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Overexpression of c-Myc in immortalized cells increases cell pro-
liferation, inhibits cell differentiation, and promotes cell transfor-
mation. Recent evidence suggests that these effects, however, do
not necessarily occur when c-Myc is overexpressed in primary
mammalian cells. We sought to determine the immediate effects of
transient overexpression of c-Myc in primary cells in vivo by using
recombinant adenovirus to overexpress human MYC in mouse
liver. Mice were intravenously injected with adenoviruses encod-
ing MYC (AdyMyc), E2F-1 (AdyE2F-1), or b-galactosidase (AdyLacZ).
Transgene expression was detectable 4 days after injection. Ex-
pression of ectopic c-Myc was immediately accompanied by en-
larged and dysmorphic hepatocytes in the absence of significant
cell proliferation or apoptosis. These findings were not present in
the livers of mice injected with AdyE2F-1 or AdyLacZ. Prominent
hepatocyte nuclei and nucleoli were associated with the up-
regulation of large- and small-subunit ribosomal and nucleolar
genes, suggesting that c-Myc may induce their expression to
increase cell mass. Our studies support a role for c-Myc in the in vivo
control of vertebrate cell size and metabolism independent of cell
proliferation.

The basic helix–loop–helix transcription factor, c-Myc, pos-
sesses the dual ability to transactivate genes that control cell

proliferation and transrepress genes that induce growth arrest
and differentiation (reviewed in refs. 1–3). c-Myc forms a
heterodimeric complex with Max (4), and then binds to the
enhancer box, 59-CACGTG-39 (5, 6), to activate transcription of
genes. Overexpression of c-Myc in immortalized cells results in
enhanced cell proliferation, inhibition of cell differentiation (7,
8), increased glucose metabolism (9), and anchorage-
independent growth (10). In response to serum or glucose
deprivation, c-Myc-overexpressing cells undergo apoptosis
(11–14).

Identification of the genes regulated by c-Myc has helped
clarify c-Myc function. Genuine c-Myc target genes must meet
specific criteria to be classified as such (3), with a major criterion
being that the protein encoded by the target gene is linked to cell
proliferation or transformation. Genes found to be directly
responsive to c-Myc include those involved in cell cycle regula-
tion, such as cdc25A (15) and cyclins D1 and D2 (16), and those
that control cell metabolism, such as ornithine decarboxylase
(17) and lactate dehydrogenase A (9). However, the significance
of target genes involved in protein translation, such as eIF-4E
(18, 19) or MrDb, a putative RNA helicase (20), or carbamoyl-
phosphate synthase transcarbamylaseyaspartate dihydroorotase,
an enzyme implicated in pyrimidine biosynthesis (21), have been
less obvious, although it has been assumed that accelerated
passage through G1 requires augmented RNA processing and
protein synthesis (22).

It now appears that the increase in protein synthesis may serve
another function beyond yet c-Myc-mediated cell proliferation.
Recent studies implicate c-Myc in the control of cell growth
(increase in cell mass), by a mechanism independent of its effect
on the cell cycle. This impact on cell growth was most clearly
demonstrated in Drosophila melanogaster, in which a dmyc

mutation leads to diminutive flies that are slow to grow (23). In
concordance with this observation, wing cells engineered to
overexpress dmyc show an increase in cell mass, but not number
(24). Similar observations have been made in mammalian cells.
B cell-derived P493–6 cells that overexpress c-Myc have greater
mass in every phase of the cell cycle (25). Transgenic mice that
develop lymphoma as a result of the MYC transgene driven by
the Em Ig enhancer, possess increased B cell size at all stages of
B cell development regardless of cell-cycle phase (26). The
identification of cell growth as a function of c-Myc overexpres-
sion has renewed interest in those genes involved in RNA
processing and protein synthesis.

The finding that c-Myc induces cell growth in the absence of
cell proliferation in some models points out a major deficiency
in using immortalized or cancer cell lines to understand c-Myc
function. Such systems may not accurately reflect its true
function in mammalian cells in vivo, yet such information is vital
for understanding its role in tumorigenesis. Contrary to the
proliferative response immortalized cells display in response to
c-Myc overexpression, primary mouse embryo fibroblasts that
overexpress MYC undergo growth arrest from induction of the
Mdm2 inhibitor, p19ARF (27). The differences between events
in immortalized and primary cells undoubtedly reflect addi-
tional genetic alterations in the former that contribute to their
immortality.

