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Abstract

The DNA methylation inhibitor azacitidine (5-azacytidine) is used agamstf‘
# \ .

myelodysplastic syndrome and acute myeloid leukemia, but drug resistance is an % ™.

o

Y
ongoing, intractable problem. To investigate resistance mechanisms, we generaféd?

two azacitidine-resistant cell lines, THP-1/AR and HL60/AR, and studied geneu \:

disparities between them and their corresponding parental lines. In cellstre ed w1th

azacitidine, significant mitotic variations were noted in parental cells whlchvwere

absent in resistant cells, suggesting that resistance arises from negatmg !5

azacitidine-mediated activation of apoptosis signaling and reestabhshmg GQ/‘M
checkpoint. Importantly, both resistant cell lines have common pomt«*mutatnons in the

uridine-cytidine kinase 2 (UCK2) gene, which encodes the rate-hml ting enzyme of

the azacitidine activation pathway. Forced expression of i utated UCK?2 in parental
A

THP-1 cells abrogated azacitidine-induced apoptosis whg;eas over-expression of

o
wild-type UCK2 in resistant THP-1/AR cells restorec sensitivity to azacitidine,

implying that UCK2 gene mutations perturb azacxtldme activation and advance

\‘

azacitidine resistance. Our study provxdes ne

| n31ghts into azacitidine resistance and
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In leukemia cells, the methylation states of gene regulatory regions are
up-regulated, thereby silencing the expression of some genes, including tumor
suppressor genes and cell-differentiation related genes [1-6]. Abrogation of
hypermethylation should promote re-expression of these genes, consequently Ve
inducing anti-tumor effects. For this purpose, two DNA methyltransferase (DNMTf\\
inhibitors azacitidine (5-azacytidine) and decitabine (5-aza-2-deoxycytidine) vgsre
developed. Although both are nucleoside analogs of cytidine, their anti- tumor\\\

mechanisms differ. Decitabine incorporates into DNA, resulting in dlSl}lptIOH of f
DNMT, thus suppressing DNA methylation. Azacitidine, likewise, canﬁméorporate
into DNA, suppressing methylation; however, it preferentially mcorporates mto RNA,

developing cytotoxicity by inhibiting protein synthesis [7-8]. F '"e ann “tumor effects

of azacitidine are concentration-dependent. Its cytotoxic actlwty mcreases with

A
concentration; whereas, its DNMT inhibition peaks a /low\concentratlons and

abates at higher concentrations [7-10]. Although the1 arRx tumor mechanisms differ,

in preclinical examinations and clinical trials both reagents have been shown to

possess cytotoxic properties and differentiation- mducmg effects [11-15]. Accordingly,

both are now approved for the treatment of m
myeloid leukemia (AML) with 20% to 30%bor

for treating AML with high bone marrow blasts is under investigation [16].

fodysplastxc syndrome and acute

marrow blasts, and their usefulness

Drug resistance remams PY major problem for patients treated with small

molecular reagents such as azaci dir e\but the underlying mechanisms are poorly
understood [17]. Therefore clarnfymg:reswtance mechanisms is central to develop
effective leukemia theraples Prev:ous studies have shown that human equilibrative
nucleoside transporteisi hENTs) and concentrative nucleoside transporters (hCNTs)
play an important ) role ora}?;;sport of natural nucleosides and nucleoside analogs

into cells [18 20] *Usmg hCNTI-expresmg kldney cells, Rius et al. showed that

.........

e N
decreasmg levels of these transporters is a possible mechanism for acquiring

res;stance to DNMT inhibitors. However, both azacitidine and decitabine undergo a
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process, uridine-cytidine kinase 2 (UCK2) and deoxycytidine kinase (DCK) function
as key enzymes for activation of azacitidine and decitabine respectively. Therefore,
perturbation of the activation process may also result in blocking nucleoside analog

activity, even with normal uptake [22]. Indeed, Qin T et al. found that the level of

cells but fail to kill them, in which case, resistance mechanisms probably m\fo]ve\\’
/

continuous activation of cellular signaling pathways such as the Ras~ERI§ p: thway, or

A ,;.,.;.»,»

deactivation of apoptotic pathways. In fact, Cluzeau et al. recently reported that

increased expression of the anti-apoptotic factor BCL2L.10 was hnked to re51stance in
azacitidine-resistant cell line SKM1-R [24]; but this mechamsm?\s no" well elucidated.

es. .DNMT inhibitors,
decreasing their half-life [25]. Therefore, various mechamsms elther common or

f\ Q‘ /
specific to each reagent, may be involved in acqulslﬁxo of: resxstance to DNMT

However, a recent study showed that cytidine deaminase ina“ét

inhibitors; but most remain obscure.

