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Long non-coding RNAs (IncRNAs) can be important components in gene-regulatory
networks', but the exact nature and extent of their involvement in human Mendelian
diseaseis largely unknown. Here we show that genetic ablation of aIncRNA locus on
human chromosome 2 causes a severe congenital limb malformation. We identified
homozygous 27-63-kilobase deletions located 300 kilobases upstream of the engrailed-1
gene (ENI) in patients withacomplex limb malformation featuring mesomelic shortening,
syndactyly and ventral nails (dorsal dimelia). Re-engineering of the human deletionsin
miceresultedinacompleteloss of Enl expressioninthe limb and adouble dorsal-limb
phenotype that recapitulates the human disease phenotype. Genome-wide transcriptome
analysisin the developing mouse limb revealed a four-exon-long non-coding transcript
within the deleted region, which we named Maenli. Functional dissection of the Maenli
locus showed that its transcriptional activity is required for limb-specific Enl activationin
cis, thereby fine-tuning the gene-regulatory networks controlling dorso-ventral polarity in
the developing limbbud. Its loss results inthe Eni-related dorsal ventral limb phenotype, a
subset of the full EnI-associated phenotype. Our findings demonstrate that mutations
involvingIncRNA loci can resultinhumanMendelian disease.

There has been enormous progressin exploring disease variantsinthe
human genome. Yet, the interpretation of variants in the non-coding
genome remains a challenge owing to the myriad mechanisms by which
they can potentially cause disease. Besides disrupting cis-regulatory
elements, non-coding variants may interfere with the function of
non-coding transcripts. Indeed, a substantial fraction of the human
genome is transcribed into RNA, although most transcripts lack
protein-coding potential and are referred to as non-coding tran-
scripts?. Characterization of a small number of these RNA molecules
has revealed that they may have roles as regulators of gene expres-
sion through diverse modes of action®. However, the identification
of functional non-coding transcript loci remains challenging. Thus,
annotating non-coding transcript loci and unravelling their function
will substantially improve our knowledge about gene regulation and

the identification and interpretation of non-coding genetic variants
with respect to disease pathogenesis.

Non-coding deletions cause limb malformations

Weidentified 27-63-kb non-coding deletions of chromosome 2in three
unrelated individuals (patients 1-3) with a type of limb malformation
that, to our knowledge, remains undescribed. Affected individuals had
asevere shortening and deformation of the legs and feet, 3/4 syndactyly
of the hands, as well as the presence of nails on the palmar side of fin-
gersIVandV (Fig.1a, Extended DataFig.1a, b, Supplementary Note1).
Radiographs showed normal femora but severely shortened tibiae,
triangular fibulae and malformed or absent bones in the feet (Fig. 1a,
Extended DataFig.1a, Supplementary Note 1). Exome sequencing did
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Fig.1| The human dorsal dimelia deletions resultinlimb-specific En1
inactivation and adouble dorsal-limb phenotype in mice. a, Photographs
and X-rays of patients with dorsal dimelia showing the presence of ventral nails
(1), osseous syndactyly (2), normal femurs (3), severely shortened and
triangular tibiae (4), triangular fibulae (5) and malformed or absent bonesin the
feet (6). Brain magnetic resonance imaging (MRI) of patient 4 shows acomplete
absence of the cerebellum as well as dysplastic occipital lobes filling the
posterior fossa (red circle). b, ¢, Overview of the human (b) and mouse (c) loci.
Physical mappings of deletionsin 2q14.2 (patients 1,2 and 3) and a point
mutationin ENI (patient 4) are showninb. The detailed view of the regioniis
derived from the UCSC Genome Browser (GRCh38/hg38 December 2013
assembly). Genes arerepresented in black. Deletions are depicted by
horizontal bluelines. Vertical dashed black lines depict the location of the
breakpoint deletionsin patients 1-3. The minimal deleted regionis 27 Kb
(chr2:118561492-118589320). Vertebrate conservation is measured by
100-vertebrate PhyloP scores. Cen, centromeric; Tel, telomeric; dup,
duplication; fs, frameshift; Ter, stop codon. d, Micro-computed tomography
(KUCT), ventral views and high-magnification views of wild-type and Del(27)
forepawsillustrating the presence of circumferential nails (1), ventral nails
formed opposite to the dorsal nails (2) and syndactyly (3). Scale bars, 1,000 pm,
2,000 pmand 500 um, respectively. e, Whole-mountinsitu hybridization
(WISH) of wild-type and Del(27) embryos at E11.5 probed with En1. Del(27)
embryos show acomplete loss of Enl expressionin the limb (1) with detectable
expressionin the somites (2), and mid-hindbrain boundary (3). Scale bars,
1,000 um (whole embryos) and 200 pm (high-magnification view of limbs).

not reveal any biallelic pathogenic variants related to the phenotype,
but autozygosity analysis revealed a region of about 10 Mb on chro-
mosome 2 where patients were homozygous by descent, raising the
possibility of astructural variation undetected by exome sequencing.
Indeed, comparative genomic hybridization (CGH) array and Sanger
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sequencing of the genomic junctions revealed that patients1and 2
hadidentical homozygous deletions (27-kb) on chromosome 2 (Fig. 1b,
Extended DataFig.1c). Patient 3 was homozygous for a 63-kb deletion
anda2.5-kbinsertioninthe sameregion (Fig.1b, Extended DataFig.1c).
We defined the region corresponding to the overlapping non-coding
deletions as the minimal critical region (MCR) (Fig. 1b). The MCR is
located ~300 kb upstream of engrailed-1 (ENI), a gene critical for dor-
sal-ventral patterningin the limb* (Fig. 1b). Thus, we hypothesized that
the deletions caused altered expression of ENI that could explain the
clinical features in these individuals. Furthermore, we identified an
individual (patient 4) with alimb phenotype similar to those in patients
1-3and, inaddition, asevere neurological condition characterized by
spasticity, seizures and complete aplasia of the cerebellum (Fig. 1a,
Extended Data Fig. 1a, b, Supplementary Note 1). Sequencing of EN1
exons in this individual revealed a biallelic loss-of-function mutation
(NM_001426.3: ¢.317dupT; p.lle107HisfsTer39) (Fig. 1b, Extended Data
Fig. 1d). These data suggest that loss-of-function mutations in EN1
resultinarecessively inherited combined limb-brain malformation, as
previously described for Eni”~ mice’. The upstream deletions, however,
cause a partial phenotype restricted to the limbs.

To investigate whether ahomozygous deletion of the MCR is suf-
ficient to drive the limb phenotypes observed in patients, we gener-
ated a deletion of the orthologous region in mouse embryonic stem
cells (mouse ES cells) and produced homozygous mice (Fig. 1c). Mice
with this deletion (hereafter Del(27) mice) were born in the expected
Mendelian ratios but showed a strong limb malformation phenotype
very similar to that for the previously described inactivation of the Eni
gene’, consisting of dorsalization of ventral structuresincluding ventral
or circumferential claws, ventral hairs, loss of pads, ventral digits and
syndactyly (Fig. 1d, Extended Data Fig. 2a-d). In situ hybridizations at
mouse embryonic stage 11.5 (E11.5) showed that the deletion caused
aspecific loss of Enl in the limb (Fig. 1e), where it is expressed in the
ventral apical ectodermal ridge (AER) and ectoderm. Other expression
domains, including the hindbrain, spinal cord and somites, remained
unchanged (Fig. le, Extended Data Fig. 2e). The loss of Enl in the limb
resulted in an ectopic ventral expression of the dorsal marker genes
Lmx1b and Wnt7a, as well as a proximoventral expansion of the AER
marker Fgf8 (Extended DataFig.3a), as previously described for Enl™~
mice*. However, in contrast to complete Enl inactivation®, mice with
the 27-kb deletion were viable and did not exhibit defects of the ster-
num or the brain (Extended Data Fig. 3b, ¢). Thus, the Del(27) mouse
recapitulates the double dorsal-limb phenotype in humans. These
datasupport the notion that the deletions identified in patients cause
disease by specifically altering ENI expression in the limbs.

Identification of limb-expressed IncRNA Maenli

On the basis of our initial results, we hypothesized that the MCR con-
tained DNAregulatory elements that control £nl expressionin the limb.
Totest this hypothesis, we first performed capture Hi-C (cHi-C) inmouse
embryonic day 9.5 (E9.5) limb buds to define the Enlregulatory domain,
as previously reported®’. At this stage, Enl begins to be expressed in the
limb®. cHi-C revealed the MCRislocated within alarge topologically asso-
ciated domain (TAD) of about 650 kb thatincludes £nl onthe centromeric
end (Fig. 2a). We examined data from chromatinimmunoprecipitation
followed by sequencing (ChIP-seq) for CTCF and Rad21in mouse limbs
atE10.5°and found that the TAD isbordered by CTCF and Rad21 binding
sites at either end that form a strong loop (Fig. 2a). These dataindicate
that the MCR s part of the Enl regulatory landscape and is thus likely
to contain regulatory information for Enl. To determine the position
of potential regulatory elements controlling £nl in limb, we examined
long-range chromatin interactions betweenthe MCR and Enl using the
Enlpromoter asviewpoint. The virtual 4C profile derived fromthe cHi-C
datashowedintenseinteraction of the Enl promoter with the otherend
ofthe TAD, but no prominent specificinteraction with the MCR (Fig. 2a).
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Fig.2|The En1TAD contains Maenli, anon-coding transcript. a, cHi-Cmap
ofthe forelimb at E9.5 shows alarge TAD encompassing the Enl gene and the
mouseregion homologue ofthe humanregion deleted in patients with dorsal
dimelia. The MCR encompasses the EST CB192634. Virtual 4C profile using the
Enlpromoter as viewpoint (black triangle) shows no prominentinteraction
between E£nl and the MCR. ChIP-seqtracks for CTCF and Rad21in E10.5
forelimb show that the Enl TAD is bordered by CTCF and Rad21binding sites.
Orientation of the CTCF motifisindicated by thered and black arrowheads
abovethetrack.b,RNA-seq profile of E9.5 forelimb showing the presence of
Maenli, afour-exon transcriptlocated in the MCR. ChIP-seq tracks for
H3K4me3 and H3K27acin E9.5 forelimb show the presence of these active
histone modifications at the Maenli TSS. ¢, Uniform manifold approximation
and projection (UMAP) showing the five coloured clusters identified using
43,950 cells sampled from scRNA-seq of E9.5 and E10.5 mouse forelimbs.
Ectodermal cell subtypes, AER and dorsal-ventral ectodermcells are also
shown. Alluvial plot shows the relative cell-type composition of each
developmental stage. Dot plots of the percentage of cells expressing Enl and
Maenliinthedifferent clustersidentified at E9.5and E10.5 developmental
stages show that £nl and Maenliare co-expressedinthe ectodermcell cluster
of E9.5mouse limbs.

We then searched for putative cis-regulatory elements and tran-
scriptsinthe MCR using the Encyclopedia of DNA Elements (ENCODE)
and the UCSC Genome Browser (http://genome.ucsc.edu/). We found
that the MCR contains the expressed sequence tag (EST) CB192634,
and exhibits the characteristics of a non-coding transcript (Fig. 2a).
Thus, we hypothesized the potentialinvolvement of aIncRNA locusin
the control of Enl expression and the mechanism of pathogenesis. To
test this hypothesis, we performed poly(A)* RNA sequencing (RNA-seq)
and ChIP-seq for histone H3 lysine 4 trimethylation (H3K4me3) and
histone H3 lysine 27 acetylation (H3K27ac) in E9.5 mouse limbs. The
analyses revealed the presence of a four-exon transcript within the
MCR (Fig. 2b), partially corresponding to the EST CB192634. Rapid
amplification of cDNA ends (RACE) analysis of the mouse RNA revealed
two alternatively spliced transcripts (Extended Data Fig. 4a—c). The
major transcript (70%) was 1,016 nucleotides long and contained
all four exons (Extended Data Fig. 4a, b, d). Its transcriptional start
site (TSS) is located 251,108 bp downstream of the 3’-end of Enl and

displays sevenfold lower expression than £nl (Extended DataFig. 4e).
The PhyloCSF protein-coding evolutionary signature of the character-
ized transcript was indistinguishable from IncRNAs, indicating a lack of
coding potential (Extended Data Fig. 4f). Thisis supported by the low
conservation of its nucleotide sequence, which displays 40% similarity
between mouse and human and low conservation across other spe-
cies (Extended Data Figs. 4g, 5a, Supplementary Note 2). Moreover, its
transcripts were detected in all fractions but enriched in the nucleus of
fractionated cells from mouse limbs at E9.5 (Extended Data Fig. 5b). We
named this transcript Maenli (short for master activator of engrailed-1
inthe limb) (Fig. 2b).

The mouse Maenlilocus encompasses around 11kb and its TSS over-
laps with H3K27ac and H3K4me3 marks specifically in the limb (Fig. 2b,
Extended Data Fig. 5¢). Quantitative real-time PCR (rtPCR) showed
that Maenli is expressed in the limb at E9.5 but decreases thereafter,
whereas Enl expression persists (Extended Data Fig. 5d). The decrease
in Maenli expression was consistent with the loss of H3K4me3 at the
Maenlilocus at E10.5 and E11.5 developmental stages (Extended Data
Fig.5e). To further define the cell population that expresses Maenliin
thelimb, we performed ssingle-cell RNA-seq (scRNA-seq) from E9.5and
E10.5mouse limbs (Fig. 2c). Bioinformatic analysis identified five major
clusters corresponding to the major cell types of the limb: ectoderm,
Hoxal0* mesoderm, EvxI* mesoderm, blood and vascular cells (Fig. 2c).
Maenli RNA was present almost exclusively in the ectoderm cluster,
overlappingwith Enl expression (Fig. 2c). To determine whether Maenli
expression s restricted to the same domains as En (AER and ventral
ectoderm), we used the marker genes Enl, Fgf8 and Wnt7a as identi-
fiersfor ventral ectoderm, AER and dorsal ectoderm, respectively. We
found Maenlitobe enrichedin the AER and the ventral ectoderm, with
only afewMaenli* cellsin the dorsal ectoderm (Extended Data Fig. 5f).
Of these Wnt7a"Maenli” cells, the majority also expressed either Enl
or Fgf8. Thus, Maenliis not globally distributed throughout the limb;
instead, its expression is restricted to the EnI-expressing domains.

