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The U2AF Homology Motif Kinase 1 (UHMK]1) is the only
kinase that contains the U2AF homology motif, a common
protein interaction domain among splicing factors. Through this
motif, UHMK1 interacts with the splicing factors SF1 and SF3B1,
known to participate in the 3’ splice site recognition during the
early steps of splicecosome assembly. Although UHMK1 phos-
phorylates these splicing factors in vitro, the involvement of
UHMKT1 in RNA processing has not previously been demon-
strated. Here, we identify novel putative substrates of this kinase
and evaluate UHMK1 contribution to overall gene expression
and splicing, by integrating global phosphoproteomics,
RNA-seq, and bioinformatics approaches. Upon UHMK1 mod-
ulation, 163 unique phosphosites were differentially phosphor-
ylated in 117 proteins, of which 106 are novel potential substrates
of this kinase. Gene Ontology analysis showed enrichment of
terms previously associated with UHMKI1 function, such as
mRNA splicing, cell cycle, cell division, and microtubule orga-
nization. The majority of the annotated RNA-related proteins
are components of the spliccosome but are also involved in
several steps of gene expression. Comprehensive analysis of
splicing showed that UHMKI1 affected over 270 alternative
splicing events. Moreover, splicing reporter assay further sup-
ported UHMK]I1 function on splicing. Overall, RNA-seq data
demonstrated that UHMK1 knockdown had a minor impact on
transcript expression and pointed to UHMK1 function in
epithelial-mesenchymal transition. Functional assays demon-
strated that UHMK1 modulation affects proliferation, colony
formation, and migration. Taken together, our data implicate
UHMK1 as a splicing regulatory kinase, connecting protein
regulation through phosphorylation and gene expression in key
cellular processes.

* For correspondence: Leticia Frohlich Archangelo, leticiafa@fmrp.usp.br.

Present address for Vanessa C. Arfelli: Laboratory for Experimental Leukemia
and Lymphoma Research, Munich University Hospital, Ludwig-
Maximilians University (LMU), Munich, Germany.
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Phosphorylation is a reversible and dynamic post-
translational modification mediated by kinases and counter-
acted by phosphatases. It is essential for the regulation of
signaling networks that govern most of the cellular and
physiologic processes, such as protein synthesis, cell growth
and division, metabolism, inflammation, development, and
aging (1).

The U2AF Homology Motif Kinase 1 (UHMK]1) is the only
kinase known to contain the U2AF homology motif (UHM)
(2). UHM motifs share a high level of sequence identity with
the canonical RNA recognition motif, which mediates
protein—RNA interactions and is often found in RNA-binding
proteins. However, specific sequences within the UHM motif
enable protein—protein instead of protein—RNA interactions.
It has been proposed that UHMs evolved from RRMs and
connect mRNA processing to other nuclear events (3).

UHMKI1 is a serine/threonine kinase that preferentially
phosphorylates proline-directed serine residues (4). UHMK1
phosphorylates the splicing factors SF1 and SF3B1 in vitro
(4, 5) and interacts with UHM ligand motifs (ULMs) found in
both factors (5). SF1 is responsible for recognizing the
branchpoint at the 3’ splice site of the introns during the early
stages of spliceosome assembly (6) and participates in alter-
native splicing (7, 8). SF3B1 is a core component of U2 and
U12 snRNP complexes required for canonical splicing (9). The
SPSP motif (580 and S82) is the main phosphorylation site of
SF1 and is targeted by UHMKI in vitro. It has been suggested
that phosphorylation of these residues possibly prevents pre-
mature association between the SF1-U2AF65 complex and the
RNA (10). Despite SF1 and SF3B1 phosphorylation being
mediated by UHMK]1 and the detection of some pre-mRNA
accumulation in the brain of UHMK1 KO mice (11), the
direct involvement of this kinase in the splicing process has
not been shown so far.

UHMK]1 also phosphorylates proteins involved in other
cellular processes, such as cell cycle (12), cell migration (13),
membrane trafficking (14), local translation in neurons (15),
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and cell differentiation (16, 17). In response to mitogens,
UHMK1 is upregulated and phosphorylates the cyclin-
dependent kinase inhibitor p27*'* on $10. This phosphoryla-
tion leads to p27°" nuclear export and proteasomal
degradation, counteracting the inhibitory effect of p27*'* on
the cell cycle (12). Similarly, UHMK1-mediated phosphoryla-
tion of Stathmin at S38 targets this protein to degradation,
resulting in altered microtubule dynamics and impaired cell
migration (13). In neurons and endocrine cells, UHMKI1 reg-
ulates vesicle secretion through phosphorylation of the Pep-
tidylglycine a-amidating monooxygenase cytosolic domain at
S949, which is essential for the correct routing of peptidyl-
glycine a-amidating monooxygenase membranes (18-20).
Moreover, it was shown that UHMKI1 enhances the local
translation of B-actin and AMPA receptors, affecting spine
morphology and postsynaptic activity of neurons (15, 21).
Additionally, UHMKI1 controls the differentiation of osteo-
clasts and osteoblasts (17) and is upregulated during the dif-
ferentiation of hematopoietic cells (16). More recently,
UHMKI1 was associated with cancer-related processes. In he-
patocellular cancer, UHMKI1 participates in the YAP-
UHMK1-MYBL2 (22) and COX5B-UHMKI1-ERK (23) axes,
contributing to the malignant phenotype by altering the cell
cycle and bioenergetics of liver tumor cells, respectively. By
reprogramming the nucleotide metabolism through the
UHMKI1-NCOA3-ATF4 axis, UHMKI1 contributes to gastric
cancer (24). Also, the involvement of UHMK]1 in pancreatic
and colon cancers was recently reported (25, 26).

To further characterize the UHMKI1 function, we inte-
grated quantitative global phosphoproteomics, RNA-seq, and
splicing analysis using the vast-tools pipeline to identify
novel putative substrates of this kinase and evaluate UHMK1
participation in gene expression and splicing. We identified a
variety of novel UHMK1 candidate substrates that support
the role of UHMK1 in biological processes previously asso-
ciated with this kinase, particularly mRNA splicing. A
comprehensive analysis of splicing and functional reporter
assay showed for the first time that UHMK1 impacts mRNA
splicing in vivo. Collectively, our data implicate UHMKI as a
splicing regulatory kinase, connecting protein regulation
through phosphorylation and gene expression in key cellular
processes.

Results

Global phosphoproteomic analysis revealed a range of
putative substrates of the UHMK1 kinase

We performed untargeted quantitative phosphoproteomics
of NIH3T3 cells depleted of UHMK1 (shUHMKI1#2 and
shUHMK1#3) and overexpressing the UHMK1 WT
(UHMK1%¥T) and the kinase-dead mutant (UHMK1¥**%)
(Fig. 1, A and B). We identified a total of 9861 phosphopep-
tides present in all three replicates of each sample (Table S1),
which were filtered by a p-value <0.05 and log2 fold change of
|1] to identify differentially phosphorylated phosphopeptides
(Fig. 1, C-F). In shUHMK1#2 and shUHMK1#3 knockdown
cells, 12 and 85 phosphopeptides were differentially
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phosphorylated, respectively, compared to shCTRL control
cells. In UHMK1%" and UHMK1***® overexpressing cells, 53
and 37 phosphopeptides were differentially phosphorylated,
respectively, compared to the empty vector (EV) control cells.
The 187 differentially phosphorylated phosphopeptides
encompassed 163 unique phosphosites within 117 unique
differentially phosphorylated proteins (DPPs) (Fig. 1G) regar-
ded as UHMK]1 putative substrates. Additionally, 25 out of the
187 differentially phosphorylated phosphopeptides contained
multiple phosphosites, whereas the remaining 162 phospho-
peptides contained single phosphosites (Table S2). Among all
phosphosites identified, 91% were serine, 8% threonine, and 1%
tyrosine residues (Fig. 1H). Of note, 11 phosphosites (Table S2)
were not registered in the PHOSIDA and PhosphositePlus
databases, suggesting that they are specifically regulated upon
UHMK]1 modulation, as these phosphosites were not reported
in other contexts.

Levels of UHMK1 kinase impact the phosphorylation of the
identified substrates

Since virtually all DPPs in shUHMK1#2 were found in
shUHMK1#3 cells (Fig. S1), both lists were merged to
comprise a total of 69 DPPs in UHMKI1 knockdown cells
(UHMK1-KD). The DPPs identified in UHMKI1-KD and
overexpressing cells (UHMK1YT and UHMKI1***®) were
compared in a Venn diagram (Fig. 2A4).

Several proteins were differentially phosphorylated exclu-
sively in one condition, i.e., either in UHMK1-KD, UHMK1%¥7Y,
or UHMK1"**®, Approximately, 60% of phosphosites within
the 52 proteins found exclusively in UHMKI1-KD were
downregulated, whereas the other 40% were upregulated
(Fig. 2B). Over 90% of the phosphosites within the 32 DPPs
exclusively found in UHMK1Y" were upregulated (Fig. 2C).
Inversely, 80% of the phosphosites within the nine proteins
found solely in UHMK1***® were downregulated (Fig. 2D).

