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ABSTRACT

Pseudogenes have historically been regarded as non-functional remnants of genome evolution.
However, relative to other noncoding genomic elements, their promoter architecture and
epigenetic regulation remain incompletely understood. Here, we systematically characterize
pseudogene promoters and compare them with those of protein-coding genes and long non-
coding RNAs. To do this, we integrate matched transcriptomic and epigenomic data across 26
human tissues from the EN-TEx (ENCODE-GTEX) project. We uniformly annotate promoters
with chromatin features (histone modifications, chromatin accessibility, and DNA methylation),
sequence motifs, and evolutionary conservation, generating an online catalog. Leveraging this
catalog, we show that, across multiple tissues, transcribed, unprocessed pseudogenes exhibit
chromatin patterns similar to those of active protein-coding genes. In contrast, transcribed,
processed pseudogenes show a strikingly different pattern: most lack the canonical hallmarks of
transcription (e.g., active histone marks) at their promoters. Instead, their promoters show
increased overlap with LINE elements, enrichment for YY1-like binding motifs, and higher Hi-C
contact frequency, particularly with distal enhancer-like regulatory regions. Together with their
greater conservation (relative to unprocessed pseudogenes), these features suggest that the
transcription of processed pseudogenes may require regulatory mechanisms distinct from

canonical promoter-associated epigenetic activation.
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INTRODUCTION

Since the release of its first draft in 2001, considerable efforts have been devoted to improving
the annotation of the human genome (Pruitt et al. 2007; Harrow et al. 2012; Frankish et al. 2019;
Yates et al. 2020; Frankish et al. 2023). Early genomic studies primarily focused on the
characterization of protein-coding genes, which constitute roughly 2% of the human genome,
while less attention was paid to noncoding elements such as long noncoding RNAs (IncRNAs),
microRNAs (miRNAs), and pseudogenes. More recently, the advent of high-throughput
sequencing technologies, together with the development of multi-omic approaches, has enabled
large-scale annotation and quantification of noncoding transcripts, particularly IncRNAs and
mMiRNAs, and has facilitated epigenetic profiling of their genomic loci and regulatory landscapes
(Ludwig et al. 2016; Uszczynska-Ratajczak et al. 2018; Kozomara et al. 2019; Zheng et al.

2019).

In contrast, pseudogenes have received less systematic study and remain comparatively
undercharacterized as they were traditionally regarded as non-functional genomic remnants,
often labeled as “junk DNA.” Pseudogenes are segments of DNA that resemble functional
protein-coding genes but have lost coding capacity due to genetic mutations, such as the
emergence of premature stop codons or frameshift mutations (Pei et al. 2012). Protein-coding
genes that give rise to pseudogenes are referred to as parent genes and are functional paralogs
of the pseudogenes. Studying pseudogenes can therefore be technically challenging due to
their sequence similarity to parent genes, requiring accurate annotation of the human genome

(Cheetham et al. 2020).

Pseudogenes are classified into three biotypes based on their mechanisms of origin (Mighell et
al. 2000) (Fig. 1A): unprocessed pseudogenes, which derive from duplication of functional

protein-coding genes; processed pseudogenes, which derive from retrotransposition of mature
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messenger RNAs (mMRNASs); and unitary pseudogenes, which accumulate fixed disablements in
a given species (e.g., humans) while retaining functional orthologs in others (e.g., mice or non-
human primates). Prior work has identified hundreds of both known and previously unannotated
processed pseudogenes in the human genome that are widely transcribed (Troskie et al. 2021).
Some pseudogenes also regulate the expression of their parent genes (Tam et al. 2008;
Poliseno et al. 2010; Han et al. 2011; Singh et al. 2020). Given these regulatory roles, it is
essential to understand their transcriptomic patterns and epigenetic regulation across tissues

and cell types and how this regulation differs from that of protein-coding genes and IncRNAs.

To address the limited understanding of pseudogene promoter regulation in a tissue-resolved
context, we leveraged matched multi-tissue transcriptomic and epigenomic profiles from the
ENCODE-GTEx (EN-TEXx) project (Rozowsky et al. 2023), spanning 26 adult human tissues.
With these data, we first aimed to systematically annotate the epigenetic status of promoters
associated with protein-coding genes, IncRNAs, and pseudogenes, generating a publicly
available resource to facilitate exploration of the regulatory landscape of pseudogenes. Then,
using this framework, we turned to investigate potential differences in epigenetic patterns
between protein-coding genes and pseudogenes, as well as among different pseudogene

biotypes.

RESULTS

Construction of a multi-tissue catalog of epigenetically and functionally annotated
promoters for pseudogenes, INcCRNAs, and protein-coding genes

With the goal of characterizing the epigenetic landscape of pseudogenes and comparing it to
other gene biotypes in a tissue-specific context, we compiled a comprehensive catalog of
promoter regions for pseudogenes, INCRNAs, and protein-coding genes annotated with their

epigenetic activity. To annotate these promoter regions with chromatin activity profiles across
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tissues, we leveraged EN-TEx epigenomic maps comprising chromatin immunoprecipitation
sequencing (ChlP-seq) data for six histone modifications (i.e., H3K27ac, H3K4me3, H3K27me3,
H3K36me3, H3K4mel, and H3K9me3), chromatin accessibility assays including DNase |
hypersensitive site sequencing (DNase-seq) and assay for transposase-accessible chromatin
using sequencing (ATAC-seq), as well as DNA methylation profiling (Supplemental Table S1).
To this end, we defined promoters as +1,000 base pair (bp) windows centered on the
transcription start sites (TSSs) of all GENCODE v29 transcripts (Table 1) and annotated their
activity based on the presence of active and repressive epigenetic features. The resulting
resource provides a uniform characterization of promoter epigenetic activity across 26 human
tissues (Supplemental Table S2). In addition to this epigenetic characterization, we included
further promoter properties by analyzing guanine-cytosine (GC) content, evolutionary
conservation, and mutation spectra based on single nucleotide variant (SNV) data from the

Genome Aggregation Database (gnomAD) (Koenig et al. 2024) (Supplemental Table S3).

