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Abstract

Transarterial chemoembolization (TACE) and transarterial radioemboli-
zation (TARE) treatment to hepatocellular carcinoma (HCC) are effective
tools to control tumor growth, prolong survival, palliate symptoms, and im-
prove quality of life for patients with intermediate-stage HCC. Nevertheless,
there is high variability of local HCC responses to locoregional therapies;
therefore, better and personalized prediction of tumor response to TACE is
necessary for management of patients with HCC, especially when these
modalities of treatment are used to bridge patients for liver transplant. Here,
we investigated differential expression of hepatic cancer stem cell and hy-
poxia in residual HCC after TACE treatment in comparison with TARE. A
publicly available gene data set was screened for differentially expressed
genes (DEGs) in TACE_Response compared with TACE_Non-response
HCC. Analysis of the GSE104580 data set displayed a total of 406 DEGs,
including 196 down-regulated and 210 up-regulated DEGs. Of the 196
down-regulated DEGs, three hepatic cancer stem cell (CSC) markers and
11 hypoxia-related genes were identified. Immunohistochemical staining of
hepatic CSC and hypoxia markers on explant liver tissues exhibited more
intense positive staining of hepatic CSC markers (CD24, EpCAM) and hy-
poxia marker carbonic anhydrase 9 (CA9) in residual tumor nodule from
patients with HCC treated with TACE compared with nontreated patients.
Furthermore, Pearson's correlation analysis revealed the significant corre-
lation between hepatic CSC markers and hypoxia marker, CA9. Conclusion:
Hepatic CSC and hypoxia markers predict nonresponse to TACE and are
differentially expressed in residual tumor after TACE compared with TARE.
In the long term, TACE-induced hypoxia may select an aggressive HCC
phenotype.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a hypervascular
tumor with a poor prognosis and the fourth leading
cause of cancer-related mortality gIobaIIy.”'Z] The in-
cidence of HCC in the United States has more than
doubled over the last 2 decades, and HCC remains dif-
ficult to manage with an overall average 5-year survival
still of 18%.1"*! For early-stage HCC treatment, liver
transplant, resection, and ablation are recommended
as curative therapeutic modalities. Unfortunately, a sig-
nificant proportion of patients with HCC are diagnosed
at intermediate or advanced stages. Currently, treat-
ment options for these patients with intermediate and
advanced HCCs remain limited to locoregional therapy
(LRT), systemic chemotherapy, or more recently immu-
notherapy.[4‘8] When there is adequate liver reserve
and less aggressive biology, local advanced HCCs can
be down-staged with LRT, so patients can be consid-
ered for curative treatment through liver transplant.[gl
Discovery of biomarkers of tumor cell survival and
aggressiveness after LRT is critical to predict, moni-
tor, and define strategies to prevent tumor recurrence
after curative treatment. For example, the presence of
a hepatic cancer stem cell (CSC) gene signature that
identifies the most aggressive HCC phenotype in re-
sidual HCC after LRT requires specific consideration
regarding monitor of recurrence before and after liver
transplant with curative intent.

Transarterial chemoembolization (TACE) is the most
widely used LRT for intermediate-stage HCC.*>78
TACE induces cancer cell death/growth arrest by in-
ducing ischemic necrosis and increasing exposure of
cancer cells to cytotoxic agents. Nonetheless, a sig-
nificant number of HCCs (27%—72%) exhibit residual
viable tumor after TACE.I'"” Moreover, TACE-induced
hypoxia in the tumor subsequently may stimulate de-
differentiation, proliferation, angiogenesis, and me-
tastasis of the cancer itself, eventually selecting and
developing an aggressive tumor phenotype (e.g., CSC
class).[g'”'m In addition, increased expression of he-
patic CSC markers were found in explanted HCC after
TACE treatment,!™® and this aggressive subset of HCC
is induced by hypoxia.l'*'! It is unclear whether CSC/
hypoxia markers found in residual tissue after TACE
are the result of survival selection of any LRT or spe-
cific to TACE. Transarterial radioembolization (TARE)
provides selective intra-arterial administration of micro-
spheres loaded with a radioactive compound (usually
Yttrium®®) and exerts its therapeutic effect through the
radiation carried by these microspheres and less due
to hypoxic effect.®!