Seven proteins, namely Advillin (Avil), Predicted gene 7995
(Gm7995), Prelamin-A/C (Lmna), DNA repair and recombi-
nation protein RAD54-like (Rad54[), Splicing factor 1 (SfI),
Syntaxin-binding protein 4 (Stxbp44), and Tubulin
polymerization-promoting protein (7ppp), were differentially
phosphorylated in all conditions (UHMK1-KD, UHMK1%7,
and UHMK1***®) (Fig. 2E). Remarkably, the phosphorylation
level of their phosphosites exhibited variable patterns among
UHMK1-modulated conditions: the phosphosites Y758 and
Y759 of Advillin, S396 of STXBP4, and S80 of GM7995 were
upregulated in UHMK1Y" and UHMK1"*** cells and down-
regulated in UHMKI1-KD cells. Other phosphosites, such as
S404 and S407 of Prelamin-A/C and S182 of TPPP, were
upregulated in all conditions. Similarly, the phosphosites T190
and T195 of RAD54-like were upregulated in the majority of
the conditions, except in shUHMK1#3. Three phosphopep-
tides of SF1, a known UHMKI1 substrate, were differentially
phosphorylated upon UHMK1 modulation. Interestingly, two
SF1 peptides comprised exclusively the phosphosite S82,
which was downregulated in UHMK1¥" and upregulated in
UHMKI1-KD cells. Both S80 and S82 serines were differentially
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Figure 1. Global impact of UHMK1 on phosphoproteome. A, experimental workflow used in the phosphoproteome experiment. UHMK1 modulation in
NIH3T3 cells was achieved expressing the shUHMK1#2 (sh#2) and shUHMK1#3 (sh#3) sequences, for knockdown, and UHMK1YT (WT) or the kinase-dead
mutant UHMK1¥**® (K54R) for overexpression. A scrambled shRNA sequence (shCTRL) and the empty vector (EV) MIY were used as control. Scheme created
with ©BioRender.com. B, Western blot confirming the efficient modulation of UHMK1 expression in NIH3T3 cells used in the phosphoproteome experiment.
The numbers 1 to 3 represent the biological replicates from each condition. Membranes were blotted with anti-UHMK1, anti-GFP, and anti-Actin (loading
control). Total protein: 100 ug (knockdown) and 50 ug (overexpression). C-F, the volcano plots show the global impact of UHMK1 knockdown (C and D) and
overexpression (E and F) on phosphoproteome. The red and blue circles represent the significantly upregulated and downregulated phosphopeptides in
each comparison, respectively. Phosphopeptides with p-value <0.01 and log2 fold change >|2| have their gene names assigned. G, overview of the ab-
solute number of phosphopeptides and corresponding number of proteins differentially phosphorylated in the UHMK1 phosphoproteome. H, percentage
of phosphorylated Serine, Threonine, and Tyrosine residues in the UHMK1 phosphoproteome. UHMK1, U2AF Homology Motif Kinase 1.
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Figure 2. Distribution and phosphorylation pattern of the differentially phosphorylated proteins. A, Venn Diagram comparing the number of unique
DPPs among the experimental conditions. KD = UHMK1-KD (knockdown); WT = UHMK1"T overexpression; K54R= UHMK1***® overexpression. B-D, per-
centage of phosphosites upregulated and downregulated in the DPPs found exclusively in UHMK1-KD (B), UHMK1"T (C), and UHMK1***®R (D). E-H,

phosphorylation pattern of the phosPhopeptides (and respective phosehosites) from the DPPs (indicated by their gene names) shared by UHMK1-KD (sh#2

and sh#3), UHMK1"T and UHMK1***® cells (), UHMK1"T and UHMK1

4R cells (F), UHMK1-KD and UHMK1***® (G), and the only DPP (Med19) shared by

UHMK1-KD and UHMK1"T (H). DPP, differentially phosphorylated protein; UHMK1, U2AF Homology Motif Kinase 1.

phosphorylated (downregulated) in a third phosphopeptide
but only in UHMKI1"**® cells (Fig. 2E).

The phosphosites of the DPPs in both UHMK1¥' and
UHMK1***® exhibited the same phosphorylation pattern:
either up or downregulated (Fig. 2F). Conversely, the
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phosphosites of the nine proteins regulated in both UHMK1-
KD and UHMKI1***® exhibited an opposite phosphorylation
pattern in each condition (Fig. 2G). The phosphosite S226 of
MED19, the only protein regulated in UHMKI1-KD and
UHMK1%7, was upregulated in both conditions (Fig. 2H).
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Overall, these results show that UHMKI1 overexpression
leads to upregulation of the majority of the phosphosites,
whereas the expression of the kinase-dead mutant
(UHMK1¥**®) or the UHMKI1 knockdown leads to down-
regulation of most phosphosites. Thus, the phosphorylation
pattern of the DPPs is strongly affected by the level of the
kinase. Moreover, the data point to a dynamic and complex
regulation of the differentially phosphorylated substrates pre-
sent in more than one condition, some of which might be
indirectly regulated by UHMK1.

UHMK1 preferentially phosphorylates proline-directed
residues surrounded by charged amino acids

UHMK1 preferentially phosphorylates proline-directed
serine residues in vitro (2). We therefore sought to evaluate
whether the same phosphorylation preference was present in
our data. For these analyses, we considered the most likely direct
targets of UHMKI1, ie., proteins whose phosphosites were
upregulated in UHMK1 %" and downregulated in UHMK1-KD.
Additionally, we included all the phosphosites regulated in
UHMK1***®, since many of these phosphosites were down-
regulated in this condition, having a similar effect of UHMK1-
KD (Fig. 2D) or presented a pattern similar to UHMKI1Y '
(possibly due to residual endogenous activity Fig. 2, F and G).
Using the software pLogo for motif search (27), we confirmed
phospho-serines (S) followed by proline (P) at position +1 with
high frequency (41.67%) and statistical significance (Fig. 3A).
Besides, glutamic acid (E) was present at positions -4
(17.71%), +2 (18.75%), and +3 (20.83%), while arginine (R) was
common at position -3 in 16.67% of the phosphosites analyzed.
These residues have the common feature of being charged (R =
positively charged; E = negatively charged). As in our data the
ERXXSPEE consensus sequence was not present in single
phosphopeptides, this result indicates a preference of UHMK1
for these residues or, more generally, charged amino acids in
these specific positions in vivo. However, the presence of the
whole sequence is not a requirement for the phosphorylation of
the serine residues. Additionally, UHMKI1 also significantly
phosphorylated proline-directed threonines (Fig. 3B). However,
the limited number of phospho-threonines matching the criteria
used for this analysis (n = 5) did not allow the identification of a
broader consensus sequence. In summary, our data confirm
UHMKI as a preferential proline-directed kinase in a consid-
erable number of substrates as recently described (28), with a
preference for charged amino acids surrounding the targeted
serine residues.

UHMKT1 putative substrates are mainly implicated in RNA
processing

To better understand the UHMK]1 function, we performed a
Gene Ontology (GO) enrichment analysis with the 117 DPPs
regulated upon UHMK1 modulation. Among the Biological
Process (BP) terms identified are “mRNA splicing via spliceo-
some”, “cell division”, “microtubule cytoskeleton organization”,
“positive regulation of protein localization to cell periphery”,

“translational initiation”, and “maturation of LSU-rRNA from
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tricistronic rRNA transcript” (Fig. 44). Moreover, the terms
“heterocyclic/aromatic compound metabolic process” and “ni-
trogen metabolic process” (and their related terms) recurrently
appeared (Table S3). In addition, Reactome pathway analysis
identified the pathways “eukaryotic translation elongation”
(FDR = 0.00249) and “mRNA splicing — major pathway” (FDR =
0.00112) as statistically significant (not shown). The GO analysis
confirmed the UHMKI1 function in some cellular processes
previously reported (cell cycle, microtubule cytoskeleton orga-
nization, translation, protein transport to the cell periphery) and
previously suggested (mRNA splicing, cell division, nitrogen/
aromatic compound metabolic process), as well as in a novel
function, namely in rRNA processing.

The interaction network of UHMKI1 and the 117 putative
substrates (DPPs) was accessed using the STRING database
(Fig. 4B). Proteins annotated in some of the BP terms
retrieved from the GO analysis were identified as interaction
clusters, from which the most prominent comprised the
splicing regulatory proteins SF1, SNRNP200, hnRNP M
(Hnrnpm), SRSF2, USP39, SRRM2, PRPF38A, SRSF4, and
SUGP], together with PRPF4B, PRPF38B, LUC7L, THRAP3,
PPP4R2, and SON, which were presented as intercluster in-
teractions. Of note, the kinases AHNAK and PRPF4B and the
phosphatase PPP4R?2 interact with proteins within this cluster,
indicating an additional layer of regulation, whereby UHMK1
could affect the phosphorylation of these targets. Moreover,
there were marked intracluster and intercluster interactions
evident among translation factors: EF-2 (Eef2), EF-1-delta
(Eefld), EF-1-gamma (Eeflg), ABCF1, elF-2-beta (Eif2s2), elF-
2B subunit epsilon (Eif2b5), elF-4-gamma 1 (Eif4gl), and
elF4E-binding protein 1 (Eif4ebpl). Yet, the proteins involved
in rRNA processing (BOP1, MPP10 (Mphosphl0), FTS]3, and
NPM1) and proteins that act in synaptic vesicles (PGRMC1,
DNAJC5, SNAP23, STX4A, and STXBP4) formed two other
additional clusters of interacting proteins. Interestingly, pro-
teins related to cell cycle and cell division do not form an
obvious interacting cluster but are also frequently associated
with microtubule cytoskeleton organization (NUMA1, SON,
Stathmin (Stmn1), and MAP4) (Fig. 4B). In summary, our data
demonstrate that UHMKI1 regulates a large number of
intrinsically connected RNA-related proteins. The most sta-
tistically significant RNA-related proteins regulated in
UHMKI1 overexpression, namely SF1 and SUGP1, were vali-
dated as direct substrates of UHMKI in follow-up experi-
ments (Fig. S2, A and C).

