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iability was determined by the CCK-8 assay.

wed that IL-6, IL-6R, STAT3 and GP130 expression were dramatically increased in
re t LCSCs compared to control LCSCs. Downregulation of IL-6 expression with
short hairpin RNA (shRNA) restored sorafenib sensitivity in resistant LCSCs, suggesting
the critical roles of IL-6/STAT3 in inducing sorafenib resistance. Furthermore, a xenograft
tumor model showed that IL-6 downregulation improved the antitumor effect of sorafenib.
Conclusion: LCSCs play an important role in sorafenib-resistant HCC, and inhibition of the
IL-6/STAT3 signaling pathway improves the antitumor effects of sorafenib against HCC in
vitro and in vivo. These findings demonstrate that IL-6 in LCSCs may function as a novel
target for combating sorafenib resistance in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most diagnosed cancer and the fourth
leading cause of cancer-related death worldwide.' Surgical resection is the standard
curative therapy for the early stage of HCC. Unfortunately, over 80% of patients
with HCC are diagnosed during stages too advanced for surgery or liver
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transplantation.” The recurrence rate of HCC is relatively
high
Chemotherapy, radiotherapy,
(RFA) and transcatheter
(TACE) might be alternative treatments, but their efficacy

and is wusually combined with metastasis.
radiofrequency ablation
arterial chemoembolization
is limited. The response of HCC to chemotherapy
diminishes quickly after the regimen is completed, usually
due to acquired chemoresistance. Therefore, there is an
urgent need to understand the mechanisms of chemoresis-
tance that account for the primary or acquired refractori-
ness of HCC to anticancer drugs.

As an oral multikinase inhibitor of vascular endothelial
growth factor (VEGF), platelet-derived growth factor
receptor (PDGF-R), c-Kit and Raf kinase, sorafenib has
been considered the first-line and standard treatment for
advanced HCC.* It has shown an overall survival advan-
tage of 2-3 months in patients with advanced HCC.
However, only 30% of patients with advanced HCC ben-
efit from sorafenib, and acquired resistance often occurs
within 6 months.”® No effective therapeutic options cur-
rently exist in patients who are resistant to sorafenib.
Therefore, it is necessary to elucidate the resistance
mechanism and discover effective strategies to improve

stem cells (CSCs).’

CSCs have been proposed to
that are responsible for recu
motherapy resistance,®’ i
resistance.'™!" Liver
small subpopulation
and several L

CD90, CD1 , CD47, ICAM-1 and
DLKI ha d and characterized.'” Although
LCSCs acco only a small part of the tumor, they are

part to eradicate with chemotherapy
Therefore, the
study of CSCs is of great clinical significance in improv-

drugs, allowing ewhtual recurrence.'”
ing the therapeutic effect of chemotherapy drugs and over-
coming drug resistance.

Interleukin-6 (IL-6) is a major driver of hepatocellular
carcinogenesis and is crucial for the development of
HCC." In the pathogenesis of cancer, elevated IL-6
serum levels cause excessive activation of JAK/STAT3
signaling, which is usually correlated with an increased

risk of developing HCC and poor prognosis in patients.-
1516 1n a very recent study, hepatic stellate cells increased
cancer cell viability, migration ability, and stemness and
contributed to the tumor malignancy of HCC through the
IL-6/STAT3 pathway.!” According to research, liver stem
cells with activated STAT3 give rise to HCC due to aber-
rant IL-6 signaling.'®

In the present study, we established a sorafenib-resis-
tant HCC cell line (PLC/PRF/5-R) and isolated LCSCs
from this cell line. The stemness and chemoresistance of

LCSCs were confirmed both in vitro 3 & vivo. We also

yClone Laboratories Inc., Logan, UT, USA)
tibiotics (penicillin and streptomycin) at 37°C

olved in 100% dimethyl sulfoxide (DMSO), and the final
concentration was 0.5 uM with DMSO 0.1% (v/v).

Antibodies and Constructs

All antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). B-Actin was purchased
from Sigma-Aldrich (St Louis, MO, USA), and lentiviral
vectors and plasmids expressing IL-6R-shRNA were pur-
chased from Shanghai Gene-Pharma Co.

