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A novel genetic and morphologic phenotype of ARID2-mediated myelodysplasia.
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Abstract

Clinical heterogeneity of myelodysplastic syndromes (MDS) and related myeloid
neoplasms reflects molecular diversity. Most common genetic associations with
distinct clinical or pathomorphologic phenotypes have been already reported, but many
other common somatic lesions exist and their clinical contexts still remain elusive. By
comprehensive genetic investigation of 1,473 cases with various myeloid neoplasms,
we characterized here cases in which lesions mediate their clinical effects in MDS and
other myeloid neoplasms via decreased expression of ARID2. We showed that
insufficient ARID2 expression mainly in MDS arose from ARID2 mutations and deletions
that yielded defective ARID2 transcripts. Clonal architecture analyses showed that
ARID2 mutations and deletions occurred as initial events of MDS or
myelodysplastic/myeloproliferative neoplasms, and not during progression to acute
myeloid leukemia. Morphologically, progressive maturation in myeloid and erythroid
lineages and hypolobated megakaryocytes were common in cases with ARID2
mutations and deletions. Functionally, in vitro knockdown of ARID2 expression led to
myeloid and erythroid differentiation in hematopoietic cell lines. Missplicing of ARID2
was identified in U2AF1 mutant cases, resultant in a low expression of ARID2 mRNA. In
conclusion, ARID2 is a MDS-suppressor gene whose expression is attenuated as it
shapes the distinct morphological phenotype of a subset of myelodysplasia.
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INTRODUCTION
Heterogeneity of myelodysplastic syndromes (MDS) and related neoplasms'? is a
reflection of inherent diversity of molecular lesions and their combinations,* 5 which
likely determine morphological and clinical features and/or the pace of evolution into
secondary acute myeloid leukemia (SAML).% 7 Next generation sequencing and single
nucleotide polymorphism arrays (SNP-A) have yielded increasingly defined spectra of
somatic mutations and a growing understanding of their roles in pathogenesis and
genotype-phenotype relationships.®'> Prominent examples include increased ring
sideroblasts in cases with SF3B7 mutations,'® '* proliferative monocytes with SRSF2
mutations,'® '® and 5g- syndromes with recurrent CSNK1A1 mutations.'” '  Similarly,
in advanced MDS phenotypes with increasing blasts, one group of gene mutations were
associated with SAML and another with high-risk MDS."® As such discoveries inch
toward completion,'®?' identification of the remaining relationships between driver
mutations and clinical phenotypes may require resolution gains obtained by using
multiple sources of information. Here we use mechanistic understanding to integrate
data sources into our genetic analyses and to discover new disease mechanisms and
principles.'® 22

AT rich interactive domain 2 (ARIDZ2), which is located on chromosome 12q12,
encodes a component of the SWI/SNF complex that is involved in chromatin
remodeling.?>?*  Among various SWI/SNF genes, multiple groups recently detected
ARID2 mutations or deletions in solid tumors, including hepatocellular carcinoma
(HCC),? melanoma,?® malignant mesothelioma,?” urethral clear-cell adenocarcinoma,?®
and non-small cell lung carcinoma.?® ARID2 mutations were exclusively frameshift or
nonsense in HCC and melanoma,?>2¢ and ARID2 deletions were recurrently identified
in urethral clear-cell adenocarcinoma?® and non-small cell lung carcinoma.?® These
reports suggest that ARID2 is a global tumor suppressor gene in various cancers.
With regard to hematological neoplasms, SMARCA4 (BRG1), which is a core
component of both SWI/SNF-A and B, is essential for maintenance of stemness of
AML.3% 3! |n addition, mutations of ARID1A and ARID1B, components of SWI/SNF-A,
were identified in cases with acute promyelocytic leukemia (APL), in which ARID1B
deficiency causes a block in differentiation.®> These previous discoveries prompted us
to investigate genetic defects in SWI/SNF components in MDS and its related
neoplasms. Here, we report whole exome sequencing-guided identification of novel
ARID2 mutations in myeloid neoplasms. Our comprehensive analysis extends an
approach we developed and applied successfully to EZH2.3%34 |In addition to copy
number analysis and targeted deep and exome sequencing, here we include RNA
sequencing, for splicing analyses of the roles of spliceosomal mutations® in ARID2
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missplicing and gene expression.

