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Inhibition of CEMIP potentiates the effect of sorafenib on
metastatic hepatocellular carcinoma by reducing the stiffness
of lung metastases
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Hepatocellular carcinoma (HCC) with lung metastasis is associated with poor prognosis and poor therapeutic outcomes. Studies
have demonstrated that stiffened stroma can promote metastasis in various tumors. However, how the lung mechanical
microenvironment favors circulating tumor cells remains unclear in metastatic HCC. Here, we found that the expression of cell
migration-inducing hyaluronan-binding protein (CEMIP) was closely associated with lung metastasis and can promote pre-
metastatic niche formation by increasing lung matrix stiffness. Furthermore, upregulated serum CEMIP was indicative of lung
fibrotic changes severity in patients with HCC lung metastasis. By directly targeting CEMIP, pirfenidone can inhibit CEMIP/TGF-β1/
Smad signaling pathway and reduce lung metastases stiffening, demonstrating promising antitumor activity. Pirfenidone in
combination with sorafenib can more effectively suppress the incidence of lung metastasis compared with sorafenib alone. This
study is the first attempt to modulate the mechanical microenvironment for HCC therapy and highlights CEMIP as a potential target
for the prevention and treatment of HCC lung metastasis.
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INTRODUCTION
Hepatocellular carcinoma (HCC) has a poor prognosis due to its
rapid development and early metastasis [1]. Extrahepatic metas-
tasis, especially lung metastasis, has become the key issue that
affects the long-term survival of patients. Sorafenib is used as first-
line systemic therapy for advanced HCC. However, for patients
with extrahepatic metastasis, the therapeutic effect is limited and
the median progression-free survival (PFS) is only 4.0 months [2].
Even the promising atezolizumab plus bevacizumab therapy could
only increase the median PFS to 6.8 months in patients with
unresectable hepatocellular carcinoma [3]. Therefore, it is impera-
tive to further investigate the molecular mechanism of lung
metastasis and explore effective therapy options in HCC patients
with lung metastases.
The formation of the pre-metastatic niche has been proven to

be a prerequisite for metastasis to distant organs [4]. Extracellular
matrix (ECM) is a noncellular three-dimensional network com-
posed of collagens, fibronectin, and several other glycoproteins
[5]. Accumulating evidence suggests that ECM stiffening plays a
vital role in the formation of the pre-metastatic niche, as it results
in the generation of a broad range of biophysical and biochemical
stimuli for tumor angiogenesis, epithelial-to-mesenchymal

transition (EMT), invasion, migration, etc. [6–8]. As the most
abundant cell type in the tumor ECM, fibroblasts, especially those
at the metastatic site, may trans-differentiate into an activated
phenotype and play a key role in modifying the metastatic
microenvironment in distant organs [9, 10]. Encouragingly, as the
role of tumorigenic ECM stiffening is becoming clearer, novel
ECM-targeted therapies are gaining increased attention [11].
However, to date, the exact role of ECM stiffness in HCC remains
unclear, and is even more obscure in HCC patients with lung
metastasis.
Cell migration-inducing and hyaluronan-binding protein

(CEMIP, also known as KIAA1199) is a secreted protein containing
two GG domains and a special G8 domain that plays a crucial role
in hyaluronic acid degradation and cellular proliferation [12, 13].
Although it was originally discovered as a regulator of non-
syndromic hearing loss [14], CEMIP has been recognized to be
crucial for invasion and distant metastasis in various tumors
[15–17]. In HCC, CEMIP has also been found to promote sorafenib
tolerance via EGF/EGFR-dependent EMT [18]. Notably, a recent
study has demonstrated a potent effect of CEMIP on the
aggravation of lung fibrosis by stimulating ECM production and
stiffness [19]. However, the role of CEMIP in the regulation of ECM
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stiffness during the process of HCC lung metastasis has not been
reported.
In this study, we elucidate that the HCC-secreted CEMIP protein

activates the lung fibroblasts (LFs) to mediate lung ECM stiffening,
which facilitates the formation of a pre-metastatic niche that
promotes HCC lung metastasis. Our findings personalize meta-
static HCC therapy with a mechano-predictive biomarker and
could serve as a foundation for the application of mechanother-
apeutics in clinical practice.

MATERIALS AND METHODS
Atomic force microscopy measurements
Atomic force microscopy (AFM, Dimension FastScan, Bruker, Germany) was
used to measure the Young’s elastic modulus of the lung stroma in
different groups. Frozen lung samples from humans and mice were sliced
into pieces of 50 μm in thickness. Each slide was immersed in PBS and was
then anchored to the stage of the microscope.
The stiffness values of different groups of lung tissue were analyzed for

comparison. Young’s modulus was taken as the average of measurements
from three random locations. A tipless silicon probe (Bruker MLCT O10)
was attached to a PS sphere with a diameter of 5 μm, and the calibrated
spring constant was 0.07 N/m. This preparative tip was used to analyze
tissue samples. Force measurements were collected over a 60 × 60-μm
grid. The resulting force data were converted to elastic modulus values
according to the HERTZ model.

