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Abstract

Background: The vault RNAs (vtRNAs) are a class of 84-141-nt
eukaryotic non-coding RNAs transcribed by RNA polymerase III,
associated to the ribonucleoprotein complex known as vault particle.
Of the four human vtRNA genes, vtRNA1-1, vtRNA1-2 and vtRNA1-3,
clustered at locus 1, are integral components of the vault particle,
while vtRNA2-1 is a more divergent homologue located in a second
locus. Gene expression studies of vtRNAs in large cohorts have been
hindered by their unsuccessful sequencing using conventional
transcriptomic approaches.

Methods: VtRNA expression in The Cancer Genome Atlas (TCGA) Pan-
Cancer cohort was estimated using the genome-wide DNA
methylation and chromatin accessibility data (ATAC-seq) of their genes
as surrogate variables. The association between vtRNA expression and
patient clinical outcome, immune subtypes and transcriptionally co-
regulated gene programs was analyzed in the dataset.

Results: VERNAs promoters are enriched in transcription factors
related to viral infection. VtRNA2-1 is likely the most independently
regulated homologue. VtRNA1-1 has the most accessible chromatin,
followed by vtRNA1-2, vtRNA2-1 and vtRNA1-3. VtRNA1-1 and vtRNA1-
3 chromatin status does not significantly change in cancer tissues.
Meanwhile, vtRNA2-1 and vtRNA1-2 expression is widely deregulated
in neoplastic tissues and its alteration is compatible with a broad
oncogenic role for vtRNA1-2, and both tumor suppressor and
oncogenic functions for vtRNA2-1. Yet, vtRNA1-1, vtRNA1-2 and
VtRNA2-1 promoter DNA methylation predicts a shorter patient overall
survival cancer-wide. In addition, gene ontology analyses of vtRNAs
co-regulated genes identify a chromosome regulatory domain,
epithelial differentiation, immune and thyroid cancer gene sets for
specific vtRNAs. Furthermore, vtRNA expression patterns are
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associated with cancer immune subtypes and vtRNA1-2 expression is
positively associated with cell proliferation and wound healing.
Conclusions: Our study presents the landscape of vtRNA chromatin
status cancer-wide, identifying co-regulated gene networks and
ontological pathways associated with the different vtRNA genes that
may account for their diverse roles in cancer.
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1{4%787) ) Amendments from Version 1

In Abstract and Conclusion we reduced the conclusion of the
transcription factor analysis, eliminating the “co-regulation”, since
it was too speculative.

We added vtRNA2-2P pseudogen to the ViRNA3-1P analysis,
to include the two VtRNA pseudogenes currently annotated
(introduction, results, materials and methods, figure legends
were modified accordingly).

We included a study of Y-RNA genes ATAC-seq as an external
family of RNApol III transcripts (results, materials and methods,
figure legends were modified accordingly).

The addition of vtRNA2-2P and Y-RNA genes required an new
version of SF3, and an updated ST1.

“MicroRNA precursor” was substituted to “generate small RNA"
since the evidence of vtRNA processing and function in the
microRNA pathway is not demonstrated for all of them.

“Expression” of vtRNA was substituted to “promoter DNA
methylation, chromatin status or inferred expression” to make
clear that the chromatin status just a surrogate of vtRNA
expression but not their expression itself.

“Chromatin polymorphism” was substituted for “epigenetic
variation” to describe the chromatin variability of vtRNA2-1.

“High Chromatin accessibility” was substituted for “Low DNA
methylation” on the results section title to be accurate.

A comment about antecedents of RNApol III-RNApol II
interaction was added to transcription factor result section to
further justify the pertinency of the analysis. The involvement of
RNApol IIT in innate immune response was also commented.

TGFB1 was substituted by TGFBL

Zenodo link was updated to include the new supplementary
figure. http://doi.org/10.5281/zenodo.4784353

Any further responses from the reviewers can be found at
the end of the article

N )

Abbreviations

vtRNA vault RNA

TCGA The Cancer Genome Atlas

ATAC-seq Assay for Transposase Accessible Chromatin with
high-throughput sequencing

NoMe-seq Nucleosome Occupancy and Methylome sequencing

oG Oncogene

TSG Tumor Suppressor Gene

TCGA The Cancer Genome Atlas

TSS Transcription Start Site

Ave Average

SD Standard Deviation

ACC Adrenocortical carcinoma

BLCA Bladder Urothelial Carcinoma

BRCA Breast invasive carcinoma
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CESC Cervical squamous cell carcinoma and endocervical
adenocarcinoma

CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid Neoplasm Diffuse Large B-cell
Lymphoma

ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and Neck squamous cell carcinoma

KICH Kidney Chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma

LGG Brain Lower Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

oV Ovarian serous cystadenocarcinoma

PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma

PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin Cutaneous Melanoma

STAD Stomach adenocarcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma

THYM Thymoma

UCEC Uterine Corpus Endometrial Carcinoma

ucCs Uterine Carcinosarcoma

UvVM Uveal Melanoma

Introduction

The vault RNAs (vtRNAs) are a class of eukaryotic middle
size non-coding RNAs (84-141 nt) transcribed by the RNA
polymerase III, which associates to the vault particle (<5 %
of the total mass of the vault particle) (Boivin er al., 2019;
Kedersha & Rome, 1986; Kedersha er al., 1991). Although this
particle is the largest cellular ribonucleoprotein complex, its
function remains scarcely understood. Most mammals have a
single vtRNA gene (i.e., mouse and rat), but the human genome
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has three copies, annotated as VvtRNAI-1 (98bp), vtRNAI-2
and vtRNAI1-3 (88bp) genes, which are located in the chromo-
some region 5q31.3 (locus vtRNA1) and code for the RNAs
that are integral components of the vault particle. Lately, a tran-
script initially annotated as the human microRNA precursor
hsa-mir-886 (Landgraf er al., 2007), was re-classified as another
human vtRNA homologue and consequently renamed as
vtRNA2-1 (Stadler er al., 2009). VtRNA2-1 is also located
in chromosome 5 (5q31.1, locus vtRNA2) at 0.5Mb distance
from the vtRNAI cluster, where is placed between SMADS and
TGFBI genes in an antisense direction. Existing evidence indi-
cates that despite being a duplication of the vtRNAs of locus
1, the vtRNA2-1 is neither associated with the vault particle
nor co-regulated with the vtRNA1 locus (Lee er al, 2011;
Stadler er al., 2009). Nevertheless, the realization that only
5-20% of all the cellular vtRNA transcripts are associated to
the vault particle suggests additional roles for the majority of
VvtRNA transcripts, independent of the vault particle (Kickhoefer
et al., 1998; Nandy et al., 2009; van Zon et al., 2001). The
vtRNA3-1P and vtRNA2-2P are two additional vault RNA genes
situated in chromosome X and 2 respectively, but were clas-
sified as a pseudogenes due to the absence of expression in cell
lines and the presence of silencing mutations at the promoter
(Biischer et al., 2020; van Zon et al., 2001).

Most of the current knowledge of vtRNA function focuses
on VtRNAI-1 and vtRNA2-1 roles in viral infection and
cancer. Functional studies found that vtRNA1-1 and vtRNAI1-2
(but not VvtRNAI1-3) can interact directly with drugs as
mitoxantrone,  doxorubicin  and  etoposide (Gopinath
et al., 2005; Gopinath et al., 2010; Mashima et al., 2008).
In addition, p62 protein interacts with VtRNAI-1 and
inhibits the p62 dependent autophagy in vitro and in vivo
(Horos et al., 2019). The vault RNAs have also been linked to
native immune response, because of their strong upregulation
during the infection of Influenza A virus (IAV) and Epstein-Barr
virus (EBV) (Amort et al., 2015; Li et al., 2015; Nandy et al.,
2009). These studies proposed a viral activation of host vtRNAs
as a mechanism to maintain the inhibition of PKR signal-
ing pathway, representing a viral strategy to circumvent host
innate immunity.

Initial reports about VtRNA2-1 (locus VvtRNA2) revealed that
it is abundant in normal tissues while lowly expressed in cancer
cell lines from different tissue origin (breast, melanoma, cervix,
lung, oral and prostate), which is consistent with a tumor
suppressive role in cancer (Lee er al., 2011; Treppendahl et al.,
2012). Moreover, vtRNA2-1 was proposed as a new type of
ncRNA functioning as a tumor suppressor gene (TSG) that
inhibits PKR, and was consequently renamed as “nc886” (Golec
et al., 2019; Jeon et al., 2012a; Jeon et al., 2012b; Lee et al.,
2011). Then, its anti-proliferative and TSG function was
described in prostate (Aakula er al., 2016; Fort er al., 2018; Ma
et al., 2020), skin (Lee er al., 2019a), gastric (Lee er al., 2014b)
esophageal (Im er al., 2020; Lee er al, 2014a) and cholan-
giocarcinoma cells (Kunkeaw er al, 2012). Conversely, a
pro-proliferative and anti-apoptotic oncogenic role was proposed
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for vtRNA2-1 in renal (Lei er al., 2017), ovarian (Ahn er al.,
2018), thyroid (Lee er al., 2016), cervical (Li er al., 2017)
and endometrial (Hu er al., 2017) tissues. A recent finding
proposing a VvtRNA2-1/PKR loss mediated doxorubicin cyto-
toxicity introduced a novel view about its contribution to
chemotherapy response (Kunkeaw er al, 2019). In addition,
a potential TSG role has been put forward for vtRNA1-3 in
Myelodysplastic syndrome (MDS) (Helbo ez al., 2015).

Apart from their role as full length RNAs, vtRNAs are precur-
sors of small RNAs. Indeed, small RNAs with microRNA like
function were demonstrated to derive from vtRNAI-1 (svRNAs)
and to repress the expression CYP3A4, a key enzyme of
drug metabolism (Meng er al., 2016; Persson et al., 2009).
VtRNA2-1 has also been shown to generate small RNAs that
could act like microRNAs in different tissues, serving both as
TSG in prostate (Aakula er al., 2016; Fendler et al., 2011; Fort
et al., 2020), bladder (Nordentoft er al., 2012), breast (Tahiri
et al., 2014), colon (Yu er al., 2011), lung (Bi et al., 2014; Cao
et al., 2013; Gao et al., 2011; Shen er al., 2018) and thyroid
cancers (Dettmer er al., 2014; Xiong et al., 2011) and as onco-
gene (OG) in renal (Yu er al., 2014), colorectal (Schou er al.,
2014) and esophagus cancer (Okumura er al., 2016) through
the repression of specific mRNA transcripts in human cancer.

Different lines of evidence revealed that the vtRNA transcrip-
tion can be controlled by promoter DNA methylation. The
epigenetic control of vtRNA2-1 is complex and owns clinical
relevance in several solid tumors including breast, lung,
colon, bladder, prostate, esophagus, hepatic and stomach
cancer (Cao et al., 2013; Fort et al., 2018; Lee et al., 2014a;
Lee et al., 2014b; Romanelli et al., 2014; Treppendahl et al.,
20125 Yu er al., 2020). Intriguing aspects of the epigenetic
regulation of VtRNA2-1 locus comprise its dependence on the
parental origin of the allele (Joo er al., 2018; Paliwal er al.,
2013), and its sensitivity to the periconceptional environment
((Silver et al., 2015) and subsequent independent studies
(Richmond et al., 2018; van Dijk er al, 2018)). In addition,
vtRNA1-3 promoter methylation was associated with signifi-
cantly poor outcome in lower risk myelodysplastic syndrome
patients (Helbo er al., 2015).

Currently, transcriptomic sequencing is the benchmark tech-
nique to study global RNA expression (Stark er al., 2019).
Nonetheless, some classes of RNAs are elusive to the stand-
ard transcriptomics due to their stable RNA structure and the
presence of modified bases or ends, which impair the cDNA
synthesis and/or adapter ligation during the sequencing library
preparation (Sendler er al., 2011; Zheng er al., 2015). The
vtRNAs belong to this group due to their conserved stable
stem/hairpin loop secondary structure. The latter, together with
the lack of sequencing of 40-200bp-long RNAs in the conven-
tional transcriptomic studies, which are mostly intended for
small and long RNAs, probably delayed their study in comparison
with other regulatory RNAs. In fact, the 50-300 nucleotides
long RNAs are considered the black hole of RNA biology
(Boivin et al., 2018; Steitz, 2015). Nonetheless, since chromatin
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accessibility plays a critical role in the regulation of gene
expression, at some extent the transcription of an RNA can
be inferred from the chromatin status of its promoter (Corces
et al., 2018; Duren et al., 2017; Liu et al., 2018; Park et al.,
2017b). Since mounting evidence has shown that vtRNAs expres-
sion is tightly controlled by chromatin accessibility, dependent
on nucleosome positioning and promoter DNA methylation
(Ahn et al., 2018; Fort et al., 2018; Helbo et al., 2015; Helbo
et al., 2017; Lee et al., 2014a; Lee et al., 2014b; Park et al.,
2017a; Park et al., 2017b; Sallustio et al., 2016; Treppendahl
et al., 2012), the chromatin structure is a suitable surrogate
marker of VtRNA transcription and could be used as a proxy of
their expression.

The expression, regulation, and role of the four human
vtRNAs in normal and disease conditions are still poorly
understood, and available knowledge indicates that they hold
diverse tissue specific activities. The availability of genomic
data of large sets of human tissues provided by The Cancer
Genome Atlas (TCGA), allows the study of the human vtRNAs
across 16 tissue types and normal/cancer conditions. Here,
we analyze VtRNA genes chromatin of the TCGA patient
cohort withdrawn from two approaches: the assay for trans-
posase-accessible chromatin followed by NGS sequencing
(ATAC-seq) to analyze chromatin accessibility (Buenrostro
et al., 2013; Buenrostro et al., 2015; Corces et al., 2018;
Thurman et al., 2012) and the Illumina Infinium Human Meth-
ylation 450K BeadChip to analyze the CpG methylation of
DNA (Moran er al., 2016). This led us to determine the patterns
of transcriptional regulation of the four human vtRNAs through-
out cancer tissues. We also evaluate the association between
vtRNA promoter DNA methylation and the patient clinical
outcome in all the available cancer types. Finally, looking for
functional discoveries, we analyze vtRNA relations with immune
subtypes and transcriptionally co-regulated gene programs.
Our study reveals specific patterns of inferred expression for
each vtRNA that support previous evidence and poses potential
new roles and molecular programs in which they may partici-
pate across and intra cancer types, increasing the comprehension
of the role of the human vtRNAs in health and disease.

