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Metabolites are central to cellular homeostasis. Although much emphasis has been
placed ontheir relevance to meet energetic and biosynthetic demands, metabolic
intermediates also function as signalling molecules. Here we show that polyamines,
small polycations that are critical to cellular homeostasis', regulate the process

of alternative pre-mRNA splicing. We find that inhibition of polyamine synthesis
increases phosphorylation of spliceosomal proteins, concomitant with perturbation
of alternative splicingin cells and tissues. Mechanistically, molecular modelling
combined with biochemical assays revealed that polyamines bind to acidic
phosphorylatable motifs in splicing factors of the U2 small nuclear ribonucleoprotein
SF3 subcomplex, thus preventing the action of upstream kinases. We refer to this
molecular process by which polyamines regulate protein phosphorylation as

metabolic shielding.

To identify molecular effectors of polyamines, we took advantage
of a prostate cancer cell line (DU145) that exhibits strong sensitivity
to inhibition of de novo polyamine biosynthesis?®, and we performed
broad molecular characterization uponactivation of aninducible short
hairpin RNA (shRNA) targeting S-adenosylmethionine decarboxy-
lase1(AMDI) (Supplementary Fig.1a). Metabolic and proteic analyses
revealed decreased AMD1 protein levelsaccompanied by adecreasein
denovo synthesis of spermidine (Spd) and spermine (Spm) (by means
of methionine-derived ®*Cincorporation) at time points when the effect

ontotal polyamine pools was less pronounced (Fig. 1a, Extended Data
Fig. 1a and Supplementary Fig. 1b,c). We used isobaric labelling to
measure abundances of peptides and phosphopeptides using mass
spectrometry*, and we found greater early perturbations in protein
phosphorylation (Fig. 1b,c, Extended Data Fig. 1b,c and Supplemen-
tary Table 1). We performed a time-dependent trajectory analysis of
phosphopeptidealterations (Fig. 1c) and focused on those showing the
largest phosphoproteome changes (cluster 1), characterized by a pro-
gressiveincrease in phosphorylation over time. Functional enrichment
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Fig.1|See next page for caption.
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Fig.1| A phosphoproteomics-based discovery strategy reveals that
inhibition of polyamine synthesis regulates the process of pre-mRNA
splicing. a, Liquid chromatography-mass spectrometry (LC-MS) analysis

of ®C-labelled polyamine after inducible silencing of AMDI (for 1day (1d) or

2 days (2d)) with doxycycline (Dox).n =4 independent biological replicates.

b, Bi-dimensional density plot showing the effect of AMDI silencing (2 days)
onthe phosphoproteome and the full proteome. FC, fold change. ¢, z-scored
heatmap of phosphorylationsites (p-sites) that are altered by AMDI silencing
(compared with control (no Dox)) clustered by k-means. d, Gene ontology (GO)
enrichment of phosphoproteins from cluster 1in ¢ by biological process and
cellularcomponent.NCC, nucleobase-containing compound. e, z-scored

heat map of percentsplicedin (PSI) alternative splicing events that are altered
by AMD1 silencing (shAMDI; 2 days versus control (no Dox)) in DU145 cells
(Abs(APSI) >10%, P< 0.1).f, Validation of top alternative splicing events, shown
asfraction oflong (I) versus short (s) transcripts (I/sratio) from gel densitometry.
n=3or4independentbiological replicates. g, Semi-quantitative PCR showing
the effect of SAM486A (0.5 uM, 24 h) on alternative splicing of SATI and
SMARCAI and recovery after drug washout (24-72 h). n=3 independent

biologicalreplicates.S,SAM486A;V, vehicle. h, SATI (left) and SMARCAI
(right) I/s ratio after SAM486A (48 h) treatment of tumoural and non-tumoural
cellsby gel densitometry.n =3 independentbiological replicates. Veh, vehicle.
i,j, Principal components analysis (i) and z-scored PSI heat map (j) (Abs(APSI) >
10%, P < 0.1) of exonic eventsin DU145 cells treated with shAMDI and induced
with doxycycline (100 ng mI™) and supplemented with polyamines (10 pM, 2
days). k.1, z-scored PSI heat map of alternative splicing exonicevents (k;n=35
independent mice) and gel densitometry of SatI and G3bp21/s ratios (I; vehicle:
n=5,SAM486A: n=4independent mice) after SAM486A (8 days, 10 mg kg™ day™)
inskeletal muscle of wild-type mice (Abs(APSI) >10%, P < 0.1).m,n, Principal
components analysis (m) and z-scored PSI heat map (n) of exonic eventsin
Th-Mycnmice treated with DFMO (n=5independent mice) versus control
(n=4independent mice).CD, control diet. One-tailed paired Student’s t-test (a);
one-tailed one-sample t-test (f); two-tailed one-sample t-test (h); two-tailed
Mann-Whitney U-test (I). Adjusted Pvalue was obtained by the multiple testing
correction (set counts and sizes (SCS) method) (d). Dataare mean + s.e.m.
***xp<0.0001,***P<0.001,**P< 0.01,*P< 0.05; NS, not significant (P> 0.05).

analysis of this cluster revealed significant over-representation of pro-
teins associated with the spliceosome, mRNA binding and regulation
of mRNA splicing (Fig. 1d and Supplementary Fig. 1d).

Polyamines regulate alternative splicing

Onthe basis of these results, we explored whether polyamine biosyn-
thesis regulates alternative splicing® using high-coverage RNA sequenc-
ing (RNA-seq). Estimation of alternative splicing using VAST-TOOLS®
revealed remarkable changes in this process upon inhibition of poly-
amine biosynthesis (Fig. 1e, Extended Data Fig. 1d, Supplementary
Fig.1le and Supplementary Table 2). We identified robust events involv-
ing exon skipping (which included a gene encoding the polyamine
homeostasis-regulating enzyme SAT1 (refs. 7-9)) and validated them
by semiquantitative PCR with reverse transcription (RT-PCR) upon
genetic silencing (AMDI, shAMDI; ODCI, shODCI) or pharmacologi-
cal inhibition (AMD1 inhibition with SAM486A; ODC1 inhibition with
a-difluoromethylornithine (DFMO)) in a dose-dependent manner (note
that the various perturbations exhibited different degrees of alternative
splicing changes, possibly owing to the different temporal dynamics
or the perturbation of different polyamine pools; Fig. 1f, Extended
DataFig.le-jand Supplementary Fig. 1f-h). The effects of polyamine
synthesis inhibition by SAM486A on alternative splicing events were
reversible upon inhibitor removal (Fig. 1g and Extended Data Fig. 1k),
and wererecapitulated in eight additional tumoural and non-tumoural
celllines (Fig. 1h, Extended Data Fig. 2a,b and Supplementary Fig. 1i).

To identify polyamine-regulated processes that could explain the
alteration of alternative splicing, we first focused on their role in the
regulation of cell cycle® and elF5a hypusination®. We used cell cycle
inhibitors (Supplementary Fig. 1j-n) or shRNA targeting of the hypusi-
nationmachinery (deoxyhypusine synthase (DHPS) or EIF5AI; Supple-
mentary Fig.1o—-q) and concluded that they did not mimic the changes
in alternative splicing elicited by inhibitors of polyamine biosynthe-
sis. Next, we studied the capacity of exogenous polyamines to revert
the effects of polyamine biosynthesis inhibition and found that both
individually and in combination, supplemented polyamines partially
rescued thealterationinalternative splicing elicited upon AMDI silenc-
ing (Fig.1i,j, Extended Data Fig. 2c,d, Supplementary Fig. 2a and Sup-
plementary Table 3). In line with this notion, blocking ODCI1 (using
DFMO) in cells treated with SAM486A to further reduce polyamine
levels (Extended Data Fig. 2e) potentiated the changes in alternative
splicing (Extended DataFig. 2f,g). Furthermore, supplementation with
polyamines in cells treated with the combination of SAM486A and
DFMO rescued the alterations in the phosphoproteome and alterna-
tive splicing (Extended Data Fig. 3a-f, Supplementary Fig. 2b,c and
Supplementary Tables 4 and 5).

Next, we extended the observation of polyamine-regulated alterna-
tive splicing toin vivo experimental systems. First, we treated healthy
adult male mice systemically with SAM486A and found that skeletal
muscle, the tissue that showed the greatest impact on polyamine
metabolism (by means of S-adenosylmethionine (dc-SAM) and Spm
measurement) also presented robust changes in alternative splicing
(Fig.1k,1, Extended Data Fig. 3g-j, Supplementary Fig. 2d and Supple-
mentary Table 6). Second, we confirmed alternative splicing changesin
two clinically relevant neuroblastomasettings'® " treated with DFMO
(Fig.1m,n, Extended Data Fig. 3k-m, Supplementary Fig. 2e,f and Sup-
plementary Tables 7 and 8). Overall, we conclude that inhibition of
polyamine synthesis leads to robust alterationsin alternative splicing
invitroandinvivo.

Spliceosome regulation by polyamines

To characterize the mechanism of polyamine-regulated splicing, we
silenced AMDI1inHeLa cells and, using RNA-seq, compared the alterna-
tive splicing profile to a systematic knockdown of more than 300 splic-
ing factors and regulators™™. In line with our previous observations,
AMD1 silencing elicited robust perturbation of alternative splicing,
particularly affecting cassette exon skipping events (Fig. 2a, Extended
DataFig. 4a-c, Supplementary Fig. 3a,b and Supplementary Table 9).
Remarkably, the extent of perturbation of alternative splicing upon
AMDI1 silencing ranked in the top quartile of all splicing factor knock-
downs analysed (Fig. 2b, Extended Data Fig. 4d and Supplementary
Table 10).Jaccard similarity analysis revealed a strong resemblance
between alternative splicing profiles elicited by inhibition of polyamine
synthesis and silencing of different members of U2 small nuclear ribo-
nucleoprotein (snRNP) SF3A and SF3B subcomplexes (SF3A and SF3B
subunits) (Fig. 2c,d, Extended Data Fig. 4e, Supplementary Fig. 3c,dand
Supplementary Table 10) that are involved in recognition of branch
point sequences at the 3’ end of introns, subject to tight regulation
through transcriptional and post-translational mechanisms and often
altered in cancer®¢2°,

The link between the activity of SF3 components and the effects of
polyamine biosynthesis inhibition was also supported by the results
of a complementary in silico approach, which leveraged available
cross-linkingimmunoprecipitation with sequencing (CLIP-seq) data-
sets for multiple RNA-binding proteins*?? (Supplementary Methods).
Components of the SF3 complex were significantly over-represented
amongthe RNA-binding proteins that bind to transcripts that are alter-
natively spliced in DU145 cells upon AMDI knockdown (Figs. 1e, 2e,
Extended Data Fig. 4f, Supplementary Fig. 3e and Supplementary
Tables 11 and 12). To corroborate that the SF3 complex is relevant for
polyamine-dependent regulation of alternative splicing, we inhibited
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members of this complex using genetic (smallinterfering RNA (siRNA))
and pharmacological (pladienolide B, a SF3B complex inhibitor)
means upon inhibition of polyamine biosynthesis (using shAMDI1
or SAM486A). In agreement with our findings, interfering with the
function of SF3 complex members abolished the consequences of
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polyamine biosynthesis inhibition for alternative splicing (Fig. 2f-j,
Extended DataFig.4g-k, Supplementary Fig. 3f-jand Supplementary
Table 13).

