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Translational control of gene expression plays a key role during
the early phases of embryonic development. Here we describe a
transcriptional regulator of mouse embryonic stem cells (mESCs),
Yin-yang 2 (YY2), that is controlled by the translation inhibitors,
Eukaryotic initiation factor 4E-binding proteins (4E-BPs). YY2 plays
a critical role in regulating mESC functions through control of key
pluripotency factors, including Octamer-binding protein 4 (Oct4)
and Estrogen-related receptor-p (Esrrb). Importantly, overexpres-
sion of YY2 directs the differentiation of mESCs into cardiovascular
lineages. We show that the splicing regulator Polypyrimidine tract-
binding protein 1 (PTBP1) promotes the retention of an intron in the
5-UTR of Yy2 mRNA that confers sensitivity to 4E-BP-mediated
translational suppression. Thus, we conclude that YY2 is a major
regulator of mESC self-renewal and lineage commitment and docu-
ment a multilayer regulatory mechanism that controls its expression.
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tringent control of mRNA translation is critical during early
embryonic development, because relatively small changes in
the expression of development-related genes can dramatically
affect the self-renewal and differentiation of stem cells. In fact, a
modest (twofold or less) increase or decrease in Octamer-binding
protein 4 (OCT4) or Sex-determining region Y (SRY)-box 2
(SOX?2) protein levels impairs ESC self-renewal and triggers dif-
ferentiation (1, 2). mRNA translation, which is low in undiffer-
entiated embryonic stem cells (ESCs) and multipotent somatic
stem cells (e.g., hematopoietic stem cells and skin stem cells),
increases significantly during differentiation (3-5). Importantly,
genome-wide analysis of the transcriptome vs. proteome of ESCs
during the early stages of differentiation demonstrated that pro-
tein levels correlate poorly with mRNA levels (Pearson’s R < 0.4),
underscoring the importance of posttranscriptional regulation in
ESC differentiation (6).
mRNA translation can be divided into three steps: initiation,
elongation, and termination. Translational control has been docu-
mented most extensively at the initiation step, at which ribosomes
are recruited to the mRNA by the concerted action of Eukaryotic
translation initiation factors (eIFs) (7). Control of translation is
exerted mainly by two key protein complexes: eIF4F (eIF4E-
eIF4G—cIF4A) and the ternary complex (elF2-GTP-Met-tRNAM<,)
(7). The mammalian target of rapamycin complex 1 (mTORC1)
controls the assembly of eIF4F through the phosphorylation of
elFAE-binding proteins (4E-BPs) (8, 9). The 4E-BPs consist of a
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family of small molecular weight (15-20 kDa) translational inhibitors
(4E-BP1, -2, and -3 in mammals), that, when dephosphorylated, av-
idly bind eIF4E and block its association with eIFAG to form the
elF4F complex. Following phosphorylation by mTORCI1, 4E-BPs
dissociate from eIF4E, allowing the formation of the eIF4F complex
and activation of translation (8, 10-12). 4E-BPs inhibit cap-dependent
translation in embryonic and somatic stem cells (3, 4, 13, 14). Al-
though eIF4E promotes cap-dependent translation of all cellular
mRNAs, the translation of a subset of mRNAs, which generally
contain a long and highly structured 5’-UTR, is strongly dependent
on eIF4E (9, 15). These mRNAs are known as “eIF4E-sensitive” and
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encode proteins that control fundamental cellular processes such as
cell proliferation and survival (16).

We showed that 4E-BPs are required for reprogramming mouse
embryonic fibroblasts (MEFs) to induced pluripotent stem cells
(iPSCs) (17). In the current study, we describe a tightly coordi-
nated network in mESCs whereby the expression of the Yin-yang
2 (Y'Y2) transcription factor is controlled by the splicing regulator
Polypyrimidine tract-binding protein 1 (PTBP1) and the 4E-BP
translation inhibitors. Our data reveal that stringent regulation of
YY2 expression by this network is critical for mESC self-renewal
and lineage commitment.

Results

Transcriptome and Translatome Profiling of WT and 4E-BP1/2-Null mESCs.
To investigate the role of 4E-BPs in mESCs, we first derived
mESCs from WT and Eukaryotic translation initiation factor 4E-
binding protein 1 (Eiffebpl) and Eukaryotic translation initiation
factor 4E-binding protein 2 (Eif4ebp2) double-knockout (DKO)
mice and then examined the eIF4F complex using a 7-methyl-GTP
(m’GTP)-agarose pull-down assay. The eIF4F amount was ele-
vated, as demonstrated by increased (~10.6-fold) eIF4G1 pull-down
in DKO mESCs (Fig. S14). However, polysome profiling (Fig. S1B)
and [*S]methionine/cysteine-labeling assays (Fig. S1C) did not
detect a substantial difference in global mRNA translation between
WT and DKO mESCs. These data are consistent with previous
findings that the lack of 4E-BPs affects the translation of a subset of
mRNAS rather than affecting global translation (17, 18).

