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RBM4 Promotes Pancreas Cell Differentiation and Insulin Expression
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The RNA-binding protein RNA-binding motif protein 4 (RBM4) modulates alternative splicing of muscle-specific mnRNA iso-
forms during muscle cell differentiation. To better understand the physiological function of RBM4, we exploited a gene knock-
out strategy in the present study. Mice with targeted disruption of one of the two Rbm4 genes exhibited hyperglycemia coinci-
dent with reduced levels of serum insulin and reduced size of pancreatic islets. The embryonic pancreases of Rbm4-deficient
mice showed reduced expression or aberrant splicing of many transcripts encoding factors required for pancreas cell differentia-
tion and function. Using pancreatic acinar AR42]J cells, we demonstrated that RBM4 promoted insulin gene expression by alter-
ing the isoform balance of the transcription factors Isl1 and Pax4 via alternative splicing control. RBM4 overexpression was suf-
ficient to convert AR42] cells into insulin-producing cells. Moreover, RBM4 may mediate glucose-induced insulin expression
and insulin receptor isoform switches. These results suggest that RBM4 may have role in promoting pancreas cell differentiation
and endocrine function, essentially via alternative splicing regulation.

he proteomic complexity of mammalian genomes is greatly

expanded by the selective use of exons via alternative splicing.
The spatiotemporal expression of alternatively spliced mRNA iso-
forms contributes substantially to cell differentiation and fate
specification and hence influences organogenesis. Reprogram-
ming of alternative splicing during cell differentiation can be
achieved by induction of a tissue-specific splicing regulator or by
switched expression of one factor to another one that has different
or even antagonistic splicing activities. Alternative splicing also
provides a mechanism for responding to metabolic prompts (1,
2). Gaining comprehensive insight into alternative splicing re-
mains an imperative goal in the postgenome era.

The RNA-binding motif 4 (RBM4) protein has multiple func-
tions in mRNA metabolism; it primarily modulates alterative
splicing of precursor mRNAs and regulates mRNA translation (3).
We previously reported that RBM4 represses expression of the
splicing factor polypyrimidine tract-binding protein (PTB) via
alternative splicing-coupled nonsense-mediated mRNA decay
during muscle cell differentiation (4). Moreover, RBM4 also mod-
ulates the use of alternative exons of many mRNAs encoding mus-
cle differentiation factors or cytoskeletal proteins. Therefore, we
deduced that RBM4 promotes myogenesis through its role in al-
tering the repertoire of mRNA isoforms. To further our under-
standing of the physiological function of RBM4, we attempted to
exploit the gene knockout strategy in mice. Previous splicing fac-
tor knockout and transgenic studies have revealed the functional
consequences of alternative splicing in mammalian development
and physiological processes (5). For example, cardiac tissue-spe-
cific disruption of the splicing factor gene SrsfI resulted in abnor-
mal cardiac phenotypes in mice and, moreover, revealed a group
of transcripts that are targets of SRSF1 and are involved in sarcom-
ere function and Ca>" signaling (6).

Here, by using Rbm4 knockout mice, we found that RBM4 may
also play a role in pancreas cell differentiation. The pancreas is a
heterogeneous organ that comprises exocrine acinar cells and
ducts that produce and deliver, respectively, digestive enzymes,
and it contains islets of Langerhans that secrete various endocrine
hormones (7). Differentiation of pancreatic endocrine cells is
tightly controlled by the sequential expression and activation of
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transcription factors (8). The pancreatic and duodenal homeobox
1 gene (Pdx1) governs early pancreas development. Pdx1-express-
ing endodermal cells are the common progenitors of both endo-
crine and exocrine lineages that appear at the 15-somite stage and
diverge in mice at embryonic days 9.5 to 13.5. The transcription
factor neurogenin-3 (Ngn3) is expressed only in endocrine pro-
genitor cells and is required for the specification of the endocrine
lineage. Subsequently, two paired-box family transcription fac-
tors, Pax4 and Pax®6, trigger the differentiation of the endocrine
pancreatic o (glucagon-producing) and @ (insulin-producing)
cells, respectively. Moreover, Pax4 and Pax6, as well as several
other transcription factors, including the LIM/homeodomain
protein islet 1 (Isl1), differentially regulate the expression of pan-
creatic endocrine hormones. The isoforms of Pax4 and Pax6 and
Isll are generated by alternative splicing and possess different
transcriptional potencies (9-11). It is as yet unclear how the ex-
pression of these isoforms is regulated and how they coordinately
modulate endocrine expression and even fine-tune pancreas de-
velopment.

Herein, we provide evidence for defective pancreas cell differ-
entiation and function in Rbm4-deficient mice and demonstrate
that RBM4 promotes the expression of pancreatic differentiation
factors and insulin essentially via its role in the regulation of alter-
native splicing.

