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Abstract

The cohesin complex is an evolutionarily conserved multi-subunit protein complex which
regulates sister chromatid cohesion during mitosis and meiosis. Additionally, the cohesin complex
regulates DNA replication, DNA repair, and transcription. The core of the complex consists of
four subunits; SMC1A, SMC3, RAD21, and STAG1/2. Loss-of-function mutations in many of
these proteins have been implicated in human developmental disorders collectively termed
“cohesinopathies”. Through clinical exome sequencing of an 8-year-old girl with a clinical history
of global developmental delay, microcephaly, microtia with hearing loss, language delay, ADHD,
and dysmorphic features, we describe a heterozygous de novo variant (c.205C>T; p.(Arg69%*)) in
the integral cohesin structural protein, STAGZ. This variant is associated with decreased STAG2
protein expression. Further, the analyses of metaphase spreads did not exhibit premature sister
chromatid separation; however, delayed sister chromatid cohesion was observed. To further
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support the pathogenicity of STAGZ2 variants, we identified two additional female cases from the
DECIPHER research database with mutations in STAGZ and phenotypes similar to our patient.
Interestingly, the clinical features of these three cases are remarkably similar to those observed in
other well-established cohesinopathies. Herein, we suggest that STAGZ2 is a dosage-sensitive gene
and that heterozygous loss-of-function variants lead to a cohesinopathy.
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INTRODUCTION

The cohesin complex is a large evolutionary conserved functional unit involved in DNA
replication, gene expression, heterochromatin formation, DNA repair, and sister chromatid
cohesion [Di Benedetto et al., 2013]. The cohesin complex consists of four core proteins,
SMCI1A, SMC3, RAD21 and STAG1/2 [Mannini et al., 2015a] (Figure 1A). In addition,
there are several proteins that regulate the cohesin complex’s interaction with chromosomes
(NIPBL, ESCOZ2, HDACS, DDX11, SGOL1, WAPL, PDS5A, PLK1, AURKB and ATRX)
(Figure 1A) [Mannini et al., 2015b]. Loss-of-function mutations in these genes have been
previously associated with multisystem developmental disorders termed “cohesinopathies”
[Cucco and Musio 2016; Skibbens et al., 2013], including Cornelia de Lange syndrome
(CdLS, MIM # 122470; SMC1A, SMC3, NIPBL, and HDACS), Roberts/SC phocomelia
syndrome (RBS MIM # 268300; £ESCOZ2), a-thalassemia/mental retardation syndrome
(ATRX, MIM # 301040; ATRX), Warsaw breakage syndrome (WBS, MIM # 613398;
DDX11), Chronic Atrial and Intestinal Dysrhythmia (CAID, MIM # 616201; SGOL 1), and
Cornelia de Lange Syndrome 4 (CdLS4, MIM# 614701; RADZ21 mutations). [Ball et al.,
2014; Barbero 2013; Gerkes et al., 2010; McNairn and Gerton 2008; Musio and Krantz
2010; Skibbens et al., 2013]. Overwhelmingly, these syndromes are characterized by
decreased growth, limb malformations, developmental delay, dysmorphic features and
behavioral phenotypes most specifically Attention Deficit Hyperactivity Disorder (ADHD).

One of the cohesin subunits in which loss-of-function mutations have yet to be associated
with any cohesinopathies is the stromal antigen 2 gene (MIM # 300826; STAGZ). Recently,
33 chromosome Xg25 duplications involving STAGZ2and STAGZ2-only duplications have
been identified in males with intellectual disability, behavioral problems, seizures, malar
flatness and prognathism [Bonnet et al., 2009; Kumar et al., 2015; Leroy et al., 2016;
Philippe et al., 2013; Yingjun et al., 2015]. The genetic and molecular data in these studies
provide compelling evidence that STAGZ may be a dosage sensitive gene [Kumar et al.,
2015]. However, no STAGZ loss-of-function or missense mutations have been identified in
individuals with multisystem anomalies and neurodevelopmental delays.

