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Abstract

Background: During cancer treatment, patients have a significantly higher risk of developing cardiovascular com-
plications such as hypertension. In this study, we investigated the internal relationships between hypertension and
different types of cancer.

Methods: First, we comprehensively characterized the involvement of 10 hypertension-related genes across 33 types
of cancer. The somatic copy number alteration (CNA) and single nucleotide variant (SNV) of each gene were identified
for each type of cancer. Then, the expression patterns of hypertension-related genes were analyzed across 14 types of can-
cer. The hypertension-related genes were aberrantly expressed in different types of cancer, and some were associated with
the overall survival of patients or the cancer stage. Subsequently, the interactions between hypertension-related genes
and clinically actionable genes (CAGs) were identified by analyzing the co-expressions and protein—protein interactions.

Results: We found that certain hypertension-related genes were correlated with CAGs. Next, the pathways associ-
ated with hypertension-related genes were identified. The positively correlated pathways included epithelial to
mesenchymal transition, hormone androgen receptor, and receptor tyrosine kinase, and the negatively correlated
pathways included apoptosis, cell cycle, and DNA damage response. Finally, the correlations between hypertension-
related genes and drug sensitivity were evaluated for different drugs and different types of cancer. The hypertension-
related genes were all positively or negatively correlated with the resistance of cancer to the majority of anti-cancer
drugs. These results highlight the importance of hypertension-related genes in cancer.

Conclusions: This study provides an approach to characterize the relationship between hypertension-related genes
and cancers in the post-genomic era.
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Introduction

Cancer is a major health problem and the second lead-
ing cause of death globally [1]. During cancer treatment,
patients have a significantly higher risk of developing car-
diovascular complications such as hypertension [2].
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The antiangiogenic drugs sunitinib, sorafenib, and
pazopanib pose greater risks of inducing hyperten-
sion compared with controls (everolimus, placebo, and
interferon-a) [3, 4]. The application of cabozantinib is
associated with the risk of developing hypertension [5].
Similarly, a recombinant humanized monoclonal IgG1
antibody called bevacizumab could also increase the risk
of hypertension [6]. Santoni et al. reported that patients
with solid tumors receiving targeted therapy (VEGFR/
EGEFR tyrosine kinase inhibitors) have the highest risk
of hypertension events [7]. On the other hand, hyper-
tension is related to an increased risk of cancer. Largent
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et al. observed that the long-term use of antihypertensive
medication increased the risk of invasive breast cancer
[8]. Choi et al. found that hypertension increased the
mortality risk of kidney cancer in a cohort of Korean men
[9]. Therefore, close monitoring and appropriate manage-
ment for hypertension are strongly recommended during
cancer treatment.

These studies suggest there may be an intrinsic inter-
action between cancer and cardiovascular diseases such
as hypertension. Some hypertension-inducing genes have
also proved to play critical roles in the pathogenesis of
cancers. For example, low methylation of the a-adducin
(ADDI) gene promoter increases the risk of essential
hypertension [10], and the variation of ADDI is associ-
ated with the risk of colorectal cancer [11].

However, previous studies mainly focused on single
genes in a few types of cancer. The molecular portrait of
hypertension-related genes in cancer has not been com-
prehensively characterized, so the correlation between
cancer and hypertension remains a major blind spot.
Therefore, in the present study, we comprehensively
characterized the role of hypertension-related genes in
various cancers using multidimensional “omic” data from
the cancer genome atlas (TCGA) database.

Methods

Somatic copy number alteration analysis

TCGA thresholded copy number alteration (CNA) scores
for 9,125 patient samples were obtained from Genome
Data Commons [12]. Significantly amplified and deleted
genes (q<0.25) were identified based on the copy num-
ber segmentation file in each cancer type using GIS-
TIC2.0. Mutual exclusivity analysis was performed using
the COMET module [13] in R for hypertension-related
genes in different types of cancer with p <0.05.

Somatic single nucleotide variant analysis

Somatic single nucleotide variant (SNV) data were
obtained from Genome Data Commons. The filtering
steps were selected according to a previous publication
[14]. Subsequently, 19 genes from their corresponding
bins were randomly selected to generate a random gene
set with a similar length distribution as the hypertension-
related genes. The frequencies of SNV changes of this
randomly sampled gene set were calculated. After repeat-
ing the sampling 1,000 times, the ranks of the hyperten-
sion-related genes’ DNA aberration frequencies given the
random sampling background were calculated.

Gene expression analysis

Normalized gene expression data were obtained from
Genome Data Commons [12]. Paired student’s ¢-tests
were performed to calculate differentially expressed
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genes in cancer versus normal samples. A false discovery
rate (FDR) with q<0.05 was considered statistically sig-
nificant. All negative values were considered as missing
values (NA). The log-transformed value was used in the
analysis.

