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ABSTRACT

Idiopathic pulmonary fibrosis (IPF) has been widely accepted as an aging-related fatal lung disease with a
therapeutic impasse, largely a consequence of the complex and polygenic gene architecture underlying the
molecular pathology of IPF. Here, by conducting an integrative network analysis on the largest IPF case-control
RNA-seq dataset to date, we attributed the systems-level alteration in IPF to disruptions in a handful of
biological processes including cell migration, transforming growth factor-p (TGF-B) signaling and extracellular
matrix (ECM), and identified klotho (KL), a typical anti-aging molecule, as a potential master regulator of those
disease-relevant processes. Following experiments showed reduced K/ in isolated pulmonary fibroblasts from
bleomycin-exposed mice, and demonstrated that recombinant KL effectively mitigated pulmonary fibrosis in an
ex vivo model and alleviated TGF-B-induced pulmonary fibroblasts activation, migration, and ECM production in
vitro, which was partially ascribed to FOXF1 and CAV1, two highly co-expressed genes of KL in the IPF. Overall,
KL appears to be a vital regulator during pulmonary fibrosis. Given that administration of exogenous KL is a
feasible treatment strategy, our work highlighted a promising target gene that could be easily manipulated,
leaving the field well placed to further explore the therapeutic potential of KL for IPF.

INTRODUCTION [8]. There is an emerging body of evidence suggesting
that anti-aging treatment is a novel therapeutic approach
Idiopathic pulmonary fibrosis (IPF) is a chronic, for IPF [9].
progressive, and ultimately fatal lung disease of
unknown etiology, with a median survival time of only

2-4 years after diagnosis [1-3] and limited therapeutic

KL has long been characterized as an anti-aging
molecule with both membrane bound and soluble forms

options [4]. As a quintessential aging-related lung
disease [5, 6], IPF occurs in middle-aged and elderly
adults [7] and its prevalence rises remarkably with age

[10], whose deficiency renders multiple organs, such as
kidney [11], heart [12], and lung [13], more susceptible
to fibrosis, a common feature of aging [14]. Previously,
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the declines of KL in serum from IPF patients [13] as
well as in several mouse pulmonary fibrosis models
[13, 15, 16] imply the involvement of KL in the
pathogenesis of pulmonary fibrosis. Further clues of the
anti-fibrotic potential of KL in the lung include KI-
heterozygous hypomorphic allele mice displayed
exacerbated asbestos- [16] and bleomycin- [13] induced
pulmonary fibrosis, and that both recombinant KL (rKL)
supplementation and KIl-overexpression attenuated
pulmonary fibrosis response. Despite multiple efforts
have been made to evaluate the effect of KL on the
reverse of hallmarks of aging lung [8], such as cellular
senescence [17], mitochondrial dysfunction [16], and
stem cells exhaustion [18], the molecular mechanism
underlying the protective effect of KL against
pulmonary fibrosis remains murky, especially KL’s
regulatory role in pulmonary fibroblasts, the effector
cells during the development of IPF [19].

Therefore, with the rationale that co-expressed genes
have a tendency to be functional related, we carried out
Weighted Gene Co-expression network analysis
(WGCNA) to elucidate the functional role of KL on a
public RNA-Seq dataset comprising the largest sample
size of IPF patients to our knowledge [20]. We reduced
the complex and polygenic gene architecture underlying
the predisposition to IPF into two functional disease-
associated gene modules, in one of which KL plays a
pivotal role through interacting with genes related to
cell migration, TGF-p signaling, and ECM.

To validate our bioinformatic findings, we expe-
rimentally assessed the anti-fibrotic effect of KL in an
ex vivo pulmonary fibrosis model and clearly
demonstrated the amelioration of fibrosis following rKL
supplementation, which was accompanied with the
alleviation of pulmonary fibroblasts activation,
migration, and ECM production. We further enhanced
the validity of our prediction by showing two genes
predicted to be functionally related with KL could
effectively mediate its activity against pulmonary
fibrosis. Together, these observations provide new
insights into the mechanisms underpinning the anti-
fibrotic effect of KL and advance our understanding of
IPF etiology and potential therapeutics.

RESULTS

Integrative network analysis prioritizes KL as the
top IPF-relevant gene from the systems-level
perspective

The previous analysis focused on the detection of
individual genes whose expression changes may be
responsible for/responsive to IPF pathology [20]. It,
however, would be more insightful to uncover disrupted

functional networks enriched with malfunctioning
genes. We thus performed WGCNA analysis and
detected 16 modules with more than 200 genes, most of
which had highly preserved network structures between
conditions, implying there were no obvious per-
turbations in regulatory patterns (Figure 1A). Two
modules, referred to as BROWN and BLUE, were
significantly associated with IPF after multiple testing
correction (FDR < 0.05), suggesting that the functional
networks underlying these two modules play key roles
in the development of IPF (Figure 1A). BROWN
comprised 3544 genes, while BLUE comprised 3841
genes, collectively accounting for 30.4% (7385 out of
24297 in total) included in this analysis. Interestingly,
BROWN network was dominated by a few highly
connected genes (hubs), including KL, ACVRL1,
RAMP2, and LAMAS3 (Figure 1B). These hub genes are
likely key genes that regulate the expression of the
module and thereby considered important for the
phenotype of interest. Expression heatmap showed that
IPF cases and controls could be well segregated by
expression profiles of genes in BROWN (Figure 1C).
Functional enrichment analysis related BROWN
module to biological processes including cell migration,
TGF-B signaling, and ECM, the latter two of which
were more likely more active upon underexpression of
KL (Figure 1C, 1D). Notably, STRINGDB network
based on genes tightly correlated in expression with KL
highlighted similar biological processes, lending
credence to KL’s hub gene’s function in BROWN
module (Figure 2). In summary, our integrative network
analysis prioritizes KL as the top disease-relevant gene
for further biological validation.

Kl expression decreases in the murine pulmonary
fibrosis model induced by bleomycin

We assessed Kl expression in mouse lungs and
pulmonary fibroblasts during bleomycin-induced
pulmonary fibrosis. Eight-week-old wild-type C57BL/6
mice were intratracheally administered a single dose of
bleomycin. The body weights (Supplementary Figure
1A), both hematoxylin and eosin (H&E) and Masson-
trichrome staining of lung tissues (Supplementary
Figure 1B), and immunofluorescence staining of
collagen 1, fibronectin, and a-smooth muscle actin (o-
SMA) in the lungs (Supplementary Figure 1C) all
confirmed that bleomycin caused severe pulmonary
fibrosis. We evaluated the progress of lung fibrosis 14,
21, and 28 days after bleomycin administration. Both
the protein and mRNA levels of Kl decreased in every
timepoint we examined (Figure 3A and 3B). Likewise,
diminished KI mRNA levels were observed in the
primary pulmonary fibroblasts from mice 14, 21, and 28
days after exposure to bleomycin. Therefore, Kl is
downregulated in both total lung lysates and isolated
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Figure 1. WGCNA analysis identifies KL as the top IPF-relevant gene from the systems-level perspective. (A) Gene network
modules from IPF patients and normal controls are well preserved, two of which (BROWN and BLUE) are significantly associated with IPF. The
X axis represents preservation statistics for the corresponding module, and y axis shows the correlation between each module and the clinic
trait. The size of each circle is proportional to the number of genes in each module. The horizontal line indicates the threshold for significant
association between module and trait, while the vertical line for module preservation. (B) Network heatmap plot exhibits connectivity
between genes of BROWN module. Higher co-expression relationship is indicated by red colors. Hub genes are positioned at the left-bottom
corner as they display high connectivity with most of the remaining of the genes. The position of KL is specified. (C) Heatmap shows relative
expression of 3544 genes in BROWN module. The expression of KL is specified by a dashed line. (D) Circular visualization of the results of gene
annotation analysis shows enriched biological processes of BROWN module. The outer circle is a scatter plot showing the log fold change of
the assigned genes for each process. The inner circle is a bar plot whose height is proportional to the extent of enrichment for each process.
Filled colors corresponds to a z-score that is a crude measure of how likely the biological process is to be decreased or increased.
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pulmonary fibroblasts in the murine pulmonary fibrosis
model induced by bleomycin.