Here, we describe de novo loss-of-function heterozygous STAGZ variants associated with
developmental delay, deafness, craniofacial abnormalities, and congenital heart defects.
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METHODS

Patient Ascertainment

All samples and information were collected after informed consent was obtained and in
accordance with local Institutional Review Board (IRB) approved protocols from the
University of California, Los Angeles. The clinical assessment included a review of medical
records, including developmental, biochemical, neurological, and genetic evaluations. Fresh
peripheral blood samples for molecular and cytogenetic studies were collected from the
proband and her mother and father.

Clinical Exome Sequencing (CES)

CES was performed at the UCLA Clinical Genomics Center, on DNA of the affected girl
and both parents, as previously described [Lee et al., 2014]. Briefly, exome capture was
performed using Agilent SureSelect XT Clinical Research Exome, sequencing was
performed on HiSeq2500 as 100bp paired end runs and variant annotation was performed
using GoldenHelix SNP & Variation Suite [Lee et al., 2014; Rehm et al., 2013]. Rareness of
the variant in the population was measured using the minor allele frequency (MAF) score
from Exome Aggregation Consortium (ExXAC) database. Variants with greater than 1% MAF
in this database were considered common and removed from the final candidate list. In total
23,398 DNA variants were identified, including 21,727 single nucleotide substitutions and
1,671 small deletions/insertions (1-10bp). The data are consistent with a high quality
genomic sequence and fall within normal human genomic variation quality parameters.

Sanger Sequencing

Genomic DNA from the proband and her parents was extracted from peripheral blood using
standard protocols. Exon 5 and adjacent intron boundaries of STAGZ (RefSeq
NM_001042749.1) were sequenced using Big Dye Terminator V1.1 cycle sequencing kit
and ABI3130xI genetic analyzer following manufacturers guidelines. Primers and PCR
conditions are available upon request. The sequencing results were processed with the
4Peaks software (http://nucleobytes.com/4peaks/).

Western Blot Analysis

Venous blood was drawn from the proband and both parents, and immediately spun at 100g
for 20 minutes for from platelet rich plasma (PRP). One milliliter of the PRP was transferred
to a 1.5ml Eppendorf tube and spun at 100g for 20 minutes to pellet the white blood cells.
The supernatant was discarded and the pellet was suspended in 500yl of passive lysis buffer,
prepared with phosphatase and protease inhibitors, and incubated by shaking at 4°C for one
hour. After lysis tubes were spun at 7500 Rcf for 5 minutes to collect debris. Supernatant
was transferred to a new tube then protein concentration determined with the Coommasie
Plus Bradford (Life Technologies) reagent following manufacture instructions. Western blots
were run on 12% acrylamide gels followed by transfer onto nitrocellulose membranes
utilizing the Transblot Turbo® apparatus from Biorad. The membrane was blocked in 5%
bovine serum albumin in Tris buffered saline plus Tween (TBST) for 30 minutes, then
incubated with either of two independent primary antibodies against STAG2 (Cell Signaling
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#4239 Dilution 1/500 and Cell Signaling #5882 Dilution 1/500) and beta-actin (Cell
Signaling #4970, Dilution 1/5000) for 24 hours. Blots were then rinsed with Tris buffered
saline (TBS) and washed three times with TBST. Blots were then incubated in rabbit
secondary antibodies conjugated to horseradish peroxidase at a dilution of 1/3750.
Following secondary incubation membranes were rinsed with TBS then washed twice with
TBST. Blots were exposed using Western Clarity reagents from BioRad and imaged on the
Bio Rad ChemiDoc and viewed in ImageLab Software. Quantification of band intensity was
performed using ImageLab with each band normalized to its independent loading control.
Statistical analysis was performed on averages derived from six technical replicates using
the Mann-Whitney U Test.

Immunofluorescence

Cytogenetic

One hundred thousand human neural stem cells were plated on GelTrex (Invitrogen) coated
coverslips. After 24 hours of growth cells were fixed using paraformaldehyde for 20 minutes
then blocked with 10% normal goat serum in TBST overnight. The following day coverslips
were washed three times in TBST. Coverslips were incubated in primary antibody against
STAG?2 (Cell Signaling #5882 Dilution 1/250) in 3% BSA in TBST for one hour. Coverslips
were then washed three times in TBST and incubated in secondary antibody (Jackson
Laboratories, AffiniPure Donkey Anti-Rabbit, 711-165-152, Dilution 1/1000 and Invitrogen,
Alexa Fluor® 647 Phalloidin, A22287, dilution 1/100) in 3% BSA in TBST for one hour.
Coverslips were then washed three times in TBST and then three times in water. Coverslips
were mounted on glass slides using ProLong® Gold Antifade Mountant with DAPI
(Invitrogen, P36931). Slides were imaged using a Zeiss LSM-800.

