter such as dMyc is
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construct contained the dmyc cDNA and an adultdiscs and adult wings expressing dMyc were the same

size as controls. Similarly, adult wings from M(3)66D marker, yellow (y ), flanked by FRT sites and followed

C. de la Cova et al, L.A. Johnston. Cell, Vol. 117, 107–116, April 2, 2004 

— Myc controls tissue size by inducing cell-competition via cell death

• Cell competition buffers local over-growth induced by 
Myc or Minute protein overexpression.

—Overexpression of RpL4 (ribosomal protein) and Myc     
in a stripe in the middle of the wing or in clones does not 
affect wing size. 
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Figure 4. hid-Induced Apoptosis Is Required
for Cell Competition to Prevent Overgrowth

(A) In a hid/! background, cell competition
induced by dMyc is no longer evident. Cell
competition assay as shown in Figures 1E
and 1F. Neutral clones were scored for size as
in Figure 1F in control hid/! discs expressing
GFP alone or coexpressing GFP and dMyc.
Median values are shown. Error bars, SEM.
There is no significant difference between the
size of clones in any region, either close to
or far from dMyc-expressing cells. (B–D) Fre-
quency distributions of anterior compartment
size in control and dMyc-expressing discs in
wild-type, hid/!, or H99/! backgrounds.
DppGal4 is expressed in a subset of anterior
cells (see Figure 2D). In wild-type wing discs,
the distribution of anterior compartment sizes
in discs expressing dMyc was similar to con-
trols. The mean anterior size of DppGal4/
dMyc discs was significantly increased in
hid/! and H99/! backgrounds (p values in
[C] and [D]). (C and D) Reduction of hid dose
leads to compartment overgrowth when
dMyc is expressed under DppGal4 control.
In both H99/! and hid/! animals, the distri-
bution of dMyc-expressing anterior sizes was
shifted toward larger sizes. Numbers on x
axes in (B)–(D) equal pixels " 104. (E–H)
Blocking apoptosis in the wing disc limits
variability of disc size. (E) Wing discs express-
ing dMyc under DppGal4 control are similar
in size to controls. (F) Similarly, the average
size of wing discs is unchanged relative to

controls when apoptosis is blocked by expression of P35 under C10Gal4 control. Error bars, SEM. (G) Frequency distributions of total wing
disc sizes show that most discs fall into a narrow size range, even when dMyc is expressed. (H) In contrast, blocking apoptosis with P35
expression in the wing disc results in a broad distribution of disc sizes compared to control discs, indicating loss of uniform size. Numbers
on the x axis equal pixels " 104. C10Gal4 is expressed throughout the wing disc.

for limiting variation and promoting reproducibility of of nonexpressing cells through apoptosis. We find that
wing size. Since hid is required for the death of cells the growth disadvantage induced by dMyc-expressing
under competitive stress, our results raise the intriguing cells fulfills the classic definition of cell competition
possibility that modulation of hid expression by signals (Simpson and Morata, 1980): viable but slower-growing
that sense growth rate differences between cells may cells in an organ are eliminated by an encroaching
be a mechanism used during normal development to faster-growing cell population, proximity to the fast-
regulate wing size. growing cell population dictates the severity of the dis-

advantage in the slow-growing cells, cells are protected
from cell competition by developmental compartmentDiscussion
boundaries, and appropriate organ size is reached at
the end of development. We find that relative differencesWe have employed assays designed to directly measure
in dMyc levels lead to competitive situations betweencell competition in the developing wing and then as-
cells: dmyc mutant cells are outcompeted by neigh-sessed its effect on organ size. Our work leads to three
boring nonmutant cells (Johnston et al., 1999), and wild-major conclusions. First, expression of the c-myc pro-
type cells, with a normal complement of endogenoustooncogene homolog dMyc in small populations of wing
dmyc, are also subject to competition if surrounded bydisc cells induces cell competition, leading to the elimi-
cells expressing a dMyc transgene. However, wild-typenation of nearby cells via induction of the proapoptotic

gene hid. Second, the competition induced by dMyc cells appear to be subject to competition only if they lie
and the elimination of cells that results is required for within about eight cell diameters of dMyc-expressing
control of proper wing size. Finally, our studies reveal cells, and they must reside in the same developmental
that apoptosis is required for the fidelity of size during compartment. Thus, proximity, compartmental prove-
normal wing development, suggesting that the modula- nance (Lawrence and Struhl, 1996), and the relative lev-
tion of hid expression by competitive interactions be- els of dmyc are particularly important aspects of the
tween cells may be used as an endogenous mechanism competitive effects of dMyc.
of size control. We have demonstrated that during the process of cell

competition induced by dMyc, the proapoptotic gene
hid is induced in the growth-disadvantaged cells. SinceCell Competition Induced by dMyc
a reduction of hid function protects cells from competi-Our experiments demonstrate that expression of dMyc

in some cells of a developing organ leads to elimination tion-induced death, we believe that hid upregulation is
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(A) In a hid/! background, cell competition
induced by dMyc is no longer evident. Cell
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and 1F. Neutral clones were scored for size as
in Figure 1F in control hid/! discs expressing
GFP alone or coexpressing GFP and dMyc.
Median values are shown. Error bars, SEM.
There is no significant difference between the
size of clones in any region, either close to
or far from dMyc-expressing cells. (B–D) Fre-
quency distributions of anterior compartment
size in control and dMyc-expressing discs in
wild-type, hid/!, or H99/! backgrounds.
DppGal4 is expressed in a subset of anterior
cells (see Figure 2D). In wild-type wing discs,
the distribution of anterior compartment sizes
in discs expressing dMyc was similar to con-
trols. The mean anterior size of DppGal4/
dMyc discs was significantly increased in
hid/! and H99/! backgrounds (p values in
[C] and [D]). (C and D) Reduction of hid dose
leads to compartment overgrowth when
dMyc is expressed under DppGal4 control.
In both H99/! and hid/! animals, the distri-
bution of dMyc-expressing anterior sizes was
shifted toward larger sizes. Numbers on x
axes in (B)–(D) equal pixels " 104. (E–H)
Blocking apoptosis in the wing disc limits
variability of disc size. (E) Wing discs express-
ing dMyc under DppGal4 control are similar
in size to controls. (F) Similarly, the average
size of wing discs is unchanged relative to

controls when apoptosis is blocked by expression of P35 under C10Gal4 control. Error bars, SEM. (G) Frequency distributions of total wing
disc sizes show that most discs fall into a narrow size range, even when dMyc is expressed. (H) In contrast, blocking apoptosis with P35
expression in the wing disc results in a broad distribution of disc sizes compared to control discs, indicating loss of uniform size. Numbers
on the x axis equal pixels " 104. C10Gal4 is expressed throughout the wing disc.
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be a mechanism used during normal development to faster-growing cell population, proximity to the fast-
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type cells, with a normal complement of endogenoustooncogene homolog dMyc in small populations of wing
dmyc, are also subject to competition if surrounded bydisc cells induces cell competition, leading to the elimi-
cells expressing a dMyc transgene. However, wild-typenation of nearby cells via induction of the proapoptotic

gene hid. Second, the competition induced by dMyc cells appear to be subject to competition only if they lie
and the elimination of cells that results is required for within about eight cell diameters of dMyc-expressing
control of proper wing size. Finally, our studies reveal cells, and they must reside in the same developmental
that apoptosis is required for the fidelity of size during compartment. Thus, proximity, compartmental prove-
normal wing development, suggesting that the modula- nance (Lawrence and Struhl, 1996), and the relative lev-
tion of hid expression by competitive interactions be- els of dmyc are particularly important aspects of the
tween cells may be used as an endogenous mechanism competitive effects of dMyc.
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competition induced by dMyc, the proapoptotic gene
hid is induced in the growth-disadvantaged cells. SinceCell Competition Induced by dMyc
a reduction of hid function protects cells from competi-Our experiments demonstrate that expression of dMyc

in some cells of a developing organ leads to elimination tion-induced death, we believe that hid upregulation is

• Reduced cell death (hid/+ or H99/+) blocks cell 
competition and induces compartment overgrowth due 
to Myc clonal over expression

• Blocking cell death does not cause tissue overgrowth 
(mean) but increases variability in wing size
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Figure 3. Appropriate Wing Size Requires
Cell Competition

(A) Adult wings of M(3)66D flies expressing
RpL14 in the Dpp domain (orange) were indis-
tinguishable in size from M(3)66D controls
(blue). (B–D) The size of wild-type wings ex-
pressing dMyc, Dp110, or CycD ! Cdk4 (or-
ange) compared to controls (blue). (B) dMyc
expression resulted in increased cell size
(data not shown) and increased the width of
the Dpp domain (arrows), but overall wing
size was unchanged. In contrast, wings ex-
pressing Dp110 ([C], orange) or CycD ! Cdk4
([D], orange) overgrow, particularly within the
anterior compartment, where the growth reg-
ulator is expressed (p " 0.001). (E) Quantifica-
tion of wing discs sizes. Each is shown as a
percent of controls. Discs expressing dMyc
are the same size as controls, while those
expressing Dp110 or CycD ! Cdk4 are larger
than controls (p " 0.004). (F) Quantification of
adult wing sizes. Interestingly, whereas discs
expressing Dp110 were larger than those ex-
pressing cyclin D ! Cdk4, the reverse is true
for adult wings. Error bars, SEM. (G) Size reg-
ulation requires cell competition. Wing discs
and adult wings from animals that ubiqui-

tously overexpress dMyc (Tub # dmyc, y!#Gal4 No HS) were approximately 20% larger than controls. Upon clonal removal of the dmyc,
y! cassette by flp-out recombination (Tub # Gal4 ! HS), wing discs and adult wings were similar to the size of controls.

dMyc had no effect on the expression of the Dpp activity flies expressing DppGal4/RpL14 were the same size as
control M(3)66D wings (Figures 3A–3F and data notmarker P-mad, nor did it alter the expression of the

positive Dpp target spält or the negative Dpp targets shown). In striking contrast, both wing discs and adult
wings expressing Dp110 or CycD ! Cdk4 by either assaythickvein and brinker, suggesting that cells suffering the

effects of dMyc-induced competition receive sufficient were significantly larger than controls (Figures 3C–3F
and data not shown). Thus, large populations of cellslevels of signaling from Dpp (see Supplemental Figures

