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SUMMARY

The embryonic stem cell (ESC) transition from naive
to primed pluripotency is marked by major changes
in cellular properties and developmental potential.
ISY1 regulates microRNA (miRNA) biogenesis, yet
its role and relevance to ESC biology remain un-
known. Here, we find that highly dynamic ISY1
expression during the naive-to-primed ESC transi-
tion defines a specific phase of ‘‘poised’’ pluripo-
tency characterized by distinct miRNA and mRNA
transcriptomes andwidespread poised cell contribu-
tion to mouse chimeras. Loss- and gain-of-function
experiments reveal that ISY1 promotes exit from
the naive state and is necessary and sufficient to
induce and maintain poised pluripotency, and that
persistent ISY1 overexpression inhibits the transition
from the naive to the primed state.We identify a large
subset of ISY1-dependent miRNAs that can rescue
the inability of miRNA-deficient ESCs to establish
the poised state and transition to the primed state.
Thus, dynamic ISY1 regulates poised pluripotency
through miRNAs to control ESC fate.

INTRODUCTION

MicroRNAs (miRNAs) modulate expression of large groups of

target genes by base pairing with complementary sequences

in mRNAs to induce mRNA decay and translational repression

(Bartel, 2009). miRNAs play critical roles in development (Greve

et al., 2013; Park et al., 2012). Global miRNA depletion (by

DGCR8 knockout) in mice results in developmental arrest shortly

after implantation (E6.5), yet interestingly, does not impact the

establishment of the inner cell mass (ICM) or the early embryonic
epiblast (Greve et al., 2013; Wang et al., 2007). Corroborating

well with the in vivo observation, Dgcr8�/� mouse embryonic

stem cells (ESCs) display normal ESC morphology and expres-

sion of pluripotency marker genes, but fail to differentiate (Kanel-

lopoulou et al., 2005; Wang et al., 2007). However, none of the

individual (or even multiple) miRNA and miRNA cluster deletions

in mouse (out of more than 40 reported so far), including

miR-290�295, miR-17�92, miR-106b�25, miR-106a�363,

andmiR-302�367 clusters, display phenotypes during very early

embryogenesis (Card et al., 2008; Medeiros et al., 2011; Park

et al., 2010; Ventura et al., 2008). Considering the complex reg-

ulatory networks between functionally redundant miRNAs and

their multiple mRNA targets, the posttranscriptional regulation

of particular subgroup(s) of miRNAs could be a potential mech-

anism for the early embryonic lethality observed due to DGCR8

deletion.

During early embryonic development in mouse, cells from the

ICM (embryonic day 3.5 [E3.5]) and pre-implantation epiblast

(E4.5) can give rise to all embryonic lineages and retain full

developmental potential, which is considered ‘‘naive’’ pluripo-

tency and characterized by expression of a set of naive plurip-

otency transcription factors (TFs) (Chen et al., 2008; De Los

Angeles et al., 2015; Dunn et al., 2014; Marson et al., 2008;

Nichols and Smith, 2009). While cells from post-implantation

epiblast (E5.5–E6.5) are capable of multi-lineage differentiation,

these so-called ‘‘primed’’ pluripotent cells have limited contri-

bution to embryonic development in blastocyst chimera

experiments. Primed cells are characterized by loss of naive

pluripotency markers and expression of early post-implantation

genes, as well as female X chromosome inactivation and

elevated DNA methylation (Brons et al., 2007; Hackett and Sur-

ani, 2014; Tesar et al., 2007). The peri-implantation (E4.5–E5.5)

period, that begins as blastocysts enter the uterus, represents

the transition from the ‘‘naive’’ to ‘‘primed’’ state, which is most

sensitive and susceptible to risk factors for successful im-

plantation (Bedzhov et al., 2014; Glasser et al., 1987). Although

morphogenesis events during peri-implantation have been
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recently described, a detailed molecular characterization of this

embryonic stage has not been possible due to the technical dif-

ficulty of isolating these transient cells in vivo (Bedzhov and

Zernicka-Goetz, 2014).

Taking advantage of recent progress in mouse ESC culture

and differentiation systems, pluripotent ESCs at different states

have been captured in vitro. While mouse ESCs cultured in

serum/leukemia inhibitory factor (LIF) are heterogeneous and cy-

cle in and out of the naive state, ESCs cultured in 2i/LIF faithfully

display the ‘‘ground’’ state of naive pluripotency, resembling

E4.5 epiblast cells (Chambers et al., 2007; Hackett and Surani,

2014; Ying et al., 2008). Epiblast stem cells (EpiSCs) established

from the mouse post-implantation epiblast stably maintain the

‘‘primed’’ pluripotency state, and Epiblast-like cells (EpiLCs),

an intermediate cell type captured in vitro during ESC differenti-

ation to germ cells, correspond to E5.5 epiblasts (Hackett and

Surani, 2014; Hayashi et al., 2011; Nakamura et al., 2016). All

the above in vitro culture and differentiation systems provide

useful platforms to study early embryonic development at the

molecular and cellular level.

The classical miRNAs biogenesis pathway starts with tran-

scription of primary miRNAs (pri-miRNAs) containing stem-

loop structures that are recognized and cleaved by the

Microprocessor, a complex containing DROSHA and DGCR8,

to generate precursor miRNAs (pre-miRNAs) (Gregory et al.,

2004; Kwon et al., 2016; Lin and Gregory, 2015; Denli et al.,

2004). Pre-miRNAs are then processed to mature miRNAs by

the ribonuclease DICER (Gregory et al., 2005; Hammond et al.,

2000). However, our recent study challenges this two-step pro-

cessing model for miRNA biogenesis, in which we discovered

that the ISY1 protein can recruit the endonuclease CPSF3 to

mediate a pri-miR-17�92 processing event to generate a large

RNA biogenesis intermediate that we termed progenitor-miRNA

(pro-miRNA). This pro-miRNA finally serves as a favored sub-

strate for Microprocessor to generate pre-miRNAs (Du et al.,

2015). Thus, ISY1-mediated pro-miRNA biogenesis provides

an additional posttranscriptional regulatory step for miRNA

expression. However, the widespread regulation of miRNA

expression via the pro-miRNA pathway and the biological rele-

vance is unknown.

In this study, through our investigation of the molecular and

cellular function of ISY1 in ESCs, we identified a specific poised

pluripotent state that is controlled by ISY1. We found ISY1 levels

to be highly dynamic during both embryoid body (EB) and EpiLC

differentiation with a peak of ISY1 expression labeling a phase of

pluripotency that occurs between the naive and primed states.

Poised pluripotent cells can contribute to all three germ layers

in mouse chimera tests and are characterized by distinct miRNA

andmRNA expression signatures. Through manipulation of ISY1

expression, we find that poised pluripotency is required for the

naive-to-primed stem cell transition. Furthermore, we provide

evidence that the major role of ISY1 in ESCs is the control of a

large subset of miRNAs, and miRNAs are essential for the

establishment of poised pluripotency. Our results can explain

the reported differentiation defects of miRNA-deficient ESCs

(Dgcr8�/�) and uncover a key intermediate step controlling the

naive-to-primed stem cell transition. Altogether, our study

identifies a specific poised state (that may correspond to peri-

implantation epiblast) that is controlled by dynamic ISY1 and
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miRNA expression and plays a critical role in the control of

ESC pluripotency.

RESULTS

Dynamic ISY1 Expression Defines an Early ESC
Transition
We previously found that ISY1 controls the expression of

miRNAs from the miR-17�92a cluster, and the level of ISY1 pro-

tein in ESCs is limiting for efficient miRNA biogenesis (Du et al.,

2015). To explore the role of ISY1 in ESC biology, we first moni-

tored ISY1 expression dynamics by western blot analysis during

embryoid body (EB) formation. Interestingly, the endogenous

ISY1 protein showed a highly dynamic peak of expression at

day 1 of EB differentiation, while NANOG expression decreased

after 2 days (Figure 1A). To further explore the function of ISY1 in

ESCs, we generated a doxycycline (Dox)-inducible Flag-ISY1

stable ESC line (KH2-ISY1). Notably, Dox treatment of KH2-

ISY1 ESCs induced ISY1 expression to a level similar to that

observed for the endogenous ISY1 protein in day 1 EBs and

therefore provides a useful system to investigate the role of

ISY1 during ESC differentiation (Figure 1A).