MATERIALS AND METHODS

Generation and characterization of Rbm4 knockout mice. The Rbm4a
and Rbm4b targeting constructs were established by using a recombineer-
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ing procedure (12). In the mouse genome, the Rbm4a and Rbm4b genes
are oriented in opposite directions, but their exons and introns are simi-
larly organized, with four exons and three introns (see Fig. SIA in the
supplemental material). A 13-kb DNA genomic fragment consisting of
the Rbm4a and Rbm4b genes was retrieved from the bacterial artificial
chromosome (BAC) clone BMQ-44705 (Wellcome Trust Sanger Insti-
tute) and inserted into the vector ploxpNT (13) to replace the loxP-neo
cassette (see Fig. S1A). To generate the Rbm4a targeting vector, an Rbm4a
gene fragment containing most of exon 2 was deleted and replaced with a
cassette containing a promoterless enhanced green fluorescent protein
(EGFP) gene (14) and a neomycin resistance gene (neo) flanked by two
loxP sites from plasmid pL452 (12). The Rbm4b targeting vector was anal-
ogously constructed but contained a promoterless DsRed-mammalian
sterile 20 (MST) gene. Therefore, the EGFP and DsRed-MST reporter
genes were under the transcriptional control of the Rbm4a and Rbm4b
promoters, respectively. The targeting vectors were then linearized with
Notl and electroporated into R1 mouse embryonic stem cells. We con-
firmed integration of the targeting sequences in G418- and ganciclovir-
resistant embryonic stem clones using Southern blotting. Subsequently,
the homologous recombinant clones were injected into C57BL/6 blasto-
cysts and transferred to pseudopregnant imprinting control region (ICR)
mice to produce chimeras. The resulting chimeric males were mated with
C57BL/6 females to transmit the disrupted Rbm4 allele to the agouti 129-
C57BL/6 hybrid offspring. Following the standard procedure (15),
heterozygous mice were generated and their genotypes confirmed by PCR
analysis (see Fig. S1B in the supplemental material).

Glucose metabolic assays. The prestudy body weights (BW) of the
mice were recorded. We followed standard procedures (16) for perform-
ing glucose and insulin tolerance tests on 8-week-old Rbm4 knockout
mice and wild-type littermates. Essentially, after an overnight fast, mice
were orally fed glucose (1.5 mg/g BW) or intraperitoneally injected with
recombinant human insulin (0.75 U/g BW) (Sigma) for the glucose tol-
erance and insulin tolerance tests, respectively. The blood glucose levels
were measured using a glucometer (Roche) at various time points.

Histological examination and fluorescence microscopy. For immu-
nohistochemical analyses, the pancreases of 16-week-old Rbm4 knockout
or wild-type mice were fixed in 4% paraformaldehyde at 4°C overnight
and embedded in paraffin. Deparaffinized sections (5 pm thick) were
incubated with antibodies against insulin or glucagon (1:1,000) (Abcam).
The secondary antibody used was horseradish peroxidase-conjugated
goat anti-rabbit or anti-mouse IgG (1:200) (Jackson ImmunoResearch
Labs). Staining was performed using 3,3-diaminobenzidine tetrahydro-
chloride (Dako) as the substrate. Hematoxylin-eosin staining was per-
formed using pancreas tissues from 8-week-old mice; samples were exam-
ined at low magnification with an Olympus BX51 microscope. On
embryonic day 13.5 (E13.5), mouse embryos of wild-type or Rbm4a or
Rbm4b knockout mice were placed in petri dishes filled with phosphate-
buffered saline (PBS) and examined by fluorescence microscopy using a
Zeiss Lumar V12 fluorescence microscope equipped with a charge-cou-
pled-device (CCD) camera (AxioCam HRc) and filters for DsRed (exci-
tation, 545 * 15 nm; emission, 620 = 30 nm) and GFP (excitation, 470 *
20 nm; emission 525 * 25 nm).

Preparation of MEFs. Mouse embryonic fibroblasts (MEFs) were pre-
pared as reported (17) from individual E14.5 embryos bearing the wild-
type, Rbm4a '~ or Rbm4b~'~ genotype. In brief, the head and internal
organs were removed, and the rest of the trunk was minced and dispersed
in 0.25% trypsin for 20 min at 37°C. Cells were grown, maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum, and used for experiments within four passages.

Cell cultures and transfection. HEK293 cells were cultured and trans-
fected as described previously (18). Rat AR42] cells were grown in DMEM
containing 2.5 mM glucose and 10% fetal bovine serum; the medium was
refreshed every 2 days. For glucose challenges, cells were treated with 40
mM glucose for 1 h.
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Adenovirus transduction. To overexpress the RBM4 protein, we used
the adenovirus expression system. The full-length mouse Rbm4a cDNA
was PCR amplified and inserted into the KpnI-Xhol sites of the vector
pShuttle-CMV (cytomegalovirus) (Agilent Technologies). Recombinant
Rbm4-expressing adenovirus Ad-Rbm4 was produced by homologous
recombination of pShuttle-CMV-Rbm4 with the pAdEasy-1 adenoviral
vector (Agilent Technologies) in Escherichia coli strain BJ5183 according
to the manufacturer’s instructions. The adenoviral vector expressing an
Rbm4-targeting short hairpin RNA (Ad-shRbm4) has been described
(18). Adenovirus propagation and titers were determined according to the
manufacturer’s instructions. The adenoviral vector expressing Ngn3 was a
kind gift of Chia-Ning Shen (Academia Sinica).

Plasmid construction. The pGL4.10-hINS (pGL-hINS) reporter con-
taining the human insulin promoter was a kind gift of Kevin Ferreri
(Beckman Research Institute of City of Hope, CA). The expression vector
encoding FLAG-tagged RBM4 has been described (18). The cDNAs en-
coding mouse Isl1 and Pax4 and their isoforms were obtained by reverse
transcriptase PCR (RT-PCR) using total RNA prepared from MEFs as the
template and then inserted into pcDNA3.1 (Invitrogen) to generate the
FLAG-tagged expression vectors; the constructs were confirmed by DNA
sequencing.

ELISAs. Measurements of the insulin levels in mouse serum and in
ARA42]J cell culture supernatants were performed with the rat/mouse insu-
lin enzyme-linked immunosorbent assay (ELISA) kit from Millipore ac-
cording to the manufacturer’s protocol.

