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How multicellular organisms control their size is a fundamental question that fascinated generations of biologists.
In the past 10 years, tremendous progress has been made toward our understanding of the molecular mechanism un-
derlying size control. Original studies from Drosophila showed that in addition to extrinsic nutritional and hormonal
cues, intrinsic mechanisms also play important roles in the control of organ size during development. Several novel
signaling pathways such as insulin and Hippo-LATS signaling pathways have been identified that control organ size
by regulating cell size and/or cell number through modulation of cell growth, cell division, and cell death. Later stud-
ies using mammalian cell and mouse models also demonstrated that the signaling pathways identified in flies are also
conserved in mammals. Significantly, recent studies showed that dysregulation of size control plays important roles

in the development of many human diseases such as cancer, diabetes, and hypertrophy.
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Introduction

Differences in size are one of the most prominent
features among various animals, yet the molecular and
genetic mechanisms that control organ or organism
size are largely unknown. To date, we know that we are
larger than a dog or a mouse, but we do not know why.
We know that our left eye is exactly the same size as our
right eye, and our brains or hearts can grow to an exact
size big enough to do their job yet small enough not to
impinge on other organs, but we do not know how. Many
questions on the mechanism of size control remain to be
answered.

Before proceeding into further discussion, it is nec-
essary to clarify some of the concepts regarding size
control. As shown in Figure 1, a hierarchy of cellular
processes can be envisioned to shape the size of an or-
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ganism. In general, the final size of an organ or an ani-
mal is determined by the number and size of the cells it
contains and the space between the cells. In general, the
space between somatic cells in animals is similar. There-
fore, differences in organ or organism size between ani-
mals of the same or different species reflect differences
in cell number, cell size, or both. Consistently, organ
growth is the consequence of an increase in cell number,
cell size or both. Cell number is determined by the bal-
ance between cell proliferation and cell death, while cell
size depends on cell growth. During development, mito-
gens such as EGF or PDGF stimulate cell proliferation
whereby cell division is propelled by the replication of
DNA content and progression of the cell cycle. In con-
trast, cell death is a genetically programmed process in
which cells commit suicide by inducing DNA fragmenta-
tion and protein degradation. Cell death can be triggered
by developmental cues or lack of survival factors such as
interleukin 3 to negatively regulate cell number (Figure
1). Cell growth, which depends on extracellular growth
factors such as insulin, entails protein synthesis and or-
ganelle biogenesis, leading to an increase in cell mass or
size. Thus, size control can be seen to be regulated by ex-
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Figure 1 Hierarchy of size control.

tracellular and intracellular factors that impinge on three
main points of control occurring at the cellular, organ
and organismal levels.

The first clue that there exists a size control mecha-
nism comes from studies on organ transplantation and
regeneration in animals. For example, when a fetal newt
limb or a rat kidney from a small species was trans-
planted to an adult of a larger species, the organ grew to
a size characteristic of the small donor [1, 2], suggesting
that the size of an organ is determined autonomously by
a mechanism intrinsic to the donor organ primordia. On
the other hand, when a liver from a large dog was trans-
planted into a smaller dog, its size gradually decreased
until the size of the liver became proportional to the
new body size [3]. Conversely, when a baboon liver was
transplanted to a human, the transplanted intact liver of
the baboon rapidly grew in size until it reached the size
of human liver [3-5], indicating that the size of liver can
be also controlled non-autonomously by a mechanism
outside the transplanted liver that is intrinsic to the host.
In another set of regeneration experiments, a Drosophila

imaginal disc or a rat liver can regenerate to its original
size following partial removal of its mass by transection
or amputation [6, 7]. The above experiments strongly
suggest that there exist mechanisms in animals to control
organ size. Interestingly, a similar size control mecha-
nism has also been found in plants [8].

The roles of cell number changes in determining
organ or organism size

Previous studies have shown that differences in cell
number usually make major contributions to the size of
animals or plants [9, 10]. We are larger than mice be-
cause we have more cells. However, how cell number is
tightly controlled in order to maintain a constant size of
an organ or animal within a given species is just begin-
ning to be understood. In general, cell number is con-
trolled by cell proliferation and cell death.

