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Abstract

Background Accurate and comprehensive genomic annotation, including the full list of protein-coding genes,

is vital for understanding the molecular mechanisms of human biology. We have previously shown that the genome
contains a multitude of yet hidden functional exons and transcripts, some of which might represent novel mRNAs.
These results resonate with those from other groups and strongly argue that two decades after the completion

of the first draft of the human genome sequence, the current annotation of human genes and transcripts remains far
from being complete.

Results Using a targeted RNA enrichment technique, we showed that one of the novel functional exons previ-
ously discovered by us and currently annotated as part of a long non-coding RNA, is actually a part of a novel
protein-coding gene, InSETG-4, which encodes a novel human protein with no known homologs or motifs. We found
that InSETG-4 is induced by various DNA-damaging agents across multiple cell types and therefore might represent

a novel component of DNA damage response. Despite its low abundance in bulk cell populations, InSETG-4 exhibited
expression restricted to a small fraction of cells, as demonstrated by the amplification-based single-molecule fluores-
cence in situ hybridization (@asmFISH) analysis.

Conclusions This study argues that yet undiscovered human protein-coding genes exist and provides an example
of how targeted RNA enrichment techniques can help to fill this major gap in our knowledge of the information
encoded in the human genome.

Keywords Targeted RNA enrichment, Genomic “dark matter’, Novel gene, Novel protein, DNA damage response,
Rapid amplification of cDNA ends, Nanopore sequencing, Mass spectrometry, Single-cell analysis, Single-molecule
fluorescence in situ hybridization
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Background

Since the release of the first draft of the human genome,
ongoing efforts have addressed gaps and corrected
errors [1, 2]. Despite these advancements, human gene
annotation remains far from complete. This is par-
ticularly evident from the numerous novel transcripts,
many of which are located in the genomic “dark matter”
regions, discovered through both bulk and single-cell
transcriptomic analyses [3—11]. The increasing recogni-
tion of the transcriptome’s complexity has further high-
lighted the limitations of current annotations [12-16].
This hinders our understanding of human biology and
presents significant challenges to understanding the
basic mechanisms of development and disease [17, 18],
underscoring the urgent need for improvement of our
understanding of genes and transcripts encoded in the
human genome.

In our recent study, we provided the evidence for
the widespread existence of functional novel and non-
canonical human transcripts in the human genome
through a genome-wide forward-genetics survey of
functional elements using lentivirus-based inser-
tional mutagenesis [19]. Inactivation of the exons of
these transcripts, found in both intragenic and inter-
genic regions, significantly affected cellular survival in
response to stress. Although typically present in low
abundance, their expression is markedly elevated under
stress caused by anticancer drug treatments, suggesting
that these RNAs represent a hidden layer of responses
to cellular stress.

As a part of our previous study, we identified a novel
functional human exon InSETe-60, previously pre-
dicted by the GENSCAN algorithm [20]. Disruption
of InSETe-60 exon by multiple independent lentivirus
integration events consistently resulted in reduced cell
survival following treatment with etoposide [19], an
anticancer drug that inhibits DNA topoisomerase II
and induces DNA breaks in cells [21]. We found that
InSETe-60 exon was part of a novel gene, named by us
InSETG-4 [19].

In this study, we show that [nSETG-4 represents a
novel human protein-coding locus that was previously
annotated only as a long non-coding RNA (IncRNA). We
found that InSETG-4 could be involved in DNA dam-
age response. The gene exhibits a highly specific pat-
tern of expression restricted to a sub-population of cells
even in a cultured cell line, which might be a reason why
it was not previously identified. Our findings under-
score the need for detailed, locus-specific annotations
of the human genome using sensitive targeted enrich-
ment assays in order to refine our understanding of spe-
cific genomic regions and to discover and annotate novel
genes.
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Results

Transcript complexity in the InSETG-4 locus

To elucidate the complexity of transcript isoforms pro-
duced by the InSETG-4 locus, we employed rapid ampli-
fication of cDNA ends (RACE) coupled with nanopore
sequencing (RACE-Nano-Seq), as illustrated in Fig. 1.
The RACE-Nano-Seq assay from our initial study was
conducted using only a single anchor exon, the original
InSETe-60, and a limited sequencing depth [19]. This
led to the identification of the InSETG-4A transcript.
In the current study, we performed a RACE-Nano-Seq
assay on polyA+RNA isolated from the human leuke-
mia K562 cells treated with etoposide for 36 h, utilizing
a significantly higher (~300-fold) sequencing depth and
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Fig. 1 Schematic diagram of rapid amplification of cDNA ends
(RACE) coupledwith nanopore sequencing (RACE-Nano-Seq). Primers
for 5" and 3" RACE-Nano-Seq shown by the blue divergent arrows
are designed against a selected genomic anchor region. The 5
and 3" ends of the hidden transcripts are enriched via RACE, followed
by nanopore sequencing to obtain the full-length sequences. The
alignments of the 5’ and 3" RACE-Nano-Seq sequences are merged
to generate complete predicted transcripts
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using two additional exons of InSETG-4A as the anchor
points for RACE (Fig. 2, Additional file 1: Table S1). This
approach significantly enhanced our ability to capture the
full complexity of transcript isoforms from the InSETG-4
locus and enabled a comprehensive characterization
of the relative abundance of various transcription start
sites (TSSs) and transcription termination sites (TTSs)
within the locus. The major TSS in the InSETG-4 locus
detected by 5' RACE-Nano-Seq corresponded to the pre-
dominant TSS detected by the FANTOM 5 consortium
using the cap analysis of gene expression (CAGE) tech-
nology [22-24] (Fig. 2) and obtained from a comprehen-
sive dataset of 1816 human primary cells, cell lines, and
tissue samples. A total of 407 CAGE samples, including
43 from normal human tissues and 142 from primary cell
types, had at least one CAGE tag within a + 10 bp window
of the major TSS in InSETG-4, with K562 being one of
the top expressing cell types (Additional file 1: Table S2).
This result further confirmed the validity of the RACE-
Nano-Seq assay. Besides K562, the highest expression of
InSETG-4 was observed in the primary CD14+ mono-
cytes (Additional file 1: Table S2). Overall, these results
suggested that the expression of this gene is not restricted
to malignant cells.