Next, we investigated whether biological processes that regulate
polyamine biosynthesis could drive the observed changesin alternative



Fig.2|Regulation of alternative splicingupon polyamine deprivation
requiresthe spliceosome U2 snRNP SF3 subcomplex. a, z-scored PSl heat
map showing effects of AMDI silencing with small interfering RNA (siAMDI)
onalternative splicing exonic eventsin HeLa cells (Abs(APSI) >10%, adjusted
P<0.1).siScr,scramble siRNA. b, Scatter plot of alternative splicing exonic events
induced by silencing of AMDI, splicing factors (SF) or regulators (SF3A and SF3B
complexes (SF3A/B)) inHeLacells. ¢, Jaccard similarity plot and functional
cloud showing proximity of AMDI1 to splicing factors with overlapping splicing
signaturesinHeLa cells (exons). Solid edges indicate pairwise similarities,
thicknessrepresentjaccard score and dashed edges show known protein-protein
interactionsinthespliceosome.Jaccardindex cut-off=0.7.d,Jaccard rank
plotofshared exonic eventsresulting fromsilencing of AMDI and other genes
encoding RNA-binding proteins. e, CLIP-seqbased bar plots of splicing factors
withmRNAbindingsites and splicing perturbations consistent with AMDI
silencingin DU145 cells, using EventPointer pipeline with Fisher, Poisson binomial,
gene setenrichment analysis (GSEA) and Wilcoxon tests. U2 snRNP-associated

proteins are highlighted inyellow. f, z-scored PSI heat map showing results of
siRNAssilencing of SF3A43 (siSF3A3) in polyamine-high (no Dox) and polyamine-
low (Dox) conditions. Only significant exonic events are shown (Abs(APSI) >10%,
P<0.1).g,h,Semi-quantitative PCR gels of long and short isoforms showing top
exonic alternative splicing events upon AMDI shRNA silencing with or without
siSF3A3in DU145 cells (g) and densitometry of I/s ratios versus controls (no Dox
plussiScr) (h). n=4independentbiological replicates.i,j, Semi-quantitative
PCR gels showing long and short variants after AMDI shRNA silencing with or
without the SF3Blinhibitor pladienolide B (10 nM, 24 h) in DU145 cells (i), and
densitometry of I/s ratios versus controls (j). n =3 independent biological
replicates. One-tailed one-sample t-test with 1as hypothetical value (h,j).
#indicates Pvalues from one-tailed paired t-test for SF343silencing versus
control under polyamine deprivation (h), or for pladienolide B versus control
under polyamine deprivation (j). #P < 0.05, ##P< 0.01, ###P < 0.001. Data
aremeans.e.m.

splicing and whether these effects were dependent on the integrity of
the SF3 splicing complex. We found that hypoxia elicited: (1) areduction
inthe expression of genes encoding polyamine biosynthetic enzymes
(ODC1, SRM and SMS) in prostate cancer cells; (2) a global reduction
in de novo polyamine biosynthesis (Extended Data Fig. 41,m); and
(3) arobust alteration in alternative splicing that was dependent on
the SF3 complex (Extended Data Fig. 4n, Supplementary Fig. 4 and
Supplementary Table 14).

Polyamines elicit metabolic shielding

Phosphorylation of spliceosome proteinsis awell-established mecha-
nismthatis reported to regulate the splicing process**?. We identified
aseries of phosphorylations in SF3 complex members in our origi-
nal phosphoproteomics analysis that were preferentially assigned to
cluster 1in Fig. 1c (containing peptides which phosphorylation was
increased upon AMDI silencing) (Fig. 3a). This cluster was character-
ized by peptides with a distinctively lower isoelectric point (Fig. 3b)
and enrichment in the acidic amino acids aspartic acid and glutamic
acid (Fig. 3¢). Of note, supplementation with exogenous polyamines
incells with inhibition of de novo polyamine biosynthesis could revert
the phosphorylation of the subset of upregulated peptides with low
isoelectric point (Extended DataFig. 5a,b), and we could confirm that
the acidic phosphorylatable motifs of SF3 complex members were
conserved and accessible for phosphorylation?* (Extended Data Fig. 5¢
and Supplementary Fig. 5a). Given these results, we postulated that
polyamines (owing to their cationic properties) interact with acidic
phosphorylatable motifs in SF3 complex members, similar to previ-
ously reportedinteractions with other proteins®?¢. These interactions
would diminish accessibility of the phosphorylatable sites to upstream
kinases (a phenomenon that we refer to as metabolic shielding) and
reduce protein phosphorylation, thus influencing alternative splicing
(see model in Extended Data Fig. 5d). Upon areduction in polyamine
levels, the phosphorylatable motifs would be exposed to upstream
kinases, resulting in increased SF3 complex protein phosphorylation
and alterations in alternative splicing. To validate this model, we first
exploited molecular docking and molecular dynamics simulations to
provide an atomistic, time-resolved representation of the interaction of
putrescine (Put), Spd and Spmwith the acidic phosphorylatable sites of
arepresentative member of the SF3 subcomplex, namely SF3A3, whose
acidicmotif phosphorylation was reduced upon supplementation with
polyamines (Extended Data Fig. 5e). As no complete, high-resolution
structureisavailable for this protein, we generated full-atom AlphaFold
models and docked Put, Spd and Spm on the phosphorylatable sites
(Ser365,Ser367 and Ser369 in SF3A3). As predicted, the obtained bind-
ing poses (Fig. 3d and Supplementary Fig. 5b and Supplementary Fig. 6)
revealed the formation of multiple salt bridges between the positively

charged ammonium groups of polyamines and the negatively charged
glutamicacid and aspartic acid residues flanking the phosphorylatable
positions of SF3A3.

Using these docking poses as initial geometries, we performed molec-
ular dynamics simulations to estimate the degree of shielding that each
polyamine can provide to the various phosphorylatable positions.
Such shielding exhibited fast statistical rebinding and was computed
as the variation in the solvent-accessible surface area in the presence
and absence of each polyamine” (Supplementary Table 15). The three
polyamines showed distinct shielding capability at the phosphorylat-
able positions, roughly proportional to the number of ammonium
groups, thereby enabling stronger interactions with clustered nega-
tively charged residues. We analysed specific protein-ligand interac-
tions between each polyamine and acidic residues surrounding the
phosphorylatable serines (Supplementary Fig. 7a,b and Supplementary
Table16). Allsevenresidues were engagedin transient salt bridge inter-
actions, further confirming the electrostatic and statistical rebinding
nature of polyamine binding (Supplementary Table 16). We utilized NMR
to empirically test this model. We used the acidic phosphorylatable
SF3A3 peptide (amino acids 350-380) as a proof of concept and deter-
mined its binding to polyamines. Asacontrol, we used aphosphorylat-
able non-acidic peptide from SRRM1 (amino acids 374-406) that also
presented three serines in proximity. The NMR analysis corroborated
that Put, Spd and Spm interacted with the acidic phosphorylatable
region of SF3A3 with 50-100 times greater affinity than SRRM1 and
also presented an affinity towards this motif that was proportional to
their cationic nature (in ascending order, Put <Spd <Spm) (Fig. 3e,fand
Extended Data Fig. 6a-d). With these data, we computed the binding
free energies of Put, Spd and Spm using umbrella sampling simulations
towards both the full SF3A3 protein and the 350-380 model peptide
used in the NMR analysis (Extended Data Fig. 6e). For the peptide, cal-
culated binding energies were highly consistent with the NMR results
(Supplementary Fig. 7c), thus validating the method. The interaction
between the full SF3A3 protein and polyamines was calculated to be
slightly stronger than with the peptide and in the low millimolar to
high micromolar range. Also, in this case, binding free energy was more
favourable for polyamines with more ammonium groups.

To corroborate the interaction between polyamines and SF3 com-
plex members in cellulo, we took advantage of the recent imple-
mentation of photoaffinity labelling for polyamine research, which
enabled us to monitor polyamine-protein interactions in cells.
Hela cells were treated with a Spd probe bearing a minimal alkynyl
diazirine photo-crosslinker or with vehicle control®. Following in-cell
crosslinking, protein—probe conjugates were bioorthogonally ligated
in cell lysates to azido derivatives of TAMRA or biotin (Extended Data
Fig. 7a). SDS-PAGE with in-gel fluorescence scanning revealed the
profile of probe-interacting proteins (Extended Data Fig. 7b), and
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streptavidin-based enrichmentand westernblotting confirmed binding Our results support the notion that polyamine binding to acidic pro-
ofthe Spd probe to the SF3 subcomplex members SF3A3and SF3B2in  tein motifs could shield phosphorylatable residues from the action of
cells (Extended Data Fig. 7c-f). kinases. We searched for kinases that were capable of phosphorylating

824 | Nature | Vol 651 | 19 March 2026



Fig.3|Polyamines bind acidic phosphorylatable motifs of splicing factors
and prevent their phosphorylation. a, Bar plot of significantly altered
phosphorylationsites (P<0.05,FC + 0.2) in U2 snRNP SF3 subcomplex members
afterinducible AMDI silencing (2 days, DU145 cells). b, Violin plot of isoelectric
pointsof clusters thatare altered upon polyamine deprivation by AMDI silencing
inDU145 cells. White circles show medians, box limits indicate 25th and 75th
percentiles, whiskers extend to 1.5 times the interquartile range from the 25th
and 75th percentiles, and polygons represent density estimates of dataand
extend to extreme values. ¢, Heat map of amino acid abundance surrounding
phosphorylationssites from cluster1after AMDI silencing (2 days, Dox versus
noDox).d, Representative binding modes for Spd (top) and Spm (bottom)
onSF3A3.Spdand Spmare shown as greensticks, phosphorylatable residues
(Ser365,Ser367,Ser369) arein yellow sticks and glutamic acid residues are
shown as redsticks. e, Selected 'H-'H-total correlation spectroscopy (TOCSY)
NMRsspectra of SF3A3 fragmentin without (black) or with (bluetored)

increasing Spd (top) or Spm (bottom). Two spectra were omitted for clarity.

f, Averaged chemical shift perturbation (CSP) fromspectraine, fittedtoal:1
binding model with dissociation constant (K, (+ s.e.m.)). ppm, parts per million.
g, Autoradiography showing**Pincorporationinto SF3A3 and CK1after external
addition of SF3A3 and CK1with or withoutincreasing Spd (left) or Spm (right).
Kinetictitration: n=1independentbiological replicate; reference concentration:
n=2independentbiological replicates. h, z-scored PSI heat map of alternative
splicing exonic events altered by AMD1silencing (2 days) with or without the
CK2inhibitor CX4945 (10 uM, 24 h) in DU145 cells (Abs(APSI) >10%, P<0.1).i,1/s
ratios for differential events in DU145 cells treated as in h determined by gel
densitometry.n=6independent biological replicates. Two-tailed Mann-Whitney
U-test (b); one-tailed one-sample t-test with 1as hypothetical value (i). # indicates
Pvalues fromone-tailed paired t-test for CX4945 versus control under polyamine
deprivation. Dataare mean +s.e.m.

the selected sites. Using three different prediction algorithms, we
identified CK1and CK2 as frequently predicted upstream kinases for
polyamine-regulated sites (Extended DataFig. 7g). We selected CK1for
this assay to avoid the reported effect of polyamines on CK2 activity?.
Next, we builtafull-atom AlphaFold model of the SF3A3-CK1 complex
ina putative catalytic state and docked the polyamines on the complex
model using molecular dynamics (Extended Data Fig. 7h). Simulations
revealed that polyamines adopt extended conformations to interact
with both ATP phosphates and the negatively charged residues flank-
ing the phosphorylatable positions, thus reducing phosphorylation
activity towards SF3A3 (Extended Data Fig. 7h). Of note, the capacity of
polyaminesto preventthe recognition of the phosphorylatable motif by
CK1could notbe assessed using this methodology but remains a plausi-
bleaction of these metabolites. To confirm the capacity of polyamines
to prevent the action of upstream kinases on SF3 complex members,
we performed invitrokinase assays. As predicted, CK1 phosphorylated
recombinant SF3A3 (Fig. 3g). We performed a dose-response experi-
mentwithSpd and Spmto assess the concentrations of polyamines that
could interfere with phosphorylation by CK1 (Fig. 3g) and confirmed
this effect in independent biological replicates using 3 mM doses. In
addition, all tested polyamines prevented the action of CK1-mediated
phosphorylationon SF3A1and SF3B2, with minimal interferenceinits
autophosphorylation (Extended Data Fig. 7i,j).

