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The microprotein HDSP promotes gastric
cancer progression through activating the
MECOM-SPINKI-EGFR signaling axis
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% Check for updates The presence of noncanonical open reading frames within IncRNAs (long non-

coding RNAs) suggests their potential for translation, yielding various func-
tional peptides or proteins. However, the existence and specific roles of these
products in gastric cancer remain largely unclear. Here we identify the
HOXA10-HOXA9-derived small protein (HDSP) in gastric cancer through
comprehensive analysis and experimental validation, including mass spec-
trometry and western blotting. HDSP exhibits high expression and oncogenic
roles in gastric cancer. Mechanistically, HDSP blocks TRIM25-mediated ubi-
quitination and degradation by interacting with MECOM, leading to MECOM
accumulation and enhanced SPINK1 transcription-a gene promoting cancer via
the EGFR signaling pathway. Furthermore, MECOM fosters HOXA10-HOXA9
transcription, establishing a feedback loop activating SPINK1-EGFR signaling.
HDSP knockdown inhibits tumor growth in a PDX (patient-derived xenograft)
model, and infusion of an artificially synthesized HDSP peptide as a neoantigen
enhances immune cell-mediated anti-tumor efficacy against gastric cancer in
vitro and in vivo. These findings propose HDSP as a potential therapeutic
target or neoantigen candidate for gastric cancer treatment.

The worldwide incidence of gastric cancer (GC) ranks fifth among all  crucial to identify and characterize novel biomarkers and understand

malignancies and fourth in terms of mortality'. According to the latest
cancer statistics from the National Cancer Center in China, GC has the
third highest incidence and mortality rates in the country’. Despite
significant advancements in molecular targeting therapy and immune
checkpoint inhibitors, the 5-year overall survival rate of GC patients
remains below 30%, which is primarily due to the lack of effective early
diagnostic methods and limited therapeutic targets**. Hence, it is

the regulatory mechanisms that govern GC cell proliferation and
metastasis to improve diagnosis and facilitate the development of
innovative therapeutic approaches.

Multi-omics studies, including RNA sequencing (RNA-seq), ribo-
some profiling, and bioinformatics analysis, have revealed numerous
noncanonical open reading frames (ORFs) in the human genome®”. In
contrast to classical coding sequences in mRNAs, noncanonical ORFs
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are often derived from the 5’untranslated regions of mRNAs, long non-
coding RNAs (IncRNAs), and circular RNAs (circRNAs)®°. Previously,
most of these noncanonical ORFs were unannotated, and their biolo-
gical significance was unclear. However, Ji et al. recently identified
high-priority ORFs in IncRNAs and determined a significant number of
peptides/proteins encoded by these ORFs through mass-
spectrometry-based proteomics'. In a previous study, we used ribo-
some profiling and bioinformatics analysis to identify hundreds of
cryptic IncRNA-encoded ORFs. CRISPR-based screens revealed that
disrupting these noncanonical ORFs resulted in diverse cellular effects
in human estrogen receptor a-positive (ER+) breast cancer cells".
Prensner et al. confirmed experimentally that 257 noncanonical ORFs
out of 553 candidates were translatable, and that their translation was
linked to biological activity based on CRISPR tiling”’. These findings
indicate that systematic exploration of “hidden ORFs” in cancer can
reveal an abundant source of previously undiscovered peptides and
proteins.

Currently, only a few peptides/proteins translated from circRNAs
have been identified in GC. CircPGD encodes a PGD-219aa protein that
promotes malignant behavior in GC cells by regulating epithelial-
mesenchymal transition through the SMAD2/3 and YAP signaling
pathways". AXIN1-295aa, which is encoded by circAXINI, stimulates
the progression of GC by competitively interacting with APC and
activating the B-catenin signaling pathway*. GSPT1-238aa, which is
encoded by circGSPT1, inhibits tumorigenesis in GC by regulating
autophagy via the PI3K/AKT/mTOR pathway through its interaction
with the vimentin/Beclinl/14-3-3 complex”. DIDO1-529aa, a protein
encoded by circDIDOI, interacts with PARP1 to impair its binding to
damaged DNA and weaken its enzymatic activity’®. Although the
functional impact of peptides/proteins encoded by circRNAs in GC has
been established, little is known about the coding potential and
functional relevance of noncanonical ORFs within IncRNAs in GC.
Investigating and characterizing these ORFs may provide insights into
GC mechanisms and potential therapeutic targets.

In the present study, we aim to identify translatable IncRNAs
associated with GC by analyzing RNA-seq and ribosome profiling data.
We find that HDSP, a microprotein encoded by the IncRNA HOXA10-
HOXA9 in GC, has an oncogenic role by stabilizing the MECOM protein
and activating the SPINK1-EGFR signaling pathway. In vivo experiments
using patient-derived xenograft (PDX) and hematopoietic stem cell
(HSC) humanized mouse models evaluate the potential of HDSP as a
therapeutic target or neoantigen for GC treatment.

Results

HOXA10-HOXA9 encodes a microprotein HDSP in gastric cancer
Emerging evidence has demonstrated that functional peptides/pro-
teins can be translated from IncRNAs”. We identified five GC-
associated IncRNAs (HOTTIP, UCAL, FEZF1-AS1, HOXA10-HOXA9, and
LINC00668) with coding potential by analyzing ribosomal profiling
data, GC-related IncRNA microarray data, and sequencing data from
the GEO database and TCGA (Fig. 1a, Supplementary Fig. 1a and Sup-
plementary Data 1). Next, we observed the highest enrichment of
HOXA10-HOXA9 among the identified IncRNAs in polysome-bound
RNA from SGC-7901 cells (Fig. 1b and Supplementary Fig. 1b). Although
the functions of the other four identified IncRNAs have been char-
acterized in GC, the biological role of HOXA10-HOXA9 (NR_037940.1)
in GC remains to be elucidated.

We further confirmed the upregulated expression of HOXA10-
HOXA9 in 70 paired GC tissues and 7 GC cell lines, as well as in the
datasets mentioned above, which captured our attention (Fig. 1c, d and
Supplementary Fig. 1c). After confirming the cytoplasmic localization
of HOXA10-HOXA9 through RNA FISH and nuclear/cytoplasmic frac-
tionation assays, we identified a noncanonical 339-nt ORF2 within the
sequence of HOXA10-HOXA9. This ORF has the potential to encode a
112-amino acid microprotein, which we have named HDSP (HOXA10-

HOXA9-derived small protein) (Fig. 1e and Supplementary Fig. 1d-k).
Mutation of the start codon resulted in the absence of the HDSP-GFP or
HDSP-Flag fusion protein, indicating that the initiation codon was
functional (Fig. 1f-i). In addition, we confirmed the translation of
exogenous HDSP-Flag through MS (Supplementary Fig. 1I). In vitro
translation experiments provided additional validation regarding the
codifiability of the HOXA10-HOXA9 sequence(Fig. 1j).

Moreover, we employed CRISPR/Cas9-mediated homologous
recombination to introduce the Flag tag after the HDSP start codon in
GC cells (Fig. 1k and Supplementary Fig. Im). Western blot analysis
further demonstrated the endogenous expression of HDSP in vivo
(Fig. 11). Due to the homologous nature of the HDSP sequence with that
of HOXA9, we opted for a commercial anti-HOX9 antibody capable of
recognizing identical epitopes on both proteins for the detection of
endogenous HDSP (Supplementary Fig. 2a, b). Western blot results
revealed a significant upregulation of HDSP expression in both GC cells
and tissues (Supplementary Fig. 2c, d). Importantly, no cross-reaction
with HOXA9 was observed (Supplementary Fig. 2e, f). Concurrently, in
Flag-KI GC cells, the expression of HDSP remained unaffected even
upon knockout of HOXA9 (Fig. Im). Collectively, these findings indi-
cate that HOXA10-HOXA9 may encode a microprotein, HDSP, which is
naturally expressed in GC tissues and cells, rather than being gener-
ated through shear of parental proteins.

High levels of endogenous HDSP correlate with poor prognosis
for GC patients

To confirm the presence of endogenous HDSP in GC tissue and
cells, we identified the unique peptide fragment of HDSP utilizing
MS analysis of the whole-cell lysate, including the specific
N-terminal amino acid sequence MCQ (Met-Cys-GIn), which is
encoded by HDSP but not HOXA9. This further confirms the
existence of endogenously expressed HDSP (Fig. 2b, d and Sup-
plementary Fig. 2g). To discern the presence of endogenous
HDSP in GC tissues and cells, we utilized the N-terminal amino
acid sequence containing the initial three amino acids “MCQ” as
the antigen for synthesizing HDSP-specific antibodies. Similar to
the antibodies targeting HOXA9, those directed against HDSP
exhibited no evidence of cross-reactivity (Supplementary
Fig. 2e, f). Western blot analysis revealed a significant upregula-
tion of HDSP expression in both GC cells and tissues (Fig. 2a, c).
Notably, high expression of HDSP was significantly associated
with larger tumor size, advanced clinical stage, and lymph node
metastasis in GC patients (Fig. 2e, f and Supplementary Table 1).
Collectively, these findings indicate that HOXA10-HOXA9 may
encode a microprotein, HDSP, which is naturally expressed in GC
tissues and cells. Kaplan-Meier survival analysis, receiver oper-
ating characteristic curve analysis, and receiver operating char-
acteristic (ROC) proportional hazard model collectively identified
high HDSP expression as an independent factor associated with
poor prognosis in GC patients (Fig. 2g-i).

