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Tumor-specific antigens (TSAs) are crucial for tumor-specific
immune response that reduces tumor burden and thus serve
as important targets for immunotherapy. Identification of
novel TSAs can provide new strategies for immunotherapies.
In this study, we demonstrated that the upstream open reading
frame (uORF) of RNF10 encodes an antigenic peptide (RNF10
uPeptide), capable of eliciting a T cell-mediated anti-tumor im-
mune response.We initially demonstrated the immunogenicity
of the RNF10 uPeptide in a CT26 tumor mouse model, by
showing that its epitope was specifically recognized by CD8+
T cells. Vaccination of mice with the long form of the RNF10
uPeptide conferred strong anti-tumor activity. Next, we proved
that the human RNF10 uORF could be translated. In addition,
we predicted the binding of an RNF10 uPeptide epitope to
HLA-A*02:01 (HLA-A2). This HLA-A2-restricted epitope of
the RNF10 uPeptide induced a potent specific human T cell
response. Finally, we showed that an HLA-A2-restricted
cytotoxic T cell (CTL) clone, derived from a pancreatic cancer
patient, recognized the RNF10 uPeptide epitope (RLFGQ
QQRA) and lysed HLA-A2+ pancreatic carcinoma cells ex-
pressing the RNF10 uPeptide. These results indicate that the
RNF10 uPeptide could be a promising target for pancreatic car-
cinoma immunotherapy.

The upstream ORF of RNF10 encoded immunogenic peptides that
hold potential as targets for cancer immunotherapy. The RNF10 uP-
eptides could be used as a peptide vaccine in a murine cancer model;
these immunogenic peptides may increase the number of candidates
for use as therapeutic vaccines.
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INTRODUCTION
Tumor-associated antigens (TAAs) and neoantigens play vital roles
in cancer immune response and have immense potential to be used
in cancer immunotherapy.1 These proteins are usually translated
Molecular
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from the CDS region of mRNAs. Recent studies have shown that pro-
tein or peptides can be encoded through noncanonical translation of
long non-coding RNA and circular RNAs.2 Combining ribosome
profiling, proteomics, and immunopeptidomics, researchers have
confirmed the widespread translation of cryptic peptides from non-
coding regions, including the 50-UTRs and 30-UTRs, non-coding
RNAs, and intronic, intergenic, and out-of-frame regions, and pro-
vided the first insights into their presentation on human leukocyte an-
tigen (HLA) class I molecules.3 Identification of novel TAAs and neo-
antigens could benefit for developing strategies for immunotherapies.

It is reported that approximately 40% of human mRNAs have up-
stream open reading frames (uORFs),4,5 and some of them are
capable of encoding peptides. Previous studies have revealed their
versatile functions such as translational regulators, protein kinase in-
hibitors, and stress responses.6,7 However, only very few uORF-en-
coded peptides have been functionally studied.8 Remarkably,
uORF-encoded peptides play important roles in rapid and reversible
changes upon cell stress. A well-known example is uORF encoded by
ATF4 mRNA, which is regulated by cellular stress and plays crucial
roles in endoplasmic reticulum (ER) stress responses.9 Precancerous
or cancer cells encounter various stress during both tumorigenesis
and tumor progression, which could induce expression of numerous
uORFs. So, these hidden peptides could be big source of potential
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TAAs or neoantigens. However, whether these uORF-encoded pep-
tides are capable of activating T cells remains largely unknown.

The RING finger (RNF) family proteins are conserved from yeast to
humans. It is estimated that over 600 ubiquitin E3 ligases are encoded
by the mammalian genome, surpassing the 518 protein-kinase-en-
coding genes.10 Since so many of the RNF proteins are ubiquitin E3
ligases,11 and therefore the primary determinants of substrate speci-
ficity in ubiquitylation, it has become evident that many RNF ubiqui-
tin E3 ligases are implicated in malignancy. Ubiquitin E3 ligases regu-
late crucial cellular functions, such as cell cycle control, DNA repair,
cell signaling, and the response to hypoxia.12 The therapeutic success
of the proteasome inhibitor bortezomib demonstrates the value of tar-
geting the ubiquitin-proteasome system.13 A question of great impor-
tance is whether RNF family proteins and the related genes can be
used in the development of targeted therapeutics with greater speci-
ficities than those of proteasome inhibitors.

In this study, we found RNF family RNF10, which mediates ubiqui-
tination of the 40S ribosomal subunit and coordinates ribosome
turnover in response to cellular stress,14 was highly upregulated in
tumor cells compared with normal tissues. Remarkably, we identi-
fied uORF-encoded peptide of RNF10 and showed that it encoded
immunogenic peptides, which could be targeted by cancer immuno-
therapy. We then used the RNF10 uORF peptide (uPeptide) as a
peptide vaccine in a murine cancer model to demonstrate that
RNF-protein-related genes can act as precise therapeutic targets
for tumor eradication. Additionally, studying these immunogenic
peptides may increase the number of candidates for use as therapeu-
tic vaccines.

RESULTS
uORF of RNF10 encoded a peptide in CT26 cells

The CT26 colon carcinoma cell line is commonly used in drug devel-
opment. Therefore, we initially use CT26 cells to determine the
expression levels of RNF-protein-encoding genes. To screen for
RNF-protein-encoding genes in CT26 cells, we retrieved relevant
RNA sequencing (RNA-seq) data from published studies; CT26
and BALB/cJ NGS fastq reads are available from the European Nucle-
otide Archive as PRJEB5320 (https://www.ebi.ac.uk/ena/browser/
view/PRJEB5320).15 RNF-protein-encoding candidates were selected
based on the following standards: (1) expression fold change >2; (2)
reads per kilobase per million mapped read (RPKM) >10; (3) uORF
presence; and (4) unique peptides with a goodmajor histocompatibil-
ity complex (MHC) class I binding rank (“low rank” <2). From these
candidates, we further narrowed down the list by selecting genes en-
coding abundant RNF proteins. Eventually, we selected the most
abundant RNFs—RNF10, which was upregulated in CT26 cells
(Figures 1A and S1). The expression of RNF10 in CT26 cells was
also validated by qRT-PCR (Figure S2).