Serial imaging to monitor tumor response to LRT
is the cornerstone in determining therapy efficacy.
Posttreatment tumor response plays a critical role
in prognosis and future treatment decision-making.
However, local HCC responses to LRT are highly

diverse. Even at the same Barcelona Clinical Liver
Cancer stage B, different patients with HCC generally
exhibit different treatment outcomes after their first
LRT session."”! Therefore, the accurate and person-
alized prediction of local tumor responses to the first
LRT treatment holds critical clinical impact on the over-
all management of patients with HCC.*®! Current pre-
dictive models are based on clinical, radiological, and
biological data. Examples include the Assessment for
Retreatment with TACE score, the Selection for TACE
Treatment score, the Hepatoma Arterial Embolization
Prognostic score, 829 and functional magnetic res-
onance imaging technologies.m'zz] All are proposed
to predict outcomes in patients with HCC undergoing
TACE and are less validated in TARE. Unfortunately,
these scoring systems are not widely used in clinical
practice because of their disappointing accuracy.[23]
Therefore, we aimed to characterize the predictive role
of hepatic CSC and hypoxia markers for response of
HCC to TACE treatment and validate whether there
is clonal selection of these populations in comparison
with the other nonhypoxic modality of LRT, TARE.

METHODS

Microarray Data collection and
identification of differentially expressed
genes

The GSE104580 microarray profile data set was
downloaded from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo)
to identify the differentially expressed genes (DEGs).
The data set was based on the GPL570 Affymetrix
Human Genome U133 Plus 2.0 Array platform
(Affymetrix). The GSE104580 data set contained 81
tissue RNA samples from HCC TACE_Response pa-
tients and 66 tissue RNA samples from HCC TACE _
Non-Response patients. All samples were derived
from tumor biopsies of patients with HCC before
TACE treatment. This study was performed as a con-
tinuing study, according to the clinical trial registered
at ClinicalTrials.gov (No. NCT00493402). The evalu-
ation of the response to TACE within 3months (after
the first or second TACE session) was assessed by
extramural reviewers using the modified Response
Evaluation Criteria in Solid Tumors. In this study, the
tumor response was the primary endpoint of the study
for final grouping. The patients with a complete re-
sponse or a partial response were grouped as having
an objective response to TACE, whereas patients with
stable disease or progressive disease were grouped
as having nonresponse to TACE. The details of the
study were published previously.[24] DEGs between
the two groups (TACE_Response and TACE_Non-
Response) were acquired by GEO2R. To generate a
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single measure of expression of genes, probe-level
data were preprocessed, including background cor-
rection, normalization, and summarization, using ro-
bust multi-array average analysis adjusted for probe
sequence and guanine-cytosine content. These ex-
pression measures were then log-transformed, base
2. Adjusted p value<0.05 and [log2 fold change
(FC)| > 1 were set as the cutoff criteria.

Human HCC tissue specimens

Formalin-fixed paraffin-embedded (FFPE) HCC tumor
and pair-matched peritumor liver tissue sections were
obtained from 15 patients who underwent liver trans-
plant at Rush University Medical Center between July
2015 and June 2018 for a diagnosis of liver cancer after
institutional review board approval and patient consent.

Immunohistochemistry

A standard immunohistochemistry (IHC) protocol was
followed to stain the tumor tissue samples using an-
tibodies against CD24 (1:100; Abcam), epithelial cell
adhesion molecule (EpCAM; 1:100; Abcam), CD133
(1:50; Abcam), and carbonic anhydrase 9 (CA9; 1:250;
Abcam). Briefly, 4-um-thick FFPE sections were de-
paraffinized with xylene, then rehydrated through
graded alcohols and subjected to antigen retrieval
using a pressure cooker for 10min in 0.01M citrate
buffer, pH6 (ab93678; Abcam). Slides were treated with
3% H,O, to quench endogenous peroxidase activity,
followed by blocking with a protein block, serum-free
solution (X090930-2; DAKO). After incubation with the
primary antibody overnight, immunodetection was per-
formed with Envision*System-HRP Labeled Polymer
Anti-mouse (K4001; DAKO) or Anti-rabbit (K4003;
DAKO), followed by peroxidase-labeled streptavidin
with 3,3'-diaminobenzidine (DAB) chromogen as sub-
strate using SignalStain DAB substrate kit (8059; Cell
Signaling). Slides were then counterstained with Harris
Hematoxylin, mounted with SignalStain mounting me-
dium (14177; Cell Signaling).

One-step double immunohistochemical staining
of CD24 and CA9 on tumor tissue samples was per-
formed using ImMmPRESS duet double staining polymer
kit (MP-7724; Vector Lab) and antibodies against CD24
(1:50, rabbit polyclonal; Abcam) and CA9 (1:200, mouse
monoclonal; Abcam). In brief, FFPE sections were de-
paraffinized and antigen-retrieved as described previ-
ously. Slides were incubated with BLOXALL blocking
solution (Vector lab) for 10 min to quench endogenous
peroxidase activity, followed by blocking with a pro-
tein block, serum-free solution (DAKO). Slides were
incubated with mixture of primary antibodies overnight
at 4°C. As controls, antibody against CD9 or CD24

was incubated as single staining. INmPRESS Duet
Reagent containing horseradish peroxidase (HRP)
horse anti-rabbit immunoglobulin G (IgG) and alkaline
phosphatase horse anti-mouse IgG was incubated for
20 min, followed by two-step substrate development. At
first, ImmPACT DAB EqV substrate to detect CA9 was
applied for 2min. After washed the slide, ImmPACT
Vector Red substrate to detect CD24 was incubated for
20min. Slides were counterstained with Hematoxylin
QS counterstain (H-3404; Vector Lab) and mounted
with VectaMount Express mounting medium (H-5700;
Vector Lab).

