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Abstract

With 46 microRNAs (miRNAs) embedded tandemly over a distance of ~100 kb, chromosome 19 microRNA cluster (C19MC)
is the largest miRNA cluster in the human genome. The C19MC is transcribed from a long noncoding genomic region
and is usually expressed simultaneously at a higher level. Hence, we performed an integrative multiomics data analysis to
examine C19MC regulation, expression patterns, and their impact on bladder cancer (BCa). We found that 43 members
of C19MC were highly expressed in BCa. However, its co-localization with recurrent copy number variation (CNV) gain
was not statistically significant to implicate its upregulation. It has been reported that C19MC expression is regulated by a
well-established CpG island situated 17.6 kb upstream of the transcription start site, but we found that CpG probes at this
island were hypomethylated, which was not statistically significant in the BCa cohort. In addition, the promoter region of
C19MC is strongly regulated by a group of seven transcription factors (NR2F6, SREBF 1, TBP, GATA3, GABPBI, ETV4, and
ZNF444) and five chromatin modifiers (SMC3, KDMAI, EZH2, RAD21, and CHD?7). Interestingly, these 12 genes were found
to be overexpressed in BCa patients. Further, CI9MC targeted 42 tumor suppressor (TS) genes that were downregulated, of
which 15 were significantly correlated with patient survival. Our findings suggest that transcription factors and chromatin
modifiers at the promoter region may regulate C1I9MC overexpression. The upregulated CI9MC members, transcription
regulators, and TS genes can be further exploited as potential diagnostic and prognostic indicators as well as for therapeutic
management of BCa.
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Introduction

Bladder cancer (BCa) is the most prevalent urothelial neo-
plasm, with an anticipated 573,278 cases and 212,548 deaths
globally in 2020 (Sung et al. 2021). BCa is routinely diag-
nosed using imaging, cystoscopy, and urine cytology tests.
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However, these fall short of expectations due to poor sen-
sitivity, high cost, and invasive procedures (Su et al. 2019;
Yang and Zhang 2023). The current diagnostic approaches
are also unsuitable for early BCa detection due to lack of suf-
ficient sensitivity and specificity for diagnosis, especially in
low-grade cancer cases (Charpentier et al. 2021). Transure-
thral surgery and intravesical chemotherapy with or without
radiation are often used to treat BCa patients (Tran et al.
2021). There have been several advances in the monitor-
ing and treatment of BCa and patients are expected to show
prolonged survival (Tran et al. 2021). Therefore, identifying
novel biomarkers is essential to improve diagnostic, prog-
nostic, and therapeutic approaches (Chowdhury et al. 2023;
Loganathan and Doss 2023).

The miRNAs are often present in the genome as clus-
ters. Chromosome 19 microRNA cluster (C19MC) is the
largest in the human genome, consists of 46 miRNAs span-
ning ~100 kb, and is located at the cytoband chr19q13.42
(Bentwich et al. 2005). The C19MC is a primate-specific
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imprinted miRNA cluster that emerged late in the evolu-
tion of the primate lineage, and a bioinformatics study sug-
gested that it plays essential roles in primate reproduction,
development, and differentiation (Lin et al. 2010). Cancers
of the breast (Jinesh et al. 2018), brain (Sin-Chan et al.
2019), thyroid (Rippe et al. 2010), and infantile heman-
gioma (Strub et al. 2016) have already been linked to the
overexpression of C19MC members. There are few studies
on the function of individual members of the C19MC in
BCa. For example, mir-516a can promote BCa metastasis
by targeting MMP9 via the AKT/FOXO3A/SMURF1 axis
(Chang et al. 2020). Another study reported that restor-
ing mir-517a expression causes cell apoptosis in bladder
cancer cell lines (Yoshitomi et al. 2011).

CI9MC members are classified into three subgroups
based on sequence similarity to better comprehend the rea-
sons for selective activation of C19MC in various cancer
types (Nguyen et al. 2017). The sequence alignment of
C19MC miRNAs revealed that 16 of them share the same
hexameric seed sequence (5'-AAGUGC-3’) with mem-
bers of the mir-302/-372 miRNA cluster, which is known
to positively affect pluripotency induction and stemness
maintenance in mesenchymal stem cells (Subramanyam
et al. 2011). The C1I9MC-AAGUGC-miRNA group was
shown to contribute more effectively in gene targeting and
silencing (Nguyen et al. 2017). As a result of the signifi-
cant sequence similarity in the seed regions, miRNA clus-
ters generally target the same or related genes within the
same pathway. Hence, it is more important to investigate
the impact of aberrant expression of clustered miRNAs
than that of nonclustered miRNAs.

Changes in DNA copy number, mutations, epigenetic
modifications, dysregulation of transcription factors
(TFs), and alterations in the miRNA biogenesis pathway
can cause aberrant miRNA expression during carcino-
genesis (Syeda et al. 2020). The co-localization of copy
number variations (CNVs) and miRNAs has demonstrated
the potential mechanism behind C19MC miRNA dosage
(Vaira et al. 2012). Lambo et al. (2020) have shown that
C19MC has oncogenic effects in embryonal tumor with
multilayered rosettes (ETMRs). Furthermore, gene fusion
involving the TTYH1 promoter and C19MC leads to abnor-
mally high CI9MC expression, which has been observed
in brain-specific malignant tumors (Kleinman et al. 2014).
The C19MC cluster transcription is highly correlated with
the CpG island 17.6 kb upstream in the promoter region
in various cancer cell lines (Tsai et al. 2009). In contrast,
a study by Jinesh et al. (2018) showed that high C19MC
expression was not significantly correlated with hypo-
methylation of CpG islands and suggested regulation of
C19MC expression in human breast cancer is not primarily
determined by methylation at CpG-islands.
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However, the biological role of C19MC members in
BCa is largely unknown. Hence, the study integrated pub-
licly available multiomics datasets to understand the regu-
lation, expression pattern, and biological role of C19MC
candidates in BCa progression. We investigated the role
of recurrent copy number variations (RCNVs), promoter
DNA methylation, and histone modifications (HMs) in
the regulation of C19MC members. We also examined the
transcriptional regulators that are involved in the control
of C19MC expression. The comprehensive multiomics
data analysis provides a better understanding of C19MC
regulation in BCa and new perspectives on CI9MC as a
diagnostic and therapeutic target.

