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1. ơĮ�

� ĔĎǻǼĎŵƮů (Chronic Myelogenous LeukemiaȁCML)) BCR-ABL1Enrǟ�â;į�7

ǙƮËđĎƦű(Ȁ!#
6ǿĳǟ�â'46Ŵţ�7 BCR-ABL1Rw`G)ď÷Ŷ&TvKw

EZyPŏĎ;Ž�ÝĿ&KHZt�ǜ;��"ƌƢÚŇ;���imatinib mesylate (imatinib, Ê

ÈÃȁGlivec®)) BCR-ABL1 Rw`G(TvKwEZyPŏĎ;şŮŶ'Ǭé�7�$# CML

ƌƢ(ÚŇ;ė­�=jXyKM;ǆí�7�$�5ǿţÐ CML ŋŲ(ƅzǞęƬ¯$�"ũ

�58"�7 1)� 

� zħǕú#)ǿÀƂŵƮůƌƢ;Ä1Ŀ�&ƦűƌƢ'��"ÜŮ3ĹƩ�Ů÷(�'BcL

A\V>UG&Ü³�ŧ�"�7�$�×Å�8"�7 2)�BcLA\V>UG&Ü³$) DNA

ǡ«'Ü³;Ǐ���$&�ǟ�âŴţ(`Ryw;Ü³��7ţǋ(Ɣſ#
6ǿDNA(nT

t³3aMXw�Ǹ(Ü³&%�Ä/87 3)�ş'ǟ�â(fvoyRyǵÔ#ŧ�7 DNA(n

Tt³)ǟ�â(Ŵţ'ë�"ė­Ŷ'��ǿşæ(ǟ�âŴţ(ė­$Ʀű³3ǑƀƆ'ǫ�

"Ý�(ŻƄ�×Å�8"�7 4-6)�DNA(nTt³$)ǿCpGǡ«(KXKw(ń'H=[w�

ƒ� 2ÙÖǡ«)�(KXKw(cslLwŦ��śƋ·â,(nTtÖ(�±ºċ#
6ǿ�(

ºċ) DNAnTtÖǑƀǢƋ(DNA methyltransferaseȁDNMT)'4 "ƻá�8ǿCpG=?rw

Y$Æ*87 CpGǡ«�Ɩ6ǖ�87Ǡ©#ŧ�3���$�©� "�7 7)� 

� microRNA (miRNA)) 18	25ÙÖƁþ(]wIyW>wH RNA#
6ǿŀŶ mRNA( 3’UTR

ǵÔ'ƏÁ�7�$#ƚǁǬé
7�) mRNA �(2((©ƺ;Ā�Ǐ��ǿmRNA (��;

ė­Ŷ'­Ĉ�72(#
7 8,9)�miRNA) primary miRNA (pri-miRNA)$Æ*87ǩǨ( RNA

$�" DNA46Ǒ¦�8ǿDroshaƆ(ƵÁ�'4 "zǠªĥ�8 precursor mRNA (pre-miRNA)

$&7�pre-miRNA )Ļ¤�5ƌƢǌ,$ǓǗ�8ǿDicer Ɔ(ƵÁ�'46g=cwľǙ�ª

ĥ�8�Ć'ĕŝ miRNA$�"Ńƣ�7�miRNA)ƌƢÚŇǿ©³ǿ=jXyKM$� �ƌ

ƢŃƣ(­Ĉ'ǫ~�7 10)�ǿŴųĎ( miRNA (oncomir)(Ú±3Ʀű³ė­Ď( miRNA 

(anti-oncomir)(�|$� �Ů÷& miRNA(Ŵţ�Ʀű³'ǫ~�"�7$(×Å�
7 11-14)�

/�zǠ( miRNA)fvoyRyǵÔ'��7 CpG=?rwY(nTt³'4 "Ŵţ�­Ĉ

�87�$2×Å�8"�6 15)ǿBcLA\V>UG&Ů÷� miRNA ŴţŮ÷;Ā�Ǐ���

ǙƮƌƢ(Ʀű³'ǫ~�7�$�ŽÉ�8"�7 16,17)� 

� DNA nTt³'47 miRNA (Ŵţė­$ CML $(ǫǚ'!�"2 miR-15/1618)3

miR-31/155/564 19)&%'!�"×Å�8"�7 20,21)�Bueno 5) CML ĐƜ(ƦűƌƢ¹+

BCR-ABL1ǰĎ(ŵƮůƌƢĺ�#miR-203�BcLA\V>UG&Ńü'46Ŵţ�ė­�8

"�7�$;×Å�� 16)�miR-203) ABL1( 3’UTR;ŀŶ$�"Ńƣ�7 miRNA#
6 CML

ƌƢ�#) BCR-ABL1 mRNA ;ŀŶ$�7�1ǿmiR-203 (BcLA\V>UG&Ŵţė­)

BCR-ABL1ǰĎŵƮůƌƢ(ůÍ(Ȁ!$ƛ
58"�7� 

� imatinib) BCR-ABL1 mRNA¹+�(Rw`G(Ŵţ;Ŕï�� 22,23)BCR-ABL1ǰĎŵƮůƌ

Ƣ(ÚŇ;Ǭé�7�ǿmiRNA(Ŵţ'~
7ĄǴ'!�"(×Å)ï&��ĳŻƄ)ǿimatinib

'46fvoyRyǵÔ' CpG=?rwY;į�7 miRNA(Ŵţ� imatinib'46Ú±�ǿB

cLA\V>UG'Ŵţ�ė­�8"�� miR-203�¥Ŵţ��ĆǿBCR-ABL1 mRNA(ė­'

Ńƣ�"�7�$;Ž�� 
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2. ħŌ  

2-1. ƌƢÕǹ 

� � ĔĎǻǼĎŵƮůūĵƌƢĺ K562¹+čĎ®ǻǼŤĎŵƮůūĵƌƢĺ HL-60) American 

Type Culture Collection (MD, USA)46ǿĔĎǻǼĎŵƮůūĵƌƢĺ KU812) RIKEN Cell 

Bank (ƫÓ, ĩĳ)46Ǎ¢���ÀƌƢ) 10% Fetal Bovine Serum (FBS)�4+ RPMI1640 

(GIBCO, NY, USA);ũ�" 37�, 100%ŗþ(|ǿ2�105 cell/mL(Śþ#W>UKp'ğƂ�

ƓĜÕǹ���Ƭ¯'47ƌƢ§ť) 1µM ( imatinib (Novartis ž46�~)2��) 1µM (

5-Azacytidine (Sigma, USA)# 72ĬǪƯ�ǿXs`wetyĹƩ'46ƌƢģ¹+ŧƌƢŢ;

Ŗæ��� 

 

2-2. ǟ�âŴţƺķ 

� � 5�105 cell(ƌƢ; RNAlater (Applied Biosystems (ABI), CA, USA)'őǛ���20�#�ã�

�Ćǿ£Ľ�ÂĬ' RNAĚ¨;Ư ��RNA(Ě¨') mirVana Isolation Kit (ABI);ũ��� 

� � mRNA¹+ pri-miRNA'!�") RNA PCR Kit (Takara, ĩĳ);ũ�"ǘǑ¦ºċ;Ư�ǿ

SYBR Premix Ex Taq (Takara);ũ�" qRT-PCRŌ'46ǟ�âŴţ(æǦƺķ;Ư ��ƺķ

'ũ�� primer set)ǿBCR-ABL1 (forward: 5′-CAGACTGTCCACAGCATTC-3′ǿreverse:  

