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In brief

Xiao et al. report 37 young de novo genes
in humans within an updated genomic
context. Their expression is
temporospatially expanded across
tumors. Depleting 57.1% of them reduces
tumor cell proliferation. mRNA vaccines
expressing two of these young genes
trigger specific immune responses and
inhibit tumor growth in humanized mice.
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SUMMARY

Young human de novo genes, recently emerging from non-coding regions, are expected to contribute to hu-
man-specific traits and diseases. However, systematic explorations of this connection have been lacking.
Here, we report 37 recently originated de novo genes in humans, with their evolution and characteristics
defined within an updated genomic context. The expression of these genes is significantly upregulated and
temporospatially expanded in tumors, partially associated with extrachromosomal DNA amplification. Deple-
tion of 57.1% of these genes suppresses tumor cell proliferation, underscoring their roles in tumorigenesis. As
a proof of concept, we developed mRNA vaccines expressing ELFN71-AS1 and TYMSOS—young genes spe-
cifically expressed during early development but reactivated exclusively in tumors. In humanized mice, these
vaccines triggered specific T cell activation and inhibited tumor growth. The antigens derived from these genes
are immunogenic and capable of eliciting antigen-specific T cell activation in colorectal cancer patients. These
findings underscore young human de novo genes as neoantigens in cancer immunotherapy.

INTRODUCTION

De novo genes arise recently from non-coding genomic re-
gions, lacking pre-existing “mother” genes to serve as tem-
plates for their protein sequences, structures, and func-
tions."™ Recent studies have identified substantial numbers
of such genes across a wide range of species.* '° In humans,
the “motherless” origin and limited evolutionary time

for functional refinement suggest the potential roles of young
de novo genes in shaping human-specific traits®'®~'® and dis-
ease susceptibility.'?® However, this connection has not
been systematically explored due to the intrinsic characteris-
tics of these genes, which complicate gene annotation. Addi-
tionally, the absence of mother genes limits our understanding
of their evolutionary trajectories, functions, and disease
relevance.
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Figure 1. Newly originated de novo genes in h

umans and their evolutionary trajectories

(A) Workflow for identifying bona fide young de novo genes encoding human- or hominoid-specific proteins (see STAR Methods). The pipeline involves three
steps: (1) compilation of candidate de novo genes with verified transcript structures, (2) phylogenetic reconstruction of evolutionary trajectories and precise gene
age estimation, and (3) rigorous validation of expression. CDS, coding sequences; PSMs, peptide-spectrum matches.

(B) Expression profiles for 17 hominoid-specific and 20 human-specific de novo genes. Top: heatmap showing relative expression levels across tissues and
developmental stages, with spatial specificity of expression scores shown in the bottom row. Bottom: dot heatmap summarizing translational evidence from
multiple sources: summarized (All), re-analyzed Ribo-seq data (Re-analyzed), publicly available Ribo-seq annotations (Annotations), in-house-generated MS
data (In-house), public MS database annotations (PeptideAtlas and MassIVE), and western blot validations (WB). Methodological details are provided in
STAR Methods. SMIM45-107aa represents the 107-amino-acid young protein encoded by SMIM45.
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First, these genes exhibit intrinsic characteristics such as
shorter open reading frames (ORFs),?*° restricted and lower
expression,® 2425 frequent occurrence in repetitive genomic
regions,”'? and limited cross-species conservation, all of which
complicate their definition and annotation. As a result, current
computational pipelines struggle to consistently annotate these
genes, reliably trace their evolutionary trajectories, and provide
convincing evidence of their in vivo expression and func-
tions.?”*® Recent advances in reference genomes,?®'
including telomere-to-telomere coverage,® and functional ge-
nomics across a wider range of primate species and tissues® ¢
offer new opportunities to identify these genes, clarify their
evolutionary trajectories, and better understand their roles in
this updated genomic context. Additionally, the evolving defini-
tion of de novo genes, aided by ribosome profiling (Ribo-seq)
data®**"*® that complement traditional mass spectrometry
(MS), has been discussed recently.?” However, the systematic
integration of these genomic data and the validation of their ap-
plications remain areas for further exploration.

Second, understanding the functions of these genes, partic-
ularly their disease implications, lags behind due to the scarcity
of functional assays to establish causal relationships.? This
challenge is exacerbated by their lack of sequence homology
to known proteins, which would otherwise provide functional
clues. Pilot studies have linked some of these de novo genes
to brain development and spermatogenesis through mecha-
nisms such as neural stem cell amplification and cell fate deter-
mination,'®'” as well as anti-apoptotic effects in spermatogen-
esis.*>™*! These tumor-like features suggest their potential roles
as oncogenes in tumorigenesis. Consistently, case studies
have implicated some of these de novo genes in tumor devel-
opment and prognosis,'®?>“?>** and speculative genomic
studies have associated these genes with tumorigenesis.*”
However, a systematic investigation of this connection and
the underlying mechanisms remains unexplored. If confirmed,
this link could position these young genes as universal neoan-
tigens—similar to those encoded by noncanonical ORFs*®—
providing new strategies to address key challenges in cancer
immunotherapy.

In this study, we identify 37 newly emerged de novo genes
in humans and clarify their evolutionary trajectories within an
updated genomic context. We observe a widespread upregu-
lation and temporospatial expansion of their expression in tu-
mors, with circular extrachromosomal DNA (ecDNA) amplifica-
tions possibly playing a role in this process. Furthermore, we
experimentally establish the causal relationship between
these young de novo genes and tumorigenesis. As a proof
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of concept, we develop two mRNA vaccines targeting these
genes and demonstrate their potential as neoantigens in
anti-tumor therapies.

RESULTS

Identification of human de novo genes with clear
evolutionary trajectories

To identify an accurate list of de novo protein-coding genes
recently emerged in humans, we systematically evaluated their
origination, evolutionary trajectories, and expression within an
updated genomic context (Figure 1A). We began by compiling
a list of 100 candidate de novo genes from 14 public studies, fol-
lowed by manual curation to confirm intact gene structures and
ORFs of these candidate genes (STAR Methods; Table S1).
Building upon recent methodological advances in de novo
gene identification, which address false positives arising from
rapid sequence divergence, gene loss, and distant homol-
ogy, '>*"~*" we developed a computational pipeline to rigorously
assess the de novo origination of candidate genes in the homi-
noid lineage. Briefly, we reconstructed ancestral genomic se-
quences for these candidates using whole-genome synteny
alignments across 120 mammalian species.?”"*> To establish
de novo emergence in the hominoid lineage, we required (1)
the absence of intact ORFs in orthologous regions of ancestral
sequences predating the divergence of Old World monkeys
and hominoids and (2) the presence of shared disruptive muta-
tions (“common disablers”) in outgroup lineages that disrupt
the ORFs. We further distinguished true de novo genes from
gene duplications by confirming the absence of sequence ho-
mology with these ORFs among the human genome, the human
transcriptome, and all annotated proteomes in UniProtKB data-
base (253,206,170 entries, 1,333,558 species; STAR Methods).
Notably, a stricter criterion was applied to ensure the complete
absence of coding potential in ancestral regions, even if these re-
gions encode entirely different proteins in the ancestral state
(STAR Methods).

For the candidate de novo genes that recently originated in hu-
mans, we next investigated their in vivo expression in human tis-
sues. This was based on genomic profiles processed from 1,630
transcriptomes, 279 Ribo-seq datasets, and 100 million in-
house-generated MS spectra from various human tissues and
cell lines (STAR Methods). To reduce false positives due to
pervasive natural antisense transcripts, we defined representa-
tive regions unique to each de novo transcript for expression
quantification (Figure 1B; STAR Methods). Taken together,
we identified 37 de novo-originated genes in humans—20

(C) Ribosomal peptidyl site (P-site) positioning profiles around the start and stop codons of de novo genes, derived from ribosome-protected fragments of 279

Ribo-seq datasets.

(D) Percentage of P-site reads around the start and stop codons of canonical protein-coding genes across all datasets.
(E-H) Comparative analyses of four core gene properties (see STAR Methods): guanine-cytosine content of ORF sequences (E), RNA nuclear export activity (F),
degree of intrinsic structural disorder (G), and C-terminal hydrophobicity of proteins (H), for canonical protein-coding genes (Canonical), de novo genes (De novo),

and non-coding genes (INcRNA) or regions (Intergenic).

() Violin plots showing translation efficiency distributions for de novo genes, canonical protein-coding genes, and non-coding genes (left) or for de novo genes and
canonical genes grouped by evolutionary age: human-specific (Human), hominoid-specific (Hominoid), or more conserved (Older, right).
Two-tailed Wilcoxon rank-sum test (n = 37 [De novo] or 4,000 [Canonical, IncRNA, and Intergenic]). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. See also

Figure S1 and Tables S1 and S2.
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Figure 2. Upregulation and temporospatial expansion of de novo gene expression in tumors

(A) Spatial specificity and maximum temporal specificity of gene expression (in six organs) for housekeeping genes (red dots, Housekeeping), de novo genes (blue
dots, De novo), and shuffled genomic background (gray dots, Whole-genome).

(B) Comparative tissue-specific expression profiles across the three gene groups. Heatmap showing relative expression levels (median normalized across all
tissues) for each gene group among 27 human tissues, with brain and testis highlighted (shaded block). Bar plots quantify the differences between De novo genes
and Whole-genome background across tissue types.

(C) Temporal specificity distributions for De novo genes in six organs, with median specificity values for Housekeeping (red dots), De novo (blue dots), and Whole-
genome (gray dots) highlighted. Statistical significance is shown for differences between De novo genes and Whole-genome background. Two-tailed Wilcoxon
rank-sum test.

