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de Lange Syndrome Cells With Distinct Mutations in SMC1A and
SMC3 Genes
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TFunctional Proteomics Laboratory, Department of Biotechnologies, University of Siena, Siena,
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*Istituto di Ricerca Genetica e Biomedica, Consiglio Nazionale delle Ricerche, Pisa, Italy

+Division of Human Genetics, The Children’s Hospital of Philadelphia, Philadelphia,
Pennsylvania, USA

Abstract

Mutations in cohesin genes have been identified in Cornelia de Lange syndrome (CdLS), but its
etiopathogenetic mechanisms are still poorly understood. To define biochemical pathways that are
affected in CdLS we analyzed the proteomic profile of CdLS cell lines carrying mutations in the
core cohesin genes, SMC1A and SMC3. Dysregulated protein expression was found in CdLS
probands compared to controls. The proteomics analysis was able to discriminate between
probands harboring mutations in the different domains of the SMC proteins. In particular, proteins
involved in the response to oxidative stress were specifically down-regulated in hinge mutated
probands. In addition, the finding that CdLS cell lines show an increase in global oxidative stress
argues that it could contribute to some CdLS phenotypic features such as premature physiological
aging and genome instability. Finally, the c-MYC gene represents a convergent hub lying at the
center of dysregulated pathways, and is down-regulated in CdLS. This study allowed us to
highlight, for the first time, specific biochemical pathways that are affected in CdLS, providing
plausible causal evidence for some of the phenotypic features seen in CdLS.

Keywords
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INTRODUCTION

Cornelia de Lange Syndrome (CdLS, OMIM 122470, 300590 and 610759) is a rare
multisystem disorder characterized by distinctive craniofacial dysmorphia, upper limb
malformations, hirsutism, microcephaly, cardiac defects, gastroesophageal dysfunction,
growth retardation and neurodevelopment impairment ranging from moderate to severe,

"To whom correspondence may be addressed, Tel: +39 0503152776, Fax: +39 0503153973, antonio.musio@irgb.cnr.it.
IThe authors wish it to be known that in their opinion, the first two authors should be regarded as joint First Authors

Supporting information
Supplementary figures and tables. This material is available free of charge via the Internet at http://pubs.acs.org

CONFLICT OF INTEREST
The authors declare no competing financial interest.


http://pubs.acs.org

1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Gimigliano et al.

Page 2

with a wide range of variability.! Its prevalence is estimated to be 1 in 10,000 births, with
most cases being sporadic. CdLS results from mutations in the highly evolutionarily
conserved components of the cohesin pathway that mediate cohesion between replicated
sister chromatids in dividing cells, in order to ensure proper chromosome segregation.
Human core cohesin is composed of four members, SMC1A, SMC3, RAD21 and STAG1/2.
Cohesin interacts with many proteins that regulate its activity.2 About 60% of CdLS
probands have been found to have heterozygous mutations in the M/PBL gene, which
encodes a cohesin regulatory protein homologous to the fungal Scc2-type and the
Drosophila Nipped-B.3 4 Most of the M/PBL mutations are point mutations, small insertions
and deletions in coding regions or splice junctions. They are expected to produce absent or
truncated proteins, so that haploinsufficiency is the presumed pathogenetic mechanism.®
NIPBL is involved in loading cohesin onto chromatin, and a role in unloading has also been
suggested. About 5% of CdLS cases are caused by mutations in SMC1A, and one proband
was found to have a mutation in SMC3.58 All these mutations are missense or small in-
frame deletions. To date, no truncating mutations have been identified, suggesting that gross
rearrangements, as occur in AV//PBL, are negatively selected.® Very recently, mutations in the
HDACS8 gene, vertebrate SMC3 deacetylase, have been identified in CdLS probands,1°
while mutations in RAD21 have been associated with a human cohesinopathy.11

SMCI1A and SMC3 mutations are associated with milder CdLS phenotype, and SMC-
mutated probands often demonstrate a normal birth weight and head circumference, mild
facial dysmorphism, mild intellectual disability and no limb defects.