Materials and methods
Data acquisition

The detailed information on C19MC was retrieved from
the miRBase v22.1 (Kozomara et al. 2019). The miR-
NASeq, RNASeq, and clinical data (level 3) were retrieved
from the TCGA-BLCA cohort (https://portal.gdc.cancer.
gov/) with the help of the R package TCGAbiolinks (Col-
aprico et al. 2016). Subsequently, C1I9MC member expres-
sion datasets from 19 cancer types (BLCA, BRCA, CESC,
CHOL, COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC,
LUAD, LUSC, PCPG, PRAD, READ, STAD, THCA, and
UCEC) along with normal samples were retrieved to con-
duct a pan-cancer analysis. The details of chromosome
fragile sites (CFSs) on the Chr19 and their genomic coor-
dinates were obtained from the HumCFS database (Kumar
et al. 2019). The study used the hg38 genome build, and
the UCSC LiftOver (https://genome.ucsc.edu/cgi-bin/
hgLiftOver) tool was used to convert genome coordinates
between assemblies wherever needed.

Integrated C19MC, CNV, CFS, and 450k methylation
array analysis

We executed CmiRClustFinder v2.0 (Ware et al. 2022a)
pipeline to identify recurrent copy number variations
(RCNVs) from BCa patient data. The genome coordi-
nates of C19MC in BED file format were given as input
to identify their co-localization with significant RCNV
regions. The BCa 450k methylation array data for CpG
probes targeting pre-C19MC region (Chr19:53596679-
53666679; 70kb) were extracted from the Wanderer web
server (http://maplab.imppc.org/wanderer/), which pro-
vides DNA methylation data from TCGA studies (Diez-
Villanueva et al. 2015).
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C19MC expression pattern analysis in BCa patients

To further comprehend the C19MC miRNA expression
profile among BCa patients, we conducted a correlation
analysis using TCGA miRNASeq data. Additionally, we
followed the standard procedure of the TCGAbiolink pack-
age for miRNA and mRNA differential expression analysis
(DEA). The TCGAnalyze_Preprocessing function was used
for outlier checking and sample correlation. The TCGAna-
lyze_Normalization function was used for normalization
using both GC content and gene length, and genes were also
filtered with the TCGAnalyze_Filtering function. Accord-
ing to a previous study (Bullard et al. 2010), we applied
the DEA only to mRNAs and miRNAs with higher than
the 0.25 quantile means. The function “glmLRT” was used
to calculate the pairwise differentially expressed miRNAs
(DEmiRs) and genes (DEGs) between normal and tumor
samples. DEmiRs and DEGs were accessed by the function
TCGAnalyze_DEA considering Log2Fold change > 1.5 and
FDR < 0.01 threshold.

Identification of potential transcriptional regulators

To further explore the transcriptional regulators that
may influence C19MC expression, we used the UCSC
Genome Browser (Kent et al. 2002) to retrieve TF bind-
ing sites, H3K27Ac marks, and enhancer/promoter ele-
ments around pre-C19MC (Chr19:53656679-53666679),
C19MC (Chr19:53666679-53762430), and post-C19MC
(Chr19:53666679-53676679) regions. Based on the litera-
ture, the identified genes were classified as transcription
activators, transcription repressors, and chromatin modifi-
ers. Furthermore, to confirm the transcriptional activity of
selected TFs, they were cross-checked in the AnimalTFDB4
database (Hu et al. 2019).

Grouping and integration of C19MC and CNV
datasets

The miRNASeq dataset of BCa patients was processed to
obtain the cumulative expression of all 46 miRNAs belong-
ing to the C19MC. Cumulative expression of CI9MC in
normal bladder samples (n=19) was employed to fix a cut-
off for overexpression (>77.89 raw reads). The BCa sam-
ples were categorized into two groups, CI9MCHe" (>cut-
off) and C19MCM¥ (<cut-off), and each group contained
201 samples. The segment mean values from CNV datasets
were used to categorize high (>0.2) and low (<—0.2) CNV
patient groups. We compared the CNVHigh with C19MCHigh
and CNV™" with C19MC"*¥ groups to better understand
the role of CNV in C19MC regulation.

Mapping of genes targeted by C19MC members

The miRNA-gene network was constructed including experi-
mentally validated and predicted miRNA-gene interactions.
The R package linked with 14 databases “multiMiR” (Ru
et al. 2014) was used to mine computationally predicted and
experimentally validated C19MC target genes. The study
included only the targets of C19MC listed in at least two
miRNA-gene interaction databases. We identified C19MC-
targeted and differentially expressed genes by integrating
each C19MC target gene and expression information. Fur-
thermore, the search was narrowed down to the top 10%
(based on the multiMiR score) of all target genes. A total of
616 unique target genes were ranked based on the number
of miRNAs that targeted them.

