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Abstract 

Cohesin is a multimeric protein complex involved in cohesion of sister chromatids, 

post-replicative DNA repair, and transcriptional regulation.  Here I report recurrent 

mutations and deletions involving multiple components of the cohesin complex, 

including STAG2, RAD21, SMC1A, and SMC3, in different myeloid neoplasms.  These 

mutations and deletions were largely mutually exclusive and occurred in 12.1% 

(19/157) of acute myeloid leukemia (AML), 8.0% (18/224) of myelodysplastic 

syndromes (MDS), 10.2% (9/88) of chronic myelomonocytic leukemia (CMML), 6.3% 

(4/64) of chronic myelogenous leukemia (CML), and 1.3% (1/77) of classical 

myeloproliferative neoplasms (MPN).  Cohesin-mutated leukemic cells showed 

reduced amounts of chromatin-bound cohesin components, suggesting a substantial loss 

of cohesin binding sites on chromatin.  The tumor suppressive role of cohesin was 

supported by growth suppression of leukemic cells having RAD21-mutation (Kasumi-1) 

or severely reduced RAD21/STAG2 expression (MOLM-13) induced by forced 

expression of wild-type RAD21 and/or STAG2, respectively.  These findings highlight 

a role for compromised cohesin functions in myeloid leukemogenesis. 
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Introduction 

Myelodysplastic syndromes (MDS) and related disorders comprise a group of myeloid 

neoplasms characterized by ineffective hematopoiesis leading to deregulated, dysplastic 

blood cell production and by progression to acute myeloid leukemia (AML) in a third of 

patients.
1
  MDS are most common in elderly people. 

Diagnosis of MDS is based on examination of the blood and bone marrow 

showing cytopenias and hypercellular marrow with dysplasia, with or without excess of 

blasts.
2
  An optimized choice of treatment based on accurate diagnosis and risk 

stratification in individual patients is central to the current therapeutic strategy.
3
  Many 

prognostic factors have been identified in MDS, of which the international prognostic 

scoring system (IPSS
4
) have been successfully used for the classification of patients, 

where the marrow blast percentage, number and extent of cytopenias, and cytogenetic 

abnormalities are taken into account.     

Treatment of patients with lower-risk MDS includes transfusions, growth 

factors and lenalidomide, whereas treatment of higher-risk MDS patients includes 

hypomethylating agents and allogeneic stem-cell transplantation (allo-SCT).
5
  

Although allo-SCT remains the only curative treatment of higher-risk MDS, it is often 

difficult to choose this therapy because of higher rates of transplant-related mortality, 

especially in elderly patients.  In this context, it is desired to develop novel therapeutic 

strategies that target the novel class of mutational targets.  

The pathophysiology of MDS involves a multistep process of acquiring 

chromosomal abnormalities and/or somatic gene mutations in the multi-potent 

hematopoietic stem cells.
6,7

  Our knowledge about the molecular pathogenesis of MDS 

has dramatically improved during the past 10 years through the identification of a 
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number of recurrent somatic mutations by array-based comparative genomic 

hybridization (aCGH), SNP-array copy number analysis and massively parallel 

sequencing technologies.
8-12

  These mutations not only involved previously defined 

pathways such as signal transducing molecules (NRAS
13

) and transcription factors 

(TP53
14

, RUNX1
15

), but also involved newly identified pathways including epigenetic 

regulators involved in the DNA methylation (TET2
16,17

, DNMT3A
18

, IDH1/2
19

) and 

chromatin modifications (ASXL1
20

, EZH2
21,22

).   

More recently, two landmark studies led to the discovery of mutations 

implicated in the RNA splicing machinery through whole exome or whole genome 

sequencing.
23,24

  Ogawa and colleagues have performed whole exome sequencing of 

29 paired samples of myelodysplasia and subsequent targeted sequencing in a large 

series of myeloid neoplasms and revealed that multiple components of the RNA splicing 

machinery, including U2AF35, ZRSR2, SRSF2, and SF3B1 were frequently mutated 

(~45 to 85%) in a mutually exclusive pattern.
23

  By contrast with mutations in 

epigenetic regulators, spliceosome mutations are highly specific to myeloid neoplasms 

showing features of myelodysplasia. 

Thus, with the advent of high-throughput sequencing technologies, the catalog 

of gene mutations implicated in the pathophysiology of MDS is rapidly expanding.  

On the other hand, however, mutations of these sets of genes do not fully explain the 

pathogenesis of MDS because they are also commonly found in other myeloid 

malignancies and about 20 % of MDS cases have no known genetic alterations.
25

  

Therefore, more complete genetic characterization of MDS has great potential to deeply 

elucidate the molecular basis of MDS, to refine the risk stratification of MDS, and to 

develop novel targeted therapies. 
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Based on these perspectives, this study aimed to identify novel class of 

genetic lesions implicated in the pathogenesis of myeloid neoplasms using massively 

parallel sequencing technologies, and further aimed to understand the functional 

importance of such mutations and improve the diagnosis and treatment. 

 

 

 

  



6 

 

Materials and Method 

Patients and samples 

Whole exome sequencing were performed using bone marrow- or peripheral 

blood-derived DNAs from 29 patients with MDS or related myeloid neoplasms with 

paired CD3-positive T cells or buccal mucosa used as germline control.  The detailed 

methodology of whole exome sequencing and WHO classification of the cases have 

been previously described.
23

  The list of somatic mutations reported in the previous 

work,
23

 where a total of 497 candidate SNVs and indels were identified through whole 

exome sequencing of 29 paired samples of myelodysplasia, were updated by validating 

the remaining 62 unconfirmed mutations by repeated Sanger sequencing and also by 

deep sequencing.  Anonymized genomic DNA from 610 patients with myeloid 

neoplasms were collected from collaborating institutes, including the University of 

Tokyo, Chang Gung Memorial Hospital, University Hospital Mannheim, Tokyo 

Metropolitan Ohtsuka Hospital, Showa University Fujigaoka Hospital and University of 

Tsukuba, and analyzed using high-throughput DNA sequencing, and in part, SNP 

array-based copy number analysis, pyrosequencing, digital PCR and methylation 

analysis.  All patients gave their written informed consent with genetic analyses.  

This study was approved by the ethics boards of the University of Tokyo (approved 

number: 948), University Hospital Mannheim, University of Tsukuba, Showa University, 

Tokyo Metropolitan Ohtsuka Hospital and Chang Gung Memorial Hospital. 

 

Cell lines 

CMS, CMY, UTP-DSAL-1, MOLM-1, MOLM-7, HEL, SS9;22, and TS9;22 cell lines 

were provided from Dr. Yasuhide Hayashi (Gunma Children’s Medical Centre).  
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P31FUJ and CMK-86 cells were purchased from the Health Science Research 

Resources Bank (Osaka, Japan).  293T, 293gp, KG-1, K562, and F-36P cells were 

obtained from RIKEN BRC Cell Bank (Tsukuba, Japan), and Kasumi-1, HL-60, 

MOLM-13, and TF-1 were from the American Type Culture Collection (ATCC). 

 

Mutation screen enhanced by deep sequencing of pooled target exons or captured 

Target sequences  

In total, 9 components of the cohesin complex, including STAG1, STAG2, SMC1A, 

SMC3, RAD21, PDS5B, ESCO1, ESCO2 and NIPBL were screened for mutations in 

534 samples using high-throughput sequencing of pooled exons amplified from pooled 

genomic DNA samples according to the previously described method with some 

modifications in the algorithm for mutation call
23

.  For 47 samples, mutations in 

STAG2, SMC1A, SMC3, and RAD21 were investigated using SureSelect (Agilent) 

captured target sequences.    

