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Canonical Wnt signaling promotes HSC glycolysis and liver
fibrosis through an LDH-A/HIF-1α transcriptional complex
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Abstract

Background and Aims: Aerobic glycolysis reprogramming occurs during

HSC activation, but how it is initiated and sustained remains unknown. We

investigated the mechanisms by which canonical Wnt signaling regulated

HSC glycolysis and the therapeutic implication for liver fibrosis.

Approach and Results: Glycolysis was examined in HSC-LX2 cells upon

manipulation of Wnt/β-catenin signaling. Nuclear translocation of lactate

dehydrogenase A (LDH-A) and its interaction with hypoxia-inducible factor-1α (HIF-

1α) were investigated usingmolecular simulation and site-directedmutation assays.

The pharmacological relevance of molecular discoveries was intensified in primary

cultures, rodent models, and human samples. HSC glycolysis was enhanced by

Wnt3a but reduced by β-catenin inhibitor or small interfering RNA (siRNA). Wnt3a-

induced rapid transactivation and high expression of LDH-A dependent on TCF4.

Wnt/β-catenin signaling also stimulated LDH-A nuclear translocation through

importin β2 interplay with a noncanonical nuclear location signal of LDH-A.

Mechanically, LDH-A bound to HIF-1α and enhanced its stability by obstructing

hydroxylation-mediated proteasome degradation, leading to increased trans-

activation of glycolytic genes. The Gly28 residue of LDH-A was identified to be

responsible for the formation of the LDH-A/HIF-1α transcription complex and sta-

bilization of HIF-1α. Furthermore, LDH-A-mediated glycolysis was required for HSC

activation in the presence ofWnt3a. Results in vivo showed that HSCactivation and

liver fibrosis were alleviated by HSC-specific knockdown of LDH-A in mice.

β-catenin inhibitor XAV-939 mitigated HSC activation and liver fibrosis, which were

abrogated by HSC-specific LDH-A overexpression in mice with fibrosis.

Abbreviations: α-SMA, α-smooth muscle actin; CCl4, carbon tetrachloride; Co-IP, co-immunoprecipitation; COL1α1, collagen 1α1; DFO, deferoxamine; ECAR,
extracellular acidification rate; HA, hyaluronic acid; HIF-1α, hypoxia-inducible factor-1α; HK2, hexokinase 2; LDH-A, lactate dehydrogenase A; NLS, nuclear location signal;
OCR, oxygen consumption rate; ODD, oxygen-dependent degradation; OE, overexpression; PFK1, phosphofructokinase 1; PHD2, prolyl hydroxylase 2; shRNA, short
hairpin RNA; siRNA, small interfering RNA; TCF, T-cell factor; WCL, whole cell lysates.
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Conclusions: Inhibition of HSC glycolysis by targetingWnt/β-catenin signaling and

LDH-A had therapeutic promise for liver fibrosis.

INTRODUCTION

Liver fibrosis is a pathological process characterized by
chronic liver injury due to diverse aetiologies concom-
itant with the accumulation of extracellular matrix.
Without effective treatment, it may progress to cirrhosis,
HCC or liver failure. HSCs located in the space of Disse
are the primary pro-fibrogenic cells in the liver.[1] Upon
activation, the quiescent HSCs transdifferentiate into
proliferative, migratory, and contractile myofibroblasts.
These cells produce massive extracellular matrix
components forming scar tissue and disrupting the
liver’s sinusoidal structure.[2] Inhibition of the pro-
fibrogenic phenotype of activated HSCs is an important
strategy for liver fibrosis therapy.[3]

Recent understanding reveals that rapid metabolism
reprogramming occurs during HSC activation. The prolif-
eration and growth of HSCs are largely dependent on
aerobic glycolysis, a phenomenon similar to the Warburg
effect in cancer cells.[4] Glycolysis is a multistep process
initiated by the transportation of glucose into cells followed
by conversion to pyruvate. This process is successively
catalyzed by the rate-limiting enzymes hexokinase 2
(HK2), phosphofructokinase 1 (PFK1), and pyruvate
kinase type M2.[5] The final conversion of pyruvate to
lactate is a crucial step catalyzed by lactate dehydro-
genase A (LDH-A), whose high expression or activity
allows for rapid glycolysis flux.[6] Studies have demon-
strated that glycolytic activity was significantly increased
to promote HSC activation, in which the hedgehog
signaling through hypoxia-inducible factor-1α (HIF-1α)
upregulated several glycolytic enzymes under normoxic
conditions.[7] This metabolic switch may be due to the
much shorter path of glycolysis than oxidative phospho-
rylation, leading to faster generation of ATP and metab-
olites and thereby meeting the high demands of rapid cell
proliferation. Thesemetabolic perturbations provide a high
possibility of selective inhibition of HSC fibrogenic trans-
differentiation by means of interference with metabolism.

Although the molecular mechanisms underlying HSC
aerobic glycolysis reprogramming remain to be defined, it
has been accepted that this metabolic signature is
commonly induced by signal transduction pathways.[8]

The Wnt pathway has recently emerged to play a pivotal
role in liver pathophysiology.[9] Wnt proteins interact with
various receptors and co-receptors at the cell membrane
and activate an intracellular signaling network to induce
diverse biological responses.[10] β-catenin-mediated cas-
cade is termed canonical Wnt signaling. In this case,
binding of Wnt proteins to the Frizzled receptor and LRP5/
6 co-receptor results in the stabilization of β-catenin, which
then translocates into the nucleus and interacts with the

T-cell factor (TCF)/lymphoid enhancer-binding factor
transcription factors to activate the transcription of Wnt-
targeted genes.[10] Here, we investigated how the Wnt
signaling regulated HSC glycolytic metabolic reprogram-
ming implicated in the therapy of liver fibrosis.

METHODS

Cell culture, treatment, and transfection

Immortalized human HSC-LX2 cell line (Procell Life
Science & Technology, Wuhan, China) and HEK-293T
cells (Cell Bank of Chinese Academy of Sciences,
Shanghai, China) were characterized by human short
tandem repeat markers. Mouse primary HSCs were
isolated based on the well-established procedures.[11] Cells
were cultured in DMEM (Keygen Biotech, Nanjing, China)
with 10% fetal bovine serum (Royacel Biotechnology,
Lanzhou, China) and 1% antibiotics and grown in a 5%
CO2 humidified atmosphere at 37°C. Cells at 60%
confluence were transfected with small interfering RNA
(siRNAs) or plasmids using Lipofectamine RNAiMAX
Transfection Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s recommendations. Infor-
mation of reagents, chemicals, siRNAs, and plasmids are
shown in Supplemental Tables S1-S3, http://links.lww.
com/HEP/H940.

RNA sequencing

Total RNA was extracted from LX2 cells treated with
Wnt3a using TRIzol reagent. RNA sample quality
control, cDNA library preparation, RNA sequencing,
and bioinformatics analysis were performed by Per-
sonal Biotechnology (Shanghai, China). Deseq2 was
used to estimate the differentially expressed genes
between samples. These genes were plotted with the
mean values centered using the heat map package,
followed by gene ontology and Kyoto Encyclopedia of
Genes and Genomes pathway enrichment analyses
using the MSigDB gene sets.

