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Background: Regulation of G6PD expression by nutrients occurs by changes in accumulation of spliced mRNA without
changes in transcriptional activity of the gene.
Results: Refeeding enhances SRSF3 binding to G6PD mRNA. Loss of SRSF3 inhibits G6PD expression.
Conclusion: SRSF3 is a target for nutritional regulation of splicing.
Significance: Regulation of RNA splicing is a novel target for nutrient action.

Expression of G6PD is controlled by changes in the degree of
splicing of the G6PDmRNA in response to nutrients in the diet.
This regulation involves an exonic splicing enhancer (ESE) in
exon 12 of the mRNA. Using the G6PD model, we demonstrate
that nutrients and hormones control the activity of serine-argi-
nine-rich (SR) proteins, a family of splicing co-activators, and
thereby regulate the splicing of G6PD mRNA. In primary rat
hepatocyte cultures, insulin increased the amount of phosphor-
ylated SR proteins, and this effect was counteracted by arachi-
donic acid. The results of RNA affinity analysis with nuclear
extracts from intact liver demonstrated that the SR splicing fac-
tor proteins SRSF3 and SRSF4 bound to the G6PD ESE. Conse-
quently, siRNA-mediated depletion of SRSF3, but not SRSF4, in
liver cells inhibited accumulation of both mRNA expressed
from aminigene containing exon 12 and the endogenous G6PD
mRNA. Consistent with the functional role of SRSF3 in regulat-
ing splicing, SRSF3 was observed to bind to the ESE in both
intact cells and in animals using RNA immunoprecipitation
analysis. Furthermore, refeeding significantly increased the
binding of SRSF3 coincidentwith increased splicing and expres-
sion of G6PD. Together, these data establish that nutritional
regulation of SRSF3 activity is involved in the differential splic-
ing of the G6PD transcript in response to nutrients. Nutritional
regulation of other SR proteins presents a regulatory mecha-
nism that could cause widespread changes in mRNA splicing.
Nutrients are therefore novel regulators of mRNA splicing.

Nutritional status is a central regulator of cellular function.
At a cellular level, the macronutrients, carbohydrate, amino

acids, and fatty acids can modulate signal transduction path-
ways and gene expression. Nutrients can also affect circulating
levels of hormones in animals. Although key enzymes in the
pathways of intermediary metabolism are primary targets for
regulation by nutritional status, our current understanding of
the molecular details causing this regulation have emphasized
transcriptional mechanisms or changes in the kinetic proper-
ties of key regulatory enzymes.We have gathered a body of data
indicating that alternative RNA splicing is a significant, yet
underappreciatedmechanism bywhich nutrients regulate gene
expression (1, 2).
Alternative splicing is regulated in a developmental and tis-

sue-specific pattern and in response to extracellular stimuli
such as hormones and growth factors (3, 4). cis-Acting elements
in the RNA and trans-acting factors are key determinants of
this process; mutations in these elements or changes in the
amount or activity of trans-acting proteins alter the cellular
pattern of mRNA and the protein isoforms that they encode.
Greater than 90% of human transcripts appear to undergo
alternative splicing, resulting in changes in the amount of a
protein expressed, production of multiple proteins from a sin-
gle gene, and the presence or absence of specific domains
within a protein (5). Thus, the consequences of regulating
this process have large implications for cellular fate and
metabolism.
Serine-arginine-rich (SR)3 proteins are a family of trans-act-

ing splicing factors that activate splicing and play key roles in
the regulation of alternative splicing (6). The canonical SR pro-
tein family members (SRSFs 1–12) are RNA-binding proteins
with long, unstructured repeats of alternating serines and
arginines forming RS domains in their C terminus. The mem-
bers of this family also contain one or two RNA recognition
motifs in the N terminus (6). SR proteins play a critical role in
the recognition of alternatively included exons, as well as con-

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK46897 (to L. M. S.) and T32 HL090610 (to A. B. K.). This work was
also supported by a grant from the West Virginia Graduate Student Fellow-
ships in Science, Technology, Engineering and Math Program (to C. M. W.).

□S This article contains supplemental Table S1.
1 These authors contributed equally to this work.
2 To whom correspondence should be addressed: Dept. of Biochemistry, 1

Medical Center Drive, P.O. Box 9142, Health Sciences Center, Morgantown,
WV 26506. Tel.: 304-293-7759; Fax: 304-293-6846; E-mail: Lsalati@hsc.
wvu.edu.

3 The abbreviations used are: SR, serine-arginine-rich; SRSF, SR splicing factor;
G6PD, glucose-6-phosphate dehydrogenase; ESE, exonic splicing enhanc-
er; RS, arginine-serine-rich; RIP, RNA immunoprecipitation; PEPCK, phos-
phoenolpyruvate carboxykinase; hnRNP, heterogeneous nuclear ribonu-
cleoprotein; nt, nucleotide.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 4, pp. 2816 –2828, January 25, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

2816 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 4 • JANUARY 25, 2013

http://www.jbc.org/cgi/content/full/M112.410803/DC1


stitutive exons that have weak splice sites (6). These proteins
enhance the splicing process by binding to exonic splicing
enhancers (ESEs) to recruit components of the spliceosome,
specifically U1 small nuclear ribonucleoprotein, U2AF35, and
U2 small nuclear ribonucleoprotein to intronic splice sites
and/or by inhibiting the binding of negative regulators of splic-
ing (6, 7). The serines in the RS domains can be phosphorylated
(6). Phosphorylation enhances the ability of the SR protein to
recruit components of the spliceosome to splice sites, regulates
the intracellular and intranuclear localization of SR proteins,
and enhances the binding of the proteins to RNA (8). SR pro-
teins are known to be substrates of several kinases including
SRPK, Clk/Sty, and Akt and as such are candidates for mediat-
ing the impact of extracellular signals upon the splicing process
(9–11). The involvement of hormones and other extracellu-
lar signals in regulating splicing factor activity is poorly
understood.
G6PD is an enzyme that is integral to the process of de novo

lipogenesis in liver and adipose tissue by its generation of
reducing equivalents in the form of NADPH � H� (12). We
previously showed that the nutritional status of the animal reg-
ulates expression ofG6PDby changes in the efficiency bywhich
the primary transcript is spliced and without changes in the
transcriptional rate of the gene (13–15). Starvation or con-
sumption of a diet containing polyunsaturated fatty acids
reduces the efficiency of intron removal from the primary
G6PD transcript (15), subsequently decreasing expression of
the enzyme, and therefore, fewer reducing equivalents are
available for lipogenesis. G6PD precursor mRNA containing
retained introns adjacent to exon 12 accumulates in the nucleus
when splicing is inhibited (15). Feeding a high carbohydrate,
low fat diet to rodents after a short term fast induces efficient
splicing of the mRNA, and mature mRNA accumulates in the
absence of a change in the accumulation of the primary tran-
script. The increase in G6PD mRNA results in greater expres-
sion of the enzyme and an increase in lipogenic capacity as
comparedwith fasted animals (13). These in vivo feeding exper-
iments are recapitulated in primary rat hepatocytes in culture
in which treatment with insulin induces the accumulation of
spliced G6PD mRNA, and the polyunsaturated fatty acid,
arachidonic acid, attenuates mRNA splicing (2, 15, 16). A splic-
ing regulatory element in exon 12 of theG6PD transcriptmedi-
ates the effect of nutrients upon the splicing of this precursor
mRNA (2). The absence of transcriptional regulation of this
gene by nutrients hasmade it a usefulmodel for deciphering the
molecular mechanisms involved in this post-transcriptional
regulation.
We hypothesize that these splicing-related changes involve