HDSP exerts oncogenic effects in gastric cancer

Currently, the biological functions of HOXA10-HOXA9 and HDSP
remain elusive. However, in GC cells, silencing HOXA10-HOXA9
resulted in reduced proliferation, migration, and invasion. Con-
versely, overexpression of HOXA10-HOXA9 or HDSP led to the oppo-
site effect, while overexpression of HOXA10-HOXA9 mut failed to
significantly promote these cellular behaviors (Supplementary
Fig. 3a-e). To confirm the functional role of HDSP, rescue experiments
were conducted, and the efficiency of HDSP manipulation was asses-
sed in the specified GC cells (Supplementary Fig. 3f). As shown in
Fig. 3a, b, HDSP knockdown decreased cell proliferation and colony
formation in vitro, which were restored by HDSP re-expression but not
by a mutant form of HOXA10-HOXA9 (HOXA10-HOXA9 mut). Simi-
larly, HOXA10-HOXA9 knockdown significantly suppressed tumor
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growth, which was rescued by HDSP reintroduction but not by
HOXA10-HOXA9 mut (Fig. 3c, d). Consistent results were obtained for
tumor volume/weight and the expression of HDSP and Ki67 in the
tumor tissues from mice (Fig. 3e, f and Supplementary Fig. 3g). Con-
currently, we evaluated the impact of HDSP on the metastatic potential
of GC cells. Both in vivo and in vitro functional assays demonstrated
that silencing HOXA10-HOXA9 significantly suppressed the metastatic
capacity of GC cells. Reexpression of HDSP effectively reversed this
suppression, whereas overexpression of a mutant HOXA10-HOXA9
(HOXA10-HOXA9 mut) failed to replicate these effects (Fig. 3g—j).
These results indicate that HOXA10-HOXA9 promotes the prolifera-
tion and metastasis of GC cells primarily by encoding the small pro-
tein HDSP.

HDSP interacts with MECOM and prevents it from
ubiquitination-mediated degradation

To investigate the molecular mechanism behind HDSP-mediated GC
progression, we co-immunoprecipitated HDSP interactors (Fig. 4a)
and identified 413 proteins specifically bound to HDSP using LC/MS-
MS analysis (Supplementary Data 2). GO analysis revealed significant
enrichment of HDSP-interacting proteins involved in gene expression
regulation and mRNA stability et al. (Supplementary Fig. 4a). Among
the HDSP interacted candidates, MECOM (MDS1 and EVI1 complex
locus) was selected particularly for further investigation, because it is a
major member of transcriptional regulator family and has critical roles
in gene expression regulation, and dysregulation of MECOM con-
tributes to tumorigenesis and progression of various solid tumors and
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Fig. 1| HOXA10-HOXA9 encodes a microprotein HDSP in GC. a Analyzing GC
datasets from TCGA, GC-related datasets from GEO, and ribosome sequencing
datasets, the differentially expressed IncRNAs in various datasets were intersected
to create a Venn diagram. b Polysome-bound RNA isolation and qRT-PCR were
used to analyze the enrichment of the five candidate IncRNAs on polyribosomes in
SGC-7901 cells. Mean + SD, n = 3 biologically independent experiments. c QRT-PCR
analysis of HOXA10-HOXA9 expression in 70 paired GC tissues. Mean + SD, Paired
samples, 2-sided Student’s ¢ test. ***P < 0.0001. d QRT-PCR analysis of HOXA10-
HOXA9 expression levels in 7 GC cell lines and normal gastric mucosal epithelial
cells (GES-1). Mean + SD, Unpaired two-tailed Student’s ¢ test. n = 3 biologically
independent experiments. *P< 0.05, **P < 0.01, **P< 0.001, ***P<0.0001. e A
schematic diagram shows the HOXA10-HOXA9 ORF2 encoding a 112aa small pro-
tein. f Schematic representation of the structures of HDSP-GFP, HDSP-Flag, and
their respective mutant variants. g The expression vector depicted in (f) was
separately transfected into GC cells. After 48 h, the expression of the HDSP-GFP
fusion protein (left) and HDSP-Flag fusion protein (right) were assessed using
western blot analysis. The experiment was repeated 3 times independently with
similar results. h Following transfection of GFP, HDSP-GFP, and their respective

mutant plasmids into GC cells, the green fluorescence emitted by GFP was visua-
lized using a fluorescence microscope. The experiment was repeated 3 times
independently with similar results. i After transfecting GC cells with HDSP-Flag and
its mutant vector, the subcellular localization of the fusion protein was examined
using immunofluorescence. The experiment was repeated 3 times independently
with similar results. j The sequences of HOXA10-HOXA9 were cloned into over-
expression vectors containing T7 promoters, and their coding potential was vali-
dated through in vitro translation experiments. The experiment was repeated 3
times independently with similar results. k The schematic diagram illustrates the
Flag Knock-In Strategy. The insertion of the Flag tag after the start codon of HDSP
represents a fusion expression. | Western blot was employed to ascertain the
successful integration of the Flag tag into GC cells. The experiment was repeated 3
times independently with similar results. m After introducing Flag via knock-in in
GC cells, HOXA9 was subsequently knocked out, followed by the assessment of
HOXA9 and HDSP expression levels using western blot analysis. The experiment
was repeated 3 times independently with similar results. Source data are provided
as a Source data file.

hematopoietic cancers (Supplementary Fig. 4b)'®'°. Kaplan-Meier
analysis demonstrated that GC patients with higher MECOM expres-
sion had poorer overall survival (Supplementary Fig. 4c). In addition,
the binding between MECOM and HDSP was confirmed by reciprocal
Co-IP (Fig. 4b). The PLA revealed the co-localization of MECOM and
HDSP in GC cells, and their spatially bound conformation was analyzed
using SWMATH software (Fig. 4c, d). MECOM consists of two DNA-
binding domains with zinc finger motifs, a repression domain, and an
acidic domain®. Co-IP experiments revealed that the repression
domain (427-912 aa) of MECOM is essential for the interaction with
HDSP. In addition, the C-terminal region of HDSP, rather than the
N-terminal region, retained the ability to interact with MECOM
(Fig. 4e, f). The in vitro GST pull-down assay also confirmed the
interaction between HDSP and MECOM (Fig. 4g).

Notably, we observed that manipulation of HDSP only affected the
protein level of MECOM but not its mRNA level (Fig. 4h and Supple-
mentary Fig. 4d). A CHX chase assay confirmed that HDSP knockdown
decreased the half-life of MECOM protein, whereas HDSP over-
expression had the opposite effect (Fig. 4i and Supplementary Fig. 4e).
HDSP appears to regulate MECOM expression through posttransla-
tional mechanisms. The degradation of proteins is primarily mediated
by two pathways: the ubiquitin-proteasome system (UPS) and the
lysosome pathway?”. Interestingly, the decrease in MECOM protein
caused by downregulation of HDSP could be saved by the proteasome
inhibitor MG132 rather than the lysosome inhibitors Chloroquine (CQ).
In addition, MG132 but not CQ enhanced MECOM protein stability in
both HDSP-Flag-expressing and control cells (Fig. 4j). We investigated
whether HDSP regulates MECOM expression via the UPS and found
that ubiquitinated MECOM levels increased with the presence of
MGI132, as shown by Co-IP analysis (Fig. 4k). K48-linked poly-
ubiquitination and Ké63-linked polyubiquitination are the two main
types of protein ubiquitination; the former leads to proteasomal
degradation and the latter is generally involved in protein
translocation®. Importantly, HDSP overexpression decreased K48-
linked ubiquitination of MECOM, whereas knockdown of HDSP
increased MECOM ubiquitination. Both exogenous ubiquitination and
endogenous ubiquitination of MECOM were reduced by HDSP ectopic
expression in GC cells (Fig. 41-n). These results suggest that HDSP
interacts with MECOM and protects it from K48-linked ubiquitination-
mediated proteasomal degradation, thereby maintaining its protein
stability.