A subset of the RNA-related UHMK1 substrates contain
putative ULM motifs

Since UHM domains are known to interact with UHM-ligand
motif (ULM) of splicing factors (3), we searched for putative
ULM motifs within the amino acid sequences of the 28 RNA-
related DPPs annotated in the RNA-related BP terms of the
GO analysis plus an additional protein known from the litera-
ture to be involved in splicing regulation (29). Search of the
[RK]- X(0,3)-W- [DN]- [EQ] ULM pattern (30) in ScanProsite
returned two proteins owning bona fide ULM motif: SF1, whose
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Figure 3. UHMK1 phosphorylation consensus sequence retrieved from pLogo analysis. Amino acid heights are scaled according to their statistical
significance, as well as the stacking order (the most significant residues are positioned closest to the x axis). The red horizontal lines represent a threshold for
Bonferroni-corrected statistical significance values. Positive values higher than the threshold correspond to statistically significant (p < 0.05) over-
represented amino acids. Negative values lower than the threshold correspond to statistically significant underrepresented amino acids. A, UHMK1 pref-
erentially phosphorylates proline-directed serine within the consensus sequence ERXXSPEE. Input sequences = 96. Log-odds of the binomial probability: E

(-4) =3.89; R (-3) =3.81; P (+1) = 20.32; E (+2) = 4.36; E (+3) =
sequences = 5. P (+1) = 4.03. UHMK1, U2AF Homology Motif Kinase 1.

ULM motif has been extensively characterized (5), and the RNA
helicase TNRCB6. Since the ULM motifis highly degenerate and
variations to the previously reported pattern may exist (30), we
further investigated the putative ULM motifs in the 29 RNA/
splicing-related proteins based on protein alignment. We first
considered candidates for the alignment proteins bearing the
conserved tryptophan (W) and at least two amino acids in
assigned positions from the established ULM pattern. Those
candidates were aligned with well-characterized ULM motifs
from four other factors (U2AF®®, SF3B1, ATX1, MANI1 (30)).
Using this approach, we identified 12 proteins with putative
ULM motifs. Therefore, in addition to SF1 and SUGP1 (31), 10

6 . Biol. Chem. (2023) 299(4) 103041

5.07. B, proline-directed threonine is also preferentially phosphorylated by UHMK1. Input

out of the 29 RNA/splicing-related DPPs (SNRNP200,
THRAP3, SAFB, PRPF38A, USP39, FTS]3, ZNF638, SETD2,
EEF1D, and TNR6CB) contain putative ULM domains (Fig. 5)
and are likely potential candidates for direct interaction with
UHMKI1. In fact, coimmunoprecipitation experiments revealed
a clear interaction of SUGP1 with UHMKI1, which is partly
dependent on the UHM domain of UHMK1 (Fig. S2B).

UHMK1 modulation impacts alternative splicing

Because several UHMK1 putative substrates are mainly related
to mRNA splicing (Fig. 4), we submitted UHMK1¥" and
UHMKI1-KD cells (Fig. S3) to RNA-seq and investigated
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Figure 5. Besides SF1 and SUGP1, 10 RNA/splicing-related DPPs contain ULM motifs. Clustal Omega alignment of proteins containing well charac-
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alternative splicing events (ASEs). A total of 179 statistically sig-
nificant differentially spliced events were identified upon
UHMK]1 knockdown (Fig. 64) and 97 upon UHMK1¥" over-
expression (Fig. 6B). Overall, the most common type of event
observed was the inclusion/exclusion of cassette exons, with 115
events (64%) occurring in UHMK1 knockdown and 51 events
(52%) occurring after UHMK1Y'" overexpression. Alternative 3’
splice sites (acceptor sites) and 5 splice sites (donor sites) had a
smaller sampling, with a total of 64 events (36%) in UHMK1
knockdown and 46 events (47%) in UHMK1™'" overexpression.
No intronic events were observed in the conditions analyzed.
Among all ASEs identified, 12 events were shared between
UHMK1 overexpression and knockdown (Fig. S44), four of them
(Dcun1d5:MmuALTD0004036-4/6, Cpsf6:MmuALTA0004602-
4/4, Cpsf6:MmuALTA0004602-3/4, Cdca2:MmuALTA0003700-
1/2) were altered in the same direction (included/excluded) in
both experimental conditions, while the remaining eight events
(Upk3b::MmuALTA0000280-1/2, Upk3bl:MmuALTA0000280-
2/2, Ktn1:MmuEX0025964, Mrps33:MmuALTD0008795-1/2,
Mrps33:MmuALTD0008795-2/2, Insig2:MmuEX0024241,
Safb2:MmuEX0040926, Kif20b:MmuEX0025516) were altered
in opposite directions.

Analysis of the predicted impact of the ASEs on coding
sequences revealed that 53% (95 events) of ASEs in UHMK1
knockdown cells mainly predicted alternative isoforms with
neutral impact, whereas 12% (22 events) exhibited a disruptive,
and 21% (39 events) a protective impact on the ORF of the
proteins they encode (Fig. 6C). In UHMK1Y" overexpressing
cells, 54% (53 events) of the splicing changes were predicted as

8 J Biol. Chem. (2023) 299(4) 103041

alternative isoform (neutral), 16% (16 events) were predicted to
disrupt the ORF, and 14% (14 events) predicted a protective
function (Fig. 6D). The percent spliced in (PSI) of the 20 most
significant cassette exons are depicted in Figure. 6, E and F.
Among those, disruptive ASEs were found in the transcripts of
Safb2, Mlit10, and Ktnl (UHMK1 knockdown) and Usp16,
Ptpnll, Scfdl, and Dtnb (UHMK1¥T). Interestingly, GO
analysis of the list of genes exhibiting ASEs in UHMK1
knockdown returned BP terms mainly related to cell-cycle,
microtubule organization, and metabolic process (Fig. S4B),
which were also found in the GO analysis of the UHMKI1
phosphoproteome (Fig. 4).

To further explore the contributions of UHMK1 to splicing
regulation, we performed an in vivo splicing reporter assay.
HEK 293T cells were transfected with the reporter plasmid
and UHMK1¥" or UHMKI1***® alone and in combination
with the UHMKI substrate, SF1. Expression of UHMK1%"
alone increased the activity of the reporter only by 10% over
the control (EV MIY), whereas splicing activity was barely
observed upon expression of the UHMKI1 kinase dead-mutant
(-6% compared to the control) (Fig. 6G). To evaluate the
impact of UHMK1 on SFl-mediated splicing, UHMK1 was
coexpressed with SF1 and the reporter plasmid. Expression of
SF1 alone enhanced the activity of the reporter by 41% over the
control (EV pcDNA). Coexpression of UHMKI1Y' enhanced
SF1 function on the splicing of the reporter gene by 18%
compared to SF1 alone. The effect of UHMKI1 on SF1 was
dependent on the kinase activity since expression of the
UHMK1***} did not enhance SF1-mediated splicing (-25%
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Figure 6. UHMK1 impacts mRNA splicing. A-F, splicing analysis from UHMK1 RNA-seq data, comparing UHMK1 knockdown (UHMK1-KD) with shCTRL cells
and UHMK1"T overexpressing cells with the empty vector (EV) control cells. A and B, significant alternative splicing events (ASEs) in UHMK1-KD and
UHMK1YT overexpressing cells, respectively; C and D, predicted impact on coding sequence by ASE; E and F, percent spliced in (PSI) levels for the top 20
most significant Exon inclusion/exclusion ASEs. G, splicing reporter assay. The ratio between (3-galactosidase and luciferase is an indirect measure of splicing
occurring between both genes. Average values of four independent experiments. Constant amount of the J)TN24 reporter plasmid is present in all con-
ditions. One way ANOVA followed by Bonferroni correction was used to compare UHMK1"T and UHMK1***® to the em&)ty vector control MIY (not sig-
nificant). Increase in splicing in SF1 over pcDNA (p = 0.0244) and difference between SF1+UHMK1"T and SF1+UHMK1**** (p = 0.0294) was confirmed by
Student t test. Controls of gene expression levels of UHMK1 and SF1 are provided in Fig. S5. UHMK1, U2AF Homology Motif Kinase 1.

compared to SF1I+UHMK1Y7, p = 0.0294). Although the dif-
ferences were subtle, they were consistently observed in four

transcript expression levels by RNA-seq. Differential expres-
sion analysis revealed that modulation of UHMK1 had a

independent experiments. Levels of UHMK1 and SFI expres-
sion are shown in Fig. S5. Taken together, our data show for
the first time that UHMKI1 modulation can impact splicing
and implicate UHMK]1 as a regulatory splicing kinase.