Methods

ATAC-seq data

The ATAC-seq data obtained by The Cancer Genome Atlas
(TCGA) consortium were retrieved from UCSC Xena Browser
(Goldman er al., 2020) on 03/10/2018. It comprises the genomic
matrix TCGA_ATAC_peak_Log2Counts_dedup_promoter with
normalized count values for 404 samples (385 primary solid
tumor samples across 23 tissues). As is described in UCSC Xena
Browser to calculate the average ATAC-seq values a prior
count of 5 was added to the raw counts, then put into a “counts
per million”, then log2 transformed, then quantile normal-
ized; the result is the average value in the file (log2(count+5)-qn
values) across all technical replicates and all biospecimens
belonging to the same TCGA sample group. The gene promoter
for ATAC-seq is defined as a region within -1000 to +100bp
from the TSS site. Assignment of promoter peak to gene
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mapping information derives from the peak summit within the
promoter region. Peak location information of the ATAC-seq
values for 500 bp gene promoter regions was retrieved from
the file TCGA_ATAC_Log2Counts_Matrix.180608.txt.gz. All the
analyses were performed for tissues with at least five primary
tumor samples (21 tissues), which resulted in the exclusion of
CESC (2 primary tumor samples) and SKCM (4 primary tumor
samples). Correlations between ATAC-seq and DNA promoter
methylation were performed for the 329 primary tumors that
are studied by both strategies (Extended Data: Tables Sl
and S2).

DNA methylation data

The DNA methylation data obtained from The Cancer
Genome Atlas (TCGA) consortium was retrieved from UCSC
Xena Browser (Goldman er al., 2020) on date 03/10/2018. It
comprises the normalized beta-value of DNA methylation
obtained using Illumina Infinium Human Methylation 450 Bead-
Chip arrays of the total (9149 samples) normal adjacent tissues
(746 samples across 23 tissues) and primary solid tumors (8403
samples across 32 tissues) of the Pan-Cancer TCGA cohort.
The current study is limited to solid tumors since only AML
DNA methylation is available at the TCGA. All the analyses
were performed for tissues with at least five samples. Normal
adjacent tissues comprise 16 tissues, excluding CESC (two
samples), GBM (two samples), PCPG (three samples), SARC (four
samples), SKCM (two samples), STAD (two samples) and THYM
(two samples). Primary tumors comprise 32 tissues. The normal-
ized promoter average beta-values (500 bp bin) comprise the
following CpG sites for vtRNAI-1: cg12532653, cg05913451,
cg14633504, cgl16615348, cg25602765, cgl13323902, cg18296956;
for VvtRNA1-2: ¢cg21161173, ¢gl3303313, ¢g00500100,
cg05174942, cg25984996, cgl1807153, c¢gl5697852; for
VtRNA1-3: cg23910413, cg19065177, cg02053188, cg01063759,
cg07379832, ¢cg07741016; and for vtRNA2-1: cgl6615357,
cg08745965, cg00124993, cg26896946, cg25340688, cg26328633,
cg06536614, cgl18678645, cg04481923  (Extended Data:
Tables S2-S5).

Analysis of transcription factors associated to vtRNA
genes

The transcription factors (TFs) occupancy analysis of vtRNAs
was performed at a + 3000 bp region centered at each vtRNA
gene. The CHIP-seq data was retrieved from the UCSC
genome browser (GRCh37/hgl9) (Kent er al., 2002) and the
K562 chronic myelogenous leukemia cell line was chosen
since it has the richest TFs data of ENCODE dataset (ENCODE
Transcription Factor Binding tracks - ENCODE 3 TFBS)
(Euskirchen er al., 2007). The KEGG pathways enrichment
analysis of the core 23 TFs common to all vtRNAs was done
using STRING software (Szklarczyk er al., 2017) (Extended
Data: Table S6).

Overall survival analysis

The Kaplan Meier curve analysis (Bland & Altman, 1998) was
performed with software GraphPad Prism 6 using Log-ranked
Mantel-Cox test. We analyzed the ATAC-seq normalized
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values and DNA methylation average normalized beta-values
for vtRNA promoters and survival data until 4000 days (99% of
data). The log-rank statistics was calculated for quartiles of
vtRNAs promoter chromatin accessibility comparison groups
(25" and 75") (Extended Data: Tables S7 and S8).

Pathway enrichment and cluster chromosome
localization analyses

The genome wide correlation analysis of promoter chromatin
accessibility (ATAC-seq normalized values) for each vtRNA in
comparison with all the annotated genes was performed using
the genomic matrix TCGA_ATAC_peak_ Log2Counts_dedup_
promoter retrieved from UCSC Xena Browser (385 primary
tumor samples across 23 tissues) (Goldman er al, 2020) on
date 03/10/2018. The protein coding genes showing a Spearman
correlation r > 0.4 were selected for pathway and cluster loca-
tion analysis. The pathway enrichment analysis was done using
STRING software for the Gene Ontology Biological Process
and KEGG pathways categories (Szklarczyk er al., 2017). The
cluster localization analysis was performed with two approaches,
the Cluster Locator algorithm (Pazos Obregén er al., 2018)
and the Enrichr software (Kuleshov er al., 2016) (Extended
Data: Tables S9 and S10).

Immune subtypes data

The data of Immune Subtypes defined by Thorsson et al.
(Thorsson er al., 2018) is available at the Pan-Cancer TCGA
and was retrieved from UCSC Xena Browser (Goldman
et al., 2020) on date 03/10/2018 and from the supplemen-
tary material of Thorsson et al. article (Thorsson et al., 2018).
ATAC-seq data of VtRNA promoters for the six Immune Subtype
comprised a total of 364 samples: wound healing (105 samples),
IFN-g dominant (93 samples), inflammatory (110 samples),
lymphocyte depleted (43 samples), immunologically quiet (nine
samples), TGF-b dominant (four samples). DNA methylation
average normalized beta-values of VtRNA promoters for the six
Immune Subtype comprised 7693 samples including wound
healing (1963 samples), IFN-g dominant (2137 samples), inflam-
matory (2126 samples), lymphocyte depleted (933 samples),
immunologically quiet (383 samples), TGF-b dominant (151
samples) (Extended Data: Tables S11-S14).

Statistical analysis

Unless specified all the variables are expressed as average
value + standard deviation (SD). Statistical analyses were
performed with one-way ANOVA for multiple comparison
tests, including Sidak’s Honest Significant Difference test as a
post-hoc test, as referred in the legend of the Figures. Spearman
equations were applied to determine the correlations. All the
analyses were done in R software (version 3.6) using libraries
ggcorrplot, corrplot, xIsx, heatmap.2 (clustering distance
measured by Euclidean and Ward clustering algorithms) and
software GraphPad Prism 6. The statistical significance of the
observed differences was described using the p-value (* p < 0.05,
** p < 0.01, #* p < 0.001, **** p-value < 0.0001). Differences
with a p-value of < 0.05 were considered significant.

F1000Research 2021, 10:182 Last updated: 09 JUN 2022

Results

VtRNA genes have different chromatin accessibility at
the promoter region

The Cancer Genome Atlas consortium incorporated ATAC-
seq data for tumor samples of the GDC Pan-Cancer data-
set (385 primary tumors samples across 23 cancer types
(Corces et al., 2018)). The ATAC-seq strategy is a genome-wide
sequencing profiling approximation to chromatin accessibil-
ity using the hyperactive Tn5 transposase that simultaneously
cut and ligate adapters preferentially to the accessible DNA
regions. The counts of sequencing reads in a particular genomic
region provides a direct measurement of chromatin accessibil-
ity (Buenrostro et al., 2015; Tsompana & Buck, 2014). For
those gene promoters regulated by DNA methylation, ATAC-seq
is a more direct approximation to chromatin accessibility than
promoter CpG DNA methylation measurements because the
latter is well correlated but not an exact measurement of chro-
matin accessibility. Indeed, the effect of DNA methylation on
chromatin structure depends on the gene and the distribution
of the methylation sites along it. It is also important to mention
that gene expression interpretations based solely on chromatin
accessibility are blind to post-transcriptional regulatory events such
as processing, localization, and stability of the RNA transcript.
Nevertheless, since the chromatin status of the different vtRNA
promoters has been positively correlated with the abundance
of their transcripts (Ahn er al., 2018; Fort er al., 2018; Helbo
et al., 2015; Lee et al., 2014a; Lee et al., 2014b; Park et al.,
2017a; Park et al., 2017b; Sallustio et al., 2016; Treppendahl
et al., 2012), ATAC-seq is likely a good surrogate of vtRNA
expression. DNA CpG methylation data is available for 746
normal adjacent (across 23 tissues) and 8403 primary tumor
(across 32 tissues) tissue samples of the Pan-Cancer TCGA
cohort (Extended Data: Tables S1-S5 and Figure S1). The full
data is listed in Tables S1-S5 and the tissue composition of
the three datasets of the cohort, comprising tumor ATAC-seq,
normal and tumor DNA methylation, is shown in Figure SI.
The DNA methylation data has nine more tissue types and a
higher number of samples than the others, while the abun-
dance of some tissues is skewed to twice enrichment in 1-4
specific tissue types.

Although several reports demonstrated that the DNA meth-
ylation of vtRNA promoters is well correlated to vtRNA
transcript expression in various tissues (Ahn er al., 2018; Fort
et al., 2018; Helbo et al., 2015; Helbo et al., 2017; Lee et al.,
2014a; Lee et al., 2014b; Park et al., 2017b; Sallustio et al., 2016;
Treppendahl er al., 2012), the association between the DNA
methylation and chromatin accessibility at their promoters was
not previously investigated.

To assess the expression of VtRNAs in cancer tissues, we
analyzed a 500 bp region, containing the full vtRNA genes, the
proximal promoter region and the RNA polymerase 1II A and
B box elements located downstream of the transcription start
site (TSS) (Figure 1). Indeed, Vilalta er al., 1994 demonstrated
that the deletion of the 300bp 5’-flanking region of the rat

Page 6 of 40



F1000Research 2021, 10:182 Last updated: 09 JUN 2022

Scale 500 bases} { hg19 GM12878
VIRNAT-1 7| 140,090,50 140,001,004 H1-hESC

Basic Gene Annotation Set from GENCODE Version 34lift37 (Ensembl 100) HSMM

VTRNA1-1 HUVEC
CpG Islands (Islands < 300 Bases are Light Green) . K562
DNasel Hypersensitivity Clusters in 125 cell types from ENCODE (V3) NHEK
DNase Clusters _y & NHLF
H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE
Layered H3K27Ac —_— — —

= e

Layered H3K4Me3 H3K4Me3 Mark (Often Found Near Promotfrs gn 7 cell lines from ENCODE
— e ey

= ———— =

Layered H3K4Me1 H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

—— ————

4.88 _ 100 vertebrates Basewise Conservation by PhyloP
100 Vert. Cons

45

Scale 500 bases} | hg19
VIRNAT-2 chrs: 140,098,004 140,098,504 140,099,004

Basic Gene Annotation Set from GENCODE Version 34lift37 (Ensembl 100)
VTRNA1-2

CpG Islands (Islands < 300 Bases are Light Green)

DNasel Hypersensitivity Clusters in 125 cell types from ENCODE (V3)
DNase Clusters _

Layered H3K27Ac H3K27Ac Mark_(Often Found Near Active Regulatogx Eementﬂ on 7 cell Ilneslrom ENCODE

— = el =

Layered H3K4Me3 H3K4Me3 Mark (Often Found Nia_rzromoters) on 7 cell lines from ENCODE
Layered H3K4Me1 H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

4.88 _ 11 100 vertebrates Basewise Conservation by PhyloP
100 Vert. Cons

45 _ l [

Scale 500 bases} | hg19
VtRNA1-3 chrs: 140,105,504 140,106,004

Basic Gene Annotation Set from GENCODE Version 34lift37 (Ensembl 100)
VTRNA1-3

CpG Islands (Islands < 300 Bases are Light Green)
CpG Islands

DNasel Hypersensitivity Clusters in 125 cell types from ENCODE (V3)
DNase Clusters

Layered H3K27Ac H3K27Ac Mark (Ofte_n Found Near Achve_ReguIatory Elements) on 7 cell lines from ENCODE

— —

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines frgm ENCODE
/_———’__ o —

— - —; —_—

H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Layered H3K4Me3

Layered H3K4Me1

4.88 _ 100 vertebrates Basewise Conservation by PhyloP
100 Vert. Cons
45 _ b 1 L
Scale 500 bases} | hg19
VIRNA2-1 chrs: 135,416,004 135,416,500 135,417,004
Basic Gene Annotation Set from GENCODE Version 34lift37 (Ensembl 100)
VTRNA2-1

CpG Islands (Islands < 300 Bases are Light Green)
CpG Islands

DNasel Hypersensitivity Clusters in 125 cell types from ENCODE (V3]
DNase Clusters [l

Layered H3K27Ac H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

——

A ——— o —— . ———
Layered H3K4Me3 H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE
_\_\-_-_k_'_—_,_l—'-—_y—_‘—___ S

Layered H3K4Me1 H3K4Me1 Mark (Often FoundW

488 _ 100 vertebrates Basewise Conservation by PhyloP

100 Vert. Cons
45 _ Ty ! | TRrT

Figure 1. Genomic view of human vtRNA genes epigenetic features. Genomic view of 1.5 kb region of human vtRNA genes in UCSC
Genome browser (GRCh37/hg19) centered at the 500bp bin highlighted in yellow, which was used for ATAC-seq and CpG methylation
analyses. VIRNAs of locus 1 cluster (vtRNAT-1, vtRNA1-2, vtRNA1-3) and of locus 2 (vtRNA2-1) are in the sense and antisense orientation
respectively. Several Gene annotation and ENCODE Project tracks for seven cell lines (GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK, NHL)
are displayed: DNA accessibility (DNasel hypersensitivity clusters (color intensity is proportional to the maximum signal strength)), DNA
methylation (for CpG islands length greater than 200 bp), histone modification (H3K27Ac, H3K4me1, H3K4me3 marks), conservation of the
region in 100 Vertebrates (log-odds Phylop scores). The vertical viewing range of the tracks displays the default settings of the browser for
each variable.
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VvtRNA transcript largely reduced its transcription greater
than 30-fold (Vilalta er al., 1994). As depicted in Figure 1,
this region bears epigenetic marks of transcriptionally active
chromatin (Li er al., 2007), including histone H3K27ac,
H3K4mel, H3K4me3 at the promoters and DNasel hypersen-
sitivity clusters around the TSS in the cell types compiled by
UCSC browser (Goldman er al., 2013). Interestingly, vtRNA2-1
is the only vtRNA immersed in a CpG island and vtRNAI-1
displays the strongest epigenetic marks of transcriptional
activity (Figure 1). The analysis of the ATAC-seq values of
this 500 bp region of all the TCGA primary tumors reveals that
the four human vtRNAs have different levels of chromatin
accessibility (Figure 2A). Moreover, the average DNA meth-
ylation of the promoters (Figure 2B) in primary tumor samples
supports this finding (32 tissues, Extended Data: Figure S1 and
Tables S2 and S4). VtRNAI-1 promoter has the highest chro-
matin accessibility and the lowest DNA methylation, showing
the smallest dispersion of values among the samples (Ave. 4.1,
0.6 SD) relative to the other three vtRNAs. Meanwhile, vtRNA1-2
(Ave. 2.9, 1.6 SD), vtRNA1-3 (Ave. 1.7, 1.2 SD) and vtRNA2-1
(Ave. 2.5, 1.4 SD) have broader ranges of ATAC-seq and
DNA methylation values (Figure 2, Table 1, Extended Data:
Tables S1 and S2 and Figure S1). A comparison among the
vtRNAs shows that the average chromatin accessibility of their
promoters is inversely proportional to their average DNA meth-
ylation (Table 1 and Figure 2) (relative ATAC-seq values are

