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Transcription factor CREM
coordinates the timing
of hepatocyte proliferation
in the regenerating liver
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The liver regenerates upon partial hepatectomy (PH) as
terminally differentiated hepatocytes undergo a tremen-
dous proliferative process. CREM gene expression is
powerfully induced during liver regeneration. We show
that cell proliferation is significantly reduced upon PH in
CREM−/− mice. There is a reduction in DNA synthesis,
in the number of mitosis and of phosphorylated histone
H3-positive cells. The post-PH proliferation peak is de-
layed by 10 hr, indicating an altered hepatocyte cell
cycle. Expression of cyclins A, B, D1, E, and cdc2, of c-fos
and tyrosine aminotransferase is deregulated. CREM
mutation results in delayed S-phase entry, impairing the
synchronization of proliferation.
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The liver is one of the most important organs for homeo-
stasis in mammals. Among its properties is the remark-
able ability to regenerate following partial hepatectomy
(Michalopoulos 1990; Fausto 1994). As much as 70% of
the liver can be surgically removed and hepatocytes will
proliferate to fully regenerate the original cell mass. The
initial rounds of cell division are synchronous, and the
first DNA replication occurs within 24 hr of surgery in
the rat. The regeneration process is completed within
10–15 days (Bucher 1963).

A number of hormones, growth factors, and cytokines
and their coupled signal transduction pathways have
been implicated in governing hepatocyte proliferation,
but the precise orchestration of these factors is poorly
understood (Diehl and Rai 1996; Michalopoulos and De
Frances 1997). In particular, cytokines IL-6 and TNF
have been implicated in initiating hepatocyte DNA syn-
thesis during regeneration (Fausto et al. 1995; Cressman
et al. 1996; Yamada et al. 1997), whereas the DNA-bind-
ing activity of the downstream transcription factors

Stat3 and NF-kB increases during the first hours follow-
ing hepatectomy (Taub 1996).

A characteristic feature of liver regeneration is the dra-
matic increase in intracellular cAMP levels during the
hepatocyte proliferation process, although its signifi-
cance has remained elusive (Diehl et al. 1992). cAMP
peaks during the first hours following partial hepatec-
tomy, whereas elevated levels of cAMP also correlate
with the proliferation of liver cell at birth (Diehl and Rai
1996). These notions underscore the critical role that
must be played by cAMP-responsive transcription fac-
tors in liver regeneration.

Transcription factors coupled to cAMP signaling con-
stitute a family of closely related bZIP proteins, either
activators or repressors, binding to cAMP-responsive
promoter elements (CREs) located within the regulatory
regions of cAMP-inducible genes (Sassone-Corsi 1995;
Montminy 1997). The factors CREB (CRE-binding pro-
tein), CREM (CRE modulator), and ATF-1 (activator
transcription factor 1) are turned into activators by phos-
phorylation at a serine residue (Ser-133 in CREB; Ser-117
in CREM) (Gonzalez and Montminy 1989; De Groot et
al. 1993) elicited by PKA and other kinases (Sassone-
Corsi 1995; Montminy 1997). Interestingly, a CREB-like
activity has been implicated in the transcriptional regu-
lation of several liver-specific genes, such as tyrosine
aminotransferase (TAT) (Nichols et al. 1992).

The CREM gene encodes both activators and repres-
sors of cAMP-induced transcription (Foulkes et al.
1991a; Sassone-Corsi 1995). The repressor ICER (induc-
ible cAMP early repressor) is generated by an intronic,
cAMP-inducible promoter with kinetics of an early re-
sponse gene (Molina et al. 1993; Stehle et al. 1993). El-
evated ICER expression is characteristic of many neuro-
endocrine tissues (Stehle et al. 1993; Lalli and Sassone-
Corsi 1995; Monaco et al. 1995).