In this study, we aimed to elucidate the distinct impact of ARID2 defects on
myeloid neoplasms. Even though somatic mutations of this gene were relatively rare,
integrated analysis of multiple genetic methodologies allowed us to find other
mechanisms of ARID2 deficiency and to shed light on a novel morphological phenotype
of MDS associated with loss of ARID2 function. Somatic mutations, deletions, and low
expression may converge as alternate mechanisms of ARID2 inactivation.

MATERIALS AND METHODS

Patient population

Bone marrow aspirates or blood samples were collected from 1,473 patients with MDS
(n=455), myelodysplastic/myeloproliferative = neoplasms (MDS/MPN) (n=201),
myeloproliferative neoplasms (MPN) (n=56), sAML (n=221), and de novo AML (n=540)
at the Cleveland Clinic and The University of Tokyo; the registered data at The Cancer
Genome Atlas (TCGA) was also included (Supplementary Table S1). Diagnoses
were classified according to World Health Organization (WHO) criteria.
Myelodysplasia in bone marrow of each case was evaluated by multiple pathologists.
MDS with excess blasts (MDS-EB)-1 and MDS-EB-2 were assigned to high-risk MDS,
and MDS with single lineage dysplasia (MDS-SLD), MDS with multilineage dysplasia
(MDS-MLD), MDS with ring sideroblasts (MDS-RS), 5g- syndrome, and MDS
unclassifiable (MDS-U) to low-risk MDS (Supplementary Table S1). To study the
germ line genotype as the control, immunoselected CD3+ T cells from each patient
were analyzed. Cytogenetic analyses were performed using standard banding
techniques on 20 metaphases. Clinical parameters, including age, sex, bone marrow
blast counts, and clinical outcome, were collected. Informed consent for sample
collection was obtained according to a protocol approved by each Institutional Review
Board in accordance with the Declaration of Helsinki.

Single-nucleotide polymorphism array (SNP-A)

SNP-A samples were processed as previously described.®¢ 3"  Briefly, karyotyping was
performed using Affymetrix 250K and 6.0 SNP arrays (Affymetrix, Santa Clara, CA,
USA). A stringent algorithm was used to identify SNP-A lesions. Patients with SNP-A
lesions concordant with metaphase cytogenetics or typical lesions known to be
recurrent required no further validation. Changes reported in our internal or
publicly-available copy number variation databases were considered non-somatic and
excluded.*” Results were analyzed using CNAG (v3.0) or Genotyping Console
(Affymetrix). All other lesions were deemed either somatic or germline in comparative

4
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analysis of CD3+ T cells.

Whole exome sequencing

Whole exome sequencing was performed according to the manufacturer’s protocol, as
previously described.™ ' In short, tumor DNAs were obtained from patients’ bone
marrow or peripheral blood mononuclear cells. For germline controls, DNA was
extracted from immunoselected CD3+ T cells. Using liquid phase hybridization of
sonicated genomic DNA having 150-200bp of mean length, the exomes attached to the
bait cRNA library synthesized on magnetic beads (SureSelect ver.3 or 4, Agilent
Technology, Santa Clara, CA, USA) were captured. The obtained targets were
subjected to massive parallel sequencing using lllumina HiSeq 2000 with the pair end
75-108bp read option. The raw sequence data were processed through the in-house
pipeline constructed for whole exome analysis of paired cancer genomes at the Human
Genome Center, Institute of Medical Science, The University of Tokyo, as summarized
previously.’™ '  Generation of bam files with its preprocessing and detection of somatic
point mutations or insertions and deletions was done as previously described.”® In
addition, for detailed analyses, exome sequencing data (n=189) on AML patients
obtained through TCGA data portal (http://cancergenome.nih.gov/) were used.