Dual-luciferase reporter assay

The promoter sequences of HK2, PFK1, and LDH-A
were cloned into pGL4.10 vectors to construct luciferase
reporter plasmids. In some experiments, the predicted
TCF4 binding sequences at LDH-A promoter were
mutated individually and cloned into LDH-A luciferase
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reporter plasmids. LX2 cells were treated with different
reagents and/or co-transfected with siRNA or plasmids
and with the LDH-A luciferase reporter plasmids.
Transfection efficiency was normalized by co-transfec-
tion with renilla luciferase reporter plasmids. Luciferase
activity was measured using the Dual-luciferase reporter
gene assay Kit (Yeasen, Shanghai, China).

Co-immunoprecipitation

LDH-A interaction with importin β2 or HIF-1α in Wnt3a-
treated LX2 cells, HIF-1 interaction with ARNT or p300 in
the nucleus of LX2 cells transfected with LDH-A Gly28
mutant plasmids, and the interactions between hyal-
uronic acid-labeled HIF-1α plasmids and Flag-tagged
N-terminal LDH-A, Flag-tagged C-terminal LDH-A, or
Flag-tagged full-length LDH-A plasmids in HEK-293T
cells were probed using co-immunoprecipitation (Co-IP)
according to the methods we reported.[12]

EMSA

EMSA was performed using the Lightshift Chemi-
luminescent EMSA Kit (Thermo Scientific, USA), as we
described.[13] Nuclear extracts were prepared from
Wnt3a-treated LX2 cells and subjected to polyacrylamide
gel electrophoresis. A biotin-labeled, double-stranded
oligonucleotide containing the consensus-binding
sequence for HIF-1α from HK2 or PFK1 promoter was
used to evaluate the binding activity. A double-stranded
oligonucleotide with the same sequence but without
biotin labeling was used as a competitor (in 200-fold
excess) to determine the specificity.

Animal experiments

Animal experimental procedures were approved by the
Institutional and Local Committee on the Care and Use of
Animals of Nanjing University of Chinese Medicine
(Approval No. 201912A003). All animals received humane
care according to the National Institutes of Health (USA)
guidelines. We complied with the ARRIVE reporting
guidelines.[14] Male Institute of Cancer Research mice
(20–25 g body weight, 6-week old; Nanjing Qinglongshan
Animal, Nanjing, China) were housed in vented cages
under standardized conditions at 20°±2°C room temper-
ature, 40%±5% relative humidity and a 12 h light/dark
cycle. The sample size was determined by the Online
Animal Sample Size Calculator provided by the Centre for
Comparative Medicine Research, the University of Hong
Kong. Liver fibrosis in mice was induced by i.p. injection
with a mixture of carbon tetrachloride (CCl4) and
olive oil [1:9 (v/v)] at a dose of 5 mL/kg for 4 weeks
(3 times/week). Vitamin A-liposome-LDH-A short hairpin

RNA (shRNA) and vitamin A-liposome-LDH-A overex-
pression plasmids were prepared according to the well-
established methods,[15] which have been successfully
used in our studies.[16] Vitamin A-liposome-LDH-A shRNA
and vitamin A-liposome-LDH-A overexpression plasmids
were administrated to mice through tail vein to achieve
HSC-specific knockdown or overexpression of LDH-A
according to the established methods.[17] Briefly, in study
1, 40 mice were randomly divided into 4 groups (n=10 per
cage). Liver fibrosis was induced in the mice of groups 2–4
for 4 weeks, and the mice of group 1 were given olive oil (i.
p.) as negative control. At the beginning of week 1 and 3,
the mice of group 4 were administrated with vitamin
A-liposome-LDH-A shRNA twice, and the mice of group 3
were administrated with vitamin A-liposome-control
shRNA twice. In study 2, 50 mice were randomly divided
into 5 groups (n = 10 per cage). Liver fibrosis was induced
in the mice of groups 2–5 for 4 weeks, and the mice of
group 1 were given olive oil (i.p.) as negative control. After
4 weeks, the mice of groups 3–5 were orally given β-
catenin inhibitor XAV (20 mg/kg/day) during weeks 5–8,
and the mice of group 2 were orally given vehicle as
negative control. At the beginning of week 5 and 7,
the mice of group 5 were administrated with vitamin
A-liposome-LDH-A overexpression plasmids twice, and
the mice of group 4 were administrated with vitamin
A-liposome-vector as a negative control twice. Notably, the
mice with established fibrosis were still given CCl4 (i.p.,
2 mL/kg, 1 time per week) during XAV treatment, so as to
eliminate the possible impacts of natural regression of
fibrosis on the results. At the end of both studies, 5 mice in
each group were killed for the isolation of primary HSCs,
and the remaining 5 mice were killed for blood collection
and harvest of livers. Mice inhaled carbon dioxide for
anesthesia, and no criteria were set for exclusion during
the analysis.

Statistical analysis

Data are presented as mean ± SD and were analyzed
using GraphPad Prism 7.0 (San Diego, CA, USA). For
the normally distributed data, a significant difference
was determined using Student t-test for comparing 2
groups and 1-way ANOVA with post hoc Tukey’s test
for comparing multiple groups under the condition that F
achieved p< 0.05 and there was no significant variance
inhomogeneity. For the non-normally distributed data, a
significant difference was determined using the Mann-
Whitney U test for comparing 2 groups and the Kruskal-
Wallis H test with the post hoc Steel Dwass test for
comparing multiple groups. Statistical significance was
defined as p<0.05.

Other materials and methods are described in the
Supplemental Materials and Methods, http://links.lww.
com/HEP/H941 and Tables S4-S5, http://links.lww.com/
HEP/H940.
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RESULTS

Wnt/β-catenin signaling promotes aerobic
glycolysis in HSCs

Initially, we examined the effects of Wnt on HSC glucose
metabolism. We used recombinant Wnt3a to activate the
signaling and employed β-catenin specific inhibitor XAV

or targeted siRNA to test whether β-catenin was involved.
Wnt3a increased glucose uptake and consumption,
which was abolished by XAV or β-catenin siRNA in
HSCs (Supplemental Figure S1A, B, http://links.lww.
com/HEP/H942). Wnt3a-treated HSCs had elevated
capacity of lactate production, which was diminished by
XAV or β-catenin knockdown (Supplemental Figure S1C,
http://links.lww.com/HEP/H942). To confirm the influence
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of Wnt on glycolysis and oxidative phosphorylation,
oxygen consumption rate (OCR) and extracellular
acidification rate were measured. Wnt3a markedly
increased glycolytic rate and glycolytic capacity in HSCs,
which were abrogated by XAV or β-catenin siRNA
(Supplemental Figure S1D, http://links.lww.com/HEP/
H942). Interestingly, Wnt3a suppressed oxidative phos-
phorylation as reflected by the alterations in basal and
maximal OCR, but β-catenin inhibition or knockdown
restored OCR at both basal and maximal levels
(Supplemental Figure S1E, http://links.lww.com/HEP/
H942). These results overtly demonstrated that Wnt/β-
catenin signaling promoted HSC aerobic glycolysis.

