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�ɡȨ	  

� �ʱ.Ǯ¯Í,��?ŚˍŗʮÄȩ(�>ˠǮĂǅæ,��'ƭ���)-

(�+�ʯķHM�(�?ˡ�ʱ.ê,Ǯ¯Í-Ơ˕ȩ)�'-ƬɂCƒ�?

"�(+�ˠȪɁÍ-^N�h}d^�[��)�':Ã�?�)�ƍ=�

,+$'�>ˠƨ�+ȪɁ,��'�-ʬɡŝ�ǂȁ�@'�?ˡ���+�

=ˠB ȪɁôĬ¯˞BCR˟ZSi�©ʟ)�ʱ-ʹ¸,%�'.Ɣ"ƍ=�,

�@'�+�ˡɕȼ.ˠBCR ZSi�©ʟ,��?ȪɁÍ�ʱ-Ƭɂ-ɧƍC

ȁǾ)�' �ɣʱg��\y�a�-0)%(�? ZIP9˞ SLC39A9 ,˟Ȅȁ�ˠ

j�g� DT40ȪɁCǰ�' ȪɣɁÍ�ʱ�v�-Ęç,<?ZSi�©ʟÓġ

-��ʪç2-ŏˉ,%�'ȇșCɛ$!ˡ 

� BCR ZSi�©ʟ,��? ZIP9 -ƬɂCɯ·�?!9ˠDT40 ȪɁʭǮơ

˞WT˟ɣ j�g� ZIP9 ƭŽ DT40 ȪɁơ˞cZIP9KO˟ɣ ZIP9 ).ʓƊû-�ʱ

ʎʒCɛ ZnT5, 6, 7-�ʬƭŽ DT40ȪɁơ˞TKO˟ɣ �<1 cZIP9KOơ,o

g ZIP9CĲÉ�! DT40ȪɁơ˞ cZIP9KO+hZIP9HA C˟ǰ�' Aɣkt�<1 Erk

-��ʪç�v�,%�'ɧƛ�!ˡ6!ˠ�ʱəÇt��sCǰ�'ˠ�@

 @-ȪɁơ,��?ȪɁÍ�ʱ�v�Cɷ3!ˡ�=,ˠȪɁÍ�ʱ-Ƭɂ



 3 

ɯ·)�'ˠprotein tyrosine phosphatase˞PTPase˟-ʨȩǅŝCǓĨ�!ˡ 

� WTơ�<1 TKOơ,��'ˠ�ʱÛǚ,<> Akt�<1 Erk-��ʪç�

v�.ĕě�!� ZɣIP9KOơ(.�ʱÛǚ,<?��ʪç�v�-ĕě.ʅ�

=+�$!ˡ�ƊˠcZIP9KO+hZIP9HAơ,��'.ˠAkt) Erk-��ʪç�

�ʥĈŖ�'�!ˡ6!ˠZIP9 -ƭŽ,<?ȪɁʃÍ-�ʱ�v�-ǐĴ�ɦ

į�@ ZɣIP9�ȪɁÍ�ʱ�v�-ÚŕC �! BCRZSi�-ǅŝç-!9

,Śɡ+Óġ(�?�)�Ȍ�@! �l=, ZɣIP9ƭŽơ,��'. PTPaseǅ

ŝ-�ƌ�7=@!�)�=ˠZIP9,<$'Úŕ�@?�ʱ.ˠPTPaseǅŝ-

ŮÚC �' BCRZSi�CÚŕ�'�?öɂŝ�Ȼ�=@!ˡ¥�-ȮƜ�

=ˠZIP9�ȪɁʃ-�ʱ�v�CÚŕ�?�)(ˠPTPaseǅŝ-ʺīC �!

BCRZSi�-ǅŝç,��? Akt�<1 Erk-��ʪçCÚŕ�'�?�)

Cƍ=�,�! Ɩlȇș. BɣCRZSi�©ʟ-}Nj]|,��' ZIP9C 

�!ȪɁʃ-�ʱɷȣ,Đ&�Ɖ!+ȅɢC��?:-(�?ˡ 
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�ǵɴ�ɤ	  
Akt: PKB (Protein kinase B) 

ALP: Alkaline phosphatase 

ATOX1: Antioxidant protein-1 

ATP7A: Cu-P-type ATPase7A 

ATP7B: Cu-P-type ATPase7B 

αIgM: anti-chicken IgM antibody (M4) 

BAPTA: 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid 

BCR: B cell receptor 

BMP: Bone morphogenetic protein 

BSA: Bovine serum albumin 

BsrR: Blastcidin-S resistance gene 

cAMP: cyclic adenosine monophosphate 

CCS: Copper chaperone for SOD 

CDF: Cation diffusion facilitator 

ChS: Chicken serum 

CK2: Casein Kinase 2 

CREB: cAMP-response element-binding protein 

CTR: Copper transporter 

Cu/Zn-SOD: Cu/Zn-Superoxiside dismutase 

CX : Chelex-100 

EGFR/IGF-1R: Epidermal growth factor receptor/Insulin-like growth factor-1 receptor 

Erk : Extracellular signal-regulated kinase (=MAPK) 

FBS : Fatal bovine serum 

FcεR1: High-affinity IgE receptor 

GPCR: G protein-coupled receptor 

HA : Hemagglutinin 

HBSS : Hepes buffered saline solution 

HisR : Histidinol resistance gene 

HRP : Horseradish peroxidase 

IKK: IκB kinase 

IL: Interleukin 

LCK: Lymphocyte-specific protein-tyrosine kinase 
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MAPK: Mitogen-activated protein kinase 

2ME : 2-mercaptoethanol  

MEK : MAPK/ERK kinase 

MTT : (3-[4,5-dimrthylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) 

NeoR : Neomycin resistance gene 

PBS : Phosphate-buffered saline 

p-Akt : Phospho Akt 

PDE: Phosphodiesterase 

p-Erk : Phospho Erk 

PI3K : Phosphoinositide 3-kinase 

PKCβ/NF-κB: Protein kinase Cβ/Nuclear factor-κ B 

PTEN: Phosphatase and tensin homologue deleted on chromosome 10 

PTP1B : Protein tyrosine phosphatase 1B 

PTPase : Protein tyrosine phosphatase 

p-Tyr : Phospho tyrosine 

PuroR: Puromycin resistance gene 

Py: 2,2’-dithiodipyridine 

Raf : (=mitogen-activated protein kinase kinase kinase ; MAPKKK) 

SDS : Sodium dodecyl sulfate 

SDS-PAGE : SDS-polyaclylamidegel electrophoresis 

Smad: Mothers against decapentaplegic homolog 

TBST : Tris-buffered saline-Tween20 

TGF−β: Transforming growth factor-β 

TNF: Tumor necrosis factor 

TKO : (ZnT5, 6, 7) triple knockout  

TNAP : Tissue nonspecific ALP 

TPEN: N, N, N’, N’ -tetrakis- (2-pyridylmethyl)-ethylenediamine 

WT : Wild type  

ZAP70: z-chain-associated protein kinase 

ZeoR: Zeomycin resistance gene 

ZIP : Zrt/Irt-like protein 

ZnT : Zinc transporter 

ZnPy : 1-Hydroxypyridine-2-thione zinc salt  
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�Łɸ	  

