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RNA-binding proteins (RBPs) play integral roles in gene
regulation, yet only a small fraction of RBPs has been stud-
ied in the context of stem cells. Here we applied an RNAi
screen for RBPs inmouse embryonic stem cells (ESCs) and
identified 16 RBPs involved in pluripotencymaintenance.
Interestingly, six identified RBPs, including Krr1 and
Ddx47, are part of a complex called small subunit proces-
some (SSUP) that mediates 18S rRNA biogenesis. The
SSUP components are preferentially expressed in stem
cells and enhance the global translational rate, which is
critical to sustain the protein levels of labile pluripotency
factors such as Nanog and Esrrb. Furthermore, the SSUP
proteins are required for efficient reprogramming of in-
duced pluripotent stem cells. Our study uncovers the
role of the SSUP and the importance of translational con-
trol in stem cell fate decision.

Supplemental material is available for this article.

Received June 11, 2015; revised version accepted
September 3, 2015.

Embryonic stem cells (ESCs) are derived from the inner
cell mass of preimplantation embryos and can proliferate
indefinitely in an undifferentiated state while maintain-
ing their capacity to differentiate into all cell lineages (Ev-
ans and Kaufman 1981; Martin 1981). Extensive efforts
have been made to identify the core regulatory network
that shapes and maintains the stem cell state. Core tran-
scription factors (TFs), including Pou5f1/Oct4, Sox2, and
Nanog, play a central part in establishing andmaintaining
the pluripotent state, highlighting the importance of tran-
scriptional control in cell fate determination (Young
2011). Subsequent studies unraveled additional layers of
regulation, including novel TFs, chromatinmodifiers, and
cell signaling molecules (Fazzio et al. 2008; Ding et al.
2009; Hu et al. 2009; Chia et al. 2010; Kagey et al. 2010;
Yang et al. 2012).

While the transcriptional network has been extensively
studied, less attention has been paid to post-transcription-
al regulatory pathways. RNA-binding proteins (RBPs) are
key players in post-transcriptional regulation through
their involvement in RNA processing, localization, trans-
lation, and turnover (Keene 2007). However, only a few

RBPs such as Fip1, Lin28, Mbnl, and Son have been iden-
tified and investigated in the context of ESCs (Ye and Blel-
loch 2014 and references therein). To gain unbiased
insights into the role of RNA-mediated gene regulation
in pluripotent stem cells, we applied here an RNAi screen
targeting RBPs in mouse ESCs (mESCs) and identified 16
RBPs whose depletion results in a loss of pluripotency. In-
terestingly,we found the small subunit processome (SSUP
or SSU processome), which mediates 18S rRNA biogene-
sis, to be an important regulator for pluripotent cells.
Our results indicate that the SSUP subunits are up-regu-
lated in ESCs, enhancing translation rate, which in turn
supports the pluripotency network.

Results and Discussion

RNAi screen for RBPs

A targeted RNAi screen was carried out against RBPs ex-
pressed in mESCs. Among 443 genes annotated as RBPs
in the mouse Uniprot database, we initially selected 247
genes that rank within the top 50% based on RNA se-
quencing (RNA-seq) data in mESCs (Supplemental Table
S1). As positive controls, we used siRNAs against
Pou5f1/Oct4 and Smc1a. The knockdown effects were
monitored by measuring multiple markers for pluripo-
tency (Nanog) and differentiation (Fgf5 for embryonic lin-
eage and Cdx2 for extraembryonic differentiation) using
quantitative RT–PCR (qRT–PCR) after 4 d (Ivanova et al.
2006). The screen was done twice, and the candidate
was considered a positive hit when the Z-score was lower
than −1.64 for Nanog or >1.64 for Fgf5 or Cdx2 (Supple-
mental Table S2; Supplemental Fig. S1A). We obtained
28 genes as the initial hits (Supplemental Fig. S1B; Supple-
mental Table S3). Of note, we excluded 37RBPs that cause
severe cell death from the subsequent experiments even
when the marker expression indicated differentiation
(Supplemental Table S4). Among the 28 selected hits,
five RBPs (Cnot6, Ddx47, Nifk/Mki67ip, Ptbp1, and
Tardbp/Tdp43) were previously identified in different
RNAi screens for pluripotency (Fazzio et al. 2008; Ding
et al. 2009; Chia et al. 2010; Kagey et al. 2010; Yang
et al. 2012).