Polyacrylamide hydrogels
Commercially available polyacrylamide hydrogels polystyrene plates of
various stiffness coated with type I collagen were used (Softwell; Matrigen
Life Technologies, Brea, CA). Polyacrylamide gels with stiffnesses of 2 kPa
and 25 kPa were chosen to represent the stiffness of normal and fibrotic
lungs, respectively, based on previously published data [20].

Detection of pulmonary function
MasterSceen (Germany) pulmonary function instrument was used by
specialized technicians to determine pulmonary function in all participants.
People who never smokes, or stopped smoking at least 3 years before
recruitment were enrolled. Lung function was determined by forced
expiratory volume in 1 s (FEV1), forced vital capacity (FVC), and diffusion
capacity of carbon monoxide (DLCO), that used as an indirect marker for
interstitial lung change. All indicators are expressed as the percentage of
the normal predicted value (based on the actual age, height, and weight).

Statistical analysis
All analyses were performed using GraphPad Prism software (GraphPad
Software Inc. version 8.0). The experiment data are presented as
mean ± SEM. Differences between two groups or multiple groups were
analyzed by Student’s t test and ANOVA, respectively. Pearson’s correlation
was used to detect and analyze the correlation between CEMIP
concentration and each pulmonary function parameter in patients with
HCC. Data are reported, including estimation of variation within each
group. P values <0.05 were considered significant.
Other detailed materials and methods are described in Supplementary

Information.

RESULTS
Clinical significance of CEMIP expression in HCC
To determine the correlation between CEMIP expression levels
and clinicopathological features, we first characterized CEMIP
expression via immunohistochemistry analysis of paraffin sections
of liver tissues obtained from the primary tumors (PTs) of HCC
patients with lung metastases (20 samples) or no metastases
(56 samples). Based on the staining intensity, tissues were
categorized into groups with low (staining score 0–2) and high
(staining score >2–4) scores (Supplementary Fig. S1A). As shown in
(Fig. 1A, B), patients with lung metastases exhibited a significantly
higher level of CEMIP expression than those without metastasis.
Notably, 45% (9/20) of patients with lung metastases were

detected to have high CEMIP expression, compared to 14.3% (8/
56) in those without lung metastases (P= 0.005) (Fig. 1B).
Furthermore, high CEMIP expression levels in PTs were correlated
with a shorter latency period for lung metastasis (Fig. 1C).
Therefore, high CEMIP expression in surgically resected HCC
specimens might be suggestive of lung metastatic risk at the early
stages.
Next, we performed GO and KEGG enrichment analysis of

differentially expressed genes (DEGs) between samples exhibiting
high (top 10%) and low (bottom 10%) levels of CEMIP expression
using the TCGA HCC dataset. As shown (in Fig. 1D, E), the DEGs
that were predominantly upregulated in the CEMIP-high subgroup
were substantially enriched in gene sets involved in the
generation of stromal tissues in tumors, including in “extracellular
matrix organization”, “extracellular structure organization”,
“cell–substrate adhesion”, etc. Consistently, KEGG pathway enrich-
ment also revealed a predominant enrichment of the pathways
involved in “ECM–receptor interactions” and “focal adhesion” (Fig.
1F). Further, a significant positive correlation between the stromal
activity and CEMIP expression was observed (Fig. 1G). The GSEA
results also revealed the activation of tumor hallmarks associated
with high CEMIP expression levels, i.e., angiogenesis, EMT, and
TGF-beta overexpression (Fig. 1H). Taken together, these findings
suggested a crucial role of CEMIP in shaping stromal tissues in
tumors, which may facilitate metastases.

CEMIP remodels the ECM and promotes lung pre-metastatic
niche formation
To obtain an overall view of the role of CEMIP in the lung
metastatic process, we performed an orthotopic transplantation
experiment, by injecting male BALB/c nude mice with 1 × 106

control, or CEMIP-overexpressing Hep3B subclones. Mice were
subjected to orthotopic liver implantation and raised for 3, 5, or
8 weeks (Fig. 2A). After 3 weeks, no metastasis was found in the
lungs, but the expression levels of niche characteristic genes [21],
including fibronectin (FN), MMP9, and LOX were higher in the
CEMIP overexpressing group. POSTN, a protein that has been
identified as a key player involved in the priming of the lung
metastatic niche and strengthening of the CTCs settled onto the
remodeled matrix “soil” [22], was also considerably upregulated.
Most notably, a significantly higher expression of α-SMA and COL-I
was observed in the CEMIP overexpression group, which was
indicative of the ECM remodeling features of CEMIP (Fig. 2B).
Primary tumor-secreted soluble molecules, bone-marrow-

