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ABSTRACT
To easily edit the genome of na€ıve human embryonic stem cells (hESC), we introduced a dual cassette
encoding an inducible Cas9 into the AAVS1 site of na€ıve hESC (iCas9). The iCas9 line retained karyotypic
stability, expression of pluripotency markers, differentiation potential, and stability in 5iLA and EPS
pluripotency conditions. The iCas9 line induced efficient homology–directed repair (HDR) and non-
homologous end joining (NHEJ) based mutations through CRISPR-Cas9 system. We utilized the iCas9 line
to study the epigenetic regulator, PRC2 in early human pluripotency. The PRC2 requirement distinguishes
between early pluripotency stages, however, what regulates PRC2 activity in these stages is not
understood. We show reduced H3K27me3 and pluripotency markers in JARID2 2iL-I-F hESC mutants,
indicating JARID2 requirement in maintenance of hESC 2iL-I-F state. These data suggest that JARID2
regulates PRC2 in 2iL-I-F state and the lack of PRC2 function in 5iLA state may be due to lack of sufficient
JARID2 protein.
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Introduction

hESC have the capacity to self-renew indefinitely and differen-
tiate into all cell types of the body [1]. These cells have high
potential for increasing the basic understanding of human
biology during early development, and facilitating medical
regenerative therapies in the future. Both approaches require
the capacity to readily manipulate the genome to identify the
key regulators of the process. While low genome editing effi-
ciency in hESC has been a problem previously, the emergence
of CRISPR gene editing platforms now allows rapid and effi-
cient genetic manipulations in these cells. Stem cell based dis-
ease modeling holds great potential to study human biological
systems such as neurological diseases, where access to living
tissue from affected patients is not usually possible [2]. Patient
derived iPSC are currently employed to differentiate into
human disease-relevant cell types, however comparisons
between lines from different individuals are complicated by
genomic variation between individuals and limited patient tis-
sues. Complementary to work in iPSC, introduction of the

genetic variant of interest in hESC is another potential
approach to in vitro disease modeling [3–5]. Efficient gene edit-
ing to systematically introduce disease relevant genetic variants
into one common “wildtype” line allows for direct comparison
of variants on protein function or intracellular pathways within
the same genetic background.

Methods for rapid and controllable genetic manipulations
using the CRISPR platform have recently been developed for
hESC in the primed stage of pluripotency [5–8]. These new
methods allow highly efficient generation of biallelic knockouts
in primed hESC or iPSC populations. Several stages of pluripo-
tency have been isolated and maintained in culture in mouse
and human: na€ıve ESC correspond to pre-implantation embry-
onic ICM and primed correspond to post-implantation embry-
onic epiblast. Multiple naive, pre-implantation human
pluripotent stages have been stabilized in vitro [9–18] The
human na€ıve state has been defined by growth characteristics,
mRNA and microRNA expression, epigenetic profile, Oct4
enhancer usage, X-inactivation profile, mitochondrial
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morphology, metabolic profile and development in the context
of teratomas and chimeras. These hESC can be passaged as sin-
gle cells, allowing easy genetic manipulations and thereby better
genetic modification capacity using a CRISPR-Cas9 system.
Indeed, a recent study shows that the efficiency of CRISPR-
based gene editing is higher in in vitro toggled, na€ıve hiPSCs
compared to primed [19]. It has been proposed that this may
be due to DNA hypomethylation and lower H3K27me3 marks,
allowing more open chromatin structure that is more accessible
for Cas9.

We now report the generation of a rapid, multiplex and
inducible gene editing system in naive, pre-implantation hESC
(Elf1-iCas9). In this study, we engineered a na€ıve hESC line for
efficient gene editing and knock-out platforms by inserting the
inducible Cas9 gene into the safe-harbor locus AAVS1 in the
na€ıve hESC Elf1. Using this naive hESC platform, we generated
heterozygous and homozygous missense mutations in the
PSEN2 gene associated with autosomal dominantly inherited
familial Alzheimer’s Disease. We also show highly efficient sin-
gle guide NHEJ-based mutant generation for multiple genes
including TCTN2, Mel18L, NNMT, HIF1a, HIF2a, IDO1,
PKLR, GPI and JARID2. However, while indels are identified
in over 90% of the clones, the JARID2 and HIF2a mutant clone
analysis revealed that only 18% of these mutations cause total
lack of protein (protein null mutations). We used this efficient
iCas9 hESC line to study the function of JARID2 in early
human pluripotency. The JARID2 2iL-I-F hESC mutants
showed reduced H3K27me3 epigenetic repressive marks and
reduced stem cell marker signature, showing that JARID2 is
required to maintain the stem cell 2iL-I-F pluripotency state.
PRC2 is not required in earliest na€ıve state in mouse or human
but shows requirement in the 2iL-I-F state [20]. We show that
while other PRC2 components are expressed in both stages,
JARID2 is dramatically downregulated in the earliest, 5iLA but
not in the 2iL-I-F state. We have now revealed JARID2 require-
ment for the PRC2 activity in the 2iL-I-F state. These data sug-
gest that lack of PRC2 function in the earliest, na€ıve 5iLA state
may be due to highly reduced JARID2 protein.

