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After significant injury, the liver must maintain homeostasis
during the regenerative process. We hypothesized the existence
of mechanisms to limit hepatocyte proliferation after injury to
maintain metabolic and synthetic function. A screen for candi-
dates revealed suppressor of cytokine signaling 2 (SOCS2), an
inhibitor of growth hormone (GH) signaling, was strongly
induced after partial hepatectomy. Using genetic deletion and
administration of various factors we investigated the role of
SOCS2 during liver regeneration. SOCS2 preserves liver func-
tion by restraining the first round of hepatocyte proliferation
after partial hepatectomy by preventing increases in growth
hormone receptor (GHR) via ubiquitination, suppressing GH
pathway activity. At later times, SOCS2 enhances hepatocyte
proliferation by modulating a decrease in serum insulin-like
growth factor 1 (IGF-1) that allows GH release from the pitui-
tary. SOCS2, therefore, plays a dual role in modulating the rate
of hepatocyte proliferation. In particular, this is the first dem-
onstration of an endogenous mechanism to limit hepatocyte
proliferation after injury.

Control of liver regeneration requires both stimulatory and
inhibitory factors (1-11). Although it might be expected that
stimulatory factors are induced and inhibitory factors repressed
after partial hepatectomy, in fact, for certain genes, the reverse
occurs. For example, suppressor of cytokine signaling 3
(SOCS3),? an inhibitor of liver regeneration, is induced after
partial hepatectomy (2). This observation raises the possibility
that mechanisms exist to limit the rate of liver regeneration
after injury. What is the reason for this? One possible explana-
tion considers that metabolic activity may be impaired in pro-
liferating compared with non-proliferating hepatocytes. If true,
after severe injury liver regeneration might need to be limited to
arate that balances the acute need to maintain the diverse func-
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tions of the liver and prevent the death of the organism with the
long-term need for hepatocytes to proliferate to restore mass
and maximum functional capacity.

Growth hormone (GH) signaling plays a central role in liver
regeneration and may provide clues to how the rate of hepato-
cyte proliferation after injury is precisely regulated. Mice lack-
ing GH activity display a diminished response to hepatectomy
and do not restore liver mass even 7 days after partial hepatec-
tomy (12). Loss of growth hormone receptor (GHR) impairs
liver regeneration, and mice lacking Stat5, a transducer of GH
signaling, demonstrate impaired hepatocyte proliferation after
partial hepatectomy (13, 14).

GH is produced in the pituitary, stored in granules, and
released into the circulation in response to growth hormone
releasing hormone. This process is inhibited by a number of
factors, including insulin-like growth factor 1 (IGF-1), which is
produced primarily in the liver, and somatostatin (15).

In target tissues, GH binds to the GHR and modulates phos-
phorylation of important intracellular messengers including
JAK2, signal transducer and activator of transcription 5b
(STAT5b), STATS3, Erk1/2, and Akt (13).

Our preliminary studies demonstrated dramatic up-regula-
tion of SOCS2 after hepatectomy (16), and we chose it for
further study due to its important role inhibiting GH signal-
ing and the apparent paradox that an inhibitor of prolifera-
tion would be dramatically induced after liver injury. First
identified based on their ability to regulate cytokine signal-
ing, SOCS genes function as feedback inhibitors for cyto-
kine, growth factor, and hormone signaling (17, 18). Of the
eight members of this family, SOCS2 is the most important
regulator of GH action and critically influences organ and
tissue size. SOCS2 inhibits GH signaling by targeting the
GHR for ubiquitination and degradation. Loss of SOCS2
leads to gigantism (19-21).

In this study, we provide evidence that SOCS2 is induced
early after liver injury to slow the rate of hepatocyte prolifera-
tion to allow the liver to meet metabolic demands. Further anal-
ysis demonstrates that liver regeneration can be divided into
distinct phases: an early phase comprising the first round of
hepatocyte proliferation in which SOCS2 inhibits hepatocyte
proliferation by decreasing GHR levels, and a later phase in
which SOCS2 enhances hepatocyte proliferation by modulat-
ing IGF-1 production in the liver, which in turn stimulates
release of GH from the pituitary.
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Experimental Procedures

Mice—C57BL/6 mice were purchased from Jackson Labora-
tories. Socs2-null mice were generously provided by Dr. Chris
Greenhalgh and maintained on a C57BL/6 background back-
crossed more than 20 times. Genotyping was performed as pre-
viously described (22).

Partial Hepatectomy—All surgeries were performed based
on the National Institutes of Health (NIH) guidelines for the
humane treatment of laboratory animals according to the
“Guide for the Care and Use of Laboratory Animals” (NIH pub-
lication 86 -23) and with approval of the Institutional Animal
Care and Use Committee of Vanderbilt University Medical
School or Harvard Medical School. Prior to hepatectomy or for
sham operations, mice were anesthetized with 60 mg/kg ket-
amine (Hospira) and 7 mg/kg xylazine (Phoenix Pharmaceu-
tics) and positioned supine. A transverse incision was made
inferior to the xiphoid process, which was excised. The median
and left lateral lobes were eviscerated and ligated resulting in
60% liver removal. For the metabolic and synthetic experi-
ments, the posterior left lobe was also removed. At tissue recov-
ery, mice were anesthetized and weighed. Livers were excised,
rinsed, blotted, and weighed. Sections were snap frozen in lig-
uid nitrogen, fixed in 10% neutral buffered formalin, or pre-
served in RNALater (Qiagen). Mortality after hepatectomy was
<5% and not associated with a particular genotype.