KI markedly ameliorates pulmonary fibrosis in an ex
vivo model

Next, we established an ex vivo model of early-stage
IPF by treating precision-cut lung slices (PCLSs) from
wild type C57BL/6 mice with fibrotic cocktail (FC)
which was composed of TGF-f, tumor necrosis factor-a
(TNF-a), platelet-derived growth factor-AB (PDGF-
AB), and lysophosphatidic acid (LPA) [21], and
examined the potential anti-fibrotic effect of Kl in this
model by adding mouse rKL into the medium. The
upregulation of fibrotic genes including Acta2, Fnl,
Collal, Ctgf, Tnc, and Serpinel stimulated by FC was
significantly inhibited by rKL (Figure 4A). Meanwhile,
compared to FC-incubated PCLSs, those that incubated
with both FC and rKL displayed revered protein levels
of a-SMA, fibronectin, and collagen I (Figure 4B and
4C). Thus, Kl exerted a protective effect against fibrosis
in our ex vivo early pulmonary fibrosis model.
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Kl alleviates TGF-p-induced pulmonary fibroblasts
activation, migration, and ECM production

The observations that Kl was significantly reduced in
pulmonary fibroblasts during the development of
pulmonary fibrosis in our study and that KL was
predicted to modulate genes in TGF-B signaling led to
the proposition that KL may antagonize TGF-p
signaling to exert its protective effects in pulmonary
fibroblasts. To test this hypothesis, we assessed
activation, migration, and ECM production of isolated
mouse pulmonary fibroblasts in response to TGF-p, a
critical mediator of pulmonary fibrotic process. Both a-
SMA (Acta?), the marker of myofibroblast and
fibronectin (Fnl) as well as collagen | (Collal), the
typical components of ECM, were upregulated by TGF-
. Mouse rKL supplementation was sufficient to reduce
the increased expression of Acta2, Fnl, and Collal in
TGF-B-treated pulmonary fibroblasts almost to the
levels in control cells, as measured by gPCR (Figure
5A), western blot (Figure 5B), and immunofluorescence
staining (Figure 5C). In cell migration assay, rKL was
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Figure 2. Functional interaction network reveals the most likely pathways that could be regulated by KL in IPF. Functional
interaction network generated by the STRING database for the top 200 genes highly correlated with KL in BROWN module, with nodes
representing genes and edges representing interactions. Disconnected genes were not shown.
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also found to inhibit the enhanced migration of after exposure to bleomycin (Figure 6A and 6B). The

pulmonary fibroblasts stimulated by TGF-p (Figure decreased protein levels of Foxfl were also confirmed
5D). Collectively, these data suggest that Kl is able to by western blot (Figure 6C). Since Foxfl has been
attenuate pulmonary fibroblasts activation, migration, reported to inhibit pulmonary fibrosis by preventing
and ECM production during pulmonary fibrosis. CDH2 to CDH11 cadherin switch in myofibroblasts

during pulmonary fibrosis [22], we proposed that Kl be
Foxfl deletion reverses the inhibitory effect of Kl on very likely to repress the TGF-B-induced migration of
pulmonary fibroblasts migration pulmonary fibroblasts via enhancing the expression of

Foxfl. As hypothesized, rKL supplementation restored
Inspired by SRINGDB-based KL-centric network Foxfl mRNA and protein levels in both PCLSs treated
(Figure 2), we validated the role of Foxfl in cell with FC (Figure 6D and 6E) and pulmonary fibroblasts
migration. We observed significant decreases in the incubated with TGF-B (Figure 6F and 6G). Next,
MRNA levels of Foxfl in both lung lysates and primary endogenous Foxfl was silenced in pulmonary
pulmonary fibroblasts from mice 14, 21, and 28 days fibroblasts by siRNAs. The protective effect of rKL
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Figure 3. KI expression decreases in the murine pulmonary fibrosis model induced by bleomycin. Protein levels of fibronectin,
KL, and a-Tubulin (A) were assessed by western blotting and mRNA levels of Kl were measured by gPCR (B) in the total lung lysates from mice
14, 21, and 28 days after intratracheally administering a single dose of PBS (Ctrl, white bars) or bleomycin (BLM, black bars). mRNA levels of K/
in the primary pulmonary fibroblasts (C) isolated from mice 14, 21, and 28 days after intratracheally administering a single dose of PBS (Ctrl,
white bars) or bleomycin (BLM, black bars) were analyzed by gPCR. *P < 0.05 or **P < 0.01 vs. Ctrl. 5-7 animals per group.
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Figure 4. KI markedly ameliorates pulmonary fibrosis in an ex vivo model. Mouse PCLSs that were pre-incubated with vehicle (Vel)
or mouse rKL for 24 h were randomized to be treated with control cocktail (CC) or fibrosis cocktail (FC) with or without KL for another 48 h.
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on pulmonary fibroblasts migration against TGF-p was
abolished by Foxfl deletion (Figure 6H and 6l).
Meanwhile, the expression of Cdh2 and Cdhll, the
reported targets regulated by Foxfl in pulmonary
fibroblasts [22], also changed correspondingly (Figure
6J-6M), suggesting that the genes regulated by Foxfl
could constitute an important mechanism by which Ki
exerts its effect.

The mitigation of TGF-p-induced pulmonary
fibroblasts activation and ECM production by Kl is
partially suspended after Cavl being silenced

Likewise, the STRINGDB network drew our attention
to CAV1 in search of the mechanism underlying the
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with past observations [24], we confirmed the
downregulation of both Cavl mRNA and protein levels
in total lung lysates as well as isolated pulmonary
fibroblasts from bleomycin treated mice (Figure 7A-
7C). Given the pivotal role of Cavl in fibroblasts
activation and ECM regulation through ERK and JNK
pathways [25], we postulated that Kl suppresses the
TGF-B-induced fibroblasts activation and ECM
production by restoring the expression of Cavl. As
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Figure 5. KI markedly ameliorates pulmonary fibrosis in an ex vivo model. Primary pulmonary fibroblasts isolated from wild type
C57BL/6 mice were pre-incubated with or without mouse rKL. After 12 h, they were randomized to be incubated with or without TGF-$ and
KL for another 24 h when mRNA levels of Acta2, Fn1, and Collal were assessed by gPCR (A), protein levels of fibronectin, a-SMA, and a-
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migration of pulmonary fibroblasts were analyzed by transwell assay (D). Scale bars = 100 pm. **P < 0.01 vs. without TGF-B and without rKL.

##P < 0.01 vs. with TGF-f and without rKL.
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Figure 6. Foxfl deletion reverses the inhibitory effect of KI on pulmonary fibroblasts migration. mRNA levels of Foxfl were
measured by gPCR in the total lung lysates (A) and isolated pulmonary fibroblasts (B) from mice 14, 21, and 28 days after intratracheally
administering a single dose of PBS (Ctrl, white bars) or bleomycin (BLM, black bars). Protein levels of FOXF1 (C) were examined by western
blotting in the total lung lysates from mice 21 days administering a single dose of PBS (Ctrl) or bleomycin (BLM). *P < 0.05 or **P < 0.01 vs. Ctrl.
5-7 animals per group. Mouse PCLSs pre-incubated with or without mouse rKL for 24 h were randomized to be treated with control cocktail
(CC) or fibrosis cocktail (FC) with or without rKL for another 48 h, when mRNA (D) and protein (E) levels of Foxf1 in the mouse PCLSs from each
group were measured by gPCR and western blotting, respectively. **P < 0.01 vs. with CC and without rKL. ##P < 0.01 vs. with FC and without
rKL. Primary pulmonary fibroblasts isolated from wild type C57BL/6 mice were pre-incubated with or without mouse rKL. After 12 h, they were
randomized to be incubated with or without TGF-f and rKL for another 24 h when mRNA (F) and protein (G) levels of Foxf1 were examined by
gPCR and western blotting, respectively. **P < 0.01 vs. without TGF-B and without rKL. ##P < 0.01 vs. with TGF-B and without rKL. Primary
pulmonary fibroblasts isolated from wild type C57BL/6 mice were transfected with control siRNA (siNC) or Foxf1 siRNAs (siFoxf1-1 and -2). After
siRNA transfection for 24 h, fibroblasts were pre-incubated with or without mouse rKL for 12 h, followed by treatment with or without TGF-3
and rKL for another 24 h, when migration of pulmonary fibroblasts were analyzed by transwell assay (H and I, Scale bars = 100 um), mRNA (J-L)
and protein levels (M) of Foxf1, Cdh2, and Cdh11 were measured by gPCR and western blotting, respectively. **P < 0.01 vs. siNC without TGF-

or rKL. ##P < 0.01 vs. siNC with TGF-B and without rKL. &&P < 0.01 vs. siNC with TGF-$ and rKL.

expected, both the mRNA and protein levels of Cavl
were significantly reduced by FC and TGF-p in PCLSs
and pulmonary fibroblasts, respectively, while rKL
supplementation restored the expression of Cavl almost
to the same levels of those in controls (Figure 7D-7G).
Subsequently, we found that the amelioration of TGF--
induced pulmonary fibroblasts activation and ECM
production by rKL was partly suspended after Cav1 had
been depleted by siRNAs, with induction of both ERK
and JNK phosphorylation at the same time (Figure 7H-
7J). Taken together, these findings indicated that Cavl
could mediate the inhibitory effect of KI on TGF-f-
induced pulmonary fibroblasts activation and ECM
production.

DISCUSSION

In the light of bioinformatic prediction and experimen-
tal wvalidation, this study presented extensive
characterization of the anti-fibrotic role of KL in
pulmonary fibrosis, rendering it a promising target of
therapeutic intervention for patients with IPF. Our
transcriptomic network analysis identified KL as one of
top candidate genes that drive the development of IPF.
The subsequent experiments supported the “dry”
findings by demonstrating that mouse rKL
supplementation was sufficient to alleviate pulmonary
fibrosis in an ex vivo model and to suppress the
activation, migration, and ECM production induced by
TGF-B in isolated mouse pulmonary fibroblasts. The
experimentally  validated functional dependencies
between KL and predicted co-expressed genes in IPF,
such as FOXF1 and CAV1, deepened our
comprehension of the molecular mechanisms under-
lying IPF etiology and KL’s anti-fibrotic effect.

Our observation that mouse rKL along was sufficient to
antagonize fibrosis in pulmonary fibroblasts is
inconsistent with a recent finding that FGF23 is
required for human rKL to take anti-fibrotic effect [13].