We revealed that a 261-ntORFwaspresent in the 50-UTRofRNF10. To
evaluate the coding ability of theRNF10 uORF, we used the pcDNA3.1
expression vector. The resulting p-uORF vector contained the RNF10
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uORF and a 3�FLAG-coding sequence immediately upstream of the
STOP codon. We observed successful plasmid transfection through
fluorescence microscopy (Figure S3). The following experiments
were carried out in HEK293T cells. The results indicate that, in com-
parison with mock-treated cells, p-uORF gave rise to an FLAG protein
(Figure 1B). We next used liquid chromatography-mass spectrometry
(LC-MS) to characterize the amino acid sequences of RNF10 uPeptide
in p-uORF-transfected HEK293T cells. We identified distinctive
amino acids in the uPeptide sequence, which further suggested that
the RNF10 uPeptide was encoded by the uORF (Figure 1C). We
then produced and characterized a polyclonal antibody against the
amino acid sequence (MKAENRCRRRPPPA) of the RNF10 uPeptide.
This antibody detected a specific 10 kDa protein inside CT26 cells,
which was not present in the normal tissue (Figure 1D).

Peptides encoded by uORF of RNF10 are immunogenic

Moreover, transfer of CT26 cells into BALB/c mice provides a synge-
neic in vivo model system, which is frequently used for developing
and testing immunotherapeutic concepts. We therefore chose this
model to assess the immunogenicity of the RNF10 uPeptide.
RNF10 uPeptide epitopes were prioritized according to their MHC
class I binding ability, which was predicted by the consensus method
(version 2.5) of the Immune Epitope Database (http://www.iedb.org)
(Figure 2A). We used long peptides (27 amino acids in length, with
the uPeptide epitope positioned centrally) as antigens to test the
immunogenicity of the RNF10 uPeptides. Poly(I:C), which promotes
cross-presentation and increases vaccine efficacy, was used as an
adjuvant for peptide immunization.16 In the vaccination experiments,
the BALB/c mice were vaccinated twice and the immunogenicity of
the uPeptides was assessed at 7 days after the last vaccination.

We found that the RNF10 uPeptide elicited an immune response in
the immunized mice. The ELISpot results revealed a strong
epitope-specific immune response within the splenocyte population
of vaccinated mice (Figure 2B). We further confirmed the immuno-
genicity of the RNF10 uPeptide epitope by measuring the production
of interferon (IFN)-g, tumor necrosis factor (TNF)-a, and interleukin
(IL)-2 by CD8+ T cells using flow cytometry (gating strategy, Fig-
ure S4), ELISA, and qRT-PCR (Figure S5). We showed that CD8+

T cells produced cytokines specifically in response to the RNF10 uP-
eptide (Figure 2C). These data confirm the immunogenicity of the
RNF10 uPeptide.

The RNF10 uPeptide antigens elicited antitumoral activity

in vitro

We next set out to investigate whether the RNF10 uPeptide could
elicit an RNF10-uPeptide -specific cytotoxic lymphocyte (CTL)
response in the immunized mice. CD8+ T cells were sorted from
immunized mice and incubated with dendritic cells (DCs) pulsed
with each peptide. After three stimulations, the cytotoxicity of
CD8+ T cells against CT26 cells was examined using the lactate dehy-
drogenases (LDH) release assay (Figure 3A). We showed that CTLs
primed with RNF10 uPeptide epitopes, but not control peptides,
effectively killed CT26 cells. We also examined the capacity of these
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Figure 1. uORF of RNF10 encoded a peptide in mice CT26 cells

(A) A volcano plot, showing the green, red, and black points represent significantly downregulated (green) or upregulated (red) RING finger (RNF)-protein-encoding genes in

CT26 cells and normal colon tissue; black represents genes with no significant expression change. x axis: log2 ratio of RNA expression levels between normal and tumor

tissues. y axis: the false discovery rate value (�log10 transformed) of RNF-protein-encoding genes. The blue dot indicates RNF10. (B) An anti-FLAG tag antibody was used to

detect RNF10 uPeptide expression in HEK293T cells transfected with the above vectors. (C) Total protein, from HEK293T cells transfected with p-uORF or the control

plasmid, was separated via SDS-PAGE. Individual gel bands (10–15 kDa) were extracted and subjected to liquid chromatography with tandem mass spectrometry (LC-MS/

MS); the RNF10 uPeptide-specific peptide was identified (lower). (D) RNF10 uPeptide expression was detected in CT26 cells or normal colon tissue of BALB/c mice.
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RNF10-uPeptide-primed CTLs to kill CT26 cell lines by flow cytom-
etry. As shown in Figure 3B, RNF10-uPeptide-reactive CTLs stimu-
lated with the RNF10 uPeptide exhibited effective cytotoxicity against
CT26 cells. Collectively, these results indicate that the RNF10 uPep-
tide successfully primed CTLs and that the RNF10 uPeptide epitopes
were naturally processed and expressed on the surface of tumor cells
in the context of MHC I molecules.