We next performed a secondary screen for validation of
the initial hits by transfecting cells with individual
siRNAs. If more than two out of four siRNAs induced dif-
ferentiation, we considered the gene to be positive (for ex-
amples, see Supplemental Fig. S1C). From the secondary
screen,weobtained16positivehits (Fig. 1A; Supplemental
Table S5). Interestingly, nine out of the 16 genes have been
implicated in ribosomebiogenesis (Ddx47,Ddx52,Ddx56,
Krr1, Nifk, Nol6, Pdcd11, Rbm28, and Rrp7a), while the
rest have been documented mainly in splicing (Cwc15,
Hnrnpk,Hnrnpu, Ptbp1, Rbm42, Srsf7/9G8, and Tardbp).
Some genes were previously implicated in pluripotency.
Ddx47 and Hnrnpu were reported as Pou5f1-interacting
proteins (Ding et al. 2012). Hnrnpk, Hnrnpu, and Ptbp1
were shown to assist transcriptional control mediated by
long noncoding RNAs in ESCs (Xist, lincRNA-p21, and
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TUNA/megamind, respectively) (Hasegawa et al. 2010;
Huarte et al. 2010; Lin et al. 2014). Thus, our screen sug-
gests potentially novel regulatory players involved in the
pluripotency network in stem cells.

SSUP is necessary for ESC maintenance

It was unexpected that many nucleolar proteins involved
in rRNA processing were identified in our screen. Particu-
larly interestingwas that, out of the 16 validated genes, six
genes (Krr1,Ddx47,Ddx52,Nol6, Pdcd11, and Rrp7a) en-
code subunits of one particular complex: SSUP (Fig. 1A,
red). SSUP is a pre-18S rRNA processing complex com-
posed of U3 snoRNA and ∼54 proteins (Supplemental Ta-
ble S6; Phipps et al. 2011; Tafforeau et al. 2013). Note that
13 SSUP genes were included in the initial screen, out of
which six genes survived the screens.
To examine whether SSUP is indeed required for ESC

maintenance, we tested 27 additional genes that are
known to be involved in various steps of ribosome biogen-
esis (including six additional SSUP genes). Depletion of
five SSUP proteins (Imp4, Mpp10/Mphosph10, Wdr36,
Wdr46, and Wdr75) resulted in a reduction of Nanog
expression (Supplemental Fig. S1D), while one SSUP com-
ponent (Cirh1a) caused cell death. Overall, Nanog expres-
sion was down-regulated significantly upon depletion of
the SSUP genes (∼40% of that of the other genes, on aver-
age) (Fig. 1B).
In addition, we tested 27 proteins that we recently iden-

tified as novel RBPs in mESCs (Kwon et al. 2013). Three
SSUP subunit genes were included in this set of 27 RBP

genes, out of which two SSUP genes (Wdr3 and Wdr46)
yielded clear differentiation phenotypes upon knockdown
(data not shown). Taken together, 20 SSUP genes have
been tested in our experiments in total, out of which
knockdown of 12 genes induced differentiation and that
of four genes caused cell death.Moreover, sevenSSUP sub-
units (Ddx18, Ddx47, Dhx8, Dhx15, Dhx37, Eif4a3, and
Utp6) have been reported in previous RNAi screens as po-
tential ESC regulators (Fazzio et al. 2008; Kagey et al.
2010).Wealso confirmed the relevance of SSUP inmainte-
nance of ESC identity using anothermESC line,A3-1 (Sup-
plemental Fig. S2A). Thus, the observed effects of the
SSUP depletion are not restricted to the R1 mESC line.
ESCs lost their characteristic dome-like shape and