Immunohistochemistry—Staining for SOCS2 was performed
using a rabbit polyclonal anti-SOCS2 antibody (Cell Signaling).
Staining for GH in the pituitary was performed using a poly-
clonal anti-GH antibody (Abcam). Specimens were viewed with
a brightfield microscope (Zeiss Axio Imager M2 with Spot
Xplorer camera).

mRNA Isolation and Real-time RT-PCR —Total mRNA was
purified from 30 mg of liver tissue preserved in RNALater using
the RNeasy Mini kit (Qiagen). 1 ug of mRNA was reverse tran-
scribed to cDNA using a High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems). StepOnePlus™ (Applied
Biosystems) was used for all real-time PCR. The cDNA tem-
plate was diluted 1:5 and amplified using inventoried Tagman
gene expression assays (Applied Biosystems) under standard
conditions. Gene expression levels were normalized to GAPDH
using the comparative CT method. Data were analyzed using
StepOne™ Software v2.1 (Applied Biosystems). Tagman
probe and primers sets (Applied Biosystems) were: Jak2
(MmO01208489_m1), STAT5b (MmO00839889_m1), STAT3
(Mm01219775 m1), GHR (Mm00439093 ml), IGE-1
(MmO00439560_m1), SOCS2 (Mm00850544_g1), and GAPDH
(Mm99999915_g1).

Quantitation of Hepatocyte Proliferation—To quantitate
dividing hepatocytes, mice received intraperitoneal injection of
1 mg of 5-bromo-2-deoxyuridine (BrdU; BD Pharmingen).
Staining for BrdU was performed on paraffin embedded liver
tissue. Rat anti-mouse BrdU (Santa Cruz Biotechnology) was
used for detection. The proliferation index was quantified as
the percentage of labeled hepatocyte nuclei stained with BrdU
over at least three high-power fields (200X).

Protein Sample Preparation, Western Blot Analysis—Whole
cell liver lysates were prepared by homogenizing 50 mg of fro-
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zen tissue in lysis buffer (50 mm HEPES, 10% glycerol, 1 mm
EDTA, 50 mMm NaF, 1 mm DTT, and 0.1% Nonidet P-40) con-
taining phosphatase and protease inhibitors (Sigma). Samples
were sonicated for 10 s and clarified by centrifugation. Protein
concentration was determined by Bradford assay (Bio-Rad Lab-
oratories). Protein was denatured and separated by SDS-PAGE
in 4-12% or 12% NuPAGE Bis-Tris precast gels (Life Technol-
ogies) and transferred to PVDF membrane (Millipore). All
antibody dilutions were done in 5% NFDM in TBS buffer.
Primary antibodies used were: mouse anti-@ actin (Abcam),
rabbit anti-SOCS2 antibody (Santa Cruz Biotechnology),
rabbit anti-GHR (Novus Biologicals), mouse anti-IGF-1
(Thermo Scientific), rabbit anti-JAK2 (Thermo Scientific),
rabbit anti-pJAK2 (Thermo Scientific), rabbit anti-STAT5b
(Abcam), rabbit anti-pSTAT5b (Abcam), mouse anti-
STAT3 (Abcam), rabbit anti-pSTAT3 (Abcam), mouse anti-
ERK1/2 (Santa Cruz Biotechnology), rabbit anti-pERK1/2
(Cell Signaling), rabbit anti-Akt (Cell Signaling), and rabbit
anti-pAkt (Cell Signaling). HRP-conjugated species-specific
secondary antibodies were obtained from Promega or Santa
Cruz Biotechnology.

Films were scanned and quantitated with Image J software. In
all cases, at least three mice of Socs2-null or WT were used at
each time after hepatectomy for quantitation. Where blots are
shown, the images are representative of the individual experi-
ments. Boxes denote separate blot photographs.

Primary Hepatocyte Cultures—Primary hepatocytes were
cultured as previously described (11). Briefly, mice were anes-
thetized, and the portal vein was cannulated. The liver was per-
fused with preperfusion solution for 10 min and then with col-
lagenase solution. The liver was then mechanically dissociated
in MEM. Cells were filtered, collected, washed, resuspended,
and plated.

Virus Infection—A previously described adeno-associated
virus (AAV) vector plasmid bearing a hepatocyte-specific
murine urinary protein (MUP) promoter (11) was used for in
vitro transfection studies at 5.00 X 10'' DNase-resistant parti-
cles/ml for MUP-SOCS2-AAV8 and MUP-eGFP-AAVS.

Cell Proliferation Assay—Cells were grown for 2 days in
serum-free medium with each AAV8. CyQUANT (Invitrogen)
was used to measure proliferation according to the manufactu-
rer’s instructions.

Enzyme-linked Immunosorbent Assay (ELISA)—Commercial
ELISA kits were used to detect serum RBP4 (ALPCO), GH (Mil-
lipore), IGF-1 (R&D), GHR (LSbio), and somatostatin levels
(Phoenix).

Serum Direct Bilirubin Assay—Serum direct bilirubin con-
centration was assessed using Quantichrom™ Bilirubin Assay
kit (Bioassay Systems).

