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ABSTRACT

The molecular basis of cell signal-regulated alterna-
tive splicing at the 3’ splice site remains largely un-
known. We isolated a protein kinase A-responsive
ribonucleic acid (RNA) element from a 3 splice
site of the synaptosomal-associated protein 25
(Snap25) gene for forskolin-inhibited splicing during
neuronal differentiation of rat pheochromocytoma
PC12 cells. The element binds specifically to hetero-
geneous nuclear ribonucleo protein (hnRNP) K in a
phosphatase-sensitive way, which directly competes
with the U2 auxiliary factor U2AF65, an essential
component of early spliceosomes. Transcripts with
similarly localized hnRNP K target motifs upstream
of alternative exons are enriched in genes often
associated with neurological diseases. We show
that such motifs upstream of the Runx1 exon 6 also
bind hnRNP K, and importantly, hnRNP K is required
for forskolin-induced repression of the exon. Interes-
tingly, this exon encodes the peptide domain that
determines the switch of the transcriptional repres-
sor/activator activity of Runx1, a change known to be
critical in specifying neuron lineages. Consistent
with an important role of the target genes in
neurons, knocking down hnRNP K severely disrupts
forskolin-induced neurite growth. Thus, through
hnRNP K, the neuronal differentiation stimulus
forskolin targets a critical 3’ splice site component
of the splicing machinery to control alternative
splicing of crucial genes. This also provides a
regulated direct competitor of U2AF65 for cell
signal control of 3’ splice site usage.

INTRODUCTION

Alternative splicing is a common way of gene regulation
contributing greatly to the proteomic diversity particularly
in humans and in the nervous system (1-8). It is often

controlled by external signals, with important physio-
logical and therapeutic implications (9—11); however, in
most cases, the underlying molecular basis remains
unclear.

Alternative splicing is mostly controlled by multiple cis-
acting pre-messenger ribonucleic acid (mRNA) elements
and their frans-acting factors in mammalian systems
(3,12). Their positive (enhancers/activators) and negative
(silencers/repressors) effects in combination modulate
the assembly of constitutive splicing factors of the
spliceosome and thus the inclusion level of an alternative
exon (12,13). Such a mode of regulation requires the iso-
lation of individual regulatory elements/factors from the
endogenous genes to dissect each of their roles in splicing,
particularly by upstream cell signals.

The 3’ splice sites at intron ends are generally composed
of three consensus motifs: the branch point, the poly-
pyrimidine tract and the 3’ AG (14). These motifs could
also be targets of a number of trams-acting regulatory
proteins (15-22), besides constitutive splicing factors.
Particularly, the polypyrimidine tract, bound by the con-
stitutive U2 auxiliary splicing factor U2AF65 in the early
steps of spliccosome assembly, is a target of several regu-
latory factors including the Sex-lethal (Sxl) in drosophila
and the polypyrimidine tract-binding proteins [PTB or
heterogeneous nuclear ribonucleo-protein (hnRNP) I] in
mammals (16-18,22,23). HnRNP K, another hnRNP
member, also prefers pyrimidine-rich motifs [UCCC
(U/A)-] (24) and plays important roles in splicing
control (25-29), but its role in 3’ splice site regulation
has not been observed. Moreover, whether these factors
are involved in 3’ splice site regulation by upstream signals
remains unknown.

We have been studying the control of alternative
splicing by extracellular factors and intracellular signals
(30-36). A system we have been examining is the change
of pre-mRNA splicing/protein factors during neuronal
differentiation of rat pheochromacytoma PCI12 cells
by the forskolin/protein kinase A (PKA) pathway
(32,34,36,37). Observations in other systems also support
that this pathway controls alternative splicing (38—41).
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Here we examined forskolin/PKA-regulated splicing
through the upstream 3’ splice site of the exon 5a of the
synaptosomal-associated protein 25 (Snap25) gene during
neuronal differentiation. This identified hnRNP K as an
essential factor competing with U2AF65 for the
polypyrimidine tract in forskolin/PKA-regulated splicing
of Snap25 and other critical neuronal genes.

MATERIALS AND METHODS

Plasmid construction

The plasmid for HA-hnRNP K recombinant protein is a
generous gift of Dr Ze’ev Ronai (Mont Sinai School of
Medicine, New York, NY, USA), as described previously
(42). The His-tagged hnRNP K plasmid was made by in-
serting the open reading frame of hnRNP K between the
EcoRI and Xhol restriction sites of pET28a.

For Snap25 splicing reporter minigenes, a 1.6-kb
fragment starting from 565bp upstream of exon 5a to
602bp downstream of exon 5b was amplified from
mouse genomic deoxyribonucleic acid (DNA) and
inserted between the Apal and BgllIl sites of the vector
DUP-175 (30). Further deletions/replacements were
made based on this template (Figure 1).