showed reduced expression of Nanog and Pou5f1 2 d after
RNAi of SSUP genes (Supplemental Figs. S2B, 1C). Co-
staining revealed that Nanog expression remained only
in cells where Krr1 was still detected (Fig. 2A), indicating
that Krr1 may be critical to maintain the Nanog level.
Note that we chose Krr1 as a representative component
of SSUP because all four tested siRNAs against Krr1 re-
sulted in a clear loss of pluripotency in our experiments
(Supplemental Fig. S1C). Furthermore, the Nanog level
was rescued by ectopic expression of Krr1 (Fig. 2B), indi-
cating that the observed phenotype is indeed due to Krr1
rather than an off-target effect.
To investigate the molecular changes on the transcrip-

tomic scale, we performed RNA-seq 2 d after Krr1 knock-
down and identified 1035 genes as differentially expressed
genes (DEGs; <1% false discovery rate [FDR]) (Fig. 2C; Sup-
plemental Table S7). In gene ontology analysis, terms re-
lated to ribosome (“non-membrane-bounded organelle”
and “macromolecular complex assembly”) and stem cell
differentiation were enriched for down-regulated genes,
which include Esrrb, Klf2/4, Nanog, Tbx3, Tcl1, and

Figure 1. RNAi screen identifying novel RBPs involved in the reg-
ulation of pluripotency. (A) Relative expression of Nanog, Cdx2, and
Fgf5 mRNA after knockdown of 16 validated RBPs is shown. The
SSUP genes are in red letters. All of the error bars represent the
mean ± SD of triplicates or two experiments (when indicated). All
of the mRNA levels were normalized against Actb mRNA or others
(when indicated). (B) A box plot showing reduced expression of
Nanog mRNA upon knockdown of SSUP genes. (C ) Western blot-
ting shows the relative expression of Nanog and Pou5f1 after deple-
tion of SSUP genes for 3 d. Relative values were normalized to
Gapdh levels. (∗) P < 1.0 × 10−7 by two-tailed t-test. See also Supple-
mental Figure S1.

Figure 2. The SSUP is required for the maintenance of ESC identity.
(A) Immunostaining shows the expression of Nanog and Krr1 in ESCs
transfected with siKrr1 (stained 3 d following knockdown). Bars,
25 μm. (B) Overexpression of krr1 rescues the reduction of Nanog in
Krr1-depleted cells. (C ) Differentially expressed gene (DEG) analysis
ofRNA-seq reveals theDEGsafter2dofKrr1knockdown (1%falsedis-
covery rate [FDR]). (D)Down-regulationof SSUP factors reduces the re-
programming efficiency. Lentiviruses harboring each shRNA were
cotransduced with lentivirus containing OSKM (Oct4, Sox2, Klf4,
and c-Myc) reprogramming factors. The alkaline phosphatase (AP)-
positive colonies were counted 11 d after transduction. (∗) P < 0.05;
(∗∗)P < 0.005by two-tailed t-test. See alsoSupplemental FiguresS2–S4.
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Tfcp2l1. As for up-regulated genes, terms such as “cell ad-
hesion” and “cytoskeleton organization,”which are relat-
ed to embryonic development or differentiation, were
significantly enriched (Supplemental Table S8). Addition-
ally, we confirmed the effect of Krr1 knockdown on ESC
identity by immunostaining of ESC-specific markers
Esrrb, Tfcp2l1, and Ssea1 (Supplemental Fig. S2C).

We also compared the transcriptomic changes of Krr1-
depleted cells with those of core TF-depleted cells (Iva-
nova et al. 2006). DEGs from Krr1 knockdown overlapped
significantly with those from core TF depletion (Esrrb,
Nanog, Pou5f1, Sox2, Tbx3, and Tcl1) (Supplemental
Fig. S3A). Moreover, the majority of the SSUP compo-
nents, including Krr1, Wdr43, and Mpp10, were reduced
upon RNAi of core TFs, suggesting that at least part of
the SSUP genes are under the control of core TFs (Supple-
mental Fig. S3B). These observations indicate that the
SSUPmay be an integral part of the tightly interconnected
regulatory network that governs pluripotency.

