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Background: Overexpression of hypoxia-inducible factors led to tumor angiogenesis and tumor progression. However, unlike HIF-
la, the role of EPAS1/HIF-2a in papillary thyroid carcinoma (PTC) was unknown. Here, we aimed to investigate the role of EPAS1/
HIF-2a in PTC.

Material and Methods: EPAS1/HIF-2a expression of fresh frozen tumor samples and adjacent tissues in Tongji Hospital of 46 PTC
patients was detected by RT-PCR. Gene expression datasets of PTC patients were gained from The Cancer Genome Atlas (TCGA)
database. The Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene set enrichment analysis (GSEA)
were used to explore the potential biological function of EPAS1/HIF-2a. The effect of EPAS1/HIF-2a on immune microenvironment
of PTC was analyzed in R package “estimate”. The sensitivity to various targeted drugs was quantified in R package “pRRophetic”,
while the sensitivity to immunotherapy was estimated based on TCIA website.

Results: We found higher EPAS1/HIF-200 mRNA expression in PTC was associated with lower N stage, M stage, and better
progression-free time (PFS) and disease-free time (DFS). Further, biological function analysis indicated that EPAS1/HIF-20 was
mainly involved in PI3K-Akt signaling pathway. EPAS1/HIF-2a expression was positively related with CD8+ T cell infiltration and
negatively related to PD-L1 expression and tumor mutation burden. Patients with low EPAS1/HIF-2a expression were more than likely
to get a profit from Sorafenib, Dabrafenib, Cetuximab, Bosutinib, and immune checkpoint blockade.

Conclusion: Our results suggested that EPAS1/HIF-2a played an unanticipated tumor-suppressive role in PTC. EPAS1/HIF-2a
contributed to anti-tumor immunity by promoting CD8+ T cell infiltration and inhibiting PD-L1 expression in PTC.

Keywords: endothelial PAS domain-containing protein 1, EPASI1, prognosis, papillary thyroid carcinoma, immunotherapy, tumor

mutation burden

Introduction

Papillary thyroid carcinoma (PTC) has significantly increased in the world over the past few decades,' and it is the third
most common solid malignancy.> Most patients with PTC anticipated a relatively satisfactory clinical prognosis under the
traditional therapy.” However, part of PTC patients still posed the surgeons and oncologists a particularly difficult
therapeutic challenge. Hence, a further exploration of the underlying molecular mechanisms involved in the unusually
high aggressiveness events of PTC patients is clinically significant.”

Hypoxia is one of the key triggers for tumor cell migration and survival, which may induce aggressive molecular
potentiality of malignant tumors.” Moreover, HIFs are involved in the process of tumor immune escape. Under hypoxic
microenvironment, activated HIFs induce activation of PD-1/PD-L1 pathway for tumor cascade events.® HIFa is comprised of
3 alpha-subunits - HIF-1/2/30,” and it has been extensively studied in association with various human cancers.”
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Hypoxia-inducible factor 2 alpha (HIF-2a), also known as Endothelial PAS domain-containing protein 1 (EPAS1) has been
demonstrated in the past researches inducing tumor progression and growth in renal cancer’ and pancreatic cancer.'® Islam has
shown that HIF-2a. plays a tumor-promotion role in the esophageal squamous cell carcinoma.'' By contrast, HIF-2a was reported
to inhibit progression of renal cell carcinoma.'? Similarly, HIF-20. was lower expressed in sarcoma relative to normal tissue and
inhibited sarcoma proliferation through mTORCI signaling. Whereby, HIF-2a is silenced during cancer progression in many
cancers.'® Overexpression of HIF-2a increased tumor cell apoptosis and inhibited cell proliferation in glioma tumors,'* lung
tumor'> and neuroblastoma tumor.'® Whether HIF-2a expression in PTC participates in the activation of signaling pathways that
construct an immune microenvironment remains unknown. Xu reported that HIF-2a was down-expressed in PTC,'” and our study
suggested that HIF-2a expression in PTC is positively correlated with a promising prognosis — progression free time (PFS) and
disease-free time (DFS); besides, we demonstrated its association with tumor immune microenvironment. The sensitivity to
targeted drugs and immunotherapy was quantified in R package “pRRophetic” as well as the sensitivity to immunotherapy
in PTC.

Materials and Methods
Dataset

The gene expression profiles and clinical information of THCA samples were obtained from The Cancer Genome Atlas
(TCGA) database and the UCSC Xena project (http://Xena.ucsc.edu/) (download in July 2022). A total of 512 thyroid
carcinoma (including 499 PTC samples) and 59 normal thyroid tissues were enrolled in this study.