the differential binding of splicing regulatory proteins to the
regulatory element in exon 12. In this report, we demonstrate
that SR proteins are candidates for nutrient regulation of splic-
ing. In this regard, SR protein amount and phosphorylation in
rat hepatocytes is increased by insulin, and arachidonic acid
inhibits this effect. Within the family of SR proteins, SRSF3
binds to the splicing regulatory element, and the binding of
SRSF3 to the regulatory element in intact liver decreases dur-
ing starvation and increases upon refeeding. Loss of SRSF3
decreases accumulation of spliced G6PD mRNA. These data

are the first to demonstrate that nutritional status can regulate
SR protein activity and introduces a new paradigm by which
mRNA splicing can be regulated.

EXPERIMENTAL PROCEDURES

All of the animal experiments were conducted in conformity
with the Public Health Service policy onHumane Care and Use
of Laboratory Animals. Additionally the Institutional Animal
Care and Use Committee of the Division of Laboratory Animal
Resources atWest Virginia University approved all experimen-
tal procedures.
Hepatocyte Preparation—Hepatocytes were isolated from

male Sprague-Dawley rats (�200 g) as previously described
(15). Hepatocytes (3 � 106) were plated in collagen-coated
60-mm dishes containing Hi/Wo/BA medium (Waymouth
MB752/liter plus 20 mMHEPES, pH 7.4, 0.5 mM serine, 0.5 mM

alanine, 0.2% BSA) plus 5% newborn calf serum. After 4 h, the
cells were washed with serum-free medium, and a MatrigelTM
overlay was added (0.3 mg/ml; BD Pharmingen). After 24 h in
culture, the medium was replaced with Hi/Wo/Ba alone or
Hi/Wo/Ba containing 80 nM insulin or 80 nM insulin plus 175
�M arachidonic acid conjugated to BSA (15), and the medium
was replenished every 12 h. The cells were harvested for RNA
isolation or extract preparation after 24 h with these treat-
ments. Nuclear extracts (from 6–12 plates/treatment) were
prepared by the method of Dignam et al. (17). The proteins
were separated by size using SDS-PAGE and subjected toWest-
ern analysis as described below.
Nuclear Extract Preparation from Whole Liver—Male

Sprague-Dawley rats (�200 g) were either fasted for 24 h or
fasted for 24 h and then refed a high glucose diet (fat-free/high
glucose USB� diet, #1810092 from Purina Mills containing 1%
safflower oil as a source of essential fatty acid) for 16 h prior to
euthanasia. Liver nuclei were isolated by themethod of Schibler
et al. (18), and the nuclear proteins were extracted using the
Dignamprotocol (17). All buffers contained protease and phos-
phatase inhibitors (1 mM Na3VO4, 1 mM PMSF, 50 mM NaF, 1
mM benzamidine, 0.5 �g/ml leupeptin, 2 �g/ml aprotinin, 10
mM �-glycerophosphate, and 0.1 mM Na2MoO4). A portion
of the liver was used for measurement of G6PD mRNA
abundance.
RNA Affinity Assay—RNA oligonucleotides corresponding

to nucleotides 43–72 and 79–93 of exon 12 of G6PD were pur-
chased from IDT. The RNA oligonucleotides were attached to
adipic acid dihydrazide-agarose beads (Sigma) as previously
described (19). Each RNA-bead complex was mixed with bind-
ing buffer containing rat liver nuclear extract (250 �g of pro-
tein), 20 mM HEPES, pH 7.4, 9% glycerol, 70 mM KCl, 0.2 mM

EDTA, pH 8.0, 1 �g/ml tRNA, 2.5 mM ATP, 2 mM MgCl2, and
0.2mMDTT. The binding reactions were incubated at 30 °C for
30 min, after which the bead mixtures were placed into col-
umns. Unbound proteins were washed from the RNA-bead
complexes with 20 mM HEPES, pH 7.4, 5% glycerol, 0.2 mM

EDTA pH 8.0, and 0.1 mM DTT. The bound proteins were
eluted by gravity flow in wash buffer plus 250 mM KCl. The
appropriate concentration of KCl for elution was determined
empirically. The eluate was desalted and concentrated with
Amicon� Ultra centrifugal filter devices (3,000 molecular
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weight cutoff; Millipore). The concentrated proteins were sep-
arated by size using SDS-PAGE, and bound SR proteins were
detected by Western analysis.
Western Analysis—Following PAGE, the proteins were

transferred to PVDF membranes (Bio-Rad) and probed with
the antibodies indicated in the figure legends. Phosphorylated
SR proteins were detected using the supernatant from
hybridoma cells (ATCC) expressing the monoclonal antibody
mAb104 or a commercially preparedmonoclonal antibody 1H4
(Invitrogen). These two antibodies detect SRSFs 1–6. Total SR
protein abundance was measured using the monoclonal anti-
body 16H3 (Invitrogen; referred to as Pan-SR) that detects
SRSF4, SRSF6, SRSF5, and SRSF3, regardless of phosphoryla-
tion state. The amount of SRSF3 was also measured using a
specific anti-SRSF3 antibody (7B4; Invitrogen). Lamin A/C
(Cell Signaling) was used as a loading control. Secondary anti-
bodies were conjugated to horseradish peroxidase, and the sig-
nals were detected using ECL Plus (GE Healthcare), followed
by visualization on film and a Typhoon 9410 Imager (GE
Healthcare). Signals were quantified with ImageJ (National
Institutes of Health) or ImageQuant TL (Molecular Dynam-
ics), respectively.
RNA Isolation and Measurement—Total RNA was isolated

using TRI Reagent� (Molecular Research Center) and digested
with DNase I (Turbo DNA-free; Invitrogen) according to the
manufacturer’s protocol. G6PD and cyclophilin BmRNAswere
quantified by real time RT-PCR (ICYCLER; Bio-Rad) using the
QuantiTect SYBR Green kit (Qiagen) and the primers and
probes listed in supplemental Table S1. The amount of each
mRNA was calculated using a relative standard curve.
Chromatin Immunoprecipitation—Male C57BL/6 mice (6

weeks of age) were fed the high carbohydrate diet as described
above for 1 week. The mice were starved for 18 h (starved
group) or were starved for 18 h and refed the high carbohydrate
diet for 12 h (refed group) prior to euthanasia. The cross-link-
ing reaction and ChIP assay are modifications of existing pro-
tocols (20, 21). Immediately after euthanasia, the livers were
removed and immersed in four volumes of phosphate-buffered
saline containing 1.25% formaldehyde, 1 mM Na3VO4, 1 mM

