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Abstract

Acute myeloid leukemia (AML) exhibits RNA-processing defects that can expose antigens encoded by
non-canonical genomic regions. Here, we combine time-resolved RNA sequencing with discovery and
targeted HLA-l immmunopeptidomics to determine how SUMOylation controls intron retention and antigen
presentation. In three AML cell lines, SUMO inhibition with TAK-981 induced an interferon-associated
antigen-processing response and extensively remodeled the immunopeptidome. In MOLM-13 cells,
7,741 dynamically retained introns formed early- and late-rising programs distinguished by intron
architecture, splice-site strength and RNA-binding-protein motifs. Among 16,965 HLA-I ligands detected
over time, 438 arose from retained introns and 167 mapped to dynamically regulated events, revealing
heterogeneous coupling between intron retention and peptide display. TAK-981 further exposed 453
treatment-induced antigens, nearly 60% of which were intron-derived. Targeted mass spectrometry
identified 68 sequence-validated intronic ligands from 39 previously unannotated peptideins, with
individual retained introns generating multiple, HLA-dependent ligands across AML models. Their source
events recurred in untreated primary AML, with subsets enriched relative to healthy hematopoietic
samples. These findings establish SUMO-dependent RNA processing as a determinant of non-canonical
HLA-I presentation and identify recurrent intron-derived antigens for therapeutic evaluation.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematological malignancy characterized by the clonal
expansion of differentiation-arrested myeloid progenitors and disruption of normal hematopoiesis' 3.
Although intensive chemotherapy, allogeneic hematopoietic stem cell transplantation, and targeted or
venetoclax-based therapies have improved outcomes in selected patients, relapse remains frequent and
long-term survival is poor, particularly among older adults*®. This treatment failure is driven in part by
therapy-resistant leukemic stem and progenitor cells that survive initial treatment and re-establish the
disease. The graft-versus-leukemia effect observed after allogeneic transplantation demonstrates that
AML can be eliminated through immune-mediated mechanisms?®, yet safer immunotherapies remain

limited by the scarcity of antigens selectively presented by AML cells.

AML generally carries a low somatic mutation burden, restricting the repertoire of mutation-derived
neoantigens available for T-cell recognition 7. Immune checkpoint inhibitors have shown only modest
activity in AML &°. Their limited efficacy likely reflects heterogeneous antigen presentation, ineffective T-
cell priming, and an immunosuppressive bone marrow microenvironment containing regulatory T cells,
suppressive myeloid populations, and dysfunctional cytotoxic lymphocytes '°. Checkpoint-ligand
expression, including PD-L1, is also heterogeneous and has not consistently predicted response '".
Combinations with azacitidine have produced responses in subsets of patients, suggesting that

epigenetic remodeling may enhance immune recognition '2. Nevertheless, checkpoint release may be
insufficient unless AML cells simultaneously display an adequate repertoire of leukemia-restricted
antigens.

Page 3/37



Immunopeptidomics provides a direct means of defining this repertoire by identifying peptides displayed
by major histocompatibility complex class | (MHC-I) molecules. In a previous study, we combined mass
spectrometry (MS)-based immunopeptidomics with proteogenomics to characterize the MHC-I antigen
landscape of primary AML specimens '3. We identified 58 high-confidence tumor-specific antigens
(TSAs) whose source transcripts were absent or expressed at very low levels in normal tissues. Notably,
86% originated from genomic regions annotated as non-coding, and nearly half resulted from intron
retention. Their source transcripts were shared among patients and expressed in both leukemic blasts
and leukemic stem cells. Several TSAs elicited CD8" T-cell responses in vitro, while their predicted
presentation was associated with T-cell receptor expansion, cytotoxic T-cell activation, immunoediting,
and improved survival. These findings established aberrant RNA processing as an important source of
immunogenic peptides in AML, but the mechanisms controlling their generation remain poorly
understood.

One pathway that may connect AML cell fitness, RNA processing, and immune visibility is protein
SUMOylation. This reversible post-translational modification coordinates chromatin organization,
transcription, DNA-damage repair, cell-cycle progression, nuclear-body formation, and proteostasis '471”.
SUMOylation also contributes to the assembly and function of macromolecular complexes required for
pre-mRNA splicing’®. AML cells may depend on this pathway to mitigate transcriptional and proteotoxic
stress 1220 Disrupting SUMO conjugation could consequently compromise both leukemic cell survival

and RNA-processing fidelity.

TAK-981 (subasumstat) is a first-in-class inhibitor of the SUMO-activating enzyme that rapidly reduces
protein SUMOylation 2'. TAK-981 has demonstrated preclinical antileukemic activity by promoting cell-
cycle arrest, differentiation, and apoptosis 22. It also activates type | interferon signaling and
inflammatory programs that can enhance immune recognition. In combination with 5-azacytidine, TAK-
981 increased antileukemic activity and natural killer cell-mediated cytotoxicity 2272°. Early clinical
studies have shown that systemic SUMO inhibition is pharmacologically achievable and induces
interferon-associated responses and immune-cell activation 2°. However, its limited activity as a
monotherapy highlights the need to define disease-specific responses that may guide rational
combinations.

Because SUMOylation supports the organization of nuclear protein complexes, its inhibition may perturb
spliceosome function and promote selective intron retention /. Retained-intron transcripts can undergo
nuclear retention or RNA surveillance, reducing canonical protein production, whereas a subset may be
translated into short-lived non-canonical proteins or defective ribosomal products that are rapidly
degraded and sampled by the MHC-I pathway?®2°. We therefore hypothesized that SUMO inhibition
could impair AML cell fitness while increasing antigenic visibility by generating non-canonical, intron-
derived peptides.
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Here, we integrated transcriptomic and quantitative MHC-l immunopeptidomic profiling to define how
SUMO inhibition remodels RNA processing and antigen presentation in AML. Across three AML human
cell lines, TAK-981 induced an interferon-associated antigen-processing program and redirected HLA-I
presentation toward proteins involved in RNA metabolism, translation, chromatin regulation, and
proteostasis. Time-resolved analyses in MOLM-13 cells identified 7,741 dynamically retained introns
organized into two programs distinguished by their kinetics, intron architecture, splice-site strength, and
RNA-binding-protein dependencies. Among 16,965 HLA-I peptides detected over time, 490 originated
from alternative splicing, predominantly retained introns, and included peptides generated through
multiple transcript-surveillance and translational routes. Targeted immunopeptidomics further identified
68 previously unreported intronic peptides encoded by 39 microproteins, several of which generated
multiple HLA ligands across AML models. The recurrence of these intron-retention programs in primary
AML samples establishes SUMOylation as a regulator of clinically relevant splicing abnormalities that
shape the non-canonical immunopeptidome.

Results

TAK-981 induces an interferon-associated antigen-
presentation program in AML cells

We first established conditions that achieved robust inhibition of SUMO conjugation while minimizing
nonspecific effects caused by loss of cell viability. Three AML cell lines with distinct cytogenetic,
mutational burdens and HLA alleles were examined: MOLM-13, SKM-1 and THP-1 (Supplementary

Table 1). Dose- and time-response analyses in THP-1 cells showed progressively greater cytotoxicity
with increasing TAK-981 concentrations and exposure times (Supplementary Fig. 1A). Based on these
experiments, we selected 20 nM TAK-981 for 48 h as a condition that maintained more than 80% viability
while producing measurable pathway inhibition. We subsequently evaluated this condition in all three cell
lines. Water-soluble tetrazolium salt 1 (WST-1) measurements for cell counts and viability showed no
significant reduction relative to DMSO-treated controls over the 48-h exposure period (Supplementary
Fig. 1B). By contrast, immunoblotting revealed a pronounced depletion of SUM02/3-conjugated proteins
in each cell line (Supplementary Fig. 1C).