Experimental procedures

Cell culture

Na€ıve hESC [Elf-1(NIH_hESC Registry #0156), and newly
Seattle-derived Elm2, Elf3 and Elf4] were cultured as previously
described [12]. All 4 hESC lines have a normal, diploid karyo-
type. Elm2 is male, Elf1, Elf3 and Elf4 are females. For 2iL-I-F
conditions the cells were grown on a feeder layer of irradiated
primary mouse embryonic fibroblasts in hESC media: DMEM/
F-12 media supplemented with 20% knock-out serum replacer
(KSR), 0.1mM nonessential amino acids (NEAA), 1 mM
sodium pyruvate, and penicillin/streptomycin (all from Invitro-
gen, Carlsbad, CA) and 0.1 mM b-mercaptoethanol (Sigma-
Aldrich, St. Louis, MO). hESC media was supplemented with
1mM GSK3 inhibitor (CHIR99021, Selleckchem), 1mM of
MEK inhibitor (PD0325901, Selleckchem), 10ng/mL human
LIF (Chemicon), 5ng/mL IGF1 (Peprotech) and 10ng/mL
bFGF. For 5iLA na€ıve conditions [21] cells were grown in base
medium containing: 120 ml DMEM/F12 (Invitrogen; 11320),

120 ml Neurobasal (Invitrogen; 21103), 2.5 ml N2 supplement
(Invitrogen; 17502048), 5 ml B27 supplement (Invitrogen;
17504044), 1 mM glutamine (Invitrogen), 1% nonessential
amino acids (Invitrogen), 0.1 mM b-mercaptoethanol
(Sigma), penicillin-streptomycin (Invitrogen), and 50 mg/ml
BSA (Sigma), and freshly supplemented with 5i/L/A: BRAF
(0.5mM), SRC (1mM), MEKi (1mM), GSK3i (1mM), ROCKi
(10mM), recombinant human LIF (20ng/mL), and Activin A
(10ng/mL). For EPS conditions (extended pluripotency condi-
tions) [18], cells were grown in base medium containing
100 mL DMEM/F12, 100 mL Neurobasal, 1 mL N2 supple-
ment, 2 mL B27 supplement, 1% GlutaMAX, 1% NEAA,
0.1 mM b-mercaptoethanol, penicillin-streptomycin and 5%
KSR, and freshly supplemented with 10 ng/ml hLIF, GSK3i
(1 mM), ROCKi (2 mM), (S)-(+)-Dimethindene maleate
(2 mM; Tocris), Minocycline hydrochloride (2 mM; Santa Cruz
Biotechnology) and IWR-endo-1 (0.5–1 mM; Selleckchem).
Cells were adapted to 5i/L/A or EPS conditions for at least 3
passages before analysis. Elf1-iCas9 cells were pushed toward
differentiation using DMEM medium supplemented with 20%
FBS and retinoic acid (0.1mM RA; Sigma) for 5 days. All cells
were cultured at 37 degrees Celsius in 5% CO2. Elf1-iCas9 were
generated in low (5%) O2 and further expanded in normoxia
(20% O2) for experimental studies. Cells were exposed to 2%
O2 for 4 hours prior to protein extraction for the analysis of
HIF2a expression.

Insertion of inducible Cas9 into AAVS1 site of Elf1 cells

10£ 106 cells of Elf-1p17 were transfected with 5mg AAVS1-
TALEN R plasmid (Addgene #59026), 5mg AAVS1-TALEN L
plasmid (Addgene #59025), 40mg Puro-Cas9 donor plasmid
(Addgene #58409), 40mg Neo-M2rtTA donor plasmid (Addg-
ene #60843) with Amaxa Lonza Human stem cell Kit #2. The
cells were then plated with 5mM of Rock inhibitor (ROCKi)
onto 11, 10cm plates onto an irradiated Drug Resistance 4
Mouse embryonic fibroblast feeder cells (DR4). Three days fol-
lowing the nucleofection, the cells were selected for neomycin
resistance with Genetecin (50mg/ml) for four days, then
selected with Puromycin (0.5mg/ml) for three days. 14 clones
survived after the double selection and were isolated and
expanded. Of these 14 clones, eight (CL#1,2,4,6,8,11,12,13)
clones were plated onto Matrigel with or without doxycycline
(2mg/ml) and RNA was extracted in order to analyze the level
of Cas9 expression by qPCR. Insertion of iCas9 into the
AAVS1 site was confirmed by Southern blot analysis in clones
#2, 11 and 12. Clone #2 was sent for G-banded karyotype anal-
ysis (Diagnostic Cytogenetics, Seattle) and displayed a normal
karyotype.

DNA extraction and sequencing

Genomic DNA was collected using DNAzol reagent (Invitrogen)
according to manufacturer’s instructions and quantified using
Nanodrop ND-1000. Genomic regions flanking the CRISPR
target sites were PCR amplified with the designed primers
(Table S1), purified by PCR Purification Kit (Invitrogen) and
sent to Genewiz for sequencing. Alternatively, following
GoTaq PCR amplification of the targeted region, the JARID2
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mutations were cloned using the CloneJET PCR Cloning
Kit (Thermo Fisher Scientific) following the manufacturer’s
guidelines.

Southern blot analysis

Southern blot was performed on DNA extracted from iCas9
lines #2, #11 and #12 using probes to detect heterozygous
knock-in of inducible CRISPR/Cas9 cassettes into the AAVS1
locus as described previously [5]. Detailed methodology for
probe preparation, hybridization and analysis was described
previously [22]. The 3 0 external and the 5 0 internal probes were
generated by PCR on plasmid templates using the PCR DIG
Probe Synthesis Kit (Roche) using primers 3 0F: ACAGGTAC-
CATGTGGGGTTC and 3 0R: CTTGCCTCACCTGGCGATAT;
5 0F: AGGTTCCGTCTTCCTCCACT and 5 0R: GTCCAGG-
CAAAGAAAGCAAG, respectively. For the 5 0 internal probe,
we used the Puro-Cas9 donor as a template. BglII digestion of
genomic DNA and 3 0 external probe hybridization is predicted
to yield bands of 12406, 4984 and 7409 bp for wild-type, Puro-
Cas9 (or Puro-Cr) and Neo-M2rtTA targeted alleles respec-
tively; whereas SphI digestion and 5 0 internal probe hybridiza-
tion is predicted to yield bands of 6,492, 3,781 and 3,492 bp
respectively.

RNA extraction and RT-qPCR analysis

RNA was extracted using Trizol (Life Technologies) according
to manufacturer’s instructions. RNA samples were treated with
Turbo DNase (ThermoFischer) and quantified using Nanodrop
ND-1000. Reverse transcription was performed using Random
Hexamers (Invitrogen) and Omniscript reverse transcription
kit (Qiagen). 10 ng of cDNA were used to perform qRT-PCR
using SYBR Green, with suitable primers (Table S2) on an
Applied Biosystems 7300 real time PCR system with PCR con-
ditions as stage 1 50�C for 2mins, stage 2 as 95�C for 10 mins,
95�C for 15sec, 60�C for 1min (40 Cycles). ß-actin was used as
an endogenous control.