Re-sequencing

To validate mutations, Sanger sequencing and amplicon deep sequencing were applied
as previously described (Supplementary Table S2)."° 3% Using an lllumina MiSeq
sequencer, deep sequencing was performed for the measurement of variant allele
frequency (VAF). To confirm the somatic nature of the mutations, DNA derived from
CD3+ T cells was also subjected to re-sequencing.’® *°

RNA sequencing and confirmatory RT-PCR

To analyze ARID2 exon splicing patterns as a function of U2AF7 mutation status, RNA
sequencing was performed as previously described.?® Briefly, total RNA was extracted
from bone marrow mononuclear cells and 1-2 mg of cDNA was generated from 100 ng
of total RNA. cDNA was fragmented and subjected to lllumina library preparation.
After the quality and quantity and the size distribution of the lllumina libraries were
determined using an Agilent Bioanalyzer, the libraries were then submitted to Illumina
HiSeq2000 sequencing using standard operating procedures. Paired-end 90-bp reads
were generated and subjected to data analysis using the platform provided by
DNAnexus (Mountain View, CA, USA; https:// dnanexus.com), which allowed
visualization of reads derived from spliced mMRNA and those that completely match the

5
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genome, including both sense and antisense. To identify significantly enriched
pathways, Gene Set Enrichment Analysis (GSEA)* was performed using the
MSigDB-curated gene sets. Confirmatory RT-PCR for abnormal splicing (missplicing)
of ARID2 exon 8 was applied to U2AF1 mutated (p.S34F and p.Q157P) and wild-type
cases and also to healthy donors. Normal transcripts with expected intron splicing
(348 base pairs [bps]) and shorter variants (180 bps and 97 bps) due to missplicing
were subjected to direct Sanger sequencing or subcloning to confirm newly selected
splice sites.

Quantitative RT-PCR

Total RNA was extracted from bone marrow mononuclear cells. cDNA was
synthesized from 500ng total RNA using the iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA). Quantitative gene expression levels were detected using
real-time PCR with the ABI PRISM 7500 Fast Sequence Detection System and FAM
dye labeled TagMan MGB probes (Applied Biosystems). TagMan assay was
performed according to the manufacturer’s instructions. The expression level of target
genes was normalized to GAPDH mRNA.

Cell culture and knockdown gene expression

HL60 and K562 cell lines were cultured using IMDM with 10% fetal bovine serum (FBS).
Two independent pLKO.1_ARID2-shRNA (TRCN0000166359 and TRCN0000166264)
and the control non-target shRNA were purchased from Sigma-Aldrich. In brief, 293T
cells were transfected with shRNA targeting ARIDZ2 or non-target shRNA control plasmid
together with packing plasmid pCMVdR8.2 and envelope plasmid containing VSV-G.
Viral supernatants were harvested at 48, 72, and 96 hours posttransfection, and target
cells were infected in the presence of 8 mg/ml Polybrene for 24 hours and selected with
puromycin for K562 and HL60. Cell lines were tested for mycoplasma contamination
and found negative before used for experiments.

Proliferation assay

Cell growth was determined by counting cell numbers in culture. Briefly, 1 mL of 5 x
10* cells were cultured in IMDM containing 10% FBS in the six-well plates at day 0, and
the cell numbers were scored by Trypan blue exclusion at 24, 48, 72, and 96 hours.

Apoptosis assay

For analysis of apoptosis, the cells were stained with APC-conjugated anti-AnnexinV

and propidium iodide (eBioscience, catalog no. 88-8007-74) as per the manufacturer’s
6
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protocol. Sample analysis was performed on a flow cytometer (Beckman Coulter
FC500).

Database and URL
Validation of expression array, SNP-A, RNA sequencing, and whole exome sequencing
results was sought using TCGA (http://cancergenome.nih.gov/) and Oncomine

(https://www.oncomine.org/). Analytic tools were obtained from URLs such as GSEA

(http://www.broadinstitute.org/gsea/) and Integrative Genomics Viewer (IGV),

(https://www.broadinstitute.org/igv/). Sequencing data were deposited to SRA
(PRJNA203580) ( https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA203580).

