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SUMMARY
cis-regulatory elements (CREs) regulate the expression of genes in their genomic neighborhoods and influ-
ence cellular processes such as cell-fatemaintenance and differentiation. To date, there remainmajor gaps in
the functional characterization of CREs and the identification of their target genes in the cellular native envi-
ronment. In this study, we perform a features-oriented CRISPR-utilized systematic (FOCUS) screen of OCT4-
bound CREs using CRISPR-Cas9 to identify functional enhancers important for pluripotency maintenance in
mESCs. From the initial 235 candidates tested, 16 CREs are identified to be essential stem cell enhancers.
Using RNA-seq and genomic 4C-seq, we further uncover a complex network of candidate CREs and their
downstream target genes, which supports the growth and self-renewal of mESCs. Notably, an essential
enhancer, CRE111, and its target, Lrrc31, form the important switch to modulate the LIF-JAK1-STAT3
signaling pathway.
INTRODUCTION

cis-regulatory elements (CREs) are regions of non-coding

DNA that regulate the expression of their target genes.

Eleven percent of the mouse genome was predicted to be

non-redundant CREs (Shen et al., 2012). CREs were found

to play roles in governing cell identity by regulating cell-

type-specific transcriptomic profiles (Buecker et al., 2014;

Shen et al., 2012). Over the years, detailed identification and

characterization of cell type-specific CREs were made

possible through collaborative efforts such ENCODE and

the Roadmap epigenomic project. The hallmark of CREs in-

cludes the ability to regulate gene expression independent

of their orientation and distance from the target genes.

Furthermore, a single CRE may regulate the expression of

several genes at any one time or target different downstream

genes in different cell types (Shlyueva et al., 2014). Notably,

the major gaps in our knowledge of the CREs are the func-
This is an open access article under the CC BY-N
tional characterizations and the identifications of their target

genes in the cell type of interest.

Many genetic approaches, such as reporter assays and

self-transcribing active regulatory region sequencing

(STARR-seq) (Arnold et al., 2013), were developed to address

this. However, these methods relied heavily on the functional

readout of the enhancer fragments outside their native

genomic architecture, which led to inaccurate representations

of their endogenous activity. To fully address the contribution

of CREs to biological systems within their genomic environ-

ment, it is imperative to disrupt their activities in situ within

their genomic environment.

Pluripotency is the ability of stem cells to differentiate into all

other cell types that constitute the entire organism. In the past

few decades, many studies have defined the essential genes

involved in maintaining pluripotency. Among them, Oct4 was

identified as a master transcription factor for the regulation of

pluripotency and self-renewal in embryonic stem cells (ESCs).
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Figure 1. FOCUS Screen Identified cis-Regu-

latory Elements Essential for Pluripotency

Maintenance

(A) Schematic of FOCUS screen. sgRNAs targeting

accessible OCT4 binding cis-regulatory elements in

mESCs were designed and transfected into mESCs

for the FOCUS screen.

(B) An image of the FOCUS screen. sgRNA targeting

the Oct4 distal enhancer was used as the positive

control (red square). DNT1 and DNT2 were used as

negative controls (white squares). OCT4 immuno-

fluorescence signal and nuclei staining are shown in

green and blue, respectively.

(C) Distribution plot of the FOCUS screen. Nineteen

of 225 cis-regulatory elements with Z scores < �2

(red dotted line) were identified as candidates

potentially important for pluripotency maintenance

(red dots). Non-targeting controls are labeled as

blue and green dots. The remaining cis-regulatory

elements are marked in gray. The Z score of four

replicates is shown on the same line for each cis-

regulatory element.

(D) Representative images of OCT4 (green) and

DNA (blue) for selected hits identified from the

FOCUS screen.

(E) The primary screen of 225 cis-regulatory ele-

ments with two independent assays, OCT4 (green)

and Oct4-DE mcherry reporter (red). Each row

represents the mutation of a single cis-regulatory

element. Each column represents individual repli-

cates.

(F) The secondary screen of 19 candidate CRE hits.

The primary and secondary screens used two sets

of sgRNAs targeting different locations of the same

cis-regulatory element. The Z score was calculated

with a reference toDNT2. The bar chart showsmean

± SD of three biological replicates.
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The genomic binding profile of OCT4 protein in both the mouse

ESCs (mESCs) and human ESCs (hESCs) has been elucidated

(Chen et al., 2008; Loh et al., 2006; Boyer et al., 2005). Interest-

ingly, 30% of OCT4-bound sites were mapped to distal regions

(10–100 kb) of the nearest gene or to gene deserts (>100 kb to

the nearest gene) (Loh et al., 2006). Recently several studies

have been published on the characterization of CREs centered

around the genomic regions of the Oct4 gene (Diao et al.,

2016; 2017).

Here, we describe a features-oriented CRISPR-utilized sys-

tematic (FOCUS) screen for essential OCT4-bound sites in

mESCs. From the screen, we identified 16 high-confidence

CREs that are critical for the maintenance of ESCs. Using a sys-

tem approach, integrating genomic and functional analyses,

such as chromatin immunoprecipitation sequencing (ChIP-

seq), assay for transposase-accessible chromatin using

sequencing (ATAC-seq), RNA sequencing (RNA-seq), Hi-C

sequencing (HiC-seq), circular chromosome conformation cap-

ture sequencing (4C-seq), genetic knockdown (KD), proteomics,
2 Cell Reports 33, 108309, October 27, 2020
and rescue experiments, we further

defined the target genes for these CREs

and uncovered several novel regulators,

including the LRRC31-JAK-STAT3 axis,
which plays a critical role in governing proper signal transduction

in ESCs.

RESULTS

FOCUS Identified Essential CREs for Pluripotency
Maintenance
In order to functionally dissect the Oct4-bound CREs that are

essential for pluripotency maintenance in mouse ESCs, a

FOCUS screen of OCT4-bound CREs was conducted. To build

the FOCUS library (Figure 1A; Figure S1A), we first collated

mESC ATAC-seq data to ascertain the accessible chromatin re-

gions (Li et al., 2017). Of 27,513 sites identified, 6,391 demon-

strated high-confidence OCT4-binding on the basis of published

ChIP-seq datasets (Table S1) (Chen et al., 2008). Using FIMO

(Grant et al., 2011), we next determined intergenic OCT4-bound

CREs, which contain the Oct4 motif. Finally, we short-listed pu-

tative targets for the primary screen after taking into account the

presence of PAM motif (NGG) in or near the CREs.
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Single guide RNAs (sgRNAs) were designed for 235 CREs on

the basis of their targetability by the CRISPR-Cas9 genome edit-

ing system, as assessed by the CRISPR sgRNA designer tool

(Table S2) (Doench et al., 2016). Two non-targeting sgRNAs

(NT1 and NT2) were used as negative controls in the FOCUS

screen, whereas sgRNA against the Oct4 distal enhancer (DE)

was used as a positive control (Figure 1B). Two independent

readouts, namely, the Oct4 immunofluorescence signal and

the Oct4-DE mCherry reporter signal, were used. We validated

the specificity of the Oct4-DE mCherry reporter by comparing

its activities in embryonic day (E) 14 mESCs, differentiated

E14, and mouse embryonic fibroblast (MEF) cells (Figures

S1B–S1D). To eliminate the bias introduced by the number of

cells in our screens, we first assessed the correlation between

cell number and OCT4 immunofluorescence signal in mESCs

(Figure S1E). To this end, the correlation was used to normalize

the OCT4 immunofluorescence signal derived from both the pri-

mary and secondary screens. For each of the 225 CREs, the Z

score was calculated from four biological replicates (Figure 1C).

On the basis of a targeted error rate of 0.05, a cut-off threshold of

absolute value > 2 SDs from the mean of the non-targeting con-

trols was used to determine candidate CREs, which resulted in

the reduction of OCT4 signal when they were mutated. Expect-

edly, the control sgRNA targeting the Oct4 DE was the top hit

from the screen, with an average Z score of�4 (Figure 1C; Table

S3). The observation that the average Z scores of both non-tar-

geting sgRNAs fell between�2 and +2 further increased the con-

fidence of our FOCUS screen (Figure 1C). To exclude the error

introduced during the imaging analysis, random images of hits

were extracted to confirm the reduction of OCT4 immunofluores-

cence signal (Figure 1D). To further test the robustness of our

screen, the result was independently normalized to the two

non-targeting sgRNAs, and the correlation between these two

sets of analyses was calculated. We observed a Pearson corre-

lation coefficient of 0.9 (Figure S1F). We next examined the Oct4

DE mCherry signal for the CRE mutants (DCRE). We detected a

good correlation between OCT4 immunofluorescence and Oct4

DE mCherry signal for both the hit and non-hit CREs (Figure 1E).

To confirm their mutations, the targeting efficiency of ten

randomly picked hit CRE sgRNAs was examined using the SUR-

VEYOR assay (Figure S1G). For three CREs, we evaluated the

percentage of mutated Oct4 motif in the sgRNA-transfected

mESCs using DNA sequencing. About 38%–47% of the

sgRNA-transfected mESCs showed DNA deletion at the tar-

geted Oct4 motif (Figure S1H). Furthermore, to exclude off-

target effects of the sgRNAs, a secondary screen was performed

using independent sgRNAs targeting the 19 hit CREs identified

from the primary screen. Of note, 16 candidate CREs showed

consistent phenotypes between the two batches of sgRNA

(Figure 1F).

Mutation of Candidate CRE Hits Affect Both the
Maintenance and Establishment of Pluripotent Stem
Cells
A detailed evaluation of the deleterious effects of mutating the

candidate CREs was then undertaken. First, to examine the

consequence of our CREs on self-renewal of mESCs, we as-

sayed colony formation in cells in which candidate CREs were
mutated. For seven CREs, a marked decrease in the ability of

the cells to form ES-like colonies was observed, on the basis

of a final colony count after alkaline phosphatase (AP) staining

(Figure 2A). We detected similar phenotypic outcomes when

CREs were mutated in ES-D3 cells using a different set of

sgRNAs (Figure S2A). Next, the expression of a set of pluripo-

tency and differentiation genes was determined by qRT-PCR

uponmutating the candidate CREs in ES-E14 cells. As expected,

the Oct4 expression level decreased significantly when candi-

date CREs were mutated (Figure 2B). Interestingly, we did not

observe comparable downregulation of Nanog and Sox2 across

the different CREmutations. Formost CREs, a universal increase

in the expression of differentiation markers was detected, with

no tendency toward any particular lineage. Notably, we

observed a specific upregulation of Gata6 for CRE 4 mutation,

suggesting that individual CREs may regulate pluripotency

through varied pathways. We then induced differentiation to-

ward the ectoderm lineage in ES-E14 cells by treatment with ret-

inoic acid, followed by the measurement of the expression of

several marker genes (Pax6, Gbx2, Foxj3, Mcm7, and Sox1)

(Zhang et al., 2015). Notably, mutation of the candidate CREs

led to an increase in the expression of ectoderm markers, sug-

gesting that the loss of function of our candidate CREs could

destabilize the pluripotency state of ESCs and prime the mESCs

for directed differentiation (Figures 2C, S2B, and S2C). The dif-

ferentiation potential of mESCs with mutated CREs was also

tested through embryoid body (EB) formation. At a similar seed-

ing density, CRE111-mutated EBs were tiny in size compared

with the wild-type (WT) and other non-targeting controls, while

other CRE-mutated EBs showed similar size as control (Figures

S2D and S2E). Although this could be traced back to the prolif-

erative defects that were rife in CRE111-mutated cells, the

impact of a non-functional CRE111 element in mESCs was high-

ly noticeable. To further evaluate the trends pertaining to the dif-

ferentiation potential of EBs generated by LIF withdrawal after

CRE mutation, we evaluated the expression of an extensive

panel of lineage markers representing the three germ layers dur-

ing EB formation. We observed a peculiar trend in which most of

the tested germ layer markers had higher expression in the

CRE111-mutated EB sample (Figure S2G). This further suggests

that the differentiation rate seems to be unusually accelerated in

the CRE111-mutated mESCs, because of either an initial loss of

pluripotency or the self-renewal potential of these cells being

compromised prior to EB generation and LIF withdrawal.

