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SUMMARY

Although the functional roles of long noncoding RNAs (IncRNAs) have been increasingly identified, few IncRNAs that control the naive
state of embryonic stem cells (ESCs) are known. Here, we report a naive-state-associated IncRNA, LincU, which is intrinsically activated by
Nanog in mESCs. LincU-deficient mESCs exhibit a primed-like pluripotent state and potentiate the transition from the naive state to the
primed state, whereas ectopic LincU expression maintains mESCs in the naive state. Mechanistically, we demonstrate that LincU binds
and stabilizes the DUSP9 protein, an ERK-specific phosphatase, and then constitutively inhibits the ERK1/2 signaling pathway, which
critically contributes to maintenance of the naive state. Importantly, we reveal the functional role of LincU to be evolutionarily conserved
in human. Therefore, our findings unveil LincU as a conserved IncRNA that intrinsically restricts MAPK/ERK activity and maintains the

naive state of ESCs.

INTRODUCTION

Early embryonic development involves dynamic cellular
conversion events that are characterized by dramatic
changes in both extrinsic signaling pathways and intrinsic
epigenetic and transcriptional programs (Young, 2011).
Preimplantation blastocysts have the capacity to differen-
tiate into both somatic cells and germ cells and are thus
considered to display a naive pluripotent state (Bradley
et al., 1984; Leitch and Smith, 2013). Upon implantation,
the inner cell mass (ICM) develops into the epiblast, which
is characterized by the incipient expression of germ layer
markers and disintegration of the naive pluripotency
network, considered to be a primed pluripotent state (Nich-
ols and Smith, 2009). In addition, the inaccessibility of
these transient cell populations in vivo further restricts
the study of this process directly. Fortunately, mouse em-
bryonic stem cells (mESCs), derived from the ICM, provide
a versatile model for studying this transient process in vitro
(Evans and Kaufman, 1981; Martin, 1981). When cultured
in vitro, mESCs exhibit two distinct pluripotent states, the
original naive state and the primed state (epiblast-like
cells), which display distinct morphological, transcrip-
tional, and epigenetic profiles (Hackett and Surani, 2014;
Kalkan and Smith, 2014). Naive-state clones show round
morphology while primed-state clones are flat, similar to
human ESCs (hESCs) (Nichols and Smith, 2009; Tesar
et al., 2007). Nanog, KIf2 and Esrrb have been defined as

the core transcription factors that determine the naive
state of mESCs (Dunn et al., 2014; Festuccia et al., 2012;
Stuart et al., 2014), whereas Brachyury, Fgf5, and Eomes are
unique genes expressed in the primed state (Nichols and
Smith, 2009). The transition from the naive state to the
primed state is accompanied by global upregulation of
H3K27me3 and DNA methylation (Marks et al., 2012).
Further understanding the core regulatory network that
dominates these two pluripotent states will be pivotal to
studying preimplantation embryonic development and
applying this knowledge to regenerative medicine.
Signaling pathways are commonly acknowledged as the
main extrinsic factors that trigger the transition between
naive and primed pluripotent states (Hackett and Surani,
2014; Kunath et al., 2007). The leukemia inhibitory factor
(LIF) and bone morphogenetic protein 4 (BMP4) signaling
pathways have been shown to be critical for the self-
renewal of naive-state stem cells but are dispensable for
the primed state (Niwa et al., 2009; Yoshida et al., 1994).
Additionally, activation of the ERK1/2 signaling pathway
triggers the transition from the naive state to the primed
state, and this pathway collaborates with the ACTIVIN/
NODAL signaling pathway to maintain the primed state
(Brons et al.,, 2007; Hackett and Surani, 2014; Ogawa
et al., 2007). Interestingly, LIF also induces the activation
of the ERK1/2 signaling pathway in the naive pluripotent
state regardless of the primarily activated LIF signaling
pathway (Nichols et al., 2001). In addition, while ERK1/2
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signaling drives lineage priming in mESCs, it is also
required for the maintenance of self-renewal in hESCs
(Greber et al., 2010). Moreover, the evolutionarily
conserved fibroblast growth factor (FGF)/ERK signaling
pathway has been reported to control a multitude of early
embryonic developmental processes, including prolifera-
tion, survival, migration, metabolism, and differentiation
(Roskoski, 2012). All of these observations underscore the
importance of the ERK1/2 signaling pathway in stem cell
fate decisions. Strikingly, maintenance of a homogeneous
naive pluripotent state is enabled by the elimination of dif-
ferentiation-inducing signals from the ERK1/2 signaling
pathway (Nichols et al., 2009; Ying et al., 2008). Therefore,
fine-tuning of ERK1/2 activity is critical for determining
the pluripotent state of stem cells. Recently, exogenous
BMP4 was reported to steadily attenuate ERK1/2 activity
by upregulating the expression of the pluripotency-specific
protein dual-specificity phosphatase 9 (Dusp9), which
binds to ERK1/2 and inhibits its phosphorylation in the
naive pluripotent state (Li et al.,, 2012). However, the
intrinsic modifiers that modulate the activity of ERK1/2
signaling pathway are rarely uncovered.

