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After a two-thirds hepatectomy, normally quiescent liver cells are stimulated to reenter the cell cycle and
proliferate to restore the original liver mass. One of the most rapidly and highly induced genes and proteins
in regenerating liver is insulin-like growth factor binding protein 1 (IGFBP-1), a secreted protein that may
modulate the activities of insulin-like growth factors (IGFs) or signal via IGF-independent mechanisms. To
assess the functional role of IGFBP-1 in liver regeneration, mice with a targeted disruption of the IGFBP-1
gene were generated. Although IGFBP-1ⴚ/ⴚ mice demonstrated normal development, they had abnormal liver
regeneration after partial hepatectomy, characterized by liver necrosis and reduced and delayed hepatocyte
DNA synthesis. The abnormal regenerative response was associated with blunted activation of mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) and a reduced induction of C/EBP␤
protein expression posthepatectomy. Like cell cycle abnormalities observed in hepatectomized C/EBP␤ⴚ/ⴚ
mice, cyclin A and cyclin B1 expression was delayed and reduced in IGFBP-1ⴚ/ⴚ livers, whereas cyclin D1
expression was normal. Treatment of IGFBP-1ⴚ/ⴚ mice with a preoperative dose of IGFBP-1 induced MAPK/
ERK activation and C/EBP␤ expression, suggesting that IGFBP-1 may support liver regeneration at least in
part via its effect on MAPK/ERK and C/EBP␤ activities. These findings are the first demonstration of the
involvement of IGFBP-1 in the regulation of in vivo mitogenic signaling pathways.
which specifically bind and modulate the bioavailability and
activity of insulin-like growth factors (IGF-I and IGF-II),
IGFBP-1 has been shown to either enhance or inhibit the
mitogenic effects of IGFs in certain tissues and to play an
integral role in glucoregulation by suppressing IGF activity
(17). IGFBP-1 may also have IGF-independent actions mediated by its internal RGD sequence, which has been shown to
bind to ␣5␤1 integrin (also known as the fibronectin receptor),
and affect cell migration and attachment through unknown
processes (17).
The role of IGFBP-1 in liver regeneration is unknown.
IGFBP-1 is greatly induced at the transcriptional level in the
remnant liver, with peak expression at 1 h posthepatectomy
(24). Insulin, via inhibition of IGFBP-1 transcription, is a primary determinant of IGFBP-1 expression both in vitro and in
vivo (17). However, IL-6 stimulation of hepatic IGFBP-1 expression can supersede the effect of insulin (18). IL-6 transcriptionally upregulates a vast array of genes and is required for
normal liver regeneration and repair (4, 19). Evidence for a
biologic role of IL-6 in IGFBP-1 upregulation includes increased expression of hepatic IGFBP-1 in IL-6 transgenic animals and following injection of IL-6 into nonfasting animals
and its reduced expression in IL-6⫺/⫺ livers posthepatectomy
(18). These findings and other data which showed that hepatic
IGFBP-1 mRNA and serum protein levels have a second peak
of expression at 36 to 60 h posthepatectomy corresponding to
the second round of mitotic activity (16) raised the possibility

The liver, which plays an important role in maintaining metabolic and synthetic homeostasis, constitutes a conditional renewal system in which parenchymal cells normally in G0 may
be induced to proliferate following toxic damage, hepatitis, and
surgical resection, which culminates in the rapid restoration of
hepatic parenchyma (23). Following a 70% partial hepatectomy, preexisting, latent transcription factor complexes such as
nuclear factor kappa B (NF-B) and STAT3 are rapidly activated by means of posttranslational modifications in the remnant liver in response to stimuli such as epidermal growth
factor, interleukin-6 (IL-6), hepatocyte growth factor, and tumor necrosis factor alpha (23, 33). Subsequently, during liver
regeneration a transcriptional cascade is established that results in the entry of the hepatocytes and nonparenchymal cells
into the S phase of the cell cycle.
Among the liver-specific immediate-early genes rapidly induced during regenerating liver and implicated in the maintenance of hepatocyte differentiation and metabolism is that for
insulin-like growth factor binding protein 1 (IGFBP-1) (32). As
a member of a group of structurally related soluble proteins
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that IGFBP-1 may have a role in the mitogenic response in
regenerating liver (28, 31). Since the level of IGFBP-1 is dynamically regulated by changes in the metabolic state and after
hepatic injury, we investigated whether genetic disruption of
IGFBP-1 expression could affect the normal hepatic proliferative response following a 70% hepatectomy, in which two
larger lobes of the liver are removed intact without injury to
remnant liver cells. We found that IGFBP-1 is required for a
normal regenerative response, as IGFBP-1⫺/⫺ livers have defects in the DNA response, increased necrosis, and blunting of
expression of cell cycle-regulatory proteins, active mitogenactivated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK), and C/EBP␤ transcription factor.

