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Abstract

Background & Aims—~Pathogenesis of cirrhosis, a disabling outcome of defective liver repair,
involves deregulated accumulation of myofibroblasts derived from quiescent hepatic stellate cells
(HSC), but the mechanisms that control HSC transdifferentiation are poorly understood. We
investigated whether the Hedgehog (Hh) pathway controls HSC fate by regulating metabolism.

Methods—Miicroarray, quantitative PCR, and immunoblot analyses were used to identify
metabolic genes that were differentially expressed in quiescent vs myofibroblast HSC. Glycolysis
and lactate production were disrupted in HSC to determine if metabolism influenced
transdifferentiation. Hh signaling and hypoxia-inducible factor (HIF)1a activity were altered to
identify factors that alter glycolytic activity. Changes in expression of genes that regulate
glycolysis were quantified and localized in biopsy samples from patients with cirrhosis, and liver
samples from mice following administration of CCl, or bile-duct ligation. Mice were given
systemic inhibitors of Hh to determine if they affect glycolytic activity of the hepatic stroma; Hh
signaling was also conditionally disrupted in myofibroblasts to determine the effects of glycolytic
activity.

Results—Transdifferentiation of cultured, quiescent HSC into myofibroblasts induced glycolysis
and caused lactate accumulation. Increased expression of genes that regulate glycolysis required
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Hh signaling and involved induction of HIF1a. Inhibitors of Hh signaling, HIF1a, glycolysis, or
lactate accumulation converted myofibroblasts to quiescent HSC. In diseased livers of animals and
patients, numbers of glycolytic stromal cells were associated with the severity of fibrosis.
Conditional disruption of Hh signaling in myofibroblasts reduced numbers of glycolytic
myofibroblasts and liver fibrosis in mice; similar effects were observed following administration
of pharmacologic inhibitors of Hh.

Conclusions—Hedgehog signaling controls HSC fate by regulating metabolism. These findings
might be applied to diagnosis and treatment of cirrhosis.

Keywords

mouse model; liver disease; signal transduction; gene regulation

Introduction

Many of these MF are derived from quiescent (Q) hepatic stellate cells (HSC) via a
transdifferentiation-like process whereby the cells shift from a quiescent lipogenic state to
become proliferative and fibrogenic.! Researchers have identified a number of injury-related
factors that promote HSC transdifferentiation and MF growth. Conversely, MF populations
gradually involute, and fibrosis tends to regress, when injury is cured.2 The global power of
the microenvironment in dictating HSC fate is further supported by evidence that targeted
efforts to constrain MF accumulation during active liver injury have failed. These
observations suggest that redundant injury-initiated mechanisms activate the molecules that
ultimately control HSC fate, and justify work to identify those master regulators.

There is emerging evidence that Hedgehog, a master developmental regulator,® 4 becomes
reactivated during adult wound healing.> The Hh pathway is activated when Hh ligands bind
to their receptor Patched (PTCH) on the surface of Hh-responsive cells. This relieves
PTCH's inhibitory actions on Smoothened (SMO), the signaling competent Hh co-receptor.
SMO then translocates to the cilium where it promotes the nuclear localization of the
transcription factors GLI1, GLI2 and GLI3, which control the expression of Hh-target genes.
Most of the biological effects of the Hh pathway are thought to result from transcriptional
regulation of GLI-target genes whose products influence stem cell renewal and lineage
decisions, as well as cell cycle progression and cell migration.6-8 Although the exact role of
Hh in adult tissue repair remains somewhat obscure, the pathway seems to control critical
cell fate decisions that are required for reconstruction of healthy tissue because cancers and
fibrosis typically result when Hh signaling becomes deregulated.® °: 10 Inhibiting Hh
signaling also blocks adipogenesis,1! suggesting a role for the Hh pathway in metabolism.
However, it is not known if the metabolic effects of Hh influence its other actions, or vice
versa.