Statistical analysis

All data are presented as the mean of at least three independent
experiments with the standard error of the mean (SEM), unless
otherwise indicated. Statistical significance was determined
using Student’s T-test.

Guide RNA design, synthesis and transfection

The gRNAs targeting the TCTN2, Mel18L, NNMT, HIF1a,
HIF2a, PKLR, GPI, IDO1 or JARID2 genes were designed
using the CHOPCHOP or CRISPRscan web tools [23,24]
(Tables S3) and ordered as T7-gRNA primers. A dsDNA frag-
ment was synthesized from these primers by self annealing
PCR to a complementary scaffold primer, which is used to
attach the guide to Cas9. The dsDNA fragment was followed
by Q5 High Fidelity-based PCR (New England Biolabs). This
120 bp strand served as template for in vitro transcription
IVT (MAXIscript T7 kit, applied Biosystems). The RNA was
then purified using Pellet Paint® Co-Precipitant (Novagen).

The PSEN2 guide was selected using the Zhang Laboratory
Target Finder (http://crispr.mit.edu) and the Alt-R CRISPR
crRNA guide (5 0-CGAUGACGCUGAUCAUGAUG-3 0) and
tracrRNA were purchased from IDT and the RNA-hybrid
was generated using their Alt-RTM CRISPR-Cas9 System.
The 147 bp Ultramer DNA repair template was also pur-
chased from IDT (5 0-CTCAGCATCTACACGCCATT-
CACTGAGGACACACCCTCGGTGGGCCAGCGCCTCCT-
CAACTCCGTGCTGATCACCTTAATCATGATCAGCGT-
CATCGTGGTTATGACCATCTTCTTGGTGGTGCTCTA-
CAAGTACCGCTGCTACAAG-3 0, the mutations introduced
into the PSEN2 sequence are underlined). Elf1-iCas9 cells
were treated with doxycycline (2mg/ml) for 2 to 3 days
before and during transfection. For transfection, cells were
dissociated with trypsin, transfected in suspension with
gRNAs using Lipofectamine RNAiMAX (Life Technologies)
and re-plated onto matrigel-coated plates for NHEJ gener-
ated knockouts or onto irradiated MEF plates to generate
PSEN2 mutations. gRNA was added at a 40 nM final con-
centration when added alone and at 15nM when added with
15nM of Ultramer repair template DNA. A second transfec-
tion was performed after 24 h. Two days after the last gRNA
transfection, Elf1-iCas9 cells were dissociated onto single
cells and replated onto MEF-coated plates or collected for
DNA analysis. In the next passage single colonies from
MEF-coated plates were randomly selected and seeded into
a MEF-coated 96 well plate. From the 96 well plate the
clones were passaged onto a 24 well on MEF, and finally to
24 well plates on matrigel. The samples were then harvested
for protein and analyzed on a Western blot (Figure 4A).

Protein extraction and Western blot analysis

Cells were lysed directly on the plate with lysis buffer contain-
ing 20mM Tris-HCl pH 7.5, 150mM NaCl, 15% Glycerol, 1%
Triton X-100, 1M ß-Glycerolphosphate, 0.5M NaF, 0.1M
Sodium Pyrophosphate, Orthovanadate, PMSF and 2% SDS.
25 U of Benzonase® Nuclease (EMD Chemicals, Gibbstown,
NJ) was added to the lysis buffer right before use. Proteins were
quantified by Bradford assay (Bio-rad), using BSA (Bovine
Serum Albumin) as Standard using the EnWallac Vision. The
protein samples were combined with the 4x Laemli sample
buffer with 10% b-Mercaptoethanol (Bio-Rad #1610747),
heated (95�C, 5mins) and run on SDS-PAGE (protean TGX
pre-casted gradient gel, 4%-20%, Bio-rad) and transferred to
the Nitro-Cellulose membrane (Bio-Rad) by semi-dry transfer
(Bio-Rad). Membrane were blocked for 1hr with 5% milk,
and incubated in the primary antibodies overnight in 4�C.
The antibodies used for western blot were b-Tubulin III
(Promega G7121, 1:1000), JARID2 (Cell Signaling D6M9X,
1:1000), Oct-4 (Santa Cruz sc-5279, 1:1000, Novus Biologicals
NB110-90606, 1:500), Nanog (Karol Bomsztyk, University of
Washington, 1:1000), H3K27me3 (Active Motive 39155
1:1000), EZH2 (Cell Signaling D2C9, 1:1000) and HIF2a
(Abcam, 1:1000). The membranes were then incubated with
secondary antibodies (1:10000, goat anti-rabbit or goat anti-
mouse IgG HRP conjugate(Bio-Rad) for 1hr and detection
was performed using the immobilon-luminol reagent assay
(EMP Millipore).
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Immunostaining and confocal imaging

Cells were fixed in 4% paraformaldehyde in PBS for 15 min,
permeabilized for 10 min in 0.1% Triton X-100 and blocked for
1h in 2% BSA. The cells were then incubated in primary anti-
body overnight, washed with PBS (3£ 5min), incubated with
the secondary antibody in 2% BSA for 1hr, washed (4£
10 mins, adding 1mg/ml DAPI in the 2nd wash), mounted (2%
of n-Propyl Gallate in 90% Glycerol and 10% PBS) and stored
at 4�C. Analysis was done on a Leica TCS-SPE Confocal
microscope using a 40x objective and Leica Software. The
antibodies for immunostaining were anti-JARID2 (Cell Sig-
naling, 1:200 for 2iL-I-F, 1:100 for 5iLA), anti-Oct-4 (Novus
Biologicals, 1:150), anti-Nanog (R&D, 1:200); and Alexa 488-
or Alexa 647-conjugated secondary antibodies (Molecular
Probes).

