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Collagen I-DDR1 signaling promotes hepatocellular carcinoma
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Cancer stem cells (CSCs) are a minority population of cancer cells with stemness and multiple differentiation potentials, leading to
cancer progression and therapeutic resistance. However, the concrete mechanism of CSCs in hepatocellular carcinoma (HCC)
remains obscure. We found that in advanced HCC tissues, collagen I was upregulated, which is consistent with the expression of its
receptor DDR1. Accordingly, high collagen I levels accompanied by high DDR1 expression are associated with poor prognoses in
patients with HCC. Collagen I-induced DDR1 activation enhanced HCC cell stemness in vitro and in vivo. Mechanistically, DDR1
interacts with CD44, which acts as a co-receptor that amplifies collagen I-induced DDR1 signaling, and collagen I-DDR1 signaling
antagonized Hippo signaling by facilitating the recruitment of PP2AA to MST1, leading to exaggerated YAP activation. The
combined inhibition of DDR1 and YAP synergistically abrogated HCC cell stemness in vitro and tumorigenesis in vivo. A radiomic
model based on T2 weighted images can noninvasively predict collagen I expression. These findings reveal the molecular basis of
collagen I-DDR1 signaling inhibiting Hippo signaling and highlight the role of CD44/DDR1/YAP axis in promoting cancer cell
stemness, suggesting that DDR1 and YAP may serve as novel prognostic biomarkers and therapeutic targets in HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most prevalent
causes of cancer-related mortality worldwide [1]. High tumor
recurrence and metastasis rates are the primary reasons for the
high mortality rate associated with HCC [2]. Chronic hepatitis,
fibrosis, and cirrhosis increase the risk of HCC. The intratumor
of HCC is constantly accompanied by desmoplasia and cirrhosis
[3, 4]. Inflammation and extracellular matrix (ECM) deposition are
characteristics of cirrhosis and the tumor microenvironment (TME).
ECM serves as a physical scaffold that binds cells and tissues
together and is pivotally involved in biochemical and biophysical
signal transduction. Matrix deposition and remodeling cause
tumor stiffness. Increased stiffness activates biomechanical
signaling pathways that promote proliferation, invasiveness, and
metastasis of cancer cells [5]. Recent studies have demonstrated
that the ECM, primarily collagen, contributes to immune exclusion
in tumors with collagen-rich stroma [6–8]. Collagens are the
primary and essential components of the ECM, an integral
element in mechanics, and are hot off the press in cancer
microenvironment research [9]. Collagens resist tensile stress
because they stiffen as they are stretched in response to store
growth-induced anxiety. Intratumor stress significantly decreases
after collagen digestion [10].
High matrix stiffness induces and enhances the stemness of

HCC cells [11]. Cancer stem cells (CSCs) are a group of cancer cells

with stemness properties that possess self-renewal and differ-
entiation capacities, leading to tumor progression, therapy
resistance, metastasis, and recurrence [12, 13]. Increased ECM
stiffness can be a physical barrier that protects CSCs from
chemotherapeutic agents and CD8+ T cell killing [14]. Changes
in biomechanical properties, such as intrinsic softness, may be
unique markers of CSCs [15].
In addition to external mechanics’ effects, collagen’s maintenance

effect on tumor stem cells remains unclear. Collagen regulates cell
function through its corresponding receptor discoidin domain
receptor 1 (DDR1) [16]. DDR1 belongs to the receptor tyrosine
kinase (RTKs) family and is mainly expressed in epithelial cells and
mammalian tissues. Its specific ligands are natural collagen I~VI [17].
Our previous study showed that DDR1 enhanced hepatocellular
carcinoma metastasis by recruiting PSD4 to ARF6 [18] and promoted
HCC proliferation through the mTORC1 signaling pathway [19].
However, the role and precise mechanism of DDR1 in maintaining
hepatocellular carcinoma stemness remain unclear.
Numerous upstream signals induce YAP/TAZ activity, including

mechanical forces, cell adhesion, cell polarity, tyrosine kinase
receptors, and cellular metabolism [20, 21]. Upon Hippo signaling
off, nuclear YAP/TAZ are translocated from the cytoplasm,
combined with the TEA domain transcription factor family (TEAD
1–4 [22]), directing gene expression programs [23, 24]. Based on
the YAP-on and YAP-off classifications, restraining YAP may be an
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attractive therapeutic strategy for HCC, defined as the YAP-on
stage [25]. YAP/TAZ are essential for cancer cells to reprogram into
cancer stem cells and induce tumor initiation, progression, and
metastasis [26]. However, the mechanism by which Hippo
signaling affects HCC stemness has not yet been elucidated.

As one of the upstream receptors, CD44 is a broadly distributed
non-kinase transmembrane glycoprotein that belongs to the cell
adhesion molecule (CAMs) family and is involved in cell
physiological and pathological processes [27, 28]. Recent studies
aim at the new function that CD44 acted as a co-receptor that
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mediated multiple RTKs inducing intracellular signal transduction
[29, 30]. As an RTK family member, we speculated that DDR1
might be modified by CD44.
A preoperative and non-invasive method for evaluating

collagen content is vital for surgeons because of the role of
collagen I in HCC. Radiomics is an emerging imaging technique
that can extract high-throughput imaging features from medical
images and is frequently applied to predict the biological behavior
of various tumors [31, 32]. Using radiomics signatures, we
constructed a model for predicting collagen I expression in HCC.
This study showed that DDR1 stimulated by collagen I, inhibited

the Hippo pathway in HCC cells to maintain stemness through
YAP nuclear translocation. Specifically, collagen I-induced
DDR1 stimulation was augmented by the co-receptor CD44.
DDR1 recruits PP2AA for MST1/2 dephosphorylation upon
collagen I stimulation, activating YAP translocation. Therefore,
we identified a direct association between collagen I-DDR1
signaling and Hippo-YAP signaling in promoting HCC cell
stemness. Furthermore, our studies indicate that inhibiting
DDR1 signaling combined with disrupting YAP function could be
a novel treatment method for HCC. A radiomics model based on
T2-weighted images (T2WI) can evaluate relative collagen I
expression to predict the prognosis and guide clinical treatment.

RESULTS
High collagen I and DDR1 level predicts poor prognosis in HCC
patients
To analyze the types of collagens in the intratumor of HCC, we
performed picro-sirius red staining in a tissue microarray,
including 123 pair of HCC tissue samples. The results showed
that collagen I occupied the highest proportion of type I~IV
collagens (Fig. 1A). To explore the clinical significance of collagen I
in HCC, we analyzed collagen I expression through IHC staining in
the same tissue microarray with corresponding clinicopathological
features from Tongji Hospital (Supplementary Table S1). Com-
pared with well-differentiated HCC tissues, collagen I was mainly
highly expressed in moderately differentiated HCC tissues and was
highest in poorly differentiated tissues (Fig. 1B). Kaplan–Meier
analyses demonstrated that patients with high collagen I
expression in tumors had a lower overall survival rate and a
higher recurrence rate than patients with low collagen I
expression (Fig. 1C). Tumor sphere-forming assays showed the
ability of collagen I in promoting stemness of various differ-
entiated HCC cell lines (Fig. 1D, Supplementary S1A). HLF and
SNU-387 cells represented a higher level of stem cell markers cells
and epithelial-mesenchymal transition (EMT) genes among HCC
cell lines [33]. Among the collagen I-specific receptors [34],
silencing DDR1 significantly reduced the HLF and SNU-387 formed
spheres stemness induced by collagen I (Supplementary S1B–D).
To examine the clinical significance of DDR1 in HCC, we

analyzed the levels of DDR1 in the same tissue microarray and
TCGA databases. The results showed that DDR1 positively
correlated with collagen I (Fig. 1E, Supplementary S1E). Based on

collagen I and DDR1 expression, patients were sorted into three
groups: Col1+DDR1+ (n= 54), double-high expression of collagen
I/DDR1; Col1+DDR1-or Col1-DDR1+ (n= 33), single-high expres-
sion of collagen I or DDR1; Col1-DDR1- (n= 36), double-low
expression of collagen I/DDR1. Compared to the other groups, the
Col1+DDR1+ group showed the shortest overall survival time and
disease-free survival time (Fig. 1F). Also, DDR1 expression was
elevated in HCC tissues compared to those in the corresponding
adjacent non-tumor tissues. DDR1 was highly expressed in
advanced TNM stages, poor tumor differentiation, advanced BCLC
stage, and cirrhosis (Supplementary S1F, Supplementary Table S2).
Kaplan–Meier analyses demonstrated that patients with high
DDR1 expression had a lower overall survival rate and a higher
recurrence rate (Supplementary S1G). From the TCGA database,
collagen I and DDR1 mRNA expression were positively correlated
with CD133 (the marker of HCC stem cells [35]) and consisted of
IHC staining results in the tissue microarray (Supplementary S1H,
Fig. 1G). In summary, the relationship between collagen I and
DDR1 in clinical samples suggested that the synergistic impact of
collagen I and DDR1 yielded a poor clinical outcome in HCC
patients. They might play an essential role in the occurrence and
stemness of HCC.

