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SIGNAL TRANSDUCTION

PKM2 promotes pulmonary fibrosis by stabilizing
TGF-B1 receptor | and enhancing TGF-1 signaling

Shaoyan Gao't, Xiaohe Li'%t, Qiuyan Jiang't, Qing Liang’, Fangxia Zhang'?, Shuangling Li"?,
Ruiqin Zhang"z,Jiaoyan Luan"z,Jingyan Zhu'?, Xiaoting Gu’, Ting Xiao', Hui Huang?,
Shanshan Chen® Wen Ning’*, Guang Yang'*, Cheng Yang'**, Honggang Zhou

Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease, and the molecular mechanisms
remain poorly understood. Our findings demonstrated that pyruvate kinase M2 (PKM2) promoted fibrosis pro-
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gression by directly interacting with Smad7 and reinforcing transforming growth factor-g1 (TGF-B1) signaling.
Total PKM2 expression and the portion of the tetrameric form elevated in lungs and fibroblasts were derived from
mice with bleomycin (BLM)-induced pulmonary fibrosis. Pkm2 deletion markedly alleviated BLM-induced fibrosis
progression, myofibroblast differentiation, and TGF-B1 signaling activation. Further study showed that PKM2
tetramer enhanced TGF-B1 signaling by directly binding with Smad7 on its MH2 domain, and thus interfered with
the interaction between Smad7 and TGF-f type | receptor (TBR1), decreased TBR1 ubiquitination, and stabilized
TBR1. Pharmacologically enhanced PKM2 tetramer by TEPP-46 promoted BLM-induced pulmonary fibrosis, while
tetramer disruption by compound 3k alleviated fibrosis progression. Our results demonstrate how PKM2 regulates

TGF-B1 signaling and is a key factor in fibrosis progression.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and fatal
interstitial lung disease, with an average life expectancy of 3 to 5 years
after diagnosis (I). The etiology of IPF remains unclear. The current
understanding of IPF pathogenesis involves the failure of alveolar
epithelial repair, followed by excessive secretion of multiple cytokines
and growth factors that promote myofibroblast differentiation (2, 3).
These myofibroblasts, in turn, secrete exaggerated amounts of extra-
cellular matrix (ECM) that subsequently remodel the lung architec-
ture (4) and cause an irreversible loss of function (5).

Although the molecular mechanisms underlying IPF are not fully
understood, considerable evidence indicates that transforming growth
factor-PB (TGF-P1) signaling plays a central role in fibrosis progres-
sion (6). Highly active TGF-1 binds to a TGF-p type II receptor
(TBR2) and induces its assembly with TBR1. TBR1, in turn, initiates
an intracellular signaling by phosphorylating the receptor regulated
Smads (R-Smads), Smad2 and Smad3, and then the phosphorylated
R-Smad translocates into the nucleus and initiates gene expression
(7-9). Thus, phosphorylation of R-Smad is a direct evidence for
TGF-P1 signaling activation. Meanwhile, other members in the Smad
family cooperate with Smad3 to regulate TGF-1 signaling. Down-
regulation of TGF-p1 signaling via Smad7-mediated ubiquitination
has been extensively characterized. Smad7 binds to the activated TR1
and serves as a scaffold to recruit the E3 ubiquitin ligase Smurf2 (SMAD
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specific E3 ubiquitin protein ligase 2) to target TBR1 for ubiquitina-
tion (10). This ubiquitination leads to a proteasome-mediated deg-
radation of the TGF-B1 receptor complex and signaling attenuation
(11). A Smad7-mediated ubiquitination is finely regulated and can be
counteracted; for example, deubiquitylating enzymes (DUBs) such as
ubiquitin specific peptidase 15 (USP15) and USP4 can facilitate TGF-1
signaling by competing Smad7 and stabilizing TBR1 (12, 13). The
key role of Smad7 in the negative feedback loop of TGF-f signaling
makes it strongly involved in fibrogenesis. Mice that overexpressed
Smad?7 by intratracheal injection of adenovirus showed significantly
less pulmonary fibrosis after bleomycin (BLM) treatment (14). Factors
that enhance the function of Smad?7 such as chitinase 1 (CHIT1) could
promote pulmonary fibrosis progression (15). Thus, facilitating Smad7
function might be beneficial to fibrosis treatment.

Pyruvate kinase M2 (PKM2) catalyzes the final step in glycolysis.
PKM2 is highly expressed by the embryonic cells and is subjected to
complex allosteric regulation to execute different biological func-
tions. The PKM2 tetramer is a highly active pyruvate kinase that
regulates glycolysis (16) and oxidative phosphorylation (17), whereas
the PKM2 dimer is a protein kinase that initiates gene transcription
by translocating to the nucleus (18, 19). This characteristic enables
PKM2 to both metabolically and nonmetabolically promote cellular
proliferation; thus, PKM2 is preferentially expressed in most types
of cancer (20-22) and some of the fibrotic diseases such as non-
alcoholic steatohepatitis (23) and kidney fibrosis (24). Current studies
focus on the metabolic and transcriptional functions of PKM2;
however, the role of PKM2 in regulating signal transduction is
poorly understood. Studies have reported that PKM2 can regulate
a canonical and noncanonical TGF-B1 signaling (25, 26), but the
details of the molecular mechanism are unclear.

Here, we identified PKM2 as an enhancer of TGF-B1 signaling
through direct binding with Smad7 and promoting fibrogenesis. PKM2
was highly expressed during pulmonary fibrosis progression. Nota-
bly, the proportion of the PKM2 tetramer was elevated, along with its
total expression. The loss of PKM2 markedly alleviated BLM-induced
pulmonary fibrosis and myofibroblast activation. Mechanistically,
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PKM2 tetramer binding with Smad7 disrupted the interaction of Smad7
with TPR1, thereby decreasing the ubiquitination and degradation
of TRR1. Pharmacologically regulating the conformational change
in PKM2 into monomers protected mice against BLM-induced pul-
monary fibrosis and might be a potential strategy for IPF treatment.

RESULTS

Elevation in PKM2 and its tetramer in pulmonary fibrosis

To determine the role of PKM2 in pulmonary fibrosis, we first
analyzed PKM2 mRNA expression in a published Gene Expression
Omnibus (GEO) dataset of IPF lungs (GSE24206) and found that
PKM?2 mRNA level was significantly increased with IPF progression
(Fig. 1A). Independent IPF cohorts (GSE1999949 and GSE110147)
from other sites were also analyzed to exclude heterogeneous pa-
tients with IPF, and the results showed that the PKM2 mRNA level
was elevated in both datasets (fig. S1, A and B). Moreover, an analysis
of this gene profile GSE24206 showed a statistically significant cor-
relation between the mRNA expression of PKM?2 and that of ACTA2
and COL1A1, two biomarkers of IPF (Fig. 1B). These findings indi-
cate that PKM2 might play a role in fibrosis progression. To address
this hypothesis, we further examined PKM2 expression in the lung
tissues of mice with BLM-induced pulmonary fibrosis. BLM time
dependently induced the Pkm2 mRNA expression (Fig. 1C), and
the mRNA level was significantly correlated with that of Acta2 and
Collal (Fig. 1D). We also observed an overexpression of PKM2 at
the protein level, and a sixfold up-regulation was observed in the
fibrotic lungs following day 21 of BLM induction (Fig. 1E). To
further confirm the cell type in which PKM2 was overexpressed, we
isolated primary lung fibroblasts and alveolar type II (AT2) cells
from mice treated with BLM, which are characterized by a-smooth
muscle actin (a-SMA) and surfactant protein C (Prospc), respectively
(fig. S2, A and B), and found that the increased expression of PKM2
was mainly in primary lung fibroblasts but not AT2 cells (Fig. 1F).
It is known that a change in the ratio of PKM2 tetramers and dimers
often triggers pathological changes (27). Thus, we assessed the status
of PKM2 subunit association in primary lung fibroblasts by perform-
ing 3’,6-disinapoylsucrose (DSS) cross-linking. To our surprise, the
level of the PKM2 tetramer was time dependently increased by a BLM
challenge (Fig. 1G), which suggests that the PKM2 tetramer might
be a key factor in fibrosis progression. We also stimulated human
fetal lung fibroblast (HFL1 cells) with TGF-B1 and examined the levels
of total and tetrameric PKM2 and found a similar result (fig. S3, A
and B). These data collectively demonstrate that high expression of
PKM2 in fibroblasts might have a significant role in fibrogenesis.