A) High-throughput sequencing enhanced by deep sequencing of pooled target 

exons  

Screening of gene mutations in STAG1, STAG2, SMC1A, SMC3, RAD21, PDS5B, 

ESCO1, ESCO2 and NIPBL was performed using high-throughput sequencing of 

pooled exons amplified from pooled genomic DNA samples according to the following 

procedures.  

1) In total, 48 DNA pools were generated from 576 DNA samples by equimolar 

mixture of 9μL each of whole genome-amplified genomic DNA from 12 different 

tumor samples or leukemia-derived cell lines, where concentrations of each DNA 

were adjusted to 75 ng/μL before mixture. 
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2) All target exons (N = 232) that encompass 89,323 nucleotides were PCR-amplified 

using a set of primers having a common NotI adaptor sequences on their 5’ ends, in 

which a high-fidelity polymerase (LA Taq HS (TAKARA Ltd. Tokyo, Japan)) was 

used for PCR reactions.  

3) After inspection by agarose gel electrophoresis, all the 232 amplicons in single 

pools were combined and purified using QIAquick PCR Purification 

Kit®(QIAGEN), followed by digestion with NotI. 

4) After NotI digestion, DNA was re-purified in a similar manner and an aliquot of 

2.5ug of purified DNA from each pool was subjected to DNA ligation using T4 

DNA polymerase. 

5) Ligated DNA was diluted to 120 μL volume, sonicated into ~200bp fragments on 

average using Covaris®, and used for generation of sequencing libraries, according 

to a modified pair-end library protocol from Illumina. 

6) The libraries were then subjected to deep sequencing on Illumina HiSeq 2000® 

according to the standard protocol for 75 bp pair end reads, in which 3-12 DNA 

pools were analyzed in a single lane by using indexed sequencing primers.  On 

average, 99.5% of the target bases were analyzed at the depth of 12,000 per pool or 

1,000 per sample. 

≥ 8,000 ≥ 4,000 ≥ 2,000 ≥ 1,000 ≥ 500

Number of bases 32,544 78,451 87,762 88,910 89,100

Percentage * 36.4 87.8 98.3 99.5 99.8

Mean depth

*  indicates a percentage of number of bases of the total number of bases included in the target region

(89,323bp)  

7) Sequencing data were analyzed by MAPDNA (Shiraishi Y. et al. manuscript in 

preparation) to identify candidate mutations. 
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8) Finally, each candidate mutation was confirmed by Sanger sequencing of each of 

the 12 individual DNA from the corresponding DNA pools, through which the 

individual or the cell line having the relevant mutation was finally determined. 

 

Basically, the algorithms implemented in the MAPDNA (Shiraishi Y. et al. manuscript 

in preparation) were already described in the previously publication except for some 

modifications.  Briefly, each short read from a given DNA pool was aligned to the set 

of target sequences having primer sequences, using blat 

(http://users.soe.ucsc.edu/~kent/src/), instead of BWA, with the -fine option.  The 

mapping information in a .psl file was transformed into a .sam file using the 

my_psl2sam script, which was further converted into the .bam format using samtools.  

Among the successfully mapped reads, the following reads were removed from further 

analysis, which were mapped to multiple sites, mapped with more than 4 mismatched 

bases, or had more than 10 clipped bases.  Next, the ‘Estimation_CRME’ script was 

run to eliminate strand-specific errors and exclude cycle-dependent errors.  First, a 

strand-specific mismatch ratios was calculated for each nucleotide variation for both 

strands using those bases between 11 ~ 50 cycles.  By excluding the top 5 cycles 

showing the highest mismatch rates, strand-specific mismatch rates were recalculated 

and the smaller value between both strands was adopted as the nominal mismatch ratio 

for that variation.  In addition, those nucleotide variations that appeared across 

multiple pools were removed based on permutations across different pools, using the 

“Permut_Rm_com” script, because such variations are likely to result from systemic 

sequencing errors.  Finally, after excluding variations found either in the dbSNP 

database or the 1000 genomes project database as well as our in-house SNP database, 

http://users.soe.ucsc.edu/~kent/src/
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those variants whose mismatch rate exceeded 0.009 were adopted as candidate 

mutations.  In total, 178 positive pools were identified in deep sequencing, of which 58 

mutations among 60 corresponding samples were finally validated by Sanger 

sequencing and/or deep sequencing. 

 

B)  Hybrid selection of targets and deep sequencing 

In 47 cases, mutations in STAG2, RAD21, SMC1A and SMC3 were examined using 

deep sequencing.  Genomic DNA (0.5–1.5 μg) from BM mononuclear cells or PB was 

enriched for target exons by liquid-phase hybridization using a SureSelect© custom kit 

(Agilent®) designed to capture all of the coding exons from the target genes according 

to the manufacturer’s protocol and optimized for automated sample processing 

(Agilent®).  After index sequences were attached to discriminate individual samples, 

the enriched target DNA was subjected to massively parallel sequencing using HiSeq 

2500 with a standard 100-bp paired-end reads protocol. Sequence data were analyzed 

through our established pipeline to detect somatic mutations.  For each sample, all 

sequencing reads were aligned to hg19 using BWA version 0.5.8 with default 

parameters.  After all duplicated reads, low-quality reads and bases were removed, the 

allele frequencies of SNVs and insertions/deletions were calculated at each genomic 

position by enumerating the relevant reads using SAMtools.  Initially, all variants 

showing allele frequencies >0.02 were extracted and annotated using ANNOVAR for 

further consideration, if they were found in >6 reads among >10 total reads and 

appeared in both positive- and negative-strand reads.  

As for the cases for which no germline DNA was available, relevant somatic mutations 

were called by eliminating the following entries, unless they were registered in 
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COSMIC v60 (www.sanger.ac.uk/genetics/CGP/cosmic/) or reported as somatic 

mutations in PubMed (www.pubmed.gov).  

1) All synonymous variants and those having ambiguous (unknown) annotations. 

2) Known SNPs in public and private databases, including dbSNP131, the 1000 

genomes project as of 2010/11/23, and our in-house database. 

3) Sequencing/mapping errors.  

4) All missense SNVs with 0.45–0.55 allele frequencies. 

 Mapping errors were removed by visual inspection on the Integrative Genomics 

Viewer (http://www.broadinstitute.org/igv/) browser.  

 

Determination of variant allele frequencies  

Variant allele frequencies were evaluated by deep sequencing of PCR-amplicons, 

pyro-sequencing,
26,27

 and/or digital sequencing (Fluidigm CA, U.S.) 
28-30

 of the variants 

using non-amplified DNA.  For amplicon sequencing, genomic fragments harboring 

the variants under interest were PCR-amplified using Not1-tagged primers.  Randomly 

selected 92 SNP loci which do not contain repetitive sequences were amplified using 

normal genomic DNA as templates as control.  Touch-down PCRs using high-fidelity 

DNA polymerase KOD-Plus-Neo (TOYOBO, Tokyo) were performed and an 

equimolar mixture of all PCR products was prepared for deep sequencing using 

HiSeq2000 or Miseq (Illumina) as described above with a 75bp or 100bp pair end read 

option.  To calculate the frequency of each variant, all reads were mapped to the target 

reference sequence using BLAT
31

 followed by differentially enumerating the 

dichotomic variant alleles.  For indels, individual reads were first aligned to each of 

the wild-type and indel sequences and then assigned to the one to which better 

http://www.broadinstitute.org/igv/
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alignment was obtained in terms of the number of matched bases. 