TRIM25 interacts with MECOM to mediate its ubiquitination
which could be competitively blocked by HDSP

With the assistance of a series of enzymes, ubiquitination marks
specific proteins for degradation, with E3 ubiquitin ligases

responsible for target specificity. Our previous results confirm that
the MECOM protein can undergo ubiquitination and subsequent
degradation via the UPS. Co-IP/MS analysis identified TRIM25 as an
E3 ligase, which exhibited the highest number of peptide ions mat-
ched to MECOM among the 11 interacting E3 ubiquitin ligases
(Fig. 5a, b, Supplementary Fig. 4f, and Supplementary Data 2). The
reciprocal Co-IP and GST pull-down assays confirmed the exogenous
interaction between TRIM25 and MECOM in GC cells (Fig. 5¢, d). The
deletion of TRIM2S resulted in a significant increase in MECOM
protein abundance but did not affect its mRNA levels (Fig. 5e and
Supplementary Fig. 4g). In addition, the deletion of TRIM25 also
prolonged the half-life of endogenous MECOM protein (Fig. 5f). The
level of ubiquitinated MECOM was markedly reduced when TRIM25
was silenced, particularly in the presence of MG132 (Fig. 5g). To
investigate potential ubiquitination modification sites on MECOM,
we introduced the K656R mutant predicted by PhosphoSitePlus
software. Western blot analysis showed that the protein level of wild-
type MECOM changed with TRIM25 alteration, whereas the level of
the MECOM-K656R mutant remained unchanged (Supplementary
Fig. 4h). Moreover, the K656R mutation significantly eliminated the
ubiquitin smear of MECOM (Supplementary Fig. 4i). Consistent with
this, TRIM25 could induce ubiquitination of wild-type MECOM but
not of MECOM-K656R (Supplementary Fig. 4j). As determined by the
E2Select Ubiquitin Conjugation Assay, in the presence of E2 ligase
UBE2D1, TRIM25 showed superior efficacy in conjugating ubiquitin
to MECOM (Fig. 5h).

Interestingly, further Co-IP experiments showed that the interac-
tion between MECOM and TRIM25 depended on MECOM's repression
domain (Fig. 5i), which is also responsible for the physical binding to
HDSP. Therefore, HDSP may compete with TRIM25 for MECOM bind-
ing, as evidenced by the weakened TRIM25-MECOM association with
increasing HDSP levels and the strengthened association upon HDSP
knockdown (Fig. 5j, k). The PLA demonstrated that TRIM2S interacts
with MECOM subsequent to interference with HDSP (Fig. 5l). Inter-
ference with TRIM25 reversed the shortened half-life of MECOM pro-
tein induced by the knockdown of HDSP expression (Supplementary
Fig. 4k). Collectively, these results suggest that TRIM25 is a genuine E3
ligase of MECOM in GC cells, and HDSP disrupts TRIM25-MECOM
binding, which ultimately affects MECOM ubiquitination and
abundance.

HDSP triggers the malignant phenotype of gastric cancer cells
partially via MECOM

Previous studies have shown that MECOM plays an oncogenic role in
various cancers, including in lung and ovarian cancers'>?. We investi-
gated whether MECOM is involved in GC progression by examining its
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Fig. 2 | High levels of endogenous HDSP correlate with poor prognosis for GC
patients. a Western blot detected endogenous HDSP expression in seven cell lines
and normal gastric mucosal epithelial cells (GES-1). The experiment was repeated 3
times independently with similar results. b SGC-7901 cell protein was separated
using SDS-PAGE and stained with Coomassie Blue. Specific bands corresponding to
HDSP were identified by MS. ¢ Western blot detection of HDSP expression in 70
pairs of GC patients (12 pairs were shown). The experiment was repeated 3 times
independently with similar results. d Endogenous HDSP in GC tissue was detected
by MS after Coomassie brilliant blue staining. e The grayscale values of HDSP/B-
actin in 70 pairs of GC tissues were quantitatively analyzed. Paired samples, 2-sided
Student’s ¢ test. ***P < 0.0001. f Combined with the clinicopathological data

analysis of 70 patients with GC, the expression of HDSP was examined in relation to
tumor size, stage, and lymph node metastasis. Mean + SD, 2-sided Student’s ¢ test.
***P < 0.001, ***P < 0.0001. g 70 GC patients were stratified into two groups based
on the expression levels of HDSP, n(HDSP Low) = 33, n(HDSP High) = 37, and
Kaplan-Meier analysis was employed to plot the overall survival curve. A log-rank
test. h Plotting the GC patients’ Receiver Operating Characteristic (ROC) curve
according to the expression of HDSP. Data are presented as AUC + 95% CI. AUC
area under the curve, CI confidence interval. i HDSP expression correlated with the
prognosis of GC patients, univariate and multivariate COX analysis, n=70. NT non-
tumor, T tumor. Source data are provided as a Source data file.

expression in GC specimens. IHC analysis revealed that MECOM is
highly expressed in cancerous tissues and is positively correlated with
tumor size, advanced stage, lymph node metastasis, and poor overall
survival in GC patients (Supplementary Fig. 5a-c). Furthermore, the
depletion of MECOM impaired cell viability, clonogenicity, migration,
and invasion in GC cells (Supplementary Fig. 5d-g). In addition, we
performed rescue assays to investigate whether HDSP exerts its
oncogenic effects via MECOM, which confirmed that the effects of
HDSP on malignant GC cell phenotypes are, to some extent, reliant on
MECOM (Supplementary Fig. 6a-d).

SPINK1 is a transcriptional target co-regulated by the HDSP/
MECOM axis

Although MECOM has been implicated in various human malig-
nancies as a prominent transcription factor®, its downstream targets
in GC are still to be identified. We conducted RNA-seq analysis and
identified 2947 upregulated and 2937 downregulated genes upon
MECOM knockdown (Supplementary Fig. 6e and Supplementary

Data 2). GO and KEGG pathway analysis showed that these genes
were enriched in the MAPK, PI3K-AKT, and Ras signaling pathways
et al. (Fig. 6a). As HDSP is responsible for MECOM protein abun-
dance, we focused on the genes co-regulated by the HDSP/MECOM
axis at the transcriptional level. Analysis of RNA-seq data from HDSP
and MECOM knockdown conditions, along with MECOM ChlIP-seq
data from the Cistrome Data Browser database, revealed 17 target
genes (Fig. 6b and Supplementary Data 2), among which eight can-
didates were validated, with SPINK1 being the top-ranked down-
regulated gene in HDSP or MECOM-silenced GC cells (Fig. 6¢, d and
Supplementary Fig. 6f). Serine protease inhibitor Kazal type 1
(SPINK1), also known as pancreatic secreted trypsin inhibitor (PSTI)
or tumor-associated trypsin inhibitor (TATI), inhibits pancreatic
trypsin activation, preventing organ damage and regulating inflam-
mation and cell proliferation. Its overexpression promotes tumor
progression in various cancers like prostate, colon, pancreatic, and
ovarian cancers, correlating with poorer prognoses”. Moreover,
SPINK1 promotes cancer by activating EGFR signaling due to its
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Fig. 3 | HDSP exerts oncogenic effects in gastric cancer. a, b The HDSP or
HOXA10-HOXA9 mut expression plasmids was reintroduced into GC cells with
stable low HDSP levels. Thus, the GC cells were divided into four groups: Ctrl,
HOXA10-HOX9KD, KD +HDSP, and KD + HOXA10-HOXA9 mut. Proliferative
activity of above four groups of GC cells were evaluated using CCK-8 (a) and colony
formation (b) assays. Mean + SD, two-tailed Student’s ¢ test, n = 3 biologically
independent experiments. ns, not significant; *P < 0.05, **P < 0.01. ¢ Subcutaneous
injection of above four groups GC of cells into nude mice was performed and
representative images of tumors in xenograft model were shown. d Absolute
tumor volume presented as a mean + SD, n = 4 biologically independent animals.
ns, not significant; **P < 0.01. e Tumor weight was measured after 29 days.
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f Representative H&E staining of xenograft tissues and IHC staining of Ki67 are
shown. Scale bar: 50 pm. g, h Transwell assays were conducted to analyze the
migration and invasion ability of above four groups of GC cells. Scale bar: 100 pm.
Mean + SD, two-tailed Student’s ¢ test. n = 3 biologically independent experiments.
ns, not significant; *P < 0.05. i BLI showing lung metastasis in vivo. Mean + SD, two-
tailed Student’s ¢ test. n = 3 biologically independent animals. ns, not significant;
*P<0.05. j H&E staining to detect the number and size of nodule production in the
lung metastasis model. Scale bar: 500 pm. NC negative control, KD knock down.
Source data are provided as a Source data file.
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structural similarity with EGF**”, which is consistent with the
downstream signaling pathways regulated by MECOM. Therefore, we
selected SPINKI1 for further investigation.

