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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 ELFN1-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.1–3 Recent studies have identified substantial numbers

of such genes across a wide range of species.4–15 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 traits5,16–18 and dis-

ease susceptibility.19–23 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 humans 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.

(legend continued on next page)
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First, these genes exhibit intrinsic characteristics such as

shorter open reading frames (ORFs),24,25 restricted and lower

expression,6,16,24,26 frequent occurrence in repetitive genomic

regions,9,10 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.27,28 Recent advances in reference genomes,29–31

including telomere-to-telomere coverage,32 and functional ge-

nomics across a wider range of primate species and tissues33–36

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)

data33,37,38 that complement traditional mass spectrometry

(MS), has been discussed recently.27 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.2 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,16,17 as well as anti-apoptotic effects in spermatogen-

esis.39–41 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,19–22,42–44 and speculative genomic

studies have associated these genes with tumorigenesis.45

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 ORFs46—

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

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,12,47–51 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.47,52 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 (lncRNA) or regions (Intergenic).

(I) 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, lncRNA, 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.16,25,53 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 origination54,55 and the formation

of longer coding sequences56 (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 prevention57,58

(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,58,59 and accelerated evolutionary

rates25,60; and (4) C-terminal hydrophobicity of protein, where

lower hydrophobicity promotes protein stability by reducing pro-

teasomal degradation or membrane targeting61 (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 functions14,16 or preferential emergence within

genomic regions harboring preadaptive, gene-like architec-

tures—so-called ‘‘hopeful monsters’’16,25—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 1I, S1B, and S1C; STAR Methods).

Translation efficiency appears to be further optimized with age,

as older genes demonstrate higher translation efficiency

(Figure 1I), supporting a continuum evolution model.53 Together,

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.62 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 (GTEx) project and Cardoso-

Moreira et al.34,63 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 × 10− 16), 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.6,24,63 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,64

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 spermatocytes39,41 and maintaining the neural

stem cell pool during early brain development.16,17

Given their roles in stem cell maintenance and anti-apoptosis,

we explored the implications of de novo genes in tumorigen-

esis.2,26,40 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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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

enhanced chromatin accessibility.65–68 Additionally, dysregula-

tion of topologically associating domains and enhanced chro-

matin interactions can drive oncogene overexpression during

tumorigenesis.69,70 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 database71

(STAR Methods). Based on these genome reorganization events,

A CB

D

E

F

G

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.
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Figure 4. Functional roles of young de novo genes in tumor growth

(A) Schematic representation of the CRISPR-Cas9 library design, lentiviral infection of five tumor cell lines (U87, SW480, HeLa, Cal62, and OS-RC-2), targeted

sequencing, assessment of sgRNA abundance in samples immediately after infection (P0) and after 10 passages (P10), followed by validations through siRNA

knockdown assays and CRISPR-Cas9 knockout experiments.

(B) Heatmap depicting the log2 (fold change) of sgRNA abundance between P0 and P10 across five tumor cell lines. The targets include 3 oncogenes, 1 tumor-

suppressor gene, and 21 de novo genes classified as Expanded (with expression expansion in tumors) or Non-expanded. p-values from the initial CRISPR-Cas9

screening are indicated by black asterisks with paired t test, while those from the siRNA knockdown assays are indicated by red asterisks, with two-way ANOVA

test. De novo genes unexpressed in specific cell lines are masked (gray blocks; STAR Methods).

(legend continued on next page)
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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 amplification 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,66,67 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.72

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,

including U87 (glioblastoma), SW480 (COAD), HeLa (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 ELFN1-AS1 mutant cells was significantly

reduced (Figure 4D; two-way ANOVA test, p = 2.0 × 10− 7). 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-AS1Δ1bp/Δ2bp 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 ELFN1-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—ELFN1-AS1 and

TYMSOS—which are specifically expressed during early devel-

opment but are reactivated exclusively in tumors (Figures 5A,

S3, S13, 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).73,74 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

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-AS1 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-γ 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-γ-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 3×FLAG 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 (Ψ).