 

Prediction of the functional impact of mutations 

The functional impact of each amino acid substitutions was evaluated by the computer 

prediction using three open source programs, including SIFT (http://sift.jcvi.org/)
32

, 

PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/index.shtml)
33

, and Mutation Taster 

(http://www.mutationtaster.org/).
34

  

 

Statistical analysis of significance of cohesin mutations  

Significance of non-silent mutations in each cohesin component was evaluated, 

assuming the uniform distribution of the background mutations within the coding 

regions, which had been estimated to be ~ 0.3/Mb based on the previous whole exome 

sequencing of myelodysplasia
23

. 

 

Array-based copy-number and methylation analyses 

Genomic DNA from 453 bone marrow samples with myeloid neoplasms were analyzed 

using GeneChip SNP-genotyping microarrays as previously described using 

CNAG/AsCNAR software.
35,36

  The result of SNP array karyotyping for 284 of the 

453 cases have been previously published.
23,25,36-38

  Genomic DNA from the remaining 

169 cases were newly analyzed using Affymetrix GeneChip® Human Mapping 250K 

Nsp array according to the previously described method.
35,36

 

Promoter methylation of each cohesin gene was analyzed using Human Methylation 

450 BeadChip (Illumina) as previously described ,
39,40

  in which methylation status 

was evaluated by calculating the ratio of methylation-specific and 
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demethylation-specific fluorophores (value) at each CpG site using iScan software 

(Illumina). 

 

RT-PCR analysis of STAG2/RAD21 transcripts 

To assess the allelic origin of the STAG2 transcript in CMML-036, a 195bp STAG2 

sequence containing the mutation site (c.1840C>T) was amplified by PCR using 

archived tumor-derived cDNA as a template and subjected to direct sequencing.  The 

primers for PCR-amplification were 5’- CGTGGCCCTTCCTCAGTTAT-3’ (exon 18) 

and 5’-GAACATGCTTCCAAAACATCTG-3’ (exon 20).  To confirm the presence of 

abnormal splicing in MDS-12 caused by a splice donor site mutation c.1196+1G>A at 

the boundary of STAG2 exon 13 and intron 14, RT-PCR was designed to amplify cDNA 

sequences containing exons 12-16, by which cDNA from MDS-12 was analyzed for 

aberrant transcript using cDNA from MDS-20 (having no known splice site mutations) 

as a control.  The primers were 5'-GGAACTTTTTACCAGTCGGTTC-3' (exon 12; 

forward) and 5'-TCCCACATGCTATCCACAAG-3' (exon16; reverse).  After 

separation through 4% agarose gel, an aberrant PCR band found in MDS-12 was 

excised for DNA extraction using NucleoSpin Extract II (MACHEREY-NAGEL) and 

subjected to Sanger sequencing.  To evaluate the mutant allele frequency of the 

Kasumi-1 transcript, cDNA from Kasumi-1 cells was amplified by PCR using the 

following primers (5'-AGCATTTGCATTGGAGCCTA-3' and 

5'-CTCCTCCTGTCTCTTTCCACA-3') and subjected to deep sequencing using 

HiSeq2000. 

For cDNA synthesis, RNA was extracted from samples using TRIzol® Reagent 

(Invitrogen).  After genomic DNA was depleted by DNase I using RNeasy Mini Kit 
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(QIAGEN), 1 μg of total RNA was subjected to reverse transcriptase reaction using 

ReverTra Ace qPCR RT Kit® (TOYOBO, Tokyo) according to the manufacturer’s 

instructions and 50-250 ng of cDNA products were used for subsequent PCR.  

 

Determination of the origin of two mutations found in a male case (MDS-176) 

To determine the phase of the two STAG2 mutations (c.1810C>T and c.2139C>G) 

identified in a male sample MDS-176, a 3488 bp genomic fragment of the STAG2 gene 

containing both mutation sites was amplified from the genomic DNA from MDS-176 

bone marrow cells by long PCR using primeSTAR Max DNA Polymerase (Takara), 

which was cloned into TOPO TA cloning vector (invitrogen) according to the 

manufacture’s instruction.  In total, 82 recombinant clones were isolated and each 

clone was analyzed for their mutation status by sequencing.  The primers for long PCR 

were 5’-GAAGACACAGTTGGATGATAGGAC-3’ (Forward) and 

5’-AGCAAGTTGCCAAAGGATTAC-3’ (Reverse), while those for sequencing were   

5’-AAGCGGCCGCTTCCCTAAATGCCTCACAGAA-3’ (for c.1810C>T mutation in 

+ strand) and 5’-TGCAGTGCGTGAATAACAATC-3’ (for c.2139C>G mutation in - 

strand). 

 

Subcellular fractionation 

Whole-cell extracts of myeloid cell lines were separated into soluble supernatant and 

chromatin-containing pellet fractions and analyzed by SDS-PAGE and immunoblotting 

as described.
41,42

 

 

Western Blots 
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Cells were lysed in RIPA buffer and Western blots were performed following the 

standard protocol.  Primary antibodies used were rabbit polyclonal anti-Rad21 (Bethyl 

Laboratories, A300-080A), rabbit polyclonal SMC1 (Abcam, ab21583), rabbit 

polyclonal anti-SMC3 (Abcam, ab9263), goat polyclonal SA1 (Abcam, ab4457), goat 

polyclonal SA2 (Abcam, ab4463), guineapig anti-Nipbl (Gift from Lena Ström, 

Department of Cell and Molecular Biology, Karolinska Institute, Stockholm, Sweden), 

rabbit polyclonal Histone-H3 (Abcam, ab1791), goat polyclonal anti-Actin (I-19) (Santa 

Cruz Biotechnology, sc-1616), and rabbit polyclonal anti-FLAG (SIGMA-ALDRICH, 

F7425).  

 

Chromosome spreads 

Cells treated with Colcemid (100 µg/ml) were harvested by mitotic shake off and 

hypotonically swollen in 75 mM KCl for 20min at room temperature. Cells were fixed 

with Carnoy’s solution (methanol:acetic acid=3:1), dropped on glass slides and dried. 

Slides were stained with 5% Giemsa (Merck, Tokyo, Japan), and washed with water, 

air-dried, mounted with Entellan (Merck, Tokyo, Japan). 

 

Gene expression and cell proliferation assays 

A full length RAD21 cDNA (BC050381) was kindly provided by Dr. Sumio Sugano 

and a full length STAG2 cDNA was obtained from total cDNA derived from bone 

marrow cells and cloned into pBluescript.  The truncated mutant of RAD21 was 

subcloned by PCR.  FLAG-tagged RAD21 or STAG2 cDNAs were constructed into the 

retrovirus vector (pGCDNsamIRESEGFP) or tetracycline-inducible lentiviral vector 

(CS-TRE-Ubc-tTA-IRESPuro).  The wild-type RAD21, mutant truncated RAD21 
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(RAD21 K558X or E419X), or a mock vector plasmids were co-transfected with a 

VSV-G expression construct into 293GP cells to recover retrovirus-containing 

supernatant, which was then used to transduce 293GPG cells to establish stable cell 

lines. 293GP or 293GPG derived retrovirus was then transduced to Kasumi-1, K562, 

and TF1 cells, which were sorted by GFP-marking using a MoFlo® FACS cell sorter 

(Beckman Coulter) or BD FACSAria cell sorter (BD Biosciences) 48-96 hrs after retroviral transduction, 

and subjected to subsequent analysis. The wild-type RAD21, STAG2 or mock-induced 

lentiviral vectors were generated as described previously (PNAS 103, 15933-938) and 

transduced to MOLM-13 cells and selected by 1μg/ml puromycin. Gene expression was 

introduced by 1μg/ml Doxcycline. 

