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Vitamin D3 up-regulated protein 1 (VDUP1) is a potent
growth suppressor that inhibits tumor cell proliferation and cell
cycle progression when overexpressed. In a previous study, we
showed that VDUP1 knockout (KO) mice exhibited accelerated
liver regeneration because such animals could effectively
control the expression of cell cycle regulators that drive the
Gi-to-S phase progression. In the present study, we further
investigated the role played by VDUP1 in initial priming of liver
regeneration. To accomplish this, VDUP1 KO and wild-type
(WT) mice were subjected to 70 % partial hepatectomy (PH) and
sacrificed at different times after surgery. The hepatic levels of
TNF-0. and IL-6 increased after PH, but there were no
significant differences between VDUP1 KO and WT mice.
Nuclear factor-kB (NF-kB), c-Jun-N-terminal kinase (JNK),
and signal transducer and activator of transcription 3 (STAT-3)
were activated much earlier and to a greater extent in VDUP1
KO mice after PH. A single injection of TNF-o. or IL-6 caused
rapid activation of JNK and STAT-3 expression in both mice,
but the responses were stronger and more sustained in VDUP1
KO mice. In conclusion, our findings provide evidence that
VDUP1 plays a role in initiation of liver regeneration.
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Introduction

Vitamin D3 up-regulated protein 1 (VDUP1) is a
multifunctional 46-kDa protein originally identified as
differentially expressed in 1o,25-dihydroxyvitamin D;-

treated HL-60 leukemia [4] and B16 melanoma cells [29].
VDUP1 expression is induced by growth arrest stimuli that
block the cell cycle [16], and overexpression of VDUPI
inhibits tumor cell growth via arrest of cell cycle
progression [25]. Both point mutation and knockout (KO)
of VDUP1 in a mouse model were associated with a high
incidence of hepatocellular carcinoma (HCC) development
[17,28]. In particular, VDUP1 was shown to modulate
transcription of cyclin A2 via association with co-repressor
complexes, including histone deacetylase 1 [12].
Additionally, VDUPI1 interacts with Jun activation
domain-binding protein 1 (Jabl) and regulates the
expression of several signaling genes important in cell
cycle progression [15].

The liver has a remarkable regenerative potential, allowing
recovery from the functional deficit after hepatic injury
[8,9,23]. Experimentally, partial hepatectomy (PH) in
rodents has been used extensively to explore the molecular,
cellular, and physiological mechanisms that control the
highly regulated response to injury. After PH, hepatocytes
synchronously exit Go, re-enter the cell cycle, and undergo
1~ 2 rounds of replication before re-entry into quiescence
[9,22]. Hepatocyte cell cycle entry during regeneration
occurs in two steps. During the initial priming phase,
hepatocytes transit from Go to G; through a highly regulated
process controlled by various cytokines including tumor
necrosis factor (TNF)-oo and interleukin (IL)-6 [2,7,32].
These factors activate transcription factors such as nuclear
factor-kB (NF-kB), c-Jun-N-terminal kinase (JNK), and
signal transducer and activator of transcription 3 (STAT-3),
followed by expression of other genes that encode cell cycle
regulators including cyclin D [5,6]. In the second phase,
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growth factor stimulation triggers a Gi-to-S phase transition
and cell cycle progression [9,31].

We previously showed that liver regeneration after PH
was significantly accelerated in VDUP1 KO mice [18].
This was attributed to enhanced cell proliferation and cell
cycle progression driven, in part, via increases in signaling
through the Extracellular signal-regulated kinases1/2 and
Akt (Protein Kinase B) pathways. To more fully
characterize the mechanisms through which VDUPI
regulates hepatocyte proliferation and liver growth, the
present study was conducted to investigate the pattern of
gene expression involved in the initial priming phase of
liver regeneration. We found that, after PH, VDUPI1
impaired timely activation of NF-kB, JNK, and STAT-3.