PKM2 deficiency protects mice from BLM-induced
pulmonary fibrosis

A previous study has generated a mouse model that allows condi-
tional deletion of the PKM2 isoform-specific exon 10 while still
allowing PKM1 splicing and protein expression (28). To investigate
the role of PKM2 in the pathogenesis of pulmonary fibrosis, we
bred mice with the previously described Pkm2 conditional allele
(Pkm2"¥1°%) wvith Ella-Cre mice to generate a Pkm2-knockout (KO)
mice (Pkm2~~, PKM2-KO), and their littermates [Pkm2""*, wild type
(WT)] served as controls (Fig. 2A). The presence of the Pkm2" and
Cre alleles in adult mice was verified by Southern blot analysis of tail
blood. PKM2-KO mice are healthy and have no overt phenotype,
and pathological examination of main tissues also showed no obvious
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lesion (fig. S4). PKM2-KO and WT mice were challenged with BLM,
and fibrosis severity was analyzed on the 7th, 14th, and 21st days.
The degree of fibrosis in PKM2-KO mice was significantly reduced,
as revealed by hematoxylin and eosin (H&E) staining (Fig. 2B), and
this result was further confirmed by the reduced fibrotic scores in the
PKM2-KO group (Fig. 2C). Collagen deposition was also markedly
reduced in PKM2-KO mice, as seen by Masson’s staining (Fig. 2D)
and the quantification of hydroxyproline levels (Fig. 2E). The pro-
tein expression of the profibrotic factors a-SMA, collagen 1 (Coll),
and fibronectin (Fn) was also significantly decreased in the lungs of
PKM2-KO mice (Fig. 2F). Given the critical role of TGF-B1 signal-
ing in fibrosis progression, we further examined the activation of
TGF-B1 signaling downstream of Smad3 and found that PKM2-KO
mice had much lower levels of phosphorylated Smad3 (p-Smad3)
than WT mice (Fig. 2G). The phosphorylation levels of the non-
Smad factors Akt, extracellular signal-regulated kinase (Erk), c-Jun
N-terminal kinase (JNK), and P38 were also decreased in the PKM2-
KO group (Fig. 2H), which indicates that PKM2 KO might affect
upstream TGF-B1 signaling. Together, these data suggest that PKM2
deletion protects mice against fibrogenesis, collagen deposition, and
TGF-B1 signaling activation induced by BLM.

We also performed an in vivo RNA interference loss-of-function
analysis to investigate whether Pkm2 knockdown could alleviate
fibrosis progression during the fibrotic stage. A previous study has
shown that selective organ targeting with lipid nanoparticles (LNPs)
can deliver nucleic acids to a specific tissue (29). We developed a
previously reported lung-specific LNP-based protocol and loaded
these LNPs with a Pkm2-small interfering RNA (siRNA) that spe-
cifically targeted murine Pkm2 (30). To assess the distribution of
LNPs, luciferase mRNA was loaded, and LNPs were intravenously
injected into mice. An in vivo imaging system was used to measure
the fluorescent signal. As expected, LNPs predominantly accumu-
lated in the lung for at least 3 days (fig. S5A). Next, we confirmed
the effect of Pkm2-siRNA-loaded LNPs on protein expression in
lung tissue. We isolated lungs at 1, 2, 3, and 5 days after injection
with Pkm2-siRNA-loaded LNPs and found that the expression of
PKM2 was significantly decreased 3 days after LNP administration
but recovered at day 5 (fig. S5B), which indicates that Pkm2-siRNA-
loaded LNPs should be administered every 2 days to maintain their
efficacy. Thus, we established a BLM-induced mouse pulmonary
fibrosis model and injected Pkm2-siRNA-loaded LNPs (1.5 mg/kg)
on days 14, 17, and 20 and euthanized the mice on day 21 (fig. S5C).
LNPs loaded with scramble siRNA were used as controls. Pathological
examination results showed that siRNA-mediated PKM2 knock-
down markedly improved the BLM-induced lung architect destruction
and collagen deposition (fig. S5D). The degree of fibrosis and hydro-
xyproline levels were analyzed and revealed similar improvements
(fig. S5, E and F). Moreover, the expression of the profibrotic factors
0-SMA, Coll, and Fn was decreased in the LNP group (fig. S5G).
These data suggest that knocking down PKM?2 during the fibrotic
stage can protect against fibrosis progression.

PKM2 deficiency attenuates myofibroblast activation

The accumulation of proliferating myofibroblasts contributes to
fibrotic foci formation. Previous findings indicated that a B-type
platelet-derived growth factor receptor (PDGFRp) was highly ex-
pressed in myofibroblasts in fibrotic lungs (31). Thus, we costained lung
sections with antibodies against PDGFRp and a-SMA and found
significantly fewer a-SMA-expressing myofibroblasts in PKM2-KO
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Fig. 1. Increase in PKM2 in patients with IPF and mouse model of BLM-induced pulmonary fibrosis. (A) PKM2 expression in IPF lung tissues in a published GEO dataset
of IPF lungs. Microarray analysis of PKM2 mRNA in lung samples of patients with early IPF (n=8) and patients with advanced IPF (n =9) compared with healthy controls (n=6)
(B) and the correlation between PKM2 mRNA expressions and those of ACTA2 and COLTAT in lung tissues. The correlation coefficient (p) and the two-tailed significance are
shown. (C) qRT-PCR analysis of Pkm2 mRNA expression in the lung tissues of mice following BLM induction (D) and the correlation between Pkm2 mRNA expressions and
those of Acta2 and Col7al in the same lung tissues (n =8 per group). Gapdh mRNA levels were used as an internal normalization control. (E) Representative results (n =3 of
Western blot with n=10 mice per group) for Western blot analysis of PKM2 in the lung tissues of mice. (F) Representative results (n =3 of Western blot with n=8 mice per
group) of PKM2in primary lung fibroblasts and AT2 cells isolated from mice following BLM induction. (G) Representative results (n =3 of Western blot with n=8 mice per
group) of PKM2 in the cross-linked primary lung fibroblasts. Data are represented as the means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Students t test.