Studies

Wright-Giemsa stained metaphase cells were prepared from PHA-stimulated cultures of
peripheral blood from the proband and parents following routine G-banding protocols to
determine the karyotype status of the three individuals. For sister chromatid cohesion assays,
for each of the three individuals, 60 metaphase cells in which each chromosome could be
clearly resolved as two chromatids were scored. Individual chromosomes were examined for
cohesion between the sister chromatids (SC), paying close attention to the centromeric
regions. A chromosome was scored as showing complete separation (“open”) if the two
chromatids were clearly unattached along their entire length including the centromeric
region. A chromosome was scored as showing “partial” separation if one or both SCs
showed lack of a centromeric constriction and a potential gap between the SCs was visible at
the centromere. For each metaphase cell, the numbers of open, partial, and closed
chromosome pairs were scored. Cells were analyzed independently by two observers (once
in a blinded fashion). The cells were classified as having premature sister chromatid
separation (PSCS) if at least three chromosome pairs per metaphase cell showed the open or
partial phenotype, while cells were classified as intermediate if one or two chromosome
pairs showed the open or partial phenotype. Statistical analyses were conducted using two-
tailed Fisher’s Exact tests.
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RESULTS

Patient report

Case 1 was a female born at 40 weeks gestation to a via caesarean section to a 21-year-old
primagravida mother and a 23 year-old father. Pregnancy was not significant for any major
medical problems, tetratogenic exposures or hospitalizations. The parents were Latino/
Hispanic and family history was negative for any significant morbidities or consanguinity
(Figure 1B). Birth weight was 3,629 g (50175t centile) and length 51 cm (50t—75th
centile). She was admitted to the neonatal intensive care unit (NICU) because of apnea and
feeding problems. Examination by a medical geneticist in the NICU documented bilateral
microtia (grade 1 on the right and grade 3 on the left), left preauricular pit and tag, left facial
palsy (with left eye unable to close), bilateral paramedian lower lip pits, and submucous cleft
palate with bifid uvula. Testing revealed abnormal newborn hearing screen. Brain MRI on
day two of life showed dysgenesis of the splenium of the corpus callosum (Figure 2 A-B).
Posterior to the splenium was an 18mm interventricular subarachnoid cyst and a subgaleal
hematoma at the cortex. Echocardiogram showed an apical and muscular ventricular septal
defect and chest x-ray showed multiple thoracic vertebral anomalies (Figure 2 C-D).
Abdominal ultrasound in the neonatal period showed mild left pelviectasis. She was
discharged after two weeks in the NICU and development was followed: she smiled at 2
months, rolled over at 6 months, sat without support at age 8 months, crawled at 1 year,
stood and walked independently at 18 months, and spoke her first words at 18 months. At
age 2 years 7 months a developmental evaluation showed delays in expressive language but
no deficits in other areas and no signs of autism were appreciated. At age 4, evaluation of the
microtia included a CT scan of the temporal bones that showed left external auditory canal
atresia with a fused ossicular mass, absent stapes, and severely stenotic oval window. There
was a small pneumatized and aerated middle ear cavity and mastoid antrum. The tympanic
segment of the facial nerve was asymmetrically small without normal communication with
the anterior genu. On the right, there was absence of the stapes and severe stenosis or
absence of the oval window with a medially placed tympanic segment of the facial nerve
(Figure 2 E-G). At 6 years old, her abdominal ultrasound was repeated and showed left
pelviectasis resolution. At 8-years-old, her weight was 24.5 kg (29" centile), and length was
121.7 cm (8™ centile) and her head circumference was 48 cm (5™ centile) demonstrating
decelerating brain growth and borderline microcephaly and undergrowth. Physical exam at
that time was notable for a low anterior hairline, sloping forehead, left eye smaller than the
right, asymmetric facial movements, and bilateral fifth finger clinodactyly. She had
radiological evidence of scoliosis (Figure 2 H-I). Her receptive language was intact but she
continued to require speech therapy at school due to delays in expressive language. She was
diagnosed with Attention Deficit Hyperactivity Disorder. Karyotype showed a normal
female (46,XX). Chromosomal microarray on both BAC and SNP platforms were normal.