(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-γ 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–laIL-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+ cells in 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-γ ELISpot assays showing IFN-γ production by PBMCs after epitope peptide stimulation post LNP–mRNA therapy. Plate images (E) and quanti-

fication of IFN-γ 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–laIL-2. PD-1–laIL-2 (20 μg 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-γ 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–I) ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. (C and D) Bars, mean; error bars, SD. (E–I) 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–

laIL-2 treatment, which selectively targets and delivers IL-2

signaling to CD8+ T cells within the tumor microenvironment,

thereby promoting their proliferation and activation.75 Specif-

ically, PD-1–laIL-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–laIL-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-γ 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-γ 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.1,49,76 These issues

underscore the necessity for precise definitions of de novo

genes within an evolving genomic framework driven by ongoing

advancements in comparative, evolutionary, and functional ge-

nomics.1,27 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.12,47–50 To assess cod-

ing potential across ancestral lineages, we adopted a 70%

threshold, according to previous practices in human de novo

gene identification,6–8,26,48–50 which has been demonstrated to

be robust for detecting most de novo ORFs in previous

studies.7,8,48 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.6,8,12,48,50,77 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,19,21,22,45 paralleling their tumor-like roles in

neuronal development16,17 and spermatogenesis.39,40 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.78,79 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-

AS1 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.80,81 Notably, recent advances from model organ-

isms12,15,48 suggest several methodological improvements for

human studies, including (1) constructing whole-genome align-

ments de novo using updated primate genome assemblies30,31

and progressive alignment tools,82 rather than relying on existing

syntenic blocks, may enhance detection accuracy; (2) incorpo-

rating quantitative metrics like reading frame conservation

scores49,83 may improve ancestral state inference; and (3) begin-

ning analyses with all translated ORFs identified through Ribo-

seq and MS data,48,50 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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X., and Albà, M.M. (2009). Origin of primate orphan genes: A comparative

genomics approach. Mol. Biol. Evol. 26, 603–612. https://doi.org/10.

1093/molbev/msn281.

11. Xie, C., Bekpen, C., Künzel, S., Keshavarz, M., Krebs-Wheaton, R., Skra-

bar, N., Ullrich, K.K., and Tautz, D. (2019). A de novo evolved gene in the

house mouse regulates female pregnancy cycles. eLife 8, e44392.

https://doi.org/10.7554/eLife.44392.

12. Peng, J., and Zhao, L. (2024). The origin and structural evolution of de

novo genes in Drosophila. Nat. Commun. 15, 810–814. https://doi.org/

10.1038/s41467-024-45028-1.

13. Zhang, L., Ren, Y., Yang, T., Li, G., Chen, J., Gschwend, A.R., Yu, Y.,

Hou, G., Zi, J., Zhou, R., et al. (2019). Rapid evolution of protein diversity

by de novo origination in Oryza. Nat. Ecol. Evol. 3, 679–690. https://doi.

org/10.1038/s41559-019-0822-5.

14. Vakirlis, N., Hebert, A.S., Opulente, D.A., Achaz, G., Hittinger, C.T.,

Fischer, G., Coon, J.J., and Lafontaine, I. (2018). A Molecular Portrait

of De Novo Genes in Yeasts. Mol. Biol. Evol. 35, 631–645. https://doi.

org/10.1093/molbev/msx315.

15. Vakirlis, N., Acar, O., Hsu, B., Castilho Coelho, N., Van Oss, S.B., Wa-

cholder, A., Medetgul-Ernar, K., Bowman, R.W., Hines, C.P., Iannotta,

J., et al. (2020). De novo emergence of adaptive membrane proteins

from thymine-rich genomic sequences. Nat. Commun. 11, 781. https://

doi.org/10.1038/s41467-020-14500-z.

16. An, N.A., Zhang, J., Mo, F., Luan, X., Tian, L., Shen, Q.S., Li, X., Li, C.,

Zhou, F., Zhang, B., et al. (2023). De novo genes with an lncRNA origin

encode unique human brain developmental functionality. Nat. Ecol.

