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Familial STAG2 germline mutation deﬁnes a new human
cohesinopathy
Fernanda C. Soardi1,2,3, Alice Machado-Silva1, Natália D. Linhares2,3, Ge Zheng4, Qianhui Qu4, Heloísa B. Pena1, Thaís M. M. Martins2,
Helaine G. S. Vieira2, Núbia B. Pereira5, Raquel C. Melo-Minardi6, Carolina C. Gomes5, Ricardo S. Gomez7, Dawidson A. Gomes2,
Douglas E. V. Pires 8, David B. Ascher8,9,10, Hongtao Yu 4 and Sérgio D. J. Pena 1,2,3
We characterize a novel human cohesinopathy originated from a familial germline mutation of the gene encoding the cohesin
subunit STAG2, which we propose to call STAG2-related X-linked Intellectual Deﬁciency. Five individuals carry a STAG2 p.Ser327Asn
(c.980 G > A) variant that perfectly cosegregates with a phenotype of syndromic mental retardation in a characteristic X-linked
recessive pattern. Although patient-derived cells did not show overt sister-chromatid cohesion defects, they exhibited altered cell
cycle proﬁles and gene expression patterns that were consistent with cohesin deﬁciency. The protein level of STAG2 in patient cells
was normal. Interestingly, STAG2 S327 is located at a conserved site crucial for binding to SCC1 and cohesin regulators. When
expressed in human cells, the STAG2 p.Ser327Asn mutant is defective in binding to SCC1 and other cohesin subunits and
regulators. Thus, decreased amount of intact cohesin likely underlies the phenotypes of STAG2-SXLID. Intriguingly, recombinant
STAG2 p.Ser327Asn binds normally to SCC1, WAPL, and SGO1 in vitro, suggesting the existence of unknown in vivo mechanisms
that regulate the interaction between STAG2 and SCC1.
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INTRODUCTION
The cohesin complex has a central role in the cell biology of
eukaryotes.1–4 It forms a ring to entrap topologically chromosomes, thereby regulating chromosome folding, transcription,
DNA repair, and sister-chromatid cohesion.3, 5–7 In human somatic
cells, cohesin consists of four core subunits: SMC1, SMC3, SCC1,
and one of two related helical repeat proteins STAG1 or STAG2
(Fig. S1). Additional regulators that associate with or modify this
cohesin core post-translationally promote or suppress its dynamic
binding to chromosomes. A complex between two proteins
NIPBL (also known as SCC2) and MAU2 (also called SCC4) is
required for loading cohesin properly onto chromatin.8–10
A complex between PDS5 and WAPL promotes cohesin release
from chromosomes.11–13 The ATPase domain of SMC3 undergoes
reversible acetylation: it can be acetylated by the ESCO1 and
ESCO2 acetyltransferases and deacetylated by HDAC8.14–19 This
reversible acetylation of SMC3 enables the binding of SORORIN to
PDS5.20 SORORIN competes with WAPL for binding to PDS5 and
stabilizes cohesin on chromosomes.20, 21 Moreover, SGO1 binds
directly to STAG2 and further shields cohesin from WAPL22, 23
protecting sister-chromatid cohesion during mitosis, particularly at
centromeres.
Mutations of cohesin and regulators have been linked to human
developmental diseases, collectively called cohesinopathies.7, 24, 25

There are three known major classes of cohesinopathies, each
with distinct phenotypes (Fig. S1). The ﬁrst class is Roberts
Syndrome/SC Phocomelia, caused by pathogenic mutations in
ESCO2 (see RS in Fig. S1). The second class is Cornelia de Lange
Syndrome, which can be caused with varying degrees of severity
by pathogenic mutations in NIPBL (CdLS1), SMC1 (CdLS2), SMC3
(CdLS3), SCC1 (CdLS4), and HDAC8 (CdLS5). The third class, termed
Chronic Atrial and Intestinal Dysrhythmia, affects heart and gut
rhythm and is caused by germline mutations in SGO1.26
While somatic mutations of STAG2 have been frequently
observed in several types of human cancers27, 28 and increased
STAG2 dosage has been recently linked to intellectual disability,29
no pathogenic germline variant of the X-linked STAG2 gene has
been previously described in humans. Here, we describe an Xlinked pedigree with ﬁve individuals carrying a p.Ser327Asn (c.980
G > A) mutation in STAG2.

RESULTS
The proband (individual IV-1 in the pedigree; Fig. 1a) was ﬁrst seen
at age 29, with a clinical picture of moderate intellectual
deﬁciency, short stature, peculiar facies, cleft palate, and unilateral
deafness (Supplementary Table 1). A deceased maternal uncle
(individual III-7 in Fig. 1a) apparently had a very similar phenotype
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Fig. 1 Pedigree. a Pedigree shows typical X-linked recessive inheritance of the c.980 G > A (p.Ser327Asn) in the STAG2 gene (NM_001042749.1)
on the X chromosome. The variant was studied in the proband (arrow) and in male and female relatives by allele-speciﬁc PCR and conﬁrmed in
the proband and all affected male relatives by Sanger sequencing. b For Sanger sequencing we used the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems®) and the Applied Biosystems (ABI) 3130 Genetic Analyzer. Sequencing data were analyzed using the
software Sequencher version 4.1.4 (Gene Code Corporation)

(Supplementary Table 1), and had died at age 39 supposedly of
unrelated causes (Chagas cardiomyopathy). We performed whole
exome sequencing (WES) on the proband and we used
phenotype-driven variant priorization. First, we tested the variant
call format against a list of 562 genes associated with Intellectual
Deﬁciency. No good candidates emerged. Since the history of the
deceased maternal uncle suggested the possibility of X-linked
inheritance, we used the software Exome Walker to analyze
possible candidates interacting with 24 seed genes involved in Xlinked mental retardation, provided by the program. The software
picked, as ﬁrst choice, the hemizygous variant c.980 G > A (p.
Ser327Asn) in the STAG2 gene (NM_001042749.1) on the X
chromosome. The presence of the variant in the proband was
conﬁrmed with allele-speciﬁc polymerase chain reaction (PCR)
(not shown) and Sanger sequencing (Fig. 1). This variant had in
silico pathogenic characteristics as assessed by the prediction
programs SIFT (“deleterious”; score = 0.02), PolyPhen-2 (“probably
damaging”; score = 0.974), and Mutation Taster (“disease causing”;
p-value = 1). The c.980 G > A variant was not present in the ExAC
database and could not be found in 200 normal males and 100
normal females (400 X chromosomes) from the Brazilian population (not shown). Nor was it found in 200 exomes from Brazilian
individuals. We further demonstrated that the mother and an aunt
of the proband (III-2 and III-5 in the pedigree; Fig. 1a) were healthy
carriers of the c.980 G > A variant. Four brothers of the proband
(IV-3-6), one maternal uncle (III-4), two maternal aunts (III-3 and III6), and two male cousins (IV-10 and IV-11; sons of III-3), all healthy,
did not have the c.980 G > A variant, in perfect concordance with a
model of X-linked recessive inheritance.
Further family investigations revealed the existence of four
distant male maternal relatives with intellectual deﬁciency and
short stature, in a pedigree distribution characteristic of X-linked
recessive inheritance (individuals III-16, IV-19, IV-20, and V-3 in the
pedigree; Fig. 1a). Allele-speciﬁc PCR (not shown) and Sanger
sequencing (Fig. 1b) demonstrated that these four individuals
were indeed hemizygous for the c.980 G > A (p.Ser327Asn) variant.
npj Genomic Medicine (2017) 7