Cell culture and reverse transcriptase-polymerase chain
reaction (RT-PCR)

Cultures of PC12 and human embryonic kidney (HEK)
293T cells and reverse transcriptase-polymerase chain
reaction (RT-PCR) were described previously (31,37).
Overnight cultures of PCI12 cells were treated with
cpt-cAMP  (8-(4-Chlorophenylthio)adenosine 3',5-cyclic
monophosphate sodium salt, 100 uM), forskolin (10 uM),
KCI (25mM) or dexamethasone (100 uM) for 6 hours
before RNA extraction. Some cultures were pretreated
with  10uM  of  H89  (N-[2-(p-bromocinnamy-
lamino)ethyl]-5-isoquinolinesulfonamidedihydrochloride,

Sigma, #B1427) for 10 min. To differentiate products of
Snap25 endogenous mRNA transcripts from exons Sa and
5b, we digested 1.0 pul of **P-labelled-PCR products with
Avall and Ndel restriction enzymes in buffer 4 (New
England Biolabs) in a 10 -ul reaction at 37°C for 1h and
run in 6% denaturing polyacrylamide gel electrophoresis
(PAGE) gel. For minigene splicing reporters, 24 cycles of
PCR were carried out and products resolved in 3%
agarose gels stained with ethidium bromide. For Runxl
splicing analysis using RT-PCR, 35 cycles of PCR was
carried out with primers Runx1S: 5¥-AGTTGCCACCTA
CCATAGAGC-3' and RunxlA: 5-AGAGGCTGGTCA
TGCCACTG-3'.

Western blot and stripping/reprobing

This has been described by Yu ez al. (31). The anti-hnRNP
K/J (3C2, sc-32307) and anti-hnRNP F/H (1Gl11,
sc-32310) monoclonal antibodies were purchased from
Santa Cruz Biotech. The anti-U2AF65 monoclonal
antibody (MC3, U4758) is from Sigma Aldrich Co.

Biotin-RNA pull-down assay

Biotin-RNA probes were synthesized by Integrated DNA
Technologies. Biotin-Snap25 RNA pull-down assay for
mass spectrometric analysis was adapted from that by
Hall-Pogar et al. (43). Basically, 400 pug (~100 pl) of HeLa
nuclear extracts were precleared with 20 pl of streptavidin
beads (Cat# 53113, Thermo Scientific) containing yeast
transfer RNA (200 ng/ul) at room temperature and then
incubated with 10nmol of either wild type or mutant
biotin-Snap25 RNA probes at 30°C for 20min. The
resulted mixture was incubated with yeast transfer RNA
(200 ng/ul)-packed beads on ice for 30 min. After centrifu-
gation, the beads were washed with 1 ml of radioimmuno-
precipitation assay (RIPA) buffer [SOmM Tris-Cl pH 7.6,
150mM NaCl, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate (SDS) and
I mM phenylmethanesulfonyl fluoride (PMSF)] for three
times, boiled in 6 x SDS sample loading buffer for 5min
and then subject to 4-20% SDS-PAGE gel analysis
followed by Coomassie Blue staining. The bands were
excised and sent for mass spectrometric analysis (The
Southern Alberta Mass Spectrometry centre, University of
Calgary). For hnRNP K and U2AF65 binding analysis, the
biotin-RNA pull-down assay was performed in a smaller
scale (35 pul).

Purification of His-tagged hnRNP K and
phosphorylation assay

The protein purification and in vitro phosphorylation
by PKA was carried out as previously described by Xie
et al. (34).

Preparation of nuclear extracts

Small scale preparation of PC12 and large scale prep-
aration of HelLa nuclear extracts were according to
Yu et al. (31).

Ultraviolet (UV) cross-linking

The basic procedure was carried out at 254 nm according to
Yu et al. (31), except that 5 x 10° cpm of probe was used in
each cross-linking reaction. In addition, 2'-thio-UTP (1:4
ratio to UTP) was added to the in vitro transcription
reaction for higher cross-linking efficiency with hnRNP
K, whose three KH-type RNA binding domains contain
only two aromatic amino acid residues. However, cross-
linking signals at 365nm were not observed, likely with
minimal contribution if any from the modified UTP in
this experiment. Pretreatment of nuclear extracts with A
protein phosphatase (PPase) was according to Yuet al. (31).

