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ABSTRACT

HumanPRPF39 is a homolog of the yeast Prp39 and Prp42 paralogs.Wehave previously shown that human PRPF39 forms a
homodimer that interacts with the CTD of U1C, mirroring the yeast Prp39/Prp42 heterodimer. We demonstrate here that
PRPF39 knockdown in HEK293 cells affects many alternative splicing events primarily by reducing the usage of weak 5′′′′′ ss.
Additionally, PRPF39 preferentially binds to a GC-rich RNA, likely at the interface between its NTD and CTD. These data
indicate that PRPF39 potentially recruits U1 snRNP to aweak 5′′′′′ ss, serving as a previously unrecognized alternative splicing
factor. We further demonstrate that human TIA1 binds to U1C through its RRM1 and RRM3+Q domains and has weak
binding to PRPF39. Finally, all three human LUC7L isoforms directly interact with U1C and with PRPF39. These results re-
veal significant parallels to the yeast U1 snRNP structure and support the use of yeast U1 snRNP as amodel for understand-
ing the mechanism of human alternative splicing.
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INTRODUCTION

Splicing is an essential process required for eukaryotic
gene expression and it is catalyzed by the spliceosome
(Berget et al. 1977; Chow et al. 1977; Wahl et al. 2009).
The spliceosome is a multimegadalton RNA–protein com-
plex composed of U1, U2, U4, U5, and U6 small nuclear
ribonucleoproteins (snRNPs) and other non-snRNP associ-
ated proteins (Zhou et al. 2002). The spliceosome assem-
bles on each pre-mRNA, forming at least 10 distinct
complexes through the assembly, activation, catalysis,
and disassembly stages of the splicing cycle, to remove in-
trons and ligate exons (Wahl et al. 2009).
The vastmajority of humangenes contain introns andun-

dergo alternative splicing (Pan et al. 2008). Alternative
splicing increases proteome diversity through the expres-
sion of various RNA transcripts from a single gene and is
a fundamental approach of gene regulation in eukaryotes
(Graveley 2001). A major tactic of alternative splicing regu-
lation is through protein factors which target U1 snRNP
(Eperon et al. 2000; Forch et al. 2002; Daniels et al.
2021). U1 snRNP recognizes the 5′ splice site (ss) of the
pre-mRNA through base-pairing between the 5′ end of
U1 snRNA and the 5′ ss (Lerner et al. 1980; Zhuang and

Weiner 1986; Seraphin et al. 1988; Siliciano and Guthrie
1988). Alternative splicing factors can facilitate or prevent
the binding of U1 snRNP to the pre-mRNA 5′ ss (Eperon
et al. 2000; Forch et al. 2000; Busch and Hertel 2012;
Daniels et al. 2021). Due to the transient nature of the inter-
action between these alternative splicing factors and hu-
man U1 snRNP, it has been difficult to capture these
interactions structurally and the molecular details of how
an alternative splicing factor interactswithU1 snRNPareof-
ten lacking.
On the other hand, the yeast homologs of many human

alternative splicing factors stably associate with the yeast
U1 snRNP (Gottschalk et al. 1998). While purified human
U1 snRNP contains only 10 proteins (seven Sm proteins,
U1-70K, U1A, and U1C), yeast U1 snRNP has homologs
to these core proteins as well as seven additional stably as-
sociated proteins (Luc7, Nam8, Prp39, Prp40, Prp42,
Snu71, and Snu56). Several of these yeast auxiliary proteins
(Luc7, Nam8, Prp40, and Snu71) have homologs that are
known alternative splicing factors (LUC7L/LUC7L2/
LUC7L3, TIA1, PRPF40A/B, and RBM25, respectively)
(Forch et al. 2000; Puig et al. 2007; Zhou et al. 2008;
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Becerra et al. 2015; Carlson et al. 2017; Lorenzini et al.
2019). The cryo-EM structures of the yeast U1 snRNP alone
(Li et al. 2017) or in complex with the Act1 or Ubc4 pre-
mRNA (Li et al. 2019) determined by our laboratory lay
the foundation for using yeast U1 snRNP as a model in un-
derstanding the mechanism of human alternative splicing.

The structure of the yeast U1 snRNP core is similar to the
human U1 snRNP with auxiliary proteins interacting with
the yeast U1 snRNP core (Fig. 1A; Kondo et al. 2015; Li
et al. 2017, 2019). Among the auxiliary proteins, the
Prp39/Prp42 paralogs form a heterodimer-like structure
that interacts extensively with the carboxyl terminus of
U1C (Fig. 1A). We demonstrated biochemically that hu-
man PRPF39 forms a homodimer (Li et al. 2017), supported
by the crystal structure of the murine PRPF39 (De Bortoli
et al. 2019). The human PRPF39 homodimer directly inter-
acts with the carboxy-terminal domain of human U1C,
mirroring yeast Prp39/Prp42 (Li et al. 2017). These obser-
vations led us to hypothesize that human PRPF39 is a pre-
viously unrecognized alternative splicing factor that helps
recruit U1 snRNP to weak 5′ ss. Below we will present evi-
dence supporting this hypothesis. We will also demon-
strate how human TIA1 (homolog of yeast Nam8) and
LUC7Ls (homologs of yeast Luc7) interact with U1 snRNP
as well as the similarities and differences between these in-
teractions and those observed in yeast U1 snRNP.