The role of cell proliferation in size control

In the past 20 years, many genes have been identified
that can either positively or negatively regulate cell pro-
liferation. However, most of the regulators of cell pro-
liferation do not affect organ or organism size. For ex-
ample, overexpression of E2F and DP in the developing
Drosophila wing results in an increase in cell number,
but fails to elicit a change in organ size [11]. Only a few
proliferation regulators have been shown to be involved
in organ or animal size control. The p27 is the most well
documented cell cycle regulator that negatively regulates
organ and organism size. It is a cyclin-dependent kinase
(Cdk) inhibitor (CKI) that inhibits a variety of cyclin/
Cdk complexes including cyclin D/Cdk4/6 and cyclin
E/Cdk2. The p27 mediates arrest at G1 of the cell cycle
in response to transforming growth factor f (TGF-B),
contact inhibition, or serum deprivation in epithelial cell
lines [12-14]. Mice deficient for p27 display increased
body size and enlarged organs, which contain more cells
than wild type [15-17]. The increased cell number in the
p27 knockout mice is the result of increased proliferation
rate rather than decreased cell death or cell size. On the
contrary, targeted disruption of skp2, an F-box protein
ubiquitin ligase and a negative regulator of p27, results
in mutant mice that are smaller in size. Apparently, this
reduced animal size can also be caused by reduced pro-
liferation of skp2—/— cells [18]. Another gene called Six6,
which is expressed for a short time during development
in the retina, hypothalamus, and pituitary gland, has also
been identified as an organ size controller [19]. Mice
lacking six6 contain retina and pituitary glands that are
smaller than those in normal mice. Most interestingly,
Six6 was found to bind to the promoter region of p27 and
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negatively regulate p27 transcription. Therefore, in mice
lacking six6, the levels of p27 were two to four times
higher than normal, an effect, which caused decreased
proliferation of epithelial cells in the retina and pituitary.
The above investigations clearly indicate that p27 nega-
tively regulates organ or organism sizes by inhibiting cell
proliferation and decreasing cell numbers.

Another good example that cell number changes affect
organ size through regulation of cell proliferation comes
from the studies on the Drosophila tumor suppressor
gene lats. The lats is a tumor suppressor identified in a
Drosophila mosaic screen [20]. Cells lacking lats exhibit
extensive cell overproliferation and develop into tumors
in flies. Most interestingly, homozygous /ats mutant lar-
vae are dramatically larger in size due to increased cell
numbers resulted from enhanced cell proliferation [21].
By using a similar mosaic screen in Drosophila, many
upstream (e.g. Fat, Merlin, Expanded, Hippo, MATS,
Salvador, etc) and downstream genes (e.g. Yorkie) of lats
have been identified, which constitute a novel signaling
pathway called Hippo-LATS pathway that plays impor-
tant roles in organ size control by regulation of cell pro-
liferation [22-30]. Most of the mammalian homologs of
the components of the Drosophila Hippo-LATS pathway
have been identified (Fat4 for Fat; Merlin for Merlin,
FRMD6 for Expanded, MOB1 for MATS; Mstl/2 for
Hippo, hWW45 for Salvador; LATS1/2 for lats; YAP
or TAZ for Yorkie) [25, 31-42]. Most significantly, it
has been shown that conditional knockdown of merlin,
Mstl/2, or WW45 (Salvador), or overexpression of YAP
in the liver results in increased liver size in mice [25, 33,
43, 44], suggesting that the Hippo-LATS signaling path-
way is an evolutionally conserved pathway regulating
animal organ size by regulating cell numbers.

Another mechanism by which cell number changes
result in changes of organ size is preventing cell cycle
exit and differentiation and thus sustaining cell prolifera-
tion [45]. For example, when a stabilized B-catenin was
overexpressed in neural cell precursors the mice develop
enlarged brains with increased cerebral cortical surface
area and folds [46]. Detailed analysis of the transgenic
mice indicated that, unlike loss of p27, B-catenin caused
enlarged brain and increased the numbers of neural pre-
cursor cells by inhibiting the differentiation of these cells
and keeping them in a proliferating state, rather than by
increasing their cell cycle rate or decreasing apoptosis.

Role of cell death in size control

Apoptosis or programmed cell death is the major form
of cell death that controls cell numbers in animal devel-
opment. Therefore, it can also play an important role in
maintaining the appropriate number of cells in a develop-
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ing or an adult organ. In general, apoptosis is controlled
by pro-apoptotic (Bad, Bax, Bcl-Xs, Bid, caspases,
DFF45 and p53) and anti-apoptotic (Bcl-2, Bel-X; and
IAPs) proteins (for review, see reference [47]). Overex-
pression of pro-apoptotic proteins can induce apoptosis,
whereas overexpression of anti-apoptotic proteins pro-
tects cells from apoptosis. It has been shown that mice
overexpressing the anti-apoptotic gene, bcl-2, or deficient
for the pro-apoptotic genes, caspase-9 or DFF45, have
enlarged brains as a result of an increase in the number
of neurons, which are normally removed by apoptosis
[48-51]. Another good example for a role of apoptosis in
organ size control is illustrated in the study of renal de-
velopment. Renal hypoplasia is one of the renal diseases
in humans. The most obvious phenotype caused by this
disease is small kidneys. Genetic studies in patients with
renal hypoplasia have found that the gene pax2 is fre-
quently mutated. Importantly, kidneys in mice heterozy-
gous for pax2 were only 60% of the size of their wild-
type littermate kidneys. Further study demonstrated that
this phenotype was caused by an increase in apoptosis
of duct epithelial cells rather than by a decrease in cell
proliferation [52]. Interestingly, overexpression of the
pro-apoptotic gene p53, which is negatively regulated by
Pax2, causes small kidneys [53]. This suggests that the
loss of function of pax2 may cause apoptosis and small
kidney size by increasing the effect of pro-apoptotic gene
p33. Analogously, mutations in the Drosophila eyeless
gene, a homolog of the mammalian pax gene, also cause
large-scale apoptosis of photoreceptor precursors and the
elimination of the eyes [54]. Therefore, the pax gene may
play an important role in organ size control by control-
ling the extent of apoptosis during development.