ATAC-seq log2 normalized values

-3

T T
VtRNA1-1 vtRNA1-2 vtRNA1-3 vtRNA2-1
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vtRNAI-1 (4.1) > vtRNAI-2 (2.9) > vtRNA2-1 (2.5) and
accordingly, relative DNA methylation are vtRNA1-1 (0.09)
< VtRNAI-2 (04) < vtRNA2-1 (0.5)). Yet vtRNAI-3
average low chromatin accessibility is not accompanied by a
comparatively denser promoter methylation (values 1.7 and
0.22 respectively). Nevertheless, the intra-sample correlation
between the ATAC-seq and DNA methylation for the vtRNAs is
between -0.24 and -0.78 (see rs-values in Table | and Extended
Data: Figure S2), suggesting that regardless of the relatively
smaller average effect of DNA methylation on vtRNAI-3
promoter accessibility, all the vtRNAs are regulated by DNA
methylation to some extent (Table 1). In addition, the CpG DNA
methylation negatively correlates with ATAC-seq values in the
500bp of the promoters of the four VtRNAs (Table 1 and
Extended Data: Figure S2). The strength of the correlation for
each vtRNA is higher for the two vtRNAs that have a broader
spectrum of DNA methylation, i.e. VtRNA1-2 and vtRNA2-1
(rs = -0.74 and rs = -0.78 respectively) (Table 1 and Extended
Data: Figure S2B and S2D). Meanwhile, vtRNA1-1 and
vtRNA1-3 promoters, which have narrower range of DNA
methylation (VtRNAI-1 has also a small range of chroma-
tin accessibility) present a smaller association between both
values (rs = -0.24 and rs = -0.54 respectively) (Table 1 and
Extended Data: Figure S2A and S2C). Technical differences
in ATAC-seq and DNA methylation array approaches, as well
as naturally occurring non-linear correlation between average

Promoter methylation

0.0

T T T T
VtRNA1-1 vtRNA1-2 vtRNA1-3 vtRNA2-1

Figure 2. Chromatin accessibility and DNA methylation of the vtRNA promoters. Analysis of vtRNA 500bp promoter region. A.
Average chromatin accessibility ATAC-seq values for the 385 primary tumors available at the Pan-Cancer TCGA dataset (23 tissues types).
B. Average DNA methylation beta-values for the 8403 primary tumors (32 tissues types). Dashed horizontal lines denote unmethylated
(bottom gray, average beta-value < 0.2), 50% methylated (middle red, average beta-value = 0.5) and highly methylated (top gray, average
beta-value > 0.8) promoters. The box plots show the median and the lower and upper quartile, and the whiskers the 2.5 and 97.5 percentile

of the distribution.
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Table 1. Correlation between vtRNA promoters ATAC-seq
and DNA methylation values in the Pan-Cancer TCGA
samples.

Spearman
correlation
(ATAC-seq vs DNA
methylation)

Average = SD

Promoter Promoter DNA

UL ATAC-seq  methylation & Blelis
VtRNA1-1  4.1+06 0.09 + 0.07 -0.24 <0.0001
VtRNA1-2 29+16 0.42 +0.20 -0.74 <0.0001
VtRNA1-3 1.7+1.2 0.22+0.15 -0.54 <0.0001
VtRNA2-1 25+14 0.47 £0.21 -0.78 <0.0001

The Spearman correlation was calculated for the 329 primary tumors
studied by ATAC-seq and DNA methylation.

DNA methylation and chromatin structure may account for
these differences (Corces er al., 2018; Liu et al., 2018). The
low ATAC-seq value of the pseudogenes VtRNA3-1P (Ave.
-1.2, 0.6 SD) and vtRNA2-2P (Ave. 0.1, 0.6 SD), represents
a proof of concept of the analyses (Extended Data: Figure S3
and Tables S1-S5). The same approach was performed for
the Y-RNAs genes RNY1 (Ave. 3.7, 0.4 SD), RNY3 (Ave.
2.1, 0.6 SD, RNY4 (Ave. 1.9, 0.6 SD) and RNY5 (Ave. 3.1,
0.4 SD) (Canella er al., 2010), which code for ubiquitously
expressed RNA polymerase III transcripts (Extended Data:
Figure S3 and Tables S1).

Chromatin accessibility, DNA methylation and
transcription factor binding at the four vtRNA
promoters are correlated

Aiming to investigate a possible transcriptional co-regulation
of vtRNA genes, we determined the pairwise correlations in
chromatin accessibility and DNA methylation among the four
vtRNA promoters. We found that all pairs of vtRNAs, except
vtRNA1-2 and vtRNA2-1, show positive correlations in both
datasets (Figure 3A and 3B) (rs-values 0.23-0.41 for ATAC-
seq and rs-values 0.20-0.50 for DNA methylation). The unsu-
pervised clustering of these epigenetic marks indicates that the
three vtRNAs clustered at vtRNA1 locus (vtRNA1-1, vtRNA1-2
and vtRNA1-3), which are the vault particle associated vtRNAs,
are more similar than vtRNA2-1 (Figure 3A and 3B).

Given that the chromatin accessibility of a DNA region is
partially controlled by transcription and chromatin remodeler’s
factors (Corces er al., 2018; Klemm er al., 2019), we analyzed
transcription factors (TFs) occupancy at a + 3000 bp region
centered at each VtRNA gene. Since there is no such study of
the TCGA samples, we investigated the CHIP-seq data of the
K562 chronic myelogenous leukemia cell line, which has the
richest TF data at ENCODE dataset (Euskirchen er al., 2007,
Goldman er al., 2013). We observed that the four vtRNAs
share a common core of 23 TFs (26%). The three members of
the vtRNA1 cluster share 16 additional TFs (18%), reaching
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39 common TFs (44%), while only 2-4 TFs with vtRNA2-1
(Figure 3C and 3D and Extended Data: Table S6). We finally
asked whether this common core of TFs is linked to a specific
biological process. The STRING enrichment analysis of the
core of 23 TFs common to all vtRNAs identified HTLV-I infec-
tion (ATF1, ATF3, E2F1, EP300, NFATC3, TBP), Hepatitis B
(E2F1, EP300, NFATC3) and Transcriptional misregulation in
cancer (AFF1, ATF1, MAX) as the top three enriched KEGG
pathway terms (FDR < 0.05) (Figure 3D and Extended Data:
Table S6).

Taken together these findings indicate that the transcriptional
activity of the vtRNAs is gene specific, being vtRNAI1-1 the
most accessible and possibly the most expressed. In addition,
the data suggest that the regulatory status of the vtRNA promot-
ers could be coordinately controlled, and the three VtRNATls
are more co-regulated among themselves. Yet, the core of TFs
shared by the four vtRNAs is associated with viral infection
and cancer related terms in the myeloid cell line K562.

The vtRNA promoters present gene and tissue specific
patterns of chromatin accessibility in primary tumors

In order to investigate the expression of VtRNAs in differ-
ent tissues we analyzed the Pan-Cancer TCGA ATAC-seq data
discriminating the tissue of origin. As expected, VtRNA1-1 has
the highest promoter chromatin accessibility among tissues
and the smallest variation (Figure 4A, Extended Data: Tables
S1-S5 and Figure S1). Remarkably, low-grade glioma tumor
samples (LGG) show a global reduction in chromatin accessibil-
ity at the four vtRNA gene promoters (Figure 4A). An opposite
pattern is seen in adrenocortical carcinoma tissue (ACC), where
the vtRNAs have the highest concerted chromatin accessibility
(Figure 4A). Individually, vtRNAs promoter accessibility is maxi-
mum and minimum in THCA (4.7) and LGG (3.3) for vtRNA1-1,
ACC (4.2) and LGG (0.29) for vtRNAI1-2, ACC (3.7) and
LGG (0.24) for vtRNA1-3 and KIRC (4.2) and LGG (1.0)
for vtRNA2-1 (Figure 4A). VtRNA3-1P reaches a maximum
of promoter chromatin accessibility in Testicular Germ Cell
Tumors (TGCT) (0.65) with an extremely low average ATAC-
seq value and its minimum in PRAD (-1.5) (Extended Data:
Figure S3C). VtRNA2-2P reaches a maximum and minimum
promoter chromatin accessibility in Lung Adenocarcinoma
(LUAD) (1.0) and ACC (-0.34) respectively (Extended Data:
Figure S3C). Remarkably, although vtRNAI-1 and vtRNA1-3
have the highest and lowest promoter accessibility in the majority
of tissues respectively, VtRNAI-2 and vtRNA2-1 are the most
variable (vtRNAI1-1 SD = 0.34, vtRNA1-2 SD = 1.4, vtRNA1-3
SD = 0.75 and vtRNA2-1 SD = 0.78) (Figure 4A). In
addition, in 12 tissues the chromatin accessibility of vtRNA1-2
is higher than VvtRNA2-1 (57%) whereas in nine tissues the
chromatin accessibility of vtRNAI1-2 is lower than vtRNA2-1
(43%) (Figure 4A).

Using the vtRNAs promoter DNA methylation data, we extended
the analysis to 32 primary tumor tissues, incorporating nine
more tissues than ATAC-seq samples (DLBC, KICH, OV, PAAD,
READ, SARC, THYM, UCS, UVM) (Figure 4B, Extended
Data: Figure S1) and 16 normal adjacent tissues (Figure 4C,
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Figure 3. Comparative chromatin accessibility and transcription factor occupancy at the vtRNA loci. A-B Matrix of pairwise
Spearman correlations (two-way hierarchical clustering distance measured by Euclidean and Ward clustering algorithms) of vtRNA
500 bp promoter region for ATAC-seq data (385 primary tumors samples across 23 tissues) (A) and DNA methylation average beta-values
data (8403 primary tumors samples across 32 tissues) (B). C. Venn diagram of transcription factors identified as ChIP-seq Peaks by ENCODE
3 project in the cell line K562 (Venny 2.1; https://bioinfogp.cnb.csic.es/tools/venny/index.html). The region for TFs assignment was defined
as +3000 bp from the vtRNA transcript sequence boundaries. D. Interaction cluster of the core 23 TFs common to all vtRNAs performed with
STRING (Szklarczyk et al, 2017). The colored labels of the top 3 enriched KEGG pathway terms (FDR < 0.05) are indicated.

Extended Data: Figure S1). Again, the DNA methylation profile
mirrors the chromatin accessibility in the individual tissue types
(Figure 4). Remarkably, the association between the average
VvtRNA promoter chromatin accessibility and DNA methylation
of the vtRNALI cluster in each tissue type is higher than that
observed for the average of all tissues (VtRNAIL-1 rs = -0.28,
VtRNAL-2 s = -0.90 vtRNA1-3 rs = -0.74 and vtRNA2-1
rs = -0.58) (Table 1 and Extended Data: Figure S4). The opposite
finding for vtRNA2-1 may be explained by the impact of
the previously recognized epigenetic variation in the locus

(Silver et al., 2015), which may prevail over the tissue
specific variation for this gene.

In primary tumor tissues, promoter DNA methylation of
VvtRNA2-1 is higher than vtRNA1-2 in 17 tissues (53%) and the
opposite is observed in the remaining 15 tissues (47%)
(Figure 4B). Meanwhile in normal tissues, promoter DNA
methylation of VtRNA2-1 1is higher than VtRNAl-2 in
4 tissues (25%) and lower in 12 tissues (75%) (Figure 4C),
indicating that although vtRNAI1-2 is more methylated in
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Figure 4. Chromatin accessibility and DNA methylation of the vtRNA promoters in tumor and normal tissues. A. ATAC-seq values
for vtRNA promoters in 21 primary tumor tissues. B. Average beta-values of promoter DNA methylation for vtRNAs in 32 primary tumors
tissues. C. Average beta-values of promoter DNA methylation for vtRNAs in 16 normal adjacent tissues. The charts show the average value
and standard deviation of each vtRNAs for the tissues with at least five samples available at Pan-Cancer TCGA dataset.
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normal samples, VtRNA2-1 gains methylation in neoplastic
tissue, becoming more methylated than vtRNAI1-2 (in 7 tis-
sue types and VvtRNA1-2 loose methylation: BLCA, BRCA,
CHOL, HNCSC, LUAD, LUSC, UCEC). Indeed, the Fisher’s
exact test identifies a mirrored profile of chromatin accessi-
bility between normal (4 tissues with high vtRNA1-2 and 12
tissues with high vtRNA2-1 from 16 total tissues) and tumor tis-
sues (17 tissues with high vtRNA1-2 and 15 tissues with high
vtRNA2-1 from 32 total tissues) for vtRNAI-2 and vtRNA2-1
(p-value = 0.07). Despite this deregulation in transformed tis-
sues, we wondered if the tissue specific differences in vtRNA
promoters were explained by their pre-existing status in the nor-
mal tissues. The correlation among average VtRNA promoter
DNA methylation in normal and tumor tissues suggest that
the variation in chromatin accessibility among tissue types
is already established in the normal tissue counterparts
(VtRNAI-1 rs = 0.53, vtRNA1-2 rs = 0.84, vtRNAI1-3 rs = 0.47
and vtRNA2-1 rs = 0.75, Extended Data: Figure SS5).