Collagen I-DDR1 signaling enhances characteristics of HCC
stemness
To verify the effect of DDR1 on HCC cell stemness in vitro, we
performed sphere-forming assays and flow cytometry cell sorting.
We used fluorescence-activated cell sorting (FACS) to sort CD133
high-expressed (CD133+) cells from 8 independent HCC patients.
Compared to DDR1 low expressed in CD133+ cells (DDR1+

CD133+ < 30%, n= 5), DDR1 high expressed cells (DDR1+

CD133+ ≥ 30%, n= 3) had increased sphere formation ability (size
and number profile) (Fig. 2A, Supplementary S2A). Immunofluor-
escent and flow cytometry analyses showed that the protein level
of DDR1 was strongly upregulated in SNU-387 and HLF spheres
(referred to as CSCs) compared to the corresponding adherent
cells in monolayers (referred to as non-CSCs) (Fig. 2B–C, Supple-
mentary S2B). We sorted DDR1High and DDR1Low stem cells from
CD133+ SNU-387 and HLF (Fig. 2D, Supplementary S2C) and
determined their capacities for sphere-forming. CD133+ DDR1High

cells formed significantly more abundant and larger spheres than
CD133+ DDR1Low cells (Fig. 2E, Supplementary S2D). In vivo, we
injected NOD/SCID mice subcutaneously to conduct a limiting
dilution assay with the above cells. CD133+ DDR1High cells
markedly strengthened the tumor-forming ability and increased
stem cell frequency (Fig. 2F).
To further examine the role of DDR1 in tumor stemness, we

established DDR1 knock-out and DDR1 mutation HLF cell lines
using CRISPR/Cas9 gene editing technology, respectively
(Supplementary S2E–F). We screened CD133+ stem cells for
subsequent experiments of sphere formation, colony formation,
and drug resistance assays. As crucial transcription factors and
membrane proteins in maintaining the self-renewal potential of
stem cells [36], the mRNA expression of SOX2, NANOG and EPCAM

Fig. 1 Clinical significance of Collagen I and DDR1 in clinical HCC patients. A Representative picrosirius red staining for collagen types in
specimens of 123 HCC patients (scale bar= 500 μm). B Immunohistochemistry (IHC) staining analyses of collagen I in specimens of HCC
patients with tumor differentiation. C Based on IHC staining, cohorts were divided into two groups: Collagen I high (IHC score >6), n= 57;
Collagen I low (IHC score ≤6), n= 66. Kaplan–Meier’s analyses of collagen I expression level with the overall survival and disease-free survival
rate in HCC patients. D Effects of SNU-387, HLF, or Hep3B with or without collagen I stimulation on sphere-forming capacity, including sphere
numbers and diameters (scale bar= 200 μm). E Representative result of IHC staining for collagen I and DDR1 in 123 pair specimens of HCC
patients (scale bar= 500 μm) (Left). Correlation of collagen I and DDR1 IHC staining score (Right). F Kaplan–Meier’s analyses of 3 groups of
collagen I and DDR1 expression levels with the overall survival and disease-free survival rate in HCC patients. Redline: Collagen I high DDR1 high,
n= 54; Orange line: Collagen I low DDR1 high or Collagen I high DDR1 low, n= 33; Blue line: Collagen I low DDR1 low, n= 36. G Correlation of
collagen I, DDR1 and CD133 IHC staining score. Pearson’s test was used to calculate the correlation between protein expression levels. The log-
rank test was used to calculate the differences between individual groups. Two-tailed unpaired Student’s t-test was performed. Each bar
represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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were decreased in DDR1 knock-out (DDR1KO) cells, and this effect
could be reversed within wild type DDR1 rescued (DDR1KO+
DDR1 WT) or collagen I stimulation. The collagen-binding-
defective mutation (DDR1R105A [37]) and DDR1 kinase-dead
mutation (DDR1K618A [37]) did not up-regulate SOX2, NANOG,

and EPCAM mRNA expression by collagen I (Supplementary S2G).
Furthermore, DDR1 knock-out reduced tumor-sphere formation
efficiency, the proportion of CD133 positive cells, drug resistance
to sorafenib or doxorubicin, and single-cell colony formation, and
these effects were reversed by DDR1 restored. In contrast,

Y.-x. Xiong et al.

1651

Cell Death & Differentiation (2023) 30:1648 – 1665



DDR1R105A and DDR1K618A mutants failed to improve the stemness
effects by collagen I stimulation (Fig. 2G–H, Fig. 3A, Supplemen-
tary S3A). Besides, DDR1 knock-down reduced these CSC-related
biological effects in SNU-387 (Supplementary S3B–F). In vivo, we
injected NOD/SCID mice with CD133+ DDR1KO and control cells to
conduct a limiting dilution assay. DDR1 knock-out markedly
weakened the tumor-forming ability and decreased stem cell
frequency (Fig. 3B).
We used BALB/c nude mice xenograft model to examine the

role of DDR1 in HCC development. The subcutaneous tumors
formed by DDR1 overexpression cells were larger and heavier than
those formed by control cells (Fig. 3C). IHC results showed that the
protein levels of DDR1, Ki67, and CD133 were higher in DDR1
overexpression tumors (Fig. 3D). Together, the aforementioned
research confirmed that DDR1 promotes cell stemness and
tumorigenesis in HCC in vitro and in vivo, depending on its
kinase activity and collagen I stimulation.

Collagen I -induced DDR1 activation is synergistically
promoted by CD44
To investigate the molecular mechanism of DDR1 in hepatocel-
lular carcinoma, we previously studied its interacting partners
using a combined IP/MS approach [18]. Cells were transfected
with FLAG-DDR1 and immunoprecipitated using an anti-FLAG
antibody. We found that CD44 (a CSCs marker) was one of the
potential interacting partners of DDR1 (Fig. 4A). Co-
immunoprecipitation (Co-IP) and glutathione S-transferase (GST)
pull-down assays were performed. The results from exogenous
(HEK-293T) and endogenous (HLF) assays showed that DDR1
interacted and was combined with CD44 (Fig. 4B–D). In addition,
immunofluorescence and laser confocal scanning detected the
spatial co-localization of exogenous DDR1-FLAG and CD44-HA in
HEK-293T cells. A similar finding was observed for endogenous
DDR1 and CD44 in wild-type HLF cells (Fig. 4E). In addition to the
mRNA and protein levels. The regulation was not observed
between CD44 and DDR1 in q-PCR and western blot assays
(Supplementary S4A–D). Next, we performed a co-IP assay with or
without collagen I activation. We found that collagen I could
increase the interaction between DDR1 and CD44 (Fig. 4F). CD44
can act as a co-receptor to mediate receptor internalization,
activation, degradation, or regulation of receptor kinase activity
[38–40], and we speculated whether CD44 could regulate collagen
I-induced DDR1 activation. Therefore, co-IP assays indicated that
CD44 knock-down decreased tyrosine phosphorylation of DDR1
(Fig. 4G). Overexpression of CD44 in Hep3B promoted the
phosphorylation of DDR1 induced by collagen I treatment in a
time-dependent manner (Fig. 4H). Knock-down of CD44 reduced
this effect in the HLF cells (Fig. 4I). Our results suggested that
CD44 promotes the collagen I-induced activation of DDR1 in HCC
cells.
To investigate whether the function of CD44 depends on DDR1

in HCC, we overexpressed CD44 in DDR1KO HLF cells and knocked
down CD44 in DDR1 overexpressed Hep3B cells. DDR1 depletion
partially diminished the sphere formation efficiency of HCC cells,

