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Figure 2. miRNAs globally upregulate the expression of RBPs and SFs in ESCs.

A Cumulative distribution functions of log,FPKM of RBPs in wild-type, Dgcr8 KO, and miR-294 rescued Dgcr8 KO ESCs. P value was calculated by two-sided Wilcoxon
rank-sum test.

B Cumulative distribution functions of log,FPKM of SFs in wild-type, Dgcr8 KO, and miR-294 rescued Dgcr8 KO ESCs. P value was calculated by two-sided Wilcoxon
rank-sum test.

C Quantitative analyses of expression changes for all genes, RBPs, SFs, and RBPs and SFs that are predicted as miR-294 targets in Dgcr8 KO versus wild-type ESCs
(filled boxes) and in miR-294 versus mock-transfected Dgcr8 KO ESCs (open boxes). Boxes indicate the 25th to 75th percentiles, and the central bar represents the
median. Error bars indicate SD.

D Cumulative distribution functions of log,FPKM of RBPs in wild-type and Dicerl KO ESCs. Data were reanalyzed from a previously published study by Sharp. P value
was calculated by two-sided Wilcoxon rank-sum test.

E Cumulative distribution functions of log,FPKM of SFs in wild-type and Dicerl KO ESCs. Data were reanalyzed from a previously published study by Sharp. P value
was calculated by two-sided Wilcoxon rank-sum test.

F, G Average signal intensity of H3K4me3 and H3K36me3 across RBPs and SFs in wild-type (red) and Dicer1 KO (blue) mESCs. Y-axis represents average value of
normalized reads. P values indicate the significance of the area difference between wild-type and Dicerl KO signals within the dotted line (two-sided Wilcoxon
rank-sum test, n = 100 data points). The gray box at bottom represents the beginning and the end of an average RBP or SF gene. The signals were also plotted for
50% up- and downstream of each gene.
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Figure 3. miR-294 represses Mbnll and Mbnl2 through both posttranscriptional and epigenetic mechanisms.

A RT—gPCR analysis of MbnI1 and Mbnl2 in wild-type and Dgcr8 KO ESCs. The B-actin gene was used as a control. For each gene, data were normalized to the mRNA
level of Dgcr8 KO ESCs. Shown are mean =+ SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

B RT—gPCR analysis of Mbnl1 and Mbnl2 in mock- and miR-294-transfected Dgcr8 KO ESCs. The B-actin gene was used as a control. For each gene, data were
normalized to the mRNA level of mock-transfected Dgcr8 KO ESCs. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

C, D Western blotting analysis of MBNL1 and MBNL2 in wild-type and Dgcr8 KO ESCs or mock- and miR-294-transfected Dgcr8 KO ESCs. TUBULIN was used as a
loading control. Data were normalized to the protein level of mock-transfected Dgcr8 KO ESCs.

E Sequences of predicted miR-294 targeting sites and corresponding mutations in 3'UTRs of MbnlI1 and Mbnl2.

F Luciferase reporter assay in wild-type and Dgcr8 KO ESCs. Data were normalized to renilla and then to control vectors. Shown are mean + SD, n = 4. P values are
as indicated. Unpaired two-tailed Student’s t-test.

G Luciferase reporter assay in mock- and miR-294-transfected Dgcr8 KO ESCs. Data were normalized to renilla and then to control vectors. Shown are mean =+ SD,

n = 4. Pvalues are as indicated. Unpaired two-tailed Student’s t-test.

H ChIP-gPCR analysis of EZH2 at Mbnl1 and Mbnl2 promoters in wild-type, Dgcr8 KO, and miR-294-transfected Dgcr8 KO ESCs. Nr2f2 and Hoxal as positive controls.
Oct4 as a negative control. Data were normalized to input and then to Dgcr8 KO ESCs. Shown are mean + SD, n = 4. P values are as indicated. Unpaired two-
tailed Student’s t-test.

| RT—qPCR analysis of Mbnl1 and MbnI2 in wild-type and Eed knockout ESCs. The B-actin gene was used as a control. For each gene, data were normalized to the
mRNA level of wild-type ESCs. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

Source data are available online for this figure.
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Figure 4. miR-294 controls alternative splicing through repressing Mbnl1l and Mbnl2 in ESCs.