Considering the highly transient increase of ISY1 activity dur-

ing the earliest time point of EB formation that occurs prior to the

decrease in NANOG protein levels, a marker of naive ESCs, we

postulated that ISY1 might define an intermediate phase of plu-

ripotency. To begin to test this hypothesis, we analyzed the tran-

scriptome changes during EB differentiation by polyA(+) RNA

sequencing (RNA-seq). We identified a set of 672 mRNAs with

an expression pattern that is reciprocal to that of ISY1. Interest-

ingly, many developmental, signaling pathway genes are

included in this group (Figure 1B; Table S1). We also identified

266 mRNAs that display a dynamic upregulation at day 1 (i.e.,

co-expressed with ISY1), which includes many genes known

to be important for embryonic development (FOXD3, LEFTY2,

MYC, DPPA2, DIDO1, NKX6, VEGFC). We further identified

two clusters of ESC-specific mRNAs (including most naive plu-

ripotency marker genes) whose expression decreases during

EB differentiation. 145 mRNAs are specifically highly expressed

in ESCs (day 0) and whose expression is rapidly decreased

in day 1 EBs, including KLF4, TFCP2L1, SOCS3, A2M,

BCL3, and POU2F3. A larger group of 234 mRNAs contain-

ing POU5F1, ESRRB, NANOG, KLF2/5, ZFP42, TBX3, and

PRDM14, displayed similar (or even slightly elevated) levels of

expression in the day 1 EBs compared to ESCs and whose

expression decreased at later time points of EB formation (Fig-

ure 1B; Table S1). The downregulation of ESC TFs and retention

of most ESC TFs indicate that cells at day 1 are not fully ‘‘naive’’

anymore but might keep partial ‘‘naive’’ pluripotency character-

istics. Finally, mRNAswith a specific peak at day 4 EBswere also

analyzed, expression of which appears at day 2 and reaches a

peak at day 4 (Figure 1B; Table S1). These 90 mRNAs include

‘‘primed’’ pluripotency markers and early post-implantation

TFs (OTX2, MYB, LEFTY1, WNT8A, ZIC2, ZIC5, MMP25,

TCFL5), which indicate that day 1 EB cells have not entered

the primed pluripotent state.

Importantly, ESCs with ISY1 overexpression (+Dox) displayed

transcriptome changes very similar to those observed in day 1

EB cells (Figure 1B). Expression of mRNAs in the day 1 EB



Figure 1. Identification of Poised Pluripotent Cells

(A and C)Western blot of lysates prepared frommouse ESCs, EBs, and EpiLCs at different time points, and analyzed using the indicated antibodies. Protocols for

both EB and EpiLC differentiation are shown to the right.

(B and D) Heatmap of the expression of related genes during EB or EpiLC differentiation and lists of representative genes from different clusters. Numbers of

genes in each cluster is shown.

(E) PCA of the indicated cells by all expressed genes during EB, EpiLC, and epiblast in vivo differentiation. Orange, gray, and brown region indicated the naive,

poised, and primed pluripotency state, respectively.

(F) Heatmap of the expression of the poised upregulated and downregulated genes in two naive and three poised cells, clustering analysis, and the enrichment of

Gene Ontology terms in each group of genes. Numbers of genes in each group were shown.

(G) 2n blastocyst injections of naive (2iL ESCs) and poised (EpiLC-6h) cells. Total number of transferred embryos is shown.

(H) Representative images of embryos derived from naive and poised cells. GFP labeled the distribution of naive and poised cells throughout whole embryos.

(I) GFP immunofluorescence on somatic tissues from embryos in (H).
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down- and upregulated clusters were repressed and induced,

respectively, in the ESCs with ISY1 overexpression (+Dox). Simi-

larly, we observed repression of certain ESC (SL) specific-F

mRNAs in the ISY1-overexpressing ESCs that normally occurs

in day 1 EBs (Figure 1B; Table S1). Considering the dynamic

peak of ISY1 expression at day 1 during EB differentiation, the

above data suggest that the specific transcriptome at day 1 is

mediated by ISY1. This early ESC transition is characterized by

a specific mRNA expression signature that is controlled by

ISY1. This phase is characterized by expression of most (but

not all) naive pluripotency markers and absence of primed or

differentiation markers. We therefore propose that day 1 EB

cells might represent a specific pluripotent state between naive

and primed states that we hereafter refer to as ‘‘poised’’

pluripotency.

Poised Pluripotency Is an Intermediate State during the
Naive-to-Primed Stem Cell Transition
To more precisely test whether poised pluripotency is between

the naive and primed states, we utilized the well-defined

epiblast-like cell (EpiLC) differentiation system (Hayashi et al.,

2011). Western blot again revealed highly dynamic ISY1

expression over the time course with a highly elevated level

at 6 hr that persists for �24 hr. NANOG expression decreased

over the 48-hr time course (Figure 1C). By comparing the tran-

scriptomes of EpiLCs during differentiation by RNA-seq, we de-

tected 824 mRNAs downregulated at 6 hr and an overall

expression pattern reciprocal to that of ISY1 over the time

course. A group of 722 mRNAs were upregulated at 6 hr (Fig-

ure 1D; Table S2). The above data indicate that EpiLCs at

6 hr have a distinct transcriptome that correlates with high

levels of ISY1 expression and might represent cells in the

poised pluripotent state. In further support of this notion, we

detected many important development and metabolism-related

genes showing similar downregulation (NOTCH3, BNIP3,

IGFBP2, IGF2R, GAS6, VEGFA, DDIT4, SLC1A4, TPI1,

P4HA1, PPP1R3B) or upregulation (MYC, DIDO1, NKX6,

ZFHX2, SETD1B, ZFP936) both at the 6 hr EpiLCs and day 1

EBs compared with their corresponding starting naive cells

(Figure 1D; Table S2). Furthermore, 251 mRNAs including

several well-known naive pluripotency markers (TFCP2L1,

KLF4, SOCS3, A2M, BCL3, POU2F3) were decreased in

EpiLCs at 6 hr compared to naive ESCs grown in 2i/LIF media.

Another group of 107 mRNAs (NANOG, ESRRB, KLF2, KLF5,

PRDM14, TBX3, NR5A2) were expressed at equivalent levels

in 6-hr EpiLCs and in naive ESCs (Figure 1D; Table S2), indi-

cating that EpiLCs at 6 hr retain expression of a subset of naive

pluripotency markers. Finally, 198 mRNAs showed strong

induction at 48 hr, including primed pluripotency markers and

differentiation genes (LIN28A, FGF5/15, ZIC5, DNMT3A/B/L,

POU3F1, SOX3/4/12, MYB, MMP25) (Figure 1D; Table S2).

Through the above transcriptome comparison, we identified a

specific mRNA expression signature at 6 hr (containing a large

subset of pluripotency markers and absence of primed or

differentiation markers) that is concomitant with ISY1 induction.

We therefore considered that EpiLCs at 6 hr might be

equivalent to cells in day 1 EBs, as well as the ESCs with

ISY1 overexpression (+Dox), and ISY1 could be important for

the naive-to-primed stem cell transition.
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Poised Pluripotency Is Defined by a Discrete mRNA
Expression Signature
To further explore how these the different cell populations are

related to each other and their relationship with mouse embryo-

genesis, whole mRNA transcriptome-based principal compo-

nent analysis (PCA) was used to compare the cell populations

with corresponding embryonic stages of mouse early develop-

ment. Although starting naive states (ESCs in serum/LIF or 2i/

LIF medium) and differentiation paths are distinct, during both

EB and EpiLC differentiation cells transit through a common

poised state, with EpiLCs at 6 hr, day 1 EB cells, and ESCs

with ISY1 overexpression (+Dox) in serum/LIFmedium clustering

together (Figure 1E). Comparison of published datasets from

early embryos in vivo showed that as expected the ESCs in

2i/LIF medium most closely resemble E4.5 epiblasts (pre-im-

plantation) and EpiLC at 48 hr are similar to E5.5 epiblasts (early

post-implantation) (Nakamura et al., 2016; Tang et al., 2016).

Interestingly, poised pluripotent cells cluster in between the

E4.5 and E5.5 embryos and could correspond to the peri-im-

plantation epiblast in vivo (E4.5–E5.5).

Furthermore, the expression of poised-specific down- and up-

regulated genes during both EB and EpiLC differentiation can

distinguish poised cells from both 2i/LIF and serum/LIF naive

ESCs by cluster analysis, strongly supporting that these tran-

sient cells share a specific gene expression signature (Figure 1F;

Table S3). Among the poised downregulated genes, 497 mRNA

are serum/LIF ESC-specific genes (SL-high) and 272mRNAs are

ground state-specific genes (2iL-high), which are involved in

‘‘extracellular matrix organization’’ and ‘‘lipid metabolic pro-

cess,’’ respectively. There are 399 genes highly expressed in

both naive cell populations and at low levels in poised pluripotent

cells, which are enriched in ‘‘catabolic metabolism process’’

(Figure 1F; Table S3). These data suggest that repression of line-

age-specific and metabolism-related genes is important to

establish poised pluripotency. Finally, we identified a set of

255 genes with elevated expression in poised cells relative to

naive cells that is associated with ‘‘ncRNA metabolic process’’

(Figure 1F; Table S3). From an analysis of the expression of all

transposons, we uncovered two subfamilies of LINE transpo-

sons L1Md_Gf and L1Md_T that are highly expressed in poised

cell populations when compared to naive ESCs (Figure S1A).

Expression of these particular LINEswas also found to highly dy-

namic during ESC differentiation with an expression peak at both

day 1 of EB differentiation and 6 hr of EpiLC differentiation (Fig-

ure S1B). Taken together, we identified a specific gene expres-

sion signature that is characteristic of poised pluripotency, which

can be induced from both serum/LIF- and 2i/LIF-naive ESCs.