Long noncoding RNAs (IncRNAs), with lengths more
than 200 bp, are more versatile in distinct biological pro-
cesses, accounting for their higher-ordered structures and
flexible expression patterns (Batista and Chang, 2013;
Guttman and Rinn, 2012; Rinn and Chang, 2012). Based
on their genomic location, IncRNAs can be classified as
sense, antisense, bidirectional, intronic, or intergenic
(lincRNA) (Fatica and Bozzoni, 2014). By functioning as
molecular scaffolds, IncRNAs participate in the regulation
of gene expression and the post-translational modification
of proteins, including ubiquitination and phosphorylation
(Nagano et al., 2008; Pandey et al., 2008; Taniue et al.,
2016; Wang et al., 2014). The p53-induced lincRNA-p21 re-
presses the translation of CTNNB1 and JUNB by directly in-
teracting with their mRNAs (Yoon et al., 2012). Further-
more, 1linc00673 can reinforce the interaction between
PTPN11 and PRPF19 and promote the ubiquitination and
degradation of PTPN11 (Zheng et al.,, 2016). A previous
study in dendritic cells revealed that the lincRNA Inc-DC
could directly interact with STAT3 and sustain its phos-
phorylation at tyrosine-705 by preventing SHP1-mediated
dephosphorylation (Wang et al., 2014). Recently, IncRNAs
that collaborate with epigenetic remodeling complexes to
directly regulate gene expression for the maintenance of
pluripotency and lineage commitment in pluripotent
stem cells have been discovered (Dinger et al., 2008; Gutt-
man et al.,, 2011). Nevertheless, IncRNAs involved in the
regulation of core signaling pathway activity in pluripotent
stem cells remain largely unexplored.

Here, we report a naive mESC specifically expressed
lincRNA, LincU (previously referred as linc1483 [Guttman
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et al., 2011]), whose deficiency promotes the transition
from naive state to primed state, and its overexpression in-
hibits this process. Mechanistically, we found that LincU
specifically restricts the activity of the mitogen-activated
protein kinase (MAPK)/ERK signaling pathway by binding
and stabilizing the ERK-specific phosphatase DUSP9. Our
results suggest that LincU acts as an intrinsic inhibitor of
MAPK/ERK signaling and critically controls the naive
pluripotent state of mESCs.

RESULTS

LincU Is Both Essential and Sufficient for Maintaining
the Naive Pluripotency of mESCs
Naive pluripotency holds great promise for the clinical
application of pluripotent stem cells (Batista and Chang,
2013). Although thousands of IncRNAs have been identi-
fied and integrated into the pluripotency regulation
network (Guttman et al.,, 2011), functional IncRNA that
plays a pivotal role in the maintenance of naive pluripo-
tency has rarely been found. As Nanog is considered a
core element in naive-state maintenance (Chambers
et al., 2003, 2007; Mitsui et al., 2003) we found that Nanog
can bind the promoter region of LincU, which is located on
chromosome 16 (9,133,405-9,138,147) (mm9) (Murakami
et al,, 2016). Similar to that of Nanog, the expression
pattern of LincU is dramatically and rapidly downregulated
after LIF withdrawal (Figure S1A). Thus, to identify the
functional role of LincU in the maintenance of naive plu-
ripotency, we assessed the expression levels of LincU in
the mESCs at different pluripotent states, including those
at the primed pluripotent state (sustained with basic FGF
[bFGF] and activin A, bFGF + activin A), naive pluripotent
state (maintained with LIF and 2i, LIF + 2i), and heteroge-
neous pluripotent state (cultured in medium supple-
mented with LIF and fetal bovine serum [FBS], LIF + FBS).
As expected, the naive pluripotency-specific genes Rex1,
Esrrb, Nanog, and Tcl1 are highly expressed in the heteroge-
neous pluripotent state and even more highly expressed in
the naive pluripotent state, while the primed-state genes
Fgf5, Dnmt3b, T, and Eomes together with the develop-
mental genes Nestin, Mixl |, N-cad, and Gata4 are highly ex-
pressed in the primed pluripotent state (Figure 1A).
Compared with ESCs cultured in bFGF + activin A and
LIF + FBS, ESCs cultured in LIF + 2i showed higher expres-
sion level of LincU (Figure 1A), which is in accordance
with the expression patterns of naive pluripotency-specific
genes, indicating a potentially pivotal role of LincU in the
maintenance of the naive pluripotent state.

Employing a nucleocytoplasmic separation assay, we
observed that the LincU transcripts were abundant in the
cytoplasm of naive-state mESCs (Figure S1B). Thus, we
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Figure 1. LincU Is Both Essential and Sufficient for Maintaining the Naive Pluripotency of mESCs

(A) LincU is highly expressed in the heterogeneous pluripotent state and even more highly expressed in the naive pluripotent state. Data
are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, t test.

(B and C) shLincU mESCs exhibit a primed-like state when cultured in LIF + FBS medium, as shown by gPCR (B) and western blot (C) analysis
of primed-state-related and developmental genes. Data are shown as the mean + SEM (n = 3). *p < 0.05, **p <0.01, ***p < 0.001, t test.