The healthy brother of one affected individual (III-15) did not carry
the variant.
Examination of the ﬁve affected individuals and historical
information about the deceased one permitted the deﬁnition of a
consensus phenotype, consisting of moderate intellectual deﬁciency, short stature, sensory hearing deﬁciency, large nose,
prominent ears, and frontal baldness (Supplementary Table 1).
This phenotype deﬁnes a new cohesinopathy that we propose to
call “STAG2-related X-linked Intellectual Deﬁciency” (Fig. S1).
Conventional chromosome analysis of short-term lymphocyte
cultures of the proband was normal. We studied the cohesion of
sister chromatids by observing the proportion of cells with
chromosome arms open and closed at metaphase (Fig. 2a). The
proportion of patient cells did not differ from that of normal
controls. Immunoﬂuorescence of skin ﬁbroblasts cultures showed
the presence of immunoreactive STAG2 in its usual nuclear
localization (Fig. 2b). Western blot analysis conﬁrmed that the
STAG2 protein was present in normal amounts (Fig. 2c).
We next examined the cell cycle proﬁle of normal and patient
ﬁbroblasts with ﬂow cytometry. As shown in Fig. 3, the patient
ﬁbroblasts had higher percentage of G2/M cells, as compared with
two independent lines of normal ﬁbroblasts. Furthermore,
microarray analysis revealed the upregulation of the gene
expression of cell division, mitotic regulators, and DNA replication
factors in patient cells (Fig. 4 and Supplementary Table 2). These
results are consistent with a defective cohesin function in
transcription regulation. On the other hand, we do not know
whether the altered transcription in patient ﬁbroblasts is the cause
or consequence of the altered cell cycle proﬁle. Because the
normal and patient ﬁbroblasts are not isogenic, we also cannot be
certain that the STAG2 mutation is the sole cause of the cell cycle
and transcriptional changes.
We then proceeded with structural and functional experiments
of STAG2. Serine 327 is highly conserved among metazoan STAG2
proteins, and forms a side-chain to side-chain hydrogen bond with
Asparagine 325 (Fig. 5). The mutation p.Ser327Asn would alter
these local intramolecular interactions. The intra-helical hydrogen
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Fig. 2 Sister chromatid cohesion assay and immunoreaction experiments. a p.Ser327Asn STAG2 does not show effect on the sister chromatid
phenotype. Open (gray) and closed (black) sister chromatids are shown for the patient and four controls with WT STAG2 (C1-4). A total of 100
metaphases were analyzed for each individual. The amount of closed sister chromatids are indicated at the bottom of each individual column.
Open and closed sister chromatid phenotypes in metaphase cells from the patient are demonstrated. b Immunoﬂuorescence of patient
ﬁbroblasts. Cultured ﬁbroblasts from the proband were incubated overnight with anti-STAG2 (J-12) at 4 °C followed by Alexa 488-conjugated
second antibody (green) and nuclear counterstain with DAPI (blue). The nuclear localization of STAG2 was conﬁrmed in the double label
immunoﬂuorescence merged picture. Similar results were observed in three independent experiments. c Western blot of STAG2 from patient
ﬁbroblasts. Protein extracts from patient and control individuals were subjected to immunoblotting using the anti-STAG2 (J-12). After
visualization of STAG2, the blot membrane was stripped and re-probed with alpha-tubulin antibody, which was used as a quantitative control.
Similar results were observed between the patient and the two controls in three independent experiments
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Fig. 3 Cell cycle proﬁles of STAG2 WT and Ser327Asn ﬁbroblasts. a Two independent lines of WT ﬁbroblasts (WT-1 and WT-2) and STAG2
Ser327Asn ﬁbroblasts were cultured and stained with propidium iodide and anti-MPM2 antibody. Cells were harvested and analyzed by ﬂow
cytometry. Representative graphs are shown, with the cell populations with 2N and 4N DNA contents indicated. b Quantiﬁcation of the
ﬁbroblasts in G1, S, and G2/M in a (n = 2 independent experiments)

bond originally made with Asn325 along the edge of the groove is
instead substituted by a donor-pi interaction with Tyr328 across
the groove, changing also the direction of the interaction
orthogonally. The increased volume associated with the mutant
residue could also alter the local structure. However, these
alterations were not predicted to be signiﬁcantly destabilizing,
nor were they predicated to affect conformational ﬂexibility.30, 31
Ser327 is located within a conserved patch 13 Å away from the
extensive protein–protein interface of the STAG2–SCC1 complex.
This conserved site that is formed by residues Trp334, Tyr331,
Lys330, Asp326, Lys290, Arg298 has been shown to be critical for
the binding of STAG2 to the regulators SGO1 and WAPL23 (Figs 5,
6a). Analysis of the effects of the mutation on the binding afﬁnity
of the partner proteins was evaluated using mCSM-PPI.32 This
indicated that p.Ser327Asn was likely to have only a minimal
disruptive effect on the binding afﬁnities of SGO1, SCC1, and
WAPL.
However, due to the close proximity of Ser327 to the SGO1 and
WAPL-binding residues, we still tested whether the STAG2 p.
Ser327Asn mutant was defective in SGO1 or WAPL binding
in vitro. As shown previously, mutation of Lys330, a residue
adjacent to Ser327, greatly diminished STAG2 binding to both
WAPL and a phospho-mimicking mutant of SGO1 (Fig. 6b, c). By
contrast, we did not observe substantial differences between
STAG2 wild-type (WT) and p.Ser327Asn in binding to WAPL or
SGO1. Quantiﬁcation of multiple binding reactions revealed that
the p.Ser327Asn mutation slightly reduced SGO1 binding (Fig. 6c).
As determined by isothermal titration calorimetry (ITC), a synthetic
phospho-SGO1 peptide bound to puriﬁed STAG2–SCC1 WT and p.
Ser327Asn with equilibrium dissociation constants of 230 nM and
290 nM, respectively (Fig. 6d). Thus, the p.Ser327Asn mutation
npj Genomic Medicine (2017) 7