Ubiquitinated Protein Assay—Ubiquitinated proteins from
mouse liver tissue were isolated using a ubiquitin enrichment
kit (Pierce) according to the manufacturer’s protocol. Briefly,
mouse primary hepatocyte pellets after perfusion were homog-
enized in IP lysis buffer (Thermo) and sonicated for three 10-s
pulses. 300 ug of total protein lysate were diluted 1:1 with TBS
and incubated with 20 ul of polyubiquitin affinity resin in a
column (Pierce). The polyubiquitin affinity proteins in the col-
umn were eluted with 4X SDS sample buffer and subjected to
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SDS-PAGE. The membrane was probed with anti-GHR
antibody.

Microarray Analysis—10 ug of high-quality total mRNA was
pooled from three animals and run on an Affymetrix mouse 430
2.0 array as previously described (16). Two independent chips,
each loaded with a different set of three pooled animals, were
examined in duplicate. Genes with an LCB of >1.5 or less than
<1.5 were considered up-regulated or downregulated, respec-
tively, if the p value was less than 0.05. Ingenuity™ pathway
analysis was performed as previously described (10). Microar-
ray data are stored in minimum information about a microarray
experiment (MIAME) format.

GH Administration—25 ng of recombinant human GH
(Reprokine) dissolved in water was injected subcutaneously
twice daily (23). The site of injection was rotated daily to min-
imize discomfort, and weight measurements were taken in the
morning prior to injection.

IGF-1 Administration—5 mg/kg/day of recombinant human
IGF-1 (Cell Sciences) dissolved in water was given continuously
with osmotic pump (DURECT) or injected intraperitoneally
three times per day.

Statistical Analysis—Comparisons were performed using a
two-tailed unpaired Student’s ¢ test. All statistical tests used at
least three different samples for each time point. A p value of
less than 0.05 was considered statistically significant. All error
bars are standard error of the mean.

Results

Socs2 Localization and Expression Levels after Partial
Hepatectomy—Based on a preliminary screen suggesting
increased SOCS2 transcription in the liver after partial hepate-
ctomy, we determined the expression of SOCS2 in the liver by
immunohistochemistry. Six hours after partial hepatectomy,
SOCS2-positive cells were seen around the pericentral vein
(Fig. 1A, arrow). In C57B/6 mice (wild type (WT)), real-time
PCR demonstrated that transcription of Socs2 rises rapidly (by
6 h) after 2/3 hepatectomy, but falls to baseline levels by 1 day
and then remains close to baseline (Fig. 1B). In contrast, sham
operated mice did not exhibit this early rise in Socs2 mRNA.
Protein levels of SOCS2 in the liver initially rise by 6 h and
decrease through 48 h as determined by Western blot (Fig. 1C).
SOCS2 is therefore induced by hepatectomy. Protein levels
mirror mRNA levels, suggesting that SOCS2 is regulated at the
transcriptional level.

Socs2 Controls the Rate of Liver Regeneration after Partial
Hepatectomy—To determine the functional consequences of
loss of SOCS2, comparison was made between the response of
Socs2-null and WT mice to 60% hepatectomy. Loss of SOCS2
led to significant increases in hepatocyte proliferation 36, 48,
and 72 h after partial hepatectomy as measured by BrdU incor-
poration (Fig. 2, A and B).

This early increase in hepatocyte proliferation produced
increased liver to body weight ratio at 72 h after hepatectomy.
Surprisingly, however, at later times this trend reversed. From
72 h through 1 week after hepatectomy there was minimal
increase in liver mass in Socs2-null mice in contrast to the WT
mice that demonstrated continued increase in liver mass (Fig.
2C). As aresult, the liver to body weight ratio of Socs2-null mice
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fell below WT mice at 7 days. By 14 days after hepatectomy, the
liver to body weight ratio in Socs2-null mice matched the
controls.

These results demonstrate that the presence of SOCS2 slows
down the rate of liver regeneration over the initial 3 days after
hepatectomy, the time corresponding to the first round of hep-
atocyte proliferation. After this time period, loss of SOCS2
extends the time required for the liver to reach normal size to
nearly 2 weeks.

Socs2 Slows Hepatocyte Proliferation in Primary Hepatocyte
Cultures—To support these in vivo results, we examined the
effect of expression of Socs2 on proliferation in primary hepa-
tocyte cultures using an AAV8 expression system (11). Primary
hepatocyte cultures were infected with MUP-SOCS2-AAV8 or
MUP-EGFP-AAVS8 as a control. Successful expression with
SOCS2 was demonstrated using real-time PCR (Fig. 2D). Infec-
tion with SOCS2 decreased hepatocyte proliferation by about
40% compared with control (Fig. 2E).

