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August 6, 2020. Liver fibrosis is an increasing health problem worldwide, for which no effective antifibrosis drugs are

available. Although the involvement of aerobic glycolysis in hepatic stellate cell (HSC) activation has
been reported, the role of pyruvate kinase M2 (PKM2) in liver fibrogenesis still remains unknown. We
examined PKM2 expression and location in liver tissues and primary hepatic cells. The in vitro and in vivo
effects of a PKM2 antagonist (shikonin) and its allosteric agent (TEPP-46) on liver fibrosis were
investigated in HSCs and liver fibrosis mouse model. Chromatin immunoprecipitation sequencing and
immunoprecipitation were performed to identify the relevant molecular mechanisms. PKM2 expression
was significantly up-regulated in both mouse and human fibrotic livers compared with normal livers, and
mainly detected in activated, rather than quiescent, HSCs. PKM2 knockdown markedly inhibited the
activation and proliferation of HSCs in vitro. Interestingly, the PKM2 dimer, rather than the tetramer,
induced HSC activation. PKM2 tetramerization induced by TEPP-46 effectively inhibited HSC activation,
reduced aerobic glycolysis, and decreased MYC and CCND1 expression via regulating histone H3K9
acetylation in activated HSCs. TEPP-46 and shikonin dramatically attenuated liver fibrosis in vivo. Our
findings demonstrate a nonmetabolic role of PKM2 in liver fibrosis. PKM2 tetramerization or suppression
could prevent HSC activation and protects against liver fibrosis. (Am J Pathol 2020, 190: 2267—2281;
https://doi.org/10.1016/j.ajpath.2020.08.002)
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identified.””'"'? But as yet, our understanding on the regula-
tion of HSCs still remains far from clear.

Aerobic glycolysis (alias Warburg effect), in which cells
generate ATP through glycolysis, is regarded as a hallmark
of malignant tumors,”” ' including hepatocellular
carcinoma.'’'” However, current evidence suggests that it is
also a characteristic metabolic trait of activated HSCs during
liver fibrogenesis.”””' The pyruvate kinase M1/2 (PKM)
gene encodes two protein isoforms, PKM1 and PKM2, which
are generated by mutually exclusive alternative splicing.”*”
It has been reported that PKM2, but not PKMI, is
up-regulated in tumor cells and correlates with aerobic
glycolysis.”**” PKM1 is constitutively expressed as a high-
pyruvate kinase (PK) activity form that converts phosphoe-
nolpyruvic acid to pyruvate and drives the tricarboxylic acid
cycle, whereas PKM2 may assemble both in a high-PK
activity tetrameric form and in a low-PK activity dimeric
form.”® Tetrameric PKM2 possesses the PKM1-like kinetic
ability to convert phosphoenolpyruvic acid to pyruvate,
whereas the PKM?2 dimer has protein kinase activity and can
translocate to the nucleus,”’ where it takes part in histone
modification events and regulates downstream genes. Previ-
ous evidence showed that in tumor cells the nuclear PKM?2
dimer up-regulates proglycolysis enzymes, thus promoting
aerobic glycolysis, by activating the expression of specific
transcription factors, including MYC and CCNDI 2829

Although an important function of the PKM?2 dimer has
been reported in tumor cells, it is still unclear whether it af-
fects HSC activation. In the present study, we investigated
the molecular function, and the role of dimeric PKM2 in
particular, in the activation of HSCs, providing evidence that
PKM2 tetramerization (dimer-to-tetramer transformation)
protects against HSC activation and liver fibrosis.

Materials and Methods

Chemicals

For in vitro experiments, TEPP-46 (MCE, Monmouth
Junction, NJ), DASA-58 (MCE), and shikonin (Selleck
Chemicals, Houston, TX) were dissolved in dimethyl sulf-
oxide (Sigma-Aldrich, St. Louis, MO) and further diluted to
the required concentration. For in vivo experiments,
TEPP-46 and shikonin suspensions were prepared in 0.5%
carboxymethyl cellulose sodium normal saline solution.

Human Liver Samples

A total of 21 normal liver, 23 fibrotic liver, and 43 hepato-
cellular carcinoma formalin-fixed, paraffin-embedded tissue
samples were used in this study. Normal liver samples were
obtained from individuals who underwent liver resection for
benign hepatic lesions. Fibrotic liver and hepatocellular
carcinoma tissues were obtained from patients who received
liver biopsy or resection. All of the procedures involving
human samples were approved by the Integrated Hospital of
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Traditional Chinese Medicine of Southern Medical Univer-
sity Office for Protection of Human Subjects.

Mouse Liver Fibrosis Model

All animal protocols were approved by the Animal Care
and Use Committee of Southern Medical University. The
animals were housed under a controlled temperature
(20°C =+ 2°C) with 12-hour light/12-hour dark cycles and ad
libitum access to food and water.

Six-week—old male C57BL/6 mice (Experimental Ani-
mal Center of Southern Medical University, Guangzhou,
China) received 0.1 mL 40% carbon tetrachloride (CCly;
2:5 v/v in olive oil) or vehicle (olive oil only) gavage three
times a week for 8 weeks. A subset of mice received daily
gavage of TEPP-46 (20 mg/kg) or shikonin (10 mg/kg) or
vehicle (0.5% carboxymethyl cellulose sodium normal sa-
line solution) during weeks 5 to 8 (N > 5 for all groups).
The animals were sacrificed 3 days after the final treatment.
The liver and serum were harvested for histologic,
biochemical, and molecular analyses.

Cell Cultures

LX-2 cells and the isolated primary mouse cells were grown
in high-glucose Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum, 100 U/mL of penicillin, and
100 pg/mL of streptomycin and maintained in a 5% CO,/
water-saturated incubator at 37°C.

Primary Mouse Cell Isolation

Primary mouse hepatocytes, HSCs, macrophages, and liver
sinusoidal endothelial cells were isolated and cultured as
previously reported.’” After the mice were anesthetized with
2% pentobarbital sodium, the abdominal cavity was opened,
and the liver was perfused and digested in situ. Next, the
liver was harvested, minced, homogenized under sterile
conditions, and further digested ex vivo. Then, the digested
liver was filtered through a 70-um steel mesh, and the cells
were separated by density gradient centrifugation.

