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The three-stranded DNA-RNA triplex hybridization is involved in various bio-
logical processes, including gene expression regulation, DNA repair, and
chromosomal stability. However, the DNA-RNA triplex mediating mechanisms
underlying tumorigenesis remain to be fully elucidated. Here, we show that
peptidylprolyl isomerase A (PPIA) serves as anchor to recruit GAUI IncRNA by
interacting with exon 4 of GAUI and enhances the formation of SENP5/GAUI
DNA-IncRNA triplex. Intriguingly, TFR4 region of GAUI exon 3 and TTS4 region
of SENP5 promoter DNA constitute fragments forming the SENP5/GAUI triplex.
The SENP5/GAUI triplex subsequently triggers the recruitment of the methyl-
transferase SET1A to exon 1 of GAUI, leading to the enrichment of H3K4 tri-

methylation and the activation of SENPS transcription for driving the
tumorigenesis of gastric cancer in vitro and in vivo. Our study reveals a
mechanism of PPIA-guided SENP5/GAUI DNA-IncRNA triplex formation in
tumorigenesis and providing a concept in the dynamics of isomerase assisted
DNA-RNA hybridization.

DNA-RNA hybridization is a process in which single-stranded or
double-stranded DNA pairs with single-stranded RNA through base
complementarity pairing forming a heteroduplex or a triplex
structure™’. Depending on the mode of pairing, RNA can create R-loops
with single-stranded DNA or form DNA-RNA triplexes with double-
stranded DNA'?. Specifically, DNA-RNA triplexes are formed through
complementary base pairing between RNA strands and purine-rich
DNAs, relying on Hoogsteen hydrogen bonds for stability’. Compared
to traditional Watson-Crick base pairing, Hoogsteen hydrogen bonds
are more flexible, that RNA can bind to the genome more widely and
flexibly, thereby providing increased plasticity for dynamic interac-
tions between molecules®. Computational analysis has unveiled
numerous potential triplexes in the mammalian genome, with the

majority of annotated genes, promoters, and intergenic regions har-
boring at least one potential sequence for triplex formation®™,
Nonetheless, the precise functional roles of these triplexes remain to
be further explored. Therefore, the discovery of functional DNA-RNA
triplexes is of importance for a comprehensive understanding of bio-
logical processes.

Although the DNA-RNA triplex was identified from a structural
standpoint in 1957, the physiological functions of triplexes have only
begun to be uncovered in recent years". Studies have demonstrated
that DNA-RNA triplexes play a diverse array of roles in various cellular
processes, including transcriptional regulation, DNA replication and
repair, telomere maintenance, genome stability, and RNA
processing”?"®. The non-coding RNA (ncRNA) derived from the
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secondary promoter of DHFR can form a triplex structure with the
G-track sequence in the primary promoter, preventing the formation
of a transcription initiation complex and inhibiting the transcription of
DHFR mRNA"™. Promoter-associated RNA (pRNA) can form a triplex
structure with the rRNA promoter sequence. This pRNA-rRNA triplex
recognizes the DNA methyltransferase DNMT3b and promotes het-
erochromatin formation at the rDNA promoter, ultimately leading to
the silencing of rRNA transcription®. Studies have confirmed that
ncRNA can participate in triplex formation, as a subtype of ncRNA,
long non-coding RNA (IncRNA) has also attracted significant research
interest in the field of triplex formation®. Recent studies have indicated
that IncRNA-mediated triplexes play a wide-ranging role in stem cell
differentiation, angiogenesis, cell proliferation, and epigenetic reg-
ulation. LncRNA HOTAIR can form DNA-RNA triplexes with both the
PCDH7 promoter and the HOXB2 promoter, influencing the differ-
entiation of mesenchymal stem cells®. The IncRNA HIF-a-AS1 forms an
EPHA2-HIF-a-ASI triplex with intron 1 of EPHA2, ultimately repressing
angiogenesis by reducing EPHA2 gene expression'®. KCNQIOTI IncRNA
forms a DNA-RNA triplex structure by pairing with Alu and L1 repeat
element-rich regions, binding to heterochromatin protein HP1a, and
guiding epigenetic silencing of specific repeat DNA elements”. How-
ever, the currently functionally characterized DNA-IncRNA triplexes
represent only a small fraction of the overall landscape. Therefore, the
exploration of potential functions of DNA-IncRNA triplexes in patho-
logical processes is potentially interesting.

Studies have shown that DNA-IncRNA triplexes exert various roles
in tumorigenesis by recruiting and excluding regulatory factors at
specific genomic loci'. LncRNA MATI blocks the interaction between
the MLL1 complex and PCDH20 promoter through the formation of
DNA-RNA triplex structure, inactivating the transcription of the tumor
suppressor PCDH20 and accelerating tumorigenesis'®. The IncRNA
Khpsl forms a DNA-RNA triplex with the SPHKI promoter, recruiting
the histone acetyltransferase p300/CBP to the SPHK1 promoter, lead-
ing to localized changes in chromatin structure, ultimately resulting in
the activation of the oncogene SPHKI transcription'’. However, the
DNA-IncRNA triplex mediating mechanisms underlying tumorigenesis
remain to be fully understood.

In this work, we aim to identify the mechanism of DNA-IncRNA
triplex that regulates gastric tumorigenesis on the example of IncRNA
GAUI and elucidate the pivotal factors responsible for orchestrating
triplex formation within tumors. Through an integrated analysis of
Triplex-seq and ChIP-seq, we identify a triplex driver PPIA that recruits
IncRNA GAUI to the SENP5 promoter, regulating the formation of
SENPS5/GAUI triplex to accelerate tumor progression by activating
oncogene SENPS, thereby providing a concept for understanding the
dynamics of DNA-IncRNA triplex in the context of tumorigenesis.

Results

GAUI served as an oncogenic long non-coding RNA in

gastric cancer

To investigate the DNA-IncRNA triplex mediating mechanisms under-
lying tumorigenesis, suitable functional IncRNA candidates involved in
regulating tumorigenesis were identified as the first step. We focused
on the GAUI IncRNA that we discovered and named?®’. Subsequently,
employing bioinformatics prediction, we ascertained the potential of
GAUI to form DNA-IncRNA triplexes across the entire genome. We
found that there was a total of 48,086 genomiic sites with the potential
to engage in triplex formation with GAUI (Supplemental Data 1). Next,
we investigated the expression of GAUI in various types of tumors. The
Cancer Genome Atlas (TCGA) database analysis revealed that GAUI
exhibited higher expression in gastric cancer, colorectal cancer, and
tenosynovial giant cell tumor, whereas its expression was lower or
even absent in normal cells (Fig. 1A). Considering that our previous
investigations have already substantiated the overexpression of GAUI
in colorectal carcinomas, we have opted to concentrate our

subsequent analytical efforts on gastric cancer, a ubiquitously
encountered malignancy, serving as a paradigmatic model for our
research endeavors. As expected, we initially observed elevated levels
of GAUI expression in three human gastric tumor cells, including AGS,
MGC803, and KATOIII (Fig. 1B, lanes 2-4 and 1C, square, triangle and
inverted triangle) in contrast to the normal human gastric mucosal
epithelial cell GES-1 (Fig. 1B, lane 1 and 1C). Next, we conducted a rapid
amplification of cDNA ends (RACE) assay to detect the full-length
transcript of GAUI. RACE assay revealed a 1249 bp full-length GAUI
transcript with four exons (Supplementary Fig. 1A, B). We further
examined the cellular location of the mature GAUI transcript. By iso-
lating nuclear and cytoplasmic RNA, we demonstrated that GAUI was
predominantly localized in the nucleus of AGS, MGC803, and KATOIII
cells. We found that 72.6% of GAUI was localized within the nucleus of
AGS cells, 77.9% within the nucleus of MGC803 cells, and 69.6% within
the nucleus of KATOIII cells (Fig. 1D). We designed specific probes for
GAUI, a nuclear positive control U2 probe, and a cytoplasmic positive
control GAPDH probe to investigate the subcellular localization of
GAUI. Through RNA fluorescence in situ hybridization (RNA-FISH)
experiments, we found that the majority of the GAUI signal highly
overlapped with the nucleus, further substantiating that GAUI pri-
marily localizes within the nucleus (Fig. 1E). Subsequently, we
employed the CRISPR/Cas9 system to simultaneously knockout exons
2-3 and exon 4 of the GAUI (Supplementary Fig. 2A) and observed that
the expression of GAUI in tumor cells was reduced to 1.3-6.2% of the
original level (Fig. IF and G). Additionally, we assessed the expression
levels of GAUI exon 1 following the knockout of exons 2-3 and exon 4.
We indicated a significant decline in the expression of GAUI exon 1
concurrent with the removal of exons 2-4 (Fig. 1H). Next, we con-
ducted in vitro colony formation assays to evaluate the potential of
GAUI in promoting tumor formation. After GAUI knocking out, we
observed that the number of viable single-cell colonies significantly
decreased, dropping to approximately 25-35% (Supplementary
Fig. 2B, lanes 2-3 and Supplementary Fig. 2C, square and triangle) as
compared to the empty vector group (Supplementary Fig. 2B, lane 1
and Supplementary Fig. 2C, circle). To evaluate the impact of GAUI on
tumor metastasis in vitro, we carried out the transwell assay. The
results indicated a significant reduction in the migratory capability of
the three tumor cells following GAUI knockout (Supplementary
Fig. 2D, lanes 2-3) as compared to the empty vector group (Supple-
mentary Fig. 2D, lane 1). Quantitative analysis using Microplate Spec-
trophotometer following elution with glacial acetic acid revealed that
the migration rate was reduced by 56-73% following GAUI knockout
(Supplementary Fig. 2E, square and triangle) as compared to the empty
vector group (Supplementary Fig. 2E, circle) in AGS, MGC803, and
KATOIII cells. Therefore, the IncRNA GAUI plays an oncogene role in
gastric tumor cells in vitro.