Using 5' and 3' RACE-Nano-Seq, we identified a total
of 168 exon-exon junctions (EE]Js), of which 126 were
canonical, displaying the consensus GT-AG splice site.
Interestingly, the predicted 5 boundary of InSETe-60
aligns well with the 5 exon boundaries detected by
RACE-Nano-Seq (Fig. 2A), highlighting the precision of
the GENSCAN prediction. In addition, we identified 17
TSS and 110 TTS islands defined by merging individual
nucleotide-level TSSs or TTSs found within+ 10 nt from
each other. When applying a more stringent threshold
of >5 reads, the numbers of detected EEJs, TSS islands,
and TTS islands were 56 (55 with the canonical splice
sites), 17, and 46, respectively (Fig. 2A). Among those, 44
EEJs, 17 TTS islands, and 45 TSS islands were not anno-
tated in the GENCODE database. The marked drop in
the fraction of the non-canonical EE]Js suggested that the
corresponding transcripts have lower abundance than the

(See figure on next page.)
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ones with the canonical splice sites. Transcripts utiliz-
ing non-canonical splice sites have been detected before
in different species [25, 26]. Even though they were also
found to have lower abundance, the conservation of the
splice sites across species suggested that at least a frac-
tion of them have functional relevance [25, 26]. Based
on the number of sequences with unique splicing pat-
terns derived from the two anchor exons (Additional
file 1: Table S3), we estimated that this locus in K562 cells
produced at least 48 novel transcripts, using a stringent
threshold of > 5 reads.

To further elucidate the potential biological functions
of the different transcripts in this locus, we combined
the common and predominant 5° RACE sequence with
three representative 3' RACE sequences. This approach
revealed three different transcript isoforms originat-
ing from the predominant TSS. Among these, InSETG-
4A, predicted from the initial RACE-Nano-Seq assay
[19], was the longest isoform (Fig. 2A, Additional file 1:
Table S4). InSETG-4B was identified as the isoform con-
taining the largest number of exons, while InSETG-4C
emerged as the isoform with the most abundant TTS
(Fig. 2A, Additional file 1: Table S4). Since InSETG-4C
had the most abundant TSS and TTS, it is likely to be the
predominant transcript from this locus. All three tran-
scripts shared a common major predicted open reading
frame (ORF), defined as the longest ORF starting with an
ATG (Fig. 2A, Additional file 1: Table S4). Notably, the 3’
untranslated region (UTR) of InSETG-4C consist of a sin-
gle exon, while those of InSETG-4A and InSETG-4B are
composed of multiple exons (Fig. 2A). The sequences of
InSETG-4A and InSETG-4B contain EEJs downstream
of the stop codon, making them potentially susceptible
to degradation by the nonsense-mediated mRNA decay
(NMD) pathway [27-29]. The relative expression levels of
the three InSETG-4 transcripts were further confirmed
by RT-qPCR using primers specific to each of the three
InSETG-4 transcripts (Fig. 2A). While it would be very
hard or impossible to design primers absolutely specific
to a particular isoform given the transcript complexity in
the locus, consistent with the evidence above, InSETG-4C

Fig. 2 Structures of InSETG-4 transcripts identified by RACE-Nano-Seq. A In our previous work [19], an unannotated GENSCAN-predicted exon
InSETe-60 was found to harbor both individual lentiviral insertions affecting cellular fitness (IACFs) or their clusters (CACFs). The InSETe-60

exon was then used as the anchor to identify the InSETG-4A transcript. In this study, the exons 2 and exon 3 of InSETG-4A were used as anchors
for RACE-Nano-Seq and the most abundant RACE-Nano-Seq products derived from these exons are shown in purple and blue, respectively. Also,
the merged TSS and TTS tracks from the 5" and 3" RACE-Nano-Seq for each anchor exons are shown. The positions of the RT-gPCR amplicons
either common or specific to all three InSETG-4A/B/C transcripts are illustrated. The predicted major open reading frame (ORF) of the InSETG-4
transcripts is indicated in cyan. The 3 ORFs have the same sequences, with the InSETG-4B ORF borrowing the four terminal bases from a different
exon. The FANTOM 5 CAGE track represents the total count of CAGE reads from all the CAGE samples. B The relative expression levels (log,)

of InSETG-4A/B/C transcripts in K562 cells treated with etoposide for 24 h. The expression levels were normalized to InSETG-4A. Error bars represent
standard deviations (SD) from three biological replicates. Asterisks denote significant differences (*p <0.05, two-sided homoscedastic t-test)
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exhibited the highest abundance (Fig. 2B, Additional
file 1: Table S5). These results further support the notion
that the InSETG-4A and InSETG-4B transcripts might
be degraded through NMD. Nonetheless, some mam-
malian transcripts with EEJ in their 3' UTRs evade NMD
[29]. Therefore, the InSETG-4A and InSETG-4B isoforms
might still have function and not merely represent NMD
substrates.

The InSETG-4 locus is located far from annotated
protein-coding genes—the nearest up- or down-stream
protein-coding genes are>60 kb and>150 kb away,
respectively (Fig. 3A). The InSETG-4A/B/C transcripts
overlap to varying degree with several annotated tran-
scripts corresponding to a IncRNA ENSG00000230387
(Fig. 3A, B). The most abundant transcripts of the locus,
InSETG-4C, overlap the IncRNA, but have a different
splicing pattern, while the InSETG-4A and InSETG-4B
transcripts that share multiple exons with the IncRNA
represent relatively minor isoforms (Fig. 3B). The TSSs
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of both the InSETG-4A/B/C transcripts and the IncRNA
align with promoter-like signatures in the ENCODE can-
didate cis-regulatory elements (cCREs) database [30—32].
However, the IncRNA TSS has only a background level of
the CAGE signal from multiple human samples (Fig. 3B),
suggesting that the IncRNA represents either a minor
transcriptional output from the locus, or it has a highly
specialized expression pattern. Consistent with this, the
ENCODE chromatin immunoprecipitation sequencing
(ChIP-seq) data for the H3K4Me3 promoter-associated
chromatin mark reveal a signal only near the TSS of
InSETG-4 [31, 33, 34]. The presence of the longer tran-
scripts extending beyond the IncRNA is further sup-
ported by the human spliced expressed sequence tag
(EST) HY086882 (Fig. 3B). However, 5' RACE-Nano-Seq
extended the transcript boundary beyond the 5' end of
the EST (Fig. 3B). Both the absence of the cCREs and
background levels of the H3K4Me3 ChIP-seq and CAGE
signals at the 5' end of the EST (Fig. 3B) suggested that
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the EST was incomplete and did not identify the correct
TSS.