We have recently documented a powerful induction of
ICER expression immediately following partial hepatec-
tomy (Della Fazia et al. 1997; Servillo et al. 1997), which
suggested that CREM gene products may play a role in
the modulation of gene expression by cAMP during liver
regeneration. To address the precise function of CREM
in the liver, we chose to study mice that we have gener-
ated carrying a targeted mutation in the CREM locus
(Nantel et al. 1996). Here we report that lack of CREM
causes a 10-hr delay in the post-PH (partial hepatectomy)
proliferation wave and deregulation in the expression of
cyclins A, B, D1, E, and cdc2, as well as of c-fos and
tyrosine aminotransferase (TAT). Thus, CREM appears
to coordinate the timing of hepatocyte proliferation dur-
ing the process of liver regeneration.

Results and Discussion

Delayed hepatocyte proliferation
in CREM-deficient mice

To address the precise function of CREM in the liver, we
have generated mice that carry a targeted mutation in
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the CREM locus (Nantel et al. 1996). We performed PH
on CREM mutants and wild-type littermates to compare
subsequent liver regeneration. The first round of DNA
synthesis in the regenerating liver was analyzed by mea-
suring [3H]thymidine incorporation (Fig. 1A). Until 34-hr
after PH, both wild-type and CREM−/− animals showed
comparable, low levels of incorporation, equivalent to
control animals. DNA synthesis peaks in wild-type ani-
mals at 38 hr after PH, as reported previously (Yamada et
al. 1997). Strikingly, the 38-hr peak is absent in CREM-
deficient mice (Fig. 1A). Incorporation in wild-type ani-
mals decreases progressively after the 38-hr peak. The
profile in CREM−/− mice is remarkably different. A mod-
est rise in incorporation is seen at 48 hr following PH,
with a 10-hr delay compared to the peak in wild-type
littermates (Fig. 1A).

Autoradiographic analysis of histological liver sec-
tions from operated animals revealed significant differ-
ences between wild-type and CREM mutant mice (Figs.
1B and 2). Variations in the number of labeled hepatocyte
nuclei parallel the kinetics of [3H]thymidine incorpora-
tion. In wild-type mice, values peak at 38 hr after PH, to
return at pre-PH levels by 72 hr. In sharp contrast, very
few labeled nuclei are detected at 38 hr in CREM−/−

mice, where a 10-hr-delayed, reduced peak is observed at
48 hr (Fig. 1B). A comparison of the nuclei at peak times
reveals that the labeling is much stronger in wild-type
mice than in mutants (Fig. 2). Histological inspection of
mitotic figures during liver regeneration (Fig. 1C) is con-
sistent with the timing of DNA synthesis.

Changes in gene expression

Mitotic waves are characterized by a cyclic, highly spe-
cific phosphorylation of histone H3, which is thought to
represent a key step in chromatin remodeling during the
cell division (Hendzel et al. 1997). We have used anti-
bodies that specifically recognize the phosphorylated
form of histone H3 (phospho-H3) and that specifically
label mitotic nuclei (Fig. 3A). A comparison between the

number of phospho-H3-positive nuclei at 48 hr posthepa-
tectomy revealead a significant decrease in CREM-defi-
cient mice as compared to wild-type littermates (Fig. 3B).

Histological comparative analysis 15 days after PH of
wild-type and CREM−/− mice of regenerated hepatic tis-
sue showed no significant difference between the two
groups (not shown). Similarly, levels of IL-6 and TNFa,
both having a critical role in liver regeneration (Cress-
man et al. 1996; Yamada et al. 1997), are also similar
during the first 48 hr after PH (not shown). Thus, the
CREM mutant animals demonstrate a significant delay
in the timing of the first wave of DNA synthesis that
follows PH, whereas hepatocyte morphology and the
subsequent regeneration of the tissue appear normal.

