1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2018 April 15.

-, HHS Public Access
«

Published in final edited form as:
Clin Cancer Res. 2017 October 15; 23(20): 6254-6266. doi:10.1158/1078-0432.CCR-17-0235.

Inactivation of receptor tyrosine kinases reverts aberrant DNA
methylation in acute myeloid leukemia

Na Shen?, Fei Yan!, Jiuxia Pangl, Na Zhaol, Naseema Gangat?, Laichu Wu3, Ann M. Bodel,
Aref Al-Kali2, Mark R. Litzow?#", and Shujun Liul#"
1The Hormel Institute, University of Minnesota, Austin, MN 55912, USA

2Division of Hematology, Mayo Clinic, Rochester, MN 55905, USA

SDepartment of Biological Chemistry and Pharmacology, The Ohio State University, Columbus,
OH 43021, USA

Abstract

Purpose—Receptor tyrosine kinases (RTKSs) are frequently deregulated in leukemia, yet the
biological consequences of this deregulation remain elusive. The mechanisms underlying aberrant
methylation, a hallmark of leukemia, are not fully understood. Here we investigated the role of
RTKs in methylation abnormalities and characterized the hypomethylating activities of RTK
inhibitors.

Experimental Design—Whether and how RTKSs regulate expression of DNA
methyltransferases (DNMTS), tumor suppressor genes (TSGs) as well as global and gene specific
DNA methylation were examined. The pharmacologic activities and mechanisms of actions of
RTK inhibitors /n vitro, ex vivo, in mice and in nilotinib-treated leukemia patients were
determined.

Results—Upregulation of RTKs paralleled DNMT overexpression in leukemia cell lines and
patient blasts. Knockdown of RTKSs disrupted, whereas enforced expression increased, DNMT
expression and DNA methylation. Treatment with the RTK inhibitor, nilotinib, resulted in a
reduction of Sp1-dependent DNMT1 expression, the diminution of global DNA methylation and
the upregulation of the p15"VK4E gene through promoter hypomethylation in AML cell lines and
patient blasts. This led to disruption of AML cell clonogenicity and promotion of cellular
apoptosis without obvious changes in cell cycle. Importantly, nilotinib administration in mice and
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human patients with AML impaired expression of DNMTs followed by DNA hypomethylation,
TSG re-expression, and leukemia regression.

Conclusions—Our findings demonstrate RTKSs as novel regulators of DNMT-dependent DNA
methylation and define DNA methylation status in AML cells as a pharmacodynamic marker for
their response to RTK-based therapy, providing new therapeutic avenues for RTK inhibitors in
overcoming epigenetic abnormalities in leukemia.
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Introduction

Receptor tyrosine kinases (RTKs) are membrane-spanning proteins that exhibit intrinsic
phosphotyrosine kinase activity. While ligand binding triggers the dimerization and
sequential activation of these kinases, studies also show that the ligand-mediated
dimerization of kinases can be bypassed through kinase overexpression or/and gene
mutations. Because hyperactive RTKSs, such as KIT, JAK2, FLT3 and BCR/ABL (1-4),
crucially contribute to leukemia pathogenesis, they are promising targets for therapeutic
intervention. For instance, BCR/ABL is a chimeric oncogene with constitutive kinase
activity (5) that has a fundamental role in the chronic myelogenous leukemia (CML) (4,6).
Thus, imatinib was rationally designed to override BCR/ABL activity and resulted in
excellent outcomes in CML patients. However, acquisition of imatinib resistance, due to
point mutations in the BCR/ABL kinase domain (7), has limited its therapeutic application.
To this end, nilotinib (Tasigna®), an analog of imatinib, was developed to selectively
antagonize BCR/ABL kinase in imatinib-resistant cells (8-10). However, in addition to
targeting BCR/ABL, the effectiveness of nilotinib in suppressing proliferation has been
extended to KIT, RAF, PDGFR and colony-stimulating factor receptor-1 (11-14). This is
consistent with the idea that RTK inhibitors (RTKi) have multiple kinase targets and can
induce apoptosis and block cell expansion in cancer cells in an *“off-target” fashion. In fact,
imatinib impairs proliferation in cells without BCR/ABL, KIT or PDGFR; and PKC412
(Midostaurin) is known to promote apoptosis in both KIT mutation-positive or -negative
cells. These findings indicate that the molecular basis of RTKi's activity against leukemia is
incompletely understood. Notably, compared to RTK mutations, abnormal RTK expression
is more prevalent in cancer patients (1). This is consistent with the finding that >50% of
RTK genes identified in the human genome are deregulated in human malignancies (15).
Additionally, aberrant degradation of RTKSs is associated with numerous cancers (16,17),
which underscores the importance of RTK deregulation in cancer pathogenesis. However,
the biological consequences of RTK deregulation remain elusive.

DNA hypermethylation and the subsequent inactivation of tumor suppressor genes (TSGS)
are hallmarks of leukemia (18,19). This aberrant DNA methylation in leukemia cells is
attributed to hyperactive DNMTSs resulting from DNMT overexpression (20-22). Although
methylation of CpG dinucleotides is cooperatively regulated by DNMT1, DNMT3a and
DNMT3b (23), which are highly elevated in leukemia, only DNMT1 was found to be
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overexpressed in leukemia stem cells (LSCs). DNMT1 dysfunction was sufficient to delay
progression of leukemogenesis and impair the self-renewal of LSCs (24), which underlie
disease relapse and are chemotherapy-resistant /n7 vivo (25). Further, DNMT1 is one of the
most abundant cellular enzymes and possesses both maintenance activity, which targets
replicative or nascent form of DNA, and de novo DNMT functions that initiate promoter
DNA methylation without the requirement of cell cycle progression and DNA replication.
While Sp1/NFxB/miR-29b (26,27) and nucleolin (22) are important regulators for DNMT1
gene expression, the protein kinase AKT was found to phosphorylate and stabilize the
DNMT1 protein resulting in enhanced DNMT activity (28). Because NFxB function is also
modulated by phosphorylation (22), RTKs might govern DNMT1 abundance and subsequent
DNA methylation. Here, we show that DNMT expression is positively correlated with RTK
expression in leukemia cell lines and patient primary cells, and that RTKSs are positive
regulators of DNMT1-dependent DNA methylation. Dysfunction of RTKs impairs DNMT
expression, reduces DNA methylation and activates epigenetically-silenced p15/VK4B_ This
leads to suppression of leukemia growth /n vitro, and importantly, /n vivoin AML mice and
in AML patients receiving nilotinib. These studies identify DNA methylation machinery as a
previously unrecognized functional element that plays a role in RTK-associated leukemia
and the response of leukemia cells to RTKi exposure.