For HSC isolation, the liver was successively perfused in
situ with EGTA solution, collagenase D (Roche, Basel,
Switzerland) solution, and pronase (Sigma-Aldrich) solu-
tion, and was digested ex vivo with a buffer containing
collagenase D, pronase, and DNase (Roche). For hepatocyte
isolation, the pronase was removed from the in situ and
ex vivo digestive solution. For immunocytes, macrophages
and liver sinusoidal endothelial cells were separated via
magnetic beads (Miltenyi Biotec, Cologne, Germany) after
density gradient centrifugation.

RNA Interference and Lentivirus

Specific siRNA against human or mouse PKM2 was used in
this study.”’ The siRNA was synthesized by Ribobio Co
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(Guangzhou, China), and was transfected into cells using
Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad,
CA).

The PKM-overexpression lentivirus was constructed by
Genechem Co (Shanghai, China). The viruses were used to
infect LX-2 cells with 8 pg/mL Polybrene (Sigma-Aldrich)
and then were selected using puromycin (Invitrogen) for 7
days. All siRNA or shRNA sequences are shown in
Table 1.

Liver Function Test and Hydroxyproline Assay

Serum levels of several biochemical markers were measured
to assess liver function and liver injury. Serum alkaline
phosphatase, alanine aminotransferase, aspartate amino-
transferase, total bilirubin, albumin, and glucose were
measured using the Roche Cobas 6000 Analyzer (Roche).
Levels of hydroxyproline were detected using a colorimetric
hydroxyproline assay kit (Abcam, Cambridge, UK),
according to the manufacturer’s instructions.

Histology, Immunohistochemistry, and
Immunofluorescence

Histology, immunohistochemistry, and immunofluorescence
were performed as previously reported.”” Paraffin-
embedded liver tissue samples were sectioned at 4 mm
thickness. After routine processing, liver sections were
stained with hematoxylin-eosin for histologic analysis or
saturated picric acid containing 0.1% Sirius Red and 0.1%
Fast Green for collagen deposition.

For immunohistochemistry, liver sections were incubated
with specific antibodies overnight at 4°C. The immunode-
tection was performed on the second day using EnVision
immunodetection system (K5007; Dako, Copenhagen,
Denmark), according to the manufacturer’s instructions.

For immunofluorescence, liver sections or cells were
fixed with ice-cold methanol and stained with specific
antibodies. And the immunodetection was performed by
the species-matched secondary antibodies labeled with
Alexa Fluor 647, 555, or 488, according to the manu-
facturer’s instructions. Nuclei were counterstained with
DAPI. A Zeiss LSM 800 confocal microscope (Carl
Zeiss, Oberkochen, Germany) was used for the
immunofluorescence.

Cell Proliferation Assay

Proliferation was determined by seeding 2500 LX-2 cells or
5000 primary mouse HSCs per well in 96-well plates. The
cells were treated with indicated chemotherapeutic agents or
transfected with siRNA for the indicated time. Cell viability
was measured using the Cell Counting Assay Kit-8
(Dojindo, Kumamoto, Japan), according to the manufac-
turer’s instructions.
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Cell Cycle and Apoptosis Analysis

Cell cycle and apoptosis of the indicated cells were
respectively determined using the cell cycle detection kit
(BD Biosciences, San Jose, CA) or Annexin V Apoptosis
Detection Kit (BD Biosciences), according to the manu-
facturer’s instructions, by a BD LSRFortessa X-20 (BD,
Biosciences). The data were analyzed using FlowJo soft-
ware version 10.4 (Tree Star, Inc., San Carlos, CA).

Wound-Healing Assays

For the wound-healing assay, LX-2 cells were seeded into a
6-well plate; straight lines were delineated at the bottom of
the 6-well plate after incubation for 12 hours. Then, the
width was respectively measured after O and 12 hours.

Transwell Assay

For the cell migration assay, LX-2 cells were plated in the
upper compartment of a polycarbonate Transwell insert in
serum-free Dulbecco’s modified Eagle’s medium. Dul-
becco’s modified Eagle’s medium containing 10% fetal
bovine serum as chemoattractant was added in the lower
compartment. After 12 hours of incubation, the cells that
go through the compartment were stained using Hoechst
33342 (Thermo Scientific, Waltham, MA). Then, the
stained cells were counted as the mean number of cells per
field of view.

Real-Time Quantitative PCR Assay

Total mRNA was obtained from fresh tissues or cultured
cells with TRIzol Reagent (15596-026; Invitrogen), and 1
ng of mRNA was used for cDNA synthesis with a Tran-
scriptor First Stand cDNA Synthesis Kit (TakaRa Bio Inc.,
Shiga, Japan), according to the manufacturer’s protocol.
Real-time quantitative PCR was performed according to
the manufacturer’s instructions using the SYBR Green
(Roche) and LightCycler480Il system (Roche). Samples
were run in triplicates; the results were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression by
using the 27** Ct method. Gene-specific primers are listed
in Table 1.

Western Blot Analysis

Protein was extracted from the cells using radio-
immunoprecipitation assay buffer (Thermo Scientific), sepa-
rated by SDS-PAGE gel electrophoresis and transferred to
polyvinylidene difluoride membranes. Then, the indicated pri-
mary antibodies were used for immunodetection with horse-
radish peroxidase—conjugated secondary antibodies and
enhanced chemiluminescence reagents (Pierce, Rockford, IL).
The antibodies used for Western blot analysis are shown in
Table 2.
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Table 1  Sequence-Based Reagents Used in the Study