TCF4-dependent transactivation of LDH-A
contributes to canonical Wnt enhancement
of aerobic glycolysis in HSCs

We explored the mechanisms by which Wnt/β-catenin
signaling facilitated HSC aerobic glycolysis. RNA-
sequencing analyses showed significant activation
of Wnt signaling and upregulation of a range of
glycolytic genes in Wnt3a-treated HSCs (Figure 1A).
Consistently, HK2, PFK1, and LDH-A, the pivotal
genes controlling glycolytic metabolism, had the most
remarkable increases in mRNA expression upon
Wnt3a stimulation (Supplemental Figure S2, http://
links.lww.com/HEP/H942), suggesting that these mol-
ecules could be critically involved in the current
context. β-catenin inhibitor or siRNA interference
abolished Wnt3a-induced elevation in the mRNA
and protein levels of HK2, PFK1 and LDH-A
(Figure 1B, Supplemental Figure S3, http://links.lww.
com/HEP/H942). Consistently, 13C metabolic flux
analyses confirmed that Wnt3a increased glycolytic
flux and weakened the tricarboxylic acid cycle,
which was abolished by XAV or β-catenin siRNA
(Figure 1C). We next probed the regulatory patterns of
glycolytic genes by canonical Wnt. Time-course
analyses by PCR revealed that LDH-A mRNA

expression reached peak levels after 15 h
stimulation with Wnt3a and thereafter changed little,
whereas the mRNA levels of HK2 and PFK1 were
steadily upregulated during the whole course
(Figure 1D). This raised a hypothesis that there
could be an acute regulation of LDH-A by canonical
Wnt and an indirect regulation for HK2 and PFK1. To
confirm this, luciferase activity analyses of LDH-A
promoter activity were performed, demonstrating that
Wnt3a increased the transcription of LDH-A, but XAV
or β-catenin siRNA abrogated the Wnt3a effect in
HSCs (Figure 1E). Furthermore, a complex with TCF/
lymphoid enhancer-binding factor family transcription
factors is required for β-catenin regulation of target
gene transcription.[10] To determine which TCF
was involved, HSCs were transfected with siRNAs
targeting TCF1, TCF3, or TCF4, respectively. Only
knockdown of TCF4 eliminated Wnt3a-induced
increases in the promoter activity and expression of
LDH-A (Figure 1F-H). These data suggested LDH-A
as a direct target gene of the β-catenin/TCF4 complex
(Figure 1I). Next, we determined the exact binding site
at the LDH-A promoter for β-catenin/TCF4. We
predicted 3 most likely sequences and then mutated
them individually and found that only mutation of
sequence 2 abolished Wnt3a-enhanced LDH-A
promoter activity (Figure 1J). This sequence was
thus responsible for the transactivation of LDH-A
induced by β-catenin/TCF4 complex. Moreover, LDH-
A was sometimes transcriptionally upregulated by
c-Myc[18,19] or SIX1[20] in glycolytic cells. Here, Wnt3a
did not affect the nuclear translocation of c-Myc and
SIX1 (Supplemental Figure S4A, http://links.lww.com/
HEP/H942), and neither c-Myc specific inhibitor nor
SIX1 siRNA affected Wnt3a-induced LDH-A mRNA
expression (Supplemental Figure S4B, http://links.
lww.com/HEP/H942), excluding the involvement of
c-Myc and SIX1 in current system. Overall, these
discoveries demonstrated that canonical Wnt
enhanced HSC aerobic glycolysis associated with
β-catenin/TCF4-mediated transactivation of LDH-A.

F IGURE 1 TCF4-dependent transactivation of LDH-A contributes to canonical Wnt enhancement of aerobic glycolysis in HSCs. (A) RNA
sequencing analysis of LX2 cells treated with Wnt3a (100 ng/mL) for 24 h. Significantly altered genes were demonstrated by heat map,
followed by Kyoto Encyclopedia of Genes and Genomes and gene ontology enrichment analyses. (B) Real-time PCR analysis of mRNA
expression of glycolytic genes in LX2 cells treated with Wnt3a (100 ng/mL), and/or β-catenin inhibitor XAV (10 μM), or transfected with β-
catenin siRNA for 24 h. *p< 0.05 versus Ctrl, #p< 0.05 versus Wnt3a. (C) 13C-labeled glucose metabolic flux analysis using LC-HRMS in LX2
cells treated with Wnt3a (100 ng/mL) and/or XAV (10 μM), or transfected with β-catenin siRNA for 24 h. Significantly changed metabolites in
glycolysis and tricarboxylic acid cycle were quantified. *p< 0.05 versus Ctrl, #p< 0.05 versus Wnt3a. (D) Real-time PCR analysis of mRNA
expression of glycolytic genes in LX2 cells treated with Wnt3a (100 ng/mL) for indicated time durations. *p< 0.05 versus 0 h. (E) Dual-
luciferase reporter assay for LDH-A promoter activity in LX2 cells treated with Wnt3a (100 ng/mL), and/or XAV (10 μM), or transfected with β-
catenin siRNA for 24 h. *p< 0.05 versus Ctrl, #p< 0.05 versus Wnt3a. (F–H) LX2 cells were treated with Wnt3a (100 ng/mL), and/or
transfected with siRNAs targeting TCF1, TCF2, and TCF3 for 24 h. LDH-A promoter activity was evaluated by dual-luciferase reporter assay
(F), LDH-A mRNA expression was detected by real-time PCR (G), LDH-A protein expression was examined by western blotting assay with
quantification (H). *p< 0.05 versus Ctrl, #p< 0.05 versus Wnt3a. (I) Illustration of the regulatory mechanism. (J) Three possible sites at LDH-A
promoter for TCF4 binding to were predicted using the JASPAR database and their mutant luciferase reporter plasmids were constructed,
respectively. LX2 cells were treated with Wnt3a (100 ng/mL) and/or transfected with TCF4 siRNA or the mutant plasmids for 24 h. LDH-A
promoter activity was evaluated by dual-luciferase reporter assays. *p< 0.05 versus Ctrl, #p< 0.05 versus Wnt3a. Abbreviations: LDH-A,
lactate dehydrogenase A; siRNA, small interfering RNA.
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Canonical Wnt signaling specifically
stimulates importin β2-dependent nuclear
translocation of LDH-A in HSCs