PMSF, 50 mM NaF, 1 mM benzamidine, 0.5 �g/ml leupeptin, 2
�g/ml aprotinin, 10 mM �-glycerophosphate, 30 mM p-nitro-
phenyl phosphate, and 0.1 mM Na2MoO4, minced, and mixed
by rotation for 12 min at room temperature. The cross-linking
reaction was stopped with the addition of glycine to a final
concentration of 125 mM. The samples were homogenized in a
Dounce homogenizer (eight strokes, loose pestle), incubated 15
min on ice, and then centrifuged 5min at 1,500� g at 4 °C. The
pellets were resuspended in three volumes of cell lysis buffer (5
mM HEPES, pH 8.0, 85 mM KCl, 0.5% Nonidet P-40, 1 mM

Na3VO4, 1 mM PMSF, 50 mM NaF, 1 mM benzamidine, 0.5
�g/ml leupeptin, 2 �g/ml aprotinin, 10 mM �-glycerophos-
phate, 30mM p-nitrophenyl phosphate, and 0.1mMNa2MoO4),
homogenized in a Dounce homogenizer (15 strokes, loose pes-
tle), incubated on ice for 15min, and centrifuged at 3500� g for
5 min at 4 °C. The pellets were resuspended in 1 volume of
nuclear lysis buffer (1% SDS, 50 mM Tris-HCl, pH 8.1, 10 mM

EDTA, and protease and phosphatase inhibitors as listed
above), homogenizedwith aDounce homogenizer (five strokes,

loose pestle), aliquoted into 1-ml volumes, and incubated on ice
for 10 min. The samples were sonicated with continuous pulse
in four 15-s bursts. The probe was chilled between each pulse.
The samples were then cleared by centrifugation at 19,000 � g
for 10 min. Supernatants were diluted 1:5 with dilution buffer
(0.01% SDS, 1.1%TritonX-100, 16.7mMMOPS, pH 7.3, 1.2mM

EDTA, 167 mMNaCl, 1 mMNa3VO4, 1 mM PMSF, 50 mMNaF,
1 mM benzamidine, 0.5 �g/ml leupeptin, 2 �g/ml aprotinin, 10
mM �-glycerophosphate, 30 mM p-nitrophenyl phosphate, and
0.1 mM Na2MoO4) and stored at �80 °C until use.
For immunoprecipitation, proteinA/G-agarose beads (Santa

Cruz) were washed five times in dilution buffer and blocked in
dilution buffer containing 5 mg/ml BSA and 250 �g/ml soni-
cated salmon sperm DNA. An aliquot from each sample was
removed prior to immunoprecipitation to serve as the “input.”
The remainder of each sample was precleared with blocked
agarose beads for 2 h with rotation and centrifuged. The super-
natants were transferred into fresh tubes, to which the follow-
ing antibodies were added (7.5–15 �g): phosphorylated SR
(1H4; Invitrogen), heterogeneous nuclear ribonucleoprotein
(hnRNP)M (Invitrogen), or RNApolymerase II (Covance). The
“no antibody” control was treated identically except it received
no primary antibody. The samples were immunoprecipitated
overnight with rotation at 4 °C, after which the samples were
rotatedwith blocked beads for 2 h andwashedoncewith each of
the following buffers: low salt buffer (20mMMOPS, pH 7.3, 150
mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), high salt
buffer (20 mMMOPS, pH 7.3, 500 mMNaCl, 2 mM EDTA, 0.1%
SDS, 1%TritonX-100), LiCl buffer (10mMMOPS, pH7.3, 1mM

EDTA, 0.25 M LiCl, 1% Nonidet P-40, 1% deoxycholate), and
thenwashed twice with buffer containing 10mMMOPS, pH 7.3
and 1mMEDTA.All of thewash buffers contained protease and
phosphatase inhibitors as listed above. The immunoprecipi-
tated proteins were eluted from the agarose beads with 0.1 M

NaHCO3 and 1% SDS. Immunoprecipitated and input samples
were reverse-cross-linked with 200 mM NaCl at 65 °C for 6 h
and digested with proteinase K (180�g/ml) for 1 h at 45 °C, and
the DNA was purified. Immunoprecipitated DNA was meas-
ured using real time PCR (QuantiTect probe PCR reagents;
Qiagen), and the primers and dual labeled probes (IDT) are
listed in supplemental Table S1. The amount of DNA that was
immunoprecipitated relative to the amount present in total
input chromatin was determined with the following formulas:
�Ct � Ct(input) � Ct(IP), % total � 2�Ct � 1.7, where 1.7% is
the percentage that the input chromatin represents of the total
chromatin (22). This value was then normalized to the signal
found in the no antibody control.
RNA EMSA—The RNA EMSA protocol is a modification of

existing methods (23, 24). Briefly, 100 fmol of a 5�-hexachloro-
fluorescein (HEXTM)-labeled RNA probe (IDT) corresponding
to the G6PD regulatory element (supplemental Table S1) was
mixed with 0.27 �g of purified recombinant GST-conjugated-
SRSF3 (Abnova) in 1�binding buffer (10mMTris, pH7.5, 1mM

MgCl2, 100mMKCl, 0.1mMDTT, 5% glycerol) (25) plus/minus
unlabeled competitor oligonucleotides (0, 1, 5, and 10 pmol;
supplemental Table S1; IDT) in a total reaction volume of 20�l.
The reactions were incubated for 30 min at room temperature
and then loaded onto a prerunning 5% native polyacrylamide
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gel. The gelwas imageddirectly on aTyphoon 9410 Imager, and
the signals were quantified using ImageQuant TL software.
siRNA Transfection—HepG2 (human hepatoma) cells stably

expressing an RNA splicing reporter (p�-gal ex12-ex13) or
HeLa cells were used for knockdown of SR proteins. One day
after plating, HepG2 cells (5� 105) orHeLa cells (2� 105) were
transfected with 75 nM siRNA pools using TransIT-siQUEST�
transfection reagent (Mirus) in minimum essential medium
containing 10% FBS. SiGENOME SMARTpools (Dharmacon)
consisting of four siRNA duplexes (supplemental Table S1)
were used for each target mRNA. SiGENOME nontargeting
siRNApool #1 was used as the negative control. Total RNA and
whole cell protein extracts were collected after 48 h. Cell lysates
were prepared using radioimmune precipitation assay buffer
plus phosphatase and protease inhibitors (Thermo Scientific).
HeLa cells were first transfected with the siRNA and then 24
later transiently transfected with the splicing reporter (p�-gal
ex12-ex13) using TransIT�-LT1 transfection reagent (Mirus)
in completeminimumessentialmedium. Total RNA andwhole
cell protein extracts were collected after an additional 24 h.
RNA Immunoprecipitation (RIP)—The RIP protocol is a