UHMK1 modestly impacts transcript expression levels

Since splicing and gene expression are tightly coordinated
processes (32), we sought to evaluate the UHMK1 impact on

SASBMB

modest impact on global transcript expression levels, as
observed in the Principal Component Analysis plots (Fig. 7, A
and B). UHMK1 knockdown (UHMK1-KD), mediated by the
expression of shUHMK1#1, shUHMK1#2, and shUHMK1#3
sequences, altered the expression of 32 genes, of which 17
were upregulated and 15 were downregulated (Fig. 7, C and D,
and Table S4). UHMKIYT overexpression did not affect
transcript expression levels, as Uhmkl was the only
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Figure 7. UHMK?1 impacts gene expression. A and B, Principal Component Analysis (PCA) plots showing the overall effect of UHMK1 knockdown mediated by

shUHMK1#1 (sh#1), shUHMK1#2 (sh#2), and shUHMK1#3 (sh#3) compared to shCTRL and UHMK1WT

overexpression compared to empty vector (EV) control,

respectively. C, volcano plot showing the differentially expressed genes (DEGs) in UHMK1-KD cells (shUHMK1#1, shUHMK1#2, and shUHMK1#3 combined as one
single artificial condition) compared to shCTRL cells. p-value <0.05 was used as cutoff. Genes with log2 fold change >|0.5| are labeled. D, heatmap of expression of the
32 DEGs represented as z-score of normalized counts, in each replicate of UHMK1 knockdown (KD) and shCTRL (CTRL) cells. £, gene sets enriched in UHMK1-KD in GSEA
analysis. F, heatmap showing the expression of the Epithelial Mesenchymal Transition (EMT)-enriched gene set in UHMK1 knockdown cells. Gene expression is
represented as z-score of normalized counts. G, enrichment plot for EMT gene signature. GSEA, Gene Set Enrichment Analysis; UHMK1, U2AF Homology Motif Kinase 1.
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differentially expressed gene in this setting (data not shown).
Although UHMK1 knockdown had a small impact on tran-
script expression, with log2 fold changes <|2| (Table S4), we
validated these findings by a quantitative PCR (qPCR) array of
selected targets in an independent transduction experiment of
NIH3TS3 cells (Fig. S6).

GSEA analysis implicates UHMK1 in epithelial-mesenchymal
transition

Gene Set Enrichment Analysis (GSEA) revealed 29 enriched
gene sets in UHMK1 knockdown cells, considering a nominal
p-value <0.05 (Fig. 7E). Although none of the gene sets
crossed the 25% false discovery rate (FDR) threshold (<0.25), 4
out of 29 were related to functions previously associated with
UHMK1 in the literature, namely “regulation of fibroblast
proliferation” and “mitotic cell cycle checkpoint”; “microtubule
polymerization or depolymerization”, and “RNA modification”.
Moreover, these four gene sets were also observed as related
terms in GO analysis of the UHMK1-regulated proteins (Fig. 4
and Table S3). Therefore, it is plausible that the 29 enriched
gene sets are true UHMKI-related pathways. Among the
enriched gene sets, epithelial-mesenchymal transition (EMT)
showed the highest percentage of genes with dichotomized
expression pattern between UHMK1 knockdown and control
samples (Fig. 7, F and G) suggesting that UHMKI may play a
role in EMT.

UHMK1 affects proliferation, clonogenicity, and migration of
NIH3T3 cells

Because the GO and GSEA analysis returned terms related
to cell cycle, cell division, and migration, we performed
functional assays with UHMK1 overexpressing and knock-
down NIH3TS3 cells to evaluate the phenotypes related to those
cellular processes (Fig. 8).

Proliferation was significantly reduced in UHMKI1 knock-
down cells (shUHMKI1#1 and shUHMKI1#2), whereas in
UHMK1YT overexpressing cells, there were no effects on
proliferation (Fig. 8A4). In colony-forming assay, no difference
in the percentage of colonies formed was observed with
shUHMK1#1, shUHMK1#2, or shUHMK1#3 cells compared
to shCTRL cells, while UHMK1Y" overexpressing cells
formed 20% less colonies than control cells (Fig. 8B). Viability
and apoptosis were also not affected upon UHMK1 modula-
tion (Fig. 8, C and D).

Finally, transwell chemotaxis assay revealed that UHMK1
knockdown cells migrated less than shCTRL cells (Fig. 8E left
panel and Figs. S7 and S8). Conversely, UHMKIY ' over-
expression increased migration of cells towards the gradient,
whereas overexpression of the UHMKI1 kinase-dead mutant
(UHMK1***®) had no effect on cell migration and was com-
parable to control cells (Fig. 8E right panel and Figs. S7 and
S9).

Discussion

The implication of UHMKI1 function in cellular processes
such as cell cycle, migration, membrane trafficking, local

SASBMB
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translation in neurons, and mRNA metabolism is mainly based
on the knowledge of the UHMK]1 interaction with particular
binding partners involved in these processes (4, 12, 13, 15, 20).
To our knowledge, this study is the first large-scale investi-
gation of the UHMKI1 phosphoproteome, carried out using
UHMK1-depleted and UHMK1-overexpressing cells.

Our phosphoproteome results showed that UHMK1 regu-
lates phosphosites of 117 proteins, of which 106 are novel
putative substrates for the kinase. The fact that 10% of the
proteins identified are either known UHMK]1 substrates, such
as SF1 (4), Stathmin (13, 33), and NPM1 (23), or have been
previously described as potential UHMKI1-interacting pro-
teins, such as STXBP4, TNRC6B, IRF2BP2, NCOR2, YTHDEF2,
SUGP1, hnRNP M, and PRRC2B (22), points to the accuracy of
our findings. Even though some of the UHMKI1 known sub-
strates did not appear in this initial screen, for instance, SF3B1
(5), p27KIP (12), and PIMREG (34), they were identified in one
or other experimental conditions below the cutoff employed,
further confirming the stringency of the study. Of note, five
kinases (PIK3C3, WNK1, NUCKS1, PRPF4B, and AHNAK)
and two phosphatases (PPP4R2 and PTPN21) were found
among the UHMK]1 putative substrates. These proteins likely
contribute to additional layers of regulation of the DPPs, some
of which might be only indirectly regulated by UHMKI,
through these kinases and phosphatases.

GO enrichment analysis of the 117 putative substrates
confirmed UHMKI1 function in cellular processes previously
associated with this kinase (mRNA splicing (4), cell cycle (12);
cytoskeleton (microtubule) organization (13); translation (15,
21), membrane trafficking (19, 20), and nucleotide metabolism
(24)) and pointed to a novel function of UHMK1 in rRNA
processing. Most importantly, our data broadened the
knowledge of the protein network and the players regulated by
UHMK1 in each of these processes. Moreover, the fact that
many of the UHMKI putative substrates interact with each
other and between the clusters (Fig. 4B) indicates that UHMK1
is important for regulating complex networks of proteins that
coordinate diverse (and yet complementary) biological pro-
cesses in the cell.

Remarkably, 24% of the putative UHMKI substrates are
RNA-related proteins and the most prominent interaction
network in STRING analysis is comprised of splicing regula-
tory factors, followed by translation factors and rRNA pro-
cessing proteins. A closer look at the function of the most
prominent group revealed that most of the proteins are
involved in the spliceosome, at the complexes E, A, and B, but
also in the further steps of the splicing cycle (Fig. 9). It is well
known that the phosphorylation status of splicing factors im-
pacts the assembly of the spliceosome, as it affects interaction
among them and with the mRNA. Moreover, phosphorylation
controls the intracellular and intranuclear localization of
splicing factors, altering their concentration and consequently
splice site selection (35). Two major families of splicing reg-
ulatory kinases, namely the SRPKs and CLKs, are responsible
for phosphorylating splicing factors (36). This is the first report
describing UHMKI1 as a broad splicing regulatory kinase.
However, the consequences of the UHMKI1-mediated
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incorporated BrdU. Charts represent the ratio of BrdU incorporation in UHMK1 knockdown mediated by shUHMK1#1 (sh#1), shUHMK1#2 (sh#2), and
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highlighted in red. Proteins that act in more than one function related to RNA metabolism are marked with an asterisk (*). The main functions are
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the novel RNA-related UHMK1 substrates (15 proteins) are components of the spliceosome. Six DPPs have a role in mRNA stability, through mechanisms
involving the poly(A) tail (TNRC6B (92) and NPM1 (93)), the 5’ Cap (EDC3 (94)), binding to N6-methyladenosine mRNAs (YTHDF2 (95)), nonsense-mediated
decay (NMD)-independent decay (THRAP3 (96)), and binding to 3’ UTR (CRHSP-24 - Carhsp1) (97)). Four of the RNA-related DPPs act in transcription, either
by acting on RNA pol Il regulation (SAFB (98) and NPM1 (99)) or as transcription factors (FRA-2 - Fosl2) (100) and Eef1d (101)). SETD2, a methyltransferase
responsible for H3K36me3 mark, act in chromatin modification (102). Moreover, three DPPs act specifically in the cleavage of the tricistronic rRNA transcript:
MPP10 (Mphosph10) (component of the U3 snoRNP) and FTSJ3 (2'-O-methyltransferase) are involved in the processing of the 18S rRNA (103, 104), while
BOP1 (component of the PeBoW complex) is necessary for the processing of 5.85 and 28S rRNAs (105). NPM1 also acts in the nucleolus as a histone
chaperone, affecting chromatin status of rDNA (99). Created with ©BioRender.com. DPP, differentially phosphorylated protein; PRFs, preribosomal factors;
RPs, ribosomal proteins; UHMK1, U2AF Homology Motif Kinase 1.

regulation of the phosphosites of these proteins remain to be
investigated.