The lack of evident defects in chromatid cohesion in CdLS probands!? argues that the
developmental perturbations seen in CdLS do not originate from a deficiency in cohesin’s
canonical role. Non-canonical roles for cohesin in genome integrity maintenance and in gene
expression regulation have been proposed. Cohesin down-regulation leads to G2/M
checkpoint defects and genome instability.13-1> Mutations in M/PBL, SMCI1A and SMC3
genes have been identified in colorectal cancer 18 while the dysregulation of core cohesin
genes and its regulator factors occurs in many cancers.1”- 18 Finally, CdLS cell lines show
spontaneous genome instability and a reduced capacity to tolerate DNA damage following
genotoxic treatments.12- 19 The first study linking cohesin to transcription regulation was the
finding that Nipped-B8 mutations promote the activation of the Drosophila cutand
Ultrabithorax homeobox genes by distant transcriptional enhancers.2? Furthermore, cohesin
facilitates the expression of genes in the ecdysone steroid hormone signaling pathway?1: 22
as well as pluripotency genes in embryonic stem cells?3 and the expression of myc genes,
which promote cell proliferation.24-28 The mechanism by which cohesin regulates gene
expression is not well-characterized, but evidence suggests that cohesin facilitates long-
distance DNA looping over several kilobases.2%-32 This notion is further supported by the
finding that cohesin co-localizes with CCCTC-binding factor (CTCF) binding sites. CTCF is
a well-known zinc-finger protein involved in gene regulation,33-3% and in particular, is
required for transcriptional insulation of promoters from distant enhancers.36 Cohesin down-
regulation reduces long-range interactions between CTCEF sites in several genes; however,
these reduced interactions are accompanied by modest changes in gene expression.29-31. 37
These results are consistent with gene expression data obtained in CdLS cell lines and in
Nipb*”- mutant mice where cohesin mutation leads to modest but significant transcriptional
dysregulation and overall down-regulation of many genes.2% 27 These studies revealed that
gene transcription is abnormal in CdLS; however, the biochemical pathways that are
perturbed in CdLS are as yet unknown. To address this, we used seven CdLS cell lines
derived from probands carrying mutations in core cohesin genes, SMC1A and SMC3, and
we applied a proteomic approach that allowed us to identify, for the first time, specific
biochemical pathways that are dysregulated in CdLS.

J Proteome Res. Author manuscript; available in PMC 2013 December 07.
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EXPERIMENTAL SECTION

Cell culture

Lymphoblastoid cell lines were grown in RPMI 1640 medium with 20mM sodium-pyruvate,
10% fetal calf serum, penicillin (100 U/ml), streptomycin (0.1 mg/ml) and 1% L-glutamine.
We analyzed seven CdLS lymphoblastoid cell lines derived from five unrelated and two
related (PT2 and PT3, mother and son respectively) probands carrying mutations in either
the SMC1A or SMC3gene. All of the cases have been previously reported by our
laboratories.” Studies were performed after informed consent was obtained from the
families, according to the procedures established by the local Ethical Committees. To
identify differentially expressed protein between CdLS probands and controls, age-, gender-
and ethnicity-matched samples from seven normal controls were used. Samples are listed in
Supporting Information Table S1 with detailed description.

SMC mutations mapping

Mutations were mapped onto protein models derived from crystal structure data of the yeast
SMC1 head domain dimer38 and the Thermotoga SMC hinge domain dimer3? using the
Cn3D program.40

Protein extraction and fluorescence dye labelling

Samples were denatured with a solution of SDS 2% and 25 mM TRIS and precipitated by
the Clean-Up kit (GE Healthcare, Uppsala, Sweden). The whole lysate was resuspended
with lysis buffer 7M Urea, 2M Thiourea, 4% (w/v) CHAPS, 25 mM Tris, buffered to pH 8,
and protein concentration was estimated by the Bradford’s assay. Minimal protein labelling
for quantitative 2D Fluorescence Difference Gel Electrophoresis (2D-DIGE) was performed
by fluorescent minimal cyanine dyes Cy2, Cy3 and Cy5, according to the manufacturer’s
instructions (GE Healthcare). An internal standard (60 .g), resulting from pooling equal
aliquots of all experimental samples, was labelled with the fluorescent dye Cy2. Aliquots of
60 g of individual samples, from control and disease probands, were randomly labelled
with Cy3 or Cy5 fluorophores, to avoid any dye-specific staining bias.

2D-DIGE electrophoresis

2D-DIGE gels 41 42 were run with seven CdLS samples and seven control samples that were
combined according to age and type of mutation, thus resulting in a total of 14 protein spot
maps. The Cy3- and Cy5-labelled samples were mixed together with an aliquot of Cy2-
labelled internal standard and an equal volume of DIGE buffer (7M Urea, 2M Thiourea, 4%
(w/v) CHAPS, and 2% (w/v) DTE). The volume of combined samples was increased to 450
pl with DIGE rehydration solution (7M Urea, 2M Thiourea, 4% (w/v) CHAPS, and 1% (w/
v) DTE) and loaded onto commercial immobilized non-linear pH 3-10 gradient (24-cm
length IPG strips, Biorad Laboratories, CA, USA). 2D electrophoresis was performed
mainly according to Gérg.#3 The isoelectric focusing run was performed using an Ettan
IPGphor system (GE Healthcare) at 16 °C, until a total of 80,000 Vh was reached. The
second dimension (SDS-PAGE) was run at 15 °C on 9-16% polyacrylamide gradient gels
(24 cm x 20 cm x 1 mm) using the Ettan DAL Ttwelve Unit (GE Healthcare). A 17 W/gel
constant power was applied until the Bromophenol blue dye front reached the lower end of
the gels. All electrophoresis procedures were performed in the dark.

Image acquisition and spot quantification

The DIGE gel images were acquired by the fluorescence Typhoon 9400 imager (GE
Healthcare), to visualize differentially labelled protein spots. All gels were scanned at 100
pm resolution and a total of 21 gel images were obtained by control and disease samples.