Materials and Methods

Cell lines, reagents and transfection

The MV4-11, Kasumi-1, K562, KU812, THP-1, U937, HEL and C1498 cell lines were
purchased from American Type Culture Collection, and the NB4 cell line was from
Deutsche Sammlung von Mikroorganismen und Zellkulturen. The SKNO-1 cells were
kindly provided by Dr. Clara Nervi (University of Rome, Italy). Cell lines were newly
obtained with no further authentication and no further testing for mycoplasma. We froze
initial cell line stocks and used early passages of cells (< 3 months in culture) in all
experiments. Nilotinib was obtained from LC Laboratories. On-targetP!¥s Smart pool siRNAs
containing a mixture of 4 oligonucleotides against SpZ (L-026959), DNMT1 (L-004605),
KIT (L-003150), BCR (L-003875), mTOR (L-003008) and their scrambled oligos
(D-001810-10) were obtained from Thermo Scientific. Cells (1x106) were seeded into 6-
well plates overnight before transfection. The siRNA and scrambled oligos (100 nM) were
introduced into cells using Lipofectamine™ RNAIMAX (Invitrogen) as previously
described (22,29).

Clonogenic and flow cytometry analysis

Methylcellulose colony-forming assays were performed in the MethoCult® mixture (Stem
Cell Technologies) as previously described (22,29,30). Colonies were scored at 7-10 days.
For flow cytometry analysis (29), the treated cells were fixed in ethanol and stained with
propidium iodide and Annexin V-FITC (BD Biosciences PharMingen). The FlowJo software
program (Version 7.6.1, Treestar) was used for subsequent analysis.
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Western blot analysis

Total cellular lysates were subjected to Western blot analysis as previously described (1,27).
The antibodies were obtained from Santa Cruz Biotechnology: DNMT3a (sc-20703), Spl
(sc-59), Bid (sc-11423), Noxa (sc-30209), Bcl-xL (sc-7195) and B-actin (sc-1616); Cell
Signaling Technology: PCNA (2586S), phospho-KIT (Tyr719, 3391L), phospho-FLT3
(Tyr589/591, 3464S), phospho-STATS5 (Tyr694, 9351S), phospho-AKT (9272), total KIT
(3392S), total FLT3 (3462S) and total STAT5 (9352); New England Biolabs: DNMT1
(M0231L); and Abcam: total AKT (ab126811) and DNMT3b (ab16049).

Dotblot analysis

Genomic DNA was extracted using the DNA Blood/Tissue Kit (QIAGEN) and dotblotting
for the quantification of DNA methylation was performed as previously described
(22,29,31). Briefly, 2 ug DNA was denatured at 100°C and loaded onto a pre-wet
nitrocellulose membrane. The DNA-spotted membrane was baked at 80°C, blocked with 5%
nonfat milk and incubated with a mouse anti-5mC antibody (39649, Active Motif). The
signal was detected by a HRP-conjugated secondary antibody and enhanced
chemiluminescence. The membrane was stained with 0.02% methylene blue in 0.5 M
sodium acetate (pH 5.0) as a loading control.

Bisulfite sequencing

The bisulfite sequencing for promoter DNA methylation was performed as previously
described (22,29,31). Briefly, the genomic DNA was bisulfite-conversed using the EpiTect
Bisulfite Kit (QIAGEN), amplified by PCR and subcloned using the TA cloning Kit
(Invitrogen). The individual clones were subjected to sequencing with M13R primer by
Genewiz. The tested regions were located between -4 and +247 in the p15'NK4B promoter
encompassing 27 CpG sites as well as -251 and +139 in the CDHZ1 promoter. The primers
are listed in Supplementary Table.

RNA isolation, cDNA preparation and quantitative PCR (QPCR)

RNA was isolated using the miRNeasy Kit (QIAGEN) and reverse transcription for
synthesizing cDNA was performed using SuperScript® 111 First-Strand Synthesis System
(Invitrogen). The expression of KIT, Sp1, DNMTI1, DNMT3aand DNMT3bwas determined
by TagMan qPCR (Applied Biosystems), but the changes in FLT3, p15/NK4B p16, p18, p21
and CDH1 were determined using SYBR Green (Applied Biosystems). The 785 RNA levels
were used for normalization. Expression of target genes was measured using the ACT
approach. The primers are listed in Supplemental Table.

AML patients

The current study was approved by the Mayo Clinic Institutional Review Board and
conducted in accordance with the Declaration of Helsinki. The diagnosis of AML was made
according to the criteria of the World Health Organization. All patients signed informed
consent to store and use their leukemia tissue for discovery studies. Peripheral blood
mononuclear cells (PBMCs) were isolated from whole blood using Ficoll-Paque™ and
recovered in RPMI1640 buffer with 20% FBS for 6 hours prior to treatment. The PBMCs
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from AML patients receiving nilotinib therapy were analyzed directly without further
culture.