To identify 4E-BP—sensitive mRNAs in mESCs, we performed
ribosome profiling (19), which allows precise measurement of
the translation of mRNAs on a genome-wide scale, by deep se-
quencing of ribosome-protected fragments (ribosome footprints;
RFPs). We achieved a high degree of reproducibility between
the replicates for mRNA sequencing (mRNA-Seq) and RFPs
(R* > 0.97, Fig. S1D). Metagene analysis confirmed the enrich-
ment of RFP reads in coding sequences and the expected three-
nucleotide periodicity (Fig. S1E). These analyses validated the
quality of the mRNA and RFP libraries (Table S1). We used
Babel analysis (20) to compute changes in the abundance of RFPs
(Fig. 14) independent of changes in the levels of their corre-
sponding mRNAs (Fig. 1B). A significant enhancement in the
translation efficiency of a small subset of mRNAs was detected in
DKO mESCs [false discovery rate (FDR) < 0.1] (Fig. 1C and
Dataset S1), as is consistent with the lack of global change in
translation in the DKO mESCs (Fig. S1 B and C). Strikingly,
mRNA-Seq data revealed down-regulation of mRNA levels for
several pluripotency factors, such as PR domain-containing 14
(Prdm14), ES cell-expressed Ras (Eras), Estrogen-related receptor-
B (Esmb), and Nanog (—1.3, —1, —0.6, and —0.9, respectively; log,
DKO/WT) in DKO mESCs (Dataset S2). Possible reasons for
this down-regulation are discussed below.

Ablation of Eif4ebp1 and Eif4ebp2 Results in Reduced Expression of
mESC Markers. To validate the mRNA-Seq results, we examined
the expression of pluripotency factors in undifferentiated WT and
DKO mESCs, and also in WT and DKO mESCs after differen-
tiation, by Western blot and quantitative RT-PCR (RT-qPCR).
Although all DKO mESC lines maintained normal morphology
under standard mESC culture conditions [in the presence of
Leukemia inhibitory factor (LIF) and feeder layer (irradiated
MEFs5)], expression of the ESC marker NANOG was reduced by
60-70% (Fig. 1D). These changes did not result from unintended
consequences of the knockout procedure, because RNAi-medi-
ated depletion of 4E-BP1 and -2 (double knockdown; DKD)
resulted in a strong (80%) reduction in NANOG (Fig. S24). DKO
mESCs proliferated more slowly than WT mESCs (Fig. S2B), and
when cultured in the absence of feeder layer, they exhibited flat-
tened morphology, which is indicative of cellular differentiation,
whereas WT mESCs preserved their normal morphology (Fig.
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Fig. 1. The lack of 4E-BPs deregulates the expression of pluripotency factors
in mESGs. (A and B) The log, abundance of RFPs (A) and mRNA (RNA-Seq) (B)
of transcripts that were included in Babel analysis are plotted for WT and
Eif4ebp1 and Eif4ebp2 DKO mESCs. (C) Babel analysis of transcripts with a
significant change in RFPs independent of the corresponding change in mRNA
abundance (black dots; FDR < 0.1). Triml2 and Trmt61b, respectively, are
mRNAs with the highest and the lowest RFP ratios in DKO compared with WT
mESGCs; FC, fold change. (D) Western blot analysis of NANOG expression in a
WT mESC and in two independent DKO mESC clones (C1 and C2). Numbers
indicate the ratio of NANOG expression in each clone to that in the WT mESC
followed by normalization with p-actin. (E) Western blot analysis of YY2 and
YY1 expression in a WT mESC and two independent DKO mESC clones.
Numbers indicate the ratio of YY2 expression in each clone compared with the
WT mESC followed by normalization with a-tubulin. (F) DKO mESCs carrying the
doxycycline-inducible 4E-BP1-4A mutant construct were treated with 0, 0.005,
0.01, 0.05, 0.1, or 0.2 pg/mL doxycycline for 24 h and were subjected to Western
blot analysis. Numbers indicate the ratio of YY2 expression in each treatment
compared with no doxycycline followed by normalization with p-actin.

S2C). Similar morphological changes were observed in DKD ESCs
(Fig. S2D). Notably, when cultured in the absence of LIF and a
feeder layer, NANOG and OCT4 expression was strongly sup-
pressed in DKO mESCs, whereas WT mESCs maintained a higher
expression of these proteins (Fig. S2E). In addition to Nanog,
mRNA levels of Oct4 and Sox2 were lower in DKO mESCs on day
0 of differentiation (Fig. S2F). Moreover, as determined by RT-
gPCR, mRNA levels of several other ESC factors, such as Lin28a,
Eras, and ten-eleven translocations (7ets) (Tetl, -2, and -3), were
reduced in DKO mESCs (Fig. S2G). Therefore, 4E-BPs are re-
quired for the regulation of expression of pluripotency factors.
Analysis of embryoid bodies (EBs) derived from WT and DKO
ESCs revealed that the lack of 4E-BP1 and 4E-BP2 resulted in the
differentiation of mESCs toward mesodermal and endodermal
lineages, as indicated by significant up-regulation of Bone morpho-
genetic protein 4 (Bmp4), an early mesoderm marker, and Gata4
and Gata6, early endoderm markers (Fig. S2H). This up-regulation
coincides with the down-regulation of the neuroectoderm markers
Microtubule-associated protein 2 (Map2) and Sex-determining
region Y (SRY)-box 17 (SoxI7) mRNAs in DKO EB:s.

The decrease in mRNA levels for several pluripotency factors,
such as Nanog, Eras, and Esrrb in DKO mESCs compared with
WT mESCs (Fig. 1D, Fig. S2 F and G, and Dataset S2) suggests
that 4E-BP—dependent translational regulation of one or more
factor(s) affects these changes in the transcriptome.