J Proteome Res. Author manuscript; available in PMC 2013 December 07.
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Spot map images were merged and analyzed using the DeCyder 2D version7.0 software (GE
Healthcare), which enabled differences in the abundance levels of proteins to be found. The
quantification of spot intensity was performed by the differential in-gel analysis (DIA)
module of the software and Cy3:Cy2, Cy5:Cy2 normalized volume ratios for each protein
spot were calculated by using the individual signal of pooled-sample Cy2-labelled as
internal standard. The subsequent Biological Variation Analysis (BVA) module allowed
samples to be inter-compared along with the experimental design by the univariate analysis
across the seven gels. Two thousand one hundred protein spots were constantly detected and
matched in at least 85% of spot maps produced. Protein spots that showed a normalized spot
volume with an increase or decrease in average ratio = 1.3 and < -1.3 respectively, were
accepted as being differentially expressed between the compared extracts.

Statistical analysis of protein expression

Protein expression data were filtered by the one-way analysis of variance (ANOVA), which
was performed at a significance level of 0.05, and only protein spots that were found in at
least 18 out of 21 experimental spot maps were further investigated. In order to further
establish the power of the proteomic analysis performed, the p-value distribution test 44 was
used and the results obtained are shown in Supporting Information Figure S2. Pairwise
comparisons of control and disease experimental groups by Tukey’s multiple comparison
procedure were also calculated. In addition to univariate analysis, the extended data analysis
(EDA) module of DeCyder software was carried out by the intra-gel and inter-gel statistical
analyses, allowing the characterization and the classification of biological samples. The
principal component analysis (PCA) was selected as multivariate statistical analysis. 45-49
The relationships between the spot maps were visualized by performing a PCA according to
the intensity values of protein spots differentially expressed as detected by DIGE analysis.
All samples were distributed in a two-dimensional space, along with the first two principal
components, PCA1 and PCA2, which were the largest sources of variation in the
experimental data set.

Spot identification by mass spectrometry (MS)

Eight hundred micrograms of sample was loaded onto each MS-preparative 2D gel which
were then stained with SYPRO Ruby (BioRad) in accordance with the manufacturer’s
guidelines. After image acquisition by a Typhoon 9400 laser densitometer (GE Healthcare)
and image analysis, spots of interest were automatically cut from the preparative gels by an
Ettan Spot Picker (GE Healthcare). Spots of interest were identified by peptide mass
fingerprinting using an Ettan MALDI-TOF Pro (GE Healthcare), as previously described.>?
Protein spectra were acquired by the Ettan MALDI evaluation software (GE Healthcare),
using as internal standard the 842.509 and 2211.105 m/z peptides arising from trypsin
autoproteolysis. Peptide mass fingerprint searching was performed on UniProtKB database
(Swiss_Prot 2011 _03: 525997 sequences; 20234 Homo sapiens sequences; 185874894
residues) by Mascot online available software (Matrix Science, UK, http://
www.matrixscience.com). The experimental and theoretical peptide-fingerprinting patterns
were set to a Amass less than 100 ppm, number of accepted missed cleavage sites equal to
one, and alkylation of cysteine by carbamidomethylation was assumed as fixed
modification, while oxidation of methionine was considered as a possible one. The database
search was taxonomically limited to Homo sapiens. The criteria used to accept
identifications included the extent of sequence coverage, number of matched peptides, and
probabilistic score (p < 0.05) as listed in Table S2.

Tryptic digests whose PMF searching did not unambiguously satisfy such criteria were
further investigated, performing peptide sequencing by tandem mass spectrometry. ESI-ion
trap MS/MS was achieved on a LCQ DECA IT mass spectrometer (Thermo Finnigan, San
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Jose, CA, USA). After sample acidification with 2 I of 1% (v/v) TFA solution, tryptic
peptide solutions were enriched using the Zip-Tip™ pipette tips (Millipore, Billerica, MA,
USA), that were previously equilibrated in 50% (v/v) ACN solution and abundantly washed
in 0.1% (v/v) TFA. Peptide elution from the Zip-Tip™ matrix was achieved using a 70% (v/
v) methanol and 0.5% (v/v) formic acid solution. Three microliters of concentrated sample
was then injected into the spectrometer by nanospray according to the following parameters:
Aux gas flow rate: 44 (arb); capillary and spray voltage: 3 V and 0.7 kV, respectively;
capillary temperature: 185 °C; and lens voltage: -30 V. A Amass of 0.5 Da was allowed in
selecting target peptides. The helium gas collision energy was properly set in relation to the
mass of doubly charged precursor ions (from 25% to 35%), and spectra were acquired by the
Excalibur software (Thermo). MS/MS database searching was carried out using
TurboSEQUEST algoritm (Thermo) 51 and Mascot MS/MS ion search software (http:/
www.matrixscience.com) in the UniProtKB database. The following criteria were applied:
MS mass accuracy * 1.2 Da, MS/MS mass accuracy + 0.6 Da, monoisotopic experimental
mass values, trypsin digestion with one allowed missed cleavage, fixed
carbamidomethylation of cysteine, and variable oxidation of methionine. Mascot ion score,
peptide coverage by “b” and “y” ions, and expected value were used for acceptance of
peptide assignment and protein identification, as shown in MS Supplementary Material and
listed in Table S2. Reported pl and mass (Da) values were experimentally determined by co-
migration with human serum as internal standard.>2