Like several of the key cell types involved in liver repair, HSC are Hh-responsive.5: 12 Hh
pathway activation promotes transition of quiescent (Q)-HSC into MF-HSC, and pathway
inhibition drives MF-HSC to revert back to a quiescent phenotype.13 We hypothesized that
Hh signaling might direct the fate of HSC by regulating their metabolism because Q-HSC
are adipocyte-like?, and loss of lipid is a hallmark of Q-HSC transition to MF.1. 14. 15

Materials and Methods (Full Methods available in Online Supplement)

Primary HSC studies

Primary HSCs were isolated from adult rats, wild-type C57BL6 mice, Smofm2Amc) (SMO-
LoxP) micel®, or mtGFP transgenic micel’ and culture-activated for up to 7 days in DMEM
containing either 4500 or 1000mg/L glucose.18: 19 4-day cultures were treated with
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inhibitors of glycolysis (2-deoxy-glucose, Sigma-Aldrich), lactate dehydrogenase (FX11),20
Smoothened (GDC-0449, Selleck Chemicals),2! or HIF1a (acriflavine (ACF), Sigma-
Aldrich)?2 and analyzed on day 7. In HSCs from SMO-LoxP mice, Cre-recombinase
adenoviral vectors were used to delete the floxed smoothened allele. Results were compared
to HSCs treated with GFP adenoviral vectors.

Animal studies

C57BL/6 mice from Jackson Laboratories (Bar Harbor, ME) were used to model liver
injury. All studies were approved by the Duke University Institutional Animal Care and Use
Committee as set forth in the ‘Guide for the Care and Use of Laboratory Animals’ published
by the National Institutes of Health.

Acute Liver Injury Models—CCl,. Wild-type male mice were injected i.p. with olive oil
(n=2) or CCly (CCly:olive 0il=1:20, n=6) and sacrificed on day 2, 4, or 7. Partial
hepatectomy (PH). Adult male mice were subjected to PH and cyclopamine treatment as
described.23 Livers were harvested at the time of PH (n=6) or after 48h (n=6).

Chronic Liver Injury Models—BDL. Wild-type male mice underwent bile duct ligation
(BDL; n=5) or sham surgery (n=4) then sacrificed after 14 days. SMO-LoxP micel®
(Jackson Laboratories) were crossed with a SMA-Cre-ERT2 transgenic mice to generate
double-transgenic mice (DTG) in which tamoxifen treatment induces conditional deletion of
SMO in aSMA(+) cells. Adult (8-12 weeks) mice were subjected to BDL or sham surgery
(n=8 mice/group); treated with vehicle or tamoxifen on days 4, 6, 8, and 10 post-BDL ; and
sacrificed 14 days post-BDL. MCD diet. Wild-type male mice were fed control (n=2) or
methionine choline deficient diets (MCD; MP Biomedicals, Solon, OH; n=3) for 8 weeks.
MDR27- mice. Aged (52-62 week old) MDR2"~ mice were treated with vehicle (n=10) or
GDC-0449 (n=10) for 9 days.?4

Human studies

Anonymized healthy and diseased human livers were examined for expression of glycolysis
markers as per Institutional Review Board-approved protocols.

Statistical analysis

Results

Results are expressed as mean * standard error mean (SEM). Analyses were performed
using Student's ~test. £<0.05 is considered significant.

Metabolism is reprogrammed during HSC transdifferentiation

We performed microarrays to screen HSC for transition-associated changes in metabolism.
To capture early, as well as late, events in the transdifferentiation process, gene expression
was compared in freshly-isolated primary HSC and HSC after 7 days in culture. This
approach differed from earlier studies that examined HSC cultured 1 day or more.2> We
found that a significant number of the genes that are differentially expressed in Q-HSC
versus MF-HSC are involved in metabolism (Supplementary Tables 1,2). This point had not
been emphasized previously, and suggests that alterations in HSC metabolism occur rapidly
during their transdifferentiation. The gene expression profile of MF-HSC also resembled
that of highly proliferative cells.26 Because proliferative cells are often glycolytic,2%: 27 we
compared glycolytic activity in Q-HSC and MF-HSC. MF-HSC demonstrated significantly
increased expression of glycolytic enzymes (Fig.1A-C, Supplementary Fig.1A) and glucose
and lactate transporters (Fig.1D), with co-incident down-regulation of genes involved in
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gluconeogenesis (Fig.1E). Notably, the most striking differences in many of these transcripts
occurred within the initial 48h of culture. Hence, the metabolic shifts would have been
overlooked if gene expression had been evaluated only at later time points. For example,
MRNA levels of the glucose transporter, Glutl, and two key glycolytic enzymes, hexokinase
(Hk)2 and pyruvate kinase (Pk)m2,28 increased 6-25-fold within 6-24h in culture
(Supplementary Fig.2) and remained elevated on culture day 7 (Fig.1A). Western blot and
immunocytochemistry confirmed that expression of these glycolytic enzymes was rapidly
switched on when Q-HSC were placed into culture, and then maintained at high levels (Fig.
1B-C). Conversely, transcripts for phosphoenolpyruvate carboxykinase (Pck)1 and fructose
bisphosphatase (Fop)1, two key gluconeogenic enzymes,2® plummeted by 90% during the
initial 48h in culture and remained extremely low on culture day 7 (Fig.1E).

