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m Myelodysplastic syndromes (MDS) are hematopoietic stem cell malignancies. Known
predisposing factors to adult MDS include rare germline mutations, cytotoxic therapy, age-
* We report here the related clonal hematopoiesis, and autoimmune or chronic inflammatory disorders. To date,
findings from the first
known MDS genome-
wide association study
and meta-analysis iden-
tifying 8 unique loci.

no published studies characterizing MDS-associated germline susceptibility polymorphisms
exist. We performed a genome-wide association study of 2 sample sets (555 MDS cases Vs
2964 control subjects; 352 MDS cases vs 2640 control subjects) in non-del(5q) MDS cases

of European genomic ancestry. Meta-analysis identified 8 MDS-associated loci at 1q31.1
(PLA2G4A), 3p14.1 (FAM19A4), 5q21.3 (EFNA5), 6p21.33, 10q23.1 (GRID1), 12q24.32, 15q26.1,
and 20q13.12 (EYA2) that approached genome-wide significance. Gene expression for 5 loci
that mapped within or near genes was significantly upregulated in MDS bone marrow cells
compared with those of control subjects (P < .01). Higher PLA2G4A expression and lower
EYAZ2 expression were associated with poorer overall survival (P = .039 and P = .037,
respectively). Higher PLA2G4A expression is associated with mutations in NRAS (P < .001),
RUNX1 (P = .012), ASXL1 (P = .007), and EZH2 (P = .038), all of which are known to
contribute to MDS development. EYA2 expression was an independently favorable risk
factor irrespective of age, sex, and Revised International Scoring System score (relative risk,
0.67; P = .048). Notably, these genes have regulatory roles in innate immunity, a critical
driver of MDS pathogenesis. EYA2 overexpression induced innate immune activation,
whereas EYA2 inhibition restored colony-forming potential in primary MDS cells indicative
of hematopoietic restoration and possible clinical relevance. In conclusion, among 8

* Genes harboring
suggested MDS-
associated loci, includ-
ing EYA2, are innate
immune regulators and
may have clinical and
biological relevance.
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suggestive MDS-associated loci, 5 map to genes upregulated in MDS with functional roles in
innate immunity and potential biological relevance to MDS.

Submitted 30 August 2019; accepted 15 October 2019. DOI 10.1182/ The full-text version of this article contains a data supplement.
bloodadvances.2019000922. © 2019 by The American Society of Hematology
Data-sharing requests should be forwarded to Kathy McGraw (kathy.mcgraw@

moffitt.org).

26 NOVEMBER 2019 - VOLUME 3, NUMBER 22 3579


mailto:kathy.mcgraw@moffitt.org
mailto:kathy.mcgraw@moffitt.org
https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2019000922&domain=pdf&date_stamp=2019-11-18

Introduction

Myelodysplastic syndromes (MDS) are senescence-dependent
stem cell malignancies with ineffective hematopoiesis, cytological
dysplasia, and a propensity for progression to acute myeloid
leukemia (AML). Nongenetic predisposing factors include previous
chemotherapy, autoimmune or chronic inflammatory disorders, and
age-related clonal hematopoiesis."®> Our knowledge of inherited
susceptibility to MDS is limited. Familial MDS is more common
among younger patients and associates with other bone marrow
failure syndromes, including Fanconi anemia, dyskeratosis congenita,
and Shwachman-Diamond syndrome.® Germline mutations in the
RUNX1, ANKRD26, DDX41, CEBPA, ETV6, SRP72, TERT, or
GATA2 genes are found in a portion of, but not all, familial cases.
To date, there are no known common susceptibility loci for MDS.
Single nucleotide polymorphism-array (SNP-A) genotyping can
identify genetic abnormalities not resolved by classical meta-
phase cytogenetics or florescent in situ hybridization, as well as
germline polymorphisms.*® However, to our knowledge, there are
no published studies to date with satisfactory power to characterize
possible germline polymorphisms associated with MDS suscepti-
bility. Here, we provide results of the first genome-wide association
study (GWAS) using a meta-analysis approach to identify MDS-
associated genetic susceptibility loci.