Socs2-null Mice Exhibit Impaired Metabolic Function—To
explain why a growth inhibitor would be induced after hepate-
ctomy, we hypothesized that SOCS2 might function to
slow proliferation to preserve metabolic function. After 75%
hepatectomy, a more stressful insult than 60% hepatectomy, we
examined the metabolic and synthetic activity of Socs2-null
mice compared with WT mice. We first looked at bilirubin. A
major function of the liver is conjugation of bilirubin with glu-
coronic acid to enable excretion. Serum bilirubin levels there-
fore can be a measure of hepatocyte function. Whereas baseline
bilirubin levels are not different between Socs2-null and WT
mice, by 72 h after surgery, Socs2-null mice had significantly
higher bilirubin, a nearly 6-fold increase, compared with WT
mice (Fig. 34). We then looked at retinol-binding protein (RBP)
as a measure of liver synthetic function. RBP is produced in the
liver and serves as a plasma carrier protein for retinol, the lipid
alcohol of vitamin A. RBP has a short half-life of 12 h, suggesting
it should be a sensitive marker of decreased liver synthetic func-
tion (24). RBP levels at baseline are equivalent, but 72 h after
hepatectomy were lower in Socs2-null mice compared with WT
mice (Fig. 3B). Taken together, these results suggest that loss of
SOCS2 impairs liver metabolic and synthetic function.

SOCS2 Controls Liver GHR Levels and Inhibits Hepatocyte
Proliferation Early after Hepatectomy via Ubiquitination—To
determine the mechanism by which SOCS2 influences liver
regeneration during the initial round of hepatocyte prolifera-
tion, we examined the effect of loss of SOCS2 on GHR levels in
the liver. Consistent with this known function, we found that
the level of GHR in the liver 6 h after hepatectomy is higher in
Socs2-null mice compared with WT, with a trend toward
decreased levels at later time points as measured by Western
blot (Fig. 3C).

These increases in GHR levels provide a possible explanation
for the early increase in hepatocyte proliferation after hepatec-
tomy in Socs2-null mice due to increased GH signaling. If true,
this would predict that high GHR levels in Socs2-null hepato-
cytes would render them hyper-responsive to GH. To test this
possibility, we injected GH subcutaneously twice a day after
hepatectomy to Socs2-null and WT mice. Socs2-null mice with
GH administration exhibited higher hepatocyte proliferation
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FIGURE 1. SOCS2 localization and expression over time after hepatectomy. A, immunohistochemistry demonstrates SOCS2-positive cells scattered
throughout the liver and concentrated around the pericentral vein (arrow). Scale bar, 50 um. B, real-time PCR of Socs2 mRNA in liver samples at various intervals
after hepatectomy (¥, p = 0.04; **, p = 0.03). Socs2 is increased 6 h after 2/3 hepatectomy and returns to baseline by 24 h. Sham operated mice do not show an
increase at 6 h. Each time point consists of at least three animals. C, Western blot analysis of total protein from liver at various time after hepatectomy. Protein
levels of SOCS2 in the liver initially rise by 6 h but then fall by 24 h after hepatectomy by Image J analysis (¥, p = 0.006; **, p = 0.01). B-Actin demonstrates equal
protein loading. Data are mean = S.E. from 3 mice in each group.

compared with WT mice with GH administration 48 h after ation in the Socs2-null mice (compare Figs. 2A and 4B, p =

hepatectomy (Fig. 3, D and E). GH administration had no effect ~ 0.035). These results suggest loss of SOCS2 induces a state of
on hepatocyte proliferation in WT mice but increased prolifer-  hyper-responsiveness to GH.
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FIGURE 2. Loss of SOCS2 modulates liver regeneration and hepatocyte proliferation after hepatectomy. A, BrdU incorporation in hepatocytes is quan-
titated at indicated time points after 2/3 hepatectomy. Socs2-null mice demonstrate increased hepatocyte proliferation (¥, p = 0.004; **, p = 0.01; ***, p = 0.03;
**¥% p = 0.046). B, representative micrograph of BrdU incorporation demonstrates hepatocyte proliferation. Scale bar = 200 um. C, restoration of liver mass was
measured by liver/body weight ratio at the indicated time points. Loss of SOCS2 initially increases then inhibits restoration of liver mass after hepatectomy (¥,

= 0.005; **, p = 0.005). Data are mean = S.E. from at least 3 mice (n = 3-7) in each group. D, successful infection of primary hepatocyte cultures with
SOCS2-AAV8 as measured by SOCS2 gene expression (¥, p = 0.002). E, SOCS2 expression in primary hepatocyte culture decreases hepatocyte proliferation (**,

p = 0.038).

SOCS2 is known to ubiquitinate the GHR, targeting it for
destruction. To determine whether this mechanism of action
holds in hepatocytes, we examined the effect of SOCS2 on
GHR. In primary hepatocyte culture, infection with MUP-
SOCS2-AAV8 decreased GHR protein levels by ~30% (Fig. 3F).
To determine whether ubiquitination might be the mechanism
of this decrease, we compared ubiquitination of GHR in vivo
between Socs2-null and WT mice. Immunoprecipitation using
an antibody to ubiquitin and then probing for GHR revealed
markedly decreased ubiquitination in Socs2-null mice (Fig. 3G).
These results suggest SOCS2 ubiquitinates GHR, leading to
degradation and lower protein levels.
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SOCS2 Enhances Hepatocyte Proliferation Late after Hep-
atectomy—Hyper-responsiveness to GH does not explain the
almost complete failure of liver growth between three and 7
days after hepatectomy. To examine this finding, we hypoth-
esized that this might be due to changes in the level of circu-
lating GH. To test this, we examined serum levels of GH after
hepatectomy. WT mice increase serum levels of GH after
hepatectomy (Fig. 4A). In contrast, serum GH levels in
Socs2-null mice remain very low after hepatectomy. As a
result, serum GH levels are 20 —30 times higher in WT com-
pared with Socs2-null mice from 24 through 72 h after
hepatectomy.
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FIGURE 3. Metabolic and synthetic activity and GH signaling after partial hepatectomy. A, serum direct bilirubin was equal at baseline but higher 72 h after
hepatectomy in Socs2-null versus WT mice (¥, p = 0.03). B, RBP levels at baseline were equivalent but at 72 h after hepatectomy were lower in Socs2-null mice
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are mean = S.E. from at least 3 mice (n = 3-5) in each group. C, Western blot and Image J analysis demonstrate loss of SOCS2 leads to increased levels of GHR
6 h after hepatectomy (p = 0.03). D and E, administration of GH increases hepatocyte proliferation 48 h after hepatectomy in Socs2-null compared with WT mice
(p = 0.008). Scale bar = 200 um. Data are mean = S.E.from 3 mice in each group. F, expression of SOCS2 in primary hepatocyte cultures decreased GHR protein
levels by ~25% (¥, p = 0.003). G, immunoprecipitation using an antibody to ubiquitin and then probing for GHR revealed markedly decreased ubiquitination