To examine how SUMO inhibition remodels antigen presentation, we integrated transcriptomics with
HLA-I immunopeptidomics and proteogenomic database construction (Fig. 1A). We used paired-end
RNA sequencing to quantify gene expression and generate cell line-specific search databases containing
canonical proteins and potential treatment-associated translation products. TAK-981-enriched k-mers
were assembled into contigs, translated in all reading frames, and combined with personalized canonical
proteomes. HLA-l complexes were then isolated with a pan-HLA antibody, and naturally presented MHC-
l-associated peptides (MAPs) were identified and quantified by LC-MS/MS. This framework enabled
simultaneous assessment of transcriptional responses, global changes in peptide presentation, and
MAPs derived from genomic regions not represented in conventional protein databases.
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RNA-seq revealed a coordinated immune and inflammatory response to TAK-981. Gene Ontology
analysis of genes altered in at least two of the three cell lines identified enrichment for response to type |
interferon, antiviral defense, antigen processing and presentation through MHC-I, and positive regulation
of T-cell activation (Supplementary Fig. 2A). Protein-protein interaction analysis supported the
organization of these genes into connected immune-regulatory modules (Supplementary Fig. 2B).
Upregulated nodes included TLR3, AIM2, RGS2 and CD6, consistent with activation of innate sensing and
immune-signaling pathways. A smaller downregulated network included CD38 and HMOX1 and was
associated with stress-response and apoptosis-related annotations. These data indicate that SUMO
inhibition induces broad transcriptional reprogramming rather than activation of a single immune
pathway.

The interferon-associated response was accompanied by increased expression of multiple components
of the HLA-I antigen-processing machinery. TAP1, TAP2, PSMB8, PSMB9, B2M and HLA class |
transcripts were consistently increased after TAK-981 treatment (Supplementary Fig. 2C). Canonical
interferon-stimulated genes, including IFIT1, IFITM3, OAS1 and OAS3, were also induced across the three
AML cell lines (Supplementary Fig. 2D). The coordinated induction of immunoproteasome subunits,
peptide transporters, B2M and HLA-I supports an increased capacity to generate, load and display
intracellular MAPs. Together, these findings suggest that TAK-981 shifts cells toward a pro-inflammatory
transcriptional state that may enhance immune recognition through increased interferon signaling and
MHC-I antigen presentation.

SUMO inhibition remodels the HLA-I immunopeptidome

We next determined whether the transcriptional increase in antigen-processing machinery translated into
changes at the level of naturally presented HLA-I peptides. MAPs were isolated from 1 x 108 cells per
replicate following 48 h of treatment with TAK-981 or DMSQO. In total, 39,424 unique peptide sequences
were identified across all cell lines and conditions (Supplementary Table 2). The individual datasets
comprised 8,267 quantified MAPs in MOLM-13, 15,463 in SKM-1 and 7,905 in THP-1 (Fig. 1B). Peptide
repertoires were highly cell line specific: approximately 85% of the MAPs observed in a given cell line
were not detected in the other cell lines consistent with their distinct HLA alleles and their specific
binding preferences.

To enable differential-presentation analysis while minimizing bias from incomplete peptide detection
and intensity-dependent variance, missing values were imputed by random forest, peptide intensities
were log,-transformed, and variance-stabilizing normalization was applied (Supplementary Fig. 3).
Quantitative comparison of TAK-981- and DMSO-treated cells revealed extensive but cell line-dependent
remodeling (Fig. 1C). Peptides were considered differentially presented when their abundance changed
by more than two-fold at an adjusted P value of 0.05 or less. In MOLM-13 cells, 425 MAPs increased and
248 decreased after TAK-981 treatment. SKM-1 exhibited the largest response, with 599 increased and
390 decreased MAPs. THP-1 showed a more modest response, comprising 57 increased and 18
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decreased peptides. Thus, more MAPs increased than decreased in each model, although the magnitude
of remodeling differed between cell lines. These findings are consistent with the shared induction of
antigen-processing genes but also indicate that cellular and HLA context determine which source
proteins and peptides become preferentially displayed.

To define the biological processes contributing to the remodeled immunopeptidome, we analyzed
source proteins of MAPs detected exclusively after TAK-981 treatment or significantly increased in
abundance. Both groups were enriched for RNA-centered processes, including pre-mRNA splicing,
nuclear RNA export, ribonucleoprotein-complex biogenesis and translation initiation (Fig. 2A). Source
proteins of treatment-specific MAPs additionally mapped to chromatin organization, histone
modification, transcriptional regulation, DNA repair and telomere organization. By comparison, source
proteins of quantitatively increased MAPs were enriched for RNA catabolism, nonsense-mediated mRNA
decay, signal recognition particle-dependent co-translational targeting and post-transcriptional gene
regulation, as well as chromosome segregation and mitotic processes.

A protein-protein interaction network generated from these source proteins identified highly connected
protein hubs (Fig. 2B). These included RNA-splicing and ribonucleoprotein factors such as SNRNP
proteins, SF3B1 and HNRNP family members; translation-initiation factors and ribosomal proteins;
chaperones and proteasome components; chromatin regulators including KDMs, HDACs and KAT2A,
and DNA-damage-response proteins. Related hubs were observed across the three AML models, despite
their distinct peptide repertoires. The convergence at the pathway level indicates that SUMO inhibition
preferentially redirects HLA-I presentation toward proteins involved in nuclear organization, RNA
metabolism, translation, proteostasis and chromatin control. These observations are compatible with
altered synthesis, assembly, or turnover of SUMO-regulated protein complexes and provided a rationale
to examine whether treatment also exposed peptides from non-canonical translation products.

SUMO inhibition extends a pre-existing intronic antigen repertoire in
AML

To define the baseline AML antigen repertoire and benchmark our pipeline against our previous analysis

of untreated primary AML samples '3, we analyzed MAPs detected in time-matched DMSO controls
separately from those emerging or increasing after TAK-981 exposure. BamQuery was used to reverse
translate each peptide, mapped compatible coding sequences to the genome and prioritized the most
likely MAP-coding sequence using RNA-seq support. Expression in the corresponding AML cell line was
then compared across untreated AML cohorts, GTEx tissues, myeloid precursor cells (MPCs), blood,
bone marrow (BM), and medullary thymic epithelial cells (mTECs), enabling constitutively presented
MAPs to be classified as tumor-associated antigens (TAAs) or tumor-specific antigens (TSAs) using
established criteria (see Methods) 3037,

Because non-canonical genomic assignments are particularly sensitive to database size and spectral

ambiguity, candidate antigens underwent additional validation. Experimental spectra were compared
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with Prosit predicted fragmentation patterns, retention times and sequence coverage. Candidates were
excluded when an isomeric leucine/isoleucine variant mapped to a canonical protein or when
assignment involved highly polymorphic HLA, immunoglobulin or T-cell-receptor loci. Approximately one-
third of the initial candidates fdid not meet these criteria and were removed. To validate the identity of all
candidates, we compared their endogenous MS/MS spectra with their corresponding synthetic
counterparts. All retained candidates were subsequently validated using synthetic peptides, based on
concordance of fragment-ion series and quantitative spectral-similarity metrics (Supplementary File 1).

Prior to TAK-981 treatment, we identified 204 TAAs and 73 TSAs across the three AML cell lines, with
SKM-1 contributing the largest number (Fig. 3A). Among the TAAs, 113 were unaffected while 70
increased and 21 decreased significantly following TAK-981 treatment (Supplementary Table 3). More
than 95% of TAAs originated from in-frame coding regions (Fig. 3B), although a smaller subset mapped
to non-coding exons or other non-canonical regions. TAAs included peptides derived from established
cancer-associated proteins, including PRAME and FLT3, further supporting the biological relevance of
the workflow.

TSAs displayed a broader genomic distribution, with 57% arising from putatively non-coding regions,
predominantly introns, but also exon-intron junctions, intergenic regions and non-coding RNAs (Fig. 3B).
The detection of retained-intron-derived TSAs before treatment independently recapitulated our previous
observation in primary AML that aberrant intronic translation is an important source of leukemia-

restricted antigens 3.