Taken together, these results showed that the most
abundant TSS of the InSETG-4 locus is located ~32 kb
from the 5'-end of the current annotation, which might
represent a minor transcript from the locus. Further-
more, the sequence analysis of the transcripts originat-
ing from that TSS suggested that /nSETG-4 might be a
protein-coding gene.

InSETG-4 represents a novel protein-coding gene
Sequence analysis revealed that all InSETG-4A/B/C tran-
scripts shared a common major ORF of 151 amino acids
and almost identical 5° UTRs—the 5" UTR of InSETG-
4C was 4 nucleotides (nt) longer due to a slightly differ-
ent TSS (Fig. 4A). All 5" UTRs harbored upstream ORFs
(uORFs) with “ATG” as the initiation codon, spanning
45-57 nt. Notably, the uORFs may also potentially desta-
bilize these transcripts through NMD [27, 28]. In con-
trast, the sequences of the 3' UTRs of these transcripts,
ranging from 1181 to 1231 nt, differed significantly:
InSETG-4B and InSETG-4C had no common 3" UTR
sequences and InSETG-4A and InSETG-4B shared 53.2%
bases (Fig. 2, Fig. 3A, and Fig. 4A).

To investigate whether the InSETG-4A/B/C transcripts
represent real mRNAs in the cell, we first determined
their cytosolic vs. nuclear abundance using the GAPDH
mRNA and a nuclear-localized very long intergenic
non-coding RNA (vlincRNA) [35] as the controls for
respectively cytosol- and nucleus-enriched transcripts.
We found that the cytosol/nucleus ratio of the spliced
InSETG-4 transcripts was similar to that of GAPDH
mRNA (Fig. 4B, Additional file 1: Table S6). On the other
hand, the cytosol/nucleus ratio of the unspliced version
of the InSETG-4A/B/C transcript using primers in the
intron common to all three transcripts was comparable
to the vlincRNA (Fig. 4B, Additional file 1: Table S6).
These results proved that the spliced InSETG-4A/B/C
transcripts are exported into the cytosol.

However, some IncRNAs have been shown to function
in cytosol [36, 37]. Therefore, as the next step, we directly

(See figure on next page.)

Page 6 of 16

tested the protein-coding capacity of the predicted
InSETG-4A/B/C ORE. We constructed vectors contain-
ing the fusions between the ORF green fluorescent pro-
tein (GFP) flanked by the cognate 3' and 5' UTRs of each
of the three InSETG-4 transcripts (Fig. 4C) and trans-
fected these vectors into 293FT cells to test the in vivo
translation of the InSETG-4 ORF. Microscopy analysis
indicated that cells transfected with each of the three
vectors had GFP fluorescence (Fig. 4C). Flow cytometry
assays confirmed these findings, showing a significant
increase in GFP signals in cells transfected with the vec-
tors compared to the untransfected control, as reflected
by both the proportion of GFP-positive cells and the
mean fluorescence intensity (MFI) (Fig. 4D-F). Notably,
both microscopy and flow cytometry assays revealed that
cells transfected with the InSETG-4C ORF vector exhib-
ited the most intense GFP signal (Fig. 4C-F), suggest-
ing that this isoform might be more highly translated. A
confocal microscopy analysis using the ORF-GFP fusion
revealed that the protein is predominantly localized in
the cytosol (Fig. 4G).

However, GFP could be produced from initiation
codons within its own ORF or from other initiation
codons not part of the predicted ORF. To address this, in
addition to the ORF-GFP assay, we constructed vectors
without fusing the ORF with the GFP (Fig. 5A) and per-
formed mass spectrometry analysis on cells transfected
with these vectors. GFP was placed in the opposite orien-
tation on the vector under the control of its own promoter
and served as the positive control (Fig. 5A). We identi-
fied a total of four tryptic peptides—HLASQGLAVK,
DCWTSVFGAGK, ADMVSAVIPGAPLMMLK, and
HLCSCCPQSPLPGYCQLPGPTFPK—predicted to be
encoded by the major InSETG-4A/B/C OREF, achieving a
total sequence coverage of 41.1% (Fig. 5A, B). The num-
ber of peptides detected per sample ranged from one to
three, with the sequence coverage varying from 11 to
27% (Fig. 5B). No additional peptides were found in other
predicted ORFs within the [nSETG-4A/B/C transcript
sequences, including the ones utilizing alternative ini-
tiation codons, suggesting that the major OREF is the only

Fig. 4 Confirmation of the protein-coding potential of InSETG-4 using GFP fusions. A Schematic diagram of the predicted major ORFs

(green) and the untranslated regions (UTRs, orange) in the InSETG-4A/B/C transcripts. B The log, of the cytosol/nucleus ratios of GAPDH mRNA

and the spliced (“exon”) and primary (‘intron”) InSETG-4 transcripts relative to the ratio of a nuclear-localized very long intergenic non-coding RNA
(vlincRNA), ID-838, which is set as zero. C Expression of the ORF-GFP fusions of the InSETG-4 transcripts in 293FT cells. Scale bar, 100 um. D Flow
cytometry analysis of the 293FT cells transfected with the vectors containing ORF-GFP fusions of the InSETG-4 transcripts. For panels C and D,

data from one representative biological replicate were shown. For results from all three biological replicates, see Additional file 2: Fig. S1. E, F

Ratio of GFP-positive cells (E) and mean fluorescence intensity (MFI) (F) in the ORF-GFP transfected cells versus the untransfected control. Error
bars in panels B, E, and F represent SD of three biological replicates. Statistical significance in panels E and F was determined using two-sided
Wilcoxon rank sum test, with the p values indicated in the figure. G Confocal microscopy assay of the subcellular localization of the ORF-GFP fusion

of INSETG-4C in 293FT cells. Scale bar, 10 um
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one that is translated. However, we cannot totally exclude
the translation of other ORFs products, which might not
have been detected for technical reasons. These results
conclusively demonstrate that all three tested InSETG-4
transcripts could function as mRNAs in the cell.
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Page 7 of 16