To further investigate the oncogenic function of GAUI IncRNA in
vivo, we conducted animal experiments using a subcutaneous xeno-
graft model in nude mice. The mice were injected with GAUI empty
vector and two GAUI KO cells (KO1 and KO2) in the left underarm, with
2 million tumor cells per mouse (Supplementary Fig. 3A). After tumor
formation, tumor volume was measured every three days. On day 30,
euthanasia was performed on the mice, followed by tumor removal,
weight measurement, and photographic documentation. We demon-
strated a significant reduction in tumor volume and weight (Fig. 1I,
n=35) in the GAUI KO groups as compared to the empty vector group,
with tumor weight decreased by 66.7-85% (Fig. 1), square and triangle)
and tumor volume (**P<0.01) decreased by 73.7% (Fig. 1K, square).
Furthermore, knockout of GAUI significantly extended the lifespan of
mice (n=>5). At the conclusion of the 120-day experiment, only one
mouse had perished, whereas all mice in the empty vector group had
succumbed (Fig. 1L). In addition, to assess the metastasis potential of
GAUI, we established a metastatic mice model through intravenous tail
injection of gastric tumor cells in nude mice. Systemic metastasis was
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evaluated using bioluminescence and fluorescence imaging. We
revealed that knockout of GAUI impaired systemic and pulmonary
metastasis of gastric tumor cells and significantly inhibited tumor cell
growth. The luciferase signaling exhibited a significant reduction in
both proximal (lung) and distal (abdominal cavity) metastasis, as evi-
denced by a notable decrease in the total luciferase signal values per
animal in the GAUI-KO groups (Fig. IM). After 5 weeks, the mice were

sacrificed by cervical dislocation, and the lungs were collected for
further analysis. Histological examination confirmed smaller meta-
static nodules in the GAUI-KO groups as compared to the empty vector
group, indicating knockout of GAUI impaired lung seeding and growth
(Fig. IN 5 %, Supplementary Fig. 3B, 200 x and 400 x). Taken together,
these results demonstrate that GAUI plays a crucial role in promoting
tumor growth and metastasis in gastric tumors in vivo.
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Fig. 1| GAUI served as an oncogenic long non-coding RNA in gastric cancer.
A The expression profile of GAUI in various tumor and normal cell types, high-
lighted in red to denote high expression in tumors. B-C PCR and Real-time PCR
results demonstrated the expression levels of GAUI in tumor and normal cells
(Gastric cancer cells: AGS, P<0.0001; MGC803, P=0.0001; KATOIII, P<0.0001.
The normal cell was GES-1). Data are presented as mean + SD from three indepen-
dent experiments an unpaired two-tailed t-test. ***P < 0.0001 and **P < 0.001as
compared to the normal cell line GES-1. D Localization of mature GAUI transcripts
was determined. Representative blots from three independent experiments.
Source data are provided as a Source Data file. E Representative RNA-FISH images
showed that the GAUI signal overlapped with DAPI staining. The scale bars repre-
sent 10 pm. Representative images from three independent experiments. Source
data are provided as a Source Data file. F Real-time PCR (above) and G PCR (below)
analyses of GAUI CRISPR/Cas9 transcripts in AGS (P< 0.0001), MGC803
(P<0.0001), and KATOIII (P < 0.0001) cells. Data are presented as mean + SD from
three independent experiments an unpaired two-tailed t-test. ***P < 0.0001 com-
pared with the empty vector (Empty vector: (EV) cells were transfected with the
empty CRISPR/Cas9 vector. H The expression of exonl after GAUI exon2-3 and
exon4 knockout in AGS (P < 0.0001), MGC803 (P < 0.0001) and KATOIII

(P<0.0001) cells was analyzed by Real-time PCR. Data are presented as mean + SD
from three independent experiments an unpaired double-tailed T-test,

***+p < (0.0001. I Photographs of mouse xenograft tumors (n =35 mice). Repre-
sentative images from five independent samples. J Bar graphs showed the weight of
allograft tumors in mice treated with Empty vector (Circle), GAUI-KO1(Square,
P=0.0006), and GAUI-KO2 (Triangle, P < 0.0001), respectively. Tumor weight (mg)
was measured and presented as the mean + SD (n =5 mice) using an unpaired two-
tailed t test. ***P < 0.0001 and **P < 0.001. K Tumor sizes (mm?®) calculated as
length x width x width/2. Average volume of subcutaneous tumors after treatment
with Empty vector (Circle), GAUI-KO1 (Square, P=0.0323). Data are presented as
mean +SD (n =5 mice) using an unpaired two-tailed t-test. *P < 0.05. L Survival
analysis of mice following GAUI-KO (Red) or in the empty vector (Black) group
(n=S5 mice). Source data are provided as a Source Data file. M GAUI KO inhibited
the establishment of GC metastasis. In vivo total-body bioluminescence images of
nude mice (n =35 mice). Source data are provided as a Source Data file.

N Representative images of the histological analysis of lung seeding in mice (ori-
ginal magnification, 5%, scale bar: 500 pm). Representative images from five inde-
pendent samples. Source data are provided as a Source Data file.

p300 promotes H3K27 acetylation at the GAUI promoter

To elucidate the transcriptional activation mechanism of GAUI in
gastric tumor cells, we investigated changes in histone acetylation
and methylation at the GAUI promoter. Specific detection sites were
designed on the promoter (site b) and negative control site (site a) of
GAUI (Fig. 2A). Given the high expression of GAUI in gastric cancer,
we chose the active histone modifications H3K4 trimethylation
(H3K4me3) and H3K27 acetylation (H3K27ac) as the detected can-
didates. Using chromatin immunoprecipitation (ChIP) assays fol-
lowed by quantitative PCR (qPCR), we observed increased
enrichment of H3K27ac in the promoter of GAUI (site b) in AGS,
MGC803, and KATOIII gastric tumor cells (Fig. 2B, circle and Sup-
plementary Fig. 4A, left lanes 2-4) as compared to normal control cell
GES-1 (Fig. 2B and Supplementary Fig. 4A, left lane 1). However,
H3K4me3 at the GAUI promoter in gastric tumor cells showed no
significant changes as compared to normal GES-1 cells (Fig. 2B, dia-
mond and Supplementary Fig. 4A left lanes 2-4). Notably, no sig-
nificant changes were observed in H3K4me3 and H3K27ac at the
negative control site (site a) of GAUI in gastric tumor cells (Supple-
mentary Fig. 4B). Next, we focused on the acetylation modification of
acetyltransferase p300/CBP complex at the GAUI promoter.
Through ChIP-qPCR analysis, we showed stronger binding affinity at
GAUI promoter (site b) for p300 in gastric tumor cells (Fig. 2C, circle
and Supplementary Fig. 4A, right lanes 2-4) compared with GES-1
cells (Supplementary Fig. 4A, right lane 1), while no significant
changes were observed in CBP binding at GAUI promoter in gastric
tumor cells (Fig. 2C, diamond). Notably, there were no significant
changes observed in the binding of p300 and CBP at the negative
control site (site a) both in gastric tumor cells and normal cells
(Supplementary Fig. 4C). Subsequently, we selectively treated gastric
tumor cells with the p300-specific inhibitor C646 at concentrations
of 5uM and 10pM for 48 h. Through ChIP-gPCR analysis, we
observed a significant reduction in the binding affinity of p300 to the
promoter of GAUI (site b) with both C646 treatment at 5pM and
10 uM (Supplementary Fig. 4D), while the negative control site (site a)
showed no discernible change (Supplementary Fig. 4E). Through
ChIP-gPCR analysis of the modification status of H3K27ac on the
GAUI promoter (site b), we observed a significant decrease in
H3K27ac levels after p300 silencing using C646 treatment at 5 uM
and 10 pM (Fig. 2D), while the negative control site (site a) showed no
apparent change (Supplementary Fig. 4F). Next, we used real-time
PCR to assess the impact of the C646 inhibitor on GAUI expression.
After a 48-hour C646 treatment with 5 uM and 10 pM in gastric tumor
cells, we observed that the transcription levels of GAUI decreased to
18.7-52.9% of the original levels (Fig. 2E). These findings suggest that

p300 catalyzes the acetylation of H3K27 at the GAUI promoter and
activates GAUI transcription in gastric tumor cells.

GAUI interacts with PPIA in gastric tumor cells

To elucidate the cofactors specifically interacting with GAUI IncRNA,
we employed the biotin-labeled oligos Chromatin Isolation by RNA
Purification (ChIRP) method to capture proteins that interacted with
GAUI in gastric tumor cells (Supplementary Fig. 5A). The captured
proteins were labeled and analyzed using mass spectrometry to
determine their types and enrichment levels Supplementary
Fig. 5B-E). Through screening and analyzing peptide signals, we
identified five enriched proteins (PPIA, PABP, KRT8, SUMO2, and
hnRNPK) and the SET protein family in the ChIRP lysates (Fig. 2F and
Supplementary Table 3). Since there were many members of the SET
family of proteins, we firstly used RNA immunoprecipitation (RIP)
assay to explore the interactions between the potential five candidates
(PPIA, PABP, KRT8, SUMO2, and hnRNPK) and GAUI. We showed a
stronger interaction between GAUI and PPIA proteins in three tumor
cells transfected with the empty vector (circle) as compared to GAUI
KO tumor cells (diamond) (Fig. 2G-1 and Supplementary Fig. 6).
However, there were not significant enrichments at the non-specific U2
control both in GAUI empty vector and GAUI knockout cells. To fur-
ther clarify this interaction, we performed a ChIRP-western blot assay
and confirmed that PPIA could interact with GAUI (Fig. 2J). Next, we
performed nuclear-cytoplasmic fractionation to examine the sub-
cellular localization of PPIA in gastric tumor cells. Topoisomerase | and
H3 were used as nuclear localization controls, and GAPDH protein
served as a cytoplasmic localization control (Fig. 2K). As expected, we
found that PPIA was widely distributed in both the nucleus and cyto-
plasm, with approximately 38.4% to 64.5% localized in the nucleus of
cells (Fig. 2L). These results suggest that PPIA, but not hnRNPK, PABP,
SUMO2 and KRT8 proteins, interacts with GAUI IncRNA in gastric
tumor cells.

SENP5/GAULI is a DNA-IncRNA triplex

After confirming the binding of PPIA with GAUI through ChIRP and
RNA-ChIP assays, we intended to utilize whole-genome co-localization
to identify the DNA sites that formed the DNA-IncRNA triplexes with
GAUI IncRNA. In the experimental workflow of our Triplex-seq analy-
sis, Proteinase K was employed to dismantle protein-mediated DNA-
RNA conjugations, while RNase H was utilized to specifically target and
eliminate the DNA-RNA duplexes of R-loops. This approach refined the
enrichment process, ensuring the isolation of authentic DNA-RNA tri-
plexes. Triplex-seq assay showed 914 potential binding sites where
GAUI interacted directly with the genome via complementary base
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pairing (Fig. 3A). We then performed PPIA ChiIP-seq to identify PPIA
binding sites across the genome, which showed 798 binding sites
(Fig. 3A). By aligning the results from above assays, we identified a total
of 637 co-localized binding sites of GAUI triplex and PPIA across the
entire genome. Next, we preferred gene promoters with potential
transcriptional regulatory roles across 637 co-localized sites, and 26
co-localized promoter sites distributed in the promoter regions of 15

genes were identified (Fig. 3A and Supplementary Fig. 7A, B). We uti-
lized TIMER2.0 to analyze 15 target genes and found that only Sentrin-
specific protease 5 (SENPS) exhibited significant differences between
gastric cancer tumor tissues and normal tissues (Supplementary
Fig. 7C), while the other 14 targets were excluded due to their lower
expression levels or lack of potential tumor-related risks. To further
validate this result, we conducted an analysis of GAUI triplex-seq (blue)
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Fig. 2 | GAUI interacts with PPIA in gastric tumor cells. A The schematic diagram
of the GAUI promoter region and primer locations (Supplementary Table 1) with
ChIP detection sites (site a and b). B ChIP analysis examined histone modifications
(H3K4me3, H3K27ac) at the GAUI promoter (n = 3). Rabbit normal IgG served as the
negative control. ChIP enrichment presented as percentage of bound/input signal.
Concentration of H3K4me3 on GAUI promoter in tumor cells (AGS, P< 0.0001;
MGC803, P=0.0006; KATOIII, P< 0.0132) compared to GES-1. Data are presented
as mean + SD from three independent experiments an unpaired two-tailed t-test.
***4p < (0.0001, **P < 0.001 and *P < 0.05; ns no significance. C ChIP analysis of CBP/
p300 at the GAUI promoter (n =3). Concentration of p300 on GAUI promoter in
tumor cells (AGS, P<0.0001; MGC803, P=0.0103; KATOIII, P=0.0071) compared
to GES-1. Data are presented as mean + SD from three independent experiments an
unpaired two-tailed t-test. ***P < 0.0001, **P< 0.01 and *P < 0.05; ns: no sig-
nificance. D ChIP analysis on GAUI promoter (site b) (n=3) after p300 inhibition
with C646 (5 pM and 10 pM). The concentration of P300 on GAUI promoter in C646
treated cells (AGS, C646 =5 uM, P<0.0001, C646 =10 pM, P=0.0002; MGC803,
C646=5pM, P=0.0003, C646 =10 uM, P=0.0019; KATOIII, C646 =5 uM,
P=0.0065,C646 =10 uM, P=0.0039) compared with DMSO treated cells. Data are
presented as mean + SD from three independent experiments an unpaired two-
tailed t-test. **P < 0.001, **P< 0.01; ns: no significance. E Real-time PCR assessed

