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Acquired Resistance to Antiangiogenic 
Therapies in Hepatocellular Carcinoma 
Is Mediated by Yes- Associated Protein 1 
Activation and Transient Expansion of 
Stem- Like Cancer Cells
Darko Castven,1,2 Carolin Czauderna,1,2 Diana Becker,2 Sharon Pereira,2 Jennifer Schmitt,3 Arndt Weinmann,2 Viral Shah,4  
Jovana Hajduk,1,2 Friederike Keggenhoff,2 Harald Binder,5 Tobias Keck,6 Stefanie Heilmann- Heimbach,7,8 Marcus A. Wörns,2  
Snorri S. Thorgeirsson,9 Kai Breuhahn ,3 Peter R. Galle,2 and Jens U. Marquardt1,2

Induction of neoangiogenesis is a hallmark feature during disease progression of hepatocellular carcinoma (HCC). 
Antiangiogenetic compounds represent a mainstay of therapeutic approaches; however, development of chemoresist-
ance is observed in the majority of patients. Recent findings suggest that tumor- initiating cells (TICs) may play a 
key role in acquisition of resistance, but the exact relevance for HCC in this process remains to be defined. Primary 
and established hepatoma cell lines were exposed to long- term sorafenib treatment to model acquisition of resistance. 
Treatment effects on TICs were estimated by sphere- forming capacity  in vitro, tumorigenicity in vivo, and flow cytom-
etry. Adaptive molecular changes were assessed by whole transcriptome analyses. Compensatory mechanisms of resist-
ance were identified and directly evaluated. Sustained antiproliferative effect following sorafenib treatment was observed 
in three of six HCC cell lines and was followed by rapid regrowth, thereby mimicking responses observed in patients. 
Resistant cells showed induction in sphere forming in vitro and tumor- initiating capacity in vivo as well as increased 
number of side population and epithelial cell adhesion molecule- positive cells. Conversely, sensitive cell lines showed 
consistent reduction of TIC properties. Gene sets associated with resistance and poor prognosis, including Hippo/yes- 
associated protein (YAP), were identified. Western blot and immunohistochemistry confirmed increased levels of YAP. 
Combined treatment of sorafenib and specific YAP inhibitor consistently revealed synergistic antioncogenic effects in 
resistant cell lines. Conclusion: Resistance to antiangiogenic therapy might be driven by transient expansion of TICs 
and activation of compensatory pro- oncogenic signaling pathways, including YAP. Specific targeting of TICs might be 
an effective therapeutic strategy to overcome resistance in HCC. (Hepatology Communications 2022;6:1140-1156).

Hepatocellular carcinoma (HCC) ranks among 
the most frequent and deadliest cancers 
worldwide. The pronounced intratumoral 

and intertumoral heterogeneity in HCC represents 
a major challenge for molecular classification and 

development of effective therapeutic strategies.(1) This 
heterogeneity is also reflected in molecular pathways 
that govern control of cell growth and differentia-
tion, both critical processes in cancer progression.(2) 
Consequently, resistance to antioncogenic therapy and 
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tumor relapses are frequently observed.(3) According 
to the hierarchic model of carcinogenesis, molecular 
diversity and acquired resistance to therapies orig-
inate in the tumor- initiating cells (TICs), a small 
(<1%) subpopulation of tumor cells that share cellu-
lar properties and molecular signaling pathways with 
normal tissue stem cells.(4) TICs have been implicated 
in the majority of cellular processes that confer pro- 
oncogenic properties, including unlimited cell growth, 
invasion, generation of distant metastasis, and resis-
tance to current therapies.(5) Therefore, understanding 
the intrinsic properties of TICs is becoming increas-
ingly important for translational research as the prime 
cellular targets for diagnostic and therapeutic strate-
gies in HCC.(6)

Sorafenib affects tumor- cell proliferation, tumor 
angiogenesis, and cell apoptosis by targeting numer-
ous serine/threonine and tyrosine kinases, namely 
raf- 1 proto- oncogene serine/threonine kinase 
(RAF1), B- raf proto- oncogene serine/threonine 
kinase (BRAF), vascular endothelial growth factor 
receptor (VEGFR) 1- 3, platelet- derived growth 
factor receptor (PDGFR), KIT proto- oncogene 

receptor tyrosine kinase (KIT), fms related recep-
tor tyrosine kinase 3 (FLT3), fibroblast growth fac-
tor receptor 1 (FGFR1), and ret proto- oncogene 
(RET).(7) Sorafenib was the first systemic ther-
apy to demonstrate a survival benefit for patients 
with advanced HCC.(8) For more than a decade, 
sorafenib was the only approved drug for first- line 
therapy in advanced stages. Recently, lenvatinib was 
demonstrated to be noninferior to sorafenib and 
consequently approved by the US Food and Drug 
Administration as an alternative first- line therapy. 
More recently, immunotherapeutic approaches have 
shown promising clinical results.(9,10) Concordantly, 
the programmed death- ligand 1 (PD- L1) inhibitor 
atezolizumab in combination with the VEGF neu-
tralizing antibody bevacizumab have been approved 
for patients with unresectable or metastatic HCC 
who did not previously receive systemic therapy.(10) 
However, despite an improvement in overall sur-
vival for the immunotherapeutic antiangiogenetic 
combination of these two drugs, only 25%- 30% 
of patients responded to the therapy. A group of 
patients with impaired liver function and increased 
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risk of variceal bleeding did not qualify for this 
combination.(10) Thus, sorafenib remains an import-
ant mainstay of systemic therapy and is the most 
widely used compound for HCC treatment world-
wide. Unfortunately, despite an initial antitumori-
genic response caused by sorafenib, the majority of 
patients rapidly develop resistance to the therapy, 
which is followed by the subsequent occurrence of 
tumor growth and/or metastatic spread.(11)

In order to further improve the response to 
sorafenib, several phase II and III clinical trials 
employed different combination therapies, including 
treatment regiments with doxorubicin, tigatuzumab, 
erlotinib, and hepatic arterial infusion chemother-
apy(12- 15); however, all failed to show improved 
response and overall survival in comparison with 
sorafenib monotherapy.