Generation of Sorafenib-Resistant HCC

Cells (PLC/PRF/5-R)

First, we determined the IC50 of PLC/PRF/5 cells for
sorafenib. After three days, the cells were incubated with
CCK-8 reagent, and cell viability was determined. Next,
we cultured PLC/PRF/5 cells in 6-well plates at 5x10°
cells/well and incubated the cells with sorafenib concen-
trations just below the IC50. During the following weeks,
we slowly increased the sorafenib dose by 0.5 uM every
three days. Over approximately 6 months, we developed
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PLC/PREF/5 cell lines resistant to sorafenib. After 6 months
of continuous stimulation with sorafenib, PLC/PRF/5-R
cells developed. PLC/PRF/5-R was maintained by cultur-
ing them in the presence of 0.5 pM sorafenib.

Sorting and Grouping of LCSCs
PLC/PRF/5-R cells were resuspended in PBS in the loga-
rithmic growth stage and incubated with FcR-blocking
reagent (100 pL) at a cell density of 1x10” cells/100 pL.
The cells were then mixed with 100 pL of EpCAM and
CD44 antibodies and incubated at 4°C in the dark for 30
min. After centrifugation at 300 g for 10 min, cells were
resuspended to create a single cell suspension using buffer
solution, sorted by flow cytometry, and collected. After
sorting, LCSCs were cultured in serum-free DMEM.

Cellular Viability Assay
Cells cultured in DMEM containing DMSO (0.01%) were
used as negative controls, and the medium served as the
blank control. The drug-resistant and nonresistant cell
lines (100 pL, approximately 5000 cells) were injected
into 96-well plates containing the indicated concentrations
of sorafenib and cultured at 37°C under 5% CO,
hours. At the end of incubation, 10 pL of Cell Co
Kit-8 (CCK-8, Sigma, USA) solution was added to

trument (Bio Rad Laboratories)

was used fong@mlue readings.

Cell Apoptosis Assay

In accordance with the manufacturer’s protocol, apoptotic
cells were analyzed using annexin V/PI double staining at
72 hours after sorting by flow cytometry. The cell suspen-
sion (100 puL) was incubated with 5 pLL of annexin-V and 1
pL of propidium iodide at room temperature for 10 min.
Total stained cells were analyzed using flow cytometry
(BD-bio, San Diego, CA, USA).

Cell Transfection

Lentiviral vectors and plasmids expressing IL-6R-shRNA
were purchased from Shanghai Gene-Pharma Co.
(Shanghai, China). The shRNA was transfected into LCSCs
using LipofectamineTM 2000 (Life Technologies) according
to the manufacturer’s instructions. Transfection efficiency
was determined by RT-qPCR and Western blotting after 24
hours.

Quantitative Real-Time Reverse
Transcription PCR

Total RNA was isolated frg
(Takara Biotechnology
ted with DNase 1|
remove residual

each samp with TRIzol

1 control, and the relative transcriptional
arget genes were calculated by using the

Western Blotting

Tissue and cells were lysed in RIPA lysis buffer
(Beyotime, Shanghai, China) on ice for 30 min. The cyto-
solic fraction was collected after centrifugation at 12,000
g/min at 4°C for 15 min. The total protein was quantita-
tively assayed with a BCA Protein Assay Kit (Thermo
Fisher, Shanghai, China). Protein (20 pg) was separated
via 10% SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, MA, USA) for
Western blot analysis. The experiment was repeated inde-
pendently three times.

Subcutaneous Xenograft Tumor Model

Nude mice were obtained from Shanghai Gene-Pharma
Co. (Shanghai, China) and housed in a standard laboratory
with free access to food and water. The study was
approved by the Animal Care Committee of Lanzhou
University Second Hospital and conducted following the
ARRIVE guidelines. For the establishment of the subcu-
taneous xenograft tumor model, resistant LCSCs were
resuspended to a density of 5x10°/mL in PBS. Each
mouse was subcutaneously injected with 100 pL of cells
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Table | Primers Sequences for RT-qPCR

