NEOPLASIA

www.neoplasia.com

Volume 20 Number 11 November 2018 pp. 1106-1120 1106

Genetic and Epigenetic
Perturbations by DNIMIT3A-R882
Mutants Impaired Apoptosis

through Augmentation of PRDX2 in
Myeloid Leukemia Cells
®

Abstract

DNA methyltransferase 3A (DNMT3A)is mutated in various myeloid neoplasms including acute myeloid leukemia
(AML), especially at the Arg882 and associated with inferior outcomes. Here, we report that the DNMT3A-
Arg882His/Cys (R882H/C) mutations led to inactivation of apoptosis through DNA damage signaling following the
impairment of differentiation of myeloid leukemia cells. Gene expression profiling analysis revealed aberrant
expression of several cell-cycle and apoptosis-related genes, and the DNA methylation assay identified both hypo-
and hypermethylation features in different regions throughout the whole genome of DNMT3A mutants-
transduced myeloid cells. We found that DNMT3A-R882H/C mutations upregulated the expression of an
antioxidant protein, pyroxiredoxin-2 (PRDX2), at the mRNA and protein levels with decreased accumulation of
reactive oxygen species (ROS). Augmentation of ROS generation by ROS accumulating agent or by knockdown of
PRDX2 from myeloid cells effectively increased drug sensitivity and apoptosis as a consequence of reduced
cell proliferation. DNMT3A-R882C/H mutations decreased apoptosis induction in part by increasing the
antioxidant capacity of the cell owing to upregulation of PRDX2. Molecularly, both DNMT3A-WT and R882H/C
mutants interacted with PRDX2; and R882C/H mutation-induced hypomethylation increased PRDX2 expression
which enhanced cell proliferation and growth with impairment of apoptosis, thereby contributing to
leukemogenesis.

Neoplasia (2018) 20, 1106-1120

Introduction

Recent studies have shown that epigenetics plays an important role in
cancer biology including leukemia [1,2]. Acute myeloid leukemia
(AML) is a genetically heterogeneous malignancy. Whole genome
sequencing found DNMT3A as one of the most frequently mutated
genes across a range of hematological malignancies including AML
[3,4]. DNA methylation of CpG dinucleotides represents key
epigenetic modifications that control the regulation of gene
expression. In mammals, CpG methylation is catalyzed by a family
of DNA methyltransferase enzymes including DNMT1, DNMT3A,
and DNMT3B [5]. DNMT3A and DNMT3B are the main enzymes
to initiate de novo DNA methylation, whereas DNMT1 maintains
methyltransferase activity [6]. Gene mutation studies identified
somatic mutations of DNMT3A in about 20% of patients with AML,

mostly in cases with monocytic lineage (AML-M5 or -M4), and were
associated with poor prognosis [7,8]. Although various DNM73A4
mutations have been identified in AML, Arg882His (R882H) is the
most frequent, accounting for 70%-80% of cases, and R882C is the
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next [9]. It also has been reported that DNMT3A mutations caused — Dnmt3a-null hematopoietic stem cells (HSCs) showed both increased
loss of tetramerization and thereby exert reduced de novo methyl and decreased methylation at distinct loci 772 vive [11], it has been also
transferase activity and focal hypomethylation [10]. Although reported that Dnmt3a loss from HSCs in conditional Dnmz3a
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Figure 1. DNMT3A-R882H/C mutations impair stimulant-induced differentiation with inactivation of apoptosis of myeloid leukemia cells.
(A) Immunoblot of endogenous DNMT3A expression in different leukemic and human fibroblast cell lines (upper panel), and
overexpressed WT-, mutant-DNMT3A into U937 cells (lower panel). (B) Colony formation ability in Methocult medium after stable
overexpression of WT and mutant-DNMT3A into U937 cells (original magnification: x100). Columns P1-P4 represent the number of
serially replated colonies. (C) Growth curves of U937 cells stably transduced with WT- and mutant-DNMT3A. Representative results from
three independent replicates are shown. (D) U937 cells were treated with 300 nM ATRA for 96 hours; cell morphology with Wright-
Giemsa—stained smears (original magnification: x400). (E) Percentage of CD11b-positive cells after treatment with 300 nM ATRA and
40 nM PMA for 96 hours. (F) U937 cells stably transduced with EV-, DNMT3A-WT, and mutants used for apoptosis analysis.
Representative flow cytometry analysis (left panel) and the % of Annexin V—and Pl-positive cells are shown (right panel). (G) Percentage of
apoptotic cells after treatment with 300 nM ATRA and 40 nM PMA for 96 hours. Error bars represent = S.D. of the mean of two separate
experiments. *P < .05, **P < .03, ***P < .01. P value compared to empty vector control in colony formation and self-renewal activity was
calculated.
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knockout mouse causes impairment of HSC-differentiation and
upregulation of self-renewal genes [11]. It has recently been reported
that DNMT3A-R882 mutants interacted with polycomb proteins and
block HSCs and leukemia cell differentiation [9]. More recent report
revealed that DNMT3A-R882H mutation cooperated with NRAS
mutation to transform HSC and induced AML development [12].

It has been suggested that DNMT3A-R882H increased the protein
level of CDKI1, a cell-cycle regulator protein, and enhanced cell-cycle
activity [13]. DNMT3A interacts with many other proteins including
histone modifiers to suppress their target gene expression [14,15].
Previous studies have suggested DNM7T3A mutations as the
fundamental genetic event at the initiation of AML pathogenesis
[16,17]. Despite the current progress of functional role of DNMT3A
mutations, the molecular pathogenesis of myeloid malignancies
remains poorly understood. The mechanisms of AML transformation
and functional role of DNMT3A mutations through its target genes
in the leukemogenesis remain to be explored. In this study, we show
that DNMT3A mutants impaired apoptosis through DNA damage
signaling and target epigenetically augmented PRDX2, an antioxidant
protein which may contribute to malignant transformation.