RNA extraction and RT-PCR analyses. Total RNA was extracted
from cultured cells or tissues using TRIzol reagent (Invitrogen). For RT-
PCR, 2 pg of RNA was reverse transcribed with SuperScript III (Invitro-
gen) in a 10-pl reaction mixture followed by PCR using specific primers.
After electrophoretic separation, the resulting products were blotted and
probed with specific **P-labeled forward primers.

Immunoblotting. Immunoblotting of cell lysates was performed us-
ing the enhanced chemiluminescence system (Millipore). The images
were analyzed by the LAS-3000 imaging system (Fujifilm). The primary
antibodies used in this study included polyclonal antibodies against
RBM4 (18), FLAG epitope (Sigma-Aldrich), tubulin (Thermo Fisher Sci-
entific), total and phosphorylated p38 mitogen-activated protein kinase
(MAPK) (Cell Signaling Technology), AKT (Cell Signaling Technology),
and p44/p42 MAPK (Cell Signaling Technology).

Transcription assay. HEK293 cells were seeded in 12-well plates (2 X
10° cells/well) 24 h prior to transfection. The transfection reaction mix-
ture contained 0.25 g of the pGL-hINS firefly luciferase reporter, 1 g of
effector-expressing vector, and 0.1 pg of the pRL-SV40 Renilla luciferase
vector (Promega) as a reference. After 24 h, the transfectants were col-
lected and lysed with Promega passive lysis buffer, and cell debris was
removed following centrifugation. The activities of firefly and Renilla lu-
ciferases were determined using the dual-luciferase assay kit (Promega).

RESULTS

Aberrant splicing in Rbm4-deficient mice. Mouse genomes have
two adjacent copies of Rbm4 (Rbm4a and Rbm4b) that are ori-
ented in opposite directions on the same chromosome, but their
exons and introns are organized similarly (Fig. 1A). We disrupted
each Rbm4 gene by a conventional strategy (see Materials and
Methods; see also Fig. S1A in the supplemental material) and gen-
erated homozygous mutant progeny, namely, Rbm4a '~ and
Rbm4b ™'~ mice, whose genotypes were also confirmed by PCR
(Fig. 1B). These homozygous mice were viable and fertile without
an obvious phenotype. Rbm4a disruption completely abolished
Rbm4a mRNA expression in mouse embryonic fibroblasts
(MEFs), as was expected, but somewhat increased the Rbm4b
mRNA level (Fig. 1C). An analogous result was observed in
Rbm4b ™'~ MEFs (Fig. 1C); the mechanism by which ablation of
one Rbm4 copy resulted in increased expression of the other is still
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FIG 1 Rbm4-deficient mice exhibit aberrant splicing. (A) Schematic of mouse Rbm4 gene organization. (B) Genotyping of Rbm4 knockout mice. Genomic DNA of
wild-type, Rbm4a, or Rbm4b knockout mice was analyzed by PCR using specific primers (see Table S1 in the supplemental material). (C) Top, total RNA of wild-type
or Rbm4 knockout MEFs was examined by RT-PCR using gene-specific primers. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as a control. Bottom,
immunoblotting of whole-cell lysates was performed using an antibody against RBM4 or a-tubulin. WT, wild type. The anti-RBM4-reactive band with a slightly lower
rate of gel mobility in Rbrm4b~'~ MEFs represents RBM4a. (D) Total RNA of WT or Rbm4a~'~ MEFs was examined by RT-PCR using primer sets (see Table S1) that
distinguish splice isoforms of a-tropomyosin (a-TM) (sk, skeletal; sm, smooth), IR, and Pax3. Gapdh was used as a loading control. (E) RT-PCR was performed using
total RNA extracted from skeletal muscles of the WT and Rbm4 knockout mice. For panels D and E, the PCR products were blotted and detected with *2P-labeled forward

primers.

unclear. Nevertheless, immunoblotting showed a significant re-
duction of RBM4 protein levels in Rbm4a '~ MEFs and a mod-
erate reduction in Rbm4b~'~ MEFs (Fig. 1C). Because the expres-
sions of the EGFP and DsRed-MST transgenes were under the
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control of the Rbm4a and Rbm4b promoters, respectively, we ex-
amined their distributions in Rbm4 knockout mouse embryos. As
shown in Fig. S1C in the supplemental material, both fluorescent
proteins were expressed in all tissues, but the signal of DsRed-
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FIG 2 Rbm4-deficient mice exhibit aberrant glucose metabolism. Eight-week-old wild-type (WT) and Rbm4a '~ male mice were subjected to the following
measurements or tests: body weight (WT, 30.90 = 1.247 g [n = 5], Rbm4a™'~,27.10 = 0.509 g [n = 5]; P < 0.01) (A), fasting and postprandial levels of serum
insulin (B), glucose tolerance tests of fasting and refed mice (C), and insulin tolerance tests of fasting and refed mice (D). For panels B through D, the mean and
standard deviation were obtained from three mice (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).

MST was high in the neural tube, suggesting that RBM4b may
have a role in the developing central nervous system.

Next, we checked the alternative splicing patterns of several
RBM4 target transcripts in Rbm4 knockout mice. RT-PCR
showed that the expression level of the skeletal muscle isoform of
a-tropomyosin was reduced, with a concomitant increase in the
smooth muscle isoform level, in Rbm4a~'~ and Rbm4b~'~ MEFs
and in the muscle and heart of 8-week-old knockout mice (Fig. 1D
and E; see also Fig. SID and E in the supplemental material),
consistent with our previous observations in RBM4-depleted
HEK293 cells (18). Moreover, we observed that Rbm4 knockout
MEFs and adult muscles had higher levels of exon 11-skipped
insulin receptor (IR), i.e., the insulin-insensitive IR-A isoform
encoded by IR (19), and exon 8-skipped Pax3, which encodes a
dominant negative isoform of the muscle transcription factor
Pax3 (20) (Fig. ID and E). Therefore, this study has confirmed the
involvement of RBM4 in the alternative splicing regulation of
transcripts involved in muscle cell differentiation, as observed
previously in vitro (4).