Materials and Methods

Animal experiments

The VDUP1 KO mouse line used in the present study has
previously been described [19]. PH of male VDUP1 KO and
wild-type (WT) mice (of the C57BL/6 background) aged 8
~ 10 weeks was conducted following the method described
by Higgins and Andersen [ 13]. Mice were then sacrificed at
various time points and liver remnants were removed,
weighed, and snap-frozen in liquid nitrogen. At each time
point, 3~5 mice of either genotype were sacrificed. For
experiments involving TNF-o or IL-6, mice aged 5 weeks
were injected intravenously (i.v) with 25 ug/kg of
recombinant murine TNF-o or IL-6 (R&D Systems, USA)
dissolved in saline. Mice were sacrificed and analyzed at the
time points indicated in the Results. All experiments were
performed in compliance with the Guide for Care and Use of
Laboratory Animals, Institute for Laboratory Animal
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Quantitative real-time transcriptase-
polymerase chain reaction

Total RNA was extracted from liver samples using
TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. Total RNA was reverse-
transcribed and analyzed by real-time quantitative
polymerase chain reaction (PCR) using SYBR Green PCR
master mix (Applied Biosystems, USA) and target-
specific primers (Table 1). Reactions were amplified and
quantified using the ABI 7700 sequence detection system
and the manufacturer’s software (Applied Biosystems).
Target mRNA expression levels were normalized to those
of B-actin, which served as an internal control.

reverse

Western blot analysis
Equal amounts of nuclear protein (40 png) from liver
extracts were separated by sodium dodecyl sulfate-

Table 1. Primer sequences used in real-time polymerase chain
reaction (PCR) experiments

Gene  Sense Primer sequence

TNF-o0  Forward 5-AGCCCCCACTCTGACCCCTTTAC-3’

Reverse 5-TGTCCCAGCATCTTGTGTTTCT-3’
IL-6 Forward 5°-GAGGATACCACTCCCAACAGACC-3’

Reverse 5-AAGTGCATCATCGTTGTTCATACA-3’
B-actin  Forward 5'-TGAGAGGGAAATCGTGCGTGAC-3’

Reverse 5'-GCTCGTTGCCAATAGTGATGACC-3’

TNF-ou: tumor necrosis factor-o, IL-6: interleukin-6.
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Fig. 1. Expression of genes encoding cytokines after partial hepatectomy (PH). The mRNA levels of hepatic tumor necrosis factor
(TNF)-a (A) and interleukin (IL)-6 (B) were evaluated by real-time quantitative PCR, normalizing RNA relative to 3-actin as the
internal control. The values are the means = SE (n = 3 ~4 for each group at each time point). VDUP1 KO: Vitamin D3 up-regulated

protein 1 knockout.



polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Antibodies against the following
proteins were used as primary antibodies: NF-kB p50 (1 :

1,000; Assay Designs, USA), NF-kB p65 (1 : 1,000; Cell
Signaling Technology, USA), STAT-3 (1 : 1,000; Cell
Signaling), and phosphorylated c-jun (1 : 1,000; Cell

Signaling). To ensure equal loading, we stained membranes
with Ponceau dye (Sigma-Aldrich, USA). Immunoreactive
bands were quantified by densitometry. Levels of protein
expression were not normalized to levels of internal
standards.

Statistics

All data are expressed as means + the standard error (SE).
Statistical analyses were performed using the Student’s
two-tailed ¢ test. Differences with calculated p values less
than 0.05 were considered statistically significant.
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Results

VDUP1 does not affect expression of TNF-o and
IL-6 in regenerating livers after PH

To determine the effect of VDUPI on priming of liver
regeneration, we examined the mRNA expression levels of
TNF-o and IL-6. Hepatic TNF-o was evident 1 and 24 h
after PH in both mice. However, no difference was observed
between VDUP1 KO and WT mice (Fig. 1A). The mRNA
level of IL-6 was also induced in a similar manner in
VDUP1 KO mice when compared with WT mice (Fig. 1B).