VtRNA promoter’s DNA methylation is associated with
tumor stage and tissue of origin

The assessment of differential vtRNA expression from normal
to tumor condition at the TCGA cohort can only be performed
using DNA methylation dataset since no ATAC-seq analyses
were performed in the normal tissues. The average beta-value
of CpG sites in the 500bp vtRNAs promoter of normal and tumor
tissue evidenced gene specific patterns of deregulation in neoplastic
tissues (Figure 5). As depicted in Figure 4, vtRNAIl-1 and
vtRNA1-3 promoter DNA methylation and chromatin accessibility
is low and high tissue-wide respectively, in both normal and
tumor tissues (yet, there are highly methylated tumor outliers as
LGG, that lack normal counterpart) (Figure 4 and Figures 5A
and 5C). Conversely, vtRNA1-2 and vtRNA2-1 revealed significant
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differences in average promoter DNA methylation among the
tissue categories (Figures 5B and 5D). In agreement with previ-
ous results, the methylation of vtRNA1-2 promoter decreases
from normal to tumor samples, while VtRNA2-1’s increases
(Figures 5B and 5D and Figure 4).

We next asked whether the promoter status of the VtRNAs is
deregulated during the normal and tumor transformation of
different tissue types. This comparison was restricted to the
16 tissues with normal samples (with data of at least five sam-
ples, Figure 6 and Extended Data: Figure S1, Table S5). The
results revealed that vtRNA1-1 is globally unmethylated in nor-
mal and tumor from different tissue origins, but presents small
but statistically significant changes in 4 tissue types (OG pro-
file in BLCA, THCA UCEC and TSG in LUSC), whose
biological impact remains to be determined (Figure O0A).
Similarly, VvtRNA1-3 is globally unmethylated, showing
larger variability and significant upregulation in BRCA and
PRAD, compatible with a TSG function (TSG trends for LIHC
p-value = 0.08 and LUSC p-value = 0.09, Figure 6C). In agree-
ment with the literature, vtRNA2-1 presents a TSG pattern of
deregulation in PRAD, LUSC and BRCA (Cao er al., 2013;
Fort er al., 2018; Romanelli er al., 2014), and an OG pattern
in KIRP that has not been previously described (Figure 6D).
Finally, a statistically significant dysregulation of vtRNAI1-2
promoter DNA methylation across almost all cancer types (13 out
of 16 tissues analyzed) poses it as a candidate OG in cancer
(Figure 6B).

Overall, the data shows different DNA methylation changes
in the vtRNAs promoters upon malignant transformation in
several tissues. In addition, the deregulation of each VvtRNA
occurs mostly in a gene specific direction, where VtRNA1-2 has
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Figure 5. Promoter DNA methylation of vtRNAs in Normal and Tumor tissues of Pan-Cancer TCGA dataset. Average beta-values of
promoter DNA methylation of viRNA1-1 (A), viRNAT-2 (B), viRNAT-3 (C) and vtRNA2-1 (D), assessed in 746 normal and 8403 tumor tissues
respectively. The box plots show the median line and lower and upper quartile and the whiskers the 2.5 and 97.5 percentile. Horizontal
grey striped and red dotted lines denote unmethylated (average beta-value < 0.2), 50% methylated (average beta-value = 0.5) and highly
methylated (average beta-value > 0.8) promoters. One-way ANOVA multiple test analysis with Sidak as posthoc test was performed.

**** n-value < 0.0001.
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Figure 6. VtRNA promoters DNA methylation in Normal vs. Tumor samples. Average beta-values of promoter DNA methylation for
VERNAT-1 (A) VERNAT-2 (B), vtRNA1-3 (C) and vtRNA2-1 (D). Acronyms indicate the tissue condition (normal (N) and tumor (T)). Blue and red
colors indicate an increase or reduction in promoter methylation in tumor vs their normal tissues counterparts. The box plots show the
median and the lower and upper quartile, and the whiskers the 2.5 and 97.5 percentile of the distribution. Horizontal, lines denote the
methylation level of the promoters: grey striped bottom and top for unmethylated (average beta-value <0.2) or highly methylated (average
beta-value > 0.8) respectively, and red dotted for 50% methylated (average beta-value = 0.5)) promoters. One-way ANOVA multiple test
analysis with Sidak as posthoc test was performed. * p-value < 0.05; ** p-value < 0.01; **** p-value < 0.0001.
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an OG like epigenetic de-repression while VtRNA2-1 (and to
a lesser extent VtRNA1-1, vtRNA1-3) has a TSG like repressive
methylation in tumor tissues.

Low DNA methylation at the promoter of vtRNA1-1,
VtRNA1-2 and vtRNA2-1 is associated with low patient
overall survival

Seeking for a possible clinical significance of the chromatin
accessibility change of the vtRNA promoters, we studied its
association with the overall survival of patients (Figure 7 and
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Extended Data: Tables S7 and S8). The analysis of patients strati-
fied by vtRNA promoter accessibility quartiles did not show
differences in overall survival (data available at Extended
Data: Table S8). However, a significantly lower patient sur-
vival probability when patient tumors have lower promoter
DNA methylation is observed for vtRNA1-1 (p-value = 0.003),
VtRNA1-2 (p-value = 0.004) and vtRNA2-1 (p-value = 0.002)
(patient stratified in quartiles of the promoter DNA meth-
ylation cohort values, Figure 7). Therefore, a lower promoter
DNA methylation of vtRNAI1-1, vtRNA1-2 and vtRNA2-1, a

100~

VvtRNA1-2
=L Promoter methylation 75t

=l Promoter methylation 25t

80+

60

Percent survival

40+

20 Log-rank (Mantel-Cox) test

0.0039
Hazard Ratio (logrank) A/B B/A
Ratio (and its reciprocal) 0.8358 1.196
95% Cl of ratio 0.7397 to 0.9444 1.059 to 1.352

T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000

Days
VvtRNA2-1
100 =l Promoter methylation 75th
=l Promoter methylation 25t

80+
3 o
>
<
3
@
-
c
v
4
v 40
S 0

20 Log-rank (Mantel-Cox) test

[Crralve [ 00022 ] L
Hazard Ratio (logrank) A/B B/A
Ratio (and its reciprocal) 0.8292 1.206
95% CI of ratio 0.7357 to 0.9345 1.070 to 1.359
0

T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000

Days

Figure 7. Association between patient Overall survival and vtRNA promoters DNA methylation status in Pan-Cancer TCGA
dataset. Kaplan-Meier curves of overall patient survival probability over the time (4000 days) discriminating the primary tumors into two
cohorts with relatively higher (75%) and lower (25®) DNA methylation at each vtRNA promoter. Promoter DNA methylation data of the 8060
primary tumors was used to stratify the patients in two quartiles, based on the expression of vtRNA1-1 (A) vtRNA1-2 (B), vtRNA1-3 (C) and
VtRNA2-1 (D). Patient survival probability of the two groups was analyzed using Log-rank (Mantel-Cox) test. The dotted lines represent the

95% confidence interval for each curve.
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surrogate of their high expression, might be associated with poor
patient overall survival cancer-wide.

Genome-wide chromatin accessibility correlations with
VtRNA promoters reveal their link to specific cancer
related functions

Seeking to get insight into the function of the VtRNAs from
their transcription regulatory marks, we searched for the genes
co-regulated at chromatin level. We calculated the correlation
of the ATAC-seq promoter values of each vtRNA and all the
individual genes in the 385 primary tumor cohort and selected
those showing a Spearman correlation rs > 0.4. Using STRING
software analysis, we then investigated their connection with
Biological Process categories and KEGG pathways (Szklarczyk
et al., 2017). A few enriched terms for the genes correlated
with vtRNA1-2, vtRNA1-3 and vtRNA2-1 is identified (FDR
< 1x107?) (Extended Data: Tables S9 and S10). The 196 pro-
tein coding genes correlated with VvtRNA1-2 are enriched
in the Biological Process “Epithelial cell differentiation”
(FDR < 1x10%) (Extended Data: Table S10). Meanwhile,
the 358 protein coding genes correlated with vtRNA2-1 are
enriched in the Biological Processes “Immune system process”,
“Inflammatory response” and “Immune response” (FDR < 1x107)
and the KEGG pathways term “Cytokine-cytokine receptor inter-
action” (FDR < 1x10*) (Extended Data: Table S10). The only
six protein coding genes correlated with vtRNA1-3 are enriched
in the “Thyroid cancer” KEGG pathway term (FDR < 1x10%).
Remarkably, although STRING analysis of the vtRNAI-1
associated 37 protein coding genes did not find enriched proc-
ess or pathways, 36 of the 37 correlated genes are located
at chromosome 5q region. Using the Cluster Locator algo-
rithm (Pazos Obregén er al., 2018), we found a statistically
significant non-random clustering behavior for the chromo-
somal location of the genes co-regulated with VtRNAI-1
(p-value < 1x101%). Indeed, when the analysis was extended to
173 protein coding genes with Spearman correlation rs > 0.3, 139
genes of 173 were situated at chromosome 5q region (p-value
< 1x10'°%). These genes are positioned in particular regions
at chr5q31, chr5q35, chr5q23, chr5ql4, chr5q32, chr5q34
(FDR < 1x10*) (Kuleshov er al., 2016) (Extended Data: Table
S10). We did not find a similar phenomenon for the other three
vtRNAs. In summary, vtRNA1-3, vtRNA1-2 and vtRNA2-1 tran-
scription may be co-regulated with genes belonging to specific
biological processes located elsewhere, while VtRNAI-1
transcription may be controlled by a locally specialized chro-
matin domain at chromosome 5q region lacking apparent
functional relatedness.

Immune Subtypes associated with the vtRNAs profile

Taking into account that vtRNAs have been previously related
to the immune response (Golec er al, 2019; Li er al., 2015;
Nandy er al, 2009), and that we found an association of
vtRNA2-1 with immune related terms, we sought to investigate
a putative relation between the VtRNAs expression and the
six Immune Subtypes defined by Thorsson er al. (Thorsson
et al., 2018), compiled at Pan-Cancer TCGA (Extended Data:
Tables S11-S14). These six Immune Subtypes are named because
of the foremost immune characteristic, comprising wound
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healing, IFN-g dominant, lymphocyte depleted, inflammatory,
immunologically quiet and TGF-b dominant types (Thorsson
et al., 2018). As was expected, mirrored patterns were observed
for promoter ATAC-seq and DNA methylation data of the six
groups (Figure 8). The immunologically quiet subtype shows a
concerted shutdown of all vtRNA promoters (Figure 8), which
is largely composed by LGG samples showing low vtRNA
ATAC-seq and high promoter methylation average values in
LGG tumors (Figures 4A and 4B). The immunological quiet
subtype exhibits the lowest leukocyte fraction (very low Thl7
and low Th2) and the highest macrophage:lymphocyte ratio
(high M2 macrophages) (Thorsson ef al., 2018). The remaining
subtypes present a similar vtRNA profile except for the inversion of
VtRNA1-2/vtRNA2-1 accessibility ratio, which is higher than
1 for the wound healing and IFN-g dominant subtypes while is
lower than 1 for the lymphocyte depleted and inflammatory
subtypes (Figure 8A). As expected, a mirrored pattern was
observed for vtRNA1-2 and vtRNA2-1 at DNA methylation data
(Figure 8B). Since the wound healing and IFN-g dominant
subtype have high proliferation rate opposite to the lymphocyte
depleted and inflammatory subtypes (Thorsson er al., 2018),
we evaluated the correlation between VtRNA1-2 and vtRNA2-1
chromatin status and proliferation rate or wound healing
status defined by Thorsson et al. (Extended Data: Tables S12
and S14) (Thorsson er al., 2018). A negative correlation between
vtRNA1-2 promoter DNA methylation and the proliferation
rate (rs = -0.44) and wound-healing features of the tumors is
revealed (rs = -0.48) (Extended Data: Tables S12 and S14).
These findings suggest that VtRNA transcriptional regulation may
be associated with tumor immunity.

Discussion

Although important insight into the vtRNA function has been
recently gained, the landscape of vtRNA expression in human
tissues and cancer was unknown, perhaps for the absence of
vtRNA data in transcriptomic studies. Here we used ATAC-seq
and methylation arrays data from the Pan-Cancer TCGA
consortium (Weinstein er al., 2013), as surrogate variables to
uncover the expression of vtRNAs across multiple cancer types.
A limitation of our study is its blindness to post-transcriptional
controls of VtRNA expression, such as RNA processing, transport,
localization and/or stability. Indeed, there is evidence of VtRNA
transcript regulation via RNA methylation by NSUN2, or via
its association to other proteins like DUSP11, DIS3L2, SSB,
SRSF2 and DICER (Burke er al., 2016; Hussain er al., 2013;
Kickhoefer et al., 2002; Labno et al., 2016; Persson et al., 2009;
Sajini er al., 2019). Nonetheless, the chromatin status of the
vtRNA promoters has been correlated with the expression of
their transcripts in several reports (Ahn er al., 2018; Fort er al.,
2018; Helbo et al., 2015; Helbo et al., 2017; Lee et al., 2014a;
Lee et al., 2014b; Sallustio et al., 2016; Treppendahl ez al., 2012).
These evidences unequivocally stand for the use of chromatin
structure as a suitable proxy for vtRNA expression.

An integrated genomic view of the regulatory features of
the vtRNA genes compiled in UCSC genome browser indi-
cates that the four vtRNAs have chromatin signs of active
transcription in different cell lines and defines a proximal
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Figure 8. Chromatin accessibility and DNA methylation of vtRNA promoters in the Six Immune Subtypes analyzed in the
PANCAN TCGA dataset. A. ATAC-seq values expressed as log2 normalized values for vtRNA promoters grouped in six Immune
Subtype: wound healing (105 samples), IFN-g dominant (93 samples), inflammatory (110 samples), lymphocyte depleted (43 samples),
immunologically quiet (9 samples), TGF-b dominant (4 samples). B. DNA methylation average beta-values for vtRNA promoters grouped
in six Immune Subtype: wound healing (1963 samples), IFN-g dominant (2137 samples), inflammatory (2126 samples), lymphocyte
depleted (933 samples), immunologically quiet (383 samples), TGF-b dominant (151 samples) (Thorsson et al,, 2018). The charts show
the average and standard deviation for each vtRNA promoter in each Immune Subtype group.

promoter regulatory region of approximately 500 bp (Nikitina
et al, 2011; Vilalta er al, 1994). High resolution chroma-
tin accessibility mapping studies by NOMe-Seq of the vtRNA
promoters in cell lines validate this assumption (Helbo er al.,
2017). Particularly, vtRNA2-1 is singular for being immersed in
a CpG island, for lacking the TATA box, DSE or PSE elements
characteristic of the others vtRNA promoters, and for bearing a
cAMP-response (CRE) element (Canella er al, 2010; Helbo
et al., 2017; Nandy et al., 2009). Since ATAC-seq approach
is currently the best high throughput method to determine the

chromatin accessibility of a DNA region directly (Chen er al.,
2016; Sun et al., 2019; Tsompana & Buck, 2014), we inter-
rogated the ATAC-seq data of TCGA samples as a surrogate
marker of VtRNA expression (Corces er al., 2018). Although
DNA methylation is a less direct and less accurate measurement
of chromatin accessibility compared to ATAC-seq, 25 times
more TCGA samples have been analyzed by DNA Methylation
Arrays, including matched normal tissues samples, thus this
dataset is of great worth for the current study. Our analyses
revealed that vtRNAI-1 has accessible chromatin and small
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variation in all the evaluated tissues, which is consistent with
its identity as the ancestor vtRNA gene and its significance
as the major RNA component of the ubiquitous vault particle
(Stadler er al., 2009; van Zon et al., 2001). In addition, vtRNA1-2,
vtRNAI1-3 and vtRNA2-1 have lower chromatin accessi-
bility at their promoters and a larger variation among the
samples. As expected, the average DNA methylation assessed
by microarrays is negatively correlated with the chromatin
accessibility assessed by ATAC-seq. Therefore, the landscape
of VvtRNA chromatin status was corroborated by both
approaches. Yet, the low chromatin accessibility of vtRNA1-3
promoter is not reflected by a concomitant high DNA meth-
ylation, suggesting that additional regulatory features of this
gene, acting in trans or cis, play a major influence in its
chromatin structure. As was reported by Helbo er al. using
NOMe-seq assay (Nucleosome Positioning), the chromatin at
vtRNA1-3 may be poised for transcription, and still require TFs
to achieve physiological levels of transcription (Helbo er al.,
2017).

