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Abstract:

The transition of hematopoietic stem cells (HSCs) from quiescence to lineage commitment requires
precise post-transcriptional control, yet the contribution of mRNA isoform regulation remains
poorly defined. Here, we identify a translationally controlled splicing program that contributes to
HSC fate decisions. Using activity-based signatures of 305 splicing regulators, we uncover
widespread post-transcriptional modulation of the spliceosome in stem and progenitor cells. The
branch-point recognition factor Sfl emerges as a key node, regulated by a conserved structured 5'
UTR that cooperates with the RNA-binding protein Igf2bp2 to control its translation. Disrupting
this cis-trans module reduces Sfl protein synthesis and skews differentiation toward stem and
erythroid programs. Mechanistically, Sfl-dependent alternative splicing remodels 5' UTRs of
hematopoietic and DNA damage response genes, altering their translation and modulating DNA damage
resolution. Together, these findings reveal an unrecognized translational layer controlling
spliceosome activity and link RNA regulons, alternative splicing, and HSC fate determination.
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KEY POINTS

1. Translational control of Sf1 regulates alternative splicing programs during hematopoietic

differentiation.

2. Sf1-dependent splicing alters translation and DNA damage response pathways in

hematopoietic stem and progenitor cells.

ABSTRACT

The transition of hematopoietic stem cells (HSCs) from quiescence to lineage commitment
requires precise post-transcriptional control, yet the contribution of mMRNA isoform regulation
remains poorly defined. Here, we identify a translationally controlled splicing program that
contributes to HSC fate decisions. Using activity-based signatures of 305 splicing regulators,
we uncover widespread post-transcriptional modulation of the spliceosome in stem and
progenitor cells. The branch-point recognition factor Sf1 emerges as a key node, regulated by
a conserved structured 5’ UTR that cooperates with the RNA-binding protein Igf2bp2 to control
its translation. Disrupting this cis-frans module reduces Sf1 protein synthesis and skews
differentiation toward stem and erythroid programs. Mechanistically, Sf1-dependent
alternative splicing remodels 5’ UTRs of hematopoietic and DNA damage response genes,
altering their translation and modulating DNA damage resolution. Together, these findings
reveal an unrecognized translational layer controlling spliceosome activity and link RNA
regulons, alternative splicing, and HSC fate determination.

INTRODUCTION

Hematopoietic stem cells (HSCs) sustain lifelong blood production through self-renewal and
multilineage differentiation3. Although functional assays and single-cell transcriptomics have
refined hematopoietic lineage mapping, transcript abundance alone incompletely captures
early hematopoietic stem and progenitor cell (HSPC) identity and isoform complexity?+'2.
These observations suggest that post-transcriptional mechanisms, including splicing and

translation, contribute to HSPC fate regulation.

Alternative splicing (AS) increases the number of mRNA isoforms produced from a single
gene' ' This way, AS enhances the diversity of the transcriptome and allows for the
spatiotemporal regulation of gene expression. The spliceosome, a multi-subunit complex
composed of small nuclear RNAs (U1, U2, U4, U5, and U6) and hundreds of splicing factors
(SFs), orchestrates two transesterification steps during splicing through regulated
conformational rearrangements'®. Through the formation of E, A, B, Bact, B*, and C

intermediates, splicing leads to the exclusion of non-coding introns and the ligation of flanking
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exons. Splicing alterations and recurrent mutations in spliceosome constituents are common
in disease'®-'8. They particularly impact the blood, leading to bone marrow dysplasia and
leukemia'®-23. Qur previous findings demonstrated that the abundance of individual splicing
factors is regulated at the level of mRNA translation, influencing malignant progression in
hematopoiesis?. We observe that translation of selected splicing factors is regulated through
the cis-acting regulatory RNA motifs and structures positioned within 5’ untranslated regions
(5" UTRs). These elements guide the recognition of 5' UTRs by specific RNA-binding proteins.
However, how splicing and translation intersect to regulate hematopoietic lineage commitment

and specialization under homeostasis remains unknown.

Here, we investigate how translational control of splicing factors shapes hematopoietic
differentiation, focusing on circuits that govern post-transcriptional shifts in splicing factor

expression.

METHODS
Detailed protocols, buffer compositions, primer sequences, and bioinformatic parameters are

provided in Supplementary Methods and Table S7. Transplantation was approved by the

Ethical Committee of Jagiellonian University in Krakéw granted to Dr. Krzysztof Szade.
Primary HSPC isolation and cell culture

Primary HSPCs were isolated from 2- to 3-month-old C57BL/6 mice, enriched for cKit* cells
by MACS, and plated on fibronectin-coated 96-well plates in PVA-based HSC expansion
medium (F-12 + ITS-X + 1 mg/mL PVA + 10 ng/mL SCF + 100 ng/mL TPQO) 2526, Human cord-
blood derived CD34* HSPCs were subjected to expansion for 7 days (SFEM Il with 50 ng/ml
SCF, 10 ng/ml IL3, 50 ng/ml FLT3 and 20 ng/ml TPO), followed by 7 days of phase | (SFEM
Il with 50 ng/ml SCF, 10 ng/ml IL3, and 2U/ml EPO) and 7 days of phase Il (SFEM Il with 30%
heat-inactivated FBS, 0.3mg/ml Holo-Transferrin, and 3U/ml EPQO) erythroid differentiation
(Figure 5K). NIH3T3 cells were maintained in DMEM with 10% FBS and 1%

penicillin/streptomycin.
Genetic perturbations

For siRNA-mediated knockdown, cKit* HSPCs were transfected with 4 pmol Sf1-targeting or
control siRNA (ON-TARGETplus SMARTpool; Dharmacon) using Lipofectamine RNAIMAX on
day 0, with transfection repeated every other day until day 8. Knockdown was validated by
RT-gPCR.

For CRISPR-Cas9-mediated Sf7 5’ UTR editing, guide RNAs were designed via IDT CRISPR-
Cas9 Design Checker (Table S7) and assembled into RNPs with the Alt-R CRISPR/Cas9 kit.
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HSPCs were nucleofected with the P3 Primary Cell 4D-X Kit (DS-130 program; Lonza), and
NIH3T3 cells with custom buffer (U-030, Amaxa Il) 2427, Editing efficiency was confirmed by
Sanger sequencing of the targeted region. NIH3T3 proliferation and cell death following editing
were assessed by crystal violet staining.