Studies involving c-Myc transgenic mice may be subject to
similar criticism, because there is a high likelihood that com-
pensatory genetic changes have occurred during development.
Targeted expression of c-Myc in transgenic mice has resulted in
lymphoma (28), liver tumor (29), or pancreatic tumor formation
(30) as the mice age. Two recent studies have shed some light on
the more immediate consequences of c-Myc function in vivo.
One group examined the effects of deactivating a constitutively
expressed MYC transgene in hematopoietic cells (31). Inactiva-
tion of the transgene led to regression of malignant T cell
lymphomas and acute myeloid leukemias that arose from c-Myc
overexpression. A second group developed a transgenic model
that expressed an inducible c-Myc-estrogen receptor (MycER)
chimera in the epidermis, which when exposed to 4-hydroxyta-
moxifen triggered the nuclear translocation of MycER, with
development of keratinocyte proliferation and a precancerous
epithelial lesion after 1–3 weeks of exposure (32). Deactivation
of MycER caused regression of these lesions. Although this latter
transgenic model most closely approximates c-Myc function in
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vivo, there was constitutive expression of the MycER chimera
and nuclear localization of this protein even before exposure of
the mice to 4-hydroxytamoxifen.

It is of profound interest to define the immediate conse-
quences of c-Myc overexpression in the primary mammalian cell,
because deregulated c-Myc expression is one of the earliest
events in the multistep paradigm of carcinogenesis. We therefore
sought to develop a model in which the immediate effects of
transient overexpression of c-Myc in vivo could be assayed. The
liver was chosen as the organ in which to study c-Myc function
in vivo. c-Myc plays a critical role in the regenerative response of
the liver after 70% partial hepatectomy, a stimulus for hepato-
cyte cell cycle entry (33, 34). Deregulated expression of c-Myc
occurs in more than 50% of human hepatocellular carcinomas,
suggesting that c-Myc participates in the pathogenesis of this
tumor. Finally, transgene delivery to the liver, using recombinant
adenovirus, has been well studied and at an appropriate viral
titer is associated with minimal toxicity that could complicate
interpretation of c-Myc’s effects. Because hepatocytes could be
transduced with high efficiency and transgene expression occurs
within 3–5 days of delivery, the advantage of this system was that
we could study the effects of c-Myc expression in the normal cell
in the absence of major compensatory genetic changes. By using
recombinant adenovirus to deliver the human MYC transgene to
murine liver, we found that ectopic expression of c-Myc resulted
in a novel phenotype of hepatocyte hypertrophy with concom-
itant enlargement of nuclei and nucleoli. These effects were
specific to c-Myc and not observed with the overexpression of
E2F-1, a transcription factor that regulates cell proliferation.
Cell hypertrophy as a result of c-Myc overexpression was ac-
companied by an increase in the expression of genes encoding
ribosomal and nucleolar proteins, but occurred in the absence of
significant proliferation. Our data underscore the fact that the
effect of c-Myc in primary cells cannot be predicted from prior
observations made in immortalized cells.

Materials and Methods
Adenoviral in Vivo Gene Transfer. Animal studies were approved by
The Johns Hopkins University School of Medicine Animal Use
and Care Committee. Adenoviral constructs AdyLacZ and
AdyMyc were the generous gifts of W. El-Deiry (University of
Pennsylvania, Philadelphia) and have been described (35). Ady
E2F-1 was the gift of J. R. Nevins (Duke University, Durham,
NC) (36). Two-month-old male BALByc mice, weighing 20–25
g, were intravenously injected in a volume of 200 ml with 4 3 109

plaque-forming units (pfu) of AdyLacZ, AdyMyc, or AdyE2F-1.
Mice were killed by CO2 on days 3, 4, and 5 after adenoviral
injection. Livers were quickly isolated and frozen for subsequent
experiments.

b-Galactosidase Assay. Day 3, 4, and 5 livers transduced with
AdyLacZ were frozen in Tissue-Tek OCT compound (Sakura)
and sectioned onto glass slides. The frozen sections were fixed by
incubating the slides in PBS containing 2% formaldehyde for 5
min at 4°C. The sections were washed twice with PBS and
assayed for b-galactosidase activity by incubating the slides in
PBS containing 5 mM potassium ferricyanate, 2 mM MgCl2 and
(1y20) vol of 20 mgyml 5-bromo-4-chloro-3-indolyl b-D-
galactoside in dimethylformamide at 4°C. After 6 h, positive
staining was visualized, and the reaction was stopped by washing
the slides with PBS.