For cell growth assays, the cells were inoculated into 96 well culture plates and the cell 

growth was monitored in three independent experiments by MTT assay using Cell 

Counting Kit-8® (Dojindo Co.).  For Quantitative RT-PCR analysis, 1ug of total RNA 

was subjected to reverse transcriptase reaction using ReverTra Ace qPCR RT Kit® 

(TOYOBO, Tokyo) and cDNA was amplified with Brilliant III Ultra-Fast SYBR 

Green QPCR Master Mix (Agilent Technologies) using LightCycler 480 Real-time PCR 

System.  Primer sequences were: Total (wild-type and mutant) RAD21 forward, 

5’-TGAAAATGGCATTACGGACA-3’, reverse, 

5’-GCAGTGGCTGATCAAAGTCA-3’; Full-length RAD21 forward, 

5’-ATGGTCTTCAGCGTGCTCTT-3’, reverse, 5’-ACGGTTCTTCCTGTGTCAGC-3’; 

STAG2 forward, 5’-GGAACTTTTTACCAGTCGGTTC-3’, reverse, 

5’-TCCCACATGCTATCCACAAG-3’; and GAPDH forward, 

5’-ACTGGCATGGCCTTCCGTGT-3’, reverse, 

5’-ATGCCAGCCCCAGCGTCAAA-3’. 
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Expression microarray analysis 

RNA was extracted from Kasumi-1 cells retrovirally transduced with either mock or 

wild-type RAD21 and analyzed in triplicate using Human Genome U133 Plus 2.0 Array 

(Affymetrix) according to the manufacture’s protocol.  For data analysis, raw array 

signals were first extracted from .CEL files using dChip Software (www.dchip.org).  

After background correction and normalization across the 6 array data sets, the 

standardized signal value was obtained for each probe set on each of triplicate array 

experiments, which were compared between mock- and wild-type RAD21- transduced 

cells.  Two independent gene experiments of transfection and subsequent microarray 

analysis were performed. To identify transcriptionally altered genes, we used the 

following criteria that satisfied both fold change > ±1.2 and P <0.05 (two-tailed paired 

t-test) in two independent experiments.  

 

RNA sequencing 

RNA sequencing of RAD21-transduced Kasumi-1 cells and subsequent data analysis 

were performed as previously described
23

 with minor modifications.  For 

quantifications of expression values from RNA sequencing data, slightly modified 

version of RKPM (reads per kilobase of exon per million mapped reads) measures were 

used.
43

  After removing those sequencing reads inappropriately aligned or having low 

mapping quality (mapping quality below 60), the number of bases on each exonic 

regions for each RefSeq genes
49

 were counted.  Then, the number of bases was 

normalized as per kb of exon and per 100 million of aligned bases.  Finally, expression 

value of each gene is determined by taking the maximum values among RefSeq genes 

http://www.dchip.org/
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corresponding to the gene symbol. 

RAD21 expression was measured by differentially enumerating endogenous 

and exogenous RAD21 sequence reads, which were discriminated by the absence and 

presence of the FLAG sequence.  After normalized by the number of total reads for 

each sample, the raw differential read counts were further calibrated against the read 

counts containing the stop codon in RAD21. 

 

Statistical analysis 

Significance of the difference in frequency of cohesin mutations between disease 

subtypes was tested by one-tailed Fisher’s exact test.  Coexistence of mutations was 

tested by two-tailed Fisher’s direct method.  The significance of the difference in the 

total number of somatic mutations between cohesin-mutated/deleted and 

non-mutated/deleted samples was tested by Mann-Whitney's U-test.  Difference in the 

number of numerical abnormalities in cytogenetics between two groups with and 

without cohesin mutations/deletions was assessed by one-sided chi-square test. 
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Results 

Whole exome sequencing revealed recurrent mutations in cohesin complex 

In this study, the list of gene mutations of whole exome sequencing of 29 paired tumor 

and normal samples of myeloid neoplasms with myelodysplastic features
23

 was closely 

investigated, where hundreds of unreported gene mutations were identified in addition 

to the frequent spliceosome mutations uniquely associated with myelodysplasia 

phenotypes.  In that study, all the candidate nonsynonymous single nucleotide 

variations (SNVs) and small insertions/deletions (indels) (N = 509) detected by whole 

exome sequencing were validated by Sanger sequencing, and 248 somatic mutations 

(7.8 per sample), including 191 missense and 24 nonsense, 9 splice site mutations, and 

24 frameshift-causing indels, were confirmed. In the present study, 60 out of the 

remaining 62 mutations were additionally validated, of which 14 and 46 SNVs/indels 

were validated as true positive and negative mutations, respectively.  After all, 282 and 

213 out of 497 candidate SNVs/indels were determined to be true positives and 

negatives, respectively.  While most of them likely represented passenger changes 

affecting just single cases, additional recurrent mutations involving STAG2, a core 

component of the cohesin complex and two other functionally related cohesin 

components, STAG1 and PDS5B were identified in single cases (Figure 1). 
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Figure 1. Mutations of STAG1, STAG2 and PDS5B found in the discovery samples 

 

Somatic mutations of cohesin components identified by whole exome sequencing were 

validated by Sanger sequencing in bone marrow samples from cases MDS-19 (STAG2) 

(a), MDS-12 (STAG2) (b), MDS-11 (STAG1) (c) and tAML-02 (PDS5B) (d), using 

CD3+ T cells as germline control. 
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Recurrent mutations in multiple components of the cohesin complex in myeloid 

neoplasms 

Cohesin is a multimeric protein complex conserved across species and composed of 

four core subunits, i.e., SMC1, SMC3, RAD21, and STAG proteins, together with a 

number of regulatory molecules, such as PDS5, NIPBL, and ESCO1/2 (Figure. 2).
44,45

  

Forming a ring-like structure, cohesin is engaged in cohesion of sister chromatids 

during cell division
45

, post-replicative DNA repair,
46,47

 and regulation of global gene 

expression through long-range cis-interactions.
42,48-51

  Germline mutations in cohesin 

components lead to congenital multisystem malformation syndromes known as Cornelia 

de Lange syndrome and Roberts syndrome.
41,52,53
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Figure 2.  Multiple components of the cohesin complex 

 

Cohesin holds chromatin strands within its ring-like structure composed of four core 

components, STAG, RAD21, SMC1, and SMC3.  NIPBL promotes cohesin to be 

loaded on chromatin, while ESCO proteins stabilize the chromatin holding by 

acetylating N-terminal lysine residues on SMC3. 
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To investigate a possible role of cohesin mutations in myeloid leukemogenesis, 

an additional 581 primary specimens of various myeloid neoplasms was examined for 

mutations in nine cohesin genes implicated in mitosis
45

 using high-throughput 

sequencing.  Copy number alterations in cohesin loci were also investigated in 453 

cases using SNP arrays.  After excluding known/putative polymorphisms registered in 

the dbSNP database or the 1000 Genomes project or predicted from multiple 

computational imputations, a total of 60 non-synonymous mutations involving nine 

genes were identified in 610 primary samples and validated by Sanger sequencing 

(Figure 3 and Table 1).  After conservative evaluation of the probability of random 

mutational events across these genes (P<0.001), only four genes were considered 

significantly mutated in the current cohort, including STAG2, RAD21, SMC1A, and 

SMC3 (Table 2).  Five deletions were also detected in STAG2 (N=4) and RAD21 (N=1) 