   5′-CTGAGGCTCAAAGTCAGAT-3′)ǿglyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(forward: 5′-TCACCACCATGGAGAAGGC-3′, reverse: 5′-GCTAAGCAGTTGGTGGTGCA-3′)ǿ

pri-miR-203 (forward: 5′-GCTGGGTCCAGTGGTTCTTA-3′ , reverse: 5′-GACTGTGACTCTGACT- 

CCA-3′)#
7�BCR-ABL1 mRNA(ŴţǦ)^@MEycwHǟ�â#
7 GAPDH(Ŵţ

Ǧ'46ƳŅ��� 

� � miRNA'!�") High-Capacity cDNA Transcription Kit (ABI)�4+À miRNA'şŮŶ'º

ċ�7 Looped-RT primer (TaqMan MiRNA Assays Kit, ABI);ũ�"ǘǑ¦ºċ;Ư ���(

ĆǿUniversal Master Mix (ABI)�4+ TaqMan MiRNA Assays Kit�ò( TaqMan fvye;ũ

�" qRT-PCR Ō'47ǟ�âŴţ(æǦƺķ;Ư ��À miRNA (ŴţǦ)¤ÐĎIwX

vytǟ�â#
7 U6B(ŴţǦ'46ƳŅ��� 

� � £"(ǟ�âƺķçǺ) 3 Ì�{(Ɩ6ǖ�çǺ;çĨ�ǿùÑ( Threshold Cycle � (CT

�);�ũ�"ŉǒ CT�Ō'46ǟ�â(ŹëŴţǦ;ƺķ��� 

 

2-3. miR-203fvoyRyǵÔ(nTt³ƺķ 

� � 1�106 cell (ƌƢ�5 TRIzol (Invitrogen, CA, USA);ũ�" DNA ;Ě¨��ĆǿEpiTect 

Bisulfite Kit (Qiagen, CA, USA);�ũ�"ǳnTt³KXKw;@rKt,$ÜĞ���|ƿ

(fr?ky;ǀƼ�ǿmiR-203(fvoyRyǵÔ'ë�7nTt³şŮŶ PCR;Ư �� 

     methylated-MSP: forward; 5′-TTTAGACGAGACGGTTCGGGC-3′, 

    reverse; 5′-AAAATAACCCTAACTCAACGACCG-3′ 

�  unmethylated-MSP: forward; 5′ -TTTAGATGAGATGGTTTGGGT-3′ 

       reverse, 5′ -AAAATAACCCTAACTCAACAACCA-3′ 
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   ÚøŨŞ;ƈƴĆǿABI PRISM 3130xl Genetic analyzer (ABI);ũ�"S?uGXKyGBwM

;çĨ�"ǡ«(Ü³;żǅ��� 

 

2-4.  miRNAk?Gv=u? 

� � K562ƌƢ�5Ě¨�� RNA;�ũ�" miRNAk?Gv=u?;Ư ��RNA(GCsV

>) Agilent 2100 bioanalyzer systems (Agilent Technology, CA, USA)#żǅ�ǿRNA Ǧ)

Nanodrop spectrophotometer (Nanodrop Technologies, DE, USA);�ũ�"Ŗæ���miRNAk?

Gv=u?)Ķuž (3D-gene miRNA Oligo Chip)'ƺķàƾ���ĳŌ)k?GvTUf{'

Ɗ 900( miRNA=wTOwMfvye�MjUX�8"�6ǿƭ¡rht³�8�Ľ��(

miRNA �^?esS?N�7�$'46Ľ¨�87�Àfvye) 2 !�!MjUX�8"

�7�1ùÑ(ƭ¡Ăþ� miRNA(ŴţǦ$�"Ŗæ�8�� 

 

2-5. BCR-ABLRw`GŴţǦƺķ 

� � @BMRwevUXŌ;ũ�" BCR-ABL1Rw`GǦ;ƺķ���ÀƌƢ)fvV=yP?

wabRyDGVt (Roche Applied Science, IN, USA)¹+ Phenylmethylsulfonyl fluoride (PMSF)

(fvV=yPǬé¯(ãÐ|# radio-immunoprecipitation assay (RIPA)_Ud<y;ũ�"Ř

ƺ�ǿ10,000 x g, 15©(ǝĉ©ǱĆ({œ;�20�#�ã���BCA- protein assay (Pierce, IL, 

USA);�ũ�"Rw`GŚþ;Ŗæ�ǿ20µg(Rw`G; 10%SDS-PAGE'46©Ǳ��Ć

' Polyvinylidene difluoride (PVDF)nweuw'Ǒ¦���nweuw) 5%(MEmltG#

èŕ 1ĬǪkMEwH§ť�ǿanti-c-AblzńĘ�(Cell Signaling, MA, USA)'!�") 4�#

zĭǲƗǿanti-GAPDHzńĘ�(Cell Signaling)'!�")èŕ#ĝŷ�&�5 2ĬǪ?wEp

hyX���ºċƍ�ĆǿPBS-Tween 20# 3Ìnweuw;ŎŐ�ǿHRPŀǊĘ@JF�ń

Ę�(Cell Signaling);ũ�"èŕ#ĝŷ�&�5 2ĬǪ?wEphyX���PBS-Tween 20#

3Ìnweuw;ŎŐ�ǿECL Plus Western Blotting Detection Reagent (GE Healthcare, NJ, USA)

'46³äŴ¡�� LAS-4000 (GE Healthcare);�ũ�"ĠĄ���ðǿÀĘ�)��82 1,000

�'öǤ��ũ��� 

 

2-6. anti-miR-203XrwMdAGKqw'47 miR-203 loss of function=UO? 

� � 25nM( anti-miR-203¹+ anti-miR-NC (Ambion/ABI);XrwMdAGKqwǄƬ Xfect®;�

ũ�" K562 ¹+ KU812 ƌƢ'XrwMdAGKqw���anti-miRNA $ Xfect®ǄƬ;ŒÇ

��2(; 24ƃ(k?GvfuyX'©ō�ǿ1@At
�6ÀƌƢ 2 x 105cell;ğƂ���

48ĬǪÕǹ��ĆǿƌƢ;Ì»� RNA(Ě¨3Ƭ¯§ťƆ(çǺ'�ũ��� 

 

2-7. ƑƼäŶƺķ 

� � ƑƼäŶƺķ)ÂzƌƢĺ'��7ÀƂ§ť(įĒõ(įŜ;żǅ�7�1'çĨ�ǿt Ľ

æ(��)'46 p<0.05( P��ć58�ØÁ'įĒõ�
7$¬ĥ��� 
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3. Əĸ  

3-1. BCR-ABL1 mRNA;ŀŶ$�7 miRNA(Ɛǔ0 

� � imatinib §ť'46 K562 ƌƢ�( miRNA �%(4�'Ü³�7�k?Gv=u?Ō

(3D-gene miRNA Oligo Chip'46 886( miRNA;ƺķ);ũ�"ƺķ;Ư �$�9ǿ886(

miRNA � 448( miRNA '!�"Ŵţ;ǅ1�95( miRNA � 2��{({Ī;Ž�ǿ23(

miRNA� 2��{(Ŕï;Ž�� (Î 1)� 

� � ń' TargetScan 6.2 (http://www.targetscan.org);ũ�" BCR-ABL1¹+ ABL1 mRNA;ŀŶ$

�7 miRNA (miR-30a-3p/125a-5p/125b-5p/196b-5p/203);Ě¨��Ć(Î 2A)ǿqRT-PCRŌ'46

ŴţǦ;żǅ�ǿk?Gv=u?Ō(Əĸ$(ŉǒ;Ư � (Î 2B)��85( miRNA (�

� miR-203(0ŴţǦ�Ú±�"�6ǿ�( miRNA)��82ŴţǦ��|�"��� 

 

3-2. fvoyRyǵÔ' CpG=?rwY;į�7 miRNA(ŴţÜ³ 

� � miR-203 )fvoyRyǵÔ' CpG =?rwY;į�ǿCML ƌƢ�#)BcLA\V>U

G'Ŵţ�ė­�8"�7�$�×Å�8"�7(Ĥš)�ǿÎ 2#Ž��4�' imatinib§ť

Ć')Ŵţ�"�6BcLA\V>UG­Ĉ'Ü³�ŧ�"�7�$�ŽÉ�87Əĸ#


 ����#fvoyRyǵÔ' CpG=?rwY;į�7 miRNA(Ŵţ'ë� imatinib�%

(4�&ĄǴ;~
"�7�;Ǉ-7�1'ǿ�85( miRNA'źŸ�k?Gv=u?Əĸ

(¥ƺķ;Ư ��3-1.#ƺķëǋ$�� 886( miRNA�ǿ212 (23.9%)( miRNA)fvoy

RyǵÔ' CpG=?rwY;į�"�6ǿ�Ì(k?Gv=u?Ō'46 114( miRNA'!