(D) De novo gene expression across tumor types in TCGA. Genes with expression in normal tissues (green boxes, median transcripts per million [TPM] values
>0.5, estimated by GTEx RNA-seq data) and those significantly upregulated in tumors at varying degrees (red dots) are highlighted. Fold change was calculated
using upper quantile TPM values of tumor versus normal tissues. For each tissue type, the number of de novo genes in the two categories is shown as green and
red bars on the left side. NAT, normal adjacent tissue. Tumor abbreviations follow TCGA study abbreviations.

(E) Spatial specificity of de novo gene expression in paired tumor and normal tissues.

(F) Proportions of de novo genes significantly upregulated across varying numbers of tumor types, categorized by temporally dynamic and non-dynamic de novo
genes.

(G) Spatial expansion of ELFN1-AS1 expression in tumors. Boxplots represent expression in normal tissue samples; dots show median expression in tumor
samples of the corresponding tissue type.

(legend continued on next page)
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human-specific and 17 hominoid-specific genes shared by hu-
mans and apes—supported by robust transcriptional and trans-
lational evidence from at least three independent datasets or
studies (Figures 1A and 1B; Table S2). Ribosome footprints cor-
responding to these young ORFs exhibited distinct three-nucle-
otide periodicity, as determined by ribosome-protected frag-
ment analysis of Ribo-seq data (Figure 1C; STAR Methods), a
signal indicative of in vivo translation, aligning with patterns
observed for canonical protein-coding genes (Figures 1D and
S1A-S1C).

Using the list of 37 bona fide de novo genes, we then investi-
gated their evolutionary trajectories in terms of key gene proper-
ties.'®?>°® We found that the evolution of core properties for
ORF formation, mRNA translation opportunity, and protein sta-
bility follows a preadaptive process. Specifically, young genes
display comparable, or even enhanced, gene-like characteris-
tics. We quantified four core properties for these young de
novo genes, canonical genes, and non-coding regions: (1) gua-
nine-cytosine content of the ORF sequence, where higher con-
tent is linked to easier exon origination®°® and the formation
of longer coding sequences®® (Figure 1E); (2) nuclear export ac-
tivity of transcribed RNA, where higher activity indicates a
greater likelihood of RNA molecules being transported to the
cytosol for translation (Figure 1F); and (3) intrinsic structural dis-
order degree of protein linked to the aggregation prevention®’->
(Figure 1G). These disordered regions also serve as flexible
linkers between structural domains, with a higher degree of dis-
order associated with increased protein interaction potential,
enhanced functional diversity,°®°° and accelerated evolutionary
rates®>®%; and (4) C-terminal hydrophobicity of protein, where
lower hydrophobicity promotes protein stability by reducing pro-
teasomal degradation or membrane targeting®' (Figure 1H). We
analyzed RNA sequencing (RNA-seq) data from the nucleus and
cytoplasm to evaluate RNA nuclear export, alongside computa-
tional approaches to assess three other gene properties (STAR
Methods). Strikingly, young de novo genes exhibited levels of
these properties comparable to—or even exceeding—those of
canonical genes and non-coding regions (Figures 1E-1H), con-
trary to the intermediate characteristics expected by a gradual
transition model between non-coding and coding states. These
gene-like properties may reflect either evolutionary selection
for adaptive functions'®'® or preferential emergence within
genomic regions harboring preadaptive, gene-like architec-
tures—so-called “hopeful monsters”'®?°—that facilitate de
novo gene origination. In contrast, for properties fine-tuning
gene functions, such as translation efficiency estimated from
RNA-seq and Ribo-seq data, young de novo genes showed in-
termediate levels between canonical protein-coding genes and
non-coding genes (Figures 11, S1B, and S1C; STAR Methods).
Translation efficiency appears to be further optimized with age,
as older genes demonstrate higher translation efficiency
(Figure 11), supporting a continuum evolution model.>® Together,

¢? CellPress

OPEN ACCESS

these findings indicate that young de novo genes likely originate
from pre-existing, gene-like “precursors” shaped by selective
forces for adaptive functions, with subsequent optimization of
certain features to form efficient proteins in humans.

Temporospatially expanded expression of de novo
genes in tumors

Gene expression profiles are often indicative of their biological
functions, as suggested by the omnigenic model.®” To investi-
gate the expression dynamics of young de novo genes, we first
analyzed their transcriptomic profiles using RNA-seq data span-
ning 27 human tissues and multiple developmental stages from
the Genotype-Tissue Expression (GTEXx) project and Cardoso-
Moreira et al.>*®® and systematically quantified their temporal
and spatial specificity of expression (STAR Methods). A signifi-
cant correlation was observed between temporal and spatial
specificity across different genes (Figure S2; Pearson correlation
coefficient r = 0.73, p = 2.2 x 10'%), with young de novo genes
showing significantly higher temporal and spatial specificity
compared to housekeeping genes and randomly shuffled genes
(Figure 2A), consistent with previous findings.®**%® These young
de novo genes showed predominant expression in testes and
brain tissues compared to other gene classes (Figures 1B and
2B). Notably, these genes also exhibited restricted temporal
expression patterns, suggesting tightly regulated developmental
windows of activity (Figure 2C).

We then identified temporally dynamic de novo genes with sig-
nificant expression changes across developmental stages and
classified them into two groups—early-expressed and late-ex-
pressed genes—based on their expression profiles showing pre-
dominant expression at early or late developmental stages,
respectively (Figures S3 and S4A; STAR Methods). Notably,
most temporally dynamic de novo genes in the testes were late
expressed, recapitulating a pattern observed in Drosophila,®*
while many in the hindbrain and liver were early expressed
(Figure S4B). The temporospatially restricted expression of
young human de novo genes recapitulates their roles in repres-
sing apoptosis in spermatocytes®**" and maintaining the neural
stem cell pool during early brain development.'®'”

Given their roles in stem cell maintenance and anti-apoptosis,
we explored the implications of de novo genes in tumorigen-
esis.>?®“? While exhibiting low expression in most normal tis-
sues (with exceptions in brain and testes), these genes showed
significant upregulation in corresponding tumor types, as evi-
denced by transcriptomes of 5,278 samples across 22 tumor
types from The Cancer Genome Atlas (TCGA) (Figure 2D). Strik-
ingly, 13 genes (68.4% of the tumor-upregulated gene set)
demonstrated expanded expression profiles, with no detectable
expression in matched normal tissues (Figures 2D and S7A). This
expression expansion was significantly more prevalent among
de novo genes and occurred across a broader spectrum of tu-
mor types compared to background genes (Figure S7B; Monte

(H) Temporal expansion of TYMSOS expression in LIHC. The green dots represent the median TYMSOS expression in livers across different developmental
stages, with a fitting curve shown; purple boxplots and dots depict its expression distribution in LIHC tumor samples.

(A, C, and E) *p < 0.05; **p < 0.01; ***p < 0.001. (A and C) Two-tailed Wilcoxon rank-sum test (n = 37 [De novo], 1,456 [Housekeeping], or 3,000 [Whole-genome]).
(E) Two-tailed Wilcoxon signed-rank test. (F) One-tailed Kolmogorov-Smirnov test. See also Figures S3 and S7.
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Figure 3. Association between genome reorganization and altered expression profiles of de novo genes in tumors
(A) Events of upregulation or expansion of de novo gene expression across various tumor types, with four types of genome reorganization events indicated.

(B-D) Tumor-specific expansion of MYEOV expression in BLCA, compared to normal bladder tissue samples (B). This expansion is potentially driven by the
formation of a tumor-specific enhancer-promoter interaction mediated by a chromatin loop, indicated by arrows in the normalized Hi-C contact maps for SW780
(bladder cancer) and Control (human epithelial cell) (C). For regions surrounding this enhancer-promoter interaction, active enhancer positions, as annotated by
the Functional Annotation of the Mammalian Genome (FANTOM) project, and associated epigenetic marks indicating enhancers are shown (D).

(E) Correlation between SMIM45-107aa expression and the activity of a nearby enhancer (chr22:41949353-41949930) across normal skin (Skin) and skin
cutaneous melanoma (SKCM, left). Spearman correlation coefficient r = 0.77. Enhancer activity in SKCM and Skin samples was compared (right). Two-tailed
Wilcoxon rank-sum test (n = 50 [Skin] or 295 [SKCM]). ***p < 0.001.

(F) Proportion of genes detected on ecDNA amplifications across three gene categories: de novo genes (indicated by blue dot with arrow), background protein-
coding genes, and known oncogenes. Data represent 114 BLCA samples, with y axis showing the occurrence frequency of ecDNA amplifications per gene. The
probability distributions for background and oncogenes were estimated using Monte Carlo simulations (STAR Methods).

(G) MYEOV expression in 114 BLCA tumor samples. The median MYEOV expression in normal bladder samples is marked with a green dotted line, and samples
with predicted, MYEOV-carrying circular ecDNA are highlighted as purple dots. The structure of one MYEOV-carrying circular ecDNA from a highlighted sample

(arrow) is shown.
See also Figures S8-S12.

Carlo simulation, p < 0.0001; STAR Methods). Consequently, de
novo genes exhibited significantly reduced spatial specificity in
tumor versus matched normal tissues (Figure 2E; Wilcoxon
signed-rank test, two tailed, p = 0.02), indicative of relaxed
expression constraints during oncogenesis. Notably, temporally
dynamic genes showed particularly pronounced upregulation
across multiple tumor types (Figures 2D and 2F; Kolmogorov-
Smirnov test, one tailed, p = 0.04). Two representative cases
illustrate this phenomenon: ELFN1-AS1, which is virtually silent
across all normal tissues, displayed marked expression in colon
adenocarcinoma (COAD) and ovarian cancers (Figure 2G), while
TYMSOS, normally restricted to early liver development, showed
substantial reactivation in liver hepatocellular carcinoma (LIHC)
(Figure 2H). Additional examples of tumor-associated expres-
sion expansion of de novo genes are presented in Figures S7A
and S7C.