Construction of targeting vector. Two mouse IGFBP-1 genomic clones were
isolated from a 129SV library (Stratagene, La Jolla, Calif.) as previously described (5). An SpeI IGFBP-1 fragment from position ⫺3384 to ⫹4336 was
subcloned into pBluescript to make pISpe. An EcoRI-SalI fragment of pGem7
(KJ1)SalI (kindly provided by Theo Danoff) containing PGKNeo (36) was subcloned into pBluescript KS to generate pPGKNeoKS. A NotI-NheI (⫺3384
to ⫺234) fragment of pISpe was inserted into the NotI and XbaI sites of
pPGKNeoKS, producing p5⬘IKSPGKNeo.pXhoPKSMC1TK. An XbaI-SpeI
IGFBP-1 fragment (⫹2189 to ⫹4336) was inserted into the SpeI and XbaI
sites of pXhoPKSMC1TK, which contains MC1TK (kindly provided by Alan
Bradley), and XhoI sites flanking the 3⬘ end of the IGFBP-1 gene and
thymidine kinase cassette were used to isolate and insert it into the XhoI site
of p5⬘IKSPGKNeo.
Generation of mutant mice. The targeting vector was sent to GenomeSystems
for electroporation into RW4 embryonic stem (ES) cells and selection with
G418. The positive clone was injected into C57BL/6J blastocysts by the Transgenic Mouse Core Facility. Chimera animals were crossed to C57BL/6J females
with agouti coat color, indicating germ line transmission by one male. Heterozygous pups were identified by Southern blotting and either backcrossed to
C57BL/6 mice or mated brother-sister to generate colonies (B6; 129 hybrid
background). Primers IB64 (5⬘-TGACAATCATTAACCTGTGCCGCAC-3⬘)
and IB546 (5⬘-ACCTTCATGCTGGGAGCTGAACAAG-3⬘) were used in
PCR analyses to identify the IGFBP-1⫹/⫹ animals. PGKNeo (5⬘-TTCCATTT
GTCACGTCCTGCACGAC-3⬘) and IBKO (5⬘-GAAACAACTGTGGGCATT
GTCACGG-3⬘) primer pairs were used to genotype the IGFBP-1⫺/⫺ animals.
IB64 begins at position ⫺64 relative to the start site, and IB546 begins at ⫹546.
Both of these regions are missing in the knockout mice. IBKO starts at ⫺400
relative to the start site. PGKNeo is within the PGK promoter.
Partial hepatectomy and serological analyses. For regenerative liver, 12- to
16-week old animals were anesthetized with isoflurane and subjected to midventral laparotomy with ⬃70% liver resection (12). For IGFBP-1-treated mice,
animals were injected intraperitoneally with 0.3 g of IGFBP-1/g of body weight
for the indicated times or 30 min before surgery. For bromodeoxyuridine
(BrdU)-treated mice, animals were injected intraperitoneally with 50 mg of
BrdU/kg (0.2% solution in phosphate-buffered saline) at 1 h before fixation (9).
Blood was obtained at the time of killing via cannulation of the inferior vena
cava; serum was collected and analyzed by Ani Lytics, Inc. (Gaithersburg, Md.).
Immunohistochemistry. Hepatocyte nuclear staining for BrdU (Roche Diagnostic Corporation/Roche Molecular Biochemicals, Indianapolis, Ind.), a thymidine analogue capable of incorporation into actively replicating DNA, was performed essentially as described previously (9).
Northern and Western analyses. RNA was isolated from IGFBP-1⫹/⫹ and
IGFBP-1⫺/⫺ livers and analyzed by Northern blotting as described previously
(9). Whole-cell extracts were prepared as previously described and subjected to
Western analyses (18). Primary antibodies used were from Santa Cruz Biotechnology Inc (Santa Cruz, Calif.). Secondary antibodies were from Zymed Laboratories Inc. (South San Francisco, Calif.). The data were scanned densitometrically to quantitate mRNA and protein levels (Image-Quant Software; [Molecular
Dynamics] and NIH Image 1.62). StatWorks (Apple Software, Cupertino, Calif.)
and Student’s t test were used for statistical analyses.
Primary hepatocyte isolation and cell culture. Primary mouse hepatocytes
were isolated as described previously (15). HeLa cells were cultured in Iscove’s
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U
of penicillin, and 50 U of streptomycin. At 24 h after seeding the cells, the cells

were washed and kept in Iscove’s medium containing 0.2% fetal bovine serum.