Stringent Control of YY2 Expression in mESCs. One of the mRNAs
exhibiting the most significant increase in translation efficiency
in DKO mESCs versus WT cells is the Yy2 transcription factor
(Babel P value = 0.0001) (Fig. 1C and Dataset S1). YY2 exhibits
considerable sequence homology (56% identity) with the YY1
transcription factor (21). Like reduced expression 1 (Rex1) [Zinc
finger protein 42 (Zfp42)], a well-known ESC marker (22, 23),
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YY2 is a retroposed copy of the YY1 gene, which evolved only in
placental mammals (24). YY1 is a pleiotropic transcription fac-
tor that regulates diverse cellular processes and plays a critical
role in early embryonic development, ESC biology, and reprog-
ramming (25-27). Although the N-terminal domains of YY1 and
YY?2 differ significantly, the C-terminal DNA-binding domain of
YY1 is highly conserved in Rex1 and YY2 (22), suggesting that
YY2 may play an important role in the regulation of gene ex-
pression in mESCs. Although there is no significant change in
the level of Yy2 mRNA in DKO mESCs compared with WT cells
(Fig. S34), YY2 protein, but not YY1, is elevated 1.9- to 2.4-fold
in DKO mESCs (Fig. 1E). Importantly, expression of a phos-
phorylation-resistant 4E-BP1-4A mutant (28) in DKO mESCs
reduced YY2 protein levels (Fig. 1F). These data demonstrate
that translation of Yy2 mRNA is controlled by 4E-BPs.

To study the functional consequence of YY2 up-regulation in
mESCs, we generated an mESC line carrying a doxycycline-
inducible YY2 construct (dox-YY2). Overexpression of YY2
caused a reduction in the expression of pluripotency factors Nanog,
¢-Myc, and Oct4 mRNAs (Fig. 2 A and B), indicating a negative
role for YY2 in mESC self-renewal. However, constitutively
expressed shRNA against Yy2 in mESCs caused depletion of
mESCs in culture (Fig. S3B). This depletion coincided with in-
creased levels (8.4- + 2.4-fold) of the apoptosis marker, cleaved
caspase-3, in Yy2-knockdown cells (Fig. S3C), suggesting that
mESCs require a basal level of YY2 expression for survival. To
study the impact of a moderate knockdown, we generated an
mESC line carrying a doxycycline-inducible shRNA construct
against Yy2 (shYy2). Although slight induction of shYy2 (0.2 pg/mL
doxycycline) enhanced expression of the pluripotency factors
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Fig. 2. Stringent regulation of YY2 levels is critical for mESC survival and
differentiation. (A and B) Western blot (A) and RT-PCR (B) analysis of WT mESCs
carrying the doxycycline-inducible YY2 construct and treated with 0, 0.2, 1, or
4 pg/mL doxycycline for 24 h. Numbers indicate the ratio of the expression of the
identified protein in each treatment compared with no doxycycline followed
by normalization with p-actin. (C) RT-qPCR analysis of mESCs carrying
doxycycline-inducible shRNA against Yy2 (shYy2) and treated with doxycycline
(0,0.2,1,0r4 pg~mL‘1-d‘1) for 72 h. Values are normalized to g-actin. Data are
mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001; ns, nonsignificant.
(D) Blastocyst outgrowth assay in a WT embryo and in two independent CRISPR/
CAS9-mediated Yy2-knockout embryos. Cas9 mRNA and sgRNAs targeting Yy2
were injected into zygotes. The blastocysts derived from injected embryos were
subjected to the blastocyst outgrowth assay. The mutagenesis strategy and the
sequence of mutant alleles are provided in Fig. S3 D and E. (E) RT-PCR analysis
of EBs carrying the doxycycline-inducible YY2 construct and treated with 0,
0.002, 0.02, or 0.2 pg/mL doxycycline every other day for 4 wk.
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Nanog and Sox2 (Fig. 2C), higher doses of doxycycline failed to
do so (Fig. 2C), indicating a dose-sensitive effect of YY2 on the
expression of mESC pluripotency factors. Importantly, the
deleterious effect of complete depletion of YY2 was not limited
to mESCs, because CRISPR/Cas9-mediated Yy2-knockout blas-
tocysts were unable to maintain their inner cell mass, as demon-
strated by blastocyst outgrowth assays (Fig. 2D and Fig. S3 D and
E). A similar defective outgrowth has been described previously
for YyI~'~ blastocysts (29), suggesting that the lack of YY2 may
cause peri-implantation lethality, as described for YyZ~~ mice (26),
and demonstrating that YY1 and YY2 fulfill nonredundant
functions in blastocyst growth.

Recent studies showing that YY1 directly regulates Nkx2.5 ex-
pression and promotes cardiogenesis uncovered a novel function
for YY1 in cardiomyocyte differentiation and cardiac morpho-
genesis (30, 31). To examine the effect of YY2 on mESC dif-
ferentiation toward cardiovascular lineages, EBs derived from
dox-YY2 mESCs were exposed to doxycycline. One week after
induction of YY2 expression, foci of beating cardiomyocytes be-
gan to appear in the plates with the highest level of YY2 in-
duction (0.2 pg/mL doxycycline) (Movie S1), and the number of
foci continued to increase during the following 2 weeks. No
beating foci appeared in noninduced EBs up to the third week of
differentiation. Consistently, expression of several cardiovascular-
specific markers, such as Nkx2.5, Bone natriuretic peptide (Bnp),
alpha-Myosin heavy chain (aMHC), Myosin light chain 2a (MLC2a),
and MLC2v mRNAs was increased in the Y'Y2-overexpressing EBs
in a dose-dependent manner (Fig. 2E). These data suggest that YY1
and YY2 have overlapping functions in directing the differentiation
of mESC toward cardiovascular lineages.