In vivo leukemogenesis assays

C57BL/6 mice (female, 4-6 weeks old) were purchased from The Jackson Laboratory. All
animal experiments were approved by the University of Minnesota Institutional Animal Care
and Use Committee. For the leukemia mouse model, C1498 cells (0.1x10%) were injected
into C57BL/6 mice through their tail vein. The development of leukemic disease was
monitored by white blood cell (WBC) counts. When the WBC counts showed the illness, the
leukemic mice (n = 3) were sequentially treated with 5, 10 or 15 mg/kg of nilotinib in
PEG400 and saline (ratio 15:38:47) by tail-vein injection twice a week for a total of 6 doses.
Mice injected with only vehicle (n = 3) served as controls. The experiments were terminated
at 3 weeks after drug administration. Following euthanasia, the body, liver and spleen
weights were recorded, and single spleen mononuclear cells (MNC) were obtained by
grinding and after red blood cell disruption. The spleen and bone marrow cells (BM) were
utilized for Western blot, qPCR or dotblotting assays (1,22). For histopathologic analysis,
tissue sections from livers, lungs and spleens were preserved in 10% neutral-buffered
formalin, embedded in paraffin blocks and stained with Haemotoxylin and Eosin (Thermo-
Scientific).

Statistical analysis

Results

The statistical analysis, including the quantifications for Western blot, dotblot, apoptosis and
spleen/liver weight, was conducted and all graphs were generated using the Student's t test.
All analyses were performed using the GraphPad Prism 5 software program. Correlation
data were acquired using Pearson correlation coefficients. A Pvalue of < 0.05 was
considered statistically significant. All Pvalues were two-tailed.

Additional methods are provided in the Supplementary Materials and Methods.

RTKs govern DNMT expression and DNA methylation in leukemia cells

Because upregulation of RTKSs (e.g., KIT and FLT3) and DNMTs is frequently observed in
blasts from multiple AML subtypes (1,20,22), we first addressed the question of whether the
expression of these deregulated genes is correlated. We analyzed GEO dataset GSE12417,
which contain 242 patients with AML (< 60 years old), for the expression of K/7, FL73and
DNMTs. We found that higher levels of DNMT1, DNMT3a or DNMT3bwere accompanied
by overexpression of K/7 or FLT3, whereas a lower expression was observed in AML
patients exhibiting lower K/7 or FLT3expression (Fig. 1A). In agreement with this finding,
gPCR results revealed a positive correlation between DNMTsand K/T or FLT3in 9
leukemia cell lines (Fig. 1B; Supplementary Fig. 1A and B). Thus, DNMTs, KIT and FLT3
might have regulatory interactions in leukemia cells.

Because Kasumi-1 and MV4-11 cells carry K/7 or FLT3 mutations, respectively, we
transfected each cell line with two pools of siRNAs, each containing 4 oligos targeting
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different regions of either the K/7T or FLT73gene. The siRNA-triggered K/7and FLT3
depletion resulted in downregulation of DNMT1, DNMT3aand DNMT3bRNA (not shown)
and protein expression (Fig. 1C). This was accompanied by a concurrent decrease in global
DNA methylation (Fig. 1D) coupled with the impaired clonogenic potential of MV4-11 and
Kasumi-1 cells (Fig. 1E). To explore whether kinase-modified DNA methylation could
represent a common mechanism in leukemia, we examined the association of DNMTs with
BCR/ABL or mTOR, and identified a positive correlation in the expression of these genes in
leukemia patients (Supplementary Fig. 1C and D). In addition, abrogation of BCR/ABL in
K562 and KU812 cells or mTOR in MV4-11 and Kasumi-1 cells decreased the levels of
DNMT1, DNMT3a, DNMT3b (Fig. 1F and G) and DNA methylation (Supplementary Fig.
1E and F) and also inhibited colony formation (Fig. 1H). Notably, knockdown of K/7, FLT3,
BCR/ABL or mTOR had no effect on the levels of PCNA, a DNA replication parameter.
This suggested that RTK-mediated DNA methylation occurs in a cell cycle-independent
manner, which was further verified by cell cycle analysis in K/7-depleted Kasumi-1 cells
(Supplementary Fig. 1G). Collectively, these findings support the idea that RTKSs are
underappreciated epigenetic modulators in leukemia cells.

Nilotinib treatment impairs DNMT1 expression through Spl dysfunction

If RTKs are positive regulators for DNMT genes, RTK inhibitors could possibly suppress
DNMT expression. As a proof of concept, we chose nilotinib, a second-generation RTK
inhibitor that has been in clinical use for newly diagnosed, imatinib-resistant or -intolerant
CML (32). Exposure to nilotinib significantly reduced the expression and phosphorylation of
KIT in Kasumi-1 cells or FLT3 in MV4-11 cells (Supplementary Fig. 2A). This led to a
downregulation and dephosphorylation of STAT5 and AKT, which are well-characterized
downstream effectors of KIT and FLT3 (Supplementary Fig. 2B). These results not only
validated KIT signaling as a nilotinib target (33), but also unraveled FLT3 as a new hit
underlying the antileukemia activity of nilotinib. Consistent with the results of K/7and
FLT3deactivation, exposure of Kasumi-1 and MV4-11 cells to nilotinib downregulated
DNMT1, DNMT3a and DNMT3b in a dose-dependent fashion at both RNA and protein
levels (Fig. 2A and B). Because nilotinib has been approved to treat BCR/ABL-positive
leukemia patients, we examined the response of K562 and KU812 cells to nilotinib (3, 5, 10
or 30 uM) and, similarly, observed a significant downregulation of DNMT1, DNMT3a and
DNMT3b (not shown). These findings support DNMTS as unconventional targets for
nilotinib's anticancer activities.