Widespread Contribution of Poised Pluripotent Cells to
Mouse Chimeras
To evaluate the development potential of poised pluripotent cells

in vivo, we performed mouse chimera assays. Naive (2i/LIF

ESCs) or poised (6 hr EpiLCs) cells were labeled with GFP using

lentivirus, injected into blastocysts, and then transplanted to

recipient female mice before recovering fetuses at midgestation.

These chimera experiments revealed that while poised pluripo-

tent cells have a distinct gene expression signature and repre-

sent an intermediate stage in the naive-to-primed cell transition,

these cells retain developmental pluripotency and can widely



Figure 2. ISY1 Can Induce and Maintain the Poised Pluripotent State

(A and B) Expression of ISY1, OCT4, NANOG, SOX2, and LIN28A in KH2-ISY1 ESCs cultured in serum/LIF medium with or without Dox treatment, measured by

immunofluorescence and western blot, respectively.

(C) Proliferation of KH2-ISY1 ESCs cultured in serum/LIF medium with or without Dox treatment. Data are represented as mean ± SEM from three replicates.

(D) Morphology of ESCs cultured in serum/LIF medium with or without Dox treatment and AP staining.

(E) Clonogenicity of ESCs cultured in serum/LIFmediumwith or without Dox treatment at different passages. Data aremean ± SEM from three technical replicates

(500 cells are plated).

(F) qRT-PCR analysis of the indicated genes in ESCs in (D). Data are normalized to ACTIN and represented as mean ± SEM from three biological replicates.
contribute to all somatic tissues in mouse chimeric embryos,

albeit with a slightly reduced efficiency compared with naive

cells (Figures 1G–1I).

ISY1 Can Induce and Maintain the Poised
Pluripotent State
Because ectopic ISY1 expression can reprogram naive ESCs to

poised pluripotency, we next sought to characterize these

induced, poised cells in more detail. Both immunofluorescence

and western blot analysis showed that OCT4, NANOG, SOX2,

and LIN28A are expressed at similar levels in poised and naive

cells (Figures 2A and 2B). We also found that ISY1 overexpres-

sion does not change the proliferation of ESCs, suggesting

that ISY1 expression is sufficient to maintain poised cells in

culture, and the rapid proliferation that is characteristic of

ESCs is preserved in poised pluripotent cells (Figure 2C). The

morphology of naive ESCs and poised cell colonies cultured in

serum/LIF media was also clearly different with poised pluripo-

tent cells having more compact colonies with strong and homo-

geneous staining for alkaline phosphatase (AP) (Figure 2D). We

next tested the self-renewal ability of poised pluripotent cells.

Naive (�Dox) and poised (+Dox) cells were passaged seven
times in serum/LIF medium, and single cells from passage 1, 3,

5, and 7 were plated and assessed for colony formation. AP

staining showed that most of colonies from poised cells of

different passages were entirely undifferentiated, which is like

colonies derived from naive cells (Figure 2E). Using qRT-PCR

analysis, we found expression of the naivemarker genes compa-

rable between naive and poised pluripotent cells, and the

poised-up or -down genes were found to be specifically induced

or repressed in the poised cells compared with naive cells. This

expression pattern was stably maintained over several passages

(Figure 2F). These immunofluorescence, western blot, morpho-

logical, and qRT-PCR analyses support that ISY1 overexpres-

sion is sufficient to establish and maintain the poised pluripotent

state.

Dynamic ISY1 Expression Is Sufficient to Promote the
Naive-to-Primed Stem Cell Transition
We next sought to understand the relevance of poised pluripo-

tency in the context of ESC self-renewal. ESCs were treated

with Dox and cultured in serum/LIF medium for 3 days to convert

the naive ESCs into the poised state. Then, in the absence of

Dox, single cells were plated into serum/LIF or 2i/LIF medium
Cell Stem Cell 22, 851–864, June 1, 2018 855



Figure 3. Dynamic ISY1 Expression Promotes the Naive-to-Primed Stem Cell Transition

(A) Top: procedure to promote ESCs exit from naive pluripotency by dynamic ISY1 expression. Middle: representative images of AP staining. Bottom: clono-

genicity of naive (�Dox) and poised (Dox withdrawal) cells in serum/LIF or 2i/LIF medium was shown. Data are mean ± SEM from three technical replicates

(500 cells are plated), and average percentage of different population of colonies are shown.

(B) qRT-PCR analysis of the indicated genes in ESCs at different time points during the procedure described in (A). Data are normalized to ACTIN and represented

as mean ± SEM from three biological replicates. *p < 0.05, **p < 0.01, Student’s t test.
and colony formation followed by AP staining was used to mea-

sure the ability of each colony to remain undifferentiated (Fig-

ure 3A). In control ESCs (ESCs without Dox), 86% of colonies

from naive cells were remain undifferentiated, 12% of colonies

were mixed, and 2% were differentiated. However, we detected

that only 5% of colonies from poised cells were undifferentiated,

47% colonies were mixed, and 48% were differentiated (Fig-

ure 3A). In contrast, colonies from both naive and poised cells

appeared undifferentiated when cultured in 2i/LIF medium in

these assays (Figure 3A). Further qRT-PCR showed that both

poised up- and downregulated genes showed dynamic expres-

sion, which correlated well with the dynamic ISY1 expression

controlled by Dox treatment and removal, thereby providing

direct evidence that the transient gene expression changes

associated with poised pluripotency is controlled by ISY1 (Fig-

ure 3B). Furthermore, downregulation of naive marker genes

and upregulation of primed marker genes after 4 days of Dox

withdrawal indicates that these cells transition to the primed

pluripotent state in the absence of sustained ISY1 expression

(Figure 3B). The above data support that while ectopic ISY1

expression can induce and maintain the poised state, transient

ISY1 expression is sufficient to promote loss of self-renewal

and commitment to differentiation.

ISY1 Is Required for the Establishment of Poised
Pluripotency and the ESC Transition from the Naive to
Primed State
Considering that poised pluripotency is common for both EB and

EpiLC differentiation, and transient ISY1 expression promotes

exit from the naive state and commitment to differentiation, we

hypothesized that ISY1 is required to establish the poised state
856 Cell Stem Cell 22, 851–864, June 1, 2018
in ESCs, which is a necessary step to transition from naive to

primed pluripotency. To test this, loss-of-function experiments

were performed using small interfering RNA (siRNA) to test the

effect of ISY1 depletion on day 1 EB differentiation (naive-to-

poised pluripotency transition) and the expression of naive and

poised genes measured by qRT-PCR (Figure 4A). We found

that the expression of the naive pluripotency markers (ESRRB,

ZFP42, andNANOG) was unaffected by ISY1 depletion, whereas

ISY1 depletion prevented the increased expression of genes

(DIDO1, CAPS2, REG2, and DUSP27) that are normally induced

in poised cells, whereas other genes that are normally repressed

in poised cells relative to naive ESCs remained at high levels in

the ISY1 knockdown conditions (LOXL2, PODXL, SLC1A4,

and P4HA1) (Figure 4A). Taken together, the above data indi-

cate that ISY1 is required for the establishment of poised

pluripotency.

Next, we performed ISY1 knockdown experiments in naive

ESCs and examined the effect on EpiLC differentiation, as well

as on monolayer differentiation without bFGF and ActA (naive-

to-primed pluripotency transition) (Figure 4B). For both methods

of differentiation, although the starting ESCs (transfected with

siCTRL of siISY1 for 1 day) at day 0 were similar, cells with

ISY1 depletion maintained naive-like compact colonies while

control cells displayed typical morphological features of EpiLC

after 2 days of differentiation (Figure 4B). qRT-PCR revealed

that compared with control cells, which showed dramatic

decreased expression of naive markers (TBX3, KLF2, KLF4,

ZFP42, and ESRRB) and increased expression of primed

markers (FGF5, OTX2, and DNMT3B) during differentiation,

ISY1-depleted cells displayed only very modest expression

changes for both naive and primed marker genes (Figure 4C).



Figure 4. ISY1 Is Required for Naive-to-Primed State Transition

(A) Top: procedure to inhibit ISY1 expression during naive-to-poised state transition. qRT-PCR analysis of the indicated genes.

(B) Top: procedure to inhibit ISY1 expression during naive-to-primed state transition. Bottom: morphology of cells at day 0 and day 2 was shown.

(C) qRT-PCR analysis of the indicated genes in conditions as in (A). All the above qRT-PCR data are normalized to ACTIN and represented as mean ± SEM from

three biological replicates. *p < 0.05, **p < 0.01, Student’s t test.

(D) The same procedure as in (A) was used to measure the naive-to-primed state transition of reporter ESCs with mCherry-pri-miR-290�295 and eGFP-pri-miR-

302�367 (primed pluripotency reporter). Flow cytometry was used to count cells, and percentages of naive and primed cells were shown.
Next, we utilized an established ESC reporter line with mCherry-

pri-miR-290�295 and eGFP-pri-miR-302�367 to track the

naive-to-primed cell transition with or without ISY1 depletion

(Parchem et al., 2014). After 3 days of EpiLC differentiation,

57% of control cells transitioned to the primed state (GFP+/

RFP+), with 31% of cells remaining in the naive state (GFP�/
RFP+). However, in the ISY1 knockdown sample, only 11% of

cells transferred to the primed state, with 82% of cells maintain-

ing the naive cell state (Figure 4D). We conclude that ISY1-medi-

ated poised pluripotency is indispensable for ESC transition from

the naive to primed state.