In the present study, we designed an in vitro 
model based on primary and established HCC 
cell lines that reliably mimics the adaptive changes 
induced during disease progression in patients 
treated with sorafenib. We demonstrate that expan-
sion of TICs during the course of HCC treatment 
plays a substantial role in acquired resistance to 
sorafenib, both in vitro and in vivo. Response of the 
putative TIC compartment during short longitu-
dinal therapy accurately predicts relapse formation 
and subdivides sensitive from resistant cancer cells. 
We further define the oncogene yes- associated pro-
tein (YAP) as the molecular target in TICs leading 
to formation of relapse. Finally, we show that spe-
cific targeting of TICs by a combination of the YAP 
inhibitor carbonic anhydrase 3 (CA3) and classic 
chemotherapy (i.e., sorafenib) might be an effective 
therapeutic strategy to overcome resistance in HCC 
and improve therapeutic efficacy.

Materials and Methods
Cell lines

PLC/PRF/5 (referred to as PLC), HepG2, and 
Hep3B cell lines were obtained from the American 
Type Culture Collection (ATCC). The Huh7 cell 
line was obtained from Riken Cell Bank. LECHCC 
and HCC31 were freshly isolated, nonclonal, alpha- 
fetoprotein- negative primary HCC cell lines.(16) Cells 

were grown in Dulbecco’s modified Eagle’s medium 
(DMEM), supplemented with 2  mM L- glutamine, 
1  unit/mL penicillin/streptomycin, and 10% fetal 
bovine serum (FBS).

ViaBility anD meDian 
inHiBitoRy ConCentRation 
iC50

Cell viability was measured using the WST- 1 assay 
according to the manufacturer’s protocol (Roche). We 
plated 5 × 103 cells on 96- well plates; after overnight 
incubation, cells were treated with increasing con-
centrations of sorafenib for 72 hours. Median inhib-
itory concentration (IC50) values were calculated by 
nonlinear regression using GraphPad Prism software. 
When IC50 concentrations were defined for each cell 
line, cells were treated with sorafenib and cell viabil-
ity was measured at different time points (3, 7, and 
14  days). Cell viability, defined as absorbance in the 
treatment group compared to the control group, was 
expressed as percentage mean change  ±  SD (n  =  4). 
For combination therapy, concentrations of sorafenib 
were in a range from 2 to 16 µM and CA3 from 0.25 
to 8 µM.

FloW CytometRy

side population analysis
Side population (SP) analysis was performed as 

described.(17) Briefly, cells were incubated at 37°C 
for 90  minutes with 15  μg/mL of Hoechst- 33342 
(Invitrogen). A parallel sample was stained with 
Hoechst- 33342 in the presence of 50 μmol/L of the 
adenosine triphosphate binding cassette subfamily 
G member 2 (ABCG2) inhibitor fumitremorgin C 
(Sigma- Aldrich) as a control to identify the SP cells. 
Cell viability was ensured by 7- aminoactinomycin D 
exclusion. Analyses were performed on a BD Fortessa 
device.

tiC marker analysis
At defined time points during the course of treat-

ment, cells were collected and fixed in 1% paraformal-
dehyde (PFA) for 1  hour at 4°C. Cells were further 
resuspended in phosphate- buffered saline and stored at 
4°C or directly stained for the analysis. Briefly, 5 × 105  
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fixed cells were resuspended in 100 µL staining buf-
fer (homemade), and 1 µL of directly conjugated pri-
mary antibody was added. Cells were incubated for 
15  minutes at 4°C; this was followed by removal of 
the staining buffer and addition of 500 µL of running 
buffer (self- prepared). Cells were analyzed on a BD 
FACSVerse flow cytometer.

tumoRigeniCity
All procedures were performed with the approval 

of local authorities and in accordance with the 
guidelines of the National Institutes of Health ani-
mal care committee. After 72  hours of sorafenib 
treatment (Huh7, 6.15 µM; HepG2, 12.4 µM), via-
bility of the cells was assessed by trypan blue. Viable 
hepatoma cells were mixed with Matrigel (1:1) (BD 
Bioscience) and transplanted subcutaneously into 
both flanks of nonobese diabetic/severe combined 
immunodeficient (NOD/SCID) mice. In total, 1 × 
106 viable cells were injected, and tumor growth was 
monitored weekly by palpation. Three animals per 
group were used. Animals were euthanized when 
tumor size exceeded 15 mm diameter. Tumors were 
removed, measured, and fixed in 4% PFA or pre-
served at −80°C.

soFt agaR- BaseD spHeRe- 
FoRmation assay

After treatments with sorafenib (3, 7, and 
14 days) or in combination with CA3, 1,000 viable 
single cells were resuspended in 2% agar and diluted 
to a final concentration of 0.25%. Cells were subse-
quently added on top of the precoated 48- well plate 
with 1.3% agar containing DMEM with 20% FBS. 
During spheroid cultivation, medium was replaced 
every 3 days. After 14 days, spheroids were counted 
under a microscope. All experiments were performed 
in triplicate.