Materials and methods

Samples

Genotype data sources and institutions are summarized in
supplemental Table 1. Each contributing center locally performed
genotyping, and our analysis was restricted to cases genotyped on
the Affymetrix Genome-Wide Human SNP Array 6.0 platform. In
total, we securely received 1363 Affymetrix raw CEL files for
processing. No other clinical or phenotypic data were available.
Comparable control samples for performing association analyses
were obtained from 3 control series (discussed in the following
sections) from dbGaP (https://www.ncbi.nim.nih.gov/gap).

GENEVA Diabetes Study (NHS/HPFS) The study performed
genome-wide association analysis from the Nurses’ Health Study
(NHS) and the Health Professionals’ Follow-up Study (HPFS) to
identify genetic type 2 diabetes susceptibility loci. This study was
part of the Gene Environment Association Studies initiative
(GENEVA; http://www.genevastudy.org) funded by the trans-
National Institute of Health Genes, Environment, and Health
Initiative. We extracted data from individuals in data sets version
1 and 2 (n = 3149) as control subjects. The age (mean =
standard deviation) of these control subjects was 57.09 =+
7.66 years.

GAIN: Genome-Wide Association Study of Schizophrenia
This is a case-control study aimed at identifying schizophrenia
susceptibility loci. Data were collected under the Genetic
Association Information Network (GAIN) at the Broad Institute.
For our analyses, individuals of European descent from data set
version 2 (n = 1378) were used. The mean age of these control
subjects was 51.19 = 16.98 years.

Molecular Genetics of Schizophrenia, non-GAIN This study
was part of the Molecular Genetics of Schizophrenia GWAS,
performed at the Broad Institute, and case and control subject data
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were not collected under the GAIN (non-GAIN). We used data from
1297 non-GAIN control subjects for the current study. The mean
age of these control subjects was 49.82 + 15.74 years.

Genotyping, quality control, case, and
marker restriction

To reduce potential batch effects across data sets, raw genotyping
files for all case and control subjects were combined, and
genotypes were simultaneously called by using Birdseed v2. Quality
control (QC) at both the sample- and marker-level was performed.
We excluded markers with genotype missingness surpassing 5%,
minor allele frequency =0.01, and those not in Hardy-Weinberg
equilibrium (P = 1 X 107 '2). For sample-level quality control,
related individuals were excluded based on an identity-by-descent
score >0.1875. Samples with >5% of genotyping missingness or
extreme heterozygosity (<5% or >40%) were excluded. Analysis
was restricted to individuals of European ancestry, determined by
principal component analysis using EIGENSTRAT (supplemental
Figure 1A). Analysis was restricted to non-del(5q) cases deter-
mined by copy number variant evaluation using Affymetrix
Chromosome Analysis Suite as previously described.® For
samples in the final analytic data set that passed quality control
and restriction filters, principal components were reestimated for
use as covariates in logistic regression models. The total number of
case and control subjects passing quality control is provided in
Table 1.

Imputation

Genotype data passing quality control as described earlier was
submitted to the Michigan Imputation Server (https://imputation-
server.sph.umich.edu/index.html) for imputation using the resources
of the Haplotype Reference Consortium.” We received imputed
genotypes on 39117 104 markers and analyzed 23 278 269 with
adequate imputation quality indicated by an info score >0.4.
Imputed SNPs with a minor allele frequency <0.01 were excluded
from further analysis, resulting in 7515136 markers in 6512
samples.

Genome-wide association using
a meta-analysis approach

To address heterogeneity arising from multiple sources of case
samples and genotype data, and supported by the limited analytic
benefit of pooled vs summary analytic approaches,®® we opted to
partition MDS cases into 2 analytic subsets. Subset 1 consisted
solely of MDS cases from the Cleveland Clinic (n = 555 after QC),
which represented >600% of all contributed cases. For these cases,
control subjects were selected from the GENEVA data set as the
comparison group (N = 2965 after QC). Subset 2 consisted of all
other MDS cases (n = 352 after QC) aggregated across the
remaining 5 contributing centers; control subjects from both the
GAIN and non-GAIN data sets served as a comparison group
(N = 2640 after QC) for these cases.

