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Summary
Heterozygous missense variants and in-frame indels in SMC3 are a cause of Cornelia de Lange syndrome (CdLS), marked by intellectual

disability, growth deficiency, and dysmorphism, via an apparent dominant-negative mechanism. However, the spectrum of manifesta-

tions associated with SMC3 loss-of-function variants has not been reported, leading to hypotheses of alternative phenotypes or even

developmental lethality.We usedmatchmaking servers, patient registries, and other resources to identify individuals with heterozygous,

predicted loss-of-function (pLoF) variants in SMC3, and analyzed population databases to characterize mutational intolerance in this

gene. Here, we show that SMC3 behaves as an archetypal haploinsufficient gene: it is highly constrained against pLoF variants, strongly

depleted for missense variants, and pLoF variants are associated with a range of developmental phenotypes. Among 14 individuals with

SMC3 pLoF variants, phenotypes were variable but coalesced on low growth parameters, developmental delay/intellectual disability, and

dysmorphism, reminiscent of atypical CdLS. Comparisons to individuals with SMC3missense/in-frame indel variants demonstrated an

overall milder presentation in pLoF carriers. Furthermore, several individuals harboring pLoF variants in SMC3 were nonpenetrant for

growth, developmental, and/or dysmorphic features, and some had alternative symptomatologies with rational biological links to SMC3.

Analyses of tumor andmodel system transcriptomic data and epigenetic data in a subset of cases suggest that SMC3 pLoF variants reduce

SMC3 expression but do not strongly support clustering with functional genomic signatures of typical CdLS. Our finding of substantial

population-scale LoF intolerance in concert with variable growth and developmental features in subjects with SMC3 pLoF variants ex-

pands the scope of cohesinopathies, informs on their allelic architecture, and suggests the existence of additional clearly LoF-constrained

genes whose disease links will be confirmed only by multilayered genomic data paired with careful phenotyping.
Introduction

The cohesin complex, a multimeric structure with the abil-

ity to entrap DNA, is integral to several dynamic genome
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processes.1,2 Specifically, cohesin facilitates sister chro-

matid cohesion during cell division,3 DNA repair,4 three-

dimensional chromatin architecture,5 and transcriptional

control of developmental genes.6,7 SMC3 (structural
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iseases, University Children’s Hospital Oldenburg, Oldenburg, Germany;

ty Hospital, Glasgow, UK; 20Massachusetts Eye and Ear Infirmary, Boston,

istol, UK; 22University of Bristol, Bristol, UK; 23University of Virginia Health

ents of Pathology and Pediatrics, Children’s Hospital Los Angeles and Uni-

formation Technology, Boston Children’s Hospital, Boston, MA, USA; 27The

on, MA, USA; 28Children’s Hospital of Philadelphia, Philadelphia, PA, USA;

icine and Andrology, University Hospital Münster, Münster, Germany; 30Di-

ison of Neurology, BostonChildren’s Hospital, Boston,MA, USA; 32Zentrum
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maintenance of chromosomes 3), the sole subunit shared

by mitotic, interphase, and meiotic cohesin, is a ubiqui-

tously expressed protein that binds with SMC1A/B to

form the legs of the isosceles triangle commonly used to

represent the closed heterotrimeric cohesin ‘‘ring,’’ with

RAD21/REC8 forming the base.

In mouse models, homozygous Smc3 loss8,9 or condi-

tional Smc3 depletion in oocytes10 results in embryonic

lethality. In embryonic and adult mice, homozygous

Smc3 loss in the blood compartment causes myeloid-based

hematopoietic failure.11,12 However, Smc3 heterozygosity

in mice is survivable and associated with behavioral phe-

notypes, neuronal/synaptic differences in the cerebral cor-

tex, decreased body weight, craniofacial dysmorphism,

and changes in gene expression,8,9 suggesting the poten-

tial for a similar phenomenon in humans.13

Missense variants and in-frame indels in SMC3 have been

identified among patients with mild/atypical Cornelia de

Lange syndrome(CdLS).13–15Typical (classic)CdLS is caused

by constitutional or mosaic heterozygous loss-of-function

(LoF) pathogenic variants in NIPBL, whose protein product

loads cohesin onto chromatin and facilitates its func-

tioning. Classic CdLS is distinguished from atypical CdLS,

which is a spectrum, by greater overall severity with a

more characteristic facial appearance and the presence of

majormalformations.Variable intellectual disability, behav-

ioral abnormalities, hirsutism, growth failure, gastroesopha-

geal dysfunction, andshortfirstmetacarpals are seen inboth

typical and atypical cases. SMC3-related CdLS is marked

principally by intellectual disability, facial dysmorphism,

microcephaly, and postnatal growth delay.13–16

The reported missense variants and in-frame indels in

SMC3 generally fall within important protein regions,

including the antiparallel coiled-coil, hinge, and head do-

mains.14 Tested pathogenic variants appear to act as domi-

nant-negative alleles in human cell lines, where they in-

crease the affinity of SMC hinge dimers for DNA,

promoting genome instability and impairing genomic

spatial organization.17 In silico modeling is also consistent

with a dominant-negative effect.14 Furthermore, proteo-

mic analyses reveal that missense-mutated SMC3 proteins

are incorporated into the cohesin complex normally but
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prompt dysregulation of the c-MYC transcription factor,

a feature of CdLS in the early prenatal period.18 Finally,

SMC3 missense variants in CdLS patients confer a DNA

methylation episignature grouping with that of other

CdLS genes.19

Genotype-phenotype correlations are known for other

cohesin genes, for example, NIPBL (missense in mild

CdLS vs. LoF in severe CdLS20–22) and SMC1A (missense

in atypical CdLS vs. LoF in SMC1A-related developmental

and epileptic encephalopathy23). Thus, it has been pro-

posed that the absence of SMC3 predicted LoF (pLoF) vari-

ants in previously described CdLS cases could be due to

those variants either causing a different phenotype or be-

ing lethal for the developing embryo.24 Somatic SMC3

pLoF variants have been found in myeloid malignancies,25

including acute myeloid leukemia (AML)26 and Down syn-

drome acute megakaryoblastic leukemia.27,28 This is in line

with LoF alleles in cohesin genes being a common event in

several tumor types, not as initiating events but as subse-

quent drivers.29 Population genetic data suggest that germ-

line SMC3 pLoF variants are considerably depleted in the

general population (https://gnomad.broadinstitute.org/

gene/ENSG00000108055); however, the consequence of

heterozygous germline pLoF variants in humans is un-

known because only a single case is documented in the

literature.15

Here, we describe the clinical phenotypes of 14 individ-

uals with germline pLoF variants in SMC3, including 4

frameshifts, 5 stop gains, 4 multigene deletions, and 1 pre-

dicted damaging splice variant. Most individuals have

developmental delay, low growth parameters, and/or

mild dysmorphism—reminiscent of atypical CdLS—

although the penetrance of each of these features is incom-

plete and most individuals were not diagnosed clinically

with CdLS. Comparisons of quantitative growth and devel-

opmental data between pLoF carriers and published cases

of SMC3 pathogenic missense variants and in-frame indels

reveal a genotype-phenotype correlation, with pLoF

conferring overall milder, albeit overlapping, parameters.