We then used this catalog to investigate the relationship between chromatin state and isoform
expression across gene biotypes. We constructed a filtered set of expressed transcripts with
well-characterized promoters (Fig. 1B). Briefly, we first curated a subset of non-overlapping
promoter regions to minimize potential biases arising from overlapping transcripts of different
genes. Next, we retained those whose promoters were experimentally supported by the
presence of RNA Annotation and Mapping of Promoters for the Analysis of Gene Expression
(RAMPAGE) peaks (Moore et al. 2022). Finally, we integrated matched RNA sequencing (RNA-
seq) data at the isoform level from the same 26 human tissues. Specifically, for each gene in a
given tissue, we selected the most highly expressed transcript, requiring an average expression
level of = 1 transcripts per million (TPM) across all available donors and their technical
replicates (Fig. 1C; Supplemental Figs. S1 and S2). We also used long-read RNA-seq data

available from EN-TEXx for the heart left ventricle to corroborate expression calls obtained from
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short-read RNA-seq. At the gene level, 92% of protein-coding genes, 63% of INCRNA genes,
and 59% of pseudogene loci identified as expressed had long-read support. This analysis
highlighted that promoters of expressed protein-coding transcripts have stronger experimental
support (75%) compared to those of IncRNAs (35%; Fisher's exact test, odds ratio = 5.48, p-
value < 2.2x107°) and pseudogenes (37%:; Fisher's exact test, odds ratio = 5.06, p-value <
2.2x10"°) (Fig. 1D). By contrast, we did not observe substantial differences in the proportion of
RAMPAGE-supported promoters across different pseudogene biotypes (Fig. 1E). In total, we
retained 335 non-redundant pseudogenes, 490 IncRNAs, and 14,315 protein-coding transcripts
for epigenetic characterization. Given the tissue-specific nature of our analysis, a single
transcript could be represented across multiple tissues, yielding 100,657 transcript—tissue pairs
for protein-coding genes, 1,022 for IncRNAs, and 1,664 for pseudogenes, which we further
analyzed to investigate the interplay between expression and histone modifications at the level

of individual tissues (Table 2).

Processed pseudogenes lack canonically active histone marks at their promoters despite
being expressed

As expected (Hon et al. 2009), most protein-coding promoters exhibit active chromatin marks in
the same tissue in which they are expressed, particularly H3K27ac and H3K4me3, with each
covering over 75% of the total promoter length (Fig. 2A). In contrast, chromatin accessibility is
lower, with peaks from ATAC-seq and DNase-seq covering an average of 42% and 24% of the
promoter length, respectively. Promoters of IncRNAs exhibit intermediate levels of active mark
coverage (~60%), whereas pseudogene promoters show the lowest (~25%). The paucity of
active histone marks and open chromatin signatures at pseudogene promoters raised the
guestion of whether this pattern is a general feature of all pseudogenes or specific to particular
biotypes. Upon closer examination, we found that promoters of unprocessed and unitary

pseudogenes exhibit epigenetic profiles more similar to those of protein-coding and IncRNA
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transcripts, whereas processed pseudogenes are markedly depleted of active histone marks
and open chromatin signatures (Fig. 2B). We also examined other histone modifications
available from EN-TEX, including H3K4mel (typically associated with primed enhancers and
promoters) (Heintzman et al. 2007), H3K36me3 (enriched across actively transcribed gene
bodies) (Barski et al. 2007), H3K27me3 (a repressive mark found at bivalent promoters)
(Bernstein et al. 2006), and H3K9me3 (a hallmark of heterochromatic regions) (Lachner et al.
2001). With the exception of H3K4me1l, which shows a distribution across promoter biotypes
similar to that of canonically active epigenetic features, the proportions of promoters marked by
the other modifications are minimal (Supplemental Fig. S3). When analyzed on a per-tissue
basis, the profiles of active histone modifications and chromatin accessibility exhibit a consistent
pattern across all tissues (Supplemental Figs. S4-S7). To ensure that our findings were not
driven by transcript selection criteria, we repeated the analyses using alternative promoter
definitions and gene expression thresholds. First, in addition to our primary analysis, which
focused on the most expressed transcript per gene with an average TPM 2 1 across donors, we
also included all transcripts meeting this expression level (Supplemental Fig. S8). Second, we
relaxed the expression threshold to include transcripts with an average TPM = 0.1 across
donors (Supplemental Figs. S9 and S10). Third, we redefined promoter regions as the 1,000
bp upstream of each TSS (Supplemental Fig. S11). Across all these alternative criteria, the
observed chromatin patterns remained highly consistent, underscoring the robustness and

reproducibility of our findings.

These findings align with the distribution of DNA methylation signals. We found that processed
pseudogenes exhibit higher DNA methylation coverage, regardless of the promoter definition
used (e.g., 21,000 bp around the TSS or 1,000 bp upstream only), and this pattern is conserved
across tissues (Fig. 2C; Supplemental Figs. S12-S14). That is, processed pseudogenes are

more frequently heterogeneously methylated or hypermethylated compared to unprocessed and
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unitary pseudogenes, INcCRNAs, and protein-coding transcripts. Thus, they appear to be not only
depleted of active chromatin features but also enriched in this kind of repressive signal.
Furthermore, analysis of in situ Hi-C data from the transverse colon and skeletal muscle
revealed that promoters of processed pseudogenes are more frequently located within inactive
genomic compartments (e.g., B compartments) compared to those of protein-coding transcripts
(Wilcoxon rank-sum test, p-value = 3.6x10" and 3.5x10™°, respectively, false discovery rate

[FDR]-adjusted) (Fig. 2D).

To rule out the possibility that these epigenetic differences are driven by underlying differences
in expression, we compared the distribution of expression levels across tissues and gene
biotypes. We found no significant difference in expression between processed pseudogenes
and protein-coding transcripts (Wilcoxon rank-sum test, p-value = 0.95, FDR-adjusted) (Fig. 2E;
Supplemental Fig. S15). Notably, despite their lack of active histone marks and open
chromatin signatures, processed pseudogenes are more highly expressed than unprocessed
pseudogenes (Wilcoxon rank-sum test, p-value = 2.0x10™', FDR-adjusted). These results
indicate that epigenetic differences between processed and unprocessed pseudogenes cannot
be explained simply by differences in expression magnitude. To further disentangle these
regulatory patterns, we next investigated whether pseudogene expression mirrors that of their
parent protein-coding genes across tissues. Cross-tissue co-expression analysis revealed that
processed pseudogenes display significantly lower correlation with their parent genes than
unprocessed pseudogenes (Wilcoxon rank-sum test, p-value = 4.1x10?), suggesting that
processed pseudogene expression is less tightly coupled to the regulatory programs of their

parent genes (Fig. 2F).
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Differences in sequence homology and conservation underlie the differential chromatin
marking of processed and unprocessed pseudogene promoters

Our findings thus far indicate that, across multiple tissues, processed pseudogenes generally
lack canonical promoter-associated chromatin signatures, despite exhibiting expression levels
similar to, or even higher than, those of protein-coding genes or unprocessed pseudogenes. We
therefore examined whether underlying sequence features could explain these distinct
chromatin patterns. Processed pseudogenes originate from the reverse transcription of spliced
MRNAs and typically lack intronic regions (Fig. 1A). As a result, analyzing promoter sequences
downstream of the TSS could introduce systematic biases across gene biotypes: downstream
regions overlap exons in processed pseudogenes but introns in protein-coding transcripts,
IncRNAs, and unprocessed or unitary pseudogenes. These regions are known to differ in
conservation patterns (Park et al. 2014) and mutation rates (Frigola et al. 2017). To mitigate this

bias, we restricted all subsequent analyses to the 1,000 bp region upstream of the TSS.