Defective glucose metabolism in Rbm4-deficient mice. New-
born Rbm4 knockout mice did not exhibit any substantive growth
defects, but at 8 weeks their body weights were decreased by ~10%
compared to their wild-type littermates (Fig. 2A). We measured
glucose and insulin metabolism indices for Rbm4 knockout mice.
The results show that fasting Rbm4a~'~ male mice had signifi-
cantly lower levels of serum insulin (~0.45 ng/ml) than did the
wild-type mice (~1 ng/ml) and had an inefficient insulin response
to glucose challenge (Fig. 2B). The results of the glucose tolerance
test show that Rbm4a '~ mice were hyperglycemic (~218 mg/dl
versus ~158 mg/dl in wild-type mice) after an 8-h fast, and their
blood glucose levels were 1.5- to 1.7-fold higher than those of the
wild-type mice after glucose feeding (Fig. 2C). Similar results were
observed for the Rbm4b~'~ mice (see Fig. S2 in the supplemental
material). This hyperglycemic tendency of Rbm4 knockout mice
was consistent with their lower insulin levels (Fig. 2B). Neverthe-
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less, within 60 min after intravenous injection of insulin,
Rbm4a ™'~ mice showed rates of glucose decline similar to those of
wild-type mice (Fig. 2D), indicating the apparently normal insulin
sensitivity of Rbm4a~'~ mice. However, blood glucose levels of
the Rbm4 knockout mice recovered slowly from hypoglycemia in
the later stages of the insulin tolerance test, which indicates that
they might have had additional defects in glucose metabolism
(Fig. 2D). Together, these results suggest a role for RBM4 in glu-
cose metabolism.

RBM4 promotes the expression of endocrine differentiation
factors and insulin. Next, we examined pancreas morphology in
Rbm4 knockout mice. Hematoxylin and eosin staining of mouse
pancreas sections showed significantly and moderately reduced
islet sizes in Rbm4a and Rbm4b knockout mice, respectively
(Fig. 3A, top row). This observation was confirmed by immuno-
histochemical analyses using anti-insulin and antiglucagon
(Fig. 3A, top row) and also coincided with the reduced levels of
serum insulin (Fig. 2B). Next, using RT-PCR, we observed that the
insulin mRNA levels in Rbm4a™'~ embryonic pancreases were
largely reduced (~16% of wild-type levels) and that the glucagon
and somatostatin levels were also reduced by ~50% (Fig. 3B).
Moreover, RT-PCR showed that the expressions of transcription
factors for islet differentiation, including Pdx1, Ngn3, Neurodl,
and MafA, in Rbm4a™'~ embryonic pancreases decreased to dif-
ferent extents compared to those in wild-type mice (Fig. 3C).
These results revealed that Rbm4 deficiency impaired the forma-
tion of pancreatic islets and diminished the expression of genes
governing endocrine cell fate.

Acinar tumor-derived AR42] cells exhibit endocrine properties
upon overexpression of Ngn3 and produce insulin upon glucose
challenge (21). Using adenoviral vector-mediated gene transfer
into AR42]J cells, we observed that RBM4 overexpression sufficed
to induce the expression of several pancreatic transcription factors
that we examined as described above and that the effect of RBM4
was, in general, more efficient than that of Ngn3 (Fig. 3D). More-
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FIG 3 RBM4 promotes the expression of pancreatic differentiation factors. (A) Hematoxylin and eosin (HE) staining and immunohistochemical analyses using
anti-insulin and antiglucagon were performed on pancreatic sections of wild-type (WT), Rbm4a~'~,and Rbm4b~'~ mice. (B) Total RNA extracted from WT and
Rbm4a™'~ E13.5 pancreases was analyzed by RT-PCR using gene-specific primers (see Table S1 in the supplemental material). The number below each panel
indicates the relative level of each RT-PCR product of Rbm4a~'~ compared to that of WT. Gapdh was used as a loading and normalization control. (C) RT-PCR
was performed as described for panel B using primers (see Table S1 in the supplemental material) specific to the indicated factors, and the PCR products were then
blotted and detected with **P-labeled forward primers. (D) Total RNA was extracted from mock-infected (vec) or Ad-Ngn3- or Ad-Rbm4-infected AR42] cells

and subjected to RT-PCR and blotting analyses as described for panel C.

over, the overexpression of RBM4 significantly elevated the level
of insulin mRNA in AR42] cells, whereas Ngn3 was insufficient to
induce insulin expression, as reported previously (21) (see Fig.
5A). Therefore, RBM4 may act as a promoting factor in the con-
version of AR42] cells into an endocrine lineage.

