Developmental Cell

A bipartite element with allele-specific functions
safeguards DNA methylation imprints at the DIlk1-

Dio3 locus

Graphical abstract

SlnchNA

’
0D IG-DMR /-,
50% leE“\ )
0% € o O\ ',"
I Gti2

Deletion of Pat°¢! " " . - Loss of methylation
Maintenance of imprinting at DIk71-Dio3 at Pat°®

Expression Methylation

ion

100% @
=
©
2| |s0% < @
S - s inc
genetic £ Lo e ¥
epigenetic editin
editing s N _‘. Pig g
@ Iez/z @
3 (a4
e
o Dik1 . '
& d—fm—— i Yew @
IG-DMR Gain of methylation
Deletion of Mat™e| at Mat™=
.5 100% <
5 e
=l 9 CRECRNe
@ DIk1 GtI2

Loss of imprinting: Bi-Dlk1

Highlights
e The IG-DMR is a bipartite element with distinct allele-specific
functions

e A non-canonical enhancer within the IG-DMR prevents DNA
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dictates imprint stability
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In brief

Aronson et al. identify gene regulatory
elements that ensure epigenetic stability
at the major imprinted locus, Dlk1-Dio3,
encoding essential developmental
regulators. They show that these
elements operate by counteracting de
novo DNA methylation or demethylation
in an allele-specific manner, providing a
framework for epigenetic gene
expression control.
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SUMMARY

Loss of imprinting (LOI) results in severe developmental defects, but the mechanisms preventing LOI remain
incompletely understood. Here, we dissect the functional components of the imprinting control region of the
essential DIk1-Dio3 locus (called IG-DMR) in pluripotent stem cells. We demonstrate that the IG-DMR con-
sists of two antagonistic elements: a paternally methylated CpG island that prevents recruitment of TET di-
oxygenases and a maternally unmethylated non-canonical enhancer that ensures expression of the Gt/2
IncRNA by counteracting de novo DNA methyltransferases. Genetic or epigenetic editing of these elements
leads to distinct LOI phenotypes with characteristic alternations of allele-specific gene expression, DNA
methylation, and 3D chromatin topology. Although repression of the Gt/2 promoter results in dysregulated
imprinting, the stability of LOI phenotypes depends on the IG-DMR, suggesting a functional hierarchy. These
findings establish the IG-DMR as a bipartite control element that maintains imprinting by allele-specific re-
striction of the DNA (de)methylation machinery.
INTRODUCTION DMRs within imprinted gene loci are subsequently acted
upon by specific transcription factors (TFs) and chromatin

More than 100 mammalian genes, most of them found within  modifiers to ultimately establish patterns of mono-allelic gene

coregulated clusters, are expressed in a mono-allelic, parent-
of-origin-specific manner (Tucci et al., 2019). This phenome-
non, referred to as genomic imprinting, is essential for mamma-
lian development. Most imprinted expression is controlled by
DNA methylation marks that are established in germ cells in
a sex-specific manner at cis-regulatory differentially methyl-
ated regions (DMRs) called imprinting control regions (ICRs).

expression (Ferguson-Smith and Bourc’his, 2018). These
epigenetic patterns are generally preserved in somatic cells
throughout development and in adult tissues, and their dysre-
gulation by loss of imprinting (LOI) can lead to fetal death or
developmental abnormalities, as well as other disorders,
such as cancer (Kalish et al., 2014). The mechanisms by which
ICRs ensure retention of parent-of-origin DNA methylation,

Developmental Cell 56, 1-14, November 22, 2021 © 2021 Elsevier Inc. 1


mailto:mas4011@med.cornell.edu
mailto:efa2001@med.cornell.edu
https://doi.org/10.1016/j.devcel.2021.10.004

Please cite this article in press as: Aronson et al., A bipartite element with allele-specific functions safeguards DNA methylation imprints at the DIk7-
Dio3 locus, Developmental Cell (2021), https://doi.org/10.1016/j.devcel.2021.10.004

¢? CellPress

Developmental Cell

A
16 Gti2 DIk1 expression MOl
DMR DMR ‘ — —— ‘
OI . LOI:
-le1 Gti2 M5 Rii18 Rian Y —------ Dio3 . ; —
9 [Dio3] =/ BiDIk1 =
cl c
P S
Pat 3 2
©| ©
= =
138 88.0
; g T T T ;
Paternal Paternal
B E
' 1G-DMR Sl 1.2+
! _1kb [onr12:109,526,776-109,530,089] "
T T T = — 10- -\ e ]
WGBS |yt bt ol g o Dl g 0w e D L feoe ] N e Switch
-
cal | | | g 089 \ B W BDKi
ZFP57 ey @ ) 0-5.1 : 0.6 \\ O Vol
ATACseq ! ! : 0-072 © - | =1 DikiLoss
' Wl 03 2 0.4+ e
Il 1 ! ' g i A - g
PROseq (" i gt o iy o = a0 K] / \
1 I 1 < 0.2 / \
1GCG |GTRE x U ! \
0.0 I I T
EV |GCGI |GTRE
D F G
clones
1 3
A A o
o ... A R i f
Bum mmlrre B €T aee
Pt LlNRC----- " CGl y TRE T
1 mol g
Total=49 [ DIk1 Loss qh, S T
Hl BiDIk1 ]
=
A o 3
vt {Bac. - - - e L 2 , ATRE
|GTRE
Pat ‘M """ cGl [ TRE [T i l ]
113 17.9
7\ TN T T T \}
Total=58 Paternal
H |
- RN
. 207 o 300+ * ]
2 s 5 b
g g stre #o S
o _ 157 2
ST . 5 2004
53 , gg T ACGI #2
23 ma 28 £
ge:", . o * % % %é 100+ . i ACGI#1 *
X . S |';“'| *x - GOV
Q o i [ . °] © o . . aep Mol 3 G2 DMR
WT Acal ATRE WT Acal ATRE T T T T 1
20 40 60 80 100

Figure 1. A bipartite IG-DMR element regulates genomic imprinting at D/k1-Dio3

% CpG methylation

(A) Schematic representation of the murine D/k1-Dio3 locus highlighting maternally (red) and paternally (blue) expressed genes (not to scale). DMR, differentially
methylated region; IG, intergenic; mat, maternal; pat, paternal. Lollipops represent DNA methylation state: dark, methylated; white, unmethylated.
(B) Distinct chromatin features of IG°® and IG™E (see also Figure S1A). IG-DMR coordinates (mm10) are boxed.
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known as maintenance of imprinting (MOI), remain incom-
pletely understood.