Ǯ¯Í-ŚˍŗʮÄȩ  

� ogC.�9)�?ǮǤ-ǮĂǅæ,.ˠa�nRʃ;Ƣʪ+*-ƒƬǤʃ

¥ę,:ˠpa{�;ʯķÄȩ+*�Śˍ(�?ˡǮĂǅæ,Śɡ+ʯķÄȩ

.ˠŗʮ(�>+�=:ˠ�-ŞĽŝȲŴ-ȉȳ�¿ńCŽ+�)�ȅ=@

'�?!9ˠŚˍŗʮʯķÄȩ)ā/@'�?ˡog-¯Í,��'Ƒ:Ě�

ŚˍŗʮʯķÄȩ.ʰ(�>ˠʯķa�nRʃ)�'.ˠu|ʰ˞ʰ—y�r

G��ʳ¯˟Cü8u~S�p��¯Í-ʪȩʝž,��B$'�?�)�<

�ȅ=@'�?ˡ�-¢,:ˠˆu|ʰa�nRʃ)�'ˠʰCʝž�?g�

�\rJ��ˠʰ-ʁɗ,ʹ��?rJ�c��<�ȅ=@'�?ˡ�@=-

ʰüƒa�nRʃ.og-¯Í(Śɡ)�@?ʪȩ)ʰ-ʝž�ʁɗ�<1¤

ɹ,ʹ¸�'�>ˠǮ¯,)$'ƭ���)-(�+�ʯķa�nRʃ(�?ˡ

�Ɗ(ˠu|ʰCŴ%Na��_.ȪɁÍ(ǮŨ�@?ʞʪçƸȩCʨȩÓɧ

�ˠȪɁÍ(-Űʪç±ǰ,ʹB$'�?ˡú�u|ʰüƒʨȩ(:ZgR�

| P-450.ɘǤ;ǷǤ+*-¤ɹ˞ ɧƵ±ǰ ,˟ʹB?+* �ɣ-Ƭɂ.ˆĽ,

ĚŎ(�>ˠũ�-ǮĂǅæ-ȲŴ,��'ʯķ-Ɯ!�Őà-ʬɡŝ�«�
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? 1-6)ˡ6!ˠʲ. Lysyl oxidaseˠCu/Zn-Superoxiside dismutase˞Cu/Zn-SOD˟;

ZgR�| c MPZb�_+*,Śɡ)�@?ŚˍŗʮÄȩ(�?ˡʜ˃-ʲ

HM�.ˠʰ)úƨ,ʪçʤÄ˄�˛�!9ˠʰƨrJ�g�ñś,<?�

[N�ǮŨCň�ʅ���)(ȪɁÍʪç\g�\C�ʙ�ˠa�nRʃ-ʪ

ç; DNA -ʪçǾÔƈñś+*ˠǮ¯,İ�?Ƶŝ�ˆĽ,˛�ˡ�-!9ˠ

ʲ-ǜŃ.îĭ,Úŕ�@'�?ˡʲ-ȪɁÍó>ʐ7.ˠȪɁʃɋ,ģċ�

? Copper transporter (CTR),<>ˠȪɁÍ2ó>ʐ6@ˠȪɁʃ,ģċ�? 3Ȗ

˓-ʲZ�w��)ā/@?a�nRʃ,<>ˠƨ�+ćħ;ʲɡƺŝa�n

Rʃ,ʎʒ�@? 7)ˡʕĽˠȪɁÍ,Ƒ:Ě�ģċ�?ʲȮùa�nRʃ.

Cu/Zn-SOD(�?�ˠCu/Zn-SOD,.ˠCopper chaperone for SOD˞CCS˟)ā

/@?ʲZ�w��,<>ʎʒ�@?ˡ6!ˠAntioxidant protein-1˞ATOX1˟

.ˠCTR ,<$'ó>ʐ6@!ʲCW�[¯,Ķċ�? Cu-P-type ATPase7A

˞ATP7A˟�<1 7B˞ATP7B˟,ʎʒ�?ˡȾɍ(. ATP7B �ǥǷǾ,ǽǫ

�'�>ˠATOX1�=ô�ó$!ʲC^��t�\{�,ô�Ǒ�ˠʲ^��

t�\{�.ȪɁę˞ɚǎ�˟2Óƿ�@ˠøȬȸ2)ʲCʎʒ�?ˡ�@¥

ę-Ȭȸ,��'.ATP7A,ʎʒ�?�)(ȪɁÍę-ʲŞĽŝȲŴC÷$'
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�?ˡƑʑ(. ATP7A �<1 ATP7B Ɏʈ:ȪɁɋ,Ķċ�ˠȪɁę�=-ʲ

-ó>ʐ7,:ʹ��'�?)ɩB@ˠATP7A �<1 ATP7B �ȬȸǥǷǾǽ

ǫC�'�?!9,ˠ�@=-ÆĜǾ�<1őĜǾʣ©ġǷĽ�ˠ}�T\Ǻ

˞ATP7A -ʣ©ġǹş˟8-11)�<1IG�`�Ǻ˞ATP7B -ʣ©ġǹş˟12-16)

)ā/@?ʲ¤ɹǷĽǻCň�ʅ���)�ȅ=@'�?ˡ 

 

Ǯ¯ÍŚˍŗʮÄȩ)�'-�ʱ  

� �ʱ.Ǯ¯Í,��?ŚˍŗʮÄȩ(�>ˠǮ¯Í-�ʱŞĽŝ-ȉȳ,<

>ˠƨ�+ǹş�ň�ʅ��@?)Ȼ�=@'�? 17, 18)ˡ�ʱ.ˠog-¯Í

,Ȩ 2 gģċ�ˠʰ,Ʈ�(Ě�ŗʮʯķ(�?ˡȪɁÍ,ģċ�?�ʱ.ˠʨ

ȩ;ʊÏĉġ+*Ȩ 300 Ȗ¥�-a�nRʃ,Ȯù�'ƨ�+ǮçĤ�ǮǭǾ

ƬɂCǽż�'�? 19)ˡ´�/ˠa�nRʃɎʈ-Ț¯ƧʗȲŴˠʊÏĉġ)

DNA)-Ȯùˠ�?�.a�nRʃ�a�nRʃȃ�±ǰ,�ʱ�ʹ��'�

>ˠ�-Úŕ,ʹ�?ɱȪ+ƬŁ�ǫċƍ=�,�@%%�?ˡ�ʱ�ŀ�Ǯ

Ǥǳ(Øǰ�@'�?ǭǱ.ˠ�ʱHM�.ʰ;ʲ)Ƿ+>ˠçùǤ�(-í

ġ·-Ęç�4)D*+�ĥĨ�!Äȩ(�>ˠʪçʤÄñśCʅ���ˠ�
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[N�ǮŨ-<+ƵŝCŴ!+�!9(�?)Ȼ�=@'�?ˡ6!ˠ�ʱ

Ɏ¯.Ŋ�˄ġôĬ¯)�'Ã�ˠ˄ġµ�¯)Ŋ�Ȯù�?ǥŝCŴ%!9ˠ

ʨȩ-ǅŝ�ř,ģċ�ˠɨĠ)�'ʬɡ+ƬɂCǽż�'�? 20˟ˡǮ¯Í,

��?�ʱ-ŞĽŝ.ˆĽ,åǪ<�ȲŴ�@'�>ˠʰ�ʲ)Ƿ+>�ʱ-

ʞßɖȗ,<?ǹş.ěʞß-ſó,<?ŜŝƵŝ-ēùCʾ�'ʕĽɦį�

@+�ˡ���+�=ˠ�ʱ�ʞß,ģċ�?)ˠ¢-ʯķ)-Ȝù,<>Ȫ

Ɂ,ˁīC��?�)�ȅ=@'�?ˡ6!ˠǮ¯Í-�ʱŞĽŝ-ȉȳ,<

?�ʱʞßˠ�?�.�ʱƭ�Ǧţ�Ǯ¯,ŠŏˉC�<5��)(ˠƨ�+

ǹş�ň�ʅ��@? ǥl, �ɣʱƭ�,<>˒ɕ,ŏˉCô�?Ȭȸ)�'ˠ

ȀɊˠǉçćħˠ�ƝȏȭȧˠÈǸȧ+*��>ˠŨʶʛǘˠĀɣˁīˠȀɊ

Ǟˠ˙ƣȟǷĽ+*-ǻǦ,%+�? 20)ˡ�-!9ˠǮ¯Í,��?�ʱ-Ş

Ľŝ.ˆĽ,åǪ<�ȲŴ�@'�>ˠȪɁÍ(-ʜ˃�ʱǜŃ.ˠil~�

�=qV~�¥�-ˆĽ,®�ǜŃ,º!@'�? 21, 22)ˡ�

�

�ʱg��\y�a��

� �ʱ.�-66-ō(ȪɁɋCʕʞ�?�)�(�+�!9ˠȪɁÍ-ȴ�
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ʱʮ.ȪɁʃɋ�<1ȪɁÍĳɁćħ-ɋ�,ģċ�?�ʱg��\y�a�

,<>îĭ,Úŕ�@'�?ˡǫċˠ�ʱg��\y�a�.ě×�'ˠȪɁ

ʃ-ǜŃCǐĴ��?Ɗû,�ʱCʎʒ�? Cation diffusion facilitator˞ CDF r˟

E{��)�-ʓƊûˠ�+B#ȪɁʃ-�ʱǜŃCĕâ��?Ɗû2ʎʒC

ɛ Zrt/Irt-like protein˞ZIP˟rE{��- 2Ȗ�ģċ�?�)�ƍ=�,�@

'�> 23-25)ˠ�@=-g��\y�a�,<?�ʱ-ʎʒÚŕ)}a�cMk

H�,<?�ʱʁɗ,<$'ȪɁÍǜŃ��Ĩ,º!@'�? 26)ˡCDFrE{

��,ķ�?g��\y�a�. 6ĈɋʀʕˎĎ Nɣ Cɣƕț):,ȪɁʃÀ,

ģċˠ��' 4ˠ5ĈɋʀʕˎĎ-ʸ,�ʱ-Ȯù,Śɡ(�?)Ȼ�=@'�

?o\c[�,Į8ʧÕCŴ%)�$!Ìʕ-ƧʗǾǥŘCºŴ�'�?ˡ�

ƊˠZIP rE{��,ķ�?g��\y�a�.ˠ8 ĈɋʀʕˎĎˠNˠC ƕț

):,ȪɁęˠ�?�.ȪɁÍĳćħÍɇÀ,ģċˠ��' 3ˠ4ĈɋʀʕˎĎ

-ʸ,o\c[�,Į8ʧÕCŴ%)�$!Ìʕ-ƧʗǾǥŘCºŴ�'�?

27)ˡ�ʱʎʒ-˗æá,ʹ�'.ɓ˓+*-:-,%�'.�ʥĒÿ��?�

28, 29)ˠ4�˓,ʹ�'.ˠ4)D*Ó�$'�+�ˡ 

� CDFrE{��,ķ�?�ʱg��\y�a�. ZnT1�= ZnT86(- 8Ȗ
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˓�úĨ�@'�> ZɣnT1.ȪɁɋ, ZɣnT2ð1 ZnT4.ȪɁÍĳɁ, ZɣnT3

.ȏȭȪɁ-Zit\ĳɁ,ˠZnT5~7 .W�[¯ʑÁ,Ķċ�ˠZnT8 .Ɍɍ

,ǥǷǾ,ǽǫ�'�? 30-36) �lƊ ZɣIPrE{��,ķ�?�ʱg��\y�

a�.ˠogð1zI\(ǫċ 14Ȗ˓ģċ�'�?�)�ȅ=@'�?ˡ�@

=.F{lʪʧÕ�ˠ�=, 4 Ȗ-XsrE{��,Ó˓�@ˠ�@ @ ZIPI 

(ZIP9)ˠZIPII (ZIP1
3) gɣufA (ZIP11)ˠLIV-1 (ZIP4
8, ZIP10, ZIP12
14)rE{

��)ā/@'�?ˡƑʑˠ�@= ZIP )ȪɁƬɂ-ʹʘŝ,%�'-ȇș�

âʖ�'�>ˠúĨ�@!:--Ě�.ȪɁɋ�(-�ʱó>ʐ7,<>ˠȪ

Ɂ-Ƭɂɷȣ�Úŕ�@'�?�)�ƍ=�,+$'�! 37-40) Ċl 1�<1ɜ 1

,.ǫċƍ=�,+$'�?�ʱg��\y�a�-Ó˓)Ƭɂ,%�'Ȍ�

'�?ˡ 

� CDFrE{��,��?Ƒʑ-ȅɢ)�'. DɣT40ȪɁCǰ�!ʣ©ġȉĖ

ĩ˘,<>ˠZnT5) ZnT6�ue�ɠù¯ˠZnT7�x~ɠù¯CōŨ�ˠ�-

ɠù¯� Wɣ�[¯,ģċ�?�ʱɡƺŝʨȩ(�? Alkaline phosphatase˞ ALP˟

,�ʱCµȯ� AɣLPCǅŝç�?)�Ēÿ�+�@! 41-43) DlT40ȪɁ.˛

ˏŃ,ȃúȬ7Ż�Cʅ��)�ǥŘCƒ�ˠȁǾ-ʣ©ġldRFIgC
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ĬƎ,±Ũ�?�)�(�? 44, 45) 3lȖ˓-�ʱg��\y�a�ʣ©ġ ZnT5, 

ZnT6, ZnT7CƭŽ��!�ʬƭŽ˞TKO˟ơ(.ˠȬȸˆǥǷǾF�N�x\

rEa�_˞TNAP˟ǅŝ�ĦÊ,ǉĞ�?�ˠƭŽ��!ʣ©ġ-# ZɣnT5

) ZnT6�?�. ZnT7CÎ1ĲÉ�'a�nRʃCǽǫ��?) TNAPǅŝ�

ĈŖ�?�)�B�> TɣNAP-ǅŝç,.W�[¯,Ķċ�?�ʱg��\y

�a�ɠù¯˞ZnT5/ZnT6ue�ɠù¯ˠ�<1 ZnT7x~ɠù¯˟�Śɡ(�

?�)�ƍ=�,+$! 41-43)ˡ�=,ˠTKO ơ(.ˠTNAP ��7;�,Óɧ

�@'�6�)�ɢÒ�@ˠZnT5,ĘǷCŴ%ĘǷč�ʱg��\y�a�

ɠù¯Cǽǫ��!�ʬƭŽơ(. TɣNAP-ǅŝç.ʅ�=+�:-- TɣNAP

a�nRʃ.ĥĨ�'ǽǫ�'�?�)�ƍ=�,�@!ˡ�-�)�=ˠ

TNAP-ǅŝçt�^\. �ɣʱg��\y�a�ɠù¯,<?a�nRʃ-ĥ

Ĩç)ˠ�-ő-�ʱ-µȯ,<?ǅŝç- 2 Ƴʿ-Úŕ,<$'ɛB@?�

)�ĩɮ�@! 46)ˡ 
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Ċ  1, Classification of zinc transporters. 
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_`b ¡�¥©®S

SlrjVS 04����H���±�H;���)204�	=�#±imuTg^he ��

�ª�E2?�<-S

lrjWS 04��4���HAC±�����HAC¯¤��°S

lrjXS ��£��4���HACS

lrjYS 04��4���HAC±�����HAC¯ �°S

lrjZS �ª������HACS

lrj[S �ª������HACS

lrj\S 78β04��¬�©¬P.����HACS

lrj]S 78�!$'�&"S

ldh ¡�¥©®S S S

ldhVS 04����H¯I±G±��¥�¦°��B�S

ldhWS 04����H��B�¯��ª�±��¥�¦±I±¤¬�¬~��L�°S

ldhXS 04����H��|�S

ldhYS 04����H��|�±�6�(04N+
�&"}±Q x������

�H��B���O±78y��&"��K�S

ldhZS 04����H��B�±ldhY �D�z�&"���{�¯���HF��

¨¬��K�²°S

ldh[S 04����H��B�±�¢¨¡���§ fdkV ��(TJ9@�¯agj°�K

�±���«�¬�,��y�13�R&"±y��@*�K�S

ldh\S �ª��x�04>���HACS

ldh]S 04����H¯¤¬�¬±��¥�¦°��B�±��¥�¦���/�58M

��K�S

ldhVUS 04����H��B�±�y�04�@*�K�S

ldhVYS 04����H¯G±¤¬�¬±�� ¥�¦ °��B�±��H:%

¯cvtswprnoqpm°�K�S

ɜ  1, The function of zinc transporters.  
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� �@6(,ˠɉȢ�ȀȪɁ,ǽǫ�'�? ZIP4�ɉŝȿțȀɊǞ-íĉʣ©