It has been reported that the mechanism of ecDNA can pro-
mote oncogene expression through gene amplification and
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enhanced chromatin accessibility.>°® Additionally, dysregula-
tion of topologically associating domains and enhanced chro-
matin interactions can drive oncogene overexpression during
tumorigenesis.®®’° Motivated by these findings, we next investi-
gated whether the rewired genome architectures are associated
with the observed temporospatial expansion of de novo gene
expression in tumors. We integrated and re-analyzed 58 public
Hi-C sequencing datasets from 10 tumor types and correspond-
ing normal tissues. This revealed tumor-specific compartment
transitions from B to A (B2A), tumor-specific chromatin loops
with enhancer-promoter interactions (TSLs), and tumor-specific
higher enhancer activity (HEA) (STAR Methods; Figure S8), all
contributing to upregulation and temporospatial expansion of
gene expression in tumors (Figure S9). Two cases of de novo
gene with expanded expressions in tumors, potentially through
these mechanisms, are shown (Figures 3B-3E). We also inte-
grated annotated ecDNAs from the eccDNA Atlas database”
(STAR Methods). Based on these genome reorganization events,
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we found that 45.9% of tumor-specific expansion in de novo
gene expression was associated with at least one of these mech-
anisms, with the ecDNA amplification being the most prevalent,
accounting for 16.2% of expansion events and 16.4% of tumor-
specific upregulation of de novo genes (Figure 3A). Notably, a
larger proportion of upregulated de novo genes in tumors were
found amplified by ecDNAs compared to randomly selected
background genes (p = 0.035, Fisher’s exact test), a portion
comparable to that observed for known oncogenes (p = 0.18,
Fisher's exact test; Figure S10A). For the other three mecha-
nisms—B2A, TSLs, and HEAs—no significant differences were
detected (Figures S10B-S10D).

To confirm the contribution of ecDNAs, we further identified
the genomic amplification events by re-analyzing whole-genome
sequencing data of 114 bladder urothelial carcinoma (BLCA)
samples and their corresponding transcriptomes from TCGA
(STAR Methods). Our analysis revealed 12 distinct circular
ecDNA ampilification events encompassing five de novo genes
(Figure S11A). Strikingly, these events occurred at significantly
higher frequencies for de novo genes compared to background
genes, with prevalence rates approaching those of established
oncogenes in these samples (Figure 3F; Monte Carlo simulation,
p =0.0013). Consistent with the known transcriptional enhance-
ment mediated by ecDNA amplification,’®°” these de novo
genes associated with ecDNA are generally upregulated
(Figure S11B). An example is MYEOV, which, when amplified
on circular ecDNAs, showed markedly elevated expression in
BLCA tumors (Figure 3G). Similar patterns were observed for
other de novo genes (Figures S12A-S12C).

In summary, the upregulation and temporospatial expansion
of de novo gene expression in tumors implicate their roles in
tumorigenesis, possibly through the reprogramming of prolifera-
tive malignant cells and the maintenance of cellular plasticity,
similar to carcinoembryonic genes widely used in early cancer
screening.’?

Functions of young de novo genes in tumor cell
proliferation

Inspired by the observed upregulation and temporospatial
expansion of de novo gene expression in tumors, we investi-
gated whether these young genes directly contribute to tumori-
genesis. To assess this, we developed a CRISPR-Cas9
screening assay targeting 27 young de novo genes along with
three well-established oncogenes (PIK3CA, KMT2D, and
KRAS) and a tumor-suppressor gene (PTEN) as positive con-
trols. The library included 352 single-guide RNAs (sgRNAs),
with 4-5 sgRNAs per gene, and 20 non-targeting sgRNAs as
negative controls. We evaluated their effects on the growth of
multiple cancer cell lines representing diverse tumor types,
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including U87 (glioblastoma), SW480 (COAD), HelLa (cervical
carcinoma), Cal62 (thyroid anaplastic carcinoma), and OS-RC-
2 (renal carcinoma) (Figure 4A). The relative abundance of each
sgRNA was quantitatively assessed following viral infection
and subsequently after 10 cell passages to detect changes in
sgRNA representation over time (Figure 4A; STAR Methods). A
significant reduction in sgRNAs targeting known oncogenes vali-
dated the assay’s efficacy (Figure 4B). We then performed RNA-
seq for these five cell lines to quantify the expression of these de
novo genes and identified 21 genes expressed in at least one of
the cell lines (Figure 4B; STAR Methods). Due to the limited avail-
ability of public ribosome profiling data for these specific cell
lines, direct evidence of translation of these genes remains
inconclusive. Nonetheless, since these genes were confirmed
to be translated in our initial identification (Figures 1B and 1C),
it is likely that they are also translated, given the observed tran-
scription levels in these cell lines. Notably, we observed a signif-
icant reduction in the abundance of sgRNAs targeting 14 out of
the 21 expressed de novo genes in at least one tumor cell line
(Figure 4B; STAR Methods), indicating that depletion of these
genes directly impairs tumor cell proliferation. Specifically, for
all eight de novo genes exhibiting expanded expression profiles
in tumors, the depletion of each of them significantly reduced cell
proliferation, emphasizing their functional relevance in tumor cell
proliferation (Figure 4B).

In the CRISPR-Cas9 screening library, we included non-tar-
geting sgRNAs as negative controls to account for any potential
confounding effects of lentiviral infection. To further validate the
results and eliminate such effects, we performed small inter-
fering RNA (siRNA) knockdown assays to confirm all of the pos-
itive hits observed in the CRISPR-Cas9 screening. Notably,
among the 27 positive hits (14 de novo genes across five cell
lines), 21 were confirmed, showing that transient silencing of
these young de novo genes with specific siRNAs directly in-
hibited tumor cell proliferation (Figures 4B and 4C).

For one of these genes, ELFN1-AS1 (Figure S13), we further
performed a CRISPR-Cas9 assay to knock it out in the SW480
cell line. We isolated a mutant cell clone where both alleles
carried frameshift mutations, effectively disrupting the ORF
(Figure 4D). Consistent with the findings from both the
CRISPR-Cas9 screening and the siRNA knockdown assays,
the proliferation of ELFN71-AS7 mutant cells was significantly
reduced (Figure 4D; two-way ANOVA test, p = 2.0 x 1077). In to-
tal, the depletion of 57.1% (12 of 21) of these young de novo
genes resulted in a significant suppression of tumor cell prolifer-
ation, underscoring their involvement in tumorigenesis.

In line with these findings, these young de novo genes may
serve as clinical prognostic biomarkers. For 86.5% of these
genes (32 out of 37), patients with higher expression levels

(C) CCK-8 cell proliferation curves showing the effect of de novo gene knockdown on tumor cell proliferation. n = 6 biologically independent samples per group.

Two-way ANOVA test.

(D) CCK-8 cell proliferation curves comparing wild type and ELFN1-AS7470P/420P SW480 cells. n = 6 biologically independent samples per group. Two-way

ANOVA test.

(E) Proportion of young de novo genes whose higher expression was significantly associated with poor prognosis across varying numbers (one, two, three, or

more) of tumor types.

(F) Kaplan-Meier survival analysis for ELFN1-AS1 expression in COAD patients. Prognostic significance was evaluated using the Cox proportional hazards model.
Data are presented as the mean + SEM. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S13.
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show significantly poorer prognosis in at least one cancer
type, as determined from clinical and transcriptomic data of
5,278 patients in TCGA (Figure 4E; STAR Methods). For
instance, elevated expression of ELFN7-AS1 was significantly
associated with reduced survival time in COAD patients
(p = 0.011; Figure 4F). Collectively, these findings highlight the
potential of these young human de novo genes as promising
candidates for anti-tumor drug targets.

Young de novo genes as neoantigens in cancer
immunotherapy

While mRNA vaccines show promise in cancer immunotherapy,
their application is limited by a lack of efficient and specific tumor
neoantigens. This challenge is particularly acute for developing
broadly applicable preventive vaccines targeting multiple tumor
types across diverse populations. Encouraged by the unique
expression patterns of some young de novo genes—active dur-
ing early development, silenced in adult tissues, and reactivated
exclusively in tumors—we explored the potential of these genes
as neoantigens in anti-tumor mRNA vaccines.

As a proof of concept, we designed mRNA vaccines targeting
two of these young de novo genes—ELFN71-AS71 and
TYMSOS —which are specifically expressed during early devel-
opment but are reactivated exclusively in tumors (Figures 5A,
S3, S18, and S14). The mRNA molecules were modified
with pseudouridine and cap1 structures to reduce immunoge-
nicity while improving stability and translational efficiency
(Figure 5A; STAR Methods). mRNA lipid nanoparticles (LNP—con-
trol, LNP-ELFN1-AS1, and LNP-TYMSOS) were generated and
subjected to quality control based on LNP formulations used in
several FDA-approved mRNA vaccines (Figure S15A; STAR
Methods).”*"* In vivo translation of both mRNA vaccines was
verified by western blot analyses (Figure S15B).