�") K562 ƌƢ�#(Ŵţ�ǅ158� (Î 3A)��85( miRNA (�� 48 (22.6%)(

miRNA'!�"ǿimatinib§ťĆ' 2��{({Ī�Ƹ58���(ģ)ǿ3-1.# 2��{(

{Ī�Ƹ58� 95( miRNA (Î 1)(µģ(50.5%, 48/95)'
�6(Î 3B)ǿfvoyRyǵÔ'

CpG=?rwY;į�7 miRNA(ŴţǦ�Ú±�"�7�$�ŽÉ�8�� 

 

3-3. nTt³şŮŶ PCR¹+ qRT-PCR'47 miR-203(Ŵţżǅ 

� � Î 1#Ž��4�'ǿBcLA\V>UG'Ŵţ�ė­�8"�7$ƛ
587 miR-203�

imatinib §ťĆ'Ŵţ�Ƹ58��1ǿmiR-203 (fvoyRyǵÔ'��7nTt³Šē�

imatinib'46Ü³�"�7�nTt³şŮŶPCR¹+S?uGXKyGBwM'46żǅ�

��BCR-ABL1ǰĎŵƮůƌƢ 2ĺ (K562, KU812)ǿBCR-ABL1ǯĎŵƮůƌƢ 1ĺ (HL-60)

;ũ���imatinib Ĳ§ť(Šē#)��82nTt³Šē�żǅ�8ǿimatinib §ťĆ

BCR-ABL1 ǰĎŵƮůƌƢ#)Ǡ©Ŷ&ƤnTt³�Ƹ58� (Î 4)�zħ#ǿBCR-ABL1

ǯĎŵƮůƌƢ#) imatinib'4 "nTt³Šē)Ü³��ǿƤnTt³¯ (5-Azacytidine)

'4 "£"(ƌƢĺ#ƤnTt³�Ƹ58�� 

� � ń'ŵƮůƌƢĺ 3ĺ�( miR-203(ŴţǦ; qRT-PCR'46ƺķ���imatinib§ť'4

6 BCR-ABL1 ǰĎŵƮůƌƢ  (K562, KU812)#) miR-203 (ŴţǦ�{Ī�"�6ǿ

BCR-ABL1 ǯĎŵƮůƌƢ  (HL-60)#) miR-203 (Ŵţ)Ƹ58&� �  (Î 5A)�

5-Azacytidine§ť'4 "£"(ƌƢĺ# miR-203(Ŵţ�Ƹ58ǿ�{(Əĸ)Î 4(nT

t³şŮŶ PCR¹+S?uGXKyGBwM(Əĸ$zƨ��� 
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� � miR-203(Ŵţ�ƤnTt³'46Ħ�'ŧ��2(�%��;żǅ�7�1 pri-miR-203(

ŴţŠē;ƺķ�� (Î 5B)�K562 ƌƢ#) imatinib §ť'46 pri-miR-203 (Ŵţ�ǆí�

8"���KU812#)Ĳ§ť(Šē#2 pri-miR-203(Ŵţ�ā�Ƹ58��ǿ�8)Î 4(

S?uGXKyGBwM#}å£&nTt³�ŧ�"�7�$$Źǫ�"�7$ƛ
58ǿĳ

ƌƢĺ'��"2 imatinib §ťĆ' miR-203 (ŴţǦÚ±�żǅ�8��miRNA (ŧÁĕ'

ǫ~�7ǢƋƘ (Dicer, Drosha)¹+©ƺ'ǫ~�7ǢƋ(MCPIP124))(ŴţǦ; mRNA uht

#żǅ���Ü³)Ƹ58&� � (Î 6)�imatinib'46miR-203(fvoyRyǵÔ(CpG

=?rwY�ƤnTt³�7��#&�ǿmiR-203(Ŵţ�ǆí�8ĕŝ miR-203(Ŵţ�Ú

±��� 

 

3-4. imatinib§ťĆ( BCR-ABL1 mRNA¹+Rw`G(Ŵţ 

� � miR-203(ŀŶ$&7 BCR-ABL1 mRNA(ŴţǦ; qRT-PCRŌ;ũ�"ƺķ��$�9ǿ

imatinib§ť'4 "K562ƌƢ#) 52%ǿKU812ƌƢ#) 26%/#ŴţǦ��|�"�� (Î

7A)�/�@BMRwevUXŌ'46 BCR-ABL1 Rw`GǦ;ƺķ��$�9ǿK562 ƌƢ

#) 30.8%ǿKU812 ƌƢ#) 70.3%ŴţǦ��|�"�� (Î 7B)�ƌƢ(ÚŇ)�85(Ə

ĸ$Źǫ�"�6ǿK562ƌƢ#) 46%ǿKU812ƌƢ#) 20%/#ė­�8� (Î 7C)� 

 

3-5. imatinib§ť'47 DNMT1¹+ DNMT3B mRNA(ŴţǦ�| 

� � DNA(nTt³;ƻá�7ǢƋƘ#
7DNMT (DNMT1¹+DNMT3A/3B) mRNA(ŴţǦ

; qRT-PCR Ō'4 "ƺķ�� (Î 8)�BCR-ABL1 ǰĎŵƮůƌƢ (K562, KU812)�(

DNMT1 ¹+ DNMT3B mRNA (ŴţǦ) imatinib §ť'4 "Þ���|�"���ǿ

DNMT3A mRNA#)Ü³)Ƹ58&� ��DNMT1 mRNA(ŴţǦ) 14.3% (K562ƌƢ)ǿ

32.4% (KU812ƌƢ)/#�|�ǿDNMT3B mRNA(ŴţǦ) 10.7% (K562ƌƢ)ǿ10.8.% (KU812

ƌƢ)/#�|�"���zħǿBCR-ABL1ǯĎŵƮůƌƢĺ#
7 HL-60#)��8'��

"2Ü³)ǅ158&� �� 

 

3-6. anti-miR-203 transfection'47 miR-203 loss of function 

� � imatinib§ťĆ'Ŵţ�{Ī�� miR-203� BCR-ABL1'ë�Ńƣ�"�7�%��;żǅ

�7�1ǿanti-miR-203; K562ƌƢ' transfection� BCR-ABL1 mRNA(ŴţǦ; qRT-PCR

Ō'46Ŗæ�� (Î 9A)�imatinib§ťĆǿBCR-ABL1 mRNA(ŴţǦ) 45.5%/#�|�ǿ

�5' anti-miR-NC (Negative Control); transfection��ƌƢ#) 40.6%/#�|���zħǿ

anti-miR-203 ; transfection ��Ć' imatinib §ť��ƌƢ#) BCR-ABL1 mRNA (�|)

68.1%'$%/6įĒ&õ�Ƹ58� (p <0.05)�anti-miR-203( transfection'47ƌƢäŶ&

ĄǴ;ƹê�7�1 transfection Ć' imatinib §ť�ǿŧƌƢģ¹+ņƌƢŢ;Ŗæ�� (Î

9B)�anti-miR-203( transfection'46ŧƌƢģ) Negative Control( 1.3�Ú±�ǿņƌƢŢ

) 9.7% (Negative Control = 25.6%)$Þ���|�"��� 



 