Network analysis

The whole set of proteins detected as differentially expressed by DIGE analysis and
identified by mass spectrometry were submitted to network analysis using the GeneGo’s
MetaCore software version 6.9 (http://www.genego.com). MetaCore is an integrated
knowledge base and pathway analysis tool based on a proprietary and frequently updated
database of human protein-protein, protein-DNA and protein compound interactions, and
metabolic and signaling pathways. The MetaCore database is manually annotated and all
information is extrapolated by curators from scientific literature. This tool has been
successfully applied in many important biological studies.48: 49. 53-56

In order to establish a global functional pathway among the experimental data, the shortest
path algorithm set to high trust interactions was selected; a short connectivity map was built
among the proteins (nodes) of interest according to a precise score method of prioritized
network database. The scoring system of the constructed biological and functional networks
was considered to be statistically significant with a p (probability of random intersection)
value < 0.0001.

Measurement of oxidative stress

Protein carbonyl content was assayed with enzyme-linked immunosorbent assay (ELISA)
after derivatization with 2,4-dinitrophenylhydrazine using Protein Carbonyl ELISA Kit (Cell
Biolabs) and following the manufacturer’s instructions.

Immunoprecipitation

A volume containing 800 g of total protein extracts from control and CdLS cell lines was
dissolved in 1 ml of incubation buffer. The solution were pre-cleared with 20 I Dynabeads
protein A (Invitrogen) for 1 h. The supernatants were then incubated with 3 g of SMC1A
or SMC3, or RAD21 antibody coupled to the 40 | Dynabeads protein A. The loaded
suspensions were precipitated, washed four times with incubation buffer and then re-
suspended in SDS loading buffer. Precipitates were analyzed by SDS-PAGE and western
blotting using anti-SMC1A (Bethyl Laboratories), anti-SMC3 (Bethyl Laboratories) and
anti-RAD21 (Bethyl Laboratories).

J Proteome Res. Author manuscript; available in PMC 2013 December 07.


http://www.matrixscience.com
http://www.matrixscience.com
http://www.genego.com

1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Gimigliano et al. Page 6

SDS-PAGE and immunoblotting

Protein whole extracts from disease and control probands were solubilized in Laemmli
buffer>”. 58 and proteins, 20 g per lane, were separated by SDS-PAGE gels (10%, 30:0.8
Acrylamide/PDA). Pooled samples were obtained by collecting 2.5 g aliquots from all the
control or disease samples to attain two representative samples. Gels were blotted onto
nitrocellulose membranes (GE Healthcare) which were subsequently saturated using a
phosphate-buffered solution (PBS) 0.1% Triton X100 and 3% (w/v) milk powder, and then
probed with specific antibodies by overnight incubation at 4°C. The following primary
antibodies were used: c-Myc transcription factor (9E10 Santa Cruz Biotechnology, Santa
Cruz, CA), diluted 1:1000; p-53 (Ab6 Calbiochem, UK), diluted 1:1000; Estrogen Receptor
alpha (G-20 Santa Cruz Biotechnology), diluted 1:500, Stathmin (OP18, FL-149, Santa Cruz
Biotechnology), diluted to 1:1000; 5’-Nucleotidase (T-25, Santa Cruz Biotechnology),
diluted 1:1000; Peroxiredoxin 111 (4G10, Santa Cruz Biotechnology), diluted 1:5000. To
assess equal protein loads, tested membranes were immunostained with anti- B-Tubulin
antibody (H-235, Santa Cruz Biotechnology), diluted 1:1000. Primary antibodies were then
detected after a 2-h incubation period with suitable peroxidise-conjugated secondary
antibodies (anti-mouse (Biorad), diluted1:3000 or anti-rabbit (Sigma), diluted 1:7000).
Immunostained bands were detected by chemiluminescence using the ECL-PLUS western
blot analysis kit (GE Healthcare), according to the manufacturer’s instructions.

The online available software /mageJ (NIH, Bethesda, MD, USA) was used to carry out the
semiquantitative image analysis of immunoblotting data, expressed by percent of disease/
control ratio.

Chromatin immunoprecipitation (ChlIP)

ChIP experiments were performed as previously described, with minor modifications.>®
Briefly, around 107cells were cross-linked with 1% formaldehyde for 10 min in ice and then
incubated with glycine at 125 mM. Pellets obtained by centrifugation were resuspended in
lysis buffer and sonicated to obtain a sheared chromatin of lengths of between 500 and 200
base pairs (bp). Subsequently samples were immunoprecipitated with an antibody previously
coupled to Dynabeads protein G (Invitrogen) (overnight at 4 °C). Antibody against RAD21
(Bethyl Laboratories) was used. The samples were then washed several times with RIPA
Buffer and eluted overnight at 65 °C to reverse the crosslinking reaction. The elutes were
incubated with proteinase K and DNA was extracted with phenol-chloroform, followed by
purification with QIAquick Purification Kit (Qiagen). DNA concentration was determined
using a Nanodrop spectrophotometer (NanoDrop Technologies). For each cell line, three
independent ChlIP assays were carried out. The ChIP products obtained were ready to use for
quantitative Real Time PCR experiments.