To evaluate the immunogenicity and therapeutic effects of
these vaccines, we then developed a humanized mouse model
with transplanted human immune systems by engrafting human
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CD34* hematopoietic stem cells into C-NKG mice (Figure S16A).
This approach could better mimic the complexity of the human
immune response compared to conventional peripheral blood
mononuclear cell (PBMC)-based humanized mice (STAR
Methods). At 10 weeks post engraftment, flow cytometric ana-
lyses confirmed the presence of various human myeloid cell
populations, including dendritic cells (DCs), in spleens, and hu-
manized T cells accounted for 30%-60% of PBMCs, thereby
validating the successful establishment of the humanized mouse
model (Figures S16A and S16B). After weekly vaccinations with
LNP-control, LNP-ELFN1-AS1, or LNP-TYMSOS for four doses
(Figure 5B), we assessed the immunogenicity of each group.
Mice treated with LNP-ELFN1-AS1 or LNP-TYMSOS showed
efficient DC activation, as indicated by increased expression of
the maturation marker CD83 and co-stimulatory molecules
CD80 and CD86 in CD11c* cells from spleens, compared to
those in the LNP—-control group (Figures 5C, S17A, and S17B).
Additionally, the proliferation of activated CD8* T cells was
also observed in mice treated with the mRNA vaccines, as quan-
tified by the activation marker CD137 (Figures 5D and S17C).

To further validate antigen-specific immune responses, we
predicted antigenic epitopes of ELFN1-AS71 and TYMSOS
with high binding affinity to human leukocyte antigens (HLAs;
STAR Methods; Table S16) and synthesized three specific
epitope peptides for each target. Based on T2 cell binding as-
says, we selected one peptide for ELFN1-AS1 and three for
TYMSOS that exhibited strong and specific binding to HLA-
A*02:01 (Figure S17). Using these epitope peptides, we as-
sessed T cell responses through IFN-y ELISpot assays (STAR
Methods; Figures S18A and S18B). PBMCs from humanized
mice vaccinated with the mRNA vaccines and stimulated with
the selected peptides exhibited significantly higher numbers
of IFN-y-producing T cells compared to those from mice
treated with LNP—control (Figures 5E and 5F), demonstrating
that the epitope peptides successfully induced antigen-spe-
cific T cell responses.

Figure 5. Two mRNA vaccines targeting de novo genes stimulate immunity and suppress tumor growth in humanized mice

(A) Schematic of the LNP-mRNA vaccine. LNPs containing SM-102, cholesterol, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), and DMG-PEG2K deliver
mRNAs encoding ELFN1-AS1 or TYMSOS. The mRNA sequence includes 5’ and 3' UTRs, a coding sequence with a 3xFLAG tag, and a poly(A) tail. The lengths of
both mRNAs are indicated. mRNAs were modified with Cap1 at the 5’ end, and uridine residues were replaced with pseudouridine (V).

(B) The vaccination in humanized mice comprised three sequential experiments: (1) immunogenicity assessment through four weekly vaccinations followed by
terminal blood and spleen collection for IFN-y ELISpot analyses and fluorescence-activated cell sorting; (2) prophylactic efficacy evaluation involving three
weekly vaccine doses prior to tumor inoculation at week 4, with subsequent tumor volume measurements; and (3) therapeutic efficacy testing with continuous
weekly vaccinations combined with PD-1-lalL-2 treatment initiated at week 5, followed by longitudinal tumor volume monitoring.

(C and D) Proportions of activated DCs (CD80", CD86*, and CD83" in CD11c™ cellsin C and CD137* CD8" T cells in D) in spleens of humanized mice, assessed by
flow cytometry analyses after treatment with LNP-control, LNP-ELFN1-AS1, or LNP-TYMSOS. n = 3 biological replicates per group; unpaired two-tailed t test.
(E and F) IFN-y ELISpot assays showing IFN-y production by PBMCs after epitope peptide stimulation post LNP-mRNA therapy. Plate images (E) and quanti-
fication of IFN-y spots normalized by both positive and negative controls (F, STAR Methods) were shown. n = 3 biologically independent samples per group;
unpaired one-tailed t test for each epitope peptide (LNP-ELFN1-AS1 or LNP-TYMSOS versus LNP-control).

(G) Tumor volumes in humanized mice treated with LNP—control, LNP-ELFN1-AS1, or LNP-TYMSOS on days 5 and 8 post-tumor inoculation. n = 6 biologically
independent samples per group; unpaired two-tailed t test.

(H) Tumor growth curves of humanized mice treated with mRNA vaccines and PD-1-lalL-2. PD-1-lalL-2 (20 ug per mouse) was administered intraperitoneally on
days 12 and 14 post tumor inoculation (indicated by arrows). n = 6 biologically independent samples per group; data are presented as the mean + SEM. Two-way
ANOVA test.

(I) Quantification of IFN-y spots normalized by both positive and negative controls, in PBMCs from six colorectal cancer patients (co-incubated with pools of
ELFN1-AS1 or TYMSOS peptides, STAR Methods). n = 3 biological replicates per patient; unpaired one-tailed t test (each pooled peptides versus the negative
control for each patient).

(C-) ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. (C and D) Bars, mean; error bars, SD. (E-l) Bars, mean; error bars, SEM. See also Figures S13-S19 and
Tables S16 and S17.
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In a follow-up experiment, after administrating four doses of
the mRNA vaccines, we subcutaneously implanted SW480 tu-
mor cells into humanized mice to assess the efficacy of the
vaccines in suppressing tumor growth. To ensure physiological
relevance and avoid complications from HLA mismatching,
we selected HLA-A-matched donors for tumor inoculation
(the HLA-A subtype of human CD34* stem cells transplanted in
humanized mice and SW480 tumor cells: HLA-A*02:01, 24:02).
Consistent with the observed T cell responses, both LNP-
ELFN1-AS1 and LNP-TYMSOS vaccines effectively elicit tar-
geted immune activation and significantly inhibited tumor pro-
gression during the early stages (Figures 5B and 5G).

However, the overall anti-tumor effects of the mRNA vaccines
were modest—likely due to the limited functionality and expan-
sion capacity of CD8* T cells in the humanized mice. We thus
investigated the efficacy of combining the vaccines with PD-1-
lalL-2 treatment, which selectively targets and delivers IL-2
signaling to CD8" T cells within the tumor microenvironment,
thereby promoting their proliferation and activation.”® Specif-
ically, PD-1-lalL-2 was administered on days 12 and 14 post-tu-
mor inoculation to enhance intratumoral CD8* T cell avidity.
Notably, this combination therapy elicited a stronger anti-tumor
effect, with treatment using either LNP-ELFN1-AS1 or LNP-
TYMSOS vaccines, combined with PD-1-lalL-2, inducing robust
immune responses and effectively suppressing tumor progres-
sion in humanized mice (Figures 5H and S19).

Since humanized mouse models may not completely replicate
the complexity of the human immune response, their recon-
structed immune systems may not have encountered human
proteins during the development of the transplanted human im-
mune systems, potentially resulting in immunogenic responses
driven by the recognition of these proteins as “foreign.” To better
assess the relevance of these de novo genes for anti-tumor
mRNA vaccine applications, we predicted and synthesized pep-
tides with high binding affinity to the most common HLA-A sub-
types for ELFN1-AS1 and TYMSOS (Table S16) and performed
IFN-y ELISpot assays to assess antigen-specific T cell re-
sponses in PBMCs from six colorectal cancer patients
(Table S17). Notably, PBMCs co-incubated with a pool of
ELFN1-AS1 or TYMSOS peptides showed significantly elevated
IFN-y responses in two patients, respectively, demonstrating
that antigens derived from these young de novo genes are immu-
nogenic and capable of eliciting antigen-specific T cell activation
in the host (Figure 5I; STAR Methods; Table S16). These findings
support the potential of young human de novo genes as neoan-
tigens for novel anti-tumor mRNA vaccine strategies.

