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ABSTRACT RBM4 promotes differentiation of neuronal progenitor cells and neurite
outgrowth of cultured neurons via its role in splicing regulation. In this study, we
further explored the role of RBM4 in neuronal differentiation. During neuronal differ-
entiation, energy production shifts from glycolysis to oxidative phosphorylation. We
found that the splice isoform change of the metabolic enzyme pyruvate kinase M
(PKM) from PKM2 to PKM1 occurs during brain development and is impaired in
RBM4-deficient brains. The PKM isoform change could be recapitulated in human
mesenchymal stem cells (MSCs) during neuronal induction. Using a PKM minigene,
we demonstrated that RBM4 plays a direct role in regulating alternative splicing of
PKM. Moreover, RBM4 antagonized the function of the splicing factor PTB and in-
duced the expression of a PTB isoform with attenuated splicing activity in MSCs.
Overexpression of RBM4 or PKM1 induced the expression of neuronal genes, in-
creased the mitochondrial respiration capacity in MSCs, and, accordingly, promoted
neuronal differentiation. Finally, we demonstrated that RBM4 is induced and is in-
volved in the PKM splicing switch and neuronal gene expression during hypoxia-
induced neuronal differentiation. Hence, RBM4 plays an important role in the PKM
isoform switch and the change in mitochondrial energy production during neuronal
differentiation.
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The splicing regulator RBM4 modulates alternative splicing of a number of tran-
scripts involved in cell differentiation and tumorigenesis (1, 2). Previous studies

demonstrated the role of RBM4 in differentiation of muscle and pancreas cells and
adipocytes (3–5). We recently reported that RBM4 is also involved in neuronal differ-
entiation of mouse embryonal carcinoma P19 cells and neural progenitor-derived cells
(1). RBM4 promotes the expression of Numb splice isoforms that function during
neuronal differentiation as well as neurite outgrowth. Mesenchymal stem cells (MSCs)
are adult bone marrow stromal cells that can differentiate into a variety of cell types,
including neurons, and have potential in regenerative therapy for neurological diseases
(6). In this study, we assessed whether RBM4 can also modulate neuronal differentiation
of MSCs and explored the underlying mechanism.

Cellular energy metabolism undergoes a dynamic change during development. In
principle, anabolic glycolysis dominates in embryonic stem cells and permits rapid cell
proliferation similar to that in cancer cells (7, 8). Most adult stem cells exhibit low
glycolysis activity in a quiescent state and undertake active glycolysis while proliferat-
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ing (7–9). Upon cell differentiation, glycolytic flux drops rapidly so that the energy
pathway switches from glycolysis to oxidative phosphorylation (OXPHOS) (10–12). Such
a metabolic switch may also be important for cell cycle exit and cell fate determination.
In Drosophila melanogaster, upregulation of OXPHOS is required for terminal differen-
tiation of neural stem cells (13). In the developing mammalian cortex, oxygen tension
suppresses radial glia expansion but induces neuronal cell differentiation (14). Analo-
gously, suppression of oxidative metabolism in human gliomas resumes neural stem
cell proliferation (15). Moreover, neurons and astrocytes exhibit distinct metabolic
pathways, i.e., OXPHOS and glycolysis, respectively (16). Therefore, metabolic repro-
gramming influences not only cell cycle progression but also cell specification or
terminal differentiation.

A transcriptome profiling study indicated that neurons and astrocytes in the mouse
cerebral cortex exhibit different expression profiles for glycolytic genes, including the
pyruvate kinase M (PKM) gene (17). The metabolic reconfiguration involves a switch in
the expression of the splice isoforms of PKM (PKM1 and PKM2) via mutually exclusive
selection of exon 9 (PKM1) or 10 (PKM2). PKM2 is expressed in embryonic and tumor
cells. PKM2 contributes to intricate metabolic reprogramming via the monomer-dimer-
tetramer interconversion, and it also can transcriptionally modulate gene expression
(18). In contrast, PKM1 essentially promotes OXPHOS in energy-consuming tissues, such
as brain and muscle (19). The PKM isoform switch correlates with metabolic changes
during myoblast differentiation into myotubes (20). The splicing factors hnRNP A1/A2
and PTB promote PKM2 expression by suppressing exon 9 inclusion, and their expres-
sion levels are modulated by oncogenic pathways in cancer, leading to increased PKM2
levels (21). Nevertheless, how PKM splicing is regulated during development remains
largely unknown.

In this study, we characterized RBM4-mediated PKM1 induction during neuronal
differentiation of MSCs. Unexpectedly, we found that RBM4 induces a specific PTB
isoform in MSCs and that RBM4 is induced in response to hypoxia to modulate the PKM
splicing switch.

RESULTS
RBM4 is critical for alternative splicing of PKM pre-mRNA during brain devel-

opment. PKM1 is expressed in energy-consuming tissues, including brain and skeletal
muscle, whereas PKM2 is expressed more dominantly in embryonic cells (19). We
previously observed a change in expression of Pkm isoforms, i.e., from Pkm2 to Pkm1,
during neuronal differentiation of mouse embryonal carcinoma P19 cells (1). We thus
further explored the significance and mechanism of this isoform switch during devel-
opment. Total RNAs isolated from mouse tissues at embryonic day 13.5 (E13.5) to E18.5
were analyzed by reverse transcription-PCR (RT-PCR) using primers specific to Pkm1 or
Pkm2 (Fig. 1A). The results showed a gradual change from Pkm2 to Pkm1 in the
developing mouse brain as well as in other tissues, albeit to different extents (Fig. 1B).
RBM4 expression levels also increased during the period examined (Fig. 1B, immuno-
blotting [IB] panel). Next, we examined Pkm isoform expression in RBM4-deficient (i.e.,
Rbm4a or Rbm4b knockout) mouse brains. Compared to the levels for wild-type
littermates, the level of Pkm2 increased in either Rbm4 knockout brain at E13.5 (Fig. 1C),
suggesting that RBM4 may be important for the Pkm isoform switch during brain
development. However, splicing differences between the wild type and the Rbm4
single-gene knockouts were insignificant after E15.5 (see Fig. S1A in the supplemental
material), perhaps because one Rbm4 gene could compensate for the loss of another
gene.