We assessed the predicted immunogenicity of the TSAs using PRIME 2.0, with viral epitopes and
experimentally defined non-immunogenic peptides as reference groups. TSA scores had a median of
0.12 and were significantly higher than those of non-immunogenic peptides (Fig. 3C). More than 30% of
the TSAs, including 14 intron-derived peptides, scored at or above the lower bound of the viral antigens
(0.15-0.27), and approximately 5% exceeded this range. Although these predictions do not demonstrate
T-cell recognition, they prioritize candidates with features associated with immunogenicity. Supporting
the biological relevance of this antigen class, we previously demonstrated T-cell immunogenicity for
three intron-derived MAPs initially identified in primary AML cells (ALPVALPSL, SLLSGLLRA, and
DPLLLRI) '3,

Most TSA-coding sequences were undetectable or expressed at very low levels in normal tissues,
mTECs and MPCs but were detected in AML cell lines and patient samples from two independent AML
cohorts (Fig. 3D, 3E and Supplementary Table 3). This restricted expression supports their classification
as TSAs and a reduced likelihood of central tolerance or off-tumor recognition. Some TSA-coding regions
increased transcriptionally after TAK-981 exposure, whereas others changed in presentation without a
corresponding increase in source RNA, implicating additional regulation through RNA processing,
translation, protein turnover or HLA loading.
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Many TSA-coding sequences were recurrently expressed in the Leucegene and TCGA-AML cohorts,
although their abundance varied considerably among patients (Fig. 3E). This heterogeneity makes
reliance on a single universal antigen unlikely and instead supports multi-antigen strategies combining
recurrent TSAs with targets selected according to each tumor’s transcriptome and HLA genotype.

An additional 453 MAPs emerged or increased following TAK-981 treatment and arose from coding
sequences rarely detected in untreated normal tissues or AML samples. Because GTEXx, Leucegene and
TCGA comprise untreated samples and cannot establish whether these sequences are similarly induced
by TAK-981 in normal cells, we designated them as TAK-981-induced antigens rather than TSAs. Notably,
nearly 60% originated from retained introns (Supplementary Table 3). Thus, SUMO inhibition both
remodels the pre-existing intronic TSA repertoire and exposes additional retained-intron-derived
antigens. These observations prompted us to determine whether peptide-presentation kinetics track
retained-intron accumulation directly or are further shaped by transcript fate, translation and antigen
processing.

Time-resolved transcriptomics identifies two distinct programs of
intron retention

To determine how SUMO inhibition alters splicing over time, we treated MOLM-13 with 20 nM TAK-981
and performed RNA-seq in triplicate at 0, 12, 24, 36 and 48 h (Fig. 4A). Alternative splicing events were
quantified with SpliceWiz 32 using the splice-over Percent Spliced-In (PSI). Intron-retention events
quantified at four or more of the five time points were fitted with polynomial models, and significant
temporal profiles were grouped by fuzzy c-means clustering, retaining events with membership scores >
0.7. Quality-control metrics were consistent, replicates clustered tightly and principal component
analysis separated samples by treatment duration for both transcriptomic and splicing analyses
(Supplementary Fig. 4A,B). Dynamic IR events were identified from profiles quantified at four or more of
the five time points using polynomial fits benchmarked against randomized profiles at a 5% FDR
(Supplementary Fig. 4C). Significant profiles were grouped by fuzzy c-means clustering; silhouette
analysis supported a two-cluster solution, and only events with membership scores > 0.7 were retained.

Among the alternative-splicing classes examined, intron retention showed the largest absolute temporal
change (Fig. 4B). Of approximately 50,000 quantified events, 7,741 met the temporal significance and
cluster-membership criteria. Ordering these events by cluster and estimated half-rise time revealed two
programs (Fig. 4C). Cluster 1 (late-rising) comprised 5,250 introns that accumulated progressively, with
the largest changes at 36—48 h. Cluster 2 (early-rising) contained 2,491 introns that increased earlier but
more modestly. Thus, TAK-981 did not uniformly reduce splicing efficiency; distinct intron classes
became susceptible at different stages of the response.

To identify features associated with TAK-981 sensitivity, we compared both clusters with efficiently

spliced and stably retained introns (Fig. 4D). Responsive introns were generally longer than those in the

reference groups. Cluster 1 contained the longest and most AU-rich events and was enriched for internal
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introns. Cluster 2 had weaker 5' donor and 3' acceptor scores and was enriched for last and other 3'-
proximal introns. The early response therefore preferentially involved introns that were relatively shorter
and GC-richer than those in Cluster 1 but had weaker splice sites features associated with susceptibility
to intron retention 3334, These results suggest that introns dependent on core splice-site recognition
respond rapidly to SUMO inhibition, whereas long, AU-rich internal introns accumulate gradually as
auxiliary splicing-factor availability or recycling becomes limiting. The intermediate properties of stably
retained introns further support a graded spectrum of susceptibility to SUMO inhibition.

RNA-binding protein (RBP) motif analysis further supported distinct trans-factor requirements between
the two clusters (Fig. 4E). Sequences flanking the splice sites were enriched for motifs recognized by SR
proteins, HNRNPs, U2AF-associated factors and DDX helicases. Enrichment was stronger in Cluster 1,
consistent with its long, AU-rich introns and their reliance on auxiliary splice-site recognition, whereas the
weaker, more 5'-biased enrichment in Cluster 2 suggested a greater contribution of suboptimal core

35-37

splice sites. Several implicated RBPs are known or predicted SUMO substrates or nuclear-speckle

components®8, providing a plausible link between SUMO inhibition and altered splicing, although the
contributions of individual factors remain to be established.

Functional enrichment further distinguished the two programs (Supplementary Fig. 5A). Cluster 1 genes
were enriched for ribonucleoprotein-complex biogenesis, RNA processing and nucleocytoplasmic
transport, whereas Cluster 2 was associated more strongly with ubiquitin-dependent protein catabolism
and proteostasis. Disruption of these processes could influence RNA maturation, translation and antigen
processing, thereby contributing to downstream changes in transcript fate and HLA-I presentation.

Both clusters were distributed across multiple chromosomes, indicating a genome-wide response
(Supplementary Fig. 5B). Network analysis identified connected modules associated with RNA
regulation, transcription and epigenetic control, and antigen processing, accompanied by coordinated
expression changes over time (Supplementary Fig. 5C). Together, these data define a large, late-
accumulating program involving long, AU-rich internal introns with greater auxiliary-factor dependence
and a smaller, earlier program enriched for 5'-proximal introns with weaker splice sites. These distinct
properties provide a framework for examining how each program contributes to non-canonical peptide
generation.

Distinct intron-retention programs are associated with temporally
regulated presentation of intronic HLA-I peptides

To relate RNA-processing changes to antigen presentation, we profiled the MOLM-13 HLA-I
immunopeptidome at 0, 12, 24, 36, 48 and 60 h after TAK-981 treatment, using time-matched vehicle
controls and three biological replicates per condition. We identified 16,965 unique MAPs across the time
course with 12,366 - 14,187 quantified at each time point (Fig. 5A). BamQuery assigned 490 putative
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MAPs to alternative-splicing events: 438 to retained introns and 52 to alternative 3'- or 5-splice-site
usage (Fig. 5B, Supplementary Table 4).

Of the 438 retained-intron-derived MAPs, 167 (38.0%) mapped to dynamically regulated IR events: 122 to
the late-accumulating Cluster 1 and 45 to the earlier Cluster 2. These MAPs arose from 160 distinct IR
events, indicating that some retained introns generated multiple HLA-I ligands. Cluster 1-associated
MAPs were approximately 2.9-fold more numerous than those associated with Cluster 2, partly reflecting
the larger size and progressive accumulation of Cluster 1. The remaining 271 MAPs mapped to introns
without significant temporal regulation, potentially reflecting constitutive presentation, limited
quantitative sensitivity, or restricted access of nuclear-retained transcripts to translation.