ġ(�?�);ˠ2 čȦĵǺǽǻ,ɌɍβȪɁ-ÓƿːȤɋ�,ǽǫ�? ZnT8

�ʹ��'�?+*ˠ�ʱg��\y�a�-ʣ©ġĘǷ)�ʱ¶ģǾ+ǹş

)-ʹʘCȌ�!Ēÿ�+�@'�? 47, 48)ˡ�ʱP��gÝ(�? N, N, N’, N’ 

-tetrakis- (2-pyridylmethyl)-ethylenediamine˞TPEN˟CzI\,ů��?)ˠìƐ

čF��Q�ñś� TPEN ů�ʮ¶ģǾ,ŮÚ�@!�)�=ˠ�ʱ�z\g

ȪɁC �!F��Q�śȠ,ʹ��'�?�)�Ȍ�@!ˡ6!ˠZnT5ʣ©

ġƭŽzI\(.ʭǮč)ƶʌ�'ˠF��Q�ŸɨŝȀɊǞǽǻ�Ů�=@

?�)�ȋɲ�@ˠ�ʱ� High-affinity IgE receptor˞FcεR1˟¶ģǾ+z\gȪ

Ɂ-ǅŝç�<1 Protein kinase Cβ/Nuclear factor-κ B˞ PKCβ/NF-κB ȭ˟ʇC �

!ˠǞǻŝXHgNH�ǯǮ,ʹ��?�)�Ȍ�@!ˡZnT5ʣ©ġƭŽzI

\-˙˚Ǳƚz\gȪɁC FcεR1 Ûǚ�!)�AˠɆːȤśȠ,.ʣ©ġƭŽ

-ŏˉ�ɲ9=@+�$!�ˠIL-6, TNF-α+*-ǞǻŝXHgNH�-ǯǮ�

ǐĴ�'�!ˡ�-ǭǱ)�'ˠZnT5 ʣ©ġ-ƭŽ,<> PKC �ǅŝç�@

!ˀ-ȪɁɋȔɛ�ʺī�@?!9,ˠPKC -�ǆ,ģċ�? IκB kinase 

(IKK)/IκB/NF-κB ZSi��ŮÚ�@!ȮƜ XɣHgNH�-ǽǫ�ǐŉ�?!
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9(�?)Ȼ�=@'�? 49)ˡ�Ɗˠ�@=-�ʱg��\y�a�)ȪɁƬ

ɂ-ʹʘŝ,%�'-ȇș�âʖ�'�>ˠ�ʱg��\y�a�,<$'Ú

ŕ�@?ȪɁÍ�ʱ)�-ǷĽ,<$'ň�ʅ��@?ǹşȞ-ʹ¸,%�'

Œ�,ƍ=�,+>%%�?ˡ 

 

ZSi�©ʟÓġ)�'-�ʱ  

� ʑĿˠęƚÛǚ,<>ɳĲ�@?ʊÏˆ¶ģǾ+ȪɁÍ�ʱĘæ˞Early zinc 

signaling˟)�ʱg��\y�a�Ȟ,<?ʊÏ¶ģǾ+ȪɁÍ�ʱĘæ˞Late 

zinc signaling˟-ģċ�Ȍ�@ˠőȼ,ʹ�' ZɣIP6-ǽǫĕâ,ª$'ǆÉ�

?�ʱ�_s�rGdZ�-M�OiHY�ȪɁ,��' ZincrG�O�ʊÏ

ĉġ Snail-ƢȔɛC¹ʙ�ˠ�Ȁ�ʸɔʊŻ˞Epithelial-mesenchymal transition: 

EMT˟CɳĲ�'�?�)�ƍ=�)+$! 50-52)ˡ�-ǽɢ¥ʻˠ�ʱ�a�

nRʃ-ƧʗȲŴ;ɨĠǅŝ,ʹ��?"�(+�ˠ��DȪɁ 53)ˠ��nǬ

54-56)ˠ�<1ɃɀȪɁ 57),��'^N�h}d^�[��)�'Ƭɂ�?�)

�Ě�-ȇș,<>ɮƍ�@ˠ�-ʬɡŝ,ǂȁ�˂6$'�?ˡœ$'ˠ�

@6(Ơ˕ȩ)�'ȅ=@'�!�ʱ. �ɣZSi�ĉġ�)�ƬɂŝÓġ)
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�'ɲɻ�@.�9'�?ˡZIP13.ˠŨʶʛņC.�9ˠ˙�Ư�ȀɊȞ-Ȋ

Ȭȸ�<1ȮùȬȸ-ǷĽCȌ�“Ɖ��aHt-K��\�b��\ǻ¾Ⱥ”

-íĉʣ©ġ- 1 %)�'úĨ�@! 46)ˡog,��?K��\�b��\ǻ

¾Ⱥ,��'ˠZIP13ʣ©ġ-ǟĘǷ�ǽɢ�@ˠ6!ˠZIP13ʣ©ġ-ldR

FIgzI\,��':ˠog-şȼ)úƨ,ˠ˙ʮǐĴˠɅƤőŋˠƯōŨ

ǷĽˠȀɊɄŉçȞ-ʙɛŝ-ǷĽCþ�ˠ�@=ɜǫč.ãŝʣ©Ǿ,Ȱŭ

�@?�)�Ȍ�@! ǮlçĤǾɧƛ,<> ZɣIP13.ʸɔȧȪɁ-W�[¯,

Ķċ�'�> ZɣIP13ldRFIgzI\Ǳƚ-ȪɁ(. ȪɣɁÍ�ʱÓĻǦţ

�ʭǮč)ƶ3'Ęç�'�!ˡZIP13 ,<>ʎʒ�@?�ʱ.ˠBone 

morphogenetic protein/Transforming growth factor-β˞BMPˢTGF−β˟ZSi�©ʟ

ȭʇ,��?ˠʊÏĉġMothers against decapentaplegic homolog˞Smad˟-�ʱ

Ȯùʥ,±ǰ�?�)(ˠSmad-ƢȔɛCÚŕ�ˠȮùȬȸōŨ,Śɡ+V

��U�Ȟ-ʣ©ġǽǫCÚŕ�'�?�)�ɢÒ�@!ˡ¥�-�)�=ˠ

ZIP13 ʣ©ġĘǷ. BMP/TGF-βZSi�©ʟC �!ȊȬȸ�<1ȮùȬȸō

Ũ,ŏˉC��?�)(ˠK��\�b��\ǻ¾Ⱥǽǻ-íĉ,+$'�?