(Figure 4a, b).  Mutations in these four genes were also found in four of the 34 

myeloid leukemia cell lines (12%) (Table 3). 
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Figure 3.  Mutations in the components of the cohesin complex  

 

 

 

 

 

 

 

 

 

 

 

Mutations in the core components of the cohesin complex found in myeloid 

malignancies and myeloid leukemia cell lines are indicated by black and blue 

arrowheads, respectively. 
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Figure 4.  Gene deletions of the cohesin and regulatory components  

 

 

 

 

 

 

 

 

 

a. Gene deletions involving the STAG2, and RAD21, which are indicated by dotted lines.  

Copy numbers are indicated by color gradients as indicated.  b. The somatic origin of 

the deletion was confirmed in 2 cases, in which germline control is available (asterisks). 

In 4 cases, the retention of substantial numbers of heterozygous SNP calls within the 

deletions (green bars) indicated residual normal cells that did not have LOH (i.e. 

deletions), supporting their somatic origin. In the remaining 1 case, there was almost 

complete loss of heterozygous SNP calls within the deletion (blue bar).  However, the 

unusually large sizes (spanned >35Mbp) of these deletions are unusual for germline 

events, suggesting their somatic origin. 

 

 



26 

 

Table 1. Cohesin mutations identified in 610 cases with myeloid neoplasms 
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Table 2. Significance of mutations in cohesin components 

 

Significance of non-silent mutations in each cohesin component was evaluated 

assuming the uniform distribution of the background mutations within the coding 

regions (~ 0.3/Mb). 
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Table 3. Cohesin mutations in myeloid leukemia derived cell lines 
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Mutations and deletions of these four genes were found in a mutually 

exclusive manner in a variety of myeloid neoplasms, including AML (19/157), CMML 

(9/88), MDS (18/224) and CML (4/64), and with a much lower mutation frequency in 

classical MPN (1/77) (Figure 5 and Table 4).  In MDS, mutations were more frequent 

in refractory cytopenia with multilineage dysplasia (RCMD) and refractory anemia with 

excess blasts (RAEB) (11.4%), but rare in refractory anemia (RA), refractory anemia 

with ringed sideroblasts (RARS), RCMD and ringed sideroblasts (RCMD-RS), and 5q- 

syndrome (4.2%) (p=0.044).  Promoter methylation was also evaluated in 33 cases 

either with (N=12) or without (N=21) cohesin mutations/deletions, using 

HumanMethylation450 BeadChip; however, no aberrant methylations in cohesin loci 

were found, except for hemimethylation of the SMC1A promoter in two female cases 

(Figure 6). 
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Figure 5.  Distribution of cohesin mutations/deletions 

 

Distribution of cohesin mutations/deletions shows a nearly mutually exclusive pattern 

among the different myeloid neoplasms.  Gene deletions are indicated by asterisks. 
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Figure 6.  Methylation status of promoter regions of 4 cohesin genes 

 

Methylation of multiple sites within and around the promoter regions of 4 cohesin genes 

were measured using Human Methylation 450 BeadChip (Illumina) and plotted as 

β-values, where fully methylated, hemi-methylated and non-methylated sites are 

expected to show values close to 1.0, 0.5 and 0.0, respectively.  The positions of CpG 

islands are indicated in green bars below each panel.  In total, 33 samples with (N=12) 

or without (N=21) mutations of cohesin genes were analyzed.  The samples having 

mutations of corresponding genes (Mut) are discriminated from the wild-type samples 

(Wt). For STAG2 and SMC1A, which are on X chromosome, male san female samples 

are shown in different color.  



32 

 

Table 4. Frequencies of mutations and deletions of cohesin components in 610 cases 

of myeloid neoplasms 
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A somatic origin was confirmed for 17 mutations in 16 cases for which 

matched normal DNA was available (Table 1).  Somatic origins for 23 mutations in 

STAG2 or SMC1A in 20 male cases were supported by the presence of reproducible 

wild-type signals/reads in Sanger and/or deep sequencing of tumor samples, which were 

considered to originate from the X chromosome of the residual normal cells (Figure 7).  

In addition, for 13 mutations, the observed allele frequencies determined by 

pyrosequencing, deep sequencing, and/or digital PCR showed significant deviations 

from the expected value for polymorphisms in the absence of apparent chromosomal 

alterations in SNP array analysis (Figure 8 and 9), suggesting their somatic origin.  

Finally, 32 of the 33 STAG2 and all of the nine RAD21 mutations were either nonsense 

(N=18), frameshift (N=14), or splice site (N=9) changes, which were predicted to cause 

premature truncation of the protein or abnormal exon skipping (Figure 10 and 11).  

Thus, the majority of the mutations were considered to represent functionally relevant 

changes, most likely of somatic origin (Table 5). 
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Figure 7.  Residual wild-type STAG2/SMC1A alleles in male cases with 

STAG2/SMC1A mutations  

Since STAG2 and SMC1A are on X chromosome, the presence of the wild type allele 

within the tumor specimens in male cases should be interpreted as originated from the 

residual normal cell components and therefore, indicates the somatic origin of the 

mutations, except for a rare possibility of somatic chimera.  This was actually the case 

with AML-166 and MDS-208 carrying a confirmed somatic mutation (a), in which the 

wild-type sequences were overlapped with mutated sequences in Sanger sequencing of 

the tumor specimen (arrow heads).  Similarly, the wild-type signals were confirmed in 

the 11 male cases with an STAG2 or SMC1A mutation, of which 6 mutations are 

illustrated (b), which are indicated by arrows.  c. The presence of the wild-type allele 

was more sensitively and explicitly detected in deep sequencing, where the genomic 

region containing each mutation was PCR amplified and subjected to deep sequencing.  
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The number of reads having mutated (Mut) or wild-type (Wt) (or other (Other bases)) 

base calls at indicated base positions were enumerated and are plotted as logarithm of 

allelic fractions. The fraction of the wild-type alleles detected at the mutated positions 

(position 0) are significantly higher than the background error rates (Other bases) that 

were evaluated at the mutated position and the position 20 base-pair upstream and 

downstream from the mutated position (=0), respectively (Mann-Whitney’s U test).  
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Figure 8.  Measurements of frequencies of mutant alleles by digital PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In digital PCR on the Fluidigm system, the presence or absence of the wild-type (WT) 

and mutant (Mut) is determined by allele-specific PCR using differentially labeled 

(FAM- or VIC-) primers (a) in each of a large number of micro-wells, in which samples 

are properly diluted so that each well contains less than one molecule on average to 

allow for determination of the concentration of each allele according to the numbers of 
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observed positive wells, assuming a Poisson’s distribution. Representative assays are 

shown in b and c.  Each PCR showed discrete distributions of signals between 

productive and non-productive (b and c, top and middle panels) and no false positive 

amplifications were observed in samples with no DNA (DW) for both wild-type and 

mutant-specific PCRs (c, bottom panels) as well in normal DNA (NA18960 from the 

HapMap panel) for mutant-specific PCRs (c, right middle panel). The results of 

measurements are summarized in d, where total number of positive and negative wells 

for each allele-specific PCR for control and test samples, together with observed 