Papillary Thyroid Carcinoma Tissues and Adjacent Tissues

The tissues containing 46 PTC tissues and paired adjacent normal tissues were gained from Tongji Hospital, and these 46
tumor tissues were carefully picked out and pathologically verified as highly aggressive PTC subgroup, like tall cell
variant or diffuse sclerosing variant, which can better meet our research purpose. HIF-2a mRNA (EPAS1) expression of
PTC and adjacent tissues were detected by qRT-PCR.

qRT-PCR

Total RNA of the tissues was extracted by TRIzol reagent (Invitrogen). The expression of HIF-2a. (EPAS1) was then
determined using SYBR Green qPCR Mix (Toyobo, Shanghai, China). Primer sequences were as follows: EPAS1
Forward: 5-TTGCTCTGAAAACGAGTCCGA-3’, EPAS1 Reverse: 5-GGTCACCACGGCAATGAAAC-3’. GAPDH
Forward: 5’-GAGAAGGCTGGGGCTCATTT-3’, GAPDH Reverse: 5’-TAAGCAGTTGGTGGTGCAGG-3’. Relative

2—AACT

mRNA expression was calculated using the method, and GAPDH was used as an internal control.

Functional Enrichment Analyses

The Differentially expressed genes (DEGs) between high and low HIF-2a expression groups were analyzed through
“limma” package and the screening threshold was |log2 (fold change)| > 1 and P < 0.05. Subsequently, the main
biological function of the DEGs was discovered by GO and KEGG analysis. “clusterProfiler” package (4.4.4) was used
by GSEA to elucidate the potential regulatory mechanisms through the analysis of the functional differences based on the
low- and high-expression groups of HIF-2a, which was identified by an adjusted P value <0.05.

Estimation of Tumor Immune Infiltration

The relationship between tumor cells and tumor immune microenvironment (TME) is well recognized as a key clinical
feature in multiple malignant tumors. With the CIBERSORT L22 as the reference, we analyzed the mRNA expression
matrix using CIBERSORT R script acquired from the CIBERSORT website (http://cibersort.standard.edu/)
(Supplementary Material). By using Monte Carlo sampling, we calculated an empirical P-value for the deconvolution

of each case. To obtain the scores of multiple immunocytes, gene expression matrix was analyzed via “estimate” package
and the correlation heatmaps between immune checkpoint genes and HIF-2a were visualized via “corrplot” package.
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Estimation of the Sensitivity to Targeted Drugs and Immunotherapy

We assessed the IC50 of targeted drugs by “pRRophetic” package. The different responses to PD1 and CTLA4
treatments between the low and high expression of high and low HIF-2a expression groups were analyzed and visualized
based on TCIA website via the “limma” and “ggpubr” packages.

Statistical Analysis

Differences in HIF-2a expression in PTC tissues and normal thyroid or adjacent tissues were analyzed using the Mann—
Whitney test. The relationship between clinical characteristics and HIF-20 expression were analyzed using the
Spearman’s analysis. The risk factors of neck lymph node metastasis were analyzed using logistic regression. Data
were processed through R (V.4.1.3) and SPSS (25.0). Data were visualized with R (V.4.1.3) and GraphPad Prism (V.9.0).
P value <0.05 was considered statistically significant, “*”, P < 0.05, “**” P < (.01, “***” P < 0.001.

Results
The Expression and Prognostic Value of HIF-2a in PTC

Firstly, we analyzed and visualized the expression of HIF-2a in PTC using TCGA datasets, HIF-2a was significantly
lower expressed in PTC than normal thyroid tissues (Figure 1A and B). For validation at the experimental level, we
analyzed HIF-2a mRNA expression by qRT-PCR in 46 paired PTC and adjacent normal tissues, and we found that the
mRNA expression HIF-2a was lower in PTC than in normal thyroid tissues (Figure 1C). In order to explore the clinical
value of HIF-2a in PTC, the PTC dataset was obtained from the TCGA database and divided into High-HIF-2a (n = 249)
and Low-HIF-2a (n = 250) group according to the median of HIF-2a expression level. KM survival analysis displayed
that there was no significant difference between High-HIF-2a group and Low- HIF-2a group with respect to Overall
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Figure | HIF-2a was lower expressed and associated with better prognosis in PTC. (A) HIF-2a was low expressed in PTC. (B) HIF-20. was low expressed in paired PTC
tissues. (C) The mRNA level of HIF-20 was lower in PTC tissues. (D—F) The relationship between HIF-20 expression and OS (D), PFS (E), DFS (F) in PTC patients. “**’, P <
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Survival (OS) (Figure 1D), and the High-HIF-2a group was associated with better PFS comparing to the Low-HIF-2a
group (P = 0.002) (Figure 1E), while DFS of the High-HIF-2a group was better compared with the Low-HIF-2a group as
well based on GEPIA (P = 0.0017) (Figure 1F).

