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Abstract

Background Renal cell carcinoma (RCC) accounts for approximately 2—-3% of all adult malignancies. Clear cell renal
cell carcinoma (ccRCC), which comprises 70-80% of all RCC cases, is the most common histological subtype.

Methods ccRCC transcriptome data and clinical information were downloaded from the TCGA database. We used
the TCGA and GEPIA databases to analyze relative expression of BMP1 in various types of human cancer. GEPIA
was used to perform survival analysis for BMP1 in various cancer types. Upstream binding miRNAs of BMP1 were
obtained through several important target gene prediction tools. StarBase was used to predict candidate miRNAs
that may bind to BMP1 and candidate IncRNAs that may bind to hsa-miR-532-3p. We analyzed the association
between expression of BMP1 and immune cell infiltration levels in ccRCC using the TIMER website. The relationship
between BMP1 expression levels and immune checkpoint expression levels was also investigated.

Results BMP1 was upregulated in GBM, HNSC, KIRC, KIRP and STAD and downregulated in KICH and PRAD. Com-
bined with OS and DFS, BMP1 can be used as a biomarker for poor prognosis among patients with KIRC. Through
expression analysis, survival analysis and correlation analysis, LINCO0685, SLC16A1-AST, PVT1,VPS9D1-AS1, SNHG15
and the CCDC18-AS1/hsa-miR-532-3p/BMP1 axis were established as the most potential upstream ncRNA-related
pathways of BMP1 in ccRCC. Furthermore, we found that BMP1 levels correlated significantly positively with tumor
immune cell infiltration, biomarkers of immune cells, and immune checkpoint expression.

Conclusion Our results demonstrate that ncRNA-mediated high expression of BMP1 is associated with poor progno-
sis and tumor immune infiltration in ccRCC.
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Introduction

Renal cell carcinoma (RCC) remains a major type of can-
cer, with a significant increase in incidence over the past
years [1]. In 2019, there were approximately 73,750 new
cases of kidney cancer in the United States, resulting in
approximately 14,830 deaths [1]. Clear cell renal cell car-
cinoma (ccRCC) accounts for approximately 80% of clini-
cal cases of renal cell carcinoma in adults [2]. Localized
ccRCC can be treated by surgery and has good progno-
sis, but approximately 20% of cases are at an advanced
stage at the time of diagnosis, resulting in relatively poor
prognosis [1, 3]. Despite current application of tyrosine
kinase inhibitor (TKI) therapy and immunotherapy, the
median survival time for advanced ccRCC is only approx-
imately 3—4 years [4-6]. Moreover, TKI is associated
with increased risk of multiple cardiovascular events,
and immunotherapy may increase the occurrence of such
adverse reactions [7]. Therefore, it is very important to
understand the mechanism of development and progres-
sion of ccRCC.

Bone morphogenic proteins (BMPs) participate in car-
tilage and bone formation. BMP1 is a metalloendopepti-
dase belonging to the astacin superfamily and is a splice
variant of mammalian tolloid protein, whereas BMP2
to BMP16 belong to the transforming growth factor-p
(TGF-B) superfamily [8]. BMP is commonly found in
various tissues of the human body. BMPs participate
in the genesis and development of tumors by inducing
apoptosis and inhibiting proliferation through regula-
tion of the epithelial-mesenchymal transition (EMT), the
G2M checkpoint, angiogenesis, and the hypoxia pathway
[9, 10]. BMP1 can activate the TGF-f signaling pathway,
which initiates cleavage and release of the TGF-f com-
plex from the extracellular matrix [11]. In recent years, it
was found that BMP1 is highly expressed in some cancers
and associated with cancer invasiveness in gastric cancer
[12], lung cancer [13], osteosarcoma [14], colon cancer
[15] and renal cancer [10]. However, expression and the
mechanism of BMP1 in ¢cRCC and how they relate to
prognosis are still unresolved. In addition, current under-
standing regarding the association between BMP1 and
tumor immune infiltration in ccRCC remains unclear.