The DIk1-Dio3 locus is a paradigmatic imprinted gene cluster
that encodes multiple non-coding and coding transcripts within
a region that spans almost one megabase of mouse chromo-
some 12 (da Rocha et al., 2008). LOI at DIk1-Dio3 is associated
with severe developmental defects and aggressive malignancies
(da Rocha et al., 2008; Jelinic and Shaw, 2007; Khoury et al.,
2010; Manodoro et al., 2014) and can also occur during deriva-
tion and culture of induced pluripotent stem cells (iPSCs) (Carey
etal., 2011; Liu et al., 2010; Stadtfeld et al., 2012; Mo et al., 2015)
and embryonic stem cells (ESCs) (Stelzer et al., 2016; Swanzey
et al., 2020), impairing their developmental potential. An inter-
genic DMR (IG-DMR), which resides between the maternally ex-
pressed Gtl2 long non-coding RNA (IncRNA) and the paternally
expressed DIk1 protein coding gene, has been shown to function
as the ICR of DIk1-Dio3 locus (Lin et al., 2003). Similar to the H19-
Igf2 and Rasgrf1 ICRs (Kobayashi et al., 2006; Yoon et al., 2005),
the IG-DMR is methylated on the paternal allele and has been
suggested to control methylation of the Gt/2 promoter, a second-
ary DMR (“Gtl2 DMR”) that exhibits paternal-specific methyl-
ation in post-implantation embryos and in cultured pluripotent
cells (Sato et al., 2011; Stadtfeld et al., 2010) (Figure 1A).

Gtl2 has been shown to repress the maternal DIk gene in cis
through recruitment of the polycomb repressive complex Il
(PRC2) (Zhao et al., 2010; Das et al., 2015; Kaneko et al., 2014;
Sanli et al., 2018). This suggests that the control of Gt/2 expres-
sion by the IG-DMR (Lin et al., 2003; Kota et al., 2014; Luo et al.,
2016; Das et al., 2015) is essential for MOI at DIk1-Dio3. Howev-
er, it remains elusive as to how the IG-DMR achieves this regu-
lation in an allele-specific manner. Targeted knockout of the
IG-DMR (~4-kb region) in mice has shown that the transmission
of maternal deletion results in LOI and specifically in paternaliza-
tion of the maternal allele, including silencing of Gt/2 and bi-allelic
expression of DIk1 (Lin et al., 2003). However, transmission of the
paternal deletion results in no phenotype (Lin et al., 2003; Das
et al., 2015), which is surprising, given that the paternal 1G-
DMR becomes “imprinted” by DNA methylation in the male
germline between embryonic days E15.5 to E16.5 (Sato et al,,
2011; Nowak et al., 2011; SanMiguel and Bartolomei, 2018).
Different phenotypes were recently reported upon deletion of a
216-bp tandem repeat CpG island (CGl) within the IG-DMR,
where the repressive zinc-finger protein ZFP57 binds. Paternally
transmitted deletion of this element resulted in maternalization of
the paternal allele, whereas maternal transmission of the CGl
deletion had no phenotype (Saito et al., 2018; Hara et al., 2019).

¢? CellPress

These apparently contradictory findings suggest that the 1G-
DMR might be a complex genomic element with multiple cis-reg-
ulatory regions that coordinate allele-specific gene expression.
Therefore, we decided to dissect the molecular regulatory logic
of imprint maintenance at DIk71-Dio3 in pluripotent stem cells
(PSCs), a cell type that represents a tractable model system to
investigate epigenetic mechanisms, including imprinting (Swan-
zey et al., 2020). Our results show that the IG-DMR is a bipartite
element that maintains imprinting by stabilizing the germ-line-
specific DNA methylation state at DIk7-Dio3. This is achieved
by the allele-specific function of two antagonistic cis-regulatory
regions within the IG-DMR, which we propose to restrict the ac-
tivity of DNA methyltransferases and dioxygenases and thereby
operate as activator or repressor of the Gtl2 DMR, respectively.
Allele-specific modulations of these elements were sufficient to
induce specific and opposing expression phenotypes and epi-
genotypes, both indicative of LOI. Intriguingly, we observed
that epigenetic repression of the Gt/2 promoter caused bi-allelic
DIk1 expression without affecting methylation at the 1IG-DMR.
However, this LOI phenotype was unstable and reverted to
MOI over time. Therefore, in addition to resolving the complex
composition of the IG-DMR, our findings reveal previously unap-
preciated regulatory principles of the functional hierarchy be-
tween genomic elements operational in a gene cluster essential
for mammalian development.

RESULTS

The IG-DMR is a bipartite element with two distinct
functions

To gain insights into the regulatory mechanisms underlying the
maintenance of DIk1-Dio3 imprinting (Figure 1A), we first assem-
bled in-house (Di Giammartino et al., 2019; Liu et al., 2017; Pel-
ham-Webb et al., 2021) and published datasets (Williams et al.,
2011; Shi et al., 2019), including datasets from the CODEX data-
base (Sanchez-Castillo et al., 2015) on DNA methylation, chro-
matin accessibility, nascent transcription, histone modifications,
and TF-binding profiles at the IG-DMR in mouse ESCs (Takada
et al., 2002; Kobayashi et al., 2006; Hiura et al., 2007). This re-
vealed a pronounced dichotomy with respect to the position
and nature of epigenomic features within the IG-DMR (chr12:
109,526,778-109,530,083 mm10) (Figures 1A, 1B, and S1A).
The 2-kb region closer to the DIk1 gene exhibits high CpG den-
sity, including a CGI with conserved tandem repeats between
human, mouse, and sheep (Paulsen et al., 2001), binding of the
repressive KRAB domain containing zinc-finger protein ZFP57

(C) Schematic representation of distinct phenotypic populations detected by flow cytometry using the DIk7 reporter system shows an example of normal im-

printed (MOI) cells (right).
(D) Schematic representation of IGZ®' and IGTE deletions.

