
trans-factor to C9/E3 in HBEpC cells was significantly higher
than in A549 cells (Fig. 3, B and C). Specifically, the fold differ-
ence as assayed by EMSA analysis was 1.70 � 0.18 (mean �
S.D.) (p � 0.01).

Selective phosphorylation of hnRNPUhas been reported in a
study by Berglund and Clarke (20). Thus, we hypothesized that

the enhanced binding of hnRNPU toC9/E3 in nontransformed
cells compared with transformed cells was due to the differ-
ences in post-translational modification, particularly the phos-
phorylation state. To address this possibility, protein phos-
phatase treatments coupled with RNA binding assays were
undertaken.Congruentwithourhypothesis, thedephosphor-
ylation of NSCLC (A549) cell lysates resulted in significant
enhancement of the association of hnRNPU to C9/E3 (Fig. 3,
C–E). These findings implicate phosphorylation as a regula-
tory mechanism for hnRNP U-C9/E3 interaction, which may
explain the differences observed in nontransformed versus
transformed cells regarding hnRNP U-C9/E3 binding.
To determine whether the phosphorylation of RNA trans-

factors was the mitigating factor in modulating the differential
association of hnRNP U to C9/E3 in transformed cells versus

FIGURE 3. Phosphorylation regulates the association of hnRNP U with exon 3 of caspase-9. A, hnRNP U is expressed at the same level in both transformed
and nontransformed cells. A549 (transformed) and HBEpC (nontransformed) cells were cultured under the same condition (DMEM with/without FBS) and
confluency. Total protein extracts were subjected to SDS-PAGE/immunoblotting for hnRNP U and �-actin. B and C, hnRNP U binds to C9/E3 in higher amounts
in HBEpCs than in A549 cells. SBAP assays (B) or EMSAs in the presence of protein phosphatase inhibitors (C) were performed with either IgG (control) or lysates
from A549 or HBEpC cells using a 5�-biotinylated or 5-FITC-tagged wild-type C9/E3 ROs. Ab, antibody. D and E, dephosphorylation increases the binding affinity
of hnRNP U to C9/E3. A549 cell lysates (fresh) were preincubated with denatured calf intestinal alkaline phosphatase (De-CIP) or active protein phosphatase
(CIP) followed by EMSA (D) in the absence of protein phosphatase inhibitors or SBAP (E) to assay the binding with 5�-FITC tagged (D) or 5�-biotinylated (E) C9/E3
ROs. IgG was used as a control. F, dephosphorylation abolishes the difference between A549 versus HBEpC regarding the binding of hnRNP U to E3/C9. A549
(transformed) and HBEpC (nontransformed) cells were cultured under the same conditions and confluency, and cell lysates were produced. Lysates (fresh) were
again treated and assayed as in E. G, hypothetical model for regulation of hnRNP U/L-C9/E3 interaction by phosphorylation. Whereas the phosphorylation
event augments the association between hnRNP L and C9/E3, phosphorylation of hnRNP U attenuates its binding to C9/E3. The graphs shown in A–F are
representative of n � 4 from three independent experiments.

TABLE 2
RNA oligonucleotides utilized in the RNA binding assays (EMSA or
SBAP)

RNA oligonucleotide code Sequence

NSC CAGAAUUCGCACGUUACU
C9/E3 WT GAGAGUUUGAGGGGAAAU
C9/E3 Mut1 CAGAAUUUGAGGGGAAAU
C9/E3 Mut2 GAGAGCCCGAGGGGAAAU
C9/E3 Mut3 GAGAGUUUCUACUGAAAU
C9/E3 Mut4 GAGAGUUUGAGGGUUACU
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nontransformed cells, both A549 and HBEpC cell lysates were
subjected to phosphatase (CIP) treatment (denatured versus
active) in the absence of protein phosphatase inhibitors.
Dephosphorylation of A549 cell lysates increased the associ-
ation of hnRNP U to C9/E3 to comparable levels of the bind-
ing observed in HBEpC cell lysates, whereas the association
of hnRNP U in the nontransformed cells was unaffected (Fig.
3F). These data demonstrated that the disparity in hnRNP U
binding between transformed and nontransformed cells is
due to the phosphorylation state of RNA trans-factors (Fig.
3G).
Inhibition of the AKT Pathway Promotes the Association of

