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Abstract: DNA methylation, catalyzed by DNA methyltransferases (DNMTs), is a heritable epigenetic mark, partici-
pating in numerous physiological processes. DNMT3A is of particular relevance to hematopoietic differentiation,
because DNMT3A mutations are strongly related to hematopoietic malignancies. Additionally, DNMT3A deficiency
has been reported to increase the hematopoietic stem cell pool by limiting their differentiation. Our previous study
demonstrated that complete loss of DNMT3A resulted in anemia, while DNMT3A haploinsufficiency caused an el-
evated population of erythrocytes in the content of oncogenic KRAS. Since erythropoiesis is tightly regulated via the
erythropoietin (EPO)-mediated RAS-RAF-MEK-ERK1/2 pathway, the question arises whether DNMT3A cooperates
with RAS signaling to modulate erythropoiesis. Human leukemia cell lines were used, with differentiation capabili-
ties towards megakaryocyte and erythroid lineages. Overexpression of DNMT3A was found to enhance erythrocytic
differentiation of K562 cells, while DNMT3A knockdown suppressed differentiation. Furthermore, higher DNMT3A
expression was detected in late-stage mouse erythroblasts along with the DNMT3A translocation to the nucleus.
Further studies demonstrated that both ERK1/2-DNMT3A interaction and serine-255 phosphorylation in DNMT3A
led to DNMT3A translocation into the nucleus, and modulated erythrocytic differentiation. Our results not only ex-
plore the critical role of DNMT3A in erythropoiesis, but also provide a new insight into ERK1/2-DNMT3A interaction
in the hematopoietic system.
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Introduction moter and its consequences, there is much evi-

dence that DNA methylation can be modulated

DNA methylation is an important epigenetic
mechanism that regulates numerous physio-
logical and pathological processes. It is cata-
lyzed by DNA methyltransferases (DNMTSs), whi-
ch covalently add a methyl group at the 5-car-
bon of the cytosine ring, to form 5-methylcyto-
sine (5-mC). DNMT1 primarily maintains pre-
existing DNA methylation patterns, whereas
DNMT3A and DNMT3B carry out de novo DNA
methylation. In contrast, DNMT2 has the poten-
tial to methylate RNA instead of DNA. DNMT3-
like protein (DNMT3L) lacks the catalytic do-
main and functions as an accessory protein of
DNMT3s [1, 2]. Although current studies mainly
focus on DNA methylation at a repressed pro-

by extracellular stimuli [1]. Thus, we are inter-
ested in the crosstalk between signaling path-
ways and DNMTs in physiological processes.

Hematopoiesis in vertebrates is sustained
throughout life, because a few hematopoietic
stem cells (HSCs) continuously regenerate
blood cells [3]. Previous studies have demon-
strated that DNA methylation patterns are
associated with cellular plasticity and the lin-
eage specification of both hematopoietic stem
cells (HSCs) and progenitor cells [4-7]. Ery-
thropoiesis is a process by which erythrocytes
(red blood cells or RBCs) are produced from
HSCs [8, 9]. Previous studies showed that DNA
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methylation plays an important role in modulat-
ing the expression of globin genes. Maturation
of RBCs is associated with increased expres-
sion of a- and B-globin genes. The B-globin
locus consists of five genes: g, Gy, Ay, 0 and
[10]. In non-erythroid cells, these genes are
hypermethylated, which results in transcrip-
tional silence. During erythropoiesis, individual
B-globin genes, corresponding to embryonic (€),
fetal (GyAy) and adult (5, B) stages, are ex-
pressed in a sequential fashion, e.g. the embry-
onic and fetal genes are ultimately silenced
under hypermethylation and adult genes are
activated [11]. Accordingly, erythropoietin (EPO)
is the key regulator of erythropoiesis. The bind-
ing of EPO to its receptor triggers the activation
of STAT5, PI3K/Akt, and RAS-RAF-MEK-ERK
pathways [12, 13]. Notably, injection of EPO in-
duces the expression of DNMT3A and DNMT3B
in the hippocampus [14]. These studies sug-
gest the potential for crosstalk between DNMTs
and EPO-mediated signaling pathways during
erythropoiesis.