Logistic regression was conducted separately for Subsets 1 and 2
to determine marker associations with MDS disease status,
assuming an additive genetic model. We adjusted for genetically
determined sex and the first 4 principal components. For Subset
1, the genomic inflation factor, \, was 1.05; for Subset 2, \ was
1.00 (supplemental Figure 1B-C). Summary odds ratios (ORs)
and corresponding 95% Cls were estimated by using fixed effects
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meta-analysis implemented in PLINK. SNP markers brought forward
for further scrutiny included those with the following: (1) evidence of
good genotype clustering; (2) low heterogeneity (/> <35) across
the 2 subsets; (3) P =< 1.0 X 10~°; and (4) a regional plot with
linkage disequilibrium patterning of proximal SNPs suggestive of
a true positive hit (supplemental Figure 2). The meta-analysis Q-Q
plot (\ = 0.99) is provided in supplemental Figure 1D. Q-Q and
Manhattan plots were generated by using R; regional plots were
generated by using LocusZoom."®

Gene expression profiling

Gene expression analysis was conducted on data from 3 sources.
The first was the publicly available National Center for Bio-
technology Information Gene Expression Omnibus (GEO) data
set,'" GDS3795, which includes gene expression profiling on
CD34" cells from 183 MDS cases and 17 healthy donors. The
second data set was unsorted cells from the National Taiwan
University Hospital (NTUH), including 295 MDS cases (213 fulfilled
the criteria of the World Health Organization [WHO] classification),
300 AML cases, and 20 healthy bone marrow transplant donors
profiled with the HumanHT-12 v4 Expression BeadChip (lllumina
Inc., San Diego, CA).'> The NTUH study was approved by the
institutional review board of the NTUH (NTUH 20150709RINA),
with written informed consent obtained from all participants in
accordance with the Declaration of Helsinki. Cohort demographic
characteristics are provided in supplemental Table 2. We also used
BloodSpot, a database of gene expression profiles and transcrip-
tional programs for healthy and malignant hematopoiesis (http://
servers.binf.ku.dk/bloodspot/), to compare gene expression in normal
hematopoiesis.'® Analysis was restricted to the HemaExplorer
database and only cell populations that may be most relevant to
MDS, specifically, stem, progenitor, and myeloid populations.
Diagrams represent probe sets with highest mean expression.

Gene expression was analyzed either by using the independent
Student ¢ test (National Center for Biotechnology Information
database) or the Mann-Whitney U test (NTUH cohort) to
compare continuous variables and medians of distributions,
respectively. Overall survival was measured from the date of
diagnosis to date of death from any cause or date of last follow-
up. Survival curves were estimated by using the Kaplan-Meier
method, and comparisons based on gene expression levels were
tested by using the log-rank test. P < .05 was considered
statistically significant. Statistical analyses were performed by
using SPSS 18 software (IBM Corporation, Armonk, NY) and
StatsDirect (Cheshire, United Kingdom).

Expression quantitative trait loci lookup

To investigate the potential functional mechanism of our putative
susceptibility loci, we examined known expression quantitative
trait loci (eQTLs) in Blood eQTL and Genotype-Tissue Expres-
sion (GTEx) portals (https://www.gtexportal.org/home) for these
SNPs and proxies. Both cis- and trans-eQTL databases were
downloaded from Blood eQTL (https://genenetwork.nl/blood-
eqtlbrowser).'* Data used for this analyses were obtained from
the GTEx Portal on August 15, 2018. Proxies were identified in
PLINK by using linkage disequilibrium r* > 0.4 and 1000 kb
range from all SNPs imputed or genotyped from our 2 studies
(supplemental Table 3).
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Transfection and western blotting

THP-1 cells were stably transfected with pcDNA3.1 Flag-Eya2
vector purchased from Addgene (plasmid #49264; Cambridge,
MA) using an Amaxa Nucleofector (Lonza, Walkersville, MD)
with the manufacturer's THP-1-optimized transfection protocol.
Cells were selected by using 320 wg/mL of Hygromycin B Gold
and harvested for western blotting, performed as previously
described.’®