Expression of genes involved in glucogenesis, such as
TAT and phoshoenolpyruvate carboxykinase (PEPCK), is
known to be induced in the liver during the first hours
after PH (Mohn et al. 1990; Della Fazia et al. 1992). Ki-
netics of TAT expression following PH is similar in both
wild-type and mutant mice, but the peak level in the
CREM−/− mice is significantly lower than in the wild
type. An equivalent effect is observed on PEPCK (Fig.
4A). Thus, whereas CREM mutation leads to a signifi-
cant delay in the first wave of hepatocyte division (Figs.
1 and 2), not the timing, but the amplitude of the early
TAT and PEPCK induction is significantly affected. This
effect is compatible with the presence of CREs within
the TAT and PEPCK promoters and their responsiveness
to cAMP (Nichols et al. 1992).

Induction of the early response gene c-fos upon PH has
been well documented (Mohn et al. 1990). We observe
that the kinetics of c-fos inducibility upon PH in
CREM−/− mice is altered, as the transcriptional attenu-
ation that follows the peak of inducibility is diminished
(Fig. 4). This observation supports a scenario in which
CREM contributes to the transcriptional attenuation of
cAMP-induced genes (Foulkes et al. 1991b; Lamas et al.
1997). Importantly, the kinetics of fra-2 inducibility are
identical in wild-type and mutant animals (Fig. 4B). Con-
stitutive CREB expression is not altered during liver re-

Figure 1. Delayed peak of hepatocyte proliferation in CREM-deficient mice. (A) Kinetics of [3H]thymidine incorporation into DNA
during wild-type (h) and CREM−/− (n) liver regeneration (0–72 hr after PH). [3H]Thymidine incorporation was determined using
scintillation counting and expressed as counts/min/5 mg of protein. (B) Percentage of positive dark-stained hepatocyte nuclei during
[3H]thymidine incorporation. The time point with highest incorporation (38 hr in wild type) was considered 100% with respect to the
other time points. (C) Mitotic figures in hepatocytes were counted and quantitated as a percentage of the total number of hepatocytes
in 10 high-power fields by two investigators at the indicated times after PH. (B,C) (j Wild type; h CREM−/−) S.E.M. is shown.
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generation, and there is no significant difference be-
tween mutant and wild-type mice (Fig. 4A). A similar
situation was observed for ATF-1 (not shown). ATF-3, a
cAMP-unresponsive CRE-binding protein (Sassone-Corsi
1995), has been documented to be induced upon PH with
the kinetics of an early response gene (Chen et al. 1996).
ATF-3 expression is equivalent in wild-type and CREM-
deficient animals (Fig. 4A). These results indicate that
there are no major alterations in the expression of other
CRE-binding factors in the liver of CREM mutant mice.

Deregulation of cyclins

The coordinated rounds of cell division following PH
constitute an in vivo system to study the role played by
cyclins at specific checkpoints of the cell cycle (Reed
1991; Pines 1994; Sherr 1994). The expression of cyclins
in the regenerating liver has been studied extensively (Lu
et al. 1992; Albrecht et al. 1993; Loyer et al. 1994; Mi-
chalopoulos and De Frances 1997). The delay in hepato-
cyte proliferation seen in CREM-deficient mice (Fig. 1)
and the direct regulation of cyclin A expression by
CREM (Desdouets et al. 1995; Lamas et al. 1997)

prompted us to analyze the expression of cyclins A, B,
D1, E, and cdc2 following PH. Cyclin A expression is
undetectable in normal liver or during the G1 phase; it is
strongly induced during the hepatocyte S phase and de-
creases to normal levels 3 days after PH (Verges et al.
1997). Expression of cyclin A increases rapidly at 38 hr
after PH in wild-type mice, corresponding to the peak of
[3H]thymidine incorporation, to then decrease progres-
sively. In CREM-deficient mice the peak of cyclin A is
delayed until 48 hr following PH and is significantly
lower than in wild-type animals (Fig. 5). A similar situ-

Figure 2. Histological analysis of labeled nuclei during liver
regeneration. Autoradiography shows positive hepatocyte nu-
clei in wild-type (+/+) and mutant (−/−) animals. Intensity is
proportional to the relative levels of [3H]thymidine incorpora-
tion.