YY2 Binds to the Regulatory Regions of Key Genes for ESC Pluripotency
and Differentiation. Genomic targets of YY1, but not YY2, in
mESCs have been documented (25, 32). We determined the genome-
wide binding sites of YY2 in mESCs by ChIP-Seq in WT mESC
cells overexpressing YY2. Because of the high degree of similarity
between the C-terminal domains of YY1 and YY2, we used a
monoclonal antibody that specifically recognizes the N-terminal
domain of YY2 (Fig. 24 and Fig. S3F; also see SI Materials and
Methods). YY2-binding sites (Dataset S3) exhibit enrichment for
the genomic loci of coding genes (exons or introns, indicated by
gene, 43%) (Fig. 34) and a preference for the promoter regions
surrounding the transcription start sites (TSS) (Fig. 3B). Nearly half
of the peaks contained the consensus Y'Y1-binding motif (Fig. 3C),
as is consistent with a similar sequence preference for YY1 and
YY2 (21, 22). Motif distribution across binding peaks revealed
enrichment for the known consensus Y'Y 1-binding motif directly at
YY?2 peak centers (Fig. 3D), indicating specific recognition of these
binding sites by YY2.

Pathway analysis of genes associated with YY2-binding peaks
using the Ingenuity Pathway Analysis (IPA) program revealed
significant enrichment for genes related to ESC pluripotency
(Fig. 3E), such as Oct4, Teratocarcinoma-derived growth factor 1
(Tdgf1), Esrrb, and Forkhead box protein D3 (FoxD3). We also
found enrichment for genes involved in the activation of the
retinoic acid receptor (RAR)-signaling pathway. Previous studies
showed that activation of the RAR pathway promotes differen-
tiation of ESCs to cardiomyocytes, particularly MLC2v* ven-
tricular cardiomyocytes, and that the RAR-signaling pathway
plays a critical role in cardiogenesis (33, 34). These findings in-
dicate that activation of this pathway, along with other cardio-
vascular-related YY2 targets [e.g., Bnp, Mesoderm posterior
protein 2 (Mesp2), and MKL (megakaryoblastic leukemia)/
myocardin-like 1 (MkII)], is responsible for engendering the
differentiation of mESCs toward the cardiovascular lineage by
YY2 (Fig. 2E). We validated the ChIP-Seq results for a selected
number of genes with ChIP-qPCR (Fig. 3 F and G and Fig. S3G).
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Fig. 3. YY2 controls the ESC transcriptional regulatory network and de-
velopment-related genes. (A) Pie chart displaying the distribution of YY2
ChlIP-Seq peaks across the genome based on the distance of the peaks from
the nearest RefSeq gene: proximal, <2 kb upstream of the TSS; gene, exon or
intron; distal, 2-10 kb upstream of the TSS; 5d, 10-100 kb upstream of the
TSS; gene desert, >100 kb from a RefSeq gene; and other, anything not
included in the above categories. (B) Histogram depicting the distance of
YY2 ChIP-Seq peaks relative to the TSS of the nearest gene. (C) De novo motifs
enriched in YY2-binding events. Enrichment P values and percentage of tar-
gets containing each motif are displayed, as generated by HOMER software.
(D) Plots showing the average density of selected motifs in a window 2 kb from
the YY2 peak center. (E) The most significantly enriched canonical pathways in
genes associated with YY2 ChIP-Seq peaks, as identified by IPA. (F) Standard
ChIP-gPCR validation of YY2-binding regions. Data are normalized to IgG. The
Lmnb2 gene was used as a negative control. (G) Graphical representation of
selected YY2-binding peaks, obtained from the University of California, Santa
Cruz (UCSC) browser. Twenty-kilobase windows are displayed.

RT-qPCR analysis of a selected number of pluripotency fac-
tors in the ChIP-Seq dataset, such as Oct4, Esrrb, Tetl, and Tet2
mRNAs, revealed that YY2 overexpression suppresses their
expression in mESCs (Fig. 44). The ChIP-Seq analysis did not
identify Nanog as a target of YY2. Thus, the decrease in Nanog
mRNA expression in DKO mESCs (Dataset S2) or upon over-
expression of YY2 (Fig. 2 A and B) is likely secondary to the
down-regulation of other pluripotency factors. In agreement with
our previous observation (Fig. 2C), doxycycline-inducible Yy2
knockdown in mESCs revealed a dose-sensitive regulation of its
target genes (Fig. 4B).