Lack of VDUPI increases the activation of NF-kB,
JNK, and STAT-3 in regenerating livers after PH
TNF-a is a potent inducer of NF-kB activation in the
liver. TNF-a-dependent JNK activation is involved in
triggering of cell cycle progression after PH [2,32]. The
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Fig. 2. Activation of signaling pathways in regenerating liver after PH. Western blotting to detect expression of the nuclear factor-kB

(NF-kB) p50 and p65 subunits (A), c-jun (B), and signal transducer

and activator of transcription 3 (STAT-3) (C) in hepatic nuclear

extracts. Densitometric changes are expressed as percentages of the WT values at 0 h. Values are the means + SE (n = 3~4 for each
group at each time point). *p < 0.05 vs. WT mice at the respective time points.
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p50 and p65 levels revealed that NF-kB activation was
greater after PH in VDUP1 KO mice than in WT mice (Fig.
2A). The maximum NF-kB p50 subunit level in VDUP1
KO mice was observed 12 h after PH, which was earlier
than in WT mice. The p65 level increased progressively to
12 h after surgery in both VDUP1 KO and WT mice, but
the response was higher in VDUP1 KO mice. JNK
activation (based on the level of phosphorylated c-jun) was
significantly higher in VDUP1 KO mice. At 12 h, c-jun
expression peaked in both mice, but the expression level
was greater in VDUP1 KO mice (Fig. 2B).

We also analyzed activation of STAT-3, an IL-6-regulated
kinase [6]. WT mice displayed maximal STAT-3 activation
12 h after PH, whereas in VDUP1 KO mice peak activation
was observed 4 h after resection (Fig. 2C). These results
indicate that VDUPI1 deficiency in regenerating liver
stimulates the progression of hepatocytes to the pre-
replicative (G;) phase via a TNF-o/IL-6-stimulated
acute-phase mechanism.

Lack of VDUP1 increases the activation of JNK and
STAT-3 after a single injection of TNF-o or IL-6

We previously showed that VDUP1 regulated NF-xB
via the intermediacy of TNF-a [17]. In the present study,
we further explored whether VDUPI affected JNK or
STAT-3 activation mediated by TNF-a or IL-6. Treatment
with TNF-o led to rapid activation of c-jun in both mice
(Fig. 3A); however, the response was significantly greater
in VDUPI KO mice than WT mice. Similarly, STAT-3
activation was more pronounced in [L-6-treated VDUP1
KO mice than WT mice (Fig. 3B).
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Discussion

Liver regeneration is a complicated process involving
multiple factors and pathways [23]. In a previous study, we
showed that loss of VDUP1 accelerated liver regeneration
by controlling the expression of cell cycle regulators that
drive the G;-S phase progression [18]. Here, we provide
several additional lines of evidence that VDUPI plays an
inhibitory role during initiation of liver regeneration.

During the first few hours after PH, various genes
involved in cytokine signaling are induced to prime resting
hepatocytes for cell division [4]. TNF-o and IL-6 are
strongly induced in this process [4], and genetic studies in
mice have confirmed that liver regeneration is impaired in
animals homozygous for mutations in the genes encoding
TNF-o or IL-6 [29]. Yamada et al. showed that lack of
signaling through TNFR-1 greatly inhibited DNA
replication after PH and caused significant mortality 24 ~
40 h after operation [32]. IL-6—deficient mice showed high
mortality after PH and DNA synthesis in hepatocytes was
impaired after surgery [7]. In addition, administration of
anti-TNF-o antibodies to rats inhibited liver regeneration
after PH [2], whereas injection of IL-6 into IL-6 KO mice
30 min before surgery rescued the impaired response to PH
[7]. To analyze the contribution of VDUP1 to the priming
phase of liver regeneration, we first determined whether
accelerated liver regeneration in VDUP1 KO mice was
attributable to abnormal production of TNF-o and/or IL-6.
However, we found no significant differences in the
hepatic expression levels of TNF-o and IL-6 when VDUP1
KO and WT mice were compared.
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Fig. 3. The effects of TNF-o or IL-6 on c-Jun-N-terminal kinase and STAT-3 activation. Expression levels of c-jun (A) and STAT-3 (B).
Nuclear proteins were extracted at the indicated times after TNF-o or IL-6 treatment, gel-separated, and immunoblotted using the
indicated antibodies. Densitometric changes are expressed as percentages of the WT value at 0 h. Values are the means + SE (n=3~4
for each group at each time point). *p < 0.05 vs. the WT mice at the respective time points.



