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研究成果の概要（和文）：プロテオゲノミクスHLAリガンドーム解析法を用い、ヒト大腸がん組織HLAに提示され
る抗原ペプチドを網羅的に探索した。興味深いことに、全体の5%近くが既知プロテオームに登録のないユニーク
な配列であった。さらに正常粘膜ではなくがん組織でHLA提示される「がん抗原」を探索し、lncRNAがん遺伝子
PVT1に由来するペプチドを同定した。同抗原は免疫原性が高く、患者と健常人T細胞反応を誘導した。PVT1抗原
に対するT細胞反応は、がん細胞のNonsense mediated RNA decay（NMD）経路を阻害すると、さらに増強した。
新しいがん抗原クラスと新しい抗原制御メカニズムを発見できた。

研究成果の概要（英文）：We developed proteogenomic HLA ligandome analysis employing mass 
spectrometry and RNA-seq, and found that cryptic peptides, which were not registered in the present 
proteome databases, accounted for approximately 5% of the immunopeptidome of human colon cancer 
tissues. We identified a peptide that originated from the oncogenic long non-coding RNA (lncRNA), 
PVT1. The PVT1 peptide was enriched in cancer tissues compared with normal mucosa, and was 
immunogenic to induce specific T cell responses in both patients and healthy donors. Interestingly, 
the peptide was encoded by a short ORF, which was followed by a premature termination codon. We 
found that the inhibition of nonsense mediated RNA decay (NMD) enhanced T cell responses to cancer 
cells that endogenously expressed the PVT1 gene. These results indicate the presence of a novel 
class of tumor antigens encoded by lncRNAs, and demonstrate a potential mechanism that regulate 
their antigen presentation.

研究分野： 医歯薬学
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研究成果の学術的意義や社会的意義
T細胞はHLA提示された抗原ペプチドを認識し、腫瘍を拒絶する。抗原ペプチドはT細胞反応を導くカギの役割を
果たす。既存の免疫チェックポイント阻害剤はどれも対象腫瘍のMHC提示ペプチド配列を考慮しない治療法であ
る。しかし、適切な抗原配列を取得し標的として治療に組み込むことができれば、免疫治療効果の改善・上乗せ
を期待できる。本研究では世界に先駆けてlncRNAにコードされる新しいがん抗原クラスを発見し、その抗原提示
メカニズムを明らかにした。免疫治療の新しい標的として、標準治療の創出につながる発見と考える。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



 

 

様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
 
１．研究開始当初の背景 
 
 HLA 提示ペプチドはタンパク質の分解産物と考えられていた。しかし我々は、マススペクト
ロメトリーを用いた新規プロテオゲノミクス技術を用いて大腸がん組織を解析し、long 
non-coding RNA（lncRNA）に由来する HLA 提示ペプチドを検出した。lncRNA 由来のがん抗原
は世界的にも新しい発見であった。 
 
２．研究の目的 
 
 我々が発見した lncRNA がん抗原（PVT1）と特異的な T 細胞反応をモデルとし、lncRNA が
ん抗原に対する CTL 免疫監視の実像を明らかにする。Nonsense mediated RNA decay (NMD)制御
と lncRNA がん抗原 HLA 提示関連性を検証する。 
 
３．研究の方法 
 
(1) プロテオゲノミクス解析基盤によるがん組織 HLA 提示ペプチドームの網羅解析 
(2) 抗原をコードするユニークな sORF の同定 
(3) NMD 阻害による lncRNA がん抗原 CTL 反応の制御と非典型翻訳メカニズムの解明 
 
４．研究成果 
 
(1) ヒト大腸がん 6 症例のがん・正常組織をプロテオゲノミクス HLA リガンドーム解析し、
提示ペプチドを網羅的に検出した。HLA-A24 提示ペプチドの約 5%が既知プロテオームに登録
のない cryptic なペプチド配列であった（図 1A）。さらに、がんと正常組織で HLA 提示量を比
較した。がん組織に優位な lncRNA 遺伝子（PVT1）由来ペプチド（HF10）を同定できた（図

1B-E）。 
図１．ヒト大腸がん組織 HLA-A24 提示ペプチドーム 
 
(2) PVT1 がん抗原ペプチドをコードする PVT1 トランスクリプトバリアントと sORF を特定
した（図 2A, B）。さらに HF10 ペプチドを特異的に認識する CD8+T 細胞クローン（H3）を樹
立した。HF10 に対する H3 反応は特定した PVT1-sORF 存在下で生じ、同トランスクリプトを
ノックダウンすると消失する（図 2C, D）。各種がん細胞株に対する CD8+T 細胞反応は PVT1
遺伝子発現量と相関している（図 2E）。 