It has long been recognized that abnormal DNA
methylation is strongly associated with tumori-
genesis. The first high-penetrance mutation in
the DNMT family (DNMT3A) was identified in
patients with acute myeloid leukemia (AML)
[15, 16]. Moreover, twelve major cancer geno-
me sequencing projects, from the Cancer Gen-
ome Atlas (TCGA), further reveal the impor-
tance of DNMT3A mutations to hematopoietic
malignancies [17]. Loss of Dnmt3a, in the mu-
rine hematopoietic system, progressively im-
pairs the differentiation ability of HSCs, while
simultaneously expanding HSC numbers [18].
After a prolonged latency, Dnmt3a deficiency
leads to multiple hematopoietic diseases with
lethal results [19, 20]. Studies of hematopoiet-
ic defects showed that loss of Dnmt3a induces
extramedullary/stress erythropoiesis [19], and
progressively leads to macrocytic anemia [20]
in these affected mice. However, Socolovsky’s
group (2011) showed that downregulation of
Dnmt3a and Dnmt3b are coincident with the
progressive loss of DNA methylation in the dif-
ferentiating erythroblasts, isolated from fetal
liver cells [21]. This controversy elicited signifi-
cant questions about whether DNMT3A affects
erythrocytic differentiation. In addition, our pre-
vious results indicated that loss of Dnmt3a pro-
motes myeloid malignancies, while Dnmt3a
haploinsufficiency induces T-cell acute lympho-
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blastic leukemia (T-ALL) in the cell context with
oncogenic Kras expression. However, a dis-
crepancy about DNMT3A in RBC production
arose in leukemic mice. Complete loss of
Dnmt3a cooperates with oncogenic Ras to pro-
mote severe anemia [19, 22, 23], while dele-
tion of one-allele of Dnmt3a in Kras®?" hema-
topoietic cells elevates the counts of RBCs,
hemoglobin and hematocrit [22]. This discrep-
ancy raised the issue of whether EPO down-
stream RAS pathway interacts with DNMT3A to
regulate erythropoiesis.

Recent reports indicate the importance of pro-
tein phosphorylation to DNMT3A activity and
function [24, 25]. CK2 can phosphorylate
DNMT3A to modulate its localization to hetero-
chromatin [24]. Another report indicated that
fibroblast growth factor (FGF) modulates chon-
drogenesis through extracellular-signal-regulat-
ed kinase 1/2 (ERK1/2)-mediated DNMT3A
phosphorylation on serine-255 residue (S255).
ERK1/2 interacts with either leucine-373 (L3-
73) and/or L637 residues in DNMT3A proteins.
This interaction is critical for efficient S255
phosphorylation of DNMT3A [25]. Due to the
importance of ERK1/2 to the RAS signaling in
EPO-regulated erythropoiesis, we focused on
whether ERK1/2 interplays with DNMT3A to
modulate erythrocytic differentiation. In order
to test our hypothesis, human K562 and HEL
cell lines were used. These two cell lines are of
the erythroleukemia type, with the capability to
differentiate toward erythroid or megakaryo-
cyte lineages [26-30], so they exhibit compara-
ble differentiation potential to human CD34*
hematopoietic stem/progenitor cells [27, 29].
In this study, knockdown of DNMT3A interrupt-
ed erythrocytic differentiation. We further dem-
onstrated that DNMT3A directly interacted with
ERK1/2, and that S255 phosphorylation of
DNMT3A was critical for both DNMT3A translo-
cation and erythrocytic differentiation. Our
results not only resolved previous controversy
about the role of DNMT3A in erythropoiesis but
also provided a new insight into the interaction
between signaling molecules and DNMTs in
hematopoiesis.

Materials and methods
Antibodies

The antibodies against DNMT3A (Cat. 3598),
ERK1/2 (Cat. 9102), phospho-ERK1/2 (Cat.
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9101), phospho-MAPK/CDK substrates (Cat.
2325) and normal rabbit 1gG (Cat. 2729) were
purchased from Cell Signaling Technology (MA,
U.S.). Peroxidase-conjugated anti-mouse IgG
(Cat. 115-035-003), anti-rabbit 1gG (Cat. 111-
035-003) and rhodamine red-conjugated anti-
rabbit 1gG (Cat. 111-295-003) were obtained
from Jackson Immunoresearch Laboratories
(PA, U.S.). The anti-GAPDH antibody (Cat. NB-
300-221) was bought from Novus Biologicals
(CO, U.S.), and the anti-HA antibodies (Cat.
SC-805, and Cat. SC-7392) were obtained from
Santa Cruz Biotechnology (TX, U.S.).