of GHR in Socs2-null mice.

There are two likely explanations for this result. Either Socs2-
null mice do not produce GH, or they do not release it in
response to hepatectomy. To distinguish between these possi-
bilities, we dissected the pituitary glands of three WT and

FEBRUARY 12,2016-VOLUME 291-NUMBER7 . SASBMB

Socs2-null mice and performed immunohistochemistry for GH.
The pituitaries of 8-week-old male Socs2-null mice appeared
histologically normal. Staining for GH was roughly equivalent
between the WT and Socs2-null mice (Fig. 4B).
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FIGURE 4. Loss of SOCS2 induces a state of hyper-responsiveness to GH early after hepatectomy. A, serum GH levels are 20-30X higher in WT compared
with Socs2-null mice from 24 through 72 h after hepatectomy (¥, p = 0.03; **, p = 0.03; ***, p = 0.03; **** p = 0.002; ***** p = 0.02). Each individual data point
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similar staining. Brown color represents antibody staining. Scale bar, 50 um. C, administration of GH causes a dramatic increase in body weight in Socs2-null mice
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Taken together, these results suggest that SOCS2 is neces- Delay in long-term growth could be due to low circulating
sary for the release of GH from the pituitary, but not for its GH or changes in responsiveness to GH. To distinguish
production. This further provides an explanation for the slow between these possibilities, we administered GH to Socs2-null
return of liver mass after hepatectomy in Socs2-null mice asa or WT mice after 2/3 hepatectomy for an extended period of
consequence of suppressed circulating GH levels. time. Body weight was measured every day at the same time.
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GH administration markedly increased body weight in
Socs2-null mice compared with WT beginning as early as 3 days
after hepatectomy and continuing through 7 days (Fig. 4C).
Similarly, 7 days after hepatectomy, liver to body weight ratio
was highest in Socs2-null mice that received GH compared with
WT mice that received GH and either genotype that did not
receive GH (Fig. 4D).

These data indicate that loss of SOCS2 creates a state of
hyper-responsiveness to GH that continues throughout the
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period of liver regeneration, and is consistent with loss of cir-
culating GH as a cause of the stunted long-term return of liver
mass in Socs2-null mice.

SOCS2 Is Required for Regulation of Serum IGF-1 but Not
Somatostatin Levels—IGF-1 and somatostatin both inhibit GH
secretion. We next investigated if and how these proteins might
explain the mechanism by which SOCS2 modulates GH release.
Since the majority of IGF-1 is produced in the liver, we first
examined protein levels of IGF-1 in the liver in WT versus
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Socs2-null mice. Socs2-null mice exhibited dramatically
increased IGF-1 protein levels in the liver compared with WT
mice (Fig. 5, A and B). Surprisingly, however, baseline serum
IGF-1 levels were lower in Socs2-null compared with WT mice
(Fig. 5C). Importantly, in WT mice, IGF-1 levels decrease by 6 h
after hepatectomy, whereas in Socs2-null mice, levels remain
relatively constant out to 72 h. Serum levels of somatostatin
were not different between the WT and Socs2-null groups (Data
not shown). These results suggest that SOCS2 suppresses
IGF-1 production by the liver, and serum levels of IGF-1 are
maintained by extra-hepatic production in the Socs2—null
mice. With the dramatic differences in IGF-1 production in the
liver, a major source of serum IGF-1, these results argue that
loss of SOCS2 disrupts the normal production of IGF-1 and
therefore its regulation of GH.

To explore the mechanism by which SOCS2 regulates IGE-1,
we examined IGF-1 mRNA expression in both intact liver and
in primary hepatocyte cultures. We found no significant differ-
ence in either when comparing Socs2-null with wild type (data
not shown), suggesting SOCS2 regulates IGF-1 at the post-
transcriptional level.