mice than in WT mice (Fig. 3A). We further costained lungs with
antibodies against Ki67 and o-SMA to identify proliferating myo-
fibroblasts and found few costained cells in PKM2-KO mice
(Fig. 3B). We also harvested primary lung fibroblasts from PKM2-KO
and WT mice and confirmed these results (Fig. 3, C and D), which
indicated that fewer proliferating myofibroblasts were differentiated in
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PKM2-KO mice than in WT mice after BLM treatment. Consistently,
Western blot analysis also verified reductions in the expression of
the myofibroblast markers 0-SMA, Coll, and Fn (Fig. 3E). A wound
healing assay revealed a decline in the migration of fibroblasts from
PKM2-KO mice (Fig. 3F). These results indicate that the loss of
Pkm2 alleviates myofibroblast activation.
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Fig. 2. PKM2 deletion attenuates BLM-induced pulmonary fibrosis. (A) Schema illustrating generation of PKM2-KO mice. PKM2-KO and control mice were subjected
to BLM treatment and euthanized at the indicated time points. (B) H&E staining of lung sections from control and PKM2-KO mice at various time points after BLM in-
duction. Scale bars, 2mm (top panel) and 100 um (bottom panel). (C) Quantification of the severity of fibrosis. The fibrotic area is presented as percentage (n=10 per
group). (D) Masson’s staining of collagen on lung sections from control and PKM2-KO mice at various time points after BLM induction. Scale bars, 2 mm (top panel)
and 100 um (bottom panel). (E) Hydroxyproline content in lung tissues in control and PKM2-KO mice at various time points after BLM induction (n= 10 per group). (F to
G) Representative results (n =5 of Western blot with n = 10 mice per group) of a-SMA, Col1, and Fn (F); p-Smad3, Smad3, p-Akt, Akt, p-Erk, Erk, p-JNK, JNK, p-P38, and P38
(G) expression in lung tissues from control and PKM2-KO mice at various time points after BLM induction. Data are represented as the means + SEM. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001, Student’s t test.
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Fig. 3. Loss of PKM2 suppresses myofibroblasts activation. (A and B) On day 21 after BLM induction, lungs were stained with antibodies against a-SMA and PDGFRB
(A) or antibodies against a-SMA and Ki67 (B) (n =5 per group). White arrowheads indicate double positive cells. Scale bars, 50 um (A) and 25 um (B). (C and D) On day 21
after BLM induction, primary lung fibroblasts were isolated and stained with antibodies against o-SMA and PDGFRB (C) or Ki67 (D) (n=5 per group). White arrowheads
indicate double positive cells. Scale bars, 5 um. (E) Western blot analysis of a-SMA, Col1, and Fn expressions in primary lung fibroblasts isolated from control and PKM2-KO
mice 0 and 21 days after BLM treatment. (F) On day 21 after BLM induction, primary lung fibroblasts were isolated and seeded in a plate. When cells were fully confluent,
a scratch was made in the center of the culture well. Images were obtained at 0, 12, and 24 hours. Three parallel lines were drawn, and images were analyzed using
Image-Pro Plus software. (G) Heatmap of significantly down-regulated (<1.5-fold change) genes in PKM2-KO fibroblasts compared with WT fibroblasts. (H) Among
1710 down-regulated genes in PKM2-KO fibroblasts, 219 genes are up-regulated in patients with IPF. (I) Also shown is a Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of these 219 commonly genes. (J) Representative down-regulated genes in PKM2-KO fibroblasts that were up-regulated in patients
with IPF. Data are represented as the means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Student’s t test.
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We next investigated the signaling pathways by which PKM2
regulates myofibroblast activation. We used RNA sequencing (RNA-
seq) to compare the gene expression of primary lung fibroblasts in
BLM-treated PKM2-KO and control mice. A total of 5253 signifi-
cantly differential genes (>1.5-fold change) were identified. Among
the 1710 down-regulated genes in the PKM2-KO group, we charac-
terized a series of genes that were highly involved in fibrosis pro-
gression (Fig. 3G), which confirmed that the loss of Pkm2 protected
mice against fibrogenesis. To further confirm the key profibrotic genes
among these down-regulated genes, we compared the down-regulated
genes in PKM2-KO fibroblasts with the up-regulated genes in IPF
lung tissues using the RNA-seq data from patients with IPF (32).
A total of 219 common genes were identified (Fig. 3H), and the
enrichment analysis of these 219 genes showed that many of them
controlled TGF-p1 signaling, focal adhesion, and ECM-receptor inter-
actions (Fig. 3, I and J). This RNA-seq analysis indicates that the
effect of PKM2 on fibrosis progression might be highly associated
with TGF-B1 signaling.

PKM2 regulates TGF-f1 signaling by directly interacting
with Smad7

To investigate the role of PKM2 in TGF-B1 signal transduction, we
constructed a short hairpin RNA (shRNA) vector specifically target-
ing human PKM2 (18) and efficiently decreased endogenous PKM2
expression in 293T cells (fig. S6). PKM2 knockdown repressed the
activity of a TGF-B1-responsive luciferase reporter (CAGA-luc) to
TGF-B1 (Fig. 4A) and decreased the amount of p-Smad3 (Fig. 4B).
Moreover, overexpression of PKM2 enhanced CAGA-luc activity
(Fig. 4C) and increased the level of p-Smad3 (Fig. 4D). These results
suggest that PKM2 contributes to TGF-1 signal transduction.
Because we found that the proportion of the PKM2 tetramer was
elevated during fibrosis progression and to further confirm the role
of the PKM2 tetramer in TGF-B1 signaling, we established the
PKM2 mutant K305Q that had been previously reported to main-
tain PKM2 mainly as a monomer (33). Unlike WT PKM2, K305Q
failed to enhance TGF-Bl-induced p-Smad3 (Fig. 4D), suggesting
that PKM2 facilitates TGF-B1 signaling mainly via its tetramer.

Down-regulation of Smad3 activity strongly suggests that PKM2
might directly regulate TGF-B1 signaling activation. However, how
PKM?2 displays this effect remains unknown. Because PKM2 ap-
pears to mediate Smad3 phosphorylation, we reasoned that PKM2
might function through interacting with the main mediator of the
TGF-B1 signaling, Smad family. Thus, to investigate the molecular
mechanism underlying PKM2-mediated TGF-B1 signaling activa-
tion, we performed coimmunoprecipitation (co-IP) assays in 293T
cells with Flag-tagged PKM2 (Flag-PKM2) and Myc-tagged Smads
and found that PKM2 bound to Smad7 with higher affinity than to
Smad2, Smad3, or Smad4 (Fig. 4E). In addition, the interaction be-
tween PKM2 and Smad7 was regulated by the intensity of TGF-B1
signaling, as the interaction of PKM2 with Smad7 can be decreased
by TGF-pB1 treatment (Fig. 4F), and PKM2 gradually disassociated
from Smad7 in the presence of TGF-B1 in a dose-dependent man-
ner (Fig. 4G).

To further assess whether the interaction of PKM2 and Smad7
was direct, we expressed purified Flag-PKM2 in 293T cells and
recombinant His-tagged Smad7 (His-Smad7) in BL2(DE3) cells.
Pull-down assays showed that PKM2 directly bound to Smad7 in vitro
(Fig. 4H). A microscale thermophoresis (MST) assay revealed a bind-
ing affinity for PKM2 and Smad7 at a dissociation constant (Kg)

Gao etal., Sci. Adv. 8, eabo0987 (2022) 21 September 2022

value of 346 nM (Fig. 4I). To identify the protein domain of Smad7
that was involved in the interaction with PKM2, we performed
molecular docking analysis and found that the MH2 domain (amino
acids 247 to 426) might have a key node (Fig. 4J). This hypothesis
was confirmed as PKM2 bound to MH2 but not the N terminus
(amino acids 1 to 246) of Smad7 (Fig. 4, K and L). Molecular dock-
ing also revealed multiple sites of PKM2 (Glu®®, Arg®*, Arg®'®, and
Glu®”) that might be involved in the interaction with Smad7. Thus,
we constructed four PKM2 mutants (E28A, R32L, R316L, and E397A)
to identify the residue that plays as a key node in this process. Be-
cause these four PKM2 mutants remained in tetrameric form and
had similar pyruvate kinase activity compared with WT PKM2 (fig. S7),
we reasoned that mutants of these four residues did not induce ob-
vious allosteric change in the PKM2 tetramer. Thus, we performed
co-IP analysis and found that R316L and E397A could partially
abolish PKM2 binding with Smad7 (Fig. 4M). Besides, R316L and
E397A could also reduce the PKM2-mediated enhancement in TGF-p1
signaling (Fig. 4N), suggesting that Arg316 and Glu*”’ might be es-
sential for the binding of PKM2 and Smad?7. These results indicate
that PKM2 directly interacts with Smad7.

We next investigated the subcellular location at which PKM2
binds to Smad7. We harvested the nuclear and cytoplasmic proteins
and performed co-IP analysis and found that PKM2 bound to Smad7
only in the cytoplasm and disassociated in the presence of TGF-B1
(Fig. 40). We also confirmed this result using an immunostaining
assay. PKM2 colocalized with Smad7 in the cytoplasm and disasso-
ciated upon TGF-f1 treatment (Pearson’s correlation ~0.8 versus
~0.5; Fig. 4P). Because we did not observe nuclear accumulation of
the PKM2-Smad?7 complex and only the PKM2 dimer was capable
of nuclear translocation, we reason that in intact cells, the PKM2
tetramer interacts with Smad7 in the cytoplasm through a physical
association.