Shortly after PH, TNF-a is rapidly secreted from Kupffer
cells, inducing activation of NF-kB and JNK [2,32]. The
roles played by NF-kB and JNK during liver regeneration
have previously been investigated, although the details
remain controversial. Absence of NF-kB activation in
Kupffer cell-depleted mice impaired liver regeneration
after PH [1], whereas deletion of a hepatocyte-specific
inhibitor of B kinase (IKK) promoted earlier hepatocyte
proliferation [21]. Conditional c-jun KO mice exhibited
impaired liver regeneration [3], and inhibition of JNK
delayed hepatocyte proliferation [27]. In the present study,
VDUPI1 KO mice showed significant increases in NF-xB
and JNK activation levels after PH when compared with
WT mice, suggesting that VDUP1 regulates hepatocyte
proliferation via TNF-a-dependent signaling. NF-kB and
JNK have been shown to regulate the expression of a
number of exogenous and endogenous growth factors
known to promote cellular proliferation. Multiple NF-xB
binding sites have been reported in the promoter region of
cyclin D1, an important cell cycle regulator that, upon
association with cdk4 and cdk6, promotes the progression
of cells from G¢/G; to S phase [10]. The c-jun controls liver
regeneration by repressing p53/p21 expression [30], and
inhibition of JNK activity in the liver suppresses cyclin D1
expression [27]. We previously showed that the cyclin D1
level was significantly increased in VDUPI KO mice
following PH, whereas that of p21 was reduced [18]. Our
present results, together with those of previous studies,
provide a molecular link between the increased acute phase
response and the enhanced G1/S-phase transition evident in
VDUP1 KO mice.

To determine whether an increase in cytokine-mediated
signaling is a general feature of TNF-o-regulated
responses, we compared the extent of downstream
signaling from IL-6 after PH. Binding of IL-6 causes
dimerization of the receptor, as well as activation of
tyrosine kinases that phosphorylate gpl130 and create
docking sites for STAT-3 binding. Ablation of the hepatic
STAT-3 gene diminished hepatocyte proliferation after PH
or administration of CCls [11,20,24]. Overexpression of
constitutively activated STAT-3 via adenoviral gene
transfer attenuated liver injury and promoted hepatocyte
proliferation in a rat model featuring 20% partial liver
transplantation [ 14]. In the present study, we demonstrated
that the activation of STAT-3 in VDUP1 KO mice was
significantly higher than in WT mice following PH. The
IL-6/STAT-3 signaling pathway is involved in cell
proliferation via induction of cyclins D1, D2, D3, A, and
cdc25A, and concomitant downregulation of the
cyclin-dependent kinase (cdk) inhibitors p21 and p27 [26].
Thus, our results reinforce the notion that a pathway
involving IL-6/STAT-3 may also contribute sequentially to
increased G; progression in VDUP1 KO mice.

Despite comparable TNF-o. and IL-6 production levels
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after PH, VDUP1 KO mice exhibited earlier, stronger, and
more sustained NF-kB, JNK, and STAT-3 activations than
WT mice. In addition, a single injection of TNF-at or IL-6
into VDUP1 KO mice strongly activated JNK and STAT-3
expression. In a previous study, we showed that loss of
VDUPI1 increased susceptibility to chemically-induced
hepatocarcinogenesis [17]. We found that an increase in
cell proliferation attributable to TNF-o-induced NF-kB
activation was a principal mechanism by which the
absence of VDUP1 increased the extent of development of
HCC. Although possible effects of VDUP1 on expression
of TNF-o. and IL-6 were not addressed in this study,
VDUP1 was shown to be able to activate the NF-kB, JNK,
and STAT-3 signal transduction pathways in a TNF-o.- and
IL-6-dependent manner during liver regeneration.

In conclusion, the present study investigated the role
played by VDUP1 in initial priming of liver regeneration.
We found that VDUP1 served as an important regulator
suppressing liver regeneration after PH via modulating
activation of NF-kB, JNK, and STAT-3. Accordingly, the
regulation of VDUP1 may be a potential therapeutic target
for the prevention and treatment of insufficient liver
regeneration after segmental liver transplantation or
resection of liver tumors.
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