�)�ɮƍ�@! Ʈl, ZɣIP13-gy�[�,%�'-ǮçĤǾɧƛ�ɛB@ˠ
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ZIP13 �ȪɁÍ-�ʱǦţ,ʹB=�W�[¯,��'x~bHz�)�'Ķ

ċ� ZɣIP13��ʱŞĽŝȲŴƬɂ,ʹB?ʥÓ)�' ¢ɣ- LIV-1rE{��

- ZIP g��\y�a�,.+�ǧǥ-ȪɁÍ��tƧʗCƒ�?�)�ƍ=

�,�@! 58)ˡ6!ˠȪɁɋ,Ķċ�?�ʱg��\y�a�ZIP14 �ˠG 

protein-coupled receptor˞GPCR˟¶ģZSi�©ʟ,ʹ��ˠZIP14CƭŽ��

!zI\(.Ũʶʛņ;ȦƉǮˁī�ʅ�?�)�Ēÿ�@!ˡ�-Ēÿ,<

?)ˠ ZIP14 ,<$'ȪɁÍ,ó>ʐ6@!�ʱ�ĐłǦţ(-

Phosphodiesterase˞PDE˟ǅŝCŮÚ�'�?!9ˠZIP14-ƭŽ,<> PDEǅ

ŝ��ƌ�ˠ�-ȮƜ cyclic adenosine monophosphate˞cAMP˟�ǐĴ�?�)

�ƍ=�,�@!ˡcAMP -ǐĴ,<>ˠ´�/ˠʉ˙ȪɁ,��'.ˠ

cAMP-response element-binding protein˞CREB˟-��ʪç-ʺīCʅ��ˠ

GPCR-cAMP-CREBȭʇC �!ʉ˙ȪɁ-Óç�ŮÚ�@!ȮƜ Ũɣʶʛņ,

ȷ�?)�@'�? 59)ˡ�Dȇș-Óʭ,��'.ˠa~PZrJ�Ƚŝog

��DȪɁ( ZIP7-ǽǫ�<1ȪɁÍ�ʱǜŃ��ƌ�'�?�)�ƍ=�,

�@!ˡa~PZrJ�ȽŝǩŔ~f�)�'ǰ�=@!og��DȪɁ

˞MCF7ȪɁ .˟ ĕɣƲɂ�%ǈǙŝ-˛�ɜǫčCȌ� �ɣ-ɜǫč-ǽǫ-
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!9,. Epidermal growth factor receptor/Insulin-like growth factor-1 receptor 

˞EGFR/IGF-1R˟,<?ZSi�©ʟ�ˆĽ,ʬɡ+ŐàCŲ$'�?)�@

? 60)ˡZIP7.og�<1zI\-ȬȸÊ¯,ǽǫ�'�>ˠ�,ĳɁ¯,Ķċ

�'�?ˡZIP7 .ĳɁ¯Cü9!�ʱʁɗʥ�=ȪɁʃ2�ʱCƂÒ�'�

?)Ȼ�=@'�>ˠƂÒ�@!�ʱ,<? Protein tyrosine phosphatase 1B

˞PTP1B -˟ʨȩʺī,<> ôɣĬ¯č�<1ˆôĬ¯čc�Z�Pi�_�ǅ

ŝç�@?�)(ˠMAPK N\T�h-ǅŝç2)ȷ�?ˡ�!�$'ˠa~

PZrJ�Ƚŝ��DȪɁ,ɢ=@? ZIP7-ǽǫ�ƌ.ˠȪɁÍ�ʱ-ĕâ,

<>ˠȪɁĕƲ,ʹ��? EGFR/IGF-1RôĬ¯Ɏʈ�Ŵ%c�Z�Pi�_-

ǅŝçˠ�<1ôĬ¯-�ǆ,ģċ�?Ȗ�-��ʪçʨȩ-ǅŝç)�-ǅ

ŝçŴȱ±ǰ�ʅ�?!9ˠƑȫǾ,��DȪɁ-ĕƲˠǈǙCɳĲ�?)Ȼ

�=@'�? 53, 61) Ƒlʑ(. �ɣ@=-��DȪɁ,��' ęɣĉŝ-Ûǚ˞ �

ʱ�?�. EGF+N�ZI|HMlrLF,<?Ûǚ˟,İ�' ZIP7 ��ʱC

ƂÒ�?ˀ-ÓġƬŁ�ƍ=�,�@! 37)ˡ�-Ēÿ(.ˠZIP7-ǅŝç,ʹ

ʘ�?Óġ)�' Casein Kinase 2˞ CK2˟�úĨ�@ CɣK2.ęĉŝ-Ûǚ,<

$' ZIP7)¨ù�ˠZIP7- 275Ƕȁ) 276Ƕȁ-^��ƱĐC��ʪç�?ˡ
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�-��ʪç,<> ZIP7,<?ĳɁ¯�=-�ʱƂÒ�ʅ�>ˠȪɁʃÍ-ʜ

˃�ʱ-ĕâ) Erk1/2, Akt-��ʪç�<1ȪɁʜʄ�ɳĲ�@?�)�Ȍ�

@! 37)ˡ 

 

BCRZSi�)�ʱg��\y�a�ZIP9 

� ȪɁę�=-Ûǚ,śȠ�?ȪɁÍZSi�©ʟ.ˠȪɁ-Ǯģ,Śˍ-Z

\e|(�>ˠ�-ȉȳ.ȪɁ-�DçȞCň�ʅ��)�@'�?ˡʑĿˠT

ȪɁ-ŰíźȌñś,��?ZSi�©ʟˠ�<1H�a��HP�-2 ;H�

a�rJ��-γ+*-XHgNH�ǯǮ,�ʱ�ʹ��'�?�)�Ēÿ�@

62, 63) ÈɣǸŲŌȪɁ,��?�ʱ-Őà,%�'ƍ=�,+>%%�? ƪlǦȪ

Ɂ,��'�yy�XdN�Hh,<?Ûǚ� ZIP6-ǽǫCÚŕ�ˠȪɁÍ-

�ʱǜŃ�ǐĴ�?�)(ƪǦȪɁ-ŨǣCɳĲ�? 64)ˡ6!ˠZIP8-ʞßǽ

ǫ�Ǟǻ;ŢƟǻCɳĲ�ˠZIP8 C �!�ʱʎʒ�ȪɁ-ɎǢÈǸȧ,��

'ʬɡ+ŐàCƜ!�'�?�)�ƍ=�,�@'�? 65, 66)ˡ�Ɗ(ˠŰ¯ǯ

ǮȪɁ(�? B ȪɁ,��?ZSi�©ʟ)�ʱ,ʹ�?ȅɢ.4)D*+�ˠ

Ɣ"�ƍ+ʥÓ�ƅĚ�Ʊ�@!66(�?ˡB ȪɁ-ȪɁƬɂǽǫ. B ȪɁ
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ôĬ¯˞B cell receptor: BCR˟ZSi�©ʟ,<$'Úŕ�@'�>ˠ¤ɹʹʘ

ʣ©ġ;ȪɁ˙ƣa�nRʃ-ǽǫ,ŏˉC��ˠB ȪɁ-ǮģˠĕƲ�<1

Fyg�Z\+*-ȪɁƬɂCÚŕ�'�? 67-72)ˡBCR ZSi�.ĕƲĉġ;

Ű IgM Ű¯+*-Ûǚ,<>ˠôĬ¯-ƞƫ�ōŨ�@?�)(ʷğ�@ˠF

bta�Óġ �ɣ<1ZSi�ĉġ-��ʪçñśC �'©ʟ�@?˞ Ċ 2-1˟l

6!ˠBCR ZSi�©ʟ.ˠT ȪɁôĬ¯ZSi�©ʟ)ˆĽ,˓¬�!a�

nRʃ�ʹ��'�>ˠ�-�)�=: BCRZSi�©ʟ,��?�ʱ�ǋ�

ʹ��'�?�)�Źį�@! �l�(ɕȼ.  ɣ BCRZSi�©ʟ,��?�

ʱ-ƬɂCƍ=�,�?�)CȁǾ)�'Ɩȇș,ȄŬ�!ˡ 
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Ċ  2-1, B-cell receptor signaling pathway. 