Quantitative analysis of IHC staining

Images of DAB staining were examined using a Leica
DM light microscope equipped with a SPOT Insight
4 MP Color Mosaic camera (Diagnostic Instruments,
Inc.) and SPOT Software (Ver 4.6, SPOT Imaging). To
minimize the selection bias of microscopic sections,
15-20 non-overlapping, randomly selected fields were
captures from each slide at x10 and x40.

Quantification of DAB-positive regions was per-
formed using x10 images and the Fiji program (Image
J; National Institutes of Health). Customized evaluation
protocols were optimized. In brief, digital images were
imported as image sequence, followed by the spec-
tral deconvolution method of DAB/hematoxylin color
spectra for proper separation of the DAB color spectra.
The threshold for positive staining was set and subse-
quently batch-processed to minimize technical varia-
tion or potential bias. The positive staining intensity was
scored as Integrated Density (IntDen), which sums all
the pixels within the area and gives a total value within
the threshold. Average IntDen value of each slide was
calculated from 15-20 images.

Tumor nodule and stromal regions were annotated
manually based on morphology, and the boundary was
marked between the two regions. The marked images
were used to generate either nodule or stroma-only
images by Photoshop, followed by quantitation of the
positive staining.

Statistical analysis

GraphPad Prism version 8.3 (GraphPad Software, Inc.)
was used for all statistical analyses. Two-way analy-
sis of variance followed by Tukey's multiple compari-
sons test was used to compare two variables in more
than two groups. Correlation between CSC markers
as well as between CA9 and CSC markers were ana-
lyzed using Pearson's correlation. Asterisks indicate
levels of significance as follows: *p <0.05, **p <0.01,
***n <0.001, and ****p <0.0001. Data are presented as
means + SEM.
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RESULTS

Expression profiles of DEGs between
TACE_Response and TACE_Non-
Response HCC samples

The GSE104580 microarray profile data set, which
included a total of 147 tissue RNA samples derived
from tumor biopsies of patients with HCC before TACE
treatment (81 TACE_Response and 66 TACE_Non-
response), was obtained from the GEO database to
identify the DEGs. GEO2R was used to identify DEGs
between TACE_Response and TACE_Non-Response
HCC samples, with adjusted p <0.05 and |log2FC| >1
set as the cutoff criteria. We identified a total of 406
DEGs, including 196 down-regulated and 210 up-
regulated DEGs (Tables S1 and S2, Figure 1A). Of
the 196 down-regulated DEGs, 3 genes are known as
hepatic CSC markers,?®=3%¥ including CD24, EpCAM,
and alpha-fetoprotein (AFP) (Figure 1A,B). In addition,
11 hypoxia-related genes including CA9, N-myc down-
stream regulated 1, solute carrier family 2 member 1,
hypoxia inducible lipid droplet associated, hexokinase
2, enolase 2, CD24, BMP and activin membrane bound
inhibitor, adrenomedullin, serine peptidase inhibitor,
Kazal type 1, secreted phosphoprotein 1, and egl-9
family hypoxia inducible factor 3 were found to be
down-regulated (Figure 1A,C). Of note, CD24 is known
as a hepatic CSC marker as well as hypoxia-regulated
gene. These findings suggest that levels of hepatic
CSC markers as well as hypoxic markers might be as-
sociated with HCC response to TACE.

Clinical characteristics of the patients

To further confirm that the expression profile of hepatic
CSC and hypoxia markers are associated with residual
HCC after TACE, we used liver explant tissue sections
obtained from 15 patients who underwent liver trans-
plant for liver cancer. Treated patients in this set of tissue
samples could have had either TACE or TARE; none of

the patients included in the study had combined modal-
ities of LRT treatment. As controls, we included TARE-
treated patients with HCC as a nonhypoxic approach
to treat HCC as well as completely nontreated patients
with HCC. TARE is considered second-line treatment
for intermediate-stage HCC.I"® Unlike TACE treat-
ment, the antitumor effect of TARE is due to p-radiation
cytotoxicity and has minimal vascular ischemic effect.
If treatment-associated hypoxia with TACE changes
tumor biology, TARE should be a superior modality, as
the antitumor effect is not hypoxic-mediated.