CD133 positive stem-like-cell proportion, chemoresistance, and
single-cell colony formation driven by CD44 overexpression.
Overexpression of DDR1 partially enhanced CSCs characteristics
and was reduced by CD44 down-regulation (Fig. 5A–C,
Supplementary S4E–F). We performed in vivo limiting dilution
tumorigenicity assays. The tumorigenic cells of CD44 overexpres-
sion were significantly more abundant than the control group, and
this effect could be impaired by DDR1 knocked out (Fig. 5D). In
summary, the above evidence suggests that DDR1 is a crucial
protein required for CD44-mediated HCC cell stemness signaling.

DDR1 inactivates Hippo signaling by facilitating the
recruitment of PP2AA to MST1
To identify the pathways responsible for the influence of DDR1 on
HCC stemness, we performed RNA sequencing of HLF shDDR1
cells and control cells. KEGG pathway enrichment analyses
revealed that PI3K-Akt signaling and Hippo signaling were altered
by DDR1 loss (Fig. 6A, Supplementary Table S3). The western blot
results excluded PI3K-Akt signaling that total PI3K, Akt, PTEN, and
their phosphorylated forms were not changed by DDR1 depletion
or collagen I treatment (Supplementary S5A). However, based on
TCGA database, DDR1 was positively associated with Hippo
signaling downstream proteins YAP, CTGF, BCL2, and AXL
(Supplementary S5C). Treatment with collagen I inhibited YAP
phosphorylation and promoted CTGF expression in the mean-
while that treated with 7rh or verteporfin could reverse the levels
of phosphorylated YAP and CTGF in HLF and SNU-387 (Supple-
mentary S5B). It was suggested that collagen I might facilitate YAP
downstream genes expression in a DDR1 and YAP-dependent
manner.
Since Hippo signaling is closely associated with tumor stem-

ness, we examined the effects of DDR1 on gene expression
downstream of the Hippo signaling pathway. The results showed
that the mRNA levels of CTGF, CYR61, BCL2, and AXL were
upregulated in the DDR1 overexpression Hep3B, the presence of
collagen I enhanced these effects. In contrast, DDR1 knocked out
significantly reduced the expression of CTGF, CYR61, BCL2, and
AXL (Fig. 6B). The dual-luciferase reporter system suggested that
activated DDR1 enhanced the YAP/TEAD-responsive element
activity within collagen I (Fig. 6C). IHC staining for BALB/c nude
mice xenograft showed that YAP and CTGF were upregulated in
DDR1 overexpression xenograft (Fig. 3B, Fig. 6D). Similarly, YAP
and CTGF was upregulated in CD44 overexpression xenograft
(Fig. 5D, Supplementary S5D). In vitro, immunofluorescence assay,
and nucleic-cytoplasmic fractionation indicated that DDR1 over-
expression and collagen I promoted the translocation of YAP into
the cell nucleus (Fig. 6E–F). Western blot showed that collagen
I-stimulated DDR1 phosphorylation reduced MST1 phosphoryla-
tion and enhanced YAP activation, whereas DDR1 knock-out
showed the opposite effect (Fig. 6G). These results indicated that
collagen I-DDR1 signaling could induce YAP activation.
Protein phosphatase two scaffold subunit A alpha (PP2AA;

PPP2R1A) as a canonical upstream phosphatase could depho-
sphorylate MST1/2 and inactivate Hippo signaling [41]. We

Fig. 2 Collagen I-DDR1 enhances the stemness of HCC. A HCC patients derived CD133+ cells were purified by FACS sorting and cultured in
sphere forming medium, sphere numbers and diameters was counted (scale bar= 200 μm). B Representative images of immunofluorescence
(IF) for DDR1 (green), CD133 (red), and nuclei (blue) in SNU-387 and HLF cells of monolayer or sphere culture (bar= 10 μm). C Flow cytometry
analyses of the CD133 and DDR1 fluorescence intensity in HLF of monolayer or sphere culture. D DDR1High and DDR1Low HLF cells were
purified form flow-sorted CD133+ cells by FACS sorting. E Representative images of sphere-formation derived from DDR1High and DDR1Low

HLF cells. Effects of sphere-forming capacity including sphere numbers and diameters (scale bar= 200 μm). F Extreme limiting dilution
analysis of DDR1High and DDR1Low cells of HLF. Cells were serially diluted and then subcutaneously injected into 4-week-old male NOD/SCID
mice (n= 12/group) (Left). CSCs frequency was calculated using ELDA software(Right). G Representative images of sphere-formation derived
from DDR1 knock-out or DDR1 mutation of HLF cells. Effects of sphere-forming capacity including sphere numbers and diameters (scale
bar= 200 μm). H Flow cytometry analyses of the CD133 mean fluorescence intensity in DDR1 knock-out or DDR1 mutation HLF cells. Pearson’s
test was used to calculate the correlation between protein expression levels. Two-tailed unpaired Student’s t-test was performed. Each bar
represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 3 Collagen I-DDR1 enhances the stemness of HCC. A DDR1 knock-out or DDR1 mutation HLF cells were treated with sorafenib or
doxorubicin. Cell viability was determined compared with the untreated cells, and IC50 values were calculated. B Extreme limiting dilution
analysis of DDR1KO and control cells of HLF. Cells were serially diluted and then subcutaneously injected into 4-week-old male NOD/SCID mice
(n= 12/group) (Left). CSCs frequency was calculated using ELDA software(Right). C 4-week-old male BALB/c nude mice were subcutaneously
injected by DDR1 overexpression and control cells of Hep3B (n= 6/group) (Left). Tumor weight and volume were shown (Right).
D Representative images of HE and IHC staining of DDR1, Ki67, and CD133 from BALB/c nude mice xenograft (scale bar= 100 μm). Two-tailed
unpaired Student’s t-test was performed. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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analyzed DDR1 interacting partners [18]. PP2AA is a potential
interacting protein with DDR1 validated by exogenous (HEK-293T)
and endogenous (HLF) co-IP assays and glutathione S-transferase
(GST) pull-down assay (Fig. 6H–I, Supplementary S5E). Recruiting
assays demonstrated that DDR1 promoted the recruitment of