derived cells (BMDCs) recruitment, and the local stromal micro-
environment change are the three major factors crucial for the
formation of pre-metastatic niche [23]. Hematopoietic progenitor
cells (HPCs) that express VEGF receptor-1 (VEGFR1) may be
mobilized and recruited from bone marrow to form distinct cell
clusters in secondary sites before and during pre-metastatic niche
formation. Meanwhile, these VEGFR1+ HPCs mediate their
recruitment into fibronectin-rich local microenvironments where
the pre-metastatic niche is set up [24]. Our immunofluorescence
staining results suggested that treatment with CEMIP-
overexpressing lentivirus increased the number of VEGFR1-
positive cells in the lungs (Fig. 2B). To visualize the expression
patterns more clearly, we quantified the expression of VEGFR1 in
lung tissue across different time periods (Supplementary Fig. S1B).
Quantitative reverse-transcriptase PCR (qRT-PCR) analysis further
confirmed that the expression of niche characteristic genes was
elevated in the lungs of mice from the CEMIP-overexpressing
group (Fig. 2C). These results suggested that CEMIP increase the
initial seeding and play a role in pre-metastatic niche formation.
Lung tissues were harvested and examined at different time

points. Fibrotic changes were visible in the lungs 3 weeks after
CEMIP induction (Fig. 2D). In the 5th week, livers and lungs were
examined. Results show more abundant lung metastatic colonies
in the CEMIP overexpressing group compared to the control.
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Fig. 1 The CEMIP expression level is associated with lung metastatic progression in liver cancer. A Representative immunohistochemistry
images illustrating CEMIP expression levels in patients with or without lung metastasis. Scale bars, 50 μm. B CEMIP immunohistochemistry
staining scores in primary HCC tissues obtained from patients with or without lung metastasis. The CEMIP expression level was significantly
higher in the pulmonary metastatic group than in the non-metastatic group (P < 0.05). C Kaplan–Meier curves depicting the time to first lung
metastasis (from diagnosis time) based on whether CEMIP expression levels in the primary tumor were low (green) or high (red). D Volcano
plot showing the differentially expressed genes (DEGs) between samples exhibiting high (top 10%) and low (bottom 10%) levels of CEMIP
expression in the TCGA cohort. E, F GO and KEGG enrichment analyses of significant DEGs (Log2|fold change | >2 and P < 0.001). G Scatter
plots depicting the Spearman correlations for CEMIP expression and stromal score. H Gene set enrichment analysis (GSEA) plot showing the
enrichment of tumor hallmarks in tumors exhibiting high levels of CEMIP expression (top 10%), in comparison to that in tumors exhibiting low
levels of CEMIP expression (bottom 10%).
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While no significant differences in liver tumor burden were
observed between groups, indicating that CEMIP-mediated lung
metastasis is independent of primary liver tumor expansion (Fig.
2E, G). Meanwhile, plasma levels of CEMIP were also significantly
higher in the CEMIP overexpressing group (Fig. 2F). Moreover,

mice with CEMIP overexpressing lentivirus injection had shorter
survival times than mice of the control group followed up to
8 weeks, (Fig. 2G). Taken together, our data suggested that CEMIP
can promote pre-metastatic niche formation and ECM remodeling
at an early stage, leading to lung metastasis and poor prognosis.
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CEMIP activates lung fibroblasts and facilitates tumor cell
metastatic colonization
Fibroblasts are the major stromal cells surrounding tumors and are
crucial for tumor metastases and treatment resistance [25]. In this
study, fibroblast levels determined by the “MCPcounter” algorithm
were elevated in samples with high CEMIP expression levels.
Moreover, the pan-fibroblast-TGF-beta signature score was
significantly higher in samples with high levels of CEMIP,
compared to their counterparts. Thus, we conclude that CEMIP
is associated with the activation of the TGF-beta signaling
pathway in fibroblasts (Fig. 3A).
Activated fibroblasts in the metastatic niche have been demon-

strated to actively participate in tumor metastasis progression [26].
Considering the importance of intercellular communication between
tumor cells and the surrounding microenvironment, we then
evaluated whether CEMIP serves as a functional factor secreted by
HCCs that affects the features of MRC5 human lung fibroblasts. After
being transfected with CEMIP-overexpressing lentivirus, the condi-
tioned media (CM) of LM3 and Huh7 cells were collected and used
for the incubation of MRC5 cells for 48 h. The results revealed that
the incubation of MRC5 cells with CM containing overexpressed
CEMIP resulted in higher levels of fibroblast markers, including
fibroblast activation protein (FAP), α-SMA, and collagen type I
(COL1A1) (Fig. 3B). Consistently, when MRC5 cells were directly
transfected with CEMIP-overexpressing lentivirus, α-SMA, COL1A1,
and TGF-β were also observed to be significantly upregulated (Fig.
3C). In addition, the extent of fibroblasts migration in the CEMIP-
overexpressing group was higher, compared to that of the control
group (Fig. 3D). Interestingly, CEMIP overexpression did not affect
the proliferation of MRC5 cells (Fig. 3E), suggesting that CEMIP
promoted cell migration in a cell proliferation-independent manner.
Altogether, our data suggest that CEMIP can activate LFs to facilitate
tumor metastases.
To evaluate the tumor permissive ability of LFs treated with