S3A–S3D at http://www.cell.com/cgi/content/full/117/ overexpressing dMyc do not cause the wing to over-
grow. Rather, both the developing wing disc and the1/107/DC1and data not shown). We also examined these

cells for activation of JNK signaling, since it accompan- mature adult wing achieve normal size. Since cell com-
petition is induced by localized expression of dMyc ories reduction of Dpp signaling and cell competition in-

duced in M(2)60E mosaic wing discs (Moreno et al., RpL14 but not by Dp110 or CycD ! Cdk4, these results
suggest that the process of cell competition is important2002a). However, although cells in both Gal4/dMyc and

Gal4/Dp110 clones activate expression of the JNK target for the wing disc to regulate its size properly.
Based on these results, we hypothesized that if com-puckered (puc) (Martin-Blanco et al., 1998), puc expres-

sion was not detected in cells under competitive stress petition between wild-type cells and those expressing
dMyc was necessary for the wing disc to reach the right(data not shown). Furthermore, expression of the JNK

ligand eiger, the single Drosophila Tumor Necrosis Fac- size, then expression of dMyc in every cell—creating a
disc with no overt competition—should allow the disc totor (TNF) homolog (Igaki et al., 2002; Moreno et al.,

2002b), was unaltered in DppGal4/dMyc discs (data not overgrow. To test this, we expressed dMyc ubiquitously
under control of the Tubulin $-1 promoter in wild-typeshown). We eliminated JNK signaling using a null mutant

of the MKK7 MAP Kinase hemipterous (hep) (Glise et flies (hereafter called Tub # dMyc flies). Consistent with
our hypothesis, Tub # dMyc adult flies were significantlyal., 1995). Under these conditions, death was reduced

only about 30% in cells under competitive stress (Fig- larger than controls and weighed about 15% more than
control flies (see Supplemental Figure S2 at http://www.ure 2F).
cell.com/cgi/content/full/117/1/107/DC1). The size of
wing discs and of adult wings was approximately 20%Cell Competition Is Required to Control
larger than controls (Figure 3G). Thus, when all cellsAppropriate Wing Size
express dMyc, the wing overgrows, suggesting that inCell competition leading to the death and elimination of
the absence of overt cell competition, the normal controlsome cells may be necessary to prevent overgrowth
imposed on wing size was overridden.of the wing when a growth promoter such as dMyc is

We further postulated that since wings locally ex-expressed. To examine this possibility, we looked at the
pressing dMyc grow to normal size (Figure 3), then Tub #effect of large, fast-growing populations of cells on the
dMyc wings should reduce their size upon reintroduc-regulation of wing disc and adult wing size. By both
tion of wild-type cells in mosaics. The Tub # dMycthe three-clone assay and the DppGal4 assay, wing
construct contained the dmyc cDNA and an adultdiscs and adult wings expressing dMyc were the same

size as controls. Similarly, adult wings from M(3)66D marker, yellow (y ), flanked by FRT sites and followed

—However, ubiquitous over expression of Myc increases 
wing size 20%

• Pi3K and S phase cyclin/cdk expand wing size due to 
absence of cell competition
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Myc-driven endogenous cell competition
in the early mammalian embryo
Cristina Claverı́a1, Giovanna Giovinazzo1, Rocı́o Sierra1 & Miguel Torres1

The epiblast is themammalian embryonic tissue that contains the pluripotent stemcells that generate thewhole embryo.
We have established a method for inducing functional genetic mosaics in the mouse. Using this system, here we show
that induction of a mosaic imbalance of Myc expression in the epiblast provokes the expansion of cells with higher Myc
levels through the apoptotic elimination of cells with lower levels, without disrupting development. In contrast,
homogeneous shifts in Myc levels did not affect epiblast cell viability, indicating that the observed competition results
from comparison of relativeMyc levels between epiblast cells. During normal developmentwe found thatMyc levels are
intrinsically heterogeneous among epiblast cells, and that endogenous cell competition refines the epiblast cell
population through the elimination of cells with low relative Myc levels. These results show that natural cell
competition in the early mammalian embryo contributes to the selection of the epiblast cell pool.

Multicellular organisms have evolved tissue homeostasis mechanisms
to ensure life-long fitness of their organs and systems. Among these
mechanisms, those that regulate the elimination of unwanted cells are
fundamental for tissuedevelopment andhomeostasis1.Whereas overtly
damaged or hyperproliferative cells usually trigger well-characterized
cell-autonomous apoptotic pathways2, mechanisms that survey viable
cell fitness to optimize a tissue’s cell composition are less well under-
stood. A candidate mechanism is the phenomenon of cell competition,
first described inDrosophila3. Studies in flies have shown that the cells of
growing organs are able to compare their fitnesswith that of neighbour-
ing cells, and the less-fit but otherwise viable cells are eliminated (out-
competed)when confrontedwith a fitter cell population (competitor)3–8.
Cell competition for survival is an active process because, in addition to a
contribution from differential proliferation9, it is executed through the
apoptotic elimination of the less-fit population by cell non-autonomous
mechanisms10. Cell parameters that trigger competition in flies include
differences inprotein synthesis capacity, growth factor receptivity and the
expression level of dMyc3–5,10, a major activator of cell anabolism. Super-
competition is a variant of cell competition in which cells moderately
overexpressing dMyc outcompete wild-type (WT) cells5. The replace-
ment of cell populations through cell competition is phenotypically
silent, because the competitor cells mostly conform to size-control
mechanisms3–5. This process is potentially important for the long-term
maintenance of tissue performance, as itmight provide amechanism for
elimination of suboptimal cells from stem-cell niches and progenitor-
cell pools (reviewed in refs 11, 12). In addition, cell competition for sur-
vival might serve to enhance tissue replacement during regeneration13.
However, despite its potential importance, cell competition for survival
has so far only been observed after experimental induction3–8,14–16, and
its endogenous role has not been uncovered. Here we use a genetic
mosaic approach to induce supercompetition in the mouse embryo
conditionally, and identify endogenous cell competition in the epiblast
as a mechanism for the selection of cells with higher anabolic activity
(Supplementary Fig. 1).

Myc-enriched cell expansion in embryos
To develop a methodology for analysing cell competition in mam-
mals, we devised a recombinase-based system for producing inducible

random genetic mosaics (iMOS) (Supplementary Information). This
systemallows the conditional generation of randommosaics expressing
two alternative transcripts, T1 or T2, from the ubiquitously expressed
ROSA26 locus (Supplementary Fig. 2a). Once generated, themosaic cell
populations are stable (Supplementary Fig. 3) and can be independently
tracked by the expression of IRES-EYFP inserted in T1 and IRES-ECFP
in T2 (Supplementary Fig. 2a). Recombination of the iMOSWT allele
in the epiblast using Sox2-cre (ref. 17) produced randommosaicism for
the expression of the two reporter genes in all embryonic tissues (Sup-
plementary Fig. 2b–i). Quantification by flow cytometry and confocal
microscopy at embryonic day (E)9.5 showed a 1:3 ratio of enhanced
cyan fluorescent protein (ECFP) to enhancedyellow fluorescentprotein
(EYFP) cells (Supplementary Fig. 2j, k).
To test whether increasing the dose of Myc expands cell popula-

tions in themouse embryo, we generated an iMOS allele (iMOST1-Myc)
in which Myc was inserted before IRES-EYFP in T1 (Supplementary
Fig. 4a). Sox2-cre recombination of the iMOST1-Myc allele produced
mosaic Myc expression at a similar level to a wild-type allele (Sup-
plementary Fig. 5 and Supplementary Information) and resulted in
significant rescue of theMyc null phenotype at E10.5 (Supplementary
Fig. 4b–h), indicating thatMyc overexpression occurs within a physi-
ological range.
Rescued embryos had an elevated EYFP/ECFP expression ratio,

suggesting an increase in the proportion of Myc-enriched cells (Sup-
plementary Fig. 4i–n). We next induced iMOST1-Myc mosaics in three
Myc backgrounds: wild type,Myc1/2 andMyc2/2 (Fig. 1a). This strat-
egy allowedMyc-enriched EYFP cells to be confronted withMyc-non-
enrichedECFPcells at increasing ratios of relativeMyc content (Fig. 1a).
Compared with the iMOSWT mosaics, E10.5 iMOST1-Myc mosaics
showed a shift towardsMyc-linked EYFP expression (Fig. 1b and Sup-
plementary Fig. 4o).Moreover, increasingMycdose imbalance between
the two cell populations correlated with an increasing EYFP/ECFP
signal ratio (Fig. 1b and Supplementary Fig. 4o). Quantification by
confocal microscopy and flow cytometry at E10.5 showed that the
proportion of Myc-non-enriched ECFP cells decreased in correlation
with the imbalance inMyc dose (Fig. 1c), but that the changes inMyc
dose did not affect cell size or embryo size (Supplementary Fig. 6). The
shift in cell population proportions thus results from the replacement of
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Myc-non-enriched cells byMyc-enriched cells. Notably, cells withwild-
type levels ofMyc are depleted when confronted with cells with higher
Myc expression, but cells with absoluteMyc levels similar to wild type
(1wild-typeMyc1 1 iMOST1-Myc alleles) or lower (1 iMOST1-Myc allele)
expand when confronted with cells with lower relativeMyc levels, indi-
cating that the key to this phenomenon is the Myc dose difference
between cells. iMOSWT and iMOST1-Myc mosaics in a wild-type back-
ground both survive to adulthood and display no evident phenotypic
alterations (n. 150 and n. 180, respectively). Enrichment in Myc-
overexpressing cells thus results from a cell population replacement
process that is phenotypically silent.
To track the depletion of wild-type cells in iMOST1-Mycmosaics, we

measured the proportion of ECFP cells at different stages. At E6.5,
proportions did not differ significantly between iMOSWT and
iMOST1-Myc mosaics (Fig. 1d); but at E9, the frequency of wild-type
cells was reduced by a half, and then remained unchanged at E10.5
(Fig. 1d). Wild-type cell depletion is thus not continuous within this
period, but takes place in a short timewindow early in embryogenesis.
The frequency of Myc-non-enriched cells in iMOST1-Myc mosaics
induced inMyc1/2 andMyc2/2 backgrounds already showed a tend-
ency to reduce at E6.5 (Fig. 1c), indicating that the cell population
replacement is active at early embryonic stages.