Next, a somatic cell reprogramming assay was performed by

infecting MEFs with the sgRNAs to mutate candidate CREs,

before reprogramming them to induced pluripotency via the

OSKM retroviral system (Takahashi and Yamanaka, 2006).

Decreased reprogramming efficiency was seen for most candi-

date CREs compared with the non-targeting control when as-

sessed by colony counting on the basis of AP staining

10 days post-infection (d.p.i.). (Figures 2D and S2F). In order

to ascertain that the final phenotypic effects were independent

of any proliferation defects, a cell proliferation assay was per-

formed for these CRE-mutated MEFs. Only a slight increase

in cell proliferation rate was observed in most of the CRE-

mutated MEFs compared with the NT. This suggests that

reduced reprogramming efficiency was indeed specific and
Cell Reports 33, 108309, October 27, 2020 3



Figure 2. Mutation of Candidate CRE Hits Af-

fects Both the Maintenance and Establish-

ment of Pluripotent Stem Cells

(A) Colony formation assay showing that the muta-

tion of candidate CREs compromised the self-

renewal of mESCs. Normalized AP+ colony number

of CREs (black) mutation. The red dotted line shows

the level of normalized AP+ colony number of DNT.

The bar chart shows mean ± SD of three biological

replicates. Representative images of each candi-

date CRE mutation are shown on the right.

(B) qRT-PCR showing decreased Oct4 expression

and increased lineage-specific gene expression at

day 3 post-mutation of candidate CREs. Each row

represents the expression of a gene. Each column

represents the mutation of an individual candidate

CRE. Data shown were normalized to DNT.(C) qRT-

PCR showing increased expression of differentia-

tion genes when candidate hit CREs were mutated

during RA-induced differentiation. Data shownwere

normalized to DNT. The bar chart shows mean ± SD

of three replicates. Student’s t test was used for

statistical analysis. *p < 0.05.

(D) Mutation of candidate CREs affected the

establishment of pluripotency during somatic cell

reprogramming. Schematic of the experiment (top).

Reprogramming efficiency was assayed at 10 d.p.i.

by AP staining (bottom). DNT (gray) was used as a

negative control, while DOct4 DE (red) was used as

a positive control. The bar chart shows mean ± SD

of three replicates.

(E) Average enrichment plot of ATAC-seq signal of

candidate CREs during somatic cell reprogram-

ming. Different time points are shown in different

colors.
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not due to changes in cell proliferation (Figure S2H). We then

examined the chromatin state of candidate CREs on the basis

of ATAC-seq datasets (Fang et al., 2018). For the hit CREs

that affected the reprogramming process, we observed a

gradual opening of their chromatin regions from day 0 to day

12 of reprogramming (Figures 2E, S2I, and S2J). Together,

the data suggest that the candidate CREs identified from the

FOCUS screen play important roles in both the maintenance

and establishment of pluripotent stem cells.

Candidate CREs Display Enhancer Activity in mESCs
We next investigated the profile of histone markers (H3K4me1,

H3K4me3, H3K27ac, H3K9ac, H3K9me3, and H3K27me3) on

our hit CREs using published ENCODE datasets (ENCODE

Project Consortium, 2012). Significant enrichment of active
4 Cell Reports 33, 108309, October 27, 2020
enhancer histone marks (H3K4me1 and

H3K27ac) was detected in our candidate

CREs (Figures 3A, 3B, S3A, S3E, and

S3F). Apart from histone modifications,

significant enrichment was also observed

for pluripotency-associated transcription

factors (OCT4, SOX2, and NANOG) and

active enhancer-related transcription fac-

tors (MED1 and P300) (Figures 3C, S3B,

S3E, and S3F) (Chen et al., 2008). By over-
lapping our hit CREs to the published mESC typical enhancer

(TE) (Chen et al., 2012) and super-enhancer (SE) (Khan and

Zhang, 2016), 15 of 19 hit CREs existed in the TE database,

while none of them are overlapped with SE (Figure S3C). The

enrichment of transcription factors’ motifs was further

compared between the hit CREs and non-hit CREs. Notably,

specific enrichment of pluripotency-related transcription factor

motifs (Brn1, Zic3, Sf1, and Arnt) was detected in the hit CREs,

which reinforced the significances of multiple transcription fac-

tors co-binding on functional enhancers (Figures 3D and S3D)

(Forristal et al., 2010; Fuellen and Struckmann, 2010; Gu

et al., 2005; Lim et al., 2007; Kim et al., 2018). Of note, when

Zic3 or Brn1 motif was mutated, the enhancer activity of

CRE132 was further depleted, indicating the importance of

these identified motifs (Figure 3E).



Figure 3. Candidate CREs Display Typical

Enhancer Activity in mESCs

(A) Average enrichment plot of histone marks on hit

CREs. Different histone marks are indicated in

different colors.

(B) Enrichment of H3K4me1 (left) and H3K27ac

(right) on hit CREs (black). Oct4 distal enhancer was

used as the positive control (dark red). The red

dotted line shows the background enrichment of the

negative control region. Data are representative of

at least three independent experiments. The bar

chart shows mean ± SD.

(C) Average enrichment plot of pluripotency tran-

scription factors on hit CREs. Different transcription

factors are indicated in different colors.

(D) Transcription factor motifs enriched at candidate

CRE sites.

(E) Luciferase activity of reporter plasmids contain-

ing CRE132 with mutated Zic3 and Brn1 motif. The

bar chart shows mean ± SD of three independent

experiments.

(F) Mutation of the Oct4 motif decreased the

enrichment of H3K4me1 (left) and H3K27ac (right)

active histone marks on candidate CREs. Each row

represents the relative enrichment of the histone

modifications on five candidate CREs when one

CRE was mutated using sgRNA. The relative

enrichment of histone marks is shown in a color

scale ranging from blue (decreased binding) to red

(no change compared with control).

(G) Luciferase activity of reporter plasmids con-

taining a fragment of candidate CREs in E14 (black),

RA-treated E14 (dark gray), and 3T3 (light gray)

(right). A schematic of the experiment is shown on

the left. The bar chart shows mean ± SD of three

replicates.
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We next examined active enhancer histone marks, namely,

H3K4me1 and H3K27ac, in four candidate CREs disrupted by

sgRNAs (Figure 3F). We observed that the enrichment of these

histone marks, as well as OCT4 binding (Figure S3J), was

significantly reduced. This suggests that the binding of

OCT4 is essential for the maintenance of the active histone

marks on enhancer regions. Notably, the decrease was spe-

cific to the locus where individual CREs were mutated (Figures

3F, S3G, and S3H). We also observed a decline of P300

enrichment at our candidate CREs upon the disruption of

OCT4 binding, suggesting a dependence of P300’s binding

to the OCT4’s presence (Figure S3I). Furthermore, we func-

tionally assessed the enhancer activity of the CREs using

a luciferase reporter assay. Consistent with the enrichment

of active histone marks and transcription factors, our hit

CREs displayed a significantly elevated luciferase signal
C

in E14 mESCs compared with the control

NIH 3T3 cells. Remarkably, the lucif-

erase activities decreased when ES-E14

cells were induced to differentiate via

the introduction of retinoic acid. This

strongly suggests that the enhancer

activities of our candidate CREs are

specific to the pluripotent mESCs
(Figures 3G and S3K). Taken together, our data indicate that

a majority of the CRE hits have important functional roles in

pluripotent cells as active enhancers.

Mutation of Candidate CREs Elicited Overlapping and
Distinct Transcriptomic Effects
To further evaluate the function of candidate CREs in ESCs,

RNA-seq libraries were generated for each CRE mutation in

ES-E14 cells. All the RNA-seq libraries were of good quality (Fig-

ures S4A and S4B). As expected, Oct4 expression was downre-

gulated in all CRE-mutated RNA-seq libraries (Figure S4C). Gene

Ontology (GO) analysis was performed on both the upregulated

and downregulated genes when candidate CREs were mutated.

Genes involved in cell differentiation, endodermal cell lineage,

andmulticellular organism development were enriched in the up-

regulated genes. We also detected enrichment of genes
ell Reports 33, 108309, October 27, 2020 5



Figure 4. Mutation of Candidate CREs Eli-

cited Overlapping and Distinct Transcrip-

tomic Effects

(A) Gene Ontology analysis of differentially ex-

pressed genes in the CRE-mutated libraries. The

x axis represents the �log10(p value) and the y axis

represents the GO term.

(B) Lineage enrichment analysis of the CRE-mutated

RNA-seq libraries. Each row represents a single

lineage. Each column represents an individual CRE-

mutated RNA-seq library. �Log10(Benjamini-Hoch-

berg adjusted p value) is represented as colors from

red (enriched) to yellow (most enriched).

(C) Pearson correlation analysis shows that CRE111

and CRE210 clustered distinctly. The correlation

score is represented as colors from yellow (low) to

red (high).

(D) Principal-component analysis (PCA) of the CRE-

mutated RNA-seq libraries. DNTs are shown in

gray, CREs are shown in blue, andOct4 DE is shown

in red.

(E) Stacked column plot showing the percentage of

overlapped genes that were differentially expressed

between CRE-mutated and Oct4 DE RNA-seq li-

braries.

(F) Combinatorial mutation of CRE111 and CRE210

further decreased the expression ofOct4 compared

with the single mutation. Cells transfected with DNT

sgRNA were used as control (gray), and all data

were normalized to it. The bar chart shows mean ±

SD of three replicates. Student’s t test was used for

statistical analysis.
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implicated in the activation of MAPK activity and positive regula-

tion of ERK1 and ERK2 cascade, supporting the notion that the

mutation of hit CREs could prime ESCs for the differentiation

process (Figure 4A) (Lanner and Rossant, 2010). Among the

downregulated genes, significant enrichment for genes involved

in stem cell population maintenance was observed (Figure 4A).

Apart from that, we also detected enrichment for the WNT

signaling pathway, which has been reported to be involved in

the maintenance of pluripotency in mESCs (Miyabayashi et al.,

2007; Sokol, 2011). Using CTEN analysis, we uncovered the

enrichment of different lineage-associated genes when candi-

date CREs were mutated (Figure 4B).

Next, we performed Pearson correlation analysis and prin-

cipal-component analysis (PCA) on these RNA-seq libraries (Fig-

ures 4C, 4D, and S4E). Surprisingly, CRE111 and CRE210 ap-

peared as two distinct clusters compared with the other CREs.

KEGG pathway analysis of the genes downregulated in

CRE111 and CRE210 showed enrichment for signaling path-
6 Cell Reports 33, 108309, October 27, 2020
ways involved in pluripotency mainte-

nance (Figure S4D). To test the similarity

among CRE111, CRE210, and Oct4 DE,

dysregulated genes were compared be-

tween each CRE-mutated RNA-seq library

and the Oct4 DE-mutated RNA-seq library

(Figures 4E and S4F). Indeed, CRE210 and

CRE111 mutation seemed to elicit tran-

scriptomic profiles more similar to the
Oct4 DE mutation. Through combinatorial mutation of CRE111

and CRE210, we observed a further reduction in Oct4 expres-

sion and an increase in differentiation gene expression

compared with the single mutation, suggesting that these two

CREs could affect pluripotency through a different mechanism

(Figures 4F and S4H). When we compared CRE111-mutated

RNA-seq library with theOct4KDmicroarray library, a significant

overlap was also observed (Figure S4G) (Loh et al., 2006).