RNA isolation and RT-gPCR

Total RNA was isolated using the Direct-zol RNA Microprep Kit (Zymo Research) with on-
column DNase | treatment. Reverse transcription was performed with the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher) using random hexamer primers. Real-time qPCR
was performed using LightCycler® 480 SYBR Green | Master on a LightCycler® 480 Il

instrument (Roche). Primers are listed in Table S7.

Flow cytometry

Intracellular flow cytometry for splicing factor expression was performed on whole bone
marrow co-stained for HSC surface markers, fixed in 1% PFA, permeabilized with 0.1%
saponin, and stained with antibodies against Sf1, Sf3a1/2/3, Sf3b1/3/4, U2af1, Ddx42, and
Ddx46 (Table S8), followed by an Alexa Fluor 594 secondary antibody.

For HSPC immunophenotyping after 8 days of ex vivo expansion, cells were stained for
Lineage markers (B220, CD3¢, Ter119, Mac1, Gr1), cKit, Sca1l, CD48, CD150, and 7-AAD.
Data were acquired on a BD LSRFortessa™ and analyzed with FlowJo.

Western blotting

Cells were lysed in RIPA buffer with protease inhibitors, and quantified. Equal protein amounts
(10-50 pg) were subjected to SDS-PAGE and transferred to PVDF membranes?®. Antibodies
are listed in Table S8.

Immunofluorescence

Sf1 5" UTR del(51-100) or control NIH3T3 cells were fixed in 4% formaldehyde, permeabilized
with 0.1% Triton X-100, and blocked in 3% BSA. Cells were incubated with y-H2A. X (Ser139)
primary antibody overnight, followed by Alexa Fluor 488 secondary antibody. Slides were

mounted with ProLong™ Gold and imaged on a Zeiss LSM 780 confocal microscope.
Colony forming unit (CFU) assay

1x103 primary cKit* cells were nucleofected with Sf1-targeting or control siRNA or Cas9-gRNA
RNPs and plated in MethoCult™ GF M3434 methylcellulose (35 mm dish). Colonies were
scored and classified by colony type after 10-14 days. For cytological analysis, dissociated
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colonies (5%10 cells) were settled on slides, fixed in ethanol, and stained with May—Griinwald-

Giemsa. Images were acquired on a Zeiss Axio Observer microscope.
HSPCs transplantation

cKit* HSPCs from multiple (n = 3) 2- to 3-month-old mice were nucleofected with control or
Sf1 5" UTR (51-100 nt)-targeting CRISPR-Cas9 RNPs with DS130 program (Lonza) and
expanded for 14 days. Lethally irradiated (900 cGy) CD45.1 recipients (n = 5-7 per group)
were transplanted via retro-orbital injection with 5x10* HSPCs (CD45.2) plus 3x10%5 CD45.1
bone marrow support cells. Peripheral blood chimerism was assessed by flow cytometry
(CD45.2/CD45.1 ratios) in combination with lineage markers (CD3, B220, Ly6C, Ly6G) at 4-,
8-, 12-, and 16-weeks post-transplantation. Detailed protocol in Supplementary Methods.

Luciferase assay

Full-length (398 nt) murine Sf1 5" UTR?® and serial 50-nt deletion mutants were cloned into a
monocistronic firefly luciferase reporter. To disrupt the predicted RNA secondary structures,
we introduced transverse mutations in the base-pairing regions of stem-loops 2 and 3,
replacing complementary nucleotides with non-pairing bases (e.g., A-T to A-A). NIH3T3 cells
were transfected with 1 ug plasmid, harvested after 48 h, and luciferase activity was measured

(Promega Luciferase Reporter Assay System).
Polysome fractionation

Polysome fractionation was performed as described®-32. NIH3T3 cells, or HSPCs
nucleofected with Sf1 5" UTR (51-100 nt) gRNAs and expanded for 14 days, were treated with
10 pyg/mL cycloheximide (CHX), lysed in polysome buffer, and layered on 10-50% sucrose
gradients. Following ultracentrifugation, gradients were fractionated; transcript distribution was

analyzed with RT-qPCR. Full protocol in Supplementary Methods.
Sf1 5' UTR RNA pulldown and proteomics

To identify proteins binding the Sf1 5’ UTR, we used the MS2 tethering system33, NIH3T3 cells
stably expressing WT or del(51-100) Sf1 5" UTR-Fluc reporters carrying MS2 stem loops were
transfected with a FLAG-tagged MS2-coat protein fusion (FLAG-NLS-MS2-GFP) 33, which
captures the MS2-tagged reporter RNA in cells. Cells were UV-crosslinked, lysed, and the
FLAG-MS2-RNA-protein complexes were immunoprecipitated with anti-FLAG M2 magnetic
beads (Sigma). Eluted proteins were reduced, alkylated, trypsin-digested, desalted, TMT-
labeled, and analyzed by nano-LC-MS/MS on a Q Exactive HF-X. Data were processed with
MaxQuant v2.6.7.0%* 3% and Perseus v1.6.10%6, Differential enrichment of bound proteins was
determined by comparing WT and del(51-100) pulldowns to non-transfected cells (Table S1).

Full protocol in Supplementary Methods.
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RNA Immunoprecipitation

Confluent NIH3T3 cells (n = 6) stably expressing the WT Sf1 5" UTR-Fluc reporter (FL), the
A51-100 nt mutant (MUT), or non-transfected controls (WT) (n = 3 biological replicates per
condition) were UV-crosslinked (254 nm, 400 mJ/cm?), lysed, and incubated with 3.4 ug anti-
Igf2bp2 (D4R2F, CST #14672) for 2h at 4°C, followed by overnight capture on Dynabeads
Protein A (Thermo Fisher). Per-condition pooled no-antibody controls were processed in
parallel. After washes and Proteinase K digestion, RNA was isolated and reverse transcribed.
RT-gPCR was analyzed as IP/Total ratio = 2Ct-Tetal - CLIP " \which controls for differences in

transcript abundance between conditions. Detailed protocol in Supplementary Methods.
CLIP-seq