After 24 h, the cells were treated with 100 ng of recombinant human IL-6 per ml
or 100 ng of IGFBP-1 per ml for the indicated times.

RESULTS
IGFBP-1 gene targeting. To study the role of IGFBP-1 in
regenerating liver, we generated mice harboring a targeted
disruption of the IGFBP-1 gene locus by replacing the first 234
bp of the promoter and the first and second exons of the
IGFBP-1 gene with PGKNeo (Fig. 1A). After electroporation
of mouse ES cells, G418-resistant clones were screened for
homologous recombination by Southern blot analyses (data
not shown). A single targeted cell line was subsequently isolated and used to generate chimeras, of which only one was
germ line. Germ line transmission of the IGFBP-1 knockout
allele in the agouti pups was confirmed by Southern blot analyses (Fig. 1B) and by PCR (Fig. 1C). Heterozygous offspring
were then bred to homozygosity, and genotypes of the progeny
generated from heterozygous crosses were determined by PCR
analyses of tail DNA biopsies taken at roughly 3 weeks of age.
The absence of IGFBP-1 mRNA in the IGFBP-1⫺/⫺ mice was
confirmed by Northern analyses with 1-h-posthepatectomy total liver RNA isolated from IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺
animals, as there is virtually no expression of IGFBP-1 in the
quiescent liver. No IGFBP-1 mRNA induction was detected in
IGFBP-1⫺/⫺ mice following partial hepatectomy (Fig. 1D). In
contrast, the expression of glucose-6-phosphatase, another gluconeogenic gene that has a pattern of expression similar to that
of IGFBP-1 following partial hepatectomy (10, 24), was normal
in the IGFBP-1⫺/⫺ mice. The absence of IGFBP-1 protein in
IGFBP-1⫺/⫺ mice was verified by Western blotting of wholecell liver extracts isolated from the quiescent and 1- to 8-hposthepatectomy animals (Fig. 1E).
Gross phenotype of homozygous mutants. Mice homozygous
for the disrupted IGFBP-1 allele were phenotypically indistinguishable from wild-type or heterozygous littermates. No embryonic lethality or significant developmental defects were observed in IGFBP-1⫺/⫺ animals. Adult IGFBP-1⫺/⫺ mice of
both sexes were fertile, and litter size was normal. Female
IGFBP-1⫺/⫺ mice were also capable of nursing their young.
Minimal inflammatory cell infiltrates were found in histological
examination of the pancreas and kidney in some IGFBP-1⫺/⫺
animals (data not shown). Hepatic lesions of unknown etiology
and variable degree of multifocal, mixed inflammatory cell
infiltration in the liver were observed in some heterozygous
and homozygous mutant animals 13 weeks and older (data not
shown). Transgenic mice overexpressing IGFBP-1 demonstrated fasting hyperglycemia, impaired glucose tolerance, and
modest insulin resistance (25). In contrast, no significant differences in the blood glucose and serum insulin levels were
observed in the homozygous mutant mice before and after
glucose challenge (data not shown), suggesting that IGFBP-1
deficiency does not play a major role in glucose regulation.
Histopathology following two-thirds partial hepatectomy.
No significant mortality and morbidity were observed in
IGFBP-1⫺/⫺ mice relative to IGFBP-1⫹/⫹ mice posthepatectomy. However, well-demarcated areas of liquefaction necrosis, randomly distributed and representing 5 to 10% of the liver
parenchyma with necrotic hepatocytes at the periphery, were
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observed in IGFBP-1⫺/⫺ livers at 32 and 40 h after hepatectomy (n ⫽ 7 and 9) (P ⬍ 0.001) (Fig. 2B). Little or no necrosis
was seen in the ⬎80% of IGFBP-1⫺/⫺ livers harvested at 48 h
and later posthepatectomy, and regenerative changes were observed, indicating that resolution can occur (Fig. 2C and D).
Increased liver damage was further substantiated by a sevenfold increase in aspartate aminotransferase levels (P ⬍ 0.006)
and a fivefold increase in alanine aminotransferase levels (P ⬍
0.02) in IGFBP-1⫺/⫺ serum relative to IGFBP-1⫹/⫹ livers 32 h
after hepatectomy (Fig. 2E and F). Levels of glucose, amylase,
creatinine, triglyceride, and cholesterol were similar in IGFBP1⫹/⫹ and IGFBP-1⫺/⫺ mice (data not shown).