The distinct expression pattern of LDH-A during Wnt3a
stimulation led us to ask whether LDH-A had certain
moonlighting functions in HSCs. Classical nuclear
location signal (NLS) mapper analysis revealed the

presence of a noncanonical nuclear location signal in
LDH-A protein structure (Figure 2A, Supplemental
Figure S5A, http://links.lww.com/HEP/H942). Intrigu-
ingly, Wnt3a increased the nuclear abundance of
LDH-A time-dependently in HSCs (Supplemental Figure
S5B, http://links.lww.com/HEP/H942), but LDH-A
nuclear translocation was halted by β-catenin inhibition
or knockdown as evidenced by Western blotting
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(Figure 2B) and immunofluorescence assays
(Figure 2C). To test whether LDH-A nuclear
translocation was specific for Wnt activation, HSCs
were treated with TGF-β and PDGF-BB, which can
potently activate HSCs, or β-catenin agonist LiCl. The 2
cytokines had little effects on LDH-A protein abundance
and nuclear distribution, but LiCl, similar to Wnt3a,
considerably upregulated LDH-A proteins and facilitated
its nuclear translocation (Supplemental Figure S5C,
http://links.lww.com/HEP/H942). To address why this
happened, we examined protein nuclear-shuttling
machinery. Neither TGF-β nor PDGF-BB changed the
expression of importin β1 and importin β2, whereas
Wnt3a specifically upregulated importin β2 (Figure 2D).
Importin β inhibitor importazole abrogated Wnt3a-
induced LDH-A nuclear translocation (Figure 2E). Co-
IP showed that LDH-A had physical interaction with
importin β2 in Wnt3a-treated HSCs (Figure 2F).
Furthermore, the GFP fusion vector of LDH-A NLS
sequence was able to translocate into the nucleus upon
Wnt3a stimulation (Supplemental Figure S5D, http://
links.lww.com/HEP/H942). Single mutation of NLS
reduced the nuclear abundance of LDH-A, and double
mutation more effectively prevented LDH-A nuclear
translocation (Figure 2G,H). Taken together, these
data demonstrated that canonical Wnt specifically
stimulated LDH-A nuclear translocation in an importin
β2-dependent manner in HSCs (Figure 2I).

Direct interaction between LDH-A and HIF-
1α stabilizes HIF-1α protein and promotes
transactivation of glycolytic genes in HSCs

We next investigated the functions of nuclear LDH-A.
LDH-A inhibitor FX-11 or siRNA remarkably abrogated
Wnt3a-increased promoter activity of HK2 and PFK1 in
HSCs (Supplemental Figure S6A, http://links.lww.com/
HEP/H942), suggesting that LDH-A was involved in
transactivation of glycolytic enzymes. However, bio-
informatics analysis compared the protein sequences of
LDH-A and HIF-1α (3 isoforms), showing low similarities

between them and excluding the possibility of LDH-A as a
transcription factor like HIF-1α (Supplemental Figure S6B,
http://links.lww.com/HEP/H942). Interestingly, Wnt3a did
not alter HIF-1α mRNA levels (Figure 3A) but remarkably
increased its total protein levels and nuclear abundance
(Figure 3B,C). Electrophoretic mobility shift assay showed
that HIF-1α had more combination with the DNA
sequences of HK2 and PFK1 in Wnt3a-treated HSCs
(Figure 3D). Importantly, immunofluorescence analyses
demonstrated a remarkable co-localization of LDH-A and
HIF-1α in the HSC nucleus upon Wnt3a treatment
(Figure 3E). Indeed, Co-IP and GST pull-down assays
revealed that LDH-A had increased physical connection
with HIF-1α following Wnt3a stimulation (Figure 3F,G).
Then, we assessed the consequences of this direct
interaction. After blockade of protein synthesis by
cycloheximide, HIF-1α degradation was accelerated in
HSCs with siRNA-mediated depletion of LDH-A but was
retarded by ectopic expression of LDH-A (Figure 3H).
To address whether the faster reduction of HIF-1α
protein in LDH-A–deficient HSCs was associated with
its proteasome-dependent degradation, we used the
proteasome inhibitor MG132. It remarkably boosted
Wnt3a-induced upregulation of HIF-1α protein, which
was abrogated by FX-11 or LDH-A siRNA (Figure 3I).
The central event in HIF-1α proteasome degradation is the
hydroxylation of Pro402 and Pro564 residues by prolyl
hydroxylase 2 (PHD2).[21] We hence monitored HIF-1α
hydroxylation in HSCs pretreated with MG132. FX-11
or LDH-A siRNA restored hydroxyl-HIF-1α levels in
the presence or absence of Wnt3a (Figure 3J),
indicating that LDH-A maintained HIF-1α stabilization
by obstructing hydroxylation-mediated proteasome
degradation (Figure 3K).

Subsequently, we accessed the effect of LDH-A/HIF-
1α interaction on HSC glycolysis. LDH-A inhibitor FX-11
or targeted siRNA markedly impaired Wnt3a-facilitated
HIF-1α nuclear accumulation (Supplemental Figure S6C,
http://links.lww.com/HEP/H942), implicating an indis-
pensable role for LDH-A. Furthermore, upregulation of
HIF-1α by deferoxamine increased the transcription of
HK2 and PFK1 in HSCs with or without LDH-A ectopic

F IGURE 2 Canonical Wnt signaling specifically stimulates importin β2-dependent nuclear translocation of LDH-A in HSCs. (A) Structure
information of predicted NLS of LDH-A using the classical nuclear localization signal mapper. (B) Western blotting analysis of the nuclear
abundance of LDH-A with quantification in LX2 cells treated with Wnt3a (100 ng/mL) and/or XAV (10 μM) or transfected with β-catenin siRNA for
24 h. *p<0.05 versus Ctrl, #p<0.05 versus Wnt3a. (C) Immunofluorescence analysis of LDH-A nuclear localization with quantification in LX2 cells
treated with Wnt3a (100 ng/mL), and/or XAV (10 μM), or transfected with β-catenin siRNA for 24 h. The nucleus was stained with DAPI. *p<0.05
versus Ctrl, #p<0.05 versus Wnt3a. (D) Western blotting analysis of protein expression of importin β1 and importin β2 with quantification in LX2
cells treated with TGF-β (20 ng/mL), PDGF-BB (20 ng/mL), or Wnt3a (100 ng/mL) for 24 h. *p<0.05 versus Ctrl. (E) Western blotting analysis of
nuclear abundance of LDH-A with quantification in LX2 cells treated with Wnt3a (100 ng/mL) and/or importin β inhibitor importazole (IMP, 10 μM)
for 24 h. *p<0.05 versus Ctrl, #p<0.05 versus Wnt3a. (F) Co-IP analysis of the interaction between LDH-A and importin β2 in LX2 cells treated
with Wnt3a (100 ng/mL) for 24 h. (G) Two possible sites at LDH-A NLS for importin β2 binding were predicted using classical nuclear localization
signal mapper and subjected to single or double mutations, and thereby 3 LDH-A NLS mutant plasmids were constructed. Immunofluorescence
analysis of LDH-A nuclear localization with quantification in LX2 cells treated with Wnt3a (100 ng/mL) and/or transfected with LDH-A NLS mutant
plasmids for 24 h. Nucleus was stained with DAPI. *p<0.05 versus Vector, #p<0.05 versus Vector+Wnt3a. (H) Western blotting analysis of the
nuclear abundance of LDH-A with quantification in LX2 cells treated with Wnt3a (100 ng/mL) and/or transfected with LDH-A NLS mutant plasmids
for 24 h. *p< 0.05 versus Vector, #p<0.05 versus Wnt3a+Vector. (I) Illustration of the regulatory mechanism. Abbreviations: Co-IP, co-immu-
noprecipitation; LDH-A, lactate dehydrogenase A; NLS, nuclear location signal; siRNA, small interfering RNA.
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expression (Supplemental Figure S6D, http://links.lww.
com/HEP/H942), indicating a critical role for HIF-1α here.
Knockdown of LDH-A reduced the transcription of HK2
and PFK1 in HSCs with or without deferoxamine-induced
HIF-1α upregulation (Supplemental Figure S6E, http://
links.lww.com/HEP/H942), suggesting the importance of
LDH-A in the current context. We further confirmed the
importance of LDH-A nuclear translocation. Double

mutation of LDH-A NLS significantly reduced Wnt3a-
increased pyruvate and lactate levels (Supplemental
Figure S6F, http://links.lww.com/HEP/H942), indicating
that the enzymatic activity of LDH-A was also affected by
its nuclear translocation. Moreover, Wnt3a-stimulated
nuclear accumulation of HIF-1α and transcription of HK2
and PFK1 were eliminated by LDH-A NLS double
mutation (Supplemental Figure S6G-J, http://links.lww.
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com/HEP/H942). In aggregate, these discoveries dis-
closed that a direct combination of LDH-A to HIF-1α
increased the stability of HIF-1α and enhanced its
transactivation of glycolytic genes in HSCs.