CEMIP, Huh7-GFP cells were added to wells with pre-cultured
MRC5 with or without CEMIP overexpression. The results demon-
strated that more tumor cells adhered to LFs with CEMIP
overexpression compared to their counterpart. When these
adhesive HCC cells were cultured for another 72 h, tumor colonies
were formed. The tumor colony area was significantly larger in the
CEMIP-overexpressing group than in the control group (Fig. 3F).
Taken together, these findings indicated that CEMIP improved the
tumor permissive abilities of LFs, in terms of tumor cell adhesion
and colony formation.

CEMIP increases lung matrix hardness and promotes
metastasis in a stiffness-dependent manner
Highly activated metastasis-associated fibroblasts lead to ECM
stiffening [9] and matrix stiffening is known to affect microvessel
outgrowth and branching [27]. By using atomic force microscopy
(AFM), we then probe the regulatory effects of ECM stiffening on
the lung metastatic potential. At first, we found that CEMIP can
significantly increase lung stromal stiffness. In addition, there is a
strong correlation between increased tissue stiffness and tumor
growth at the lung metastatic site (Supplementary Fig. S1C). Also

in the established nude mice xenograft model, we next
demonstrated that metastases resulted in increased lung stromal
stiffness compared to the pre-metastatic niche while non-
metastatic lung tissues showed the lowest level of stiffness (Fig.
4A). We then used shear wave elastography (SWE), a new
ultrasound-based elastography technique, to semi-quantitatively
measure lung parenchymal stiffness without invasiveness. The
results of SWE analysis indicated that the average shear wave
velocity (SWV) of the 5-week-old lung metastasis group (3.57 m/s)
was significantly higher than that of the 3-week-old pre-metastatic
niches group (2.92 m/s) and 0-week-old non-metastasis group
(2.21 m/s) (Fig. 4B). Moreover, thoracic CT in the 5-week group
revealed typical radiographic features associated with lung
fibrosis―tractional bronchiectasis and reticular changes (Fig.
4C). Immunofluorescence staining analysis also proved that
stiffness was correlated with COL-I, α-SMA, and CEMIP expression
in samples from the same mouse (Fig. 4D). Furthermore, a positive
correlation between lung stiffness and CD34+ cells within the
lung stroma was observed in the nude mice xenograft model (Fig.
4E). Together, these findings demonstrate CEMIP-mediated Matrix
Stiffening can increase metastasis and promote aberrant tumor
vasculature during HCC progression.
We further validated the mechanical cues in the microenviron-

ment using human paraffinized tissue specimens. We observed a
significant increase in the stromal stiffness in lung para-metastases
of HCC patients, compared to that in the benign lung lesion samples
(obtained via pulmonary bullectomy) (Supplementary Fig. S2A). In
representative cases of metastatic HCC samples, immunohistochem-
istry results also corroborate the role of CEMIP in mediating tumor-
associated neovascularization (Supplementary Fig. S2B).
Next, we evaluated the effects of CEMIP-induced matrix stiffness on

various malignant properties in vitro using polyacrylamide hydrogels
with different levels of stiffness. Polyacrylamide gels with the stiffness
of 2 kPa and 25 kPa were chosen to represent the stiffness of the
normal and fibrotic lung, respectively [28, 29]. Results from CCK-8
assay, q-PCR, EdU and transwell assay revealed that ECM stiffening
can promote tumor growth (Supplementary Fig. S1D–F). On the other
hand, CEMIP-induced metastatic event is dependent on matrix
stiffness (Supplementary Fig. S1G), while CEMIP on its own did not
exert a significant impact on cell proliferation (Supplementary Fig.
S1F). To further evaluate its effect on vascular morphogenesis
quantitatively, we performed a tubule formation assay using matrigels
(Fig. 4F) and polyacrylamide gels with different stiffness (Supplemen-
tary Fig. S1H). The results demonstrated that CEMIP showed a strong
pro-angiogenic effect and increased loop formation on stiffer
substrates (25 kPa gel). Overall, CEMIP significantly increased cell
migration and angiogenesis in a stiffness-dependent manner. There-
fore, we infer that CEMIP drives HCC progression under conditions of
a fibrotic/stiff lung environment.