Blunted DNA synthetic response following two-thirds partial hepatectomy. If IGFBP-1 induction is essential to the regenerative response, DNA synthesis should be diminished in
IGFBP-1⫺/⫺ mice posthepatectomy. BrdU incorporation detected by immunohistochemistry was used to measure the
number of S phase cells at various times after partial hepatectomy in IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺ animals. No BrdU
staining occurred in IGFBP-1⫹/⫹ or IGFBP-1⫺/⫺ livers before

surgery (0 h after hepatectomy), consistent with the cells being
in the quiescent (G0) stage (data not shown). The level of
induced hepatocyte DNA synthesis was abnormal in the
IGFBP-1⫺/⫺ animals, with no detectable DNA synthesis at
32 h (P ⬍ 0.00001) and 40% of wild-type levels at 40 h (P ⬍
0.00001) after hepatectomy (Fig. 3A, B, C, D, and I). No
significant differences were observed at 48 and 60 h posthepatectomy (Fig. 3E, F, G, H, and I). The peak in DNA synthesis
in the IGFBP-1⫺/⫺ livers was delayed and reduced by 30 to
40% relative to the peak in IGFBP-1⫹/⫹ livers. No significant
differences in DNA synthesis were observed in nonparenchymal cells, including endothelial, Kupffer, and other sinusoidal
cells, between the IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺ livers (data
not shown). There was no statistically significant difference in
the rate of mass reconstitution in the IGFBP-1⫺/⫺ and IGFBP1⫹/⫹ livers (Fig. 3J), suggesting that cell size increases were
independent of S phase.
Delayed induction of cyclins A and B1 following partial
hepatectomy. Several studies have demonstrated a correlation
between cyclin expression and hepatocyte cell cycle progres-
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FIG. 1. Targeted disruption of the murine IGFBP-1 gene in ES cells. (A) Schematic representation of the mouse IGFBP-1 gene, targeting
vector, and targeted allele. Light gray boxes indicate the locations of the four exons. Darker gray boxes indicate the locations of PGKNeo and
thymidine kinase (TK) genes. The homologous IGFBP-1 sequence flanking PGKNeo was 3.2 kb upstream and 2.1 kb downstream of the IGFBP1 sequences between positions ⫺233 and ⫹2186, relative to the transcription start site. Restriction sites used for making the construct or for
Southern screening are as follows: B, BamHI; Bg, BglII; N, NheI; S, SpeI; X, XbaI. Black boxes indicate the locations of the 5⬘BamHI/SpeI and
3⬘SpeI/EcoRI external probe fragments. Homologous insertion of PGKNeo results in a change in the size of BamHI fragments from 10.2 kb
normally to 3.5 and 4.7 kb. (A change in size of BglII fragments also results.) Small white boxes indicate the locations of PCR primers used for
rapid animal screening from tail biopsies. (B) Southern blot analysis of tail DNA by using BamHI and 3⬘ SpeI/EcoRI probes. Sizes of bands are
indicated. (C) PCR screening of tail biopsy DNA. The wild-type primers at the top part are, from left to right, IB64 and IB546 (see Materials and
Methods). The KO primers are, from left to right, IBKO and PGKNeo. (D) Northern blot analysis of liver showing lack of IGFBP-1 mRNA in
IGFBP-1 knockout mice at 1 h posthepatectomy (PH). G6Pase, glucose-6-phosphatase. (E) Western blot analyses using IGFBP-1⫹/⫹ and IGFBP1⫺/⫺ whole-cell liver extracts prepared from the indicated times after partial hepatectomy and subjected to immunoblotting with an anti-IGFBP1 antibody.
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FIG. 2. Hepatic necrosis in IGFBP-1⫺/⫺ mice after hepatectomy. (A to D) Hematoxylin- and eosin-stained sections of IGFBP-1⫹/⫹ liver at 32 h
posthepatectomy (A) and of IGFBP-1⫺/⫺ livers at 32 h (B), 48 h (C), and 60 h (D) after partial hepatectomy. Bars, 50 m. (E and F) Aspartate
aminotransferase (AST) (E) and alanine aminotransferase (ALT) (F) levels in IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺ livers after partial hepatectomy. For
IGFBP-1⫹/⫹, n ⫽ 4 per time point. For IGFBP-1⫺/⫺, n ⫽ 6 to 9 per time point. *, P ⬍ 0.006. **, P ⬍ 0.02. AST normal level ⫽ 72 to 288 U/liter.
ALT normal level ⫽ 24 to 140 U/liter. Error bars indicate standard deviations.