We next asked whether the SSUP genes are required for
induced pluripotent stem cell (iPSC) formation. We trans-
ducedmouse embryonic fibroblasts (MEFs) with a lentivi-
rus expressing Oct4, Sox2, Klf4, and c-Myc (OSKM) along
with a lentivirus expressing an shRNA for Krr1, Ddx47,
Ddx52, or Pdcd11 (Supplemental Fig. S4A–C). The effi-
ciency of reprogramming, assessed by counting the num-
ber of alkaline phosphatase (AP)-positive colonies, was
substantially reduced (∼50% of the control) when SSUP
components were depleted (Fig. 2D). Furthermore, when
we examined temporal changes ofmarker gene expression
during reprogramming, we observed that induction of en-
dogenous Nanog and Esrrb is strongly compromised in
Krr1-depleted cells (Supplemental Fig. S4D). Krr1 knock-
down does not significantly affect cell cycle regulators
such as p53 and p21 (Supplemental Fig. S4E). These results
indicate that the SSUP subunits are required for efficient
reprogramming into iPSCs. Thus, our data collectively
argue that the SSUP may play an important part in the
pluripotency regulation circuit.

The SSUP is preferentially expressed in pluripotent
stem cells

Although rRNA processing factors are generally consid-
ered to be constitutively expressed housekeeping genes,
we found that the SSUP components (Krr1, Mpp10, and
Wdr46) are down-regulated during embryoid body (EB) dif-
ferentiation (Fig. 3A). Moreover, according to RNA-seq
data (Liu et al. 2011), the majority of SSUP components
are down-regulated during EB differentiation (Fig. 3B).
We also analyzed the expression profiles of SSUP genes
in 89 mouse tissues and cell lines using public data sets
(Lattin et al. 2008; Wu et al. 2009). The SSUP genes, in-
cluding Krr1, are highly expressed in proliferating cells, in-
cluding stem cells and progenitor cells, especially in ESC
lines (Supplemental Fig. S5A,B). Western blotting also
confirmed the preferential expression of Ddx47, Krr1,
Mpp10, and Wdr46 in mESCs compared with that in
NIH3T3 cells and MEFs (Supplemental Fig. S5C). In addi-
tion, according to proteome data (Hansson et al. 2012), the
SSUP components are mostly up-regulated at the initia-
tion stage of reprogramming, and their increased levels
are maintained throughout the reprogramming process
(Supplemental Fig. S6). Thus, the SSUP genes are regulat-
ed with enhanced expression in stem cells.

The SSUP contributes to pluripotency by enhancing
general translational capacity

To understand the molecular mechanism driving the
changes in gene expression following SSUP depletion,
we first examined the role of Krr1 in rRNA biogenesis.
The yeast homolog of Krr1 is involved in 18S rRNA
processing (Sasaki et al. 2000; Zheng et al. 2014). The
function of Krr1 is conserved in human cells, as demon-
strated by a recent report in which Krr1, Ddx47, Ddx52,
and Pdcd11 were identified as ribosome biogenesis genes
that mediate the processing of the 5′ external transcribed
spacer (ETS) of pre-rRNA (Tafforeau et al. 2013). We ob-
served an accumulation of 30S pre-rRNA intermediates
by Northern blotting (Supplemental Fig. S7A) and an al-
teration of the ratio between 18S and 28S rRNAs in
Krr1-depleted mESCs by microfluidics-based electropho-
resis (Supplemental Fig. S7B) Thus, Krr1 is indeed in-
volved in the 5′ ETS processing of pre-rRNA in mESCs.