does not greatly affect the binding of STAG2 to WAPL or SGO1
in vitro, consistent with the in silico predictions.
We next examined the effect of the p.Ser327Asn mutation on
STAG2 binding to other cohesin subunits and regulators in human
cells. Strikingly, in HeLa cells, the p.Ser327Asn mutation reduced
Myc-STAG2 binding to the endogenous SCC1, SMC1, and SMC3 by
about 50%, and also greatly reduced STAG2 binding to other
cohesin regulators, including PDS5A, WAPL, and SORORIN (Fig. 7a,
b). The SCC1-binding-deﬁcient STAG2 p.Asp793Lys mutant was
included as a control. Because SCC1 is the direct binding partner
of STAG2, the defective binding of STAG2 to other cohesin
subunits is likely an indirect consequence of defective SCC1
binding, although we cannot rule out the possibility that the p.
Ser327Asn mutation also directly affects the binding of some of
these components. Because SGO1 only binds to the STAG2–SCC1
complex, not to STAG2 alone,23 the defective SCC1 binding by
STAG2 p.Ser327Asn strongly suggests that SGO1 binding to STAG2
p.Ser327Asn might also be defective. Therefore, the p.Ser327Asn
mutation has a greater effect on STAG2 binding to SCC1 and other
cohesin complexes in human cells, as compared with in vitro. We
wondered whether the use of an SCC1 fragment in our in vitro
binding assay was the underlying cause of this difference.
However, puriﬁed recombinant GST-STAG2 WT and p.Ser327Asn
proteins bound with equal efﬁciency to full-length SCC1 in vitro
(Fig. 7c), ruling out this possibility. On the other hand, due to the
poor proliferation properties of the normal control ﬁbroblasts, we
cannot obtain enough material to perform the IP-Western
experiments to compare the endogenous STAG2-SCC1 interaction
in normal and patient cells. Furthermore, because the normal and
patient cells are not isogenic, experiments with these cells might
not be deﬁnitive. Future experiments using isogenic cell lines
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Fig. 4 Enrichment analyses of Gene Ontology terms in cultured STAG2 Ser327Asn ﬁbroblast. Bar plots represent the statistical signiﬁcance of
the enrichment (−log10(p-value)) in STAG2 Ser327Asn ﬁbroblasts. Expression of genes in cell division, mitosis, DNA replication, and DNA
damage repair pathways, shown in blue bars, was upregulated in the STAG2 Ser327Asn ﬁbroblasts

containing STAG2 WT or p.Ser327Asn are needed to deﬁnitively
test whether the STAG2 mutation indeed alters cohesin function,
and, if so, by what mechanism.
DISCUSSION
The American College of Medical Genetics (ACMG) and the
Association of Molecular Pathology (AMP) have issued rules for the

pathogenicity classiﬁcation of DNA variants.33 They recommend
that to classify a variant as pathogenic, two or more strong criteria
for pathogenicity should be met. In our case, there are three lines
of evidence that indicate that the p.Ser327Asn (c.980 G > A)
variant is pathogenic and that it is indeed causally related to
the STAG2 phenotypes. First, there is perfect cosegregation of the
affected or normal phenotype with, respectively, the presence or
absence of the mutation in 17 individuals of the pedigree, as
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Fig. 5 STAG2 residues predicted to be putative interacting sites for
protein–protein interfaces based on consensus classiﬁer. a Residue
colors based on Spider score47 from white to blue, with residues
closer to blue with the greater the likelihood to be involved in
mediating a protein–protein interaction. SCC1 is shown as cartoon
in red. b Non-covalent interactions made by WT residue. Ser327
forms a hydrogen bond with Asn325 that is substituted to a donorpi interaction with Tyr328 in the mutant model. SCC1 is shown as
cartoon in blue. The mutant residue is shown with dark gray carbons

demonstrated by molecular studies (Fig. 1a). Thus, under an Xlinked model, the probability that the observed variant-affected
status would have occurred by chance rather than by cosegregation, is N = (1/2),17 i.e., 1/131,072 = 0.0000076.34 This very low
probability (which corresponds to a logarithm of the odds (LOD)
score of 5.12) formally represents strong evidence of pathogenicity according to the proposed modiﬁcation of the ACMG-AMP
pathogenicity classiﬁcation.34 The second line of evidence for
pathogenicity is that the patient-derived cells have altered cell
cycle and transcriptional proﬁles, consistent with a defective
cohesin function in transcription. Third, with ectoptically
expressed proteins, we have demonstrated a defective binding
of STAG2 p.Ser327Asn to SCC1 in cultured human cells, which
suggests that this mutation might reduce the level of intact
cohesin in patient cells. Given the important roles of cohesin in
myriad processes, this defect sufﬁces to explain the abnormal
phenotypes of the patients harboring the STAG2 p.Ser327Asn
mutation. Because we did not observe strong cohesion defects,
we propose that altered transcriptional programs as a result of
lower concentrations of STAG2-containing cohesin likely underlie
the patient phenotype.
Casanova et al.35 called attention to the fact that 49 of the 232
monogenic etiologies (21%) of human primary immunodeﬁciencies were initially reported in single patients. Although our study is
npj Genomic Medicine (2017) 7

