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Abstract: Cohesin complex components exert fundamental roles in animal cells, both canonical in
cell cycle and non-canonical in gene expression regulation. Germline mutations in genes coding
for cohesins result in developmental disorders named cohesinopaties, of which Cornelia de Lange
syndrome (CdLS) is the best-known entity. However, a basic description of mammalian expression
pattern of cohesins in a physiologic condition is still needed. Hence, we report a detailed analysis of
expression in murine and human tissues of cohesin genes defective in CdLS. Using both quantitative
and qualitative methods in fetal and adult tissues, cohesin genes were found to be ubiquitously
and differentially expressed in human tissues. In particular, abundant expression was observed in
hematopoietic and central nervous system organs. Findings of the present study indicate tissues
which should be particularly sensitive to mutations, germline and/or somatic, in cohesin genes.
Hence, this expression analysis in physiological conditions may represent a first core reference
for cohesinopathies.
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1. Introduction

The structure of the cohesin complex has been well described in all metazoa, showing a high
degree of conservation in the number of components, protein structure and assembly dynamics [1–3].

On the other hand, complex functions have been increasingly unraveled. The canonical function
was first described in the budding yeast, Saccharomyces cerevisiae [4–7] and was later confirmed in all
studied organisms, including mammals [8]. This function is essential for cell division, as cohesins
hold sister chromatids together until anaphase, when the mitotic spindle separates DNA content in
daughter cells.
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Subsequently, two additional functions, termed “non-canonical” have been put forward. The
first highlighted an essential role for the cohesin complex in DNA repair, both by homologous
recombination and check-point induction [9,10]. The second, by which the cohesin ring intervenes
in gene expression regulation both by three-dimensional chromatin folding and RNA polymerase
recruitment, grounded on in vivo genetic data on Drosophila melanogaster and genome-wide studies in
fly cultured cells [11] and was then confirmed in vertebrate models [12].

Mutations in members of the cohesin complex have been associated with genetic developmental
disorders with intellectual disability named cohesinopathies, of which Cornelia de Lange syndrome
(CdLS) is the most frequent and best known entity [13,14]. CdLS is a malformative syndrome affecting
many organs, including central nervous system, gastrointestinal and musculoskeletal [15] CdLS is
genetically heterogeneous (CdLS1 MIM 122470, CdLS2 MIM 300590, CdLS3 MIM 610759, CdLS4
MIM 614701, CdLS5 MIM 300882), with a broad clinical expressivity and up to 80% of cases carry
heterozygous autosomal or X-linked mutations in one of cohesin complex components/regulators:
SMC1A, SMC3, RAD21, NIPBL, HDAC8 [16].

In the last decade, various organisms (fruit fly, zebrafish and mouse) have been used for
modeling cohesionopathies and functional studies have highlighted the extensive transcriptional
dysregulation caused by different CdLS pathogenic variants [17–19]. Surprisingly, a basic description
of the mammalian expression pattern of the main CdLS causative genes in physiologic condition is
still missing. Hence, for better forwarding the challenge of clinical observations and interpretation of
the models-phenotype correlations, here we report a detailed analysis of expression in murine and
human tissues of the cohesin genes which are defective in CdLS.

2. Results

2.1. Cohesin Genes Are Ubiquitously and Differentially Expressed in Human Tissues

NIPBL, SMC1A, SMC3, RAD21 and HDAC8 expression was detected in all analyzed fetal (liver
and brain) and adult tissues (heart, lung, kidney, adrenal gland, salivary gland, trachea, small intestine,
stomach, thyroid, spleen, thymus, brain, cerebellum, bone marrow and peripheral blood). Expression
analysis was normalized using two different tissues (heart and adrenal gland) as calibrator and the
same results were obtained. In particular, the expression profile varied across the five genes and for
each of them across different organs. Figures S1 and S2, and Table S1 provide the results normalized
on heart. Kidney and respiratory tract showed scarce expression for all cohesin subunits/regulator
genes whereas the gastrointestinal tract showed robust gene expression levels. All genes share
high or peak expression levels in hematopoietic and cerebellum (see next sections). The global
expression profiling of the five genes was comparable in all tissues, with the exception of NIPBL
which showed the highest expression levels. Comparing our results with data publicly available
(https://www.ebi.ac.uk/gxa/home), although expressed in different units and obtained with other
techniques and less detailed, the trend of expression was comparable (Tables S2–S6). Interestingly,
organs frequently affected in CdLS patients showed abundant expression of causative cohesin genes
(Table S7).