RBM4 promotes insulin expression by modulating alterna-
tive splicing of pancreas-specific transcription factors. Next, we
attempted to explore whether RBM4 regulates insulin expression
via its role in alternative splicing regulation. We evaluated spliced
isoform expressions of several islet-specific transcription factors,
such as Isl1, Pax4, and Pax6, and membrane receptor and trans-
porter proteins, such as IR and glucose transporter 2 (Glut2) (9—
11, 19, 22) in Rbm4 knockout embryos. Total RNA from E13.5
pancreases was analyzed by RT-PCR using specific primer pairs
that could distinguish splice isoforms (see Table S1 in the supple-
mental material). The results show that the splicing patterns of all
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examined transcripts were altered in the Rbm4a '~ embryonic
pancreases (Fig. 4A), indicating that RBM4 may participate in the
control of alternative splicing of at least some pancreatic tran-
scripts that encode factors important for pancreas cell differenti-
ation and function. We assessed this possibility by overexpressing
RBM4 in AR42] cells. The results show that RBM4 overexpression
reversed the altered pattern of isoform expression observed for all
transcripts in Rbm4-deficient embryonic pancreases (Fig. 4B and
5A; see also Fig. S3 in the supplemental material). RBM4 could
promote the use of an alternative 3’ splice site within exon 5 of Is/1
and exon 7 skipping of Pax4, resulting in the expression of Isl13
and Pax4v, respectively. Using immunoprecipitation-RT-PCR,
we observed that RBM4 associated with endogenous Is/I and Pax4
transcripts (see Fig. S4 in the supplemental material), suggesting
that RBM4 plays a direct role in alternative splicing regulation of
these two transcripts. Moreover, RBM4 overexpression raised the
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FIG 4 RBM4 promotes insulin expression by modulating alternative splicing of pancreas-specific transcription factors. (A) RT-PCR was performed on total
RNA obtained from wild-type (WT) and Rbm4a '~ embryonic mouse pancreases using primers (see Table S1 in the supplemental material) that could
specifically distinguish the splice isoforms of the indicated genes. The PCR products were detected with **P-labeled primers as described for Fig. 3C. E, exon; Alt
3'SS, alternative 3’ splice site. (B) Alternative splicing of Isl1 and Pax4 was examined as described for panel A using total RNA extracted from mock-infected (vec)
or Ad-Ngn3- or Ad-Rbm4-infected AR42] cells. The percentage below each panel shows the Isl13/total Isl1 and Pax4v/total Pax4 ratios. The schematic diagram
shows alternative splicing of Isl1 and Pax4. (C) HEK293 cells were cotransfected with the pGL-hINS firefly luciferase reporter, the expression vector of effectors,
and the pRL-SV40 Renilla luciferase vector as a control. The bar graph shows the relative firefly versus Renilla luciferase activities; the means and standard
derivations were obtained from three experiments. The diagram shows Isl1 and Pax4 proteins and RBM4-induced isoforms.

overall Pax4 transcript level, suggesting that RBM4 may induce
Pax4 expression, reminiscent of a similar effect of RBM4 on other
pancreatic transcription factors (Fig. 3D). Overall, our data indi-
cate a direct role for RBM4 in alternative splicing regulation dur-
ing pancreas development.

The transcription factors Isl1 and Pax4 directly regulate insulin
promoter activity (23). The Isl13 and Pax4v isoforms are ex-
pressed in rodent insulinomas and appear to exhibit altered tran-
scriptional properties (9, 11). Thus, we suspected that the reduced
expression of insulin in Rbm4 knockout mice resulted from un-
balanced isoform expression of some transcription factors. There-
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fore, we examined the activity of RBM4-induced transcription
factor isoforms in insulin expression. Using the firefly luciferase
reporter driven by the human insulin promoter (pGL4.10-hINS
[pGL-hINS]) (24), we observed that overexpression of either Isl1
isoform could stimulate insulin promoter activity but that Isl13
was more potent than Islla in transactivation (Fig. 4C, Isl1), as
has been reported (9). Moreover, FLAG-tagged Pax4 suppressed
the insulin promoter by ~60%, whereas its exon 7-skipped iso-
form Pax4v had only a minor effect (Fig. 4C, Pax4, lanes 6 and 7).
Coexpression of Pax4v with Pax4 compromised the suppressive
effect of Pax4 on transcription (lane 8), suggesting that an in-
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treated with 40 mM glucose for 1 h. The expression levels of insulin and Gapdh mRNAs were examined by RT-PCR and blotting analyses. Alternative splicing of
IR was examined as described for Fig. 4A. The bar graph shows the levels of secreted insulin in virus-infected AR42]J cells as determined by ELISA; the means and
standard deviations were obtained from three independent experiments. (B) Immunoblotting was performed using specific antibodies against RBM4 or
a-tubulin in lysates prepared from mock- or glucose-treated AR42]J cells. (C) AR42]J cells were infected with empty vector (vec), Ad-Rbm4, or Ad-shRbm4 and
then treated with 40 mM glucose, except for lane 1. Immunoblotting of cell lysates was performed using a specific antibody against each indicated protein. The
bottom two panels show RT-PCR analyses of insulin and Gapdh mRNA as described for panel A.

creased Pax4v/Pax4 ratio could relieve Pax4-suppressed insulin
expression. Nevertheless, none of the tested transcription factors
affected the transcription activity of the mock reporter (see Fig. S5
in the supplemental material). Therefore, RBM4-mediated alter-
native splicing of Isll and Pax4 may play a role in modulating
insulin expression. Moreover, alternative splicing may act as a
mechanism for controlling the balance between the isoforms of
pancreas-specific transcription factors during development.

RBM4 plays a role in glucose-induced IR signaling. Glucose
can stimulate insulin expression and activate alternative splicing
of IR transcripts to produce the IR-B isoform (25). Indeed, we
obtained the same result in AR42] cells treated with 40 mM glu-
cose (Fig. 5A, lane 4). RBM4 overexpression also induced insulin
mRNA expression and promoted exon 11 inclusion of the IR tran-
script (lane 3). The similar effects of glucose treatment and RBM4
overexpression prompted us to further examine whether RBM4
mediates glucose-induced cell signaling. Moreover, our ELISA re-
sult showed a modest increase in secreted insulin upon RBM4
overexpression compared to glucose treatment (Fig. 5A, ELISA),
suggesting that RBM4 induces insulin expression primarily at the
transcriptional level, whereas glucose can also stimulate insulin
secretion (26).