To confirm the regulatory effects of MECOM on SPINK], a putative
MECOM-binding motif was predicted in the SPINKI promoter region
(-981 to —966) (Fig. 6e). Luciferase reporter assays indicated that
forced MECOM expression significantly increased the activity of the

SGC-7901 BGC-823 SGC-7901 BGC-823

wild-type SPINKI promoter but not the binding site mutant promoter
in GC cells (Fig. 6f). ChIP-PCR experiments further confirmed that
MECOM is physically bound to the SPINKI promoter in GC cells, with
binding efficacy reduced in MECOM knockdown cells and enhanced in
MECOM-overexpressing cells (Fig. 6g, h). MECOM overexpression
restored the decreased SPINK1 protein levels induced by HDSP
knockdown (Supplementary Fig. 6a). MECOM is a transcription factor
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Fig. 4 | HDSP interacts with MECOM and prevents it from ubiquitination-
mediated degradation. a In SGC-7901 cells with stable overexpression of HDSP-
Flag, the IP enrichment of the target protein interacting with HDSP was assessed by
silver staining. b Bidirectional Co-IP was employed to investigate the interaction
between HDSP and MECOM in GC cells. ¢ The interaction between HDSP and
MECOM in GC cells was detected by PLA. The experiment was repeated 3 times
independently with similar results. Scale bar: 10 um. d The sSwWMATH software
provides the most likely docking method for HDSP and MECOM. e Schematic
diagram of HDSP and MECOM truncation. HDSP is evenly divided into N-terminal
and C-terminal segments, while MECOM is divided into four segments corre-
sponding to its four domains. f The binding sites between HDSP and MECOM were
verified through Co-IP experiments using their different truncated forms. g After
the expression and protein purification of MECOM-His and HDSP-GST, the

interaction between HDSP and MECOM in vitro was detected using a GST pull-
down assay. h Western blot analysis was conducted to assess MECOM expression
levels in GC cells with stable low or overexpression of HDSP. i GC cells were treated
with cycloheximide (CHX, 10 uM), and MECOM protein levels were assessed by
western blot at 0, 6,12, and 18 h. j GC cells were treated with either MG132 (10 mM)
or CQ (20 uM) for 6 h, following which the expression levels of MECOM were
evaluated using western blot. k After co-transfection of HA-Ub and MECOM-Flag,
HEK-293T cells were treated with MG132, and the ubiquitination level of MECOM
was assessed using the Co-IP. 1 Co-IP was employed to identify the type of ubi-
quitination modification of MECOM mediated by HDSP. m, n Co-IP was utilized to
assess the ubiquitination modification level of MECOM following knockdown or
overexpression of HDSP. All western blot assay was repeated 3 times indepen-
dently with similar results. Source data are provided as a Source data file.

known to interact with Activator protein-1 (AP-1), comprising c-FOS
and c-JUN, to activate downstream target genes’**, Our MS results
indicated that MECOM is associated with c-JUN in GC cells (Supple-
mentary Data 2), and ¢-FOS/c-JUN silencing also downregulated SPINK1
expression (Fig. 6i). ChIP-PCR analysis showed that c-FOS and c-JUN,
along with MECOM, are enriched in the SPINKI promoter region
(Fig. 6j). Subsequently, double luciferase reporter gene assays con-
firmed that c-FOS, c-JUN, and MECOM enhanced SPINKI promoter
activity (Fig. 6k), suggesting that MECOM interacts with the AP-1
complex to activate SPINKI transcription. Spearman analysis revealed a
significant correlation between SPINK1 expression and MECOM or
HDSP levels (Fig. 5). Collectively, these results indicate that SPINK1is a
downstream target of the HDSP/MECOM axis, showing that the
oncogenic effects of the HDSP/MECOM axis in GC may be mediated by
the transcriptional activation of SPINKI.

SPINK1 promotes the progression of gastric cancer by activating
EGFR signaling

The roles of SPINK1 in various types of cancers have been well
documented®. However, whether SPINK1 is involved in GC remains
unclear. Here, we evaluated SPINK1 protein levels in a tissue microarray
comprising 90 pairs of GC and normal tissues. IHC analysis showed
that SPINK1 was upregulated in 81% (73/90) of primary GC tissues
(Fig. 6m and Supplementary Fig. 6g). Furthermore, high SPINK1
expression was significantly associated with a higher probability of
cancer progression (Supplementary Fig. 6h). Kaplan-Meier analysis
demonstrated that patients with low SPINK1 expression (based on a
median cut-off score) had better overall survival and disease-free
survival than those with high SPINK1 expression (Fig. 6n and Supple-
mentary Fig. 6i). Subsequently, the functional significance of SPINK1
was further investigated. SPINK1 deletion was found to repress cell
proliferation, colony formation, migration, and invasion in vitro
(Supplementary Fig. 7a-d). To explore the potential regulatory
mechanism of SPINK1, Co-IP assays were conducted to confirm that
SPINK1 interacts with EGFR in GC cells (Fig. 60). In addition, HDSP
knockdown reduced the protein levels of p-EGFR, p-STAT3, p-AKT, and
p-ERK, which were rescued by SPINK1 overexpression (Fig. 6p and
Supplementary Fig. 7e). Mutations within the ubiquitination site of
MECOM serve to enhance the activation of the EGFR signaling pathway
(Supplementary Fig. 7f). A similar trend was observed for p-EGFR in
xenograft tumor tissues from mice (Supplementary Fig. 7g). Sub-
sequent cellular function experiments revealed that the employment
of the EGFR inhibitor AG490 effectively suppressed cell proliferation,
migration, and invasion induced by the overexpression of HDSP or
MECOM (Supplementary Fig. 7h-j). The targeted inhibition of EGFR
demonstrates a similar impact on the proliferation and metastasis of
gastric cancer cells as the targeted knockdown of HDSP(Supplemen-
tary Fig. 8a—c). Overall, these findings suggest that HDSP promotes GC
progression mainly through SPINK1-mediated activation of the EGFR
signaling pathway.

MECOM/HOXA10-HOXA9-HDSP/MECOM form a positive feed-
back regulatory circuit

As indicated above, we demonstrated the oncogenic role of HDSP in
GC and aimed to determine the factors responsible for its abnormal
expression. Analysis of the HOXA10-HOXA9 promoter region revealed
a putative MECOM-binding site upstream of the transcription start site
at -165 to -150 bp, suggesting that MECOM may contribute to the
transcriptional activation of HOXA10-HOXA9 (Fig. 7a). Interestingly,
MECOM and AP-1 deficiency downregulated HOXA10-HOXA9 and
HDSP protein levels (Fig. 7b, c). Furthermore, ChIP-PCR assays
demonstrated that MECOM was enriched in the binding region of the
HOXA10-HOXA9 promoter, and its binding efficiency was attenuated in
MECOM knockdown cells, whereas it was enhanced in MECOM-
overexpressing cells (Fig. 7d, e). Similarly, c-FOS and c-JUN were also
enriched in the HOXA10-HOXA9 promoter (Fig. 7f). Furthermore,
luciferase reporter assays confirmed that MECOM, c-FOS, and c-JUN
could bind to the HOXA10-HOXA9 promoter and initiate luciferase
transcription, as expected (Fig. 7g, h). Collectively, our findings sug-
gest that the MECOM protein, stabilized by HDSP, interacts with AP-1
to activate transcription of the HOXA10-HOXA9 gene, which encodes
HDSP, thereby forming a regulatory feedback circuit to activate
downstream SPINKI-EGFR signaling, which facilitates GC progres-
sion (Fig. 7i).

HDSP is a valuable therapeutic target and neoantigen for gastric
cancer vaccine development

Recent studies identified the micropeptide ASAP and the protein
circPLCE1-411 as potential therapeutic targets for cancer treatment
using CRISPR-Cas9 in vivo™*2, To investigate the potential of HDSP as a
therapeutic target, we utilized a PDX model of GC. However, due to the
high sequence homology between the coding sequences of HDSP and
HOXA9, a unique sgRNA for HDSP could not be designed. Thus, we
employed an shRNA-based strategy to target HDSP in the PDX model
(Fig. 8a). After 4 weeks, we observed a significant reduction in the
volume and weight of subcutaneous tumors in mice treated with
shRNA-HDSP compared to the control group (Fig. 8b-d). The suc-
cessful establishment of a PDX model was confirmed by H&E staining,
and the knockdown efficiency of HDSP was validated (Supplementary
Fig. 8d, e).

Recent studies suggested that IncRNAs may encode immunogenic
peptides that can serve as a cancer vaccine, as many MHC class
l-associated peptides have been found to originate from small ORFs
within these genes®”. Weissman et al. identified 240 noncanonical
peptides through MS-based HLA-I peptidomics, suggesting their
potential immunogenicity*. In addition, Perreault et al. found that
tumor-specific antigens were primarily derived from non-coding
regions, supporting this notion®. Furthermore, Song et al. dis-
covered that micropeptides encoded by circFAM53B effectively acti-
vate initial CD4+ and CD8+T cells in an antigen-specific manner,
leading to the induction of anti-tumor immunity. To investigate the
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spectrum displaying a unique peptide of TRIM25 identified in MECOM-IP/MS
results. ¢ Bidirectional Co-IP was performed to verify the interaction of MECOM
with TRIM25 in GC cells. The experiment was repeated 3 times independently with
similar results. d After the expression and protein purification of MECOM-His and
TRIM25-GST, the interaction between TRIM25 and MECOM in vitro was detected
using a GST pull-down assay. e Western blot analysis was performed to assess the
levels of MECOM protein expression in two different TRIM25-depleted GC cells.
f GC cells with TRIM25 knockdown were treated with CHX (10 uM), and protein
samples were collected at 0, 6, 12, and 18 h for western blot analysis to determine
MECOM expression levels. Mean + SD, two-tailed Student’s ¢ test. n = 3 biologically