(E) Relative ratios of specific DIk1 phenotypes in bulk populations after targeting either |

GCGI GTRE GCGI

orl

. n =8 for empty vector control (EV), n=8 for | ,andn=6

for IGTRE, Significance relative to EV (dashed lines) was calculated using a two-tailed unpaired Student’s t test.
(F) Frequency of indicated phenotypes in clonal cell lines after targeting either IGS®' or IGTRE,
(G) FACS plots of clonal lines with LOI-DIk1Loss and LOI-BiDIk1 phenotypes and confirmed deletion of IG°® (ACGI) and IG™E (ATRE), respectively.

(H) gRT-PCR analysis of DIk1 and Gt/2 expression relative to Gapdh in retinoic acid (RA)-differentiated clones (n = 6) with indicated genotypes. Statistical sig-
nificance relative to WT was calculated using a two-tailed unpaired Student’s t test.

(1) Percent DNA methylation at individual CpG resolution in iPSCs at the IG-DMR and the Gtl2 DMR as assessed by pyrosequencing; “region 2” (IG-DMR™) and
“region 3” (Gtl2 DMR) (see STAR Methods for coordinates). Note that region 2 is ~300 bp outside of the region deleted by Cas9. n = 2 clones per genotype are
represented. Two-tailed paired Student’s t test was used to calculate significance relative to MOl levels. For all panels: asterisks indicate significance: *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001. n.s, not significant. Error bars represent + SEM. See statistics summarized in Table S4.
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Figure 2. Dual role of IG-DMR in allele-specific regulation of DIk1-Dio3 locus
(A) Schematic of insertion of an IRES-tdTomato cassette into the maternal DIk1 allele and validation of MOI in resultant B6xJF1 hybrid reporter iPSCs. OKSM,

OCT4, KLF4, SOX2, and MYC; AA, ascorbic acid.

(B) Representative FACS plots of clones with allele-specific deletions of |
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(Quenneville et al., 2011; Luo et al., 2016; Riso et al., 2016;
Shi et al., 2019) (Figures 1A and 1B), and components of chro-
matin-modifying complexes, such as PRC2 (Figure S1A). In
contrast, the 1 kb of the IG-DMR closest to the G/t2 gene is asso-
ciated with an open chromatin state enriched for the activating
H3K27ac mark, nascent bidirectional transcription, the binding
of multiple pluripotency-associated TFs, and general transcrip-
tion regulators, consistent with a transcriptional regulatory
element (TRE) function (Danko et al., 2015) (Figure S1A). These
data suggest that the IG-DMR may consist of two distinct regu-
latory elements, which we will refer to as IG°! and IGTHE,
To functionally interrogate potentially distinct roles of the |
and IG™E in regulating DIk1-Dio3, we deleted each of these ele-
ments in iPSCs harboring a previously described allele-specific
DIk1 reporter system (Swanzey and Stadtfeld, 2016). This trans-
genic system, in which maternal and paternal DIk1 alleles are
transcriptionally linked to distinct fluorescent reporters (mVenus
and tdTomato, respectively) (Figure 1C), has been shown to
accurately capture the allele-specific expression of DIk1, thereby
reflecting the imprinting status of the entire DIk7-Dio3 locus
(Swanzey and Stadtfeld, 2016). Since undifferentiated iPSCs do
not express appreciable levels of DIk1, we optimized our flow
cytometry analysis approach by combining retinoic acid (RA)-
induced differentiation with antibody staining against the neuro-
ectodermal marker CD24a and gating on CD24a™ cells (Semrau
etal., 2017) (Figure S1B). This strategy allowed us to reliably iden-
tify instances of LOI that lead either to bi-allelic expression (LOI-
BiDlk1) or complete silencing (LOI-DIk1Loss) of Dik1. Reporter
iPSCs were transiently transfected with plasmids expressing
Cas9 and pairs of guide RNAs (gRNAs) targeting the 5'- and 3'-
ends of either IGS®! and IGT™E (Figure 1D; Tables S1 and S2).
Strikingly, although targeting of the IG°®' resulted in an increased
proportion of cells that lost DIk expression (LOI-DIk1Loss), tar-
geting of the IGTRE led to bi-allelic expression of Dik7 (LOI-BiDIk1)
(Figure 1E). Genotyping of clonal lines obtained by single-cell
sorting confirmed mono- or bi-allelic deletion of the targeted re-
gions in cells with LOI phenotypes, whereas clones with MOI
had mono-allelic deletions or unedited genomes (Figures 1F
and S1C; Table S1). This established LOI-Dlk1Loss as the pre-
dominant LOI phenotype in IG®-targeted clones and LOI-
BiDIk1 in IG™E-targeted clones (Figure 1G). These phenotypes
were independently validated in the context of directed differen-
tiation toward motor neurons (Wichterle et al., 2002; Novitch
et al., 2001) (Figures S1D and S1E). Quantitative PCR confirmed
the DIk1 expression changes observed with flow cytometry and
showed an inverse expression pattern between DIk1 and the
maternally expressed IncRNA Gt/2 (Figure 1H; Table S1). Bisulfite
sequencing of AIG®®' and AIG™E clones showed that both the
IG-DMR itself and the Gtl2 DMR had completely lost methylation

GCGI
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upon deletion of IGS®!, whereas both control elements were fully

methylated upon elimination of IGTE (Figure 11). We observed the
same imprinting phenotypes upon deletion of IGE®! and IGTE in
ESCs carrying the allele-specific reporter systems (Figures S1F-
S1l). Taken together, these data show that the IG-DMR consists
of two distinct regulatory elements with essential—but antago-
nistic—roles in imprinting maintenance in pluripotent cells. Dele-
tion of these elements is sufficient to induce pronounced and
specific epigenetic and transcriptional changes throughout the
locus and induce either bi-maternal or bi-paternal LOI.

