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Abstract

The 22911.2 deletion syndrome (22gDS) is a human disorder where the majority of clinical manifestations originate during embryonic devel-
opment. 22gDS is caused by a microdeletion in one chromosome 22, including DGCRS8, an essential gene for microRNA (miRNA) production.
However, the impact of DGCR8 hemizygosity on human development is still unclear. In this study, we generated two human pluripotent cell
models containing a single functional DGCRS allele to elucidate its role in early development. DGCR8*/~ human embryonic stem cells (hESCs)
showed increased apoptosis as well as self-renewal and differentiation defects in both the naive and primed states. The expression of primate-
specific miRNAs was largely affected, due to impaired miRNA processing and chromatin accessibility. DGCR8*/~ hESCs also displayed a pro-
nounced reduction in human endogenous retrovirus class H (HERVH) expression, a primate-specific retroelement essential for pluripotency
maintenance. The reintroduction of miRNAs belonging to the primate-specific C19MC cluster as well as the miR-371-3 cluster rescued the de-
fects of DGCR8*/~ cells. Mechanistically, downregulation of HERVH by depletion of primate-specific miRNAs was mediated by KLF4. Altogether,
we show that DGCR8 is haploinsufficient in humans and that miRNAs and transposable elements may have co-evolved in primates as part of
an essential regulatory network to maintain stem cell identity.
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Introduction

The 22q11.2 deletion syndrome (22qDS) is a human genetic
disorder caused by a heterozygous microdeletion at chromo-
some 22. It is the most common human chromosomal dele-
tion, with an incidence of 1/3000 to 1/6000 in live births [1].
Although the deletion is variable in size (1.5-3 Mb), the largest
and most frequent deletion (85% patients) affects around
40 protein-coding genes [1]. The major clinical manifesta-
tions include developmental disabilities, congenital heart dis-
ease, palatal abnormalities, immune deficiency, and increased
risk of autoimmune diseases and psychiatric illnesses, such as
autism and schizophrenia [1].

The precise relationship between the deletion of specific
genes and the subsequent clinical symptoms remains to be
fully elucidated. Among the 40 genes affected by the mi-
crodeletion, the DGCRS8 gene has received much attention,
due to its essential role in microRNA (miRNA) biogenesis.
MiRNAs are small non-coding RNAs that negatively regulate
messenger RNA (mRNA) stability and translation by imper-
fect base-pairing to complementary sequences [2]. Most miR-
NAs are transcribed as long primary transcripts (pri-miRNAs)
that fold into hairpin structures. These are recognized and
cleaved in the nucleus by the Microprocessor complex, which
is composed of the dsRNA-binding protein DGCR8 and the
RNAse IIT endonuclease Drosha [3-6]. Next, the excised hair-
pin is exported to the cytoplasm and further processed by
the RNAse III endonuclease Dicer. Finally, one of the strands
of the mature miRNA duplex is incorporated into the RNA-
induced silencing complex (RISC) to guide repression of the
target mRNA [7]. In addition to miRNA production, the Mi-
croprocessor can directly control the levels of mRNAs by
cleaving stem-loop structures that resemble pri-miRNAs, in-
cluding the DGCRS transcript itself and retrotransposon-
derived RNAs among others [8-12].

Mouse models of Dgcr8 heterozygosity have led to con-
trasting results. While losing one copy of Dgcr8 in mouse
embryonic stem cells (mESCs) was not sufficient to ob-
serve significant alterations in the expression of miRNAs
by microarrays [13], analyses of miRNA expression by re-
verse transcription-quantitative polymerase chain reaction
(RT-qPCR) or deep sequencing from brain tissue of Dgcr8 het-
erozygous mice showed dysregulation of a subgroup of miR-
NAs [14-18]. These mice also displayed behavioural changes
and cognitive defects, which have been attributed to changes
in the structure of neuronal dendrites and their synaptic prop-
erties [14-16]. These studies suggest that the alteration of
the structure and function of neuronal circuits in Dgcr8 het-
erozygous mice could provide a genetic explanation for the
neuropsychiatric manifestations in 22qDS. Although the com-
plete deficiency of Dgcr8 is embryonically lethal in mice [13],
cell-specific Dgcr8 ablation has revealed that this gene is also
necessary for optimal function of mouse immune cells (includ-
ing helper T cells, B cells, and NK cells) and thymic archi-
tecture as well as reproductive function, female fertility, and
spermatogenesis [19-24].

Here, we have developed two different human cell models
of DGCRS8 heterozygosity, in the embryonic stem cell line H9
and teratocarcinoma cell line PA-1, to investigate if DGCRS8
is haploinsufficient in humans and to understand the impact
of hemizygosity on early development. Our results show that
inactivating one DGCRS allele results in haploinsufficiency
as manifested by dysregulation of miRNA biogenesis but also

changes in chromatin accessibility. Despite the functional con-
servation of DGCRS8 throughout evolution, we found that
a high proportion of the affected mature miRNAs are pri-
mate specific (PS), mostly belonging to the large miRNA clus-
ter C19MC [25]. As a result, DGCRS heterozygous cells dis-
play alterations in the gene expression profile associated with
pluripotency maintenance and embryonic development, in-
cluding the human endogenous retrovirus class H (HERVH)
family, a crucial transposable element for stem cell identity
[26-29]. Interestingly, the alterations caused by DGCRS8* are
conserved in both the naive and primed stages of pluripo-
tency. Consistent with these findings, DGCRS8 heterozygous
cells display defects in self-renewal and impaired differentia-
tion into the three primary major germ layers. We demonstrate
that the main molecular and cellular defects are restored upon
reintroduction of the miR-371-372 cluster and members of
the PS C19MC cluster. Mechanistically, we show that HERVH
downregulation is mediated by KLF4, as this key pluripotency
factor is controlled by important targets of the C19MC cluster,
including HEY2 and the human-specific ZNF398. Altogether,
these data indicate that DGCRS has a critical role in human
development and potentially a more relevant role in the aetiol-
ogy of 22qDS than previously suggested by the mouse models
of this disorder.

Materials and methods

Cell lines

All cell lines were grown at 37°C and 5% CO,. H9 hu-
man embryonic stem cells (hESCs) were obtained from WiCell
and cultured in mTeSR1 media (STEMCELL Technologies)
in plates coated with Matrigel (Corning). Human PA-1 cells
were cultured in Minimum Essential Medium (MEM) (Gibco)
supplemented with GlutaMAX, 20% heat-inactivated fetal
bovine serum (FBS; Gibco), 100 U/ml penicillin—streptomycin
(P/S; Invitrogen), and 0.1 mM Non-Essential Amino Acids
(Gibco). iROCK (10 uM, Y-27632; Sigma) was added to the
medium during the first 24 h after splitting, followed by re-
placement with fresh media. HEK293T cells were obtained
from ATCC and cultured in high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco) supplemented with Glu-
taMAX, 10% FBS (HyClone), and 100 U/ml P/S. Karyotyp-
ing for both H9 and PA-1 was performed at the Andalusian
Biobank (Centre for Biomedical Research, Granada). Short
tandem repeat analysis was carried out at the Genomic Unit
(GENYO, Granada).

Generation of CRISPR-edited clonal cell lines

Guide RNAs (gRNAs) A (GCACCACTGGACGTTTGCAG)
and B (GAGGTAATGGACGTTGGCTC) were designed to
target exon 2 of DGCRS, after the start codon, using the
double nickase design from CRISPR Design Tool (https:
/Ichopchop.cbu.uib.no/). gRNAs were cloned into pX461
[pSpCas9n(BB)-2A-GFP; Addgene ID #48140] as in [30]. For
CRISPR targeting, H9 hESCs were maintained in E8 media
[DMEM/F12, r-ascorbic acid-2-phosphate magnesium (64
mg/l), sodium selenium (14 pg/1), FGF2 (100 pg/l), insulin
(19.4 mg/l), sodium bicarbonate (1.74 g/I), NaCl (5 mM),
holo-transferrin (10.6 mg/1), TGFB1 (1.8 ug/1)]. This parental
line was used as a control for comparison with the genome-
edited cells and was referred to as wild-type (WT) in the ex-
periments. Approximately 2 x 10° hESCs were nucleofected
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with 2 ug each of pX461-sgRNA(A) and (B) using the V-Kit
solution (Amaxa) and the A-23 program and seeded at a den-
sity of 2 x 103 in a Matrigel-coated plate, as in [31]. Control
transfection with plasmid pMAX-EGFP (Amaxa) revealed
that ~50% of cells were GFP+ by fluorescence microscopy.
Five days after nucleofection, cells were dissociated with a re-
combinant enzyme (TrypLE™) and single-cell clonal cell lines
generated by limited dilution in 96-well coated plates. iROCK
inhibitor was added to the media during passaging to increase
cell survival. After two passages, a fraction of the cells was
used for genomic DNA extraction using QuickExtract DNA
Solution (Lucigen). Polymerase chain reaction (PCR) from
genomic DNA was performed using KAPA2G Fast Hotstart
Ready Mix PCR Kit (Kapa Biosystems). PCR products were
cloned in pGEM-T Easy Vector (Promega), and at least 10
clones were sent for Sanger sequencing for each cell line. Two
DGCRS heterozygous clones (HET) with a frameshift muta-
tion in one allele were selected for further studies. These clones
were named H9 hESCs HET(1) and HET(2). For CRISPR
targeting of PA-1 cells, 1.25 pg of each pX461-sgRNA(A)
and (B) were co-transfected using Lipofectamine 2000. GFP*
cells were sorted 48 h post-transfection using a FACSAria
Cell Sorter (BD) and seeded in 96-well plates. iROCK was
added during passaging. Genomic DNA sequencing of PA-1
clones was performed as described for H9 hESC clones. As no
heterozygote clones were obtained during the first round of
targeting, one clone containing frameshift mutations in both
DGCRS alleles, DGCR8knockout (KO) was used to generate
DGCRS* (HET) cells by repairing one of the mutated alle-
les. To this end, 245 pmols of CRISPR RNA (crRNA) (AG-
GTAATGGACGTTGGACGT), complementary to only one
of the mutated alleles in the KO cells, and 245 pmols of
trans-activating CRISPR RNA (tracrRNA) (IDT) were incu-
bated in 25 ul nuclease-free buffer for 5 min at 95°C and
allowed to anneal at room temperature (RT). The resulting
gRNA was incubated with 25 pg of Cas9 protein (IDT) for
15-25 min at 37°C prior to transfection. In brief, 1.2 x 10°
PA-1 DGCR8~/- (KO) cells were resuspended in 80 ul of
buffer T (Neon Transfection System), and the Cas9/gRNA
mixture and 300 pmol of the repair template were added to
be electroporated using three pulses of 1600 V and 10 ms.
Single-cell clones were obtained by limiting dilution in 96-well
plates. To test successful gene editing, genomic DNA was ex-
tracted by incubating cells in lysis buffer [30 mM Tris-HCI
(pH 8.0), 10 mM ethylenediaminetetraacetic acid (EDTA),
0.1% sodium dodecyl sulfate, 0.5 % Tween-20, 10 ug/ml Pro-
teinase K] for 15 min at RT. Next, lysate was transferred to
57°C for 10 min, followed by 98°C for 10 min. From this
mix, amplification of the sequence of interest was performed
by PCR, and products were cloned in pGEM-T Easy Vec-
tor. Successful gene editing was confirmed by Sanger sequenc-
ing. Two clones were selected for further studies and named
PA-1 HET(1) and HET(2). All primers used are listed in
Table 1.