Statistical analysis

Pairwise comparisons were performed by Wilcoxon test for continuous variables and by
two-sided Fisher's exact test for categorical variables. Whisker plot boxes display
medians, 25th and 75th percentiles, and minimum and maximum values (whisker ends).
The Kaplan-Meier method was used to analyze overall survival by the log-rank test.
Statistical analyses were performed with R (https://www.r-project.org) or JMP9 software
(SAS). Significance was determined at a two-sided a level of 0.05, except for P values
in multiple comparisons, in which multiple testing was adjusted using the Benjamini and
Hochberg method.*?

RESULTS

Loss-of-function mutations of ARID2.

We examined ARID2 (NM_152641; 1,835 amino acids) mutational status of a cohort of
patients (n=393) with various myeloid malignancies, including low-risk (n=58) and
high-risk (n=35) MDS, MDS/MPN (n=37), MPN (n=21), sAML (n=33), and de novo AML
(n=209) (Supplementary Table S1) by whole exome sequencing and resequencing.
ARID2 mutations were identified in 6 cases with MDS (n=2), MDS/MPN (n=1), MPN
(n=1), and de novo AML (n=2), (Table 1). All mutations were confirmed to be somatic
using germ line DNA (Figure 1a). Among the 6 mutations, 5 (83%) were nonsense or
frame shift, suggesting that loss of ARID2 function is pertinent to myeloid neoplasms.
Amplicon deep sequencing and SNP-A karyotyping revealed that all of the mutations
were heterozygous (Figure 1a, b). No homozygous or hemizygous mutations were
identified. Although some cases showed mutations in germ line DNA, the somatic
nature of all tested mutations was supported by significantly higher ratios of mutant
sequence reads in tumor samples than in paired CD3+ T cells; the small fraction of
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mutant DNA in CD3+ T cells may also reflect ARID2 mutations arising in a
hematopoietic stem cell capable of some differentiation into CD3+ T cells. In the tumor
fraction, VAF of ARID2 mutations were all very high (27-48%, median=43%), suggesting
ARID2 mutations might be relatively early events (Figure 1b). In 11 cell lines of
myeloid leukemia, ARID2 mutations were not identified (Supplementary Table S3).

Haploinsufficiency of ARID2.

Frequent identification of loss-of-function mutations in ARID2 prompted us to investigate
copy number variations of this gene locus. For this purpose, a separate cohort of
patients (n=1,080) with myeloid malignancies, including MDS (n=362), MDS/MPN
(n=164), MPN (n=35), sAML (n=188), and de novo AML (n=331) was subjected to
SNP-A karyotyping (Supplementary Table S1). Copy number losses (deletions) of
ARIDZ2 locus (chr12g12) were identified in 8 cases with MDS (n=5), sAML (n=1), and de
novo AML (n=2), whereas focal gain lesions were not detected (Figure 1a, Table 1).
Relative expression of ARID2 evaluated by quantitative RT-PCR showed lower
expression in cases with vs. without deletions, suggesting haploinsufficiency (Figure
1c). Taken together, in our cohort, ARID2 defects were present in approximately 1% of
cases (14 out of 1,473; Table 1).

Genetic defects associated with ARID2 defects.

According to our findings, we then comprehensively investigated ARID2-mediated
myeloid neoplasms by clarifying additional genetic events in cases with ARID2 defects.
Most common additional genetic events were mutations and deletions in genes
harboring histone repressive mark, including EZH2 and JARID2, which were identified
in 43% (6/14) of cases (Figure 2a, Supplementary Figure S1a), suggesting synergetic
effects of histone modification together with defective chromatin remodeling. Receptor
tyrosine kinase pathway and RAS pathway genes were affected by mutations as
secondary events in cases with ARID2-mediated myeloid neoplasms (Figure 2b).
Mutations and deletions of TP53 (n=5), DNMT3A (n=2), and TET2 (n=1) were also
identified. While 3 (21%) cases were cytogenetically normal, complex karyotypes and
trisomy 8 were found in 7 and 2 cases, respectively (Figure 2a).

Clonal architecture of ARID2 defects.