We next classified the 160 peptide-producing and dynamically related IR events according to their
predicted effects on translation and RNA surveillance (Fig. 5C). Four transcript-fate categories were
identified: 5’'UTR, in which retention occurred upstream of the annotated initiation site; PTC-free, in which
retention altered the translated sequence without introducing a premature termination codon (PTC);
NMD escape, in which the PTC was positioned to escape nonsense-mediated decay (NMD); and NMD-
sensitive, in which the PTC was predicted to trigger NMD. Most events were NMD-sensitive, with smaller
subsets predicted to avoid NMD through PTC position, absence of a PTC, or localization within the 5'
untranslated region.

These categories suggest several routes by which retained introns can contribute to HLA-I presentation.
Because NMD requires translation 3°, pioneer translation of these transcripts is expected to generate
truncated, short-lived polypeptides that are rapidly degraded and may provide efficient substrates for
proteasomal processing and MHC-I presentation “°. Transcripts lacking a PTC or carrying one in an
NMD-insensitive position may instead produce extended or alternative isoforms subject to constitutive
or quality-control-mediated degradation. Retention within the 5' untranslated region may alter translation
initiation or expose intronic initiation sites that generate short upstream open reading frames. Intronic
antigen presentation may therefore arise through multiple translation and RNA-surveillance pathways.

Representative examples of each predicted fate are shown in Fig. 5D. For each locus, the transcript
structure and genomic position of the retained intron were integrated with the predicted intronic open
reading frame, alternative initiation codons, termination codons, and the position of the identified MAP.
The examples include an intron retained within the last exon that introduces a PTC but is predicted to
escape NMD, an intron-retaining transcript without a PTC that encodes an alternative protein isoform, a
retained intron located upstream of the annotated translation-initiation site, and a PTC-generating
retained intron predicted to trigger NMD. In each case, the identified MAP mapped within the translated
intronic sequence and was supported by its experimental MS/MS spectrum. These examples
demonstrate that all four predicted transcript fates can generate detectable HLA-I ligands.

We next examined the expression of these MAP-coding regions across AML and normal tissues
(Supplementary File 2). Figure 5E focuses on the examples in Fig. 5D together with additional peptides
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derived from intron 1 of the pseudogene AC078630.2. Most coding regions were undetectable or
expressed at very low levels in GTEXx tissues, myeloid precursor cells and mTECs, whereas several
recurred in the Leucegene and TCGA-AML cohorts. Expression varied among AML subtypes and
patients, indicating that individual antigens are unlikely to provide universal coverage. When detected in
normal blood, bone marrow or other tissues, expression remained below 8.55 RPHM making MAP
generation unlikely 3. Furthermore, low expression in mTECs decreases the risk of central immune
tolerance induction 4'.

Because data-dependent acquisition (DDA) can miss low-abundance HLA-I ligands, we asked whether
individual IR events generated additional MAPs not detected in the discovery dataset. From the 160
peptide-associated IR events, we selected 39 predicted microproteins based on PSI, predicted HLA-
binding capacity and recurrence across MOLM-13, SKM-1, and THP-1 cells. These comprised nine events
increased by TAK-981 in all three cell lines, five additional high-ranking events from each of THP-1 and
SKM-1, and the 20 highest-ranking remaining MOLM-13 events. Predicted strong binders were analyzed
by targeted MS in cells treated with vehicle or TAK-981 for 12 or 60 h, using three biological replicates of

5x107 cells per condition.

Targeted analysis detected 68 distinct intronic MAPs from 39 predicted microproteins ranging from 15
to 146 amino acids, with 19 IR events generating two or more peptides (Supplementary Table 5). All 68
MAPs were sequence-confirmed using synthetic peptide standards (Supplementary File 1). Retention of
intron 5 in G3BP2, for example, generated a predicted 63-amino-acid microprotein that yielded four
partially overlapping MAPs (FFNVIICL, SILGNMYFY, NYLIDLPLM and YLIDLPLMY) in MOLM-13 cells
(Fig. 6A). Targeted analysis confirmed the original identification by data-dependent acquisition (DDA)
and revealed three additional ligands. All four increased after 12 h of TAK-981 exposure, although their
baseline detection and degree of induction differed.

IR events initially identified in MOLM-13 also generated MAPs in SKM-1 and THP-1 cells. Eleven events
produced detectable peptides in at least two cell lines, although not every candidate was targeted in all
three models. Retention of intron 9 in RC3H2, a late-rising NMD-sensitive event, encoded a predicted 54-
amino-acid microprotein that yielded five MAPs (KTPDNINSV, LISNQLHTL, ISNQLHTLL, LFKQTGIIQR and
KQTGIIQRI) across the three cell lines (Fig. 6B). Most increased after 60 h of TAK-981 treatment. Thus, a
common intron-derived microprotein can generate different HLA-I ligands according to cellular and HLA
context.

All 68 MAP sequences were absent from both our previous AML antigen dataset'® and the HLA Ligand
Atlas, supporting their classification as previously unreported ligands. Their predicted source
microproteins also lacked entries in imPi, the Human Microprotein Atlas or OpenProt databases
(Supplementary Table 5), supporting their designation as previously unannotated microproteins. These
findings show that DDA captures only part of the antigenic output of retained introns. SUMO inhibition
may expand the intronic immunopeptidome by increasing the availability of selected retained-intron
transcripts and exposing multiple HLA-compatible peptides from each translated microprotein.
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Finally, we examined whether the peptide-generating IR events identified in MOLM-13 were also present
in primary AML, and how their retention compared with healthy hematopoietic samples. PSI values from
the TAK-981-time course were compared with those from selected untreated Leucegene AML samples
representing FAB M1-M5 subtypes, including splice-factor-wild-type, SRSF2-mutant and U2AF1-mutant
cases, as well as healthy myeloid precursor cells (MPCs), bone marrow and blood (Fig. 7). Both early-
and late-rising IR events recurred in primary AML, although their magnitude varied considerably among
patients. Their presence in untreated AML indicates that TAK-981 amplifies pre-existing disease-
associated splicing abnormalities rather than creating an entirely artificial state.

Comparison with healthy samples revealed two broad patterns. A subset of IR events recurred across
primary AML samples but showed little or no retention in healthy hematopoietic cells, consistent with
AML-enriched splicing abnormalities; this pattern was particularly apparent among late-rising events.
Other events displayed comparable PSI values in AML and healthy samples, suggesting that they
represent physiological or broadly shared IR programs rather than leukemia-restricted events.
Importantly, detection of a source IR event in healthy cells does not establish its translation or HLA |
presentation, which may remain selectively enhanced in AML through differences in transcript fate,
translation, antigen processing or HLA genotype. Mean expression values for the corresponding MAP-
coding regions across GTEXx tissues, Leucegene and TCGA AML cohorts, pooled mTECs, and DMSO- or
TAK-981-treated AML cell lines are provided in Supplementary File 2.

The IR events occurred across FAB M1-M5 subtypes, with no single subtype accounting for the complete
signature. Some showed higher relative PSI values in particular subtypes or in SRSF2- or U2AF1-mutant
AML, consistent with the effects of these mutations on splice-site recognition. However, the same
events were also detected in splice-factor-wild-type samples, indicating that canonical spliceosome
mutations are not required. Other contributing mechanisms may include epigenetic state, transcriptional

dynamics, RBP availability and post-translational regulation of spliceosome function*?.

Together with the targeted immunopeptidomic results in Fig. 6, these findings show that recurrent IR
events can generate multiple, cell-context-dependent HLA | ligands across AML cell lines and that their
source events recur in primary AML. Although peptide presentation was not assessed directly in the
Leucegene or healthy cohorts, the relative enrichment of these IR events in AML, together with the
previous identification of intron-derived MAPs in primary AML samples '3, support the biological and
translational relevance of the splicing programs exposed by SUMO inhibition.

Discussion

This study establishes SUMOylation as a regulatory interface between RNA processing and HLA-I
antigen presentation in AML. TAK-981 induced an interferon-associated antigen-processing program,
remodeled the canonical immunopeptidome, and exposed peptides from non-canonical genomic
regions. Time-resolved analyses identified two kinetically and structurally distinct intron-retention
programs, subsets of which encoded short microproteins that generated multiple HLA-I-associated
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peptides. The corresponding IR events recurred across AML cell lines, FAB subtypes and primary
Leucegene transcriptomes, including untreated samples, indicating that SUMO inhibition amplifies rather
than solely creates RNA-processing abnormalities intrinsic to AML. Comparison with healthy
hematopoietic samples further distinguished AML-enriched events from IR programs shared with normal
cells, revealing that TAK-981 acts on both disease-associated and physiological layers of intron
retention.