RBM4 regulates alternative splicing of PKM pre-mRNA via an intronic CU-rich
sequence. To examine the role of RBM4 in regulating alternative splicing of PKM
pre-mRNA, we established a mouse PKM minigene spanning exons 8 to 11 (Fig. 2A).
This minigene was cotransfected with a FLAG-RBM4 expression vector into HEK293T
cells. The results showed that the splicing switch from PKM2 to PKM1 correlated with
RBM4 expression in a dose-dependent manner (Fig. 2B). Because RBM4 overexpression
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downregulates PTB expression (3), the argument remained that RBM4 influences PKM
splicing merely by suppressing PTB expression. However, we found that a low dose of
FLAG-RBM4 (0.05 �g) did not suppress PTB expression (Fig. 2C), whereas at this dose or
lower doses, RBM4 was sufficient to induce the switch from PKM2 to PKM1 (compare
the data for the 0.05-�g dose in Fig. 2B and C), suggesting that RBM4 regulates PKM
splicing directly, not likely through suppression of PTB levels.

A previous report indicated that PTB suppresses exon 9 usage of human PKM via
binding of two UCUU motifs upstream of the 3= splice site of intron 8 (22). RBM4 also
has a preference for CU-rich sequences (23). A CU-rich sequence in mouse PKM gene
intron 8 is similar but not identical to its human counterpart. To examine whether such
a sequence is responsible for RBM4-mediated splicing regulation, we first performed an
electrophoretic mobility shift assay (EMSA). Figure 2D shows that a recombinant
maltose binding protein (MBP)-RBM4 fusion bound to the 32P-labeled CU-rich PKM
intron probe (Fig. 2A) but not to the CU-poor control. Next, we generated a CU-rich
sequence-truncated minigene. This mutant minigene had a lower capacity for PKM1
expression (Fig. 2E, compare lanes 1 and 4). RBM4 hardly induced PKM1 splicing in the
mutant (Fig. 2E), suggesting that RBM4 modulates PKM splicing via binding to the
CU-rich sequence in intron 8. However, PTB still promoted the PKM2 isoform choice in
the mutant (Fig. 2E). When RBM4 and PTB were both overexpressed with the PKM
minigene, a high dose of RBM4 could counteract the effect of overexpressed PTB on
PKM2 induction (Fig. 2F). Thus, RBM4 antagonizes the activity of PTB as previously
reported (3, 23).

RBM4 is involved in the PKM isoform switch during neuronal differentiation of
human MSCs. Differentiation of human MSCs into osteoblasts involves a metabolic
change from glycolysis to OXPHOS (12). We therefore explored whether the PKM
isoform switch occurs during MSC differentiation into neuronal cells and whether RBM4
is involved in primary human MSCs and derived 3A6 cells (24). Cells were cultured in

FIG 1 RBM4 is involved in the splice isoform change of Pkm during mouse brain development. (A)
Schematic diagram of alternative splicing of the mouse Pkm gene. Arrows depict the primers used for
RT-PCR (see Table S1 in the supplemental material). (B) Total RNA was extracted from the indicated
mouse tissues at the indicated embryonic days and subjected to RT-PCR analysis using primers as
depicted in panel A. Representative lanes were spliced from the original gels (Fig. S1A and B). The right
panel shows immunoblotting of RBM4 in embryonic brain lysates. (C) RT-PCR was performed on
wild-type and Rbm4a or Rbm4b knockout embryonic brains at E13.5 to detect the expression of Pkm
isoforms (spliced from an original gel shown in Fig. S1A), Rbm4a, Rbm4b, and Gapdh (as a control). For
all panels, ratios of Pkm1 to total Pkm transcripts (T) are shown below the gels; the average values and
standard deviations (SD) were obtained from 2 or 3 sets of samples.
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neuronal induction medium (NIM) for up to 7 days. The results revealed the change
from PKM2 to PKM1 and an increase in RBM4 level during differentiation of both cell
types (Fig. 3A and B). Differentiation of 3A6 cells was further demonstrated by increased
expression of several neuron-associated genes, including those encoding neuron-
specific class III �-tubulin (TUJ1), microtubule-associated protein 2 (MAP2), synuclein
alpha (SNCA), and nuclear receptor subfamily 4 group A member 2 (NR4A2/NURR1), as
well as by an increase in the Tuj1 protein level (Fig. 3B).

Next, we assessed whether the RBM4 level affects alternative splicing of PKM in
MSCs. We depleted endogenous RBM4 by using a small interfering RNA (siRNA) or
transiently overexpressed FLAG-tagged RBM4 in 3A6 cells. Depletion of RBM4 increased
PKM2 expression, whereas overexpression of FLAG-RBM4 promoted the production of
PKM1 (Fig. 3C). Finally, we performed FLAG-RBM4 immunoprecipitation followed by
RT-PCR analysis. The results showed that PKM mRNA was coprecipitated with FLAG-
RBM4 in 3A6 cells (Fig. 3D). All these results indicated that RBM4 participates in the PKM
splicing switch during neuronal differentiation of MSCs.