Given that impaired ribosome biogenesis is known to
activate p53 through the interaction between surplus
ribosomal proteins and Mdm2 (known as “ribosomal
stress” or “nucleolar stress”) (for review, see Zhang and
Lu 2009; Deisenroth and Zhang 2010), we first tested
the possibility of p53-mediated differentiation. A recent
study also proposed that fibrillarin, a nucleolar rRNA
methyltransferase, modulates pluripotency in a p53-
dependent manner (Watanabe-Susaki et al. 2014). Consis-
tent with these findings, depletion of a ribosomal protein,
Rpl37, for 2 d increased the expression of a p53 down-
stream gene, p21/Cdkn1a, and decreased the Nanog level
(Supplemental Fig. S8). These changes were blockedwhen
p53 was simultaneously depleted. Under the same condi-
tions, however, knockdown of the SSUP components
(Ddx47, Ddx52, and Krr1) did not induce p21 expression.
Importantly, the reduction of Nanog upon SSUP knock-
down was not influenced by p53 depletion (Supplemental
Fig. S8). Therefore, it is unlikely that the p53-dependent
ribosomal stress response mediates the early events fol-
lowing SSUP depletion.

Next, we examined the effects of SSUP depletion on
translation using polysome profiling, which shows the
relative distribution of translating ribosomes. The 40S,
80S, and polysome peaks were reduced relative to the
60S peak (Fig. 4A), which is a characteristic of defec-
tive 40S biogenesis (Li et al. 2009). Thus, knockdown of
Krr1 decreased small ribosomal subunits and affected

Figure 3. The SSUP is preferentially expressed in pluripotent stem
cells. (A) Western blotting determines the levels of SSUP components
during EB differentiation. (‡) Nonspecific band. (B) Box plot present-
ing the change of mRNAs during EB differentiation compared with
ESCs (Liu et al. 2011). (∗) P < 1.0 × 10−5 by two-tailed t-test. See also
Supplemental Figures S5 and S6.
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translation. The effect on translation was further con-
firmed by S35-methionine metabolic labeling. Krr1 deple-
tion resulted in reduced protein synthesis by ∼75% of the
control (Fig. 4B).
As the SSUP components are down-regulated during

differentiation (Fig. 3), we sought to examine whether ge-
neral translation is indeed attenuated in cells losing pluri-
potency. Protein synthesis rates were measured by S35-
methionine incorporation in two types of differentiation
models: EB formation by hanging drop culture (5 d) or neu-
ral differentiation by retinoic acid (RA) treatment (2 d). In
both cases, the protein synthesis rate was decreased by
60%–70% compared with that in undifferentiated ESCs
(Fig. 4C). Polysome profiles also indicated translational re-
duction following RA treatment (Fig. 4D). Consistently,
NIH3T3 cells and MEFs showed reduced protein synthe-
sis rates compared with mESCs (Supplemental Fig. S9).
These data collectively suggest that translational capacity
is high in mESCs and reduced during ESC differentia-
tion. Furthermore, time-course experiments during EB
differentiation further strengthened our observation that
translational repression occurs during differentiation
(Supplemental Fig. S10). It is noted that, in contrast to
our observations, a previous study proposed that transla-
tion is suppressed inmESCs but is enhanced during EB dif-
ferentiation (Sampath et al. 2008). The reason for this
discrepancy is currently unclear. However, multiple lines
of evidence support our conclusion. First, in accordance
with enhanced protein synthesis, our results and previous
transcriptome/proteome data show that SSUP genes are
up-regulated in undifferentiated cells comparedwith their
differentiated counterparts. Consistently, the rDNA pro-
moter is unmethylated and kept in an open state in
mESCs, producing a high level of pre-rRNA (Savic et al.
2014). Second, as pluripotent stem cells divide rapidly,
they have a high demand for protein synthesis to support
their unusually accelerated proliferation. Third, Pou5f1
expression alone is sufficient to reprogram triple-knock-
out MEFs (4E-BP1/2 and p53 knockout) but not the p53

single-knockout MEFs (Tahmasebi et al. 2014). Because
4E-BP1/2 are general translational suppressors, the tri-
ple-knockout cells have enhanced translational capacity.
These results collectively suggest that enhanced transla-
tion may offer a favorable condition for reprogramming.
To further examine whether the SSUP selectively con-