Candidate CREs Regulate Novel and Known
Pluripotency Genes
Next, to investigate the 3D genomic regions interacting with the

hit CREs, we performed 4C-seq on seven CREs that showed the

strongest phenotype in our functional assay (Figure 2). Out of

these obtained high-quality 4C-seq libraries for four CREs, we

managed to get 4C-seq libraries with good quality (Figures 5A,

S5A, and S5B; Table S5), and we then integrated the 4C-seq tar-

gets with CRE-mutated RNA-seq libraries to validate the



Figure 5. Candidate CREs Regulate Novel

and Known Pluripotency Genes

(A) An integrative genomic view of Hi-C, ChIP-seq,

and RNA-seq data of CRE111. Top panel: Hi-C in-

teractions within the same TAD of CRE111. Middle

panel: ChIP-seq UCSC (University of California,

Santa Cruz) browser of pluripotency and architec-

tural proteins, as well as active enhancer marks.

Bottom panel: RNA-seq UCSC browser of

DCRE111 and DNT. The location of CRE111 is

highlighted using a red line. The putative target of

CRE111 is indicated using gray shades.

(B)Bar chart showing the expression changeof genes

(decreased, blue; increased, red) located within the

same TAD as CRE111 when CRE111 was mutated.

The y axis represents the �log2(fold change).

(C) An integrative genomic view of Hi-C, ChIP-seq,

and RNA-seq data of CRE210. Top panel: Hi-C in-

teractions within the same TAD of CRE210. Middle

panel: ChIP-seq UCSC browser of pluripotency and

architectural proteins, as well as active enhancer

marks. Bottom panel: RNA-seq UCSC browser of

DCRE210 and DNT. The location of CRE210 is

highlighted using a red line. The putative target of

CRE210 is indicated using gray shades.

(D) Bar chart showing the expression change of

genes located within the same TAD as CRE210

when CRE210 was mutated. The y axis represents

the �log2(fold change). The genes with decreased

expression are shown as blue bars. The genes with

increased expression are shown as red bars.

(E) Target genes of CREs form a tight network with

known pluripotency regulators. Target genes are

shown as red circles. Known pluripotency regula-

tors are shown as gray circles.

(F) qRT-PCR showing that knockdown of CRE

target genes (black) decreased the expression of

Oct4 (top panel) and Sox2 (bottom panel) signifi-

cantly compared with siNT control (gray). The bar

chart shows the mean ± SD of three replicates.

(G) Bright-field images showing morphology

changes in E14 cells induced by knockdown of CRE

target genes.

(H) qRT-PCR showing gene expression in the

rescue of the expression of upregulated (red) or

downregulated (blue) genes in CRE111mutation, by

the overexpression of LRRC31 in E14 cells. The red

dotted line represents the relative expression of

genes inWTE14mESCs. The bar chart showsmean

± SD of three replicates.
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functional enhancer-promoter interactions (Figure 5B; Fig-

ure S5E). For two CREs, CRE111 and CRE132, their interaction

with putative target genes on the basis of 4C-seq was validated

using a detailed 3C assay (Figure S5D). As our hit CREs are all

OCT4-bound regions, we performed OCT4 ChIP-qPCR upon

mutating CRE111 to access OCT4’s importance for these cis-in-

teractions. As we expected, a drastic decline in the level of OCT4

binding was observed upon CRE111 mutation, suggesting a po-

tential involvement of OCT4 in the cis-interactions between CRE

and its target genes (Figure S5F). Of the four CREs we examined

for 3D interactions, most of the interacting regions localized be-

tween 5 and 50 kb to the nearest transcription start site (TSS)

(Figure S5C).
For the remaining CREs, we performed an integrative analysis

on the basis of the published Hi-C dataset (Bonev et al., 2017)

and our CRE-mutated RNA-seq libraries to predict the interacting

gene targets (Figures 5C, S5G,andS5H). Consistentwithprevious

reports that topologically associating domains (TADs) are the

boundaries for enhancer-promoter interactions, most of the inter-

actionsofcandidateCREshappenedwithinaTAD (Figures5A,5C,

and S5G) (Dixon et al., 2012). Interestingly, for CRE210, we identi-

fied Zfp322a (Ma et al., 2014), a known pluripotent gene, as its

putative target. This further supports the notion that our candidate

hit CREs are critical to pluripotency maintenance (Figures 5C, 5D,

and S5E). Interestingly, potential interacting target genes of our

candidate CREs formed a tight protein-protein network with
Cell Reports 33, 108309, October 27, 2020 7
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known pluripotency regulators (Figure 5E). Furthermore, when we

knocked down the target genes using small interfering RNA

(siRNA), we observed a significant decrease in the expression of

pluripotent markers such as Oct4 and Sox2 and a differentiation

morphology compared with siNT control (Figures 5F and 5G).

Lrrc31 Regulates the Maintenance of Pluripotency in
mESCs through the JAK-STAT3 Signaling Pathway
Then, as CRE111 was one of our top hits that displayed the most

drastic change in all of our functional assays (Figures 2A, 2B, and

2D), and it showed a very unique expression pattern by RNA-seq

compared with the other hit CREs (Figure 4D) and a similar

feature as Oct4-DE (Figure 4B), we next focused on CRE111 to

further elucidate its detailed underlying mechanism in pluripo-

tency maintenance. First, to understand the functional signifi-

cance of the interaction between CRE111 and its putative target

gene, Lrrc31, we examined its overexpression upon CRE111

mutation. Indeed, we observed partial rescue of the dysregu-

lated genes in CRE111-mutated mESC (Figure 5H). Hence,

CRE111 may function through its activation of Lrrc31 to govern

stem cell pluripotency.

To address the mechanism by which Lrrc31 effects pluripo-

tency inmESCs, we first knocked down Lrrc31 using either siRNA

or short hairpin RNA (shRNA). Both assays led to a differentiation

morphology when Lrrc31was depleted (Figure 6A). As seen in the

CRE111-mutated mESCs, Oct4 expression was similarly

decreased in Lrrc31-depleted cells (Figure S6A), while the expres-

sion of differentiation genes was markedly upregulated (Fig-

ure 6B). Apart from knocking down Lrrc31, we also generated

Lrrc31-knockout (KO) clones using CRISPR (Figure S6D).

Compared with NT clone, Lrrc31 KO leads to a significant reduc-

tion of pluripotent genes’ expression and self-renewal capacity of

mESCs (Figures 6C and S6E). We next evaluated the role played

by Lrrc31 in mouse somatic cell reprogramming. Using siRNA, we

depleted Lrrc31 at different time points during reprogramming

and observed a specific reduction of reprogramming efficiency

when Lrrc31 was knocked down at day 9 post-viral infection (Fig-

ures 6D and S6C). Conversely, we observed drastic upregulation

of Lrrc31 in successfully reprogrammed cells comparedwith non-

reprogrammedcells fromour previously publishedRNA-seqdata-

sets (Figure S6F) (Fang et al., 2018). Taken together, these data

suggest that Lrrc31 is an important effector for the acquisition of

pluripotency at the late stage of reprogramming.

To further elucidate its mechanistic role, we performed RNA-

seq on Lrrc31-KD mESCs. GO analysis on the upregulated genes

showed enrichment for receptor binding function (Figure S6I).

Consistent with qRT-PCR (Figure 6B), genes related to cell differ-

entiation function were also enriched. A significant overlap be-

tween the Lrrc31 KD and CRE111-mutated RNA-seq libraries

was similarly observed, further supporting the notion that

CRE111 controls pluripotency by regulating downstream Lrrc31

(Figure S6G).

LRRC31 contains nine leucine-rich repeat domains, which

were previously reported to function as a protein recognition

motif (Kobe and Kajava, 2001). We next overexpressed

LRRC31-FLAG in mESCs and performed a mass spectrometry

analysis to detect its binding partners (Figure 6E). Cytoplasmic

localization was observed for LRRC31 in mESCs (Figure S6B).
8 Cell Reports 33, 108309, October 27, 2020
Eighteen proteins were identified as high-confidence hits from

two biologically independent samples performed at different

proteomics facilities (Figure S6H; Table S6). Among them,

JAK1 was one of the top hits. Of interest, JAK1 has previously

been reported to phosphorylate STAT3 in mESCs (Do et al.,

2013; Onishi and Zandstra, 2015). Hence, we investigated the

level of STAT3 phosphorylation upon Lrrc31 KD. A marked

reduction in phosphorylated STAT3 was observed when Lrrc31

was depleted (Figure 6F). To further assess the effect of Lrrc31

on STAT3 function, STAT3 ChIP was performed on the Lrrc31-

KD cells. Lrrc31 KD resulted in a significantly decreased binding

of STAT3 on its target genes, including pluripotency factors such

as Oct4 and Esrrb (Figures 6H, S6J, and S6K). Consequentially,

decreased expression of STAT3 target genes in Lrrc31 KD ES-

E14 cells was observed (Figure S6A). Furthermore, the rescue

of both STAT3 binding and the expression of its target gene,

Esrrb, was revealed when a dominant active STAT3 mutant

was expressed in Lrrc31-depleted ES-E14 cells (Figures 6H

and 6I). A similar rescue was also observed for the Lrrc31 KD-

specific differentially expressed genes when dominant active

STAT3 was overexpressed in Lrrc31-KD mESC (Figure S6L).

Interestingly, CRE111 was also bound by phospho-STAT3, and

the binding was reduced in Lrrc31 KD, suggesting a positive

feedback regulation of Lrrc31 expression (Figure 6G). This was

further validated using luciferase assay of CRE111 when

Lrrc31 or Stat3 was depleted in ES-E14 cells (Figure 6J).

Next, we hypothesized that the downregulation of Lrrc31 in F9

mouse embryonal carcinoma and hESCs,where LIF/JAK1/STAT3

signaling pathway is not essential, would not affect their respec-

tive cell state (Dahéron et al., 2004; Kawazoe et al., 2009). As ex-

pected, both KD of Lrrc31 and KO of CRE111 in F9 cells did not

affect the expression of pluripotency genes, such asOct4 (Figures

S6M and S6N). Similarly, KD of Lrrc31 in hESCs elicited the same

effects (Figure S6O). Taken together, our data suggest that Lrrc31

functions as a novel regulator for pluripotency maintenance in

mESCs by effecting the phosphorylation of STAT3 in mESCs.

Lrrc31 Regulated the Binding of STAT3 to the SEs
To further elucidate the regulatory relations between Lrrc31 and

STAT3, we performed STAT3 ChIP-seq in mESCs when Lrrc31

was knocked down by shRNAs. Enrichment of the STAT3 motif

was detected, indicating the good quality of our STAT3 ChIP-

seq libraries (Figure 7A). By overlapping the differential STAT3

binding peaks of two Lrrc31 shRNA constructs, 4,267 binding

sites were chosen as the bona fide Lrrc31-regulated STAT3

binding sites (Figure 7B). GO analysis revealed that pluripo-

tency-related signaling, such as TGF-beta and Wnt pathways,

were regulated by Lrrc31 (Figure 7C).