RBM4 induces the expression of a PTB isoform with attenuated splicing activity
in human MSCs. RBM4 promotes the expression of the exon 11-skipping PTB mRNA
isoform and thereby downregulates PTB expression via nonsense-mediated mRNA
decay (NMD) in various cell types (3, 5). We wondered whether RBM4 also reduces PTB
expression during neuronal differentiation of MSCs. In 3A6 cells, exon 11 skipping of
PTB mRNA was not readily detected even in the presence of cycloheximide (CHX) and

FIG 2 RBM4 regulates alternative splicing of PKM via an intronic CU-rich sequence. (A) Schematic diagram of the PKM
minigene spanning exons 8 to 11 of mouse Pkm. A CU-rich region (61 nt) in intron 8 was used as a probe for EMSA; the
underlined region (42 nt) was deleted in the mutant reporter. Arrows depict primers used for RT-PCR (see Table S1 in
the supplemental material). SV40, simian virus 40. (B) HEK293T cells were transfected with the indicated amounts of the
FLAG-RBM4 expression vector or empty vector (0.1 �g) (vec). (C) HEK293T cells were transfected with the indicated
amounts of the FLAG-RBM4 expression vector or empty vector (5.0 �g). (D) For EMSA, a 32P-labeled control or CU-rich
probe was incubated with recombinant MBP (�) or MBP-RBM4 (R) and then analyzed by nondenaturing polyacrylamide
gel electrophoresis. C, RNA-protein complex; P, free probe. (E) HEK293T cells were cotransfected with an expression vector
(empty, 0.1 �g of FLAG-RBM4, or 0.5 �g of FLAG-PTB) and the PKM minigene (wild type or mutant). The bar graph shows
ratios of PKM1 to total PKM; the averages and standard deviations were obtained from three experiments. *, P � 0.05; **,
P � 0.01. (F) The PKM minigene was cotransfected with empty vector (lane 1) or 1 �g of the FLAG-PTB vector and 0, 1,
or 2 �g of the FLAG-RBM4 vector (lanes 2 to 4) into HEK293T cells. For panels B, E, and F, the ratios of PKM1 to total PKM
were calculated as described in the legend to Fig. 1. The average values and standard deviations were obtained from three
independent experiments. Immunoblotting (IB) was performed using antibodies against PTB, �-tubulin, and the FLAG tag.
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was induced very minimally by RBM4 overexpression, unlike observations in mouse
myoblast C2C12 cells (Fig. 4A, data for PTB-4�e11 and PTB-1�e11). Nevertheless, the
observation that RBM4 overexpression slightly induced exon 9 skipping of PTB in 3A6
cells (Fig. 4A, lane 2) was reminiscent of a recent report that the exon 9-skipping
isoform of PTB (PTB-1) is induced during neuronal differentiation of mouse embryonic
stem cells (25). We indeed observed that exon 9 skipping of PTB increased gradually
during neuronal differentiation of primary MSCs (Fig. 4B, RT-PCR panel). Immunoblot-
ting with anti-PTB confirmed the change from the exon 9-containing isoform to the
exon 9-skipping isoform (Fig. 4B, IB panel). RBM4-induced exon 9 skipping was ob-
served in 3A6 cells and, even more robustly, in HeLa and HEK293T cells (Fig. 4C, RT-PCR
panels). Accordingly, RBM4 overexpression raised the PTB-1 protein level, albeit mini-
mally (Fig. 4C, IB panels). Under these conditions, the overall PTB protein level was not
reduced, unlike that observed in other cell types (Fig. 2) (3, 5). With all these data, we
provide evidence that RBM4 induces a PTB protein isoform, PTB-1, in MSCs without
affecting the overall PTB level.

Next, we generated a PTB minigene spanning exons 8 to 10 and performed an in
vivo splicing assay in both 3A6 and HEK293T cells. The result confirmed the activity of
RBM4 in promoting exon 9 skipping (Fig. 4D). Immunoprecipitation and RT-PCR dem-
onstrated the association of FLAG-RBM4 with endogenous PTB transcripts in 3A6 cells
(Fig. 4E), emphasizing the direct role of RBM4 in the splicing or biogenesis of PTB
transcripts.

Finally, we assessed whether PTB-1 and PTB-4 exhibit different activities in PKM
splicing. Using the minigene assay, we observed that both isoforms could reduce the
ratio of PKM1 to total PKM (Fig. 4F). PTB-4 appeared to have a higher activity than that
of PTB-1, as recently reported (25).