The relative abundance of the four vtRNAs determined in the
current study has been previously observed in various cell
lines, including H157, H1299, CRL2741, WI-38 and NTera-2
(Lee et al., 2011), HSC CD34+, HL60 (Helbo er al., 2015),
T24, colorectal RKO, human diploid fibroblasts IMR90 (Helbo
et al., 2017) and MCF7 (Chen er al., 2018). Yet, others found
different comparative levels of the vtRNAs in MCF7, SW1573,
GLC4, 8226, KB, SW620, MCF-7, HeLa, HEK-293 and L88/5
(van Zon et al., 2001), CBL, BL2 and BL41 (Nandy ez al., 2009),
EBV-negative Burkitt’s lymphoma cell lines and A549 (Li
et al., 2015) and in LNCaP, PC3, DU145, RWPE-1, HEK, HeLa
and MCF-7 (Stadler er al., 2009) cell lines, suggesting that the
expression of VtRNAs may differ in laboratory cell lines
compared to tissues. Alternatively, the methods used to quantify
the vtRNAs are not comparable among the studies.

Seeking to investigate regulatory connections between the
vtRNAs as a valuable tool to study their function, we deter-
mine the pairwise correlations between the promoters of the
vtRNAs. The positive correlations found are compatible with
a coordinated transcriptional control of the vtRNAs, that is
greater for the three members of the vtRNAI1 cluster (specially
vtRNA1-1 and vtRNA1-3). The exception is the pair vtRNA1-2
and VtRNA2-1, whose chromatin accessibility and promoter
methylation are not linked in the cohort and can be indeed
negatively associated.

As an alternative approach to investigate the vtRNA transcrip-
tional co-regulation, we analyzed transcription and chromatin
remodeling factors associated with their proximal promoter
region. It is worth to mention that RNA polymerase II TFs clus-
tered near TSS of RNA polymerase III transcripts could modu-
late occupancy and transcription rate of RNA polymerase III
through RNA pol II activity (Campbell & White, 2014; Gerber
et al., 2020; Raha et al., 2010; Zhang et al., 2019). Specifically,
RNA polymerase II could assist chromatin opening, thus allow-
ing accessibility of RNA polymerase III or its associated fac-
tors in the human genome (Raha er al., 2010). Interestingly, the
23 TFs common to all vtRNAs are related to viral infections and
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cancer. In agreement with their higher chromatin correlation,
the vtRNA1 clustered genes have a larger core of common TFs
(39) in comparison with vtRNA2-1 (23 TFs). The divergence
of the transcriptional control of VtRNA2-1 was previously rec-
ognized given its unique regulatory elements and the complex
developmental methylation it undergoes (Canella er al., 2010;
Carpenter et al., 2018; Helbo et al., 2017; Nandy et al., 2009).
The upregulation of the four vtRNAs upon viral infection has
been reported for several viruses, so it is possible that this core
of TFs participate in the coordinated expression of VtRNA
during viral infection and related responses (Amort er al.,
2015; Li et al., 2015; Nandy er al., 2009). These TFs regulate
cell cycle and translational arrest as well as the inhibition of
host innate immune response (Attar & Kurdistani, 2017; Ertosun
et al., 2016; Horsley & Pavlath, 2002; Jean et al., 2000;
Persengiev & Green, 2003; Rohini er al., 2018). Since these
processes are also hallmarks of cancer, the dysregulation of
the normal function of vtRNAs in viral response may provide a
selective advantage for cancer cell to overcome the many sources
of stress faced during neoplastic evolution. If that holds true,
the core VtRNA TFs may be co-opted in the malignant context
to tune VtRNA expression favoring tumor progression. In agree-
ment with that hypothesis, ATF1 and ATF3 were associated
with CREB response and increased cell viability (Persengiev
& Green, 2003). Likewise, Golec et al. showed that altered lev-
els of vtRNA2-1 modulate PKR activation and consequently
altered the levels of CREB phosphorylation during T cell
activation, which is a prerequisite for IFN-g activity (Golec
et al., 2019). Furthermore, E2F1, a cell cycle regulator, was
described as a direct transcriptional regulator of vtRNA2-1 in
cervical cancer cells (Li er al., 2017). Moreover, it was shown
that MYC binding to vtRNA2-1 promoter raises its expres-
sion and could be the explanation for the increased levels of
vtRNA2-1 in some tumors (Park er al., 2017a). Similarly,
TGFB1 provokes the demethylation of vtRNA2-1 promoter and
consequently increases its expression in ovarian cancer (Ahn
etal.,2018).

Alternatively, since RNA polymerase III transcripts are involved
in virus replication and immune response (Graczyk er al.,
2015), it is possible that the TF bound to vtRNA vicinity are
part of a global and not a vtRNA specific viral response.

Due to its importance for cancer biology, vtRNA2-1 transcrip-
tional regulation was recently more investigated (Yeganeh &
Hernandez, 2020). Various studies reported tissue specific roles
of vtRNA2-1 in normal (Golec er al., 2019; Lee et al., 2019;
Mifones-Moyano et al., 2013; Sallustio er al., 2016; Suojalehto
et al., 2014) and cancer tissues (Ahn er al., 2018; Fort et al.,
2018; Hu et al., 2017; Im et al., 2020; Jeon et al., 2012a;
Kunkeaw et al., 2012; Lee et al., 2011; Lee, 2015; Lee et al.,
2014a; Lee et al., 2014b; Lee et al., 2016; Lei et al., 2017; Li
et al., 2017; Ma et al., 2020; Treppendahl et al., 2012) and epi-
genetic alterations of the locus have been described in different
malignancies (Ahn er al., 2018; Cao et al., 2013; Fort et al.,
2018; Helbo et al., 2015; Helbo et al., 2017; Joo et al., 2018; Lee
et al., 2014a; Lee et al., 2014b; Park et al., 2017a; Romanelli
et al., 2014; Treppendahl er al., 2012). Meanwhile, except
for Kirsten Grgnbazk group’s contributions on the chromatin
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characterization of vtRNA1-3 and vtRNA1-2 promoters (Helbo
et al., 2015; Helbo et al., 2017), little is known about the
transcriptional regulation and expression of the other vtRNAs.
Likewise, to our knowledge, the global landscape of vtRNA
expression across different cancer types has not been investi-
gated. Our study shows that, except for vtRNA1-1, which has a
high promoter chromatin accessibility and low DNA
methylation in all the tissues, the other vtRNA promoters exhibit
different levels of chromatin accessibility and DNA methyla-
tion among the tissue types. The relative status of the chromatin
in different tissues is accurately mirrored by both approaches
in the tissues examined by ATAC-seq and Illumina DNA
methylation arrays. Interestingly, the same analysis performed
in the normal tissue samples reveals that the tissue specific
variation in DNA methylation of VvtRNA promoters in the
neoplastic tissues is already established in their normal tissue
counterparts, indicating that the regulation of vtRNA expression
is tuned during normal development and cell differentiation.

While there is no apparent concerted modulation of the
chromatin accessibility of the vtRNA promoters in most
tissues, ACC and LGG tumors seem to be the exception. Con-
cordantly, a global hypomethylation of malignant ACC tumors
(Legendre er al., 2016; Rechache er al., 2012), and an aber-
rantly methylation processes associated to altered DNMTs
activity in LGG tumors were reported (Nomura ef al., 2019).
However, more research is necessary to understand the
molecular basis of these observations.

The differential expression of the vtRNAs from normal to
primary tumor tissues revealed different patterns depending on
tissue origin. The average DNA methylation of the vtRNA1-1 and
vtRNA1-3 promoters is not significantly deregulated, whereas
vtRNA1-2 and vtRNA2-1 are decreased and increased respec-
tively in tumor tissues. The latter finding favors a candidate
OG and TSG function of vtRNA1-2 and vtRNA2-1 in cancer,
respectively. Indeed, the epigenetic repression of VtRNA2-1
was previously reported by Romanelli et al. in BLCA,
BRCA, COAD and LUSC analyzing the same data from TCGA
(Romanelli er al., 2014). Furthermore, functional studies in
LUSC, PRAD, ESCA and AML provided experimental support
to that hypothesis (Cao et al., 2013; Fort er al., 2018; Lee et al.,
2014a; Treppendahl er al., 2012). Yet, vtRNA2-1 has been also
proposed as an OG in ovarian, thyroid, endometrial, cervical
and renal cancer (Ahn er al., 2018; Hu er al., 2017; Lee et al.,
2016; Lei et al., 2017; Li et al., 2017; Yeganeh & Hernandez,
2020). In agreement with the functional data found by Lei et al.
(Lei er al., 2017), we found an epigenetic de-repression of
VtRNA2-1 promoter DNA methylation in renal carcinoma
(KIRP). Likewise, a closer look at THCA samples, shows
an average decrease in the DNA methylation of VtRNA2-1
promoter that supports the OG function described in this tissue
(Lee er al., 2016). Unfortunately, normal ovarian, cervical and
endometrial tissues are not available at the TCGA. Finally,
vtRNA1-2 has an oncogenic pattern of inferred expression
between normal and tumor tissues for 13 of 16 tissues analyzed,
raising a possible oncogenic function for this RNA.

Our study found also an association of DNA methylation at
the promoter with a shorter overall survival for vtRNAI-1,
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vtRNA1-2 and vtRNA2-1. This is surprising for vtRNA2-1, since
it has both TSG and OG roles and TSG compatible expression
profiles in three cancer types, inferred by DNA methyla-
tion of its promoter in tumor vs normal tissues and the average
promoter DNA methylation is increased in tumor compared
to normal tissue. A higher impact of VvtRNA2-1 expression
in patient survival in the oncogenic context may justify this
discrepancy. On the contrary, the association between vtRNA1-2
low promoter DNA methylation and low patient survival is
in agreement with its OG expression in cancer. The lack of
survival association with the ATAC-seq values may be due to the
small number of patients studied by this approach.

VtRNA expression in individual cancer types, inferred from
the epigenetic status of their promoters, has been associated
with patient survival in several studies of vtRNA2-1, one of
vtRNA1-3 and none for vtRNA1-1 or vtRNA1-2. Low methyla-
tion or high expression of vtRNA2-1 promoter were associated
with good prognosis or overall survival in lung (Cao et al., 2013),
esophageal (Lee er al., 2014a), prostate (Fort er al., 2018),
AML (Treppendahl et al., 2012), gastric (Lee et al., 2014b) and
liver (Yu er al., 2020). Conversely, a worse prognosis or over-
all survival association of vtRNA2-1 was reported in thyroid
(Lee er al., 2016) and ovarian (Ahn er al., 2018). From these
reports, only prostate (Fort er al, 2018) and gastric (Lee
et al., 2014b) studies used the TCGA data. Likewise, the
methylation status of the vtRNAI-3 promoter associates with
overall survival in the lower risk Myelodysplastic Syndrome
patients (Helbo er al., 2015). Additionally, vtRNAI-1 and
vtRNA1-2 correlate to chemotherapeutic resistance by direct
interaction with drugs (doxorubicin, etoposide and mitoxantrone)
and the modulation of vtRNAI-1 confirmed this finding in
osteosarcoma cell lines (Gopinath er al., 2005; Gopinath et al.,
2010; Mashima et al., 2008; van Zon et al., 2001). Furthermore,
increased levels of VvtRNAI-1 were associated with increased
proliferation and chemoresistance due to GAGEG6 induction
in MCF-7 cells (Chen er al., 2018). Besides, Norbert Polacek
group showed that vtRNAI1-1 expression confers apoptosis
resistance in several human cell lines (BL2, BL41, HS578T,
HEK?293, A549 and HeLa) and revealed it capacity to repressed
intrinsic and extrinsic apoptosis pathway (Amort er al., 2015;
Bracher er al., 2020). The later findings are in agreement
with the lower patient survival associated with high levels of
vtRNAT1-1 expression cancer-wide observed in our analysis.

Seeking to get insights into the cancer related function of the
vtRNAs we performed a genome wide search for genes co-
regulated at the level of promoter chromatin accessibility.
Remarkably, we identified immune and cytokine related terms
for the genes co-regulated with vtRNA2-1. This association
agrees with its proposed roles in innate immune modulation via
PKR repression or OAS1 regulation and in cytokine production
(Calderon & Conn, 2018; Golec et al., 2019; Lee et al., 2020;
Li et al., 2015). Furthermore, VtRNA2-1 has been associated
with autoimmune disorders (Renauer er al., 2015; Weeding
& Sawalha, 2018) and tumor engraftment in prostate cancer
(Ma et al., 2020). This enrichment in viral infection path-
ways, together with the viral infection involvement of the core
TFs common to all vtRNAs, reinforces the hypothesis of
the re-utilization of a regulatory RNA induced upon viral response

Page 18 of 40



in favor of cancer development at upstream and downstream
regulatory steps. Additionally, we found a non-random cluster-
ing localization at chromosome arm 5q for genes co-regulated
with vtRNA1-1. The chromosome arm 5q and regions chr5q31
and chr5q32-q33 were found frequently deleted in myelodys-
plastic syndrome (MDS) and acute myeloid leukemia (AML)
(Fuchs, 2012; Treppendahl et al., 2012). Furthermore, the
modulation of vtRNA2-1 and vtRNAI1-3 was previously asso-
ciated with human bone marrow CD34+ cells, AML and MDS
(Helbo er al., 2015; Treppendahl er al., 2012). Yet, our analy-
sis points to VtRNA2-1 and vtRNA1-2, and to a lesser extent to
vtRNA1-1 and vtRNA1-3, as the most relevant drivers across
cancer types.