Because processed and unprocessed pseudogenes arise through distinct genomic mechanisms,
we first considered the hypothesis that unprocessed pseudogenes tend to exhibit canonical
active chromatin marking because they are more likely to inherit promoter regions from their
parent genes, which usually display strong promoter-associated activity. In contrast, processed
pseudogenes are not expected to inherit these upstream regulatory regions after
retrotransposition (D’'Errico et al. 2004), potentially explaining their lack of active chromatin
features. To test this hypothesis, we quantified the extent to which unprocessed pseudogenes
inherit upstream TSS regions from their parent genes (i.e., sequence homology). For each
pseudogene—parent gene pair, we aligned the corresponding upstream regions and measured
both the proportion of the parent promoter sequence included in the pseudogene locus and the
seqguence identity across the aligned region (Fig. 3A). Unprocessed pseudogenes that inherited

upstream promoter sequence exhibit higher coverage of active histone marks and open
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chromatin signatures compared to those that did not (Fig. 3B; Supplemental Fig. S16). In
contrast, as expected, processed pseudogenes show near-zero alignment inclusion with
promoter regions of parent protein-coding genes, confirming that they do not inherit upstream
promoter sequences (Wilcoxon rank-sum test, p-value = 1.0x10™). Together, these results
suggest that inheritance of upstream promoter sequence from the parent gene is associated

with increased active chromatin marking at unprocessed pseudogene promoters.

In addition to exhibiting low sequence homology to their parent genes, these upstream regions
in processed pseudogenes display significantly lower GC content compared to other gene
biotypes (Wilcoxon rank-sum test, p-value = 1.0x10?" vs. protein-coding transcripts; p-value =
4.4x10™° vs. unprocessed pseudogenes, FDR-adjusted) (Fig. 3C; Supplemental Fig. S17).
Given that high GC content is a common hallmark of functional promoters (Sandelin et al. 2007),
these findings are in line with the lack of active chromatin features at processed pseudogene
promoters and support the notion that these regions do not resemble canonical promoter

seqguences inherited from the parent gene.

However, these results alone do not explain how processed pseudogenes can be expressed.
We therefore explored the genomic sequence context where processed pseudogenes tend to
insert. Specifically, we analyzed interspecies conservation of upstream promoter regions by
comparing the distribution of average phastCons scores across gene biotypes. Processed
pseudogenes exhibit higher conservation than unprocessed pseudogenes, with levels
comparable to protein-coding transcripts (Wilcoxon rank-sum test, p-value = 0.54 vs. protein-
coding transcripts; p-value = 2.0x10° vs. unprocessed pseudogenes, FDR-adjusted) (Fig. 3D;
Supplemental Fig. S18). Nevertheless, this degree of conservation is only weakly correlated
with pseudogene expression levels, consistent with previous findings describing a complex

relationship between gene expression levels and phylogenetic conservation (Pervouchine et al.

10
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2015; Chan et al. 2009) (Supplemental Fig. S19). Altogether, this suggests that, over long
evolutionary timescales, there is higher selective pressure on the genomic regions flanking
processed pseudogenes, which could potentially support some degree of transcriptional activity

without directly modulating expression magnitude.

In contrast, this selection signal is less evident within the human population. The upstream
promoter regions of processed and unprocessed pseudogenes harbor a similar fraction of
common variants (minor allele frequency [MAF] = 1x10%; 3.8%, Fisher's exact test, p-value =
0.70), and this fraction is higher than that observed for protein-coding transcripts (3.0%, Fisher’'s
exact test, p-value < 2.2x10%°) (Fig. 3E; Supplemental Fig. S20A). Comparisons to parent
genes led to similar results, with both processed (Fisher’'s exact test, odds ratio = 1.39, p-value
< 2.2x10™°) and unprocessed (Fisher's exact test, odds ratio = 1.16, p-value = 3.6x107)
pseudogenes showing enrichment for common variants. Moreover, variants in upstream
promoter regions of processed pseudogenes are less deleterious than those reported by other
gene biotypes (Wilcoxon rank-sum test, p-value = 0 vs. protein-coding transcripts; p-value =

1.5x10™"%" vs. unprocessed pseudogenes, FDR-adjusted) (Fig. 3F; Supplemental Fig. S20B).

Processed and unprocessed pseudogene promoters are enriched in distinct classes of
transposable elements

Epigenetically, the promoters of processed pseudogenes show some similarities with repetitive
elements in the human genome (Liao et al. 2023). In fact, most transposable elements (TEs)
are enriched in H3K9me3 (Ninova et al. 2019) (Supplemental Fig. S21) and DNA methylation
(Ekram et al. 2012), the latter being similarly enriched in the promoters of processed
pseudogenes (Fig. 2C). However, despite this epigenetic silencing, some TEs, especially long
and short interspersed nuclear elements (LINEs and SINES), are known to be transcriptionally

active under certain conditions (Picault et al. 2009; Reichmann et al. 2012; Gnanakkan et al.

11
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2013). For instance, research has shown that H4K16ac activates the transcription of LINE-1

elements in the H9 embryonic stem cell line (Pal et al. 2023).

Thus, we explored the possibility that there could be shared regulatory mechanisms between
TEs and processed pseudogenes. We analyzed the overlap between promoter sets and
annotated TEs (Fig. 4A; Supplemental Fig. S22). Pseudogene promoters show a higher
frequency of overlap with TEs compared to protein-coding promoters, with distinct patterns
between processed and unprocessed pseudogenes. Specifically, among processed
pseudogenes, 23% of promoters overlap exclusively with LINEs, 24% with SINEs, and 16% with
both LINEs and SINEs. In contrast, unprocessed pseudogenes display a pronounced SINE bias:
only 5% of their promoters show LINE-only overlap, whereas 35% overlap exclusively with
SINEs and 16% overlap with both LINEs and SINEs. Furthermore, the degree of sequence
overlap (as measured by the Jaccard index) with both LINEs and SINEs differs significantly
among gene biotypes (Fig. 4B). Again, processed and unprocessed pseudogenes show

different patterns, reporting the highest overlap with LINEs and SINES, respectively.

Because pseudogenes originate from a non-random subset of protein-coding genes, we next
asked whether enrichment of TEs in pseudogene promoters could be explained by inheritance
from corresponding parent gene promoters, particularly for unprocessed pseudogenes, which
are likely to retain their original genomic context. To test this, we compared TE overlap
frequencies between pseudogene promoters and those of their respective parent genes (Fig.
4C). For unprocessed pseudogenes, we observed no significant difference in SINE enrichment
relative to their parent gene promoters (two-sample proportion test, 50% vs. 38%, p-value =
0.16). This result is consistent with the possibility that SINE-rich promoter architectures are
inherited rather than newly acquired, and therefore cannot be excluded as a contributing factor

to the observed SINE bias in unprocessed pseudogene promoters.

12
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For completeness, we extended this analysis to processed pseudogenes, despite their lack of
promoter inheritance. In this case, we compared LINE overlap between processed pseudogene
promoters and their parent gene promoters and found significantly higher LINE enrichment in
processed pseudogene promoters (two-sample proportion test, 39% vs. 13%, p-value = 4.8x10°
®). This suggests that LINEs are preferentially associated with processed pseudogene
promoters independently of the parental promoter context. However, with the current data, we
cannot distinguish whether LINE insertions predate or follow integration of the processed

pseudogene, leaving the temporal order of these events unresolved.