Lentiviral transduction of hESCs

The lentiviral particles overexpressing human DGCR8—pLV-
EF10:hDGCR8—were purchased from Vector Builder. As a
lentiviral empty control vector, the promoter EFla and hu-
man DGCRS sequences were removed using the restriction
enzymes Fsel and BsBtl (NEB). After ligation, the right se-
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Table 1. Oligonucleotides used in this study

H9 cells

Primer name Sequence (5" to 3’)

DGCRS gRNA(
DGCRS gRNA(
DGCRS gRNA(B) F
DGCRS gRNA(B) Rv

A) Fw CACCGCACCACTGGACGTTTGCAG
A)R AAACCTG CAA ACG TCC AGT GGT GC
CACCGAGGTAATGGACGTTGGCTC

AAAC GAG CCA ACG TCC ATT ACCTC

DGCR8 PCR Fw ACTCGCTTAGTCGCCAGTCA
DGCRS8 PCR Ry TTACTCCTGCAGCTCTCGGT
DGCRS8 Fw TGCAAAGATGAATCCGTTGA
DGCRS8 Rv AGTAACTTGCTCAAAGTCAAA
NANOG Fw TGCAGTTCCAGCCAAATTCTC
NANOG Rv CCTAGTGGTCTGCTGTATTACATTAAGG
SOX2 Fw TCAGGAGTTGTCAAGGCAGAGAAG
SOX2 Rv CTCAGTCCTAGTCTTAAAGAGGCAGC
KLF4 Fw GCTGCCGAGGACCTTCTG

KLF4 Rv GCGAACGTGGAGAAAGATGG
OCT4 Fw AGTGAGAGGCAACCTGGAGA
OCT4 Rv ACACTCGGACCACATCCTTC
HERVH Fw ACGCTTTACAGCCCTAGACC
HERVH Rv GTCGGGAGCAGATTGGGTA
LTR7 Fw GGCCAGTCCTTGCCTTAACT
LTR7 Rv GCTCAGTGGGGGTGCTTTT
OTX2 Fw GACCCGGTACCCAGACATC
OTX2 Rv GCTCTTCGATTCTTAAACCATACC
SOX1 Fw CACAACTCGGAGATCAGCAA
SOX1 Rv GGTACTTGTAATCCGGGTGC
PAX6 Fw CCGGCAGAAGATTGTAGAGC
PAX6 Rv CGTTGGACACGTTTTGATTG
HAND1 Fw AACCTCAGCCCTATCTCC
HAND1 Rv CTTTCATCTTCCTGCGTC

TBXT Fw GATGATCGTGACCAAGAACG
TBXT Rv CTTCCAGCGGTGGTTGTC

CD34 Fw CCGCGCTTTGCTTGCTGAG
CD34 Rv TCTGGGGTAGCAGTACCGT
FOXA2 Fw CGCCCTACTCGTACATCTCG
FOXA2 Rv AGCGTCAGCATCTTGTTGG
GATA6 Fw AATACTTCCCCCACAACACAA
GATA6 Rv ACTCTCCCGCACCAGTCAT
HNEF3 Fw GTGGCTCCAGGATGTTAGGA
HNEF3 Rv GCCTGAGTTCATGTTGCTGA
SOX7 Fw ACGCCGAGCTCAGCAAGAT
SOX7 Rv TCCACGTACGGCCTCTTCTG
SOX17 Fw CAGAATCCAGACCTGCACAACGC
SOX17 Rv CTTCAGCCGCTTCACCTGCTTG
KLF17 Fw GGGATGGTGCGATAGATTCA
KLF17 Rv GCCTCACCCTCACCTAACAA
DPPA3 Fw ATCGGAAGCTTTACTCCGTCGAG
DPPA3 Rv CCCTTAGGCTCCTTGTTTGTTGG
DPPAS Fw ACATCGAGCAGGTGAGCAAGG
DPPAS Rv CATGGCTTCGGCAAGTTTGAG
DNMT3L Fw GGACCCTTCGATCTTGTGTA
DNMT3L Rv ACCAGATTGTCCACGAACAT
DUSP6 Fw GCTGTGGCACCGACACAGT
DUSP6 Rv ACTCGCCGCCCGTATTCT
GAPDH Fw TGCACCACCAACTGCTTAGC
GAPDH Rv GGCATGGACTGTGGTCATGAG
Actin Fw AGAGCTATGAGCTGCCTGACG
Actin Rv TGTGTTGGCATAGAGGTCTTTACG

ACUCAAACUGUGGGGGCACUAAA
GAAGUGCUUCGAUUUUGGGGUGUAAA
AAAGUGCUGCGACAUUUGAGCGUAAA
UUCUCCAAAAGAAAGCACUUUCUGAAA
AAAGUGCAUCUUUUUAGAGGAUAAA
AAAGUGCUUCCUUUUAGAGGGUAAA
AAAGUGCUUCUCUUUGGUGGGUAAA
ACAAAGUGCUUCCCUUUAGAGUGUAAA
AAGUGCUUCCUUUUAGAGGGUUAAA

Human miR371a-SpAAA
Human miR373-3pAAA
Human miR372-3pAAA
Human miRS§15-5pAAA
Human miR519¢c-3pAAA
Human miR520c-3pAAA
Human miR520d-3pAAA
Human miR520g-3pAAA
Human miR520f-3pAAA

Viral titration AU3_Fw GACGGTACAGGCCAGACAA
Viral titration PBS_Rv TGGTGCAAATGAGTTTTCCA
Human pri-miR-371a Fw GCCTCTTCTGATGGGTAAG
Human pri-miR-371a Rv TCTGCTCTCTGGTGAAAG
Human pri-miR-372 Fw GCCCTAGACCCTGCCTATG
Human pri-miR-372 Rv CTGATGTCCAAGTGGAAAGTGC
Human pri-miR-373 Fw GAAAGTCACAGTGATGGCAG
Human pri-miR-373 Rv GAGTAGGGCATCACGAAC
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Table 1. Continued

H9 cells

Primer name

Sequence (5" to 3')

Human pri-miR-512 Fw
Human pri-miR-512 Rv
Human pri-miR-302a Fw
Human pri-miR-302a Rv
Human pri-miR-522 Fw
Human pri-miR-522 Rv
ESGR_Fw

ESGR_Rv

LINO00458_Fw
LIN00458_Rv

psiCHECK _hsa-miR-5135-
Sp_Fw

psiCHECK _hsa-miR-515-
Sp_Rv

psiCHECK _hsa-miR-
519¢-3p_Fw

psiCHECK _hsa-miR-
519¢-3p_Rv

psiCHECK _hsa-miR-372-
3p_Fw

psiCHECK _hsa-miR-372-
3p_Rv

PA-1 cells

Primer name

Repair template for one of
the alleles in DGCR8~/~
PA-1 cells

exon 2 human DGCRS8
Fw

exon 2 human DGCRS8
Rv

Human pri-miR-302a Fw
Human pri-miR-302a Rv
Human pri-miR-302b Rv
Human pri-miR-21 Fw
Human pri-miR-21 Rv
Human pri-miR-92a-2 Fw
Human pri-miR-92a-2 Rv
Human pri-miR-135b Fw
Human pri-miR-135b Rv
Human pri-miR-767 Fw
Human pri-miR-767 Rv
Human miR-302a-3p
Human miR-302b-3p
Human miR-21-5p
Human miR-92a-3p
Human miR-135b-5p
Human miR-767-5p

TGGCACTCAGCCTTGAGGGCACTT
TGGCGCAGAACAAGCACCACGG
CTTAAACGTGGATGTACTTG
CTGCGGTCAATACAATAAAG
GCAAGAAGATCTCAGGCTGTGTCCC
ACCGCACTCCAGTTTGGGCAGC
TGGGATGGAGCCATAGAAGT
TGGGTCTTTCAAGAAGTTCCTC
CTGCTCTTTGCTCCGTGAGA
AGTCCGATTTTCAGTGGGGT
TCGAGCAGAAAGTGCTTTCTTTTGGAGA
AC
GGCCGTTCTCCAAAAGAAAGCACTTTCT
GC
TCGAGATCCTCTAAAAAGATGCACTTTC

GGCC GAAAGTGCATCTTTTTAGAGGATC
TCGAGACGCTCAAATGTCGCAGCACTTTC

GGCCGAAAGTGCTGCG
ACATTTGAGCGTC

Sequence (5’ to 3')
TTAGAGAAGGATCCTTTGGAGAGAAGAG
AAGCTCCGTAGAAGTTGAAGGGGTCCTC
AGCAGGGAGTTCGGACTGTCCATCACCA
CCAGAGCCAACGTCCATTACCTCTGCAC
CACTGGAC

AGGAGAAGCGGTGATGGAG

CATCCACTCTGTCTCTCTGAAC

CGTGGATGTACTTGCTTTGAAAC
GCTGCGGTCAATACAATAAAGT
CCTTCAAATGAGGTTAGCGTGT
TCTCATGGCAACACCAGTCG
AAGTGCCACCAGACAGAAGG
AGTATTGCACTTGTCCCGGC
TGACTAAATATCAGAACTTACGGCT
TCGCTTCCCTATGAGATTCCT
TGGGACAGCAATCACATAGGA
TGCACCATGGTTGTCTGAG
GACAATGAAGGTTCCTGCTCA
TAAGTGCTTCCATGTTTTGGTGA
TAAGTGCTTCCATGTTTTAGTAG
TAGCTTATCAGACTGATGTTGA
TATTGCACTTGTCCCGGCCTGT
TATGGCTTTTCATTCCTATGTGA
TGCACCATGGTTGTCTGAGCATG

quence was confirmed by Sanger sequencing. Lentiviral con-
trol particles were generated as in [32]. Viral titres (trans-
duction units per millilitre) were calculated using quantita-
tive polymerase chain reaction (qPCR). To this end, 1 x 10°
HEK293T cells were transduced with different volumes of
the viral supernatant (1, 5, and 10 ul). Seventy-two hours
post-transduction, genomic DNA was isolated (QiAamp DNA
miniKit, Qiagen) and the lentiviral copy number integrated
per cell was calculated using a standard curve method. Primers
used are listed in Table 1. For transduction, hESCs were dis-
sociated and mixed with lentiviruses at a multiplicity of infec-
tion of 5 and seeded on 24-well plates coated with Matrigel in
mTeSR1 medium supplemented with iROCK. After 24 h, the
medium was replaced. Three days later, 2 pug/ml puromycin
selection was initiated, replacing media every 2 days. Af-
ter 5 days, transduced hESCs were grown under normal
conditions.

Immunofluorescence

hESCs were seeded on Matrigel-coated coverslips and fixed
with 4% paraformaldehyde (PFA) for 5 min, followed by per-
meabilization with 0.1% Triton X-100 in phosphate-buffered
saline (PBS) for 5 min at RT. Blocking was performed with
10% donkey serum (Merck Life Science) in PBS containing
0.5% Triton X-100, for 1 h at RT. Cells were incubated
overnight at 4°C with primary antibodies diluted in PBS con-
taining 1% donkey serum and 0.5% Triton X-100, followed
by three washes with 1% donkey serum in PBS. Incuba-
tion with secondary antibodies was performed for 30 min
at RT, followed by three additional washes with 1% don-
key serum in PBS. Cells were counterstained with DAPI (Pro-
Long Gold antifade; Invitrogen), and Zeiss LSM 710 Confo-
cal Microscopy with a Plan-Apochromat 63x/1.40 Oil DIC
M27 was used for imaging. Image] was used for quantifica-
tion. Primary antibodies against Nanog (1:1000, 500-P236;
Prepotech), Tra-1-60 (1:100, 09-0068; Stemgent), Brachyury
(1:1600, #81694; CST), Sox17 (1:200, AF1924; R&D Sys-
tems), and Pax6 (1:200, #60433; CST) were used. Secondary
antibodies included an anti-mouse IgG Alexa Fluor 488
(1:1000, A21202; Invitrogen), anti-rabbit IgG Alexa Fluor
555 (1:1000, A31572; Invitrogen), and anti-goat IgG Alexa
Fluor 555 (1:1000, A21432; Invitrogen).