IG®® and IG™RE are allele-specific regulators of
imprinted DNA methylation and gene expression at
DIlk1-Dio3

Next, we sought to establish the allelic specificity of IG' and
IG™RE. To that end, we generated iPSCs carrying the aforemen-
tioned allele-specific DIk1 reporter system in a hybrid JF1/B6 F1
background (Figure 2A; Table S2). The JF1 strain carries several
SNPs in the IG-DMR compared with the B6 genetic background
(Koide et al., 1998) and ESCs from this strain maintain normal
imprinting upon culture (Lee et al., 2018). By using gRNAs de-
signed to target sequences with strain-specific SNPs within
the first 3 base pairs downstream of the PAM sequence, we per-
formed allele-specific CRISPR-Cas9 deletion of the IGS® and
IG™RE regions (Figure S2A; Tables S1 and S2). Derivation and
analysis of individual clones by flow cytometry demonstrated
that deletion of the paternal IG®® (APat®®') was responsible for
the Dlk1Loss phenotype, whereas the BiDIk1 phenotype was
induced by maternal IG™FE (AMat™F) deletion (Figures 2B and
S2B). Genotyping confirmed allele-specific deletions (Figures
S2C-S2F; Table S1). Although deletion of Mat®® did not result
in a phenotype, some clones (10 out of 56) from the APat™ F tar-
geting did result in the same BiDlk1 phenotype observed upon
targeting the maternal allele. However, investigation of these
clones revealed indels on the maternal allele (data not shown),
indicating allelic promiscuity of Cas9 (Capon et al., 2017), sup-
porting that APat™ t does not result in LOL.

Quantitative PCR analysis and subsequent sequencing of
clonal amplicons confirmed the expected reciprocal effects of
allele-specific Pat®® and Mat™F deletions on Dik1 and Gt/2
expression, whereas knockout of the allelic counterparts re-
sulted in no such changes (Figures 2C, 2D, and S2G; Table
S1). Consistent with these findings and our results obtained via
non-allele-specific genetic engineering (Figure 11), CpGs within
the IG-DMR and Gtl2 DMR were unmethylated upon paternal
IGC®! removal (indicating loss of the paternal imprinting mark)
and hypermethylated upon maternal IG™E removal (indicating
aberrant establishment of an imprinting mark on the maternal
allele), whereas control cells exhibited DNA methylation levels

(C) Allele-specific Gt/2 and DIk1 expression levels in RA-differentiated clones (n = 2 clones). Statistics with two-tailed unpaired Student’s t test.
(D) A heterozygous SNP (arrow) in the Gtl2 gRT-PCR amplicon allows for evaluation of allele-specific expression.

(E) Average percentage of DNA methylation in iPSCs at the IG-DMR and the Gtl2 DMR as assessed by pyrosequencing; “region 1” (IG-DMR®®!), “region 2” (IG-
DMRTRE), and “region 3” (Gtl2 DMR). n = 2 each for clones with maternal IGTE deletion and paternal IGS®' deletion. Significance with two-tailed paired Student’s
t test.

(F) Schematic of DNA methylation and gene expression changes upon allele-specific deletion of either IGS®' or IGTRE,

(G) Allele-specific 4C-seq with IG-DMR as viewpoint. Statistics for IG-DMR interaction (Mat versus Pat) with Gtl2 and DIk1 are shown at chr12:109540996-
109568650 (FDR = 2.3E % for MOl and 0.760 for APat®®) and chr12:109453455-109463336 (FDR = 0.015 for MOI and 0.760 for APat®®'), respectively. For all
panels: asterisks indicate significance: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. n.s, not significant. Error bars represent + SEM. See statistics
summarized in Table S4.
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(legend continued on next page)
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typical for epigenetically intact naive pluripotent cells (Carey
et al., 2011; Stadtfeld et al., 2010) (Figure 2E; Table S3).

To investigate whether additional chromatin changes occur in
the locus, we performed allele-specific chromatin immunopre-
cipitation (as-ChlP) for the active histone mark H3K27ac,
followed by Sanger sequencing. Although MOI cells strongly en-
riched for H3K27ac only on the maternal IG-DMR and Gtl2 DMR,
APat®® clones exhibited bi-allelic H3K27ac, and AMat' ¢
clones lost H3K27ac almost entirely (Figure S2H; Table S1).
Collectively, our results demonstrate that the unmethylated
IG™E is associated with Gt/2 expression and an active chromatin
state on the maternal allele, whereas the methylated IG®® corre-
lates with Gt/2 repression and an inactive chromatin state on the
paternal allele (Figure 2F).

We also asked whether the observed epigenetic and transcrip-
tional changes were accompanied by 3D chromatin reorganization
around the locus, by using allele-specific 4C-seq. In agreement
with recent reports (Lleres et al., 2019), we found that the long-
range chromatin contacts around the IG-DMR differ between the
maternal and paternal alleles. Specifically, the maternal unmethy-
lated IG-DMR interacts at high frequency with Gt/2, whereas these
interactions are significantly weaker on the paternal allele (Fig-
ure 2G). In addition, we found a subtle interaction of the maternal
IG-DMR with DIk1 that, although statistically significant, is mar-
ginal and unlikely to be representative of consistent close prox-
imity between these loci (Figure 2G). Deletion of the paternal IGCC
perturbed this allele-specific topology and induced a maternal-like
conformation on both alleles (Figure 2G; Table S1). On the other
hand, deletion of the maternal IG™" induced a significant overall
decrease of interactivity resembling a bi-paternal topology (Fig-
ure S2I). These results suggest that DNA methylation of |G
might prevent the physical interaction of the IG-DMR with its target
genes and that IGTE is essential for the maintenance of these
long-range chromatin contacts. Taken together, our observations
show that the paternal IGS®' and maternal IG™™ have distinct reg-
ulatory functions that are required to maintain the respective al-
leles in epigenetic and conformational states consistent with
MOI at DIk1-Dio3.