Flow cytometry analysis

Cells were dissociated into single cells with Trypsin (Gibco)
and fixed using 4% PFA 10 mins at room temperature. Cells
were resuspended in PBS with 5%FBS (+0.75% saponin for
analysis of intracellular proteins) and incubated with primary
antibodies at room temperature for 1h: Oct4 (1:200, Abcam
ab19857) or Nanog (1:100, R&DSystems) and washed twice
with PBS. Cells were then incubated with isotype-specific
secondary antibody (Ig-Alexa 488; Invitrogen) for 30 min.
Cells that were analyzed for Tra 1–60 Ab were dissociated
into single cells with Trypsin and incubated with Tra 1–60
1:100 (Millipore) in PBS, 5%FBS for 1h on ice, washed twice
in PBS and incubated with isotype-specific secondary anti-
body GaM-PE, 647 for 30min on ice. Unstained cells were
used as a control. After staining, cells were resuspended in
PBS/5%FBS before analyzing on a BD FACS Canto II. Data
analysis was performed with FlowJo Software X 10.0.6 (Tree
Star. Inc., Ashland, OR).

Flow cytometry and PSEN2 DNA analysis

A week after transfection cells were dissociated with Trypsin-
EDTA, resuspended in PBS with 1% FBS, incubated with TRA-
1-81-APC or a mouse IgM-APC isotype control (1:200, 20 min
on ice, Affymetrix), centrifuged, and resuspended in HEPES
buffered culture media and analyzed on a BD Aria III FACS.
TRA-1-81 positive cells were seeded onto 36 wells of a 96 well
plate (15 cells/well). A week later 90% of the cells were passaged
onto one well of a 12 well plate and the remaining 10% was
extracted using QuickExtract DNA Extraction Solution from
Epicentre Technologies according to the manufacture’s instruc-
tions. Two primers (5 0- AATGAGCTGGAGGACAGGAACT-
3 0 & 5 0-CAAGACCTCAGCATGGCCTCT-3 0) were used to
PCR-amplify a 1020 bp fragment containing exon 5 of the
PSEN2 gene. The amplified DNA was cut with the restriction
enzyme MseI and the digestion products were analyzed on a
1.5% agarose gel. MseI digestion of control DNA is expected to
yield restriction fragments of 672,144,133, and 71 bp while
DNA repaired with the 147 bp repair template DNA is
expected to contain the PSEN2 N141 mutation and an addi-
tional MseI restriction site, yielding restriction fragments of

425, 247, 144, 133, and 71 bp. The 3 most positive wells from
this analysis (3, 9, and 35) were combined together and single
cells were FACS-sorted using TRA-1-81-APC into single wells
of a 96 well plate. Eleven clones were recovered on this plate
and the clones were passaged and analyzed as described above.
All PCR products were sequenced using the forward PCR
primer (5 0- AATGAGCTGGAGGACAGGAACT-3) by Euro-
fins MWG Operon.

RNA-seq data analysis

RNA-seq samples from previously published studies were used
[11,14,25–27]. RNA-seq samples were aligned to hg19 using
Tophat [28] (version 2.0.13). Gene-level read counts were
quantified using htseq-count [29] using Ensembl GRCh37 gene
annotations. Processed single cell RNA-seq data from Naka-
mura et al [30] were used. Only genes expressed above 10
Reads Per Million in 3 or more samples were kept. t-SNE [31]
was performed with the Rtsne package, using genes with the
top 20% variance across samples. Cluster labels from Naka-
mura et al were used. A Principle Component Analysis (PCA)
was performed using all of the cynomolgus monkey samples
from Nakamura et al [30] using R software. Genes used in the
analysis were restricted to defined homologs expressed at non-
zero Transcripts Per Million (TPM) in human in vitro cell lines,
and in the preprocessed mouse and cynomolgus monkey single
cell samples from Nakamura et al. RNA-seq data from human
cell lines were corrected for batch effects using ComBat [32].
Human bulk RNA-seq samples were projected onto the PCA
coordinate via matrix multiplication. Human, cynomolgus
monkey and mouse RNA-seq data were separately centered
and scaled within each species before PCA and projection was
performed.

Results

Generation of a stable genetically modified na€ıve hESC
line expressing inducible Cas9