Rna eXtRaCtion anD ReVeRse- 
tRansCRiption QuantitatiVe 
polymeRase CHain ReaCtion

Total RNAs was extracted using the Qiagen 
RNEasy Mini- Kit following the manufacturer’s pro-
tocol. RNA quantity and purity were estimated using 
a Nanodrop ND- 1000 spectrophotometer (Thermo 

Fisher Scientific). Two- step reverse- transcription 
quantitative polymerase chain reaction complementary 
DNA synthesis using SuperScript III (Invitrogen), 
SYBR Green Master- Mix (Bio- Rad), and CFX 
Connect System was performed.

tRansCRiptome analysis
Microarray analyses were performed by the 

Institute of Human Genetics, Department of 
Genomics, Life and Brain Center, University of 
Bonn. Transcriptomic analyses were performed for 
time points of 3, 7, and 14 days for resistant cells and 
HCC31. Due to insufficient RNA quality or lack of 
viable cells, HepG2 and PLC cells were analyzed after 
3 and 7  days. Following analyses and obtaining raw 
data, gene expression values were normalized by the 
quantile normalization method across all samples fol-
lowing subtraction of background noise in each spot 
by GenomeStudio (Illumina). Signal intensities with 
a detection P > 0.05 were treated as a missing value, 
and only genes with sufficient representation across 
the samples were included in further data analysis.(17) 
Time course analysis was performed in Bioconductor 
package R version 3.12.

gene set enRiCHment 
analysis anD ingenuity 
patHWay analysis

Gene set enrichment analysis (GSEA) based on 
obtained transcriptomic data was performed for 
treated and nontreated hepatoma and primary cell 
lines (https://www.gsea- msigdb.org/gsea/index.jsp).(18) 
The normalized enrichment score (NES) reflected 
the degree of overrepresentation for each group at the 
peak of the entire set. Statistical significance was cal-
culated by the nominal P value of the enrichment score 
by using an empirical phenotype- based permutation 
test. Canonical pathway and network analyses were 
performed using Ingenuity Pathway Analysis (IPA; 
Qiagen). The significance of each pathway was deter-
mined by the scoring system provided by the IPA tool.

pRotein isolation anD 
WesteRn Blot

Whole- cell lysates (100  μg) were prepared from 
frozen cells using M- PER Tissue Extraction Buffer 

https://www.gsea-msigdb.org/gsea/index.jsp
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(Thermo Fisher Scientific) containing Complete 
Protease Inhibitor Cocktail (Roche). Proteins were 
separated by sodium dodecyl sulfate– polyacrylamide 
gel electrophoresis and transferred onto nitrocellu-
lose membranes. Membranes were incubated with 
YAP, phosphorylated YAP (pYAP), tafazzin (TAZ), 
and actin antibodies (Supporting Table S2). Immune 
complexes were detected using a LI- COR imaging 
system. Quantification of expression levels was per-
formed by densitometric analysis using ImageJ.

immunoHistoCHemistRy
Tissue and cells were fixed in 4% formaldehyde. 

Tissue was further embedded in paraffin and cut in 
3.5- μm sections. Antibodies are listed in Supporting 
Table S2. Visualization was performed with 
ImmPACT DAB detection kit (VECTOR) accord-
ing to the company’s protocols. Stained tissues were 
viewed using an ECHO REB- 01_D microscope with 
20× and 40× magnification objectives.

DRug syneRgism
To investigate potential synergistic effects of 

sorafenib and YAP inhibitor (CA3), cells were seeded 
in a 96- well plate at a density of 5 × 103 per well and 
treated with both compounds either as a single treat-
ment or as combination. Obtained results were ana-
lyzed by R package Synergyfinder version 2.0.12.(19)

statistiCs
Statistical analysis was performed using the 

Student t test and one- way analysis of variance for 
multiple group comparisons. P  ≤  0.05 was consid-
ered statistically significant. Results are presented as 
mean ± SD.

Results
DiFFeRential Response 
oF Cells to soRaFeniB 
tReatment

To test the response of liver cancer cells against 
multityrosine kinase inhibitors, we aimed to develop 
a dynamic in vitro model to mimic adaptive treatment 
response of human patients and monitor phenotypic 

and molecular features (Fig. 1A). Immortalized 
human hepatoma (Huh7, PLC, HepG2, and Hep3B) 
and two primary human HCC cell lines (LECHCC 
and HCC31) were continuously treated with the 
respective IC50 concentrations of sorafenib over a 
period of 14  days (Fig. 1B). Subsequently, viability 
was assessed at days 3, 7, and 14 in comparison to 
untreated control cells. Interestingly, we observed two 
distinct types of response resembling a sensitive and a 
resistant phenotype (Fig. 1B). Three cell lines showed 
a rapid and sustained resistance to sorafenib treatment 
(Huh7, Hep3B, LECHCC), which was reflected in 
rapid regrowth after initial treatment response after 
3  days (Hep3B and LECHCC) or 7  days (Huh7). 
In contrast, the remaining cells (HepG2, HCC31, 
PLC) displayed pronounced sensitivity to sorafenib, 
illustrated by a steady decrease of cell viability in the 
course of the experiment.

In summary, these data demonstrate the existence 
of liver cancer cell lines that may represent a proxy 
for the development of HCC resistance, which is fre-
quently observed on human hepatocarcinogenesis.

tRansient eXpansion oF tiCs 
DuRing DeVelopment oF DRug 
ResistanCe

To investigate if the presence of TICs in the cell lines 
with sorafenib resistance could explain the observed 
phenotype, we employed several well- established flow 
cytometry- based and functional TIC screening assays. 
For this, the effect of sorafenib on TICs was assessed 
at defined time points (3, 7, and 14  days) and com-
pared with respective untreated controls (Fig. 2). We 
evaluated the relative change in frequency of puta-
tive TICs by measuring the SP, which is considered 
to represent a cell fraction with enhanced stemness 
features, and measuring relative abundance of cells 
expressing TIC marker epithelial cell adhesion mole-
cule (EpCAM).(1,20) Indeed, a significant expansion of 
the TIC subpopulation during the course of treatment 
was observed in sorafenib- resistant cell lines (Huh7, 
Hep3B; Fig. 2A). For these cells, the initial expan-
sion of TICs was subsequently followed by a gradual 
reduction to levels comparable to untreated control 
cells, indicating the transient nature of TIC expansion 
in the development of drug resistance. Accordingly, 
highest levels of TIC were observed at the time when 
acquisition of resistance was detected (7 and 14 days). 
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Conversely, in sensitive cell lines, continuous and sus-
tained antiproliferative response to the treatment was 
paralleled by a progressive reduction in the number of 