hnRNP U with C9/E3 and Alters the Ratio of Caspase-9 Splice
Variants—The phosphoinositide 3-kinase/AKT pathway has
been reported to modulate the alternative splicing of caspase-9
(5), and we hypothesized that this signaling pathwaymodulates
the ability of hnRNP U to bind C9/E3. Indeed, treatment of the
NSCLC cells with AKT1/2 inhibitor increased the binding of
hnRNP U to C9/E3 in a dose-responsive manner but did not
significantly affect its expression level (Fig. 4A). Importantly,
enhanced association of hnRNP U to C9/E3 by AKT inhibitor
treatment correlated with the increasing caspase-9a/9b ratio in
NSCLC cells (Fig. 4A). In contrast, ectopic expression of con-
stitutively active AKT2 (caAKT2) in nontransformed HBEpC
cells attenuated the binding of hnRNP U to C9/E3, which cor-
related with a decrease in the caspase-9a/9b ratio (Fig. 4B).
These data demonstrate that AKT signaling regulates the inter-
action of hnRNP U with caspase-9 pre-mRNA.

The Phospho-state of hnRNP U Is Not Affected by AKT
Inhibition—The culmination of our data coupled to reports in
the literature of hnRNP U being selectively phosphorylated led
to the initial hypothesis that the phospho-state of hnRNP U
regulates the association of the RNA trans-factor to C9/E3 (Fig.
3G). In direct opposition to this hypothesis, treatment of A549
cells with an AKT inhibitor had no significant effect on the
phosphorylation state of hnRNP U (Fig. 5A), although in vitro
phosphatase treatment showed a minor effect on serine phos-
phorylation (Fig. 5B). These data demonstrate that phospho-
state of hnRNP U does not play an important role in regulating
the association of the RNA trans-factor with C9/E3.
hnRNP L Is Phosphorylated in an AKT-dependent Manner

Inducing Competition with hnRNP U for C9/E3 Binding—Be-
cause the phospho-state of hnRNP U is not critical to hnRNP
U-C9/E3 interaction, we hypothesized that the phosphoryla-
tion of other regulatory RNA trans-factors modulated the abil-
ity of hnRNP U to associate with C9/E3. In this regard, hnRNP
U shares the same binding site as hnRNPL,which has the oppo-
site function in regards to regulating the alternative splicing of
caspase-9 pre-mRNA. Therefore, we examined the direct bind-
ing of recombinant hnRNP L purified from nontransformed
HEK293 cells to the C9/E3. Interestingly, direct binding of
recombinant hnRNP L to this purine-rich sequence was not
observed by EMSA (Fig. 6A, first lane), congruent with a report
showing the interaction of this recombinant hnRNP L to be
specific for CA repeats (21). Because caspase-9 RNA splicing is
regulated by the phosphorylation of hnRNP L (4), we examined