Pirfenidone reduces lung metastasis stiffness by inhibiting the
CEMIP/TGF–β1/Smad signaling pathway and increases the
anti-angiogenic therapeutic effect of sorafenib
Studies have shown that the TGF-β signaling pathway is involved
in the activation of fibroblasts which resulted in an increase in

Fig. 2 CEMIP modulates lung pre-metastatic niche formation to support metastasis. A Schematic of the animal experiments conducted
using BALB/c nude mice. B Immunohistochemistry staining of FN, α-SMA, LOX, MMP9, collagen I, and POSTN in lung sections of 3-week-old
mice injected with the CEMIP overexpressing lentivirus and control lentivirus. The untreated group was used as a negative control. Scale
bar= 50 μm. Immunofluorescent staining of VEGFR1 on lung paraffin sections. Scale bar= 20 μm. C Niche gene expression was detected in
the lung sections of 3-week-old mice via qRT-PCR analysis. D Representative hematoxylin–eosin-staining stained images of the mouse lung in
the CEMIP-overexpressing lentivirus group at different time points. Scale bar= 100 μm. E Liver MR was performed for the detection of the
hepatic mass. H&E staining of orthotopic liver tumors and lung foci in mice exhibiting lung metastasis development. The incidence of lung
metastasis development in mice injected with Hep3B subclones was shown in the table. F Detection of plasma CEMIP expression levels in 5-
week-old mice. The CEMIP expression level was significantly higher in the CEMIP-overexpressing group (P < 0.0001 by one-way ANOVA). The
horizontal lines represent the median values. G POSTN IHC score analysis in the lungs of mice at week 3. Liver tumor burden and lung
metastatic colony number analyses of mice at week 5. Survival analysis of mice raised for up to 8 weeks.

M. Liu et al.

5

Cell Death and Disease           (2023) 14:25 



ECM stiffness and modulates tissue remodeling marker MMPs
[30–33]. Here, we proved that CEMIP-mediated matrix stiffness
could promote the secretion of autocrine TGF-β1 from LFs
(Supplementary Fig. S3A). Next, in the in vivo nude mouse
orthotopic transplantation model, proteins were extracted from
lung tissues. Western blot analysis showed an enhanced expres-
sion of CEMIP, MMP7, MMP9, and TGF-β1 in individuals with lung
metastasis compared to those without lung metastases (Fig. 5A).

Masson’s trichrome and Sirius red stains showed lung fibrosis-like
changes in mice with lung metastases (Fig. 5B). Altogether, our
results suggested an indispensable role of TGF-β1 upregulation in
lung fibrotic changes and lung stiffening during the process of
HCC lung metastases.
Recent findings have demonstrated that CEMIP exhibits pro-

fibrotic functions and acts as a therapeutic target of pirfenidone
for the treatment of mild-to-moderate idiopathic pulmonary

Fig. 3 CEMIP regulates lung fibroblast activation to promote liver cancer progression. A The association between CEMIP and fibroblasts. A
comparison of the extent of fibroblast infiltration in the tumor microenvironment between tumors exhibiting high and low levels of CEMIP
expression (left panel). A comparison of the pan-fibroblast TGF-beta signature scores between tumors exhibiting high and low levels of CEMIP
expression (right panel). B Indicated fibroblast marker expression levels in MRC5 cells treated with CM from CEMIP-overexpressing lentivirus-
transfected HCC cells were detected by qRT-PCR analysis. C The expression levels of α-SMA, COL1A1, and TGF-β in MRC5 cells treated with the
CEMIP-overexpressing lentivirus or blank control were detected by qRT-PCR analysis. DMigration assays of MRC5 cells treated with the CEMIP-
overexpressing lentivirus or blank control. Migrated cells were counted, and representative images are shown. E MRC5 cells were stably
infected with the empty vector or CEMIP-overexpressing lentivirus and cultured for 1–4 days. Cell proliferation was detected by the Cell
Counting Kit-8 (CCK-8) assay. F Images and quantification of adhesion and proliferation of Huh7-GFP cells (green) on LFs (MRC5) treated with
the CEMIP-overexpressing lentivirus or blank control. Scale bar= 100 μm.