+ o+ + + MECOM-Flag
- + HDSP KD

E] E] Flag MECOM/TRIM25 PLA
sh-NC  sh-HDSP

SGC-7901 BGC-823

IP:FIag

Input

independent experiments. **P < 0.001, ***P < 0.0001. g Following the knockdown
of TRIM25, Co-IP was utilized to assess the level of ubiquitination modification of
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GST, E2 binding enzymes potentially involved in MECOM ubiquitination were
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immunogenicity of HDSP, we synthesized six 20-amino-acid peptides
as vaccines (Fig. 8e) and co-cultured them with GC cells and patient-
derived cells along with PBMCs. The LDH release assay and ELISpot
assay showed that HDSP peptide-3 (41-60 aa) induced significant
immunological activity and boosted the killing efficacy of PBMCs
against GC cells (Fig. 8f-h). Furthermore, MS analysis of HLA pepti-
domics verified that peptide-3 can be presented on the cell membrane

by HLA-I, suggesting that HDSP peptide-3 could serve as a neoantigen
for GC vaccine development (Fig. 8i). To confirm the influence of HDSP
peptide-3 on in vivo immune responses, we administered the peptide
to an HSC humanized mouse model via tail vein injection twice a week
for 3 weeks. The results showed a significant suppression of tumor
growth and weight in mice treated with HDSP peptide-3 (Fig. 8j-m and
Supplementary Fig. 8f-i). Furthermore, administration of HDSP
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Fig. 6 | SPINK1 is a transcriptional target co-regulated by HDSP/MECOM axis.
a After knocking down MECOM in SGC-7901 cells, RNA-seq identified differentially
expressed genes for GO and KEGG pathway analysis. b RNA sequencing in SGC-7901
cells, post HDSP knockdown or MECOM interference, intersected with MECOM'’s
ChlIP-seq data to generate a Venn diagram. ¢, d The expression of SPINK1 were
examined by qRT-PCR and western blot upon HDSP or MECOM knockdown. Two-
way ANOVA analysis. *P < 0.05, **P < 0.01. e Prediction of MECOM binding site in the
promoter region of SPINK1 by JASPAR. f The effect of MECOM on SPINK1 promoter
activity was tested using a dual luciferase reporter assay with wild-type and mutant
plasmids containing predicted binding sites. Two-way ANOVA analysis. ns, not
significant; *P < 0.05, **P < 0.01. g, h The enrichment of MECOM binding at the
SPINK1 promoter was assessed using ChIP-PCR. Two-sided Student'’s ¢ test.
*P<0.05,*P<0.01.i The RNA expression of SPINK1 protein was measured after the
knockdown of AP-1 complex. Two-way ANOVA analysis. *P < 0.05, **P < 0.01. j ChIP-
PCR assay detected the enrichment of c-FOS and c-JUN in the promoter region of
SPINKI1. Two-sided Student’s ¢ test. *P < 0.05, **P< 0.01. k The transcriptional

activity of ¢-FOS and c-JUN on the SPINK1 promoter was evaluated using a dual
luciferase reporter gene assay. One-way ANOVA analysis. *P< 0.05, **P<0.01. 1 A
linear regression model was used to assess the correlation between MECOM
abundance and SPINK1, HDSP, and SPINK1 proteins in 70 pairs of GC tissues. Two-
sided chi-square test. m Representative image of SPINK1 immunohistochemical
staining in 90 paired GC tissue microarrays. Scale bar: 50 pm. n GC patients were
categorized into 2 groups based on SPINK1 expression, n(SPINK1 Low) =31,
n(SPINK1 High) = 53, and overall survival curves were generated using Kaplan-Meier
analysis. o Bidirectional Co-IP verifies the interaction between SPINK1 and EGFR in
GC cells. The experiment was repeated 3 times independently with similar results.
p Western blot was used to measure EGFR phosphorylation levels and downstream
signaling molecules after either HDSP knockdown or SPINK1 overexpression. The
experiment was repeated 3 times independently with similar results. sh-NC, control
shRNA; EV, empty vector; OE, overexpression. Data are means + SD, n = 3 biologi-
cally independent experiments. Source data are provided as a Source data file.

peptide-3 resulted in enhanced T cell activation and infiltration into
tumor lesions (Fig. 8n—-p and Supplementary Fig. 8j-I). In summary, our
findings suggest that HDSP could serve as a valuable target for GC
treatment and as a vaccine antigen resource.

Discussion

Multi-omics analyses have identified functional peptides/proteins
encoded by non-coding RNA transcripts. An increasing body of evi-
dence reveals that specific IncRNAs, such as APPLE, can promote
cancer by serving as a component of the translation machinery”. The
non-coding RNA CTD-2256P15.2 encodes the micropeptide PACMP,
which sustains CtIP protein levels and activates PARylation signaling
during DNA repair®. The micropeptide ASAP, which is derived from
LINC00467 in colorectal cancer, promotes ATP production, oxygen
consumption rate, and cell proliferation®. Although there have been
no previous reports of IncRNA-encoded peptides/proteins in GC, our
study identified a noncanonical ORF with coding ability in the IncRNA
HOXA10-HOXA9, which is endogenously translated into a micro-
protein, HDSP, in GC cells and tissues. Using RNA-seq, Ribo-seq, and
MS data and biological approaches, we demonstrated that HDSP is
highly expressed in GC and promotes its progression by preventing
the oncogenic transcription factor MECOM from undergoing TRIM25-
mediated ubiquitination and degradation.

MECOM has been extensively studied in acute myeloid leukemia,
and its dysregulation has been shown to remodel the metabolic
landscape of leukemogenesis?. Recently, aberrant upregulation of
MECOM has been observed in prostate cancer”, lung squamous cell
carcinoma, and ovarian cancer'®*. The results of the present study
suggest that high MECOM expression is associated with poor GC
prognosis and could be a prognostic biomarker. However, the reg-
ulatory factors controlling MECOM abundance in GC pathogenesis are
poorly understood. Although previous research has suggested that
MECOM is a potential target of ubiquitin-proteasomal degradation, the
specific E3 ligase involved in this process has yet to be identified®®.
Through Co-IP/MS analysis, we discovered that TRIM25 is a critical E3
ligase that interacts with MECOM and catalyzes ubiquitination on
MECOM’s K656 site. Our data suggest that HDSP competes with
TRIM25 to block its interaction with MECOM, preventing
ubiquitination-mediated degradation of MECOM protein. Our results
demonstrate that HDSP/MECOM are primarily responsible for trig-
gering the malignant phenotype of GC cells. These findings elucidate
the mechanism behind the oncogenic effects of HDSP and its role in
the pathogenesis of GC.

Recent evidence has confirmed MECOM’s role as a driver of
malignant transformation; however, its downstream targets and reg-
ulatory mechanisms remain unclear. MECOM contains two DNA-
binding zinc finger domains, which it uses to modulate the transcrip-
tion of target genes through cis-binding. For example, MECOM

mediates the transcriptional repression of tumor-suppressive genes,
such as PTEN, by recruiting polycomb repressor complex 2 (PRC2)*’,
the H3K9me3 methyltransferase SUV39H1'’, and the de novo DNA
methyltransferases DNMT3A and 3B*. Interestingly, MECOM’s inter-
action with histone acetyltransferases (CBP and P/CAF) leads to its
transition from a transcription repressor to an activator*’. Further-
more, MECOM physically works in concert with AP-1 subunits identi-
fied by SILAC-MS screening, and 65% of their target genes are
transcriptionally activated®®”. This highlights that MECOM is an
essential transcriptional activator. In our study, we found that MECOM
primarily functions as a transcriptional activator in GC cells, as most of
the HDSP/MECOM co-regulated genes are downregulated upon silen-
cing of MECOM or HDSP. We speculate that HDSP resides temporarily
in the repressive domain of MECOM, which may restrict its repressive
transcriptional function. However, this hypothesis requires further
experimental verification.

Among their target genes, SPINK1 is a prominent downstream
target of MECOM and HDSP among these genes. SPINK1 is upregulated
in various cancers and promotes tumor occurrence and progression by
functioning as a ligand that interacts with EGFR, which leads to
receptor dimerization and phosphorylation due to its structural simi-
larity to EGF****, As a downstream target of MECOM and HDSP, SPINK1
has an oncogenic impact on GC cells. Highly expressed SPINK1 is
associated with a shorter progression-free survival of GC patients;
SPINKI1 activates the PI3K/AKT and MAPK/ERK signaling pathways to
promote a tumorigenic phenotype. We also discovered a positive
feedback loop involving HOXA10-HOXA9/HDSP/MECOM, in which
MECOM acts downstream of HDSP and upstream of HOXA10-HOXA9,
continuously activating SPINKI-EGFR signaling to accelerate GC
progression.