Our findings suggest that a broader class of undiscovered

Mendelian conditions stemming from LoF variants in

highly constrained genes likely remains uncataloged
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owing to generic, variable, and/or incompletely penetrant

phenotypes and will require large dataset analyses, deep

phenotyping, and functional experimentation to solve.
Subjects and methods

Case recruitment
Anonymized genetic and phenotypic information was collected, sub-

jects were enrolled, and database searches performed under Boston

Children’s Hospital institutional review board-approved protocol

00040134 or Children’s Hospital of Philadelphia protocol 16–

013231. Multiple sources were queried to identify individuals with

pLoF variants in SMC3: ClinVar (https://www.ncbi.nlm.nih.gov/

clinvar/)30; GeneMatcher/Matchmaker Exchange (https://gene

matcher.org/)31; the Baylor Genetics, GeneDx, Indiana University

School of Medicine Genetic Testing, and Invitae clinical laboratories;

a database of patients at Boston Children’s Hospital32; an in-house

data portal built upon seqr33 and drawing from the Broad Institute

Center for Mendelian Genomics and GREGoR Consortium projects;

DECIPHER (https://www.deciphergenomics.org)34; and one previ-

ously published individual with an SMC3 nonsense variant referred

for routine CdLS screening due to CdLS-like features and develop-

mental delay.15

Growth and developmental milestone comparisons
Growth measurements were converted to Z scores using

British Growth Survey data (https://www.rcpch.ac.uk/resources/

growth-charts). Statistical comparisons and plot generation were

undertaken using R.

Subject variant identification
Variants were identified via exome sequencing, microarray, or

gene panel. These methods are listed for each case in Table S1, as

is the confirmation status of variants by orthogonal methods.

Gene annotations
RefSeq transcript NM_005445 (Gencode: ENST00000361804.5)

via (https://genome.ucsc.edu/) was used as the gene model for an-

alyses. The Ensembl Variant Effect Predictor (https://useast.

ensembl.org/Tools/VEP) was used to corroborate subjects’ variant

nomenclature. Regional missense constraint for SMC3 was based

on gnomAD data and assessed at a threshold of p ¼ 0.001 as in

https://www.biorxiv.org/content/10.1101/148353v1 and Wright

et al.35 The region of potential escape from nonsense mediated

decay was considered to be the final 55 nt of the penultimate

exon of SMC3 (codon 1,176 and beyond). GRCh38/hg38 is the

default genome build used unless specified otherwise.

UK Biobank (UKBB) pLoF sequence variant curation
The 10-110575403-TGTGA-T splice site variant, present in 5 indi-

viduals in the UKBB, was removed from the list of SMC3 pLoF var-

iants in the UKBB; this is because it did not result in an alteration

to the first 5 nt of the 50 splice site.

Copy-number variant (CNV) detection among UK

Biobank samples
UKBB SMC3 deletions were called using Genome Analysis Toolkit

(GATK)-genomic CNV (gCNV) with genomic interval selection,

sample processing, and defragmentation performed as in (https://

www.biorxiv.org/content/10.1101/2022.08.25.504851v1). In brief,
Hum
exome sequencing reads were first mapped to a predefined set of

genomic intervals curated to capture the exonic regions of canonical

protein-coding genes, and coverage was collected across well-

captured intervals for CN inference. Samples with similar global

readdepthprofileswere then clustered intobatches to be jointly pro-

cessed by GATK-gCNV, which outputs CNV calls across the set of

well-captured intervals. These raw calls were subsequently defrag-

mented, and toensure that callswerenotmergedacrosshigh-quality

CN¼2 regions,CNVswere refragmented topreserve anyCN¼2 seg-

ments spanning at least 3 exome sequencing probes with quality

score (QS) R100. Finally, the resulting callset was refined using the

recommended QS, sample-level, and site frequency filters from

(https://www.biorxiv.org/content/10.1101/2022.08.25.504851v1),

along with a filter to remove CNVs covering fewer than 3 exons.
Infertility cohort missense burden analysis
Comparisons were made to gnomAD version 2.1.1 missense

SMC3 variants with Combined Annotation Dependent Depletion

(CADD) score >25 (Table S4) as assigned by the Variant Effect

Predictor (https://useast.ensembl.org/info/docs/tools/vep/index.

html). The cumulative allele frequency was transformed to a frac-

tion with a denominator representing the mean number of alleles

across these variants, for the purpose of chi-square analysis.
Gene expression analyses
SMC3 gene expression data were derived from Cancer Cell Line

Encyclopedia (CCLE) samples, restricted to hematopoietic and

lymphoid tumors, obtained via the Xena Functional Genomics

Explorer (http://xenabrowser.net). Nonsense, frameshift, or splice

site variants were considered pLoF. Samples containing >1 SMC3

variant were categorized by the most damaging variant class. Sam-

ples solely containing missense or silent SMC3 variants were

removed, as were samples lacking SMC3 genotype or expression

data.

Perturb-Seq data were derived from Replogle et al.36 and obtained

via figshare (https://plus.figshare.com/articles/dataset/_Mapping_

information-rich_genotype-phenotype_landscapes_with_genome-

scale_Perturb-seq_Replogle_et_al_2022_-_commonly_requested_

supplemental_files/21632564/1) and Genome-Wide Perturb-Seq

(https://gwps.wi.mit.edu/). Briefly, this Perturb-Seq experiment

involved single-cell sequencing following pooled, multiplexed

CRISPR interference (CRISPRi) in 3 parallel approaches, each using

a different CRISPRi guide library: K562 (chronic myelogenous leu-

kemia, female) cells receiving a genome-wide guide library against

all expressed genes and harvested on day 8 after transduction;

K562 cells receiving aDepMap essential gene guide library and har-

vested on day 6 after transduction; and human telomerase reverse

transcriptase RPE1 (retinal pigment epithelium, female) cells

receiving a DepMap essential gene guide library and harvested on

day 7 after transduction. Each library vector construct encoded 2

guides (single-guide RNAs) per target gene.

Smc3þ/� mouse cortex differentially expressed genes (DEGs)

from RNA sequencing were obtained from Fujita et al.8 Nipblþ/�

whole-brain RNA sequencing data were obtained from Kean

et al.37 In comparisons of these datasets, a denominator of

30,686 genes (see Figure 3D) was established from among the

55,228 total genes mapped in Kean et al.37 (GEO: GSE203014)

based on those having R10 reads across all 22 samples, which

was the cutoff used in the original analysis.