modification of existingmethods (26, 27). For HepG2 cells, 5�
106 cells were cross-linked in serum-freeDMEMcontaining 1%
formaldehyde for 10 min with agitation. The reaction was
stopped by the addition of glycine to a final concentration of
125 mM and incubated for 5 min. The cells were washed twice
with ice-cold 1� PBS and collected in ice-cold RIPA�� buffer
(1� radioimmune precipitation assay buffer, 1�HaltTM prote-
ase and phosphatase inhibitor mixture, and 2 units/�l
SUPERase�InTM RNase inhibitor; Invitrogen), followed by son-
ication in a Diagenode BioRuptor (two 15-min cycles, medium
intensity, 30-s on/off pulses). The lysates were cleared by cen-
trifugation, and the total protein content of the lysates was
determined using the Bradford method (Thermo Scientific).
Lysate containing 500 �g of protein was suspended in IP buffer
(1� PBS, 2� HaltTM protease and phosphatase inhibitor mix-
ture, and 2 units/�l SUPERase�InTM RNase inhibitor) and pre-
cleared with protein G Dynabeads at 4 °C for 2 h with rotation.
A portion of the lysate was saved for the input sample.
In a separate tube, protein G Dynabeads (Invitrogen) were

washed twice with 1� PBS � 0.02% Tween 20 (PBS/T). Anti-
bodies (10–20 �g; SRSF3, Invitrogen; RNA polymerase II,
Covance; and normal mouse IgG, Millipore) were added to the
beads and incubated at room temperature for 1 h with rotation.
The antibody-bound beads were washed three times with
PBS/T and then mixed with the precleared lysates. The bead/
lysate mixtures were incubated overnight at 4 °C with rotation
and then washed six times with PBS/T. RNA bound to the
immunoprecipitated proteins was released by digestion with
proteinase K. The RNA was extracted with 1 ml of TriReagent,
and DNA was removed by DNase I digestion. The G6PD splic-
ing regulatory element was detected in the immunoprecipi-
tated RNA by real time RT-PCR using the primers indicated in
supplemental Table S1. Amplification in the absence of RTwas
used as a control for chromatin contamination.
In experiments with HepG2 cells, the cells were transiently

transfected as described above with FLAG�-tagged SRSF3 (gift
of Dr. Sandri-Goldin) (28). The cells were cross-linked 48 h

after transfection, and SRSF3 was immunoprecipitated with
anti-FLAG� antibody (Sigma-Aldrich).

For detection of SRSF3 binding to the regulatory element in
whole liver, 8–10-week-old male C57BL/6J (The Jackson Lab-
oratory) were fasted for 18 h or were fasted for 18 h and then
refed a low fat, high carbohydrate diet (Basal Mix TD.00235
supplemented with 1% safflower oil; Harlan Laboratories) for
12 h. The livers were removed, minced with a razor blade, and
cross-linked in four volumes of 1� PBS containing 1% formal-
dehyde for 10 min at room temperature and with mild agita-
tion. The reaction was stopped with glycine as previously
described. The samples were centrifuged for 4min at 300� g at
4 °C to pellet the cross-linked tissue. The pellets were resus-
pended in two volumes of ice-cold RIPA�� buffer and homog-
enized using a Dounce homogenizer (15 strokes, loose pestle),
followed by sonication. All of the subsequent steps were as
described for HepG2 cells.
Statistical Analyses—For Figs. 1 and 2, one-way analysis of

variance was performed, and if the overall p value was signifi-
cant (p � 0.05), Dunnett’s multiple comparison test was per-
formed to make pairwise comparisons to the insulin treatment
(medium alone versus insulin and insulin versus insulin �
arachidonic acid; GraphPad Prism, version 4.0). All other sta-
tistical comparisons were made using Student’s t test.

RESULTS

Previous work in our laboratory identified three members of
the hnRNP family (K, L, andA2/B1) whose binding to a splicing
regulatory element in the G6PD mRNA increased during star-
vation and occurred coincident with a decrease in exon 12
splicing (19). In contrast to these inhibitory proteins, enhanced
splicing during refeeding could involve SR proteins that bind
within exons and are splicing enhances. Because SR proteins
undergo regulatory phosphorylation, we hypothesized that this
family of proteins may also be targets for regulation by nutri-
tional status. We used three approaches to test whether SR
proteins can be intermediates in the nutritional regulation of
splicing: 1) measurement of changes in SR protein activity, 2)
changes in binding of SR proteins to an ESE in response to
changes in nutritional status, and 3) loss-of-function via
siRNA-mediated depletion of candidate SR proteins.
Phosphorylation of SR Proteins Changes with Insulin and

Arachidonic Acid Treatment—As a first approach to address-
ing a physiological role for SR proteins in nutrient-regulated
splicing, we asked whether the hormones and nutrients
involved in regulating gene expression could alter SR protein
amount or phosphorylation. Primary rat hepatocytes are the
most insulin-responsive liver cell model and regulate their
metabolism in response to fatty acids in a manner similar to
intact liver (16, 29). Treatment of primary rat hepatocytes with
insulin and a high glucose medium reflects the humoralmilieu
of the refed state, and these treatments significantly increased
the amount of phosphorylated SRSF1, SRSF2, and SRSF3 as
detectedwith themonoclonal antibody,mAb104, that detects a
phosphorylated epitope in these proteins (Fig. 1, A and B). The
increase in phosphorylated SRSF4 and SRSF6 upon treatment
with insulin was not significantly different from untreated
hepatocytes, possibly because of variation in the response. In

Nutrient Regulation of mRNA Splicing

JANUARY 25, 2013 • VOLUME 288 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2819

http://www.jbc.org/cgi/content/full/M112.410803/DC1
http://www.jbc.org/cgi/content/full/M112.410803/DC1


contrast, treatment of hepatocytes with the nonesterified fatty
acid, arachidonic acid, significantly decreased the amounts of
phosphorylated SRSF3 and SRSF5 by 50–80%. Equal amounts
of protein were used for the analysis as indicated by the control
protein, lamin A/C (Fig. 1A). These changes in the amounts of
phosphorylated SR proteins by insulin and fatty acids were
coincident with changes in the accumulation of G6PD mRNA
(Fig. 1C). Previous work in our laboratory has demonstrated
that changes in G6PD mRNA by insulin and arachidonic acid

are solely caused by changes in splicing of the primary tran-
script and mediated through a splicing regulatory element in
exon 12 of the mRNA (2, 16). Thus, changes in the amount of
phosphorylated SR proteins may play a role in regulated
splicing.
The detected changes in SR protein phosphorylation could

reflect either a change in the phosphate content of the proteins
or a change in the total amount of the protein. To measure the
amounts of total SR proteins, we used an antibody (16H3) that