Colony-forming capacity assay

Bone marrow mononuclear cells were isolated by using Ficoll-
Paque (GE Healthcare, Pittsburgh, PA). Five hundred thousand
cells per milliliter were plated in MethoCult (Stemcell Technol-
ogies, Vancouver, BC, Canada) with complete cytokines supporting
myeloid and erythroid colony growth with 1% penicillin/streptomycin,
and 3% final volume autologous bone marrow plasma. One milliliter
was plated per well = the EYA2 inhibitor (MLS000544460) and
incubated at 37°C in a humidified chamber with 5% carbon dioxide
for 14 days, when the number of erythroid (burst forming unit-
erythroid and colony forming unit-erythroid) and myeloid (colony-
forming unit-granulocyte, macrophage) were counted. The number
of replicates is indicated, and averages are represented as means
*+ standard error.

Results

Meta-analysis of our 2 case-control subsets (supplemental Table 1)
identified 8 independent loci that were suggestively associated with
non-del(5g) MDS (P =< 1.0 X 10~ ° for each); no genetic markers
reaching classical genome-wide significance were identified (P =
5.0 X 1078) (Figure 1; Table 1; supplemental Figure 2). Five of
these loci were located within or proximal to genes on 1g31.1
(rs6683416, PLA2G4A), 3p14.1 (rs34539210, FAM19A4),
5q21.3 (rs341274, EFNA5), 10g23.1 (rs7099032, GRID1), and
20q13.12 (rs1206818, EYA2); the remaining 3 loci (rs1634783 at
6p21.33, rs2947170 at 12q24.32, and rs4404050 at 15926.1)
were located in intergenic regions.

We conducted in silico analyses (including eQTL analysis),
performed a literature review of published GWAS, and searched
for functional activity on all 8 MDS-associated loci and proxies
(supplemental Table 2) and the 5 genes housing these loci. Gene
expression analysis was also performed on the 5 relevant genes.
In vitro functional analysis was additionally performed on EYA2,
the gene housing the most statistically significant loci (rs1206818;
P = 6.66 X 10 8. A study flow diagram is provided in
supplemental Figure 3, and a summary of eQTL and gene
expression findings for each loci is given in supplemental Table 4.
Highlighted here are results from our in silico and in vitro analyses
for each locus in order of chromosome number.

Rs6683416 (OR, 0.7341; P = 5.88 X 10 ) maps within an intron
of Phospholipase A2 Group IVA (PLA2G4A). In normal hemato-
poietic cells, PLA2G4A expression is highest in common myeloid
progenitors and megakaryocyte-erythroid progenitors (supplemen-
tal Figure 4A,F; supplemental Table 5). Gene expression levels of
PLA2G4A were significantly higher in CD34™" selected MDS bone
marrow cells (GDS3795) compared with those of healthy control
subjects (level; P = 8.77 X 10™°) (Figure 2A). Similarly, PLA2G4A
expression was significantly increased in WHO-defined MDS
unsorted bone marrow cells of patients compared with those of
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Figure 1. Manhattan plot. The Manhattan plot is
an overview of markers with corresponding P values
of our meta-analysis. Hits with a P value < 1 X 10

(red line) were investigated further.
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healthy donors (NTUH, level; P < .001). Interestingly, PLA2G4A
expression levels were significantly higher in unsorted bone
marrow cells from AML cases than in either MDS cases (levels;
P < .001) or healthy donors (levels; P < .001) (Figure 2B).
Furthermore, expression increased with higher risk MDS subtypes,
including refractory anemia with excess blasts-1 (RAEB1), RAEB2,
and RAEB in transformation (-T) (Figure 2C). Higher PLA2G4
expression was more often associated with cases harboring
somatic mutations in NRAS (P < .001), RUNX1 (P = .012),
ASXL1 (P =.007),or EZH2 (P = .038) genes, well-described MDS
mutations with prognostic relevance. Cases with higher PLA2G4A
expression also had significantly shorter overall survival (OS)
compared with cases with lower expression (P = .039) (Figure 2D).
GTEx eQTL browser analysis revealed several known whole-blood
eQTL PLA2G4A (supplemental Table 6). In our data set, these
eQTL loci have meta-analysis P values that range from .10 to .36.