Intronic antigen presentation is not unique to AML. Cancer-associated intron retention has been reported

across multiple tumor types, including in the absence of mutations in core splicing factors %3, and
retained-intron neoepitopes have been detected by MS in melanoma, lymphoma and myeloid cell lines

44 Non-canonical HLA-I ligands have also been identified in ovarian, colorectal, lung and other cancers
304547 AML may nevertheless be particularly enriched for such antigens: in primary AML, 48% of 58
high-confidence TSAs originated from retained-intron translation '2. This apparent enrichment should be

interpreted cautiously because published studies differ in sample input, sequencing depth, database
construction, normal-tissue subtraction, and peptide-validation criteria.

Several features of AML provide a plausible basis for extensive intron-derived antigen presentation,
including differentiation arrest, epigenetic dysregulation, high transcriptional activity, and frequent
perturbation of RNA-processing pathways 3. Accordingly, TAK-981-responsive introns were detected in
SRSF2- or U2AF1-mutant AML. These patterns suggest that lineage state and splice-factor genotype
modulate the magnitude of individual events. Their recurrence in splice-factor-wild-type AML
nevertheless demonstrates that canonical spliceosome mutations are not required. Instead, these
programs probably reflect interactions between intron architecture and trans-acting constraints such as
RBP availability, transcription kinetics and post-translational regulation of spliceosomal complexes.
SUMOylation of PRPF3 promotes interactions required for U4/U6-U5 tri-snRNP assembly or recruitment,
whereas disruption of the SUMO cycle impairs splicing 2’. Our findings suggest that SUMO inhibition
may disrupt both core splice-site recognition and auxiliary RBP-dependent processing.

The predicted fates of peptide-producing transcripts provide insight into how retained introns enter the
HLA-I pathway. Most were classified as NMD-sensitive, supporting a model in which pioneer translation
of premature-termination-codon-containing transcripts generates short-lived products suitable for
proteasomal processing. However, intronic MAPs also arose from transcripts lacking premature
termination codons, carrying last-exon termination codons predicted to escape NMD or retaining introns
upstream of the canonical initiation site. Intronic antigen production is therefore not confined to a single
NMD-defective-ribosomal-product route. Nuclear export, alternative initiation, translation efficiency,
protein turnover, proteasomal cleavage and HLA affinity collectively determine antigen presentation.
Intron retention is necessary for these peptides to exist but is insufficient to predict their MHC |
presentation.

Targeted MS substantially expanded the antigenic repertoire initially captured by DDA. IR events
represented by a single discovery peptide yielded additional sequence-validated MAPs in the same AML
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model and distinct HLA-compatible ligands in other cell lines. Overall, this approach identified 68 intronic
MAPs derived from 39 predicted microproteins, none of which was represented in the Human
Microprotein Atlas or OpenProt. The recovery of multiple MAPs from individual IR events supports the
productive translation of antigen-rich polypeptides rather than isolated epitopes and demonstrates how
HLA genotype diversifies their presentation. Pending functional characterization, these products are best
classified as peptideins — microproteins with indeterminate functional potential 6. Peptideins yielding
MHC I-ligands exhibit greater evolutionary constraint than those with detectable ligands %8. Together
with the recurrence of the corresponding IR events across AML cell lines and primary AML
transcriptomes, this observation supports their biological relevance but does not establish function.
Nevertheless, some peptideins may have roles beyond serving as antigen precursors, as non-canonical
ORFs can encode functional proteins required for cancer-cell fitness “, including regulators of
membrane and metabolic processes °C. lllustrative IR events occurred within G3BP2 and RC3H2, genes
involved in RNA fate and ribonucleoprotein-granule biology. G3BP2 is a stress-granule scaffold whose
SUMOylation regulates granule assembly and disassembly ®', whereas RC3H2 encodes Roquin-2, a post-

transcriptional repressor of immune-regulatory transcripts °2. These loci connect intronic antigen
production to RNA surveillance, stress adaptation and immune regulation.

These findings suggest that recurrent IR events triggered by TAK-981 may provide broader therapeutic
coverage than individual peptides. Individual peptideins generated several HLA-binding MAPs, while the
same IR event yielded different ligands across AML models according to HLA context. Such events
could support multivalent vaccines or TCR-based therapies tailored to patient HLA genotype.
Prioritization will nevertheless require confirmation of peptide presentation on primary blasts and
leukemic stem cells, T-cell recognition, clonal conservation and absence from essential normal tissues
upon TAK-981 administration.

Finally, the results broaden the therapeutic rationale for SUMO inhibition. TAK-981 has direct

antileukemic activity 22, synergizes with 5-azacytidine in AML 4

and activates type-l-interferon-
dependent antitumor immunity in preclinical models 2°. First-in-human studies have established
pharmacological target engagement and immune activation, although monotherapy efficacy was limited

in unselected tumors®3. Our data suggest that SUMO inhibition can couple leukemic stress and innate
immune activation to expansion of the non-canonical immunopeptidome. Testing TAK-981 with vaccines
based on drug-induced intronic MAPs, engineered T cells or checkpoint blockade will determine whether
expansion of intronic MAP diversity can be converted into durable antileukemic immunity.

Methods
Reagents

TAK-981, an inhibitor of the SUMO-activating enzyme, was purchased from MedChemExpress (HY-
11178). It was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich), aliquoted, and stored at - 80°C for
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no longer than six months.

Cell culture

The human acute myeloid leukemia (AML) cell lines MOLM-13 (DSMZ ACC 554), SKM-1 (DSMZ ACC
547), and THP-1 (DSMZ ACC 16) were obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ); their characteristics are summarized in Supplementary Table I. After thawing, cells
were allowed to recover for seven days and were confirmed to be mycoplasma-free using an InvivoGen
detection kit. Cells were maintained at 37°C and 5% CO, in humidified incubators in RPMI-1640 medium
(ATCC modification; Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Wisent) and 1%
penicillin-streptomycin (Gibco).

For each experiment, cultures were divided between DMSO vehicle-control and TAK-981 treatment
groups. Unless otherwise stated in the figures or legends, cells were exposed to 20 nM TAK-981 or the
corresponding DMSO vehicle for 48 h. Cells were then harvested by centrifugation at 1,100 rpm for 10
min, washed in ice-cold phosphate-buffered saline (PBS), counted, and pelleted. Aliquots of 5 x 106 cells
were stored at - 80°C for western blotting and MS-based proteomic profiling, whereas aliquots of 1 x 108
cells were stored for downstream immunopeptidomic analyses. Western blotting was used to confirm
treatment efficacy. Four biological replicates were collected per condition for the 48-h experiments and
three per condition for the time-course experiments.

Western blotting

Cell pellets were lysed in 400 pL of 8 M urea, 20 mM imidazole, 100 mM NaH,PO,, 5 mM 2-
mercaptoethanol (B-ME), and 10 mM Tris-HCI (pH 6.3). Lysates were vortexed for 40 s, sonicated for 10
s, and centrifuged at 3,700 rpm for 5 min. Protein concentrations were determined by Bradford assay
(Bio-Rad). On ice, lysates were mixed with water and 5x Laemmli buffer containing 10% SDS, 30%
glycerol, 5% B-ME, 0.02% bromophenol blue, and 250 mM Tris-HCI (pH 6.8), and heated at 95°C for 10
min. Proteins were separated on 4-12% precast Bis-Tris gels (Bio-Rad), transferred to nitrocellulose
membranes (VWR), and assessed for transfer quality by Ponceau S staining.