Effect of upregulated C19MC expression on tumor
suppressor (TS) genes

A catalogue of 493 TS genes reported in BCa was obtained
from the TSGene (Zhao et al. 2013) database and then Venn
analysis was performed with 616 C19MC targets. The differ-
ential expression (normal vs. tumor) box plots for TS genes
were procured from the web server for gene expression pro-
filing and interactive analysis (Tang et al. 2017). Further-
more, the patients were categorized as having low or high
expression levels to identify prognostically relevant genes
based on median gene expression levels. Overall survival
(OS) was calculated using the Kaplan—Meier plotter (Nagy
et al. 2021) with various clinical parameters.

Network construction of C19MC and inversely
correlated targets

The effect of C19MC'’s high levels of expression on its tar-
get genes was investigated using inversely correlated (i.e.,
upregulated miRNA and downregulated targeted mRNA)
miRNA-mRNA pairs. In addition, we examined the CNV
co-localization and methylation status of all target genes
to confirm that they were solely downregulated by C19MC
activity. Target genes associated with RCNV and their
methylation status were obtained by executing the CmiR-
ClustFinder v1.0 pipeline and mining the DNMIVD (Ding
et al. 2020) database, respectively. Genes that were either
co-localized with CNV deleted regions or hypermethylated
in BCa patients were eliminated from the analysis. To pre-
dict the functional protein association networks among the
remaining genes, the C19MC targets were mapped to the
STRING v11.5 (https://string-db.org/) with a medium con-
fidence score > 0.40. The Molecular Complex Detection
(MCODE) plugin from the Cytoscape (Bader and Hogue
2003) was utilized to distinguish the module that best repre-
sents the clusters of target genes. Strict cut-off requirements
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were applied (degree cut-off = 2; node score cut-off = 0.2;
k-core = 2; max depth = 100). The ToppGene module (Chen
et al. 2009) was used to prioritize, generate, and visualize
gene networks based on GO-enrichment analysis (GOEA).
The BioLayout ExpressP (Theocharidis et al. 2009) tool
was used for module visualization. Subsequently, the 15
most highly connected hub genes were determined using
the CytoHubba (Chin et al. 2014) plugin of Cytoscape.

Functional enrichment analysis

The online portal WebGestalt (Liao et al. 2019) was used
to perform gene functional enrichment analysis of C19MC
target genes in order to identify their molecular function
(MF), biological process (BP) participation, and cellular
component (CC) localization. Gene enrichment analysis was
also carried out using the KEGG pathway. The top genes
were identified with a false discovery rate (FDR) of < 0. 05
considered.

Estimation of tumor-infiltrating immune cells

The percentages of infiltrating immune cells were calculated
using the “Cell-type Identification by Estimating Relative
Subsets of RNA Transcripts (CIBERSORT)” method (New-
man et al. 2015). Based on standardized gene expression
data, the CIBERSORT deconvolution method can com-
pute the cell composition of complicated tissues. The gene
expression matrix (n=616 genes) data were uploaded to
the CIBERSORT online portal, and fractions of 22 differ-
ent types of immune cells were calculated using the default
signature matrix with 1000 permutations. The study visual-
ized the matrix of 22 immune cell fractions from 182 tumor
samples with significant p values.

Statistical analysis

The R studio (version 4.1.2) was used for all statistical
analyses. The Pearson correlation coefficient was used to
assess the correlation between 22 immune cells. The correla-
tion matrix was visualized with the Corrplot v0.92 package.
To analyze the differences between the normal and tumor
groups, an unpaired, nonparametric Mann-Whitney test was
utilized. A p value < 0.05 was considered statistically sig-
nificant throughout the study.

Results
Integrative analysis and overall statistics

The analysis of miRNASeq and RNASeq datasets between
normal and BCa samples resulted differentially expressed
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694 miRNAs and 1808 mRNAs (Supplementary Table S1
& S2). We have identified 167 significant RCNV aberra-
tions on chromosome 19 (Chr19) across the 408 BCa sam-
ples analyzed. Of these, 116 regions were amplified and
51 regions were deleted (Supplementary Table S3). The
C19MC is located on Chrl19, and it consists of 46 miRNA
genes that span over ~100 kb long region (Chr19:53666679-
53762430). Figure 1A illustrates the genomic arrangement
of C19MC with adjacent genes. The mapping of C19MC
coordinates on RCNV regions revealed that CI9MC is
co-localized with the CNV gain region in BCa patients
(Fig. 1B). We have also observed that the other nine miRNA
clusters (mir-371a/373, mir-24-2/23a, mir-99b/125a, mir-
6804/6803, mir-4745/3187, mir-1227/6789, mir-6885/6790,
mir-181¢/181d, mir-642a/642b) are also co-localized with
various RCNV regions on Chr19 (Supplementary Table S4).
The CFSs are heritable specific loci on chromosomes and
that exhibit an increased frequency of chromosomal break-
ages. We identified C19MC and six other miRNA clusters
(mir-4754/10394, mir-3190/3191, mir-642a/642b, mir-
6804/6803, mir-99b/125a, mir-371a/373) that are associated
with FRA19A (Fig. 10).