FIGURE 1. Insulin and arachidonic acid regulate the amount of phosphorylated SR proteins in the nuclei of primary rat hepatocytes. Primary rat
hepatocytes were incubated in high glucose (27.5 mM) medium alone (NA), insulin (I; 80 mM), or insulin plus arachidonic (Arach.) acid (175 �M). After 24 h,
nuclear extract was prepared and analyzed by Western blotting. A, a representative immunoblot (IB) using an antibody against phosphorylated SR proteins
(mAB104) and an antibody against lamin A/C is shown. The identities of the SR proteins are listed on the left side of the gel. The � symbol indicates the dye front
of the gel. B, quantitation of the immunoblot data from n � 4 independent hepatocyte isolations. The amounts of the phosphorylated SR proteins in each
treatment were measured by densitometry. C, total RNA was isolated from the hepatocytes after 24 h with the indicated treatments, and the amount of G6PD
mRNA was measured by real time RT-PCR. The value for the amount of G6PD mRNA with insulin treatment (1.5 	 0.3; n � 3) was set at 1, and the values for
treatments with medium alone and for those with insulin plus arachidonic (Arach.) acid (I�AA) are expressed relative to the insulin treatment. D, representative
immunoblots using antibodies against total SR proteins (16H3; to detect SRSF4, SRSF5, SRSF6, and SRSF3) or lamin A/C are shown. A second panel shows SRSF4
at a lighter exposure. The identities of the detected proteins are listed on the right side of the gels. E, quantitation of the immunoblot data from three
independent experiments. The amounts of the SR proteins in each treatment were measured by densitometry. Columns with different letters are significantly
different (p � 0.05).
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detects the SRSF proteins 3, 4, 5, and 6 regardless of phosphor-
ylation state. Incubation of hepatocytes with insulin resulted in
a 1.2-fold increase in the abundance of SRSF3 and SRSF6, a
2-fold increase in SRSF5, and little or no change in the amount
of SRSF4 (Fig. 1, D and E). The addition of arachidonic acid to
the hepatocytes decreased the abundance of SRSF3, SRSF5, and
SRSF6 by 50% or more but had little or no effect on the abun-
dance of SRSF4. Thus, the changes in phosphorylated SR pro-
tein amounts are caused in part by changes in the abundance of
these proteins within the nucleus.
Refeeding Increases the Binding of SR Proteins to the Splicing

Regulatory Element—As a second approach to test whether SR
proteins are involved in nutrient-regulated splicing, we meas-
ured SR protein binding to an ESE in the livers ofmice thatwere
starved or refed. Binding was measured using ChIP analysis,
which can detect RNA-protein interactions because splicing
occurs co-transcriptionally, resulting in close proximity
between splicing factors bound to the newly transcribed RNA
and chromatin (5, 30). When subjected to cross-linking agents,
the RNA-bound splicing factors become covalently attached to
the chromatin adjacent to the nascent RNA transcript (31).
Exon 12 of G6PD mRNA contains a regulatory region that has
ESE activity and is involved in mediating the effects of insulin
and arachidonic acid on G6PD mRNA splicing (2). As previ-

ously demonstrated and diagrammed in Fig. 2A, silenced splic-
ing of theG6PD transcript results in intron retention surround-
ing exon 12 (15).
Starvation and refeeding cause the greatest changes in G6PD

mRNA accumulation (7-fold or more) (13). Immunoprecipita-
tion with a monoclonal antibody that recognizes phosphory-
lated RS domains allowed detection of binding by most mem-
bers of the SR protein family. Refeeding significantly increased
the binding of phosphorylated SR proteins to the splicing reg-
ulatory element by 1.8-fold above the fasting level (Fig. 2B). To
control for potential cross-reactivity between this antibody and
the phosphorylated C-terminal domain of RNA polymerase II
(32, 33), we performed a second immunoprecipitation with an
antibody against polymerase II. Dietary treatment did not alter
the occupancy of polymerase II across this region of exon 12,
indicating that an increase in SR protein binding was occurring
(Fig. 2B). The lack of change in polymerase II occupancy on the
G6PD chromatin is consistent with the absence of transcrip-
tional regulation of this gene (14). hnRNP M immunoprecipi-
tation was performed as a negative control because previous
experiments have determined that this RNA-binding protein
does not bind to the splicing regulatory element in vitro (2). As
expected, binding of hnRNP M to the regulatory element was
low, and this bindingwas not altered by the nutritional status of

FIGURE 2. Refeeding increases the binding of phosphorylated SR proteins to the regulatory element of G6PD exon 12 in vivo. ChIP was performed in
livers of mice that were starved for 16 h or starved and then refed a high carbohydrate diet for 12 h. A, scheme of the G6PD RNA containing the regulatory
element and observed changes in splicing. The arrows denote the location of the primers. The forward primer ends 6 nt upstream of the 3� splice site of intron
11, and the reverse primer starts 3 nt downstream of the 5� splice site in intron 12. B, immunoprecipitation (IP) used antibodies that detect: phosphorylated SR
protein (phospho-SR), hnRNP M, and RNA polymerase II. The phospho-SR antibody (1H4) detects SRSF1, SRSF2, SRSF3, SRSF4, SRSF5, and SRSF6. The immu-
noprecipitated DNA was measured using real time PCR and primers adjacent to exon 12 (A). The amount of DNA detected is expressed relative to the input
chromatin as described under “Experimental Procedures.” The asterisk indicates p � 0.05, n � 3 mice. C, detection of PEPCK in the immunoprecipitated
samples. PEPCK DNA was measured using real time PCR and primers to exon 2 (n � 2–3 mice).
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the animal (Fig. 2B). Refeeding did not cause a generalized
increase in splicing factor binding to newly transcribed mRNA
because SR protein binding to phosphoenolpyruvate carboxy-
kinase (PEPCK) mRNA was not increased by refeeding (Fig.
2C). These data are the first to demonstrate regulation of SR
protein binding to an RNA element in the whole animal.
SRSF3 and 4 Bind to the G6PD ESE—The ChIP assay cannot

discriminate between SR proteins bound to RNA polymerase II
and SR proteins bound to the RNA. Thus, an RNA affinity assay
was used to verify that SR proteins bind to the RNA and also to
determine which SR proteins were bound. RNA oligonucleo-
tides corresponding to the splicing regulatory element (nucle-
otides 43–72 of G6PD exon 12; Fig. 2A) were attached to aga-
rose beads and used to affinity purify RNA-binding proteins
from rat liver nuclear extracts. An RNA oligonucleotide corre-
sponding to a region of exon 12 outside of the regulatory ele-
ment (control region; nucleotides 79–93) was used to detect
nonspecific binding of proteins to RNA, whereas the beads
alone were included to detect background binding (Fig. 3).
Liver nuclear extracts contained SRSF3, SRSF4, SRSF5, and
SRSF6 (Fig. 3A). The additional bands in the upper panel of Fig.
3A are not unexpected, because the 16H3 antibody will detect
other proteins with SR repeats (33). SRSF3 was detected in a
second immunoblot using more nuclear protein, because it is
more difficult to detect with this antibody, presumably because
of its lower abundance in liver compared with other SR pro-
teins. Following pulldownwith the splicing regulatory element,
a band the size of SRSF4 was detected (Fig. 3B). The band near
37 kDa is not SRSF1 or 2, whichmigrate at this size, because the
16H3 antibody does not detect these SR proteins. To verify the
identities of the bound proteins, the blots were reprobed with a
different antibody (1H4), which detects phosphorylated forms
of the SR proteins including SRSF1 and SRSF2. SRSF4 binding
was also detected with this antibody, but the band near 37 kDa
was not detected (data not shown). In addition, SRSF3 binding
to the regulatory element was also observed (Fig. 3C). An
SRSF3-specific antibody was used for detection to better visu-
alize this protein. Neither SR protein bound to the control RNA
oligonucleotide nor the beads alone. Thus, SRSF3 and SRSF4

are candidate SR proteins involved in regulating splicing of the
G6PD mRNA.
Purified SRSF3Binds to theG6PDRegulatory Element—RNA