 6 

4. ƛêxñİ  

� miRNA )ƌƢÚŇ3©³�=jXyKM&%(Ńƣ'��"ǥƷ&ą°;ě "�7�Ǖú�

miRNA(ŴţŮ÷$Ŵų(ǫ�'!�"Ýģ×Å�8"�6�ųė­Ď miRNA(Ŵţ�|�ų

³'!&�7�$�ī5�'�8"�7�miR-34a) p53'4 "Ŵţ�­Ĉ�87 miRNA#


7��Ïăų#(Ŵţ�|�×Å�8"�6 25)�Chim 5) miR-34a �ĔĎsw`ĎŵƮů�Ý

ŴĎǻǼƦ�ǳiLEwsw`Ʀ#Ŵţ��|�"�7�$;×Å�� 26)�miR-193a)ǳîƌƢ

Ơų 27)¹+zǠ(čĎǻǼĎŵƮů 28)#Ŵţ�|(×Å�
7�miR-203'!�")BcLA\

V>UG&Ŵţė­�½ƥų 29)�ƞƌƢų 30)�ÝŴĎǻǼƦ 31)�MALT sw`Ʀ 32)#×Å�8

"�6�CML#)�( miR-203(Ŵţė­'±
 miR-150/151(Ŵţ�|�×Å�8"�7 33)� 

� ĳŻƄ#)�CML ƌƢ'��"fvoyRyǵÔ#( CpG =?rwYnTt³'46Ŵţ�

ė­�87 miRNA � imatinib '46%(4�&ĄǴ;¼�7�$���$'źŸ���CpG =

?rwY(nTt³) DNAnTtÖǑƀǢƋ (DNMT)'46­Ĉ�87��DNMT1)ƌƢ©Ʋ

ı( DNAƵƴ'��7nTt³`Ryw(ƓĜ�DNMT3A/B) de novo&nTtÖǑƀ'Ńƣ

�7$�8"�7 7)��85( DNMTs) BCR-ABLǰĎ CMLƌƢ�#Ů÷Ŵţ�7�$�×Å

�8"�6 34)�ĳŻƄ'��") imatinib '4 " BCR-ABL (Ńƣ;Ǭé�7�$# DNMT1

¹+ 3B (Ŵţ; mRNA uht#�|��7�$;ǃī��(Î 8)��(Əĸ) miR-203 (fv

oyRyǵÔ�ƤnTt³��Ńü(zǠ#
7$ƛ
587�zħ#�Drosha 3 Dicer $� 

� miRNA(ŧÁĕ'Ńƣ�7Rw`G(Ŵţ) mRNAuht#)Ü²�&�(Î 6)�imatinib§

ť'47 miR-203(Ŵţ{Ī�ŧÁĕƎǐ(ŏĎ³(�1#)&��fvoyRyǵÔ(ƤnT

t³'ǏÍ��2(#
7�$;Ž���ƶó5(×Å#2 FIP1L1/PDGF�ǰĎĔĎßǣŤĎŵ

Ʈů;�ũ� 1nM( imatinib� DNMTs mRNA(Ŵţ;�|��7�$;Ž�"�7�ǿ�Śþ

(0.1nM)( imatinib§ť#)ƝĎĺ�¨ţ�7�$'46 DNMTs mRNA(Ŵţ�{Ī�7�$2

ÂĬ'Ž�"�7 35)�ĳŻƄ'��7 imatinib§ťĴ�)®Ɯ(Ĵ�'Ǖ�ÂĿ(Əĸ�Ƹ58

"�7$ƛ
587��Ĵ�ńƅ# imatinib'47ĄǴ)Þ��Ů&7$Č:87� 

� miR-203(Ŵţ{Ī'���BCR-ABL1 mRNA(Ŵţ)�|�"��(Î 7)�ABL1 mRNA( 

3’ UTRǵÔ') miR-203(� miR-196s, miR-30s, miR-125(ƏÁǠ��ãÐ�7��miR-30s ¹

+ miR-125 (Ŵţ) imatinib '46�|��miR-196 '!�") imatinib '47ŴţǦ(Ü³)

058&� ���{(Əĸ�5�miR-203 ) ABL1 ¹+ BCR-ABL1 mRNA ;­Ĉ�7ǥƷ&

miRNA#
7$ƛ
58�imatinib� miR-203fvoyRyǵÔ(ƤnTt³¹+�(Ŵţ;ǆ

í�7�$) BCR-ABL1 ǰĎŵƮůƌƢ(ÚŇ;ė­�7nD[Nm(Ȁ!#
7$ƛ
58

���85(Əĸ) Bueno5( miR-203Ă­ŴţƉ'47 ABL1¹+ BCR-ABL1 mRNA­Ĉ(

×Å$zƨ�7�±
"�ÝŴĎǻǼƦ'��") miR-203�BcLA\V>UG'Ŵţė­�

87$ŧãŢ��|�7�$�×Å�8"�6 31)�miR-203(nTt³$ƤnTt³�ǂĥ3ŋ

Ų(ëǋ$&7¾ƣĎ�ƛ
58�� 

� DNA ƤnTt³¯#
7 5-Azacitidine (Vidaza®))ǻǼŮăĕŰ�Ƙ(ŋŲ'ũ�5874�

'& ���čĎǻǼĎŵƮů'��"2_tfvǣ3 all-trans retinoic acid$$2' 5-Azacitidine
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;�ũ��ƧûǄǺ�Ư:8"�7 36,37)�ǙƮËƦű(ŋŲ#)�DNAƤnTt³¯�ń��(

ŋŲƬ$&6!!
7�ĳŻƄ'��7 miRNA k?Gv=u?#) imatinib �fvoyRyǵ

Ô' CpG=?rwY;�į�7 miRNA(Ŵţ;{Ī��7�$;Ž�"�6�/�Ŵţ�{Ī

��£ miRNA (�� 56 ( miRNA )ų³ė­Ńƣ�×Å�8"�72(#
 ��imatinib )

BCR-ABL1 ǰĎŵƮůƌƢ'��") BCR-ABL1 Rw`G(Ǭé¯#
7$$2'ƤnTt³

ǆí¯$�"�ũ�"�7�$�ŽÉ�8�� 

� fvoyRyǵÔ' CpG =?rwY;�į�7 miRNA (�')ų³;ė­�7Ńƣ;Ĝ!

miRNA�Ý�Ä/8"�6�Ů÷nTt³'47 miRNA(ŴţÜ³)ų³'2ǫǚ�"�7$

ƛ
587�imatinib) CMLƌƢ�#TvKwEZyPŏĎ;Ǭé�7��#&� miR-203fv

oyRyǵÔ(ƤnTt³;��Ŵţ;{Ī��7��CMLŋŲ'��7ƤnTt³ǆí(Ēƙ

¹+įũĎ'!�")�5&7Ľƽ�ĊƷ#
7� 
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6. ÎƱ  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Î 1� imatinib§ť'47 K562ƌƢ¤ miRNAŴţÜ³'!�"(k?Gv=u?ƺķ 

� K562ƌƢ; imatinib§ť��2(¹+Ĳ§ť(2('!�"�8�8 RNA;Ě¨�k?Gv

=u?ƺķ;Ư ��3D-gene miRNA Oligo Chip (Ķuž)(ƺķëǋ$&7 886( miRNA�ǿ

imatinib§ť(®Ć#KHZt�żǅ�8&� �2(;Ǯ��miRNA'!�"ayXkUf;

�ĕ���ǎ(īþ�ǽ�.%Ŵţ�ǽ�ǿƕ(īþ�ǽ�.%Ŵţ����$;Ž�"�7� 

(IM-ȁimatinibĲ§ťǿIM+ȁimatinib 72ĬǪ§ťǿIM+/IM-ȁŴţǦŉ) 

 

IM#− � IM#+ � IM#+ �
IM#− �/�
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Î 2� BCR-ABL mRNA;ŀŶ$�7 miRNA(ŴţÜ³ 