(legend continued on next page)
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designed two efficient short hairpin RNAs (shRNAs) that
target LincU transcripts to knock down its expression
(shLincU-1 and shLincU-2) in mESCs via a lentivirus deliv-
ery system; a scrambled shRNA (shCtrl) served as the nega-
tive control. When cultured in LIF + FBS medium, mESCs
fluctuate between the naive and primed pluripotent states,
which is termed the heterogeneous pluripotent state (Fes-
tuccia et al., 2012), and provides a more accessible platform
to study the transition between the naive and primed
states. After maintaining shLincU and shCtrl mESCs in
this serum-containing medium, shLincU mESCs exhibited
a primed-like pluripotent state, which was characterized by
higher expression levels of primed-state-specific genes,
including Fgf5, Dnmt3b, T, Eomes, Mixl1, and N-cadherin,
although LincU knockdown had no apparent influence
on the expression of naive-state-related genes (Figure 1B).
Western blot also confirmed the elevated expression levels
of primed-state-specific proteins (Figures 1C and S1C).
Increased expression level of DNMT3B, a DNA methyl-
transferase, will enhance DNA methylation, which is well
known to be a dominant feature of the primed pluripotent
state (Borgel et al., 2010).

To validate the primed-like pluripotent state of LincU
knockdown mESCs, we directly induced these mESCs to
enter the primed pluripotent state by applying N2B27 +
bFGF + activin A medium (Hayashi et al., 2011). As ex-
pected, LincU knockdown mESCs exhibited accelerated
epiblast induction compared with shCtrl mESCs, as
determined by more notable epiblast-like morphology,
decreased expression of naive-state-related genes, and
increased expression of primed-state-related genes after
2 days of induction (Figures 1D and 1E). Furthermore,
when we replated the induced primed pluripotent cells
(cultured in N2B27 + activin A + FGF2) into LIF + FBS
medium, LincU knockdown cells failed to form alkaline
phosphatase (AP)-positive colonies (Figures S1D and S1E)
(Karwacki-Neisius et al., 2013). These data demonstrated
that LincU knockdown mESCs exhibit a primed-like plurip-
otent state.

To further confirm the functional role of LincU in the
maintenance of naive pluripotency, we directly generated

LincU~/~ mESCs via CRISPR/Cas9-mediated genome dele-
tion (Li et al., 2017). Knockout efficiency was validated
by genomic DNA PCR (Figure S1F) and qPCR (Figure 1F).
Similarly, LincU~~ mESCs expressed higher levels of
primed-state-specific genes when maintained in a hetero-
geneous pluripotent state (Figures 1F, 1G, and S1G). More-
over, we evaluated whether LincU /" cells could contribute
to chimeras and found that mESCs lacking LincU failed to
form chimeras, thereby demonstrating that LincU-defi-
cient mESCs have lost naive pluripotency (Figures S2A
and S2B). Additionally, we performed the teratoma forma-
tion assay and our results showed that LincU~/~ mESCs
formed larger teratomas with higher expression levels of
primed-state and lineage-specific genes (Figures S2C and
S2D). These results demonstrated that LincU is required
for maintaining the naive pluripotency of mESCs.

Next, we built the LincU-overexpressing mESCs by inte-
grating CAG promoter-driven LincU expression into the
Rosa26 locus using CRISPR/Cas9-mediated homologous
recombination (Li et al., 2017). After confirming the
constitutive overexpression of LincU transcripts, we
found that LincU-overexpressing mESCs expressed lower
expression levels of primed-state-related and develop-
mental genes than control mESCs when cultured in
LIF + FBS medium (Figure 1H). Additionally, a slight in-
crease in the expression of naive-state-related genes was
observed (Figure 1H). Western blot assay also verified
the decreased DNMT3B and N-CADHERIN protein levels
(Figures 1I and S2E). These observations indicated that
LincU-overexpressing mESCs exhibit a naive-like pluripo-
tent state. To further confirm this hypothesis, we induced
control and LincU-overexpressing mESCs to differentiate
to the primed pluripotent state. Notably, the LincU-over-
expressing mESCs failed to transit to the primed state,
as shown by a naive-state morphology and a much
lower expression level of primed-state-related genes
than that in control mESCs (Figures 1] and 1K). Moreover,
the induced EpiSCs derived from LincU-overexpressing
mESCs were still able to form AP-positive colonies after be-
ing replated into LIF + FBS medium (Figures S2F and S2G),
showing that overexpression of LincU severely disrupted

(D and E) LincU knockdown accelerates the epiblast induction process as shown by microscopy (D) and gPCR (E) analysis of epiblast cells
induced for 2 days. Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, t test. Scale bar, 100 pum.

(F and G) LincU™/~ mESCs express higher levels of primed-state-specific genes and developmental genes when cultured in LIF + FBS
medium, as shown by gPCR (F) and western blot (G) analysis. Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01,

***p < 0.001, t test.

(H and I) LincU-overexpressing mESCs express lower levels of primed-state-related genes and developmental genes when cultured in LIF +
FBS medium, as shown by qPCR (H) and western blot (I) analysis. Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01,

***p < 0.001, t test.

(J and K) LincU-overexpressing mESCs fail to differentiate into the primed pluripotent state, as shown by microscopy (J) and gPCR (K)
analysis of day-2 induced epiblast cells. Data are shown as the mean + SEM (n = 3). *p <0.05, **p <0.01, ***p < 0.001, t test. Scale bar,

100 pm.
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Figure 2. LincU Specifically Inhibits the MAPK-ERK Signaling Pathway
(A) Scatterplots of global gene expression according to microarray data for shLincU-2 mESCs versus shCtrl mESCs. The gray dashed lines
delineate the boundaries of a 2-fold change in gene expression. Upregulated genes are highlighted in red and downregulated genes are
shown in green.
(B) GSEA of the MAPK and WNT signaling pathways in shLincU-2 mESCs versus shCtrl mESCs. NES represents the normalized enrichment
scores in each category.

