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Abstract. — OBJECTIVE: Liver neoplasm is
one of the most fatal malignancies worldwide,
among which hepatocellular carcinoma (HCC)
(MIM #114550, https:/omim.org/) is the most
prevalent type. ABCC1 (MIM *158343) is a mem-
brane-bound protein that relies on ATP hydro-
lysis to transport substrates and is associated
with tumour drug resistance and malignant po-
tential. However, the relationship between AB-
CC1, HCC prognosis, and immune infiltration re-
mains elusive.

MATERIALS AND METHODS: We analysed
the mRNA expression of ABCC1 using data from
public databases. Imnmunohistochemistry stain-
ing was performed to identify ABCC1 expres-
sion in tumour samples. We further investigat-
ed the correlation between ABCC1 and clinico-
pathological features. We investigated the con-
nection between ABCC1 and HCC prognosis us-
ing survival and Cox regression analyses. We in-
vestigated the underlying pathways of ABCC1 in
HCC using functional enrichment analysis and
GSEA. We determine the relationship between
ABCC1 and immune cell infiltration via an inte-
grated immune landscape analysis.

RESULTS: Our investigation revealed the up-
regulation of ABCC1 expression in HCC (p <
0.01), which was verified in clinical samples (p <
0.01). In addition, ABCC1 is adversely associat-
ed with HCC clinical features and prognosis (p
< 0.05). GO/KEGG analysis and GSEA identified
that ABCC1 participates in multiple immune-
and tumour-related pathways (p < 0.05). Imnmune
cell infiltration analysis indicated that ABCC1
was positively correlated with various immune
cells, among which, the strongest correlation
was with macrophages (p < 0.001). Furthermore,
we observed significant variations in immune
checkpoints between the ABCC1-low and AB-
CC1-high groups (p < 0.01). This indicated that
patients with a high expression of ABCC1 might
respond poorly to immune checkpoint blockade
(ICB) therapy (p = 9.2e77).
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CONCLUSIONS: Our study identified ABCC1
as a predictor of HCC prognosis and response
to therapy.
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Introduction

Liver cancer is the fourth leading cause of
cancer-related deaths worldwide, with the highest
incidence and mortality of liver cancer occurring
in Asian populations?. Hepatocellular carcino-
ma (HCC) is the main type of liver cancer, ac-
counting for 75% of the cases. Chronic hepatitis
B virus (HBV, MIM #610424) or hepatitis C virus
(HCV, MIM #609532) infection, heavy episodic
drinking, and non-alcoholic fatty liver disease
(NAFLD, MIM #613282) are the main risk fac-
tors for HCC?. Despite numerous available treat-
ments, including radiofrequency ablation (RFA),
surgery, liver transplantation, and chemotherapy
drugs, the overall survival rate of patients with
HCC is unsatisfactory due to metastasis and a
high recurrence rate*. With the advent of immu-
notherapy, immune checkpoint inhibitors (ICIs)
have been a breakthrough in the management of
HCC®. However, owing to the heterogeneity of
tumors and the immune microenvironment, not
all patients experience survival benefits®. There-
fore, it is necessary to further study the molecular
characteristics of HCC to identify new biomark-
ers, predict prognosis, and guide individualized
clinical treatment’.

ABCCI is a member of the ATP-binding
cassette (ABC) transporter superfamily and is
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expressed in several tissues, including the liver,
kidneys, intestine, and brain. It functions as an
exporter that mediates the translocation of var-
ious substrates, such as ions, sugars, amino ac-
ids, lipids, and drugs, across cell membranes?®.
Classically, ABCCI overexpression is associated
with tumor resistance to multiple chemotherapeu-
tic agents’. In HCC, the upregulation of ABCCI
expression could lead to tumor resistance to
sorafenib and enhance the capacity for metasta-
sis'®!!, However, the relationship between ABCCI,
HCC prognosis, and immune infiltration remains
elusive.

In this study, we demonstrated the upregula-
tion of ABCCI in HCC using public databases
and clinical samples. We investigated the correla-
tion between ABCCI and the clinicopathological
features of HCC and identified ABCCI as an
independent prognostic indicator of HCC. Func-
tional enrichment analysis and GSEA revealed
that ABCCI is related to multiple immune- and
tumor-related signaling pathways in HCC. Im-
mune landscape analysis revealed that ABCCI
was associated with various immune cells and
immune checkpoints. Moreover, we analyzed
the relationship between ABCCI expression and
response to ICIs. Altogether, we expect that our
research will provide insight into the develop-
ment of new biomarkers for HCC prognosis and
treatment.

Materials and Methods

Data Resources

We downloaded the pan-cancer and corre-
sponding normal tissue RNA-seq data from the
UCSC Xena database (https:/xena.ucsc.edu/),
which contains the data from the Cancer Genome
Atlas (TCGA) and the Genotype-Tissue Expres-
sion (GTEXx) project. Public microarray data from
other cohorts were obtained from the GEO data-
base, including GSE36376 and GSE45267.