CLIP was performed on UV-crosslinked NIH3T3 cells (254 nm, 400 mJ/cm?, n = 3 biological
replicates plus a non-crosslinked control). Cells were lysed, cleared, and Igf2bp2-RNA
complexes were immunoprecipitated overnight with anti-Igf2bp2 (D4R2F, CST #14672; 10 ug
per sample) on Dynabeads Protein A. On-bead partial RNase digestion (RNace-IT) was
followed by 3' adapter ligation, T4 PNK 5' phosphorylation and 32P radiolabeling, and 5’
barcoded adapter ligation. Cross-linked 1gf2bp2-RNA complexes were resolved by Bis-Tris
SDS-PAGE, transferred to nitrocellulose, visualized by autoradiography, and the
corresponding region was excised. RNA was recovered by Proteinase K digestion and phenol-
chloroform extraction, reverse-transcribed (SuperScript IV), PCR-amplified with indexed
primers, and sequenced on an lllumina platform. Reads were processed using a custom CLIP
pipeline incorporating FASTX-Collapser, Flexbar®’, and STAR (GRCm39) %. Coverage tracks
were generated with deepTools (bamCoverage) *°. Downstream analyses used the trxtools

v0.5.0 package (https:/github.com/Turowskilab/trxtools#’) and custom Python scripts.

Detailed protocol in Supplementary Methods.
Splicing Factor Signatures in Human Hematopoietic Cells

Custom splicing factor signatures were derived from published transcriptomic datasets*' and
applied to hematopoietic populations in bone marrow, blood and lymph node from the Tabula
Sapiens atlas*?. Signature activity was computed as weighted gene expression sums
normalized to background, visualized as z-scored heatmaps, and compared to mRNA
expression by Pearson correlation, with statistical testing via Wilcoxon rank-sum and BH
correction. Analyses used Scanpy (Python), edgeR/limma/Seurat (R); details in

Supplementary Methods.

RNA-sequencing and splicing analysis
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Control or Sf1 del(51-100) HSPCs expanded for 21 days were used for transcriptome analysis.
Libraries were prepared from total RNA using the KAPA RNA HyperPrep kit with RiboErase
(Roche), and sequenced on NovaSeq 6000 (2x101bp). Reads were adapter-trimmed
(Skewer) 43, quality-checked (FastQC), aligned to GRCm39 (STAR) 38, and gene-level counts
obtained with featureCounts. Differential gene expression was analyzed with DESeq2 (batch-
corrected) 44. Differential alternative splicing events (SE, A5SS, A3SS, RI, MXE) were
identified using rMATS Turbo v4.3.0*5 (FDR <0.05, APSI 20.1, read count 210). GO analysis
was performed using Enrichr. RBP motif enrichment in Sf1-regulated exons was assessed
using CISBP-RNA“¢ within the standard proximal splicing regulatory window used in Matt
analyses (35 nt exonic, 135 nt intronic around splice junctions). Exons with increased
inclusion (UP), decreased inclusion (DOWN), or unchanged (NO) were compared. Sequence

features were analyzed using Matt*’” (Tables S4-S6).
Single-cell (sc)RNA sequencing with CITE-seq

HSPCs expanded for 21days were pooled (CTRL, del(51-100), del(251-300)), filtered,
counted, and loaded on 10x Genomics Chromium chips in quadruplicate. Libraries were
prepared with the 3' Next GEM kit (Feature Barcoding), QCed on Bioanalyzer, and sequenced
on NovaSeq 6000 (target depth 4x10* mRNA + 7x10% Ab-oligo reads per cell). CITE-seq
hashing was used exclusively for multiplexing and discrimination of pooled CTRL, del(51-100),
and del(251-300) HSPC samples in scRNA-seq. FASTQ files were processed with Cell
Ranger v7.2.0. Demultiplexed h5 objects were analyzed in Seurat (v4.4) 48, filtered for quality,
normalized with CLR or SCTransform, clustered (resolution 0.2), and marker genes identified.
Detailed protocol in Supplementary Methods.

Quantification and statistics

Data are shown as mean = SD or SEM; replicates and statistical tests are indicated in figure

legends.

RESULTS

Splicing Factor Activity Signatures reveal Post-transcriptional Regulation of the

Spliceosome during Hematopoietic Differentiation

HSPCs display phenotypic properties incompletely explained by steady-state transcriptomes,
suggesting important post-transcriptional regulation of stemness. In particular, HSPCs rely on
translation and splicing, with disruptions in either process linked to hematologic malignancies,

including myelodysplastic syndromes and leukemia?0:4%-52,
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To interrogate spliceosome regulation across hematopoiesis, we constructed activity
signatures for 305 SFs based on transcriptomic responses to SF perturbations as proxies for
protein-level activity*! (Fig. 1A, S1A). We applied these signatures to the Tabula Sapiens atlas
across hematopoietic tissues, enabling quantitative mapping of SF activity*?.

This analysis revealed differences in inferred SF activity across hematopoiesis (Fig. 1B, S1B).
Erythroid cells displayed globally elevated signature scores, consistent with reduced splicing
demand in transcriptionally attenuated states. In contrast, bone marrow populations showed
marked heterogeneity in SF activity, suggesting remodeling of spliceosomal programs during

hematopoietic differentiation.

SF activity segregated into lineage-associated clusters across hematopoiesis (Fig. 1C, S1C).
HSCs showed relatively higher inferred activity of U4/U6 tri-snRNP and minor spliceosome
(U11/U12) components, whereas early progenitors were enriched for SR proteins and second-
step factors, including Prp19-associated complexes. Differentiated populations such as B cells
exhibited elevated activity across multiple SF families (negative signature scores), consistent

with coordinated activation of spliceosomal modules.

Unsupervised clustering of SF activity profiles further revealed coherent groups of SFs with
lineage-dependent dynamics (Fig. 1D). These clusters were not explained by SF mRNA
abundance, indicating that activity-based regulation is decoupled from transcriptional output.

These analyses indicate that SF regulation is progressively reconfigured during hematopoietic
differentiation rather than undergoing discrete, lineage-restricted switching of individual factors
(Fig. 1E, S1D), consistent with coordinated remodeling of spliceosomal programs across

hematopoietic states.