PKM2 regulates TBR1 ubiquitination and stabilizes TBR1
PKM?2 binds to Smad7 via its MH2 domain, through which Smad7
binds to TRR1 (34). We hypothesized that PKM2 could interfere
with Smad7 binding to TBR1. PKM2 knockdown in 293T cells in-
creased Smad7 binding to TBR1 (Fig. 5A). In contrast, PKM2 over-
expression decreased the interaction between Smad7 and TBR1,
whereas the PKM2 monomer with the K305Q mutation showed no
obvious change (Fig. 5B). Notably, PKM2 binding did not com-
pletely abolish Smad7 interactions with TBR1. Some PKM2 was
still found in the same complex as Smad7 and TPR1 (Fig. 5B), but
Smad7 knockdown stopped PKM2 from forming a complex with
TPBR1 (Fig. 5C), suggesting that PKM2 does not directly bind with
TBR1. In addition, PKM2 can compete for Smad7 binding to TBR1,
as demonstrated by co-IP: At low concentrations of PKM2, most
Smad7 was bound with TBR1, whereas as the concentration of PKM2
gradually increased, less Smad7 was able to form a complex with TBR1
(Fig. 5D). Consistently, PKM2 overexpression attenuated Smad7-
mediated blockade of CAGA-luc activity (Fig. 5, E and F). These
results suggest that PKM2 interferes with Smad7 binding with TBR1
and counteracts Smad?7 activity.

Because Smad7 regulates TPR1 ubiquitination, we reasoned that
PKM2 could affect the ubiquitination of TBR1. PKM2 knockdown
in 293T cells increased TPR1 ubiquitination (Fig. 5G). In contrast,
PKM2 overexpression reduced TBR1 ubiquitination, whereas K305Q
showed no obvious changes (Fig. 5H). A previous study showed that
TBR1 ubiquitination was promoted by TGF-P1 signaling (10). We
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Fig. 4. PKM2 enhances TGF-B1 signaling by directly interacting with Smad?7. (A) Luciferase assay in 293T cells transfected with the CAGA-luc reporter and shPKM2.
(B) Immunoblot analysis in 293T cells transfected with the shPKM2 and treated with TGF-B1. (C) Luciferase assay in 293T cells transfected with the CAGA-luc reporter and
Flag-PKM2. (D) Immunoblot analysis in 293T cells transfected with the Flag-PKM2 and Flag-PKM2-K305Q and treated with TGF-1. (E) Immunoprecipitation with anti-Flag
beads in 293T cells expressing Flag-PKM2 and Myc-tagged Smad2, Smad3, Smad4, and Smad?7. (F and G) Immunoprecipitation with anti-Flag beads in 293T cells express-
ing Myc-Smad7 and Flag-PKM2. (H) Flag-tagged PKM2 and His-Smad7 were pulled down using anti-His beads. (I) The interaction of PKM2 with Smad7 was measured by
MST. The K value was determined with MO.Affinity Analysis Software. (J) Molecular docking showed binding domain of human PKM2 and Smad?. (K) Domains of human
Smad?7. ND, N-terminal domain, amino acids 1 to 246; MH2, MH2 domain, amino acids 247 to 426. (L) Immunoprecipitation with anti-Flag beads in 293T cells transfected
with Flag-PKM2 and different domains of Smad7. (M) Immunoprecipitation with anti-Flag beads in 293T cells transfected with Myc-Smad7 and Flag-PKM2 mutants.
(N) Immunoblot analysis in 293T cells transfected with Flag-PKM2 mutants. (0) 293T cells were transfected with Flag-PKM2 and Myc-Smad7, and cytoplasmic and nuclear
protein were separated and immunoprecipitated with anti-Flag beads. (P) 293T cells were transfected with Flag-PKM2 and Myc-Smad7 and stained with antibodies
against Flag and Myc. Scale bars, 5 um. Data are represented as the means + SEM. **P < 0.01; ***P < 0.001; ****P < 0.0001, Student’s t test.
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Fig. 5. PKM2 counteracts Smad7 binding with TBR1. (A) Inmunoprecipitation with anti-GFP antibody in 293T cells transfected with GFP-TBR1, Myc-Smad7, and
shPKM2. (B) Immunoprecipitation with anti-GFP antibody in 293T cells transfected with GFP-TBR1, Myc-Smad7, and Flag-PKM2 (WT or K305Q). (C) 293T cells were trans-
fected with SMAD?7 siRNA, then transfected with GFP-TBR1 and Flag-PKM2, and immunoprecipitated with anti-GFP antibody. (D) Immunoprecipitation with anti-GFP an-
tibody in 293T cells transfected with GFP-TBR1, Myc-Smad7, and increasing concentrations of Flag-PKM2. (E) Luciferase assay in 293T cells transfected with the CAGA-luc
reporter, Myc-Smad7, and increasing concentrations of Flag-PKM2. (F) Luciferase assay in 293T cells transfected with the CAGA-luc reporter, HA-TBR1, Myc-Smad7, and
Flag-PKM2. (G) Immunoprecipitation with anti-GFP antibody in 293T cells transfected with GFP-TBR1, HA-ubiquitin, and shPKM2. Cells were treated with MG132 for
4 hours before harvest. (H) Immunoprecipitation with anti-GFP antibody in 293Tcells transfected with GFP-TBR1, HA-ubiquitin, and Flag-PKM2 (WT or K305Q). Cells were
treated with MG132 for 4 hours before harvest. (I) Immunoprecipitation with anti-GFP antibody in 293T cells transfected with GFP-TBR1, HA-ubiquitin, and shPKM2. Cells
were treated with MG132 for 4 hours before harvest. (J) Immunoprecipitation with anti-GFP antibody in 293T cells transfected with GFP-TBR1, HA-ubiquitin, and Flag-PKM2.
Cells were treated with MG132 for 4 hours before harvest. Data are represented as the means + SEM. *P < 0.05; ****P < 0.00001, Student's t test.
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found that PKM2 could regulate TBR1 ubiquitination even in the
presence of TGF-B1 (Fig. 5, I and J), suggesting that PKM2 could
protect TBR1 against TGF-B1-induced ubiquitination. Notably, PKM2
knockdown did not alter the ubiquitination of Smad7 (fig. S8).

We next investigate the stability of TBR1. PKM2 knockdown in
293T cells reduced the endogenous protein level of TPR1 without
affecting its mRNA expression (Fig. 6, A and B). Similar results were
observed in mouse primary lung fibroblasts (fig. S9, A and B). Con-
versely, PKM2 overexpression increased both the endogenous protein
levels of TBR1 without affecting its mRNA expression (Fig. 6C and
fig. S9C). Meanwhile, PKM2 could counteract the effect of Smad7
on the TPR1, as demonstrated by increasing amounts of PKM2

that protected TPR1 from Smad7-mediated degradation in a dose-
dependent manner (Fig. 6D). Moreover, the effect of PKM2 on
TPBR1 was mediated by proteasome, as proteasome inhibitor MG132
inhibited the turnover of TBR1 by PKM2 knockdown (Fig. 6E), and
PKM2 knockdown decreased the half-life of TBR1 from 6 to <3 hours
(Fig. 6F).