Continual ISY1Expression in ESCsDelays theTransition
to the Primed State
Transient expression of ISY1 during EpiLC and EB differentiation

suggests that ISY1downregulation could be important for poised

cells to rapidly transfer to primed pluripotency. To test this, ISY1
expression was maintained by Dox treatment throughout EpiLC

differentiation using our ISY1-KH2 ESCs. Analysis of polyA(+)

RNA-seqdata identified 371genes (C1) that are normally upregu-

lated but whose expression is suppressed by forced expression

of ISY1 (Figure 5A; Table S4). This list mainly includes primed

and/or differentiation genes. Similarly continual ISY1 expression

blocked the reactivation of a group of 143 poised downregulated

genes (C2) in primed EpiLCs. Conversely, genes that are highly

expressed in naive cells and would normally be suppressed in

primed cells, remained elevated in Dox-treated ISY1-expressing

EpiLCs. This list includes 387 genes (C3) that are enriched with

naive pluripotency markers (Figure 5A; Table S4). Finally, PCA

analysis clearly showed that EpiLC-48h (+Dox) was close to

EpiLC-24h (�Dox), and EpiLC-72h (+Dox) was close to

EpiLC-48h (�Dox) (Figure 5B). These results indicate that persis-

tent ISY1 expression can delay but not completely block the

poised-to-primed transition.
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Figure 5. Persistently High ISY1 Expression Delays ESC Transition to Primed Pluripotency

(A) Heatmap of the expression of genes repressed or induced by ISY1 overexpression (OE) at different time points of EpiLC differentiation, boxplot comparison of

the relative expression, and list of representative genes. Numbers of genes in each cluster were shown.

(B) PCA of the indicated cells by all expressed mRNAs. Orange, gray, and brown region indicated the naive, poised, and primed pluripotency state, respectively.
To further determine the impact of ISY1 overexpression during

EpiLC differentiation, 24 hr EpiLCs (+/�Dox) and 48 hr EpiLC

(+/�Dox) were re-plated into 2i/LIF medium without Dox treat-

ment for 2 days to test the ability of cells to revert to naive

ESCs (cESCs) (Figure S2A). Whole mRNA transcriptome-based

PCA was then performed to compare the different cells and

the conversion efficiency. Similar to previous reports (Murakami

et al., 2016), cESCs fromEpiLC-48h (�Dox) cluster far from naive

ESCs (ESCs in 2i/LIF). However, cESCs from EpiLC-24h (�Dox)

are closer to naive cells. Importantly, cESCs from EpiLC-48h

(+Dox) are similar as cESCs from EpiLC-24h (�Dox), both of

which are much closer to naive cells than cESCs from EpiLC-

48h (�Dox), and cESCs from EpiLC-24h (+Dox) is the closest

to the naive cell population (2i/LIF) (Figure S2A). We found 134

ESC-specific genes (mainly naive genes) and 156 primed upre-

gulated genes (mainly primed genes) that were differentially ex-

pressed in the cESCs derived from EpiLCs with as compared to

those without Dox treatment at both the 24- and 48-hr time

points that further supports the PCA analysis that ectopic ISY1

expression delays the naive-to-primed transition (Figure S2B).

qRT-PCR analysis of particular naive and primed marker genes

further verified the above bioinformatics analysis (Figure S2C).

Together, these data support that ISY1 downregulation is

required for the timely transition of poised cells to primed

pluripotency.

ISY1 Regulates Expression of a Subset of miRNAs
through the Pro-miRNA Biogenesis Pathway
To understand mechanistically how ISY1 helps facilitate poised

pluripotency and the transition from the naive to primed state,

we performed reduced representation bisulfite sequencing

(RRBS) in both poised and naive ESCs to measure their DNA

methylation profiles (Meissner et al., 2005). As expected (Ficz

et al., 2013; Habibi et al., 2013), a substantially higher level of

DNA methylation was detected in serum/LIF ESCs compared

with 2i/LIF ESCs. Strikingly, however, despite sharing a common

gene expression signature, poised ESCs could not be identified

by their DNA methylation pattern. No obvious difference in DNA
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methylation was detected during the naive to poised transition

implying that posttranscriptional rather than epigenetic mecha-

nisms control poised pluripotency (Figure 6A). Because ISY1

has been linked with a role in controlling splicing fidelity in yeast

(Villa andGuthrie, 2005), we next analyzedmRNA splicing events

in poised and naive cells. While, we found comparable levels of

global splicing in poised cells and naive cells (Figure 6B). This

suggests that establishment of poised pluripotency by ISY1 is

unlikely to be mediated via effects on mRNA splicing.

Because we previously found that ISY1 controls the expres-

sion of miRNAs from the miR-17�92a cluster (Du et al., 2015),

we next explored whether ISY1 might control poised pluripo-

tency through the miRNA biogenesis pathway. Western blot

analysis confirmed that ISY1 protein overexpression or depletion

does not affect the expression of DGCR8 and DROSHA (Fig-

ure 6C). After high-throughput sequencing of small RNA and

bioinformatics analysis, we identified a set of 35 miRNAs with

both increased expression due to ISY1 overexpression and

decreased expression due to ISY1 knockdown. This group

represents �10% of total miRNAs expressed in mESCs and in-

cludes members of the miR-17�92a cluster as expected (Fig-

ure 6D). qRT-PCR analysis further showed the accumulation

and reduction of corresponding pri-miRNAs when ISY1 was

overexpressed or depleted, respectively (Figure 6E). These find-

ings support that ISY1 regulates the expression of a large subset

of miRNAs posttranscriptionally.

To explore whether ISY1 controls miRNA expression by pro-

moting pro-miRNA biogenesis as we found for miR-17�92a,

we examined the miR-290�295 cluster in more detail. Seven

mature miRNAs located in the miR-290�295 are among the

most abundant miRNAs in mouse ESCs (Figure S3A). In partic-

ular, we found expression of miR-290 but not other miRNAs

from this cluster to be regulated by ISY1 (Figure S3B). We first

analyzed the polyA(+) and RiboMinus RNA-seq data from wild-

type (WT), Dgcr8�/�, and Dicer�/� mouse ESCs. As expected,

for polyA(+) RNA-seq, sequencing reads covering the whole

�3.5 kb pri-miRNA could be detected in Dgcr8�/�, whereas

only reads from the most 30 fragment are detected in WT and



Figure 6. ISY1 Establishes Poised Pluripotency through a Subset of miRNAs

(A) Reduced representation bisulfite sequencing (RRBS) was performed to measure genome-wide DNA methylation profiles in naive and poised cells, and violin

plots was used to measure the relative methylation level.

(legend continued on next page)
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Dicer�/� cells. However, for RiboMinus RNA-seq, reads covering

the entire pri-miRNA could be detected in WT, Dgcr8�/�, and
Dicer�/� mouse ESCs suggesting that the pri-miRNA is pro-

cessed into several fragments that do not have polyA tails (Fig-

ure S3A). Expression of different RNA fragments was further

confirmed by northern blot analysis on total and polyA(+) RNA

samples from WT, Dgcr8�/�, and Dicer�/� cells using probes

corresponding to different regions of the pri-miR-290�295 (Fig-

ure S3C). Importantly, the expression level of fragment 2 was

reduced when ISY1 or the endonuclease CPSF3 was depleted

(Figure S3D) indicating that ISY1 and CPSF3 might participate

in production of a pro-miRNA-like biogenesis intermediate.

Considering that ISY1 protein can physically associate with

the endonuclease CPSF3 to mediate the cleavage of pri-miR-

17�92 for pro-miRNA production, we next tested whether

CPSF3 could also mediate cleavage of pri-miR-290�295. We

performed in vitro CPSF3 cleavage assays by incubating por-

tions of in vitro transcribed pri-miR-290�295withWT or catalytic

mutant recombinant CPSF3 (rCPSF3). Specific cleavage of the

pri-miRNA was detected with WT but not mutant CPSF3, and

a single cleavage product was observed in these assays (Fig-

ure S3E). 30 rapid amplification of cDNA end (30 RACE) was per-

formed on the product of the CPSF3 assay to precisely map the

cleavage site. Sanger sequencing showed that the cleavage oc-

curs at a site�50 nt upstream of themature miR-291a sequence

(Figure S3F). To directly test whether cleavage at this site im-

pacts miR-290 miRNA maturation, plasmids expressing WT or

cleavage site mutant version (CA / GT) of the whole pri-miR-

290�295 were transfected into human A549 cells. qRT-PCR

analysis revealed that expression of mature miR-290, but not

the other miRNAs in this cluster, is inhibited by the cleavage

site mutation (Figure S3G). Consistent with the above biochem-

ical assays and the transgene overexpression experiment,

expression of miR-290 was reduced by CPSF3 knockdown

whereas expression of other miRNAs from the same cluster

were unaffected (Figures S3H–S3J). Similarly, expression of

miR-96, but not miR-182 from the miR-96�183 cluster, was

dependent on CPSF3 (Figure S3J) and this corresponds well to

the selective requirement for ISY1 for miR-96 expression from

this cluster (Figures 6D, 6E, and S3B). qRT-PCR showed the

accumulation of pri-miR-290�295 and pri-miR-96�183 in

CPSF3-depleted cells, further supporting the role for CPSF3

posttranscriptionally regulating miRNA expression (Figure S3I).