Although all three DNMT isoforms are targeted by nilotinib in our cell models, we mainly
focused on DNMT1 to delineate the underlying mechanisms because DNMT1 is the most
abundant DNMT with both de novo and maintenance DNA methylation activities (22,31).
Importantly, although the changes of DNMT3a and DNMT3b displayed variations (not
shown), analysis of GEO datasets (i.e., GSE51083, GDS3518, GDS838, GSE19567,
GDS4177, GDS4175, GDS2706) supported the idea that DNMT1 downregulation represents
one common mechanism behind the anti-leukemia activities of RTK inhibitors
(Supplementary Fig. 3A-G). Given that Sp1 is a positive DNMT1 regulator (27), because
KITor FLT3knockdown decreased Spl expression (Supplementary Fig. 4A), Spl could link
RTK to DNMT pathways (Supplementary Fig. 4B). To test this, we first measured Spl
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levels and found a significant decrease in Sp1 expression in nilotinib-treated Kasumi-1 and
MV4-11 cells (Fig. 2C). We then performed an EMSA assay (1,27) to examine Sp1 binding
affinity using probes spanning the Sp1 binding sites in the human DNMT1 promoter.
Nuclear extracts (NE) were prepared from Kasumi-1 or MV4-11 cells and incubated

with 32p-labeled DNMT1 promoter probes. Results indicated slower migrating DNA-protein
complexes (Fig. 2D and E). The binding specificity was demonstrated by competition assays
using 100x unlabeled probes containing the consensus Spl-binding site and non-specific
probes without the Sp1-binding site. The unlabeled DNA oligos efficiently reduced the
protein binding to DNMT1-Sp1 probes (Fig. 2D, lane 6; Fig. 2E, lane 6). The non-specific
probes had no effect on the binding (Fig. 2D, lane 7; Fig. 2E, lane 7), which supports the
specific interaction of the DNMT1 promoter with the Spl protein. Importantly, nilotinib
treatment markedly reduced the amount of DNA-protein complexes (Fig. 2D, lane 3, 4; Fig.
2E, lane 3, 4), indicating that nilotinib could disrupt Sp1 binding in the DNMT1 promoter.
We then cloned the DNMT1 promoter region harboring the Spl binding element into a
luciferase reporter (pGL3-DNMTI) and co-transfected pGL3-DNMTI with Sp expression
or control vectors in 293T cells. The reporter assays showed that the luciferase activity
driven by the DNMT1 promoter containing the Sp1 binding sites was increased by 10.6
folds after SpI overexpression (100 ng; Fig. 2F), but was decreased by 2.6 folds in the
presence of 30 uM nilotinib (Fig. 2G). Because SpI depletion reduced endogenous DNMT1
expression (Fig. 2H) and SpI overexpression attenuated nilotinib-mediated DNMT1
downregulation (Fig. 2I), these results support the idea that nilotinib inhibits DNMT1
expression through the abrogation of Sp1 transcriptional activity.

Nilotinib reduces global DNA methylation and restores TSG expression through promoter
DNA hypomethylation

To examine whether nilotinib could change DNA methylation levels, Kasumi-1, MV4-11,
K562 and KU812 cells were exposed to nilotinib and the genomic DNA was subjected to
dotblot analysis, which has been specifically established for assessing methylated CpG
(22,29,31). As expected, nilotinib incubation significantly decreased the levels of global
DNA methylation in these cell lines (Fig. 3A, Supplementary Fig. 5A). When SpZ and
DNMTI were specifically depleted in Kasumi-1 and MV4-11 cells, we observed decreased
DNA methylation levels (Fig. 3B and C), and importantly, synergy with nilotinib to cause
more DNA demethylation (Fig. 3D). In addition, we found that Sp1-associated DNA
hypermethylation was significantly attenuated by DNMT1 knockdown (Supplementary Fig.
5B). Collectively, these results suggest that the Sp1-DNMT1 axis mediates the DNA
hypomethylating activity of nilotinib.

Frequent silencing of the TSG, p15"VK4B, 3 cyclin-dependent kinase inhibitor, is associated
with promoter hypermethylation at multiple sites in CpG islands in leukemia (34-36).
Because nilotinib suppressed DNMT1-dependent DNA methylation, p15VK4B could
possibly be epigenetically reactivated by nilotinib. To test this idea, we assessed p15NK4B
expression in Kasumi-1 and MV4-11 cells treated with nilotinib for 24 or 48 h, and observed
amarked p15NK4B ypregulation at 48 h in response to 10 uM nilotinib. The increase at 48 h
was 3.4 folds in Kasumi-1 and 5.2 folds in MV4-11 cells (Fig. 3E), although no significant
change was seen at 24 h (not shown). Consistently, K/7 or FL73knockdown increased
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p15/NK9EB expression (Supplementary Fig. 6A). We also examined the effects of nilotinib on
other CDKIs, such as p18, p21 and p16, which are important for leukemia cell growth. As
shown in Supplementary Fig. 6B and C, p27 and p16 were upregulated in both cell lines, but
expression of p18exhibited difference with downregulation in Kasumi-1 and upregulation in
MV4-11 cells. To elucidate the mechanisms of p15/VK4E re-expression, we examined CpG
methylation status in the p25"VK4B promoter region (-4 and +247) containing 27 CpG sites.
Bisulfite sequencing revealed that the CpG islands examined in the control group were fully
methylated in Kasumi-1 cells and partially methylated in MV4-11 cells. However, nilotinib
incubation caused a significant decrease of the methylated CpG sites in this region, from 100
to 89% in Kasumi-1 or from 13% to a complete loss in MV4-11 cells (Fig. 3F). To
substantiate the DNA hypomethylating effects of nilotinib, we examined the CDHI gene,
whose DNA hypermethylation is associated with an adverse prognosis (37,38). Similarly,
nilotinib exposure resulted in upregulation of CDHI expression and demethylation of the
CDH1 promoter (Supplementary Fig. 6D and E). Interestingly, Kasumi-1 and MV4-11 cells
resistant to nilotinib showed upregulation of DNMT1 and increase of DNA methylation
(Supplementary Fig. 7), which is in agreement with our previous report in lung cancer cells
resistant to multiple RTK inhibitor Midostaurin (39), further underscoring the epigenetic
role of RTKSs. Together, these data support the idea that nilotinib is a potent DNA
hypomethylating agent in leukemia.