2.2. Cohesins Expression Is Intense in Hematopoietic Tissues

All human hematopoietic tissues analyzed—fetal liver, thymus, spleen, bone marrow, and
peripheral blood- displayed high levels of NIPBL, SMC1A, SMC3, RAD21 and HDAC8 expression.
In particular, the spleen showed the most abundant levels, ranging from 20 folds (HDAC8) to 200
folds—NIPBL—increased expression. On the other hand, an opposite expression pattern was observed
in the fetal liver, whereas HDAC8 and RAD21 showed the lowest levels of expression in the peripheral
blood (Figure 1).

Using spleens from adult wild-type mice, Nipbl and Smc1a distribution was assessed by in situ
hybridization on paraffin sections. The expression of both genes could be visualized in spleen follicles
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of wild-type animals as positively stained cells. Nipbl expression appears scattered in the follicles
(Figure 1A,B), rich in lymphocytes, whereas Smc1a seems to localize especially in the germinative area
of the follicle (Figure 1C,D).

Figure 1. Cohesin expression in hematopoietic tissues. Histograms (E–I) show NIPBL, SMC1A, SMC3,
HDAC8 and RAD21 gene expression levels in fetal liver, thymus, spleen, bone marrow and peripheral
blood as 2−∆∆Ct. In situ hybridization on 10 micron-sections of (A,B) lower and higher magnification
and (C,D). Both genes are expressed in spleen follicles of wild-type animals as positively stained cells.
Nipbl expression appears scattered in the follicles, rich in lymphocytes (A,B), whereas Smc1a (C,D)
localizes particularly in the germinative area of the follicle.

2.3. Cohesins Are Differentially Expressed in Bone Marrow Cells

Gene expression analysis in FACS-sorted bone marrow cell subpopulations revealed a dynamic
cell-specific expression. In particular, the genes for cohesin complex SMC1A core subunit, NIPBL
loading factor and HDAC8 regulator, are expressed in all cell types, including KIT-positive progenitor
cells, B cells, T cells and myeloid population, with differences among genes and among cells
(Figure 2). Nevertheless, for all analyzed genes, the myeloid compartment exhibited the most abundant
expression, where the relatively most abundant gene is SMC1A, compared to both HDAC8 and NIPBL.
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Figure 2. Analysis of bone marrow cell subpopulations. (A–D) FACS cell sorting analysis of
subpopulations was achieved with specific antibodies recognizing c-KIT/CD117 (correspondent
to multipotent progenitor cells), myeloid cell antigens (antibodies mix anti-CD15 and anti-CD33),
CD3 (to select T lymphocytes) and CD19 to detect B lymphocytes, respectively. As a hierarchical
gating strategy, the four cell subsets were selected on CD45 positive population, which represents
a pan-leukocyte antigen, to identify white blood cells. Dot plots of dimensional scatters (FSC and
SSC) are shown, in addition to sorting gates, P3 (myeloid cells), P4 (B cells), P5 (precursors) and P6
(T cells). Histograms (E–G) show SMC1A core subunit, NIPBL loading factor and HDAC8 regulator
gene expression as 2−∆∆Ct in stem cells (cKIT+), T cells, B cells and myeloid cells. Error bars represent
standard deviation. Asterisks indicate statistically significant values: * p ≤ 0.05; ** p ≤ 0.005.

2.4. Cohesins Are Differentially Expressed in Central Nervous System Tissues

All cohesins were found to be expressed in brain, cerebellum and fetal brain, with NIPBL, SMC1A,
SMC3 and HDAC8 highly expressed in the cerebellum (Figure 3). Analysis of mouse developing brain
by in situ hybridization of Nipbl revealed a dynamic pattern of expression at different developmental
stages (Figures 3 and 4 and Table S8). Smc1a expression was similar to Nipbl in showing gene
expression distribution augmenting with developmental age in all fetal tissues, especially at the
level of hindbrain-derived neural structures, such as pons, medulla oblongata, choroid plexuses
and cerebellum.
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Figure 3. Cohesin expression in the central nervous system. (A) In situ hybridization on 10
micron-sections of 17.5 dpc (days post coitum) mouse fetus, revealed Nipbl expression as dynamic in
the fetal CNS. Structures found positive for Nipbl expression are shaded in blue. (B–F) Histograms
show NIPBL, SMC1A, SMC3, HDAC8 and RAD21 gene expression levels in human fetal brain and
human adult brain and cerebellum as 2−∆∆Ct.