The bipartite nature of the IG-DMR results in allele-
specific suppression of the DNA methylation machinery
De novo DNA methyltransferases and TET dioxygenases oper-
ate at ICRs to establish and erase methylation in germ cells
during development (Li and Sasaki, 2011; Bartolomei and Fergu-
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son-Smith, 2011; Plasschaert and Bartolomei, 2014; SanMiguel
and Bartolomei, 2018). The allele-specific DNA methylation
changes that we observed upon IG'™ and IG°® deletion (Fig-
ure 2E) raised the possibility that these enzymes might also be
involved in the induction of the distinct LOI phenotypes. In agree-
ment with this, allele-specific chromatin immunoprecipitation
(ChlIP) experiments documented that DNMT3A, which normally
only binds to the paternal allele of the IG-DMR, acquired bi-allelic
binding upon deletion of the IG™E (Figures 3A and S3A). Simi-
larly, we found TET1 to be bound to both alleles of the IG-DMR
only upon IGC®! deletion (Figures 3B and S3A). To directly assess
the importance of de novo DNA methylation for LOI, we deleted
IG™E in parallel to the gene loci encoding DNMT3A and
DNMT3B (Dnmt3a/b) in DIk1 reporter iPSCs using Cas9 technol-
ogy (Figure 3C; Table S1). Subsequent differentiation and FACS
analysis of bulk populations showed a significant amelioration of
the LOI-BiDIk1 phenotype and an increased proportion of cells
that retained MOI (Figures 3D and 3E). Genotyping of targeted
regions and surveyor assays in bulk populations confirmed the
respective deletions and indels by CRISPR-Cas9 and showed
amplicons of equal strength, demonstrating similar degrees of
targeting efficiency across experimental conditions (Figure S3B;
Table S1). To confirm these observations at the single-cell level,
we derived and validated clonal AIG™E cell lines from previously
characterized DNMT3A/B knockout (DKO) (Lei et al., 1996;
Okano et al., 1999) and parental control ESCs. In contrast to
wild-type (WT) cells, DKO ESCs lacking the IG™ € did not acquire
DNA hypermethylation at either IG-DMR or Gtl2 DMR before
(Figure 3F) or after (Figure S3C) differentiation. This is consistent
with the notion that IGTE antagonizes the activity of canonical de
novo methyltransferases on the maternal allele, as suggested by
ChIP. Nevertheless, Gt/2 expression in ESCs without IGT"E re-
mained low even in the absence of DNMT3A/B (Figure S3D).
However, upon RA differentiation, DNMT3A/B KO ESCs—but
not WT ESCs lacking the IGT"E—were able to upregulate Gt/2,
which was associated with significantly reduced levels of Dik1
expression (Figure 3G). Together, these observations suggest
that misdirected DNMT3A/B activity contributes to the LOI
phenotype observed upon loss of the IGTE. Of note, the ablation
of DNMT3A/B in reporter iPSCs without simultaneous removal of
IG™™E showed no effects on imprinting stability. This is consistent
with prior reports indicating that these two enzymes are not
required for MOI at DIk71-Dio3 in mouse embryos with an intact
IG-DMR (Hirasawa et al., 2008).

(B) Increased TET1 occupancy of the IGTE

products. n = 2 clones for (A) and (B).
(C) Schematic of combined IG-DMR editing and Dnmt3a/b deletion.

(D) Ratios of phenotypic populations in pooled populations upon targeting Dnmt3a/b and |

compared with EV (dashed line) with two-tailed unpaired Student’s t test.
(E) Representative bulk populations FACS plots upon indicated deletions.

upon paternal IGS® deletion (left) due to bi-allelic binding (right) as measured by ChIP-gPCR and sequencing of PCR

G'RE alone or in combination n = 6 experiments. Statistical significance

(F) Average percentage of DNA methylation in RA-differentiated clones at IG-DMR and Gtl2 DMR as assessed by pyrosequencing; “region 1” (IG-DMRC®),

“region 2” (IG-DMR™F5), and “region 3” (Gtl2 DMR).

(G) DIk1 and Gt/2 expression relative to Gapdh in six WT and three DNMT3A/B knockout (DKO) RA-differentiated IG™E clones.

(Hand |) (H) Strategy of targeting dCas9-TET1 to the IG®® or dCas9-DNMT3A to the IG™E and (I) representative bulk population FACS plots after implementation.
(J) DNA methylation in iPSCs after indicated dCas9 targeting; “region 1” (IG-DMR®®)), “region 2” (IG-DMR'"), and “region 3” (Gtl2 DMR). Statistical significance
with two-tailed paired Student’s t test relative to the respective EV clone (see also Tables S2, S3, and S4).

(K) Gtl2 RNA expression levels in dCas9-TET1 and dCas9-DNMT3A iPSCs. Statistical significance with two-tailed unpaired Student’s t test. For all panels:
asterisks indicate significance: *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. n.s, not significant. Error bars represent + SEM. See statistics summarized
in Table S4.

Developmental Cell 56, 1-14, November 22, 2021 7



Please cite this article in press as: Aronson et al., A bipartite element with allele-specific functions safeguards DNA methylation imprints at the DIk7-

Dio3 locus, Developmental Cell (2021), https://doi.org/10.1016/j.devcel.2021.10.004

¢ CellPress

Developmental Cell

B bulk

EV 1Gee!