Western blot

Cells were lysed in RIPA buffer supplemented with 1x EDTA-
free Protease Inhibitor cocktail (Roche), 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), and 35 nM [-mercaptoethanol
(Sigma). Protein was quantified using the Micro BCA Protein
Assay Kit (Thermo Fisher Scientific). Lysates were subjected
to sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis and transferred to polyvinylidene fluoride (PVDF) mem-
branes using the Trans-Blot Turbo Transfer System (Bio-Rad).
Membranes were blocked using 5% non-fat dried milk in tris-
buffered saline (TBS) (0.1% Tween-20 in 1x TBS) (TBS-T)
or PBS-T (0.1% Tween-20 in 1x PBS) and incubated with
primary and secondary antibodies. Images were acquired us-
ing an ImageQuant LAS4000 or Chemidoc Imaging System
(Bio-Rad), and fluorescent signal was quantified using Im-
age] software. Antibodies used include anti-DGCRS (1:1000,
ab90579; Abcam), anti-DROSHA (1:1000, NBP1-03349;
NovusBio), anti-SOX2 (1:2000, AB5603; Merck), anti-
NANOG (1:500, 500-P236; Peprotech), anti-OCT4 (1:300,
sc-8628; Santa Cruz Biotechnology), and anti-KLF4 (1:1000,
4038; Cell Signaling Technology). «-Tubulin (1:1000, sc-
23948; Santa Cruz Biotechnology) and f-actin (1:15000,
A1978; Sigma) antibodies were used as loading controls. As
secondary antibodies, anti-rabbit HRP (1:1000, 7074S; Cell
Signaling Technology), anti-mouse HRP (1:1000, 7076S; Cell
Signaling Technology), and anti-goat HRP (1:10000, 305-
035-003; Jackson ImmunoResearch) were used.

Naive-like hESCs induction

To revert the primed state of HET and WT H9 hESCs to
a naive-like state, RSeT™ Feeder-Free Medium (STEMCELL
Technologies) was used. Briefly, hRESCs were cultured in a T25
flask to 90% confluency. Next, cells were dissociated and de-
tached into aggregates of ~100-200 um in diameter. A dilu-
tion (1:20) of the hESCs aggregates was seeded in mTeSR1
medium supplemented with iROCK on Matrigel-coated six-
well plates. One day after seeding, medium was replaced with



RSeT™ Feeder-Free Medium and hESCs were grown under
hypoxic conditions (37°C, 5% CO,, and 5% O,). A full-
medium change was done every 2 days. After 5 days, hESCs
were reverted into naive-like hESCs.

Clonal expansion and cell proliferation assays

For clonal expansion assays, 13 x 103 WT, HET(1) and
HET(2) H9 hESCs were seeded in 12-well plates coated with
Matrigel in mTeSR1 medium. For naive-like hESCs, 8§ x 103
WT,HET(1) and HET(2) were plated in six-well plates coated
with Matrigel in RSeT™ Feeder-Free Medium. After 10 days
for hESCs and 5 days for naive-like hESCs, cells were fixed
(37% formaldehyde, 50% glutaraldehyde in 10x PBS) for 30
min and stained with 0.5% crystal violet for 40 min at RT.
Stained areas and number of colonies were quantified using
Image] software. The area of naive-like hESC colonies was
measured using cellSens Entry software. For cell proliferation
assays, hESCs were seeded at a density of 36 500 cells per
well in 12-well plates coated with Matrigel and maintained
for 10 days. Cells were counted at days 3, 5, 7, and 10 us-
ing a Neubauer chamber. For PA-1 cells, growth rates of WT,
HETs, and KO cells were compared by seeding 1 x 103 cells
in six-well plates. Cells were harvested and counted using a
hemocytometer before reseeding at day 2, 4, and 7.

Alkaline phosphatase staining analysis

H9 hESCs were seeded at a density of 13 000 cells per well
in a 12-well plate coated with Matrigel for 6 days. Cells were
fixed in 4% PFA for 2 min and stained with Alkaline Phos-
phatase Detection Kit (Sigma—Aldrich). Colonies were man-
ually counted, distinguishing between differentiated, mixed,
and undifferentiated colonies depending on the staining grade
and morphology. For single-cell assay, cells were seeded at a
density of 0.5 cells/well in a 96-well plate coated with Ma-
trigel and supplemented with cloneR (STEMCELL Technolo-
gies) during the first 96 h after plating. After 10 days, colonies
were stained with alkaline phosphatase detection kit. Next,
colonies were stained with crystal violet to visualise negative
alkaline phosphatase cells.

Cell-cycle and apoptosis analyses

hESCs were detached using TrypLE and fixed in 70% cold
ethanol, washed three times with ice-cold PBS, and centrifuged
at 450 x g for 5 min at 4°C. Cell pellets were resuspended in
propidium iodide staining buffer [1x PBS, 0.05% NP-40, 3
mM EDTA (pH 8), 1 mg/ml RNaseA, 0.05 mg/ml propidium
iodide] for 10 min at RT followed by 20 min on ice. Cells were
analysed by flow cytometry using Flow]Jo software. For apop-
tosis, cells were labelled with the PE Annexin V Apoptosis kit
(BD Biosciences) to distinguish between early (EA) and late
apoptosis (LA) by flow cytometry. Results were represented
using BD FACSDiva™ software.

H9 hESC differentiation

For embryoid body (EB) differentiation, WT and HET H9
hESCs were cultured to 60% confluency. Next, mTeSR1
medium containing Matrigel (1:6 ratio) was added to in-
crease the thickness of the colonies. At 80% confluency, cells
were gently detached and cultured in suspension in ultra-
low-attachment plates, allowing for EB formation during 21
days in medium, consisting of DMEM Knockout (Gibco) sup-
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plemented with 20% FBS (Hyclone), 0.1 mM Non-Essential
Amino Acids (Gibco), 1 mM rL-glutamine, and 0.1 mM -
mercaptoethanol. Medium was replaced every 2 days. For
guided differentiations to ectoderm, mesoderm, and endo-
derm lineages STEMdiff Trilineage differentiation kit was
used (STEMCELL Technologies). Briefly, H9 hESCs were
seeded in mTeSR1 medium supplemented with iROCK on
Matrigel-coated coverslips in 24-well plates for immunoflu-
orescence assay. In brief, 400 000 cells per well were used
for ectoderm and endoderm differentiation, and 100 000 for
mesoderm differentiation. One day after seeding, medium was
replaced with lineage-specific medium for 5 days (mesoderm
and endoderm), or 7 days (ectoderm). Medium was replaced
every day. Cells were next fixed and processed for immunoflu-
orescence analyses as described above. For RNA extraction,
cells were seeded in six-well plates at the same confluence and
the same protocol was followed.

RT-gPCR

For RT-qPCR, total RNA was extracted from cells us-
ing Trizol, followed by RQ1 DNAse treatment and
phenol/chloroform purification. Next, 1 ug of total RNA was
further treated with DNase I (Invitrogen), and complementary
DNA (cDNA) was synthesized using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) and used for
qPCR (GoTaq qPCR Mix; Promega). Alternatively, cDNA
was synthesized using Transcriptor Universal cDNA Master
(Roche), and qPCR was carried out with LightCycler 480
SYBR Green I Master Mix (Roche). GAPDH or ACTB was
used as normalizer. Gene expression levels were quantified

using the second derivative method. Primers used are listed in
Table 1.

miRNA mimics transfection

H9 WT and HETs (7 x 10°) hESCs were seeded in six-well
plates. After 24 h, cells were transfected with 60 nM of con-
trol mimic (4464058; ThermoFisher), 30 nM of each miR-
372-3p and 373-3p mimics (MC10165 and MC11024), or 15
nM of each miR-520g-3p, miR-520d-3p, miR-519¢-3p, and
miR-515-5p mimics (MC10365, MC12807, MH10575, and
MC10387; ThermoFisher) using Lipofectamine 2000 (Life
Technologies). At 48 h post-transfection, total RNA or pro-
tein was extracted for downstream analysis. Alternatively, for
clonal expansion assays, cells were counted and seeded at a
density of 13 000 cells per well in a 12-well plate coated with
Matrigel 48 h post-transfection. Cells were fixed and stained
after 6 days.

siRNAs depletion

Knockdown of DGCRS8, KLF4,HEY2,and ZNF398 in hESCs
was achieved with two rounds of small interfering RNA
(siRNAs) transfection using Dharmafect 4 solution (Dhar-
macon) according to the manufacturer’s instructions. Briefly,
cells (7 x 10°) were seeded in six-well plates and, after 24 h,
were transfected with 25 nM of each siRNA or non-targeting
siRNA control. The transfection medium was replaced af-
ter 24 h, and cells were grown for another 24 h before a
second transfection with the same amount of siRNA. For
miRNA transfection assays, hESCs were co-transfected with
miRNA mimics during the second round of siRNA transfec-
tion. Twenty-four hours after second transfection, cells were
collected for analyses or re-seeded at a density of 13 000 cells
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per well in 12-well plates coated with Matrigel during 6 days
for clonal expansion assays. SIRNAs against DGCRS8, KLF4,
HEY2, and ZNF398 and siRNA control were purchased
from Dharmacon (L-015713-00-0005, L-005089-00-0003,
L-008223-00-0005, L-013163-00-0005, and D-001810-02-
05).

Generation of psiCHECK variants and luciferase
assay

The fully complementary sequences of hsa-miR-515-5p, hsa-
miR-519¢-3p, and hsa-miR-372-3p were ordered as oligos
flanked by Xhol and NotI sites. First, 10 uM of each forward
and reverse primer were annealed and phosphorylated with
T4 Polynucleotide Kinase (NEB) using the following program:
30 min at 37°C, 5 min at 95°C, and ramp down to 25°C at
—5°C/min. Hybridized primers were cloned in psiCHECK2
(Promega), fused to the luciferase reporter gene, using the
Xhol and Notl sites, generating psiCHECK2-515-5p/519¢-
3p/372-3p. All plasmids were confirmed by Sanger sequenc-
ing. For luciferase assays, (1.6 x 10°) WT and HET were
seeded in 24-well plates coated with Matrigel. After 24 h,
cells were transfected with psiCHECK2-515-5p, psiCHECK2-
519¢-3p, or psiCHECK2-372-3p, using Lipofectamine 2000
(Invitrogen). Firefly and Renilla luciferase quantification was
performed 48 h post-transfection using the Dual-Luciferase
Reporter Assay System (Promega) in a GloMax Luminometer
(Promega), following the manufacturer’s protocol.

Chromatin RNA sequencing and Microprocessor
processing index

PA-1 cells were fractionated similar to [33, 34]. In brief,
8 x 10° cells were lysed in mild buffer [10 mM Tris (pH 7.4),
150 mM NacCl, 0.075% NP-40] and the nuclei and cytoplasm
were separated by a sucrose gradient. The nucleic fraction was
subsequently separated into nucleoplasmic and chromatin-
associated fractions as described before, and the chromatin-
associated fraction was sonicated on a Bioruptor (five times
20 s on/off intervals) prior to DNase treatment using RQ1
DNase (Promega) and RNA extraction using Trizol. Four bi-
ological replicate samples for each of the three PA-1 cell lines
(WT, HET, and KO) were prepared and sent to BGI Genomics
for library preparation and high-throughput sequencing af-
ter ribosomal RNA (rRNA) depletion. Obtained reads were
aligned to the human genome (GRCh38.p13) using HISAT2
(v2.1.0) with the options —no-discordant —no-mixed —no-unal
[35]. Human pre-miRNA locations were determined by align-
ing human precursor sequences, obtained using the mature
miRNA and hairpin sequences from miRBase (v22.1) against
the same genome using Bowtie2 with options —very-sensitive
—-no-unal [36]. The genomic locations of the pre-miRNAs plus
100 nt on each side were determined using bedtools getfasta
-s. The read depth for each nucleotide in the alignment of
chromatin-associated reads on the appropriate strand for each
pre-miRNA was extracted using R. A 10-nt gap between each
pre-miRNA and its flanking regions was created by exclud-
ing the outer 5 nt from the pre-miRNA and flanking regions,
creating leeway for potential alternative Drosha cleaving. For
each region, the average read depth of all included nucleotides
was used for Microprocessor processing index (MPI) calcula-
tion. MPI was defined as the negative log,-transformed ratio
between the mean read depth (RD) of the pre-miRNA region
(hairpin) to the mean read depth of the regions flanking the

pre-miRNA. In this manner, a high MPI and >0 indicates effi-
cient processing, and an MPI close to 0 or negative, indicates
inefficient or absence of processing.

pre—miRNA RD + 1
(ﬂank RD) +1

MPIsample = - 10g2

MPI g fine = MPIsamples: and

AMPI = MPImutant - MPImutant~

To filter out Microprocessor-independent pri-miRNAs, re-
duce noise, and exclude artefacts, pri-miRNAs were only in-
cluded if (i) they were no mirtrons or tailed mirtrons; (ii)
they produced miRNAs that were detected and included in
statistical analysis for small RNA sequencing (RNA-seq);
(iii) on average, the flank depth in WT samples is >2; and
(iv) the ratio between the two flanks did not differ more
than four-fold. Differences in processing for individual pri-
miRNA between cell lines (AMPI) were computed by sub-
tracting MPI values in DGCR8(WT) versus (HET) or (KO)
cells[AMPI = MPI(HET/KO) - MPI(WT)]. A negative AMPI
indicates that the pri-miRNA is less processed in HET/KO
compared with WT cells.