Quantitative Real Time PCR analysis (QPCR)

ChIP products were analyzed by gPCR using QuantiTecT SYBR Green PCR mix (Qiagen)
on the Rotor Gene 3000 (Corbett). Each sample was run in duplicates and repeated at least
three times. Specific primers (listed in Supporting Information Table S3), were used to assay
the relative enrichment for either the promoter or the first exon of c-MYC gene (see Fig.
7A). Each sample precipitated without antibodies was used as a mock. The results are
expressed as a fold enrichment relative to control cells.

Statistical analysis

Results were analyzed by Student’s #test. p-values of < 0.05 were considered statistically
significant.
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RESULTS

Proteomic profile of SMC1A- and SMC3-mutated CdLS cell lines identifies differentially
expressed proteins

To define the biochemical pathways that are dysregulated in CdLS, we used a quantitative
2D Fluorescence Difference Gel Electrophoresis (2D-DIGE) analysis followed by Mass
Spectrometry (MS). We analyzed CdLS probands carrying mutations in the core cohesin
genes, SMC1A and SMC3, which cause a more homogeneous milder phenotype, compared
to the broader phenotype spectrum seen in AV//PBL mutation positive probands, which range
from mild to severe. In an effort to minimize the variability of data, we utilized seven
lymphoblastoid cell lines derived from CdLS probands harbouring mutations in SMC1A and
SMC3as well as seven age- and gender-matched controls (Supporting Information Table
S1). SMC1A and SMC3 mutations were categorized in the “head” and “hinge” groups,
according to their location in the protein domain. Only a single proband carrying a mutation
in the SMC3 gene has been identified to date. The identification of additional SMC3
mutations will allow us to investigate their similarity to SMC1A mutations. The SMC3
E488del, SMC1A R496H and R496C mutations map to the N-terminal coiled-coil/hinge
junction, whereas V58 _R62del and F1122L mutations map to the head domain near the
Walker A motif and the signature motif of the ABC family of ATPases, respectively
(Supporting Information Figure S1A-C). Total protein cell extracts obtained from both
CdLS and control samples were used to run 2D-DIGE, permitting us to obtain high-
resolution protein maps of CdLS and control cells (Fig. 1). After the detection of the
fluorescent staining by a three-laser densitometer (Thyphoon), dedicated DeCyder software
was used to perform an accurate computer analysis. This analysis revealed a significant
variation of 71 protein spots (Table 1, Supporting Information Fig. S3) according to an
average ratio fold change of + 1.3 and one-way ANOVA p-value < 0.05 (see Experimental
section). These differentially expressed spots were cut from the gels and analyzed by MS,
allowing us to unambiguously identify 46 proteins (Table 1). The presence of different spots
corresponding to the same protein is related to the occurrence of isoforms, mainly due to
post-translational modifications, as suggested by the differences between theoretical and
experimental MW and pl. In addition to MS-identified spots, Supporting Information Table
S2 reports the SwissProt ID and Mascot’s search parameters results, such as the number of
peptide masses that identified the single protein, the percent of sequences corresponding to
the protein tag query, the highest scoring of peptide matches with a specified protein
sequence, the peptide sequence eventually obtained by MS/MS analysis and the fold change
of protein expression between CdLS probands and controls. All identified proteins were
grouped by their prevalent biological function as described in the UniProtKB database:
metabolism, cytoskeleton organization, antioxidant and detoxification, cellular and protein
fate and RNA processing. Most of the identified proteins were down-regulated while 12
proteins were up-regulated (Table 1). Sixteen out of forty-six (34.8%) proteins belong to the
metabolism pathway including alpha-enolase, fructose-bisphosphate aldolase A and C, and
hypoxanthine-guanine phosphoribosyltransferase. Seven (15.3%) identified proteins play
roles in cytoskeleton organization, including actin-related protein 3, stathmin and cofilin-1.
Fourteen out of forty-six (30.4%) proteins are in the cellular and protein fate pathways
including annexin A6, endoplasmin, heat shock 71 KDa. Three proteins (6.5%), namely
peroxiredoxin 11, Parkinson disease protein 7 and superoxide dismutase [Cu-Zn], belong to
the antioxidant and detoxification pathway. Finally, six spots (13%) identified proteins
involved in the RNA processing pathway including elongation factor 2, Heterogeneous
nuclear ribonucleoprotein H, Cleavage and polyadenylation specificity factor subunit 5. 2D
data were validated by Western blot analysis using pooled samples confirming that 5°(3")-
deoxyribonucleotidase (Supporting Information, Fig. S4A), stathmin (Supporting
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Information Fig. S4B) and peroxiredoxin 3 (Supporting Information Fig. S4C) proteins were
down-regulated in CdLS when compared to control cell lines.

To investigate whether protein expression dysregulation depends on altered incorporation of
mutated SMC proteins in cohesin complex, we performed co-IP with SMC1A, SMC3 and
RAD?21 proteins using CdLS protein extracts. RAD21 was detected in IP-SMC1A (and -
SMC3) precipitates (Fig. 2A) as well as SMC1A (and SMC3) co-precipitated with 1P-
RAD?21 (Fig. 2C). No RAD21 (Fig. 2B) or SMC1A (and SMC3, Fig. 2D) signal was
detected in control western blotting using IgG-coated beads. Though small alterations would
not be detectable by co-1P and subsequent Western blotting, this result allows us to exclude
that SMC mutations abolish the incorporation into the cohesin complex.