RESULTS

PRPF39 knockdown affects alternative splicing
events

To test the hypothesis that PRPF39 is a previously unrecog-
nized alternative splicing factor, we knocked down PRPF39
in HEK293 cells with a short hairpin RNA (shRNA1) and con-
firmed that PRPF39 was knocked down by ∼80% using
western blot analysis (Fig. 1B). We next performed RNA-
seq experiments using HEK293 cells transfected with a
scrambled control or shRNA1 targeting PRPF39, each in
three biological replicates. Cells transfected with the
PRPF39-targeting shRNA1 have a significant decrease of
normalized counts of PRPF39 compared to the scrambled
control, confirming PRPF39 knockdown (KD) at the RNA lev-
el (Fig. 1C). Analyses of the RNA-seq data show that PRPF39
affected a wide range of alternative splicing events, includ-
ing cassette exon (5756 events), alternative 3′ ss (456), in-
tron retention (249), and alternative 5′ ss (184) (Fig. 1D).
The PRPF39 KD cells exhibit a number of expression chang-
es (that could be indirect consequences of the splicing
changes), including 1221 genes expressed significantly
less and 859 genes significantly more compared to the
scramble control (Fig. 1E, left). Gene ontology analyses re-
veal enrichment of genes in processes important during de-
velopment (Fig. 1E, right), indicating that PRPF39 could
potentially play a role in the differentiation of HEK293 cells.

To validate the RNA-seq results, we carried out PRPF39
KD using a second shRNA which has ∼54% KD efficiency
based on western blot analyses (Fig. 1B). We performed
RT-PCR on total RNA extracted from scramble or both KD
cells for a number of affected alternative splicing events.
The skipped exon events we evaluated all have an increase
in the short isoform in KD compared to the scramble control
demonstrated by a decrease in the PSI (percentage spliced
in) values (Fig. 1F). The alternative 5′ ss RT-PCR results also
show a decrease of the long isoform with PRPF39 KD, con-
sistent with the RNA-seq results (Fig. 1G).

PRPF39 KD reduces the usage of weak 5′′′′′ splice sites

Given that PRPF39 directly interacts with U1 snRNP
(Li et al. 2017), we hypothesized that PRPF39 potentially
recruits U1 snRNP to weak 5′ ss. Alternative 5′ ss events
provide the best resource to test this hypothesis since
the two alternative 5′ ss directly compete with each other,
and their relative 5′ ss strength is the main variable deter-
mining the 5′ ss usage. We therefore analyzed the relation-
ship between alternative 5′ ss usage and 5′ ss strength (Yeo
and Burge 2004) upon PRPF39 KD.

Alternative 5′ splice sites result in the production of one
of two isoforms: either a longer isoform that contains a lon-
ger upstream exon due to the use of a downstream 5′ ss, or
a shorter isoform that contains a shorter upstream exon
due to the use of an upstream 5′ ss (Fig. 2A, top). We clas-
sified all expressed alternative 5′ splice site events into
three categories: those in which the longer isoform de-
creased in abundance following PRPF39 KD (Fig. 2A, or-
ange), those in which the shorter isoform decreased in
abundance following KD (Fig. 2A, purple), and those in
which the relative abundance of the two isoforms did not
change following KD (Fig. 2A, gray). We then compared
the difference in 5′ splice site strength (Yeo and Burge
2004) between the two isoforms for the events in each cat-
egory. Transcriptome-wide, we found that for the events in
which the long isoform decreased in abundance following
KD, the 5′ splice site associated with the long isoform was
weaker than the 5′ splice site of its short isoform counter-
part, as indicated by the orange curve shifting to the left
of the gray curve (Fig. 2A, bottom). Similarly, when the
short isoform decreased in abundance following KD, the
5′ splice site of the short isoform was weaker than the
5′ splice site of its long isoform counterpart, as indicated
by the purple curve shifting to the right of the gray curve
(Fig. 2A, bottom). These findings suggest that PRPF39 pro-
motes the use of relatively weaker 5′ splice sites as its re-
moval reduces the use of these weaker 5′ splice sites.

If the action of PRPF39 primarily occurred through 5′ splice
sites,wewould not expect there tobe a relationshipbetween
alternative 3′ splice site usage and the strength of their corre-
sponding 3′ splice sites as both alternative isoforms share a
common 5′ splice site. In fact, we see no such relationship
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FIGURE 1. PRPF39 KD affects alternative splicing events. (A) The human U1 snRNP (PDB 4PJO) with coloring to match the yeast U1 snRNP struc-
ture (PDB 6N7R). The yeast U1 snRNP shows the interaction between Prp39/Prp42 with U1C and other auxiliary proteins. Prp39/Prp42 are shown
in surface representation, and the other proteins and RNAs are shown in ribbon representation. All structural representations in this paper are
prepared using Chimera X (Pettersen et al. 2021). (B) Western blot (top) and quantification (bottom) demonstrate PRPF39 KD in HEK293 cells
with two shRNAs. (C ) Normalized sequencing read counts from RNA-seq analysis show dramatic reduction of PRPF39 mRNA in KD sample.
(D) Type and number of alternative splicing events affected by PRPF39 KD. (E) Volcano plot demonstrating the expression changes caused by
PRPF39 KD (left) and gene ontology analyses of these changes (right). (F ) RT-PCR analyses of selected skipped exon events identified thorough
RNA-seq indicate increased short isoform after PRPF39 KD. Standard deviation and statistical significancewere derived from three biological rep-
licates of KDs. (∗), (∗∗), and (∗∗∗) denote P<0.05, 0.01, and 0.001, respectively. (G) RT-PCR analyses of alternative 5′ ss events identified through
RNA-seq indicate changed 5′ splice site selection after PRPF39 KD. Standard deviation and statistical significance were derived from three bio-
logical replicates of KDs. (∗) and (∗∗) denote P<0.05 and 0.01, respectively.
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(Fig. 2B), further suggesting that PRPF39 acts primarily
through sequences associated with 5′ splice sites.