The Clinical Value of HIF-2a in PTC

To investigate the clinical role of HIF-2a in PTC, the diversity in various clinical data between the Low HIF-2a and High
HIF-20 groups was explored by the chi-squared test, and we showed that the high HIF-2a group was related to lower
T stage, N stage, M stage, and TNM stage than low HIF-2a group (Figure 2C-F).
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Figure 2 The HIF-2a was related with low TNM stage. (A and B) HIF-2a was not statistically related with age and gender. (C—F) The high expression of HIF-2a was related
with lower T stage (C), N stage (D), M stage (E), and TNM stage (F). (G) The heatmap of relationship between HIF-20 expression and clinical characteristics in PTC. “*”,
P <0.05, “*#*” P <0.001.
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The Biological Functions of HIF-2a in PTC

We picked out significant differentially expressed genes (DEGs) based on the median expression between HIF-2a high-
expressed and low-expressed groups, and 637 up-regulated and 325 down-regulated genes were identified statistically
significant (|log fold change (logFC)| > 1, P < 0.05). The top 30 up-regulated DEGs and top 30 down-regulated DEGs
were illustrated by the heatmap (Figure 3A). To better understand the function of 962 DEGs between high HIF-2a and
low HIF-2a groups in PTC, GO and KEGG functional enrichment analysis was performed by “clusterProfiler” package.
The top 5 association with biological process (BP) included regulation of hormone levels, vascular process in circulatory
system, extracellular matrix organization, sodium ion transport, and transepithelial transport. Cellular components (CC)
included apical part of cell, apical plasma membrane, external side of plasma membrane, collagen trimer, and brush
border membrane. Molecular function (MF) included signaling receptor activator activity, receptor ligand activity,
channel activity, passive transmembrane transporter activity, and cytokine activity (Figure 3B). The top 10 KEGG
pathways included PI3K-Akt signaling pathway, Neuroactive ligand—receptor interaction, Cytokine—cytokine receptor
interaction, Calcium signaling pathway, Focal adhesion, ECM-receptor interaction, ABC transporters, Viral protein
interaction with cytokine and cytokine receptor, IL-17 signaling pathway, and Protein digestion and absorption
(Figure 3C).
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Figure 3 Function of HIF-2a. (A) DEGs between high and low HIF-2a expression groups. (B) GO and KEGG (C) analyses of DEGs based on HIF-2a expression. (D) GSEA
analyses to explore the potential regulatory mechanisms.
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GSEA analysis was conducted to investigate the pathways in PTC with different HIF-2a expression levels. Significant
differences (FDR <0.05, adjusted P <0.05) were observed in the enrichment of MSigDB Collection (c2.cp.kegg.v7.4.symbols.
gmt and ¢5.go.v7.4.symbols.gmt) of these pathways — olfactory transduction (negative), ribosome (negative), type I diabetes
mellitus (negative), vascular smooth muscle contraction (positive), systemic lupus erythematosus (negative) (Figure 3D).

The Relationship Between HIF-2a and Tumor Immune Microenvironment

It has been expounded that tumor immune cells (TICs) were widely existed in the TME of PTC and affect pathological
processes, and PTC in the TCGA database was subdivided into high HIF-2a and low HIF-2a sets by HIF-2a median
level. We quantitatively evaluated the immune infiltration by the ESTIMATE algorithm. ImmuneScore of low HIF-2a
group was higher when compared with those of high HIF-2a groups (Figure 4A). Next, we analyzed the relationship
between HIF-2a expression and various TICs, and the different proportion of 22 TICs in tumor tissues for the high and
low HIF-2a expression groups were analyzed and shown in violin plots. We found that T cells CD8, T cells CD4 memory
resting, T cells gamma delta, Macrophages M1, and Eosinophils were positively correlated with HIF-2a expression.
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T cells regulatory (Tregs), Macrophages MO, Dendritic cells activated, and Neutrophils were negatively correlated with
HIF-20 expression, suggesting that HIF-2a affecting PTC prognosis by influencing the immune status of the TME
(Figure 4B). In addition, HIF-2a expression was significantly positively related to the mRNA expression of immune
checkpoint genes, such as CD27, CD200, CD160, and NRP1, whereas negatively related with the mRNA expression of
immune checkpoint genes-CD724 (PD-L1 code gene) (Figure 4C). Besides, HIF-2a expression was negatively related
with tumor mutation burden (TMB) in PTC as well (R = —0.2, P < 0.001) (Figure 4D).