Immunohistochemistry (IHC)
Staining

We retrospectively included 35 patients with
HCC who underwent surgical resection as the
first treatment between 2018 and 2022 at the First
Hospital of Shanxi Medical University (Taiyu-
an, China). Paraffin-embedded specimens were
collected for IHC staining. All samples were
obtained with patient consent and the patients
signed informed consent forms. Paraffin sec-
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tions were dewaxed, rehydrated, and subjected
to heat-induced antigen retrieval using Tris-ED-
TA (pH 9.0) buffer (Solarbio, Beijing, China) for
10 min in a pressure cooker. Peroxidase inhib-
itors (Zhongshan Jingiao, Beijing, China) were
used to block the endogenous peroxidase activi-
ty. Next, the sections were incubated in ABCCI
primary antibody (Abcam, Cambridge, UK) at
4°C overnight and subsequently incubated with
the secondary antibody (Zhongshan Jingiao) at
37°C for 1 h. Colour was developed using fresh-
ly prepared DAB (KeyGen Biotech, Nanjing,
China). Finally, the sections were counterstained
with haematoxylin (Solarbio) and imaged under
a bright-field microscope (Olympus, Tokyo, Ja-
pan). Each section was independently evaluated
by two professional pathologists. The mean den-
sity (IOD/area) was calculated using Image-Pro
Plus 6.0 (Media Cybernetics, Silver Spring, MD,
USA).

Survival Analysis

The patients were divided into two groups
based on the median expression of ABCCI. Ka-
plan-Meier analysis was performed to analyze the
survival rate. Furthermore, the effect of ABCCI
on survival was verified using an online Ka-
plan-Meier plotter'.

Cox Regression Analysis

The possible risk factors for HCC prognosis
among multiple elements were identified using
univariate and multivariate regression analyses.
Forest plots were used for visualisation.

Correlation Analysis and Enrichment
Analysis

Correlations between ABCCI and co-ex-
pressed genes were described using Spearman’s
correlation analysis. Genes with |#| > 0.5 and p
< 0.001 were chosen for Gene Ontology (GO)
and Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathway analysis. The clusterprofiler
and ggplot2 packages were used for enrichment
analysis and visualisation.

Gene Set Enrichment Analysis (GSEA)

GSEA was performed to investigate the bio-
logical activities and predict the potential signal-
ing pathways of ABCCI in HCC. The MSigDB
collection database was used as the gene set da-
tabase. The normalized enrichment score (NES)
and p-values were used to classify the enriched
pathways'.
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Immune Landscape Analysis

The CIBERSORT immune score was used
to determine the ratio of 22 types of immune
cells'". The correlation between ABCCI and the
six immune cell types was investigated using
Tumor Immune Estimation Resource (TIMER)
database'. We further assess the association be-
tween ABCCI and 24 types of immune cells using
ssGSEA. The differences of macrophage scores
between the two groups were performed using
differential analysis. Additionally, differences in
immune checkpoint expression and tumor im-
mune dysfunction and exclusion (TIDE) scores
between the two groups were analyzed. Potential
immunotherapeutic responses were predicted us-
ing the TIDE algorithm'¢.

Anti-Cancer Drug Sensitivity Analysis

We downloaded the relevant data of 138 drugs
from the Genomics of Drug Sensitivity in Can-
cer (GDSC) database. The link between 4BCCI
expression and inhibitory concentrations (IC, ) in
each sample was predicted using the pRRophetic
R package'’. Ridge regression was used to deter-
mine the half-maximal IC, of the samples. Cor-
relation heat maps and scatter plots were used for
visualization.

Statistical Analysis

We used R software (R Foundation for Sta-
tistical Computing, Vienna, Austria) to perform
statistical analysis. The results of two indepen-
dent samples were examined using the Wilcoxon
rank-sum test. The relationship between 4BCCI
and other variables was analysed using univari-
ate logistic regression analysis. We implemented
Kaplan-Meier analysis using the survival and sur-
vminer R packages. Correlations among ABCCI,
immune cells, and immune checkpoints were in-
vestigated using Spearman’s correlation. A p-val-
ue lower than 0.05 was considered statistically
significant.

Results

ABCC1 Expression Levels in Tumours
vs. Normal Tissues

We first combined information from the
TCGA database with the GTEx database to
study ABCCI mRNA expression in cancerous
and non-cancerous tissues. ABCCI was highly
expressed in most cancer types, including HCC
(p <0.001, Figure 1A). Subsequently, we exam-

ined ABCC1 expression in paired and unpaired
samples and found that ABCCI expression was
significantly elevated in the tumour tissues (p
< 0.001, Figure 1B-C). Additionally, samples
from GSE36376 and GSE45267 confirmed
these findings (p < 0.001, Figure 1D and p <
0.01, Figure 1E). We further verified ABCCl1
expression in clinical specimens, and IHC
showed that tumour tissues exhibited higher
levels of ABCC1 protein expression (p < 0.01,
Figure 1F-H). In summary, our analysis demon-
strated that ABCCI expression is significantly
increased in HCC.