Name

Sequence

Supplier

PKM2 mouse qPCR forward primer
PKM2 mouse qPCR reverse primer
o-SMA mouse qPCR forward primer
o-SMA mouse qPCR reverse primer
Col1al mouse gPCR forward primer
Collal mouse gPCR reverse primer
TIMP1 mouse gPCR forward primer
TIMP1 mouse gPCR reverse primer
TGF-B1 mouse qPCR forward primer
TGF-B1 mouse gPCR reverse primer
GAPDH mouse gPCR forward primer
GAPDH mouse qPCR reverse primer
PAI-1 mouse qPCR forward primer
PAI-1 mouse qPCR reverse primer
PDGFRB mouse qPCR forward primer
PDGFRB mouse gPCR reverse primer
PKM2 human gPCR forward primer
PKM2 human qPCR reverse primer
o-SMA human gPCR forward primer
a-SMA human gPCR reverse primer
Col1al human gPCR forward primer
Col1al human gPCR reverse primer
TIMP1 human gPCR forward primer
TIMP1 human qPCR reverse primer
TGF-B1 human qPCR forward primer
TGF-B1 human gPCR reverse primer
GAPDH human gPCR forward primer
GAPDH human gPCR reverse primer
PAI-1 human gPCR forward primer
PAI-1 human qPCR reverse primer
PDGFRB human gPCR forward primer
PDGFRB human gPCR reverse primer
Myc mouse ChIP forward primer
Myc mouse ChIP reverse primer
Ccnd1 mouse ChIP forward primer
Ccnd1 mouse ChIP reverse primer
Human PKM2 siRNA target sequence
Human PKM1 siRNA target sequence
Mouse PKM2 siRNA target sequence 1
Mouse PKM2 siRNA target sequence 2
Mouse PKM2 siRNA target sequence 3

5'-AGGCTGCCATCTACCACTTG-3’
5'-CCAGACTTGGTGAGCACGAT-3’
5'-TCCCTGGAGAAGAGCTACGAACT-3'
5'-AAGCGTTCGTTTCCAATGGT-3’
5'-CCTGGCAAAGACGGACTCAAC-3'
5'-GCTGAAGTCATAACCGCCACTG-3’
5'-CCAGAACCGCAGTGAAGAGT-3’
5'-GTACGCCAGGGAACCAAGAA-3’
5'-ATTCAGCGCTCACTGCTCTT-3’
5'-ATGTCATGGATGGTGCCCAG-3’
5/'-GGACCTCATGGCCTACATGG-3’
5'-TAGGGCCTCTCTTGCTCAGT-3’
5'-GACACCCTCAGCATGTTCATC-3'
5'-AGGGTTGCACTAAACATGTCAG-3’
5'-AGCCAGAAGTAGCGAGAAGC-3’
5/'-GGCAGTATTCCGTGATGATG-3’
5'-AGCATGATCAAGAAGCCCCG-3’
5'-TCTGTGCGCTCGCTGGETAA-3'
5'-TGAGAAGAGTTACGAGTTGCCTG-3’

5/'-GTTAGCATAGAGGTCCTTCCTGATG-3’

5'-CAGCCGCTTCACCTACAGC-3'
5'-TCAATCACTGTCTTGCCCCA-3’
5 -TGTTGTTGCTGTGGCTGATAGC-3’
5'-TCTGGTGTCCCCACGAACTT-3’
5'-GGCCAGATCCTGTCCAAGC-3’
5/'-GTGGGTTTCCACCATTAGCAC-3'
5'-TGCACCACCAACTGCTTAGC-3’
5'-GGCATGGACTGTGGTCATGAG-3'
5'-AGTGGACTTTTCAGAGGTGGA-3’
5'-GCCGTTGAAGTAGAGGGCATT-3'
5'-GCCCTTATGTCGGAGCTGAAGA-3’
5'-GTTGCGGTGCAGGTAGTCCA-3’
5'-CTGGGTTGGCAATTCACTCC-3’
5'-GTGGGGAAAATCAAGGCGCT-3’
5'-GATACCCCTCTGGCCCTTTG-3’
5'-GATGCCAGACGAGCCCTAAG-3’
5'-CCATAATCGTCCTCACCAA-3'
5'-GCGTGGAGGCTTCTTATAA-3’
5'-CCCTGTGCTGTGTAAGGAT-3’
5'-GATGTCGACCTTCGTGTAA-3’
5'-TCCTATCATTGCCGTGACT-3’

Life Technologies (Grand Island, NY)
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Ribobio

Ribobio

Ribobio

Ribobio

Ribobio

Cend1, cyclin D1; ChIP, chromatin immunoprecipitation; Collal, collagen type I alpha 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PAI-1

(SERPINE1), plasminogen activator inhibitor type-1; PDGFRB (PDGFRB), platelet-derived growth factor receptor-B; PKM2, pyruvate kinase M2; gPCR, quan-
titative PCR; o-SMA, o-smooth muscle actin; TGF-B1 (TGFB1), transforming growth factor-B1; TIMP1, tissue inhibitor of metalloproteinases 1.

Nuclear and Cytoplasmic Extraction

NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific) were used according to manufacturer’s
recommendations. The extractive of nuclear and cyto-
plasmic was further analyzed by Western blotting.

Cross-Linking Study to Determine Tetramers, Dimers,
and Monomers of PKM2

In LX-2 cells and primary mouse HSCs, we used 2 mmol/L
disuccinimidyl suberate (Thermo Scientific), according to
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the manufacturer’s instructions, to cross-link cells for
30 minutes at room temperature. After the cross-linking,
equal numbers of cells were lysed with radio-
immunoprecipitation assay buffer, and the lysate was
boiled with protein loading buffer (Thermo Scientific) for
5 minutes. Then, the samples were separated by
SDS-PAGE gel electrophoresis and transferred to poly-
vinylidene difluoride membranes. Then, membranes were
incubated with 0.4% paraformaldehyde in phosphate-
buffered saline for 30 minutes at room temperature
before PKM2 antibody was added for detection of tetra-
mers, dimers, and monomers of PKM?2.
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Table 2  Antibodies Used in the Study