Injection of RNF10 uPeptide antigens elicited antitumoral

activity in vivo

We assessed whether immune responses elicited in vitro translated to
antitumoral effects in tumor-bearing mice. Long peptides have many
advantages to exact epitopes, as they can be naturally processed and
presented on MHC I molecules.17 The therapeutic potential of vacci-
nation with RNF10 uPeptide antigens was explored by immunizing
mice with 27 aa peptides (RNF10 uPeptide 1-27aa) containing the uP-
eptide epitope (RPPPALNAM) in center, after transferring 1.5 � 105

CT26 cells into mice on days 1, 3, 6, 9, and 15. The result showed that
the growth of tumors was inhibited in mice vaccinated with the
RNF10 uPeptide antigens, compared with the control group
(Figures 4A and S6). In addition, the tumors of mice vaccinated
with the RNF10 uPeptide contained significantly more infiltrating
CD8+ T cells than the tumors of control mice (Figure 4B). Moreover,
the CD8+ tumor-infiltrating lymphocytes (TILs) isolated from vacci-
nated mice produced more IFN-g and TNF-a than those isolated
from control animals (Figure 4C). These results suggest that the im-
mune microenvironment changed after vaccination.

The uORF of human RNF10 could be translated

To determine the coding ability of the human RNF10 uORF, a vector
containing human RNF10 uORF and a 3�FLAG-coding sequence
(immediately upstream of the STOP codon) was transfected into
HEK293T cells. The western blotting results indicated that an
FLAG protein was expressed in these p-uORF-transfected
HEK293T cells (Figure 5A). We next used LC-MS to characterize
the amino acid sequences of RNF10 uPeptide in the transfected
HEK293T cells (Figure 5B).

To assess whether the results of the mouse experiments were appli-
cable to the human setting, we analyzed RNA-seq data from patients
with pancreatic cancer, obtained from The Cancer Genome Atlas
(TCGA: https://www.cancer.gov/ccg/research/genome-sequencing/
tcga) and GEPIA 2 (https://www.gepia2.cancer-pku.cn). We found
that the expression of RNF10 differed between pancreatic cancerous
and normal tissues (Figures 5C and S7A). The expression of RNF10
in pancreatic cancerous and normal tissues was also validated by
qRT-PCR (Figure S7B). Furthermore, western blotting showed that
RNF10 uPeptide was overexpressed in pancreatic cancer and
Molecular Therapy: Oncolytics Vol. 31 December 2023 3
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Figure 2. uPeptides of RNF10 are immunogenic

(A) The binding predictions for RNF10 uPeptides to H2-dMHC class I using the Immune Epitope Database (version 2.5) analysis resource NetMHCpan (ver. 4.1) algorithm. (B)

Splenocytes of vaccinated mice were restimulated with the RNF10 uPeptide antigens used for vaccination. The specificity of splenocytes to the RNF10 uPeptide was assess

by IFN-g ELISpot. Representative ELISpot images are shown; spot count per 5� 105 cells is presented. (C) Splenocytes of mice injected with CT26 cells and vaccinated with

peptides and the polyinosinic:polycytidylic acid (poly[I:C]) adjuvant (CT26, n = 3) were tested for recognition of mutated peptides by flow cytometry. Intracellular cytokine

staining of CD8+ T cells, evaluated by flow cytometry. Percentages of cytokine-producing T cells are shown (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 compared

with untreated T cells (�). p-values were determined by two-tailed one-way ANOVA with Dunnett’s multiple-comparisons test.
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pancreatic cancer cell lines (Figures 5D and S7C). Immunohisto-
chemistry confirmed high expression of RNF10 uPeptide in pancre-
atic cancer tissues (Figure S7C), while it was not detected in some
crucial organs (Figure S8).

uORF of RNF10 generates an immunogenic peptide recognized

by human autologous T cells

We applied the IEDB algorithm to predict the binding affinities of hu-
man RNF10 uPeptide to HLA class I alleles. Based on standard
criteria in the field, we considered peptides with a rank <2 as strong
4 Molecular Therapy: Oncolytics Vol. 31 December 2023
binders, a rank of 2–5 as intermediate to weak binders, and a rank
>5 as nonbinders. For the RNF10 uPeptide, we found that
RLFGQQQRA was predicted to bind strongly to HLA-A2 allele
(Figure S9).

We therefore synthesized the uORF peptides and loaded them onto
HLA-A2-positive DCs. The RLFGQQQRA epitope, derived from
the RNF10 uPeptide, induced IFN-g secretion by pancreatic-can-
cer-patient-derived T cells (Figure 6A), as determined by ELISpot.
The ability of patient-derived T cells to specifically produce IFN-g,
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by two-tailed one-way ANOVA with Dunnett’s multiple-comparisons test.
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TNF-a, and IL-2 in response to DCs pulsed with the RLFGQQQRA
peptide, was confirmed by flow cytometry (Figure 6B), ELISA,
and qRT-PCR (Figure S10). We further identified the RNF10-
uPeptide-specific CD8+ T cells from the HLA-A2-positive pancreatic
carcinoma patients (Figure S11). To determine whether peptide-
specific T cells can be selectively expanded, T cells were co-cultured
with peptide-pulsed DCs for 21 days. Positive staining with the
RLFGQQQRA-tetramer-PE demonstrated the successful expan-
sion of peptide-specific CD8+ T cells (Figure 6C). Thus, the
RLFGQQQRA epitope from the RNF10 uORF is a strong immuno-
genic epitope presented on HLA-A2.

To investigate whether the RLFGQQQRA epitope could generate
RNF10-uPeptide-specific human CTLs, CD8+ T cells sorted from
the PBMCs of HLA-A2-positive donors were incubated with autolo-
gous DCs pulsed with each peptide. After three stimulations, the cyto-
toxicity of the CD8+ T cells against MIA PaCa-2 cells that expressed
RNF10 uPeptide (Figure S6), was examined using the LDH release
assay (Figure 6D) and flow cytometry (Figure 6E). CTLs stimulated
with peptides containing the RLFGQQQRA epitope killed the MIA
PaCa2 cells, but those stimulated with control peptides did not. These
data indicate that the RLFGQQQRA epitope successfully induced
peptide-specific human CTLs.