Expression correlation analysis of C19MC members

To explore the expression pattern of CI9MC miRNAs in
human BCa, we used correlation analysis on the TCGA
miRNASeq datasets. Among the 1881 miRNAs in the data-
set, 314 were not expressed in any of the 417 BCa patients.
Hence, the remaining 1567 miRNAs were examined for cor-
relation analysis. Interestingly, we observed that 43 mem-
bers of C19MC formed a tight, positively correlated, and
co-expressed cluster in BCa (Fig. 2A). Correlations between
C19MC members were statistically significant (p = < 0.05),
and the heatmap plot shows a high positive correlation (deep
red). There were no other miRNAs that formed clusters as
dense and large as C19MC, showing that the C19MC cluster
is the most prevalent co-expressed miRNA set in human
BCa.

Differential expression analysis of C19MC members

The comparative analysis between 321 upregulated
DEmiRs indicates that 43 members of C19MC are highly
expressed and fall under the top 50 highly expressed
miRNAs in BCa patients (Fig. 2B, C). The cumulative
Log2Fold expression of 43 C19MC members contributed
22% of the total upregulated miRNAs in BCa. The Log-
2Fold change expressions (normal vs. tumor) of C19MC
members were mir-519a-1: 10.3, mir-518f: 10.03, mir-
516a-2: 9.64, mir-520a: 9.62, mir-512-2: 9.47, mir-520b:
9.31, mir-520f: 9.27, mir-518a-2: 9.2, mir-518c: 9.09,
mir-518b: 9.05, mir-520c: 9.04, mir-526b: 9.01, mir-525:
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Fig.1 A Genomic organization of the C19MC miRNA cluster. Pro-
tein-coding genes are represented by green color, whereas the loca-
tion of C19MC is given as orange. At the bottom, an enlargement
shows the position of individual miRNA genes. Gene symbols refer
to the following protein-coding genes: ZNF761—zinc finger protein
761, ZNF331—zinc finger protein 331, DPRX—divergent-paired
related homeobox, NLRP12—NLR family, pyrin domain-containing

8.96, mir-1323: 8.94, mir-519a-2: 8.86, mir-520g: 8.85,
mir-520d: 8.74, mir-519c: 8.56, mir-522: 8.56, mir-512-1:
8.52, mir-518e: 8.39, mir-517c: 8.36, mir-517a: 8.29, mir-
517b: 8.27, mir-518a-1: 8.27, mir-516a-1: 8.21, mir-527:
8.19, mir-519d: 8.18, mir-516b-1: 8.16, mir-520h: 8.12,
mir-515-1: 8.03, mir-519b: 7.92, mir-524: 7.87, mir-521-
1:7.83, mir-523: 7.77, mir-515-2: 7.49, mir-1283-2: 7.44,
mir-498: 7.43, mir-520e: 7.3, mir-519¢: 6.84, mir-516b-2:
6.76, mir-1283-1: 6.48, and mir-521-2: 5.8. However, three
miRNAS (mir-526a-2, mir-518d, mir-526a-1) did not show
any expression trend and belonging to the subclass of 314
miRNAs “not expressed” in BCa.

@

12, MYADM—myeloid-associated differentiation marker, PRKCG—
protein kinase C gamma. B Circos plot of co-localization of CI9MC
cluster with recurrent CNV region (Chr19:53530432-54088052) in
TCGA bladder cancer patient dataset. Other miRNA clusters associ-
ated with CNV regions are also shown. C C19MC is associated with
the common chromosome fragile site FRA19A (Chr19:32400001-
59128983) with the other six miRNA clusters

Pan-cancer view

The entire panel of CI9MC members was simultaneously
activated and highly overexpressed in BCa compared with
other cancer types except for mir-518d, mir-526a-1, and
mir-526a-2 (Fig. 2D). Interestingly, these three members
are upregulated in liver hepatocellular carcinoma (LIHC)
and lung squamous cell carcinoma (LUSC). Additionally,
mir-518d activation was observed in thyroid carcinoma
(THCA). It is clear that there is an alternative regulator
inside the cluster that controls the expression of these
three miRNAs. The pan-cancer research also suggests

@ Springer
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«Fig.2 A Correlation analysis of all expressed miRNAs in human
bladder cancer reveals that C1I9MC miRNA members are the most
correlatively co-expressed miRNAs. B Differentially expressed
miRNA candidates from the C19MC cluster in BCa samples. C The
expression level of all CI9MC miRNAs versus all other miRNAs
expressed in BCa samples. D differential expression of C19MC mem-
bers across TCGA pan cancer

that C19MC is activated in additional cancer types, which
needs to be examined further.

C19MC expression, RCNV and DNA methylation
correlation analysis

In the TCGA-BCa cohort, we observed that C19MC co-local-
ized with the RCNV amplified region (Chr19:53530432-
54088052). For better understanding, the CNVHiEh group
was correlated with the C19MCHi#" group and the CNVEY
group was correlated with the C1I9MC¥ group. Of the 417
samples, 68 were found to have high C19MC expression and
CNV status. However, only 13 samples were determined to
have low CNV and low expression status (Fig. 3). To inves-
tigate the role of epigenetic modification in the regulation
of C19MC expression, we used 450k methylation array data
to examine the DNA methylation pattern of ~70kb C19MC
upstream region. When compared to normal samples,
patients with BCa samples showed significant hypometh-
ylation at all promoter CpG sites. Interestingly, the probes
at CpG islands (Chr19:53647823-53648987) were observed
as hypomethylated in a large cohort of BCa (Fig. 4). Fur-
thermore, the CpG island probes (cg15096240, cg09065632,
cgl16187069, and cg00886824) were thoroughly examined,
and all BCa samples were classified based on their methyla-
tion beta value (Supplementary Table S5). A closer exami-
nation revealed that all four probes within the CpG-island
exhibited hypomethylation in BCa, but cg09065632 had
more hypomethylation with a significant p value (0.0095)
(Supplementary Fig. 1). The other 3 probes (cg15096240,
cg16187069, and cg00886824) were not statistically signifi-
cant. These findings show a weak association between DNA
methylation and C19MC expression in a large BCa cohort,
indicating that mechanisms other than C19MC hypometh-
ylation are necessary for C19MC overexpression.