PVT1 transcripts with a cryptic ORF are responsible for T-cell
recognition

Tens of thousands of lncRNAs are modestly conserved across
species, and most lncRNAs yield multiple transcript variants. Differ-
ential transcript expression in normal and tumor tissues implies their
dysregulation in tumors; however, the complexity of transcription
variants makes functional characterization a challenge (3, 40). At
present, more than 180 transcript variants of the PVT1 gene have
been registered in the Ensembl database (https://asia.ensembl.org/
index.html). We aimed to clarify the link between PVT1 transcripts
and HF10 generation, as well as its role in oncogenesis using the
Colo320 model. To this end, we carried out a combination of tran-
scriptome analysis, characterizing PVT1 transcript variants located
downstream of the MYC gene, and their expression (Fig. 5A).
RNA-seq showed PVT1 gene expression and the dominant usage of
exons 1, 2, 3, and 5. Isoform sequencing (Iso-seq; ref. 41) revealed
26,343 unique full-length isoforms expressed in Colo320 cells, includ-
ing PVT1 transcripts, of which 11 of 27 variants encoded the HF10
peptide (Supplementary Fig. S6A). Cap analysis gene expression
sequencing (CAGE) indicated a single dominant transcriptional start
site at the beginning of exon 1. These 11 variants that encoded the
HF10 peptides shared a unique ORF that is located across exons 1 and

2 (Fig. 5B; Supplementary Fig. S6B). The HF10-encoding ORF
begins with the first ATG codon of the mRNA; however, in
contrast to canonical ORFs, the termination codon is located 130
nucleotides upstream of an exon–exon junction, suggesting that the
HF10-encoding ORF concludes with a premature termination
codon (PTC; ref. 42). Although the presence of PTC precludes
mature protein synthesis, it has been postulated that the pioneer
round of mRNA translation potentially yields MHC ligands (43).
Overexpression of a minigene harboring the HF10-encoding ORF
concatenated with a FLAG tag showed accumulation of the trans-
lation product in the cytosol and allowed HF10-specific T cells to
recognize 293T cells expressing HLA-A!24:02 (Fig. 5C). siRNA-
based gene knockdown targeting a position downstream of the
HF10-encoding ORF diminished T-cell responses to Colo320 cells
(Fig. 5D; Supplementary Fig. S7A and S7B). Experiments using
a panel of colorectal cancer and lung cancer lines with comparable
HLA-A24 surface expression further demonstrated the positive
correlation between the expression of PVT1 transcripts with the
ORF in target cells and IFNg production of HF10-specific T cells
(Fig. 5E). These data suggest a role for the cryptic PVT1 ORF
in HLA-A24 presentation, as well as T-cell recognition of the
PVT1 antigen.

Figure 2.
Proteogenomic discovery of a tumor-associated HLA ligand encoded by the lncRNA PVT1. A, Pie charts showing the proportion (left) and composition (right) of the
cryptic HLA ligands classified according to GENCODE biotypes. TEC, to be experimentally confirmed. Proteogenomic analysiswas performed in six colorectal cancer
tissues and four patient-matched normal colorectal mucosa. “Protein-coding RNA” represents translation from 50 and 30 UTRs or the unannotated ORFs. Numbers in
parentheses indicate the numbers of nonredundant ligands (left) and corresponding gene types (right). B,Differential HLA ligand abundance in colorectal cancer (n
¼6) andmatchednormal tissues (n¼4) determinedbyLFQ. The x-axis, log2 fold change (FC)of the scaledpeptide abundance in colorectal cancer over normal tissue
samples; the y-axis,#log10 P values (two-tailed t test). Each dot represents an HLA-A24 ligand, and the cryptic ligands encoded by lncRNAs are shown in red (HF10)
or blue (the others). C, Differential gene expression analysis between colorectal cancer (n¼ 6) and matched normal tissues (n¼ 5). The x-axis, log2 FC of the gene
expression values (RNA-seq read counts); y-axis, Benjamini–Hochberg-corrected#log10 P values (q-value). Each dot represents an expressed gene, and the lncRNA
genes encoding cryptic HLAclass I ligands are shown in red (PVT1) or blue (the others).D,Apex-alignedMSelution profiles (left) and scaled abundance (right) ofHF10
peptide detected in tissues. The x-axis (retention time, RT) of the elution profiles was set according to the profile with the highest peak (left). Data are shown with
mean (colorectal cancer, n¼ 6; normal, n¼ 4), and P values were calculated using a two-tailed t test (right). E, Scaled HF10 peptide abundance in colorectal cancer
and matched normal tissues. The mean intensity of the HLA ligandomes was scaled to 100 (red dotted lines). CRC, colorectal cancer.
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図２．新規がん抗原ペプチド HF10 は lncRNA 遺伝子 PVT1 にコードされる 
 