Nilotinib blocks cell proliferation and promotes cell apoptosis in vitro

Because epigenetic-silencing of TSGs is frequently associated with poor prognosis,
nilotinib-restored p15NK4B and CDH1 expression could lead to a blockage of leukemia cell
expansion. To examine this idea, Kasumi-1 and MV4-11 cells were exposed to nilotinib (10,
30 uM). After 6 h (prior to the onset of apoptosis), ~500 treated-cells were subjected to
methylcellulose assays (22,29). Compared to control cells, exposure to 30 M nilotinib
resulted in a significant 60 and 58% reduction of colony number in Kasumi-1 and in
MV4-11 cells, respectively (Fig. 4A). This suggests that even short periods of drug exposure
can cause irreversible damage to the ability of cells to proliferate. Notably, SpZ
overexpression attenuated the inhibition of cellular proliferation mediated by nilotinib,
strengthening the role of Sp1 in DNMT1 regulation (Supplementary Fig. 8). Annexin V-PI
staining assays detected more Annexin V-positive apoptotic cells in 30 UM nilotinib-treated
Kasumi-1 (6.9 fold) or MV4-11 (3.2 fold) cells than corresponding untreated controls (Fig.
4B). Because caspase activities are hallmarks of apoptosis, we examined caspase activation
and found that nilotinib greatly increased the protein levels of cleaved caspase-3 and
caspase-8 (Fig. 4C). We also examined the expression of several pro- and anti-apoptotic
members in Bcl-2 family. As shown in Supplementary Fig. 9, expression of Bcl-XL was
downregulated, Bid was cleaved that is likely by the activated caspase-8, and Noxa was
upregulated. In addition, exposure to nilotinib did not result in significant changes in cell
cycle (Supplementary Fig. 10). Collectively, these results support the notion that nilotinib
promotes cell apoptosis, at least partially, through suppression of anti-apoptotic or/and
upregulation of pro-apoptotic genes. Moreover, if nilotinib abrogates leukemia growth
through DNMT1 downregulation, then hypothesizing that cells lacking DNMT1 could
display increased sensitivity to nilotinib is reasonable. Thus, Kasumi-1 and MV4-11 cells
were transfected with a scrambled control or DNMT1 siRNA for 12 h and then treated with
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10 uM nilotinib for another 24 h. As expected, DNMT1-depleted cells displayed higher
protein levels of cleaved caspase-3 (Fig. 4D). In agreement with this finding, treatment of
cells with a suboptimal dose of nilotinib enhanced the effects of bortezomib, a distinct DNA
hypomethylating agent (27). Specifically, the enhanced effects of bortezomib included more
downregulation of Spl and DNMT expression (Supplementary Fig. 11A), further reduction
of DNA methylation (Fig. 4E), increased suppression of AML cell colony-formation (Fig.
4F) and increased promotion of apoptosis (Supplementary Fig. 11B). These findings were
substantiated by a lower colony number and more apoptosis upon exposure to a combination
of decitabine and nilotinib compared to the single agent (Supplementary Fig. 11C and D).
Together, nilotinib treatment disrupts leukemia cell propagation through its DNA
hypomethylating activity.

Nilotinib induces DNA hypomethylation and suppresses leukemia growth in mice

To explore the DNA hypomethylating activity of nilotinib /in vivo, we used the C57BL/6
mouse with a competent immune system and the murine AML cell line, C1498, which is
syngeneic to the C57BL/6 mouse (29), to mimic leukemic disease. First, similar to the
results from human MV4-11 and Kasumi-1 cells, exposure of C1498 cells to nilotinib
significantly downregulated DNMT1, DNMT3a, DNMT3b and Sp1 (Supplementary Fig.
12A) and decreased global DNA methylation (Supplementary Fig. 12B), leading to cell
apoptosis (Supplementary Fig. 12C) through the activated caspase-3 and caspase-8
(Supplementary Fig. 12D). Second, we injected C1498 cells (0.1x10%) through the tail vein
into the C57BL/6 mice. When the white blood cell counts indicated illness, these leukemia-
bearing mice (n = 3 mice/group) were sequentially given 5, 10 or 15 mg/kg of nilotinib in
PEG400 and saline (ratio 15:38:47) intraperitoneally twice a week for a total of 6 doses. The
leukemic mice (n = 3 mice/group) injected with only vehicle served as controls. Compared
to the untreated controls, mice treated with nilotinib had a favorable prognosis, because the
treated mice had a decrease in spleen weight (890 £ 81 vs. 370 = 33 mg; Fig. 5A), and a
diminished metastatic growth in liver (Fig. 5B) and in lung (Fig. 5C). H&E staining showed
that, compared to the nilotinib-treated mice, the untreated control group displayed an
increased infiltration of leukemic cells into the spleens, lungs and livers of recipients,
leading to considerable damage to these organs (Fig. 5D). The bone marrow histopathology
from nilotinib-treated mice identified more differentiated cells containing metamyelocytes,
bands and segmented neutrophils compared to untreated control mice (Fig. 5E). No toxicity
was observed for the tested drug dosage and schedule because we did not see any evident
change in body weight. Mechanistically, nilotinib administration in mice remarkably
diminished the levels of DNMT1, DNMT3a, DNMT3b and Spl1 gene expression (Fig. 5F)
with a significant decrease (60%) in DNA methylation (Fig. 5G) and upregulation of the
p15/"NK9B gene (Fig. 5H). Based on these results, we conclude that nilotinib induces
leukemia regression in mice by suppressing the DNA methylation machinery.