We then turned to a similar analysis of cassette exon iso-
forms. Cassette exon events can result in a long isoform in
which the cassette exon is included or a short isoform in
which it is skipped (Fig. 2C). These two isoforms share a com-
mon 5′ splice site while the use of the cassette exon 5′ splice
site is specific to and required for the long isoform. As before,
we binned cassette exon events into those in which the long
isoform decreased in relative abundance upon PRPF39 KD
(Fig. 2D, orange), those in which the short isoform decreased
in relative abundance upon KD (purple), and those in which
relative isoform abundance was unchanged (gray).

We observed that for the events in which the long iso-
form decreased in abundance (i.e., skipped exon
events), the cassette exon-specific 5′ splice site was
much weaker than expected (Fig. 2D). This is again con-
sistent with PRPF39 promoting the use of these weaker
5′ splice sites as PRPF39 KD decreases their usage, re-
sulting in increased prevalence of the shorter isoform.
Note that PRPF39 KD results in 2482 skipped exon
events, significantly more than the other types of alter-
native splicing events affected (alternative 5′ ss, alterna-
tive 3′ ss, and intron retention) (Fig. 1D). This is
consistent with many previous observations that the pre-
dominant phenotype caused by a weakened 5′ ss in
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FIGURE 2. PRPF39 KD reduces the usage of weak 5′ splice sites. (A) Cumulative distribution function (CDF) of different groups of alterative 5′ ss
events versus the 5′ ss strength difference between the long and short isoform. (∗) P<0.05; (∗∗) P<0.01. A schematic representation of the long
and short isoform generated from alternative 5′ ss is shown on the top. (B) CDF of alternative 3′ ss events versus the 3′ ss strength difference be-
tween the long and short isoform. A schematic representation of the long and short isoform generated from alternative 3′ ss is shown at the top.
(C ) A schematic representation of the long and short isoform generated from cassette exon events. (D) CDF of cassette exon events versus the
strength of the cassette exon 5′ ss. (∗∗∗∗) P<0.0001. (E) CDF of cassette exon events versus the strength of the shared 5′ ss.
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mammalian cells is exon skipping based on the exon
definition model (Berget 1995).
As a control, we also compared the strengths of the

shared 5′ splice sites among our three categories (long iso-
form decreased, short isoform decreased, and unchanged)
of cassette exon events. Since these 5′ splice sites are used
in production of both the short and long isoforms, wewould
not expect a difference in the 5′ splice site strengths among
the three categories of cassette exon events. In fact, we do
not observe a difference (Fig. 2E), further indicating that the
mode of action for PRPF39 is through differentially used 5′

splice sites.

PRPF39 interacts with GC-rich RNA

If PRPF39 acts to promote weaker 5′ splice site usage, we
reasoned that it may then be binding near those sites
through some sequence-specific interactions. To identify
candidate RNA sequences that interact with PRPF39, we
set out to identify 6-mer sequences that were enriched
near 5′ splice sites whose usage was sensitive to PRPF39
KD. To do this, we used the cassette exon data and pulled
sequences that flanked the cassette exon 5′ splice site, in-
cluding 100 nt of the cassette exon and 150 nt of the
downstream intron excluding the 5′ splice site itself. We
compared these sequences from cassette exon events
that were sensitive to PRPF39 KD (Fig. 2D, orange) to se-
quences from cassette exon events that were insensitive
to PRPF39 KD (Fig. 2D, purple +gray).
We found that the sequence content surrounding sensitive

5′ splice sites was veryGC-rich andA-poor, illustrated by sev-
eral different formats includingCDFplots, volcano plots, and
sequence logos for exonic and intronic regions (Fig. 3A). We
then experimentally tested if PRPF39 preferentially binds to
GC-rich RNA by evaluating the direct binding between
PRPF39 and an arbitrary GC-rich RNA oligo (GGCCC
CCCGG) or a 10 nt poly(A) RNA oligo using electrophoretic
mobility shift assay (EMSA) experiments. These experiments
demonstrate that PRPF39 binds to theGC-rich RNAwith aKd

of 516±256 nM (Fig. 3B; Supplemental Fig. S1), while
PRPF39 only achieved ∼25% binding to the poly(A) oligo
at the highest protein concentration (Fig. 3C).
To further probe this interaction, we tested PRPF39 NTD

or CTD (separated between residues 296 and 297 based on
disorder prediction, Supplemental Fig. S2) with the GC-rich
and poly(A) oligo using EMSA. Our results demonstrate that
both constructs bind the GC-rich oligo but not the poly(A)
oligo (Fig. 3D,E), suggesting that the RNA may bind to
the interface between the two domains (Fig. 3F).

TIA1 interacts mainly with U1C and weakly with
PRPF39

Given that the above results demonstrate the successful
use of yeast U1 snRNP as a model to understand how hu-

man PRPF39 functions, we next ask whether it can guide
our studies of other human alternative splicing factors
such as TIA1 and LUC7Ls. TIA1, the human homolog of
yeast Nam8, affects the alternative splicing of select pre-
mRNAs in a U1 snRNP-dependent manner by binding to
U-rich RNA regions adjacent to the 5′ ss (Dember et al.
1996; Kedersha et al. 1999; Forch et al. 2000). In yeast
U1 snRNP, Nam8 interacts with both U1C CTD and
Prp42 (Fig. 4A). We asked whether human TIA1 also inter-
acts with both U1C and PRPF39. Using pull-down experi-
ments with recombinant proteins purified from E. coli,
we demonstrate that TIA1 interacts with U1C, consistent
with a previous report (Forch et al. 2002). This interaction
is mostly with the U1C NTD (residues 1–61), different
from the yeast structure (Fig. 4B). Additionally, we show
that RRM1 as well as RRM3 with the Q-rich tail of TIA1
directly bind U1C (Fig. 4C,D). Finally, we show that TIA1
binds to PRPF39 weakly when compared to the GST con-
trol (Fig. 4E).