Rs34539210 (OR, 0.72; P = 4.18 X 10~ ®) maps proximal to the
Family With Sequence Similarity 19 Member A4 gene (FAM19A4).
In normal hematopoietic cells, FAM19A4 is more highly expressed
in bone marrow promyelocytes and myelocytes vs immature myeloid
precursors (supplemental Figure 4 B,F; supplemental Table 5).
GDS3795 GEO data exhibit little to no gene expression in
primary MDS CD34 " bone marrow cells. However, examination
of unsorted cells (NTUH) revealed significantly increased
expression of FAM19A4 in WHO-defined MDS compared with
both healthy donors and AML cases (both, P < .0001) (Figure 3A).
Although we observed no differences in expression based on
subtype, increased expression was associated with KRAS gene
mutations (P = .045). Blood eQTL analysis identified several
proxies to rs34539210 that are known cis-eQTLs (supplemental
Table 7) for ARL6IP5, ADP Ribosylation Factor Like GTPase 6
Interacting Protein 5. ARL6IP5 (also known as JWA) is significantly
upregulated in MDS CD34" cells compared with those from
healthy donors (P < .001) (supplemental Table 8).

Rs341274 (OR, 1.35; P = 3.78 X 107°) is located on
chromosome 5 within an intron of the Ephrin A5 gene (EFNAS5).
In normal hematopoietic cells, EFNA5 is more highly expressed in

€ blood advances 26 NovemBER 2019 - vOLUME 3, NUMBER 22

bone marrow myelocytes compared with any more immature cell
types (supplemental Figure 4 C,F; supplemental Table 5). Accord-
ing to GDS3795, there is relatively little or no expression in MDS
CD34% cells. In the NTUH data, there was significantly higher
expression in unsorted bone marrow cells from WHO-defined MDS
cases compared with those from AML cases and from heathy
control subjects (both, P < .0001) (Figure 3B) in nonsorted bone
marrow cells. We found no association, however, between the
expression of EFNA5 with MDS subtype, specific somatic gene
mutations, or OS.

Rs1634783 (OR, 0.76; P = 8.46 X 10~ 7) maps to chromosome 6
(6p21.33) and is not associated with known genes. However, Blood
eQTL analysis revealed that rs1634783 proxies were known cis-
eQTL to several genes, including /ER3, HLA-B, HLA-C, and
C60rf48 (supplemental Table 7). Furthermore, GTEx eQTL analysis
revealed several eQTL for both rs1634783 itself and several
proxies, the genes of which are listed in supplemental Table 9 and
include CCHCR1, HCG27, HLA-C, HLA-S, NOTCH4, POU5F1,
PSORS1C3, XXbac-BPG181B23.7, XXbac-BPG248L24.12, and
XXbac-BPG299F13.14. Per GDS3795, HCG27gene expression
was significantly higher in MDS cases vs healthy donors (P < .01),
and CCHR1 and C60rf348 approached significance (P = .11 and
P = .09, respectively) (supplemental Table 8). From NTUH data,
CCHCR1, HLA-C, NOTCH4, POU5F1, and PSORS1C3 have
increased expression in MDS vs healthy donors. In contrast, MDS
unsorted bone marrow cells have lower HCG27 and [ER3
expression compared with healthy donors. There was no difference
in HLA-B and C60rf48 expression between unsorted MDS and
healthy donor cells (supplemental Table 10).

Rs7099032 (OR, 0.74; P = 9.14 X 10~ °) maps to chromosome
10 within an intron of Glutamate lonotropic Receptor Delta Type
Subunit 1 (GRID1). In normal hematopoietic cells, GRID1 is more
highly expressed in bone marrow myelocytes vs more immature
hematopoietic cells (supplemental Figure 4D,F; supplemental
Table 5). Consistent with this maturation-restricted expression
pattern, there was little gene expression in primitive CD34 ™ cells in
GDS3795 and no differences in expression between MDS and
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Figure 2. PLA2G4A expression in MDS and impact on survival. (A) Relative PLA2G4A gene expression using the National Center for Biotechnology Information GEO

data set, GDS3795 showing significantly higher gene expression in MDS case subjects compared with control subjects. (B) Relative PLA2G4A gene expression using the

NTUH independent data set confirming significantly higher PLA2G4A gene expression in MDS case subjects compared with control subjects. (C) Higher PLA2G4A gene

expression is associated with higher risk disease subtypes in RAEB1, RAEB2, and RAEB-T. (D) Kaplan-Meier plot showing that lower PLA2G4A gene expression is associated

with improved overall survival. Error bars represent mean *+ standard error. *P < .005, **P < .0001.

normal control subjects. However, in nonsorted bone marrow cells
from the NTUH data set, there was significantly greater expression
in WHO-defined MDS cases compared with both healthy control
subjects and AML cases (both, P < .0001) (Figure 3C). There was
no difference in expression according to MDS subtype, mutation
type, or OS.