As previously described,! expression of genes involved in lipid synthesis, oxidation and
uptake fell by 50-90% during early HSC culture and remained low thereafter
(Supplementary Fig.1C). Unlike the early and dramatic changes in metabolism-associated
genes, induction of classical MF-HSC markers, such as alpha smooth muscle actin (aSMA)
and collagenlal, occurred between culture days 2 and 7 (Supplementary Fig.1D and 2),
during which time the cells acquired the typical phenotype of proliferative MF-HSC
(Supplementary Fig.1E-F). HSC cultured in high and low glucose medium demonstrated
similar patterns of changes in all of the aforementioned parameters (Fig.1, Supplementary
Fig.3); in both situations the kinetics suggest that major changes in HSC metabolism occur
very early during the transition process and are maintained after the cells become MF.

Interestingly, we found that mRNA levels of Pdk3, which inhibits the conversion of
pyruvate to acetyl-CoA,2% were increased in MF-HSC (Supplementary Fig.1B), suggesting
that MF-HSC divert some glycolysis-generated pyruvate towards lactate production. Indeed,
HSC rapidly accumulated lactate once they were placed into culture (Fig.1F), and
intracellular lactate levels remained elevated despite progressive up-regulation of mMRNAs
encoding the lactate export pump, MCT4 (Fig.1D). Many highly proliferative cells,
including cancer cells, exhibit high glycolytic activity and produce lactate despite retaining
large numbers of mitochondria and thus, the capacity for oxidative phosphorylation (i.e.,
aerobic metabolism). Paradoxically, cancer cell growth is dependent upon glycolysis,
although glycolysis is significantly less efficient than oxidative phosphorylation for
generating ATP from glucose. This phenomenon has been dubbed the Warburg effect.26: 28

We used electron microscopy to determine if glycolytic, lactate-producing HSC that are
transdifferentiating under aerobic conditions retain mitochondria. We noted very few
mitochondria in freshly-isolated Q-HSC, whereas mitochondria were abundant in 7-day
culture-activated MF-HSC (Supplementary Fig.4A). We further studied primary HSC from
transgenic mtGFP-tg reporter mice in which mitochondria are marked by expression of
green fluorescent protein (GFP).17 Both the numbers of GFP(+) foci/cell and the percentage
of GFP(+) cells increased dramatically during the initial 72h of HSC culture (Supplementary
Fig.4B), confirming that HSC retain mitochondria and hence, the capacity for oxidative
phosphorylation, as they transdifferentiate into MF. The aggregate findings, therefore,
indicate that HSC quickly become glycolytic and undergo a Warburg-like response as they
become myofibroblastic.