This discrepancy is very likely to be attributed to the
structural difference between the rKL proteins used in
two studies, rather than the sequence difference between
human and mouse KLs. The human rKL purchased by
Barnes from PeproTech has only a calculated molecular
weight of 58.6 kDa, while the mouse rKL used in our
study was from R&D systems, with a predicted
molecular weight of 109.5 kDa. As a corollary, the
former only contains KL1 domain and the latter
contains both KL1 and KL2 domains. Since the
conformation created by the two extracellular KL
domains (KL1, KL2) is indispensable to the interaction
between KL and FGF23 and the following signaling
[26], it is disputable that there is crosstalk between
solely KL1 and FGF23, much less the claimed anti-
fibrotic effect. Therefore, it is more plausible to
attribute the protective effect against pulmonary fibrosis
to KL containing both KL1 and KL2 domains. In their
study, we noticed that both KL1 and FGF23 alone were
able to increase only marginally the mRNA level of KL
while the combination of FGF23 and KL1 led to a
significant upregulation of KL mRNA level in
pulmonary fibroblasts. Accordingly, we speculate that
the expression of KL enhanced by FGF23 and KL1 is
very likely to be responsible for the amelioration of
TGF-B-induced fibrotic markers in  pulmonary
fibroblasts after KL1 and FGF23 co-administration.
However, we cannot explain the exact mechanisms by
which KL expression is upregulated by KL1 and FGF23
both separately and synergistically. Although mouse KL
has about 80% homology with that of human [27], the
sequence difference between human and mouse KL
cannot be ignored. Thus, the anti-fibrotic effect of
human rKL (with both KL1 and KL2 domains) should
be confirmed in the future.

Not surprisingly, other hub genes identified in BROWN
module appear to be involved in the pathology of IPF,
implicitly supporting the proposed contribution of KL to
IPF. ACVRL1 encodes a type | cell-surface receptor for
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Figure 7. The mitigation of TGF-B-induced pulmonary fibroblasts activation and ECM production by K/ is partially suspended
after Cav1 being silenced. mRNA levels of Cavl were measured by gPCR in the total lung lysates (A) and isolated pulmonary fibroblasts
(B) from mice 21 days after intratracheally administering a single dose of PBS (Ctrl) or bleomycin (BLM). Protein levels of CAV1 (C) were
examined by western blotting in the total lung lysates from mice 21 days administering a single dose of PBS (Ctrl) or bleomycin (BLM). **P <
0.01 vs. Ctrl. 5-7 animals per group. Mouse PCLSs pre-incubated with or without mouse rKL for 24 h were randomized to be treated with
control cocktail (CC) or fibrosis cocktail (FC) with or without rKL for another 48 h, when mRNA (D) and protein (E) levels of Cav1 in the mouse
PCLSs from each group were measured by qPCR and western blotting, respectively. **P < 0.01 vs. CC without KL. ##P < 0.01 vs. FC without
rKL. Primary pulmonary fibroblasts isolated from wild type C57BL/6 mice were pre-incubated with or without mouse rKL. After 12 h, they
were randomized to be incubated with or without TGF-B and rKL for another 24 h when mRNA (F) and protein (G) levels of Cavl were
examined by gPCR and western blotting, respectively. **P < 0.01 vs. without TGF-B or KL. ##P < 0.01 vs. with TGF- and without rKL. Primary
pulmonary fibroblasts isolated from wild type C57BL/6 mice were transfected with control siRNA (siNC) or Cav1 siRNAs (siCavl-1 and -2).
After siRNA transfection for 24 h, fibroblasts were pre-incubated with or without mouse rKL for 12 h, followed by treatment with or without
TGF-B and rKL for another 24 h, when mRNA levels of Cavl, Acta2, Fnl, and Collal were assessed by qPCR (H), fibronectin, a-SMA, and
collagen | were stained by immunofluorescence staining (1, Scale bars = 100 um), and protein levels of fibronectin, a-SMA, p-JNK, JNK, p-ERK,
ERK, CAV1 and a-Tubulin were examined by western blotting (J). **P < 0.01 vs. siNC without TGF-B or rKL. ##P < 0.01 vs. siNC with TGF-B and
without rKL. &&P < 0.01 vs. siNC with TGF-f and rKL.
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the TGF-p superfamily of ligands, which forms
ACVRL1/SMAD1 axis and potentiates pulmonary
fibroblasts activation [28]. RAMP2 overexpression in
myofibroblasts was reported to enhance survival and
reduce pulmonary fibrosis in the bleomycin mouse
model by sensitizing adrenomedullin signaling [29].
LAMAZ is one of the few IPF risk genes reported so far
[30]. Moreover, we found that the other IPF-associated
module (BLUE) was overrepresented by cilium-
activity-related genes, which is consistent with the
emerging role of the primary cilium as a potential
mediator of fibrosis pathogenesis [31]. The large
quantity of genes (roughly 7000 in total) in these two
modules may, at a minimum, partially explain the
heterogeneous nature of etiology in IPF, while the small
number of disease-associated modules is in line with the
notion that many disease-causing genetic variants
should cluster into key pathways that drive complex
disease etiology.

Cautions should be taken in comprehension of
enrichment result in Figure 1D. The direction of change
predicted by GOplot is likely to be misleading when a
biological process is dominated by genes without
significant change, as the case for cell migration in our
study. Only two genes (Supplementary Tables 1 and 2)
showed large and significant fold change in the
opposite direction between IPF and control. The up-
regulated in IPF is PRSS3, a well-known oncogene that
promote cell migration and cancer metastasis [32],
while the down-regulated in IPF is MIR126, which
functions as a tumor suppressor that inhibit cell
migration [33]. Thus, changes in both genes support
enhanced cell migration in IPF, in contrast to the
prediction made by GOplot.

According to the STRINGDB network, co-expressed
genes with KL were grouped into several functional
categories including cell migration, TGF-p signaling,
and ECM (Figure 2), revealing the most likely
biological processes that could be regulated by KL in
IPF, which was later confirmed by us in vitro. In the
research of mechanisms, one co-expressed gene,
FOXF1, which is critical for lung development and
morphogenesis [34] was preferentially studied.
Previously, Belkhir et al. reported that Foxfl expression
was induced by the antifibrotic mediator prostaglandin
E2 and repressed by TGF-B in pulmonary fibroblasts
[35]. The vital role of FOXF1 in the pathogenesis of
IPF was later highlighted by the observation that loss of
Foxfl increased migration of pulmonary fibroblasts via
facilitating CDH2-CDH11 cadherin switch and thus
aggravated bleomycin-induced pulmonary fibrosis in
mice [22]. Consistent with these literatures, our results
showed the significant downregulation of Foxfl in both
fibrotic mice lungs and primary mouse pulmonary

fibroblasts incubated with TGF-p and further
demonstrated that rKL was sufficient to reverse the
reduction of Foxfl, which subsequently attenuated
TGF-B-induced migration of pulmonary fibroblasts
through preventing CDH2-CDH11 cadherin switch.
This protective effect of rKL was abolished by Foxfl
deletion. However, little is known about the exact
mechanism of Foxfl downregulation in pro-fibrotic
environment. Additionally, we cannot tell whether the
expression of Foxfl is directly regulated by Kl or
indirectly via blocking the inhibitory effect of TGF-$
for instance, which needs further exploration.

Intriguingly, similar functional dependency has been
discovered between KL and another co-expressed gene,
CAV1. As an integral membrane protein encoded by
CAV1, Caveolin-1 which mainly composes the structure
of caveola is implicated in numerous cellular processes,
such as endocytosis, directional cell motility, and cell
cycle regulation [36, 37]. Reduced CAV1 has long been
observed in both IPF lungs [24, 25] and BLM-induced
fibrotic mice lungs [24], which is consistent with our
results. Recently, accumulated evidence has suggested
its fibrosis suppressive potential in lung [23, 25, 38] and
other tissues [23, 39]. Importantly, the decline of Cavl
in pulmonary fibroblasts was reported to be associated
with fibroblasts proliferation [40], activation, ECM
production [25], and resistance to apoptosis [41], all of
which are typical pathological characteristics of
pulmonary fibroblasts during the development of
pulmonary fibrosis [19, 42]. Oppositely, overexpression
of Cavl is able to reverse these pathological phenotypes
[25, 40, 41]. In accord with these studies, our results
exhibited the repression of Cavl by FC and TGF-B in
PCLSs and primary mouse pulmonary fibroblasts,
respectively, which could be reversed by rKL.
Although, it is yet unknown how rKL restores Cavl
expression in our study, the mediatory role of CAV1 in
the inhibitory of fibroblasts activation and ECM
deposition by rKL was supported by the result that this
protective effect was largely diminished with
reactivated JNK and ERK signalings when Cavl was
silenced. Additionally, it is noteworthy that Cavl is not
exclusively expressed in fibroblasts. Previous
researches uncovered its implication in apoptosis of
lung epithelial cells [43], endothelial-mesenchymal
transition (EndoMT) of pulmonary endothelial cells
[44], dysregulated activation and recruitment of
immune cells, and the resultant lung inflammation [45,
46] during pulmonary fibrosis. Whether the similar
regulation of Cav1l by Kl or the anti-fibrotic effect could
take place in these cell types needs to be confirmed in
the future.

In summary, this study revealed the decline of KiI
expression in pulmonary fibroblasts as well as the
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protective effect of rKL on pulmonary fibroblasts in
terms of activation, migration, and ECM production
under pro-fibrotic conditions. Two co-expressed genes of
KL in IPF lungs, FOXF1 and CAV1, which could be
restored by KL, were essential to the protective effect of
KL on pulmonary fibroblasts against TGF-B. Our
findings complement the existing mechanisms by which
KL protects against fibrosis. Further in vivo studies on the
anti-fibrotic role of KL in the lung and those that on the
exact molecular mechanisms of KL-mediated actions in
all kinds of cell types in and even out of the lung during
the development of pulmonary fibrosis are badly needed
to facilitate KL-based treatment strategy targeting
pulmonary fibrosis, which is extremely promising.