Western Analysis. Ten milligrams of frozen liver tissue was minced
by using a razor blade at 4°C. The tissue was transferred into a
0.5-ml glass tube containing hot 23 Laemmli buffer (95°C) (0.5
M TriszCl, pH 6.8y20% glyceroly4% SDSy10% b-mercaptoetha-
noly2.5% bromphenol blue) and homogenized by using a glass
pestle. The lysate was then incubated at 95°C for 5 min and spun

at 14,000 rpm at 25°C for 5 min to spin down the cellular debris.
The supernatant was loaded into 12% SDSyPAGE gel and
transferred to polyvinylidene difluoride membrane (Millipore).
The c-Myc protein was detected by using 9E10 antibody as
described (37).

Northern Analysis. Total RNA was prepared by using TRIzol
reagent (Life Technologies), and 20 mg of total RNA was loaded
per lane on a 1.2% agaroseyformaldehyde gel and transferred to
nylon membrane (Schleicher & Schuell). The cDNAs used for
probes were the generous gifts of Q. B. Guo (National Institutes
of Health, Bethesda, MD), and 32P-labeled probes were gener-
ated by using the PrimeIt-II random primer labeling kit (Strat-
agene). The hybridization and washing steps were carried out as
described (37), and the positive signals were visualized by using
a PhosphorImager and autoradiography.

Apoptosis Assay. Apoptosis was detected by using terminal de-
oxyribonucleotidyl transferase-mediated dUTP nick end label-
ing (TUNEL) staining. Tissue sections were deparaffinized by
three 5-min washes in xylene, two 5-min washes in 100% ethanol,
one 3-min wash in 95% ethanol, and one 3-min wash in 70%
ethanol, followed by one 5-min wash in PBS. TUNEL staining
was performed by using the ApopTag kit (Intergen). Positive-
staining cells were visualized by using a fluorescence microscope
with the excitation filter set at 488 nm (Nikon).

Immunohistochemistry. Ki-67 staining was performed as described
(38), with the modification that the antibody incubation was
done at room temperature for 30 min by using a 1:200 dilution
of Ki-67 antibody (MIB5, Zymed). For methyl green pyronin
staining, the paraffinized sections were rinsed with deionized
H2O and then acetate buffer (pH 4.8). Sections were stained by
incubation in a buffer containing 2% aqueous methyl green, 2%
aqueous pyronin Y (or G), and 28% glycerol (pH 4.8) for 30 min
at room temperature. The sections were blot-dried and rinsed
with equal parts of acetoneyxylene and then xylene.

Cell Morphometrics. Image analysis of hematoxylinyeosin-stained
liver sections was performed by using IMAGEPRO software. Cells
were viewed under 340 magnification, and every hepatocyte in
each field containing a nucleus was used to calculate the average
number of hepatocytes per high power field and average area
of hepatocytes. Cell volumes were derived from the area
measurements.

Results
To study the effect of exogenous overexpression of c-Myc in the
liver, we injected BALByc mice intravenously with 4 3 109 pfu
of AdyMyc. Control mice were injected with AdyLacZ. Mice
killed on days 4 and 5 had livers that stained positively for
b-galactosidase activity, with 40% of hepatocytes staining pos-
itive by day 5 after injection (Fig. 1A). MYC transgene and
protein expression were detectable by day 4 postinjection
(Fig. 1B).

Normal hepatic architecture was disrupted by the presence of
enlarged, dysmorphic hepatocytes in livers from AdyMyc mice
killed on day 4 (Fig. 1D); such changes were absent in AdyLacZ
livers. No significant inflammatory infiltrate in any liver section
was observed. To determine whether cell enlargement could be
induced by another transcription factor known to regulate cell
proliferation, we expressed E2F-1 in mouse liver after injecting
the same adenovirus titer used for AdyLacZ and AdyMyc. E2F-1
expression was seen in mouse livers 3 days after injection (Fig.
1C), yet no increase in hepatocyte size was observed (Fig. 1D).
Hence, the cell enlargement in AdyMyc livers appears to be
c-Myc specific because E2F-1 failed to increase cell size despite
its recognized role in cell proliferation.
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Morphometrics of 80 hepatocytes from several random high-
power fields of both AdyMyc and AdyLacZ livers determined
that the average volume of AdyMyc hepatocytes [819 6 68
arbitrary units (average 6 SE), n 5 82 cells] was 2.0 times greater
than that from AdyLacZ mice (399 6 14 arbitrary units, n 5 78
cells). In other terms, the average number of hepatocytes per
high-power field was 27 6 1 for AdyMyc livers compared with
39 6 4 for AdyLacZ livers. In addition, both nuclei and nucleoli
were enlarged in AdyMyc livers. Nucleoli were readily distin-
guished from condensed chromatin because they stained red by
methyl green pyronin, which stains RNA red and DNA blue
(Fig. 2A).