� (A)TargetScan'47 in silicoƺķ#ć58� BCR-ABL mRNA;ŀŶ$�7 miRNA(ƂǷ$

ŀŶ$&7Ǡ�(ŁÿÎ;Ž�� 

� (B)72ĬǪ( imatinib§ťĆǿK562ƌƢ¤'��7 BCR-ABL mRNA;ŀŶ$�7 miRNA(

ŴţÜ³;Ž�"�7(Ǿļ)�{ň)k?Gv=u?ƺķ'47ƭ¡Ăþ;ǿ|ň) qRT-PCR

Ō'46ƺķ��Əĸ;Ž�"�6ǿqRT-PCRŌ#)¤ÐĎIwXvytǟ�â#
7 U6B

'46ŴţǦ;ƳŅ��Əĸ;Ž�"�7�(NDȁNot Detected) 
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Î 3� imatinib§ť'47 K562ƌƢ¤ CpG=?rwY�į miRNAŴţÜ³'!�"(k?Gv

=u?ƺķ 

� (A)fvoyRyǵÔ' CpG=?rwY;�į�7miRNA(��K562ƌƢ�#Ŵţ�ǅ15

8� 114 ( miRNA '!�"ayXkUf;�ĕ���ǎ(īþ�ǽ�.%Ŵţ�ǽ�ǿƕ

(īþ�ǽ�.%Ŵţ����$;Ž�"�7� 

� � (IM-ȁimatinibĲ§ťǿIM+ȁimatinib 72ĬǪ§ťǿIM+/IM-ȁŴţǦŉ) 

� (B)k?Gv=u?#ƺķëǋ$& � 886 miRNA�ǿfvoyRyǵÔ' CpG=?rwY;
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Î 4� miR-203fvoyRyǵÔ'��7 DNAnTt³ƺķ 

� �8�8(ƌƢĺ; imatinib, 5-Azacytidine (5-Aza)# 72ĬǪ§ť��ĆǿDNA;Ě¨�_?J

td<?X§ť;Ư& "ǳnTt³KXKw;ÜĞ���ºċĆ( DNA;ǧÒ$�"nTt
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Î 5� 3ƌƢĺ'��7ĕŝ miR-203¹+ primary miR-203 (pri-miR-203)(Ŵţƺķ 

� (A)imatinib ¹+ 5-Azacytidine # 72 ĬǪ§ť��Ć( miR-203 (Ŵţ;ƺķ���miR-203 (

ŴţǦ)¤ÐĎIwXvytǟ�â#
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� (B)RT-PCR Ō'47 pri-miR-203 (ŴţƺķƏĸ;Ž�"�7�¤ÐĎIwXvyt$�"
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Î 6� 3ƌƢĺ'��7 imatinib§ťĆ( miRNA�ǉ¹+ŧÁĕǫǚǟ�â(ŴţǦƺķ 
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Abstract 

 

MicroRNA (miRNA) is an important regulator of cellular proliferation, differentiation 

and death. Leukemia-specific signature of miRNAs suggests that epigenetic dysregulation of 

miRNAs is important for leukemogenesis. We focused on the role of DNA methylation of miR-

203 which targets BCR-ABL1 mRNA. The microarray analysis showed that 48 miRNAs of CpG-

rich 212 miRNAs were upregulated over 2-fold after imatinib treatment. Imatinib induced the 

demethylation of the miR-203 promoter region, resulting in low expression of targeted BCR-

ABL1 gene, and loss of proliferation of leukemic cells. In conclusion, demthylation of miR-203 

is one of the molecular mechanisms of imatinib-induced inhibition of BCR-ABL1-positive 

leukemic cells. 

 

Keywords  

CML, microRNA, miR-203, methylation, DNA methyltransferase
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1. Introduction 

 

Leukemia has been considered as the consequence of genetic alterations of oncogenes, 

antioncogenes, proliferation- or cellular death-related genes, and genes encoding transcription 

factor. These alterations are induced by mutations, translocations or deletions, and lead to the 

defects of gene functions, such as proliferation, differentiation and apoptosis. Chronic 

myelogenous leukemia (CML) is characterized by the chimeric gene, BCR-ABL1, which codes 

for a protein with constitutively increased tyrosine kinase activity. The signal transduction 

downstream of BCR-ABL1 protein promotes the cell proliferation. A tyrosine kinase inhibitor, 

imatinib mesylate (imatinib), suppresses the proliferation of CML cells by inhibiting specifically  

the activity of BCR-ABL1 proteins [1]. 

In the past several years, there are many reports demonstrating that epigenetic alterations 

correlate to the characteristics of tumor cells, including leukemia [2]. Epigenetic alteration is 

defined as the changes in the patterns of gene expression that occur without a change in the 

primary DNA sequence, including DNA methylation and histone modifications [3]. Most reports 

are about gene silencing caused by promoter methylation, and these epigenetic changes affect 

tumor progression [4-6]. DNA methylation is a covalent modification of adding a methyl group 

to the number 5 carbon of the cytosine in a CpG dinucleotide and inhibits the transcription of  

genes, and this reaction is catalyzed by DNA methyltransferase (DNMT) [7]. 

MicroRNAs (miRNAs) are noncoding RNAs 18 to 25 nucleotides in length that regulate 

a variety of biological processes by post-transcriptionally silencing target mRNA [8,9]. MiRNAs 

are first transcribed from the genome as long primary transcripts (pri-miRNAs). Pri-miRNAs are 

cleaved into hairpin-structured precursors (pre-miRNAs) by the complex composed of Drosha, 

DGCR8 and cofactors. Pre-miRNAs are then transported into the cytoplasm and processed by 

Dicer to become mature miRNAs. MiRNAs regulate several cellular functions including cell 

proliferation, differentiation, and apoptosis [10]. Thus, aberrant miRNAs expression, including 

upregulation of oncogenic miRNAs (oncomir), downregulation of tumor suppressor miRNAs 

(anti-oncomir), and miRNA deletion, contributes to tumorigenesis [11-14]. MiRNAs are also 

regulated by methylation of CpG islands within the promoter region of miRNAs [15]. The 

epigenetic disturbance causes the dysregulation of miRNAs and contributes to malignant  

transformation during leukemogenesis [16, 17].  
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There are several reports about correlation between CML and DNA methylation. The 

silencing or downregulation of miRNAs such as miR-15/16 [18], miR-31/155/564 [19], are 

involved in pathogenesis of CML [20, 21]. MiR-203 is epigenetically silenced in human BCR-

ABL1-positive leukemic cell lines and primary CML cells by the methylation of promoter region 

[16]. Since miR-203 negatively regulates the expression of the ABL1 gene, which has a binding 

site to miR-203 in a 3´-untranslated region (3´UTR). The silencing of miR-203 by the 

methylation is a putative mechanism associated with the pathogenesis of BCR-ABL1-positive 

leukemias. Imatinib is highly effective to suppress BCR-ABL1-positive leukemic cells growth by 

down-regulating the expression of BCR-ABL1 mRNA and protein [22, 23], however little is  

known about the effect of imatinib on miRNA expression profile. 

In this study, our data show that imatinib upregulated expression of miRNAs which have 

CpG islands in its promoter and induced expression of epigenetically silenced miR-203. This is 

the first report showing that imatinib induces demethylation of miRNA involved in  

leukemogenesis of CML. 