To address these questions, we first investigated
expression of BMP1 and its prognostic significance in a
variety of human cancers. Then, the mechanism of non-
coding RNA (ncRNA)-associated regulation of BMP1 in
ccRCC was examined. Finally, we explored the relation-
ship of BMP1 expression with biomarkers of immune
cells, immune cell infiltration, and immune checkpoints
in ccRCC. Overall, our results reveal that high expression
of BMP1 in ccRCC is associated with poor prognosis and
tumor immune infiltration through ncRNAs.
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Materials and methods

Expression of BMP1 in 18 cancer types

The TCGA database, including clinical data, miRNA
expression, mRNA expression, genome variation and
methylation data of various human cancers, is a very
useful cancer database [16]. In this study, we analyzed
expression of BMP1 in 18 cancer types (BRCA, CHOL,
BLCA, COAD, ESCA, HNSC, GBM, KICH, KIRP, KIRC,
LUAD, LIHC, LUSC, PRAD, READ, THCA, STAD, and
UCEC) using a Mann—Whitney U test with the R pack-

age ggplot2.

GEPIA database analysis

GEPIA (http://gepia.cancer-pku.cn/), a web tool includ-
ing TCGA and Genotype-Tissue Expression (GTEx) data,
was adopted to research BMP1 expression in various
types of human cancer [16]. GEPIA was used to perform
survival analysis, including OS and DFS, for BMP1 in 18
various cancer types. The survival R package was used to
determine the prognostic value of candidate IncRNAs in
ccRCC.

Detected upstream binding miRNAs of BMP1

Through several important target gene prediction tools,
including PicTar, PITA, RNA22, miRmap, miRanda,
microT and TargetScan, upstream binding miRNAs of
BMP1 were obtained. These obtained miRNAs were
deemed candidate miRNAs of BMP1.

StarBase database analysis

StarBase (http://starbase.sysu.edu.cn/) is an important
database for performing miRNA-related research [17].
StarBase was used to predict candidate miRNAs that may
bind to BMP1 and candidate IncRNAs that may bind to
hsa-miR-532-3p.

Analysis of the potential association between BMP1
expression and immune-related factors

TIMER (https://cistrome.shinyapps.io/timer/) is a very
important website that is often used to analyze tumor-
infiltrating immune cells [18]. We analyzed the associa-
tion of expression of BMP1 and immune cell infiltration
levels using the TIMER website in ccRCC. The rela-
tionship between BMP1 expression levels and immune
checkpoint expression levels was also investigated and
visualized using Spearman’s rho value within TIMER.

Statistical analysis

Statistical analysis was automatically calculated using
either the aforementioned online database or R software
(v.4.1.3). Statistical significance was determined when the
p-value or the log-rank p-value was less than 0.05.


http://gepia.cancer-pku.cn/
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Fig. 1 Detection of BMP1 expression in multiple cancers. A BMP1 expression in 18 types of human cancer based on TCGA. B-J Expression of BMP1
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Fig. 2 Overall survival (OS) in relation to BMP1 in various human cancers was analyzed using the GEPIA database. A-G The OS plot for BMP1 in GBM

(A), HNSC (B), KIRC (C), KIRP (D), STAD (E), KICH (F) and PRAD (G)

Results

Analysis of BMP1 expression across cancers

We first detected expression of BMP1 in 18 types of
human cancer to illuminate the roles of BMP1 in car-
cinogenesis using the TCGA database. We found that
BMP1 was highly expressed in 10 cancer types compared

to normal samples, including BRCA, CHOL, GBM,
HNSC, ESCA, KIRC, KIRP, LUSC, STAD and THCA,
but was expressed at low levels in 2 cancer types, KICH
and PRAD. However, no significant difference in BMP1
in BLCA, COAD, LIHC, LUAD, READ and UCEC was
detected (Fig. 1A). Then, we further examined BMP1
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Fig. 3 Disease-free survival (DFS) in relation to BMP1 in various human cancers was determined using the GEPIA database. A-G The RFS plot
for BMP1 in GBM (A), HNSC (B), KIRC (C), KIRP (D), STAD (E), KICH (F) and PRAD (G)