PP2AA to MST1 in a collagen-dependent manner (Fig. 6J). PP2AA
depletion attenuated collagen I-DDR1 signaling-induced MST1
and LAST1 dephosphorylation, leading to YAP activation (Fig. 6K).
These results indicated that PP2AA is necessary for collagen
I-DDR1 signaling-induced YAP activation.
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Determine the function of YAP in HCC depending on DDR1. We
overexpressed YAP5SA (activated YAP) in DDR1KO HLF cells and
knocked down YAP in DDR1 overexpressed Hep3B cells (Supple-
mentary S6A). Knocking out DDR1 diminished the HCC cells in
sphere formation efficiency, CD133 positive stem-like-cell propor-
tion, chemoresistance, and single-cell colony formation, and CSCs
characteristics could be rescued by YAP5SA overexpression. DDR1
overexpression enhanced CSCs characteristics and was reduced
by YAP down-regulation (Fig. 7A–C, Supplementary S6B–C). In vivo
limiting dilution tumorigenicity assays showed the tumorigenic
cells of DDR1KO were significantly increased by YAP5SA amplifica-
tion (Fig. 7D). The mRNA levels analyses from the tumors showed
that CTGF, CYR61, BCL2, and AXL were downregulated in the
DDR1KO cells formed tumor, and the supplement of YAP5SA

promoted these mRNA expressions (Supplementary S6D). Western
blot from the tumors showed that DDR1 depletion upregulated
p-YAP and decreased total YAP and CTGF, and could be reversed
by YAP5SA overexpression (Supplementary S6E). IHC results
confirmed the protein levels of YAP and CTGF further (Supple-
mentary S6F). In summary, the above evidence suggests that YAP
is a crucial protein required for DDR1-mediated HCC cell stemness
signaling.
In clinical samples, we evaluated p-DDR1, CD44, and YAP

protein levels in 39 tissue samples from patients with HCC
undergoing surgery at our hospital. The results showed that p-
DDR1, CD44, and YAP levels were positively pairwise correlated in
HCC tissues (Supplementary S7A, Fig. 7E). Based on the Sirius red
staining, the samples were separated into collagen I-positive
(collagen I+) and collagen I-negative (collagen I−) expression
groups. We then performed multicolor immunofluorescence (IF)
analyses to evaluate the expression of p-DDR1, CD44, and YAP
(Supplementary S7B, Fig. 7F). As abundant collagen I deposition in
HCC, p-DDR1, CD44, and YAP levels were more intense expressed
than collagen I negative patients. It was confirmed the positive
correlations of p-DDR1, CD44 and YAP in HCC patients.

Combined inhibition of DDR1 and YAP induces synergistic
effects in HCC cell stemness
To further verify whether DDR1 exerted its effects via Hippo/YAP
signaling, we used in vitro and in vivo treatments with the DDR1
inhibitor (7rh) [42] and the YAP inhibitor (verteporfin; VP) [43]. 7rh
is an ATP-competitive oral DDR1-specific small-molecule inhibitor
[44]. Verteporfin (VP), an inhibitor of YAP/TAZ, was identified in a
small library of FDA-approved compounds and has been reported
to sterically hinder the interaction between YAP and TEAD [45].
Treatment with 7rh or VP alone reduced the number of cells with
sphere formation efficiency, CD133+ cell proportion, and colony
formation and reduced the volume and weight of xenografts,
respectively. Combination treatment with 7rh and VP further
attenuated these effects compared to single agents alone
(Fig. 8A–E).

The mRNA levels analyses from the BALB/c nude mice tumors
showed that CTGF, CYR61, BCL2, and AXL were downregulated in
7rh or VP monotherapy group, and the combined therapy
decreased these mRNA levels further (Supplementary S7C).
Western blot analyses showed that 7rh or VP increased p-YAP
level and reduced total YAP and CTGF, 7rh with VP treatment
enhanced further (Supplementary S7D). Tumor immunofluores-
cence assay yielded that 7rh or VP monotherapy inhibited the
translocation of YAP into the cell nucleus, combination treatment
further reduced nucleic YAP expression (Fig. 8F). IHC results
validated that YAP, CTGF, Ki67, and CD133 staining was more
intense in control tumors than in 7rh or VP treatment tumors. The
combination group yielded the lowest YAP, CTGF, Ki67, and CD133
expression in tumors (Fig. 8G). The combined treatment showed a
favorable effect on anti-tumor therapy.

Clinical-radiomics predictive model
Among the patients in the tissue microarray, we acquired 92 T2WI
images, and a total of 65 patients with complete imaging data
were finally included in this retrospective study. The prediction
model depends on the collagen I IHC score. Patients were divided
into collagen I low (IHC score ≤6) and high (IHC score >6) groups
the same as before. Model performance was evaluated using
receiver operating characteristic (ROC) curve analysis. The results
showed that the model based on 14 features obtained the highest
AUC for the validation data set (Fig. 8H). At this point. The AUC
and prediction accuracy of the model were 0.717 and 0.700,
respectively, for the testing data-set. The clinical statistics for
diagnosis and selected features are shown (Fig. 8I).

DISCUSSION
Dysregulation of the matricellular components of the tumor
microenvironment has been linked to the development of
metastases in multiple cancer types. The ECM is a non-cellular
three-dimensional macromolecular network composed of col-
lagens, elastin, laminins, fibronectin, proteoglycans, and other
glycoproteins [46]. The exact mechanism of ECM in tumors has not
yet been elucidated. In the present study, we aimed to identify the
crucial components—collagen and its receptor DDR1. We found
that the phosphorylation of DDR1 by collagen I contributes to
maintaining HCC cell stemness. In an attempt to identify collagen
I-DDR1 crucial for regulating CSCs, we found collagen I-DDR1
signaling antagonized Hippo signaling with the help of CD44
amplification. The combination of DDR1 and YAP inhibition is a
logical target for anti-cancer stem cell-directed therapies. A
radiomic predictive model for collagen I can distinguish between
chemotherapeutic efficacy and predicted prognosis. In recurrent
HCC, mRNA and protein levels of DDR1 are higher than those in
non-recurrent HCC [47]. High DDR1 expression is associated with
advanced tumor stages [48]. Similar to the observations in our

Fig. 4 CD44 interacts with DDR1 and facilitates DDR1 phosphorylation. A HLF cell lysates were immunoprecipitated with control rabbit IgG
or anti-DDR1, ten percent of the cell extracts were loaded as an input, and western blot and coomassie blue staining were performed. B Co-
immunoprecipitation (Co-IP) and western blot assays for exogenously proteins DDR1-FLAG and CD44-HA were performed in HEK-293T cells.
Cross-validation by immunoprecipitation with anti-HA, immunoblotting with anti- FLAG, immunoprecipitation with anti-FLAG, and
immunoblotting with anti-HA. C Co-IP and immunoblotting assays for endogenously proteins DDR1 and CD44 were performed in HLF cells.
Cross-validation by immunoprecipitation with anti-CD44, immunoblotting with anti-DDR1, immunoprecipitation with anti-DDR1, and
immunoblotting with anti-CD44. D GST pull-down assay showing direct interaction between purified recombinant-DDR1 and CD44.
E Representative confocal images of immunofluorescence (IF) for CD44 (green), DDR1 (red), and nuclei (blue) in HEK-293T and HLF cells
(bar= 10 μm). F DDR1-FLAG and CD44-HA were co-transfected into HEK-293T cells and stimulated with or without collagen I. The protein
levels were analyzed by immunoprecipitation and western blot. G HLF-shCD44 cells were stimulated with or without collagen I, followed by
immunoprecipitation with anti-DDR1 antibody and immunoblotting with anti- phosphorylated tyrosine. H Hep3B-CD44 cells were stimulated
with or without collagen I for the indicated time periods. Phospho-DDR1 levels were measured using western blot. I HLF-shCD44 cells were
stimulated with or without collagen I for the indicated time periods. Phospho-DDR1 levels were measured using western blot. Pearson’s test
was used to calculate the correlation between protein expression levels. Two-tailed unpaired Student’s t-test was performed. Each bar
represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 5 CD44 cross-talking with DDR1 enhances HCC stemness in vitro and vivo. A Effects of DDR1 knock-out with CD44 overexpression or
overexpressed DDR1 with CD44 knock-down HCC cells on sphere-forming capacity, including sphere numbers and diameters (scale
bar= 200 μm). B Flow cytometry analyses of the CD133 mean fluorescence intensity in DDR1 knock-out with CD44 overexpression or
overexpressed DDR1 with CD44 knock-down HCC cells. C DDR1 knock-out with CD44 overexpression or overexpressed DDR1 with CD44
knock-down HCC cells were treated with sorafenib or doxorubicin. Cell viability was determined compared with the untreated cells, and IC50
values were calculated. D Extreme limiting dilution analysis of CD44/DDR1KO and control cells of HLF. Cells were serially diluted and then
subcutaneously injected into 4-week-old male NOD/SCID mice (n= 12/group) (Left). CSCs frequency was calculated using ELDA software
(Right). Two-tailed unpaired Student’s t-test was performed. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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study, patients with high DDR1 expression had worse OS and DFS
rates with accompanying collagen I deposition.
As a well-accepted theoretical model, cancer stem cells give rise

to chemoresistance, metastasis, and tumor recurrence. The CSCs
model has been verified in various solid tumors, including HCC