Next, we clustered STAT3 ChIP-seq libraries with published

transcription factors and histone modification ChIP-seq li-

braries (Figures 7D and 7E). Out of the four clusters, clusters

2 and 4 showed quite a similar pattern with decreased STAT3

binding and enrichment of active histone modifications,

H3K4me3 and H3K27ac, SMC1, and OCT4 (Figure 7E). For

both clusters, we detected the enrichment of pluripotency-

related genes. Interestingly, for cluster 3, we observed a strong

enrichment for CTCF and the deprivation of active histonemod-

ifications, which is confirmed by the motif enrichment analysis



Figure 6. Lrrc31 Regulates the Maintenance

of Pluripotency in mESCs through the JAK-

STAT3 Signaling Pathway

(A) Bright-field images showing the effects of

knocking down Lrrc31 using both siRNA and

shRNA. Note the drastic change in morphology of

the E14 cells.

(B) qRT-PCR showing that Lrrc31 knockdown re-

sulted in reduced expression of pluripotency

genes and a corresponding increase in expression

of differentiation genes. Two constructs of Lrrc31

shRNA are shown as dark and light blue bars, while

the vector control is shown in gray. The bar chart

shows mean ± SD of three independent experi-

ments.

(C) qRT-PCR showing that knockout of Lrrc31using

sgRNA reduced the expression of pluripotency

genes. Two clones of Lrrc31�/� are shown as or-

ange and yellow bars, while the Lrrc31+/+ is shown

in gray. The bar chart shows mean ± SD of three

independent experiments.

(D) Knockdown of Lrrc31 at different time points of

the somatic cell reprogramming process. Re-

programming efficiency (AP+ colony numbers) was

assayed at 12 d.p.i. Lrrc31 knockdown (black) at 9

d.p.i. gave rise to reduced reprogramming effi-

ciency compared with the siNT control (gray). The

bar chart shows mean ± SD of three biological

replicates. Bottom panel: representative images of

each treatment group.

(E) Identification of LRRC31 interacting partners.

Schematic of mass spectrometry experiment using

LRRC31-FLAG pull-down (left). Potential interacting

partners of LRRC31 (right). Differentially enriched

bands were highlighted with black arrows. The

75 kDa band represents the bait, LRRC31-FLAG

protein. The 100 kDa band represents potential in-

teracting partners of LRRC31. The protein ID is lis-

ted in the box. High-confidence hits are highlighted

in red.

(F) Western blot shows that Lrrc31 knockdown

caused the corresponding decrease in STAT3

phosphorylation. Band intensity was quantified and

normalized to ACTIN.

(G) ChIP qRT-PCR showing that the knockdown of

Lrrc31 decreased the binding of phospho-STAT3 on

its targets in E14 cells. The shRNA of Lrrc31 is

shown as black bars. The empty vector of pSUPER was used as control (light gray). shRNA targeting Stat3 was used as the positive control (dark red). The bar

chart shows mean ± SD of three independent experiments.

(H) Rescue of STAT3 binding on its target genomic regions by STAT3 dominant active mutant overexpression in Lrrc31-knockdown ES-E14 cells. The STAT3

dominant active mutant overexpression in Lrrc31-knockdown ES-E14 cells is shown as black bars. The Lrrc31 knockdown only is shown as white bars. The

empty vector of pSUPERwith STAT3 dominant active mutant overexpression was used as control (light gray). The bar chart showsmean ±SD of three replicates.

(I) Rescue of Esrrb expression by STAT3 dominant active mutant overexpression in Lrrc31-knockdown ES-E14 cells. The bar chart shows mean ± SD of three

replicates.

(J) Relative luciferase activity of CRE111 reporter plasmids in shLrrc31-transfected E14 (black), shStat3-transfected E14 (red), and shEV-transfected E14 (gray)

cells. The bar chart shows mean ± SD of three replicates.
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(Figure S7A). To test whether the binding of STAT3 is essential

for the binding of CTCF at the cluster 3 sites, we performed

CTCF ChIP-qRT-PCR after KD of Lrrc31, Stat3, or control NT

in mESCs. Interestingly, a reduction of the CTCF’s binding of

cluster 3 sites was detected when either Stat3 or Lrrc31 was

knocked down (Figure 7F).

Apart from CTCF, we also observed an enrichment of both

MED1 and H3K27ac, markers for SE, on the cluster 2 and cluster
4 sites (Figure 7E). Using published SE dataset, we detected an

enrichment of STAT3 on the SEs of mESCs, and the enrichment

was reduced when Lrrc31 was knocked down (Figures 7G, 7H,

S7B, and S7D). GO analysis on the STAT3-bound SEs’ target

genes revealed an enrichment of genes associated with stem

cell population maintenance (Figure S7C). Moreover, these

target genes’ expression was significantly reduced in Lrrc31-

KD mESCs (Figure 7I). Together, our data suggested that
Cell Reports 33, 108309, October 27, 2020 9



Figure 7. Lrrc31 Regulated the Binding of

STAT3 to the Super-enhancers

(A) Transcription factor motifs enriched at STAT3

binding peaks.

(B) Venn diagram showing the overlap of differen-

tially STAT3 binding sites between two Lrrc31

shRNA constructs.

(C) Gene Ontology analysis of differentially STAT3

binding sites when Lrrc31 was knocked down using

shRNA. The x axis represents the �log10(p value)

and y axis represents the GO term.

(D) Pearson correlation analysis shows the correla-

tion of STAT3 binding peak between shLrrc31 and

shSTAT3. The correlation score is represented as

color from yellow (low) to red (high).

(E) Enrichment of several histone marks and tran-

scription factors at the genomic regions of STAT3

binding sites. The heatmaps are clustered accord-

ing to the enrichment profile of all the ChIP-seq li-

braries. The top panel represents the average

enrichment plot of the indicated ChIP-seq library.

(F) ChIP qRT-PCR showing that both Lrrc31

knockdown and Stat3 knockdown reduced the

binding of CTCF on the cluster 3 STAT3 binding

sites. The shRNA of Lrrc31 is shown as red bars.

The empty vector of pSUPER was used as control

(light gray). shRNA targeting Stat3 was shown as

black bars. The bar chart shows mean ± SD of three

independent experiments.

(G) Average enrichment plot showing the reduced

binding of STAT3 on the super-enhancer when

Lrrc31 was knocked down. The y axis represents

the average normalized number of fragments at the

corresponding genomic regions indicated in the x

axis.

(H) UCSC screenshot of the binding profile of STAT3

on Sox2 super-enhancer (indicated by the binding

of MED1 and H3K27ac) when Stat3 or Lrrc31 was

knocked down.

(I) Boxplot showing the expression level of super-

enhancer target genes when Lrrc31 was knocked

down by shRNA. Student’s t test was used for sta-

tistical analysis. ****p < 0.0001.

(J) In WT mESCs (top), OCT4 binds onto CRE111 to

maintain the expression of Lrrc31. LRRC31 in-

teracts with JAK1 to phosphorylate STAT3 upon the

binding of LIF on LIFR/Gp130. Phosphorylated

STAT3 is then translocated into the nucleus and

binds onto both pluripotent genes’ promoters, such

as Oct4 and Esrrb, and super-enhancers to activate their expression. Mutating CRE111 using CRISPR (bottom) decreases the expression of Lrrc31. The loss of

LRRC31 affects the phosphorylation of STAT3 through JAK1. The decreased level of phosphorylated STAT3 further diminishes the expression of downstream

pluripotency genes.
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Lrrc31 actuates the binding of STAT3 on the SEs of mESCs

through its regulation of STAT3 phosphorylation (Figure 7J).

DISCUSSION

Several recently published studies sought to characterize and

identify important CREs that may be involved in biological pro-

cesses of interest (Diao et al., 2017; Fulco et al., 2016; Korkmaz

et al., 2016). These screens used a pooled strategy involving the

application of a large number of CRE-specific sgRNAs. Nonethe-

less, pooled screens have been reported to result in high false

discovery rates, in part because of the introduction of biases at
10 Cell Reports 33, 108309, October 27, 2020
different stages of the screen. In contrast, our FOCUS screen

pre-selected 225 CREs on the basis of ATAC-seq and OCT4

ChIP-seq data in mESCs. Furthermore, each CRE was mutated

individually to assess its function in pluripotency. As a result,

among the 19 CREs identified as putative hits from our primary

screen, 84% could be validated in the secondary screen. This in-

dicates the robustness and reliability of our method. To date, our

study is the first systematic CRISPR screen to identify novel

CREs, localized to the intergenic genomic regions, involved in

the regulation of pluripotency.

When we designed the FOCUS screen, we wanted to identify

important CREs for pluripotency maintenance that can be
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enhancers or silencers on the basis of their function, which is the

reason we did not choose our candidates on the basis of pub-

lished enhancer databases, which could have biased our screen

from the very beginning. However, most of our hit CREs from

the screen showed TEcharacteristics and displayed enhancer ac-

tivity in mESCs. Moreover, the mutation of CRE111 led to drastic

proliferation defects that subsequently cascaded into affecting

the pluripotency and differentiation potential of mESCs. Morpho-

logically, EBs derived from these mutated cells were also anoma-

lous in size and presentation, further emphasizing the importance

of CRE111. This highlights the key role enhancer elements play in

the maintenance of cell identity. Lending support to the observa-

tion was the enrichment of pluripotency transcription factors and

proteins relating to enhancer function (e.g., P300 and MED1) at

our essential stemcell CREs. It is noteworthy that from the FOCUS

screen, five candidate CREs did not exhibit characteristics typical

of active enhancers, suggesting that they might regulate pluripo-

tency in a different manner.

CRE111, an essential stem cell enhancer, was found to target

and regulate Lrrc31. Using protein mass spectrometry and ChIP,

we further observed that Lrrc31 functions through JAK1 to

modulate the phosphorylation of STAT3. It is worth noting that

the expression level of LRRC31 is maintained at basal level in

mESCs, and the overexpression of LRRC31 shows strong cyto-

toxicity in mESCs (data not shown). This suggests that LRRC31

expression in mESCs is fine-tuned within an optimal range for its

normal cellular function.

As with all screens, our study has its drawbacks, including a

limited number of targetable CREs. In our strategy, CRE muta-

tion is achieved by mutating the Oct4motif inside the CRE using

CRISPR-Cas9. On the basis of published literature (Cong et al.,

2013), Cas9 usually will generate indels from 1 to 20 bp through

nonhomologous end joining (NHEJ). As a result, targeting CREs

with one sgRNA could lead to a pool of cells with both functional

CRE mutation and silenced CRE mutation. Thus, making the

sgRNAs targeting within the 14 bpOct4motif is extremely impor-

tant for the efficiency of CRE mutation. But because of the PAM

domain restriction, a large number of CREs (364 CREs) withOct4

motif do not have a targetable site within the motif. Thus, by us-

ing modulated Cas9 fusion proteins, such as dCas9-LSD1 or

dCas9-KRAB, we can mitigate the restrictions and increase the

coverage of the FOCUS screen. Similarly, the use of Cas variants

with alternative PAM domains would enable the targeting of

more CREs with less sequence restriction (Kearns et al., 2015).