Interactions and correlations

between hypertension-related genes and CAGs

The method used to identify clinically actionable genes
(CAGs) is described in our previous work [15]. CAGs
contain 135 target therapeutic genes (http://archive.
broadinstitute.org/cancer/cga/target) [16] and 19 immu-
notherapeutic genes [17]. Pearson’s correlation coeffi-
cients (PCCs) of |R|>0.3 and p<0.05 were considered to
indicate significant correlations between hypertension-
related genes and CAGs. Protein—protein interaction
(PPI) data were obtained from Human Protein Reference
database (HPRD) [18] and database of protein, genetic
and chemical interactions (BioGRID) [19].

Patient survival analysis

Clinical data were obtained from Genome Data Com-
mons [12]. The correlation between the hypertension-
related genes and overall survival (OS) of patients was
calculated [14]. Next, cancer purity data were collected
from Genome Data Commons [12], and the above anal-
ysis was repeated while taking tumor purity as a Cox
model covariate [14].

Biological pathway analysis

The enriched biological pathways of hypertension-related
genes were identified using the gene set enrichment anal-
ysis (GSEA) pre-ranked tool [20]. Briefly, each gene was
ranked based on its expression correlation coefficient
with the hypertension-related genes within each cancer
type. The pre-ranked gene lists were then run against
using GSEA Java (version 2.2.3). The normalized protein
expression data (Z-score) from the TCGA RPPA platform
were integrated into 11 core cellular pathways [21]. The
Spearman’s rank correlations of the hypertension-related
genes with these pathway scores were calculated. Addi-
tionally, g <0.05 was considered statistically significant.

Results

Somatic alteration landscape of hypertension-related
genes across 33 types of cancer

Ten hypertension-related genes were curated from the
literature (Table 1) [22]. The somatic CNA, SNV, and the
corresponding mutation frequencies of these genes were
calculated in the pan-cancer cohort. TP53 served as a
positive control in the following analyses. The CNA and
driver mutation patterns of hypertension-related genes
are shown in Fig. 1A. The heterozygous and homozygous
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Table 1 Hypertension-related genes

Gene ID Gene symbol Full name

5972 REN Renin

1636 ACE Angiotensin | converting enzyme

185 AGTR1 Angiotensin Il receptor type 1

183 AGT Angiotensinogen

1585 CYP11B2 Cytochrome P450, family 11,
subfamily B, member 2

4846 NOS3 Nitric oxide synthase 3

5740 PTGIS Prostaglandin 12 synthase

118 ADD1 Adducin 1

3463 INSR Insulin receptor

4878 NPPA Natriuretic peptide A

expressions of hypertension-related genes were calcu-
lated across 33 cancer types. CYP11B2, PTGIS, REN,
and AGT exhibited the highest amplification frequencies.
NPPA had the most deep deletions. Regarding the muta-
tional profile, PTGIS exhibited the most mutation fre-
quencies in uterine carcinosarcoma. Thyroid carcinoma
and acute myeloid leukemia had few somatic alterations
in hypertension-related genes compared with other
cancers.

Significant amplification and deletion peaks of het-
erozygous hypertension-related genes were identified
using GISTIC2.0 [23]. The heterozygous amplification
and deletion states are shown in Fig. 1B, and the homozy-
gous amplification and deletion states are shown in
Fig. S1.

Additionally, the CNAs of hypertension-related genes
were correlated with cancer. Among all 10 genes, ADDI
was correlated with the most types of cancer, and it was
especially strongly correlated with breast invasive carci-
noma, head and neck squamous cell carcinoma, and lung
squamous cell carcinoma. On the contrary, AGTRI was
correlated with the fewest types of cancer (Fig. S2). These
results showed that a highly heterogeneous/homozygous
somatic alteration of hypertension-related genes was pre-
sent across 33 cancer types.

Significantly mutated genes were identified using Mut-
SigCV [24]. A random sampling approach was used to
evaluate the alterations of hypertension-related genes in
various types of cancer. Among the hyper-altered cancer
types, uterine corpus endometrial carcinoma, skin cuta-
neous melanoma, and lung squamous cell carcinoma
were the most prominent cancer types, which was prob-
ably due to the high mutation frequencies of INSR, ACE,
and NOS3 (Fig. 2A).

The mutation frequency was subsequently calculated in
the pan-cancer cohort. The overall DNA aberration per-
centage ranged from 2% to 5%. NOS3 showed the highest

Page 3 of 11

amplification frequency, followed by ACE, INSR, and
CYP11B2. Missense mutation also frequently occurred in
NOS3 (Fig. 2B). SNV was also correlated with the over-
all survival of cancer patients. The mutation of NOS3 was
positively correlated with the overall survival of adreno-
cortical carcinoma patients. In contrast, the mutation of
ACE was negatively correlated with the overall survival
of skin cutaneous melanoma patients (Fig. S3). The SNV
characteristics of hypertension-related genes in different
types of cancer are summarized in Fig. S4.