We compared the human pluripotent cell lines and the in vivo
non-human primate, cynomolgus monkey (Macaca fascicula-
ris) pre- and post-implantation stage blastocysts to identify
naive hESC lines whose gene expression patterns are similar to
pre-implantation epiblasts in non-human primate (Figure 1A).
We chose one of the Seattle-derived na€ıve hESC lines
(Figure 1A, Suppl. Figure 1A-B,E) to generate an inducible
CRISPR/Cas9 stable system in a cell line resembling pre-
implantation epiblast. TALEN mediated recombination was
then used to insert a doxycycline-inducible Cas9 nuclease
expression construct into the human AAVS1 locus in na€ıve
hESC, Elf1. The AAVS1 “safe harbor” locus at 19q13.3 was
chosen as the insertion target site since it has an open chroma-
tin configuration that facilitates strong, stable transgene expres-
sion in both undifferentiated and differentiated cell states
[33–36]. We co-electroporated na€ıve hESC Elf1 with four plas-
mids: one containing the inducible-Cas9 cassette and puromy-
cin resistance, one containing a constitutive reverse tetracycline
transactivator (M2rtTA) expression cassette and neomycin
resistance, and two containing TALEN pairs specific for the
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Figure 1. Generation Elf1-iCas9 line. (A) Principle Component Analysis of single-cell RNA-seq data from in vivo samples of cynomolgus monkeys, with human ex vivo blas-
tocyst and in vitro cell lines shown projected onto the principal coordinates ([25-27,30,37]. Only monkey cells of the epiblast lineage (based on cluster labels from [30])
are shown. (B) Schematic representation of the strategy used to insert the inducible Cas9 construct into the AAVS1 locus using a TALEN system in human naive embryonic
stem cells Elf1 (adapted from [5]). Blue and orange lines represent the homology of the constructs to PPP1R12C intron 1 on chromosome 19. The black arrows show the
cleaving sites of the TALENS; SA, splice acceptor; 2A, self-cleaving 2A peptide; Puro, Puromycin resistance gene; Neo, Neomycin resistance gene; TRE, Tetracyclin respon-
sive element. (C) Workflow of the generation of Elf1-iCas9 lines. (D) Southern blot analysis of lines #2, #11 and #12 using 3 0 external and 5 0 internal probes. Blue arrow
indicates additional random integrations. (E) Elf1-iCas9 cells express Cas9 protein only after doxycycline treatment (2mg/ml for 2 days, Western Blot). (F) Elf1-iCas9 Clone
#2 displays a normal G-banded karyotype. (G) Confocal analysis of pluripotent stem cell markers Oct4 and Nanog in the Elf1-iCas9 Clone #2 grown in EPS, 5iLA, and 2iL-I-
F conditions. Scale bars represents 50 mm. (H) Flow cytometry analysis of stem cell markers Oct4 and Nanog in Elf1 2iL-I-F and Elf1-iCas9 2i-I-F. The pink peak indicates
unstained cells and orange and blue peak represent stained cells for Elf1 and Elf1-iCas9 respectively.
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AAVS1 site (R and L) [5] (Figure 1B). The targeted cells were
then selected using puromycin and neomycin. After selection
multiple clonal cell lines were generated (Figure 1C). We
assessed the level of Cas9 expression after induction with Doxy-
cycline in 6 of the clonal cell lines by RT-qPCR analysis (Suppl.
Figure 1C-D). Three lines showing different levels of condi-
tional expression (lines #2, 11, 12) were further analyzed for
Cas9 insertion by Southern blot analysis (Figure 1D). All three
lines carried insertion of both donor sequences (iCas9 and
M2rtTA, Figure 1D). Line #2 had no additional random inte-
grations, did not present any leakiness of the construct (Cas9
expression) in cells without Doxycycline treatment (Suppl.
Figure 1C-D, Fig. 1E) and displayed normal karyotype
(Figure 1F). Line #2 expresses key pluripotent stem cell markers
Oct4, Nanog, and TRA-1-60 at similar levels as the original Elf1
line, and the new Seattle-derived naive lines Elf3 and Elf4
(Figure 1G-H, Suppl.Figure 1A-B, 1E) and was able to exit the
pluripotent state when induced to differentiate, similar to the
original Elf1 line (Suppl. Figure 1F). In addition, Elf1-iCas9
line #2 can be cultured in various pre-implantation culture con-
ditions (2iL-I-F, 5iLA, EPS [12,18,21]; while retaining expres-
sion of stem cell markers (Figure 1G). This newly generated
na€ıve hESC-iCas9 #2 line was therefore chosen for further
analysis.

Efficient PSEN2 targeting in na€ıve Elf1-iCas9 line

Homology-directed repair in the Elf1-iCas9 line was used to
create the most common disease associated mutation in the
PSEN2 gene to study an inherited form of Alzheimer’s Disease
(AD). The structure and location of AD mutations within the
PSEN2 gene are outlined in Figure 2A [38]. A 147 bp DNA
repair template was chosen to target the N141 site in exon 5 of
PSEN2. This guide added a restriction enzyme cutting site for
easy recognition of successful homology-directed repair inser-
tion of the desired mutation (Figure 2B). Cas9 expression was
induced in Elf1-iCas9 cells with doxycycline 2 days prior to
transfection. Cells were co-transfected with the guide and DNA
repair template, and a week later the cells were labeled with
TRA-1-81-APC and FAC sorted into 36 wells of a 96 well plate
(15 cells/well). After a week, the cells were again passaged and
an aliquot of the pool was used to extract genomic DNA, PCR-
amplifcation of a 1020 bp genomic fragment of the PSEN2
gene containing exon 5, and digestion of the amplified genomic
DNA with the restriction enzyme MseI to assess the degree of
editing in the 36 pools of cells (as judged by the appearance of
the expected 425 & 247 bp cleavage products). The MseI site in
the DNA repair template is only 3 bp downstream of the N141I
mutation and so should be tightly linked to the AD mutation
(Figure 2B). Analysis of DNA isolated from edited Elf1-iCas9
pools of cells are shown in Figure 2C. Plus signs were used to
highlight the relative abundance of the MseI RFLP in pools 1–
11, pools 14–24, and pools 25–36. The MseI digest of the DNA
derived from these pools of cells was not complete as indicated
by the relative abundance of the full-length 1020 bp fragment
and the presence of the expected partial digestion product of
348 bp (144+71+133), 215 bp (144+71), and 204 bp (71+133).
The pools showing greatest abundance of the MseI RFLP were
pooled (wells 3, 9, and 35), stained for TRA-1-81 and FAC

sorted a second time into 96 wells of a 96 well plate (1 cell/well)
(Figure 2D).

Eleven clones were isolated and Exon 5 of the PSEN2 gene
was sequenced for each of the 11 targeted clones (Suppl.
Figure 2). Nine of the clones yielded one of the 4 expected
genetic compositions which are summarized in Figure 2E. Two
of the clones were homozygous for both the N141I mutation
and the MseI polymorphism (clones 2 & 10), two were heterozy-
gous for both the mutation and the MseI polymorphism (clones
4 and 9), and two lacked both the mutation and the polymor-
phism (clones 7 and 8). Three clones were heterozygous for the
mutation but homozygous for the MseI RFLP (clones 3, 5, and
6). The remaining two clones (clones 1 and 11) both appeared
to be heterozygous for the MseI RFLP but upon sequence analy-
sis showed clear evidence of indels at the Cas9 cleavage site.