Coordination of cell proliferation and cell death in size
control

As stated above, cell number and organ size are deter-
mined by the balance between cell proliferation and cell
death. Therefore, the coordination of cell proliferation
and apoptosis must be highly important in maintaining
a constant organ or organism size. A good example of
this role of coordination in organ size control is demon-
strated in liver regeneration studies. A mouse or human
liver can grow back to its original size after several days
even when 70% of its mass is removed. During liver
regeneration, not only do the levels of proteins promot-
ing cell proliferation (HGF, NF-«B, cyclin DI, cyclin E)
increase, but also the genes inhibiting apoptosis (Bcl-
2) are coordinately activated. This effectively results in
enhanced cell proliferation and reduced cell death [55].
Livers in rats in which TGF-§ is overexpressed and cell
proliferation is inhibited cannot regenerate after partial
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hepatectomy [56], indicating that enhanced cell prolif-
eration and reduced apoptosis is of high importance for
liver regeneration. Another good example, demonstrating
the coordinated control of cell numbers and organ size by
cell proliferation and apoptosis, was shown in tumor-pro-
moting agent treatment experiment in liver and kidney.
Treatment of liver with phenobarbital or cyproterone ac-
etate or treatment of kidney with lead acetate could cause
a dramatic increase in cell proliferation, which leads to
an enlargement of the respective organ. However, with-
drawal of the drug treatment leads to a dramatic increase
in apoptosis, which is accompanied by a reduction of
liver or kidney mass to its original size [57, 58]. Detailed
biochemical analysis indicated that the level of anti-
apoptotic protein Bcl-2 increases during the induction of
hyperplasia, but decreases after withdrawal of the drug
treatment [59]. Therefore, animal can maintain a constant
organ size by keeping the balance between cell prolifera-
tion and cell death.

The role of cell size changes in determining organ
or organism size

Although we know that cell number difference ac-
counts for much of the size differences among differ-
ent species [10], cell size changes play a unique role in
size control for several reasons. First, cells have to ac-
cumulate mass and attain a certain size before they can
divide and proliferate. In another word, it is difficult to
understand cell number control without comprehend-
ing how cell size is controlled. Secondly, as mentioned
early, alterations in cell proliferation or cell number are
not always correlated with changes in organ or organism
size. We will discuss this further below. Thirdly, in many
cases, cells size changes are more important than cell
number changes in determining the organ or organism
size. For example, 50% of the C. elegans body growth
is due to increases in cell size during adulthood when no
cell proliferation takes place [60].

Cell ploidy/DNA content

It has been recognized for a long time that cell size
is proportional to DNA ploidy or nuclear DNA content
in bacteria, yeast, fungi, and plant and animal cells. For
example, the cell size of tetraploid animals is usually
twice the size of diploid animals. In animal systems, the
size of an animal organ is determined by its total mass
(cell number and cell size), however, not necessarily by
ploidy in many cases [10, 61]. For example, although
the cell size in a diploid salamander is twice the size in a
haploid salamander, the body size for the two animals is
the same because the diploid salamander contains half as

many cells as the haploid [62]. However, in some situa-
tions, cell size changes caused by increased ploidy may
play a part in controlling the specific size of an organ.
For example, in skp2-knockout mice, liver mass can be
recovered to its normal size after partial hepatectomy by
increasing ploidy and cell size without any changes in
cell proliferation and cell number [63]. Furthermore, in
plants, an increase in ploidy can directly influence organ
size [64]. For example, the fruits of banana or cotton are
much larger in high-ploidy varieties than those of their
diploid counterparts [65]. The molecular mechanism for
increased cell or organ size with the increase in ploidy is
unknown. It may be related to the expression of certain
genes controlling organ or organism size [66, 67]. In-
deed, several genes (dbl-1, LON-1), which are involved
in TGF-B signaling in C. elegans, affect body size as-
sociated with ploidy [67]. Further studies in mammalian
or other systems will shed light on the molecular mecha-
nism of organ size control by ploidy.

Insulin/PI3-kinase/TOR pathway

An exciting advance in our understanding of size con-
trol has been the demonstration that several molecules,
which are activated by insulin or insulin-like growth fac-
tors (IGFs) in Drosophila and mammals, regulate organ
and organism size [68-70]. Significantly, TOR (target of
rapamycin) was found to be the central player in both
insulin-induced and nutrient-induced cell size changes
[71, 72]. Biochemical and genetic studies have suggested
that a complex insulin/PI3-kinase (PI3K)/TOR pathway
is composed of a variety of cellular genes including on-
cogenes, tumor suppressor genes, and protein synthesis
genes controlling cell growth and cell size (Figure 2).