expression in these 18 cancer types through the GEPIA
database. As shown in Fig. 1B-F, expression of BMP1
in GBM, HNSC, KIRC, KIRP and STAD was mark-
edly upregulated compared with that in corresponding

normal controls; in contrast, it was obviously downreg-
ulated in KICH, LUAD, PRAD and UCEC (Fig. 1G-]).
Overall, BMP1 was upregulated in GBM, HNSC, KIRC,
KIRP and STAD and downregulated in KICH and PRAD.
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Fig. 4 Investigation of upstream miRNAs of BMP1 in ccRCC. A The miRNA-BMP1 regulatory network established using Cytoscape software. B
Correlation between predicted miRNAs and BMP1 expression in ccRCC analyzed using the starBase database. C-F Expression of hsa-miR-502-3p,
hsa-miR-532-3p, hsa-miR-676-3p and hsa-miR-29¢-3p in ccRCC and control normal samples assessed by the starBase database. G-J The prognostic
value of hsa-miR-502-3p, hsa-miR-532-3p, hsa-miR-676-3p and hsa-miR-29¢-3p in ccRCC determined by Kaplan—-Meier plotter
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Table 1 Correlation analysis between IncRNAs and hsa-miR-
532-3p in ccRCC determined by the starBase database

IncRNA miRNA Cor P-value
LINC00685 hsa-miR-532-3p —0.155 3.90E-04
SLCT6A1-AST hsa-miR-532-3p —-0.182 3.31E-05
PVT1 hsa-miR-532-3p —0.159 2.86E-04
VPSOD1-AS1 hsa-miR-532-3p —0.145 9.42E-04
SNHG15 hsa-miR-532-3p —-0.176 5.73E-05
CCDC18-AST hsa-miR-532-3p —0.149 6.65E-04

These results suggest that BMP1 may play an important
role in the carcinogenesis of these 7 cancers.

Relationship between BMP1 and prognosis of human
cancer

Next, we conducted survival analysis, including dis-
ease-free survival (DFS) and overall survival (OS), for
BMP1 in GBM, HNSC, KIRC, KIRP, STAD, KICH and
PRAD. For OS, high expression of BMP1 in GBM (log-
rank p=0028, HR=1.5, p=0.027) and KIRC (log-rank
p=0.0014, HR=1.6, p=0.0015) was associated with
poor prognosis (Fig. 2). For DFS, increased expression of
BMP1 indicated unfavorable prognosis in KIRC (log-rank
p=0.0041, HR=1.7, p=0.0046) among all cancer types
(Fig. 3). BMP1 was not statistically significant in predict-
ing the prognosis of patients with other types of cancer.
Combined with OS and DFS, BMP1 can be used as a bio-
marker for poor prognosis in patients with KIRC.

Prediction and analysis of upstream miRNAs of BMP1

The regulatory function of ncRNAs on gene expression
has been explored in depth. To detect whether BMP1
is regulated by ncRNAs, we first explored upstream
miRNAs that may bind to BMP1 through several target
gene prediction tools, including PITA, RNA22, PicTar,
miRmap, microT, miRanda and TargetScan (Fig. 4A).
Through coexpression analysis with BMP1, 4 miRNAs
were selected (Fig. 4B). The expression and prognostic
value of hsa-miR-676-3p, hsa-miR-502-3p, hsa-miR-
532-3p and hsa-miR-29¢-3p in ccRCC were investigated.
The results (Fig. 4C-J) showed that hsa-miR-502-3p, hsa-
miR-532-3p and hsa-miR-29¢c-3p were all significantly
downregulated in ccRCC and that their downregulation
was positively linked to patient prognosis. We found
that hsa-miR-676-3p was upregulated in ccRCC and that
patients with high expression of hsa-miR-676-3p had bet-
ter prognosis. As miRNA and BMP1 should correlate
negatively based on the mechanism by which miRNAs
regulate target gene expression, we finally chose hsa-
miR-532-3p for further analysis.