Name Supplier Catalog no. Clone no. RRID

PKM2 Cell Signaling (Danvers, MA) 4053S D78A4 AB_1904096
Phosphorylated PKM2 Cell Signaling 3827S NA AB_1950369
PKM1 Cell Signaling 7067S D30G6 AB_2715534
(D31 (PECAM-1) Cell Signaling 3528S 89C2 AB_2160882
GAPDH Cell Signaling 5174S D16H11 AB_10622025
PARP Cell Signaling 9532S 46D11 AB_659884
c-Myc Cell Signaling 5605S D84C12 AB_1903938
Cyclin D1 Cell Signaling 2978S 92G2 AB_2259616
Rabbit IgG Cell Signaling 7077S NA AB_10694715
Anti-mouse IgG (HRP) Cell Signaling 7076S NA AB_330924
Anti-rabbit IgG (HRP) Cell Signaling 7074S NA AB_2099233
Histone H3 Abcam (Cambridge, MA) ab195277 NA NA

Histone H3 (acetyl K9) Abcam ab12179 NA AB_298910
Histone H3 (phosphorylated T11) Abcam Ab5168 NA AB_10858648
a-SMA Abcam ab5694 NA AB_2223021
a-SMA (Alexa Fluor 488) Abcam abh197240 E184 NA

PDGFRB Abcam ab32570 NA AB_777165
PAI1 Abcam ab182973 NA NA

CK19 Abcam A53-B/A2 NA AB_1156465
CD68 Abcam ab955 NA AB_307338
KAT3B/p300 Abcam ab14984 NA AB_301550
Ep300 (Ser1834) Bioss (Beijing, China) BS-5339R NA NA
Fibronectin Santa (Santa Cruz, CA) sc-69681 NA AB_1122900
H3K9me3 ABclonal (Boston, MA) A2360 NA AB_2721266
HDAC3 Proteintech (Rosemont, IL) 10255-1-AP NA AB_2279733
CYP2E1 Proteintech 19937-1-AP NA AB_10646444

(K19, cytokeratin 19; CYP2E1, cytochrome P4502E1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDAC3, histone deacetylase 3; HRP, horseradish
peroxidase; NA, not applicable; PAI1, plasminogen activator inhibitor type-1; PARP, poly (ADP-ribose) polymerase; PDGFRB, platelet-derived growth factor receptor-
B; PECAM-1, platelet-endothelial cell adhesion molecule-1; PKM2, pyruvate kinase M2; RRID, Research Resource Identifier; o-SMA, a-smooth muscle actin.

Immunoprecipitation

Cells for co-immunoprecipitation experiments were lysed in
ice-cold IP Lysis Buffer (Thermo Scientific) containing a
protease and phosphatase inhibitor cocktail (Thermo Scien-
tific) for 5 minutes, followed by centrifugation at 13,000 x g
for 10 minutes. The indicated antibodies (Table 2) were
incubated with Dynabeads Protein G beads (Thermo Scien-
tific) for 10 minutes at room temperature. Then, the beads
were incubated with the obtained cell lysates for 12 hours at
4°C. The immunocomplexes were washed five to six times
with lysis buffer, denaturing eluted, and analyzed by Western
blotting, as previously described (Western Blot Analysis).

ChIP Assay

Chromatin immunoprecipitation (ChIP) assay was per-
formed using EZ-Magna ChIP Chromatin Immunoprecipi-
tation kit (Millipore, Billerica, MA), according to
manufacturer’s instructions. Briefly, cells were cross-linked
with 1% formaldehyde for 10 minutes at room temperature.
Then, cells were harvested, lysed, and sonicated for 30 cy-
cles of 30 seconds on/30 seconds off and high mode with
Diagenode Bioruptor (Diagenode, Li¢ge, Belgium) to obtain
adequate fragment sizes of DNA. Antibody against ace-
H3K9 and rabbit IgG was used for immunoprecipitation.

The American Journal of Pathology m ajp.amjpathol.org

The precipitated DNA was subjected to PCR amplification
using the ChIP-eluted DNA as template. The specific
primers used in ChIP-PCR assay are listed in Table 1.

Glucose and Lactate Detection

The 24-hour glucose consumption by LX-2 cells and primary
mouse HSCs was measured with a Glucose (HK) Assay Kit
(Sigma-Aldrich). Cells were seeded in 24-well plates with or
without treatment of indicated chemotherapeutic agents.
After 24 hours, glucose in the medium was detected ac-
cording to the manufacturer’s instructions. Relative fluores-
cence units were determined at 340 nm using a Multiskan
Sky (Thermo Scientific). The levels of lactate production
were examined with an L-lactate assay kit (Abcam). Cells
were seeded in a 6-well plate at a density of 1 x 10° cells per
well. After incubation with or without treatment of indicated
chemotherapeutic agents for 24 hours, the cells were
collected, lactate assays were performed according to the
manufacturer’s protocol, and the optical density was
measured at 450 nm using a Multiskan Sky.

Public Data Set

Gene expression profiles based on gene chips of fibrotic
liver tissues were obtained from the National Center for
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Biotechnology Information Gene Expression Omnibus
database  (https://www.ncbi.nlm.nih.gov/geo;  accession
number GSE84044). Expression profiles of these data sets
were reanalyzed using R version 3.5.0 and correlated
packages (R Software, Vienna, Austria; http://www.r-
project.org).

Statistical Analysis

The t-test or the U-test was used to compare values between
subgroups. Data are expressed as means £+ SD of at least
three biological replicates. The threshold for statistical
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Enlarge PKM2 Enlarge

Figure 1 Pyruvate kinase M2 (PKM2, alias PKM) expression is
enhanced in human fibrotic liver. Az PKM2 mRNA expression in human
fibrotic liver tissues at different Scheuer fibrosis stages (GSE84044). B:
Serial sections of human normal or fibrotic liver tissues were subjected to
hematoxylin-eosin (H&E) staining, Sirius red staining, and immunohis-
tochemistry [a-smooth muscle actin («-SMA) and PKM2], and represen-
tative images are shown. Boxed areas are shown at higher magnification
to the right. C: Representative double immunofluorescence images of a-
SMA (green) and PKM2 (red) labeling in human normal and fibrotic liver
tissues. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars: 200 um
(B); 50 pum (C).

significance was set at P < 0.05. All analyses were per-
formed using SPSS software version 23.0 (IBM, Armonk,

NY).