Plasmids and construction

The pCMV6-DNMT3A-Myc-DDK plasmid (#RG-
213064) was purchased from OriGene Tech-
nologies Inc. (MD, U.S.). To stably express N-ter-
minally HA-tagged DNMT3A protein, DNMT3A
cDNA was amplified using the polymerase
chain reaction (PCR), and then inserted into a
pcDNA3-HA2 vector, which was a gift from Dr.
Wey-Jing Lin (Institute of Biopharmaceutical
Sciences, National Yang-Ming University, Tai-
wan) [27, 29], to obtain the pcDNA3-HA2-DN-
MT3A plasmid. The overlap-extension PCR me-
thod for site-directed mutagenesis was used to
generate various DNMT3A mutants. The scram-
ble shRNA and human DNMT3A shRNAs, in-
cluding A2 (TRCNOOO0035754), D2 (TRCN-
0000035756), and E2 (TRCNOOOO035757),
were obtained from the National RNAi Core
Facility (Academia Sinica, Taipei City, Taiwan).
All plasmids were verified by DNA sequencing,
which was carried out by Genomics (New Taipei
City, Taiwan).

Cell culture, clone selection and differentiation

Human chronic myelogenous leukemia (CML)
K562 and erythroleukemia HEL 92.1.7 (HEL)
cells were obtained from the Bioresource
Collection and Research Center (BCRC) (Hsin-
chu City, Taiwan). K562 cells (4x10* cells/ml)
were cultivated in Iscove’s Modified Dulbecco’s
Medium (IMDM), supplemented with 10% fetal
bovine serum (FBS), 100 IU/ml penicillin and
100 IU/ml streptomycin, and were passaged
every two days. HEL cells (1x10° cells/ml) were
cultivated in Roswell Park Memorial Institute
(RPMI) 1640 medium, supplemented with 10%
FBS, 1 mM sodium pyruvate, 100 IU/ml penicil-
lin and 100 IU/ml streptomycin, and were pas-
saged every 2 to 3 days. For erythrocytic dif-

1018

ferentiation, K562 and HEL cells were treated
with 2 or 0.1 mM sodium butyrate (NaB), re-
spectively. Hemoglobin expression was exam-
ined using benzidine/hydrogen peroxide solu-
tion [29]. Transfection was performed using
Lipofectamine™ 2000 reagent (Thermo Fisher
Scientific Inc., MA, U.S.) according to the manu-
facturer’s instruction. The HA-DNMT3A cell
clones, HA-3A-E1 and HA-3A-K1, were selected
with 0.5 mg/ml of G418.

Flow cytometry and cell sorting

To analyze erythroblasts in murine bone mar-
row (BM), the pure C57BL/6 mice (8-10 weeks)
were purchased from the Laboratory Animal
Center of National Yang-Ming University. All ani-
mal experiments were conducted in accor-
dance with the Guide for the Care and Use of
Laboratory Animals and approved by the
Institutional Animal Care and Use Committee
(IACUC) of National Yang-Ming University (IACUC
number: 1041226). BM cells were carefully iso-
lated from tibia and femur. The specific anti-
bodies against CD71 (Clone C2) and TER119
(Clone Terl19) were purchased from BD
Pharmingen™. The subgroups of erythroblasts
were analyzed using flow cytometry, which were
performed as previously described [19, 21, 31].
The CD71M&"TER119"e" (early-stage erythro-
blast, subgroup Il) and CD71°*TER119"e" (late-
stage erythroblast, subgroup IV) were isolated
for RNA extraction and immunostaining. The
stained cells were analyzed and sorted out on a
BD FACSMelody (BD Biosciences, U.S.).

Immunoprecipitation

Cell lysates were incubated with antibodies,
overnight, gently shaking at 4°C. Then, samples
were incubated with protein G agarose for 3
hours, gently shaking at 4°C. Beads were cen-
trifuged (800xg) for 5 min at 4°C, then washed
with cold PBS buffer containing 0.05% tween-
20 once, then with cold PBS twice. Finally, 4X
SDS-PAGE sample buffer was added, and heat-
ed to 95°C. These products were either imme-
diately analyzed using western blot analysis or
stored at -80°C.