 

ƖȇșCʚɛ�?,�!>ˠj�g� B ��nǬ DT40 ȪɁC~f�ȪɁ)�

'ǰ�!ˡ6!ˠDT40 ȪɁ.ˠBCR ZSi�©ʟ,��? PI3KˠRasˠPLCg

+*-ʬɡ+ZSi�Óġ-Ƭɂ�<1�@=-ʹʘŝ-ɧƍCȁŵ�!ȇș

,:ˏȶ,ǰ�=@'�! 73-75)ˡƖȇș(.ˠ�ʱg��\y�a�ʣ©ġl

dRFIg DT40ȪɁơCǰ�' �ɣʱg��\y�a�,<?ȪɁÍ�ʱ-ɷ

ȣ) BCRZSi�,��?ȪɁÍ��ʪç)-ʹ¸Cƥɫ�!˞Ċ 2-1˟l �ʱ

g��\y�a�ʣ©ġldRFIgȪɁ-±ɟ,�!>ˠɕȼ.W�[¯,
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Ķċ�?�ʱg��\y�a�-0)%(�? ZIP9,Ȅȁ�!˞Ċ 2-2˟l ZIP9

. 7
8Ĉɋʀʕča�nRʃ(ȝ 3ˠȝ 4ɋʀʕˎĎ-ʸ,o\c[��dc

+ˎĎCŴ% ZIP rE{��a�nRʃ(�?ˡǥ, C ƕțÀ-ɋʀʕˎĎ.

¢- ZIPa�nRʃ)˛�ȃúŝCȌ�ˡ�Ɗ( NƕțÀˠǥ,ȝ 1ɋʀʕˎ

Ď)ŹǓ�@?ˎĎ.¢-*- ZIP a�nRʃ):ȃúŝCȌ�+�ˡ6!Ȫ

Ɂʃę,�?)�Ǔ�@? N ƕț.ˆĽ,Ȇ�ˠN ƕț,ʶ�ȪɁęˎĎCŴ

%)ŹǓ�@? LIV-1 XsrE{��).Ƨʗ�ě��Ƿ+?ˡC ƕțˎĎˠ

�<1ȝ 7 ȝɣ 8ɋʀʕˎĎ-ʸ,ǥŘǾ+o\c[��q�gʧÕCŴ% �l

@=�q�gʧÕ.¢-og ZIP a�nRʃ,.ģċ�+�:-(�>ˠ�%

ŀ�ǮǤȖCʆ�'ºģ�@'�?�)�= ZIP9ǥǷǾ+ʧÕ)Ȼ�=@'�

?ˡZIPa�nRʃ(. CƕțÀ-ȝ 4
8ɋʀʕˎĎ,�!?)�Ǔ�@?ʧ

Õ�ǥ,ºģ�@'�?ˡ�-ˎĎ��ʱʎʒƐ-ĢCōŨ�?)�Ǔ�@'

�> 76)ˠo\c[�ƱĐ-�·NcM�)-ɥăŝ-˛�CȻŤ,É@?)ˠ

ZIP9 ,ºģ�@'�?o\c[��q�gʧÕ.�-ǥǷǾ+Đʃ2-ɥăŝ

,ʬɡ(�?)�@'�?ˡZIP9. ZIPrE{��14Ȗ-�(ˠÒɒʨƴ�=

og6(�-x~�S)ŹǓ(�?ʧÕ-ģċ�ȋɲ(�ˠǮǤȖCʆ�'ľ
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ŀ�ºģ�@'�?ʣ©ġ(�?ˡZIP9 .¢- ZIP g��\y�a�).Ƿ+

>ˠ�ʱƭ�Ɛ(:�-ĶċCȪɁɋ,Ęç��?�)+�ˠW�[¯,ĨĽ

Ǿ,Ķċ�'�?�)�ȅ=@'�?� 77)ˠ�-Ƭɂ,ʹ�'.Ê�ƍ=�,

�@'�+�ˡ 

 

Ċ  2-2, ZIP9; zinc transporters localized in Golgi. 

 

ɕȼ.ˠZIP9 ,<?ȪɁÍ-�ʱŞĽŝɷȣƬɂ�ZSi�©ʟ-Úŕ,ʹ�

�'�?öɂŝCȻŤ�ˠDT40 ȪɁ-ʭǮơ˞WT ơ˟ɣ ZIP9 ldRFIgơ

˞chicken Zip9KO: cZip9KOơ˟ɣ�<1 ZIP9).ʓƊû-�ʱʎʒCɛ ZnT5, 

6, �<1 7- TKOơCK�Rg�y��Z��ǀ,<>±ɟ�! �lʱg��
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\y�a�-ƭŽ,ʅĉ�?ȪɁÍ�ʱ-ɷȣǷĽ�ˠBCR ZSi�©ʟȭʇ

-�ɡĉġ(�? Akt �<1 Erk -��ʪç,��?ŏˉ,%�'IK\a�

s�dgǀ,<>ɧƛ�!ˡ6!ˠȪɁÍ�ʱ-Ƭɂɯ·)�'ˠ�@ @-

ȪɁơ,%�' Protein tyrosine phosphatase˞ PTPase -˟ʨȩǅŝ-ǓĨCɛ$!ˡ

�=,ˠȪɁɋʔʞŝ�ʱəÇt��s(�? Newport Green PDXˠ�<1

FluoZin-3 Cǰ�!əÇƟɑCɛ�ˠ�@ @-ȪɁơ,��?ȪɁÍ�ʱ�v

��Ķċ-ɯ·Cɛ$!ˡ 
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�Ɗǀ	 

ĩ˘ƗƇ  

� 1-Hydroxypyridine-2-thione zinc salt˞ ZnPy˟�<1 2,2’-dithiodipyridine˞ Py˟.

Sigma-Aldrich, Inc.-:-C³ǰ�! TlPEN.ú�çĤȇșū-:-C³ǰ�!ˡ

Ionomycin, calcium salt Newport Green PDX, FluoZin-3�<1BODIPY TR-ceramide

. Invitrogen-:-C³ǰ�!ˡŰj�g� IgMŰ¯. Beckman Coulter-:-

C ³ ǰ � ! ˡ phospho-Ser473 Akt, Akt, phospho-Thr202/Tyr204 p44/42 

mitogen-activated protein kinase˞MAPK˟ˠp44/42 MAPKˠHA-Tag˞C29F4˟ˠ

LY294002˞ PI3K inhibitor˟ɣ U0126˞ MEK inhibitor .˟ Cell Signaling Technologies

-:-C³ǰ�!ˡ�-¢ƻǰɰɘ.iN�He\RơŇ¨Ȏ-:-Cǰ�!  l

 

ĩ˘Ɗǀ  

ȪɁď˕  

� DT40ȪɁơ.ˠRPMI1640˞Sigma-Aldrich˟,ˆÃçǏ 10% FBSˠ1% ChSˠ

�<1 50 µM 2-mercaptoethanol˞ 2ME C˟Ǎâ�' ǒɣŃ 39.5°C CɣO2ǜŃ 5%ˠ

ǔŃ 100%-H�P�v�a�(ď˕�! �lʱƭ�ɚǎ. 50 mL-ɚǎ˞ ¯ȗ
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ƶ( FBS:ChS=10:1˟C Chelex-100˞CX˟P��gƪɃ˞Bio Rad˟(Ñǭ�!