LUC7L isoforms directly interact with U1C
and PRPF39

Our cryo-EM structures of the yeast U1 snRNP in complex
with either the Act1 or Ubc4 pre-mRNA reveal that Luc7 in-
teracts with U1C and the U1 snRNA–5′ ss RNA duplex (Fig.
5A; Li et al. 2019), which is also observed in the yeast A
complex structure (Plaschka et al. 2018). Luc7 has three
mammalian homologs (LUC7L, LUC7L2, and LUC7L3)
which have significant sequence homology with Luc7 at
their amino-terminal region but contain a carboxy-terminal
arginine-serine (RS) domain absent in yeast Luc7 (Fig. 5B).
Since we have difficulty expressing and purifying full-
length proteins of LUC7L isoforms with RS domains in E.
coli and their yeast homolog Luc7 has no RS domain, we
decided to express and purify truncated LUC7L isoforms
without the RS domain. These truncated isoforms are
used to evaluate if they mimic the interaction between
yeast Luc7 and U1C. Pull-down experiments using purified
GST-LUC7Ls show that all truncated isoforms directly inter-
act with U1C, with LUC7L3 having the strongest interaction
(Fig. 5C). Although Luc7 does not directly interact with
PRP39/PRP42 in the yeast U1 snRNP structure (Li et al.
2017), we showed that human LUC7s interact with
PRPF39 in pull-down experiments (Fig. 5D).

DISCUSSION

Our study identifies a previously unrecognized alternative
splicing factor, PRPF39, which recruits U1 snRNP toweak 5′

splice sites, likely by binding to GC-rich RNA in proximity
of the weak 5′ ss. We demonstrate that PRPF39 KD in
HEK293 cells affects a wide range of alternative splicing
events by reducing the usage of weak 5′ ss. A search of
the Human Protein Atlas (Uhlen et al. 2015; Karlsson

PRPF39 regulates 5’ss related alternative splicing
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FIGURE 3. PRPF39 interacts with RNA. (A) Intronic and exonic 6mer enrichment near PRPF39-sensitive 5′ splice sites demonstrated using CDF
(left), volcano plot (middle), and logo (right, derived from WebLogo [Schneider and Stephens 1990; Crooks et al. 2004]). (B) EMSA of full-length
PRPF39 with a GC-rich oligo (GGCCCCCCGG) demonstrates that PRPF39 binds the GC oligo with a Kd of 516±256 nM. Identity of the protein
bound RNAwas analyzed using western blot analyses (Supplemental Fig. S1). (C ) EMSA of full-length PRPF39 with a 10-mer poly(A) control oligo.
(D) EMSA of PRPF39 NTD with the GC and poly(A) oligo. (E) EMSA of PRPF39 CTD with the GC and poly(A) oligo. Note that the migration of a
molecule in native gel is determined by the combined effect of its size, charge, and shape, and the substantial negative charge of NTD and CTD
(pI of 4.62 and 6.15, respectively) likely have led to a faster migrating band despite the increased mass when bound to the RNA. (F ) The dimeric
human PRPF39 homologous model based on the murine PRPF39 structure (PDB: 6G70) showing the boundary of the NTD (cyan) and CTD (blue)
in one monomer. Dashed line indicates the disordered region separating the NTD and CTD with the flanking residue numbers labeled.
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et al. 2021) shows that PRPF39 mRNA is ubiquitously ex-
pressed in various tissues and cell lines (Fig. 6A,B).
However, the level of expression fluctuates among these
tissues and cell lines, and this may contribute to the regu-
lation of alternative splicing. One way to regulate the level
of PRPF39 is through the inclusion of a “poison” exon
(Lareau et al. 2007; Ni et al. 2007) conserved between
the human and murine PRPF39 which leads to nonsense-
mediated decay (NMD) of PRPF39 mRNA (De Bortoli
et al. 2019). The inclusion of this “poison” exon varies in
different murine tissues, with high inclusion in testis and
low inclusion in lymph nodes (De Bortoli et al. 2019).

Additionally, the expression levels of PRPF39 may be tem-
porally regulated or in response to other signaling events.
For example, the aforementioned “poison” exon inmurine
PRPF39 is preferentially included in memory T cells com-
pared to naïve T cells, leading to NMD and reduced level
of PRPF39, which potentially regulates the naïve to mem-
ory T cell differentiation (De Bortoli et al. 2019).
Furthermore, PRPF39 is observed to overexpress in differ-
ent cancers (Uhlen et al. 2017), and its overexpression cor-
relates significantly with the prognosis of several types of
cancers including liver (unfavorable), urothelial (favorable),
prostate (unfavorable), melanoma (unfavorable), and

A

C

D E

B

FIGURE 4. Alternative splicing factor TIA1 directly interacts with U1C and PRPF39. (A) Nam8 (pink) contacts U1C (blue) and Prp42 (yellow) in the
yeast U1 snRNP structure (PDB 6N7R). N, C, and 61 indicate the amino- and carboxy-terminal ends and residue 61 (which separates the NTD and
CTD) of U1C. (B) Purified GST-U1C FL and NTD (bottom, Coomassie stained SDS PAGE) can pull down TIA1 (top, western blot with anti-TIA1
antibody). (C ) A schematic diagram of TIA1 domains and the three TIA1 truncation constructs used in subsequent experiments. (D) Purified
GST-RRM1 and RRM3+Q, but not RRM2 (bottom, Coomassie stained SDS PAGE), can pull down FL U1C (top, western blot with anti-U1C anti-
body). (E) GST pull-down experiment usingGST-TIA1 as a bait (bottom, Coomassie stained SDS PAGE) and PRPF39 as prey (top, western blot with
anti-PRPF39 antibody) shows weak binding when compared to the GST control.
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ovarian (favorable) cancer (Fig. 6C). We further analyzed
data sets of these cancers in The Cancer Genome Atlas
(TCGA) and demonstrated that lower PRPF39 expression
levels correlate with reduced usage of 5′ ss in multiple can-
cer types (Fig. 6D), consistent with our in vitro results in cell
lines. These results suggest that the expression level of
PRPF39 may change alternative splicing, consequently af-
fecting disease prognosis in these cancers.

