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In Brief

Elucidating the long-range
pathomechanisms of structural variants
in vivo is often difficult due to differences
in gene dosage sensitivity between mice
and humans. Laugsch et al. combined
neural crest cells derived from patient-
specific hiPSCs and functional genomics
to demonstrate that an inversion causes
BOFS by disconnecting TFAP2A from its
enhancers.

Cell


mailto:julia.baptista@nhs.�net
mailto:aradaigl@uni-koeln.�de
https://doi.org/10.1016/j.stem.2019.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2019.03.004&domain=pdf

Cell’ress

Cell Stem Cell

Modeling the Pathological Long-Range Regulatory
Effects of Human Structural Variation
with Patient-Specific hiPSCs

Magdalena Laugsch,'-2:13 Michaela Bartusel,"-'2 Rizwan Rehimi,' Hafiza Alirzayeva,' Agathi Karaolidou,' 3
Giuliano Crispatzu,' Peter Zentis,? Milos Nikolic, Tore Bleckwehl,! Petros Kolovos,* Wilfred F.J. van ljcken,> Tomo Sari¢,®
Katrin Koehler,” Peter Frommolt,® Katherine Lachlan,-° Julia Baptista,’-'1-* and Alvaro Rada-Iglesias®-3:12.14.*
1Center for Molecular Medicine Cologne (CMMC), University of Cologne, Cologne, Germany

2|nstitute of Human Genetics, CMMC, University Hospital Cologne, Cologne, Germany

3Cluster of Excellence Cellular Stress Responses in Aging-Associated Diseases (CECAD), University of Cologne, Cologne, Germany
4Biotech Research and Innovation Centre (BRIC), University of Copenhagen, Copenhagen, Denmark

5Erasmus Medical Center, University of Rotterdam, Rotterdam, the Netherlands

8Center for Physiology and Pathophysiology, Institute for Neurophysiology, Medical Faculty, University of Cologne, Cologne, Germany
“Department of Pediatrics, University Clinic Carl Gustav Carus, TU Dresden, Dresden, Germany

8Human Genetics & Genomic Medicine, University of Southampton, Southampton General Hospital, Southampton, UK

9Clinical Genetics Service, University Hospital Southampton NHS Foundation Trust, Princess Anne Hospital, Southampton, UK
10Molecular Genetics Department, Royal Devon and Exeter NHS Foundation Trust, Exeter, UK

M|nstitute of Biomedical and Clinical Science, University of Exeter Medical School, Exeter, UK

12|nstitute of Biomedicine and Biotechnology of Cantabria (IBBTEC), University of Cantabria, Cantabria, Spain

13These authors contributed equally
14 ead Contact

*Correspondence: julia.baptista@nhs.net (J.B.), aradaigl@uni-koeln.de (A.R.-1.)

https://doi.org/10.1016/j.stem.2019.03.004

SUMMARY

The pathological consequences of structural vari-
ants disrupting 3D genome organization can be diffi-
cult to elucidate in vivo due to differences in gene
dosage sensitivity between mice and humans. This
is illustrated by branchiooculofacial syndrome
(BOFS), a rare congenital disorder caused by hetero-
zygous mutations within TFAP2A, a neural crest
regulator for which humans, but not mice, are hap-
loinsufficient. Here, we present a BOFS patient
carrying a heterozygous inversion with one break-
point located within a topologically associating
domain (TAD) containing enhancers essential for
TFAP2A expression in human neural crest cells
(hNCCs). Using patient-specific hiPSCs, we show
that, although the inversion shuffles the TFAP2A
hNCC enhancers with novel genes within the same
TAD, this does not result in enhancer adoption.
Instead, the inversion disconnects one TFAP2A allele
from its cognate enhancers, leading to monoallelic
and haploinsufficient TFAP2A expression in patient
hNCCs. Our work illustrates the power of hiPSC dif-
ferentiation to unveil long-range pathomechanisms.

INTRODUCTION

In order to control gene expression, enhancers establish long-
range physical interactions with their target genes (Deng et al.,
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2012; Weintraub et al., 2017). Such contacts preferentially occur
within large self-interacting genomic regions called topologically
associating domains (TADs). TADs facilitate the communication
between enhancers and their target genes and provide insulation
by preventing the establishment of unwanted enhancer-gene in-
teractions (Dixon et al., 2012; Lupiafez et al., 2015; Nora et al.,
2012; Schwarzer et al., 2017). The functional and medical rele-
vance of TADs and the enhancers therein is supported by reports
demonstrating that the disruption of enhancer activity or
enhancer-gene communication can lead to human disease
(Smith and Shilatifard, 2014; Spielmann et al., 2018). Structural
variants (SVs) (i.e., deletions, duplications, inversions, and trans-
locations) can disrupt the 3D architecture of TADs and cause
pathological gains (“gain of function”) and/or losses (“loss of
function”) in gene expression (Spielmann et al., 2018). Deletion
and duplications spanning TAD boundaries can result in the
“fusion” of neighboring TADs or in the appearance of “neo-
TADs,” respectively, which can lead to the emergence of ectopic
enhancer-gene interactions (i.e., enhancer adoption or hijacking)
and gains in gene expression (Franke et al., 2016; Groschel et al.,
2014; Lupianez et al., 2015). Translocations and inversions
that cross TAD boundaries can result in the “shuffling” of TADs
that are normally spatially separated, causing gains in gene
expression by enhancer adoption or gene silencing through
either position effect variegation (PEV) or loss of endogenous
enhancer-gene interactions (i.e., enhancer disconnection; Gou-
bau et al., 2013; Kleinjan and van Heyningen, 2005; Kleinjan
et al., 2001; Lettice et al., 2002; Mehrjouy et al., 2018; Redin
et al., 2017; Zepeda-Mendoza et al., 2018).

Based on the previous pathomechanisms, computational
strategies were recently implemented to predict the pathological
consequences of human SVs (Bianco et al., 2018; Weischenfeldt
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Figure 1. BOFS Patient with a De Novo Heterozygous Inversion that Can Potentially Alter the TFAP2A Regulatory Domain
(A) Facial appearance of the patient at 10 (I and 1) and 17 (lll and IV) years of age.
(B) Schematic view of the chr6 heterozygous inversion identified in the patient.

(legend continued on next page)
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et al., 2017). Nevertheless, given the cell-type-specific activity of
enhancers, these predictions need to be functionally validated in
the relevant patient cell types or tissues, which, due to both
ethical and technical difficulties, are often inaccessible. These
limitations were recently overcome by using CRIPSR technology
to recapitulate gain-of-function human SVs in mouse embryos
and subsequently evaluate the downstream molecular and path-
ological consequences (Franke et al., 2016; Lupiaiez et al.,
2015). However, these approaches are not always feasible in
the case of loss-of-function SVs. Namely, differences in gene
dosage sensitivity are frequently observed between mice and
humans for developmental genes causally involved in human
congenital disorders (i.e., humans, but not mice, are haploinsuf-
ficient for many developmental genes; Bedell et al., 1997; Wilkie,
2003). Therefore, certain loss-of-function SVs should be ideally
investigated in the relevant human embryonic context. In addi-
tion, although CRISPR technology can be used to engineer
SVs, the efficiencies at which this can be achieved are still rather
low for certain variants, due to their large sizes or type of
genomic re-arrangement (e.g., translocations).

The previous limitations (i.e., limited access to relevant patient
material, differences in gene dosage sensitivity between mice
and humans, and difficulties in recapitulating certain SVs) can
be, in principle, overcome by combining the derivation of pa-
tient-specific human induced pluripotent stem cells (hiPSCs)
with in vitro differentiation protocols toward specific human em-
bryonic cell types (Shi et al., 2017). To illustrate this, here, we
focus on branchiooculofacial syndrome (BOFS), a rare congen-
ital syndrome characterized by a constellation of branchial,
ocular, ear, and facial abnormalities (Milunsky et al., 2008,
2011). These abnormalities are likely to be caused by neural
crest (NC) developmental defects, indicating that BOFS is a hu-
man neurocristopathy (Trainor, 2015). In agreement with this, all
BOFS patients reported to date carry heterozygous mutations or
deletions within TFAP2A that are predicted to result in either anti-
morphic, hypomorphic, or null alleles for this NC master regu-
lator (Brewer et al., 2004; LeBlanc et al., 2013; Li et al., 2013;
Milunsky et al., 2008, 2011). Furthermore, although Tfap2a-null
mice display a BOFS-like phenotype, Tfap2a*/~ animals appear
morphologically normal and, thus, are not haploinsufficient
(Brewer et al., 2004; Schorle et al., 1996; Zhang et al., 1996),
highlighting the need to ideally investigate BOFS in a human em-
bryonic context. However, due to its embryonic and migratory
nature, the NC is a largely intractable cell population in humans.
Here, we describe a unique BOFS patient without mutations
within TFAP2A but with a de novo 89-Mb heterozygous inver-
sion, in which one of the breakpoints is located downstream of

this gene. Most importantly, combining the derivation of pa-
tient-specific hiPSCs with an in vitro human NC differentiation
system (Bajpai et al., 2010; Prescott et al., 2015; Rada-Iglesias
et al., 2012), we systematically evaluated the molecular conse-
quences of this inversion. We conclusively showed that the
inversion causes the physical disconnection between the in-
verted TFAP2A allele and its cognate enhancers, ultimately lead-
ing to monoallelic and haploinsufficient TFAP2A expression in
human neural crest cells ("(NCCs). Overall, our work provides a
broadly applicable strategy to investigate the pathomechanisms
of human SVs predicted to disrupt 3D genome organization.

RESULTS

Unique BOFS Patient with a De Novo Heterozygous
Inversion in chr6 that Does Not Disrupt the TFAP2A
Coding Sequence

Here, we describe a patient with a partial BOFS phenotype,
which includes dysmorphic facial features and hearing and
ocular abnormalities (Figure 1A; Table S1; STAR Methods).
Sequencing of TFAP2A and comparative genomic hybridization
(CGH) array analysis did not reveal any coding mutations or
unbalanced chromosomal abnormalities, respectively (data not
shown). However, cytogenetic analysis uncovered an 89-Mb
de novo heterozygous inversion in chr6 (46,XY inv(6)(p24.3;
q16.2)). Using DNA fluorescence in situ hybridization (FISH)
and whole-genome sequencing (Figures S1A and S1B), the
6p24.3 and 6g16.2 inversion breakpoints were mapped to posi-
tions chr6:10355280 and chr6:99103873 (hg19), respectively.
Interestingly, the 6p24.3 inversion breakpoint was located
~40 kb downstream of TFAP2A (Figure 1B), suggesting that
the inversion could have a long-range regulatory effect on the
expression of this gene (Kleinjan and van Heyningen, 2005;
Spielmann et al., 2018).

Epigenomic and Topological Characterization of the
TFAP2A Locus Regulatory Landscape in NCCs

To investigate the potential pathological consequences of the
89-Mb heterozygous inversion, we used an in vitro system
whereby human embryonic stem cells (hESCs)/hiPSCs can be
differentiated into hNCCs (Figure S1C; Bajpai et al., 2010; Pre-
scott et al., 2015; Rada-Iglesias et al., 2012). Briefly, hESCs/
hiPSCs are first differentiated into floating embryoid bodies
with anterior neuroectodermal identity, which then attach to
the tissue culture plate and give rise to migratory and prolifera-
tive cranial hNCCs. After ~11 days, a mixed population (referred
to as d771hNCC) consisting of hNCCs and neuroectodermal

(C) Publically available Hi-C data from hESCs (Dixon et al., 2015), ChIP-seq data from hESCs and d11hNCCs (Rada-Iglesias et al., 2011, 2012) and newly
generated d11hNCC ATAC-seq data are shown at the TFAP2A locus. The TFAP2A-TAD boundaries are shown as black dashed lines. Selected hNCC active
enhancers located within the TFAP2A-TAD are highlighted in yellow: Enh480 is located ~480 kb downstream of TFAP2A and Enh100/105 denotes a couple of
enhancers located ~100 and ~105 kb downstream of TFAP2A. The red arrows indicate the translocations breakpoints identified in three different OFC patients
(Davies et al., 2004) and a risk-haplotype for OFC identified through GWAS (Yu et al., 2017).

(D) Close-up view of the previous epigenomic data centered on the 6p24.3 inversion breakpoint identified in our BOFS patient.

(E) 4C-seq profiles generated in WT hiPSCs (WT hiPSCs#1), WT d11hNCCs, and WT p2hNCCs using the TFAP2A promoter, Enh100, or Enh480 as viewpoints

(purple stars).

(F) 4C-seq, ATAC-seq, H3K4me2 ChIP-seq, and H3K27ac ChIP-seq profiles generated in chick embryo FNP are shown at the TFAP2A chicken locus. The 4C-seq
experiments were performed using a region located at the 3’ end of TFAP2A as a viewpoint (purple star). 4C-seq, ATAC-seq, and H3K4me2 ChIP-seq data were
generated in FNP from stage HH24 chicken embryos, and the H3K27ac ChIP-seq data were previously generated in FNP from stage HH20 chicken embryos
(Rada-Iglesias et al., 2012). The black dashed lines denote the approximate location of the human TFAP2A-TAD syntenic boundaries.
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Figure 2. Functional Characterization of cis-Regulatory Elements Contained within the TFAP2A-TAD during NCC Development

(A) Schematic diagram illustrating the in vivo reporter assays performed in chicken embryos. Human enhancer sequences (Enh100, Enh105, and Enh480) were

cloned into a reporter vector in which a minimal promoter (min B-globin promoter) drives GFP expression (reporter vector). Another vector in which a strong
(legend continued on next page)
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progenitors can be obtained (Figures S1D and S1E). Subse-
quently, d77hANCC can be expanded for a couple of passages
(Prescott et al., 2015), resulting in the elimination of neuroecto-
dermal progenitors and yielding a more pure NCC population
(referred to as p2hNCC; Figures S1E and S1F). The p2hNCC
were further characterized by single-cell RNA sequencing
(scRNA-seq), which confirmed that they represent a rather ho-
mogeneous cell population widely expressing multiple cranial
NCCs and ectomesenchymal markers (Figure S1G).