Our datashow that polyamines regulate the access of casein kinases
toacidic phosphorylatable motifs in spliceosome components of the
SF3subcomplex. To assess the relevance of the process of phosphoryla-
tionin polyamine-regulated alternative splicing, we took advantage of
CX4945, apharmacological inhibitor of CK2 (ref. 30), which we found
reduced the protein levels of CK1in addition to its inhibitory action
onits target, thus influencing the activity of the two major kinases
predicted totarget polyamine-regulated phosphorylationsitesinthe
SF3 members (Extended Data Fig. 8a). We silenced AMDIin DU145 cells
inthe presence or absence of CX4945, and as predicted, CX4945 blunted
the changesin alternative splicing elicited upon inhibition of polyamine
synthesis (Fig. 3h,i, Extended DataFig. 8b,c, Supplementary Fig. 8aand
Supplementary Table17). As acomplementary strategy, we generated
mice that were mutated in the three phosphorylationssitesintheacidic
motif of SF3A3 (5365, S367 and $S369; Sf3a3X mice) using CRISPR-
Cas9-based gene editing and collected mouse embryonic fibroblasts
(MEFs) for molecular analysis (Extended Data Fig. 8d,e). Wild-type and
homozygous mutant MEFs responded similarly to SAM486A in terms
of polyamine biosynthesis (Extended Data Fig. 8f). Of note, Sf3a3"«
MEFs presented basal changes in alternative splicing compared with
wild-type counterparts, with 312 differential events (112 events assigned
to exon skipping; APSI>10% and a Wilcoxon P value < 0.1). We then
focused on alternative splicing events perturbed by polyamine bio-
synthesis inhibition in wild-type MEFs. When challenged with AMD1
inhibitor, we observed 260 differentially spliced events, whereas 96%
of these remained unaltered in Sf3a3*' mutant cells (only 10 out of

260 events exhibited a APSIgreater than10% and a Wilcoxon Pvalue <
0.1), suggesting that phosphorylation of $365, 5367 and S369 in SF3A3
isrelevant, atleast partly, for the regulation of alternative splicing and
upon inhibition of polyamine biosynthesis (Extended Data Fig. 8g,
Supplementary Fig. 8b and Supplementary Table 18).

We aimed to determine whether the acidic amino acids in the
phosphorylatable region of SF3A3 were required for the effect of
polyamines on alternative splicing. To achieve this, we modelled and
produced a SF3A3 peptide (amino acids 350-380) with mutationsin
all glutamic acid and aspartic acid residues in this region. However,
the mutant protein was unstable, showed no ability to bind polyam-
ines according to molecular dynamics simulations (Supplementary
Fig. 9a-c) and precipitated in the process of purification, which pre-
vented us from performing further empiric analyses. As analternative
approach, we sought toidentify specific acidicamino acids that, when
mutated, would reduce the metabolic shielding effect of polyamines
without influencing overall stability of the protein. Using AlphaFold
3.0 to model the molecular interactions between SF3A3 and CK1, we
selected three regions with acidic residues through which polyamines
coulddisrupttheinteraction with the kinase (Supplementary Fig.10a)
and mutated them to their neutral equivalents (asparagine and glu-
tamine) (Supplementary Fig. 10b). We estimated the relevance of
polyamine-based shielding in these regions by calculating the Rosetta
energy units for the SF3A3-CKl interaction and found that variant 3
would be predicted to exert the strongest perturbation (Supplemen-
tary Fig.10b). We combined SF3A3 silencing with the overexpression
of shRNA-resistant forms of wild-type and mutant SF3A3 in DU145
cells and could only detect some degree of loss of responsiveness
to polyamine depletion-elicited changes in alternative splicing of
variant 3 (in line with the computational estimations; Supplementary
Fig.10c-e). There are two important aspects that should be consid-
ered. First, although we predict that these mutant proteins would
have weakened polyamine binding, the amino acid changes could also
influence the recognition by the kinase, thus making any experimental
interpretation of the results challenging. Second, since various SF3
subcomplex members are subject to metabolic shielding, altering
the phosphorylation or shielding capacity of a single member would
be insufficient to fully abolish the consequences of the inhibitors of
polyamine biosynthesis on alternative splicing.

BENSpm shows metabolic shielding ability

Our results suggest that metabolic shielding could explain molecular
andbiological actions of polyamines that are distinct from their conven-
tional activities. Based on the proposed mechanism of action of meta-
bolic shielding, we postulated that strongly cationic polyamine-like
molecules couldreplicate this phenomenon and serve as discovery plat-
forms for processes regulated by this mechanism. We took advantage of
N, N"-bis(ethyl)norspermine (BENSpm), an Spm analogue that strongly
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Fig. 4 |See next page for caption.

inhibits polyamine biosynthesis but retains a polyamine-like cationic
nature® (Fig. 4a). We reasoned that BENSpm, by reducing polyamine
levels, would inhibit conventional molecular and biological responses
of this metabolic pathway. By contrast, asit retains a strong polycationic
nature, BENSpm would rescue the lack of endogenous polyamines in
processes regulated by metabolic shielding (Fig. 4b). As predicted,
BENSpminteracted with the acidic region of SF3A3, as measured using
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molecular dynamics and NMR (Fig. 4c-e, Extended DataFig. 9a-d and
Supplementary Tables 19 and 20), and prevented the action of CK1
on this phosphorylatable region (Fig. 4f and Extended Data Fig. 9c).
Notably, incubation with BENSpm prevented the changes in alternative
splicing elicited upon treatment with SAM486A plus DFMO, despite
the profound inhibition of de novo polyamine biosynthesis (Fig. 4g,h
and Extended Data Fig. 9e).



Fig.4 | BENSpm elicits metabolic shielding and prevents polyamine
depletion-triggered ES cell differentiation. a, Schematic of the BENSpm
molecule.b, Mechanism of action of BENSpm: antagonizing natural polyamine
functions while mimicking metabolic shielding owing toits cationic nature.
c,Representative bindingmode of BENSpm on SF3A3. BENSpmisshown asgreen
sticks, phosphorylatable residues (Ser365, Ser367 and Ser369) arein yellow
andglutamicacidresiduesareinred.d, Selected 'H-1H-TOCSY NMR spectra of
the SF3A3 fragment without (black) or withincreasing BENSpm (blue to red).

e, Average chemical shift perturbations fromspectraind, fitted toal:1binding
model with dissociation constant (s.e.m.).f, Autoradiography showing **P
incorporationinto SF3A3 and CK1after addition of SF3A3 and CK1with or
without BENSpm. n=3.g,h, Semi-quantitative PCR gels (g) and densitometry (h)

showing /s ratios after BENSpm (10 uM, 48 h (BEN)) treatment in vehicle
conditions and with AMD1 and ODClinhibition (SAM486A1 M + DFMO 50 puM,
48 h (S+D)) forvalidated alternative splicing candidates. n =4 i-k, Polyamine
quantification by LC-MS (i; n = 3), Nanog-GFP expression by flow cytometry
(j;n=2)and z-scored PSI heat map of alternative splicing events (k) in mouse ES
cellstransduced with Nanog-GFP and treated with SAM486A (0.5 uM, 48 h).
I,m, Nanog-GFP flow cytometry (I; n=2) and RNA-seq (shown as z-scored PSI
heat map, m) of ES cells with Nanog-GFP treated with or without SAM486A
(0.5uM, 48 h) and BENSpm (10 uM, 48 h). One-tailed one-sample ¢-test with 1as
hypothetical value (h); two-tailed paired Student’s t-test for metabolomics (i).
#indicates Pvalues from two-tailed paired t-test for S + D versus S + D + BENSpm.
Dataaremean £s.e.m.

Metabolic shielding controls ES cell function

We next tested whether BENSpm could be a useful tool for distinguish-
ing biological consequences of polyamine deprivation that emanate
from conventional functions versus metabolic shielding. Spm sup-
plementation in cells treated with polyamine synthesis inhibitors
rescued the cell proliferation defect. By contrast, BENSpm did not
exert suchrescue, and itinduced a reduction in cell growth as single
agent, in line withiits capacity to inhibit polyamine productionin can-
cer cells® (Extended Data Fig. 9f-i). Next, we searched for biological
functions of polyamines beyond cancer and cell proliferation and
focused on their reported requirement for embryonic stem (ES) cell
self-renewal®. Using ES cells expressing a reporter of Nanog expres-
sion, we corroborated that inhibition of de novo polyamine synthesis
resulted in loss of Nanog-GFP expression (a surrogate for pluripotent
self-renewal) (Fig. 4i,j and Extended Data Fig. 10a-d) and elicited a
change in the alternative splicing landscape (Fig. 4k, Extended Data
Fig. 10e-h and Supplementary Tables 21 and 22). We then treated
polyamine-deprived ES cells with BENSpm and evaluated the effect on
Nanogexpression and alternative splicing. Of note, BENSpm reverted
the effects of SAM486A or DFMO on pluripotent self-renewal (based
on the proportion of Nanog-GFP-positive cells) and alternative splic-
ing (Fig. 41,m, Extended Data Fig. 10i-r and Supplementary Tables 23
and 24). Our datareveal that ES cell maintenance requires polyamine
production to sustain the stemness properties, through a mechanism
thatinvolves, atleastin part, metabolic shielding.

Discussion

Our findings uncover a new mode of action of polyamines, according
towhich their cationic nature mediates theinteraction with phospho-
rylatable acidic motifs and prevents the action of kinases. We attribute
polyamine-regulated alternative splicing to the process of metabolic
shielding. Molecular dynamics and NMR analyses revealed that the
metabolic shielding capacity of polyaminesis dependent on their cati-
onic nature. Of note, our findings on protein phosphorylation could
theoretically be expanded to other post-translational modifications
located in acidic motifs.

The metabolic shielding effect is more closely associated with the
timing of perturbation of de novo polyamine production than the total
polyamine pools. A substantial fraction of polyaminesis accumulatedin
polyamine-sequestering vesicles* and is therefore potentially biologi-
callyinactive. Thus, de novo-produced polyamines might more closely
reflect the biologically active metabolite fraction that regulates the
process of metabolic shielding. With theimprovements in metabolite
detectionand quantification, we may begin toisolate the compartmen-
talized production and accumulation of polyamines, which will propel
our understanding of the biological and molecular repercussions of
metabolic shielding. In addition, the use of polycationic molecules
such as BENSpm (a polyamine analogue that inhibits the production
of these metabolites and mimics their metabolic shielding activity) will
help in classifying polyamine-regulated processes into conventional

versus metabolic shielding, and thus advance comprehension of the
mechanistic bases of polyamine function in health and disease.
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Methods

Animals

Experimental procedures involving the use of mice were carried out
following the ethical guidelines established by the Biosafety and
Animal Welfare Committee at CICbioGUNE, under ethics protocol
P-CBG-CBBA-0121. The procedures were performed in concordance
with the recommendations stablished by the AAALAC. Mice on amixed
background were housed under controlled environmental conditions,
such astime-controlled lighting on standard 12 h:12 hlight:dark cycles,
controlled temperature at 22 + 2 °C and 30-50% relative humidity.
Mice were fed regular chow diet ad libitum and fasted for 6 h prior to
tissue collection (09:00-15:00) to prevent metabolic alterations due
toimmediate food intake. At the experimental end-point, all mice were
euthanized by CO, inhalation followed by cervical dislocation.