Splicing analysis of transcriptome data revealed that
UHMK1 modulation affected over 270 ASEs, most of which
led to exon inclusion/exclusion and produced alternative iso-
forms. Since our analysis was performed on Prime-seq data

(37) and the reads were sequenced mainly from the 3’ end of
the transcripts, one limitation of our analysis is that we only
evaluated ASEs occurring within this region of the transcripts.
Thus, we cannot consider it a global splicing analysis as the
identified ASEs are likely to be underrepresented. Nonetheless,
our data is a proof-of-principle that UHMKI1 affects alternative

shown. One colony was defined by the minimum of 50 cells. C, viability assay. For UHMK1 knockdown cells, the chart represents the average of four
experiments performed in sextuplicate. For UHMK1"T overexpressing cells, the chart represents the average of five experiments, two performed in triplicate
and three performed in sextuplicate. D, apoptosis evaluation by Annexin V assay. Mean from three independent experiments. Early apoptosis is defined by
the cells that are positive only for Annexin V; late apoptosis comprises the cells that are positive for both Annexin V and propidium iodide (PI); Necrotic cells
are positive only for Pl and Viable cells are negative for both markers. E, migration assay. Representative images of two independent experiments (I and II)
with UHMK1 knockdown and UHMK1"T overexpressing cells. The experiments were performed in duplicates. Three images from each replicate were taken:
in the center, bottom, and top of the membrane, relative to position of the circumference in the plate. The images in this figure are representative of the
center. The control representing spontaneous migration towards lower chamber containing 1% FBS and the images acquired in the top and bottom of the
wells are provided in Figs. S7-S9. Images were acquired with Microscope Leica DMi8, 10x magnification. FBS, fetal bovine serum; UHMK1, U2AF Homology
MotifKinase 1.
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splicing and it applies to many target genes. A reporter assay
confirmed that UHMK1 influences splicing in vivo and showed
that this effect is dependent on the UHMK]1 kinase activity.
These data, together with the knowledge that UHMKI1 regu-
lates the phosphorylation of a complex network of splicing
factors, suggest that UHMK1 function on splicing is more
indirect, through the action of the various splicing related
factors as well as kinases (AHNAK, PRPF4B) and phosphatases
(PPP4R2) regulated by UHMK1.

We showed that the expression of ectopic UHMKIY ' was
able to increase the SF1-mediated splicing of a reporter gene.
SF1 is a well-known substrate of UHMK1 in vitro (4, 5, 10, 38).
We identified SF1 as the most significant DPP in our phos-
phoproteome analysis, confirming that UHMK]1 controls the
phosphorylation status of the SF1 S80 S82 residues (SPSP
motif) in vivo. However, our observation that only S82 was
significantly upregulated in UHMK1-KD and downregulated
in UHMK1¥7" overexpression, while both $80 and S82 were
significantly downregulated in UHMKI1***} is quite puzzling
and suggests that a complex and rather indirect regulation of
SF1 by UHMKI1 in vivo is likely. Supporting this idea, the
expression of UHMKI1 was unable to increase the incorpora-
tion of radioactive phosphate on full-length SF1 in mammalian
cells (4). Moreover, the SF1 SPSP motif is normally found in a
highly phosphorylated state in proliferating cells (38), and a
subset of SF1 remains phosphorylated in UHMK1 KO mice
(11). Besides UHMK]1, SRPK?2 is also known to phosphorylate
the SF1 SPSP motif, preferentially at the residue S82 (39).
Thus, the SF1 SPSP motif is likely to be regulated by different
kinases and phosphatases (10). Interestingly, the Serine/
threonine-protein phosphatase 4 regulatory subunit 2
(Ppp4r2) was found upregulated in UHMK1%T-expressing
cells and the Serine/threonine-protein kinase PRP4 homolog
(Prpf4b) was found upregulated in UHMK1-KD cells, making
it tempting to speculate that these enzymes could be respon-
sible for the SF1 SPSP dephosphorylation and phosphorylation
observed in these respective conditions. Yet, we cannot rule
out that the reversed phosphorylation pattern observed on SF1
SPSP motif was due to the cell context or, most likely, to
prolonged exposure to UHMK1 modulation in our experi-
mental conditions. The stable UHMK1 knockdown and
overexpression approach gives the cells time to accommodate
and compensate for the loss or the prolonged activity of the
kinase. It is reasonable to think that the interconnection and
redundancy of the regulatory signaling network would likely be
responsible for compensation, leading to the regulation of
indirect targets, which would explain the opposite direction in
phosphorylation observed among some of the UHMKI-
regulated phosphosites. This idea is in line with previous
studies addressing the consequences of long-term perturbation
of kinases (40, 41). Altogether, we showed that UHMK1 is the
kinase controlling the phosphorylation status of SF1 SPSP
motif in vivo and that the regulatory mechanism is complex
and might involve additional players other than a direct
UHMK1-targeted substrate regulation as previously
described (4).
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It is well accepted that mRNA splicing and transcription are
coupled events, and as such, one affects the other (42). Simi-
larly, capping, cleavage, and polyadenylation occur cotran-
scriptionally. Moreover, the chromatin state and the type of
promoter influence the recruitment of transcription and
splicing factors, as well as the kinetics of RNA pol II, which in
turn influences mRNA transcription rate and alternative
splicing (43). Indeed, the RNA-related proteins found in our
phosphoproteome data are involved in several steps control-
ling gene expression, from chromatin modification to mRNA
splicing and cleavage to generate mature rRNA (Fig. 9).

Splicing-associated chromatin signatures, characterized by
the combination of specific histone marks, have been recently
described as a mechanism to rapidly adjust alternative splicing
(44). Here, we found that the phosphorylation on S743 of
SETD2, a histone lysine methyltransferase responsible for H3
lysine 36 trimethylation (H3K36me3), is upregulated in
UHMK1Y?T. Moreover, a predicted protective ASE transcript
of Setd2 was identified in UHMKI1-KD (not shown). Besides
SETD2, other chromatin modifier enzymes (SUV39H2,
L3MBTL2, NCOR2, ARID1A, CUL4B) were found differen-
tially phosphorylated in our study.

Finally, the UHMKI-mediated regulation of proteins
involved in rRNA processing, namely pre-rRNA 2'-O-ribose
RNA methyltransferase FTS]3 (Ftsj3), Ribosome biogenesis
protein BOP1 (BopI), Nucleophosmin (NpmI), and U3 small
nucleolar ribonucleoprotein protein MPP10 (Mphosphl0) is a
new finding. This points to a specific role of UHMKI in the
control of rRNA processing and ribosome biogenesis. These
processes are closely associated with protein translation (45).
In fact, UHMK1 regulated the phosphorylation of eight
translation factors: EF-2 (Eef2), Translation initiation factor
elF-2B subunit epsilon (Eif2b5), elF-2-beta (Eif2s2), EF-1-delta
(Eefld), EF-1-gamma (Eeflg), elF4E-binding protein 1
(Eif4ebpl), elF-4-gamma 1 (Eif4gl), and ATP-binding cassette
sub-family F member 1 (AbcfI). Taken together, our results
show that UHMK1 controls phosphorylation of proteins
involved in different steps of gene expression regulation. This
is in agreement with our previous report where we showed
that UHMK1 could influence the expression of a report gene
(34) and with other studies showing the effect of UHMKI1 on
gene expression (11, 14, 22).

Intriguingly, in our RNA-seq analysis, UHMK1 knockdown
had a limited impact on transcript expression levels, with the
identification of 32 differentially expressed genes (DEGs).
Nevertheless, some of the gene signatures retrieved from the
GSEA analysis relate to the biological processes identified in
the GO analysis of phosphoproteome data (Protein complex
assembly/disassembly, Microtubule and cytoskeleton organi-
zation, Amine/nitrogen metabolic processes, RNA modifica-
tion, Cell-cycle and Cell division), indicating the involvement
of UHMKI1 in these processes at both posttranslational and
gene expression levels. Moreover, the GSEA analysis pointed
to EMT as one of the enriched gene sets. Among the DEGs
found in this study, Prrx1 (46, 47), Pimreg (48), Sptbnl (49, 50),
Lox (51), Memol (52), and Map3k3 (53, 54) were previously

SASBMB



implicated in EMT. Therefore, our study provides new evi-
dence for the association of UHMKI1 function with EMT.