(legend continued on next page)
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the transition from the naive pluripotent state to the
primed pluripotent state. Similarly, we performed the tera-
toma formation assay with control and LincU-overex-
pressing mESCs, whereby LincU overexpression resulted
in a smaller teratoma size and lower expression level of
lineage-specific genes than those in control mESCs (Fig-
ures S2H and S2I). These in vivo results further confirmed
that LincU-overexpressing mESCs maintain a naive-like
pluripotent state that is resistant to the initiation of differ-
entiation. Collectively, these results demonstrated that
LincU is both essential and sufficient for maintaining
the naive pluripotency of mESCs.

LincU Specifically Inhibits the MAPK-ERK Signaling
Pathway

To determine the mechanism underlying LincU-induced
key phenotypes in mESCs, we performed global transcrip-
tome analysis of both LincU knockdown and LincU-over-
expressing mESCs, which were maintained in the heteroge-
neous pluripotent state. Consistently, primed-state-related
genes were upregulated upon LincU knockdown and
downregulated upon LincU overexpression (Figures 2A
and 2E). In addition, gene ontology analysis of these differ-
entially expressed genes showed that LincU deficiency led
to significant upregulation of functional terms related to
in utero embryonic development, whereas LincU overex-
pression notably downregulated these functional terms
(Figures S3A and S3B). Importantly, KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) pathway analysis of the
downregulated genes in LincU-overexpressing mESCs
showed that these genes are significantly enriched in the
MAPK signaling pathway (Figure S3C). Furthermore, we
performed gene set enrichment analysis (GSEA) and
analyzed the normalized enrichment scores (NES) for two
key signaling pathways that are involved in naive-state re-
programming and maintenance: the MAPK/ERK and WNT
signaling pathways. Our results indicated that MAPK

signaling, but not WNT signaling, was significantly
affected in both LincU knockdown and LincU-overexpress-
ing mESCs (Figures 2B and 2F). We further examined the
expression level of downstream genes of the WNT and
MAPK/ERK signaling pathways, and our data indicated
that LincU was negatively correlated with the expression
level of MAPK/ERK downstream genes, but not the down-
stream genes of the WNT signaling pathway (Figures 2C,
2D, 2G, and 2H), which suggested that the activity of
MAPK/ERK signaling pathway was affected by LincU
expression manipulation.

To validate the sequential changes of MAPK/ERK
signaling pathway activity after modifying the expression
of LincU, we examined the level of ERK1/2 phosphoryla-
tion in LincU knockdown, LincU knockout, and LincU-
overexpressing mESCs. Consistently, the level of ERK1/2
phosphorylation was markedly increased by LincU knock-
down or knockout and dramatically decreased by LincU
overexpression (Figures 2I-2K and S3D-S3F). Meanwhile,
we also observed a negative correlation between the LincU
expression level and the level of ERK1/2 phosphorylation
in the teratomas derived from these three groups of mESCs
(Figures S3G-S3J). Moreover, treatment with a potent
MAPK inhibitor, PD0325901, significantly compromised
the LincU knockdown-induced upregulation of primed-
state-related genes and increased the level of ERK1/2 phos-
phorylation and DNMT3B protein (Figures 2L, 2M, and
S3K). In conclusion, these results proved that LincU specif-
ically inhibits MAPK/ERK signaling activity in mESCs,
thereby elucidating the role of LincU in maintaining the
naive state.

LincU Stabilizes the ERK-Specific Phosphatase DUSP9
in mESCs

Direct competition between phosphorylation and dephos-
phorylation has been proposed as a major mechanism un-
derlying extracellular stimulation and has been documented

(C and D) LincU knockdown increases the expression of downstream genes of the MAPK signaling pathway (C) but barely affects the
expression level of WNT target genes (D). Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, t test.

(E) Scatterplots of global gene expression according to microarray data for LincU-overexpressing mESCs versus Ctrl mESCs. The gray dashed
lines delineate the boundaries of a 2-fold change in gene expression. Upregulated genes are highlighted in red and downregulated genes
are shown in green.

(F) GSEA of the MAPK and WNT signaling pathways in LincU-overexpressing mESCs versus Ctrl mESCs. NES represents the normalized
enrichment scores in each category.

(G and H) LincU overexpression decreases the expression of the downstream genes of the MAPK signaling pathway (G) but barely affects
the expression level of WNT target genes (H). Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, t test.
(I and J) Western blot (n = 3) showing higher levels of ERK1/2 phosphorylation in shLincU mESCs (I) and LincU™/~ mESCs (3) cultured in
LIF + FBS medium.