Materials and Methods

Cell Culture, Drug Treatments, Staining, and Cell Proliferation

The human leukemia cell lines K562, HL-60, U937, and THP-1
were cultured in RPMI-1640 medium; HEK293T cells were cultured
in DMEM according to standard conditions. HL-60 cells were
obtained from ATCC (November 2015), and U937, K562, and
THP-1 were obtained from our own stocks. All cell lines were
authenticated by cellular morphology and STR analysis at Chang
Gung Memorial Hospital (January-February 2017). Murine myeloid
leukemia 32Dcl3 (32D) cells were cultured in the presence of 1 ng/ml
murine-IL-3 under similar conditions. Phorbol 12-myristate 13-acetate
(PMA)-mediated myelomonocytic differentiation of U937 cells and
megakaryocytic differentiation of K562 cells were induced by applying
40 nM PMA (Sigma chemicals) dissolved in dimethyl sulfoxide.
To induce granulocytic differendation, U937 cells were treated
with 300 nM all-trans retinoic acid (ATRA) for 96 hours. Oxidative
stress was induced by tertiary-butyl hydrogen peroxide (TBHP)
treatment performed on cells cultured in 12-well or 6-well microplates.
For colonogenic growth assays, cells were cultured in 12-well plate at
1-2 x 10° cells/well in Methocult H4435 (StemCell Technologies)
medium for 7 days. Photograph was taken by phase contrast microscope
(Nikon Eclipse TS100, Japan). For morphological studies, cytospined
(Thermo) smears were stained with modified Wright-Giemsa (Sigma).
Digital images were acquired using Olympus (model no. U-TV0.5XC-3)
microscope equipped with a digital camera. Cell proliferation and
survival in the presence of drugs or no drugs were determined at

different time points assessed by manual counting using a hemocy-
tometer followed with trypan blue staining,

Plasmid Construction, Lentiviral Preparation, and Infection

The full-length ¢cDNA of human DNM13A-WT was constructed
into the Nhel/NotI multiple cloning sites of lentiviral vector pPCDH-
CMV-MCS-EF1-Puro according to the standard method and verified by
sequencing. Point mutants R882C and R882H and deletion mutant
Q515X of DNMT3A gene were generated from WT using site-directed
mutagenesis (KAPA HiFi HotStart, Kapa Biosystems) and confirmed by
full-length DNA sequencing. Wild-type and mutant-DNMT3A with N-
terminal 2 x FLAG tagged was then subcloned into pIRES2-EGFP-
vector. Lentiviruses production, cell infection, and selection of
puromycin-resistant cells were performed as our previous description
[18]. The pLKO.1-puro plasmid-based shRNAs, including shZuc
(luciferase shRNA, TRCN231719), human PRDX2-shl
(TRCN0000064906), PRDX2-sh2 (TRCN0000064907), mouse
Prdx2-sh1 (TRCN0000120694), Prdx2-sh2 (TRCN0000322525),
and human ¢MYC-sh1 (TRCN0000010389) and c¢MYC-sh2
(TRCN0000010390), were obtained from the National RNAi Core
laboratory, Taiwan. For shRNA-mediated knockdown of PRDX2 or
Prdx2, cells were infected with pLKO.1-puro plasmid-based shRNAs
lentivector and selected with puromycin.

Flow Cytometry Analysis

Cells were stained with anti-CD11b PE/CD14 APC (eBioscience; Cat.
12-0118/Cat. 17-0149) or anti-CD61-PerCP-Ab (BD Pharmingen), and
assays were performed by flow cytometry (BD Arialll) using the BD Cell-
Quest Pro version 4.0.1 software. The apoptosis was detected on a
FACSCalibur (BD Biosciences) flow cytometry by Annexin V and
propidium iodide (PI) staining according to the manufacturer instructions

(Annexin V-FITC kit, Beckman Coulter, Marseille, France).

Immunofluorescence Analysis

PBS-washed cytospin cells were fixed with chilled 100% methanol
at room temperature for 5 minutes, washed thrice with cold PBS,
blocked with 5% BSA in PBS containing 0.1% Tween 20, and then
incubated with the primary antibodies at 4°C for overnight. Cells
were subsequently washed thrice, incubated with Rhodamine and
FITC-conjugated anti-rabbit or anti-mouse secondary antibodies
(Jackson ImunoResearch), and counterstained with 4,6-diamidino-2-
phenylindole (DAPI) (Sigma). Cells were washed and mounted,
morphological changes of cells were examined under the fluorescence
microscope (Olympus BX61), and images were acquired using a
digital color camera with Case Data Manager EXPO 6.0 software
system. All the images were taken with fixed contrast and exposure
time for DAPI of 80 milliseconds, 150 milliseconds for red
fluorescence, and 1000 milliseconds for green fluorescence.

