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Abstract

Introduction: Cxcl12, or stromal-derived factor-1, is a chemokine produced by several hepatic
cell types, including hepatocytes, after liver injury and surgical resection. Studies have revealed
that Cxcl12 is important for regeneration of the liver after surgical resection and for development
of liver fibrosis during chronic liver injury. While the function of Cxcl12 in the liver is well
established, the mechanism by which Cxcl12 is upregulated is not fully understood. Because
regions of hypoxia develop in the liver following injury, we tested the hypothesis that hypoxia
upregulates Cxcl12 in hepatocytes by a hypoxia-inducible factor (HIF)-dependent mechanism.

Methods: To test this hypothesis, primary mouse hepatocytes were isolated from the livers of
HIF-1a-deficient mice or HIF-1a-deficient mice and exposed to 1% oxygen. Cxcl12 expression
was increased following exposure of primary mouse hepatocytes to 1% oxygen. Previously we that
in addition to HIFs, transforming growth factor-p is required for upregulation of a subset of genes
in hypoxic hepatocytes. To examine the role of TGF- in regulation of Cxcl12 during hypoxia,
hepatocytes were pretreated with the TGF-f receptor I inhibitor, SB431542.

Results: Upregulation of Cxcl12 by hypoxia was partially prevented in hepatocytes from
HIF-1a-deficient mice and completely prevented in hepatocytes from HIF-1p-deficient
hepatocytes. This suggests that under hypoxic conditions, both HIF-1a and HIF-2a regulate
Cxcl12 in hepatocytes. Pretreatment of hepatocytes with SB431542 completely prevented
upregulation Cxcl12 by hypoxia. Further, treatment of hepatocytes with recombinant TGF-B1
upregulated Cxcl12 in hepatocytes cultured in room air.

Conclusion: Collectively, these studies demonstrate that hypoxia upregulates Cxcl12 in primary
mouse hepatocytes by a mechanism that involves HIFs and TGF-f.
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Hypoxia activates HIF-1a and/or HIF-2a in hepatocytes which stimulates their translocation to the
nucleus. In the nucleus, they with HIF-1b (not shown) which increases expression of a yet to be
identified mediator (indicated by a question mark in the diagram) that is secreted and converts
latent TGF-b to active TGF-b. TGF-b then activates its receptor which stimulates upregulation of
Cxcl12.
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1. Introduction

Cxcl12, or stromal cell-derived factor-1, is a member of the CXC chemokine family.
Chemokines, like Cxcl12, are small proteins that play a vital role in the migration of cells
throughout the body under homeostatic conditions and also during periods of inflammation
and tissue regeneration. In the liver, Cxcl12 is expressed by bile duct epithelial cells, hepatic
stellate cells, and sinusoidal endothelial cells (SECs) under various conditionst8]. Cxcl12 is
also expressed by hepatocytes during oval cell-mediated liver regeneration[3%l. Once
released, Cxcl12 activates the G-protein coupled receptors CXCR4 and CXCR7, which are
constitutively expressed by several types of hepatic cells, including hepatic stellate cells,
oval cells, and hepatocytes!17:18.29],

Several studies have demonstrated a key role for Cxcl12 in liver repair after acute liver
injury. Following liver injury from either carbon tetrachloride or acetaminophen, Cxcl12 is
released and activates CXCR7 on SECs[11. Selective deletion of CXCR7 on SECs setting
resulted in reduced hepatocyte proliferation and worsened liver injury[X1l. Similar to acute
injury, Cxcl12 is also important for liver regeneration after surgical resection. In rats
subjected to partial hepatectomy, inhibition of Cxcl12 reduced both hepatocyte proliferation
and recruitment of bone marrow-derived SEC progenitors[19]. Interestingly, inhibition of
hepatocyte proliferation after partial hepatectomy with 2-acetylaminofluorene increased
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Cxcl12 secretion by hepatocytes which stimulated expansion of hepatic progenitor cells that
ultimately differentiated into mature hepatocytes[30].

Activation of the Cxcl12/CXCR4 chemokine axis has also been implicated in promoting
fibrosis in cases of chronic liver injury. Activation of CXCR4 by Cxcl12 in SECs during
chronic liver injury generates profibrogenic signals that activate hepatic stellate cells leading
to extracellular matrix deposition and ultimately liver fibrosis[11:14.241 |n liver fibrosis
patients, Cxcl12 protein levels in the liver and plasma correlate with the severity of liver
fibrosis consistent with a role for this chemokine in liver fibrosis in humans[28l.