[49]. Extracellular matrix (ECM) rigidity segregates CSCs from
chemotherapeutic agents as a physical defender and plays a
critical role in tumor progression, especially in cancer cell
stemness [14]. ECM stiffness contributes to NANOG activation
and cancer stemness [50].
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Extensive studies have demonstrated that ECM and collagens
can cross-talk with cancer cells, including cancer stem cells, to
promote tumor progression [51, 52]. Rich collagens in airway
smooth muscle cells contribute to tumor cell colonization in the
lung and participate in cancer stemness, progression, and
treatment [4, 53–55]. The above studies revealed that collagens
could act as ligands that cross-talk with collagen receptors in the
surrounding tumor cells [56] and that DDR1-dependent collagen
remodeling contributes to immune exclusion in breast cancer [8].
This evidence suggests that CSCs tend to be enriched in stiffer
microenvironments, which warrants further in-depth studies. Our
study demonstrated that through the corresponding receptor -
DDR1, exogenous collagen I enhanced HCC cell stemness. Higher
collagen I expression was positively correlated with DDR1
expression in clinical samples with poor prognosis. We demon-
strated that collagen I-DDR1 signaling contributes to maintaining
HCC stemness and progression.
DDR1, an RTK, is upregulated in multiple cancers [57, 58]. We

demonstrated that DDR1 mediates regulatory mechanisms
involved in maintaining HCC cell stemness. Functionally, DDR1 is
dependent on collagen I stimulation and its kinase activity. It
interacts with CD44, which amplifies collagen I-induced DDR1
phosphorylation signaling, CD44/DDR1/YAP signaling axis acts as
an inducer of the stemness of HCC cells by DDR1 activation. The
results have not determined other components of the ECM that
enhance collagen I-induced DDR1 activation, and the role of
different types of collagens in HCC stemness deserves
further study.
CD44 promotes migration, invasion, and tumor progression by

interacting with various proteins. Nevertheless, the regulatory
relationship between CD44 and Hippo signaling is not directly
precise [59, 60]. Rho A, merlin, and PI3K/Akt have been implicated
in CD44-Hippo signaling [61–63]. A previous study demonstrated
that CD44 acts as a ligand-binding membrane protein and co-
receptor that mediates ligand-receptor-induced intracellular signal
transduction [38]. In this study, CD44 was found to function as a
co-receptor of DDR1 by negotiating and magnifying collagen
I-DDR1 phosphorylation. Our research revealed a new interaction
and was complementary to the analyses of the relationship
between CD44 and the Hippo signaling pathway.
Hippo signaling is an evolutionarily conserved pathway

consisting of a network of signals to modulate tissue growth
and organ size, and dysregulation of Hippo signaling contributes
to human cancer progression [43, 64, 65]. A recent study indicated
that DDR1 could sense the increasing matrix stiffness through
control YAP/TAZ activity [66]. Our results confirmed that collagen I
- DDR1 signaling maintained HCC cell stemness by inhibiting
Hippo signaling. STRIPAK integrates upstream signals to regulate
the activities of MST1/2 and MAP4Ks, leading to the initiation of

Hippo signaling [41]. We found that DDR1 is an adaptor protein
that recruits PP2AA to MST1. Our study is the first to discover that
collagen I-DDR1 signaling to suppress Hippo signaling in
maintaining HCC stemness.
Moreover, the DDR1 inhibitor–7rh unveiled a significant

treatment effect on pancreatic ductal adenocarcinoma and
KRAS-mutant lung adenocarcinoma [67–69]. Originally, verteporfin
was in clinical use as a photosensitizer in photocoagulation
therapy for macular degeneration. It shows potential anti-cancer
and anti-antifibrotic treatment in clinical trials and basic experi-
ments [70–73]. In our research, the combination of 7rh and VP
therapy had synergistic effects on reducing HCC cell stemness. In
addition, VP decreased CD44 levels, and this positive feedback
loop may be inactivated by disrupting DDR1 phosphorylation.
These findings provide a theoretical basis and present novel
therapeutic targets for HCC progression.
Since collagen I content estimates matter in the prognosis of

inhibitor treatment, we can rely on radiomics to provide a non-
invasive evaluation method for collagen I expression and needle
biopsy. Radiomics applied within clinical-decision support systems
to improve diagnostic, prognostic, and predictive accuracy are
gaining importance in cancer research [74]. In this retrospective
study, we constructed and validated T2WI radiomic signatures for
the preoperative prediction of collagen I expression status in HCC.
The radiomic model could predict collagen I expression and
confirm its predictive value, which could be used to stratify
patients into groups based on collagen I level to guide treatment.
This approach might allow clinicians to select more personalized
and effective treatment strategies, as it demands more imaging
samples and practice in the future.
In summary, our results illustrate that collagen I-DDR1 signaling

magnified by CD44 acts as a tumor motivator to promote HCC cell
stemness by recruiting PP2AA to activate YAP. In HCC tissues,
increased collagen I and DDR1 expression predicts poor prognosis
and thus can serve as promising biomarkers and novel therapeutic
strategies for HCC.

METHODS AND MATERIAL
Cell culture
SNU-387, Hep3B, HLF, MHCC97H, and HEK-293T cells were
cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco,
New York, USA), 100 U/ml penicillin and 100 mg/ml streptomy-
cin at 37 °C with 5% CO2. All the HCC cell lines were obtained
from the Hepatic Surgery Center, Tongji Hospital, Huazhong
University of Science and Technology, China. HEK-293T cells
were purchased from the China Center for Type Culture
Collection (Wuhan, China).

Fig. 6 DDR1 impedes Hippo signaling through inactivating YAP. A KEGG pathway enrichment analysis indicates that the Hippo signaling
pathway was significantly affected by HLF-shDDR1 cells treated with collagen I. B mRNA expression levels of Hippo pathway downstream-
associated genes in DDR1 overexpression or knock-out HCC cell lines. C Luciferase reporter assays in DDR1 overexpression or knock-out HCC
cells transfected with YAP/TAZ-responsive synthetic promoter-reporter plasmids and collagen I treatment. D Representative images of IHC
staining of YAP and CTGF from BALB/c nude mice xenograft (scale bar= 100 μm). E Representative images of immunofluorescence assays
display nucleus/cytoplasm localization of YAP in DDR1 overexpressed Hep3B cells with collagen I (scale bar= 30 μm). F Nucleus/cytoplasm
fractionation and western blot analysis of DDR1 overexpressed cells to show YAP nuclear translocation. GAPDH and Lamin A/C were used as
cytoplasmic and nuclear markers, respectively. G Effects of protein expression or phosphorylation of Hippo signaling components in DDR1
knock-out HLF cells with collagen I. H Co-IP and western blot assays for exogenously proteins DDR1-FLAG and PP2AA-HA were performed in
HEK-293T cells. Cross-validation by immunoprecipitation with anti-HA, immunoblotting with anti- FLAG, immunoprecipitation with anti-FLAG,
and immunoblotting with anti-HA. I Co-IP and western blot assays for endogenously proteins DDR1 and PP2AA were performed in HLF cells.
Cross-validation by immunoprecipitation with anti-CD44, immunoblotting with anti-DDR1, immunoprecipitation with anti-DDR1, and
immunoblotting with anti- PP2AA. J DDR1-Myc, PP2AA-HA, and MST1- FLAG were simultaneously transfected in HEK-293T cells with or
without collagen I treatment, and evaluate the collagen I contributed to the indicated protein interaction and stability by western blot.
K DDR1 overexpressed cells transfected with siPP2AA or control siRNA in the presence of collagen I treatment. Western blot analyzed the
indicated protein from cell lysate. Two-tailed unpaired Student’s t-test was performed. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01
and ***p < 0.001.
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Primary liver cancer cells isolation
Tumor tissue derived from HCC patients was carefully dissected to
remove necrotic tissue, connective tissue, and blood vessels. After
tumor tissue was cut into 1 mm3 pieces, about 5 ml collagenase
type IV solution was directly added to the tumor for digestion at

37 °C for 10 ~ 20min. After blowing up-down several times using
the pipette, the collagenase solution mix was passed through the
sterile 70 μm nylon filters to collect single-cell solution. Cells were
centrifuged and washed using a culture medium three times.
Freshly isolated tumor cells were cultured in DMEM/F12 medium
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supplemented with B27 supplement minus vitamin A, 20 ng/mL
human recombinant EGF (hEGF), 20 ng/mL bFGF, and 1% ITS
supplement. The medium was changed every five days. All
procedures were approved by the Ethics Committee of Tongji
Hospital and conducted according to the Declaration of Helsinki
Principles. Written and informed consent was obtained from each
patient.