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sion (2, 7, 11, 21, 34, 35). To assess whether the observed
decrease in hepatocyte DNA synthesis in IGFBP-1⫺/⫺ livers
could reflect impaired progression of hepatocytes across the
G1/S transition, we measured the steady-state levels of several
cell cycle-associated gene products. Peak cyclin B1 and A induction occurred at 40 h posthepatectomy in the IGFBP-1⫹/⫹
livers and was threefold greater than that in IGFBP-1⫺/⫺ livers, whereas a slight induction was noted in the IGFBP-1⫺/⫺
livers at 60 h after partial hepatectomy (Fig. 3K). An approximately twofold reduction in cyclin E induction was noted in
the IGFBP-1⫺/⫺ livers compared to the IGFBP-1⫹/⫹ livers at
40 h posthepatectomy. The expression of cyclin D1 was similar
in IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺ livers.
Blunted induction of C/EBP␤ and MAPK expression posthepatectomy in IGFBP-1ⴚ/ⴚ livers restored by IGFBP-1 treatment. Following partial hepatectomy, mice with a targeted
deletion of the C/EBP␤ bZip transcription factor gene display
impaired hepatic regeneration characterized by a blunted
DNA synthetic response and delayed induction of cyclin A, B,
and E expression but not of cyclin D1 expression (9). Since the
patterns of cyclin dysregulation are similar in IGFBP-1⫺/⫺ and
C/EBP␤⫺/⫺ livers, we assessed the expression of C/EBP␤ in
IGFBP-1⫺/⫺ livers. A highly blunted induction in C/EBP␤

expression was observed in the IGFBP-1⫺/⫺ livers at 1, 2, and
5 h posthepatectomy compared with controls (Fig. 4A). There
was a transient twofold elevation of C/EBP␣ at 1 h posthepatectomy, and the decrease in p30 normally observed after partial hepatectomy (9) appeared to occur more rapidly in the
IGFBP-1⫺/⫺ livers. As previously observed (9), decreased
C/EBP␤ associated with even small increases in C/EBP␣ may
result in a significant increase in relative levels of C/EBP␣ and
homo- and heterodimers which are known inhibitors of hepatocyte DNA synthesis.
The MAPK/ERK cascade activation is a key signaling pathway involved in the regulation of G1 phase progression during
regeneration (30). Since C/EBP␤ could represent a potential
downstream target of the MAPK pathway in the regenerating
liver (3, 29), we investigated ERK1 (p44 MAPK) and ERK2
(p42 MAPK) activation in IGFBP-1⫺/⫺ livers by using phospho-ERK-specific antibodies (Fig. 4A). The degree of ERK1
and ERK2 phosphorylation was reduced by as much as fourfold (2 h) in IGFBP-1⫺/⫺ livers compared with IGFBP-1⫹/⫹
livers at 1, 2, and 5 h posthepatectomy (Fig. 4A and B), significantly at 2 h (P ⫽ 0.05). The total levels of ERK1 and
ERK2 proteins were similar, indicating that signal transduction
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FIG. 3. Delayed and reduced S phase hepatocytes in IGFBP-1⫺/⫺ livers after partial hepatectomy. (A to H) Lower magnification of IGFBP1⫹/⫹ and IGFBP-1⫺/⫺ livers at 32, 40, 48, and 60 h posthepatectomy after anti-BrdU immunohistochemical detection. Round, uniformly stained
nuclei represent BrdU-positive hepatocytes. Bars, 50 m. (I) BrdU-positive hepatocytes for each sample were quantitated by counting positively
stained cells in three low-power fields. The mean for each time point was expressed as a percentage of total hepatocytes per low-power field. For
IGFBP-1⫹/⫹, n ⫽ 4 per time point. For IGFBP-1⫺/⫺, n ⫽ 6 to 9 per time point. Statistical significance was calculated versus wild-type littermates.
* and **, P ⬍ 0.00001. Error bars indicate standard deviations. (J) Normal mass restitution despite reduced DNA synthesis. Liver weights of the
indicated animals at the indicated times after partial hepatectomy are shown; n ⫽ 6. (K) Immunoblots showing delayed induction of cyclins A and
B1 in IGFBP-1⫺/⫺ posthepatectomy (PH) livers.
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resulting in ERK phosphorylation was reduced in IGFBP-1⫺/⫺
livers.
IL-6 is a known activator of C/EBP␤ (1, 27), hepatic ERK1/2
phosphorylation (19), and STAT3 activation (4) in regenerating livers. To assess whether reduced IL-6 signaling could
contribute to blunted C/EBP␤ and ERK1/2 activation in
IGFBP-1⫺/⫺ livers posthepatectomy, we used a phosphoSTAT3-specific antibody in Western analyses to examine the
induction pattern of STAT3. Similar degrees of STAT3 induction were observed in the wild-type and IGFBP-1⫺/⫺ livers
(Fig. 4A), suggesting that IL-6 signaling was not responsible

for the differential kinetics of ERK1/2 and C/EBP␤ activation
in IGFBP-1⫺/⫺ livers.