Figure 4. Nipbl and Smc1a expression is modulated during development. In situ hybridization on 10
micron-sections of 13.5 dpc (days post coitum) (A,B), 15.5 dpc (C,D) mouse fetuses, revealed Nipbl and
Smc1a expression as dynamic during development. Structures where Nipbl and Smc1a were found to be
expressed are in blue.
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3. Discussion

CdLS is a rare mendelian developmental intellectual disability disorder characterized by genetic
heterogeneity and variable severity of adverse phenotype, caused by mutations in genes coding
for the cohesin complex. Notwithstanding the multiple functions of the cohesin complex in the
fundamental processes of chromosome segregation and post-replicative DNA repair [5,9], a large
body of evidence has fostered the current assumption that defect in the “non-canonical function”
of regulation of gene expression is the main driving pathomechanism of cohesinopathies [10,20–23].
Several pathways with a known fundamental role in development have been found to be disrupted in
cohesinopathies models [19,21,24–26]. However, a clear description of quantitative expression and
pattern of the cohesin genes in adult and fetal tissues from control subjects is a relevant premise to seek
for associations of altered pathways with clinical features underpinning the variable phenotype within
and across CdLS subentities. Prompted by the scarce data in the literature, we sought to analyze the
transcripts of the cohesin complex genes which mutations underlie CdLS subtypes, to assess their
levels and distribution across different tissues. Quantitative RT-PCR analysis evidenced a ubiquitous,
although differential expression of the cohesin genes. In particular, we found cohesins expressed not
only in tissues with intense proliferative activity and renewal turnover (such as the bone marrow
and the peripheral blood), in keeping with the canonical role of this complex, but also in tissues
with modest or absent cell proliferation such as the nervous system, as previously reported also in
D. melanogaster [27].

As regards the sustained expression of all cohesin genes in the bone marrow, which has been
deepened by assays on specific FACS-sorted bone marrow cell populations, we consider it may
also reflect the cohesin role in controlling pluripotency factors. Indeed, the cohesin complex has
been shown to regulate the adult hematopietic “stem cells pool” and it has been proposed as a
master regulator of transcriptional cascade in hematopoiesis [28]. Accordingly, cohesin loss leads
to myeloproliferative neoplasms in mice, outlining a tumor suppressing function for the cohesin
complex in vivo [29]. The cohesin complex with the zing finger DNA-binding protein CTCF and
Mediator have been identified as key players of chromatin loop organization [25,30]. Interestingly a
contribution of cohesins, and Mediator to DNA looping specific of murine embryonic stem cells has
been demonstrated by their interactions and co-occupancy of enhancer and core promoter regions of a
set of genes active in ES (embryonic stem) cells, such as the pluripotency Oct4, Sox2, Nanog genes [25].
Cohesin genes are highly expressed in the myeloid compartment and this data is consistent with
increasing evidences of cohesin somatic mutations in myeloid leukemia [31,32].

Moreover, in vivo modeling using D. rerio has demonstrated how rad21 controls runx1, a master
controller of hematopoiesis during embryogenesis [33,34]. RUNX1 has been shown to play a pivotal
role in maintenance of homeostasis of hematopoietic stem and progenitor cells in mammals [35].
Aberrant expression of RUNX1 is known to cause myeloid leukemia and since the first report in
2010 [36] a number of studies have shown somatic mutations in the cohesin complex as responsible
for myeloid leukemia [32]. Consistently, differential expression of Nipbl and Smc1a was found in
mouse spleen.

Moving to another likely relevant tissue/compartment, we showed that both fetal and adult
cerebellum samples consistently express high levels of cohesin complex genes. As during adult life,
the proliferative cells in this organ are limited, the non-canonical role of cohesin is postulated to be
prominent in this district. Only a few indications of cerebellum-specific clinical findings emerge from
the literature on cohesinopathies models and human patients [37]. Out of these, in D. rerio, both smc1a
and nipblb haploinsufficiency result in abnormalities of the hindbrain, the embryonic precursor of
the cerebellum [24,26] and it is interesting that out of the structures found to express cohesins during
development, the majority were hindbrain-derived (as pons, medulla oblongata and choroid plexus).

CdLS patients do not normally present ataxia, however few reports on abnormalities of hindbrain
derived structures have been published [38]. On the other hand, cerebellar hypoplasia is often
found in syndromic patients, but the pathogenetic impact is still debated. Many studies have
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reported pathological findings in the cerebellum of patients diagnosed with autism and autism
spectrum disorders, and cerebellum hypoplasia has also been correlated with non-syndromic delayed
psychomotor development. It is worth noting that autistic features, such as repetitive behavior and
expressive communication deficits, are often present in a subset of CdLS patients [39], bridging a
monogenic and a multifactorial neurodevelopmental disorder. The clinical correlation is not yet
validated, hence further studies should monitor anatomical abnormalities in the brain of CdLS patients
aiming at better evaluating the clinical relevance of this data.