FIG 3 RBM4 regulates the splice isoform switch of PKM during neuronal differentiation of MSCs. (A and
B) Primary human mesenchymal stem cells (MSCs) (A) or 3A6 cells (B) were cultured in neuronal
differentiation medium for up to 7 days (D0 to D7). The expression of neuronal genes was detected by
RT-PCR using specific sets of primers (see Table S1 in the supplemental material). (C) 3A6 cells were
transfected with siRBM4 (or siLuc as a control) or with the FLAG-RBM4 or empty expression vector for 2
days or 30 h, respectively. For panels A to C, the PKM isoforms were detected and relative ratios
calculated as described in the legend to Fig. 1A, except that human PKM primers were used. Immuno-
blotting (IB) was performed using antibodies against Tuj1, RBM4, and �-tubulin. (D) Mock-transfected or
FLAG-RBM4-expressing 3A6 cell lysates were subjected to immunoprecipitation (IP) using anti-FLAG.
RT-PCR was performed to detect coprecipitated PKM transcripts. U6 snRNA was used as a control.
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RBM4 promotes neuronal differentiation by upregulating the expression of
neuron-associated genes. We assessed whether RBM4 could promote neuronal dif-
ferentiation of MSCs. Using 3A6 cells, we observed that overexpression of FLAG-RBM4
significantly upregulated the expression of neuronal genes in noninduced cells
(Fig. 5A). In contrast, the expression of two stemness genes, the OCT4 and SOX2 genes,
and one proliferation-related gene, the HES1 gene, was downregulated by RBM4 (Fig.
5A). To further evaluate the role of RBM4 in neuronal differentiation, we took advantage
of a quantitative PCR-array analysis of RBM4-overexpressing 3A6 cells. We observed and
confirmed that the level of bone morphogenetic protein 2 (BMP2) was reproducibly
downregulated in several independent experiments (Fig. 5B). Accordingly, the expres-
sion of the BMP2 downstream target DNA-binding protein inhibitor 1 (Id1) was reduced
or increased upon overexpression or knockdown, respectively, of RBM4 (Fig. 5B). Both
BMP2 and Id1 have negative roles in neuronal differentiation (26). Therefore, RBM4 may
downregulate the BMP-Id1 pathway to promote neuronal differentiation of MSCs.

Next, we examined cell morphological changes of RBM4-overexpressing cells. By
immunofluorescence staining for Tuj1, we observed only a small proportion of RBM4-
overexpressing 3A6 cells that could generate neurites under noninduced conditions.
Nevertheless, when cells were cultured under differentiation conditions, we observed
that RBM4 overexpression considerably promoted neurite outgrowth (Fig. 5C). Finally,
we depleted RBM4 in 3A6 cells cultured under differentiation conditions. RBM4-
deficient cells exhibited delayed or reduced expression of the neuronal markers TUJ1
and MAP2 (Fig. 5D). These results further suggested that RBM4 plays an important,
though not initiating, role in promoting neuronal differentiation.

FIG 4 RBM4 modulates PTB isoform expression during neuronal differentiation of MSCs. (A) 3A6 cells or C2C12 myoblasts were
transfected with the empty or FLAG-RBM4 expression vector. At 30 h posttransfection, cells were mock treated or treated with 100
�M cycloheximide (CHX) for 2 h before being harvested. Total RNA was subjected to RT-PCR analysis using primers specific for exons
8 and 12 of human PTB (Table S1). (B) Primary human MSCs were cultured as described in the legend to Fig. 3A. Total RNA was
analyzed using primers as described for panel A. Immunoblotting (IB) was performed using anti-PTB. (C) 3A6 cells, HeLa cells, and
HEK293T cells were transfected as described for panel A. RT-PCR was performed as described for panel B. Immunoblotting was
performed using anti-PTB, anti-FLAG, and anti-�-tubulin. (D) Schematic diagram of the PTB minigene spanning exons 8 to 10 of human
PTB. 3A6 cells and HEK293T cells were cotransfected with the expression vector (empty or FLAG-RBM4) and the PTB minigene. PTB
isoform expression was detected by RT-PCR using specific primers as depicted. Ratios of PTB�e9 (PTB-1) to total PTB are shown below
the gels; averages and standard deviations were obtained from three independent experiments. (E) Immunoprecipitation was
performed as described in the legend to Fig. 3D, followed by RT-PCR using PTB primers. U6 snRNA was used as a control. (F) The PKM
minigene was transfected with empty vector or a vector expressing FLAG-RBM4 or FLAG-PTB-4 (�e9) or -PTB-1 (�e9). RT-PCR and
immunoblotting were performed. The bar graph shows ratios of PKM1 to total PKM (n � 3).
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PKM1 promotes neuronal differentiation and enhances mitochondrial
OXPHOS. The above result showing that the relative level of PKM1 increased gradually
during MSC neuronal differentiation and was elevated by RBM4 overexpression sug-
gested that PKM1 also promotes neuronal differentiation. Overexpression of PKM1
upregulated the expression of both the TUJ1 and MAP2 genes in noninduced MSCs
(Fig. 6A). Immunoblotting confirmed Tuj1 protein expression (Fig. 6A). Moreover, PKM1
enhanced neurite outgrowth under differentiation conditions, as observed with RBM4
(Fig. 6B). The data consistently showed that RBM4 had a higher capacity than that of
PKM1 to promote neurite outgrowth at a later postinduction time point (24 h) (Fig. 6B).
Perhaps RBM4 promotes the expression of a wider range of neuronal genes than that
promoted by PKM1. Furthermore, we overexpressed PKM1 in RBM4 knockdown 3A6
cells and observed that PKM1 was able to restore neuronal gene expression and to
suppress negative regulators in the absence of RBM4 (Fig. 6C). This result strengthened
the role of PKM1 in neuronal differentiation. Unlike RBM4 and PKM1, PKM2 negatively
affected neuronal gene expression and neurite outgrowth (Fig. 6A and B, 24 h).