Myc-induced expansion requires apoptosis
To explore how embryos become enriched in Myc-overexpressing
cells, we first studied cell proliferation. ECFP and EYFP cell popula-
tions in iMOST1-Myc mosaics showed no significant differences in
pH31 cell frequency at E6.5 or in 5-bromodeoxyuridine (BrdU)1 cell

frequency at E6.5, E7.5 and E9.5 (Supplementary Fig. 7 and Sup-
plementary Information).
To evaluate the contribution of cell death to the depletionofwild-type

cells in iMOST1-Myc mosaics, we generated a new iMOS allele
(iMOST1-Myc/T2-p35) incorporatingMyc and p35 in T1 and T2 (Fig. 2a).
In these mosaics, the Myc-overexpressing cell population is con-
fronted with aMyc-non-enriched cell population expressing the apop-
tosis inhibitor p35 (Fig. 2a). p35 expression in iMOST2-p35 mosaics
inhibits apoptosis in the mouse embryo (Supplementary Fig. 8 and
Supplementary Information). In iMOST1-Myc/T2-p35mosaics, the higher
proportion of EYFP signal seen in iMOST1-Myc embryos at E9.5 was
abolished (Fig. 2 b–d). Thiswas also evident on confocal sections and by
flow cytometry (Fig. 2e–h). Quantitative confocal analysis showed that
both the depletion of wild-type ECFP cells in iMOST1-Mycmosaics and
their rescue in iMOST1-Myc/T2-p35mosaics were homogeneous in differ-
ent tissues (Fig. 2i). iMOST1-Myc/T2-p35 mosaics survive to adulthood,
and display no obvious phenotypic alteration (n. 50). The inhibition
of apoptosis in the wild-type cell population thus prevents its depletion
and the concomitant expansion of theMyc-enriched cell population.

Cell competition occurs in the epiblast
The fact that Myc-overexpressing cells do not increase between E9
and E10.5, together with the homogeneity of wild-type cell depletion
and p35 rescue in different embryonic tissues, suggests that wild-type
cell depletion occurs earlier, in a homogeneous precursor population.
We therefore analysed the epiblast, which contains all embryonic pre-
cursors. In agreement with previous studies18, the incidence of apop-
tosis in iMOSWT mosaics was high, and was restricted to the epiblast,
without affecting extraembryonic regions (Fig. 2j). Mosaic Myc
expression sharply increased cell death in the epiblast (Fig. 2k, p).
Expression of p35 in the complementary cell population completely
rescued the increased cell death induced by mosaic Myc overexpres-
sion (Fig. 2l, p).
Scoring of TdT-mediated dUTPnick end labelling (TUNEL) staining

inEYFPandECFPpopulations (Fig. 2m–o, q) showed that the increased
cell death in iMOST1-Myc embryos mostly affects the wild-type ECFP
population, with only a minor contribution from Myc-overexpressing
EYFP cells (Fig. 2n, q). The increased incidence of TUNEL-positive
ECFP cells was abolished in iMOST1-Myc/T2-p35 mosaics (Fig. 2o, q).
Moreover, iMOST1-Myc/T2-p35 embryos lacked the moderate increase in
cell death detected in theMyc-overexpressing EYFP cell population in
iMOST1-Myc mosaics (Fig. 2o, q).
We next quantified apoptosis in embryos homogenously overex-

pressing Myc and in embryos with reduced (Myc1/2) or absent
(Myc2/2) Myc expression. In contrast with the results obtained with
the mosaics, apoptosis was not modified in any of these conditions
(Supplementary Fig. 9). These results exclude cell-autonomous induc-
tion of apoptosis by Myc overexpression or reduction. Wild-type cell
depletion in iMOST1-Myc mosaics is thus driven by a cell competition
process implemented through non-autonomous induction of cell
death in the mouse epiblast.

Cell competition death mechanisms
Marker analysis in iMOST1-Myc mosaics revealed activation of the
intrinsic but not the extrinsic apoptotic pathway in epiblast cell death
(Supplementary Fig. 10 and Supplementary Information). To dissect the
mechanism of cell-competition-induced apoptosis further, we deve-
loped an in vitro drug-inducible iMOSmodel of Myc supercompetition
in embryonic stem (ES) cells. Myc drives cell competition in this model
in a manner similar to that observed in the mouse epiblast (Sup-
plementary Information and Supplementary Fig. 11). To characterize
the interactions required for cell competition, we induced recombina-
tion in homozygous iMOST1-MycES cell cultures and scored apoptosis in
wild-type cells residing in unrecombined colonies, wild-type cells in
recombined colonies but not contacting EYFP cells, and wild-type cells
contacting EYFP cells (Supplementary Fig. 12a and Fig. 3a–c). Increased
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populations in mosaic embryos. a, Myc gene doses in Sox2-cre-recombined
iMOSWT and iMOST1-Myc embryos in different endogenousMyc backgrounds.
Myc dose indicates the numbers of Myc copies in EYFP and ECFP cells.
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***P, 0.001 by ANOVA followed by Tukey honestly significant difference
(HSD) tests.
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Myc-non-enriched cells byMyc-enriched cells. Notably, cells withwild-
type levels ofMyc are depleted when confronted with cells with higher
Myc expression, but cells with absoluteMyc levels similar to wild type
(1wild-typeMyc1 1 iMOST1-Myc alleles) or lower (1 iMOST1-Myc allele)
expand when confronted with cells with lower relativeMyc levels, indi-
cating that the key to this phenomenon is the Myc dose difference
between cells. iMOSWT and iMOST1-Myc mosaics in a wild-type back-
ground both survive to adulthood and display no evident phenotypic
alterations (n. 150 and n. 180, respectively). Enrichment in Myc-
overexpressing cells thus results from a cell population replacement
process that is phenotypically silent.
To track the depletion of wild-type cells in iMOST1-Mycmosaics, we

measured the proportion of ECFP cells at different stages. At E6.5,
proportions did not differ significantly between iMOSWT and
iMOST1-Myc mosaics (Fig. 1d); but at E9, the frequency of wild-type
cells was reduced by a half, and then remained unchanged at E10.5
(Fig. 1d). Wild-type cell depletion is thus not continuous within this
period, but takes place in a short timewindow early in embryogenesis.
The frequency of Myc-non-enriched cells in iMOST1-Myc mosaics
induced inMyc1/2 andMyc2/2 backgrounds already showed a tend-
ency to reduce at E6.5 (Fig. 1c), indicating that the cell population
replacement is active at early embryonic stages.

Myc-induced expansion requires apoptosis
To explore how embryos become enriched in Myc-overexpressing
cells, we first studied cell proliferation. ECFP and EYFP cell popula-
tions in iMOST1-Myc mosaics showed no significant differences in
pH31 cell frequency at E6.5 or in 5-bromodeoxyuridine (BrdU)1 cell

frequency at E6.5, E7.5 and E9.5 (Supplementary Fig. 7 and Sup-
plementary Information).
To evaluate the contribution of cell death to the depletionofwild-type

cells in iMOST1-Myc mosaics, we generated a new iMOS allele
(iMOST1-Myc/T2-p35) incorporatingMyc and p35 in T1 and T2 (Fig. 2a).
In these mosaics, the Myc-overexpressing cell population is con-
fronted with aMyc-non-enriched cell population expressing the apop-
tosis inhibitor p35 (Fig. 2a). p35 expression in iMOST2-p35 mosaics
inhibits apoptosis in the mouse embryo (Supplementary Fig. 8 and
Supplementary Information). In iMOST1-Myc/T2-p35mosaics, the higher
proportion of EYFP signal seen in iMOST1-Myc embryos at E9.5 was
abolished (Fig. 2 b–d). Thiswas also evident on confocal sections and by
flow cytometry (Fig. 2e–h). Quantitative confocal analysis showed that
both the depletion of wild-type ECFP cells in iMOST1-Mycmosaics and
their rescue in iMOST1-Myc/T2-p35mosaics were homogeneous in differ-
ent tissues (Fig. 2i). iMOST1-Myc/T2-p35 mosaics survive to adulthood,
and display no obvious phenotypic alteration (n. 50). The inhibition
of apoptosis in the wild-type cell population thus prevents its depletion
and the concomitant expansion of theMyc-enriched cell population.

Cell competition occurs in the epiblast
The fact that Myc-overexpressing cells do not increase between E9
and E10.5, together with the homogeneity of wild-type cell depletion
and p35 rescue in different embryonic tissues, suggests that wild-type
cell depletion occurs earlier, in a homogeneous precursor population.
We therefore analysed the epiblast, which contains all embryonic pre-
cursors. In agreement with previous studies18, the incidence of apop-
tosis in iMOSWT mosaics was high, and was restricted to the epiblast,
without affecting extraembryonic regions (Fig. 2j). Mosaic Myc
expression sharply increased cell death in the epiblast (Fig. 2k, p).
Expression of p35 in the complementary cell population completely
rescued the increased cell death induced by mosaic Myc overexpres-
sion (Fig. 2l, p).
Scoring of TdT-mediated dUTPnick end labelling (TUNEL) staining

inEYFPandECFPpopulations (Fig. 2m–o, q) showed that the increased
cell death in iMOST1-Myc embryos mostly affects the wild-type ECFP
population, with only a minor contribution from Myc-overexpressing
EYFP cells (Fig. 2n, q). The increased incidence of TUNEL-positive
ECFP cells was abolished in iMOST1-Myc/T2-p35 mosaics (Fig. 2o, q).
Moreover, iMOST1-Myc/T2-p35 embryos lacked the moderate increase in
cell death detected in theMyc-overexpressing EYFP cell population in
iMOST1-Myc mosaics (Fig. 2o, q).
We next quantified apoptosis in embryos homogenously overex-

pressing Myc and in embryos with reduced (Myc1/2) or absent
(Myc2/2) Myc expression. In contrast with the results obtained with
the mosaics, apoptosis was not modified in any of these conditions
(Supplementary Fig. 9). These results exclude cell-autonomous induc-
tion of apoptosis by Myc overexpression or reduction. Wild-type cell
depletion in iMOST1-Myc mosaics is thus driven by a cell competition
process implemented through non-autonomous induction of cell
death in the mouse epiblast.