Clinical Exome Sequencing identifies a de novo loss-of-function heterozygous variant in
STAG2

CES performed on Case 1 revealed a de novo heterozygous variant in the STAG2 gene
(NM_001042749.1: ¢.205C>T, p.Arg69*; Supplementary Table I). Sanger sequencing
analysis of this variant in the parental samples did not detect the variant, suggesting that the

Am J Med Genet A. Author manuscript; available in PMC 2020 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mullegama et al.

Page 6

change arose de novo in this patient (Figure 1B). Exome Aggregation Consortium (EXAC)
has given this gene a predicted LoF pLI score of 1.00 to suggest loss of function variants in
healthy individuals are rare. The ¢.205C>T, p.Arg69* variant results in a stop-gain
(nonsense) change which results in a truncated, predicted non-functional protein product
(Figure 3A). The three essential domains of STAG2 (stromal antigen 2 domain, stromalin
conservative domain, and glutamine rich domain) are not present due to this mutation
(Figure 1A). Upon searching the DECIPHER database (https://decipher.sanger.ac.uk), we
identified two de novo heterozygous STAGZ variants in two female cases that had phenotype
information described in Human Phenotype Ontology (HPO) terms (Table I). Case 2 has a
missense variant; ¢.1811G>A, p.Arg604GIn (Figure 3A and Supplementary Table I)
[Deciphering Developmental Disorders 2015]. SIFT and PolyPhen-2 predicted the
€.1811G>A (p.Arg604GlIn) missense variant to be deleterious and probably damaging
(Supplementary Table I). Case 3 has a frameshift variant that results in a truncated protein
product; ¢.1913_1922del, (p.Ala638Valfs*10) (Figure 3A and Supplementary Table I). The
glutamine rich (GR) domain in STAG2, known to be an activation domain of transcription
factors [Xiao and Jeang 1998], is not present due to Case 3’s mutation, which consequently
could affect the transcriptional functions of STAG2 (Figure 3A). All three variants are absent
from public databases including Exome Aggregation Consortium (ExAC) and 1000 Genome
Project [Abecasis et al., 2012]. Since STAGZ2 variants had yet to be associated with any
clinical condition, these variants were classified as variants of unknown clinical significance
(VOUS) based on the American College of Medical Genetics and Genomics variant
assessment [Richards et al., 2015] (Supplementary Table I).

Haploinsufficiency of STAG2 is likely pathogenic

The EXAC database demonstrates that STAGZis extremely intolerant to loss of function
variants in healthy populations (43 individuals expected, zero observed), suggesting that
haploinsufficiency is likely pathogenic. Further, the DECIPHER database has given STAGZ2
a haploinsufficiency score (HI index) of 9.66%, which is a high rank (e.g. 0-10%),
indicating the gene is more likely to exhibit haploinsufficiency [Huang et al., 2010].

It is expected that Case 1’s STAGZ variant results in a premature termination of translation
(Figure 3A). It is likely that nonsense mediated decay could be occurring due this mutation
or we could either see the synthesis of a truncated protein lacking the last 1172 amino acids
(Figure 3A). Western blot analysis confirmed that the mutation is most likely pathogenic as
the protein samples prepared from the proband contain less STAG2 than either parent
control (Figure 3B-C). Lastly, no alternative splice or truncated variants of smaller size were
observed via western blot analysis (Data not shown) indicating that the ¢.205C>T variant
reduces STAG2 protein expression /in vivo. However, we cannot rule out the possibility that
nonsense mediated decay is occurring.