In 5 cases with ARID2 defects, serial sample sequencing or SNP-A analysis was
performed to investigate clonal architecture. According to mutated clone size and cell
fraction, ARID2 mutations and deletions tended to be acquired as early events followed

by other mutations and copy number abnormalities (Figure 2b and Supplementary
8
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Figure S1b). These findings suggest that defective ARID2 is likely to be an initial
clonal event.

Clinical phenotype associated with ARID2 defects.

We next investigated genotype-phenotype associations of defective ARID2. Relative
expression of wild-type ARID2 was significantly lower in MDS than in healthy donors
(P=0.02; Figure 3a). A mean value of ARID2 relative expression showed 25%
reduction in patients with MDS (95% confidence interval (Cl); 0.67-0.80) compared to
that in healthy donors (95% CI; 0.82-1.12). These findings suggest that loss of ARID2
function plays an important role in the early stage of MDS, compatible with our results
that ARID2 genetic defects are in fact initially acquired as clonal events (Figure 2b).
We next assessed the impact of ARID2 deficiency on clinical outcomes. ARID2
mutations, deletions, and less expression had no effect on overall survival
(Supplementary Figure S2). We could not find any correlation between low
expression of ARID2 and any other clinical parameters studied, including age, sex,
counts of white blood cells, neutrophils, and platelets, hemoglobin levels, and bone
marrow blast percentage (data not shown).

Megakaryocytic dysplasia associated with ARID2 deficiency.

To further assess the features of ARID2 deficiency, an independent pathologist
examined bone marrow cell morphologies of the cases with ARID2 mutation and
deletion (n=8). In addition to the megaloblastoid erythorid and hypogranular myeloid
cells, progressive maturation was identified in myeloid and erythroid lineages. Most
prominent findings were megakaryocytic dysplasias, which were seen in all of 8 cases
with ARID2 defects, including hypolobated forms in 7 cases (Table 2, Figure 3b).

Functional significance of ARID2 deficiency.

To investigate the functional significance of ARID2 deficiency in myelodysplasia, we
utilized in vitro knockdown models of ARID2 expression in hematopoietic cell lines and
bone marrow mononuclear cells. No homozygous deletion or mutation of ARID2 was
identified (Figure 1, Table 1), and relative ARID2 expression is moderately reduced in
MDS (Figure 3a). Accordingly, we transduced shRNA in neoplastic hematopoietic
cells to obtain disease models with partial reduction of ARID2 expression
(Supplementary Figure S3). Two myeloid cell lines (HL60 and K562) in which ARID2
expression was knocked down showed significantly lower cell counts compared to those
with normal ARID2 expression (Figure 4a, b, Supplementary Figure S4), compatible
with more apoptotic cells in knockdown experiments (Figure 4c). Flow cytometric

9
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analysis of the cell lines with reduced ARID2 expression revealed increased cell-surface
maturation markers, CD11b and glycophorin A (GPA), suggesting that reduced
expression of ARID2 resulted in more differentiation in myeloid and erythroid lineages
(Figure 4d, e). These results indicate that reduced ARIDZ2 expression might induce
more differentiation in myeloid/erythroid lineages and more apoptosis to reduce cell
populations and reduction of proliferation capacity.

Enrichment of gene pathways associated with ARID2 deficiency.

To investigate the effects of ARID2 defects on transcription, “Hallmark gene sets” were
used for GSEA of cases with ARID2 low expression (n=58) compared to those with
normal expression (n=58). Hallmark gene sets downloaded from Broad institute
include specific well-defined biological states or processes which condense information
from over 4,000 original overlapping gene sets from v4.0 The Molecular Signatures
Database (MSigDB).” To assess the self-renewal and differentiation potential of
defective ARID2, we applied GSEA using gene sets expressing in hematopoietic stem
cells and in myeloid differentiated cells which were downloaded from MSigDB. A gene
set of 305 genes involved in maintenance of hematopoietic stem cells was negatively
enriched in the low-expression cases (NES=-1.79, P=0.0076). The other gene set
expressing in myeloid differentiated cells (49 genes) was positively enriched (NES=1.77,
P=0.0041) (Supplementary Figure S5). Accordingly, ARID2 defects are most likely to
induce myeloid differentiation rather than stem cell potential. Overall, GSEA clearly
confirmed functional implications of ARID2-knockdown experiments in hematopoietic
cells.