DISCUSSION

Although previous studies have identified human de novo genes,
their accurate identification and annotation remain challenging
due to several intrinsic complexities —frequent occurrence in re-
petitive genomic regions, low and spatiotemporally restricted
expression, and limited cross-species conservation. Moreover,
rapid sequence divergence, gene loss, and distant homology
further complicate the identification process."*°’® These issues
underscore the necessity for precise definitions of de novo
genes within an evolving genomic framework driven by ongoing
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advancements in comparative, evolutionary, and functional ge-
nomics."? In this study, we implemented a rigorous, multi-stage
pipeline to identify young de novo genes in humans. First, we uti-
lized synteny-based reconstruction of ancestral genomic se-
quences through whole-genome alignments across 120
mammalian species and systematically traced the origin and
evolutionary trajectories of candidate genes at their genomic
loci (STAR Methods), building upon recent methodological ad-
vances in comparative genomic methods.'%*"°° To assess cod-
ing potential across ancestral lineages, we adopted a 70%
threshold, according to previous practices in human de novo
gene identification,®%25*4=°C which has been demonstrated to
be robust for detecting most de novo ORFs in previous
studies.”®*® Second, we used annotated protein sequences
from humans and 14 representative out-group species to
exclude candidates with significant homology to annotated pro-
teins. Third, to further refine the candidate set, we conducted
additional BLASTp analyses and iterative jackhmmer searches
against the UniProtKB database.®% 285977 This allowed us to
further eliminate ambiguous cases, including those that appear
as follows: (1) orthologs in newly sequenced species not
included in the initial 120-mammal dataset; (2) orthologs in spe-
cies with low-quality genome assemblies; and (3) paralogs in
species outside the human and 14 representative out-group
species considered in the primary filtering steps. Finally, by inte-
grating genomic profiles derived from 1,630 transcriptomes, 279
Ribo-seq datasets, and 100 million in-house-generated MS
spectra, we identified 37 young de novo genes with strong evi-
dence for both transcriptional and translational activity. Collec-
tively, this set of 37 genes represents the most rigorously vali-
dated catalog of young human de novo genes to date.
Emerging evidence implicates young de novo genes in
tumorigenesis,'%?"?>%  paralleling their tumor-like roles in
neuronal development'®'” and spermatogenesis.>**° Here, we
provide a systematic investigation of this connection, revealing a
general upregulation and temporospatial expansion of these
genes in tumor tissues. This suggests that the stringent expres-
sion restrictions governing these genes in normal tissues are
relaxed during tumorigenesis. Our analyses propose that genome
architecture reorganization, particularly ecDNAs, may drive this
phenomenon. Notably, 16.4% of upregulated and 16.2% of
expression-expanded genes in tumors are localized on ecDNAs,
a proportion significantly higher than the background and similar
to that of known oncogenes. Although further studies are certainly
required to establish causality, these findings suggest a mecha-
nism by which tumors relieve expression restrictions on young
de novo genes and subsequently hijack their functions under
physiological conditions to support tumor development, such as
repressing apoptosis or maintaining the stem cell pool.
Functionally, these young genes directly contribute to tumori-
genesis. In our CRISPR-Cas9-based screening, the depletion of
66.7% of expressed de novo genes resulted in a significant
reduction in tumor cell proliferation, with 77.8% of these positive
hits independently validated by siRNA knockdown assays. Many
of these genes have been overlooked in cancer genomics, often
misclassified as non-coding due to inconsistent annotation and
excluded from traditional functional assays. Their strong func-
tional impacts make them promising candidates for anti-tumor
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drug targets or neoantigens, potentially informing broad-spec-
trum therapies and preventive mRNA vaccine development.
Personalized mRNA vaccines, which utilize patient-specific tu-
mor antigens, have shown significant promise.”®”® However,
broad-spectrum mRNA vaccines targeting multiple cancer types
across diverse populations could provide a more cost-effective
approach. The scarcity of shared, tumor-specific neoantigens
has hindered progress in this area. The unique expression pat-
terns of certain young de novo genes—active during early devel-
opment, silenced in adult tissues, and reactivated exclusively in
tumors—position them as ideal candidates for such vaccines. In
this study, we developed two mRNA vaccines targeting ELFN1-
AS17 and TYMSOS, observing specific immune responses and
effective tumor suppression in humanized mice. The antigens
derived from these young genes are immunogenic and capable
of eliciting antigen-specific T cell activation in colorectal cancer
patients. These findings collectively support the potential of young
human de novo genes as neoantigens for cancer immunotherapy.

Limitations of the study

First, the stringent criteria applied in de novo gene identification
may introduce a risk of false negatives. For instance, accurately
determining the age of genes and distinguishing the nature of
transcripts and proteins based on phylogenetic trees require
high-quality syntenic information across multiple species. As a
result, rapidly evolving de novo genes with ambiguous syntenic
alignments may be excluded. Moreover, compared to synteny-
based analyses, BLASTp and jackhmmer searches are more
sensitive but may also misidentify distant homologs due to
genome assembly errors, repetitive sequences, and inconsistent
annotations.?®" Notably, recent advances from model organ-
isms'?154® suggest several methodological improvements for
human studies, including (1) constructing whole-genome align-
ments de novo using updated primate genome assemblies®’*"
and progressive alignment tools,®” rather than relying on existing
syntenic blocks, may enhance detection accuracy; (2) incorpo-
rating quantitative metrics like reading frame conservation
scores*®®® may improve ancestral state inference; and (3) begin-
ning analyses with all translated ORFs identified through Ribo-
seq and MS data,*®°° rather than pre-selected candidates,
could enable more comprehensive discovery. Second, the find-
ings linking mechanism of ecDNA to temporospatially expanded
expression of de novo gene in tumors should be interpreted with
caution due to the limited sample size of de novo genes in our an-
alyses. Future studies incorporating larger number of confirmed
de novo genes, additional independent datasets, and experi-
mental validation will be crucial to confirm and extend these ob-
servations. Finally, although the tumor-specific expression and
functional relevance position these young de novo genes as pre-
viously unrecognized targets for novel therapeutic strategies,
further investigations are required to bridge the gap between
their potential and actual clinical applications.
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sets are listed in the key resources table.

® Public Ribo-seq datasets analyzed in this study are listed in the key re-
sources table and Table S4.

® In-house-generated MS data in this study have been deposited to
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® Hi-C data analyzed in this study are listed in the key resources table and
Table S10.

® Raw CRISPR-Cas9 screening data and RNA-seq data have been depos-
ited at the NCBI Sequence Read Archive (SRA) as PRINA1196182 and
are publicly available as of the date of publication.

® The code generated during this study has been deposited and is pub-
licly available at GitHub: https://github.com/Chunfu-Shawn/Denovo
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® Any additional information required to reanalyze the data reported in this
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REAGENT or RESOURCE SOURCE IDENTIFIER

JuicerTools v1.13.02 From aidenlab https://github.com/aidenlab/JuicerTools

FAN-C v0.9.26 Kruse et al.’’® https://github.com/vaquerizaslab/fanc

Peakachu v1.2.0 Salameh et al.’”® https://github.com/tariks/peakachu

HiCPeaks v0.3.7 From Xiaotao Wang https://github.com/XiaoTaoWang/
HiCPeaks

BEDTools v2.26.0 Quinlan et al."™® https://bedtools.readthedocs.io/en/latest/

SAMtools v1.16.1 Danecek et al.'"" https://github.com/samtools/samtools

MAGeCK v0.5.9.5 Lietal.'" https://sourceforge.net/p/mageck/wiki/
install/

survival v3.5.8 From Terry M. Therneau https://github.com/therneau/survival

NetMHClIpan 4.1 The Immune Epitope Database http://tools.iedb.org/mhcii/

Python v3.9.18 Python Software Foundation https://www.python.org/

Rv4.2.1 The R Foundation for Statistical Computing https://www.r-project.org/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

HUHSC-C-NKG-ProF mice were obtained from Cyagen Biosciences. Three-day-old female C-NKG mice received 1 Gy irradiation
and were then injected with umbilical cord blood-derived hematopoietic stem cells via the superficial temporal vein. Human immune
cell reconstitution was assessed ten weeks post-injection using flow cytometry. Humanized female mice after 12 weeks of successful
transplantation are used for follow-up experiments. All animal experiments were approved by the Peking University Institutional An-
imal Care and Use Committee (IMM-LiCY-1).

Cell lines

The human COAD cell line (SW480), thyroid anaplastic carcinoma cell line (Cal62), cervical carcinoma cell line (HeLa), glioblastoma
cell line (U87) renal carcinoma cell line (OS-RC-2) and T2 cell line were obtained from Procell Life Science & Technology Co., Ltd.
SW480, Cal62, and Hela cells were cultured in Dulbecco’s modified eagle medium (DMEM) medium (Gibco), U87 cells in minimum
essential media (MEM) medium supplemented withnon-essential amino acids (Gibco), and OS-RC-2 and T2 cells in RPMI-1640 me-
dium (Gibco). All media were supplemented with 10% fetal bovine serum (Gibco), 100 U/mL penicillin (Gibco), and 100 pg/mL strep-
tomycin (Gibco). Cells were maintained at 37°C in 5% CO..

METHOD DETAILS

Identification of young de novo genes in humans
De novo gene candidates were compiled from An et al.,'® Broesil et al.,”® and 12 additional studies reporting de novo genes in hu-
mans (Table S1). To ensure gene annotation consistency within an updated genomic context, we performed systematic sequence
similarity searches for the coding sequences (CDS) of all candidates against the GENCODE comprehensive gene annotation set
(Version 43) using BLASTn. This analysis identified annotated transcripts containing intact CDSs, which were subsequently pro-
cessed by merging duplicate entries and manually verifying genomic loci, resulting in a final set of 100 candidate genes (Table S1).

We first assessed the origins of these candidates using orthologous genomic sequences derived from a 120-mammals whole-
genome alignments.>? High-quality orthologous sequences (alignment coverage >95%) were extracted using the maf_parse tool
from PHAST" ' (v1.4), and ancestral genomic sequences were reconstructed using PRANK''* (v170427) with the following param-
eters: -showanc -showevents -prunetree -prunedata -F -once, based on the pre-built phylogenetic tree of 120 mammals. For each
candidate gene, we systematically evaluated the coding potential across all common ancestors in the phylogenetic tree by assessing
both the structural integrity and length of intact ORFs. Specifically, if the ancestral sites aligned precisely or within an in-frame window
of six nucleotides downstream of the translation initiation site of the candidate, and the reconstructed ancestral sequence encoded a
putative ORF longer than 70% of the candidate, the orthologous region in that ancestor was considered coding.”?%%*-%° Only can-
didates showing a complete absence of coding potential in all older ancestors prior to the first emergence of coding potential were
retained, highlighting the non-coding to coding transition characteristic of de novo gene origination, as proposed in recent
practices,?6-°0:48:49

Based on the syntenic genomic alignments across multiple species, we further determined the evolutionary age of ORFs encoded
by these candidates. Specifically, if an outgroup species encoded a putative ORF longer than 70% of the candidate ORF and aligns to
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it in the same frame without frameshifts, the ORF was considered present in that species. The age of these candidate genes was then
defined by assessing the presence or absence of long, in-frame ORFs in outgroup species along the phylogenetic tree, and only can-
didates with young ORFs newly originated in the hominoid lineage were retained. To further confirm that the finding of these candi-
dates represents recent gene origination events in humans rather than ancestral ORFs lost in outgroups, we required evidence of
"common disablers." These are shared mutations—such as start codon losses, frameshifts or stop codon gains—present in orthol-
ogous sequences across multiple outgroup species. Only candidates with at least one common disablers during the evolution were
retained. The candidates were further manually curated using the latest primate synteny data from UCSC Primate Genomes (Homo
sapiens, Pan troglodytes, Gorilla gorilla, Pongo abelii, Nomascus leucogenys, Macaca mulatta, Callithrix jacchus, and Otolemur gar-
nettii; Data S2).