Support for the involvement of the vtRNAs in the immune
responses in the context of cancer came from the association
of their chromatin status with the immune subtype categories
defined by Thorsson et al. (Thorsson er al., 2018). Our findings
suggest a possible role of the VtRNAs in lymphocyte response
in tumor samples, since the immunologically quiet subtype
shows the lowest leukocyte fraction and vtRNAs promoter chro-
matin accessibility (Thorsson er al, 2018). Meanwhile, the
vtRNA2-1 and vtRNA1-2 expression distinguishes two groups
among the remaining four subtypes. The participation of
VtRNA2-1 in the induction of the IFN-g and IL-2 expression
in activated T cells through PKR modulation (Golec er al.,
2019) goes in agreement with this hypothesis. Although the
same study demonstrated that vtRNAI-1 expression was
unchanged during T cell activation, it is remarkable that the
5q31-q33 region, comprising the VtRNA1 locus and chromatin
co-regulated genes, encodes several cytokines that regulate
the differentiation of Thl and Th2 lymphocytes and has been
linked with susceptibility to infections (Jeronimo er al., 2007;
Lacy et al., 2000; Naka et al., 2009; Rodrigues et al., 1999).
Furthermore, vtRNA2-1 levels were recently associated with
macrophages M1/M2 fates in prostate PC3 cell line mice
xenografts via TGF-b (Ma er al., 2020), two pathways that
define the six immune subtypes (Thorsson er al., 2018). Finally,
we found that the proliferation rate and wound healing of the
tumors are associated with the levels of VtRNA1-2 chromatin
accessibility, which reinforces an OG role of VtRNA1-2
in cancer. Nonetheless, the participation of the vtRNAs in
immune cells response inside the neoplastic niche needs to be
further investigated.

Conclusion

Taken together our analysis reveals the pattern of chromatin
accessibility and DNA methylation at the four vtRNA
promoters, analyzed by tissue of origin in the TCGA cohort.
The agreement between both dataset and previous related lit-
erature endorses the use of these variables as surrogates of the
vtRNA transcripts expression. VIRNA genes are enriched in viral
related TFs. The comparison of TFs and chromatin status of the
vtRNAs suggest that vtRNA2-1 is likely the most independ-
ently regulated vtRNA locus. The pattern of chromatin acces-
sibility and DNA promoter methylation in normal vs tumor
tissue and the association with cancer cell pathways and patient
survival suggest that vtRNA2-1 and vtRNA1-2 are possibly the
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more relevant contributors to cancer. The results favor tissue
specific TSG and OG roles for vtRNA2-1, a still not investigated
oncogenic role of vtRNAI1-2 and a limited cancer driver effect
of vtRNAI1-1/3 in specific tissue types. Lastly, we uncovered
new evidence linking the VtRNAs with the immune response,
cell proliferation and overall survival in cancer, which
guarantees further investigation.

Data availability

Underlying data

All raw data used in this study can be downloaded from
Xena Browser, a tool to explore functional genomic data sets
(Goldman et al., 2020) (https://xenabrowser.net/), and UCSC
genome browser (Kent e al., 2002) (https://genome.ucsc.edu/).

Extended data

Zenodo: Pan-Cancer chromatin analysis of the human vtRNA
genes - Supplementary Figures, http://doi.org/10.5281/zenodo.
4784353 (Fort & Duhagon, 2021a)

This project contains the following extended data:

. Figure S1. Data type and tissue sample distribution.
Sample distribution per tissue type in the ATAC-seq,
DNA methylation, ATAC-seq & DNA methylation
and Normal adjacent tissue sample groups. A. Number
of samples. B. Percentage of samples. The color ref-
erence, the number of samples of this tissue and the
accounted percentage are presented to each tissue. Names
references: ACC (Adrenocortical carcinoma), BLCA
(Bladder Urothelial Carcinoma), BRCA (Breast inva-
sive carcinoma), CESC (Cervical squamous cell
carcinoma and endocervical adenocarcinoma), CHOL
(Cholangiocarcinoma), COAD (Colon adenocarcinoma),
DLBC (Lymphoid Neoplasm Diffuse Large B-cell
Lymphoma), ESCA (Esophageal carcinoma), GBM
(Glioblastoma multiforme), HNSC (Head and Neck
squamous cell carcinoma), KICH (Kidney Chromo-
phobe), KIRC (Kidney renal clear cell carcinoma),
KIRP (Kidney renal papillary cell carcinoma), LGG
(Brain Lower Grade Glioma), LIHC (Liver hepatocel-
lular carcinoma), LUAD (Lung adenocarcinoma), LUSC
(Lung squamous cell carcinoma), MESO (Mesothe-
lioma), OV (Ovarian serous cystadenocarcinoma),
PAAD (Pancreatic adenocarcinoma), PCPG (Pheo-
chromocytoma and Paraganglioma), PRAD (Prostate
adenocarcinoma), READ (Rectum adenocarcinoma),
SARC (Sarcoma), SKCM (Skin Cutaneous Melanoma),
STAD (Stomach adenocarcinoma), TGCT (Testicular
Germ Cell Tumors), THCA (Thyroid carcinoma), THYM
(Thymoma), UCEC (Uterine Corpus Endometrial Car-
cinoma), UCS (Uterine Carcinosarcoma) and UVM
(Uveal Melanoma).

. Figure S2. Correlation between ATAC-seq values
and promoter methylation values of vtRNAs in
Pan-Cancer TCGA dataset. A-D. The correla-
tion between ATAC-seq and DNA methylation aver-
age normalized beta values was calculated for vtRNAs
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(vtRNAs1-1 (A), VvtRNA1-2 (B), vtRNA1-3 (C)
and VvtRNA2-1 (D)), in 329 primary tumors sam-
ples. The box plots show the median line and lower
and upper quartile and the whiskers the 2.5 and
97.5 percentile. Horizontal grey striped and red dot-
ted lines are shown to denote unmethylated (average
beta-value < 0.2), 50% methylated (average beta-value
= 0.5) and highly methylated (average beta-value > 0.8)
levels. Spearman correlation value and the best-fit
line (red line) with 95% confidence bands (black dot
lines) are shown.

Figure S3. Genomic context and chromatin accessi-
bility of human vtRNA3-1P, vtRNA2-2P and RNYs
(RNY1, RNY3, RNY4 and RNYS5). A. Genomic
view of the 1.5 kb region of human vtRNA3-1P,
vtRNA2-2P and RNYs (RNY1, RNY3, RNY4 and
RNYS5) genes in UCSC Genome browser (GRCh37/
hgl19) centered at the 500bp of the ATAC-seq. High-
lighted in yellow is the 500bp ATAC-seq region used
in the posterior analyses. The following Gene annota-
tion and ENCODE Project tracks for seven cell lines
(GM12878, HI-hESC, HSMM, HUVEC, K562,
NHEK, NHL) are displayed: DNA accessibility (DNa-
sel hypersensitivity clusters (color intensity is pro-
portional to the maximum signal strength)), DNA
methylation (CpG islands length greater than 200 bp),
histone modification (H3K27Ac, H3K4mel, H3K4me3
marks), conservation of the region in 100 Vertebrates
(log-odds Phylop scores). The vertical viewing range of
the tracks displays the default settings of the browser
for each variable. B. The distribution of ATAC-seq
values for of human VvtRNA3-1P, vtRNA2-2P
and RNYs (RNY1, RNY3, RNY4 and RNY5) in Pan-
Cancer TCGA dataset (385 tumors samples across 23
cancer types) expressed as log2 normalized values.
The box plots show the median and the lower and
upper quartile, and the whiskers the 2.5 and 97.5
percentile of the distribution. C. ATAC-seq values
for of human VvtRNA3-1P, vtRNA2-2P and RNYs
(RNY1, RNY3, RNY4 and RNYS5) in 21 differ-
ent tumors with at least 5 tumor samples available in
Pan-Cancer TCGA dataset (385 tumors samples)
expressed as log2 normalized values. The chart shows
the average and standard error for each VtRNAs in
each tumor type.

Figure S4. VtRNA promoter’s chromatin accessibil-
ity (ATAC-seq and DNA methylation) average values
for tumor tissues from Pan-Cancer TCGA dataset.
The average vtRNA promoters ATAC-seq and DNA
methylation values for each primary tumor tissue type
(21 tissues). VIRNAI1-1 (A), vtRNAI1-2 (B), vtRNA1-3
(C) and vtRNA2-1 (D). The Spearman correlation
between averages ATAC-seq and DNA methyla-
tion values was calculated for each vtRNA. The chart
shows the average and standard deviation for
each tissue with at least five samples available at
Pan-Cancer TCGA.
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Figure S5. VtRNA promoter’s DNA methylation
for normal and tumor tissues from Pan-Cancer
TCGA dataset. The average promoter DNA meth-
ylation beta-values of normal adjacent (Normal)
and primary tumor (Tumor) tissues (16 tissue types)
for VvtRNAI-1 (A), vtRNAI-2 (B), vtRNAI-3
(C) and vtRNA2-1 (D) is shown. The Spearman (r)
correlation between normal and tumor values was
calculated. The chart shows the average and stand-
ard deviation for each tissue with at least five samples
available at Pan-Cancer TCGA.

Zenodo: Pan-Cancer chromatin analysis of the human vtRNA
genes - Supplementary Tables, http://doi.org/10.5281/zenodo.
4784473 (Fort & Duhagon, 2021b)

This project contains the following extended data:

Tables S1-S5. ATAC-seq and DNA methylation
data for vtRNA promoters in primary tumors
and normal adjacent tissues. CSV spreadsheets:
Table_S1_ATAC-seq_data_500bp: All ATAC-seq
data of vtRNAs promoter (500bp) data for primary
tumor samples; Table_S2_DNA_methylation_500bp:
All DNA methylation data and ATAC-seq data of
vtRNAs promoter (500bp) data for total primary
tumor and normal adjacent samples; Table_S3_DNA_
methylation NORMAL: All DNA methylation data
of vtRNAs promoter (500bp) data for normal adjacent
samples; Table_S4_DNA_methylation. TUMOR: All
DNA methylation data of vtRNAs promoter (500bp)
data for primary tumor samples; Table S5_Normal
&_Tumor_matched: All DNA methylation data of
vtRNAs promoter (500bp) data for primary tumor and
normal adjacent samples.

Table S6. VtRNAs Transcription Factor Bind-
ing and KEEG enriched terms. CSV spreadsheets:
Table_S6_Binding_Factors: ~ Transcription  factors
identified in the cell line K562 as ChIP-seq Peaks by
ENCODE 3 project and KEEG_terms: enriched KEGG
pathway terms (FDR < 0.05).

Tables S7-S8. DNA methylation, ATAC-seq data
and associated survival data for primary tumors.
CSV  spreadsheets: Table_S7_DNA-methylation_
Survival_data: All DNA methylation data of vtRNAs
promoter (500bp) and survival data for primary tumor
samples; Table_S8_ATAC-seq_Survival_data: ATAC-
seq data of vtRNAs promoter (500bp) and survival
data for primary tumor samples.

Tables S9-S10. Correlation of ATAC-seq values
between vtRNA and all genome promoters in primary
tumor samples. CSV spreadsheets: Table_S9_ATAC-
seq_gene_promoter_spearman_correlation: ~ Spearman
correlation values of all promoter genes and vtRNAs
in primary tumors samples; Table S10_vtRNAs_
pathway_enrichment_and_cluster_chromosome_
localization_analysis: vtRNAs vtRNAI1-1, vtRNAI1-2,
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vtRNA1-3 and vtRNA2-1 pathway enrichment and
cluster chromosome localization data.

. Tables S11-S14. ATAC-seq and DNA methylation
data for vtRNA promoters in primary tumors and the
associated Immune Subtypes data. CSV spreadsheets:
Table_S11_Immune_Subtypes_ DNA_methylation_
data: All DNA methylation data of vtRNAs promoter
(500bp) and Immune Subtypes data for primary tumor
samples; Table_S12_Spearman_corr_vtRNAs_Immune_
Subtypes_DNA_methylation_data: Spearman correlation
values of DNA methylation data of vtRNAs promoter
(500bp) and Immune Subtypes data for primary tumor
samples; Table_S13_Immune_Subtypes_ATAC-seq_
data: All ATAC-seq data of vtRNAs promoter (500bp)
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and Immune Subtypes data for primary tumor samples;
Table_S14_Spearman_corr_vtRNAs_Immune_Sub-
types_ATAC-seq_data: Spearman correlation val-
ues of ATAC-seq data of vtRNAs promoter (500bp)
and Immune Subtypes data for primary tumor samples.

Data are available under the terms of the Creative Commons
Zero “No rights reserved” data waiver (CCO 1.0 Public domain
dedication).
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In this manuscript, Fort and Duhagon examined the expression of vault RNAs (vtRNAs). vtRNAs
were initially known to be a component of the vault complex, whose role is still elusive. However,
recently, a growingly number of studies has begun to report interesting roles of vtRNAs, most of
which are independent of the vault complex. These days, next generation sequencing techniques
have provided a huge amount of information on gene expression profiles in diverse biological
contexts. However, as the authors indicated, vtRNAs have been out of this benefit, because of
their sizes and, allegedly by the authors, their secondary structures. So, the authors turned into
ATAC-seq data and CpG methylation data to infer their expression levels and analyzed them in
several different aspects.

The best of all, the value of this manuscript lies in the fact that it has provided comprehensive
information about vtRNAs. This manuscript is useful, albeit not a breakthrough paper, for vtRNA
researchers. Overall, this manuscript is well qualified for indexing. However, incorporation of my
points below would improve this manuscript, I hope.

Major points
1. The manuscript is too lengthy and I recommend succinct description. Especially, the
Discussion part is mostly repetition of what has been already stated in the Results section.
Minor points
1. Page 3, “SMADS5 and TGFB1 genes”: not TGFB1, but TGFBI.

2. Page 4, “VtRNA2-1 has also been shown to act as a microRNA precursor in different tissues,
serving both as TSG...": this description is followed by citation of many references. However,
most of them simply deemed vtRNA2-1 to be miR-886-5p or -3p to go for subsequent
experiments; for example, miRNA mimic transfection, target prediction, etc. All those
experiments and analyses were nonsense, without prudent validation whether vtRNA2-1
generates miRNAs. The authors should mention this point and eliminate all references,
except those that have provided experimental evidence for the presence of miRNA miR-886-
5p or -3p.