We explored how RBM4 may mediate glucose signaling in
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AR42J cells. Using RT-PCR, we observed that glucose treatment
differentially increased the mRNA levels of both Rbm4 genes (see
Fig. S6 in the supplemental material). Accordingly, the RBM4
protein level was also increased (Fig. 5B). Next, we examined
whether RBM4 influences glucose-induced signaling effects. Glu-
cose treatment activates several protein kinase signaling pathways.
As has been reported (27-29), we observed enhanced phosphor-
ylation of Akt (on Thr308), extracellular signal-regulated kinase
1/2 (ERK1/2) (Thr202/Tyr204), and p38 kinase (Thr180/Tyr182)
in glucose-treated AR42J cells (Fig. 5C, lane 2). Glucose also in-
duced the expression of the IR-B isoform detected by antibodies
against the IR-a subunit as well as insulin mRNA expression (lane
2). RBM4 overexpression in AR42] cells treated with glucose
caused a prominent enhancement in p38 phosphorylation (lane
3). More importantly, RBM4 knockdown mediated by a short
hairpin RNA completely abolished glucose-induced p38 MAPK
and Akt activation and the expression of IR-B and insulin (lane 4),
suggesting an important role for RBM4 in glucose-induced signal-
ing. Moreover, we noted that RBM4 overexpression prevented
glucose-induced ERK phosphorylation, whereas its absence had
no effect on ERK (lanes 3 and 4). We reason that this was because
RBM4 induced the expression of IR-B, which may further the p38
MAPK and Akt pathways but disfavor ERK activation (see Discus-
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sion for details) (30). Therefore, RBM4 may act as an effector in
glucose-induced IR signaling pathways.

Overall, our data demonstrate that RBM4 promotes the ex-
pression of insulin and a splicing switch of IR toward the B iso-
form, which exhibits a high affinity for insulin. Therefore, we con-
clude that RBM4 likely plays a positive role in modulating gene
expression toward the endocrine cell lineage.

DISCUSSION

We have shown that mice carrying a knockout of a single Rbm4
gene developed essentially normally and survived long after birth,
unlike mice with knockouts of several other splicing factors, each
of which often causes early arrest of embryogenesis (5). This dif-
ference was probably due to the presence of two highly homolo-
gous copies of Rbm4 and their presumed redundant functions.
Nevertheless, ablation of a single copy of Rbm4 still perturbed
alternative splicing of many muscle and pancreatic transcripts in
embryos and adults (Fig. 1 and 4), similar to the scenario of path-
ological dysregulation or tissue-specific depletion of other splicing
factors (31). This study not only confirms the role of RBM4 as an
important splicing regulator during development but also may
assist future identification of tissue- or development-specific
mRNA isoform expression owing to RBM4 deficiency.

A hierarchical role for RBM4 in pancreatic gene expression.
Our study showed that Rbm4-deficient mice exhibited reduced
pancreatic islet sizes, lower fasting serum insulin levels, and glu-
cose intolerance (Fig. 2). Depletion of a single Rbm4 gene was
sufficient for reducing the expression or altering the splicing pat-
tern of several pancreatic transcripts during embryogenesis (Fig. 3
and 4). Using AR42] cells, we demonstrated that RBM4 regulated
the alternative splicing of several pancreatic transcription factors;
hence, RBM4-induced isoforms elevated insulin gene transcrip-
tion (Fig. 4). Moreover, we showed that RBM4 acts as an impor-
tant mediator in glucose-induced cellular signaling and insulin
expression (Fig. 5C). Overall, our results indicate that RBM4
modulates gene expression and signaling to promote pancreas
function and differentiation.

Recent reports have begun to reveal how alternative splicing
plays a critical role in stem cell programming, tissue differentia-
tion, and development (2). For example, the neuronal splicing
factor nSR100 promotes the inclusion of a neuron-specific exon of
the transcription factor REST and thereby attenuates its repressive
effects on the transcription of neuron-specific genes; this alterna-
tive splicing event consequently modifies transcriptional net-
works to promote neurogenesis (32). Analogous to nSR100,
RBM4 modulated alternative splicing of at least two pancreatic
transcription factors and generated the isoforms that could coor-
dinately augment insulin gene transcription (Fig. 4). Moreover,
RBM4 enhanced the expression of several pancreatic transcription
factors (Fig. 3), perhaps via a role in modulating pancreas cell
signaling (see “The potential role of RBM4 in the pancreas cell
signaling circuit” below). Therefore, RBM4 may modulate the ex-
pression levels and spliced patterns of mRNAs during pancreas
cell differentiation. This is somewhat analogous to the scenario of
RBM4 in myoblasts, in which RBM4 downregulates the expres-
sion of the splicing regulatory factor PTB and also antagonizes its
activity in splicing regulation and thereby promotes the expres-
sion of muscle-specific mRNA isoforms (4). Therefore, RBM4
plays a hierarchical role in transcriptome regulation in muscles
and the pancreas.
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FIG 6 Model for an RBM4-regulated gene expression and signaling circuit in
the pancreas. RBM4 modulates alternative splicing of many pancreatic factors,
including Isl1, Pax4, and IR. RBM4-induced Isl1 and Pax4 isoforms can in-
crease insulin gene transcription. Moreover, the RBM4-induced IR-B isoform
likely exhibits higher signaling activity upon insulin binding, which in turn
increases glucose uptake and signaling (dashed line).