Dynamics in Splicing Factors Define Hematopoietic Lineage Trajectories

To validate the computational predictions in primary cells, we revisited published ultra-low-
input ribosome profiling datasets of early hematopoietic differentiation®®. This analysis
revealed translational regulation of core spliceosomal components, whereas auxiliary splicing
factors remained largely unchanged (Fig. 2A). To validate this at the protein level, we
employed intracellular flow cytometry (icFlow) to quantify splicing factors involved in the first
catalytic step of splicing, during which branch point (BP) recognition and splice site fidelity are
established (Fig. 2B and S2A). Our analysis of protein levels across hematopoietic ontogeny
by icFlow, juxtaposed with available mMRNA datasets (https://gexc.riken.jp/)%¢, uncovered a
striking discordance. While the mRNA levels of core splicing factors remained stable, their
protein expression exhibited lineage-specific variations (Fig. 2C, D, and S2B).
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For instance, splicing factors from the Sf3 family of the U2 snRNP showed a modest protein-
level increase in early progenitors, followed by lineage-specific divergence: their expression
decreased in lymphoid cells (Lin*, SSC/FSC'°%), but was elevated in myeloid population (Lin*,
SSChigh) (Fig. 2C). Instead, Sf1, a key factor recognizing the branch point adenosine (BPA) %,
was transiently upregulated at the multipotent progenitor (MPP, Lin~c-Kit*Sca-
1*CD48*CD1507) stage, following HSC exit from quiescence, before returning to basal levels,

suggesting a role in early hematopoietic activation.

Notably, while some splicing factors exhibited protein expression patterns that aligned with
established surface markers, others displayed a bimodal distribution within individual
populations (Fig. 2D and S2B). Sf1 serves as a prime example, displaying heterogeneous
expression within the MPP and granulocyte-monocyte-lymphoid progenitors (GMLP, LSK
CD150-CD48*) populations (Fig. 2D).

To functionally interrogate these dynamic expression patterns, we employed an ex vivo HSC
expansion system?526, coupled with RNA interference-mediated knockdown of candidate
splicing factors (Fig. 2E and S2C). While depletion of most splicing factors resulted in reduced
cell numbers, consistent with their essential roles in homeostasis, knockdown of Sf1 and the
core Sf3a component Sf3a3 increased the stem cell-enriched CD150* LSK fraction,
suggesting their role in stem cell maintenance rather than viability (Fig. 2E). Further
immunophenotypic analysis following Sf1 knockdown revealed a partial loss of LSKs,
accompanied by an accumulation of CD150* LSKs (Fig. 2F, G). Functionally, Sf1 depletion
impaired colony-forming capacity and led to accumulation of morphologically immature cells
with high nucleus-to-cytoplasm ratios, consistent with impaired differentiation and retention of

stem-like features (Fig. 2H, I).

Together, these findings demonstrate that post-transcriptional regulation of splicing factors
contributes to early HSPC fate decisions, with Sf1 required for proper hematopoietic
differentiation.

Sf1 Expression is Translationally Controlled via a Structured 5' UTR Regulatory

Element

To elucidate the mechanisms underlying Sf1 expression and the discordance between its
mRNA and protein levels during hematopoietic differentiation, we investigated post-
transcriptional control, focusing on translation initiation. This process, governed by ribosomal
scanning through the 5 UTR with initiation factors, is a critical checkpoint in protein
synthesis®:57. Beyond these mechanisms, cis-regulatory structural and sequence elements

within 5’ UTRs can modulate translation efficiency?®.
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Analysis of the Sf1 genomic locus identified four predicted 5' UTR isoforms, with the longest
spanning 398 nucleotides (nt) (Fig. 3A and S3A). This extended 5’ UTR is highly conserved
across mammals (Fig. 3A and S3A, B), with enrichment in the proximal segment where RNA
secondary structure predictions identified stable stem-loop structures (SL1-SL3) with

favorable folding energy scores (Fig. 3B, S3B).

To determine the impact of the Sf1 5' UTR on translation, we generated deletions across its
398-nt sequence using a monocistronic translational reporter, removing 50-nt segments (Fig.
3C). This identified the 51-100 nt region as a major contributor to translational activity, with its
removal reducing reporter expression. Notably, this region overlaps conserved SL2 and SL3
structural elements (Fig. 3B, D). Using mutate-and-map analysis, we identified SL2 as a
minimal element required for efficient translation, as its disruption impaired reporter activity
(Fig. 3E).

To assess the physiological relevance of this mechanism, we introduced deletions in the Sf1
5" UTR using CRISPR-Cas9 in murine fibroblasts. In line with our reporter assays, deletions
spanning nucleotides 51-200 reduced Sf1 protein without affecting mRNA levels (Fig. 3F and
S3C). Cells carrying these deletions exhibited reduced viability and proliferation, suggesting
that translational control of Sf1 is essential for cellular fitness (Fig. S3D).

Extending these findings to primary HSPCs, we used CRISPR-Cas9 to delete nucleotides 51—
100 of the 5" UTR (del(51-100)), which reduced Sf1 protein expression without affecting
transcript levels (Fig. 3G). Polysome profiling of del(51-100) cells revealed a shift of SfT mRNA
toward lighter fractions, consistent with reduced translational efficiency rather than altered
protein stability (Fig. 3H).

Collectively, our results identify a conserved, structured 5 UTR element as a determinant of

Sf1 translation, revealing a post-transcriptional regulatory circuit that fine-tunes Sf1

abundance.

Sf1 Translation Requires a Cooperativity between Cis-Acting Stem-Loop2 and Igf2bp2-
Mediated Regulation

Having established that Sf1 expression is controlled by a conserved 5'UTR element (Fig. 3),
we next tested whether its regulation depends on cooperation between cis-regulatory RNA
structure and trans-acting RNA-binding proteins. Structured 5’ UTRs often serve as platforms
for translational regulators, suggesting a mechanism for Sf1 control.

To identify candidate factors, we performed quantitative proteomics of RNA pulldowns from
NIH3T3 cells expressing either the WT or a del(51-100) Sf1 5'UTR mutant. TMT analysis
revealed proteins enriched on the WT 5'UTR, consistent with this region acting as a

10
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translational regulatory hub (Fig. 4A, Table S1). Among these, Igf2bp2 emerged as a top
candidate, consistent with its role in promoting translation via recruitment of the elF4A1
complex®%°. Accordingly, CLIP-seq showed Igf2bp2 binding to Sf1 mRNA, with an enrichment
peak in the 5’UTR ~200 nt downstream of the TSS (Fig. 4B and S4A, B). While I1gf2bp2 is a
known m8A reader®®, no canonical RRACH motif was identified within the Sf1 5'UTR,
suggesting that 1gf2bp2 binding may depend on alternative sequence or structural RNA

features rather than canonical m®A recognition.