GAUI expression in tumor and normal cells after p300 inhibition with C646 (5 pM
and 10 pM). Gastric cancer cells: AGS (C646 =5 pM, P<0.0001, C646 =10 uM,
P=0.0003), MGC803(C646 =5 uM, P< 0.0001, C646 =10 puM, P< 0.0001), KATOIII
(C646=5pM, P<0.0001, C646 =10 uM, P<0.0001); Data are presented as

mean = SD from three independent experiments using an unpaired two-tailed t-
test. ***P < 0.0001 and ***P < 0.001. F ChIRP-MS detected proteins that bound to
GAULI. G-I Real-time PCR assessed GAUI binding to PPIA (AGS, P<0.0001;
MGC803, P=0.0003; KATOIII, P=0.0188), PABP, KRT8, SUMO2, and hnRNPK in
RNA-ChIP assay. Data are presented as mean + SD from three independent
experiments using an unpaired two-tailed t-test. ***P < 0.0001, **P < 0.001,

**P < 0.01and *P< 0.05.] Western blotting verified ChIRP-MS results. GAUI and lacZ
oligo pulldown. PPIA antibody detected interaction, H3 antibody as positive con-
trol. Representative blots from three independent experiments. Source data are
provided as a Source Data file. K Western blot analysis was conducted to determine
the subcellular localization of PPIA in gastric tumor cells AGS, MGC803, and
KATOIIL. Representative blots from three independent experiments. Source data
are provided as a Source Data file. L Western blot data were analyzed using Image)
to automatically determine the subcellular localization of PPIA protein. Data are
presented as mean + SD from three independent experiments.

and PPIA ChiIP-seq (red), revealing a significant enrichment of GAUI
triplex and PPIA signals at the SENP5S promoter in gastric cancer
(Fig. 3B). Subsequently, we further validated the potential role of
SENPS in gastric cancer through qPCR and western blot assays. We
found that the mRNA expression of SENPS in tumor cells were higher
than the normal GES-1 cells (Fig. 3C, square, triangle and inverted tri-
angle). Similarly, the protein expression of SENP5 in tumor cells
(Fig. 3D, lanes 2-4) were significantly elevated as compared to normal
cells (Fig. 3D, lane 1). Next, we used qPCR and western blot to assess
SENPS expression in GAUI empty vector and GAUI knockout tumor
cells. We found that SENPS was significantly decreased after knocking
out of GAUI in tumor cells (Fig. 3E, square and triangle). We also
confirmed that protein level of SENP5 significantly reduced after
knocking out of GAUI in tumor cells (Fig. 3F, lanes 2-3, 5-6 and 8-9).
We further analyzed the Cancer Genome Atlas (TCGA) open data set
(Versteeg database; http://www.cbioportal.org) and found that the
expression of SENPS in gastric cancer tissues was also positively pro-
portional to PPIA (Fig. 3G). Taken together, these results indicate that
GAUI and PPIA are co-anchored at the SENP5 promoter.

SENPS is an oncogene in gastric cancer

To investigate the oncogenetic role of SENPS5 in gastric cancer, we
conducted in vitro and in vivo experiments. We used short hairpin RNA
(shRNA) to knockdown (KD) the expression of SENP5 and found that the
mRNA level of SENPS was dropped to 17.6-43.4% of the original level by
gPCR in tumor cells (Supplementary Fig. 84, inverted triangle, circle and
diamond). These findings were further confirmed by western blot ana-
lysis, which showed that protein level of SENP5 were significantly
reduced after transfecting with SENP5 shRNAs in tumor cells (Fig. 4A,
lanes 2-4, 6-8 and 10-12). We selected shSENP5-1 and shSENP5-2 with
the efficient efficacy of SENPS knockdown for further studies. Next, we
tested the ability of tumor cells to form colonies using a classical cell
colony formation assay in vitro to investigate the impact of SENPS
knockdown on cell proliferation of gastric cancer. We demonstrated a
significant reduction in the growth rate of tumor cells following SENPS
knockdown in tumor cells (Fig. 4B, lanes 2-3) as compared to the empty
vector group (Fig. 4B, lane 1). The number of efficient colonies in the
SENPS silencing tumor cells were only 20-30% (Fig. 4C, square and
triangle) of that observed in the empty vector group (Fig. 4C, circle). To
further evaluate the potential role of SENPS in promoting tumor
metastasis in gastric cancer, we employed the transwell assay and
revealed that SENPS knockdown led to a significant reduction in the
metastatic ability of gastric tumor cells (Fig. 4D, lanes 2-3) as compared
to the empty vector group (Fig. 4D, lane 1). Quantitative analysis using

Microplate Spectrophotometer following elution with glacial acetic acid
showed a 62-75% decrease in the metastasis rate in SENPS silencing
tumor cells (Fig. 4E, square and triangle) as compared to the empty
vector group (Fig. 4E, circle). Thus, these results suggest that SENPS
plays an oncogene role in gastric cancer in vitro.

To further investigate the ability of SENPS to promote tumor
growth and metastasis in vivo, we established subcutaneous xenograft
model in nude mice. SENPS empty vector and two SENP5-shRNA
knockdown (KD) cells were injected into the left underarm of 5-week
female nude mice, with 2 million tumor cells per mouse. The tumor
volume was measured every 3 days, and the mice were euthanized
after 30 days, and tumor weight and photos were collected (Fig. 4F,
n=5). Our results showed a 60-64% reduction in tumor volume
(Fig. 4G, square and triangle) and a 50-61.8% reduction in tumor
weight (Fig. 4H, square and triangle) in the SENP5 KD-groups as com-
pared to the empty vector group (Fig. 4G, H, circle). Furthermore, we
observed a significant extension in the survival time of the SENP5 KD-
groups. At the end of the 120-day experiment, only one mouse out of
the two SENPS KD-groups had succumbed (Fig. 41, square and triangle),
while all mice in the empty vector group had died (Fig. 41, circle). To
explore the metastasis-promoting potential of SENPS, we constructed
systemic metastasis mice models by tail vein injection of SENPS-empty
vector and SENPS-KD tumor cells. Thirty days after constructing a
metastatic tumor mouse model, we showed that SENPS knockdown
significantly inhibited systemic metastasis and lung metastasis of
gastric tumor cells by bioluminescence and fluorescence imaging
analysis (Fig. 4)). The luciferase signal of each animal in the SENP5 KD-
group was significantly decreased as compared to the empty vector
group. Additionally, lung histology analysis revealed smaller meta-
static nodules in the SENP5 KD-group (Fig. 4K and Supplementary
Fig. 8B, lanes 3-6). Moreover, analysis of the (Versteeg database;
http://www.cbioportal.org) showed that SENPS expression was sig-
nificantly increased in gastric cancer tissues (n=408) as compared to
normal tissues (n=211) (Fig. 4L). To explore the prognostic role of
SENPS in tumors, we investigated the overall survival probability. As
expected, the R2 Dorsman database showed that higher level of SENPS
(High expression of SENPS, n=271) correlated with a worse prognosis
in gastric cancer (Fig. 4M). Taken together, these findings suggest that
SENPS functions as an oncogene in gastric cancer.

GAUI recruits SETIA to increase the H3K4 trimethylation of
SENPS promoter

To further elucidate the activated mechanism of SENP5 expression
mediated after the formation of SENP5/GAUI triplex in gastric tumor
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cells, we screened for histone modification changes, specifically
focusing on H3K4me3 and H3K27ac. We have designed two detected
sites to cover the SENPS promoter (sites d and e) and an upstream
negative control site (site ¢) in DNA-ChIP assay. Site d was corre-
sponding to the PPIA binding site at SENP5 promoter identified from
the PPIA-ChIP-seq and situated 1780-nucleotide (nt) away from the
transcription start site (TSS) of SENPS. Site e was located at a distance

4 6 8
log2(PPIA TPM)

of 226-nt away from the SENPS TSS (Fig. 5A). Through ChIP-qPCR, we
found a notable increase in H3K4me3 at the SENPS5 promoter (site e) of
gastric tumor cells compared with normal GES-1 cells (Fig. 5B, circle).

Furthermore, at another detection site (site d) on the SENPS pro-
moter (Supplementary Fig. 9A), we only observed a slight increase in
H3K4me3 in AGS cells, but the change was far less pronounced as
compared to the substantial alteration observed at site e (Fig. 5B and
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Fig. 3 | SENP5/GAUI is a DNA-IncRNA triplex. A Overlapping maps of PPIA ChIP-
seq and GAUI Triplex-seq were presented. Above: On the left were genomic loci
bound only by GAUI triplex, on the right were genomic loci bound only by PPIA, and
in the middle were genomic loci bound by both GAUI and PPIA. Below: On the left
were genomic promoter sites that were bound by GAUI triplex only, on the right
were genomic promoter sites that were bound by PPIA only, and in the middle were
genomic promoter sites that were bound by both GAUI and PPIA. B Peaks showed
GAUI triplex and PPIA binding at SENPS promoter. IgG and non-biotin-labeled
samples were set as negative controls. Left: GAUI triplex-binding site in tumor cells.
Right: PPIA-binding site in tumor cells. C Real-time PCR results showed SENPS
mRNA expression in AGS (P=0.0490), MGC803(P=0.0024), KATOIII (P = 0.0018)
cells, and normal cell GES-1. Data are presented as mean + SD from three inde-
pendent experiments using an unpaired two-tailed t-test. *P < 0.01, *P<0.05
compared with normal cell GES-1. D Western blot results showed SENP5 protein

expression in AGS (lane 2), MGC803(lane 3), KATOIII (lane 4) cells and normal cell
GES-1(lane 1). Representative blots from three independent experiments. Source
data are provided as a Source Data file. E Real-time PCR results showed SENPS
mRNA expression in GAUI knockout gastric tumor cells AGS (KO1 and KO2,
P<0.0001), MGC803(KO1 and KO2, P< 0.0001), KATOIII (KO1 and KO2,
P<0.0001) cells. Data are presented as mean + SD from three independent
experiments using an unpaired two-tailed t-test. ***P < 0.0001 compared with
empty vector. F Western blot results showed significantly decreased SENP5 protein
in GAUI knockout cells AGS (lanes 2-3), MGC803 (lanes 4-6), and KATOIII (lanes
8-9) as compared to empty vector cells. Representative blots from three inde-
pendent experiments. Source data are provided as a Source Data file. G In the
clinical tumor samples of TCGA database, the expression of PPIA was positively
correlated with the expression of SENP5; STAD Tumor (n =408 samples) and STAD
Normal (n =211 samples).

Supplementary Fig. 9B, circle). When compared to normal GES-1 cells,
there were no significant differences in the H3K4me3 levels at site d in
MGC803 and KATOIII (Supplementary Fig. 9B, circle). Simultaneously,
we did not detect significant changes in H3K27ac at SENPS promoter
(both site d and e) in gastric tumor cells as compared to normal GES-1
cells (Fig. 5B, square and Supplementary Fig. 9B, square). Meanwhile,
there were no significant differences at the negative control (site c) in
H3K4me3 and H3K27ac between tumor cells and normal cells (Sup-
plementary Fig. 9C, circle and square). Therefore, we consider
choosing H3K4me3 at site e as the key modification for SENPS tran-
scriptional activation.