 

 

2. Materials and Methods  

 

2.1 Cells culture and cell viability 

 

The K562 and HL-60 cell lines were obtained from the American Type Culture 

Collection (MD, USA), and the KU812 cell line was purchased from RIKEN Cell Bank (Ibaraki, 

Japan). Cells were plated at 2 × 105 cells/ml and maintained in RPMI 1640 (GIBCO, NY, USA) 

medium supplemented with 10% fetal bovine serum (GIBCO), and stored at 37˚C in a 

humidified atmosphere containing 5% CO2. These cells were treated with 1 µM imatinib 

mesylate (provided by Novartis Pharmaceutical Co., Ltd (Basel, Switzerland)). 5-Azacytidine 

was purchased from Sigma and used as the control for DNA demethylation at the 1µM 

concentration. At 72h, the viability was evaluated by cell counting following trypan blue  

exclusion method.  
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2.2 Analysis of gene expression 

 

For RNA, 5×105 cells were suspended in RNAlater (Applied Biosystems (ABI), CA, 

USA) and stocked at -20°C. Total RNAs were extracted from these cell pellets using the mirVana 

miRNA Isolation Kit (ABI) according to the manufacturer’s instructions. For mRNA and 

primary miRNA, cDNAs were synthesized using the RNA PCR Kit (Takara, Shiga, Japan). For a 

quantitative analysis of each gene expression, the amplification of cDNAs by the qRT-PCR 

method was done using SYBR Premix Ex Taq (Takara) and each primer (BCR-ABL1: forward  

primer, 5´-CAGACTGTCCACAGCATTC-3´, reverse primer, 5´-CTGAGGCTCAAAGTCA- 

GAT-3´, glyceraldehyde-3-phosphate dehydrogenase (GAPDH): forward primer, 5´-TCACCAC- 

CATGGAGAAGGC-3´, reverse primer, 5´-GCTAAGCAGTTGGTGGTGCA-3´, pri-miR-203:  

forward primer, 5´- GCTGGGTCCAGTGGTTCTTA-3´, reverse primer, 5´-GACTGTGACT- 

CTGACTCCA-3´) with a Thermal Cycler Dice (Takara). The amounts of BCR-ABL1 expression 

were normalized with the level of GAPDH expression. 

 MiRNAs were transcribed to cDNAs using a High-Capacity cDNA Reverse Transcription 

Kit (ABI). Looped RT- primers specific for each miRNA were purchased and used according to 

the manufacturer’s instructions (TaqMan MicroRNA Assays Kit, ABI). For detecting miRNAs, 

the amplification was done using Universal PCR Master Mix (ABI), and Thermal Cycler Dice 

(Takara). The amounts of each miRNA were normalized with the level of U6B. All experiments 

were run in triplicate and the average CTs were used for quantification. The relative  

quantification was analyzed by using a comparative CT method. 

 

2.3 Analysis of miR-203 promoter hypermethylation 

 

DNA from cells (1×106 cells) were extracted using TRIzol (Invitrogen, CA, USA). 

Conversion of unmethylated cytosine to uracil was performed with EpiTect Bisulfite Kit 

(Qiagen, CA, USA). The methylation specific PCR (MSP) for the promoter of pri-miR-203 was 

done by using specific primers; methylated-MSP: forward, 5´-TTTAGACGAGACGGTT- 

CGGGC-3´, reverse, 5´-AAAATAACCCTAACTCAACGACCG-3´, unmethylated-MSP: 

forward, 5´-TTTAGATGAGATGGT TTGGGT-3´, reverse, 5´-AAAATAACCCTAACTCAA- 

CAACCA-3´. The direct sequencing of PCR products was done by capillary electrophoresis  
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using ABI PRISM 3130xl Genetic Analyzer (ABI). 

 

2.4 miRNA microarray 

 

Microarray analysis was performed on the K562 cells. MiRNAs were extracted from 

K562 cells using the mirVana miRNA Isolation Kit (ABI). RNA quality and quantity was 

assessed using the Agilent 2100 bioanalyzer systems (Agilent Technologies, CA, USA) and 

Nanodrop spectrophotometer (NanoDrop Technologies, DE, USA), respectively. The miRNA 

microarray experiments were performed by using 3D-Gene miRNA Oligo Chip (Toray, 

Kamakura, Japan). Labeled miRNAs were hybridized with around 900 miRNA antisense probes 

spotted on the chip. Two biological replicates were done for each treatment, and the average 

intensity was calculated to represent the expression value of the miRNA. Each miRNAs quantity  

was calculated as relative values to the mixture of treated and non-treated sample. 

 

2.5 Western blotting 

 

Cells were lysed in radio-immunoprecipitation assay (RIPA) buffer in the presence of 

proteinase inhibitor and phenylmethylsulfonyl fluoride. After centrifugation of lysates, 

supernatants were collected and stored at –20°C. Protein concentrations were determined with 

the BCA protein assay (Pierce, IL, USA). Twenty µg of proteins in the cell lysate was separated 

by 10% SDS-PAGE gel and transferred onto polyvinylidene difluoride membranes (Millipore, 

MA, USA). The membrane was blocked at room temperature for 1 h in 5% skimmed milk 

diluted with PBS-Tween 20. The membrane was then incubated with anti-c-Abl primary 

antibody (1:1000) (Cell signaling, MA, USA) at 4°C overnight and anti-GAPDH primary 

antibody (1:1000) (Cell signaling) at room temperature for 2 h with shaking. After washing three 

times with PBS-Tween 20, the membrane was incubated with anti-rabbit horseradish peroxidase 

conjugate secondary antibody (1:1000) (Cell signaling) at room temperature for 2 h. The signals 

were visualized with an ECL Plus Western Blotting Detection Reagents (GE Healthcare, NJ,  

USA), and analyzed LAS-4000 system (GE Healthcare). 
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2.6 Transfection of anti-miR-203 

 

The anti-miR-203 and anti-miR-NC as a negative control (Ambion/ABI) at 25nM were 

transfected into K562 and KU812 cells using Xfect (Takara) followed by manufacture’s protocol. 

The mixture of RNAs and reagent were dispensed into an empty 24-well plate (BD Biosciences, 

MA, USA). K562 and KU812 cells were then added into each well at a concentration of 2x105  

cells per well. After 48 h of cultures, transfected cells were used for the analysis. 

 

2.7 Statistical analysis 

 

The statistical analysis was performed by Student's paired two-tailed t-test, and p-values 

< 0.05 were considered to have statistical significance 

 

 

3. Results 

 

3.1 Prediction of miRNAs targeting BCR-ABL1 mRNAs 

 

Imatinib is very effective to suppress BCR-ABL-positive leukemic cells growth, and 

expression of BCR-ABL1 mRNA and protein in vivo as well as in vitro, however little is known 

about the effect of imatinib on miRNA expression profile.  We analyzed expression profiles of 

886 miRNAs in K562 cells using the microarray method (supplementary Fig. 1). 95 miRNAs 

were upregulated and 23 were downregulated over 2-fold with imatinib treatment. We searched 

TargetScan 6.2 (http://www.targetscan.org) for candidate miRNAs that regulate BCR-ABL1 

mRNA (Fig. 1A), and validated its expressions by qRT-PCR. Interestingly, only miR-203 was 

obviously upregulated in these miRNAs, although other miRNAs were downregulated (Fig. 1B) 

 

3.2 Microarray analysis of the CpG islands-associated miRNA expression 

 

MiR-203 has CpG islands and is epigenetically silenced in CML [16]. To examine the 

effect of imatinib on the expression of miRNA, which have CpG islands in its promoter region, 
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we analyzed the expression of these miRNAs by microarray method. Out of 886 miRNAs, 212 

(23.9%) have CpG islands within 5 kb upstream of the pre-miRNAs sequence by bioinformatic 

analysis (miRBase::Genomics), and 114 were confirmed its expression (Fig. 2A) Microarray 

analysis showed that 48 (22.6%) of these 212 miRNAs were upregulated over 2-fold with 

imatinib treatment (Fig. 2B). These data show miRNAs correlated to CpG islands were mainly 

upregulated, because 48 (50.5%) of 95 miRNAs that were upregulated over 2-fold has CpG  

island in their promoter region (Fig. 2B and supplementary Fig. 1).  