Evol. 7, 264–278. https://doi.org/10.1038/s41559-022-01925-6.

17. Qi, J., Mo, F., An, N.A., Mi, T., Wang, J., Qi, J.T., Li, X., Zhang, B., Xia, L.,

Lu, Y., et al. (2023). A Human-Specific De Novo Gene Promotes Cortical

Expansion and Folding. Adv. Sci. 10, e2204140. https://doi.org/10.1002/

advs.202204140.

18. Bekpen, C., Xie, C., and Tautz, D. (2018). Dealing with the adaptive im-

mune system during de novo evolution of genes from intergenic se-

quences. BMC Evol. Biol. 18, 121. https://doi.org/10.1186/s12862-

018-1232-z.

19. Samusik, N., Krukovskaya, L., Meln, I., Shilov, E., and Kozlov, A.P. (2013).

PBOV1 is a human de novo gene with tumor-specific expression that is

associated with a positive clinical outcome of cancer. PLoS One 8,

e56162. https://doi.org/10.1371/journal.pone.0056162.

20. Yu, J., Ou, Z., Lei, Y., Chen, L., Su, Q., and Zhang, K. (2020). LncRNA

MYCNOS facilitates proliferation and invasion in hepatocellular carci-

noma by regulating miR-340. Hum. Cell 33, 148–158. https://doi.org/

10.1007/s13577-019-00303-y.

21. Fang, L., Wu, S., Zhu, X., Cai, J., Wu, J., He, Z., Liu, L., Zeng, M., Song, E.,

Li, J., et al. (2019). MYEOV functions as an amplified competing endog-

enous RNA in promoting metastasis by activating TGF-β pathway in

NSCLC. Oncogene 38, 896–912. https://doi.org/10.1038/s41388-018-

0484-9.

22. Zhao, X., Li, D., Pu, J., Mei, H., Yang, D., Xiang, X., Qu, H., Huang, K.,

Zheng, L., and Tong, Q. (2016). CTCF cooperates with noncoding RNA

MYCNOS to promote neuroblastoma progression through facilitating

MYCN expression. Oncogene 35, 3565–3576. https://doi.org/10.1038/

onc.2015.422.

23. Papamichos, S.I., Margaritis, D., and Kotsianidis, I. (2015). Adaptive Evo-

lution Coupled with Retrotransposon Exaptation Allowed for the Gener-

ation of a Human-Protein-Specific Coding Gene That Promotes Cancer

Cell Proliferation and Metastasis in Both Haematological Malignancies

and Solid Tumours: The Extraordinary Case of MYEOV Gene. Scientifica

2015, 984706–984710. https://doi.org/10.1155/2015/984706.

24. Ruiz-Orera, J., Hernandez-Rodriguez, J., Chiva, C., Sabidó, E., Kondova,
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 650 anti-human CD3 Biolegend Cat#317324; RRID: AB_2563352

FITC anti-human CD45 Biolegend Cat#304005; RRID: AB_314393

Brilliant Violet 570 anti-human CD4 Biolegend Cat#300533; RRID: AB_10896788

Brilliant Violet 421 anti-human CD137 (4-

1BB)