Cell competition death mechanisms
Marker analysis in iMOST1-Myc mosaics revealed activation of the
intrinsic but not the extrinsic apoptotic pathway in epiblast cell death
(Supplementary Fig. 10 and Supplementary Information). To dissect the
mechanism of cell-competition-induced apoptosis further, we deve-
loped an in vitro drug-inducible iMOSmodel of Myc supercompetition
in embryonic stem (ES) cells. Myc drives cell competition in this model
in a manner similar to that observed in the mouse epiblast (Sup-
plementary Information and Supplementary Fig. 11). To characterize
the interactions required for cell competition, we induced recombina-
tion in homozygous iMOST1-MycES cell cultures and scored apoptosis in
wild-type cells residing in unrecombined colonies, wild-type cells in
recombined colonies but not contacting EYFP cells, and wild-type cells
contacting EYFP cells (Supplementary Fig. 12a and Fig. 3a–c). Increased

2:2 3:2 2:1 1:0

Endog.

Myc
dose

Mosaic

Endog. Myc

Mosaic

+/–

T1-Myc

–/–

T1-Myc

+/+

T1-Myc

+/+

WT

a

b

EY
FP

 +
 E

C
FP

iMOSWT; Myc+/+ iMOST1-Myc; Myc+/+ iMOST1-Myc; Myc+/–

iMOST1-Myc
iMOSWTE6.5

E6.5

100

EC
FP

 re
la

tiv
e 

pe
rc

en
ta

ge

EC
FP

 re
la

tiv
e 

pe
rc

en
ta

ge

50

0

100

50

0

E10.5

E10.5E9

iMOST1-Myc; Myc–/–

E10.5 E10.5 E10.5 E10.5

dc

WT

WT

Myc/Myc

Myc

WT

Myc/Myc

Myc

WT

Myc/Myc

Myc

WT

Myc/Myc

**
***

***
*** ***

***

Figure 1 | Myc overexpression promotes dose-dependent expansion of cell
populations in mosaic embryos. a, Myc gene doses in Sox2-cre-recombined
iMOSWT and iMOST1-Myc embryos in different endogenousMyc backgrounds.
Myc dose indicates the numbers of Myc copies in EYFP and ECFP cells.
b, Overlay views of EYFP and ECFP signals in E10.5 mosaics. Scale bars, 1mm.
c, d, ECFP cell relative percentages in confocal sections. Graphs show
means6 s.d. of cell percentagesmeasured in individual embryos collected from
various similar litters (biological replicates). n5 8, 7, 6, 11, 9, 5, 10, 6 (from left
to right) embryos in c and n5 8, 6, 7, 12, 7, 11 embryos in d; **P, 0.01;
***P, 0.001 by ANOVA followed by Tukey honestly significant difference
(HSD) tests.
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Supplementary Figure 6. Myc-overexpression does not affect neither cell size nor embryo size 
a, Mean ratios of forward scatter pulse area (FSC-A) between EYFP cells from E9.5 iMOS mosaics in 
different endogenous Myc backgrounds and cells from non-recombined WT littermates (n=8, 11, 7, 8 
embryos,10000 cells/embryo). b, Total DNA content of E9.5 iMOST1-Myc mosaics and non-recombined WT 
littermates (n=22, 27 embryos). Data are means ± SD. Embryos were collected from various similar litters 
and represent biological replicates. Statistical tests; one-sample t-test (a) and unpaired two-sample t-test (b). 
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• Cell competition is induced in the mouse epiblast 
using a genetic mosaic system that changes 
randomly the levels of Myc between cell 
populations labeled with a different fluorescent 
protein (CFP and YFP)

• It is the relative level of Myc in cells that determines 
their growth rate (not the absolute level)

• Cell size and embryo size is not affected.

Supplementary Figures 

 

 

 

 

 

 
 
 
Supplementary Figure 1. Proposed model of cell competition in the mouse epiblast 
Heterogeneous levels of Myc are compared between cells in the mouse epiblast, resulting in the cell-
competition-driven elimination of Myc-low cells and the production of embryos with refined Myc levels. 
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• Non-autonomous growth compensation: cell competition

apoptosis with respect to uninduced cultures was observed only in
wild-type cells in direct contact with Myc-overexpressing EYFP cells
(Fig. 3d). A similar result was obtained for EYFP-cell-contacting and
non-contacting wild-type cells in the iMOST1-Myc embryonic epiblast
(Fig. 3e, f and Supplementary Video 1). In addition, exposure of unin-
duced ES cell cultures to cell-competition-conditioned medium did
not increase apoptosis or modify proliferation rates (Supplementary
Fig. 12b–e). These results indicate that cell competition requires direct
contact or very short-range interactions and that, under these experi-
mental conditions, diffusible signals are not sufficient to induce it.
We next studied the mechanism by which apoptotic cells are elimi-

nated in mammalian cell competition. Previous studies showed that
dying cells in the mouse epiblast are removed through phagocytosis
by neighbouring cells19. We found that cells showing apoptosis mar-
kers are engulfed by neighbouring cells in epiblasts and ES cell cultures
undergoing cell competition (Supplementary Fig. 13a, c, d, f). Some
phagocytic events take place in the absence of TUNEL staining, sug-
gesting that engulfment by neighbours is an early event in epiblast and
ES cell apoptosis (Supplementary Fig. 13b, e). These results indicate
thatmammalian cell competition involves phagocytosis by neighbour-
ing cells, at least in situations in which there are no macrophages.

Myc-driven endogenous competition
The high cell death rate in the epiblast and its sensitivity to induced
supercompetition suggest that it might be a site of endogenous cell
competition. We thus studied the distribution of endogenousMyc in
the early mouse embryo. Up to E6.75, Myc mRNA and protein are
expressed in the epiblast and extraembryonic tissues at levels that vary
from cell to cell in an apparently randomdistribution (Supplementary
Figs 14–16), contrasting with the homogenous expression of the epi-
blast marker Oct4 (Supplementary Fig. 17). By E7.0 embryonic Myc
expression ceases in the epiblast, restarting at E7.5 in a homogeneous
distribution (Supplementary Figs 14 and 15). EmbryonicMyc expres-
sion is thus heterogeneous until E6.75, in a pattern that is not region-
ally modulated but is instead intrinsic to individual cells.MycmRNA
and protein have a fast turnover and Myc protein abundance is pre-
dominantly regulated bymRNA availability20, indicating that the vari-
able protein levels result from the variable mRNA levels. To confirm
this, weperformedper-cell quantificationofMyc immunofluorescence
(Methods and Supplementary Fig. 18) to determine the distribution of
Myc levels in wild-type embryos and in iMOST1-Myc; Myc2/2 E6.5
embryos, in which Myc mRNA is exclusively produced from the
ROSA26 allele. Myc protein levels in iMOST1-Myc; Myc2/2 mosaics
were more homogeneous than in wild-type embryos (2.2-fold higher
residual variance in wild type; P, 0.001) (Fig. 4a–h). The heterogen-
eity of endogenousMyc protein expression thus seems to resultmostly
from variable transcriptional activity of theMyc gene.
Further analysis indicated that thevariability inMyc expression levels

cannot be attributed to variations during the cell cycle (Supplementary
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Figure 2 | Expansion of Myc-overexpressing cells requires apoptosis of
wild-type cells in the epiblast of early mosaic embryos. a, ROSA26-targeted
iMOST1-Myc/T2-p35 construct and the three mosaics studied. b–d, Overlay views
of EYFP and ECFP signals in E9.5 mosaics. Scale bars, 1mm. e–g, Confocal
sections showing head mesenchyme corresponding to the boxed areas in
b–d. Scale bars, 50mm. h, Flow cytometry analysis of EYFP and ECFP cells in
disaggregated representative E9.5 mosaics. Arrowheads indicate ECFP cell
counts. i, ECFP proportion in confocal sections of E9.5 mosaics (n5 7, 8, 8
(from left to right) embryos). j–o, TUNEL staining in whole E6.5 mosaics.
j–l, Whole-embryo confocal maximal projections. PS, pre-streak.m–o, Details
of confocal sections. TUNEL-positive EYFP and ECFP cells are indicated by
filled and open arrowheads, respectively. Scale bars, 100mm (j–l); 25mm
(m–o). p, TUNEL-staining frequency in E6.5 mosaics. q, TUNEL-staining
frequency in EYFP and ECFP populations in the E6.5 mosaics (n5 4, 4, 4
embryos) Embryos in i, p and q were collected from various similar litters and
represent biological replicates. Graphs show means6 s.e.m. in i and s.d. in
p, q; **P, 0.01; ***P, 0.001 by unpaired two sample t-test.
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apoptosis with respect to uninduced cultures was observed only in
wild-type cells in direct contact with Myc-overexpressing EYFP cells
(Fig. 3d). A similar result was obtained for EYFP-cell-contacting and
non-contacting wild-type cells in the iMOST1-Myc embryonic epiblast
(Fig. 3e, f and Supplementary Video 1). In addition, exposure of unin-
duced ES cell cultures to cell-competition-conditioned medium did
not increase apoptosis or modify proliferation rates (Supplementary
Fig. 12b–e). These results indicate that cell competition requires direct
contact or very short-range interactions and that, under these experi-
mental conditions, diffusible signals are not sufficient to induce it.
We next studied the mechanism by which apoptotic cells are elimi-

nated in mammalian cell competition. Previous studies showed that
dying cells in the mouse epiblast are removed through phagocytosis
by neighbouring cells19. We found that cells showing apoptosis mar-
kers are engulfed by neighbouring cells in epiblasts and ES cell cultures
undergoing cell competition (Supplementary Fig. 13a, c, d, f). Some
phagocytic events take place in the absence of TUNEL staining, sug-
gesting that engulfment by neighbours is an early event in epiblast and
ES cell apoptosis (Supplementary Fig. 13b, e). These results indicate
thatmammalian cell competition involves phagocytosis by neighbour-
ing cells, at least in situations in which there are no macrophages.