Metabolic reprogramming controls HSC fate

To understand the functional significance of metabolic reprogramming in HSC, we cultured
MF-HSC under standard conditions, or in 2-deoxy-glucose (2DG), to inhibit glycolysis,2?
and assessed effects on proliferation and gene expression. As noted in glycolytic cancer
cells, 2% 2DG caused dose-dependent cytotoxicity in MF-HSC (data not shown). However,
when cultured in low concentration of 2DG, most HSC remained viable, decreased their
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proliferation, repressed expression of MF genes, re-expressed lipogenic genes, and re-
accumulated lipids (Fig.2A-B). Because inhibiting glycolysis caused MF-HSC to revert to
the Q-HSC phenotype, we asked if metabolic end-products themselves might control HSC
fate. Glycolysis generates pyruvate, which is converted into lactate via an LDHA-catalyzed
reaction.20: 26 Qur initial studies showed that HSC accumulate large amounts of lactate as a
result of metabolic reprogramming (Fig.1F). To assess the direct effects of lactate on HSC
transition, we treated MF-HSC with FX11, a pharmacologic inhibitor of LDHA.20 Blocking
conversion of pyruvate to lactate in MF-HSC decreased the lactate:pyruvate ratio, inhibited
proliferation, suppressed expression of MF-genes, and induced lipid accumulation and
lipogenic genes (Fig.2C-D, Supplementary Fig.5). Critically, dose-response studies
demonstrated that FX11 suppressed expression of MF markers even when added to cultures
at concentrations that had no appreciable effect on cell growth (Supplementary Fig.5). Thus,
to become myofibroblastic, HSC must activate glycolysis in order to accumulate
intracellular lactate, indicating that metabolic reprogramming controls the fate of HSC.

Hedgehog signaling controls metabolic reprogramming to direct HSC fate decisions

Hh signaling is known to inhibit adipogenesis.}1 Our findings indicated that changes in HSC
lipid content were secondary to activation of glycolysis and the resultant lactate
accumulation. Virtually nothing has been reported about the effect of Hh signaling on
carbohydrate metabolism. Therefore, we used various approaches to manipulate Hh
signaling in freshly-isolated Q-HSC or culture-activated MF-HSC to determine if this
influences glycolytic activity. Because glycolysis is induced within hours of HSC isolation
(Supplementary Fig.2), we injected SMO-LoxP micel6 with adenoviral vectors for Cre-
recombinase (or control vectors) to conditionally delete the obligate Hh signaling
intermediate, smoothened, in Q-HSC /n vivo. Two days later, Q-HSC were isolated and
RNA was analyzed. Q-HSC from Cre-treated mice expressed less SMO mRNA than
comparable cells from control mice, while mMRNA levels of the Q-HSC marker, PPARvy,
were significantly increased, consistent with published evidence that HSC require Hh
signaling to transdifferentiate into MF.13 Smoothened deletion in Q-HSC also further
reduced their low basal mMRNA expression of glutl, Hk2, and Pkm2 (Fig.3A). Conversely,
when Q-HSC from wild-type mice were treated with SAG (a direct pharmacologic agonist
of Smoothened)3% immediately upon isolation, significant augmentation of glut1 and
glycolytic gene mMRNA induction occurred (Fig.3A). To determine if inhibiting smoothened
also suppressed glycolysis in MF-HSC, 4-day culture-activated MF were treated with
GDC-0449, a direct Smoothened antagonist,3! for 3 days. Inhibiting Smoothened in cultured
MF-HSC caused dose-dependent suppression of glycolytic gene expression and MF markers
(Fig.3B). In order to exclude potential off-target effects of GDC-0449, day 4 cultured HSC
from SMO-LoxP micel® were treated with adenovirus Cre-recombinase (Ad-Cre) to delete
the floxed smoothened allele.

Conditional deletion of smoothened in MF-HSC recapitulated the effects of GDC-0449,
causing significant down-regulation of glycolytic genes and MF genes (Fig.3B). Thus,
canonical Hh signaling directs HSC transdifferentiation by reprogramming their
metabolism. Moreover, our results prove that HSC must maintain Hh signaling in order to
retain the glycolytic phenotype of MF, demonstrating that metabolism has a dynamic impact
on HSC plasticity.

We next wished to clarify the mechanisms by which Hh directs glycolytic reprogramming.
Because HIF1a is a key regulator of the expression and activity of glycolytic enzymes,32 we
mapped changes in HIF1a expression during HSC transdifferentiation and evaluated the
effect of modulating SMO activity. As others have demonstrated,3 MF-HSC express higher
MRNA levels of HIF1a than Q-HSC. HIF1a mRNA expression increases significantly
within hours of HSC isolation, peaks by day 2 of culture, and remains higher in MF-HSC
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than Q-HSC (Fig.3C). Genetic or pharmacologic approaches that inhibited SMO, and
suppressed expression of glycolytic and myofibroblastic genes, also inhibited HIF1a
expression. Conversely, activating SMO by SAG treatment up-regulated Hifla mRNA
expression (Fig.3A-B).