Maenlitranscriptionincis drives Enl expression

Totest whether Maenliis required for Enl expressionand limb develop-
mentinvivo, we generated a deletion of al.4-kb DNA fragment encom-
passing the Maenli TSS (Maenli”"). This deletion resulted in a more
than 98% reduction in expression of Maenli and EnI in the developing
limb, and a double dorsal-limb phenotype in adult mice, similar to that
observed in Del(27) mice (Fig. 3a, b, Extended Data Fig. 6a). Thus, the
Maenlilocus is causal for the limb malformations in mice resembling
the human phenotype.

IncRNA loci have been described as being involved in the regula-
tion of nearby genes viamultipleindependent mechanismsincluding:
(1) IncRNA promoters acting as enhancers, (2) transcription and/or
splicing-related processes, and (3) functions of the RNA products>.
Thus, from the TSS deletion, it is not possible to distinguish whether
enhancer activity at the Maenli TSS, transcription at the Maenlilocus or
the mature Maenlitranscript itself drives Enl activation. To distinguish
between these possibilities, we first inserted an early triple polyade-
nylation termination sequence (pAS) 70 bp downstream of the Maenli
TSS (Maenli**>**%) (Extended Data Fig. 6b). This insertion eliminated
about 91% of Maenli expression while leaving the TSS sequence intact.
This caused areduction of approximately 90% in Enl expression and,
consequently, the double dorsal-limb phenotype (Fig. 3a, b, Extended
Data Figs. 6a, 7a, b). By contrast, insertion of an inverted polyade-
nylation sequence (InvpAS) into the same position (Maenli"™PAS™PAS)
(Extended Data Fig. 6¢) had no effect on Maenliand EnlI expression, and
Maenli™PAS"PAS mijce were indistinguishable from wild-type mice
(Fig. 3a, b, Extended Data Fig. 6a). These data demonstrate that
limb-specific Enl1 expression is not driven by Maenli TSS enhancer
activity, but rather by the process of Maenli transcription or produc-
tion of the mature Maenli transcript itself.
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sequence lacking astop codon and followed by astop cassette (Maenli®* A
CGFPPAS) resulted in an almost complete loss of Maenli expression (P=1.34 x107),
whereas Enl expression was decreased by about 70% (P=2.11x107%).
EnI”Maenli"™ double-heterozygous mice show acomplete loss of Enl
expressioninE9.5limbs (P=9.50 x10°°). The main differential phenotypic
features of the mutants at 7-8 weeks of age are shownontheright (-, no
phenotype; +, fully penetrant; (+), not fully penetrant). Data were normalized to
wild-type expression; one-tailed t-test; dataare mean +s.d.; n=3 biologically
independent wild-type and mutant limb pairs. Ex, exon; RE, regulatory
element; TSS, transcription startsite; 3xpA, triple polyadenylation termination
sequence (stop cassette); GFP, green fluorescent protein; Del, deletion; Pro,
promoter; FL, forelimb. b, Corresponding phenotypes of age-matched mice.
Theseverity of the double dorsal-limb phenotype corresponds with the level of
Enlloss.1,ectopicventral nails; 2, pigmented nail-like structures. Scale bars,
2,000 pm. ¢, cHi-C subtraction maps of E9.5 wild-type forebrain (FBWT) and
E9.5 wild-type midhindbrain boundary (MHB WT) from E9.5 wild-type forelimb
(FLWT) (redindicates gaininlimb and blue indicates loss inlimb). Note the
interaction stripe-like (indicated with black arrowheads), extending from Enl
through the entire limb regulatory domain (yellow line), including Maenlibut
excluding Celrr. The dashed triangle delimits the En1 TAD. Cen, centromeric;
Tel, telomeric.d, ChIP-seqtracks for H3K4me3 from wild-type, Maenli®*"*
E11.5mouse limbs. Note the loss of H3K4me3 at the Enl promoter (left) and
across the EnIlimbregulatory domain (indicated with black arrows).

Toexamine whether Enl activationis mediated by asequence-specific
function of the Maenli transcript or the process of transcription, we
firstdeleted each of the three downstream exons and three introns of
Maenli (Extended Data Fig. 6d). None of these deletions significantly
altered Enl activation and the mutant mice were indistinguishable
from wild-type mice (Extended DataFigs. 6a, 7c, d). These data suggest
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that Enl activation does not require unique sequences or structures
in the Maenli transcript itself. To test whether Enl activation requires
sequence-independent functions associated with transcription at
the Maenlilocus in vivo, we inserted a heterologous GFP sequence
lacking a stop codon, followed by a pAS sequence 70 bp downstream
of the Maenli TSS (Maenli®*P*S/CFPpAS) (Extended Data Fig. 6e).
MaenliCFPPASISFPPAS mouse embryos exhibited a more than 90%
decreasein Maenli RNA (Fig.3a, Extended Data Figs. 6a, 7b), similar to
Maenli*>®* mutants. However, unlike Maenli*>™*> mutants with about
90% lower Enl expression and a severe phenotype, MaenlicFPAS/CFPPAS
mutants showed about 70% decrease of Enl expression and a milder
phenotype (Fig.3a, b, Extended Data Fig. 7b). Thus, while both mutants
express similar levels of residual Maenli RNA, increasing the length of
the transcribed region at the Maenlilocus in Maenli®"PAS'SFPPAS mutants
(Extended Data Fig. 7e) led to increased activation of Enl expression,
partially rescuing the limb phenotype. Consistent with these results,
it has been shown that changes in the transcript length or amount of
transcriptional activity at IncRNA lociinfluence the local regulation of
gene expression®. These data support mediation of Enl activation at
leastin partby sequence-independent functions associated with tran-
scriptionat the Maenlilocus. However, we do not exclude the possibility
that exons could have redundant but sequence-dependent roles or that
the RNA transcript itself exhibits sequence-non-specific functions.

Totest whether Maenlifunctionsincisorintranstoregulate Enl, we
produced heterozygous EnI”~ mice (Extended Data Fig. 8) and crossed
them with Maenli"”?* mice (Fig. 3a). EnI'""Maenli*’* mice recapitulated
the Maenli” phenotype, displaying the double dorsal-limb phenotype
(Fig. 3b). Maenli expression was reduced to about 45% of wild-type
levelsin double heterozygotes and Enl expression decreased by more
than 99% (Fig. 3a). Thus, inactivation of Maenlion one allele cannot be
rescued by Maenli transcripts generated from the sister allele. These
data demonstrate that activation of Enl in the limb is dependent on
transcription of Maenliin cis.

Maenli establishes permissive chromatin

Several examples of cis-acting IncRNAs regulating gene expression
from a distance have been described, among them CCAT1-L', PVTI"
and ThymoD™. ThymoD, for example, activates Bcl11b by reconfiguring
enhancer-promoter communication by recruiting CTCF binding and
cohesin, releasing enhancers from the nuclear lamina, and depositing
active epigenetic marks across the loop domain'. To investigate any
effect of Maenlitranscription on the position of the locusinregard to
the nuclear lamina, we performed DNA adenine methyltransferase
identification sequencing (DamlID-seq) on a primary culture of cells
isolated from E11.5 mouse limbs and mouse ES cells in which EnI was
activeandinactive, respectively. The EnIlocus andits regulatoryland-
scape were located to the nuclear interior in both active and inactive
states, indicating that this mechanism of activation is not relevant
for Enl expression in the limb (Extended Data Fig. 9a). To investigate
possible effects of Maenlitranscription on recruitment of CTCF and/or
cohesin, we performed ChIP-seq for CTCF and Rad21 from wild-type
and Maenli®*>™*> mouse limbs at F11.5. We observed no major differ-
ences in CTCF or Rad21binding (Extended Data Fig. 9b), indicating that
the mechanism of action of Maenliis different from that of ThymoD.
To detect any differences in 3D chromatin folding between tissues
expressing £nl and those that do not, we performed cHi-C at E9.5 from
limb and mid-hindbrain boundary (MHB), where Enl is expressed inde-
pendently of Maenli, and forebrain, where EnI is not expressed. We
detected no difference in the overall TAD configuration. However,
forelimb-versus-MHB and forelimb-versus-forebrain subtraction cHi-C
maps showed alimb-specific stripe-like interaction within the En1 TAD
thatincludes Enl and Maenlibut not the Celrr (cerebellum-expressed
regulatory RNA) locus (Fig. 3c¢). Architectural stripes are chro-
matin configurations that have been described as originating at
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strong-loop-extrusion CTCF anchor points that tether enhancers to
their cognate promoters™®™*, To investigate whether Maenli transcrip-
tion has aroleininitiating the observed chromatin conformation, we
performed cHi-C from wild-type and Maenli"*>** mouse limbs at E9.5.
The forelimb wild-type-versus-mutant subtraction cHi-C map showed
no major differences (Extended Data Fig. 9b), indicating that Maenli
transcription has no major influence on the 3D conformation at the
Enllocusin limb. Moreover, the observed stripe-like structure does
notappear to be induced by CTCF, but rather reflects increased activ-
ity across the locus, as no differences in CTCF binding were observed
between Enl expressing and non-expressing tissues (Extended Data
Fig.9b). Thus, although Maenli and the surrounding regulatory land-
scapeareingreater proximity with Enlinthelimb, this seemsto occur
independently of Maenlior Enl expression. Instead, alimb-specific 3D
configuration brings the actively transcribing Maenlilocus in close
proximity to Enl where it acts as its licensing factor.

Finally, to investigate possible effects of Maenli transcription on
histone modification and chromatin accessibility at the EnI locus, we
performed ChIP-seq for H3K27ac, H3K4mel and H3K4me3, as well as
assay for transposase-accessible chromatin followed by sequencing
(ATAC-seq) from wild-type and Maenli?*>*** mouse limbs at E11.5. These
datarevealed that Maenli transcription affected the deposition of active
epigenetic marks at the £nl and Maenliloci as well as the surround-
ing regulatory landscape (Fig. 3d, Extended Data Fig. 10a). Indeed,
Maenli®*™s and Del(27) mutants show a loss of H3K4me3 at the Enl
promoter, as well as at other peaks (overlapping conserved elements)
normally established across the Enilimb regulatory domain mainly at
E10.5and E11.5 developmental stages (Fig. 3d, Extended Data Figs. Se,
10a). These datasuggest that other putative enhancer elements might
beinvolvedinthe regulation of Enl expressionin limb (Extended Data
Fig. 10b). Of note, similar to HOTTIP IncRNAY, our results show that
Maenliis a key locus control element during embryonic limb devel-
opment and is required for the deposition of H3K4me3 epigenetic
mark. However, whereas HOTTIP binds to and targets MLL-1 com-
plexestothe 5’ HOXAlocus, yielding abroad domain of H3K4me3 and
transcription activation®, Maenli IncRNA does not seem to cooperate

with the chromatin-modifying MLL-1 complex. Indeed, we did not
detect an enrichment of the MLL-1 catalytic subunit at the £nllocus
and its surrounding regulatory landscape in E11.5 mouse limb buds
(Extended Data Fig. 10c). These data support the idea that HOTTIP
and Maenli function by different mechanisms. However, we do not
exclude the possibility of a ‘HOTTIP-like’ mechanism involving a dif-
ferent chromatin-modifying complex.

In sum, Maenli transcription in cis helps to establish a permissive
chromatin environment at the EnlI locus and its surrounding regu-
latory landscape within a preformed 3D nuclear architecture. This
would allow access to transcription factors required for Enl activation
and ventral ectodermal cell fate decision as well as the activation of
putative enhancer elements that might be required for En1 expression
regulation.

Discussion

IncRNAs have been found to be differentially expressedin various types
of cancer' and are dysregulated in other disease types”?; yet it has
not been shown that variants involving IncRNA loci can be sufficient
to cause human Mendelian diseases. In this study, we provide compel-
lingevidence thatinactivation of Maenli IncRNA transcription results
in anisolated dorsal dimelia limb phenotype that is a subset of the
full Enl-associated phenotype. We report non-coding deletions that
disrupt the previously unannotated IncRNA locus as the molecular
aetiology of a severe, recessively inherited congenital limb malfor-
mation (Fig. 4). In the era of whole-genome sequencing, the findings
described here underscore the need for a systematic annotation and
functional characterization of IncRNA loci to interpret and classify
non-coding genetic variants. They highlight the importance of eluci-
dating the complex diversity of IncRNA modes of action to assess their
rolein organdevelopment and disease. Notably, our findings provide a
conceptual framework for Mendelian diseases that extends beyond the
involvement of coding genes and their regulatory sequences toinclude
long non-coding transcripts acting on the genes themselves. This new
paradigm may be the key to solving at least part of the substantial pro-
portion of genetic diseases that remain unexplained.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Subjects

Four individuals with congenital limb anomalies were observed at
clinical genetic centresin Brazil and in India. Clinical and radiographic
imageswerereferred tous (A.S.-F.and S.U.) for diagnostic advice. Given
the unique nature of their phenotypes, they were offered additional
diagnostic investigations in accordance with regulations for studies
on human subjects at the respective centres. Informed consent to
participate to the study was obtained from all patients (or their legal
guardian). Informed consent to publish identifiable pictures and clini-
cal data was obtained from all patients (or their legal guardian). The
study protocolwas approved by the local ethics committees Commis-
sion cantonale d'éthique delarecherche surI'étre humain, Lausanne,
Switzerland and Ethikkommission der Charité, Berlin, Germany, and
followed relevant ethical regulations. Clinical details of the subjects
are provided in Supplementary Note 1.