Since above analysis of the enriched proteins from GAUI-ChIRP-
MS had revealed a significant enrichment of peptide segments from
the SET protein family with GAUI (see Fig. 2F). We then evaluated the
core components of SET1/MLL protein complexes, MLL2 and SETI1A, in
response to H3K4me3. As expected, we demonstrated an increased
binding affinity of SETI1A (circle) at the SENPS promoter (site e) of
gastric tumor cells in contrast to normal GES-1 cells (Fig. 5C, circle). No
significant changes in binding affinity were observed for SET1A at the
promoter of site d (Supplementary Fig. 9D, circle). In contrast, no
significant differences were observed in the binding of MLL2 between
gastric cancer and normal cells at the two examined binding sites
(Fig. 5C, square and Supplementary Fig. 9D, square). In addition, no
significant differences were shown in the binding of SET1A and MLL2
with the negative control site between tumor and normal cells (Sup-
plementary Fig. 9E). Therefore, we are inclined to consider SETIA as
the methyltransferase regulating H3K4me3 at the SENPS promoter
site e.

Subsequently, through ChIRP-western blot analysis, we further
validated the interaction between GAUI and SETIA (Fig. 5D, lane 2).
We then assessed the binding of GAUI at the SENPS promoter by
ChIRP-gPCR and observed that the binding of GAUI at both sites of
the SENPS promoter (site d and site e) were significantly reduced in
gastric tumor cells following GAUI knockout (Fig. 5SE and F, left). In
contrast, the binding of positive control (U2 oligo) and negative
control (lacZ oligo) at the SENPS promoter remained unchanged
after GAUI knocking out (Fig. 5E, F, middle and right). Simulta-
neously, we did not observe significant changes in GAUI binding at
the negative control site (site c) (Supplementary Fig. 9F). Further-
more, we used RIP-qPCR to demonstrate that the interaction of
GAUI and SETIA were significantly decreased after GAUI knocking
out (Fig. 5G, circle and triangle). Additionally, the interaction of
SET1A and SENPS promoter (site e) was significantly reduced after
GAUI knocking out (Fig. 5H, circle and triangle) in three gastric
tumor cells using a ChIP-qPCR assay, while no significant change
was observed in the binding of SET1A to another SENPS promoter
site d and the negative control site (site c¢) (Supplementary Fig. 9G
and Supplementary Fig. 9H). Subsequently, we utilized ChIP-qPCR
to examine the enrichment of H3K4me3 at the SENP5 promoter. We
indicated a reduction in H3K4me3 at site e following GAUI knocking

out (Fig. 51, circle and triangle), while almost no change in H3K4me3
was observed at site d (Supplementary Fig. 91). Regardless of GAUI
silencing, we did not detect a significant difference in the level of
H3K4me3 at the negative control site (site ¢) (Supplementary
Fig. 9]). Overall, our results suggest that GAUI recruits SETIA to
promote the enrichment of H3K4me3 at the SENP5 promoter in
gastric tumor cells.

PPIA determines the formation of SENPS/GAUI triplex and SETIA
enrichment at SENPS promoter

Next, we examined the role of PPIA in the formation of the SENP5/
GAUI triplex and SETIA enrichment at the SENP5S promoter. We
unexpectedly found that the binding of PPIA to the SENPS promoter
(Fig. 6A, site d) remained relatively unchanged (Fig. 6A, site d) after
GAUI knocking out using ChIP-qPCR (Fig. 6B, circle and triangle).
Additionally, our analysis revealed specific binding of PPIA to site d,
with almost negligible binding to site e, and no significant changes in
PPIA binding were observed after GAUI knocking out (Supplemen-
tary Fig. 10A and Supplementary Fig. 10B). Furthermore, we observed
no significant alterations detected at the negative control site (site c)
(Supplementary Fig. 10C). Next, we aimed to ascertain whether PPIA
alteration would impact the triplex formation between GAUI and the
SENPS promoter. To validate this hypothesis, we employed CRISPR/
Cas9 to knockout (KO) PPIA by targeting two sgRNAs to the promoter
region of PPIA to excise its promoter sequence. We then confirmed
the efficacy of knockout by amplifying the gDNA sequence of the
PPIA promoter through PCR (Fig. 6C). Subsequently, we observed a
significant decrease of PPIA expression by qPCR assay (Fig. 6D) and
western blot assay (Fig. 6E). Next, we performed ChIP-qPCR and
demonstrated that the PPIA binding at the SENPS promoter (site d)
was significantly reduced after PPIA knocking out (Fig. 6F, circle and
triangle), while no significant changes were observed at another
SENP5 promoter site (site e) and the negative control (site c) (Sup-
plementary Fig. 10D and Supplementary Fig. 10E). As expected, the
ChIRP-gPCR analysis showed a substantial decrease in the binding of
GAUI to both site d and site e on the SENPS5 promoter following PPIA
knocking out, while no significant change was observed at the
negative control (Fig. 6G, H, circle and triangle and Supplementary
Fig. 10F). Next, ChIP-qPCR revealed a significant reduction in SET1A
binding to the SENPS promoter at site e following PPIA knocking out
(Fig. 6l, circle and triangle). Moreover, no significant changes were
observed in SET1A binding at the site d and negative control site ¢
(Supplementary Fig. 10G and Supplementary Fig. 10H). Finally, we
validated the role of PPIA in the SENPS expression through qPCR and
western blot assays. We observed a significant reduction in SENPS
expression in gastric tumor cells following PPIA knocking out
(Fig. 6J, K). Taken together, these findings indicate that knockout of
PPIA diminishes the formation of the SENP5/GAUI triplex and SETIA
enrichment at SENP5S promoter, thereby reducing the SENPS
transcription.
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Variant exons of GAUI interact with PPIA and SETIA respectively
Next, we aimed to precisely identify the specific PPIA and SETIA
binding region on GAUI IncRNA, we constructed GAUI plasmids con-
taining different GAUI exons and full length, respectively (Fig. 7A).
Subsequently, we stably transfected plasmids containing distinct seg-
ments of GAUI into GAUI-KO gastric tumor cells. Through ChIRP-qPCR
analysis, we observed that exon 3 of GAUI (star), exon 4 of GAUI

(inverted triangle), and the full-length GAUI (triangle) were able to
interact with the SENP5 promoter. No significant changes were
observed at the negative control site (site c) (Fig. 7B and Supplemen-
tary Fig. 11). Interestingly, the binding capacity of full-length GAUI to
the SENPS promoter was significantly higher than that of exon 3 or
exon 4 alone. Next, we synthesized different exon and full-length RNA
of GAUI using the T7 RNA kit and incubated with purified PPIA protein
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Fig. 4 | SENPS is an oncogene in gastric cancer. A Western blot results showed a
significant decrease in SENPS5 protein in SENPS knockdown cells (AGS, MGC803 and
KATOIII) as compared to empty vector cells. Representative blots from three
independent experiments. Source data are provided as a Source Data file. B Cloning
formation assay assessed the colony formation ability of empty vector, ShSENP5-1,
and shSENPS5-2 in gastric tumor cells AGS and MGC803; Representative images from
three independent experiments. C The colony count in the empty vector group was
set as 100%. AGS (P < 0.0001), MGC803(P < 0.0001). Data are presented as

mean + SD from three independent experiments using an unpaired two-tailed t-
test. ***P < 0.0001. D Images of migrated tumor cells in empty vector, ShSENP5-1,
and shSENPS5-2 cells (AGS and MGC803). Representative images from three inde-
pendent experiments. E Quantification of migrated tumor cells in empty vector,
ShSENPS5-1, and shSENPS-2 cells AGS and MGC803. The empty vector group was set
as 100%. AGS (P<0.0001), MGC803(P < 0.0001). Data are presented as mean + SD
from three independent experiments using an unpaired two-tailed t-test.

***+p < (0.0001. F Mice xenograft tumors were photographed. Representative ima-
ges from five independent samples. G Bar graphs showed the weight of allograft

tumors in mice treated with empty vector (Circle), ShSENP5-1 (Square, P<0.0001),
and shSENP5-1 (Triangle, P< 0.0001), respectively. Data are presented as mean + SD
(n =6 mice) using an unpaired two-tailed t-test. ****P < 0.0001. H Average volume of
subcutaneous tumors after treatment with empty vector (Circle), ShSENPS5-1
(Square, P=0.0104), and shSENPS5-2 (Triangle, P=0.0151) was assessed. Tumor
sizes (mm?) were calculated as the length x width x width/2. Values represent the
means * SD (n =6 mice) using an unpaired two-tailed t-test. *P< 0.05. I Survival
analysis of mice following shSENP5-1 (Square), shSENPS-2 (Triangle), or empty
vector (Circle); n =5 mice. J Establishment of gastric cancer metastatic tumor
model after SENPS silencing. Representative images from five independent sam-
ples. K Representative images of the histological analysis of lung seeding in mice
(original magnification, 5 x, scale bar: 500 um). Representative images from five
independent samples. Source data are provided as a Source Data file. L SENP5 was
highly expressed in gastric cancer tissues compared with normal tissues.

M Correlation between SENPS expression and survival rate of gastric cancer
patients in TCGA data set survival curves were used to analyze the overall survival
rate of patients with high and low SENPS expression.

and SETIA protein respectively in vitro. Followed by the pull-down of
GAUI RNA fragments using in vitro RNA immunoprecipitation, our
results revealed that PPIA interacted directly with GAUI full-length
(circle) and GAUI exon 4 (diamond) (Fig. 7C). Moreover, the SET1IA
protein interacts directly with the GAUI full length (circle) and GAU1
exon 1(square) (Fig. 7D). Employing an in vitro co-IP assay, we observed
no direct binding between PPIA and SET1A without GAUI (Fig. 7E, lane
2), yet their association was evident upon adding GAUI and RNase H
(Fig. 7E, lane 3). Conversely, the addition of GAUI and RNase A led to
the disruption of this binding (Fig. 7E, lane 4). These results suggest
that PPIA predominantly interacts with the exon 4 of GAUI for
recruiting GAUI to the SENPS promoter, while SETIA is recruited to the
SENPS promoter through direct interaction with exon 1 of GAUI. Sig-
nificantly, PPIA and SETIA do not display direct binding but rather
interact in a GAUI-dependent manner, with GAUI serving as a mole-
cular intermediary.

The TFR4-TTS4 is instrumental in the formation of the SENP5/
GAUI triplex

To precisely identify the interacting regions of the SENP5/GAUI triplex,
we initially identified the precise sites of GAUI triplex formation on the
SENPS promoter. Employing bioinformatic prediction tools (http://
www.gaemons.net/LongTarget), we identified potential Triplex-
Forming Regions 1-5 (TFRs 1-5) on GAUI that formed a triplex with
the SENPS promoter (Fig. 7F, Supplementary Fig. 12A and Supple-
mentary Data 2). Subsequently, we proceeded to corroborate the
predictive outcomes through repeated validation utilizing the Long-
Target computational tool (Supplementary Data 3). Subsequently, to
validate the actual binding sites between GAUI RNA and SENP5 DNA,
we synthesized biotin labeled RNAs containing each of the five pre-
dicted TFRs and co-incubated them with a 2 kb DNA fragment of the
amplified SENP5 promoter in vitro, followed by DNA electrophoretic
mobility shift assay (EMSA) experiments. Before conducting the assay,
we assessed the optimal amount of biotin-labeled GAUI-TFRs RNA
used in this detection. As depicted in Fig. 7G, we observed that 10 pM
of biotin-labeled GAUI-TFR4 RNA was sufficient to form the DNA-
IncRNA triplex with 1 pg of purified 2 kb-SENPS promoter DNA (Fig. 7G,
lanes 4-5). However, none of the other TFRs could establish a SENPS5/
GAUTI triplex (Supplementary Fig. 12B). These results suggest that GAU1
TFR4 is the core RNA fragment for the formation of SENP5/GAUI DNA-
IncRNA triplex.