Second, to rule out gene duplication as the origin of these candidates, homolog searches were performed against the human
genome (hg38) and annotated transcripts (GENCODE V43) using BLASTn with the criteria: E-value <10-%, identity >50%, and query
coverage >50%. Additional searches were conducted in representative outgroup species (e.g., Pan troglodytes, Pan paniscus,
Gorilla gorilla, Pongo abelii, Nomascus leucogenys, Macaca mulatta, Macaca fascicularis, Callithrix jacchus, Otolemur garnettii, Or-
yctolagus cuniculus, Mus musculus, Canis lupus familiaris, Loxodonta africana, and Monodelphis domestica) against their annotated
proteomes (Ensembl version 114) using BLASTp with the criteria: E-value <107°, identity >40%, and query coverage >50%. Candi-
dates with multiple homologs mapping to distinct genomic locations, transcripts, or proteins were excluded.

Finally, to further eliminate potential distant homologs,'? we performed additional BLASTp analyses and iterative jackhmmer''®
searches (HMMER v3.1b2) against the UniProtkB database''® (2025_01 release, 253,206,170 entries, 1,333,558 species). Iterative
jackhmmer searches were conducted using sequence and domain E-values of 10~° as inclusion thresholds for subsequent iteration.
Putative homologous hits were then identified using jackhmmer with an E-value cutoff of 10~ or BLASTp with an E-value <10-® and
sequence identity >40%. We carefully curated these entries individually to eliminate ambiguous cases, including those that appear as
orthologs in newly sequenced species not included in the initial 120-mammal dataset; orthologs in species with low-quality genome
assemblies; and paralogs in species outside the human and 14 representative out-group species. Finally, we identified 37 de novo
genes that encode human- or hominoid-specific proteins (Table S2).

Evolutionary ages of canonical protein-coding genes were obtained from GenTree,”’ with genes predating the divergence of old-
world monkeys and hominoids classified as "older genes". In addition, 257 “older” de novo genes were also identified from GenTree
and evaluated using the same workflow applied for the 37 young de novo genes. A total of 1,456 housekeeping genes were compiled
from three sources: Eisenberg et al.,''” the Housekeeping and Reference Transcript (HRT) Atlas database (v1.0)' '® and Uhlén et al.''®

Expression profiles of de novo genes

Expression levels of de novo genes were quantified by uniquely mapped reads using featureCounts® (v2.0.2) with default parame-
ters, based on 6,908 RNA-seq datasets across 27 normal tissues (GTEx V8), 22 tumor types (TCGA), and 21 developmental stages in
six organs (Cardoso-Moreira et al.®®; Table S3). For strand-non-specific RNA-seq data, unique representative regions for each de
novo transcript were identified using BEDTools''® (v2.26.0), excluding overlaps with other genes or regions to reduce false positives
caused by pervasive natural antisense transcripts in primates. The regions shorter than 100 bp were excluded. Genes were consid-
ered unexpressed if their maximum median TPM across tissues or tumor types was less than 0.2.

We performed hierarchical clustering (Ward algorithm) of developmental expression profiles for de novo genes, with gene similarity
measured by Pearson correlation coefficients. For each organ, clusters containing fewer than two genes were iteratively merged with
the most similar adjacent cluster. Expression profiles were grouped into clusters 1-6, representing varied patterns for predominant
gene expression from late to early developmental stages (Figures S3 and S4). Genes with a maximum TPM below 0.5 across all time
points in an organ were unclassified (cluster 0).

We quantified spatial expression specificity using the Tau metric, calculated from TPM-normalized expression values across mul-
tiple tissue types in GTEx datasets. For temporal specificity assessment within individual organs, we applied the same Tau metric to
expression profiles across developmental stages using data from Cardoso-Moreira et al.®®

vo(q Exp;+0.01
i= EXP oy +0.01
N -1

where Exp; indicates the median TPM value of a gene in all samples of i-th tissue type (or i-th time point of an organ), and Exp,,.x
indicates the maximun Exp; among all tissue types (or time points of an organ). A pseudo-value of 0.01 was added to prevent division
by zero and minimize low-expression noise. N represents the total number of tissue types (or time points of an organ) considered for
the calculation.

Temporally dynamic genes were identified using the maSigPro package®® (v1.70.0), where TPM values were regressed against log-
transformed days post-conception using a third-degree polynomial model. Genes were classified as temporally dynamic if they
showed an R? > 0.3 in regression analysis or a temporal specificity index >0.8. Early-expressed and late-expressed genes were
further defined based on their predominant expression during early developmental stages (cluster 4—cluster 6) or late stages (cluster
1-cluster 3).
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To quantify the expression levels of de novo genes in the five cancer cell lines (U87, SW480, HelLa, Cal62, and OS-RC-2), total RNA
was extracted and subjected to library preparation using the VAHTS Universal V8 RNA-seq Library Prep Kit (Vazyme, China). The
prepared libraries were subsequently sequenced on the DNBSEQ-T7 platform (MGI Tech, Shenzhen, China). Raw reads containing
3’ adaptor or low-quality bases (Phred score < Q20) were trimmed or removed using fastp®’ (v0.23.4). Reads were then aligned to the
human genome (hg38, GENCODE V43) using STAR'®" (v2.7.9a) with default parameters. Uniquely mapped reads were counted using
featureCounts® (v2.0.2), and TPM values were calculated to quantify gene expression levels across all generated and incorporated
public data (Table S13). Genes were considered expressed if the maximum TPM across all samples in a cell line exceeded 0.2.

Translational evidence for de novo genes

Evidence supported by Ribo-seq data

We re-analyzed 279 Ribo-seq datasets from various human tissues, embryonic and neural stem cells, and cell lines (Table S4). Low-
quality reads (Phred score < Q20) and reads containing 3’ adaptors were removed or trimmed using one of the recommended tools —
fastp®’ (v0.23.4), Trimmomatic®® (v0.39), or Cutadapt® (v4.5) —as specified in the original publications. Trimmed reads were mapped
to human ribosomal RNA (rRNA) index libraries using Bowtie 2'°° (v.2.5.3) and rRNA-aligned reads were excluded. Clean reads were
then aligned to the human genome (hg38, GENCODE V43 annotations) using STAR'®! (v2.7.9a) with the following parameters:
—alignEndsType EndToEnd -seedSearchStartLmax 15 —outFilterMismatchNmax 2 —outSJfilterOverhangMin 30 8 8 8, retaining
only uniquely mapped reads. Reads longer than 32 nt or shorter than 27 nt were discarded. To analyze ribosomal profiling periodicity
in candidate ORFs, we first determined P-site positions using RiboTISH (v0.2.7)'%?. The P-site offset in each read length was calcu-
lated using canonical ORFs. For reads on the positive strand, P-site positions were determinated as the read start position + offset,
while for reads on the negative strand, the positions were calculated as read start position + read length — offset — 1. The 3-nucleotide
periodicity within ORFs encoded by canonical and de novo genes was then quantified by calculating the proportion of P-site reads in
reading frame 0. Translation of de novo genes was then predicted using RiboTISH with default parameters and P-site offset file gener-
ated before (RiboPvalue <0.05; Table S5), based on the ribosome footprint patterns. This was supplemented with annotations from
four databases (openProt, RPFdb v2, sORFs.org and nORFs.org), eight Ribo-seq studies, and a reference catalog for human trans-
lated ORFs (Tables S6 and S7). Together, these sources provide evidence for the translation of a subset of de novo genes from the
perspective of Ribo-seq data.

Evidence supported by MS data

In-house MS data were analyzed using pFind (v3.2)'°° against a combined protein database, which included Swiss-Prot proteins
(March 2024, 20,433 entries), de novo proteins, and built-in contaminants. The search parameters were set as follows: open modi-
fication search, peptide mass tolerances of 10 ppm, fragment mass tolerance of 20 ppm, up to two missed cleavages for fully tryptic
peptides, and a 5% false discovery rate threshold for peptide-spectrum matches (PSMs). For publicly available MS data, PSMs were
obtained from PeptideAtlas (Human 2024-1) and MassIVE (released in 11/30/2023), and synthetic spectra were excluded from sub-
sequent analyses. Peptides completely mapped to de novo genes were identified through similarity searches. Finally, all above PSMs
uniquely mapped to de novo genes were used to confirm their in vivo translation, and those mapped to multiple genomic locations or
genes identified by BLAT and BLASTp were excluded. The peptide evidence is provided in Table S8 (in-house generated MS) and
Table S9 (PeptideAtlas and MassIVE). Additionally, Western blot analyses supporting the translation of selected de novo genes were
also included (Table S1).