A Heatmap of PSI values of miR-294 rescued splicing events.

B Heatmap of PSI values of differential ESC-specific splicing events between wild-type and Dgcr8 KO ESCs.

C Representative gel images from RT—PCR for ESC-specific alternative splicing events.

D Quantification of PSI for ESC-specific alternative splicing events from RT-PCR. Shown are mean + SD, n = 2. P values are as indicated. Unpaired two-tailed Student’s
t-test.

E Rescue of differential splicing events by Mbnl1 and Mbnl2. Shown are differential splicing events between wild-type and Dgcr8 KO ESCs that are rescued at least 1/3
by miR-294.
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demonstrate that a large portion of miR-294-dependent alternative
splicing events is regulated through the downregulation of Mbnl1/2
by miR-294.

miR-294 and Mbnl1/2 opposingly regulate the selection of
alternative last exons of Mbd2

Mbd2 is a transcriptional repressor binding to methylated DNA
region and plays important roles in ESCs and during reprogram-
ming [20,28]. Interestingly, Mbd2 has two different isoforms with
alternative last exons [41], a phenomenon also known as alterna-
tive polyadenylation. We have previously shown that the long
isoform is a direct target of miR-294 in the regulation of glycolysis
in ESCs and during reprogramming [28]. Since MISO analysis does
not include the selection of alternative last exons, we checked the
expression of two Mbd2 isoforms manually. High-throughput RNA
sequencing detected both isoforms of Mbd2 in mouse ESCs
(Mbd2_S and Mbd2_L, Fig 5A). RT-qPCR analysis revealed that
approximately 9.0 copies of Mbd2_S and 7.8 copies of Mbd2_L per
cell were expressed in wild-type ESCs (Figs 5B and EV4A).
Furthermore, Mbd2_S was significantly downregulated, while
Mbd2_L was significantly upregulated in Dgcr8 KO versus wild-
type ESCs (Fig 5B and C). Interestingly, both miR-294 and siMbn-
11/2 rescued these changes (Fig 5C). Consistently, overexpression
of Mbnll or Mbnl2 downregulated Mbd2_S and upregulated
Mbd2_L in wild-type ESCs (Fig EV4B). To check whether Mbnl1/2
regulates the alternative polyadenylation of Mbd2 during develop-
ment, we performed embryoid body differentiation which mimics
early embryo development. We found that the ratio of Mbd2_L/
Mbd2_S is significantly increased during differentiation, correlating
with the increased expression of Mbnll and Mbnl2 (Fig 5D and E).
In the next, we transfected siRNAs against Mbnl1/2 in NIH 3T3
fibroblasts. Consistently, knocking down Mbn1/2 led to the down-
regulation of Mbd2_L and the upregulation of Mbd2_S as expected
(Fig 5F and G). Furthermore, CLIP-seq data from C2C12 cells [42]
showed that Mbnl1/2 directly bind the upstream of the last exon
of Mbd2_S, suggesting that MBNL proteins directly regulate the
selection of last exon of Mbd2. Consistent with the CLIP-seq analy-
sis, RIP-qPCR confirmed that Mbd2 is bound by MBNLI and
MBNL2 in ESCs (Fig EV4C). Altogether, these data show that miR-
294 and MBNL proteins opposingly regulate the selection of alter-
native last exons of Mbd2 (Fig SH). Together with our previous
results [28] showing that Mbd2_L is a direct target of miR-294,
these data demonstrate that miR-294 can decrease the level of
Mbd2_L through indirectly affecting alternative polyadenylation
process in addition to posttranscriptional repression by directly
targeting 3'UTR.