We next tested whether Igf2bp2 regulates Sf1 translation using luciferase reporters containing
WT or mutant Sf1 5'UTRs. WT reporters were sensitive to Igf2bp2 depletion, whereas mutants
disrupting the 51-100 region or SL2 structure were largely unresponsive, indicating that this
cis-element is required for Igf2bp2-dependent translational activation (Fig. 4C). Consistent
with this, 1gf2bp2 knockdown reduced Sf1 protein levels without affecting mRNA in NIH3T3
cells (Fig. 4D, S4C) and primary HSPCs (Fig. 4E).

Polysome profiling confirmed translational regulation: Igf2bp2 depletion shifted Sf7 mRNA to
lighter polysome fractions, indicating reduced ribosome loading (Fig. 4F,G). Functionally,
Igf2bp2 knockdown phenocopied Sf1 depletion in murine HSPCs (Fig. 2G), increasing the
CD150" LSK fraction (Fig. 4H).

Together, these findings support a model in which a structured stem-loop within the Sf1 5’UTR
recruits 1gf2bp2 to enhance translation initiation, linking cis-regulatory RNA architecture to

post-transcriptional control of splicing factor abundance and HSPC state transitions.

Loss of Translational Control of Sf1 Alters HSC Fate and Enhances Stem Cell Potential

To investigate the physiological consequences of disrupted Sf1 translation in HSPCs, we
compared control and del(51-100) cells under conditions supporting stem maintenance or
differentiation. del(51-100) cells displayed an increased proportion of CD150* LSK cells (Fig.
S5A), consistent with accumulation of immunophenotypically primitive HSPCs. In parallel,
these cells showed reduced colony formation under differentiation-promoting conditions,
suggesting impaired lineage commitment (Fig. S5B).

To resolve these state shifts at single-cell resolution, we performed scRNA-seq on expanded
control and del(51-100) HSPCs (41,515 cells). Unsupervised clustering identified seven
transcriptionally distinct populations corresponding to stem-like, myeloid-primed, lymphoid,
and megakaryocyte/erythroid states (Fig. 5A, B, S5C). The del(51-100) cells were depleted
from myeloid-primed cluster 1 and enriched in cluster 2 (stem-like) as well as
megakaryocyte/erythroid-associated clusters 4 and 7, indicating a shift toward primitive and
MEP-like states (Fig. 5C, S5C).

11
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We next assessed differential gene expression within each cluster between control and del(51-
100) cells. This revealed largely non-overlapping gene programs across clusters (Fig. 5D,
Table S2), indicating that Sf1 translation affects cell-state-specific transcriptional outputs.
Notably, the most affected cluster 2 (stem-like) and cluster 4 (megakaryocyte/erythroid),
showed enrichment for pathways implicated in stem cell maintenance and hematopoietic
regulation, including PI3K signaling®'62, heparan sulfate biosynthesis®34, and metabolic and
chromatin-associated processes such as Na* binding®® and H3K36 demethylase

regulation®6.67,

Consistently, GO analysis of differentially expressed genes highlighted enrichment of
pathways linked to hematopoietic differentiation, chromatin regulation, and myeloid

specification (Fig. 5E, S5D, E, Table S4), supporting rewiring of lineage-associated programs.

To assess functional consequences, we performed serial replating assays. The del(51-100)
HSPCs retained colony-forming capacity upon replating and were characterized by
maintained erythroid outputs, with drops in myeloid lineages (Fig. 5F, G), consistent with
sustained self-renewal-like properties and high erythroid differentiation capacity. During
erythroid differentiation, SF1 knockdown increased cell expansion and transiently enriched
erythroid populations (Fig. 5K, L, S5G, H), indicating conserved effects on erythroid

differentiation dynamics.

Finally, in vivo transplantation of limiting numbers of control and del(51-100) HSPCs into
irradiated recipients revealed enhanced long-term engraftment and increased donor-derived
hematopoiesis in del(51-100) conditions, with early and sustained myeloid contribution (Fig.
5H-J, S5F). Together with scRNA-seq and functional analyses, these findings indicate that
loss of Sf1 translational control prolongs primitive and erythroid-associated states through
altered differentiation kinetics rather than impaired lineage output, identifying Sf1 as a

conserved regulator of hematopoietic state transitions across murine and human systems.

Sf1 Translation Links Alternative Splicing to Hematopoietic and Genome Stability
Programs

We reasoned that perturbed translation of Sf1 would impact splicing dynamics by influencing
availability of the protein required for branch point site recognition. To investigate how splicing
is regulated under disrupted Sf1 translation, we examined splicing fidelity in del(51-100)
HSPCs. We performed paired-end sequencing of rRNA-depleted mRNA on ex vivo expanded
HSPCs with or without regulated Sf1 translation (Fig. 6A, S6A and Table S5).

rMATS®8 analyses identified ~4,000 alternative splicing events (ASEs), including exon

skipping (SE), mutually exclusive exons (MXE), alternative 5' or 3’ splice sites (altb'ss or
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alt3'ss), and intron retention (IR). Consistent with the role of Sf1 in branch point site
recognition®®, del(51-100) predominantly affected SE events (Fig. 6A, B). Differentially spliced
exons were enriched for features linked to alternative exon usage, including shorter branch
point-to-3' splice site distances, longer polypyrimidine tracts, and reduced predicted Sf1
binding strength (Fig. S6B-E). These exons were also preferentially flanked by long introns
and GC-rich upstream exons (Fig. S6F,G). We further observed altered enrichment of U2AF2
binding sites among transcripts with decreased exon inclusion (Fig. S6H), consistent with
functional coupling between Sf1 and the U2af complex®®, suggesting that Sf1 perturbation

reshapes splice-site recognition within a broader regulatory network.

Splicing provides a rapid mechanism to reprogram functionally related transcripts'332, In
del(51-100) HSPCs, alternatively spliced transcripts were enriched for pathways linked to
hematopoietic maintenance and the DNA damage response (DDR) (Fig. 6C, D), including key
regulators such as Parp2, Afr, Chek2, Rad52, and Atrx (Fig. 6D, S6K). We observed a
positional bias: skipped exon events were enriched within 5'UTRs, particularly among DDR-
associated transcripts (odds ratio 3.1 vs. 2.7 transcriptome-wide), whereas little enrichment
was seen in coding regions or 3'UTRs (Fig. 6E). This suggested Sf1-dependent splicing

modulates translational control through 5'UTR remodeling.