Materials and Methods

Reagents N
4’;':‘\ e

Azamtldme,fdecuabme and phorbol 12-myristate 13-acetate (PMA) were
purchased from&gma Cﬁemlcal Co. (St. Louis, MO).

Cell lines & /
"FHPA and HL60 are BCR/ABL-negative human myeloid leukemia cell

lines [26 Q?]ﬁTo determine the 1Csp values of azacitidine, cells from the two parental

AA\ o
¥
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lines were independently incubated in the presence of various concentrations of each
reagent for 96 hours, then enumerated using a Cell Counting Kit-8 (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) in accordance with the manufacturer’s

instructions. Dose response curves were prepared, and concentrations yielding 50%

4! »
cellular viability were designated as ICs,. <i BN

\!,
step-wise increasing concentrations of azacitidine (0.2 p.M to 1.0 pM) and colomzed

To generate resistant clones, THP-1 and HL60 cells were treated thh

selection and cloning of surviving colonies. Clones at the hlghest ICso“valu \from

each cell line were designated as THP-1/AR (TAR) and HL60/AR (HAR) All cells

'« ,/

were grown in RPMI-1640 medium supplemented with 10% fetal"bovme serum,

Q.

Flow cytometry .
For cell cycle analysis, cells were 1ncubated L\th propidium fodide for 15
FACScan/CellFIT system

,ycoprotem expression, cells were

minutes, and then analyzed by flow cytometry us A
{Becton Dickinson, San Jose, CA). To analyze p~ 3
incubated with a phycoerythrin-labeled antl\p glycoprotem antibody for 30 minutes.
Phycoerythrin-labeled mouse IgGl was used as a control. To examine the expression
levels of surface antigens mcludmg CDle 'CD13, CD14, CD15, CD33, CD36 and

HLA-DR, cells were mcubated,m solutlons of respective antibodies conjugated with

fluorescein isothiocyanate | (Becton chkmson San Jose, CA) for 30 minutes, then
\ o
e

analyzed by flow cytometry.

Whole cell Iysates were prepared from 1 x 107 cells. Then 30 pg of lysates

was separated electrophoretlcally using 10% polyacrylamide gel. Immunoblottmg and

f
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(Temecula, CA). Anti-caspase-3, anti-cleaved caspase-3, anti-caspase-7, anti-cleaved
caspase-7, anti-caspase-9, anti-cleaved caspase-9, anti-p44/42 (ERK1/2) MAP kinase,
anti-phospho p44/42 (ERK1/2) MAP kinase, anti-INK/SAPK, and anti-phospho
JNK/SAPK were purchased from Cell Signaling Technology (Beverly, MA). /\f:*«
Anti-DNA methyltransferase 1 (DNMT1), anti-DNMT3a and anti-DNMT3b were <. ™
purchased from ActiveMotif (Carlsbad, CA). Anti-uridine-cytidine kinase 2 (UCK2)

rabbit polyclonal antlbody was purchased from Proteintech Group, Inc. (Chlcago IL)

MA).

DNMT activity assay

cDNA that had been prepared from total RNA by Superscript II reverse transcriptase.

The primers used for cDNA ampil "catxon are summarized in Supplementary Table 1.
G f
Direct sequence analysis was: performed using primers summarized in Supplementary
SN
Table 2.

Real-time PCR analysts y ¥

We generated cDNA from total RNA extracted by reverse transcriptase and
subjected to SYBR rea] time PCR quantitation. PCR products were analyzed using an
ABI PRISM 7760 system (Applied Biosystems, Foster City, CA). Complimentary

DNA ¢ respondmg to the GAPDH gene was used for the internal control of these

real- tlmq;analyses. The primers used for real-time PCR are summarized in
\\.?J
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Supplementary Table 3. The resuits were calculated using the DDCr method.