őˠǝʞǗɓ�?�)(ɷɟ�!ˡ 

6!ˠɚǎ˔˖Ñǭ. RɣPMI1640, 0.5 % BSA˞ Ƀɀʪr��˟ɣ �<1 50 µM 

2MECǍâ�'ˠǒŃ 37.0°CˠCO2ǜŃ 5%ˠǔŃ 100%-H�P�v�a�(

ď˕�?�)(ɛ$!ˡ 

t�\{h-ɭɪ  

� ø�ʱg��\y�a�ʣ©ġ-ĔĐʧÕ�=ˠƬɂǾ,ʬɡ+KR`�C

ɘÝȽŝz�N�ʣ©ġ˞BsrR, HisR, PuroR, ZeoR, �<1 NeoR˟,ȹŻ��?<

,V�\g�Rg DNACfYH��!˞Ċ 3˟l  BamHI, :��. BglIIÔƈ

ʥC£â�!t�Hz�Cǰ�'ˠPCR ǀ,<>ʶɈˠȆɈ,�!?Ul|

DNACĈò�ˠ�@ @ pCRII-TOPOvRa�˞Invitrogen˟,XsR��j�

S�! �l@=-t�\{hC BamHI, BglII(Ôƈ�!ő 1ɣ%,ʘȮ�ˠʁ Ɉˠ

ȆɈ-%+�ȁ,(�! BamHI, BglIIɲɻʥ, BɣamHI, BglIIÑǭ,<>Ô>

Ò�!ɘÝȽŝz�N�ʣ©ġCŶÉ�?�)(V�\g�Rg DNA C±ɟ

�!ˡDT40ȪɁ,��'~l`{�(�? ZnT5¥ę-�ʱg��\y�a�

,%�'. 2ɣ¼-İȚʣ©ġC×�,ldRFIg�?Śɡ��?!9 Ƿɣ+
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?z�N�ʣ©ġCŶÉ�!V�\g�Rg DNA C 2 Ȗ˓�@ @±ɟ�!ˡ

6!ˠTKOơ-±ɟ,.ùɪ 5¼-İȚʣ©ġCldRFIg�?Śɡ��?

!9 5ɣȖ-ɘÝȽŝz�N�ʣ©ġCǰ�'V�\g�Rg DNAC±ɟ�!  l

 

Ċ 3-1, ZnT5-NeoR targeting construct 
 
 

 
Ċ 3-2, ZnT6-PuroR targeting construct and ZnT6-ZeoR targeting construct 
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Ċ 3-3, ZnT7-BsrR targeting construct and ZnT7-HisR targeting construct 

 

 
Ċ 3-4, ZIP9-BsrR targeting construct and ZIP9-HisR targeting construct 

 

ěɉɓď˕  

t�\{h DNA-ȥɟ.ˠDH5α (TOYOBO) ơCǰ�!ˡď˕. LBďČ,

��'ˠ37°C(ɛ$!ˡ 
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DNA-ōʃĲÉ  

� DT40ȪɁ2-ōʃĲÉ.K�Rg�y��Z��ǀCǰ�'ɛ$!ˡ1 × 107

¼-ȪɁCŧǛ�! PBS,ˠÚʼʨȩ,<>ȂʴǦ,�! 30 µg-V�\g�

Rg DNACǍâ�ˠGene Pulser˞Bio Rad˟Cǰ�'ˠ550Vˠ25µF-ƙ§(˄

ƷǾ,ōʃĲÉ�!ˡ20mL -Ɖ˜+ďČ( 24 Ɛʸď˕�!őˠʢűǰɘÝC

â�! 80mL-ďČ(ŧǛ�ˠ96Șt��g, 200µL�%Óǂ�!ˡ7-10Ƌő

,ɘÝȽŝCŴ%R���C 24Șt��g,Ȕ�' �ɣ=, 2Ƌʸď˕�!őˠ

øR���C 60 mmZ���,Ȕ�ˠď˕�!ˡʢűǰɘÝ,.�@ @ˠ50 

µg/mL Blastcidin-S˞Sigma-Aldrich˟ɣ 1 mg/mL Histidinol˞iN�He\R˟ɣ 2 

mg/mL Neomycin˞ iN�He\R˟ɣ 30 µg/mL Puromycin˞ Invitrogen˟�<1 50 

µg/mL Zeomycin˞Invitrogen˟Cǰ�!ˡ�=,ˠZnT7, ZnT5, ZnT6-ˌ( KO

�?�)(ˠTKO ȪɁơCŔ!ˡ6!ˠ��@-ōʃĲÉȪɁơ,%�': 3

R���¥�óŔ�!ˡ 

a�nRʃ-ɷɟ  

� DT40ȪɁC 0.5% BSA-HBSS˞25 mM Hepes-NaOH, pH 7.4, 120 mM NaCl, 0.8 

mM MgCl2, 5.4 mM KCl, and 2 mM CaCl2 (˟ǄǇ�' 3000 rpm( 5Óʸ Īɣǒ(
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ʡřĈò�ˠ0.5% BSA-HBSS, 500 mL�!> 3.5 × 105¼)+?<,ÎŧǛ

�!ˡ�-őˠȪɁŧǛǊ,İ�'ˠŰ IgM Ű¯ˠZnPyˠZnCl2ˠ�?�. Py

Cǰ�' 37.0°C( 10-30ÓʸÑǭCɛ$!ˡ6!ˠĩ˘,<$'.ˠPI3Kʺī

Ý)�' LY294002ˠMEKʺīÝ)�' U0126Cǰ�' 37.0°C( 30ÓʸˠÜ

ÑǭCɛ$! 0l.5% BSA-HBSS(ǄǇ�!ő Cɣell lysis buffer ˞ 50 mM Tris–HCl, 

pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton-X100, 0.1% SDS, 10 mM NaF, and 1 

mM NaVO3 C˟ǰ�'Īǒ( 15Óʸǌă�'ǖɧ�� 1ɣ4000 rpm( 5Óʸ 4ɣ°C

(ʡř�'ˠ�ǎCa�nRʃ)�'ǰ�!ˡɷɟ�!a�nRʃǜŃ. BSA

CƩǕ)�'ˠBradfordǀ,<>ǓĨ�!ˡ 

IK\a�s�dgɧƛ  

� ɷɟ�!a�nRʃ˞ 30 µg C˟ 10% SDS-y�FR��F{hU�˄Ʒǃæ,

<>Ó˃�ˠjg�^���\}�s��,a�RŇs�deG�Sɞȹ(ʊ

Ï�! �l-ő }ɣ�s��. 5%\P|{�RCü8 TBST˞ 10 mM Tris-HCl, pH 

7.5, 150 mM NaCl, 0.1% Tween 20˟(s�dP�S�!őˠ1ƮŰ¯) 4°C( 15

Ɛʸñś��!ˡ1ƮŰ¯.ˠŰ pAktˠŰ AktˠŰ pErkˠŰ Erkˠ�<1Ű HA

Ű¯C �ɣ@ @ 5 %BSACü8 TBST( 1000-2000½,ļʫ�'ǰ�! Hl�
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P�v�g-őˠ}�s��C TBST( 5Óʸ × 3ĈǄǇ�ˠ5 %BSACü8