Properties of de novo genes

RNA nuclear export activity was quantified as the ratio of RNA abundance in the nucleus-to-cytoplasm using RNA-seq
data from Hennig et al.’?° Uniquely mapped reads were retained and counted, and weakly expressed transcripts (TPMpycieus +
TPMgytopiasm < 0.8) were discarded. The nucleus-to-cytoplasm TPM ratio was log,-transformed, with a pseudo-count of 0.1 added
to each TPM value. Intrinsic structural disorder was assessed using AlUPred (v0.9)'°* with default parameters, excluding cysteines to
account for potential disulfide bond uncertainties.’?" The disorder scores were then averaged across all remaining amino acids for
each protein. C-terminal hydrophobicity of protein was analyzed for ORFs longer than 300 nt (100 amino acids), following the meth-
odology described previously.®’ The average hydrophobicity of the last 30 amino acids near the C-terminal was calculated using the
hydrophobicity function (Miyazawa scale) in the R package Peptides (v2.4.6)'%. To specifically assess C-terminal hydrophobicity
independent of known functional domains, which are often hydrophilic, we analyzed only proteins lacking annotated domains in their
final 100 amino acids. Domain identification was performed using BLASTp searches against the NCBI Conserved Domain Database
(E-value <107°). Translation efficiency was calculated using RNA-seq and Ribo-seq data of human brain, liver and testis samples
from Wang et al.®®> Reads uniquely mapped to ORFs were counted, and translation efficiency was defined as the count ratio of total
ribosome-bound to total RNA-bound reads in all samples. A pseudo-count of 1 was added respectively to prevent division by zero
and minimize noise. As a note, we applied an expression threshold (mean TPM >0.2) to ensure reliable estimates, excluding low-
abundance transcripts. For comparison, transcript and ORFs of other categories (Canonical, IncRNA and Intergenic) were shuffled
from the GENCODE gene annotation set (Version 43) and extracted using the EMBOSS getorf (v6.5.7.0) with the ATG as the start
codon. The properties of these groups were analyzed in parallel.
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Differential expression analyses between healthy and tumor samples

For differential expression analysis, we employed matched GTEx samples as healthy controls to identify tumor-associated transcrip-
tional changes across TCGA cancer types (Table S3), following established methodologies.'?” The integration of GTEx and TCGA
datasets was validated by comparing the expression profiles of 1,456 housekeeping genes between GTEx normal tissues and
TCGA normal adjacent tissues, showing strong correlation (Pearson correlation coefficient r = 0.964, p-value <1 x 10-'® for median
expression; coefficient r = 0.94, p-value <1 x 10-"® for SD; Figures S5 and S6). Batch effects were controlled using the RUVg method
(RUVSeq package'°® v.1.31.0), with one factor of unwanted variation (k = 1) and 1,456 housekeeping genes serving as the negative
control set. Normalizations were performed separately for paired healthy and tumor samples within each tissue type (Table S3).
Finally, upregulated genes in each tumor type were identified by comparing TCGA tumor transcriptomes with GTEx normal tissue
transcriptomes under the following criteria: 1) Bonferroni-Hochberg corrected p-value <0.05 (Wilcoxon rank-sum test), and 2) fold
change in upper quantile TPM >1.5. Upregulated genes which expressed in tumors but not in the corresponding normal tissue sam-
ples (median TPM <0.5) were classified as exhibiting tumor-specific expression expansion. Moreover, a total of 363 oncogenes were
retrieved from the OncoKB knowledgebase (released in 10/29/2024)."%°

Monte Carlo simulation

We employed the Monte Carlo simulation to assess the statistical significance of expression expansion and ecDNA preference for de
novo genes, comparing them to whole-genome background genes and known oncogenes. Specifically, we generated 10,000
distinct randomized datasets, each consisting of 37 background genes or oncogenes. To ensure a fair comparison for expression
expansion, background genes were selected based on a probability distribution constrained by the low expression levels character-
istic of de novo genes. Finally, statistical significance for de novo genes was determined by calculating the fraction of simulated data-
sets in which the examined metrics (e.g., proportion of genes upregulated orinvolved in ecDNAs in tumors) exceeded those observed
for de novo genes.

Genome architecture and ecDNA

Raw Hi-C sequencing data, 11 from normal tissues (as controls) and 47 from tumors (Table S10), were processed using the runHiC
pipeline (v0.8.7). Normalization was performed with JuicerTools addNorm (v1.13.02) using VC_SQRT, and A/B compartments were
identified using the FAN-C'%® compartments tool (v0.9.26). Genes undergoing consistent compartment transitions in at least two
samples per tumor type were retained. Tumor-specific loops, representing enhancer-promoter interactions, were identified with
Peakachu (v1.2.0)'°° with depth-appropriate models at 10 kb resolution (Peakachu score >0.95 in tumor samples, with average
scores <0.55 in 20 kb flanking regions in control samples) and verified using aggregate peak analysis with HiCPeaks (v0.3.7)
(Table S11; Figure S8). Only loops connect active enhancers annotated in the FANTOM5 project®®'?* and reproducibly detected
(present in >2 samples per tumor type) were included for analysis of genome architecture alterations in tumorigenesis.

To identify enhancer-promoter interactions with increased enhancer activity in tumors, we utilized 60,215 active enhancers from
the FANTOMS project.'?* To precisely measure enhancer activity through transcription, "> enhancers overlapping known transcripts
(GENCODE v43) or intronic regions were excluded, leaving 19,457 enhancers. RNA-seq reads from normal tissue (GTEx) and tumor
samples (TCGA) overlapping these enhancers and their 2 kb flanking regions were quantified. Enhancer activity levels were reported
as reads per million mapped reads (RPM) and batch effects were minimized using the RUVg method, as described in the previous
section. Enhancers with higher activity in tumors compared to normal samples were defined by a fold change in median RPM >1 and
a Bonferroni-Hochberg adjusted P-value <0.05 (Wilcoxon rank-sum test).

Annotated ecDNAs were retrieved from the eccDNA Atlas v1.05”". De novo genes located on at least two independent ecDNAs
within each tumor type were identified. To validate these ecDNAs and trace their sequences in patients, whole-genome sequencing
data from 114 BLCA samples were downloaded from TCGA and processed using the AmpliconSuite pipeline (v1.3.4)'°" to detect
ecDNAs (copy-number variants regions >50 kb, copy number >5). Data with paired-read rates below 95% were excluded to ensure
reliable use of discordant read pairs. Circular ecDNAs were identified as single amplicons containing ecDNA or resulting from
breakage-fusion-bridge events. Finally, the identified ecDNAs were visualized using CycleViz (v0.2.0).

sgRNA library cloning

The sgRNA library comprised 352 sgRNAs targeting young human de novo genes as described by An et al., '® 14 sgRNAs targeting 3
oncogenes genes, 2 sgRNAs targeting one tumor suppressor gene and 20 non-targeting control sgRNAs with no matches in the
screened cell lines. Candidate sgRNA sequences were selected from the 150 bp upstream of the ORF to the 19 bp immediately pre-
ceding the NGG protospacer adjacent motif. The CRISPR-DO tool was employed to optimize sgRNA specificity and cleavage effi-
ciency.'?° Sequences of sgRNASs targeting 27 de novo genes are provided in Table S12.

The sgRNA library was synthesized by Azenda Life Science Co., Ltd. Synthesized sgRNAs were amplified, purified, and cloned into
the LentiCRISPR-V2 vector using the BsmBI restriction enzyme digestion followed by NEBuilder HiFi DNA assembly cloning. The
pooled library was transformed into an electrocompetent strain (Stbl4) to ensure at least 300x library coverage. Transformed col-
onies were expanded in LB medium, and high-quality plasmid DNA was extracted using the genElute HP plasmid maxiprep kit (Tian-
gen). The library was further validated by next-generation sequencing to confirm uniform sgRNA distribution.
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CRISPR-Cas9 screening assay

Lentiviral particles were generated by polyethylenimine (PEl)-mediated transfection of the sgRNA library into HEK293T cells. The mul-
tiplicity of infection (MOI) was optimized for each cell line (U87, SW480, HelLa, Cal62, and OS-RC-2) through pilot infections with ob-
tained lentiviruses. Based on titration results, cells were infected at a standard MOI of 0.3 to ensure single-copy viral integration
events. At 24 h post-infection, transduced cells were selected with 1 pg/mL puromycin (Gibco) for 72 h, followed by cultivation for
ten passages (P0-P10) in complete medium refreshed every 48 h.

Genomic DNA was isolated at passages PO and P10. Cell pellets (1 x 10° cells) were resuspended in 500 pL lysis buffer (200 mM
NaCl, 100 mM Tris-HCI, pH 8.5, 50 mM EDTA, pH 8.0, 0.5% SDS) and incubated at 55°C for 16 h. The lysate was then treated
sequentially with 40 pL RNase A (10 mg/mL) at 37°C for 2 h and 20 pL proteinase K (20 mg/mL) at 55°C for 2 h. DNA purification
was performed through organic extraction (25:24:1 phenol:chloroform:isoamyl alcohol), sodium acetate precipitation, and 70%
ethanol washes. Purified DNA was dissolved in nuclease-free water and quantified using a Nanodrop spectrophotometer.
SgRNA inserts were amplified by PCR'?”, with products purified using AMPure XP beads (Beckman Coulter) and quantified via
Qubit dsDNA HS Assay (Thermo Fisher Scientific). Final libraries were sequenced (150 bp paired-end) on an lllumina NovaSeq
X Plus platform.

Downstream analysis identified 335 sgRNAs targeting 34 de novo genes. Raw sequencing reads were preprocessed to remove
low-quality sequences and adapter contaminants. Using MAGeCK''? (v0.5.9.5) with parameters -norm-method control —~gene-Ifc-
method secondbest, we calculated fold changes in sgRNA abundance between PO and P10 and the associated statistical signifi-
cance. Significant hits of changed sgRNA abundance were defined by dual thresholds: p-value <0.05 and fold change >0.7.

Validations with siRNA knockdown and ELFN71-AS1 knockout

The siRNAs targeting 14 candidate genes (ODC1-DT, AATBC, TIPARP-AS1, MOCS2-DT, TENM3-AS1, ELFN1-AS1, MYEQOV,
SMIM45-107aa, PAX8-AS1, RNF32-DT, ADORA2A-AS1, SERP1, EXOC3-AS1, YIF1B) and a positive control (MYC) were synthe-
sized by Berry Genomics Co., Ltd. Three independent siRNAs were designed for each gene, with siRNAs targeting MYC and non-
targeting scrambled siRNAs serving as the positive and negative controls, respectively. The siRNA sequences are provided in
Table S14. To knockout ELFN1-AS1, an sgRNA was designed to target the coding sequence of ELFN1-AS1 (5'-TGCGTCTCGGAGT
GAATGAC-3') and inserted into PX458 vector via Bbsl restriction sites.