The ubiquitination of TPR1 will promote its internalization
and degradation (11). Thus, we lastly investigated whether PKM2
knockdown affected TRR1 levels at the membrane, where signaling
is initiated. We separated the membrane from the plasma and found
that PKM2 knockdown led to reduced cell surface TBR1 levels and
accelerated degradation (Fig. 6G). Consistently, double staining
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Fig. 6. PKM2 stabilizes TBR1 on the membrane. (A) Western blot analysis of TBR1 expression in 293T cells transfected with shPKM2. (B) qRT-PCR analysis of TGFBR1
mRNA expression in 293T cells transfected with shPKM2. GAPDH mRNA levels were used as an internal normalization control (n =3 per group). (C) Immunoblot analysis
of TBR1 expression in 293T cells transfected with Flag-PKM2. (D) Immunoblot analysis of 293T cells transfected with Myc-Smad7, GFP-TBR1, and increasing amount of
Flag-PKM2. (E) Representative immunoblot analysis of TBR1in 293T cells transfected with shPKM2 in the presence or absence of MG132. (F) Immunoblot analysis of
TBR1 in 293T cells transfected with shPKM2 in the presence or absence of cycloheximide. (G) 293T cells were transfected with shPKM2 and treated with TGF-B1, and mem-
brane and cytoplasmic proteins were separated and subjected to immunoblot analysis. (H) 293T cells were transfected with shPKM2 and treated with TGF-B1. Membrane
was stained with CellMask, and TBR1 was stained with anti-TBR1 antibody. Scale bars, 25 um. The ratio of membrane TBR1 was shown as percentage. (I) TBR1 distribution
in lipid and nonlipid fractions was analyzed in 293T cells transfected with shPKM2 and subjected to sucrose gradient subcellular fractionation to separate lipid rafts from
other cellular components. An equal volume from each fraction was analyzed by immunoblot analysis. Data are represented as the means + SEM. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001, Student’s t test.
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of TBR1 and membrane also revealed a shorter half-life in PKM2
knockdown cells (Fig. 6H). The ubiquitination of TBR1 promotes its
internalization into a raft-caveolar vesicular (11). We performed PKM2
knockdown before fractionated rafts by sucrose density centrifuga-
tion; PKM2 knockdown triggered more TBR1 distribution into rafts
(Fig. 61). Collectively, our results indicate that PKM2 regulates TRR1
ubiquitination and stabilization, thus enhancing TBR1 signaling.

PKM2 regulates TGF-$1 signaling in human

pulmonary fibroblasts

Given that PKM2 regulates TGF-P1 signaling in 293T cells and PKM2
is highly expressed in BLM-induced mouse primary lung fibroblasts,
we next investigated whether PKM2 also regulated TGF-p1 signaling
activation in human pulmonary fibroblasts. PKM2 knockdown in
HFL1 decreased the expressions of p-Smad3 (Fig. 7A) and TGF-B1-
induced profibrotic factors 0-SMA, Coll, and Fn (Fig. 7B). In addition,
PKM2 knockdown also resulted in a reduction in the endogenous
level of TRR1 (Fig. 7C). Moreover, endogenous PKM2 bound to
endogenous Smad7 (Fig. 7D), which is consistent with our previous
findings. PKM2-induced alteration of TBR1 ubiquitination was also
confirmed, as overexpression of PKM2 decreased the endogenous
level of TRR1 ubiquitination (fig. SI0A). We also confirmed these
results using primary lung fibroblasts derived from patients with
IPF and obtained similar outcomes (Fig. 7, E to H, and fig. S10B).
These results suggest that PKM2 regulates TGF-P1 signaling in
human pulmonary fibroblasts.

Pharmacologically regulating the conformation of PKM2
affects fibrosis progression

Several compounds have been reported to be capable of regulating
PKM2 polymerization (Fig. 8A). TEPP-46 activates PKM2 by
stabilizing its tetrameric form (35), while compound 3k antagonizes
PKM2 by disrupting the PKM2 tetramer to form a monomer (36).
Thus, we chose TEPP-46 and compound 3k to further test whether

A B
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pharmacologically regulating PKM2 polymerization could affect
fibrosis progression in vitro and in vivo. Through DSS cross-linking
assay, we verified that TEPP-46 (10 uM) could promote PKM2 te-
tramer formation, while compound 3k (1 uM) could disrupt PKM2
tetramer into monomer (fig. S11). We first tested the effects of
TEPP-46 and compound 3kin TGF-Bl1-induced HFL1 cells and
found that TEPP-46 slightly increased the levels of p-Smad3 and the
profibrotic factors a-SMA and Fn, whereas compound 3k markedly
decreased the levels of p-Smad3, a-SMA, Coll, and Fn (Fig. 8,
B to D). We further examined whether these two compounds could
affect the interaction between PKM2 and Smad?7 in vitro. We treated
HFLI cells with TEPP-46 or compound 3k for 24 hours and per-
formed a co-IP analysis. Endogenous PKM2 interacted with endog-
enous Smad7, and TEPP-46 treatment enhanced the interaction
between PKM2 and Smad7, whereas compound 3k decreased their
interaction (Fig. 8E). In addition, TEPP-46 decreased the incorpo-
ration of ubiquitin into TPR1. In contrast, compound 3k facilitated
an endogenous TRR1 ubiquitination (Fig. 8F). These findings sug-
gest that pharmacologically regulating the PKM2 conformation can
interfere PKM2 binding to Smad7 and TBR1 ubiquitination in vitro.

We lastly studied the effects of TEPP-46 and compound 3k on
mice with BLM-induced pulmonary fibrosis. TEPP-46 (30 mg/kg)
and compound 3k (10 mg/kg) were administrated by oral gavage
from the 14th to the 21st day after BLM challenge (Fig. 8G). H&E
and Masson’s staining revealed more severe pathological changes and
collagen deposition in the TEPP-46-treated group than the control
group, while compound 3k treatment markedly alleviated pulmo-
nary construction collapse and collagen deposition (Fig. 8H). These
results were also supported by quantification of the fibrotic score
and hydroxyproline content (Fig. 8, I and J), coupled with a signifi-
cant alteration in the expression of profibrotic factors a-SMA and
Fn (Fig. 8, K and L). Together, our results demonstrated that phar-
macologically regulating the conformation of PKM2 may be a po-
tential strategy to ease lung fibrosis progression.
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Fig. 7. PKM2 regulates TGF-B1 signaling in HFL1 and IPF fibroblasts. (A to C) Western blot analysis of indicated proteins in HFL1 cells transfected with PKM2 siRNA for
48 hours and treated with TGF-B1 (5 ng/ml) for 1 hour (A) or 24 hours (B and C). (D) Immunoprecipitation of PKM2 with anti-PKM2 antibody in HFL1 cells. Western blot
analysis of indicated proteins is shown. (E to G) Western blot analysis of indicated proteins in the IPF lung fibroblasts transfected with PKM2 siRNA for 48 hours and treated
with TGF-B1 (5 ng/ml) for 1 hour (E) or 24 hours (F and G). (H) Immunoprecipitation of PKM2 with anti-PKM2 antibody in the IPF lung fibroblasts. Western blot analysis of

indicated proteins is shown.
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DISCUSSION

In this study, we found that PKM2 promoted pulmonary fibrosis
progression by enhancing TGF-P1 signaling by directly interacting
with Smad7. PKM2 was highly expressed in patients with IPF
(GSE24206) and in the lungs and primary lung fibroblasts isolated
from BLM-challenged mice. Notably, the proportion of PKM2 te-
tramers was elevated, along with total PKM2 expression. The loss of
PKM2 reduced the severity of BLM-induced pulmonary fibrosis and
myofibroblast activation. Through Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment and co-IP analysis, we identified that
PKM2, especially its tetrameric form, could act as a regulator of
TGEF-B1 signaling. The PKM2 tetramer can form a complex with
Smad?7, interrupting Smad7 binding with TBR1 and leading to de-
creased TPR1 ubiquitination and sustained stabilization, thus facili-
tating TGF-B1 signaling and promoting fibrogenesis (Fig. 8M). In
human fibroblasts, we were able to obtain the same result: PKM2
knockdown inhibited TGF-B1-induced myofibroblast activation. Last,
we confirmed that pharmacologically controlling PKM2 to form
monomers could alleviate BLM-induced pulmonary fibrosis. This
finding suggests that controlling the biological form of PKM2 is a
potential therapeutic strategy for IPF.

IPF is commonly known to be the result of repeated lung injury
to the alveolar epithelium and recovery, leading to the proliferation
and differentiation of lung fibroblasts, which ultimately become
myofibroblasts (3). Therefore, we isolated primary lung fibroblasts
and AT2 cells to identify the specific cell type involved in PKM2
alterations. The RNA and protein levels of PKM2 were significantly
elevated in myofibroblasts but not AT2 cells, which is consistent
with the high expression of PKM2 in persistently proliferating cells
(27). Unlike the preference of the dimeric form in tumor cells
(18, 37), we found tetrameric PKM2 as the preferred form during
fibrosis progression. Previous studies have shown that the PKM2
dimer can act as a protein kinase and undergo phosphorylation and
nuclear translocation to initiate oncogene transcription (18, 38, 39).
However, in fibroblasts derived from mouse with BLM-induced
pulmonary fibrosis (fig. S12, A and B) or HFLI stimulated with
TGF-B1 (fig. S12, C and D), we did not notice obvious changes in the
phosphorylation or nuclear translocation of PKM2. These results
collectively show that in pulmonary fibrosis progression, the PKM2
tetramer may have a more significant role than the PKM2 dimer.