An additional concern is that epigenetic signals at processed pseudogene promoters could be
dominated by the TE sequences themselves. We explored whether the observed epigenetic
pattern at these promoters might originate from overlapping TEs rather than from the
pseudogenes themselves. To address this concern, we stratified processed pseudogene
promoters according to their overlap with LINEs and SINEs. The overlapping and non-
overlapping groups showed similar coverage proportions of histone marks and chromatin
accessibility signatures, indicating that the observed epigenetic patterns at processed

pseudogene promoters are unrelated to the presence of LINEs or SINEs (Fig. 4D).

Finally, to evaluate whether TE-associated regulatory features might contribute to pseudogene
promoter activity, we examined H4K16ac, a mark previously reported to preferentially activate
transcription of LINE-1 elements (Pal et al. 2023). After cross-referencing RNA-seq and
CUT&Tag H4K16ac peaks from the H9 embryonic stem cell line with our catalog of pseudogene
promoters (Pal et al. 2023; Reese et al. 2023), we did not observe significant enrichment of this
mark at processed pseudogene promoters, suggesting that the activating role of H4K16ac may

be specific to TEs (Supplemental Fig. S23).

13
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YY1-like motifs are enriched at the promoters of processed pseudogenes

The strong co-localization of processed pseudogenes and LINES, together with their epigenetic
similarities, prompted us to investigate whether they share additional regulatory features.
Specifically, we hypothesized that processed pseudogenes could, like LINEs, possess an
independent mechanism to initiate transcription. LINEs are autonomous TES whose promoter
activity is embedded within the transposed sequence rather than the upstream genomic context.
They typically harbor an internal RNA polymerase Il promoter, which allows them to be
transcribed independently (Beck et al. 2011). SINEs, despite being non-autonomous and relying
on LINE-encoded proteins for reverse transcription and integration, are nevertheless transcribed
by RNA polymerase Il via internal promoter elements derived from their tRNA- or 7SL-related
origins, such as Alu, B1, and B2 elements (Kramerov and Vassetzky 2011). By analogy, we
searched for intrinsic promoter-like activity in processed pseudogenes that might reside near the
5' end of the retrotransposed sequence, immediately downstream of the annotated TSS.
However, among all epigenetic features analyzed, we observed only a modest enrichment of
H3K4me3 peaks in the 1,000 bp promoter region downstream of the TSS (McNemar test, p-

value = 0.03, FDR-adjusted).

Next, we identified transcription factor motifs that could potentially mediate processed
pseudogene transcription. We found that 20% of processed pseudogene promoters contain at
least one YY1-like transcription factor binding motif (Fig. 5A). Specifically, we identified de novo
human- and mouse-derived YY1-like motifs in 10% and 12% of processed pseudogene
promoters, respectively (p-value = 1x10°® and p-value = 1x10™%) (Supplemental Fig. S24).
These results indicate significant enrichment of YY1-like motifs in processed pseudogene
promoters relative to those of unprocessed pseudogenes, IncRNAs, and protein-coding

transcripts. Moreover, we confirmed this enrichment by comparing pseudogene promoters with

14
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their parent genes, suggesting that accumulation of human- and mouse-derived YY1-like motifs
in processed pseudogene promoters is independent of parent gene origin (Fig. 5B). We also
assessed whether the YY1-like motifs exhibit strand bias relative to the promoters of processed
pseudogenes. We did not detect any substantial bias, with 58% of occurrences residing on the
same strand as the promoter. We obtained similar results for a related transcription factor, YY2,
which binds to the same consensus sequence as YY1 but with a low affinity (Kim et al. 2007)
and for which we reported a de novo motif in ~30% of processed pseudogene promoters (p-
value = 1x10™%) (Supplemental Fig. S25). We also analyzed the distribution of these motifs
relative to pseudogene TSSs and observed distinct patterns. Specifically, YY1-like motifs in the
promoters of processed pseudogenes display strong peaks centered on the TSS (within 10 bp),
whereas those in protein-coding transcripts and unprocessed pseudogenes are distributed more
uniformly (Fig. 5C; Supplemental Fig. S26). This indicates that YY1-like motifs are not only
more abundant in processed pseudogene promoters but also preferentially positioned near their
TSSs. Of note, YY1 has previously been implicated in the activation of TEs. In humans, the 5'
untranslated region (5-UTR) of the LINE-1 elements harbors a consensus YY1-binding site
within its core promoter, which is essential for accurate transcription initiation (Athanikar et al.
2004). Similarly, in mice, functional YY1-binding sites have been identified in the 5-UTR
monomers of the Tf | subfamily of LINE-1 elements, where YY1 acts as a transcriptional
activator (Saha et al. 2024). Given the substantial overlap between processed pseudogene
promoters and LINEs reported above (Fig. 4A), we next assessed whether any of the 153 motif-
associated processed pseudogene promoters overlapped with LINE sequences, and found only
one such instance. We also computed the linear distance between YY1-like motifs in promoters
and the nearest LINE-1 element. Processed pseudogenes exhibit significantly shorter distances
than protein-coding transcripts and IncRNAs, although their distances do not differ significantly
from those of unprocessed pseudogenes (Supplemental Fig. S27). Overall, these results

indicate that the presence of YY1-like motifs at processed pseudogene promoters generally
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occurs independently of LINE sequences. Nonetheless, the reduced LINE-1 proximity suggests
some degree of shared regulatory architecture between processed pseudogenes and LINE-1

elements.

Besides the YY1- and YY2-like motifs, we also found several other motifs significantly enriched
at promoter regions of processed pseudogenes (Supplemental Fig. S28). For example, a
previously characterized c-Myc (bHLH) binding motif was significantly enriched in the promoter
regions of processed compared to unprocessed pseudogenes (7% vs. 1%; p-value = 1x107; g-
value = 0.0017, FDR-adjusted), consistent with prior evidence showing that MYC can

transcriptionally activate pseudogenes such as HMGALP (Tian et al. 2020).

Processed pseudogene promoters show increased Hi-C contacts and preferential
interactions with distal enhancer-like elements

Given that processed pseudogenes lack canonical regulatory signatures at their promoters, we
also explored other potential mechanisms that could be implicated in their expression.
Specifically, we analyzed whether they may establish contact with other regions in the genome
that may be associated with transcriptional regulation. We obtained intact Hi-C loop data from
the ENCODE portal that matched our tissue collection and cross-referenced these data against
our promoter catalog. We found that pseudogenes, and in particular processed pseudogenes,
tend to contact broader genomic intervals (e.g., 10 kb and 25 kb) compared to protein-coding

and IncRNA transcripts (Fig. 5D and 5E).