Statistical analyses were conducted in R. The key gene lists are

found in Table S5.
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Figure 1. SMC3 pLoF variants
(A) pLoF SNVs mapped to the SMC3 protein sequence. Subject cases are in black (top). The c.430-1G>T splice variant (individual 1)
immediately precedes exon 8, which, if skipped, would result in a shift of reading frame; however, splicing may be rescued (see text).
The p.(Gly1217MetfsTer39) variant (individual 10) is in the final exon and is predicted to escape nonsense-mediated decay. gnomAD
pLoF variants passing quality filters are in gray (bottom). UKBB pLoF variants are in brown (bottom). Domains via UniProt.38 Arrowhead
denotes the C-terminal end (equivalent to codon 211) of theminor transcript described in Figure 3. The diamond denotes the point after
which nonsense-mediated decay may be escaped (codon 1,176). The 30 region homologous to the SMC3P1 pseudogene (codons 974–
1,217) is in orange.
(B) SomaticSMC3pLoFSNVsamong13,714 tumors fromtheNCIGDCcollection (https://portal.gdc.cancer.gov/genes/ENSG00000108055).
(C) Regional missense constraint over SMC3, via an analysis of gnomAD. The transition point is in codon 390 (exon 13 of 29).
(D) Case deletions (based on genome build GRCh37/hg19). Of the OMIM phenotype-associated genes in this region (green), none are
validated dominant haploinsufficient disease genes for disorders that include developmental delay or dysmorphic features.
DNA methylation analysis
DNA from blood was subjected to array-based methylation

analysis via the Manchester EpiPro project (https://mft.nhs.

uk/nwglh/test-information/rare-disease/epipro-project/). The

genome-wide DNA methylation profile was compared to the

EpiSign Knowledge Database, a collection of DNAmethylation sig-

natures specific for rare disorders.19
Results

Case series and subject phenotypes

Fourteen individuals with SMC3 pLoF variants were identi-

fied. Most of the subjects underwent genetic testing as part

of routine clinical assessment for growth retardation,

developmental delay, and/or dysmorphic features. In

only 4 cases was there clinical suspicion of CdLS (individ-
4 Human Genetics and Genomics Advances 5, 100273, April 11, 202
uals 1, 7, 8, and 14). Some cases were identified via diag-

nostic laboratories, research repositories, hospital-based

databases, and GeneMatcher. Subjects possessed frame-

shift indel, deletion, stop gain, or splice variants (Tables 1

and S1; Figure 1). Of these 14 variants, 7 were de novo, 1

was maternally inherited, 2 were paternally inherited,

1 was not maternally inherited, and 3 were of unknown in-

heritance. Of the subjects, 11 were male and 3 were female.

Adjudication of the 10 SNVs using an advanced LoF cura-

tion framework39 flagged 2 as potentially not having an

LoF effect (case 1, splice variant with potential rescue;

case 10, escape from nonsense mediated decay)

(Table S1). Missense variants were specifically excluded

because missense variant effects (e.g., hypomorphic vs.

nullimorphic vs. dominant negative) are unable to be reli-

ably predicted.
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A summary of the subjects’ clinical features is provided in

Table 1 and further noted inTable S1 andNote S1.No feature

was shared by all of the subjects; however, the features pre-

sent in more than half of the subjects included develop-

mental delay and/or intellectual disability, low growth, and

facial dysmorphism. The majority of the typical CdLS facial

features and associated malformations were rare or absent

in our cohort. No low anterior hairline ormajor limbmalfor-

mations were reported. Only 2 individuals had a long/

featureless philtrum, 1 had ptosis, 3 had confirmed dental

anomalies, 1 had downturned corners of the mouth. Three

individuals had synophrys, 4 had arched eyebrows, and 5

had long eyelashes. Three individuals had brachycephaly, 3

had a thin upper lip, and 3 had a depressed nasal bridge.

Four individuals had cardiac malformations, and 2 experi-

enced gastroesophageal reflux. Hirsutism was described in

3 cases. Interestingly, 5 of 14 individuals had a degree of mi-

crognathia/retrognathia. Intellectual disability was present

in 4 individuals and learning disability in an additional

one. A delay in reaching developmental milestones was de-

tected in10 individuals.Autistic featureswerepresent in3 in-

dividuals. Photographs were not available for any subject

with dysmorphic features.

We compared standardized postnatal growth parameters

and age at reaching developmental milestones between car-

riers of SMC3 pLoF variants and 15 cases with pathogenic

missense variants or in-frame indels in SMC3, as previously

published.14 A difference in standardized birthweight, birth

head circumference, postnatal (i.e., at time of enrollment)

weight, and postnatal head circumference was suggested be-

tween the 2 groups, pLoF variants being associated with less

pronounced growth delay than missense/in-frame indel

variants; however, these differences did not reach a signifi-

cance threshold of p % 0.05 (Figure 2A). Postnatal height

appears equivalently low. Growth parameters (weight and

head circumference) seem to worsen between birth and

later ages, as has been seen in individuals with SMC3

missense and in-frame indel variants.14 When comparing

the age at achieving developmental milestones, the patients

with pLoF variants were able to sit unaided, walk unaided,

and speak at a younger age than patients with missense/

in-frame indels, although only the difference in age at

sitting was significant (p ¼ 0.012, Mann-Whitney U test

[Wilcoxon]) (Figure 2B). pLoF subjects’ mean growth

(including height, weight, and head circumference) and

developmental milestones were delayed compared with

the population means (Figure 2). Thus, in general, SMC3

pLoF variants are associatedwith amilder growth and devel-

opmental phenotype than are missense variants; however,

the spectra are variable and appear to overlap.

Interestingly, several subjects had other or additional

phenotypes with potential biological links to SMC3 (see

discussion), including bone marrow failure, leukopenia,

AML, and Coats retinal telangiectasis; however, these

were limited to a single affected individual each. Addi-

tional phenotypic and laboratory details, where available,

are in Note S1.
Hum
SMC3 mutational constraint

We were intrigued by a few subjects who were nonpene-

trant for or had mild presentations of the above

growth and developmental phenotypes, given the initial

metrics that suggested substantial mutational intolerance

in this gene. Thus, we sought to further characterize LoF

constraint in SMC3. Consistent with in vitro40,41 andmodel

organism studies9,10,42,43 indicating that SMC3 is an essen-

tial developmental gene, biallelic pLoF variants have never

been described in a human being, including our subjects.