Next, we assessed whether RBM4 and PKM1 could trigger the change in energy
generation from glycolysis to OXPHOS during neuronal differentiation. We used the
Seahorse XF analysis system to evaluate the oxygen consumption rate (OCR) in
noninduced 3A6 cells. Overexpression of RBM4 or PKM1 resulted in an �30% higher
basal oxygen consumption rate and maximal respiration than those of the control (Fig.
6D). In contrast, PKM2 significantly reduced ATP production, by �50% (Fig. 6D). This

FIG 5 RBM4 promotes neuronal differentiation of MSCs. (A) 3A6 cells were transfected with the empty or FLAG-RBM4 expression vector.
Thirty hours after transfection, the expression of the indicated genes was detected by RT-PCR (Table S1). Immunoblotting (IB) was
performed using antibodies against Tuj1, RBM4, and �-tubulin. Fold changes are shown to the right. The bar graph shows RT-qPCR data
for MAP2 and TUJ1. (B) 3A6 cells were transfected as described for panel A. (Top) The expression of BMP2 and BMP8B was detected by
RT-qPCR. 3A6 cells were transfected with the empty or FLAG-RBM4 expression vector (middle) or with siRNA (siRBM4 or siLuc [as a control])
(bottom). The expression of Id1 and Id3 was detected by RT-qPCR. The bar graphs show expression levels of the genes relative to those
in the control. (C) 3A6 cells were transfected as described for panel A and then cultured in NIM for 5 or 24 h. Indirect immunofluorescence
assay was performed using antibodies against Tuj1 and the FLAG tag. Cells with a Tuj1-positive neurite that was �2-fold longer than that
of the cell body were defined as neuron-like cells. The bar graph shows the percentage of neuron-like cells in each group. (D) 3A6 cells
were transfected with siRBM4 or siLuc. Cells were collected at 24 h posttransfection (D0) or after incubation in NIM for up to 3 days (D1
and D3). TUJ1, MAP2, and �-actin (control) mRNAs were detected by RT-PCR. Immunoblotting (IB) was performed using antibodies against
RBM4 and �-tubulin. The bar graph shows levels of each gene relative to control levels. For all bar graphs, the average values and standard
deviations were obtained from three independent experiments. *, P � 0.05; **, P � 0.01.
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observation suggested that RBM4-induced PKM1 is important for altering energy
metabolism during neuronal differentiation of MSCs.

RBM4 is involved in the hypoxia-induced switch of PKM splice isoforms and
neuronal differentiation. It has been reported that hypoxic conditions or expression
of hypoxia-inducible factor 1� (HIF-1�) can promote neuronal differentiation of MSCs
(27, 28). Therefore, we cultured noninduced 3A6 cells at 1% oxygen or in the presence
of the hypoxia-mimetic agent cobalt chloride (CoCl2) (Fig. 7A). Low oxygen triggered
HIF-1� expression, as expected, and increased the levels of neuronal markers (TUJ1 and
MAP2 mRNAs) and the RBM4 protein (Fig. 7A). This result indicated that hypoxia was
sufficient to initiate neuronal differentiation. Moreover, the increase in RBM4 prompted
us to examine whether HIF-1� could induce the expression of RBM4. We transiently
overexpressed hemagglutinin (HA)-tagged HIF-1� in 3A6 cells and observed an in-
crease in both RBM4A and RBM4B mRNAs as well as the RBM4 protein (Fig. 7B),
suggesting that HIF-1� regulates RBM4 expression through transcriptional control.
CoCl2 also induced the expression of the HIF-1� and RBM4 proteins (Fig. 7A, IB panels)
as well as TUJ1 and MAP2 mRNAs, consistent with the results from the low-oxygen
experiment.

We examined PKM isoform expression in CoCl2-treated 3A6 cells. It has been
reported that PKM expression can be induced by HIF-1� (29). Regardless of increased
total PKM levels, the ratio of PKM1 to PKM2 was still increased upon CoCl2 treatment,
coordinately with the increase in RBM4 (Fig. 7A and C). Next, we depleted RBM4 by use
of siRNA in CoCl2-treated 3A6 cells and observed that both the induction of MAP2 and

FIG 6 The switch of PKM isoforms contributes to neuronal differentiation of MSCs. (A) 3A6 cells were transfected with an
expression vector (empty or FLAG-RBM4, -PKM1, or -PKM2). RT-PCR was performed as described in the legend to Fig. 5D.
Immunoblotting (IB) was performed using antibodies against Tuj1, the FLAG tag, and �-tubulin. The bar graph shows RT-qPCR
results for MAP2 and TUJ1, as described in the legend to Fig. 5A. (B) 3A6 cells were transfected as described for panel A,
followed by culture in NIM for 5 or 24 h. Indirect immunofluorescence staining was performed as described in the legend to
Fig. 5C. Representative images of 24-h cultures are shown. The bar graph shows the percentage of neuron-like cells in each
group. (C) 3A6 cells were cotransfected with control or RBM4 siRNA and with the empty or FLAG-PKM1 expression vector,
followed by neuronal differentiation for 3 days. Bar graphs show the expression of MAP2 (top) and BMP2 (bottom). N,
mock-transfected, undifferentiated cells. Average values were obtained from 3 experiments. (D) The oxygen consumption rate
of cells transfected as described for panel A was detected by use of the Seahorse XF metabolism analysis system. The bar graph
shows the OCR for different cellular metabolic statuses for each group. For all bar graphs, averages and standard deviations
were obtained from three independent experiments. *, P � 0.05; **, P � 0.01; n.d., no significant differences.
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the PKM2-to-PKM1 switch were abolished (Fig. 7D). However, the increase of overall
PKM expression was unaffected. This result indicated that RBM4 is essential for hypoxia-
induced neuronal differentiation and the PKM isoform switch.