Most alternative splicing events affected by PRPF39 KD
are cassette exon incidents. Nearly 2500 events are exon
skipping, which is consistent with the exon definition mod-
el and previous observations that the presence of a weak
5′ss mostly leads to exon skipping (Berget 1995).
Interestingly, PRPF39 KD also leads to a large number of
(3274) cassette exon inclusion events. This can potentially
be an indirect consequence of PRPF39 KD which affected
the splicing of proteins that regulate exon inclusion. For
example, PRPF39 KD led to splicing pattern changes in
several hnRNPs and SRSF proteins, including alternative
5′ ss choices in hnRNPH3 and hnRNPU; exon skipping in
hnRNPH1, hnRNPD, hnRNPA2/B1, SRSF2, and SRSF6; as
well as exon inclusion in hnRNPC, hnRNPD, SRSF4, and

SRSF10. Typically, hnRNPs act as
splicing repressors and promote
exon skipping (Geuens et al. 2016),
while SRSF proteins enhance splicing
and promote exon inclusion (Zhou
and Fu 2013), although their response
can be dependent on the location to
which these proteins bind along the
pre-mRNA (Sanford et al. 2009; Han
et al. 2011; Busch and Hertel 2012;
Zhou and Fu 2013). The changing of
splicing patterns of hnRNPs or SRSFs
can potentially change their func-
tions, leading to exon inclusion in
their target genes. Alternatively, the
large number of exon inclusion events
induced by PRPF39 KD can be a con-
sequence of the competition be-
tween PRPF39 and SRSF proteins in
RNA binding. For example, SRSF2 is
known to bind to GC-rich RNA and
promote inclusion of exons with
weak splice sites (Liu et al. 2000). It is
possible that the KD of PRPF39 reduc-
es its occupancy on GC-rich regions
and allows SRSF2 to bind and pro-
mote the inclusion of weak 5′ ss con-
taining exons.
Our motif analysis showed an en-

richment of GC-rich 6-mer that is
devoid of A nucleotides within 100–
150 nt flanking the weak 5′ ss of a
skipped exon upon PRPF39 KD. We

demonstrated using EMSA that PRPF39 preferentially
binds theGColigowhile there is only very weak interaction
with a poly(A) oligo (Fig. 3B,C). Future eCLIP experiments
will help determine the specific motif to which PRPF39
binds. Unlike the other alterative splicing factorswediscuss
here (TIA1 and LUC7Ls), PRPF39 does not contain a com-
mon RNA-binding motif such as the RRM or zinc finger
(ZnF) domain. PRPF39 mainly consists of half-a-tetratrico-
peptide (HAT) repeats. HAT repeats are typically associat-
ed with protein–protein interactions (Blatch and Lässle
1999). On the other hand, HCF107 is a sequence-specific
RNA binding protein with 11 HAT repeats which interacts
with a short (11 nt) single stranded RNA (Hammani et al.
2012), although details of this interaction are unknown. In
PRPF39, the interaction with RNA likely occurs at the inter-
face between the amino- and carboxy-terminal domains of
PRPF39, given that both the NTD and CTD of PRPF39 bind
the GC oligo in EMSA (Fig. 3D,E).

In yeast, the Prp42/Prp39 paralogs interact with multiple
stably associated auxiliary factors, mediating their interac-
tion with the U1 snRNP core (Li et al. 2017). For example,
the yeast Nam8 directly contacts Prp42 and U1C CTD (Li