INSETG-4A

GFP-
100.0%

Count x 10°

GFP+
0.0%

Count x 10®

0 L O UL L IOt AL | 0 L AL UL R AU R |
10" 102 10° 10* 10° 10° 107 10" 102 10° 10¢ 10° 10° 107
GFP GFP
10 INSETG-4B INSETG-4C
T Grp- GFP+ GFP- GFP+
08 66.4% 33.6% | 0.84 54.1% 45.9%
2 S 0.64
206 =4
X X
E Eo04]
3041 3
o (8]
0.2 0.2
(O i s e i et i B et s A e
10" 102 10° 10* 10° 10° 107 10" 102 10° 104 10° 10° 107
GFP GFP
E CasE s F p=4.1E-5
50% P= 2
40%] p=3.8E-5 200
) —
3
© 30%{p=38E5 g 1501 p=41E-5
= [ — -
= X
@ : =
$.20% LEL1OO
o
&
10% 501p=4.1E5
| —
-
0%{ = 0 —eo—
No A B C No A B _C
INSETG-4 INSETG-4
INSETG-4C

INSETG-4C

The InSETG-4 encodes a novel protein that has no sig-
nificant hits to any known proteins in any species and
no known motifs based on the homology analysis with
BLASTP [38] and motif analysis with PROSITE [39] and
Motif Scan [40]. The protein has a molecular weight of
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Fig. 5 Confirmation of the protein-coding potential of InSETG-4 using mass spectrometry (MS). A The diagram of the vector transfected into 293FT
cells for LC-MS/MS analysis is shown above the representative mass spectra of the four detected tryptic peptides, with y ions indicated in blue

and b ions in red. B Left, the major ORF sequence of InSETG-4 with the four peptides detected by MS underlined and marked in purple. Right,
summary of the InSETG-4 peptides detected in different InSETG-4 transcripts and biological replicates. The peptides detected for the GFP expressed

from an independent promoter are shown as positive controls

16,230.9 Da and a theoretical isoelectric point (pI) of
8.77. The grand average of hydropathicity (GRAVY)
is—0.130, suggesting the protein is hydrophilic and is
likely functional in aqueous environments such as the
cytoplasm or extracellular fluid.

InSETG-4 is induced by multiple DNA-damaging agents
The expression of InSETG-4 was found to be induced
by etoposide in our previous study [19], suggesting the
involvement of InSETG-4 in the DNA damage response.
Here, we further investigated the response of InSETG-4
expression to various DNA-damaging conditions using
RT-qPCR with primers common to the three InSETG-
4A/B/C transcripts (Fig. 3B).

To investigate the kinetics of InSETG-4 induction by
etoposide in K562 cells, we performed a time course
treatment and found that the peak induction was
observed at 24 h of the treatment (Fig. 6A, Additional
file 1: Table S7). Subsequently, we examined InSETG-4
expression in response to 24 h of etoposide treatment
across six human cell lines (K562, 293FT, UT-7, LAMA-
84, HepG2, and HeLa) and found that the gene was
induced in all the cell types (Fig. 6B, Additional file 1:

Table S7). Notably, K562 cells exhibited the highest lev-
els of InSETG-4 expression both before and after the
etoposide exposure (Fig. 6B, Additional file 1: Table S7).
In addition to etoposide, InSETG-4 was induced by three
other DNA-damaging agents that are known to cause
various types of DNA lesions [41-43]: methyl methane-
sulfonate (MMS), hydrogen peroxide (H,0,), and X-ray
irradiation (Fig. 6C, D, Additional file 1: Table S7). Both
MMS and H,0, significantly induced InSETG-4 expres-
sion 24 h after treatment (Fig. 6C), suggesting a general-
ized response of InSETG-4 to DNA damage. InSETG-4
was also significantly induced by X-ray irradiation,
with the peak induction occurring 6 h post-irradiation
(Fig. 6D, Additional file 1: Table S7). Altogether, these
findings indicated that InSETG-4 consistently responds
to various forms of DNA damage across different cell
types.

All of the four DNA-damaging agents tested above
can cause single- and double-strand DNA breaks among
other types of DNA damage [21, 41-45]. To test whether
the known signal transduction pathways that mediate cel-
lular response to DNA breaks are involved in the induc-
tion of InSETG-4, we employed inhibitors targeting three
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key protein kinases: ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad3 related (ATR), and DNA-
dependent protein kinase catalytic subunit (DNA-PKcs).
These kinases are the most upstream kinases of DNA
damage response pathway [46]. They belong to the phos-
phoinositide 3-kinase (PI3K)-related kinases (PIKKs)
family, with ATM and DNA-PKcs primarily induced by
DNA double-stranded breaks (DSBs), while ATR mainly
responds to single-stranded DNA (ssDNA) regions arise
during DNA replication [47]. Recruited to DNA dam-
age sites, these kinases activate diverse downstream pro-
cesses of DNA damage response, including DNA repair,
cell cycle control, senescence, and apoptosis [47]. The
induction of InSETG-4 was suppressed, albeit not sig-
nificantly, by the individual treatments with the ATR
or DNA-PKcs, but not by the ATM inhibitors (Fig. 6E,
Additional file 1: Table S8). However, the induction was
totally abolished by the DNA-PKcs inhibitor in combi-
nation with either the ATR or ATM inhibitor (Fig. 6E,
Additional file 1: Table S8). On the other hand, the

combination of the ATR and ATM inhibitors did not sup-
press the induction more than the ATR inhibitor by itself.
These results suggested that full induction of InSETG-4
by the etoposide treatment is mediated by the combined
activities of DNA-PKcs and either ATR or ATM. Con-
sistent with this, the treatment with all three inhibitors
together completely abolished the induction of InSETG-4
by etoposide (Fig. 6E, Additional file 1: Table S8). In sum-
mary, all three canonical DNA break signaling pathways
are involved in the regulation of InSETG-4’s expression in
a redundant fashion.