No. Primers Forward 5’ to 3’ Reverse 5’ to 3’

| MDR CATTGGTGTGGTGAGTCAGG ATAGGCATTGGCTTCCTTGA

2 E-cadherin TTGAGCACGTGAAGAACAGC GGCGTTGTCATTCACATCAG

3 Vimentin CAGGACTCGGTGGACTTCTC GTCGATGTAGTTGGCGAAGC

4 EpCAM TGATCCTGACTGCGATGAGAG CTTGTCTGTTCTTCTGACCCC

5 CD44 CCTTTCACTGGAGGAGCCG TGGGTTCATAGAAGGGCACG

6 IL-6 GCCACTCACCTCTTCAGAACG TGCCTCTTTGCTGCTTTCA

7 IL-6R AGGTGAGAAGCAGAGGAAGGAGA TGTGGGAGGTGGAGAAGAGAGAAC
8 STAT3 TCCATCAGCTCTACAGTGACAGC TCCCAGGAGATTATGAAACACC

9 gpl30 CAACAGATACGAAGCCAGAGC CCATAGTCACAGGGAATAAAGAAT
10 Oct3/4 CCCGAAAGAGAAAGCGAACC b

I B-catenin AGTGAGGACAAACTATTGGCCT

12 AFP CAGTAAACCCTGGTGTTGGC

13 G-6-P AAGCAATCAGGGCACACAAG

14 B-actin CATCCGCAAAGACCTGTACG

Abbreviations: AFP, alpha fetoprotein; CD44, cluster of differentiation 44; EpCAM, epithelial cell adhesion m
glycoprotein 130; IL-6, interleukin 6; IL-6R, interleukin 6 receptor; MDR, multidrug resistance gene; Oct3/4,

transducer and activator of transcription 3.

in the right dorsal area. When the tumor volume reached
150 mm?, the mice received sorafenib (100 mg/kg) or PBS
orally once daily for 10 days. At the end of the experi-
ment, mice were euthanized, and tumors were resected for
testing gene or protein expression levels.

Statistical Analysis

All statistical analyses were performed usig
Prism 8.0 software (GraphPad Software,
USA). The measurement data are pri
+standard deviation (SD) of at
experiments. Differences in
groups were analyzed by
tailed). P<0.05 was cong

Results
The Sorz

To study the mechanism of sorafenib resistance, PLC/PRF/
5 cells were used to generate sorafenib-resistant HCC
cells. PLC/PRF/5-R displayed a spindle shape and loose
cell-cell contact, which is easy to peel off from the surface
of a culture bottle (Figure 1A). The IC50 for the parental
PLC/PRF/5 cell line was determined to be 5.464 uM,
which is in accordance with previous reports,'” and in
resistant cell lines, the IC50 (12.18 pM) showed a shift

compared to that in the parental
re, PLC/PRF/5-R cells showed
with  downregulated
regulated multidrug resistance gene

. These results implied the successful estab-
sorafenib-resistant PLC/PRF/5 cells.

olation and ldentification of PLC/PRF/5-

R CSCs (Resistant LCSCs)
Since CD44 and EpCAM are common LCSC markers,
flow cytometry was conducted to sort the cells that
expressed CD44 and EpCAM positive cells or negative
cells from PLC/PRF/5-R cells (Figure 2A and B). The
selected positive (EpCAM', CD44") and negative
(EpCAM', CD44") cells were tested using RT-qPCR.
The results demonstrated that the mRNA levels of stem
cell markers (EpCAM', CD44") in positive cells were
higher than those in negative cells (Figure 2C).
Subsequently, cell proliferation assays and apoptosis
tests were carried out to evaluate the positive and negative
cells, but there were no significant differences (Figure 2D
and E). To further investigate the tumorigenesis of stem
cells in vivo, both LCSCs and PLC/PRF/5-R cells were
inoculated into nude mice to generate tumor xenografts.
The results showed that the volume of LCSC-derived
tumors was larger than that of PLC/PRF/5-R-derived
tumors (Figure 2F), suggesting that LCSCs had more
aggressive xenograft tumor growth.
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The IL-6/STT3 Signaling Pathway
Proteins are Highly Expressed in
Resistant LCSCs and are Pivotal for
Maintaining the Stemness of Resistant

LCSCs

The expression of IL-6, IL-6R, gpl130 and STAT3 was
higher in resistant LCSCs than in control cells (LCSCs)
(Figure 3A). STAT3 protein expression in resistant
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carcinoma cell line PLC/PRF/5-R was established. (A) Morphological characteristics of PLC/PRF/5 and PLC/PRF/5-R by
50 was approximately 5.464 uM; for the resistant cell lines, the IC50 shifted towards 12.18 pM. (C—E) MDR, E-cadherin and

LCSCs was enhanced compared with that in LCSCs
(Figure 3B and C). The results demonstrated that the
IL-6/STAT3 signaling pathway is significantly activated
in resistant LCSCs.