ABCCT1 Related to Clinicopathological
Characteristics of HCC

Owing to the small number of cases in some
stages, certain classifications were combined for
analysis. Our results indicated that the upregula-
tion of ABCCI expression was significantly pos-
itively correlated with the T stage (all p < 0.001),
pathologic stage (all p <0.01), histologic stage (p <
0.05), residual tumours (p < 0.01), and OS events
(p < 0.01) (Figure 2A-E). Nevertheless, 4BCCI
expression was not correlated with gender, age,
or vascular invasion (p > 0.05, Figure 2F-H). Fur-
thermore, univariate logistic regression analysis
revealed that ABCCI was associated with T stage
(all p < 0.01), pathologic stage (all p < 0.01), and
histologic stage (G3&G4 vs. G1, p = 0.022) (Table
I). Therefore, our findings imply that high ABCCI
is associated with unfavourable clinicopathologi-
cal features.

ABCC1 Identified as a Negative
Prognostic Factor for HCC

First, we performed survival analysis to study
the impact of ABCCI on the survival rate of HCC.
We observed a poor OS (p = 0.00119) and DFS
(p = 0.0469) rate in patients with high ABCCI
expression (Figure 3A and 3B), indicating poor
prognosis. Next, the results from the Kaplan-Mei-
er Plotter further validated that ABCCI overex-
pression was associated with OS (p = 8.9¢ %) and
DFS (p = 0.0054) (Figure 3C and 3D). In addi-
tion, univariate regression analysis indicated that
ABCCI (p < 0.001), the pathologic stage (p <
0.001), and the T stage (p < 0.001) were signifi-
cantly correlated with OS (Figure 3E). Based on
multivariate regression analysis, ABCCI was the
only parameter that was statistically associated
with OS (p = 0.019, Figure 3F), which suggest-
ed that ABCCI was an independent predictor for
HCC survival.
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Figure 1. ABCCI expression in pan-cancer and HCC. A, ABCCI mRNA expression in multiple cancers and normal tissues
from the TCGA and GTEx databases. B, Unpaired samples from the TCGA database showed different ABCCI mRNA expres-
sion in the tumour and adjacent tissues. C, Paired samples from the TCGA database showed different ABCCI mRNA expres-
sion in the tumour and adjacent tissues. D-E, Differential ABCCI mRNA expression between tumorous and non-tumorous
liver tissues from the GSE36376 and GSE45267 datasets. F-H, IHC staining of ABCC1 in HCC and adjacent tissues. (*p <

0.05, *%p < 0.01, ***p < 0.001).

Correlation Analysis and GO/KEGG
Enrichment Analysis

We performed a correlation analysis of ABCCI
and other co-expressed genes to gain insight into
the underlying mechanisms of 4ABCCI-mediat-
ed HCC. For subsequent GO/KEGG enrichment
analysis, we selected 469 genes that were co-ex-
pressed with ABCCI with [#>0.5 and p < 0.001.
The 50 top genes that were either positively or
negatively correlated with ABCCI are depicted in
Figure 4A and 4B. We identified 143 GO terms
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that were significantly enriched. The top ten GO
terms of biological processes (BP), cellular com-
ponents (CC), and molecular functions (MF) are
represented in Figure 4C-E. GO annotations re-
vealed that the genes co-expressed with 4BCCI
primarily participated in neutrophil-mediated im-
munity (p < 0.001), neutrophil activation involved
in the immune response (p < 0.001), cell-substrate
junctions (p < 0.001), and cell adhesion molecule
binding (p < 0.001). Moreover, KEGG analysis
indicated that regulation of the actin cytoskeleton
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Table I. Relationship between ABCC1 expression and clinical characteristics using logistic regression.

Characteristics Total (N) Odds Ratio (OR) p-value
Gender

Male vs. Female 374 0.802 (0.519-1.238) 0.320
Age

>60 vs. <=60 373 0.969 (0.645-1.455) 0.878
T stage

T2 vs. T1 278 2.585 (1.560-4.335) <0.001
T3&T4 vs. T1 276 2.283 (1.377-3.820) 0.001
N stage

N1 vs. NO 258 3.298 (0.416-67.150) 0.304
M stage

M1 vs. MO 272 1.062 (0.126-8.952) 0.953
Pathologic stage

Stage II vs. Stage I 260 2.590 (1.533-4.427) <0.001
Stage [11&Stage IV vs. Stage | 263 2.274 (1.357-3.842) 0.002
Histologic grade