Sf3a3""“'mouse generation

To engineer Sf3a3“/“ mice, zygotes were obtained from crosses
between C57BI6 male mice and hybrid C57B16.CBA female mice.
Zygotes were injected with Cas9 and a guide RNA (gRNA) (Cr/Trac)
targeting the sequence of interest and a repair single-stranded oli-
gonucleotide containing the intended mutations flanked by 80 bp
of homology arms adjacent to the double-strand break site. Geno-
typing was performed by specific amplification followed by Sanger
sequencing. The single guide RNA (sgRNA) used was GATCAGCGA
GAGCGAAAGTGAGG and the repair single-stranded oligonucleotide
was GAACAGCGACAGCTCACTCATGAAAATGTTCAGCGCAAGCAAGCC
AGGACAGGCGAGGAGCGGGAGGAGGAGGAGGAGGAGCAGATCGCCGA
GGCAGAAGCTGAAGACGAAGAGAATGAGATCATTTACAACCCCAAGAA
CCTGCCGCTGGGCTGGGACGGCAAGGTAAGGTCTCAGGGCCCTCTGT
CCCCTTCCATCATGGGCATGCCTGAGCTCGGAAATCTCATGCAGTCGC
TTTCCTTTAGCCCATCCCCTACTGGCTGTAC. All CRISPRreagents were
purchased from Integrated DNA Technologies. gRNA was assem-
bled from Alt-R CRISPR-Cas9 CRISPR RNA (crRNA; 5-GATCAGCGAG
AGCGAAAGTG-3’) and Alt-R CRISPR-Cas9 trans-activating crRNA
(tracrRNA) in microinjection buffer (10 mM Tris/HCI pH 7,5; 0.1 mM
EDTA) by heating for 5 min at 95 °C in a thermocycler and decreasing
temperature slowly using a pre-defined temperature ramp. Assembled
tracrRNA and crRNA gRNAS were incubated with Alt-R SpCas9 Nuclease
V3toformtheribonucleoprotein complexfor 15 minatroomtempera-
ture in microinjection buffer and injected at a final concentration of
1.2 uM and 0.24 pM, respectively. Donor oligodeoxynucleotide was
added at afinal concentration of 10 ng pl™.

CRISPRreagents (Integrated DNA Technologies) were microinjected
in the pronucleus of zygotes obtained from crosses between C57Bl6
males and hybrid B6.CBA female mice. Female mice (5-8 weeks of age)
were previously superovulated by consecutive administration of 51U
of pregnant mare serum gonadotropin (PMSG) (at15:00 of day —3) and
51U of human chorionic gonadotropin (hCG) (at 13:00 of day 1), and
matings were set upimmediately after hCG administration. At 8 pm of
day 0, the formation of vaginal plugs was monitored and cumuli were
collected from oviducts. Cumuli were disaggregated with a hyaluroni-
dase (Sigma H4272) solution (10 mg mIin M2 medium) diluted 1:2 in
M2 medium at the moment of treatment. Free zygotes were cultured
in KSOM medium until injection. On the next day, zygotes that had
developedto the 2-cell stage were transferred to pseudopregnant CD1
female mice according to standard protocols®.

Reagents

The human prostate carcinoma cell lines used were purchased from
Leibniz-Institut DSMZ (Deutsche SammLung von Mikroorganismen und
Zellkulturen GmbH), which provided authentication certificates: DU145
(ACC261),PC3 (ACC465),22RV1(ACC438) and human benign prostatic
hyperplasia (BPH-1) (ACC143). WPMY-1 prostate stroma fibroblast cell
line was purchased from ATCC (CRL-2854). Virus packaging cell line

(HEK 293FT; Invitrogen) was provided by R. Barrio and J. Sutherland.
Human breast cancer cell lines were purchased from DMSZ: MCF7
(ACC115) and MDA-MB-231 (ACC732). Human melanoma cell line A375
was purchased from ATCC (CRL-1619).]. Valcarcel provided the HeLa
cervical carcinomacellline. SKNBE2 cell line were provided by the Chil-
dren’s Oncology Group Cell Culture Repository (https://cccells.org) with
authentication certificates. Inallthe cases cells tested negative for myco-
plasma. DFMO (prepared in water, final concentration 25-500 pM),
doxycycline (prepared in water, final concentration 0.1-0.15 pg mil™),
pladienolide B (prepared in DMSO, final concentration 10 nM), Spd
(prepared inwater, final concentration 0.3-10 mM for kinase assay and
10 uM for other assays), Spm (prepared in water, final concentration
0.3-10 mM for kinase assay and 10 uM for other assays), Put (prepared
in water, final concentration 0.3-30 mM for kinase assay and 10 uM
for other assays), BENSpm (prepared in water, final concentration
0.3-3 mM for kinase assay and 10 pM for other assays), synthetic Spd
photoaffinity probe (prepared inwater, final concentration 5 pM), ami-
noguanidine (prepared in water, final concentration 1 mM), SAM486A
(prepared inwater, final concentration 0.1-5 pMin vitro, 10 mg per kg
(body weight) per day intraperitoneally for 8 days, in vivo), thymidine
(prepared in water, final concentration 2 mM), CX4945 (prepared in
DMSO, final concentration 10 uM) were obtained from Sigma-Aldrich
(doxycycline, thymidine,aminoguanidine, Spd, Spmand Put), SCBT (pla-
dienolideB), Tocris (DFMO and M, N"-diethylnorspermine) and LabNet
Biotecnica (CX4945), and SAM486A was provided by Novartis. [U-*C;]
L-methionine was purchased from Cambridge Isotope Laboratories and
dosed at a final concentration of 30 pg ml™in vitro. Doxycycline was
used at 100 ng ml™ for silencing of AMD1, and 150 ng ml™ for silencing
of ODCI, DHPS and EIF5A1. shRNA targeting AMDI was purchased from
Sigma (TRCN0000078460) and described elsewhere®. shRNA targeting
ODC1,DHPS and EIF5A1 were purchased from Sigma (TRCN0O000333342,
TRCN0000045644 and TRCNO0O00062548, respectively). The con-
trol shRNA sequence was CCGGCAACAAGATGAAGAGCACCAACTC
IGAGTTGGTGCTCTTCATCTTGTTGY. Sub-cloning of shODC1, shDHPS
andshEIFSAIinto pLKO-Tet-On vector were done introducing Agel and
EcoRlinthe 5’ end of top and bottom shRNA oligonucleotides, respec-
tively (TET-pLKO puro was a gift from D. Wiederschain®® (Addgene plas-
mid #21915)). Lentiviral transductions were performed as previously
described?. siRNAs for transient transfections were purchased from
Dharmacon and used at afinal concentration of 25 nM (siScr: D-001810-
10-05, siAMD1I;L-010053-01-0005, siSF3A1; L-016051-00-0005, siSF3A3;
L-019808-00-0005, siSF3B1; L-020061-01-0005).

Cellular and molecular assays

Cellnumber quantification for growth curve and focus assays was done
with crystal violet®. DU145 cells submitted to hypoxic conditions were
incubated in hypoxiaincubator (Baker) at1% hypoxia for 24 h. Polyam-
ine supplementation experiments were complemented with 1 mM ami-
noguanidine to avoid polyamine oxidationin media. Western blot was
performed as previously described?, run in NUPAGE gradient precast
gels (Life Technologies) in MOPS buffer. Primary antibodies were used
at1:1,000. Anti-AMD1(11052-1-AP, Proteintech); anti-ODC1 (17003-1-AP,
Proteintech); anti-PAOX (18972-1-AP, Proteintech); anti-SAT1 (10708-
1-AP, Proteintech); anti-SMOX (15052-1-AP, Proteintech); anti-CK1 (2655,
CST) and anti-HSP90 (4874S, CST). Secondary anti-rabbit antibody was
used at 1:4,000 and purchased from Jackson ImmunoResearch. RNA
was extracted using NucleoSpin RNAisolation kit from Macherey-Nagel
(ref: 740955.240 C) or automatically extracted using Maxwell RSC
instrument (Promega) according to the manufacturers’ instructions
(Supplementary Methods).

RNA-seq analysis

The quantity and quality of RNA were evaluated using Qubit RNA HS
Assay Kit (Thermo Fisher Scientific, Q32855) and Agilent RNA 6000
Nano Chips (Agilent Technologies, 5067-1511), respectively.
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mRNAsequencinglibraries were generated following TruSeq Stranded
mRNA Sample Preparation Guide (15031058 rev. E) using the TruSeq
Stranded mRNA Library Prep kit (Illumina, 20020594) and TruSeq RNA
CD Index Plate (96 indexes, 96 samples) (Illumina, 20019792) except
for the following cases. For the CK2 inhibitor (CX4945) experimentin
DU145 cells, mRNA libraries were prepared using Illumina Stranded
mRNA Prep kit (Illumina, 20040532), following /llumina Stranded
mRNA Prep Reference Guide (1000000124518 v.02). For hypoxia RNA
seqanalysisin DU145 cells, total RNA libraries were prepared using the
TruSeq Stranded Total RNA with Ribo-Zero kit (Illumina 20020612)
and TruSeq RNA CD Index Plate (Illumina 20019792) following TruSeq
Stranded Total RNA Sample Prep-Guide (15031048 rev. E).

After afinal library clean-up, all libraries were reviewed on an Agi-
lent 2100 Bioanalyzer using Agilent High Sensitivity DNA kits (Agilent
Technologies, 5067-4626) and quantified using Qubit dSSDNA HS DNA
Kit (Thermo Fisher Scientific, Q32854).

Sequencing was performed onanIlluminaNovaSeq 6000 system. A
paired-end type of read with a length of 150 bp was performed unless
otherwise specified.

RNA-seqof siAMDI versus siScr samples was performed in the Centre
for Genomic Regulation (CRG). Stranded mRNA-seq libraries were
prepared and two samples/lane were sequenced, following 2x 125 nt
paired-end protocol at the CRG Genomics Core Facility on a HiSeq
2500 v.4 (Illumina). Triplicates were sequenced for each condition in
separate lines. Sequencing output was processed to generate FASTQ
files for downstream analysis.

VAST-TOOLS splicing pipeline analysis
VAST-TOOLS®v.2.5.1and the database vastdb.hs2.23.06.20 were used
to identify alternative splicing events from RNA-seq data. For DU145,
we generated single-end 50 bp reads (average of 46 million per sample)
and paired-end 150 bp reads (average of 56 million per sample) datasets
for 4 control (no DOX), and 4 samples after AMDI silencing for 2 days.
Reads were mapped to the human genome (version GRCh38) using
VAST-TOOLS align module (-IR_version 2-stepSize 25 -mismatchNum 2).
Aligned ssingle and paired datasets were merged with the merge module.
We combined the samples using ‘combine’ with parameters “-IR_version
2 -extra_eej 5”. We identified differentially spliced events using Matt
v.1.3.0 with minimum Abs(APSI) >10% and Wilcoxon Pvalue < 0.1 after
excluding events with PSIRANGE_ALL = NA and LENGTH = 0.

Inthe case of skeletal muscle RNA-seq analysis, reads were mapped
to the mouse genome (version GRCm38) and vastdb.mm2.2306.20
database was used to identify alternative splicing events.

Neuroblastoma cell experiments

The neuroblastoma cell line SKNBE2 was cultured in RPMI (Gibco).
To inhibit polyamine biosynthesis, cells were treated for 4 days with
250 puM of DFMO obtained from P. Woster. At sub-confluency cells were
washed with ice-cold PBS and RNA was isolated from cell extracts by
direct addition of 3-volumes of QlAzol (Qiagen, 79306). After thorough
mixing, RNA was purified using the Direct-Zol RNA Mini Prep Plus kit.
Stranded library preparation was performed at the Genomic Platform
(UNIGE) following standard protocols. Libraries were sequenced onan
Illumina NovaSeq 6000, SR100 bp. Invivo experiments with Th-Mycn
mice are described inref. 12.

Analysis of functional relationships between AMD1 and splicing
factors

Toinvestigate functional relationships between AMD1 and splicing fac-
tors, we conducted a comparative analysis of splicing events affected
by the knockdown of AMD1 and acomprehensive genome-wide screen
of 304 splicing factors in HeLa cells, using a common threshold cri-
teria. We considered splicing events that exhibited a change of at
least 10% upon AMD1 knockdown, matching the threshold used in a
transcription-wide screen of splicing factors.

To quantify the extent of shared splicing targets between AMD1and
the profiled splicing factors, we used the Jaccard index expressing the
similarity between two sets calculated as the size of the intersection of
the sets divided by the size of the union of the sets.