To ascertain whether differences in protein expression may
be explained in part by differences in gene expression, we
examined C/EBB␤ mRNA expression. Northern analyses revealed that there is no significant difference in the expression
pattern of C/EBP␤ mRNA in IGFBP-1⫺/⫺ quiescent and 2-hposthepatectomy livers relative to that in control livers. JunB
and C/EBP␣ mRNA expression patterns were indistinguishable between the quiescent and 2-h-posthepatectomy IGFBP1⫹/⫹ and IGFBP-1⫺/⫺ livers (Fig. 4C). Treatment with a single
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FIG. 4. Blunted induction of C/EBP␤ and p-ERK1/2 in IGFBP-1⫺/⫺ livers after hepatectomy, corrected by IGFBP-1 treatment. (A) Delayed
induction of C/EBP␤ and p-EKR1/2 in IGFBP-1⫺/⫺ livers from 0 to 8 h posthepatectomy (PH) as assessed by immunoblotting using whole-cell
extracts. Various forms of C/EBPs and ERKs are indicated. (B) Graphic representation of pERK2 levels (n ⫽ 3 for each time point). Error bars
indicate standard deviations; P ⫽ 0.05 at 2 h. (C) Northern analyses using total RNA isolated from IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺ quiescent and
2-h-posthepatectomy livers, IGFBP-1⫺/⫺ livers treated with IGFBP-1 for 2 h, and 2-h-posthepatectomy IGFBP-1⫺/⫺ livers treated with IGFBP1. BP-1, IGFBP-1. (D) Reduced expression of C/EBP␤ in IGFBP-1⫺/⫺ primary hepatocytes (n ⫽ 4; P ⬍ 0.00001). Four different preparations of
primary hepatocytes were utilized. Immunoblot analyses of C/EBP␤, STAT3, and C/EBP␣ levels are shown. (E) Western analyses using HeLa
whole-cell extracts with or without IL-6 or IGFBP-1 treatment. (F) Western analyses using whole-cell extracts prepared from IGFBP-1⫹/⫹ and
IGFBP-1⫺/⫺ quiescent and 2-h-posthepatectomy livers, IGFBP-1⫺/⫺ livers treated with IGFBP-1 for 2 h, and 2-h-posthepatectomy IGFBP-1⫺/⫺
livers treated with IGFBP-1.
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DISCUSSION
In this study, we demonstrated that hepatocyte DNA synthesis posthepatectomy was delayed and reduced in animals
that lack IGFBP-1. IGFBP-1⫺/⫺ mice also had increased liver
injury in the first 2 days posthepatectomy associated with elevated liver enzymes and areas of necrosis. Liver mass restoration was normal in IGFBP-1⫺/⫺ livers. Regaining of liver mass
despite deficient DNA synthesis is a general phenomenon in
animal models that are defective in liver regeneration that
most likely results from hypertrophy of hepatocytes despite
G1/S arrest (4, 9, 20, 38). Blunted hepatocyte cell cycle progression in the IGFBP-1⫺/⫺ livers was associated with reduced
and delayed induction of cyclin A and cyclin B1 and reduced
expression of cyclin E (a model is shown in Fig. 5). In contrast
to IL-6⫺/⫺ livers, which demonstrate reduced cyclin D1 mRNA
and protein expression posthepatectomy (4), normal activation
of cyclin D1 was observed in IGFBP-1⫺/⫺ livers. Interestingly,
similar changes in the expression of these cell cycle-regulatory
gene products were observed in C/EBP␤⫺/⫺ livers posthepatectomy (9). Here it was shown that the normal induction of
C/EBP␤ did not occur in IGFBP-1⫺/⫺ livers, potentially establishing a link between IGFBP-1 levels and the C/EBP␤-regulated mitogenic pathway (Fig. 5).