NcRNA-derived proteins or peptides, including ASAP® and
circPLCE1-411°?, have been identified as potential therapeutic targets
for cancer treatment. We discovered that in vivo knockdown of HDSP
could induce tumor remission in a PDX model, which suggests that
HDSP may be a valuable treatment target for GC. In addition, Than-
gue et al. recently reported that peptides derived from IncRNAs can
have immunogenic effects and can be used as tumor-specific anti-
gens to boost the anti-tumor immune response®. For example,
MELOE-1, a particular melanoma antigen, is produced by internal
ribosome entry site (IRES)-dependent translation of IncRNA and
plays a crucial role in T cell immunosurveillance, which makes it a
promising target for melanoma immunotherapy*. Remarkably,
immunogenic HDSP peptide-3 elicited a robust anti-tumor response.
We further demonstrated that HDSP peptide-3 effectively induces
tumor regression and CD3* T cell infiltration in a GC PDX model
through co-infusion with PBMCs. These results underscore the
potential of HDSP as a therapeutic target and a neoantigen candidate
for GC vaccine development.
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Fig. 7 | MECOM/HOXA10-HOXA9-HDSP/MECOM form a positive feedback
regulatory circuit. a Diagram illustrating the binding of MECOM to the HOXA10-
HOXA9 promoter. b, ¢ QRT-PCR and western blot analyses were conducted to
detect the effect of MECOM or AP-1 complex interference on HOXA10-HOXA9 in
GC cells. The western blot assay was repeated 3 times independently with similar
results. Mean + SD, one-way ANOVA analysis. n = 3 biologically independent
experiments. **P < 0.01, **P < 0.001. d-f ChIP-PCR assay detected the enrichment
of MECOM or AP-1 complex in the promoter region of HOXA10-HOXA9. Mean + SD,
one-way ANOVA analysis. n = 3 biologically independent experiments. *P < 0.05, **P
<0.01. g, h Transcriptional activity of MECOM or AP-1 complex on the HOXA10-

HOXA9 promoter was assessed via dual luciferase reporter gene assay. Mean + SD,
one-way ANOVA analysis. n = 3 biologically independent experiments. ns, not
significant; *P < 0.05, **P < 0.01. i The mechanism diagram illustrates a positive
feedback regulatory loop involving MECOM/HOXA10-HOXA9-HDSP, which con-
tinuously promotes the proliferation and metastasis of GC cells. This mechanism
diagram was created using BioRender.com and is licensed under the Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International License
(https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en). Source data are
provided as a Source data file.
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In conclusion, this study unveils a translatable IncRNA, HOXA10-
HOXA9, encoding the small protein HDSP, which drives GC pro-
gression by protecting MECOM from TRIM25-mediated ubiquitina-
tion and degradation. The study also reveals that the HOXA10-
HOXA9/HDSP/MECOM module forms a positive feedback regulatory
circuit that activates downstream SPINKI-EGFR signaling in GC cells.
Targeting HDSP or using HDSP as a neoantigen for vaccine

development may have potential clinical applications in GC therapy.
As HDSP is an identified IncRNA-derived small protein in GC, further
exploration of IncRNAs with translational capacity and their pep-
tides/protein products may shed light on the mechanisms underlying
GC tumorigenesis and progression. These findings offer opportu-
nities for developing effective therapeutic strategies to improve
patient prognosis.
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Fig. 8 | HDSP is a valuable therapeutic target and neoantigen for gastric cancer
vaccine development. a A schematic of the PDX GC model construction is
depicted. Mice were intratumorally injected with either sShRNA-HDSP vector (pur-
ple arrows) or empty pLV6 vector (green arrows) with delivery buffer for 3 weeks.
This schematic was created using BioRender.com and is licensed under the Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
b-d Representative tumor tissue image post-HDSP knockdown in the PDX model
(b). Following intratumoral sh-HDSP plasmid injection, tumor volume (c) and
weight (d) were assessed. Two-way/One-way ANOVA analysis. n =35 biologically
independent animals. *P < 0.05, *P < 0.01. e The conformation of HDSP, as pre-
dicted by trRosetta, is shown along with the bisection of HDSP into 6 peptides.

f, g GC cells were treated with PBMC and 6 peptides, respectively. The apoptosis
rate of GC cells was assessed using flow cytometry (f), and the LDH release rate was
measured with an LDH release assay (g). One-way ANOVA analysis. n = 3 biologically
independent experiments. *P < 0.05, *P < 0.01. h After co-incubating GC cells with
PBMCs and different HDSP peptides, the ELISpot assay quantified IFN-ysecretion by
PBMCs stimulated with these peptides. One-way ANOVA analysis. n = 3 biologically
independent experiments. i HLA immunopeptitomic analysis revealed the

presentation of HDSP peptide-3 on cell membranes by HLA-1. j Schematic of HSC-
humanized model construction: PDX model established, HSC-humanized mice
divided into three groups. Group 1: DPBS injections; Group 2: HDSP peptide-3
injections for 4 weeks; Group 3: T cell depletion with TCRBmonoclonal antibody
before HDSP peptide-3 administration. This schematic was created using BioR-
ender.com and is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License. k Representative tumor
image from euthanized HSC-humanized mice. I, m The tumor volume and weight
of the above HSC-humanized model mice were measured. Two-way ANOVA ana-
lysis. n = 4 biologically independent animals. *P < 0.05, **P< 0.01,**P< 0.001.

n Flow cytometry evaluated CD3-positive T cell percentage in HSC-humanized mice
plasma. One-way ANOVA analysis. n = 3 biologically independent animals.

**P < (0.001. 0 The serum levels of IFN-y, CD25, and CD40L in the aforementioned
mice were measured using ELISA. One-way ANOVA analysis. n = 3 biologically
independent animals. *P< 0.05, *P < 0.01. p The levels of CD25 and CD69 expres-
sion in the serum of the mentioned mice were analyzed using flow cytometry. One-
way ANOVA analysis. n =3 biologically independent animals. *P < 0.05. Data are
means + SD. Source data are provided as a Source data file.

Methods

GEO and TCGA database processing

The IncRNA expression profiles in GC were sourced from The Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) and
normalized and processed using TCGA biolinks package. The inde-
pendent GC gene expression data of GSE51308*/GSE53137*
(IncRNA/mRNA expression profiling) and GSE128320%/GSE111866*%/
GSE79539* (ribosome profiling) were retrieved from the Gene
Expression Omnibus (GEO) database. The IncRNAs were annotated
using the human genome (GRCh38) GENCODE version 33. To find
IncRNAs with coding potential, the trimmed Ribo-seq data were
aligned with the UCSC HG38 reference genome for STAR alignment.
Differentially expressed IncRNAs were identified by the DESeq2
package with the following threshold values: [log,(fold change)|>1
and adjusted P-value < 0.05. The intersection of the results from the
above databases was obtained.

Cell culture

The human gastric mucosal cell line GES-1, the GC lines NCI-N87, HGC-
27, and AGS, and the human embryonic kidney epithelial cell line HEK-
293T were purchased from the National Collection of Authenticated
Cell Cultures (Shanghai, China). GC lines MKN-45, SGC-7901, and BGC-
823 were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). The signet ring cell GC cell line GC006-03
was provided by Dr. Jinfei’s research group (Department of Oncology,
Nanjing First Hospital)*°. Peripheral blood mononuclear cells (PBMCs)
were acquired from Oribiotech (Shanghai, China). SGC-7901, BGC-823,
and HEK-293T cells were cultured in DMEM (Thermo Fisher Scientific,
MA, USA), whereas GES-1, MKN-45, NCI-N87, HGC-27, AGS, GC006-03,
and PBMCs were cultured in RPMI 1640 medium (Thermo Fisher Sci-
entific, MA, USA). The media were supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. All cell lines were maintained at
37°C in a humidified incubator with 5% CO, and regularly tested
negative for mycoplasma contamination.

Tissue samples and microarray chips

Matched primary GC tissues and adjacent non-tumor tissues were
collected from 70 GC patients at the First Affiliated Hospital of Nanjing
Medical University. The cases were selected based on a clear patho-
logical diagnosis, and the patients were not preoperatively treated
with anticancer agents. Tissue array chips comprising 90 pairs of GC
tissues and adjacent normal tissues were purchased from SuperChips
(FM-S4006-1). Patient demographic information, including gender,
age, tumor size, TNM stage, survival, and cause of death, with the
corresponding tissues and microarrays is presented in Supplementary
Table 2. This study was approved by the Ethics Committee on Human

Research of Nanjing Medical University, and informed written consent
was obtained from each patient.

Polysome-bound RNA analysis

SGC-7901 cells were treated with cycloheximide (CHX; Sigma-Aldrich),
followed by lysis with MCB polysome lysis buffer on ice. After cen-
trifugation at 16,200 x g for 10 min, the supernatant was loaded onto a
15-50% sucrose gradient and centrifuged at 180,000 x g for 240 min
using an SW 41Ti rotor (Beckman). The resulting gradient was sepa-
rated into 30 samples, and the RNA in each sample were analyzed.