Missplicing of ARID2 defects.

Previously, we and other groups reported abnormal splicing (missplicing) due to
spliceosomal mutations®? 34 43 44 J2AF1 mutations associate with spliced-out exons
(cassette exons) with specific motifs in 3’ splice sites,3® 4546 and such a motif is present
in the 3’ splice site of ARID2 exon 8 (Supplementary Figure S6). We therefore
investigated the transcriptional patterns of this exon, in search of abnormalities.
According to Sashimi plots created by applying IGV software to our RNA sequencing
data, either partial (180bp) or complete (97bp) skipping of exon 8 was more evident in
the case with U2AF1 mutation than with wild-type U2AF1 (Figure 5a, Supplementary
Figure S7). RT-PCR using multiple mutant and wild-type cases revealed 2 types of
abnormal transcripts that were compatible with our RNA sequencing results and
confirmed by direct sequencing (Figure 5b). The longer abnormal transcript due to
partial skipping of ARID2 exon 8 had lost the conserved LXXLL motif, which is predicted

10
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to be involved in binding to a nuclear receptor. The shorter transcript variant with
complete skipping of exon 8, which was identified only in cases with a U2AF1 mutation,
resulted in frameshift sequences at a glutamic acid residue at position 258 (p.E258fs) of
ARID2. Relative expression of ARID2 was lower in the cases with U2AF1 mutations
than in individuals with wild-type U2AF1 (Figure 5b). Regarding genetic association
between ARID2 and U2AF1, ARID2 defects and U2AF1 mutations were mutually
exclusive except for one case. However, the exclusivity was not statistically significant
due to low frequency of ARID2 mutations and deletions.

DISCUSSION

Our comprehensive study by whole exome sequencing, RNA sequencing, and SNP-A,
elucidated a role for a novel tumor suppressor gene, ARID2, in myeloid neoplasms.
Loss of ARID2 function due to its genomic defects is frequently acquired in early stage
of myelodysplasia. Intriguingly, ARID2 deficiency represents differentiation defect in
megakaryocytes which results in hypolobated forms, while differentiation is remarkable
in myeloid and erythroid lineages with ARID2 deficiency. Functional analysis using in
vitro models of ARID2 knockdown confirmed such genetic and pathologic phenotypes
with findings of increased myeloid and erythroid differentiation. Overall, these common
features are shared by various genetic defects leading to ARID2 deficiency. To
overcome survival disadvantage, cells losing ARID2 function likely require additional
hits, and indeed, many additional alterations were identified in ARID2-mutant cases,
suggesting that some of them may play an important role in the clonal advantage of
ARID2-mediated myelodysplastic phenotypes.

ARID2 encodes a subunit of SWI/SNF-B (PBAF) complex which is involved in
chromatin remodeling and transcription regulation. Together with the other SWI/SNF
complex, SWI/SNF-A (BAF), the SWI/SNF system is essential for transcriptional
activation and repression in mammalian cells*”. While homeostasis of this cellular
machinery is strictly regulated for normal physiology, various deregulations of SWI/SNF
due to genetic events can cause cancers in many tissues?. According to previous
studies of AML, SMARCA4 is required for self-renewal capacity®®3'. Most recently,
loss-of-function of ARID1A or ARID1B, was reported in APL, in which ARID1B
deficiency causes a block in differentiation®2. Despite the lack of ARID2 mutations in
APL%*?, we now identified multiple mutations of this gene in MDS and MDS/MPN cases.
In contrast, ARID1A and ARID1B mutations were not identified in MDS or MDS/MPN.
These findings suggest that mutations of the different components in SWI/SNF-A and -B
complexes result in the presentation of distinct phenotypes with different functional
consequences probably depending on downstream transcriptional targets. In fact,
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candidate downstream pathways associated with defective ARID2 were extracted by
gene enrichment analysis in this study. For example, more enrichment of myeloid
differentiation pathway genes and less enrichment of self-renewal pathway genes are
compatible to both cytopenia in initial MDS presentation and cell-count reduction in
functional ARID2-knockdown analysis.