3. Page 15, “there is evidence of vtRNA transcript regulation via RNA methylation by NSUN2, or
via its association to other proteins like DUSP11, DIS3L2, SSB, SRSF2 and DICER": regarding
VvtRNA2-1 regulation by Dicer, this paper “nc886 is induced by TGF-3 and suppresses the
microRNA pathway in ovarian cancer”' should be included.
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4. Page 16, “...Alternatively, the methods used to quantify the vtRNAs are not comparable
among the studies”: I believe that the levels of the four vtRNAs could not be compared
among one another even within one study, unless they included a standard to normalize
variation in efficiency between Northern probes or between qRT-PCR primers. This caveat
must be mentioned. In addition, the authors should check each of the references (whether
they did measurement with a standard) and cite selectively.

References
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Department of Biology, Stanford University, Stanford, CA, USA

In this article, Fort et al. speculate the comprehensive function of vtRNAs in human health and
disease. They analyze the vtRNA expression in TCGA Pan-Cancer cohort using dual approach:
ATAC-seq to determine chromosome accessibility and genome-wide DNA methylation. Their
analyses revealed the landscape of vtRNA chromatin status, and also identified pathways that the
different vtRNA genes are part of, thereby sheding light into their diverse roles in cancer.

The paper is very well written, is easy to follow and has proper background and references.
Methods have been described in sufficient details. The questions postulated by the authors are
sound and the analyses performed by them directly test their hypothesis/question. Their
conclusions are in accordance with their findings in most parts. I only have a few minor
comments:
1. The authors used the ChIP-seq data of only K562 cell line to analyze TFs occupancy at a +/-
3000 bp region. It will be nice if they could validate their finding from this analysis with the
ChIP-seq data of at least another cell line.

2. Its interesting that when the authors tested the clinical significance of the chromatin
accessibility of the vtRNA promoters, they could only find a significant difference in OS when
patients were stratified by promoter DNA methylation and not when stratification was done
on basis of ATAC-seq. Can the authors comment on why this is happening? Also it will be
really interesting to see if the results are different when instead of doing the analysis on all
patients together, the analysis is performed on patient cohorts stratified on the basis of
age, sex, disease type, etc.

3. In the discussion section, can the authors address the discrepancy in correlation between
chromatin accessibility and promoter methylation between vtRNA1-2 and 2-1 with respect
to the others?

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
I cannot comment. A qualified statistician is required.

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes
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Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

? Daniele Hasler
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The study by Fort and Duhagon estimates the expression of a class of non-coding (nc)RNAs
termed 'vault RNAs' (vtRNAs) across different cancer types. Since vtRNAs might be
underrepresented applying conventional RNA sequencing techniques, the authors infer vtRNAs
expression by analyzing chromatin characteristics at promoter regions of vtRNA genes. In more
detail, Fort and Duhagon use genome-wide chromatin accessibility data (ATAC-seq) as well as DNA
methylation data sets from The Cancer Genome Atlas (TCGA) consortium to provide a
comprehensive comparison between the four annotated vtRNA genes. By this approach, the
authors determine the correlation between chromatin accessibility and DNA methylation of vtRNA
promoters and compare their chromatin characteristics across different cancer types.
Furthermore, Fort and Duhagon use publically available CHIP-seq datasets originating from a
leukemia cell line to determine transcription factors (TFs) binding to vtRNA genes and identify a
set of 23 core TFs common to all vtRNAs which might govern chromatin accessibility at these
genomic sites.

Further analyses of the TCGA DNA methylation data sets provide evidence for vtRNA-specific
deregulation upon malignant transformation in specific cancer types, as well as lower patient
survival probability associated with reduced vtRNA promoter methylation. Finally, the authors
determine genes that are co-regulated with vtRNAs in terms of chromatin accessibility and the
also profile chromatin accessibility and DNA methylation of vtRNA promoters in six immune
subtypes of the pan-cancer TCGA datasets.

VtRNAs are a class of ncRNAs with rather enigmatic functions, albeit they have been recently
implicated in important cellular processes'? and in cancer biology[ref-]. The work by Fort and
Duhagon is the first pan-cancer study focusing on vtRNAs and it provides a nice and
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comprehensive overview for the potential function of the single vtRNA transcripts as tumor
suppressors or oncogenes in specific cancer types.

The manuscript is well written, although some aspects could have been presented a bit more
concisely. In particular, the authors dedicate special emphasis to the relative comparison between
VtRNA genes (e.g. Figures 3A and 3B and result section related to Figures 4 and 8). The question
arises whether a key message of the study is that specific vtRNA genes are up- or down-regulated
in certain cancer conditions or whether a key point is that the relative expression levels of the four
VtRNA genes are altered. If so, the authors should propose a model in the discussion section.

Additional major points:

The major limitation of this study is that vtRNA expression was not analyzed directly but was
inferred from chromatin accessibility data (ATAC-seq) as well as DNA methylation data.
Nevertheless, the authors honestly point out this limitation and provide convincing evidences
from literature that support the validity of their study. Taken together, this approach sounds
reasonable.

Nevertheless, the findings could be further strengthened by analyzing TCGA miRNA-seq datasets
for the expression of vtRNA-derived small RNA fragments. This strategy has been applied in
previous studies to infer the expression of snoRNAs* and tRNAs® across different cancer types,
assuming that small processing products correlate with expression levels of the full-length
transcripts. Indeed snoRNAs and in particular tRNAs are ncRNA with similar sequencing biases as
VtRNAs.

Furthermore, since a small RNA derived from vtRNA-2-1 has been linked to different cancers (see
references within the manuscript), this additional pan-cancer analysis would be informative not
only concerning this specific fragment but might also uncover the relevance of additional vtRNA-
derived small RNAs.

The analysis of TF occupancy at vtRNA loci is, in my opinion, rather speculative and vague. Since
VvtRNAs are transcribed by RNA polymerase III (pol II), is there any clear and direct evidence from
literature that the identified TFs regulate Pol III activity (except for the TFIIIA, TFIIIB and TFIIIC
complexes)? Could the binding of these TFs rather regulate transcription of adjacent RNA
polymerase II genes and not of vtRNAs? The authors might at least briefly touch these aspects in
the discussion.

It would be also worth to determine whether deregulation (e.g. of any of the 9 vtRNA1-2-specific
TFs or any of the 4 vtRNA2-1-specific TFs) correlates with the changes of vtRNA promoter DNA
methylation in normal vs tumor samples (Figure 6). This would be more informative than the
current conclusions concerning shared TFs between vtRNA loci and their co-regulated expression.
Indeed, this analysis might help to understand, e.g., how the expression of a single vtRNA locus is
regulated within the vtRNA1 cluster.

Interestingly, the chromatin profile of vtRNAs in brain lower grade glioma (LGG) indicates that
vtRNA expression is strongly reduced in this condition. Does this effect hold true also for other
classes of pol III transcripts (e.g. Y RNAs)? If so, this finding might point towards a general
reduction of pol III activity in LGG.
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Minor points:

The authors should reformulate their statement in the introduction “VtRNA2-1 has also been
shown to act as a microRNA precursor”, as the vtRNA2-1-derived fragment was not convincingly
proven to be a bona fide microRNA and the hsa-miR-886 entry has been retracted in the current
miRBase release 22.1°,

Please correct the typo on page 3 replacing “TGFB1” by “TGFBI"; i.e. Transforming Growth Factor
Beta Induced (TGFBI) and not Transforming Growth Factor Beta 1 (TGF1).

Since lower patient survival of cancer patients was associated with lower vtRNA promoter
methylation and not with higher promoter accessibility, the paragraph “High chromatin
accessibility at the promoter of vtRNA1-1, vtRNA1-2 and vtRNA2-1 is associated with low patient
overall survival” should be renamed. In light of the statement “DNA methylation is a less direct and
less accurate measurement of chromatin accessibility compared to ATAC-seq” (page 16), it is
guestionable whether the relationship between DNA methylation and patient survival is due to
increased VvtRNA expression, as a similar result would be expected also from the analysis of the
ATAC-seq data. Is this simply due to a larger samples size of the DNA methylation dataset?

The authors do not mention that a pseudogene of vtRNA2-1 (vtRNA2-2P) has been annotated at
chr2:65,555,432-65,555,534. Is there any reason for that? VtRNA2-2P could be included as proof of
concept similarly to vtRNA3-1P on page 8.

Page 3: “...the presence of silencing mutations at the B box element of its promoter B-box". Since
the organization of RNA polymerase III promoters has not been explained before, it would be
better to keep this statement more general without mentioning the B-box.

The abbreviation “PANCAN” in the title of the legend to Figure 8 was not used before in the text.

I am not sure whether the term “chromatin polymorphism” on page 10 is correct. The referenced
publication refers to epigenetic variations.
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Reviewer Expertise: RNA biology

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Maria Ana Duhagon, Facultad de Ciencias, Universidad de la Republica, Montevideo,
Uruguay

Reviewer: Daniele Hasler, Biochemistry Center Regensburg (BZR), Laboratory for RNA Biology,
University of Regensburg, Regensburg, Germany.

Reviewers’ comment: The study by Fort and Duhagon estimates the expression of a class of non-
coding (nc)RNAs termed 'vault RNAs' (vtRNAs) across different cancer types. Since vtRNAs might be
underrepresented applying conventional RNA sequencing techniques, the authors infer vtRNAs
expression by analyzing chromatin characteristics at promoter regions of vtRNA genes. In more
detail, Fort and Duhagon use genome-wide chromatin accessibility data (ATAC-seq) as well as
DNA methylation data sets from The Cancer Genome Atlas (TCGA) consortium to provide a
comprehensive comparison between the four annotated vtRNA genes. By this approach, the
authors determine the correlation between chromatin accessibility and DNA methylation of viRNA
promoters and compare their chromatin characteristics across different cancer types.
Furthermore, Fort and Duhagon use publically available CHIP-seq datasets originating from a
leukemia cell line to determine transcription factors (TFs) binding to vtRNA genes and identify a
set of 23 core TFs common to all vtRNAs which might govern chromatin accessibility at these
genomic sites.
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Further analyses of the TCGA DNA methylation data sets provide evidence for vtRNA-specific
deregulation upon malignant transformation in specific cancer types, as well as lower patient
survival probability associated with reduced vtRNA promoter methylation. Finally, the authors
determine genes that are co-regulated with vtRNAs in terms of chromatin accessibility and the
also profile chromatin accessibility and DNA methylation of vtRNA promoters in six immune
subtypes of the pan-cancer TCGA datasets.

VtRNAs are a class of ncRNAs with rather enigmatic functions, albeit they have been recently
implicated in important cellular processes’-Z and in cancer biologyref-]. The work by Fort and
Duhagon is the first pan-cancer study focusing on vtRNAs and it provides a nice and
comprehensive overview for the potential function of the single vtRNA transcripts as tumor
suppressors or oncogenes in specific cancer types.

The manuscript is well written, although some aspects could have been presented a bit more
concisely. In particular, the authors dedicate special emphasis to the relative comparison
between vtRNA genes (e.g. Figures 3A and 3B and result section related to Figures 4 and 8). The
question arises whether a key message of the study is that specific vtRNA genes are up- or down-
regulated in certain cancer conditions or whether a key point is that the relative expression levels
of the four vtRNA genes are altered. If so, the authors should propose a model in the discussion
section.

Authors response: We are grateful for the evaluation of our manuscript entitled “Pan-
Cancer chromatin analysis of the human vtRNA genes uncovers their association with
cancer biology”, since we find these constructive comments rather pertinent and valuable.
We tried to answer all the points raised by the Reviewer and hope it led us to the improved
of the manuscript.

Itis true that the article is long. We believe the length is justified by the type of information
it provides. In particular, the description of the patterns of vtRNA inferred expression
involves four genes in 20 cancer types assessed by two methods, plus normal tissues data
for DNA methylation.

We think that the message of the study is fairly written in the abstract and conclusion,
neither of which prioritize the inferred relative expression of the vtRNAs per se, but what in
the inferred expression pattern is suggestive of the involvement of the four genes in cancer.
The article aimed to use the chromatin status of the genes to withdraw their candidate roles
in cancer tissue. In our view the figures mentioned by the Reviewer are about their pattern
of expression in cancer and immune subtypes, regulation, and the derived functional
implications of those findings. Nevertheless, the narrative requires a description of their
relative abundance and change, while their comparison helps to visualize how different they
are expressed and the implication for their function in normal and tumor tissue.

Additional major points:

Reviewers’ comment: The major limitation of this study is that vtRNA expression was not
analyzed directly but was inferred from chromatin accessibility data (ATAC-seq) as well as DNA
methylation data. Nevertheless, the authors honestly point out this limitation and provide
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convincing evidences from literature that support the validity of their study. Taken together, this
approach sounds reasonable.

Nevertheless, the findings could be further strengthened by analyzing TCGA miRNA-seq datasets
for the expression of vtRNA-derived small RNA fragments. This strategy has been applied in
previous studies to infer the expression of snoRNAs* and tRNAs® across different cancer types,
assuming that small processing products correlate with expression levels of the full-length
transcripts. Indeed snoRNAs and in particular tRNAs are ncRNA with similar sequencing biases as
VERNAs.

Authors response: We agree the small RNA sequencing analysis proposed by the Reviewer
would be valuable to provide further support for the expression of the vtRNAs inferred from
the chromatin status. Indeed, we have done it previously while studying snc886-3p, a
microRNA-like RNA derived from vtRNA2-1 (published in Fort et al., 2020). There we showed
that nc886 and snc886-3p expression (determined by qRT-PCR) negatively correlate with
DNA methylation in six PrCa cell lines analyzed (r Spearman -0.71).

Nevertheless, since vtRNAs derived fragments are not quantified with the TCGA small RNA
workflow, we need to request access to protected controlled-access data - primary
sequencing data (BAM or FASTQ files) to identify them. We understand that this approach
and the subsequent data analyses exceed the extent of the current manuscript.

