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Abstract

Mammalian genomes encode a large number of non-coding RNAs (ncRNAs) that greatly exceed
mRNA genes. While the physiological and pathological roles of ncRNASs have been increasingly
understood, the mechanisms of regulation of ncRNA expression are less clear. Here, our genomic
study has shown that a significant number of long non-coding RNAs (IncRNAs, >1,000
nucleotides) harbor RNA polymerase Il (Pol 1) engaged with the transcriptional start site. A
pausing and transcriptional elongation factor for protein-coding genes, tripartite motif-containing
28 (TRIM28) regulates the transcription of a subset of INcCRNAs in mammalian cells. In addition,
the majority of IncRNAs in human and murine cells regulated by Pol 1l promoter-proximal
pausing appear to function in stimulus-inducible biological pathways. Our findings suggest an
important role of Pol Il pausing for the transcription of mammalian IncRNA genes.
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Introduction

Mammalian genomes are composed of a large number of non-coding RNAs (ncRNAS) that
greatly exceed protein-coding genes, and significant physiological roles for these molecules
have been discovered. Diverse mechanisms by which ncRNAs regulate gene expression have
been reported such as silencing transcription [1-3], altering splicing [4, 5], modulating
translation [6], and regulating RNA transport [7, 8]. Although IncRNA transcripts are not
translated into proteins, they share similar features with protein-coding genes. For example,
INcRNA genes are transcribed by RNA polymerase Il (Pol Il), the same and sole enzyme to
transcribe proteincoding genes, undergo 5’ capping and polyadenylation, typically contain
multiple exons, and are post-transcriptionally modified [9-13]. In spite of these
characteristics and functions of an increasing number of IncRNA genes that have recently
been reported, how transcription of INCRNA genes is regulated in mammalian cells is
incompletely understood.

In mRNA gene transcription, it was originally thought that transcriptional initiation in which
general transcription factors and Pol Il are recruited to the promoter site and promoter
escape was the major rate-limiting step for transcriptional activation in metazoan cells.
However, advances in genome-wide analyses such as Chromatin Immuno-Precipitation and
Sequencing (ChlIP-Seq) and RNA Sequencing (RNA-Seq) have shown that the early
elongating complex of Pol Il becomes paused, about 20-100 bp downstream from the
Transcriptional Start Site (TSS) in a substantial number of genes, identifying an additional,
major regulatory step between early and processive elongation [14-16]. This step,
characterized by TSS-engaged, stalled Pol Il, is termed Pol Il promoter proximal pausing.
Pol Il promoter proximal pausing occurs in a broad range of metazoan genes [16, 17].
Approximately 30% of protein-coding genes and 70% of signal-induced or developmental
genes are known to harbor Pol Il paused at the promoter-proximal site [15, 16, 18]. While
apparently repressive regarding gene expression, Pol 11 pausing is considered not to simply
stall transcription. Pausing may be a proactive step to prepare the early elongating Pol Il
complex and the microenvironment for processive elongation upon gene activation [16,
19-21].

Multiple transcription factors are known to regulate Pol Il promoter-proximal pausing.
These include factors such as DSIF [5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB)
sensitivity-inducing factor][22], NELF [Negative Elongation Factor][22, 23], Myc [14], P-
TEFb [Positive Transcription Elongation Factor b] [24, 25], TFIIS [General Transcription
Factor 11S][1], Gdownl [26], and the Mediator complex [27] for protein-coding genes. DSIF,
NELF, and Gdown1 are known to mediate and stabilize Pol Il pausing while P-TEFb,
CDK8-Mediator [28], TFIIS, and MYC help release the paused Pol Il. In our previous
studies, another novel pausing factor TRIM28 has been identified to stabilize Pol Il pausing
in a broad range of protein-coding genes [29]. We have also found recently that TRIM28 is

Genomics. Author manuscript; available in PMC 2019 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bunch et al.

Page 3

phosphorylated at residue S824 by phosphatidylinositol 3-kinase-related kinases (PIKK)
such as DNA-PK and ATM (Ataxia Telangiectasia Mutated) during transcriptional activation
and Pol Il pause release at human HSPA1B[29]. Furthermore, our recent study has indicated
that phosphorylated TRIM28 (S824) is increased in the transcribed regions of a number of
serum activated protein-coding genes in humans [30]. These data suggest that TRIM28 has a
biphasic characteristic: it represses transcription during the un-induced state while it
functions to positively regulate transcriptional elongation during transcriptional activation.
Consistently, other recent studies reporting the interaction of TRIM28 with P-TEFb suggest
the important function of TRIM28 in transcriptional elongation [31, 32].

To address the mechanisms that regulate transcription of INCRNA genes, we noted
interesting characteristics that many IncRNA genes display. Studies have indicated that the
majority of mammalian INCRNA genes are transcribed divergently from protein-coding
genes [33, 34]. It has been also shown that in more complex organisms such as human and
mouse, protein-coding and enhancer genes are more bidirectional than in simpler organisms
such as Drosophila [35, 36]. In addition, divergent transcriptional initiation at a number of
promoters and enhancers has been reported in human cells [37]. This divergent transcription
might be beneficial in respect of coordinating the expression of coding and non-coding gene
pairs, utilizing transcription factors, and compacting the genome. Interestingly, we have
noticed that there are two distinctive Pol Il peaks in the upstream and downstream close to
the TSSs of protein-coding genes in mouse [29]. While the upstream peak could be the
result of poised or docked Pol 11 for protein-coding genes that has been reported in C.
elegans [38], whether it may indicate Pol Il pausing in INCRNA genes is less clear and has
not been statistically evaluated.

In this study, we thus aimed to determine to what extent Pol Il promoter-proximal pausing
occurs in IncRNA gene transcription. Pol Il occupancy was analyzed to determine the
significance of Pol Il pausing in murine and human IncRNA genes. In addition, we
attempted to characterize serum-inducible IncRNAs during the cell-cycle progression from
Gg to G4 regarding Pol Il pausing, because stimulus-inducibility is one of signature
characteristics of protein-coding genes that utilize Pol Il pausing. Lastly, we examined the
function of TRIM28 in Pol Il pausing and expression at IncRNA genes. Our genomic data
have shown that Pol Il pausing is a prevalent phenomenon in a subset of IncRNAs both in
murine and human cells. The statistical occurrence of Pol 11 pausing in both of these species
is comparable to what has been reported for proteincoding genes. Our data have suggested
that TRIM28 regulates the expression of a subset of INCRNASs. In addition, we have
examined the biological functions of murine and human IncRNAs that are regulated by Pol
Il pausing. It has been shown that stimulus-inducible and developmental IncRNASs tend to
utilize Pol Il promoter-proximal pausing in spite of tissue-specific, diverse biological roles
that IncRNAs play in mammalian cells. Together, our study provide the first direct statistic
measurement of the degree of Pol Il pausing in InNcRNA genes, which presents Pol 11 pausing
to be a transcriptional mechanism that regulates the expression of a number of INcRNA
genes in mammals.
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Results