Regarding heterozygous variants, the gnomAD version

2.1.1 (https://gnomad.broadinstitute.org/) probability of

LoF intolerance (pLI) score (evidence for depletion of func-

tional variation from expectation within each gene) and

the LoF observed/expected (o/e) upper bound fraction

(LOEUF; a more continuous metric that directly measures

the ratios of o/e variation) both place SMC3 among the

group of genes predicted to be most highly intolerant to

LoF variants in a population cohort of adults without se-

vere pediatric disease (pLI ¼ 1; observed/expected ratio of

SNV pLoF variants passing filters ¼ 0/79.5; LOEUF

0.04).44 In agreement with this, an estimation of the prob-

ability of haploinsufficiency of SMC3 based on a machine

learning model trained on a broad case-control CNV

burden analysis in >950,000 individuals and gene-level

features was 0.998 (maximum score ¼ 1.00)45; of interest,

the probability of triplosensitivity is also very high

(0.999). A review of multiple additional databases of con-

trol and affected subjects revealed rarity and considerable

apparent selection against such alleles (Table S2): No

pLoF structural variants are present in gnomAD-SV, and

our own CNV analysis of UKBB exome data identified

only 2 deletions involving SMC3 among 196,869 subjects

(Figure S2). pLoF sequence and structural variants are simi-

larly rare or absent in the Database of Genomic Variants

and DECIPHER (Table S2).

To gain insights into the few heterozygous SMC3 pLoF

SNV carriers in control populations, who presumably would

be nonpenetrant or mildly affected, we cataloged these al-

leles in gnomAD and the UKBB (Figure 1A; Table S3). The

overall frequency of pLoF variants in gnomAD is 6.37E�5

(1/15,699) and in UKBB it is 3.32E�5 (1/30,102), and all

are singletons. Adjudication of the 9 gnomAD pLoF variants

using the LoF curation framework described above39 flagged

2 as potentially not having an LoF effect and an additional 2

as uncertain or potential technical artifacts (e.g., homopoly-

mer repeat region, lack of read data) (Table S3). Interestingly,

after removing the 2 predicted non-LoF variants, gnomAD

SMC3 pLoF carriers show, on average, lower than expected

allele balance (p¼ 0.020,Mann-WhitneyU test [Wilcoxon]),

potentially consistent withmosaicism5 clonal hematopoi-

esis (Figure S1).

Mapping case pLoF SNVs to the SMC3 coding sequence

suggested possible clustering toward the 50 half of the tran-

script (Figure 1A). To identify gene-level features that would

provide precedent for or inform the biological rationale for

such a cluster, we first referenced GTEx (Genotype-Tissue
an Genetics and Genomics Advances 5, 100273, April 11, 2024 5
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Figure 2. Growth and developmental milestones associated with SMC3 pLoF compared with pathogenic missense/in-frame indels
(A) Growthmeasurements adjusted for age and sex (Z score) are shown for SMC3 pLoF andmissense/in-frame indel cases. Postnatal mea-
surements are at the time of study enrollment/sampling.
(B) Age at which developmental milestones were reached for the 2 categories of SMC3 variants (LoF vs. pathogenic missense/in-frame
indel). The 25th/50th/75th centiles of population data (Denver II, via DECIPHER) are shown at the right of each figure. Missense/in-
frame indel data were obtained from Reference 14. Plots are standard boxplots. Statistical comparisons are the Mann-Whitney U test
(Wilcoxon).
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Figure 3. Gene expression in WT and SMC3þ/� tissues
(A) GTEx data demonstrate that only a single, full-length SMC3 isoform (ENST00000361804.4) is expressed at an appreciable level in any
adult human tissue represented (https://gtexportal.org/home/gene/SMC3).
(B) pLoF SMC3 variants (LoF; nonsense, frameshift indel, splice site) in hematopoietic and lymphoid tumors correlate with decreased
SMC3 gene expression, to a mean of 71.6% of WT (p ¼ 0.018, Mann-Whitney U test). Data derived from the CCLE (http://
xenabrowser.net). Plot is standard boxplot.
(C and D) Comparison of genes with altered expression in early postnatal Smc3þ/� mouse cortex8 and those altered in a late prenatal
Nipblþ/� mouse whole brain.37

(C) Fifty of 406 (12.3%)DEGs at any age (postnatal day [P]1, P3, P7, P14, P21) in Smc3þ/�mice overlapwith 3,507DEGs in E17.5Nipblþ/�

mice (top); 9 of 58 (15.5%) DEGs in 2þ ages in Smc3þ/� mice overlap with those same 3,507 genes (bottom).
(D) Neither of these is significantly different from chance (3,507/30,686 total genes; 11.4%) (any age p ¼ 0.632, chi-square test of pro-
portions; 2þ ages p¼ 0.441). See subjects and methods for derivation of denominator of 30,686 genes and discussion for a commentary
on methodological differences between the 2 models.
(E) Minimal displacement embedding of pseudobulk-averaged, z normalized expression profiles from a genome-wide Perturb-Seq exper-
iment in K562 CML cells36 (plot generated via https://gwps.wi.mit.edu/). Each dot is 1 of 1,973 genes with strong transcriptomic signa-
tures. The SMC3 knockdown transcriptional disturbances group tightly with those of other cohesin genes (pink) and even an epigenetic
regulator occasionally mutated in CdLS-like subjects (EP300).
Expression; https://gtexportal.org/home/gene/SMC3) and

found that the full-length, canonical transcript is the only

isoformexpressedat anappreciable level inanyadulthuman

tissue (Figure 3A). Further supporting this being the sole iso-

form, normalized by-exon expression asmeasured by pext46

(obtained via gnomAD)was homogeneous (score¼ 1) across

all of the exons in every GTEx tissue. Next, we investigated

whether the existence of SMC3P1, a homologous pseudo-
Hum
gene at 2q11.2 that is likely the result of retrotransposition

of approximately the last 5 exons of SMC3 (Figure 1A), may

be impairing variant mapping in that region, resulting in

an artifactual depletion of 30 variants. However, per-base

mean depth of coverage among gnomAD exomes and ge-

nomes is similar across the entirety of SMC3 (https://

gnomad.broadinstitute.org/gene/ENSG00000108055?

dataset¼gnomad_r2_1), and SMC3 pLoF variants in
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gnomAD/UKBB (Figure 1A) and somatic SMC3pLoF variants

in tumors from the National Cancer InstituteGenomic Data

Commons NCI GDC collection (Figure 1B) show an even

spread across the gene. Finally, we calculated regional

missense constraint scores across SMC3 (Figure 1C);

although constraint scores are slightly higher at the 50 end,
the entire gene is substantially missense constrained (o/e ¼
0.28 [0.25–0.32];Z¼ 6.4). Thesedata fail todemonstrate pre-

cedent for or inform a biological rationale for any 50 clus-
tering of pLoF SNVs in subjects.