4. Materials and Methods

4.1. Human Tissues

For a detailed analysis of gene expression, RNA from a commercially available biobank was used
(Human Total Master Plan II, Clontech, Mountain View, CA, USA). Tissues were derived from healthy
subjects, both males and females. In addition, total bone marrow (BM) cells from a single subject were
collected, after permission by signed inform consent of healthy donor to donate leftover material from
clinical procedures for research purposes. Ethics approval number 1739, approved by San Gerardo
Hospital ethics committee on the 27 June 2013. Viable mononuclear cells were collected from the
bone marrow of a healthy donors and purified by Ficoll-Paque density gradient (GE Healthcare Life
Sciences, Marlborough, MA, USA), according to manufacturer’s protocol.

4.2. Antibodies and Flow Cytometry

Peridinin chlorphyll protein (PerCP) anti CD45 (pan-leukocyte antigen), phycoerythrin-
conjugated antibodies anti-CD117 (for precursors), fluorescein isothiocyanate- conjugated (FITC)
anti-CD15 and anti-CD33 (for myeloid cells), Texas Red conjugated anti-CD3 (for T-lymphocytes)
and allophycocyanin-cyanin7-conjugated (APC-Cy7) anti-CD19 (for B-lymphocytes) were used for
sorting (BD Biosciences, Milan, Italy). Staining of healthy donor BM cells was performed in standard
conditions, and sorting was performed using FACSAria (BD Biosciences). Data were analyzed using
FACS Diva Software (v8.0.1, BD Biosciences).

4.3. Animals

All mouse experiments were performed as previously described [24] and under the regulations,
licenses and local ethical review from Queen Mary University of London (PPL license 70/8269)
following UK Home Office Animals (Scientific Procedures) Act 1986. Briefly, C57bl6 females were
bred with males of the same strain at the end of the daily light cycle and checked for vaginal plugs the
following morning. The day of the vaginal plug was considered as embryonic age 0.5 dpc (days post
coitum). Pregnant females were then sacrificed by cervical dislocation at desired gestational age for
collecting embryos.

4.4. In Situ Hybridization

Expression analysis by in situ hybridization was performed as previously described [24]. Briefly,
paraffin sections of different stages embryos and fetuses were deparaffinized and hybridized overnight
with Nipbl and Smc1a mouse DIG-labelled (Roche, Basel, Switzerland) anti-sense probes as reported.

4.5. Reverse-Transcription PCR and Real-Time Quantitative-PCR Assays

RNA was either available in the biobank or extracted from bone marrow and peripheral blood cells
of healthy individuals with TRIZOL (Sigma, Mendota Heights, MN, USA) following manufacturer’s
protocol. Superscript II enzyme (Thermo Fisher Scientific, Waltham, MA, USA) was used for cDNA
synthesis. Quantitative RT-PCR experiments were performed as previously described [26] using Light
Cycler 480 II with Universal Probe Master system (Roche, Basel, Switzerland). Primers and probes
were selected according to the Software Probe Finder (Roche, Basel, Switzerland) and are reported in
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Table S9. Assays (primers and UPL probe matching) were designed using the dedicated UPL probe
finder software v2.52 (release on 5 March 2017), available at Universal ProbeLibrary Assay Design
Center (https://qpcr.probefinder.com). The coding alternative isoform transcripts contemporarily were
selected, when present. Assays were then confirmed with the new software release v2.53 (release on
25 June 2017, database update: h_sap-Ensembl v89_38). In Table S9, we report the correspondent gene
accession numbers, included in design and annotated in Nucleotide database (NCBI). The recognized
amplicons were analyzed with the two genome browsers BLAST (https://blast.ncbi.nlm.nih.gov)
and UCSC (https://genome.ucsc.edu/) respectively, confirming that these assays are specific (not
recognizing unspecific or redundant targets) and detect all the protein coding transcript. ABL1 gene
was used as reference [40,41]. Four independent replicates were performed for each assay. Data
have been shown as fold change, calculated as 2−∆∆Ct using the progenitor fraction (c-KIT+) as the
calibrator sample (2−∆∆Ct = 1) [40]. For quantitative RT-PCR, data were statistically analyzed applying
a two-tailed t-test setting p ≤ 0.05 as significant and indicated with symbol *.

5. Conclusions

In conclusion, the overall findings here presented point to tissues which should be particularly
sensitive to the defects in cohesin genes, starting from crucial developmental windows, to postnatal
life when the mantainance of those tissues homeostasis is required. This expression data may represent
a first core reference to decode and interpret clinical findings displayed by patients with different
CdLS subtypes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/2/
438/s1.

Acknowledgments: The authors are grateful to the Italian National Association of Volunteers Cornelia de Lange
for support and inspiration. We would also like to express our deep gratitude to Cristina Bugarin and Valeria
Cazzaniga for technical support in sorting procedures. This work has been supported by Fondazione Cariplo,
grant No. 2015-0783 to Valentina Massa, and by Fondazione Mariani (Como, Italy) to Angelo Selicorni.