Exome sequencing and identification of variants

Molecular and cytogenetic studies on samples from patients were per-
formed at the Lausanne laboratories. Total genomic DNA was extracted
from peripheral blood leukocytes according to standard procedures.
Exome sequencing was performed using Agilent SureSelect Human All
Exon technology (Agilent Technologies). The captured regions were
sequenced using Illumina HiSeq 2500 at the Genomic Technologies
Facility in Lausanne, Switzerland. Bioinformatics analyses were per-
formed as described previously®. In brief, raw reads were mapped to the
human reference genome (hgl9/GRCh37) using the Novoalign software
(v.3.08.00, Novocraft Technologies). Next, Picard (v.2.14.0-SNAPSHOT)
was used to remove duplicate reads and Genome Analysis Toolkit
(GATK) (v.3.8)** was used to perform base quality score recalibration
on both single-nucleotide variants and insertion-deletions. A VCF
file with the variants was generated by HaplotypeCaller from GATK.
DNA variants were then filtered based on quality, frequency in EXAC®
(v.0.3.1), gnomAD? (v.2.1.1), 1000 Genomes?¥, ESP (NHLBI Exome
VariantServer, http://evs.gs.washington.edu/EVS), GME (GME Variome
http://igm.ucsd.edu/gme/index.php), and ABraOM?, and on predicted
impact on protein sequence and messenger RNA (mRNA) splicing.

Homozygosity mapping and haplotype analysis

Large segments of homozygosity (>1 Mb) were computed from exome
sequencing data with atool developed in-house, AutoMap (unpub-
lished), enabling the detection of shared regions of homozygosity in
multiple probands. Sequences were then visualized to detect shared
haplotypes.

Array CGH

Array CGH (CGHa) was performed using the Agilent SurePrint G3
Human CGH microarray 1X1IM kit analysed on an Agilent DNA Micro-
array scanner and interpreted with the Agilent Genomics Workbench
lite edition 6.5 software (all from Agilent Technologies). In patients 1
and2, theregion defined by probesA_16_P00453315to A_16_P00453356
(included) was found to be homozygously deleted. In patient 3, the
regiondefined by probes A_18_P21824892to A_18_P13366110 (included)
was homozygously deleted; this region is larger than, and comprises,
theregion deleted in patients1and 2.

Sanger sequencing

To determine the precise location of the rearrangement breakpoints
in patients 1-3, a series of PCR amplifications using different pairs
of primer combinations were performed. Sanger sequencing of the

amplified PCR fragments was carried out using standard reagents
and conditions. In patient 4, we analysed the entire coding sequence
by direct sequencing of PCR products. Exons 1and 2 of the ENI gene
were PCR amplified and the coding sequence was screened by direct
DNA sequencing. Sequences were analysed with the Seqscape 2.5 soft-
ware (Applied Biosystems). Sequence variants are numbered starting
from the first base of the ATG codon, numbering based on reference
sequence NM_001426.3. Naming of variants follows the Human Genome
Variation Society nomenclature using (https://variantvalidator.org/
variantvalidator/). The sequences of all primers used in this study are
listed in Supplementary Table 1.

Generation of structural variations using CRISPR-Cas9
Genome editing experiments were performed as previously described®.
The size and position of the human structural variations (hg38) were
converted to the mouse genome (mm?9) using the UCSCliftOver tool.
sgRNAs were designed within close proximity of the deletion break-
points, using the platformat http://crispr.mit.edu/to obtain candidate
single guide RNA (sgRNA) sequences. To minimize off target effects,
guide sequences were chosen to have a quality score above 95%. Com-
plementary strands were annealed, phosphorylated, and cloned into
the Bbsl site of pX459 CRISPR-Cas vector (Addgene). The sequences
ofallsgRNAs used inthis study are listed in Supplementary Table 1. G4
embryonic stem cells*® (ESCs) (400,000) (129/Sv X C57BL/6 F1 hybrid)
were seeded on CD1 mouse embryonic fibroblast (MEF) feeders and cul-
tured under standard ESC culture conditions. The cells were transfected
with 8 pg of each pX459-sgRNA construct using FUGENE HD reagent
(Promega) under manufacturer conditions. After 12 h, cells were split,
transferred into DR4 puromycin-resistant feeders, and selected with
puromycinatafinal concentration of 2 ug ml™ for 48 h. Clones were then
grown for 5-6 more days, picked, and transferred onto 96-well plates
on CD1feeders. After 48 h of culture, plates were split in triplicates,
two for freezing and one for growth and DNA collection. All clones
were genotyped by PCR and quantitative PCR (qPCR) analyses. Posi-
tive clones were thawed and grown on CD1 feeders until they reached
an average of four million cells. Three vials were frozen, and DNA was
collected from the rest of the cells to confirm the genotyping results.
ESCs and feeder cells were tested for Mycoplasma contamination
using the MycoAlert detection kit (Lonza) and MycoAlert Assay Con-
trol Set (Lonza). DR4 and CD1feeder cell lines were directly produced
from mouse embryos originating from DR4 and CD1 mice mattings,
respectively.

Genotyping by PCR and sequencing

Primers were designed at adistance of 400-500 bp from each cutting
site, on both sides of sgRNA targets. Each allele has thus a set of four
primers: F1 (forward) and R1 (reverse) amplifying one targeted site
and F2 (forward)/R2 (reverse) amplifying the other targeted site. Dele-
tions, duplications and inversions were detected using the following
set of primers: F1-R2, F2-R1, and F1-F2 and R1-R2, respectively. We
genotyped each clone by running the PCR products on agarose gels
and comparing PCR amplicon sizes. Clones showing evidence for the
presence of the desired genomic rearrangement were further geno-
typed by Sanger sequencing. The sequences of all genotyping primers
used in this study are listed in Supplementary Table 1.

Genotyping by quantitative PCR

qPCR was performed on genomic DNA, using the QuantStudio 7 Flex
Real-Time PCR System (v.1.7.1) (Applied Biosystems). For the genotyp-
ing of copy-number variations, we designed four sets of primers. qPCR
was carried outin atotal volume of 20 pl containing 10 pl of Power Sybr
Green Master Mix (Applied Biosystems), 0.4 pM of each primer and
10 ng genomic DNA. Thermal cycling conditions were 95 °C for 20's,
followed by 40 cycles at 95 °C for 3s and 60 °C for 30 s. A non-coding
region was selected as the control amplicon. Validation experiments
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demonstrated that amplification efficiency of the control and all target
amplicons were approximately equal. All samples were run in tripli-
cate. The dosage of each ampliconrelative to the control amplicon and
normalized to wild type DNA was determined using the 22" method.

Transgenic mouse strains

Mice were generated from the corresponding ESC clone by diploid
or tetraploid aggregation®, after thawing a frozen ESC vial seeded
on CD1feeders and grown for 2 days. Female mice of the CD1 strain
were used as foster mothers. Several founder animals for each mouse
line were used for establishing line stock with variable intercrosses
between single founder and C57BL/6 wild-type animals. Selection of
animals for analysis and breeding was random. For all animal experi-
ments, no choice of sample size was applied and investigators were not
blinded. The data collection was performed according to the stage of
each sample since mouse breeding and analysis required knowledge
about the genotype at hand.

All animal procedures were conducted as approved by the local
authorities (LAGeSo Berlin) under license numbers G0248/13,
G0243/18, G0346/13 and GO176/19. Routine bedding, food and water
changes were performed. Mice were housed in a centrally controlled
environmentwitha12hlight:12h dark cycle, temperature of20-22.2 °C,
and humidity of 30-50%. All animal experiments followed all relevant
guidelines and regulations.

Whole-mountinsitu hybridization

RNA expressionin E11.5mouse embryos (G4 and C57BL/6 backgrounds)
was assessed by WISH using a digoxigenin-labelled antisense riboprobe
transcribed froma cloned probe (PCR DIG Probe Synthesis Kit, Roche).
Whole embryos were fixed overnightin 4% PFA/PBS. The embryos were
thenwashed in PBS-Tween (PBST; 0.1% Tween), dehydrated for 10 min
(min) each in 25%, 50% and 75% methanol/PBST, and finally stored at
-20°Cin100% methanol. The WISH protocol was as follows. Embryos
were rehydrated onice in reverse methanol/PBST steps, washed in
PBST, bleached in 6% H,0,/PBST for 1 h and washed again in PBST.
Embryos were then treated or not (embryos probed with Lmx1b were
treated while embryos probed with Enl, Fgf8 and Wnt7a were not) in
10 pug mi™* proteinase K/PBST for 3 min, incubated in glycine/PBST,
washed in PBST, and finally refixed for 20 min with 4% PFA/PBS, 0.2%
glutaraldehyde, and 0.1% Tween 20. After further washing steps with
PBST, embryos were incubated at 68 °C in L1 buffer (50% deionized
formamide, 5x saline sodium citrate, 1% SDS, 0.1% Tween 20 in diethyl
pyrocarbonate, pH4.5) for 10 min. Embryos were thenincubated for 2
hat 68 °Cinhybridization buffer1 (L1with 0.1% transfer RNA and 0.05%
heparin). Afterwards, embryos were incubated overnight at 68 °C in
hybridization buffer 2 (hybridization buffer 1 with 0.1% transfer RNA
and 0.05% heparin and 1/500 digoxigenin probe). After overnight
hybridization, removal of the unbound probe was done through a
series of washing steps, 3 x 30 min each at 68 °C: L1; L2 (50% deionized
formamide, 2 x saline sodium citrate pH 4.5,0.1% Tween 20 in diethyl
pyrocarbonate, pH 4.5); and L3 (2 x saline sodium citrate pH 4.5, 0.1%
Tween 20 in diethyl pyrocarbonate, pH 4.5). Subsequently, embryos
were treated for 1 h with RNase solution (0.1 M NaCl, 0.01 M Tris pH
7.5,0.2% Tween 20,100 pg ml™ RNase A in H,0), followed by washing
in Tris-buffered saline, 0.1% Tween 20 (TBST 1) (140 mM NacCl, 2.7 mM
KCl, 25 mM Tris-HCI, 1% Tween 20, pH 7.5). Embryos were then blocked
for2hatroomtemperatureinblockingsolution (TBST 1 with 2% fetal
bovine serum and 0.2% bovine serum albumin (BSA)), followed by
incubation at 4 °C overnight in blocking solution containing 1:5,000
anti-digoxigenin-alkaline phosphatase. After overnight incubation,
removal of unbound antibody was done through a series of washing
steps 8 x 30 min at room temperature with TBST 2 (TBST with 0.1%
Tween 20 and 0.05% levamisole/tetramisole) and left overnight at
4 °C. Twenty-four hours later, staining of the embryos was initiated
by washing at room temperature with alkaline phosphatase buffer

(0.02 M NaCl, 0.05 M MgCl,, 0.1% Tween 20, 0.1 M Tris-HCl and 0.05%
levamisole/tetramisole in H,0) 3 x 20 min, followed by staining with
BM Purple AP Substrate (Roche). At least three embryos were analysed
from each mutant genotype. The stained embryos or their limb buds
wereimaged using a ZEISS SteREO Discovery.V12 with cold light source
CL9000 microscope and Leica DFC420 digital camera. The sequences
of primers used to generate £nl, Lmx1b and Wnt7a WISH probes for
this study are listed in Supplementary Table 1. The Fgf8 probe was
previously used in Liska et al.*.,

RNA isolation and quantitative PCR with reverse transcription
To quantify RNA levels in wild type and mutant mice at E9.5 and E11.5
developmental stages (G4 background), limbbuds were microdissected
incold PBS,immediately snap-frozen, and stored at —-80 °C. Total RNAs
were extracted using the RNeasy Mini Kit (QIAGEN) according to the
manufacturer’sinstructions. RNAs were treated with DNase I (Thermo
Fisher Scientific) at 37 °C for 15 min followed by 10 min incubation at
70 °Cfor DNaselinactivation. Complementary DNAs (cDNAs) were gen-
erated using the Superscript Il First-Strand Synthesis System (Thermo
Fisher Scientific) whereby 1 ug of RNA was reverse-transcribed using
oligo(dT)20 (except for the GFP quantification for which we used ran-
dom hexamers). To quantify the relative abundance of transcripts,
quantitative PCR withreverse transcription (RT-qPCR) analyses of 4-6
pairs of limb buds were done in technical triplicates using the Power
Sybr Green Master Mix (Applied Biosystems) as described above. The
fold change (FC) was determined using the 22" method. The dosage
of eachamplicon was normalized to the endogenous control amplicon
(Rps9cDNAs). The sequences of allRT-qPCR primers used in this study
arelisted in Supplementary Table 1.

Skeletal preparation

E18.5 fetuses and P2 pups (G4 background) were keptin H,0 for1-2 h
atroomtemperature and heat shocked at 65 °C for 1min. The skin was
taken off and the abdominal and thoracic viscerawere removed using
forceps. The fetuses were then fixed in100% ethanol overnight. After-
wards, the cartilage was stained overnight using alcian blue staining
solution (150 mgI™alcian blue 8GX in 80% ethanol and 20% aceticacid).
Fetuses were thenrinsed and postfixedin100% ethanol overnight. After
24 h, initial clearing was done by incubating the fetuses for 20 minin1%
potassium hydroxide in H,0, followed by alizarin red (50 mg|™alizarin
red Sin 0.2% potassium hydroxide) staining of bones overnight. Fol-
lowing this, rinsing and clearing was done for several days using low
concentrations of potassium hydroxide. The stained embryos were
dissected in 80% glycerol and limbs, sternums, and ribs were imaged
using a ZEISS SteREO Discovery.V12 with cold light source CL9000
microscope and Leica DFC420 digital camera.