Cell-specific expression of INSETG-4

InSETG-4, located in the genomic “dark matter” region,
exhibits relatively lower abundance compared to a typi-
cal protein-coding gene. Based on the bulk-cell RT-qPCR
analysis, the highest expression level was still ~10,000-
fold lower than that of GAPDH mRNA estimated to
be present at~1000 copies per cell in K562. These
results implied that [nSETG-4 might be expressed in
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a sub-population of K562 cells. To further explore the
expression and sub-cellular localization of the InSETG-4
transcripts, we employed amplification-based single-
molecule fluorescence in situ hybridization (asmFISH)
method that can detect single RNA molecules in indi-
vidual cells [48]. For this experiment, we used DNA liga-
tion probes (DLPs) designed against the shared sequence
of InSETG-4A and InSETG-4C, as well as for InSETG-4B
(Fig. 7A), using DLPs targeting the bacterial DapB gene
as the control.

To validate the specificity of the asmFISH method for
InSETG-4 detection, we applied it to cells treated with
etoposide or DMSO. Since the InSETG-4 transcripts
were induced by etoposide as detected by RT-qPCR, we
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expected to observe the same by asmFISH. The etoposide
treatment significantly increased the median fractions
of cells containing [nSETG-4 transcripts from 3.1% for
InSETG-4A/C and 0.5% for InSETG-4B to 9.4% and 2.6%,
respectively (Fig. 7B, Additional file 1: Table S9). The
treatment also increased the median average copy num-
ber of InSETG-4 transcripts per cell from around 0.04 for
InSETG-4A/C and 0.008 for InSETG-4B to 0.16 and 0.03
by 4.1- and 4.4-folds, respectively (Fig. 7C, Additional
file 1: Table S9).

While the majority of the InSETG-4-positive cells con-
tained only one copy of the InSETG-4 transcript (63.7%
for InSETG-4A/C and 80.3% for InSETG-4B), a subset
of these cells had multiple copies, with as many as 11
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Fig. 7 Single-cell analysis of the InSETG-4 expression using the asmFISH assay. A Schematic diagram of the locations of probes

for the amplification-based single-molecule fluorescence in situ hybridization (asmFISH) assay. Two pairs of the DNA ligation probes (DLPs)

for asmFISH were designed for InSETG-4A/C and InSETG-4B as indicated by the purple and red arrows, respectively. B-D Statistical analysis

of the asmFISH assay results based on the ratio of InSETG-4 transcripts positive cells (B), average transcript copies per cell (C), and transcript copies
per positive cell in etoposide-treated cells (D). In panels B and C, statistical significances were calculated using two-sided Wilcoxon rank sum test,
with the p values indicated in the figures. E, F Microscopy images showing the expression of InSETG-4A/C (magenta) (E) and InSETG-4B (red) (F)

in K562 cells exposed to etoposide (180 pM) for 24 h. The blue DAPI stain marks nuclei. The bacterial DapB gene was used as the negative control.

InSETG-4 loci are indicated by white arrows. Scale bar: 5 um
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copies of InSETG-4A/C observed in etoposide-treated
cells (Fig. 7D, Additional file 1: Table S10). Figure 7E and
F illustrates representative cells with relatively high cop-
ies of InSETG-4 transcripts, which exhibited punctate
patterns and were predominantly located in the cytosol.
No signal was observed with the control bacterial DapB
probes (Fig. 7E and F). Overall, the results of asmFISH
were consistent with those of RT-qPCR and showed that
the expression of [InSETG-4 is limited to a sub-population
of K562 cells. This analysis also revealed heterogeneity of
the copy number of InSETG-4 per cell, with some cells
having relatively high levels of these transcripts.

Discussion

This study showcases a path from the initial identification
of a novel-predicted functional exon InSETe-60 in the
human genome to the discovery and initial characteri-
zation of a novel gene to which this exon belongs using
a targeted RNA enrichment technique RACE-Nano-
Seq. We have shown that the novel gene, named by us
InSETG-4, encodes a novel protein that has no homologs
among known proteins or known amino acid motifs. By
virtue of being induced by several DNA damage treat-
ments, in multiple cell types, and more importantly by
showing that the induction is mediated by some of the
canonical DNA damage response pathways, it appears
that the gene might represent a novel component of DNA
damage response. This aligns with our previous findings
from the phenotypic screen in which inactivation of the
novel exon InSETe-60 led to a reduced cell survival in
response to the etoposide treatment which causes DNA
breaks [19]. However, additional studies are required
to pinpoint the exact function of InSETG-4 transcripts
within the DNA damage response.

The analysis of the CAGE dataset from the FAN-
TOM 5 consortium generated from hundreds of diverse
human cell types [22, 23] did not reveal a cell type where
the expression of this gene is much higher. The high-
est level of InSETG-4 expression was found in primary
CD14+monocytes and it was similar to that in K562
cells (Additional file 1: Table S2). Furthermore, even after
induction by DNA damage, the expression of InSETG-4
is confined to a sub-population of K562 cells. Therefore,
this gene does appear to have a very restricted pattern of
expression. Previous single-cell analyses have revealed
that transcripts with low or undetectable expression
levels in bulk samples can be highly abundant in spe-
cific cell types [6-8]. The uneven distribution holds
true even in cultured cell lines previously considered to
be more homogenous [6], consistent with our asmFISH
results. One possible explanation for the uneven expres-
sion level of InSETG-4 among sub-populations of cells
is a higher level of DNA damage in these cells. However,
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other factors such as cell-to-cell variation in cell-cycle
stage, differentiation state, metabolic activity, and epige-
netic modifications could also cause the observed vari-
ability. These observations suggest that low-abundant
transcripts, often considered transcriptional noise, may
instead have specialized function and/or function only
in specific cell types or sub-population of cells. Such
transcripts can be easily missed in genome-wide tran-
scriptome surveys and instead, require targeted RNA
enrichment techniques for detection [15].