We analyzed the target genes identified by the YY2 ChIP-Seq
assay relative to those of YY1 in mESCs (32) and found that 27.7%
of YY2 targets are shared with YY1 (Fig. 4C and Dataset S3).
Conversely, a large portion of the YY2 targets (~72%) are not
present among the YY1 targets (Fig. 4C), a finding that supports a
previous study of genome-wide mRNA expression in HeLa cells
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demonstrating that YY1 and YY2 regulate some shared but mostly
unique sets of genes (35). Although some pluripotency-related
genes such as 7Tdgfl are unique YY2 targets, Oct4, Krippel-like
factor 5 (KIf5), and Foxd3 are common targets of YY1 and YY2
(Fig. 4C). Notably, Yy! is a target of both YY1 and YY2, and our
data showed that YY2 has a dose-sensitive effect on YY1 expres-
sion (Fig. 2.4 and C). The similar consensus-binding motifs of YY1
and YY2 are consistent with these factors exhibiting overlapping
or competing effects on common target genes (21, 36-38). One
plausible explanation for their distinct activities is the considerable
divergence in their N-terminal domains (Fig. S44). A recent report
showed that the binding of YY1 to active promoters/enhancers
in ESCs through its C-terminal DNA-binding domain is facilitated
by concurrent binding of its N-terminal domain to RNA species
transcribed from these regulatory elements (32). We hypothesized
that the N-terminal domain of YY2 cannot interact with RNA. We
examined this possibility by EMSA using purified mouse YY1 and
YY2 proteins (Fig. S4 B and C) and DNA and RNA probes de-
rived from the AT-rich interactive domain-containing protein Al
(ARID1A) promoter, which interact with YY1 (32). Notably, Aridla
is among the YY2 targets in our ChIP-Seq analysis (Dataset S3).
Although YY2 interacts with the DNA probe with only slightly
less efficiency than YY1 (Fig. 4D), only YY1 binds to the
RNA probe (Fig. 4E), because no visible binding to the Aridla
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Fig. 4. The regulatory network and distinct mode of action of YY2 com-
pared with YY1. (A) RT-gPCR analysis of selected YY2 targets in control and
YY2-overexpressing mESCs. mESCs carrying the doxycycline-inducible YY2
construct were treated with 0 or 0.2 pg/mL doxycycline for 24 h. Values are
normalized to p-actin. Data are mean + SD (n = 3). **P < 0.01, ***P < 0.001;
ns, nonsignificant. (B) RT-gPCR analysis of YY2 targets in mESCs carrying a
doxycycline-inducible shYy2 and treated with doxycycline as described in Fig.
2C. Values are normalized to g-actin. Data are mean + SD (n = 3). *P < 0.05,
**P < 0.01, ***P < 0.001; ns, nonsignificant. (C) Comparison of YY2 and YY1
ChIP-Seq targets in mESGCs. Only peaks with at least a 1-nt overlap were con-
sidered as common targets. (D) EMSA with a radioactive-labeled dsDNA oli-
gonucleotide probe derived from the promoter region of the mouse Arid7a
gene (32) and purified recombinant mouse triple Flag-tagged (3xF)-YY1 and
3xF-YY2 proteins. The probes were incubated in the presence of increasing
amounts of recombinant proteins and in the presence or absence of antibodies
as indicated. () EMSA with a radioactively labeled single-stranded RNA oli-
gonucleotide probe derived from the promoter region of the mouse Arid7a
gene (32) and purified recombinant mouse 3xF-YY1 and 3xF-YY2 proteins.
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promoter-derived RNA was detected for YY2, even after pro-
longed exposure (Fig. S4D). In agreement with these results, anal-
ysis of the N-terminal domains of mouse YY1 and YY2 proteins by
BindN, an RNA-binding prediction server (39), identified two dis-
tinct RNA-binding motifs for YY1 that are not conserved in YY2
(Fig. S4E). Our data suggest a mechanism by which YY2 may act
differently from YY1 and that their differential affinity for the
promoter-derived RNAs underlies the opposing effects of YY1 and
YY2 on certain shared promoters.

A Retained 5’-UTR Intron Renders Yy2 mRNA Sensitive to 4E-BP-Dependent
Translational Repression. To search for eIF4E-sensitive elements in the
5’-UTR of Yy2 mRNA, we first used 5'-RACE to annotate the se-
quence in mESCs. In addition to the annotated mRNA sequence of
the 217-nt 5’-UTR (RefSeq: NM_001098723.1), henceforth referred
to as “variant A,” we uncovered two additional variants possessing
290-nt and 100-nt 5’-UTRs, respectively (Fig. 54 and B). The 290-nt
variant (designated “variant B”) is a 5’ extension of variant A; the
100-nt variant is a spliced version of variant A, lacking 117 nucleo-
tides. The spliced region harbors all the features of a canonical in-
tron, including a GU dinucleotide at the 5’ splice site (SS), an AG
dinucleotide at the 3’ SS, and a polypyrimidine tract and putative
branch site A nucleotide within 20 nt of the 3" SS (Fig. 54). Con-
sidering that the intronic sequence is shared between variants A and
B, we termed their corresponding spliced variants AA and AB, re-
spectively (Fig. 5B). Retroposed genes are generally intronless, be-
cause they are generated through the reverse transcription of mature
mRNAs (40, 41). Therefore, the intron acquisition by Yy2 is most
likely a recent evolutionary event that occurred after the retro-
position of Yy2 from Yy!I in placental mammals.

To measure intron retention in Yy2 mRNA during differenti-
ation of mESCs by RT-PCR, we used two forward primers (Fwl

and Fw2) and a common reverse primer (Rv) to target the flanking
exons (Table S2). Primers Fwl and Rv detect only variants B and
AB (297-bp and 180-bp PCR products, respectively), whereas Fw2
and Rv amplify a 209-bp PCR product for variants A and B and a
92-bp PCR product for variants AA and AB. We examined Yy2
intron retention events in mESCs and EBs at days 4 and 6 post-
differentiation and measured the degree of intron retention using
the percent intron retention (PIR) as a metric (42). The percentage
of nonspliced variants (A and B) is higher in mESCs than in EBs,
demonstrating that differentiation coincided with a marked re-
duction in intron retention (Figs. 5C and Fig. S54). Notably, this
alternative splicing event is not restricted to mESCs, because vari-
ous degrees of intron retention were detected at different embry-
onic stages and across different tissues (Fig. 5D and Fig. S5B),
demonstrating developmental and tissue-specific regulation of Yy2
alternative splicing.