LDH-A uses its Gly28 residue to interact
with HIF-1α, which is required for HIF-1α
stabilization and transactivation of
glycolytic genes in HSCs

We speculated that the sites at HIF-1α for interaction
with PHD2 could be obstructed by LDH-A. We thus
further investigated the precise interaction of the LDH-
A/HIF-1α complex. Co-IP showed that the N-terminal
domain of LDH-A was involved in its physical
connection with HIF-1α (Figure 4A). Given that the
peptide segment Leu557-Leu574 in the oxygen-
dependent degradation domain of HIF-1α is mainly
responsible for its direct interaction with PHD2,[22] we
performed molecular docking and dynamics
simulations showing that the segment Leu557-
Leu574 of HIF-1α could stably bind to LDH-A
(Figure 4B, Supplemental Figure S7A,B, http://links.
lww.com/HEP/H942), in which the Pro564 residue was
completely sheltered by LDH-A. We next carried out
virtual saturation mutations to mutate the interaction
interface residues of LDH-A to all essential amino
acids individually followed by analysis of mutation
energy, indicating that the Gly26 and Gly28 residues
could be responsible for LDH-A binding to HIF-1α
segment (Supplemental Figure S7C, http://links.lww.
com/HEP/H942) and the Gly28 was much closer to the
fragment (Supplemental Figure S7D, http://links.lww.
com/HEP/H942). To strengthen the results, we sub-
sequently performed virtual alanine scanning by
mutating the interaction interface residues of LDH-A
to alanine individually, suggesting that the Gly28-to-
alanine mutation had the highest mutation energy
indicative of considerably decreased binding ability of
LDH-A to HIF-1α (Figure 4C). This mutation also

generated steric clashes with the Asp569 and Asp570
residues of the HIF-1α segment (Figure 4D). All these
results highlighted the critical importance of the Gly28
residue of LDH-A in the current context. Thereafter, we
performed functional analyses using Gly28 mutant
LDH-A plasmids in HSCs. HIF-1α degradation was
increased by ectopic expression of mutant LDH-A
(Figure 4E). HSCs with ectopic expression of mutant
LDH-A had markedly less nuclear accumulation of
HIF-1α (Figure 4F,G). Measurements of glycolysis
showed that LDH-A Gly28 mutation reduced the
transcription of HK2 and PFK1 (Supplemental Figure
S7E,F, http://links.lww.com/HEP/H942), and result-
antly decreased lactate production in HSCs (Supple-
mental Figure S7G, http://links.lww.com/HEP/H942).
In addition, LDH-A here did not affect HIF-1α interac-
tion with ARNT or p300 in the HSC nucleus (Supple-
mental Figure S7H, http://links.lww.com/HEP/H942).
Collectively, these results unveiled that LDH-A re-
quired its Gly28 residue to directly interact with HIF-1α,
which was vital for HIF-1α stabilization and trans-
activation of glycolytic genes in HSCs.

LDH-A-mediated aerobic glycolysis is
required for HSC activation and liver
fibrosis

We subsequently tested the role of LDH-A in Wnt-driven
HSC activation. LDH-A inhibitor FX-11 or targeted siRNA
abolished Wnt3a-enhanced glucose uptake and consump-
tion and lactate production in HSCs (Supplemental Figure
S8A-C, http://links.lww.com/HEP/H942). Extracellular acid-
ification rate was dropped and OCR was restored in HSCs
treated with FX-11 or transfected with LDH-A siRNA
(Figure 5A,B). The transcription and expression of HK2
and PFK1 were diminished by inhibition or knockdown of
LDH-A in Wnt3a-stimulated HSCs (Supplemental Figure
S8D,E, http://links.lww.com/HEP/H942). These observa-
tions demonstrated LDH-A as a critical mediator for
canonical Wnt to sustain the glycolytic phenotype of HSCs.

F IGURE 3 Direct interaction between LDH-A and HIF-1α stabilizes HIF-1α protein and promotes transactivation of glycolytic genes in HSCs.
(A-C) LX2 cells were treated with Wnt3a (100 ng/mL) for 24 h. Real-time PCR analysis of HIF-1α mRNA expression (A); Western blotting analysis
of HIF-1α protein abundance in WCL (B) and in nuclear lysates (C) with quantification. *p<0.05 versus Ctrl. (D) EMSA for determining HIF-1α
binding to DNA sequences of HK2 and PFK1 in LX2 cells treated with Wnt3a (100 ng/mL) for 24 h. (E) Immunofluorescence analysis for nuclear
co-localization of LDH-A and HIF-1α in LX2 cells treated with Wnt3a (100 ng/mL) for 24 h. The nucleus was stained with DAPI. (F) Co-IP analysis
of the interaction between LDH-A and HIF-1α in LX2 cells treated with Wnt3a (100 ng/mL) for 24 h. (G) GST pull-down analysis of interaction
between LDH-A and HIF-1α in HEK-293T cells transfected with GST-HIF-1α and His-LDH-A, followed by treatment with Wnt3a (100 ng/mL) for
24 h. (H) Western blotting analysis of HIF-1α protein degradation with quantification in LX2 cells transfected with LDH-A siRNA or LDH-A OE
plasmid for 24 h, followed by treatment with protein synthesis inhibitor cycloheximide (10 μM) for indicated time durations. *p<0.05 versus Ctrl. (I)
Western blotting analysis of HIF-1α protein abundance with quantification in LX2 cells treated with Wnt3a (100 ng/mL), and/or proteasome inhibitor
MG132 (10 μM), or LDH-A inhibitor FX-11 (10 μM), or transfected with LDH-A siRNA for 24 h. *p< 0.05 versus Ctrl, #p<0.05 versus Wnt3a,
&p<0.05 versus Wnt3a+MG132. (J) Western blotting analysis of hydroxyl-HIF-1α protein abundance with quantification in LX2 cells treated with
MG132 (10 μM), and/or Wnt3a (100 ng/mL), or FX-11 (10 μM), or transfected with LDH-A siRNA for 24 h. *p< 0.05 versus Ctrl, #p<0.05 versus
Wnt3a. (K) Illustration of the regulatory mechanism. Abbreviations: Co-IP, co-immunoprecipitation; HIF-1α, hypoxia-inducible factor-1α; HK2,
hexokinase 2; LDH-A, lactate dehydrogenase A; OE, overexpression; PFK1, phosphofructokinase 1; siRNA, small interfering RNA.
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We thenmonitored HSC activation. HSC viability enhanced
by Wnt3a was lowered by glycolysis inhibitor 2-DG, LDH-A
inhibitor FX-11, or siRNA-mediated LDH-A depletion but
was reinforced by ectopic expression of LDH-A (Supple-
mental Figure S8F, http://links.lww.com/HEP/H942). The
mRNA and protein levels of α-smooth muscle actin (α-
SMA) and collagen 1α1 (COL1α1), 2 well-established HSC
activation markers, were decreased by 2-DG, FX-11, or