In a previous report, we showed that the protein coded by
Pimreg interacts with UHMKI1 and is phosphorylated by this
kinase in vitro and suggested that the PIMREG-UHMK1
interaction could be important in controlling cell proliferation
and gene expression (34). Recently, we showed that PIMREG is
involved in DNA damage response (55). Interestingly, our
phosphoproteome analysis showed that UHMKI1 does not only
phosphorylate PIMREG but also other proteins related to
DNA damage response, namely RAD54-like, THRAP3,
BCLAF1, and TPT1 (56-60), besides PIMREG. Phosphoryla-
tion on S128 of PIMREG was significantly upregulated in
UHMKI1 knockdown and downregulated in UHMK1¥" and
UHMK1***® overexpression (although these phosphosites did
not cross our fold change cutoff). The residue S128 in mouse
corresponds to S131 in human, the reported phosphorylation
site of UHMK1 (34). Interestingly, as described here for SF1,
phosphorylation of PIMREG by UHMK]1 in vivo exhibited a
reverse phosphorylation pattern from what has been observed
in vitro when using part of the protein or synthetic peptides as
substrates. The fact that Pimreg was identified among the
DEGs points to a complex regulatory network between these
proteins in vivo, triggering questions for further investigation.

UHMK1 regulated phosphosites of 30 proteins involved in
cell cycle regulation. One third of the cell cycle—related pro-
teins were also annotated as cytoskeleton-related, and the
majority of them is also annotated in the BP terms “microtu-
bule cytoskeleton organization”, “cell division”, and “mitotic
cell division”. To validate this finding, we performed in vitro
functional assays to evaluate the phenotypes related to these
cellular processes in UHMK1-overexpressing and UHMK1-
depleted cells.

Our functional experiments demonstrated that UHMK
overexpression decreased the number of colonies formed, while
UHMK1 knockdown decreased proliferation. Furthermore,
UHMK]1 knockdown reduced migration, while UHMKI1 over-
expression increased migration. These results are in line with
previous reports, showing that modulation of UHMK1 affects cell
migration, colony formation, and proliferation (13, 16, 25) and
further support the data that UHMK]1 regulates the phosphory-
lation of protein networks governing these cellular processes.

IWT

Conclusion

A combination of phosphoproteome and transcriptome
analysis allowed us to improve the understanding of the role of
UHMK1 in cellular processes that have been previously asso-
ciated with this kinase, particularly in RNA metabolism and
splicing. We demonstrated for the first time the effect of
UHMK1 modulation on ASEs and on the phosphorylation of a
variety of splicing factors, implicating UHMK1 as a novel
splicing regulatory kinase. Our data further supports a func-
tion of UHMK1 in the modulation of transcription and gene
expression, through the regulation of proteins that act in
different layers controlling gene expression including chro-
matin modification, RNA pol II regulation, spliceosome
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machinery, and mRNA stability, besides rRNA cleavage and
protein translation. The general picture of our study is that
UHMKI1 controls phosphorylation of proteins, gene expres-
sion, and alternative splicing of targets that are involved in key
cellular processes such as cell cycle, cell division, and micro-
tubule organization.

Experimental procedures
Cell lines and culture conditions

The murine NIH3T3 and the human HEK 293T cell lines
were obtained from the Deutsche Sammlung von Mikroorga-
nismen und Zellkulturen (DSMZ). Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
of fetal bovine serum (FBS) and 1% of the antibiotic penicillin/
streptomycin (PAN Biotech), at 37 °C and 5% CO,. The cell
lines were tested for mycoplasma using MycoAlert PLUS
Mycoplasma Detection Kit (Lonza).

Plasmid construction

The WT rat Uhmkl coding sequence (UHMK1Y7"), in frame
with an N-terminal Flag peptide, was cloned into the pMSCV-
IRES-YFP (MIY) retroviral vector. The UHMKI1 kinase-dead
mutant (UHMK1"**}) was generated by introducing the K54R
mutation in the MIY-Flag-Uhmk1 construct, using the Quick-
Change II XL Site Directed Mutagenesis kit (Agilent Technol-
ogies) and the following primers: forward 5-CCCCGG
CGCCCTCAGGCAGTTCCTG-3/, reverse 5-CAGGAACT
GCCTGAGGGCGCCGGGG-3'. For UHMK1 knockdown
(UHMK1-KD), shRNA sequences targeting the murine UhmkI
gene were designed using the BLOCK-IT RNAi Designer tool
(Invitrogen), cloned into the MSCV-U3-H1-Stuffer entry vector
digested with BglII and HindIII, and subcloned into the retro-
viral vector pMSCV-puromycin-IRES-EGFP siRNA digested
with the NotI and Scal (61). Target sequences are as follows:
shUHMK1#1: 5'-GCAAACAGTTCTGCTATTA-3’, shUHMK
1#2: 5'-GCTGGATGATGATTACCTTGA-3/, shUHMK1#3:
5'-GCACTGGATGCTCTAATAA-3'. The scrambled control
sequence is (shCTRL): 5'-GCATAGGCTCGAATTCTAA-3'.
To express GFP-tagged human SF1, a GFP fragment was
amplified from pEGFP-C1 and inserted by restriction-free
cloning (62) in plasmid pCDNA3-SF1 (38) to get the plasmid
pCDNA3-SF1-GFP-myc. For the expression of GFP-SUGP1,
the complementary DNA (cDNA) of human SUGPI1 in
pENTR223 (DNASU HsCD00516189) was transferred to
pDEST-3xFlag-GFP (addgene #122845) by Gateway LR cloning
(63). For the expression of GST-SUGP1 in bacteria, a DNA
fragment corresponding to residues 326 to 477 of human
SUGP1 was amplified and cloned in pGEX6P1 using BamHI and
EcoRI sites. Plasmids for expression of recombinant SF1 (resi-
dues 1-255) (4) and rat UHMK]1 have been described previously
(5, 64).

Generation of stable lines by retrovirus production and
transduction of NIH3T3 cells

To produce retroviral particles carrying UHMKI1Y",
UHMK1***%, or shARNA-UHMK1 sequences, HEK 293T cells
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were cotransfected with the retroviral construct and the
packaging plasmid pCL-Eco (65), using PEL The virus-
containing media, supplemented with protamine sulfate
(5 pg/ml) was used for NIH3T3 cell infection. Transduced
cells were sorted by Fluorescence-Activated Cell Sorting
(FACS) based on YFP (UHMK1 overexpression) and GFP
(UHMK1 knockdown) expression.

Immunoblotting

Cells were lysed in lysis buffer [50 mM Tris pH 8.5, 150 mM
NaCl and 1% Triton X-100 and protease inhibitor cocktail
(Halt Protease Inhibitor Single-Use Cocktail; Thermo Fisher
Scientific)]. Total protein extracts were separated by electro-
phoresis on 10% SDS-polyacrylamide gel and transferred to a
TransBlot Turbo Mini Size polyvinylidene difluoride mem-
brane using the TransBlot Turbo system (BioRad Laboratories,
Inc). The membranes were blocked with low-fat milk and
probed with primary antibody, followed by secondary anti-
bodies conjugated to horseradish peroxidase. The proteins
were detected by chemiluminescence with Pierce ECL Plus
Western Blot Substrate (Thermo Fisher Scientific Scientific)
and images were captured with Fusion SL (Vilber Loumart).
Primary antibodies were anti-UHMK1 (KIS-3B12, 1:10) (11),
anti-GFP (sc-8334, 1:4000), and anti-Actin (sc-1616, 1:1000).
Secondary antibodies were anti-rat (sc-2006, 1:2000) and anti-
rabbit (sc-2313, 1:2000 or 1:8000). Except for anti-UHMK]1, all
antibodies were purchased from Santa Cruz Biotechnology.

Cell lysis, protein digestion, TMT labeling, and
phosphopeptide enrichment

UHMKT1-overexpressing and UHMKI1-depleted NIH3T3
cells were seeded in 100 mm plates at a density of 1.5 x
10° cells/plate. After 24 h, cells were harvested and lysed in
lysis buffer [8 M urea, 80 mM Tris—HCL pH 7.6 and 1X Halt
EDTA-free Protease Inhibitor Single-Use Cocktail (Thermo
Fisher Scientific) and 1X Phosphatase Inhibitor Cocktail 1, 2,
and 3, (Sigma-Aldrich)] at constant rotation, for 45 min at 4
°C. Whole-cell extracts were cleared by centrifugation
(16,000g, 30 min, and 4 °C), and protein concentrations were
determined by the BCA assay. After reduction of disulfide
bonds using 10 mM DTT (30 °C, 30 min) and alkylation of
cysteine residues using 50 mM chloroacetamide (room tem-
perature, 30 min, in the dark), lysates were diluted to 1.6 M
urea using 40 mM Tris—HCI (pH 7.6). Digestion was per-
formed by adding Lys-C and trypsin (1:100 (wt/wt) and 1:50
(wt/wt) enzyme-to-protein ratio, respectively) and incubating
at 29 °C overnight. Samples were acidified to a final concen-
tration of 0.5% formic acid to stop the digestion. Digested
peptides were desalted using 50 mg, tC18 SepPak cartridges
(Waters Corp). The peptide concentration was estimated by
NanoDrop measurements, and 70 pg of peptides from each
sample were subsequently dried down in a SpeedVac, resus-
pended in 50 mM Hepes (pH 8.5) and labeled with TMT re-
agent (Thermo Fisher Scientific, Lot TF270347, Channel 126C,
127N, 128C, 129N, 130C, 131N were used) as described pre-
viously (66). Next, all channels were pooled, vacuum dried, and
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desalted by SepPak cartridges. Peptide solutions were dried
down in a SpeedVac and subjected to phosphopeptide
enrichment using Fe-IMAC as previously described (67). Flow-
through was collected and dried down for further full prote-
ome LC-MS/MS measurements. Phosphopeptides were eluted,
dried down, and subjected to fractionation using self-packed
StageTips (6 disks, @ 1.5 mm, C18 material, 3M Empore), as
previously described (68). Six fractions of phosphoproteome
samples were dried down until further LC-MS/MS
measurements.