EMSA was used to confirm the binding of SRSF3 to the regula-
tory element. Purified SRSF3 conjugated to GSTwas incubated
with an RNA oligonucleotide representing the 30-nt regulatory
element in exon 12 (Fig. 4,A and B). This complex resulted in a
single shifted band (Fig. 4C). The shifted bandwas competed to
a maximum of 10% by increasing concentrations of the unla-
beled wild type RNA (Fig. 4C). We next tested the ability of the
three mutated sequences to compete for SRSF3 binding (Fig.
4A). These mutations represent the same sequence changes
previously used by us that abrogated the inhibition of splicing
by arachidonic acid using splicing reporter constructs in func-
tional assays in rat hepatocytes (2).Mutation of the first 10 nt of
this sequence resulted in an RNA that competed for SRSF3
binding as effectively as thewild type sequence.Mutation of the
second 10 nt attenuated the competition to only 33% of thewild
type. Mutation of the final 10 nt resulted in little to no compe-
tition for SRSF3 binding (70% at the highest concentration of
competitor). Thus, SRSF3 can bind to the splicing regulatory
element and appears to bind to the latter half of this element.
siRNA Depletion of SRSF3 Decreases G6PD mRNA

Accumulation—To test the functional significance of SR pro-
teins in regulating splicing of G6PD mRNA in cells, we used a
loss of function approach. siRNA-mediated knockdowns of
SRSF3 and SRSF4 were performed in a clonal isolate of HepG2
cells stably expressing a G6PD splicing reporter (Fig. 5A).
HepG2 cells were used as a liver cell model because they can be
transfected with a higher efficiency than primary rat hepato-
cytes. The splicing reporter, p�-gal ex12-ex13 (Fig. 5A), con-
tains exon 12, intron 12, exon 13, and the 3�-UTR of G6PD
ligated to the�-galactosidase gene. This construct retains splic-
ing regulation by insulin and fatty acid (2) and permits evalua-
tion of SR protein activity involving the exon 12 ESE without
interference from regulatory elements in other exons of the
G6PD precursor mRNA. Knockdowns of SRSF3 and SRSF4
were 80 and 70%, respectively, across three separate experi-
ments (Fig. 5, B and C). In each case, knockdown of the specific

FIGURE 3. SRSF3 and SRSF4 bind to the splicing regulatory element. An RNA affinity assay was performed using liver nuclear extracts (250 �g of protein) and
RNA oligonucleotide-bead complexes representing the regulatory element (nucleotides 43–72 of exon 12 of G6PD), a control region (nucleotides 79 –93 of
exon 12 of G6PD), or with the beads alone as a control for nonspecific binding to the beads. A, the nuclear extracts used in the affinity assay were analyzed by
Western analysis with an antibody (16H3, Pan SR) that detects most SR proteins independent of phosphorylation state. Because of its lower abundance in liver
nuclear extracts, SRSF3 was detected in a second blot using more nuclear protein. B and C, proteins eluted from the bead/oligonucleotide complexes were
detected by Western analysis using the Pan SR antibody (B) or an antibody against SRSF3 (C). The protein marker (kDa) is indicated to the left of each set of gels.
The asterisk indicates a nonspecific band that was not detected when the blot was reprobed with the phosphorylated SR protein-specific antibody (1H4; not
shown). Each RNA affinity assay is a representative of three experiments performed using two independent nuclear extract preparations; all experiments
showed the same results. IB, immunoblot.
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SR protein did not result in a significant difference in the
expression of other members of the SR protein family or the
control proteins lamin A/C (Fig. 5B and data not shown).
Knockdown to greater than 80% could be achieved but resulted
in decreased expression of the other SR proteins. The 80%
decrease in SRSF3 amount was accompanied by a significant
inhibition (60%) of the expression of theG6PD reporter RNA in
the absence of an effect on cyclophilin BmRNA, an endogenous
control (Fig. 5D, left graphs). The decrease in G6PD reporter
expression represented a decrease in the amount of spliced
RNA for this reporter (Fig. 5D, bottom right graph). In addition,
a significant decrease was also observed in the expression of the
endogenous G6PD mRNA (Fig. 5D, top right graph). In con-
trast, depletion of SRSF4 did not inhibit expression of the splic-
ing reporter or the endogenous G6PD gene (Fig. 5D).
To test for cell type-specific effects of knockdown, we

employed a similar strategy inHeLa cells transiently expressing
the reporter construct (Fig. 5A). Depletion of SRSF3 by 80% or
more (Fig. 6, A and B) resulted in significant decreases in accu-
mulation of RNA from both the transiently transfected splicing
reporter and the endogenous G6PD gene (Fig. 6C). Accumula-
tion of the reporter mRNA was inhibited by 44%, and accumu-
lation of mRNA for the endogenous G6PD gene was inhibited
by 30% in comparison with cells transfected with nontargeting
siRNA. These decreases are physiologically significant because
the total elimination of G6PD expression causes embryonic
lethality (34). Similar to the results with HepG2 cells, knock-
down of SRSF4 by 90% or more (Fig. 6, A and B) did not inhibit
accumulation of either the reporter or the endogenous G6PD
mRNAs and, in fact, increased expression 1.9-fold compared
with nontargeting siRNA (Fig. 6C). As a negative control,
siRNA against SRSF6 was used because SRSF6 does not bind to
the exon 12 regulatory element (Fig. 3B). siRNA treatment
depleted SRSF6 by 94% compared with the nontargeting
siRNA, but this decrease did not inhibit expression of the splic-
ing reporter RNA (Fig. 6). A small decrease in endogenous

G6PD expression was observed in these cells upon SRSF6
knockdown, which may reflect a potential interaction with
other exons within the G6PD transcript (Fig. 6C). As in the
HepG2 cell, knockdown of each SR protein did not significantly
impact the expression of the other SR proteins (Fig. 6A and data
not shown). Together, these data demonstrate that SRSF3 is
involved in splicing of G6PD RNA across multiple cells types.
Refeeding Enhances Binding of SRSF3 to the Splicing Regula-

tory Element inVivo—Toverify that SRSF3 binds to the splicing
regulatory element in intact cells, we used RIP and primers
within exon 12 that amplify the region containing the regula-
tory element. In HepG2 cells, a 6-fold enrichment of SRSF3
binding was observed as compared with immunoprecipitation
using the isotype control, IgG (Fig. 7A). To verify that the
detected bindingwas not due to cross-reactivity of the antibody
with other SR proteins, HepG2 cells were transiently trans-
fected with SRSF3 containing a FLAG tag (Fig. 7B). When RIP
was performed with an anti-FLAG antibody, SRSF3 binding to
the splicing regulatory element increased 13- and 7.5-fold com-
pared with immunoprecipitation with IgG in experiments 1
and 2, respectively (Fig. 7B).