Next, we further identified the specific Triplex Targeting
Sequence (TTS) on the SENPS promoter using an in vitro triplex pull-
down assay (Supplementary Fig. 12C). Initially, we employed bioin-
formatics (http://www.gaemons.net/LongTarget) to predict the
potential TTS sites on the SENP5 promoter with the capability to forma
DNA-IncRNA triplex (Fig. 71 and Supplementary Data 2 and 3). These

sites were found to be non-overlapping with the confirmed PPIA
binding site (yellow triangle) and were located between the PPIA
binding site and the transcription start site of SENPS5 (Fig. 7H). Subse-
quently, we co-incubated a biotin labeled TFR4 RNA with a 2 kb SENPS
promoter DNA fragment. After enzymatic digestion and sonication, we
isolated the DNA fragment capable of forming a triplex with TFR4 RNA.
We then showed that only TTS4 had the capacity to form a SENPS/GAU1
triplex with TRF4, while the other TTSs did not exhibit this capability
(Fig. 71, diamond and Supplementary Fig. 12D, lane 4). Additionally, we
found that the binding site of PPIA on the SENP5 promoter was not the
site where the SENP5/GAUI triplex formed (Fig. 71, circle). We then
obtained the sequence of the TTS4 fragment through deep sequencing
(Fig. 7). After verification, we identified that TTS4 was situated at 1250-
nt upstream of the transcription start site of SENPS. To further sub-
stantiate the ability of GAUI-TFR4 and SENP5-TTS4 to form DNA-RNA
triplexes, we employed EMSAs utilizing RNase H, RNase A, TFR4
mutants, and DNA degradation. After treatment with RNase H, we
revealed that the hybridization bands of TFR4-TTS4 triplex formation
remained observable (Fig. 7K, lane 3). Conversely, upon treatment with
RNase A, we found that these hybridization bands denoting TFR4-TTS4
triplex formation were disappeared (Fig. 7K, lane 2). Moreover, neither
the introduction of mutations into TFR4 nor the degradation of DNA
allowed for the formation of the TFR4-SENPS-promoter triplex struc-
ture (Fig. 7K, lane 5 and 6). Next, we performed thermal melting assays
and showed that melting temperatures of DNA-RNA triplex Tm (red)
was 80.78 + 0.22 °C. Moreover, RNA-DNA heteroduplex and DNA-DNA
duplex Tm were 82.89+0.22°C (gray), and 84.76 +0.32 °C(black),
respectively (Fig. 7L). We also used CD-spectroscopy to confirm triplex
formation of GAUI TFR4 and SENP5 TTS4. The CD spectrum indicated
typical features for triplex formation including a positive small peak at
220 nm, two negative peaks at 210 nm and 240 nm, and a blue shift of
the peak at 270 nm (Fig. 7M, red). These typical peaks of triplex were
distinct from the SENP5 DNA duplex (Fig. 7M, black) or the hetero-
duplex spectra (Fig. 7M, grey). These results indicate that TTS4 of
SENPS promoter and TFR4 of GAUI can form a SENP5/GAUI DNA-
IncRNA triplex.

To further verify whether fragments that form the SENP5/GAU1
triplex in vitro could also form triplex under physiological conditions
in vivo, we performed an in vivo triplex capture assay (Fig. S12E). In this
assay, we transferred five biotin-labeled GAUI TFR oligos into GAUI-
silenced gastric tumor cells. Subsequently, we enriched and purified
DNA fragments capable of forming SENPS5/GAUI triplex using standard
DNA-RNA triplex capture assay and analyzed them via qPCR. As
anticipated, our in vivo experiments confirmed that only GAUI TFR4
could form a triplex with the TTS4 site of the SENPS promoter in AGS
cell (Fig. 7N, diamond and Supplementary Fig. 12F, lane 4). Similarly,
we observed the same phenomenon in MGC803 and KATOIII cells
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(Fig. 70, P, diamond, and Supplementary Fig. 12F, lane 4). These results
suggest that TFR4 fragment at exon 3 of GAUI can form a SENPS/GAU1
DNA-IncRNA triplex with the TTS4 fragment.

Discussion
DNA-RNA triplexes participate in the regulation of various biological
functions by either facilitating or inhibiting gene transcription*”.

> >
\l-b‘(& \QO {&&e N @‘6‘?’ N
D L L
AGS MGC803 KATOII

LncRNA-mediated DNA-RNA triplexes in tumors are beginning to be
revealed””. However, the mechanism and functional characterization
of DNA-IncRNA triplexes in tumorigenesis have not been thoroughly
explored. In this study, we revealed a PPIA-guided SENPS5/GAUI DNA-
IncRNA triplex driving gastric cancer tumorigenesis. PPIA served as an
anchor to recruit GAUI IncRNA and enhance the stability of the SENPS/
GAUI triplex, triggering the recruitment of the methyltransferase
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Fig. 5 | GAUI recruits SETIA to increase the H3K4 trimethylation of SENPS
promoter. A The schematic diagram of the SENPS promoter region and primer
locations (Supplementary Table 1). ChIP detection sites include negative site c, site
d (identified in PPIA-ChIP-seq), and site e (SET1A binding site). B ChIP analysis was
conducted to examine histone modifications of H3K4me3 and H3K27ac at the
SENPS promoter (site e) in AGS (P < 0.0001), MGC803(P=0.0027), KATOIII
(P=0.0122) and GES-1. ChIP enrichment was presented as the percentage of input
signal. Data are presented as mean + SD from three independent experiments using
an unpaired two-tailed t-test. ***P < 0.0001, **P< 0.01, and *P< 0.05. C ChIP ana-
lysis of SET1/MLL protein at the SENPS promoter (site e) was conducted in AGS
(P=0.0014), MGC803 (P< 0.0001), KATOIII (P=0.0013) and GES-1. Data are pre-
sented as mean = SD from three independent experiments using an unpaired two-
tailed t-test. ***P < 0.0001 and **P < 0.01. (D) ChIRP-Western blot was used to verify
the interaction between GAUI and SET1A in AGS, MGC803, KATOIII. GAUI oligo and
control (lacZ) oligo pulldown were utilized for all proteins interacting with GAUI
and lacZ, respectively. Representative blots from three independent experiments.
Source data are provided as a Source Data file. E ChIRP analysis of GAUI binding at
the SENPS promoter (site d) was conducted in AGS (KO1, P<0.0001; KO2,
P<0.0001), MGC803(KO1, P=0.0001; KO2, P=0.0002), KATOIII (KO1, P=0.0001;
KO2, P=0.0004) after GAUI KO. Data are presented as mean + SD from three
independent experiments using an unpaired two-tailed t-test. ***P < 0.0001and

***P < 0.001. F ChIRP analysis of GAUI binding at the SENPS promoter (site ) was
conducted in AGS (KO1, P=0.0027; KO2, P=0.0029), MGC803(KO1, P< 0.0001;
K02, P=0.0005), KATOIII (KO1, P=0.0005; KO2, P=0.0013) after GAUI KO. Data
are presented as mean + SD from three independent experiments using an
unpaired two-tailed t-test. ***P < 0.0001, **P < 0.001, and **P< 0.01. G Real-time
PCR analysis was performed to assess the binding of GAUI to SETIA using sam-
ples(AGS: KO1, P=0.0006 ; KO2, P=0.0006; MGC803: KO1, P<0.0007; KO2,
P=0.0006 ; KATOIII: KO1, P=0.0049; KO2, P=0.0054) from the RNA-ChIP assay
after GAUI KO. Data are presented as mean + SD from three independent experi-
ments using an unpaired two-tailed t-test. **P < 0.001 and **P <0.01. H ChIP ana-
lysis of SET1A protein at the SENPS promoter (site e) was conducted in AGS (KO1,
P=0.0081; KO2, P=0.0014), MGC803(KO1, P< 0.0001; KO2, P<0.0001), KATOIII
(KO1, P=0.0013; KO2, P=0.0013) after GAUI KO. Data are presented as mean + SD
from three independent experiments using an unpaired two-tailed t-test.

P < (0.0001and *P < 0.01. 1 ChIP analysis of histone modifications of H3K4me3 at
the SENPS promoter (site e) was conducted in AGS (KO1, P< 0.0001; KO2,
P<0.0001), MGC803(KO1, P=0.0017; KO2, P=0.0024), KATOIII (KO1, P=0.0043;
K02, P=0.0039) after GAUI KO. Data are presented as mean + SD from three
independent experiments using an unpaired two-tailed t-test. ***P < 0.0001

and *P<0.0L.

SETIA to the SENPS promoter, thereby leading to an enrichment of
H3K4me3 and the activation of SENP5 transcription for tumorigenesis
(Fig. 7Q). Our study reveals a mechanism of PPIA-guided SENP5/GAUI
triplex formation in the tumorigenesis of gastric tumors and illustrates
a precise model in the dynamics of DNA-IncRNA triplex.

It is imperative to note that the formation of DNA-RNA triplexes
hinges on Hoogsteen hydrogen bonding, rendering them significantly
less stable than double-stranded DNA, owing to their non-canonical
pairing”. Consequently, beyond the base sequence, the regulatory
factors governing the formation of DNA-RNA triplex remain largely
elusive. Previous studies have primarily focused on the influence of pH
fluctuations on DNA-RNA triplex formation®. pH variations could
impact the protonation or deprotonation of specific functional groups
within nucleotides, potentially altering hydrogen bonding patterns
and overall triplex stability>**. Additionally, histones not only affect
hydrogen bonding between DNA and RNA but also interact with the
bases within the DNA-RNA triplex, influencing overall structural
stability**. Chemical modifications, such as methylation on DNA and
RNA molecules can alter their complementarity and structure, thereby
influencing the formation of triplexes”**, However, to the best of our
knowledge, there has been limited in-depth research investigating the
potential role of proteins in the formation and stabilization of DNA-
RNA triplexes. In this study, we identified PPIA as a key peptidylprolyl
isomerase protein regulating the formation of the SENP5/GAUI triplex.
It should also be further emphasized that PPIA, also known as Cyclo-
philin A (CyPA), belongs to the protein family with peptidyl-prolyl cis-
trans isomerase (PPlase) activity, catalyzing the conversion of prolyl
peptide bonds between cis and trans conformations which was first
discovered in 1984%°. Recent research has revealed that PPIA, in addi-
tion to its cis-trans isomerase function, also serves an additional role as
a nuclear molecular chaperone®. Although our report is only one case
of a PPIA protein involved in the stabilization of a DNA-IncRNA triplex,
it cannot be theoretically ruled out that other proteins are involved in
the formation and stabilization of DNA-IncRNA triplexes in either a
positive or negative manner. Certainly, we cannot exclude the possi-
bility that PPIA may function as a broad regulatory factor involved in
the formation of DNA-RNA triplexes. Therefore, it will be interesting to
focus on gaining a deeper understanding of whether PPIA functions as
a broad regulator of triplex formation and to identify other proteins to
better understand the role of DNA-IncRNA triplex-protein interactions.