Attempting to follow the Reviewer's recommendation using readily available data, we
analyzed the NCI-60 cell lines panel, whose genome DNA methylation and small RNA-seq
data is published. Indeed, the 4 vtRNA are known to be subject to posttranscriptional
processing at some extent (Hussain et al., 2013; Sajini et al., 2019). We found that vtRNA2-1
produces more specific small RNAs than the other three vtRNAs, thus arguing in favor of a
specialization of vtRNA2-1 as a Dicer substrate, which may explain the better correlation
between the precursor and the small RNAs derived from it (see Panel A of the figure
attached to this response; Figure_reviewer_response-I. Zenodo.
http://doi.org/10.5281/zenodo.4784690). In addition, vtRNA2-1 generates more than 30
times small RNAs that the other vtRNAs (see Panel B of the figure attached to this response).
As anticipated, the expression of the small RNA fragments derived from vtRNA2-1 shows a
better correlation with promoter methylation in the NCI-60 cell lines (r=-0.77). Meanwhile,
the small RNAs derived from vtRNAs of cluster 1 are less abundant and less associated to
promoter methylation (r=-0.19- -0.24) (see Panel C of the figure attached to this response).

In addition, the average abundance of the small RNAs derived from the vtRNAs of cluster 1
correlates with the relative methylation of their promoters (small RNAs derived from
VtRNA1-1> vtRNA1-2> vtRNA1-3 and promoter methylation vtRNA1-1< vtRNA1-2< vtRNA1-3)
(see Panel B of the figure attached to this response), in agreement with the TCGA data
presented in our manuscript. Since small RNAs derived from vtRNA2-1 are more abundant
than those derived from the other three vtRNAs, the relative expression of its fragments
does not correlate with the relative DNA methylation of the others.

In summary, the analysis of NCI-60 cell lines, a panel comprising all tissue types, confirms
that the abundance of the small RNAs derived from vtRNAs negatively correlates with their
promoter methylation but indicated it may be useful just for vtRNA2-1. The latter, together
with the low abundance of the small RNAs derived from the vtRNAs and their processing
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(Hussain et al., 2013; Sajini et al., 2019), suggest that the abundance of small RNAs in the
TCGA small RNA-seq data may not be a good proxy for vtRNA expression.

As discussed above, the post-transcriptional regulation of vtRNA seems to represent an
additional layer of complexity of vtRNA biology that includes the processing into small
RNAs. We speculate that only some of the fragments derived from specific vtRNAs may have
functional significance, but it is likely reached by mechanisms different from those in which
their precursors vtRNAs participate. We believe small RNAs derived from vtRNA are an
interesting subject of investigation, requiring an independent study, which incorporates the
biological mechanism in which they play a part.

Reviewers’ comment: Finally, in order to be more accurate about the limitation of the study
mentioned by the Reviewer, we substituted the term “expression” for “chromatin status” or related
terms when was appropriate.

The analysis of TF occupancy at vtRNA loci is, in my opinion, rather speculative and vague. Since
VtRNAs are transcribed by RNA polymerase III (pol III), is there any clear and direct evidence from
literature that the identified TFs regulate Pol III activity (except for the TFIIIA, TFIIIB and TFIIIC
complexes)? Could the binding of these TFs rather reqgulate transcription of adjacent RNA
polymerase II genes and not of vtRNAs? The authors might at least briefly touch these aspects in
the discussion.

Authors response: We welcome the Reviewers comment since we had a similar concern
about the significance of these observations. Yet, we reasoned that the identification of viral
related transcription factors (TFs) near vtRNA genes was a provocative finding in the context
of their involvement in viral infection and innate immune response. In addition, RNA Pol III
(Pol III) has been linked to the innate immune response at different levels, thus it is
tempting to speculate that the Pol III requlated genes are coordinately regulated by viral
related TFs dependently or independently of RNA Pol II (Pol II) action.

The identified TFs that are shared by the vtRNA (23 TFs) comprise TFs known to be part of
the Pol III basal machinery (3/23), or to be direct (6/23) or indirect interactors (3/23) of Pol III
machinery. This observation endorses their participation in the vtRNA genes transcription.

There are no Pol II genes near or overlapping the vtRNA genes, thus this in an unlikely
explanation for TF occupancy in the vicinity of the genes. Indeed, several lines of evidence
have shown that Pol IT and some of its specific TFs affect Pol III activity (White, 2011). The
localization of the Pol II and its specific TFs (FOS, JUN, ETS1) near Pol III promoters (200bp
upstream of TSS) in human cell lines, the global regulation by Pol II specific TFs (p53, MAF1,
MYC, RB), the regulation of Pol III by Pol II activity, the sharing chromatin marks and the
basal TFIIIB component TBP. The direct interaction between specific TFs and TFIIIB is also
known to modulate Pol III transcription.

It has been proposed that Pol II may assist RNA pol III activity by either binding,
transcription, or stalling, contributing to make the chromatin more permissive for
transcription by Pol III. Curiously, Raha et al demonstrated a reduction of the three vtRNAs
of locus 1 after a-amanitin treatment and the co-localization of Pol III and Pol II near these
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genes (Raha et al., 2010). Additional evidence of the Pol II regulation of specific Pol III
transcribed genes has been published, including tRNAs (mediated by MAF1 (Gerber et al.,
2020), GAF1 (Rodriguez-Lopez et al., 2020), U6 RNA (OCT1, SP1, STAF, reviewed in (Hirsch et
al., 2000)) Alu elements (mediated by YY1, SP1, MEG2, FOS, EP300, AP-1, (Zhang et al., 2019
and references therein). Finally, the crosstalk between the two polymerases seems to be
tissue and gene specific, suggesting that Pol II-Pol III crosstalk may be finer that previously
envisioned.

To amend the lack of discussion of this aspect we included the following sentence in the
Discussion of the manuscript: “It is worth to mention that RNA polymerase II TFs clustered near
TSS of RNA polymerase III transcripts could modulate occupancy and transcription rate of RNA
polymerase III through RNA pol II activity (Campbell and White, 2014; Gerber et al., 2020; Raha et
al., 2010; Zhang et al., 2019). Specifically, RNA polymerase II could assist chromatin opening, thus
allowing accessibility of RNA polymerase III or its associated factors in the human genome (Raha
etal., 2010).”

Reviewers’ comment: It would be also worth to determine whether deregulation (e.g. of any of
the 9 vtRNAT-2-specific TFs or any of the 4 vtRNA2-1-specific TFs) correlates with the changes of
VtRNA promoter DNA methylation in normal vs tumor samples (Figure 6). This would be more
informative than the current conclusions concerning shared TFs between vtRNA loci and their co-
regulated expression. Indeed, this analysis might help to understand, e.g., how the expression of
a single vtRNA locus is reqgulated within the vtRNAT cluster.

Authors response: Following the Reviewer’s suggestion, we determined the correlation
between vtRNAs chromatin accessibility and the specific TFs associated with vtRNAs (Table
attached to this revision, Table_TFs_Binding_Factors.csv Zenodo.
http://doi.org/10.5281/zenodo0.4784690), but we did not find significant associations. It is
worth to recall that TF activity is strongly regulated at the post-transcription level, thus TF
abundance may not be a good indicator of TF activity. It might be also reasoned that TFs
may be poised in an inactive state, to turn active upon the proper signalling, which might
well be a viral invasion or an immune system response mediator. Weather this TF DNA
occupancy is relevant in cancer remains to be dilucidated.

While reviewing the literature to respond to this point it came to our attention that there is
a link between RNApol III and innate immune response (Graczyk et al., 2015), that could be
an alternative explanation of the viral TF enrichment at the vicinity of vtRNAs. Therefore, we
decided to introduce this phrase at the end of the discussion of this aspect: “Alternatively,
since RNA polymerase III transcripts are involved in virus replication and immune response
(Graczyk et al., 2015), it is possible that the TF bound to vtRNA vicinity are part of a global and not
a VtRNA specific viral response.”

In view of the above, in an attempt to reduce the conjectures derived from the TFs analysis
we modified the abstract and the conclusion of the paper as explained below.

Abstract: We substituted the sentence “Although the vtRNAs are co-regulated by
transcription factors related to viral infection, vtRNA2-1 is the most independently regulated
homologue.” for the following: “VtRNAs promoters are enriched in transcription factors related
to viral infection. VtRNA2-1 is likely the most independently requlated homologue.”
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Conclusion:; We substituted the sentence “The four vtRNAs seem to be co-regulated at the
transcriptional level, and TFs involved in viral infection are likely to take partin their
coordinated transcription.” for the following: “VtRNA genes are enriched in viral related TFs.
The comparison of TFs and chromatin status of the vtRNAs suggest that vtRNAZ2-1 is likely the
most independently requlated vtRNA locus.”

Reviewers’ comment: Interestingly, the chromatin profile of vtRNAs in brain lower grade glioma
(LGG) indicates that vtRNA expression is strongly reduced in this condition. Does this effect hold
true also for other classes of pol III transcripts (e.g. Y RNAs)? If so, this finding might point
towards a general reduction of pol III activity in LGG.

Authors response: In order to answer the Reviewer, we determined the ATAC-seq
chromatin accessibility of RNYs (RNY1, RNY3, RNY4 and RNY5). As seen in the new
Supplementary Figure 3 and modified Supplementary Table 1, the RNYs showed a different
chromatin accessibility profile within different tissues, among them and compared to
VtRNAs. Interestingly, RNY3 and RNY4 show a conspicuously higher chromatin accessibility
in LGG compared with other tissues, which is opposite to the lower accessibility observed
for the vtRNAs These observations raise a possible RNA pol III misregulation in LGG tumors,
which must be gene specific to justify opposite outcomes for RNAY and vtRNAs. The
modified Supplementary Figure 3 and modified Supplementary Table 1 are now included in
the manuscript.

To incorporate these findings in the text, the following sentence was included the results
section: “The same approach was performed for the Y-RNAs genes RNY1 (Ave. 3.7, 0.4 SD), RNY3
(Ave. 2.1, 0.6 SD, RNY4 (Ave. 1.9, 0.6 SD) and RNY5 (Ave. 3.1, 0.4 SD) (Canella et al., 2010), which
code for produce ubiquitously expressed RNA polymerase III transcripts (Extended Data: Figure
S3 and Tables S1).”.

Minor points:

Reviewers’ comment: The authors should reformulate their statement in the introduction
“VtRNAZ2-1 has also been shown to act as a microRNA precursor”, as the vtRNA2-1-derived
fragment was not convincingly proven to be a bona fide microRNA and the hsa-miR-886 entry has
been retracted in the current miRBase release 22.1°.

Authors response: Following the advice, we modified the sentences related to small RNAs
derived from vtRNA2-1. “VtRNA2-1 has also been shown to generate small RNAs that could act
like microRNAs in different tissues,...".

Reviewers’ comment: Please correct the typo on page 3 replacing “TGFB1” by “TGFBI"; i.e.
Transforming Growth Factor Beta Induced (TGFBI) and not Transforming Growth Factor Beta 1
(TGF1).

Authors response: We are sorry for the mistake; we have corrected the name of the gene.

Reviewers’ comment: Since lower patient survival of cancer patients was associated with lower
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VtRNA promoter methylation and not with higher promoter accessibility, the paragraph “High
chromatin accessibility at the promoter of vtRNAT-1, vtiRNAT-2 and vtRNA2-1 is associated with
low patient overall survival” should be renamed. In light of the statement “DNA methylation is a
less direct and less accurate measurement of chromatin accessibility compared to ATAC-seq”
(page 16), it is questionable whether the relationship between DNA methylation and patient
survival is due to increased vtRNA expression, as a similar result would be expected also from the
analysis of the ATAC-seq data. Is this simply due to a larger samples size of the DNA methylation
dataset?

Authors response: We amended the title of the paragraph to “Low DNA methylation at the
promoter of vtRNA1-1, vtRNAT-2 and vtRNA2-1 is associated with low patient overall survival.”

Despite no statistically significant differences in overall survival were observed using ATAC-
seq patient data the curves were like those observed using the promoter DNA methylation.
The lack of significance is likely due to the smaller ATAC-seq sample size as anticipated by
the Reviewer. In addition, the association between OS and vtRNA promoter DNA
methylation is weak per se, so sample size is likely critical to sense significant differences.

Reviewers’ comment: The authors do not mention that a pseudogene of vtRNA2-1 (vtRNA2-2P)
has been annotated at chr2:65,555,432-65,555,534. Is there any reason for that? VtRNA2-2P
could be included as proof of concept similarly to vtRNA3-1P on page 8.

Authors response: We have previously looked for vtRNA2-2P in ATAC-seq data but there is
no ATAC-seq region determined for this gene in the TSS, so we decided to do not include it.
However, we now extended the analysis to the ATAC-seq region nearest to the TSS of
VtRNA2-2P. As can be seen in modified Supplementary Figure 3 and modified
Supplementary Table 1, the vtRNA2-2P has a very low and stable pattern of ATAC-seq
chromatin accessibility across the different tissues that agrees with its pseudogene
annotation. These results were now included in the manuscript and the text was modified
accordingly. In the introduction section we added: “The vtRNA3-1P and vtRNA2-2P are two
additional vault RNA genes situated in chromosome X and 2 respectively, but were classified as a
pseudogenes due to the absence of expression in cell lines and the presence of silencing
mutations at the promoter (Blischer et al., 2020; van Zon et al., 2001).”. In the results section we
added: “The low ATAC-seq value of the pseudogenes vtRNA3-1P (Ave. -1.2, 0.6 SD) and vtRNA2-2P
(Ave. 0.1, 0.6 SD), represents a proof of concept of the analyses (Extended Data: Figure S3 and
Tables S1-S5). The same approach was performed for the Y-RNAs genes RNY1 (Ave. 3.7, 0.4 SD),
RNY3 (Ave. 2.1, 0.6 SD, RNY4 (Ave. 1.9, 0.6 SD) and RNY5 (Ave. 3.1, 0.4 SD) (Canella et al., 2010),
which code for produce ubiquitously expressed RNA polymerase III transcripts (Extended Data:
Figure S3 and Tables S1).” and “VtRNA2-2P reaches a maximum and minimum promoter
chromatin accessibility in Lung Adenocarcinoma (LUAD) (1.0) and ACC (-0.34) respectively
(Extended Data: Figure S3C).”

Reviewers’ comment: Page 3: “...the presence of silencing mutations at the B box element of its
promoter B-box”, Since the organization of RNA polymerase III promoters has not been explained

before, it would be better to keep this statement more general without mentioning the B-box.

Authors response: To attend the Reviewer’s suggestion, we modified the sentence to “the
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presence of silencing mutations at the promoter”,

Reviewers’ comment: The abbreviation “PANCAN” in the title of the legend to Figure 8 was not
used before in the text.

Authors response: Due the Reviewer’s comment, we modified “PANCAN" for “Pan-Cancer”.

Reviewers’ comment: I am not sure whether the term “chromatin polymorphism” on page 10 is
correct. The referenced publication refers to epigenetic variations.

Authors response: Due the Reviewer’s comment, we modified the term “chromatin
polymorphism” for “epigenetic variation”.
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