Mbnl1/2 counteracts the function of miR-294 by binding and
upregulating the expression of key miR-294 targets

As shown in Fig 5D, Mbnll/2 were significantly increased during
ESC differentiation. To understand the impact of increased level of
Mbnll/2, we ectopically expressed Mbnll/2 in ESCs to a similar
level in 3T3 cells (Fig EV5A) and checked the expression of pluripo-
tency genes. Overexpression of Mbnl1l/2 led to a slight downregula-
tion of Nanog, Klf4, and Esrrb but not core pluripotency genes Oct4
and Sox2 (Fig EV5B). Interestingly, Mbnll/2 overexpression
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significantly decreased the proliferation rate of ESCs (Fig 6A),
accompanied with a slight accumulation of cells in GO/G1 phase
(Fig 6B) and increased apoptosis (Fig 6C). Moreover, ESCs overex-
pressing Mbnll/2 showed a more elongated and irregular shape
suggesting a gain of mesenchymal properties (Fig 6D). Consistent
with cellular phenotypes, RT-qPCR analysis verified that mesenchy-
mal marker Cdh2 and key transcription factors promoting epithelial-
to-mesenchymal transition (EMT) are upregulated in Mbnll/2 over-
expressing ESCs (Fig 6E). We and others have previously shown
that miR-294 promotes ESC proliferation and G1/S transition, and
inhibits apoptosis and epithelial-to-mesenchymal transition [29-
31,43]. Therefore, these data suggest that Mbnll/2 counteract the
function of miR-294 in these processes.

To understand how Mbnl1/2 oppose the function of miR-294, we
used RIP-gPCR to check whether MBNL proteins directly bind to
mRNAs of key miR-294 targets in ESCs that are responsible for cell
cycle and proliferation (Cdknla, Lats2, Rbll, and Rbl2) [29,43], for
apoptosis (Casp2 and Ei24) [30], and for epithelial-to-mesenchymal
transition (Vim, Arhgef3, Arhgapl2, Mmp23, Zebl, Zeb2, Fndc3a,
Rhoc, Tgfbr2) [31,44]. The results showed that Mbnl1/2 binding
was enriched in 9 of 15 selected miR-294 targets in ESCs (Fig 7A).
For these nine Mbnl1/2 binding targets, RT-qPCR analysis showed
that eight of them are significantly upregulated in Mbnll/2 overex-
pressing ESCs (Fig 7B). In contrast, only one of other six targets that
are not bound by Mbnl1/2 was upregulated (Fig 7B). Furthermore,
we tested whether Mbnll/2 can promote the expression of their
targets through 3'UTR. We previously constructed luciferase repor-
ters bearing 3'UTR of Vim, Rhoc, Tgfbr2, Cdknla, and Lats2
[31,43]. Luciferase assay showed that MBNL proteins promoted the
activity of luciferase reporters bearing 3'UTR of Tgfbr2, Cdknla, and
Lats2 (Fig 7C and D). In addition, even when miR-294 binding sites
are mutated in the 3’UTR of Tgfbr2, the luciferase activity was still
significantly increased upon Mbnll/2 overexpression (Fig 7E),
suggesting Mbnl1/2 promoting the expression of these genes inde-
pendent of miRNA regulation. Consistently, in 3T3 cells which do
not express miR-290/302 family of miRNAs, knocking down Mbnl1/
2 downregulated six out of eight miR-294 targets that were bound
and upregulated by Mbnl1/2 in ESCs (Fig 7F). Together, these data
demonstrate that MBNL proteins bound mRNAs of many miR-294
targets and promoted their expression to counteract miR-294’s func-
tion in regulating proliferation, apoptosis, and EMT.

Discussion

How different layers of posttranscriptional regulation are coordi-
nated to achieve cell type-specific gene expression program is not
well understood. Here we show that miR-290/302 family of
miRNAs and their targets MBNL splicing factors crosstalk with each
other to achieve ESC-specific splicing and gene expression program
(Fig 8A and B). Through high-throughput sequencing and bioinfor-
matics analysis, we identified 578 differentially regulated alternative
splicing events between Dgcr8 KO and wild-type ESCs. Around 70 %
of these differentially regulated events were restored by the
introduction of miR-290/302 family of miRNAs in Dgcr8 KO ESCs.
Interestingly, we found miR-290/302 family of miRNAs shape the
expression landscape of RBPs and SFs through both indirect mecha-
nism to globally promote the transcription of RBPs and SFs and

© 2018 The Authors
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Figure 5. miR-294 and Mbnl1/2 opposingly regulate the alternative last exon usage of Mbd2.