Membranes were blocked for 1 h at room temperature in TBST containing 2.5% bovine serum albumin
and 2.5% non-fat milk. Primary antibodies were applied overnight at 4°C and for an additional 1 h at
room temperature, followed by secondary antibodies for 1.5 h at room temperature. Membranes were
washed three times for 15 min in TBST and developed using ECL Plus (Cytiva); signals were recorded on
Fujifilm. Primary antibodies were rabbit anti-HLA-A (Abcam, ab52922; 1:1,000) and mouse anti-SUM02/3
(Abcam, ab81371; 1:1,000). Secondary antibodies were HRP-conjugated goat anti-rabbit IgG (Cell
Signaling Technology, 7074S; 1:10,000) and horse anti-mouse IgG (Cell Signaling Technology, 7076S;
1:10,000), all diluted in blocking buffer.

Cell proliferation assay

DMSO- or TAK-981-treated AML cells were seeded in 96-well plates at 1.5 x 104 cells per well in 100 pL of
culture medium. Three biological replicates, each comprising eight technical replicates, were analyzed
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per condition. At 3 and 48 h after seeding, 10 uL of WST-1 reagent (Roche) was added, and cells were
incubated for 3 h at 37°C and 5% CO.,. Plates were shaken for 1 min, and absorbance was measured at
450 nm, with a 620-nm reference, using an Infinite 200 Pro reader (Tecan).

RNA extraction and sequencing

Total RNA was isolated from 2 x 10¢ treated cells using TRIzol (Invitrogen) and the RNeasy Mini kit
(Qiagen) according to the manufacturers’ recommendations. RNA quality was assessed using an Agilent
2100 Bioanalyzer; all samples had an RNA integrity number of 10. Poly(A)-selected libraries were
prepared using the KAPA mRNA HyperPrep kit (Roche), quantified by Qubit, and assessed for size using
the Bioanalyzer DNA 1000 assay. Libraries were diluted to 10 nM, normalized by qPCR with the KAPA
Library Quantification Kit, pooled at equimolar concentrations, and sequenced as 100-bp paired-end
reads on an lllumina NextSeq2000, yielding a mean of 130 million read pairs per sample. Library
preparation and sequencing were performed at the IRIC Genomics Platform.

Transcriptomic analyses

Bioinformatic processing. Reads were trimmed with Trimmomatic v0.35 >* and aligned to GRCh38 using
STAR v2.7.5.1a °°, with GENCODE v33 annotations based on Ensembl 99. Gene-level counts were
obtained from STAR, and normalized gene- and transcript-level expression, reported as transcripts per

million (TPM), was estimated with RSEM °® for stranded libraries. Analyses were performed at the IRIC
Bioinformatics Platform.

HLA genotyping. HLA alleles were inferred from next-generation sequencing data using OptiType °/ and
are reported in Supplementary Table 1.

Differential expression. Gene counts were obtained from the aligned FASTQs using RSubread °® and
normalized to log2 counts-per-million with voom °° from the limma packag®®. Within each cell line, fold
changes were calculated from log counts-per-million values for TAK-981 relative to DMSO. Genes with
llog, fold change (FC)| > 1 in at least two AML cell lines were considered commonly differentially
expressed and subjected to Gene Ontology (GO) enrichment analysis with clusterProfiler 7, using all
genes quantified by RNA-seq in each cell line as the background. Commonly dysregulated genes were
queried against STRING v11.5 62 to generate protein—protein interaction networks, which were visualized

in Cytoscape v3.9.1 3. Subnetworks were grouped using PANTHER®* according to UniProt annotations
(35) and assigned GO terms.

Database generation

Global cancer databases were generated as previously described #¢®° by combining canonical and
treatment-specific proteomes. For the canonical component, sample-specific exomes were created by
incorporating single-nucleotide variants with quality scores > 20, identified using FreeBayes v1.0.2 95, into
pyGeno v2.0.0 7. Quantified annotated open reading frames (ORFs; TPM > 0) were translated in silico
and appended in FASTA format to the canonical proteome.
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For the treatment-specific component, DMSO samples were used to remove reads not induced by TAK-
981. RNA-seq reads were divided into 33-nucleotide k-mers, and k-mers occurring fewer than twice in
DMSO samples were retained. Overlapping k-mers were assembled into contigs and translated in all
three reading frames using an in-house Python script. The resulting peptides were concatenated into
sequences of approximately 10,000 amino acids, separated by “JJ” linkers to reduce database entries.
For each cell line, the canonical and TAK-981-specific proteomes were then combined into a
personalized global cancer database.

Isolation of MHC-associated peptides

W6/32 antibodies (Bio X Cell) were coupled to Protein A Sepharose 4B beads (Invitrogen) and stored at
4°C in PBS (pH 7.2) containing 0.02% NaN,. Cell pellets (1 x 108 cells per replicate) were resuspended
with 0.5 mL PBS and mixed with 1 mL of ice-cold lysis buffer containing 1% CHAPS and protease
inhibitor cocktail. After tumbling for 45 min at 4°C, lysates were centrifuged at 16,6009 for 20 min at 4°C.
Supernatants were transferred to tubes containing 0.5 mL (500 pg) of W6/32—-Sepharose beads, and
MHC-associated peptides (MAPs) were immunoprecipitated as described previously 8. Eluted MAPs
were dried by vacuum centrifugation and stored at - 20°C until MS analysis.

Mass spectrometry

Dried peptide extracts were resuspended in 4% formic acid (FA), loaded onto a 25-cm lonOpticks Aurora
C18 column, and separated on a Vanquish Neo nanoLC system at 300 nL/min using a 2-h gradient from
0% to 38% acetonitrile in 0.2% FA. Peptides were analyzed in positive-ion mode on an Orbitrap Ascend
Tribrid mass spectrometer equipped with a Nanospray Flex source operated at 3 kV. Full MS spectra
were acquired at 120,000 resolution, followed by data-dependent HCD MS/MS of the most abundant
multiply charged precursors over m/z 350-760. MS/MS spectra were acquired at 30,000 resolution with
a normalized automatic gain control target of 100%, a 59-ms injection time, and a normalized collision
energy of 27%. Instrument control used Xcalibur v4.6 (Thermo Fisher Scientific).

MAP identification and quantification

Identification. Database searches were performed in PEAKS XPro v10.6 (Bioinformatics Solutions Inc.)
69 with precursor and fragment mass tolerances of 10 ppm and 0.01 Da, respectively. Methionine
oxidation and asparagine/glutamine deamidation were specified as variable modifications. Results were
imported into MAPDP 79 and filtered to retain unique 8—11-mer peptides with a NetMHCpan-4.1b eluted-
ligand rank < 2% /' at a 5% false discovery rate (FDR). FDR was estimated from PEAKS decoy hits
generated by the decoy-fusion strategy.

Quantification. Label-free quantification was performed in PEAKS XPro. After MAPDP filtering, only
peptides detected in at least two of three replicates in at least one condition were retained. Missing

values were imputed by random forest, and intensities were variance-stabilizing normalized using DEP2
72
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Differential presentation after 48 h. TAK-981 and DMSO conditions were compared using the moderated
t-test implemented by the DEP2 test_diff() function, with Benjamini—Hochberg correction. Peptides
detected in both conditions were considered differentially presented when |log,FC| > 1 and adjusted P <
0.05. Peptides detected in at least two DMSO replicates but no TAK-981 replicate were classified as
repressed; those detected in at least two TAK-981 replicates, but no DMSO replicate were classified as
induced.

Kinetic analysis. To define temporal MAP profiles, only peptides with abundance ratios available at four
or more of six time points were retained. Each profile was fitted with first- to fourth-order polynomials
and compared with repeatedly randomized data to estimate curve-fitting FDRs and coefficients of
determination (R?). For each polynomial order, profiles passing a 5% FDR threshold were retained. Fuzzy
c-means clustering was performed with Mfuzz 73; cluster number and fuzzifier were optimized as
recommended 74, and only MAPs with membership scores > 0.7 were assigned.