In summary, the FOCUS screen used in our study represents

the first systematic dissection of functional OCT4-bound

CREs, which are essential for pluripotencymaintenance. It illumi-

nates a previously undescribed layer of regulatory mechanisms,

one of which includes CREs and its target genes, in the overall

pluripotency circuitry.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Oct4 antibody Abcam ab18976; RRID:AB_444714

Anti-FLAG antibody Sigma F1804; RRID:AB_262044

Anti-phospho-STAT3 Abcam Ab76315; RRID:AB_1658549

Anti-STAT3 Abcam Ab119352; RRID:AB_10901752

Anti-actin Santa Cruz sc-47778; RRID:AB_2714189

Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP ThermoFisher 31430; RRID:AB_228307

Goat anti-Rabbit IgG, Alexa Fluro 488 Abcam Ab150077; RRID:AB_2630356

Chemicals, Peptides, and Recombinant Proteins

DharmaFect transfection reagent Horizon T-2001-01

cOmplete, EDTA-free Protease Inhibitor Cocktail Roche 11873580001

Dynabeads protein A ThermoFisher 10001D

EZview Red ANTI-FLAG M2 Affinity Gel Sigma F2426

HindIII NEB R0104S

EcoRI NEB R0101S

DpnII NEB R0543S

NlaIII NEB R0125S

CviQI NEB R0639S

BglII NEB R0144S

Proteinase K Solution (20 mg/mL) Promega MC5005

T4 DNA Ligase ThermoFisher EL0011

DNaseI ThermoFisher AM2222

TRIzol ThermoFisher 15596026

Hoechst 33342 ThermoFisher H3570

Leukemia Inhibitory Factor (LIF) Millipore ESG1106

Critical Commercial Assays

VECTOR Blue Alkaline Phosphatase Substrate Kit VECTOR LABORATORIES SK-5300

Luciferase Assay Promega E1500

Surveyor� Mutation Detection Kits IDT 706020

KAPA SYBR� FAST qPCR Master Mix (2X) Kit KAPABIOSYSTEMS KR0389

TruSeq Stranded mRNA Library Prep Kit Illumina RS-122-2101

SuperSignal West Dura Extended Duration Substrate ThermoFisher 34075

iScript cDNA Synthesis Kit BIO-RAD 1708890

Deposited Data

CRE mutant RNA-seq This paper GSE119951

STAT3 ChIP This paper GSE119951

CRE 4C-seq This paper GSE119951

mES ATAC-seq Fang et al., 2018 GSE99547

mES SOX2 ChIP-seq Chen et al., 2008 GSE11431

mES NANOG ChIP-seq Chen et al., 2008 GSE11431

mES OCT4 ChIP-seq Chen et al., 2008 GSE11431

mES MED1 ChIP-seq Chen et al., 2008 GSE11431

(Continued on next page)
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mES P300 ChIP-seq Chen et al., 2008 GSE11431

mES H3K4me1 ChIP-seq ENCODE GSM1000121

mES H3K4me3 ChIP-seq ENCODE GSM1000124

mES H3K27ac ChIP-seq ENCODE GSM1000126

mES H3K9ac ChIP-seq ENCODE GSM1000123

mES H3K9me3 ChIP-seq ENCODE GSM1003751

Experimental Models: Cell Lines

WA-01 WiCell WA01

ES-D3 ATCC CRL-1934

ES-E14 ATCC CRL-1821

F9 ATCC CRL-1720

Oligonucleotides

sgRNA sequence in FOCUS screen This paper Table S2

shRNA oligos This paper Table S7

LRRC31 3C assay primers This paper Table S7

Lrrc31 KO sgRNA This paper Table S7

qRT-PCR primers This paper Table S7

Recombinant DNA

LentiCRISPR v2 Addgene 49535

pGL3-promoter Promega E1761

pSUPER.puro Oligoengine VEC-PBS-0008

pMXs-Stat3-C Addgene 13373

pLEGFP-Y705F-STAT3 Addgene 71445

LRRC31-FLAG-puro This paper N/A

Software and Algorithms

MXexpress Molecular device N/A

STAR aligner Dobin et al., 2013 https://pubmed.ncbi.nlm.nih.gov/23104886/

ngs.plot Shen et al., 2014 https://pubmed.ncbi.nlm.nih.gov/24735413/

HOMER Heinz et al., 2010 https://pubmed.ncbi.nlm.nih.gov/20513432/

MACS2 Zhang et al., 2008 https://pubmed.ncbi.nlm.nih.gov/18798982/

Cuffdiff Trapnell et al., 2012 https://pubmed.ncbi.nlm.nih.gov/22383036/

SeqMonk v1.42.0 Babraham Bioinformatics https://www.bioinformatics.babraham.ac.uk/

projects/seqmonk/

cTen Shoemaker et al., 2012 https://pubmed.ncbi.nlm.nih.gov/22953731/

r3Cseq Thongjuea et al., 2013 https://www.bioconductor.org/packages/

release/bioc/html/r3Cseq.html
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yuin-Han

Loh (yhloh@imcb.a-star.edu.sg).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The RNA-seq libraries for CRE mutants generated during this study are available at GSE119951.

The STAT3 ChIP-seq generated during this study are available at GSE119951.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

ES-E14TG2a
ES-E14TG2a (E14) mouse ES cells were cultured on gelatin (0.1%) coated plates in mESC medium at 37�C with 5% CO2. The me-

dium composition: 15% heat-inactivated ES-qualified fetal bovine serum (GIBCO), 2mM L-glutamine (GIBCO), 0.1mM nonessential

amino acid (NEAA, GIBCO), 5000U/ml penicillin/streptomycin (GIBCO), 0.055mM b-mercaptoethanol (GIBCO) and 1000U/ml leuke-

mia inhibitory factor (Millipore) in Dulbecco’s modified Eagles’ medium (DMEM, Hyclone). The gender of ES-E14TG2a is male.

ES-D3
ES-D3 (D3) mouse ES cells were cultured on gelatin (0.1%) coated plates in mESC medium at 37�C with 5% CO2. The medium

composition: 15% heat-inactivated ES-qualified fetal bovine serum (GIBCO), 2mM L-glutamine (GIBCO), 0.1mM nonessential amino

acid (NEAA, GIBCO), 5000U/ml penicillin/streptomycin (GIBCO), 0.055mM b-mercaptoethanol (GIBCO) and 1000U/ml leukemia

inhibitory factor (Millipore) in Dulbecco’s modified Eagles’ medium (DMEM, Hyclone). The gender of ES-D3 is male.

F9
F9 mouse embryonal carcinoma cells were cultured on gelatin (0.1%) coated plates in mESC medium at 37�C with 5% CO2. The

medium composition: 10% heat-inactivated fetal bovine serum (GIBCO), 2mM L-glutamine (GIBCO), 0.1mM nonessential amino

acid (NEAA, GIBCO), 5000U/ml penicillin/streptomycin (GIBCO) in Dulbecco’s modified Eagles’ medium (DMEM, Hyclone). The

gender of F9 is male.

WA-01
The human embryonic stem cells line WA-01 (H1) were cultured on Matrigel(Corning) coated plates in mTeSR (Stem cell technology)

medium at 37�C with 5% CO2. H1 was passaged every 4-5 days using the L7 hPSC passage solution (Lonza) according to the man-

ufacturer’s protocol and replated at a ratio of 1:10. The gender of WA-01 is male.

METHOD DETAILS

Candidate selection
Based on the published ATAC-seq (Fang et al., 2018) andOCT4ChIP-seq (Chen et al., 2008), 6391 open chromatin regions with Oct4

binding were selected. Then only the regions which are located at the intergenic regions (at least 5Kb away from the nearest pro-

moter) were picked as we want to avoid the inclusion of promoters in our primary screen. Due to the rationale of our CRE targeting

methods, we could only target CREs with the Oct4 motif, which left us with 599 regions. Among these 599 sites, due to the CRISPR/

Cas9’s requirement of the PAM domain (NGG), only 235 binding sites harbor a valid sgRNA target region.

sgRNA design
The Oct4 motifs were identified in selected CREs using FIMO (Grant et al., 2011). If more than one Oct4 motif was detected, the one

which is nearest to the actual OCT4 binding site was chosen as the target motif. Then the sequence of all OCT4 binding sites with

Oct4 motif was imported into CRISPR sgRNA designer (Doench et al., 2016). Only the sgRNAs cut within the motif of the binding site

were chosen for the downstream screen. For batch 2 sgRNAs, sgRNA Scorer (Mali et al., 2015) was used to design alternative sgRNA

cutting within the Oct4 motif or maximum 20bp around the motif sequence.

Sg.CRISPR Screen
96-well plates were coated with 0.1% gelation overnight at 37�C incubator. 5K E14 cells were seeded onto each well of the 96-well

plate. Transfected was conducted 24 hours post-seeding. 0.3ul of lipo2000, 100ng of plasmids DNA and 9ul opti-MEM was mixed

and incubated at room temperature for 20min before adding into eachwell of 96 well plates. Cells were selected using puromycin at a

concentration of 1ug/ml fromD1 to D4 post-transfection. Cells were fixedwith 4%PFA for 15min at room temperature. After blocking

with 7% FBS for 30 mins at room temperature, cells were stained with Oct4 antibody (1:1000) overnight at 4�C. Cells were washed

with PBS for three times at room temperature. Then cells were stained with Goat anti-Rabbit IgG (H+L), Alexa Fluor� 488 at room

temperature for 2 hours. Cells were stained with Hoechst(1ug/ml) for 15min at room temperature after being washed three times us-

ing PBS. Cells were washed for another three times in PBS and covered in 100ul PBS.

Plates were imaged using IXU ultra plate-scanning confocal microscope (molecular device) at 20X magnification. For each well of

96-well plate, both OCT4 immunofluorescence and DAPI imagewere taken in the 25 fields of thewell to represent each well. Then the

average Oct4 immunofluorescence for each nucleus (identified by DAPI) was calculated by MXexpress software for each well. To

normalize such bias in our screen result, the correlation between the cell number and Oct4 staining intensity were generated. The

average OCT4 immunofluorescence was normalized using the regression formula. Z-score was calculated as previously described

(Toh et al., 2016). Briefly, to calculate Z-score, the formula: z = (x – m) / s was used. X is the sample value calculated based on the

GFP+ signal per number of cells. m ands are themean and standard deviation calculated from the non-targeting construct. A cutoff at

�2was used to identify hits from the CRISPR screen. In the secondary screen, the same protocol was followed as the primary screen.
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But the screenwas done by another person with a new set of sgRNAs designed by sgRNA Scorer (Mali et al., 2015) targeting at the hit

CREs.

Colony formation assay
E14 was transfected with LentiCRISPR plasmids using lipo 2000. Cells were selected with puromycin(1ug/ml) from Day 1 post-trans-

fection to Day 3. Then cells were counted and 2K cells were seeded into one well of 12 well plates for each binding site KO. Cells were

fixed with 4% PFA and stained with VECTOR Blue Alkaline Phosphatase (Blue AP) Substrate Kit following the manufacturer’s pro-

tocol. The colony number for each well was automated counted using CellProfiler (Carpenter et al., 2006).

Embryoid body (EB) Assays
Mouse embryonic stem cells (E14) transfected with the desired sgRNA constructs were selected with 1 ug/mL of puromycin-contain-

ing culture medium. The cells were harvested 72 hours after transfection of the sgRNA constructs and a cell count was performed

using a haemocytometer. The cells were spun down at 2000 rpm for 5 minutes at room temperature. Following this, the cells were

resuspended in mESC media without LIF (Leukemia Inhibitory Factor, Millipore) in order to allow subsequent differentiation of the

cells. The density of the cell suspension after resuspension was fixed at 50000 cells/mL. For each individual treated and control

cell suspension, 30 uL droplets of the suspension (�1500 cells) were deposited on the lids of 10-cm sterile culture plates. A total

of 36 droplets were deposited on each lid to initiate EB formation via the ‘hanging drop’ method (Wang & Yang, 2008). The culture

plate itself was filled with 10-15 mL of phosphate buffered saline buffer (1XPBS). These plates were placed in a 37�C incubator with

5% CO2 for 48 hours till observable suspended embryoid bodies can be seen. After this, the mESC media without LIF was used

(�3 mL) to flood the lid. A 1 mL pipette tip was used to collect all the EBs and transfer to a low attachment 3-cm sterile culture plate.

Each experiment and control was performedwith 4 replicates. Images were recorded on each day after transfer of the EBswith diam-

eter measurements to estimate the EB size. The EBs on each day until Day 4 were harvested in order to extract RNA by using Trizol.