Biolegend Cat#309819; RRID: AB_10895902

PE-Cy7 Anti-Human CD8a Biolegend Cat#300913; RRID: AB_314117

Fixable Viability Dye eFluor 780 Invitrogen Cat#65-0865-14; RRID: AB_3113075

PE anti-human CD11c Biolegend Cat#337205; RRID: AB_1236439

FITC anti-human CD83 Biolegend Cat#305305; RRID: AB_314513

Brilliant Violet 421 anti-human CD80 Biolegend Cat#305221; RRID: AB_10899567

APC anti-human CD86 Biolegend Cat#374207; RRID: AB_2721448

7-AAD Viability Staining Solution Biolegend Cat#420404; RRID: AB_408812

PE HLA-A2 Monoclonal Antibody (BB7.2) Invitrogen Cat#MA1-80303; RRID: AB_931640

Monoclonal ANTI-FLAG M2 antibody Sigma-Aldrich Cat#F1804; RRID: AB_262044

GAPDH Mouse Monoclonal antibody (2BB) Biodragon Cat#B3029

Chemicals, peptides, and recombinant proteins

Fetal Bovine Serum Gibco Cat#10091-148

Penicillin-Streptomycin Gibco Cat#15070-063

Trypsin-EDTA Gibco Cat#25200-056

DMEM Gibco Cat#C11995500BT

RPMI-1640 Gibco Cat#C11875500BT

FcR Blocking Reagent human Milteny Cat#130-059-901

DPBS Gibco Cat#C14190500BT

Elispot Medium Dakewei Cat#6115012

SODIUM DODECYL SULFATE (SDS) AMRESCO Cat# 0227-1KG

RIPA buffer Solarbio Cat#R0010

Proteinase K TIANGEN Cat#RT403

Q5 HiFi DNA polymerase NEB Cat#M0491L

Glycine AMRESCO Cat#0167-1KG

HEPES free acid AMRESCO Cat#0511-1KG

Sodium chloride (NaCl) SIGMA Cat#S7653

0.5M EDTA PH = 0.8 Invitrogen Cat#AM9260G

Amicon Ultra-0.5ML Centrifuge Filters Millipore Cat#UFC5010BK

Pur-A-Lyzer Midi Dialysis Kits Sigma-Aldrich Cat#PURD35100-1KT

SM-102 (8-[(2-hydroxyethyl)[6-oxo-6-

(undecyloxy)hexyl]amino]-octanoic acid,

1-octylnonyl ester; CAS:2089251-47-6)

SINOPEG Cat#06040008800

DSPC (1,2-distearoyl-sn-glycero-3-

phosphocholine; CAS:816-94-4)

SINOPEG Cat#06030001100

Cholesterol SINOPEG Cat#06040010300

DMG-PEG2000(1,2-dimyristoyl-rac-

glycero-3-methoxypolyethylene glycol-

2000; CAS:160743-62-4)

SINOPEG Cat#06020112402

KOD One PCR Master Mix Toyobo Cat#KMM-201

ClonExpress II One Step Cloning Kit Vazyme Cat#C112-02
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

T7 High Yield RNA Transcription Kit (Nl-Me-

Pseudo UTP)

Vazyme Cat#DD4202-01

EasyCap GAG m7G(5′)ppp(5’)(2′OMeA)pG Synthgene Cat#CAP3011

Critical commercial assays

DNA Clean & Concentrator-25 Kit Zymo Cat#D4006

Human IFN-γ ELISpot plus kit MABTECH Cat#3420-4HST-2

Deposited data

120-mammals whole-genome alignments Hecker et al.52 https://bds.mpi-cbg.de/hillerlab/

120MammalAlignment/

Primate net alignments UCSC Genome Browser GRCh38/hg38

assembly

https://hgdownload.soe.ucsc.edu/

goldenPath/hg38/

Annotated proteomes of 14 representative

outgroup species

Ensembl https://ensembl.org/biomart/martview

GTEx RNA sequencing data for 27 normal

tissue types

dbGAP phs000424.v10.p2

RNA sequencing data for 6 organs

(forebrain, hindbrain, heart, kidney, liver and

testis) across developmental stages

Cardoso-Moreira et al.63 ArrayExpress: E-MTAB-6814

TCGA RNA sequencing data for 22 tumor

types

Genomic Data Commons phs000178.v11.p8

RNA sequencing data for 5 cell lines (U87,

SW480, HeLa, Cal62, and OS-RC-2)