For motif enrichment of PS miRNAs, motifs were extracted
from mirGeneDB 3.0 [37].

In vitro miRNA processing assays

Templates for RNA synthesis and radiolabelling of pri-
miRNA substrates were obtained by PCR of human ge-
nomic DNA with the following primers: pri-let-7f-2 (Fw:
ACTCTCCTTCCCTTTCTCCC and Rv: TGAACAAGA-
CACATGACCTCA) to clone in pGEMt- Easy. Pri-miR-
23b was amplified from genomic DNA with the follow-
ing primers: (Fw-containing T7 promoter: taatacgactcac-
tatagggGTGAAGGCGGCAGTGTCGCCGG and Rv: TG-
GTGGCTTCTTTTGTTTCCA). In vitro transcription reac-
tions were carried out with T7-polymerase, and in vitro pro-
cessing reactions with extracts from PA-1 WT, HET, and KO
were performed as previously described in [33].

MiRNA quantification and small RNA
high-throughput sequencing

MiRNA quantification in H9 hESCs was performed as de-
scribed [38]. For PA-1 cells, 200 ng of total RNA was used
for the retrotranscription reaction using the miRCURY LNA
miRNA PCR system (Qiagen). After dilution of the result-
ing cDNA, qPCR was performed using the miRCURY LNA
SYBR Green PCR Kit (Qiagen) with corresponding miRNA
primers on a LightCycler 480 Instrument (Roche). Both H9
and PA-1 miRNA quantification data were normalized to the
DGCRS8-independent miRNA, hsa-miR-320a. For miRNA-
specific primers, see Table 1.

For small RNA high-throughput sequencing, RNA from
three different biological replicates for WT, HET(1), and
HET(2) hESCs was extracted using mirVana microRNA iso-
lation kit (ThermoFisher). Small RNA libraries were gener-
ated using NEXTFlex Small RNA Library Prep Kit v3 (Cat-
alogue #NOVA-5132-06) and sequenced on the NextSeq 500
system (Illumina, CA, USA) by the Genomic Unit at GENYO.
For PA-1 cells, RNA from four different biological replicates
from WT and HET cells was extracted using the miRNeasy



Mini Kit (Qiagen) followed by on-column DNAse digestion.
Small RNA-seq libraries using unique molecular identifiers
were sequenced using DNA-nanoball sequencing (DNB-seq)
[39] by BGIL. For each sample, identical small RNA-seq reads
were collapsed and only reads that were present more than
once were included in further analysis. MiRNAs were iden-
tified and counted using miRDeep2, using the quantification
function with human hairpin and mature miRNA sequence
files from miRBase (v22.1) and allowing no mismatches [40-
42]. DESeq2 was used for statistical analysis, comparing WT
versus HET in H9 and PA-1 separately, and using apeglm as
a log fold-change shrinkage model [43, 44].

In silico miRNA target prediction and pathway
analysis

Differentially expressed miRNAs (P4 < .05) that are com-
mon to both H9 hESCs HET(1) and HET(2) (85 miRNAs)
and differentially expressed miRNAs in PA-1 HET (155 miR-
NAs) underwent functional enrichment analysis with DIANA-
mirPATH v3 software [45] (for PA-1 HET, only the top
100 miRNAs with the highest absolute log, FC were used).
The MicroT-CDS prediction algorithm was used to identify
putative mRNA targets of miRNAs and associated signifi-
cantly enriched (FDR < 0.05) KEGG pathways [46] identified.
Dot plots were generated using ggplot2 (v3.3.5) and DOSE
v3.14.0 [47] R packages.

Total RNA high-throughput sequencing and Gene
Ontology analyses

Total RNA from three biological replicates of H9 [WT,
HET(1), and HET(2)] and four biological replicates of PA-
1 (WT and HET) cells was extracted using the miRNeasy
Mini Kit (Qiagen) followed by on-column DNAse diges-
tion. Purified RNA was rRNA-depleted prior to sequenc-
ing (DNB-seq) by BGI. For PA-1 RNA-seq analyses, paired-
end reads were aligned to the human genome (GRCh38.p13)
using HISAT2 with options —no-discordant —no-mixed —no-
unal [35]. Transcript counts for each sample were created
with featureCounts (Rsubread v2.2.6), using reverse counts
and excluding reads that aligned to the genome multiple
times [48]. For H9 RNA-seq analyses, qualities of individ-
ual H9 WT and HET sequences were evaluated using FastQC
v0.11.5 software (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) [49]. Paired-end reads were aligned to
GRCh38.p13 human genome assembly with STAR v2.7.6a
[50] and quantified with featureCounts v2.0.1 [48] using
NCBI Annotation Release 109. For both H9 and PA-1, differ-
ential expression analysis and count normalization were per-
formed with the R package DESeq2 v1.28 [44]. After differen-
tial analysis, DESeq2’s apeglm IfcShrink was applied to shrink
log, fold changes [43, 44].

Functional enrichment analysis was carried out for differ-
entially expressed genes (P,4; < .05) using the enrichGO func-
tion in R package clusterProfiler v3.16.1 [51] and using the
Gene Ontology (GO) biological processes gene sets.

Analysis of PS C19MC cluster

A list of PS miRNAs was obtained from MirGeneDB 2.1 [25].
R package miRBaseConverter v1.14.0 [52] was used to adapt
this list to miRBase v22.1 used for differential expression anal-
ysis. All miRNAs with P, g < .05 were considered as dysregu-
lated. Common PS dysregulated miRNAs in HO HET (34 miR-
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NAs) and PA-1 HET cells (47 miRNAs) were analysed using
DIANA-mirPATH v3 software. Statistical significance for the
enrichment of PS dysregulated miRNAs was calculated using
Fisher’s exact test (phyper function of R package stats, v4.2.1).

Transposable element expression analyses

The Software for Quantifying Interspersed Repeat Elements
(SQuIRE) v0.9.9.92 pipeline [53] was used to measure trans-
posable elements (TEs)’ expression changes using default pa-
rameters. SQUIRE downloads TE annotations from Repeat-
Masker and uses an expectation-maximization algorithm to
assign multimapping reads. Next, it performs TE differential
expression using DESeq2, either by grouped TE subfamilies
or by analysing individual loci. Expression of individual TEs
was represented using ggplot2 (v3.3.5) and gghalves (v0.1.1)
R packages (https://cran.rproject.org/web/packages/gghalves/
index.html) [54]. hESCs-specific chimeric transcripts and long
non-coding RNAs (IncRNAs) derived from HERVH were ex-
tracted from [26] and all gene symbols were updated using the
R package HGNChelper v0.8.1 [55]. This gene list was com-
pared with differentially expressed genes (P,q; < .05) from
hESCs HET(1) and HET(2). Heatmap was generated using
the R package ComplexHeatmap v2.4.3 [56] applied to the Z-
score for each gene and volcano graphs using ggplot2 (v3.3.5).
Normalized bigwig files were generated using the Draw tool
from SQuIRE and visualized using IGV.

Assay for transposase-accessible chromatin with
sequencing

Assays for transposase-accessible chromatin coupled to high-
throughput sequencing (ATAC-seq) libraries were prepared as
previously described [57]. Around 50 000 cells were used for
each biological replicate (7 = 3). Cells were lysed in 50 ul
cold lysis buffer [10 mM Tris—-HCI (pH 7.4), 10 mM NacCl,
3 mM MgCly, 0.1% IGEPAL CA-360] and pelleted at 500 x
g for 10 min at 4°C. Pellets were resuspended in 50 pl trans-
position reaction mix as follows: 2x Tagment DNA buffer
(Illumina 15027866), 20x Tagment DNA enzyme (Illumina,
15027865), and then incubated at 37°C for 30 min. Trans-
posed samples were purified using the MinElute PCR purifi-
cation kit (Qiagen, 28204), and eluted in 10 pl. Transposed
DNA samples were amplified by PCR by setting up a 50 ul
reaction as follows: 10 ul transposed DNA, 9.7 ul ddH,O,
2.5 ul 25 uM customized Nextera PCR primer FW, 2.5 ul 25
uM customized Nextera PCR primer RV, 0.3 pl 100x SYBR
Green 1 (Invitrogen, S-7563), and 25 ul 2x NEBNext high-
fidelity PCR master mix (NEB, M0541). To reduce GC/size
bias and overamplification of libraries, the reaction was mon-
itored by qPCR to stop amplification prior to saturation. A 15-
ul gPCR side-reaction was set up as follows: 5 ul of five cycles
of PCR-amplified DNA, 4.44 ul ddH,0, 0.25 ul 25 uM cus-
tomized Nextera PCR primer FW, 0.25 pul 25 uM customized
Nextera PCR primer RV, 0.06 ul 100x SYBR Green I, and 5
ul 2x NEBNext high-fidelity PCR master mix. The additional
number of cycles required for each sample was determined by
plotting a linear run versus the cycle number. The number of
cycles that correspond to one-fourth maximum fluorescent in-
tensity was calculated for each sample. The remaining 45 ul
five cycles PCR-amplified DNA was run as before (omitting
72°C initial step and modifying the number of cycles to the
calculated amount). Amplified DNA samples were subjected
to double size selection to remove DNA fragments <150
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and >1000 bp that would hinder sequencing reactions. Sam-
ples were diluted up to 90 ul with ddH, O and purified using
the SPRIselect beads (Beckman Coulter, B23317). For removal
of large DNA fragments, a ratio of 0.55 DNA/beads slurry
was used, and for removal of small DNA fragments, a ratio
of 1.8 was used. Purified DNA samples were quantified us-
ing the Qubit dsDNA high sensitivity assay (ThermoFisher,
Q32854) with the Qubit 4 fluorometer. The quality of DNA
samples was analysed using the high-sensitivity DNA kit (Agi-
lent 5067-4626) in Bioanalyzer. Samples with the nucleosomal
fragment distribution profile expected for ATAC-seq libraries
(mono-, di-, and trisomal fragments) were sent for sequencing.