For transient siRNA transfection, U87, SW480, HelLa, Cal62, and OS-RC-2 cells were cultured to 60% confluency and trans-
fected with either control siRNA or siRNA targeting de novo genes using lipofectamine RNAIMAX (Invitrogen). To ensure efficient
knockdown, three siRNAs designed against each gene were pooled and transfected together. 24 h post-transfection, U87,
SWA480, Hela, Cal62, and OS-RC-2 cells were seeded into 96-well plates at a density of 2 x 10° cells per well. CCK-8 reagent
(Solarbio) was then added to the plates, followed by a 2-h incubation at 37°C. This procedure was repeated for five consecutive
days. Cell proliferation was assessed by measuring absorbance at 450 nm, and the resulting data were used to generate the
growth curve.

For the validation experiment with ELFN7-AS1 knockout in SW480 cells, sgRNA targeting ELFN1-AS1 and non-targeting scram-
bled sgRNA were transfected into SW480 cells using lipofectamine 2000 (Invitrogen), respectively. After 24 h, GFP-positive cells were
sorted and seeded into 96-well plates. Sorted cells were cultured in complete medium for 14 days to establish monoclonal popula-
tions. Complete gene knockout in clonal cell lines was confirmed by Sanger sequencing of target PCR products from genomic DNA.
The clone exhibiting frameshift mutations was selected for further validation, with a non-targeting sgRNA-infected clone serving as
negative control. Both selected frameshift mutant clones and negative controls were plated in 96-well plates at 2 x 102 cells per well.
Cell proliferation was assessed using the identical CCK-8 assay protocol described previously.

Prognosis analysis

Patients were stratified into high- and low-expression groups based on the median TPM values of de novo genes for each tumor type.
Cox proportional hazards models were used to evaluate statistical significance (survival, v3.5.8). Survival curves were generated us-
ing the survminer package (v0.4.9).

mRNA vaccine preparation
ELFN1-AS1-3xFLAG and TYMSOS-3xFLAG mRNAs were synthesized using an in vitro transcription kit (Vazyme). PCR-amplified
sequences were cloned into a pVAX1 vector, with optimized 5’ and 3’ UTR and a poly(A) tail. IVT reactions were performed according
to the manufacturer’s protocol, replacing uridine triphosphate with N1-methylpseudouridine-5'-triphosphate and adding Cap-1 for
mRNA capping. Synthesized mRNAs were stored at —80°C until use. Sequence details are provided in Table S15.

mRNA-LNP formulations were prepared using a microfluidic device. Lipids were dissolved in ethanol, and mRNA was dissolved in
10 mM citrate buffer (pH 4.0). The lipid mixtures were prepared at a molar ratio of 50/10/38.5/1.5 (SM102/DSPC/cholesterol/DMG-
PEG2K) and mixed with the mRNA solution at a 3:1 volume ratio in the microfluidic system. The final lipid-to-mRNA weight ratio was
20:1. Control formulations replaced the mRNA solution with citrate buffer. The LNP solution was dialyzed against 1xPBS for two
hours using Pur-A-Lyzer Midi Dialysis Kits (WMCO 3.5 kDa) and concentrated by ultra-filtration (10 kD, Millipore) to a lipid concen-
tration of 12 pug/puL (MRNA concentration: 0.6 pg/uL).
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Mice vaccination for immune response evaluation and tumor challenge

Mice were randomly assigned to different groups before treatment. For immune response evaluation, female huHSC-C-NKG-ProF
mice were administered intramuscular injections of LNP—control, LNP-ELFN1-AS1 or LNP-TYMSOS. Four doses of 30 pg per mouse
were administered weekly. One week after the last final vaccine dose, PBMCs and spleen mononuclear cells (SMCs) of mice were
collected for subsequent flow cytometry analysis and ex vivo IFN-y ELISpot assay. PBMCs and SMCs were isolated using lympho-
cyte separation medium (Solarbio) and mouse spleen lymphocyte separation medium (Solarbio), respectively, following the protocol
provided by manufacturer.

For tumor challenge and therapeutic treatment, female huHSC-C-NKG-ProF mice were administered intramuscular injections of
LNP-control, LNP-ELFN1-AS1 or LNP-TYMSOS, with receiving a total of four doses of 30 pg per mouse weekly. One week after
following the last dose of vaccination, SW480 tumor cells (5 x 10°) were implanted subcutaneously into the right flank of the human-
ized mice. Tumor growth was monitored by measuring the tumor dimensions, including length (a) and width (b), were assessed to
determine the tumor volume, which was measured using the formula: Tumor Volume = ab?/2.

For the combination therapy with PD-1-lalL-2, female huHSC-C-NKG-ProF mice received the same vaccination regimen and tu-
mor challenge as described above (four weekly intramuscular doses of 30 pg per dose per mouse of LNP—control, LNP-ELFN1-AS1,
or LNP-TYMSOS). Tumor-bearing mice subsequently received intraperitoneal administration of PD-1-lalL-2 (20 pg/mouse) at two
timepoints: days 12 and 14 post-tumor inoculation, followed by tumor size measurements.

Flow cytometry

Spleens were harvested from mice and filtered through a 70 pm cell strainer. PBMCs and SMCs were isolated using mouse spleen
lymphocyte separation medium (Solarbio) and washed three times with PBS. DC maturation and activation were assessed by stain-
ing cells with Fixable Viability Dye eFluor 506 (Biolegend), PE anti-human CD11c (Biolegend), Brilliant Violet 421 anti-human CD80
(Biolegend), APC anti-human CD86 (Biolegend), and FITC anti-human CD83 (Biolegend) antibodies. CD137-positive T cells were
identified using Fixable Viability Dye eFluor 506, FITC anti-human CD45 (Biolegend), Brilliant Violet 650 anti-human CD3 (Biolegend),
PE-Cy7 anti-human CD8a (Biolegend), and Birilliant Violet 421 anti-human CD137 (4-1BB) (Biolegend) antibodies. Flow cytometry
was performed on a CYTEK Aurora system.

Epitope peptides prediction

The HLA binding affinity of ELFN1-AS1 and TYMSOS peptides was predicted using the IEDB-recommended predictor, NetMHCpan
4.1 BA, from the IEDB MHC-I binding predictions (v2.24) using 9-10mers for all MHC-I A/B allele reference set. Peptides with an
ICs50 <500 NM or a %Rank <2.0 were classified as HLA binders, while those with an IC5¢ <50 nM or a %Rank <0.5 were identified
as strong binders. The optimal peptides were selected for synthesis (Table S16).

T2 cell binding assay

High-affinity peptides were synthesized by GeneScript and purified to >90% purity, with endotoxin removal and trifluoroacetic acid
content verified. The lyophilized peptides were dissolved in DMSO to a concentration of 5 mg/mL. Purity and identity were confirmed
by high-performance liquid chromatography, and the peptides were stored at —80°C until used in T2 cell binding assay and T cell
response assays.

The affinity of peptides to HLA-A*02:01 molecules was assessed using T2 cell binding assay. T2 cells were resuspended in serum-
free RPMI-1640 medium and seeded into U-bottom 96-well plates at a density of 1 x 10° cells per well. Subsequently, 50 pg/mL
of the epitope peptides and 5 pg/mL of human p2-microglobulin (Sigma) were added to the culture medium, and the cells
were incubated at 37°C in a 5% CO, atmosphere for 16 h. After incubation, the cells were stained with PE HLA-A2 monoclonal anti-
body (Ebioscience) for 20 min at 4°C and were washed three times with PBS subsequently. Mean fluorescence intensity (MFI)
was then determined by flow cytometry. The validated peptide (CDC73-NIFAILESV) was used as a positive control and the
peptide (KRAS(A11)-G12C-VGACGVGK) was used as a negative control. The unstimulated T2 cells treated with DMSO alone
were used as the background control. Peptide binding affinity was expressed as the fluorescence index (Fl), calculated using the
following formula: FI = (MFI with peptide — MFI without peptide)/MFI without peptide. Peptides with an Fl >1 were considered
high-affinity epitopes.

Ex vivo IFN-y ELISpot assay
Peptide-reactive IFN-y-secreting T cells were identified using a human IFN-y ELISpot kit (Mabtech). Plates were washed five times
with PBS and blocked with ELISpot serum-free medium (Dakewei) for 0.5 h. A total of 1 x 10° PBMCs per well were stimulated for 20 h
with 25 pg/mL of selected 9-10 amino-acid-length peptides in ELISpot serum-free medium. Each assay was performed in
duplicate, with DMSO as the negative control and anti-CD3 (Mabtech) as the positive control. IFN-y binding was detected using a
biotin-conjugated antibody, followed by incubation with a streptavidin-HRP secondary antibody and visualization with TMB sub-
strate. Spots were quantified (Dakewei, China) and normalized as spot-forming units per 1 x 10° PBMCs, firstly divided by the pos-
itive control, and then by the negative control.

For IFN-y ELISpot assay in PBMCs from patients, a total of six colorectal cancer patients were recruited. PBMCs were isolated
from fresh whole blood, and 5 x 10* PBMCs per well were stimulated for 20 h with 25 ug/mL pools of 9-10 amino acid-length peptides
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in ELISpot serum-free medium, covering most HLA-A subtypes. Each assay was performed in triplicate. Spots were quantified and
normalized as described above. The patient information and the peptide sequences included in each peptide pool are provided in the
Table S17.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantification and statistical details are indicated in the method details, results, or figure legends.
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