Results

The Expression of PKM2 Is Enhanced in the Fibrotic
Liver, and Mainly Occurs in Activated HSCs

Publicly available data from the National Center for
Biotechnology Information Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo;  accession  number
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Pyruvate kinase M2 (PKM2, alias PKM) expression is enhanced in mouse fibrotic liver and primary activated hepatic stellate cells (HSCs). A: PKM2

mRNA and protein expression in mouse normal or carbon tetrachloride (CCl,)—induced fibrotic livers. B: Representative double immunofluorescence images of a-
smooth muscle actin (a-SMA; green) and PKM2 (red) labeling in primary HSCs isolated from mouse normal or CCl,-induced fibrotic livers. C: PKM2 mRNA and
protein expression in primary mouse hepatocytes and HSCs isolated from normal or CCly-induced fibrotic livers. ***P < 0.001. Scale bars = 50 pum (B). F, fibrosis;

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; N, normal.

GSE84044) was analyzed to explore the exact role of PKM?2
in liver fibrosis/cirrhosis.”® The result indicated that the
PKM2 mRNA was markedly increased in human fibrotic
livers in association with fibrosis progression (Figure 1A).
And the level of PKM2 protein was also significantly
enhanced in human fibrotic liver tissues, as assessed by
immunostaining (Figure 1, B and C), but PKM2 was absent
in normal human or mouse livers (Supplemental Figure S1).
Real-time quantitative PCR and Western blotting further
confirmed that both mRNA and protein PKM2 expression
were dramatically increased in mouse CCly-induced fibrotic
liver tissues (Figure 2A and Supplemental Figure S1). In
addition, immunostaining also indicated that, in fibrotic liver
tissues, PKM2 expression mainly occurred in mesenchymal
cells exhibiting fiber deposition, but not in the hepatocytes
(Figure 1B). To further confirm this result and determine the
PKM2 localization in fibrotic liver tissues, immunofluores-
cence experiments were performed by costaining PKM?2
with markers of activated HSCs (¢-SMA), biliary tract cells
(cytokeratin 19), Kupffer cells (CD68), or endothelial cells
(CD31). The strongest colocalization was observed between
PKM2 and a-SMA, indicating that the increase in PKM?2
expression mainly took place in activated HSCs (Figure 1C
and Supplemental Figure S2). In addition, PKM2 expression
was also up-regulated in Kupffer cells of fibrotic liver tis-
sues, possibly reflecting inflammatory events accompanying
liver fibrosis.”* Next, PKM2 expression was compared in
primary mouse liver cells isolated from normal or
CCly-induced fibrotic mouse liver. It was found that PKM2
expression was increased in isolated primary activated
HSCs rather than quiescent cells from normal mouse liver
(Figure 2, B and C), whereas it was absent in primary he-
patocytes from both normal and fibrotic mouse liver
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(Figure 2C). These results indicated that PKM?2 expression
was enhanced in fibrotic liver, and was mainly contributed
by activated HSCs.

The expression of PKM1, the other alternatively spliced
product of the PKM gene, was also evaluated in both mouse
and human liver samples. PKMI1 expression was not
detected in either normal or fibrotic liver tissues. In addition,
in human or diethylnitrosamine/CCl,;—induced mouse he-
patocellular carcinoma samples, only the expression of
PKM2, not that of PKM1, could be detected and was up-
regulated (Supplemental Figure S1).

PKM2 Promotes the Activation and Proliferation of
HSCs

It was already known that primary HSCs plated on plastic
gradually activate within 2 weeks.”” Thus, to investigate the
exact role of PKM?2 in HSC activation, its expression along
with that of HSC activation markers (Acta2 and Collal)
was examined in cultured primary mouse HSCs, at different
times of differentiation (from day 1 to 12). It was found the
mRNA level of PKM2 gradually increased during HSC
activation, along with the up-regulation of Acta2 and
Collal (Figure 3A). The PKM2 protein was detected by
immunofluorescence and Western blot at an early stage of
HSC activation, confirming that PKM?2 expression increased
in parallel with that of the HSC activation and fibrosis
markers [a-SMA, collagen 1, fibronectin, and platelet-
derived growth factor receptor-f (PDGFRp, alias
PDGFRB)] (Figure 3A). Then, siRNA was used to interfere
with PKM2 expression in the human activated HSC line,
LX-2, and showed that PKM2 knockdown dramatically
diminished the expression of various profibrogenic genes
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Figure 3  Pyruvate kinase M2 (PKM2, alias PKM) promotes the activation and proliferation of hepatic stellate cells (HSCs). A: Left panel: Fold-change of

Pkm2, Acta2, and Collal mRNA expression in primary HSCs isolated from mouse normal liver and cultured for the indicated periods. Double immunofluo-
rescence staining (middle panel) and Western blot (right panel) analysis of the indicated genes in cultured HSCs at the indicated days. B: The mRNA and
protein level of PKM2 and HSC activation markers in LX-2 cells after transfection with control siRNA (siCtrl) or PKM2 siRNA (siPKM2) for 72 hours. C: LX-2 cells
and primary mouse HSCs were transfected with control or PKM2 siRNA, and then subjected to Cell Counting Assay Kit-8 assay. D: The proliferation of LX-2 cells
transfected with control siRNA or PKM2 siRNA is measured using the 5-ethynyl-2’-deoxyuridine (EdU) assays. E: The migration capability of LX-2 cells
transfected with control siRNA or PKM2 siRNA is measured using the wound-healing assays. Dashed lines indicate the edge of cell migration. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus siCtrl. Scale bars: 50 pm (A, middle panel); 100 um (D and E). GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
PAI-1, plasminogen activator inhibitor type-1; PDGFR, platelet-derived growth factor receptor-f; pHSC, primary mouse hepatic stellar cell; a-SMA, a-smooth

muscle actin.

(Figure 3B). In addition, PKM2 knockdown inhibited the
proliferation of both LX-2 cells and primary mouse HSCs
(Figure 3, C and D, and Supplemental Figure S3A), and
attenuated the migration capability of LX-2 cells (Figure 3E
and Supplemental Figure S3B). In contrast, PKM2 over-
expression enhanced the expression of HSC activation
markers and promoted the proliferation of LX-2 cells
(Supplemental Figure S3, C and D).