It should be noted that while the TFR and TTS sequences capable
of forming DNA-RNA triplexes are generally based on complementary
base pairing, they do not strictly adhere to the principles of

complementary base pairing®*2. Therefore, the TFR and TTS sequen-
ces that can form DNA-RNA triplexes possess a certain degree of
uniqueness and versatility*>. Recent DNA-RNA triplex capture experi-
ments, EMSA, melting assays, CD spectroscopy have greatly facilitated
the elucidation of DNA-RNA triplexes'®****°, Through bioinformatics
analysis and DNA-RNA triplex capture experiments, our study
demonstrated that GAUI-TFR4 could form DNA-RNA triplexes with
SENPS-TTS4 and served as critical element for driving tumorigenesis.
To the best of our knowledge, the GAUI-TFR4/SENPS-TTS4 triplex has
not been previously reported. Furthermore, we have showed that the
TFRs of GAUI has the potential to form DNA-RNA triplexes with other
genomic loci by using bioinformatic analysis. Thus, it would be of great
interest to investigate whether these predicted triplexes could reg-
ulate tumorigenesis through a similar or unknown mechanism.

The classic regulatory mechanisms employed by IncRNA entail
their function as molecular scaffolds, orchestrating the recruitment or
exclusion of proteins to coordinate the precise localization of tran-
scription factors onto target chromatin®. LncRNA MREF interacts with
Smarca5 to promote chromatin accessibility upon activation and dif-
ferentiation of muscle satellite cells, thereby promoting the genomic
binding of p300/CBP/H3K27ac and the expression of myogenic reg-
ulatory factors such as MyoD and cellular differentiation®. LncRNA
NORAD upholds genomic stability by sequestering PUMILIO proteins,
thereby facilitating mitosis and DNA replication®’. However, the extent
to which proteins may influence the genomic localization of IncRNA
remains an area yet to be exhaustively elucidated. In this study, we
showed that PPIA regulated the enrichment of GAUI IncRNA to the
SENPS promoter. This discovery diverges from the conventional con-
cept that IncRNA serves as scaffolds to recruit functional proteins.
Instead, it introduces a paradigm for understanding the genomic
localization of IncRNA, underscoring the pivotal role of proteins as
intermediary factors in recruiting functional IncRNA.

It should be noted that GAUI is a IncRNA that we identified and
characterized in our previous study®®. However, the intricate
mechanisms underlying the transcriptional activation of GAUI remain
elusive. In this study, we identified the p300 mediating H3K27 acet-
ylation modification on the GAUI promoter as a key regulatory
determinant of GAUI activation. It should also be emphasized that we
cannot theoretically exclude that other chromatin modifications are
involved in GAUI activation. Therefore, it would be great interesting to
focus on identifying other causes to better understand GAUI activa-
tion. Furthermore, we did not proceed with the construction of GAUI
knockout (KO) mice, as despite the high homology rate of 96%
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between the mouse and human GAUI IncRNA, there is still a portion of
the sequence that is not conserved. Consequently, there remains some
potential risk in constructing KO mice for this study. Nonetheless, the
generation of GAUI knockout models would be of great interest to
further investigate the biological role of GAUI in tumorigenesis for our
future research.

AGS MGC803 KATOIll

SUMOization is widely present in a variety of crucial physiological
and pathological processes***’. This process is reversible and medi-
ated by the SENP (Sentrin/SUMO-specific protease) family, which can
remove SUMO from conjugated substrates*’. Among the key members
of the SUMO system, SENP5 plays a vital role in cell division*>**, It has
been reported that SENPS is implicated in the regulation of various
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Fig. 6 | PPIA determines the formation of SENP5/GAUI triplex and SETIA
enrichment at SENPS promoter. A The schematic diagram of the SENPS promoter
region and primer locations (Supplementary Table 1). Negative site c and SENPS
promoter site d (PPIA binding site) were designated as ChIP detection sites. B ChIP
analysis of PPIA protein at the SENPS promoter (site d) in AGS, MGC803, KATOIII
after GAUI KO. Data are presented as mean + SD from three independent experi-
ments using an unpaired two-tailed t-test, ns: no significance. C The schematic
diagram illustrates the PPIA knockout site. Two sgRNAs were used to knock out the
PPIA promoter. Sequencing results and peak maps of gDNA fragments after
knockout can also be seen in the illustration. The sgRNA sequence information is
available in Supplementary Table 1. D Real-time PCR showed the expression of PPIA
mRNA after CRISPR/Cas9 knockout of the PPIA gene in AGS (KO1, P < 0.0001; KO2,
P<0.0001), MGC803(KO1, P< 0.0001; KO2, P<0.0001), and KATOIII (KO1,
P<0.0001; KO2, P<0.0001) gastric tumor cells. Data are presented as mean + SD
from three independent experiments using an unpaired two-tailed t-test.

***+p < (0.0001 compared with empty vector. E Western blot results showed that
SENPS5 protein decreased significantly in SENPS knockdown cells AGS, MGC803 and
KATOIIl as compared to empty vector cells. Representative blots from three
independent experiments. Source data are provided as a Source Data file. F ChIP
analysis of PPIA protein at the SENPS promoter (site d) was conducted in AGS (KO1,
P=0.0006; KO2, P=0.0007), MGC803(KO1, P=0.0105; KO2, P=0.0112), KATOIII
(K01, P=0.0020; KO2, P=0.0002) after PPIA KO. Data are presented as mean + SD
from three independent experiments using an unpaired two-tailed t-test.

**P<0.001, *P<0.01 and *P< 0.05. G ChIRP analysis the binding of GAUI in the
SENPS promoter (site d) with GAUI oligo pulldown was assessed in AGS (KO1,
P=0.0024; KO2, P=0.0023), MGC803 (KO1, P=0.0013; KO2, P=0.0012), KATOIII
(KO1, P=0.0014; KO2, P=0.0019) after PPIA KO. Data are presented as mean + SD
from three independent experiments using an unpaired two-tailed t-test. **P < 0.01.
H ChIRP analysis the binding of GAUI in the SENPS promoter (site e) with GAUI oligo
pulldown was assessed in AGS (KO1, P=0.0097; KO2, P=0.0081), MGC803(KO1,
P=0.0027; KO2, P=0.0029), KATOIII (KO1, P=0.0230; KO2, P=0.0476) after PPIA
KO. Data are presented as mean + SD from three independent experiments using an
unpaired two-tailed t-test, **P< 0.01 and *P < 0.05. I ChIP analysis of PPIA protein at
the SENPS promoter (site e) was performed in AGS (KO1, P=0.0006; KO2,
P=0.0001), MGC803(KO1, P=0.0002; KO2, P=0.0002), KATOIII (KO1,
P=0.0004; KO2, P=0.0003) after PPIA KO. Data are presented as mean + SD from
three independent experiments using an unpaired two-tailed t-test. ***P < 0.001.

J Real-time PCR showed the expression of SENP5S mRNA after PPIA CRISPR/Cas9
knockout in gastric tumor cells AGS (KO1, P<0.0001; KO2, P< 0.0001),
MGC803(KO01, P<0.0001; KO2, P<0.0001), and KATOIII (KO1, P<0.0001; KO2,

P <0.0001). Data are presented as mean + SD from three independent experiments
using an unpaired two-tailed t-test. ***P < 0.0001 compared with empty vector.
K The Western blot results showed that as compared to cells with empty vector, the
expression level of SENPS5 protein decreased in gastric tumor cells AGS, MGC803,
and KATOIII after PPIA knockout. Representative blots from three independent
experiments. Source data are provided as a Source Data file.

cancers, including breast cancer, osteosarcoma, oral squamous cell
carcinoma, and hepatocellular carcinoma®*°, However, in this study,
we have elucidated the oncogenic role of SENPS in gastric cancer.
Furthermore, we have unveiled that SET1A mediating H3K4 trimethy-
lation is required for SENPS transcriptional activation in gastric cancer.
Further studies should focus on identifying other causes involving in
SENPS activation.

It is well known that IncRNAs play a wide range of epigenetic
regulatory roles by binding to the genome mainly indirectly through
interactions with RNAs and proteins or directly by forming hybrids
with DNA**8, The indirect binding mode of IncRNAs is well known,
but the role of DNA-RNA hybrids, especially DNA-RNA triplexes, has
only been revealed in recent years"**°. A comprehensive genome-
wide analysis of triplex-forming sites revealed that many potential
triplex-forming sites in GAUI are distributed throughout the genome.
Through bioinformatic predictions, we discovered that across the
entire genome, there were 48,086 sites harboring the potential to
form DNA-RNA triplexes with GAU1, of which 39,684 sites specifically
exhibit the capacity to engage in triplex formation with TFR4. How-
ever, this finding was not unexpected as the mystery of DNA-RNA
triplex has been gradually revealed with the development of DNA-
RNA triplex genome-wide detection technology®"*'. In addition to the
IncRNA GAUI, IncRNA such as HIFla-AS1, HOTAIR, FENDRR, and
PARTICLE exhibit numerous DNA-RNA triplex formation sites across
the entire genome, suggesting that the triplex may be a generalized
mode of gene expression, chromatin remodeling, and regulation of
disease development'®*°', These studies prompted us to reevaluate
the mode of genomic localization of IncRNA and propose a model for
their involvement in gene expression across the entire genome. Here,
we proposed a double localization model in which IncRNA co-
localizes in the genomic region by both IncRNA-protein interaction
and IncRNA-DNA triplex formation. This model significantly enhan-
ces the stability of GAUI binding at the SENP5 promoter. To our
knowledge, this represents the case of a IncRNA being positioned at
the genomic locus participating in gene regulation with simultaneous
help of IncRNA interacting protein and IncRNA forming triplex. It is
also emphasized that IncRNA mediating modes of gene regulation
are diverse. Therefore, focusing on identifying additional IncRNA-
genomic DNA interacting patterns will be an intriguing avenue for
gaining deeper insights into IncRNA mediating mechanisms of gene
regulation.

Methods

Ethical compliance statement

This research strictly adheres to all relevant ethical regulations and
guidelines. The study protocol was reviewed and approved by the
Institutional Animal Care and Treatment Committee of Tongji Uni-
versity, ensuring that all procedures involving animals were conducted
in accordance with the highest ethical standards. The study protocol
was approved by the College of Life Science and Technology of Tongji
University. All animal studies were conducted in accordance with the
guidelines provided by the Institutional Animal Care and Treatment
Committee of Tongji University. The ethical approval and experi-
mental protocol number is TJAB04823101. The animals were treated
following relevant institutional and national guidelines and regula-
tions. The maximum allowable tumor size/burden (with a diameter of
less than 1cm) was not exceeded. Mice were housed at an ambient
temperature of 24 +2°C, with circulating air, constant humidity of
50 +£10%, and a 12-hour light/dark cycle. Female BALB/c nude mice
(GemPharmatech), specifically five weeks of age, were selected for this
study. The minimum number of animals in a single experiment is 5, and
the number of animals used is detailed in the main article and figure
legend. The decision to use female mice was made after careful con-
sideration and analysis, which indicated that the gender of the mice
was not a confounding factor in the study’s findings. Extensive pre-
liminary data supported the conclusion that gender-related biological
variables did not significantly alter the experimental results or the
interpretation of the data. Therefore, the use of female mice was jus-
tified to ensure the consistency and reproducibility of the study’s
observations and conclusions. Mice were euthanized by cervical dis-
location at the end of the experiment, after which tumors and major
organs were collected using surgical scissors.