Efficient NHEJ Indel generation in a na€ıve Elf1-iCas9 line

To validate Elf1-iCas9 using NHEJ for null mutation, we
designed gRNA guides targeting TCTN2, PCGF6(Mel18L),
NNMT, HIF1a, HIF2a, IDO1, PKLR, GPI, and JARID2 genes
using the CHOPCHOP and CRISPRscan web tools [23,24].
Following transfections of Elf1-iCas9 with gRNA in presence of
Doxycycline, DNA was isolated from cell pool, PCR amplified
around the editing site and subjected to Sanger sequencing to
test the mutation efficiency of the guide in the pool
(Figure 3A). If the sequence trace of the pool revealed a mixture
of wild type sequence and InDel mutations starting at the Cas9
cleavage site, 3 nucleotides upstream of the PAM sequence, the
guide was considered efficient in generating Cas9 based muta-
tions. All guides shown induced indels in the hESC pools for
the chosen genes in Elf1-iCas9 (clone #2) line, however, the fre-
quency of indels varied depending on the guide (Figure 3B–H).
If no sequence alterations were observed around PAM sites, the
guide was considered non-functional. Guides scoring well with
the CRISPRscan web tool induced InDel mutations efficiently
(Figure 3B–C, 3G–H) while guides scoring poorly with this tool
were less efficient (Figure 3D–F).

Functional guides efficiently induce mutation in Elf1-iCas9
cells when cultured in various na€ıve conditions (2iL-I-F, 5iLA
[12,21] (Figure 4B), demonstrating the utility of this platform
to study early stages of human pluripotency.

To isolate mutant colonies and to quantify the targeting effi-
ciency and InDel formation, clones were isolated from the pool
of mutant cells for JARID2 (Figure 4, Suppl. Figure 3). The
individual clones were analyzed for mutations by Sanger
sequencing (Suppl.Figure 3). Out of 48 isolated JARID2 clones,
46 displayed DNA mutations in the guide region. Analysis of
the top predicted off-target sites for the JARID2 guide did not
detect any mutation, neither in the pool nor individual clones
(Suppl. Figure 4). The high InDel rate (96%) observed in the
guide region using JARID2 guides further demonstrated a
high CRISPR targeting efficiency in the Elf1-iCas9 #2 line
(Figure 4E). However, while mutation rate using this iCas9 line
with one guide system is very high, only 10 out of 46 JARID2
mutant clonal lines (22%) resulted in protein-null mutations
(Figure 4C, 4E). Similarly, we also generated HIF2a protein
null mutants and evaluated efficiency in Elf1-iCas9 line
(Figure 4D). After transfections with guides targeting HIF2a,
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Figure 2. Efficient homology directed repair (HDR) in the Elf1-iCas9 line. (A) Schematic representations of the PSEN2 locus and the relative positions of the disease associ-
ated mutations. Reprinted from [22] with permission. (B) Relative location of designed CRISPR guide (arrow) on target exon 5. Repair oligo represented by the block above
the guide. Guide and PAM sequence highlighted in gray and mutations in the DNA repair template are shown in lower case text. The MseI site in the DNA repair template
is highlighted with a box. (C) Analysis of DNA isolated from edited iCas9 cells after first sort. Cells were sorted into 36 wells of a 96 well plate (15 cells/well). The expected
MseI digestion products for control and targeted DNA are: 672,144,133, 71 and 425, 247, 144, 133, 71 bp respectively (arrows). iCas9 cells were induced with doxycycline,
transfected with guide RNA plus DNA repair template, stained for TRA-1-81, and then FAC sorted into a 96 well plate (15 cells/well). DNA was isolated and analyzed for
the presence of the expected MseI RFLP (a shift of the 672 fragment to 425 + 247 bp). Plus signs were used to highlight the relative abundance of this RFLP in pools 1–
11 (Figure 2D), pools 14–24 (Figure 2E), and pools 25–36 (Figure 2F). The MseI digest of the DNA derived from these pools of cells was not complete as indicated by the
relative abundance of the full-length 1020 bp fragment and the presence of the expected partial digestion product of 348 bp (144+71+133), 215 bp (144+71), and
204 bp (71+133). (D) Analysis of DNA isolated from clones after the second selection. Edited cells were subjected to two rounds of TRA-1-81-APC FACS. In the second
round three pools from the first round (pools 3, 9, 35) were combined and TRA-1-81 FAC sorted a second time into another 96 well plate (1 cell/well). The 11 clones recov-
ered in this second sort are shown, beside two of the prior pools (pool 32 and 35) that serve as a negative and positive control. (E) PSEN2 DNA sequence summary. Exon 5
of the PSEN2 gene was sequenced for each of the 11 targeted clones. Nine of the clones yielded one of the 4 expected genetic compositions, which are summarized
above. The N141I mutation is in bold text and the MseI restriction site has been highlighted with a box. The two other clones (clones 1 and 11) both appeared to be het-
erozygous for the MseI RFLP but upon sequence analysis showed clear evidence of indels at the Cas9 cleavage site.
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Figure 3. Efficient NHEJ Indel generation in na€ıve Elf1-iCas9 line. (A) Schematic representation of knock out generation by InDel mutations. (B-H) Relative location of
designed CRISPR guides on schematic representation of TCTN2 (B), Mel18L (C), NNMT (D), HIF1a (E), IDO1 (F), PKLR (G), GPI (H) proteins and Sanger sequencing trace file
of the pools of Elf1-iCas9 cells transfected with sgRNA. The area covered by the guide is shown in dark blue. Both mutant and wild-type sequences are shown. Black arrow
indicates start of mutated region
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we generated clonal lines. To identify the clones with mutations
in HIF2a protein, we exposed the cells to 2% O2 for 4 hours to
stabilize HIF2a protein. One out of ten clones analyzed showed
no HIF2a protein expression, suggesting that the protein null
clonal frequency for HIF2a was 10% using Elf1-iCas9 (#2) line
(Figure 4D–E).