We next sought to determine whether the enlarged hepato-
cytes were proliferating or undergoing apoptosis. Liver sections
were stained with an antibody to the cell proliferation marker,
Ki-67. Although there was 2.5-fold greater staining for Ki-67 in
AdyMyc liver compared with AdyLacZ liver, fewer than 0.03%
hepatocytes in AdyMyc liver stained positively for Ki-67 (Fig.
2B), indicating that the vast majority of enlarged hepatocytes
were not proliferating. A TUNEL apoptotic assay of liver
sections showed that despite an increase in the number of
apoptotic cells in AdyMyc liver (7%) compared with that in

AdyLacZ liver (2%), the majority of enlarged hepatocytes in
AdyMyc liver were not undergoing apoptosis (Fig. 2C). Taking
these results together, we concluded that the hepatocyte en-
largement represents cell hypertrophy.

The prominent nucleoli led us to consider whether expression
of ribosomal genes was altered, because nucleolar size is indic-
ative of ribosomal RNA synthesis (39). Northern analysis indi-
cated that several ribosomal genes and genes that encode
proteins engaged in ribosome biogenesis and protein translation
are indeed up-regulated in AdyMyc liver compared with Ady
LacZ liver (Fig. 3). Nucleolin, recently reported to be transcrip-
tionally regulated by c-Myc (40), displayed enhanced expression
on day 4. The up-regulation of ribosomal gene expression does
not reflect a universal effect on all gene expression, because gene
33, a hormonally regulated gene activated in cell proliferation
and liver regeneration, is down-regulated in AdyMyc livers.
Gene 33 was previously identified as a gene down-regulated in
the livers of transgenic mice engineered to overexpress c-Myc in
the liver (unpublished data). We recently used poly(A)-RNA
isolated from both AdyMyc and AdyLacZ liver to generate
cDNA probes that were hybridized to arrays containing more
than 8,700 cDNAs so that we could identify additional differ-

Fig. 1. (A) b-Galactosidase staining of day 5 AdyLacZ liver. (B) (I) Northern blot showing exogenous MYC gene expression starting on day 4. 18S is shown as
loading control. (II) Western blot showing c-Myc protein expression in AdyMyc livers. Coomassie staining is shown for loading control. D3, D4, and D5 indicate
total RNA and protein samples isolated from AdyMyc livers killed on days 3, 4, and 5, respectively. (C) Western blot showing that E2F-1 is expressed by day 3
postinjection of recombinant adenovirus carrying E2F-1. E2F-1 is not detectable in AdyLacZ or AdyMyc livers. (D) Hematoxylinyeosin staining of day 4 AdyLacZ,
AdyMyc, and AdyE2F-1 liver. (Magnification: A, 35; D, 340.)
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entially expressed genes. Only 227 genes (2.5%) were found to
be greater than 1.8-fold differentially expressed (data not
shown), indicating that the expression levels of only a small
number of genes change in the liver in response to c-Myc. Thus,
the genes whose expression we have identified as altered in this
model are likely to be significant.

Discussion
To better understand the function of c-Myc in vivo, we developed
a murine model in which we used recombinant adenovirus to
deliver the human MYC transgene to the liver. There was avid
hepatic uptake of the recombinant adenovirus and rapid expres-
sion of the transgene by the fourth day after delivery. Expression
of the transgene was accompanied by marked enlargement of
hepatocytes, most of which were not proliferating or undergoing
apoptosis. The increase in cell size could not be attributed to the
adenoviral vector itself, as AdyLacZ failed to induce hypertro-
phy. Because MYC products have been reported to transactivate
an adenoviral promoter (41), we also considered that c-Myc
could complement the adenoviral E1A defect in the recombi-
nant AdyMyc, allowing expression of other adenoviral proteins.
However, expression of E2A, which is induced by E1A, was not
detected in AdyMyc liver (data not shown), and therefore cell
hypertrophy could not be attributed to expression of adenoviral
proteins.