 

3.3 Validation of miR-203 expression by Methylation-Specific PCR and RT-qPCR 

 

As shown Fig.1C, epigenetically-silenced miR-203 was reexpressed after imatinib 

treatment, so we tested whether imatinib affects the methylation status of CpG islands in its 

promoter region. In two BCR-ABL1-positive leukemic cell lines (K562, KU812) and a BCR-

ABL1-negative cell line (HL-60), CpG islands were heavily methylated in control culture  

(Fig. 3).  

Imatinib demethylated CpG islands in the two BCR-ABL1-positive cell lines, K562 and 

KU812. On the other hand, the methylation status of CpG islands did not change in BCR-ABL1-

negative HL-60 cells after imatinib treatment. DNA demethylating agent, 5-Azacytidine, induced  

demethylation in all cell lines. 

 We confirmed the expression of mature miR-203 in three cell lines (Fig. 4). In the 

presence of imatinib, the expression of mature miR-203 in K562 and KU812 cells was 

upregulated significantly (p < 0.05) compared to the control cultures (Fig. 4A). In HL-60 cells, 

correlated to the result of MSP direct sequence, imatinib did not induce miR-203 expression. 5-

Azacytidine induced the expression of mature miR-203 in all cell lines. We analyzed the 

expressions of pri-miR-203 to confirm that mature miR-203 was newly produced by the 

demethylation of CpG islands. In K562 cells, imatinib induced pri-miR-203 expression (Fig. 

4B). In KU812 cells, pri-miR-203 was expressed slightly in control cells, correlation to 

incomplete promoter methylation (Fig. 2), and imatinib upregulate pri-miR-203 expression. 

Furthermore, we analyzed the gene expressions of enzymes responsible to biogenesis and 

degradation of miRNAs. There are no changes in the expression of Dicer and Drosha (miRNA 
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biogenesis protein), and MCPIP1 (miRNA degradation protein [24]) (supplementary Fig. 2). 

Imatinib was not merely inducing DNA demethylation but upregulating mature miRNA  

expression. 

 

3.4 Modulation of BCR-ABL1 mRNA and BCR-ABL1 protein expression after imatinib 

treatment in CML cells 

 

We analyzed the expression of the BCR-ABL1 gene which is the target gene of miR-203.  

The expression of BCR-ABL1 was inhibited with imatinib to 52% and 26% of the level in control 

cultures in K562 cells and KU812 cells, respectively (Fig. 5A). In accordance with BCR-ABL1 

mRNA levels, the proliferation of CML cells was inhibited to about 46% and 20% in K562 cells 

and KU812 cells, respectively (supplementary figure 3).  Significant reductions of BCR-ABL1 

protein levels after imatinib treatment in K562 cells and KU812 cells were confirmed using  

Western blot analysis, 30.8% and 70.3%, respectively (Fig. 5B, C). 

 

3.5 Downregulation of DNMT1 and DNMT3B after imatinib treatment in CML cells 

 

We also analyzed the expression of DNMT mRNAs (DNMT1, DNMT3A/3B) that cause 

DNA methylation. The expressions of DNMT1 and DNMT3B were significantly decreased after 

imatinib treatments in CML cell lines, and whereas DNMT3A was not changed (Fig. 6). The 

expression of DNMT1 was decreased to 14.3% (K562 cells) and 32.4% (KU812 cells) of the 

level in control culture, and the expression of DNMT3B was decreased to 10.7% (K562 cells) 

and 10.8% (KU812 cells) of the level in control culture. In HL-60 cell lines, there were no  

changes in the expression of DNMT mRNAs.  

 

3.6 Functional assay for loss of function of miR-203 

To test the direct effect of miR-203 on BCR-ABL1 suppression after imatinib treatment, 

we used the loss of function analysis, using anti-miR-203. The levels of BCR-ABL1 mRNA 

decreaesed to 45.5% and 40.6% with imatinib alone and imatinib plus anti-miR-NC, respectively 

(Fig. 7A). The addition of anti-miR-203 significantly increased the expression level to 68.1% (p 

< 0.05) in the K562 cell culture with imatinib treatment. To investigate of the cytological effect 
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of anti-miR-203 transfection, we measured viable and dead cells. The numbers of viable cells 

were increased 1.3 folds by transfection of anti-miR-203 compared to anti-miR-NC (Fig.7B), 

and dead cell ratio was significantly decreased by transfection of anti-miR-203 (9.7%) compared  

to anti-miR-NC (25.6%) (Fig.7C). 

 

 

4. Discussion 

 

MiRNAs play crucial roles in many processes in normal cells, such as proliferation, 

development, differentiation and apoptosis. Recently, many researchers have reported about the 

correlation between dysregulation of miRNAs and oncogenesis and demonstrated 

downregulation of tumor suppressor miRNA leads to oncogensis. MiR-34a is tumor suppressor 

miRNA regulated by p53 protein and often reported to be silenced in solid cancer [25]. Chim et 

al reported that miR-34 is also silenced in hematopoietic malignancies (chronic lymphocytic 

leukemia, multiple myeloma and non-Hodgkin's lymphoma) [26]. MiR-193a was demonstrated 

to be silenced in non–small cell lung cancers [27] and acute myeloid leukemia (AML) [28]. 

Aberrant miR-203 silencing has reported in various tissues; oral cancer [29], hepatocellular 

carcinoma [30], multiple myeloma [31], MALT lymphoma [32]. In CML cells, miR-150, 151 are 

downregulated [33] and miR-203 is silenced by DNA methylation [16]. However, the regulation  

mechanisms of miRNA expression are little known. 

In this study, we focused on the effect of imatinib on the expression of miRNA regulated 

by CpG islands. Methylation of CpG islands is regulated with the enzymes, DNA 

methyltransferase (DNMTs). DNMT1 maintains methylation status during cell divisions, while 

DNMT3A and DNMT3B are responsible for de novo methylation [7]. These DNMTs were 

aberrantly expressed under the presence of BCR-ABL1 protein in CML cells [34]. We observed 

that DNMT1 and DNMT3B mRNA was decreased after imatinib treatment in CML cell lines 

(Fig. 6), probably resulted in demethylation of miR-203. On the other hand, the expression of 

Drosha and Dicer was not influenced with imatinib. We showed, for the first time, that imatinib 

up-regulated miR-203 by inducing demethylation of the promoter region of miR-203 in CML 

cells (Fig. 3, 4). Recently Nishioka et al. reported that low dose of imatinib (0.1nM) induced the 

expression of DNMT family in FIP1L1/PDGFRα-positive chronic eosinophilic leukemia cell 
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line (EOL-1), and they also showed high dose of imatinib (1nM) decreased its expression in 

short period (within 72 hours) [35]. These observations suggest the multiple pathways of  

imatinib effects.  

The upregulation of miR-203 inversely related to BCR-ABL1 mRNA level (Fig. 4, 5). On 

the 3' UTR of ABL1 mRNA, there is the target sequence to be bound with miR-203. ABL1 and 

BCR-ABL1 mRNA are also targeted by miR-196s, miR-30s, miR-125, but the expression of miR-

125 was decreased by imatinib (supplemental Fig.1) and the expression of miR-196 did not 

change after imatinib treatment (data not shown). Thus, miR-203 is the important miRNA to 

inhibit ABL1 and BCR-ABL1 mRNA, and imatinib-induced demethylation of miR-203 is the 

possible mechanism to suppress growth of BCR-ABL1-positive leukemic cells. This result 

corresponds to Bueno’s report that miR-203 targets ABL1 and BCR-ABL1 mRNA. In addition, 

the relation between miR-203 silencing and survival ratio in multiple myeloma was reported 

[31], therefore methylation of miR-203 can be a target for cancer therapy as well as for  

diagnosis. 