Rs1206818 (OR, 1.41; P = 6.66 X 10~ %) was the most highly
significant hit in our meta-analysis and maps to chromosome 20
within an intron of the Eyes absent homolog 2 (EYA2). In normal
hematopoietic cells, EYAZ2 is more highly expressed in bone marrow
myelocytes compared with immature hematopoietic cells (supple-
mental Figure 4E-F; supplemental Table 5). MDS CD34" bone
marrow cells do not exhibit differential expression vs normal
donors in GDS3795; however, nonsorted cells from NTUH
display significantly higher EYA2 expression in MDS cases vs
normal donors (P < .0001). Interestingly, AML cases have EYA2
expression far greater than that of MDS cases (P < .0001)
(Figure 4A) despite higher expression in lower risk MDS subtypes

3584 MCGRAW et al

vs higher risk MDS subtypes (Figure 4B). We found no relation
between EYA2 expression and specific somatic gene mutations.
However, OS was significantly increased in MDS cases with higher
EYA2 expression (P = .087) (Figure 4C). Importantly, EYA2 was an
independently favorable risk factor irrespective of age, sex, and
Revised International Prognostic Scoring System score (relative
risk, 0.665; P = .048). EYA members are sensors of cytosolic DNA,
which can serve as a danger-associated molecular pattern (DAMP)
to trigger inflammasome activation.'®'” Based on our previous
findings that innate immune activation, specifically NLRP3 inflam-
masome activation, drives MDS pathogensis,'® we interrogated
whether EYAZ2 is functional in MDS. To address this question, we
overexpressed EYA2 in monocytic THP-1 cells. EYA2 expression
induced caspase-1 and pro-IL-18 cleavage and increased
phosphorylation of NF-kB, indicating priming and activation of
the inflammasome innate immune axis (Figure 4D). We previously
found that inhibition of the inflammasome by a small molecule
inhibitor, MCC950, restored hematopoiesis in MDS bone marrow
progenitors, as evidenced by improved colony-forming capacity.
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Figure 3. FAM19A4, EFNAS, and GRID1 relative gene expression. Relative
gene expression of FAM19A4 (A), EFNA5 (B), and GRID1 (C) using the NTUH data
set showing significantly higher gene expression in MDS case subjects compared
with control subjects. Error bars represent mean = standard error. **P < .0001.

Here, we treated 3 primary MDS bone marrow samples with the
EYA2 inhibitor MLS000544460, and scored colony recovery.
We observed a significant, concentration-dependent increase
in erythroid colony-forming capacity, indicating improved effective
hematopoiesis (Figure 4E).

Discussion

Our investigations are the first to identify suggested non-del(5q)
MDS-associated germline genetic variations. To our knowledge, no
previous MDS GWASs have been reported. We found no overlap
between our loci with those reported by Astle et al,'® who used
GWAS to describe blood cell phenotypes, or loci associated with
human red blood cell biology as reported by van der Harst et al.>®
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The majority of the 8 loci identified in the current study map in
or proximal to PLA2G4A, FAM19A4, EFNA5, GRID1, and EYA2,
with potential functional consequences for MDS pathobiology.
Expression of each of these genes was significantly increased in
MDS vs healthy donors (NTUH data). Furthermore, higher
PLA2G4A and FAM19A4 gene expression was associated with
common, myeloid-specific, prognostically adverse, somatic gene
mutations, meriting further investigation. Lastly, lower PLA2G4A
and higher EYA2 expression was associated with significantly
prolonged OS, demonstrating prognostic relevance. Importantly,
these genes are involved in innate immune modulation. We showed
that somatic gene mutations common to MDS (regardless of class)
and other DAMPs direct NLRP3 inflammasome activation and
caspase-1-driven cell death (pyroptosis), potentiating the chroni-
cally inflamed bone marrow milieu in MDS."®