RNA polymerase Il promoter-proximal pausing at murine and human IncRNA genes

Firstly, we aimed to measure the frequency of Pol Il promoter-proximal pausing among
annotated IncRNA genes in murine cells. A pausing index parameter used to define paused
genes at protein-coding genes [29, 39] was applied to evaluate Pol Il pausing at INCRNAs in
murine embryonic stem (mES) cells. Briefly, TSS-proximal windows were defined as +/
-250 nt, and gene body windows were defined as +500-2,500; if the size of a gene was
smaller than 2,500 bp, the gene body window was defined as +500 to the gene end. Pausing
index, the ratio of Pol 1l occupancy between the TSS and gene body [29, 39], was calculated
to determine whether a gene is paused or not. A set of 1,535 IncRNAs derived from UCSC
KnownGene annotations was included for the statistical analysis through the Pol 1l ChlP-seq
data. Strikingly, Pol Il promoter-proximal pausing occurred in approximately 47.6% of the
mappable INcRNAs (at least 50% of unique alignment in the TSS or gene body windows, n=
645) (defined by pausing index over 2 [39]) (n=307; Fig. 1A; Supplementary Data 1). The
Pol 11 occupancy profile of these paused IncRNAs derived from a metagene analysis
illustrated the prominent Pol Il enrichment at the TSSs of these INCRNAs, in contrast to the
profile of total INcRNAs (Fig. 1B). Since a large number of IncRNA genes are transcribed
divergently from neighboring protein-coding genes, we investigated whether the Pol 11 peak
in the promoter-proximal site included Pol Il counts from protein-coding genes. As
expected, it was shown that 50.9% of the IncRNA genes included in the study (782 out of
1,535 IncRNA genes) appeared to divergently transcribed. However, only 1 and 67 IncRNA
genes among these INcRNAs were located within 1,000 and 5,000 bp from TSSs of protein-
coding genes, respectively (Supplementary Data 2). This indicated that the Pol 11 peak
between approximately =300 and +300, shown in Fig. 1B, represents Pol Il promoter-
proximal pausing in INcCRNA genes, not in protein-coding genes. In addition, we note that
the Pol 11 profile of INCRNA genes is highly comparable with one of protein-coding genes
(Fig. S1), visualizing the established Pol 11 pausing in mES cells [14]. These data suggested
that Pol 11 pausing could be an important transcriptional regulatory step in a number of
IncRNASs in mES cells.

While the protein-coding regions that occupy less than 10% of the genome are 85% identical
and evolutionally conserved, the non-coding regions show much less conservation in
sequences between mouse and human [40]. Therefore, we next asked whether Pol Il pausing
also occurs at human IncRNA encoding genes in human embryonic kidney 293 (HEK293)
cells as seen at ones in mES cells. Although IncRNAs are typically defined as ncRNAs
whose sizes are longer than 200 nucleotides (nt), the IncRNAs filtered for our Pol Il pausing
analysis were equal or longer than 1,000 nucleotides (nt). We reasoned that a sufficient
window for gene body could be critical to achieve a more accurate determination of Pol 11
pausing status, given that Pol 11 pausing index is calculated through the ratio of Pol Il
occupancy between TSS and gene body. The pausing index parameters used in mouse
IncRNA pausing analysis described above were applied to the human IncRNA. A total of
12,270 ncRNA genes from UCSC hg19 KnownGene were initially downloaded, and 2,482
IncRNAs sizing over 1,000 nt were analyzed for Pol Il pausing (Supplementary Data 3). The
result showed prevalent Pol Il pausing in human IncRNA encoding genes, indicating 46.6 %
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of the examined INcRNAs to harbor Pol Il paused in the promoter-proximal site (paused
genes, Fig. 1C). Metagene analysis of IncRNA genes (all genes; paused genes with pausing
index over 2; paused genes with pausing index over 8) showed significant Pol Il
accumulation in the TSSs (Fig. 1D). Pol Il peaks in the TSS were higher (Fig. 1D left and
top right panels) while gene body Pol Il occupancies were slightly lower (Fig. 1D left and
bottom right panels) for the genes with pausing index (PI) over 8 than the ones with Pl over
2 or all genes. Compared to the metagene profile of mMESC IncRNAs (Fig. 1B, all), human
IncRNAs (Fig. 1D, all) displayed more prominent Pol Il occupancy in the TSS. This
suggested that Pol Il pausing might take place more significantly at IncRNAs whose sizes
are longer than 1,000 nt in humans than mice. A chromosome view of RAMZ26-AS1
represents Pol Il promoter-proximal pausing in human IncRNA genes (Fig. 1E). Importantly,
we note that the degrees of Pol Il pausing at INcRNAs are statistically comparable between
mouse (47.6%) and human (46.6%) in spite of reported little conservation in non-coding
gene sequences between the two species [40, 41]. These statistic data further suggest that
Pol 1l pausing could be a conserved, important mechanism in InNcRNA genes to regulate
transcription as it has been established in protein-coding genes in mammals.

Role of TRIM28 in regulating Pol Il pausing and transcription in IncRNAs in mES cells

It has been previously shown that TRIM28 regulates Pol 11 pausing and pause release at a
number of protein-coding genes [29]. In addition, another study has reported that TRIM28
regulates erythropoiesis through controlling microRNA expression [42]. Based on these
observations and the noticeable Pol Il pausing observed in mammalian IncRNA genes (Fig.
1), we hypothesized that the novel pausing factor, TRIM28 may regulate Pol 1l pausing at
noncoding genes. To investigate the potential role of TRIM28 in Pol Il pausing, TRIM28
was knocked-down by short interfering RNA (siRNA) in mES cells. Pol 1l ChlP-seq analysis
was performed, comparing global Pol 1l occupancies between WT and TRIM28 knock-down
(KD) mES cells. The analysis indicated that TRIM28 KD led to increased or decreased
pausing indices in 30.6 % (n=93) of mappable INcRNAs (n= 304, Figs. 2A and S2). Among
these 93 genes, the pausing index was decreased at 69 INcCRNASs (74.2 %) and the index was
increased at 24 genes (25.8 %) by TRIM28 KD (Fig. 2A, Table 1). These data suggested that
TRIM28 KD attenuated Pol Il pausing in a subset of murine IncRNA genes. Consistent with
this finding, the metagene analysis of IncRNAs (n=69) with decreased-pausing indices upon
TRIM28 KD showed increased Pol 11 gene body occupancies (Fig. 2B). Pol Il occupancy in
the total annotated IncRNAs (n= 1,535), comparing WT and TRIM28 KD, is shown in the
heatmaps (Figs. 2C and S2). In Fig. 2D, chromosome views of the Stamos gene (Stam
opposite strand) depict an increase in the Pol Il occupancy, in the immediately downstream
of the pausing site (pausing site marked with a blue box; the immediately downstream of the
pausing site with a red box), in TRIM28 KD mES cells. These results suggested a potential
function of TRIM28 in stabilizing Pol Il pausing in a subset of murine IncRNAs during the
transcriptionally inactive state, similarly to the role of this factor in protein-coding genes
[29].