Samples were sequenced on an Illumina HiSeq 4000 plat-
form to obtain 50-bp paired-end reads at the Wellcome Trust
Clinical Research Facility (University of Edinburgh). Reads
were trimmed using cutadapt v3.5 paired-end trimming and
aligned to the hg38 human genome using bowtie2 v2.4.4 [36]
paired-end alignment with options —very-sensitive —no-mixed
-no-discordant -X 2000. Unmapped reads and those mapping
to the mitochondrial genome were removed and duplicate
reads were filtered out using Picard 2.27.5 MarkDuplicates
(http://broadinstitute.github.io/picard/). Reads were shifted
by +4 bp for those mapping to the positive strand and —35 bp
for those mapping to the negative strand using alignmentSieve
tool from deepTools package. Broad peaks were called us-
ing MACS2 2.2.7.1 callpeak [58] with options —g hs —f BED
—keep-dup all —g 0.01 —nomodel -shift =75 —extsize 150 —
broad. Peaks overlapping blacklisted regions were removed
using bedtools. A union peak set across all samples was ob-
tained following the iterative overlap peak merging proce-
dure described in [59] (code provided in https://github.com/
corceslab/ATAC_IterativeOverlapPeakMerging). A count ma-
trix over the union peak set was computed using feature-
Counts 2.0.1 [48] and differently expressed peaks were ob-
tained using DESeq2 1.28 R package [44] and selecting dys-
regulated peaks using P,y < .05 and abs(log;FC) > 1. Peaks
were annotated using annotatePeaks.pl from Homer v4.11
package [60]. Functional analysis of differential ATAC-seq
regions was carried out with rGREAT package [61]. Motif
analysis was performed with findMotifsGenome.pl tool from
Homer v4.11 package using default parameters and random
background selection. Metagene plots were generated using
computeMatrix and plotProfile tools from deepTools. Genes
contained in an interval of £10 kb from differentially ex-
pressed PA-1 HET ATAC-seq peaks were obtained using anno-
tatePeakInBatch function in ChIPpeakAnno R package [62].

Results

Characterization of DGCRS8 heterozygosity in
human pluripotent cellular models

22gDS is caused by a microdeletion in one chromosome 22,
resulting in the hemizygosity of around 40 protein-coding
genes [1]. It is still unclear if the disease originates from the
haploinsufficiency of a small subset of these genes or from
the absence of the entire region. To investigate this, we as-
sessed if the genes affected by the microdeletion were pre-
dicted to be haploinsufficient by comparing their natural vari-
ation in the human population using the Genome Aggrega-
tion Database (gnomAD) [63]. Essential genes are predicted
to have a very low frequency of loss-of-function (LoF) muta-
tions in the general population, as these may be incompatible

with life. When the frequency of observed LoF mutations is
lower than expected [observed/expected (obs/exp) < 0.089],
the gene is considered haploinsufficient [63]. Obs/exp LoF ra-
tios were plotted for each of the genes affected by the most
common microdeletion in 22gDS, and only five genes were
predicted to be haploinsufficient, including DGCRS (Fig. 1A).
Similar conclusions were previously reported by [64]. To vali-
date this prediction, we generated H9 hESCs and human em-
bryonic carcinoma cells (PA-1 hECCs), where a single copy
of the DGCRS gene was inactivated using the CRISPR /Cas9
nickase system. PA-1 cells are a diploid human embryonic ter-
atocarcinoma cell line, which has retained limited pluripotent
capacity [65, 66]. After targeting, two different DGCRS het-
erozygote clones [HET(1) and HET(2)] for each cell line were
selected for further studies (Supplementary Fig. S1A-D). Inac-
tivation of a single DGCRS allele resulted in reduced DGCR8
protein expression in both H9 and PA-1 cells, but also of
DROSHA, as it requires DGCR8 interaction for stabilization
[8] (Fig. 1B and Supplementary Fig. SIE-G). Despite the re-
duction in DGCRS8 expression, H9 HET hESCs did not dis-
play obvious changes in colony morphology (Fig. 1C) or in
the expression of the typical pluripotency markers, NANOG
and TRA-1-60 (Fig. 1D). Consistently, no differences were
observed in the expression of the other pluripotency mark-
ers, OCT4 and SOX2 (Fig. 1E). Only KLF4 was less abun-
dant in HET H9-HESCs, at both protein and RNA levels (Fig.
1E and Supplementary Fig. S1G-H). The proportion of alka-
line phosphatase-expressing colonies was also similar between
WT and HET H9-hESC:s cells (Supplementary Fig. S2A-B). In
contrast, DGCR8 HET hESCs displayed a large reduction in
their clonal expansion ability when plated at low cell density
or as single cells (Fig. 1F and Supplementary Fig. S2B and C)
suggesting poor maintenance of self-renewal capacity. Con-
sistent with this finding, both H9 and PA-1 HET showed a
decreased doubling time, confirming some proliferation de-
fects (Supplementary Fig. S2D). Defective proliferation can re-
sult from a defect in cell cycle progression and/or increased
apoptosis. DGCR8 HET hESCs displayed delayed cell cy-
cle progression, with a significant accumulation in G0/G1
(Supplementary Fig. S2E and F), in addition to a significant
increase in early (7-AAD negative and PE Annexin V posi-
tive) and late (7-AAD positive and PE Annexin V positive)
apoptosis (Fig. 1G and Supplementary Fig. S2G). Importantly,
these cellular phenotypes, including defective proliferation,
clonal expansion ability, increased apoptosis, and KLF4 mi-
sexpression, were reverted when DGCRS expression was res-
cued in HET cells by lentiviral transduction (Fig. 1F and G
and Supplementary Figs S1G and H and S2C, D, and G). All
these together suggest that inactivation of one DGCRS allele
in human pluripotent cells results in defective self-renewal ca-
pacity, which is characterized by increased apoptosis and cell
cycle and proliferation defects.

DGCRS8 heterozygous hESCs display differentiation
defects

To evaluate if DGCRS heterozygosity results in defects dur-
ing human embryonic development, WT and HET DGCRS
hESCs were differentiated iz vitro using spontaneous EB for-
mation. Remarkably, EBs formed by the HET clones were
of smaller size in comparison with WT cells, indicating dif-
ferentiation and proliferation defects (Fig. 2A). To study the
defects in differentiation, pluripotency and differentiation
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Figure 1. Generation and characterization of DGCR8 heterozygote cell lines. (A) Genes commonly deleted in 22qDS were searched for LoF mutations in
the human population using the gnomAD. The obs/exp LoF for each gene was plotted. (*) obs/exp LoF < 0.089, predicted as haploinsufficient. Only
genes with at least 10 predicted LoF mutations were considered haploinsufficient (in bold). (B) DGCR8 and DROSHA western blot analyses of parental
cell line, WT, and two different HET DGCR8 H9 hESC clones. Actin serves a loading control. Quantification of DGCR8 and DROSHA protein levels in HET
H9 hESCs. Data represent the average of three independent experiments =+ standard deviation (SD). (C) Colony morphology in normal culturing
conditions for WT, HET hESCs, and HET hESCs with rescued DGCR8 expression by lentiviral transduction (scale bar = 100 um). (D) Immunofluorescence
images for pluripotency markers Tra-1-60 and NANOG (scale bar = 20 um). (E) NANOG, OCT4, SOX2, and KLF4 western blot analyses of both WT and
two different HET DGCR8 hESC lines. Actin serves as a loading control. (F) Relative clonal expansion capacity, expressed as the fraction of stained area
of HET hESCs lines versus WT transduced with a control-lentiviral vector or with lentivirus expressing human DGCR8. Data represent the average + SD.
of four biological replicates. (****) P < .0001, by one-way ANOVA followed by Tukey's multiple comparison test. (G) Percentage of cells in EA and LA.
Data are the average of (n = 3) &+ SD. (*) P < .05, (**) P < .01, by two-way ANOVA followed by Tukey’'s multiple comparison test.
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Figure 2. DGCR8 heterozygote hESCs display differentiation defects. (A) Quantification of the area of embryoid bodies at day 21. Data are the average +
standard error of the mean (SEM); (****) P < .0001 by generalized linear models with negative binomial distribution, adjusted by Bonferroni post-hoc
test (top panel). Representative images of EBs after differentiation at day 21 (bottom panel) (scale bar = 100 um) (B) RT-gPCR analyses of pluripotency,
(C) ectodermal, (D) mesodermal, and (E) endodermal markers after EB differentiation of DGCR8 HET H9 hESCs compared with the parental cell line
(WT). Data are the average (n = 3) £ SEM. (*) P< 0.5, (**) P < .01, (**¥*) P < .001, (****), P < .0001, by two-tailed Student’s ttest. (F) Representative
immunofluorescence images from WT and HET cells after differentiation to ectoderm (PAX6), mesoderm (BRACHYURY), and endoderm (SOX17). Scale
bar = 10 um (G) Data represent the logyo integrated density for staining in WT and HET differentiated cells (n = 150). (***) P < .001, (****) P < .0001 by
generalized linear models with negative binomial distribution, adjusted by Bonferroni post hoc test. (H) RT-gPCR analyses of ectodermal (OTX2, SOX1),
mesodermal (FOXA2, HAND1), and endodermal (GATAB, HNF3) markers after guided differentiation. Data are the average (n = 3) & SD. (*) P < 0.5, (**)
P < .01, (***) P < .001, by two-way ANOVA followed by Sidak's multiple comparison test.



markers’ expression from ectoderm, mesoderm, and endo-
derm, was compared by RT-qPCR at day 0, 7, 14, and 21
of differentiation. WT and HET EB differentiation resulted
in a similar repression of the pluripotency markers, NANOG
and POUSFI. The expression of SOX2 was also similar be-
tween WT and HET EBs (Fig. 2B). Tested ectodermal markers
(OTX2, PAX6, and SOX1) were also similarly increased dur-
ing differentiation in both WT and HET hESCs. Only PAX6
displayed a subtle reduction at day 21 of differentiation (Fig.
2C). In contrast, the expression of most of the tested mesoder-
mal (CD34, FOXA2, TBXT, and HAND1) and endodermal
(GATA6, HNEF3, SOX7, and SOX17) markers was reduced
upon differentiation of both clones of HET hESCs, in com-
parison with WT (Fig. 2D and E). These results suggest that
DGCRS heterozygosity in pluripotent human cells resulted in
differentiation defects most markedly for mesodermal and en-
dodermal lineages.

To support these findings, directed differentiation protocols
into ectoderm, mesoderm, and endoderm were performed, fol-
lowed by immunofluorescence of well-stablished markers for
these embryonic layers. This revealed that the average ex-
pression of the mesodermal marker BRACHYURY (encoded
by the TBXT) and the endodermal marker SOX17 was sig-
nificantly decreased, and nearly absent in a fraction of HET
cells. A more homogeneous subtler reduction of the ectoder-
mal marker PAX6 was observed (Fig. 2F and G). The con-
sistent defects in mesoderm and endoderm differentiation of
HET cells were confirmed using RT-qPCR against lineage-
specific genes (Fig. 2H). All these results suggest that DGCRS8
heterozygosity leads to decreased pluripotency, affecting the
establishment of the three major embryonic lineages, with a
more pronounced defect in the mesodermal and endodermal
germ layers.

DGCR8 heterozygous hESCs maintain cellular
defects in a naive-like state

Our findings demonstrate that the loss of a functional copy
of DGCRS results in defects in the biology of hESCs. Con-
versely, ablation of a single Dgcr8 allele in mESCs did not lead
to significant or clear phenotypes [13], raising the possibil-
ity that the defects associated with human DGCRS heterozy-
gosity could be species-specific. Alternatively, these findings
could be attributed to the different pluripotency cellular states
of hESCs, considered to be in a primed state compared with
mESCs, which represent a naive state [67]. To rule out this
possibility, WT and HET hESCs were induced into a naive-
like state. As a result of this transition, colonies acquired the
typical domed morphology of naive hESCs (Fig. 3A), preserv-
ing the reduced protein levels of both DGCR8 and DROSHA
(Fig. 3B). To confirm successful transition, upregulation of
the naive pluripotency markers KLF17, DNMT3L, DPPA3,
and DPPAS, and silencing of the primed pluripotency marker,
DUSP6 was confirmed by RT-qPCR [68-70] (Fig. 3C). De-
spite the major differences in cellular phenotypes and gene ex-
pression profiles of naive versus primed pluripotent states, the
main cellular defects, including increased apoptosis and de-
creased colony formation capacity, were retained during the
naive stage (Fig. 3D-F). All these together suggest that the de-
fects deriving from DGCRS heterozygosity may be species-
specific rather than cell state-specific. These results prompted
us to further characterise the impact of DGCRS heterozygos-
ity at the molecular level.