A Sequencing tracks of Mbd2. The y-axis represents number of reads per million. The gene structures of short and long isoforms of Mbd2 are shown at the bottom in
black, with the exons as black boxes.

B Estimated copy numbers per cell for Mbd2_S and Mbd2_L in wild-type and Dgcr8 KO ESCs. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-
tailed Student’s t-test.

C RT-gPCR analysis of Mbd2_S and Mbd2_L in wild-type, Dgcr8 KO, miR-294, and Mbnl1/2 siRNA mixtures transfected Dgcr8 KO ESCs. The B-actin gene was used as a
control. Data were normalized to the mRNA level of wild-type ESCs. Shown are mean £ SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

D RT-qPCR analysis of Mbnl1, Mbnl2, Mbd2_S, and Mbd2_L at different timepoints of embryoid body differentiation. The B-actin gene was used as a control. Data were
normalized to the mRNA level of wild-type ESCs. Shown are mean £ SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

E Relative ratios of Mbd2_L/Mbd2_S. Shown are mean 4 SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

F  Western blotting analysis of MBNL1/2 proteins in NIH 3T3 cells transfected with Mbnl1/2 siRNA mixtures. Data were normalized to TUBULIN and then to control
transfected 3T3 cells.

G RT-gPCR analysis of Mbnl1, Mbnl2, Mbd2_S, and Mbd2_L in NIH 3T3 cells transfected with Mbnl1/2 siRNA mixtures. Data were normalized to B-actin and then to
control transfected NIH 3T3 cells. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

H Summary graph showing opposing regulation of Mbd2 isoforms by miR-294 and Mbnl1/2. Mbnl1/2 repress and promote the splicing of Mbd2_S and Mbd2_L,
respectively, while miR-294 directly represses the expression of Mbnl1l and Mbnl2. In addition, miR-294 represses the expression of Mbd2_L through targeting its
3'UTR.

Source data are available online for this figure.
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direct mechanism to repress a small number of predicted targets
including Mbnll and Mbnl2. We further showed that around 60%
of miR-290/302-dependent alternative splicing events are at least
partially caused by the repression of Mbnll and Mbnl2. Interest-
ingly, miR-290/302 repressed the expression of Mbnll/2 through
both posttranscriptional and epigenetic (i.e., PRC2 binding) mecha-
nisms. In addition, miR-290/302 suppressed the expression of
Mbd2_L by modulating the alternative last exon usage, which is
opposed by Mbnl1/2. Surprisingly, we found that overexpressing
Mbnll or Mbnl2 promotes the expression of many key targets of
miR-294, therefore counteracting miR-294’s function in regulating
proliferation, apoptosis, and EMT. Mechanistically, we discovered
that MBNL proteins bind the majority of selected key targets of
miR-294 and upregulate the expression of these targets through
miRNA independent function. Altogether, our study reveals
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extensive and complex crosstalk between miRNAs and splicing
factors in regulating alternative splicing and gene expression
program for cell fate determination and has important implications
for studying miRNA regulation, development, and diseases.

The knockout of Dgcr8 or Dicerl led to global downregulation
of RBPs and SFs in ESCs. This phenomenon is reminiscent of
global decrease of lincRNAs in Dicer] KO ESCs [39]. In that
study, Zheng et al found that the expression of lincRNAs is
mainly regulated through Dicerl/miR-290/cMyc axis. MYC is
known to promote transcription elongation by stimulating the
recruitment of elongation factor P-TEFb at actively transcribed
genes [45,46]. However, our analysis showed that RBPs and SFs
were not globally downregulated in Myc knockout ESCs (data not
shown), therefore strongly arguing for the existence of other
mechanism by miR-294 to promote transcription elongation.
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Figure 6. Mbnl1/2 counteract miR-294’s function in regulating proliferation, apoptosis, and EMT.