Author Contributions: Valentina Massa conceived and designed the article; Laura Rachele Bettini,
Federica Graziola, Grazia Fazio, Mariavittoria Pasquini and Valeria Scagliotti performed experiments;
Laura Rachele Bettini, Federica Graziola, Grazia Fazio analyzed data; Paolo Grazioli and Valentina Massa
analyzed data and assembled figures; Giovanni Cazzaniga, Andrea Biondi, Lidia Larizza, Angelo Selicorni,
Carles Gaston-Massuet and Valentina Massa actively analyzed and interpreted findings; Grazia Fazio and
Valentina Massa wrote the manuscript. All authors read, edited, and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Strunnikov, A.V.; Jessberger, R. Structural maintenance of chromosomes (SMC) proteins: Conserved
molecular properties for multiple biological functions. Eur. J. Biochem. 1999, 263, 6–13. [CrossRef] [PubMed]

2. Seitan, V.C.; Banks, P.; Laval, S.; Majid, N.A.; Dorsett, D.; Rana, A.; Smith, J.; Bateman, A.; Krpic, S.;
Hostert, A.; et al. Metazoan Scc4 homologs link sister chromatid cohesion to cell and axon migration
guidance. PLoS Biol. 2006, 4, 1411–1425. [CrossRef] [PubMed]

3. White, G.E.; Erickson, H.P. Sequence divergence of coiled coils—Structural rods, myosin filament packing,
and the extraordinary conservation of cohesins. J. Struct. Biol. 2006, 154, 111–121. [CrossRef] [PubMed]

4. Guacci, V.; Koshland, D.; Strunnikov, A. A direct link between sister chromatid cohesion and chromosome
condensation revealed through the analysis of MCD1 in S. cerevisiae. Cell 1997, 91, 47–57. [CrossRef]

5. Michaelis, C.; Ciosk, R.; Nasmyth, K. Cohesins: Chromosomal proteins that prevent premature separation of
sister chromatids. Cell 1997, 91, 35–45. [CrossRef]

6. Tóth, A.; Ciosk, R.; Uhlmann, F.; Galova, M.; Schleiffer, A.; Nasmyth, K. Yeast cohesin complex requires a
conserved protein, Eco1p(Ctf7), to establish cohesion between sister chromatids during DNA replication.
Genes Dev. 1999, 13, 320–333. [CrossRef] [PubMed]

7. Gruber, S.; Haering, C.H.; Nasmyth, K. Chromosomal cohesin forms a ring. Cell 2003, 112, 765–777.
[CrossRef]

https://qpcr.probefinder.com
https://blast.ncbi.nlm.nih.gov
https://genome.ucsc.edu/
http://www.mdpi.com/1422-0067/19/2/438/s1
http://www.mdpi.com/1422-0067/19/2/438/s1
http://dx.doi.org/10.1046/j.1432-1327.1999.00509.x
http://www.ncbi.nlm.nih.gov/pubmed/10429180
http://dx.doi.org/10.1371/journal.pbio.0040242
http://www.ncbi.nlm.nih.gov/pubmed/16802858
http://dx.doi.org/10.1016/j.jsb.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16495084
http://dx.doi.org/10.1016/S0092-8674(01)80008-8
http://dx.doi.org/10.1016/S0092-8674(01)80007-6
http://dx.doi.org/10.1101/gad.13.3.320
http://www.ncbi.nlm.nih.gov/pubmed/9990856
http://dx.doi.org/10.1016/S0092-8674(03)00162-4


Int. J. Mol. Sci. 2018, 19, 438 9 of 10

8. Brooker, A.S.; Berkowitz, K.M. The roles of cohesins in mitosis, meiosis, and human health and disease.
Methods Mol. Biol. 2014, 1170, 229–266. [CrossRef] [PubMed]

9. Lehmann, A.R. The role of SMC proteins in the responses to DNA damage. DNA Repair 2005, 4, 309–314.
[CrossRef] [PubMed]

10. Watrin, E.; Peters, J.M. The cohesin complex is required for the DNA damage-induced G2/M checkpoint in
mammalian cells. EMBO J. 2009, 28, 2625–2635. [CrossRef] [PubMed]

11. Dorsett, D. Cohesin, gene expression and development: Lessons from Drosophila. Chromosom. Res. 2009, 17,
185–200. [CrossRef] [PubMed]

12. Dorsett, D.; Ström, L. The ancient and evolving roles of cohesin in gene expression and DNA repair. Curr. Biol.
2012, 22, R240–R250. [CrossRef] [PubMed]

13. Liu, J.; Krantz, I.D. Cornelia de Lange syndrome, cohesin, and beyond. Clin. Genet. 2009, 76, 303–314.
[CrossRef] [PubMed]

14. Barbero, J.L. Genetic basis of cohesinopathies. Appl. Clin. Genet. 2013, 6, 15–23. [CrossRef] [PubMed]
15. Kline, A.D.; Krantz, I.D.; Sommer, A.; Kliewer, M.; Jackson, L.G.; FitzPatrick, D.R.; Levin, A.V.; Selicorni, A.