RNA interference

This was according to the previous procedure (31). The
short hairpin RNA (shRNA) targeting the rat hnRNP K
nucleotides 1769—-1787 (GenBank accession # BC061867):
S'-cagcagcagagtgagtgac-3’, at the 3’ untranslated region,
was cloned as a hairpin sequence: 5-GATCCCG
cagcagcagagtgagtgacTTCAAGAGAgtcactcactctgctgetgT
TTTTTGGAAA-3, similarly as for hnRNP L, into the
lentiviral vector FG12 (31,44).
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Figure 1. Isolation of a KARRE from the upstream 3’ splice site of the exon 5a of Snap25 gene based on forskolin reduction of 5a/5b ratios in
PCI12 cells during neuronal differentiation. (A) Forskolin-induced neuronal differentiation of PC12 cells. Shown are representative images of PCI12
cells without or with forskolin addition for 18 h. (B) Diagram of the alternative splicing of the exons 5a and 5b of the Snap25 gene. Arrows: sites of
restriction enzymes Ndel (5a) and Avall (5b) used to digest the PCR products. Arrowheads: PCR primers. (C) RT-PCR products from untreated (—)
and treated PCI2 cells. ETOH: ethanol, vehicle for forskolin and Dex (dexamethasone); H89: a PKA-specific inhibitor; NC: PCR negative control;
M: molecular size marker. (D) Diagram of the deletion/replacement mutants of Snap25 splicing reporters and their exon inclusion levels in the
presence of PKAm or active PKA. Asterisks: indicating P value levels in one tail, paired Student’s z-test (***P <0.001, *P <0.05, n>3). (E) An
agarose gel showing the PKA response of the heterologous S175NK reporter containing the 17nt Snap25a element upstream of a stronger exon

(175NK, about 75% inclusion with PKAm coexpression).

Analysis of clustered functions of the 3’ splice site-TCCC
T-containing genes

The functional analyses were generated through the use of
Ingenuity Pathways Analysis (Ingenuity® Systems, www
.Ingenuity.com). Six sets of 46 genes randomly picked
from 18193 known human genes from BioMart

(http://www.biomart.org/) were used as controls in the
analysis against the same database.
Measurement of neurite densities

Circles around the centre of each image were drawn, and
the numbers of neurites that cross with the perimeters
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were counted. Fold changes of the numbers were
compared between circles of the same diameters of differ-
ent image samples.

RESULTS

Isolation of a PKA-responsive RNA element (KARRE)
based on forskolin-regulated alternative splicing of Snap25
during neuronal differentiation of PC12 cells

In studying alternative splicing during neuronal differen-
tiation, we treated PC12 cells with ethanol or forskolin.
The cells differentiate into neurons with interweaving
neurites on forskolin treatment (Figure 1A), as reported
previously (37). We then examined the alternative splicing
of various exons of genes that are known to be important
for neuronal development or function, including the mutu-
ally exclusive exons 5a and 5b of Snap25 (Figure 1B). In
untreated or ethanol-treated cells, the intensity ratio of the
product 5a to 5b was about 2.5, as shown by
semiquantitative RT-PCR using a *?P-labelled primer
(Figure 1C, lanes 2 and 3). On forskolin treatment, the
Sa intensity was reduced accompanying an increase in Sb
(lane 4), leading to a significant decrease in the 5a/5b ratio
(from about 2.5 to 1.3), in resemblance to the critical de-
velopmental switch from 5a to 5b seen in animals (45,46).
A similar decrease was observed in cpt-cAMP-treated cells
(lane 6) and to a lesser extent in KCl-treated cells (lane 8),
as reported previously (47), but not in dexamethasone-
treated cells (lane 9). Importantly, pretreatment with
HS89, an inhibitor of the PKA pathway (48), significantly
inhibited the effect of forskolin or cpt-cAMP (Figure 1C,
lanes 5 and 7). In contrast, H89 did not inhibit the
forskolin effect on a CaMKK?2 exon (36). Moreover, the
STREX (stress axis-regulated) exon, of the Slo gene (49),
was not changed by forskolin or cpt-cAMP in these cells
(data not shown). Taken together, these results suggest
that forskolin/cpt-cAMP specifically regulates the alterna-
tive splicing of the Snap25 gene, likely through the PKA
pathway, in PCI12 cells.

To isolate a Snap25 gene fragment sufficient to mediate
the PKA effect, we made a series of mouse Snap25
minigene splicing reporters containing either both the
Snap25 exons or only single exons with partial flanking
introns (Figure 1D). These reporters were transfected into
HEK?293T cells, and their responses to coexpressed
Flag-PKA or its kinase-dead mutant Flag-PKAm, as
used previously (32), were examined by semiquantitative
RT-PCR. From these preliminary tests, the only observed
effect that is consistent with the endogenous exon changes
in PC12 cells was a repression by PKA in several reporters
containing exon 5a only (Figure 1D).

By serial deletion/replacement of the flanking introns of
S5a, we found that the exon inclusion was increased
between reporters DUP-5a4 and DUP-5a5 or decreased
between DUP-5a2 and DUP-5a3 when coexpressed with
the PKAm (Figure 1D). These changes indicate that there
are likely splicing silencers within nucleotides 17 to 1 or
enhancers within 64 to 33 in the upstream intron, suggest-
ing the control of exon 5a inclusion by both positive and
negative regulatory elements.