To evaluate the TFAP2A regulatory landscape in hNCCs, we
combined our previous epigenomic maps from hESCs and
d11hNCC (Rada-Iglesias et al., 2012) with newly generated
d11hNCC ATAC-seq data and publically available Hi-C data
from hESCs (Dixon et al., 2012; Wang et al., 2018; Figures 1C
and 1D). TFAP2A was located at the 3’ end of a large
(>2.5 Mb) TAD (hereafter referred to as the TFAP2A-TAD)
harboring many hNCC-active enhancers. Some of these
hNCC-active enhancers were initially poised in hESCs (Rada-
Iglesias et al., 2011; e.g., Enh100 and Enh105) and others
became activated de novo in hNCCs (e.g., Enh480; Figures 1C
and 1D). Interestingly, the 6p24.3 inversion breakpoint was
located between TFAP2A and most of the hNCC-active en-
hancers identified within the TFAP2A-TAD (Figure 1D). Further-
more, the TFAP2A-TAD contains translocation breakpoints and
risk haplotypes that were previously implicated in non-syn-
dromic orofacial clefting (OFC) (Davies et al., 2004; Yu et al.,
2017), a common congenital abnormality also considered as a
neurocristopathy (Figure 1C). Therefore, the TFAP2A-TAD is
likely to contain regulatory information that, when disrupted,
can lead to NC-related abnormalities due to changes in TFAP2A
expression. Next, we performed 4C-seq experiments in wild-
type (WT) hiPSCs, d17hNCC and p2hNCC (Figure 1E), and using
the TFAP2A promoter as a viewpoint, we confirmed the bound-
aries of the TFAP2A-TAD in hNCCs (Figure 1E). Furthermore, us-

ing Enh480 and Enh100 as viewpoints, strong and highly specific
interactions with TFAP2A were observed in hNCCs (Figure 1E).
In agreement with poised enhancers marked by H3K27me3 be-
ing able to interact with their target genes already in pluripotent
cells (Cruz-Molina et al., 2017), Enh100-TFAP2A interactions
were also detected in hiPSCs, although this was not the case
for Enh480. In addition, we investigated the TFAP2A locus in
NCC-derived facial mesenchyme isolated from the frontonasal
prominences (FNPs) of chicken embryos (Figure 1F). 4C-seq ex-
periments using the chicken TFAP2A gene as a viewpoint re-
vealed an evolutionary conserved TFAP2A-TAD with syntenic
boundaries to those observed in hNCCs (Figure 1F). Moreover,
ATAC-seq, H3K27ac, and H3K4me2 profiles generated in the
FNPs revealed that the chicken TFAP2A-TAD also contained
many active enhancers (Figure 1F). Overall, the epigenomic
and topological features of the TFAP2A regulatory domain
appear to be conserved in vivo, thus supporting its physiological
relevance (Dixon et al., 2012; Gomez-Marin et al., 2015).

The TFAP2A-TAD Contains Regulatory Elements that
Are Essential for TFAP2A Expression in hNCCs

Next, we assessed whether the TFAP2A-TAD contained cis-reg-
ulatory information located 5’ of the 6p24.3 inversion breakpoint
that was required for proper TFAP2A expression in hNCCs. First,
we tested the activity of the previously described hNCC-active
enhancers (Enh100, Enh105, and Enh480) using in vitro and
in vivo reporter assays. According to the in vitro reporter assays,
Enh100 and Enh105, but not Enh480, induced strong GFP
expression in hNCC outgrowths (Figures S2A-S2C). Similarly,
in vivo reporter assays in chicken embryos showed strong GFP
expression in the dorsal neural tube, migrating cranial NCC
and facial mesenchyme for Enh100 and Enh105 (Figures 2A-
2C and S2D), although weaker expression within the dorsal neu-
ral tube was observed for Enh480 (Figure S2E).

promoter (cytomegalovirus [CMV] promoter) drives red fluorescent protein (RFP) expression was used as a positive control for electroporation (control vector).
Reporter and control vectors were co-electroporated into the anterior neural tube of stage HH8-9 chick embryos to evaluate GFP and RFP expression levels at
later developmental stages.

(B and C) Representative images of stage HH14-16 (B) and stage HH20-23 (C) chick embryos co-electroporated with the control vector (RFP) and reporter vectors
(GFP) that were either empty or contained the Enh100 or Enh105 human sequences. In (B) and (C), the chick embryos are shown in a dorsal and lateral view,
respectively.

(D) Schematic diagram illustrating the 0.4-Mb deletion generated within the TFAP2A-TAD in WT hiPSCs (WT hiPSCs#1).

(E) Representative images illustrating the compromised hNCC differentiation capacity of two different clonal hiPSC lines homozygous for the 0.4-Mb deletion
(A0.4Mb CH#1; A0.4Mb CI#2) in comparison with their parental WT hiPSCs (WT hiPSCs#1).

(F) A0.4Mb Cl#1 hiPSCs, A0.4Mb Cl#2 hiPSCs, and their isogenic WT hiPSCs line (WT hiPSCs#1) were differentiated into hNCCs, and at day 11 (d11hNCCs),
the % of cells expressing high NR2F1 levels was quantified by flow cytometry (representative experiments are shown in the left and middle). The average results
from six biological replicates for WT d11hNCCs, four biological replicates for A0.4Mb Cl#1 d11hNCCs, and four biological replicates for A0.4Mb Cl#2 d11hNCCs
are presented in the right.

(G) TFAP2A expression levels were measured by gRT-PCR in A0.4Mb hiPSCs (A0.4Mb Cl#1; A0.4Mb Cl#2) and their isogenic WT hiPSCs (WT hiPSCs#1) at day
0 and after 11 days of hNCC differentiation (d11hNCC). Expression values were normalized to three housekeeping genes (EEF2, GAPDH, and ACTB) using the
following number of measurements: twelve measurements in WT hiPSCs (technical triplicates in four different biological replicates), six measurements in A0.4Mb
Cl#1 hiPSCs (technical triplicates in two different biological replicates), six measurements in A0.4Mb CI#2 hiPSCs (technical triplicates in two different biological
replicates), twelve measurements in WT d11hNCCs (technical triplicates in four different biological replicates), six measurements in A0.4Mb CI#1 d11hNCCs
(technical triplicates in two different biological replicates), and nine measurements in A0.4Mb CI#2 d11hNCCs (technical triplicates in three different biological
replicates).

(H) WT hiPSCs, A0.4Mb CI#1 hiPSCs, and A0.4Mb CI#2 hiPSCs were differentiated into hNCCs, and at day 11 (d11hNCCs), the % of cells expressing high
TFAP2A protein levels was quantified by flow cytometry. The average results from six biological replicates for WT d11hNCCs, four biological replicates for
A0.4Mb Cl#1 d11hNCCs, and four biological replicates for A0.4Mb CI#2 d11hNCCs are presented in the right.

() Human genes plotted according to the average normalized RNA-seq read counts in WT d11hNCCs and A0.4Mb d11hNCCs. Genes considered as significantly
up and downregulated in A0.4Mb d11hNCCs are shown in red and blue, respectively.

(J) Genes considered as significantly downregulated in A0.4Mb d11hNCCs were annotated according to Gene Ontology biological process terms. Selected
terms among those with a p < 10~° are shown. In (F)~(H), p was calculated using t tests (*p < 0.01; **p < 0.001; **p < 0.0001) and error bars represent SDs.

740 Cell Stem Cell 24, 736-752, May 2, 2019



A BOFS BOFS

fibroblasts DO D4 D25 D42 hiPSC
=3 S

B hNCC differentiation

WT#

BOFS cl#1

w)

Count

o

Count

o NR2F1 )
©50 860
B
T30 i
EZO PN 30
N % 20
Z 10 i 10
|_
Y O —
2% wr  BOFs 5 ¢
°"  d11hNCC d11hNCC X

WT p2hNCC
NR2F1

BOFS p2hNCC
NR2F1

300 3004

200 481%| 2004 448%

100: 1004

10" 102 10° 10¢ 10° 10

Fluorescence

102 10° 10¢ 10°

WT p2hNCC BOFS p2hNCC
TFAP2A TFAP2A

3001 300:

2004 200-

5.5%
1004

07102 10° 10° 108 70

Fluorescence

102 10° 10¢ 10°

@ BOFS p2hNCC (n=3225)

WT
d11hNCC d11hNCC

% of NR2F 1 High cells

% of TFAP2A High cells

General topology

BOFS

WT BOFS

p2hNCC p2hNCC

BOFS
p2hNCC p2hNCC

@ WT p2hNCC (n=2338)

H

WT#1

WT#2

BOFS cl#2 BOFS cl#1

0,8 -
0,7
0,6
0,5 4
04 4
0,3 4
0,2 4
0,1 4

BWT (n=2)
mBOFS (n=3)

Expression levels (A.U.)

TFAP2A

Lk

CellPress

*kk

hiPSC

TFAP2A DAPI

Q
[®]
=z
e
N
Q
Q
@)
=z
<
N
Q
Q
]
P4
<
N
Q
Q
O
z
<
N
[oX

rs1675414

" d11hNCC
TFAP2A

p2hNCC
DAPI

| genomic DNA || cDNA d11hNCC || cDNA p2hNCC |

[

=

(@]

(.

f '\ A 0
,f .'. e’”\ .-'.." /\ "’(\‘.I i
FA'AVAVAVAWA ,A,,J'm
p =4,7x10° p =3,6x10°10
1.00- — \\/ T
X ® WT#
075 . ° ® WTH#3
% e == BOFS
0.50- oag Fﬁ'
. . < ® BOFS#1
0.25- R . © BOFS#2
@ BOFS#3

genomic DNA cDNA d11hNCC

log10(value+0.1)

40 1
BOFS TFAP2A wT

25 0 25 50 -25 0 25 50
tSNE1

cDNA p2hNCC

A

TFAP2A expression

log10 (value+0.1)

FC=1.65
p=1.3E-66

10

CV?=1.26 CV?=0.85

BOFS WT

(legend on next page)

Cell Stem Cell 24, 736-752, May 2, 2019 741



Cell’ress

To more directly evaluate the functional relevance of the pre-
vious enhancers, we used CRISPR/Cas9 to engineer in WT
hiPSCs a 0.4-Mb deletion 5’ of the 6p24.3 inversion breakpoint
and spanning Enh100/105 and Enh480 (Figures 2D, S2F, and
S2G). In comparison to their WT isogenic hiPSCs, hiPSCs homo-
zygous for the 0.4-Mb deletion (A0.4Mb hiPSCs) showed a
reduction in the attachment of floating EBs and diminished
NCC outgrowths after 11 days of differentiation. Accordingly,
the A0.4Mb hiPSCs yielded lower number of hNCCs as quanti-
fied by flow cytometry for several NCC markers (e.g., NR2F1
and p75; Prescott et al., 2015; Rada-Iglesias et al., 2012; Figures
2E, 2F, and S2H). To evaluate whether the 0.4-Mb deletion irre-
versibly impaired or, alternatively, delayed hNCC specification,
A0.4Mb hiPSCs were kept for up to 13-18 days in hNCC differ-
entiation media. Although, in some differentiations, hNCC spec-
ification was strongly compromised (Figure S2I, orange bars), in
others, there was a progressive increase in the number of ANCCs
over time (Figure S2I, green bars), indicating that the A0.4Mb
deletion delays, but not fully abrogates, hNCC specification
(Tchieu et al., 2017). Nevertheless, the 0.4-Mb deletion dramat-
ically reduced TFAP2A induction during hNCC formation (Fig-
ures 2G and 2H), even upon prolonged maintenance of
A0.4Mb cells in hNCC differentiation media (Figure S2I). To
more globally evaluate how this severe reduction in TFAP2A
levels could affect the hNCC differentiation process, we per-
formed RNA-seq experiments in WT and A0.4Mb cells after
11 days of hANCC differentiation (Figures 21 and 2J; Table S2). Dif-
ferential gene expression analysis revealed a large number of
dysregulated genes in the A0.4Mb cells (772 downregulated
and 1,435 upregulated), including, as expected, a strong down-

regulation of TFAP2A (Figure 2I; Table S2). Importantly, none of
the genes immediately flanking TFAP2A and the 0.4-Mb deletion
were differentially expressed (Figure S2J; Table S2), which
together with the previous 4C-seq results (Figure 1E) supports
that the 0.4-Mb deleted region contains TFAP2A-specific en-
hancers. Moreover, the genes downregulated in the A0.4Mb
cells included major regulators of NCC development involved
in NCC specification (e.g., ZIC1, MSX1, and PAX3), epithelial-
to-mesenchymal transition (EMT) (e.g., TWIST1, SNAI2, and
PRRXT1), migration (e.g., SEMA3D and SEMAS3C), or craniofacial
morphogenesis (e.g., ALX4 and SIX2; Figures 2J, S2K, and S2L;
Table S2). In contrast, the genes upregulated in the A0.4Mb cells
included genes involved in the maintenance of epithelial identity
and EMT inhibition (e.g., CDH1, CLDN3, and CLDN4; Figure 2I;
Table S2). Therefore, the 0.4-Mb deleted region within the
TFAP2A-TAD contains enhancers that are necessary for proper
TFAP2A expression during hNCC development.