Myc-driven endogenous competition
The high cell death rate in the epiblast and its sensitivity to induced
supercompetition suggest that it might be a site of endogenous cell
competition. We thus studied the distribution of endogenousMyc in
the early mouse embryo. Up to E6.75, Myc mRNA and protein are
expressed in the epiblast and extraembryonic tissues at levels that vary
from cell to cell in an apparently randomdistribution (Supplementary
Figs 14–16), contrasting with the homogenous expression of the epi-
blast marker Oct4 (Supplementary Fig. 17). By E7.0 embryonic Myc
expression ceases in the epiblast, restarting at E7.5 in a homogeneous
distribution (Supplementary Figs 14 and 15). EmbryonicMyc expres-
sion is thus heterogeneous until E6.75, in a pattern that is not region-
ally modulated but is instead intrinsic to individual cells.MycmRNA
and protein have a fast turnover and Myc protein abundance is pre-
dominantly regulated bymRNA availability20, indicating that the vari-
able protein levels result from the variable mRNA levels. To confirm
this, weperformedper-cell quantificationofMyc immunofluorescence
(Methods and Supplementary Fig. 18) to determine the distribution of
Myc levels in wild-type embryos and in iMOST1-Myc; Myc2/2 E6.5
embryos, in which Myc mRNA is exclusively produced from the
ROSA26 allele. Myc protein levels in iMOST1-Myc; Myc2/2 mosaics
were more homogeneous than in wild-type embryos (2.2-fold higher
residual variance in wild type; P, 0.001) (Fig. 4a–h). The heterogen-
eity of endogenousMyc protein expression thus seems to resultmostly
from variable transcriptional activity of theMyc gene.
Further analysis indicated that thevariability inMyc expression levels

cannot be attributed to variations during the cell cycle (Supplementary
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Figure 2 | Expansion of Myc-overexpressing cells requires apoptosis of
wild-type cells in the epiblast of early mosaic embryos. a, ROSA26-targeted
iMOST1-Myc/T2-p35 construct and the three mosaics studied. b–d, Overlay views
of EYFP and ECFP signals in E9.5 mosaics. Scale bars, 1mm. e–g, Confocal
sections showing head mesenchyme corresponding to the boxed areas in
b–d. Scale bars, 50mm. h, Flow cytometry analysis of EYFP and ECFP cells in
disaggregated representative E9.5 mosaics. Arrowheads indicate ECFP cell
counts. i, ECFP proportion in confocal sections of E9.5 mosaics (n5 7, 8, 8
(from left to right) embryos). j–o, TUNEL staining in whole E6.5 mosaics.
j–l, Whole-embryo confocal maximal projections. PS, pre-streak.m–o, Details
of confocal sections. TUNEL-positive EYFP and ECFP cells are indicated by
filled and open arrowheads, respectively. Scale bars, 100mm (j–l); 25mm
(m–o). p, TUNEL-staining frequency in E6.5 mosaics. q, TUNEL-staining
frequency in EYFP and ECFP populations in the E6.5 mosaics (n5 4, 4, 4
embryos) Embryos in i, p and q were collected from various similar litters and
represent biological replicates. Graphs show means6 s.e.m. in i and s.d. in
p, q; **P, 0.01; ***P, 0.001 by unpaired two sample t-test.
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Information and Supplementary Fig. 19).WenextmeasuredMyc levels
in non-apoptotic cells and in cells in the first phases of apoptosis (cells
with active caspase-3 staining but still-intact nuclei) (Fig. 4i).Myc levels
in non-apoptotic cells were on average.2 times higher than those in
early apoptotic cells (Fig. 4j). This result is not due toMyc degradation
during apoptosis (Supplementary Information and Supplementary
Fig. 20), and thus suggests that intrinsically low levels of Myc protein
correlatewithnatural apoptosis in the epiblast.Nonetheless, thedetection
of some apoptotic cells in the EYFP cell population of the iMOST1-Myc;
Myc2/2 embryos (Supplementary Fig. 20) indicates that not all epiblast
cell death correlates with heterogeneous Myc levels.
Endogenous Myc levels were also variable in wild-type ES cells

(Fig. 5a, b), and pairs of engulfing–engulfed cells were abundantly
detected in wild-type ES cell cultures (Supplementary Fig. 21).
Analysis of TUNEL-negative engulfing–engulfed cell pairs in wild-
type ES cell cultures revealed that Myc levels in engulfing cells were
double those in their engulfed partners (Fig. 5c–e), again indicating a
strong correlation between Myc levels and natural cell death.
Given that anabolic capacity is a major determinant of cell com-

petition ability, we determined the relationship between endogenous
Myc levels and anabolic status by measuring the protein synthesis
rate in ES cell cultures in situ (Fig. 5f–h). Protein synthesis rate cor-
related positively with the natural variations in Myc levels (Fig. 5i).
Furthermore, protein synthesis rate was enhanced by the extra Myc
copies in iMOST1-Myc ES cells (Fig. 5j), indicating that Myc is a ‘driver’
and not a ‘reader’ of cell anabolism. Scoring of protein synthesis rate
in engulfing–engulfed pairs of cells showed higher rates in engulfing
cells (Supplementary Fig. 22).
Our findings strongly suggest that endogenous cell competitionelim-

inates cells with low relativeMyc levels in wild-type epiblasts and in ES
cell cultures.At least part of the natural epiblast cell deathwould thus be
a consequence of endogenous cell competition. Supporting this view,
wild-type embryos express the same apoptosis markers detected in
iMOST1-Mycmosaic embryos and also show phagocytosis between epi-
blast cells (Supplementary Fig. 21). We therefore used the iMOST2-p35

mosaics to study the consequences of inhibiting natural cell death in the
mouse epiblast. TUNEL staining in the p35-expressing ECFP popu-
lation was lower than in the wild-type EYFP population (Fig. 6a, b, e).

This reduction led to an enrichment in ECFP cell proportion at E9.5
(Fig. 6c, d, f), indicating that naturally dying cells in the epiblast can be
rescued and contribute to thedeveloping embryo.Moreover, iMOST2-p35

mosaics reared to adulthood showed no obvious phenotypic alteration
(n. 40). Thus, consistent with the idea of cell competition as a driver of
epiblast apoptosis, naturally dying epiblast cells are viable and can be
rescued to form part of the organism. Interestingly, whereas low Myc
levels again correlated with apoptosis in the EYFP cell population
of iMOST2-p35 mosaics, within the p35-expressing cell population
Myc levels did not differ between the apoptotic and non-apoptotic cells
(Fig. 6g). This result again shows that not all epiblast cell death results
fromMyc level heterogeneity, and that, in this setting, p35 can prevent
the competition-driven death of viable cells but cannot rescue other
types of epiblast cell death, presumably affecting non-viable cells.
Our findings predict that endogenous cell competition should select

for cells with higher Myc levels and thus, that inhibition of cell com-
petition should prevent this selection. Confirming this, mean Myc
levels in the apoptosis-rescued p35-expressing ECFP population of
iMOST2-p35 mosaics were 10% lower at E5.75 and 24% lower at E6.75
than in the wild-type EYFP population (Fig. 6h–l). Thus, prevention of
natural epiblast cell death results in the progressive accumulation of cells
with lower relativeMyc content, which would have been eliminated in a
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Figure 3 | Myc-induced cell competition is triggered by short-range
interactions. a–c, Confocal sections showing TUNEL staining and EYFP in ES
cell colonies. Scale bars, 50mm. d, TUNEL-staining percentage in wild-type
(EYFP-negative) cells (n5 1,331, 773, 643, 858 total cells from 5 different
cultures). e, Confocal three-dimensional reconstruction of a representative E6.5
iMOST1-Myc epiblast, showing EYFP, active caspase-9 and active Bax. Scale bar,
50mm. f, Percentages of apoptotic wild-type cells in e (n5 2,112 total cells).
Graphs showmeans and 95% confidence interval; **P, 0.01; ***P, 0.001 by
binomial test.
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green indicates the lower and blue the higher Myc levels in arbitrary
fluorescence units. g, Detail of Myc expression in the wild-type epiblast. Scale
bar, 50mm. h, Distribution of Myc levels (arbitrary fluorescence units; AFU) in
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— Myc induced cell-competition in vertebrate embryos

• Cell competition requires cell death in « loser » cells:
—blocking cell death (p35 expression) in loser cells 
rescues cell proportions .

• Endogenous levels of Myc in the epiblast (but not in 
extra embryonic tissues) is highly heterogeneous.

• Cell death is induced in low Myc expressing cells

• Blocking apoptosis does not affect embryo pattern (and size a 
priori)

• This suggests that cell competition more likely operates as a quality 
control mechanism in « long lived » tissues/organisms .

• Unclear whether it affects embryo/tissue size…? 
• Yet, cell competition exists in vertebrates and its implication is 

organ size control/regeneration and homeostasis should be 
addressed
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• Growth compensation in the mouse embryo
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Table 1. Cell number and mitotic index {MI) of the total tissue
in double and control embryos

Days p.c.

4d, Oh
4d, 8h
4d, 16 h
5d, Oh
5d, 8h
5d, 16 h
6 d , 0 h
6d, 8h
6d, 16 h

Number of
embryos

Double Control

7
6

10
7
7

11
4
8
6

6
4
7
5
5
7
5
5
6

Mean cell number ±S.E.
I Double

160±15-4
248 ±31-4
309 ±21-0
413 ±43-0
389 ±45-6
749 ±64-7

1209 ±94-2
1542 ±62-1
2253 ±313-2*

* Denotes a non-significant difference between
0-05 using Student's Mest.

Control

63 ±14-6
115+18-8
160±14-8
198 ±14-8
199 ±40-8
324 ±34-2
891 ±54-8

1216±110-8
2086 ±233-0*
experimental

Mean MI±S.E.
Double

0-4 ±0-2*
1-5 + 0-5*
0-8±0-2*
l-6±0-3*
0-7±0-3*
l-0±0-2*
l-9±0-5*
0-7±0-l*
3-1 ±0-3*

and control

Control

0-6±0-3*
0-7 ±0-4*
0-5 ±0-2*
2-2 ±0-4*
0-9±0-4*
0-7±0-3*
2-1 ±0-5*
1-1 ±0-2*
2-8±0-3*

values at P <

remained around 2:1 until 5 days, 16 h. Over the following 24 h, there was a
rapid shift towards a 1:1 ratio, so that cell numbers were virtually identical at
6 days, 16 h. The Mis of all embryos were low (Table 1) and no significant
differences could be found between double and control embryos.