RNF10 uPeptide elicited antitumoral response in patient-derived

xenograft model

To further explore the immunogenicity of RNF10 uPeptide in vivo, we
employed the pancreatic cancer patient-derived xenograft (PDX)
model implanted in immunocompromised NOD.SCID mice, fol-
lowed by intravenous (i.v.) infusion of autologous DCs and T cells.
Tumor growth was profoundly retarded when receiving RNF10 uP-
eptide-loaded DCs, compared with the ones receiving control DCs
and the untreated mice, determined by tumor-volume measurement
(Figures 7A and S12). We performed flow cytometry and found that
in tumors from RNF10 uPeptide-loaded DC-vaccinated mice,
RNF10-uPeptide-specific CD8+ T cell infiltrates were significantly
Molecular Therapy: Oncolytics Vol. 31 December 2023 5
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are shown (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, compared with untreated T cells (�). p-values were determined by two-tailed one-way ANOVA with

Dunnett’s multiple-comparisons test.
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more abundant than those in control DC-vaccinated mice
(Figure 7B).

DISCUSSION
Cancer is a multifactorial disease and a major public health concern
worldwide.18 Given that RNF proteins are involved in almost all
cellular processes, it is not surprising that their dysregulation, caused
by genetic alterations, is associated with the development and pro-
gression of human cancer, as well as resistance to anti-cancer drugs.19

However, few studies have addressed whether and how certain RNF
proteins can contribute to anti-tumor therapy. In this study, we re-
vealed that the uORF of RNF10 encodes a uPeptide, which induces
a CD8+ T-cell-mediated anti-tumor immune response. The uPeptide
encoded by RNF10 could therefore be a target for use in cancer
immunotherapy.
6 Molecular Therapy: Oncolytics Vol. 31 December 2023
To assess whether RNF proteins could be exploited as therapeutic tar-
gets in cancer, we chose the CT26 tumor cell line. Recently, Castle
et al. identified the transcriptomic characteristics of the CT26 colo-
rectal carcinoma.15 Many RNF-protein-encoding genes are overex-
pressed in CT26 cells, compared with normal colon tissue. A few
RNF proteins are also involved in cellular stress signaling.20–22 Inter-
estingly, uORFs are significantly enriched in stress-response genes
and control the translation of certain master regulators of the stress
response.23,24 We revealed that the RNF-protein-encoding gene
RNF10 contained a uORF and was overexpressed in CT26 cells. Pre-
vious studies have shown that an ORF upstream of the 50-UTR can be
translated.25 Here, we identified that the uORF of RNF10 could also be
translated and encoded a peptide. This RNF10 uPeptide comprised
distinct amino acid sequences, compared with its associated
mRNA-translated proteins. We found that the RNF10 uPeptide was
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expressed in CT26 cells, but could not be detected in the normal colon
tissue of BALB/c mice by immunoblotting. This could be explained by
the generally low efficiency of uORF translation in normal cells.26,27

Alternative translation initiation at noncanonical uORFs has been
demonstrated to be an important mechanism of translational regula-
tion during the stress response or tumor initiation.28,29 For example,
BiP encodes a chaperone protein, which is important for ER homeo-
stasis, and contains uORFs. Under normal conditions, canonical eI-
F2a-mediated translation initiation is responsible for the translation
of the BiPCDS. However, during ER stress, elevated eIF2A expression
initiates the translation of BiP uORFs.30 Cancer cells are inherently
stressed owing to their unprogrammed proliferation, resulting in
inadequate blood supply and compromised lymphatic draining,
which leads to hypoxia, nutrient deprivation, and chronic toxin expo-
sure.31 Under these conditions, the translation of uORFs may be
active. Thus, the RNF10 uPeptide is specifically expressed in tumors.

Recently, it was reported that the frequent expression of uPeptides in
benign and malignant human tissues inspire novel approaches in
direct molecular as well as immunotherapeutic targeting of cancer-
associated uORFs and uPeptides.32 Tumor-associated cryptic pep-
tides from non-coding regions, including the 50- and 30-UTR, non-
coding RNAs, and intronic, intergenic, and out-of-frame regions,
represent highly promising targets for anti-tumor immune surveil-
lance as well as the development of immunotherapeutic approaches.1

In the present study, we proved the immunogenicity of the
RNF10 uPeptide, which may be a promising target for cancer
immunotherapy.

We demonstrated that the RNF10 uPeptide contained an HLA-A2-
restricted epitope, which was recognized by a specific CTL popula-
tion. These CTLs could effectively kill CT26 cells that overexpressed
the RNF10 uPeptide. Many researchers have reported that long pep-
tide vaccines attenuated tumor progression in animal models and
cancer patients.33 Our result showed that tumor growth in BALB/c
mice injected with CT26 cells was significantly inhibited after vacci-
nation with a 27-aa RNF10 uPeptide epitope. These results revealed
that the RNF10 uPeptide vaccine induced strong anti-tumor activity
in the CT26 model. In addition, the vaccinated mice had higher
numbers of CD8+ TILs in their tumor lesions than unvaccinated
Molecular Therapy: Oncolytics Vol. 31 December 2023 7

http://www.moleculartherapy.org


CD 8

IF
N
-

TN
F-

IL
2

(-) RLGGASRRV RLFGQQQRATA RLFGQQQRA Tumor lysates(-)

irr
el
ev
an

tt
et
r a
m
er

HL
A -
A*
0 2
:0
1-
RL

FG
Q
Q
Q
R A

te
tra

m
er

CD 8

CD3 antibody

PBS

T cells only

T cells activated by DCs

RLGGASRRV

RLFGQQQRATA

RLFGQQQRA

1 5 4

5 58

7 73

7 8 9

28 59 45

646 645 558

(-) (-) Tumor lysates

PI

Mia PaCa2 cells-CMFDA

Tu
m
or

ly
sa
te
s
(%

)