Transfection of expression vectors

Full length of wild type UCK2 cDNA (NCBI Reference Sequence: ra
NM_012474 4) and UCK2 cDNA with five point mutations, which were found in \f\\\\\j
TAR cells, were amplified by PCR using cDNA genérated from total RNA that’f’ﬁ%&

&
\.\

been extracted from THP-1 and TAR cells, respectively. PCR fragments were’ 2 ‘5}/
x 5

subcloned into PMD20-T vector (Takara Bio Inc., Shiga, Japan). Expressmn vectors
\\r

of wild type and mutated UCK2 were constructed by insertion of w1ld “types UCK2
¢DNA and mutated UCK2 cDNA into the Hpa I and Xho I site of the pLL3 7 plasmid,

...‘.m./

which yielded UCK2wt and UCK2mut. Transfection of these vectors)mto THP-1 or

TAR cells was carried out using X-tremeGENE transfectlon’reagent (Roche
Diagnostics, Tokyo, Japan) according to the manufactureﬁs protocol Briefly, 3 ug of

the expression vector and 9 pL of X-tremeGENE HP DN Mrﬁansfectxon Reagent were

5 \\’

mixed in 100 u,L of Opti-MEMI medium without serum“and incubated for 30 minutes.
Then the mixture was added to 1 X 10%cells i ing 50“ uL 5 fresh Opti-MEMI medium

ﬁ'gt were successfully transfected

cted using FACSAriaTMOCell Sorter

and further incubated for 48 hours. To 1solate ce
with the vectors, GFP-positive cells were coll
(Beckton Dickinson Co., Ltd.).

Transfection of small mterfermg RNA ( szRNA)

One pg of BCLZLKor contro[ random siRNAs were transfected using
XiremeGENE siRNA transfectlon feagent (Roche Diagnostics, Tokyo, Japan)
according to the manufacturer s protocol. BCL2L.10 and control random siRNAs were

purchased from Q;a'j \Inc "(Valenma CA).

187



SRIPAYAP et al AZACITIDINE RESISTANCE MECHANISMS

The ICsy values of azacitidine against our drug-resistant clones were
markedly higher than those against the corresponding parental cell lines, indicating
that the clones had acquired significant resistance (Fig. 1A). Flow cytometry analysis

showed that both azacitidine-resistant and their corresponding azacitidine-sensitive-~

cells have the same expression pattern of surface antigens including CD11b, CDl1 3~\\

e

CDl14, CD15, CD33, CD36 and HLA-DR (data not shown). Furthermore, theré Were

no differences in the levels of prohferaﬁon abilities between azacitidine- resnstarg\and
N

azacitidine-sensitive cells (Fig. 1B). However, the levels of d1fferent1/at' on mednated

by phorbol 12-myristate 13-acetate (PMA) were lower in azamudme—reszstaﬁt cells

/

than in azacitidine-sensitive cells (Fig. 1C-D). Therefore, it remams pos.51ble that the

differentiation process was disturbed in azacitidine-resistant clgnes.

decreased S-phase cells. However, in the resmtant’lmes,‘ xt had no similar effect,
suggesting that azacitidine-mediated actlvatxon of both the Go/M checkpoint and

apoptotic activity was abrogated.

To confirm abrogation of apopt051s signaling, we examined levels of
apoptosis-related molecules. CODS)StC[lt w1th the results of flow cytometry analysis,

the levels of cleaved caspase- 3 <cleaved caspase~’7 and cleaved caspase-9 increased

i
with azacitidine treatment in’ sensmve cells in a dose-dependent manner; whereas in

resistant cells, these levels remal\ﬁ'éd constant (Fig. 2B). We also examined whether
/’

the effect of azac1t1d1ne on!JNK/SAPK signaling differed between sensitive and

resistant cells because "t is véell known that induction of G,/M arrest is associated
with JNK/SAPK«"actwahon [30-33]. Azacitidine markedly elevated the level of

phospho JNK/SAPK m sensitive cells but not in resistant cells (Fig. 2C). In contrast,