PKM gene encodes both M1 and M2 isoforms and generates
either the PKM1 or PKM2 by inclusion of exon 9 or exon 10, re-
spectively, during mRNA splicing (40). Thus, PKM1 and PKM2 differ
only by 22 amino acids (41), which makes it difficult to delete only
PKM?2 gene without affecting PKM1 when performing gene editing.
A previous study has successfully generated a PKM2-specific deletion
mouse model by introducing LoxP (locus of X-over P1) sites flanking
exon 10 into the PKM locus of mouse embryonic stem cells using
homologous recombination, then crossing it with Cre recombinase
alleles, and generating a PKM2-specific deletion mouse without affect-
ing the PKM1 expression (28). Thus, we used this mouse model to
investigate the role of PKM2 in pulmonary fibrosis. PKM2 KO sig-
nificantly alleviated BLM-induced pulmonary fibrosis, as shown by
the fibrotic degree, myofibroblast activation, and profibrotic factor
expression. The most studied function of PKM2 is the glycolysis-
related function as pyruvate kinase. However, when we explored the
key regulatory signaling by which PKM2 promotes fibrogenesis
through comparing differential genes between PKM2-KO and WT
primary fibroblasts, metabolic pathways did not appear to be the most
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significant process (fig. S13A). We also investigated glycolysis-related
signals including lactate dehydrogenase (LDH) activity (fig. S13B)
and lactate production (fig. S13C) in primary fibroblasts and found
that PKM2 KO could mildly decrease LDH activity and lactate pro-
duction induced by BLM treatment, but no significant difference
was found. These results render us to focus more on nonmetabolic
function of PKM2.

PKM2 knockdown significantly decreased TGF-p1-induced Smad3
activation. Because phosphorylation of Smad3 is affected by other
members of the Smad family during TGF-B1 signaling transduction
(7), we performed co-IP analysis between PKM2 and Smads to reveal
the inner mechanism of PKM2 regulating TGF-1 signaling and found
that PKM2 interacted with Smad7 in vitro. A previous study reported
that PKM2 knockdown alleviated TGF-B1-induced STAT3 activa-
tion and epithelial-mesenchymal transition (26), but no details have
been revealed thus far. Our study demonstrated that PKM2 directly
binds to Smad7 via its MH2 domain, interferes with the binding
between Smad7 and TBR1, and decreases TPR1 ubiquitination. This
result would explain why PKM2 knockdown decreases both canonical
and noncanonical TGF-B1 signaling. PKM2 can disassociate from
Smad?7 when TGF-P1 signaling is getting stronger. PKM2 releases
Smad?7 and increases TBR1 ubiquitination and degradation, ulti-
mately maintaining the balance in TGF-B1 signaling pathway. This
newly identified PKM2 regulation of TGF-B1 signaling is similar to
how DUBs tightly regulate TGF-B1 signaling (12, 13). Thus, when
PKM2 is aberrantly overexpressed, more Smad7 will be blocked,
leading to overactivation of TGF-p1 signaling. Meanwhile, we found
that PKM2 binding with Smad?7 cannot fully abolish the interaction
between Smad7 and TPR1, thus facilitating the TBR1-Smad7-PKM2
complex assembly, which is similar to how Smad?7 recruits E3 ligase
to form the TBR1-Smad7-E3 complex. These facts indicate that PKM2
might display other roles in TGF-B1 signaling transduction except
for counteracting Smad?7. The recruitment of PKM2 on TBR1-Smad7
complex might further compete E3 ligase binding with Smad7 and
decrease TPR1 ubiquitination, and the inner mechanism underly-
ing this process deserves to be further elucidated.

Given that different conformations of PKM2 play distinct roles
in TGF-B1 signaling transduction, we investigated whether phar-
macologically regulating PKM2 allostery can affect fibrosis progres-
sion. PKM2 tetramer formation by TEPP-46 facilitated TGF-p1
signaling in lung fibroblasts and enhanced BLM-induced mouse
pulmonary fibrosis, whereas PKM2 tetramer disruption by com-
pound 3k markedly protected against pulmonary fibrosis. These
findings are consistent with our previous results, suggesting that
PKM?2 is a potential therapeutic target in pulmonary fibrosis. Pre-
liminary studies on PKM2 function in liver (42) and kidney (24)
fibrosis indicate a more significant role of PKM2 dimer, and TEPP-46
showed protective effects on both the liver and kidney fibrosis model
by decreasing glycolysis. Similar results are also found in cancer
treatment, as PKM2 activation and inhibition can both suppress
tumorigenesis (35, 43, 44). This fact impedes the clinical application
of PKM2 allosteric regulator, because the tetramer-monomer equilib-
rium differs individually. Although the role of PKM2 in fibrotic diseases
is not fully understood, both our study and the above studies showed
that PKM2 knockdown efficiently alleviated fibrosis progression,
which indicates the possibility of PKM2 inhibition in treating fibrotic
diseases. However, considering PKM2 is a globally expressed enzyme,
broad inhibition of PKM2 by small molecule might raise toxic effects
on the human body. To this end, we performed a PKM2 conditional
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knockdown by delivering lung-specific LNPs carrying Pkm2 siRNA
to BLM-treated mice and demonstrated a promising therapeutic
effect on pulmonary fibrosis. Our results also raise the possibility
that nucleic acid drug targeting PKM2 might be a potential strategy
in treating pulmonary fibrosis. In conclusion, our results clearly
suggest that PKM2 promotes pulmonary fibrosis progression by facil-
itating TGF-P1 signaling and is a previously unknown therapeutic
target in treating pulmonary fibrosis.

MATERIALS AND METHODS

Generation of Pkm2™~ mice

Pkm2”~ mice were generated by crossing the Pkm2™** mice [strain
name: B6;129S-Pkm (tm1.1Mgvh)/J; no. 024048, the Jackson Laboratory]
and Ella-Cre transgenic mice [strain name: B6.FVB-Tg (EIla-cre)
C5379Lmgd/]; the Jackson Laboratory]. Pkm 2% mice have LoxP
sites on either side of exon 10 of the targeted gene. Pkm2™/%* mice
were mated to Ella-Cre transgenic mice, in which the adenovirus
ElIla promoter directs expression of the Cre enzyme in early mouse
embryos (two- to eight-cell stage) to achieve homologous recombi-
nation between LoxP sites and triggers the deletion of exon 10 of
PKM2 in all cells of the developing animal, including the germ cells
that transmit the genetic alteration to progeny. Because of the
mosaic activities of Cre recombinase, the first generation of Ella-Cre;
Pkm2"¥M°* mice might be chimeric with different deletions. There-
fore, the chimeric offspring were backcrossed with C57BL/6] to
generate Pkm™~ mice, which then were intercrossed for production
of PKM-deficient (Pka_/ 7) mice. Their WT littermates were used
as control.

Mice and BLM induction of pulmonary fibrosis

All mice were housed and cared for in a pathogen-free facility at
Nankai University. All animal experiments were approved by the
Institutional Animal Care and Use Committee at Nankai University.
All mice studies have followed Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines, and the checklist is provided with
the manuscript. C57BL/6 male mice (6 to 8 weeks old) were intra-
tracheally injected with BLM (2 U; Nippon Kayaku Co Ltd.) or the
same volume of saline as control. Ten mice were used for each group
to meet statistical significance, and mice were allocated randomly for
study. Mice were euthanized at the 7th, 14th, and 21st day after BLM
administration, and tissue samples were separated for further study.
For evaluation of TEPP-46 and compound 3k, C57BL/6 mice (6 to
8 weeks old) were intratracheally injected with BLM and were gavaged
for TEPP-46 [30 mg/kg; 0.5% O-carboxymethylcellulose (CMC)-
Na and 5% dimethyl sulfoxide (DMSO)] or compound 3k (10 mg/kg;
0.5% CMC-Na and 5% DMSO) 14 to 21 days after BLM challenge,
and mice in the BLM group were gavaged for the same vehicle. Mice
were euthanized on day 21 after BLM treatment. No mice were ex-
cluded when analyzed, and the experimenters were blinded of group
allocation during the conduct of the experiments.