DNA demethylating agent, 5-azacytidine (Vidaza®), has been used for the therapy of 

myelodysplastic syndromes. In AML, clinical trials were performed by using 5-azacytidine and 

valproic acid or all-trans retinoic acid [36, 37]. For the hematopoietic malignancy, the therapy 

using DNA demethylating agent is a new era. In our microarray analysis, miRNAs relating to 

CpG islands, including miR-203, were upregulated with imatinib treatment (Fig. 2). 

Furthermore, we found 56 miRNAs of these upregulated miRNAs were tumor suppressor 

miRNAs previously reported. These data shows that imatinib is the inducer of DNA 

demethylation as well as the inhibitor of BCR-ABL1 protein in BCR-ABL1-positive leukemic  

cells. 

In conclusion, miRNAs regulated by CpG islands include a number of tumor suppressor 

genes. Our results indicate the relation between aberrant DNA methylation of miRNAs and 

oncogenesis. Imatinib not only inhibits the activity of tyrosine kinase but induces DNA 

demethylation of miR-203 in CML cells. Further studies are needed about the availability of  

DNA demethylating agents as the treatment for CML. 
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6. Figures & Legends 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  

 The expression change of miRNAs targeting BCR-ABL1 mRNA after imatinib treatment in 

K562 cells. (A) The map of putative miRNA-binding sites in BCR-ABL1 3´UTR. TargetScan 

was used to predict miRNA-binding sites. (B) Comparison between microarray and qRT-PCR 

data in K562 cells after 72 h imatinib treatment (black column) and control  (white column). 

Signal intensities by microarray and 2��Ct (∆Ct = Ct target gene - Ct U6B) by qRT-PCR are 

shown. (ND; not detected) 
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Figure 2 

 Microarray analysis of CpG island-associated miRNA after imatinib treatment in K562 

cells.(A) The expression profiles of miRNA in K562 cells. Heatmap of 114 miRNA found 

expressed in control or imatinib-treated sample is depicted by color bars. Red and green colors 

indicate upregulated or downregulated, respectively. IM -, no-treated K562 cells; IM +, 72h 

imatinib-treated K562 cells; IM +/IM -, relative expression ratio (B) Venn-diagram of miRNAs  

upregulated over 2-fold and related to CpG islands. 
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Figure 3 

Methylation status at CpG dinucleotides in miR-203 promoter region. Two CML cell 

lines (K562, KU812) and AML cell line (HL-60) were treated by 1µM imatinib (IM) for 72 

hours. 5-Azacytidine (5-Aza) is the reference compound for demethylation. After each treatment, 

bisulfite sequencing of the miR-203 upstream region was done. Black and white circles represent  

methylated and unmethylated CpG islands, respectively. 
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Figure 4 

miR-203 was upregulated after imatinib treatment in CML cell lines. Two CML cell lines 

(K562, KU812) and AML cell line (HL-60) were treated by 1µM imatinib (IM) for 72 hours. 5-

Azacytidine (5-Aza) is the reference compound for demethylation. After each treatment, total 

RNA was extracted and converted to cDNA.  (A) Mature miR-203 was confirmed by qRT-PCR, 

and the expression level of miR-203 was normalized by U6B (ND; not detected). Data show the 

value relative to the level in the culture treated by 5-azacytidine (5-Aza) and as the mean ± SD 

from three experiments. Statistical analysis was performed using Student’s two-tailed t-test.  

(**p < 0.01, compared with expression in control culture) (B) Pri-miR-203 was confirmed by  

RT-PCR. GAPDH is internal control. 
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Figure 5 

Down-regulated expression of BCR-ABL1 after imatinib treatment. Two CML cell lines 

(K562, KU812) were treated by 1µM imatinib for 72 hours. (A) After each treatment, total RNA 

was extracted and converted to cDNA. BCR-ABL1 mRNA was confirmed by qRT-PCR, and the 

expression level of BCR-ABL1 mRNA was normalized with GAPDH. Data show relative values 

to the level on the control culture and as the mean ± SD from three experiments. Statistical 

analysis was performed using Student’s two-tailed t-test. (**p < 0.01, compared with expression 

in control culture) (B) Protein expression of BCR-ABL1, c-Abl and GAPDH were quantified by 

Western blot analysis. Total proteins were prepared from each sample, and each lane was loaded 

with the equal quantity (20µg) of protein sample. (C) The quantification of BCR-ABL1 protein  

was carried out using ImageJ software (National Institutes of Health, Bethesda, MD). 
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Figure 6 

DNMTs (DNMT1, 3A, 3B) mRNA expression after imatinib treatment. Two CML cell 

lines (K562, KU812) and AML cell line (HL-60) were treated by 1µM imatinib for 72 hours. 

After each treatment, total RNA was extracted and converted to cDNA. Each mRNA was 

confirmed by qRT-PCR, and the expression level was normalized by GAPDH. Data show 

relative values to the level on the control culture and as the mean ± SD from three experiments. 

Statistical analysis was performed using Student’s two-tailed t-test. (**p < 0.01, compared with  

expression in control culture) 

 

 

 

 

0#

0.2#

0.4#

0.6#

0.8#

1#

1.2#

0#

0.2#

0.4#

0.6#

0.8#

1#

1.2#

0#

0.5#

1#

1.5#

2#

K562� KU812� HL60�

0#

0.25#

0.5#

0.75#

1#

1.25#

1.5#

0#

0.25#

0.5#

0.75#

1#

1.25#

1.5#

0#

0.25#

0.5#

0.75#

1#

1.25#

1.5#

0#

0.2#

0.4#

0.6#

0.8#

1#

1.2#

0#

0.2#

0.4#

0.6#

0.8#

1#

1.2#

0#

0.25#

0.5#

0.75#

1#

1.25#

1.5#

DNMT1�

DNMT3A�

DNMT3B�

Re
la
?v
e#
ex
pr
es
si
on

#(/
G
AP

D
H
)� **�

**�

**�**�

ima?nib� −�������#+� −�������##+� −������###+�



! 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 

The effects of anti-miR-203 on K562 cells. K562 cells were transfected with anti-miR-

NC or anti-miR-203 (25 nM) for 48 h, and were treated by imatinib for 72 h. (A) The expression 

of BCR-ABL1 mRNA was analyzed after anti-miRNA transfection. The levels of BCR-ABL1 

mRNA of each sample were normalized with GAPDH and the relative values to the level on the 

control culture were shown. (B) Viable cell count and the ratio of dead cells after transfection. 

Data show as the mean ± SD from two experiments. Statistical analysis was performed using  

Student’s two-tailed t-test. (*p < 0.05) 
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Supplemental figure 1 

 Microarray analysis of whole miRNAs after imatinib treatment in K562 cells. The 

expression profiles of miRNA in K562 cells. Heatmap of 448 miRNA found expressed in control 

and imatinib-treated sample is depicted by color bars. Red and green colors indicate upregulated 

or downregulated, respectively. IM -, no-treated K562 cells; IM +, 72h imatinib-treated K562  

cells; IM +/IM -, relative expression ratio.  
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Supplemental figure 2 

The mRNA expression of miRNA biogenesis-related enzymes. Two CML cell lines 

(K562, KU812) and AML cell line (HL-60) were treated by 1µM imatinib (IM) for 72 hours. 

After each treatment, total RNA was extracted and converted to cDNA. (A) MCPIP1 (miRNA 

degradation protein), (B) Dicer and (C) Drosha (miRNA biogenesis protein). Each mRNA was 

confirmed by qRT-PCR, and the expression level was normalized by GAPDH. Data show 

relative values to the level on the control culture and as the mean ± SD from three experiments.  
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Supplemental figure 3 

Viable cell counts after imatinib with/without HDIs. The viable cells of three leukemia 

cell lines were counted after imatinib (IM) treatment for 72 hours by using the trypan blue 

exclusion method. Data are shown as the mean ± SD from three experiments. Statistical analysis 

was performed using Student’s two-tailed t-test. (**p < 0.01, compared with expression in  

control culture) 
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