Nilotinib therapy causes DNA hypomethylation in AML patients

To establish the relevance of our findings in human AML patients, we treated the PBMCs of
treatment-naive AML patients (n = 3) with nilotinib for 24 h. Consistent with the results
acquired from leukemia cell lines and mice, exposure of PBMCs to nilotinib decreased the
expression of KIT, DNMT1, DNMT3a, DNMT3b and Sp1 (Fig. 6A, Supplementary Fig.
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13A). This was followed by global DNA hypomethylation (Fig. 6B), p15"VK4B ypregulation
(~2.1 or ~4.4 folds) (Fig. 6C) and decreased DNA methylation in the p15"VK4E promoter
region (+102 to +184) from 14 to 12 or 6% (Fig. 6D). Functional investigations revealed that
nilotinib treatment greatly reduced the colony number (Fig. 6E) with a remarkable increase
in apoptosis (Fig. 6F, Supplementary Fig. 13B) accompanied by increases in cleaved
caspase-3 and caspase-8 (Fig. 6G). Importantly, we found that the levels of DNMT,
DNMT3a, DNMT3band SpI1 gene expression were significantly lowered in AML patients
(n = 14) receiving nilotinib therapy (Fig. 6H). The downregulation of DNMTs was further
confirmed in GSE33075 (Supplementary Fig. 14A), where CML patients (n = 9) received
imatinib therapy. In line with these, DNA methylation was decreased and p15/NK4B
expression was upregulated (Fig. 61 and J). We conducted functional annotations using
DAVID bioinformatics resources 6.7 for the genes listed in GSE33075 that were changed.
The activated pathways on the top lists included methylation, tumor suppressor, S-adenosyl-
L-methionine and methyltransferase (Supplementary Fig. 14B). This result supports DNA
methylation as an important mechanism underlying the anti-leukemia activities of RTK
inhibitors. Consequently, out of 14 patients evaluable for response, 12 (80%) achieved
complete remission (CR) or CR with incomplete platelet recovery. These results suggest that
DNA hypomethylation, p15"VK4B re-expression and caspase pathway activation are among
the molecular events associated with nilotinib-induced growth arrest of leukemia cells in
AML patients. Notably, FLT3 testing was positive in 27%, but KIT gene sequencing (exon 8,
9, 10, 11, 17) revealed no pathogenic mutations (not shown). The impaired K/7and FLT3
gene expression (see Fig. 6H) supports the idea that nilotinib treatment could possibly
benefit patients with K/7and FL73 overexpression, although nilotinib was originally
designed to block ABL kinase activities through competitive inhibition at the ATP-binding
site of BCR/ABL.

Discussion

Methylation of cytosine in DNA at C-5 of CpG catalyzed by DNMTs is the most abundant
epigenetic modification that usually leads to the altered expression of genes, like TSGs
(22,30). RTKs, the most abundant enzyme-linked receptors, phosphorylate specific tyrosine
on intracellular signaling proteins, thus controlling cell survival and proliferation (1).
Deregulation of both RTKs and DNMTs frequently occurs and is a poor prognostic indicator
in leukemia patients. However, whether RTKs and the DNA methylation machinery
communicate in promoting leukemia progression remains puzzling. We present convincing
evidence showing that RTKSs significantly regulate DNMT-driven DNA methylation in
leukemia cells. Genetic and pharmacological inactivation of RTKs abolished aberrant
DNMT activity resulting in DNA demethylation and AML regression. These findings
identify RTKSs as previously unknown epigenetic modulators and shed light on the
mechanistic aspects of RTKs and their inhibitors in leukemia pathogenesis and therapies.

In the present study, we focused on the deregulation of RTKs and DNMTSs in leukemia,
because 1) RTK overexpression occurs in the majority of patients (1); 2) ligand-dependent
activation of wild-type RTKSs can be bypassed by their overexpression that results in the
increased dynamics of homo/heterodimerization (40,41); and 3) in the absence of mutations,
RTK overexpression is a mechanism for kinase activation (1,42). Additionally, DNMT1
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gene abundance has been linked to carcinogenesis /n vitro and in vivo, supported by findings
illustrating that DNMT1 upregulation 1) induces NIH 3T3 cell transformation (43); 2)
causes CpG island hypermethylation in human fibroblasts (44); and 3) is essential in c-Fos
mediated transformation of rodent fibroblasts (45). In contrast, DNMT1 depletion /n vivo
reduces tumor formation (46). These findings are in agreement with our observation that
abrogation of RTK and DNMT expression markedly disrupted the clonogenic potential of
leukemia cells. We present evidence showing that the expression of RTKs, including KIT,
FLT3, BCR/ABL and mTOR, parallels the expression of DNMTs (DNMT1, DNMT3a and
DNMT3b) in leukemia patients and cell lines. The siRNA-triggered depletion of each of
these tested RTKSs greatly decreased DNMT expression at the levels of RNA and protein,
leading to DNA demethylation and reduction of cell colony number. These discoveries
demonstrate that RTKSs are a new class of epigenetic regulators in leukemia cells and support
the interplay of RTKs and DNMTSs as an additional mechanism underlying leukemia
pathogenesis. While meriting further elucidation, the possibility that RTKs regulate DNMT1
abundance/activity at the post-transcriptional level or transcriptional level exists. At the post-
transcriptional level RTKSs could act by controlling AKT phosphorylation, which is found to
enhance DNMT1 protein stabilization (28). The altered phosphorylation of DNMT1 could
change its physical interaction with EZH2 or PCNA, which determine its DNA binding
affinity, thus regulating DNMT1-associated DNA methylation. At the transcriptional level
RTKs could act by modulating the activities of DNMT1 transcription factors, such as Sp1/
NF«xB, nucleolin and STAT3 (22,27,47). DNMT1 upregulation by RTKSs could enhance its
capability to bind DNA and other factors (EZH2 or PCNA) resulting in DNA
hypermethylation.