Source-gene analysis. GO enrichment was performed with clusterProfiler 8' using source genes of
differentially presented or clustered MAPs; the background comprised all source genes represented in
each sample’s immunopeptidome. Genes shared by at least two cell lines were queried in STRING v11.5

(33), and interaction networks were visualized in Cytoscape v3.9.1 83 (34). Subnetworks were grouped

using GO terms and UniProt functional annotations %*.

MAP coding-sequence assignment and quantification

BamQuery 3! was used to assign a MAP-coding sequence (MCS) and genomic source to each MAP from
RNA-seq data. Each peptide was reverse-translated into all possible nucleotide sequences, which were
aligned to the human genome. When several loci encoded the same peptide, in-frame protein-coding loci
were prioritized. If ambiguity remained and no canonical protein encoded the MAP, the locus with the
highest RNA-seq expression was selected. MCS abundance was calculated by summing reads spanning
the sequence at its genomic position. Assigned MCSs were quantified across normal tissues (GTEX,
medullary thymic epithelial cells, blood, bone marrow, and myeloid precursor cells, MPCs) and AML
cohorts (TCGA-AML and Leucegene).

Tumor-antigen candidate selection

Tumor-antigen candidates were classified from MCS expression in cancer and normal tissues as
described previously 3. Tumor-specific antigens (TSAs) required (i) expression < 8.55 reads per hundred
million (RPHM) in > 90% of normal samples, including GTEx tissues except testis, MPCs, medullary
thymic epithelial cells, blood, and bone marrow, and (ii) mean expression at least twofold higher in TCGA-
AML or Leucegene-AML than in MPCs. Tumor-associated antigens (TAAs) required (i) expression > 8.55
RPHM in > 10% of samples from any benign tissue and (ii) mean expression at least twofold higher in
cancer than in MPCs and other normal samples.
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Candidate spectra were compared with spectra predicted by the Prosit 2020 non-tryptic HCD model 73,

and retention times were evaluated using the Prosit 2019 iRT model and DeepLC 7%, calibrated against
experimental values. Candidates were retained if they had (i) a Prosit spectral angle > 0.60, (ii) an
absolute predicted-to-observed retention-time difference < 6 min, and (iii) > 50% sequence coverage by
MS/MS fragments. Because leucine and isoleucine cannot be distinguished by standard MS, candidates
containing either residue were assessed with MS-Homology in Protein Prospector
(https://prospector.ucsf.edu/mshomology); candidates with an I/L variant mapping to a canonical
protein were excluded.

Immunogenicity prediction

TSA immunogenicity was predicted using PRIME 2.1 7/, with known viral and non-immunogenic peptides

as positive and negative controls, respectively. Scores were compared using the Kruskal—-Wallis test.

Validation with synthetic peptides

All putative TSAs and all intronic MAPs included in the final reported datasets, including peptides
detected by global DDA and targeted analyses, were synthesized by GenScript or GL Biochem. Synthetic
peptides were dissolved in DMSO at 1 nmol/pL and diluted to 200-500 fmol/pL in 4% formic acid.
Peptides were separated on a 25-cm lonOpticks Aurora C18 column over 70 min using an Evosep One
coupled to an Orbitrap Ascend Tribrid mass spectrometer. Targeted acquisition was performed using
peptide-specific inclusion lists. MS1 scans were acquired at 120,000 resolution, with a normalized AGC
target of 100% and a 251-ms maximum injection time. HCD MS/MS scans were acquired at 45,000
resolution, with a normalized AGC target of 5,000%, a 91-ms maximum injection time and a normalized
collision energy of 27%. Data were analyzed in PEAKS 12, and synthetic and endogenous spectra were
compared using mirror plots generated by an in-house script. Because the endogenous discovery
samples and synthetic standards were analyzed using different chromatographic configurations,
retention-time co-elution was not used as a criterion for synthetic-standard confirmation. Only peptides
satisfying a spectral angle of at least 0.6 were retained in the final putative TSA and intronic MAP
datasets.

Splicing analysis and identification of aberrant-splicing-
derived neoantigens

Detection and characterization of aberrant splicing. Alternative splicing was analyzed with SpliceWiz 32
using RNA-seq from MOLM-13 cells treated with TAK-981 for 12, 24, 36, or 48 h or with DMSO at 0 h
(three biological replicates per condition). The reference was built from Ensembl GRCh38 release 99
using SpliceWiz buildFullRef() function. FASTQ files generated as described above were realigned with
STAR through the SpliceWiz STAR_alignExperiment() and processBAM() functions, and the resulting files
were used to quantify splice-junction reads, IR, and novel splicing events. Analyses of potential cryptic-
antigen sources focused on alternative 3' splice sites, alternative 5' splice sites, and IR events. For
temporal analysis, only IR events with PSI values available at four or more of the five RNA-seq time
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points were retained. Each profile was fitted with first- to fourth-order polynomial models and compared
with randomized profiles to derive order-specific R? thresholds corresponding to a 5% FDR. Significant
profiles were grouped by fuzzy c-means clustering; the cluster number was selected by silhouette
analysis, and only events with membership scores > 0.7 were retained.

Potential trans-acting regulators of clustered IR events were examined by testing RNA-binding-protein
motif enrichment within + 200 nucleotides of both splice sites using RBPmap
(http://rbpmap.technion.ac.il/). Cis features included 3'- and 5-splice-site strength, calculated with the
maximum-entropy model 78, GC content, intron length, and intron position. Genomic distributions were
visualized with karyoploteR 7°.

Analysis of patient samples. Alternative splicing was also evaluated in Leucegene RNA-seq samples
randomly selected from FAB M1-M5 AML and from wild-type (n = 18), SRSF2-mutant (n = 5), or U2AF1-
mutant (n = 5). A subset of 160 IR events was quantified across these groups using the SpliceWiz
pipeline described above. DESeq2 8% was used to compare spliceosome-mutant cases with wild-type
controls, with Benjamini—Hochberg correction. Events with [log,FC| > 1 and adjusted P < 0.05 were
considered differentially expressed.

Analysis of healthy hematopoietic samples. Similarly to patient samples, alternative splicing
quantification was performed in myeloid precursor cells (MPCs, n = 11), purified blood (n = 20) and bone
marrow (BM, n=11).

Database construction and intronic-peptide identification. Selected aberrantly spliced isoforms were
translated in silico into all possible 8—11-mers of the 3-frames and appended to the personalized
database for each AML cell line. Candidates were identified as described above. Intronic peptides were
assigned with BamQuery, and their genomic coordinates were intersected with SpliceWiz IR events.
Putative ORFs were inferred by considering canonical and near-cognate start codons and canonical stop
codons in all three translated intronic reading frames. Because most predicted ORFs encoded fewer than
100 amino acids, they were designated intron-derived microproteins.

Targeted detection of MAPs from intron-derived peptideins. The 160 IR events modulated over the
MOLM-13 TAK-981 time course and yielding at least one intronic peptide were evaluated in all three AML
cell lines. Within each cell line, events were ranked by mean percent-spliced-in value and by the numbers
of predicted weak and strong HLA binders encoded by the putative intron-derived microprotein. The final
targeted panel contained 39 peptideins: all nine events consistently upregulated by TAK-981 in the three
cell lines, the five highest-ranked additional events in THP-1, the five highest-ranked additional events in
SKM-1, and the 20 highest-ranked remaining events in MOLM-13. Cell-line-specific inclusion lists
comprised predicted strong binders from common and corresponding cell-line-specific microproteins
(MOLM-13: 455, SKM-1: 114, THP-1: 77 peptides).