MATERIALS AND METHODS
Bioinformatic analysis

We used Weighted Gene Co-expression Network
Analysis (WGCNA) [47] to identify co-expressed gene
modules from the RNA-seq data (log-transformed
FPKM) of 23 samples with IPF and 22 control samples
obtained from the LGRC website (https://www.lung-
genomics.org/research/) [20], and subsequently test
modules between IPF and control for differential
expression (FDR<0.05). To assess if there was
perturbation in genetic regulatory pattern in cases
relative to controls, we capitalized on module
preservation statistic Zsummary that defines the degree
of preservation of network connectivity over
conditions. In general, Zsummary > 10 implies hard
evidence for module preservation. Hub genes, highly
interconnected with other genes in a module, have been
shown to be functionally significant at the system level
[47]. To identify major contributors responsible for
system-wide alteration, we searched for hub genes in
differentially expressed modules. Enrichment analysis
is performed by a R package (GOplot) [48], which
offers an easy way to predict if certain biological
process is more likely to be decreased or increased by
simply dividing the difference between numbers of up-
regulated and down-regulated genes by square root of
total count of genes. To better illustrate the potential
role of KL predicted by co-expression relationship, we
leveraged the STRING database to construct a high-
confidence functional network based on the top 200 co-
expressed genes with KL from a disease-associated
module (BROWN) with KL being one of its hub genes.

Bleomycin-induced pulmonary fibrosis models

All animal experiments were approved by the
Institutional Animal Care and Use Committee at Nanjing
Medical University. Male C57BL/6 mice of 8 weeks
were purchased from the National Resource Center for

Mutant Mice Model Animal Research Center of Nanjing
University. For bleomycin administration, mice were
anaesthetized with avertin (Sigma Aldrich, St. Louis,
MO, USA) followed by intratracheal instillation of
bleomycin (HISUN PFIZER PHARMACEUTICALS
CO.,LTD, Zhejiang, China) at a single dose of 1.5 U/Kg
of body weight on day 0 in 50 pl of sterile saline.

Primary pulmonary fibroblasts isolation, culture,
and treatment

Primary pulmonary fibroblasts were isolated from
unchallenged C57BL/6 mice, bleomycin-, and saline-
treated mice as previously described [49]. Briefly, fresh
mouse lung was cleared of blood by perfusion with ice-
cold sterile PBS through the right ventricle and minced
with a sterile scalpel blade into 1 mm?® fragments.
Minced lung was suspended in 5 ml of digestion solution
consisting of 5 mg/ml collagenase | (Sigma Aldrich) and
0.33 U/ml DNase | (Roche, Basel, Switzerland) in PBS
and incubated with frequent agitation at 37 °C for 45
min. Cells were then filtered through a 70 ug strainer
(Merck and  Millipore, Darmstadt, Germany),
centrifuged at 540 g for 5 min at 4 °C, and plated in
tissue culture flasks in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Burlington, ON, USA) with
15% fetal bovine serum (FBS) (Gibco), 100 pg/ml
streptomycin, 100 U/ml penicillin, 0.25 pg/ml
amphotericin B, and 10 mmol/l HEPES (Sigma Aldrich)
at 37°C in a humidified 5% CO; atmosphere. Cells were
passaged after being harvested with trypsin-EDTA
(Sigma Aldrich). Cells from passage 3 to 6 were used.
For TGF-B treatment, 50 ng/ml recombinant klotho
(R&D system, Minneapolis, MN, USA) was added to
serum-free medium 12 h after serum withdrawal. After
12 h of KL pre-incubation, pulmonary fibroblasts were
incubated with or without 5 ng/ml TGF-p (PeproTech,
Rocky Hill, NJ, USA) for another 24 h.

Mouse precision-cut lung slices (PCLSs)
preparation, culture, and treatment

PCLSs were generated as previously described [50].
Briefly, warm, low gelling temperature agarose (2% by
weight, Sigma) in sterile DMEM/Ham’s F12 (Gibco)
was infiltrated into mouse lung through trachea. After
the trachea being ligated with thread to retain the agarose
inside the lung, the whole lung was excised and cooled
on ice for 10 min to allow gelling of the agarose. Then
the separated lobes were cut with a vibratome (VT1000
S, Leica, Buffalo Grove, IL, USA) to a thickness of 300
um. The PCLSs were cultivated in DMEM/Ham’s F12
(Gibco) with 0.1% FBS (Gibco), 100 pg/ml
streptomycin, 100 U/ml penicillin, 0.25 pg/ml
amphotericin B, and 10 mmol/l HEPES (Sigma Aldrich)
at 37°C in a humidified 5% CO, atmosphere. For control
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cocktail (CC) or fibrosis cocktail (FC) treatment, 50
ng/ml rKL was added to serum-free medium 12 h after
serum withdrawal. After 24 h of klotho pre-incubation,
mouse PCLSs were incubated with CC or FC for another
48 h. Both the CC and FC were prepared as previously
described [21] (28314802). In brief, FC contains 5 ng/ml
TGF-B (PeproTech), 5 uM PDGF-AB (PeproTech), 10
ng/ml TNF-o (PeproTech), and 5 uM LPA (Cayman
Chemical, Ann Arbor, MI, USA).

Transient transfection

Small interfering RNAs (siRNAs) were designed and
synthesized by Ribobio (Guangzhou, Guangdong,
China). For transient transfection, Lipofectamine
RNAIMAX reagent (Invitrogen, Grand Island, NY,
USA) was mixed with siRNAs according to the
manufacturer’s protocol as perviously described [51].

Western blot analysis

Western blotting was performed as previously described
[51]. Individual immunoblots were probed with rabbit
anti-o-KL pAb (ABclonal, Wuhan, Hubei, China)
diluted 1:1000, mouse anti-a-SMA mAb (Sigma
Aldrich) diluted 1:2000; rabbit anti-Fibronectin pAb
(Abcam, New Territories, HK, China) diluted 1:1000,
goat anti-FOXF1 pAb (R&D Systems) diluted 1:1000,
rabbit anti-CDH2 pAb (ABclonal) diluted 1:1000,
rabbit anti-CDH11 pAb (ABclonal) diluted 1:1000,
rabbit anti-CAV1 (Proteintech, Wuhan, Hubei, China)
diluted 1:2000, rabbit anti-JNK pAb (Cell Signaling
Technology, Danvers, MA, USA) diluted 1:1000, rabbit
anti-p-JNK mADb (Cell Signaling Technology) diluted
1:1000, rabbit anti-ERK1/2 mAb (Cell Signaling
Technology) diluted 1:1000, rabbit anti-p-ERK1/2 mAb
(Cell Signaling Technology) diluted 1:1000, mouse
anti-a-Tubulin mAb (Sigma Aldrich) diluted 1:4000 in
2.5% (wt/vol.) non-fat dried milk in Tris-buffered saline
with Tween-20 (TBST) buffer.

RNA extraction and RT-PCR assay

Total RNA was extracted from cells and lungs using
Trizol reagent (Invitrogen). Mouse PCLSs were washed
twice with PBS and snap frozen in liquid nitrogen.
Afterwards, the FastPure Cell/Tissue Total RNA
Isolation Kit (Vazyme, Nanjing, Jiangsu, China) was
used with modifications of the protocol provided by the
manufacturer to isolate total RNA from mouse PCLSs.
RNA was reverse-transcribed into cDNA with
PrimeScript™ RT Master Mix (Takara, Shiga, Japan).
Quantification RT-PCR was performed using ChamQ™
Universal SYBR gPCR Master Mix (Vazyme) and Step
One Plus™ Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). Arpppo was used as

internal standards for mMRNAs. The primers used are as
follows (5°-3’): mouse Fnl (forward: ACCAGGTTGA
TGATACTTCC, reverse: TCTCCTCCACAGCATAGA
TAG); mouse Acta2 (forward: CAGGGAGTAATGGTT
GGA, reverse: AGTGTCGGATGCTCTTCA); mouse
Collal (forward: GATGTCCTATGGCTATGATGAA,
reverse: ACCCATTGGACCTGAACC); mouse KiI
(forward: TATTGATGGCGACTACCC, reverse: GGC
GGAACTTCATGTTAG); mouse Foxfl (forward: TGT
CTGGCAGCATCTCCA, reverse: TCCTCCGCCTGTT
GTATG); mouse Cdh2 (forward: AGTCTTACCGA
AGGATGTG, reverse: CCTGGGTTTCTTTGTCTT);
mouse Cdhl1l (forward: GTCTCCTCATGGCTTTGC,
reverse;. CTTTAGATGCCGCTTCAC); mouse Cavl
(forward: ACGAGGTGACTGAGAAGC, reverse: AGA
CAACAAGCGGTAAAA); Arpppo (forward: GAAAC
TGCTGCCTCACATCCG, reverse: GCTGGCACAGT
GACCTCACACG).