G2 vs. Gl 233 1.513 (0.821-2.841) 0.189
G3&G4 vs. Gl 191 2.113 (1.121-4.058) 0.022
Weight

>70 vs. <=70 346 1.071 (0.702-1.634) 0.752
Height

>=170 vs. <170 341 1.352 (0.878-2.087) 0.172
BMI

>25 vs. <=25 337 0.986 (0.643-1.513) 0.950
Adjacent hepatic tissue inflammation

Mild&Severe vs. None 237 1.206 (0.724-2.013) 0.472
AFP (ng/ml)

400 vs. <=400 280 0.892 (0.509-1.556) 0.689
Albumin (g/dl)

>=3.5vs. <3.5 300 1.058 (0.617-1.824) 0.839
Child-Pugh grade

B&Cvs. A 241 0.839 (0.334-2.027) 0.700
Vascular invasion

Yes vs. No 318 1.187 (0.747-1.887) 0.468
Prothrombin time

>4 ys. <=4 297 0.947 (0.575-1.556) 0.829

(p <0.001), endocytosis (p < 0.01), proteoglycans
in cancer (p < 0.01), platelet activation (p < 0.01),
and the phosphatidylinositol signaling system (p
< 0.05) were significantly enriched in HCC (Fig-
ure 4F).

Potential Signaling Pathways
Meditated by ABCC1 in HCC

To explore the signaling pathways mediated
by ABCCI, we performed GSEA between the 4B-
CClI-low and ABCCI-high groups. The analysis
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indicated that various immune-related pathways
and classic pathways implicated in cancer patho-
genesis were enriched in the ABCCI-high group
(p < 0.05, Figure 5A-L), suggesting that ABCCI
may participate in pathways related to immunity
and tumour development.

ABCC1 Expression Related to Immune
Cells and Immune Checkpoints

We first assessed the infiltration of 22 types
of immune cells in patients with HCC using
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Figure 3. Effect of ABCCI expression and other clinical features on HCC survival. A-B, K-M analysis suggested that the
high-4BCC1 group was associated with unfavourable OS and DFS in the TCGA database. C-D, Survival analysis of OS and
DFS performed by the K-M plotter website. E-F, Univariate and multivariate regression analysis of ABCCI and other factors.
OS, overall survival; DFS, disease-free survival.

CIBERSORT analys

is (Figure 6A). Subsequently,

we calculated the correlation between ABCCI and
the six types of immune cells using the TIMER

database. We found

that ABCCI expression was

positively correlated with B cells (p = 3.87¢™"),
CD8+ T cells (p = 3.58¢ '), CD4+ T cells (p =
3.41e"), macrophages (p = 4.54¢%), neutrophils

(p = 1.39¢%), and dendritic cells (p = 1.94e™'®)
(Figure 6B). Furthermore, ssGSEA was used to
determine the correlation between ABCCI and
24 types of immune cells. The ssGSEA indicated
that ABCCI was positively correlated with macro-
phages, TFH, Thl cells, iDC, Th2 cells, T helper
cells, Tem, NK CD56bright cells, aDC, NK cells,
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Figure 4. ABCClI-related genes and potential pathways enriched in HCC. A, The top 50 genes correlated positively with
ABCCI. B, The top 50 genes correlated negatively with ABCCI. C, GO annotation: biological processes (BP). D, GO annota-
tion: cellular component (CC). E, GO annotation: molecular functions (MF). F, KEGG terms.
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Figure 6. Relationship between ABCC1I, TIICs and immune checkpoints. A, The proportion of 22 types of immune cells in pa-
tients with HCC. B, Correlation of 4BCC1I, tumour purity, and 6 kinds of immune cells from TIMER database. C, Correlation of
ABCCI and 24 kinds of immune cells by ssGSEA. D, Differential analysis of macrophage enrichment score between ABCCI-low
and ABCCI-high group. E, Differential analysis of immune checkpoint expression between ABCCI-low and ABCCI-high group.
F, Differential analysis of TIDE scores between ABCCI-low and 4ABCCI-high group. (*p < 0.05, **p < 0.01, ***p <0.001).

mast cells, B cells, T cells, NK CD56dim cells,
eosinophils, and neutrophils; and negatively cor-
related with Th17 cells (Figure 6C, Spearman’s
correlation). The specific correlation coefficients
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and p-values of the Pearson’s and Spearman’s
analyses are shown in Table II. Importantly, both
the TIMER database and ssGSEA showed the
strongest correlation was between ABCCI and
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Table Il. Correlation between ABCC1 expression and 24 kinds of immune cells using ssGSEA analysis.