J(A,B)=1A U BJ|A N B]

Wefocused on matched splicing events, which were characterized by
differences between control and experimental conditions not exceed-
ing 15% for exonic events and 5% for other event types. Furthermore,
werequired that these splicing events exhibited a significant change of
atleast 5% and possessed a Pvalue less than 0.05 in the knockdown of
AMDIL. To construct networks, we applied stringent similarity thresh-
oldsto ensure the biological relevance of identified associations. Spe-
cifically, we utilized a Jaccard score of 0.7 for exonic events and 0.67
for all other event types.

Invitro radiochemical CKlx assay

SF3A3 (Abnova, HO0010946-P01), SF3A1 (Abnova, H00010291-P01)
or SF3B2 (Abnova, HO0010992-P01) recombinant proteins were
pre-incubated 5 minwith either vehicle (H,0), Put (Sigma, P5780), Spd
(Sigma, 85578), Spm (Sigma, S3256) or BENSpm (Tocris, 0468) when
indicated, followed with incubation with 200 ng of active CKla (Abcam,
102102) inkinase buffer (50 mM Tris/HCIpH 7.5,0.1 MM EGTA, 0.1% (v/v)
2-mercaptoethanol). Reactions (total volume of 30 pl) were started by
adding amixture of 10 mM MgCl,, 0.1 mM [y-*2P]-ATP (500 cpm pmol ™.
Perkin-Elmer, BLUOO2A500UC). Assays were carried out for 30 min at
30 °C, and terminated by adding 5x Laemmli buffer and were heated
at 95 °C for 5 min. Finally, proteins were resolved by SDS-PAGE gel
electrophoresis, stained with Coomassie, and incorporation of *P into
proteins was detected by autoradiography.

NMR

The SF3A3 fragment was produced in bacterial cells transformed with
plasmid pET29a(+) containing a synthetic gene (Genscript) coding for
residues 350-380 residues of the human protein (Uniprot 12874) fused
at the N-terminal end to ubiquitin with a Hisy-insertion for protein
purification by immobilized metal affinity chromatography (IMAC)
and followed by the TEV-protease cleavage sequence. Cultures were
growninauto-induction ZYP-5052 medium with kanamycin for protein
productionat20 °Cfor 18 h. The fragment was purified by IMAC (5 ml
His Trap column loaded with Co*", Cytiva), TEV cleavage, and reverse
phase chromatography (Cg Jupiter 250 x 10 mm column, Phenom-
enex). The purity and the integrity of the fragment was evaluated by
Coomassie-stained reducing SDS-PAGE, and by MALDI-TOF mass spec-
trometry. The purified fragment contains the non-native AGM sequence
atthe N-terminus. The SRRM1 synthetic lyophilized peptide with free
termini was purchased from Apeptide. The sequence corresponds
to residues 376-406 of the human protein (Uniprot Q81YB3) with a
non-native YG sequence at the N-terminus to measure its concentra-
tion by absorbance at 280 nm (as done with SF3A3).

AIINMR experiments were performed using a Bruker 800 MHz spec-
trometer equipped with a cryoprobe. NMR data were processed with
TopSpin (Bruker).’'HNMR resonances of SF3A3 peptide were assigned
through standard TOCSY and NOESY experiments of asample contain-
ing SF3A3 peptidein 9:1H,0:D,0 at 630 uM concentration.

Reference spectra of the protein fragments without polyamines
were recorded on 250 pM SF3A3 and 250 pM SRRM1 samples in
400 pl of 20 mM MES pH 7.0, H,0:D,0 9:1, inside a 5 mm Shigemi
tube without plunger. Solutions of Put, Spd, Spm and N, N"-bis(ethyl)
norspermine at 360 mM and 1.75 M in 20 mM MES pH 7.0 were pre-
pared by gravimetry. Volumes between 0.1 pl and 8.6 pul of one of the
polyamine stocks were pipetted inside the NMR tube and mixed by
capping and inverting the tube several times before recording the
corresponding spectrum. Each titration was recorded in less than



two days. The chemical shift perturbations (CSPs) were quantified
from NMR signals that were among the most perturbed, sufficiently
intense, and not overlapping with other signals to measure their chemi-
cal shifts with high precision. They were computed at each point of
the titration as CSP = (((A8H,)? + (A8H,)?)/2)¥?), with an estimated
error of £0.005 ppm. The averaged values were fitted to a1:1 binding
model using GraphPad Prism to obtain the equilibrium dissociation
constant.

Cell culture and photoaffinity labelling with Spd probe

The human cervical carcinoma cell line HeLa was maintained in Dul-
becco’s Modified Eagle Medium (DMEM, ATCC), supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin/
streptomycin (Thermo Fisher Scientific). Cells were grown at 37 °C
with 5% CO,and routinely tested for mycoplasmainfection (Universal
Mycoplasma DetectionKit, ATCC). For photoaffinity labelling of pro-
teins and protein pulldown, sub-confluent cells were washed with PBS
andincubated with the Spd analogue® alkylated at the N8 position to
attach the minimalist alkyl diazirine photo-crosslinker” inserum-free
DMEM for 2 h or with serum-free DMEM without the addition of the
analogue. The cells were washed with PBS and immediately irradiated
(365 nm, 10+ mW cm™) for 10 min in PBS using an LED light reaction
box (WaveyTech). Control cells were not UV irradiated, to exclude
covalent probe-protein binding not related to the photoaffinity label-
ling. The cells were lysed with 2% SDS in PBS, probe-sonicated, and
cysteineresidues were reacted with40 mMiodoacetamide for 40 min
to prevent azide-alkyne-thiol reaction”. Proteins were precipitated by
addition of methanol (1 volume) and chloroform (0.25 volumes), fol-
lowed by a brief vortex-mixing. The pellets were washed with methanol
twice, air-dried, and reconstituted in 2% SDS in PBS. The solutions were
diluted with PBS to the final concentration of 0.5% SDS and the protein
concentration was determined by DC Protein Assay (Bio-Rad) and nor-
malized. Protein solutions were then subjected to the click reaction®.
A click mixture was prepared by combining four reagents (volumes
given per 100 pg of proteins) in the following order: 5-TAMRA-azide
(Jena Bioscience) or azide-PEG3-biotin (Sigma-Aldrich) (1 ul, stock
10 mMin DMSO, final concentration 0.1 mM), CuSO, (2 pl, stock 50 mM
in water, final concentration 1 mM), tris(2-carboxyethyl)phosphine
(TCEP) (2 pl, stock 50 mM in water, final concentration 1 mM), tris(
(1-hydroxy-propyl-'H-1,2,3-triazol-4-yl)methyl)amine (THPTA) (1 pl,
stock20 mM in water, final concentration 0.2 mM). The samples were
incubated with the click mixture at room temperature for 1 h. EDTA
(final concentration 5 mM), methanol (1volume) and chloroform (0.25
volume) were added. The samples were quickly vortexed and centri-
fuged at 21,000g for 5 min to pellet precipitated proteins. The pellets
were washed with methanol twice, and air-dried. TAMRA-labelled
proteins were resolved by SDS-PAGE and visualized with Amersham
Imager (Amersham). For the proteinload determination, silver staining
was performed with Pierce Silver Stain kit (Thermo Fisher Scientific).
Biotin-labelled proteins were instead subjected to the pull-down with
streptavidin beads (New England Biolabs) for 2 h at room tempera-
ture with1,100 rpm shaking. After washing of non-specifically bound
proteins, beads were boiled with Laemmli buffer for protein retrieval
and samples were subjected to SDS-PAGE separation and western
blot analysis with SF3A3 (Abcam, ab176581-100) and SF3B2 (Bethyl,
A301-606A) specific antibodies.

Metabolomics

For tissue extraction, 500 pl of ice-cold extraction liquid was added
with a tissue homogenizer (FastPrep) in one 40 s cycle at 6,000 rpm.
The extraction liquid consisted of a mixture of ice-cold methanol/
water (50/50% v/v) with 10 mM acetic acid. Subsequently, 400 pl of
the homogenate plus 400 pl of chloroform was transferred to a new
aliquot and shaken at 1,400 rpm for 30 min at 4 °C. Next the aliquots
were centrifuged for 30 minat 13,000 rpmat 4 °C. The organic phase

was separated from the aqueous phase. From the aqueous phase 300 pl
wastransferred toafreshaliquotand placed at—80 °C for 20 min. The
chilled supernatants were evaporated with a speedvac in approxi-
mately 2 h. The resulting pellets were resuspended in 250 pl water/
acetonitrile (MeCN) (40%/60% v/v). Concentrations of metabolites
were determined with asemi-quantitative method. Calibration curves
for these compounds were obtained by measuring serial dilutions of
apooled standard mixture in resuspension solution. The concentra-
tions for metabolitesin the dilutions ranged from100 pM to 0.025 pM,
except for MTA which range was from 10 pM to 0.0025 pM. For the
standard mixture, separate 10 mM stock of the standard was made.
This was then diluted in resuspension solution to obtain the final
concentrations as used for the calibration curve. Since the calibra-
tion solutions lacked any biological matrix, the method should be
considered semi-quantitative.

Samples were measured with a UPLC system (Acquity, Waters) cou-
pled to a Time-of-Flight mass spectrometer (ToF MS, SYNAPT G2S,
Waters). A2.1x100 mm, 1.7 pum BEH amide column (Waters), ther-
mostated at 40 °C, was used to separate the analytes before entering
the MS. Mobile phase solvent A (aqueous phase) consisted of 99.5%
water, 0.5% formic acid and 20 mM ammonium formate while solvent
B (organic phase) consisted of 29.5% water, 70% MeCN, 0.5% formic
acid and 1 mM ammonium formate.

In order to obtain a good separation of the analytes the following
gradient was used: from 5% A to 50% A in 2.4 min in curved gradient
(no. 8, as defined by Waters), from 50% A t0 99.9% A in 0.2 min con-
stant at 99.9% A for 1.2 min, back to 5% A in 0.2 min. The flow rate was
0.250 ml min™, and the injection volume was 4 pl for the cell samples
and 2 pl for media samples. After every 10 injections a quality control
sample was injected.

The MS was operated in positive electrospray ionization mode in
full scan (50 Da to 1,200 Da). The cone voltage was 25V and capil-
lary voltage was 1kV. Source temperature was set to 120 °C and cap-
illary temperature to 450 °C. The flow of the cone and desolvation
gas (both nitrogen) were set to 51h™?and 1,000 | h, respectively. A
2 ng ml™leucine-enkephalin solution in water/acetonitrile/formic acid
(49.9/50/0.1% v/v/v) was infused at 10 pul min™and used for alock mass
whichwas measured each 36 s for 0.5 s. Spectral peaks were automati-
cally corrected for deviations in the lock mass.

Extractediontraces for relevant analytes were obtainedina20 mDa
window in their expected m/zchannels. These traces were subsequently
smoothed and peak areasintegrated with TargetLynx software (Waters).

These calculated raw signals for cells were adjusted by median
fold-change (MFC) adjustment. This is a robust adjustment factor
for global variations in signal due to, for example, difference in tissue
amounts, signal drift or evaporation. MFC values are based on the total
amount of detected mass spectrometric features (unique retention
time/mass pairs) over all samples. The calculations and performance
of the MFC adjustment factors are described elsewhere®*°. The poly-
amine cell extraction and quantification methodology using LC-MS
measurements is detailed in*.

Proteomics and phosphoproteomics

DU145 shAMDI cells were grown in150 mm plates and treated for 1day
or 2 days with doxycycline (100 ng ml™) to genetically silence AMD1
(final density no higher than 60-70%).