Identification of transcription regulators of C19MC

Data analysis using the UCSC Genome Browser revealed
that the region around the C19MC start site contains a series
of strong and weak TF binding sites and regulatory polymor-
phisms (Supplementary Fig. 2). We observed that a series of
H3K27Ac protein span over C19MC regions. The H3K27Ac
separates active enhancers from inactive/poised enhancer
elements, which are linked with increased transcription
activation. To extend the study, genomic regions were

categorized as pre-C19MC (Chr19:53656679-53666679,
10kb upstream), C19MC (Chr19:53666679-53762430),
and post-C19MC (Chr19:53666679-53676679, 10kb down-
stream). The prediction of TFs and chromatin modifiers
(CMs) from these regions is shown in Supplementary Fig. 3.
The expression analysis revealed that seven transcription
activators (NR2F6, SREBF 1, TBP, GATA3, GABPBI1, ETVA4,
and ZNF444) and five CMs (SMC3, KDMIA, EZH2, RAD21,
and CHD?) interact with the C19MC promoter region (pre-
C19MC) and were significantly upregulated (Fig. 5). We
observed that SMC3 and RAD21 show strong binding to the
H3K27Ac mark located on the C19MC promoter (Fig. 5C).
Furthermore, KDMIA and CHD7 binding sites exist very
close to the H3K27Ac mark. The SMC3 and RAD21 are
higher-order chromatin structural regulators that operate as
cohesin core factors to shield chromatin. The other overex-
pressed transcription factor is YY1 which belongs to the class
of GLI-Kruppel zinc finger proteins and shows high binding
affinity at C19MC promoter. Reports suggest that YY1 can
act as a transcriptional activator and repressor in mammalian
systems (Verheul et al. 2020).

Prediction of C19MC target genes

To examine the interactions and effects of C19MC on
target genes, we used a combination of tools to uncover
target gene interactions. A total of 616 target genes (286
upregulated and 330 downregulated) were identified after
mapping the C19MC-target gene interaction and signifi-
cant DEGs (Supplementary File 1). Each miRNA may
target hundreds of genes, and a single gene can be tar-
geted by many miRNAs, resulting in a complex interaction
network. The complexity and effect of miRNAs on target
genes increase when a set of targeting miRNAs belongs to
the same family or a cluster. We identified the top 5 sets
of genes that were targeted by the majority of the C19MC
(Supplementary Fig. 4). We observed that 13 different
miRNAs in the top tier of C19MC targeted the WEE]
gene. The second most genes being targeted by 11 mem-
bers of C19MC are MAP1B, NACC2, and CRISPLD?2. Four
genes RAB3IP, CAVINI, CFL2, and GATAG6 rank third
being targeted by 10 miRNAs. There are nine miRNAs
that target MELK, AURKA, AGMAT, ZNF107, DPYSL?2,
CCND2, DNAJB4, FBXL7, and KCND3 and eight miR-
NAs that target APOH, HEPHLI, DRAXIN, DNAJBI 3,
MKI167, ZYG11A, BMPSB, SLC28A1, ZNF682, FAAP24,
MTHFDIL, PRIMI, and KIAA0513, making 4™ and 5
groups. The top five C1I9MC members with a large number
of targets included mir-522-5p which targets a maximum
of 179 genes, followed by mir-520c-3p (130), mir-520f-3p
(106), mir-519d-3p (72), and mir-520a-3p (64 targets)
(Supplementary Fig. 5).
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Status of C19MC targeted TS genes in BCa

We found that 42 TS genes targeted by C19MC members
are significantly downregulated in BCa, out of 493 TS genes
predicted in BCa. (Fig. 6). Additionally, we compared the 42
TS genes to other cancer types. Tumor suppressors such as
DNAJB4, EMPI1, LATS2, LIFR, SFRP1, CSRNP1, TGFBR3,
and BTG?2 have previously been reported in 11 TCGA cancer
types (BLCA, BRCA, COAD, HNSC, KICH, KIRC, LUAD,
LUSC, PRAD, THCA, and UCEC). The details of all TS
genes are provided in Supplementary Table 7. In the TCGA-
BCa cohort, we compared survival analysis and hazard ratio
with populations designated as TS genes high and low risk.
The Kaplan—-Meier (KM) survival analysis revealed a total
of 15 prognostically significant genes (Fig. 7). The over-
all survival rates of candidates are BTG: HR = 0.65, p =
0.0043; DDR2: HR = 1.7, p = 0.003; DMD: HR = 1.52,
p =0.018; FHLI: HR = 1.76, p = 0.00025; FLNA: HR =
1.97, p = 0.00058; ILK: HR = 1.58, p = 0.0075; ITGAS:
HR =1.75, p = 0.0038; LRRC3B: HR = 0.67, p = 0.014;
PRKCB: HR = 0.69, p = 0.04; RBMS3: HR = 1.83, p =
0.00048; RHOB: HR = 0.7, p = 0.026; SFRP1: HR = 1.93,
p =0.00055; SLIT2: HR = 1.99, p = 0.0014; TGFBR3: HR
=0.68, p =0.012; and THBSI: HR = 1.6, p = 0.0016. We
found that downregulation of all 15 TS genes significantly

ADARB1 BTG2 CADM3

T =

correlated with a worse survival rate in patients with BCa.
Loss of DDR2, DMD, FHLI, FLNA, ILK, ITGA, RBMS3,
SFRP1, SLIT2, and THBSI expression was associated with
a decreased likelihood of survival and an increased risk of
sudden death in patients. According to the conclusive KM
findings, the predictive model comprising members of the
TS gene panel is effective at predicting the progression of
cancer cells in BCa patients.