Primate-specific regulation by DGCR8 "

Expression of PS miRNAs is altered in DGCR8
heterozygous cells

Considering the defects in proliferation and differentiation of
HET cells and the reduced levels of DGCR8 and DROSHA,
we next investigated if these phenotypes were linked to ab-
normal expression of miRNAs. For this purpose, we per-
formed miRNA expression analyses using small RNA-seq of
two clones of DGCRS8 HET cells in H9 hESCs and one clone
of PA-1 HET cells versus their WT counterparts. DGCRS8
HET hESCs displayed a remarkable reduction in mature miR-
NAs in a primed stage, with a similar proportion of miR-
NAs only showing a modest upregulation (Fig. 4A; for com-
plete list of significant differentially expressed miRNAs see
Supplementary Table S1). We also noted that a significant
proportion of the common differentially expressed miRNAs
in both hESC HET clones were PS (~30%) (Fig. 4B and
Supplementary Fig. S3A). Dysregulated PS miRNAs mostly
belonged to the big miRNA cluster C19MC [25] (Fig. 4C).
The expression of the miR-371-3 cluster, homologous to the
miR-291-295 cluster in mouse, was also markedly reduced
(Fig. 4C). Interestingly, most members of both clusters share
the seed sequence ‘AAGUGC’, which have been previously in-
volved in self-renewal, proliferation, and apoptosis of hESCs
[71-73]. The decreased expression of miRNAs belonging to
these clusters was validated by RT-qPCR in both naive and
primed H9 hESC clones and was rescued upon reintroduc-
tion of DGCRS8 (Fig. 4D and E). We next analysed the enrich-
ment of Microprocessor-dependent motifs in the PS miRNAs
that were sensitive to DGCRS8 loss [74]. Our analyses revealed
that these precursor miRNAs were depleted of the basal UG
motif, which is usually found at position —14 upstream of
the 5p miRNA (Supplementary Fig. S3B). The UG motif has
been proposed to be recognized by Drosha [75]. We hypothe-
sise that these pri-miRNAs may be less efficiently recognized
by the Microprocessor due to the lack of the UG motif, ren-
dering them, as a result, more susceptible to the reduction
of DGCRS8 and Drosha levels upon DGCRS8 haploinsuffi-
ciency. To experimentally test this prediction, we measured
the C19MC unprocessed pri-miRNA levels. Although we ob-
served accumulation of the unprocessed miR-522 precursor
of C19MC, this effect was not consistent within other re-
gions of the cluster (Supplementary Fig. S3C). Interestingly,
the levels of precursor pri-miR-371-373 were highly reduced
upon DGCRS loss, suggesting that DGCR8 can regulate
miRNA expression at multiple levels, both by driving effi-
cient processing and by regulating their transcriptional con-
trol (Supplementary Fig. S3C).

To determine if alterations in miRNA levels could result
in defective post-transcriptional gene silencing, we performed
luciferase gene reporter assays. To this end, fully complemen-
tary binding sites for the miR-515-5p, miR-519-3p, and miR-
372-3p, members of the C19MC and the miR-371-3 clus-
ter, respectively, were cloned after the luciferase open read-
ing frame. Introducing these binding sites led to a reduc-
tion in luciferase expression in WT cells, while the oppo-
site was observed in HET cells (Supplementary Fig. S3D),
suggesting that defective miRNA expression results in de-
fective post-transcriptional gene silencing. To further inves-
tigate the relevance of the dysregulated PS miRNA expres-
sion, we performed pathway enrichment analyses with pre-
dicted mRNA targets of the PS miRNAs. Obtained pathways
included ‘signalling pathways regulating pluripotency of stem
cells” and pathways involved in pluripotency maintenance and
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Figure 3. Defects in DGCR8 heterozygous cells are conserved in a naive pluripotent state. (A) Colony morphology for WT and HET hESCs in naive
culturing conditions (scale bar = 100 um). (B) DGCAR8 and DROSHA western blot analyses of WT and HET DGCR8 hESC lines. Actin serves as a loading
control. (C) RT-gPCR analyses of naive (KLF17, DNMT3L, DPP3A, and DPP5A) and primed (DUSP6) markers in both DGCR8 HET and WT hESCs. Data
are normalized to GAPDH relative to WT naive or WT primed, respectively, and represent the average of three biological replicates + SD. (D) Relative
clonal expansion capacity, expressed as the number of colonies of HET hESCs lines in comparison to WT. Data represent the average (n = 3) & SD. (**¥)
P < .001, by one-way ANOVA followed by Dunnett's multiple comparison test. (E) Quantification of the area in naive colonies at day 5. Data are the
average + (n = 10). (****) P < .0001, by one-way ANOVA followed by Dunnett's multiple comparison test. Colonies are visualized by crystal violet
staining. (F) Percentage of cells in EA and LA. Data represent the average + SD of three biological replicates. (*) P < .05, (**) P < .01, by two-way
ANOVA followed by Tukey's multiple comparison test.



Primate-specific regulation by DGCR8

A B
HET(1) vs WT HET(2) vs WT
— | ) ) £ 200
120 T [———miR-200c-3p 120 [—— miR-200c-3p <Z( unique HET(1)
mi =P |miR-372-3p _ ¥ 150
3733 E unique HET(2)
. miR-373-3p 3 q
— ‘5 100 common
= 80 miR-302at5p T g0 =
3 . g 8 50
k=3 miR-34a-5p b=% [ [ |
S > . 2 o
o miR-520f- o miR-34a-5p ALL PS
o ] .
T 40{ miR-520g 40 JmiR-520g-3p+ miR-302a-5p
miR-520f-3)
miR-141-3p . .
\ =" miR-14123p 2 ..
0 | 47 0 ol o
-2.5 0 25 -4 0 4
log2(FC) log2(FC)
c D
Cc19MC miR-371-3
P B WT naive [ HET(1) naive [ HET(2) naive
2 soa 22000 aof 2888.88828885888 coo —_
20 amafnn BELVM®EAaSBE VBM®H ANVOMLMBVOV®H QOMOWL VBMHAAA Q. ©
RRRD $OL Sdm @ 300800 Lo0add b0 0 000000 bcPRoca © o PRY D Q
ANNDONO PNVOO LD INMMNODVODVWOODINDONOOWONVONOANDOD ~—ANNM M o
0 5602 B6S bio S 5 oo S0 06 B 01010 0 oW BB 500 H0o o z
€
-1 @
= 2
z -2 s
] €
> 3 £
9 2
i =
44
9 =
2 5/ HET(1) °
HET(2) °
64
miR: /\'\'
E
< ©
Q o
§15 20
o e e e o s sk sk - s «
£ =] | s |ITV e be ™ 1 T .. 7 ' HEHIWT +control
21078~ I ] v—l ’"| ! P = = [EH9 HET(1) + control
S L e e W w5 10 I : o . x : .| 2 ’_ [CJH9 HET(1) + DGCRS8
Eos : F |_| : E . r r F [CIH9 HET(2) + control
. 2 S o . . .
§ £05 . . “| I[Fl | DJHe HET(2) + DGCRS
= .
2 o L0 A Ml 5, 00 BT A | B |
= T T T = T T T T T T
2 miR: 371a-5p 372-3p 373-3p @ 515-5p 519¢-3p 520c-3p 520d-3p 520f-3p 520g-3p
F G
Predicted targets of dysregulated
rimate-specific miRNAs (H9-HET )
P P ( ) Dysregulated genes (H9-HET) p-adj
® Proteoglycans in cancer . 0.02
#genes |® Hippo signaling pathway embryonic organ development { ° 003
9 ErbB signaling pathway forebrain development 4 ° -
100 |7 TGF-beta signaling pathwa: regulation of protein kinase B signaling-| ° 0.04
75 . Thyrod h gnaling p i Y " protein kinase B signaling - . 0.05
50 yroid hormone signaling pathway inner ear development °
55 . Piion diseases ear development | ° Count
L4 Lysine degradation regulation of neuron apoptotic process- « .7
X ° Signaling pathways regulating pluripotency of stem cells neuron apoptotic process - e ®38
#miRNAs 14 Hepatitis B A > o ®9
e15 . Prostate cancer Q,Q Q,Q Q,Q Q',\ @10
:3515 L4 Glioma
024 ° Viral carcinogenesis GeneRatio
* AMPK signaling pathway
b Arrhythmogenic right ventricular cardiomyopathy (ARVC)
* Pancreatic cancer
L] Adrenergic signaling in cardiomyocytes
° Chronic myeloid leukemia
® FxO signaling pathway
®F MAPK signaling pathway
®Adipocytokine signaling pathway
-7 -6 -5 -4 -3
log10(p-val)

13

Figure 4. miRNA expression is affected in DGCR8 heterozygote hESCs. (A) Differential expression (log, FC) of miRNAs from two different clones (HET 1
and 2) of DGCR8 HET hESCs compared with the parental cell line (WT). In brief, 69 and 93 miRNAs are downregulated whereas 59 and 76 miRNAs are

upregulated in HET(1) and HET(2), respectively. MiRNAs in pink, indicate PS miRNAs. (B) Commonly dysregulated miRNAs in both HET H9 hESCs are

significantly enriched in PS miRNAs (hypergeometric P 1.112e—5). (C) Log,FC differential expression of miRNAs derived from the PS C19MC cluster and
the miR 317-3 cluster in the two HET clones versus WT H9 hESC. Significant downregulated miRNAs are marked with an asterisk. (D) RT-gPCR of some

mature C19MC and 371-3 miRNAs expression in H9 naive hESCs and (E) in H9 WT and HET hESCs transduced with a control or a lentiviral vector

expressing human DGCR8. Data represent the average (n = 3) £ SEM. Expression levels for each miRNAs are normalized to the levels of the
DGCRS&-independent miRNA, hsa-miR-320-3p, and expressed relative to WT levels. (*) P < .05, (**) P < .01, (***) P < .001, (****) P < .0001, by one-way
ANOVA followed by Dunnett’s or Tukey’s multiple comparison test, respectively. (F) KEGG pathway analyses for the predicted targets (microT-CDS) of the
commonly dysregulated PS miRNAs in both HET H9 clones. (G) GO pathway enrichment for differentially expressed genes in DGCR8 HET hESC clones.
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self-renewal, as well as embryonic development (e.g. “TGF-
B signalling’, ‘Hippo signalling’, and ‘ErbB signalling’) [76-
79] (Fig. 4F). Enriched pathways for PS miRNAs were simi-
lar to those obtained with all the dysregulated miRNAs (10
out of the top 20 predicted pathways) (compare Fig. 4F and
Supplementary Fig. S3E, see common pathways in black). De-
spite the ontogenic differences between H9-hESCs and PA-1
cells and differences in their miRNA profile, we found that
PA-1 HET cells also displayed a similar proportion of miR-
NAs being differentially expressed and a similar proportion
of those being PS (Supplementary Fig. S3A and F). Dysregu-
lated miRNAs were also predicted to regulate pathways in-
volved in pluripotency maintenance and self-renewal in PA-1
cells (Supplementary Fig. S3G and H). These results highlight
the potential importance of PS miRNAs, as a subgroup of dys-
regulated miRNAs during DGCRS haploinsufficiency.