The proteomic profile discriminates between CdLS probands carrying mutations in the
different domains of SMC protein

A detailed computer-assisted analysis was performed with the CdLS probands being
subdivided into two groups, hinge and head (see Supporting Information Fig. S1). Hinge and
transition domains are necessary to form a cohesin structure with DNA-binding capacity,
and codon R496 in the SMC1A gene has been found to be mutated in multiple CdLS
probands.5% As shown in Table 1, most of the identified proteins were within the first
inclusive comparison group all controls vs all CdLS cell lines), while six unique protein
spots were found to be dysregulated when comparing the head group to the control group.
To investigate whether hinge mutations differently affect protein expression, a further
computer analysis was performed taking into account only the probands with the R496C and
R496H mutations. Twelve unique protein spots were reported to be mildly dysregulated in
R496H or/and R496C cell lines with respect to controls. It is worth noting that proteins
involved in the response to oxidative stress were specifically down-regulated in hinge
mutated probands. To study global oxidative stress, protein carbonyls were measured by
ELISA in control and CdLS cell lines. All CdLS cell lines showed a significantly higher
protein carbonyl content than control cells, with the exception of CdL074, which was close
to significance (p = 0.07) (Fig. 3).

Unsupervised sample clustering by principal component analysis (PCA) interestingly
revealed three distinct groups: control subjects, hinge mutated CdLS probands, and CdLS
probands mutated in the head domain (Fig. 4). The spot maps of the head group
(V58_R62del and F1122L) fit very close to each other at the bottom dial of the ellipse, as
well as the hinge group distributed in the upper quadrant of the PCA plot. Globally, all
CdLS samples appeared separated from the control spot maps, which in turn were strictly
grouped and very close to the central axis of the ellipse, thus demonstrating a low statistical
variance. PCA clearly separated control subjects from CdLS probands and differentiated
probands carrying mutations in the hinge domain from those with mutations in other
domains of the SMC proteins.

Our data indicate that dysregulated proteins are involved in important biochemical
pathways, in particular the response to oxidative stress, and the proteomic profile can
discriminate CdLS carrying mutations in the hinge-transition domain from those with
mutations in other domains.

c-MYC transcription factor is dysregulated in CdLS

To find a comprehensive relationship between the identified proteins, the MetaCore network
analysis tool was applied. The whole set of the identified proteins was imported into the
MetaCore loading module and successfully mapped by the MetaCore database, using the
“shortest paths algorithm”. The protein interactions were filtered, so that unconnected root
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nodes and indirect interactions were discarded. This analysis predicts that the dysregulated
proteins are related to three very important factors; tumor suppressor p53, estrogen receptor
(ESR-1) and c-MYC proto-oncogene, with c-MYC being the most convergent hub among
the identified proteins (Fig. 5). Moreover, c-MYC regulates many genes including alpha-
enolase, purine nucleoside phosphorylase, phosphoglycerate mutase 1, triosephosphate
isomerase, nucleoside diphosphate kinase A, adenine phosphoribosyltransferase and
peroxiredoxin 111, all belonging to the biochemical pathways we found to be dysregulated in
CdLS cell lines. Since it is very difficult to detect transcription factors by 2D, it is not
surprising that c-MYC was not represented in our identified proteins. In order to evaluate the
effectiveness of the network analysis predictions we performed western blotting with a
specific antibody against human c-MYC. Results showed that a general decrease in c-MYC
expression occurred in CdLS probands compared to control subjects (Fig. 6, Supporting
Information Fig. S5). The down-regulation of ¢-MYC was also confirmed by gPCR (data
not shown). To investigate whether this effect is specific for c-Myc or whether other
transcription factors are affected, we analyzed p53 and ESR1. As shown in Fig. 6, no
significant difference was found in their band intensity among CdLS probands and control
samples. This finding suggests that c-MYC dysregulation is a general and specific
phenomenon in CdLS and further supports the notion that c-MYC is a very important hub
within the identified pathways. c-MYC plays a pivotal role in growth, proliferation and
protein synthesis. Recently, it has been shown that c-MYC expression is strongly down-
regulated by RAD21 depletion while CTCF depletion had no effect, suggesting that c-MYC
expression is independent from CTCF but dependent on cohesin.24 The finding that cohesin
regulates c-MY C expression raised the question of whether a similar regulation exists in
human CdLS cell lines. To gain insight into c-MYC regulation in CdLS, we used ChIP
coupled with gPCR to examine RAD21 binding in SMC1A- and SMC3-mutated CdLS cell
lines. The c-MYC expression is regulated by both a constitutive CTCF binding site called
MY C insulator element (MINE) and exon 1 (Fig. 7A). In fact, the latter contains regulatory
elements as well as a region that controls the elongation of nascent RNA transcripts,51: 62 an
enhancer element® which is important in the control of c-MYC expression. We found that
RAD21 bound the promoter region of c-MYC locus in all CdLS cell lines, with the
exception of CdL057 which showed a significant decrease (p < 0.05) (Fig. 7B).
Furthermore, the scan for cohesin binding at the first exon showed a significant decrease (p
< 0.05) in CdLVH, CdLSS, CdL057, CdL060, and CdL107. CdL203, which shares the same
mutation with CdL060, showed a decrease in RAD21 binding very close to significance (p =
0.07) (Fig. 7B). These results suggest that c-MYC may be a key node in the cellular
biochemical network and its down-regulation affects several biochemical pathways in CdLS.