We next examined the function of TRIM28 in ncRNA expression in murine cells. NcRNA
gene expression profiles between WT and TRIM28 KD mES cells were compared by the
microarray analysis. A total of 39,414 non-coding genes were included for this analysis.
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Among them, 308 ncRNAs showed a fold change of at least 1.5 and also satisfied p < 0.05.
Fifty-seven and 251 ncRNAs decreased and increased RNA expression upon TRIM28 KD,
respectively (Fig. S3, Supplementary Data 4). This means that TRIM28 KD activated 81.5%
of affected ncRNAs while it repressed 18.5% of these ncRNAs. Notable ncRNAs with fold
changes (>+/-1.50; p < 0.05) and nomenclatures were listed in Table 2. A hierarchical
clustering analysis comparing the relative level of the 308 ncRNAs in WT and TRIM28 KD
mES cells depicted the function of TRIM28 to regulate the expression of a subset of ncRNA
genes (Fig. 2E). Together, ChlP-seq and microarray data (Figs. 2A-E and S2-4) comparing
WT and TRIM28 KD mES cells suggest that TRIM28 controls the transcription of a subset
of non-coding genes.

Pol Il pausing in inducible IncRNAs in mammalian cells

Engagement of Pol Il in the TSS before processive elongation has been considered to be a
preparatory stage in transcriptional activation at which transcriptional elements such as
participating protein and nucleic acid molecules are primed for synchronized induction upon
the receipt of activating signals [43, 44]. In addition, immediate early serum responsive
proteincoding genes are known to harbor Pol 11 paused at the promoter proximal site. This
suggests that Pol Il pausing may be important to assist prompt and synchronized
transcriptional activation in such genes upon induction.

We therefore screened for human IncRNAs that were activated or suppressed during serum
induction and the resultant cell cycle transition from Gg to G4 in HEK293 cells. Using ChlIP-
seq analysis, Pol Il occupancy at InNcRNA genes was then monitored and compared between
control (S0) and serum induced (S15) cells. Genes with noticeable pausing index changes
(pausing index ratio change > 2) when induced were collected. We analyzed a total of 2,491
IncRNAs whose sizes were longer than 1,000 bp, selecting a total of 1,990 IncRNAs that
possess non-zero pausing indices in both control and serum induced cells (Supplementary
Data 5). We found that the pausing indices of 37.1% of these IncRNAs were decreased (n=
483) or increased (n= 217) by over 2 fold upon serum induction (Supplementary Data 5).
LncRNA genes with pausing index decreased or increased by over 3 fold upon serum
induction were listed in Table 3. Among those IncRNAs whose pausing index decreased (n=
483), 109 genes (22.6%) appeared to be non-paused (by the criterion of pausing index < 2)
prior to induction. By contrast, 374 genes (77.6%) appeared to have been paused (pausing
index > 2) in uninduced, control cells (Fig. 3A; Supplementary Data 5). These data suggest
that expression of a number of human IncRNAs become induced during the Gg to G;
transition and that many of these early serum-inducible long non-coding genes harbored Pol
Il pausing.

Consistently, the heatmaps of Pol 11 for IncRNA encoding genes that underwent decreases in
pausing indices upon serum induction showed a prominent Pol Il promoter-proximal
pausing profile prior to induction, represented by concentrated peaks near TSS (Fig. 3B, PI
Decreased Genes). On the other hand, the genes with increased-pausing index displayed
broad, spread peaks near the TSS in the un-induced state (Fig. 3B, Pl Increased Genes,
Serum -). In addition, the INcCRNA genes with decreased pausing indices upon serum
induction displayed mild increases in Pol 1l occupancy in the promoters, TSSs, and gene
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bodies (Fig. 3B). In contrast, the INCRNA genes that showed increased-pausing indices upon
serum induction showed Pol Il occupancy increases in the divergent direction, including the
promoter and upstream regions (Fig. 3B). Since many InCRNA genes are reportedly
transcribed divergently to protein-coding genes [33], this may imply that the pausing index-
increased IncRNA genes could be located divergently to the protein-coding genes whose
expression becomes increased upon serum induction.

We next carried out a metagene analysis of InNcCRNA genes comparing the Pol I counts in the
TSS and gene body between control and serum induced samples (Fig. 3C). This analysis
showed that pausing index-decreased INcRNA genes increased gene body Pol Il occupancies
upon serum induction (n= 483, Fig. 3C, upper panel). On the other hand, pausing index-
increased IncRNA genes showed decreased-gene body Pol Il occupancies upon serum
induction (n= 217, Fig. 3C, bottom panel). These data suggest the gene body Pol 1l
occupancy to be a determinant of pausing index changes and a negative correlation between
pausing index and the level of gene body Pol Il occupancy. Comparison of the median Pol Il
occupancy between control and serum induced samples showed a consistent correlation
between the gene body Pol Il occupancy and pausing index in individual genes (Fig. 3D).
For the pausing index increased and decreased genes, the values of empirical 95%
confidence interval, —0.18 to +0.01 and 0.25 to 0.35, indicated the tendency of a mild
decrease and increase in gene body Pol 1, respectively. Unlike the gene body regions, there
was no clear trend in the TSS Pol Il occupancies in pausing-decreased and - increased genes,
consistent with the results shown in Fig. 3C (Fig. 3D). This further confirmed the change in
gene body Pol Il occupancy to determine the pausing index increase or decrease upon serum
induction. A chromosome view of SNHG& illustrating Pol Il occupancy increase in the gene
body upon serum induction was shown in Fig. 3E.