Phenotypic evaluation

Phenotypicanalyses for 7-8 weeks mutant mouse lines were carried out
for at least 3 animals per analysis. Penetrance of the phenotypes was
investigated by analysing >30 offspring and considered fully penetrant
ifall animals were similarly affected.

Micro-computed tomography

Autopods of 10-week-old wild type and mutant mice (n =3, G4 back-
ground) were wrapped in plastic film and scanned ex vivo using a SkyS-
can1172 high-resolution micro-computed tomography system (Brucker
microCT) at 5-umresolution. 3D model reconstruction was done with
the SkyScanimage analysis software (computed tomography analyser
and computed tomography volume) (Brucker microCT).

SureSelect design

The capture Hi-C SureSelect library probes were designed over the
genomic interval (mm®9, chrl: 119,650,000-124,400,000) using the
SureDesign online tool from Agilent.



Capture Hi-C

cHi-C libraries were prepared from homozygous E9.5 forelimb buds,
forebrain and MHB. cHi-C experiments were performed as triplicates
(wild type samples; CD1 background) or duplicates (mutant samples;
G4 background). Per biological replicate, 30 pairs E9.5 FLbuds (2-3 x10°
cells) were microdissected in PBS at room temperature. A single-cell
suspensionwas obtained by incubating the tissue for10 minat 37 °Cin
1ml Gibco trypsin-EDTA 0.05% (Thermo Fisher Scientific). Cells were
resuspended in 5 ml 10% fetal bovine serum/PBS and fixed by adding
5 ml 4% formaldehyde (Sigma-Aldrich) at a final concentration of
2%. Cells were mixed for 10 min at room temperature. Fixation was
quenched using1.425 M glycine (Merck) onice and immediately centri-
fuged at 2,100 rpm for 8 min. Supernatant was removed and the pellet
resuspended in lysis buffer (final concentration of 10 mM Tris, pH7.5,
10 mMNacCl, 5 mM MgCl,, 0.1 MEDTA, and 1x cOmplete protease inhibi-
tors (Sigma-Aldrich)) and incubated onice for 10 min. Cells were then
centrifuged at 2,900 rpmfor Sminat 4 °C, followed by removal of super-
natant, snap-freezing, and storage at —80 °C. For the preparation of the
3Clibrary, the pellet was resuspended in 60 pl 10x Dpnll buffer (Thermo
Fisher Scientific), and incubated with 15 pl10% SDS for 1h at 37 °Cand
900 rpm 150 pl 10% Triton X-100 was then added and the pellet was
incubated for 1 hat 37 °C and 900 rpm 600 pl of 1x Dpnll buffer was
addedtothe samples. A10-pl aliquot was taken as undigested control
andstored at—20 °C. The chromatin was digested using 40 pl 10 U pl™
Dpnllfor4hat37 °Cand 900 rpm; another 20 pl of Dpnllenzyme was
then added and samples were incubated overnight at 37 °C with rota-
tion. After overnightincubation, samples were supplemented with 20 pl
Dpnll enzyme and incubated for four more hours at 37 °C with rota-
tion. The Dpnllrestriction enzyme was inactivated at 65 °C for 20 min.
Next, the digested chromatin was diluted and religated in 5.1 ml H,0,
700 nl10x ligation buffer (Thermo Fisher Scientific) and 1.67 pl 30 U pl ™
T4 DNAligase (Thermo Fisher Scientific). Ligation reactions were incu-
bated at 16 °C overnight with rotation. A 100-pl aliquot was taken to
test ligation efficiency and stored at —20 °C. The chimaeric chromatin
products and test aliquots were de-cross-linked overnight by adding
30 pland 5 pl 20 mg ml™ proteinase K, respectively, and incubated at
65 °C overnight. Following this, 30 pl or 5 pl 10 mg ml™ RNase A was
added to the samples and aliquots, respectively, and incubated for
45 min at 37 °C. Chromatin was then precipitated by adding 1 volume
phenol-chloroform to the samples and aliquots, vigorously shaking
them, followed by centrifugationat 3,750 rpm at room temperature for
15min. The upper phase containing the chromatin was transferred toa
new tube and the volume was adjusted to 7 ml with H,0. Samples were
then supplemented with 1 ml 3 M sodium acetate, pH 5.6, 35 ml 100%
ethanol, and 7 pl 20 mg ml™ glycogen and frozen overnight at -80 °C.
The precipitated chromatin was isolated by centrifugation at 8,350g
for 20 min at 4 °C. The chromatin pellet was washed with 10 ml 70%
ethanol and further centrifuged at 3,300g for 15 min at 4 °C. Finally,
the 3C library chromatin pellet was dried at room temperature and
resuspended in150 pl10 mM Tris-HCI, pH7.5at 37 °C. To check the 3C
library, the undigested, digested, and ligated aliquots wereloaded ona
1% agarose gel. The 3Clibrary was then sheared using a Covaris sonica-
tor (duty cycle: 10%; intensity: 5; cycles per burst: 200; time: 6 cycles
of 60 s each; set mode: frequency sweeping; temperature: 4-7 °C).
Adaptors were added to the sheared DNA and amplified according
to the manufacturer’s instructions for lllumina sequencing (Agilent).
The library was hybridized to the custom-designed SureSelect beads
and indexed for sequencing (150 bp paired-end) following the manu-
facturer’sinstructions (Agilent).

Capture Hi-C processing

FASTQ files were processed with the HiCUP pipeline v.0.6.1* (no size
selection, Nofill: 1, Format: Sanger) using Bowtie2 v.2.3.4.1> for map-
ping short reads to the reference genome mm9. After the mapping,

filtering and deduplication steps of the HICUP pipeline, replicates were
merged by combining their bam files. Juicer tools v.1.7.6* was used to
generate binned contact maps and to normalize maps by Knights and
Ruiz (KR) matrix balancing®. For the generation of the contact maps,
only the genomic region (chr1:120,200,001-124,400,000, mm9), part
of the region enriched in the capturing step, was considered. There-
fore, only read pairs mapping to the region of interest were kept and
their coordinates were shifted towards the origin by the offset of this
region. Afterwards, cHi-C maps were generated with the Juicer tools
‘pre’ command using a custom chrom.sizes file containing only the
length of the genomic region of interest (4.2 Mb) and applying a mini-
mum MAPQ of 30. After exporting KR-normalized cHi-C maps at 10-kb
binsize, coordinates were shifted back to mm9 coordinates. Subtrac-
tion maps were computed from KR-normalized maps, whichwere scaled
before subtraction across their sub-diagonalsin a pairwise manner to
account for differences in their signal decay pattern. Therefore, the
values of each sub-diagonal of one map were divided by the sum of
this sub-diagonal and multiplied afterwards by the average of these
sums from both maps. Afterwards, the maps were scaled by 10%/total
sum. cHi-C maps were displayed as heat maps in which values above
the 98.5th percentile were truncated to improve visualization.

Virtual 4C profile generation

In order to obtain more fine-grained interaction profile for the £ni
and Maenli promoters, a virtual 4C-like profile was generated from
mapped, filtered and deduplicated cHi-C read pairs obtained from the
HiCUP pipeline. A read-pair was consideredin the profile, whenithad a
MAPQ=30 and oneread mapped to the defined viewpoint region while
the other one mapped outside of it. Out of these pairs, reads mapping
outside of the viewpoint region were counted per restriction fragment
and binned to a 1-kb grid. The count value of restriction fragments
spanning more than one bin was distributed proportionally to the cor-
responding bins. Afterwards, the profile was smoothed by averaging
over five bins and scaled by the factor 10%/counts within the enriched
region. For the computation of the scaling factor, the viewpoint region
and a margin +5 kb around it were excluded. The processing was per-
formed with custom]ava code using htsjdk v.2.12.0 (https://samtools.
github.io/htsjdk/).

RNA sequencing

E9.5 forelimb buds were microdissected from wild type (CD1 back-
ground) and mutant embryos (G4 background) in cold PBS, immedi-
ately snap-frozen, and stored at —80 °C. RNA-seq experiments were
performed in duplicates. Total RNAs were extracted using the RNe-
asy Mini Kit (QIAGEN) according to the manufacturer’s instructions.
RNAs were treated with DNase I (Thermo Fisher Scientific) at 37 °C for
15 min followed by 10 min of incubation at 70 °C for DNase I inactiva-
tion. Samples were poly-A enriched and sequenced (150 pb paired-end)
using lllumina technology following standard protocols.

RNA-seq dataprocessing

Paired-end RNA-seq reads were mapped to a custom mouse reference
genome (mm?9), including Maenli coordinates (chrl:122,744,478-
122,755,676) using the STAR mapper? (v.2.6.1d) (splice junctions based
on RefSeq; options:-alignintronMin 20 -alignlntronMax 500000
- outFilterMultimapNmax 5 - outFilterMismatchNmax 10 - outFil-
terMismatchNoverLmax 0.1). Reads per gene were counted as previ-
ously described?®, and used for differential expression analysis with
the DEseq2 package®.

scRNA-seq

scRNA-seq experiments were performed insingle replicate. E9.5 fore-
limb buds of C57BL/6 and 129/Sv wild-type embryos as well as E10.5
forelimb buds of C57BL/6 wild-type embryos were microdissected in
PBS at room temperature. A single-cell suspension was obtained by


https://samtools.github.io/htsjdk/
https://samtools.github.io/htsjdk/

Article

incubating the tissue for 10 min at 37 °Cin 200 pl Gibco trypsin-EDTA
0.05% (Thermo Fisher Scientific) and 20 pl 5% BSA (Sigma-Aldrich).
Digestion was thenblocked by adding 400 pl of 5% BSA. Cells were then
resuspended by pipetting and filtered using a 0.40-um cell strainer
(Falcon). Cells were washed once with 0.04% BSA with a centrifugation
step performed for 5minat1,200 rpmthenresuspendedin 0.04% BSA.
The cell concentration was determined using an automated cell counter
(Bio-Rad) and cells were subjected to scRNA-seq (10x Genomics, Chro-
mium Single Cell 3’ v2; one reaction per time point and per strain has
been used) aiming for atarget cell recovery of up to10,000 sequenced
cells per sequencinglibrary (time point and strain). Single-cell libraries
were generated according to the manufacturer’sinstructions with the
following conditions: 8 PCR cycles were run during cDNA amplifica-
tionand 12 PCR cycles were run during library generation and sample
indexingtoincrease library complexity. Libraries were sequenced with
aminimum of 230 million paired end reads.

scRNA-seq data processing

The Cell Ranger pipeline v.3 (10x Genomics Inc.) was used for each
scRNA-seq sample to de-multiplex the raw base call files, generate
the fastq files, and perform the alignment against a custom mouse
reference genome mmlo, including Maenli coordinates (ENS-
MUSG00000099336.2, chr1:120,847,901-120,859,099), to create
the unique molecular identifier (UMI) count matrix. Only cells with a
detected number of UMI counts among 500 and 40,000, a detected
number of genes among 200 and 5,000, and less than 10% of mito-
chondrial UMI counts were considered for further analysis. In addi-
tion, we used scrublet*° to identify potential duplets in our dataset.
Wefiltered out cellswithascrublet score higher than 0.2. Each sample
dataset was normalized independently using the SCT method* imple-
mented in Seurat3** R package and then integrated the datasets using
the Seurat3 IntegrateData function and considering the top 6,000
most variable genes. The first 20 principal components of this joint
dataset were calculated and used for UMAP projection and cell cluster-
ing. To delimit the major forelimb bud cell types, we used the Louvain
algorithm implemented in the Seurat3 function FindClusters with
resolution equal 0.02. We identified marker genes for each of the main
cell types using the receiver operating characteristic method of the
Seurat3 FindAlIMarkers function. We only considered genes expressed
inatleast10% of each cell cluster and alog, fold-change average higher
than 0.25. Marker genes are available in Supplementary Table 2. For
the sub-clustering of the ectoderm cells, we used a similar approach
as described above. We normalized and integrated only ectodermal
cells from all samples by considering the top 500 most variable genes
among these cells. We clustered and UMAP embedded the ectodermal
cellsusing the top 12 principal components. We used the marker gene
Fgf8todistinguish betweenthe AER cell cluster and the dorsal-ventral
ectoderm cell cluster.

ChIP-seq

Chromatin immunoprecipitation was performed as previously
described®. ChIP-seq experiments were performed in duplicates. In
brief, 80-100 pairs of E9.5 forelimbs (CD1 background) or 10-15 pairs
E11.5 forelimbs and hindlimbs (G4 background) were microdissected
in PBS at room temperature. A single-cell suspension was obtained
byincubating the tissue for10 minat 37 °Cin1ml Gibco trypsin-EDTA
0.05% (Thermo Fisher Scientific). Cells were resuspended in 15 mI10%
fetal bovine serum/PBS and fixed by adding 5 ml 4% formaldehyde
(Sigma-Aldrich) at a final concentration of 1%. Cells were mixed for
10 minat4 °C. Fixation was quenched using 1.425 M glycine (Merck) on
ice and immediately centrifuged at 2,100 rpm for 8 min. Supernatant
was removed and the pellet was immediately snap-frozen and stored
at-80 °C. The extraction of nuclear lysate was performed as described
inLee et al.**and chromatin was sonicated with a Diagenode Bioruptor
(45 cycles with 30 s pulse, 30 s pause, Hl power). For ChIP, 25-35 pg of

chromatinwas incubated with 6-8 pg of antibody (anti-H3K4me3, Mil-
lipore, cat.no. 07-473; anti-H3K4mel, Diagenode, cat. no. C15410037;
anti-H3K27ac, Diagenode, cat. no. C15410174; anti-CTCF, Active Motif,
cat. no. 61311; anti-Rad21, abcam, cat. no. ab992; anti-MLL1, Bethyl
Laboratories, cat. no. A300-086A) overnight. Following this, blocked
magnetic beads were added to the chromatin-antibody mixture and
incubated overnight. Next, samples were washed 6 times with RIPA
buffer and one time with TE buffer*‘. After elution, the preparation
of the library for pulled-down DNA was performed as previously
described®. ChIP-seq libraries were sequenced (75 bp single-end)
using lllumina technology following standard protocols.