HIF-20 Predicted the Sensitivity to Targeted Drugs and Immunotherapy

Targeted drugs have been demonstrated to be effective in PTC treatment. We calculated the ICs, of targeted drugs
recommended for PTC therapy. PTC with low HIF-2a expression group was more sensitive to Sorafenib (multikinase
inhibitor), Dabrafenib (BRAF inhibitors), Cetuximab (monoclonal antibody targeting the epidermal growth factor
receptor (EGFR)), and Bosutinib (tyrosine kinase inhibitor), while PTC with high HIF-2a expression was more sensitive
to Pazopanib (inhibitor targeting vascular endothelial growth factor receptor (VEGFR)) and AKT inhibitor VIII
(Figure SA-F). Furthermore, the treatment scores of immune checkpoints were estimated between the low HIF-2a
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group and the high HIF-2a group under the following treatment categories: without CTLA4 and PD1 treatment, PD1
treatment alone, CTLA4 treatment alone, and combined PD1 and CTLA4 treatment (Figure 5G—J). We showed that the
PD-1 or combined PD-1 and CTLA4 treatment score in low HIF-2a group had a higher treatment score.

Discussion
It has been widely recognized that hypoxia is essential to tumor angiogenesis and the high expression of HIFs is
associated with a poor prognosis in human malignant tumors.'® HIF-1o and HIF-2a were related to tumor treatment
response in the context of the complex immune TME, which highlights the important implications for translational
therapy.'*°

Similar to other HIFs, EPAS1/HIF-2a protein was accumulated upon exposure of cells to hypoxia. HIF-2a was
associated with various cancers, but its correlation with various malignant tumors was demonstrated to be different, for

2! renal cell carcinoma,”* liver

example, it played the tumor-promoting oncogenic functions in lung carcinoma,
cancer,”* and so on, while the tumor-suppressive gene roles were reported in neuroblastoma, colorectal carcinoma,
and glioma. Specifically, HIF-2a expression was associated with a better outcome of patients with neuroblastoma and
low mortality risk tumors.'® In colorectal cancer, HIF-2a enhanced cell death through activating potentiated ROS and
upregulating lipid and iron regulatory genes.”> However, HIF-2a’ function in PTC is still not clear.

In this article, we demonstrated the potential relationship between HIF-2a expression and clinical role of PTC patients.
We found that lower HIF-2a mRNA level was associated with higher TNM stages and poor prognosis in PTC (Figures 1 and
2), and we found that HIF-2a may participate in PI3K-Akt signaling pathway (Figure 3C), and loss of HIF-2a would induce
high immune score (Figure 4A) and infiltration of T cells regulatory, Neutrophils, Macrophages MO0, and Dendritic cells
activated (Figure 4B). Whereas HIF-2a was reported to be significantly higher in PTC than normal group and was correlated
with lymph node metastasis,*® our findings found that HIF-2a plays an unanticipated tumor-suppressive role in PTC, which
supported the idea of HIF-20 as a tumor protective gene.'* %2’ With respect to immune cell microenvironment, reduced
CD8+ T cell infiltration in fresh tumor samples was correlated with high HIF-2a expression,” and HIF-2a mRNA expression
was demonstrated to be inversely correlated with gene clusters reflective of CD8 cytotoxicity. However, we found that high
HIF-2a expression was correlated with increased CD8+ T cell infiltration (Figure 4B) and genes encoding components of
CD8+ T receptor (CD27) (Figure 4C). Furthermore, tumor mutation burden (TMB), a biomarker of the response to immune
checkpoint blockade, has gradually been revealed having an important prognostic value in immunotherapy. The PTC patients
with high TMB were confirmed to be associated with higher tumor stages, higher recurrence rate and a worse prognosis.”’ In
our research, higher HIF-2a expression was associated with lower TMB (Figure 4D), which might explain the underlying
mechanisms of higher score of the PD-1 or combined PD-1 and CTLA4 treatment in low HIF-2a group (Figure 5).
Meanwhile, it is reported that PXR signal pathway promotes sorafenib resistance, HIF-2a interacts with PXR, activates
PXR signal pathway and contributes to sorafenib resistance,’® which was also in accordance with our findings: low HIF-2a
expression were more sensitive to Sorafenib (Figure 5A).

In conclusion, our results presented EPAS1/HIF-2a down-expressed in PTC patients. Additionally, low HIF-2a
expression could be an independent prognostic risk factor and HIF-2a played an unanticipated tumor-suppressive role
in PTC because of anti-tumor immunity via promoting CD8+ T cell infiltration and inhibiting PD-L1 expression. The
clinical value of HIF-2a needs to be further confirmed by in vivo and in vitro experiments.
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