PLA2G4A encodes cytosolic phospholipase A2 (cPLA2) with
pleotropic functions, including membrane phospholipid hydrolysis in
the presence of free Ca®*.?" Increased PLA2G4A is reported in
prostate cancer, AML, and tumor necrosis factor—induced leukemic
cell cytotoxicity.2?2* Gerstung et al?® investigated differential gene
expression associated with common somatic gene mutations and
chromosomal abnormalities in bone marrow CD34" cells of
patients with MDS. These data showed that PLA2G4A gene
expression is significantly (P = .038) increased in association
with U2AF1 mutations (0.527 increased expression), warranting
investigation of the loci identified here with U2AF7 mutations.
Importantly, cPLA2 regulates NLRP3-inflammasome.'®2® cPLA2«
activation decreases inflammasome activation, which is indispens-
able for pyroptotic cell death and B-catenin activation, suggesting
potential disease-related biological relevance. Importantly, iPLA2 is
required for S100A9 phosphorylation by MAPK, which is necessary
for proinflammatory effects and intracellular scaffold functions.?”
Notably, S100A9 is the major cell-extrinsic and cell-intrinsic
inflammasome-activating DAMP in MDS that is overexpressed in
both MDS progenitors and the expanded population of medullary
myeloid-derived suppressor cells in these patients.'®

FAM19A4 encodes a cytokine whose function is not fully characterized;
however, expression is upregulated in monocytes and macro-
phages after endotoxin exposure, suggesting a role in inflamma-
tory signaling.?® FAM19A4 methylation described in varied solid
tumors suggests potential tumor suppressor function,2°2° which
should be further explored in the context of MDS because
hypermethylation contributes to signaling aberrancy in these
neoplasms. The relation to more mature cell types and KRAS
mutations identified here should be explored in future studies.
Notably, chromosome 3 abnormalities are associated with unfavor-
able prognosis in MDS, and 3p abnormalities specifically account
for ~15% of cases harboring a change in this chromosome.®'
Interrogation of the SNP allele frequency with respect to these
abnormalities may have clinical implications.

Although little is known about the function of Efnab outside of
neuronal differentiation, the ephrin receptor—binding pathway has
been implicated in gastric adenocarcinoma, implicating a possible
role in oncogenesis.? Per Gerstung et al,?®> EFNAS5 is significantly
(P = .008) upregulated in association with del(5q) abnormalities
(increased by 0.056), which is the most commonly found
chromosomal abnormality observed in MDS and carries distinct
clinical and biological features. Furthermore, Efnab signals in part
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Figure 4. EYA2 expression and impact on survival and hematopoiesis. (A) Relative gene expression of EYA2 using the NTUH data set showing significantly higher

EYA2 expression in MDS case subjects compared with control subjects. (B) EYA2 gene expression is higher in lower risk disease subtypes, including RARS and RCMD. (C)

Kaplan-Meier plot showing that higher EYA2 expression is associated with improved OS. (D) Western blot showing activation of innate immune signaling after EYA2 trans-

fection. (E) Representative micrographs (40X) of colony-forming capacity assays of control (i) or EYA2 inhibitor-treated (i, 1 uM; iii, 10 wM) MDS bone marrow mononu-

clear cells showing significantly greater erythroid colonies in treated samples with accompanying quantitation for each of 3 independent samples (mean * standard error).

*P < .005, **P < .0001.

through the JNK pathway, a key mediator of inflammatory signaling
in MDS.%%:%°

Gerstung et al*® showed that GRID1 expression is significantly
(P = .013) upregulated (by 0.023) in association with DNMT3A
mutations, a commonly found MDS driver mutation that should be
explored in the context of the loci identified here. GRID1 introns
encode microRNAs critical for unfolded protein response (UPR).%®
Of particular importance, endoplasmic reticulum (ER) stress arising
from unresolved UPR activates the NLRP3 inflammasome and
pyroptotic cell death.3” U2AF1-S34F mutants promoted splicing at
a distal poly(A) site in autophagy-related factor 7 (ATG7) messenger
RNA, thereby generating a longer and poorly translated transcript.®®
Subsequent ATG7 depletion disrupted autophagy to initiate ER
stress. UPR and ER stress are often found as a result of somatic
gene mutation and are currently being investigated in MDS.