Potential explanations for mildly affected individuals

Having made a strong case for intolerance to heterozygous

LoF of SMC3, we continued to seek to explain the few sub-

jects with mild or even apparently nonpenetrant develop-

mental and/or growth phenotypes. One potential explana-

tion is mosaicism. Thus, we assessed inheritance and allele

balance among our enrolled subjects. Variants were in-

herited in 3 instances (individuals 3, 5, and 14), and thus

by definition germline mutations in those probands. No

case variants were signed out by clinical labs as having

allele fractions suggestive of mosaicism. Furthermore, in

1 subject with normal growth and development (individ-

ual 9), we identified the mutant allele in 3 separate tissues

(bone marrow, skin biopsy, and blood) with a near-50%

allele balance (Note S1).

Another potential explanation for the existence of mildly

affected individuals with LoF variants in this considerably

loss-intolerantgenewouldbe ifSMC3wereadominant infer-

tility/subfertility gene. Testis and ovary are the adult human

tissues with highest relative expression of SMC3 (https://

gtexportal.org/home/gene/SMC3); however, SMC3 has

never been identified as a human infertility gene, including

the most recent large study of primary ovarian insuffi-

ciency,47 and we identified 1 maternally transmitted SMC3

pLoF variant (individual 3).We tested an alternative hypoth-

esis that heterozygous LoF of SMC3 may cause male infer-

tility. We evaluated whole-exome sequencing data from

>1,000 individuals with nonobstructive azoospermia in

the GEMINI Phase I cohort48 and>1,200 additional exomes

in a Phase II cohort (some of which were normozoospermic

male controls and female infertility cases). No SMC3 pLoF

variants and only 1 missense variant with a CADD score

R25 were identified (Table S4). In addition, we assessed

rare (gnomADminor allele frequency<1%) coding variants

in theMale ReproductiveGenomics (MERGE) cohort,49 con-

sisting of 2,100 exomes of infertile men with severe oligo-,

crypto-, or azoospermia. One pLoF and 3 missense variants

withCADDR25were identified (TableS4).MERGEmissense

variants were not enriched when compared with gnomAD

variants with CADD R25 (p ¼ 0.612, 2-sample chi-square

test with continuity correction). Finally, among our subjects

are 2 paternally inherited variants.

Functional effect

We next sought to determine whether pLoF SMC3 variants

act as true LoF alleles and have broader functional genomic
8 Human Genetics and Genomics Advances 5, 100273, April 11, 202
effects. Because subject cell lines and RNA were not avail-

able, pLoF SMC3 variants were identified among hemato-

poietic and lymphoid tumors from the CCLE with avail-

able RNA sequencing data; these led to a significant

decrease in SMC3 gene expression compared to tumors

wild-type (WT) for SMC3 (p ¼ 0.018, Mann-Whitney U

test) (Figure 3B).

To determine whether decreasing SMC3 expression is

likely to effect a molecular (transcriptomic) signature and

to what extent this matches that of other CdLS/cohesinop-

athy genes, we analyzed Perturb-Seq data from Replogle

et al.36 This resource used multiplexed CRISPRi followed

by single-cell RNA sequencing. In a genome-wide experi-

ment in K562 chronic myelogenous leukemia cells, cells

receiving SMC3-targeting guide RNAs reduced SMC3 expres-

sion to 68.5% residual and exhibited a transcriptomic signa-

ture of several hundred up- and downregulated genes

(Table S6). The expression profile of SMC3 knockdown

was highly correlated with the knockdown profiles of other

cohesin ring components (SMC1A, RAD21, STAG2) and the

cohesin loadingmachinery (NIPBL,MAU2) (Figure 3E). This

correlation held true in separate Perturb-Seq experiments

targeting only essential genes in K562 or RPE1 cells

(Figure S3). The data were also able to show a threshold

above which SMC3 knockdown, despite cohesin being

involved in chromosome segregation, does not result in

chromosome instability, similar to other cohesin genes

(Table S6) and previous studies involving SMC3.50

Smc3þ/� mice were previously shown to possess differ-

ences in P1-21 cortical gene expression,8 in addition to

behavioral differences. Despite substantial methodologic

differences—for example, age at tissue harvest, which is

associated with significant changes in cohesin level8—we

ventured to compare these DEGs to those observed in a

study of E17.5 Nipblþ/� mouse whole brain, a model of

typical CdLS.37 No significant overlap was observed

(Figure 3C).

Finally, we sought to determine whether SMC3 pLoF var-

iants result in changes to the epigenomematching those of

previously described subjects with CdLS, including indi-

viduals with missense and in-frame indel variants in

SMC3, although largely driven by other CdLS genes.19

Methylation analysis of blood DNA from 2 available sub-

jects (individual 5 with p.Arg360Ter and another individ-

ual with p.Arg879Ter, from whom only methylation

data, but no clinical information, were available) did not

match that episignature (Figure 4).
Discussion

Although heterozygous SMC3missense and in-frame indel

variants are a cause of atypical CdLS, and somatic SMC3

pLoF variants are found in cancers, the consequence of

germline SMC3 LoF variants in humans has remained

solely in the realm of speculation. The present study was

aimed at resolving this question.
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Figure 4. Global DNA methylation pattern of SMC3 pLoF
compared with that of CdLS
Multidimensional scaling plot of global methylation signature
(episignature) of blood-derived DNA. SMC3 pLoF subject 5
(p.Arg360Ter, purple) and an additional individual (c.2635C>T,
p.(Arg879Ter), orange) do not plot with individuals clinically diag-
nosed with CdLS (red), instead plotting among the control popula-
tion (green).
Clinical phenotype

The SMC3 pLoF cases presented here demonstrate that this

variant type also contributes to a disease phenotype. Pub-

lished SMC3missense and in-frame indel cases with atypical

CdLS demonstrate growth retardation, including small head

size, developmental delay, and characteristic facial fea-

tures.14 We found that pLoF patients share these features,

although by quantitative comparisons appear on average

to have a milder, although overlapping, phenotype than

those with missense/in-frame indel variants and would for

the most part not be considered to have CdLS. This may

explain the near-absence of SMC3 pLoF variants among pre-

viously sequencedCdLS cohorts (Figure 5). Furthermore, the

phenotype is variable, with some subjects showingmore se-

vere growth or developmental delays and others being less

severe or even nonpenetrant for R1 features. Of note,

Smc3þ/� mice have demonstrated neuronal, behavioral,

growth, and craniofacial phenotypes.8,9

The pathogenesis of CdLS in previously reported SMC3

missense/in-frame cases has been suggested to be domi-

nant negative, involving aberrant pairing of mutant

SMC3 with other components of the cohesin ring.17,18

Our data suggest that, by contrast, a relative shortage of

SMC3 has a less severe impact on cohesin function, which

suggests that allele-specific therapy to knock down domi-

nant-negative alleles, even completely, should be explored

further. Nullimorphic and hypomorphic SMC3 missense

variants likely also exist and will be identified as such

with further study (Figure 5).