To further explore these results, we hypothesized decreases
in serum IGF-1 drive GH release from the pituitary during liver
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regeneration. We modeled decreases in serum IGF-1 levels by
injecting exogenous IGF-1 into Socs2-null mice for 3 days prior
to hepatectomy followed by discontinuation to produce an
abrupt decrease in serum IGF-1 levels. Under this condition,
Socs2-null mice are able to increase serum GH levels (Fig. 5D).
We next administered IGF-1 after hepatectomy as a control
and confirmed IGF-1 suppressed GH levels after hepatectomy.
These results are consistent with the explanation that decreases
in IGF-1 drive GH release from the pituitary, which in turn
drives hepatocyte proliferation. We conclude, therefore, that
SOCS2 modulates GH release via effects on IGF-1.

GH Signaling Is Increased Early in Socs2-null Mice after Par-
tial Hepatectomy—In the liver, activated JAK2 phosphorylates
GHR target genes, activating four major pathways: the STAT5/
IGF-1 axis, STAT3, Ras/MAPK/ERK, and phosphatidylinositol
3-kinase (PI3K)/Akt (13). To determine how loss of SOCS2
influences GH signaling, we performed real-time PCR to deter-
mine mRNA levels for Jak2, STATS3, and 5, Erk 1/2, and Akt,
and Western blot to measure protein levels and phosphoryla-
tion states.

Six hours after hepatectomy, JAK2 mRNA was significantly
higher in Socs2-null mice compared with WT (Fig. 6A4).
Although JAK2 protein levels were similar, JAK2 phosphoryla-
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tion was higher in Socs2-null mice compared with WT mice
24 h after hepatectomy (Fig. 6, B--D; differences in the 6-h time
point did not reach statistical significance). Six hours after
hepatectomy, STAT5b, and phosphorylated STAT3 were
increased in Socs2-null mice compared with WT (Fig. 7, A-D).
Erk1/2 did not demonstrate differences either in mRNA or in
protein or phosphorylation between Socs2-null and WT mice
after hepatectomy (Fig. 7, E, F, and data not shown). Akt protein
levels were similar between Socs2-null and WT mice, however
AKT phosphorylation was higher at baseline in Socs2-null mice.

These results suggest GH pathway signaling is activated by
loss of SOCS2 as GH targets STAT5b and phosphorylation of
JAK2, STAT3, and Akt, are increased in Socs2-null mice early
after hepatectomy.

GH Pathway Alterations due to SOCS2—To further under-
stand the mechanism by which SOCS2 increases early liver
regeneration, we performed microarray analysis of Socs2-null
mice at 24 and 36 h after hepatectomy (Fig. 8, A and B).
Ingenuity ™ pathway analysis software was used to graphically
represent genes induced and activated in the GH pathway. Fig.
8A denotes genes up-regulated (red) or downregulated (green),
and proteins predicted to be activated (orange) or inhibited
(blue) in the WT mice 36 h after hepatectomy. Fig. 8B denotes
SASBMB
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the same information in Socs2-null mice. Red and green colors
represent actual microarray data whereas orange and blue col-
ors are predictions based on the overall expression data.

Comparing baseline WT to Socs2-null gene expression pat-
tern changes 36 h after hepatectomy demonstrates that based
on transcriptional patterns, the GH signaling pathways is pre-
dicted to be inhibited in WT mice compared with Socs2-null
mice after hepatectomy. In contrast, loss of SOCS2 is predicted
to activate GH signaling, specifically, STAT1 and 3 leading to
a2 microglobulin and c-fos through SRF and Elk1. Array data
for GHR was consistent with real-time PCR data (data not
shown). Similar data were obtained 24 h after hepatectomy
(data not shown).

Discussion

Based on preliminary results suggesting SOCS2 is highly
induced after hepatectomy, we examined the effect of loss of
SOCS2 on liver regeneration. We find that Socs2 mRNA and
protein are increased after hepatectomy, and that the increased
SOCS2 limits the rise of GHR via ubiquitination, slows hepato-
cyte proliferation, and preserves metabolic function during the
initial round of hepatocyte proliferation after hepatectomy.
SOCS2 has multiple effects on GH signaling, including sup-
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pression of IGF-1 production in the liver, and is required to
modulate changes in serum IGEF-1 levels that drive GH release
from the pituitary and are necessary for normal restoration of
liver mass by 1 week after hepatectomy.

These results are significant in that they support the exist-
ence of a mechanism to limit the rate of hepatocyte prolifera-
tion after hepatectomy to preserve metabolic function.
Although the hepatectomy model as presented has low mortal-
ity, it is tempting to speculate that in a more severe injury
model, loss of SOCS2 might carry higher mortality. To our
knowledge this is the first demonstration of a mechanism that
specifically limits the rate of hepatocyte proliferation after
injury to preserve metabolic function.

Recent advances demonstrate that liver regeneration is best
thought of as balance of stimulatory and inhibitory factors, and
our present findings are supportive of this view. We previously
demonstrated that down-regulation of inhibitory factors is
required for normal liver regeneration (10, 11) and others have
shown that inhibitory factors, specifically SOCS3, can be up-
regulated after liver injury (2). The question is why would an
anti-proliferative factor be up-regulated in a setting that
requires liver regeneration? In the case of SOCS2, this seem-
ingly paradoxical regulation as part of the early response to 2/3
hepatectomy results in improved metabolic and synthetic func-
tion as measured by bilirubin levels and RBP after resection.