This paper SRA: PRJNA1196182

Ribosome profiling sequencing data for

multiple human tissues

Chothani et al.38 PRJNA756018: SRR15513148-

SRR15513226

Ribosome profiling sequencing data for

human brain, liver and testis

Wang et al.85 ArrayExpress: E-MTAB-7247

Ribosome profiling sequencing data for

human embryonic stem cell neuronal

cultures and human cortex

Duffy et al.86 PRJNA743949: SRR15175563-

SRR15175568, SRR19165065-

SRR19165070, SRR15906422-

SRR15906494

Ribosome profiling sequencing data for

human kidney and kidney tumors

Loayza-Puch et al.87 PRJNA256316: SRR1528686-SRR1528697

Raw in-house-generated mass

spectrometry data

This paper iProX: IPX0008436003

Peptide-spectrum matches identified in

MassIVE

MassIVE https://massive.ucsd.edu/ProteoSAFe/

massive_search.jsp (released in 11/30/

2023)

Peptide-spectrum matches identified in

PeptideAtlas

PeptideAtlas https://peptideatlas.org/builds/human/

202401/APD_Hs_all.fasta

TCGA whole-genome sequencing data for

BLCA samples

Genomic Data Commons phs000178.v11.p8

Raw CRISPR/Cas9 screening data This paper SRA: PRJNA1196182

FANTOM enhancer annotation Andersson et al.88 https://fantom.gsc.riken.jp/5/datafiles/

reprocessed/hg38_latest/extra/enhancer/

F5.hg38.enhancers.bed.gz

GBM cell line and NHA cell line raw Hi-C

data

Wang et al.89 GSE162976

BLCA cell line raw Hi-C data Iyyanki et al.90 GSE148079

BRCA cell line raw Hi-C data Kim et al.91 GSE167150

PAAD cell line raw Hi-C data Du et al.92 GSE185069

COAD & ESCA cell line raw Hi-C data Akdemir et al.93 GSE116694

STAD primary sample raw Hi-C data Ooi et al.94 GSE118391
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ecDNA annotations from eccDNA Atlas Zhong et al.71 https://lcbb.swjtu.edu.cn/eccDNAatlas/

download/Homo%20sapiens.xlsx

Experimental models: Cell lines

HEK293T cells From Laboratory of Dr. Ying Liu CL-0063

CAL62 cell Procell Life Science & Technology Co.,Ltd. CL-0618

HeLa cell Procell Life Science & Technology Co.,Ltd. CL-0101

SW480 cell Procell Life Science & Technology Co.,Ltd. CL-0223

OS-RC-2 cell Procell Life Science & Technology Co.,Ltd. CL-0177

U-87 MG cell Procell Life Science & Technology Co.,Ltd. CL-0238

Experimental models: Organisms/strains

Mouse: huHSC-NKG-ProF Cyagen Biosciences Co.,Ltd N/A

Oligonucleotides

CRISPR screening 1st-F TSINGKE This paper

CRISPR screening 1st-R TSINGKE This paper

CRISPR screening 2nd-F TSINGKE This paper

CRISPR screening 2nd-R-index1 TSINGKE This paper

CRISPR screening 2nd-R-index2 TSINGKE This paper

CRISPR screening 2nd-R-index3 TSINGKE This paper

CRISPR screening 2nd-R-index4 TSINGKE This paper

CRISPR screening 3rd-F TSINGKE This paper

CRISPR screening 3rd-F TSINGKE This paper

Recombinant DNA

Plasmid: LentiCrispr-V2 From Laboratory of Dr. Shaokun Shu N/A

Software and algorithms

PHAST v1.4 Cold Spring Harbor Laboratory http://compgen.cshl.edu/phast/

PRANK v170427 Löytynoja lab https://ariloytynoja.github.io/prank-msa/

featureCounts v2.0.2 Liao et al.95 http://subread.sourceforge.net/

maSigPro v1.70.0 Nueda et al.96 https://www.bioconductor.org/packages/

release/bioc/html/maSigPro.html

fastp v0.23.4 Chen et al.97 https://github.com/OpenGene/fastp

Trimmomatic v0.39 Bolger et al.98 http://www.usadellab.org/cms/uploads/

supplementary/Trimmomatic/

Trimmomatic-0.39.zip

Cutadapt v4.5 Martin99 https://cutadapt.readthedocs.io/en/stable/

installation.html

Bowtie2 v.2.5.3 Langmead et al.100 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