To confirm the relevance of defective post-transcriptional
gene silencing in HET cells, we performed total RNA
high-throughput sequencing of HET H9 and PA-1 cells
(Supplementary Fig. S4A and B and Supplementary Table S2).
Functional enrichment analyses of differentially expressed
genes (P,q; < .05) confirmed that affected pathways common
to both cell lines were related to development, including ‘em-
bryonic organ development’ (Fig. 4G and Supplementary Fig.
S4C). To test if changes in gene expression were caused by
defective miRNA levels, we investigated the expression of
the predicted miRNA targets using the RNA-seq datasets.
Changes in the expression of predicted targets for all dys-
regulated miRNAs (ALL), targets for the subset of PS dys-
regulated miRNAs, versus non-predicted targets (remaining
genes) were compared. MiRNA-predicted targets significantly
changed expression versus the non-targeted controls. This was
true both for targets of all dysregulated miRNAs and only
PS miRNAs in both PA-1 and H9 HET cells (P < 2.22e—16;
Supplementary Fig. S4D and E). These findings suggest that, in
part, alterations in the gene expression profile of HET cells can
be attributed to altered post-transcriptional gene silencing. To
better define the molecular mechanisms contributing to the
defects of HET cells, we next investigated if the haploinsuf-
ficiency resulted in alterations in both well-defined canonical
and non-canonical functions of DGCRS.

Heterozygous cells display defects in both the
canonical and non-canonical functions of DGCR8

To investigate the impact of DGCRS heterozygosity on its
canonical function, the biogenesis of miRNAs, we quantified
Microprocessor cleavage efficiency both in vitro and in cells.
For in vitro purposes, total cell extracts from the three PA-
1 cell lines, WT, HET, and KO for DGCRS, were prepared.
Extracts were incubated with radiolabelled pri-miRNAs to
visualize precursor miRNA cleavage products as an indi-
rect measurement of processing efficiency. We observed that
extracts derived from HET cells only retained partial pro-
cessing activity when compared with WTs, while KO ex-
tracts were not capable of processing pri-miRNAs (Fig. SA).
Next, to quantify pri-miRNA processing in cells, we mea-
sured the MPI using high-throughput sequencing data of
chromatin-associated RNA for WT, HET, and KO PA-1 cells,
as described in [33, 34]. For this purpose, cells were frac-
tionated in cytoplasmic, nucleoplasmic, and chromatin frac-
tions and confirmed that chromatin was enriched for pri-
miRNA transcripts (Supplementary Fig. SSA and B). After

sequencing, the MPI for each pri-miRNA was calculated as
the negative log, fraction of reads mapping to the hair-
pin versus reads mapping to the flanks of the pri-miRNA.
The higher the value, the better processed the pri-miRNA,
while values around 0 indicate absence of processing. Both
Microprocessor-dependent and independent pri-miRNAs be-
haved as expected, with accumulation of reads over the hair-
pin of the Microprocessor-dependent pri-miRNA pri-miR-
374b, in HET and KO cells, while no changes were observed
for the DGCR8-independent miRNA pri-miR-1234 (Fig. 5B;
for more examples see Supplementary Fig. S5C). We next as-
sessed how the MPI is affected by DGCR8 heterozygosity and
observed that, globally, PA-1 HET cells displayed an interme-
diate processing efficiency when compared with WT and KO
cells (Fig. 5C; for a full list see Supplementary Table S3), sug-
gesting that the biogenesis of miRNAs is affected in these cells.
To explore the relationship between changes in pri-miRNA
processing efficiency and mature miRNAs, the levels of several
pri-miRNA transcripts and mature miRNAs were compared
by RT-qPCR in WT and HET cells. Despite pri-miRNAs ac-
cumulation in HET cells, no significant decrease in the ma-
ture miRNA levels was observed for some miRNAs, except
for miR-135b and miR-767 (Fig. 5D and E). All these data to-
gether suggest that DGCRS heterozygosity results in defects in
miRNA biogenesis, both iz vitro and in cells. However, as we
previously suggested for H9 hESCs, additional mechanisms
may contribute to control the final mature miRNA levels.
Besides their canonical role in miRNA biogenesis, DGCRS
and Drosha have also been suggested to regulate gene expres-
sion at the transcriptional level, independently of miRNAs.
These proteins have been shown to interact with promoter-
proximal regions of human genes enhancing their transcrip-
tion [80]. Furthermore, in an indirect manner, DGCRS8 has
been shown to alter gene transcription by regulating het-
erochromatin formation through physical association with
KAP1 and HP1gamma [81]. Both functions of DGCRS8 seem
to be independent of the catalytical activity of Drosha. Thus,
we next explored whether changes in chromatin structures or
accessibility could be associated with the perturbation of gene
expression observed in HET cells. For this purpose, we per-
formed ATAC-seq in WT and HET PA-1 cells. As expected,
an enrichment of ATAC-seq reads around the transcription
start sites was observed for both cell lines (Supplementary
Fig. SSD). Genome-wide differential peak analysis identified
52 347 high-confidence peaks and revealed that there was
only a small proportion of peaks that were gained (0.36%,
n = 190) and approximately twice as many were lost (0.6 %,
n = 317) in HET PA-1 cells (Supplementary Fig. SSE). Most
differential peaks were located in introns and distal intergenic
regions, followed by peaks annotated in proximal (<1 kb)
promoters (Supplementary Fig. S5F). In agreement with a role
of chromatin accessibility in gene expression, 8% of genes
containing a differential ATAC peak (+10 kb in distance) were
also differentially expressed, according to the RNA-seq anal-
ysis. Although small, this enrichment was statistically signifi-
cant (P =1.509e—9), suggesting that changes in the chromatin
accessibility of HET cells could also be influencing the gene
expression profile. To further characterize the functional im-
pact of changes in the accessibility of regulatory regions, we
used the rGREAT package, which implements the Genomic
Regions Enrichment of Annotations Tool [61]. This analy-
sis revealed that some of the most significant terms associ-
ated with regions that lost accessibility in HET cells were
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linked to ‘development’, ‘differentiation’, and “morphogene-
sis” (Supplementary Fig. S5G). All these findings together sug-
gest that the gene expression profile resulting from the loss
of a single copy of DGCRS8 could be a combinatorial ef-
fect of both miRNA dysregulation and changes in chromatin
accessibility.

DGCRS8 haploinsufficiency reduces expression of
primate-restricted HERVH and derived RNAs

Many TEs are transcribed during early human embryogenesis
in a stage-specific manner and their expression is associated
with stemness and pluripotency maintenance [28, 82]. For in-

stance, knocking down the RNA derived from the HERVH
or specific HERVH-derived RNAs (e.g. chimeric transcripts
driven by their promoter activity) results in the loss of pluripo-
tency and self-renewal capacity of hESCs [26-29]. To investi-
gate if the stemness defects upon DGCRS8 haploinsufficiency
could also originate from aberrant TE expression, we used
a pipeline that allows analysing locus-specific TE expression
using RNA-seq datasets (e.g. SQUIRE) [53]. This analysis re-
vealed that a high number of genomic locations annotated by
RepeatMasker as endogenous retroviruses type 1 (ERV1) were
significantly downregulated in both H9 hESC HET clones
compared with WT cells (log,FC < —1; P,g; < .05; Fig. 6A).
ERV1 retrotransposons have a structure resembling simple
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retroviruses, as they encode for gag and pol genes, and are
flanked by ~450-bp long terminal repeats (LTRs) but they
are not currently active in the human genome [28]. Down-
regulated ERV1 loci from HET H9 hESCs mostly belonged to
the family members of the PS HERVH, with reads mapping
to both their internal region (HERVH-int) and LTRs (known
as LTR7) (89.2% and 70.49% of the ERV1 mapped reads in
HET1 and HET?2, respectively) (Fig. 6B, for locus-specific ex-
amples see Fig. 6C, upper panels).

HERVH elements are typically expressed in pluripotent hu-
man cells. Indeed, nearly half of all HERVH genomic copies
(550 out of the 1225 full-length HERVH copies) are tran-
scribed in hESC, although only a relatively small subset of
loci (n ~ 117) is highly expressed [26]. High expression of
HERVHs in hESCs is mostly driven by LTR7 rather than its
counterparts, LTR7b, LTR7¢, or LTR7y [26]. Remarkably, a
significant proportion of the downregulated HERVH elements
in both HET H9 hESCs clones belonged to the subgroup pre-
viously shown to be highly expressed in hESCs and mostly
associated with LTR7 promoter activity (formerly known as
Type I subfamily) (Supplementary Table S4). To validate if
HERVH transcripts were reduced in H9 hESC HET cells, we
measured the expression of both, total HERVH RNA levels
and specific HERVH-derived transcripts. Using RT-qPCR, we
observed a global reduction in LTR7 HERVH-int mRNAs in
both naive and primed DGCR8 hESCs HET, which were res-
cued upon reintroduction of DGCRS8 (Fig. 6D and E). Addi-
tionally, we observed a downregulation of specific HERVH-
derived transcripts, as defined by [26], including the hESCs-
specific IncRNAs and chimeric transcripts (lower panels in
Fig. 6C and F). Downregulated HERVH-derived transcripts,
including linc-ROR, ESRG, and LINC00458, have also been
previously associated with pluripotency maintenance [29, 83].
All these data strongly suggest that DGCRS haploinsuffi-
ciency in pluripotent human cells leads to misregulation of
HERVH expression. Furthermore, these data further support
that the phenotype associated with DGCRS heterozygosity is
species-specific, and that in human cells impacts the expres-
sion of PS miRNAs and HERVH retroelements.

C19MC and miR-371-373 miRNAs restore the
molecular and cellular defects of DGCR8
heterozygous cells

Our results suggest that DGCR8 HET pluripotent human
cells display two different PS molecular phenotypes. First, the
downregulation of PS miRNAs and second, HERVH-derived
transcripts, both of which are necessary for embryogenesis
and pluripotency maintenance. We next wanted to test if
HERVH downregulation was a consequence of the depletion
of certain miRNAs, or if miRNAs and TEs were operating on
separate pathways. To this end, HET cells were transfected
with two different pools of miRNAs, belonging to the miR-
371-3 cluster (hsa-miR-372-3p and hsa-miR-373-3p) and the
C19MC cluster, to test their ability to rescue HERVH expres-
sion. Four miRNAs from the C19MC cluster were selected
(hsa-miR-520g-3p, hsa-miR-520d-3p, hsa-miR-519¢-3p, and
hsa-miR-515-5p), as (i) these are significantly downregulated
in HET hESCs, (ii) these display higher expression in hESCs
than other members of the same cluster, (iii) these represent
the diversity of seed sequences in the cluster, and (iv) these are
predicted to silence important genes for pluripotency mainte-
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nance (Supplementary Fig. S6A and Supplementary Table S1).
Full restoration of HERVH RNA levels was observed after
reintroduction of miRNAs belonging to the miR-371-3 clus-
ter and a partial rescue was observed after transfection of only
the four miRNAs from the C19MC cluster (left panel in Fig.
7A). Similar results were obtained for HERVH-derived tran-
scripts as ESRG and LINC00458 (Fig. 7A, middle and right
panel, respectively). Notably, KLF4 protein levels were also
restored upon reintroduction of miRNAs from both clusters
(Fig. 7B).

Next, to test if the rescue of HERVH levels upon
miRNA reintroduction was dependent on KLF4, we measured
HERVH after KLF4 depletion. Interestingly, the reduction of
KLF4 prevented HERVH increase upon miRNA reintroduc-
tion, demonstrating that the regulation of HERVH by these
miRNAs is mediated by KLF4 (Fig. 7C and Supplementary
Fig. S6B and C). Finally, to identify targets of these miR-
NAs that can explain the differences in KLF4 levels, we fo-
cused on the human-specific ZNF398 and on HEY2, which
have been previously implicated in pluripotency and embry-
onic development [84, 85]. These genes were selected as they
were significantly upregulated in HET cells, in addition to
containing predicted binding sites for the C19MC miRNAs
at their 3’ untranslated regions. ZNF398 contains four pre-
dicted miR-515-5p binding sites, while HEY2 contains one
miR-515-5p and two miR-519¢-3p predicted binding sites
(Supplementary Fig. S6A and Supplementary Table S2). Inter-
estingly, we confirmed that reintroducing C19MC miRNAs
resulted in reduced mRNA levels of ZNF398 and HEY2, sug-
gesting that they could be targets of these miRNAs (Fig. 7D).
Interestingly, depletion of either ZNF398 or HEY2 resulted
in upregulation of both KLF4 and HERVH. (Fig. 7E and F
and Supplementary Fig. S6D). These suggest that the increased
expression of ZNF398/HEY2 upon DGCRS loss and subse-
quent alterations of C19MC miRNA levels could explain part
of molecular phenotypes of HET cells, with reduced KLF4 and
HERVH levels. Finally, we assessed whether overexpression of
those miRNAs was also sufficient to restore some of the cel-
lular phenotypes of HET cells. Transient transfection of miR-
NAs from the C19MC and miR-371/3 clusters re-established
the clonal expansion capacity of DGCR8 HET cells (Fig. 7G).