«««««

the level of phospho ERK1/2, in the MAP kinase subfamily, increased with

azacmdme treatment in both sensitive and resistant cells.
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DMNT activity in resistant cells
Two mechanisms can explain azacitidine resistance: diminished activity
and failed cytotoxicity. In the latter case, continuous activation of alternative

signaling pathways is probably involved. To clarify whether resistance relates to /,*
diminished activity, we examined azacitidine’s effect on DNMTs, its main target 4 \\,

o

molecules, particularly in low concentrations. We found that it inhibited DNMT Y

activity in sensitive cells, but not in resistant cells (Fig. 3A). To confirm thls\wé \,,

\\c

performed Western blot analysis using anti-DNMT antibodies. Conszstcnt w’thrthe
results of the DNMT activity assay, Western blot showed that azacxtldme sigi )-flcantly

reduced levels of three DNMT isozymes, DNMT1, DNMT3a, and DNMT% in

sensitive cells; but not in resistant cells (Fig. 3B). Furthermore; changes in the levels

of DNMT activity accompanied expression of the tumor—suppressor;gene pl6in

sensitive cells, but not in resistant cells (Fig. 3C). We also confirmed by sequence

analysis that there was no mutation of the DNMT ge \resmtant cell lines (data

not shown). These findings thus suggest that dimi

nished ctivity is central to

azacitidine resistance.

Expression of membrane transporters

To reveal the mechanisms underlymo ‘the diminished azacitidine activity in

resistant cells, we first examined the levels,gz f membrane transporters that may play a

role in transporting azacntrdme,:'y to,cells The results of real-time PCR showed that
Db, A
the expression level of equil rauve‘nucleomde transporter hENT1 was lower in TAR

/\«.
&

cells than those in THP- -1 cells (Fx 2. 4A); however, the difference was unremarkable.
There was no s gmflcantxd ference in the expression levels of another equilibrative

nucleoside transporter hENTZ nor the concentrative nucleoside transporter h(CNT1.

Additionally, the” levels: of p-glycoprotein, a member of the ABC transporters, were

not elevated

:extheréreswtant cell line (Fig. 4B). These results suggest that alteration

of azacmdme tranSport is not meaningfully involved in azacitidine-resistance.

utations in resistant cells
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We then hypothesized that the diminished azacitidine activity is caused by
perturbation of the azacitidine activation process. To verify this hypothesis, we
examined the protein levels of uridine-cytidine kinase 2 (UCK2), a key azacitidine
activation enzyme, by Western blot analysis; however, there was no remarkable

difference in the levels of UCK2 between resistant cells and their corresponding

sensitive cells (Flg SA) However, in exons 4 and 5 of the UCK2 gene we found four

e

identical to the HAR mutations (Fig. 5B). To clarify whether these gene/f iU atroﬁs

#’\ N Anesmecl

play a role in azacitidine resistance, we examined the effect of forced‘expressnon of

UCK?2 on azacitidine sensitivity. As shown in Fig. 5C, over»expressmn of mutated

UCK2? in THP-1 cells slightly increased the 1Csp value of azacm?]me~ but wrthout
\,“‘f S
statistical significance. However, azacitidine-mediated mductlo\u of c]eaved caspases

as well as p16 expression was abrogated (Fig. 5SD-E). Furthermore transfection of the

wild type UCK2 expression vector into TAR cells resul L 2 srgmﬁcant decrease in

possible that the azacitidine activation pathway was reestablished in these cells.
These results thus suggest that the UCKZ\gcne futations found in resistant cells are
Je

critically involved in the resistance’ mechamsm It is likely that in resistant cells these
RN

gene mutations reduced UCK2 act' ‘lty,,resultmg in perturbation of azacitidine

s R

activation and the consequent f{llure o suppress DNMT.

x

W
NN
N

N, v
BCL2L10 expresszon m reszstant cells

We fmally exammed the role of BCL21.10, which is a member of the
\
anti-apoptotic BCL2 famrly and has been shown to be linked to drug resistance in
another azacrtldmo resxstant cell line SKM1-R [24]. Interestingly, BCL2L10 was

substantrail ly e;\pressed in both TAR and HAR cells, whereas the protein level of this

molecule wis: extremely low in the parental cells (Fig. 6A). However,

SiRNA- trredrated knockdown of BCL2L10 resulted in no restoration of

wr
¥

10
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azacitidine-sensitivity in resistant cells (Fig. 6A-B) probably because azacitidine
could not be activated regardiess of the level of BCL.2L.10.