CRISPR-Cas9 assay, small interfering RNA, plasmids, and
lentivirus
To generate DDR1 knock-out HCC cell lines. A pair of sgRNAs
were cloned into the empty backbone of lenti-CRISPR v2. The
following sgRNA sequences are listed in Supplementary Table S4.
Lenti-CRISPR v2 plasmid containing the sgDDR1-1 and sgDDR1-2
sequences were transfected into HEK293T cells with the
psPAX2(plasmid #12260) packaging plasmid and pMD2.G(plas-
mid #12259) envelope-expressing plasmid. The virus was
harvested twice at 48 h and 72 h post-transfection and was
concentrated using PEG8000. HLF was infected with the
concentrated virus and 0.8 μg/ml polybrene, then selected with
5 μg/ml puromycin after 48 h virus transfection for three days.
Finally, all cells were diluted into single cells and seeded into 96-
well plates. Genomic DNA was extracted from each positive
clone, followed by sequencing the PCR products spanning the
knock-out sites. Genotyping was performed by sequencing PCR
products amplified from the following primers: DDR1 forward:
5′-CACTCCTAGCCTTGACCCTGT-3′; DDR1 reverse: 5′- AGAGATG
AAGGAGATTTCGCTDDRG-3′. Transient small interfering RNA
(siRNA) assays were described before [75]. Sequences of siRNA
are listed in Supplementary Table S4. Briefly, synthesizing siRNA
duplexes were produced and validated by Ribobio (Guangzhou,
China). Two target siRNA sequences were applied for a gene,
and one non-targeting sequence (negative control, scramble).
Human DDR1 (NM_001954.4) cDNA, CD44 (NM_001001389.2)
cDNA, YAP5SA, and pcDNA3.1 plasmids were gifts from the
Hepatic Surgery Center, Tongji Hospital, Huazhong University of
Science and Technology, China. pBABE-puro (plasmid #1764),
gag/pol (plasmid #14887), pMD2.G, pLKO.1-TRC cloning vector
(plasmid #10878), and psPAX2 were purchased from Addgene
(Cambridge, MA, USA). Human DDR1 cDNA was cloned into the
pBABE-puro retroviral vector and identified via sequencing
(TSINGKE, Beijing, China). The CD44-overexpressing lentivirus
was purchased from DesignGene Biotechnology (Shanghai,
China). To construct pLKO.1-scramble, pLKO.1-shDDR1, pLKO.1-
shCD44, pLKO.1-shYAP1 plasmid, two target double-stranded
oligonucleotides (shRNA) sequences, and one non-targeting
sequence (negative control, scramble) were annealed and
cloned into the pLKO.1 vector. The shRNA oligo-pair sequences
are listed in Supplementary Table S4. Viral production, infection,
and establishment of stable cell clones have been described
previously [76]. The pcDNA3.1 plasmid inserted by FlAG- or HA-
tagged DDR1, FlAG- or HA-tagged CD44, FlAG-tagged PP2AA
were constructed according to the ClonExpress II One Step
Cloning Kit (Vazyme, Nanjing, China) and were identified by
sequencing (TSINGKE, Beijing, China).

The generation of mutant cell lines by PE editing
The establishment of DDR1 R105A/K618A mutant in HLF followed
as described [77]. Briefly, for PE editing, the epegRNAs and nicking
sgRNAs were designed by PrimeDesign [78], then the epegRNAs
were cloned into pU6-tevopreq1-GG-acceptor (plasmid #174038),
and the nicking sgRNAs was cloned into pU6-pegRNA-GG-
acceptor (plasmid #132777). The HLF cell was plated at a density
of 1 × 105 per well of a 6-well plate 18 h before transfection. Then,
1.6ug PEmax-BSD, 0.198ug constructed epegRNA vector, 0.088ug
constructed Nicking sgRNA vector, 0.8ug pcDNA3.1-MLH1dn were
together transfected used FectinMore Transfection Reagent
(Chamot, Shanghai, China). After 72 h transfection of plasmids
into HLF, the cells were selected with 5 μg/ml blasticidin after 48 h
virus transfection for three days. All of these survived cells were
seeded into 96-well plates. Genomic DNA was extracted from each
positive clone, followed by sequencing of the PCR products
spanning the gene editing sites (the design of PCR primers must
amplify a region spanning at least from 25 bp upstream of the
epegRNA-guided nick to 25 bp downstream of the 3′ flap
generated by the RT or any secondary nick). Genotyping was
performed by sequencing PCR products amplified from the
following primers: DDR1-R105A forward: 5′- GGTGTTTCCCAAGGAG
GAGG-3′; reverse: 5′-TAGCTCCGGGAGAACTCCTT-3′; DDR1-K618A
forward: 5′-CGACAGCCCTCAAGATCTGG-3′; reverse: 5′-CCATTGTTC
TCTCTAGATGGC-3′. The epegRNA and ngRNA sequences of
DDR1R105A and DDR1K618A are listed in Supplementary Table S4.

Collagen I-induced DDR1 phosphorylation
Cell lines were serum starved for 10 h, then stimulated with 30 μg/
mL collagen I in cell culture medium for 24 h at 37 °C, left
unstimulated as a control. The supernatant was removed, and PBS
washed cells for three times to remove collagen I then were
harvested for lysed or subsequent experiments.

Sphere-formation assay
To calculate sphere-forming efficiency, cells were single-cell sorted
into 96-well plates coated with an ultra-low attachment surface
(Corning). The cells were grown under anchoring-independent
conditions in selective serum-free DMEM/F12 medium supple-
mented with B27 supplement minus vitamin A, 20 ng/mL hEGF,
and 20 ng/mL bFGF. After seven days, the spheres formed were
counted. Experiments were repeated at least three times.

Colony formation assay
Cells were suspended and seeded at a density of 2000 cells per well.
After three weeks of cultivation, the cells were fixed and stained with
10% formalin and 0.1% crystal violet. The relative number of colonies
was counted. Experiments were repeated at least three times.

Flow cytometric analysis
Cells were stained with PE-DDR1(Santa Cruz Biotechnology) or
APC-conjugated CD133 (BD Biosciences) antibody in PBS with 2%
FBS at 4 °C for 30–60mins. Isotype-matched mouse immunoglo-
bulins were used as the controls. The samples were sorted with
FACSMelody (BD Biosciences) or analyzed using the CytoFLEX flow

Fig. 7 YAP cross-talking with DDR1 enhances HCC stemness in vitro and vivo. A Effects of DDR1 knock-out with YAP5SA overexpression or
overexpressed DDR1 with YAP knock-down HCC cells on sphere-forming capacity, including sphere numbers and diameters (scale
bar= 200 μm). B Flow cytometry analyses of the CD133 mean fluorescence intensity in DDR1 knock-out with YAP5SA overexpression or
overexpressed DDR1 with YAP knock-down HCC cells. C DDR1 knock-out with YAP5SA overexpression HLF cells were treated with sorafenib or
doxorubicin. Cell viability was determined compared with the untreated cells, and IC50 values were calculated. D Extreme limiting dilution
analysis of YAP5SA/DDR1KO and control cells of HLF. Cells were serially diluted and then subcutaneously injected into 4-week-old male NOD/
SCID mice (n= 12/group) (Left). CSCs frequency was calculated using ELDA software (Right). E Statistical analyses showed that p-DDR1, CD44,
and YAP were pairwise positively upregulated in HCC tissues from western blot. F Representative images of picrosirius red staining polarized
field and multiplex fluorescent immunohistochemical staining images of p-DDR1, CD44, and YAP in collagen I poor/abundant HCC sample,
respectively (scale bar= 100 μm). Pearson’s test was used to calculate the correlation between protein expression levels. Two-tailed unpaired
Student’s t-test was performed. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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cytometer (Beckman Coulter). Flow J (version 10) software was
used for analyzing the flow cytometry data.