Figure 3. Labeling of hepatocytes showing phospho-H3 at 48
hr after PH. (A) Representative micrographs of mitotic figures
(top panels) and labeled nuclei (bottom panel) designating phos-
pho-H3-positive cells visible during liver regeneration. (B)
Number of phospho-H3-positive hepatocytes observed at 48 hr
after PH. Values are shown (S.E.M.) collected over 20 fields of
observations.

Figure 4. Gene expression in the first hours of liver regenera-
tion after PH. (A) Western blot analysis using anti-TAT and
anti-PEPCK antibodies of mice liver extracts from animals at
various times after PH (1, 3, and 8 hr). Western blot analysis of
lysates using an anti-CREB antibody confirms that the same
amount of total protein has been loaded in each lane (bottom
panel). (B) RNase protection analysis of c-fos and fra-2 expres-
sion using total RNA from regenerating liver at various times
after PH (1, 3, and 8 hr). This experiment was performed several
times with consistent results. Expression of c-fos at the 3 hr
time point is fivefold higher (±0.5) in CREM mutant mice vs.
wild type, as established after scanning various autoradiographs.

Figure 5. Aberrant cyclin expression in the regenerating liver
of CREM-deficient mice. Western blot analysis of mice liver
extracts at different times after PH (hours) using antibodies
against cyclins A, B1, D1, E, and cdc2. Analysis using an anti-
CREB antibody shows that the same amount of total protein is
loaded in each lane.

CREM function in liver regeneration
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ation is observed for cyclin B (Trembley et al. 1994),
whose peak of expression is delayed and reduced in
CREM mutant mice (Fig. 5). Cyclin D1 rise in expression
is known to occur 38 hr after PH during the hepatocyte
S phase and to persist until 72 hr (Albrecht et al. 1995). In
CREM mutant mice the rise in expression is delayed to
48 hr, with levels much lower than the wild-type animal
(Fig. 5). Cyclin E shows two peaks of expression in nor-
mal mice, at 30 and 38 hr. In CREM mutant mice the
30-hr peak is conserved, whereas the 38-hr peak is de-
layed and weakened (Fig. 5). Finally, expression of cdc2 is
also altered drastically in CREM-deficient mice. The rise
in cdc2 levels is again delayed as compared to wild-type
mice (Fig. 5). Together, these results are consistent with
the notion that in CREM mutant animals the cell cycle
progresses normally through G1 phase but that the entry
into S phase is delayed, causing a desynchronization in
proliferation.

Conclusion

Our results address the role of a cAMP-responsive tran-
scription factor in a cellular proliferation process in vivo.
Liver regeneration following PH has proved a powerful
model system to understand the signals initiating and
controlling cellular proliferation. cAMP fluxes are well
documented to accompany the first rounds of hepatocyte
cell division (Diehl et al. 1992; Della Fazia et al. 1997),
but the cellular mechanism by which this second mes-
senger operates has remained elusive. The powerful in-
duction in CREM expression following hepatectomy
that we have documented recently (Servillo et al. 1997)
suggests that it may play an important regulatory role.
The results reported here provide evidence that this
cAMP-responsive transcription factor acts as a nuclear
effector in regulating hepatocyte proliferation. Loss of
CREM function results in a significant delay in the first
round of mitosis. The inherent synchronization of the
first round of cell division upon PH reveals that CREM is
involved in the entry into S phase. Expression of TAT,
PEPCK, and c-fos is affected, whereas drastic changes in
the levels of cyclins point to a normal passage of the
hepatocytes through the G1 phase but an altered syn-
chronization of cells undergoing division and a remark-
able delay in the entry into S phase. It is interesting to
note that TAT, PEPCK, c-fos and several cyclin genes
contain CRE elements within their promoter regulatory
regions. This notion and the results reported here place
CREM in a central position in the orchestration of the
molecular events regulating hepatocyte proliferation and
cell cycle during the process of liver regeneration.