Gerstung et al*® reported that JAK2 mutations are associated with
increased (0.008) EYA2 gene expression (P = .051). JAK2
mutations are found both in MDS and myeloproliferative neoplasms.
Of note, interstitial deletion of part of the long arm of
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chromosome 20 [del(20q)] is a common chromosome abnormality
in MDS associated with favorable prognosis, and EYA2 resides
within this commonly deleted region.®%#® Importantly, we explored
the functional activity of EYA2, a member of the Eyes absent gene
family (EYA) in the context of MDS. Of particular interest, EYA2
contains a unique haloacid dehydrogenase family, tyrosine phos-
phatase, in the EYA-domain that dephosphorylates H2AX, poten-
tially influencing DNA damage repair. The N-terminal region of
EYA2 contains a serine/threonine phosphatase involved in the
regulation of innate immune response.'® EYA members are sensors
of cytosolic DNA that can serve as DAMPs to trigger inflammasome
activation.'®"'” We confirmed activation of innate immune signaling
and, using an EYA2 pharmacological inhibitor, we reported
concentration-dependent improvement in colony-forming ca-
pacity in primary MDS specimens. It is important to note that
although increased EYA2 expression was associated with
increased OS, protein inhibition has potential beneficial clinical
utility. EYAZ2 inhibition is able to restore hematopoiesis, particularly
erythropoiesis, demonstrable by an increased colony-forming
capacity that may result in hematologic improvement.
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Hematologic improvement, particularly erythropoiesis improve-
ment, may significantly decrease transfusion dependence,
which directly correlates with reduction in survival and rising
risk of leukemia transformation.*' These data suggest potential
clinical utility underscoring the biological relevance of EYA2 and
offer a target for therapeutic investigation that may modify
NLRP3 inflammasome-mediated pyroptosis in lower risk patients
with MDS.

eQTL interrogation of SNP proxies identified several affected
genes. Importantly, we used Blood eQTL and GTEx on whole blood
only. MDS is a stem cell malignancy characterized by malignant
clonal expansion, and analysis of whole blood is therefore not a true
representation of diseased tissue. Nonetheless, it is the closest
tissue from which there is available content to search. Interestingly,
there are some associations of genes identified by using eQTL
analysis and MDS. For example, expression of IER3, an NF-«kB
signaling interacting protein that can regulate cell death, is
dysregulated in MDS due in part to commonly observed trans-
locations.*? Furthermore, /ER3-deficient mice develop an MDS
phenotype after radiation exposure, suggesting a critical role in
pathogenesis.*® Here, /ER3 expression was decreased in unsorted
MDS bone marrow cells vs those from healthy donors, and the role
of our loci should be explored in this context. Furthermore, we found
eQTL for ARL6/P75 (also JWA) and significant upregulation of
this gene in MDS CD34 " cells vs healthy donors. JWA is heavily
involved in myeloid cell differentiation and leukemia initiation,**
and functional loci variations are associated with increased
leukemic risk.*®

Although we have yet to explore the functional consequences of all
loci identified here, the linkage to a known pathogenetic driver of
MDS, namely innate immune activation, suggests important
clinical and biological implications of this study; these
implications are supported by our data on differential gene
expression patterns in MDS case subjects vs healthy control
subjects, survival prognostication, associations with known
prognostically adverse somatic gene mutations, and demon-
strated functional data. Validation of these MDS-associated
loci in other studies enrolling ample numbers of cases with
MDS is needed; however, these findings provide valuable
insight into MDS predisposition, biology, and possible therapy
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targets. Future studies will elucidate the functional impact of
the specific polymorphisms and also investigate possible
polymorphism associations in del(5g) MDS. In conclusion, we
have provided the first evidence of genetic loci linked to MDS
predisposition and new pathway targets that may have
pathobiological importance in MDS.
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