Immunofluorescence staining

Immunofluorescence staining on tissue sections, mouse
PCLSs, and primary pulmonary fibroblasts was
performed as described previously [50, 52]. In brief,
immunofluorescent staining on frozen sections (5 pm),
PCLSs, and primary pulmonary fibroblasts was
performed using primary antibodies to a-SMA (1:200,
Sigma Aldrich), Collagen I (1:200, Abcam), Fibronectin
(1:200, Abcam) and associated fluorescein (FITC)- and
Cy3-conjugated  secondary  antibodies  (Jackson
ImmunoResearch, West Grove, PA, USA) per
manufacturer instructions. Stained sections were imaged
using OLYMPUS automated fluorescence microscope
BX63 (OLYMPUS, Shinjuku, Tokyo, Japan) and
stained mouse PCLSs were imaged under ZEISS laser
scanning confocal microscope LSM5 (ZEISS,
Oberkochen, Germany).

Cell migration assays

To assess the migrative ability of pulmonary fibroblast,
20,000 fibroblasts were seeded in 400 pl of serum-free
medium with or without mouse rKL supplementation
onto an 8 um 24-well hanging insert (Merck and
Millipore) and cell migration was performed in the
presence of 10% FBS complete medium with or without
TGF-B1. After 48 h, media were removed and the
polycarbonate filters with the migrated cells were fixed
stained with crystal violet (Beyotiome, Shanghai, China).
The migrated cells of each sample were counted in ten
randomly selected fields.

Statistical analysis

At least three independent experiments were performed.
Comparisons were performed using the Student’s t test
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between two groups or ANOVA in multiple groups.
Results were presented as means + SEM. A value of
P < 0.05 was considered statistically significant.
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AUTHOR CONTRIBUTIONS

The study was designed by Q.H. and JW.; Q.H., Y.C.,
and S.S. performed the research. M.L. and L.L. did the
bioinformatic analyses. Q.H., M.L., and Y.C. wrote the
manuscript. Additional expertise was contributed by
SW., W.X, and W.Z;; Q.H., M.L., and Y.W. did the
revision work.

ACKNOWLEDGMENTS

We are grateful to Dr. Weiyan You, Key Laboratory for
Neurodegenerative Disease of Jiangsu Province,
Department of Neurobiology, Nanjing Medical
University, Nanjing, Jiangsu, China, for the generous
help in preparing mouse PCLSs. We would like to thank
Xiaosu Li, a freelance translator in Beijing, China, for
editorial assistance.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This study was supported by research grants from (1)
the National Natural Science Foundation of China
(81871115) to J.W. and Jiangsu Provincial Key
Discipline of Medicine (ZDXKA2016003) to J.W., (2)
the Natural Science Foundation of the Jiangsu Higher
Education Institutions of China (17KJB180009) to
M.L., the Natural Science Foundation of Jiangsu
Province (BK20171062) to M.L., and the National
Natural Science Foundation of China (81701320) to
M.L., (3) the National Natural Science Foundation of
China (81871100) to W.X..

REFERENCES

1. Richeldi L, Collard HR, Jones MG. Idiopathic pulmonary
fibrosis. Lancet. 2017; 389:1941-52.
https://doi.org/10.1016/50140-6736(17)30866-8
PMID:28365056

2. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J,
Brown KK, Colby TV, Cordier JF, Flaherty KR, Lasky JA,
Lynch DA, Ryu JH, Swigris JJ, et al, and
ATS/ERS/JRS/ALAT  Committee on Idiopathic
Pulmonary Fibrosis. An official ATS/ERS/JRS/ALAT
statement: idiopathic pulmonary fibrosis: evidence-
based guidelines for diagnosis and management. Am J
Respir Crit Care Med. 2011; 183:788-824.
https://doi.org/10.1164/rccm.2009-040GL
PMID:21471066

3. Raghu G, Chen SY, Yeh WS, Maroni B, Li Q, Lee YC,
Collard HR. Idiopathic pulmonary fibrosis in US
Medicare beneficiaries aged 65 years and older:
incidence, prevalence, and survival, 2001-11. Lancet
Respir Med. 2014; 2:566—72.
https://doi.org/10.1016/52213-2600(14)70101-8
PMID:24875841

4. Kreuter M, Bonella F, Wijsenbeek M, Maher TM,
Spagnolo P. Pharmacological Treatment of Idiopathic
Pulmonary Fibrosis: Current Approaches, Unsolved
Issues, and Future Perspectives. Biomed Res Int. 2015;
2015:329481.
https://doi.org/10.1155/2015/329481 PMID:26779535

5. Faner R, Rojas M, Macnee W, Agusti A. Abnormal lung
aging in chronic obstructive pulmonary disease and
idiopathic pulmonary fibrosis. Am J Respir Crit Care
Med. 2012; 186:306-13.
https://doi.org/10.1164/rccm.201202-0282PP
PMID:22582162

6. Selman M, Buendia-Roldan I, Pardo A. Aging and
Pulmonary Fibrosis. Rev Invest Clin. 2016; 68:75-83.
PMID:27103043

7. Selman M, Ldpez-Otin C, Pardo A. Age-driven
developmental drift in the pathogenesis of idiopathic
pulmonary fibrosis. Eur Respir J. 2016; 48:538-52.
https://doi.org/10.1183/13993003.00398-2016
PMID:27390284

8. Meiners S, Eickelberg O, Konigshoff M. Hallmarks of
the ageing lung. Eur Respir J. 2015; 45:807-27.
https://doi.org/10.1183/09031936.00186914
PMID:25657021

9. Schafer MJ, White TA, lijima K, Haak AJ, Ligresti G,
Atkinson EJ, Oberg AL, Birch J, Salmonowicz H, Zhu Y,
Mazula DL, Brooks RW, Fuhrmann-Stroissnigg H, et al.
Cellular senescence mediates fibrotic pulmonary
disease. Nat Commun. 2017; 8:14532.

WWW.aging-us.com

5825

AGING


https://doi.org/10.1016/S0140-6736%2817%2930866-8
https://www.ncbi.nlm.nih.gov/pubmed/28365056
https://doi.org/10.1164/rccm.2009-040GL
https://www.ncbi.nlm.nih.gov/pubmed/21471066
https://doi.org/10.1016/S2213-2600%2814%2970101-8
https://www.ncbi.nlm.nih.gov/pubmed/24875841
https://doi.org/10.1155/2015/329481
https://www.ncbi.nlm.nih.gov/pubmed/26779535
https://doi.org/10.1164/rccm.201202-0282PP
https://www.ncbi.nlm.nih.gov/pubmed/22582162
https://www.ncbi.nlm.nih.gov/pubmed/27103043
https://doi.org/10.1183/13993003.00398-2016
https://www.ncbi.nlm.nih.gov/pubmed/27390284
https://doi.org/10.1183/09031936.00186914
https://www.ncbi.nlm.nih.gov/pubmed/25657021

10.

11.

12.

13.

14.

15.

16.

17.

https://doi.org/10.1038/ncomms14532
PMID:28230051

Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga
T, Utsugi T, Ohyama Y, Kurabayashi M, Kaname T,
Kume E, lwasaki H, lida A, Shiraki-lida T, et al. Mutation
of the mouse klotho gene leads to a syndrome
resembling ageing. Nature. 1997; 390:45-51.
https://doi.org/10.1038/36285

PMID:9363890

Mencke R, Olauson H, Hillebrands JL. Effects of Klotho
on fibrosis and cancer: A renal focus on mechanisms
and therapeutic strategies. Adv Drug Deliv Rev. 2017;
121:85-100.
https://doi.org/10.1016/j.addr.2017.07.009
PMID:28709936

Hu MC, Shi M, Cho HJ, Adams-Huet B, Paek J, Hill K,
Shelton J, Amaral AP, Faul C, Taniguchi M, Wolf M,
Brand M, Takahashi M, et al. Klotho and phosphate are
modulators of pathologic uremic cardiac remodeling. J
Am Soc Nephrol. 2015; 26:1290-302.
https://doi.org/10.1681/ASN.2014050465
PMID:25326585

Barnes JW, Duncan D, Helton S, Hutcheson S,
Kurundkar D, Logsdon NJ, Locy M, Garth J, Denson R,
Farver C, Vo HT, King G, Kentrup D, et al. Role of
fibroblast growth factor 23 and klotho cross talk in
idiopathic pulmonary fibrosis. Am J Physiol Lung Cell
Mol Physiol. 2019; 317:0L141-54.
https://doi.org/10.1152/ajplung.00246.2018
PMID:31042083

Kurundkar A, Thannickal VJ. Redox mechanisms in age-
related lung fibrosis. Redox Biol. 2016; 9:67-76.
https://doi.org/10.1016/j.redox.2016.06.005
PMID:27394680

Gralewicz S, Tomas T, Socko R. Effects of single
exposure to chlorphenvinphos, an organophosphate
insecticide, on electrical activity (EEG) of the rat brain.
Pol J Occup Med. 1989; 2:309-20.

PMID:2489433

Kim SJ, Cheresh P, Eren M, Jablonski RP, Yeldandi A,
Ridge KM, Budinger GR, Kim DH, Wolf M, Vaughan DE,
Kamp DW. Klotho, an antiaging molecule, attenuates
oxidant-induced alveolar epithelial cell mtDNA damage
and apoptosis. Am J Physiol Lung Cell Mol Physiol.
2017; 313:L16-26.
https://doi.org/10.1152/ajplung.00063.2017
PMID:28428174

Zhang LM, Zhang J, Zhang Y, Fei C, Wang L, Yi ZW,
Zhang ZQ. Interleukin-18 promotes fibroblast
senescence in pulmonary fibrosis through down-
regulating Klotho expression. Biomed Pharmacother.
2019; 113:108756.