Cell culture

The human AGS (Caucasian, female, 54 years adult, ATCC, CRL-1739),
MGC803(Asian, male, 58 years adult, Shanghai cell Bank, CBP60485),
GES-1(Asian, female, 22 years adult, Shanghai cell Bank, CBP60512) and
293 T(ATCC, CRL-3216) cell lines were cultured in DMEM (Sigma-
Aldrich, Wisconsin, GER) supplemented with 10% certified heat-
inactivated fetal bovine serum (Yeasen, Shanghai, China), penicillin
(100 U/mL), and streptomycin (100 mg/mL) at 37 °C in a humidified 5%
CO, atmosphere, while KATOIII(Asian, Male, 55 years adult, gastric
cancer with pleural effusion, ATCC, HTB-103) was cultured in 1640.
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RNA-FISH

The cells were fixed with 4% formaldehyde and stored overnight in
70% ethanol. The fluorescence-labeled single-strand probes were
synthesized and then hybridized. GAUI, U2 and GAPDH oligos were
purchased from BGI. To increase the stability of RNA foci, RNA
signals were detected with a tyramide-Alexa Fluor 546 signal
amplification kit (Beyotime, Shanghai, China). After labeling,

TTS4 H3K4me3

fluorescence signals were detected using a confocal microscope
(FV1000; Olympus).

CRISPR/Cas9

Four single guide RNAs (sgRNAs) were separately cloned into lenti-
CRISPRvV2 (Addgene #52961, https://www.addgene.org/52961/) plas-
mids. To delete the GAUI exon2-exon3 and GAUI exon4 region from
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Fig. 7 | The TFR4-TTS4 is instrumental in the formation of the SENP5/GAU1
triplex. A Schematic illustration of GAUI fragment for in vitro amplification. TRF4
was contained in exon 3 of GAUI. B Different GAUI exons were rescued in GAUI-
knockout gastric tumor cells AGS (Exon3, P=0.0318; Exon4, P=0.0403; Exonl-4,
P=0.0061), MGC803(Exon3, P=0.0004; Exon4, P=0.0231; Exonl-4, P=0.0198),
and KATOIII(Exon3, P=0.0053; Exon4, P< 0.0012; Exonl- 4, P=0.0173), and
CHIRP-qPCR was used to detect the binding of different fragments of GAUI in the
SENPS promoter. Data are presented as mean + SD from three independent
experiments using an unpaired two-tailed t-test, ****P < 0.0001, **P < 0.001,
**P<0.01, and *P < 0.05. C Real-time PCR was used to detect the binding of purified
PPIA protein to GAUI RNA (Exonl-4, P=0.0390; Exon4, P=0.0338) of different
exons and full-length GAUI RNA transcribed in vitro. PPIA antibodies were used for
RIP. Data are presented as mean + SD from three independent experiments. One
sample t and Wilcoxon test of Row Stats, *P < 0.05. D Real-time PCR was used to
detect the binding of purified SETIA protein to GAUI RNA (Exonl-4, P=0.0296;
Exon4, P=0.0478) of different exons and full-length GAUI RNA transcribed in vitro.
SETI1A antibodies were used for RIP. Data are presented as mean + SD from three
independent experiments. One sample t and Wilcoxon test of Row Stats, *P < 0.05.
E In vitro co-IP assay shows the interaction between PPIA and the SET1A. Groups
were delineated as: Control (no GAUI), GAUI + RNase H, GAUI + RNase A, GAUI
alone, and GAUI + RNase A + RNase H. Representative blots from three independent
experiments. Source data are provided as a Source Data file. F Prediction sites for
GAUI triplex forming regions (TFR) were provided. G EMSA was conducted to

detect the interaction between the SENPS promoter and GAUI TFR. Representative
images from three independent experiments. Source data are provided as a Source
Data file. H Prediction sites for SENPS promoter triplex targeting sequences (TTS)
were outlined. I Triplex pull-down qPCR was used to detect SENPS promoter DNA
fragments that could form SENPS/GAUI triplexes with GAUI TRF4(TSS4, P< 0.0001)
in vitro. Data are presented as mean + SD from three independent experiments
using an unpaired two-tailed t-test, ***P < 0.0001. J It was shown that the

TTS4 sequence can form a triplex. K EMSA was utilized to probe the interaction
between the SENPS-TTS4 and GAUI-TFR4. Representative images from three
independent experiments. Source data are provided as a Source Data file.

L Thermal melting assay of the SENP5 DNA duplex (black), the heteroduplex (gray)
and SENPS-TTS4:GAUI-TFR4 triplex (red). M Circular dichroism spectra of the
SENPS5 DNA duplex (black), the heteroduplex (gray) and SENPS-TTS4:GAUI-TFR4
triplex (red) measured at 25 °C. N-P Real time PCR was used to detect the formation
of biotin labeled TRFs in AGS (TFR4, P=0.0012), MGC803(TFR4, P=0.0032) and
KATOIII (TFR4, P < 0.0001) gastric tumor cells with GAUI KO. Data are presented as
mean + SD from three independent experiments using an unpaired two-tailed t-
test, ***P < 0.0001, and **P < 0.01. Q Schematic diagram of the research model.
PPIA served as an anchor to recruit GAUI IncRNA and enhance the stability of the
SENPS/GAUI triplex, triggering the recruitment of the methyltransferase SET1A to
the SENPS promoter, thereby leading to an enrichment of H3K4me3 and the acti-
vation of SENPS transcription for tumorigenesis.

the genome, AGS, MGC803, and KATOIII cells were transfected with
plasmids containing single guide RNAs (and Cas9) targeting the left or
right side of the region to be deleted. Colonies were derived from
single cells and tested for the loss of the deletion region. The control
group was transfected with the sgRNA-empty vector using Lipofecta-
mine 3000 (Invitrogen, Carlsbad, USA) according to the manu-
facturer’s instructions.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) assay

Total RNA in AGS, MGC803, and KATOIIl were extracted by Trizol
(Invitrogen, Carlsbad, USA), RNAs were reversed-transcribed using
gPCR SYBR Green Master Mix (Yeasen, Shanghai, China) and analyzed
with a LightCycle96 quantitative PCR system (Roche, Basel, CH). The
relative mRNA expression level of genes was calculated using the 244
method after normalization to GAPDH, which served as an internal
loading control. To detect the expression levels of GAUI, SENP5, we
designed qPCR-primers, which were synthesized by Sangon (Sangon,
Shanghai, China), according to the manufacturer protocol. The primer
sequences are in the Supplemental Table 1: Primers, oligos, sgRNAs
used in the experiment.

Colony formation assay

The cells were counted and adjusted to 1000 cells per well in 6-well
plates and then placed into a humidified incubator for 1 weeks. Sub-
sequently, the cells were washed twice in phosphate-buffered saline
(PBS), fixed with 70% methanol for 30 min and stained for 30 min with
crystal violet. The colonies were counted in assays. Finally, GraphPad
prism8.0 was used to analyze the number of cell colonies in each well.

Western blot assay

Cells were collected at the specified time and rinsed twice with PBS.
The cell extracts were prepared with lysis buffer and centrifuged at
13,000 g for 30 min at 4°C and protein concentration was quantified
with a BCA kit (Yeasen, Shanghai, China). The supernatant was col-
lected and 5xSDS protein loading buffer was added in proportion and
incubated at 100°C for 10 min. Proteins were separated on a 10-12%
SDS-PAGE and electrophoretically transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Massachusetts, USA). Mem-
branes were then blocked in 5% non-fat milk with Tris-buffered saline
and 0.1% Tween 20 at room temperature for 2 h and the antibody was
diluted with 1xTBST according to the instructions and incubated

overnight at 4°C. Membranes were subsequently incubated with sec-
ondary antibodies for another 2 h at room temperature. Immunoblots
were visualized by an enhanced chemiluminescence detection kit (ECL
kit; Yeasen, Shanghai, China) under a chemiluminescence imaging
analysis system (Tanon, Shanghai, China).

Nuclear fractionation

Cells were collected at the specified time and washed twice with PBS.
Subsequently, 107 cells were harvested; resuspended in 1mL of ice-
cold DEPC-PBS, 1 mL of buffer C1 (1.28 M sucrose, 40 mM Tris-HCI [pH
7.5], 20 mM MgCl,, 4% Triton X-100), and 3 mL of RNase-free water,
and incubated for 15 min on ice. Then, cells were centrifuged for 15 min
at 3000 rpm; The resulting supernatant containing the cytoplasmic
component and the pellet containing the nuclear fraction were both
retained for RNA extraction.

Lentivirus packaging and generation of stable cell lines

The Lipofectamine 3000 reagent (Invitrogen, Carlsbad, USA) was
incubated with Opti-MEM I Reduced Serum Medium (GIBCO, the USA)
and used to transfect 239 T cells with 3 mg of the target plasmids
(pLentiCRISPR V2 plasmid) and 3.0 mg of the PMD plasmid and 6.0 mg
of the PsPAX2 plasmid. Six hours after transfection, the medium was
replaced with 10 mL of fresh medium. The supernatant containing the
viruses was collected at 48 and 72 h. The virus-containing solution was
filtered and concentrated. Add 50 pL of the virus carrying Cas9 and
sgRNA to 1mL of serum-free, antibiotic-free medium. Twenty-four
hours prior to transfection, tumor cells were seeded at 2.0 x 10° cells
per well in a six-well plate. The medium was replaced with virus-
containing supernatant supplemented with 0.5ng/mL polybrene
(Sigma-Aldrich, Wisconsin, GER). After 48 h, the medium was replaced
with fresh medium. Cells were selected by incubation with 4 mg/mL
puromycin (InvivoGen, French) for 2 weeks. Colonies were selected
and expanded for further analysis.

Tumor xenograft and metastasis model in nude mice

The cells were harvested by trypsinization and washed twice with PBS
(Gibco, USA). BALB/c nude mice (female, 5 weeks old) were used for
the study. The minimum number of animals in a single experiment is 5.
The ethical approval and experimental protocol number is
TJAB04823101. The xenograft model of MGC803-KO or MGC803
empty vector cell tumor was established by injecting 2 x 107 cells into
the right armpit of female nude mice. All mice were sacrificed by
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cervical dislocation 30 days after implantation for the tumor formation
analysis or 120 days after injection for the survival analysis. Tumor size
was measured every 3 days with a vernier caliper. For the metastasis
model, 5-week-old nude female mice were deeply anesthetized. Cells
were pre-transfected with a lentivirus encoded by the plvx-luciferase
-Blasticidin vector (MGC803 GAUI-empty vector; MGC803 GAUI-KO1;
MGC803 GAUI-KO2; MGC803 shSENPS-empty vector; MGC803
ShSENPS-1and MGC803 shSENP5-2 sgRNA2). Next, 5 x 10° cells in a
0.1mL volume of sterile saline solution were injected through the
caudal vein. Bioluminescence was detected after 40 days by in vivo
small animal imaging systems, the numbers of nude mice presented
with stronger luminescence signal in empty vector groups have been
calculated as compared with GAUI-KO or shSENPS group. Animal
experiments were carried out in accordance with the guidelines of SPF
Animal Center of Tongji University. We confirm that the maximal
tumor size/burden did not exceed the limits permitted (tumor volume:
1 cm?®) by our ethics committee or institutional review board.