LDH-A siRNA, but were further increased by LDH-A
overexpression in Wnt3a-treated HSCs (Figure 5C,D).
Besides, blockade of glycolysis or LDH-A abolishedWnt3a-
induced HSC contraction, but LDH-A overexpression
intensified Wnt3a-enhanced HSC contraction
(Supplemental Figure S8G, http://links.lww.com/HEP/
H942). In parallel, we evaluated the effects of rotenone, a
mitochondrial electron transport chain complex I inhibitor,
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on HSC activation. Wnt3a-increased viability, activation
maker expression, and contraction were not apparently
affected by rotenone (Figure 5C,D, Supplemental Figure
S8F,G, http://links.lww.com/HEP/H942). To test the contrib-
ution of LDH-A/HIF-1α complex to HSC activation, Gly28
mutant LDH-A plasmids were transfected into HSCs, which
decreased the mRNA expression of α-SMA and COL1α1
(Figure 5E). Furthermore, we validated the correlation
between β-catenin and LDH-A during primary HSC
activation. The fresh primary HSCs from healthy mice
were spontaneously activated as evidenced by increased
expression of α-SMA, concomitant with upregulation of β-
catenin expression during culture for different days
(Figure 5F,G). The mRNA and protein levels of HK2,
PFK1, and LDH-Awere all increased during HSC activation
(Figure 5H,I). Besides, the nuclear LDH-A and intracellular
lactate levels were increasingly upregulated during this
process (Figure 5J,K). Overall, these discoveries revealed
that LDH-A-mediated aerobic glycolysis was necessary for
canonical Wnt-induced HSC activation.

To establish the in vivo relevance, mice were
intravenously administrated vitamin A-liposome-LDH-A
shRNA, accompanied by CCl4-induced liver fibrosis
(Figure 6A), which caused selective knockdown of LDH-
A in primary HSCs (Supplemental Figure S9A, http://
links.lww.com/HEP/H942). Using this model, we
observed that HSC-specific deficiency of LDH-A miti-
gated hepatic injury and collagen deposition and
reduced hepatic hydroxyproline contents in mouse
fibrotic liver (Figure 6B,C), concomitant with a
decrease in α-SMA-positive HSCs (Supplemental
Figure S9B, http://links.lww.com/HEP/H942). Serum
biochemical parameters were also decreased in the
mice with fibrosis with HSC-specific LDH-A depletion
(Supplemental Figure S9C, http://links.lww.com/HEP/
H942). Consistent with the findings in culture, LDH-A
co-localization with HIF-1α or importin β2 was observed
in mouse HSCs, evidenced by immunohistofluores-
cence analysis (Figure 6D). Next, primary HSCs were
isolated for examining fibrotic and glycolytic molecules.
LDH-A depletion decreased the mRNA and protein
levels of α-SMA and COL1α1 in mouse primary HSCs
(Supplemental Figure S9D,E, http://links.lww.com/HEP/
H942). The nuclear abundance of LDH-A and HIF-1α

was diminished in the primary HSCs from LDH-A–
deficient mice with fibrosis (Figure 6E). The expression
of HK2 and PFK1 was also downregulated by LDH-A
deficiency in the primary HSCs (Figure 6F,G),
concomitant with reduced intracellular levels of lactate
and ATP (Figure 6H,I). In addition, 13C metabolic flux
analyses were performed with primary HSCs, showing
that glycolytic flux was remarkably enhanced in fibrotic
HSCs, which was reduced by LDH-A deficiency
(Supplemental Figure S10, http://links.lww.com/HEP/
H942). Altogether, these data highlighted a key role of
LDH-A in HSC activation and liver fibrosis.

Pharmacological inhibition of β-catenin
reduces HSC glycolysis and mitigates liver
fibrosis through blocking LDH-A/HIF-1α
complex in mice

To further intensify the pharmacological implication of
current findings, mice with CCl4-induced liver fibrosis
were orally treated with β-catenin inhibitor XAVwith HSC-
targeted LDH-A overexpression (Figure 7A). XAV
improved liver histology and collagen deposition and
reduced hepatic hydroxyproline contents accompanied
by a reduction in α-SMA-positive HSCs in mice with
fibrosis, but HSC-specific overexpression of LDH-A
considerably abrogated these effects (Figure 7B,C,
Supplemental Figure S11A, http://links.lww.com/HEP/
H942). Similar alterations were recaptured in serum
levels of hepatic injury and fibrotic markers (Supplemen-
tal Figure S11B, http://links.lww.com/HEP/H942). LDH-A
co-localization with HIF-1α or importin β2 in fibrotic HSCs
was inhibited by XAV, which was abolished by LDH-A
overexpression (Figure 7D). Furthermore, the expression
of α-SMA and COL1α1 was considerably decreased in
the primary HSCs from mice with fibrosis treated with
XAV, which were rescued by HSC-specific
overexpression of LDH-A (Supplemental Figure S11C,
D, http://links.lww.com/HEP/H942). In addition, the
nuclear abundance of LDH-A and HIF-1α and the
expression of HK2 and PFK1 were all downregulated in
the primary HSCs from XAV-treated mice with fibrosis,
whereas their downregulation was reversed by HSC-

F IGURE 4 LDH-A uses its Gly28 residue to interact with HIF-1α, which is required for HIF-1α stabilization and transactivation of glycolytic
genes in HSCs. (A) Co-IP analysis of interaction between HIF-1α and LDH-A in HEK-293T cells transfected with HA-labeled HIF-1α plasmid and
Flag-tagged N-terminal (LDH-A-N), C-terminal (LDH-A-C) and full length (LDH-A-FL) of plasmids of LDH-A. (B) Molecular docking and dynamics
simulation of HIF-1α/LDH-A complex using the ZDOCK modular of Discovery Studios 2019. The peptide segment Leu557-Leu574 of HIF-1α was
docked to LDH-A protein structure, and the direct interaction residues were illustrated. (C) Virtual alanine scanning was performed by mutating all
the amino acid residues of LDH-A to alanine individually, and mutation energy was calculated to indicate the binding ability between LDH-A and
HIF-1α. (D) Spatial conformation illustration of the interaction between the Gly28-to-alanine mutant LDH-A and the segment Leu557-Leu574 of
HIF-1α, showing the presence of steric clashes between the Ala28 residue of LDH-A and the Asp569 and Asp570 residues of HIF-1α segment. (E)
Western blotting analysis of HIF-1α protein degradation with quantification in LX2 cells transfected with LDH-A wide type plasmid or LDH-A Gly28
mutant plasmid for 24 h, followed by treatment with cycloheximide (10 μM) for indicated time durations. *p<0.05 versus LDH-A wide type plasmid.
(F, G) LX2 cells were transfected with LDH-A wide type plasmid or LDH-A Gly28 mutant plasmid for 24 h. Western blotting analysis of the nuclear
abundance of HIF-1α with quantification (F); Immunofluorescence analysis of HIF-1α nuclear translocation with quantification, and nucleus was
stained with DAPI (G). *p<0.05 versus LDH-A WT plasmid. Abbreviations: Co-IP, co-immunoprecipitation; HA, hyaluronic acid; HIF-1α, hypoxia-
inducible factor-1α; LDH-A, lactate dehydrogenase A.
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specific LDH-A overexpression (Figure 7E-G). Similar
changes were observed in the intracellular levels of
lactate and ATP in primary HSCs (Figure 7H,I). These
observations disclosed that LDH-A was a critical
mediator for the pharmacological inhibition of β-catenin
to reduce liver fibrosis in vivo.