The expression pattern of the hypertension-related genes
in cancer

The expression patterns of hypertension-related genes
were analyzed for 14 types of cancer. Among them, lung
squamous cell carcinoma had the largest number of dif-
ferentially expressed hypertension-related genes, whereas
esophageal carcinoma had none. Thus, esophageal carci-
noma appears to have a very distinct carcinogenic mech-
anism from other kinds of cancer (Fig. 3A). A significant
positive or negative correlation between hypertension-
related genes and the overall survival of patients was
observed in 23 cancer types (Fig. 3B). The association of
hypertension-related genes with cancer stage is shown in
Fig. 3C. REN was associated with the clinical stage of all
cancers, including renal clear cell carcinoma, breast inva-
sive carcinoma, stomach adenocarcinoma, lung squa-
mous cell carcinoma, lung adenocarcinoma, head and
neck squamous cell carcinoma, and bladder urothelial
carcinoma. The stage of breast invasive carcinoma was
correlated with AGTRI and ADDI (Fig. 3C).

Interaction between CAGs and the hypertension-related
genes

To further reveal the clinical implications of the hyper-
tension-related genes in cancer, the expression profiles
of these genes were correlated with clinically action-
able genes (CAGs). Gene pairs were screened based on
PCC |R|>0.3 and FDR<0.05. The hypertension-related
genes were correlated with CAGs. Among them, some
protein—protein interactions were observed (Fig. 4A).
The results showed that hypertension-related genes and
CAGs had interactions. The data analysis was based on
the protein—protein interaction data from HPRD [25]
and the BioGRID database [26]. Therefore, the interac-
tion between hypertension-related genes and CAGs may
affect drug response.

Clinical relevance of the hypertension-related genes

The association of interaction genes with the overall sur-
vival of patients and cancer stage was investigated. These
genes were all associated with the overall survival and/
or cancer stage in at least one cancer type. For example,
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Fig. 1 Somatic copy number alteration (CNA) of hypertension-related genes in different types of cancer. A The proportion of CNA of
hypertension-related genes in different types of cancer. Light red and deep red represent heterozygous amplification (Hete Amp) and homozygous
amplification (Homo Amp), respectively. Light green and deep green represents heterozygous deletion (Hete Del) and homozygous deletion
(Homo Del), respectively. B Significant heterozygous amplification and deletion peaks of hypertension-related genes in each cancer type. Dot size
represents the heterozygous percentage of CNA (Hete CAN %). Red and blue dots represent the amplification peak and deletion peak, respectively

INSR was downregulated in late stage of renal clear cell  Biological pathways associated
carcinoma, which was negatively correlated with worse  with the hypertension-related genes
prognosis of patients (Fig. 4B). Next, we focused on gene-associated biological pathways.
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Fig. 2 Single nucleotide variant (SNV) and mutation patterns of hypertension-related genes in cancer. A. Mutation frequency distribution
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(See figure on next page.)

Fig. 3 Expression pattern of hypertension-related genes in each cancer type. A Significant fold change peaks of hypertension-related genes in
each cancer type. Dot size represents the magnitude of the false discovery rate. Red and blue dots represent upregulation and downregulation,
respectively. B Correlations of hypertension-related genes with overall survival of patients for different cancer types. Dot size represents statistical
significance. Blue and red represent negative and positive correlation with poor survival. C The association of hypertension-related genes with
cancer stage. Dot size represents statistical significance. Dot colour represents different cancer types
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GSEA was performed based on the rank of gene expres-
sion levels. The positively correlated pathways included
epithelial to mesenchymal transition (EMT), hormone
androgen receptor (AR), and receptor tyrosine kinase
(RTK), and the negatively correlated pathways included
apoptosis, cell cycle, and DNA damage response
(Fig. 5A). The signaling pathways correlated with hyper-
tension-related genes for each cancer type are shown in
Fig. 5B.

Correlation between the hypertension-related genes

and drug sensitivity of cancer

A total of 76 FDA-approved anti-cancer drugs were col-
lected. The correlation between drug sensitivity and
expression was analyzed for each of the hypertension-
related genes. For example, NOS3 expression was posi-
tively correlated with the drug sensitivity of nilotinib,
imatinib, and pemetrexed. While, ACE expression was
negatively correlated with the drug sensitivity of cisplatin
and carboplatin (Fig. 6).

Discussion

Cardiovascular diseases are frequent complications of
cancer patients. A new term called cardio-oncology has
been introduced to describe the management of cancer
patients with cardiovascular diseases. New approaches
to prevent or manage cardiovascular side effects during
cancer treatment are needed.