Page 7 of 13

Prediction and analysis of upstream IncRNAs

of hsa-miR-532-3p

We predicted upstream IncRNAs of hsa-miR-532-3p
using the starBase database, and 148 possible IncRNAs
were obtained. According to the competing endogenous
RNA (ceRNA) hypothesis, IncRNAs can competitively
bind shared miRNAs to increase mRNA expression.
Hence, there should be a negative correlation between
IncRNAs and miRNAs or a positive correlation between
IncRNAs and mRNAs. In total, 6 IncRNAs were selected
for further analysis (Table 1). LINC00685, SLC16A1-
AS1, PVT1, VPS9D1-AS1, SNHG15 and CCDC18-AS1
were significantly upregulated in ccRCC compared with
normal controls (Fig. 5A—F). Subsequently, the prog-
nostic values of the six IncRNAs in ccRCC were investi-
gated. As shown in Fig. 5G-L, ccRCC patients with high
expression of these six IncRNAs had poor prognosis. To
improve visualization, a IncRNA-miRNA-BMP1 regula-
tory network was constructed using Cytoscape software
(Fig. 6).

Relationships between BMP1 and immune cell infiltration
in ccRCC

We explored relationships between BMP1 and immune
cell infiltration in ccRCC using TIMER. The results
showed that the immune cell infiltration levels of CD8*
T cells, neutrophils, and dendritic cells correlated with
the copy numbers of BMP1 in ccRCC (Fig. 7A). How-
ever, no significant change in the immune cell infiltra-
tion level of B cells, CD4" T cells, or macrophages under
various copy numbers of BMP1 in ccRCC was observed
(Fig. 7A). Then, we investigated the correlation between
the immune cell infiltration level and BMP1 expression
level. As shown in Fig. 7B—G, BMP1 expression was obvi-
ously positively associated with all analyzed immune
cells, including B cells, CD8" T cells, CD4™ T cells, mac-
rophages, neutrophils, and dendritic cells, in ccRCC.

Relationships between BMP1 and biomarkers of immune
cells in ccRCC

To further study the role of BMP1 in tumor immunity, we
investigated relationships between expression of BMP1
and biomarkers of immune cells in ccRCC. As presented
in Table 2, Expression of BMP1 correlated significantly
positively with B-cell biomarkers (CD19 and CD79A),
CD4" T-cellcell biomarkers (CD4), CD8* T-cell bio-
markers (CD8B), neutrophil biomarkers (ITGAM and
CCR?7), M1 macrophage biomarkers (NOS2, PTGS2, and
IRF5), M2 macrophage biomarkers (CD163, VSIG4, and
MS4A4A) and dendritic cell biomarkers (HLA-DPBI,
CDI1C, NRP1, and ITGAX) in ccRCC.
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Fig. 5 Expression and relation to prognosis of upstream IncRNAs of hsa-miR-532-3p were analyzed in ccRCC. A-F Expression of LINC00685 (A),
SLC16A1-AS1 (B), PVT1 (C), VPS9D1-AST (D), SNHG15 (E) and CCDC18-AS1 (F) in TCGA ccRCC compared with “TCGA normal”or “TCGA and GTEx
normal”data. G-L OS analysis for LINC00685 (G), SLC16A1-AS1 (H), PVT1 (1), VPS9D1-AS1 (J), SNHG15 (K) and CCDC18-AST (L) in ccRCC