Effect of STAG2 haploinsufficiency on sister chromatid cohesion

Since it is well established that STAGZ encodes a subunit of cohesin, a complex that

mediates sister chromatid cohesion to ensure accurate chromosome segregation, we next
determined if the p.Arg69* variant affects SC cohesion by analyzing metaphase cells for
indications of premature sister chromatid separation (PSCS). For each metaphase cell, all
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sister chromatid pairs were examined to determine if there was no separation (“closed™),
clear premature separation at the centromere (“open”), or an intermediate (“partial™)
phenotype, respectively. Cells were then classified into three categories based on the
numbers of chromosome pairs showing the different phenotypes (Figure 4; see Methods for
more details). These studies found that the proband did not show increased PSCS when
compared to the parents (Figure 4D). However, the number of metaphases in the PSCS
category was significantly reduced in the proband compared to controls (patient versus
mother, p= 0.000029; patient versus father, p= 0.00075) (Figure 4D). It was then
hypothesized that the STAGZ mutation may have resulted in tighter sister chromatid
cohesion. Importantly, the karyotypes were all cytogenetically normal, and there were no
significant aneuploidies observed in metaphases from the proband or from the parents.

DISCUSSION

Here, we describe de novo heterozygous likely pathogenic STAGZ variants associated with a
phenotype that is associated with nervous system (HP:0000707), head or neck (HP:
0000152) and ear (HP:0000598) abnormalities (Table I). More specifically, the phenotypes
include microcephaly, microtia with hearing loss, developmental delay, language delay,
ADHD, and dysmaorphic features, overlapping with established cohesinopathies (Table II).

Characterization of our STAGZ2 variant indicates a loss-of-function mechanism due to
decreased STAG2 protein expression. Furthermore, our cytogenetic studies did not reveal
significant amounts of PSCS but did show that the mutant cells had tighter sister chromatid
cohesion. The contribution of this alteration in chromosome segregation to the phenotype is
not yet fully understood and is complicated by the multi-functional nature of STAG2. For
example, STAGZis also a transcription factor and mutations could affect its binding to
specific DNA sequences crucial for proper neurodevelopment and craniofacial development.
Additionally, STAG2 is the only cohesin subunit that interacts directly with the zinc finger
DNA binding protein (CTCF) [Lake et al., 2016; Ong and Corces 2014; Van Bortle et al.,
2015]. CTCF is required for cohesion dependent insulation activity and CTCF mutations
have been indirectly implicated in intellectual disability [Van Bortle et al., 2015]. About 50—
80% of CTCF binding sites in the genome are occupied by the cohesin complex [Lake et al.,
2016; Ong and Corces 2014; Van Bortle et al., 2015]. Thus, a nonfunctional cohesin
complex results in the disruption of CTCF-mediate intrachromosomal interactions [Lake et
al., 2016; Ong and Corces 2014; Van Bortle et al., 2015]. We propose that disruption of
STAG2’s other functions, such as the regulation of gene expression, may contribute more to
the phenotype than the effects on sister chromatin segregation similarly noted in other
cohesinopathy genes [Deardorff et al., 2012; Remeseiro et al., 2013; Skibbens et al., 2013].

Additionally, from this work, we have shown that not all mutations in cohesin complex core
subunits affect sister chromatid separation equally. The cellular phenotype most recently
described with RAD21 mutations was not replicated in our analysis [Deardorff et al., 2012].
This further suggests that the cohesin complex as a whole may affect global transcription
and its alterations converge on transcriptional deregulation of key developmental genes. The
lack of consensus on sister chromatid separation cellular phenotypes despite overwhelming
clinical overlap leads us to believe that there is an additional mechanism contributing to
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cohesinopathy-associated phenotypes. Furthermore, comparison of STAGZ2associated
phenotypes with those of well-known cohesinopathies, revealed an overall phenotypic
gestalt which is remarkably similar, suggesting common molecular etiologies (Table I1).

Recently 33 chromosome Xq25 duplications involving STAGZ have been identified in males
with intellectual disability, behavioral problems, seizures, malar flatness and prognathism
[Bonnet et al., 2009; Kumar et al., 2015; Leroy et al., 2016; Philippe et al., 2013; Yingjun et
al., 2015]. In this study, we illustrate how STAGZ LOF variants can lead to a phenotype as
well. Comparing the phenotype of loss-of-function variants in STAG2to STAG2
duplications, we see that while there is a slight overlap of phenotypic features in these
STAGZ patients, the phenotype of loss-of-function variants in STAGZresult in a more severe
phenotype than STAGZ duplications and is more similar to other cohesinopathies (Table |
and Supplementary Table II). Based on this study, we suggest that S7TAGZ2 should be added
to the expanding list of dosage-sensitive genes that are responsible for neurodevelopmental
disorders [Vissers and Stankiewicz 2012].