The overall demographic and clinical characteristics
of the patients with HCC, including TACE-treated (n=7),
TARE-treated (n = 4), and nontreated (n = 4), are sum-
marized in Table 1. The mean ages of TACE-treated,
TARE-treated, and nontreated were 64.29+3.50,
64.50+4.36, and 57.25+8.18 years, respectively. The
mean Model for End-Stage Liver Disease (MELD)
score of TACE-treated, TARE-treated, and nontreated
was 18.71+10.78, 12.00+2.45, and 32.25+13.05, re-
spectively. The difference in MELD score, MELD-Na
score, and AFP value between total treated (LRT) and
nontreated was significant (p = 0.0241, p = 0.0325, and
p =0.0249, respectively), as expected, considering that
patients with poor hepatic reserve are not able to get
LRT (Figure S1).

Immuno-profiles of hepatic CSC markers
and hypoxia markers in different LRT
types of HCC

The biological behavior of tumors and tumor progres-
sion are known to be affected not only by the tumor
cells themselves but also deeply influenced by their
interactions with the adjacent stroma.l'234-37] This
tumor-stroma crosstalk is enhanced by hypoxia.[38]
Furthermore, a growing body of evidence suggests
that late recurrence and poor clinical outcome have
been associated with the gene-expression sigha-
ture of nontumoral liver tissue adjacent to the pri-
mary tumor.''23%4% NMore importantly, hepatic CSCs,

FIGURE 1

Down-regulated genes related hepatic cancer stem cell and hypoxia in samples derived from TACE_response patients

with hepatocellular carcinoma (HCC). Differentially expressed genes (DEGs) between the two groups (TACE_Response and TACE_Non-
Response) were acquired by GEO2R. (A) Volcano plot depicts DEGs between TACE_Response and TACE_Non-response. Volcano map
displayed 210 up-regulated and 196 down-regulated DEGs in TACE_Response group compared with TACE_Non-response group. Adjusted
p value<0.05 and |log2 fold change (FC)| >1 were set as the cutoff criteria. Blue dots, down-regulated genes; red dots, up-regulated
genes. (B,C) Expression levels of hepatic cancer stem markers (B) and hypoxia-related genes (C) depicted as violin plots. Expression
levels were acquired from GSE104580. Data were preprocessed, including background correction, normalization, and summarization,

using robust multi-array average (RMA) analysis adjusted for probe sequence and guanine-cytosine content (GCRMA). These expression
measures were then log-transformed, base 2 (log 2 GCRMA). Violin plots show the median (red solid line) and quartiles (dotted line) from
TACE_Non-response (n = 66) and TACE_Response (n = 81). Statistically significant differences are indicated as **p <0.01, ***p <0.001,
and ****p <0.0001. ADM, adrenomedullin; AFP, alpha-fetoprotein; BAMBI, BMP and activin membrane bound inhibitor; CA9, carbonic
anhydrase 9; EGLN3, egl-9 family hypoxia inducible factor 3; ENO2, enolase 2; EpCAM, epithelial cell adhesion molecule; HILPDA, hypoxia
inducible lipid droplet associated; HK2, hexokinase 2; NDGR1, N-myc downstream regulated 1; SLC2A1, solute carrier family 2 member 1;
SPINK1, serine peptidase inhibitor, Kazal type 1; SPP1, secreted phosphoprotein 1; TACE, transarterial chemoembolization.



HEPATOLOGY COMMUNICATIONS

3251

(A)10 =
87 NDGR{  °
HILPDAC AT o
?6_ Seo c':
o . LENO2 _ADM
= ) .BiMB s
> o CD24g | r-,lﬁ .
T 4 EGLNS o2 o o3¢
. v ¥ L P
SPINKT . ;spfg.
CA ®
AFP—= oo 38
o EpCAM —" %, '-’15
,,,,,,,,,,,,,,,,,,,,,, ?,,,,,,,!,:.,a’,,,‘,,
- | |
| l I ! I
2 0 2
Log2(Fold change)
(B) 204 O Non-response
B Response
< — \
2 vl = [\ /\
S x|l
s 0
~N
8 104 — |
E Y
[73
3
v U U
0 1 1 1
> KN Q
v 3
Q ¥ v
(@
&
(C) 204 O Non-Response
B Response
< andl 1 = A &
15—
?, fl - e ) s s
3 - . = 4 Y —
by adl ol
g 104 Y — ‘é l ( ‘
: IR '
-l Ve \
g )\ \
LY
)
s