A

Proliferation index for GFP, Mbnl1, and Mbnl2 overexpressing ESCs. Transgenes were induced by 1 uM doxycycline during plating at day O. Cells were counted at day

2. Data were normalized to GFP overexpressing ESCs. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

m o 0O ®

Cell cycle analysis of GFP, Mbnl1, and Mbnl2 overexpressing ESCs. Shown are mean £ SD, n = 3.

Apoptosis analysis of GFP, Mbnl1, and Mbnl2 overexpressing ESCs. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.
Representative images of GFP, Mbnl1, and Mbnl2 overexpressing ESCs. Images were taken ~48 h after overexpression. Scale bars: 25 pm.

RT—-gPCR analysis of EMT markers. Cells were harvested ~48 h after overexpression. The B-actin gene was used as a control. Data were normalized to the mRNA level

of wild-type ESCs. Shown are mean + SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.
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Figure 7. Mbnl1/2 bind and promote the expression of key miR-294 targets.

miR-290 control ESC alternative splicing ~ Da-Ren Wu et al

A RIP-qPCR analysis of key miR-294 targets in regulating proliferation, apoptosis, and EMT. ESCs were harvested ~48 h after overexpression. Data were normalized to
B-actin and then to RNA pulled down in GFP overexpressing ESCs. Shown are mean £ SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

B RT-qPCR analysis of key miR-294 targets in regulating proliferation, apoptosis, and EMT. ESCs were harvested ~48 h after overexpression. Data were normalized to
B-actin and then to GFP overexpressing ESCs. Shown are mean =+ SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

C Luciferase assay for 3'UTRs of Cdknla and Lats2. The 3'UTRs of Cdknla and Lats2 were cloned in pGL3-basic vectors. Renilla was used as transfection control. Data
were normalized to empty vectors and then to GFP overexpressing ESCs. Shown are mean + SD, n = 4. P values are as indicated. Unpaired two-tailed Student’s

t-test.

D Luciferase assay for 3'UTRs of Rhoc, Tgfbr2, and Vim. The 3'UTRs of Rhoc, Tgfbr2, and Vim were cloned into pSicheck2 vectors. Renilla was used as transfection control.
Data were normalized to empty vectors and then to GFP overexpressing ESCs. Shown are mean =+ SD, n = 4. P values are as indicated. Unpaired two-tailed Student’s

t-test.

E Luciferase assay for 3'UTR of Tgfbr2 with miR-294 targeting sites mutated. Renilla was used as transfection control. Data were normalized to empty vectors and then
to wild-type 3'UTR reporter in GFP overexpressing ESCs. Shown are mean + SD, n = 4. P values are as indicated. Unpaired two-tailed Student’s t-test.

F RT-PCR analysis of selected key miR-294 targets in control or siMbnl1/2 transfected 3T3 cells. The B-actin gene was used as a control. Data were normalized to the
mRNA level of control-transfected 373 cells. Data are presented as mean =+ SD, n = 3. P values are as indicated. Unpaired two-tailed Student’s t-test.

Future work is warranted to identify direct targets of miR-294
that regulate transcription elongation of RBPs and SFs. Identifying
these targets will provide insights for both transcriptional and
alternative splicing regulation.

Our study reveals two interesting examples of miRNA-mRNA
target repression models. miRNAs are known to posttranscription-
ally repress the expression and translation of their mRNA targets.
However, we found that miR-294 also inhibits the transcription of
Mbnl1/2 through promoting the binding of PRC2 to their promoter
regions. In addition, we found that miR-294 represses the produc-
tion of long isoform of Mbd2 through affecting alternative
polyadenylation process. Therefore, on top of posttranscriptional
mechanisms, miRNAs may achieve a high degree of repression for
specific targets through coordinating additional mechanisms.
Whether these are just anecdotic examples or represent a general
phenomenon for many other miRNAs and their target genes are
interesting questions to address in future.