DISCUSSION
The RBM4-mediated PKM isoform shift contributes to neuronal differentiation.

In cancer cells, transcriptional activation and a splice isoform switch lead to an increase
in the expression of PKM2, which not only contributes to intricate metabolic repro-
gramming but also acts as a transcriptional activator (18). In most of the developing
mouse tissues we examined, we observed a gradual Pkm isoform switch toward Pkm1
(Fig. 1). The prominent Pkm2-to-Pkm1 switch in the embryonic brain echoes the
metabolic shift from glycolysis to OXPHOS during neurogenesis (13, 14). MSCs have the
potential to differentiate into various cell types that display distinct metabolic proper-
ties (7). In this study, we observed that the PKM splice isoform change occurs in both
primary MSCs and derived cells (Fig. 3). Our result showing that PKM1 can upregulate
neuronal markers and enhance neurite outgrowth (Fig. 6) argues that the splicing
change of PKM is not merely a consequence of cell differentiation. A recent report
indicated that mitochondrial bioenergetics and function are upregulated during neu-
ronal differentiation (30). Moreover, fine-tuning of metabolic regulation is critical for the
function and cell fate decisions of neural stem/progenitor cells (13–16), emphasizing
the role of the PKM splicing switch in neurogenesis. Our results reveal, for the first time,

FIG 7 RBM4 is involved in the hypoxia-induced PKM isoform switch. (A) 3A6 cells were incubated under hypoxic conditions
(1% O2) (left) or treated with 200 �M CoCl2 (right) for 6, 12, and 24 h (0 h as a control). RT-PCR was performed as described
in the legend to Fig. 5D. (B) 3A6 cells were transfected with empty or HA-tagged HIF-1� vector. RBM4A, RBM4B, and �-actin
mRNAs were detected using RT-PCR. (C) 3A6 cells were treated with CoCl2 as described for panel A. PKM isoforms were
detected, and ratios of PKM1 to total PKM are shown below the gels, as in Fig. 2. (D) 3A6 cells were transfected with siLuc
or siRBM4 for 2 days and then treated with CoCl2 as described for panel A. The expression of MAP2 and PKM isoforms was
detected by RT-PCR. Bar graphs show relative MAP2 expression levels (top) and PKM1/total PKM (T) ratios (bottom).
Average values and standard deviations were obtained from three independent experiments. **, P � 0.01. For panels A,
B, and D, immunoblotting (IB) was performed using antibodies against HIF-1�, RBM4, and �-tubulin.
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the significance of the RBM4-PKM1 pathway in neuronal differentiation and possibly
also brain development, by enhancing the mitochondrial respiratory capacity.

Hypoxia induces neuronal differentiation via the RBM4-mediated PKM isoform
shift. MSCs reside in natural niches in which the concentration of oxygen ranges from
1 to 6%. A hypoxic environment is important for MSCs to maintain both the potential
for self-renewal and plasticity (31). Nonetheless, it has been reported that hypoxic
treatment can promote neuronal differentiation of various stem cells (32). The activated
p38 or extracellular signal-regulated kinase (ERK) pathway could upregulate HIF-1�

expression of MSCs during hypoxia-induced neuronal differentiation (27). In addition,
HIF-1� promotes neuronal differentiation of MSCs by provoking cell cycle arrest (33).
We showed that hypoxic treatment induced neuronal gene expression concurrent with
an increase in HIF-1�, supporting the idea that hypoxia increases the potential for
neuronal differentiation (Fig. 7). Moreover, we observed that HIF-1� induces RBM4
expression at the transcriptional level and demonstrated that RBM4 is essential for the
hypoxia-induced PKM isoform switch as well as for neuronal gene expression. A
computational search revealed potential HIF-1�/ARNT binding motifs in the promoters
of both the RBM4A and RBM4B genes (http://jaspar.genereg.net/cgi-bin/jaspar_db.pl).
HIF-1�-induced RBM4 expression also provides a hint regarding the function of RBM4
under other physiological and pathological low-oxygen conditions.

RBM4 regulates PTB isoform expression and suppresses PTB activity in MSCs.
The splicing factors hnRNP A1/A2 and PTB regulate PKM pre-mRNA splicing by sup-
pressing exon 9 selection (22), in a manner opposite to that of RBM4 (Fig. 2). PTB
regulates a set of alternative splicing events that suppress neuronal differentiation
in nonneuronal cells (34). PTB expression can be regulated posttranscriptionally by
microRNAs or through alternative splicing-coupled NMD during neuronal differentia-
tion (34, 35). The exon 11-skipping PTB isoform is an NMD-susceptible isoform. By
promoting exon 11 skipping, RBM4 downregulates PTB expression during myogenesis
and adipogenesis (3, 5). Nevertheless, neither RBM4-induced exon 11 skipping nor
cycloheximide-stabilized PTB transcripts were significantly detected in MSCs (Fig. 4).
Perhaps NMD activity was compromised during stem cell differentiation (36). Instead,
RBM4 could induce the expression of the exon 9-skipping PTB isoform without affecting
overall PTB protein expression in MSCs. This isoform has a lower ability to suppress
alternative exons of neuronal transcripts during stem cell differentiation into neurons
(Fig. 4) (25). Moreover, RBM4 antagonizes the activity of PTB in splicing regulation (Fig.
2). Thus, our finding adds to the known repertoire of RBM4 functions in modulating PTB
expression and activity. Perhaps it is necessary to maintain a low level of PTB activity
at early stages of stem cell differentiation. While neuronal cell fate is determined, PTB
may subsequently and completely be suppressed by microRNAs (35). Together, our
past and present results demonstrate that RBM4 suppresses PTB activity via multiple
pathways (Fig. 8). RBM4 may fine-tune mRNA isoform expression by inducing a less
active PTB isoform as well as antagonizing the activity or function of PTB in stem cells.
Finally, the result showing that PTB promotes PKM2 expression provides a hint that PTB
acts as a negative regulator of neuronal differentiation. In fact, knockdown of PTB
increased the expression of neuronal markers and reduced the expression of the BMP
pathway (see Fig. S2 in the supplemental material). Thus, RBM4 and PTB may function
oppositely in neuronal differentiation.