(K) Western blot (n = 3) showing that LincU overexpression decreases the level of ERK1/2 phosphorylation when cultured in LIF + FBS
medium.

(Land M) LincU knockdown-induced increases in the expression of primed-state-related genes and developmental genes are significantly
compromised by MAPK/ERK inhibitor (PD0325901) treatment, as shown by gPCR (L) and western blot (M) analysis. Data are shown as the
mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, #p < 0.01, *##p < 0.001, t test.
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in most biological processes (Bononi et al.,, 2011). The
negative correlation between LincU expression and the
level of ERK1/2 phosphorylation indicates that LincU
modifies ERK1/2 phosphorylation in mESCs. ERK1/2
are serine/threonine kinases that are mainly involved
in signal transduction of the Ras-Raf-MEK-ERK cascade.
MEK1/2 are well-known kinases that catalyze the phosphor-
ylation of ERK1/2, whereas DUSP9 specifically hydrolyzes
the phosphate group on ERK1/2 in mESCs (Figure 3A). We
thus examined the protein levels of phosphorylated
MEK1/2 and DUSP9 in LincU-deficient and LincU-overex-
pressing mESCs. Notably, no significant change in the phos-
phorylated MEK1/2 protein level was observed after either
LincU deficiency or overexpression, whereas the protein
level of DUSP9 was obviously decreased after LincU defi-
ciency and increased with LincU overexpression (Figures
3B-3D and S4A-S4C). In vivo results also showed that LincU
knockout decreased DUSP9 protein levels while LincU
overexpression increased DUSP9 protein levels in teratomas
(Figures S4D-S4G). Interestingly, the mRNA level of Dusp9
remained unchanged after either LincU deficiency or
overexpression (Figures 3E-3G), indicating that LincU
might increase Dusp9 protein stability at the post-transla-
tional level.

Considering that LincU is primarily resident in the
cytoplasm, we suspected that LincU could bind to
DUSP9 to increase its protein stability. To this end, a native
RNA immunoprecipitation (RIP) assay was performed us-
ing a specific antibody against DUSP9 in mESCs. After
pulling down DUSP9, substantial amounts of LincU were
observed in the immunocomplexes (Figure 3H). More-
over, we performed the crosslinked RIP assay with a spe-
cific DUSP9 antibody, and our results further showed
that LincU indeed interacted with DUSP9 (Figure S4H).
To further confirm that LincU is required for the stabiliza-
tion of DUSP9 protein, we treated shCtrl and shLincU
mESCs with cycloheximide to disrupt the translation pro-
cesses and found that the DUSP9 protein level decreased
much more dramatically in LincU-deficient mESCs than
in control mESCs (Figures 3I and S4I). Moreover, pretreat-
ment with a potent proteasome inhibitor, MG132, stabi-
lized DUSP9 protein expression in LincU-deficient mESCs,
indicating that the ubiquitination-proteasome pathway is
involved in LincU deficiency-induced DUSP9 degradation
(Figures 3] and S4J). Immunoprecipitation using a specific
DUSP9 antibody was performed after pretreatment with
MG132 and blotted with an antibody against ubiquitin.
Our results clearly showed polyubiquitinated DUSP9
bands, suggesting that LincU knockdown causes DUSP9
ubiquitination (Figures 3K and S4K). Collectively, these re-
sults demonstrated that LincU protects DUSP9 protein
from ubiquitination-proteasome-mediated degradation
in mESCs.

Dusp9 Lies Downstream of LincU to Preserve the Naive
Pluripotency of mESCs

To certify that Dusp9 lies downstream of LincU to maintain
the naive state of mESCs, we designed a potent shRNA tar-
geting the CDS (coding sequence) region of Dusp9 mRNA
to knock down Dusp9 in LincU-overexpressing mESCs.
The knockdown efficiency was verified by qPCR and west-
ern blot (Figures 4A, 4B, and S5A). In addition, we found
that both the decreased levels of ERK1/2 phosphorylation
and the decreased expression levels of primed-state-related
genes triggered by LincU overexpression were significantly
compromised by Dusp9 knockdown (Figures 4A, 4B,
and S5B). Moreover, the LincU-inhibited expression of
DNMT3B was rescued by Dusp9 knockdown (Figures 4C
and S5C). Additionally, LincU-overexpressing mESCs recu-
perated their ability to transition to the primed state when
Dusp9 was downregulated (Figures 4D—4F). Taken together,
our data demonstrated that Dusp9 lies downstream of
LincU to preserve the naive pluripotency of mESCs.

LincU Is the Direct Target of NANOG in Naive-State
mESCs

Chromatin immunoprecipitation sequencing (ChIP-seq)
data for ESCs from CODEX (http://codex.stemcells.cam.
ac.uk/) indicated that the core transcription factors
NANOG, SOX2, ESRRB, KLF4, and SMAD1 do bind to
the promoter of LincU (Sanchez-Castillo et al., 2015).
Thus, we tested the LincU-promoter luciferase reporter
with Sox2, Esrrb, Kif4, and Smadl as well as Nanog. Our
results showed that NANOG induced a stronger activa-
tion of LincU promoter than KLF4 and SMADI1, while
SOX2 and ESRRB showed no significant activation of
LincU promoter (Figure S5D). Next, we deleted two
possible Nanog-binding motifs in LincU promoter
(mutant LincU promoter) and found that reporter activ-
ity was reduced (Figure 5A). These results indicated that
Nanog is one important upstream regulator of LincU,
and these other transcription factors might regulate
LincU together with NANOG. Furthermore, ChIP-
PCR assay using a specific antibody against NANOG
confirmed that NANOG directly binds to the promoter
of LincU in naive-state mESCs (Figure 5B).