Our findings are consistent with other published reports. In
particular, SOCS2 is known to be an important part of an ubiq-
uitination complex that binds to the GHR and targets it for
degradation (19). We demonstrate this directly. SOCS2 was
previously shown to be preferentially expressed in the pericen-
tral regions of the liver, also consistent with our data (25). Nor-
mal expression of GH in the pituitary of Socs2-null mice is con-
sistent with previous findings. Our serum levels show high
variability due to the pulsatile nature of GH secretion (26).

This study has a number of limitations. Since we have not
selectively knocked out SOCS2 in the liver, we cannot conclude
that SOCS2 production in the liver alone is responsible for
changes in serum IGF-1. The liver is not the sole source of
IGF-1 (15), and though IGF-1 production in the liver is
increased in Socs2-null mice, plasma levels are decreased, sug-
gesting that IGF-1 production is dysregulated in Socs2-null
mice. In addition, it is possible that metabolic deficiency after
hepatectomy in Socs2-null mice is due to effects unrelated to
the rate of hepatocyte proliferation.

Active induction of SOCS2 to decrease GH levels after hep-
atectomy implies that the rate of liver regeneration is tightly
controlled and not simply modulated by a growth signal. This
study, therefore, defines for the first time to our knowledge a
physiologic mechanism to limit the rate of liver regeneration
after injury. Clinical therapies to enhance liver regeneration
may be useful in a variety of settings. These include treatments
for acetaminophen overdose or to expand the ability to perform
extensive liver resections for cancer which leave a very small
remnant liver mass. Our findings suggest enhancing hepatocyte
proliferation in the setting of injury may leave patients vulner-
able to metabolic compromise and this may need to be
addressed when developing new therapies.

SASBMB

FEBRUARY 12,2016+VOLUME 291-NUMBER 7

SOCS2 during Liver Regeneration

Author Contributions—R. M. provided conceptual input and de-
signed and performed the majority of the experiments, R. S. Z. pro-
vided conceptual input and performed many of the preliminary
experiments. M. T. V. designed and performed the genomic experi-
ments. D. T. designed and performed experiments. Y. O. designed
and performed experiments. K. C. R. designed and performed exper-
iments. S.J. K. designed the study, provided project oversight, final
assurance of scientific integrity, and wrote the manuscript. All
authors reviewed, commented on, and approved the manuscript.

Acknowledgment—We thank Dr. Michael Sirover for critical review of
the manuscript.

References

1. Feingold, K. R., Soued, M., and Grunfeld, C. (1988) Tumor necrosis factor
stimulates DNA synthesis in the liver of intact rats. Biochem. Biophys. Res.
Commun. 153, 576 —582

2. Riehle, K. J., Campbell, ]. S., McMahan, R. S, Johnson, M. M., Beyer, R. P.,
Bammler, T. K., and Fausto N. (2008) Regulation of liver regeneration and
hepatocarcinogenesis by suppressor of cytokine signaling 3. /. Exp. Med.
205, 91-103

3. Sakamoto, T., Liu, Z., Murase, N., Ezure, T., Yokomuro, S., Poli, V., and
Demetris, A. J. (199) Mitosis and apoptosis in the liver of interleukin-6-
deficient mice after partial hepatectomy. Hepatology 29, 403—411

4. Cressman, D. E., Greenbaum, L. E., Haber, B. A., and Taub, R. (1994) Rapid
activation of post-hepatectomy factor/nuclear factor kB in hepatocytes, a
primary response in the regenerating liver. /. Biol Chem. 269,
30429 -30435

5. Cressman, D. E., Diamond, R. H., and Taub, R. (1995) Rapid activation of
the Stat3 transcription complex in liver regeneration. Hepatology 21,
1443-1449

6. Russell, W. E. (1988) Transforming growth factor beta (TGF-beta) inhibits
hepatocyte DNA synthesis independently of EGF binding and EGF recep-
tor autophosphorylation. J. Cell. Physiol. 135, 253-261

7. Jones, D. E,, Jr., Tran-Patterson, R., Cui, D. M., Davin, D., Estell, K. P., and
Miller, D. M. (1995) Epidermal growth factor secreted from the salivary
gland is necessary for liver regeneration. Am. J. Physiol. 268, G872—878

8. Bucher, M. L., and Swaffield, M. N. (1975) Regulation of hepatic regener-
ation in rats by synergistic action of insulin and glucagon. Proc. Natl. Acad.
Sci. U.S.A. 72, 1157-1160

9. Huang, W., Ma, K,, Zhang, J., Qatanani, M., Cuvillier, J., Liu, J., Dong, B.,
Huang, X., and Moore, D. D. (2006) Nuclear receptor-dependent bile acid
signaling is required for normal liver regeneration. Science 312, 233-236

10. Ho, K.]J,, Do, N. L., Otu, H. H,, Dib, M. ], Ren, X., Enjyoji, K., Robson, S. C.,
Terwilliger, E. F., and Karp, S.J. (2010) Tobl is a constitutively expressed
repressor of liver regeneration. J. Exp. Med. 207, 1197-1208

11. Do, N,, Zhao, R, Ray, K., Ho, K., Dib, M., Ren, X., Kuzontkoski, P., Ter-
williger, E. F., and Karp, S.J. (2012) BMP4 is a novel paracrine inhibitor of
liver regeneration. Am. J. Physiol. Gastrointest. Liver Physiol. 303,
G1220-1227