Altogether, the above findings provide evidence that the pro-
(B) Genome-wide splicing analysis based on RNA-seq data in naive and poised c

normalized to total reads number.

(C) Western blot of lysates prepared from Dox-inducible Flag-ISY1 KH2 mouse E

antibodies.

(D) Heatmap of expression of mature miRNAs dependent on ISY1 based on sma

(E) qRT-PCR analysis of pri-miRNAs in the ESCs in (B). Pri-miR-25�93 was used

(F) PCA of the indicated cells by all expressed miRNAs based on small RNA-seq

pluripotency state, respectively.

(G) Top: overlap of ISY1-dependent miRNAs in (C) and poised cell-enriched miRN

(green), and miRNAs appeared in either individual group.

(H) Number of predicted target sites of miRNAs from different miRNA families for p

database. miR-32 was used as a control.

(I) Scatterplots were used to compare the expression level of target genes of diff

(J) qRT-PCR analysis of the indicated genes in KH2-ISY1 ESCs treated with or wit

are normalized to ACTIN and represented as mean ± SEM from three biological

860 Cell Stem Cell 22, 851–864, June 1, 2018
miRNA biogenesis factors ISY1 and CPSF3 endonuclease are

selectively required for the expression of individual miRNAs

from within different clusters, and ISY1-mediated pri-miRNA

cleavage to pro-miRNA intermediates is a key step controlling

expression of certain miRNAs in ESCs.

Poised Pluripotent Cells Are Defined by an ISY1-
Dependent miRNA Expression Signature
To explore the role of ISY1-dependent miRNAs in poised plurip-

otency, we performed small RNA-seq on naive, poised, and

primed cells. Whole miRNA transcriptome-based PCA was

used to track the path of EB- and EpiLC-differentiation, and

importantly was found to distinguish poised cells from naive

and primed cells (Figure 6F). Expression of a large subset of

miRNAs was specifically enriched in poised cells, and this list

contains 27 individual miRNAs that we found to be ISY1-depen-

dent in ESCs, suggesting that changes in expression of these

miRNAs is mediated by ISY1 (Figures 6D and 6G). Interestingly,

we noticed that the 27 ISY1-dependent poised miRNAs be-

longed to a relatively small number of miRNA families, suggest-

ing that they might coordinately repress expression of sets

of target mRNAs related to certain biological processes

(Figure 6G).

We next investigated the relationship between the ISY1-

dependent miRNA signature and the mRNA transcriptome of

poised pluripotent cells. We found an enrichment of target sites

predicted for ISY1-dependent miRNA families (miR-154, -379,

-17, -96, -let-7, -148, -376, -290) in the poised downregulated

mRNAs compared to mRNAs expressed in naive ESCs (Fig-

ure 6H). Moreover, upon the transition of naive ESCs to poised

pluripotency (i.e., with Dox-induced ISY1 expression) we found

a strong enrichment for the repression of predicted mRNA tar-

gets of ISY1-dependent poised miRNAs, with �10% of the pre-

dicted mRNA targets for each miRNA family downregulated,

whereas only �1% of the predicted targets were upregulated

in poised cells (Figure 6I). To experimentally validate whether

ISY1-dependent miRNAs directly repress expression of some

of these predicted genes, we transfected ESCs with synthetic

miRNA mimics (miR-32 as a control), individually or in combina-

tions, and measured the effect these mimics had on naive and

poised genes by qRT-PCR. We found expression of a selected

set of poised downregulated genes was repressed when the

corresponding miRNA-mimics were introduced into ESCs,

while the control mimic did not impact mRNA expression
ells. Splicing junctions was identified through TopHat software, and number is

SCs (left) or indicated siRNA knockdown (right) analyzed using the indicated

ll RNA-seq data and the corresponding pri-miRNAs.

as a control.

data. Orange, gray, and brown region indicated the naive, poised, and primed

As. Bottom: representative miRNA families containing the overlapping miRNAs

oised downregulated and for naive genes. Target prediction is from Targetscan

erent miRNA families by comparing poised (+Dox) with naive (�Dox) cells.

hout Dox and transfected with the miRNAmimics. All the above qRT-PCR data

repeat.



Figure 7. miRNAs Are Required to Establish the Poised Pluripotency State and to Transit to the Primed State

(A) qRT-PCR analysis of the indicated genes in WT and Dgcr8�/� ESCs transfected with the indicated siRNAs.

(B) Heatmap of the expression of poised, naive, and primed genes inWT and Dgcr8�/� cells at different time points of EpiLC differentiation. Box-plot comparison

of the relative expression and list of representative genes. Numbers of genes used for heatmap and total genes in each group were shown in red and black,

respectively.

(C) PCA of the indicated cells by all expressed mRNAs. Orange, gray, and brown region indicated the naive, poised, and primed pluripotency state, respectively.

(D) qRT-PCR analysis of the indicated genes. For all the above qRT-PCR, data are normalized to ACTIN and represented as mean ± SEM from three biological

repeat.

(E) Model for ISY1-dependent miRNAs controlling poised pluripotency required for naive-to-primed stem cell transition.
(Figure 6J). Also notable is that while introduction of individual

miRNAs can repress expression of their respective targets, a

combination of several of these poised miRNA mimics can

repress expression of all tested mRNAs that are downregulated

in poised cells, suggesting that repression of poised genes by

ISY1-dependent miRNAs involves a network of miRNA/mRNA

interactions.

miRNAs Are Required to Establish Poised Pluripotency
To examine whether the effects of ISY1 on mRNA repression re-

quires an intactmiRNA pathway, we performed ISY1 knockdown
in either WT or Dgcr8�/� ESCs and measured effects on expres-

sion of target mRNAs by qRT-PCR (Figure 7A). As expected, in

WT ESCs, ISY1 depletion led to the increased expression of

target mRNAs. Importantly, however, ISY1 depletion in the

miRNA-deficient ESCs did not cause an additional increase of

target mRNA expression, further supporting that ISY1 mediates

target mRNA repression through its effect on miRNAs. Expres-

sion of naive pluripotency marker genes was not impacted by

ISY1-depletion (Figure 7A).

To directly test whether the establishment of poised pluripo-

tency requires miRNAs, we next performed EpiLC differentiation
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experiments using globally miRNA-deficient (Dgcr8�/�) ESCs.
Samples over the 4-day time course were collected for RNA-

seq. Strikingly, we found 92.7% (762/824) of poised downregu-

lated genes and 64.7% (467/722) of poised upregulated genes

did not change in Dgcr8�/� cells during EpiLC differentiation.

This failure of Dgcr8�/� cells to establish the poised pluripotent

mRNA signature is accompanied by persistently elevated

expression of ESC-specific genes (including most naive genes)

and lack of expression of primed and differentiation markers at

later time points (Figure 7B; Table S5). Whole transcriptome-

based PCA revealed that Dgcr8�/� (at days 3–4) are blocked

between the naive and poised pluripotency state (Figure 7C).

The above data provide direct evidence showing that miRNAs

are the mediators of ISY1 function in establishing poised

pluripotency.

ISY1-Dependent miRNAs Can Rescue the Inability of
Dgcr8–/– ESCs to Transition to the Primed State
We next tested whether ISY1-dependent miRNAs might rescue

the defective naive-to-primed transition of Dgcr8�/� ESCs. Syn-

thesized miRNAs and control mimics were transfected into

Dgcr8�/� cells for 12 hr in 2i/LIF medium, which were then

induced to EpiLC differentiation medium for 72 hr. Expression

of naive and primed genes was used to measure the naive-to-

primed pluripotency transition. As expected and correlating

well with RNA-seq data (Figure 7B), naive genes were retained

at high levels and primed genes were not expressed in Dgcr8�/�

cells after 72 hr differentiation. Unexpectedly, we found that the

miR-20 mimic specifically rescued expression of most of the

naive genes tested, but had no (or very little) effect on primed

gene expression in Dgcr8�/� cells. In contrast, miR-152, let-7a,

miR-96, and miR-300 mimics had no impact on naive genes

expression, but could rescue the induction of certain (or in

some cases all) primed genes that were tested (Figure 7D). While

interestingly, miR-290 mimic effected both naive and primed

gene expression (Figure S4). Remarkably, a combination of

miRNA mimics rescued the naive-to-primed pluripotency transi-

tion phenotype of Dgcr8�/� cells with downregulation of naive

genes and activation of primed genes to levels comparable to

WT ESCs (Figures 7D and S4).