Our results highlight the complexity of the informa-
tion encoded in the human genome. Overall, our data
suggested that at the very least, 48 novel transcripts are
produced by the InSETG-4 locus in K562 cells. However,
the combinations of the transcript diversity revealed by
5" and 3' RACE-Nano-Seq suggested that this number
could be at least an order of magnitude more. Further-
more, some EEJs, TSSs and TTSs were found only using
specific anchor exons, suggesting that increasing the
number of anchor exons might significantly increase the
number of novel transcripts just in this one cell type.
Expansion of this analysis to other cell types could reveal
even more transcripts emanating from this locus. Inter-
estingly, all three transcripts from this locus tested in this
study appear to function as mRNAs, albeit with varying
efficiency that is most likely due to the differences in their
3' UTR sequences. However, as shown in Fig. 2, we found
alternative splicing events in the exons that encode the
ORE, therefore it is likely that the InSETG-4 locus pro-
duces more than one amino-acid sequence.

The findings from this study also highlight the fact that
the existing annotations are far from being complete.
These results are consistent with the estimates from
other researchers that, despite the completion of the ini-
tial human genome sequencing over two decades ago, the
exact number of protein-coding genes is still unknown
[18, 49]. Current tools for gene prediction and annotation
have limitations, as demonstrated by the identification
of novel peptides or proteins derived from non-coding
RNAs or non-canonical ORFs that are not included in
existing annotation databases [19, 50-53]. The case of
InSETG-4 exemplifies some of the problems and chal-
lenges faced by the discovery of protein-coding genes.
First, both the lack of homologs among other known
proteins and the absence of the known domains would
hamper the bioinformatic predictions of such sequences.
Second, the above problem would be exacerbated by the
relatively short length of the amino acid sequence. Third,
the restricted pattern of expression would complicate
the detection of such transcripts using traditional whole-
genome transcriptome surveys. Fourth, the complexity
of the transcriptional output from the locus would limit
the utility of the short-read next-generation sequencing
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techniques commonly used for the whole-genome tran-
scriptome analyses. Overall, this study shows that the
current annotations of the human genome and human
proteome are far from completion.

Conclusions

Complete and accurate annotation of the genome is obvi-
ously the basic foundation for understanding the biologi-
cal processes happening in the cell and interpretation of
information encoded in the sequence. The case of the
InSETe-60—an in silico predicted exon later shown to
have functional relevance—serves as another illustration
of this basic premise. The exon was originally predicted
to be a part of a IncRNA, which appears to be a minor
product from the locus, particularly in K562 cells where
InSETe-60 was shown to be functional. Instead, the more
extensive annotation efforts performed here suggest that
InSETe-60 appears to function via being a part of a novel
protein-coding gene. This realization in turn would lead
to very different experimental strategies to fully under-
stand the functionality of the DNA sequence encoding
this exon. We believe that the lessons learnt here with
InSETe-60 are applicable to any genomic sequence and
emphasize the need for targeted RNA enrichment meth-
ods and advanced sequencing techniques to refine our
understanding of the human genome. Targeted RNA
sequencing strategies such as RACE-Nano-Seq or Cap-
tureSeq [13, 14] should be routinely used to uncover the
true complexity of genomic regions of interest, especially
those that are currently poorly understood. Finally, our
results show that the current list of the human protein-
coding genes is incomplete and raise a question of how
many such genes still remain to be discovered.

Methods
Biological resources
The human chronic myeloid leukemia cell line K562 and
human hepatoma/hepatoblastoma cell line HepG2 were
obtained from Cell Bank of Chinese Academy of Sciences
(Shanghai, China). The human cervix carcinoma cell line
HeLa, acute myeloid leukemia cell line UT-7, chronic
myeloid leukemia in blast crisis cell line LAMA-84, and
human embryonal kidney cell line 293FT were obtained
from the Cell Resource Center, Peking Union Medical
College (which is part of the National Science and Tech-
nology Infrastructure, the National Biomedical Cell-Line
Resource, NSTI-BMCR. http://cellresource.cn/) (Beijing,
China). All cell lines were authenticated by short tandem
repeat (STR) profiling and not tested for mycoplasma
contamination.

The K562, HepG2, HeLa, UT-7, and LAMA-84 cell
lines were grown in RPMI 1640 medium (Gibco) and
293FT were cultured in DMEM high glucose medium
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(Gibco). All media were supplemented with 10% fetal
bovine serum (FBS) (ExCell Bio, Uruguay) and 1% peni-
cillin—streptomycin (PS) (Gibco), except for the media
used for LAMA-84, which contained 20% FBS. The
media for UT-7 also contained 5-7 U/mL erythropoietin
(Proteintech). All cell lines were maintained at 37°C in 5%
CO,.

RACE-Nano-Seq

PolyA + RNA isolation

K562 cells were seeded at a density of 0.5 10° cells /mL
and cultured for 16 h prior to etoposide treatment. The
cells were then treated with 90 uM etoposide (Abmole)
for 36 h. Total RNA was extracted using TRNzol Univer-
sal (Tiangen, DP424) and the Total RNA Kit I (Omega,
R6438-02) according to the manufacturer’s instructions.
PolyA 4+ RNA was isolated from total RNA using mRNA
capture beads (VAHTS, N401).

RACE and nanopore sequencing

Separate reactions were conducted for the 5° RACE and
3' RACE for each anchor exon essentially as described
in our previous publication [19]. All RACE primers are
listed in Additional file 1: Table S11. The 5 RACE and 3’
RACE products from each reaction were mixed in equal
volumes and purified with two volumes of VAHTS DNA
Clean Beads (Vazyme) to a final volume of 50 pL. The
concentrations were measured using Merinton SMA6000
spectrophotometer. The pooled products of 5' RACE and
3' RACE were sequenced using Oxford Nanopore Tech-
nologies platform by BENAGEN Corporation (Wuhan,
China). The sequencing library was prepared with the
Ligation Sequencing Kit (SQK-PCS109) from Oxford
Nanopore Technologies Inc. (Oxford, UK). Sequencing
was performed on a FLO-PRO002 R10.4 flow cell using
Oxford Nanopore PromethION (Oxford Nanopore Tech-
nologies Inc., Oxford, UK). A total of 23.2 GB of raw data
were obtained after 48 h of sequencing. The reads were
based-called in real-time using MinKNOW (v20.10.6)
and integrated with Guppy (v4.2.3).