To regulate differentiation genes, SWI/SNF complexes work with various histone
modification enzymes, including methyltransferases and acetyltransferases*® 4,
Among these, polycomb repressive complex 2 (PRC2) is involved in trimethylation of
histone H3 lysine 27 (H3K27), chromatin condensation, and transcriptional repression.
Genes for components of PRC2 were frequently affected by loss-of-function mutations
and deletions in ARID2-deficient MDS cases. In contrast, PRC2 is frequently activated
in solid tumors®. Accordingly, correlation between ARID2 deficiency and PRC2
dysfunction in myelodysplasia is likely tissue-specific. Further studies of expression
profiles associated with unique patterns of histone modification and DNA remodeling will
be needed to clarify which target genes are responsible for their synergistic effects in
MDS genesis.

While U2AF1 mutations are frequently observed in MDS, misspliced gene targets
have yet to be identified*> %052, In this study, we showed MDS genesis due to U2AF1
mutations through cassette exon 8 of ARID2. Indeed, a report of less colony formation
in a U2AF1 mutant model'® was consistent with less proliferative potential due to ARID2
deficiency identified in this study. This supports the view that ARID2 might be a
candidate gene in U2AF1-mediated MDS genesis.

Our main conclusion is that ARID2 defects attenuated by multiple mechanisms are
early events in a subset of MDS cases characterized by distinct morphological features.
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Figure legends

Figure 1. Identification of deletions and mutations in ARID2.

a. Upper panels: a SNP-A chromosome 12 karyogram of a representative case shows
partial deletion of chromosome 12q (del12q) encompassing the ARID2 locus
(highlighted by dotted lines); 8 red horizontal lines indicate the sites of the del12q
lesions in all 8 cases. Lower panels: somatic mutations are identified and confirmed by
Sanger sequencing of paired tumor and germline (CD3+ T cells) samples. Distribution
and types of mutations are shown by triangles on a schema of ARID2 (1,835 amino
acids). b. An upper panel: variant allele frequencies of the mutations in paired tumor
and germline samples measured by deep sequencing in 4 cases. A lower panel: depth
of coverage of independent reads. * indicates P < 0.0001. c. Relative fold expression
of ARID2 are measured by quantitative RT-PCR in patients with ARID2 deletion and
intact ARID2.

Figure 2. Mutation spectrum and clonal architecture associated with ARID2
defects.

a. Left panel: mutation spectrum in cases with ARID2 mutation and deletion. b. Clonal
architecture of ARID2 and associated mutations evaluated by serial sequencing in 3
cases.

Figure 3. Disease phenotype of ARID2 and U2AF1 defects.

a. ARID2 expression values extracted from Oncomine data and compared between
healthy controls and MDS patients. b. Morphology of bone marrow smears in cases
with ARID2 and U2AF1 mutations (Wright-Giemsa stain; X400). Arrow heads indicate
hypolobated megakaryocytes.

Figure 4. Functional impacts of ARID2 defects.

a, b. Expansion of myeloid cell lines (HL60 in a and K562 in b) treated with ARID2
shRNA (TRCN0000166359). For each cell line, triplicate experiments were performed.
c. Apoptosis assay indicates proportion of apoptotic cells in K562 cells with and without
ARID2 knockdown. d, e. Flow cytometry analysis shows effects of ARID2 knockdown
on surface expression of CD11b in HL60 (d) and GPA in K562 (e).

Figure 5. ARID2 defects in U2AF1 mutants.
a. Normal and misspliced transcripts of exons 7, 8, and 9 are presented by Sashimi
plots in cases with and without U2AF1 mutations. A bar plot indicates percentages of

sequence reads supporting complete and partial skipping of ARID2 exon 8. b.
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Confirmatory RT-PCR shows normal (348bp) and abnormal (180bp and 97bp)
transcripts. Transcripts were validated by Sanger sequencing. A bar plot indicates
relative fold expression of ARID2 measured by quantitative RT-PCR in patients with and
without U2AF1 mutation and a healthy donor.
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