Previously published data used in this study include ChIP-seq for
H3K4me3 from E10.5 forelimbs®, ChIP-seq data for CTCF, Rad21,
H3K4mel and H3K4me3 from E13.5 midbrains®, and ChIP-seq data
for H3K27ac and H3K4me3 from E13.5 liver®.

ATAC-seq

ATAC-seq experiments were performed in duplicates as previously
described®. Tissues from E11.5 embryos (G4 background) were
microdissected in PBS at room temperature. A single-cell suspen-
sion was obtained by incubating the tissue for 10 min at 37 °Cin1ml
Gibco trypsin-EDTA 0.05% (Thermo Fisher Scientific). The cells were
resuspended in 10% fetal bovine serum/PBS and homogenized using
a0.40-um cell strainer (Falcon). Following this, the cells were washed
in cold D-PBS (Gibco) and lysed in fresh lysis buffer (10mM TrisHCI
pH7.4,10 mM NaCl, 3 mM MgCl,, 0.1% (v/v) Igepal CA-630) for 10 min
while being centrifuged. Supernatant was then discarded and cells
were prepared for the transposition reaction using the Nextera Tn5
Transposase (Nexterakit, [llumina). After 30 min of incubationat 37 °C,
the nuclei solution was purified using the MinElute PCR Purification
kit (Qiagen). The transposed DNA was eluted in 10 pl of elution buffer
andstored at-20 °C, if notimmediately used. Barcoded adapters were
added to the transposed DNA fragments by PCR using the NEBNext
High Fidelity 2x PCR Master Mix (NEB). To avoid saturationin our PCR
reaction, we initially performed 5 cycles. Then, an aliquot of 5 pl was
used to perform a qPCRin order to determine the additional number
of PCR cycles needed to reach the correct amount of DNA without
over-amplification. Nextera qPCR primers were used for the amplifi-
cation and determination of the additional number of PCR cycles. A
second round of PCR amplification using the remaining 45 pl of the 1*
PCR reaction was then performed (total PCR cycles <12). Finally, the
samples were purified using the AMPure XP beads (Agencourt) and
eluted in 20 pl. Samples concentration was measured using Qbit and
the quality was assessed using the Bioanalyzer 2100 (Agilent). ATAC-seq
libraries were sequenced (75 bp paired-end) using lllumina technology
following standard protocols.

ChIP-seq and ATAC-seq data processing

Single-end ChIP-seq reads were mapped with bowtie (v2.2.6)** to mmo9,
filtered for mapping quality MAPQ>10, and duplicates were removed
using samtools rmdup (v.1.8). For generating coverage tracks, reads
were extended to 300 bp (H3K27ac, H3K4mel and H3K4me3) or 200 bp
(CTCF and Rad21) and scaled to rpm (10° per number of unique reads)
using bedtools genomecov v.2.27.1.

Paired-end ATAC-seqreads were trimmed to 30 bp to allow fragments
with close-by transposition events (<50 bp) to map, thisincreases read
coverage at nucleosome-free regions. Trimmed reads were mapped
with Bowtie (v.2.2.6)**, and duplicate fragments were removed using
Picard RemoveDuplicates (https://broadinstitute.github.io/picard/).
Coverage tracks (bigWig) were generated with deepTools (v.2.0)* for
properly mapped read pairs (FLAG O x 2) with mapping quality > 20.

RACEPCR

The sequences of Maenli RNA transcripts expressed in the mouse limb
bud at E9.5 (CD1 background) were determined using 5’ and 3’ RACE
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PCRusing the commercially available 5’ RACE System for Rapid Ampli-
fication of cDNA Ends, version 2.0 (Invitrogen), and 3’ RACE System
for Rapid Amplification of cDNA Ends (Invitrogen). RACE PCR was
performed according to the manufacturer’srecommended protocol,
using primers specific to exon 4 of Maenli for the 5 RACE and exon 2
of Maenlifor the 3’ RACE. The sequences of these primers are listed in
Supplementary Table1.

Deletions of Maenli TSS, exons and introns, and Enl promoter
We generated these alleles using CRISPR-Cas9 technology as described
above for the human structural variation. We assessed the genotype of
clonal celllines as described above for the human structural variation.
We note that intron knockouts, by design, do not affect the sequence
of the spliced Maenli RNA. The sequences of all sgRNAs and primers
used for genotyping are listed in Supplementary Table 1.

DamlID-seq

DamID was performed as previously described*’. One replicate was
performed per experiment. In brief, mouse ES cells and cultured cells
isolated from mouse hindlimb buds at E11.5 (HLCCs) (C57BL/6 back-
ground) were both separately transduced with lentiviruses encoding
Dam-Lamin Bl and Dam only over 24 h. At 72 h post-transduction,
genomic DNA was extracted from trypsinized mouse ES cellsand HLCCs
and processed into libraries for next generation sequencing (NGS).
DamlD-seq libraries were sequenced (75 bp paired-end).

DamlID-seq data processing

Raw reads from DamlID-seq experiments were mapped to the
mouse reference genome mm9 using the alignment tool BWA mem
(v.0.7.12)*%. Mapped reads were normalized by reads per kilobase of
transcript, per million mapped reads (RPKM) and the log, fold change
between the Dam-Lamin Bl transduced samples and the respective
Dam-only-encoding samples was calculated for every Dpnllrestriction
enzyme site (GATC).

Cellular fractionation

Chromatin-associated, soluble nuclear, and cytoplasmic fractions were
isolated as previously described®. In brief, 80-100 pairs E9.5 forelimbs
(CD1background) were microdissected in PBS at room temperature. A
single-cell suspension was obtained by incubating the tissue for 10 min
at37°Cin1mlGibco trypsin-EDTA 0.05% (Thermo Fisher Scientific).
Cells were then centrifuged at 500g for 5 min at 4 °C, resuspended
inice-cold 1x PBS, and aliquoted by centrifugation at 500g for 5 min
at4 °C. An aliquot of 10 x 10° cells was then lysed in 380 pl ice-cold
hypotonic lysis buffer (HLB) (10 mM Tris (pH 7.5),10 mM NaCl, 3 mM
MgCl,, 0.3% (vol/vol) NP-40, and 10% (vol/vol) glycerol) supplemented
with SUPERase-In (Thermo Fisher Scientific), and incubated onice for
10 min. Cells were then centrifuged at 1,000g for 3 min at 4 °C. The
supernatant from this spin became the cytoplasmic fraction. 1 ml of
RNA precipitation solution (RPS) (0.5 ml of 3M sodiumacetate (pH5.5)
mixed with 9.5 ml of ethanol) was added to the cytoplasmic fraction
andstored at—20 °Cforatleast1h. The pellet was subsequently washed
3 times with 1 ml of ice-cold HLB by vortexing for 30 s and centrifug-
ing at 200g for 2 min at 4 °C. The nuclei pellet was then resuspended
in 380 pl of modified Wuarin-Schibler buffer (MWS) (10 mM Tris-HCI
(pH7.0),4mMEDTA, 0.3MNaCl,1Murea, and 1% (vol/vol) NP-40) sup-
plemented with SUPERase-In (Thermo Fisher Scientific), incubated on
ice for 5min, vortexed for 30 s, and incubated onice for an additional
10 min. Next, nuclei were centrifuged at 1,000 g for 3 min at 4 °C. The
supernatant from this spin became the nucleoplasmic fraction. 1 ml
of RPS was added to the nucleoplasmic fraction and stored at —20 °C
foratleast1h. The pellet was subsequently washed 3 times with 1 ml of
ice-cold MWS by vortexing for 30 s and centrifuging at 500g for 2 min
at 4 °C. The pellet was then resuspended in 1 ml TRIzol and stored at
—-20 °C.Samples that have beenincubated in RPS at -20 °C for at least

1hwere then vortexed for 30 s and centrifuged at 18,000g for 15 min
at4 °C. Pellets were subsequently washed by vortexingin ice-cold 70%
(vol/vol) ethanol and centrifuging at 18,000g for 5 min at 4 °C. The
supernatant was then discarded and the air-dry pellets were resus-
pendedin1mlof TRIzol. Ten microlitres of 0.5 M EDTA were then added
toallsamplesin TRIzol, heated to 65 °C with vortexing until the pellet
was completely dissolved. Once samples reached room temperature,
200 pl of chloroform:isoamyl alcohol (1:24) was added to the sam-
ples, vortexed for 30 s, and centrifuged at 18,000g for 10 min at room
temperature. Aqueous supernatants were then transferred to a new
tube and 1vol of isopropanol was added to each sample, incubated at
—-20°Cforatleast1h, vortexed, and centrifuged at18,000 g for15min
atroomtemperature. RNA pellets were then washed with 70% (vol/vol)
ethanol by vortexing and centrifuging at 18,000g for 5 min at room
temperature. Air-dry pellets were then resuspended in an appropriate
volume of RNase and DNase-free water. Purified RNA following DNase-I
treatment (Thermo Fischer Scientific) was stored at —80 °C and used
for downstream RT-qPCRs analyses as described above.

CRISPR-guided knock-inin mouse ES cells

For the insertion of a triple polyadenylation termination sequence
(pAS), aninverted pAS (InvpAS) and a GFP sequence followed by apAS
sequence (GFPpAS) into exon 1of Maenli; 3.4-kb and 4.2-kb constructs
containing the respective sequences to be inserted were cloned into
atargeting vector with asymmetric homology arms using the Gibson
Assembly Cloning Kit (NEB) following the manufacturer’sinstructions.
For knock-in of targeting constructs without selection marker, the tar-
geting construct was transfected in combination with a pX459-sgRNA
vector. Notably, the targeting construct did not either containanintact
protospacer adjacent motif site or guide sequence. Puromycin selection
and clonal ESC line generation were performed as described above.
Successfully targeted ESC lines were screened using PCR and validated
forlocus-specificintegration after successful establishment of the ESC
line. Successful clones were further genotyped by Sanger sequencing.
The sequences of all sgRNAs and genotyping primers used in this study
arelisted inSupplementary Table 1. The polyA signal used to introduce
the early transcription termination signal is an SV40 poly(A)*.

Statistics and reproducibility

The 224" method* was used to calculate the fold change between
wild type and mutant samples. Using a one-tailed Student’s t-test, we
tested the ability of mutations to result in decreased Maenli and/or
Enl gene expression. The variance in mutant and wild-type samples
was assumed equal.

The datapresented in Extended DataFigs. 2a, 3b, ¢, 8a-d were repro-
ducibleintwoindependent experiments. The data presented in Fig.1d
(UCT), e, and Extended Data Figs. 2d, 3a, 4b, 7a were reproducible in
threeindependent experiments.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All datasets have been depositedinthe Gene Expression Omnibus (GEO)
database and are accessible under accession number GSE137335 (or
published previously under GSE84795). As we do not have consents
from patients to deposit the exome sequencing and CGH array datain
anopenaccess publicrepository, they are available only upon request
from A.S.-F. (asuperti@unil.ch) and C.R. (carlo.rivolta@iob.ch). Data
can be shared for research purposes with permission of the patient
or his/her legal guardian. All the variants reported in this study have
been depositedinto ClinVar (NCBI) and are accessible under accession
numbers SCV001450636, SCV001450638 and SCV001450639. The
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novel IncRNA (Maenli) transcript sequence identified and reported
here hasbeen deposited into GenBank (NCBI) and is accessible under
MW294174. Previously published data used in this study include
H3K4me3 ChIP-seq datafrom E10.5forelimb, ChIP-seq datafor CTCF,
Rad21, H3K4meland H3K4me3 from E13.5 midbrain and ChIP-seq data
for H3K27acand H3K4me3 from E13.5 liver (GSE84793), datafrom the
Exome Aggregation Consortium (ExAC v0.3.1; http://exac.broadinsti-
tute.org/), the Genome Aggregation Database (gnomAD v2.1.1; https://
gnomad.broadinstitute.org/), the 1000 Genomes Browser (https://
www.ncbi.nlm.nih.gov/variation/tools/1000genomes/), the Exome
Sequencing Project (https://evs.gs.washington.edu/EVS/), the Greater
Middle East Variome Project (http://igm.ucsd.edu/gme/), and the Bra-
zilian genomic variants database (http://abraom.ib.usp.br/). Source
data are provided with this paper.