Network construction and functional enrichment
analysis

A total of 616 targeted genes were investigated in depth to
identify additional genes beyond tumor suppressors that
may contribute to cellular signaling and other processes in
BCa. A total of 67 genes out of 616 were excluded from the
subsequent study as they were either associated with CNV-
deleted regions or hypermethylated regions in BCa patients
(Supplementary Table 8). Furthermore, we assumed that
the remaining 263 genes were downregulated as a result of
C19MC upregulation. These genes were significantly linked
with 10 cancer-associated pathways such as cell cycle regu-
lation, DNA replication, oocyte meiosis, p53 signaling, Fan-
coni anemia pathway, IL-17 signaling, and PPAR signaling
(Fig. 8A). We also identified genes that were enriched for
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Fig.7 Prognostic feature analysis of C19MC-targeted tumor suppressor gene candidates in BCa patients

cancer-associated miRNAs and cholesterol metabolism.
These gene sets and associated BP, CC, and MF are illus-
trated as a bar graph (Fig. 8B-D). The protein functional
network included 263 nodes (genes) and 1422 edges (inter-
actions), with a protein-protein interaction (PPI) enrichment
p value of <1.0e—16. Four significant modules were defined
by MCODE, and their enriched functions are illustrated in
Fig. 8E. We identified the top 15 genes (BUBI, AURKA,
MELK, ASPM, TOP2A, RRM2, MCM?2, KIF4A, KIF2C,
KIF23, EXOI, DLGAPS5, CHEKI, CENPF, and CDC45)
based on their high node degree in the PPI network (Fig. 8F).

Evaluation of BCa-infiltrating immune cells
and the tumor microenvironment

We generated the relative immune fraction score using CIB-
ERSORT analysis, which estimates the proportion of each
immune cell type such that the total of all fractions equals
100% for a given mixed sample. A total of 182 effective BCa
samples were obtained. Figure 9A shows the total propor-
tions of tumor-infiltrating cells in BCa. The lengths of the
bars in the chart indicate the levels of the immune cell popu-
lations. No significant normal samples were obtained in the
immune infiltration analysis. The infiltration proportion of T
cells CD4 memory resting (29.37%), plasma cells (18.14%)
was the highest, and that of Mast cells activated (0.09%) was
the lowest in BCa tissues (Supplementary Table 9). A box
plot (Fig. 9B) depicts the difference in immune cell distri-
bution between BCa and adjacent normal samples. Among

the 22 immune cell types, the proportion of infiltrating B
cells memory, naive B cells, T cells CD8, T cells regula-
tory (Tregs), neutrophils, and eosinophils in BCa tissues was
significantly higher than that of normal tissues. In contrast,
there was no significant difference observed in the infiltra-
tion of T cells CD4 memory resting, mast cells activated,
mast cells resting, dendritic cells resting, NK cells resting,
and T cells CD4 memory activated compared with the nor-
mal group. The correlation finding shows that subpopula-
tions of various tumor-infiltrating immune cells were weakly
to moderately associated (Fig. 9C). These results showed
that there were different infiltration patterns of immune cells
invading normal and BCa tissues that could be used to dis-
tinguish BCa from adjacent controls.

Discussion

The largest human miRNA cluster, C19MC, is reported as
overexpressed in various types of cancer (Rippe et al. 2010;
Strub et al. 2016; Jinesh et al. 2018; Sin-Chan et al. 2019).
However, understanding their regulatory mechanisms mod-
ulating disease outcomes is still in its infancy. According
to previous reports, C19MC activation is a common event
in tumorigenesis, since alteration in transcriptional regula-
tion, 19q13.4 rearrangements, genomic amplification, and
methylations anomalies have been frequently observed in a
variety of human neoplasia (Rippe et al. 2010; Vaira et al.
2012; Jinesh et al. 2018). Moreover, the DNA methylation
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status at the CpG site region approximately 17.6 kb upstream
was reported to be critical in C19MC regulation (Tsai et al.
2009). In our previous study (Ware et al. 2022b), we found
that C1I9MC was upregulated and co-localized with RCNV
in BCa. Further investigation revealed that C19MC member
expression was not statistically significant in patient survival
analyses. Hence, we conducted an integrative multiomics
analysis to gain more insights and understand the C19MC
regulation in BCa.

The comparative expression analysis showed that
C19MC miRNA candidates exhibited positively correlated
co-expression in BCa (Fig. 2A). Among the 1567 miRNAs
expressed in 417 patients, no other miRNA group formed
a cluster as large and dense as C19MC. We observed a sus-
tained 5—10-fold increase in expression for 43 C19MC can-
didates, which was higher than the overall expression of all
other miRNAs in BCa (Fig. 2B, C). This evidence supports
the hypothesis that the expression of C19MC members in
BCa is regulated by the same transcriptional regulator.
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The majority of dysregulated miRNA genes in tumor con-
ditions usually span at CFS in the genome, and their dys-
regulated expression promotes cancer development (Calin
et al. 2004). The CFSs were reported to have a significant
role in generating focal copy number alterations that affect
the genomic landscape of various malignancies (Glover et al.
2017). Of note, we observed that C19MC co-localized with
the RCNV gain region (Chr19:53530432-54088052) in BCa
patients data at the TCGA portal and that CN'V-associated
C19MC extends over the region of FRA19A.