STAR v2.7.9a Dobin et al.101 https://github.com/alexdobin/STAR/

releases

RiboTISH v0.2.7 Zhang et al.102 https://github.com/zhpn1024/ribotish

pFind v3.2 Chi et al.103 http://pfind.org/downloads.html

AIUPred v0.9 Erdos et al.104 https://aiupred.elte.hu/download

RUVSeq v.1.31.0 Risso et al.105 https://github.com/drisso/RUVSeq

Peptides v2.4.6 Osorio et al.106 https://github.com/dosorio/Peptides/

AmpliconSuite-pipeline v1.3.4 Luebeck et al.107 https://github.com/AmpliconSuite/

AmpliconSuite-pipeline

CycleViz v0.2.0 From Jens Luebeck https://github.com/AmpliconSuite/

CycleViz

runHiC v0.8.7 From Xiaotao Wang https://github.com/XiaoTaoWang/HiC_

pipeline
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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 μg/mL strep-

tomycin (Gibco). Cells were maintained at 37◦C in 5% CO2.

METHOD DETAILS

Identification of young de novo genes in humans

De novo gene candidates were compiled from An et al.,16 Broesil et al.,26 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.52 High-quality orthologous sequences (alignment coverage >95%) were extracted using the maf_parse tool

from PHAST113 (v1.4), and ancestral genomic sequences were reconstructed using PRANK114 (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.7,8,26,48–50 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.26,50,48,49

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

FAN-C v0.9.26 Kruse et al.108 https://github.com/vaquerizaslab/fanc

Peakachu v1.2.0 Salameh et al.109 https://github.com/tariks/peakachu

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

HiCPeaks

BEDTools v2.26.0 Quinlan et al.110 https://bedtools.readthedocs.io/en/latest/

SAMtools v1.16.1 Danecek et al.111 https://github.com/samtools/samtools

MAGeCK v0.5.9.5 Li et al.112 https://sourceforge.net/p/mageck/wiki/

install/

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

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

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

R v4.2.1 The R Foundation for Statistical Computing https://www.r-project.org/
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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 <10⁻6, 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 <10⁻5, 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,12 we performed additional BLASTp analyses and iterative jackhmmer115

searches (HMMER v3.1b2) against the UniProtKB database116 (2025_01 release, 253,206,170 entries, 1,333,558 species). Iterative

jackhmmer searches were conducted using sequence and domain E-values of 10− 5 as inclusion thresholds for subsequent iteration.

Putative homologous hits were then identified using jackhmmer with an E-value cutoff of 10− 3 or BLASTp with an E-value <10⁻5 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,77 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.,117 the Housekeeping and Reference Transcript (HRT) Atlas database (v1.0)118 and Uhlén et al.119

Expression profiles of de novo genes

Expression levels of de novo genes were quantified by uniquely mapped reads using featureCounts95 (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.63; Table S3). For strand-non-specific RNA-seq data, unique representative regions for each de

novo transcript were identified using BEDTools110 (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.63

Tau =

∑N

i = 1

(

1 −
Expi+0:01

Expmax+0:01

)

N − 1

where Expi 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 Expmax

indicates the maximun Expi 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 package96 (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 R2 > 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, HeLa, 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 fastp97 (v0.23.4). Reads were then aligned to the

human genome (hg38, GENCODE V43) using STAR101 (v2.7.9a) with default parameters. Uniquely mapped reads were counted using

featureCounts95 (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—

fastp97 (v0.23.4), Trimmomatic98 (v0.39), or Cutadapt99 (v4.5)—as specified in the original publications. Trimmed reads were mapped

to human ribosomal RNA (rRNA) index libraries using Bowtie 2100 (v.2.5.3) and rRNA-aligned reads were excluded. Clean reads were

then aligned to the human genome (hg38, GENCODE V43 annotations) using STAR101 (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)102. 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)103 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.120 Uniquely mapped reads were retained and counted, and weakly expressed transcripts (TPMnucleus +