Code availability

The AutoMap tool used for homozygosity mapping and haplotype
analysis of exome sequencing data is publically available at https://
github.com/mquinodo/AutoMap.
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Extended DataFig.1|Clinicaland molecular features of the affected
individuals. a, Photographs and X-ray of patients 1and 4 showing the presence

of'ventral nails (1), normal femurs (2), severely shortened and triangular tibiae (3),

triangular fibulae (4). b, Pedigrees of patients 1-4. ¢, Sequencing of -3.0 and
~7.0kb PCR fragments across the breakpoints revealing adeletion of 27,828 bp
inpatientsland2,andadeletionof 62,789 bpwitha2,576 bp insertionat the
breakpointin patient 3, respectively. The genomic coordinates for
chromosome 2 are based on the UCSC Genome Browser (GRCh38/hg38,
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December 2013 assembly). d, Conventional Sanger sequencing
chromatograms show the homozygous mutation (c.317dupT) in patient 4. The
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alsoshown. Theimpact of the biallelic frameshift mutation (c.317dupT) on the
aminoacid sequence of the resulting EN1 protein s highlighted inyellow. dup,
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Extended DataFig. 2| Del(27) mouse model exhibits alimb phenotype
similar to En1”’ mice. a, Alcian blue (cartilage) and alizarinred (bone) stained
limbs prepared fromwild-type and Del(27) newborn mice. Fusion of digits Il
andIVatthelevel of phalanges 3 and 2 is observed for the Del(27)#H11 mutant.
DigitsIland Illare displaced towards digit I (preaxial shift) for the Del(27)#E6
mutant. For both mutants, digits are flexed dorsally rather than ventrally.

p, phalange. Scalebars, 500 pm. b, ¢, Ventral views (b) and high power digit
views (c) of wild type and Del(27) adult fore- and hindpaws illustrating the
presence of cylindrical nails (1), ventral nails formed opposite to the dorsal
nails (2), normal dorsal and ectopic ventral hairs (3). The pigmented metatarsal
pads (4) areelongated and hardened, resembling nails, and the fusion (5) and
polydactyly of digits (6) are variable. Scale bars,2,000 pm and 500 uminband

c, respectively.d, uCT of wild type and Del(27) adult fore- and hindpaws show
that the ventral skeletal elements, such as the falciform (green) and sesamoid
bones (red), werelost orincompletely formed in Del(27) mutant paws. Scale
bars, 1,000 um. e, Normalized qRT-PCR of Enlinlimbs, somites, and
hindbrains prepared from wild type and Del(27) E11.5 embryos show acomplete
loss of MRNA expression specifically in the limb buds (Pvalue=1.58 x10™). No
changesin Fn1 mRNA levels were detectable in the somites and hindbrains
(Pvalue=0,012;0,16). Data were normalized to wild type expression. We used a
one-tailed t-test to evaluate the significance of Enlloss (n =3 biologically
independent wild type and mutant limb, somite, and hindbrain pairs;
mean+s.d.).
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Wild type

Extended DataFig. 3| Del(27) mouse model does not exhibit sternum, ribs,
orbraindefects.a, WISH of wild type and Del(27) embryos at E11.5 probed with
Fgf8, Lmx1b, or Wnt7a.Limb mutants display ectopic ventral expression of the
dorsalizing ge-nes Lmx1b (1) and Wnt7a (2) as well as aberrant proximoventral
expansion of the Fgf8expression domainin the AER (3). Scale bars, 1,000 pm
for the whole embryos and 200 pm for the high power view of the limb buds,

a ISH: Lmx1b ISH: Wnt7a ISH: Fgf8
¥
« —‘, |§|
g b | \
s \\
k=] ! S \
= < ¥ \\
KN -
]
U
3 2 N
\ -
= < \
2 ‘s @ g
Q
. 37&N
b Wild type Del(27)#H11 Del(27)4#E6
IS
5
E
Q
n
(2]
Q2
14
c

respectively.b, Alcian blue- (cartilage) and alizarinred- (bone) stained sternum
andribs prepared from wild type and Del(27) newborn mice show that these
structures are indistinguishable between wild type and mutant mice. Scale
bars,2,000 pm. ¢, Intact adult brains prepared fromwild type and Del(27) mice
show no brain abnormalities. cb, cerebellum; ci, colliculi. Scale bars, 2,000 pm.
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Extended DataFig. 4 |Maenlihas two alternatively spliced isoforms.

a, Diagram of the Maenlitranscripts expressed in the mouse limb bud,
determined using 5’ and 3’ RACE. Ex, exon; 5’GSP1, 5 Maenli-specific primer
from exon 4;3'GSP1, 3’ Maenli-specific primer fromexon 2. b, Full-length
MaenliRT-PCR analysis. RT-PCR was carried out using cDNAs generated using
totalRNAisolated from E9.5 forelimb bud. Agarose gel electrophoresis profile
shows the presence of the expected size of DNA fragments (1016 bp and 871bp)
corresponding to Maenli-transcript1and Maenli-transcript 2, respectively. 1,
E9.5forelimbbud cDNAs; 2,1kb plus DNA ladder. ¢, Sequencing of the
subcloned RT-PCR productsillustrates the exon skipping eventinvolving exon
3 of Maenli.The double arrowheads indicate the exon/exonjunctions.

d, Isoform-specific QRT-PCR of Maenliin E9.5 forelimb shows that the 4-exon
Maenlitranscript1is the majorisoform (n=3biologically independent wild
type forelimbs; mean +s.d.). e, Normalized qRT-PCRs of En1 and Maenliin E9.5
forelimb buds prepared from wild type embryos. Maenli expressionison
average 7 times lower than Enl mRNA level. Data were normalized to Maenli
expression; n=3biologicallyindependent wild type forelimbs; mean +s.d.

f, PhyloCSF tracks show alack of protein coding potential for the Maenli
transcript. g, Mammalian and vertebrate sequence conservation tracks show
thatthe Maenli TSS regionis highly conserved while the Maenlinucleotide
sequence exhibitslittle conservation.
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Extended DataFig. 5| Maenliis anuclear-enriched IncRNA. a, Nucleotide
sequence ofthe mouse Maenlitranscript.Exons1,2,3,and 4 arerepresented
using different colours. The exon-exonjunctions are highlighted in blue. The
primers used for the amplification of the full Maenli cDNA are highlighted in
yellow. b, Subcellular fractionation of Malat1, Tugl, Uph, En1,and Maenli. qPCR
analysis of cDNAs derived from the cytoplasm, nucleoplasm, or chromatin
fractions of cells obtained from E9.5 forelimb buds shows that Maenliis
enrichedinthe nuclear fraction (75% of total RNA) (n =3 biological replicates
from4independent experiments; mean+s.d.).c, ChIP-seqtracks for H3K4me3
and H3K27acin E9.5 forelimb bud and brain show the presence of the active
histone modifications at the Maenli TSS specifically in the developing limb
bud, indicated with black arrowheads. No active histone modifications were
detected at the Maenli TSSinthe brain.d, Normalized qRT-PCRs of EnI and

MaenliinE9.5,E10.5, and E11.5 forelimb buds show a decrease of Maenli
expression from E9.5to E11.5, while Enl expressionis stable across the different
developmental stages. Data were normalized to E11.5 Enl or Maenliexpression;
n=3biologicallyindependent wild type forelimbs; mean +s.d. e, ChIP-seq
tracks fromwild type (WT) E9.5,E10.5, and E11.5 forelimb buds (FL) show the
presence of the H3K4me3 active epigenetic mark at the Maenli TSS at E9.5 but
notatlater stages E10.5and E11.5. WT, wild type; FL, forelimb.f, The percentage
of ectodermal Maenli-expressing cells that express Wnt7a (dorsal ectoderm
marker gene), Enl (ventral ectoderm marker gene), and Fgf8 (AER marker gene)
isshown. Maenliis mostly co-expressed with Enl and Fgf8and is thus enriched
inthe AER and ventral ectoderm, with only a few positive cells in the dorsal
ectoderm. Ofthese Maenli/Wnt7a positive cells, the majority also express
either Enlor Fgf8.
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Extended DataFig. 6 | Knock-ins and knockouts experimental design as
well as quantification of Maenli expression primer design. a, A schematic of
the Maenlilocus showing the primer positions used for the quantification of
Maenliexpressioninthe differentallelesincluded in Fig. 3a and Extended Data
Fig. 7c. Six pairs of qRT-PCR primers were used for the quantification of Maenli
expression. Depending on the genetic manipulation, different primer pairs
were used for the quantification of Maenli expression, ensuring that the same
sizes of QRT-PCR products were amplified in the wild type and in the mutant
samples. One pair of qRT-PCR primers (QRT-PCR-Rps9-F/R) was used as an
endogenous control. The fold change (FC) was determined using the 27447
method. The dosage of each amplicon was normalized to the endogenous
controlamplicon and relative to the corresponding wild type sample. As for
every genetic manipulation, the qRT-PCR results of the mutant allele were
relative (normalized) to the corresponding qRT-PCRresults of the wild type
allele, only one wild type sample is shownin Fig. 3aand Extended Data Fig. 7c

withanRQ value=1(100%) for simplicity. The sequences of the qRT-PCR
primers used for the quantification of Maenliexpression are listed in
Supplementary Table 1. The exact position of the primers within the exons is
indicated with avertical dash. RE, regulatory element; Ex, exon; 3xpA, triple
polyadenylation termination sequence; GFP, green fluorescent protein.

b, c,e, Targeting strategy for the insertion of atriple polyadenylation termination
sequence (pAS) (b), aninverted pAS (InvpAS) (c), and a GFP sequence followed
by apASsequence (e) into exon1of Maenli. A schematic of the donor vector and
CRISPR-mediated homologous recombination targeting strategy is shown.
The primersF1,F2,R1,and R2 used for genotyping of the knock-inalleles by
PCR correspond to the primers KI-PCRg-1-F, KI-PCRg-2-F, KI-PCRg-1-R, and
KI-PCRg-2-Rlisted in Supplementary Table 1, respectively. Ex, exon; F, forward;
R, reverse; GFP, green fluorescent protein. d, A schematic of the knockouts of
Maenliexons and introns is shown. We note that the intron deletions, by design,
donotaffectthe sequence of the spliced Maenli RNA. Del, deletion.
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Extended DataFig.7|Enlactivationis dependent on Maenlitranscription.
a, WISH of wild type and Maenli**** embryos at E11.5 probed with En1, Fgf8,
Lmx1b, or Wnt7a.Limb mutants show analmost complete loss of Enl expression
(black arrowhead), ectopic ventral expression of the dorsalizing genes Wnt7a
and LmxIb (black arrows), as well as aberrant proximoventral expansion of the
Fgf8expressiondomaininthe AER (black arrow). d, dorsal; v, ventral. Scale
bars,200 pm.b, Poly(A)* RNA-seq profiles of E9.5 forelimb buds show that the
pASinsertionabolishes Maenli transcription in both Maenli®*"S and

Maenlic* PA/CFPPAS mutants. However, while Maenli®**P*S mutants exhibit an
almost complete loss of Enl expression, Maenli®"PAS/FPPAS mytants exhibit a
lessseverereductionin £nl expression. Asummary of the expression values for
EnlandMaenliis shown.FPKM, fragments per kilobase of exon per million
fragments mapped; ND, not defined; Mut, Maenli®*"*S, ¢, Normalized qRT-
PCRs of Maenliand En1in E9.5 forelimb embryos show that individual exon and
intron deletions of Maenlihad no significant effect on Maenliand En1
expression (Pvalue=0,10;0,28; 0,14, 0,06; 0,38;0,40; 0,04; 0,36; 0,19; 0,31;

0,04; 0,41). Datawere normalized to wild type Maenli or Enl expression (n=3
biologically independent wild type and mutant limb pairs; a one-tailed t-test
was used to evaluate the significance of Maenliand En1 changes; mean +s.d.).
d, Ventral views of adult hindpaws prepared from wild type and mutant mice
carryingadeletion of each of the three downstream exons and three introns of
Maenli.Note that the mutant hindpaws are indistinguishable from wild type.
Del, deletion. Scale bars, 2,000 pm. e, Normalized qRT-PCRs of GFPand Rps9in
E9.5 forelimb show that transcription of the orthologous GFP sequence is
detected in Maenli®"P*S/°F"PAS mutants but not in Maenli®*>*** mutants (cycle
threshold undetermined). Rps9 was used as an endogenous control to assess
RNA quality and quantity. Data were normalized to Maenli®™*P*S/S**PAS GFpand
Rps9 expression (n=3 biologicallyindependent mutantlimb pairs;
meanzs.d.). Ex, exon; RE, regulatory element; GFP, green fluorescent protein;
3xpA, triple polyadenylation termination sequence (stop cassette);

FL, forelimb.
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Extended DataFig. 8| Limb, brain, and sternum defectsin EnI” mice
produced by crossings of EnI-mice. a, Alcian blue- (cartilage) and alizarin
red- (bone) stained forelimbs prepared from wild type and Fn1”~ E18.5embryos
showthe presence of syndactyly of the 3rd and 4th digits at the level of
phalanges3,2,and 1for both mutants, as well as the presence of polydactyly
(VI)and fusion of digits Iland VI. Note the presence of the postaxial polydactyly
(VII) for En1”#2. p, phalange. Scale bars, 2,000 pm. b, Alcian blue- (cartilage)
andalizarinred- (bone) stained hindlimbs prepared from wild type and EnI”~

E18.5embryosshow the presence of ectopic ventral digits (VI) fused at the level
of phalanges1and 3 for En1”#1and En1" #2, respectively. p, phalange. Scale
bars, 500 um. ¢, Wild type and mutant sternums stained with alcianblue and
alizarinred show truncated sternums (black arrows) of EnI”” mutants and
abnormal placement of the ribs. The sternebrae arereducedin size and
intercostal ossificationisreduced and irregular (black arrowheads). Scale bars,
1,000 um. d, Intact brains prepared from wild type and EnI” E18.5 embryos
show the absence of the colliculiin the mutants. ci, colliculi. Scale bars, 500 um.
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Extended DataFig.9|Maenliexpression does not seem to modulate neither
3D chromatinfolding nor CTCF and cohesin occupancy.a, DamID-seq tracks
fromwild type mouse ES cells and in vitro culture of hindlimb buds from E11.5
embryos show that the Enllocus andits regulatorylandscape arelocated to the
nuclearinteriorinboth celltypes. mESCs, mouse embryonic stem cells; HLCCs,
primary culture of cells derived from E11.5 hindlimb buds. b, Subtraction map
of E9.5 Maenli®*/** forelimb cHi-C signal from E9.5 wild type forelimb cHi-C
signal shows no major differences between the wild type and mutant limb buds.