C

BA

D

FIGURE 5. LUC7L isoforms interact with U1C and PRPF39. (A) In the yeast U1 snRNP structure
(PDB ID 6N7R), Luc7 (green) directly interacts with both U1C (blue) and the U1 snRNA-5′ ss du-
plex (beige/black). (B) A schematic diagram of yeast Luc7 and human LUC7L isoforms. Black
arrowheads indicate positions for the truncation constructs used for subsequent experiments.
(C ) Purified GST-LUC7L truncations of all three isoforms (bottom, Coomassie stained SDS
PAGE) can pull down FL U1C (top, western blot with anti-U1C antibody). (D) Purified GST-
LUC7L truncations (bottom, Coomassie stained SDS PAGE) can pull down purified PRPF39
protein (top, western blot with anti-PRPF39 antibody).
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FIGURE 6. PRPF39 mRNA is expressed in most or all tissues and cell lines at varying levels and its expression levels correlate with disease prog-
nosis in several cancer types. All data are from the Human Protein Atlas (Uhlen et al. 2015, proteinatlas.org). (A) Normalized transcripts per million
(nTPM) of PRPF39 in different tissues (https://www.proteinatlas.org/ENSG00000185246-PRPF39/tissue from v21.proteinatlas.org). (B)
Normalized transcripts per million (nTPM) of PRPF39 in different cell lines separated by organ type (https://www.proteinatlas.org/
ENSG00000185246-PRPF39/cell+line from v21.proteinatlas.org). (C ) Kaplan–Meier plots demonstrate that high PRPF39 levels significantly cor-
relate (P<0.001) with patient survival in several cancer types with either favorable (urothelial and ovarian cancer) or unfavorable (melanoma, liver,
and prostate cancer) outcomes (adapted from https://www.proteinatlas.org/ENSG00000185246-PRPF39/pathology from v21.proteinatlas.org).
(D) Cumulative distribution function (CDF) of alternative 5′ ss usage versus the 5′ ss strength difference between the long and short isoform in
tumors where PRPF39 levels are low.
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et al. 2017).We speculated that in addition to PRPF39’s role
as an alternative splicing factor by binding to the pre-mRNA
and recruiting U1 snRNP to particular 5′ss, it may serve as a
mediator for the function of the other alternative splicing
factors by interacting and bringing them to the U1 snRNP.
We showed that TIA1, the human homolog of Nam8, inter-
acts mostly with the U1C NTD. Additionally, both TIA1 and
LUC7Ls interact with PRPF39, albeit weakly compared to
U1C (Figs. 4, 5). These data suggest that PRPF39 mainly
serves as an alternative splicing factor on its own andwheth-
er it does play a role as a mediator of TIA1 or LUC7Ls’ func-
tion remains to be tested experimentally. Moreover, we find
that both RRM1 and RRM3+Q domains of TIA1 interact
with U1C. This has both similarity and differences with pre-
vious reports that the RRM3+Q region but not RRM1 inter-
acts with U1C (Fig. 4D; Forch et al. 2002). However, our
result is consistent with the crystal structure of the TIA1
RRM1 with the NTD of U1C determined by Dr. Michael
Sattler’s laboratory (PDB ID 6ELD) (unpubl.).

Finally, in the yeast U1 snRNP+pre-mRNA structure,
Luc7 contacts U1C and interacts with the yeast U1-5′ ss
RNA snRNA duplex through its ZnF domain (Li et al.
2019). Human homologs of yeast Luc7 (LUC7L, LUC7L2,
and LUC7L3) all contain an amino-terminal domain homol-
ogous to yeast Luc7, with an additional carboxy-terminal RS
domain unique to the human isoforms. We demonstrated
that all three isoforms without the RS domain can pull
down U1C (Fig. 5C). U1C seems to be a major hub for alter-
native splicing factor binding, and it has also been shown to
directly bind PRPF39 (Li et al. 2017), TIA1 (Fig. 4B,D; Forch
et al. 2002), as well as the LUC7L paralogs (Fig. 5C). Another
U1 snRNP protein that interacts with alternative splicing fac-
tors is U1-70K that binds SR proteins (Cho et al. 2011).
Furthermore, LUC7Ls are shown to bind U1 snRNA while
LUC7L2 and LUC7L3 bind to an AAGAAG sequence of ex-
onic splicing enhancer motifs near weak 5′ splice sites in
eCLIP experiments (Daniels et al. 2021), suggesting that
LUC7Ls may also help stabilize the U1-5′ ss RNA duplex,
similar to its yeast counterpart. The significant parallel be-
tween these observations and the yeast U1 snRNP structure
support the use of yeast U1 snRNP as a model for under-
standing the mechanism of human alternative splicing.

MATERIALS AND METHODS

PRPF39 knockdown in HEK293 cells

The human embryonic kidney 293FT cell line, HEK293FT, was cul-
tured in DMEM supplemented with 10% fetal bovine serum (FBS)
in 5% CO2 at 37°C. shRNA constructs on TRC2 pLKO.5 lentivirus
vector targeting human PRPF39 (TRCN0000424447 as shRNA1
for RNA-seq and TRCN0000422853 as shRNA2 for RT-PCR valida-
tion) and nonmammalian control shRNA (SHC202) from the
MISSION TRC lentiviral shRNA library were purchased through
the Functional Genomics Core Facility at the University of

Colorado. To produce lentiviruses, HEK293FT cells at 30%–50%
confluency were cotransfected with 8 µg of the corresponding
shRNApLKO.5-puro plasmid plus 3.3 µg of each of the packaging
plasmids (Sigma) using calcium phosphate (Han et al. 2019). The
medium was changed 24 h post-transfection and cells were cul-
tured for an additional 48 h. The resulting virus-containing super-
natants (10mL) were used to infect the corresponding cells (10-cm
dish) inmedium supplementedwith 8 µg/mLof polybrene (Sigma)
overnight. Cells were then selectedwith 2 µg/mL of puromycin for
at least twopassages or until all cells in a negative control transfec-
tion were killed. Selected cells were harvested and either lysed in
lysis buffer (40 mM HEPES pH 7.5, 150 mM NaCl, 0.5% Triton X-
100, 10% glycerol, 2mMEDTA) for western blot analysis or pellet-
ed and flash frozen for subsequent RNA extraction.

RNA-seq analyses

RNA was extracted from three biological replicates of HEK293
cells treated with scramble or shRNA targeting PRPF39. All RNA
samples were treated with DNase I prior to submission to the
Genomics and Microarray Core at the University of Colorado
Anschutz Medical Campus. The core prepared RNA-seq libraries
after poly(A) selection and obtained∼100million pair-end 150 bp
sequencing reads using the NovaSEQ 6000 system (Illumina).

Sequence reads were aligned to the human genome (hg38
GENCODE 28) using STAR (Dobin et al. 2013). Differences in alter-
native splicing between control and PRPF39 knockdown samples
were determined using rMATS (Shen et al. 2014). Splice site score
strengths were calculated using MaxEntScore (Yeo and Burge
2004). Differentially used splice sites were defined as those covered
byat least 50 readsandwithPSI (percent spliced in) valuedifferences
between control and PRPF39 knockdown samples of at least 0.05
and anFDR (false discovery rate) of 0.05or less.Wealso testedusing
a PSI difference of 0.1 as the cutoff which generated essentially the
same results.