based on a single family, it is a large family with six affected
individuals and a large LOD score (5.12). This serves as convincing
evidence for a causal relationship between the STAG2 p.
Ser327Asn mutation and the phenotype of intellectual deﬁciency,
short stature, and other abnormalities observed in our patients,
thus deﬁning a new cohesinopathy.
Because we cannot directly verify that the STAG2 p.Ser327Asn
mutation weakens the endogenous STAG2–SCC1 interaction in
patient cells, it remains a formal possiblity that the defective
interaction seen with overexpressed proteins might not reﬂect the
true situation in patient cells. Given the complicated nature of
human diseases, we cannot completely rule out the contribution
of other factors to the observed phenotypes. At present, we do
not yet fully understand why the STAG2 p.Ser327Asn mutation
reduces SCC1 binding in human cells, but not in vitro. In the
STAG2–SCC1 structure, STAG2 and SCC1 interact through an
extensive interface. Numerous STAG2 mutations targeting residues directly located at the protein–protein interface, including
Tyr297Ala, Arg298Glu, Trp334Ala, however, do not affect STAG2
binding to SCC123 (Fig. 6a). In fact, among tens of mutants
examined previously, only one mutation Asp793Lys targeting a
residue in the C-terminal region of STAG2 reduces SCC1 binding.
Because Ser327 does not lie at the STAG2–SCC1 interface, it is
highly unlikely that it directly contributes to SCC1 binding,
consistent with a lack of effect of p.Ser327Asn on SCC1 binding
in vitro. However, the highly conserved nature of Ser327 suggests
that it most likely plays an important role in a key protein–protein
interaction, consistent with the stronger evolutionary restraints on
this residue compared with other surface residues.36
Assuming that the defective binding of STAG2 p.Ser327Asn to
SCC1 in human cells is not caused by trivial technical reasons (e.g.,
the use of different tags etc.), we hypothesize that this defective
binding might be caused by indirect mechanisms. For example,
other proteins in human cells might negatively regulate the
STAG2–SCC1 interaction, and the p.Ser327Asn mutation strengthens STAG2 binding to the putative inhibitors. Alternatively, STAG2
might transiently interact with SCC1 through a different interface
directly involving p.Ser327Asn during the ATPase cycle of the
intact cohesin in human cells. High-resolution structures of intact
cohesin in various nucleotide states are required to test the
second possibility. In any case, our study highlights the
importance of human genetics in providing penetrating insight
into the assembly of a core chromosome regulator.
METHODS
Patients
Patients were ascertained through GENE—Núcleo de Genética Médica de
Minas Gerais, Belo Horizonte, Brazil. Informed consent was obtained
according to current ethical and legal guidelines. The Research
Ethics Committee of the Hospital das Clínicas of Universidade Federal de
Minas Gerais approved the study protocol with number CAEE
22487913.4.0000.5149 and the National Research Ethics Committee with
number 778.728. The study was conducted in accordance with the
Declaration of Helsinki.

Exome sequencing and analysis
Only the proband was subjected to WES, which was performed by the
Centre for Applied Genomics, Hospital for Sick Children, Toronto, Canada,
using the Ion AmpliSeq Exome Kit (Life Technologies) and the Ion Torrent
Proton Sequencer on an Ion PI Template OT2 200 Kit V2 (Life
Technologies). All data were aligned to the hg19/GRCh37 reference
genome and quality trimmed via Ion Torrent Suite Version 4.0.2 (Life
Technologies). Variant calling was performed also using the Ion Torrent
Suite and variants were annotated for functional effect by SnpEff 3.1. The
average coverage was 145.6-fold, with 93.58% of the target bases being
covered at least at 20× and with 59.35% being covered at least at 100×.
Variants were narrowed down against databases such as 1000 Genomes
Phase 3, NHLBI Exome Sequencing Project (ESP6500), and Single
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Fig. 6 STAG2 p.Ser327Asn retains binding to WAPL and SGO1 in vitro. a Cartoon diagram of the crystal structure of human STAG2–SCC1, with
Ser327 and neighboring residues shown in sticks. b In vitro binding of STAG2–SCC1 to GST-WAPL or GST-Sgo1. GST was used as the negative
control. Top and bottom panels show the autoradiograph and Coomassie staining of the binding reactions, respectively. c Quantiﬁcation of the
relative WAPL-binding and SGO1-binding activities of STAG2–SCC1 WT, p.Ser327Asn (Ser327Asn), and Lys330Glu (K330E) (normalized to WT)
in b. Mean ± SD, n = 3 independent experiments. For WAPL binding, WT vs. S327N, p = 0.6271, not signiﬁcant; WT vs. K330E, p < 0.0001. For
SGO1 binding, WT vs. S327N, p = 0.0002, p < 0.05; WT vs. K330E, p = 0.0007, p < 0.05. All p-values were based on t-test. d ITC graphs of the
binding between pSGO1 and SA2–SCC1 complexes (WT and p.Ser327Asn), with the dissociation constants (Kd) indicated
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Fig. 7 STAG2 p.Ser327Asn (S327N) is defective in binding to cohesin and regulators in human cells. a Anti-Myc immunoprecipitates from HeLa
cells transfected with the indicated plasmids were blotted with the indicated antibodies. b Quantiﬁcation of the relative SCC1 intensities in
blots in a. Mean ± SD, n = 3 independent experiments. WT vs. S327N, p = 0.0004, p < 0.05; WT vs. D793K, p < 0.0001 (t-test). c In vitro binding
between 35S-SCC1 and GST-STAG2 proteins. GST was used as the negative control. Top and bottom panels show the autoradiograph and
Coomassie staining of the binding reaction, respectively
Nucleotide Polymorphism database (dbSNP141) using a software developed in-house called Mendel,MD37 and the ENLIS Genome Research
software (Enlis Genomics). We further used the online software Exome
Walker
(http://compbio.charite.de/ExomeWalker/ExomeWalker?id=11),
which prioritizes variants of whole exome data by random-walk analysis
of protein–protein interactions. To analyze the impact of the candidate
variants the software Alamut Visual version 2.6.0 (Interactive Biosoftware)
was used, which showed alignment of orthologues genes and includes
several protein-function prediction tools: SIFT, PolyPhen-2, and Mutation
Taster.

Allele-speciﬁc PCR and Sanger sequencing
The presence of the c.980 G > A variant in STAG2 gene in the proband and
his relatives was conﬁrmed using allele-speciﬁc PCR and Sanger
sequencing. Allele-speciﬁc PCR was achieved by synthesizing long primers
that differed on their 3′ extremity, where the mutation was located. The
primers were destabilized by introducing different mismatches in the base
adjacent to the 3′ extremity, indicated by an underline in the sequences
shown. The ﬁnal sequences were: WT_forward—5′-ATGAAGATGTATAGTGATGCCTTTCTTAATGACCG-3′; c.980 G > A_forward—5′-GATGAAGATGTATAGTGATGCCTTTCTTAATGACTA-3′; Reverse—5′-TGTCACCAGGTATACATAC
TGGGAGATAACTCATG-3′.
Sanger sequencing was achieved by standard methods using the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems®) and the
Applied Biosystems (ABI) 3130 Genetic Analyzer. Sequencing data was
analyzed using the software Sequencher version 4.1.4 (Gene Code).