DISCUSSION

In this study, through a detailed characterization of the earliest

stages of EB and EpiLC differentiation, we discovered a previ-

ously unknown ESC transition characterized by a discrete

miRNA and mRNA expression signature, that we named poised

pluripotency. Poised pluripotent cells emerge rapidly during the

transition from naive to primed ESCs and while poised cells ex-

press high levels of most pluripotency TFs, the expression of

other naive pluripotency TFs is already downregulated. In

contrast, primed cells have lost expression of most pluripotency

TFs and express primed or early post-implantation marker

genes. Poised cells do not express primed markers and are

instead characterized by expression of a specific set of mRNAs

and miRNAs. Comparing this poised gene expression signature

with data from epiblast cells in vivo, indicate that poised cells

might correspond to the peri-implantation period (E4.5–E5.5)

(Figure 7E). While naive ESCs captured in serum/LIF and those
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grown in 2i/LIF have quite different gene expression profiles

characterized by lineage-associated and metabolism-related

genes, respectively (Hackett and Surani, 2014), naive cells

from both conditions contribute equally to mouse chimeras

with comparable differentiation potential. Interestingly, we

discovered that both serum/LIF and ground state naive ESCs

transition through a uniformed phase of poised pluripotency

where differences in gene expression are rapidly erased during

the naive-to-poised state transition. This not only implies the es-

sentiality of poised pluripotency in development, but also pro-

vides a logical explanation for the equal chimera contribution

of ESCs from serum/LIF and 2i/LIF medium. Indeed, our chimera

tests showed that poised pluripotency retains the capability to

give rise to all tissues in the mouse.

We found that dynamic ISY1 expression is necessary and suf-

ficient to promote exit from the naive state and program ESCs to

poised pluripotency. Indeed, poised cells can be stably main-

tained in vitro by ISY1 overexpression further supporting the

role of ISY1 as a master regulator of poised pluripotency. While

elevated ISY1 expression promotes the transition of naive ESCs

to the poised state, subsequent ISY1 repression is required for

poised cells to transition to the primed state (Figure 7E). Impor-

tantly, we find that poised pluripotency is required for the ESC

transition from naive to primed state because ISY1-deficient

cells maintain expression of naive pluripotency and character-

istic morphology and fail to commit to the primed state in differ-

entiation conditions. Recently, ‘‘formative’’ pluripotency was

described as an intermediate phase between naive and primed

(Kalkan et al., 2017; Smith, 2017). Although conceptually there

are similarities between the poised and formative states, one

striking difference is that poised cells maintain high levels of

expression of most naive markers and do not express early

post-implantation marker genes. We do not see any genome-

wide changes in DNA methylation in the poised state unlike in

formative cells. Therefore, we consider poised pluripotency to

be a distinct intermediate phase that precedes the forma-

tive phase.

Interestingly, all our data support that this earliest known ESC

transition and exit from naive pluripotency is controlled posttran-

scriptionally and likely through the ISY1-mediated regulation of

miRNA biogenesis. This contention is supported by our findings

that (1) poised cells can be identified by miRNA and mRNA

expression signatures; (2) poised cells cannot be distinguished

based on global DNAmethylation profiles, and ISY1 overexpres-

sion does alter global DNA methylation and splicing; (3) ISY1

promotes expression of a large subset of miRNAs; (4) ISY1 pro-

motes widespread repression of miRNA targets (poised downre-

gulated genes); (5) ISY1-mediated mRNA repression requires

functional miRNA pathway; (6) PCA reveals that miRNA-deficient

cells cannot establish poised pluripotency; and (7) a combination

of ISY1-dependent miRNAs can rescue the defective naive-to-

primed transition phenotype of Dgcr8�/� cells.

Posttranscriptional control of cell fate through the remodeling

of the miRNA/mRNA transcriptome might be especially impor-

tant in response to developmental signals during the peri-im-

plantation period of embryonic development. In this regard, it

will be of significant interest to explore how our findings relate

to the early embryonic-lethal phenotype caused by the global

miRNA deficiency in the DGCR8 knockout mice. Interestingly,



the early implantation lethal phenotype of embryo in Dgcr8�/�

mice has been known for over a decade and yet it remains un-

clear why global miRNA depletion, without any impact on the

establishment of naive pluripotency, blocks the naive-to-primed

transition (Gu et al., 2016; Wang et al., 2007). We found that

Dgcr8�/� ESCs cannot establish poised pluripotency and are

instead retained between the naive and poised states during dif-

ferentiation, which shows that poised pluripotency is controlled

by the miRNA pathway and likely explains the early Dgcr8�/�

embryonic lethal phenotype. Finally, a subset of miRNAs depen-

dent on ISY1 can rescue the naive-to-primed state transition of

Dgcr8�/� cells, proving that poised pluripotency is controlled

by ISY1-dependent miRNAs and that (at least some of) these

miRNAs are indispensable for the naive-to-primed state transi-

tion. Moreover, in mouse, knockout of many of the poised-spe-

cific genes, including FOXD3, GATA3, CDX2, IL-6, IGF1R, and

NRF1, display peri-implantation arrest or early post-implantation

lethal phenotype (De et al., 1993; Fouladi-Nashta et al., 2005;

Hanna et al., 2002; Home et al., 2009; Huo and Scarpulla,

2001; Kapur et al., 1992), further supporting the poised state is

essential for early embryonic development.

This work identified poised cells—an early developmental

transition from naive pluripotency that is mediated by a transient

burst of ISY1 expression to enhancemiRNA biogenesis. It will be

of great interest to isolate and compare poised cells with their

possible in vivo counterparts from the developing mouse

epiblast, to investigate the role of ISY1 in early mouse embryo-

genesis, and to investigate the conservation of this regulation

in human ESC and early embryonic development.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ISY1 Abcam Cat# ab121250; RRID:AB_11140351

Rabbit polyclonal anti-OCT4 Abcam Cat# ab19857; RRID:AB_445175

Rabbit polyclonal anti-NANOG Abcam Cat# ab70482; RRID:AB_1269514

Rabbit polyclonal anti-SOX2 Abcam Cat# ab97959; RRID:AB_2341193

Rabbit polyclonal anti-beta ACTIN Abcam Cat# ab8227; RRID:AB_2305186

Rabbit polyclonal anti-LIN28A Cell Signaling Cat# 3978S; RRID:AB_2297060

Rabbit monoclonal anti-Drosha Cell Signaling Cat# 3364; RRID:AB_2238644

Rabbit polyclonal anti-DGCR8 Proteintech Cat# 10996-1-AP; RRID:AB_2090987

Rabbit polyclonal anti-GFP Novus Cat# NB600-308; RRID:AB_10003058

Mouse monoclonal anti-FLAG Sigma Cat# A8592; RRID:AB_439702

Bacterial and Virus Strains

GC10 chemically competent cells Genesee Scientific Cat#42-657

Chemicals, Peptides, and Recombinant Proteins

DMEM GIBCO Cat# 11965092

DMEM/F12 GIBCO Cat# 11330032

Neurobasal medium GIBCO Cat# 21103049

Opti-MEM I Reduced Serum Medium Gibico Cat# 31985070

MEM Non-Essential Amino Acids

Solution(NEAA)

GIBCO Cat# 11140050

L-Glutamine GIBCO Cat# 25030081

Sodium Pyruvate GIBCO Cat# 11360070

Penicillin-Streptomycin GIBCO Cat# 15140163

B-27 Supplement GIBCO Cat# 12587010

N-2 Supplement GIBCO Cat# 17502048

KnockOut Serum Replacement GIBCO Cat# A3181502

Trypsin-EDTA GIBCO Cat# 15400054

DPBS GIBCO Cat# 14190250

Stem Cell Qualified Fetal Bovine Serum Gemini Cat# 100-125

Mouse Leukemia Inhibitory Factor (LIF) Gemini Cat# 400-495

CHIR99021 Stemgent Cat# 04-0004

PD0325901 Stemgent Cat# 04-0006

Recombinant Human/Murine/Rat Activin A Peprotech Cat# 120-14

Recombinant Murine FGF Peprotech Cat# 450-33

Fibronectin bovine plasma Sigma Cat# F1141

Gelatin from porcine skin Sigma Cat# G1890

Hygromycin B solution Sigma Cat# H0654

Doxycycline hyclate (Dox) Sigma Cat# D9891

Formaldehyde solution Sigma Cat# 252549

Poly(2-hydroxyethyl methacrylate)

(polyHEMA)