3252

HEPATIC CANCER STEMNESS AFTER LOCOREGIONAL THERAPIES

TABLE 1 Clinicopathological features of HCCs in the locoregional therapy (TACE and TARE) and NT group
Locoregional therapy

Parameters TACE (n=7) TARE (n = 4) NT (n =4) p value®
Age (years) 64.29+3.50 64.50+4.36 57.25+8.18 0.4348
Gender (male/female, %) 5/2, 71 3/1,75 1/4, 25 n.a.
Etiology (HBV/HCV/alcohol/other) 1/0/4/2 1/0/0/3 0/0/1/3 n.a.
MELD 18.71+10.78 12.00+2.45 32.25+13.05 0.0241
MELD-Na 20.00+£11.06 13.25+2.36 32.75+12.50 0.0325
Serum AFP (IU/L) 3.81+5.13 7.07+3.81 52.55+60.97 0.0249
AFP producer (%) 14.2 50 75 n.a.

Note: Data were collected at liver transplant and are presented as mean value+SD or counts (%).
Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus; LRT, locoregional therapy; MELD, Model for End-Stage Liver Disease; n.a., not applicable.

bp value of total treated (LRT) versus nontreated.

which contribute to an aggressive biological behav-
ior, are also affected by the tumor stroma.*" Thus,
we evaluated the expression of CSC markers and
hypoxia markers in both tumor nodule and stroma,
to determine whether there was differential expres-
sion of these markers depending on the type of LRT.
Furthermore, we sought to assess hepatic CSC mark-
ers as well as hypoxic markers in HCC tumor and
pair-matched peritumor liver-tissue sections obtained
from liver explants.

Expression patterns of hepatic CSC markers (CD24,
EpCAM, and CD133) were determined by IHC stain-
ing in samples of TACE-T (tumor from TACE-treated
HCC), TARE-T (tumor from TARE-treated HCC), and
NT-T (tumor from nontreated HCC) as well as TACE-pT
(a pair-matched adjacent peritumor from TACE-treated
HCC), TARE-pT (a pair-matched adjacent peritumor
from TARE-treated HCC), and NT-pT (a pair-matched
adjacent peritumor from nontreated HCC).

CD24 expression was significantly up-regulated
in residual TACE-T compared with TARE-T and NT-T
(p<0.01and p<0.01, respectively) (Figure 2A). In TACE-
treated HCC, TACE-T showed a significantly higher
level of CD24 than TACE-pT (p <0.05) (Figure 2A).
Strong cytoplasmic and membranous staining pat-
tern was observed in tumor nodules (Figure S2A).
Furthermore, CD24 positivity was detected stronger
in the edge of large tumor nodules close to thick fi-
brous bands (Figure S2A, arrows). In addition, biliary
epithelium cells (Figure S2A, arrowheads), bile cana-
liculi (Figure S2B, arrows), ductules (Figure S2B, ar-
rowheads), ductular hepatocytes (Figure S2C, arrows),
and lymphocytic inflammatory infiltrates (Figure S2D,
arrow) displayed CD24 positivity.

EpCAM was also significantly overexpressed in
residual TACE-T compared with TARE-T and NT-T
(p <0.001 and p <0.01, respectively) (Figure 2B).
Expression of EpCAM in TACE-T was significantly
higher than TACE-pT as well (p <0.01) (Figure 2B).
EpCAM expression pattern showed diffuse positive
staining (cytoplasmic and membranous pattern) with

variable staining distribution (Figure 2B, Figure S3).
Like earlier studies, strong staining of EpCAM in the bile
ducts was found (Figure S3A, arrows). We also noticed
that EpCAM was expressed in ductules and ductular
hepatocytes (Figure S3B, arrows) as well as scirrhous
pattern tumor cells, which embedded in loose, myxoid
stroma (Figure S3C, arrows).

Expression level of CD133 in TACE-T was higher
than TACE-pT but did not reach a significant differ-
ence. There were also no significant differences
among TACE-T, TARE-T, and NT-T (Figure 2C). It is
noticeable that CD133, unlike CD24 and EpCAM,
was not found as one of the DEGs between TACE _
Response and TACE_Non-Response HCC samples
in the GSE data set. CD133 expression exhibited a
diffuse staining pattern as cytoplasmic and mem-
branous of tumor cells (Figure S4). Of note, CD133
membranous staining was limited to apical membrane
of tumor cells facing lumen of bile canaliculi, not ba-
solateral membrane facing sinusoids (Figure S4A,
arrows). This observation is consistent with a report
that CD133 has a remarkable subcellular localiza-
tion, exclusively located in apical-specific localization,
which prevent the lateral diffusion of apical transmem-
brane proteins into the lateral plasma membrane.[#243!
Furthermore, studies demonstrated that the surface
area of the canalicular membrane showed dramati-
cal increase of microvilli in which CD133 is selectively
localized.*?*4 |n addition, bile ducts revealed strong
expression (Figure S4B, arrow) as previously re-
ported.[45] Rosette-like structure created by a bile can-
aliculus surrounded by hepatocytes also expressed
CD133 (Figure S4C, arrows).