Data analysis

Raw nanopore sequencing data were initially filtered to
retain sequences with an average quality score of 7 or
higher, resulting in 18.0 GB of clean data. Subsequently,
the filtered reads were aligned to the human GRCh38/
hg38 reference genome using Minimap2 (v2.24-r1122)
in spliced alignment mode with the command: mini-
map2 -ax splice -ub -G400000 --end-seed-pen 30 [54].
The “-ub” option was used to find “GT-AG” splice junc-
tions on both strands, the “-G400000” option allowed a
maximum intron length of 400,000 nucleotides, and the
“--end-seed-pen 30” option helped to avoid tiny terminal
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sequences. Supplementary and low-quality alignments
were filtered out using SAMTools (v1.10) with the com-
mand: samtools view -FOX900 -q 60 [55]. High-quality
alignments were then aligned to anchor exons using the
“intersect” function of the BEDTools suite (v2.30.0) [56].
To determine the TSSs or TTSs of InSETG-4, we first
ensured that the reads mapped to the appropriate strand
of the gene. Subsequently, the TSSs or TTSs were defined
as the first or last aligned bases of the respectively 5' or
3' RACE-Nano-Seq reads. The normalized abundance of
TSSs or TTSs was calculated using the following formula:

C x 1000
T

Normalized abundance =

where C represents the counts of each TSS or TTS
from respectably 5' or 3' RACE-Nano-Seq assays, and T
denotes the total number of reads in the corresponding
assay.

The overlap analysis of the TSSs of InSETG-4A/B/C
transcripts with FANTOM 5 CAGE tags was conducted
using the “window” function in the BEDTools suite [56].
The parameters used were “-1 10 -r 10 -sm” in order to
include 10 bases upstream and downstream of the TSSs
and to ensure strand-specific matches.

Protein-coding potential assessment using in vivo
fluorescence marker analysis

The ORF prediction of the InSETG-4A, InSETG-4B, and
InSETG-4C transcripts were predicted using ORFfinder
(https://www.ncbi.nlm.nih.gov/orffinder/). The sequence
encoding GFP was inserted in-frame after the major pre-
dicted 151 aa ORF in each InSETG-4A/B/C sequence and
cloned into a CMV promoter-driven expression vector.
The CMV-ORF-GFP vectors were constructed by Syn-
genTech Corporation (Beijing, China). Plasmids were
isolated using the PureLink™ HiPure Plasmid Midiprep
Kit (Invitrogen, K21005). The vectors were transfected
into 293FT cells using the EpFed™ transfection rea-
gent (SyngenTech). As controls, 293FT cells were either
transfected with GFP-overexpressing vectors (positive
control) or left untransfected (negative control). Fluo-
rescence was observed 48 h post-transfection using a
fluorescence microscope (Observer.D1, Zeiss, US). GFP
fluorescence was quantified by flow cytometry (Cyto-
flex LX, Beckman Coulter, US), and data were analyzed
with FlowJo software. The experiment included three
biological replicates, each with three technical replicates
for flow cytometry analysis. To determine the subcel-
lular localization of the protein encoded by InSETG-4,
293FT cells were transfected with the ORF-GFP fusion
of InSETG-4C as described above. After the transfection,
the cells were stained with 1xHoechst 33,342 Staining
Solution for Live Cells (Beyotime, C1028, China) for 10
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min to visualize the nuclei. The stained cells were then
examined using a Leica TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany).

LC-MS/MS analysis

Sequences of the InSETG-4A, InSETG-4B, or InSETG-
4C transcripts were cloned into a CMV promoter-driven
expression vector containing GFP driven by the EFla
promoter in the opposite orientation. The vectors were
transfected into 293FT cells using the EpFed™ transfec-
tion reagent (SyngenTech). GFP + cells were sorted using
a CytoFLEX SRT flow cytometer (Beckman Coulter, US)
and subsequently subjected to total protein extraction.
Cells were lysed using 1% sodium deoxycholate (SDC)
solution (1% SDC in pH 8 Tris—HCI buffer, containing
1 X protease inhibitor cocktail (APExBIO, K4001)) and
sonicated with a BIORUPTOR PLUS (DIAGENODE) at
high power for 30 s on and 30 s off for 5 cycles. Protein
concentration was measured using a BCA Protein Assay
Kit (GLPBIO, GK10009) on a Tecan Spark multimode
microplate reader.

Protein solutions were subjected to in-solution trypsin
digestion (SignalChem, T575-31N-100) and subsequently
dried. Samples were then analyzed on an EASY-nLC
1200 (Thermo Scientific) coupled to an Orbitrap Fusion
Lumos (Thermo Scientific) equipped with an EASY-IC
ion source. The peptides were dissolved in 10 pl 0.1% for-
mic acid and auto-sampled directly onto a homemade
C18 column (35 cm X 75 pm i.d., 2.5 um 100 A). The sam-
ples were eluted over 120 min with linear gradients of
3-35% acetonitrile in 0.1% formic acid at a flow rate of
300 nL/min. The raw files were analyzed using Proteome
Discoverer 2.5 software against all IlnSETG-4 predicted
OREFs.

InSETG-4 ORFs were predicted using ORFfinder
(v0.4.3,  https://ftp.ncbi.nlm.nih.gov/genomes/TOOLS/
ORFfinder/linux-i64/). The following parameters were
applied: “-ml 30 -s 0 -strand plus’;, “-ml 30 -s O -n true
-strand plus’, “-ml 30 -s 1 -strand plus’, and “-ml 30 -s 1
-n true -strand plus”. Here, “-ml 30” specifies a minimum
OREF length of 30 nucleotides. The “-s 0” uses the initia-
tion codon “ATG” only, while “-s 1” includes both “ATG”
and alternative initiation codons. The “-n true” option
ignores nested ORFs (default is false), and “-strand plus”
outputs ORFs on the plus strand only. All predicted ORFs
obtained using these parameters were combined, and
duplicates were removed using SeqKit (v2.5.0) [57] with
the command “seqkit rmdup -s -i”

The homology analysis was conducted using BLASTP
[38] against the non-redundant protein sequences (nr)
database. The motif analysis was performed using two
online resources: PROSITE (https://prosite.expasy.org/
scanprosite/) [39] with default settings and Motif Scan
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(https://myhits.sib.swiss/cgi-bin/motif_scan/) [40]
against all available motif collection. The physicochemi-
cal properties of the protein were predicted using Prot-
Parm web server (https://web.expasy.org/protparam/)
[58].