Importantly, most of these findings were confirmed when
performing transient depletion of DGCRS8 in hESCs using siR-
NAs. These cells showed a reduction in DGCR8 and Drosha
levels and a stable karyotype (Supplementary Fig. S7A and
B). Consistent with our previous results, these cells retained
the colony morphology and expression of pluripotency mark-
ers such as NANOG and POUSF1, but miRNAs belonging
to the C19MC and miR-372-373 clusters as well as HERVH
and KLF4 were reduced (Supplementary Fig. S7C-F). Inter-
estingly, overexpression of these miRNAs was also sufficient
to restore the molecular and cellular phenotypes during deple-
tion (Supplementary Fig. S7G and H), confirming that these
defects are caused primary by DGCRS8 reduction and miRNA
loss.

In sum, our findings indicate that the PS miRNA cluster
C19MC, along with the miR-371-373 cluster, play crucial
roles in hESC maintenance. Also, we showed that the loss of
HERVH RNAs is a consequence of miRNA dysregulation and
is mediated by KLF4 depletion (Fig. 7H). We predict that all
these factors are acting in concert and contribute to the ob-
served pluripotency defects of DGCR8 HET cells.
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Tukey's multiple comparison test. (B) KLF4 western-blot analyses for WT and HET hESCs transfected with mimic control or with miRNA mimics
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are upregulated. This upregulation leads to a reduction of the transcription factor KLF4, and as a consequence, of HERVH RNA levels.



Discussion

In this study, we have used two independent human pluripo-
tent cellular models containing a single functional DGCRS al-
lele to understand its relevance in the context of 22qDS. Our
results indicate that DGCRS is haploinsufficient and that the
most prominent defects are PS. Previous attempts to study the
consequences of DGCRS haploinsufficiency were performed
in mice. Mouse ESCs harbouring a single Dgcr8 gene do not
show significant defects in miRNA levels or differentiation [8,
13]. Despite the apparently negligible consequences, Dgcr8
HET mice displayed behavioural and neuronal defects, which
were attributed to altered miRNA expression [14]. In alter-
native to some of these findings in mice, our human models
showed defects in pluripotency and dysregulation of miRNA
expression. Inconsistencies between human and mouse mod-
els were also previously highlighted when comparing the tran-
scriptome of 22qDS-derived neurons and those derived from
the mouse model (Df16A*/~), where no overlap was found
[86, 87]. We hypothesize that this discrepancy is due to in-
trinsic differences between species. For instance, our results
showed that DGCR8 HET hESCs display increased apopto-
sis and defects in self-renewal, which demonstrates the impor-
tance of DGCRS for hESC survival. In agreement with this
finding, DGCRS has also been identified as an essential gene
for the survival of haploid hESCs [88]. In contrast, the total
absence of Dgcr8 in mESCs results in a reduction in prolifera-
tion but without changes in cell death or self-renewal [13].
Similarly, species-driven differences have been observed for
DICER, another essential factor for miRNA biogenesis. While
hESCs require DICER1 for self-renewal, it seems to be dis-
pensable for mESC survival [71]. These discrepancies could
arise from differential sensitivities to defective miRNA levels
within the different developmental stages that mouse and hu-
man ESCs represent; naive versus primed states, respectively.
However, our results showed that DGCR8 HET hESCs main-
tain the main molecular and cellular defects after induction
into a naive-like stage, arguing against a cell-state-specific phe-
nomenon and supporting species-specific differences. In agree-
ment with these findings, our results suggest that PS miRNA
dysregulation could be largely responsible for the stemness
defects in DGCR8 HET hESCs. We observed that a third of
the miRNAs that are affected by DGCRS haploinsufficiency
are PS and not present in rodents, some of which have been
shown to be associated with pluripotency maintenance and
self-renewal, including the C19MC cluster [73]. Our results
show that the clonal expansion defects observed in DGCRS
HET hESCs can be rescued by reintroducing four indepen-
dent miRNAs belonging to this cluster, indicating its contri-
bution to proliferation. Ree et al. have also suggested that
DGCRS heterozygosity could result in processing defects of
the C19MC cluster. However, their results showed some in-
consistencies, probably due to lack of reduction in the DGCRS8
protein levels for most of the heterozygous clones analysed
[89].

Interestingly, only two of the miRNAs that rescue some of
the phenotypes in DGCRS8 HET cells, miR-520d-3p and miR-
519¢-3p, share the seed sequence with miR-371-373 suggest-
ing that the functions of these clusters in human pluripotent
cells may be partially redundant. Similar to our findings, Tei-
jero et al. showed that reintroduction of miR-372-3p and miR-
373-3p rescues the apoptosis of DICER knockout hESCs [71].
Interestingly, a member of the mouse ortholog of this cluster
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(mmu-miR-294) has a role in mesoderm and endoderm EBs
differentiation [90]. Considering the defects that we observed
of mesoderm—-endoderm differentiation in hESC HET cells, we
proposed that the human miR-371-3, and mouse miR-290-
295 may have conserved this function across species. Also in
mice, the additive function of several miRNA families (miR-
290-295 with miR-183-182 and miR-302) is required for op-
timal differentiation of mESCs [90, 91]. Interestingly, we also
observed certain level of functional redundancy between the
C19MC and miR371-3 on the preservation of critical stem
cell functions.

The human and mouse early development display other re-
markable differences, some of which seem to be driven by
species-specific expression of transposable elements [28]. For
instance, the murine endogenous retrovirus-L is transiently
upregulated at the two-cell stage and is essential for mouse
preimplantation development [92]. The endogenous retro-
virus that colonized the common ancestor of apes, HERVH, is
highly expressed in human pluripotent stem cells (hESCs and
induced pluripotent stem cells, iPSCs) and epiblast, where it
appears to play a role in promoting self-renewal and pluripo-
tency [26, 93, 94]. Notably, almost all HERVH elements ex-
pressed in hESCs belong to a subfamily of elements tran-
scribed from LTR7, which contains binding sites for spe-
cific transcription factors, including KLF4 [95, 96]. Haploin-
sufficiency of DGCRS led to a significant reduction of the
HERVH/LTR7 subfamily transcripts and KLF4 levels, and
these were both restored upon reintroduction of miRNAs.
Our findings suggest that HERVH/LTR7 silencing is a conse-
quence of miRNA downregulation and is mediated by KLF4
knockdown. The reduction of this PS endogenous retrovirus,
in both naive and primed stages, may also contribute to some
of the cellular phenotypes of DGCR8 HET hESCs.

Although both HET and WT hESCs clones display the
chromosome 12 trisomy characteristic of hESC in culture,
reintroduction of DGCRS8 rescued both the cellular and
molecular phenotypes, demonstrating that they are caused by
DGCRS loss. Also, most of our findings were recapitulated
upon DGCRS transient depletion in hESCs with a normal
karyotype (46,XX) (Supplementary Fig. S7). All these together
confirm that our observations do not derive from clonal bias
or are related to any indirect genomic alteration.

Importantly, we have shown that upregulation of two target
transcripts of the C19MC cluster in HET cells leads to KLF4
depletion. These are (i) the HEY2, which plays an essential
role in heart development [85] and (ii) the transcription fac-
tor ZNF398, which has a role in pluripotency as well as be-
ing specific to humans [84]. This supports the hypothesis that
the phenotype associated with DGCRS haploinsufficiency in
hESCs is largely related to PS pathways. It is also worth men-
tioning that while C19MC fully rescued KLF4 levels and the
clonal expansion capacity, HERVH expression was only par-
tially restored. This result suggests that KLF4 depletion in
HET cells may contribute to pluripotency defects through ad-
ditional mechanisms beyond reduced HERVH expression, as
expected given the pleiotropic role of KLF4 in the stem cell
transcriptional network [97].

Our previous results showed that RNAs derived from other
types of TEs (LINEs and SINEs) are bound and processed by
the Microprocessor [11]. However, HET hESCs showed no
significant differences in the expression levels of these active
retrotransposons, suggesting that inactivating a single allele
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of DGCRS is not sufficient to abolish the post-transcriptional
control of LINE/SINE in pluripotent cells. To identify which
other functions of DGCRS8 were altered in HET cells, we stud-
ied both the canonical and less-known functions. Similar to
Stark et al. findings in mice [14], human DGCR8 HET cells
showed differential expression of a small proportion of miR-
NAs. However, miRNA biogenesis defects did not seem to
be directly correlated with mature miRNA levels, indicating
that additional factors may influence mature miRNA abun-
dance, including differences in the transcription of precursor
pri-miRNAs. Indeed, it has been shown that the recruitment
of DGCRS to superenhancers could boost both transcrip-
tion and miRNA processing [98]. The retention of DGCR8-
Drosha complex in the vicinity of C19MC genes [99] sug-
gests that the reduction of DGCRS could affect not only post-
transcriptional processing but also transcription of C19MC
and miR-371-373 miRNA clusters, which are located in close
proximity in the genome. In addition to miRNA biogene-
sis, DGCRS8 has been implicated in stimulating RNA-pol II
transcription, but also promoting heterochromatin formation
through interaction with KAP1 [80, 81]. ATAC-seq analysis
of DGCR8 HET cells only showed subtle changes in chro-
matin accessibility. Interestingly, affected regions were associ-
ated with development pathways, suggesting that changes at
chromatin level could also be involved in some of the cellular
phenotypes characterized in HET cells.

Although several studies have used iPSCs as model for
22gDS [87, 100, 101], there are also limitations associated
with their use. Prenatal studies suggest that the incidence of
the 22q11.2 microdeletion in foetuses is two or three times
higher than the prevalence found in live births, suggesting
that most 22q11.2 foetuses do not reach term (revised in [1]).
Although the mechanisms leading to this fatal outcome are
unknown, this highlights the extent of the heterogeneity in
the presentation of the disease. Given the low frequency of
DGCRS8 LoF mutations in the general population, DGCR8
is one of the few genes predicted to be haploinsufficient in
the entire deleted region of 22qDS, suggesting that its loss
could have major impact on early human development and
syndrome symptomatology. We hypothesize that certain lev-
els of DGCRS are required for survival and, consequently,
our model allows studying the consequence of losing a single
functional DGCRS allele during early development without
the requirement to be viable in vivo. Previously, Khan et al.
showed that heterozygous loss of DGCRS in iPSCs-derived
neurons recapitulated the calcium and excitability defects of
22gDS neurons [87]. Using heterozygous human pluripotent
cell models, our analysis has focused on identifying the global
effect of DGCRS8 loss in human embryonic cells and the
molecular mechanism leading to this phenotype. Particularly,
our results suggest that DGCRS could have a more profound
role in the developmental issues present in 22qDS to what it
had been previously suggested using other models and open
new avenues to design novel targets for rescuing some of the
developmental defects in 22gDS patients.

Collectively, we show that DGCRS results in haploinsuffi-
ciency by altering the expression of PS miRNAs, as well as
of PS transposable elements in human pluripotent cells inde-
pendently of the developmental cellular stage. These findings
stress the potential limitations of studying the function of hu-
man genes in evolutionarily distant animal models (e.g. ro-
dents, zebrafish, etc.) where a proportion of the genome, es-
pecially the non-coding genome, is only partially conserved.
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