0

10

20

30

40

***

(-) (-)

Tum
or l

ysa
tes

RLF
GQ

QQ
RA

RLF
GQ

QQ
RAT

A

RLG
GA

SRR
V

0.19+0.03 0.17+0.08

0.24+0.06 1.30+0.40
**

5.00+0.74 4.10+1.28 4.72+1.14 4.75+0.06 15.97+1.93
***

19.72+3.05
RLGGASRRV RLFGQQQRATA RLFGQQQRA

T cells activated by DCs
T cells activated by DCs

0.25+0.10 0.21+0.04 0.15+0.07 0.23+0.11 2.50+0.79
**

8.32+0.82

0.38+0.30 0.39+0.23 0.45+0.41 0.43+0.15 3.99+0.19
**

10.52+1.50

0.21+0.07 0.27+0.08 0.16+0.02 0.23+0.04 1.62+0.58
*

5.86+1.61

(-) RLFGQQQRAA

B

C

D

E

(legend on next page)

Molecular Therapy: Oncolytics

8 Molecular Therapy: Oncolytics Vol. 31 December 2023



0

500

1000

1500

2000

0 2 4 6

untreated

Tu
m
or

vo
lu
m
e
(m

m
3 )

unpulsed DC + T cells

RNF10 uPeptide pulsed DC + T cells

untreated DC + T cells DC pulsed RNF10 uPeptide + T cells

weeks after tumor inoculation

HL
A-
A*
02
:0
1-
RL

FG
Q
Q
Q
RA

te
tra

m
er

CD 8

0.35+0.11 0.37+0.13 2.78+0.67
**

A

B

Figure 7. Human RNF10 uPeptide elicites immune response to tumor

(A) Tumor volumes were monitored weekly for 5 consecutive weeks following infusion of untreated, unpulsed, or RNF10 uPeptide pulsed DCs and T cells. (B) Tumor-

infiltrating lymphocytes (TILs) were determined by tetramer staining and flow cytometry. Data are representative of two independent experiments. Percentages of dead tumor

cells are shown (mean ± SD, n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, compared with untreated T cells (�). p-values were determined by two-tailed one-way ANOVA with

Dunnett’s multiple-comparisons test.
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controls. Moreover, we found a significant increase in the IFN-g- and
TNF-a-producing capacity of the CD8+ TILs of immunized mice,
compared with the control mice. Thus, the vaccination with the
RNF10 uPeptide changed the immune microenvironment of the tu-
mor. This approach might be particularly useful for reshaping the tu-
mor microenvironment in patients who lack TILs, and applicable as a
Figure 6. The RNF10 uPeptide generates an immunostimulatory epitope recog

(A) CD8+ T cells were primed by autologous DCs loaded with uPeptide antigens. The CT

was evaluated using an IFN-g ELISpot. Representative ELISpot images are shown; spot

uPeptide antigens overnight and evaluated by flow cytometry; representative flow cyto

portions of CD8+ T cells producing different cytokines (mean ± SD, n = 3). (C) CD8+ T cel

were then stained with the uRNF10 RLFGQQQRA-HLA-A*02:01 tetramer. Numbers in

primed T cells were co-cultured with MIA PaCa-2 cells for 18 h and their cytotoxicity aga

SD, n = 3). (E) The T cells were co-cultured with CellTrace CMFDA-labeled MIA PaCa

Percentages of dead tumor cells are shown (mean ± SD, n = 3). *p < 0.05, **p < 0.01, **

tailed one-way ANOVA with Dunnett’s multiple-comparisons test.
standalone or combination therapy to increase the clinical success
rate of checkpoint blockade.

To assess whether the findings from the vaccinated mouse model
could be replicated in humans, we analyzed RNA-seq data from
TCGA. We found that pancreatic adenocarcinoma was among
nized by human autologous T cells

Ls were restimulated with peptides overnight. The uPeptide-specific T cell response

count per 5� 104 T cells is presented. (B) The primed T cells were restimulated with

metry plots of intracellular cytokine staining are shown. Percentages indicate pro-

ls were primed by autologous DCs loaded with uPeptide antigens. The primed T cells

plots denote percentages of the tetramer+CD8+ T cells (mean ± SD, n = 3). (D) The

inst MIA PaCa-2 cells was assessed by lactate dehydrogenase (LDH) assay (mean ±

-2 cells for 18 h. Tumor cell death was examined by PI uptake via flow cytometry.

*p < 0.001, compared with untreated T cells (�). p-values were determined by two-
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the cancers in which RNF10 was upregulated. We also confirmed
that the RNF10 uPeptide was expressed in pancreatic carcinoma
tissues.