Reagents and antibodies

CAGA-luc reporter was gifted by W. Ning (Nankai University). Flag-
PKM2 was generated through subcloning human PKM2 cDNA (accession:
NM_002654.6) into pPCDNA3.1-Flag. Green fluorescent protein
(GFP)-TBRI was generated through subcloning human TPR1 cDNA
(accession: NM_004612.4) into the vector pEGFP. The Smad?7 frag-
ments (amino acids 1 to 246 and MH2 domain) were cloned into
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pCDNA3.1. The PKM2 mutants K305Q, E28A, R32L, R316L, and
E397A were generated using a site-directed mutagenesis kit (YEASEN)
and confirmed by DNA sequencing. Myc-Smad2, Myc-Smad3, Myc-
Smad4, Myc-Smad7, and human hemagglutinin (HA)-ubiquitin were
purchased from MIAOLING. PKM2 shRNA was generated through
inserting 5'-TTATTTGAGGAACTCCGCCGC-3’ targeting exon 10
of the PKM2 transcript into pLKO.1-puro as previously described
(18), and its scramble control shRNA was generated through insert-
ing 5'-TTCTCCGAACGTGTCACGT-3’ into pLKO.1-puro. The
human PKM?2 siRNA sequence used was 5 '-CCAUAAUCGUC-
CUCACCAA-3’, and the murine Pkm2 siRNA sequence used was
5'-CAUCUACCACUUGCAAUUATT-3’ as previously described
(30). The human SMAD? siRNA sequence used was 5'-GAGGCT-
GTGTTG CTGTGAA-3’ as previously described (12). Human
recombinant TGF-B1 was purchased from PeproTech. Antibodies
against PKM2, TPR1, and EEA1 were purchased from Abcam.
Antibodies against 0-SMA and HA, were purchased from Santa Cruz
Biotechnology. Antibody against Flag was purchased from Sigma-
Aldrich. Antibodies against p-Smad3, Smad3, p-Akt, Akt, p-Erk1/2,
Erk1/2, p-JNK, JNK, p-P38, and P38 were purchased from Cell
Signaling Technology. Antibodies against Coll, Fn, Myc, GFP, His,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), tubulin,
B-actin, and proliferating cell nuclear antigen (PCNA) were pur-
chased from ProteinTech.

Hydroxyproline assay

Collagen contents in the lung homogenate were determined using
a hydroxyproline kit (BioVision). The right lung of the mouse
was isolated and placed into 5-ml ampoules, dried, hydrolyzed
with hydrochloric acid, adjusted from pH 6.5 to 8.0, and filtered,
and the samples were processed according to the hydroxyproline
assay Kkit.

Histological and immunohistochemical analysis

The left lung was inflated and placed in fresh 10% neutral-buffered
formalin for 24 hours to fix, then embedded in paraffin, and sec-
tioned for histological analysis. Each field was scored for the fibrosis
degree in a blinded fashion by two individuals. Digitized images
were analyzed by Image-Pro Plus 6.0 software (Media Cybernetics).
For immunohistochemical staining, sections were deparaffinized
and antigen retrieved. Sections were stained with antibodies
against a-SMA (Santa Cruz Biotechnology), p-Smad3, and Fn (Cell
Signaling Technology) overnight, and the following steps were per-
formed according to the instructions of the immunohistochemical
staining kit (MAIXIN).

Immunofluorescence analysis

For tissue samples, sections were deparaffinized and antigen was
retrieved before analysis. For cell samples, cells were fixed with
10% neutral-buffered formalin and permeabilized with 0.5% Triton
X-100 (Invitrogen). Samples were stained with antibodies against
Ki-67, TBR1 (1:100; Abcam), 0-SMA (1:200; Santa Cruz Biotech-
nology), PDGFR, and caveolin-1 (1:200; R&D Systems). Fluorescein
isothiocyanate- and fluorescein tetramethyl rhodamine isothiocyanate—
conjugated secondary antibodies (1:200) were purchased from Jackson
ImmunoResearch. The nucleus was labeled with 4',6-diamidino-2-
phenylindole (Santa Cruz Biotechnology). Membrane was stained
with CellMask Green (Invitrogen). Pearson’s correlation was ana-
lyzed by Image-Pro Plus software.
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Wound healing assay

Primary lung fibroblasts were seeded in plates. Before inflicting the
wound, the cells were fully confluent. A scratch was made in the center
of the culture well using a sterile 200-ul micropipette tip. The wounds
were observed using an inverted optical microscope, and multiple
images were obtained at areas flanking the intersections of the
wound and the marker lines after the scratch at 0, 12, and 24 hours.
Images were obtained for analysis using Image-Pro Plus software.

RNA-seq analysis

Mouse primary fibroblasts were harvested by TRIzol and sent to
Genesky Technologies for analysis. Samples were sequenced on
an Illumina HiSeq 2500 instrument using 2 x 150 base pair reads.
Protein-coding genes with at least 2 RPKM (reads per kilobase of
transcript, per million mapped reads) on average in either condi-
tion were used to perform the differential gene expression analysis
using edgeR. The significance level was set at a false discovery
rate <0.01 and |log, fold change| >0.667. To compare these data with
the previously described human IPF tissues RNA-seq data (GSE72073),
homologous genes expressed in both human and mouse were se-
lected. The differentially up-regulated genes in patients with IPF
were obtained according to the significance level and are compared
with the significantly down-regulated genes in PKM2-KO fibro-
blasts. The common genes were further undergoing KEGG pathway
enrichment analysis.

Cell culture, transfection, and treatment

Primary lung fibroblasts from a patient with IPF were gifted by
W. Ning (Nankai University). All cell lines were obtained from the
American Type Culture Collection. 293T and NIH3T3 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM), and
HFL1 cells were cultured in F12K, all supplemented with 10% fetal
bovine serum (FBS) and antibiotics at 37°C with 5% CO,. Cells were
transfected using Lipofectamine 3000 or RNAiMAX (Invitrogen)
for plasmid or siRNA transfection, respectively. For scramble con-
trol, Flag-PKM2 was controlled by pCDNA3.1-Flag, Myc-Smads
were controlled by pCDNA3.1-Myc, GFP-TBR1 was controlled by
pEGFP, human siRNA was controlled by a scramble siRNA sequence
5'-UUCUCCGAACGUGUCACGU-3’, and mouse siRNA was
controlled by scramble siRNA sequence 5'-CUUACGCUGAGU
ACUUCGA-3'. The treatments used were as follows: TGF-B1 (5 ng/ml),
MG132 (5 uM in DMSO; Sigma-Aldrich), cycloheximide (CHX in
DMSO; 20 pg/ml; Sigma-Aldrich), TEPP-46 [10 uM in DMSO;
MedChemExpress (MCE)], and compound 3k (1 uM in DMSO; MCE).

Fibroblast isolation and culture

Primary lung fibroblasts were obtained as previously described
(45). In brief, lungs were lavaged, minced, and digested with colla-
genase IV (2 mg/ml; Worthington) and dispase II (2 mg/ml; Roche)
at 37°C for 30 min. The digested lung pieces were centrifuged and
washed with DMEM three times, and cell pellet was resuspended
with DMEM containing 10% FBS and cultured at 37°C with 5% CO.

AT2 cell isolation and culture

Primary AT?2 cells were obtained as previously described (45). In
brief, lungs were lavaged three times with phosphate-buffered sa-
line (PBS) containing 1% antibiotics, then digested with dispase II
(2 mg/ml) and deoxyribonuclease I (0.3 U/ml) at 37°C for 45 min,
and minced. The digested lung pieces were filtered through 100- and
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40-um cell strainers and centrifuged. Cell pellet was resuspended
with DMEM containing 10% FBS and cultured at 37°C for 45 min
in CD16/32- and CD45-coated dishes to remove inflammatory cells.
The supernatant was further cultured at 37°C for 45 min to remove
fibroblasts. Then, cells were resuspended with DMEM/F12 con-
taining 10% FBS, seeded in collagen I (BD)-precoated plates, and
cultured at 37°C with 5% CO,. AT2 cells were characterized by
immunofluorescence staining using antibody against Prospc (Santa
Cruz Biotechnology).