Cornelia de Lange syndrome: Clinical review, diagnostic and scoring systems, and anticipatory guidance.
Am. J. Med. Genet. A 2007, 143A, 1287–1296. [CrossRef] [PubMed]

16. Deardorff, M.A.; Noon, S.E.; Krantz, I.D. Cornelia de Lange Syndrome; Academic Press: Cambridge, MA, USA,
1993; ISBN 9780080450469.

17. Dorsett, D. The Drosophila melanogaster model for Cornelia de Lange syndrome: Implications for etiology
and therapeutics. Am. J. Med. Genet. C Semin. Med. Genet. 2016, 172, 129–137. [CrossRef] [PubMed]

18. Kawauchi, S.; Santos, R.; Muto, A.; Lopez-Burks, M.E.; Schilling, T.F.; Lander, A.D.; Calof, A.L. Using mouse
and zebrafish models to understand the etiology of developmental defects in Cornelia de Lange Syndrome.
Am. J. Med. Genet. C Semin. Med. Genet. 2016, 172, 138–145. [CrossRef] [PubMed]

19. Remeseiro, S.; Cuadrado, A.; Kawauchi, S.; Calof, A.L.; Lander, A.D.; Losada, A. Reduction of Nipbl impairs
cohesin loading locally and affects transcription but not cohesion-dependent functions in a mouse model
of Cornelia de Lange Syndrome. Biochim. Biophys. Acta Mol. Basis Dis. 2013, 1832, 2097–2102. [CrossRef]
[PubMed]

20. Liu, J.; Zhang, Z.; Bando, M.; Itoh, T.; Deardorff, M.A.; Clark, D.; Kaur, M.; Tandy, S.; Kondoh, T.;
Rappaport, E.; et al. Transcriptional dysregulation in NIPBL and cohesin mutant human cells. PLoS Biol.
2009, 7, e1000119. [CrossRef] [PubMed]

21. Kawauchi, S.; Calof, A.L.; Santos, R.; Lopez-Burks, M.E.; Young, C.M.; Hoang, M.P.; Chua, A.; Lao, T.;
Lechner, M.S.; Daniel, J.A.; et al. Multiple organ system defects and transcriptional dysregulation in the
Nipbl+/− mouse, a model of Cornelia de Lange Syndrome. PLoS Genet. 2009, 5, e1000650. [CrossRef]
[PubMed]

22. Dorsett, D. Gene regulation: The cohesin ring connects developmental highways. Curr. Biol. 2010, 20,
R886–R888. [CrossRef] [PubMed]

23. Yuan, B.; Pehlivan, D.; Karaca, E.; Patel, N.; Charng, W.L.; Gambin, T.; Gonzaga-Jauregui, C.; Sutton, V.R.;
Yesil, G.; Bozdogan, S.T.; et al. Global transcriptional disturbances underlie Cornelia de Lange syndrome
and related phenotypes. J. Clin. Investig. 2015, 125, 636–651. [CrossRef] [PubMed]

24. Fazio, G.; Gaston-Massuet, C.; Bettini, L.R.; Graziola, F.; Scagliotti, V.; Cereda, A.; Ferrari, L.; Mazzola, M.;
Cazzaniga, G.; Giordano, A.; et al. CyclinD1 Down-Regulation and Increased Apoptosis Are Common
Features of Cohesinopathies. J. Cell. Physiol. 2016, 231, 613–622. [CrossRef] [PubMed]

25. Kagey, M.H.; Newman, J.J.; Bilodeau, S.; Zhan, Y.; Orlando, D.A.; van Berkum, N.L.; Ebmeier, C.C.;
Goossens, J.; Rahl, P.B.; Levine, S.S.; et al. Mediator and cohesin connect gene expression and chromatin
architecture. Nature 2010, 467, 430–435. [CrossRef] [PubMed]

26. Pistocchi, A.; Fazio, G.; Cereda, A.; Ferrari, L.; Bettini, L.R.; Messina, G.; Cotelli, F.; Biondi, A.; Selicorni, A.;
Massa, V. Cornelia de Lange Syndrome: NIPBL haploinsufficiency downregulates canonical Wnt pathway
in zebrafish embryos and patients fibroblasts. Cell Death Dis. 2013, 4, e866. [CrossRef] [PubMed]