The potential role of RBM4 in the pancreas cell signaling cir-
cuit. We repeatedly observed that RBM4 modulates exon 11 in-
clusion of IR and promotes IR-B isoform expression in various
cell lines and tissues (Fig. 1, 4, and 5)(4). We also showed that
RBM4 acted as a positive effector in glucose signaling pathways
and that its overexpression was sufficient to mimic the effect of
glucose that induces insulin and IR-B isoform expression (Fig. 5).
IR-B is the predominant isoform in differentiated pancreatic 3
cells and shows higher sensitivity to insulin (30). IR-B-activated
p38 MAPK signaling is important for both pancreatic develop-
ment and insulin production from { cells (19). Insulin also acti-
vates the phosphatidylinositol-3-kinase—Akt pathway to promote
B-islet survival and function (33). Therefore, increased insulin
and IR-B levels may further enhance the p38 MAPK and Akt sig-
naling pathways. Coincidently, we showed that RBM4 was re-
sponsible for signal-activated p38 MAPK and Akt signaling when
cells were challenged with glucose (Fig. 5). Perhaps glucose-in-
duced RBM4 expression permits a more efficient transmission of
insulin and/or IR signaling and further increases glucose uptake
(Fig. 6). Therefore, we hypothesize that RBM4 acts as a positive
mediator in the pancreas cell signaling circuit.

In conclusion, our data show for the first time that RBM4 can
function by integrating both the transcriptional and splicing reg-
ulatory networks into coherent gene expression programs and
may establish a positive-control circuit that promotes pancreatic
endocrine activity. Furthermore, the findings of RBM4-mediated
gene expression and signaling that help to promote 3-islet func-
tion may have clinical implications with respect to restoring im-
paired islet cell function and insulin sensitivity in patients with
diabetes.

Molecular and Cellular Biology


http://mcb.asm.org

ACKNOWLEDGMENTS

We greatly appreciate the technical services provided by the Transgenic
Mouse Model Core Facility of the National Core Facility Program for
Biotechnology, National Science Council, and the Gene Knockout Mouse
Core Laboratory of the National Taiwan University Center of Genomic
Medicine. We are very grateful to C.-N. Shen for his generous provision of
materials and technical suggestions and critical reading of the manuscript.

This work was supported by National Science Council grant NSC 100-

2311-B-001-011-MY3.

We declare no conflicts of interest.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Hribal ML, Perego L, Lovari S, Andreozzi F, Menghini R, Perego C,
Finzi G, Usellini L, Placidi C, Capella C, Guzzi V, Lauro D, Bertuzzi F,
Davalli A, Pozza G, Pontiroli A, Federici M, Lauro R, Brunetti A, Folli
F, Sesti G. 2003. Chronic hyperglycemia impairs insulin secretion by
affecting insulin receptor expression, splicing, and signaling in RIN beta
cell line and human islets of Langerhans. FASEB J. 17:1340-1342.

. Khoo S, Cobb MH. 1997. Activation of mitogen-activating protein kinase

by glucose is not required for insulin secretion. Proc. Natl. Acad. Sci.
U.S. A. 94:5599-5604.

. Heyd F, Lynch KW. 2011. Degrade, move, regroup: signaling control of

splicing proteins. Trends Biochem. Sci. 36:397-404.

. Lin JC, Tarn WY. 2012. Multiple roles of RBM4 in muscle cell differen-

tiation. Front. Biosci. (Schol Ed) 4:181-189.

. Moroy T, Heyd F. 2007. The impact of alternative splicing in vivo: mouse

models show the way. RNA 13:1155-1171.

. Xu X, Yang D, Ding JH, Wang W, Chu PH, Dalton ND, Wang HY,

Bermingham Jr, Jr, Ye Z, Liu F, Rosenfeld MG, Manley JL, Ross J, Jr,
Chen J, Xiao RP, Cheng H, Fu XD. 2005. ASF/SF2-regulated CaMKII
delta alternative splicing temporally reprograms excitation-contraction
coupling in cardiac muscle. Cell 120:59-72.

. Kozmik Z, Czerny T, Busslinger M. 1997. Alternatively spliced insertions

in the paired domain restrict the DNA sequence specificity of Pax6 and
Pax8. EMBO J. 16:6793—6803.

. Reichert M, Rustgi AK. 2011. Pancreatic ductal cells in development,

regeneration, and neoplasia. J. Clin. Invest. 121:4572—4578.

. Ando K, Shioda S, Handa H, Kataoka K. 2003. Isolation and character-

ization of an alternatively spliced variant of transcription factor Islet-1. J.
Mol. Endocrinol. 31:419—-425.

Kuroda A, Rauch TA, Todorov I, Ku HT, Al-Abdullah IH, Kandeel F,
Mullen Y, Pfeifer GP, Ferreri K. 2009. Insulin gene expression is regulated by
DNA methylation. PLoS One 4:¢6953. doi:10.1371/journal.pone.0036278.
Miyamoto T, Kakizawa T, Ichikawa K, Nishio S, Kajikawa S, Hashi-
zume K. 2001. Expression of dominant negative form of PAX4 in human
insulinoma. Biochem. Biophys. Res. Commun. 282:34-40.

Liu P, Jenkins NA, Copeland NG. 2003. A highly efficient recombineer-
ing-based method for generating conditional knockout mutations. Ge-
nome Res. 13:476—484.

Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman
ML, Schuh AC. 1995. Failure of blood-island formation and vasculogen-
esis in Flk-1-deficient mice. Nature 376:62—66.

Vintersten K, Monetti C, Gertsenstein M, Zhang P, Laszlo L, Biechele
S, Nagy A. 2004. Mouse in red: red fluorescent protein expression in
mouse ES cells, embryos and adult animals. Genesis 40:241-246.