M. Liu et al.

6

Cell Death and Disease           (2023) 14:25 



Fig. 4 CEMIP promotes angiogenesis by increasing ECM stiffness. A Stiffness maps and stiffness distribution of lung tissues were measured
using AFM. Lung stiffness was significantly elevated in the 3-week-pre-metastatic niche and was highest in 5-week-lung metastases.
B Comparison of wave speeds among 0-week, 3-week, and 5-week groups via SWE measurement ***P < 0.001. C Left: Normal CT appearance.
Middle: The predominant abnormality is patchy and exhibits bilateral ground-glass opacification, peribronchial consolidation (blue triangle),
and tractional bronchiectasis (red arrows), and its appearance was consistent with that of fibrosis. Right: Sagittal reformation shows numerous
thickened interlobular septa (green circle), peripheral or peribronchial consolidation, and mild reticular changes representative of typical lung
fibrosis. D Immunofluorescent staining of COL-I (red), α-SMA (green), and CEMIP (pink) on paraffin-processed lung tissue sections. Scale
bar= 50 μm. E CD34 staining of paraffin sections of lung tissues obtained from nude mice. Scale bar= 50 μm. F Representative images of tube
formation in HUVECs cultured on Matrigel-coated plates with CEMIP-overexpressing lentivirus treated with pirfenidone/sorafenib.
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Fig. 5 The pirfenidone-induced reduction of CEMIP may inhibit the canonical TGF-β-Smad signaling. A, B The evaluation of lung tissues via
western blotting and IHC proved that matrix stiffening was observed in mice with or without lung metastasis. Scale bar= 50 μm. C MRC5
fibroblasts were treated with or without 2mg/mL pirfenidone for a total of 12 h and 10 ng/mL TGF-β1 for 2 h. Representative
immunofluorescence images demonstrate the nuclear accumulation of Smad2 reduced after pirfenidone treatment (magnification ×40).
D MRC5 fibroblasts were treated with 2mg/mL pirfenidone for a total of 12 h and 10 ng/mL TGF-β1 for 2 h. Protein lysates were analyzed via
western blotting. Pirfenidone treatment resulted in a reduction in Smad2 and Smad3 post-TGF-β1 treatment. E The inhibitory effects of
pirfenidone on the CEMIP-induced expression of p-Smad2/3 in MRC5 fibroblasts.
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fibrosis (IPF) [34]. Next, we utilized the Auto Dock docking tool to
illustrate the potential binding relationships between pirfenidone
and target CEMIP. According to molecular docking predictions
(Supplementary Fig. S3B), CEMIP was a reliable target protein of
pirfenidone. Pirfenidone has been reported to inhibit the TGF-β
signaling pathway [34–36], which contributes to tissue fibrosis
[37]. Therefore, we hypothesized that pirfenidone regulated CEMIP
expression via the TGF-β signaling pathway during the process of
HCC lung metastasis.
In support of our hypothesis, immunofluorescence staining

results showed that CEMIP could enhance TGF-β1-induced Smad2
nuclear translocation in MRC5 cells, while pirfenidone could
effectively impair TGF-β1-induced Smad2/3 nuclear accumulation,
although its inhibition was not as significant as that of the TGF-β1
inhibitor (Supplementary Fig. S3C and Fig. 5C). We also observed
that treatment with pirfenidone may reduce the total cellular
levels of Smad2 and Smad3 proteins (Fig. 5D). Moreover, CEMIP
silencing could mimic the inhibitory effects of pirfenidone (Fig.
5E). Collectively, we proved that pirfenidone blocks TGF-β1-
induced fibrotic changes via the inhibition of the canonical
Smad2/3 signaling pathway as well as the reduction in CEMIP
expression levels, thus ameliorating the tumor mechano-
environment.
Currently, anti-angiogenic therapies have shown limited efficacy

in the management of HCC lung metastases. Based on our in vitro
findings, we further evaluated whether the anti-fibrotic effects of
pirfenidone could augment the efficacy of sorafenib in vivo. We
established a lung metastasis model and measured the vascular
density in lung metastases in vivo (Fig. 6A). As shown in Fig. 6B,
plasma CEMIP expression levels were significantly upregulated as
the tumor volume increased, while pirfenidone treatment could
significantly downregulate the circulating CEMIP level. As
expected, sorafenib exhibited a robust inhibition of angiogenesis
as evidenced by reduced vascular density, while the inhibitory
effect was further enhanced by pirfenidone, although the effect of
pirfenidone alone was mild (Fig. 6C). These in vivo findings are
consistent with the in vitro findings that pirfenidone strengthened
the inhibition of tube formation by sorafenib in HUVECs (Fig. 4F).
Furthermore, pirfenidone treatment alone reduced metastasis
stiffness (assessed by measuring COL-I, aSMA, and CEMIP levels in
the same therapy group), and this effect was further consolidated
in combination with sorafenib (Fig. 6D, E). Consistently, metastatic
colony numbers and areas were significantly decreased in the
combination therapy group compared with the sorafenib and
pirfenidone monotherapy (Fig. 6F, G). These findings were
supported by further survival analysis that the combination of
sorafenib and pirfenidone demonstrated the greatest survival
benefit (Fig. 6H). Taken together, our results suggest that
pirfenidone not only strengthens the anti-angiogenesis effect of
sorafenib but also reduces lung parenchymal stiffening, resulting
in significantly enhanced survival benefits in combination with
sorafenib.