trols a subset of genes in addition to enhancing bulk trans-
lation, we conducted ribosome profiling following Krr1
knockdown. This provided quantitative information on
translating mRNAs at the genomic scale by sequencing
ribosome-protected mRNA fragments (RPFs) (Ingolia
et al. 2011). The translational efficiency (TE) of each tran-
script can be calculated by dividing the RPF read counts
by RNA-seq read counts (Fig. 4E). Note that the TE of a
gene is “relative” to the other genes in the same library
due to global normalization. Therefore, when translation-
al regulation occurs globally (in the same direction and to
the same degree), the relative TEs of individual genes do
not change. Our data show that relative TEs remained
largely unchanged following Krr1 knockdown (Fig. 4F;
Supplemental Fig. S11). Thus, we conclude that Krr1
knockdown results in a reduction of bulk translation
without substantial specificity.

Enhanced translation is critical for pluripotency
maintenance

Our data indicate that protein synthesis is modulated
globally and nonspecifically by the SSUP. However,
when protein synthesis is globally suppressed, labile pro-
teins are expected to be reduced more rapidly than stable
proteins. Many of the key cellular regulators are known to
have short half-lives, and their protein levels are dynami-
cally controlled according to the changes in the protein
synthesis rate (Schwanhausser et al. 2011). For instance,
the Nanog protein is known to have a short half-life (∼2
h) due to ubiquitin-mediated proteolysis (Ramakrishna
et al. 2011). To test the possibility that modulation of
the global translation rate influences the steady-state lev-
el of unstable proteins preferentially, we treated ESCs
with a translational inhibitor, 4EGI-1, and measured the
level of core ESC TFs. 4EGI-1 interferes with the eIF4E–
eIF4G interactionwithout disrupting ribosome biogenesis
(Moerke et al. 2007). The protein levels of Nanog, Esrrb,
and Tfcp2l1 decreased rapidly in response to translational
repression. The mRNA levels of Nanog, Esrrb, and
Tfcp2l1 decreased with a time delay (Fig. 5A), which is
expected because these factors are known to be part of
an autoregulatory positive feedback loop. Hence, while
translational control is nonspecific and global, it can still
affect the levels of labile proteins preferentially. As many
of the regulatory factors are unstable and part of autoregu-
latory feedback loops, translational down-regulation is
likely to result in rapid changes in the cellular state.
Consistent with this notion, when we treated mESCs

with 4EGI-1 at a low concentration for 3 d, mESCs
lost their ESC identity. 4EGI-1 treatment reduced the
protein synthesis rate by∼50% (Fig. 5B) and the expression
ofNanog, Pou5f1, andKlf4 by40%–50% (Fig. 5C). Further-
more, when we reseeded the equal number of cells in
the fresh ESC medium, 4EGI-1-treated cells showed a
reduced capacity to re-establish AP-positive colonies
(∼20% of control) (Fig. 5D). These results collectively sug-
gest that enhanced translational activity is critical for ESC
maintenance.

Figure 4. The SSUP contributes to pluripotency by enhancing gene-
ral translational capacity. (A) Polysome profiles showing the changes
in the ribosome pool upon Krr1 knockdown. (B) Metabolic labeling
determines the bulk protein synthesis rate in control (siNC) and
Krr1-depleted (siKrr1) cells. (C ) Metabolic labeling reveals the differ-
ences in translational activity of ESCs and differentiating progenies
(EBs and retinoic acid [RA]-treated cells). (D) Polysome profiles show-
ing translational repression in RA-treated differentiating cells. (E)
Schematic diagram of ribosome profiling, which can measure the
translational efficiency (TE) of individual genes. (F ) A scatter plot
showing the correlation of TE between controls and knockdown sam-
ples. The R-value refers to Pearson correlation coefficient. (∗) P < 0.05
by two-tailed t-test. See also Supplemental Figures S7 and S9–S11.
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In summary, our unbiased screen uncovered a yet un-
appreciated contribution of the SSUP to the pluripotency
program (Fig. 5E). As there are ∼54 subunits in the SSUP,
we do not exclude a possibility that a subset of SSUP com-
ponents may play a more critical (and specific) role than
other components. Differential functions of individual
SSUP components will need to be investigated in future
studies.