In our previous study, gene activation leads to phosphorylation of TRIM28 at S824, a
modification that reverses its ability to stabilize Pol 11 pausing at a model paused gene,
HSPA1B[29]. In addition, TRIM28 becomes phosphorylated at S824 at a number of
immediate early protein-coding genes upon transcriptional activation [30]. Since TRIM28
regulates Pol 1l pausing in a subset of INcRNA encoding genes (Fig. 2), we hypothesized that
TRIM28 might be modulated at these genes in a similar manner to stimulus-inducible
protein-coding genes. Therefore, we examined levels of TRIM28 phosphorylated S824
(pTRIM28) at serum-activated ncRNA genes in humans. Genome-wide occupancy of
pTRIM28 was monitored in control and serum induced HEK?293 cells by ChlP-seq. Among
1,634 non-coding genes with non-zero pTRIM28 counts in both control and serum induced
cells, 264 non-coding genes contained increased pTRIM28 levels and 284 non-coding genes
decreased pTRIM28 counts by over 50% upon serum induced transcriptional activation
(Supplementary Data 6). To further examine changes in mean Pol Il occupancy associated
with serum induction shown in figure 3C, we next investigated the correlation between
pTRIM28 levels and Pol Il occupancy in the serum-induced samples. The IncRNA genes
with increased pTRIM28 levels upon serum induction also increased Pol Il gene body
occupancies, suggesting a positive correlation between transcriptional activation and
pTRIM28 accumulation (Figs. 3F, 3G, and S5). On the other hand, the correlation between
pTRIM28 levels and Pol Il occupancy was less obvious in the genes in which pTRIM28 was
decreased upon serum induction (p= 0.01; Figs. 3G and S5). These findings suggest that
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TRIM28 becomes phosphorylated at S824 during gene expression at some human INcCRNAs
as reported in a number of protein-coding genes [29, 30].

We asked if the IncRNAs that harbor Pol Il promoter-proximal pausing could be inducible as
in the case of protein-coding genes [16]. To characterize the functions of IncRNA genes, GO
analysis was performed for the murine and human IncRNAs separately, and the data were
compared (Supplementary Data 7). The common cellular processes assigned to both human
and murine IncRNAs were proliferation, protein functional regulation, protein modification,
receptor signaling pathways, cellular organization/trafficking, metabolism, and immune
response (Fig. 4A and B). In mES cells, a number of pausing-regulated IncRNAs were found
to be involved in development and differentiation (Fig. 4A and B). This is in accordance
with the fact that Pol 11 pausing occurs preliminarily in developmental protein-coding genes
[45]. Interestingly, our analysis showed that the majority of human embryonic kidney
IncRNAs were involved in regulating metabolic processes. Protein modifications such as
phosphorylation and ubiquitination also appeared to be regulated by a number of INCRNAs
in HEK293 cells. In mES cells, many IncRNAs were also found to regulate lipid metabolism
and immune cell activation and maturation (Supplementary Data 7). These data suggest
tissue-specific pathways that the murine and human IncRNAs are involved in. Importantly, it
is estimated that about 59.1% of total paused IncRNASs gene counts (n= 719, /talicin Fig.
4A) were stimulus-inducible in mouse and 65.9% (n= 946, Jfalic in Fig. 4A) in humans,
indicating that a large number of mammalian INcRNA genes, both longer than 1,000 nt and
regulated by Pol Il pausing, tend to be inducible. We note that such stimulus-inducibility is
an important characteristic of paused protein-coding genes [16, 45]. Together, the data
suggest tissue-specific, inducible functions of a subset of INcRNA genes utilizing Pol 11
pausing in mES and HEK293 cells as well as an intrinsic property of Pol Il pausing
benefiting to prime such IncRNA genes for synchronized transcriptional activation.

Discussion

Mammalian genomes are occupied dominantly by non-coding genes. While it is unclear
what proportion of these protein-non-coding transcripts is functional, approximately 98% of
the genome is transcribed and protein-coding sequences occupy only about 1.5-2.5% of the
genome in humans [46, 47]. This estimation may imply the existence of diverse mechanisms
to regulate the non-coding gene expression and to modulate their biological functions.
However, compared to protein-coding gene expression, mechanisms to regulate non-coding
gene expression and function have only recently begun to be understood. In addition, in spite
of the significance and diversity of ncRNA biological functions, it is noted that only a
limited number of studies regarding general mechanisms to regulate transcription of
ncRNAS have been reported. In this regard, our study presented in this report would
contribute to the growing mechanistic understanding of non-coding genes transcription.

For the first time, we statistically measured and identified the statistic prevalence of Pol Il
pausing in InNcRNA genes through genomic analysis in murine and human cells. The results
have shown that Pol Il promoter proximal pausing occurs at a large number of InNcCRNA
genes in mammalian cells, statistically comparable to the extent of Pol Il pausing in mMRNA
genes. Importantly, the frequencies of Pol Il pausing for INcCRNA genes (47.6 % in mice and

Genomics. Author manuscript; available in PMC 2019 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bunch et al.

Page 9

46.6 % in humans) reported in this study are similar to, or even slightly higher than the
frequency in coding genes (about 30%) [16]. This statistic values suggest that Pol 1l pausing
could be a major checkpoint in IncRNA transcription as in protein encoding genes in
mammalian cells.

Pol Il pausing occurs in protein-coding genes, especially in stimulus-inducible and
developmental genes that are expressed instantly for cellular signals and demands [16, 48],
Pol 1l pausing appears as a wise cellular provision in that Pol 11 and transcriptional
microenvironment could be prepared and ready at the pausing site for following processive
elongation, immediately upon receipt of activating signals. In this study, we have presented a
set of human immediate early IncRNAs whose expression could be controlled by serum
induction, and have found that many of these INcRNAs harbor Pol Il pausing (Fig. 3 A-C).
In addition, INcRNAs that utilize Pol Il pausing appear to be involved in stimulus-responsive
biological pathways such as the immune response, development, proliferation, and synapsis
(Fig. 4A and B). Therefore, Pol 11 pausing appears to equip these inducible IncRNA genes
for efficient expression as widely conceived for paused protein-coding genes, perhaps for
similar mechanistic advantages.