WT/Mut allelic ratios with their 95% confidential intervals.  
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Figure 9.  Measurements of frequencies of mutant alleles by pyrosequencing and 

deep sequencing 

 

Frequencies of mutant alleles together with those of SNP alleles were measured by 

pyrosequencing (a) and deep sequencing (b). The mean ± S.D. value of measured allele 

frequencies are also indicated.  All mutant and SNP loci did not show copy number 

alteration or copy neutral loss-of-heterozygosity in SNP array karyotyping. In both 

assays, the mutant alleles show significantly lower allele frequencies compared to 

known SNP alleles (Mann-Whitney’s U test), supporting the hypothesis that many, if 

not all, of the mutations are not SNPs but represent somatic changes.  
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Figure 10.  Expression of truncating STAG2 and RAD21 alleles in HeLa cells 

Anti-HA immunoblots of total lysates from HeLa cells transduced with HA-tagged 

wild-type and truncating alleles of STAG2 (a) and RAD21 (b) showing truncated 

STAG2 and RAD21 proteins having expected molecular weights, respectively.  

Transduced truncating mutants are indicated on top of each panel.  
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Figure 11.  Aberrant splicing of STAG2 transcript caused by a splice site 

mutation in MDS-12  

 

 

a. RT PCR analysis of transcripts from MDS-12 shows an aberrant PCR product having 

a smaller fragment length (indicated by an while arrowhead) in addition to a major 

product, which is also present in a control case (MDS-20).  The difference in intensity 

of both bands is thought to reflect the low tumor content in this sample, which was also 

indicated from the lower mutation peak in the genomic sequencing (Figure 1b, lower 

panel).  The primer design is shown at the bottom.  The position of the splice site 

mutation is shown by a vertical arrow.  b. Sanger sequencing of the aberrant RT-PCR 

product confirmed the aberrant splicing that cause a skipping of exon 13, leading to a 

premature stop codon.  
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Table 5. Summary of characteristics of 50 cohesin mutations 
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Most of the cohesin mutations/deletions were heterozygous, except for STAG2 

and SMC1A mutations on the single X chromosome in male cases (N=23).  In female 

samples, the STAG2 promoter was hemimethylated through X-inactivation regardless of 

the mutation status, and a heterozygous mutation of the unmethylated STAG2 allele 

would lead to biallelic STAG2 inactivation, as previously documented in a female case 

of Ewing’s sarcoma
54

 and also confirmed in a single case (CMML-036) in our cohort 

(Figure 12). 
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Figure 12.  Expression of STAG2 from the mutated allele in case CMML-036 

Results of Sanger sequencing of genomic DNA and cDNA from a female patient 

(CMML-036) carrying a heterozygous STAG2 mutation (c.1840C>T).  While genomic 

DNA from tumor cells shows comparable C (wild-type) and T (mutated) signals (left) at 

the nucleotide position 1840, the tumor-derived cDNA displays a T signal (right), 

indicating that the STAG2 message was expressed exclusively from the mutated rather 

than the wild-type allele on the inactivated X chromosome.  
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Relationship between cohesin mutations and other common mutations in myeloid 

malignancies 

Cohesin mutations frequently coexisted with other common mutations in 

myeloid neoplasms and were significantly associated with mutations in TET2 (p=0.027), 

ASXL1 (p=0.045) and EZH2 (p=0.011) (Fig. 13a).
23

  Deep sequencing of these mutant 

alleles was performed in 20 cases of cohesin mutations, which allowed for accurate 

determination of their allele frequencies.  The majority of the cohesin mutations 

(15/20) existed in the major tumor populations, indicating their early origin during 

leukemogenesis.  In the remaining five cases, cohesin mutations were only found in a 

subpopulation of leukemic clones, indicating that the mutations were relatively late 

events (Fig. 13b).  Two male cases (MDS-176 and AML-158) harbored two 

independent subclones with different STAG2 mutations, indicating that these STAG2 

mutations could confer a strong advantage during clonal evolution (Figure 14).  The 

number of mutations determined by whole exome sequencing
23

 was significantly higher 

in four cohesin-mutated/deleted cases compared to non-mutated/deleted cases (p=0.049) 

(Figure 15). 
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Figure 13.  Relationship between cohesin mutations and other common mutations 

in myeloid malignancies 

a.  
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a. Mutations in cohesin and other common targets in 310 cases with different myeloid 

neoplasms are shown.  Disease types are shown in the bottom lane.  b. Allele 

frequencies of cohesin and coexisting mutations in 20 myeloid neoplasms were 

determined by deep sequencing. 
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Figure 14.  Two independent STAG2 mutations in a male case 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sanger 

sequencing showing two STAG2 mutations, 1810C>T (a) and 2139C>G (b), found in a 

male case (MDS-176).  The presence of the wild-type signals in both chromatogram 

indicates that these mutations were somatic.  To determine the phase of these two 

mutations, a 3488 bp STAG2 gene fragment was amplified, subcloned into plasmids and 

individually sequenced for the mutation sites (c). The distribution of mutations supports 

the model that two mutations are harbored in different subclones, one major (1810C>T) 

and the other minor (2139C>G) populations. This is consistent with the a smaller peak 

for 2139C>G (b) compared to 1810C>T.  The presence of two independent STAG2 

mutant alleles in a single case underscores the important driver role of these mutations.  

 

 

 

 

 



47 

 

Figure 15.  Number of mutations in the discovery cohort 

 

 

 

 

 

 

 

 

 

 

 

 

The 

impact of cohesin mutations on the number of coexisting somatic mutations was tested 

by Mann-Whitney U test based on the result of whole exome study.  

Cohesin-mutated/deleted cases (red) show significantly higher numbers of total somatic 

mutations and non-silent mutations as determined by whole exome sequencing, 

compared to those having no cohesin mutations/deletions (blue).  Means ± SD are 

shown.  
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Reduced amounts of chromatin-bound cohesin components in cohesin-mutated 

leukemic cell lines  

To investigate the possible impact of mutations on cohesin function, I first 

examined the expression of STAG1, STAG2, RAD21, SMC3, SMC1A, and NIPBL in 

17 myeloid leukemia cell lines with (N=4) or without (N=13) known cohesin mutations, 

as well as in the chromatin-bound fractions of 13 cell lines (Figure 16a–d and Table 

6).
41,55-57

  Although a significant reduction in RAD21 was observed in Kasumi-1 

harboring RAD21 p.K330PfsX6 (Figure 16a, lane 4), P31FUJ (RAD21 p.H208R), 

CMY (RAD21 p.Y3X), and MOLM-7 (SMC3 p.R661P) were not accompanied by 

significant decreases in the corresponding proteins compared with the wild-type cell 

lines.  In contrast, severely reduced expression of one or more cohesin components 

was observed in KG1 (STAG2)
54

 and MOLM-13 (STAG1/2, RAD21, and NIPBL) 

without any accompanying mutations in the relevant genes (Figure 16a, lanes 5 and 7).  