Activated Smoothened promotes nuclear localization and activation of GLIs to control
transcription of Hh-regulated genes. We transiently overexpressed GLIs in MF-HSC to see
if GLIs regulate HIF1a. As shown in Fig.3D, compared to MF-HSC transfected with empty
vectors, MF-HSC transfected with either GLI1 or GLI2 increased expression of both HIF1la
and HIF1a target genes. Subsequent analysis of the HIF1a promoter revealed potential
GLI-binding sites, and chromatin immunoprecipitation assays (ChIP) demonstrated that
endogenous GLI proteins directly interact with the HIF1a promoter in MF-HSC (Fig.3F).
These results prove that HIF1a activation is a down-stream consequence of Hh signaling
and suggest that the process involves GLI-mediated induction of HIF1a transcription.

To assure that HIF1a was the proximal effector of Hh-initiated signals that promoted
glycolysis-dependent changes in HSC fate, we then treated MF-HSC with acriflavine (ACF),
a direct inhibitor of HIF1a.22 As expected, treating MF-HSC with the ACF significantly
reduced expression of HIF1la-regulated glycolytic genes, as well as expression of Hh-
sensitive cell cycle genes and MF markers, while restoring expression of lipogenic genes
towards quiescent levels (Fig.3F). The aggregate results, therefore, demonstrate for the first
time that Hh-stimulated HIF1a expression directs HSC fate.

Metabolic reprogramming of HSC is a conserved response to liver injury

We next studied different animal models of hepatic injury and fibrosis, as well as human
liver biopsies, to determine if metabolic reprogramming of HSCs also occurs when HSCs
are driven to become MF during liver repair /n vivo. To assess the effects of acute liver
injury, we injected mice with one dose of carbon tetrachloride (CCl,) and sacrificed them 2,
4, or 7 days later. Hepatocytes around terminal hepatic venules are killed by CCl, within 2-3
days, triggering efficient wound healing that results in replacement of the dead hepatocytes
by 7 days post-exposure.34 35 We wished to determine if expression of glycolysis-related
enzymes changed during an acute wound-healing response. We discovered that hepatic
expression of glycolytic enzymes, PDK3, and GLUT1 increased dramatically 2-4 days after
CCly injury, the period of maximal hepatocyte death, but declined to near basal levels by
day 7, when liver repair was nearly complete. In contrast, expression of the gluconeogenic
gene FBP1 declined initially, but then recovered to baseline after hepatocyte regeneration
had been accomplished (Fig.4A-B). To localize glycolytic activity during acute liver repair,
we performed immunohistochemistry for PKIM2, an accepted marker of glycolytic

cells.27. 3637 pKM2(+) cells were scarce in healthy livers but accumulated transiently along
sinusoidal spaces of CCl-injured livers. Striking accumulation of such cells was evident
around terminal hepatic venules in day 4 livers (Fig.4B), coinciding with the peak of
hepatocyte death. Conversely, PKM2-expressing cells were no longer evident on day 7,
when these damaged areas had been regenerated (Fig.4B). Western blot analysis confirmed
that the influx of glycolytic stromal cells occurred in parallel with increased expression of
the MF marker, aSMA (Fig.4B). QRT-PCR analysis of whole liver mRNA verified that
changes in aSMA protein were matched by changes in aSMA mRNA levels, and
accompanied by changes in other MF markers (Collagenlal and Vimentin) (Supplementary
Fig.6A). Double-immunostaining demonstrated co-localization of PKM2 with Desmin, a
protein expressed by MF-HSC (Supplementary Fig.7A). Hence, as in the /in vitro model
system (Fig.1), reciprocal changes in glycolytic and gluconeogenic enzymes accompany the
outgrowth of MF-HSC during wound healing 7 vivo. The aggregate findings, therefore, are
consistent with the concept that HSC undergo rapid metabolic reprogramming during acute
liver repair.
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To determine if similar metabolic reprogramming also occurs during chronic liver repair, we
next examined two mouse models of sustained liver injury and fibrosis: administration of
methionine choline-deficient (MCD) diets3®: 39 (Fig.4C-D) and bile duct ligation*%: 41 (BDL,
Fig.4E-F). When we examined liver tissues from each of these models several weeks after
the onset of liver injury, we found that expression of glycolytic enzymes and GLUT1 had
increased significantly, while expression of FBP1 was suppressed (Fig.4C-F). Western blot
and QRT-PCR analysis demonstrated that these changes in metabolic gene expression
consistently paralleled the induction of MF markers (Fig.4D, F, Supplementary Fig.6B-C).
PKM2 expression was also localized by immunohistochemistry. The results confirmed that
like acute liver repair (Fig.4B), repair of chronic damage to either bile ducts (Fig.4D) or
hepatocytes (Fig.4F) causes accumulation of PKM2(+) stromal cells, and these PKM2(+)
stromal cells co-express Desmin (Supplementary Fig.7).