FIGURE 4. AKT pathway regulates the association of hnRNP U to exon 3 of caspase-9. A, inhibition of AKT1/2 activity increases the caspase-9a/9b ratio and
enhances the binding of hnRNP U to C9/E3 in a dose-response manner. A549 cells were treated with 0.1% DMSO control or increasing concentrations of the
AKT1/2 inhibitor (AKT VIII). Total RNA was isolated and analyzed for caspase-9 splice variants by competitive/quantitative RT-PCR. Cell lysates from a concom-
itant experiment were utilized in SBAP to assay the binding of hnRNP U to 5�-biotinylated C9/E3 ROs. Cell lysate input for the SBAP was subjected to SDS-PAGE
and immunoblotted for hnRNP U and �-actin. B, overexpression of AKT decreases both caspase-9a/9b ratio and hnRNP U-E3/C9 association. HBEpC cells were
transfected with the control adenovirus or the adenovirus expressing constitutive active AKT2 (caAKT2; multiplicity of infection of 25) for 48 h. Total protein or
RNA extracts from the transfected cells were then subjected to SDS-PAGE/immunoblotting or competitive/quantitative RT-PCR. Cell lysates were also gener-
ated for SBAP to assay the binding of hnRNP U to E3/C9 ROs. The graphs shown in A and B are representative of n � 4 from three independent experiments.
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whether AKT directly phosphorylates hnRNP L and induces
the association of the RNA trans-factor with C9/E3. Intrigu-
ingly, AKT efficiently phosphorylated hnRNPL, which induced
its binding to C9/E3 (Fig. 6A). Moreover, inhibition of AKT
signaling in NSCLC cells directly by AKT inhibitor treatment
or indirectly by blocking EGFR activity with erlotinib treatment
significantly reduced the phospho-state of hnRNP L (Fig. 6B).
Lastly, hnRNP L phosphorylated by AKT interfered with
hnRNPU for binding toC9/E3 (Fig. 6C) in contrast to nonphos-
phorylated hnRNP L. Taken together, these data demonstrate
that the phospho-status of hnRNP L is regulated by AKT sig-
naling in NSCLC, which induces the association of this RNA
trans-factor and restricts the access of the enhancing factor,
hnRNP U, to E3/C9 (Fig. 6D).

DISCUSSION

In this study, two additional C9/E3-associated proteins were
identified by LC-MS/MS: hnRNP R and hnRNP U. Whereas
hnRNP R had no effect on caspase-9 splicing, hnRNP U was
revealed as a splicing enhancer and validated for interaction
with C9/E3. To date, little is known about the regulatory func-
tion of hnRNP U in RNA splicing, although it is regarded as an
RNA-binding protein. A recent study suggested that hnRNP U
might be a global regulator of alternative splicing; however,
�90% of reported cases about an RNA splicing change induced
by hnRNP U down-regulation did not accompany binding to
respective mRNA (19). Our findings expand the situations
where hnRNP U-regulated splicing events are associated with
target mRNA interactions.
The precise site for hnRNP U binding on C9/E3 was also

examined. Previously, hnRNPU has been reported to preferen-
tially bind G/U-rich motifs in RNA (9, 10). In line with these
reports, hnRNP U was demonstrated to specifically interact
with the G-rich sequence, GAGGG, in C9/E3. Furthermore,
mutation of the upstream U motif (UUUGAGGG) also signifi-

cantly reduced the association of hnRNP U with the C9/E3.
Importantly, this sequence has been reported as a binding site
for hnRNP L. The opposing functions of hnRNP U versus
hnRNP L and the same binding site on C9/E3 suggest regula-
tory competition betweenhnRNPUandhnRNPL, and our data
further suggest that the presence of hnRNPU likely restricts the
exon exclusion effect of nonphosphorylated hnRNPL. Further-
more, the dramatic loss of the protein-RNA complex by muta-
tion of this RNA cis-element suggests that hnRNP L and Umay
target additional RNA trans-factors to exon 3. Current experi-
mental directions are focused on determining whether the
phosphorylation of hnRNP L leads to loss or gain of binding
partners, which aid in regulating the inclusion/exclusion of the
exon 3,4,5,6 cassette.
The nature of the regulation of the hnRNP U and L compe-