While ribosome biogenesis factors are generally
thought to be constitutively expressed and play “house-
keeping” roles, our analyses indicate that at least part of
the SSUP subunits is under tight regulation of core TFs
and that the SSUP preferentially modulates the levels of
labile regulatory factors. Core pluripotency TFs such as
Nanog, Pou5f1, and Sox2 are known to form a highly in-
terconnected network that generates a bistable state for
ESCs (Young 2011); that is, ESCs stay in a pluripotency
programwhen themaster TFs are sustained at appropriate
levels, while the cells enter into a differentiation program
when any of the TFs are no longer available. Thus, a rapid
loss of unstable TFs (such asNanog) caused by translation-
al suppression will lead to a silencing of themaster TF cir-
cuit and the subsequent induction/repression of a wide
spectrum of downstream genes, reconfiguring the regula-
tion program (Fig. 5E).

Developmental cues may take advantage of this regula-
tory paradigm, which facilitates transition into differenti-
ated states. Indeed, the importance of global translational
control has been implicated in various animal models.
Mouse haematopoietic stem cells (HSCs) require highly

regulated protein synthesis to maintain their cellular
identity; the Pten deletion that enhances protein synthe-
sis blocks HSC differentiation, while the Rpl24 mutation
that reduces translation impairs self-renewal (Signer et al.
2014). Additionally, a recent study in Drosophila found
that down-regulation of RNA polymerase I activity pro-
motes germline stem cell (GSC) differentiation by reduc-
ing the abundance of specific proteins of BMP signaling
(Zhang et al. 2014). This result suggested that modulation
of ribosome biogenesis affects the expression of specific
proteins that regulate cell fate decision. This is in line
with an earlier finding that Wicked (an SSUP component
Utp18 homolog) is asymmetrically distributed during mi-
tosis of GSCs and neural stem cells (Fichelson et al. 2009).
The daughter cell that inherits more Wicked remains as a
stem cell, while the other cell differentiates into cysts. Ge-
netic depletion of Wicked induces differentiation of GSCs
and neural stem cells. Thus, precise regulation of global
translation rates may critically influence cell fate deci-
sions in animal development.

Materials and methods

Details of thematerials andmethods used are described in the Supplemen-
tal Material, including cell culture and differentiation, RNAi screens,
qRT–PCR, construction of RNA-seq and ribosome-profiling libraries, clas-
sification of SSUP components, bioinformatics analyses, S35-methionine
metabolic labeling, reprogramming assays, AP staining, Western blotting,
polysome profiling, Northern blotting, and immunostaining. Below is a
simple description of the major experimental procedures.

Cell culture

R1 mouse embryonic stem cells were maintained on 0.1% gelatin-coated
dishes with DMEM containing 15% FBS (Gibco), 1× nonessential amino
acids (Gibco), 100 µM 2-mercaptoethanol (Sigma), and 1000 U/mL LIF
(Millipore).

RNAi library construction and RNAi screen

For eachRBP, four different siRNAswere designed using Block-It RNAi de-
signer (Invitrogen). R1 cells were reverse-transfected using Lipofectamine
2000 mixed with siRNAs to a final concentration of 20 nM. Cells were in-
cubated in ESC medium for 4 d and harvested for analysis of gene
expression.

Construction of RNA-seq and ribosome-profiling libraries

RNA-seq and ribosome profiling libraries were prepared using the protocol
of the ARTseq ribosome-profiling kit (Epicentre) with minor modifica-
tions. Cell lysates were digested by RNase I (Ambion) and gel-purified in
the range of 30 nucleotides (nt) for ribosome profiling or 40–60 nt for
RNA-seq libraries. The libraries were sequenced on an Illumina HiSeq
2000 (multiplexing 50-base single-end). All adapters and primers were syn-
thesized by IDT.

Accession numbers

Sequencing data are available at NCBI Gene Expression Omnibus (GEO)
under accession number GSE73369.
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Figure 5. Regulation of global protein synthesis influences ESC iden-
tity. (A) Translational repression affects the level of several core ESC
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