putative TICs (PLC, HCC31; Fig. 2A). These cells 
showed significant reduction in total number of TICs 
after 3 and 7 days of treatment, which ultimately led to 
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complete abolishment of TICs in response to sorafenib 
after 14 days. Consistent with our findings of the SP 
analysis, the number of cells expressing the known TIC 
marker EpCAM was increased in resistant cells during 
the initial phase of sorafenib treatment (Fig. 2B).  
This expansion was further followed by reduction of 
EpCAM- positive cells to a similar level as untreated 
control cells (Huh7). In contrast, sensitive cells did not 
show a comparable EpCAM induction. Instead, no 
EpCAM positivity was detectable in the TIC popu-
lation of HCC cells that were sensitive to sorafenib 
(PLC).

To further corroborate these findings, we performed 
a sphere- formation assay, which represents a widely 
used approach to evaluate tumor- initiation capacity 
in vitro. In accordance with the suggested transient 
increase of putative TICs in sorafenib- resistant cell 
lines, a significant induction in sphere- forming capac-
ity was observed in sorafenib- treated cells compared 
to nontreated controls (Fig. 3A). In contrast, the 
observed reduction of the SP and EpCAM- positive 
cells in sensitive lines also yielded a lower capability 
to form spheres. Lastly, to confirm and validate our 
in vitro findings, we performed in vivo transplanta-
tion experiments using immunocompromised NOD/
SCID mice. For this analysis, representative cell lines 
for sensitive (HepG2) and resistant (Huh7) cells were 
selected (Fig. 3B,C). As expected, Huh7 showed com-
parable tumor growth in both treatment and control 
animals. Results for HepG2 illustrated high sensitiv-
ity to sorafenib, which was reflected by significantly 
reduced tumor sizes and number of tumor nodules 
(Fig. 3B,C). Consistently, intratumoral expression of 
the progenitor/TIC marker cytokeratin 19 (CK19) 
was considerably higher in tumors obtained from 
Sorafenib- pretreated Huh7 cells when compared to 
nontreated control cells (Supporting Fig. S1A).(21)

Overall, these results demonstrate that putative mul-
tiresistant TICs respond to chemotherapy by transient 

expansion of resistant cells and thereby significantly con-
tribute to acquired drug resistance in human liver cancer. 
These data indicate that sustained response to antitum-
origenic therapy requires inhibition of putative TICs.

aCtiVation oF onCogeniC 
meCHanisms anD stemness 
FeatuRes DRiVe aCQuisition 
oF ResistanCe to soRaFeniB 
tHeRapy

To identify key molecular alterations that may 
lead to treatment resistance in HCC, we assessed 
the global pattern of transcriptome alterations asso-
ciated with the observed phenotypes. We performed 
genome- wide gene expression analyses in resistant 
and sensitive cell lines for all inspected time points 
(3, 7, and 14  days). Between these two groups, we 
identified a total of 2,096 differentially expressed 
genes (P < 0.01) (Supporting Table S5). These genes 
were highly efficient in separating sorafenib- sensitive 
from sorafenib- resistant cells, using unsupervised 
hierarchical cluster analysis (Fig. 4A). Subsequently, 
GSEA and IPA were performed to identify activated 
gene sets and signaling pathways characteristic for 
a resistant group (Fig. 4B; Supporting Fig. S2A,B). 
GSEA confirmed activation of signaling pathway- 
associated gene signatures involved in pro- oncogenic 
signaling and cell proliferation, such as MYC proto- 
oncogene bHLH transcription factor (MYC), epider-
mal growth factor receptor (EGFR), interleukin- 6 
(IL- 6)/Janus kinase ( JAK)/signal transducer and 
activator of transcription 3 (STAT3), and RAS sig-
naling, as well as enrichment of gene sets associated 
with cell- cycle regulation (mitotic spindle and E2F 
transcription factor 3 [E2F3] genes). Interestingly, 
GSEA also revealed activation of gene sets associ-
ated with cancer stemness, in particular involved in 
YAP activity. The majority of these genes showed 

Fig. 1. Schematic overview of the main hypothesis and experimental design and a viability analysis across cell lines. (A) Hypothesis 
of relapse formation during sorafenib treatment and the potential role of TICs in this process (upper panel). Workflow and analyses 
performed to prove the hypothesis (lower panel). (B) Viability analysis determines two types of response to antiangiogenic therapy. 
Different established hepatoma and primary HCC cell lines were continuously exposed to IC50 concentrations of sorafenib (PLC/PRF/5, 
17.5 µM; HepG2, 12.4 µM; HCC31, 22.7 µM; Huh7, 6.1 µM; Hep3B, 7.8 µM; LECHCC, 12.6 µM). Cells were treated for a total of 14 
days. Viability was assessed after 3, 7, and 14 days and compared to untreated control cells to monitor the development of drug resistance 
using standardized conditions and comparable drug levels. Graphs represent differential growth kinetics in response to exposure with 
sorafenib at the defined time points. Rapid regrowth in comparison to untreated cells was observed in half the cell lines (lower panel). 
Sensitive drug responses are shown in the upper panel. Data are presented as mean ± SD of three biological replicates.
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higher relative expression in the resistant cells than in 
sensitive cells (Fig 4C). Subsequent analyses of acti-
vated canonical pathways validated our findings and 
disclosed regulation of the Hippo signaling pathway 
(Supporting Fig. S2B).