18.

19.

20.

21.

22.

23.

24.

25.

https://doi.org/10.1016/j.biopha.2019.108756
PMID:30870716

Gazdhar A, Ravikumar P, Pastor J, Heller M, Ye J, Zhang
J, Moe OW, Geiser T, Hsia CC. Alpha-Klotho Enrichment
in Induced Pluripotent Stem Cell Secretome
Contributes to Antioxidative Protection in Acute Lung
Injury. Stem Cells. 2018; 36:616—25.
https://doi.org/10.1002/stem.2752

PMID:29226550

Moore MW, Herzog EL. Regulation and Relevance of
Myofibroblast Responses in Idiopathic Pulmonary
Fibrosis. Curr Pathobiol Rep. 2013; 1:199-208.
https://doi.org/10.1007/s40139-013-0017-8
PMID:25705577

Kusko RL, Brothers JF 2nd, Tedrow J, Pandit K, Huleihel
L, Perdomo C, Liu G, Juan-Guardela B, Kass D, Zhang S,
Lenburg M, Martinez F, Quackenbush J, et al.
Integrated Genomics Reveals Convergent
Transcriptomic ~ Networks  Underlying  Chronic
Obstructive  Pulmonary Disease and Idiopathic
Pulmonary Fibrosis. Am J Respir Crit Care Med. 2016;
194:948-60.
https://doi.org/10.1164/rccm.201510-20260C
PMID:27104832

Alsafadi HN, Staab-Weijnitz CA, Lehmann M, Lindner
M, Peschel B, Konigshoff M, Wagner DE. An ex vivo
model to induce early fibrosis-like changes in human
precision-cut lung slices. Am J Physiol Lung Cell Mol
Physiol. 2017; 312:L896—-902.
https://doi.org/10.1152/ajplung.00084.2017
PMID:28314802

Black M, Milewski D, Le T, Ren X, Xu Y, Kalinichenko VV,
Kalin TV. FOXF1 Inhibits Pulmonary Fibrosis by
Preventing CDH2-CDH11 Cadherin  Switch in
Myofibroblasts. Cell Rep. 2018; 23:442-58.
https://doi.org/10.1016/j.celrep.2018.03.067
PMID:29642003

Gvaramia D, Blaauboer ME, Hanemaaijer R, Everts V.
Role of caveolin-1 in fibrotic diseases. Matrix Biol.
2013; 32:307-15.
https://doi.org/10.1016/j.matbio.2013.03.005
PMID:23583521

Tourkina E, Richard M, G666z P, Bonner M, Pannu J,
Harley R, Bernatchez PN, Sessa WC, Silver RM,
Hoffman S. Antifibrotic properties of caveolin-1
scaffolding domain in vitro and in vivo. Am J Physiol
Lung Cell Mol Physiol. 2008; 294:.843-61.
https://doi.org/10.1152/ajplung.00295.2007
PMID:18203815

Wang XM, Zhang Y, Kim HP, Zhou Z, Feghali-Bostwick
CA, Liu F, Ifedigbo E, Xu X, Oury TD, Kaminski N, Choi
AM. Caveolin-1: a critical regulator of lung fibrosis

WWW.aging-us.com

5826

AGING


https://doi.org/10.1038/ncomms14532
https://www.ncbi.nlm.nih.gov/pubmed/28230051
https://doi.org/10.1038/36285
https://www.ncbi.nlm.nih.gov/pubmed/9363890
https://doi.org/10.1016/j.addr.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28709936
https://doi.org/10.1681/ASN.2014050465
https://www.ncbi.nlm.nih.gov/pubmed/25326585
https://doi.org/10.1152/ajplung.00246.2018
https://www.ncbi.nlm.nih.gov/pubmed/31042083
https://doi.org/10.1016/j.redox.2016.06.005
https://www.ncbi.nlm.nih.gov/pubmed/27394680
https://www.ncbi.nlm.nih.gov/pubmed/2489433
https://doi.org/10.1152/ajplung.00063.2017
https://www.ncbi.nlm.nih.gov/pubmed/28428174
https://doi.org/10.1016/j.biopha.2019.108756
https://www.ncbi.nlm.nih.gov/pubmed/30870716
https://doi.org/10.1002/stem.2752
https://www.ncbi.nlm.nih.gov/pubmed/29226550
https://doi.org/10.1007/s40139-013-0017-8
https://www.ncbi.nlm.nih.gov/pubmed/25705577
https://doi.org/10.1164/rccm.201510-2026OC
https://www.ncbi.nlm.nih.gov/pubmed/27104832
https://doi.org/10.1152/ajplung.00084.2017
https://www.ncbi.nlm.nih.gov/pubmed/28314802
https://doi.org/10.1016/j.celrep.2018.03.067
https://www.ncbi.nlm.nih.gov/pubmed/29642003
https://doi.org/10.1016/j.matbio.2013.03.005
https://www.ncbi.nlm.nih.gov/pubmed/23583521
https://doi.org/10.1152/ajplung.00295.2007
https://www.ncbi.nlm.nih.gov/pubmed/18203815

26.

27.

28.

29.

30.

3L

32.

33.

in idiopathic pulmonary fibrosis. J Exp Med. 2006;
203:2895-906.
https://doi.org/10.1084/jem.20061536
PMID:17178917

Chen G, Liu Y, Goetz R, Fu L, Jayaraman S, Hu MC, Moe
OW, Liang G, Li X, Mohammadi M. a-Klotho is a non-
enzymatic molecular scaffold for FGF23 hormone
signalling. Nature. 2018; 553:461-66.
https://doi.org/10.1038/nature25451

PMID:29342138

Wang Y, Sun Z. Current understanding of klotho.
Ageing Res Rev. 2009; 8:43-51.
https://doi.org/10.1016/j.arr.2008.10.002
PMID:19022406

Schwartze JT, Becker S, Sakkas E, Wujak LA, Niess G,
Usemann J, Reichenberger F, Herold S, Vadasz I, Mayer
K, Seeger W, Morty RE. Glucocorticoids recruit Tgfbr3
and Smadl to shift transforming growth factor-p
signaling from the Tgfbrl/Smad2/3 axis to the
Acvrll/Smadl axis in lung fibroblasts. J Biol Chem.
2014; 289:3262-75.
https://doi.org/10.1074/jbc.M113.541052
PMID:24347165

Kach J, Sandbo N, Sethakorn N, Williams J, Reed EB, La
J, Tian X, Brain SD, Rajendran K, Krishnan R, Sperling Al,
Birukov K, Dulin NO. Regulation of myofibroblast
differentiation and bleomycin-induced pulmonary
fibrosis by adrenomedullin. Am J Physiol Lung Cell Mol
Physiol. 2013; 304:L757-64.
https://doi.org/10.1152/ajplung.00262.2012
PMID:23585227

Deng Y, Li Z, Liu J, Wang Z, Cao Y, Mou Y, Fu B, Mo B,
Wei J, Cheng Z, Luo L, Li J, Shu Y, et al. Targeted
resequencing reveals genetic risks in patients with
sporadic idiopathic pulmonary fibrosis. Hum Mutat.
2018; 39:1238-45.

https://doi.org/10.1002/humu.23566 PMID:29920840

Teves ME, Strauss JF 3rd, Sapao P, Shi B, Varga J. The
Primary Cilium: Emerging Role as a Key Player in
Fibrosis. Curr Rheumatol Rep. 2019; 21:29.
https://doi.org/10.1007/s11926-019-0822-0
PMID:31115730

Qian L, Gao X, Huang H, Lu S, Cai Y, Hua Y, Liu Y,
Zhang J. PRSS3 is a prognostic marker in invasive
ductal carcinoma of the breast. Oncotarget. 2017;
8:21444-53.
https://doi.org/10.18632/oncotarget.15590
PMID:28423522

Xu J, Wang H, Wang H, Chen Q, Zhang L, Song C, Zhou
Q, Hong Y. The inhibition of miR-126 in cell migration
and invasion of cervical cancer through regulating
ZEB1. Hereditas. 2019; 156:11.

34.

35.

36.

37.

38.

39.

40.

41.