This study reveals new and biologically important targets of RBM4 and suggests the
potential for RBM4-mediated neuronal differentiation of MSCs in therapies for neuro-
degenerative diseases.

MATERIALS AND METHODS
Animals and ethics statement. This study was approved by the Institutional Animal Care and Use

Committee (IACUC) of Academia Sinica and was compliant with the Taiwan Ministry of Science and
Technology guidelines for ethical treatment of animals. Mice were housed and handled according to the
IACUC guidelines.

Embryonic mouse tissue isolation and RT-PCR. Rbm4a and Rbm4b knockout mice were described
previously (4). Embryonic mouse brains, hearts, muscles, and pancreases were isolated at embryonic days
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(E) 13.5, 15.5, and 18.5. The brains of Rbm4 knockout or wild-type embryos were isolated at embryonic
day 13.5. Total RNA was extracted by using TRIzol reagent (Thermo Fisher Scientific) following the
manufacturer’s instructions. For reverse transcription (RT), 2 �g of extracted RNA was treated with RQ1
DNase (Promega), followed by use of a SuperScript III kit (Life Technologies). PCR primer sets are listed
in Table S1 in the supplemental material.

Cell culture, neuronal differentiation, and hypoxic induction. Human primary mesenchymal stem
cells (MSCs) and derived 3A6 cells have been described previously (24). 3A6 cells immortalized by human
papillomavirus 16 (HPV16) E6E7 ectopically express human telomerase reverse transcriptase to gain stem
cell-like properties. Primary human MSCs and 3A6 cells were maintained in minimum essential media
alpha (�MEM; Gibco) and low-glucose Dulbecco’s modified Eagle’s medium (LG-DMEM; Gibco), respec-
tively. C2C12 myoblasts, HeLa cells, and HEK293T cells were cultured in DMEM (Gibco) with the same
supplement. All the above mediums were supplemented with 10% fetal bovine serum (Gibco), 100 U/ml
penicillin, and 100 �g/ml streptomycin (Life Technologies). All cells were cultured in 37°C humidified
incubators with 5% CO2. For neuronal differentiation, primary MSCs or 3A6 cells were seeded at a density
of 4,000 cells/cm2 and induced the next day by use of neuronal induction medium (NIM), containing
DMEM without serum and supplemented with 0.1 �M dexamethasone (Sigma), 50 �g/ml ascorbic acid
2-phosphate (Sigma), 50 �M indomethacin (Sigma), and 10 �g/ml insulin (Sigma) (24). The medium was
changed every 3 days. For hypoxic induction, 3A6 cells were incubated in a 1% O2 incubator or treated
with 200 �M CoCl2 for up to 24 h.

Immunoblotting and indirect immunofluorescence assay. Immunoblotting was performed using
an enhanced chemiluminescence system (Millipore) as described previously (37). Primary antibodies used
included polyclonal antibodies against RBM4 (3), �-tubulin (NeoMarkers), the FLAG tag (Sigma-Aldrich),
Tuj1 (Biolegend), PTB (Abcam), and HIF-1� (Proteintech). For indirect immunofluorescence assay, trans-
fected cells were induced in NIM for 0, 5, or 24 h and sequentially treated with 3% formaldehyde (Merck)
and 0.5% Triton X-100 (Sigma). Fluorescence staining was performed as described previously (37). The
cells were observed by using a laser scanning microscope (LSM 700; Zeiss).

Plasmid construction. The expression vectors for FLAG-tagged RBM4 and PTB were described
previously (3). To generate the expression vectors for FLAG-tagged PKM1 and PKM2, we performed
RT-PCR using 3A6 cell total RNA with specific primers and cloned each cDNA into the pcDNA3.1 vector.
To construct the mouse PKM minigene reporter, three genomic DNA fragments, including one from exon
8 to the 5= part of intron 8, one from the 3= part of intron 8 to the 5= part of intron 10, and one from the
3= part of intron 10 to exon 11, were amplified and ligated, and the resulting DNAs were cloned into
pCH110 (GE Healthcare). The mutant PKM reporter was generated by PCR-based mutagenesis. To
construct the human PTB minigene, two genomic DNA fragments, one from exon 8 to the 5= part of
intron 9 and the other from the 3= part of intron 9 to exon 10, were amplified and ligated, and the
resulting DNAs were subcloned into pCH110. To construct the FLAG-PTB-1 and FLAG-PTB-4 expression
vectors, RT-PCR was performed using 3A6 cell cDNA as the template and one set of primers (Table S1).
The corresponding cDNAs were each subcloned into FLAG-containing pCDNA3.1. The expression vector
for HA-tagged HIF-1� was obtained from Y.-S. Huang (Academia Sinica, Taipei, Taiwan).