Figure 2. DNMT3A R882H/C mutants impair apoptosis through attenuation of DNA damage signaling. (A) Cell proliferation of stably
transduced U937 cells treated with 300 nM ATRA and 300 nM ABT-263 for 72 hours or no drug. Data presented were the average of at
least two replicates. (B) Representative flow cytometry analysis (left panel) and the % of Annexin V- and Pl-positive cells (right panel) of
mutant and WT-DNMT3A U937 cells including EV on the treatment of 300 nM ABT-263 for 72 hours are shown. (C and D) DNA damage
signaling protein levels including c-MYC were examined with or without treatment of ATRA (C) or ABT-263 (D) by immunoblot analyses. 3-
Actin was used as a control for equal loading. (E and F) Phosphorylation of H2A X (y-H2A.X) levels was verified in transformed U937 cells
without drug (E) and in the presence of 300 nM ATRA (F) by immunofluorescence microscopy (original magnification: x1000). All the
images were taken with same contrast and exposure time. Quantitation of the intensity of y-H2A.X per cell was measured using ImageJ
software (NIH, USA). Each data point represents the mean =+ S.D. of three different microscopic field. All studies were repeated at least

once; *P < .05, **P < .03.
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Intracellular Reactive Oxygen Species (ROS) Generation Assay
Live green ROS assay kit (Molecular Probes) was used to measure
intracellular ROS according to the manufacturer's instructions.
DNMT3A-WT and mutants expressing cells including control were
incubated in 25 UM 5-(and-6)-carboxy-2’,7’-dichlorodihydrofluor-
escein diacetate (carboxy-H2DCFDA) containing PBS at 37°C for
30 minutes. Cells were then washed thrice with PBS to remove the
extra reagent that had not entered the cells, and the fluorescence
intensity of the cell suspension was immediately measured by flow
cytometry. Similar cells were cytospined for microscopic analysis.

Isolation of RNA, Reverse Transcription, and Quantitative
Real-Time Polymerase Chain Reaction (qPCR)

Total RNA was extracted from frozen or cultured cells using Trizol
total RNA isolation reagent (Invitrogen). Sample was reversely
transcribed to cDNA with random hexamers using the Superscript 111
First-Strand Synthesis System for RT-PCR Kit (Invitrogen). The
cDNA was used for quantitative PCR with iQTM SYBR Green
Supermix (BIO-Rad) according to manufacturer's protocol. The
sequences of oligonucleotides used for qPCR are listed in
supplementary Table S1. Samples were run in duplicate, transcript
levels were calculated as 2("*2“%), and the threshold cycle number for
different genes was normalized to the expression of GAPDH.

Immunoblotting and Immunoprecipitation Analysis
Immunoblot was performed with the following antibodies: anti-
DNMT3A (#3598), anti-yH2AX (#2577), p-cMYC (#13748), and
ant-MYC (#5605) obtained from Cell Signaling Technology; anti-
PRDX2 (ab133481) and anti-BCL2 (ab692) from AbCam; anti-
CDKI1 (Cat.GTX20018) and anti-PARP-1 (Cat. GTX100573) from
GeneTex; and anti-Flag (F3165) and anti—B-Actin (Cat. A5441) from
Sigma-Aldrich. Cells were homogenized and lysed in a buffer containing
50 mM Tris-HCI pH 8.0, 120 mM NaCl, 0.5% NP-40, 0.25% Na
deoxycholate, 1| mM DTT, 1 mM PMSF, 1 mM EDTA, 1 mM
NAF, 1 mM Na3VOy, and protease inhibitor (all chemicals purchased
from Sigma Chemicals, St Louis, MO). A total of 20-40 pg proteins
were subjected to electrophoresis followed by immunoblotting analysis
using antibodies against the target proteins. A loading control of
detection of B-Actin was included for all immunoblots. The protein
lysate was resolved in 6-12% SDS polyacrylamide gels according to the
protein size, transferred to a nylon membrane (PVDEF, Schleiche &
Schuell, Einbeck, Germany), and then incubated with primary
antibodies. After washing, the membranes were incubated with HRP-
conjugated anti-mouse IgG or anti rabbit antibodies (1:5000-10,000).
Detection was completed using enhanced chemiluminescence (Amer-
sham Pharmacia). For immunoprecipitation reaction, FLAG-
DNMT3A-WT/mutants-expressed HEK293T cells were washed
with ice-cold PBS twice and lysed in lysis buffer (150 mM NaCl,

50 mM Tris HCl pH 7.4, 0.5% NP-40) supplemented with protease
and phosphatase inhibitors. For DNAse treatments, cell lysates were
incubated with an excess DNase [ in presence of 2.5 mM MgCl, for
45 minutes at 37°C prior to immunoprecipitation. At the end of
reaction, 5 mM final concentration of EDTA was added. The
efficiency of DNAse treatment was checked using plasmidic DNA
(Supplementary Figure S1). Lysates containing equal amount of proteins
(500-1000 pg) were subjected to immunoprecipitation with ant-FLAG
M2 affinity gel (Sigma-Aldrich, Cat. A2220) at 4°C for overnight
according to the manufacturer's instructions, washed, and eluted by
boiling in Laemmli buffer. Immunoblotting was analysis as described

method.

Gene Expression Microarray Analysis

Gene expression analysis was carried out using Affymetrix Human
Gene U133 Plus 2. First, RNA was extracted from stably transduced
U937 cells using Trizol reagent method. RNA molecules were then
reversely transcribed into cDNA by using an enzyme reverse transcriptase.
The cDNA product was purified and quantified using standard protocol.
Amplification and biotin labeling of fragmented cDNA were carried out
using standard Affymetrix protocol. Labeled probes were hybridized to
the Affemetrix GeneChip Hybridizaton Oven 645 and GeneChip
Fluidiecs Station 450 and scanned according to manufacturer's protocol.
The relative expression level for each gene was stored as an image.
Expression data were extracted from image files produced on GeneChip
Scanner 3000 7G. The scanned images were analyzed with Standard
Affymetrix protocol. Genechip analysis data were normalized with RMA
by Affymetrix Expression Consol Ver 1.4 (EC 1.4) software, and fold
change was calculated compared to both empty vector control and
DNMT3A-WT. DNA microarrays had a lower limit of detection where
signal for the probe set was no longer detectable above the background
noise of the microarray due to their fixed protocol of hybridization. The
differentially expressed genes were selected using the criteria of
undergoing a 21.5-fold (upregulation) and <0.6-fold (downregulation)
change in gene expression. A part of differentially expressed genes from
microarray data was validated using qRT-PCR analyses.