Immune cells r (Pearson) p-value r (Spearman) p-value
Macrophages 0.456 <0.001 0.496 <0.001
TFH 0.437 <0.001 0.458 <0.001
Thl cells 0.396 <0.001 0.411 <0.001
iDC 0.373 <0.001 0.402 <0.001
Th2 cells 0.378 <0.001 0.374 <0.001
T helper cells 0.347 <0.001 0.357 <0.001
Tem 0.346 <0.001 0.336 <0.001
NK CD56bright cells 0.354 <0.001 0.333 <0.001
aDC 0.291 <0.001 0.292 <0.001
Th17 cells -0.307 <0.001 -0.279 <0.001
NK cells 0.286 <0.001 0.231 <0.001
Mast cells 0.190 <0.001 0.226 <0.001
B cells 0.149 0.004 0.195 <0.001
T cells 0.170 <0.001 0.188 <0.001
NK CD56dim cells 0.210 <0.001 0.175 <0.001
Eosinophils 0.137 0.008 0.168 0.001
Neutrophils 0.112 0.030 0.160 0.002
CD8 T cells 0.116 0.024 0.090 0.082
Tegd 0.073 0.158 0.085 0.099
Tem 0.080 0.121 0.076 0.144
pDC -0.081 0.117 -0.036 0.493
DC -0.031 0.555 0.034 0.507
TReg -0.078 0.133 -0.006 0.913
Cytotoxic cells -0.027 0.598 -0.003 0.962

macrophages; therefore, we investigated the dif-
ference in macrophage levels between the AB-
CCl-low and ABCCI-high groups. The group
with high ABCCI levels had a higher macrophage
enrichment score (p < 0.001, Figure 6D). Thus,
these results suggest that ABCCI is significantly
associated with immune cell infiltration, especial-
ly of macrophages.

Immune checkpoints serve as modulatory
molecules in the control of the immune system,
suppressing the activation of T cells and promot-
ing T cell depletion, resulting in tumour immune
escape'®. We examined the differences in immune
checkpoint expression between the ABCCI-low
and ABCCI-high groups. Differential analysis
showed that there were significant differences in
the expression of the seven immune checkpoints
between the two groups, and the 4ABCCI-high
group had higher levels of immune checkpoint ex-
pression than the ABCClI-low group (all p < 0.01,
Figure 6E). Additionally, we examined whether
the reactions of the two groups to immune check-
point blockade (ICB) varied. The results showed
that the 4BCCI-high group had a considerably

higher ICB score than the ABCCI-low group (p =
9.2e7%7), indicating that individuals with elevated
ABCCI expression did not respond well to im-
mune checkpoint blockades (Figure 6F). There-
fore, our results indicate that ABCCI is a predic-
tive biomarker for the efficacy of ICIs.

Anti-Cancer Drug Sensitivity Analysis

We further investigated the correlation be-
tween ABCCI expression and drug sensitivity by
analysing the drug response data for 138 com-
pounds. We found an inverse correlation between
IC,, and ABCCI expression in 65 drugs, suggest-
ing that the chemotherapeutic response to these
medications may be improved in samples with
high ABCCI expression. The IC,  values of 30
drugs were positively correlated with ABCCI ex-
pression, suggesting that these drugs may have
a worse curative effect on samples with high
ABCCI expression (Figure 7A). We selected six
drugs with IC,; values that were best associated
with high ABCCI expression among the total 95
drugs (Figure 7B, nilotinib, » = —0.60, p = 3.37¢"
7. PD.173074, r = —0.53, p = 8.55¢%%; ABT.263,
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Figure 7. Correlation of drug IC, and ABCCI expression. A, The heatmap of the correlation between ABCCI expression and

drug IC, . B, The scatter plot of the correlation between ABCCI expression and drug IC, values.

r=-0.52, p=2.12¢?"; ABT.888, r =-0.50, p =
3.3e%; AZD2281, r = —-0.49, p = 3.58¢%*; INK.
Inhibitor.VIII, »=-0.49, p = 2.14¢"%). For patients
with HCC exhibiting high 4BCCI expression,
these findings may be clinically beneficial.
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Discussion

Although increasing numbers of therapeutic
strategies aimed at HCC have been developed,
their clinical efficacy and the outcomes of HCC
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remain unsatisfactory'*. Hence, it is crucial to
identify new prognostic and predictive biomark-
ers to improve HCC prognosis.

ABCCI plays a key role in cellular drug ex-
cretion. The upregulation of ABCCI can promote
chemotherapy drug resistance’. Furthermore,
ABCCI has a direct impact on tumor progres-
sion'®. However, the prognostic value of ABCCI
and its role in the tumor immune microenviron-
ment are still not fully understood.