In this pathway, mammalian insulin or IGF and possi-
bly Drosophila DILPs (Drosophila insulin-like peptide)
bind to and activate the intrinsic typrosine kinase activ-
ity of their receptors, insulin receptor (Inr) or IGF-R.
Once activated, the receptors phosphorylate IRS (insulin
receptor substrate) or Chico (Drosophila), leading to the
recruitment of PI3K/Dp110 (Drosophila) via the SH2 do-
mains of its adaptor p85 or p60 (Drosophila). Binding of
PI3K to IRS/Chico directly stimulates its kinase activity,
which can phosphorylate the 3-position of the inositol
ring of the plasma membrane lipid phosphatidylinositol
(PtdIns) 4,5-diphosphate (PIP,) to form PtdIns(3,4,5)P;
(PIP;). In Drosophila, Inr can also activate PI3K directly
through the multiple dPI3K-SH2 docking sites in its
extended tail without binding to Chico [73]. Signaling
proteins such as serine-threonine kinase Akt (also called
protein kinase B, PKB) and phosphoinositide-dependent
kinase 1 (PDK1) accumulate at sites of PI3K activation
by the binding of their pleckstrin-homology domains
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Figure 2 Insulin/PI3K/TOR signaling pathways for cell size
control. Upon binding of insulin/IGF to the receptors, a signal is
relayed via PI3K, lipid (PIP2, PIP3) and protein kinases (PDK1,
Akt, TOR, S6K) that finally causes cell growth by activating the
translation machinery and protein synthesis. Different connecting
lines represent pathways found or confirmed in Drosophila (-+*),
mammals (—-) or both (—). Lines with arrow-head means the
gene stimulates downstream gene function, whereas lines with
blunt line means the gene inhibits downstream gene function.

to PIP; on the membrane. Association with PIP; at the
membrane brings these proteins into proximity and fa-
cilitates phosphorylation and activation of Akt by PDK1
[74].
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On the other hand, a phosphatase and tumor suppres-
sor, PTEN (phosphatase and tensin homolog), can antag-
onize PI3K function by dephosphorylating the phosphate
at the 3-position of the lipid and converting PIP, back to
PIP,[75, 76]. Activated Akt can regulate phosphorylation
of S6K and 4E-BP by directly binding to and phospho-
rylating the tumor suppressor TSC2 (tuberous sclerosis
complex 2) [77-79]. Phosphorylation of TSC2 by Akt
destabilizes the TSC1-TSC2 complex and inhibits the
ability of TSC to suppress the phosphorylation of S6K
and 4E-BP through inhibition of Rheb, resulting in en-
hanced phosphorylation of both S6K and 4E-BP [80-84].
Phosphorylation of S6K activates the protein, which can
subsequently phosphorylate the ribosomal protein S6,
leading to an increased translation of 5’ TOP (terminal
oligopyrimidine tracts) mRNAs. These 5’ TOP sequences
are found mostly in ribosomal protein mRNAs, sug-
gesting that activation of S6K may cause an increase in
protein synthesis. Phosphorylation of 4E-BP1 by TOR
inactivates its function, which causes the release of its re-
pression on elF4E and, thereby, leads to enhanced global
translation initiation. Therefore, insulin signaling stimu-
lates cell growth and controls cell size by modulation of
protein synthesis via the PI3K/TOR pathway. In addition,
TOR can also mediate cell size changes induced by nutri-
ent (amino acid, ATPs, etc) availability, possibly through
TSCI1/TSC2 or other pathways [71, 85].

Genetic studies have revealed functional similarities
of the insulin/PI3K/TOR pathway in Drosophila and
mammals. In general, inactivation of genes that promote
the insulin/PI3K/TOR pathway including Inr, IRS1-2/
Chico, PI3K/Dp110, PDK1, Akt, TOR, and S6K, reduces
cell, organ or organism size; whereas activation of sev-
eral of these genes has the opposite effect [86-102]. Con-
versely, mutations in negative regulators of the pathway,
such as PTEN, TSC1 or TSC2, increase cell or organ
size; whereas overexpression of PTEN or both TSC1
and TSC2 causes reduced cell size or organ size (Figure
2) [76, 103-108]. In mice, overexpression of GSK-3p, a
downstream target of Akt (Figure 2), during brain devel-
opment reduces brain size in transgenic mice by reduc-
ing cell size [109]. The mechanism for regulation of cell
growth by GSK-3f is unknown (Figure 2).

Despite the strong functional parallel and conservation
of the InR/PI3K/TOR pathways between Drosophila and
mammals, there are some differences in the phenotypes
caused by certain gene mutations in vivo. For example,
Drosophila S6K mutants have reduced cell, organ and
organism size, whereas S6K knock-out mice are only
slightly reduced in size, where most of their cells are
of normal size, except for pancreatic B-cells, which are
smaller [88, 110]. In addition, activation of dS6K in
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Drosophila requires dPDK1, but not dPI3K and dAkt
[111], whereas transgenic mouse model clearly dem-
onstrated that Akt is important for activation of S6K in
cell size control [100, 102]. Furthermore, loss of PTEN
causes increased cell size in all the tissues in Drosophila,
whereas loss of PTEN only affects cell size in the brain
rather than other tissues in mice [76, 112]. The reasons
for these differences are currently unknown. Recent stud-
ies in yeast show that Akt and TOR are thus far the only
two genes in the insulin/PI3K/TOR pathways that are
found to be involved in cell size control. Interestingly,
like in multicellular organisms, loss of function of Akt or
TOR also causes decreased cell growth and cell size in
yeast [113-115].