Bisulfite Sequencing

Genomic DNA was isolated from U937 cells stably transduced with
DNMT3A-WT/MT including control and subjected to bisulfite
conversion with the EZ DNA methylation gold kit (Zymo Research)
according to the manufacturer's instructions. Bisulfite- converted DNA
was amplified by PCR using gene-specific primers. PCR products were
cloned using TA-cloning vector (Yeastern Biotech C. Ltd.) and checked
CpG methylation pattern after bisulfite sequencing. Sequencing
primers used for bisulfite sequencing analysis of PRDX2 gene is:
forward primer: GGGGGTTTTAGTTTTTAGTTATGGT and
reverse primer: TTAACTACAACCTCCCTCTTTAACC.

Figure 3. DNMT3A-R882 mutants deregulate cell cycle and apoptosis-associated genes in U937 cells. (A) Heatmap representation of cell-
cycle facilitator and apoptosis-inhibiting genes identified as being differentially expressed in U937 cells transduced with DNMT3A-WT and
mutants. Red indicates upregulated genes compared to WT (green). (B) Heatmap for gene expression in U937 cells transduced with
DNMT3A-WT and mutants. Genes associated with cell-cycle inhibiting and apoptosis facilitators are clustered. Green indicates
downregulated genes compared to WT- (red). (C and D) Quantitative RT-PCR results for 10 genes involved in cell cycle regulation and
apoptosis (C) and representative genes associated with hematopoietic malignancies (D) showing the same patterns observed in gene-
expression microarray analysis of WT- and mutants transduced U937 cells. (E) GO analyses of upregulated genes in R8382C/H-expressing
U937 cells showing a series of genes enriched in different cellular and molecular processes including cell cycle progression and DNA
damage. Error bars represent = S.D. of the mean of three to five experiments. *P < .05, **P < .01, ¥***P < .005 compared to EV.
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DNA Methylation Microarray Analysis

Genome-wide DNA methylation was assessed using the Illumina
Infinium Human MethylationEPIC Beadchip (Illumina Inc., CA)
according to manufacturer's instructions. The resulting raw data
were normalized (control normalization) and background corrected
by manufacturer to generate methylation B-values. Genomic
methylation pattern (hypo- or hypermethylation) of different
samples was analyzed after the variance filter (STD >0.2), and raw
data (without filter) were used for the analyses of specific gene
methylation pattern.

The data, including all raw gene expression and genomic-
methylation data, have been deposited in the Gene Expression
Omnibus database with accession number GSE90934.

Statistical Analysis

Data represented here are mean £ S.D. as indicated. The
significance of the differences between groups was determined
using Student # test (2-tailed). A P value of <.05 was considered
significant for all analyses.

Results

DNMT3A-R882 Mutants Lead to Inactivation of Apoptosis
Following Impairment of Differentiation of Myeloid Leukemia Cells

To elucidate the functional role of DNMT3A mutants, we stably
expressed WT and mutanc- DNMT3A-WT including empty vector
(EV) in U937 cells (Figure 1A4). The results showed that colony
formation ability, self-renewal activity, and cell proliferation were
enhanced in cells with DNMT3A-R882H/C mutants compared to EV
or WT, whereas C-terminal deletion mutant DNMT3A-Q515X showed
a moderate effect (Figure 1, B and C). After treatment with 300 nM
ATRA or 40 nM PMA for 96 hours, U937 cells induced morphological
change, and cells endured differentiation accompanied by apoptosis.
Wright-Giemsa—stained smears showed a greater fraction of more mature
granulomonocytes in U937 cells transduced with WT-DNMT3A4
compared to R882H/C-expressing cells (Figure 1D). Flow cytometry
results showed that cellular surface differential antigen CD11b, a marker
of both granulocytic and monocytic cell differentiation, decreased in
U937 cells expressing R882H/C compared to WT or EV with treatment
of ATRA or PMA (Figure 1E). In contrast, cell morphology and cellular
surface differential antigen markers in U937 cells transduced with Q515X
have no difference compared to EV or DNMT3A-W'T expressing cells,
indicating different biological effects of Q515X from R882H/C. U937
cells transduced with DNMT3A-W'T showed more Annexin V— and PI-
positive cells compared to R882H-expressing cells (Figure 1F). On the
treatment of ATRA or PMA, DNMT3A-R882H/C—transduced U937
cells showed lesser extent of apoptotic-induced cells compared to EV or

WT-expressing cells (Figure 1G).