To further confirm that LincU is downstream of Nanog, we
performed knockdown of Nanog and observed a dramatic
decrease of LincU transcription after Nanog knockdown (Fig-
ures 5C and 5D). Consistent with the results obtained from
LincU knockdown, Nanog knockdown upregulated primed-
state-related genes (Figure 5D), decreased DUSP9 protein
expression and increased ERK1/2 phosphorylation (Figures
SE and S5E). Notably, Nanog knockdown-accelerated
primed-state transition, which was characterized by a
flat morphology and high expression levels of primed-
state-related genes, was significantly compromised by
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Figure 3. LincU Stabilizes the ERK-Specific Phosphatase DUSP9 in mESCs

(A) Model illustrating the phosphorylation and dephosphorylation roles of MEK1/2 and DUSP9, respectively, in the regulation of ERK1/2
phosphorylation.

(B-D) Western blot (n =3) showing the expression level of LincU is positively correlated with the protein level of DUSP9 but not the level of
MEK1/2 phosphorylation in shLincU mESCs (B), LincU™/~ mESCs (C), and LincU-overexpressing mESCs (D).

(E-G) LincU does not change the mRNA level of Dusp9, as shown by gPCR analysis of shLincU mESCs (E), LincU™/~ mESCs (F), and LincU-
overexpressing mESCs (G).

(H) Native RIP assays showing the physical interaction between DUSP9 and LincU. Linc1548 acts as a negative control. Data are shown as
the mean + SEM (n = 3). *p < 0.05, t test.

(I) DUSP9 protein degradation is accelerated in shLincU mESCs compared with shCtrl mESCs after CHX (20 ng/mL) treatment.
(J) DUSP9 protein degradation in shLincU mESCs is rescued by proteasome inhibitor (MG132) treatment.
(K) LincU knockdown induces robust DUSP9 ubiquitination.

ectopic LincU expression (Figures 5F and 5G). Meanwhile, ~were also rescued by LincU overexpression (Figures 5H and

the decreased DUSP9 protein expression and increased level ~ S5F). Together, these data verified that LincU is the direct
of ERK1/2 phosphorylation triggered by Nanog knockdown  target of Nanog in naive mESCs.
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Figure 4. Dusp9 Lies Downstream of LincU to Preserve the Naive Pluripotency of mESCs

(A) Western blot (n = 3) showing Dusp9 knockdown rescues the LincU overexpression-induced decrease in ERK1/2 phosphorylation.

(B and C) LincU overexpression-induced inhibition of primed-state-related and developmental gene expression is significantly compro-
mised by Dusp9 knockdown, as shown by qPCR (B) and western blot (C) analysis in mESCs. Data are shown as the mean + SEM (n = 3).
**p < 0.01, ***p < 0.001, #p < 0.05, #p < 0.01, ##p < 0.001, t test.

(D and E) Dusp9 knockdown restores the capacity of LincU-overexpressing mESCs to undergo epiblast induction, as shown by microscopy
(D) and gPCR (E) analysis of day-2 induced epiblast cells. Data are shown as the mean + SEM (n =3). *p <0.05, **p < 0.01, ***p < 0.001,
fin < 0.05, #p < 0.01, #¥p < 0.001, t test. Scale bar, 100 um.

(F) Colony-formation assay of single cells from Ctrl group and LincU-overexpression group along with shCtrl and shDusp9, respectively,
48 hr post epiblast induction. Colonies were stained for AP activity on day 6 of culture in LIF + FBS medium and deemed as either AP-
positive or AP-negative. Data are shown as the mean + SEM (n = 3). **p < 0.01, #p < 0.01, $$p < 0.01, t test.
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Figure 5. LincU Is the Direct Target of NANOG in Naive-State mESCs

(A and B) NANOG directly binds to the promoter region of LincU, as shown by the luciferase reporter assay (A) and ChIP-qPCR with
anti-NANOG antibody (B). Prdm14 acts as a positive control. The negative control amplifies an intergenic region. Data are shown as the
mean + SEM (n = 3). *p < 0.05, **p < 0.01, #p < 0.05, t test.

(C and D) Nanog knockdown induces obvious differentiation of mESCs, as shown by microscopy (C) and qPCR (D) analysis 48 hr post
shNanog lentivirus infection. Data are shown as the mean + SEM (n =3). *p < 0.05, **p < 0.01, ***p < 0.001, t test. Scale bar, 100 pum.
(E) Western blot (n = 3) showing Nanog knockdown clearly decreases the protein level of DUSP9 and elevates the level of ERK1/2
phosphorylation.