The C/EBPs (␣ and ␤) are leucine-zipper transcription factors that are highly expressed in quiescent livers and are able to
heterodimerize with other C/EBP proteins (32). C/EBP␣ plays
a role in specifying mitotic growth arrest, terminal differentiation, or both (37), whereas C/EBP␤ expression is required but
not sufficient to stimulate cell proliferation (3). Following a
two-thirds hepatectomy, an inverse regulation of the C/EBP␣
and -␤ proteins results in at least a sevenfold increase in the
␤-to-␣ DNA binding ratio between 3 and 24 h posthepatectomy (8, 32), indicating that a coordinated temporal cascade of
C/EBP␣ and -␤ expression may regulate the balance between
cell proliferation and maturational phases of the liver. In hepatectomized IGFBP-1⫺/⫺ livers, whereas early induction of
C/EBP␤ did not occur, levels of C/EBP␣ at the corresponding
times were normal or slightly higher (1 h posthepatectomy),
suggesting that the ␣/␤ ratio was also abnormal. Thus, as in
C/EBP⫺/⫺ livers, the relative elevation of the ␣/␤ ratio is likely
to contribute to the impaired entry into S phase.
Even though IL-6 has been implicated in playing a role in
activating C/EBP␤ (1), normal induction of immediate-early
genes linked to the IL-6/STAT3 activation pathway in the
C/EBP␤⫺/⫺ livers posthepatectomy suggests that C/EBP␤ regulation is independent of the IL-6 pathway (9). This finding is
further supported by data that showed normal induction of
C/EBP␤ expression in IL-6⫺/⫺ livers following partial hepatectomy (4). In contrast, there was a reduced induction of
C/EBP␤ protein expression following partial hepatectomy in
the IGFBP-1⫺/⫺ livers, which was corrected with IGFBP-1
treatment. The involvement of IGFBP-1 as a regulator of
C/EBP␤ protein levels was further indicated by the finding of
a greater-than-sevenfold decrease in C/EBP␤ expression in
IGFBP-1⫺/⫺ primary hepatocytes. Like for C/EBP␤⫺/⫺ livers
(9), no differences were detected in IL-6 responsive pathways,
such as STAT3 activation, and expression of STAT3-responsive genes, such as those for JunB and cyclin D1, in IGFBP1⫺/⫺ livers following partial hepatectomy.
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dose of IGFBP-1 followed by partial hepatectomy had no effect
on the mRNA expression of C/EBP␤, C/EBP␣, and JunB.
These data suggest that the level of C/EBP␤ protein was regulated posttranscriptionally.
To determine if abnormal regulation of C/EBP␤ was intrinsic to IGFBP-1⫺/⫺ hepatocytes, we examined C/EBP␤ protein
expression in primary hepatocytes isolated from IGFBP-1⫹/⫹
and IGFBP-1⫺/⫺ livers. The amount of C/EBP␤ protein in
the IGFBP-1⫹/⫹ hepatocytes was ⬎7-fold higher than that
in the IGFBP-1⫺/⫺ hepatocytes (P ⬍ 0.00001), even though
the amount of p-STAT3 in the IGFBP-1⫺/⫺ hepatocytes was
slightly elevated compared to that in the IGFBP-1⫹/⫹ hepatocytes (Fig. 4D). On the other hand, the p42 form of C/EBP␣
was reduced and the less antiproliferative form p30 was relatively elevated in hepatocytes from both IGFBP-1⫺/⫺ and
IGFBP-1⫹/⫹ livers, perhaps as a result of relative instability in
the p42 form. Levels of C/EBP␣ were slightly higher in IGFBP1⫹/⫹ hepatocytes, suggesting that in this in vitro system, levels
of C/EBP␣ were not greatly influenced by the presence of
IGFBP-1.
Because the IL-6 signaling pathway is constitutively active in
both IGFBP-1⫹/⫹ and IGFBP-1⫺/⫺ primary hepatocytes as
verified by p-STAT3 Western analyses (Fig. 4D), we employed
an alternative cell type to assess whether IGFBP-1 could potentially function as a signaling molecule to activate ERK1/2.
In these experiments, IL-6 was used as a positive control because it is a known activator of ERK1/2 phosphorylation (19).
HeLa cells treated with IGFBP-1 for 20 min showed a level of
ERK activation similar to that of cells stimulated with IL-6
(Fig. 4E). However, activation of STAT3, as shown by
p-STAT3, was detected only in extracts prepared from cells
treated with IL-6 and not in those from cells treated with
IGFBP-1. Taken together, these findings suggested that
IGFBP-1 can function upstream of the MAPK/ERK pathway.
Even though HeLa cells contain IGF-I receptor (26), which
upon stimulation can activate the ERK pathway (6), the studies were conducted under low-serum conditions and no exogenous IGFs were added. Rodent hepatocytes have undetectable IGF-I receptors (31, 32), and IGFs have not been shown
to have a growth-regulatory role in isolated hepatocytes. Thus,
the stimulatory effect of IGFBP-1 on ERK1/2 activation in
regenerating liver may not be dependent on regulation of IGF
activity, but this cannot be ruled out.