DNMT3A-R882 Mutants Impair Apoptosis Through Attenua-
tion of DNA Damage Signaling of Myeloid Leukemia Cells
We found that though drugs inhibited significanty cell growth and
proliferation, drug-induced cell growth inhibition was lower on R882H
mutant cells compared to other mutant-carrying cells (Figure 24 and
Supplementary Figure S2A4). As shown in Figure 2B, treatment with ABT-
263, a potent apoptosis-inducing drug, for 72 hours on U937 cells
transduced with EV or WT resulted in marked increase in apoptosis
compared to R882H transduced cells. We also found that on the treatment
of U937 cells by ATRA, BCL-2 and CDK1 expression was inhibited in a
dose- and time-dependent manner (Supplementary Figure S2B). In

addition, expression of those proteins was reduced in U937 cells transduced
with DNMT3A-WT/MTs in the presence of ATRA (Figure 2C and
Supplementary Figure S2C). Moreover, the phosphorylation of histone
H2A X (y-H2AX), cleaved PARP-1, and cleaved caspase-3 expression was
attenuated in DNMT3A-R882H/C-transduced U937 cells in response to
cither ATRA or ABT-263 as compared to DNMT3A-WT cells (Figure 2,
C and D). Similarly, immunoblot data showed that MYC and BCL-2
expression was reduced on the treatment of both drugs. Immunofluores-
cence microscopy assays also revealed that DNA-damage signaling nuclear
protein H2A.X was more phosphorylated in EV or DNM13A4-WT-
expressing cells compared to R882H/C-expressing cells (Figure 2, Eand F),
indicating that DNMT3A-mutant cells impaired apoptosis through
attenuation of DNA damage signaling.

DNMT3A-R882 Mutants Deregulate Cell Cycle and
Apoptosis-Associated Genes

To understand the mechanism underlying DNMT3A-mutants
phenotypic flaws, U937 cells transduced with EV, WT-, and mutants
DNMT3A were subjected to the global gene expression microarray
analysis. Gene expression microarray data revealed that 2262 and
2992 genes were upregulated (>1.5-fold) in either R882C- or
R882H-expressing cells compared to EV and WT cells, respectively
(Dataset S1). Similarly, 1862 and 2123 genes were downregulated
(<0.6-fold) in either R882C- or R882H-expressing U937 cells
compared to EV- and DNMT3A-WT—expressing cells, respectively
(Dataset S2). The expression levels of 1171 genes in R882H cells
were differentially expressed (upregulated 580 genes and downreg-
ulated 591 genes) compared to both EV and WT-expressing cells
(Dataset S3). Among them, cell cycle facilitator and apoptosis
inhibitor genes including GSPT1, BCL2, CDK6, and SRSF3 were
upregulated (Figure 3A4). Conversely, cell cycle inhibiting and
apoptosis facilitator genes including CDKNIA, CDKNIB,
CDKN2D, CASPI, CASP4, and CCNG2 were downregulated in
DNMT3A-R882H/C—expressing cells (Figure 3B), suggesting that
cells transduced with R882H/C were involved to regulate cell cycle
and apoptosis. A portion of differential gene expression from
microarray data was validated using qRT-PCR analyses of transduced
U937 cells (Figure 3, Cand D). The results of gRT-PCR for selected
genes were compatible with the corresponding microarray data with a
small number of exceptions. qRT-PCR is an analytically sensitive
method of gene expression measurement platform, and there might
be discrepancies between microarray and qRT-PCR data. This
disagreement may be due to both biological and technical
considerations including the ¢DNA synthesis, PCR primers,
microarray probes, sensitivity, and the quality of the raw RNA
between independent experiments. Upregulated genes in R882H/C-
expressing cells compared to WT (Dataset S1) were used for Gene
Ontology (GO) classification. Interestingly, many dysregulated genes
(FUS, MLL, TPM3, EGRI, IKZFI, BCl2, CD44, WFDCI,
VEGFA, and NUP98) involved in gene translocation or chromosome
aberrations occurred frequently in AML and mixed-lineage leukemia.
In addition, several upregulated genes were enriched in different
cellular and molecular process including cell cycle, DNA damage
repair, and transcription/chromatin modification (Figure 3E).
Analysis based on the Hematopoietic Fingerprints Database [19]
revealed 33 and 49 genes upregulated in both R882C and R882H
expressing U937 cells compared to EV and WT, respectively. Among
them, 12 genes were upregulated in R882H cells compared to both
EV and DNMT3A-W'T expressing cells (Dataset S4). Genes such as
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effectiveness of DNAse treatment).

GPRI125, ZBTB16, and UTX/KDMGA were reported to associate

with hematopoietic malignancies [20-22].

DNMT3A-R882 Mutants Augmented PRDX2, Reduce ROS
Production, and Override the ROS-Mediated Apoptosis in the
Presence of an Oxidizing Agent in Myeloid Cells

From gene expression microarray data analysis, we observed that
the antioxidant protein PRDX2 was upregulated in DNMT3A-
mutants—transduced U937 cells compared to EV and WT-expressing

cells. The expression of PRDX2 was validated in U937 and HL-60
cells transduced with DNMT3A-WT, R882H/C, and control. The
immunoblot data showed a marked increase of PRDX2 in R882H/C
mutants expressing U937 and HL-60 cells compared to DNMT3A-
WT or EV (Figure 4, A and B). Immunofluorescence data revealed
that PRDX2 protein expression was augmented at cytoplasm of
mutant cells compared to EV or DNMT3A-WT cells (Figure 4C).
Moreover, several leukemia cell lines expressed both PRDX2-mRNA
and protein in higher to moderate levels than expressed in U937 cells
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(Supplementary Figure S3, A4 and B). To explore the mechanism of
PRDX2 upregulation in myeloid cells, we found that both WT- and
mutant-DNMT3A proteins could form a complex with PRDX2
(Figure 4D and Supplementary Figure S1). PRDX2 is an antioxidant
protein which regulates cellular ROS. To examine whether
upregulation of PRDX2 in DNMT3A-mutated cells affects their
intracellular ROS accumulation, we tested the internal generation of
ROS using 2/,7'-dichlorofluorescein diacetate (DCF-DA) as a ROS
scavenger. We found that either U937 or HL-60 cells transduced
with mutants DNM7T3A suppressed intracellular ROS accumulation
compared with EV or WT-transduced cells (Figure 5, A and B). In
consequence, we showed that the elevated PRDX2 expression was
reduced with increased accumulation of ROS in the presence of
ATRA in U937 cells transduced with WT- and mutant-DNMT3A
(Supplementary Figure S4, A and B). To examine the connection
between DNMT3A mutation and antioxidant defense by PRDX2
regulation, we exposed transduced U937 cells with TBHP, a stable
form of H,O,, and checked cell proliferation, apoptosis, and
apoptotic signaling. Cells treated with TBHP attenuated cell
proliferation, enhanced apoptosis, and activated apoptosis-related
signaling (Figure 5, C-E). Moreover, treatment of TBHP overrode
the effects of mutant DNMT3A on cell proliferation, apoptosis, and
signaling as there was not much difference between DNMT3A-
mutant and WT-transduced cells. We also found that MYC and
phosphorylation of MYC expression was decreased on the treatment
of TBHP, suggesting the antioxidant effect of PRDX2 on MYC
expression.