To identify the trans-acting factor(s) responsible for Yy2 alterna-
tive splicing, we used the RBPmap web server to predict consensus
motifs for RNA-binding proteins (43). We identified two canonical
PTBP recognition motifs (CUCUCU) flanking the Yy2 5-UTR
intron (Fig. 5 4 and B and Fig. S5C). PTBP1 and PTBP2 (a neural-
and testis-enriched paralog) are RNA-binding proteins implicated
in several aspects of mRNA metabolism, including alternative
splicing, stability, localization, and polyadenylation (44). PTBP1 is
essential for embryonic growth before gastrulation, because Ptbpl ™~
mESC:s have severe proliferation defects (45, 46). To explore its role
in Yy2 5-UTR intron retention, PTBP1 was depleted in mESCs
using shRNA (Fig. S5D). PTBP1 knockdown resulted in reduced
Yy2 intron retention, demonstrating that it acts as an inhibitor of Yy2
splicing in mESCs (Fig. 5E). This knockdown was associated with
reduced growth and smaller colonies of mESCs (Fig. SSE). To
demonstrate that PTBP1 directly affects Yy2 5-UTR splicing, we
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Fig. 5. Retention of the 5'-UTR intron renders Yy2 sensitive to 4E-BP-mediated translation suppression. (A) Sequence of the promoter region of the mouse Yy2
gene. The two alternative TSS are marked by arrowheads; the boxed sequence shows the retained intron; the two hexamers highlighted in red are the consensus
PTBP-binding motifs; and the underlined ATG is the translation start codon for Yy2 mRNA. (B) A cartoon depicting the four variants of Yy2 5'-UTR. vB and vAB
represent a long variant with and without intron retention, respectively; vA and vAA represent a short variant with and without intron retention, respectively. CD,
coding DNA sequence. (C) RT-PCR using the primer pair Fw2 and Rv designed to recognize all four possible variants to estimate the splicing efficiency of the 5-UTR
intron in mESCs and mEBs on days 4 and 6 postdifferentiation. Gapdh mRNA was used as the control. (D) RT-PCR analysis of intron retention (IR) in the Yy2 5'-UTR in
different mouse embryonic stages and adult tissues using the primers described in C. Gapdh mRNA was used as the control. (E) RT-PCR analysis of intron retention in
the Yy2 5'-UTR using the primers described in C upon depletion of PTBP1 expression in mESCs by two independent shRNAs. Yy2-ORF primers amplifying a segment of
the coding region of Yy2 transcript were used to demonstrate the change in overall expression of Yy2 mRNA. g-actin mRNA was used as the internal control. (F) RT-
PCR amplification (primers Fw2 and Rv) of the in vitro splicing products of the A, B, and AA variants in WERI retinoblastoma cell extracts with different amounts of
recombinant PTBP1 protein. Recombinant BSA was used as a negative control. (G) Luciferase reporter assay with Firefly (Fluc) and Renilla (Rluc) luciferase reporter
mRNAs, as described in Fig. S5J. The in vitro-transcribed mRNAs were purified and transfected into WT and DKO mESCs. (Left) The normalized luciferase activity of
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as a transfection control. Data are mean + SD (n = 3). **P < 0.01, ***P < 0.001; ns, nonsignificant. CTR, control; RLU, relative luminescence units.
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performed an in vitro splicing assay using a WERI retinoblastoma
(WERI-Rb1) cell extract, purified recombinant PTBP1 protein, and
the three Yy2 5'-UTR variants (A, B, and AA) transcribed in vitro.
Incubation in the cell extract resulted in splicing of the introns from
A and B variants but had no effect on the AA variant (Fig. S5 F and
G). Importantly, the addition of recombinant PTBP1 protein (Fig.
S5H) dramatically suppressed splicing and resulted in the complete
retention of the intron in a dose-dependent manner (Fig. 5F and
Fig. S5I).

The length and complexity of the 5’-UTR play a critical role in
mRNA translation, because mRNAs with long and structured 5'-
UTRs are more sensitive to eIF4E activity (15, 47). The com-
bined use of alternative TSS and alternative splicing determine
the complexity of the Yy2 5-UTR. To examine the effect of 5'-
UTR variants on mRNA translation, we constructed luciferase
reporters containing the 5'-UTRs of the A, B, and AA variants
(Fig. S5J) and used the reporters to generate mRNAs that were
transfected into WT and DKO mESCs. The B, and to a lesser
extent A, variant mRNAs were poorly translated, whereas trans-
lation of the intron-less AA variant was markedly more efficient
(more than sixfold higher than control) in WT mESCs (Fig. 5G,
Left). These data demonstrate that the 5-UTR containing the
retained intron sequence inhibits translation. The translation of
A and B variant mRNAs was significantly elevated in the DKO
mESCs, whereas the AA variant remained insensitive to 4E-BPs
levels (Fig. 5G, Right). These results demonstrate that intron re-
tention in the Yy2 5'-UTR, in combination with the activity of 4E-
BPs, determines the outcome of Yy2 mRNA translation. Intron
retention adds an extra 117 nt to the Yy2 5’-UTR, increasing the
complexity of its secondary structure (Fig. S64) and rendering it
sensitive to 4E-BP-mediated translation repression. As is consis-
tent with the increased translation of the Yy2 spliced variant (Fig.
5G), the highest expression of YY2 protein was detected in the
heart and muscle tissues (Fig. S6B), in which the lowest degree of
Yy2 5’-UTR intron retention is observed (Fig. 5D and Fig. S5B).

This double-layered control mechanism, consisting of the re-
tention of the Yy2 5’-UTR intron by PTBP1 and suppression of
translation of the resulting mRNA variant by 4E-BPs, allows the
modulation of Yy2 mRNA translation.