Pol 1l pausing has been shown to be regulated by various transcription factors at protein-
coding genes. It remains to be understood whether well-characterized pausing factors
established for protein-coding genes such as NELF, DSIF, MYC, and P-TEFb could play
such roles also in noncoding gene transcription. Here, we investigated TRIM28 for ncRNA
transcription as one of the pausing and elongation factors for a large number of protein-
coding genes [29, 30]. In recent studies, TRIM28 has been reported to regulate
differentiation and embryonic development [42, 49-52]. Some of these studies have shown
that TRIM28 controls the expression of non-coding RNAs in regulation of differentiation
and development [42, 52]. Our study indicates a role of TRIM28 in regulating Pol Il pausing
and expression of a subset of ncRNAs in mammalian cells (Fig. 2). Importantly, some serum
induced IncRNAs showed elevated levels of pTRIM28 (Fig. 3F-G), an indicative marker for
Pol 1l pause release and processive transcriptional elongation in serum-responsive protein-
coding genes [29, 30]. These results suggest that TRIM28 may regulate Pol 1l pausing at
stimulus-inducible IncRNA genes by a similar mechanism to proteincoding genes in which
the activation of many of these genes involves phosphorylation of TRIM28 at S824 by
DNA-PK and ATM. Recent studies have provided overlapping general mechanisms of
transcriptional regulation involving functions of Mediator complex and topoisomerase |
between non-coding RNA and protein-coding gene transcription [53, 54]. It is notable that
the mammalian Mediator complex is known to be an important regulator both for activator-
dependent transcription and Pol 1l pausing [27, 55]. This may also support that many
IncRNASs could be signal-inducible and utilize Pol Il pausing as a transcriptional regulatory
mechanism.

In summary, we have shown that RNA polymerase 1l promoter-proximal pausing occurs
prevalently both in murine and human long non-coding RNA genes (Fig. 4C). The statistic
significance of RNA polymerase Il promoter-proximal pausing in mammalian INCRNA
genes is comparable with that of protein-coding genes. In addition, TRIM28 regulates Pol Il
pausing and expression in a subset of murine INcRNA genes (Fig. 4C). Serum inducible
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IncRNA genes in human cells harbor Pol Il paused in the promoter-proximal site, and some
of these INcCRNA genes accumulate phosphorylated TRIM28 at Serine 824, an indicative
marker for Pol Il pause release and processive elongation in protein-coding genes in humans
(Fig. 4C). These data suggest a potential conservation of Pol Il pausing regulatory
mechanisms between protein-coding and noncoding gene transcription. Mammalian INcRNA
genes harboring Pol 11 pausing are involved in stimulus-inducible biological pathways in
spite of tissue-specificity. We suggest that these observations provide an insight into
regulatory mechanisms of ncRNA expression and propose Pol Il pausing as a general
mechanism to regulate the transcription of stimulus-inducible INcRNA genes between early
and processive elongation (Fig. 4C).

Materials and Methods

Cell culture and Cell Preparation Conditions.

For Pol 11 pausing study, HEK293 cells were grown in DMEM supplemented with 10% FBS
and 1% Penicillin/Streptomycin (P/S) solution and synchronized to Gy for gene expression.
For serum induction experiments, HEK293 cells were grown to about 80% confluence. The
cells were incubated in DMEM including 0.1% FBS and 1% P/S solution for 17.5 hours and
then induced by serum by incubating in DMEM supplemented with 18% FBS and 1% P/S
solution for 15 minutes. Control cells were serumstarved for 17.5 hours. Mouse ESCs,
E14Tg2a, were obtained from Mutant Mouse Research Resource Centers and American
Type Culture Collection. They were cultured on gelatin-coated plates in M15 medium:
DMEM (Invitrogen) supplemented with 10% FBS, 10 pM 2-mercaptoethanol, 0.1 mM
nonessential amino acids (Invitrogen), 1x EmbryoMax nucleosides (Millipore), 1,000 U of
ESGRO (Millipore). To determine the knockdown efficiency of siRNAs, 50 x 102 ESCs
were transfected with siRNAs at 50 nM in one well of a 24-well plate. Cells were harvested
48 hours after transfection and total RNA was extracted from the cells using manufacturer’s
protocol (Qiagen) for qRT-PCR and microarray experiment.

Chromatin Immunoprecipitation & Sequencing.

For ChIP-seq sample preparation, ESCs (2.5 x 105) were transfected with control or Trim28
SiRNAs (SiRNA D-040800-02, si2; D-040800-03, si3, Thermo scientific) at 50 nM using
lipofectamine 2000 (Invitrogen) in one 10 cm plate for each replicate. After 48 hours
transfection, ESCs were harvested and processed according to the protocol in [56] for ChIP-
seq analysis. ChIP experiment was conducted using the IP-star (Diagenode, Denville, NJ)
and according to the manufacturer's protocol. Briefly, 5 million cells were
immunoprecipitated using an antibody, sc-899 (Santa Cruz Biotechnology, 3 pg/each IP)
against whole Pol Il. Illumina libraries were constructed using the SPRI-TE Nucleic Acid
Extractor (Beckman Coulter, Indianapolis, IN) with a size selection of 200-400bp. The
samples were sequenced on a HiSeq sequencing platform and resulting short reads were
aligned against the mm9 reference mouse genome. The antibodies listed above have been
validated for the relevant species and applications, and the validation is provided on the
manufacturers’ websites.
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For HEK293 cells, ChlP sample preparation was conducted following Abcam X-ChIP
protocol with mild modifications. Cell lysis buffer includes 5 mM PIPES (pH 8.0), 85 mM
KCI, 0.5% NP-40 and fresh protease inhibitors described above. Nuclei lysis buffer
including 50 mM Tris-ClI (pH 8.0), 10 mM EDTA, 1% SDS was added before sonication.
Sonication was performed at 12% amplitude for 30 sec with 2 mins intervals on ice, Sonic
Dismembrator Model 500, Fisher Scientific and was optimized to produce DNA segments
ranging between +100 and +1,000 bp on a DNA gel. Briefly, about 3.3 million cells were
immunoprecipitated using an antibody, sc-899 (Santa Cruz Biotechnology, 3 pg/each IP) or
A300-767A (Bethyl, 3 pug/each IP) against whole Pol 11 or phosphorylated TRIM28 at
residue S824, respectively. lllumina libraries were constructed using Kapa Biosciences
Illumina library prep Kits according to the manufacturer's protocol. Samples were quantified
by quantitative PCR and pooled at equal ratio before sequencing on the Illumina HiSeq2000
sequencing platform. The resulting short reads were aligned against the hg19 reference
Human genome.