Compared to the normal samples, BCa observed consid-
erable hypomethylation in the promoter (Chr19:53596679-
53666679) region of larger BCa cohort, other than 17.6
kb upstream CpG island sites (Fig. 4). The probes at CpG
islands were not statistically significant, except cg09065632.
Interestingly, the group-wise analysis between C19MCHigh
expression and CNVHigh status revealed that CNVs have no
major impact on CI9MC expression. Nonetheless, C1I9MC
cluster expression and RCNV gain were not mutually
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Fig.9 Status of immune cell infiltration in the TCGA-BCa cohort.
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exclusive with contradictory evidence found in a limited
number of tumors. Indeed, RCNV gain was not conclusively
linked to C19MC upregulation in BCa patients. Although it
is obvious that CFS plays an important role in the production
of CNVs in BCa, a more complete study of the combined
and independent actions of CFS and CNVs with regard to
C19MC regulation in diverse BCa populations would be
extremely interesting. Furthermore, hypomethylation in the
pre-C19MC region may be involved in C19MC expression
regulation; nonetheless, the functional relevance must be
evaluated further to conclude the epigenetic contribution to
BCa distribution.

Enhancers are potent regulators of gene expression
patterns; however, identifying enhancer regions and their
contribution to target gene expression remains challeng-
ing. H3K4mel and H3K27Ac chromatin signatures have
previously been shown to predict potential enhancers. Par-
ticularly, H3K27Ac is an important mark because it distin-
guishes active enhancers from poised enhancers (Creyghton

0.6

Macrophages M1 augm- 018 003 005 007 001 01 041 018 81 00D 013 001 007 009 814 012 016 019

age of infiltrating immune cells. B The compositions of tumor-infil-
trating cells in the BCa and control groups are shown by the box plot
(*p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001). C Correla-
tion matrix of all 22 immune cell proportions in TCGA BCa cohort

et al. 2010). Interestingly, we observed a succession of
strong and weak H3K27Ac marks at the C1I9MC start site,
indicating the possibility of enhancer-mediated C19MC reg-
ulation (Supplementary Fig. 2). TFs can also act as upstream
regulators of miRNAs that can promote or suppress miRNA
expression. TFs along with miRNAs can influence target
gene expression and form feedback or feed-forward loops
(Zhang et al. 2013). Considering this, we identified seven
TFs (NR2F6, SREBF 1, TBP, GATA3, GABPBI1, ETV4, and
ZNF444) that appeared to occupy and bind across the pro-
moter site of C1I9MC. All these TFs were found to be signifi-
cantly upregulated in BCa compared to the normal samples
(Fig. 5). Although REST is the sole transcription repressor
reported to have binding sites across C19MC, its expres-
sion shows no discernible change in tumor conditions (Chen
et al. 1998). RAD21 and SMC3 are higher-order chromatin
structural regulators that operate as cohesion core factors
to insulate chromatin (Zuin et al. 2014). The TFs and CMs
are the key regulatory factors that frequently collaborate to
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accomplish precise genomic control (Zhang et al. 2018).
In support of this view, we identified that the majority of
anticipated TF binding sites are located exactly on H3K27Ac
marks (Fig. 5). Our findings provide new information on the
dynamic regulation of C19MC through the combined control
of TFs and enhancers at the C19MC start site, implying that
all miRNA candidates in this cluster are under the same
transcription control.

The oncogenic role of upregulated C19MC members mir-
522-5p, mir-520c-3p, mir-520f-3p, mir-519d-3p, and mir-
520a-3p has been extensively reported in various malignan-
cies (Huang et al. 2008; Zhang et al. 2017; Zhou et al. 2016;
Sun et al. 2020). We identified these five members, which
also showed the highest number of gene targets. Similarly,
the WEEI gene is targeted by 13 C1I9MC members, topping
the list of targeted genes. Contrary to expectations, WEE]
is significantly upregulated in BCa. Inhibition of WEE1 has
been shown to target cell cycle checkpoints to overcome
cisplatin resistance (Zheng et al. 2017). While our data sug-
gest that WEE] and the targets of C1I9MC members can be
a viable therapeutic target in BCa, further research into the
sponges responsible for redirecting the C19MC members
is warranted.