42.

https://doi.org/10.1186/s41065-019-0087-7
PMID:31007650

Ustiyan V, Bolte C, Zhang Y, Han L, Xu Y, Yutzey KE,
Zorn AM, Kalin TV, Shannon JM, Kalinichenko VV.
FOXF1  transcription  factor  promotes lung
morphogenesis by inducing cellular proliferation in
fetal lung mesenchyme. Dev Biol. 2018; 443:50-63.
https://doi.org/10.1016/j.ydbio.2018.08.011
PMID:30153454

Melboucy-Belkhir S, Pradéere P, Tadbiri S, Habib S,
Bacrot A, Brayer S, Mari B, Besnard V, Mailleux A,
Guenther A, Castier Y, Mal H, Crestani B, Plantier L.
Forkhead Box F1 represses cell growth and inhibits
COL1 and ARPC2 expression in lung fibroblasts in vitro.
Am J Physiol Lung Cell Mol Physiol. 2014; 307:L838-47.
https://doi.org/10.1152/ajplung.00012.2014
PMID:25260753

Parat MO. The biology of caveolae: achievements and
perspectives. Int Rev Cell Mol Biol. 2009; 273:117-62.
https://doi.org/10.1016/51937-6448(08)01804-2
PMID:19215904

Quest AF, Gutierrez-Pajares JL, Torres VA. Caveolin-1:
an ambiguous partner in cell signalling and cancer. J
Cell Mol Med. 2008; 12:1130-50.
https://doi.org/10.1111/j.1582-4934.2008.00331.x
PMID:18400052

Tourkina E, Hoffman S. Caveolin-1 signaling in lung
fibrosis. Open Rheumatol J. 2012; 6:116-22.
https://doi.org/10.2174/1874312901206010116
PMID:22802909

Shihata WA, Putra MR, Chin-Dusting JP. Is There a
Potential Therapeutic Role for Caveolin-1 in Fibrosis?
Front Pharmacol. 2017; 8:567.
https://doi.org/10.3389/fphar.2017.00567
PMID:28970796

Sanders YY, Cui Z, Le Saux CJ, Horowitz JC, Rangarajan
S, Kurundkar A, Antony VB, Thannickal VJ. SMAD-
independent down-regulation of caveolin-1 by TGF-f:
effects on proliferation and survival of myofibroblasts.
PLoS One. 2015; 10:e0116995.
https://doi.org/10.1371/journal.pone.0116995
PMID:25658089

Nho RS, Peterson M, Hergert P, Henke CA. FoxO3a
(Forkhead Box 03a) deficiency protects Idiopathic
Pulmonary Fibrosis (IPF) fibroblasts from type |
polymerized collagen matrix-induced apoptosis via
caveolin-1 (cav-1) and Fas. PLoS One. 2013; 8:61017.
https://doi.org/10.1371/journal.pone.0061017
PMID:23580232

Bagnato G, Harari S. Cellular interactions in the
pathogenesis of interstitial lung diseases. Eur Respir
Rev. 2015; 24:102-14.

WWW.aging-us.com

5827

AGING


https://doi.org/10.1084/jem.20061536
https://www.ncbi.nlm.nih.gov/pubmed/17178917
https://doi.org/10.1038/nature25451
https://www.ncbi.nlm.nih.gov/pubmed/29342138
https://doi.org/10.1016/j.arr.2008.10.002
https://www.ncbi.nlm.nih.gov/pubmed/19022406
https://doi.org/10.1074/jbc.M113.541052
https://www.ncbi.nlm.nih.gov/pubmed/24347165
https://doi.org/10.1152/ajplung.00262.2012
https://www.ncbi.nlm.nih.gov/pubmed/23585227
https://doi.org/10.1002/humu.23566
https://www.ncbi.nlm.nih.gov/pubmed/29920840
https://doi.org/10.1007/s11926-019-0822-0
https://www.ncbi.nlm.nih.gov/pubmed/31115730
https://doi.org/10.18632/oncotarget.15590
https://www.ncbi.nlm.nih.gov/pubmed/28423522
https://doi.org/10.1186/s41065-019-0087-7
https://www.ncbi.nlm.nih.gov/pubmed/31007650
https://doi.org/10.1016/j.ydbio.2018.08.011
https://www.ncbi.nlm.nih.gov/pubmed/30153454
https://doi.org/10.1152/ajplung.00012.2014
https://www.ncbi.nlm.nih.gov/pubmed/25260753
https://doi.org/10.1016/S1937-6448%2808%2901804-2
https://www.ncbi.nlm.nih.gov/pubmed/19215904
https://doi.org/10.1111/j.1582-4934.2008.00331.x
https://www.ncbi.nlm.nih.gov/pubmed/18400052
https://doi.org/10.2174/1874312901206010116
https://www.ncbi.nlm.nih.gov/pubmed/22802909
https://doi.org/10.3389/fphar.2017.00567
https://www.ncbi.nlm.nih.gov/pubmed/28970796
https://doi.org/10.1371/journal.pone.0116995
https://www.ncbi.nlm.nih.gov/pubmed/25658089
https://doi.org/10.1371/journal.pone.0061017
https://www.ncbi.nlm.nih.gov/pubmed/23580232

43.

44,

45.

46.

https://doi.org/10.1183/09059180.00003214
PMID:25726561

Tanaka A, Jin Y, Lee SJ, Zhang M, Kim HP, Stolz DB,
Ryter SW, Choi AM. Hyperoxia-induced LC3B interacts
with the Fas apoptotic pathway in epithelial cell death.
Am J Respir Cell Mol Biol. 2012; 46:507-14.
https://doi.org/10.1165/rcmb.2009-04150C
PMID:22095627

Li Z, Wermuth PJ, Benn BS, Lisanti MP, Jimenez SA.
Caveolin-1 deficiency induces spontaneous
endothelial-to-mesenchymal transition in  murine
pulmonary endothelial cells in vitro. Am J Pathol. 2013;
182:325-31.
https://doi.org/10.1016/j.ajpath.2012.10.022
PMID:23195429

Hu G, Ye RD, Dinauer MC, Malik AB, Minshall RD.
Neutrophil caveolin-1 expression contributes to
mechanism of lung inflammation and injury. Am J
Physiol Lung Cell Mol Physiol. 2008; 294:1.178-86.
https://doi.org/10.1152/ajplung.00263.2007
PMID:17993589

Tourkina E, Richard M, Oates J, Hofbauer A, Bonner M,
G066z P, Visconti R, Zhang J, Znoyko S, Hatfield CM,
Silver RM, Hoffman S. Caveolin-1 regulates leucocyte
behaviour in fibrotic lung disease. Ann Rheum Dis.
2010; 69:1220-26.
https://doi.org/10.1136/ard.2009.117580
PMID:20410070

48.

49.

50.

51.

52.

Walter W, Sanchez-Cabo F, Ricote M. GOplot: an R
package for visually combining expression data with
functional analysis. Bioinformatics. 2015; 31:2912-14.
https://doi.org/10.1093/bioinformatics/btv300
PMID:25964631

Tager AM, Kradin RL, LaCamera P, Bercury SD,
Campanella GS, Leary CP, Polosukhin V, Zhao LH,
Sakamoto H, Blackwell TS, Luster AD. Inhibition of
pulmonary fibrosis by the chemokine IP-10/CXCL10.
Am J Respir Cell Mol Biol. 2004; 31:395-404.
https://doi.org/10.1165/rcmb.2004-01750C
PMID:15205180

Uhl FE, Vierkotten S, Wagner DE, Burgstaller G, Costa
R, Koch 1, Lindner M, Meiners S, Eickelberg O,
Konigshoff M. Preclinical validation and imaging of
Whnt-induced repair in human 3D lung tissue cultures.
Eur Respir J. 2015; 46:1150-66.
https://doi.org/10.1183/09031936.00183214
PMID:25929950

Huang Q, You W, Li Y, Sun Y, Zhou Y, Zhang Y, Liu D,
Zhan S, Zhu Y, Han X. Glucolipotoxicity-Inhibited miR-
299-5p Regulates Pancreatic B-Cell Function and
Survival. Diabetes. 2018; 67:2280-92.
https://doi.org/10.2337/db18-0223

PMID:30131392

Zhou H, Qian J, Li C, Li J, Zhang X, Ding Z, Gao X, Han Z,
Cheng Y, Liu L. Attenuation of cardiac dysfunction by
HSPA12B in endotoxin-induced sepsis in mice through
a PI3K-dependent mechanism. Cardiovasc Res. 2011;

47. Langfelder P, Horvath S. WGCNA: an R package for
. . . 89:109-18.
weighted correlation network analysis. BMC httos://doi
Bioinformatics. 2008; 9:559. P:\;ﬁ’;‘/ 2/0%';’(;% 10.1093/cvr/cvq268
https://doi.org/10.1186/1471-2105-9-559 —_—
PMID:19114008
WWww.aging-us.com 5828 AGING


https://doi.org/10.1183/09059180.00003214
https://www.ncbi.nlm.nih.gov/pubmed/25726561
https://doi.org/10.1165/rcmb.2009-0415OC
https://www.ncbi.nlm.nih.gov/pubmed/22095627
https://doi.org/10.1016/j.ajpath.2012.10.022
https://www.ncbi.nlm.nih.gov/pubmed/23195429
https://doi.org/10.1152/ajplung.00263.2007
https://www.ncbi.nlm.nih.gov/pubmed/17993589
https://doi.org/10.1136/ard.2009.117580
https://www.ncbi.nlm.nih.gov/pubmed/20410070
https://doi.org/10.1186/1471-2105-9-559
https://www.ncbi.nlm.nih.gov/pubmed/19114008
https://doi.org/10.1093/bioinformatics/btv300
https://www.ncbi.nlm.nih.gov/pubmed/25964631
https://doi.org/10.1165/rcmb.2004-0175OC
https://www.ncbi.nlm.nih.gov/pubmed/15205180
https://doi.org/10.1183/09031936.00183214
https://www.ncbi.nlm.nih.gov/pubmed/25929950
https://doi.org/10.2337/db18-0223
https://www.ncbi.nlm.nih.gov/pubmed/30131392
https://doi.org/10.1093/cvr/cvq268
https://www.ncbi.nlm.nih.gov/pubmed/20733008

SUPPLEMENTARY MATERIALS

Supplementary Figure
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Supplementary Figure 1. Validation of bleomycin induced pulmonary fibrosis in mice. Eight-week-old mice were intratracheally
administered a single dose of PBS (Ctrl) or bleomycin (BLM). Body weight (BW) was monitored daily and is depicted as change in grams
relative to baseline (0 day) (A). The lungs were harvested and subjected to H&E staining, Masson trichrome staining (B), and
immunofluorescence staining of fibronectin, a-SMA, and collagen | (C). Scale bars = 50 um. **P < 0.01 vs. Ctrl. 5-7 animals per group.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Table 1. All genes included in the WGCNA
analysis. The column “module” indicated the resulting module groups by color and “grey” indicated unclustered
genes.