In our study, we first characterized the ABCCI
expression in pan-cancer and found that ABCCI
is overexpressed in a variety of tumors. Next, we
combined the TCGA and GEO databases with
clinical samples and confirmed the upregulation
of ABCCI mRNA and ABCCI protein expression
in HCC. Furthermore, high levels of ABCCI ex-
pression are associated with worse clinical and
pathological features. Survival analysis further
indicated that patients with HCC and high ABCC1
levels had worse OS and DFS. Consistent with our
findings, high ABCCI expression in intrahepat-
ic cholangiocarcinoma (MIM 615619) and acute
myeloid leukemia (MIM #601626) was also asso-
ciated with poor prognosis®**?'. Moreover, Cox re-
gression analysis showed that ABCCI expression
had a better performance in predicting the surviv-
al of HCC than the T stage and pathologic stage,
which indicated that ABCCI is an independent
predictor of HCC prognosis. However, the specif-
ic mechanisms of ABCCI in the progression and
prognosis of HCC remain to be elucidated. Hence,
we performed GO/KEGG analysis and GSEA to
investigate the underlying regulatory pathways in
which ABCCI might be involved. We observed
that ABCCI and its co-expressed genes partic-
ipate in immune progression by regulating neu-
trophil-mediated immunity, neutrophil activation,
and neutrophil degranulation. Moreover, pathway
analysis showed significant enrichment of endo-
cytosis, proteoglycans in cancer, and platelet ac-
tivation. Immune, inflammatory, and cancerous
signaling pathways were considerably enriched in
the group with high ABCCI expression, accord-
ing to GSEA.

The application of ICI has been a major break-
through in the history of cancer immunotherapy,
which shed new light on the treatment of many
advanced cancers?. The tumor microenviron-
ment (TME) includes a wide range of immune
cells, endothelial cells, and fibroblasts. The com-
position of the TME may influence the response
to ICB therapy, and the TME is of great impor-
tance in guiding the selection and combination of

immune therapy”. HCC is mediated by a strong
immune mechanism, making immunotherapy a
promising method for the systemic management
of HCC. However, the existence of numerous
immunosuppressive mechanisms in the TME of
HCC combined with a lack of reliable predic-
tive biomarkers limits the clinical application of
immunotherapy**®. Therefore, we investigated
how ABCCI expression affects tumor-infiltrating
immune cells (TIICs) and immune checkpoints.
Results showed that ABCCI was significantly
positively associated with a variety of immune
cells, suggesting a higher degree of tumor im-
mune cell infiltration in patients with HCC with
high ABCC1 expression. Moreover, macrophages
had the strongest correlation with high ABCCI.
Differential analysis revealed that macrophage
infiltration varied between the 4BCCI-low and
ABCCI-high groups. Macrophages are a major
component of TIICs that differentiate into two
functionally distinct subtypes: M1 and M2 mac-
rophages. M1 macrophages have the capacity for
anti-tumor function, whereas M2 macrophages
promote tumor progression’*. M2 macrophages
also express programmed death receptor-1 (PD-
1), which plays a critical role in inducing tumor
immune escape’’. Moreover, the infiltration of
macrophage was associated with poor progno-
sis in patients with solid tumours®®. In HCC, tu-
mor-associated macrophages are correlated with
either negative or positive outcomes which spe-
cifically depend on the subtype of macrophage
infiltration®”. Regardless, targeting macrophage
reprogramming is a promising strategy in can-
cer immunotherapy®. Our results indicate that
ABCCI may be involved in macrophage infiltra-
tion in HCC, which could partially explain the
association between 4BCC! and poor HCC prog-
nosis. However, whether ABCC1 regulates macro-
phage polarization and affects tumor progression
requires further investigation.

During the last decade, impressive advances
have been made in immune checkpoint blockade
therapy. As in other cancers, inhibitory receptors
or their ligands play a crucial role in HCC*'. Sev-
eral clinical trials*>* have explored the effica-
cy of ICI as an alternative therapy for advanced
HCC, and anti-PD-1 drugs have been approved
as a second option for people who are sorafenib
refractory. However, for reasons currently un-
known, most patients with HCC do not achieve
a complete response to ICI®**, Therefore, we in-
vestigated the differential expression of immune
checkpoints between patients with low and high
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ABCCI expression and predicted their response
to ICB therapy. We observed that the levels of
immune checkpoints were higher in the AB-
CClI-high group, indicating that ABCCI may
promote the expression of immune checkpoint
in HCC. Moreover, the ABCCI-high group had
a higher TIDE score, which suggests that the
ABCCI-high group experienced poor efficacy of
ICB treatment and short survival after ICB treat-
ment. This partly explains the heterogeneous re-
sponse to ICIs among patients with HCC. Final-
ly, we studied the correlation between ABCCI
expression and drug sensitivity and identified six
drugs that were most sensitive to ABCCI over-
expression. Our research may help improve the
precision of antitumor therapy among different
individuals.

Conclusions

In the present study, we analysed ABCCI ex-
pression, its association with clinical character-
istics and prognosis, and its potential biological
function in HCC. Furthermore, our study demon-
strated that ABCCI contributes to the TME of
HCC and may serve as a predictor for the effica-
cy of immunotherapy. We hope that our results
provide a basis for predicting HCC prognosis and
guiding precise treatment.