Drug resistance and IC50
Cells in the logarithmic growth phase were uniformly inoculated
into 96-well plates (1000/well), and different diluted drug

concentrations were added to the medium. Six replicate wells
were used for each concentration gradient assay. The cells were
cultured in an incubator for 48 h. Subsequently, 10 μL of CCK-8
solution and 90 μL of culture medium was added, followed by
incubation in the dark at 37 °C for 1 h. Absorbance at 450 nm was
detected using a microplate reader. The half maximal inhibitory
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concentration (IC50) was analyzed based on GraphPad Prism
(Version 8, GraphPad Software, San Diego, CA).

Coomassie blue staining and mass spectrometry
HEK-293 T cells transiently transfected with FLAG-DDR1 or FLAG-
vector were lysed in IP lysis buffer (25 mM Tris-HCl (pH 7.4),
150mM NaCl, 1% NP-40, 1 mM EDTA, 10% glycerol, and protease
inhibitor cocktail), and IP assays were performed as described
previously [18]. The eluted proteins were separated by SDS-PAGE
followed by Coomassie Blue Fast Staining Solution. Mass spectro-
metry was performed and analyzed using the ptm-bio lab (PTM
BIO, Hangzhou, China).

Reverse transcription PCR and real-time quantitative PCR (q-
PCR)
Total cell RNA was extracted using TRIzol. Reverse transcription
was carried out using HiScript II Q Select RT SuperMix (+gDNA
wiper) according to the manufacturer’s instructions. Real-time
fluorescence quantitative PCR was performed using the ChamQ
Universal SYBR qPCR Master Mix. Gene expression levels were
normalized to those of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) in the same samples. Each sample was analyzed
independently in triplicate. The primers used are listed in
Supplementary Table S5.

Western blot, co-immunoprecipitation (co-IP)
Western blot and co-immunoprecipitation assays were performed
as previously described [18]. Briefly, cells were collected and lysed
on ice using IP lysis buffer. Lysates were incubated with protein G
agarose for 2 h and immunoprecipitated with indicated antibodies
overnight at 4 °C. The lysates were incubated with protein G
agarose beads for 1 h followed by 1wash using IP lysis buffer and
three washes with washing buffer (300 mM NaCl, 1.0 mM EDTA,
25mM Tris-HCl, pH7.4, 1.0% NP-40). The beads were eluted with
2 × SDS-PAGE loading buffer and subjected to western blot.

Glutathione S transferase (GST) pull-down
The human DDR1 cDNA encoding was subcloned into a pET-42b
vector. Following transformation and amplification in BL21(DE3) E.
coli, recombinant GST-DDR1 fusion proteins were purified by GST
Purification MagBeads. 5 μg GST or 5 μg GST-DDR1 was incubated
with recombinant human 5 μg His-CD44 protein (ABclonal
Technology, Wuhan, China) in PBS at 4 °C for 4 h under constant
mixing. The bound proteins were incubated and immunoprecipi-
tated with GST antibody-protein A beads. After washing away the
unbound proteins three times, the bound proteins were analyzed
by SDS-PAGE and western blot.

Immunofluorescence and confocal microscopy imaging
Immunofluorescence assays were performed as described pre-
viously [75]. Briefly, after the indicated treatments, cells were
cultured on coverslips for 12 h, fixed in 4% paraformaldehyde for
15min at room temperature, and permeabilized with 0.5% Triton
X-100 for 5 min. After blocking, slides were incubated with primary
antibody overnight at 4 °C in a humidified box. The slides were

then washed thrice and incubated with secondary antibody for 4 h
at room temperature in a humidified box. Finally, the cell nuclei
were stained with 40, 60-diamidino-2-phenylindole (DAPI) for
5 min. The resulting signals were visualized using a confocal laser
scanning microscope (Olympus FV1000, Tokyo, Japan). The
relative fluorescence intensity was analyzed and quantify using
the Image-Pro Plus 6.0 image software.

Dual-luciferase reporter assay
Cells were seeded in a 24-well plate at a density of 10000 cells per
well. The next day, cells were co-transfected with 200 ng pGL4.17
and 4 ng pRL-TK plasmids, and transfections were performed
using Lipofectamine3000 according to the manufacturer’s instruc-
tions. 12 h after transfection, cells were replaced with fresh
medium and allowed to grow for 48 h. Luciferase activity was
detected with the Dual-Luciferase Reporter Assay System (Pro-
mega, Madison, WI, United States) using a GloMax 20/20
Luminometer (Promega, Madison, WI, United States). Firefly
luciferase activity was normalized to the renilla luciferase activity.

Reagents and antibodies
Puromycin, trypsin-EDTA, Opti-MEM, and polybrene were
obtained as previously described [19]. Rattail collagen I
(#354236) were purchased from Corning (NY, USA). 7rh, and
verteporfin were purchased from MedChemExpress (Shanghai,
China). The 50 × B27 supplement (minus vitamin A), 50 × ITS,
TRIzol and Lipofectamine 3000 reagent were purchased from
Thermo Fisher Scientific (MA, United States). human recombinant
EGF (hEGF), basic FGF(bFGF) were purchased from R&D system.
ClonExpress II One Step Cloning Kit, Mut Express II Fast
Mutagenesis Kit V2, CCK-8 solution, HiScript II Q Select RT
SuperMix (+gDNA wiper) and ChamQ Universal SYBR qPCR Master
Mix were purchased from Vazyme (Nanjing, China). FectinMore
Transfection Reagent was purchased from Chamot (Shanghai,
China). Coomassie Blue Fast Staining Solution was purchased from
Beyotime Biotechnology (Shanghai, China). GST Purification
MagBeads was purchased from Absin Bioscience (Shanghai,
China). All the antibodies used in this study are listed in
Supplementary Table S6.

Human tissue specimens and immunohistochemical analysis
From February 1, 2014 to December 31, 2015, 123 human tissues
were authorized by the Hepatic Surgery Center, Tongji Hospital,
Huazhong University of Science and Technology (Wuhan, China).
All the participants provided written informed consent. Patients
who had received radiotherapy or chemotherapy before surgery
were excluded. Survival time was calculated from the date of
surgery to the date of death or last follow-up. Tumor staging was
performed according to the Seventh edition of the Tumor-Node-
Metastasis (TNM) Classification of the International Union Against
Cancer [79]. HCC samples (n= 123) were used to generate a tissue
microarray (Shanghai Biochip Co., Ltd. Shanghai, China). The
fundamental processes of the Immunohistochemistry assay have
been previously mentioned [18]. The pathological types of
paraffin-embedded slides were rechecked by HE staining before