Immunostaining

Cells, including K562 cells and erythroblasts,
were fixed with 4% paraformaldehyde. After
blocking, the fixed cells were incubated with
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anti-HA (1:100) or anti-DNMT3A (1:50) antibod-
ies overnight. Subsequently, they were visual-
ized with AlexaFluor 488-conjugated anti-mo-
use IgG antibodies (1:200) to detect HA-
DNMT3A proteins in K562 cells, or rhodamine
red-conjugated anti-rabbit 1gG antibodies (1:
100) to detect endogenous DNMT3A proteins
in erythroblasts. These cells were counter-
stained with DAPI (50 pg/ml) for nuclear DNA.
Coverslips were mounted on slides with
Fluoromount G (Southern Biotechnology Asso-
ciates, Inc., AL, U.S.). The cells were examined
using a confocal laser scanning microscope
(Zeiss LSM 880) at a magnification of 100X.

Statistical analysis

Statistical analyses were performed with
GraphPad Prism 6.0 (GraphPad Software, Inc.,
San Diego, CA, U.S.). Data are presented as
means + s.d. All experiments were performed
at least three times. We compared the results,
of the treatment groups and controls, using
Student’s t-test, the two-way analysis of vari-
ance (ANOVA) followed by the Tukey’s multiple-
comparison posttest, or the x? (Chi-Squared)
test. Differences between groups were consid-
ered to be significant at a P value of <0.05.

Results

The expression level of DNMT3A modulates
erythrocytic differentiation

A previous report showed that NaB can induce
erythrocytic differentiation by K562 cells [29].
In our study, treatment by NaB, for 24 hours,
significantly increased DNMT3A protein expres-
sion (Figure 1A). In confirmation, the expres-
sion of Dnmt3a messages was detected, in dif-
ferent stages of erythroblast. Compared to
early-stage erythroblasts (CD71"e"TER119"e",
Subgroup Il), the Dnmt3a expression was sig-
nificantly increased in the more mature erythro-
blasts (CD71°"TER119"e", Subgroup V) (Figure
1B). To examine the role of DNMT3A in erythro-
cytic differentiation, DNMT3A cDNA was insert-
ed into the pcDNA3-HA2 vector [27] to express
the hemagglutinin (HA)-tagged DNMT3A pro-
teins. Two K562 cell clones with higher HA-
DNMT3A expressions, HA-3A-E1 and HA-3A-K1,
were selected (Figure 1C). Stable expression of
HA-DNMT3A in K562 cells further promoted
NaB-induced hemoglobin production (Figure
1D, lower panel), which was detected using a
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benzidine/hydrogen peroxide solution (Figure
1D, upper panel). In addition, three DNMT3A
shRNAs were transiently expressed in K562
cells. Two DNMT3A shRNAs, sh3A-D2 and sh3A-
E2, exhibited a higher knockdown efficiency,
compared to sh3A-A2 (Figure 1E, upper panel).
Downregulation of DNMT3A significantly de-
creased NaB-induced erythrocytic differentia-
tion in a dose-dependent manner (Figure 1E,
lower panel). Taken together, our results not
only demonstrate the critical role of DNMT3A in
erythrocytic differentiation, but also indicate
that human K562 cells can be a reliable cellu-
lar model for studying the regulation of DN-
MT3A, during erythropoiesis.

Induction of erythrocytic differentiation influ-
ences intracellular localization of DNMT3A

Although most reports showed that DNMT3A
methylates genomic DNA in the nucleus, some
suggested that DNMT3A can translocate into
the cytoplasm or mitochondria [32, 33]. Thus,
we hypothesized that the intracellular localiza-
tion of DNMT3A proteins might be changed dur-
ing erythrocytic differentiation. K562 cells we-
re transiently transfected with pcDNA3-HA2-
DNMT3A plasmid, and then treated with NaB.
Cells were harvested at controlled intervals,
cytospun on a coverslip, and subjected to
immunostaining with anti-HA antibodies. From
confocal microscopic analysis, around 31% and
67% of untreated cells revealed cytoplasmic
and diffuse (localized in both cytoplasm and
nucleus) DNMT3A patterns, respectively. Six
hours after NaB treatment, ~45% of cells ex-
hibited nuclear HA-DNMT3A staining, and
~48% of cells showed diffuse HA-DNMT3A dis-
tributions (Figure 2 and Table 1). The intracel-
lular distribution of DNMT3A, in early- and late-
stage erythroblasts, was analyzed. Most early-
stage erythroblasts (CD71"e"TER119"e" Sub-
group 1) exhibited cytoplasmic and diffuse
DNMT3A patterns, while around 50% of late-
stage erythroblasts (CD71°*TER119"e" Sub-
group 1V) showed nuclear DNMT3A staining
(Figure 3). These results indicated that induc-
tion of erythrocytic differentiation would pro-
mote the translocation of DNMT3A into the
nucleus.