Next, the comparison of expression of hepatic CSC
markers between tumor nodule and stroma was ad-
dressed. To analyze tumor nodule and tumor stroma
independently, we generated either nodule-only or
stroma-only IHC images by Photoshop (Figures S5
and S6). The significant increase of CD24 and EpCAM
expression occurred in the tumor nodules of TACE-T
compared with those of TARE-T and NT-T, not in the
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FIGURE 2 Expression of hepatic CSC markers in tumor from TACE-treated patients with HCC compared with TARE or nontreated
patients. Formalin-fixed paraffin-embedded (FFPE) liver explant specimens from patients were subjected to immunohistochemical (IHC)
staining for detection of hepatic cancer stem cell (CSC) markers. Representative positive IHC image (x10) and a violin plot showing
Integrated Density of CD24 (A), EpCAM (B), and CD133 (C) from TACE, transarterial radioembolization (TARE), and nontreated (NT).
Intensity of the positive staining of tumor and pair-matched adjacent peritumor samples was determined by Fiji (Image J) and presented
as Integrated Density (IntDen). The data represent the mean+SEM, TACE (n = 7), TARE (n = 4), and NT (n = 4). Statistically significant
differences are indicated as determined by two-way analysis of variance (ANOVA) (*p <0.05, **p <0.01, and ***p <0.001). pT, peritumor; T,

tumor.

stroma (Figure 3A,B). Furthermore, in TACE-T, CD24,
and EpCAM expression was higher in nodule than
stroma (Figure 3A,B).

Herein, we demonstrated that CD24 and EpCAM
expression in the residual HCC after TACE-T is con-
sistently strong among all groups we tested (Figure 3).

Hepatic hypoxia marker CA9 expression was signifi-
cantly up-regulated in TACE-T compared with TARE-T
and NT-T (p <0.05 and p <0.05, respectively) as well as
compared with TACE-pT (p <0.01) (Figure 4A). As shown
in Figure 4B, the status of CA9 expression in the nodule
of TACE-T was higher than those of TARE-T (p <0.01).
Interestingly, CA9 expression was higher in the stroma of
TACE-T compared with those of NT-T (p <0.05).

The CA9 staining displayed heterogeneous and
diffuse = membranous/cytoplasmic  staining, with
areas of concurrent cytoplasmic and nuclear stain-
ing (Figure S7A). In addition, ductular hepatocytes
(Figure S7B, arrows) and ductules (Figure S7C, ar-
rows) showed the CA9 positivity. The periphery of ne-
crotic tumor tissue (N) exhibited strong CA9 expression
(Figure S7C, arrowheads).

Finally, we explored whether there is any correla-
tion between different hepatic CSC marker expression
as well as CA9. The degree of CD24 expression was
well correlated with CD133 and EpCAM (p <0.0001
and p <0.0001, respectively), but not between CD133
and EpCAM expression (p = 0.1294) (Figure 5A). The



3254 | HEPATIC CANCER STEMNESS AFTER LOCOREGIONAL THERAPIES

(A) T
2001 B Nodule 2007 pT Nodule
. 1 Stroma [ Stroma
Gg 150_. *k 6; 150-
‘; *k ‘;
& c .
o ()]
Q 100 g 100 =
£ ' =
- <
§ a
9 509 [ 3}
0_
<& & ¢ & L
.g?'o «?g. ¥ &V'o /\‘g- N
(B)
T T
400_ - ek Nodule 400- p NOdu|e
et [ Stroma 1 Stroma
N N
2 300 2 300
% x
& c
8 8 hkk
E 200- g 200- 't'ﬁ'.
s =
g 3 100 )
100~ il
o éx : 5
DR B9 b, ..
0 T T T 0- I !
¢ & & ¢ & & ¢ & &
\gE\s &S AT ST
© T T
40— E= Nodule 40 P E= Nodule
] Stroma 1 Stroma
S 304 ¢ S304 ¢
% x
= c
8 a
g 204 ‘_E 20
= Y
© -
o 104 o 104
o (3)
0“*‘&'&_ T 1 T 0"4& 1 T 1 T
«\’0 «\3' = «‘?0 «VQ' = «Yo «\3' » «V'o «\3' =