c-Myc-dependent cell hypertrophy occurs in the absence of
cell proliferation in the liver, as has been reported in a few other

models (23, 25, 26). A similar effect was not observed with the
E2F-1 transgene delivery to the liver, suggesting that the effect
is specific to c-Myc and not generalized to all transcription
factors that affect cell proliferation. The absence of increased
hepatocyte mass in response to E2F-1, which activates genes that
control S phase progression, is consistent with prior observations
that E2F-1 failed to increase cell mass when overexpressed in
Drosophila wing cells (24). Thus, cell proliferation and cell
hypertrophy are events that can indeed be segregated.

c-Myc appears to induce cell and nucleolar enlargement by
altering the expression of genes that enhance protein synthesis.
We found that the expression of several ribosomal subunit
proteins, translation initiation factors, and nucleolar proteins
increased in AdyMyc liver in concordance with c-Myc overex-
pression. The up-regulation of such genes may explain why we
observed very prominent nucleoli in addition to enlarged cells.
These findings are consistent with prior observations that genes
encoding proteins involved in protein translation, such as the
RNA helicase, MrDb, and the translation initiation factors,
eIF-4E and eIF-2A, are up-regulated by c-Myc in several systems

Fig. 2. (Left) Day 4 AdyLacZ liver. (Right) Day 4 AdyMyc liver. (A) Methyl
green pyronin staining of the sections. The arrows highlight enlarged nucleoli
of AdyMyc hepatocytes. (B) Ki-67 staining of liver sections. The arrow indicates
positive staining of a proliferating cell. (C) TUNEL staining of liver sections. The
arrows indicate nuclei of cells undergoing apoptosis. (Magnification: A, 360;
B and C, 310.)

Fig. 3. Northern blot showing the expression levels of ribosomal and
nucleolar genes in AdyLacZ and AdyMyc livers. All of the ribosomal genes
examined show increased expression after the ectopic MYC expression. Ex-
pression of the immediate-early gene 33 is down-regulated in AdyMyc liver.
18S is shown as loading control. Numbers at the bottom indicate the days mice
were killed after adenovirus injection.

Kim et al. PNAS u October 10, 2000 u vol. 97 u no. 21 u 11201

BI
O

CH
EM

IS
TR

Y



(18–20). Furthermore, nucleolin, responsible for ribosomal bio-
genesis, and BN51, a cofactor of RNA polymerase III, were
recently identified as c-Myc-responsive genes (40).

The relationship between c-Myc and protein synthesis is
intriguing and reflects another effect of c-Myc on cell metabo-
lism. c-Myc is likely to increase cell mass simply by its effect on
nucleolar and ribosomal protein expression. The nucleolus pos-
sesses several functions, chief of which is ribosomal synthesis
(42). Studies in D. melanogaster indicate that nucleolar proteins
involved in ribosome assembly appear critical for maintaining
cell and organismal size. Thirteen of the Drosophila minute loci
associated with small body size and short bristles arise from
mutations to ribosomal genes (43). Partial loss of function of the
gene mfl, which encodes a ubiquitous nucleolar protein that
participates in ribosomal RNA processing and pseudouridyla-
tion, results in minifly, yet another small Drosophila mutant (44).

The absence of significant proliferation in response to c-Myc
overexpression in vivo contrasts with the effect in immortalized
cell lines, which proliferate in response to ectopic c-Myc over
expression. Studies of hyperplasia versus hypertrophy in other
cells, such as vascular endothelium, lead us to surmise that
hypertrophy in our model results from overexpressing c-Myc in
growth-arrested hepatocytes as opposed to ones undergoing
active proliferation (45, 46). Ectopic expression of c-Myc appears
unable to overcome the signals that keep normal hepatocytes in

G0, and, therefore, cells do not proliferate in response to acute
overexpression of c-Myc.

Cell hypertrophy and induction of nucleolar proteins may
relate to cell transformation, because tumor cells character-
istically possess enlarged nucleoli. Nucleolin staining is typi-
cally increased (47) and has been used as a tumor marker. It
remains to be determined whether the gene expression pat-
terns induced by c-Myc in increasing cell growth are distinct
from those implicated in cell proliferation. As Elend and Eilers
(48) eloquently discussed, Myc induces cyclin D2 even in the
presence of cycloheximide (16), indicating that protein syn-
thesis, obviously required for cell growth, is not required for
cell proliferation. Cell proliferation and apoptosis are closely
linked in immortalized cells that overexpress c-Myc, but in our
model, enhanced cell size did not trigger overwhelming apo-
ptosis. Thus, the genes that are c-Myc-responsive and govern
c-Myc phenotypes in mammalian cells in vivo may differ
substantially from those identified in vitro.
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