ChIP-seq profiles for CTCF and Rad21 from wild type (WT) and Maenli?*/?*S
(Mut) E11.5limb buds (FLHL) are shown. No major differencesin CTCF or Rad21
binding were observed between the wild type and mutantlimb buds, butalso
between the wild type limb buds and a control sample (wild type midbrain
(MB)) used for the detection of limb-specific peaks. FLHL, forelimb-hindlimb;
MB, midbrain; Mut, Maenli®*®*S; WT, wild type. The black triangle delimits the
En1TAD.Theyellow segmentline delimits the £nIlimb regulatory domain. The
black segmentline delimits the end of the £nI TAD.



25 Kb (mm9)

a
700 ¥
FLHL WT ]l I‘ | [ || | l J ' I | | |
2 0
= 00
<‘FLHl_Mu]I | I || | | || 1 | | ” ||
0
4
FLHL WT
LN VTSR Tr ROV RV S
(©
":‘FLHLMt4
S i e Sl e ) e
- 4
Li WT ] L M— l
0 A L . ol l. I Ty "y v . A N _‘
3 ¥
FLALWT ]I Lol e bl |
©
g ¥
§FLHLMut | i | | |||“ | L |
™ 0.3
T 3
MB WT ]IHII IHI I““I | "i“ “ | “”I “hh"h“ “ “ “ | “ |
0.3
4 ¥
N i TR I
e 0 i1 Lo ol
= 4 v
FLHL Mut
Spoeme | |, A AN DR B I A
e 4
vewr 1] | ] | | |
0 o “ l I J i
Chr! w1} ] -—_— S
Centromeric___.--—----====""""""] Ent Maenli Célr========smeeeeeeei... ... Telomeric
25 Kb (mm9) o
15
FLHL WT 3 £ £ A A A £ £ 3 A A A
0
15
FLHL Mut —| l
% 0 lasad el daasd P VRO [ s datiiac gasane. P Y A alls P . e Il
gr 15
FLHLDIZ;P |
% e(o " el e it e mda e Btk " "
T 15
MB WT
0
15
Li WT —I
0 A - e T ah ke
4
GERP
Chr1 -
Centromeric Maenli Telomeric
b Maenli transcription = Licensing En1 expression
Chri mp
=0 00 0000 0 = 0 0
.

Putative enhancers = En1 expression regulation?

c 50 Kb (mm9)
Hottlp/Hoxa:| " IM' -~ |
W "™ L propT RN . P Aim‘r‘mm dals e .'m
5 Chr6 . = — —
3‘ Hoxa genes Hottip
15
Maenli/En1
0 " dad ol g ey ““‘“‘M A.‘.‘u..l.‘h._AJ L asiad haiebiitd il " | (Y
Chr1—+ - ] - - -
En1 Maenli

Extended DataFig.10|Maenlitranscriptionloss affects the deposition of
H3K4me3 across the Enllimbregulatory domain. a, ATAC reads and ChIP-
seq profiles for H3K27ac, H3K4meland H3K4me3 from wild type (WT) and
MaenliP*'**S (Mut) E11.5 limb buds (FLHL) are shown. Major changesin
chromatin accessibility and histone marks are highlighted in orange and
indicated with black arrows. A control sample (liver (Li) or midbrain (MB)) used
for the detection of limb-specific peaks is shown when possible. Azoomin of
the En1limbregulatory domain for H3K4me3 ChlP-seq tracks from wild type
(WT), Maenli**°S (Mut) and Del(27) E11.5limb buds (FLHL) show the loss of

H3K4me3across the Enllimb regulatory domain. Control samplesincluding
themidbrain (MB) and liver (Li) used for the detection of limb-specific peaks
are shown. FLHL, forelimb-hindlimbj; Li, liver; MB, midbrain; Mut, MaenliP*>/PAS;
WT, wildtype. The yellow segment line delimits the Enilimb regulatory
domain. Theblacksegment line delimits the end of the En1 TAD. Vertebrate
conservation is measured using the Genomic Evolutionary Rate Profiling (GERP)
method. b, Genetic model depicting the regulation of Enl expressioninthe
developinglimb bud. ¢, ChIP-seqtracks for MLL1in E11.5limb buds show that
MLLIisenriched atthe HOTTIP/HOXAlocus but not at the Maenli/Enllocus.



nature research

Last updated by author(s): Dec 22, 2020

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

X

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

X X XD

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No commercial, open source or custom software/code was used to collect the data in this study.

Data analysis - For exome sequencing analyses: 1) raw reads were mapped to the human reference genome (hg19/GRCh37) using the Novoalign software
(V3.08.00, Novocraft Technologies), Picard (version 2.14.0-SNAPSHOT) was used to remove duplicate reads, Genome Analysis Toolkit (GATK)
(version 3.8) was used to perform base quality score recalibration on both single-nucleotide variants and insertion—deletions. A VCF file with
the variants was generated by HaplotypeCaller from GATK. DNA variants were filtered based on quality, frequency in EXAC v0.3.1, gnomAD
v2.1.1, 1000 Genomes, ESP (NHLBI Exome Variant Server, http://evs.gs.washington.edu/EVS), GME (GME Variome http://igm.ucsd.edu/gme/
index.php), and ABraOM.

- Homozygosity mapping and haplotype analysis were computed from exome sequencing data with a tool developed in-house, AutoMap
(Unpublished).

-Array CGH were analyzed on an Agilent DNA Microarray scanner and interpreted with the Agilent Genomics Workbench lite edition 6.5
software (all from Agilent Technologies, Santa Clara CA 95051, U.S.A).

-Sanger sequencing data were analyzed with the Seqgscape 2.5 software (Applied Biosystems, Foster City, CA, USA).

-Naming of variants follows the Human Genome Variation Society nomenclature using (https://variantvalidator.org/variantvalidator/).

-The size and position of the human structural variations (hg38) were converted to the mouse genome (mm?9) using the UCSC liftOver
(toolhttps://genome.ucsc.edu/cgi-bin/hgLiftOver).

-sgRNAs were designed within close proximity of the deletion breakpoints, using the http://crispr.mit.edu/ platform to obtain candidate
sgRNA sequences.

-qRT-PCRs results were analyzed using the QuantStudio 7 Flex Real-Time PCR Software (version 1.7.1) (Applied Biosystems).

-3D model reconstruction of micro-computed tomography data was done with the SkyScan image analysis software (computed tomography
analyzer and computed tomography volume) (Brucker microCT). The SkyScan 1172 scanner used to perform these experiments is equipped
with this software.

-The capture Hi-C SureSelect library probes were designed using the SureDesign online tool from Agilent (https://earray.chem.agilent.com/
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-For the cHi-C data analysis, raw sequencing reads were processed with the HiCUP pipeline v0.6.1 (no size selection, Nofill: 1, Format: Sanger)
using Bowtie2 v2.3.4.1 for mapping short reads to the reference genome mm3. Juicer tools v1.7.6 was used to generate binned contact maps
and to normalize maps by Knights and Ruiz (KR) matrix balancing.

-cHi-C maps were generated with the Juicer tools v.1.7.6.

-Data processing for the generation of the virtual 4C profile was performed with custom Java code using htsjdk v.2.12.0 (https://
samtools.github.io/htsjdk/).

-Paired-end RNA-seq reads were mapped to a custom mouse reference genome (mm39), including Maenli coordinates
(chr1:122,744,478-122,755,676) using the STAR mapper (version 2.6.1d) (splice junctions based on RefSeq; options: --alignintronMin 20 —
alignintronMax 500000 — outFilterMultimapNmax 5 — outFilterMismatchNmax 10 — outFilterMismatchNoverLmax 0.1).

-RNA-seq differential expression analysis was performed with the DEseq2 package.

-The Cell Ranger pipeline version 3 (10x Genomics Inc.) was used for each scRNA-seq sample to de-multiplex the raw base call files, generate
the fastq files, and perform the alignment against a custom mouse reference genome mm10, including Maenli coordinates
(ENSMUSG00000099336.2), to create the UMI count matrix.

-We used scrublet to identify potential duplets in our dataset. Scurblet is available as online tool and has been incorporated into SPRING
(https://kleintools.hms.harvard.edu/tools/spring.html).

-Each sample dataset was normalized independently using the SCT method implemented in Seurat3 R package and then integrated the
datasets using the Seurat3 IntegrateData function and considering the top 6000 most variable genes.

-To delimitate the major forelimb bud cell types, we used the Louvain algorithm implemented in the Seurat3 function FindClusters with
resolution equal 0.02.

-We identified marker genes for each of the main cell types using the ROC method of the Seurat3 FindAllMarkers function.

-Single-end ChIP-seq reads were mapped with bowtie (v2.2.6) to mm9, duplicates were removed using samtools rmdup (v1.8). The generation
of coverage tracks was performed using bedtools genomecov v2.27.1.

-Paired-end ATAC-seq reads were mapped with Bowtie (v2.2.6), duplicate fragments were removed using Picard RemoveDuplicates (https://
broadinstitute.github.io/picard/), coverage tracks (bigWig) were generated with deepTools v2.0.

-Raw reads from DamID-seq experiments were mapped to the mouse reference genome mm9 using the alignment tool BWA mem (version
0.7.12).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All datasets have been deposited in the Gene Expression Omnibus (GEO) database and are accessible under GSE137335 (or published previously under GSE84795).
The source data behind Fig. 3a and Extended Data Figs. 2e, 4d, 4e, 5b, 5d, 7c, 7e are available within the manuscript files. As we do not have consents from patients
to deposit the exome sequencing and comparative genomic hybridization array (CGHa) data in an open access public repository, they are available only upon
request from Dr. Andrea Superti-Furga (Division of Genetic Medicine, Lausanne University Hospital (CHUV) and University of Lausanne, Lausanne, Switzerland;
asuperti@unil.ch) and Dr. Carlo Rivolta (Medical Genetics Unit, Department of Computational Biology, University of Lausanne, Lausanne, Switzerland;
carlo.rivolta@iob.ch). Data can be shared for research purposes with permission of the patient or his/her legal guardian. All the variants reported in this study have
been deposited into ClinVar (NCBI) and are accessible under SCV001450636, SCV001450638, and SCV001450639. The novel IncRNA (Maenli) transcript sequence
identified and reported here has been deposited into GenBank (NCBI) and is accessible under MW294174.

Previously published data used in this study include H3K4me3 ChIP-Seq data from E10.5 FL, ChIP-seq data for CTCF, Rad21, H3K4me1l and H3K4me3 from E13.5
Midbrain and ChIP-seq data for H3K27ac and H3K4me3 from E13.5 Liver (GSE84793), data from the Exome Aggregation Consortium (EXAC v0.3.1; http://
exac.broadinstitute.org/), the Genome Aggregation Database (gnomAD v2.1.1; https://gnomad.broadinstitute.org/), the 1000 Genomes Browser (https://
www.ncbi.nlm.nih.gov/variation/tools/1000genomes/), the Exome Sequencing Project (ESP; https://evs.gs.washington.edu/EVS/), the Greater Middle East Variome
Project (GME Variome; http://igm.ucsd.edu/gme/), and the Brazilian genomic variants database (ABraOM; http://abraom.ib.usp.br/).

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size WISH experiments were performed from 3 independent biological mouse embryos. gRT-PCRs experiments were performed using 3
independent biological replicates. Skeletal preparations were performed using 2 independent biological mouse embryos or pups. Phenotypic
evaluation was performed using at least 3 animals per experiment. Micro-computed tomography was performed using 3 biological replicates.
Capture Hi-C experiments were performed using 3 biological replicates per experiment. RNA-seq analyses were performed using 2 biological
replicates. scRNA-seq experiments were performed from one biological replicate. ChIP-seq experiments were performed using 2 biological
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replicates except for anti-MLL1 ChIP-seq experiments that have been performed from one biological replicate. ATAC-seq experiments were
performed using 2 biological replicates. Cellular fractionation experiments were performed from 4 independent biological replicates. DamID-
seq experiments were performed from one biological replicate.

No specific choice of sample sizes was made in this study. We considered as appropriate a sample size of minimum 2 per experiment for non
guantitative ones and a sample size of minimun 3 per experiment for quantitative ones.

In our study, an additional biological replicate would be required for RNA-seq, ChIP-seq and ATAC-seq to be able to perform statistical
analysis; as well as for scRNA-seq and DamlID-seq to confirm the results.

Data exclusions  Samples/ animals were included/ excluded according to genotype. Genotyping was established and verified in appropriate control
experiments.

Replication All experiments were replicated 2 or 3 times and were everytime successfully reproducible.

Randomization  Several founder animals for each mouse line were used for establishing line stock with variable intercrosses between single founder and
C57BL/6 wildtype animals. Selection of animals for analysis and breeding was random.

Blinding Investigators were not blinded during experiments, the data collection was performed according to the stage of each sample since mouse
breeding and analysis required knowledge about the genotype at hand.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOOXOO s
OO0XXOX X

Dual use research of concern

Antibodies

Antibodies used The following specific antibodies were used for this study: anti-H3K4me3, Millipore, cat. No. 07-473; anti-H3K4mel, Diagenode, cat.
No. C15410037; anti-H3K27ac, Diagenode, cat. No. C15410174; anti-CTCF, Active Motif, cat. No. 61311; anti-Rad21, abcam, cat.No.
ab992; anti-MLL1, Bethyl Laboratories, cat. No. A300-086A.

Validation -anti-H3K4me3: Application Chromatin immunoprecipitation was performed using the Magna ChIP™ HiSens kit (cat# 17-10460), 1 pL
Anti-trimethyl-Histone H3 (Lys4) antibody (cat# 07-473), 20 uL Protein A/G beads, and 1 million crosslinked Hela cell chromatin.
-anti-H3K4me1l: Judson RN et al. Inhibition of methyltransferase Setd7 allows the in vitro expansion of myogenic stem cells with
improved therapeutic potential. Cell Stem Cell. 2018 Feb 1; 22(2): 177-190.e7. ChIP; Mouse.