Luciferase assays

Luciferase assays were performed as previously described (45). In
brief, 293T cells were transfected with the indicated plasmids for
48 hours and then serum starved for 24 hours before treatment with
TGEF-B1 (5 ng/ml). Cells were harvested 16 hours after stimulation
to perform luciferase assays using a luciferase assay system (Promega)
according to the instructions.

Immunoprecipitation and the in vitro deubiquitination assay
Cells were lysed in lysis buffer [50 mM tris, 150 mM NaCl, 1 mM
EDTA, and 0.5% NP-40 (pH 7.5)]. Cell lysates were incubated with
the indicated antibodies conjugated to protein A/G agarose (Santa
Cruz Biotechnology) at 4°C overnight, washed six times with lysis
buffer, and separated on SDS-polyacrylamide gel electrophoresis
(PAGE) gels. For the ubiquitination detection, cells were pretreated
with MG132 (5 uM) 4 hours before harvest.

DSS cross-linking

Cells were harvested using lysis buffer. DSS (2 mM; Abcam) was
added to cross-link at room temperature for 30 min, and 10 mM tris
was used to end the cross-link for 15 min. Samples were detected
by SDS-PAGE.

Purification of recombinant proteins

His-Smad7 expression construct was generated by subcloning the full-
length Smad7 into pET28a vectors. His-Smad7-pET28a plasmids
were transformed into BL21 (DE3) cells. Cultures were grown at 37°C
in fresh LB medium and grown at 37°C to an attenuance of 0.6 at
600 nm and induced by 0.5 mM isopropyl-B-p-thiogalactopyrano-
side overnight at 16°C. BL21 cells were harvested using lysis buffer
(500 mM NaCl, 10 mM TCEP, 10% glycerol, and 1x PBS) and pu-
rified with Ni-nitrilotriacetic acid agarose resin (GE Healthcare).
Flag-PKM2 was generated by transfecting Flag-PKM2-pCDNA3.1
into 293T cells for 48 hours. Cells were harvested using lysis buffer
and incubated with Flag-tag-conjugated beads (Sigma-Aldrich) at
4°C for 4 hours. Beads were washed six times with lysis buffer, and
protein was eluted using Flag peptide (Sigma-Aldrich).

Pull-down assay

For pull-down assay, 20 ug of His-Smad7 was incubated with His-
tag-conjugated beads at 4°C for 4 hours, and then Flag-PKM2 was
added into the mixture and incubated for another 2 hours. Beads
were washed six times with lysis buffer and analyzed by SDS-PAGE.

Microscale thermophoresis

Flag-PKM2 protein (20 pM) was labeled with fluorescence for 30 min
and diluted into 166.7 nM for further testing. Recombinant His-Smad7
was gradient diluted 16 times from 1.49 uM, equivalently mixed with
labeled Flag-PKM2, and incubated for 5 min. The mixture samples
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were loaded into capillaries and tested using Monolith NT.115
according to the manufacturer’s instructions.

Sucrose-gradient ultracentrifugation

To separate lipid and nonlipid components, we performed sucrose-
gradient ultracentrifugation as previously described (11). In brief,
293T cells were harvested using 0.8 ml of 0.5 M Na,CO; (pH 11),
disrupted cell membranes by performing 15-s bursts of an ultrasonic
disintegrator, and mixed with 0.8 ml 2x Hanks’ Balanced Salt solution
(HBS). Homogenates were laid on a 35 and 10% sucrose gradient
(0.25 M Na,COs3, 1x HBS, pH 11, 3.5 ml) and spun at 160,000g for
16 hours using a Beckman rotor (Optima XE-100). Fractions were
equally separated into 10 portions and analyzed by SDS-PAGE.

Membrane, nuclear, and cytoplasmic protein extraction

For membrane protein extraction, a membrane and cytosol protein
extraction kit (YESEAN) was used. For nuclear protein extraction,
a nuclear and cytoplasmic protein extraction kit (YESEAN) was used.
All steps followed the manufacturer’s instructions. Each fraction
was separated by SDS-PAGE.

qRT-PCR analysis

Quantitative reverse transcription polymerase chain reaction (qQRT-
PCR) was performed using the One Step RT-qPCR SYBR Green Kit
(YESEAN), and the relative expression of each target gene was nor-
malized by GAPDH as previously described. The following primers
were used for each target gene: GAPDH, 5'-GGAGCGAGATC-
CCTCCAAAAT-3' and 5'-GGCTGTTGTCATACTTCTCATGG-3';
Gapdh, 5'-AGGTCGGTGTGAACGGATTTG-3' and 5'-GGG-
GTCGTTGATGGCAACA-3'; ACTA2, 5'-GGCATTCACGAGAC-
CACCTAC-3' and 5'-CGACATGACGTTGTTGGCATAC-3'; Acta2,
5-GTCCCAGACATCAGGGAGTAA-3" and 5'-GTCCCAGAC
ATCAGGGAGTAA-3’; COL1A1, 5'-GAGGGCCAAGACGAAG-
ACATC-3" and 5'-CAGATCACGTCATCGCACAAC-3'; Collal,
5-ATGTGGACCCCTCCTGATAGT-3’ and 5'-ATGTGGAC-
CCCTCCTGATAGT-3"; EN, 5'-TCGGATACTTCAGCGTCAGGA-3’
and 5'-TCGGATACTTCAGCGTCAGGA-3'; TGFBRI, 5'-ACGG-
CGTTACAGTGTTTCTG-3" and 5'-GCACATACAAACGG-
CCTATCTC-3'; Tgfbrl, 5'-TCTGCATTGCACTTATGCTGA-3’
and 5'-AAAGGGCGATCTAGTGATGGA-3’; PKM2, 5'-ATGTC-
GAAGCCCCATAGTGAA-3" and 5'-TGGGTGGTGAATCAAT-
GTCCA-3’; and Pkm2, 5'-GCCGCCTGGACATTGACTC-3" and
5'-CCATGAGAGAAATTCAGCCGAG-3'.

Preparation of siRNA-loaded LNPs

Pkm2-siRNA-loaded LNPs were prepared as reported (29). In brief,
DLin-MC3-DMA (Selleck Chemicals), 1,2-dioleoyl-snglycero-3-
phosphoethanolamine (Avanti Polar Lipids), cholesterol (Sigma-
Aldrich), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000
(Avanti Polar Lipids), and 1,2-dioleoyl-3-trimethylammonium-
propane (Avanti Polar Lipids) were dissolved in ethanol at a molar
ratio of 11.9:11.9:23.8:2.4:50. Pkm2 siRNA 5'-CAUCUACCACU-
UGCAAUUATT-3’ or scramble siRNA 5'-CUUACG CUGAGUA-
CUUCGA-3’ (30) was dissolved in citrated buffer (10 mM, pH 3).
The LNPs and the dissolved siRNA were then mixed at a molar ratio
of 40:1 and a volume ratio of 1:3 and then unentrapped siRNA were
excluded by ultrafiltration centrifugation. For in vivo imaging system,
luciferase mRNA (0.5 mg/kg; APEXBIO) was dissolved in citrated
buffer (10 mM, pH 3) and mixed with the LNPs, intravenously
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injected into mice for 6 hours, and p-luciferin potassium salt (150 mg/kg;
Beyotime) was injected before detection.

Statistical analysis

Data are expressed as the means + SEM. Differences in measured
variables between experimental and control groups were assessed
by using Student’s f tests or a Student’s ¢ test with Welch’s correc-
tion for unpaired data. Results were considered statistically signifi-
cant at P < 0.05. GraphPad Prism software was used for statistical
analysis. The numbers of technical replicates or biological replicates
(independent experiments for cell culture or individual mouse for
in vivo) in each group were stated in the figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0987
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