To further explore whether a sorafenib- resistance 
gene signature could be used to accurately identify 
groups of patients with HCC with poor clinical out-
come, we integrated it with published expression data 
from 139 patients with HCC divided into good and 
poor prognostic groups (Fig. 4D; Supporting Table 
S6).(22) As expected, unbiased clustering revealed that 
all resistant cell lines belonged to a cluster that char-
acterized patients with HCC with poor prognosis 
whereas sensitive cells clustered together with patients 
with liver cancer, who were characterized by better 
prognosis. Furthermore, we checked overall survival of 
the 139 patients with HCC based on our resistance 
signature. The findings clearly showed that patients 
who were characterized by the presence of the resis-
tant gene signature had shorter survival (Fig. 4E).(22) 
GSEA based on transcriptomic profiles of poor and 
good prognostic HCC subclasses confirmed enrich-
ment of epithelial- to- mesenchymal transition (EMT) 
and TIC (sonic hedgehog and class switch recombi-
nation) but most importantly the presence of Hippo/
YAP signature genes (Fig. 4F).

Our data delineate that distinct molecular alter-
ations, such as activation of tumor- supporting YAP, 
are associated with sorafenib resistance in patients 
with HCC with poor clinical outcome.

yap signaling ContRiButes 
to soRaFeniB ResistanCe in 
HCC Cells

Earlier studies showed that resistance to some 
chemotherapies could be driven by TICs in a YAP/

PDZ- binding motif (TAZ)- dependent manner.(23) To 
address the relevance of YAP signaling as a potential 
driver of acquired drug resistance after sorafenib treat-
ment, we first assessed protein levels of YAP, TAZ, and 
pYAP (also known as serine 127), which is an inhib-
ited form of YAP. Following treatment with sorafenib, 
a resistant cell line (Hep3B) showed reduced levels of 
pYAP and slightly increased levels of TAZ, indicating 
an activation of YAP/TAZ and its positive effects on 
target genes related to TICs (Supporting Fig. S3).(24) 
In contrast, pYAP levels in the sorafenib- sensitive cell 
line PLC were only slightly decreased and remained 
similar to the untreated control while a prominent 
reduction was determined for TAZ. Notably, the pres-
ence of YAP phosphorylation has been reported to 
have functional consequences on the stability of the 
protein, leading to its degradation.(24) Moreover, YAP 
phosphorylation in combination with TAZ reduc-
tion causes decreased activity of these transcriptional 
regulators.(24) Thus, decreased phosphorylation and 
increased YAP/TAZ stability could be one of the 
indicators for sorafenib resistance.

To further investigate therapeutic implications of 
our findings, we evaluated potential synergistic effects 
of sorafenib and YAP inhibition (Fig. 5A). For this 
reason, we treated all HCC cell lines with increas-
ing concentrations of sorafenib and CA3, an inhibi-
tor that specifically disturbs the interaction between 
YAP and the transcriptional enhanced associate 
domain,(25) as well as different combinations of both 
drugs. As a functional readout, we determined cellu-
lar viability and evaluated synergistic effects by using 
Synergyfinder.(19) The results were calculated as an 
average synergy score and visualized as contour plots 
that show the range of concentrations where syner-
gistic or antagonistic effects are most pronounced 
(Fig. 5A). Importantly, sorafenib- resistant cell lines 
consistently showed a higher level of synergism than 

Fig. 2. Flow cytometry analyses of putative TICs and their role in acquired drug resistance. Flow cytometry analysis of putative cancer 
stem cell markers as well as a dynamic SP assay in different cell lines after continuous exposure to sorafenib was performed. (A) SP analysis 
shows percentage of putative TICs after treatment with IC50 concentrations at different time points. Drug response (i.e., sensitive and 
resistant) is indicated in green and red. In the SP approach, TICs are distinguished based on their ability to actively exclude Hoechst 33342 
dye; therefore, most stem- like cells present with low staining. Cells costained with fumitremorgin C, which blocks ABCG2 drug transport, 
were used as the negative control. Dot plots represent SP profiles of resistant and sensitive cell lines after exposure to the drugs. Charts 
on the right side represent percentage of SP cells at different time points (*P< 0.05, **P < 0.01, ***P < 0.001). (B) Flow cytometry analysis 
of putative TICs based on surface marker staining with EpCAM before and after sorafenib treatment. Charts on the right side represent 
percentage of EpCAM- positive cells at different time points (*P < 0.05, **P < 0.01, ***P < 0.001). Data are presented as mean ± SD of three 
biological replicates. Abbreviations: ABCG2, adenosine triphosphate binding cassette subfamily G member 2; APC, allophycocyanin; 
NA, not applicable; RL, red laser; SSC- A, side scatter– area; UV, ultraviolet.
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Fig. 3. Pro- oncogenic properties of TICs investigated by the sphere- formation assay and in vivo tumorigenicity. (A) Graphs show 
results for sphere- forming ability of sensitive and resistant cells after treatment with sorafenib. Sensitivity to the respective compounds 
was reflected in a significant reduction in sphere- forming ability, whereas resistant cell lines showed a progressive expansion of cells with 
sphere- forming ability reflected in significantly higher numbers of spheres after 3 and 7 days. Cells were pretreated for 3 and 7 days and 
then cultured under sphere- forming conditions. A total of 1,000 cells were seeded per well, and sphere forming was monitored at the 
corresponding time points. All experiments were performed in triplicate and sphere- forming capacity was estimated based on at least three 
independent biological replicates per cell line (*P < 0.05, **P < 0.01, ***P < 0.001). Data are presented as mean ± SD of three biological 
replicates. (B) Tumor incidence observed after subcutaneous injection of 1 million treated or untreated cells into NOD/SCID mice. Cells 
were exposed to 3 days of treatment before injection into both flanks of animals. Tumor growth was monitored weekly. Tumor incidence 
in the corresponding cell line is shown. (C) Tumors isolated from animals that were injected with control and treated cells. Tumors are 
arranged by size for side- by- side comparison. The graph on the right shows average size of tumor nodules for each group (*P < 0.05,  
**P < 0.01, ***P < 0.001). Abbreviations: n.s., not significant; R, resistant; S, sensitive; Sor sorafenib.
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Fig. 4. Transcriptomic analyses define molecular mechanisms responsible for acquired resistance. Time- course analysis, survival, and 
GSEA based on transcriptome data of resistant and sensitive cell lines after 3, 7, and 14 days of treatment. (A) Time- course analysis reveals 
clear separation of sensitive and resistant cell lines based on 2,096 differentially expressed genes between different groups. (B) GSEA for 
resistant cell lines in comparison to sensitive cell lines. NES reflects degree of overrepresentation for each group at the peak of the entire 
set. Statistical significance calculated by nominal P value of the enrichment score by using an empirical phenotype- based permutation 
test. (C) Correlation analysis of Cordenonsi genes expressed in the resistant and sensitive groups. (D) Integration of resistant and sensitive 
cell lines based on our sorafenib resistance signature with a published data set of 139 patients with HCC.(22) HepG2, PLC/PRF/5, and 
HCC31 cells are clustered in the good prognostic group (left). Hep3B, Huh7, and LECHCC cells are clustered in the poor prognostic 
group (right). (E) Kaplan- Meier plot of overall survival of 139 individuals with HCC based on our sorafenib- resistance signature.(22) 
(F) GSEA for good and poor prognostic HCC groups based on the gene expression signature from Lee et al.(22) NES reflects degree of 
overrepresentation for each group at the peak of the entire set. Statistical significance calculated by nominal P value of the enrichment 
score by using an empirical phenotype- based permutation test. Abbreviations: CSR, class switch recombination; DN, down; E2F3, E2F 
transcription factor 3; GCNP, granule cell neuron precursor; SHH, sonic hedgehog; UP, up.
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sorafenib- sensitive cells; this was illustrated by a sig-
nificantly higher synergy score (Fig. 5A). The presence 
of synergism was detectable across all tested substance 
concentrations (red color). The most effective drug 
concentrations are shown in Supporting Table S3. In 
contrast, sensitive cells responded only moderately to 
combination therapy, and two cell lines even showed 
antagonistic effects at specific concentrations (green 
color). To investigate the impact of combination 
therapy, we treated resistant cell lines with sorafenib 
at IC25 combined with increasing concentrations of 
CA3. As expected, combination treatment effectively 
reduced the number of spheres (Fig. 5B). In addi-
tion, neither sorafenib alone at different time points 
nor CA3 application showed direct interaction with 
the components of receptor tyrosine kinases (RTKs) 
(Supporting Fig. S4A,B).