The 89-Mb Heterozygous Inversion Leads to Monoallelic
and Reduced TFAP2A Levels in Patient hNCCs

The 89-Mb inversion in the BOFS patient could impair the inter-
action between the inverted TFAP2A allele and enhancers that
are essential for its expression in hNCCs, thus resulting in
reduced TFAP2A levels. A non-mutually exclusive possibility is
that the inversion could place the inverted TFAP2A allele within
a heterochromatic environment, thus leading to gene silencing
due to PEV (Kleinjan and van Heyningen, 2005). To evaluate
these potential pathomechanisms, we reprogrammed patient fi-
broblasts into hiPSCs (Seki et al., 2012; Figures 3A and S3A-
S3D). The presence of the 89-Mb heterozygous inversion in the

Figure 3. BOFS Patient ANCCs Display TFAP2A Monoallelic Expression and Reduced and More Heterogeneous TFAP2A Expression Levels
(A) Reprogramming of fibroblasts from the BOFS patient into hiPSCs.

(B) WT hiPSCs (WT#1 hiPSCs) and BOFS hiPSCs (BOFS Cl#1 hiPSCs) were differentiated into hNCCs, and images were taken at the indicated time points during
the differentiation.

(C) WT hiPSCs and BOFS patient hiPSCs were differentiated into d11hNCCs, and the % of cells expressing high NR2F1 (left) or high TFAP2A (right) levels was
quantified by flow cytometry. The average results from seven biological replicates for the WT cells (three for WT#1, two for WT#2, and two for WT#3) and eight
biological replicates for BOFS cells (four for BOFS Cl#1 and four for BOFS Cl#2) are presented for each protein.

(D) The percentage of cells expressing high NR2F1 levels was quantified by flow cytometry in p2hNCCs derived from WT hiPSCs and BOFS patient hiPSCs. The
average results from ten biological replicates for the WT cells (four for WT#1, two for WT#2, and four for WT#3) and five biological replicates for BOFS cells (three
for BOFS Cl#1 and two for BOFS Cl#3) are presented on the right.

(E) TFAP2A expression levels were measured by qRT-PCR in d11hNCCs and p2hNCCs derived from two different WT hiPSC lines (WT hiPSCs#1 and WT
hiPSCs#2) and three different BOFS hiPSC lines (BOFS hiPSCs Cl#1, BOFS hiPSCs Cl#2, and BOFS hiPSCs Cl#3). Expression values were normalized to two
housekeeping genes (EEF2 and GAPDH) using the following measurements: 10 measurements for WT cells (five technical replicates in two different cell lines) and
15 measurements for BOFS cells (five technical replicates in three different cell lines).

(F) TFAP2A protein levels were investigated by immunofluorescence in p2hNCCs derived from the indicated WT and BOFS hiPSC lines. Nuclei were stained
with DAPI.

(G) The percentage of cells expressing high TFAP2A levels was quantified by flow cytometry in p2hNCCs derived from WT hiPSCs and BOFS patient hiPSCs. The
average results from ten biological replicates for the WT cells (four for WT#1, two for WT#2, and four for WT#3) and five biological replicates for BOFS cells (three
for BOFS Cl#1 and two for BOFS Cl#3) are presented on the right.

(H) Allele-specific expression of TFAP2A was measured by quantitative genotyping of a SNP (rs1675414) located within the first exon of TFAP2A and that was
heterozygous (C/T) in the patient cells and in WT hiPSCs#1 and WT hiPSCs#3. The rs1675414 SNP was genotyped in genomic DNA (gDNA) and cDNA from
hNCCs (d11hNCCs and p2hNCCs) derived from two WT (WT hiPSCs#1 and WT hiPSCs#3) and three BOFS patient (BOFS hiPSCs Cl#1, BOFS hiPSCs Cl#2, and
BOFS hiPSCs CI#3) hiPSC lines. A representative chromatogram illustrating the genotyping of rs1675414 in gDNA and cDNA from both WT and BOFS hNCCs is
shown in the upper part. The overall quantification of the genotyping results is shown as boxplots in the lower part. For each cell line, five genotyping mea-
surements were performed in gDNA and cDNA obtained from at least two independent hNCC differentiations.

() scRNA-seq data were generated from 2,238 WT p2hNCCs and 3,225 BOFS p2hNCCs. WT (blue) and BOFS (red) p2hNCCs were visualized by tSNE
(t-distributed stochastic neighbor embedding) on the same (left) or separate (right) plots using the same tSNE parameters.

(J) tSNE plot showing the expression of TFAP2A in the WT and BOFS p2hNCCs.

(K) scRNA-seq expression data for TFAP2A in WT and BOFS p2hNCCs are shown as violin plots. CV2, squared coefficient of variation; FC, fold-change in the
average expression of TFAP2A between WT and BOFS p2hNCC; p was calculated using the likelihood ratio test from Monocle (Qiu et al., 2017).

In (C)-(E) and (G), p values were calculated using t tests (***p < 0.0001; ns, not significant) and error bars represent SDs.
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patient hiPSCs was confirmed by PCR, Sanger sequencing, and
targeted locus amplification (TLA) technology (de Vree et al.,
2014; Figures S3B, S3E, and S3F; Table S3). Upon differentiation
of the patient hiPSCs into hNCCs, we did not observe any
notable differences in comparison to several WT hiPSCs lines
used as controls (Figures 3B-3D, S3G, and S3H). Furthermore,
we were able to similarly differentiate WT and patient hNCCs
into cartilage, smooth muscle, and neurons, indicating that the
patient hNCCs retain their multipotency and differentiation
potential (Figures S3I-S3K). Nevertheless, TFAP2A expression
levels were consistently reduced in patient hNCCs by ~50%
with respect to WT hNCCs (Figures 3C and 3E-3G). To test
whether the reduced TFAP2A expression in the patient hNCCs
was a consequence of the 89-Mb inversion, we identified one
SNP (rs1675414, C/T) within the first exon of TFAP2A that was
heterozygous in both the BOFS patient and two of the WT
hiPSCs lines, thus enabling us to measure TFAP2A expression
in an allele-specific manner (Figure 3H). Furthermore, the data
generated by TLA allowed us to phase rs1675414 in the BOFS
patient cells with respect to the inversion (C in WT allele; T in
inversion allele; Table S2; de Vree et al, 2014). Then,
rs1675414 was quantitatively genotyped using cDNA from pa-
tient and WT hNCCs. Notably, although bi-allelic TFAP2A
expression was observed in WT hNCCs, the patient hNCCs
exclusively expressed the WT TFAP2A allele (i.e., C for
rs1675414; Figures 3H and S5).

Although the bulk TFAP2A expression levels were reduced by
~50% in the patient p2hNCCs (Figures 3E-3G), we noticed that
TFAP2A protein levels were variable between individual cells
(Figures 3F and 3G). To evaluate whether this heterogeneity in
TFAP2A expression was detectable at a transcriptional level,
we extended the previous scRNA-seq analysis of WT p2hNCCs
(Figure S1G) to BOFS p2hNCCs (Figures 31-3K). We found that
the reduced TFAP2A levels in BOFS p2hNCCs were the result
of a significant increase in the number of BOFS p2hNCCs in
which TFAP2A was lowly expressed, although in a few BOFS
p2hNCCs, TFAP2A expression was high and comparable to
that observed in WT p2hNCCs (Figures 3J and 3K). Hence,
TFAP2A monoallelic expression leads to not only reduced but
also more heterogeneous (>CV?) TFAP2A expression in the
patient hANCCs.

Monoallelic TFAP2A Expression in the Patient hNCCs Is
Caused by the Physical Disconnection between the
Inverted TFAP2A Allele and Its Cognate hNCC
Enhancers

To test whether the 89-Mb inversion causes TFAP2A monoallelic
expression by physically disconnecting the inverted TFAP2A
allele from its cognate hNCC enhancers, we performed 4C-seq
experiments in WT and patient p2hNCCs (Figures 4A-4C). Using
the TFAP2A promoter as a viewpoint, the BOFS p2hNCCs
showed extensive contacts not only within the TFAP2A-TAD,

as observed in WT p2hNCCs, but also 3’ of the 6q16.2 inversion
breakpoint (Figures 4B and 4C). However, these 4C-seq exper-
iments cannot discriminate between the WT and inverted alleles.
Therefore, we performed allele-specific 4C-seq experiments in
the patient hNCCs using as a viewpoint the restriction fragment
containing the 6p24.3 breakpoint and primer combinations that
were specific for either the WT or inverted alleles (Figures 4A-
4C; Franke et al., 2016). The WT allele displayed physical con-
tacts both 5’ and 3’ of the 6p24.3 breakpoint, including clear
interactions with the TFAP2A gene (Figures 4B and 4C). In
contrast, the inverted allele only showed interactions 5' of the
6p24.3 and 6q16.2 breakpoints, but not with the TFAP2A gene
(Figures 4B and 4C), conclusively demonstrating a loss of phys-
ical proximity between the inverted TFAP2A allele and its
cognate hNCC enhancers.

The patient inversion could also lead to monoallelic TFAP2A
expression through PEV (Kleinjan and van Heyningen, 2005). To
test this possibility, chromatin immunoprecipitation sequencing
(ChlP-seq) for H3K27ac, H3K27me3, and H3K9me3 (a hetero-
chromatic histone modification mechanistically implicated in
PEV; Tchasovnikarova et al., 2015) was performed in WT and
BOFS p2hNCCs (Figures 4D and S4A-S4C). For H3K27ac
and H3K27me3, the ChIP-seq profiles within TFAP2A were in
full agreement with our gene expression analyses. Namely,
H3K27ac levels were higher in WT than in patient hNCCs,
although the opposite was true for H3K27me3 (Figures 4D and
S4C). Furthermore, allele-specific analysis of the ChIP-seq
data using the previously described heterozygous SNP (i.e.,
rs1675414) showed that, in the patient hNCCs, the WT and in-
verted TFAP2A alleles were exclusively enriched in H3K27ac
and H3K27me3, respectively (Figure S4C; Table S3). On the other
hand, ChIP-seq for H3K9me3 showed low and similar enrich-
ments within TFAP2A in both WT and patient NCCs (Figure 4D).
Therefore, rather than becoming constitutively heterochromati-
nized (i.e., marked with H3K9me3), the inverted TFAP2A allele
retains the H3K27me3 marking already present in pluripotent
cells (Figures 4D and 1D), establishes interactions with other
H3K27me3-marked promoters (e.g., POU3F2) within its new
TAD (Cruz-Molina et al., 2017; Figure S4B), and fails to get
induced in hNCCs. Overall, this suggests that a loss of
enhancer-gene communication rather than PEV causes TFAP2A
monoallelic expression and reduced TFAP2A levels in the patient
hNCCs (Figure 4E).

The Patient Inversion Does Not Lead to Enhancer
Adoption or Ectopic Gains in Gene Expression in hNCCs
The patient inversion places genes from the 6q16.2 locus
(6916.2 genes: GPR63, NDUFAF4, and MMS22L) in proximity
of the TFAP2A hNCC active enhancers within a shuffled TAD
(Spielmann et al.,, 2018; Figure 5A). This could lead to an
enhancer adoption mechanism whereby these genes interact
with the TFAP2A hNCC enhancers and become mis-expressed

(B) 4C-seq profiles generated in WT p2hNCCs and BOFS p2hNCCs (derived from WT#1 hiPSCs and BOFS hiPSCs Cl#1, respectively) are shown around the

6p24.3 and 6416.12 breakpoint loci.

(C) Close-up view of the 4C-seq profiles shown in (B) centered on the 6p24.3 inversion breakpoint.
(D) ChIP-seq profiles for H3K27ac, H3K27me3, and H3K9me3 in WT p2hNCCs and BOFS p2hNCCs (derived from WT#1 hiPSCs and BOFS hiPSCs Cl#1,

respectively) around the 6p24.3 breakpoint.

(E) Schematic representation of how the BOFS patient inversion physically disconnects the inverted TFAP2A allele from its cognate hNCC enhancers.
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Figure 5. The Patient Inversion Does Not Cause an Enhancer Adoption Mechanism in hNCCs
(A) The BOFA patient inversion could lead to an enhancer adoption mechanism as genes within the 6g16.12 locus (i.e., MMS22L, NDUFAF4, and GPR63) are

placed within a shuffled TAD together with the TFAP2A hNCC active enhancers.

(B) 4C-seq profiles generated in WT p2hNCCs and BOFS p2hNCCs (derived from WT#1 hiPSCs and BOFS hiPSCs CI#1, respectively) are shown around the
6p24.3 and 6g16.12 breakpoint loci. 4C-seq experiments were performed using the TFAP2A promoter, the Enh100, and the Enh480 as viewpoints.

(C) Human genes plotted according to the average normalized RNA-seq read counts in WT p2hNCCs and BOFS p2hNCCs. Genes considered as significantly up

and downregulated in BOFS p2hNCC are shown in red and blue, respectively.
(D) Average expression levels measured by RNA-seq in WT and BOFS p2hNCCs for genes immediately flanking the 6p24.3 and 6q16.2 inversion breakpoints.

Error bars represent SDs. *Genes considered as differentially expressed.
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in the patient hANCCs (Figure 5A). To test this possibility, we per-
formed 4C-seq experiments in the patient p2hNCCs using the
Enh100 and Enh480 as viewpoints (Figure 5B). These enhancers
displayed extensive interactions not only within the TFAP2A TAD
but also with regions located 5’ of the 6q16.2 inversion break-
point (Figure 5B). However, these interactions declined with
linear distance, and strong contacts were not observed between
the enhancers and the 6g16.2 genes (Figure 5B). This argued
against an enhancer adoption mechanism and, thus, against
the mis-expression of the 6g16.2 genes in the patient hNCCs.
To test this prediction, we generated RNA-seq data in WT and
BOFS p2hNCCs and performed differential gene expression
analysis (Figure 5C; Table S4). In addition to TFAP2A, which
showed reduced and monoallelic expression in the patient
p2hNCCs (Figures 5C and S5), a few hundred additional genes
were differentially expressed between the WT and the BOFS
p2hNCCs (Figure 5C). However, none of the genes flanking the
6p24.3 and 6g16.2 inversion breakpoints, except TFAP2A, was
differentially expressed (Figure 5D). Therefore, BOFS in our
patient is caused by TFAP2A haploinsufficiency and not by
the ectopic activation of other genes flanking the inversion
breakpoints.