Furthermore, the promoters of processed pseudogenes exhibit a higher contact frequency than
those of unprocessed pseudogenes and protein-coding transcripts (Wilcoxon rank-sum test,
FDR-adjusted p-value = 4.4x107 and 6.2x10°®, respectively) (Fig. 5F). To examine which

genomic regions these promoters preferentially contact, we intersected Hi-C interaction intervals
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with annotated human candidate cis-regulatory elements (cCREs) (Moore et al. 2026). This
analysis revealed marked differences in the chromatin interactions of unprocessed and
processed pseudogenes. Unprocessed pseudogenes, which display epigenetically active
promoters, preferentially contact promoter-like signature (PLS) and proximal enhancer-like
signature (pELS) cCREs (Fig. 5G; Supplemental Fig. S29). In contrast, processed
pseudogenes, which are characterized by less active promoter states, more frequently interact
with distal enhancer-like signature cCREs (dELS) (Fig. 5G). Because YY1 has been implicated
in mediating promoter—enhancer looping (Gao et al. 2023; Weintraub et al. 2017), we next
examined whether any of the 153 YYl-associated processed pseudogene promoters
participated in these Hi-C contacts. However, only a small subset (18 promoters, or 12%) shows
such interactions, indicating that YY1 is unlikely to be the main mediator of these long-range
contacts. Together, these results suggest that processed pseudogene expression may be
influenced by distal regulatory elements, but that such interactions are largely independent of

YY1-mediated chromatin looping.

DISCUSSION

In this study, we extensively characterized the promoter activity of pseudogenes across 26 adult
human tissues using matched EN-TEx transcriptomic, epigenomic, and three-dimensional
chromatin interaction data, complemented by annotations of sequence features, evolutionary
conservation, and population genetic variation. We constructed a comprehensive promoter
catalog for transcribed pseudogenes, INcRNAs and protein-coding genes, and used this
resource to interrogate pseudogene regulation across human tissues. Mining this dataset, we
identified distinct regulatory patterns not only between protein-coding genes and pseudogenes,
but also among different pseudogene biotypes. Promoter-associated epigenetic profiles are
broadly concordant with expression for many unprocessed and unitary pseudogenes, which

more frequently exhibit canonical active histone marks and chromatin accessibility, resembling
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protein-coding genes. In contrast, even when expressed, processed pseudogenes display a
distinct promoter architecture characterized by depletion of canonical active histone marks and
chromatin accessibility, coupled with increased DNA methylation and a greater tendency to
reside in inactive chromatin compartments. We further demonstrated that these differences
reflect both how pseudogenes are formed and where they reside in the genome. Because
processed pseudogenes do not inherit upstream promoter sequences from their parent genes
(D’Errico et al. 2004), their upstream regions are expected to have a different pattern of
conservation than unprocessed pseudogenes. In fact, we observe they tend to reside in more
evolutionarily conserved sequences and exhibit association with distinct transposable elements
and transcription factors. Together, these results define distinct promoter architectures for
expressed processed pseudogenes and motivate testable hypotheses for how they can be
transcribed despite limited canonical promoter-associated activation, thereby offering a

framework for investigating their regulatory and potential functional roles in the human genome.

Prior to our study, it was unclear whether processed pseudogenes, following retrotransposition
events, could acquire epigenetic features resembling normal promoters, and, if not, what
alternative regulatory mechanisms might support their transcription. Our motif enrichment and
chromatin interaction analyses are consistent with the latter possibility: processed pseudogene
promoters are enriched for YY1-like motif occurrences, a feature they did not inherit from their
parent genes, and they show increased chromatin interactions whose intervals more often
intersect distal enhancer-like cCREs. These findings suggest that, in the absence of a parent-
derived promoter, processed pseudogene promoters may adopt regulatory mechanisms that
support transcription despite limited canonical epigenetic activation in the immediate vicinity of

the annotated TSS.
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However, several caveats should be considered when interpreting these results. First,
experimental validation is needed to confirm the computational inferences presented here.
Although the identified motifs resemble known YY1/YY2 binding sites, they have not yet been
experimentally verified. Future work—such as ChlIP-seq or CUT&Tag assays targeting YY1 in
tissues corresponding to the EN-TEX collection, combined with functional perturbations such as
CRISPR interference of pseudogene loci or YY1 knockdown—will be crucial to determine
whether YY1 causally mediates processed pseudogene transcription. Second, the mechanism
by which YY1-like motifs might mediate transcription of processed pseudogenes remains
unclear. The canonical YY1 motif has been implicated in diverse modes of gene activation, from
facilitating long-range promoter—enhancer interactions (Gao et al. 2023; Weintraub et al. 2017)
to promoting directional transcription initiation (Dudnyk et al. 2024). It also plays key roles in the
regulation of TEs, which share epigenetic similarities with processed pseudogenes and often
overlap their promoters, particularly in ensuring transcriptional fidelity at human LINE-1
elements (Athanikar et al. 2004). In our data, however, co-localization of the YY1-like motif with
either long-range chromatin interactions or LINEs at processed pseudogene promoters is rare.
This suggests that, if the motif contributes to processed pseudogene expression, it is unlikely to
do so via long-range looping or LINE-associated mechanisms and may instead act through

alternative or context-specific regulatory modes.

Overall, our results are consistent when comparing tissues derived from both male and female
donors (e.g., stomach and lung) as well as those restricted to a specific sex (e.g., testis and
uterus), indicating that sample sex composition does not substantially influence the core results
of our analyses. However, this may limit studies exploring sex-specific roles of pseudogenes.
Additionally, promoters were defined based on a 2,000-bp window around each reference TSS,
which may not fully capture the complexity of promoter architecture and regulatory interactions.

Ongoing efforts by the GENCODE project, including integration of CapTrap-Seq data
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(Carbonell-Sala et al. 2024) and application of the deep learning model ProCapNet (Cochran et
al. 2024), aim to refine promoter annotations and improve accuracy in defining TSSs. Finally,
we note that additional histone modifications beyond those profiled in EN-TEx can mark active
regulatory regions of the genome and may show enrichment at processed pseudogene

promoters (Pradeepa et al. 2016; Wolfe et al. 2021).

Despite these limitations, our work provides a refined understanding of pseudogene promoter
architecture and function in human tissues, underscoring the evolutionary and functional
diversity of promoter regulation across distinct pseudogene types and establishing a foundation
for future investigations into the regulatory roles of pseudogenes and other non-canonical
transcripts. Given increasing evidence implicating pseudogenes in human development (Qian et
al. 2022) and various diseases (Han et al. 2014; Qi et al. 2021; Liu et al. 2021), further
exploration of their epigenetic and transcriptional patterns may reveal novel biological roles and
potential therapeutic targets. As our understanding of the non-coding genome continues to
evolve, pseudogenes may be viewed not only as vestigial elements but also as epigenetically
regulated genomic features with potential functional relevance. We anticipate that the catalog
and integrative analyses developed in this study will serve as a resource for the research
community, motivating continued exploration into the regulatory potential of the human non-

coding genome.
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METHODS

Assigning promoter regions of protein-coding transcripts, IncRNAs, and pseudogenes
To streamline the analysis of numerous functional assays and maintain consistency with the
ENCODE uniform analysis pipeline (Hitz et al. 2023), we utilized the GENCODE v29 annotation
based on the GRCh38 human genome assembly. We included genes and their associated

transcripts, focusing specifically on the following gene biotypes as shown in Table 1.