tition was also elucidated in this study. For example, simple
changes in expression of the RNA trans-factors did not account
for the observed loss of hnRNP U binding in transformed cells.
Specifically, the expression of hnRNP U and L was not signifi-
cantly different between nontransformed and transformed
cells. Previous studies in our laboratory have pointed to the
importance of phosphorylation in regulating hnRNP L-C9/E3
interaction (4), and hnRNP U has been reported to be selec-
tively phosphorylated in response to DNA double-strand
breaks (20, 22). Therefore, we hypothesized that phosphoryla-
tion events might impact the association between hnRNP U
and C9/E3. Nevertheless, our findings in this study demon-
strate that phosphorylation of hnRNP U is unlikely to play a
role, and the regulatory mechanism is mainly via phosphoryla-
tion of hnRNPL. Together with the findings that caspase-9a/9b
ratio is higher in nontransformed than in transformed cells (4,
5) and the enhanced association of hnRNP U in nontrans-
formed cells, these data extend the mechanistic insights into
the dysregulation of caspase-9 splicing in transformed cells. In
this paradigm, certain survival/oncogenic kinases are activated
and phosphorylate hnRNP L in transformed cells. As a result,
the hnRNPL-C9/E3 interaction and subsequent splice-repress-
ing function is promoted, whereas hnRNP U is prevented from
binding and competing with hnRNP L (Fig. 6D). Therefore, the
exclusion of the four-exon cassette is favored, shifting the alter-
native splicing of caspase-9 to the lower caspase-9a/9b ratio
observed in NSCLC cells.
Because the enhanced exclusion of exon 3,4,5,6 cassette has

been linked to phosphorylation events modulated by phospho-
inositide 3-kinase/AKT pathway (5), this cell survival regula-
tory pathway likely mediates the phosphorylation of hnRNP L
and subsequently the competitive interaction between hnRNP
L and hnRNP U to C9/E3. Indeed, inhibition of AKT signaling
in transformed cells augmented hnRNP U-C9/E3 binding and
the enhanced binding to the C9/E3 were correlated perfectly
with alteration in caspase-9 splice variant ratio. Hence, the
AKT pathway regulates the alternative splicing of caspase-9 via
hindering the interaction between hnRNP U and C9/E3 and
subsequently suppressing its splice-enhancing function. Our
study also demonstrates that hnRNP L is a direct substrate for
AKT, and thus, AKTmay be directly influencing the alternative
splicing of caspase-9 via hnRNP L. Direct phosphorylation of
hnRNP L by AKT is not heretical because AKT has been shown

FIGURE 5. AKT inhibition does not alter the phospho-state of hnRNP U.
A, A549 cells were treated with 0.1% dimethyl sulfoxide (DMSO) control or
AKT1/2 inhibitor (20 �M). Endogenous hnRNP U was then immunoprecipi-
tated (IP) and resolved by SDS-PAGE/immunoblotting for phospho-serine/
threonine or hnRNP U. B, A549 protein extracts were incubated with dena-
tured or active CIP. Endogenous hnRNP U in the resulted protein extracts was
immunoprecipitated and resolved by SDS-PAGE/immunoblotting for phos-
phoserine/phosphothreonine or hnRNP U. The graphs shown in A and B are
representative of n � 3 from two independent experiments.
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to directly phosphorylate SRSF1 (SRp30a or ASF/SF2), another
RNA trans-factor known to regulate the alternative splicing of
caspase-9 (5).
In regards to SRSF1 and caspase-9 RNA splicing, the pre-

sented study fills a missing “gap” in our knowledge of how the
exon 3,4,5,6 cassette is regulated. Previously, we reported that
the phosphorylation of SRSF1 on novel phosphorylation sites
flanking the RS domain were partially required for AKT activa-
tion to exclude the exon 3,4,5,6 cassette (5). Specifically, we
showed that a phospho-mimic of SRSF1 could only partially
block the exclusion of the exonic cassette of caspase-9
pre-mRNA induced by an AKT inhibitor. This study now
places hnRNP L phosphorylation and subsequent hnRNP U
displacement from exon 3 as the plausible missing mechanism
by which AKT activation maximally induces the exclusion of
the exon 3,4,5,6 cassette.