BOFS Patient hNCCs Display a Defective Transcriptome
and Reduced Migratory Capacity

To gain some insights into the molecular basis of TFAP2A hap-
loinsufficiency, we analyzed in more depth the RNA-seq data
generated in WT and BOFS p2hNCCs (Figures 6A, 6B, and
S6A; Table S5). In silico functional annotation of the differentially
expressed genes revealed that those downregulated in BOFS
p2hNCCs were enriched in genes with major roles during cranio-
facial morphogenesis that, when mutated, result in typical BOFS
phenotypes (e.g., periauricular skin pits, hypertelorism, and high
palate; Figure 6A; Table S5). Furthermore, the genes downregu-
lated in BOFS p2hNCCs were significantly enriched in cell adhe-
sion and cell migration functions (Figure 6B; Table S5). Notably,
in vitro migration assays in WT and BOFS p2hNCCs revealed a
modest but reproducible reduction in the migratory ability of
BOFS hNCCs (Figures 6C, 6D, and S6B). Moreover, these migra-
tory defects were not accompanied by differences in prolifera-
tion rates between WT and BOFS p2hNCCs (Figures S6C and
S6D). These results indicate that the heterozygous inversion in
the patient leads to moderate, yet informative, transcriptional
and phenotypic defects in hNCCs.

Gene Downregulation in BOFS Patient hNCCs Is Directly
Mediated by Reduced TFAP2A Binding to hNCC Active
Enhancers

To determine whether the previous gene expression differences
were directly mediated by TFAP2A, we performed ChlP-seq ex-
periments for TFAP2A in both WT and BOFS p2hNCCs (Figures
7A and S7A). The overall TFAP2A binding patterns in WT and

BOFS p2hNCCs were similar (Figures 7A, S7A, and S7B; Table
S6). Nevertheless, a few thousand sites displayed differential
TFAP2A binding between WT and BOFS p2hNCCs, with almost
three times more sites displaying reduced binding in BOFS
p2hNCCs (Figure 7A). Sites with reduced TFAP2A binding in
BOFS p2hNCCs frequently overlapped distal enhancers that
also showed lower H3K27ac levels in BOFS p2hNCCs (Figures
7A, 7B, and S7C-S7E; Table S6). The molecular basis of the dif-
ferential TFAP2A binding in WT and BOFS p2hNCCs remains to
be elucidated, but it is not due to differences in the underlying
TFAP2A binding motifs (Figure S7F). After linking the differen-
tially bound TFAP2A sites to nearby genes, we found a signifi-
cant overlap between genes displaying reduced TFAP2A binding
in BOFS p2hNCCs and genes downregulated in BOFS p2hNCCs
(p = 2.4e'8; Figures 7C and S7G). This suggests that TFAP2A
directly controls the expression of the BOFS p2hNCC downre-
gulated genes, which is also supported by our scRNA-seq
data (Figures 7D-7F). Namely, a strong positive correlation
was observed between the TFAP2A levels and the average
expression of the BOFS downregulated genes present within in-
dividual p2hNCCs (Figure 7F). Overall, these results indicate that
the downregulation of genes in BOFS hNCCs is directly medi-
ated by reduced binding of TFAP2A to relevant enhancers. We
conclude that this might be part of a general mechanism
whereby reduced TFAP2A levels and/or activity in BOFS patients
leads to transcriptional changes that affect the morphogenetic
properties of hNCCs.

DISCUSSION

In addition to uncovering a long-range regulatory pathomechan-
ism for BOFS, our extensive characterization of the TFAP2A
regulatory domain provides major insights into the pathome-
chanisms of other neurocristopathies, including OFC (Ludwig
et al.,, 2012). For example, a previous study reported three
OFC patients with translocations breakpoints in the 6p24 region
that could affect the expression and/or function of OFCC1, a
poorly characterized gene located ~350 Kb downstream of
TFAP2A (Davies et al., 2004; Figure 7G). However, this gene is
barely expressed in hNCCs according to our RNA-seq data (Fig-
ures S2J and 5D), and Ofcc 1 null mice do not display any cranio-
facial abnormalities (Ohnishi et al., 2011). These observations
argue against this gene playing any major role in the etiology of
OFC. The translocation breakpoints of these three OFC patients
are all located within the TFAP2A-TAD, 5'of the 6p24 inversion
breakpoint identified in our BOFS patient (Figure 7G). Therefore,
these translocations might disrupt the TFAP2A regulatory
domain and, thus, TFAP2A expression in hNCCs. Moreover, as
the translocated TFAP2A alleles would spare more hNCC-active
enhancers than the inverted allele in our BOFS patient (e.g.,
Enh100/105 is spared in all three OFC patients; Figure 7G), the
consequences for TFAP2A expression might be more subtle,

(C) Representative images of the scratch assays performed with p2hNCCs derived from WT hiPSCs and BOFS hiPSCs using cell culture inserts. Cell migration

was monitored at the indicated times.

(D) The scratch assays described in (C) were quantified by measuring the outline of the scratched areas in images acquired at 0, 4, and 10 h. For each assay, the
areas determined at 4 h and 10 h were normalized to the scratched area measured at 0 h. These normalized scratch sizes are shown as boxplots for mea-
surements taken at 4 h (left) and 10 h (right). p was calculated using t tests, in which the normalized scratch sizes measured in WT p2hNCCs (n = 21 biological

replicates) and BOFS p2hNCCs (n = 22 biological replicates) were compared.
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perhaps explaining the milder phenotypes of these patients
(i.e., OFC versus BOFS). Similarly, a recent genome-wide asso-
ciation study (GWAS) identified a susceptibility locus for OFC
within the TFAP2A-TAD (Figure 7G; Yu et al., 2017). In this
case, genetic variants within this OFC risk-haplotype might
disrupt one or more hNCC-active enhancers and mildly affect
TFAP2A expression.

The structural disruption of TADs is emerging as a major etio-
logical mechanism for human congenital disorders (Lupianez
et al., 2016; Spielmann et al., 2018). Using genetic-engineering
tools, human SVs can be recapitulated in mouse embryos
to unveil their pathomechanisms in vivo (Franke et al., 2016;
Lupianez et al., 2015). However, these approaches might not
be generally applicable to investigate SVs that, due to their
large size (e.g., 89-Mb inversion in our BOFS patient) or type
of genomic re-arrangement (e.g., translocations), cannot be
efficiently engineered with current tools. Similarly, animal
models are not always suitable to investigate the pathological
consequences of balanced SVs (i.e., inversions and transloca-
tions) that, through a “TAD shuffling” mechanism, can lead to
not only gains but also losses in gene expression (Spielmann
et al., 2018). Namely, there are a large number of human
congenital disorders, including BOFS, caused by heterozygous
mutations within developmental genes for which humans, but
not mice, are haploinsufficient (Bedell et al., 1997; Wilkie,
2003). These frequent differences in gene dosage sensitivity
suggest that balanced SVs predicted to cause congenital ab-
normalities through loss-of-function regulatory mechanisms
should be ideally investigated in a human embryonic context.
However, due to technical and ethical reasons, the etiologically
relevant embryonic cell types involved in human congenital dis-
orders (e.g., NCCs in BOFS) are extremely difficult to isolate
from human patients. Consequently, the exact long-range reg-
ulatory mechanisms whereby balanced SVs cause human
congenital disease remain in many cases theoretical and mostly
supported by correlative observations (Kleinjan and van Heynin-
gen, 2005; Mehrjouy et al., 2018; Redin et al., 2017; Zepeda-
Mendoza et al., 2018).

Using a BOFS patient as a case study, we conclusively show
that patient-specific hiPSCs, in vitro differentiation systems,
and genomic and genetic engineering tools can be combined

to systematically evaluate the molecular consequences of
otherwise non-tractable SVs. We demonstrate that the 89-Mb
inversion found in our patient causes BOFS by physically dis-
connecting the inverted TFAP2A allele from its cognate en-
hancers, leading to TFAP2A monoallelic and haploinsufficient
expression in hNCCs. Interestingly, using scRNA-seq, we found
that the monoallelic expression of TFAP2A did not simply
reduce by 2-fold the amount of TFAP2A transcripts present in
each patient hNCC. Instead, TFAP2A expression became
more heterogeneous and there was an increase in the number
of patient hNCCs that barely expressed TFAP2A. We hypothe-
size that, if only one TFAP2A allele is functionally available, tran-
scriptional bursts might occur less frequently (Fukaya et al.,
2016; Larsson et al., 2019), resulting in a larger fraction of cells
expressing low TFAP2A levels at any given time point. Our re-
sults suggest the intriguing possibility that haploinsufficiency
for TFAP2A and other developmental genes might be caused
by not only reduced gene expression levels but also increased
transcriptional heterogeneity (Deng et al., 2014; Raj and van
Oudenaarden, 2008). Lastly, we showed that, although our
patient’s inversion shuffles within the same TAD the TFAP2A
hNCC enhancers with potentially novel target genes, this leads
to neither enhancer adoption nor ectopic gains in gene expres-
sion. Therefore, our data show that placing enhancers and
genes within the same TAD is not sufficient to drive gene
expression, suggesting that, in certain genomic and/or cellular
contexts, additional genetic and/or epigenetic mechanisms
might be necessary to ensure that enhancer-gene communica-
tion is transcriptionally productive (van Arensbergen et al,
2014; Arnold et al., 2017; Kraft et al., 2019). Overall, our
work highlights our still poor understanding of the regulatory
rules governing enhancer-gene communication and enhancer
responsiveness and suggests that the pathological conse-
quences of SVs predicted to disrupt 3D genome organization
should be experimentally validated. In this respect, our work
provides a valuable experimental pipeline to uncover the molec-
ular basis of human congenital disorders caused by the struc-
tural disruption of gene regulatory landscapes. This strategy
should be particularly useful when animal models do not fully
recapitulate the human phenotypes or when the relevant em-
bryonic cell types are not easily accessible.

Figure 7. Genes Downregulated in Patient hNCCs Represent Direct TFAP2A Targets

(A) ChIP-seq data for TFAP2A and H3K27ac were generated in p2hNCCs derived from WT hiPSCs (WT hiPSCs#1) and BOFS hiPSCs (BOFS hiPSCs Cl#1). All the
TFAP2A peaks (n = 56,630) identified in either WT or BOFS p2hNCCs were clustered in three groups, according to the differential TFAP2A binding between WT
and BOFS p2hNCCs: unchanged; lower in BOFS phNCCs; and higher in BOFS p2hNCCs.

(B) ChIP-seq profiles for TFAP2A, H3K27ac, and H3K27me3 in WT and BOFS p2hNCCs are shown at a representative locus (i.e., FAM20C locus) that contains
three hNCC active enhancers displaying reduced TFAP2A binding and H3K27ac levels in BOFS p2hNCCs.

(C) Overlaps between genes linked to differentially bound TFAP2A sites and genes downregulated (light blue) or upregulated (light red) in BOFS p2hNCCs. p was
calculated using hypergeometric tests.

(D) The expression of genes downregulated in BOFS p2hNCCs according to bulk RNA-seq is shown as boxplots using the scRNA-seq data generated in WT and
BOFS p2hNCCs. FC, fold-change in the average expression between WT p2hNCCs and BOFS p2hNCCs; p was calculated using t tests.

(E) The expression of two genes considered as BOFS low according to ChIP-seq and downregulated in BOFS p2hNCCs according to bulk RNA-seq analysis
(FAM20C and COLB8AT) is shown as tSNE or violin plots using the scRNA-seq data generated in WT and BOFS p2hNCCs. FC, fold-change in the average
expression between WT and BOFS p2hNCCs; p was calculated using likelihood ratio tests.

(F) p2hNCCs analyzed by scRNA-seq are shown as dots in which the expression of TFAP2A (x axis) is compared to the average expression of the genes
downregulated in BOFS p2hNCCs (y axis). The scRNA-seq data were subject to library normalization, square root transformation, and dropout correction using
MAGIC (van Dijk et al., 2018). R2, squared Pearson correlation coefficient.