27. Schuldiner, O.; Berdnik, D.; Levy, J.M.; Wu, J.S.; Luginbuhl, D.; Gontang, A.C.; Luo, L. piggyBac-Based
Mosaic Screen Identifies a Postmitotic Function for Cohesin in Regulating Developmental Axon Pruning.
Dev. Cell 2008, 14, 227–238. [CrossRef] [PubMed]

28. Panigrahi, A.K.; Pati, D. Higher-order orchestration of hematopoiesis: Is cohesin a new player? Exp. Hematol.
2012, 40, 967–973. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/978-1-4939-0888-2_11
http://www.ncbi.nlm.nih.gov/pubmed/24906316
http://dx.doi.org/10.1016/j.dnarep.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15661654
http://dx.doi.org/10.1038/emboj.2009.202
http://www.ncbi.nlm.nih.gov/pubmed/19629043
http://dx.doi.org/10.1007/s10577-009-9022-5
http://www.ncbi.nlm.nih.gov/pubmed/19308700
http://dx.doi.org/10.1016/j.cub.2012.02.046
http://www.ncbi.nlm.nih.gov/pubmed/22497943
http://dx.doi.org/10.1111/j.1399-0004.2009.01271.x
http://www.ncbi.nlm.nih.gov/pubmed/19793304
http://dx.doi.org/10.2147/TACG.S34457
http://www.ncbi.nlm.nih.gov/pubmed/23882154
http://dx.doi.org/10.1002/ajmg.a.31757
http://www.ncbi.nlm.nih.gov/pubmed/17508425
http://dx.doi.org/10.1002/ajmg.c.31490
http://www.ncbi.nlm.nih.gov/pubmed/27097273
http://dx.doi.org/10.1002/ajmg.c.31484
http://www.ncbi.nlm.nih.gov/pubmed/27120001
http://dx.doi.org/10.1016/j.bbadis.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23920377
http://dx.doi.org/10.1371/journal.pbio.1000119
http://www.ncbi.nlm.nih.gov/pubmed/19468298
http://dx.doi.org/10.1371/journal.pgen.1000650
http://www.ncbi.nlm.nih.gov/pubmed/19763162
http://dx.doi.org/10.1016/j.cub.2010.09.036
http://www.ncbi.nlm.nih.gov/pubmed/20971431
http://dx.doi.org/10.1172/JCI77435
http://www.ncbi.nlm.nih.gov/pubmed/25574841
http://dx.doi.org/10.1002/jcp.25106
http://www.ncbi.nlm.nih.gov/pubmed/26206533
http://dx.doi.org/10.1038/nature09380
http://www.ncbi.nlm.nih.gov/pubmed/20720539
http://dx.doi.org/10.1038/cddis.2013.371
http://www.ncbi.nlm.nih.gov/pubmed/24136230
http://dx.doi.org/10.1016/j.devcel.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18267091
http://dx.doi.org/10.1016/j.exphem.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23022223


Int. J. Mol. Sci. 2018, 19, 438 10 of 10

29. Mullenders, J.; Aranda-Orgilles, B.; Lhoumaud, P.; Keller, M.; Pae, J.; Wang, K.; Kayembe, C.; Rocha, P.P.;
Raviram, R.; Gong, Y.; et al. Cohesin loss alters adult hematopoietic stem cell homeostasis, leading to
myeloproliferative neoplasms. J. Exp. Med. 2015, 212, 1833–1850. [CrossRef] [PubMed]

30. Phillips-Cremins, J.E.; Sauria, M.E.G.; Sanyal, A.; Gerasimova, T.I.; Lajoie, B.R.; Bell, J.S.K.; Ong, C.T.;
Hookway, T.A.; Guo, C.; Sun, Y.; et al. Architectural protein subclasses shape 3D organization of genomes
during lineage commitment. Cell 2013, 153, 1281–1295. [CrossRef] [PubMed]

31. Kon, A.; Shih, L.Y.; Minamino, M.; Sanada, M.; Shiraishi, Y.; Nagata, Y.; Yoshida, K.; Okuno, Y.; Bando, M.;
Nakato, R.; et al. Recurrent mutations in multiple components of the cohesin complex in myeloid neoplasms.
Nat. Genet. 2013, 45, 1232–1237. [CrossRef] [PubMed]

32. Mazumdar, C.; Majeti, R. The role of mutations in the cohesin complex in acute myeloid leukemia. Int. J.
Hematol. 2017, 105, 31–36. [CrossRef] [PubMed]