(Fand G) Overexpressing LincU markedly blocks the differentiation of mESCs triggered by Nanog knockdown, as shown by microscopy (F)
and gPCR analysis (G). Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p <0.001, *p < 0.5, *p < 0.01, #¥p < 0.001,
t test. Scale bar, 100 um.

(H) Western blot (n = 3) showing the decreased protein level of DUSP9 and elevated level of ERK1/2 phosphorylation in shNanog mESCs are
significantly compromised by LincU overexpression.
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(D) Western blot (n = 3) showing higher protein levels of DUSP9 and lower levels of ERK1/2 phosphorylation are detected in naive hESCs

than in primed hESCs.

(legend continued on next page)
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The Functional Role of LincU Is Conserved in hESCs
Naive-state hESCs show great promise for clinical cellular
supplementation therapy (Batista and Chang, 2013). In
addition, lincRNAs commonly exhibit high mutation fre-
quencies and are rarely conserved from rodents to humans.
Thus, conserved and functional lincRNAs involved in the
transition between naive and primed hESCs are rarely re-
ported. Fortunately, mouse LincU shares a homology re-
gion with human genome (Figure 6A), indicating that
LincU is an evolutionarily conserved lincRNA. We thus de-
signed a specific pair of primers for the QPCR amplification
of human LincU and examined the relative expression
levels between naive and primed hESCs (Figure 6B). The re-
sults showed that the expression of LincU was higher in
naive-state hESCs than that in primed-state hESCs, which
is similar to the expression patterns of reported human
naive-state-specific genes (Gafni et al., 2013) (Figure 6C).
Importantly, DUSP9 protein expression levels were higher
and ERK1/2 phosphorylation levels were lower in naive
hESCs than in primed-state hESCs (Figures 6D and S6A),
indicating the conserved role of LincU in stabilizing the
DUSP9 protein.

Moreover, ectopic expression of human LincU in hESCs
successfully induced hESCs to a naive-like state under
NHSM (naive human stem cell medium) without an
MAPK signaling pathway inhibitor, as characterized by a
more domed morphology, high expression levels of
naive-state-related genes, and lower expression levels of
primed-state-related genes (Figures 6E and 6F). Notably, hu-
man LincU overexpression in hESCs also protected DUSP9
from degradation to a greater extent and inhibited the
phosphorylation of ERK1/2 (Figures 6G and S6B). Taken
together, our findings uncovered an evolutionarily
conserved naive-state-associated lincRNA named LincU
that plays a pivotal role in maintaining the naive state of
both mouse and human ESCs. Nanog-induced LincU
directly binds and stabilizes DUSP9 protein, which then
constitutively inhibits the ERK1/2 signaling pathway, crit-
ically contributing to the maintenance of the naive state
(Figure 6H).

DISCUSSION

Until recently the functional roles of IncRNAs, which were
once underestimated and regarded as “junk” in the

genome, have been revealed in multiple biological pro-
cesses, including early embryonic development and adult
aging (Balakirev and Ayala, 2003; Grote et al., 2013; Lee
and Bartolomei, 2013; Ulitsky et al., 2011; Zhang et al.,
2012). Although an increasing number of IncRNAs that
participate in controlling the pluripotency of mESCs have
been discovered (Guttman et al., 2011), identification of
functional IncRNAs involved in maintaining the naive state
of mESCs, which are closer to early-stage embryos and have
higher pluripotency, is still missing. Here, we found that
LincU is specifically and highly expressed in naive mESCs
and that its expression decreases dramatically as mESCs
exit the naive state. Moreover, we verified that LincU is
both indispensable and sufficient to maintain the naive
state of mESCs with both in vivo and in vitro assays, similar
to those well-defined naive-state-associated transcription
factors, such as KiIf2, Kif4, Esrrb, and Nanog. Therefore, our
research identified a vital naive-state-associated lincRNA
that is involved in maintaining the naive state.

Early embryonic development is a complicated and elab-
orate process that is precisely controlled by extrinsic
signaling transduction and intrinsic epigenetic and tran-
scriptional regulation. In addition, extrinsic signaling
pathways are consistently acknowledged as the main force
underlying early lineage commitment (Kalkan and Smith,
2014). Among those pathways, MAPK/ERK signaling has
been identified as a pivotal signaling pathway involved in
early embryonic development both in vivo and in vitro,
playing roles in gastrulation, transition from the naive to
the primed state, stabilization of primed-state pluripotent
stem cells, and early neural lineage commitment (Kunath
et al.,, 2007; Nichols et al.,, 2009; Nichols and Smith,
2009). However, the intrinsic factor that tactically modu-
lates the activity of MAPK/ERK signaling remains uneluci-
dated. In the present study, we identified LincU as an
intrinsic inhibitor of the MAPK/ERK signaling pathway in
naive-state mESCs. Notably, we revealed that LincU stabi-
lizes the DUSP9 protein, a BMP4/SMADs-induced and
mESC-specific ERK1/2 phosphatase, by interacting with
DUSP9 and preventing its ubiquitination/degradation
cascade (Li et al., 2012). Although the details regarding
the protective effects of LincU on DUSP9 must be further
explored, the present study clearly demonstrates that
intrinsic inhibition of the MAPK/ERK signaling pathway
by the LincU/DUSP9 axis is indispensable for the mainte-
nance of the naive state.