Samples were lysed in 5% SDS, digested with trypsin using the
standard S-TrapTM protocol and labelled using TMT reagent 11-plex.
For phosphoproteome analysis, phosphopeptides were first puri-
fied using TiO, and then fractionated into six fractions using high pH
reverse-phase home-made micro-column. For whole proteome analy-
sis, the flow-through was fractionated using high pH reverse-phase
HPLC system and then, concatenated into 15 fractions. Samples were
analysed by LC-MS/MS analysis using a Q-exactive HF-X mass spec-
trometer (Thermo Scientific). Raw files were analysed with MaxQuant
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v.1.6.1.0 against a human protein database (UniProtKB/Swiss-Prot,
20,187 sequences downloaded on August 2016). Statistical analy-
sis was done using Prostar v.1.12.14 and Perseus v.1.6.7. GO analysis:
Functional enrichment analysis was done with G: profiler (https://biit.
cs.ut.ee/gprofiler/gost) using the GO database. Multiple testing cor-
rection (SCS threshold) was applied and only terms with an adjusted P
value below 0.05 were considered as significant. GO terms containing
less than 100 genes or more than 500 genes were discarded. Motifs:
Enrichment of specific amino acids surrounding the identified phos-
phorylation sites was done with IceLogo using a P value threshold
of 0.001 (https://iomics.ugent.be/icelogoserver). Aa conservation:
Protein sequences were retrieved from Uniprot and aligned using the
clustalo algorithm (v.1.2.4). Residues are shown using the Clustal2
colour scheme. The surface accessibility, secondary structure, disor-
der, and phi/psi dihedral angles of amino acids in protein sequences
were predicted with NetSurfP server (https://services.healthtech.dtu.
dk/services/NetSurfP-2.0/). Kinase prediction was done with the GPS
6.0 tool (available at http://gps.biocuckoo.cn/), Networkin 3.0 and
Phosphositeplus**,

For pharmacological inhibition and polyamine rescue in DU145 and
Hela experiments cells were grown in 100 mm plates and treated for
2 days with SAM486A (1 uM) + DFMO (50 pM) or SAM486A + DFMO+
polyamines (10 uM). Samples were lysed in 2% SDS, digested with
trypsin/Lys-C mix (Promega) using the standard SP3 protocol*** and
labelled using TMT reagent 18-plex (ThermoFisher). For whole pro-
teome analysis, a small aliquot was fractionated into eight fractions
using Pierce high pH reverse-phase peptide fractionation kit (Ther-
moFisher). For phosphoproteome analysis, phosphopeptides were
first purified using MagReSyn Zr-IMAC HP beads and then fractionated
using the same procedure as for the whole proteome. Samples were
then analysed by LC-MS/MS analysis using a Vanquish Neo LC system
coupled to an Exploris 480 mass spectrometer (Thermo Scientific).
Raw files were analysed with MSFragger v.22.0 against ahuman protein
database (UniProtKB/Swiss-Prot, 20,836 sequences downloaded in
May 2024). Statistical analysis was done using Prostar v.1.34.6 and
Perseus v.2.0.10.0. GO analysis: Functional enrichment analysis was
done with G: profiler (https://biit.cs.ut.ee/gprofiler/gost) using the
GO database. Multiple testing correction (SCS threshold) was applied
and only terms with an adjusted Pvalue below 0.05 were considered as
significant. GO terms containing less than100 genes or more than 500
genes were discarded. The isoelectric point of each phosphopeptide
was calculated using the Expasy Compute pl/Mw tool (https://web.
expasy.org/compute_pi/).

Mouse ES cell culture

Mouse ES cells were generated previously from C57BL/6 x 129S4/Svjae
F, male mouse embryos*®. Nanog-GFP ES cells were a gift from R. Jae-
nisch?. For all experiments, ES cells were maintained on gelatin-coated
plates in serum medium containing leukaemia inhibitory factor
(LIF) (S/L medium). S/L medium was composed of knockout DMEM
(10829018, Thermo Fisher Scientific) supplemented with10% FBS (Gem-
ini), 0.1 mM2-mercaptoethanol,2 mM L-glutamine, and 1,000 U mI LIF
(Gemini). For -LIF conditions, LIF or pharmacological manipulation of
polyamine metabolism, ES cells were treated with the following drugs
for 48 h: DFMO (50 pM in methanol), S-adenosylmethionine (0.5 pM
in ethanol) and BENSpm (10 uM in water). Methanol or ethanol were
used as vehicle controls.

Nanog-GFP analysis

To assess the effect of polyamine synthesis inhibition on Nanog-GFP
distribution, Nanog-GFP ES cells, a gift from R. Jaenisch (White-
head Institute for Biomedical Research)*, were seeded at a density
0f 55,000 cells per well of a12-well plate in culture medium with or
without LIF supplementation. After 48 h, the cells were detached with
0.5g 1 trypsin-EDTA and resuspended in flow cytometry buffer (PBS

with 2% FBS, 0.5 mM EDTA and 0.05% sodium azide) with DAPI. GFP
signal was measured on an LSRFortessa flow cytometer using FAC-
SDiva software (v.8.0) (BD Biosciences) and analysed using FlowJo
(v.10.9.0).

Collection of mouse ES cells for RNA-seq

ES cellswere seeded at a density 0of 150,000 cellsin 6-well plates. Cells
were culturedin S/L medium or in LIF withdrawn medium for 48 h prior
tocollection. After 48 h, cells were washed in PBS and collected in1 ml
TRIzol (Invitrogen).

Collection of mouse ES cells for metabolomics

ES cellswere seeded at adensity 0f 150,000 cellsin 6-well plates. Cells
were culturedinS/L medium orin LIF withdrawn medium for 48 hprior
to collection. After 48 h, cells were scraped in PBS, pelleted, and snap
froze until further processing. In parallel, cells were collected in 1 ml
NP-40 for protein normalization.

Statistical analysis and reproducibility

The sample size was determined without using statistical methods. The
experiments were not randomized, and investigators were aware of
theallocation during both the experiments and outcome assessment.
When analysing data using parametric tests, results are presented as
mean *s.e.m. from pooled experiments, unless otherwise specified.
For non-parametric datasets, values are represented as median with
interquartile range. The nvalues indicate the number ofindependent
biological experiments performed or the number of individual mice
analysed, as specified in each figure legend.

For in vitro experiments, a minimum of two technical replicates
wereincluded, and atleast threeindependent biological experiments
were performed to ensure robust statistical power. This applies to
semi-quantitative PCR analyses (gel densitometry), RT-qPCR, western
blot experiments and photoaffinity labelling with the Spd probe, all of
whichwerereplicated atleast threeindependent times, with statistics
derived from biological replicates. Representative blots are shown.
In vitro radiochemical CKla kinase assays were performed indepen-
dently at least twice.

Flow cytometry analysesin ES cells were performedin twoindepend-
ent biological experiments, and the statistics presented in bar plots
were obtained fromtechnical replicates of arepresentative experiment.

Forinvitroanalyses, normal distribution was assumed. One-sample
t-tests with the corresponding hypothetical value (1or 100) were rou-
tinely used for normalized datasets. For two-group comparisons of
relative values, paired Student’s t-tests were applied. For experiments
without a predicted outcome, two-tailed analyses were used, while
one-tailed tests were used for validation or hypothesis-driven experi-
ments. The confidence level for all statistical analyses was set at 95%
(a=0.05). Statistical analyses were performed using GraphPad Prism
software.

NMR experiments were acquired once per condition due to the
inherently high reproducibility of NMR spectroscopy. Sample stabil-
ity throughout titration series was confirmed by 'H-NMR. All meas-
urements were performed under controlled pH, temperature and
concentration conditions, with constantacquisition and processing
parameters to ensure chemical-shift consistency and comparability.

Metabolomic, phosphoproteomic and RNA-seq datasets were gener-
ated fromatleast threeindependent biological replicates or samples.

For allinvivo experiments, the minimum number of mice analysed
per group was four, as reported in the corresponding figure legends.

Alluncropped and unprocessed scans of blots have been provided
inthe Supplementary Information.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifiers PXD046107 for DU145 shAMDI data and
PXD065659 for DU145 and HeLa cells treated with SAM486A and DFMO
with and without polyamine. For in vitro data in SKNBE2 cells treated
with DFMO, sequence data have been deposited at the Gene Expression
Omnibus (GEO) under accession GSE301290, and in vivo sequence
datafor Th-Mycn cellsinjected in mice and treated with DFMO the GEO
accession is GSE244378 (originally reported inref.12). The remaining
RNA-seq data are available from GEO accession GSE255769. Source
data are provided with this paper.

Code availability

Codes for molecular modelling data analysis can be accessed through
Zenodo at https://zenodo.org/records/17008960 (ref. 48). Codes for
thealternative splicing analysis based on RNA-seq datacanbe accessed
through Zenodo at https://doi.org/10.5281/zenod0.17020551 (ref. 49).
Code for the networks is available from ref. 50 (https://github.com/
estepi/SpliceNet).
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Phosphoproteomic and transcriptomic analysis
reveal alternative splicing as amolecular process modulated upon

PA deprivationinDUI145 cells. a, LC-MS analysis showing spermine levels
assessed viaincorporation of [13C]-methionine and total polyamine levels
(putrescine, spermidine, and spermine) in DU145 cells after 1and 2 days of
doxycycline-inducible AMDI silencing (100 ng/mL). b, Two-dimensional
density plot showing the effect of AMDI inducible silencing (1day) in the
phosphoproteome (X axis) vs proteome (Y axis). ¢, Volcano plot representation
ofthe number of phosphosites changing upon AMDI inducible silencing
for1day (above) or 2 days (below). Statistical analysis was done using Prostar
v1.12.14 and Perseus v1.6.7.d, z-scored PSI heat map depicting alternative
splicing events (all events) altered upon AMDI inducible silencing for 2 days
inDU145 cells (Abs(APSI) >10 %, p < 0.1). e, Experimental validation by semi-
quantitative PCR of top alternative splicing exonic events altered upon AMD1
silencing at2daysin DU145 cells. f, Semi-quantitative PCR (left) and densitometry
quantification aslong/shorttranscriptratios (right) validating top AS events
altered following ODCI inducible silencing with doxycycline (150 ng/mL) for
2daysinDU145 cells. g, h, Dose-dependent effects of AMD1 pharmacological

inhibition (SAM486A, 48 h) on polyamine metabolism and splicing: (g) LC-MS
analysis of methionine-derived [*3C]incorporation (top) and total polyamines
(bottom), (h) densitometry quantification of long/short transcript ratios of
ASevents.i,j, Dose-dependent effects of ODC1 pharmacologicalinhibition
(DFMO, 48 h) on polyamine metabolism and splicing: (i) LC-MS analysis of
methionine-derived ['3C]incorporation (top) and total polyamines (bottom),
(j) densitometry quantification of long/short transcript ratios of AS events.