JARID2 expression in pluripotent stages

JARID2 is one of the members of the Polycomb group proteins
and plays a role in generating the repressive histone methyla-
tion, H3K27me3 marks by PRC2 [39–43]. The JARID2 protein
contains an Ubiquitin Interactive Motif (UIM), transcription
repressive domain (TRD), inactive histone demethylase
domains (JmjN, JmjC), DNA binding domains (ARID, ZnF)
and the ‘GSGFP 0 Suz12 binding motif (Figure 4B) [43–45].
Mouse na€ıve ECS express pluripotency markers even if compo-
nents of PRC2 have been eliminated [46,47], suggesting that
repressive H3K27me3 marks are dispensable for the earliest
stabilized pluripotent stage. Since multiple pluripotent stages
have been stabilized from early human development [10–14], it
is critical to analyze if PRC2 components are required for stem-
ness in these stages. Using a computationally designed new
protein, EED binder, we recently showed that similar to mouse,
the earliest na€ıve 5iLA hESC state is PRC2-independent, how-
ever, PRC2 is required to maintain na€ıve 2iL-I-F and primed
hESC pluripotent states [20]. Therefore, PRC2 is not required
in earliest na€ıve state in either mouse or in human, but is
required in later stages [20].

To address the mechanism for the PRC2 differential require-
ment between na€ıve 5iLA and later pluripotent states, we ana-
lyzed the expression of PRC2 components in different
pluripotent stages in cell culture and in vivo, utilizing the stabi-
lized human ECS lines, and pre- and post-implantation in vivo
blastocysts from non-human primate, cynomolgus monkey
(Macaca fascicularis). Among PRC2 components, JARID2
expression showed the most significant change when the plu-
ripotent cells exit the PRC2 independent, 5iLA naive state and
enter the PRC2 dependent, 2iL-I-F state (Figure 5A–B). To
examine the expression heterogeneity of PRC2 components in
pre- and post-implantation in vivo blastocysts, we performed
t-distributed stochastic neighbor embedding analysis (t-SNE)
of in vivo monkey single cell RNA-seq data [30]. t-SNE can
capture the non-linear trend and is more robust to noise in
data. It is a commonly used clustering method in single cell
data analysis. t-SNE captured distinct cell types along pre- and
post-implantation development. We first validated known
na€ıve ESC markers [48] and ENO3, a target of primed marker
HIF1a [12] using t-SNE. We then analyzed PRC2 component
expression in these cell types (Figure 5C). JARID2 is observed
in ICM, pre-Epi and post-Epi stages. However, JARID2 expres-
sion is dramatically increased between ICM and pre-implanta-
tion epiblast stage in non-human primate development
(Figure 5C). Expression of other components of PRC2 complex
is either stable or slightly up-regulated between pre-implanta-
tion and post-implantation stages (Figure 5A). These data
show that in both stabilized pluripotent cell cultures and in in
vivo blastocysts JARID2 expression levels are increased after
the earliest pluripotent stages. Since previous studies show that

JARID2’s tri-methylated lysine-116 binds to the aromatic
cage of the EED, suggesting that JARID2 functions as a
potential recruiter for PRC2 based repression of transcription
[49], dramatic change in JARID2 expression levels during
pluripotency stages may be causal for changes in PRC2 func-
tion. We therefore tested if JARID2 is required for human
pluripotency.

Characterization of JARID2 KO phenotype in na€ıve hESC

To test for JARID2 function in na€ıve 2iL-I-F hESC, we analyzed
the clones with null expression of JARID2 protein for
H3K27me3 marks and EZH2 expression by Western blotting.
The clonal lines exhibited early stop codons in the JARID2
gene, but showed no obvious off-target mutations (Figure 6B;
Suppl.Figure 4B and 5). Dramatic downregulation of
H3K27me3 and EZH2 was observed in all JARID2 knockout
clones (Fig. 6A). The downregulation of EZH2 might be the
result of degradation since it has previously been shown that
disruption of the PRC2 complex leads to the degradation of the
EZH2 protein [20,50].

To test if reduction of repressive H3K27me3 marks, due to
JARID2 KO, affected pluripotency, we analyzed OCT4 and
NANOG protein expression in the JARID2 KO hESC lines
with reduced EZH2 and H3K27me3 levels (Figure 6A). All
JARID2 hESC KO lines lacked or showed dramatically reduced
OCT4 and NANOG expression (Figure 6A), an indication of
reduced pluripotency. Accordingly, these lines lost their stem
cell colony morphology and the capacity to be propagated in
stem cell growth conditions.

To further probe the relationship between JARID2 and
OCT4 in different stages of pluripotency of hESC, and to con-
trol for potential guide related unspecific background effects,
we used a second guide to make mutations in exon6 in the
JARID2 gene (Figure 4B) and analyzed the cellular effect in
OCT4 expression in 2iL-I-F and 5iLA conditions. We per-
formed immunofluorescence for JARID2 and OCT4 proteins
immediately after induction of mutations in Elf1-iCas9 2iL-I-F
and 5iLA lines using the JARID2 guide 6.1 (Figure 6C–D).
Confocal analysis of these JARID2 knock-out pools of cells
revealed that while wild type clones express JARID2 and
OCT4, the JARID2 knockout cells lacked OCT4 staining in the
2iL-I-F state, but had normal nuclear OCT4 and NANOG
staining in the 5iLA state (Figure 6C–D, arrows). These data
suggest that 2iL-I-F, but not 5iLA hESC that lack JARID2 have
highly reduced expression of the pluripotency marker OCT4.
However, more careful analysis is required in order to dissect
in detail the role of JARID2 in various stages of human
pluripotency.