Collectively, these studies demonstrate an important role for Cxcl12 in regulation of
proregenerative and profibrotic pathways in the liver after acute and chronic injuryl7l. The
mechanism by which SDF-1 is upregulated in the liver under these conditions, however, is
not fully understood. Because hepatocellular hypoxia occurs in the setting of both acute and
chronic liver injury, we tested the hypothesis that hypoxia upregulates Cxcl12 in hepatocytes
through activation of hypoxia-inducible factor transcription factors (HIF)[5201, Qur findings
reveal that hypoxia and HIFs increase expression of Cxcl12 in hepatocytes, by a complex
mechanism involving transforming growth factor-g (TGF-B).

2. MATERIALS AND METHODS

2.1 Mice

The following mice were used in the present studies: C57BL/6 mice (Harlan, Madison, WI),
HIF-1a (control and deficient mice), and HIF-1B-(control and deficient mice). The
generation of HIF-1a-control mice, HIF-1a-deficient mice, HIF-1B-control mice, and
HIF-1p-deficient mice was described in detail by us previously®l,

All mice were maintained using a 12-h light/dark cycle with controlled temperature (18-21
C) and humidity. Both food (Rodent Chow; Harlan-Teklad, Madison, WI) and tap water
were allowed ad libitum. procedures on animals were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals promulgated by the National Institutes of
Health.

2.2 Hepatocyte Isolation

Collagenase perfusion used to isolate cultures of primary hepatocytes from mouse livers as
described in detail previously[Xl. Primary hepatocytes were cultured in Williams’ medium E
supplemented with 10% fetal bovine serum and Penicillin-Streptomycin. Following a 3-hour
period of cell attachment, medium with unattached cells were removed, and fresh serum-free
Williams” E medium supplemented with Penicillin-Streptomycin was added. Following a 16
hour incubation, hepatocyte cultures were maintained in an environment containing either
room air or 1% oxygen for the indicated times in a NAPCO CO2 7000 cell culture incubator
(NAPCO Precision, Winchester, VA). These environments were balanced with nitrogen and
contained 5% CO2.

For studies with SB-431542, hepatocytes were treated with either vehicle (dimethyl
sulfoxide) or 10 uM SB-431542 (Tocris, Ellisville, MO) for 30 minutes prior to culturing the
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cells in either room air or 1% oxygen or treating the cells with 5 ng/ml recombinant
transforming growth factor-p1 (TGF-B1) (R&D Systems, Minneapolis, MN). For studies
with latent TGF-B1, hepatocytes were treated with 20 ng/ml latent TGF-p1 (R&D Systems),
30 minutes prior to hypoxia exposure.

2.3 Real-time PCR

TRI reagent (Sigma Chemical Company, St. Louis, MO) was used to isolate total liver RNA,
which was reverse transcribed into cDNA as described by us previouslylll, Real-time PCR
was used to quantify and 18S. Real-time PCR was performed on an Applied Biosystems
Prism 7300 Real-time PCR Instrument (Applied Biosystems, Foster City, CA) using a
SYBR green DNA PCR kit (Applied Biosystems) as described by us previouslyll. The
following primer sequences were used for Real-time PCR: 18S Forward: 5’-TTG ACG GAA
GGG CAC CAC CAG-3’; 18S Reverse: 5’-GCA CCA CCA CCC ACG GAA TCG-3’;
Cxcl12 Forward: 5’-AAA CCA GTC AGC CTG AGC TAC C-3’; SDF-1 Reverse: 5’-GCA
CAG TTT GGA GTG TTG AGG A-3'.

2.4 Cxcl12 Protein
Cxcl12 protein was measured by ELISA (R&D Systems, Minneapolis, MN).

2.5 Statistical Analysis

The results are presented as mean + SEM and were analyzed using an Analysis of Variance
(ANOVA). For instances in which variances were not homogenous, ANOVAS were
performed on log X-transformed data. For comparisons among group means a Student-
Newman-Keuls test was used. For all studies, the criterion for significance was p < 0.05.