Discussion

Many mammalian mRNAs contain heterogeneous 5’-UTRs (48).
Length, structure, and sequence elements in the 5'-UTRs strongly
impact translation (49, 50). We found that the combination of
alternative TSS and splicing produces four Yy2 mRNA variants
with different translation efficiencies. Thus, the relative level of
each variant, in combination with 4E-BP activity, dictates the
rate of YY2 protein synthesis. ESC differentiation, which is
concomitant with the down-regulation of PTBP1 expression (51),
triggers the splicing of the Yy2 5’-UTR intron. However, there is
considerable variation in the extent of Yy2 5-UTR intron re-
tention among adult mouse tissues, with heart and skeletal muscle
displaying the lowest rate of intron retention. Different degrees of
intron retention among mouse tissues, most of which express very
low levels of PTBP1 (Figs. S6B and S7 and Dataset S4), implies
the existence of additional regulatory mechanisms that augment
splicing of the Yy2 5’-UTR intron in heart and skeletal muscles.
We also found consensus binding motifs for the MBNL1 splicing
factor in the Yy2 5’-UTR (Fig. S5C). Muscleblind-like protein 1
(MBNLY1) is highly expressed in cardiac and skeletal muscles (52)
and is a known regulator of mRNA splicing in these tissues (53,
54). Intron retention has emerged as a widespread mechanism to
regulate gene expression in different cell and tissue types as well
as during stem cell differentiation (42, 55, 56). The finding that
a retained intron at the 5-UTR of Yy2 mRNA controls its
translation underscores the intricate interplay between alternative
splicing and translational control (57, 58).

Tahmasebi et al.

We established Yy2 mRNA as a target of 4E-BP-dependent
translation suppression in mESCs and demonstrated that a basal
level of YY2 expression is essential for mESC survival. Similar to
Yyl-knockout embryos, CRISPR-mediated Yy2-knockout em-
bryos survived the preimplantation period, but the growth of their
inner cell mass was impaired, as revealed by blastocyst outgrowth
assays (Fig. 2D). These observations exclude the possibility of
redundant functions for YY1 and YY2 in the early stages of
embryonic development. The critical function of YY2 in mESCs is
most likely mediated by its direct transcriptional regulation of ESC
genes such as Oct4, Eras, Tetl, Tet2, and Tdgfl. We demonstrated
that mESCs are highly sensitive to YY2 and that a modest ma-
nipulation of Yy2 levels significantly affects the expression of
pluripotency factors, ESC self-renewal, and differentiation (Figs. 2
A-C and 4 A and B). Consistent with the observed phenotype in
DKO mESCs, overexpression of YY2 in WT mESCs induces
down-regulation of several pluripotency factors and promotes
differentiation. Although in the current study we focused on the
characterization of YY2, the ribosome-profiling experiment
identified several other mRNAs, such as Triggering receptor
expressed on myeloid cells 2 (Triml2), Sumo1l, Amigo3, Lefty, and
Nodal, that display 4E-BP sensitivity. The change in translation of
these additional targets in DKO mESCs could contribute to the
differentiation-prone phenotype of DKO mESCs and explain the
differences that may be observed between DKO mESCs and
mESCs overexpressing YY2.

We documented that increased expression of YY2 directs
differentiation of mouse embryoid bodies (mEBs) toward the
cardiovascular lineage. The importance of YY2 in cardiomyocytes
is likely not limited to early differentiation, because the heart
expresses a higher level of YY2 than other tissues of adult mouse
(Fig. S6B). This function is likely mediated by transcriptional
control of the RAR pathway and multiple YY?2 targets, such as
Bmp4, Nodal, Bnp, Mesp2, and Mkl1, as evident from the ChIP-
Seq analysis. Recent studies showed binding of YY1 to the pro-
moters of highly expressed ribosomal proteins and the nuclear
encoded mitochondrial membrane, enzymes, and ribosomal pro-
teins (35) and highlighted the importance of YY1 in cardiomyocyte
differentiation and heart morphogenesis (30, 31). Notably, cardiac-
specific ablation of Yyl causes severe abnormalities in the heart,
indicating that YY2 in the heart does not compensate for YY1
deletion (31). Comparison of YY2 and YY1 ChIP-Seq data (Fig.
4C and Dataset S3) demonstrated overlapping sets of nuclear
encoded mitochondrial proteins, such as the aminoacyl tRNA
synthetases Tars2, and Lars2, as well as mitochondrial ribosomal
proteins Mrpsi8c, Mipll, Mrpl44, and Mrpl53 (Fig. 4C and Dataset
S3). That YY2 and YY1 have both unique and overlapping target
genes explains their convergent but nonredundant functions
in development.

The reduced expression of several pluripotency markers (e.g.,
Oct4, Nanog, PRDM14, and Esrrb) in DKO mESCs and their
greater tendency for differentiation (e.g., slower proliferation
and a flattened morphology) resembles a “primed” state of
pluripotency (59). Although the transcriptional regulatory net-
work safeguarding the naive/primed state of pluripotency has
been studied extensively, the role of posttranscriptional control
mechanisms, particularly translational control, remained largely
unexplored. The importance of posttranscriptional regulatory
processes has been highlighted recently by the identification of
the RNA-binding proteins Puml and Lin28 as regulators of
naive/primed pluripotency (60, 61). Detailed analysis of mRNA
translation therefore should provide valuable information about
the role of translational control in these pluripotent states.

In summary, we have described a mechanism by which mESC
self-renewal and lineage commitment are controlled via stringent
regulation of YY2 expression at two stages: (i) by repressing the
splicing of the Yy2 5’-UTR intron via PTBP1 and (i) by suppressing
the translation of the resulting mRNA variant by 4E-BP1 and -2.
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Fig. 6. Regulation of YY2 expression by splicing and mRNA translational
control. A proposed model depicting the regulation of YY2 expression at
two different steps: (/) alternative splicing (via PTBP1) and (i/) mRNA trans-
lation (via 4E-BP1/2). A basal level of YY2 expression is required for main-
tenance of mESC self-renewal, but increased translation of Yy2 mRNA directs
cardiovascular lineage commitment.

These two layers of control (Fig. 6) coalesce to limit the expression
of YY2 protein to a low basal level in mESCs, thereby maintaining
their self-renewal and pluripotency.