Luciferase assay
The potential enhancers from the primary were PCR amplified and cloned into KpnI and XhoI site in pGL3-promoter vector. Both E14

and 3T3 were co-transfected with pGL3-promoter vector and pRL renilla luciferase control vector using lipo2000. Cells were har-

vested with passive lysis buffer 72 hours post-transfection. Then luciferase assay was performed according to the manufacturer’s

protocol using GloMAX Explorer system.

SURVEYOR assay
E14 was transfected with LentiCRISPR plasmids using lipo 2000 as described above. Cells were selected with puromycin (1ug/ml)

from Day 1 post-transfection to Day 3. Genomic DNA was extracted using QIAGEN DNeasy Blood & Tissue Kit following the man-

ufacturer’s protocol.

Genomic DNA surrounding the CRISPR target site for each gene was PCR amplified and purified using QIAquick PCR Purification

Kit following the manufacturer’s protocol. 400ng of the purified PCR products were mixed with 2 mL 10X Taq polymerase PCR buffer

(QIAGEN) and nuclease-free water to a final volume of 20 ml. PCR product mixture was then re-annealed: 95�C for 10min, 95�Cto
25�C ramping at – 0.25�C/s, and 25�C forever. After re-annealing, products were treated with SURVEYOR nuclease and SURVEYOR

enhancer S (IDT), following the manufacturer’s recommended protocol, and analyzed on 2% agarose gels with Ethidium bromide.

The gel was imaged with the Gel Doc gel imaging system (Bio-rad).

Somatic Cell Reprogramming
ImmortalizedMEF(iMEF) was infected with Lentivirus contain both sgRNA and Cas9. iMEF were selected with puromycin at 3.3ug/ml

for 3 days. Then 2K iMEF were seeded onto one well of gelated coated 12-well plates and infected with OSKM virus simultaneously.

The reprogramming medium was changed every day. Cells were fixed with 4% PFA and stained with VECTOR Blue Alkaline Phos-

phatase (Blue AP) Substrate Kit following the manufacturer’s protocol at Day 10 post-infection. The colony number for each well was

automated counted using CellProfiler (counting pipeline is available upon request).

shRNA transfection in mESC
Dharmacon siDESIGN center was used for the design of the shRNA sequences (https://horizondiscovery.com/en/products/tools/

siDESIGN-Center). shRNA sequences were ordered as DNA oligos from IDT and cloned into a pSUPER-puro plasmid. mESCs

were trypsinized for 5 minutes at 37�C, counted by hemocytometer, and 200,000 cells seeded into one well of 6 well plates. mESCs

were transfected with 2.5 mg of shRNA construct and 5 mL of Lipofectamine 2000 (Thermofisher). 1 mg/ml of puromycin was added to

the mES medium 24 hours after transfection. All the knockdown experiments were carried out in biological triplicates.

siRNA transfection in mESC and hESC
siRNA was reversed transfected into mESC and hESC at a final concentration of 25nM using DharmaFECT 1 reagent (Dharmacon).

Briefly, 0.2 mL of DharmaFECT transfection reagent was added to 10 mL serum-free medium. Gently mix 10ul of the DharmaFect

transfection reagent by pipetting up and down and incubate for 5 min at room temperature. Mix DharmaFECT transfection reagent
Cell Reports 33, 108309, October 27, 2020 e4

https://horizondiscovery.com/en/products/tools/siDESIGN-Center
https://horizondiscovery.com/en/products/tools/siDESIGN-Center


Resource
ll

OPEN ACCESS
with 25nM siRNA solution and incubate for 20mins at room temperature. The transfection mix was added into each well of 96-well

plate with 5000 cells. RNA was harvested 72hrs post reverse transfection for downstream assay.

ChIP
ChIP was performed as described previously (Loh et al., 2006). Briefly, ten million cells were cross-linked with 1% formaldehyde for

10 minutes at room temperature; formaldehyde was then quenched by the addition of 200 mM glycine, and cells were washed once

with ice-cold PBS.

Cell lysis was carried out with a lysis buffer containing 10 mM Tris-Cl (pH 8), 100 mM NaCl, 10 mM EDTA, 0.25% Triton X-100 and

protease inhibitor cocktail (Roche). Cells were then resuspended in 1% SDS lysis buffer containing 50 mM HEPES-KOH (pH 7.5),

150 mM NaCl, 1% SDS, 2 mM EDTA, 1% Triton X-100, 0.1% NaDOC and protease inhibitor cocktail. The suspension was nutated

for 15minutes in the cold room before spinning down to collect the chromatin pellet. The pellet was thenwashed two timeswith 0.1%

SDS lysis buffer containing 50 mM HEPES-KOH (pH 7.5), 150 mM NaCl, 0.1% SDS, 2 mM EDTA, 1% Triton X-100, 0.1% NaDOC,

1 mM PMSF and protease inhibitor cocktail. Sonication was conducted on the ice, using the Branson Sonifier 250 (11 cycles, power

amplitude of 35%, 30 s pulses on with 59.9 s pulses off). The chromatin solution was clarified by centrifugation at 20,000 g at 4�C for

45 minutes and then pre-cleared with Dynabeads protein A (Life Technologies) for 2 hours at 4�C. The pre-cleared chromatin sample

was incubated with 50 mL of Dynabeads protein A loaded with 5 mg antibody overnight at 4�C. The beads were washed three times

with 0.1% SDS lysis buffer, once with 0.1% SDS lysis buffer/0.35 M NaCl, once with 10 mM Tris-Cl (pH 8)/1 mM EDTA/0.5% NP40/

0.25% LiCl/0.5% NaDOC, and once with TE buffer (pH8.0). The immunoprecipitated material was eluted from the beads by heating

for 45 minutes at 68�C in 50 mM Tris-Cl (pH 7.5), 10 mM EDTA, 1% SDS. To reverse the crosslinks, samples were incubated with

1.5 mg/ml Pronase at 42�C for 2 hr followed by 67�C for 6 hr. The samples were then extracted with phenol-chloroform-isoamyl

alcohol (25:24:1) followed by chloroform, ethanol precipitated in the presence of glycogen, and re-suspended in TE buffer.

Co-IP/MS
E14 cells were transfected with LRRC31-FLAG-Puro overexpression plasmid using Lipo2000 (Thermo Fisher) according to the man-

ufacturer’s protocol. Cells were then selected with puromycin at 1 mg/ml for 96 hr. 10 million LRRC31-FLAG transfected E14 cells

were harvested and lysed with IPH buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, with Roche’s cocktail

protease inhibitors). IP was carried out using EZviewTM red anti-FLAG M2 affinity beads overnight at 4�C. After washing with IPH

buffer three times, beads were re-suspended in SDS loading buffer, boiled for 5min, followed by SDS-PAGE andmass spectrometry.

Immunofluorescence (IF)
Cells were fixed with 4%paraformaldehyde for 20min, permeabilized with 0.2%Triton X-100 for 10min, and blockedwith 7%FBS in

PBS for 30min at room temperature. After blocking, cells were stainedwith anti-FLAG antibody (Sigma, F1804) followed by Alexa 488

conjugated secondary antibody (Thermo Fisher) and counterstained with Hoechst 33342 (Thermo Fisher). Images were captured

with a Zeiss LSM700 confocal microscope.

Circularized Chromosome Conformation Capture (4C)-seq
4C libraries were prepared using a previously published protocol (Stadhouders et al., 2013). In summary, 10million E14 cells andMEF

were lysed with cross-linked by 1% formaldehyde for 10 min at room temperature. Cross-linked chromatin was digested with the

primary restriction enzyme HindIII (CRE18, CRE111, CRE132, Oct4 DE; NEB), EcoRI(CRE 140; NEB); Next, 3C library was generated

by proximity ligation using T4 DNA ligase (EL0013, Thermo Scientific) on HindIII digested DNA, followed by cross-link removal using

Proteinase K (MC5005, Promega). The 3C libraries were then subjected to a second restriction enzyme digestion using DpnII

(CRE132, Oct4 DE; NEB), NlaIII(CRE18; NEB), CviQI(CRE111, CRE140; NEB) followed by another ligation reaction using T4 DNA

ligase. For each viewpoint, 3.2 mg of the resulting 4C templates were used to perform an inverse PCR. The PCR products were

then run on 2% agarose gels. On the gel, smears from 200 to 600 bp were excised and unwanted PCR product bands were removed.

DNA was then extracted from the cut-out gel pieces for next-generation sequencing on an Illumina Miseq. Interaction regions for

each bait sequence were identified using the r3Cseq package (Thongjuea et al., 2013).

Chromosome conformation capture (3C)
Ten million cells were harvested and washed twice with ice-cold PBS. Cells were then re-suspended in 12 mL PBS containing 10%

fetal bovine serum. 0.649 mL of 37% formaldehyde (Sigma) was added to the mixture, and the mixture was nutated for 10 minutes at

room temperature. The reaction was quenched with 1.6 mL of cold 1 M glycine, followed by washing twice with 14 mL ice-cold PBS.

The pellet for each cell line was re-suspended in 5mL of lysis buffer [10 nMTris–HCl, pH8, 10mMNaCl, 0.2%NP-40, and 1XProtease

inhibitor] and incubated at 4�C for 10 minutes. Nuclei were then pelleted through centrifuging and resuspended in 500 mL of NEB

Buffer 3.1 (New England BioLabs). 7.5 mL of 20% SDS was added to each tube, and mixed for 1 h at 37�C, at 900 rpm on a thermo-

mixer (Eppendorf). This was followed by the addition of 50 mL of 20% Triton X-100 (Sigma-Aldrich), and further mixing for 1 h at 37�C,
at 900 r.p.m to quench SDS. 400U of the BglII enzyme (NEB) was added to each tube, followed by overnight incubation at 37�C and

900 rpm
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A 5 mL aliquot of digested DNA was assessed for completeness of digestion using qRT-PCR. The BglII enzyme was inactivated by

the addition of 40 mL of 20% SDS and mixing for 25 minutes at 65�C at 900 rpm The incubated samples were added to 6.125 mL of

1.15 3 ligation buffer (NEB) and 375 mL of 20% Triton X-100, with mixing for 1 h at 37�C. The cross-linked digested DNA was re-

ligated by the addition of 100U T4DNA ligase (Thermofisher) and overnight incubation at 16�C. 15 ml of 20mg/ml Proteinase K (Prom-

ega) was then added to the mixture, which was incubated at 65�C overnight.

The samples were cooled to room temperature, and 30 ml of 10mgml-1RNase A (QIAGEN) was added and the samples were incu-

bated at 37�C for 1 hour. Then the 3C library was extracted by phenol-chloroform extraction and purified using a PCR purification kit

(QIAGEN). The 3C interactions were detected by qPCR and 2 3 SYBR Green Mastermix (KAPA) following the qRT-PCR protocol.

qRT-PCR
Total RNA was extracted using the Trizol reagent (Invitrogen). Contaminating DNA was removed by DNaseI (Ambion) treatment, and

the RNA was further purified using the QIAGEN RNeasy Kit. The first-strand cDNA was synthesized using the iScript cDNA synthesis

kit (Bio-Rad) according to the manufacturer’s instructions. Quantitative real-time PCRwas performed on the CXF384 Real-time Sys-

tem (Bio-Rad), using a Kapa SYBR Fast qPCR kit (Kapa Biosystems). The expression level of each gene was normalized to the

expression level of Gapdh.