Finally, the number of X-linked genes in which de novo mutations cause disorders
specifically in females are limited [Grozeva et al., 2015; Kumar et al., 2015; Tzschach et al.,
2015]. The utilization of next generation sequencing methods has increased the
identification of novel X-linked gene mutations in females with developmental delay with
multiple congenital malformations [Retterer et al., 2016; Yang et al., 2013]. STAGZis a gene
located on chromosome Xq25. From studies that have determined X-chromosome
inactivation (XCi) status of over 400 X-linked genes, STAGZ2was found to be a gene that
undergoes inactivation [Cotton et al., 2013]. In our study, all our cases are females with de
novo heterozygous mutations in STAGZ. It is conceivable that pathogenic loss-of-function
STAGZ variants that affect canonical STAG, SCD and GR domains are lethal in males with a
46,XY karyotype similar to males with pathogenic loss-of-function MECPZ2 variants in
canonical MBD and TRD domains are considered to be lethal [Bianciardi et al., 2016] (Rett
syndrome; MIM 300005). Furthermore, the variable clinical severity in both females and
males could be dependent on the type of variant (missense versus truncation), location
(within a functional domain) and skewed XCi [Chae et al., 2004; Weaving et al., 2003]. For
example, a female that carries a pathogenic STAGZ variant but has favorably skewed XCi
may have mild or no symptoms. Interestingly, STAG2 was thought to undergo skewed XCi,
however, a clinical test of our patient. Additionally, STAG2 male cases that are mosaic or
have a 47,XXY karyotype could possibly exist and have a milder phenotype.

Overall, our findings solidify that STAGZis a dosage sensitive gene and furthermore provide
evidence that loss-of-function mutations in STAGZresult in a cohesinopathy. The shared
phenotype includes abnormalities of the nervous system, head, neck and ear. Additional
features identified in the DECIPHER cases was limited to standardized terms from the
Human Phenotype Ontology. This information has the benefit of standardizing phenotypes
and allowing for coded data sharing. However, it also introduces generalizations that lack
specific clinical details. Despite this, the shared phenotypic data as presented in Table |
suggests that these variants are likely pathogenic and furthermore contribute to the disease
process. Further studies on the cellular and molecular function of STAG2, and other cohesin
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complex components, may reveal the exact mechanism of dosage sensitivity and its effects
on normal development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of STAG2 variants
(A) Structure of the cohesin ring and its regulatory proteins. (B) Case 1 family pedigree with

sequence analysis by Sanger sequencing showed a heterozygous variant, ¢.205C>T; p.
(Arg69*) in Exon 5 of STAGZ in the affected proband (red).
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Fig 2. MRI and radiological findingsin patientswith STAG2 mutations.
(A) Healthy three day old female axial T1 weighted MRI view of a normally developed

corpus callosum (red arrows) (B) Axial T1 weighted MRI view of patient with STAG2
mutation displaying dysgenesis of the splenium of the corpus callosum (red arrows). (C)
Chest x-ray of a healthy one day old female demonstrating normal vertebral development.
(D) Chest x-ray of a patient with STAG2 mutation demonstrating scoliosis and vertebral
abnormalities including hemi-vertebrae and “butterfly” vertebrae (red arrows). (E) Axial
view of bilateral auditory canals in a patient with a STAG2 mutation, showing absence of the
left auditory canal (red arrow). (F) Higher magnification of the right auditory canal image
shows patent canal and normal bone structures (G) Higher magnification of the left auditory
canal demonstrating external auditory canal atresia with a fused ossicular mass, absent
stapes, and severely stenotic oval window (red arrows). (H) Chest x-ray of a healthy eight
year old female demonstrating normal vertebral development. (1) Chest x-ray of a patient
with STAG2 mutation demonstrating scoliosis and vertebral abnormalities including hemi-
vertebrae (red arrow).
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Fig. 3. Location and conseguence of STAG2 Variants
(A) Predicted protein domain structure of STAG2. The 1231 amino acid full-length protein