(E and F) LincU overexpression leads to naive-state-like hESCs when cultured in NHSM without PD0325901, as shown by gPCR (E) and
microscopy (F). Data are shown as the mean + SEM (n = 3). *p < 0.05, **p < 0.01, t test. Scale bar, 100 pum.
(G) Western blot (n = 3) showing that overexpressing LincU increases the protein level of DUSP9 and decreases the level of ERK1/2

phosphorylation.

(H) Model showing that Nanog-activated LincU directly binds and stabilizes the ERK-specific phosphatase DUSP9 and then inhibits MAPK/
ERK signaling activity to maintain the naive pluripotent state of ESCs.
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When cultured in medium supplemented with LIF and
serum, mESCs are a hodgepodge of both naive and primed
mESCs, which are well defined by the expression level of
Nanog (Festuccia et al., 2012). Nanog has been reported to
be the gateway to naive pluripotency, and forced Nanog
expression is sufficient to drive the cytokine-independent
self-renewal of naive-state mESCs (Chambers et al., 2007).
Interestingly, inhibition of the MAPK/ERK signaling
pathway leads to effects similar to those of Nanog overex-
pression. However, the relationship between Nanog and
MAPK/ERK signaling in naive-state mESCs remains to be
elucidated. In the present study, we verified a negative cor-
relation between Nanog expression and the activity of
MAPK/ERK signaling. In addition, we demonstrated that
Nanog directly activates the expression of LincU, which
further stabilizes DUSP9 protein expression and results in
inhibition of the MAPK/ERK signaling pathway in naive-
state mESCs. Importantly, we found that forced expression
of LincU can inhibit the MAPK/ERK signaling pathway and
drive the self-renewal of Nanog-deficient mESCs. Collec-
tively, our study clearly revealed that the intrinsic tran-
scription factor Nanog inhibits MAPK/ERK signaling
pathway activity by directly inducing the transcription of
LincU in naive-state mESCs.

Species differences in early embryonic development,
especially the stage around implantation, cause the results
acquired from animal models to be suboptimal for human
applications. Most famously, signaling pathways impli-
cated in the maintenance of mESCs involve activation of
the LIF/STAT3 and BMP signaling pathways or inhibition
of the FGF/ERK and GSK3p signaling pathways, whereas
the self-renewal of hESCs requires activation of the bFGF/
ERK and activin/nodal signaling pathways (James et al.,
2005; Li et al., 2007). Recently, numerous studies have
identified a combination of five kinase inhibitors,
including an ERK1/2 inhibitor together with LIF and acti-
vin A (5i/L/A), that enables the conversion of pre-existing
hESCs to the naive state, indicating the conserved role of
MAPK/ERK signaling in the maintenance of naive-state
hESCs (Gafni et al.,, 2013). Here, we demonstrated that
LincU is conserved and more highly expressed in naive-
state hESCs, along with higher protein level of DUSP9
and lower MAPK/ERK signaling activity in naive-state
hESCs compared with those in primed-state hESCs.
Notably, we recapitulated the functional interplay between
LincU and DUSP9 in hESCs, and the results coincided
exactly with those in mice.

In summary, we report an evolutionarily conserved
naive-state-associated lincRNA, LincU, which plays a
pivotal role in maintaining the naive state of both mouse
and human ESCs. Nanog-induced LincU directly binds
and stabilizes the DUSP9 protein and then constitutively
inhibits the ERK1/2 signaling pathway, which critically

contributes to maintenance of the naive state. Collectively,
our data shed light on a crucial role of the intrinsic Narnog/
LincU/DUSPY/ERK signaling pathway in naive-state main-
tenance, which is potentially beneficial for capturing the
highest value of naive-state ESCs in future research and
therapeutic applications.

EXPERIMENTAL PROCEDURES

Animal Studies

All experiments involving animals were approved by the Institu-
tional Animal Care and Use Committee of Tongji University under
the Guide for the Care and Use of Laboratory Animals (NIH Guide).

Induction of Epiblast-like Cells

A 6-well plate was coated with 0.1% (w/v) gelatin (Gibco) over-
night, and mESCs were trypsinized and plated (3 x 10°%) into
each well in N2B27-based medium containing 1% knockout serum
replacement medium (Gibco), 12 ng/mL bFGF (Sino Biological),
and 20 ng/mL activin A (R&D Systems).

Colony-Formation Assay

Colony-formation assay was performed as previously described
(Karwacki-Neisius et al., 2013). In total, 600 cells were plated into
each well of a 6-well plate and cultured in mESC medium for
6 days. The colonies were then fixed with 4% paraformaldehyde
in PBS for 1 min at room temperature, and AP staining was per-
formed using an Alkaline Phosphatase Kit (Sigma) for 20 min at
37°C. The AP-positive and -negative colony numbers were
calculated.

Statistical Analysis

All statistical data are presented as the mean + SEM of at least three
independent experiments. Statistical significance was determined
using unpaired two-tailed Student’s t tests (in figures *p < 0.05,
**p < 0.01, **p < 0.001, *p < 0.05, *p < 0.01, *p < 0.001,
¥p <0.05, ¥¥p < 0.01, *%p < 0.001).
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