RNA-seq preparation
Cellular RNA was extracted using the RNA extraction protocol mentioned in the previous section. The quality of extracted RNA sam-

ples was accessed by qRT-PCR.mRNA libraries were prepared using the TruSeq StrandedmRNA Library Prep Kit (Illumina, RS-122-

2101), following the manufacturer’s protocol. In brief, mRNA was purified from total RNA by incubating with poly-T oligo-attached

magnetic beads. Following purification, mRNA was fragmented into small pieces using divalent cations at an elevated temperature.

The cleaved RNA fragments were reverse transcribed into first-strand cDNA using reverse transcriptase and random primers. The

second strand cDNA was then synthesized using DNA Polymerase I and RNase H. These strand-specific cDNA fragments undergo

an end repair process to produce a single ‘A’ base overhang, followed by ligation of the adapters. The products were purified and

enriched with PCR to create the final cDNA library. Finally, samples were pooled and sequenced using Hiseq 2000 platform with

a read length of 100bp.

Western blot
Cells were lysed with IPH buffer supplemented with protease inhibitor cocktail and PMSF. 50 mg of cell lysate was loaded onto an

SDS-PAGE gel and transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The membrane was blocked with

5% skim milk at room temperature for 1 hour, followed by overnight incubation with anti-phospho-STAT3(abcam, ab76315), anti-

STAT3(abcam, ab119352) and anti-ACTIN (Santa Cruz) antibodies at 4�C. The blot was subsequently incubated with horse-radish

peroxidase (HRP)-conjugated anti-mouse IgG (1:10,000, Beith). The HRP signals were detected using SuperSignal West Dura

Extended Duration Substrate (Thermofisher) and captured using Gel Doc system (Bio-rad).

Average enrichment plot
ATAC-Seq libraries (Fang et al., 2018) for mouse reprogramming cells were mapped to the mm9 genome using STAR aligner (Dobin

et al., 2013) allowing up to 3mismatches. The options –alignIntronMax and –alignEndsTypewere set to 1 and EndToEnd respectively.

The mapped bam files were then used as an input for ngs.plot (Shen et al., 2014) to determine the average enrichment of these li-

braries over the identified enhancers.

ChIP-Seq Analysis
ChIP-Seq libraries (Histones from ENCODE, Transcription Factors were from Chen et al. [2008]) were mapped to the mm9

genome using Bowtie2 (Langmead and Salzberg, 2012) to determine their average enrichment over the identified enhancers. More-

over, the makeTagDirectory and makeUCSCfile scripts of HOMER (Heinz et al., 2010) were used to generate the UCSC

screenshots. Peaks of Oct4 ChIP-Seq library were determined using the findPeaks script of HOMER with default settings for tran-

scription factors.

Motif enrichment
findMotifsGenome.pl script of HOMER was used to determine the motifs found in the identified enhancers.

Determination of CREs
MACS2 (Zhang et al., 2008) was used to determine accessible sites in the mES ATAC-Seq library (Li et al., 2017) using the following

parameters: ‘‘-g mm–outdir ./MACS2/2i/–nolambda–nomodel–keep-dup all –call-summits.’’ These sites were then correlated with

Oct4-bound sites which were determined as mentioned above. The co-shared regions were then annotated using annotatePeaks.pl

script of HOMER. We have considered Intergenic co-shared regions only for OCT4 motif detection. Only sites with Oct4 motif were

used for CRISPR/Cas9 targeting.
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RNA-Seq Analysis
RNA-Seq libraries weremapped to themm9 genome using splice-aware STAR. Three or lessmismatches were allowed in each read.

The mapped libraries were then subjected to cuffdiff (Trapnell et al., 2012) to identify the differentially expressed genes and FPKM

values of genes in different samples.

Pearson correlation of RNA-seq
The mapped RNA-Seq libraries were uploaded to SeqMonk v1.42.0 (https://www.bioinformatics.babraham.ac.uk/projects/

seqmonk/). The pearson correlation was performed by using the PCA Analysis under the Data Store Similarity tab. The pearson

values were then uploaded to R and heatmaps were generated using the heatmap.2 function of ‘gplots’.

PCA of RNA-seq
The mapped RNA-Seq libraries were uploaded to SeqMonk v1.42.0 (https://www.bioinformatics.babraham.ac.uk/projects/

seqmonk/). PCA was performed by using the Correlation Matrix under the Data Store Similarity tab.

Unsupervised Clustering for differentially expressed gene
The FPKM values of the significantly differentially expressed genes (versus NT) were used as a matrix. The matrix was uploaded to R

and normalized per-row using the following formula (apply(data, 1, function(x)(x-min(x))/(max(x)-min(x)))).

The per-row normalized values were then used for generating the heatmap using heatmap.2 function in gplots.

Lineage Enrichment Analysis CTEN analysis
The list of differentially upregulated genes in each sample (versus NT) was uploaded to cTen (https://www.influenza-x.org/

�jshoemaker/cten/) (Shoemaker et al., 2012) to identify the lineages in which these genes are significantly enriched.

Super-enhancer/Enhancer Overlap Analysis
Published Super-enhancer (Khan and Zhang, 2016) and enhancer in mESCs (Chen, Morris, and Mitchell, 2012) were overlapped to

our hit CRE list using the mergePeaks Function of HOMER.

QUANTIFICATION AND STATISTICAL ANALYSIS

Hits identification using Z-score in FOCUS screen
To calculate Z-score, the formula: z = (x – m) / s was used. X is the sample value calculated based on the GFP+ signal per number of

cells. m and s are the mean and standard deviation calculated from the non-targeting construct. A cutoff at �2 was used to identify

hits from the FOCUS screen.

Statistical Analysis
All the statistical analysis in this manuscript was performed using Excel. All the information regarding the statistical analysis, sample

size, applied statistical tests, and significance is reported in the figures and corresponding figure legends. Data are expressed as

mean ± SEM. Differences between two groups or multiple groups for the qRT-PCR data were analyzed by the Student’s t test

with a p value less than 0.05 as the cut-off for significance. For qRT-PCR, replicates are considered as the RNA samples treated

with the same condition within one experiment setup.
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Supplementary Figure 1. FOCUS identified important cis-regulatory elements for pluripotency 
maintenance

A) Schematic of the pipeline used to generate FOCUS library targeting OCT4-bound cis-regulatory elements. 
B) Immunofluorescence and brightfield images of untreated and RA-treated mESCs with Oct4 DE mCherry 

reporter (red). The mCherry reporter signal is lost upon treatment with RA. 
C) Relative luciferase activity of Oct4 DE (red) in E14 cells, RA treated E14 cells and MEF. Data was normalized 

to pGL3 empty vector transfected cell (grey) which was set as 1. The bar chart shows mean ± SD of 2 
independent experiments. 

D) FACS result of Oct4 DE mCherry reporter E14 cells treated with different culture conditions. mCherry 
population percentage is shown in blue. mCherry signal intensity is shown in red. 

E) Fitted curve of correlation between staining and cell number.
F) Scatter plot of Z-score normalized to ΔNTs. Each dot represents one CRE. The x-axis is the Z-score of CREs 

obtained when normalized to NT1, while the y-axis indicates the Z-score of CREs obtained when normalized 
to NT2. The Pearson correlation coefficient is 0.9.

G) SURVEYOR assay confirmed specific targeting of CREs by sgRNAs. The red arrows indicate the expected 
band after SURVEYOR nuclease digestion. 

H) Genotyping of sgRNA-transfected mESCs revealed 40% of editing efficiency of targeted Oct4 motif. 

Related to Figure 1.
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Supplementary Figure 2. Knockout of candidate CRE hits affects both the maintenance 
and establishment of pluripotent stem cells. 
 
A) Colony formation assay showing the knockout of selected CREs in D3 mESCs. The CREs 

are shown in black, the negative control is shown in grey and the positive control, Oct4 DE, 
in red. The bar chart shows mean ± SD of 3 replicates.  

B) qRT-PCR showing increased expression of differentiation genes when hit CREs were 
knocked out during RA-induced differentiation. The CREs are shown in black, while the 
control knock out is in grey. The bar chart shows mean ± SD of 3 independent experiments.  

C) Cellular morphology observed at 4X magnification for E14 cells after mutating CRE17, 
CRE18, CRE77, CRE111 and a Non-Targeting (NT) control (from top to bottom). 

D) Size disparities and morphology of EBs generated after CRE mutations as observed at Day 
3 of EB formation (after LIF withdrawal). 

E) Average sizes (diameters in um) of EBs recorded at Day 3 after LIF withdrawal for a couple 
of key CRE hits as compared to WT-E14 and other non-targeting controls. The Oct4 DE 
was also targeted in this assay for a comparison of phenotypes. (The assay was performed 
for n=4 replicates). 

F) Images of AP staining of mouse somatic cell reprogramming at Day 12 post OSKM 
induction. 

G) Expression patterns of endoderm, mesoderm and ectoderm layer markers in EB RNA 
samples isolated at Day 3 post LIF withdrawal. All the expression values are normalized to 
an 18SrRNA control and all experiments are performed with n=2 replicates.  

H) Cell proliferation curve of MEFs with CREs knocked out using CRISPR. Graph shows 
mean ± SD of 3 replicates. 

I) Schematic for the ATAC-seq libraries from different time points of somatic cell 
reprogramming.  

J) UCSC browser of ATAC-seq signal of candidate CREs at different time points of mouse 
somatic cell reprogramming.  

 
Related to Figure 2. 
 
 



Supplementary Figure 3

 
Fo

ld
 E

nr
ich

m
en

t 

0

0.2

0.4

0.6

0.8

1.0

1.2

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Fo
ld

 E
nr

ic
hm

en
t

 

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fo
ld

 E
nr

ic
hm

en
t 

0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

2

CRE 77

CRE 14
0

CRE 11
1

CRE 21
0

Oct4
 D

E

F
ol

d 
E

nr
ic

hm
en

t
 

F
ol

d 
E

nr
ic

hm
en

t
 

F
ol

d 
E

nr
ic

hm
en

t
 

0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

2

0

0.5

1

1.5

2

2.5
KO NTKO CRE140 KO NTKO CRE111 KO NTKO CRE210

A

D

E

G

H

KO C
RE17

KO C
RE32

KO C
RE91

KO C
RE13

3

KO C
RE13

6

KO C
RE14

2

KO C
RE21

5
pG

L3
0

0.5
1.0

5.0

1.5
2.0
2.5
3.0
3.5
4.0
4.5

3T3E14+serum/Lif E14+RA

R
el

at
iv

e 
Fi

re
fly

 lu
ci

fe
ra

se
 /r

en
ill

a 
lu

ci
fe

ra
se

 s
ig

na
l 

H3K4me1 H3K4me1 H3K4me1

H3K27ac

Nanog

Sox2

Med1

P300

H3K27ac

H3K4me

Oct4

CRE 111

5kb

Nanog

Sox2

Med1

P300

H3K27ac

H3K4me

Oct4

5kb

CRE 132

-Log10
(p-Value)Transcription factor 

5OCT4-SOX2-
NANOG

 Oct4-bound CRE Random Set1

-Log10
(p-Value)Transcription factor 

2OCT4-SOX2-
NANOG

 Oct4-bound CRE Random Set2

B
0.

0
0.

2
0.

4
0.

6
0.

8
1.