k, Densitometry quantification of long/short transcript ratios of ASeventsin
DUI145 cells treated with SAM486A (0.5 1M, 24 h) and recovered after drug
washout (24-72 h). Abbreviations: Dox: doxycycline, S: SAM486A, D: DFMO,
R:release, Veh: vehicle. Statistics: One-tailed paired student’s t-test is used for
analysis of metabolomics datain (a, g, i). One-tailed one sample t-testis applied
inpanels (f, h,j, k) p: p-value. One-tailed one sample t-test isapplied in panels
(f,h,j, k). p: p-value.*p <0.05,**p < 0.01, **p < 0.001. Dollars: represent a
one-tailed paired t-test of the effect of SAM486A vs SAM486A + different time
points of drug washout. $ p < 0.05.Error bars: Mean +S.E.M. n=independent
biologicalreplicates(a, i,j: 4; e:3-4;f, g, h, k: 3).
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Extended DataFig. 2| Alteration of alternative splicing uponinhibition of
polyamine synthesisis consistentacrosscelllines and rescued by polyamine
supplementation. a, b, LC-MS analysis of [13C]-methionineincorporationin
spermidine and spermine (a), and semi-quantitative PCR analysis of alternative
splicing events (b) in various cell lines treated with SAM486A (0.5 utM) for 48 h.
c,d, Quantitative LC-MS analysis of polyamines (c), and z-scored (Abs(APSI) >
10%, adj-p < 0.1) heat map of AS events (all events) (d) in DU145 shAMDI cells
treated with doxycycline (100 ng/mL, 2 days) and individually supplemented
with putrescine, spermidine, or spermine (10 pM each) (Abs(APSI) >10 %,
p<0.1).e-gLC-MS metabolomics of total polyamines (putrescine, spermidine,

spermine) (top) and methionine-derived [13C]incorporation (bottom) (e),
semi-quantitative PCR gel of alternative splicing events (f), and densitometric
quantification oflong/short transcript ratios (g) showing the effects of
SAM486A (1M, 48 h), DFMO (50 pM, 48 h), or their combinationin DU145 cells.
Abbreviations: Dox: doxycycline, ND: non-detectable, S: SAM486A; D: DFMO.
Statistics: One-tailed student’s paired t-test was used for panel (a, c, e). One-
tailed one-sample t-test was applied in panel (g). p: p-value.*p < 0.05,**p < 0.01,
***p<0.001.Dollarsrepresent atwo-tailed paired t-test of the effect of SAM486A
vsSAM486A + DFMO (g).$p <0.05,$$$ p <0.01.Error bars: Mean +S.E.M.
n=independentbiological replicates (a, c,e: 4; b:3;f, g:5).
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Extended DataFig. 3| Consequences of pharmacological perturbation of
polyaminebiosynthesis on the phosphoproteome and alternative splicing
invitroandinvivo.a, LC-MS of polyamine levels in DU145 cells treated
withSAM486A + DFMO (1 uM, 50 pM) or SAM486A + DFMO plus exogenous
polyamines (10 uM each, 48 h). Total polyamines (top) and [13C]-methionine
incorporationinto spermidine/spermine (bottom).b, Volcano plots of
phosphoproteomic changesin DU145 cells after SAM486A + DFMO vs vehicle
(top), and SAM486A + DFMO + exogenous polyamines vs vehicle (bottom).
Statistical analysis was done using Prostar v1.12.14 and Perseus v1.6.7.

¢, Heatmap of Z-scored phosphosite abundance (Abs(APSI) >10 %, adj-p < 0.1)
inDU145 cells treated with SAM486A + DFMO + exogenous polyamines (48 h).
d-f,LC-MS metabolomics of polyamines (d), semi-quantitative PCR of AS
events (e), and densitometry of long/short transcript ratios (f) in DU145 cells
treated with the combination of SAM486A (1 uM, 48 h) + DFMO (50 uM, 48 h), or
S+Dwithrescuebyindividual polyamines (10 pM, 48 h).g, h, LC-MS metabolomics
analysis of spermine (g) and decarboxylated S-adenosylmethionine (dcSAM) (h)

levelsinvarious tissues of male mice (mix background) treated with SAM486A
(10 mg/kg) for 8 days.1i,j, z-scored (Abs(APSI) >10%, adj-p < 0.1) heat map
representation of alternative splicing events (i) and semi-quantitative PCR for
selected splicing events (Satl, G3bp2) (j) in skeletal muscle from mice treated
asin(g, h).k,1,z-scored (Abs(APSI) >10%, adj-p < 0.1) heat map representation
of RNA-seq based on exonic splicing events (k) and all events (I) in SKNBE2
neuroblastomacells treated with 250 uM DFMO for 4 days. m, z-scored PSI
heat map representation of alternative splicing eventsin TH-MYCN mice treated
with DFMO. Abbreviations: FDR: false discovery rate, S: SAM486A, D: DFMO.
CD: Control Diet. ND: non-detectable. Statistics: One-tailed paired student’s
t-test for metabolomics (a, d); one-tailed one-sample t-testin (f, g, h). *p < 0.05,
**p <0.01, ***p < 0.001. Dollars: two-tailed paired t-test comparing S + D vs

S+ D+putrescine/spermidine/spermine (f). $p < 0.05,$$p <0.01,$$$ p <0.001.
Errorbars:Mean +S.E.M. n=independentbiological replicates (a: 3;d, e, f: 4).
n=independent mice (9 Vehand 8 SAM486Aing, h;5Vehand 5SAM486Aini;
5Vehand 4 SAM486Ainj; 4 Controland 5DFMOinm).
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Extended DataFig. 4 |The SF3subcomplexisrelevant for polyamine-
deprivation-induced alterationsin alternative splicing. a, RT-qPCR analysis
ofthesilencing efficiency of siRNA targeting AMDI (2 days) in HeLa cells.

b, z-scored PSIheat map representation of AMDI siRNA silencing effectin AS
ofalleventsinHeLa cells (Abs(APSI) >10 %, adj-p < 0.1). ¢, Quantification by
densitometry and representation of the relative long/short transcripts ratio
ofthe top AS exonic events arising from the analysis of the RNA sequencing in
HelLa cells (siAMDI vs siSCR).d, Scatter plot showing the number of all splicing
changesinduced with the silencing of AMDI or the different SFson HeLa cells.
e,Jaccardindexrank plot of all the AS events shared between AMD1silencing
(siAMD1 vs siSCR) and each of the individual splicing factors silencing compared
to their siSCR.f, CLIP-based bar plots of splicing factors (SFs) with mRNA
binding sites and splicing perturbations compatible with AMD1silencingin
DU145 cells. VAST-TOOLS pipeline applied with Fisher and Poisson Binomial
tests. Inyellow highlighted U2 snRNP associated members. g, h, Silencing
efficiency of siRNAs targeting AMDI1, SF3A3, SF3A1and SF3BI (g) and semi-
quantitative PCR gels upon AMDI and SF3 component siRNA silencing (2 days)

vssiSCRinDU145cells (h).i,j, Silencing efficiency of siRNAs targeting AMDI,
SF3A3,SF3A1and SF3BI1 (g) and semi-quantitative PCR gelsupon AMDI and SF3
componentsiRNAsilencing (2 days) vs siSCRin HeLa cells. k, RT-qPCR analysis
of thesilencing efficiency of shAMDI and siSF3A3 at transcriptional level.

1, m, qPCR analysis of polyamine synthesis related genes (I) and LC-MS
quantification of PAs by means of methionine-derived [13C]incorporation
(left) and total polyamine levels (right) (m) in DU145 cells exposed to hypoxia
(1% 0,) for 24 h compared to normoxia (21% O,). n, z-scored (Abs(APSI) >10 %,
adj-p <0.1) heat map representation of alternative splicing exonic events

in DU145 cells submitted to hypoxia (1% O,) or normoxia (21% O,) for 24 h
withor without Pladienolide B (10 nM, 24 h). Abbreviations: SCR: Scramble,
SF: Splicing factor, Nx: normoxia, Hx: hypoxia, Plad: pladienolide. ND: non-
detectable. Statistics: One-tailed one sample t-test with 1as hypothetical
valueisappliedin(a,c,g,i,k,1), one-tailed paired student’s t-testis used

for analysis of metabolomics datain (I). p: p-value.*p < 0.05,**p < 0.01,

***p < 0.001. Error bars: Mean +S.E.M. n=independent biological replicates
(a,g, h Kk, 1:4;¢c:3-4;1,j:3; m:5).
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Extended DataFig.5|U2snRNP SF3 phosphorylatable motifs are conserved
and surface-accessible. a, Violin plot representation of the isoelectric points
of significantly altered phosphopeptidesin DU145 cells upon polyamine
deprivation (SAM486A1pM + DFMO 50 uM, 48 h). White circles show the
medians; box limitsindicate the 25" and 75" percentiles; whiskers extend
1.5times theinterquartile range from the 25" and 75" percentiles and polygons
represent density estimates of dataand extend to extreme values. b, z-scored
heat map of phosphosites that are upregulated upon polyamine deprivation
(SAM486A1pM +DFMO 50 pM, 48 h) and their reversibility following
supplementation with exogenous polyamines (putrescine, spermidine, and
spermine; 10 pM for 48 h). ¢, Schematic representation of the conservation
across species of the mainaltered phosphosites upon PA deprivationin SF3A1,

SF3A3 and SF3B2. Arrows highlight the position of phosphorylated serines
(S) or threonines (T) altered upon PA deprivation. d, Schematic model
representing the impact of PA deprivationin the phosphorylation of SFs
and the subsequent perturbation on pre-mRNAs alternative splicing.
Created in BioRender. Biorenderl, A. (2025) https://BioRender.com/zitthjc.
e, Phosphorylationlevels of SF3A3 at Ser365,Ser367,Ser369 and Thr475in
DUI145 cells upon polyamine deprivation (SAM486A1pM + DFMO 50 uM, 48 h)
and following supplementation with exogenous polyamines (putrescine,
spermidine, and spermine; 10 pM for 48 h). Abbreviations: S: SAM486A,
D:DFMO, PA: polyamines, S:Serine, T:threonine. Statistics: Two-tailed
Mann-Whitney U-testis applied in (a). p: p-value.
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Extended DataFig. 6 | Polyamines establish highly dynamicinteractions
withtheacidic phosphorylation motif of U2 snRNP SF3A3 member.

a,b, Selected region of the overlaid 'H-'H-TOCSY NMR spectra of the SRRM1
fragmentin the absence (black) or presence (from blue tored) of increasing
amounts of spermidine (a) or spermine (b) and their quantification. One
spectrumrecorded alongthetitrationis not shown for the sake of clarity.
Thearrowindicates the shiftin the signal that was used to derive the affinity

of theinteraction. Chemical shift perturbation of the signalin the spectraalong
thetitrationisalso shown for spermidine (a) and spermine (b). Thelineis the
fittingtoal:1binding modeland the constantdissociationisindicated with the
standard error. ¢,d, Selected region of the overlaid "H-"H-TOCSY NMR spectra

of SF3A3 peptide (c) and the SRRM1 fragment (as a negative control) (d) in

the absence (black) or presence (fromblue tored) of increasing amounts of
putrescine and their quantification. One spectrumrecorded along the titration
isnot shown for the sake of clarity. Chemical shift perturbation of the signal in
thespectraalongthetitrationis alsoshown for putrescine. Thelineis the
fittingtoal:1binding model and the constant dissociationisindicated with
thestandard error. e, Initial geometries and potential of mean force (PMF)
profiles for the binding free energy calculations of putrescine (left), spermidine
(middle) or spermine (right) with SF3A3 by umbrella sampling simulations.
Abbreviations: ppm: parts per million, CSP: Chemical shift perturbation,

Kd: Dissociation constant.
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Extended DataFig.7 | Polyamines bind acidic phosphorylation motif's

of U2snRNP SF3 subcomplex members preventing the action ofkinases.
a,Schematicrepresentation of experimental design. b, SDS-PAGE of TAMRA-
labelled proteins (left) and silver staining of total protein (right) in HeLa cells
incubated with or without the spermidine photoaffinity probe and irradiated
for crosslinking (10 min). ¢, d, Western blot using SF3A3 antibody (c) and
corresponding quantification (d) of biotin-labelled proteins pulled down with
streptavidinbeads. e, f, Westernblot using SF3B2 antibody (e) and corresponding
quantification (f) of biotin-labelled proteins pulled down with streptavidin
beads.g, Summary table of akinase prediction with three different webtools
(Networkin 3.0, Phosphositeplus (2023) and GPS 6.0) of the main altered
phosphosites upon PA deprivationin SF3 complex members (SF3A1,SF3A3,
SF3B2). h, Left, top: Representation of the ATP-binding site of the SF3A3:CK1
complex, withthe C-terminal helix of SF3A3 inserted in the CK1catalytic
domain. Snapshot fromaMD simulation (t =10 ns) of the SF3A3:CK1 complex

inthe presence of putrescine (in green sticks) (right, top), spermidine
(ingreensticks) (left, bottom) or spermine (in green sticks) (right, bottom).
ATPis shown as magenta balls-and-sticks, Mg**asa greensphere, and the
SF3A3 phosphorylatable positions (Ser365, Ser367, and Ser369) as yellow
sticks. Catalytic residuesin CK1(Asp157 and Asp136) are shown as pink sticks.
Non-polar hydrogens are omitted for clarity. i, Autoradiography of the *P
incorporationinSF3A3inaninvitrokinase assayinthe absenceor presence

of increasing concentrations of putrescine. j, Autoradiography of the 3P
incorporationin SF3A3 (left), SF3A1 (middle) and SF3B2 (right) and CK1in an
invitrokinase assay in the absence or presence of 3 mM of spermidine (Spd) or
spermine (Spm). Abbreviations: SPD: Spermidine photoaffinity probe, noP:no
probe, UV: Ultraviolet. Statistics: One tailed one-sample t-testis applied in (d)
and (f).*p <0.05,**p < 0.01. Error bars:Mean +S.E.M. n=independent biological
replicates (c,d:5SPD, 6 UV; e, f:3SPD, 4 UV;i:2;j:2).
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Extended DataFig. 8| Caseinkinaseinhibition or mutation of SF3A3
Ser365/367/369 prevents polyamine deprivation-induced alternative
splicing. a, Western blot analysis of CK1expressionin DU145 cells treated with
the CKinhibitor CX4945 (10 uM, 48 h). b, ¢, z-scored heat map (Abs(APSI) >10 %,
adj-p <0.1) representation of all the alternative splicing events (b), and semi-
quantitative PCRgels of selected AS events (c) in DU145 shAMDI cells silenced
withdoxycycline (100 ng/mL, 48 h), with or without CX4945 co-treatment