3. Results

Exposure of primary mouse hepatocytes to hypoxia (1% O,) increased levels of Cxcl12
mRNA and protein by 72 hours after treatment (Fig. 1). To determine whether upregulation
of Cxcl12 by hypoxia required HIF transcription factors, hepatocytes were isolated from
HIF-1a-deficient mice and HIF-1p-deficient mice. As shown in Figure 2, deletion of
HIF-1a in hepatocytes reduced hypoxia-mediated induction of Cxcl12 by approximately
50%, whereas, deletion of HIF-1p completely prevented induction of Cxcl12 by hypoxia.
Not all hypoxia-induced genes were increased in a HIF-dependent manner, however. As
shown in Supplemental Figure 1, MMP13 was increased by hypoxia in a HIF-independent
manner.

We showed previously that upregulation of a subset of genes in hepatocytes by hypoxia
required transforming growth factor-p (TGF-B) receptor signalingl”l. To determine whether
upregulation of Cxcl12 by hypoxia occurred by a similar mechanism, primary mouse
hepatocytes pretreated with the TGF-p receptor I inhibitor, SB431542. As above, exposure
of hepatocytes to hypoxia increased Cxcl12 by 72 hours (Fig. 3). Pretreatment with
SB431542, however, completely prevented upregulation of Cxcl12 by hypoxia (Fig. 3). We
next determined whether treatment of primary mouse hepatocytes alone with TGF-f
increases expression of Cxcl12. As shown in Figure 4A, treatment of hepatocytes with TGF-
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B1 increased Cxcl12 mRNA levels, an effect that was completely prevented by pretreatment
with SB431542 (Fig. 4A). Further, treatment of hepatocytes with TGF-B1 increased Cxcl12
by 24 hours, and Cxcl12 levels remained elevated at 72 hours (Fig. 4B).

TGF-p1 is secreted as an inactive, latent form that is processed to the active form of TGF-p1
by proteolytic cleavage and by other mechanisms(2l. We previously demonstrated that
cultured primary mouse hepatocytes secrete latent-TGF-p that is activated when the
hepatocytes are placed in hypoxial’l. If this mechanism regulates Cxcl12 in hypoxic
hepatocytes, then addition of recombinant latent-TGF-B1 should enhance upregulation of
Cxcl12 by hypoxia. As shown in Fig. 5, pretreatment of hepatocytes with latent-TGF-p1
enhanced upregulation of Cxcl12 by hypoxia.

4. Discussion

Several studies have established an important role for Cxcl12 in liver repair after injury[171,
The mechanism by which Cxcl12 is upregulated in various cell types, including hepatocytes,
after injury, however, remains poorly defined. Several studies have previously shown regions
of hypoxia develop in the liver following injury. Furthermore, we have shown that hypoxia
develops in the liver following bile duct ligation, a model of obstructive cholestasis and after
treatment with the hepatotoxicant, monocrotaline®>20%. Similarly, others have demonstrated
regions of hypoxia develop in the liver following toxicity from acetaminophen or
diethylnitrosamine, suggesting that hepatocellular hypoxia is a common feature after liver
injury [49]. Because of this, we tested the hypothesis that hypoxia stimulates upregulation of
Cxcl12 in primary mouse hepatocytes. Our results demonstrate that hypoxia is a stimulus for
Cxcl12 induction, and that this process requires transcription factors (Figs. 1 and 2). HIFs
are composed of an alpha subunit, HIF-1a or HIF-2a,, and a beta subunit, HIF-18[2]. In the
presence of hypoxia, the alpha subunit becomes stabilized and translocates to the nucleus
where it heterodimerizes with HIF-1p and regulates expression of genes. We have
demonstrated previously that HIF-1a and HIF-2a are both activated in hypoxic
hepatocytes(®l. Additionally, we have demonstrated that both of these transcription factors
regulate expression of genes in these cells(8l. In the present study, deletion of HIF-1a in
hepatocytes partially prevented upregulation of Cxcl12 by hypoxia, whereas deletion of
HIF-1p completely prevented upregulation of Cxcl12 in hypoxic hepatocytes. This suggests
that both HIF-1a and HIF-2a are important for upregulation of Cxcl12 in hypoxic
hepatocytes.