In vivo triplex capture assay with biotinylated RNA

Biotinylated RNA was segmented synthesis in vitro, and the cells were
grown on six-well plates at 50-60% cell confluency. Lipofectamine
3000 reagent (Invitrogen, Carlsbad, USA) assisted transfection of
biotin-labeled target 10 pmol RNA or negative control. Then the
medium was changed after 8 h, and the cells continued to grow for
24 h before harvest. The cells were washed 3 times with cold PBS, and
the cells were scraped off with a disposable scraper. After centrifuga-
tion, cells are lysed on ice with cell lysis buffer (40 mM Tris-acetate, pH
7.5, 20 mM KCl, 50 mM magnesium-acetate, 50% glycerol) containing
RNase inhibitor for 15 min. After centrifugation, the supernatant is
removed. Then incubate on ice with nuclei lysis buffer (10 mM KClI,
10 mM Hepes, pH 8.0, 5mM MgCl,, 0.34 M sucrose, 10% glycerol,
ribonuclease inhibitors. Ice-cold) containing RNase inhibitor for
10 min. After the pellet was suspended by Triplex buffer (10 mM Tris-
HCI, pH 7.5, 20 mM KCl, 10 mM MgCl,, ribonuclease inhibitors), Pro-
teinase K was added, and the pretreated protein was incubated at 37 °C
for 30 min. Then the DNA-RNA mixture was broken with sonicate, and
the fragment was about 500 bp. RNase H was added to treat the
samples, and the R-loop interference was removed after incubation at
37 °C for 30 min. Add Streptavidin C1 Dynabeads and incubate samples
at 37 °C for 2 h. Subsequently, the beads were washed five times with
1mL of precooled wash buffer (150 mM KCI, 10 mM Tris-HCI, pH 7.5,
5 mM MgCl,, 0.5% NP-40, ribonuclease inhibitors) for 5 min per wash.
Then, 100 pL of elution buffer (10 mM Tris-HCI, pH 7.5, 20 mM KClI,
10 mM MgCl,, RNase A) was added, and the protein was eluted at 37 °C
for 1h. The supernatant was transferred to a new low-binding tube.
And the beads were eluted again with 100 pL of elution buffer. The two
supernatants were combined. After sodium acetate precipitated sam-
ples, used 20 pL TE buffer (10 mM Tris-HCI, pH 8.0,1 mM EDTA, pH 7.5)
resuspended pellet, Furthermore, DNA was subjected to sequencing
analysis.

In vitro triplex capture assay with biotinylated RNA

The 5-untranslated region transcription start site (TTS) fragment of
the genome SENP5 was designed, and the PCR products were digested
by exonuclease. Next, 1 ug PCR-fragments were incubated with 5-15
pmol biotin-labeled GAUI triplex-forming oligonucleotide (TFO) probe
in triplex hybridization solution for 30 min at 37 °C. PCR-fragments
without GAUI TFO sequence served as an empty vector, and that
without RNA served as a blank control. RNA-DNA complexes were
bound to streptavidin-coated beads at 37 °C for 40 min, washed 3
times with buffer containing 150 mmol/L KCI, 10 mmol/L Tris-HCI (pH
7.5), 5 mmol/L MgCl,, 0.5% NP-40 and RNasin, and washed once with
buffer containing 15 mmol/L KCI, 10 mmol/L Tris-HCI (pH 7.5) and
5mmol/L MgCl,. RNA-bound DNA was eluted with a mixture of 1%
sodium dodecyl sulfate, 50 mmol/L Tris-HCI (pH 8.0), and 10 mmol/L

ethylene diamine tetra acetate (EDTA) at 65 °C for 5 min. They were
digested with RNase A (50 ng/mL, at 37 °C for 30 min) and protease K
(200 ng/mL, at 15 °C for 15 min). The recovered DNA was analyzed by
qPCR and normalized to input DNA. The SENPS TTS sequences are in
Supplemental Table 2: TFOs and TTSs.

Electrophoretic mobility shift assay (EMSA)

The DNA and the labeled synthesized GAUI TFO were reacted in 10 pL
binding reaction system (the buffer contained 1mmol/L MgCl,.
0.5mmol/L EDTA, 0.5mmol/L dithiothreitol, 50 mmol/L NacCl,
10 mmol/L Tris-HCI (pH 7.5), and 0.05 mg/mL poly-(dl-dC)) at room
temperature for 20 min. Subsequently, the samples were loaded onto a
4% denaturing polyacrylamide gel for electrophoresis. The corre-
sponding bands indicative of triplex formation could be visualized
through staining. The strength of gel bands was quantitatively ana-
lyzed by imaging analysis system (Tanon, Shanghai, China). The GAU1
TFO sequences are in Supplemental Table 2: TFOs and TTSs.

Circular dichroism (CD) and melting curve analysis

Circular dichroism spectra were obtained using an Applied Photo-
physics (Leatherhead, Surrey, UK) Chirascan polarimeter. The mea-
surement range was from 210 to 320nm, and the spectra were
recorded at 25°C using a 1cm path length quartz cuvette. Each DNA
duplex, DNA-RNA heteroduplex, and DNA-DNA-RNA triplex sample at
8 uM was measured in 10 mM Tris-HCI (pH 7.4), 50 mM KCI, and 5 mM
MgCl, (pH 7.4). Spectra were acquired through eight scans and data
were smoothed using a Savitzky-Golay filter. Observed ellipticity
values were converted to molar ellipticity [0] =deg x cm? x dmol™.
Melting curves were obtained at a constant wavelength within the
temperature range of 65 °C to 95 °C, with a heating rate of 1 °C/min. All
melting temperature data were converted to normalized ellipticity and
evaluated using the following equation.

Chromatin isolation by RNA purification (ChIRP)

Biotin labeled probes against GAUI were designed according to the
online tool (www.singlemoleculefish.com). Probes against LacZ RNA
were used as the negative control. Probes against U2 used as positive
control. A total of 2 x 107 AGS, MGC803, KATOIII cells were resus-
pended in precooled PBS buffer and crosslinked with 3% formaldehyde
and the reaction was quenched by glycine. Cells were then pelleted at
1000 g for 10 min and resuspended in Swelling Buffer containing 0.1M
Tris pH7.0, 10 mM KOAc, 15 mM MgOAc. 1% NP-40, 1mM DTT, 1mM
PMSF, complete protease inhibitor, and 0.1U/pL Superase-in for 10 min
on ice. Nuclei was further resolved in 50 mM Tris 7.0, 10 mM EDTA, 1%
SDS, add DTT, PMSF and Superase-in. The chromatin was then soni-
cated to 100-500 bp size and diluted in 500 mM Nacl, 1% SDS, 100 mM
Tris 7.0, 10 mM EDTA, 15% formamide. Pre-binding probes oligos were
added to streptavidin beads. The beads were mixed with the cell lysate
and hybridized at 37 °C overnight on an end-to-end shaker. Subse-
quently, the beads were washed five times with 1 mL of prewarmed
wash buffer for 5min per wash. Then, 100 pL of elution buffer con-
taining (50 mM NaHCOs, 1%SDS, 200 mM NaCl, 20U RNase A and 20U
RNase H) was added, and the mixtures were eluted at 37 °C for 1h.
Subsequently, the supernatant was collected, 10 pL protease K
(Thermo Fisher, Massachusetts, USA) was added and incubated at
55 °C for 2 h. DNA was then extracted with phenol: chloroform: isoamyl
and precipitated with ethanol at —-80 °C. Furthermore, purified DNA
was subjected to qPCR analysis. The primers sequences are in Sup-
plemental Table 1: Primers, oligos, sgRNAs used in the experiment

Chromatin isolation by RNA purification mass spectrometry
(ChIRP-MS)

In ChIRP-MS, we conducted a mass spectrometry assay with one bio-
logical replicate using AGS-NC, AGS-KO, positive control U2 oligo, and
negative control lacZ oligo. For the identification of proteins from gel
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strips, samples are first separated through gel electrophoresis, and
strips are excised at distinct positions on the gel. Following enzymatic
digestion, peptides are extracted and subjected to desalting before
being lyophilized. These peptides are then reconstituted in mobile
phase A (2% acetonitrile, 0.1% formic acid), centrifuged at 20,000 g for
10 min, and the supernatant is injected into a Thermo UltiMate 3000
UHPLC system. Separation occurs on a self-packed C18 column using a
gradient program at a flow rate of 300 nL/min, which includes
increasing mobile phase B (98% acetonitrile, 0.1% formic acid) from 5%
to 25% over 40 min, further to 35% in 5 min, up to 80% over another
2 min, maintaining this for 2 min, and returning to initial conditions
over the last 6 min. The eluted peptides are ionized by a nanoESI
source and analyzed by a tandem mass spectrometer like the
Q-Exactive HF X, operating in data-dependent acquisition (DDA) mode
with key parameters set to optimize detection, including ion source
voltage at 1.9 kV, MS1 scan range from 350 to 1,500 m/z, resolution at
60,000 for MSI scans, and 15,000 for MS2 scans. Fragmentation tar-
gets the top 30 most intense ions with charges 2" to 6" and exceeds a
threshold of 10,000 counts, using HCD mode with fragment ions
detected in the Orbitrap, and dynamic exclusion set to 30 sec. Auto-
matic gain control (AGC) targets are set to 3E6 for MSI1 and 1ES5 for
MS2 scans. Finally, protein identification software is utilized to analyze
the acquired mass spectra and identify the proteins present in the
samples.

RNA-chromatin immunoprecipitation (RIP)

RNA immunoprecipitation was performed following Part of the
Methods in Molecular Biology book series (MIMB, volume 1480) Pro-
tocol. AGS, MGC803 and KATOIII cells at 80-90% confluency in 15 cm
dish were scraped off, then lysed in complete RIP lysis buffer, after
which 100 pL of whole-cell extract was incubated with RIP buffer
containing magnetic beads conjugated with human anti-SETIA
(D3V9S) Rabbit mAb #61702 (1:50, CST, Mass, USA); anti-PPIA CyPA
Antikorper (6-YD13): sc-134310(1:50, Santa Cruz, USA); anti-IgG Rabbit
(DAIE) mAb IgG XP® Isotype Control #3900(1:50, CST, Mass, USA);
anti-Histone H3 (D1H2) XP® Rabbit mAb #4499. Samples were incu-
bated with Proteinase K with shaking to digest the protein and then
immunoprecipitated RNA was isolated. Furthermore, purified RNA was
subjected to qRT-PCR analysis to demonstrate the presence of the
binding targets using respective primers. The primers sequences are in
Supplemental Table 1: Primers, oligos, sgRNAs used in the experiment.

Chromatin immunoprecipitation (ChIP)

ChIP was conducted using an EZ-Magna ChIP A/G kit (Millipore, Mas-
sachusetts, USA) according to the manufacturer instructions. The anti-
H3K27ac, Acetyl-Histone H3 (Lys27) (D5E4) XP® Rabbit mAb #8173
(1:50, CST, Mass, USA); anti-H3K4me, Mono-Methyl-Histone H3 (Lys4)
(D1A9) XP® Rabbit mAb #5326 (1:50, CST, Mass, USA); anti-SET1A
(D3V9S) Rabbit mAb #61702 (1:50, CST, Mass, USA); anti-PPIA CyPA
Antikorper (6-YD13): sc-134310(1:50, Santa Cruz, USA) antibody used
for RNA-ChIP was also applied for ChIP. Anti IgG was used as a negative
control. The primers sequences are Supplemental Table 1: Primers,
oligos, sgRNAs used in the experiment.

TCGA dataset

To validate the potential role of SENP5 in GC, we queried the TCGA
(http://www.cbioportal.org), TIMER2.0 (http://timer.cistrome.org/)
and GEPIA (gepia.cancer-pku.cn), R2 provided the transcriptional
landscape and follow-up information on 1222 gastric cancer samples.

Statistical analysis

All experiments were performed in triplicate, and the data were
expressed as mean + SD. The comparative CT method was applied in
the quantitative real-time RT-PCR assay according to the delta-delta CT
method. The data were analyzed with t-test or by one-way analysis of

variance, and results were considered statistically significant at
P<0.05. If P<0.05, it is considered to have statistical difference, it is
represented by “; If P<0.01, it is indicated by “**; If P<0.001, it is
indicated by “**; If P<0.0001, it is indicated by “***.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The ChIP-seq and Triplex-seq data generated in this study are available
at the Gene Expression Omnibus GSE247292 and the Sequence Read
Archive (SRA) BioProject PRJNA1037069. The ChIRP-MS data have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD056041. Source data
are provided with this paper.
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