Sister chromatid cohesion assay
Chromosome preparations from the patient and controls were obtained
from lymphocyte cultures of peripheral blood using standard procedures
and Giemsa staining (Merck). Metaphase chromosome spreads from the
patient and four controls were analyzed. The cells were analyzed under a
NIKON E-400 photomicroscope with a 100×/1.30 Plan Fluor oil-immersion
objective equipped with a CCD camera model ER-3339 (Applied Imaging
Corp.) and the images were processed with the CytoVisionTM version
2.8 software (Applied Imaging Corp.). A total of 100 metaphases were
analyzed per cell line and the quantity of cells with chromosome arms
open (chromosome arms showed a clear separation) and closed
(chromosome arms had no separation) were scored.
npj Genomic Medicine (2017) 7

Primary human ﬁbroblast cultures
Patient, male and female control skin biopsies (n = 3) were minced into
small pieces with a sterile scalpel in a biological safety cabinet. The
explants were left overnight in Dulbecco’s modiﬁed Eagle’s medium-high
glucose (Sigma-Aldrich) supplemented with 5 mM sodium bicarbonate
(Cinética Química Ltda), penicillin (Sigma-Aldrich, 100 units/mL), streptomycin (Sigma-Aldrich, 0.1 mg/mL), amphotericyn B (Sigma-Aldrich, 0.25 μg/
mL), gentamicin (Schering-Plough, 60 mg/l), and 10% of fetal bovine serum
(FBS) (Cripion Biotecnologia Ltda). Supplemented medium was replaced
twice a week. The explants were removed when roughly 90% monolayer
conﬂuence was reached, and the cells were subcultured 1:3 until
conﬂuence. The cells were frozen at passages 3–4 for subsequent
experiments. After thawing, the cells were used in passages 5–9.

Immunoﬂuorescence
Fibroblasts were seeded at 1 × 105 cells per well on 22 × 22 mm coverslips
placed in 6-well plates containing DMEM supplemented with antibiotics
and 10% FBS for 24 h. Cells on the coverslips were ﬁxed with 4%
paraformaldehyde, and permeabilized with phosphate buffered saline
(PBS) containing 0.1% Triton X-100 (Sigma-Aldrich). Slides were incubated
with anti-STAG2 (J-12) antibody (Santa Cruz Biotechnology, 1:100) overnight at 4 °C, followed by secondary detection using Alexa 488–conjugated
secondary antibody (Life Technologies, 1:500), mounting and nuclear
counterstaining using Vectashield (Vector Labs) with Hoechst 33258 (Life
Technologies). The samples were examined with the inverted Eclipse Ti
microscope (Nikon Instruments) with a Nikon S Fluor 40×/1.30 oilimmersion objective and with appropriate ﬁlter combinations. Images
were acquired with EMCCD LucaEM R (Andor Technology) using NISelements advanced research software (Nikon Instruments). This experiment was performed in triplicate.

Western blotting
An amount of 1.5 × 105 cells per well were seeded in 6-well plates. The
proteins were collected directly from the culture plate wells after treating
the cells with lysis buffer followed by protein separation in 10% SDS-PAGE.
Gel samples were transferred to polyvinylidene diﬂuoride membrane (GE
Healthcare Life Sciences) using standard procedures. Western blot analyses
were performed using mouse monoclonal STAG2 antibody (J-12) (Santa
Cruz Biotechnology, 1:1000) as primary antibody and anti-mouse IgG
(whole molecule)—peroxidase (Sigma-Aldrich, 1:3000) as secondary antibody. The Western blot membrane was mild stripped and re-probed with
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monoclonal anti-alpha-tubulin antibody clone 5-1-2 (Sigma-Aldrich,
1:10,000) to control for even loading of protein amounts. The membranes
were incubated with primary antibodies at 4 °C overnight, washed and
incubated with secondary antibodies for 1 h at room temperature.
Chemiluminescent detection was performed using Immobilon Western
Chemiluminescent HRP Substrate (Millipore), according to the manufacturer’s protocols. Three independent experiments were performed in
triplicate.

Flow cytometry
Fibroblasts were collected with trypsinization and ﬁxed in 70% ice-cold
ethanol overnight. After being washed with PBS, cells were permeabilized
with PBS containing 0.25% Triton X-100 on ice for 5 min. Cells were then
incubated with MPM2 antibody in PBS containing 1% BSA for 3 h at room
temperature. After being washed with PBS containing 1% BSA, cells were
incubated with a ﬂuorescent secondary antibody for 30 min at room
temperature. After being washed with PBS once, cells were resuspended in
PBS containing 0.1% Triton X-100, RNase A and propidium iodide, and then
analyzed with a ﬂow cytometer. Data were processed with FlowJo. Only
DNA contents were shown in the histograms.

Microarray analysis
Total RNA was extracted from cultured STAG2 WT or Ser327Asn ﬁbroblasts
and analyzed by GeneChip Human Transcriptome Array 2.0, which was
designed with approximately ten probes per exon and four probes per
exon–exon splice junction. Gene expression levels were compared
between WT and Ser327Asn samples. Gene ontology enrichment analysis
were performed on the genes with more than four-fold alterations
between WT and Ser327Asn using the DAVID Bioinformatics Database
(http://david.abcc.ncifcrf.gov).

Computational protein structure analysis for functional studies
Mutations can affect or disrupt protein structure and function. Computational structure-based approaches have been shown to be invaluable tools
to unravel the molecular mechanism of mutations giving rise to a
phenotype.38–41
In order to assess the structural effects of the mutation, the available Xray crystal structure of the human STAG2 in complex with SCC1 was used
(PDB ID’s: 4PJU, 4PJW, and 4PK7). Based on these structures, models of
complexes of STAG2 with the other cohesin subunits SGO1 and WAPL
were generated using Modeller42 and MacroModel (Schrodinger, New
York, NY).
The effects of the mutations on protein stability and afﬁnity for its
partners were assessed in this work using two methods: DUET30 and
mCSM-PPI.32 They represent a class of novel machine-learning methods
that extract patterns from graph representations of the three-dimensional
residue environment structure in order to quantitatively predict the effects
of missense mutations on protein stability,30, 32 protein–protein interactions,32, 43 protein–nucleic acid interactions,30 protein small-molecule
interactions,44, 45, 46 and protein–metal ion interactions.31

Functional studies—antibodies
The anti-WAPL and anti-SORORIN antibodies were generated against
human WAPL601–1190 and SORORIN91–252, respectively. The following
antibodies were purchased from the indicated commercial sources: antiMyc (Roche, 11667203001), anti-SCC1 (Bethyl Laboratories, A300-080A),
anti-SMC1 (Bethyl Laboratories, A300-055A), anti-SMC3 (Bethyl Laboratories, A300-060A), and anti-PDS5A (Bethyl Laboratories, A300-089A).