The immune system has the ability to eradicate cancer cells via the
recognition of TSAs and the induction of T-cell-mediated cytotox-
icity.34 Moreover, researchers have reported that some patients with
pancreatic carcinoma benefit from immunotherapy.35,36 We have un-
covered that the human RNF10 uPeptide elicited a T cell response
against human pancreatic adenocarcinoma cells. Therefore, the
RNF10 uPeptide could be targeted in pancreatic carcinoma immuno-
therapy. These results illustrate that in the context of pathologically
altered cellular processes, the differential translation of uORFs and dif-
ferential uPeptide processing could produce tumor-specific uORF-
derived HLA ligands, which may serve as potent TSAs. Neoantigens
are peptides derived from tumor-specific mutations which have not
been previously recognized by the body’s immune system.37,38 Most
neoantigens are derived from single nucleotide variants (SNVs).34 Un-
like the patient-specific nature of SNV neoantigens, uORF-derived an-
tigens may have the advantage of being widely shared by multiple tu-
mors, allowing for the development of universal, off-the-shelf
therapies. Furthermore, uORF epitopes may be used as an alternative
immunotherapy in patients with low tumor mutational burden and
thus few neoantigens. Therefore, studies such as ours may encourage
the screening of the entire human genome for uORFs to unravel the
whole uORF-derived immunopeptidome landscape in cancer.

There are limitations to this study. We were not able to investigate the
expression of RNF10 uPeptides in every mouse and human organ,
which may yield more convincing evidence. In addition, we are lack-
ing experiments that directly reflect the situation in human cancer.
Further studies will be needed to see whether uORF peptides can be
therapeutically targeted in human cancer.

In conclusion, in this study, we revealed that the uORF of RNF10 en-
coded immunogenic peptides and that this RNF10 uPeptide was ex-
pressed in tumor cells and could be targeted by specific CD8+ T cells.
Thus, uORF-associated antigens represent an important source of
TSAs. Moreover, uORF-derived epitopes shared between patients
may have particular relevance to anti-tumor vaccination.

MATERIALS AND METHODS
Patients and tissues

Tumor tissue and peripheral blood samples were obtained from
HLA-A*02:01+ (HLA-A2 from hereon) patients with pancreatic
carcinoma, being treated at the Sun Yat-sen Memorial Hospital,
Sun Yat-sen University (Guangzhou, China) between 2020 and
2022. All samples were collected from patients who had provided
informed consent, and all related procedures were performed with
the approval of the internal review and ethics board of the Sun Yat-
sen Memorial Hospital. The HLA-A2+ status of the patients was
determined by staining patient peripheral blood mononuclear cells
(PBMCs) with a monoclonal anti-HLA-A2 antibody (Cat# 343304,
BioLegend), followed by flow cytometry.
10 Molecular Therapy: Oncolytics Vol. 31 December 2023
Cell lines and mice

Female 8- to 12-week-old BALB/c mice (obtained from the animal
center of Guangdong Province) were kept in accordance with the
institutional policies on animal research at the Sun Yat-sen Univer-
sity. The CT26 colon cancer cell line, the HPDE6-C7 pancreatic
ductal epithelial cell line, the MIA PaCa-2, PANC-1, SW1990 and
Capan-2 pancreatic cancer cell line, and HEK293T cells were pur-
chased from the Shanghai Cell Center. Master and working cell banks
were generated immediately upon receipt, of which the third and
fourth passages were used for the tumor experiments. Cells were
tested for mycoplasma every 3 months.

uORF prediction

TheORF finder was used to identify potential ORFs within RNA tran-
scripts and predict the peptides encoded by those ORFs.

Quantitative reverse-transcriptase (qRT)-PCR

qRT-PCR was performed with PrimeScriptTM RT Master Mix (Cat#
RR035A, Takara) and SYBR Premix Ex Taq Kit (Cat# RR820A, Ta-
kara), according to the manufacturer’s instructions. The primer se-
quences used are listed in Table S1. Data were collected and analyzed
using a LightCycler 480 instrument (Roche).

Plasmids and transfection

To test whether the predicted uORF sequence in the 50-UTR was
translatable, complete uORF sequences of interest (with the 3�FLAG
tag immediately upstream of the uORF termination codon and
including the HindIII and BamHI restriction site-overhangs for liga-
tion) were amplified by PCR. Amplicons were ligated into the
pcDNA3.1 plasmid (+). The plasmids were transfected into
HEK293T cells with Lipofectamine 3000 (Cat# L3000015, Invitro-
gen), according to the manufacturer’s instructions.

Western blotting

Total proteins were extracted from cells or tissues using the radioim-
munoprecipitation assay (RIPA) lysis buffer (Cat# 89900, Pierce),
supplemented with protease inhibitors (1:100, Cat# ab65621, Ab-
cam). Equal amounts of protein were loaded onto a 12.5% polyacryl-
amide gel (Cat# PG112, EpiZyme Biotechnology), separated by elec-
trophoresis, and transferred to a PVDF membrane. The membrane
was blocked in 5% skim milk solution and hybridized with the
following antibodies, depending on the experiment: anti-FLAG anti-
body (Sigma-Aldrich, Cat# F1804) and anti-b-actin (C4) (Santa Cruz
Biotechnology, Cat# sc-47778) to detect actin. A polyclonal antibody
against uPeptide was produced by Genscript Biotechnology Co
(Nanjing, China).

Liquid chromatography with tandem mass spectrometry

analysis of uORF-encoded proteins

Proteins were separated by SDS-PAGE and the relevant protein bands
were excised and chopped into 1-mm3 pieces. Peptide mixtures were
then extracted from the gel fragments, digested with sequencing-
grade trypsin, and dried, prior to liquid chromatography-tandem
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mass spectrometry (LC-MS/MS) analysis. The peptides were analyzed
on a QExactive mass spectrometer (Thermo Fisher, Carlsbad, CA).

Identification of target epitopes for uPeptide

The uPeptide was subjected to MHC class I peptide binding predic-
tion using Immune Epitope Database (http://www.iedb.org)
algorithms for 8-mer, 9-mer, 10-mer, and 11-mer, containing the uP-
eptide sequence.

Synthetic peptides

uORF epitopes were studied in the context of a 27-aa peptide. Pep-
tides were synthesized by the Genscript Biotechnology Co (Nanjing,
China).