Analysis of cell number data for individual tissues showed that size regulation
occurred in all tissues over roughly the same time period. Both ICM and tro-
phectoderm derivatives showed size regulation by 6 days, 16 h, with the shift
in cell numbers occurring between 5 days, 16 h and 6 days, 16 h (data not shown).

• Mouse embryos treated with MitomycinC are initially 
much smaller but recover in size and morphology 

• This involves upregulation of mitotic activity

Lewis, N. E., Rossant, J. (1982) J. Embryol. exp. Morph 72, 169-181
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Mechanism of size regulation in mouse embryo
aggregates

By N. E. LEWIS, AND J. ROSSANT1

From the Department of Biological Sciences, Brock University,
St Catharines, Ontario

SUMMARY
A detailed comparison of the postimplantation development of normal and double-sized

mouse embryos, produced by aggregating two 8-cell stage eggs, revealed that size regulation
occurred in the double embryos between 5 days, 16 h post coitum (p.c.) and 6 days, 16 hp.c.
Size regulation occurred simultaneously in all tissues, suggesting that a single regulatory
mechanism may control size in the early embryo. Size regulation appeared to be brought
about by alteration in cell cycle length. There was no obvious increase in cell death in the
double embryos nor an increase in the non-dividing cell population. However, colcemid
treatment revealed a significant difference in mitotic index between double and control
embryos over the period of size regulation. Control embryos showed a proliferative burst
around 6 days, 8 h p.c. which did not occur in the double embryos. It is not yet clear whether
this control of proliferative activity in double embryos is exerted by the embryo itself or by
the uterine environment.

Histological analysis also suggested that proamniotic cavity formation, which occurs before
size regulation, was dependent on total cell number and not on the number of cell cycles
undergone since fertilization. Proamniotic cavity formation was observed to occur at different
times but at similar cell numbers in double, control and half embryos.

INTRODUCTION

Genetic chimaeras produced by aggregating early embryos have proved very
useful for studying development and differentiation in the mouse (Mintz, 1974;
McLaren, 1976), and have also provided insights into embryonic growth regula-
tion. Aggregates of two (Tarkowski, 1961; Mintz, 1962), three (Markert &
Petters, 1978) or four embryos (Petters & Markert, 1980) all produce viable
offspring of normal size, indicating that there are growth control mechanisms
in the embryo which can compensate for increased preimplantation size. Buehr
& McLaren (1974) presented evidence that size regulation occurred in double
embryo aggregates shortly after implantation around the time of proamniotic
cavity formation. However, no attempt was made to determine mechanisms
responsible for such regulation. The aim of the present study was to use serial
reconstructions of double embryo aggregates to:

(1) pinpoint clearly the period of time over which size regulation occurred,
1 Author's address for reprints: Department of Biological Sciences, Brock University, St

Catharines, Ontario, L2S 3A1, Canada.

• Double-sized embryos produced by fusion 
of two 8-cell stage embryos recover within 
24h their size

• This is not associated with cell death or a 
reduction in the fraction of dividing cells

• It correlates with increased cell cycle length
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Table 1. Cell number and mitotic index {MI) of the total tissue
in double and control embryos

Days p.c.
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4d, 8h
4d, 16 h
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5d, 16 h
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Number of
embryos

Double Control

7
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7
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4
8
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6
4
7
5
5
7
5
5
6

Mean cell number ±S.E.
I Double

160±15-4
248 ±31-4
309 ±21-0
413 ±43-0
389 ±45-6
749 ±64-7

1209 ±94-2
1542 ±62-1
2253 ±313-2*

* Denotes a non-significant difference between
0-05 using Student's Mest.

Control

63 ±14-6
115+18-8
160±14-8
198 ±14-8
199 ±40-8
324 ±34-2
891 ±54-8

1216±110-8
2086 ±233-0*
experimental

Mean MI±S.E.
Double

0-4 ±0-2*
1-5 + 0-5*
0-8±0-2*
l-6±0-3*
0-7±0-3*
l-0±0-2*
l-9±0-5*
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3-1 ±0-3*

and control

Control

0-6±0-3*
0-7 ±0-4*
0-5 ±0-2*
2-2 ±0-4*
0-9±0-4*
0-7±0-3*
2-1 ±0-5*
1-1 ±0-2*
2-8±0-3*

values at P <

remained around 2:1 until 5 days, 16 h. Over the following 24 h, there was a
rapid shift towards a 1:1 ratio, so that cell numbers were virtually identical at
6 days, 16 h. The Mis of all embryos were low (Table 1) and no significant
differences could be found between double and control embryos.

Analysis of cell number data for individual tissues showed that size regulation
occurred in all tissues over roughly the same time period. Both ICM and tro-
phectoderm derivatives showed size regulation by 6 days, 16 h, with the shift
in cell numbers occurring between 5 days, 16 h and 6 days, 16 h (data not shown).
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Fig. 3. Change in mitotic indices obtained after colcemid treatment of double and
control embryos with time, # = Control embryos; O = double embryos.

Table 4. Cell cycle length {hours) of double and control embryos
derived from mitotic index values

Days p.c.

Extraembryonic
Embryonic ectoderm ectoderm Endoderm
Control Double Control Double Control Double

5 d l 6 h
6 d 0 h
6 d 8 h
6 d l 6 h

5-4
4-1
3-7
4-2

6-9
5-4
5-3
4-3

7-1
6-7
4-9
5-6

8-0
8-7
6-9
50

12-5
8-0
5-9
6-6

11-8
11-1
9-5
6-9

—Both smaller and larger embryos reveal compensatory growth to attain a normal embryo size
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• Non-autonomous growth compensation: cell competition

Cell
114

a consequence of the sensing of competitive stress. An
intriguing question that remains is how cells are able to
sense competition. One possibility is that cells compete
for sufficient levels of a survival factor that normally
blocks hid expression. Dpp signaling promotes cell sur-
vival in the wing disc (Moreno et al., 2002a) but appears
to be unaffected in discs expressing dMyc. Alternatively,
some cells in competition may be deprived of adequate
nutrients, although in our experiments, cells at a growth
disadvantage retain a normal nucleolar size, arguing that
their biosynthetic rates are not abnormally low. However,
our results suggest that dMyc provokes competition and
hid expression via a short-range signal, since close prox-
imity is required for the perception of competitive effects.
Perhaps the most intriguing feature of this signal is that
it is not perceived by nearby cells across a compartment
boundary, although dMyc induces competition between
cells within the posterior compartment as well as within
the anterior (data not shown). One possibility is that
cells expressing dMyc acquire adhesive properties that

Figure 5. Cell Competition and Apoptosis as Components of Organtransmit a competitive signal to neighboring cells, which
Size Controlis not compatible with the adhesive barrier that main-
(A) During cell competition, cells with a growth advantage (green)tains the compartment boundary.
signal to wild-type cells (gray), inducing the expression of the pro-
apoptotic gene hid and eventually their death. During subsequent

Growth Requirements for Cell Competition growth, cell competition continues until the fast-growing cells have
Our studies reveal that cell competition is not invariably populated most of the organ while eliminating most of the wild-type

cells. Due to elimination of cells through apoptosis, normal andinduced whenever rapidly growing cells populate re-
uniform organ size is reached at the end of the development.gions of a developing organ. Both the PI3K Dp110 and
(B) When apoptosis is blocked by genetic elimination of hid functioncyclin D/Cdk4 potently promote growth when overex-
or ubiquitous expression of P35, wild-type (gray) cells populatepressed, yet they do not induce competition in any of
portions of the organ, but a wide variation of final organ sizes is

our assays. These observations also demonstrate that observed. Thus, elimination of apoptosis prevents uniformity of or-
balanced growth—growth that simultaneously drives gan size.
cell division and cellular growth—is not required to in-
duce cell competition. dMyc expression increases
clonal mass solely by increasing cell size (Johnston et petition and leads to overgrowth of the compartment in
al., 1999). Thus, this trait of cell competition may be which the dMyc-expressing cells reside.
related to a size-measuring mechanism that recognizes An important conclusion of this work is that apoptosis
total mass rather than cell number (Neufeld et al., 1998). is critical for appropriate wing development. Our experi-
However, Dp110 also promotes growth primarily by in- ments demonstrate that apoptosis has two roles in regu-
creasing cell size, indicating that qualitative differences lating wing size. One role is uncovered when the disc
exist in the cellular response to expression of dMyc is challenged by local changes in dMyc levels, condi-
and Dp110. Although both growth regulators increase tions in which cells are exceptionally sensitive to hid
protein synthesis, dMyc probably does so by increasing gene dosage: the full hid complement is necessary for
components of the protein synthetic machinery (initia- the disc to respond to competition properly and elimi-
tion factors and ribosomal proteins, etc.) (Orian et al., nate cells. However, a second role of apoptosis is re-
2003), whereas PI3K signaling is thought to function by vealed when it is abolished: this role regulates uniformity
increasing the utilization of existing machinery (Stocker of disc size, and its loss is manifested as a widening of
and Hafen, 2000; Thomas, 2000). Regardless of the the range of disc sizes within a given population. This
mechanism, our experiments argue against the notion second role of apoptosis indicates that organ over-
that apposed populations of fast- and slow-growing growth is distinct from loss of organ size control. Wing
cells always result in cell competition. overgrowth—observed when cell competition is not ex-

ecuted during local growth perturbations—occurs such
that, although larger than normal, wing size still fallsAppropriate Size Control Requires Apoptosis

We have provided three lines of evidence that indicate within a uniform range. In contrast, loss of size control
is the absence of a discrete and reproducible size popu-that cell competition leading to cell death is required

for control of wing size. First, growth induced by local lation and results from a failure to induce apoptosis
during the process of growth (Figure 5). Based on ourexpression of either Dp110 or cyclin D ! Cdk4 does

not induce competition and causes wing overgrowth. observations, we propose that hid-regulated apoptosis
contributes to a disc-intrinsic mechanism that limitsSecond, when dMyc is expressed in all cells of the wing

disc, the wing overgrows, whereas the introduction of variation in size by allowing elimination of cells. This
mechanism may serve as negative feedback to the posi-clones lacking dMyc leads to cell competition and to

wings approaching normal size. Finally, genetic reduc- tive aspects of growth during development. Loss of
feedback control could allow stochastic variation in size,tion of hid prevents the cell death associated with com-

— Myc controls tissue size by inducing cell-competition via cell death

— local sensing of growth rate between cells.
— local correction ensure correct tissue size, and tissue fitness/homeostasis

C. de la Cova et al, L.A. Johnston. Cell, Vol. 117, 107–116, April 2, 2004 

Competitive Interactions Between
Cells: Death, Growth, and Geography
Laura A. Johnston

Competitive interactions between cells are the basis of many homeostatic processes in biology.
Some of the best-described cases of competition between cells occur in Drosophila: cell
competition, whereby somatic cells within a growing epithelium compete with one another for
contribution to the adult, and stem cell competition, in which germline or somatic stem cells vie for
residency in the niche. Both types of competition are conserved physiological processes, with much
to tell us about how cellular neighborhoods influence cell behavior, and have importance to stem
cell biology, regeneration and transplantation, and cancer.