DISCUSSION

CdLS is the most common disorder of a class of multi-organ system developmental
syndromes termed the cohesinopathies. CdLS is genetically heterogeneous and also has
significant phenotypic variability with some genotype-phenotype correlation both within and
between causative genes. About 60% of individuals with CdLS have a mutation in N/PBL
with the majority being haploinsufficient, whereas about 5% are due to mutations in
SMCI1A and SMC3.2 64 The phenotypic spectrum seen in AV/PBL-mutated probands ranges
from mild to severe while SMC mutations cause a more homogeneous milder phenotype. In
fact, probands show very mild facial dysmorphia, often normal birth weight and head
circumference, mild to moderate intellectual disability, and absence of major structural limb
defects. The etiopathologic mechanisms leading to CdLS are as yet poorly understood. To
address this, we used proteomic analysis of lymphoblastoid cell lines deriving from
SMCI1A- and SMC3 mutated CdLS probands. We reasoned that the analysis of probands
with a more homogeneous phenotype would allow us to minimize data variability by
highlighting specific biochemical pathways altered in CdLS. We identified 46 proteins that
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are dysregulated in CdLS cell lines. It is worth noting that although it has been shown that
there is no linear relationship between the abundance of mMRNA and that of the
corresponding protein, 65 seven of these proteins, namely SCOT1, SAHH, PPIB, CH60,
HNRH1, ROA2, in addition to c-MYC (see below), correspond to genes previously found to
be dysregulated in the CdLS cell line.2® The identified dysregulated pathways are suggestive
of critical roles that can be correlated to the CdLS phenotype. Identified dysregulated
proteins are involved in specific cellular processes: metabolism, cytoskeleton organization,
oxidative stress response, cellular and protein fate and RNA processing. Most of the down-
regulated proteins belong to metabolic pathways critical in processes to produce adenosine
triphosphate (ATP) or reduce nicotinamide adenine dinucleotide (NADH) or important
intermediates that drive most cellular processes. Down-regulation in glycolytic enzymes,
such as alpha-enolase, phosphoglycerate kinase 1, aldolase enzyme A or C isoforms,
triosephosphate isomerase, could also affect cell functional processes and survival.

As protein carbonyl content is a common marker of protein oxidation, our findings that
CdLS cell lines show both a down-regulation of proteins involved in the response to
oxidative stress and an increase in global oxidative stress argue that they directly contribute
to some of CdLS phenotypic features. Excessive production of reactive oxygen species and/
or the reduction of antioxidant defenses can cause DNA damage, loss of membrane potential
and reduced ATP synthesis, ultimately leading to cell death. It is worth noting that SMC-
mutated probands show evidence of a premature aging process, and manifest several
physical changes resulting in a more aged appearance compared to their chronological
age.56 In addition, CdLS cell lines show high levels of DNA damage and spontaneous
genome instability.12 19 It is likely that a reduction in energy and the down-regulation of
proteins involved in antioxidant and detoxification pathways could lead to premature
physiological aging and genome instability.

Unsupervised sample clustering by PCA of dysregulated proteins was able to differentiate
control subjects from CdLS probands, and among the latter, to separate probands carrying
mutations in the hinge domain from those with mutations in other domains of the SMC
proteins (Fig. 4), suggesting that these two groups have different expression patterns. This
result is likely due to the different roles of hinge with respect to other domains. SMC
proteins consist of five distinct domains; N- and C-terminal domains, two coiled-coil
domains and the hinge domain. This latter is composed of about 150 amino acids and is
extremely flexible, allowing homo- and hetero-dimerization. Mutations in the hinge domain
could alter the entire structure of the cohesin core by preventing correct protein association,
and as a consequence, gene transcription and subsequent protein expression could be
affected. However, since the head group includes two different mutations and the hinge
group three different mutations (mapped in SMC1A and SMC3) it is likely that different
head domain (or hinge domain) mutations have different consequences. Of note, recently it
has been suggested that hinge domain is the entry gate for cohesin loading onto DNA,
whereas the head domain is the exit gate.5”

MetaCore analysis allowed us to clarify the key role of ¢c-MYC, which was found to be an
important convergent hub. c-MYCis involved in many biological processes such as cell
growth and differentiation, stem cell fate and development processes during early embryonic
stages.%8 By immunoblotting analysis, we found that c-MYC is down-regulated in all CdLS
cell lines, which may explain the deregulation of proteins that are directly activated by c-
MYC in CdLS. Genome-wide data have shown an extensive overlap of cohesin and CTCF
in mammalian genomes® including the promoter region of ¢c-MYC.2% 34 However, recent
studies argue that cohesin regulates ¢-M YC expression independently from CTCF.24 70 Wwe
found that cohesin binding decreased at the first exon of ¢c-MYC gene in six out of seven
CdLS cell lines. It is well- known that the first exon contains regulatory elements that are
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important in the control of c-MYC expression and the elongation of nascent RNA
transcripts.61: 62 71 Our finding suggests that c-MYC expression is positively regulated by
cohesin, and changes in the promoter structure lead to its deregulation. Altogether, these
data suggests that c-MY C deregulation could be a critical early step in the processes leading
to the CdLS phenotype and further suggests that ¢-MYC expression by cohesin is
evolutionarily conserved.