Discussion

Here we report the generation of a na€ıve hESC line that con-
tains an inducible Cas9 construct in the AAVS1-site (Elf1-
iCas9). Mutations in this line were efficiently generated in nine
genes. Doxycycline induction of Cas9 can be used for CRISPR-
based mutant screens and further, to generate human disease
models in hESC. This approach should be broadly applicable to
na€ıve hESC differentiation paradigms.
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Figure 4. Efficiency of gene targeting in Elf1-iCas9 line. (A) Timeline of the experimental procedure. (B) Schematic representation of the JARID2 protein and relative local-
ization of guides 3.1, 4.4 and 6.1 on DNA sequence. JmjN: Jumonji domain N; ARID: AT-rich interaction domain; ZnF: Zinc Finger domain; K116: EED binding residue.
Sanger sequencing trace file of the pool of Elf1-iCas9 cells grown in either 2iL-I-F or 5iLA na€ıve media and transfected with JARID2 sgRNA 6.1, or 3.1. The area covered by
the guide is shown in dark blue. Both mutant and wild-type sequences are shown. Black arrows indicate start of the mutated region. (C) Western Blot analysis for JARID2
Knockouts and Knockdowns in Elf1-iCas9 cells. (D) Western Blot analysis for HIF2a Knockout and Knockdown in Elf1-iCas9 cells (left panel) and schematic representation
of HIF2a on right panel. (E) Table showing mutagenesis efficiency of JARID2 gRNA 6.1(exp.1), JARID2 gRNA 3.1(exp. 2) and HIF2a gRNA 5 in Elf1-iCas9 line.
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Figure 5. PRC2 components in human and non-human primate pluripotent stem cells in vitro and in vivo. (A) Expression of PRC2 components across human ex vivo and
in vitro ESC at different stages of pluripotency. Error bars represent the standard deviation. (B) Western Blot analysis of JARID2 protein in Elf1-iCas9 culture in 5iLA and
2iL-I-F conditions. (C) t-SNE clusters of monkey single cell RNA-seq data and expression of pre- and post-implantation markers, and PRC2 components. Each dot represents
a single cell.
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Figure 6. JARID2 KO phenotype in na€ıve hESC. (A) Western blot analysis of EZH2, OCT4, NANOG, and H3K27Me3 marks in JARID2 Knockout clones of 2iL-I-F na€ıve hESC.
(B) Schematic representation of mutation in JARID2 KO Clone2. (C-D) Confocal imaging of wild type Elf1-iCas9 cells and Elf1-iCas9 cells transfected with JARID2 sgRNA6.1
(2iL-I-F(C); 5iLA(D)). Blue: DAPI; Green: Oct4, Red: Nanog and Magenta: JARID2 (higher concentration of Ab used for 5iLA to detect lower levels of JARID2: JARID2 Ab
1:200 in 2iL-I-F; 1:100 in 5iLA). The arrows indicate JARID2 KO cells, Scale bar 50 mm (C) or 10 mm (D).
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Using the Elf1-iCas9 line we generated heterozygous and
homozygous PSEN2N141I missense mutations. Heterozygous
mutations in PSEN2 cause familial Alzheimer’s Disease (AD)
with nearly 100% penetrance [38], though the mechanisms by
which the PSEN2N141l mutation causes neurodegeneration in
patients is not known. Murine models have been valuable for
the study of AD pathogenesis, however, genomic differences
between mouse and human remains a barrier to translating cell
biology insights gleaned in animal models. Thus there is signifi-
cant interest in developing neural tissue models to recapitulate
disease in humans [51]. Here we have developed an AD hESC
line that can be further differentiated into AD relevant cell types
and exploited to investigate cell autonomous and non-cell
autonomous mechanisms. Furthermore, our platform allows for
assessment of relative impact of various disease-associated muta-
tions within the same genomic background thus circumventing
confounders of genomic heterogeneity between individuals.

We next utilized the new Elf1-iCas9 line to study the regula-
tion of PRC2 dependent epigenetic modifications in hESC [20],
by generating mutations in the PRC2 component JARID2. Two
major polycomb complexes in mammals, polycomb repressive
complex 1 (PRC1) and 2 (PRC2), interact with chromatin to
sequentially establish distinct post-translational modifications
of histone tails, which determine the degree of transcriptional
repression at specific loci. The mammalian PRC2 complex is
established by the interactions of the EZH2 (or EZH1), EED,
Suz12, and RBAP46/48 subunits [52–58]. Genome-wide
approaches revealed that H3K27me3 is widely distributed
among genes encoding developmental regulators [59–64].
JARID2 (jumonji, AT rich interactive domain 2) is a nuclear
protein necessary for mouse embryogenesis [41,44,45,57,65]).
JARID2 contains a DNA-binding domain (the AT-rich interac-
tion domain, ARID), a zinc finger domain, a jumonji N (JmjN)
domain and a JmjC domain [43–45]. Many JmjC domain-con-
taining proteins have been shown to catalyze lysine demethyla-
tion, however, the residues required for iron and ascorbate
binding, essential for demethylation activity, are not conserved
in the JmjC domain of JARID2 [66]. JARID2 can interact with
PRC2, stimulating H3K27 methylation activity, has a DNA-
binding activity that is not dependent on the ARID domain
only, and facilitates PRC2 recruitment to its target genes
[1,41,44,45,49]. Moreover, JARID2 is required for PRC2-
repressive activity in mouse ES cells, as evidenced by their
impaired differentiation in its absence [45]. JARID2’s tri-meth-
ylated lysine-116 binds to the aromatic cage of the EED
(Embryonic Ectoderm Development), suggesting that JARID2
functions as a potential recruiter for PRC2 based repression of
transcription [49].

The PRC2 dependent H3K27me3 repressive marks are sig-
nificantly upregulated during the implantation stage of early
embryonic development [10,12,13,20]. However, it was not
known if JARID2 is required for the early H3K27me3 marks in
hESC. We have now analyzed the relationship between JARID2
and PRC2-dependent histone methylation (H3K27me3) marks
and shown that JARID2 KO in 2iL-I-F hESC reduces EZH2
protein levels and H3K27me3 marks, revealing the function of
JARID2 in hESC PRC2 at the 2iL-I-F pluripotency stage. Since
JARID2 functions as a potential recruiter for PCR2 [63], the
data suggest that JARID2 may play a critical regulatory

function at the stage of pre-implantation pluripotency when
PRC2 is first required. Future experiments are directed towards
revealing the key gene loci for JARID2 localization in 2iL-I-F
hESC. These experiments suggest and are warranted to further
test if JARID2 is responsible for differential PRC2 dependency
during early human pluripotency [20]. Furthermore, since
recent findings suggest that JARID2 acts as a linker/regulator
between PRC1 and PRC2 [43], it will be informative to analyze
the function of PRC1 in na€ıve hESC.
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