We finally examined hepatic biopsy samples of patients
with fibrosis. The hepatic lactate levels in cirrhotic liver
(Metavir F4) were significantly higher than that in mild

fibrotic liver (Metavir F1) (Figure 8A). β-catenin mRNA was
markedly increased in cirrhotic liver and was positively
correlated with the considerable upregulation of mRNA
of HK2, PFK1, and LDH-A (Figure 8B). Dual
immunofluorescence analysis revealed an increasing
amount of α-SMA-positive HSCs with these glycolytic
molecules in the human cirrhotic liver (Figure 8C). These
results collectively validated the clinical relevance of current
findings.
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DISCUSSION

Wnt can interplay with metabolic cascades,[23] but little is
known about its role in HSC glucose metabolism. We
speculated that Wnt was a prime candidate for directing
HSC aerobic glycolysis. This speculation was supported
by the high glycolytic phenotype of HSCs induced by
Wnt3a. We also unveiled the critical involvement of β-
catenin in the current setting and substantiated the
positive correlation between aberrant β-catenin activation
and increased aerobic glycolysis in mouse primary HSC
activation and human fibrotic liver. We confirmed the
concept that the same pro-fibrogenic pathways that
potentiate HSC activation must also favor metabolic
pathways that support this process.

We identified that HK2, PFK1, and LDH-A have
different transcription patterns in Wnt3a-treated HSCs,
suggesting an acute regulation of LDH-A and a relatively
long regulatory loop of the other 2 molecules. Indeed,
LDH-A was characterized to be a direct target gene of the
β-catenin/TCF4 complex. This novel finding explicated
the previous ambiguous concept that β-catenin activation
was associated with LDH-A expression under some
pathophysiological circumstances.[24–26] Intriguingly, we
disclosed that LDH-A specifically translocated into HSC
nucleus upon Wnt activation. Nuclear pores are tunnels
that allow small proteins (usually below 40 kDa) to diffuse
in while forcing large molecules to employ an active
transport system to pass. The initial step of this facilitative
system is the recognition of NLS on nuclear cargos by
carrier proteins such as importins to form a transport
complex.[27] However, the classical NLS is neither
necessary nor sufficient in and of themselves in all cases
to effectively transport a protein into the nucleus.[28] Here,
LDH-A has a permissible molecular weight, and Wnt
upregulation of LDH-A protein might generate a concen-
tration gradient between cytoplasm and nucleus, pre-
sumably urging LDH-A nuclear shuttling. Furthermore,
importin β2 was found to be required for this process, an
observation consistent with the notion that importin β2-
binding motifs have a greater diversity than classical NLS
motifs that bind to a complex of importin α and importin
β1.[29] Further evidence confirmed that the predicted
non-classical NLS was indispensable for Wnt3a-driven

LDH-A nuclear entry in HSCs, indicating an active and
finely regulated mechanism in this process.

HIF-1α is a master transcriptional regulator of
glycolysis through transactivating many glycolytic
genes.[22] Here, LDH-A is directly bound to and
stabilized HIF-1α protein, followed by transactivation
of HK2 and PFK1 in HSCs. We inferred that the
presence of NLS in LDH-A robustly assisted the
nuclear transport of the LDH-A/HIF-1α complex and
that the nuclear LDH-A served as a transcription co-
activator of HIF-1α. We unveiled a novel moonlighting
function of LDH-A for the regulation of HIF-1α biology
implicated in aerobic glycolysis. Interestingly, the
nuclear LDH-A here played a transcription regulatory
role, which was different from Liu’s observation that
LDH-A gained an alternative enzymatic activity to
produce α-hydroxybutyrate in the nucleus of cervical
cancer cells.[30] Based on these results, we explained
the different transcription patterns between HK2,
PFK1, and LDH-A as follows. (1) The accumulated
LDH-A formed a complex with HIF-1α, entering the
nucleus and transactivating HK2 and PFK1, and
resultantly sustaining the increase in their mRNA
levels. (2) LDH-A is also transcriptionally upreguated
by HIF-1α.[31,32] There could be a positive feedback
loop between LDH-A and HIF-1α. The LDH-A/HIF-1α
complex continuously transactivated LDH-A and thus
maintained the high transcript levels of LDH-A during
Wnt3a stimulation.

Molecular simulation indicated that LDH-A used its
N-terminal Gly28 residue for the physical connection,
which was supported by the Co-IP evidence that HIF-1α
bound to the N-terminal domain of LDH-A. Site-directed
mutation analyses underscored this residue as a requisite
for LDH-A/HIF-1α regulation of HSC aerobic glycolysis. In
addition, the HIF-1α protein contains several functional
domains, among which the oxygen-dependent degrada-
tion (ODD) domain is critical for HIF-1α stability and
controlled by an oxygen-sensitive prolyl hydroxylase that
can hydroxylate the Pro402 and Pro564 residues in the
ODD domain under normoxic conditions.[21] The hydrox-
ylated HIF-1α then interacts with VHL and enables itself to
be ubiquitinated, triggering proteasome degradation.[33]