LC-MS/MS measurements

Nanoflow LC-MS/MS measurements were performed by
coupling an UltiMate 3000 RSLCnano chromatography system
to an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific). Samples were loaded on an
analytical column (75 pm x 45 c¢m, packed in-house with 3 pm
C18 resin; Reprosil Gold, Dr Maisch). Full proteome and
phosphoproteome samples were separated using a 60-min
linear gradient from 8% to 34% LC solvent B (0.1% formic
acid, 5% DMSO in ACN) and a 90-min linear gradient from 4%
to 32% LC solvent B, respectively, at a flow rate of 300 nl/min.
The mass spectrometer was operated in data-dependent
acquisition mode and positive ionization mode. Full-scan
MS1 spectra (m/z 360-1500) were recorded in the Orbitrap
at a resolution of 60,000 and with an automatic gain control
(AGC) target value of 4e5 and maximum injection time
(maxIT) of 50 ms. For peptide identification in full proteome,
peptides were fragmented by collision-induced dissociation at
35% normalized collision energy (NCE) and the resulting MS2
spectra were recorded in the ion trap in rapid mode with an
AGC target value of 2e4 and maxIT 60 ms. A cycle time and
dynamic exclusion were set to 2 and 60 s. For peptide iden-
tification in phosphoproteome, peptides were fragmented by
collision-induced dissociation at 35% NCE with multistage
activation in the ion trap and using an AGC target value of 5e4
and a maxIT of 60 ms. Fragment ions were recorded in
Orbitrap at a resolution of 30,000. A cycle time and dynamic
exclusion were set to 3 and 90 s. Subsequently, MS3 spectrum
for TMT quantification for both full proteome and phospho-
proteome were obtained. The peptides were fragmented in the
ion trap (AGC of 1.2e5 and maxIT of 120 ms), followed by the
synchronous precursor selection of the ten most intense
peptide fragments in the ion trap and further fragmentation
via HCD using an NCE of 55%. The resulting MS3 spectrum
was recorded in the Orbitrap at a resolution of 50,000.

Proteomic data analysis

Peptide identification and quantification were performed
using MaxQuant v1.6.2.10 (https://www.maxquant.org) (69)
with its built-in search engine Andromeda. MS/MS spectra
were searched against the UniProt mouse database (55,029
entries, downloaded on 15.07.2019) supplemented with com-
mon contaminants. Carbamidomethylated cysteine was set as
fixed modification. Oxidation (Met) and N-terminal protein
acetylation were set as variable modifications with
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phosphorylation (STY) as an additional variable modification
for phosphoproteome data. Used channels of TMT10 were
specified as label within a reporter ion MS3 experiment type.
Isotope impurities of the TMT batch were specified to allow
MaxQuant the automated correction of TMT reporter in-
tensities. LysC and Trypsin/P were set as the proteolytic en-
zymes with up to two missed cleavage sites. Precursor
tolerance was set to +4.5 ppm, and fragment ion tolerance
to +20 ppm. Results were filtered to 1% FDR at peptide
spectrum match and protein levels. The MaxQuant results
were further analyzed on Microsoft Excel and Perseus plat-
form (v1.6.1.1) (https://maxquant.net/perseus/) (70). First, hits
of the reverse and contaminant databases were removed. Data
normalization was performed under the assumption that the
input amount of each sample is equal across TMT channels.
The reporter intensities of full proteome data were median-
centered to the overall median of the respective dataset, and
the correction factors were calculated. The correction factors
of corresponding channels were further applied to the phos-
phoproteome data. Next, a row-wise normalization was
introduced to remove the batch effect as described previously
(71). The normalized reporter intensities were log2 trans-
formed and the relative abundances of phosphopeptides were
determined. Only phosphopeptides found in all three repli-
cates were considered for the analysis. Differentially phos-
phorylated phosphopeptides were defined by p-value < 0.05
and fold change of |1|. The identified phosphosites were
searched in the databases PhosphositePlus (https://www.
phosphosite.org/homeAction.action) (72) and PHOSIDA
(http://141.61.102.18/phosida/index.aspx) (73).

In vitro kinase assay

Recombinant GST-UHMK1, GST-SF1 (residues [1-255]), and
GST-SUGP1 (residues [326—477]) were produced in Escherichia
coli BL21 and purified as previously described (5). Recombinant
proteins were quantified by measuring the absorbance at 280 nm
and Coomassie staining after SDS-PAGE. For the phosphoryla-
tion reaction, 20 pmol of GST-SF1 and GST-SUGP1 served as a
substrate for ~0.2 pmol of recombinant UHMKI1, together with
1 mM ATP inareaction buffer containing Tris—Cl 50 mM pH 8.0,
2 mM EDTA, and 10 mM of MgCl,. The reaction occurred at 30
°C and was stopped after 2 h by adding Laemmli buffer. The
samples were denatured at 95 °C for 5 min and separated in a 10%
polyacrylamide gel. Next, the gel was stained with Pro-Q Dia-
mond (Invitrogen, Thermo Fisher Scientific) following the
manufacturer’s instructions. Phosphoproteins were detected us-
ing Typhoon laser scanner (Amersham, GE Healthcare), with
532 nm laser. The same gel was then stained with Coomassie Blue
and imaged using ChemiDoc (BioRad Laboratories, Inc) or laser
scanning at 680 nm. The bands were quantified with Image J (74).
Normalization of Pro-Q Diamond (phosphoproteins) relative to
Coomassie staining (total protein) was done using the integrated
density values.

UHMK1 and SUGP1 coimmunoprecipitation

HEK 293T cells in 35 mm diameter wells were transfected
using Lipofectamine 2000 (Thermo Fisher Scientific). Twenty
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four hours posttransfection, cells were rinsed with PBS and
resuspended in 400 pl NP buffer (50 mM Tris—Cl pH 7.5,
150 mM NaCl, and 1% Nonidet P40) with protease inhibitor
mix (Roche Diagnostic), PMSF (0.1 mg/ml), and RNase A
(10 ng/pl). After vortexing for 30 s, cell extracts were clarified
by centrifugation at 20,000¢ for 10 min at 4 °C. The soluble
extract was then incubated with 1.2 pug of a mouse anti-GFP
antibody (Roche Diagnostic, Cat. Nr. 11814460001) for 1 h
at 4 °C and next with 30 ul of protein G Sepharose beads
(Cytiva). Beads were washed four times with washing buffer
(50 mM Tris—Cl pH 7.5, 150 mM NaCl, and 0.1% Nonidet
P40) before resuspension in Laemmli buffer for SDS PAGE
analysis. UHMK]1 was revealed with the rat monoclonal anti-
body 3B12 (11) (hybridoma supernatant at 1:20 dilution). GFP-
fusion proteins were detected with a rabbit anti-GFP antibody
(Santa Cruz SC8334, 1:1000). Primary antibodies were then
detected with IRDye680 or IRDye800 secondary antibodies
(Li-Cor). Western blots were imaged with Typhoon infrared
laser (Amersham, GE Healthcare). Alternatively, gels were
imaged using Pro-Q Diamond (Thermo Fisher Scientific) and
imaged on the laser scanner at 532 nm. Gels were then
restained with Coomassie Blue before scanning at 680 nm.

GO and network analyses of the DPPs

GO analysis and Reactome pathway analysis were carried
out using the Protein Analysis Through Evolutionary Re-
lationships - PANTHER (http://geneontology.org). Terms with
FDR <0.05 were considered statistically significant.

The DPPs and UHMK1 were searched for interactions using
the STRING database (https://string-db.org) (75). Interactions
determined experimentally, registered in curated databases,
extracted from text mining or coexpression data were
considered, using a medium confidence (0.400) interaction
score. Network was clustered using the MCL clustering algo-
rithm, with an inflation parameter of 3.