Nagy A, Gertsenstein M, Vintersten K, Behringer R. 2003. Manipulating

January 2013 Volume 33 Number 2

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

The Role of RBM4 in Pancreas Cell Differentiation

the mouse embryo: a laboratory manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

. O’Doherty RM, Jensen PB, Anderson P, Jones JG, Berman HK, Kearney

D, Newgard CB. 2000. Activation of direct and indirect pathways of
glycogen synthesis by hepatic overexpression of protein targeting to gly-
cogen. J. Clin. Invest. 105:479—488.

. Samuelson LC, Metzger JM. 2006. Isolation and freezing of primary

mouse embryonic fibroblasts (MEF) for feeder plates. Cold Spring Harb.
Protoc. doi:10.1101/pdb.prot4482.

. Lin JC, Tarn WY. 2011. RBM4 down-regulates PTB and antagonizes its

activity in muscle cell-specific alternative splicing. J. Cell Biol. 193:509—
520.

. Giudice J, Leskow FC, Arndt-Jovin DJ, Jovin TM, Jares-Erijman EA.

2011. Differential endocytosis and signaling dynamics of insulin receptor
variants IR-A and IR-B. J. Cell Sci. 124:801-811.

Barr FG, Fitzgerald JC, Ginsberg JP, Vanella ML, Davis RJ, Bennicelli
JL. 1999. Predominant expression of alternative PAX3 and PAX7 forms in
myogenic and neural tumor cell lines. Cancer Res. 59:5443-5448.
Ogihara T, Fujitani Y, Uchida T, Kanno R, Choi JB, Hirose T,
Kawamori R, Watada H. 2008. Combined expression of transcription
factors induces AR42J-B13 cells to differentiate into insulin-producing
cells. Endocr. J. 55:691—698.

Santer R, Groth S, Kinner M, Dombrowski A, Berry GT, Brodehl J,
Leonard JV, Moses S, Norgren S, Skovby F, Schneppenheim R, Stein-
mann B, Schaub J. 2002. The mutation spectrum of the facilitative glu-
cose transporter gene SLC2A2 (GLUT2) in patients with Fanconi-Bickel
syndrome. Hum. Genet. 110:21-29.

Melloul D, Marshak S, Cerasi E. 2002. Regulation of insulin gene tran-
scription. Diabetologia 45:309—-326.

Leibiger B, Moede T, Uhles S, Barker CJ, Creveaux M, Domin J,
Berggren PO, Leibiger IB. 2010. Insulin-feedback via PI3K-C2alpha ac-
tivated PKBalpha/Aktl1 is required for glucose-stimulated insulin secre-
tion. FASEB J. 24:1824-1837.

Kalsotra A, Cooper TA. 2011. Functional consequences of developmen-
tally regulated alternative splicing. Nat. Rev. Genet. 12:715-729.

Elghazi L, Bernal-Mizrachi E. 2009. Akt and PTEN: beta-cell mass and
pancreas plasticity. Trends Endocrinol. Metab. 20:243-251.

Knudsen L, De Meyts P, Kiselyov VV. 2011. Insight into the molecular
basis for the kinetic differences between the two insulin receptor isoforms.
Biochem. J. 440:397—403.

Lin JC, Tarn WY. 2005. Exon selection in alpha-tropomyosin mRNA is
regulated by the antagonistic action of RBM4 and PTB. Mol. Cell. Biol.
25:10111-10121.

Sumara G, Formentini I, Collins S, Sumara I, Windak R, Bodenmiller
B, Ramracheya R, Caille D, Jiang H, Platt KA, Meda P, Aebersold R,
Rorsman P, Ricci R. 2009. Regulation of PKD by the MAPK p38delta in
insulin secretion and glucose homeostasis. Cell 136:235-248.

Kordowich S, Mansouri A, Collombat P. 2010. Reprogramming into
pancreatic endocrine cells based on developmental cues. Mol. Cell. Endo-
crinol. 323:62—69.

Orengo JP, Ward AJ, Cooper TA. 2011. Alternative splicing dysregula-
tion secondary to skeletal muscle regeneration. Ann. Neurol. 69:681—690.
Raj B, O’Hanlon D, Vessey JP, Pan Q, Ray D, Buckley NJ, Miller FD,
Blencowe BJ. 2011. Cross-regulation between an alternative splicing ac-
tivator and a transcription repressor controls neurogenesis. Mol. Cell 43:
843-850.

Evans-Molina C, Garmey JC, Ketchum R, Brayman KL, Deng S,
Mirmira RG. 2007. Glucose regulation of insulin gene transcription and
pre-mRNA processing in human islets. Diabetes 56:827—835.

mcb.asm.org 327


http://dx.doi.org/10.1371/journal.pone.0036278
http://dx.doi.org/10.1101/pdb.prot4482
http://mcb.asm.org

	RBM4 Promotes Pancreas Cell Differentiation and Insulin Expression
	MATERIALS AND METHODS
	Generation and characterization of Rbm4 knockout mice.
	Glucose metabolic assays.
	Histological examination and fluorescence microscopy.
	Preparation of MEFs.
	Cell cultures and transfection.
	Adenovirus transduction.
	Plasmid construction.
	ELISAs.
	RNA extraction and RT-PCR analyses.
	Immunoblotting.
	Transcription assay.

	RESULTS
	Aberrant splicing in Rbm4-deficient mice.
	Defective glucose metabolism in Rbm4-deficient mice.
	RBM4 promotes the expression of endocrine differentiation factors and insulin.
	RBM4 promotes insulin expression by modulating alternative splicing of pancreas-specific transcription factors.
	RBM4 plays a role in glucose-induced IR signaling.

	DISCUSSION
	A hierarchical role for RBM4 in pancreatic gene expression.
	The potential role of RBM4 in the pancreas cell signaling circuit.

	ACKNOWLEDGMENTS
	REFERENCES