Both DNMT3A-WT and mutants protein interacted with
PRDX2; however, DNMT3A-R882C/H protein upregulated
PRDX2 expression in two myeloid cell lines, U937 and HL-60.
Simultaneously, MYC protein level was also increased in mutated
cells. To check PRDX2 as a direct target of DNMT3A or MYC
which regulated PRDX2 level, we knocked down MYC from U937-
EV and U937-DNMT3A-R882C-expressing cells using two different
shRNA and checked PRDX2 protein expression. We found that
knock down of MYC from cither EV or R882C-expressing U937
cells did not affect PRDX2 expression (Supplementary Figure S5),
which indicated that PRDX2 was a direct target of DNMT3A rather
than due to MYC level.

PRDX2 Blocks Apoptosis and Enhances Proliferation in
Myeloid Leukemia Cells

We examined that both mRNA and protein expressions of PRDX2
in K562 cells were higher than those of other hematopoietic cell lines
(Supplementary Figure S3, A and B). Knock down of PRDX2

suppressed cell proliferation, differentiation, and colony formation of
K562 cells compared to scrambled cells (Figure 6, A and B;
Supplementary Figure S6, A and B). Furthermore, knock down of
PRDX2 enhanced ABT-263—induced apoptosis and decreased phos-
phorylation of MYC level of K562 cells (Figure 6, C and D). In
addition, knock down of Prdx2 from murine myeloid 32D cells
decreased cell proliferation, and increased apoptotic cells and alteration of
apoptotic-related protein expression (Supplementary Figure S6, C-E).
As U937 cells expressed reduced level of PRDX2 and transduction of
DNMT3A-MT upregulated this protein, we knocked down PRDX2
from U937 cells transduced with WT- and mutant DNM7T3A. In
experiments using U937 cells transduced with R882H, PRDX2 knock
down abolished the proliferative advantage and ATRA resistance of
R882H-transduced U937 cells (Figure 6E). Moreover, knock down of
PRDX2 terminated impairment of drug-induced apoptosis of R882H-
transduced U937 cells and reduced the expression of MYC and CDKI1
(Figure 6, F and G). Similar results were found using murine myeloid
32D cells (Supplementary Figure S7, A-C).

DNMT3A-R882 Mutants Induce Modifications of Genomic
Methylation Patterns

We next analyzed DNA methylation status of transduced U937 cells
to assess whether DNM73A-R882H/C mutants altered gene expression
profiles due to their changes of methyltransferase activity. Indeed, both
DNA hypomethylation and hypermethylation features were observed
in the specific region throughout the whole genome (Figure 7A).
Overall, R882H/C mutations were more hypomethylated compared to
control (Figure 7B). Also, the changes in hypo- and hypermethylation
patterns were seen in the context of gene structure, namely, promoter,
gene body, the transcriptional termination region, and the intergenic
region. We found that R882H/C mutations were more hypomethy-
lated in the intergenic and gene body regions, whereas control cells were
hypermethylated in those regions (Figure 7C). We then examined the
methylation patterns in four regions defined by the distance from CpG
islands [23] such as CpG islands, Shore, Shelf, and Open Sea regions.
Most of the hypo- and hypermethylation patterns were identified in the
Open Sea region (Figure 7D). In the context of gene methylation
patterns, we found that PRDX2 gene was differentially methylated in
both gene body and promoter regions (Supplementary Figure S8) of
DNMT3A-mutant U937 cells. However, there was no major change
of methylation patterns of some differentially expressed genes (GSPT1,
API5, CASP4, and CDKN1A) in EV, WT, and R882C/H mutants
U937 cells (Supplementary Figure S9). Gene-targeted bisulfite
sequencing experiment revealed that PRDX2 was hypomethylated in
the gene body-associated CpG islands of R882H/C-transduced U937