Flag knock-in experiment

The 3xFlag sequence was inserted following the HDSP start codon ATG
using the CRISPR/Cas9 genome editing system. Guide RNAs (gRNAs)
were initially designed using the online CRISPR design tool CRISPOR to
target the genomic locus of the HDSP start codon ATG. These gRNA
sequences were then cloned into CRISPR vectors. Gastric cancer cells
were cultured in 6-well plates until reaching ~70% confluence on the
day of transfection. Lipofectamine 3000 (Thermo Fisher Scientific,
MA, USA) was used according to the manufacturer’s instructions to co-
transfect the CRISPR/Cas9 plasmid into the cells along with a homo-
logous directed repair (HDR) template containing a 3xFlag sequence
and flanking homologous arms. After a 48 h incubation period, the
cells were subjected to monoclonal culture. Multiple single-cell clones
were chosen for Western blot analysis to detect Flag expression. The
genome of the positively selected cloned cells was then isolated, and
the region encompassing the HDSP initiation codon ATG was amplified
via PCR to confirm successful insertion of the 3xFlag sequence.

Construction of cell lines with stable expression

Lentiviral vectors expressing HDSP-shRNA, HDSP-Flag, and MECOM-
Flag were co-transfected into HEK-293T cells with lentiviral packaging
constructs psPAX2 and pMD2.G (VSV-G) at a 4:3:2 ratio to produce
lentiviruses, which were subsequently collected and concentrated.
Lentiviruses expressing the indicated gene constructs were used to
infect SGC-7901 and BGC-823 cells, which were then selected using
puromycin. Stable cell lines expressing HDSP-shRNA, HDSP-Flag,
MECOM-Flag, and others were established for subsequent studies.

RNA-seq experiment

Total RNA was extracted from SGC-7901 cells with HDSP or MECOM
knockdown, and its purity and concentration were assessed. RNA
samples were denatured to disrupt secondary structures, and mRNA
was enriched using oligo (dT) magnetic beads. The mRNA was then
fragmented by adding fragmentation buffer and incubating at an
appropriate temperature. cDNA was synthesized using a two-step
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method. The ends of the double-stranded cDNA were repaired, and an
A base was added to the 3’ end for adapter ligation. The resulting
product was PCR-amplified to construct the library, which was quality-
controlled. PCR products were denatured into single strands and cir-
cularized. These single-stranded circular DNA molecules underwent
rolling circle replication to form DNA nanoballs (DNBs) containing
multiple DNA copies. The DNBs were loaded onto a high-density DNA
nanochip and sequenced using combinatorial probe-anchor synthesis
(cPAS) technology. Raw sequencing data were filtered using SOAPnuke
(v1.5.6) to remove adapter-contaminated reads, reads with more than
5% unknown bases (N), and low-quality reads (with more than 20% of
bases having a quality score below 15), resulting in clean data. Clean
data were aligned to the reference genome using HISAT2 (v2.1.0) and
to the reference gene set using Bowtie2 (v2.3.4.3). Gene expression
levels were quantified using RSEM (v1.3.1), and pheatmap (v1.0.8) was
used to generate clustering heatmaps of gene expression across
samples. Differentially expressed genes were identified using DESeq2
(v1.4.5), DEGseq, or PoissonDis, with thresholds set at Q value < 0.05 or
FDR < 0.001. Enrichment analysis of differentially expressed genes was
performed using the Phyper function for GO (http://www.
geneontology.org/) and KEGG, with a significance threshold of Q
value<0.05. Genes meeting this criterion were considered sig-
nificantly enriched in the candidate gene set.

Co-IP and mass spectrometry analysis

Co-immunoprecipitation (Co-IP) experiments were performed using
the Dynabeads Protein A/G Immunoprecipitation Kit (Thermo Fisher
Scientific, MA, USA) as per the manufacturer’s instructions. SGC-7901
cells expressing EGFP-Flag, HDSP-Flag, or MECOM-Flag were collected
and lysed in IP lysis buffer. The lysates were incubated with anti-Flag or
anti-MECOM antibodies, followed by the addition of Protein A/G
magnetic beads and a further 2-h incubation. After three washes,
proteins were eluted with elution buffer. The immunoprecipitated
proteins were separated via SDS-PAGE and visualized using silver
staining. Differential protein bands were analyzed by mass spectro-
metry (MS) (Biotech-pack, Beijing, China) and western blot. Antibody
details are provided in Supplementary Table 5.

To identify HDSP- or MECOM-interacting proteins, SGC-7901 cells
were stably transfected with HDSP-Flag or MECOM-Flag plasmids,
using the EGFP-Flag plasmid as a negative control. After a 48-h incu-
bation, total proteins were extracted and immunoprecipitated using
an anti-Flag antibody. The enriched samples were separated by SDS-
PAGE and silver-stained to visualize differential bands and assess
enrichment efficiency. Peptides were eluted using a 60-min linear
gradient of 3% to 25% acetonitrile in 5% DMSO, 0.1% formic acid at a
flow rate of 250 nl/min and 40 °C, and introduced into a mass spec-
trometer using a nano EASY-Spray source at 2000 V (Thermo Scien-
tific). These proteins were analyzed using a Q-Exactive mass
spectrometer with a nanoelectrospray ion source. Online peptide
analysis against the UniProt human protein database was performed
using Mascot (v2.3.02) with default parameters (false discovery rate
<1% and score R>40), no enzyme specificity, no peptide modifica-
tions, peptide tolerance: +5 ppm, and fragment tolerance: +0.03 Da.
Differentially expressed proteins were subjected to Gene Ontology
(GO) functional enrichment analysis.

For characterizing endogenous HDSP properties, total proteins
from SGC-7901 cells or GC specimens were separated and stained with
Coomassie brilliant blue. The HDSP molecular weight band was excised
and subjected to in-gel trypsin digestion for MS analysis. To identify
HLA-bound peptides, lysates from HDSP-expressing HEK-293T cells
were loaded onto a cross-linked mAb column after generating an MHC
immunoaffinity column. The MHC eluate was separated by RP-HPLC,
and LC-MS/MS analyses of HLA-bound peptides were conducted using a
Q-Exactive-Plus mass spectrometer equipped with an Easy nLC 1000
nano-capillary UHPLC system (Thermo Fisher Scientific).

Proximity ligation assay (PLA)

The PLA was conducted using a Duolink® In situ Detection Reagents
Red kit (Merck Millipore, MA, USA, C6628, DU0O92008) as per the
vendor’s protocol. GC cells were cultured in chambered slides, fixed,
and permeabilized. Non-specific binding was blocked using Duolink®
Blocking Solution, followed by incubation with primary antibodies
(rabbit anti-TRIM25/Flag and mouse anti-MECOM) overnight. After
washing, PLA probes were applied and incubated, followed by ligation
and amplification steps. Finally, slides were washed, mounted with
coverslips using Duolink® In situ mounting medium with DAPI, and
analyzed using a confocal microscope (Olympus, FV1200).

In vitro translation

The HOXAI0-HOXA9 (HOXA10-HOXA9 mut) and HOXA10-HOXA9
ORF2-Flag (HOXA10-HOXA9 ORF4-Flag) sequence was subcloned into
a pcDNA-3.1 vector downstream of the T7 promoter respectively. The
resulting construct was then subjected to in vitro transcription/trans-
lation using a rabbit reticulocyte-coupled system (Promega, WI, USA,
L4540) supplemented with [35S] methionine for a duration of 1h.
Following the incubation period, the translated product was separated
by 15% SDS-PAGE and visualized by western blot.

E2Select ubiquitin conjugation assay

The E2Select ubiquitin conjugation assay was conducted using the
E2Select Ubiquitin Conjugation Assay Kit in accordance with
the manufacturer’s instructions (Ubbiotech, Changchun, China).
Recombinant proteins MECOM-His and TRIM25-GST at a concentra-
tion of 2 uM were added to the reaction buffer and incubated at 37 °C
for 2h. Subsequently, 5ul of 5xSDS-PAGE buffer containing 1pl
of freshly prepared 1M DTT was added to 20 pl of the sample,
and the mixture was heated at 95°C for 5 min. Finally, western blot
analysis was performed using the anti-MECOM and anti-TRIM25
antibodies.

ChIP assay

Analysis of the potential MECOM binding site in the SPINKI and
HOXA10-HOXA9 promoter regions was performed using JASPAR soft-
ware and MECOM chromatin immunoprecipitation-sequencing (ChIP-
seq) data. Specific primers for the indicated promoter regions were
designed. ChIP assays were conducted using the EZ-Magna ChIPTM
G-Chromatin Immunoprecipitation Kit (Millipore, MA, USA, 17-10085)
following the manufacturer’s protocol. Briefly, SGC-7901 and BGC-823
cells were cross-linked with 1% formaldehyde and quenched by glycine.
The cross-linked lysates were sonicated to obtain DNA fragments with
an average size of 100-500 bp and immunoprecipitated using anti-
bodies (anti-MECOM, anti-c-FOS, and anti-cJJUN). Finally, the abun-
dance of enriched fragments of the SPINKI or HOXA10-HOXA9
promoter was determined using qRT-PCR assay.