Immunization of mice with peptides

Research involving animals complied with protocols approved by the
Sun Yat-sen University Animal Care and Use Committee of the Sun
Yat-sen Memorial Hospital. For the immunogenicity analysis of uP-
eptide epitopes, age-matched female BALB/c mice were vaccinated on
days 1 and 7. Vaccination was performed by subcutaneous (s.c.) injec-
tion of 100 mg synthetic peptide and 50 mg polyinosinic:polycytidylic
acid (poly [I:C]) (Invivo Gen, Cat# vac-pic) formulated in phosphate-
buffered saline (PBS; 200 mL total volume) into the lateral flank. For
confirmation of epitope immunogenicity, mice were vaccinated
against a single epitope (n = 3). The readout was performed 5 to
6 days after the last immunization (see also enzyme-linked immuno-
spot [ELISpot] and intracellular cytokine staining sections).

For the therapeutic tumor experiments, BALB/c mice were inoculated
s.c. with 1.5 � 105 CT26 colon cancer cells and randomly distributed
among treatment groups. Tumor volume was measured with a caliper
and calculated using the formula A� B2/2, with A as the largest and B
as the smallest diameter of the tumor. Tumor growth was assessed by
measuring the mean tumor size (with standard error) while disre-
garding single distant outliers.

DC differentiation and T cell priming

DCs were generated as previously described with modifications.39

DCs were obtained from the peripheral blood of HLA-A2+ patients
with pancreatic cancer and cultured for 6 days in DMEMmedia con-
taining 50 ng/mL GM-CSF (PeproTech, Cat# 300-03-20), 20 ng/mL
IL-4 (PeproTech, Cat# 200-04-20), and 10% AB type human serum.
The culture medium was replaced every 3 days, and cell differentia-
tion was monitored by light microscopy. DCs were pulsed with
20 mg/mL peptides for 18 h. To generate uPeptide-specific T cells,
T cells were isolated from the PBMCs of HLA-A2+ patients with
pancreatic cancer using Pan T cell beads (Miltenyi Biotec, Cat#
130-096-535). The T cells were then cultured with antigen-presenting
DCs (5:1) in RPMI 1640 media with 25 U/mL interleukin (IL)-2
(PeproTech, Cat# 200-02-50) for 9 days.

ELISpot

T cells were collected from the in vitro DC co-cultures or murine
spleens, and were restimulated with peptide-pulsed DCs for 18 h.
IFN-g-secreting T cells were quantified by IFN-g ELISpot (Mabtech,
Cat# 3420-4HST-2 [human], Cat# 3321-4HST-2 [mouse]), according
to the manufacturer’s instructions. Developed spots were counted us-
ing an ELISpot reader (C.T.L., Shaker Heights, OH).
ELISA

The cell processing is the same as for the ELISpot. Cell supernatants
were harvested after restimulation, and quantitative measurements of
cytokine were done by ELISA (Dakewe) according to the instructions
of the manufacturer. Cytokine concentration was determined spec-
trophotometrically at 450 nm in combination with a wavelength
correction at 570 nm.
Intracellular cytokine staining

A total of 2� 106 splenocytes were stimulated with 5 mg/mL peptide
in the presence of brefeldin A (BioLegend, Cat# 420601). Spleno-
cytes treated with tumor lysates served as a positive control. Cells
were incubated for 5 h at 37�C, stained with Zombie Aqua Fixable
Viability Kit (BV525, BioLegend, Cat# 423101), anti-mouse CD8
(PerCP, BioLegend, Cat# 100732), and anti-mouse CD3 (APC-Cy
7, BD Pharmingen, Cat# 557596) antibodies for 30 min at 4�C, fixed,
and permeabilized using BD Cytofix/Cytoperm soln kit (BD Phar-
mingen, Cat# 554714), according to the manufacturer’s protocol.
Next, the cells were stained with anti-mouse IFN-g (EFLOUR
450, eBioscience, Cat# 48-7311-82), anti-mouse TNF-a (EFLOUR
450, eBioscience, Cat# 48-7321-82), and anti-mouse IL-2
(EFLOUR 450, eBioscience, Cat# 48-7021-82) antibodies. Cytokine
secretion by CD8+ T cells was analyzed by multicolor flow cytometry
(n = 3).

For ex vivo human T cell intracellular cytokine detection, T cells were
stimulated with 20 mg/mL peptide in the presence of 10 mg/mL brefel-
din A (BioLegend, Cat# 420601) at 37�C overnight. Subsequently,
cells were stained with antibodies against surface markers, including
human CD8 (PerCP, BioLegend, Cat# 344707), human CD3 (PE/
Cyanine7, BioLegend, Cat# 317333) for 20 min at 4�C, followed
by fixation and permeabilization. The cells were then stained
with anti-human IFN-g (EFLOUR 450, eBioscience, Cat# 48-7319-
42), anti-human TNF-a (EFLOUR 450, eBioscience, Cat# 48-7349-
42), anti-human IL-2 (EFLOUR 450, eBioscience, Cat# 48-7029-42)
antibodies at 4�C for 1 h to overnight and analyzed by multicolor
flow cytometry (Beckman CytoFLEX S).
Detection of RNF10 uPeptide-specific T cells in humans

DCs were pulsed with 20 mg peptides, then irradiated with 50 Gy to
serve as antigen-presenting cells (APCs) for T cell expansion.
T cells were cultured with the irradiated APCs in the presence
of IL-2 (20 U/mL) and IL-15 (10 ng/mL), and analyzed on day
21. The cytokines were replenished every 3 days. RLFGQQQRA-
reactive T cells were stained with RLFGQQQRA-tetramer-PE
(diluted 1:50 in FACS buffer) for 30 min at room temperature
in the dark, followed by staining with antibodies against human
CD3 (PE/Cyanine7, BioLegend, Cat# 317333) and CD8 (PerCP,
Molecular Therapy: Oncolytics Vol. 31 December 2023 11
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BioLegend, Cat# 344707). Antigen-specific T cells were then analyzed
by flow cytometry.