(G) Schematic overview of the TFAP2A-TAD, with the red arrows indicating the translocations breakpoints identified in three OFC patients (Davies et al., 2004) as
well as a OFC risk-haplotype identified by GWAS (Yu et al., 2017).
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-AP-2¢ (clone 3B5)
Rabbit polyclonal anti-H3K9me3

Rabbit polyclonal anti-H3K27ac

Rabbit polyclonal anti-H3K27me3

Rabbit polyclonal anti-H3K4me2

Goat polyclonal anti-SOX2 (clone Y-17)
Mouse monoclonal anti-TRA-1-60

Mouse monoclonal anti-COUP-TF II/NR2F2
(clone H7147)

Mouse monoclonal anti-COUP-TF I/NR2F1
(clone H8132)

Rabbit polyclonal anti-TWIST1

Rabbit polyclonal anti-SOX9

Rabbit polyclonal anti-SM22 alpha

Rabbit polyclonal anti-beta Il Tubulin

Alexa Fluor® 488 goat anti-rabbit IgG (H+L)
Alexa Fluor® 594 donkey anti-goat IgG (H+L)
Alexa Fluor® 594 goat anti-rabbit IgG (H+L)

Mouse monoclonal p75/CD271-PerCP
(clone ME20.4)

Goat polyclonal anti-mouse F(ab)2 IgG (H+L)
PerCP-conjugated

Goat polyclonal anti-mouse F(ab)2 IgG (H+L)
PerCP-conjugated

Goat polyclonal anti-rabbit IgG APC-conjugated

Santa Cruz Biotechnology
Active Motif

Active Motif

Active Motif

Active Motif

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Perseus Proteomics

R&D Systems

Thermo Fisher Scientific
Millipore

Abcam

Abcam

Life Technologies

Life Technologies

Life Technologies
Biolegend

R&D Systems
Invitrogen

R&D Systems

Cat#sc-12726; RRID: AB_667767
Cat#39161; RRID: AB_2532132
Cat#39133; RRID: AB_2561016
Cat#39155; RRID: AB_2561020
Cat#39141; RRID: AB_2614985
Cat#tsc-17320; RRID: AB_2286684
Cat#sc-21705; RRID: AB_628385
Cat#H7147; RRID: AB_2314222

Cat#PP-H8132-00; RRID: AB_2155494

Cat#PA5-49688; AB_2635141; RRID: AB_2635141
Cat#AB5535; RRID: AB_2239761

Cat#ab14106; RRID: AB_443021

Cat#ab18207; RRID: AB_444319

Cat#A11008; RRID: AB_143165

Cat#A11058; RRID: AB_2534105

Cat#R37117; RRID: AB_2556545

Cat#345111; RRID: AB_11204078

Cat#F0114; RRID: AB_1207935

Cat#46-4010-82; RRID: AB_2573755

Cat#F0111; RRID: AB_573127

DyLight 488 donkey anti-rabbit IgG Biolegend Cat#406404; RRID: AB_1575130
(clone Poly4064)
Bacterial and Virus Strains
E.Coli Top10 Kurian Lab N/A
Biological Samples
Patient-derived fibroblasts Wessex Regional Genetics N/A

Laboratory, Salisbury, UK
Chemicals, Peptides, and Recombinant Proteins
GelTrex Thermo Fisher Scientific Cat#A1413302
mTeSR1 Stem Cell Technologies Cat#85850
StemMACS iPS-Brew XF Miltenyl Biotec Cat#130-104-368
Versene Life Technologies Cat#15040-066
Accutase Sigma-Aldrich Cat#A6964
Thiazovivin Axon Med Chem Cat#1535
FuGene HD transfection reagent Promega Cat#E2313
Human Plasma Fibronectin Purified Protein Millipore Cat#FC010
Neurobasal medium Life Technologies Cat#21103049
DMEM F12 medium Life Technologies Cat#10565018
B27 supplement Life Technologies Cat#17504044
N2 supplement Life Technologies Cat#17502048
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REAGENT or RESOURCE SOURCE IDENTIFIER

epidermal fibroblast growth factor Peprotech Cat#AF-100-15

basic fibroblast growth factor Peprotech Cat#100-15-18B

Insulin Sigma-Aldrich Cat#11882

BSA Gemini Bio-Products Cat#700-104P

MesenCult ACF Chondrogenic Differentiation StemCell Technologies Cat#05455

Medium

Q5 High-Fidelity DNA Polymerase New England Biolabs Cat#M0491L

Platinum Tag DNA Polymerase Life Technologies Cat#10966034

T4 DNA ligase Life Technologies Cat#15224-041

TD buffer lllumina Cat#15027866

TDE1 lllumina Cat#15027868

Critical Commercial Assays

CytoTune-iPS 2.0 Sendai Reprogramming Kit Invitrogen Cat#A16517

TLA assay Cergentis https://www.cergentis.com/

CellTrace CFSE Cell Proliferation Kit Invitrogen Cat#C34554

innuPREP RNA Mini Kit Analytic Jena Cat#845-KS-2040250

ProtoScript Il First Strand cDNA Synthesis Kit New England Biolabs Cat# E6560L

10x Single Cell 3" Reagent Kit lllumina N/A

Expand Long Template PCR system Roche Cat#11681842001

QIAquick PCR Purification Kit QIAGEN Cat#28104

MinElute PCR Purification kit QIAGEN Cat#28004

TruSeq RNA Library Prep Kit v2 lllumina RS-122-2001

Deposited Data

ChIP-seq, RNA-seq and 4C-seq datasets This paper GEO: GSE108522

ChIP-seq Chicken HH20 frontonasal Rada-Iglesias et al., 2012 GEO: GSM933349

prominences: H3K27ac

ChIP-seq hESC: p300 Rada-Iglesias et al., 2011 GEO: GSM602291

ChIP-seq hESC: H3K27me3 Rada-Iglesias et al., 2011 GEO: GSM602293

ChlIP-seq hESC: H3K27ac Rada-Iglesias et al., 2011 GEO: GSM602294

ChIP-seq hESC: H3K4met1 Rada-Iglesias et al., 2011 GEO: GSM602295

ChIP-seq hESC: H3K4me3 Rada-Iglesias et al., 2011 GEO: GSM602296

ChIP-seq d11hNCC: p300 Rada-Iglesias et al., 2012 GEO: GSM714804

ChIP-seq d11hNCC: H3K27me3 Rada-Iglesias et al., 2012 GEO: GSM714806

ChlIP-seq d11hNCC: H3K27ac Rada-Iglesias et al., 2012 GEO: GSM714807

ChIP-seq d11hNCC: H3K4mef1 Rada-Iglesias et al., 2012 GEO: GSM714808

ChIP-seq d11hNCC: H3K4me3 Rada-Iglesias et al., 2012 GEO: GSM714809

Human reference genome NCBI build 37, Genome Reference Consortium https://www.ncbi.nim.nih.gov/projects/

GRCh37/hg19 genome/assembly/grc/human/
International Chicken Genome https://www.ncbi.nlm.nih.gov/assembly/
Consortium GCF_000002315.1/

Chicken reference genome ICGSC 4.0/galGal4 International Chicken Genome https://www.ncbi.nim.nih.gov/assembly/
Consortium GCF_000002315.3/

Hi-C data generated in hESC Dixon et al., 2015 N/A

Experimental Models: Cell Lines

Human: WT hiPSC line NP0040-8 (WT#1) Saric lab, Center for Physiology EBiSC accession name UKKi011-A;
and Pathophysiology, Institute https://cells.ebisc.org/UKKi011-A/

for Neurophysiology, Medical
Faculty, University of Cologne,
Cologne, Germany
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Human: WT hiPSC line S24 (WT#2) Pediatric Endocrinology and N/A
Diabetology, Department of
Pediatrics, University Clinic,
Dresden, Germany
Human: WT hiPSC line T12 (WT#3) Pediatric Endocrinology and N/A
Diabetology, Department of
Pediatrics, University Clinic,
Dresden, Germany
Human: A0.4Mb hiPSC This paper N/A
Human: BOFS hiPSC This paper N/A
Experimental Models: Organisms/Strains
Chicken breed: white leghorn (Gallus gallus LSL Rhein-Main N/A
domesticus)
Oligonucleotides
Primers for RT-gPCR see Table S7 This paper N/A
gRNA sequences for 0.4 Mb del CRISPR/Cas9 This paper N/A
see Table S7
Primers for 0.4 Mb del PCR genotyping This paper N/A
see Table S7
Primers for 4C sequencing see Table S7 This paper N/A
Primers for Reporter Assays see Table S7 This paper N/A
Primers for 89 Mb Inv PCR genotyping This paper N/A
see Table S7
Primers for SNP genotyping see Table S7 This paper N/A
Primers for TLA assay see Table S7 This paper N/A
Recombinant DNA
PiggyBac enhancer GFP Neo Buecker et al., 2014 N/A
PiggyBac Enh100 GFP Neo This paper N/A
PiggyBac Enh105 GFP Neo This paper N/A
PiggyBac Enh480 GFP Neo This paper N/A
Super PiggyBac Transposase Expression Vector System Biosciences Cet#PB200PA-1
B-globin-GFP enhancer reporter system Bergsland et al., 2011 N/A
B-globin-GFP Enh100 reporter This paper N/A
B-globin-GFP Enh105 reporter This paper N/A
B-globin-GFP Enh480 reporter This paper N/A
PiggyBac-CMV-MCS-EF1-RedPuro System Biosciences Cat#PB514B-2
pX330-hCas9-long-chimeric-grna-g2p Kurian Lab; Cruz-Molina N/A
etal., 2017
pX330-hCas9-gRNA#34 This paper N/A
pX330-hCas9-gRNA#L2 This paper N/A
pX330-hCas9-gRNA#39 This paper N/A
pX330-hCas9-gRNA#L5 This paper N/A
Software and Algorithms
Genome engineering toolbox Zhang lab, MIT http://www.genome-engineering.org/crispr/

BD FACSDIVA software

FloJo 7.6.5.
FIJI (ImageJ)
KNIME
OMERO

BD Bioscience

FlowJo, LLC
Schindelin et al., 2012
KNIME AG. Zurich, Schwitzerland

University of Dundee & Open
Microscopy Environment

https://www.bdbiosciences.com/us/
applications/s/flowcytometry

https://www.flowjo.com/
https://fiji.sc/
https://www.knime.com/

https://www.openmicroscopy.org/
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REAGENT or RESOURCE SOURCE IDENTIFIER

PeakPicker2 Ge et al., 2005 N/A

FastQC Babraham Bioinformatics http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

SAMtools http://www.htslib.org http://samtools.sourceforge.net

TopHat2 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/index.shtml

DESeq2 Anders and Huber, 2010 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

Cufflinks Trapnell et al., 2010 https://github.com/cole-trapnell-lab/cufflinks

GREAT MclLean et al., 2010 http://bejerano.stanford.edu/great/public/html/

cellranger-2.1.0

monocle_2.6.4
Rmagic_1.3.0
BWA

MACS2
Bowtie
R3C-seq

3D Genome Browser
Enrichr

DAVID

deep Tools

MEME-ChIP software (part of the MEME suite)
Gene Set Enrichment Analysis (GSEA)

Zheng et al., 2017

Qiu et al., 2017

van Dijk et al., 2018

Li and Durbin, 2009
Zhang et al., 2008
Langmead et al., 2009
Thongjuea et al., 2013

Wang et al., 2018

Kuleshov et al., 2016
Huang et al., 2009

Ramirez et al., 2014
Machanick and Bailey, 2011

Subramanian et al., 2005

https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/
what-is-cell-ranger
http://cole-trapnell-lab.github.io/monocle-release/
https://github.com/KrishnaswamyLab/MAGIC
http://bio-bwa.sourceforge.net/
http://liulab.dfci.harvard.edu/MACS/
http://bowtie-bio.sourceforge.net/

http://bioconductor.org/packages/release/
bioc/html/r3Cseq.html

http://amp.pharm.mssm.edu/Enrichr/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://deeptools.ie-freiburg.mpg.de/
http://meme-suite.org/tools/meme-chip

http://software.broadinstitute.org/gsea/index.jsp

Other

silicon culture-inserts
OVODYNE Electroporator

ibidi
Intracel

Cat#80209
Cat#TSS20

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to the Lead Contact, Alvaro Rada-Iglesias (aradaigl@uni-koeln.de;
alvaro.rada@unican.es).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient description

The patient is a 17 year-old male born to non-consanguineous healthy parents (Figure 1; Table S1). He was born at 38 weeks gesta-
tion by normal delivery weighing 3.71 kg and with a head circumference of 35 cm. He sat at nine months and walked at 18 months of
age, but with a continuing tendency to tiptoe walk. At two years of age, there were concerns about his development, in particular
speech and language; and about his locomotor skills. The patient had dysmorphic facial features with long palpebral fissures, a flat-
tened nasal tip, full lips, a short philtrum and upturned ear lobes as well as a high arched palate and a sector of heterochromia in his
left iris. There were no hairy patches and no haemangiomas or unusual patches of skin on his neck. Aged four, he was described to
have severe speech and language difficulties, in addition to an alternating convergent squint, right sided severe sensorineural hearing
loss and fluctuating left-sided conductive hearing loss secondary to middle ear effusion. He also had palatopharnygoplasty surgery
for velopharyngeal insufficiency. Sleep difficulties were reported and he was prescribed melatonin. There was delay in his social
communication skills, but he did not meet the ICD-10 criteria for diagnosis of autism when assessed aged seven years. He reported
significant difficulties with self-organization and social interactions. He had mild myopia and pooling of tears; however, a formal
ophthalmic examination did not suggest a tear duct abnormality. Ultrasound scan of his kidneys and MRI of his inner auditory meatus
were normal. The patient never experiences dizziness but his balance has always been poor in the dark. Atage 17, his height is on 25t
centile, weight on 50t centile and head circumference on 9" to 25™ centile. His vestibular function tests were abnormal and underlie
his poor balance in the dark. They showed a bilateral vestibular hypofunction of the horizontal semicircular canals and absent cervical
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vestibular evoked myogenic potentials (a specific test of the saccule and inferior vestibular nerve) on the left. Echocardiogram was
normal.

WT hiPSCs

The WT hiPSCs lines T12 (WT#3) and S24 (WT#2) were provided by the Pediatric Endocrinology and Diabetology laboratory (Depart-
ment of Pediatrics, University Clinic Carl Gustav Carus, TU Dresden, Germany). These hiPSCs lines were obtained from fibroblasts
from healthy donors (Kind et al., 2010), reprogrammed by lentiviral transduction vector and validated as described in Laugsch et al.
(2016). The WT hiPSCs lines NP0040-8 (WT#1) provided by Center for Physiology and Pathophysiology, Institute for Neurophysi-
ology, Medical Faculty, University of Cologne, Cologne, Germany was reprogrammed by episomal reprogramming vectors and vali-
dated according to EBiSC standards (NP0040-8 is available at EBiISC under accession name UKKi011-A; https://cells.ebisc.org/
UKKIi011-A/).