(10 uM, 24 h).d, e, Schematic representation of the experimental design
(https://BioRender.com/1byzvwp) (d) and genotyping strategy by sequencing
(e) of CRISPR-Cas9-generated mice transduced with either wild-type (WT)

or mutant Sf3a3in which the phosphosites Ser365, Ser367,and Ser369 were
replaced by alanine.f, g, LC-MS metabolomics of total polyamines and [13C]-
methionineincorporation (WT, left; KI/KI, right) (f), and z-scored heat map
representation of exonic events (left) and all the alternative splicing events
(right) (g) inmouse embryonic fibroblasts (MEFs) treated with or without
SAM486A (2.5 1M, 48 h). Abbreviations: Dox: Doxycycline, S: serine; A: alanine;
WT: wild type; KI/KI: knock-in; MEF: mouse embryonic fibroblast. ND: non-
detectable. Statistics: One-tailed paired t-test was used in (f). *p < 0.05,
**p<0.01,***p<0.001.Error bars: Mean +S.E.M. n=independent biological
replicates (a:3; c: 6;f:4).
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Extended DataFig.9|The polycationic polyamine analogue BENSpm
allows the distinction of conventional polyamine activities and metabolic
shielding. a, Potential of mean force (PMF) profiles for the binding free energy
calculations of BENSpm with SF3A3 by umbrella sampling simulations. b, Kernel
density estimates of salt bridge distances involving BENSpm and seven selected
glutamicresidues flanking the phosphorylatable positions Ser365, Ser367,

and Ser369. A maximum in the 3—3.6 A range is indicative of the presence of
dynamicsalt bridges with BENSpm. ¢, Snapshot from a MD simulation (t =10 ns)
ofthe SF3A3:CK1complexinthe presence of BENSpm (in green). ATP: magenta
balls-and-sticks; Mg?": green sphere; phosphorylatable residues (Ser365,
Ser367,Ser369): yellow sticks; CK1catalytic residues (Asp157, Asp136): pink
sticks. Non-polar hydrogens omitted. d, Selected region of the overlaid 1H-1H-
TOCSY NMR spectraof SRRM1 fragment (as a negative control) in the absence
(black) or presence (from blue to yellow) of increasing amounts of BENSpm
(top) and their quantification (bottom). One spectrumrecorded along the

titrationis not shown for the sake of clarity. Thelineis fitting toal:1binding
model and the constantdissociationisindicated with the standard error.

e, LC-MS quantification of total polyamines (left) and [13C]-methionine
incorporation (right) in DU145 cells treated + SAM486A (1 pM) + DFMO (50 pM)
and + BENSpm (10 pM). f-i, Foci formation and growth assays in DU145 cells
treated with SAM486A (1 M) + DFMO (50 uM) + BENSpm (10 pM) or spermine
(10 uM). Representative colony formation (f); quantification: colony number
(left), crystal violet absorbance (right) (g); representative growth assay

by crystalviolet staining (h); quantification of growth experiments (i).
Abbreviations:S: SAM486A, D: DFMO, ppm: parts per million, CSP: chemical
shift perturbation. ND: non-detectable. Statistics: One-tailed paired student’s
t-test for metabolomics (e). One-tailed one-sample t-test for quantifications
in(g,i).*p<0.05,*p <0.01,***p <0.001. Dollar signs: Two-tailed paired t-test
comparingS+DvsS+D+BENSpmorS+D+Spm (g, i). $p <0.05,$$p <0.01.
Errorbars:Mean +S.E.M.n=independentbiological replicates (e, f, g, h,i: 4).
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Extended DataFig.10 | Regulation of embryonicstem (ES) cell differentiation
by polyamine-dependent metabolic shielding. a, Bar plot quantification of
the percentage of GFP high and GFP low populations based on FACS analysis of
Nanog-GFP expressioninES cells treated with SAM486A (0.5 pM) for 48 h.

b-d, LC-MS quantification of polyamine levels (b), representative Nanog-GFP
expression measured by flow cytometry (c), and bar plot quantification of GFP
highand GFP low populations (d) in ES cells treated with DFMO (50 pM) for
48h.e,f,PCAof RNA-seq based onexonicevents (top) and all detected splicing
events (bottom) (e), and Z-scored heatmap representation of alternative
splicing events (all events) (f) in ES cells treated with or without SAM486A for
48 h.g,h,PCA of RNA-seqbased on exonic events (top) and all detected splicing
events (bottom) (g), and z-scored (Abs(APSI) >10 %, adj-p < 0.1) heat map
representation of alternative splicing events exonic, (left) and all events, (right)
(h)inEScells treated with or without DFMO for 48 h. -1, Bar plot quantification
ofthe percentage of GFP high and GFP low populations based on FACS analysis
of Nanog-GFP expression (i), PCA of RNA-seq based on exonic events (j) and all

detected splicing events (k), and Z-scored (Abs(APSI) >10 %, adj-p < 0.1)
heatmap representation of alternative splicing events (all events) (I) in ES
cellstreated with SAM486A for 48 hinthe presence or absence of BENSpm.
m-r, Representative experiment of Nanog-GFP expression measured by flow
cytometry (m), bar plot quantification of GFP high and GFP low populations (n),
PCA of RNA-seq based onexonic events (0) and all detected splicing events (p)
and Z-scored heatmap representation of alternative splicing exonic events (q)
and all events (r) in ES cells treated with or without DFMO for 48 hin the
presence or absence of BENSpm. Abbreviations: ES cells: Embrionic stem cells.
ND:non-detectable. Statistics: Two-tailed paired student’s t-test was used for
analysis of GFPbar plotsin (a, d, i, n) and for metabolomics datain (b). *p < 0.05,
**p<0.01, ***p < 0.001.Error bars:Mean +S.E.M. n=independent biological
replicates (a, b: 3). Flow cytometry analysesin ES cellswere performedin two
independentbiological experiments, and the statistics presented inbar plots
were obtained from technical replicates of arepresentative experiment.
(a,c,d,i,m,n:3).
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research team.
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and the assignment of mice to the different experimental groups was random.

Blinding In the in vitro assays the researchers were not blinded to the experimental perturbations employed. In the in vivo assays the researchers were
not blinded to the treatment group. For high throughput analyses (metabolomics, transcriptomics, proteomics) the platform managers and
technicians were not blinded to the ID of the samples, but received no information a priori of the expected results when there was a targeted
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Study description
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Reproducibility

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
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Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [] ves X No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
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Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXXOXOOS
OO00O0XOXX

Plants

Antibodies

Antibodies used Anti-AMD1 (11052-1-AP, Proteintech; validated through the use of RNAI); anti-ODC1 (17003-1-AP, Proteintech, validated using
shRNA); anti-PAOX (18972-1-AP, Proteintech, calidated by company in samples of human stomach tissue); anti-SAT1 (10708-1-AP,
Proteintech, validated by company in untreated and DENSPM treated HEK-293 and Hela cells); anti-SMOX (15052-1-AP, Proteintech,
validated by company using extracts of PC-13, A549, Hela, MCF-7 and PC-3 cells); anti-CK1 (2655, CST, ; validated through the use of
RNAI) and anti-HSP90 (48745, CST, validated by company using extracts of Hela, NIH/3T3 and COS cells).

Validation Antibody specificity was verified by the research group or the provider company as indicated for each reference above.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The human prostate carcinoma cell lines used were purchased from Leibniz-Institut DSMZ (Deutsche SammLung von
Mikroorganismen und Zellkulturen GmbH), which provided authentication certificate: DU145 (ACC261), PC3 (ACC465), 22RV1
(ACC438) and human benign prostatic hyperplasia (BPH) (ACC143). WPMY-1 prostate stroma fibroblast cell line was
purchased from ATCC (CRL-2854). Virus packaging cell line (HEK 293FT; Invitrogen) was kindly provided by Dr. Rosa Barrio and
Dr. Jim Sutherland. Human breast cancer cell lines were purchased from DMSZ: MCF7 (ACC115) and MDA-MB-231 (ACC732).
Human melanoma cell line A375 was purchased from ATCC (CRL-1619). Dr. Juan Valcarcel generously provided Hela cervical
carcinoma cell line (purchased from ATCC). SKNBE2 cell line were provided by the Children’s Oncology Group Cell Culture
Repository (cccells.org) with authentication certificate.

Authentication DMSZ and ATCC provided authentication certificate of cells. Authentication was performed monitoring STRs in Instituto de
Investigaciones Biomédicas Sols-Morreale (IIBM), or with Eurofins for Hela cells.

Mycoplasma contamination In all the cases cells tested negative for mycoplasma.




Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)
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Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

All the experimental procedures involving the use of mice were carried out following the ethical guidelines established by the
Biosafety and Animal Welfare Committee at CICbioGUNE. Moreover, the procedures employed were performed in concordance with
the recommendations stablished by the AAALAC. Mice in a mixed background were housed under controlled environmental
conditions, such as gggggtime-controlled lighting on standard 12:12 light: dark cycles, controlled temperature at 22 + 22C and
30-50% relative humidity. Mice were fed regular chow diet ad libitum and fasted for 6 h prior to tissue harvest (9 am-3 pm) to
prevent metabolic alterations due to immediate food intake. At experimental endpoint, all mice were sacrificed by CO2 inhalation
followed by cervical dislocation. For the SAM486A in vivo study, male mice from a mixed C57BL6/J,129SV,FVB background were used
at an age window of 11-14 weeks.

No

For the in vivo SAM486A analysis we employed male mice in order to study prostate tissue, which represented the founding tumor
type employed in the study.

no

The study was reviewed, evaluated and approved by the Bioethics and Animal Welfare Committee at CIC bioGUNE, and certified by
the corresponding authority (agriculture department, Basque Government. Approval code P-CBG-CBBA-0121).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied- o ) )
Describe-any-authentication-procedures for-each-seed-stock-used-or-novel-genotype-generated-Describe-any-experiments-tised-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cells were harvested using trypsin and resuspended in flow cytometry buffer (PBS with 2% FBS, 0.5 mM EDTA, and 0.05%
sodium azide) with DAPI. All experiments were analysed on a flow cytometer within 30 minutes of harvest.

GFP signal was measured on a BD LSRFortessa flow cytometer.

Data was collected using FACSDiva software v.8.0 (BD Biosciences) and analysed using FlowJo v10.9.0.

Cell population abundance Clonal cells lines were used for all experiments.
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Gating strategy The gating strategy was initially FSC-A by SSC-A, followed by doublet exclusion using FSC-H and SSC-H, and finally viable cell
identification via DAPI exclusion.

|z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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