0

*HQRPLF�5HJLRQ���
�ï!��
�

Re
ad

 c
ou

nt
 P

er
 M

illi
on

 m
ap

pe
d 

re
ad

s

ï���� ï���� 5'End �
(QG 2500 5000

+�.�PH�
+�.�PH�
+�.��DF
+�.�DF
+�.�PH�
+�.��PH�

F

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

*HQRPLF�5HJLRQ���
�ï!��
�

Re
ad

 c
ou

nt
 P

er
 M

illi
on

 m
ap

pe
d 

re
ad

s

ï���� ï���� Center 2500 5000

Oct4
Sox2
Nanog
Med1
3���

CRE 77

CRE 14
0

CRE 11
1

CRE 21
0

Oct4
 D

E

CRE 77

CRE 14
0

CRE 11
1

CRE 21
0

Oct4
 D

E

H3K27ac H3K27ac H3K27ac

CRE 77

CRE 14
0

CRE 11
1

CRE 21
0

Oct4
 D

E

CRE 77

CRE 14
0

CRE 11
1

CRE 21
0

Oct4
 D

E

CRE 77

CRE 14
0

CRE 11
1

CRE 21
0

Oct4
 D

E

KO NTKO CRE140 KO NTKO CRE140 KO NTKO CRE140

CRE 77

CRE 21
0

CRE 14
0

CRE 11
1

Oct4
 D

E

KO NT KO CREs

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fo
ld

 e
nr

ic
hm

en
t

(n
or

m
al

iz
ed

 to
 s

g.
N

T)

OCT4

J

19109158 76212214 21

mES SE
CRE

Targets

mES TECRE
TargetsC

I K



Supplementary Figure 3. Hit CREs displayed enhancer characteristics and activity in 
mESCs.  
 
(A) Average enrichment plot of histone marks on non-hit CREs. Low enrichment of active 

enhancer markers, H3K4me and H3K27ac, was observed. Different histone marks are 
indicated as in different colours.  

(B) Average enrichment plot of transcription factors binding on non-hit CREs. Low enrichment 
of transcription factors was observed on non-hit CREs. Transcription factors are indicated 
in different colours. 

(C) Overlap analysis of targetable CREs from FOCUS screen (top panel) and hit CREs (bottom 
panel) with published mouse typical enhancers (TE) and super enhancers (SE). 

(D) Motifs enriched at non-hit Oct4-bound intergenic CREs sites. 
(E) UCSC browser view of enriched histone marks and transcription factors at CRE 132. 1.5 

kb enhancer region is highlighted in grey.  
(F) UCSC browser view of enriched histone marks and transcription factors at CRE 111. 1.5 

kb enhancer region is highlighted in grey. 
(G) ChIP-qPCR results for the mutation of candidate CREs. Decreased enrichment of 

H3K4me1 was observed. Black bars represent CRE mutated group. Grey bars represent 
DNT control. The bar chart shows mean ± SD of 2 independent experiments.  

(H) ChIP-qPCR analysis showed that knockout of candidate CREs reduced the enrichment of 
H3K27ac. Black bars represent CRE KO group. Grey bars represent DNT control. The bar 
chart shows mean ± SD of 2 independent experiments. 

(I) Mutation of individual CRE regions followed by the testing of p300 enrichment locally at 
these regions. The control used is a non-targeting construct. Each set of bars is accompanied 
below with the specific sgRNA against the CRE that was used in that case (n=2, Error bars 
represent standard deviation). 

(J) Mutation of the candidate CREs (black) reduced the enrichment of OCT4 binding on-site. 
ChIP-qPCR enrichment for each CRE was normalized to DNT (grey) and presented as fold 
enrichment. Data are representative of at least 3 independent experiments. The bar chart 
shows mean ± SD.   

(K) Relative luciferase activity of reporter plasmids (pGL3-promoter) containing a fragment of 
candidate CREs in E14 (black), RA treated E14 cells (dark grey) and 3T3 (light grey). The 
bar chart shows mean ± SD of 3 replicates. 

 
Related to Figure 3.  
 
 



Supplementary Figure 4, related to Figure 4
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Supplementary Figure 4. Transcriptomic profile elicited by CRE mutation.

A) QC plot for CRE mutated RNA-seq libraries. 
B) The number of up- and down-regulated genes for each CRE mutated RNA-seq library.
C) Relative FPKM for Oct4 expression in each CRE mutated RNA-seq library. Black bars represent candidate 

CREs. Red bar represents Oct4 DE, which was used as positive control. Grey bar represents ΔNT control. 
D) KEGG pathway analysis of down-regulated genes in Δ CRE111 and ΔCRE 210 RNA-seq libraries. X-axis 

represents the –Log10(p-Value). Y-axis represents GO term.
E) Heatmap showing the clusters of all CRE mutated RNA-seq libraries. 
F) Venn diagram showing the number of overlapped genes which were differentially expressed between ΔCRE 

and ΔOct4 DE. p-values were calculated to test the significant level of the overlap.
G) Venn diagram showing the number of overlapping differentially expressed genes between CRE111 and Oct4 

knockdown. p-value was calculated to test the sigificance of the overlap. 
H) Combinatorial mutation of CRE111 and CRE210 further increased the expression of differentiation genes, 

Hand1 and Pax6, compared to single mutation. Cells transfected with NT sgRNA was used as control (grey) 
and all data was normalized to it. The bar chart shows mean ± SD of 3 replicates. 

Related to Figure 4.



Supplementary Figure 5, related to Figure 5
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Supplementary Figure 5. Candidate CREs interact in 3D genomic space with novel and known pluripotency 
genes to regulate pluripotency.

A) Interaction of CREs and its target loci was detected in E14 cells using 4C-seq. Interactions (q<0.05, r3Cseq) 
in E14 cells (2nd panel) and MEFs (3rd panel) are shown. The 4C signal plot (in units of RPM) was compared 
between E14 and MEF and plotted using r3Cseq package (4th panel).

B) Overlap of significant interacting regions of hit CREs between biological replicates of E14 (red and blue) and 
MEF (green). 

C) Pie chart showing the distance of CRE interacting loci to their nearest TSSs. 
D) The interaction of CRE111 (top) and CRE132 (bottom) to its target gene in E14 cells was validated using 3C. 

X-axis shows 3C fragment corresponding to actual genomic location. Y-axis shows relative interacting 
frequency between E14 and BAC control. The corresponding location of each fragment in the genome is 
indicated using the red dotted lines. The bar chart shows mean ± SD of 3 replicates. 

E) qRT-PCR showing decreased putative targets’ expression in ΔCRE, which is shown in black; ΔNT control is 
shown in grey. The expression is normalized to ΔNT controls. The bar chart shows mean ± SD of 3 replicates. 

F) OCT4 ChIP-qPCR upon CRE111 mutation on CRE111 region. Three pairs of primers span CRE111 regions 
were used to access the OCT4 binding profile upon CRE111 mutation. CRE111-1 amplifies the Oct4 binding 
sites based on published ChIP-seq dataset. The bar chart shows a mean± SD of 3 replicates.

G) Integrative genomic view of Hi-C, ChIP-seq and RNA-seq data of CRE 77 (left), CRE32 (middle) and CRE4 
(right). Top panel: Hi-C interactions within the same TAD of CRE. Middle panel: ChIP-seq UCSC browser 
of pluripotency and architectural proteins, as well as active enhancer marks. Bottom panel: RNA-seq UCSC 
browser of ΔCRE and ΔNT. The location of CRE is highlighted using red line. Putative target of CRE is 
indicated using grey shades. 

H) The bar chart showing the expression change of genes located within the same TAD as CRE77 (left), CRE32 
(middle) and CRE4 (right) when CRE was mutated. The y-axis represents the -Log2(Fold change). The genes 
with decreased expression are shown as the blue bars. The genes with increased expression are shown as the 
red bars.  

Related to Figure 5.
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Supplementary Figure 6. Lrrc31, a target gene of CRE111 regulates the maintenance of pluripotency in 
mES cells.

A) qRT-PCR showing the knockdown of Lrrc31 using siRNA, which resulted in decreased expression of Oct4 
and Esrrb. Lrrc31 siRNAs are shown in shades of blue while siNT control is shown in grey. The bar chart 
shows mean ± SD of 3 replicates.  

B) Immunofluorescence images of FLAG-LRRC31. Staining was performed with anti-FLAG antibody (green). 
Nuclei were stained with Hoechst stain (blue). Scale bar is 200 µm.  

C) Knocking down of Lrrc31 at different time points of somatic cell reprogramming elicited varied phenotypes. 
Top panel: reprogramming efficiency (AP+ colony numbers) was assayed at 12 d.p.i. Lrrc31 knockdown 
(blue and dark blue) at 9 d.p.i decreased reprogramming efficiency compared to siNT (grey). The bar chart 
shows mean ± SD of 3 replicates. Bottom panel: Representative images of each treatment group.  

D) Sequencing result confirmed the truncated Lrrc31 coding sequencing in Lrrc31 KO C1 and C2. 
E) Colony formation assay showing that the knock-out of Lrrc31 compromised self-renewal of mESCs. The bar 

chart shows mean ± SD of 3 biological replicates. Representative images are shown below the bar chart.
F) Expression profile of Lrrc31 in successfully and unsuccessfully reprogrammed cells. Y-axis is expression 

level (TPM). The x-axis represents different time points throughout the reprogramming process. 
G) Venn diagram showing the overlap between Lrrc31 KD RNA-seq and ΔCRE 111 RNA-seq. p-values were 

calculated to test the significant level of the overlap.
H) GO analysis of differentially expressed genes upon Lrrc31 knockdown. X-axis represents the –Log10(p-

Value). Y-axis represents GO terms. 
I) Venn diagram showing the overlap of identified proteins between two biological replicates of FLAG-LRRC31 

pull-down assay. 
J) ChIP qRT-PCR demonstrating that knocking down of Lrrc31 decreased the binding of phospho-STAT3 on its 

targets. Samples treated with shRNA against Lrrc31 are shown as black. pSUPER Empty vector was used as 
control (light grey). The shRNA of Stat3 was used as positive control (dark red). The bar chart shows mean 
± SD of 3 replicates. 

K) ChIP qRT-PCR demonstrating that knocking down of Lrrc31 decreased the binding of STAT3 on its target. 
The sample treated with shRNA against Lrrc31 is shown as a black bar. pSUPER Empty vector was used as 
control (light grey). The shRNA of Stat3 was used as positive control (dark red). The bar chart shows mean 
± SD of 3 replicates. 

L) Rescue of differentially expressed genes of Lrrc31 knockdown by STAT3 dominant active mutant 
overexpression in Lrrc31 knockdown ES-E14. The bar chart shows mean ± SD of 3 replicates. Student’s t-
test was used for statistical analysis. * represents p-value <0.05.

M) qRT-PCR showing the knockdown of Lrrc31 in F9 cells resulted in no significant change in the expression 
of marker genes. The bar chart shows mean ± SD of 2 independent experiments. Corresponding brightfield 
images for each treatment group is shown below. Scale bar is 200 µm.   

N) qRT-PCR showing that the mutation of CRE111 gave rise to insignificant change in the expression of marker 
genes. The bar chart shows mean ± SD of 2 independent experiments. The corresponding brightfield images 
for each treatment group is shown below. Scale bar is 200 µm.

O) qRT-PCR showing that the knockdown of LRRC31 showed no significant change in the expression of marker 
genes in hESCs. The bar chart shows mean ± SD of 2 independent experiments. The corresponding brightfield 
image for each treatment group is shown below. Scale bar is 200 µm.   

Related to Figure 6.
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Supplementary Figure 7. Lrrc31 regulated the binding of STAT3 to the super-enhancers.
 
A) Motifs enriched at STAT3 binding sites of different clusters.
B) Enrichment of STAT3 on super enhancers of mESCs in the indicated conditions. 
C) Gene ontology analysis of STAT3-bound super enhancers’ target genes. X-axis represents the –Log10(p-Value) 

and Y-axis represents GO term. 
D) UCSC screenshot of binding profile of STAT3 on Lefty1 super enhancer (indicated by the binding of MED1 

and H3K27ac) when Stat3 or Lrrc31 was knocked down. 

Related to Figure 7.
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