Correlation of BMP1 expression with immune checkpoints

in ccRCC

CTLA-4 and PDI1/PD-L1 are

important
checkpoints that are related to the effect of tumor

immunotherapy. Considering the potential oncogenic

role of BMP1 in ¢ccRCC, we evaluated the association of

immune

BMP1 with CTLA-4, PD1 or PD-L1. Based on TIMER,
expression of BMP1 correlated significantly positively
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Fig. 6 The model of LINC00685, SLC16A1-AST, PVT1, VPSID1-AST,
SNHG15 and the CCDC18-AS1/hsa-miR-532-3p/BMP1 axis in ccRCC
carcinogenesis

with CTLA-4 and PD1 in ¢ccRCC, which was adjusted by
purity. However, expression of BMP1 correlated signifi-
cantly negatively with that of PD-L1 in ¢cRCC (Fig. 8A—
C). Through the GEPIA database, we also found that
BMP1 correlated significantly positively with CTLA-4
and PD1 in ccRCC but that BMP1 correlated significantly
negatively with PD-L1 (Fig. 8D—F). These results suggest
that BMP1 is related to the effect of immunotherapy on
ccRCC.

Discussion

In this study, we identified BMP1 as being upregulated
in GBM, HNSC, KIRC, KIRP, and STAD. Additionally,
we found that BMP1 can serve as a biomarker for poor
prognosis in patients with KIRC. We also established
the LINC00685, SLC16A1-AS1, PVT1, VPS9DI1-ASI,
SNHG15, and CCDC18-AS1/hsa-miR-532-3p/BMP1
axis as the most potential upstream ncRNA-related path-
way of BMP1 in ccRCC. Moreover, our findings revealed
a significant positive correlation between BMP1 lev-
els and tumor immune cell infiltration, biomarkers of
immune cells, and immune checkpoint expression.

We first investigated expression of BMP1 across can-
cers using TCGA data, after which the GEPIA database
was also used to confirm BMP1 expression. Survival anal-
ysis for BMP1 in cancer types of interest indicated that
ccRCC patients with high expression of BMP1 had poor
prognosis. The preliminary results of Xiao et al. [10] also
demonstrated that overexpression of BMP1 is related to
short survival time in ccRCC patients. The results of this
report and our analysis demonstrate the carcinogenic
role of BMP1 in ccRCC.
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LncRNAs sponge miRNAs and regulate miRNA-
targeted mRNAs at the posttranscriptional level in the
cytoplasm [19, 20]. To explore the ceRNA mechanism of
BMP1, we used 7 prediction programs to find possible
miRNAs that might bind to BMP1, and 4 miRNAs were
finally obtained. Survival analysis showed that ccRCC
patients with high expression of these 4 miRNAs had bet-
ter prognosis. Research has shown that miRNAs interact
with the 3’-UTR of target genes to decrease the protein
level by impeding the translation process or enhancing
degradation of respective mRNAs [21]. For instance, hsa-
miR-532-3p acts as a tumor suppressor and inhibits cell
proliferation in lung cancer, breast cancer, ovarian cancer
and renal cell carcinoma by targeting ETS1 [22, 23]. Hsa-
miR-29¢-3p modulates FOS expression to repress EMT
and cell proliferation in age-related cataract tissues [24].
Combined with the results of survival analysis and dif-
ferential expression of miRNAs in renal cancer and nor-
mal renal tissues, we selected hsa-miR-532-3p for further
analysis.

Based on the ceRNA hypothesis [25], the poten-
tial IncRNAs that regulate hsa-miR-532-3p should be
oncogenic in ccRCC. Next, upstream IncRNAs of the
hsa-miR-532-3p/BMP1 axis were predicted, and 148
potential IncRNAs were identified. Combined with
expression analysis, correlation analysis and survival
analysis, six of the most likely upregulated IncRNAs,
including LINCO00685, SLC16A1-AS1, PVT1, VPS9D1-
AS1, SNHG15 and CCDC18-AS1, were obtained. It has
been reported that most of these six IncRNAs play a role
as oncogenes in a variety of malignant tumors, including
ccRCC. For example, SNHG15 stimulates renal cell car-
cinoma proliferation and EMT by regulating the NF-xB
signaling pathway [26]. Downregulation of SLC16Al1-
AS1 inhibits the proliferation, viability and migration of
ccRCC [27]. PVT1 is significantly upregulated in ccRCC
tissues, and high expression of PVT1 is associated with
poor prognosis in ccRCC patients [28, 29]. In gen-
eral, LINC00685, SLC16A1-AS1, PVT1, VPS9D1-AS],
SNHG15 and the CCDC18-AS1/hsa-miR-532-3p/BMP1
axis were deemed to be potential regulatory pathways in
ccRCC.