One of the more intriguing findings is the observation that
phosphorylation of hnRNP L induces the association of the
RNA trans-factor with a nonstandard binding site. Numerous
reports in the literature have demonstrated that hnRNP L pre-
fers CA repeats. Indeed, we initially found that recombinant
hnRNP L did not bind the purine sequence, in line with previ-
ous reports; however, hnRNP L can be modulated to associate
with different sequence specificity by phosphorylation. Our
data therefore suggest that hnRNP L may have both constitu-
tive roles in RNA splicing, as well as activated roles in modulat-
ing a subset of splicing events. How phosphorylation would
change the sequence specificity of an RNA trans-factor has not
been described, but possibly one or more quasi-RNA-recogni-
tionmotif could be “unmasked” by an intramolecular change in
the structure of the RNA trans-factor stimulated by phosphor-
ylation. This mechanism is plausible because hnRNP K, a

FIGURE 6. AKT-dependent phosphorylation of hnRNP L leads to the competition with hnRNP U for C9/E3 binding. A, phosphorylation of hnRNP L by AKT
enhances binding to E3/C9. Recombinant FLAG-tagged hnRNP L was phosphorylated in vitro using active AKT2 (denatured AKT2 was utilized as a negative
control). Products from the kinase assay were then subjected to SDS-PAGE/immunoblotting for phosphoserine/phosphothreonine, or the FLAG tag and also
utilized in the EMSA to examine the interaction with E3/C9 ROs. B, AKT or EGFR inhibition in NSCLC cells induces a reduction in the phospho-status of hnRNP
L. A549 cells were treated with either 0.1% dimethyl sulfoxide (DMSO) control, AKT inhibitor (20 �M), or erlotinib (EGFR inhibitor, 1 �M). Endogenous hnRNP L
was immunoprecipitated (IP) from the protein extracts. Immunoprecipitated hnRNP L was resolved by SDS-PAGE and immunoblotted with Ser(P)52-hnRNP L
or hnRNP L antibodies. C, exogenous hnRNP L phosphorylated by AKT competes with endogenous hnRNP U for binding to E3/C9. Recombinant hnRNP L was
incubated with denatured or active AKT2 in the in vitro kinase assay and then utilized in the SBAP-based competitive binding assay using HBEpC cell lysates and
E3/C9 ROs. D, model for controlling hnRNPU-hnRNP L-E3/C9 interaction by AKT pathway. In the nontransformed cells, the recruitment of hnRNP L to E3/C9 is
interfered with by hnRNP U binding to the same position. Through activation of AKT pathway in transformed cells, hnRNP L is phosphorylated, which results
in the enhanced binding of this splicing repressor to E3/C9. Consequently, the elevated levels of hnRNP L associated with E3/C9 prevent the access of hnRNP
U to E3/C9 for splice-enhancing function. The graphs shown in A–C are representative of n � 4 from two independent experiments.
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related RNA trans-factor, has been reported to have a quasi-
RNA-recognition motif that does not recognize the standard
GC-richRNAsequence (23).Overall, phosphorylationmay be a
key regulatory step in activating RNA splicing factors to induce
specific RNA splicing events (e.g., caspase-9 RNA splicing) in
response to external stimuli outside of their roles in constitutive
RNA splicing.
In conclusion, our presented work implicates hnRNP U as a

limiting factor for caspase-9b formation, which has been previ-
ously demonstrated to enhance the anchorage-dependent
growth and tumorigenic capacity of NSCLC cells (4). More-
over, cascape-9b is not significantly expressed in nontrans-
formed cells (4), and the induction of caspase-9b expression is
due to activation of hnRNP L via phosphorylation to compete/
inhibit hnRNP U association with C9/E3. Therefore, targeting
the phosphorylation of hnRNPL by specific kinase inhibitors to
further augment the formation of apoptotic caspase-9a over
anti-apoptotic caspase-9b would be an attractive cancer-spe-
cific approach for treatment of NSCLC, the leading cause of
cancer-related death in both men and women worldwide (24).
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