For each transcript, we used the GENCODE manually curated annotation and defined the
reference TSS as the 5' end of the annotated transcript, taking transcript strand into account.
Unless otherwise specified, promoter regions were defined as a £1,000 bp window centered on
this reference TSS (i.e., 1,000 bp upstream and 1,000 bp downstream relative to the direction of
transcription). For sequence feature analyses, to avoid biases introduced by downstream genic
context differences across biotypes, we restricted the analysis to the 1,000 bp region upstream
of the reference TSS. As a sensitivity analysis, we repeated key epigenetic characterization
analyses using an alternative promoter window definition (i.e., the 1,000 bp region upstream of

the reference TSS) to confirm the robustness of our conclusions.

Filtering transcripts by annotation, expression, and RAMPAGE peaks

To unambiguously characterize promoters, we removed transcripts whose promoters overlap
with those of transcripts from different genes in a head-to-head, tail-to-tail, or unidirectional
manner (Wright et al. 2022) in subsequent analyses. In a unidirectional overlap, both promoters
are located on the same strand, where one starts before the other has ended. In head-to-head
and tail-to-tail overlaps, the promoters are on opposite strands. Head-to-head indicates that the
TSSs face each other, whereas tail-to-tail means the termination sites are aligned. In this way,
we included a total of 14,253 pseudogenes, 17,624 IncRNAs, and 106,643 protein-coding

transcripts (the third row of Table 2).
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We downloaded isoform-level quantifications from the EN-TEX portal (entex.encodeproject.orq)

for matched human tissues. Transcripts with an average expression = 1 TPM across donors and
technical replicates were retained (the fourth row of Table 2). Using this threshold, our
estimates of pseudogene abundance and transcription were consistent with previous reports
that identified ~10% of all pseudogenes as detectably expressed based on a cutoff of fragments
per kilobase of transcript per million mapped reads > 0.5, with approximately 50% of these
expressed pseudogenes restricted to a single tissue, recapitulating previously described tissue-
specificity patterns (Rozowsky et al. 2023). Finally, for each gene and tissue, the most highly
expressed transcript was selected as its representative and used for our primary analyses,
yielding 1,267 pseudogenes, 1,126 IncRNAs, and 134,022 protein-coding transcripts across
tissues (the fifth row of Table 2). For the heart left ventricle, we used available EN-TEx long-
read RNA-seq data from a single donor to corroborate expression calls derived from short-read
RNA-seq. We mapped each expressed transcript to its corresponding gene and assessed
support at the gene level by determining whether that gene had at least one supporting long

read assigned.

RAMPAGE is capable of capturing 5-complete complementary DNAs, allowing for precise
identification of TSSs and accurate quantification of promoter activity (Batut and Gingeras 2013).
To validate our assignment of promoters, we leveraged a manually integrated collection of
representative RAMPAGE peaks (Moore et al. 2022). We employed BEDTools intersect
(v2.30.0) (Quinlan and Hall 2010) to find overlaps between the promoters of expressed
transcripts and representative RAMPAGE peaks. If a RAMPAGE peak overlapped a promoter
by at least 1 bp, we considered the promoter to be experimentally supported (the sixth row of

Table 2).
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Profiling epigenetic patterns with matched tissue-specific data
To characterize epigenetic patterns associated with each transcript, we downloaded tissue-
specific histone ChlP-seq peaks, ATAC-seq peaks, and DNase-seq peaks from the EN-TEXx

portal (entex.encodeproject.org) across multiple human tissues from four donors. Specifically,

we downloaded histone ChlP-seq peaks for H3K27ac, H3K4me3, H3K4mel, H3K36me3,
H3K9me3, and H3K27me3. Certain tissues, such as the omental fat pad and subcutaneous
adipose tissue, were excluded due to insufficient RNA-seq and/or histone ChIP-seq data. Thus,

tissue-specific epigenomic data were available for 26 human tissues.

For each assay and tissue, we merged peaks across donors and technical replicates using
BEDTools merge (v2.30.0) (Quinlan and Hall 2010) with the -i stdin -c 1 -0 count options. We
then employed BEDTools intersect (v2.30.0) (Quinlan and Hall 2010) with the -wao option to
calculate the base-pair overlap between defined promoters and peaks derived from histone
ChiP-seq, ATAC-seq, and DNase-seq data (Supplemental Table S2). For these peaks, we
calculated the proportion of promoter bases overlapping peaks for each transcript in each tissue.
We then aggregated these values, calculating the average proportion of coverage across

transcripts and tissues for each biotype.

Additionally, we obtained tissue-specific DNA methylation profiling by array assay across the
same tissues. To ensure consistency across donors and technical replicates for each tissue, we
used BEDTools merge (v2.30.0) (Quinlan and Hall 2010) with the -c 5 -0 mean options to
calculate the average beta value for each CpG site. We classified CpG sites based on their beta
values into three categories: hypomethylated (beta value < 0.2), hypermethylated (beta value >
0.8), and heterogeneously methylated (0.2 < beta value < 0.8) (Du et al. 2010). For each
transcript, we quantified the number of CpG sites based on probe detection. We then

categorized the CpG sites according to their methylation status and calculated the proportion of
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each category across tissues. We further utilized in situ Hi-C data specifically available for two
tissues, the transverse colon and skeletal muscle, to support our findings. Genome
compartment files for each tissue were downloaded and merged across donors using
wiggletools mean (Zerbino et al. 2014). Next, we filtered transcripts specifically expressed in
these two tissues and employed bigWigAverageOverBed (Kent et al. 2010) to compute the

average signal intensity over the respective promoters of these transcripts.

CUT&Tag peaks for H4K16ac from the H9 embryonic stem cell line were obtained from an
external study (GEO: GSE200768) (Pal et al. 2023). Peaks from the three replicates were
merged, and the same filtering criteria were applied to retain only expressed transcripts in the
H9 embryonic stem cell line. We then calculated the proportion of promoter bases covered by

H4K16ac peaks for each protein-coding, INcCRNA, and pseudogene transcript.

Alignment of the 1,000 bp upstream regions of the TSSs of pseudogenes and their parent
genes

We ran PseudoPipe (Zhang et al. 2006) to infer parent—pseudogene relationships between
pseudogenes and protein-coding genes (Supplemental Table S4). For each pseudogene and
parent gene pair, we extracted the 1,000 bp upstream of the TSS and performed local pairwise
alignment (Smith—-Waterman) using the following scoring scheme: match = 2, mismatch = -3,
gap opening = -5, and gap extension = -2. From the optimal alignment, we obtained the
aligned coordinate blocks on the parent sequence. To avoid counting short, potentially spurious
matches, we retained only aligned blocks with length = 10 bp and summed their lengths to
obtain the total valid aligned length on the parent sequence. Thus, inclusion was defined as the
fraction of the upstream region of the parent gene covered by these valid aligned blocks, and
identity was computed as the fraction of identical positions in the optimal alignment, defined as

the number of identical matches divided by the total alignment length.
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Based on inclusion and identity, we partitioned unprocessed pseudogenes into two classes
according to whether they inherited the 1,000 bp region upstream of the TSS from their parent
genes. Specifically, an unprocessed pseudogene was classified as inherited if at least 50% of
its 1,000 bp upstream region aligned to the corresponding 1,000 bp upstream region of the

parent gene with sequence identity >75%; all other cases were classified as not inherited.