Mammalian cell culture, transfection, and immunoprecipitation for
functional studies
HeLa Tet-On cells were grown in DMEM (Invitrogen) supplemented with
10% FBS and 2 mM L-glutamine. When cells reached a conﬂuency of 50%,
plasmid transfection was performed using the Effectene reagent (Qiagen),
according to the manufacturer’s protocols. HeLa Tet-On cells were
transfected with a pCS2 plasmid encoding codon-optimized human
STAG2 WT or mutants with a Myc tag at the N-terminus. Cells were
trypsinized and harvested at 30 h after transfection. For immunoprecipitation, the anti-Myc antibody was coupled to Afﬁ-Prep Protein A beads (BioRad) at a concentration of 1 mg/ml. Cells were resuspended in the lysis
buffer containing 25 mM Tris-HCl (pH 7.7), 50 mM NaCl, 0.1% (v/v) Nonidet

P-40, 2 mM MgCl2, 10% (v/v) glycerol, 5 mM NaF, 0.3 mM Na3VO4, 10 mM βglycerophosphate, 1 mM DTT, protease inhibitor mixture (Roche), and 50
units/ml Turbo Nuclease (Accelagen). The cell suspension was passed
through a 27 G × 1/2 in (0.4 × 13 mm) needle 20 times. Cell lysates
were then incubated on ice for 1 h followed with a 10-min incubation at
37 °C. Cell lysates were centrifuged at 4 °C at 20,817g for 20 min. The
supernatants were incubated with the anti-Myc antibody beads for 3 h at 4
°C. The beads were then washed three times with the lysis buffer
containing 200 mM NaCl. Proteins bound to beads were dissolved in SDS
sample buffer, separated by SDS-PAGE, and blotted with the appropriate
antibodies.

Protein expression and puriﬁcation for functional studies
The cDNAs of human SCC1281–394, full-length STAG2 WT or Ser327Asn,
WAPL410–590, and SGO1302–367 T346E were cloned into the pGEX-6p1
vector. The cDNA of human STAG280–930 was cloned into the pET28a
vector. For the in vitro binding assays, recombinant GST fusion proteins of
STAG2 (WT and Ser327Asn), WAPL410–590, or SGO1302–367 Thr346Glu were
expressed in E. coli and puriﬁed with the Glutathione Sepharose 4B resin
(GE Healthcare). All fragments of cohesin subunits and regulators
contained the miminal functional domains required for their interactions.23
Cell pellets were resuspended in the lysis buffer (50 mM Tris-HCl (pH 7.7),
150 mM NaCl, 0.05% (v/v) Triton X-100, 5% (v/v) glycerol, and 1 mM DTT).
After sonication and centrifugation, the supernatant was applied to the
Glutathione Sepharose 4B beads that had been equilibrated with the lysis
buffer, and incubated at 4 °C for 2 h. Proteins bound to beads were washed
with the lysis buffer, and then eluted with the elution buffer (50 mM TrisHCl (pH 8.0), 15 mM reduced glutathione (Sigma), and 1 mM DTT).
Reduced glutathione was removed using the PD-10 column (GE
Healthcare). For the ITC assay, SCC1281–394 in the pGEX-6p1 vector and
STAG280–930 in the pET28a vector were co-transformed into E. coli. The
STAG280–930–SCC1281–394 complex was pulled down with the Glutathione
Sepharose 4B beads (GE Healthcare), incubated with the PreScission
protease to remove the GST tag, and further puriﬁed with ion exchange
and size exclusion columns.

Isothermal titration calorimetry
ITC was performed with a MicroCal iTC200 (GE Healthcare) at
20 °C. Calorimetric measurements were performed with the
STAG280–930–SCC1281–394 complex and a synthetic phospho-Thr346 SGO1
peptide containing residues 313–353 of human SGO1. A 20 μM of
STAG280–930–SCC1281–394 complex in a buffer containing 20 mM Tris-HCl
(pH 7.7), 200 mM NaCl, and 5 mM TCEP was added to the calorimeter cell,
and titrated with 300 μM of the pSGO1 peptide in the same buffer. Binding
parameters were calculated with the NITPIC software.

In vitro binding assays for functional studies
The cDNAs encoding full-length human SCC1, SCC1211–420, or STAG2 were
cloned into the pCS2-Myc vector. The pCS2-SCC1-Myc vector was added to
the TNT Quick Coupled Transcription Translation System (Promega) and
incubated in the presence of 35S-methionine at 30 °C for 90 min to produce
35
S-labeled SCC1-Myc. The pCS2-SCC1211–420-Myc and pCS2-Myc-STAG2
vectors were added together to the TNT Quick Coupled Transcription
Translation System and incubated in the presence of 35S-methionine at 30 °
C for 90 min to produce the 35S-labeled STAG2–SCC1211–420 complex. To
assay the binding between STAG2 and SCC1, Glutathione Sepharose 4B
beads (GE Healthcare) bound to GST-STAG2 WT or p.Ser327Asn were
incubated with 35S-SCC1-Myc at 4 °C for 2 h, and then washed four times
with TBS containing 0.05% Tween 20. To assay the binding of SGO1 or
WAPL to STAG2–SCC1, Glutathione Sepharose 4B beads (GE Healthcare)
bound to GST-SGO1302–367 T346E or GST-WAPL410–590 were incubated with
the 35S-STAG2–Scc1211–420 complex at 4 °C for 2 h, and then washed four
times with TBS containing 0.05% Tween 20. In all cases, beads bound to
GST were used as the negative control. The bound proteins were separated
by SDS-PAGE and analyzed with a phosphoimager. Intensities of bound
proteins were quantiﬁed with ImageJ.