We observed the PKA reduction of exon 5a from re-
porters DUP-5al to DUP-5a4 where the upstream intron
was shortened to only 17 nt. Replacing the 17 nt with the
corresponding vector sequence strongly promoted exon 5a
inclusion to almost 100% in DUP-5a5, which was only
slightly reduced by PKA. In contrast, transferring the
17 nt to the upstream of the vector 175 nt exon conferred
strong repression of the heterologous exon by PKA
(Figure 1D, S175, ~60% reduction relative to the level
with PKAm). The PKA effect was still kept even when
the 17nt was transferred to the upstream of a stronger
heterologous exon derived from the DUP-175 (S175NK,
Figure 1E). Therefore, the 17 nt at the upstream 3’ splice
site is a major PKA-responsive RNA element (KARRE)
that is sufficient to confer PKA response on a heterol-
ogous gene.

HnRNP K, as well as U2AF65, specifically binds
the KARRE

To identify potential trams-acting factors binding the
KARRE, we used biotinylated mouse RNA probes con-
taining the 17nt (WT) or its mutant (Mut) to pull down
proteins from HeLa cell nuclear extracts (Figures 2A and
B). In the resulting SDS-PAGE gel, we observed a wild
type RNA-specific band close to 60 kD (Figure 2C, WT,
band 2), which was almost abolished by the mutations.
Matrix-assisted laser desorption/ionisation-time of flight
(MALDI-TOF) mass spectrometric analysis of peptide
mass fingerprints identified the protein as hnRNP K
[Figure 2D, Mascot protein score = 84, a number of -
10*Log(P) where P is the probability that the observed
match is a random event (50)]. Consistently, within the
Biotin-RNA probe, there are two hnRNP K target
consensus motifs ‘UCCCU’ and ‘UCCU’, both highly
conserved among vertebrates (Figure 2A), which
were mutated to ‘UGGGA’ or ‘AGGA’ in the mutant
(Figure 2B). In contrast, the commonly known PTB and
others showed no specificity for the WT and Mut probes
(Figure 2C, bands 1, 3 and 4), further supporting the
specific binding of hnRNP K to the pyrimidine-rich
sequences.

To examine the binding of U2AF65, which interacts
with polypyrimidine tracts at the 3’ splice site, to these
RNA probes, we carried out Western blots using
anti-U2AF65 antibody with samples similarly pulled
down from the nuclear extracts. The result showed that
U2AF65 was strongly detected in the wild type probe
sample as expected. In contrast, it was undetectable in
the mutant sample (Figure 2E), suggesting that U2AF65
binds specifically to the polypyrimidine tract as well.

Taken together, both hnRNP K and U2AF65 bind the
KARRE in a polypyrimidine tract-dependent way, raising
a question whether hnRNP K functions by directly
competing with U2AF65 binding to the same site.

HnRNP K is a forskolin-regulated competitor of U2AF65
and an essential splicing repressor of Snap25 exon 5a

To determine whether hnRNP K binding to the 3’ splice
site is regulated by forskolin, we carried out similar RNA
pull-down assays using nuclear extracts from PCI12 cells
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Figure 2. Identification of hnRNP K and U2AF65 as specific factors binding to the KARRE. (A) Alignment of the KARRE-containing upstream
3" splice sites of Snap25 exon 5a from different species. The TCCCT, as well as a TCCT, (with heavy bars above) is mostly conserved within
the polypyrimidine tract (boxed) among vertebrates. The 17nt mouse KARRE sequence is above the dotted heavy line. (B) Sequence of the
Biotin-RNA wild type and mutant probes used to pull down 3 splice site-binding proteins, with the hnRNP K target consensus motifs underlined.
(C) A Coomassie-stained SDS-PAGE gel of proteins pulled down from HeLa nuclear extracts using the probes in B. 1: nucleolin, 2: hnRNP K,
3: PTB, 4: YB-1, as identified in mass spectrometry with significance against random events. (D) Human hnRNP K protein sequence, with
the tryptic peptide hits in MALDI-TOF mass spectrometry highlighted and underlined. (E) A Western blot of U2AF65 proteins similarly pulled

down as in C.

treated with either ethanol or forskolin. The hnRNP K
binding was detectable in the ethanol-treated samples
using the wild type RNA (Figure 3A, Ilane 1).
Interestingly, an about 65% increase (P < 0.05, n = 3) of
the bound hnRNP K was observed in the forskolin-treated
samples with the same input amount of proteins (lane 2).
In contrast, no hnRNP K was detected to bind the mutant
RNA probe in either sample (lanes 3 and 4).