is predicted to contain a STAG domain, a stromalin conservative domain (SCD) and a
glutamine-rich region domain (GR). The p.Arg69* mutation is indicated by an arrow. The
location of the mutations reported by DECIPHER are depicted (p.Arg604Gln and
p.Ala638fs*). (B) Protein expression analysis of STAG2 in patient and her parents reveals
decreased levels in proband (+/-) compared to parents (+/+). (C) Western blot analysis was
run using two independent antibodies for STAG2. Quantification of band density with
normalization to loading controls demonstrates significant reduction in STAG2 levels in the
proband when compared to either unaffected parental control. *Denotes significant
difference (p<.05, Mann-Whitey U Test (n=6)).
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Fig. 4. Sister Chromatid Cohesion Studies on Affected Proband
(A-C) Metaphases that were described as closed, intermediate or having premature sister

chromatid separation (PSCS) in our assays. Individual chromatid pairs with abnormal
phenotypes are highlighted in (B) and (C), with an arrowhead indicating “open” chromatid
pairs, an asterisk indicating pairs with “partial” separation, and all other chromatid pairs
being “closed.” In (B) there is one partially separated chromatid pair, while in (C) there are
6 open pairs and 7 partial pairs. By our classification, metaphases with 1-2 open/partial
chromatid pairs were described as intermediate, and those with 3 or more open/partial
chromatid pairs were described as having PSCS. (D) A graph showing quantification of
these results. 60 metaphases were analyzed from the proband and each parent and classified
as described above. In the proband having the STAGZ2 mutation, PSCS was not increased; in
contrast, the proportion of nuclei having PSCS showed a significant decrease compared to
either parent (significance calculated using a two-tailed Fisher’s Exact test for mother versus
proband (P=0.000029), father versus proband (P=0.00075), and mother versus father

(P=0.44779)).

Am J Med Genet A. Author manuscript; available in PMC 2020 February 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mullegama et al.

Table |

Phenotype abnormality comparison between three cases with STAGZ variants

Casel Case?2 Case3

p.Arg69*  p.Arg604GIin p.Ala638Vvalfst 10

Phenotype Abnormalities HPO Term

Nervous system HP:0000707 + + +
Ear HP:0000598 + + +
Head or neck HP:0000152 + + +
Growth Abnormalities HP:0001507 + + N
Limbs HP:0040064 + + N
Skeletal system HP:0000924 + + N
Abdomen HP:0001438 N N +
Respiratory system HP:0002086 N N +

= present

= not present

N
=not known
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Comparison of STAGZ variants to phenotypes of other cohesinopathies

Table Il

STAG2variants CdLS RBS WBS NBS FA CAID CdLS4
g,\',lF(’:Bl',; FANCA
Gene STAG2 HDACS ESCO2 DDX11 NBN & SGOL1 RAD21
SMC3 others
Phenotypes
Cognitive delay + + + + + + - + (mild)
Growth retardation + + + + + + + +
Neuropsychiatric behaviors + + + + + + - +
Microcephaly + + + + + + - +
Craniofacial dysmorphia ™ + + + + + + - +
Cleft/arched palate + + + + + - - +
Syndactyly + + + + + - -
Organ abnormalities o + + + + + + + +
Cardiac defects + + + + - + + -
Limb reductions” - + + - + + - -
Hearing loss + + - + - + - -
Skin pigmentation abnormalities - + - + + + + -
Elevated Cancer incidence - - - - + + - -
Bone marrow/hematopoietic defects - - - - - + - -

CdLS= Cornelia de Lange syndrome, RBS= Roberts syndrome, WBS=Warsaw breakage syndrome, NBS= Nijmegen Breakage Syndrome,
FA=Fanconi Anemia, CAID= Chronic Atrial and Intestinal Dysrhythmia CdLS4=Cornelia de Lange syndrome 4

Page 17

*
Craniofacial dysmorphia include micrognathia, ear abnormalities, wide-set eyes, beaked or prominent nose, arched eyebrows, or low-set ears.

+
Limb reductions are often symmetric. All four limbs are involved in RBS. Limb reduction is predominant in upper extremities in CdLS. Limb
reduction appears limited to the radius in NBS and FA.

Aok

Organ abnormalities may include renal, urinary, gonadal, gastroesophageal, and others.
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