Characterizing enriched motifs within promoter regions of transcripts

Motif enrichment analysis was performed using HOMER2 (Heinz et al. 2010) with the
findMotifsGenome.pl script, employing the options -size 200 -S 10 -bg. Promoter regions of
processed pseudogenes were selected across tissues and compared to those of unprocessed
pseudogenes and protein-coding transcripts to identify enriched known and de novo motifs. We
reported motif enrichment p-values as reported by HOMER2. For de novo motifs, the similarity
score between each identified motif and its closest match in the reference database (e.g.,
HOMER and JASPAR) was also reported. Because multiple transcripts from the same gene can
share an identical TSS, we retained a non-redundant set of promoter regions. In the primary
analyses, we restricted to loci passing a RAMPAGE peak filter to define high-confidence
transcription initiation. For motif enrichment analysis, we included promoter sequences from 761
processed pseudogenes, 471 unprocessed pseudogenes, and 22,156 protein-coding transcripts
irrespective of RAMPAGE peak presence. Importantly, the chromatin signature of processed
pseudogenes—Ilack of canonical active histone marks and promoter accessibility—was

consistent in both RAMPAGE-positive and RAMPAGE-negative sets.

Quantification and statistical analysis
All analyses and statistical tests in this study were conducted using Python (version 3.9.13) and

R (version 4.2.0) (R Core Team 2022), as detailed in the Methods and figure legends. Raw
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exact p-values for all statistical comparisons are reported in the figure legends and false
discovery rate (FDR)-adjusted p-values are shown in the figures. Unless otherwise specified,
plots were generated using the ggplot2 (Wickham 2016) package in R. All box plots depict the
first and third quartiles as the lower and upper bounds of the box, with a central band showing

the median value and whiskers representing 1.5x the interquartile range.

Code availability
We have made our catalog of promoters with epigenetic and functional annotation available via

Zenodo (https://doi.org/10.5281/zen0do0.14934024). Custom scripts and selected intermediate

files used in this study are also available on GitHub (https://github.com/gersteinlab/epiPgene)

and as Supplemental Code.
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FIGURE LEGENDS

Fig. 1. Building a catalog of epigenetically and functionally annotated promoters in the
human genome. (A) Schematic representation of different pseudogene biotypes based on their
mechanisms of origin, depicted in distinct colors: processed pseudogenes arising from
retrotransposition events (left), unitary pseudogenes resulting from mutations in functional
protein-coding genes leading to a fixed loss of function in a given species (middle), and
unprocessed pseudogenes originating from gene duplication followed by functional decay (right).
(B) Overview of the study workflow. A catalog of active and repressed promoters was
constructed across 26 human tissues using tissue-specific epigenome data. Transcripts were
subsequently filtered based on three criteria: (i) annotation, ensuring no overlapping promoters;
(i) expression, requiring an average TPM = 1 across donors and replicates; and (iii) RAMPAGE
support for promoters. (C) For each gene biotype, the number of expressed transcripts (y-axis)
detected across an increasing number of tissues (x-axis), after applying the cross-tissue
expression filtering step in (B). (D) Proportion of promoters with RAMPAGE support,
categorized by gene biotypes, counting each transcript—tissue pair separately. “Protein-cod.”:
protein-coding. (E) Analogous to (D), but categorized by pseudogene biotypes. Panels (A) and

(B) were created in BioRender. Gerstein, M. (2026) https://BioRender.com/2agdcbr.

Fig. 2. Epigenetic and transcript expression characterization of transcribed promoters. (A)
Average proportion of promoter bases (y-axis) overlapping H3K27ac, H3K4me3, ATAC-seq,
and DNase-seq peaks for protein-coding, INCRNA, and pseudogene transcripts (x-axis).
Proportions were computed per transcript in each tissue and then aggregated across tissues
within each gene biotype. Error bars indicate standard deviations across transcripts and tissues.
“Protein-cod.”: protein-coding; “PseudoG.”. pseudogene. (B) Same as (A), but shown for the
three pseudogene biotypes. Error bars indicate standard deviations across transcripts and

tissues. (C) Percent stacked bar plot showing, for each gene biotype, the proportion of promoter
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CpG sites at different methylation levels across tissues. “Protein-cod.”: protein-coding. (D)
Ridgeline plot showing, for each gene biotype, the distribution of promoters located within active
(> 0; “A") and inactive (< 0; “B") genome compartments in the transverse colon (top) and
skeletal muscle (bottom). Unitary pseudogenes are excluded due to their small number of
expressed transcripts in these tissues. Vertical lines indicate the mean and one standard
deviation above and below the mean. Processed pseudogenes are used as the reference group
for two-sided Wilcoxon rank-sum tests. *** FDR-adjusted p-value < 0.001; **, FDR-adjusted p-
value < 0.01; n.s., not significant. Transverse colon: processed vs. protein-coding (p = 1.2x107);
processed vs. INcCRNA (p = 0.31); processed vs. unprocessed (p = 0.15). Skeletal muscle:
processed vs. protein-coding (p = 1.2x10™°): processed vs. INcRNA (p = 3.6x10°); processed
vs. unprocessed (p = 8.0x107®). (E) Violin plot showing transcript expression levels across gene
biotypes. For each biotype, we report the number of transcripts included in the analysis at the
bottom of the plot (see also Table 2). Processed pseudogenes are used as the reference group
for two-sided Wilcoxon rank-sum tests. Transcript counts per biotype across tissues are shown
below. *** FDR-adjusted p-value < 0.001; **, FDR-adjusted p-value < 0.01; n.s., not significant.
Processed vs. protein-coding (p = 0.95); processed vs. IncRNA (p = 5.3x10"); processed vs.
unprocessed (p = 5.9x10%); processed vs. unitary (p = 6.0x107). “Protein-cod.”: protein-coding.
(F) Box plot showing the Spearman’s co-expression correlation coefficient of processed and
unprocessed pseudogenes with their parent genes. ***, p < 0.001. Processed vs. unprocessed

(p = 4.1x10™?).