Competition is pervasive at every level of
life—in ecology, economics, between coun-
tries and states, and in families—and helps

to determine order, status, and survival. Compe-
tition also occurs at a cellular level, where it plays
roles in tissue homeostasis, organ size control,
and stem cell maintenance. In this Review, I focus
on two examples of competition currently under
intense study: cell competition, which occurs be-
tween somatic cells within a growing epithelium,
and niche competition, between either germline
or somatic stem cells. Although the ultimate fate
of the “winners” and “losers” of each type of
competition differs, both competitive processes
are local and both can alter a cell’s contribution
to the adult. Competitive interactions provide a
subtle yet powerful mechanism that senses and
eliminates vulnerable, mispatterned, or potentially
dangerous cells during normal tissue growth. Much
of the work I discuss is carried out in Drosophila
because of the genetic advantages this organism
provides. However, both cell competition and niche
competition appear to be ancient processes, occur-
ring in diverse animals, and are relevant to regen-
eration and transplantation biology and to cancer.

Cell Competition: A Homeostatic Mechanism
Cell competition occurs when, within a growing
tissue, two cell populations with different meta-
bolic properties or growth rates confront each
other, and results in growth of the stronger popu-
lation at the expense of the weaker. It was dis-
covered in the early 1970s when researchers used
dominant, viable, slow-growing mutants, deficient
in a ribosomal protein (Rp)–encoding gene [col-
lectively known as Minutes (1)], to study cell lin-
eages in Drosophila. Using mitotic recombination
and genetic tricks to follow growth of marked cells,
they generated mosaics where clones of wild-type
(+/+) cells grew in a background of Minute (M/+)
cells and unexpectedly found that the wild-type
cells could overtake half (but never more than

half) of the wing (2 ). Two aspects of this dis-
covery were remarkable: First, the wild-type cells
colonized areas of the wing that would have been
filled by theM/+ cells, which suggests that the two
cell populations—born from the same mother—
competed for space in the wing; second, that ex-
pansion of the wild-type population was limited
by an invisible but bona fide boundary dividing
the wing into two “compartments” of cells with
different developmental ancestry. Discovery of
the boundary was of enormous importance for
understanding development (3 ), but the realiza-
tion that sibling cells compete for contribution to
the adult had implications of great consequence
to tissue growth. Cell competition was thus de-
fined as a struggle between slow-growing M/+
cells (termed “losers”) and faster-growing wild-
type cells (“winners”) for territory in the adult.

These experiments were possible because of
the genetic tools in Drosophila and the simple
architecture of the wing imaginal disc, the organ

from which the wing develops. The wing disc is
a proliferating epithelium that grows in the larva
and differentiates adult wing structures during
metamorphosis. Early in wing development, disc
cells are multipotent, and cell division is stochas-
tic and indeterminate. These properties provide a
high degree of flexibility, so that cells lost through
damage are rapidly replaced by proliferation of
surviving cells. Early work from Morata and
Simpson established key features of cell compe-
tition: It occurs locally, between clonal popula-
tions of wild-type andM/+ cells, and its severity
is proximity-dependent (4 , 5 ). Elimination of the
M/+ cells is accompanied by compensatory pro-
liferation of wild-type cells, and a large clone of
wild-type cells in a M/+ disc can fill an entire
compartment. Remarkably, despite large territories
of cells growing at different rates, the size and
shape of the adult wing remains normal (5 ). These
elegant genetic experiments established that a cell’s
potential for proliferation and survival—and ulti-
mately its contribution to a fully developed tissue—
is determined by its interactions with its neighbors.
That cells sense and respond to each other’s growth
rate suggested that the sensing mechanism con-
tributes to control of tissue and organ size (6 ), an
idea that was recently confirmed (7 ).

Group dynamics yield winners and losers.
Apoptosis is the principal cause of the growth
disadvantage of loser cells: Loser cells die and are
eliminated from the epithelium (Fig. 1) (7 –12 ).
Inactivation of many genes can lead to death and
cell loss during development, often due to a cell-
autonomous requirement for the gene for survival or
a particular developmental process. However, cell
competition is not an intrinsic property of cells: It
relies completely on cell-cell interactions. It is these
interactions that establish one cell as relatively
weaker or stronger than another. Competition is

REVIEW

Department of Genetics and Development, College of Phy-
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Fig. 1. A model of cell competition.
(A) Neighboring epithelial cells recog-
nize relative differences in ribosome func-
tion through a sensing mechanism that
may involve the production of secreted
factors by each cell (orange and green
dots). (B) Once a difference is sensed,
cells acquire “winner” or “loser” status,
determined by their relative ribosome
function. Loser cells sense stress and
activate the JNK signaling pathway and
expression of the proapoptotic factor,
Hid. Hid induces apoptosis and leads to
loser-cell death. Winner cells, with
optimal ribosome function, are stimu-
lated to proliferate faster. They also can
activate genes required for cell engulf-
ment, leading them to engulf dying
loser cells (asterisk). Arrows depict
genetic relationships rather than direct
biochemical interactions.
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• Non-autonomous growth compensation: cell competition

— Mechanisms of cell competition

• competition for limiting extracellular pro-survival factors

• communication through direct cell–cell contact 

• communication through secretory signals

• mechanical stress 

Article
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In Brief
Low levels of the Toll ligand Sp€atzle and

its activating proteases are synthesized

continuously by wing disc cells, but

signaling is unproductive. Alpar et al.

show that Myc super-competitor cells

boost production of the proteases,

thereby triggering Sp€atzle activation and

inducing a killing signal that selectively

eliminates nearby wild-type cells.
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INTRODUCTION: The function of a tissue 

and, therefore, the health of an organism can 

be compromised by the presence of mutant 

or unfit cells. Cell competition is a mecha-

nism that has evolved to prevent such cells 

from contributing to tissues. Two widely 

studied models of cell competition are Myc-

induced supercompetition, whereby cells 

with increased levels of Myc outcompete 

and actively kill neighboring wild-type cells, 

and competition in which wild-type cells 

eliminate cells carrying a Minute mutation, 

a class of mutants in Drosophila affecting 

ribosomal protein genes. Minute cells are 

viable, but when surrounded by wild-type 

cells they are eliminated by apoptosis. Rela-

tive cell vigor or fitness is believed to be 

a critical feature assessed in cell competi-

tion, but the mechanisms that underlie the 

recognition and elimination of the less-fit 

“loser” cell remain mysterious.

RATIONALE: The recognition and elimi-

nation of unfit or mutant cells in cell com-

petition is reminiscent of the detection of 

pathogens by the innate immune system. 

In Drosophila, the Toll and immune defi-

ciency (IMD) signaling pathways govern 

the innate immune response to a broad 

range of pathogens and activate the NFκB 

transcription factor homologs Relish (Rel), 

Dorsal (dl), or Dorsal-related immunity 

factor (Dif ). The conceptual similarities 

between innate immunity and cell compe-

tition led us to investigate whether the Toll 

and IMD pathways were required for cell 

competition in Drosophila wing discs.

RESULTS: Analysis of both Myc-induced 

and Minute-induced cell competition re-

vealed requirements for two related but 

distinct cohorts of components from the 

IMD and Toll pathways. Both signaling 

cohorts required the extracellular ligand 

Spätzle and noncanonical Toll-related re-

ceptors (TRRs) and led to elimination of 

the less-fit loser cells by inducing NFκB-

dependent activation of proapoptotic 

genes. However, our analysis uncovered in-
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teresting differences between the signaling 

module deployed in each competitive con-

text. In Myc-induced competition, elimina-

tion of wild-type loser cells required four of 

the nine TRRs encoded in the Drosophila 

genome (Toll-2, Toll-3, Toll-8, and Toll-9) in 

nonredundant roles. By contrast, elimina-

tion of RpL14–/+ cells in Minute-induced 

competition required only Toll-3 and Toll-

9. Furthermore, the NFκB factor activated 

downstream of the TRRs was also context-

dependent. Signal transduction within 

wild-type loser cells led to selective activa-

tion of Relish, whereas 

the death of RpL14–/+ 

loser cells in Minute-

induced competition 

required Dorsal and 

Dif. These results sug-

gest that signaling 

from the different TRR subsets influenced 

which NFκB factor was activated. Finally, 

although in each competitive context 

apoptosis of the relatively less-fit cells was 

induced, the specific death-inducing gene 

expressed was determined by the specifi-

cally activated NFκB factor.

CONCLUSION: In two ge-

netically distinct contexts of 

cell competition, the ancient 

innate immune defense re-

sponse system is activated 

and drives the elimination 

of the cells perceived as rel-

atively less fit. In each com-

petition paradigm, different 

signaling modules are em-

ployed, suggesting that the 

genetic identity of the com-

peting cell populations in-

fluences the pathway that is 

activated. Our results thus 

provide evidence for evolu-

tionary adaptation of TRR-

NFκB signaling modules in 

an organismal surveillance 

system that measures in-

ternal tissue fitness rather 

than external pathogenic 

stimuli. ■
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induce their elimination in the Drosophila wing imaginal disc epithelia [28], while only the loseB
isoform can induce loser status in neurons [33,39,42]. It has been recently shown that loser
elimination correlates with the relative concentrations of fweloseA or loseB isoforms in winner and
loser cells, as well as the surface contact shared between winner and loser cells [45]. This finding
suggests that each cell can compute and compare fweloseA or loseB levels with all its neighbors.