Bioinformatics: Pol Il ChlP-seq. mESC:

Full details of mMESC ChiIP-seq analyses are found in [29]. Briefly, input and ChIP samples
were filtered to exclude reads with mean quality score less than 20, aligned to mm9 using
bowtie 0.12.8 retaining unique alignments with 2 or fewer mismatches, de-duplicated using
Picard tools’ MarkDuplicates, and center-shifted 75nt based on fragment length estimates
obtained via HOMER 4.1. Raw data has been deposited to the Gene Expression Omnibus,
under accession GSE48253. A set of 1,535 IncRNAs were used for all analyses, derived
from UCSC knownGene annotations downloaded March 18 2013, also present in
NONCODE v4, identified using associated ensembl transcript identifiers. LncRNAs were
identified following the exclusion of transcripts annotated to random chromosomes or chrM,
as well as those shorter than 1000 nt, and the consolidation of transcripts with identical TSS.
Also excluded were transcripts with less than 50% uniquely positioned TSS-proximal (+/

- 250 nt) or gene body windows (TSS+500 to 2500 or end). We termed it as mappability,
and over 50% mappability was defined as “mappable” in the text. Pausing indices were
calculated as the depth-normalized, input-subtracted count of fragment centers per uniquely
mappable nt in the TSS-proximal region divided by that of the gene body. Heatmaps were
generated using Partek Genomics Suite 6.5, depicting normalized, input-subtracted fragment
center counts in 50 nt bins, tiling the region —500 to +999 nt relative to the TSS, and sorted
by WT normalized, input-subtracted counts in the TSS+250 to 999 region. Metagene
analyses depict the per-IncRNA mean count of normalized, input-subtracted fragment
centers in 50 nt bins. Pausing indices calculated based on mm9 annotations were compared
to expression data derived from the mm10-based MTA 1.0 array via identical UCSC
knownGene identifiers. HEK?293: For details for ChipSeq analyses please refer to our
previous paper [29]. Several replicates were included for each experimental and input
control conditions. Fastq files of each sample or control was aligned to hg19 reference
genome independently using the BWA (v0.5.9) with default parameters. Following
alignment, reads aligning to the same genomic coordinates were removed (Picard
MarkDuplicates), and filtered to retain only primary (unique) alignments. Gene annotation
was referred to UCSC hg19 knownGene table downloaded in January 19, 2015. The
downstream Pol Il pausing analyses were performed as described above for mESC. The
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combined input counts were subtracted from each window, and the windows with negative
counts were set to zero. We further used Model-based Analysis for Chip-Seq software [57]
to identify Pol 11 binding peaks. The windows outside of the significant peak regions
detected by MACS were excluded from the final report.

GO analysis was performed using Bioconductor's GOStats package [58]. We perform an
unconditioned hypergeometric test for enrichment of GO terms between a group of interest
versus a background set of genes. For the background set, we use all INnRNAs studied that
have unique GO annotations (n=338 (mouse), 1,752 (human)) and we test for an over-
representation of GO terms among the annotated genes where pausing index is larger or
equal to 2.

For each sample, 200 ng of total RNA were amplified and labeled using Affymetrix
Genechip WT Plus Reagent Kit (Catalog #902280; Affymetrix) according to the protocol
provided by the supplier. Affymetrix Mouse Transcriptome 1.0 arrays were hybridized for
16 hours at 45C and washed and stained according to the protocol described in Affymetrix
GeneChip Expression Analysis Manual (Fluidics protocol FS450-0001). Arrays were
scanned using an Affymetrix Genechip Scanner 7G. MTAL.0 array quality control,
normalization, and gene level expression calculation were performed by Affymetrix
Expression Console Software. Differential expression statistics was calculated by
Affymetrix Transcriptome Analysis Console software, comparing the normalized expression
level between the three replicates in the TRIM28 knock down samples versus the three
replicates in the wild type control samples. The genes with fold change greater than or equal
1.5x up regulated or down regulated and p values smaller than or equal to 0.05 are
considered as differentially expressed. Differentially expressed non-conding RNA was
further selected for downstream study. Hierarchical clustering of relative expression was
performed using Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/) following
gene normalization. Heat map was created using Java Treeview [59].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
RNA polymerase Il promoter-proximal pausing occurs prevalently at murine

and human long noncoding RNA genes.

The statistic significance of RNA polymerase Il promoter-proximal pausing in
mammalian IncRNA genes is comparable with that of protein-coding genes.

A Pol 11 pausing-stabilizing factor in protein-coding genes, TRIM28 regulates
transcription in IncRNAgenes.

A subset of serum inducible IncRNA genes in human cells are regulated by
Pol Il pausing.

Mammalian paused INcRNA genes are involved in stimulus-inducible
biological pathways in spite of tissue-specific functions that they are involved
in.
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Fig. 1. Mammalian IncRNAs are regulated by Pol Il promoter-proximal pausing.
(A) Pausing indices of annotated INcRNAs (n= 1,535) in mouse embryonic stem (mES)

cells. The graph was generated with pausing index calculable genes (non-zero gene body Pol
Il occupancy, n= 645). LncRNASs with pausing indices over 2 are 307 including 166
IncRNASs with pausing indices over 8. (B) Pol 11 metagene analysis comparing total (n=
1,535) versus paused IncRNAs (n= 307), displaying a significant accumulation of Pol Il
paused at TSSs in many IncRNAs in mES cells. (C) Pausing indices of INcRNAs (n= 2,482)
in human embryonic kidney 293 cells, indicating a large number of human IncRNAs to
harbor Pol Il paused in the promoter-proximal region. (D) A metagene analysis of Pol Il
depicting prevalent Pol Il pausing in IncRNAs (all, blue, n=1,752; paused (Pl >2), green, n=
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839; paused (PI > 8), red, n=316) in humans. An orange bracket with a star marks a region
(-100 to +150) for a zoom-in view shown in the top right panel. A green bracket marks the
gene body region (> +600 from the TSS) that displays diverse Pol 1l occupancies in the 3
gene groups described above, a zoom-in view shown in the bottom right panel. PI, pausing
index. (E) A chromosome view of RBM26-AS1 showing accumulated Pol Il occupancy in
the promoter-proximal site.

Genomics. Author manuscript; available in PMC 2019 May 17.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Bunch et al. Page 20

A B

B Pl decreased

IncRNAs

regulated by [ PliIncreased

0.13
TRIM28

TRIM28 KD

0.08

Normalized Pol Il occupancy

1 Plchanged below

threshold 003 - ‘
-500 -300 -100 100 300 500 700 900

WT

Distance from TSS

Genomics. Author manuscript; available in PMC 2019 May 17.



Page 21

Bunch et al.

I| ]od Apoq auagd Buisealdaq

-026lF WNO025

0.5

0

. 0.5

0

Genomics. Author manuscript; available in PMC 2019 May 17.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bunch et al.

D

Scale] |
chro. | 139900001 1399

3ol 11 WT

0.1 e e e

3
“Pol Il TRIM28 KD

0.1 o onn =

Page 22

2 kb e )0
1,000 13,992,000 1 13,993,000 13,994,000 13,995,000! 13,996,000! 13,997,000! 13,998,000 |

- - e——— —— - ettt G it cnctnen - -

STS Marker

3 === = L
AKO1498c Sttt ettt (aasttttttmmmn
Stamos (IncRNA) gigrn?