12. Pennisi, P. A., Kopchick, J. J., Thorgeirsson, S., LeRoith, D., and Yakar, S.
(2004) Role of growth hormone (GH) in liver regeneration. Endocrinology
145, 4748 — 4755

13. Zerrad-Saadi, A., Lambert-Blot, M., Mitchell, C., Bretes, H., Collin de
I'Hortet, A., Baud, V., Chereau, F., Sotiropoulos, A., Kopchick, J. ., Liao, L.,
Xu, J., Gilgenkrantz, H., and Guidotti, J. E. (2011) GH receptor plays a
major role in liver regeneration through the control of EGFR and ERK1/2
activation. Endocrinology 152, 2731-2741

14. Cui, Y., Hosui, A., Sun, R., Shen, K., Gavrilova, O., Chen, W., Cam, M. C,,
Gao, B., Robinson, G. W., and Hennighausen, L. (2007) Loss of signal
transducer and activator of transcription 5 leads to hepatosteatosis and
impaired liver regeneration. Hepatology 46, 504—513

15. Sjogren, K., Liu, J. L., Blad, K., Skrtic, S., Vidal, O., Wallenius, V., LeRoith,
D., Tornell, J., Isaksson, O. G., Jansson, J. O., and Ohlsson, C. (1999) Liver-
derived insulin-like growth factor I (IGF-I) is the principal source of IGF-I

JOURNAL OF BIOLOGICAL CHEMISTRY 3357



SOCS2 during Liver Regeneration

16.

17.

18.

19.

20.

21.

in blood but is not required for postnatal body growth in mice. Proc. Nati.
Acad. Sci. U.S.A. 96, 7088 —7092

Otu, H. H., Naxerova, K., Ho, K., Can, H., Nesbitt, N, Libermann, T. A.,
and Karp, S.J. (2007) Restoration of liver mass after injury requires prolif-
erative and not embryonic transcriptional patterns. J. Biol. Chem. 282,
11197-11204

Starr, R, Willson, T. A,, Viney, E. M., Murray, L. ], Rayner, J. R, Jenkins,
B.J., Gonda, T.J., Alexander, W. S., Metcalf, D., Nicola, N. A., and Hilton,
D.J. (1997) A family of cytokine-inducible inhibitors of signalling. Nature
387,917-921

Krebs, D. L., and Hilton, D. J. (2000) SOCS: physiological suppressors of
cytokine signaling. J. Cell Sci. 113, 2813-2819

Vesterlund, M., Zadjali, F., Persson, T., Nielsen, M. L., Kessler, B. M.,
Norstedt, G., and Flores-Morales, A. (2011) The SOCS2 ubiquitin ligase
complex regulates growth hormone receptor levels. PLoS ONE 6, €25358
Rico-Bautista, E., Greenhalgh, C. ., Tollet-Egnell, P., Hilton, D. J., Alexan-
der, W. S., Norstedt, G., and Flores-Morales, A. (2005) Suppressor of
cytokine signaling-2 deficiency induces molecular and metabolic changes
that partially overlap with growth hormone-dependent effects. Mol. En-
docrinol. 19, 781-793

Metcalf, D., Greenhalgh, C. J., Viney, E., Willson, T. A,, Starr, R., Nicola,

3358 JOURNAL OF BIOLOGICAL CHEMISTRY

22.

23.

24.

25.

26.

N. A, Hilton, D. ., and Alexander, W. S. (2000) Gigantism in mice lacking
suppressor of cytokine signalling-2. Nature 405, 1069 -1073
Greenhalgh, C.]., Rico-Bautista, E., Lorentzon, M., Thaus, A. L., Morgan,
P. O., Willson, T. A., Zervoudakis, P., Metcalf, D., Street, I., Nicola, N. A.,
Nash, A. D,, Fabri, L. J., Norstedt, G., Ohlsson, C., Flores-Morales, A.,
Alexander, W. S., and Hilton, D. J. (2005) SOCS2 negatively regulates
growth hormone action in vitro and in vivo. J. Clin. Invest. 115, 397—406
Brown-Borg, H. M., and Rakoczy, S. G. (2003) Growth hormone admin-
istration to long-living dwarf mice alters multiple components of the an-
tioxidative defense system. Mech. Ageing Dev. 124, 1013-1024

Hu, Z., Lausted, C., Yoo, H., Yan, X., Brightman, A., Chen, J., Wang, W,
Bu, X., and Hood, L. (2014) Quantitative liver-specific protein fingerprint
in blood: a signature for hepatotoxicity. Theranostics 4, 215-228
Zellmer, S., Sickinger, S., Schmidt-Heck, W., Guthke, R., and Gebhardt, R.
(2009) Heterogeneous expression of suppressor of cytokine signalling 2
(SOCS-2) in liver tissue. J. Anat. 215,176 -183

Greenhalgh, C.]., Bertolino, P., Asa, S. L., Metcalf, D., Corbin, J. E., Adams,
T.E., Davey, H. W, Nicola, N. A,, Hilton, D.J., and Alexander, W. S. (2002)
Growth enhancement in suppressor of cytokine signaling 2 (SOCS-2)-
deficient mice is dependent on signal transducer and activator of tran-
scription 5b (STAT5b). Mol. Endocrinol. 16, 1394 —1406

SASBMB

VOLUME 291+NUMBER 7-FEBRUARY 12,2016