FIGURE 3 Expression of CSC markers in tumor nodule and stroma from TACE-treated patients with HCC compared with TARE

or nontreated patients. Intensity of positive staining of CD24 (A), EpCAM (B), and CD133 (C) from either nodule or stroma in tumor and
peritumor samples. Both nodule-only and stroma-only digital images were obtained using Photoshop. Intensity of the positive staining was
determined by Fiji (Image J) and presented as IntDen. The data represent the mean+SEM, TACE (n = 7), TARE (n =4), and NT (n = 4).
Statistically significant differences are indicated as determined by two-way ANOVA (*p <0.05, **p <0.01, and ***p <0.001).
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FIGURE 4 CA9 expression increased in tumor from TACE-treated patients with HCC compared with TARE or NT patients. FFPE liver
explant specimens from patients were subjected to IHC staining for detection of CA9 expression. (A) Representative positive IHC image
(x10) of CA9 and a violin plot showing IntDen of CA9 expression from TACE, TARE, and NT. Intensity of the positive staining of tumor

and peritumor samples was determined by Fiji (Image J) and presented as IntDen. (B) Intensity of positive staining from either nodule or
stroma in tumor and peritumor samples. Both nodule-only and stroma-only images were prepared using Photoshop followed by analysis of
IntDen. The data represent the mean+SEM, TACE (n = 7), TARE (n = 4), and NT (n = 4). Statistically significant differences are indicated as
determined by two-way ANOVA (*p <0.05 and **p <0.01).

r=0.7567 (Pearson) r=0.6547 (Pearson) r=0.2832 (Pearson)
(A) 4009 ***ip <0.0001 50 *%<0.0001 . 509 p=0.1204 o
[ ]
40 40+
300
30 30
s ] 2
< 200 - -
9 =) Q 204
wr o o
1004 104 o
]
" ®e 0o * *
od o
T T T T T 1 I 1 1 i 1 1 T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250 0 100 200 300 400
CD24 CD24 EpCAM
(B) r=0.6932 (Pearson) r=0.4354 (Pearson) r=0.6946 (Pearson)
80— ***'p<0.0001 80— 'p=00162 80— ***p<0.0001

CA9

T T T T T 1 T T T T 1
0 50 100 150 200 250 0 10 20 30 40 50 0 100 200 300 400

CD24 CD133 EpCAM

FIGURE 5 Correlation between hepatic CSC markers and CA9. Pearson's correlation test was applied between hepatic CSC markers
(A) and between CA9 and hepatic CSC markers (B). Expression of hepatic CSC markers is positively correlated with hypoxia marker (CA9).
(C,D) Double IHC staining of CA9 and CD24 in TACE-T (tumor from TACE-treated HCC (C) and TARE-T (tumor from TARE-treated HCC)
(D) samples. FFPE liver explant specimens from patients were subjected to double IHC staining for co-expression of CA9 and CD24. Single
IHC staining of CA9 and CD24 served as controls. Representative CA9 staining (left panels), CD24 staining (middle panels), and double-
positive IHC images of CA9 and CD24 (right panels) are depicted. Bottom panels (x40) are the boxed area of the top panels. In (D), CA9
single positive cells (brown arrows), CD24 single positive cells (magenta arrows), and double positive of CA9 and CD24 cells (yellow arrows)
are displayed.
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degree of hypoxia marker CA9 expression was sig-
nificantly correlated with all hepatic CSC markers of
CD24, CD133, and EpCAM (p <0.0001, p = 0.0162,
and p <0.0001, respectively) (Figure 5B). To further
establish the relationship between CA9 and CD24
expression in hypoxic tumor microenvironment, dou-
ble IHC staining of CA9 and CD24 was performed in
TACE-T and TARE-T samples. Robust positive double-
staining of CA9 and CD24 was found in most tumor
cells, ductules, and ductular hepatocytes in TACE-T
samples (Figure 5C, right panels). On the other hand,
only a few cells at the edge of large tumor nodules ex-
hibited weak positive double-staining of CA9 and CD24
(Figure 5D, right panels, yellow arrows). CA9 single
positive staining was positive in ductules (Figure 5D,
left panels, brown arrows), and a few tumor cells at
the edge of large tumor nodules exhibited CD24 single
positive staining (Figure 5D, middle panels, magenta
arrows). Although double-staining of CA9 and CD24
positive tumor cells were detected in both TACE-T and
TARE-T samples, the intensity of positive staining as
well as the number of positive cells are more potent in

CA9/CD24

TACE-T, demonstrating the tight relationship between
CD24 (hepatic CSC marker) and CA9 (hypoxia marker)
in the TACE-induced hypoxic tumor microenvironment.