DNMTS3A proteins interact with ERK1/2

The RAS-RAF-MEK-ERK1/2 cascade is one of
the major downstream pathways of EPO sig-
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Figure 1. The increasing of DNMT3A expression promotes erythrocytic differentiation. (A) Human K562 cells were
treated with NaB for 24 hours. Cells were harvested, then subjected to western blot analysis. The expression of
DNMT3A was detected using anti-DNMT3A antibodies. The level of GAPDH proteins was used as a loading control
(Left panel). The DNMT3A expression was quantified, then normalized to GAPDH (Right panel). (B) Different stages
of erythroblasts (subgroup I-IV) were analyzed, using flow cytometry, and subgroup Il (CD71"¢"TER119"e") and IV
(CD71°*TER119"e") were isolated for RNA extraction. The expression of Dnmt3a message was measured using
the quantitative polymerase chain reaction (QPCR). (C) The empty vector and pcDNA3-HA2-DNMT3A plasmid were
stably expressed in K562 cells. The ectopic DNMT3A proteins were detected using specific antibodies against
HA-tag, and all DNMT3A proteins were detected using anti-DNMT3A antibodies. The level of GAPDH proteins was
used as a loading control. (C) wild-type (WT) K562 cells. (D) The control (WT) and various K562 stable clones were
treated with NaB for 72 hours. The hemoglobin expression were examined using benzidine/hydrogen peroxide solu-
tion (Upper panel). Overexpression of DNMT3A significantly increased erythrocytic differentiation (Lower panel). (E)
Scrambled shRNA (Scr) and three DNMT3A shRNAs were transiently expressed in K562 cells. The DNMT3A level
was detected using western blot analysis (Upper panel). The control (WT) and transfected cells were treated with
NaB, and the expression of hemoglobin was measured (Lower panel). All experiments were repeated at least three
times, and one representative set of western data is shown. The quantified data were presented as means + s.d. (A
and B) The Student’s t-test and (D and E) two-way ANOVA followed by the Tukey’s multiple-comparison posttest were
used for statistical analysis. *P<0.05; ***P<0.001.

naling [12, 13]. The serine/threonine kinase, cytic differentiation seemed to dynamically pro-
ERK1/2, is the member of mitogen-activated mote the serine phosphorylation for ectopic
protein kinase (MAPK) family, and participate in HA-DNMT3A proteins in K562 cells (Figure 4A),
hematopoiesis and leukemogenesis [34]. A as well as for endogenous DNMT3A proteins in
previous study has demonstrated that ERK1/2 HEL cells (Figure 4B). Next, the endogenous
can phosphorylate DNMT3A on residue S255 DNMT3A proteins were immunoprecipitated
to participate in FGF-modulated chondrogene- from HEL cells at intervals. The level of serine
sis [25]. To test the association between phosphorylation on DNMT3A proteins was
DNMT3A and ERK1/2 in erythrocytic differen- increased after NaB treatment, peaking at one
tiation, we firstly applied the specific antibody to two hours after treatment (Figure 4C). To
against phosphorylated serine residues on examine whether DNMT3A was directly modu-
MAPK/CDK substrates. Induction of erythro- lated by ERK1/2, DNMT3A proteins were immu-
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Figure 2. Induction of erythro-
cytic differentiation promotes the
translocation of DNMT3A into the
nucleus in K562 cells. A. The HA-
DNMT3A-expressed cells were
treated with NaB, then harvested
at the indicated times for cytospin
preparation. After fixation and
blocking, the HA-DNMT3A pro-
teins were detected using anti-HA
antibodies, and then examined
using confocal laser scanning mi-
croscopy. DAPI was used to label
nuclear DNA. B. The quantified
data were presented as means +
s.d. The two-way ANOVA followed
by the Tukey’s multiple-compari-
son posttest was used for statisti-
cal analysis. *P<0.05; **P<0.01;
**%P<0.001.

noprecipitated from HEL cell
lysates. Notably, ERK1/2 pro-
teins were co-immunopreci-
pitated with DNMT3A pro-
teins. In contrast, the protein
G agarose beads and non-
specific 1gG interacted with
neither DNMT3A nor ERK1/2
(Figure 4D). Taken together,
these results suggested that
DNMT3A proteins might be
posttranslationally regulated
by ERK1/2-mediated serine
phosphorylation during eryth-
ropoiesis.