To assure that findings in the animal models of fatty liver damage and cholestatic liver
injury reliably reflected responses that occur in humans with similar injuries, we compared
expression of glycolytic enzymes in liver biopsies from subjects without known liver disease
to that of patients with chronic hepatocyte or biliary injury. Compared to healthy subjects,
patients with liver disease expressed higher mRNA levels of glycolytic enzymes and
demonstrated relative accumulation of glycolytic stromal cells (Supplementary Fig.4A-B).
Sufficient biopsy material was available from the group of NASH patients to determine if
glycolytic activity correlated with the intensity of fibrotic repair. Patients with more severe
liver fibrosis had higher expression of PKM2 than patients with less severe fibrosis
(Supplementary Fig.4C), supporting the concept that metabolic reprogramming drives the
generation of fibrogenic cells. Thus, during different types and durations of liver injury in
rodents and humans, repair-related outgrowth of MF is tightly coupled to increased
glycolytic activity and relative suppression of gluconeogenic activity, supporting the concept
that metabolic reprogramming of HSC is a strictly conserved aspect of liver repair.

Hh signaling controls metabolic reprogramming during liver repair

Finally, to verify that Hh signaling controls metabolic reprogramming of HSC /n vivo, as it
does /n vitro, we manipulated Hh signaling in mice with different types of liver injury and
assessed effects on the hepatic accumulation of stromal cells expressing the glycolysis
marker, PKM2. The livers of healthy adult mice harbored very few PKM2(+) cells (Fig.5A).
In contrast, marked sinusoidal accumulation of PKM2-expressing cells was observed in
previously healthy mice when liver repair was provoked by acute two-thirds (partial)
hepatectomy (PH) (Fig.5B), a surgical insult that triggers transient MF accumulation and
matrix remodeling.23: 4244 Extensive sinusoidal accumulation of PKM2(+) cells was also
noted in transgenic multi-drug resistant (MDR)2 knockout mice (Fig.5C) which chronically
accumulate large numbers of liver MF and develop progressive liver fibrosis due to
persistent liver injury caused by targeted disruption of the gene encoding the phospholipid
flippase, MDR2.%° In both models, PKM2 was localized within stromal cells that expressed
Desmin (Supplementary Fig.7). Pharmacologic SMO inhibition in both models of injury
significantly decreased PKM2(+) stromal cells. Specifically, administering cyclopamine
during the first two days post-PH blocked the accumulation of PKM2(+) cells (Fig.5B). To
exclude the possibility that decreased glycolytic activity might have resulted from off-target
effects of cyclopamine and/or unrecognized dissipation of signals that normally drive acute
repair responses, we examined the effect of a different Hh pathway inhibitor in a model of
perpetual, genetically-induced liver damage. We found that treating year-old MDR27~ mice
with a 9-day course of GDC-044924 substantially reduced the numbers of PKM2(+) cells
despite the ongoing genetic stimulus for liver repair (Fig.5C). Because the aggregate /7 vivo
data recapitulated our findings in cultured HSC, the latter cannot be dismissed as a mere
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artifact of cell culture. Rather, both the /in vitroand /n vivo results show that Hh pathway
activity critically regulates HSC metabolism.