BOFS patient-specific hiPSCs

The patient was enrolled and sampled according to standard local practice at the University of Southampton (UK). The use of patient
material in this study received consent from the patient’s parents, was approved by the ethics committee at the University of South-
ampton and was in compliance with the Declaration of Helsinki concerning Ethical Principles for Medical Research Involving Human
Subjects.

METHOD DETAILS

Characterization of chromosomal abnormalities
Genome analysis by array-CGH was carried out with Agilent 244K oligonucleotide arrays according to standard methods.
Mapping of the inversion breakpoints was undertaken in metaphase chromosomes by two-color FISH using standard protocols
with probes derived from BAC, PAC and fosmid constructs. Briefly, the 6g16.2 breakpoint was mapped by FISH to a genomic region
containing no known genes within BAC RP11-390H11. The 6p24.3 breakpoint was mapped within PAC RP1-290I10, in a region con-
taining TFAP2A. The breakpoint location was further refined by using fosmid WI2-506N5, which excluded TFAP2A from the break-
point region.
Paired-end genome sequencing using 100bp reads was performed on a single lane of the lllumina HiSeg2500 in order to resolve
the inversion breakpoints at the nucleotide level.

Targeted Locus Amplification (TLA)

TLA was performed by Cergentis (https://www.cergentis.com/) according to their standard protocol (de Vree et al., 2014). Briefly,
hiPSCs derived from our BOFS patient were used as input and analyzed with four sets of TLA primers (Table S7). Primer-sets 1A
and 1B were used to amplify both TFAP2A alleles in order to (i) phase rs1675414, a heterozygous SNP in the BOFS patient cells,
with respect to the inversion, (i) identify additional heterozygous SNPs in the BOFS patient cells and (jii) to phase them with respect
to the inversion. Primer-sets 2 and 3 were designed upstream of the 6p24 and downstream of the 6q16 inversion breakpoints,
respectively, in order to confirm and refine the position of the two inversion breakpoints. The primer sets were used in individual
TLA amplifications. PCR products were purified, and libraries prepared using the NEBNext Hyper Plus Il protocol (NEB) and
sequenced on an lllumina sequencer.

hiPSCs culture

All hiPSCs were maintained on GelTrex (Thermo Fisher Scientific) in mTeSR1 (Stem Cell Technologies) with daily medium change or
in StemMACS iPS-Brew XF (Miltenyl Biotec), with medium changed every other day. Confluent hiPSCs were regularly split by Ver-
sene (GIBCO by Life Technologies) or Accutase (Life Technologies) treatment and supplemented with Thiozavivin (Axon Med Chem)
for the first 24-48h.

Derivation of BOFS patient-specific hiPSCs

Fibroblasts from the patient carrying the 89Mb inversion in chromosome 6 were provided by the Wessex Regional Genetics
Laboratory, Salisbury, UK. The fibroblast were reprogrammed into hiPSCs using standard factors (OSKM) by non-integrating
Cyto Tune-iPS Sendai Kit (Thermo Fisher Scientific) (Seki et al., 2012) and validated by immunostaining and quantitative reverse
transcription-PCR for the expression of pluripotency-associated genes. Conventional cytogenetic (G-banding) of used BOFS-
hiPSCs clones confirmed their normal karyotype, (Institute of Molecular Haematology and Oncology, University Clinics of Cologne,
Germany) except for the already diagnosed 89Mb inversion. The 89Mb heterozygous inversion in patient fibroblasts and hiPSCs was
confirmed by PCR using the primers listed in Table S7 (Figure S3) and TLA analysis.

Engineering of the 0.4Mb deletion within TFAP2A-TAD in WT hiPSCs by CRISPR/Cas9

The template sequence flanking the chosen 0.4Mb region was obtained from the UCSC Genome Browser and used for gRNA design.
The gRNA sequences (#34: ATTCTAAACATTCCCCGCACTGG; #L2: TGTGCTGAAAGGGTCGTCGCTGG, #39, CTTTGAAAGAT
TATCTGCCTAGG and #L5: GGATAACTTGCTTACCCCAGTGG) were designed according to the genome engineering toolbox
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(http://www.genome-engineering.org/crispr/) and cloned into the pX330-hCas9-long-chimeric-grna-g2p (kindly provided by Leo
Kurian’s laboratory, CMMC, University of Cologne), as described in Cruz-Molina et al. (2017). To validate positive bacterial clones,
the corresponding forward gRNA oligo and the reverse primer (5’ aacgccaatagggactttcc 3') and were used for colony PCR and the
resulting products were analyzed by Sanger sequencing (SeglLab). To optimize the CRIPSR/cas9 targeting efficiency, NP0040-8
(WT#1) hiPSCs were subject to two rounds of transfections with vectors containing #L2 and #L5 gRNAs (round 1) or #34 and #39
gRNAs (round 2). The vectors were delivered to the cells by non-liposomal formulation (FuGene HD transfection reagent, Promega)
upon cell splitting and using mTeSR1 supplemented with Thiozavivin for the first 24h. Two days post transfection, the mTeSR me-
dium was supplemented with 1mg/mL Puromycin for 24h and then gently washed. The hiPSCs were then cultured for additional
4-6 days and tested for the desired 0.4Mb deletion by PCR-based genotyping and Sanger sequencing using the primers shown
in Table S7. To generate clonal lines, the targeted hiPSCs were split by accutase and resuspended in mTeSR1 supplemented
with Thiazovivin (150 cells per 1cm?). Medium was carefully changed every other day until colonies were ready for picking. After
the first transfection round, the resulting cell lines were tested for the 0.4Mb deletion by PCR-based genotyping using the primers
describe in Table S7 and a clone heterozygous for the deletion was subjected to a second round of transfection. Following derivation
of clonal lines and subsequent genotyping using PCR and Sanger sequencing, two independent clonal lines homozygous for the
0.4Mb deletion were obtained and used for subsequent experiments.

hNCC differentiation

For the differentiation of hiPSCs into hNCC we used previously reported protocols (Bajpai et al., 2010; Prescott et al., 2015; Rada-
Iglesias et al., 2012). Briefly, confluent hiPSCs colonies were detached by 2mg/mL collagenase treatment, washed with PBS and
plated in Petri dishes in a hNCC differentiation medium (Neurobasal and DMEM F12 media in 1:1 ratio, 0.5x B27 with Vitamin A
and 0.5x N2 supplements, 20ng/mL epidermal fibroblast growth factor, 20ng/mL basic fibroblast growth factor and 5ug/mL Insulin).
Embryoid body (EB) formation was induced already 24h post splitting and medium was changed every 2-3 days. Typically, at Day 7
EBs attached to the Petri dishes and gave rise to NCC outgrowths. On Day 11, the hNCC (d11hNCC) were either harvested for down-
stream analyses or dissociated by accutase treatment and seeded (50.000 cells per cm?) on cell culture dishes coated with 5mg/mL
fibronectin in hNCC maintenance medium in which insulin was replaced by 1mg/mL BSA (Prescott et al., 2015). Following one addi-
tional passage, hNCC cells were harvested in passage number 2 (p2) for downstream analyses (p2hNCC).

For differentiation of p2hNCC into later lineages, cells were cultured for 7 days in media that promoted differentiation into smooth
muscle (DMEM F12 + 10%FBS) or for 14 days in media that promoted differentiation into neurons/glia (DMEM F12 + B27 + 2 mM
glutamine + 50 ng/ml LIF + 1% FBS). The cells were analyzed by immunofluorescence in order to determine the expression of repre-
sentative lineage-specific markers. For chondrogenic differentiation 5x10° p2hNCC were pelleted and subsequently cultured in
0.5 mL of MesenCult ACF Chondrogenic Differentiation Medium (StemCell Technologies, Inc.) in 15ml polypropylene tubes. Three
days later, 0.5 mL of fresh medium was added. Subsequently, the medium was changed every three days and the tubes were gently
flicked to ensure that the cell pellets were not completely attached to the tube. On day 21, the cell pellets were fixed with 10% formalin
for 30 minutes at RT and embedded in paraffin. Next, 8 um sections were obtained using a microtome, followed by two xylene washes
(5 minutes each) in order to deparaffinised them. Sections were rehydrated with washes in decreasing ammounts of ethanol (100%-
70%) and rinsed under running tap water for 5 minutes. For alcian blue staining, sections were incubated in 1% alcian blue solution
(PH2.5) in 3% acetic acid for 30 minutes. Slides were washed with tap water and counterstained with nuclear fast red solution for
5 minutes. After the staining process, sections were washed in running tap water and through increasing amounts of ethanol
(50%-100%) for dehydration. Ethanol was cleared with one wash of acetone and slides were mounted using aquatex permanent
aqueous mounting agent (Sigma). Sections were imaged using a brightfield stereomicroscope (Olympus SZX16).

Chicken Embryos

Fertilized chicken eggs (white leghorn; Gallus gallus domesticus) were obtained from a local breeder (LSL Rhein-Main) and incubated
at 37°C and 80% humidity in a normal poultry egg incubator (Typenreihe Thermo-de-Lux). Following microsurgical procedures, the
eggs were re-incubated until the embryos reached the desired developmental stages. The developmental progress was determined
according to the staging system of Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1992).

Isolation of chicken frontonasal prominences

Fertile chicken eggs were incubated at 37°C for 4 days until they reached stage HH24 (Hamburger and Hamilton, 1992). Embryos
were isolated from the eggs, transferred into 20 mL of 1x PBS, and the extraembryonic membranes were removed. Then, FNP
were isolated using surgical scissors. After isolation, FNP sections were pooled in a 1.5-mL tube and used immediately or flash-
frozen in liquid nitrogen and stored at —80°C.

Chromatin immunoprecipitation (ChIP)

ChIPs were performed in p2hNCC and chicken FNP as previously described (Rada-Iglesias et al., 2012; Rehimi et al., 2016). Briefly,
cells were crosslinked with 1% formaldehyde for 10 min at room temperature and formaldehyde was quenched by 0.125 M glycine.
For TFAP2A ChlIPs and histone ChliPs, approximately 20 and 7 million p2hNCC were used, respectively. H3K4me2 ChlIP in chicken
FNPs was performed with 15 FNP from HH24 chicken embryos. For all samples, chromatin was sonicated in lysis buffer (10 mM Tris,
100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine) to an average size of 0.5-2 kb using
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Bioruptor (Diagenode). A total of 5 ug of antibody for histones (H3K9me3 (39161, Active Motif), H3K27ac (39133, Active Motif),
H3K27me3 (39155, Active Motif), H3K4me2 (39141, Active Motif)) and 10 pg antibody for TFAP2A (sc-12726, Santa Cruz Biotech-
nology)) was added to the sonicated chromatin and incubated overnight at 4 °C. 10% of chromatin used for each ChIP reaction
was kept as input DNA. Subsequently, 100 ul of protein G Dynabeads magnetic beads (Life Technologies) were added to the
ChIP reactions and incubated for four additional hours at 4 °C. Magnetic beads were washed and chromatin eluted by addition of
elution buffer (50 mM Tris, 10 mM EDTA, and 1% SDS) and incubation at 65°C. Crosslinking was then reversed at 65°C overnight
followed by RNase (0.2 pg/uL) and Proteinase K (0.2 pg/ul) treatment, and DNA purification by phenol-chloroform and ethanol pre-
cipitation. Resultant ChIP DNA was dissolved in water.

Immunofluorescence (IF)

hiPSCs were cultured on coverslips coated with GelTrex and hNCC on coverslips coated with fibronectin. Confluent cells were fixed
with 3.7% formaldehyde in PBS for 15 min, permeabilized with 0.5% Triton X-100 and 5% BSA in PBS for 10 min as well as blocked
for an additional hour at RT with 5% BSA-PBS solution. Primary antibodies, diluted in 1% BSA-PBS were incubated over night at 4°C
(TFAP2A (sc-12726, Santa Cruz Biotechnology), SOX2 (sc-17320, Santa Cruz Biotechnology), TRA-1-60 (sc-21705, Santa Cruz
Biotechnology), NR2F2 (H7147, Perseus Proteomics), NR2F1 (PP-H8 132-00, R&D Systems), TWIST1 (PA5-49688, Thermo Fisher),
SOX9 (AB5535, Millipore), SMA (anti-SM22a, ab14106, Abcam), TUJ1 (anti-beta Ill Tubulin, ab18207, Abcam)). Following washing
steps with 0.05% Tween-PBS, appropriate secondary antibodies (A-11001, A-11058, R37117, Thermo Fisher) were diluted in 1%
BSA-PBS, incubated with the cells for 30 min at 37°C, washed with 0.05% Tween-PBS and incubated with 0.1uM DAPI (Sigma)
for 10 min at RT. After washing steps (first with 0.05% Tween-PBS and then with PBS only), the cells were permanently mounted
in FluormountG (SouthernBiotech) for subsequent fluorescence microscopy analysis (Olympus IX 81).

RNA extraction, cDNA preparation and RT-qPCR

Total RNA was isolated using the innuPREP RNA Mini Kit (Analytic Jena) or the innuPREP RNA/DNA Mini Kit (Analytic Jena) according
to the manufacturer’s instructions. cDNA was generated using the ProtoScript Il First Strand cDNA Synthesis Kit (E6560L, New
England Biolabs). RT-qPCRs were performed on the Light Cycler 48011 (Roche) using ORA gPCR Green ROX L Mix (highQu).