We therefore concluded that sorafenib- resistant 
HCC cells are more susceptible to YAP- directed per-
turbation approaches than sorafenib- sensitive cells.

To further substantiate our in vitro findings and to 
confirm their clinical relevance, YAP activity in the 
context of sorafenib resistance and TICs abundances 
was first investigated in xenograft tumors and then 
in two independent cohorts of patients with HCC  
(Fig. 5C- E). Immunohistochemistry showed that 
YAP and TAZ protein levels were markedly higher 
in the xenograft tumor derived from sorafenib- 
pretreated Huh7 cells when compared to control cells 
(Fig. 5C,D). Moreover, we noticed a slight increase 
in pYAP staining in the control samples that was 

associated with reduced activity of YAP signaling 
(Supporting Fig. S1B). Transcriptomic validation was 
performed for 28 patients with HCC where tumor 
borders were compared with surrounding livers and 
tumor tissues (Fig. 5E, upper panel). In one of our 
previous studies, we showed that tumor border regions 
of patients with HCC were characterized by an 
enrichment of TIC features when compared to sur-
rounding liver and tumor.(26) As expected, GSEA and 
IPA revealed activation of gene signatures defining 
EMT, cellular movement, phosphoinositide 3- kinase 
(PI3K)/protein kinase B (AKT)/mammalian target 
of rapamycin (mTOR), and insulin- like growth fac-
tor 1 (IGF- 1) signaling, which are processes typically 
associated with TIC enrichment and tumor- invasive 
properties (Fig. 5E; Supporting Table S4).(27- 30) Most 
importantly, enrichment of YAP was noted (Fig. 5E). 
Our second cohort included a group of patients previ-
ously treated with sorafenib with vastly different out-
comes. From this cohort, the two different subgroups 
were delineated as best and worst responders to ther-
apy based on the specific survival of the patients fol-
lowing sorafenib treatment (Fig. 5E, lower panel). We 
collected tissue samples from these two cohorts and 
compared their transcriptomic profiles. Predictably, 
the worst patient group was significantly enriched for 
cancer stem cells as well as YAP signatures.

Finally, we tested whether primary tumor- derived 
HCC cell lines could be used to predict therapeu-
tic response and the level of synergism to combina-
tion therapy. Therefore, we first tested the expression 