During the recognition process, the secreted protein Sparc is upregulated to protect transiently
unfit neighbors before irreversible apoptosis induction [48,49] (Figure 1B). Eventually, the final
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Figure 1. Different Modes of Cell Competition. (A) Competition for limiting survival factors (orange). Winner cells
(purple) have a higher capacity to bind and/or process extracellular pro-survival factors, reducing the quantity of available
survival factors for loser cells (green). Induction of apoptosis leads to loser cell delamination and cell fragmentation (bottom).
Note that cell death can occur without direct contact with winner cells. (B) Competition through comparison of fitness
fingerprints. Loser cells expose an ‘unfit’marker at their surface (flowerloseA and/or loseB) while the winner cells expose a ‘fit’
marker (flowerubi). The bottom rectangle shows a closer view of the pathway involved in fitness comparison and cell death
induction. Interaction between flowerlose-expressing cells and flowerubi-expressing cells leads to the transcription of azot,
which triggers the expression of the proapoptotic gene hid. Loser cells also produce the secreted protein Sparc, which
downregulates azot through an unknown mechanism. Note that, in this scenario, loser cell elimination occurs exclusively at
contact with winner cells. (C) Loser cell elimination through mechanical stress. Differential growth and/or tissue movement
leads to the compression of loser cells (orange arrow), which triggers their elimination. Note that loser cell death does not
require direct contact with winner cells in that scenario. See Figure 2 for more details.
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• Non-autonomous growth compensation: cell competition

• Cell competition (induced by Myc) requires cell mixing by differential tension and cell intercalation

disc compartment was sufficient to modify actin levels (Fig. 4c), and
F-actin levels were higher in WT clones than M2/1 cells (Extended
Data Fig. 9a). This prompted us to test the role of actin organization in
winner–loser mixing. Downregulating the formin Diaphanous (Dia, a
filamentous actinpolymerization factor13) byRNA interference (RNAi)
or by using a hypomorphic mutant was sufficient to obtain a high
proportion of fragmented clones (Fig. 4d and Extended Data Fig. 9b,
28%, P, 1024; Extended Data Fig. 9c, 39% fragmented) and to reduce
clone compactness over time (Extended Data Fig. 5d, e), whereas over-
expressing Dia in loser clones prevented clone splitting (UAS-dia::GFP;
Fig. 4d and Extended Data Fig. 9b) and compactness reduction
(ExtendedData Fig. 5d, e). This effect was specific toDia asmodulating
Arp2/3 complex (a regulator of dendritic actin network13) had no effect
on clone splitting (Fig. 4d and Extended Data Fig. 9b). Thus, impaired
filamentous actin organization was necessary and sufficient to drive
loser–winnermixing. These actin defects were driven by the differences
in PIP3 levels between losers and winners (Extended Data Fig. 10).
Thus Dia could be an important regulator of competition through its
effect on cell mixing. Overexpression of Dia was indeed sufficient to
reduce loser clone elimination significantly (Extended Data Fig. 9d)
without affectingHippo/YAP–TAZ pathway25 (ExtendedData Fig. 9e).
Filamentous actin has been associated with tension regulation13.We

therefore asked whether junction tension was modified in winner and
loser junctions. The maximum speed of relaxation of junction after

laser nanoablation (which is proportional to tension26) was signifi-
cantly reduced in loser–loser and winner–loser junctions compared
with winner–winner junctions (Fig. 4e, f and Supplementary Video
10). This distribution of tension has been proposed to promote cell
mixing27. Accordingly, decreasing PIP3 in clones reduced tension both
in low-PIP3–low-PIP3 and low-PIP3–normal-PIP3 junctions,
whereas overexpressing Dia in loser clones or starvation were both
sufficient to abolish differences in tension (Fig. 4f and Supplementary
Video 10), in agreement with their effect on winner–loser mixing and
the distribution of F-actin. Thus the lower tension at winner–loser and
loser–loser junctions is responsible for winner–loser mixing.
Altogether, we concluded that the relative PIP3 decrease in losers
increases winner–loser mixing through Akt-dependent differential
growth and the modulation of tension through F-actin downregula-
tion in winner–loser and loser–loser junctions (Fig. 4g).
Several modes of tissue invasion by cancer cells have been

described28, most of them relying on the departure of the tumour cells
from the epithelial layer29. This study suggests that some oncogenes
may also drive tissue destruction and invasion by inducing ectopic cell
intercalation between cancerous and healthy cells, and subsequent
healthy cell elimination. myc-dependent invasion could be enhanced
by other mutations further promoting intercalation (such as PTEN).
Stiffness is increased in many tumours30, suggesting that healthy cell–
cancer cell mixing by intercalation might be a general process.

0.3

0.9

1.5

0

0.1

0.2

0.3

W
T 

in
 W

T
(c

on
tr

ol
)

n 
= 

23
8

U
A

S
-B

ga
l  

in
 

tu
b-

dm
yc

U
A

S
-a

rp
3 

R
N

A
i

in
 W

T

U
A

S
-A

rp
3:

:G
FP

 in
 

tu
b-

dm
yc

U
A

S
-D

ia
::G

-
FP

 in
 

tu
b-

dm
yc

U
A

S
-d

ia
 R

N
A

i
in

 W
T

n 
= 

14
6

n 
= 

25
9

n 
= 

23
3

*

NS

NS

***
NS

***
*

*

NS

Winner–loser mixingWinner expansion
Increased loser 

apoptosis

n 
= 

10
8

n 
= 

17
4

clone

0

200

400

600

Winner–winner
junctions

Loser–loser 
junctions

Winner–loser 
junctions

n 
= 

12
02

n 
= 

75
4

n 
= 

50
1

****
****

****

n 
= 

40

n 
= 

40

n 
= 

27

WT in tub-dmyc pi3kDN in WT

n 
= 

39

n 
= 

35

n 
= 

36

P = 0.03

P = 0.013

P = 0.89

UAS-dia::GFP
  in tub-dmyc

n 
= 

33

n 
= 

31

n 
= 

34

WT in tub-dmyc 
48 h starved

n = 28

1.5

2

2.5

3

3.5

4

4.5

–2
.4 0.
0

2.
4

4.
8

7.
1

9.
5

11
.9

14
.3

Ve
rt

ex
 d

is
ta

nc
e 

(μ
m

)

Time (s)

–2 30
E-cad::GFP

t = –2 s

t = 12.4 s

Jw–w > Jw–l , Jw–l = Jl-l 

ut
A

B
D

::G
FP

 (F
-a

ct
in

)
U

A
S

-R
FP

hh-Gal4, UAS-flp ×
tub>dmyc>Gal4, UAS::RFP

tub-dmyc WT

n = 30 n = 30

P = 0.03

P = 0.007

P = 0.48
P = 0.93

P = 0.62

P = 0.56

P = 0.80

P = 0.97

P = 1

clone

clone

Vmax

d

a

c

e

f

g

utABD::GFP (F-actin) RFP (WT loser in tub-dmyc)

ut
A

B
D

::G
FP

 a
pi

ca
l j

un
ct

io
n 

in
te

ns
ity

 a
.u

.
(W

T 
cl

on
es

 in
 tu

b-
dm

yc
 n

ot
um

) 

Fisher’s exact test with WT in WT
Fisher’s exact test with 
UAS-Bgal in tub-dmyc

P
ro

po
rt

io
n 

of
 fr

ag
m

en
te

d 
cl

on
es

 
(4

8 
h 

A
C

I)

b

Dendritic actin 
network (Arp2/3)

Filamentous actin
(formins)

V m
ax

  (
μm

 s
–1

)

Filamentous actin 
and tension modification

Time (s)

Winner Loser
Differential PIP3

Figure 4 | Filamentous actin and tension modulation are responsible for
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Mann–Whitney tests; ****P, 1024. c, The z-projections of utABD::GFP
(green) and RFP (magenta) in a wing disc after removal of one additional copy
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• Tissue crowding and competition for space (mechanically induced) induces cell elimination

— Mechanisms of cell competition
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• Conclusion: intrinsic and organ specific growth sensing

Thomas LECUIT   2019-2020

— Question: What controls growth arrest? 
Hypothesis: Cell-scale model: counting cell size, cell number, the number of cell division

          If so the pattern of cell division should affect organ shape and size. 
But in general it does not

— In plants and animals tissue growth is driven by both cell division (increase 
in cell number) and cell growth (increase in cell size). 
—The two processes are coordinated but can be independently regulated 

• Cell growth is controlled intrinsically (cellular anabolism: Ras, Pi3K, TOR signalling)
• The pattern of cell division does not affect tissue size.

• Perturbations in cell growth (via ploidy, Cdc2 and endoreplication, Minute, Myc 
mutations and cell competition) does not affect tissue size revealing compensatory 
mechanisms and local regulation.

• These compensatory mechanisms are specific to each organ (and species)
• Compensation reveals organ specific tissue size sensing/measurement

46



• Lectures

Moteurs, contraintes et régulations 
de la croissance

CHAIRE DYNAMIQUES DU VIVANT 
Année académique 2019-2020

Cours les mardis de 10h à 11h30
Amphithéâtre Guillaume Budé

Thomas Römer
Administrateur du Collège de France

11, place Marcelin-Berthelot, 75005 Paris 
www.college-de-france.fr

Cours : 

12 novembre 2019  Introduction : comment la taille biologique est-elle codée ?

19 novembre 2019  Lois d’échelle, allométrie et croissance des organismes  
 

26 novembre 2019  Croissance des organes et contrôle interne  

03 décembre 2019  Contrôle interne et patterning  

10 décembre 2019  Contrôle interne et mécanique    

17 décembre 2019  Coordination et symétrie - Conclusion   
   

Thomas LECUIT 

Colloque : 

Contraintes et plasticité au cours du développement et de l’évolution 
(avec Denis Duboule, chaire Évolution des génomes et développement)

Le mardi 30 juin et le mercredi 1er juillet, de 9h à 18h
Amphithéâtre Maurice Halbwachs 

47