Consistent with this, polysome profiling revealed altered ribosome association for candidate
alternatively spliced transcripts (Fig. 6F and S6l), indicating that Sf1-dependent splicing can
influence translation efficiency. Disruption of Sf1 translation led to modest activation of DNA
damage response pathways, evidenced by increased yH2AX foci in fibroblasts (Fig. 6G) and
elevated p53 levels in HSPCs (Fig. S6J).

To assess conservation, we performed SF1 knockdown in human CD34* HSPCs. SF1
depletion induced widespread splicing alterations (~8,800 events, Table S6), predominantly
SE and RI (Fig. 6H), without global changes in transcript abundance (Fig. 61). These events
significantly overlapped with those in murine HSPCs (Fig. 6J) and were enriched for DDR
pathways (Fig. 6K), indicating a conserved SF1-dependent splicing program.

Together, these findings identify Sf1 as a regulator of conserved splicing events that
preferentially remodel 5'UTRs of functionally related transcripts, including DDR components,

thereby influencing translation and genomic integrity in hematopoietic progenitors.

DISCUSSION

Fate decisions in HSCs are orchestrated through multilayered regulatory mechanisms,
spanning transcriptional, translational, and splicing control. Here, we uncover an unrecognized

layer of regulation in which translational control of Sf7 dictates splicing decisions that shape
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HSC differentiation and genomic stability. Our findings challenge the view of splicing as a mere
housekeeping process and highlight the pivotal role of translation-dependent modulation of

splicing factor expression in cell fate determination.

SF1 is a key factor in branch point recognition and spliceosome assembly8%70, yet the
physiological consequences of modulating its levels remain poorly understood. Although
mammalian studies suggested modest effects of SF1 on splicing®®, and SF1 depletion in
Caenorhabditis elegans increased the lifespan through TORC1 signaling”, our data reveal
widespread SF1-dependent splicing control in mammalian stem cells. These findings support
a context-dependent role for SF1 and suggest that structured 5" UTR-mediated translational

control tunes SF1 levels to meet the splicing demands of HSCs>74.

The reliance of HSCs on tightly controlled splicing programs parallels observations in other
specialized cell types, including neurons, where alternative splicing supports transcriptome
diversification, local translation, and functional specialization”>’”. Together, these
observations suggest that specialized cells may depend disproportionately on post-
transcriptional mechanisms, including splicing and translation, to achieve functional
complexity.

Our findings suggest that differential levels of splicing factors, including Sf1, may contribute to
rate-limiting steps in spliceosome activity and selectively influence transcripts with distinct cis-
regulatory features. Together with studies showing that RNA-binding proteins organize
membrane-less splicing compartments and locally concentrate spliceosome components’®7°,
these observations raise the possibility that translational control of splicing factors helps shape
cell type-specific splicing efficiency and transcript processing.

Collectively, our findings uncover a mechanism by which translational regulation of splicing
factors influences hematopoietic differentiation and DNA damage resolution. The magnitude
and consequences of DNA damage signaling appeared context-dependent, consistent with
previous observations in hematopoietic stem cells®8!. These results position splicing
regulation as an integral component of hematopoietic state control rather than a downstream
consequence of lineage specification. Given the growing recognition of alternative splicing in
disease states, dysregulated splicing programs and their downstream effectors may provide

more realistic avenues for therapeutic intervention in hematologic disorders and malignancies.
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FIGURE LEGENDS
Figure 1 Post-transcriptional regulation of splicing factors during hematopoietic

differentiation.

(A) Schematic shows the analysis pipeline: fingerprints’ of splicing factor activity were inferred
using gene expression signatures from knockdowns of 305 splicing factors*!, applied to the
Tabula Sapiens single-cell atlas*2. UMAP shows individual cell populations across human
bone marrow, blood and lymph node tissues.

(B) Heatmaps show inferred splicing factor activity across tissues overlaid on Tabula Sapiens
UMAP, grouped by core functional complexes (U1, U2, U5, U4/U6 and tri-snRNP). Negative
enrichment indicates inferred high activity; positive enrichment indicates low inferred activity.
(C) Lollipop plots show differential enrichment for activities of inferred signatures of splicing
factor families across hematopoietic stem cells (HSCs), hematopoietic precursor cells (HPCs)
and B-cells.

(D) K-means clustering of mRNA-corrected splicing factor activity scores across
hematopoietic subsets from the Tabula Sapiens single-cell transcriptomic dataset*?, revealing
16 distinct regulatory clusters. Cell populations are ordered to reflect the approximate
progression of hematopoietic differentiation rather than a formal pseudotime inference.

(E) Venn diagram showing overlap in post-transcriptionally regulated splicing factors between
hematopoietic stem and progenitor cells (HSPCs), myeloid, lymphoid, and erythroid subsets.

See also Figure S1.
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Figure 2 Dynamics in early acting splicing factors define differentiation trajectories of

hematopoietic stem cells

(A) Violin plot shows relative expression of 39 splicing factors detected in sequencing of
ribosome-protected footprints in blood subpopulations from%3. Data are normalized and
statistically compared to expression in long-term (LT) HSCs. ***p<0.001; **p<0.01; *p<0.05
(ANOVA).

(B) Schematic illustrates an experiment designed to define the dynamics of first-stage splicing
factors along the hematopoietic differentiation trajectory. BP — branch point; HSC -
hematopoietic stem cell; MPP — multipotent progenitor; GMLP — granulocyte-monocyte-
lymphoid progenitor; MyP — myeloid progenitors; lymphoid — lymphoid cells; myeloid — myeloid
cells.

(C) Graphs show quantification of RNA and protein levels of core splicing factors from the
branch point recognition complex along the hematopoietic differentiation trajectory. Lines and

shaded areas show, respectively, mean expression + SD. (n = 4-5).

(D) Representative flow cytometry histograms showing protein expression of Sf1 and Sf3a3

in the indicated blood cell populations.