CONCLUSION

Our analysis allows the first mapping of networks by grouping molecules into functional
categories which are specifically dysregulated in CdLS cell lines. Significantly, the modest
protein dysregulation we found is in agreement with previous published transcription data.
In fact, human, mouse, Drosophila and zebrafish studies indicate that hundreds of genes are
transcriptionally dysregulated in cohesin-mutated cells or in cohesin genes knocked down
using RNAI. Furthermore, the changes in gene expression are modest, typically less than
1.5-fold.23: 26-28, 72 Atogether, these data raise the intriguing possibility that CdLS
developmental deficits result from the collective action of many modest perturbations. The
finding that mutated SMC proteins are normally incorporated into the cohesin complex
argues that dysregulation likely depends on dominant activity of mutated cohesin.
Furthermore, the identified dysregulated pathways can be clustered around a central hub
containing c-MYC. We therefore suggest that c-MYC down-regulation caused by cohesin
mutations in SMC1A and SMC3 genes may be an early/primary event in the pathogenesis of
CdLS. Finally, the development and use of biomarkers identified by proteomic analysis can
be useful as a diagnostic and classification tool and lead to the design of new treatments.
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Fig. 1.

Proteomic analysis of CdLS cell lines. Representative DIGE spot map with differently
expressed protein spots in CdLS probands compared to control subjects. Seventy-one
proteins were found to be dysregulated according to an average ratio fold change of + 1.3
and p < 0.05. The identified protein spots were marked by a specific number. Spot numbers
match those in Table 1.
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Fig. 2.

Mutated SMC1A and SMC3 co-immunoprecipitate with RAD21 in the CdLS cell lines. (A)
SMC1A (and SMC3) was found to be co-precipitated with RAD21, (B) whereas no RAD21
signal was detected in the IPs using IgG-coated beads. (C) In addition, RAD21co-
precipitated with SMC1A (and SMC3) and (D) no SMC specific signal was detectable in the
IPs using 1gG-coated beads.
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Fig. 3.

Amount of protein carbonyl content in control and CdLS cell lines. All CdLS cell lines
showed a significantly higher protein carbonyl content than control cells, with the exception
of CdL074 which was close to significance (p = 0.07). *p < 0.05.
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® Control spot map
“Head" spot map
® “Hinge" spot map

Classification of CdLS probands by protein expression. Unsupervised sample clustering by
principle component analysis (PCA) of all identified proteins was able to separate the
proteins into three different groups: control spot map (red color), head-mutated spot map
(green color) and hinge-mutated spot map (blue color).
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Fig. 5.

¢-MYC as the principal “hub” of dysregulated pathways in CdLS cell lines. MetaCore
network analysis of 2D results by using the “shortest paths algorithm”. Colored symbols on
the edge regard the mechanism, while the effects of interaction between proteins on the
network are shown with arrowheads: green for activation and red for inhibition.
Dysregulated proteins were related to three transcription factors, namely c-MYC, p53 and
estrogen receptor (ESR-1), but c-MYC seems to be the most convergent hub directly or
indirectly regulating most of the identified proteins.
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Fig. 6.

¢-MYC is down-regulated in CdLS cell lines. Western blotting showed that the transcription
factor c-Myc is down-regulated in CdLS cell lines, whereas no difference was found for
ESR1 and p53 transcription factors, supporting the notion that c-MYC is an important hub
for identified proteins. B-Tubulin (B-TUB) was used as loading control. *p < 0.05
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Fig. 7.

Analysis of cohesin binding at the human ¢c-MYC locus. (A) Schematic of human c-MYC
gene. Black solid boxes indicate translated regions. Cohesin binding to MINE and first exon
is denoted by an asterisk. Arrows indicate transcriptional start sites of the P1 and P2
promoter. Location of primer pairs A-C are indicated, ChIP assays with antibody against
RAD?21 were analysed by real-time PCR with primers pairs B and C specific for the
promoter region of the c-MYC locus. Binding at each site was determined relative to primer
A, where no RAD21 binding was predicted. (B) Results showed that RAD21 co-localized to
the promoter region of c-MYCin all SMC1A- and SMC3-mutated CdLS cell lines, with the
exception of CdL057, whereas bound cohesin was dramatically reduced in exon 1 in
CdLVH, CdLSS, CdL057, CdL060, CdL107 CdLS cell lines. CdL203, which shares the
same mutation with CdL060, showed a decrease close to significant (p = 0.07). Since no
difference was found in control cell lines, data was pooled. Results shown are the averages
of three independent experiments. The graphs show the average and the standard error of the
normalized values and *p < 0.05.
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