Either interaction or phos-
phorylation by ERK1/2 en-
hances erythrocytic differenti-
ation by affecting intracellular
localization of DNMT3A

Following a previous report,
which demonstrated that CK2
phosphorylates DNMT3A to
modulate its localization [24],
we hypothesized that the
intracellular localization of
DNMT3A proteins might be
influenced by ERK1/2-medi-
ated serine phosphorylation
during erythrocytic differenti-
ation. Kumar & Lassar (2014)
refer to the generation of va-
rious DNMT3A mutations, in-
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Table 1. The intracellular distribution of various HA-DNMT3A proteins

NaB L WT S255A S255D S255E L373A

a8 Hot T Num. (%) Num. (%) ¥ Test Num. (%) ¥ Test Num. (%) ¥ Test Num. (%) ¥ Test

O hr Cyto. 51/166 (30.7%) 14/36 (38.9%) Compare to: 3/33(9.1%) Compare to: 5/37 (13.5%) Compare to: 34/38 (89.5%) Compare to:
Diff. 111/166 (66.9%)  22/36 (61.1%) WT: ns 22/33 (66.7%) WT: % 21/37 (56.8%) WT: % 4/38 (10.5%) WT: %

Nuc.  4/166 (2.4%) 0/36 (0%) 8/33 (24.2%) SOOI 1437 0979  S2OOA M 0/38 (0%) S255A: T

S255D: ns S255D; ***

S255E: ***

2 hr Cyto. 12/105 (11.4%) 5/33 (31.7%) Compare to: 5/33 (15.2%) Compare to: 3/31 (9.7%) Compare to: 19/36 (52.8%) Compare to:
Diff.  84/105 (66.9%)  28/41 (68.3%) WT: % 18/33 (54.5%) SQSWE;r,iAn’Sf** 21/31 (67.7%) 522/;/:\ nf** 17/36 (47.2%) SVQVET)!S’;**

. . :ns

Nuc.  9/105 (8.6%) 0/41 (0%) 10/33 (30.3%) 7/31(226%) LS 0/36 (0%) Sosms A

S255E: ***

6 hr Cyto. 8/110 (7.3%) 22/37 (59.5%) Compare to: 3/33(9.1%) Compare to: 5/31 (16.2%) Compare to: 27/42 (64.3%) Compare to:
Diff.  53/110 (48.2%)  15/37 (40.5%) WT: #% 23/33 (69.7%) WT: * 20/31 (64.5%) WT: *% 15/42 (35.7%) WT: #%

Nuc.  49/110 (44.5%) 0/37 (0%) 7/33 (21.2%) ~ S209A T 6/31 (19.4%) 35225555:\5:*:: 0/42 (0%) siéi%é:*nf*

S255E: ***

Abbreviation: Loc.: Location; Cyto.: Cytoplasm; Diff.: Diffuse; Nuc.: Nucleus; Num.: Number. The x? (Chi-Squared) test were used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001; ns: no significance.
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Figure 3. The nuclear accumulation of DNMT3A proteins is found in the
late-stage of erythroblasts. A. The erythroblasts in subgroup Il (CD71"e"TER-
119"e" and IV (CD71°"TER119"e") were isolated, and cytospun on a cov-
erslip. After fixation and blocking, the endogenous DNMT3A proteins were
detected, using anti-DNMT3A antibodies, and then examined using confo-
cal laser scanning microscopy. DAPI was used to label nuclear DNA. B. The
quantified data were presented. Subgroup Il: n=25; Subgroup IV: n=11.

cluding the DNMT3A S255A
mutation (a dephosphomime-
tic mutant), S255D and S255E
mutations (phosphomimetic
mutants), as well as the
DNMT3A L373A mutation (one
of the ERK1/2 docking sites
is mutated to decrease the
interaction between DNMT3A
and ERK1/2) [25]. Ectopic
expression of DNMT3A phos-
phomimetic mutants (S255D
and S255E) was found to
enhance erythrocytic differen-
tiation. However, overexpres-
sion of dephosphomimetic
mutant (§255A) repressed dif-
ferentiation (Figure 5A and
5B). In addition, partial disrup-
tion of ERK1/2-DNMT3A inter-
action (L373A) also decreased
erythrocytic differentiation (Fi-
gure 5C and 5D).