No significant differences in protein expression of the cohesin components in 

cohesin-mutated and non-mutated cell lines were noted in whole cell lysates (Figure 

16b).  However, one or more cohesin components, including SMC1, SMC3, RAD21, 

and STAG2, in the chromatin-bound fractions were substantially reduced in cell lines 

with mutated or reduced cohesin components, including Kasumi-1, KG1, P31FUJ, 

MOLM-7, and MOLM-13, compared with the cell lines with no known cohesin 

mutations or abnormal cohesin expression, suggesting a substantial loss of 

cohesin-bound sites on chromatin (Figure 16c, d and Table 6).
41
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Figure 16.  Abnormal cohesin expression and chromatin binding of various 

cohesin components in myeloid leukemic cell lines 

 

a. Western blotting of various cohesin components was performed on total lysates from 

17 myeloid leukemia cell lines.  Significantly reduced components are indicated by red 

dots.  b. Differences in cohesin components between cohesin mutated and non-mutated 

cell lines.  Normalized expression of each cohesin component, with histone H3 signal 

as a control, is plotted after standardization to the mean value across all non-mutated 

cell lines.  The significantly reduced cohesin components in Kasumi-1, MOLM-13, 

and KG-1 are indicated.  c. Western blotting of cohesin components were performed 

on the chromatin-bound fractions of 13 myeloid leukemia cell lines, including eight 

with intact (lanes 1–8) and five with abnormal (lanes 9–13) cohesin components.  The 
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reduced chromatin-bound cohesin fractions were confirmed in two independent 

experiments (data not shown).  d. Differences in chromatin-bound cohesin components 

between cohesin intact and abnormal (mutated and expression reduced) cell lines.    

For each cell line, the expression of each chromatin-bound cohesin component was 

normalized with the histone H3 signal and standardized to the mean value across all 

intact cell lines.  *, p < 0.05; **, p < 0.005; n.s., not significant (Mann–Whitney U test).  

Horizontal bars indicate the mean values. 
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Table 6 Western blot quantification of each cohesin component of several myeloid 

cell lines 
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The effect of forced expression of wild-type cohesin on cell proliferation of 

cohesin-defective cell lines 

 Next, I examined the effect of forced expression of wild-type cohesin on cell 

proliferation of cohesin-defective cell lines.  Forced expression of the wild-type 

52RAD21 and/or STAG2, but not a truncated RAD21 allele, induced significant growth 

suppression of the Kasumi-1 (RAD21-mutated) and MOLM-13 (RAD21/STAG2 

expression severely reduced) cell lines, but not of the K562 and TF1 (wild-type RAD21) 

cell lines, supporting a leukemogenic role for compromised RAD21 function (Figure 

17a–g).  To explore the effect of forced expression of RAD21 on global gene 

expression, I performed expression microarray analysis of RAD21- and 

mock-transduced Kasumi-1 cells.  In agreement with previous experiments with other 

cohesin and cohesin-related components, magnitude of transcriptional changes by 

RAD21 expression was generally small.
41,54,58

  However, a total of 63 genes 

reproducibly and significantly showed more than 1.2 fold increase (N=35) or decrease 

(N=28) in gene expression, which was confirmed by quantitative PCR and/or RNA 

sequencing for 59 genes (Figure 18a–c). 
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Figure 17.  Impact of cohesin mutations on cell proliferation 

 

a. Proliferation of the Kasumi-1 cell line stably transduced with the wild-type RAD21 

allele, mutant truncated RAD21 alleles (RAD21 K558X or E419X), or a mock construct 

was measured by MTT assays (N=5).  Means ± SD of the absorbance at 450 nm 

relative to the value at day 0 are plotted.  Representative results of three independent 
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experiments are shown.  b. Western blotting showing the expression of the transduced 

wild-type/mutant RAD21 allele.  c. Expression of endogenous and exogenous RAD21 

transcripts in Kasumi-1 cells transduced with indicated mutants was measured by RNA 

sequencing.  d. Effects of induced expression of wild-type RAD21 or STAG2 alleles 

on the proliferation of MOLM-13 with abnormal RAD21/STAG2 expression were 

determined (N=6).  Means ± SD of the absorbance at 450 nm relative to the value at 

day 0 are plotted.  A representative result from three independent experiments is 

shown.  The induced expression of RAD21 and STAG2 are shown in (e).  e. RT-PCR 

analysis of RAD21 and STAG2 expression (N=3, means ± SD).  Proliferation of K562 

(f) and TF1 (g) cell lines stably transduced with the wild-type RAD21 allele or a mock 

vector was measured (N=6).  Means ± SD of the absorbance at 450 nm relative to the 

value at day 0 are plotted.  A representative result from three independent experiments 

is shown.  Western blotting of the transduced wild-type RAD21 allele are also shown. 
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Figure 18.  Expression microarray analysis of RAD21- and mock- transduced 

Kasumi-1 cells 

 

a. Comparison of gene expression profiles between RAD21- and mock-transduced 

Kasumi-1 cells.  Mean expression values in triplicate array measurements were plotted 

for two independent experiments. Significantly and reproducibly up-regulated 

(>1.2-fold) or down-regulated (<0.83-fold) genes are shown in the indicated colors.  b. 

The validation of the microarray analysis for the expression of 17 genes by qPCR.  

GAPDH normalized data are plotted (N=3, Means ± SD). *, p < 0.01; **, p < 0.05 

(Student’s t-test, one-sided).  c. The validation of the microarray data by RNA 

sequencing, in which altered gene expression was confirmed for 59 out of 63 genes that 

showed significant alteration in gene expression in two independent microarray 



56 

 

experiments.  Fold changes in gene expression in RNA sequencing is shown in 

up-regulated (N=35, red) and down-regulated (N=29, blue) genes.  
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Impact of cohesin mutations on chromosomal instability 

It has been recently reported that STAG2 mutations cause aneuploidy in 

human cancers.
54

  Therefore, I investigated the relationship of cohesin mutations and 

aneuploidy in the present cohort of myeloid neoplasms.  Contrary to my expectations, 

no significant differences were found in the number of chromosome abnormalities 

between cohesin-mutated and non-mutated cases, and the 43 cases with cohesin 

mutations/deletions showed diploid or near-diploid karyotypes, including 23 completely 

normal karyotypes (Figure 19a).  Therefore, in these euploid cases, cohesin-mutated 

cells were not clonally selected as a result of aneuploidy.  Furthermore, Kasumi-1 and 

MOLM-13 showed almost normal cohesion of sister chromatids, even though Kasumi-1 

has a truncated RAD21 allele, and MOLM-13 has substantially reduced expression of 

multiple cohesin components (Figure 19b). 
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Figure 19.  Impact of cohesin mutations on chromosomal stability. 

 

a. Number of numerical abnormalities in cytogenetics was compared between two 

groups with and without cohesin mutations/deletions (p=0.968, chi-square test).  The 

numbers of numerical abnormalities in each cohesin mutated/deleted case are also 

shown at the bottom of panel Figure 5.  b. Representative metaphases of Kasumi-1, 

MOLM-13, and CMS cells, showing almost normal sister chromatid cohesion.   
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Discussion 

In this study, I have reported the identification of novel recurrent mutations and 

deletions in four core components of the cohesin complex, including STAG2, RAD21, 

SMC1A and SMC3 in various myeloid neoplasms, which are novel class of genetic 

lesions, making them attractive targets for therapeutic intervention.  These mutations 

were first identified through whole exome sequencing of 29 cases with 

myelodysplasia
23

 and further validated in a large set of additional 581 cases by 

amplicon sequencing of pooled DNA or Sureselect captured sequencing of the targeted 

genes.  In addition, genetic deletions were analyzed by SNP array based copy number 

analysis in 453 cases.   