Although hnRNP K binding to the RNA probe was
increased, we did not detect a corresponding increase in
hnRNP K protein level (see later) or its nuclear localization
on forskolin treatment (Supplementary Figure S1).
Interestingly, PPase pretreatment of the nuclear extracts
from forskolin-induced cells consistently reduced hnRNP
K binding to the RNA probe in Ultraviolet (UV)
cross-linking assays (Figure 3B), suggesting that phosphor-
ylation is required for its efficient binding to the upstream
3’ splice site. Moreover, hnRNP K was also directly
phosphorylated by PKA in in vitro kinase assays (Figure
3C). Furthermore, using RT-PCR, the endogenous Snap25
pre-mRNA transcript was detected to be associated with
hnRNP K immunprecipitated from forskolin-treated PC12

nuclear extracts (Figure 3D). Therefore, together these
data support that hnRNP K is a regulated factor whose
binding to the KARRE is enhanced by forskolin treatment
in PCI2 cells in a polypyrimidine tract- and
phosphorylation-dependent way.

To see whether increased hnRNP K binding competes
with the binding of U2AF65, we carried out similar RNA
pull-down assays for U2AF65 binding by adding recom-
binant His-tagged hnRNP K proteins to HeLa nuclear
extracts. U2AF65 binding was strongly detected in
samples without His-hnRNP K (Figure 3E, lane 1).
With increasing amounts of His-hnRNP K added, the
U2AF65 binding was decreased in an hnRNP K dosage-
dependent way (Figure 3E, lanes 2-4). The relative level of
bound U2AF65 to hnRNP K ratio was reduced from 100
to 3, an about 30-fold reduction. Therefore, increased
hnRNP K binding to the KARRE competes off
U2AF65 binding.

To verify that hnRNP K binds directly to the KARRE
in the aforementioned effect on U2AF65, we carried out
UV cross-linking using HeLa nuclear extracts with the
RNA probe or its mutant of the hnRNP K consensus
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Figure 3. Regulation of hnRNP K binding to the KARRE by forskolin and its direct competition with U2AF65. (A) Western blot of hnRNP K
proteins pulled down from PCI12 nuclear extracts using the biotin-RNA probes in Figure 2B. Et: vehicle ethanol, Fsk: forskolin (10 uM). (B) UV
cross-linking immunoprecipitation of hnRNP K in forskolin-treated PC12 nuclear extracts with the 3’ splice site of exon S5a and its sensitivity to
pretreatment by PPase. The wild type RNA probe sequence is the same as in Figure 2B except that it is without biotin. The upper panel is a
phosphorimage and the lower a Western blot for the hnRNP K protein in the same SDS-PAGE gel. (C) (Upper panel) a phosphorimage of
recombinant His-hnRNP K incubated with active or heat-inactivated PKA in the presence of [32P-y]ATP in in vitro kinase assay. Lower panel is
a Western bot image of the same gel showing equal loading of His-hnRNP K. (D) HnRNP K interacts with the endogenous Snap25 pre-mRNA
transcript. Above the gel is a diagram of the PCR target pre-mRNA region of Snap25, with thin lines as introns, boxes as exons and arrowheads as
locations of PCR primers. The agarose gel shows the RT-PCR products from RNA samples isolated from the nuclear extracts of forskolin-treated
PC12 cells, or from immunoprecipitates using anti-hnRNP K (anti-K) or protein G beads. Each RNA sample was treated with DNase I and one of
them also with RNase (A +T1) as indicated. a: a band insensitive to either DNase or RNase treatment, probably nonspecific product from the PCR
primers. (E) Western blots of hnRNP K and U2AF65 proteins pulled down from HelLa nuclear extracts with increasing amount of His-hnRNP K
added, using the wild type biotin-RNA probe in Figure 2B. The blot was first probed with anti-hnRNP K antibody, stripped with SDS buffer and
then reprobed with anti-U2AF65. (F) UV cross-linking of hnRNP K and U2AF65 to the 3’ splice site of exon 5a. The hnRNP K consensus motifs
(underlined) and its C to G mutations (italicized) are shown above the denaturing PAGE gel. b: a protein band enhanced by the mutation, likely
preferring the G tracts in the mutant, at similar size as hnRNP F/H.

motifs (Figure 3F). The wild type probe strongly
cross-linked to a band of about 65kD (lane 2). Inter-
estingly, the intensity of this band was drastically
reduced by mutating the C’s of the hnRNP K consensus
motifs to G’s (lane 3). Immunoprecipitation (IP) showed
that both hnRNP K and U2AF65 proteins, similar in
sizes, were contained in this band region, supporting
that hnRNP K binds directly to the KARRE as does
U2AF65.

Together these data indicate that hnRNP K is a
forskolin-regulated competitor of the constitutive
splicing factor U2AF65, therefore implying a critical role
for hnRNP K in the forskolin-regulated splicing through
the KARRE.