Pharmacologic inhibition of Hh signaling blocked MF accumulation and reduced liver
fibrosis in the PH and MDR2~ mice models.23: 24 The data in Fig.4 link MF accumulation
and fibrogenic repair with induction of glycolysis in MF-HSC. Disruption of the Smo gene
in cultured MF-HSC reverted them to a quiescent, non-fibrogenic state (Fig.3). Therefore, to
directly examine the effect of Hh signaling on MF-HSC metabolism /n situ, we created
double-transgenic (DTG) mice by crossing SMO-LoxP mice with a SMA-Cre-ERT2 mice,
the latter animals carrying regulatory elements of a SMA that control expression of the
tamoxifen-dependent Cre-ERT2 recombinase Cre. In DTG mice, floxed SMO alleles can be
conditionally and selectively deleted in MF by administering tamoxifen (Michelotti et al,
manuscript under review). When DTG mice were subjected to BDL and treated with
vehicle, large numbers of PKM2(+) stromal cells accumulated (Fig.5D). Similar to wild-
type mice subjected to the same insult, the PKM2(+) stromal cells in DTG mice co-
expressed Desmin (Supplementary Fig.7). In contrast, PKM2(+) stromal cells were scarce in
the livers of DTG mice treated with tamoxifen post-BDL (Fig.5D, Supplementary Fig. 7).
Whole liver mRNA levels of aSMA, another well-accepted marker of MF-HSC,2 were also
reduced by more than 85% and immunocytochemistry demonstrated similar reductions in
numbers a SMA-expressing cells. MF depletion was accompanied by significant attenuation
of collagen gene expression and hepatic hydroxyproline content (all p<0.05 vs vehicle-
treated DTG mice; Michelotti et al, manuscript under review). Thus, targeting deletion of
SMO to MF in conditional knockout mice proved that inhibiting Hh signaling in MF
prevents accumulation of glycolytic, fibrogenic MF-HSC /n sifu despite an ongoing stimulus
for liver repair.

Discussion

We have identified a novel mechanism for reprogramming Q-HSC into MF that depends
upon induction of aerobic glycolysis, similar to the Warburg state described in cancer
cells.28. 28 Moreover, we have proven that this metabolic switch is regulated by the
Hedgehog pathway. Hedgehog signaling was shown to direct preferential induction of a
metabolic process (glycolysis) that consumes glucose, while coincidently suppressing
gluconeogenesis and lipogenesis. As a result of these metabolic perturbations, HSC
accumulate lactate and the latter metabolite re-enforces global reprogramming of their gene
expression to activate key fates that typify MF, including high proliferative and fibrogenic
activities (Fig.6). This metabolism-centric mechanism is both dynamic and robust, rapidly
affecting dramatic phenotypic changes in HSC that titrate MF accumulation during liver
repair. These findings lend new credence to the old adage, “you are what you eat”.

Hedgehog is an evolutionarily conserved signaling pathway that directs organogenesis and
controls body size. Interactions between Hh and other key developmental signaling
cascades, such as Notch and Wnt, have been well-documented,1: 46: 47 suggesting that these
pathways collaborate to assure that morphogenesis matches the environmental context. A
similar demand re-surfaces in adulthood when damage to vital tissues necessitates
regeneration to reconstitute lost tissue-specific functions. Studies of wound-healing
responses in injured adult liver demonstrate that Hh ligands function as damage-associated
molecular signals to trigger repair of the damaged hepatic epithelia.> Dying hepatocytes
produce and release Hh ligands, which activate Hh signaling in neighboring Hh-responsive
stromal cells.*8 The latter include all of the resident cell types that are involved in liver
repair, including HSC, sinusoidal endothelial cells, immune cells, and progenitors.19 The
current study focused on HSC, which have been shown to become proliferative and
myofibroblastic in response to Hh pathway activation.13: 18. 49 We found that Hh affects this
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dramatic phenotypic transition by reprogramming HSC metabolism, and showed that Hh
signaling orchestrates reprogramming by directing the activation of HIF1a, another stress-
related transcriptional regulator that is known to promote fibrogenesis.5% 51 Earlier work
demonstrated that activation of canonical Hh signaling results when various fibrogenic
growth factors interact with their respective receptors.18: 19 Thus, emerging evidence
supports the existence of a novel Hh-regulated signaling network that is triggered when
circumstances dictate expansion of relatively mesenchymal cell types. According to this
model, the network fuels the outgrowth of highly proliferative, but relatively primitive,
stromal cells by redirecting their metabolism to optimize glucose consumption. The same
process limits accumulation of more differentiated and quiescent cell types. This concept has
broad biological relevance, as well as potential therapeutic implications for various diseases
that result from deregulated Hh signaling, including cirrhosis and liver cancer.
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Figure 1. Metabolism isreprogrammed during HSC transdifferentiation
Primary HSCs were cultured for 7 days. Culture-related changes in A) mRNA and B, O)
protein expression of glycolytic enzymes, hexokinase (HK2), phosphofructokinase (PFKP),
and pyruvate kinase M2 (PKM2). Related changes in B) the MF marker (aSMA), D)
glucose transporter (GLUTL), lactate transporter (MCT4), £) gluconeogenesis-related genes,
phosphoenolpyruvate carboxykinase (PCK1) and fructose bisphosphatase (FBP1), and F)