Fig. 8 Co-inhibition of DDR1 and Hippo/YAP signaling impedes tumor proliferation and radiomics model of prediction on Collagen I
expression. A Effects of treatment with 7rh, VP, or combination therapy in HLF cells on sphere-forming capacity, sphere numbers, and
diameters were counted. (Scale bar= 200 μm). B Flow cytometry analyses of the CD133 mean fluorescence intensity in 7rh, VP, or combination
therapy treatment in HLF cells. C Colony formation assay of the 7rh, VP, or combination therapy treatment in HLF cell lines. D 4 -week-old male
BALB/c nude mice were subcutaneously injected by sphere-formed HLF cells, divided into DMSO, 7rh, VP, and combination groups randomly
for 2 weeks of treatment (n= 6/group). E Tumor weight and volume were analyzed from BALB/c nude mice with DMSO, 7rh or VP treatment.
F Representative images of immunofluorescence assays display nucleus/cytoplasm localization of YAP in tumor from BALB/c nude mice
xenograft (scale bar= 100 μm). G Representative images of IHC staining of p-DDR1, CD44, YAP, CTGF, Ki67, and CD133 form BALB/c nude mice
xenograft (scale bar= 100 μm). H The important 14 features of the SVM classifier model in diagnosing HCC collagen I expression. I The ROC
curves of models in train and test sets, respectively. J The schematic diagram shows that collagen I/DDR1 enhances HCC stemness through
Hippo signaling. Two-tailed unpaired Student’s t-test was performed. Each bar represents the mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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IHC analysis. A DAB substrate kit (Zsbio Commerce Store) was used
according to the manufacturer’s instructions. Scores for staining
frequency (0 < 10%, 1= 10–25%, 2= 26–50%, 3= 51–75%,
4 > 75%) and intensity (0= negative, 1=weak, 2=moderate,
3= intense staining) were used. A DAB substrate kit (Zsbio
Commerce Store) was used according to the manufacturer’s
instructions. The overall staining score (OSS) was calculated by
multiplying the staining area percentage score by the intensity
score. 0–6 were considered low expression, and 9–12 were
considered high expression. The results were scored by two
pathologists who were blinded to clinicopathological data. All
procedures were approved by the Ethics Committee of Tongji
Hospital and conducted according to the Declaration of Helsinki
Principles. Written and informed consent was obtained from each
patient.

Picrosirius red staining and polarization microscopy
The paraffin-fixed HCC specimens were sliced into 4 μm thick
sections. Then, the sections were mounted on glass slides and
stained with Picric acid–Sirius red (0.1% Sirius red in saturated
aqueous Picric acid). Stained sections were examined with
polarizing microscope (Nikon Eclipse Ti2, Tokyo, Japan) to detect
collagen types. Five randomly selected images per section were
captured and determined the optical density of collagen types.
Under polarizing microscope, collagen I present closely packed,
thick, non-argyrophilic, strongly birefringent, yellow or red fibers.
Collagen II present loose collagenous feltwork displaying a weak
birefringence of a varying color. Collagen III present loose
framework of thin, argyrophilic, weakly birefringent, greenish
fibers. Collagen IV present thin, amorphous, weakly birefringent
basal laminae [80]. Collagen I, II, III and IV were analyzed and
quantify using the Image-Pro Plus 6.0 image software [81].

Extreme limiting dilution xenograft tumor formation
Four weeks old male NOD/SCID mice were randomly divided into
two or three groups (12 mice per group). The sorted CD133+ cells
were diluted and bilateral transplanted by subcutaneous injection.
Tumors were harvested at the end of the experiment for
documentation. Stem cell frequency was calculated using the
extreme limiting dilution analysis (ELDA) software [82]. Animal
assays were carried out according to Wuhan Medical Experimental
Animal Care Guidelines.

Drug treatments in vivo
Sphere-formed HLF cells (2 × 105) were suspended and subcuta-
neously injected into 4-week-old BALB/c nude mice. After 2 weeks,
the animals were orally administered 50mg/kg verteporfin and
50mg/kg 7rh twice daily for two weeks. Drugs delivered by oral
gavage were dissolved in DMSO and diluted in corn oil. Control
mice were treated with the vehicle following an identical
procedure. Mice were killed (within 48 h of the last treatment),
and samples were obtained for histopathological and immuno-
histochemical analysis.

RNA-seq
Cells were lysed using TRIzol reagent. RNA extraction, library
construction, high-throughput sequencing, and data analyses were
conducted by Novogene Technology Co., Ltd. (Beijing, China).

Tumor segmentation and feature extraction
65 patients from IHC analyses with complete imaging data were
retrospectively recruited. We randomly selected 45 cases as the
training data set (25/20= positive/negative) and another 20 cases
as the independent testing data set (11/9= positive/negative).
Two independent readers manually delineated all MR images as
high-resolution T2-weighted images (T2WI) using an open-source
software package (ITK-SNAP, version 3.6.0, www.itksnap.org).
Tumors were outlined as regions of interest (ROIs). Two types of

images, “original images” and “wavelet images,” were used for the
analysis in this study. “Original images” were the images without
any transformation, and “wavelet images” were used for image
denoising and improving image quality. The original images
underwent a three-dimensional (i.e., x, y, and z directions) wavelet
transformation using the PyWavelet package in Python. Each
image was filtered by a high bandpass filter or low band-pass in
the three directions, resulting in 8 combinations of different
decompositions: LLH, LHL, HLL, LHH, HHL, HLH, HHH, and LLL (H
means high, and L means low). The FeAture Explorer Pro (FAE Pro,
V 0.4.1) was used to extract radiomic features. The shape features
were extracted only from the “original images.” 18 types of first-
order statistical features, 14 types of shape features, and 75 types
of texture features [24 Gray Level Co-occurrence Matrix (GLCM)+
14 Gray Level Dependence Matrix (GLDM)+ 16 Gray Level Run
Length Matrix (GLRLM)+ 16 Gray Level Size Zone Matrix
(GLSZM)+ 5 Neighborhood Gray-tone-difference Matrix (NGTDM)],
a total of 107 “original images” features were used for analysis in
our study. “Wavelet images” contained 144 first-order statistical
features [8 wavelet images × 18] and 600 texture features [8
wavelet images × 75]. All 851 characteristics were extracted from
the visible primary tumors, recorded, and stored quantitatively
(Supplementary Table S7).

Predictive models establishment
To remove the imbalance in the training data set, we used the
synthetic minority oversampling technique (SMOTE) to balance
the positive/negative samples. Normalization was applied to the
feature matrix. Each feature vector was subtracted from the mean
value of the vector and divided by its length. Because the
dimension of the feature space was high, we compared the
similarity of each feature pair. If the PCC value of the feature pair
was greater than 0.99, one of them was removed. After this
process, the feature space dimension was reduced, and each
feature was independent. Before building the model, we used
analysis of variance (ANOVA) to select features. The F-value was
calculated to evaluate the relationship between the features and
labels. We sorted the features according to their corresponding
F-values and assigned a specific number of features to build the
model. We used a support vector machine (SVM) as the classifier.
The kernel function can map the features into a higher dimension
to search the hyper-plane to separate cases with different labels.
To determine the hyper-parameter of the model (e.g., the number
of features), we applied a cross-validation 5-fold on the training
data set. The hyper-parameters were selected according to model
performance on the validation data-set. The model performance
was evaluated using receiver operating characteristic (ROC) curve
analysis. The area under the ROC curve (AUC) was calculated for
quantification. The above processes were implemented using the
FeAture Explorer Pro (FAEPro, V 0.4.1) on Python (3.7.6).

Statistical analysis
All the results were based on at least three replicates. Statistical
analyses were performed using GraphPad Prism (Version 8,
GraphPad Software, San Diego, CA). Categorical variables were
compared using Fisher’s exact test (two-tailed χ2 test) or Pearson’s
chi-squared test. Statistical significance for comparing the
continuous variables were using the non-parametric two-sided
Mann–Whitney U-test. To compare several groups with a control
group, one-way ANOVA followed by Dunnett’s multiple compar-
ison test was applied. Two-way ANOVA followed by Bonferroni
post-test was applied to compare several groups with a control
group over time. Survival curves were generated using the
Kaplan–Meier procedure. Underlying assumptions for these tests,
including sample independence, variance equality, and normality
were assumed to be met although not explicitly examined.
Survival curves and hazard ratios were evaluated using log-rank
tests. Statistical significance was set at p < 0.05.
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