Around 30% alternative splicing events differentially regulated
between wild-type and Dgcr8 KO ESCs were not rescued by miR-
290/302. How these splicing events are regulated is an open
question. It could be through other ESC expressed miRNAs or
non-canonical function of DGCR8 protein binding to pre-mRNAs
[47]. In addition, among hundreds of RBPs and SFs that are
directly or indirectly regulated by miR-294, our study only
dissected the function of Mbnll/2. Since a large number of alter-
native splicing events were not fully rescued by knocking down
Mbnl1/2, future work should investigate the role of other RBPs
and SFs in regulating alternative splicing mediated by miR-294.
More importantly, how alternative splicing contributes to the
function of miR-290/302 in the self-renewal and pluripotency of
ESCs warrants further investigation. Some of alternative splicing
events have been previously shown to be functional in ESCs; for
example, different splicing isoforms of Mbd2 and Foxpl oppos-
ingly regulate ESC self-renewal and reprogramming [19,20].
Future work should elucidate the function of different isoforms of
other important genes in ESCs and during reprogramming. More
interestingly, our study demonstrates that MBNL proteins directly
bind mRNAs of many key miR-294 targets to promote their
expression through alternative splicing-independent function. Early
differentiation of ESCs is accompanied with the decrease in prolif-
eration [48] and the increase in apoptosis [49] and EMT [50].
These processes are also actively involved in the induction of
pluripotency during reprogramming [51]. The function of these
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processes and related factors in ESC differentiation is only begin-
ning to be revealed. miR-294 family of miRNAs promotes prolifer-
ation and inhibits apoptosis and EMT by repressing corresponding
targets. By opposing miR-294’s repression on these targets,
Mbnl1/2 might fine tunely modulate the differentiation kinetics
and/or even the direction of differentiation, which could be
important for the establishment of certain lineages. How extensive
this type of regulation by MBNL and its functional roles in devel-
opment, reprogramming, and diseases (e.g., myotonic dystrophy)
are worthy of future investigation. To answer these important
questions, we propose to identify cofactors of Mbnl1/2 in regulat-
ing mRNA level versus regulating mRNA splicing. Knocking out
their cofactors specific for regulating mRNA level during ESC dif-
ferentiation may reveal the importance of this regulation and
identify specific lineages requiring this type of regulation by
Mbnll/2. Furthermore, the similar cross-regulation between
miRNAs, miRNA targets, and other alternative splicing regulators
should also be examined in development, disease, and reprogram-
ming. These studies will provide novel insights on the control of
alternative splicing and non-canonical function of splicing regula-
tors in general and may lead to the invention of innovative means
to manipulate stem cells and treat diseases.

Materials and Methods
Cell culture and transfection of small RNAs

Mouse ESCs were grown on gelatin-coated plates or irradiated
mouse embryonic fibroblast feeder cells (MEFs) in 15% FBS as
previously described. NIH 3T3 cells were grown in DMEM supple-
mented with 10% FBS. siRNAs or miRNA mimics (Dharmacon,
ThermoFisher) were transfected at 25 or 50 nM using the Dhar-
maFECT1 transfection reagent (Dharmacon, ThermoFisher) follow-
ing the manufacturer’s protocol. Sequences of siRNAs and
miRNAs are listed in Appendix Table S1. On day 3 after transfec-
tion, cells were processed for RT-PCR, Western blot analysis, or
luciferase assay.

RNA extraction, RT-qPCR, and semi-quantitative PCR

Total RNA was extracted following standard Trizol protocol (Invit-
rogen). Samples were centrifuged at > 12,000 g instead of 7,500 g

© 2018 The Authors
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Figure 8. Summary graph for opposing regulation of alternative splicing and cellular functions by miR-294 and Mbnl1/2 in ESCs.

A Regulation of alternative splicing program by MBNL and miR-294 in ESCs.

B MBNL proteins upregulate the expression of key miR-294 targets to repress proliferation and promote apoptosis and EMT.

to preserve small RNAs. RT-PCR was performed using SYBR Green
mix (Vazyme Biotech, Nanjing). To analyze alternative splicing by
semi-quantitative PCR, the number of amplification cycles was 22
for Gapdh, and 27-32 for all other transcripts analyzed. Reaction
products were separated on 1% agarose gels. Isoform abundance
was quantified by ImageJ. Sequences for PCR primers are shown
in Appendix Table S2-S4.