Deletions involving SMC3

In the 4 subjects with deletions at 10q25.2, SMC3 is not the

only gene involved in the rearrangement (Figure 1D), and

it is thereforepossible thathaploinsufficiency forothergenes

inthe region iscausative for someaspectsof theirphenotype.
Hum
A small number of genes in these intervals have been

formally associated with dominant human disease, among

which only heterozygous SHOC2 and SMC3 pathogenic var-

iants cause dysmorphic features and developmental delay;

however, the only known pathogenic SHOC2 variant that

causes Noonan-like syndrome with loose anagen hair

(MIM: 607721) is missense. One additional constrained

gene (pLI ¼ 1), deleted only in individual 12, is ATRNL1.

An intragenic deletion of this gene was previously found in

a boy with developmental delay, autism spectrum disorder,

and facial dysmorphism.51Previously reported10q25.2dele-

tions detected by cytogenetic methods do not seem to be

associated with CdLS-like facial features.52,53

Missense variants in RBM20, which is deleted in all 4

deletion cases, are associated with a form of dilated cardio-

myopathy.54 No subjects in our study with deletions en-

compassing RBM20 had any sign of cardiomyopathy. The

small deletion that only contains SMC3 and RBM20, de-

tected in individual 14, was of particular interest because

it was also detected in the girl’s father, who was reported

to be healthy with no mention of heart disease.

Potential explanations for mildly affected individuals

despite LoF constraint

Multiple population genomic analyses suggested that

SMC3 is substantially LoF, missense, and even duplication

constrained. Given substantial LoF constraint, it was

potentially surprising that we identified some individuals

as having milder features as well as pLoF individuals in

gnomAD and UKBB (albeit at a very low allele frequency).

Of note, constraint metrics are indicative of overall selec-

tive pressure rather than observable phenotypic severity,55

and pLoF cases are seen in gnomAD for other, similarly

LoF-constrained disease genes (e.g., ASXL3, ARID1B, and

AUTS2).56 Nevertheless, we sought to investigate potential

alternative explanations.

Obligatory postzygotic mosaicism is seen in disorders for

which germline pathogenic variation is lethal.57 Mosaicism

restricted to the blood lineagemay be related to clonal hema-

topoiesis in aging,58which canbe caused by somatic variants

in a number of cohesin and related genes (e.g., RAD21,

SMC1A, STAG2, CTCF).59 At least 1 report has also found

SMC3pLoFvariants in isolationwithclonalhematopoiesis.60

We foundno evidence formosaicism in our subjects; howev-

er, we did discover a trend toward lower allele frequency in

gnomAD subjects carrying SMC3 pLoF variants, potentially

consistent with mosaicism5 clonal hematopoiesis.

In mice, sufficient SMC3 protein is required in oocytes

for early embryonic development,10 and heterozygous

depletion of Smc3 in female mice has deleterious effects

on both the integrity and transmission of zygotic chromo-

somes.9,10,12 Furthermore, conditional knockout of Hdac8,

an SMC3 recycling factor, causes subfertility.61 Finally,

several cohesin or cohesin-related genes have been impli-

cated in infertility in humans (REC8, SMC1B, STAG3,

SGO2).62 However, there is no published evidence of

SMC3 being involved in female infertility, and our own
an Genetics and Genomics Advances 5, 100273, April 11, 2024 9



Figure 5. Hypothesized phenotypic
spectra of SMC3 variant types
Missense (ms)/in-frame (i.f.) indel variants,
via an apparent dominant-negative mecha-
nism as supported by prior literature, carry
the most severe SMC3-associated pheno-
type, with many subjects appearing to
have atypical CdLS. LoF variants generally
carry a less severe phenotype, with only
some individuals being recognized to have
CdLS and some individuals lacking key
phenotypic features (growth retardation,
developmental delay, characteristic facial
dysmorphism). We hypothesize that nulli-
morphic missense and hypomorphic
missense variants also exist.
analyses identified only rare SMC3 pLoF variants among

male infertility (azoospermia) cases and no statistical

enrichment of predicted damaging missense variants.

Finally, the skewed sex ratio (11 male, 3 female) of our

subjects is curious, suggesting that the possibility of sex-

biased expressivity deserves future investigation.

Case-control phenotype associations

SMC3 deletions or pLoF (frameshift, stop gain, splice site)

variants have not previously been found to be associated

with disease in large case-control studies. For example,

there were no control deletions or case deletions <1 Mb

in a large study generating a CNV ‘‘morbidity map’’ of in-

dividuals with developmental delay,63 and only 1 protein

truncating variant (included in the present paper) was

found among Deciphering Developmental Disorders

(DDD) study data.64 The UKBB demonstrates only 1

moderately significant phenotypic association for pLoF

variants (mean corpuscular volume) (https://app.genebass.

org/gene/ENSG00000108055).65 Intriguingly, in an anal-

ysis of>31,000 individuals with neurodevelopmental phe-

notypes and their family members, de novo variants in

SMC3 were found to be associated with developmental

delay (false discovery rate ¼ 3.46E�7), although driven

mostly by missense variants.66 The lack of phenotypic as-

sociations with SMC3 pLoF variants in large cohorts could

be because of a lack of true association and/or lack of power

owing to the rarity of these variants.

The possibility of pleiotropic phenotypes

Several subjects had intriguing ‘‘other’’ phenotypes with

rational potential links to SMC3. (1) Individual 9 had cyto-

penias and somewhat low telomere length, while being

otherwise remarkably healthy, with no intellectual

disability, facial dysmorphisms, or other phenotypes

consistent with CdLS (Table 1; Note S1). Individual 7 also

had leukopenia. This is of interest because of poor hemato-

poietic replicative potential across serial transplantation

experiments in Smc3þ/� mice and experiments showing

that SMC3 mutant human cells are out-competed by

normal cells12; however, other studies found increased
10 Human Genetics and Genomics Advances 5, 100273, April 11, 20
self-renewal.11,67 Poor hematopoietic renewal could also

result from telomere dysfunction, and some basic science

studies potentially implicate cohesin in telomere

biology,68 although CdLS patients (mostly with NIPBL var-

iants) do not have short telomeres.69 Of note, individual 9

also had a variant of uncertain clinical significance (VUS)

in RTEL1, a telomere biology disorder gene (MIM:

608833), which is absent from gnomAD and affects a

conserved amino acid, although it was transmitted from

his father with normal telomere length. (2) Subject 1

with AML is also interesting because of the SMC3 variants

seen as secondary hits in this and other types of malig-

nancy.29 (3) Individual 2 had bilateral Coats disease, an ul-

trarare, idiopathic retinal telangiectasia leading to intrare-

tinal and subretinal exudates.70,71 Syndromic associations

with Coats disease include facioscapulohumeral muscular

dystrophy (FSHD); �1% of FSHD1 patients have Coats dis-

ease, �1,000 times higher than the general population.72

FSHD1 is caused by an autosomal dominantly inherited

loss of D4Z4 repeats on chromosome 4q35, contracting

the array from 11 to 100 to 1–10 repeats and promoting

DUX4 retrogene misexpression.72,73 The remaining 5% of

FSHD cases (FSHD2) may be attributed to genetic patho-

genic variants that lead to repeat-independent hypome-

thylation of D4Z4 in genes such as SMCHD1 (involved in

genome organization) and DNMT3B (a chromatin modi-

fier), also prompting misexpression of DUX4.74,75 Based

on the involvement of SMCHD1 and DNMT3B in FSHD,

perhaps other chromatin modifiers or cohesin genes such

as SMC3 may affect 4q35 chromatin decompaction,

causing DUX4 misexpression and leading to FSHD-related

phenotypes. Unfortunately, additional functional testing

to explore this hypothesis (D4Z4 repeat length, D4Z4

methylation, 4qA vs. B haplotype, telomere length, and

genome-wide methylation analyses) were not able to be

performed for this subject.

Functional effect of heterozygous SMC3 pLoF variants

We analyzed hematologic and lymphoid cancer transcrip-

tome data, which suggested that pLoF SMC3 alleles act as

LoF alleles at the RNA level. This is in line with in vitro
24
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Table 1. Clinical features and variant details of heterozygous SMC3 predicted LoF variants

Case no.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Variant type Splice Frameshift Nonsense Nonsense Nonsense Frameshift Frameshift Nonsense Nonsense Frames ift Whole-gene
del

Whole-
gene del

Whole-
gene del

Whole-
gene del

Variant c.430-1G>T
p.(?)

c.461dup
p.(Arg155
GlufsTer12)

c.661C>T
p.(Arg221Ter)

c.778C>T
p.(Gln260Ter)

c.1078C>T
p.(Arg360Ter)

c.1474_1478del
p.(Lys492
AlafsTer5)

c.1539del
p.(Asn513
LysfsTer4)

c.1561C>T
p.(Arg521Ter)

c.2899C>T
p.(Arg967Ter)

c.3646
3647d
p.(Gly 17
MetfsT 39)a

arr[GRCh37]
10q25.1q25.2
(111490480_
113668388)x1

arr[GRCh37]
10q25.1q25.3
(106709945_
118460100)x1

arr[GRCh37]
10q25.1q25.2
(108508297_
113338552)x1

arr[GRCh37]
10q25.2
(112323003_
112579895)x1

Inheritance De novo U Mat De novo Pat De novo U U De novo De nov De novo De novo Not mat Pat

Sex M M M M M M M F M M M M F F

Age 18 y 15 y 9 y 15 mo 2 yr 8 mo 9 y 4 y 8 y 3 y 17 y 3 y <1 y 31 y 8 mo

Developmental Late sitting,
walking,
talking;
ID, speech

deficit

Global DD Speech
delay (m)

Late sitting,
walking,
talking; LD/
ID (m),

EHCP

Late sitting,
walking,
talking; no
ID or LD

Speech
delay, ID,
DD

Late
walking,
LD, DD

Global D Late sitting
(m),
walking,
talking;

normal
development
later

Late
walking,
talking;
speech

deficit; ID

Behavioral/

psychiatric

Autism Self-injurious

behavior
when
frustrated

Anger,

frustration,
autistic
traits,
inattentiveness,

hyperactivity

ADD,

autism

ADHD

Growth
parameters

Low ht, wt;
microcephaly

Low
ht, wt;
failure to

thrive

Low wt,
microcephaly

High ht, wt Low ht, wt Low ht, wt;
microcephaly;
low birth

weight

Microcephaly Low h Neonatal
microcephaly

?Relative
macrocephaly

Low ht Low
ht, wt;
microcephaly

Integumentary Hirsutism,
hypoplastic
finger

creases

Bruising
susceptibility

Persistent fetal
fingertip pads,
decreased 4th

finger creases

Hirsutism Fragile
stretchy
skin, areas

of hair loss

Hairy
lumbar
region

Head shape Brachycephaly Brachycephaly
(m)

Brachycephaly,
plagiocephaly,
triangular face,

prominent
forehead as
newborn

Dolichocephaly

Facial

dysmorphism

Characteristic

facies of
CdLS,
high nasal

bridge, face
asymmetry
(m)

Abnormal

facial shape

Flat facial

profile,
anteverted
nares

Smooth

philtrum,
beaked
nasal tip,

high nasal
bridge

Depressed

nasal bridge,
long/
featureless

philtrum

Depressed

nasal
bridge,
anteverted

nostrils,
broad/
bulbous
nasal

tip

Depressed

nasal bridge,
broad/
bulbous

nasal tip

Broad/

bulbous
nasal tip

(Continued on next page)
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Table 1. Continued

Case no.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Mouth/
palate/

jaw

Cleft palate,
retained

primary
dentition,
small teeth,
microretrognathia,

small mouth with
limited opening

Translucent
thin enamel

Thin lips,
downturned

corners of
mouth,
small
widely

spaced
teeth,
sharp

Cupid’s
bow

Micrognathia/
retrognathia

Thin upper
lip,

micrognathia

Thin upper
lip,

micrognathia/
retrognathia
(m)

High arched
palate, ?poor

dentition,
retrognathia

Ear Hearing loss,
cupped right

ear, thick
left ear

Hearing loss Preauricular
skin tag

Small ears Skin tag
of right

preauriculum
and right
cheek

Immature
pinnae,

anteriorly
rotated,
overfolded
helix

Eye Synophrys,
long
eyelashes,
ptosis (m)

Coats
disease,
bilateral

Visual
impairment,
strabismus,
nystagmus

Arched
eyebrows

Arched
thick
eyebrows,
long

eyelashes,
nystagmus

Upslanting
palpebral
fissures

Prominent
eyes, wide
appearing
palpebral

fissures,
arched
eyebrows

Synophrys,
long
eyelashes

Laterally
flared
eyebrows,
long

eyelashes
(m),
upslanting
(m)

palpebral
fissures

Arched
eyebrows,
synophrys,
long

eyelashes

Myopia,
downslanting
palpebral
fissures

Myopia,
deep
set eyes,
downslanting

palpebral
fissures

Upslanting
palpebral
fissures

Cardiovascular Patent
ductus

arteriosus

Tachycardia,
bradycardia

PDA
(resolved)