Collectively, these results indicated that PKM?2 promoted
HSC activation and proliferation.

Tetramerization of PKM2, Induced by an Allosteric
Agent, Inhibits HSC Activation

PKM2 can function either as a high-PK activity tetramer or
as a low-PK activity dimer. The high-PK activity tetramer
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localizes in the cytoplasm and drives the tricarboxylic acid
cycle, whereas the PKM2 dimer exerts protein kinase ac-
tivity and translocates to the nucleus, where it regulates the
expression of numerous genes.”” In this study, the dimeric
PKM?2 indicator (ie, phosphorylation of the Y105 residue in
PKM?2) was gradually up-regulated in cultured primary
HSCs during the activation process, and accompanied the
increase in the total level of PKM2 (Supplemental
Figure S4A). Immunofluorescence performed on cultured
primary mouse HSCs at 1, 3, 7, and 10 days after isolation
further confirmed the nuclear localization of dimeric PKM2
in activated HSCs (Supplemental Figure S4A). These results
indicated that dimeric PKM2 was up-regulated in activated
HSCs.

Next, it was investigated whether PKM?2 tetramerization
could play a role in the inhibition of HSC activation
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Figure 4

Tetramerization of pyruvate kinase M2 (PKM2) induced by an allosteric agent inhibits hepatic stellate cell (HSC) activation. A: Schematic of the

TEPP-46—induced PKM2 dimer-tetramer transition. B: Left panel: Immunofluorescence staining for PKM2 and a-smooth muscle actin («-SMA). Right panel:
Western blotting (WB) for PKM2, poly (ADP-ribose) polymerase (PARP), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in nuclear and cytoplasmic
extracts of primary HSCs pretreated with dimethyl sulfoxide (DMSO) or TEPP-46 (60 pumol/L) for 24 hours. C: Western blot for PKM2 followed by disuccinimidyl
suberate cross-linking in primary HSCs and LX-2 cells treated with TEPP-46 (60 umol/L) for 24 hours. D: Immunofluorescence staining for PKM2 and Western
blotting for PKM2, PARP, and GAPDH of nuclear and cytoplasmic extracts of LX-2 cells pretreated with TEPP-46 (60 umol/L) for 24 hours. E: The mRNA and
protein level of HSC activation markers in primary HSCs and LX-2 cells treated with TEPP-46 (60 pmol/L, 24 hours). **P < 0.01, ***P < 0.001. Scale bar = 50
um (B and D). ACTA2, actin alpha 2; COL1A1, collagen type I alpha 1; PAI-1, plasminogen activator inhibitor type-1; PDGFRP, platelet-derived growth factor
receptor-B; pHSC, primary mouse hepatic stellar cell; TGF-B1, transforming growth factor-p1.

(Figure 4A). To this end, the established tool compound,
TEPP-46, a small-molecule PKM2-specific allosteric agent
promoting  dimer-to-tetramer transformation, was used.”®
Immunofluorescence experiments showed that treatment
with TEPP-46 resulted in a decreased proportion of nuclear
PKM?2, which was confirmed by Western blotting on nuclear
and cytoplasmic extracts, in both primary mouse HSCs and
LX-2 cells (Figure 4, B and D, and Supplemental
Figure S4B). In addition, TEPP-46 treatment markedly
decreased the dimer/tetramer PKM?2 ratio, as assessed by
disuccinimidyl suberate cross-linking in both activated pri-
mary HSCs and LX-2 cells, suggesting that TEPP-46 pro-
moted the dimer-to-tetramer conversion (Figure 4C). Next, to

The American Journal of Pathology m ajp.amjpathol.org

determine whether TEPP-46—induced PKM2 tetramerization
suppressed HSC activation, the expression of activation
markers in TEPP-46—treated HSCs was measured. The
treatment significantly decreased the expression of HSC
activation markers (Figure 4E) and inhibited HSC prolifera-
tion and migration (Supplemental Figure S4, C and D).
Furthermore, when another PKM2-specific allosteric agent
(DASA—SS)3 5 was tested, similar results were obtained in both
primary HSCs and LX-2 cells (Supplemental Figure S5).

Taken together, these data suggested that dimeric PKM2
promoted HSC activation, whereas PKM2 tetramerization
induced by allosteric agents resulted in antifibrotic effects
in vitro.
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promote hepatic stellate cell (HSC) activation. A: Immunoprecipitation (IP) and immunoblotting analyses with the indicated antibodies in activated primary
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PKM2 Dimer—Mediated Histone 3 Modification (Supplemental Figure S6, A and B). In addition, both the used
Enhances the Expression of Specific Transcription PKM? allosteric agents TEPP-46 and DASA-58 significantly
Factors decreased glucose consumption and lactate accumulation in

LX-2 cells (Supplemental Figure S6C). On the other hand, the
Dimeric PKM2 drives aerobic glycolysis (Warburg effect) in nuclear PKM2 dimer facilitated histone H3K9 acetylation on
tumor cells. Recent evidence indicated that activated HSCs epidermal growth factor (EGF) receptor activation, and thus
undergo a rapid reprogramming of energy metabolism similar up-regulated specific genes, such as MYC and CCNDI, in
to the Warburg effect, and impairment of this pathway atten- tumor cells.”® Next, immunoprecipitation assays indicated an
uates HSC activation.”’ These results confirmed that, in acti- interaction between PKM?2 and histone H3 in activated primary
vated primary mouse HSCs, aerobic glycolysis gradually HSCs (Figure 5A). Immunofluorescence confirmed their
increased, as indicated by high glucose consumption and colocalization in activated HSCs of human fibrotic liver tissues
lactate generation, whereas the PKM2-specific allosteric agent, and activated primary mouse HSCs (Figure 5, B
TEPP-46, reversed the activation of aerobic glycolysis and C). Histone deacetylase 3 plays an indispensable role in
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Pyruvate kinase M2 (PKM2) tetramerization attenuates carbon tetrachloride (CCl,)—induced liver fibrosis in vivo. A: The experimental design of