Blocking IL-6 with shRNA significantly downregu-
lated IL-6R (Figure 3D-F), epithelial cell adhesion mole-
cule (EpCAM) and key genes related to pluripotency
(Oct3/4, B-catenin) and stemness (CD44). It also signifi-
cantly upregulated hepatocyte differentiation markers
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Figure 2 LCSC-R isolation and identification. (A) FACS plots demonstrating the isolation
morphology of resistant LCSCs by microscope (% 100). (C) The sorted positive and negative

were performed to compare the positive and negative cells, but there were no statisticall
(EPCAM®, CD44") resistant LCSCs, R-: negative (EpCAM~, CD44)) resistant LCSCs, B+!

. (F) Nude mouse xenograft experiment (R+: positive

(***P<0.005, ****P<0.0001).

LCSCs.

Sorafenib Combined
Enhances Antitumo

Tumors
To further elucidate
xenograft mode

ects

enograft

examine tu
the shRN/
ler volume th® e in the control group (Figure 4A). The
ombined with shRNA IL-6 group had
a smaller tumor vume than the shRNA IL-6 group
(Figure 4B). The tumor tissue IL-6 and STAT3 levels
were measured by Western blotting (Figure 4C and D).
LCSC markers (EpCAM, CD44), stemness markers (Oct3/
4, B-catenin) and angiogenic factors (VEGF, VEGFR)

were also examined in tumor tissue from nude mice. The

sorafenib treatmé

results indicated that LCSC markers, stemness markers
and angiogenic factors were downregulated in the
shRNA IL-6 group (Figure 4E and F).

D44") LCSCs, B-: negative (EpCAM~, CD44) LCSCs

g above results highlighted the important role of
-6 in the maintenance of the stemness of LCSCs since
-6 knockdown diminished the expression of stemness-
clated genes, suppressed the viability and tumorigenesis
of LCSCs and sensitized PLC/PRF/5-R cells resistance to

sorafenib.

Discussion
Sorafenib is the only standard clinical treatment against
advanced HCC. One of the important reasons is the emer-
gence of resistance during treatment. However, primary or
acquired resistance to sorafenib often develops within 6
months, and only approximately 30% of HCC patients
benefit from sorafenib due to treatment resistance. Based
on the current situation of drug resistance to sorafenib, we
established the sorafenib-resistant liver cancer cell line
PLC/PRF/5-R. Our research confirmed that E-cadherin
and vimentin levels in PLC/PRF/5-R cells are significantly
different from those in control cells, which suggests that
EMT promotes the drug resistance process.

The mechanism of sorafenib resistance is still elusive.
However, increasing evidence suggests that CSCs may be
one of the major factors in the drug resistance, metastasis
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Figure 3 Blocking the IL-6/STAT3 signaling pathway in resistant LCSCs:
protein expression in LCSCs and resistant LCSCs. (D-F) To confirm that
(EpCAM and CD44), stemness markers (Oct3/4 and B-catenin), and hepa
*%P<0.005, ****P<0.0001), and there were significant differencg

21,22 resistant to

non-CSC

lations have more CSCs,
ther
subpopulation.”> CSCs m

conventional cancer

cells to dG bicin and paclitaxel.”” In the case of NSCLC,
CD133" €S8

Akt and Bcl-2 eXtession.?® The expression of sonic hedge-

ay exhibit resistance by increasing PI3K/

hog (SHH) and glioma-associated oncogene homolog 1
(GLI1), the most well-known signaling pathway molecules
involved in drug resistance, is higher in enriched CD44"/
Musashi-1" gastric cancer stem cells, which consequently
enhances drug resistance through high drug efflux pump
activity.”” Research has reported that anti-CDK1 treatment
can enhance sorafenib antitumor responses in a patient-
derived tumor xenograft model by targeting CSCs,

revealing the direct effects of CSCs on sorafenib
resistance.”® Studies have shown that hypoxia can induce
sorafenib resistance,”” and it was found that hypoxia may
increase the HCC CSC population by altering androgen
receptor/miR-520f-3p/SOX9 signaling.*® Combined sora-
fenib with silibinin significantly decreased the growth and
induced the apoptosis of HCC cells with enhanced inhibi-
tion of the STAT3/ERK/ATK pathways by targeting
CSCs.*' Recent research has reported that activation or
of AMP-activated kinase (AMPK)
decreases the characteristics of CSCs in HCC, restoring