Flow cytometry

For analysis of p75, hNCC were detached by accutase, resuspended in 0.5% BSA-PBS solution and cells were stained with p75/
CD271-PerCP (345111, BioLegend) antibody for 1h at 4°C and washed with 0.5% BSA-PBS. To investigate the expression of nuclear
proteins (i.e., TFAP2A, NR2F1, SOXO9), cells were fixed with 2% formaldehyde in PBS for 15 min at RT, permeabilized by 0.1% Triton
and 5% BSA in PBS for 30 min at RT and blocked for additional 30 min at RT with 5% BSA-PBS. Primary antibody against TFAP2A
(sc-12726, Santa Cruz Biotechnology), NR2F1 (PP-H8 132-00, R&D Systems) and SOX9 (AB5535, Millipore) were diluted in 5% BSA-
PBS and incubated for 1h and RT. Following washing steps with 0.5% BSA-PBS, secondary antibodies (conjugated to PerCP (FO114,
R&D Systems; 46-4010-82, Invitrogen), conjugated to APC (FO111, R&D Systems) or conjugated to Dylight694 (406404, Biolegend))
diluted in 5% BSA-PBS were added for an additional 30 min at RT. Finally the cells were washed with 0.5% BSA-PBS. All samples
were then analyzed by BD FACSDIVA (BD Bioscience) and FloJo softwares.

In vitro reporter assays

In vitro enhancer reporter assays were performed using a previously described PiggyBAC transposon-based enhancer reporter sys-
tem (Respuela et al., 2016). Enhancer sequences (Enh100, Enh105 and Enh480) were amplified using the Q5 High-Fidelity DNA
Polymerase (NEB) with primers listed in Table S7 and cloned into the target vector PiggyBacB enhancer GFP Neo with BamHI
and EcoRl or Bstl in front of a minimal TK promoter driving GFP expression. hiPSCs were co-transfected with the resulting PiggyBac
reporter vectors and a vector expressing the Super PiggyBac Transposase (System Biosciences) using FUGENE HD transfection re-
agent (Promega) according to the manufacturer’s instructions. In addition, hiPSCs were also transfected with an empty PiggyBac
reporter vector and the Super PiggyBac Transposase to generate a negative control reporter hiPSCs line. Starting 24 hours after
transfection, cells were constantly treated with neomycin (0.2 mg/ml) in order to select cells that stably incorporated the reporter vec-
tor. When confluent, surviving cells were expanded and differentiated into hNCC. GFP levels were evaluated using a Nikon ECLIPSE
TS100 Microscope.

In vivo reporter assays

In vivo reporter assays were performed using a previously described B-globin-GFP enhancer reporter system (Bergsland et al., 2011).
Enhancer sequences (Enh100, Enh105 and Enh480) were amplified using the Q5 High-Fidelity DNA Polymerase (NEB) with primers
listed in Table S7 and cloned into the reporter vector with Kpnl and Nhel or BamHlI in front of a minimal B-globin promoter driving GFP
expression. Electroporation of chicken embryos were performed as previously described (Rehimi et al., 2016). Briefly, eggs of stage
HHB8-9 were windowed, and the extra embryonic membrane was partially removed. The reporter vector and an RFP expressing con-
trol vector (PiggyBac-CMV-MCS-EF1-RedPuro (PB514B-2, System Biosciences)) were mixed 2:1 with Fast Green solution (Sigma)
and microinjected into the neural tubes of the chicken embryos. The neural tube was then electroporated with five square pulses of
20 V within 20 ms width using the Intracel TSS20 OVODYNE Electroporator. Following electroporation, the eggs were sealed with
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tape and re-incubated until the desired developmental stages (HH14-16 and HH20-23). GFP and RFP signals were then evaluated
using Olympus SZX16 stereomicroscope with EXFO X-cite series 120PC Q for florescence illumination.

Scratch assays
Scratch assays were performed using cell culture inserts. Briefly, 24 well plates were coated with fibronectin and hNCC in passage 1
(p1hNCC) (3x10° cells per mL) were split for p2hNCC into one well of a silicon culture insert (ibidi) attached to the surface. The inserts
allow cell growth in the designated areas while creating a cell-free gap. Following 24h and cell attachment the inserts were carefully
removed and the medium was changed. Using EVOS FL Auto Cell imaging System and Onstage Incubator Life, we visualized cell
migration within the gap and acquired images every two hours for a total period of 24h.

In addition, traditional “scratch assays” was performed. Briefly, WT and BOFS p2hNCC were grown in 6-well plates and scratches
(one per well) were manually generated using pipette tips. Cell migration into the generated scratched was monitored at Oh, 10h and
22h by brightfield microscopy.

Proliferation assays

5x10% WT or BOFS p2hNCC were labeled with 10 uM Carboxyfluorescein succinimidyl ester (CFSE) (CellTrace CFSE Cell Prolifer-
ation Kit; MolecularProbes) in 1ml PBS or in PBS without dye and incubated for 10 min at 37°C. The reaction was quenched by addi-
tion of 5 mL ice-cold hNCC maintenance medium followed by a 5 min incubation on ice. After centrifugation, the cell pellets were
washed twice with fresh medium, seeded on fibronectin coated dishes and cultured in hNCC maintenance medium for one to
four days. Samples were collected (day1, day2, day3 and day4) and analyzed using flow cytometry with 488 nm excitation.

Allele-specific analysis of TFAP2A expression

Total RNA was isolated using the innuPREP RNA Mini Kit (845-KS-2040250, Analytic Jena) according to the manufacturer’s instruc-
tions. RNA was then treated with TURBO DNase (Life Technologies) before cDNA was generated using the ProtoScript Il First Strand
cDNA Synthesis Kit (E6560L, New England Biolabs). Reference DNA was extracted using QuickExtract Solution (50 mM KCI, 10 mM
TRIS pH8.3, 2.5 mM MgCl,, 0.45% NP40, 0.45% Tween20, 0.4 mg/ml Proteinase K). The heterozygous SNP rs1675414 was then
amplified with suitable primers (Table S7) using Platinum Taq Polymerase (ThermoFisher Scientific). Subsequently, PCR products
were purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and Sanger sequenced with the reverse primer.

RNA-seq

RNA-seq libraries were prepared using the RNA sample preparation kit (TruSeq v2; llumina) as previously described (Respuela et al.,
2016) and sequenced with a 2 x 75-bp strand-specific protocol on a HiSeq 2500 sequencer (lllumina). The following RNA-seq li-
braries were prepared:

() WT d11hNCC (three samples derived from WT hiPSCs#1) and A0.4Mb d11hNCC (four samples: two derived from A0.4Mb
hiPSCs Cl#1 and two from A0.4Mb hiPSCs Cl#2).

(i) WT p2hNCC (two samples: one derived from WT hiPSCs#1 and one from WT hiPSCs#2) and BOFS p2hNCC (three samples:
one derived from BOFS hiPSCs#1, one from BOFS hiPSCs#2 and one from BOFS hiPSCs#3).

Single-cell RNA-seq (scRNA-seq)

WT and BOFS p2hNCC were dissociated to generate a suspension of viable single cells. The suspension was centrifuged at 300 rcf.
for 5 min and the cell pellet was washed in 1 mL of 1xPBS 0.04% BSA. Cells were centrifuged again and resuspended in 1xPBS
0.04% BSA to the desired cell concentration. Cells were passed through a strainer and cell concentration was determined again.
cDNA synthesis and library preparation was performed following the 10x Single Cell 3' Reagent Kit protocol. Briefly, cells were par-
titioned in nanoliter-scale Gel Bead-In-Emulsions (GEMs) containing, in addition to a single cell, a master mix and primers that consist
of (i) an llumina R1 sequence, (ii) a 16bp 10x barcode unique for each cell, (iii) a 10 bp Unique Molecular Identifier (UMI) and (iv) a poly-
dT sequence. Full-length barcoded cDNAs were generated from poly-adenylated mRNAs. GEMs were broken and the pooled frac-
tions were recovered. The cDNAs were exposed to enzymatic fragmentation and size selection prior to library construction and P5,
P7, a sample index and an llumina R2 primer were added during library construction. The final libraries containing the P5 and P7
primers were used for lllumina bridge amplification. Finally, R1 and R2 primers were used for paired-end lllumina sequencing.

ChiP-seq

ChlP-seq libraries from ChIP and input DNAs obtained from WT p2hNCC (TFAP2A ChlIP (two replicates), H3K27ac ChIP, H3K27me3
ChlIP, H3K9me3 ChlIP, input) and BOFS p2hNCC (TFAP2A ChlIP (two replicates), H3K27ac ChIP, H3K27me3 ChIP, H3K9me3 ChlIP,
input) were prepared according to lllumina protocol and sequenced with a 1 x 50-bp protocol on a HiSeq 2500 sequencer (lllumina).
H3K4me2 ChIP DNA obtained from HH24 chicken FNP was prepared according to lllumina protocol and sequenced with a2 x 100-
bp strand-specific protocol on a HiSeq 2500 sequencer (lllumina).
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4C-seq

Circular Chromatin Conformation Capture (4C) assays were performed as previously described with slight modifications (Cruz-
Molina et al., 2017). 2-3x107 cells were crosslinked with 1% formaldehyde for 10 min and quenched with 0.125 M glycine. Cells
were washed with PBS, resuspended in lysis buffer (50 mM Tris—=HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1% Triton
X-100 and 1X protease inhibitor) and incubated on ice for 10 min. Following centrifugation for 5 min at 4000xg and 4°C, nuclei
were re-suspended in 0.5 mL of 1.2x CutSMART restriction buffer (NEB) with 0.3% SDS and incubated at 37°C and 900 rpm for
1h. Then, Triton X-100 was added to a final concentration of 2%, reducing the final CutSMART dilution to 1x, followed by 1h incu-
bation at 37°C and 900 rpm. Afterward, chromatin was digested overnight at 37°C and 900 rpm with 600 U of Nlalll (R0125L, NEB).
Nlalll was inactivated by adding SDS to a final concentration of 1.6% and incubating the mixture for 20 min at 65°C and 900 rpm. The
digested chromatin was transferred to 50 mL tubes and filled up with 1x ligation buffer (50 mM Tris-HCI pH 7.6, 10 mM MgCI2, 1 mM
ATP, 1mM DTT) to a final volume of 7 ml. Then, Triton X-100 was added to a final concentration of 1% and the solution was incubated
for 1h at 37°C and 300 rpm. Afterward, digested chromatin was ligated using 100 U of T4 DNA ligase (15224-041, Life Technologies)
for 4h at 16°C, followed by RNase A treatment (300 pg total, Peqglab) for 45 min at 37°C. Subsequently, chromatin was de-crosslinked
by treating with Proteinase K (300 pg total, Peglab) and incubating at 65°C overnight. DNA was then purified by phenol/chloroform
extraction followed by ethanol precipitation and re-suspended in 100 pL of water. At this point, the digestion and ligation efficiencies
were evaluated by analyzing a small fraction of the purified DNAs by agarose electrophoresis on a 1% agarose gel. The remaining
DNA was digested with 50U of Dpnll (R0543M, NEB) in 500 uL of 1x NEBuffer Dpnll at 37°C overnight. DNA samples were subse-
quently purified by phenol/chlorophorm extraction and ethanol precipitation. Purified DNA samples were re-suspended in 500 pL of
water and a second ligation was performed using 200U of T4 DNA Ligase in a final volume of 14 mL 1x ligation buffer followed by
overnight incubation at 16°C. DNA samples were subjected to another round of phenol/chlorophorm extraction and ethanol precip-
itation, re-suspended in 150 L of water and purified by QIAquick PCR Purification Kit (28104, QIAGEN). Efficiencies of the second
digestion and ligation were also evaluated by agarose electrophoresis. Finally, the resulting 4C DNA products were amplified by in-
verse PCR using primers located within selected regions, which were designed as previously described (Cruz-Molina et al., 2017)
(Table S7). The inverse PCRs were performed with the expand long template PCR system (11681842001, Roche) using 32 amplifi-
cation cycles (94°C 2 min, 32x [94°C 10 s, 58°C 1 min, 68°C 3 min], 68°C 5 min). 4C-seq libraries were sequenced on the HiSeq2500,
generating reads of either 74 or 100 bp in length.

ATAC-seq

Assay for Transposase Accessible Chromatin coupled to high-throughput sequencing (ATAC-seq) was performed as previously
described (Buenrostro et al., 2013) with slight modifications. Briefly, two isolated FNP of chicken embryos HH23 were disaggregated
using 0.125% (w/v) collagenase in PBS with 10% BSA for 30 min at 37°C and 600 rpm and then carefully resuspended. Approxi-
mately 50.000 single cells from chicken FNP or hNCC were then lysed in 500 pl cold lysis buffer (10 mM Tris-HCI, pH 7.4, 10 mM
NaCl, 3 mM MgCl,, 0,1% IGEPAL CA-630) substituted with 1x protease inhibitor for 15 min on ice. Immediately after lysis, nuclei
were centrifuged at 4000xg for 10 min at 4°C. Nuclei were re-suspended in 25 pl 2x TD buffer (15027866, lllumina), 10 ul TDE1
(i.e. transposase, 15027868, lllumina) and 15 pl nuclease-free H,O, and incubated for 30 min at 37°C. Afterward, the sample was
purified using the MinElute PCR Purification Kit (28004, QIAGEN) according to the manufacturer’s protocol and eluted with 10 pl
elution buffer. Subsequent whole genome sequencing was performed using the NexteraXT Kit (lllumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

TLA data analysis
Reads were mapped to the human genome (hg19) using BWA-SW (Li and Durbin, 2009), allowing partial mapping which is optimally
suited for identifying reads that span breakpoints.

First, the TLA data was used to confirm and refine the breakpoints of the inversion identified in our patient:

6p24 Breakpoint: chr6:99,703,875 (rev) fused to chr6:10,355,280 (fwd), with 3bp of homologous sequence at the breakpoint.