In recent years, the tumor microenvironment (TME)
has gained much attention and is considered to be a key
factor affecting treatment resistance, tumor develop-
ment and prognosis [30-32]. Our results demonstrate
that BMP1 is significantly positively associated with
various immune cells, including CD4* T cells, B cells,
CD8*" T cells, macrophages, neutrophils, and dendritic
cells, in ccRCC. Furthermore, BMP1 is significantly
positively associated with biomarkers of these infiltrated
immune cells. These findings indicate that BMP1 might
regulate development of ccRCC through tumor immune
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macrophage (E), neutrophil (F), or dendritic cell (G) infiltration level in cc

infiltration. In addition, the effectiveness of immunother-
apy depends not only on adequate infiltration of immune
cells into the tumor microenvironment but also on ade-
quate expression of immune checkpoints [33]. Thus, we
also investigated the relationship between BMP1 and
immune checkpoints. Our results suggest that BMP1
correlates significantly positively with CTLA-4 and PD1
but significantly negatively with PD-L1 in ccRCC. These

RCC

results indicate that targeting BMP1 might increase the
efficacy of immunotherapy in ccRCC.

In general, we demonstrate that BMP1 is highly
expressed in multiple types of human cancer (including
ccRCC) and strongly correlates with unfavorable prog-
nosis in ccRCC. We explored the upstream regulatory
mechanism of BMP1 in ccRCC, namely, LINC00685,
SLC16A1-AS1, PVT1, VPS9D1-AS1, SNHGI15 and the
CCDC18-AS1/hsa-miR-532-3p/BMP1 axis (Fig. 6). In
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and the expression of PD-1 in ccRCC determined by purity using TIMER. B Correlation of BMP1 with expression of PD-L1 in ccRCC determined
by purity using TIMER. C The relationship of SEMA3F with expression of CTLA-4 in ccRCC determined by purity using TIMER. D The expression
correlation of BMP1 with PD1 in ccRCC using the GEPIA database. E The expression correlation of BMP1 with PD-L1 in ccRCC using the GEPIA
database. F The expression correlation of BMP1 with CTLA-4 in ccRCC using the GEPIA database
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Table 2 Correlation analysis between BMP1 and biomarkers of
immune cells in ccRCC determined by the GEPIA database

Immune cell Biomarker Cor P-value
B-cell cb19 0311 261E-13
CD79A 0.230 7.63E-08
CD8+T-cell CD8A 0.083 5.38E-02
CD8B 0.090 3.82E-02
CD4+T-cell CD4 0.232 5.96E-08
M1 macrophage NOS2 0.159 2.28E-04
IRF5 0.152 431E-04
PTGS2 0.153 3.90E-04
M2 macrophage CD163 0.148 6.07E-04
VSIG4 0.275 1.09E-10
MS4A4A 0.157 2.65E-04
Neutrophil CEACAMS8 0.027 5.30E-01
ITGAM 0.208 1.29E-06
CCR7 0.252 3.73E-09
Dendritic cell HLA-DPB1 0.092 331E-02
HLA-DQB1 0.032 4.60E-01
HLA-DRA 0.012 7.79E-01
HLA-DPA1 0.028 5.23E-01
CD1C 0.096 2.64E-02
NRP1 0.135 1.72E-03
[TGAX 0.252 4.13E-09

addition, our results suggest that BMP1 might exert its
oncogenic roles by increasing tumor immune cell infiltra-
tion and immune checkpoint expression.

Although our study has some advantages, it also has
some limitations. First, the results were obtained from
the TCGA database only, and verification in other data-
bases is needed. Second, all the results were obtained
by analyzing public datasets. In addition, further exper-
iments should be performed in vivo and in vitro to ver-
ify these results.
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