Gti2

Maternal

Paternal ”
C D b
CGl #26 H %
*
15+ CGl #25- |
S Gtl2 #24- H H
ﬁ 12 Gtl2 #23- H *
5 EV#22-
53 9 EV#21-
]
-.2 S 6 * ok CGl #26+ H i
= 2 ok & CGl #25- :
~ 3 GtI2 #24- 5
= | ]
s R~ 3 Gt2DMR
EV 1GS¢  Gti2 EV#21- 3 IG-DMR
U 1 1 1 1
0 20 40 60 80 100
% CpG methylation
E clone F
Unsorted BFP-
1.0
- 0%e0 o,° © 2o .Oooooo ®oo0g o
Igee = i a a
_h o 08 o
< ©
(=5 -
FRE S 0.6 ° o
b= Y= ]
© o
= 2 0.4
-
=
o 024 o cal
o o Gtl2
0.0 T T T
12 18 Unsorted BFP* BFP-
Paternal
G H
Brp-  Gtl2 #304 x
MOl Gti2 #29- - & 0.5+ L
Gtl2 #30 H N °
BFP- | Gt12 #294 H 5
BiDIk1| cGI #28 H 2 0.10-
CGl #27- H o
Y
. Gtl2 #30- x o
?AF(; Gtl2 #294] §| [ Gti2 DMR £ 0.054
Gti2 #30-] §| O 1G-DMRCe! 5 *x
BEP- | Gti2 #20- ¥ -
BiDIk1| CGI #28- H & 0.00-
CGI #27- H IGC6! _ Gtl2_ 1GCC! _ Gti2
. . . T . BFP- BFP*
0 20 40 60 80 100
% CpG methylation
Figure 4. 1G-DMR methylation status dictates DIk7-Dio3 imprinting stability
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(C) gRT-PCR analysis of Gtl2 expression in indicated cells. Statistical significance was calculated by two-tailed unpaired Student’s t test.
(D) Average percentage of methylated CpGs at IG-DMR and Gtl2 DMR as determined by bisulfite sequencing analysis. Note that targeting dCas9-BFP-KRAB to
the Gtl2 DMR does not result in hypermethylation at the IG-DMR. Statistical analysis by comparison with the EV controls using two-tailed paired Student’s t test.

(legend continued on next page)
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Similar to our observations with DNMT3A/B and the IG™"F,
flow cytometric analysis of iPSCs after simultaneous deletion
of the IG°® and the genes encoding all TET proteins (Tet7,
Tet2, and Tet3) (Dawlaty et al., 2014) suggested amelioration of
the LOI-DIk1 phenotype (Figures S3E-S3H). However, analysis
of clones derived from either TET1/2/3-deficient or WT ESCs
several weeks after IGE®' deletion showed loss of DNA methyl-
ation at the IG-DMR in almost all cell lines (Figure S3I) and com-
parable DIk1/GtI2 expression levels (Figure S3J), suggesting that
LOI upon IG®®! deletion is inevitable even in the absence of TET
enzymes, possibly by passive DNA demethylation.

Together, the experiments further highlight the essential roles
of IGTRE and IG®®! in preventing de novo DNA methylation or de-
methylation, respectively, and thus maintaining DIk7-Dio3
imprinting.

Forced gain or loss of DNA methylation at the IG-DMR is
sufficient to induce LOI

The results described earlier demonstrate that the protection of
allele-specific DNA methylation states by the IG°® and IG™E
are important to maintain imprinting at Dlk7-Dio3. Therefore, we
asked whether local DNA methylation changes at either of these
respective elements could phenocopy the effect of the respective
genetic deletions on imprint stability. We generated DIk1 reporter
iPSCs that express a catalytically deactivated Cas9 (dCas9) fused
to the catalytic domain of either TET1 or DNMT3A (Tables S1 and
S2) (Xu et al., 2016; Choudhury et al., 2016; Morita et al., 2016;
Verma et al., 2018). We then stably expressed multiplexed gRNAs,
targeting either three ZFP57 binding sites within the IG® or the
sites of nascent transcription of the IGTt (Figure 3H; Table S1).
We observed that targeting of dCas9-TET1 to the IG® resulted
in conversion of almost all cells to the LOI-DIk1Loss phenotype
(Figure 3l), recapitulating our observations upon deletion of the
Pat®® (Figure 2B). This phenotype was accompanied by loss of
DNA methylation on both IG-DMR and Gtl2 DMR along with
Gtl2 upregulation (Figures 3J and 3K; Table S1). On the other
hand, targeting of dCas9-DNMT3A to the IG™ E induced a LOI-
BiDIk1 population with respective hypermethylation and loss of
Gtl2 expression (Figures 3H-3K). Taken together, these experi-
ments demonstrate that local changes in DNA methylation at
the IG®® and IG™E are sufficient to affect the methylation status
at the distal Gtl2 DMR and perturb imprinted gene expression.

DMR-specific targeting of CRISPRI results in either
transient or irreversible LOI

So far, our results have shown that allele-specific genetic or epige-
netic manipulation of the specific elements within the IG-DMR in-
duces LOI phenotypes that correlate with methylation and tran-
scriptional changes at the Gt/2. To test whether the regulatory
function of the IG-DMR can be overridden by direct silencing of
Gtl2, we generated stable reporter iPSCs expressing the tran-