Consensus motif search and ULM motif analyses

Analysis of the consensus motif flanking the significantly
regulated phosphosites was performed using pLogo (27). We
considered the phosphosites that are very likely direct substrates
of UHMK], i.e., all the phosphosites that were upregulated in
UHMK1Y" overexpression and downregulated in UHMK1-KD.
Besides, we considered all phosphosites in UHMK1***%, In to-
tal, 96 phospho-serines and 5 phospho-threonines were sub-
mitted to pLogo analysis. Search for ULM motif on the 28
RNA-related proteins (annotated in the RNA-related BP
terms in the GO analysis) was performed using ScanProsite (76)
and alignment in Clustal Omega (77). We considered putative
ULM domains, those sequences that, beyond the conserved
tryptophan, had at least two other conserved amino acids in the
assigned positions (before or after the tryptophan), based on the
known ULM motifs previously reported (30).

RNA extraction, cDNA library preparation, and RNA
sequencing

An independent transduction of NIH3T3 cells
overexpressing or depleted of UHMKI1 was prepared for the
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RNA-seq experiment. 1 x 10* cells of each sample were lysed
in 100 pl of RLT Plus Lysis Buffer (Qiagen) supplemented with
1% 2-mercaptoethanol. Replicates were harvested in 3 and 6
consecutive days, for UHMK]1 knockdown and overexpression,
respectively. A bulk RNA barcoding and sequencing protocol,
named Prime-seq (37), was used for library preparation.
Briefly, RNA was cleaned up using solid phase reversible
immobilization beads (Sera Mag, GE Healthcare Life Sciences)
in a homemade bead-binding buffer containing 22% PEG.
c¢DNA was generated by Reverse Transcription mix containing
the Maxima H Minus reverse transcriptase (Thermo Fisher
Scientific), oligo-dT primer E3V6NEXT, and template switch
primer E5VONEXT. ¢cDNA from all the samples was pooled
together pre-amplified using KAPA HiFi HotStart polymerase
(Roche) and SingV6 primer. Nextera libraries (5 replicates)
were constructed from 0.8 ng of pre-amplified cleaned up
c¢DNA using Nextera XT Kit (Illumina). Index PCR was carried
out using the custom P5 primer (PSNEXTPT5) and the i701
Nextera primer (IDT Technologies). Libraries were size
selected in a 2% E-Gel Agarose EX Gels (Life Technologies),
cut out in the range of 300 to 800 bp, and extracted using the
MinElute Kit (Qiagen), according to manufacturer’s
recommendations.

Single-end sequencing was performed in the Illumina HiSeq
1500 system (Illumina) with a coverage of 74 bp. Raw FASTQ
data were processed with the pipeline zUMIs, version 0.2.0
(78) and mapped to the mouse genome mml0 using the
software STAR (79). Gene annotations were obtained from
Ensembl (GRCm38.75).

RNA-seq data analyses and target validation by qPCR

Differential expression between UHMK1-KD
(shUHMK1#1, shUHMKI1#2, and shUHMKI1#3 data, com-
bined and used as one pseudosample) and shCTRL was
assessed using the edgeR/limma package (80, 81). Gene set
enrichment analysis was performed using GSEA version 6.2
(82), with gene sets for Mus musculus obtained from
GO2MSIG (83). Results were regarded as significant with a p-
value <0.05.

RNA-seq validation was carried out in an independent
transduction of NIH3T3 cells, by analyzing the expression of
eight DEGs by PCR array (qPCR). The DEGs chosen for
validation were as follows: Cdca4, Faml198b, Pimreg, Lox,
Map3k3, Oazl, Prrxl, and Sptbnl. The cells were cultivated in
the same conditions described for RNA-seq. Total RNA was
extracted using RNeasy Mini Kit (Qiagen). cDNA was pro-
duced using the iScript cDNA Synthesis Kit (Bio-Rad Labo-
ratories). qPCR was performed using PrimePCR custom plates
(Bio-Rad Laboratories), containing the lyophilized primers for
the selected gene. The housekeeping genes Gapdh and Hprt
were used as endogenous control and relative expression was
calculated using the 2724¢4 method (84).

Analysis of alternative splicing

For ASEs detection in the mouse genome (mml0), we
considered all raw sequencing reads from the replicates of each
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condition as four pseudosamples (UHMK1-KD, shCTRL,
UHMK1Y", and EV) and identified ASEs using Bayesian
inference followed by differential analysis from vast-tools
pipeline (vast-tools diff module) (85, 86) with |dPSI| =0.2
and MV|dPSI_at_95| 20.05 as significance thresholds. Addi-
tional nondefault parameters for vast-tools diff module include
the following: -S 1, -e 10, -m 0.05. ASEs were further catego-
rized into functional classifications according to their pre-
dicted impact on the ORF: “neutral” for events that generate
known functional isoforms or which do not alter the protein
sequence (ex. an alternative exon); “protective” for events that
reduce the occurrence of deleterious nucleotide sequences and
therefore generate a functional protein (ex. removal of an
intron/exon containing a premature stop codon), and
“disruptive” which denote events that increase the frequency of
disruptive sequences in the ORF (ex. inclusion of introns/
exons containing premature stop codons or removal of
essential exons for protein function) (87). All postprocessing
data analysis and figure generation were conducted using
custom python3.7 scripts, which are available upon request.

Splicing reporter assays

HEK 293T cells were seeded in 24-well plates at a density of
9 x 10* cells/well. After 24 h, the cells were cotransfected with
200 ng of the pTN24 reporter plasmid (88), MIY-UHMKI1Y "
and MIY-UHMK1***® (200 ng) construct alone or in combi-
nation with pcDNA-SF1(4) (300 ng of each construct). DNA
was kept constant at 800 ng DNA in each well and 2 pl of
Lipofectamine 2000 (Thermo Fisher Scientific) was used as a
transfection reagent. The cells were harvested 24 h later and
assayed for luciferase and B-Galactosidase activity using Dual
Light Luciferase and p-Galactosidase Reporter Gene Assay
System (Thermo Fisher Scientific). The measurements were
performed in duplicates in an Infinite F200 Pro microplate
reader (Tecan Group Ltd). Splicing was evaluated as a ratio of
luciferase/B-galactosidase. Parallel transfections were per-
formed in the same conditions to assess gene expression of
UHMK1¥T, UHMK1***}, and SF1 by qPCR.

Colony forming assay

Cells were seeded in 6-well plates at a density of 750 cells/
well. After 6 days of incubation under normal culturing con-
ditions, the colonies were fixed with 70% ethanol for 10 min,
stained with 0.05% crystal violet for 10 min, and washed with
water. The colonies were counted using an inverted micro-
scope (Motic). A colony was defined by a minimum of 50 cells.

Proliferation assay

Proliferation was evaluated by BrdU incorporation. 2 x
10° cells were seeded in 6-well plates. After 24 h, 10 pM of
BrdU was added and incubated for 2 h. BrdU staining was
carried out with the APC BrdU Flow Kit (BD Biosciences).
Flow cytometry analyses were performed using an FACS Canto
(BD Biosciences).
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Cell viability assay

Cells were seeded in 96-well plates at a density of 8 x
10° cells/well. After 24 h, 20 ul of Cell Titer Blue reagent
(Promega,) was added to the cells and incubated for 4 h at 37
°C, protected from light. Fluorescence was measured using
Promega GloMax Microplate Reader, excitation filter: 520 nm,
emission: 580 to 640.

Apoptosis assay

Cells were seeded in 12-well plates at a density of 1 x
10° cells/well. After 24 h, cells were washed with ice-cold
DPBS plus 5 mM EDTA and stained with annexin V and PI
(BD Biosciences) for 15 min at RT. Analysis was carried out
using FACS Canto (BD Biosciences).

Migration assay

Cell cultures were depleted from serum (1% FBS-containing
medium without antibiotics) for 16 to 20 h. After that period,
1 x 10° cells were seeded directly over an 8 um membrane in a
96-well Boyden chamber plate. The lower compartment of the
chamber was filled with 10% FBS-containing medium. After
24 h, the cells that migrated through the membrane were fixed
with 70% ethanol and stained with 0.05% crystal violet, as
previously described (89). Images were acquired using Mi-
croscope Leica DMi8 at 10x magnification.

Statistical analyses

Statistical analyses (of splicing reporter assays, RNA-seq
validation, and functional assays) were carried out on Graph-
Pad Prism version 7.0 for MacOS X (GraphPad Software,
available at https://www.graphpad.com). The function Column
Statistics was used to evaluate parameters such as median,
mean, coefficient of variation, kurtosis, skewness, and
normality (Shapiro-Wilk test). Based on these parameters, the
tests chosen to evaluate three groups or more were One-way
ANOVA followed by Bonferroni’s multiple comparison test
or Kruskal-Wallis test followed by Dunn’s multiple compari-
son test. For two groups, unpaired Student ¢ test or Mann-
Whitney test were used. A confidence interval of 0.95 was
set and therefore p-values lower than 0.05 were regarded as
statistically significant.

Data availability

The RNA-seq data from UHMKI1-overexpressing or
UHMKI1-depleted NIH3T3 cells are available in the Gene
Expression Omnibus (GEO) repository, accession number
GSE199768. The UHMK1 mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via
the Proteomics Identification Database (PRIDE) partner re-
pository with the dataset identifier PXD033353.
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