Funding
This study was funded by the Shanxi Science and Technol-
ogy Innovation Project (2020SYS19).

Conflict of Interest
The authors declare no conflicts of interest in this study.

Authors’ Contributions

YH, YG, and LL conceived of and designed the study. YH,
YW, and JB performed data analysis, conducted the exper-
iments, and wrote the manuscript. QZ participated in per-
forming of the experiment. The experiments were reviewed
by LL, who also edited the manuscript. The submission and
publication of this article were approved by all authors.

Data Availability

The datasets for this study can be found in the UCSC Xe-
na database and GEO database (https://www.ncbi.nlm.nih.
gov/geol/).

3610

Ethics Approval

This study was performed in accordance with the principles
of the Declaration of Helsinki and approved by the Ethics
Review Committee of the First Hospital of Shanxi Medical
University (2021 KO018).

References

1) Bray F, Ferlay J, Soerjomataram |, Siegel RL,
Torre LA, Jemal A, Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortali-
ty worldwide for 36 cancers in 185 countries. CA
Cancer J Clin 2018; 68: 394-424.

2) Goodarzi E, Ghorat F, Jarrahi AM, Adineh HA,
Sohrabivafa M, Khazaei Z, Global incidence and
mortality of liver cancers and its relationship with
the human development index (HDI): an ecology
study in 2018. WCRJ 2019; 6: e1255.

3) McGlynn KA, Petrick JL, El-Serag HB, Epidemi-
ology of Hepatocellular Carcinoma. Hepatology
(Baltimore, Md.) 2021; 73 Suppl 1: 4-13.

4) Hartke J, Johnson M, Ghabril M, The diagnosis
and treatment of hepatocellular carcinoma. Se-
min Diagn Pathol 2017; 34: 153-159.

5) Sangro B, Sarobe P, Hervas-Stubbs S, Melero |, Ad-
vances in immunotherapy for hepatocellular carcino-
ma. Nat Rev Gastroenterol Hepatol 2021; 18: 525-543.

6) Giraud J, Chalopin D, Blanc JF, Saleh M, Hepa-
tocellular Carcinoma Immune Landscape and
the Potential of Immunotherapies. Front Immunol
2021; 12: 655697.

7) Xiong SS, Prognosis, immunotherapy, and drug
therapy of oxidative stress-related genes in pa-
tients with hepatocellular carcinoma. Eur Rev
Med Pharmacol Sci 2022; 26: 5014-5032.

8) He SM, Li R, Kanwar JR, Zhou SF, Structural and
functional properties of human multidrug resis-
tance protein 1 (MRP1/ABCC1). Curr Med Chem
2011; 18: 439-481.

9) Kunicka T, Soucek P, Importance of ABCC1 for
cancer therapy and prognosis. Drug Metab Rev
2014; 46: 325-342.

10) Chang YS, Su CW, Chen SC, Chen YY, Liang
YJ, Wu JC, Upregulation of USP22 and AB-
CC1 during Sorafenib Treatment of Hepatocellu-
lar Carcinoma Contribute to Development of Re-
sistance. Cells 2022; 11.

11) Chow AK, Ng L, Lam CS, Wong SK, Wan TM,
Cheng NS, Yau TC, Poon RT, Pang RW, The En-
hanced metastatic potential of hepatocellular car-
cinoma (HCC) cells with sorafenib resistance.
PLoS One 2013; 8: e78675.

12) Lanczky A, Gy6rffy B, Web-Based Survival Anal-
ysis Tool Tailored for Medical Research (KMplot):
Development and Implementation. J Med Internet
Res 2021; 23: e27633.

13) Subramanian A, Tamayo P, Mootha VK, Mukherjee
S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL,



ABCC]I is a predictive biomarker for prognosis and therapy in hepatocellular carcinoma

Golub TR, Lander ES, Mesirov JP, Gene set enrich-
ment analysis: a knowledge-based approach for in-
terpreting genome-wide expression profiles. Proc
Natl Acad Sci U S A 2005; 102: 15545-15550.

14) Newman AM, Liu CL, Green MR, Gentles AJ, Feng
W, Xu Y, Hoang CD, Diehn M, Alizadeh AA, Ro-
bust enumeration of cell subsets from tissue ex-
pression profiles. Nat Methods 2015; 12: 453-457.

15) Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, Li
B, Liu XS, TIMER: A Web Server for Comprehen-
sive Analysis of Tumor-Infilirating Immune Cells.
Cancer Res 2017; 77: e108-e110.

16) Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, Li Z,
Traugh N, Bu X, Li B, Liu J, Freeman GJ, Brown
MA, Wucherpfennig KW, Liu XS, Signatures of T
cell dysfunction and exclusion predict cancer immu-
notherapy response. Nat Med 2018; 24: 1550-1558.