(E) Reducing the levels of core splicing factors specifically reduces expansion and
differentiation rates ex vivo. Schematic shows the outline of an experiment to define impact of
knock-down with RNA interference of individual splicing factors from (C) on expansion and
stemness at day 8 of ex vivo cultured hematopoietic stem and progenitor cells (HSPCs).
Graphs show the cell number (top) and percentage of CD150* Lineage- Sca-1* cKIT* early
blood progenitors (bottom) + SD. ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05 (one-way
ANOVA). (n = 4-6).

(F) Representative FACS plots show the distribution of HSPC populations in primary ex vivo
expanded cKIT* hematopoietic cells transfected with control (siCTRL) and Sf1-targeting
(siSf1) short interfering RNA. Bar graph shows the distribution of CD150* LSK population
between control (siCTRL) and Sf1-knock down (siSf1) HSPCs. **p<0.01 (t test, siCTRL vs.
siSf1). (n = 5-6).

(G) Representative images of methylcellulose plates from colony-forming unit (CFU) assay
show a decrease in differentiation potential upon Sf1 downregulation (siSf1). Graph shows
quantification of colony number £ SD in control (siCTRL) and Sf1 knock down (siSf1) samples.
**p<0.01 (t test) (n = 4).

(H) Representative images show changes in morphology assessed by May-Griinwald-Giemsa
(MGG) staining.

See also Figure S2.
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Figure 3 Translation of Sf1 is Controlled via a Structured Stem-Loop 5' UTR Regulatory

Element

(A) Schematic depicts UCSC GRCm39/mm39 genome browser track for evolutionary
conservation within the genomic region corresponding to the Sf1 5’ UTR.

(B) Predicted secondary structure of 398-nt Sf1 5" UTR determined with RNAfold. Nucleotides
are colored with MFE reactivities, and size-coded based on the evolutionary conservation

scores from the UCSC genome browser.

(C — E) Stem-loop2 (SL2) structure within the 51-100 nt region of Sf1 5' UTR drives translation
control. Schematic depicts the monocistronic translational reporter employed to measure the
activity of the 5’ UTR Sf7 in murine NIH3T3 fibroblasts (24 h) (C). Graph shows fold change
(FC) mean FLuc activity normalized to the FLuc RNA expression and relative to the full-length,
wild-type (WT) Sf1 5' UTR £ SD. =p < 0.01 (one-way ANOVA) (n = 4-8) (D). Reporter assay
using transverse mutants of stem loops 2 and 3 (SL2/3) of Sf1 5" UTR (top). Graph shows log.
-transformed fold change (FC) mean FLuc activity normalized to the full-length, WT Sf7 5" UTR
+ SD. »p < 0.01; *p<0.05 (one-way ANOVA) (n = 4-10) (E).

(F) Representative protein analysis with quantification £ SD and graph showing of mRNA
levels + SD illustrate decreased Sf1 protein, but not mRNA levels in CRISPR-Cas9 edited
murine fibroblasts NIH3T3 lacking 51-200 nt region of 5' UTR (n = 2-5).

(G) Representative protein analysis and graph showing quantification + SD of mRNA levels
illustrate decreased Sf1 protein, but not mRNA, levels in 5 UTR del(51-100) HSPCs (n = 7-
8).

(H) Polysomal analysis of Sf1 mRNA in control and Sf1 del(51-100) HSPCs. The polysome
profile (grey shading) indicates relative absorbance at 254 nm. Graph shows normalized mean
Sf1 mRNA abundance across polysomal fractions in control and del(51-100) HSPCs,

presented as mean + SD. *p < 0.05 (t test). n = 4 independent mice per condition.

See also Figure S3.
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Figure 4 Sf1 translation requires a cis-acting 5'UTR stem-loop and Igf2bp2-mediated

regulation.

(A) Schematic shows strategy for quantitative proteomic analysis of Sf1 5 UTR RNA
pulldowns in NIH3T3 cells. Scatter plot shows proteins specifically enriched on the WT 5’ UTR
compared to del(51-100) and control background identified by tandem mass tag (TMT)-
labeled mass spectrometry. Igf2bp2 emerged as a prominent candidate that selectively binds
the WT element.

(B) CLIP-seq traces show binding of Igf2bp2 across the Sf1 transcript (top) in NIH3T3 murine
fibroblasts (n = 2). Bottom: focus on the 5’ UTR region of the Sf1 transcript.

(C) Bar graph shows results of luciferase reporter assays using constructs harboring the WT
Sf1 5'UTR or mutant variants (del(51-100) and SL2.1 disrupting the stem-loop structure).
Knockdown of Igf2bp2 selectively reduced translation of the WT reporter but not the mutant
variants. **p<0.01, *p<0.05 (one-way ANOVA) (n = 4).

(D) Representative immunoblot analysis of Sf1 protein levels following Igf2bp2 knockdown in
NIH3T3 murine fibroblasts. Bar graph shows quantification of protein levels + silgf2bp2 in
NIH3T3 cells, ***p<0.001 (t test) (n = 6).

(E) Representative immunoblot analysis of Sf1 protein levels following Igf2bp2 knockdown in
in vitro expanded primary murine hematopoietic stem and progenitor cells (HSPCs, cKIT*

fraction).

(F) Representative polysome profiles of NIH3T3 cells following 1gf2bp2 knockdown. Inset
shows the level of Igf2bp2 knock down in control and Igf2bp2-depleted cells.

(G) Distribution of Sf1 transcript across polysomal fractions. Sf1 transcripts shifted from heavy
to light polysome fractions, consistent with impaired translational efficiency. **p<0.01 (t test)
(n = 3). Graph shows normalized mean Sf1 mRNA abundance in each polysomal fraction +
SD in siCTRL and silgf2bp2 NIH3T3. Bar graph shows quantification of Sf1 mRNA levels +
silgf2bp2 in NIH3T3 cells (n = 3).

(H) Schematic shows the outline of an experiment to define the impact of knock-down with
RNA interference of 1gf2bp2 (silgf2bp2) on CD150+ LSK HSPCs. Representative FACS plots
show the distribution of HSPC populations in primary ex vivo expanded cKIT* hematopoietic
cells transfected with control (siCTRL) or Igf2bp2-targeting (silgf2bp2) short interfering RNA.
Graph shows quantification of CD150* LSK HSPCs between siCTRL) and Igf2bp silgf2bp2
HSPCs. *p<0.05 (t test) (n = 3).