Sigma Cat# 192066

2-Mercaptoethanol ThermoFisher Cat# 60-24-2

Lipofectamine 2000 Transfection Reagent Invitrogen Cat# 11668019

TRIzol Reagent Invitrogen Cat# 15596026

EmbryoMax KSOM Medium Millipore Cat# MR-121-D

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

TruSeq Stranded mRNA Sample Prep Kits Illumina Cat# RS-122-2101

NEBNext Small RNA Library Prep Set New England Biolabs Cat# E7330S

T4 RNA Ligase 1 New England Biolabs Cat# M0204

DNA Polymerase I, Large (Klenow) Fragment New England Biolabs Cat# M0210

Q5 Site-Directed Mutagenesis Kit New England Biolabs Cat# E0554

SuperScript III Reverse Transcriptase Invitrogen Cat# 18080093

Platinum High Fidelity Taq DNA Polymerase Invitrogen Cat# 11304029

Dynabeads mRNA Purification Kit Inivtrogen Cat# 61006

TaqMan MicroRNA Reverse Transcription Kit Applied Biosystems Cat# 4366596

TaqMan Universal PCR Master Mix Applied Biosystems Cat# 4304437

Fast SYBR Green Master Mix Applied Biosystems Cat# 4385612

Riboprobe Combination Systems Promega Cat# P1460

RNasin Ribonuclease Inhibitors Pormega Cat# N2518

RNA Clean & Concentrator Zymo research Cat# R1017

Blue-color AP Staining Kit SBI Cat# AP100 B-1

Ovation RRBS Methyl-Seq System Nugen Cat# 0353-32

Deposited Data

RNA-seq and small RNA-seq This paper GEO: GSE112334

3C-seq Nakamura et al., 2016 GEO: GSE74767

Experimental Models: Cell Lines

Mouse cell line: KH2-ISY1 This paper N/A

Mouse cell line: V6.5 N/A N/A

Mouse cell line: Dgcr8�/� Wang et al., 2007 N/A

Mouse cell line: Dicer�/� Bernstein et al., 2003 N/A

Mouse cell line: J-34 Choi et al., 2017 N/A

Experimental Models: Organisms/Strains

Mouse: B6D2F1 Jackson Laboratories Stock # 100006

Mouse: Swiss Webster Taconic Cat#SW-F

Recombinant DNA

PBS31 vector Open biosystems Cat# MES4486

pCAGGS flpE vector Open biosystems Cat# MES4488

pCDNA3 Invitrogen Cat# V79020

pGEM-T Easy Vector Systems Promega Cat# A1360

pEF1apha-EGFP-IRES-mCherry This paper N/A

Software and Algorithms

Bowtie http://bowtie-bio.sourceforge.net/

index.shtml

N/A

TopHat https://ccb.jhu.edu/software/tophat/

manual.shtml

N/A

Toppgene https://toppgene.cchmc.org/ N/A

OriginPro https://www.originlab.com/index.aspx?go=

PRODUCTS/Origin

N/A

Cluster3.0 and Treeview http://bonsai.hgc.jp/�mdehoon/software/

cluster/software.htm

N/A

Graphpad prism 7 https://www.graphpad.com/scientific-

software/prism/

N/A

Perl N/A N/A

R/Bioconductor N/A N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further queries and reagent requests may be directed and will be fulfilled by the lead contact, Richard I. Gregory (rgregory@enders.

tch.harvard.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice used in the study were housed and bred in Specific Pathogen Free (SPF) rooms located in the AAALAC-accredited Center for

Comparative Medicine vivarium at Massachusetts General Hospital. All mice were housed in ventilated cages on a standard 12:12

light cycle. All procedures involving mice adhered to the guidelines of the approved Massachusetts General Hospital Institutional

Animal Care and Use Committee (IACUC) protocol no. 2006N000104.

Blastocyst Injection
Blastocyst injections were performed as previously described (Eggan et al., 2001). Briefly, female BDF1 mice were superovulated by

intraperitoneal injection with 5 IU of PMSG and 48 hr later with 5 IU of hCG. Following hCG injection, the super-ovulated females were

mated to BDF1 stud males. Zygotes were isolated from females with a vaginal plug 24 hr after hCG injection. Zygotes were cultured

in vitro for 3 d in KSOMmedium (Millipore), and blastocysts were injected with J-34 ESCs (Choi et al., 2017) transduced with a consti-

tutive GFP reporter and transferred into pseudopregnant recipient females. E12.5 embryos were retrieved from the pregnant females

and analyzed. Visible resorbed embryoswere counted from the uteri of the recipient females and counted as ‘resorption’. Developing

embryos were termed ‘viable’. Any embryos with GFP expression were imaged and scored as a chimera.

ESC Culture
All the cell lines (KH2-ISY1, V6.5, Dgcr8�/�, and Dicer�/�) were cultured at 37�C in a cell incubator with 5% CO2. Mouse ESCs were

cultured in either Serum/LIF medium [DMEM (GIBCO) with 1000u/ml mLIF (Gemini), 15% stem cell FBS (Gemini), 1X Sodium

Pyruvate (GIBCO), 1X NEAA(GIBCO), 1X L-glutamine (GIBCO), 50mM 2-mercaptoethanol (ThermoFisher) and 1% Penicillin-

Streptomycin(GIBCO)], or 2i/LIF medium [1:1 DMEM/F12 (GIBCO) and Neurobasal medium (GIBCO) containing 1X N2 and B27

supplements (GIBCO), 1mM PD03259010 (Stemgent), 3mM CHIR99021 (Stemgent), 1000u/ml mLIF (Gemini), 1X Sodium

Pyruvate (GIBCO), 1X NEAA(GIBCO), 1X L-glutamine (GIBCO), 50mM 2-mercaptoethanol (ThermoFisher) and 1% Penicillin-

Streptomycin(GIBCO)] on 0.1% gelatin-coated dishes without feeders.

Human A549 cells were cultured in DMEM (GIBCO) with 15%(v/v) FBS (Gemini), 1X Sodium Pyruvate (GIBCO), 1X L-glutamine

(GIBCO), 50mM 2-mercaptoethanol (ThermoFisher) and 1% Penicillin-Streptomycin(GIBCO) (Gregory et al., 2004).

For cell passage, differentiation and transfection, cells were first washed with PBS for twice. Trypsin (0.1% in PBS) was added to

the dishes, which were then incubate at 37�C for 3min, and Serum/LIFmedium above was used to inactive trypsin. After collected by

centrifuge at 1000 g for 3min, cells were counted and split for different purposes. 4mg/ml Dox (Sigma) was added to induce Flag-ISY1

expression in KH2-ISY1 cells if it’s required.

ESC Differentiation
To prepare the polyHEMA-coated plates for Embryoid Body (EB) differentiation, 5ml polyHEMA (Sigma) (20mg/ml in 75% ethanol)

was added into 10cm dishes, which were dried in cell culture hood for more than 4 hours. To induce EB differentiation, ESCs cultured

in Serum/LIF medium were transferred to ADFNK differentiation medium [1:1 DMEM/F12 (GIBCO) and Neurobasal medium(GIBCO)

with 10% knockout serum replacement (GIBCO), 1X L-glutamine(GIBCO), 50mM 2-mercaptoethanol (ThermoFisher) and 1% Peni-

cillin-Streptomycin(GIBCO)] for 2-hours pre-differentiation. Then 3X106 ESCs were plated into ADFNK differentiation medium on

20mg/ml polyHEMA-coated dishes to induce EB formation for 13 days. EBs were collected at indicated time points.

To prepare fibronectin-coated dishes for Epiblst-like cell (EpiLC) differentiation, 3ml fibronectin (10mg/ml in water) was added into

6cm dishes, which were put into 37�C cell incubator for 2-3 hours. To induced differentiation, 5x105 single KH2-ISY1 (treated with or

without Dox for three days) or Dgcr8�/� cells cultured in 2i/LIF medium were re-plated into differentiation medium [1:1 DMEM/F12

(GIBCO) and Neurobasal medium (GIBCO) containing 1X N2 and B27 supplements (GIBCO), 1X Sodium Pyruvate (GIBCO), 1X

NEAA(GIBCO), 1X L-glutamine (GIBCO), 50mM 2-mercaptoethanol (ThermoFisher), 12.5 ng/ml bFGF (Peprotech), 20 ng/ml Activin

A (Peprotech), and 1%knockout serum replacement (GIBCO), and 1%Penicillin-Streptomycin(GIBCO)] on fibronectin-coated plates

as described previously (Hayashi et al., 2011) for 2-4 days as indicated. For monolayer differentiation without bFGF and Activin A, the

protocol is the same as EpiLC differentiation except that the medium did not contain bFGF and Activin A.

METHOD DETAILS

Histology and Immunohistochemical Analysis of GFP Expression in Chimeric Embryos
Whole E12.5 embryos were incubated in 4% PFA at 4�C overnight and subsequently processed for paraffin embedding. 10 mm

sections along the midline were cut and affixed to glass slides. Sections were boiled for 30 minutes in 10mM Sodium Acetate

(pH 6.0) and incubated with an antibody against GFP (Goat-anti-GFP, Novus Biologicals) diluted 1:250 in blocking buffer
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(PBS +1%BSA) overnight at 4�C. Sections were washed 3x15 minutes with PBS and then incubated with an anti-goat IgG antibody

conjugated to Alexa Fluor 488 (Invitrogen) diluted 1:500 in blocking buffer for 1 hour at room temp. Sections were then washed

3x15 minutes with PBS, mounted with DAPI, and imaged.