ACKNOWLEDGEMENTS
We are grateful to the patients and their family. Their cooperation made this work
possible. F.C.S. was initially supported by a visiting researcher program fellowship
from Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG) (BPV-

Published in partnership with the Center of Excellence in Genomic Medicine Research

npj Genomic Medicine (2017) 7

STAG2 germline mutation
FC Soardi et al.

10
00059-14) and by a fellowship from the Programa de Formação de Recursos
Humanos em Áreas Estratégicas (RHAE) of the Conselho Nacional de Pesquisa (CNPq)
(351030/2015-8). A.M.-S. was also supported by a fellowship from the Programa de
Formação de Recursos Humanos em Áreas Estratégicas (RHAE) of the Conselho
Nacional de Pesquisa (CNPq). N.D.L. was supported by a fellowship from Programa
Nacional de Pós-doutorado (PNPD) Institucional of Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior (CAPES) (2792/2011). D.B.A. and D.E.V.P. received
funding from a Newton Fund RCUK-CONFAP Grant awarded by The Medical Research
Council (MRC) and Fundação de Amparo à Pesquisa do Estado de Minas Gerais
(FAPEMIG) (MR/M026302/1). D.E.V.P. received support from the René Rachou
Research Center (CPqRR/FIOCRUZ Minas), Brazil. D.B.A. was supported by an NHMRC
CJ Martin Fellowship (APP1072476) and the Jack Brockhoff Foundation (JBF 4186,
2016). H.Y. is an Investigator with the Howard Hughes Medical Institute, and is
supported by grants from the Cancer Prevention Research Institute of Texas
(RP110465-P3 and RP120717-P2) and the Welch Foundation (I-1441). S.D.J.P. receives
support as a Scientist 1A of the Conselho Nacional de Pesquisa (CNPq). The work
done in Brazil was funded by the Conselho Nacional de Pesquisa (CNPq) and the
Fundação de Pesquisa do Estado de Minas Gerais (FAPEMIG).

AUTHOR CONTRIBUTIONS
S.D.J.P. was involved in the clinical aspect of the study and carried out bioinformatics
study of patient’s exome. F.C.S., A.M.-S., N.D.L., and S.D.J.P. enrolled the affected
family and collected and interpreted clinical information. S.D.J.P. and H.Y. designed
the study. F.C.S., N.D.L., G.Z., Q.Q., H.G.S.V., and N.B.P. performed experiments. R.C.M.M. participated on preliminary in silico analysis, D.B.A. and D.E.V.P. generated
homology models, performed structural analysis of the mutation, analyzed and
interpreted in silico data. F.C.S., N.D.L., A.M.-S., G.Z., Q.Q., H.Y., and S.D.J.P. analyzed
and interpreted the experimental data. N.D.L. performed cytogenetic analysis. F.C.S.,
N.D.L., C.C.G., R.S.G., D.A.G., and T.M.M.M. provided experimental and/or intellectual
input on cell culture and cell experiments. F.C.S., N.D.L., and G.Z. prepared ﬁgures and
wrote the methods. S.D.J.P. and H.Y. wrote the manuscript with input from all
authors, directed and supervised the research. F.C.S., A.M.-S., N.D.L., and G.Z. made
equivalent contributions and should be considered joint ﬁrst authors. The ﬁnal
version of the manuscript was approved by all authors.

COMPETING INTERESTS
The authors declare no competing interests.

REFERENCES
1. Onn, I., Heidinger-Pauli, J. M., Guacci, V., Unal, E. & Koshland, D. E. Sister chromatid
cohesion: a simple concept with a complex reality. Annu. Rev. Cell Dev. Biol. 24,
105–129 (2008).
2. Peters, J. M., Tedeschi, A. & Schmitz, J. The cohesin complex and its roles in
chromosome biology. Genes Dev. 22, 3089–3114 (2008).
3. Nasmyth, K. & Haering, C. H. Cohesin: its roles and mechanisms. Annu. Rev. Genet.
43, 525–558 (2009).
4. Haarhuis, J. H., Elbatsh, A. M. & Rowland, B. D. Cohesin and its regulation: on the
logic of X-shaped chromosomes. Dev. Cell 31, 7–18 (2014).
5. Wu, N. & Yu, H. The Smc complexes in DNA damage response. Cell Biosci. 2, 5
(2012).
6. Merkenschlager, M. & Odom, D. T. CTCF and cohesin: linking gene regulatory
elements with their targets. Cell 152, 1285–1297 (2013).
7. Remeseiro, S., Cuadrado, A. & Losada, A. Cohesin in development and disease.
Development 140, 3715–3718 (2013).
8. Tonkin, E. T., Wang, T. J., Lisgo, S., Bamshad, M. J. & Strachan, T. NIPBL, encoding a
homolog of fungal Scc2-type sister chromatid cohesion proteins and ﬂy NippedB, is mutated in Cornelia de Lange syndrome. Nat. Genet. 36, 636–641 (2004).
9. Watrin, E. et al. Human Scc4 is required for cohesin binding to chromatin, sisterchromatid cohesion, and mitotic progression. Curr. Biol. 16, 863–874 (2006).
10. Murayama, Y. & Uhlmann, F. Biochemical reconstitution of topological DNA
binding by the cohesin ring. Nature 505, 367–371 (2014).
11. Gandhi, R., Gillespie, P. J. & Hirano, T. Human WAPL is a cohesin-binding protein
that promotes sister-chromatid resolution in mitotic prophase. Curr. Biol. 16,
2406–2417 (2006).
12. Kueng, S. et al. WAPL controls the dynamic association of cohesin with chromatin. Cell 127, 955–967 (2006).
13. Shintomi, K. & Hirano, T. Releasing cohesin from chromosome arms in early
mitosis: opposing actions of WAPL-Pds5 and SGO1. Genes Dev. 23, 2224–2236
(2009).
14. Rolef Ben-Shahar, T. et al. Eco1-dependent cohesin acetylation during establishment of sister chromatid cohesion. Science 321, 563–566 (2008).