If the aberrant induction of C/EBP␤ and MAPK/ERK activation was a direct effect of IGFBP-1 deficiency in the IGFBP1⫺/⫺ mice, then treating IGFBP-1⫺/⫺ mice with IGFBP-1
should restore the level of C/EBP␤ and the level of ERK1/2
induction to near normal. IGFBP-1 treatment led to a level of
ERK1/2 activation similar to that seen in IGFBP-1⫹/⫹ livers at
30 min posthepatectomy (Fig. 4F). A single preoperative dose
of IGFBP-1 returned ERK1/2 activation to near normal following a two-thirds partial hepatectomy. IGFBP-1 treatment
was also sufficient to restore C/EBP␤ induction. The absolute
level of IGFBP-1 achieved in the IGFBP-1⫺/⫺ livers by injection was significantly less than in wild-type posthepatectomized
controls (Fig. 4D). A single preoperative dose of IGFBP-1 was
not sufficient to correct the DNA synthetic defect in IGFBP1⫺/⫺ livers following 70% partial hepatectomy, suggesting that
a more sustained presence of IGFBP-1 may be required to
correct the regenerative defect.

1257

1258

LEU ET AL.

MOL. CELL. BIOL.

Unlike most of the reports which emphasize the establishment of a transcriptional cascade as a means to regulate target gene expression following two-thirds partial hepatectomy,
our study suggests that IGFBP-1 functions to help stabilize
the C/EBP␤ protein and to activate ERK1/2 expression by
posttranslational modification (Fig. 5). Normal induction of
C/EBP␤ mRNA and ERK1/2 protein expression were observed in the IGFBP-1-deficient livers posthepatectomy. Based
on our results, treatment of IGFBP-1⫺/⫺ mice with IGFBP-1
increased the total (phosphorylation state-independent)
C/EBP␤ protein level in the liver to normal. However, full
restoration of ERK1/2 activation occurred only in posthepatectomized IGFBP-1 treated IGFBP-1⫺/⫺ livers, suggesting that
IGFBP-1 cooperates with other hepatectomy-induced growth
factors or cytokines to posttranslationally modify MAPK. For
instance, activation of ERK1 (p44 MAPK) precedes ERK2
(p42 MAPK) phosphorylation in IL-6⫺/⫺ livers pretreated with
IL-6 (19). However, IGFBP-1 treatment alone led to elevation
of the p42 MAPK level in IGFBP-1⫺/⫺ livers. Since IGFBP-1
mRNA and protein expression are rapidly induced 1 h after
IL-6 treatment (18), it is conceivable that IGFBP-1 cooperates
with IL-6 or other IL-6 induced growth factors to elicit the
activation of ERK1/2 during liver regeneration.
The underlying mechanism leading to the stabilization of
C/EBP␤ by IGFBP-1 during liver regeneration awaits further
elucidation. It is known that in aplysia, phosphorylation by
MAPK is required for aplysia CCAAT/enhancer binding
protein to act as a transcription activator and to prevent aplysia CCAAT/enhancer binding protein from being degraded
through the ubiquitin-proteasome pathway (39). Similarly, inhibition of the ubiquitin/proteasome pathway can lead to the
upregulation of Gadd153 and ATF3, both of which belong to
the CCAAT/enhancer binding protein (C/EBP) family (40).
Our report showed that an appropriate level of IGFBP-1 is
critical for proper control of the hepatocyte cell cycle. It is also
the first report to show that a member of the IGFBP family
may regulate mitogenic signaling by activating MAPK and

C/EBP␤ protein levels in vivo. Presently it is not clear if regulation of hepatocyte proliferation by IGFBP-1 is mediated via
IGF-dependent or -independent mechanisms. However, it
should be noted that IGF-I receptors are expressed at a very
low level in hepatocytes, and IGF-I has not been shown to be
a hepatocyte mitogen in vitro (24). Moreover, in human hepatoma cell lines, dephosphorylated IGFBP-1 may be mitogenic
independent of IGF-I (13, 17). Human conditions in which
elevations of IGFBP-1 expression are observed include cirrhosis, in which some degree of liver regeneration may occur (17),
and human hepatocellular carcinomas, in which IGFBP-1 has
been detected as a highly expressed gene (14). Overexpression
of IL-6 and soluble IL-6 receptor in transgenic mice causes
massive elevation of IGFBP-1 and the early development of
hepatocellular hyperplastic lesions and late formation of liver
adenomas (22). These data provide initial insight into a potential role for IGFBP-1 in stimulating growth of the liver in
human clinical conditions and malignant transformation.
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