TEPP-46 treatment in a CCl,-induced liver fibrosis mouse model. B: Representative images of mouse liver, hematoxylin-eosin (H&E), Sirius red, and a-smooth
muscle actin (a-SMA) staining. C: The statistic results of Ishak score, Sirius red—positive area, and hepatic hydroxyproline level in the indicated treatment
groups. D and E: TEPP-46 reduces mRNA and protein expression of the indicated hepatic stellate cell (HSC) activation markers in the liver tissues of treated
mice. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bar = 200 pum (B). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

promoting the H3K9ac/H3K9me3 transition. Further, PKM2
siRNA in LX-2 cells inhibited histone phosphorylation modi-
fication on H3T11, which caused the decrease of H3K9Ac
expression, and the increase of the H3K9me3 and histone
deacetylase 3 (Supplemental Figure S6D). In addition, ChIP
assays suggested that TEPP-46 treatment decreased histone
H3KO9 acetylation at the MYC and CCND promoter regions in
activated primary HSCs (Figure 5D). MYC and CCDN1 genes
are established stimulators of HSC activation, and histone
H3K9 acetylation is important for their transcription.”*-*>
Western blotting verified that TEPP-46 treatment signifi-
cantly decreased the expression of MYC and cyclin D1 in the
activated primary HSCs (Figure 5E). Moreover, siRNA tar-
geting PKM2 also markedly decreased the expression of these
gene in LX-2 cells (Figure 5E). It has been reported that PKM?2
regulates H3K9 acetylation on EGF receptor activation. EGF is
a cytokine that is secreted by activated HSCs (including LX-2
cells) and promotes the proliferation and activation of HSCs via
autocrine methods.”** EGF stimulation exists during the
process of liver fibrosis, which is conformed to the previous
reports about the mechanism of PKM?2 regulating H3K9
acetylation.”® The further exploration of the mechanism by
which PKM2 influences H3K9 acetylation without EGF
stimulation is warranted.

The American Journal of Pathology m ajp.amjpathol.org

Collectively, these results suggested that the PKM2 dimer
induced aerobic glycolysis (Warburg effect), as well as the
up-regulation of specific transcription factors via regulation
of histone H3 modification, thus promoting HSC activation.
PKM?2 tetramerization suppressed these events, thus inhibit-
ing HSC activation (Figure 5F and Supplemental Figure S7).

PKM2 Tetramerization Attenuates CCl;-Induced Liver
Fibrosis in Vivo

The effect of the PKM2-specific allosteric agent, TEPP-46,
promoting PKM?2 tetramerization at the expense of the dimer,
was first investigated in the CCly-induced liver fibrosis mouse
model (Figure 6A and Supplemental Figure S8A). It was found
that TEPP-46 dramatically attenuated liver fibrosis and
reduced the Sirius red staining area as well as hepatic hy-
droxyproline levels in vivo (Figure 6, B and C, and
Supplemental Figure S8, B and C). A lower expression of the
HSC activation markers a-SMA (Acta2), Pdgfrb, Collal,
Timp1, Pai-1 (Serpinel), and TGF-B1 (Tgfb1) was observed in
liver tissues treated with TEPP-46, compared with control
tissues, suggesting that TEPP-46 effectively inhibited HSC
activation and attenuated liver fibrosis in vivo (Figure 6, D and
E). In addition, TEPP-46 treatment improved hepatic function
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to some extent, and did not affect body or liver weight in
experimental animals (Supplemental Figure S8, C—E). TEPP-
46 may inhibit CCly-induced liver fibrosis. Immunohisto-
chemistry was performed to detect the expression of cyto-
chrome P4502E1 (CYP2E1) in the liver tissues to determine if
TEPP-46 affects the expression of CYP2E1, which plays a key
role in the metabolism of CCly. It was found that chronic CCly
administration increased CYP2E1. However, TEPP-46 did not
affect CYP2EI expression (Supplemental Figure S§B).

Shikonin Inhibits HSC Activation and Attenuates Liver
Fibrosis

Shikonin, a small-molecule compound isolated from the
Chinese herbal medicine, lithospermum, is regarded as an
effective PKM?2 inhibitor.>>**° Herein, shikonin was used to
further investigate the role of PKM2 in HSC activation and
liver fibrosis. The treatment with shikonin inhibited LX-2
cell proliferation in a dose- and time-dependent manner
(Figure 7A). Our data indicated that 0.2 pmol/L shikonin
did not affect LX-2 cell proliferation (Figure 7A); thus, 0.2
and 0.5 pmol/L were selected for further experiments. It was
found that 0.2 pmol/L shikonin effectively decreased the
expression of the HSC activation markers actin alpha 2
(ACTA2), PDGFRp, collagen 1A1 (COL1Al), plasmin-
ogen activator inhibitor 1 (PAI-1, alias SERPINE1), and
transforming growth factor-f1 (TGF-B1, alias TGFB1) in
LX-2 cells (Figure 7B). Also, shikonin (0.2 and 0.5 pumol/L)
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decreased protein expression of a-SMA, PDGFRp, and
PAI-1 in both LX-2 cells (Figure 7C) and primary mouse
HSCs (Supplemental Figure S9A). Interestingly, treatment
with 0.5 pmol/L shikonin blocked the cell cycle (Figure 7D)
and induced apoptosis (Figure 7E) in LX-2 cells.

The PKM2 inhibitor, shikonin, blocked the pyruvate
kinase activity of tetrameric PKM2 and some function of
dimeric PKM2.””""  Shikonin significantly decreased
glucose consumption and lactate accumulation in LX-2
cells (Supplemental Figure S9B). Then, shikonin was
used to verify its antifibrosis effect in vivo. Shikonin
significantly decreased the expression of HSC activation
markers, attenuated liver fibrosis, and improved hepatic
function (Figure 8 and Supplemental Figure S10). It was
also found that shikonin in CCly-treated mice decreases
CYP2E1 expression in the livers (Supplemental
Figure S10).

Taken together, these results demonstrated that PKM?2
inhibitor shikonin effectively attenuated HSC activation and
liver fibrosis both in vitro and in vivo.