 In analyzing the genetics data, some points were further investigated in order 

not to make a misleading interpretation.  First, in the cases where germline control 

samples were not available, I studied the likelihood whether they were somatic 

mutations rather than SNPs by multiple methods.  In addition to predicting the 

functional impact of each amino acid substitutions, the allele frequencies of the mutant 

alleles were exactly determined by deep sequencing, pyrosequencing and/or digital PCR 

and the deviations from those of SNPs were evaluated (Figure 7-9, Table5).  Second, 

since MDS and related neoplasms are highly heterogeneous diseases, there might exist 

complex clonal architectures within the tumor samples and could affect the sensitivity 

of sequencing data.  The percentages of tumor cells in the samples could also affect the 

sensitivity.  However, Walter et al have previously performed whole genome 

sequencing of seven paired samples from the MDS stage and the secondary AML stage, 

and reported that nearly all the bone marrow cells in patients with MDS and secondary 

AML were clonally derived, even with a myloblast count of less than 5%.
59

  So the 
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sensitivity of the whole exome sequencing could be considered to be considerably high. 

Interestingly, mutations in four cohesin genes occurred in a mutually 

exclusive pattern, indicating that mutation in one component of the cohesin is sufficient 

for the loss of cohesin functions as a whole.  The observation that multiple cohesin 

components in the chromatin-bound fractions were substantially reduced in cell lines 

with mutated or reduced cohesin components compared with the cell lines with no 

known cohesin mutations or abnormal cohesin expression (Figure 16) may support the 

idea.  Therefore, there is a possibility that cohesin mutated cells might be synthetic 

lethal with mutations in other cohesin components or other related molecules.  Given 

the integral functions of cohesin for cell viability, genetic defects in cohesin could be 

exploited as potential targets for myeloid neoplasms.
41,60

  In fact, one intriguing study 

has demonstrated that inhibition of replication fork stability mediators such as poly 

(ADP-ribose) polymerase (PARP) could result in the specific killing of tumors with 

cohesin mutations through the mechanisms of synthetic lethality.
61

 

 Among the four recurrently mutated genes, STAG2 was most frequently 

mutated and all of them were truncating mutations.  It is unknown why the mutations 

rates of STAG2 are higher than other genes, but it might be that STAG1 partially 

compensate the function of STAG2, or STAG2 has different functions from other 

cohesin components.  On the other hand, all of the mutations found in SMC1A and 

SMC3 were heterozygous missense mutations.  It has not yet elucidated whether these 

mutations might reduce the amount of functional cohesin (haploinsufficiency), or they 

could function in a dominant negative fashion.  Further functional analysis would be 

required to address these questions.  

In MDS, cohesin mutations were more frequent in advanced stages (RCMD 



61 

 

and RAEB) than lower-risk stages (RA, RARS, RCMD, RCMD-RS, and 5q- syndrome).  

Recently, comprehensive analysis of driver mutations in large cohort of MDS also 

demonstrated that cohesin mutations are more frequent in progressed stages
62,63

 and 

associated with poorer prognosis.
62

  Therefore, cohesin mutations are important driver 

mutations involved in the disease progression, and could be used as predictive 

indicators for prognosis.  

Previously, less frequent mutations of cohesin components have been 

described in other cancers, including STAG2 mutations in glioblastoma (4/68), 

melanoma (1/48), and Ewing’s sarcoma (1/24).
54

  Solomon et al have demonstrated 

that targeted inactivation of STAG2 led to chromatid cohesion defects and aneuploidy, 

whereas in aneuploid human glioblastoma cell lines, targeted correction of the 

endogenous mutant alleles of STAG2 led to enhanced chromosomal stability
54

.  In 

primary colon cancer samples, SMC1A (4/132), NIPBL (4/132), STAG3 (1/130), and 

SMC3 (1/130) mutations have been reported, in which impaired cohesion and 

consequent aneuploidy were implicated in oncogenesis.
64

  In contrast, in our cohort of 

myeloid neoplasms, no significant differences were found in the number of 

chromosome abnormalities between cohesin-mutated and non-mutated cases.  

Therefore, in these euploid cases, cohesin-mutated cells were not clonally selected as a 

result of aneuploidy.  Supporting this is the observation that only 13% of the normal 

expression level of scc1p, a RAD21 homologue, was sufficient for normal cohesion in 

yeast.
65

  Other groups also recently reported recurrent mutations in the cohesin 

complex in a cohort of de novo AML and MDS, in which four major cohesin 

components were mutated in 6.0–9.0 % of the cases, where more than half cases with 

cohesin mutations showed normal karyotype.
59,66-69
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In the meanwhile, a growing body of evidence suggests that cohesin mediates 

long-range chromosomal cis-interactions
70

 and regulates global gene expression.  For 

example, two cohesin subunits, Rad21 and Smc3, have been implicated in the 

expression of the hematopoietic transcription factor Runx1 in zebrafish.
50

  Furthermore, 

up to 80% downregulation of Nipped-B, a NIPBL homologue in Drosophila, does not 

affect chromosomal segregation but causes impaired regulation of gene expression.
58

  

It has also been demonstrated that only mild loss (17–28%) of cohesin binding sites 

within the genome resulted in deregulated global gene expression.
41,56,57

  These 

observations suggest the possibility that cohesin mutations participate in 

leukemogenesis through deregulated expression of genes involved in myeloid 

development and differentiation.   

In this study, the tumor suppressive role of cohesin was supported by growth 

suppression of leukemic cells having RAD21-mutation (Kasumi-1) or severely reduced 

RAD21/STAG2 expression (MOLM-13) induced by forced expression of wild-type 

RAD21 and/or STAG2, respectively (Figure17).  Since most of the identified RAD21 

mutations in tumor samples were nonsense, frameshift, or splice-site changes causing 

premature truncation, Kasumi-1, which harbors a truncation mutation (K330PfsX6), 

was considered to be a good model for RAD21-mutated leukemia cells.  As shown in 

Figure 17c, the wild-type RAD21-transduced Kasumi-1 cells had about four-fold 

increased RAD21 transcript expression compared to mock transduced cells.  These 

results indicate that haploinsufficiency could be a relevant leukemogenic mechanism, at 

least for RAD21 mutations.  Further, expression microarray analysis of RAD21- and 

mock-transduced Kasumi-1 cells revealed that a total of 63 genes reproducibly and 

significantly showed more than 1.2 fold increase or decrease in gene expression, 
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supporting the possibility that cohesin mutations participate in leukemogenesis through 

deregulated expression of genes.  Nevertheless, however, the molecular mechanisms of 

how cohesin mutations contribute to leukemogenesis largely remained unknown.   

   In conclusion, I report frequent mutations in cohesin components involving a 

wide variety of myeloid neoplasms.  Genetic evidence suggests that aneuploidy alone 

may not be the leukemogenic mechanism, at least in vivo, and that deregulated gene 

expression and/or other mechanisms, such as DNA hypermutability, might also operate 

in leukemogenesis.  Given the integral functions of cohesin for cell viability, genetic 

defects in cohesin could be exploited as potential targets for myeloid neoplasms.  In 

the future project, further functional studies using a conditional knockout mouse model 

would be helpful to elucidate the mechanisms through which cohesin mutations play a 

role in myeloid leukemogenesis.   
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