Cell cycle regulators

Overexpression or loss-of-function of most cell cycle
regulators does not affect cell growth and organ size.
This is clearly demonstrated in the experiments directly
manipulating the cell cycle in Drosophila imaginal discs.
In these experiments, the cell cycle was deregulated in
one compartment of the wing imaginal disc by manipu-
lating the activities of the G1/S progression activators
cyclin E or E2F and the inhibitor, Rb, and the G2/M pro-
gression activators Cdc2 and Cdc25/String. Surprisingly,
activation of cyclin E or Cdc25/String in the posterior
compartment increases cell cycle progression in the G1/
S and G2/M transitions, respectively, without any effect
on cell proliferation, cell number and compartment size.
Activation of E2F in the posterior compartment increases
both cell proliferation and cell number but decreases cell
size, resulting in constant compartment size. Conversely,
activation of Rb or inactivation of Cdc2 in the posterior
compartment leads to a decrease in cell number and an
increase in cell size but no change in compartment size
[11, 116]. These results suggest that control of the cell
cycle regulators may not be the key mechanism through
which organ size is regulated.

However, studies in flies, mice, worms and plants sug-
gest that the traditional cell cycle regulators, such as cy-
clin D/Cdk4, might primarily function as the regulator of
cell growth and cell size. Mice lacking either cyclin D or
Cdk4 are substantially smaller than wild-type littermates
[117, 118]. Similarly, although mutants for cyclin D
are still not available, flies deficient for Cdk4 also have
small body sizes [119]. Overexpression of cyclin D/Cdk4
in the developing wing generates more cells that are of
normal size [120], suggesting that both cell growth and
cell proliferation are increased. When cyclin D and Cdk4
were co-expressed in postmitotic cells in the Drosophila
eye disc, cell size was significantly increased [120]. In-
terestingly, recent studies on renal tubule epithelial hy-

pertrophy further demonstrate that an increase in cell size
induced by the activation of cyclin D is responsible for
renal cell hypertrophy in response to injury in mice [121],
suggesting that the role of cyclin D/Cdk in cell growth
control is evolutionarily conserved. However, how cyclin
D/Cdk4 regulates cell growth is still unknown.

Ras, Rho, Rac, and myc — a second pathway regulating
cell and organ size?

Ras, Rho, Rac and myc have long been recognized as
oncogenes and play important roles in the development
of a variety of human cancers (for review, see [122-125].
However, recent studies suggest that they may regulate
cell growth, cell size, organ and organism size through
a unique pathway that may be dependent on or indepen-
dent of the insulin signaling pathway (Figure 3).

In Drosophila, dmyc mutants reach the adult stage
at smaller body size [126] due to reduced cell size and
number [127]. Overexpression of dMyc increases cell
size by increasing cell growth rate without affecting cell
division rate [127]. Similarly, in mammals, adenovirus-
mediated overexpression of c-myc in the liver causes an
increase in liver size due to enlarged hepatocyte cell size
[128]. In addition, forced expression of c-myc in vitro
and in vivo also increases cell size in lymphocytes both
in cell culture and in mice [129, 130]. However, although
decreasing the level of c-myc leads to a corresponding re-
duction in mice body size, contrary to Drosophila dmyc
mutants, this reduction is caused not by a decrease in cell
size but by a decrease in cell number due to reduced cell
proliferation [131]. It has been suggested that coordina-
tion of cell proliferation and cell growth may be more
tightly controlled in mice than in Drosophila, which
would allow cells to maintain a constant size so that or-
gan size would be determined by the number of cell divi-
sions. However, several reports oppose this possibility.
First, overexpression of either dmyc or c-myc can cause
an increase in cell size rather than cell numbers in Droso-
phila or in mice, respectively, indicating that the primary
function of myc is to modulate cell size. Second, the re-
duced body size of mice lacking genes for insulin/PI3K
signaling, such as PDK1, can be also caused by a de-
crease in cell size rather than by changes in cell number
or proliferation [101]. Third, modulation of cell size by
cellular genes may be tissue-specific. As we mentioned
above, an increase in cell size and organ size for mice
lacking PTEN is only observed in the brain rather than
other tissues [112], whereas a reduction in cell size is
only observed in pancreatic B-cells in mice lacking S6K1
[110]. In the study by Trumpp et al. [131], cell number
and size were only examined in spleen, lymph nodes
and bone marrow cells. Therefore, it is still possible that
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Figure 3 Rho, Rac, Ras and myc signaling pathways for cell
growth control. Lines and symbols are as described in Figure 2.

decreased cell size can occur in other tissues. Whatever
the reasons, current studies strongly suggest a role for
myc in cell, organ and organism size control. Further-
more, several lines of evidence support the role of myc
in cell growth control: (1) a Myc target gene, pitchoune,
which encodes a DEAD box RNA helicase that may be
involved in ribosome biogenesis, is also required for cell
growth in Drosophila [132]; (2) overexpression of c-myc
causes enhanced protein synthesis correlating with cell
growth, but independent of cell cycle phase [129]; (3)
Myc can induce a large set of genes functioning in ribo-
some biogenesis (nucleolin, and nucleophosmin) and
protein synthesis (EEF1, elF4E and elF2a) [133, 134],
which is necessary for cell growth.