Materials and methods
Animals
The generation of CREM−/− mice has been described previously. The
mutagenesis of the CREM locus was designed to abolish the generation
of all isoforms encoding transcriptional activators and repressors (Nantel
et al. 1996). The CREM−/− animals and wild-type controls were main-
tained in a 12:12-hr light/dark cycle, and food and water were provided ad
libitum. Adult mice (25–32 grams) were used for PH. Liver resection of

the left lateral and median lobes was performed after a midventral lapara-
tomy (Higgins and Anderson 1931). Surgery was performed between 8
a.m. and 12 a.m. under ether anesthesia. The mortality of the animals
following PH was <5%. Liver tissue was rinsed in situ with PBS by
perfusion through the portal vein for 10 sec to eliminate blood cells.
Livers were then minced and divided into aliquots for further processing.
Four wild-type and CREM−/− animals were analyzed for each time point,
and experiments were repeated at least three times.

[3H]Thymidine incorporation
[3H]Thymidine (NEN, DuPont 15 mCi/mmole) was injected intraperito-
neally 2 hr before sacrifice (0.5 µCi/gram of body weight). Biopsies were
homogenized in PBS by sonication to a final concentration of 40 mg/ml
tissue. Aliquots of each sample were used for protein determination (Bio-
Rad). Incorporation of [3H]thymidine into de novo synthesized DNA was
assayed by precipitation of nucleic acid with TCA and successive washes
with 10% and 5% TCA (Loyer et al. 1994). DNA synthesis was expressed
as counts per minute in 5-mg aliquots of protein.

Histological and autoradiographic analyses
Fragments of liver were fixed immediately in Bouin’s solution. After 2
days, fixed tissues were embedded in paraffin, and 5-µm slices were mi-
crotome sectioned and mounted on slides. For histological analysis sec-
tions were stained with hematoxylin–eosin; for autoradiographic analy-
sis sections were unstained. Mitotic figures in hepatocytes were counted
in 10 high-power fields and expressed as a percentage of the total number
of hepatocytes by two investigators. The slides for autoradiographic
analysis were coated in NTB-2 emulsion and than stored in the dark at
4°C. After 28 days the slides were developed and counterstained with
hematoxylin–eosin. Analysis of [3H]thymidine incorporation was per-
formed by counting positive dark-staining hepatocyte nuclei on each
slide in 10 low-power fields. Histological analysis of nuclei positive for
the phosphorylated form of histone H3 was performed as described
(Hendzel et al. 1997). Anti phospho-H3 antibodies were a generous gift of
Dr. C.D. Allis (University of Virginia, Charlottesville).

RNA analysis
Liver RNA was obtained by homogenizing the tissue in guanidinium
thiocyanate solution followed by CsCl step gradient centrifugation. Ap-
proximately 20 µg of liver RNA was analyzed by RNase protection using
c-fos and fra-2 riboprobes. The c-fos riboprobe encompasses the first exon
of the specific mRNA; the fra-2 riboprobe has been described previously
(Foulkes et al. 1996). RNase protection analyses were performed several
times with consistent results.

Immunoblot analysis
Liver tissue was homogenized in Laemmli sample buffer, boiled, and
sonicated. Protein extracts were normalized by SDS-PAGE followed by
Coomassie blue staining. Subsequently, liver extracts were analyzed by
Western blot using specific antibodies and then visualized by ECL che-
miluminescence (Amersham). Anti-TAT and anti-PEPCK polyclonal an-
tibodies were a kind gift of Dr. D.K. Granner (Vanderbilt University,
Nashville, TN); antibodies against ATF-3, cyclins A, B1, D1, E, and cdc2
were purchased from Santa Cruz Biotechnology; the anti-CREB poly-
clonal antibody was obtained from Bio-Labs.
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