DISCUSSION

Our study showed that pretreatment tissue expression
of both hepatic CSC markers and hypoxia markers tran-
scripts correlate with response to TACE treatment in pa-
tients with HCC by GSE data-set analysis. Furthermore,
the residual tumor nodules after TACE treatment also
exhibited high level of hepatic CSC markers and hy-
poxia markers compared with TARE treatment by IHC
staining.

Recently, two papers have described gene signa-
tures to predict the response to TACE in patients with
HCC.*547] Fako et al. reported TACE-specific 14-gene
signature as TACE Navigator, which was associated
with improved survival in patients who received either
adjuvant or postrelapse TACE. It was suggested that
hypoxia response may be linked to TACE treatment
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resistance based on up-regulation of hypoxia inducible
factor 1 alpha subunit and vascular endothelial growth
factor in nonresponders compared with responders.
Nevertheless, both genes are not included in the gene
signature. Another report identified a 10-gene sig-
nature from the GSE104580 data set using machine
learning—based gene selection. In this manuscript, it
is proposed that stemness index is higher in nonre-
sponder compared with responder, although neither
stemness marker nor hepatic CSC marker are included
in the 10-gene signature. Despite the fact that both
studies define TACE-specific response gene signa-
tures in patients with HCC, no gene overlap is common
in both studies. It is noteworthy that our data showed
that both hepatic CSC markers and hypoxia markers
are identified as enriched in residual HCC after TACE.
These differences in conclusions may be the result of
our comparison that has been made not only by using
the public GSE data set but also by using control sam-
ples from patients treated with a non-hypoxic-mediated
LRT (TARE). Moreover, our study provides descriptive
information regarding the effect of LRT on peritumoral
tissue in patients with residual HCC.

IHC serves as a diagnostic and prognostic method
for identification of various disease markers in human
tissue samples that directly influence classification and
grading the disease. Despite the potential impact on
prognosis and management, their role in patient man-
agement remains limited. However, most pathological
analysis of tissue samples is carried out in a time-
consuming and subjective manner, wherein the inten-
sity of antibody staining is manually judged and thus
scoring decisions are directly determined by a visual
bias. In this study, quantitative assessment of antibody
staining intensity in human tissue sections was per-
formed by automated digital IHC image analysis using
Fiji program (Image J). We captured and used 15-20
nonoverlapping, randomly selected digital images from
each slide to minimize the selection bias of microscopic
sections. As a readout of the positive staining intensity,
IntDen, which gives a total value within the threshold,
was used. This analytical method minimized interob-
server as well as interslide variations.

Ductular reaction (DR) is known to be present in
most chronic liver diseases and is also important in he-
patic stem and progenitor cell liver regeneration mecha-
nisms, which underlie hepatic fibrosis and hepatobiliary
carcinogenesis. Peritumoral DRs correlate with intratu-
moral hepatic progenitor cell (HPC) markers EpCAM,
OV6, and CD133 expression.*®! Studies showed an
extensive DR in advanced HCC and a strong correla-
tion between cytokeratin 7 expression and the poor
prognosis and aggressiveness of HCC.*% In our data,
strong expression of both hepatic CSC markers (CD24
and EpCAM) and hypoxia marker (CA9) was detected
in DR cells. We speculated that hypoxia might be in-
volved in proliferative DRs, eventually contributing to

the development of an aggressive HCC phenotype.
Further work will be required to determine the precise
cellular mechanism mediated by hypoxia-driven DR
that render HPC to hepatic CSCs.

One previous study indicated that the location of
CD133 on the CSC may play an important role on the
aggressiveness of the cancer and the prognosis of the
liver cancer patient. They reported that cytoplasmic
CD133 expression was correlated with poor prognosis,
whereas nuclear CD133 expression was correlated with
favorable prognosis.[sol In the present study, distinctive
membranous staining pattern of CD133 was found.

This study presents quantitation of IHC to define
immune profiling of CSC markers in both tumor nod-
ule and stroma in detail using specimens from TACE,
TARE, and nontreated patients with HCC. Limitations
of this study include a single-center study and the rel-
atively small sample size. Further studies based on a
larger number of cases from multiple centers will be
required. In addition, more CSC and hypoxia markers
should be tested, as only a few CSC markers and hy-
poxia markers were included in this study.

CONCLUSIONS

The expression of hepatic CSC markers is increased
primarily in residual tumor nodule under TACE-induced
hypoxia, which might promote the aggressive biology
of HCC as well as unlikely response to TACE treatment
based on GSE data-set analysis. Therefore, examin-
ing the expression status of these markers in biopsied
HCCs may facilitate clinical decision making and could
potentially help to predict a poor outcome of HCCs, and
thereby further guide treatment planning and surveil-
lance after resection or liver transplant. Moreover, it will
support a paradigm shift in intermediate HCC manage-
ment in which usually tissue sampling is rarely required.
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