The ability of nutritional status to regulate binding of SRSF3
to the G6PD regulatory element was measured using RIP in the
livers of mice that were starved or starved and then refed fol-
lowed by formaldehyde cross-linking (Fig. 7C). SRSF3was pres-
ent in 6-fold greater abundance on the regulatory element in
the refed livers as compared with IgG; furthermore, SRSF3
binding was enhanced by 6-fold or more in refed livers as com-
pared with its binding to the regulatory element in the livers of
fasted mice. This dietary paradigm causes a 7-fold or more
increase in G6PD mRNA abundance (13) and a similar fold
increase in the splicing of exon 12 (15). To the best of our
knowledge, these are the first data to demonstrate that nutri-
tional status regulates the presence of an SR protein on a splic-
ing regulatory element and that this binding alters the splicing
of the transcript.

FIGURE 4. Purified SRSF3 binds to the regulatory element in exon 12. RNA EMSA was performed using a fluorescently labeled probe representing the
regulatory element in exon 12. A, the sequence of the regulatory element and the mutant competitors (Mut1, Mut2, and Mut3). The box denotes the mutated
sequence. B, purified recombinant GST-tagged SRSF3 (270 ng) visualized by Western analysis using an SRSF3 specific antibody. The GST tag shifts the apparent
molecular mass to 55 kDa. C, EMSA. Each reaction contained 270 ng of SRSF3 and 100 fmol of probe. Competitions used 10�, 50�, and 100� molar excess of
competitor RNA. wt refers to the unlabeled probe.
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DISCUSSION

Understanding how nutrients and hormones affect the splic-
ing process introduces a new paradigm for regulating cellular
function. Because the majority of genes undergo alternative
splicing, this process is central in determining the protein com-
position of cells. G6PD was the first gene identified in which
nutritional status regulates its expression by alternative splic-
ing, specifically, intron retention (1, 2). In this report, we dem-
onstrate that SR proteins are targets for the actions of insulin
and the polyunsaturated fatty acid arachidonic acid, resulting in
changes in their amount and phosphorylation state and
enhanced presence at an ESE within the G6PD gene during
active transcription. Of the SR proteins, SRSF3 is playing a spe-
cific role in the regulation of G6PD mRNA splicing. A specific
role of this protein in nutrient-regulated splicing is supported
by the specific binding of SRSF3 to the splicing regulatory ele-
ment in the G6PDmRNA, the decrease in G6PD RNA splicing

upon SRSF3 depletion, and the regulated binding of SRSF3 to
the G6PD regulatory element in the livers of starved and refed
mice.
SRSF3 functions in both alternative splicing and mRNA

transport to the cytosol (35, 36). Our data suggest that SRSF3 is
regulating splicing of G6PD mRNA rather than transport
because the loss of SRSF3 decreased the accumulation of
spliced RNA (Figs. 5 and 6). The binding of SR proteins to exon
12 as detected using ChIP (Fig. 2) requires that the proteins be
present during active transcription of the RNA and possibly
associated with the C-terminal domain of RNA polymerase II.
Although the ChIP data does not specifically identify which SR
proteins are present, the in vitro binding data (Figs. 3 and 4)
indicate that only SRSF3 and SRSF4 bind to exon 12.
SRSF3 clearly binds to the regulatory element both in vitro

and in intact cells and tissues; however, this element does not
contain a canonical SRSF3-binding site. SRSF3-binding sites

FIGURE 5. siRNA-mediated depletion of SRSF3 reduces the splicing of a G6PD reporter and the endogenous G6PD mRNA. HepG2 cells stably expressing
a splicing reporter were transiently transfected with siRNA pools directed against SRSF3, SRSF4, or with a nontargeting control siRNA (NT) for 48 h, after which
the cells were harvested for isolation of total RNA and preparation of whole cell protein lysate. A, schematic representation of the splicing reporter, p�-gal
ex12-ex13. The construct contains mouse genomic DNA encompassing exon 12 (nucleotides 37–93), intron 12, and exon 13 of the G6PD gene ligated to
�-galactosidase and under the transcriptional control of a CMV promoter. B, representative Western blot of whole cell lysate probed with antibodies against
phosphorylated SR proteins (top panels), SRSF3 (middle panels), and lamin A/C (bottom panels). C, quantitation of SRSF3 and SRSF4 knockdown for three
separate siRNA experiments in HepG2 cells. The asterisk indicates a significant difference (p � 0.05). D, total RNA isolated from HepG2 cells following
knockdown was used to measure the amounts of RNA for the splicing reporter (p�-gal ex12-ex13), the endogenous G6PD transcript, cyclophilin B, and the
amount of spliced reporter RNA (spliced RNA). The asterisk indicates a significant difference (p � 0.05), n � 3 independent knockdown experiments. IB,
immunoblot.
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that have been identified using SELEXorCLIP-seq are CU- and
CA-rich sequences (37, 38). Putative SRSF3-binding sites con-
forming to these known consensus sequences occur just 5� of
the regulatory element and overlapping the 3� end of the ele-
ment, respectively. Results using RNAEMSA support the bind-
ing of SRSF3 to the 3� end of the regulatory element (Fig. 4).
Although the EMSA data confirm that SRSF3 can bind the reg-
ulatory element, in vivo, SRSF3may be interactingwith another
RNA-binding protein. The chemical cross-linking used in the
RIP analysis permits both protein-RNA and protein-protein

cross-links. UV cross-linking could discriminate between these
possibilities but cannot be applied to intact tissue. Nonetheless,
sequences are present within G6PD exon 12 and/or the regula-
tory element that support SRSF3 recruitment.
Most remarkable is the large change in SRSF3 binding with

refeeding. This is the first demonstration of regulated binding
of SR proteins to mRNA in response to nutritional status.
Although both SRSF3 and SRSF4 bound to the splicing regula-
tory element in vitro, only the binding of SRSF3was relevant for
increased splicing of G6PD mRNA. In this regard, knockdown