We showed previously that a subset of genes upregulated in hypoxic hepatocytes required
HIFs and TGF-B signalingl’l. In these studies, cultured hepatocytes constitutively expressed
and secreted latent-TGF-p that was activated when the hepatocytes were placed in
hypoxial”l. Once activated, TGF-B increased expression of several genes associated with
epithelial to mesenchymal transition. Similar to this study, hypoxia increased expression of
Cxcl12 in hepatocytes by a mechanism that required TGF-B signaling. Further, recombinant,
active TGF-p 1 increased expression of Cxcl12 in hepatocytes cultured in room air, and
addition of TGF-B1 to hypoxic hepatocytes enhanced upregulation of Cxcl12. This suggests
that during hypoxia, HIFs increase expression of a factor that converts latent TGF-§ into
active TGF-p. TGF-p then increases expression of Although we do not yet know the identity
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of the factor that activates TGF-p in hepatocytes, several HIF regulated genes are known
activators of TGF-B, such as thrombospondin-1 [19-22],

As discussed, Cxcl12 is upregulated in the liver after surgical resection and during chronic
liver injury. After surgical resection, deletion of Cxcl12 limits liver regeneration, and
deletion of Cxcl12 during chronic liver injury reduces fibrosis1%111. Whether hypoxia is
important for induction of Cxcl12 in these situations remains to be determined. In support of
a role for hypoxia, though, we showed that deletion of HIF-1a in the liver reduces liver
fibrosisi20l- Further, others have reported deletion of HIFs reduces liver regeneration after
surgical resection[27]. Although the observed effects of HIF deletion are similar to those
after deletion of Cxcl12, additional studies are needed to determine the importance of
hypoxia, HIFs, and TGF-p for upregulation of Cxcl12 in the liver during regeneration and
fibrosis. Overall, though, our studies indicate that hypoxia is a key regulator of Cxcl12 in
hepatocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The mechanism by which Cxcl12 is upregulated in the liver is poorly
understood.

Hypoxia stimulates upregulation of Cxcl12 in a HIF-1a-and HIF-2a-
dependent manner.

TGF-B is also required for upregulation of Cxcl12 in hypoxic hepatocytes.
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Figure 1.
Primary mouse hepatocytes were exposed to room air or 1% oxygen. (A) mRNA levels of

Cxcl12 were measured by real-time PCR at the indicated time. (B) Cxcl12 protein levels
were measured by ELISA at 72 hours after exposure to hypoxia. n=3 where each n
represents cells isolated from different mice. @Significantly different from cells cultured in
room air.
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Figure 2.
Primary mouse hepatocytes were isolated from control mice and mice deficient in either (A)

HIF-1a or (B) HIF-1p. The cells were exposed to room air or 1% oxygen for 72 hours and
MRNA levels of Cxcl12 were measured by real-time PCR. n=3 where each n represents cells
isolated from different mice. @Significantly different from cells cultured in room air.
bSignificantly different from control cells cultured in 1% oxygen.
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Figure 3.
Primary mouse hepatocytes were isolated from mice and treated with either DMSO vehicle

or the TGF- receptor antagonist, SB-431542. The cells were then exposed to room air or
1% oxygen for 72 hours and mRNA levels of Cxcl12 were measured by real-time PCR. n=4
where each n represents cells isolated from different mice. Significantly different from cells
cultured in room air. PSignificantly different from DMSO-treated cells cultured in 1%
oxygen.
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Figure 4.

(A) Primary mouse hepatocytes were isolated from mice and treated with either DMSO
vehicle or the TGF-P receptor antagonist, SB-431542. The cells were then treated with TGF-
B 1 for 72 hours and mRNA levels of Cxcl12 were measured by real-time PCR. (B)
Hepatocytes were treated with TGF-p1 for the indicated time and Cxcl12 mRNA levels were
measured. n=3 where each n represents cells isolated from different mice. 2Significantly
different from cells with control vehicle. PSignificantly different from DMSO-treated cells
treated with TGF-B1.
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Figure 5.
Primary mouse hepatocytes were isolated from mice and treated with either vehicle or 20

ng/ml of latent TGF-B. MRNA levels of Cxcl12 were measured by real-time PCR. n=3
where each n represents cells isolated from different mice. Significantly different from cells
cultured in room air. PSignificantly different from vehicle-treated cells cultured in 1%
oxygen.
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