¢ CellP’ress

scriptional repressor dCas9-BFP-KRAB (CRISPRi) and gRNAs
that target either the IGS®, the IG™E, or the Gtl2 DMR (Figure 4A;
Table S1). Of note, the KRAB domain used in our experiments was
shown to mediate stable de novo DNA methylation in early embry-
onic cells (Quenneville et al., 2012; Ying et al., 2015). Consistent
with dCas9-mediated epigenetic editing of the IG-DMR (Figures
3H-3K), targeting of CRISPRi to either the IGS®! or IGTFE resulted
in hypermethylation of the IG-DMR and Gtl2 DMR, as well as Gt/2
repression (Figures 4B-4D, S4A, and S4B). Targeting of the GtI2
DMR similarly triggered a high degree of LOI-BiDIk1, but in
contrast to IG-DMR targeting, it only induced local Gtl2 DMR hy-
permethylation without affecting the methylation status of the IG-
DMR (Figure 4D). This demonstrates that targeted repression of
Gtl2 is sufficient to activate maternal DIk7 without acquisition
of DNA methylation at the IG-DMR. To test whether the absence
of IG-DMR hypermethylation might affect the stability of this LOI
phenotype, we made use of the observation that our lentiviral
CRISPRI, without continuous resorting or reselection, is silenced
over time in PSCs. We established BFP* and BFP~ subclones
from originally BFP* (i.e., dCas9-BFP-KRAB-expressing) cells,
followed by extensive passaging, allowing for potential reversal
of epigenetic effects after dCas9-KRAB (Mandegar et al., 2016).
This was done in cells where CRISPRI was targeted either to the
IGC® or to the Gtl2 DMR. FACS analysis showed that all CGl-tar-
geted clones retained their LOI-BiDlk1 phenotype and hyperme-
thylation of both IG-DMR and Gtl2 DMR, independent of their
BFP expression status (Figures 4E and 4F). This demonstrates
that the change in imprinting status was irreversible. In contrast,
three out of six Gt/l2-targeted BFP™ clones partially reverted to
MOI (Figures 4E, 4F, and S4C). This partial rescue was not seen
in clones that retained CRISPRi expression (BFP*). Bisulfite
sequencing of the MOI population of partially rescued clones
showed reestablishment of normal methylation levels (~50%) at
the GtI2 promoter. Interestingly, the remaining BiDIk1 population
of rescued clones showed intermediate levels of methylation
that were ~10% reduced compared with clones still expressing
CRISPRI, suggesting an ongoing DNA demethylation that could
reach MOI levels upon further passaging (Figure 4G). Further-
more, PCR analysis confirmed that Gt/2 expression was signifi-
cantly increased in rescued Gt/2-targeted clones compared with
CGl-targeted clones that had lost CRISPRI expression (Figure 4H;
Table S1). These results suggest that although modulating the ac-
tivity or methylation of the Gt/l2 promoter can transiently alter gene
expression at DIk1-Dio3, the DNA methylation status of the IG-
DMR is the determining factor for long-term imprinting stability
of this cluster.

DISCUSSION

In this study, we combine genetic engineering with targeted
epigenetic editing in mouse PSCs to dissect the regulatory

(
(

E) FACS plots of dCas9-BFP-KRAB CGl-targeted clone and a rescued Gt/2-targeted clone at passage 15 (p15).
F) Percentage of the LOI-BiDIk1 population in n = 4 dCas9-BFP-KRAB CGil-targeted clones and n = 6 Gtl2-targeted clones at p15.

(G) Bisulfite sequencing analysis in iPSCs of MOI and BiDIk1 populations of two rescued dCas9-BFP-KRAB-targeted clones; “region 1” (IG-DMR°®!) and “region
3” (Gtl2 DMR). Statistical significance with two-tailed paired Student’s t test using CGl clones #27 and #28 as controls (see Table S2).

(H) gRT-PCR analysis of Gt/2 expression in the BFP™ populations of Gtl2-targeted and |

GCG'-targeted clones. Statistical analysis by comparison within each BFP~

or BFP* population and normalized to EV using two-tailed paired Student’s t test. For all panels: asterisks indicate significance: *p < 0.05, *p < 0.01, **p <
0.001, ***p < 0.0001. n.s, not significant. Error bars represent + SEM. See statistics summarized in Table S4.

Developmental Cell 56, 1-14, November 22, 2021 9




Please cite this article in press as: Aronson et al., A bipartite element with allele-specific functions safeguards DNA methylation imprints at the DIk7-
Dio3 locus, Developmental Cell (2021), https://doi.org/10.1016/j.devcel.2021.10.004

¢ CellPress

mechanisms that protect imprint stability at Dik7-Dio3, a gene
cluster essential for mammalian development. Our findings
extend prior studies that have identified the IG-DMR as the crit-
ical control element of DIk71-Dio3 (Lin et al., 2003; Nowak et al.,
2011; Kota et al., 2014; Luo et al., 2016; Wang et al., 2017; Saito
et al., 2018) and reconcile previously divergent in vivo pheno-
types upon knockout of different parts of the IG-DMR (Hara
etal., 2019; Lin et al., 2003; Saito et al., 2018). More importantly,
our study provides insights into the IG-DMR structure and mech-
anisms of action that can be exploited to modulate DIk71-Dio3
imprinting status in a predictable fashion.

By allele-specific CRISPR knockout experiments, we revealed
that the IG-DMR is a bipartite element, composed of a repressive
element (IGC®) that functions on the paternal allele and an acti-
vating element (IG'") on the maternal allele, both of which are
necessary to maintain allele-specific gene expression over dis-
tance (Figure S4D). Deletion of each element from the respective
allele results in either bi-paternal or bi-maternal LOI, whereas
reciprocal deletions show normal imprinting. Furthermore, we
provide evidence that the two elements of IG-DMR indepen-
dently safeguard the imprinted DNA methylation state of DIk7-
Dio3 by restricting the competing de novo DNA methylation
and demethylation activities on the locus in an allele-specific
manner. All these features document that the IG-DMR is distinct
from other previously described composite ICRs, which serve as
methylation-sensitive insulator boundaries, as in the case of
Rasgrf1 and Snrpn (Yoon et al., 2005; Bartolomei, 2009; Rabino-
vitz et al., 2012; Hsiao et al., 2019). Intriguingly, some of the mo-
lecular characteristics of the IG-DMR resemble the features of
so-called orphan CGls, which are distal to promoters and are
characterized by active enhancer marks, such as H3K27ac, to-
pological interactions with nearby target genes, and overlapping
ZFP57 and MLL1 consensus motifs (Quenneville et al., 2011; An-
var et al., 2016; Bae et al., 2016; Bina, 2017; Bell and Vertino,
2017; Mendizabal and Yi, 2016). Importantly, similar to the 1G-
DMR, the activity of orphan CGis is controlled by DNA methyl-
ation (lllingworth et al., 2010). Orphan CGls were also recently
shown to mediate physical and functional communication be-
tween poised enhancers and target developmental genes
(Pachano et al., 2021). Future experiments will be required to
identify functional commonalities between IG-DMR and orphan
CGl enhancers.