CCTCTGAGCTGCAGTTGACAACGTTACAGTTGGTAGCTCTTACAGTGGCCTAGCTCCTGGGCTGTTTGAGGTAAAATGATATGAA
ATGGATTGAAGCAAGAAGGTAACAAGCATGATTCCCAGCATTTGTGGGGGTAACTTGTACTTTTT

6916 Breakpoint: chr6:99,103,872 (fwd) fused to chr6:10,355,274 (rev) with a 7bp insertion

CAAAATCTCAGTGTCTTCAAACAACAGATTTATTTCTTATTCACATTATCTGTCCATTATAGGGCAGATGAGCCCTATAATGTATTT
GGTAAGCACTTTAGAAGCCTTTAAAATAGTACTCTAAGGCAGGTAACGTGGTGTGCCTCTAGT

Next, the TLA data was used to identify heterozygous SNPs and link them to the inversion allele in the BOFS patient. The first step
was to find heterozygous SNPs. Therefore, SNP calling was performed on the regions 100kb upstream and downstream of the inver-
sion breakpoints. Heterozygous SNPs were called by selecting the positions with > 30X coverage and with a minor allele frequency
of 20%-80%. Assigning SNP alleles to either the wild-type (WT) or inversion (INV) allele was done based on the concept that different
primer-sets amplify different alleles. The linkage analyses on the heterozygous SNPs was performed in four sub-regions:

() SNP-region 1 is the region upstream of the 6p24.3 breakpoint. In this region, SNPs were called in the data of primer-set 2 that
amplified both alleles of this region. This resulted in the detection of 10 heterozygous SNPs in region 1. Linkage of these SNPs
to the inversion was performed using the data of primer-sets 1a and 1b, knowing that these two primer-sets only have coverage
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of the WT allele in this region. All 10 SNPs were indeed homozygous in the 1a and 1b dataset, and both 1a and 1b showed the
same linkage results for all positions. So, all 10 SNPs were phased relative to the inversion.

(i) SNP-region 2 is the region downstream of the 6p24.3 breakpoint. In this region, SNPs were called in the data of primer-set 1a
and 1b that each amplified both alleles in this region. In total, 79 heterozygous SNPs were detected in region 2. Linkage of
these SNPs to the inversion was determined using the data of primer-sets 2 and 3, knowing that primer-set 2 shows coverage
on the WT allele, and primer-set 3 shows coverage on the INV allele. In total 71 heterozygous SNPs were phased with the inver-
sion in region 2. Among these is the rs1675414 SNP at position chr6:10,412,188, for which the TLA data showed that the “T”
allele is found on the INV chr6, whereas the “C” allele is found on the WT chr6.

(i) SNP region 3 is the region upstream of the 6q16.2 breakpoint. In this region, SNPs were called in the data of primer-set 2 and 3.
There were no SNPs that met the coverage requirement in both primer-sets, so no SNPs could be linked to either WT or INV in

region 3.

(iv) SNP region 4 is the region downstream of the 6q16.2 breakpoint. In this region, SNPs were called in the data of primer-set 3
that amplified both alleles of this region. 55 heterozygous SNPs were detected in region 4. Linkage of these SNPs to the inver-
sion was performed using the data of primer-sets 1a and 1b, knowing that these two primer-sets only have coverage of the
INV allele in this region. In total, 52 heterozygous SNPs were phased relative to the INV in region 4.

Altogether, 133 heterozygous SNPs have been specifically linked to either the WT or the INV allele in our BOFS patient cells
(Table S2).

RT-gPCR data analysis
Gene expression fold changes were calculated using the delta-delta Ct method and EEF2, ACTB and GAPDH as housekeeping
genes. Primers used are listed in Table S7.

Quantification of Scratch Assays

To quantify cell migration, the gaps (i.e., scratched areas) were measured using FIJI (Imaged) (Schindelin et al., 2012) ROI tools to
manually outline the borders of the gap in images acquired at 0, 4 and 10 hours. The determined areas were normalized to the initial
gap size by dividing the areas obtained after 4 and 10 hours by the area measured at 0 hours. Student’s t test was used to assess the
statistical significance of the difference between wild-type and patient samples after 4 and 10 hours. Representative images were
obtained using KNIME, OMERO and Photoshop CS2 (Adobe Systems, San Jose, CA).

Quantification of Proliferation Assays

Cell proliferation is inversely proportional to the MFI (Mean Florescence Intensity) of CFSE. Therefore, we measured the average MFI
of each sample and calculated proliferation rates as a Fluorescence Dilution Factor (FDF) (Griessinger et al., 2016) by dividing the MFI
measured on Day 1 by the MFI measured on Days 2, 3 or 4.

Quantification of TFAP2A allele-specific expression

Quantitative allele ratio analysis was performed using PeakPicker software (Ge et al., 2005). The rs1675414 SNP was genotyped in
genomic DNA (gDNA) and cDNA from hNCC (d11hNCC and p2hNCC) derived from two WT (WT hiPSCs#1, WT hiPSCs#3) and three
BOFS patient (BOFS hiPSCs Cl#1, BOFS hiPSCs Cl#2, BOFS hiPSCs Cl#3) hiPSCs lines, respectively. For each cell line, five gen-
otyping measurements were performed in gDNA and cDNA obtained from at least two independent hNCC differentiations.

RNA-seq analysis

RNA-seq data were analyzed using a high-throughput next-generation sequencing analysis pipeline (Wagle et al., 2015): Basic read
quality check was performed using FastQC (Babraham Bioinformatics) and read statistics were obtained with SAMtools. Reads were
mapped to the human reference assembly (hg38) using TopHat2 (Kim et al., 2013). Read count means, fold-change (FC) and p values
were calculated with DESeq2 (Anders and Huber, 2010) and gene expression for the individual samples was calculated with Cufflinks
(Trapnell et al., 2010) as FPKMs, using in both cases genomic annotation from the Ensembl database. Log FC values reported by
DESeq2 were transformed to linear FC by taking 2/x. Linear FC values between 0 and 1 were then transformed to —1/x (Tables
S2 and S4).

Genes differentially expressed between: (i) WT d11hNCC (three samples derived WT hiPSCs#1) and A0.4Mb d11hNCC (four sam-
ples derived from two different A0.4Mb hiPSCs lines) or (i) WT p2hNCC (two samples derived from two different WT hiPSCs lines) and
BOFS p2hNCC (three samples derived from three different BOFS hiPSCs lines) were determined according to the following criteria,
considering only Ensembl Genes used in GREAT; MclLean et al., 2010) (Tables S2 and S4):

o Downregulated in A0.4Mb d11hNCC (A0.4Mb Down): p value < 0.01, FC < —1.5, Average FPKM in WT d11NCC samples > 0.1.
o Upregulated in A0.4Mb d11hNCC (A0.4Mb Up): p value < 0.01, FC > 1.5, Average FPKM in A0.4Mb d11hNCC samples > 0.1.
® Downregulated in BOFS p2hNCC (BOFS Down): p value < 0.01, FC < —1.5, Average FPKM in WT p2NCC samples > 0.1.

o Upregulated in BOFS p2hNCC (BOFS Up): p value < 0.01, FC > 1.5, Average FPKM in BOFS p2hNCC samples > 0.1.
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scRNA-seq analysis

UMIs were counted using cellranger-2.1.0 (Zheng et al., 2017) with default parameters on hg19. Initial dimensionality reduction, clus-
tering and visualization were performed with cellranger-2.1.0 and cellrangerRkit_2.0.0 within R-3.4.0. Counts were aggregated into a
single matrix with default normalization (“—normalize=mapped”) by cellranger-2.1.0. This matrix was further processed with
monocle_2.6.4 (Qiu et al., 2017) within R-3.4.0. Dropouts were corrected with Rmagic_1.3.0 (van Dijk et al., 2018) within R-3.4.0
for correlation analysis.

ChlP-seq analysis

ChlP-seq sequencing reads were mapped to the human (hg19 assembly) or chicken (galGal4 assembly) genomes using BWA (Li and
Durbin, 2009) and duplicate reads were discarded. In the case of TFAP2A ChIP-seq samples (WT p2hNCC TFAP2A#1, WT p2NCC
TFAP2A#2, BOFS p2hNCC TFAP2A#1, BOFS p2hNCC TFAP2A#2), the resulting BAM files were then analyzed with MACS2 (Zhang
etal., 2008) using the following settings in order to identify genomic regions significantly enriched in TFAP2A binding in comparison to
their corresponding total genomic input DNA: g < 10~5; Fold-enrichment > 5; Broad Region Calling OFF. Subsequently, in order to
determine which regions were differentially bound by TFAP2A in WT and BOFS p2hNCC, we first considered the union of all TFAP2A
peaks identified in the four TFAP2A ChlIP-seq experiments (n = 56630 peaks). Among all these TFAP2A peaks, those displaying sta-
tistically differential TFAP2A binding between WT and BOFS p2hNCC were identified with DiffBind (Ross-Innes et al., 2012), using
FDR < 1072 Fold > 2 (Fold in DiffBind refers to the difference in mean read concentrations between the WT and BOFS TFAP2A
ChlP-seq signals). As a result, TFAP2A peaks were classified as Unchanged, BOFS Low and BOFS High (Table S6).

4C-seq analysis

Reads were assigned to samples based on the first 10 bases of the read. Subsequently, the primer sequence was removed from the
read and the remaining sequence was trimmed to 36 bases. These 36 bases were aligned to the human (hg19) or chicken (gg3) refer-
ence genomes using Bowtie (Langmead et al., 2009). The resulting mapped reads were analyzed with R3C-seq (Thongjuea et al.,
2013) in order to generate RPM (reads per million) normalized bedgraph files for downstream visualization and analysis. In all cases,
the sequence that occurred most often at the restriction site matched the Nlalll recognition sequence.

Public genomic datasets and additional bioinformatics analyses
Publically available ChlP-seq datasets used in this study (Rada-Iglesias et al., 2011, 2012):

® Chicken HH20 frontonasal prominences: H3K27ac (GEO: GSM933349)

® hESC: p300 (GEO: GSM602291), H3K27me3 (GEO: GSM602293), H3K27ac (GEO: GSM602294), H3K4mel (GEO:
GSM602295), H3K4me3 (GEO: GSM602296).

e d11hNCC: p300 (GEO: GSM714804), H3K27me3 (GEO: GSM714806), H3K27ac (GEO: GSM714807), H3K4me1 (GEO:
GSM714808), H3K4me3 (GEO: GSM714809).

Publically available Hi-C data generated in hESC (Dixon et al., 2015) was visualized using the 3D Genome Browser (Wang
et al., 2018).

Genes differentially expressed between WT and A0.4Mb d11hNCC or between WT and BOFS p2hNCC were functionally anno-
tated using Enrichr (Kuleshov et al., 2016) and DAVID (Huang et al., 2009). For the Enrichr analysis, the MGl and Human Phenotype
ontologies were considered and the categories showing Enrichr Combined Scores > 10 or at least the top 50 functional categories
displaying the highest Enrichr Combined Scores were considered (Tables S2 and S5). For the DAVID analysis, the GO_BP_FAT
ontology was considered and the categories showing p values < 10~° or at least the top 50 functional categories displaying the lowest
p values were selected (Tables S2 and S5).

As stated above, for the TFAP2A ChiIP-seq experiments, two biological replicates were performed in both WT and BOFS p2hNCC.
Pearson correlation coefficients between TFAP2A ChlP-seq experiments were determined by the bamCorrelate tool from deepTools
(bins mode and a bin size of 10 Kb across the whole human genome) (Ramirez et al., 2014) (Figure S7A).

To visualize ChlIP-seq and ATAC-seq signal profiles, corresponding BAM files were transformed into bedgraph or bigwig files in
which signals were normalized as RPGC (reads per genomic content; 1x depth of coverage) using five bp bins according to
deepTools. Normalized bigwig files were used to generate heatmap signal profiles around the center of TFAP2A peaks using
deepTools.

GREAT (McLean et al., 2010) was used to assign TFAP2A peaks to their putative target genes using the Basal plus extension as-
sociation rule: each gene was assigned a basal regulatory domain of a minimum of 5 Kb upstream and 1 Kb downstream of the TSS
(regardless of other nearby genes). The gene regulatory domain was extended in both directions to the nearest gene’s basal domain
but no more than the 250 Kb in one direction. Once every gene got assigned a regulatory domain, each genomic region was asso-
ciated with all genes whose regulatory domain it overlaps.

Motif analysis in Unchanged, WT High and BOFS High TFAP2A peaks was performed with the MEME-ChIP software (part of the
MEME suite) using standard settings (Machanick and Bailey, 2011).
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Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) was performed using the GSEAPreranked option following the
provided instructions (https://www.broadinstitute.org/gsea/index.jsp). The considered gene sets consisted of:

® Genes associated with WT High TFAP2A peaks according to GREAT (Basal plus extension association rule with a maximum
distal extension of 250 kb) (3531 genes).

o Genes associated with BOFS High TFAP2A peaks according to GREAT (Basal plus extension association rule with a maximum
distal extension of 250 kb) (1047 genes).

GSEAPreranked analysis was performed for the previous gene sets against all human genes (Ensembl Genes used in GREAT)
ranked according to the expression FC obtained in RNA-seq experiments where BOFS p2hNCC versus WT p2hNCC were
compared. GSEAPreranked analyses were performed using 1000 iterations.

DATA AND SOFTWARE AVAILABILITY

All ChiP-seq, RNA-seq, scRNA-seq, ATAC-seq and 4C-seq datasets generated in this work have been deposited into the GEO
repository under accession number GEO: GSE108522.
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