Next, various DNMT3A mu-
tants were used to investigate
whether ERK1/2 modulates
intracellular localization of
DNMT3A. Notably, partial dis-
ruption of ERK1/2 docking
(L373A) or the impairment of
ERK1/2-mediated phosphor-
ylation (S255A) significantly
suppressed the translocati-
on of DNMT3A into the nucle-
us. In contrast, phosphomi-
metic mutations (S255D and
S255E) promoted nuclear ac-
cumulation of DNMT3A dur-
ing differentiation (Figure 6
and Table 1). Taken together,
our results demonstrated th-
at DNMT3A modulates eryth-
rocytic differentiation via ER-
K1/2-dependent protein-pro-
tein interaction and phosph-
orylation, which governs the
intracellular localization of
DNMT3A.

Discussion

Erythropoiesis is a complex
and tightly-regulated process,
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Figure 4. DNMT3A protein is phosphorylated on serine residues, and interacts with ERK1/2. (A) The transfected
K562 cells and (B) HEL cells were treated with NaB, and cells were harvested at the indicated times. The phos-
phorylated serine residues, on MAPK/CDK substrates, were detected (Upper panel). The ectopic and endogenous
DNMT3A proteins were immunoprecipitated, using (A) anti-HA and (B) anti-DNMT3A antibodies, respectively. GAPDH
was used as a loading control. (C) Endogenous DNMT3A proteins were immunoprecipitated from HEL cells. The ser-
ine phosphorylation of DNMT3A proteins was detected, quantified, and normalized to heavy chains. (D) The ERK1/2
proteins were co-immunoprecipitated with DNMT3A from HEL cell lysates. The protein G agarose beads and normal
rabbit IgG were used as immunoprecipitation controls. All experiments were repeated at least three times, and one
representative set of western data is shown. The two-way ANOVA followed by the Tukey’s multiple-comparison post-
test was used for statistical analysis. The quantified results were presented as means * s.d. *P<0.05; **P<0.01.

which generates RBCs to maintain homeosta- resulted from different sources of erythro-
sis. Using human cell lines and murine erythro- blasts, because previous study indicated the
blasts from BM cells, combined with overex- developmental differences between neonatal
pression and knockdown approaches, we dem- and adult human erythropoiesis [35]. RAS-RAF-
onstrated that upregulation of DNMT3A would MEK-ERK1/2 signaling is one of the EPO-
promote erythrocytic differentiation (Figure 1). mediated signaling pathways involved in eryth-
However, Socolovsky’'s group (2011) found ropoiesis [12, 13]. Here, our results demon-
downregulation of Dnmt3a and Dnmt3b in dif- strated that ERK1/2 interacts with DNMT3A,
ferentiating erythroblasts isolated from fetal and this interaction, plus S255 phosphoryla-
liver cells [21]. The mismatch in findings bet- tion, act to control nuclear DNMT3A accumula-
ween the Socolovsky group and ours might be tion, and thus to regulate erythropoiesis (Figure
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Figure 5. The interaction with and phosphorylation of DNMT3A by ERK1/2
are important for erythrocytic differentiation. A and C. HA-tagged WT and
mutant DNMT3As were transiently expressed in K562 cells. The expression
of WT and mutant DNMT3A proteins were detected using western blot analy-
sis. GAPDH was used as a loading control. B and D. Hemoglobin expression
was detected after 72-hour NaB treatment. All experiments were repeated
at least three times, and one representative set of western data is shown.
Differentiation data were presented as means * s.d. The two-way ANOVA
followed by the Tukey’s multiple-comparison posttest was used for statistical

analysis. *P<0.05; **P<0.01; ***P<0.001.