LDH release assay

Lactate dehydrogenase (LDH) release in the culture medium was
measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay
kit (Promega, WI, USA, G1780), following the manufacturer’s protocol.
PBMCs from healthy donors (effector cells) were pretreated with six
HDSP peptides (5pg/well) for 12 h, and then, 1 x 10* SGC-7901 and
GCO006-03 target cells were added to the 96-well U-shaped plate.
PBMCs were added to each well at an effector:target ratio of 1:1-15:1
and co-cultured with GC cells (target cells) for an additional 24 h. The
target cells were treated with isopyknic culture medium in the natural
release group and with 2% Triton X-100 in the maximum release group.
The OD value of each well was measured at 490 nm using a microplate
reader (Bio-Rad). The LDH release rate (%) was calculated as [(OD value
of experimental group-OD value of target cell natural release group)/
(OD value of target cell maximum release group-OD value of target cell
natural release group)] x 100%.

Nature Communications | (2024)15:8381

15


http://www.geneontology.org/
http://www.geneontology.org/
https://www.kegg.jp/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-50986-7

ELISpot assay

Human PBMCs were incubated overnight in complete medium before
being seeded at a density of 2 x 10° cells per well in MultiScreen HTS
Filter Plates (Merck Millipore) precoated with anti-IFN-y (15 mg/mi;
clone 1-D1K; Mabtech, Stockholm, Sweden). Test wells were supple-
mented with HDSP peptides 1-6 (each at 2 mg/ml). Negative control
wells lacked peptides, whereas positive control wells included the mAb
CD3 (dilution 1:1000; Mabtech). The plates were then incubated for 24 h
at 37 °C. The plates were washed six times with PBS and then incubated
for 2 h at room temperature with biotinylated anti-IFN-y (1 mg/ml; clone
mAb-7B6-1; Mabtech). After six further washes, alkaline phosphatase-
conjugated streptavidin (dilution 1:1000, Mabtech) was added for 1 h at
room temperature. The plates were then washed a further six times and
developed for 20 min with BCIP/NBT Substrate (Mabtech). Finally, the
spots were counted using an automated enzyme-linked immunospot
(ELISpot) Reader System (Mabtech IRIS-FluoroSpot).

Enzyme-linked immunosorbent assay (ELISA)

ELISA assay was used to measure the cytokine expression in plasma from
HSC-humanized mice. Initially, 96-well plates were coated overnight
with specific antibodies at 4 °C. The next day, the plates were blocked
with a blocking buffer for 1 h. Following this, samples or standards were
added to each well and incubated for 2 h at room temperature. After
incubation, the plates were washed three times with wash buffer. A
biotinylated detection antibody specific to the target protein was then
added and incubated for 1h. After another washing step, streptavidin
conjugated with HRP was added and incubated for 30 min. The final step
involved adding a substrate solution and incubating for 20 min in the
dark. The reaction was stopped by adding a sulfuric acid stop solution,
and the absorbance was measured at 450 nm.

Flow cytometry

Flow cytometry was used to measure cytokine levels in the plasma of
HSC-humanized mice. Initially, 100 pl of whole blood was mixed with
30l of heparin sodium solution for anticoagulation. The antic-
oagulated blood was then incubated with anti-CD3, anti-CD25, and
anti-CD69 antibodies in darkness for 30 min. Afterward, 2 ml of red
blood cell lysate was gently mixed with the sample and allowed to react
for 10 min at room temperature, shielded from light. Following cen-
trifugation at 1500 rpm for 5min and discarding of the supernatant,
2 ml of PBS was added to the pellet, mixed, and centrifuged again at
1500 rpm for 5 min, with the supernatant being discarded. Finally, the
cellular precipitate was resuspended in 500 pl of PBS and analyzed
using a flow cytometer (BD, FACSymphony A5 SORP).

Animal experiments

All animal procedures were approved by the Institutional Animal Care
and Use Committee of Nanjing Medical University (IACUC) (permit
number IACUC-2112030-1). The maximal tumor size permitted by
IACUC of Nanjing Medical University is 2000 mm?. In the experiments,
the maximum permitted tumor burden (2000 mm?) was not exceeded
in the mice at any time point.

Xenograft model

Subcutaneous xenografts were established by injecting SGC-7901 cells
suspended in 100 ul PBS subcutaneously into 4-week-old male BALB/c-
nude mice (Gempharmatech, Nanjing, China). Tumor volumes were
measured twice a week using the following formula: volume (mm?®) =
length x width?/2. Mice were sacrificed 5 weeks after inoculation, and
tumors were resected, weighed, and further analyzed by H&E staining
and IHC. For the metastasis model, SGC-7901-luci cells were injected
into the lateral tail veins of 4-week-old male BALB/c-nude mice. The
development of pulmonary metastases was monitored using a biolu-
minescence imaging system (Xenogen IVIS 200). Mice were sacrificed
9 weeks after implantation, and their lungs were dissected for H&E

staining. The luciferase signal obtained from the pulmonary metastatic
nodules was detected using a small-animal in vivo imaging system
(Nikon, Japan).

PDX model

PDX models were established by mincing GC surgical specimens
obtained from the First Affiliated Hospital of Nanjing Medical Uni-
versity into small pieces (-8 mm?®) and subcutaneously transplanting
them into 3-week-old male NOD/ShiLtJGpt-Prkdcem2¢cds2[|2rgem26cd2z/
Gpt (NSG) mice (Gempharmatech, Nanjing, China). When the tumor
burden reached 1cm in diameter, sections of these tumors were col-
lected and transplanted into new nude mice to establish the PDX
model. To knock down HDSP, the mice were randomly divided into
two groups (Vector and HDSP KD), which were subsequently treated
with HDSP shRNAs or empty pLV6 vector with PNT200 in vivo trans-
fection reagent (ProteinBio, Nanjing, China) via intratumoral injection
twice per week. Tumor volume was monitored every 3 days, and the
mice were sacrificed when they met institutional euthanasia criteria
based on tumor size and their overall health condition. The tumors
were weighed and collected for histological and protein analyses.

Hematopoietic stem cell humanized model

To test the potential antigenicity, HDSP was divided into six peptides
of 20 amino acids in length, which were chemically synthesized by
Genscript (Nanjing, China). For the in vitro cell assay, PBMCs from
healthy donors were pretreated with corresponding HDSP peptide
(100 pg) for 12h and then co-cultured with GC cells (SGC-7901 and
GCO006-03) for an additional 24 h. The apoptosis rate of GC cells was
determined by flow cytometry adopting FITC-Annexin V double-
staining on a BD FACSCalibur Flow Cytometer (BD Biosciences, NJ,
USA). For in vivo experiments, 3-week-old male NOD/ShiLtJGpt-
PrkdCem26Cd52"zrgem26cd22Rosaz6em1Cin(hCSF2&1L3&KITLG)/Gpt (NSG'M) mice
obtained from Gempharmatech (Nanjing, China) were randomly allo-
cated into 3 groups. The first group received isopycnic DPBS (control),
the second group received HDSP peptide 3 (400 ug, twice per week),
while the third group of mice were given HDSP peptide-3 before being
cleared of T cells by TCRf3 monoclonal antibodies. Tumor volume was
measured bi-weekly, and after 4 weeks, blood samples were collected
from the mice via eyeball extraction to assess the expression of T-cell-
activating molecules using ELISA and flow cytometry. Concurrently,
tumors were weighed, and their morphology was examined through
H&E staining. In addition, CD3 expression in the tumors was assessed
via immunohistochemistry.

Bioinformatics analysis

The coding potential of HOXA10-HOXA9 was evaluated using CPC2
and PhyloCSF (http://genome.ucsc.edu/), while the candidate ORF was
identified using ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/).
The spatial structure model of HDSP was analyzed using SWISS-
MODEL (https://swissmodel.expasy.org/) and trRosetta (https://
yanglab.nankai.edu.cn/trRosetta/), and the protein-protein interac-
tion network between HDSP and MECOM was assessed using SWMATH
(https://www.swmath.org/software/17207). The correlation between
MECOM RNA expression and overall survival of GC patients was
determined using Kaplan-Meier Plotter (http://kmplot.com/analysis/),
while the correlation between SPINK1 RNA expression and disease-free
survival of GC patients was analyzed using GEPIA. The RNA expression
correlation between MECOM and SPINK1 was investigated using
ChipBase (https://rna.sysu.edu.cn/chipbase/), and the ubiquitination
modification site was analyzed using PhosphoSitePlus (https://www.
phosphosite.org/homeAction.action/).

Statistics and reproducibility
The experimental data were analyzed using SPSS 20.0, GraphPad Prism
7.0, and ImageJ software. Data are expressed as mean + standard
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deviation from three independent experiments, unless otherwise
specified. Parametric data were analyzed using unpaired, two-tailed
Student’s t-tests, and nonparametric data were analyzed using a two-
sided Mann-Whitney U test. Corresponding figure legends indicate
sample sizes and significance levels. A value of P < 0.05 was considered
statistically significant.

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

Data availability

The RNA-seq data have been archived in the Genome Sequence
Archive (GSA) database under the accession codes HRA0O05065 and
HRA005068. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD043737 and PXD053200. All
IncRNA-derived peptide sequences were cross-referenced with the
human SwissProt protein database. MECOM ChlIP-seq data is down-
loaded and analyzed from the Cistrome Data Browser database (http://
cistrome.org/db/#/). The remaining data are available within the arti-
cle, Supplementary Information or Source data file. Source data are
provided with this paper.
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