Stam (mRNA)

Genomics. Author manuscript; available in PMC 2019 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bunch et al.

Page 23
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!
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Fig. 2. TRIM28 KD regulates the expression of a number of IncRNAs in mES cells.
(A) LncRNAs categorized by pausing index change between WT and TRIM28 KD mES

cells. Genes with pausing indices increased (Pl increased, n= 24) or decreased (Pl decreased,
n= 69) over 2 fold, or changed less than 2 fold (P change below threshold, n=211) upon
TRIM28 KD. (B) A metagene analysis of Pol 1l occupancy at INcRNAs with decreased
pausing indices upon TRIM28 KD (n= 69, p = 6.009¢e-6). TRIM28 KD increased Pol 1l
occupancy in the gene body (> +300 from TSS) at these genes. The p-value shown was
calculated by a paired Wilcoxon signedrank test, using the sums of normalized, input-
adjusted reads in the window between +300 and +999. (C) Heatmaps of Pol 11 occupancy at
1,535 IncRNAs in WT, TRIM28 KD (KD), and KD-WT, illustrating the overall change of
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Pol Il occupancy at these genes upon TRIM28 KD (p-value for TSS to +999, 1.413e-05).
(D) A chromosome view of Stamos (AK014986) depicting increased Pol 1l occupancy in the
downstream of Pol Il pausing site (marked with red box) upon TRIM28 KD. (E)
Hierarchical clustering comparing gene expression profiles (n=308; fold change > 1.5; P <
0.05) between TRIM28 KD (the first set of triplicates from the left) and WT (the second set
of triplicates) mES cells. Red, increased expression; Green, decreased expression; Black, no
change.
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Fig. 3. Stimulus-inducible long non-coding genes are regulated by Pol Il promoter-proximal
pausing in mammalian cells.

(A) Pausing index changes of human IncRNAs between control and serum induced HEK293
cells. Pausing index decreased genes tend to be more paused, suggesting that serum-induced
IncRNASs are paused as in coding genes. PI, pausing index; SO, control, non-serum induced
HEK?293 cells; S15, serum-induced HEK293 cells. (B) Pol Il heatmaps of pausing index (PI)
decreased and increased long non-coding genes. Pausing index-decreased genes displayed a
Pol Il peak in a defined locus near TSS (Transcription Start Site) in control cells (Serum -).
Pausing index increased genes showed weak Pol 11 TSS peaks in a broad area, implying less
Pol Il pausing. Upon serum induction (Serum +), Pol Il occupancy was increased in TSS and
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downstream (toward gene body) in pausing index-decreased genes while the Pol |1
occupancy increase was observed in TSS and upstream (toward promoters) in pausing index-
increased genes. (C) Box plots showing Pol 11 occupancy changes in TSSs and gene bodies
in pausing index (PI) decreased and increased genes. TSS Pol Il becomes slightly increased
in both groups of genes while gene body Pol Il is increased and decreased in pausing index
decreased and increased genes, respectively. (D) A bootstrap resampling procedure. For each
bootstrap sample (1e5 total), the effect size was computed as the difference between the
median value of the samples in control and serum induced states (for both TSS and body
regions). A positive value indicates an increase in pol-11 occupancy. The normalized
empirical distribution was plotted with horizontal bars indicating the 2.5% and 97.5%
percentiles. (E) A chromosome view of SNHGSE, representing increased Pol 1l occupancy in
the gene body upon serum induction. Red and blue peaks are in control cells and serum-
induced cells, respectively. (F) Correlation analysis between TRIM28 phosphorylation at
S824 (pTRIM28) and Pol 11 occupancy, showing that a subset of long non-coding genes (n=
264) accumulated Pol Il and pTRIM28 simultaneously upon serum induction. The long non-
coding genes with increased pTRIM28 in serum-induced cells were collected and correlated
with Pol Il occupancy. The inset on right is a zoomed view for the boxed region in the main
plot. Pearson's correlation coefficient = 0.95. (G) Pol Il heatmaps of pTRIM28 increased or
decreased genes upon serum induction (S15), showing a simultaneous increase of Pol Il
occupancy and pTRIM28 at some long noncoding genes (n= 20). For statistic values,
normalized, mean Pol 11 occupancy was calculated for each gene in the window of interest
(-2,000, +2,500 bp). Both pTRIM28 increased and decreased genes demonstrated a
difference in Pol Il occupancy (p< 0.001 by Wilcoxon signedrank test) and pTRIM28
increased genes showed greater changes in Pol Il occupancy following induction (p= 0.01 by
Mann-Whitney U test).
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Fig. 4. Paused IncRNA genes are involved in stimulus-inducible biological pathways.
(A) GO analysis of murine and human long non-coding genes, showing common and unique

biological pathways. Stimulus-inducible pathways are in stalic. (B) Radar graphs showing
the major biological pathways for IncRNAs in human HEK293 cells (upper) and in mES
cells (bottom), implying tissue-specific functions of IncRNAs. In spite of tissue-specific
functions, paused long non-coding genes mainly regulate stimulus-inducible pathways.
Metabolism appears to be regulated by many IncRNAs in both, especially in human
HEK293 cells and a number of mES IncRNAs are involved in development/differentiation.
(C) A model of RNA polymerase Il promoter-proximal pausing in inducible IncRNA genes.
In the uninduced state of transcription, Pol Il is paused in the promoter-proximal site of
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IncRNA genes. TRIM28 stabilizes Pol Il pausing in a subset of these INCRNA genes. Upon
transcriptional activation, Pol 11 is released from the pausing site, which involves
phosphorylation of TRIM28 at S824 (marked with a purple star).

Genomics. Author manuscript; available in PMC 2019 May 17.



Bunch et al. Page 33

Table 1.