There were 42 members of C19MC-targeted tumor sup-
pressor genes identified by mapping against a comprehen-
sive tumor suppressor database. Of note, the downregulation
of 15 genes was established to have a significant correlation
with the overall survival rate of BCa patients. Research-
ers have shown that a lack of PTEN expression is associ-
ated with aggressive BCa. PTEN and p53 are important
for inducing the tumor suppressor gene BTG2 (Lee et al.
2012; Tsui et al. 2018). Our investigation emphasizes the
importance of four top ranked members of C19MC, miR-
522-5p, miR-519d-3p, miR-526b-3p, and miR-520a-5p,
which may have critical roles in the regulation of BTG2
in BCa. The TGF receptor III (TGFBR3) participates in
the TGF-mediated signaling pathway by enhancing TGF
binding to TGFBR3, which is responsible for a variety of
critical cellular processes, including cell proliferation, adhe-
sion, and migration (Liu et al. 2013). Kriippel-like factors
(KLFs) have recently been reported to suppress TGF-type
III receptor (TGFBR3) expression by binding to its promoter
region and lowering transcriptional activity in BCa (Chen
et al. 2022). Similarly, we found that miR-518a-3p targets
TGFBR3, suggesting that it may play a substantial role in
the regulation of this gene. Leucine-rich repeat (LRR)-con-
taining 3B (LRRC3B) inhibits proliferation and invasion by
targeting p-catenin, cyclin D1, and c-Myc in bladder cancer
cells; nevertheless, its expression has been observed to be
substantially downregulated in BCa (Zhao et al. 2017). The
miR-520f-3p, a C19MC member of the third tier, was iden-
tified to target LRRC3B. Integrin-linked kinase (/LK) is a
crucial signaling factor in epithelial-mesenchymal (EMT)
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transition and is a major element of the cadherin switch (Gil
et al. 2016). We found that /LK is targeted by miR-520a-5p
and was significantly downregulated in BCa. In contrast,
the upregulation of Cadherin-1 (CDH1) in BCa is observed.
This suggests that there is an inverse correlation between
ILK and CDH 1. Research into the coordinated regulation of
ILK by miR-520a-5p is needed.

Further investigation revealed that miR-518c-5p, miR-
520c-3p, and miR-520d-5p target the ITGAS5, FHLI, and
SLIT2 genes, respectively, whereas miR-522-5p targets
FLNA and SFRPI. The miR-520h and miR-520g-3p target
DMD, whereas miR-522-5p, miR-518c-5p, miR-526b-5p,
and miR-516a-5p targeted THBSI and RBMS3, separately.
PRKCB is the target of four distinct microRNAs: miR-
519d-3p, miR-526b-3p, miR-520a-5p, and miR-525-5p.
Log-rank test-based Kaplan—Meier survival analysis showed
that all the above-mentioned genes were significantly cor-
related with the overall survival rate of BCa patients. Their
downregulation is strongly associated with the worst prog-
nosis in BCa patients. Our research suggests that these
C19MC-targeted TS gene profiles may be useful as prog-
nostic indicators for BCa and in the treatment of cancer.
Research into the abnormal regulation of the CIOMC-TS
gene has the potential to simplify therapy and increase can-
cer cell sensitivity to drugs.

Recent findings indicate that infiltrating immune and
stromal cells are critical components of the BCa tumor
microenvironment (TME) and have a substantial impact on
the progression and outcome of malignancy (Zhang et al.
2020). In terms of chemotherapy and immunotherapy, the
composition of tumor-infiltrating immune cells can serve as
biomarkers for predicting response to treatment and survival
in distinct patient subgroups. Using RNAseq datasets, we
estimated the immune cell infiltration pattern in BCa-TME
and acquired a total of 182 significant (p value <0.05) tumor
samples. The proportion of T cells CD4 memory resting
(29.37 %) and plasma cells (18.14 %) infiltration was the
highest in these samples. The proportion of infiltrating B
cells memory, naive B cells, T cells CDS8, T cells regula-
tory (Tregs), neutrophils, and eosinophils in BCa tissues
was found to be considerably greater than that in normal
tissues (Fig. 9). These distinct immune infiltration patterns
of tumor-infiltrating cells are important determinants of BCa
prognosis.

We also attempted to gain a better understanding of the
downstream regulatory pathway by employing C19MC and
target genes. According to GSEA and MCODE analysis,
C19MC regulates a diverse group of genes involved in
numerous cell cycle regulations and tumors are commonly
recognized to have disruption of the cell cycle (Fig. 8). Sev-
eral routes from the identified pathways and gene list have
already been recognized and linked to BCa development.
The relationship between C19MC and target genes needs
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to be thoroughly investigated at all levels, including tumor
grades, clinical stages, diagnostic subtypes, and therapeutic
response groups.

Conclusion

In summary, we performed integrated multiomics data
analytics to explore the expression pattern and regulatory
mechanism of the largest human miRNA cluster (C19MC).
We identified that 43 members of the C19MC are under the
same transcriptional control, co-expressed, and upregulated
in BCa. Although C19MC is co-localized with the recurrent
copy number gain region in BCa, C19MC is not conclusively
regulated by CN'V. The C19MC promoter regions were sig-
nificantly hypomethylated at various CpG sites except the
probes at CpG island (upstream ~17.6 kb) in large cohort
of BCa compared with normal. As a result, hypomethyla-
tion in the pre-C19MC region (other than CpG islands) may
contribute to C19MC expression regulation, which requires
additional investigation at the patent level. Interestingly, the
study identified seven TFs as key players capable of activat-
ing the C19MC in BCa patients. The C19MC-targeted TS
genes have an important role in BCa and significantly impact
patient survival and diagnosis. Our findings contribute to a
better knowledge of C19MC regulation in BCa, as well as
new perspectives on C19MC as a therapeutic target. More
wet-lab studies are needed to validate these findings.

Limitations and future prospective

The findings of this study can aid in identifying potential
targets for intervention strategies in BCa patients. However,
to ensure the credibility of utilizing these targets, studies
specific to the population must be conducted. The key genes
identified with therapeutic significance can be further vali-
dated for specific populations. Currently, there is no litera-
ture on the investigation of the largest human miRNA cluster
(C19MC) and its regulation in BCa. To gain a more compre-
hensive understanding of the regulatory networks controlled
by C19MC, it is important to examine the distinct expression
patterns of the C19MC members. This requires conducting
integrative multiomics investigations across various cancer
types and cohorts specific to different populations.
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