Kmer analyses for sequences surrounding 5′ splice sites were
performed by first extracting sequences surrounding the splice
site. These included the first 150 nt of the intron or the last 100
nt of the upstream exon. Sequence contents of these regions
drawn from affected and unaffected 5′ splice sites were then com-
pared by counting the abundances of 6-mers present within each
sequence set.

For expression analyses, transcript abundances were calculated
using Salmon (Patro et al. 2017), collapsed to gene level abun-
dances using tximport (Soneson et al. 2015), and differentially ex-
pressed genes were identified using DESeq2 (Love et al. 2014)
using an FDR threshold of 0.05. GO analyses were done using
GOrilla (Eden et al. 2009).

To validate RNA-seq results by RT-PCR, 1 µg of total RNA was
used in a reverse-transcription reaction with random primers
(NEB) to produce cDNA. PCR product generated from the
cDNA using gene-specific primers were separated on 8% dena-
turing urea polyacrylamide gels, stained with SYBR Gold, and
quantified with Chemidoc Image Laboratory (BioRad). Gene-spe-
cific primers are located in the two exons flanking the cassette
exon or the alternative 5′ ss.

RNA-seqdata sets fromprimary tumor samplesweredownload-
ed from TCGA (https://www.cancer.gov/tcga). Within a tumor,
sampleswere rankedbasedon thePRPF39RNAexpression levels.
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RNA-seq data from PRPF39-high samples (90th percentile and
above) and PRPF39-low samples (10th percentile and below)
was compared to identify alternative splicing events that were dif-
ferentially regulatedbetween these two sets of samples. This anal-
ysis was completed using rMATS in an identical manner to the
HEK293 PRPF39 shRNA and control samples.

Protein expression and purification

PRPF39 (FL, NTD, CTD), LUC7L, LUC7L2, LUC7L3, TIA1 (FL,
RRM1, RRM2, RRM3+Q), U1C (FL, NTD) were subcloned into
pGEX-6p1 as a GST-fusion protein. U1C FL was also subcloned
into pET28a as a His-tagged protein (all U1C proteins were codon
optimized for E. coli expression).

Most GST-tagged fusion proteins were expressed in
Escherichia coli XA90 cells in 2xYT media overnight at 16°C
(PRPF39 FL) or 3 h at 37°C (GST, PRPF39 NTD/CTD, LUC7Ls,
U1C 1-61, and all TIA1). Cells were induced at OD600 of 0.8
with 0.3 mM (PRPF39 FL) or 1 mM (GST, PRPF39 NTD/CTD,
LUC7Ls, U1C 1-61, and all TIA1) IPTG. All the following steps
were performed at 4°C. Cells were resuspended in lysis buffer
(50 mM Tris/HCl pH 7.5, 500 mM NaCl, 0.5% v/v Triton X-100,
5% v/v glycerol, 1 mM DTT) with protease inhibitors and lysed
by sonication. PEI treatment (0.4%) with a high salt lysis buffer
(50 mM Tris/HCl pH 7.5, 600 mM NaCl, 0.5% v/v Triton X-100,
5% v/v glycerol, 1 mM DTT) was used to precipitate contaminat-
ing nucleic acids for PRPF39 FL, LUC7Ls, and TIA1 FL. Soluble cell
lysate was centrifuged for 60 min at 10,000 rpm in a GSA rotor
(Sorvall), and the supernatant was bound to glutathione resin
(GE). GST-tag was cleavage overnight at 4°C with 1:50
PreScission or eluted using 30 mM reduced glutathione. The elu-
tion was further purified on a Superose 6 increase (GE Healthcare)
size exclusion column (SEC). Peak fractions were visualized by
SDS-PAGE. Target protein fractions were pooled, concentrated,
and snap-frozen in liquid nitrogen for storage at −80°C.

GST-tagged full length U1C fusion protein was expressed in
Escherichia coli BL21 (DE3) cells in 2xYT media overnight at
16°C, induced at OD600 of 2 with 0.5 mM IPTG, resuspended in
FL lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 0.5% v/v
Triton X-100, 5% v/v Glycerol, and 1 mM DTT) with protease in-
hibitor cocktail, and lysed by sonication. All remaining steps of pu-
rification are the same as detailed above.

His-tagged full length U1C fusion protein was expressed in
Escherichia coli BL21 (DE3) cells in 2xYT media overnight at
16°C, induced at OD600 of 2 with 0.5 mM IPTG, resuspended in
FL lysis buffer (20 mM HEPES pH 7.5, 1 M NaCl, 1 M Urea, 1 mM
TCEP)with protease inhibitor cocktail tablets, and lysedby sonica-
tion. All the following steps were performed at 4°C. Lysate was
cleared by centrifugation, and lysate bound to nickel resin (ABT).
Nickel resin was washed with increasing imidazole (20 and 40
mM) and eluted with 500 mM imidazole. The elution was further
purified on a Superdex 75 column (GE Healthcare) in SEC buffer
(20mMHEPES pH 7.5, 150mMNaCl, 1mMTCEP). Peak fractions
were visualized by SDS-PAGE. Target protein was then snap-fro-
zen in liquid nitrogen for storage at −80°C.