FIGURE 6. siRNA-mediated depletion of SRSF3 reduces splicing of G6PD in HeLa cells. HeLa cells were transiently transfected with the splicing reporter (Fig.
5A) and siRNA against SRSF3, SRSF4, SRSF5, and the nontargeting control. A, whole cell lysates were prepared from HeLa cells 24 h after transfection. Western
analysis was performed with antibodies against multiple SR proteins (mAB104), SRSF3, and lamin A/C. A representative blot is shown. B, quantitation of SR
protein knockdown for five (SRSF3) and four (SRSF4 and SRSF6) separate experiments. C, the expression of the transiently transfected G6PD reporter (p�-gal
ex12-ex13), endogenous G6PD gene, and cyclophillin B gene in each of these experiments was measured by real time RT-PCR. The asterisk indicates a
significant difference (p � 0.05). IB, immunoblot.
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of SRSF4 failed to decrease expression of G6PDmRNA (Figs. 5
and 6). This does not completely rule out involvement of
SRSF4, because its loss could have been compensated for by the
closely related SRSF6 (39); however, knockdown of SRSF6 did
not decrease G6PD RNA accumulation. The involvement of
SRSF3 in the nutritional regulation of splicing is further sup-
ported by the regulation of SRSF3 phosphorylation and amount
in response to insulin and arachidonic acid. Upon phosphory-
lation, SR proteinsmove from the cytoplasm to the nucleus and
from sites of concentration within the nucleus, called speckles,
to nascent RNA at transcription sites (8). In addition, phosphor-
ylation enhances binding to RNA regulatory elements and pro-
tein-protein interactions (40, 41). SR proteins bound to the
G6PD regulatory element during transcription were phosphor-
ylated based on their detection with a phosphorylation-specific
antibody in ChIP analysis (Fig. 2). The increase in binding of SR
proteins during refeeding is in contrast with our earlier data
demonstrating an opposite pattern of binding by proteins that
silence splicing. In this regard,members of the hnRNP family of
splicing silencing proteins, K, L, and A2/B1, bind to the G6PD
regulatory element in the starved state, and this binding is
decreased by refeeding (19). Competition between SRSF3 and
splicing silencers has been demonstrated in regulation of the
alternative splicing of the insulin receptor (36). A similar com-
petition for binding may be part of the regulatory mechanism
controlling G6PD splicing in response to nutrients and nutri-
tional status.

External stimuli and hormones can exert an effect upon
splicing by increasing or decreasing the expression of splicing
factors and/or by changing their activity (9, 10, 42, 43). A con-
siderable body of literature supports a broad role of insulin
in alternative splicing. The results from splicing-sensitive
microarrays performed with insect cells indicated that greater
than 150 genes undergo alternative splicing in response to insu-
lin treatment (44). In mammalian cells, insulin regulates alter-
native splicing of PKC�II (45, 46). The effect of insulin upon
alternative splicing of PKC�II is coincident with an increase in
the phosphorylation of SRSF5 (11). In hepatocytes in culture,
insulin increases G6PD mRNA and increases SR protein phos-
phorylation, including phosphorylation of SRSF3 (Fig. 1). The
coincident increase in G6PD splicing and SRSF3 binding with
refeeding likely involves a regulatory role for insulin because
insulin is required for the diet-mediated increases in G6PD
expression (1).
Previous evidence from our lab demonstrates that the

increase in splicing of G6PD that we observe with insulin treat-
ment is due to an increase in its signaling through the PI3K
pathway, whereas arachidonic acid treatment attenuates insu-
lin signaling by inhibiting PI3K activity (47). Arachidonic acid
decreases the amount of phosphorylated SR proteins and
causes a coincident decrease in the accumulation of G6PD
mRNA (Fig. 1). The presence of a consensus sequence for Akt
phosphorylation in the RS domain of SRSF3 suggests that this
protein can be a target of insulin action directly. Insulin action

FIGURE 7. SRSF3 specifically binds to the splicing regulatory element in vivo and refeeding enhances the binding of SRSF3 to the splicing regulatory
element in mouse liver. A, HepG2 cells were cross-linked with formaldehyde, and SRSF3 was immunoprecipitated from the lysates. G6PD RNA bound to SRSF3
was detected using primers, which amplify the region between nucleotides 11 and 85 in exon 12 (the regulatory element spans nucleotides 43–72). Immu-
noprecipitation (IP) with IgG was used as control for nonspecific binding to antibody. The amount of RNA detected is expressed relative to the input RNA in each
sample. The data are the means 	 S.E. of four separate immunoprecipitations. B, HepG2 cells were transiently transfected with FLAG-tagged SRSF3. The cells
were chemically cross-linked 48 h after transfection, and SRSF3 was immunoprecipitated with anti-FLAG antibody. The results of two separate experiments are
shown. C, mice were either starved for 18 h or starved for 18 h and refed a high carbohydrate diet for 12 h. RIP was performed on the chemically cross-linked
livers using an antibody against SRSF3 or IgG. G6PD RNA immunoprecipitated with SRSF3 or IgG was detected with real time RT-PCR and primers to the region
of exon 12 (nucleotides 18 – 89) that contains the splicing regulatory element (nucleotides 43–72). The amount of detected RNA is expressed relative to the
input RNA in each sample. The data are the means 	 S.E. of three mice/group. D, total RNA was isolated from a portion of each liver used in the RIP analysis.
G6PD mRNA was measured using real time RT-PCR as previously described. Each bar is the mean 	 S.E. of three mice. The asterisk indicates a significant
difference (p � 0.05).
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could also be indirect via stimulation of the SR protein kinase
Clk/Sty, which is known to phosphorylated upon insulin treat-
ment (10). Consistent with this concept, the phosphorylation-
specific antibody used in these studies detects phosphoryla-
tions by multiple kinases including Clk/Sty. Identifying the
relevant kinases involved in SR protein phosphorylation in
intact liver and primary rat hepatocyte cultures is the subject of
ongoing investigations in the laboratory. The decrease in phos-
phorylation of SR proteins with arachidonic acid treatment
may be the result of reduced insulin signal transduction, or
alternatively, may be due to an increase in phosphatase activity.
The bioactive lipid, ceramide, reduces phosphorylation of SR
proteins via activation of protein phosphatase 1 (48), and
arachidonic acid has been shown to induce ceramide produc-
tion from sphingomyelin in HL-60 cells (49).
The finding that insulin, arachidonic acid, and nutritional

status regulate the phosphorylation and/or amount of the SR
proteins has consequences beyond the regulation of G6PD
expression. SR proteins enhance the splicing of multiple genes;
thus, nutritional status could impact the splicing of many tran-
scripts in addition to G6PD. In this regard, splicing of the insu-
lin receptormRNA is also regulated by SRSF3, and the resulting
isoform switch may be involved in liver development and/or
liver regeneration (36). Increased SRSF3 abundance in tumors
and cancer cells and identification of multiple SRSF3 targets in
differentiating neural cells highlight amuch broader role of this
protein in organisms (50).
In summary, these data indicate that nutrients and nutri-

tional status induce changes in the activity of SR proteins,
which impacts the splicing of a metabolic gene. Nutrient-regu-
lated splicing provides another layer of control over gene
expression beyond the well described effects upon transcrip-
tion (29). We hypothesize that the RNA transcripts of other
metabolic genes are regulated by nutrients at the step of splic-
ing. Fully understanding the process by which our metabolic
organs regulate splicing in response to nutrients and hormones
will provide a new paradigm for nutrient regulation of cellular
function.
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