overexpression

sensitivity to sorafenib.*? The above studies have shown
the importance of CSCs in tumor drug resistance.
Combining these reports, we sorted EpCAM " and CD44"
subpopulations from PLC/PRF/5-R by flow cytometry
according to common surface biomarkers of liver cancer
stem cells. Interestingly, the observed differences between
the positive and negative cells in the cell proliferation assay
and apoptosis test study were not significant. However, the
difference between the positive and negative cells in the
xenograft tumor was This

experiment significant.
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Figure 4 Establishment of subcutaneous xenografts in nude mice using resistant LCSCs, which block the IL-6/STAT3 sigWgg pathway. (A) Tumor images of all subcutaneous

xenografts in nude mice. Each indicated treatment group included 5 mouse tumors. (B) Gro
groups. (C, D) Analysis of IL-6R and STAT3 protein expression in xenograft tumors to confiri
(EpCAM and CD44), stemness markers (Oct3/4 and B-catenin) and angiogenic factors (VEG
tumors in nude mice were established using resistant LCSCs, which blocked IL-6 signaling, tr
mice were established using resistant LCSCs, in which IL-6 signaling is NOT blocked, and sora

established in nude mice using resistant LCSCs, in which IL-6 signaling is blocke

The inflammatory cytokine
involved in the pathogenesis i nany
types of cancer, including c ian,>* breast,”
prostate,>® lung,’’ pa
cancers.*’ In this co ay be produced by the
tumor cells thems
cells of meseg gical origin (macro-
phages ang lated expression of IL-6
and downstrd
mon occurrence cancer and is associated with poor
hncer-associated fibroblasts (CAFs)
secrete high levels of IL-6, which promotes stem cell-
like properties in HCC by activating Notch/STAT3
signaling.*' In this study, we found that the IL-6 signaling

clinical prognosis.

pathway in resistant LCSCs was obviously activated.
Recent research also shows that IL-6 plays an important
role in tumor development and the conversion of non-
CSCs to CSCs.*** We demonstrated that the sorafenib
resistance of LCSCs was dependent on IL-6 produced by

from day | to day Il in various treatment
way was blocked. (E, F) The LCSC markers

0 mg/kg/d; sor: subcutaneous xenograft tumors in nude
100 mg/kg/d; PBS: subcutaneous xenograft tumors were

IL-6/STAT3 signaling cascade regulated the
orafenib resistance of LCSCs, and these effects were
hibited by the shRNA block of IL-6. Another study
howed that IL-6 knockdown can increase the chemo-
drug efficacy of cisplatin, inhibit tumor growth and reduce
the potential for tumor recurrence and metastasis in lar-
yngeal cancer via ALDH' and CD44" CSCs.** Our
research showed that the stemness properties of resistant
LCSCs were weakened after blocking IL-6 signaling, and
animal experiments also demonstrated that the expression
of tumor angiogenesis-related factors that block IL-6 sig-
naling is significantly reduced and tumor growth is inhib-
ited. Thus, suppression of the IL-6/STAT3 signaling
pathway by targeting CSCs in sorafenib-resistant HCC is
probably a promising approach for advanced treatment and
personalized management of patients.

Conclusion

In summary, our results demonstrate that LCSCs play a
pivotal role in sorafenib-resistant HCC through the IL-6/
STAT3 signaling pathway. Targeting IL-6 in LCSCs repre-
sents an effective therapeutic approach for overcoming
acquired resistance to sorafenib in HCC patients.
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AFP, alpha fetoprotein; ANOVA, analysis of variance;
CD44, cluster of differentiation 44; CSCs, cancer stem
cells; EpCAM, epithelial cell adhesion molecule; G-6-P,
glucose-6-phosphate; gp130, human glycoprotein 130;
HCC, hepatocellular carcinoma; IL-6, interleukin 6; IL-
6R, interleukin 6 receptor; JAK, Janus kinase; LCSCs,
liver cancer stem cells; resistant LCSCs, sorafenib-resis-
tant liver cancer stem cells; MDR, multidrug resistance
gene; Oct3/4, octamer-binding transcription factor 3/4;
PBS, phosphate-buffered saline; PDGF, platelet-derived
growth factor; STAT3, signal transducer and activator of
transcription 3; VEGF, vascular endothelial growth factor;
VEGFR, vascular endothelial growth factor receptor.
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