Western blot analysis

Proteins were extracted using lysis buffer (Kangweishiji, Beijing)
containing 1x protease inhibitor usually 48 h after transfection
or plating. Antibodies against Mbnll (sc-47740) and Mbnl2 (sc-
136167) were from Santa Cruz Biotechnology, and antibodies
against tubulin (T6557) were from Sigma.

Cell cycle and apoptosis analyses

For cell cycle analysis, around 0.8 million cells were plated in ESC
media containing 1 pM doxycycline in a 6-cm dish, cells were
collected and fixed by 90% ethanol after growing for ~24 h. For
apoptosis analysis, around 0.2 million cells were plated in ESC
media containing 1 pM doxycycline in a well of six-well plates and
grown for ~48 h. Cell cycle analysis was performed as previously
described [29]. For apoptosis assay, cells were trypsinized and
labeled with DAPI and FITC-Annexin V (Annexin) and analyzed by
flow cytometry. The fraction of DAPI-negative and Annexin V-
positive cells in the total population was calculated to quantify the
early stage of apoptosis.

© 2018 The Authors

UV crosslink RIP

The cells grown in a 10-cm dish were crosslinked with 254 nm
UV (400 mJ/cm?). Cells were collected and lysed by lysis buffer
(50 mM Tris-HCl, pH 7.4, with 150 mM NaCl, and 1% Triton
X-100, 5% glycerol, supplemented with 1 mM DTT, 1 mM PMSF,
1:500 PI cocktail, and 400 U/ml RNase inhibitor). The lysate was
treated with DNase I at 37°C for 10 min, then was centrifuged at
13,800 g for 20 min at 4°C. The supernatant was incubated with 20 ul
protein A/G Dynabeads (Invitrogen) at 4°C for 1 hr to avoid non-
specific binding proteins. Meanwhile, 5 ng Flag antibody (F1804,
Sigma) was incubated with 30 pl protein G Dynabeads at room
temperature for 30 min in the dilution buffer (50 mM Tris—Cl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100); 100 ng yeast total
extract was then added to block beads for at least 1 h before use. Pre-
cleared lysate was added to the clean Flag-beads complex, and mixed
gently overnight at 4°C on a shaker. After incubation, samples were
washed five times with 0.5 ml of IP200 buffer (20 mM Tris—Cl pH7 .4,
200 mM NaCl, 1 mM EDTA, 0.3 Triton X-100, 5% glycerol), followed
by digestion with Proteinase K for 1 h. RNAs were then extracted with
Trizol and processed for RT-qPCR analysis as described above.

Luciferase reporter assay

Plasmid transfection and luciferase assay were performed essentially
as described previously [31]. Plasmids were transfected approxi-
mately 16 h after Mbnll/2 overexpression. ESCs were then lysed
approximately 52-56 h after Mbnll/2 overexpression. The 3'UTRs
for Mbnl1 and Mbnl2 were amplified from genomic DNA and cloned
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into the Notl and Xhol sites in psiCheck-2 vector (Promega). All
other luciferase constructs were from our previous studies [31,43].
Sequences of cloning and mutation primers are listed in
Appendix Table S5.

RNA-seq and bioinformatics analysis

Total RNA was subjected to two rounds of purification using poly-T
oligo-attached magnetic beads before the synthesis of double-
stranded (ds) cDNA. RNA from RIP experiment was directly used
for the synthesis of ds cDNA. The ds cDNA was ligated to adaptors
and sequenced using Illumina Genome Analyzer (Novogene). Desk-
top Application. R 3.1.1 and in-house perl scripts were used for the
generation of graphs and related analysis.

Statistical analysis

The data were presented as mean + SD except where indicated
otherwise. We performed two-tailed unpaired Student’s t-test to
determine statistical significance except for analysis shown in the
boxplot graph, for which we performed two-tailed Wilcoxon signed-
rank test. P value < 0.05 was considered as statistically significant.
Statistic tests are also indicated in figure legends.

Availability of data and materials

All data generated or analyzed during this study are included in the
manuscript and its supplementary information files. Original
sequencing data used and/or analyzed during the current study are
available from the corresponding author on reasonable request.
RNA-seq data have been deposited in the GEO database repository
with the data set identifier GSE111739.

Expanded View for this article is available online.
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