Recently, a direct role for Ras in controlling cellular
growth was found in Drosophila [135]. Cells lacking ras
were smaller and had reduced growth rates. Conversely,
overexpressing Ras (dRasV12) in clones of proliferat-
ing cells resulted in similar phenotypes as those after
overexpressing dMyc [135]. Consistently, expression of
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activated Ras in mouse heart tissue also increases heart
size as a result of cell enlargement [136]. Ras activates
cell growth by either activating dMyc post-transcription-
ally or activating PI3K (Figure 3; [135, 137, 138]). In
addition, Ras may also regulate cell growth by activat-
ing Rac, another GTPase [139]. It has been shown that
overexpression of constitutively active racl (V12racl)
in neonatal cardiac myocytes results in an increase in
cell size and enlarged heart [140]. Furthermore, the Rho
GTPase was also suggested to be involved in cell size
control. Mice lacking the Rho-inhibitory protein, p190-
B RhoGAP, are 30% reduced in size due to reduced cell
size [141]. Loss of p190-B RhoGAP causes enhanced
Rho activity, which subsequently inhibits IRS and PI3K
function by inhibiting IRS activity through the Rho ef-
fector ROCK (Figure 3; [142]). Interestingly, the cell
size defect can be rescued by expression of a constitu-
tively activated CREB [141]. Mice deficient for CREB
display a small animal phenotype similar to that of mice
deficient for p190-B RhoGAP [143], suggesting that Rho
and CREB may act in the same pathway in controlling
cell and animal size. In addition, it has been shown that
loss of function mutations in both NF1 and PKA result
in reduced animal size in Drosophila [144], and CREB
is known to be a substrate of PKA in mammalian cells
[145]. Therefore, NF1 and PKA may regulate cell and
body size through the modulation of CREB (Figure 3).
The molecular mechanism by which CREB regulates
cell and animal size is presently unknown. Like myc,
CREB is also a transcription factor that can induce a va-
riety of genes, including those involved in the regulation
of metabolism [146]. Nevertheless, the crucial proteins
mediating CREB regulation of cell growth remain to be
identified.

In conclusion, Ras, Rho and Rac, which were pre-
viously regarded as GTPases and major regulators of
cytoskeleton, may form a second pathway overlapping
with or independent of the insulin signaling pathway and
play an important role in the regulation of cell, organ and
organism size. They may regulate animal size by regulat-
ing transcription factors, such as myc or CREB, which
can subsequently transactivate cellular genes involved
in protein synthesis and metabolism during cell growth.
Recent studies in yeast also suggest that transcriptional
regulation by transcription factors plays very important
roles in controlling cell size [147].

Interaction between cell growth and cell division in
cell and organ size control

During the development of multicellular organisms,
cell size is relatively constant in specific tissues even
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in rapidly proliferating tissues. Thus, cell proliferation
and cell growth need to coordinate perfectly in order to
maintain a constant cell size. However, it is still largely
unknown how cell growth and division rates are coordi-
nated to ensure the maintenance of cell size and organ
size. Currently, four mechanisms have been proposed
to explain the relationship between cell growth and cell
division, each with some experimental support. The first
mechanism is that cell growth is dominant to cell divi-
sion [115]. The second mechanism is that cell prolifera-
tion inhibits cell growth during the cell cycle [148]. The
third mechanism is that cell growth and cell division are
controlled coordinately by a growth coordinator. The
fourth mechanism is that cell growth and cell division
are independently regulated.

The view for the first mechanism comes mostly from
yeast and Drosophila genetic studies. In budding yeast,
G1 cyclins must accumulate to critical cellular levels
in order to start cell cycle progression from the G1/S
transition, START. A G1 cyclin, CIn3, was found to be
a critical mediator between cell growth and cell cycle
progression. The c/n3 mRNA has a long 5" untranslated
region (5’ UTR) that contains many short open reading
frames (WORFs) whose function is to decelerate initiation
of ¢/n3 mRNA translation when few ribosomes are avail-
able in the cytoplasm. As the concentration of ribosomes
correlates with growth rate, this mechanism provides a
link between growth rate and the rate of Cln3 synthesis.
Under poor growth conditions, CIn3 levels are dramati-
cally reduced due to frequent initiation from uORFs
and reduced translation initiation from the c/n3 start
codon. However, under favorable growth conditions,
Cln3 levels greatly increase, resulting in rapid transition
through START [149]. A similar mechanism also exists
in multicellular systems such as Drosophila, in which
progression through G1/S and G2/M is controlled by the
levels of cyclin E and Cdc25, respectively [150, 151].
Accelerating cell cycle progression by overexpression
of either cyclin E and Cdc25 or the transcription factor
E2F cannot change the growth rate, resulting in cells
with reduced cell size [11]. This experimental result sug-
gests that acceleration of the cell cycle cannot stimulate
cell growth. On the other hand, several lines of evidence
suggest that cyclin E, like Cln3, may function to ‘sense’
growth signals to drive the cell cycle through G1/S. First,
cyclin E levels are rate limiting. Overexpression of cyclin
E can drive the cells passing through G1/S rapidly [11].
Second, cyclin E levels can be upregulated by enhanced
growth rate induced by overexpression of dMyc or Ras
[135]. Third, comparable to c/n3, the 5" UTR region of
cyclin E contains several uORFs [152]. A similar sensing
mechanism that links cell growth to cell cycle progres-