In this study, a comprehensive molecular characteri-
zation of the hypertension related genes across 33 types
of cancer was performed, which involved 9,125 samples
from the TCGA database. The somatic alteration land-
scape of the hypertension-related genes across 33 types
of cancer was calculated.

The three genes with the highest amplification frequen-
cies in cancer were CYP11B2 (which encodes aldosterone
synthase), PTGIS (which encodes prostacyclin synthase),
and Ren (which encodes renin) (Fig. 1). The expression
and therapeutic potential of PTGIS has been previously
identified. In one study, reduced PTGIS expression was
observed in human non-small cell lung cancer compared
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with that in controls [27]. In another study, overexpres-
sion of PTGIS inhibited lung cancer progression [28].
Additionally, PTGIS mRNA and protein expression level
was found to be lower in head and neck carcinoma tis-
sues, and low PTGIS mRNA expression was correlated
with poor survival of head and neck carcinoma patients
[29].

Some hypertension-related genes exhibited high
deletion frequency, including NPPA, ADDI, and INSR
(Fig. 1). The CNA of ADDI is correlated with nearly all
cancer types, although it is most strongly correlated
with breast invasive carcinoma (Fig. S2). ADDI expres-
sion was downregulated in lung adenocarcinoma tis-
sues compared with that in normal lung tissues. The
downregulation of ADDI promoted the migration of
non-small cell lung cancer cells, and the overexpres-
sion of ADDI exerted the opposite effect [30]. However,

the relevance of these genes, including ADDI, in breast
invasive carcinoma has not been reported. Low-fre-
quency CNA and SNV of hypertension-related genes
was observed in thyroid carcinoma, suggesting that
unknown epigenetic mechanisms were involved in con-
trolling these genes. NOS3, ACE, and INSR have high
mutation frequencies in most cancer types. None of
the hypertension-related genes had single nucleotide
variants in uveal melanoma, thyroid carcinoma, tes-
ticular germ cell tumors, or pheochromocytoma and
paraganglioma.

We developed a signature of hypertension-related
genes in predicting patient prognosis. The mutations of
NOS3 and ACE have prognostic potential for the overall
survival of adrenocortical carcinoma and skin cutaneous
melanoma patients, respectively (Fig. S3). Nitric oxide
synthase (NOS) was shown to be increased in metastatic
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represent positive and negative correlation, respectively. The size of each dot represents the magnitude of the Pearson’s correlation coefficient. The
colour bars located on the bottom right of the figure indicate drugs and their category. Screen gene pairs with PCC |R|> 0.3 and false discovery rate

(FDR)<0.05

melanoma cells, which is in accordance with our results
[31].

The expression patterns of hypertension-related genes
varied across different cancer types. The expression pat-
ten of hypertension-related gene also has prognostic
potential in clinical practice (Fig. 3). To further explore
the clinical implications of the hypertension-related
genes, the relationships between these genes and CAGs
were calculated. The results showed that the expression
profiles of hypertension-related genes were correlated
with CAGs, which may be associated with protein—pro-
tein interaction (Fig. 4A). A protein—protein interaction

between HRAS (which encodes RASH protein) and
AGTRI (which encodes AGTRI1 protein) was observed.

We next focused on the biological pathways associated
with hypertension-related genes. Hypertension-related
genes were positively correlated with the EMT, Hormone
AR, and RTK related pathways, whereas they were nega-
tively correlated with the apoptosis, cell cycle, and DNA
damage response related signaling pathways (Fig. 5).
These pathways have been shown to play important roles
in different types of cancer [32-35].

Finally, we calculated the correlation between
hypertension-related genes and drug efficiency. The
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hypertension-related genes were related to the efficiency
of multiple anti-cancer drugs (Fig. 6). NOS3 was posi-
tively correlated and INSR was negatively correlated with
the resistance of cancer to the majority of anti-cancer
drugs. Some other genes were correlated with the resist-
ance or sensitivity of cancers to certain drugs. These drug
efficiency—correlated genes are of potential clinical sig-
nificance since they may act as predictors of drug sensi-
tivity. In accordance with our findings, previous studies
have shown that NOS3 and AGTRI are related to the
chemoresistance of cancer [36-38]: NOS3 is related to
oxaliplatin resistance in colorectal cancer cells [36], and
AGTRI is a marker of the drug resistance of breast cancer
(37, 38].

Conclusion

We systematically characterized and highlighted the
critical role of hypertension-related genes in cancer. The
hypertension-related genes are shown to play important
roles in cancer progression and may be promising thera-
peutic targets for cancer treatment and side effect man-
agement. Our results may provide new insights into the
clinical management of cancer combined with cardiovas-
cular disorders.
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