MOLM-13, SKM-1, and THP-1 cells were treated with DMSO or TAK-981 and harvested at 12 and 60 h, the
time points associated with maximal presentation of peptides from the selected IR events. Three
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biological replicates of 5x107 cells were collected per condition. MAPs were isolated by
immunoprecipitation as described above and analyzed by parallel reaction monitoring using cell-line-
specific inclusion lists and the acquisition parameters used for synthetic peptides.
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Figure 1

Application of a proteogenomic workflow reveals that TAK-981 induced reshaping of the AML
immunopeptidome and enhanced MHC class | peptide presentation. A) AML cells (SKM-1, MOLM-13,
THP-1) were treated with 20 nM TAK-981 or DMSO for 48h. A time-course experiment was also
performed in MOLM-13 cells treated with 20 nM TAK-981 for 0 to 60 hours. RNA sequencing was
conducted to enable transcriptomic profiling and to generate cell-specific customized proteome
databases. MAPs isolated via immunoprecipitation were analyzed by LC-MS/MS, and spectra were
searched against the corresponding customized databases using PEAKS XPro. Identified peptide
candidates were sequence-validated, and their genomic origins were annotated using BamQuery. Final
filtering steps were applied to distinguish tumor-associated antigens (TAAs) and tumor-specific antigens
(TSAs) among the MAPs. Figure created with Biorender. B) Venn diagrams showing, for each AML cell
line, the number of MHC-associated peptides (MAPs) uniquely quantified in DMSO- or TAK-981-treated
conditions, as well as those shared between both. C) Volcano plots illustrating the impact of TAK-981 on
the immunopeptidomic landscape. Each dot represents a quantified MAP; significantly upregulated
peptides (log, fold change > 1, adjusted p < 0.05) are shown in red, while downregulated peptides (log,
fold change < -1, adjusted p < 0.05) are shown in blue. Fold change was calculated as the ratio of
peptide abundance in TAK-981—-treated versus DMSO-treated cells. Adjusted p-values were computed
using the Benjamini-Hochberg (B-H) method with a false discovery rate (FDR) threshold of 5%. AML,
acute myeloid leukemia; GO, gene ontology; MAP, MHC-I associated peptide; TA, tumor antigen; TAA,
tumor-associated antigen; TSA, tumor-specific antigen.
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Immunopeptidomics reveals enrichment of epigenetic and RNA processing pathways in AML cells
following SUMOylation inhibition. A) Gene Ontology (GO) enrichment analysis of source genes encoding
MAPs either uniquely detected in TAK-981-treated cells (top) or significantly upregulated following
treatment (bottom), aggregated across all AML cell lines. Only GO terms related to biological processes
are shown. Adjusted p-values were calculated using the Benjamini-Hochberg method. B) Protein—protein
interaction network of source genes encoding MAPs exclusively identified and/or significantly
upregulated in TAK-981—treated cells. Subnetworks of genes are organized according to associated GO
terms. Node shape depicts the type of MAPs generated, while colors indicate in which cell line the
source gene is detected.
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Figure 3

Identified Tumor-specific antigens (TSAs) originate from non-coding regions, exhibit low expression in
normal tissues, and can be modulated by SUMOylation inhibition. A) Summary table showing the
number of tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) identified in each AML
cell line. B) Stacked pie charts illustrating the genomic origin of TAAs and TSAs. C) Violin plots
comparing predicted immunogenicity scores of TSAs, assessed using PRIME 2.0, against positive
controls (viral peptides) and non-immunogenic MAPs. Intronic TSAs are highlighted with purple
asterisks. Statistical significance was determined using the Kruskal-Wallis test (**p < 0.01; ****p <
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0.0001). D) Heatmap showing the mean RNA expression [log(RPHM + 1)] of intronic TSA-coding regions
across normal tissues (GTEx), AML patient samples (Leucegene and TCGA cohorts), pooled medullary
thymic epithelial cells (mTECs), and AML cell lines treated with DMSO or TAK-981. Black frames
highlight regions with mean expression >8.55 RPHM. E) Heatmap of mean RNA expression [log(RPHM +
1)] of intronic TSA-coding sequences across two AML patient cohorts: Leucegene (n=437) and TCGA
(n=151).
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Figure 4

Loss of SUMOylation impairs splicing efficiency in MOLM-13 cells. A) Schematic overview of the
experimental design for time-resolved alternative splicing analysis of MOLM-13 cells following TAK-981
treatment. B) Distribution of identified alternative splicing (AS) events. C) A total of 7,741 IR events
displayed time-dependent changes and were clustered into two distinct groups based on temporal
expression profiles, with a membership score > 0.7. D) Boxplots showing comparison between retained
introns modulated by TAK-981 (Cluster 1 and 2), retained introns not regulated by TAK-981 (Stable), and
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properly spliced introns (Spliced) for the corresponding feature. The curve graphs show the distribution
of the introns (red line) along their full-length corresponding transcript (in the 5' — 3’ direction). E) Motif
enrichment analysis of RNA-binding proteins at the splice sites of IR events. Enrichment was calculated
by comparing clustered versus non-clustered IR events and averaged across all motifs associated with
each RNA-binding protein (left). The left panel shows the global enrichment analysis, while the right
panels highlight the top enriched RNA-binding proteins for Cluster 1 (top) and Cluster 2 (bottom).
Statistical significance was determined using the Kruskal-Wallis test (*p < 0.05; **p < 0.01; ****p <
0.0001; ns non-significant).
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Figure 5

TAK-981 modulates the presentation of intronic MAPs in a time-dependent manner in MOLM-13 cells.
A) Number of MAPs quantified at each time point across conditions. B) Pie plot showing the impact of
TAK-981 on intron retention events source of intronic MAPs. C) Proportional distribution of predicted
outcomes for intron-retained transcripts. D) Representative examples of intronic peptides derived from
microproteins encoded within retained introns, illustrating the four predicted transcript fates identified.
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For each example, the transcript structure, retained intron, and intronic ORF encoding the peptide are
shown. Nucleotide and translated amino acid sequences are displayed, with alternative start codons
highlighted in green and stop codons in red. Identified intronic peptides are highlighted in red.
Representative MS/MS spectra of each peptide are also shown. E)Heatmap showing the mean RNA
expression [log(RPHM + 1)] of MAP from intron-derived microprotein coding regions across normal
tissues (GTEx), AML patient samples (Leucegene and TCGA cohorts), pooled medullary thymic epithelial
cells (mTECs), and AML cell lines treated with DMSO or TAK-981. Black frames highlight regions with
mean expression >8.55 RPHM.
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Examples of microproteins from alternative ORFs
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Figure 6

TAK-981 modulates the presentation of HLA-I peptides encoded by intronic alternative open reading
frames. A) Amino-acid sequence of an alternative ORF encoded within G3BP2intron 5. Horizontal bars
map the identified peptides onto the predicted microprotein sequence. Representative annotated MS/MS
spectra are shown for NYLIDLPLM, SILGNMYFY, FFNVIICL and YLIDLPLMY. Bar plots compare their
measured abundances in MOLM-13 cells treated with DMSO or TAK-981 for 12 h. B)Corresponding
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analysis of an alternative ORF encoded within RC3H2 intron 9. Annotated MS/MS spectra and
abundances are shown for KTPDNINSV, LISNQLHTL, ISNQLHTLL, LFKQTGIIQR and KQTGIIQRI in MOLM-
13, SKM-1 and/or THP-1 cells following 60 h of DMSO or TAK-981 treatment. Peptide-mapping colors
indicate the cell line in which each peptide was detected: MOLM-13, light blue; SKM-1, purple; THP-1,
green. Grey indicates peptides detected in the original DDA study. Amino-acid sequences are shown
using the one-letter code.
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Figure 7

Distribution of TAK-981-responsive intron-retention events across primary AML and healthy
hematopoietic samples. Heatmap showing row-standardized z scores of log10-transformed Percent
Spliced-In (PSI) values for selected peptide-generating IR events. Columns represent triplicate MOLM-13
samples collected at 0, 12, 24, 36 and 48 h after treatment with TAK-981 (20 nM; n = 15); untreated
Leucegene AML samples with wild-type splicing factors representing FAB M1-M5 subtypes (n = 18),
SRSF2-mutant AML (n = 5) or U2AF1-mutant AML (n = 5); and healthy MPC (n = 11), bone-marrow (n =
11) and blood (n = 20) samples. Rows are grouped according to their early- or late-rising response to
TAK-981 in MOLM-13 cells. Column annotations indicate sample type, AML subtype and splice-factor
genotype. Because values were standardized within each IR event, colors represent relative PSI patterns
across samples rather than absolute differences among events.
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