Pull-down

Pull-downs were performed as previously described (Li et al.
2017). Briefly, purified GST-tagged proteins were bound on glu-

tathione resin in high salt buffer (50 mM Tris pH 7.5, 500 mM
NaCl, 5% glycerol, 0.5 mM DTT), washed three times with high
salt buffer and then incubated with 6 µg of prey protein for 1.5
h at 4°C with gentle rotation. Resin was then washed three times
each with low salt buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5%
glycerol, 0.5 mM DTT) and medium salt buffer (50 mM Tris pH
7.5, 250 mM NaCl, 5% glycerol, 0.5 mM DTT), followed by a
high salt wash, transfer of resin to a new tube, and a final high
salt wash. After the last wash, SDS-sample buffer was added, sam-
ples were boiled, and analyzed by western blot.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed using IRDye-700 labeled 10 nt poly(A) and
GC (GGCCCCCCGG) RNA oligos (Integrated DNA Technolo-
gies). PRPF39 was added to the RNA sample (10 nM) in binding
buffer (50 mM Tris pH 7, 150 mM NaCl, 20% glycerol, 3 mM
MgCl2, 1 mM DTT) to final concentrations of 270, 617, 964,
1311, 1658, 2005, 2352, and 2700 nM. The concentration range
for PRPF39 NTD and CTD were 10, 30, 90, 270, 810, 2430, and
7290 nM. All reactions had a final volume of 5 µL includingmurine
RNA inhibitor (New England Biolabs) and were incubated at 30°C
for 15min. The EMSA samples were analyzed on a nondenaturing
PAGE (5% acrylamide; 37.5:1 acrylamide: N,N-methylene-bis-ac-
rylamide [BioRad]) with 0.2× TBE buffer (26 mMTris pH 7.5, 9 mM
boric acid, 0.5 mM EDTA) and 2.5% glycerol (Liu et al. 2016). The
gels were prerun at 100 V for 40 min before loading sample and
subsequently electrophoresed at 100 V for 65 min. The RNA was
visualized using an Odyssey infrared imaging system (LiCor). The
band intensities were measured using AzureSpot (Azure Biosys-
tems) analysis software. After background subtraction, the frac-
tion of RNA bound was calculated, fitted with the Hill equation,
and graphed using Prism software (GraphPad).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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MEET THE FIRST AUTHOR

Sara Espinosa

Meet the First Author(s) is a new editorial feature within RNA, in
which the first author(s) of research-based papers in each issue

have the opportunity to introduce themselves and their work
to readers of RNA and the RNA research community. Sara
Espinosa is the first author of this paper, “Human PRPF39 is an
alternative splicing factor recruiting U1 snRNP to weak 5′′′′′ splice
sites.” Sara did thiswork as a PhD student inmolecular biology in
the Zhao laboratory at the University of Colorado Anschutz
Medical Campus. The main focus of this work is to determine
whether yeast U1 snRNP can be used as a viablemodel to under-
stand andmake testable predictions about howalternative splic-
ing factors function in relationship to human U1 snRNP.

What are themajor results described in your paper and how do
they impact this branch of the field?

We learned that yeast U1 snRNP can provide valuable insights into
how alternative splicing factors interact with human U1 snRNP and
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each other. We used the yeast U1 snRNP structure as a model to
identify a new alternative splicing factor, PRPF39, which binds to
GC-rich RNA motif and recruits U1 snRNP to weak 5′ splice sites.
We further found that yeast U1C seems to be a major hub for inter-
actions with alternative splicing factors (PRPF39, TIA1, and LUC7Ls)
and that these alternative splicing factors interact with each other to
varying degrees. I believe that the major impact of this work on the
field is the demonstration of yeast U1 snRNP as a valuablemodel for
understanding the mechanism of human alternative splicing.

What led you to study RNA or this aspect of RNA science?

When I initially applied for graduate school, I thought I wanted to
study cancer biology due to family history. I met a graduate stu-
dent while interviewing, who inspired me to look more into struc-
tural biology. Ultimately, I spoke with Dr. Rui Zhao, who is a
crystallographer by training. It was August 2015 and the structure
of the tri-snRNP had just been published. Rui’s passion for splicing,
RNA biology, and structural biology could not be denied. I com-
pleted my first rotation in the Zhao laboratory and with each new
rotation I could not deny being invariably drawn back to RNA
and structural biology. It was just a matter of time before I decided
to join the laboratory and focus my dissertation on the
spliceosome.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

Themain issues I encountered with this project was the large num-
ber of individual proteins that required separate expression condi-
tions, buffers, and tags, and ultimately not all these proteins did
well with long-term storage or with our experimental setups. We

tried to obtain biophysical information from these protein pairs
and found that due to theweak interactions, a large amount of pro-
tein was needed. I have done a lot of protein expression and puri-
fication and tried many biophysical approaches including
microscale thermophoresis (MST), isothermal calorimetry (ITC),
and surface plasmon resonance (SPR). In more than one instance,
my proteins crashed while running these experiments. Although
results from these experiments were not used in the end, they pro-
vided me with extensive experience in protein expression, purifi-
cation, and protein interaction characterization.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

My landmark moments primarily include the people who I have
met along my journey, and not all are scientists. My mother and
grandmother are huge influences in persistence and a drive to fur-
ther my education. My grandmother was denied a higher educa-
tion and she always pushed me to fight for what I want. I
encounteredmy first scientific mentors at 17 years old while volun-
teering at Rush University Medical Center, and they enforced my
love for science. Dr. Judith Luborsky and Dr. Seerin Shatavi al-
lowedme into the laboratory, trainedme to be a productive mem-
ber, and showed me what it was like to work on a team.

What are your subsequent near- or long-term career plans?

I am currently looking for opportunities as a science writer/editor
and industry scientist. I am enjoying having a wide variety of op-
tions to pursue as a future career and learning about these fields
through informational interviews. I find that throughout my educa-
tion I have been driven by clear-cut goals and having this freedom
is a uniquely liberating experience.
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