Fig. 3. Sequence and regulatory features of regions upstream of the TSS in pseudogenes
and their parent genes. (A) Sequence inclusion and identity for the 1,000 bp region upstream
of the TSS in processed and unprocessed pseudogenes, compared with their parent genes.
Marginal distributions are shown as box plots alongside. (B) Average proportion of promoter

bases overlapping ATAC-seq, DNase-seq, H3K27ac, and H3K4me3 peaks for unprocessed
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pseudogenes, stratified by whether they inherited the 1,000 bp region upstream of the TSS from
their parent genes. Error bars represent standard deviations across transcripts and tissues. (C)
GC content of the 1,000 bp region upstream of the TSS across gene biotypes. Processed
pseudogenes were used as the reference group for two-sided Wilcoxon rank-sum tests. ***,
FDR-adjusted p-value < 0.001. Processed vs. protein-coding (p = 2.6x1072%); processed vs.
INcRNA (p = 1.6x10®); processed vs. unprocessed (p = 2.2x10™°); processed vs. unitary (p =
8.0x10™). (D) Conservation of the 1,000 bp region upstream of the TSS across gene biotypes,
measured by phastCons 20-way scores (shown in logarithmic scale). Unitary pseudogenes
were excluded due to the small sample size. Processed pseudogenes were used as the
reference group for two-sided Wilcoxon rank-sum tests. ***, FDR-adjusted p-value < 0.001; n.s.,
not significant. Processed vs. protein-coding (p = 0.54); processed vs. INcCRNA (p = 0.38);
processed vs. unprocessed (p = 5.0x10°). (E) Proportion of variants across different MAF
categories within the 1,000 bp region upstream of the TSS across gene biotypes. “Protein-cod.”:
protein-coding. (F) Phred-scaled CADD scores for variants within the 1,000 bp region upstream
of the TSS across gene biotypes. Due to the large sample size, only 0.5% of variants classified
as outliers were randomly selected for visualization. Processed pseudogenes were used as the
reference group for two-sided Wilcoxon rank-sum tests. ***, FDR-adjusted p-value < 0.001; n.s.,

not significant. Processed vs. protein-coding (p = 0); processed vs. INcRNA (p = 1.9x10™):

processed vs. unprocessed (p = 7.4x10™"*®

); processed vs. unitary (p = 0.20).

Fig. 4. Transposable element associations and promoter chromatin features of
processed and unprocessed pseudogenes. (A) UpSet plot showing the number of IncRNA
and pseudogene promoters overlapping different classes of transposable elements and
repetitive elements. Intersection groups with small counts were excluded (n < 10). (B) Jaccard
similarity between promoters of different gene biotypes and LINEs (top) and SINEs (bottom).

Processed pseudogenes were used as the reference group for two-sided Wilcoxon rank-sum
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tests. *** FDR-adjusted p-value < 0.001; **, FDR-adjusted p-value < 0.01; *, FDR-adjusted p-
value < 0.05; n.s., not significant. LINE: processed vs. protein-coding (p = 3.0x10®); processed
vs. IncRNA (p = 8.6x107); processed vs. unprocessed (p = 0.05). SINE: processed vs. protein-
coding (p = 0.004); processed vs. INncRNA (p = 0.11); processed vs. unprocessed (p = 0.60). (C)
Proportions of promoters overlapping different classes of transposable elements (LINE, SINE,
LTR, DNA, and simple repeat) for all parent genes and all protein-coding genes (left), processed
pseudogenes and their parent genes (middle), and unprocessed pseudogenes and their parent
genes (right). (D) Epigenetic characterization of processed and unprocessed pseudogene
promoters, comparing promoters that overlap annotated LINEs or SINEs (left) with those without
any overlap (right). Proportions were calculated for each transcript in each tissue and then
aggregated across tissues for processed and unprocessed pseudogenes. Error bars represent

standard deviations across transcripts and tissues.

Fig. 5. Potential factors regulating the expression of processed pseudogenes. (A) Bar
plots showing the proportion of promoters containing human- and mouse-derived YY1-like
motifs enriched in processed pseudogenes, compared with promoters of protein-coding
transcripts, IncRNAs, and unprocessed pseudogenes. (B) Bar plots showing the proportion of
parent genes of processed pseudogenes whose promoters harbor human- and mouse-derived
YY1-like motifs. (C) Density plot showing the positional distribution of YY1-like motifs relative to
TSSs of processed pseudogenes and protein-coding transcripts. The p-values were calculated
using Fisher’s exact test by comparing the proportion of motif occurrences falling within £10 bp
of the TSS between processed pseudogenes and protein-coding transcripts. (D) Pie chart
showing the proportion of expressed pseudogenes from different biotypes that contact genomic
regions of varying lengths across tissues. (E) Similar to (D), percent stacked bar plots showing
the proportion of expressed protein-coding and INcRNA transcripts that contact genomic regions

of varying lengths across tissues. (F) Violin plot showing the distribution of observed contact

36


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on April 30, 2026 . Published by Cold Spring Harbor Laboratory Press

frequencies between transcripts from different gene biotypes and other genomic regions. Within
each violin, the white point represents the mean, and the vertical line denotes the range of one
standard deviation above and below the mean. Processed pseudogenes were used as the
reference group for two-sided Wilcoxon rank-sum tests. *** FDR-adjusted p-value < 0.001; n.s.,
not significant. Processed vs. protein-coding (p = 3.1x10°); processed vs. INcRNA (p = 3.3x10™);
processed vs. unprocessed (p = 1.1x107); processed vs. unitary (p = 0.11). (G) Bar plot
showing the average proportion of bases in contacted genomic regions that overlap annotated
cCREs, stratified by gene biotype. Error bars indicate standard errors. dELS, distal enhancer-
like signature; pELS, proximal enhancer-like signature; PLS, promoter-like signature; TF,

transcription factor binding site.
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Table 1. Gene biotypes included in this study based on GENCODE v29 annotation

Category

GENCODE v29 gene biotype terms

Protein-coding

protein_coding

INncRNA

3prime_overlapping_ncrna, antisense,
bidirectional_promoter_IncRNA, macro_IncRNA, non_coding,

processed_transcript, sense_intronic, sense_overlapping, incRNA

Pseudogene

processed_pseudogene, unprocessed_pseudogene,
unitary_pseudogene, transcribed_processed_pseudogene,
transcribed_unprocessed_pseudogene,
transcribed_unitary_pseudogene,
translated_processed_pseudogene,

translated_unprocessed_pseudogene
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Table 2. Gene and transcript counts across filtering steps and biotypes. GENCODE annotations
and RAMPAGE data are tissue-agnostic (rows 1-3 and 6), whereas expression profiles (rows
4-5) are tissue-specific. For the latter, we report both the total number of transcripts identified
across 26 tissues (left, underlined) and the number of nonredundant (unique) transcripts

identified across tissues (right, bold).

Pseudogene
Protein-coding IncRNA
Processed Unprocessed Unitary Total
GENCODE v29
10,672 3,531 219 14,422 19,922 14,889
annotated genes
GENCODE v29
) 11,255 5,503 729 17,487 151,113 28,149
annotated transcripts
Transcripts with non-
overlapping 9,501 4,232 520 14,253 106,643 17,624
promoters
Expressed transcripts
. 2,780 778 2,363 617 157 62 5,300 | 1,511 | 259,084 43,386 3,521 | 1,449
across tissues
Most highly
expressed transcript 2,680 761 1,690 471 87 35 4457 | 1,267 | 134,022 | 22,156 2,879 | 1,231
per gene
RAMPAGE-supported
. 1,028 151 594 167 42 17 1,664 335 100,657 14,315 1,022 490
transcripts
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