LDH assay

The LDH cytotoxicity assay kit (Beyotime, Cat# C0016) was used to
measure T cell cytotoxicity. In brief, 1.5 � 104 target cells/well were
seeded into 96-well microplates in a final volume of 100 mL DMEM
media (high glucose)/well, and co-cultured with uPeptide-specific
CD8+ T cells at 37�C with 5% CO2 overnight. To prepare the
maximum LDH activity control sample, 10 mL of 10� lysis buffer
was added and incubated under the aforementioned conditions for
another 45 min. At the end of the experiment, 50 mL of supernatant
from each well was transferred to a new 96-well plate, to which 50 mL
of the reaction mixture supplied in the kit was added. The sample was
incubated for another 30 min in the dark, after which, 50 mL of stop
solution was added. Finally, the absorbance was measured at 490 nm
and 680 nm% LDH cytotoxicity was calculated LDHOD readings us-
ing the following formula.

%LDH cytotoxicity = ð½experimental value A490�

� ½spontaneous release A490�Þ =

ð½maximum release A490�

� ½spontaneous release A490�Þ � 100%

Cytotoxicity assays

Target cells, such as CT26 cells and MIA PaCa2 cells, were stained
with CMFDA (Thermo Fisher Scientific, C7025) for 15 min at
37�C. RNF10 uPeptide epitope-activated CD8+ T cells, generated by
incubation with uPeptide epitope-pulsed APCs as described above,
were harvested using CD8 microbeads (Miltenyi Biotec, Cat# 130-
116-478 or Cat# 130-045-201). The CD8+ T cells were then co-
cultured with the relevant target cells at an effector to target ratio of
10:1 for 12 h at 37�C. After 12 h, all cells were harvested and stained
with PI (eBioscience, Cat# 00–6990; 1:500) and immediately analyzed
by flow cytometry.

Immunohistochemistry

Paraffin-embedded samples were cut into 4-mm consecutive sections
and deparaffinized. Then, sections were stained for RNF10 uPeptide
antibody following detection by a horseradish peroxidase-conjugated
antibody and the corresponding peroxidase substrate and counter-
stained with hematoxylin. The sections were captured on an NI-U
(Nikon).

Immunofluorescence staining

For immunofluorescence staining, paraffin-embedded samples were
cut into 4-mm consecutive sections and deparaffinized. The antigens
were then retrieved using a special pressure cooker for 3min in EDTA
buffer (pH 8.0). The tissue sections were incubated with an anti-
mouse CD8 antibody (Abcam, Cat# ab17147; 1:50), followed by
12 Molecular Therapy: Oncolytics Vol. 31 December 2023
incubation with an Alexa-Fluor-conjugated secondary antibody
(Thermo Fisher Scientific, Cat# A-21206). The sections were then
rigorously washed with PBS, counterstained with DAPI (Ca#
H21492, Thermo Fisher), and imaged using a confocal laser-scanning
microscope (Carl Zeiss) with a core data acquisition system (Applied
Precision).
PDX model

Fresh pancreatic adenocarcinoma (PAAD) tissue was obtained with
patient consent and approval from our institutional ethics committee.
Immediately, the surgical material was subcutaneously transplanted
into the flanks of NOD/SCID mice and allowed to grow. Once the tu-
mor burden reached approximately 1,500mg, the mice were humane-
ly euthanized, and the tumors were carefully collected and divided
into pieces. These tumor fragments were then serially propagated in
additional mice. T cells were extracted from the peripheral blood of
the identical patients. DCs were pulsed with 20 mg/mL peptides,
and then co-cultured with autologous T cells at 1:5 ratio for 20 h.
When the PDXs were palpable, 2.5 � 106 T cells and 0.5 � 106

DCs were transferred into tumor-bearing NOD/SCID mice through
tail vein injection once a week for 2 weeks. Tumor growth was moni-
tored and recorded.
TIL analysis

Tumors were excised and cut into small pieces in 5 mL of RPMI.
The samples were then digested in 15 mL RPMI, supplemented
with 50 U/mL collagenase IV (Invitrogen, Cat# 17104019),
100 mg/mL hyaluronidase (Macklin, Cat# H822579-10KU), and
20 U/mL DNase (Solarbio, Cat# D8070-15) for 2 h at 37�C, using
gentle MACS dissociators (Miltenyi Biotech). Cell suspensions
were then filtered through a 40-mM strainer and washed three times
with PBS. The lymphocyte population was enriched by Ficoll den-
sity gradient centrifugation at 800 � g for 20 min. T cells were pu-
rified with mouse or human Pan T MicroBeads (Miltenyi Biotec,
Cat# 130-095-130, Cat# 130-096-535). The T cells were eluted
from the beads, stained with relevant antibody, and analyzed by
flow cytometry.
Statistical analysis

Means were compared using the Student’s t test or one-way ANOVA
with Dunnett’s multiple-comparisons test to compare individual
treatment and corresponding control groups. Tumor growth among
different experimental conditions was compared by calculating the
area under the tumor growth curve (AUC) for each mouse. Statistical
differences in the medians of two groups were calculated using a
nonparametric Mann-Whitney U test. All analyses were two-tailed
and were performed using GraphPad Prism 5.03 software. p-values
<0.05 were considered as a measure of statistical significance;
*p < 0.05, **p < 0.01, ***p < 0.001.
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