sion by Cdc25 for G2/M transition was also found in fis-
sion yeast [153].

The second mechanism in which cell division inhibits
cell growth comes from studies in yeast and mammalian
cells [148]. By measuring a single cell growth rate dur-
ing the cell cycle progression in both yeast and mam-
malian cells, several groups have discovered that the
cell growth rate during the cell cycle is not constant but
changes during the cell cycle stages. The cell growth rate
is high during G1 phase but is decreased during mitosis
[154-157], suggesting that cell division may inhibit cell
growth. It has been proposed that increased Cdk activity
and polarized actin cytoskeleton during mitosis may be
responsible for the inhibition of cell growth [148].

The third mechanism for regulated coordination of cell
growth and cell division is supported by studies on or-
gan size control in mammals and plants. When a TGF-f3
superfamily gene, myostatin, was deleted in mice, the
animals are significantly larger than wild-type animals.
Most strikingly, muscle mass of mutant animals are 2-3
times greater than those of wild-type animals due to an
increase in both cell number and cell size [158]. This
suggests that myostatin normally inhibits both muscle
cell growth and cell division. Further studies demonstrate
that myostatin inhibits cell division by inducing Cdk in-
hibitor p27 and inhibits cell growth by reducing protein
synthesis [159, 160]. Therefore, myostatin may function
as a growth coordinator that coordinately regulates cell
division and cell size. Since myostatin is only expressed
in muscle cells, identification of genes similar to myo-
statin in other tissues will serve to confirm whether the
regulation of animal size by a growth coordinator is a
common mechanism in size control. Interestingly, a gene
called ANT with similar functions to myostatin has been
also identified in Arabidopsis as a regulator of organ size
control. ANT has been shown to define organ size by
regulating the extent of cell proliferation coordinately
with growth [8]. These results suggest that the coordinate
control of cell growth and cell division may be a com-
mon mechanism for both animals and plants to control
organ and organism size.

The fourth mechanism, where cell growth and cell
proliferation are regulated separately, is supported by
studies from mammalian cell culture system. In an at-
tempt to examine how cell growth and cell division are
coordinated in order to keep a constant cell size, Conlon
et al. [161] examined cell growth and cell division after
treatment of rat Schwann cells with glial growth factor
(GGF). They found that GGF can stimulate cell cycle
progression without promoting cell growth, further con-
firming studies in yeast and Drosophila that proliferation
can not drive cell growth. Moreover, the authors also
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found that increasing the growth rate by IGF-1 treat-
ment has no effect on cell cycle progression, suggesting
cell growth and cell division are regulated separately. In
fact, the uncoupling of cell growth and cell division are
frequently observed during animal development, such
as during the early embryonic stage when large embryos
are divided into smaller cells without concomitant cell
growth. However, whether this mechanism is commonly
used in other settings or developmental stages remains to
be determined.

Roles of other genes involved in organ size control

Besides the roles of cell proliferation, cell death, and
cell growth in organ size control, recent studies suggest
that cellular genes regulating pattern formation (e.g. Wg
and Dpp, etc), cell-cell adhesion (e.g. Fat and Dachsous,
etc), and cell polarity (e.g. scribble, stardust, fat, LKB,
etc) also have dramatic effect on final organ size (for re-
view see references [162, 163] and [106]). These genes
may function as ‘organ-size checkpoints’ that regulate
cell proliferation, cell death, and cell growth.