Although many patients with imatinib-resistant CML and Philadelphia chromosome-positive
ALL are successfully treated with nilotinib, other patients remain ineligible due to a lack of
knowledge regarding the specific pathways underlying nilotinib's anti-leukemia actions.
Given our finding that RTKs positively regulates DNA methylation, we examined the DNA
hypomethylating activities of nilotinib in leukemia cells. We demonstrate that nilotinib
ablated DNMT expression, reduced DNA methylation and restored p15/VK4B and CDH1
expression through promoter DNA demethylation /n vitro, ex vivoand in vivo. When
DNMT1 was depleted, AML cells became more sensitive to nilotinib treatment. These
results reveal the DNMTs and the subsequent DNA methylation as non-RTK targets
underlying the anti-leukemic actions of nilotinib. Although we demonstrated that nilotinib
abolished DNMT1 expression through the dysfunction of Sp1, a DNMT1 activator (27),
nilotinib could also dephosphorylate DNMT1 through inactivation of KIT/FLT3-AKT axis.
This could lead to the destabilization of the DNMT1 protein or the disruption of the DNMT1
and EZH2 complex, eventually reducing DNA methylation levels. Furthermore, because the
expression of DNMT3a and DNMT3b was also impaired in the presence of nilotinb, and
given that Sp1 is a transcriptional regulator of the DNMT3aand DNMT3b genes (48),
nilotinib-induced DNA hypomethylation is, at least partially, attributed to the abrogation of
Spl-associated DNMT3a and DNMT3b expression. Notably, although upregulation of
DNMTSs is prevalent in AML (1,20,22), that all AML patients carry such overexpression is
unlikely. Thus, nilotinib, when used as a DNA hypomethylating agent, remains an additional
therapeutic option only for a patient subgroup characterized by deregulation of RTK/DNMT
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axis or who are unresponsive to decitabine therapies. Collectively, given that other RTK
inhibitors, such as PKC412 and imatinib, also induced DNA demethylation in leukemia cells
(unpublished data/Liu), the findings from this study support the hypothesis that RTKs are
additional upstream activators of the DNA methylation program and RTK inhibitors could
be considered as a new class of DNA methylation inhibitors by distinct mechanisms
compared to classical DNA hypomethylating agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

This study provides the first evidence that RTKs are modulators of DNMT1-dependent
DNA methylation in leukemia cells. Our study has for the first time documented that
RTK inhibitors (RTKi) impair DNMT1 expression resulting in global and gene specific
DNA hypomethylation. These findings demonstrate RTKs as new types of epigenetic
regulators and unravel a signaling interaction between RTKs and DNMTSs in leukemia
pathogenesis, shedding light on leukemia molecular biology. Our data identify the DNA
hypomethylating activities of RTKi, thus significantly expanding the pool of DNA
methylation inhibitors. Our discoveries provide a mechanistic explanation why RTKi
show therapeutic efficacy in patients without target mutations, and suggest that altered
DNA methylation profile might be alternative predictors of responses in patients without
RTK mutations. Altogether, our work provides the preclinical rationale for using RTK:i to
benefit patient subpopulations characterized by aberrant DNA methylation including
those who relapse from current epigenetic therapy.
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Figure 1.

KIT and FLT3 upregulate DNMT expression in AML cells. A and B, The analysis of the

GEO dataset GSE12417 series, platform GPL570 and GPL96, AML, n = 242 (A) and gPCR
results of 9 leukemia cell lines (B) showing the correlation between FL73or K/Tand
DNMT gene expression, which was assessed by Spearman correlation. C, Kasumi-1 or
MV4-11 cells were transfected for 48 h with FL73or K/TsiRNA (si-) or scrambled control
and the expression of targeted genes was detected by Western blot analysis. D, MV4-11 or
Kasumi-1 cells were transfected for 48 h with FL73or K/T siRNA, respectively, or
scrambled control. The genomic DNA was subjected to dotblot analysis. Graphs are the
quantification of dot intensity. E, Quantitative analysis for colony-forming assays of
Kasumi-1 or MV4-11 cells transfected with FL73 or K/T siRNA or scrambled control. F,
K562 or KU812 cells were transfected for 48 h with BCR siRNA and the cell lysates were
subjected to Western blot analysis. G, Kasumi-1 or MV4-11 cells were transfected for 48 h
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with mTOR siRNA or scrambled control. The cell lysates were subjected to Western blot
analysis. H, Quantitative analysis for colony-forming assays of K562 and KU812 cells
transfected with BCR siRNA (left) or MV4-11 and Kasumi-1 cells with m7OR siRNA
(right). In C, D, F and G, data represent 3 independent experiments; In E and H, the assays
were performed in triplicate; In D, E and H, data are shown as mean values =+ S.D; *P<
0.05, **P< 0.01, ***P < 0.001.
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Figure 2.

Sp1 activity accounts for the suppression of DNMT1 expression in AML cell lines treated
with nilotinib. A-C, Kasumi-1 or MV4-11 cells were treated for 24 h with the indicated
doses of nilotinib and subjected to qPCR or Western blot analysis to detect the expression
levels of DNMT1, DNMT3a, DNMT3b (A,B) and Spl (C). D and E, EMSA assays were
used to detect Sp1 binding to the DNMT1 promoter in Kasumi-1 (D) or MV4-11 (E) cells
treated for 24 h with nilotinib. In D a vertical line was inserted to indicate a repositioned gel
lane. F and G, Reporter gene assays were used to determine DNMT1 gene promoter activity
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in 293T cells transfected with the DANMT1 promoter-luciferase plasmids together with the
Sp1 expression vectors (F) or treated for 24 h with nilotinib (G). H, Western blot analysis of
Kasumi-1 and MV4-11 cells transfected for 48 h with SpZ siRNA (si-) or scramble control.
I, Kasumi-1 and MV4-11 cells were transfected with SpZ expression or control vectors for
12 h and then treated with 10 uM nilotinib for another 24 h. Gene expression was assessed
by Western blot analysis. Data represent 3 independent experiments.
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Figure 3.