To see whether hnRNP K is required for the forskolin
repression of the exon 5a, we tested an exon 5a splicing
reporter that is responsive to forskolin in PCI12 cells.
These cells were knocked down of the hnRNP K protein
by RNA interference using lentiviral vectors expressing
shRNA against hnRNP K (shK) (Figure 4A). Compared
with the control samples (shLuc), knocking down hnRNP
K almost abolished the forskolin repression of exon Sa
(Figure 4A, lanes 3 and 4, and 4B). To verify the specificity
of the knockdown effect, we coexpressed an exogenous
hnRNP K protein with the splicing reporter in these
cells (Ianes 5 and 6). We were able to detect the exogenous
protein as bands with slightly slower mobility in Western
blots (at an estimated transfection efficiency of 15%).
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Figure 4. Effect of lentiviral vector-mediated expression of shRNA
against hnRNP K (shK) or rescue with an exogenous HA-tagged
hnRNP K on forskolin-regulated exon S5a inclusion. (A). Shown are
the exon Sa insert (top), an agarose gel of the spliced products
(middle) and Western blots of hnRNP K and loading control hnRNP
F/H. The intron lengths of Snap25 are indicated above the insert. Dots:
hnRNP K consensus motifs. shLuc: control shRNA, against luciferase.
The two arrowheads point to the positions of the endogenous (lower)
and exogenous (upper) hnRNP K proteins. (B) A bar graph of the
relative forskolin-reduction (average + SD, n = 3) of exon 5a inclusion
of the splicing reporter in A, which is calculated as the net reduction of
percent exon 5a inclusion relative to its level without forskolin (same as
in the followings). (C) A bar graph of endogenous 5a/5b ratio levels in
PCI2 cells transduced with shK relative to that in the mock- or
shLuc-transduced cells without (—) or with (+) forskolin treatment
(average £ SD, n>3). ¥*P <0.05, ***P <0.001.

Importantly, the coexpressed exogenous hnRNP K
strongly repressed the exon Sa inclusion and restored its
response to forskolin. Therefore, hnRNP K is an essential
factor for forskolin-repression of exon 5a in the reporter.

Examination of the endogenous exon 5a in these cells
indicates that the level of the exon 5a/5b ratio was
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increased by about 1.5-fold on hnRNP K knockdown
(Figure 4C), indicating that hnRNP K is also an endogen-
ous repressor of exon 5a. This repression is consistent with
its competition with U2AF65. However, in contrast to the
splicing reporter situation, the forskolin effect was further
enhanced (Figure 4C), suggesting that, besides hnRNP K,
there are also other elements/factors involved in the
forskolin-repression of exon inclusion in PC12 cells, as
indicated by our previous study (36) (see also Figures 1C
and D and its text).

Taken together, these data indicate that hnRNP K is a
forskolin-regulated competitor of U2AF65 and acts as a
repressor of Snap25 exon Sa.

A group of transcripts containing similarly localized
hnRNP K target motifs within U2AF65 binding regions
are highly enriched for genes often associated with
neurological diseases

To identify more transcripts containing similarly localized
hnRNP K target motifs within U2AF65 binding regions,
we searched for the hnRNP K consensus motif TCCCT
within 50 nt of the upstream 3’ splice sites of 6189 human
exons from the alternative splicing database ASAPII (51).
This identified 915 (15%) 3’ splice sites containing at least
one copy of the motif, with 47 (5% of the 915) containing at
least two copies (Supplementary Table SI), which is suffi-
cient to confer forskolin/PKA or hnRNP K regulation of
splicing in heterologous genes (Figures 1-4). The tran-
scripts code for proteins of various functions and
subcellular localizations (Supplementary Figure S2A and
B). When compared with six sets of randomly chosen
human genes, the functions of the 46 genes cluster signifi-
cantly for cell morphology, cell cycle, neurological diseases,
drug metabolism, endocrine system development and func-
tions and lipid metabolism (Supplementary Figure S2C).
Strikingly, almost half (22) of the 46 genes are involved in
neurological diseases (Figure 5A and Supplementary
Tables SI and SII and Supplementary Figure S2), for
example, RunX1, a critical gene in neuronal differentiation
and associated with mental retardation (52-61),
gamma-aminobutyric acid B receptor 1 in depression (62)
and latrophilin in synapse exocyotsis and schizophrenia
(63). Therefore, there is a group of critical neuronal tran-
scripts containing similarly localized and at least two
copies of hnRNP K target motifs, which are sufficient to
confer forskolin/PKA- or hnRNP K-regulation of splicing
in heterologous genes (Figures 1-4).