TPMcytoplasm < 0.8) were discarded. The nucleus-to-cytoplasm TPM ratio was log2-transformed, with a pseudo-count of 0.1 added

to each TPM value. Intrinsic structural disorder was assessed using AIUPred (v0.9)104 with default parameters, excluding cysteines to

account for potential disulfide bond uncertainties.121 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.61 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)106. 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 <10− 9). Translation efficiency was calculated using RNA-seq and Ribo-seq data of human brain, liver and testis samples

from Wang et al.85 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, lncRNA 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.122 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 × 10⁻15 for median

expression; coefficient r = 0.94, p-value <1 × 10⁻15 for SD; Figures S5 and S6). Batch effects were controlled using the RUVg method

(RUVSeq package105 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).123

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 or involved 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-C108 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)109 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 project88,124 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 FANTOM5 project.124 To precisely measure enhancer activity through transcription,125 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 v1.0571. 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)107 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.,16 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.126 Sequences of sgRNAs 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 300× 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 (PEI)-mediated transfection of the sgRNA library into HEK293T cells. The mul-

tiplicity of infection (MOI) was optimized for each cell line (U87, SW480, HeLa, 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 μg/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 P0 and P10. Cell pellets (1 × 106 cells) were resuspended in 500 μL lysis buffer (200 mM

NaCl, 100 mM Tris-HCl, 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 μL RNase A (10 mg/mL) at 37◦C for 2 h and 20 μL 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 PCR127, 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 Illumina 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 MAGeCK112 (v0.5.9.5) with parameters -norm-method control –gene-lfc-

method secondbest, we calculated fold changes in sgRNA abundance between P0 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 ELFN1-AS1 knockout

The siRNAs targeting 14 candidate genes (ODC1-DT, AATBC, TIPARP-AS1, MOCS2-DT, TENM3-AS1, ELFN1-AS1, MYEOV,

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 BbsI restriction sites.

For transient siRNA transfection, U87, SW480, HeLa, 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,

SW480, HeLa, Cal62, and OS-RC-2 cells were seeded into 96-well plates at a density of 2 × 103 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 ELFN1-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 × 103 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-AS1-3×FLAG and TYMSOS-3×FLAG 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 1×PBS 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 μg/μL (mRNA concentration: 0.6 μg/μL).
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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 μg 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-γ 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 μg per mouse weekly. One week after

following the last dose of vaccination, SW480 tumor cells (5 × 106) 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 = ab2/2.

For the combination therapy with PD-1–laIL-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 μg per dose per mouse of LNP–control, LNP–ELFN1-AS1,

or LNP–TYMSOS). Tumor-bearing mice subsequently received intraperitoneal administration of PD-1–laIL-2 (20 μg/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 μm 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 Brilliant 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

IC50 <500 nM or a %Rank <2.0 were classified as HLA binders, while those with an IC50 <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 × 105 cells per well. Subsequently, 50 μg/mL

of the epitope peptides and 5 μg/mL of human β2-microglobulin (Sigma) were added to the culture medium, and the cells

were incubated at 37◦C in a 5% CO2 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 (FI), calculated using the

following formula: FI = (MFI with peptide − MFI without peptide)/MFI without peptide. Peptides with an FI >1 were considered

high-affinity epitopes.

Ex vivo IFN-γ ELISpot assay

Peptide-reactive IFN-γ-secreting T cells were identified using a human IFN-γ 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× 105 PBMCs per well were stimulated for 20 h

with 25 μg/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-γ 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 × 105 PBMCs, firstly divided by the pos-

itive control, and then by the negative control.

For IFN-γ ELISpot assay in PBMCs from patients, a total of six colorectal cancer patients were recruited. PBMCs were isolated

from fresh whole blood, and 5× 104 PBMCs per well were stimulated for 20 h with 25 μg/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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