Materials and Methods

ESC Cell Culture and Differentiation. Mouse ESCs were maintained in DMEM
(Wisent Inc.), 1% nonessential amino acids (Gibco), 1% L-Glutamine (Wisent
Inc.), 1% sodium pyruvate (100x stock from Invitrogen), 0.1 mM B-mercap-
toethanol, 15% (vol/vol) FBS, 1,000 U mouse LIF/mL (ESGRO; Millipore),
penicillin (50 pg/mL), and streptomycin (50 pg/mL) and were expanded on
the feeder layer or gelatin. For mESC differentiation (62), 800-2,000 mESCs
were cultured for 2 d in hanging drops containing differentiation medium
[DMEM, 20% (vol/vol) FBS, 1% nonessential amino acids (Gibco), 1% L-Glu-
tamine (Wisent Inc.), penicillin (50 pg/mL), and streptomycin (50 pg/mL)]. The
resulting EBs were transferred to bacteriological dishes and cultured in
suspension for 3 d. Then they were plated onto gelatin-coated tissue-culture
plates for the rest of the differentiation process.

Single-Guide RNA Synthesis. The DNA template for Yy2 single-guide RNA
(sgRNA) was synthesized by PCR reactions using px330 (Addgene) as a tem-
plate. Two primers were used: T7-Yy2-sgRNA forward (5-TTAATACGAC-
TCACTATAGGTTCGATGGTTTGGCCTACGCGTTTTAGAGCTAGAAATAGC-3) and
sgRNA reverse (5-AAAAGCACCGACTCGGTGCC-3’). The PCR product was pu-
rified with the PCR DNA fragments extraction kit (Geneaid) and was used as a
template for sgRNA synthesis with the T7 MAXIscript kit (Ambion). The syn-
thesized sgRNA was EtOH-precipitated and dissolved in RNase-free water.

Cytoplasmic Microinjection, Embryo Culture, and Blastocyst Outgrowth. The
animal ethics committee of the McGill University approved all the animal
procedures. Cas9 mRNA (50 ng/pL) (Sigma) and 50 ng/uL Yy2-sgRNA in 10 mM
KCI were injected into CD1 zygotes in M2 medium (Zenith Biotech). Cyto-
plasmic injection was performed with a FemtoJet microinjector (Eppendorf)
and a Cyto721 intracellular amplifier (World Precision Instruments) for the
tickler's oscillation to penetrate the zygote’s membrane. The injected zy-
gotes were cultured for 4 d in KSOM drops covered with mineral oil (Zenith
Biotech) in a 5% (vol/vol) CO, incubator at 37 °C. The zona pellucidae of the
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developed blastocysts were removed with acid Tyrode's solution (Millipore).
The blastocysts were plated on gelatin-coated 24-well plates and were cul-
tured 5-7 d in DMEM (Wisent) with ES-FBS (Wisent).

Cycloheximide Treatment and Hypotonic Cell Lysis. Cells were pretreated with
cycloheximide (100 pg/mL) (catalog no. CYC003; BioShop Canada) for 5 min
and were lysed in hypotonic buffer [5 mM Tris-HCI (pH 7.5), 2.5 mM MgCl2,
1.5 mM KCl, 1x protease inhibitor mixture (EDTA-free), 100 pg/mL cyclo-
heximide, 2 mM DTT, 200 U/mL RNaseln, 0.5% Triton X-100, and 0.5% sodium
deoxycholate] to isolate the polysomes with centrifugation (20,000 x g) at 4 °C
for 5 min.

Polysome Fractionation. Polysomes prepared as described in the previous
paragraph (250 pg) were separated on a 10-50% (wt/vol) sucrose gradient by
ultracentrifugation at 36,000 rom for 2 h in an SW40 Ti rotor (Beckman
Coulter) at 4 °C and were fractionated using an ISCO gradient fractionation
system. OD at 254 nm was continuously recorded with a FOXO JR Fraction-
ator (Teledyne 1SCO).

Collection of RFPs. The ribosome profiling assay was performed as described
(63), with minor modifications. Briefly, 500 pg of the ribonucleoproteins
(two biological replicates, prepared as described in the section Cyclohexi-
mide Treatment and Hypotonic Cell Lysis) were subjected to ribosome
footprinting by RNase | treatment at 4 °C for 50 min with gentle mixing.
Monosomes were pelleted by ultracentrifugation in a 34% (wt/vol) sucrose
cushion at 70,000 rpm for 3 h (TLA 120.2, Beckman Coulter), and RNA
fragments were extracted twice with acid phenol, once with chloroform,
and were precipitated with isopropanol in the presence of NaOAc and
GlycoBlue (Ambion). Purified RNA was resolved on a denaturing 15% (wt/vol)
polyacrylamide urea gel, and the section corresponding to 28-32 nt con-
taining the RFPs was excised, eluted, and precipitated by isopropanol.

Random RNA Fragmentation and mRNA-Seq. Cytoplasmic RNA (150 pg) was
used for mRNA-Seq analysis. Poly(A)* mRNAs were purified using magnetic
oligo-dT Dynabeads (Invitrogen) according to the manufacturer’s instruc-
tions. Purified RNA was eluted from the beads and mixed with an equal
volume of 2x alkaline fragmentation solution (2 mM EDTA, 10 mM Na2COs,
90 mM NaHCOs, pH 9.2) and incubated for 20 min at 95 °C. Fragmentation
reactions were mixed with stop/precipitation solution [300 mM NaOAc
(pH 5.5) and GlycoBlue], followed by isopropanol precipitation. Fragmented
mRNA was size-selected on a denaturing 10% (wt/vol) polyacrylamide urea
gel, and the area corresponding to 35-50 nt was excised, eluted, and pre-
cipitated with isopropanol.
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