intracellular lactate. *P<.05; **/<.01; ***P<.001 versus day 0.
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Seven-day cultured primary HSCs were analyzed after three-days of treatment with 2-
deoxyglucose (2DG, 2.5mM) to inhibit glycolysis (A, B) or FX11 (20pM, LDHA inhibitor)
to block lactate generation (C, D). Immunocytochemistry was used to compare effects of

2DG (A) or FX11 (C) on proliferation (BrdU incorporation), expression of MF markers
(aSMA), and lipid content (Oil red O). B, D) Changes in gene expression were assessed by
QRT-PCR. ***P< 001 versus Day 0; T7T/<.001 versus Day 7 control.
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Figure 3. Hedgehog signaling controls metabolic reprograming to direct HSC fate

A) QRT-PCR analysis of freshly-isolated HSCs from SMO-LoxP mice that were infected
with adenoviral GFP or Cre 2-days before HSC isolation, and freshly-isolated rat primary
HSC treated with SAG (Hh agonist, 0.3M) for 24 hours; B) QRT-PCR analysis and
immunostaining of murine HSC treated with GDC-0449 (to inhibit SMO) from culture day
4-7, or culture day 7 SMO-LoxP HSC treated with adenoviral Cre on day 4 (to disrupt the
Smo gene); C) QRT-PCR analysis of HIFLa mRNA in primary rat HSC and D) 8B cells
transfected with equal amounts of expression constructs for GLI1 or GLI2 (or empty vector)
2 days earlier; £) Chromatin was immunoprecipitated from LX2 cells using GLI2 or 1gG
antibodies and analyzed by PCR. The GLI consensus sequence within the ChIP amplicon is
bolded and underlined. GFAP was used as a specificity control. 7), QRT-PCR analysis of
culture-day 7 HSCs treated with acriflavine (ACF, HIF1a inhibitor) for three days. */~<.05;
** P 01; ***P<.001 versus control.
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Figure 4. Metabolic reprogramming of HSCsis a conserved responseto liver injury

Mice injected once with CCly (A, B), fed methionine-choline deficient (MCD) diets for 8
weeks (C, D) or subjected to bile duct ligation (BDL, £, F) for 2 weeks to cause liver
damage. Changes in glycolysis-related gene/protein expression were evaluated by QRT-
PCR (A, C, £), immunoblot and immunohistochemistry (B, D, F) and correlated with
changes in MF marker expression (B, D, Fand Supplementary Fig.3). *P<.05; **F<.01;
*** 001 versus control.
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Figure 5. Hedgehog signaling controls metabolic reprogramming during liver injury in vivo
Immunohistochemistry identifies cells expressing the M2 isozyme of PKM2, a specific
marker of glycolytic activity, in healthy adult mice (A) and different liver injury models (B-
D). Hh signaling was inhibited in PH-mice by cyclopamine (B), in aged MDR2"~ mice by
GDC-0449 (O), or abrogated selectively in MF by treating DTG-mice with tamoxifen (D),
as indicated.
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Figure 6. Hedgehog controls HSC fate by regulating metabolism

Hh ligands released from dying hepatocytes activate Hh signaling in Q-HSC. This inhibits
lipogenesis and glucogenogenesis while activating aerobic glycolysis (the Warburg effect).
The resultant glycolytic end-products reprogram HSC into proliferative myofibroblasts.
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