33. Horsfield, J.A.; Anagnostou, S.H.; Hu, J.K.; Cho, K.H.; Geisler, R.; Lieschke, G.; Crosier, K.E.; Crosier, P.S.
Cohesin-dependent regulation of Runx genes. Development 2007, 134, 2639–2649. [CrossRef] [PubMed]

34. Marsman, J.; O’Neill, A.C.; Kao, B.R.; Rhodes, J.M.; Meier, M.; Antony, J.; Monnich, M.; Horsfield, J.A.
Cohesin and CTCF differentially regulate spatiotemporal runx1 expression during zebrafish development.
Biochim. Biophys. Acta 2014, 1839, 50–61. [CrossRef] [PubMed]

35. Ichikawa, M.; Yoshimi, A.; Nakagawa, M.; Nishimoto, N.; Watanabe-Okochi, N.; Kurokawa, M. A role for
RUNX1 in hematopoiesis and myeloid leukemia. Int. J. Hematol. 2013, 97, 726–734. [CrossRef] [PubMed]

36. Rocquain, J.; Gelsi-Boyer, V.; Adélaïde, J.; Murati, A.; Carbuccia, N.; Vey, N.; Birnbaum, D.; Mozziconacci, M.J.;
Chaffanet, M. Alteration of cohesin genes in myeloid diseases. Am. J. Hematol. 2010, 85, 717–719. [CrossRef]
[PubMed]

37. Avagliano, L.; Grazioli, P.; Mariani, M.; Bulfamante, G.P.; Selicorni, A.; Massa, V. Integrating molecular and
structural findings: Wnt as a possible actor in shaping cognitive impairment in Cornelia de Lange syndrome.
Orphanet J. Rare Dis. 2017, 12, 1–8. [CrossRef] [PubMed]

38. Roshan Lal, T.R.; Kliewer, M.A.; Lopes, T.; Rebsamen, S.L.; O’Connor, J.; Grados, M.A.; Kimball, A.;
Clemens, J.; Kline, A.D. Cornelia de Lange syndrome: Correlation of brain MRI findings with behavioral
assessment. Am. J. Med. Genet. C Semin. Med. Genet. 2016, 172, 190–197. [CrossRef] [PubMed]

39. Grados, M.A.; Alvi, M.H.; Srivastava, S. Behavioral and psychiatric manifestations in Cornelia de Lange
syndrome. Curr. Opin. Psychiatry 2017, 30, 92–96. [CrossRef] [PubMed]

40. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−∆∆Ct Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

41. Fazio, G.; Bettini, L.R.; Rigamonti, S.; Meta, D.; Biondi, A.; Cazzaniga, G.; Selicorni, A.; Massa, V. Impairment
of Retinoic Acid Signaling in Cornelia de Lange Syndrome Fibroblasts. Birth Defects Res. 2017, 1–9. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1084/jem.20151323
http://www.ncbi.nlm.nih.gov/pubmed/26438359
http://dx.doi.org/10.1016/j.cell.2013.04.053
http://www.ncbi.nlm.nih.gov/pubmed/23706625
http://dx.doi.org/10.1038/ng.2731
http://www.ncbi.nlm.nih.gov/pubmed/23955599
http://dx.doi.org/10.1007/s12185-016-2119-7
http://www.ncbi.nlm.nih.gov/pubmed/27796738
http://dx.doi.org/10.1242/dev.002485
http://www.ncbi.nlm.nih.gov/pubmed/17567667
http://dx.doi.org/10.1016/j.bbagrm.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24321385
http://dx.doi.org/10.1007/s12185-013-1347-3
http://www.ncbi.nlm.nih.gov/pubmed/23613270
http://dx.doi.org/10.1002/ajh.21798
http://www.ncbi.nlm.nih.gov/pubmed/20687102
http://dx.doi.org/10.1186/s13023-017-0723-0
http://www.ncbi.nlm.nih.gov/pubmed/29162129
http://dx.doi.org/10.1002/ajmg.c.31503
http://www.ncbi.nlm.nih.gov/pubmed/27164360
http://dx.doi.org/10.1097/YCO.0000000000000311
http://www.ncbi.nlm.nih.gov/pubmed/28125439
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1002/bdr2.1070
http://www.ncbi.nlm.nih.gov/pubmed/28752682
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cohesin Genes Are Ubiquitously and Differentially Expressed in Human Tissues 
	Cohesins Expression Is Intense in Hematopoietic Tissues 
	Cohesins Are Differentially Expressed in Bone Marrow Cells 
	Cohesins Are Differentially Expressed in Central Nervous System Tissues 

	Discussion 
	Materials and Methods 
	Human Tissues 
	Antibodies and Flow Cytometry 
	Animals 
	In Situ Hybridization 
	Reverse-Transcription PCR and Real-Time Quantitative-PCR Assays 

	Conclusions 
	References