Nilotinib induces global and gene promoter DNA hypomethylation. A, Dotblot analysis
using anti-5mC to evaluate changes in global DNA methylation in Kasumi-1 or MV4-11
cells treated for 24 h with nilotinib. B and C, Kasumi-1 or MV4-11 cells were transfected
for 48 h with DNMT1 (B) or Sp1 siRNA (C) or scrambled control. The protein expression
levels were assessed by Western blot (upper) and the levels of global DNA methylation were
determined by dotblot analysis (lower). D, Kasumi-1 cells were transfected for 12 h with
DNMT1 or Sp1siRNA or scrambled control and then treated with 10 uM nilotinib for
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another 24 h. Global DNA methylation was determined by dotblot analysis. E, qPCR
analysis of p15"NK4B expression in Kasumi-1 or MV4-11 cells treated for 48 h with 10 pM
nilotinib. Values are shown as a fold change of gene expression normalized to Z85RNA and
compared to vehicle. F, Upper: diagram of the p15/VK4B promoter indicating the location of
CpG nucleotides; lower: bisulfite sequencing analysis of changes in p25"VK4B promoter
methylation (transcription start site +147 to +221) in Kasumi-1 or MV4-11 cells treated for
48 h with 10 pM nilotinib. Results of 10 clones are presented. Methylated CpG sites are
shown as solid circles and open circles indicate non-methylated CpG sites. In A-D, the
graphs show the quantification of dot intensity as mean values + S.D. from 3 independent
experiments; *P< 0.05, **P< 0.01, ***P < 0.001; si- = siRNA; LC = loading control.
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Figure 4.

Nilotinib suppresses growth and promotes apoptosis in AML leukemia cell lines. A-C,

Kasumi-1 and MV4-11 cells were treated with nilotinib at concentrations of 0, 10 or 30 pM.
(A) Colony-forming assays show the colony number as mean values + S.D. from 3
independent experiments. (B) Flow cytometry was used for analysis of apoptosis and data
are shown as a fold change in apoptotic cells compared to untreated control. (C) Western
blot analysis was used to assess the levels of cleaved caspase forms. D, Kasumi-1 and
MV4-11 cells were transfected for 12 h with DANMT1 siRNA (si-) or scrambled control and
then treated with 10 uM nilotinib for another 24 h. Western blot detected cleaved caspase
isoforms. E and F, Kasumi-1 and MV4-11 cells were treated with 5 nM velcade (\Vel) or/and
3 UM nilotinib (Ni) and subjected to dotblot analysis (E) or colony assay (F). Data are
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shown as mean values + S.D. from 3 independent experiments; *£< 0.05, **P< 0.01, ***P
<0.001.
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Figure 5.
Nilotinib administration induces leukemia regression in mice. A, Approximately 0.1x106

C1498 cells were injected into C57BL/6 mice through the tail vein. When the white blood
cell counts showed the illness, the leukemic mice were treated with vehicle or nilotinib for 3
weeks. External view (left) and quantification of spleen weight (right) from leukemia-
bearing mice are shown. Data are presented as mean values + S.D. B, Photographs (left) are
representative external views of livers from leukemia-bearing mice and the graph (right)
shows the quantification of liver weight. Data are shown as mean values + S.D. C, Pictured
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are images of lung from leukemia-bearing mice. D, Representative images of H&E stained
sections of lungs, livers and spleens from leukemia-bearing mice are shown (magnification x
200). E, Wright-Giemsa stained BM cells from leukemia-bearing mice are shown
(magnification x 400). F, gPCR was used to determine the expression of DNMT1,
DNMT3a, DNMT3band Splin BM cells from leukemia-bearing mice. G, The genomic
DNA in BM cells from leukemia-bearing mice was isolated and subjected to dotblot
analysis. H, gPCR was used to determine the expression of p15/VK4Bin BM cells from
leukemia-bearing mice. Graph shows the quantification of dot intensities. Note, n = 3 mice/
group; data are presented as mean values + S.D; *£< 0.05, **P< 0.01.
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Nilotinib suppresses DNMT expression, induces DNA hypomethylation and impairs AML
patient cell expansion ex vivoand in vivo. A-G, AML patient (Pt) primary cells (n = 3) were
treated for 24 h with 0, 10 or 30 uM nilotinib. (A) Cell lysates were subjected to Western
blot analysis with the indicated antibodies. (B) The genomic DNA was subjected to dotblot
analysis to assess changes in global DNA methylation. (C) gPCR analysis was used to
determine p15"NK4B gene expression. (D) Bisulfite sequencing was used to examine
p15"VK4B promoter DNA methylation. Methylated CpG sites are shown as solid circles and
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open circles indicate non-methylated CpG sites. A representative 10 clones are shown in the
dot plot. (E) Colony-forming assays show cell proliferation. (F) Cellular apoptosis was
determined by flow cytometry. (G) Western blot analysis was used to detect the activated
forms of caspases. H-J, The PBMCs from AML patients (n = 14) receiving nilotinib therapy
(day 0, day 7 or day 14) were subjected to gPCR for gene expression (H, J) or dotblot
analysis for changes in global DNA methylation (I). In B, C, E, F, H, I and J, data are
shown as mean values + S.D; *P< 0.05, **P< 0.01.
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