Fig. 5. Synergistic effects of sorafenib/CA3 treatment and YAP validation in independent patient cohorts. Analysis of potential synergistic 
effects between sorafenib and YAP inhibitor as well as external validation of YAP signaling in two different cohorts of patients with HCC. 
(A) Plots indicate level of synergism between investigated drugs, where red color represents synergism and green color antagonism. 
Average synergy scores for each resistant cell line are shown on the top. Bars on the right represent quantification of an average synergy 
score between sensitive and resistant cell lines performed in three independent biological replicates per cell line (*P < 0.05). (B) Graph 
shows results for sphere- forming ability of resistant cells after treatment with IC25 sorafenib (IC25, 4 µM) in combination with 250 and 
500 nM of CA3. Sensitivity to the respective combination of compounds was reflected in a significant reduction in sphere- forming ability. 
Cells were pretreated for 3 days and then cultured under sphere- forming conditions. A total of 1,000 cells were seeded per well, and sphere 
forming was monitored and counted after 14 days. The experiments were performed in quadruplicate and sphere- forming capacity was 
estimated based on two or three independent biological replicates (*P < 0.05, **P < 0.01, ***P < 0.001). (C) Xenograft tumors, obtained 
after injection of resistant cells (Huh7) were stained by immunohistochemistry for YAP expression. Upper pictures represent (scale bars,  
50 µm). (D) Xenograft tumors obtained after injection of resistant cells (Huh7) were stained by immunohistochemistry for TAZ expression. 
Upper images represent control tumors; lower images represent tumors obtained from sorafenib- pretreated cells (scale bars, 50 µm). (E) 
GSEA of HCC border region in which enrichment of TIC population has previously been shown (Castven et al.(26)) (upper panel). 
Tissue samples obtained from two groups of patients who showed worst and best response to sorafenib (lower panel). (F) Primary tumor- 
derived cancer cell lines can be used to predict response and level of synergism between sorafenib and YAP inhibitor. Left image shows 
YAP- positive staining in HCC tissue (HCC9) (10x magnification); middle image shows YAP- positive staining in the cell line derived 
from HCC9 tissue (20x magnification); right graph demonstrates that patient- derived cell lines with YAP activation, such as HCC9, 
can predict response to combination treatment with sorafenib and YAP inhibitor. Abbreviations: CSC, cancer stem cell; S, Sor, sorafenib.
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of YAP by immunohistochemistry in tissue samples 
from representative patients with HCC as well as the 
corresponding primary cell line (Fig. 5F). Both HCC 
tissue and primary tumor- derived cells showed a 
prominent nuclear positivity for YAP, illustrating that 
they represent a proxy for HCC cells in tissues with 
regard to YAP activation. Consistently, a positive syn-
ergistic effect of combination therapy with CA3 and 
sorafenib could be revealed (Fig. 5F).

Overall, elevated YAP levels in tumor cells of 
patients with HCC who were treated with sorafenib 
may contribute to sorafenib resistance after mono-
therapy. Simultaneous inhibition of YAP activity could 
increase treatment efficacy for the group of patients 
with HCC who develop resistance mechanisms.

Discussion
After the first identification in hematologic can-

cers, the existence of TICs was subsequently detected 
within several solid tumors, specifically in those 
characterized by increased rates of self- renewal and 
proliferation.(31,32) The observed complexity, which 
includes phenotypic, functional, and molecular het-
erogeneity, in several cancers, including HCC, could 
thus be a direct consequence of hierarchical tumor 
organization.(33) More discoveries supported the role 
of TICs in adverse properties, particularly in chemo-
resistance, as well as their contribution to poor prog-
nostic traits.(34,35) In our previous studies, we showed 
that TIC signature and activation of proinflamma-
tory signaling pathways possess profound prognostic 
implications and that specific inhibition of key sig-
naling pathways can effectively modulate TIC prop-
erties.(26,36) In order to delineate the role of TIC in 
acquired resistance to sorafenib in HCC, we per-
formed comprehensive functional and molecular anal-
yses and defined adaptive molecular changes during 
the course of treatment (Fig. 1A). We addressed the 
functional consequences of sorafenib administration 
in primary and established liver cancer cell lines as 
well as determined concomitant molecular adapta-
tions that are potentially governing chemoresistance. 
Our study reports the identification of promising 
molecular targets and defines potential combination 
therapy for patients with HCC.

Sorafenib was the first approved systemic therapy 
for the treatment of advanced HCC. The Sorafenib 

HCC Assessment Randomized Protocol trial, a ran-
domized controlled phase III trial for the treatment 
of advanced HCC, showed significant increase in 
median survival and the time to radiologic progres-
sion, which was nearly 3  months longer for patients 
treated with sorafenib than for placebo.(37) However, 
despite exhibiting initial treatment benefit, the major-
ity of patients still acquire resistance to sorafenib, but 
the exact mechanism(s) remains elusive.(38) We have 
established an in vitro model of sorafenib resistance 
that allows the assessment of molecular mechanisms 
and functional consequences of treatment resistance 
as well as the evaluation of a role of TIC in these 
processes.

By using a dose- adapted approach across several 
established and primary HCC cell lines, we treated 
each cell line with a corresponding IC50 concentration 
of sorafenib and were able to establish distinct clinical 
responses observed in patients with HCC treated with 
sorafenib. As observed in human HCC, two types of 
response, good response (sensitive to sorafenib) and 
poor response (resistant to sorafenib), were defined. 
Sensitive cell lines were characterized by increased 
cell death after an extended period of treatment. In 
contrast, the initial treatment benefit in resistant cell 
lines was followed by the rapid development of resis-
tance and adaptations to adverse conditions, which 
consequently resulted in re- establishment of cell 
growth and tumor relapse (Fig. 1B). These findings 
allowed us to address the importance of TIC- related 
drug resistance in HCC cell lines. We observed a sig-
nificant expansion of SP, including EpCAM+ cells, 
during the treatment with sorafenib in resistant cells 
(Fig. 2). These results showed that during initial days 
of treatment (3 and 7  days) the population of TICs 
was highly enriched, supporting the notion that TICs 
can survive chemotherapy. An increased number of 
these cells indicated the presence of more resilient 
phenotype(s) and was further followed by reduction 
to a pretreatment level when the proliferative capacity 
of the cells was no longer affected and relapse was 
fully established (Fig. 2). Acquisition of stemness fea-
tures and induction of protumorigenic capacity in the 
resistant group was further evidenced by significant 
induction of spherogenicity in vitro and tumorigenic-
ity in vivo (Fig. 3). In contrast, sensitivity to the treat-
ment was characterized by a dramatic reduction of 
SP as well as the number of EpCAM+ cells (Fig. 2).  
A significant reduction had already occurred in the 
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initial stages of treatment, and this impaired their 
proliferative potential. These results showed that suc-
cessful reduction of TICs leads to reduction in pro-
liferation and increased cell death and ultimately to 
a positive response to therapy in sensitive cells. The 
phenomenon of drug resistance and concomitant 
acquisition of stemness features following sorafenib 
treatment confirms reported studies.(39,40) An in vivo 
study on a xenograft mouse model further revealed 
activation of stem- like traits in the tumors that are 
resistant to sorafenib treatment.(39) These tumors were 
characterized by an enhanced capacity for sphere for-
mation in vitro, increased in vivo tumorigenicity, and 
a higher expression of TIC marker CK19. In addi-
tion, transcriptomic data determined IGF and FGF 
pathways as contributors to acquired resistance, with 
pronounced translational implications.(39) Moreover, 
Cao et al.(41) demonstrated the importance of leucine- 
rich repeat- containing G- protein coupled receptor 5 
(LGR5+) TICs in mouse liver cancer where these cells 
were able to withstand sorafenib and 5- fluorouracil 
(5- FU) and were significantly enriched following the 
treatment. In addition, more mechanisms of acquired 
resistance were proposed, and one of them includes 
stabilization of hypoxia- inducible factor 1α (HIF- 1α) 
in a 14- 3- 3η- dependent manner, followed by enrich-
ment of characteristics typical for tumor progenitor 
cells.(40) Taken together, emerging evidence clearly 
establishes the potential of TICs to overcome classic 
chemotherapy and to drive tumor progression.