See also Figure S4.
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Figure 5 Loss of Translational Control of Sf1 Alters HSC Fate and Enhances Stem Cell

Potential

(A) UMAP embedding of 41,515 ex vivo expanded murine HSPCs. The UMAP embedding
and Leiden clustering were performed on the gene expression modality from the single-cell
RNA-seq dataset. Individual cells are labeled based on of their cluster identity and size-coded

according to the proximity to the closest neighbors.

(B) CellRadar plots show transcriptomic signatures of 7 identified clusters corresponding to
myeloid, lymphoid, erythroid, and stem (HSPCs) signatures.

(C) UMAP plots show the distribution of HSPCs by sample type. Control (CTRL) density is
shown in grey and del(51-100) density in blue. Stacked bar charts show the proportional
distribution of CTRL and del(51-100) samples by cell cluster from (B).

(D) Dot plot shows the average expression of the top-most enriched and depleted marker
genes of del(51-100) in individual clusters of ex vivo expanded HSPCs. The size of dots
represents the logo-transformed p-value, color encodes the logz-transformed fold change
expression between del(51-100) and control cells. GO: Molecular Function (MF) ontologies
for marker genes of del(51-100)-enriched ‘ST-HSC’ (cluster 2) and ‘MkP/erythroid’ (cluster 4)

are depicted.
(E) CellRadar plot shows transcriptomic profiles of control and del(57-100) HSPCs.

(F) Schematic shows experimental strategy to evaluate differentiation potential and replating
capacity between control (CTRL) and del(61-100) HSPCs. Stacked bar plot shows distribution
of colonies (CFU-GM, CFU-GEMM and BFU-E) between CTRL and del(51-100) HSPCs.
****n<0.0001; ***p<0.001 (One-way ANOVA, CTRL vs. del(51-100) HSPCs), (n = 3).

(G) Graph shows number of colonies upon replating of 1000 control (CTRL) and del(51-100)
HSPCs. ***p<0.001 (t test, CTRL vs. del(51-100) HSPCs), (n = 6).

(H — J) Loss of translational control of Sf1 increases in vivo outputs from murine HSPCs.
Schematic depicts the experimental approach for the transplantation assay to test for the in
vivo fitness of control (CTRL) and del(51-100) ex vivo expanded HSPCs with competition of
whole bone marrow (WBM) cells. (H). Graph shows total chimerism in peripheral blood (PB)
in control (n = 4-5) and Sf1 del(51-100) (n = 7) HSPC-transplanted recipient mice, presented
as mean + SEM. Statistical significance was assessed using two-way ANOVA (*p < 0.05, ***p
< 0.001, ***p < 0.0001) (I). Graph shows the total chimerism in bone marrow (BM) 16 weeks
after transplantation in control (n = 4) and del(51-100) (n = 7) HSPC-transplanted animals +
SEM. *p<0.05 (t test) (J, top). Graph shows distribution of cells from lineage positive (LIN+),

lineage negative, Sca-1 positive, cKIT positive (LSKs), lineage negative, Sca-1 negative, cKIT
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positive (myeloid precursors - MyPs), and lineage negative, cKIT-negative (cKIT-) fractions (J,
bottom).

(K) Schematic shows the experimental setup to study the effect of SF1-knockdown (siSF1) in
human hematopoietic stem and precursor cells (HSPCs, CD34*) subjected to expansion and
erythroid differentiation phase.

(L) Graph shows the expansion of human HSPCs after expansion (week 1) and erythroid
differentiation (weeks 2-3). ***p<0.001; **p<0.01; *p<0.05; (One-way ANOVA, siCTRL vs.
siSF1 human HSPCs), (n = 3).

See also Figure S5 and Tables S2, S3 and S4.
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Figure 6 Sf1 Translation Determines Alternative Splicing to switch 5' UTR Isoforms of

mRNAs Encoding Hematopoietic and Genome Integrity Regulators.

(A) Loss of Sf1 translation control affects alternative splicing events (ASEs) in HSPCs. Left:
Experimental setup used to capture splicing changes in ex vivo expanded control (CTRL) and
del(51-100) HSPCs. Right: Volcano plot showing percentage spliced-in (PSI) values for
individual ASEs. Significantly increased (red, n = 1932) and decreased (blue, n = 1940) ASEs
in Sf1 del(51-100) are highlighted (n = 4).

(B) Pie charts illustrating the number of skipped exons (SE), mutually exclusive exons (MXE),
alternative 3’ splice sites (A3SS), alternative 5’ splice sites (A5SS), and retained introns (RI)
in del(51-100) HSPCs.

(C) Gene Ontology (GO) analysis showing enriched (top) and depleted (bottom) GO
categories among significantly skipped exons (SE) in del(51-100) cells.

(D) Bubble plot showing cumulative splicing change in significant (p<0.05, t test) DNA damage

response-related mRNAs across splicing events.

(E) Pie charts showing increased localization of significantly skipped exon events in del(51-
100) HSPCs within the specific regions of regulated transcripts among all and GO:DNA repair
related mRNAs.

(F) Polysome analysis of Sf1-regulated Mbtps1 mRNA in control and Sf1 del(51-100) HSPCs.
Graphs show normalized mean of Mbips7 mRNA abundance across polysomal fractions in
control and del(51-100) HSPCs, presented as mean + SD (n = 4 independent mice per
condition). Mbtps1 is shown as a representative DNA damage response transcript identified
among alternatively spliced genes with altered untranslated region architecture. Inset shows

a representative isoform-specific PCR detecting the skipping of the 5' UTR-positioned exon 2.
(G) Immunofluorescence staining of DNA damage lesions using yH2AX antibody in CTRL and

del(51-100) fibroblasts. Graphs show the quantification of yH2AX* foci (n = 2).

(H) Pie charts illustrating the number of skipped exons (SE), mutually exclusive exons (MXE),
alternative 3’ splice sites (A3SS), alternative 5' splice sites (A5SS), and retained introns (RI)
in siSF1 human HSPCs.

(I) Scatter plot shows the relation between alternative splicing and gene expression in siSF1
human HSPCs. Selected top genes with significant changes in expression and splicing are

shown.

(J) Venn diagram shows significant overlap between human and murine HSPCs alternative

splicing datasets.

(K) Gene Ontology (GO) analysis showing top GO categories among significantly skipped
exons (SE) in siSF1 human HSPCs.
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See also Figure S6 and Tables S5 and S6.
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A ex vivo HSPCs (n=41,515 cells)

Figure 5
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