Supplementary Table 2. All genes in each enrichment term showed in Figure 1D.
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growth factor beta L1A1,GCNT2,WNT5AEPB41L5 ACVR1,FNDC4,LTBP2, TGFB3,SMADY,APAF1,FMOD,CITED],
GDF5,ID1,CDKN1C,GDF15,POSTN,WNT10A TGFBRAP1,LRRC32,SMAD6,CILP,ACVRL1,PML
,MYOCD,PRDM16,CGN,LEFTY2,STAR,CDKN2B,PARD3,ANKRD1,KLF10,NODAL,ZFYVES9,S
KI,ZYX,CLDN1,CLEC3B,HPGD,CITED2,COL1A2,FBN1,MAPK7,COL3A1,LDLRAD4,PTK2,FO
S,JUN,CDH5,PENK,CAV3,CLDN5,ADAMTSL2, BMPR2,UBA52”

G0:0022604  regulation of cell “SEMAS3F,HECW1,PLXND1,ARHGAP44,SEMA3G,FYN,SEMA3B,NEDD4L,RHOA,SYT1,FERM
morphogenesis  T2,PLXNA2,MAP2,CARMIL1,SEMA5B,GSK3B,ULK2,CASS4,SEMAGA,UNC13D,BAMBI,NRP1,
PALM,TRIOBP,COCH,NFATC4,FGD1,FBX031,SYT17,RAB11A,ANKRD27,MAG,PTN,CXCL12,
C1QBP,CCL7,RASAL1,NEDDY,BVES,SRF,VEGFA,SEMASA WNT5A, TTL, TNR,MPL,APOAL,M
YL12B,SPP1,BCL11A,ARAP3,CPNES5,ID1,RHOJ,FGD3,MACF1,KDR,ACTN4,0LFM1,DLG4,WA
SF3,MYH10,POSTN,EPHB2,LRP4,ADGRB3,CAPRIN1,ITGA7,ENPP2, TRPC6,SEMAGD,SSH2,W
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1,PAK4,ARHGEF11,DCLK1,POSTN,BTG1,PSRC1,RERG,SERPINE2,MAP2K5,SEMAG6D,PLCE1,
CLSTN3,ACVRL1,FBLN5,PML,MYOCD,TP53,RPTOR,IGFBP4,APP,CCN1,CRABP2,SEMAGC,T
MEM108,AGTR1,SLIT2,SFRP2,IGFBP3,LAMTOR1, TAOK2,WNT3A,MMP14,FRZB,IGFBP7,NK
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G0:0051056 regulation of
small GTPase
mediated signal

transduction

G0:0090130 cell migration

G0:0030324  lung development

G0:0061448 connective tissue
development

G0:0042326 negative
regulation of
phosphorylation

X6-1,SOX17,AVPRIA, ILK,NDEL1,GREM1,SERTAD3,SEMAGB,IGFBP6,GNG4,FAM107A,
NPR1,SEMA3E,DSCAM,SLC25A33,LAMB2,NET1,SFN,BDNF,SERTAD2,AGTR2,CAV3,EFNAS5,
PRKN,NRG3,DCC,FAM122A,DCUN1D3,BMPR2,FGFR10P,SIPA1,MEG3,PLXNA4”

“ITGA3,ARHGAP44,CYTH3,IGF1,RALBP1,ARHGAP31,ARHGAP6,GDI2,CDON,RHOA,RHOBT
B1,0PHN1,TGFB2,SYDE2,NRP1,FGD1,PPP2CB,ARHGEF10,SYDE1,PIK3R2, TNFAIP1,ARHGEF
17,RASAL1,BCL6,RALGPS2,MFN2,SIPA1L2,APOAL, TRIM67,ARAP3,ADRA1A,ARHGAP40, TR
IP10,RHOJ,FGD3,F2RL3,ARHGEF6,STARDS,EPO,ARHGEF9,RAP1GAP2, ARHGEF11,STARD13
,EPHB2,ARHGEF4,SPRY2,DAB2IP,ARRB1,ARHGAP20,ARHGAP29,PLCE1,ARHGAP24,ITPKB,
RHOB,GPR17,IQSEC1,SLIT2,NOTCH1,EPS8,FARP1,0BSCN,FGD5,RHOC,PSD3,VAV2, ARHGA
P25,ARHGEF3,DLC1,ARHGEF40,MAPRE2,COL3A1,SCAINET1,ARHGAP1,GPR4,F2R,SPRY4,
SRGAP1,KANK2,ARHGEF15,GPR20,ARHGAP19,SIPAL”

“PLXND1,ITGA3,PRSS3,ADGRA2,FLT4,HDAC7,RHOA,VASH1,EDN1,PXN,TGFB2,NRP1,PPM
1F,PDGFB,MMP9,CD40,ANGPT4,FERMT1,RGCC,FOXF1,RAB11A,GPI,HDACS,IFNG,SMOC2,S
RF,VEGFA,SEMASA,HBEGF,WNT5A HYAL1,EPB41L5 APOALNRP2, TEK,PKN1,NR4ALPLC
G1,EFNB2,ID1,RHOJ,MACF1,KDR,DLL4,SERPINF1,STARD13,KLF4,DAB2IP,ENPP2, MAP2KS,
CYP1B1,ANXA3,ACVRL1,CDH13,DUSP10,RHOB,IQSEC1,SLIT2,NOTCH1,VEGFC,ANGPT1,P
RKCA,CXCL13,PAXIP1,STC1,PKN3JCAD,AMOTL1,GREM1,MAPRE2,ATOH8,EFNA1,PTK2,M
MRN2,PTPRM,CLEC14A,JUN,GATA2,AGTR2,ADGRB1,PRKX,PRKD1,EPHB4,KANK2,MAP3K
3,MIR126,BMPR2,EMP2, TNFSF12,INSL3”

“ITGA3,FLT4,TNC,FSTL3,SREBF1,PGR, TBX5,PHEX,MAPK3,FOXF1,PTN,WNT2,HOXA5,BMP

R1APTK7,SRF,VEGFAWNT5A, IGFBP5,EPASL,ERRFI1,HSD11B1,CCN2,TCF21, TGFB3,TBX4,

SPDEF,ID1,THRA,KLF2,CHI3L1,SPRY?2,TNS3,HS6ST1,STRAG,MYOCD,GATA6,ABCA12,GPC3

,RSPO2,NOTCH1,NODAL,MMP14,SELENON,PDPN,VANGL2,PKDCC,HHIP,HEG1,PDGFA ,AD
AMTSL2,BMPR2,ATXN1L”

“NR1H4,COL11A1,HYAL2,EVC,ACAT1,EDN1,0XCT1,XBP1,PDGFB,COCH,ZNF516, TIMP1,M
APK3,HOXA5,BMPR1A,FBXW4,COL1AL,ZBTB16,SRF,WNT5A,COL7Al,HYALL,EFEMP1,ME
F2D,CCN2,TGFBI,EGR1,GDF5,THRA,COL5A1,RARA,MATNS,CHI3L1,ADAMTS7,SULF1,MMP
13,ACVRL1,COL6A1,COL6A2,CARM1,CCN1,CTSK,WNT9A,SFRP2,RSPO2,SLC25A25,NOTCH
1,SERPINH1,BMP6,PAXIP1,STC1,PTHIR,PKDCC,FRZB,NPPC,COL6A3,IHH,0SR2,GREM1,SC
ARA3,SHOX2,WNT10B,ID4,CD34,LEP,SH3PXD2B,PLAAT3,GPR4,CREB3L2,RFLNB,AMER1,C
OL14A1,SULF2,COL27A1,ANXA6,BMPR2,COL11A2”

“PRKAR2B,PAX6,GPRC5A,LMO3,IPO5,PPP2R5A,RHOA PRKCZ,HYAL2,SIRT2,NCK2,TRIB2,R
PS6KAG,BAX,SEMAGA,GADD45B,PPM1F,FBXO7,TIMP3,BDKRB1,SMAD7,PARD6A,PIK3R2,
CAV1,AMBP,ENG,PPIF,STK38,H2AFY,CBLB,ERRFI1,DUSP1,TWIST1,CDKN2C,PKN1,CDKN2
D,CHRNA10,CDKN1C,CBFA2T3,MLLT1,GMFG,RGN,SH3BP5,INPP5K,EPHB2,MICAL1,NIBAN
1,SPRY?2,KLF4,DAB2IP,ARRB1,SORL1,SMAD6,DUSP6,WARS,MYOCD,RPTOR,CBLC,DUSP10
,CTDSP1,CTDSPL,SLIT2,SFRP2,IGFBP3,CDKN2B,PARD3,DRD2,LATS2,GPD1L,HHEX, THY1,
ANGPT1,LRRK1,UCHL1,SAMSN1,PLPP3,CAMK2N1,ATF3,SPINK1,GPER1,PRDX3,NDRG2,IL
K,GREM1,BDKRB2,LDLRADA4,PKIG,RGS14,EFNAL,PKIA, TRIB1,CTDSP2,SFN,JUN,PER1,MY
ADM,ADIPOQ,CAV3,DUSP8,PRKN,INKAL,IRS2,SPRY4,PRKAR1B,ADARB1,INKA2,SPRED2, T
RIM27,FGFR10P”
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