Discussion

Liver fibrosis is a health problem worldwide, for which no
effective antifibrosis agents are available."' Although the
activation of HSCs plays an important role in liver fibrosis,
its molecular mechanisms are still unclear, which limits
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therapeutic development. In this study, we found that the
expression of PKM2 was markedly increased in activated
HSCs, and the nonmetabolic transcription-regulating function
of dimeric PKM2 was critical for HSC activation. Further-
more, both PKM2-specific allosteric agents and PKM2
inhibitor hindered HSC activation and attenuated liver
fibrosis.

PKM2 is a pyruvate kinase involved in glyco-
metabolism.”’ Four pyruvate kinase isoforms are encoded
by two genes (PKL and PKR by PKLR; PKMI1 and PKM2
by PKM) in mammalian cells, and are expressed in different
tissues.”” Unlike other isoforms, PKM2 is mainly expressed
in fetal tissues, and is progressively replaced by the other
three isozymes after birth. Nevertheless, PKM2 expression
is up-regulated in tumor cells, where it activates aerobic
glycolysis (Warburg effect).”’ PKM2 exists in two different
forms (tetramer and dimer) in mammalian cells. The PKM2
tetramer exhibits high PK activity and catalyzes the con-
version of phosphoenolpyruvic acid to pyruvate, whereas
the PKM2 dimer, with low PK activity, has protein kinase
activity and translocates into the nucleus, where it regulates
the transcription of specific genes.”” The latter function
drives the Warburg effect in tumor cells.”*

PKM2 up-regulation is implicated in activated HSCs. The
increase of energy requirement and metabolism was impor-
tant for HSC activation. It might cause the up-regulation of
PKM2. During the reprogramming of HSC metabolism,
hedgehog and hypoxia-inducible factor-/lot signaling was
activated and increased PKM2 expression. Thus, energy
metabolism reprogramming and hedgehog/hypoxia-inducible
factor-1a signaling may cause up-regulated PKM2 expres-
sion in quiescent HSCs during liver injury.”'***> However,
the exact role of PKM2 in this process and in liver fibro-
genesis is unclear. In this study, we found that PKM2
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expression was up-regulated in the fibrotic liver and
promoted the activation of HSCs. PKM2 silencing signifi-
cantly inhibited HSC activation in vitro. Interestingly, the
current study results demonstrated that dimeric, but not
tetrameric, PKM2 could promote HSC activation. Therefore,
a well-known PKM?2 allosteric agent, TEPP-46, which in-
duces PKM2 tetramerization and simultaneously reduces
dimeric PKM2, was utilized to investigate the role of PKM?2
tetramerization in liver fibrosis. In vitro experiments sug-
gested that TEPP-46 treatment markedly inhibited the acti-
vation and proliferation of HSCs, and in vivo experiments (a
CCly-induced liver fibrosis mouse model) indicated that
TEPP-46 significantly attenuated liver fibrosis. These anti-
fibrosis effects depended on the inhibition of dimeric PKM2-
induced aerobic glycolysis, and on the down-regulation of
specific transcription factors, including MYC and CCNDI,
which are recognized promoters of HSC activation.’**’ Both
MYC and CCNDI are important target effectors of the Wnt/
b-catenin signaling pathway to promote the HSC activation
and proliferation. Besides, MYC has been identified to pro-
mote the transcription of both transforming growth factor-f1
and IL-6, which contribute to activate HSCs via autocrine
and paracrine methods. Cyclin D1 is a crucial regulator of
cell cycle, and its altered activity is associated with the pro-
liferation of HSCs. Specifically, TEPP-46—induced PKM2
tetramerization inhibited histone H3K9 acetylation at the
promoter regions of MYC and CCNDI, thereby inhibiting
their expression. PKM2 has been demonstrated to modulate
H3K4AC, H3K9AC, H3K14AC, and H3K56AC in tumor."®
In this study, it was found that PKM2 promotes HSC acti-
vation through H3K9AC as H3K9 acetylation and subse-
quently increases MYC and cyclin D1 expression. Further
studies on PKM2 modulation on other histone modification
sites to promote HSC activation are warranted.
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In addition, the PKM?2 inhibitor, shikonin, a small-
molecule compound isolated from the Chinese herbal
medicine, lithospermum,49 was used to test PKM2-related
antifibrosis effects, in vitro and in vivo. Shikonin has been
reported to inhibit multiple functions of dimeric PKM2,
including the promotion of the Warburg effect in tumor
cells.” ! Consistently, it was found that shikonin treatment
inhibited HSC activation and attenuated liver fibrosis.

Although the antifibrotic effect of TEPP-46 or shikonin on
HSC:s is not direct, liver fibrosis and HSC activation could also
induce liver injury and hepatocyte death. Activated HSCs in-
crease production of transforming growth factor-f and other
cytokines to facilitate hepatocyte injury and accelerate disease
progression. We therefore hypothesize that inhibiting HSC
activation would protect liver injury. The metabolism of CCl, to
its toxic metabolite is also the stimulus for liver fibrosis. How-
ever, TEPP-46 did not affect CYP2EI expression, whereas
shikonin in CCl,-treated mice can decrease CYP2EI expression
in the livers. Shikonin might exert its anti—liver fibrosis effect
partly by decreasing CYP2E1 expression in CCl, mouse model.
In consideration of the in vitro HSC activation inhibiting effect
of TEPP-46 or shikonin, we speculated that inhibiting HSC
activation plays a critical role in the TEPP-46— or shikonin-
induced liver injury alleviation.

In conclusion, our study indicated that dimeric, but not
tetrameric, PKM2 promotes HSC activation and liver fibro-
genesis. Both PKM2 tetramerization, induced by allosteric
agents, and pharmacologic PKM2 inactivation resulted in
potent antifibrosis effects in mouse models. Considering the
homology of PKM2 with the other three pyruvate kinase
isoforms, it is hard to design highly specific PKM2 agents.
Thus, the induction of PKM2 tetramerization to decrease the
level of dimeric PKM?2 may be a potential therapeutic strat-
egy for liver fibrosis. Although further studies are needed to
evaluate the clinical applicability of this approach, our study
demonstrated a novel role of PKM2 in liver fibrosis and
provided new evidence that PKM2 tetramerization may
reverse liver fibrosis.
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