Transfection, in vivo splicing assay, and CHX treatment. C2C12 myoblasts, HeLa cells, and
HEK293T cells were grown to 80% confluence in 6-well plates and transfected by use of Lipofectamine
2000 (Life Technologies). For 3A6 cells, 2 � 105 cells were seeded in 6-well plates and transfected using
GenJet in vitro DNA transfection reagent (version II; SignaGen). In general, 0.5 �g of the reporter was

FIG 8 RBM4 modulates neuronal differentiation via alternative splicing regulation. (A) RBM4 modulates
alternative splicing of PTB. During myogenesis and adipogenesis, RBM4 promotes the expression of the
exon 11-skipping PTB transcript, which is subsequently degraded by NMD. In stem cells, RBM4 induces
the skipping of exon 9, resulting in a transcript coding for a functional PTB protein isoform; this isoform
exhibits weaker splicing activity than that of full-length PTB. Moreover, RBM4 suppresses the activity of
PTB in splicing regulation. (B) Cell differentiation signals or hypoxic treatment can induce RBM4
expression. RBM4 promotes the PKM isoform switch toward PKM1, which increases the mitochondrial
respiratory capacity and facilitates neuronal differentiation. The possibility remains that RBM4 promotes
neuronal differentiation of MSCs via other pathways (dashed line).

RBM4 Regulates Neuronal Differentiation of MSCs via PKM Molecular and Cellular Biology

February 2017 Volume 37 Issue 3 e00466-16 mcb.asm.org 11

http://mcb.asm.org


cotransfected with the indicated amounts of the splicing effectors into HEK293 cells for 30 h. Total RNA
was isolated for RT-PCR analysis using specific primers (Table S1). To enhance the PCR signals, Southern
blotting was performed using specific primers (Table S1) (3). For cycloheximide (CHX) treatment, cells
were transfected with the RBM4 expression vector or empty vector for 30 h. The cells were treated with
or without CHX for 2 h before being harvested. For knockdown-specific gene expression, 20 pmol of
siRNA (Stealth siRNA; Invitrogen) was used to target luciferase (siLuc) or RBM4 (siRBM4) (sense, GCGUA
CGCCUUACACCAUGAGUUAU; and antisense, AUAACUCAUGGUGUAAGGCGUACGC).

Cell metabolism assay. 3A6 cells were transfected with a FLAG-protein (RBM4, PKM1, or PKM2)
expression vector or empty vector for 30 h. For oxygen consumption rate (OCR) analysis, we exploited the
Seahorse system (Agilent Technologies). In brief, 1 � 104 transfected cells were seeded in Seahorse XF 98
plates for 24 h, and the medium was changed 1 h before analysis. Analysis was performed according to the
manufacturer’s instructions. To gain a complete mitochondrial profile, we used a Mito Stress test kit (Agilent
Technologies) following the manufacturer’s instructions, sequentially adding oligomycin (1 �M), carbonyl
cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (1 �M), and rotenone-antimycin (0.5 �M).

RT-PCR and RT-quantitative PCR (RT-qPCR) assays. Reverse transcription-PCR was performed
essentially as described previously (3). Primers used are listed in Table S1 in the supplemental material.
To search for potential RBM4 targets during neuronal differentiation of MSCs, we used a neurogenesis
PCR array (PAHS-404Z; Qiagen). 3A6 cells were transfected with the FLAG-RBM4 or empty vector for 30
h. Cells were reseeded at a density of 4,000 cells/cm2 and cultured in NIM for 1 day. Total RNA was
extracted for analysis according to the manufacturer’s instructions.

Statistical analysis. The Student t test was performed to evaluate the significance of differences
between experimental groups. Error bars in all graphs indicate standard deviations. P values of �0.05
were considered statistically significant.

RNP immunoprecipitation. The FLAG-RBM4 vector was transfected into 3A6 cells for 30 h. Cell
lysates were prepared and incubated with anti-FLAG M2 beads (Sigma) in NET-2 buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, and 0.1% NP-40) at 4°C for 2 h. After extensive washing with NET-2 buffer, RNA was
extracted by use of TRIzol reagent. RT-PCR was performed using the primers shown in Table S1 in the
supplemental material.

EMSA. The CU-rich RNA probe contained a 61-nucleotide (nt) fragment derived from the 3= end of mouse
PKM intron 8 (i.e., 7 to 67 nt upstream of the 3= splice site). The control contained a 45-nt CU-poor sequence
(393 to 437 nt upstream of the 3= splice site). The probe cDNAs were each subcloned into the pGEM-T vector
(Promega). The RNA probes were in vitro transcribed from NotI-linearized plasmids by use of T7 RNA
polymerase (Promega). Electrophoretic mobility shift assay (EMSA) was performed essentially as described
previously (3). Recombinant maltose binding protein (MBP) and MBP-RBM4 were described previously (3). For
detection of RNA-protein interactions, 2.8 �g (�55 pmol) of recombinant MBP-RBM4 was incubated with
5 � 104 cpm of 32P-labeled probe (75 fmol for the CU-rich probe) at 30°C for 30 min. The reactions were
analyzed by electrophoresis on a 6% nondenaturing polyacrylamide gel as described previously (3).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
MCB.00466-16.

TEXT S1, PDF file, 0.08 MB.
TEXT S2, PDF file, 0.07 MB.
TEXT S3, PDF file, 0.07 MB.
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