Discussion

Although clarification of mechanisms of resistance to DNA P, \\ /}

methyltransferase (DNMT) inhibitors is very important for clinical apphcatton\onlyf

opportune models for analyzing mechanisms of resistance to azacmdme lnxleukemla
1‘

cells. ‘ }
Azacitidine shows anti-tumor effect through two maJor mec'ﬁ:'imsms
/ \,g

namely, disruption of DNA methylation due to DNMT mhlbm\n and induction of
cytotoxicity due to inhibition of protein synthesis [7- 8] The proport1on of each

mechanism depends on concentration; low concentrat1on ¥ vormg the former and

high concentrations the latter. In patients it has been reported that maximal blood
concentration (Cmax) of azacitidine is low (750 0 5f3 ng/mL (equivalent to 3.07
* 1.65 uM) by subcutaneous injection) [35], suggestmg that DNMT inhibition is the
dominant mechanism in clinical appllcatléns~¢ herefore we examined the effect of
low concentrations of azacitidine (2}:M and 4;¢M) in this study. Although the detailed
mechanisms regarding the effects on cell functlons of suppressing DNA methylation

remain unclear, it has been foun th\t a, low concentration of azacitidine leads to

;’:K ~ ’\ ~’

apoptosis as well as cell dnfferentlatzon [8].

Consistent with grewou\s\reports our results show that azacitidine induces
apoptosis signaling 1{1 THP 1 and HL60 cells. Since this was not observed in our
resistant cell linesy ;broga:tlc;n of these effects is clearly involved in acquisition of
azacitidine- res1stance\\Interestmgly, azacitidine also induced accumulation of
Gy/M- phase ceils thh a concomitant decrease in S-phase cells in parental cell lines
(Fig. 2A), Nwhlch was consistent with the previous findings that azacitidine induces
cell cycle blockage in the Gy/M-phase [12]. Furthermore, it significantly increased the

levels of\ hcspho—JNK It has been reported that activation of INK/SAPK signaling is

¥

11
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involved in cell-cycle blockage at G,/M phase in some cells [30-33]. Since this
activation effect was not observed in resistant cells (Fig. 2C), it is possible that
azacitidine activates the Go/M checkpoint through activation of INK/SAPK signaling,

and that interrupting induction of cell-cycle blockage bears upon the acquisition of-
i /0
resistance. ({\

granulocyte-specific antigens such as CD33 and CDI13, we could not establzshﬂthat

\nJ

azacitidine mediated induction of myeloid differentiation. Furthermo "A‘azacmdme

had no effect on cell morphology or on the levels of monocyte- macrophagc;spemﬁc
antigens including CD11b, CD14, CD36 and HLA-DR in azacmdme resxstant cells as

S ooy /
well as in azacitidine-sensitive cells (data not shown). Therefore ‘we could not

determine whether azacitidine-mediated dlfferentlatnonf‘*‘s ’/also abrogated in

azacitidine-resistant cells.

In both resistant lines, the inhibitory effect of a’pacmdme on DNMT
activity was completely abrogated, meaning that resxstance was acquired by a

DNMT-dependent mechanism. A failure of the azacxtldme activation process is one

poss:ble mechanism for DNMT- dependent reSJStance In this study, we found some

domain (Fig. 5B). Although dlrect evaluatlon of the enzymatic activity of mutated

UCK2 and the concentration oftthe phOSphorylated active form of azacitidine in cells
,ﬁrobable that these mutations diminish UCK2

was not performed in this study, it
activity, resulting in perturbatnoﬁ\of the azacitidine activation process. This

hypothesis was supported by the observation that forced expression of wild type
UCK2 in the resistan

Murata D et al ,,found a‘parttal deletion in exon 5 of UCK2 in a human fibrosarcoma

’t ceIls restored sensitivity to azacitidine (Fig. 5C). Previously,

cell line that was remgtant to potent inhibitors of RNA polymerases 3’-ethynyl

N

nuc]eosmég [36]} They also found a point mutation in exon 4 of UCKZ2 in the

3’-ethynyl ?fucieomdes resistant human gastric carcinoma cell line [36]. Therefore, it

is hxghly\ os‘mble that diminishment of UCK2 activity is critical for acquisition of
.