Figure 5. DNMT3A-R882 mutants reduce ROS production and overrode the ROS-mediated apoptosis in the presence of an oxidizing
agent. (A) Stably transduced U937 cells incubated with H2DCF-DA for 30 minutes at 37°C incubator; fluorescent oxidized DCF (green) and
DAPI (blue) were photographed with fluorescence microscopy (left panel, original magnification: x1000). All the images were taken with
same contrast and exposure time. Flow cytometry detecting the generation of fluorescent oxidized DCF; representative flow cytometry
(right upper panel) and percentage of ROS induction are shown (right lower panel). (B) Stably transduced HL-60 cells stained with H2DCF-
DA; staining cells were photographed with phase-contrast microscopy (left upper panel) and fluorescence microscopy (left lower panel);
original magnification: x100. Flow cytometry detecting the generation of fluorescent oxidized DCF; representative flow cytometry and
percentage of ROS induction (right panel) are shown. (C) Inhibition of cell survival following 200 uM TBHP treatment for 24 hours. (D)
After treatment of 200 uM TBHP for 24 hours, cells were harvested and labeled with FITC-Annexin V as described in methods. Flow
cytometry was used to detect Annexin V—positive cells. (E) Apoptosis triggering by TBHP treatment; transformed U937 cells were
incubated with 1 mM TBHP for 2 hours followed by a 2-hour incubation without TBHP. Cell lysates were prepared, and apoptosis
inducing proteins including MYC and P-MYC expressions were checked by immunoblot. All studies were repeated at least once. The
mean = S.D. of at least two replicates was plotted; *P < .05, ***P < .01. n.s., not significant.
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cells relative to WT- and EV-transduced U937 cells (Figure 7E), treatment of demethylating agent azacitidine induced PRDX2
suggesting upregulation of PRDX2 in mutant cells due to either expression, confirming epigenetic upregulation of PRDX2 in
promoter or gene body hypomethylation. Moreover, we found that DNMT3A-MTs cells (Figure 7F).
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Figure 6. PRDX2 blocks apoptosis of myeloid leukemia cells. (A) Silenced PRDX2 using two independent shRNA and scrambled (shlLuc)
K562 cells were treated with 300 nM ABT-263 or without drug for 72 hours, and cell proliferation was measured by trypan blue exclusion
method. (B) Colony formation ability was assayed in Methocult medium after being stably silenced of PRDX2 in K562 cells. After 7 days,
colonies were photographed and counted manually; original magnification: x100. (C) PRDX2-silenced and scrambled K562 cells treated
with 300 nM ABT-263 for 72 hours. Apoptosis cells were analyzed using Annexin V and Pl staining by flow cytometric analysis.
Representative flow cytometry analysis (left panel) and the % of Annexin V and Pl-positive cells are shown (right panel). (D) Immunoblot
data showing the PRDX2 silenced efficiency in K562 cells and protein expression of P-MYC and MYC after knock down of PRDX2 in K562
cells. B-Actin was used as a control for equal loading. (E) Proliferation of U937 cells transduced with WT- or R882H and knocked down of
PRDX2 from transduced cells. (F) Apoptosis analysis of R882H-expressed U937 cells knocked down with shlLuc or shPRDX2 and
treatment of 300 nM ABT-263 for 72 hours. (G) Immunoblot data showing the PRDX2 silenced efficiency in U937 cells transduced with
R882H and protein expression of MYC and CDK1. B-Actin was used as a control for equal loading. All studies were repeated at least once.
The mean = S.D. of at least two replicates was plotted. *P < .05; **P < .03; ***P < .01.
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Discussion

DNA methylation is a basic epigenetics mechanism that is involved in
gene expression, chromatin structure remodeling, and gene stability [24].
Among the leukemia-associated epigenetic regulators, recent findings
suggested that DNMT3A mutations play a crucial role in clonal and
malignant hematopoiesis [25,26]. Despite tremendous progress in
DNMT3A-related studies, understanding the molecular mechanism of
DNMT3A mutation in AML still remains to be explored. In the present
study, we demonstrated that DNMT3A-R882H/C mutations resulted in
the impairment of apoptosis through aberrant expression of PRDX2
which was epigenetically upregulated in mutated cells.

Cell differentiation may be associated with apoptosis; induction of
differentiation and apoptosis are potential approach in the treatment of
AML. During apoptosis, H2A.X is phosphorylated on serine residue 139
in the nucleus and regulates caspase-3 activity which induces DNA
fragmentation [27,28]. We found that DNMT3A-R882H/C mutations
deregulated the protein expression of YH2AX in myeloid cells. In
addition, with the treatment of ATRA or ABT-263 in transduced U937
cells, both caspase-3 activation and phosphorylation of H2A.X were
enhanced. ABT-263 is a second-generation potent bioavailable apoptosis-
inducing drug, which binds to the antiapoptotic family members BCL-2
and BCL-XL with high affinitcy [29]. ATRA-induced apoptosis in
myeloid cells is a consequence of destabilization of antiapoptotic protein
BCL-2 [30]. Previous study demonstrated that DNMT3A-R882H was
more interacted with CDK1 compared to WT-protein and increased
activity and stability of CDK1 which regulated cell cycle progression [13].
We observed that with the treatment of ATRA, both CDK1 and BCL-2
were downregulated, whereas WT-DNM73A-transduced U937 cells
expressed less amount of those proteins which facilitated apoptosis
compared to mutant-DNMT3A cells. Furthermore, mutant-DNMT3A—
expressed cells impaired the activation of cleaved poly (ADP-ribose)
polymerase (PARP)-1 in the presence of ATRA or ABT-263 which
indicated the chemoresistant nature of this mutant. Our finding is
consistent with the recent report that DNMT3A-R882 mutation
promoted chemoresistance and relapse through impaired DNA-damage
sensing [31].