CEMIP levels are upregulated in HCC specimens and may
indicate a lung fibrotic change in HCC patients with lung
metastasis
To further confirm the effect of CEMIP expression in lung
metastatic tumors (MTs), we performed immunohistochemistry
(IHC) triple-staining of CEMIP and fibroblast marker (α-SMA)
analysis on serial sections of human lung metastatic tissues
obtained from HCC patients. As shown in Fig. 7A, CEMIP
immunoreactivity was mainly observed in tumor cells, alveolar
type II cells, and some fibroblasts around the tumor. Moreover,
high expression of CEMIP in adjacent lung tissues resulted in a
poorer prognosis for HCC patients with lung metastasis
(P= 0.0169) (Fig. 7B).
Next, we investigated CEMIP expression in different serum

samples (25 healthy controls, 40 HCC patients without lung

metastasis, and 33 HCC patients with lung metastasis). Compared
to healthy controls, circulating levels of CEMIP were significantly
upregulated in patients with HCC, and the levels were further
elevated in patients with lung metastasis (Fig. 7C).
Interstitial fibrotic changes in the lung are demonstrated by

decreased pulmonary compliance. Therefore, we measured pul-
monary function parameters in HCC patients and healthy controls.
As shown in Fig. 7D and Supplementary File 1: Supplementary Table
S1, compared to healthy controls, HCC patients showed a typical
restrictive ventilatory abnormality and decline in lung function as
demonstrated by decreasing FEV1, FVC%, and DLCO%. Next, the
relationships between serum CEMIP level and lung function
parameters were analyzed. For patients without lung metastasis,
we observed a negative correlation with predicted DLCO%
(Supplementary Fig. S3D). For patients with lung metastasis, the
serum CEMIP level showed a significant negative correlation with
predicted FEV1%, FVC%, and DLCO% (Fig. 7E). Taken together, these
data show that upregulated CEMIP is indicative of the severity of
interstitial lung changes associated with HCC lung metastasis and
may serve as a potential metastatic biomarker and therapeutic
target for HCC.

DISCUSSION
It is important to obtain an insight into the stiffness of the
microenvironment of lung metastases, which would provide us
opportunities for the early diagnosis and therapeutic targeting of
HCC lung metastasis. In this study, we demonstrated for the first
time that matrix rigidity and ECM-related alterations in the lung
microenvironment might generate a metastatic niche that
supports HCC colonization. We characterized CEMIP, a pro-
metastatic protein enriched in primary tumors in the liver that
might activate LFs and therefore increase tumorigenic ECM
stiffness in the lungs. In addition, we demonstrated that CEMIP-
mediated ECM stiffening could promote tumor progression in a
stiffness-dependent manner. Encouragingly, the anti-fibrotic drug
pirfenidone, approved by the FDA for the treatment of IPF, may
effectively decrease CEMIP expression and alleviate ECM stiffness
in lung metastases. Therefore, our findings uncovered the
mechanism underlying the formation of the pro-metastatic niche
and provided a new ECM-targeted therapeutic strategy for the
treatment of lung metastasis in HCC patients.
The expression of CEMIP has previously been associated with

tumor progression [38, 39] and fibrotic diseases [40], our study
reveals a previously unrecognized role of CEMIP-mediated ECM
stiffness in lung metastasis in HCC. Though the precise underlying
mechanism needs to be investigated further, we observed that, as
a secreted protein, CEMIP was detectable in the serum of HCC
patients and exerts functions via paracrine mechanisms. Notably,
tumor cells could release exosomal CEMIP to promote metastasis
[16]. Our work encourages further investigation into the role of
exosomal CEMIP in metastatic HCC, which makes our findings
clinically relevant and supports the potential application of CEMIP
as a prognostic marker of lung metastasis in HCC patients.
Because the role of ECM stiffening in cancer progression has