12
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resistance to other anti-cancer drugs as well. In the previously reported
decitabine-resistant cells, the level of DCK decreased due to a DCK gene mutation,
resulting in the acquisition of resistance to decitabine as well as cytarabine, a key

drug for leukemia treatment [23, 36]. In TAR and HAR cells, however, the level of e
UCK2 protein did not decrease, suggesting that those mutations diminish UCK ’( X E}w .

activity without affecting the expression Ievel of this enzyme.

.z‘

~ activation process might have been intact in SKMI1-R cells because they\showed that
siRNA-mediated suppression of BCL21.10 restored azacitidine sensm v;ty%ln our

study we found that the protein level of BCL2L10 increased mfboth;TAR and HAR

cells (Fig. 6A). However, in our resistant cells, s:RNA-medlated knockdown of

BCL2L10 resulted in no restoration of sensitivity to azamtldme i (Flg 6B). These

phenomena are consistent with our conclusion that aza itic ’ne could not be activated

due to UCK2 gene mutations regardless of the level ofBCLZLlO

It is of great importance to clarify whether UCK2 gene mutations are
present in primary cells from azacmdme resA‘ tant/’patlents and are central to the

resistance mechanism. Although we have yet analyzed sufficient numbers of

patients, such research is now proceedmg\m our laboratory. It is also of interest to

clarify whether other resistance mechamsms are also observed in primary cells.

Conclusion

Our newly establifhed azacitidine-resistant cell lines THP-1/AR and
S
HL60/AR are oppg ¢ une. models to analyze the mechanisms of azacitidine resistance.

Using these cell»lmes we revealed that acquisition of resistance is primarily caused

i

by a DNMT= dependent mechanism due to UCK2 gene mutations. These cell lines
)z‘

might also be useful to search for agents, which could overcome resistance to

azacitidine

13
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Figure Legends

Figure 1. Growth and phorbol 12-myristate 13-acetate (PMA)-mediated
differentiation in azacitidine-resistant cells. (A) 1Cso values of azacitidine against
THP-1, TAR, HL60 and HAR celis. Cells were first seeded at a density of 5 x 10° S

cells/mL and incubated in triplicate in the presence of various concentrations of

azacitidine. Cell numbers were counted after 96 hours as described in Materia}_éif}‘rjifd
P

Methods. Representative results for the dose-response growth inhibition cur’i‘fé aF'@” vd

time points as indicated. The number of viable cells was counted atxeach ume point

using trypan blue staining. Experiments were repeated three tlmes Staustlcal analysis

was carried out using Student’s t-test for comparison of the dat\a between
%
azacitidine-resistant cells and their corresponding parenta ‘cells but there were no

“““““ e

differences at every point with statistical si gmflcance LC “Cells were cultured in the

absence or presence of PMA (50ng/mL) for 48 hours Phase contrast

microphotographs showed that THP-1 cells were changed to macrophage morphology

while no morphological change was observed il TAR “cells. PMA also failed to

introduce HAR cells into adherent states. (D)\Cel'ls:were cultured in the absence or

f

Figure 2. Azacitidine- medlated itduction of apoptosis and cell cycle blockage at

G,/M phase are abrogated in azacitidine-resistant cell lines. (A) After

RS ‘\1

azacitidine- resxstant or orgespondln parental cells had been incubated with

indicated concentramons of azacitidine for 24 hours, the cells were harvested and

&

incubated Wlth\propldlum iodide for 30 minutes and analyzed by flow cytometry with

N NI
a FACScan!CellEIT system (Becton Dickinson, San Jose, CA). Although addition of
azacxtldme resulted in an increase in the percentage of cells at G,/M-phase and
e,

sub- G, phase in THP-1 and HL60 cells, these changes were not observed in TAR and

(>
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