After establishing the role of TICs in chemore-
sistance and formation of relapse, we further investi-
gated underlying molecular mechanisms that mediate 
these processes. Transcriptomic profiling of our cell 
lines revealed clear differences in molecular profiles of 
resistant and sensitive groups. We further generated 
a specific signature of adaptive sorafenib resistance  
(Fig. 4A; Supporting Table S5). Resistant cells showed 
dysregulation in typical oncogenes and oncogenic 
signaling pathways, such as MYC, EGFR, KRAS 
proto- oncogene guanosine triphosphatase (KRAS), 
and IL- 6/JAK/STAT3, as well as cell- cycle regula-
tion (Fig. 4B; Supporting Fig. S2A). Based on the 
resistance signature, corresponding cell lines reliably 
clustered within established good and poor prognostic 
subgroups of patients with HCC.(22) The same poor 
prognostic subgroup was also characterized by acti-
vation of TIC properties and significant reduction 
in overall survival (Fig. 4D,E).(22) An earlier study 

on induced sorafenib resistance proposed that HCC 
cells could resist some of the treatment effects by 
induction of EMT through PI3/AKT signaling and 
abnormal activation of STAT3. However, inhibition of 
this signaling pathway only partially restored sensitiv-
ity to sorafenib.(38) In another study, EGFR activity 
was shown to modulate the sensitivity to sorafenib; 
yet, EGFR monotherapy showed only modest thera-
peutic benefits.(42) We also observed that resistant cell 
lines, which tolerated extended exposure to sorafenib, 
had activation of EGFR signaling, confirming that 
this could be an important compensatory mechanism 
of sorafenib resistance (Fig 4B). However, consider-
ing molecular heterogeneity of HCC, resistance to 
sorafenib might not solely rely on increased activity of 
EGFR. One recent study failed to demonstrate bene-
fits of EGFR inhibition as combination therapy with 
gemcitabine plus oxaliplatin (GEMOX) in HCC.(43) 
Thus, our observation that YAP signaling might be a 
potential candidate for targeted therapy in sorafenib- 
resistant HCC cells could be of particular relevance 
(Fig. 4B,C,F; Supporting Fig. S2B)

YAP and TAZ mediate important functions in var-
ious solid tumors along with HCC, and their activ-
ity is correlated with adverse tumor properties.(44,45) 
Importantly, activation of YAP- related gene sets and 
decreased activity of the Hippo pathway were detected 
in resistant cell lines (Fig. 5; Supporting Fig. S2B). 
These observations are in agreement with recent find-
ings that describe the significance of YAP and Hippo 
pathways in solid malignancies for cell proliferation, 
survival, acquisition of TIC characteristics, EMT, and 
drug resistance.(46,47) Recent studies also suggested that 
YAP could promote drug resistance (5- FU, doxorubi-
cin, and sorafenib) in HCC through various mecha-
nisms. YAP up- regulation could promote multidrug 
resistance through the Rac family small guanosine 
triphosphatase 1 (RAC1)- reactive oxygen species- 
mTOR pathway but also through interaction with the 
cirrhotic tumor microenvironment.(48,49) Moreover, in 
a recent study, Wei et al.(50) discovered that YAP pro-
motes cell proliferation through the interaction with 
important cell- cycle regulators. Importantly, 5- FU 
resistance in HCC cells could be driven by TICs in a 
YAP/TAZ- dependent manner.(23) In concordance with 
these findings, a combination treatment with sorafenib 
and CA3, a specific YAP inhibitor, induced a consider-
ably better response by suppressing stemness features 
and inducing synergistic effects exclusively present in 
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resistant cells, indicating that combination therapy 
could help to overcome drug resistance (Fig. 5A,B). 
We could further validate these findings in xenograft 
tumors and human HCC (Fig. 5C- E). Importantly, 
we have also noted that neither sorafenib alone nor 
in combination with CA3 directly interferes with the 
expression of the RTKs and downstream components 
(Supporting Fig. S4A,B), therefore supporting the 
hypothesis that resistance to sorafenib is compensated 
by activation of other molecular components, such as 
YAP. Finally, we showed that primary tumor- derived 
cell lines can reliably predict synergistic effects of the 
sorafenib and CA3 combination (Fig. 5F).

The presented results provide  evidence that tran-
sient expansion of TICs plays a significant role in 
sorafenib resistance and formation of relapse in HCC. 
Molecular analyses identified YAP as a potential driver 
of chemoresistance and a key factor regulating stem-
ness properties in human HCC. Finally, our results 
show that specific targeting of YAP in combination 
with sorafenib could provide significant benefits to 
patients carrying resistant HCCs.
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