HnRNP K binds the same polypyrimidine tracts as
U2AF65 within the Runx1 transcript and is essential for
its regulated alternative splicing by forskolin

To demonstrate that similarly localized hnRNP K target
motifs of neuronal genes also mediate splicing regulation
by forskolin or hnRNP K, we examined several exons of
transcripts that are involved in neurological diseases and
found that the Runxl exon 6 was both alternatively
spliced and regulated by forskolin in PCI2 cells
(Figures 5SB-E). The exon skipping loses the corepressor-
binding domain of this transcription factor (Figure 5B),
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Figure 5. Functional categories of transcripts containing similar hnRNP K target motifs within U2AF65 binding sites and an example for the
essential role of hnRNP K in forskolin-regulated splicing of an endogenous neuronal gene. (A) Percentage of the 46 hnRNP K target transcripts/
genes in each significant category of biological functions and diseases. These transcripts, containing similar hnRNP K target motifs within U2AF65
binding sites, were identified from the alternative splicing database ASAPII. The categories are as follows: 1, cell morphology; 2, cell cycle; 3,
neurological diseases; 4, drug metabolism; 5, endocrine system; 6, inflammatory response and 7, lipid metabolism. (B) Diagram of the upstream 3’
splice site sequences (upper), splicing pattern (middle) and protein domains (lower) of the vertebrate Runx/ (also called acute myeloid leukemia
(AML)-1B, GenBank accession #: NM_001754) gene. The relative position of the splice site, exon, encoded peptide and its location in the protein
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Figure 6. Effect of knocking down hnRNP K on forskolin-induced neurite growth. Shown are bright field images of PC12 cells expressing shRNA
against luciferase (shLuc, control) or hnRNP K (shK) and treated with forskolin (10 uM) for 18 h as indicated. To the right of the images is a bar
graph of the levels of neurite densities measured in the two groups (***P <0.005). Images representative of three samples treated separately.

whose repressor/activator
neuronal lineages (53,64).

To determine whether hnRNP K and U2AF65 also
bind directly to the same polypyrimidine tracts at the 3’
splice site, we carried out similar UV cross-linking-IP ex-
periment as in Figure 3F. The upstream 3’ splice site of
this exon contains 4—6 copies of TCCCT in mammals and
less or none in lower species examined (Figure 5B). UV
cross-linking-IP indicates specific direct binding of both
hnRNP K and U2AF65 to the polypyrimidine tracts at
the Runx1 3’ splice site (Figures 5C and D), as to the
Snap25 5a RNA. Interestingly, here the bound hnRNP
K signal is almost at the same amount as U2AF65,
instead of being half of it as for the Snap25 exon 5a
(Figure 3F). This higher hnRNP K/U2AF65 ratio is con-
sistent with the multiple hnRNP K consensus motifs
within the Runx1 3’ splice site and hnRNP K competition
with U2AF65.

To determine whether hnRNP K is essential for
forskolin-regulation of Runxl, we examined the hnRNP
K knockdown samples as in Figure 4A. The inclusion level
of exon 6 was reduced by about 20% on forskolin
addition in shLuc-expressing PCI12 cells (Figure 5SE,
lanes 1 and 2). In contrast, in the hnRNP K knockdown
cells, the forskolin-induced reduction was abolished
(Figure SE, lanes 3 and 4, compared with lanes 1 and 2).
Thus, hnRNP K is essential for forskolin-induced repres-
sion of the endogenous exon 6 of Runxl.

Together these data indicate that hnRNP K, binding
the same polypyrimidine tracts at the upstream 3’ splice
site as U2AF65, is essential for forskolin-regulated alter-
native splicing of Runx/ during neuronal differentiation.

activity changes specify

HnRNP K is essential for forskolin-induced
neurite growth

The enrichment of hnRNP K target transcripts involved
in neurological diseases, the critical splicing switch
from Snap25 5a to 5b during neuronal differentiation
(45,46) and the presence/absence of the Sin3A corepressor
binding site in the Runx1 variants (Figure 5B) suggest that
hnRNP K plays a critical role in neurons through its
competition with U2AF65. One important feature of the
forskolin-treated PC12 cells is that they differentiate and
grow neurites (Figure 1), as we have also shown in a
previous study (37). We thus examined the loss-of-hnRNP
K effect on the forskolin-induced neurite growth.

We transduced the PC12 cells with lentivirus expressing
shRNA against either luciferase (shLuc) or hnRNP K
(shK), as in the earlier experiments (Figures 3D and SE),
and then treated them with forskolin to induce neurite
growth. Cells expressing the shLuc still grow neurites
abundantly (Figure 6, left). In contrast, cells expressing
the shK exhibited much shorter and less neurites
(middle). On average, the neurite density in the shK
samples is only about half of that in the shLuc control
samples (0.54 + 0.03, n =5, right). Therefore, knocking
down hnRNP K severely disrupts forskolin-induced
neurite growth, supporting that hnRNP K plays an essen-
tial role for forskolin-induced neuronal differentiation.
Considering the critical role of Snap25 splicing switch,
Runx1 and other target genes in neurological diseases
(Figure 5A and Supplementary Table SII), hnRNP
K-regulated splicing of their transcripts through competi-
tion with U2AF65 is likely a critical part of its control of
neuronal differentiation.