The impairment of ATRA-induced differentiation by DNMT3A-
mutanted HL-60 human myeloid leukemia cells has been described
[9]; however, how DNMT3A controls growth arrest and apoptosis
during ATRA-induced differentiation in myeloid cells was not
reported. Diallyl trisulfide—induced apoptosis induction of U937 cells
through generation of ROS has been reported [32]. ATRA-induced
differentiation and apoptosis of HL-60 cells were correlated to
PRDX2 expression with ROS accumulation [33]. Previous study
demonstrated that HL-60 cells are deficient of PRDX2 which inhibit
apoptosis by locally scavenging ROS [33]. We found that both U937
and HL-60 cells expressed lower PRDX2 levels compared to other
leukemia cells. We showed that overexpression of DNMT3A-mutants
in U937 or HL-60 cells upregulated both mRNA and protein levels
of PRDX2, which was correlated with accumulation of ROS.
Upregulation of an antioxidant protein PRDX2 in DNMT3A
mutant cells impaired apoptosis, which was augmented by
pretreatment with TBHP, an oxidizing agent; consequently the
attenuation of cell proliferation. In addition, treatment of TBHP
overrode the effects of mutant DNMT3A on the activation of DNA
damage and apoptosis signaling in DNMT3A mutant cells,
suggesting the connection between DNMT3A mutant and antiox-
idant defense by PRDX2. Immunoprecipitation studies also revealed
that PRDX2 protein was interacted with both WT- and mutants-

DNMT3A. However, overexpression of R882C/H, but not WT-
DNMT3A, induces higher level of PRDX2 in the U937 or HL-60
cells, suggesting the level of PRDX2 becomes dependent on the level
of DNMT3A-R882C/H mutant. Moreover, we showed that knock
down of PRDX2 decreased cell proliferation and stimulated apoptosis
in DNMT3A mutant cells similar to WT- cells. We found that MYC
expression was deregulated in DNMT3A mutant cells, and this was
attenuated with either the treatment of TBHP or knockdown of
PRDX2. Relation between MYC expression and regulation of
PRDX2 was reported [34]. The transcription factor MYC directly
binds to the promoter region of PRDX2 which regulates PRDX2
expression [34]. The metabolism of oxygen and production of ROS
have been implicated in diverse physiological processes including
cancer. Previously, it was known that lower ROS levels in cancer stem
cells are associated with increased expression of free radical scavenging
systems, which may contribute to tumor radioresistance [35]. It was
also found that low ROS concentration was critical for self-renewal
activity of hematopoietic stem cells [36]. For the first time, we found
that knock down of PRDX2 enhanced PMA-induced megakaryocytic
differentiation and augmented drug-induced apoptosis in K562 cells.
It has been reported that the accumulation of intracellular ROS
enhanced megakaryocytic differentiation induced by PMA in the
K562cells [37]. Previous study demonstrated that downregulation of
PRDX1 and PRDX2 inhibited cell growth and induced apoptosis of
lymphoma cells [38]. PRDX2 regulated oxidative and metabolic
stress, and oncogenic role of this protein was reported in several solid
cancers [39,40]. However, very limited data are known about this
protein in leukemia and other myeloid neoplasms. A more recent
study demonstrated that CDK2-PRDX2 axis blocked AML
differentiation [41]. In contrast, others described PRDX2 as an
epigenetically silenced-tumor suppressor gene in AML [42]. Our data
demonstrated the specific role of DNMT3A-mutant in ROS-
mediated apoptosis by PRDX2 pathway in myeloid cells of which
the underlying mechanism warrants further investigation.

From gene expression microarray and DNA methylation studies, we
observed that DNMT3A-R882 mutants had both DNA methylation-
dependent and -independent effects and exhibited distinct mechanism for
leukemogenesis. Also there was no direct correlation between methylation
and differential gene expression in DNMT3A-R882 mutants U937 cells.
Many cell cycle—promoting and apoptosis-inhibiting genes were
upregulated in R882H-mutant cells, however; there was no difference
in methylation status of those genes between WT- and mutant cells. The
lack of correlation between methylation patterns and differential gene
expression in Dnmt3A-null HSCs had been reported previously [11].
Previous epigenomic analysis of chronic lymphocytic leukemia cells
showed that DNA hypomethylation occurred in the gene body and
correlated with functional and clinical implications of leukemogenesis
[43]. We demonstrated that exogenous expression of R882 mutants
caused upregulation of antioxidant protein PRDX2 with accompanying
global hypomethylation and specifically hypomethylation of promoter
region or the gene body-associated CpG islands in U937 cells.

Taken together, our in vitro cell line model provided evidences
that DNMT3A-R882 mutants not only impaired differentiation but
also diminished apoptosis induction by disturbing the DNA
methylation program and deregulation of cell-cycle and apoptosis-
regulating genes. Importantly, DNMT3A-R882H/C mutation-
induced hypomethylation augmented PRDX2 expression which
reduced ROS accumulation in cells and might decrease apoptosis in
part by increasing antioxidant capacity of cells (Figure 8).



Neoplasia Vol. 20, No. 11, 2018

DNMT3A-R882 Mutants Impair Apoptosis in Myeloid Cells

Bera et al. 1119

DNMT3A-WT
Normal methylation
\( YY Y NN

iastuianed

Normal PRDX2

L2

I ROS accumulation I

DNMT3A-WT

.
m—— =~

" DNA
fragmentation

~ -
-~ -
N —————

S,
Ay

1
4

~ -

Apoptosis

| DNMT3aRSS20H |

Global hypomethylation

I l|i|l|l|

OO0

| PRDX2 augmentation I¢=I DNMT3A-RSS2C/H

ROS reduction

DNA
fragmentation

Figure 8. The proposed mechanism of impairment of apoptosis by DNMT3A-R882C/H mutant in myeloid cells. DNMT3A-R882 mutation-
induced hypomethylation increased PRDX2 expression which reduced ROS accumulation in cells decreasing apoptosis by increasing

antioxidant capacity of cells.

Pharmacological intervention targeting PRDX2 may be a useful
approach to increase drug sensitivity and apoptosis as a consequence
of reduced cell proliferation in myeloid cells harboring DNMT3A-
R882 mutations.

Supplementary data to this article can be found online at hteps://
doi.org/10.1016/j.ne0.2018.08.013.
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