Size control and human diseases

Cancer

Although increases in cell proliferation and cell num-
ber are highly important in tumorigenesis, deregulation
of size control may also play a role in human cancers.
This is well illustrated in the study of three genes in-
volved in size control as we described above, PTEN,
TSC1 and TSC2. PTEN is a tumor suppressor gene that
was found to be mutated in various human cancers
including melanoma and glioblastomas, and in endo-
metrial, prostate and breast cancers [164]. Most impor-
tantly, PTEN mutations are also found in the autosomal
dominant hamartoma syndrome Cowden disease and
Bannayan-Riley-Ruvalcaba syndrome. The hallmark fea-
tures of Cowden disease include appearance of hamarto-
ma-like overgrowths of various tissues, including skin,
breast, intestine and brain, early in life. Lhermitte-Duclos
disease is a component of Cowden disease. One of the
major features of Lhermitte-Duclos disease is hamartoma
in the brain and enlarged granule cells in the cerebellum,
implying that inactivation of PTEN may be responsible
for these phenotypes. Indeed, deletion of PTEN in mouse
brain shows a cell-autonomous increase in brain soma
cell size and brain size, which resembles Lhermitte-
Duclos disease [112, 165]. Therefore, deregulation of
cell size and organ size due to dysfunction of PTEN in
cell size control may be the original cause of Lhermitte-
Duclos disease.
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TSC is a relatively common heritable genetic disorder
that occurs in approximately 1 in 6 000. It is character-
ized by the formation of hamartomas with giant cells in
a wide variety of human tissues, including brain, skin,
kidney, lung and heart [166, 167]. Mutations of two tu-
mor suppressor genes, 7SC 1 and 7SC 2, are found to be
responsible for familial TSC [168, 169]. Interestingly,
recent studies in Drosophila illustrate that loss-of-func-
tion mutations in TSC1 and TSC2 basically abolish size
control in the animals. Cell or organ size is dramatically
increased in cells or tissues mutant for either 7SC1 or
TSC2 [105-107], resembling clinical symptoms of TSC
in humans.

Besides PTEN and TSC, dysfunction of other genes
involved in size control, such as Akt and PI3K has also
been reported in a wide variety of human cancers [170].
Moreover, many components of the Hippo-LATS signal-
ing pathways, which play very important roles in size
control, also function as tumor suppressor genes (€.g.
Merlin, Mstl1/2, and LATS1/2) or oncogenes (e.g. YAP
and its paralog TAZ) (for detailed reviews, see references
[22, 26-30, 171-173]). Together, these studies strongly
suggest that dysregulation of size control may be impor-
tant in the development of human cancers.

Diabetes

Loss of size control in the development of diabetes is
clearly demonstrated in Akt2 and S6K knockout mice.
Akt2-deficient mice are born normal, but soon develop
phenotypes that recapitulate different aspects of clinical
type 2 diabetes mellitus with defect in insulin-stimulated
glucose disposal in peripheral tissues, insulin suppres-
sion of hepatic glucose production, and glucose-medi-
ated insulin secretion by pancreatic -cells. In addition,
insulin levels are almost 8-fold higher in Akt2-deficient
mice compared to wild-type mice. Consistent with this
phenotype, Akt2-deficient mice have a dramatic increase
in the size and number of pancreatic islets, which would
compensate for hyperglycemia by producing more insu-
lin [174]. The phenotype in S6K1-knockout mice is quite
the opposite of what is observed in Akt2-knockout mice.
Basal insulin levels are reduced in such mice. Injection
of glucose has little effect on these levels, compared to
wild-type mice, suggesting that S6K1-knockout mice
have an insulin deficiency. Further analysis shows that
the decreased insulin levels are caused by reduced pan-
creatic B-cell size rather than a decrease in [ cell number
[110]. Consistent with these observations, -cell-specific
knockout of PDK1, which is an activator of S6K1 and
AKT (Figure 2), also leads to decreases in B-cell size
[175]. These experiments in mice strongly suggest that
dysregulation of size control, especially in the case of 8
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cell size, may contribute greatly in the development of
diabetes in humans.

Organ hypertrophy or atrophy

Uncontrolled cell or organ size in certain tissues,
such as cardiac and renal tissues, may also cause organ
hypertrophy or atrophy. A good example to illustrate
this is hypertrophic cardiomyopathy (HCM). HCM is a
relatively common genetic cardiac disease (1:500 in the
general population). This relates largely to its recognition
as the common cause of sudden death in the young. One
of the major pathologies in HCM is cardiac hypertrophy
[176]. Cardiac hypertrophy is caused by an enlargement
of individual muscle cells, called cardiomyocytes, rather
than by an increase in cell number. A recent study has
shown that enhanced expression of several cellular genes
associated with cell size control has been found in HCM
patients. Interestingly, cardiomyocyte size was found to
be correlated with the expression level of c-H-ras and c-
Myc [177], suggesting that c-H-ras and c-Myc may play
a role in the hypertrophic mechanism in HCM by in-
creasing cardiomyocyte size. This conclusion was further
supported by another experiment in which overexpres-
sion of ras in cardiomyocytes induces enlarged cardio-
myocyte size and cardiac hypertrophy [136]. Besides the
roles of size control in HCM, increased cell size caused
by activation of mTOR and S6K1 has also been shown
to be responsible for glomerular hypertrophy in kidney
[178, 179]. Moreover, overexpression of tumor suppres-
sor TSC1 or knockout of S6K1 causes muscle atrophy in
mice [180].

Conclusion

Although the molecular mechanism of size control is
still largely unknown, genetic studies in model systems,
especially in Drosophila and mice, are helping us to un-
ravel signal pathways regulating cell, organ, and organ-
ism size. Understanding size control mechanisms can
answer not only some of the basic biological questions
but also questions about human diseases, such as cancer
and diabetes. With the increasing interest on size control
in mammalian systems, the next few years will be seeing
more exciting and encouraging discoveries.
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