7). In addition to a previous report showing that
inhibition of ERK1/2 reduces DNMT3A expres-
sion in rat amygdala [36], our results provide
another mechanism by which ERK1/2 modu-
lates the intracellular distribution of DNMT3A.
Our findings also explain discrepancies in re-
sults obtained by previous study of Dnmt3a*;
Kras®2P and Dnmt3a”"; Kras®'?? mice [22].

Our data might provide a pathophysiological
mechanism for the ERK1/2-DNMT3A axis in
progression of polycythemia vera (PV). PV is a
subcategory of myeloproliferative neoplasm
(MPN), and the pathophysiological mechanism
is not fully understood. PV is characterized by
erythrocytosis, associated with the presence
of the activating JAK2Y61F mutation [37]. Con-
stitutive JAK2 signaling usually activates nu-
merous signaling molecules, including ERK1/2
[38]. In addition to PV, the JAK26"F mutation is
highly prevalent in other subgroups of MPN,
including primary myelofibrosis (PMF) and
essential thrombocythemia (ET) [37]. Similar to
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increased proliferation and
resistance to apoptosis of ery-
throid precursor cells, isolated
from PV patients with JAK2V617F
mutation [45]. Notably, com-
bined JAK/MEK inhibition sup-
pressed the activation of the
MEK-ERK1/2 pathway in Ja-
Kk2V617F mutant mice, with in-
creased efficacy, and caused
reversal of myelofibrosis to
an extent not seen with JAK
inhibitors [46]. These results raise the possibil-
ity of manipulation of the ERK1/2-DNMT3A
axis to control PV progression. In addition, our
previous report demonstrated that loss of
Dnmt3a promotes myeloid malignancies, while
Dnmt3a haploinsufficiency induces T-ALL in the
context of oncogenic Kras [22]. Our finding, in
this new study, might provide a novel insight
into how DNMT3A cooperates with oncogenic
signaling pathways to transform HSCs into dif-
ferent types of hematopoietic malignancies.

During chondrogenesis, Wnt signaling induces
DNA methylation in the Sox9 promoter to
repress differentiation. FGF signaling blocks
the recruitment of DNMT3A to the Sox9 pro-
moter by inducing the interaction between
ERK1/2 and DNMT3A, and promoting phos-
phorylation of DNMT3A [25]. In contrast, our
data show that ERK1/2-mediated DNMT3A
S255 phosphorylation promotes the translo-
cation of DNMT3A into the nucleus to increase
differentiation (Figure 7). This suggests that
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Figure 6. Either interaction with or phosphorylation of DNMT3A by ERK1/2 modulates intracellular localization of
DNMT3A. The HA-DNMT3A-expressed cells were treated with NaB, then harvested at the indicated times for cyto-
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spin preparation. After fixation and blocking, the HA-DNMT3A proteins were detected using anti-HA antibodies, and
then examined using confocal laser scanning microscopy. DAPI was used to label nuclear DNA. One represented

figure for each treatment is shown.

Stimulation

RAS

4
RAF
4 Cytoplasm
MEK
)
(ERK1/2| > [ERK1/2]

P

D

Figure 7. Schematic illustration summarizes that
EPO’s downstream signaling molecule, ERK1/2,
interacts with DNMT3A to promote the serine phos-
phorylation of DNMT3A, followed by nuclear accumu-
lation of DNMT3A, to affect erythropoiesis.

diverse upstream signaling pathways differen-
tially influence the consequence of ERK1/2-
mediated DNMT3A phosphorylation. Indeed,
ERK1/2 have been demonstrated to be in-
volved in different cell functions, such as cell
proliferation and apoptosis. Different upstream
signaling pathways might affect cytosolic re-
tention of activated ERK1/2 and ERK1/2 trans-
location to the nucleus, resulting in different
cell fates [47]. In addition, CK2 phosphorylates
DNMT3A to modulate its localization to hetero-
chromatin [24]. Various cyclin-dependent kin-
ases (CDKs) can phosphorylate DNMT1 to mo-
dulate the enzyme activity and protein stability
of DNMT1 [48]. Taken together, multiple signal-
ing pathways can directly regulate diverse
aspects of DNMTs, such as intracellular local-
ization, activity and stability, through protein
phosphorylation. Still, further study is needed
for a deeper understanding of the intricate
interaction of signaling pathways that govern
DNMTs to comprehensively elucidate the com-
plex role of DNA methylation in pathophysiologi-
cal processes.
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