-anti-H3K27ac: Application Chromatin immunoprecipitation was performed on sheared chromatin from 1 million HelLaS3 cells using 2
ug of the Diagenode antibody against H3K27ac (Cat. No. C15410174).

-anti-CTCF: Despang A et al. Functional dissection of the Sox9—Kcnj2 locus identifies nonessential and instructive roles of TAD
architecture. Nat Genet. 2019 Aug;51(8):1263-1271. ChIP; Mouse.

-anti-Rad21: Amat R et al. Rapid reversible changes in compartments and local chromatin organization revealed by hyperosmotic
shock. Genome Res. 2019. 29: 18-28. ChIP; Human.

-anti-MLL1: Schmidt et al. CEBPA-mutated leukemia is sensitive to genetic and pharmacological targeting of the MLL1 complex.
Leukemia. 2019 July;33(7):1608-1619. ChIP; Mouse.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) We used mouse embryonic stem cells (mESCs) from (129/SvxC57BL/6J F1 hybrid) (G4) backgrounds. These cells were
obtained from Dr. Anders Nagy (George et al., 2007). CD1 and DR4 feeder cell lines, produced from CD1 and DR4 transgenic
embryos, were used to culture the G4 cells.

Authentication Genetically modified ESCs were used to produce embryos using Tetraploid and Diploid aggregation. Genotyping confirmed
the presence of the desired mutation.
CD1 and DR4 feeder cell lines were directly produced from mouse embryos originating from DR4 and CD1 mice crosses,
respectively.

Mycoplasma contamination All the cell lines were tested and were negative for mycoplasma contamination.
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Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice from CD1, C57BL/6J, or (129/SvxC57BL/6J) F1 hybrid backgrounds were used in our study. Males and females from embryonic
days E9.5, E10.5, and E11.5, postnatal stage P2, and adult animals (7-8 or 10 weeks) were used in our experiments. Routine bedding,
food, and water changes were performed. Mice were housed in a centrally controlled environment with a 12-h light/12-h dark cycle,
temperature of 20-22.2°C, and humidity of 30-50%. All animal experiments followed all relevant guidelines and regulations.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal procedures were conducted as approved by the local authorities (LAGeSo Berlin) under the license numbers G0248/13 and
G0346/13.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics There are in total 4 human research participants included in this study. Each patient is a direct descendent of consanguineous
parents (4 families in total). Patient1: male, homozygous for a 27 kb deletion including the newly characterized Maenli
IncRNA. At birth, anomalies in the upper and lower limbs were detected. Patient 2: female, homozygous for a 27 kb deletion
including the newly characterized Maenli IncRNA. At birth, anomalies in extremities leading to reduction of lower limbs and
congenital anomalies in both hands were detected. Patient 3: male, homozygous for a 63 kb deletion including the newly
characterized Maenli IncRNA. He did not have any obvious dysmorphism but had predominant limb malformations involving
all 4 extremities. Patient 4: female, homozygous for ¢.317dupT/p.lle107HisfsTer39 variant in the EN1 gene. Abnormalities in
the upper and lower limbs were noticed at birth. At age 2 months, she presented tonic focal seizures. Severe hypotonia was
noticed. A diagnosis of neurogenic bladder was made at the age of 3 months.At age 3 years and 10 months, clinical
examination showed failure to thrive (weight and stature below 3rd percentile), microcephaly, poor visual contact,
generalized hypotonia, no speech, no social smile; presence of a gastrostomy (G)-tube in the abdomen and umbilical hernia.

Recruitment The 4 patients with congenital limb anomalies were observed at clinical genetic centers in Brazil and in India. Given the
unique nature of their phenotypes, they were offered additional diagnostic investigations in accordance with regulations for
studies on human subjects at the respective centers.

Ethics oversight The study has been performed in accordance with national and international regulations. Informed consent was obtained
from each individual or their legal guardian to participate in the study, for genomic analysis, and to publish fotos and clinical
details. The study was approved by the local ethics committees of the participating centers in Lausanne (Commission
cantonale d'éthique de la recherche sur I'etre humain), Switzerland and Berlin (Ethikkommission der Charité), Germany.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChlP-seq

Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links Datasets are available through the Gene Expression Omnibus (GEO) under accession number GSE137335.
May remain private before publication.

Files in database submission Brain-E95-WT-Mm9-Rep1-1-H3K27ac-ChIP-L16552_R1_001.bw
Brain-E95-WT-Mm9-Rep1-2-H3K27ac-ChIP-L16552_R1_001.bw
Brain-E95-WT-Mm9-Rep1-H3K4me3-ChIP-L16554_R1_001.bw
Brain-E95-WT-Mm9-Rep2-1-H3K4me3-ChIP-L16555_R1_001.bw
Brain-E95-WT-Mm9-Rep2-1-H3K27ac-ChIP-L16553_R1_001.bw
Brain-E95-WT-Mm9-Rep2-2-H3K4me3-ChIP-L16555_R1_001.bw
Brain-E95-WT-Mm9-Rep2-2-H3K27ac-ChIP-L16553_R1_001.bw
FL-E95-WT-Mm9-Rep1-1-H3K4me3-ChIP-L14203_R1_001.bw
FL-E95-WT-Mm9-Rep1-1-H3K27ac-ChIP-L16550_R1_001.bw
FL-E95-WT-Mm9-Rep1-2-H3K4me3-ChIP-L14203_R1_001.bw
FL-E95-WT-Mm9-Rep1-2-H3K27ac-ChIP-L16550_R1_001.bw
FL-E95-WT-Mm9-Rep2-1-H3K27ac-ChIP-L16551_R1_001.bw
FL-E95-WT-Mm9-Rep2-2-H3K27ac-ChIP-L16551_R1_001.bw
FL-E95-WT-Mm9-Rep2-H3K4me3-ChIP-L15854_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep1-1-H3K27ac-ChIP-L16622_R1_001.bw
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FLHL-E115-3xpA-Mm9-Rep1-2-H3K27ac-ChIP-L16622_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep1-CTCF-ChIP-L17110_R1_001.bw
FLHL-E115-3xpA-Mm9-Repl-H3K4me1l-ChIP-L15850_R1_001.bw
FLHL-E115-3xpA-Mm9-Repl-H3K4me3-ChIP-L15852_R1_001.bw
FLHL-E115-3xpA-Mm9-Repl-Rad21-ChIP-L17114_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep2-1-H3K27ac-ChIP-L16623_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep2-2-H3K27ac-ChIP-L16623_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep2-CTCF-ChIP-L17111_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep2-H3K4me1-ChIP-L15851_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep2-H3K4me3-ChIP-L15853_R1_001.bw
FLHL-E115-3xpA-Mm9-Rep2-Rad21-ChIP-L17115_R1_001.bw
FLHL-E115-Del27-Mm9-Repl-H3K4mel-ChIP-L14442_R1_001.bw
FLHL-E115-Del27-Mm9-Repl-H3K4me3-ChIP-L14447_R1_001.bw
FLHL-E115-Del27-Mm9-Rep1-H3K27ac-ChIP-L16620_R1_001.bw
FLHL-E115-Del27-Mm9-Rep2-1-H3K27ac-ChIP-L16621_R1_001.bw
FLHL-E115-Del27-Mm9-Rep2-2-H3K27ac-ChIP-L16621_R1_001.bw
FLHL-E115-Del27-Mm9-Rep2-H3K4mel-ChIP-L14446_R1_001.bw
FLHL-E115-Del27-Mm9-Rep2-H3K4me3-ChIP-L14890_R1_001.bw
FLHL-E115-WT-Mm9-Rep1-CTCFT-ChIP-L17108_R1_001.bw
FLHL-E115-WT-Mm9-Rep1-H3K27ac-ChIP-L16618_R1_001.bw
FLHL-E115-WT-Mm9-Rep1-Rad21-ChIP-L17112_R1_001.bw
FLHL-E115-WT-Mm9-Rep2-1-H3K27ac-ChIP-L16619_R1_001.bw
FLHL-E115-WT-Mm9-Rep2-2-H3K27ac-ChIP-L16619_R1_001.bw
FLHL-E115-WT-Mm9-Rep2-CTCF-ChIP-L17109_R1_001.bw
FLHL-E115-WT-Mm9-Rep2-Rad21-ChIP-L17113_R1_001.bw
Brain-E95-WT-Mm9-Repl-1-H3K27ac-ChIP-L16552_R1_001.fastq.gz
Brain-E95-WT-Mm?9-Repl-2-H3K27ac-ChIP-L16552_R1_001.fastq.gz
Brain-E95-WT-Mm9-Rep1-H3K4me3-ChIP-L16554_R1_001.fastq.gz
Brain-E95-WT-Mm?9-Rep2-1-H3K4me3-ChIP-L16555_R1_001.fastq.gz
Brain-E95-WT-Mm?9-Rep2-1-H3K27ac-ChIP-L16553_R1_001.fastq.gz
Brain-E95-WT-Mm?9-Rep2-2-H3K4me3-ChIP-L16555_R1_001.fastq.gz
Brain-E95-WT-Mm9-Rep2-2-H3K27ac-ChIP-L16553_R1_001.fastq.gz
FL-E95-WT-Mm9-Repl-1-H3K4me3-ChIP-L14203_R1_001.fastq.gz
FL-E95-WT-Mm9-Repl-1-H3K27ac-ChIP-L16550_R1_001.fastq.gz
FL-E95-WT-Mm9-Repl-2-H3K4me3-ChIP-L14203_R1_001.fastq.gz
FL-E95-WT-Mm9-Rep1-2-H3K27ac-ChIP-L16550_R1_001.fastq.gz
FL-E95-WT-Mm9-Rep2-1-H3K27ac-ChIP-L16551_R1_001.fastq.gz
FL-E95-WT-Mm9-Rep2-2-H3K27ac-ChIP-L16551_R1_001.fastq.gz
FL-E95-WT-Mm9-Rep2-H3K4me3-ChIP-L15854_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Repl-1-H3K27ac-ChIP-L16622_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Repl-2-H3K27ac-ChIP-L16622_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep1-CTCF-ChIP-L17110_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Repl-H3K4mel-ChIP-L15850_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Repl-H3K4me3-ChIP-L15852_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Repl-Rad21-ChIP-L17114_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep2-1-H3K27ac-ChIP-L16623_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep2-2-H3K27ac-ChIP-L16623_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep2-CTCF-ChIP-L17111_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep2-H3K4me1l-ChIP-L15851_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep2-H3K4me3-ChIP-L15853_R1_001.fastq.gz
FLHL-E115-3xpA-Mm9-Rep2-Rad21-ChIP-L17115_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep1-H3K4mel-ChIP-L14442_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep1-H3K4me3-ChIP-L14447_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep1-H3K27ac-ChIP-L16620_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep2-1-H3K27ac-ChIP-L16621_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep2-2-H3K27ac-ChIP-L16621_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep2-H3K4mel-ChIP-L14446_R1_001.fastq.gz
FLHL-E115-Del27-Mm9-Rep2-H3K4me3-ChIP-L14890_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep1-CTCFT-ChIP-L17108_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep1-H3K27ac-ChIP-L16618_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep1-Rad21-ChIP-L17112_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep2-1-H3K27ac-ChIP-L16619_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep2-2-H3K27ac-ChIP-L16619_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep2-CTCF-ChIP-L17109_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep2-Rad21-ChIP-L17113_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep1-H3K4mel-ChIP-L14891_R1_001.bw
FLHL-E115-WT-Mm9-Rep2-H3K4mel-ChIP-L14892_R1_001.bw
FLHL-E115-WT-Mm9-Rep1-H3K4me3-ChIP-L14893_R1_001.bw
FLHL-E115-WT-Mm9-Rep2-H3K4me3-ChIP-L14894_R1_001.bw
FLHL-E115-WT-Mm9-Rep1-H3K4mel-ChIP-L14891_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep2-H3K4mel-ChIP-L14892_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep1-H3K4me3-ChIP-L14893_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep2-H3K4me3-ChIP-L14894_R1_001.fastq.gz
FLHL-E115-WT-Mm9-Rep1-MLL1-ChIP-L15994_R1_001.bw
FLHL-E115-WT-Mm9-Rep1-MLL1-ChIP-L15994_R1_001.fastq.gz
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Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

No longer applicable.

Except for anti-MLL1 immunoprecipitation, we performed 2 indepedent biological replicates for each immunoprecipitation. Each
biological replicate is composed of a pull of different limb buds from at least three different embryos.

All samples were 75 bp single-end reads sequencing. The sequencing depth for each experiment was approximately 50 million total
reads. We obtained between 15 to 30 million uniquely mapped reads for each biological sample.

The following specific antibodies were used for this study: anti-H3K4me3, Millipore, cat. No. 07-473; anti-H3K4mel, Diagenode, cat.
No. C15410037; anti-H3K27ac, Diagenode, cat. No. C15410174; anti-CTCF, Active Motif, cat. No. 61311; anti-Rad21, abcam, cat.No.
ab992; anti-MLL1, Bethyl Laboratories, cat. No. A300-086A

No peak calling was performed in this study.

Experiments were checked for similiar global enrichment folds between the different conditions using spp cross-correlation plots and
also visually inspected for reproducibility by comparing binding profiles of inspected proteins at loci/regions that were not potentially
affected by the inserted mutations.

Single-end ChIP-seq reads were mapped with bowtie (v2.2.6) to mm§9, filtered for mapping quality MAPQ>10, and duplicates were
removed using samtools rmdup (v1.8). For generating coverage tracks, reads were extended to 300bp (H3K27ac, H3K4me1l, and
H3K4me3) or 200bp (CTCF,Rad21, and MLL1) and scaled to r.p.m. (106 per number of unique reads) using bedtools genomecov
v2.27.1.
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