Treatment of cells with DNA-damaging reagents

For the chemical treatments, all cell lines were seeded
at the density of 0.5x10° cells /mL in 2 mL of medium
without PS for 16 h before the treatment. For etoposide
time-course treatment, K562 cells were treated with 90
UM etoposide (Abmole Bioscience Inc.) or 0.1% (v/v)
DMSO as a control at various time points: 0, 3, 6, 12, 24,
and 36 h. Each time point included two biological repli-
cates. For the treatment of etoposide across different cell
lines, K562, HepG2, Hela, UT-7, LAMA-84, and 293FT
cells were treated with 90 uM etoposide or 0.1% (v/v)
DMSO as a control for 24 h, with three biological repli-
cates per condition.

For the treatments with MMS or H,0,, K562 cells were
exposed to 1 mM MMS (Sigma, 129,925) or 1.5 mM
H,0O, (Caoshanhu, China) for 24 h. Controls were 0.1%
(v/v) DMSO for MMS treatment and 0.1% (v/v) H,O
for H,O, treatment. Three biological replicates were
performed.

For the treatment with the inhibitors of DNA-PKcs,
ATM, and ATR, K562 cells were treated with 90 puM
etoposide in combination with one or more of DNA
damage sensor inhibitors for 24 h. The inhibitors used
were ATM inhibitor KU-60019 (17 yuM), ATR inhibi-
tor AZ20 (7 uM), and DNA-PKcs inhibitor NU7441 (5
uM) (all from Abmole Bioscience Inc.). The treatment
groups were: KU60019 +etoposide, AZ20+ etoposide,
NU7441 + etoposide, KU-60019 + AZ20 + etoposide,
KU-60019 + NU7441 + etoposide, AZ20 + NU7441 + etopo-
side, and KU-60019 + AZ20+NU7441 + etoposide. Each
combination was tested with three biological replicates.

For the X-ray treatments, K562 cells were seeded at the
density of 0.25x 10° cells/mL in 30 mL of medium with-
out PS for 16 h before X-irradiation. The cells were then
exposed to 50 Gy using an RS2000 X-ray irradiator (Rad-
source Technologies Asia Limited, 160 kV, 25 mA), with
unexposed cells serving as the control. After irradiation,
2 mL of cells were seeded into 6-well plates and further
incubated of 3, 6, 12, 24, and 48 h. Three biological repli-
cates were performed.

Total RNA from all the samples was extracted using
TRNzol Universal (Tiangen, DP424) and total RNA kit
I (Omega, R6438-02) according to the manufacturer’s
instructions. Total RNA quantification was performed
using a Merinton SMA6000 spectrophotometer for sub-
sequent experiments.
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Isolation of cytosolic and nuclear RNA

K562 cells treated with 90 puM etoposide for 24 h were
lysed in 175 uL of pre-chilled lysis buffer (50 mM Tris—
HCI (Thermo Scientific), 140 mM NaCl (Thermo Scien-
tific), 1.5 mM MgCl, (Thermo Scientific), 0.5% Nonidet
P-40 (VWR), 1000 U/mL RNase inhibitor (Takara), and
1 mM DTT (Thermo Scientific)) and incubated on ice
for 5 min. The lysate was centrifuged at 300 g for 2 min
at 4 °C, and the supernatant containing the cytosol was
transferred to a new tube. The nuclei and cell debris were
washed twice with 500 pL of cold 1xPBS, followed by
centrifugation at 1500 rpm for 5 min at 4 °C, after which
the supernatant was discarded. Cytosolic and nuclear
RNA were then extracted using TRNzol Universal (Tian-
gen, DP424) and Total RNA kit I (Omega, R6438-02)
according to the manufacturer’s instructions. RNA quan-
tification was performed using a Merinton SMA6000
spectrophotometer for subsequent experiments.

RT-qPCR

cDNA synthesis was carried out with the PrimeScript
II 1st strand ¢cDNA Synthesis Kit (Takara, 6210A). RT-
qPCR was conducted using PowerUp SYBR Green Mast
Mix (Life Technologies) on an Mx3005P cycler (Agilent
Technologies). For samples without a Ct value, a Ct value
of 40 was assigned, as 40 cycles of amplification were per-
formed. The RT-qPCR primers are listed in Additional
file 1: Table S12.

AsmFISH analysis

AsmFISH was performed following the procedure
reported previously [48] with K562 cells treated with
etoposide (180 uM) or DMSO as a control for 24 h. The
images were acquired with a Leica DM6B fluorescence
microscope (Leica Microsystems, Wetzlar, Germany). For
each sample, five to seven fields of view were analyzed.
Quantitative analysis of the images was carried out using
CellProfiler (v4.2.6) software [59]. The asmFISH probes
are listed in the Additional file 1: Table S13.

Abbreviations

AsmFISH Amplification-based single-molecule fluorescence in situ
hybridization

ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasia and Rad3 related

CACF Cluster affecting cellular fitness

CAGE Cap analysis of gene expression

cCRE Candidate cis-regulatory element

ChIP-seq Chromatin immunoprecipitation sequencing

DLP DNA ligation probe

DNA-PKcs DNA-dependent protein kinase catalytic subunit

DSB Double-stranded break

EEJ Exon—exon junction

EST Expressed sequence tag

FBS Fetal bovine serum

GFP Green fluorescent protein

GRAVY Grand average of hydropathicity
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H,0, Hydrogen peroxide

IACF Insertion affecting cellular fitness
LncRNA Long non-coding RNA

MFI Mean fluorescence intensity

MMS Methyl methanesulfonate

MS Mass spectrometry

NMD Nonsense-mediated mRNA decay
nr Non-redundant protein sequences
nt Nucleotide

ORF Open reading frame

pl Isoelectric point

PI3K Phosphoinositide 3-kinase

PIKK PI3K-related kinase

PS Penicillin-streptomycin

RACE Rapid amplification of cDNA ends
RACE-Nano-Seq  RACE coupled with nanopore sequencing
SD Standard deviation

SDC Sodium deoxycholate

sSDNA Single-stranded DNA

STR Short tandem repeat

TSS Transcription start site

TTS Transcription termination site
uORF Upstream ORF

UTR Untranslated region

VIincRNA Very long intergenic non-coding RNA
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