17) Geeleher P, Cox NJ, Huang RS, Clinical drug re-
sponse can be predicted using baseline gene ex-
pression levels and in vitro drug sensitivity in cell
lines. Genome Biol 2014; 15: R47.

18) Oura K, Morishita A, Tani J, Masaki T, Tumor
Immune Microenvironment and Immunosuppres-
sive Therapy in Hepatocellular Carcinoma: A Re-
view. Int J Mol Sci 2021; 22: 5801.

19) Emmanouilidi A, Casari |, Gokcen Akkaya B, Maf-
fucci T, Furic L, Guffanti F, Broggini M, Chen X,
Maxuitenko YY, Keeton AB, Piazza GA, Linton
KJ, Falasca M, Inhibition of the Lysophosphati-
dylinositol Transporter ABCC1 Reduces Prostate
Cancer Cell Growth and Sensitizes to Chemo-
therapy. Cancers (Basel) 2020; 12: 2022.

20) Srimunta U, Sawanyawisuth K, Kraiklang R,
Pairojkul C, Puapairoj A, Titipungul T, Hahnva-
janawong C, Tassaneeyakul W, Wongkham C,
Wongkham S, Vaeteewoottacharn K, High ex-
pression of ABCC1 indicates poor prognosis in in-
trahepatic cholangiocarcinoma. Asian Pac J Can-
cer Prev 2012; 13 Suppl: 125-130.

21) Liu B, Li LJ, Gong X, Zhang W, Zhang H, Zhao
L, Co-expression of ATP binding cassette trans-
porters is associated with poor prognosis in acute
myeloid leukemia. Oncol Lett 2018; 15: 6671-
6677.

22) Shaaban M, Othman H, Ibrahim T, Ali M, Ab-
delmoaty M, Abdel-Kawi AR, Mostafa A, El Na-
keeb A, Emam H, Refaat A, Immune Checkpoint
Regulators: A New Era Toward Promising Can-

cer Therapy. Curr Cancer Drug Targets 2020; 20:
429-460.

23) Petitprez F, Meylan M, de Reyniés A, Sautés-Frid-
man C, Fridman WH, The Tumor Microenviron-
ment in the Response to Immune Checkpoint
Blockade Therapies. Front Immunol 2020; 11: 784.

24) Pinato DJ, Guerra N, Fessas P, Murphy R, Mineo
T, Mauri FA, Mukherjee SK, Thursz M, Wong CN,
Sharma R, Rimassa L, Immune-based therapies
for hepatocellular carcinoma. Oncogene 2020;
39: 3620-3637.

25) Montella L, Sarno F, Ambrosino A, Facchini S,
D’Antd M, Laterza MM, Fasano M, Quarata E, Ra-
nucci RAN, Altucci L, Berretta M, Facchini G, The
Role of Immunotherapy in a Tolerogenic Environ-
ment: Current and Future Perspectives for Hepa-
tocellular Carcinoma. Cells 2021; 10: 1909.

26) Pan Y, Yu Y, Wang X, Zhang T, Tumor-Associat-
ed Macrophages in Tumor Immunity. Front Immu-
nol 2020; 11: 583084.

27) Najafi M, Hashemi Goradel N, Farhood B, Sale-
hi E, Nashtaei MS, Khanlarkhani N, Khezri Z, Ma-
jidpoor J, Abouzaripour M, Habibi M, Kashani IR,
Mortezaee K, Macrophage polarity in cancer: A
review. J Cell Biochem 2019; 120: 2756-2765.

28) Chen Y, Song Y, Du W, Gong L, Chang H, Zou Z,
Tumor-associated macrophages: an accomplice in
solid tumor progression. J Biomed Sci 2019; 26: 78.

29) Sachdeva M, Arora SK, Prognostic role of im-
mune cells in hepatocellular carcinoma. Excli j
2020; 19: 718-733.

30) Lopez-Yrigoyen M, Cassetta L, Pollard JW, Mac-
rophage targeting in cancer. Ann N Y Acad Sci
2021; 1499: 18-41.

31) Ringelhan M, Pfister D, O’Connor T, Pikarsky E,
Heikenwalder M, The immunology of hepatocellu-
lar carcinoma. Nat Immunol 2018; 19: 222-232.

32) Xu F, Jin T, Zhu Y, Dai C, Immune checkpoint
therapy in liver cancer. J Exp Clin Cancer Res
2018; 37: 110.

33) Huang SL, Wang YM, Wang QY, Feng GG, Wu
FQ, Yang LM, Zhang XH, Xin HW, Mechanisms
and Clinical Trials of Hepatocellular Carcinoma
Immunotherapy. Front Genet 2021; 12: 691391.

34) Li B, Chan H, Chen PJCmc, Immune Check-
point Inhibitors: Basics and Challenges. 2019; 26:
3009-3025.