It has previously been suggested that the IG-DMR functions
as an enhancer for Gtl2 expression (Lin et al., 2003; Kota
et al.,, 2014; Das et al., 2015; Luo et al., 2016; Wang et al.,
2017). Consistent with these studies, we found that deletion
of the IG-DMR, and specifically the maternal unmethylated
IGTRE, resulted in transcriptional silencing of Gt/2 in PSCs and
also in DNA hypermethylation of both IG-DMR and Gtl2 DMR.
Deletion of IG™ E in the absence of DNA methyltransferase ac-
tivity allowed us to functionally uncouple these molecular ef-
fects. This supported a dual function of the IGT"E, both as a
transcriptional enhancer of Gt/l2 in PSCs and, more importantly,
as a guardian of the unmethylated status of the maternal Gtl2
DMR, thereby maintaining proper imprinting of the locus. The
activation of Gt/l2 expression upon differentiation of DNMT3A/
B-deficient ESCs even in the absence of the IG'E suggests
the presence of additional cell-type-specific enhancers and/or
of trans-acting factors that can act directly upon the Gt/2 pro-
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moter in differentiated cells when the latter is unmethylated.
Whether this non-canonical enhancer function is present in
other ICRs or developmental loci remains to be shown. The fac-
tors and mechanisms that counteract DNA methyltransferase
activity on IG™"F and the distal Gtl2 DMR remain elusive. Our
CRISPRI experiments support that the active chromatin and
transcriptional status of IGT" is necessary for protecting the
maternal allele from de novo DNA methylation, both locally
and on the Gtl2 DMR, potentially through looping (Figure S4D).
Indeed, active histone marks (Rose and Klose, 2014), as well as
binding of TF or the activating complex CBP/p300, have been
shown to protect CpG sites from DNMT3A/B activity (Gebhard
et al., 2010; Lienert et al., 2011; Straussman et al., 2009; Zhang
et al., 2017). Similarly, the nascent non-coding transcripts of the
locus (enhancer RNA and/or Gtl2 non-coding RNA) may also
play a protective role, as has been previously suggested (Kota
et al., 2014), by either interacting with PRC2 (Das et al., 2015)
or DNMT3A/B and DNMT1 (Zhao et al., 2016; Morlando and Fa-
tica, 2018). Finally, recent studies demonstrated that a class of
TF, including key pluripotency regulators such as SOX2 and
KLF4, which bind on IG™E, can directly prevent DNA methyl-
ation or even induce demethylation of their target sites (Vanzan
et al., 2021). Further investigation will be required to dissect the
relative contribution of each of these factors in MOI at
DIk1-Dio3.

In sharp contrast to | , which blocks de novo DNA methyl-
ation on the maternal allele, our experiments showed that IGCe!
is essential for preventing both TET-dependent and independent
DNA demethylation of the paternal DMRs. Several trans-acting
factors could mediate this function (Figure S4D). A potential
candidate is the KRAB domain containing zinc-finger ZFP57,
which has been shown to bind to the methylated IG-DMR in
the region of the IGS® (Riso et al., 2016; Luo et al., 2016; Stro-
gantsev et al., 2015; Shi et al., 2019) and maintains closed chro-
matin by recruiting repressive complexes, such as DNA and
H3K9 methyltransferases (Quenneville et al., 2011; Riso et al.,
2016). Moreover, knockdown of Zfp57 has been shown to cause
accumulation of 5-hydroxymethylcytosine (5hmC) at the 1G-
DMR (Coluccio et al., 2018), which suggests that this protein is
involved in preventing TET binding and activity, as well as pas-
sive DNA demethylation on the paternal IG-DMR.

To further dissect the regulatory logic of the DIk7-Dio3 locus,
we harnessed the power of dCas9 epigenetic editing (Hsu
et al., 2014). These experiments revealed a hierarchical and uni-
directional regulation between IG-DMR and Gtl2 DMR that is sub-
stantiated by the following key observations. First, although any
targeted modulation of the IG-DMR (either by dCas9-TET1,
dCas9-DNMT3A, or CRISPRI) resulted in methylation changes
on both DMRs, targeting of the Gtl2 DMR affected only local
DNA methylation without any effects on IG-DMR, suggesting a
“one-way” communication. In addition, although targeting of
the Gtl2 DMR can cause LOI, normal imprinting can be restored
by the IG-DMR, suggesting that this element controls long-term
imprinting stability. These observations are consistent with the
observation that the Gt/l2 promoter acquires allele-specific DNA
methylation during embryonic development to match the status
ofthe IG-DMR (Sato et al., 2011). Dissecting the molecular mech-
anisms (e.g., physical proximity or spreading) underlying this reg-
ulatory hierarchy and their degree of conservation among cell
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types (Alexander and Garcia-Garcia, 2019) and species would be
interesting areas for future investigation, in particular, in the
context of imprinting disorders.

In conclusion, our study refined the mechanistic understand-
ing of the regulatory logic that safeguards imprinting stability at
DIk1-Dio3 and revealed ways to perturb this logic in a rationale
and predictable manner. Although previously reported in vivo
phenotypes are consistent with a bi-partite nature of the 1G-
DMR, additional work will be required to dissect the precise
function of IG°® and IG™E during establishment and mainte-
nance of DIk1-Dio3 imprinting in the organism. We envision
that the molecular principles operational at the IG-DMR may
serve as paradigms to better understand the epigenetic regula-
tion of other developmental gene loci.

Limitations of the study

Although this work provides a detailed investigation of the mo-
lecular function of the IG-DMR in maintaining genomic imprinting
in mouse pluripotent cells, additional work will be required to
confirm the bipartite nature of this control element in other cell
types and during the initial establishment of DIk7-Dio3 imprinting
in male germ cells in vivo. In addition, the precise molecular
mechanisms of LOI downstream of inactivation of IG®' and
IG™RE—such as the involvement of additional protein and non-
protein factors and their relationship to DNMT3A/B and TET pro-
teins—remain to be elucidated.
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