become increasingly clearer, the mechanotherapeutics of solid
tumors have attracted increased attention [41, 42]. A stiff
environment might precede tumor seeding and metastasis [43].
Hence, targeted therapies directed against the establishment of
pre-metastatic niches and ECM remodeling events could poten-
tially prevent and eliminate cancer metastasis. In recent years,
several preclinical and clinical studies have explored the efficacy
of using the mechano-therapeutic approach in cancer; promising
outcomes, including those of drugs targeting CTGF, TGF-β
signaling, and LOX-mediated matrix stiffening, have been
achieved [44]. Notably, pirfenidone, the first-line medication for
IPF [45], has been demonstrated to suppress TGF-β signaling and
was proven to have antitumor effects in pancreatic cancer [46]
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Fig. 6 The combination of pirfenidone and sorafenib suppresses metastatic angiogenesis and prolongs survival. A Schematic of the
animal experiments conducted using C57BL/6J mice. B Left: Plasma CEMIP levels of mice exhibiting lung metastasis and control mice. Right:
Plasma CEMIP levels of pirfenidone-naive and pirfenidone-treated mice. C CD34 expression in paraffin sections of metastasized foci. Scale
bar= 20 μm. D Immunostaining of COL-I (red), α-SMA (green), and CEMIP (pink) on lung tissues adjacent to the metastasized foci. Scale
bar= 50 μm. E The expression of stiffness-associated markers expressed in lung sections obtained from 4-week-old mice in different
treatment groups was determined by qRT-PCR analysis. F, G Comparison of metastatic colony number and area in the lungs of mice at week 4.
Scale bar= 500 μm. H Kaplan–Meier curves of cumulative overall survival in mice receiving different therapies.
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and lung metastasis in triple-negative breast cancer [47]. Thus,
even though we focused on metastatic HCC, similar mechanisms
could play a role in other tumor entities. Recent findings have
shown that CEMIP could influence the stromal environment by
participating in the catabolism of ECM components [46], and was
identified as a target of pirfenidone [48]. Our in vivo experimental
data demonstrate that pirfenidone treatment significantly reduced
ECM stiffness at the lung metastasis site. However, ECM-targeted
therapy alone is insufficient to effectively overcome tumor

metastasis. In this context, an antitumor strategy involving a
combination of drugs is emerging as a better treatment option.
Since it has previously been demonstrated that the stiffening of
the tumor ECM promotes tumor angiogenesis [49] and drug
resistance [50]. Therefore, it is important to maximize the potential
of anti-angiogenic therapy, as it would emphasize the importance
of a tumor microenvironment-specific therapeutic strategy.
Sorafenib, a multi-kinase inhibitor of VEGF/VEGFR and RAF/MEK/
ERK pathways that exhibits anti-angiogenic and anti-proliferative

Fig. 7 CEMIP expression is correlated with HCC lung metastasis in clinical specimens. A IHC staining of CEMIP, HCC markers (AFP), and
fibroblast markers (α-SMA) on serial sections of human HCC lung metastatic tissue samples. Scale bar, 100 μm. B Kaplan–Meier survival curve
for lung metastasis patients depicting time to last follow-up (LFU) or death from the time of primary tumor diagnosis based on low (green) or
high (red) CEMIP expression levels in adjacent lung tissues. C CEMIP levels in the plasma obtained from healthy donors and primary HCC
patients with or without lung metastasis. D Pulmonary function parameters in healthy donors and primary HCC patients with or without lung
metastasis (FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; DLCO, diffusing capacity of carbon monoxide). E Relationship
between plasma CEMIP levels and pulmonary function parameters in HCC patients with lung metastasis.
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activities, is recommended as a standard first-line drug for patients
with advanced-stage HCC. We observed that the co-
administration of pirfenidone and sorafenib resulted in a
combined effect in vivo, leading to the maximal suppression of
vascular density and significantly decreased HCC lung metastasis,
compared to that observed upon treatment with sorafenib alone.
Histologically, combination therapy resulted in a considerable
reduction in collagen I synthesis, α-SMA positive areas, and CEMIP
expression levels. These findings suggest that the effects of
pirfenidone in vivo include suppressed fibroblast proliferation and
stromal component production. Besides, we demonstrated that
CEMIP could enhance the extent of tumor metastasis and
angiogenic potential. Therefore, the antitumor effects of pirfeni-
done are partly mediated by the inhibition of CEMIP production.
Notably, no significant change in the vital signs (including body
weight, fur condition, behaviors, food intake, and fecal condition)
of mice was observed during the combination treatment. In
addition, to assess the safety for the liver and kidney, the blood
biochemical indexes of C57 mice in different groups were also
measured at 4 weeks. Alanine transaminase (ALT), aspartate
transaminase (AST), total bilirubin (TBILI), blood urea nitrogen
(BUN), and creatinine (CREA) did not show an obvious difference
in all groups of mice, indicating that this combination therapy was
unlikely to cause damages to the liver and kidney (Supplementary
Table S4). For the first time, we found that the co-administration of
sorafenib, which inhibits tumor growth and angiogenesis, and
pirfenidone, which targets extracellular matrix stiffness, had
synergistic antitumor effects. Therefore, we provide a novel
strategy for identifying and overcoming stiffness-mediated
resistance mechanisms during lung metastasis in HCC patients.
In conclusion, the present study identified the role of CEMIP in

metastatic HCC. Our findings suggest that CEMIP is a promising
biomarker and therapeutic target for HCC lung metastasis.
Pirfenidone may reduce extracellular matrix stiffness and enhance
the efficacy of sorafenib treatment. Therefore, this study
elucidates a new molecular mechanism underlying the crosstalk
between tumor cells and the mechanical environment that
promotes lung metastasis and offers an alternative option for
the treatment of lung metastasis in HCC patients using combina-
tion therapy.
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