Neonatal
stroke,

possible
LVH

Aortic
coarctation

Atrial
septal

defect

Thoracic
aortic

aneurysm,
bicuspid
aortic
valve

Respiratory/
choanae

Choanal
atresia,
bilateral

Shortness
of breath,
chest
pain

Gastrointestinal Resolved reflux,
feeding
problems
into adulthood

requiring
G-tube,
constipation

Gastroparesis,
Hirschsprung
disease,
constipation,

failure to
thrive,
G-tube

Poor
weight
gain

Hirschsprung
disease,
constipation,
abdominal

distension,
esophageal
atresia, tube
feeding

Gastroenteric
anomaly,
volvulus

Feeding
difficulty

Reflux

Renal Hydronephrosis Chronic
kidney
disease

(from
stroke)

Left double
collecting
system

(Continued on next page)

1
2

H
u
m
a
n
G
e
n
e
tics

a
n
d
G
e
n
o
m
ics

A
d
va
n
ce
s
5
,
1
0
0
2
7
3
,
A
p
ril

1
1
,
2
0
2
4



Table 1. Continued

Case no.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Endocrine Congenital
hypothyroidism

with DUOX2
variants,
neonatal
hypoglycemia

Low IGF-1 Advanced
bone age

Reproductive/
Genitourinary

Cryptorchidism Phimosis,
resolved
left

cryptorchidism

Micropenis

Musculoskeletal Small hands
and feet,
limited

PIP extension
fingers 2–5,
proximal 2, 4
cutaneous

finger
syndactyly,
ulnar
deviation

(m), elbow
restriction,
restricted
pronation/

supination,
kyphoscoliosis

Hip
dysplasia

Torticollis Hypermobile
joints, large
sandal gap,

2, 3 toe
syndactyly
(m)

Arthropathy,
abnormal
skeletal

survey,
low muscle
bulk, thin
habitus

Small hands,
short 5th
fingers with

clinodactyly,
bilateral elbow
restriction,
persistent fetal

fingertip pads

Single
transverse
palmar

crease

Long
narrow
fingers

that
tend to
overlap,
deep

plantar
creases

Pectus
carinatum,
kyphosis,

bilateral
pes
planus

Broad
great
toes

(m)

Neurologic Gait
disturbance

Hypotonia
(m)

Seizures Brain MR:
‘‘extraaxial

fluid spaces
and mild
prominence
of ventricles,’’

1 febrile
seizure

Hematologic/
immune

Myelodysplastic
syndrome, then

AML

Leukopenia,
resolved

Bone marrow
failure,

resolved;
subclinical
immunodeficiency

Other genetic

findings

VUS dup

1q22q23.1

DUOX2 P/LP

variants,
SCN4A VUSs

Several

other
variants,
AOH

Short telomeres,

RTEL1 VUS

VUS dup

at 12q

The

10q25
del also
includes
ATRNL1

Inherited

chr16
del

Inherited

inv(10)

Variant nomenclature is based on GenBank: NM_005445.4 (MANE Select). ADD, attention-deficit disorder; AOH, absence of heterozygosity; DD, developmental delay; EHCP, educational health and care plan; G-tube, gastro-
stomy tube; ht, height; ID, intellectual disability; IGF-1, insulin-like growth factor 1; inv(10), inversion invoving chromosome 10; LD, learning disability/difficulty; LP, likely pathogenic; LVH, left ventricular hypertrophy; m,
mild; Mat, maternal; MR, magnetic resonance; P, pathogenic; Pat, paternal; PDA, patent ductus arteriosus; PIP, proximal interphalangeal; U, unknown/unreported inheritance; wt, weight.
aPotential non-LoF variant effect (see Table S1). See Table S1 and Note S1 for additional phenotype information.
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data showing that the p.(Arg245Ter) variant causes loss of

cohesin assembly.67 Analysis of Perturb-Seq data demon-

strated impeccable grouping of the transcriptomic signature

from SMC3 knockdown with those of other cohesin ring

and cohesin loading genes. An analysis of mouse brain tran-

scriptome data failed to find significant overlap between

DEGs in Smc3þ/� and Nipblþ/� mice (a model of classic

CdLS); however, substantial methodological differences ex-

isted between the construction, tissue sampling, RNA prep-

aration, and analyses of these 2 models. DNA methylation

in human blood of 2 SMC3 pLoF cases did not cluster

with CdLS subjects on a robust epigenetic analysis platform,

yet future work is needed to identify whether SMC3þ/� LoF

yields its ownmethylation signature, either distinct from or

an attenuated version of the CdLS signature.

Comparison with SMC1A LoF phenotype

Because of the shared functions of SMC1A and SMC3 (both

are binding partners required to form the core cohesin

ring), it is of interest to compare the phenotypes resulting

from their loss of function. The SMC1A LoF phenotype,

SMC1A-related developmental and epileptic encephalopa-

thy, results in early-onset intractable epilepsy and severe

intellectual disability in females and is presumed to be

developmentally lethal in most males.76 This contrasts

with the overall milder SMC3 pLoF phenotype described

above. This difference could be due to moonlighting func-

tions of SMC1A, or perhaps more obviously because of

SMC1A being X-linked and subject to incomplete

X-inactivation (reviewed in references77–79). Whether

SMC1A is a limiting reagent (and thus potentially more

dosage sensitive) for cohesin assembly in the developing

brain is unknown.80 The understanding of dosage sensi-

tivity and phenotypic liability thresholds is in its infancy,

and cohesins will make an intriguing set of conditions to

use in further work on this topic.

Conclusions

Here,wedemonstrate thatheterozygous SMC3pLoFvariants

are depleted at the population level, yet they are survivable,

and provide evidence that they are associated with develop-

mental phenotypes. Specifically, they are associated with

variable developmental delay, growth deficiency, and/or

facial dysmorphism, although not all individuals displayed

these features. On average, these variants bear a phenotype

milder than but overlapping with that of SMC3 missense/

in-frame indel variants present in CdLS cohorts. Variants in

SMC3 have been seen in cancers; however, our data do not

suggest that pLoF patients are at risk for cancer; there are

not enough data to suggest an association.

There are limitations to our attempt to aggregate a

consensus phenotype for this variant type that are not

unique among initial descriptions of novel syndromes,

including a moderate number of subjects, variable depth

of clinical data, the potential for ascertainment bias, co-

occurrence of additional genetic variants, non-LoF variant

effects, and a lack of clinical histories across the full life-
14 Human Genetics and Genomics Advances 5, 100273, April 11, 20
span. Further clarity will be realized with additional cases

over time, buoyed by even larger-scale genomic data

from emerging cohorts numbering in the millions of par-

ticipants (see, for example, reference81).

Finally, our work suggests the existence of additional

considerably haploinsufficient genes, LoF of which yield

yet-undiscovered mild-to-moderate or nonspecific pheno-

types that will be ascertained only by careful hybrid studies

marrying genomic and patient-level data.
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