npj Genomic Medicine (2017) 7

15. Unal, E. et al. A molecular determinant for the establishment of sister chromatid
cohesion. Science 321, 566–569 (2008).
16. Zhang, J. et al. Acetylation of Smc3 by Eco1 is required for S phase sister chromatid cohesion in both human and yeast. Mol. Cell 31, 143–151 (2008).
17. Rowland, B. D. et al. Building sister chromatid cohesion: Smc3 acetylation
counteracts an antiestablishment activity. Mol. Cell 33, 763–774 (2009).
18. Minamino, M. et al. Esco1 acetylates cohesin via a mechanism different from that
of Esco2. Curr. Biol. 25, 1694–1706 (2015).
19. Rahman, S., Jones, M. J. & Jallepalli, P. V. Cohesin recruits the Esco1 acetyltransferase genome wide to repress transcription and promote cohesion in
somatic cells. Proc. Natl. Acad. Sci. U. S. A. 112, 11270–11275 (2015).
20. Nishiyama, T. et al. Sororin mediates sister chromatid cohesion by antagonizing
WAPL. Cell 143, 737–749 (2010).
21. Ouyang, Z., Zheng, G., Tomchick, D. R., Luo, X. & Yu, H. Structural basis
and IP6 requirement for Pds5-dependent cohesin dynamics. Mol. Cell 62,
248–259 (2016).
22. Liu, H., Rankin, S. & Yu, H. Phosphorylation-enabled binding of SGO1-PP2A to
cohesin protects sororin and centromeric cohesion during mitosis. Nat. Cell Biol.
15, 40–49 (2013).
23. Hara, K. et al. Structure of cohesin subcomplex pinpoints direct shugoshin-WAPL
antagonism in centromeric cohesion. Nat. Struct. Mol. Biol. 21, 864–870 (2014).
24. Bose, T. & Gerton, J. L. Cohesinopathies, gene expression, and chromatin organization. J. Cell Biol. 189, 201–210 (2010).
25. Mannini, L., Cucco, F., Quarantotti, V., Krantz, I. D. & Musio, A. Mutation spectrum
and genotype-phenotype correlation in Cornelia de Lange syndrome. Hum.
Mutat. 34, 1589–1596 (2013).
26. Chetaille, P. et al. Mutations in SGOL1 cause a novel cohesinopathy affecting
heart and gut rhythm. Nat. Genet. 46, 1245–1249 (2014).
27. Hill, V. K., Kim, J. S. & Waldman, T. Cohesin mutations in human cancer. Biochim.
Biophys. Acta 1866, 1–11 (2016).
28. Solomon, D. A., Kim, J. S. & Waldman, T. Cohesin gene mutations in
tumorigenesis: from discovery to clinical signiﬁcance. BMB Rep. 47, 299–310
(2014).
29. Kumar, R. et al. Increased STAG2 dosage deﬁnes a novel cohesinopathy with
intellectual disability and behavioral problems. Hum. Mol. Genet. 24, 7171–7181
(2015).
30. Pires, D. E., Ascher, D. B. & Blundell, T. L. DUET: a server for predicting effects of
mutations on protein stability using an integrated computational approach.
Nucleic Acids Res. 42, W314–W319 (2014).
31. Pires, D. E., Chen, J., Blundell, T. L. & Ascher, D. B. In silico functional
dissection of saturation mutagenesis: interpreting the relationship between
phenotypes and changes in protein stability, interactions and activity. Sci. Rep. 6,
19848 (2016).
32. Pires, D. E., Ascher, D. B. & Blundell, T. L. mCSM: predicting the effects of mutations in proteins using graph-based signatures. Bioinformatics 30, 335–342 (2014).
33. Richards, S. et al. Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med.
17, 405–424 (2015).
34. Jarvik, G. P. & Browning, B. L. Consideration of cosegregation in the pathogenicity
classiﬁcation of genomic variants. Am. J. Hum. Genet. 98, 1077–1081 (2016).
35. Casanova, J. L. et al. Guidelines for genetic studies in single patients: lessons from
primary immunodeﬁciencies. J. Exp. Med. 211, 2137–2149 (2014).
36. Jubb, H., Blundell, T. L. & Ascher, D. B. Flexibility and small pockets at proteinprotein interfaces: new insights into druggability. Prog. Biophys. Mol. Biol. 119,
2–9 (2015).
37. Cardenas, R. G. C. C. L., Linhares, N. D., Pena, S. D. J. & Mendel, M. D. A userfriendly online program for clinical exome analysis. BMC Bioinformatics 16, A2
(2015).
38. Jafri, M. et al. Germline mutations in the CDKN2B tumor suppressor gene predispose to renal cell carcinoma. Cancer Discov. 5, 723–729 (2015).
39. Nemethova, M. et al. Twelve novel HGD gene variants identiﬁed in 99 alkaptonuria patients: focus on “black bone disease” in Italy. Eur. J. Hum. Genet. 24, 66–72
(2016).
40. Phelan, J. et al. Mycobacterium tuberculosis whole genome sequencing and
protein structure modelling provides insights into anti-tuberculosis drug resistance. BMC Med. 14, 31 (2016).
41. Usher, J. L. et al. Analysis of HGD gene mutations in patients with alkaptonuria
from the United Kingdom: identiﬁcation of novel mutations. JIMD Rep. 24, 3–11
(2015).
42. Sali, A. & Blundell, T. L. Comparative protein modelling by satisfaction of spatial
restraints. J. Mol. Biol. 234, 779–815 (1993).
43. Pires, D. E. & Ascher, D. B. mCSM-AB: a web server for predicting antibody-antigen
afﬁnity changes upon mutation with graph-based signatures. Nucleic Acids Res.
44 (W1): W469–W473 (2016).

Published in partnership with the Center of Excellence in Genomic Medicine Research

STAG2 germline mutation
FC Soardi et al.

11
44. Pires, D. E. & Ascher, D. B. CSM-lig: a web server for assessing and comparing
protein-small molecule afﬁnities. Nucleic Acids Res. 44 (W1): W557–W561 (2016).
45. Pires, D. E., Blundell, T. L. & Ascher, D. B. Platinum: a database of experimentally
measured effects of mutations on structurally deﬁned protein-ligand complexes.
Nucleic Acids Res. 43, D387–D391 (2015).
46. Pires, D. E., Blundell, T. L. & Ascher, D. B. mCSM-lig: quantifying the effects of
mutations on protein-small molecule afﬁnity in genetic disease and emergence
of drug resistance. Sci. Rep. 6, 29575 (2016).
47. Porollo, A. & Meller, J. Prediction-based ﬁngerprints of protein-protein interactions. Proteins 66, 630–645 (2007).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/by/
4.0/

© The Author(s) 2017

Supplementary Information accompanies the paper on the npj Genomic Medicine website (doi:10.1038/s41525-017-0009-4).

Published in partnership with the Center of Excellence in Genomic Medicine Research

npj Genomic Medicine (2017) 7