Long non-coding RNAs with increased or decreased pausing indices upon TRIM28 KD in mES cells
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Gene Known function inF;ael;(S,i\r/]\?T Pizé?i)?,g Pausigg\i/c?_ex, %
1700012B15Rik RAB10 opposite strand 604.61 27.45 4.54
4930581F22Rik 98.66 6.50 6.59

AKO015092 124.33 8.80 7.08
AKO015714 876.61 62.57 7.14
AKO040705 19.89 1.65 8.31
B230206F22Rik Ftx, a positive regulator for XIST 83.89 8.65 10.31
AK131739 53.29 5.79 10.86
1700003G18Rik 389.80 51.08 13.10
AKO042797 17.25 2.35 13.61
4930465K10Rik 176.44 24.21 13.72
4933407K13Rik 98.86 15.31 15.48
AK079957 86.87 16.15 18.60
AK135254 44.78 8.55 19.08
AK005608 28.19 5.45 19.32
AKO014986 Signal transduction adaptor molecule 1 opposite strand 54.05 12.06 22.32
Nphslas Nephrosis 1 homolog opposite strand 3.57 171 47.96
4632419122Rik Brip1 opposite strand 14.23 35.53 249.68
F730043M19Rik 20.28 128.24 632.40
Trmt61lb Trmt61b tRNA methyltransferase 61B 5.19 60.05 1156.04
1700020114Rik 12.34 241.35 1956.12
AK162965 15.69 356.57 2272.69
4930483J18Rik 74.36 2420.54 3255.31
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Table 2.
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Non-coding RNAs with increased or decreased expression upon TRIM28 KD in mES cells

Gene Symbol Fold Change Gene Description
C330046G13Rik =2.77 RIKEN cDNA
Gm14074 -2.74 Predicted gene 14074
Mir290 -2.62 MicroRNA 290
Pramel7 -25 Preferentially expressed antigen in melanoma like 7
Mir291a; Mir292; Mir291b; Mir293; -2.35 MicroRNA 291a; microRNA 292; microRNA 291b; microRNA 293; microRNA
Mir294; Mir295 294; microRNA 295
Trajl -2.04 T cell receptor alpha joining 1
FTX 2 1.53 FTX transcript, XIST regulator conserved region 2
Rmst 1.56 Rhabdomyosarcoma 2 associated transcript
Mir302a, Mir302c 1.57 MicroRNA 302a and 302¢c
Mir205 1.73 MicroRNA 205
LOC100041014 2.32 Sycp3 like Y-linked pseudogene
LOC100041346 2.34 Sycp3 like Y-linked pseudogene
LOC38099%4 2.35 Sycp3 like Y-linked related
Gm21627 2.36 Predicted gene, 21627
Gm21294 2.37 Predicted gene, 21294
Gm5773 2.41 Predicted pseudogene 5773
Gm9141 2.42 Predicted gene 9141
Gm12865 2.44 Predicted gene 12865
Gm21815 2.47 Predicted gene, 21815
Gm11544 2.47 Predicted gene 11544
Gm11546 2.48 Predicted gene 11546
Gm20871 25 Sycp3 like Y-linked pseudogene
Gm13354 2.53 Predicted gene 13354
Trgjl 2.56 T cell receptor gamma joining 1
Gm13988 2.57 Predicted gene 13988
Gm11331 2.58 Predicted gene 11331
Gm14219 2.58 Predicted gene 14219
Gm10807 2.59 Predicted gene 10807
Gm26040 2.63 Predicted gene, 26040
Gm6507 2.63 Predicted gene 6507
Fam171b 271 Family with sequence similarity 171, member B
Gm14944 2.73 Predicted gene 14944
Gm14742 2.95 Predicted gene 14742
Gm13106 3.07 Predicted gene 13106
OIfr1372-psl 3.17 Olfactory receptor 1372
Gm25163 3.44 Predicted gene 25163
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Gene Symbol Fold Change Gene Description
Gm11543 3.48 Predicted gene 11543
2410024N13Rik 3.86 RIKEN cDNA 2410024N13
Gm9125 4.67 Predicted gene 9125
Gm4982 5.2 Predicted gene 4982
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Table 3.

Long non-coding RNAs with pausing index changes over 3 fold upon serum induction in human cells

Gene Symbol Pausing index | Pausing index Pausing Gene Description
Uninduced Induced index ratio
BTN2A3P 7.05 0.09 82.35 Butyrophilin, subfamily 2
LINCO00265 41.87 1.08 38.69 IncRNA 265
MIR7-3HG 44.89 1.52 29.55 MIR7-3 host gene
MAFG-AS1 46.57 1.81 25.76 MAFG antisense RNA 1
LOC100506207 91.45 3.88 23.54 Uncharacterized
LOC100506804 183.51 8.73 21.01 Uncharacterized
C4orf29 11151 5.40 20.66 Chromosome 4 ORF 29
OSER1-AS1 112.41 6.05 18.58 OSER1 antisense RNA 1
STAG3L4 99.55 7.18 13.87 Stromal antigen 3-like 4
NBR2 18.59 1.69 11.02 Neighbor of BRCAL gene 2
LOC389765 16.31 2.01 8.10 Kinesin family member 27
GUSBP1 121.40 15.31 7.93 Glucuronidase, beta pseudogene 1
INO80B-WBP1 2.02 0.26 7.88 INO80B-WBP1 readthrough
FLJ31104 33.65 5.00 6.74 LOC441072, uncharacterized
CASC2 293.94 63.79 4.61 Cancer susceptibility candidate 2
FOXN3-AS1 3.22 0.73 441 FOXNS3 antisense RNA 1
SNHG8 11.44 2.73 4.19 snRNA host gene 8
CECR5-AS1 17.12 4.37 3.92 CECRS5 antisense RNA 1
PITPNA-AS1 8.59 2.33 3.69 PITPNA antisense RNA 1
TRAM2-AS1 13.74 3.85 3.57 TRAM2 antisense RNA 1
LOC100131060 11.26 3.27 3.44 IncRNA 1135
LOC643837 21.77 8.17 3.40 IncRNA 1128
LOC100506190 2.68 0.80 3.37 IncRNA 963
AL133568 7.93 2.38 3.33 CYP51A1 antisense RNA 1
LOC150776 6.09 1.91 3.18 Sphingomyelin phosphodiesterase 4
TUG1 4.52 1.43 3.17 Taurine up-regulated 1
LOC645513 16.33 5.23 3.12 Uncharacterized
DPH6-AS1 5.64 1.84 3.07 DPH6 antisense RNA 1
UBL7-AS1 155.84 50.89 3.06 UBLY7 antisense RNA 1
LOC441204 2.79 465.19 0.01 Uncharacterized
LINCO00116 391 70.41 0.06 IncRNA 116
LOC399829 2.03 18.23 0.11 IncRNA 1168
AKO056368 4.70 39.85 0.12 Uncharacterized
AKO055623 8.89 73.22 0.12 BST2 interferon stimulated positive regulator
LOC256880 36.29 208.31 0.17 Uncharacterized
LINCO00240 11.68 64.57 0.18 IncRNA 240
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Gene Symbol Pausing index | Pausing index Pausing Gene Description
Uninduced Induced index ratio
ZNF503-AS2 1.10 412 0.27 ZNF503 antisense RNA 2
LOC100289509 3.39 11.93 0.28 KCNIP2 antisense RNA 1
LOC645166 0.34 1.19 0.29 Lymphocyte-specific protein 1 pseudogene
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