(3) 発見した PVT1-sORF は premature termination codon (PTC)を有している（図 2B）。まず、

siRNA を用いて大腸がん細胞株 SW480 の nonsense mediated RNA decay (NMD) 関連遺伝子

（UPF1, UPF2, SMG1）をそれぞれノックダウンした。PVT1 がん抗原に対する T 細胞反応を検

証したところ、３つの NMD 関連遺伝子いずれのノックダウンでも T 細胞反応が有意に増強し

た。また、がん細胞を NMD 阻害剤（NMDI14）処理すると同様に T 細胞反応が増強した。即

ち、PVT1 がん抗原 RNA は NMD 制御されていると考える。さらに、T 細胞反応は conventional 
translation 阻害剤（4EGI-1）で消失せず、むしろ増強することを見出した。以上より、PVT1 が

ん抗原遺伝子の発現・翻訳・抗原提示プロセスは通常抗原のものと異なっている。PVT1 を始

めとするまだ未知のノンコーディング RNA がん抗原の発現を介し、NMD 阻害剤は新しいタイ

プの抗腫瘍免疫増強剤となる可能性がある。 
 

development suggests the potential targeting of the PVT1 antigen,
which is conserved across patients with colorectal cancer independent
of the tumor mutation burden, as a surrogate target for MYC in
immunotherapy. At present, the clinical relevance of immune sur-
veillance against the PVT1 antigen with regard to patient prognosis, as
well as therapeutic efficacy, is unknown. Our findings highlight the
diversity of tumor-associated antigen sources, providing a rationale for

an immunotherapy targeting a novel class of lncRNA-derived tumor
antigens.
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Figure 5.
PVT1 transcriptswith a crypticORF are responsible for T-cell recognition.A, Integrated transcriptome analysis of Colo320 cellsmappedacrossMYC and thePVT1gene
region of the human reference genome (hg38). From the top, transcription start sites (TSS) detected by CAGE, use ofPVT1 exons (Ex)measured byRNA-seq, and the
full-length PVT1 transcript variants sequenced by Iso-seq. The dotted line indicates the position of the sequence encoding HF10. B, Schematic representation of the
PB.7622.9 transcript. Black boxes indicate every potential ORF encompassedwith ATG and a stop codon in 3-translation frames. The red box indicates the position of
HF10, and the red arrow indicates a PTC. C, Top left,Western blot analysis of 293T cells expressing an empty vector (þvec) or the HF10-encoding ORF concatenated
with a FLAG tag (þORF). Top right, IFNg ELISPOT assay of clone H3 culturedwith 293T-A24 expressing an empty vector (þvec) or the HF10-encoding ORF (þORF).
Bottom, 293T cells expressing the HF10-encoding ORF. Cells were stained with Hoechst or anti-FLAG and visualized using immunofluorescencemicroscopy.D, Top,
RT-PCR of Colo320 cells transfected with an irrelevant (ctrl) or PVT1-targeting siRNA. Bottom, IFNg ELISPOT assay of clone H3 cultured with transfected Colo320
cells. Data are representative of three independent experiments.E,Correlation betweenPVT1 expression and the cloneH3 responses to the endogenous PVT1 antigen
(r¼ 0.7857, P¼ 0.0480, two-tailed Spearman correlation). The x-axis, PVT1 expression in colorectal cancer or lung cell lines measured by quantitative RT-PCR; the
y-axis, positive-spot counts measured by IFNg ELISPOT of clone H3 in response to indicated cancer lines.

Figure 6.
PVT1-dependent cell proliferation and tumor develop-
ment. A, In vitro cell proliferation of PVT1 knockdown
Colo320 cells. Equal numbers of Colo320 cells trans-
fected with the indicated siRNAs were cultured, and
cell growth was measured by absorbance at 450 nm
usingWST-8 reagent. B, In vivo tumor development in
a mouse model. Colo320 cells transfected with the
indicated siRNAs were subcutaneously injected into
immunodeficient NSG mice. A and B, Data represent
mean # SEM (n ¼ 10), and P values were calculated
using a two-tailed t test ($$ , P < 0.01; $$$ , P < 0.001).
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