Cell Transfection
All the plasmid DNA, siRNA and miRNA mimic transfection were performed using Lipofectamine2000 (Invitrogen) according to the

manufacturer’s instructions for three days if there is no special indication. Briefly, Lipofectmine2000 (Invitrogen) reagent was mixed

with siRNA, miRNA mimic, or plasmid DNA respectively, which were incubated in 1ml Opti-MEM I Reduced Serum Medium (Gibico)

for 30min at room temperature. Then Lipofectmine2000 and plasmid DNA/siRNA/miRNA mimics mixtures were added into cell cul-

ture medium when splitting the cells for differentiation or culture. siRNA sequences used were reported as before (Du et al., 2015).

Generation of KH2-ISY1 ESCs
1X107 KH2 ESCs cultured in Serum/LIF medium were transfected with 40mg PBS31-ISY1 vector and 20mg helper vector pCAGGS

flpE by Lipofectermine2000. After 24 hours, 200mg/ml Hygromycin B (Sigma) was used to select positive clones for around

1 week. Single clones were picked and expended. To induce Flag-ISY1 expression, 4mg/ml doxycycline (Dox) was used to treat

the cells for 3 days, and western blot was used to test ISY1 expression.

Plasmids and Site-directed Mutagenesis
The cDNA of mouse pri-miR-290�295 was generated by PCR from genomic DNA using Platinum High Fidelity Taq DNA Polymerase

(Invitrogen) and cloned into EcoRI and XhoI sites of pcDNA3 (Invitrogen). The cDNA of mouse ISY1 with Flag sequence was sub-

cloned from pCMV2-ISY1 (Du et al., 2015) into the EcoR1 and Mlu1 sites of pBS31 (Open biosystems) for Flag-KH2-ISY1 cells gen-

eration (Sigma). Q5� Site-Directed Mutagenesis Kit (NEB) was used for mutagenesis following the manufacturer’s instructions. All

the primers used for plasmid construction are listed in Table S6.

RNA Purification and mRNA Northern Blot
Trizol reagent (Invitrogen) for total RNA extraction following themanufacturer’s protocol. 200 mg total RNAwas used for polyA(+) RNA

isolation through the Dynabeads�mRNAPurification Kit (Invitrogen). 200ng polyA(+) and 20 mg total RNAwere loaded on 15%Form-

aldehyde-Agarose gels for RNA Northern blot. To generate the probes, the cDNAs were amplified by PCR corresponding to the

different regions of mouse pri-miR-290�295, which were then labeled by 32P-dCTP using DNA Polymerase I, Large (Klenow) Frag-

ment (NEB). Primers used for amplifying the probes were all listed in Table S6.

mRNA-seq, Small RNA-seq and Bioinformatics Analysis
PolyA(+) and small RNA-seq were performed as described before (Du et al., 2015). 5 mg total RNA isolated as described above was

used for polyA(+) RNA-seq libraries preparation with the TruSeq Stranded mRNA Sample Prep Kits (Illumina) following the manufac-

turer’s instructions. 30 mg total RNAs were loaded into 15% TBE Polyacrylamide Gel for small RNA purification. Multiple small RNA

library prep set (NEB) was then used for libraries preparation. Both sets of samples were subjected to Illumina Next-seq sequencing.

For the analysis of mRNA-seq data, Bowtie software was used for the alignment to mouse cDNA database (Ensembl, GRCm38).

Reads number were then normalized to total reads of each libraries (RPM: reads per million). Expressional changes were calculated

based on the formula: FC (Fold Change) = (RPMsample-a+1)/(RPMsample-b+1). Genes showing expressional changes (FC >= 2 or% 0.5)

were further clustered by Gene Cluster 3.0 and Heatmap was visualized by TreeView. PCA and Hierarchical cluster analysis was per-

formed and visualized using OriginPro software by using all expressed genes (RPM > = 1) and corresponding genes respectively.

ToppGene online analysis (https://toppgene.cchmc.org/) was used for Gene Ontology enrichment. miRNA target site enrichment

was performed by homemade PERL program based on the TargetScan dataset (http://www.targetscan.org/mmu_71/), and

Cytoscape software was used for network visualization. Tophat software was used to map reads to genomic loci and identify all

the potential splicing sites. For the analysis of small RNA sequencing data, homemade PERL program was used to trim the adaptor

sequences, and 20-25nt small RNAs were aligned to mature miRNA sequences (http://www.mirbase.org/) without any mismatches

permitted. Total reads of 20-25nt small RNAs were used for normalization (RPM: reads per million), and Gene Cluster 3.0 and

TreeView were used to cluster and visualize the heatmap. PCA analysis was performed and visullized using OriginPro software by

using all expressed miRNAs (RPM > = 10).

In Vitro Transcription and CPSF3 Cleavage Assays
In vitro T7 transcription and CPSF3 cleavage assay were performed as described before (Du et al., 2015). Briefly, PCR was used to

amplify pri-miR-290�295 sequences containing T7 sequences, which were used as templates for in vitro Transcription using the

Riboprobe� (Promega) system together with 32P-UTP for radioactive labeling. RNAs was then incubate with recombinant CPSF3

(rCPSF3) in the condition: RNA substrate, 6.4mMMgCl2 and 1 ml RNasin in 30ml BC100 solution (20mM Tris-HCl, pH7.6, 10% Glyc-

erol and 100mM KCl) at 37�C for 60 min. Products were then loaded into 10% TBE Polyacrylamide Gel.
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30 RACE
RNA products of CPSF3 Assay above were used for 30 RACE, which was purified by RNA clean & Concentrator (ZYMOResearch). T4

RNA ligase 1 (NEB) was used for the ligation with NEB 30 adaptor (50-rAppAGATCGGAAGAGCACACGTCT-NH2-30). Adaptor primers

were used for reverse transcription, and then cDNAs were purified and used for PCR amplification. PCR products were cloned into

pGEM-T Easy vector (Promega), and different clones were picked for Sanger sequencing. Primers used for 30 RACE were listed in

Table S6.

Western Blots, Alkaline Phosphatase Staining, and Immunofluorescence
Whole cells lysates were prepared as described before and were analyzed by western blot using a-Flag (Sigma), a-Drosha (Cell

Signaling), a-ISY1 (Abcam), a-DGCR8 (Proteintech), a-LIN28A (Cell Signaling), a-OCT4 (Abcam), a-NANOG (Abcam), a-SOX2

(Abcam), and a-ACTIN (Abcam) Antibody, respectively. For AP staining, cells cultured in gelatin coated 6-well plates without feeder

were first fixed with PBS containing 4% formaldehyde for 10min. After twice wash with PBS, Blue-Color AP staining kit (SBI) were

used to stain the cells for 30min. For Immunofluorescence, ESCs were fixed using 4% paraformaldehyde, washed twice with

PBS, permeabilized by 0.1% Triton X-100 in PBS and stained overnight using 1:100 diluted primary antibodies in 1% BSA/10%

FBS in PBS. DAPI was used to counterstain DNA.

mRNA and miRNA q.RT-PCR
For mRNA and pri-miRNA analysis, 4 mg total RNA was treated with DNase (Promage) for overnight to remove genomic DNA. Super-

script III Reverse Transcriptase (Invitrogen) and random primers were used to synthesize cDNA, and SYBR Green Master Mix

(Thermo Fisher) was used to quantify the cDNA. For miRNA analysis, 30ng total RNA was used. Taqman probes and Universal

PCR master mix (Applied Biosystems) were used for cDNA detection. All the primers used for qPCR were listed in Table S6.

DNA Methylation Analysis by RRBS
RRBS libraries were prepared using a commercial kit (Ovation RRBSMethyl-Seq System, NuGen, SanCarlos, CA) following theman-

ufacturer’s protocol except that we pooled 12 individually barcoded reactions after the final repair step and performed the bisulfite

conversion and library amplification as a pool. Libraries were sequenced on an Illumina HiSeq2500 high-output flowcell without a

PhiX spikein using Nugen’s custom sequencing primer for read 1 (50 bases) and standard Illumina sequencing primers to read

the 8-base sample barcodes. Sequencing produced an average of 11.4M single-end reads per sample. These reads were aligned

to the mm9 genome using BSmap. An average of 8.0M reads per sample were aligned correctly and found adjacent to the expected

MspI cut site (C^CGG). The methylation status of genomic CpGs were measured by observing the bisulfite conversion of unmethy-

lated cytosines to thymines in sequenced reads. The methylation of each CpG was calculated as the number of reads on which the

cytosine was methylated, divided by the total number of reads covering that CpG. An average of 1.7M CpGs were covered per sam-

ple at an average depth of 11.9x. CpGs covered at 5x in at least 4/5 samples were used to calculate weighted methylation averages

for nonoverlapping 1kb tiles. Violin plots for 1kb tile methylation values were generated using R.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for gene expression were performed using Graphpad Prim. Significance was calculated with Student’s t test and

represented as mean ± SEM. *p < 0.05 **p < 0.01.

DATA AND SOFTWARE AVAILABILITY

The accession number for the published 3C-seq data reported in this paper is GEO: GSE74767 (Nakamura et al., 2016). The acces-

sion number for the mRNA-seq and small RNA-seq data reported in this paper is GEO: GSE112334.
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