Here, our molecular simulation revealed that LDH-A is

F IGURE 5 LDH-A-mediated aerobic glycolysis is required for canonical Wnt-induced HSC activation. (A, B) LX2 cells were treated withWnt3a (100 ng/
mL), and/or FX-11 (10 μM), or transfectedwith LDH-A siRNA for 24 h. Measurement of ECARwith the calculation of glycolytic rate and glycolytic capacity (A);
Measurement of OCR with the calculation of basal respiratory and maximal respiratory capacities (B). *p<0.05 versus Ctrl, #p<0.05 versus Wnt3a. (C, D)
LX2 cells were treatedwithWnt3a (100 ng/mL), and/or FX-11(10 μM) or glycolysis inhibitor 2-DG (10 μM) ormitochondrial electron transport inhibitor rotenone
(10 μM), or transfected with LDH-A siRNA or LDH-A OE plasmid for 24 h. Real-time PCR analysis of mRNA expression of α-SMA and COL1α1 (C); western
blotting analysis of protein expression of α-SMA and COL1α1 with quantification (D). *p<0.05 versus Ctrl, #p<0.05 versus Wnt3a. (E) Real-time PCR
analysis of mRNA expression of α-SMA and COL1α1 in LX2 cells transfected with Gly28 mutant LDH-A plasmid and/or treated with HIF-1α activator DFO
(10 μM) for 24 h. *p<0.05 versus WT-LDH-A, #p<0.05 versus DFO+WT-LDH-A. (F–K) Freshly isolated mouse primary HSCs were cultured for indicated
time durations. Real-time PCR analysis of mRNA expression of α-SMA and β-catenin (G), and glycolytic genes HK2, PFK1, and LDH-A (H) Western blotting
analysis of protein abundance of glycolytic enzymes HK2, PFK1, and LDH-A in WCL (I), and nuclear abundance of LDH-A with quantification (J) Mea-
surement of intracellular lactate levels (K). *p<0.05 versus 0 day. Abbreviations: α-SMA, α-smoothmuscle actin; COL1α1, collagen 1α1; DFO, deferoxamine;
ECAR, extracellular acidification rate; HK2, hexokinase 2; LDH-A, lactate dehydrogenase A; OCR, oxygen consumption rate; OE, overexpression; PFK1,
phosphofructokinase 1; siRNA, small interfering RNA; WCL, whole cell lysates.
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F IGURE 6 Hepatic-specific deficiency of LDH-A mitigates liver fibrosis and inhibits HSC glycolysis. Mice were intravenously administrated
vitamin A-liposome-LDH-A shRNA accompanied by CCl4-induced liver fibrosis (n = 10). (A) Scheme of the experiments. (B) Examinations of liver
histopathology and collagens using HE staining, Masson staining, and Sirius red staining with Ishak stage scoring and quantification of positive
staining area. (C) Measurement of hepatic hydroxyproline contents. (D) Immunofluorescence analysis of expression and localization of LDH-A,
HIF-1α, importin β2, and α-SMA in liver tissues. The nucleus was stained with DAPI. (E–I) Mouse-primary HSCs were isolated for molecular
examinations. Western blotting analysis of nuclear abundance of LDH-A and HIF-1α with quantification (E); real-time PCR analysis of mRNA
expression of HK2 and PFK1 (F); Western blotting analysis of protein expression of HK2 and PFK1 with quantification (G); measurement of
intracellular lactate levels (H), and intracellular ATP levels (I). For this figure, *p<0.05 versus oil, #p<0.05 versus CCl4+VA-Lip-Ctrl shRNA.
Abbreviations: α-SMA, α-smooth muscle actin; HIF-1α, hypoxia-inducible factor-1α; HK2, hexokinase 2; LDH-A, lactate dehydrogenase A; PFK1,
phosphofructokinase 1; shRNA, short hairpin RNA.
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F IGURE 7 Pharmacological inhibition of β-catenin attenuates liver fibrosis and reduces HSC glycolysis through blocking LDH-A/HIF-1α complex
in mice. Mice with CCl4-induced liver fibrosis were orally treated with β-catenin inhibitor XAV (20 mg/kg/day) accompanied by i.v. administration with
vitamin A-liposome-LDH-A overexpression plasmid (n=10). (A) Scheme of the experiments. (B) Examinations of liver histopathology and collagens
using HE staining, Masson staining, and Sirius red staining with Ishak stage scoring and quantification of positive staining area. (C) Measurement of
hepatic hydroxyproline contents. (D) Immunofluorescence analysis of expression and localization of LDH-A, HIF-1α, importin β2, and α-SMA in liver
tissues. The nucleus was stained with DAPI. (E-I) Mouse primary HSCs were isolated for molecular examinations. Western blotting analysis of the
nuclear abundance of LDH-A and HIF-1α with quantification (E); Real-time PCR analysis of mRNA expression of HK2 and PFK1 (F); Western blotting
analysis of the protein expression of HK2 and PFK1 with quantification (G); Measurement of intracellular lactate levels (H); and intracellular ATP levels
(I). For this figure, *p<0.05 versus Oil, #p<0.05 versus CCl4, &p<0.05 versus CCl4+XAV+ VA-Lip-Vector. Abbreviations: α-SMA, α-smooth muscle
actin; HIF-1α, hypoxia-inducible factor-1α; HK2, hexokinase 2; LDH-A, lactate dehydrogenase A; PFK1, phosphofructokinase 1.

620 | HEPATOLOGY



F IGURE 8 β-Catenin positively correlates with LDH-A and HSC glycolysis in the human fibrotic liver. Hepatic biopsy samples from patients
with mild fibrosis (Metavir F1, n= 8) and cirrhosis (Metavir F4, n= 11) were used for examinations. (A) Measurement of hepatic lactate levels.
*p< 0.05 versus Metavir F1. (B) Real-time PCR analysis of mRNA expression of β-catenin and glycolytic genes. *p< 0.05 versus Metavir F1.
The correlations between β-catenin and HK2, PFK1, or LDH-A in the cirrhotic liver were analyzed using Pearson correlation test, and the
correlation coefficients (r) and p values were calculated. (C) Immunofluorescence analysis of expression and localization of α-SMA and HK2,
PFK1, or LDH-A in liver tissues. The nucleus was stained with DAPI. (D) Scheme of the molecular mechanisms underlying how HSC
glycolysis reprogramming is driven and maintained through a novel positive feedback regulatory pathway embedded in glycolysis requiring a
transcriptional loop of LDH-A/HIF-1α. Abbreviations: α-SMA, α-smooth muscle actin; HK2, hexokinase 2; LDH-A, lactate dehydrogenase A;
PFK1, phosphofructokinase 1.
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bound to the ODD domain of HIF-1α, contributing to HIF-
1α stabilization. This was substantiated by the experi-
ments using proteasome inhibitors and examining
hydroxylated HIF-1α, suggesting that LDH-A masked
the ODD domain, acting as a molecular barrier to prevent
HIF-1α from ubiquitination. These results confirmed the
recognition that the ODD domain is also necessary for an
oxygen-independent degradation pathway.[34] Our dis-
covered mechanism was different from that found in
breast cancer cells, where direct interaction with PHD2
was required for lncRNA HISLA to stabilize HIF-1α.[35]
Interestingly, β-catenin directly interacted with the N-ter-
minal domain of HIF-1α in hypoxia colorectal cancer cells,
inhibiting the transcriptional activity of TCF4.[36] Here in
Wnt3a-activated HSCs, the β-catenin/HIF-1α interaction
might not occur because TCF4 still maintained its
transcriptional function. Besides, the β-catenin/TCF4
complex induced the expression of VHL, a ubiquitin
ligase facilitating hydroxylated HIF-1α degradation, and
hence suppressed HIF-1α activity in colorectal cancer
cells.[37] This might not be true in the current scenario
because LDH-A obstructed the hydroxylation sites of HIF-
1α, preventing VHL-mediated ubiquitination, despite the
possible upregulation of VHL induced by β-catenin/TCF4
complex. Here, the nonenzymatic moonlighting function
of LDH-A regulated the oxygen-independent post-
translational modification and transcription capacity of
HIF-1α implicated in HSC glycolytic metabolism.

In summary, canonical Wnt signaling promoted HSC
activation through enhanced aerobic glycolysis, requir-
ing LDH-A to use its nonenzymatic function to directly
interact with HIF-1α and stabilize it, followed by nuclear
shuttling and transactivation of glycolytic genes
(Figure 8E). HSCs-targeted inhibition of β-catenin and/
or LDH-A may produce potent therapeutic efficacy
against liver fibrosis.
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