Figure 5. Continued

for UV cross-linking experiments. Note that all cytidines (underlined) in the hnRNP K target motifs are mutated to guanines. (D) HnRNP K and
U2AF65 binding to the upstream 3’ splice site of RunX1 exon 6 in UV cross-linking with HeLa nuclear extracts, carried out similarly as in Figure
3F. On the right (lanes 6 and 7) is a higher contrast image of the IP samples in lanes 4 and 5. a: protein bands also abolished by the mutations, at
sizes similar to PTB doublets. b: a protein only in the mutant sample, likely preferring the G tracts, at a size similar to hnRNP F/H. (E) An agarose
gel of the Runxl transcripts in PC12 cells with or without expressing the sSiRNA against hnRNP K (upper) and a bar graph of the relative reduction
of exon 6 inclusion by forskolin (lower, average + SD, n>3). **P <0.01, compared with controls. Arrowheads in B and C demarcate intron—exon

junctions.
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of the PKA or other pathways, hnRNP K binding to the KARRE motifs at the upstream 3’ splice sites of the exons is enhanced inside the nucleus
(gray oval), competing with U2AF65 binding (detailed in the enlarged box with Snap25 and Runx! 3’ splice sites as examples). The hnRNP K target
consensus KARRE motifs are in red and underlined. For Snap25, hnRNP K likely acts together with an unknown factor (blue oval with a question
mark) for the forskolin repression of exon 5a. For Runxl, hnRNP K alone is sufficient to mediate the forskolin repression. The two hnRNP K
proteins above the polypyrimidine tract of Runxl are to reflect the multiple binding motifs available for the protein to compete with U2AF65. The
regulation leads to exon skipping and neurite growth in the presence of the resulting splice variants (such as reduced Snap25 a/b ratio or increased
Runx1-E16). Without hnRNP K and this regulation (upper right corner), the splicing switches/changes of a group of neuronal splice variants
(Supplementary Tables SI and SII), including Snap25a/b and the Runxl+ E6, are altered contributing to disrupted neurite growth. Black dot:
potential branch point of Runxl. The upstream branch point of Snap25 exon Sa is further upstream according to our experiment data.

Taken together, this work demonstrates that forskolin,
a stimulus of neuronal differentiation, targets the critical
spliceosome component U2AF65 through hnRNP K to
control the alternative splicing of critical neuronal genes
in this important process (Figure 7).

DISCUSSION

Little has been known about how external stimuli target
the 3’ splice sites to regulate splicing. The identification of

hnRNP K as a direct competitor of U2AF65 for the 3’
polypyrimidine tract of forskolin-controlled neuronal
genes provides a straightforward way for cell signal regu-
lation of 3’ splice sites. This also provides a molecular
target for the stimulus to signal the splicing machinery
to control critical alternative splicing events during
neuronal differentiation.

One important remaining question is how hnRNP K
binding to the KARRE is enhanced by forskolin for com-

petition with U2AF65. The total protein level of hnRNP
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K is not increased on forskolin addition (Figure 4A, lanes
1 and 2); the mainly nuclear localization of hnRNP K is
not changed either (Supplementary Figure S1). However,
interestingly, hnRNP K is phosphorylated in cells (42)
and is also directly phosphorylated by PKA in vitro
(Figure 3C), consistent with the idea that hnRNP K phos-
phorylation regulates its binding to the polypyrimidine
tracts (Figure 3B). Moreover, hnRNP K contains three
RNA binding domains. How these domains interact
with the two or more copies of target motifs at the 3’
splice sites (Figure 7), to compete with the dynamic inter-
action of the multidomain U2AF65 (65) and how the
interaction is influenced by the phosphorylation would
be important questions for future investigations.

As one of the hnRNP K target neuronal exons/genes,
Runxl is critical for neuronal differentiation; particularly,
its repressor/activator changes are important for specify-
ing neuron lineages during development (53). Interest-
ingly, based on mutagenesis and transcriptional assays
(64,66), the inclusion or exclusion of its exon 6 determines
whether this transcription factor contains the binding site
of the corepressor Sin3A (Figure 5B). Together with its
regulation by forskolin, the alternative splicing provides
a novel mechanism to explain the activity switch (53).
It would also be interesting to examine the exon 6
changes seen in genetic diseases particularly acute
myeloid leukemia (66-71).

A striking finding about the biological functions of the
hnRNP K target genes is that almost half of them
including Runx[ are involved in neurological diseases
(Figure 5A and Supplementary Tables SI and SII).
Consistent with the importance of these genes and the
role of Snap25 in neurons, hnRNP K is essential
for forskolin-induced neurite growth in PCI12 cells
(Figure 6). HnRNP K also plays a crucial role in
axonogenesis during neuronal differentiation in Xenopus
(72,73). Taken together with the critical role of alternative
splicing in neuronal differentiation and diseases
(5,6,74,75), it is possible that a coordinated program of
critical splicing changes by hnRNP K plays a crucial role
for the forskolin-induced neuronal differentiation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2 and Supplementary
Figures 1 and 2.
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