TBST( 2000½,ļʫ�! HRPƩɻ 2ƮŰ¯Cǰ�' Īɣǒ( 1Ɛʸ 2ƮŰ¯

ñśCɛ$!ˡÎ1}�s��C TBST( 5Óʸ × 3ĈǄǇ�!őˠImmobilon 

Western Chemiluminescent HRP substrates˞ Millipore, Billerica, MA, USA (˟çĤǽ

Ç�� Cɣhemi-Doc XRS system˞Bio-Rad, Hercules, CA, USA˟Cǰ�'m�hC

ƥÒ�!ˡ 

PTPaseǅŝ-ǓĨ  

DT40 ȪɁC 2mL -®ǒx~[iH]mdrE�˞0.25 M sucrose, 20 mM 

HEPES, and 1 mM EDTA˟,ŧǛ�ˠƹ�(bI�\x~[iHY�Cǰ�'ȉ

Ȉ�!ˡx~[k�gC 2200 rpm, 4°C( 10Óʸʡř�ˠƢCó>ʾ�!ˡ�

-ő 1ɣ2000 rpm 4ɣ°C( 1Ɛʸʡř� wɣ�dgC PTP lysis buffer˞ 50 mM bis-tris, 

2 mM EDTA, pH 6.3 with HCl 5 mM DTT, 20% glycerol, and 0.1% Triton X-100˟C

ǰ�'Īǒ( 15Óʸǌă�'ǖɧ��ˠ�=, 14000 rpm( 5Óʸˠ4°C(ʡ

ř�'ˠ�ǎCa�nRʃ)�'ǰ�!ˡɷɟ�!a�nRʃǜŃ. BSACƩ

Ǖ)�'ˠBradfordǀ,<>ǓĨ�ˠa�nRʃ˞10 µg˟C 10ÓʸˠĪǒ(t

�H�P�v�g�!ő 9ɣ6Șt��g,Óǂ�! Slubstrate solution˞ 10 mg/mL 



 33 

p-nitrophenyl phosphate in assay buffer: 50 mM Bis-Tris, 2 mM EDTA, pH 6.3 with 

HCl, and 5 mM DTT˟C 100 µLǍâ�ˠĪǒ( 15ÓʸH�P�v�g�!őˠ

ʨȩǅŝ,<>ʜ˃�! p-nitrophenol-ʮC 405nmǁʶ-ýÇŃ<>ƺ9!ˡ

ǠÛǚ-WTơ- PTPaseǅŝCV�g���)�'ˠ�@ @-ơˠ�<1Û

ǚƙ§,��? PTPaseǅŝ-ɯ·Cɛ$!ˡ 

�ʱʢűǾəÇƟɑ�<1ȪɁÍʜ˃�ʱǜŃ-ɯ·  

� 1×106¼- DT40ȪɁC 0.5%BSA�<1 50 µM 2MECǍâ�! RPMI1640ď

Č,' 37°C ( 5 ƐʸH�P�v�g�ˠɚǎ˔˖C��!ˡ0.05% y�-L-�

[�(V�eG�S�!Nm�O�\�( 5 µM-Newport Green PDX�?�.

FluoZin-3Cǰ�' 30ÓʸÑǭCɛ$!ˡúƐ,ˠBODIPY TR ceramideCǰ�

'W�[¯-ƟɑCɛ$!ˡ�-őˠZnPy�<1Ű IgMŰ¯Cǰ�' DT40Ȫ

ɁCÛǚ�! Ɵlɑ�!ȪɁ.Ìǡǟ��Y�˒ŗʵ˞ Carl Zeiss LSM510 C˟ǰ

�'ɦį�!ˡ 

� 5 × 105¼- DT40ȪɁC Newport Green PDX(Ɵɑ�ˠŰ IgMŰ¯ÛǚƐ-

ȪɁÍʜ˃�ʱǜŃCɯ·�!ˡȪɁÍ-ʜ˃�ʱǜŃ.¥�-ËŇCǰ�'

ȡÒ�!ˡ 
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[Zn]=KD×[(F-Fmin)/(Fmax-F)] 

əÇŊŃ˞F˟-ǓĨ,.ˠt��g��b�GENIOS˞ TECAN˟Cǰ�! Flmin

. 10 µM TPEN(Ñǭ�?�)(ƺ9ˠFmax.ʞß- ZnPy˞75 µM˟CǍâ�

?�)(ƺ9!ˡ 

� 6!ˠȪɁÍ,əÇt��s�ó>ʐ6@'�?�Cȋ�9?!9ˠȪɁC

Newport Green PDX(Ñǭ�ˠ0.5% BSA/HBSS(ǄǇ�!őˠ50 µM-[Qg

j�Cü8 HBSS(ȪɁCǖɧ�!ˡʞßʮ- ZnSO4˞ 20 µM˟CǍâ�?�)

(ȪɁÍ,ó>ʐ6@'�! Newport Green PDX�3'C�ʱ)Ȯù��ˠ�

-əÇŊŃCǓĨ�!ˡNewport Green PDX-ǜŃ. in vitro(±Ũ�!ƥʮȵ

Cǰ�'ȡÒ�!ˡ 

ȪɁǮģǪ-ɯ·  

ȪɁǮģǪ-ɯ·.MTTFd^H�<1 Cytotox-Glo˞Promega˟Cǰ�'ɛ

$!ˡMTTFd^H.ˠ1 × 106¼/ mL- DT40ȪɁC 100 µL�% 96Șt��

g,Óǂ�ˠ5 mg/mL MTTǖǊC 10 µLǍâ�'ɛ$!ˡ6Ɛʸď˕�!őˠ

öǖçǊ˞10% SDS, 10mM NH4Cl˟C 100 µLǍâ�' 37°C( 16ƐʸH�P�

v�g�!ˡ�-ő 595 nmǁʶ,��?ýÇŃCǓĨ�ˠȪɁ-ǮģǪCɯ·
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�!ˡ 

� Cytotox-Glo ,ʹ�'.ˠDT40ȪɁC 0.5% BSA-HBSS˞25 mM Hepes-NaOH, 

pH 7.4, 120 mM NaCl, 0.8 mM MgCl2, 5.4 mM KCl, and 2 mM CaCl2˟(ǄǇ�'

3000 rpm( 5Óʸ Īɣǒ(ʡřĈò� 0ɣ.5% BSA-HBSS, 500 µL�!> 3.5 × 105

¼)+?<,ÎŧǛ�! �l-ő ȪɣɁŧǛǊ,İ�' ZɣnPyCǰ�' 37.0°C

( 10ÓʸÑǭ� DɣT40ȪɁC 100 µL�% 96Șt��g,Óǂ�! AlAF-Glo 

SubstrateǖǊC 100 µLǍâ�ˠĪǒ( 15Óʸ˅ȹ�!őˠF{l�ZrJ�

�)ưȪɁ,Ǳƚ�?t�eF�_)-ñś,<$'Ǯ�?ǽÇŊŃ˞ A C˟Ǔ

Ĩ�!ˡ�-őˠ[Qgj�Cü8 Assay BufferCǍâ�ˠȪɁC�3'ǖɧ�

�!Ɛ-ǽÇŊŃ˞B˟CǓĨ�!ˡ�-őˠB�= ACĺ�ň��)(ȪɁ-

ǮģǪCɯ·�!ˡ  
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�ȮƜ	 

1. BCR&%(*!��� ��$��!�� . 

� ɕȼ.6�ˠDT40 ȪɁ-ʭǮơCǰ�'ˠŰíÛǚ�@! BCR ZSi�ȭ

ʇ,İ�?ȪɁÍ�ʱ-ŏˉCƥɫ�!ˡ Akt �<1 Erk �@ @-��ʪç

¯ˠ�?�.ȴ Akt �<1ȴ Erk ,ǥǷǾ+Ű¯Cǰ�'ˠȪɁɋʔʞŝ�ʱ

P��a�(�? TPENÑǭ-ƒǠ,<? BCRZSi�,��?�@=-a�

nRʃ-��ʪç,%�'IK\a�s�dgǀ,<>ɧƛ�!˞Ċ 4-1˟l  

 

Ċ  4-1, Enhancement of Akt and Erk phosphorylation required zinc. 

Serum-starved cells were treated with (+) or without (-) 10 µM TPEN for 1 h, 
before treatment with 0.5 mg/mL anti-IgM antibody (lane 2 and 3), and then 

treated with 10 and 20 µM ZnPy (lane 4 and 5) or 10 µM CaI (lane 6). 
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�-ȮƜˠŰ IgMŰ¯,<? BCR-ǅŝç�ˠAkt�<1 Erk-��ʪçCɳ

Ĳ�'�?�)�ɦį�@!˞Ċ 4-1, ��� 2˟l ɐĀǋ��),ˠŰ IgM Ű

¯-Ûǚ,<? Akt �<1 Erk -��ʪç.ȪɁɋʔʞŝ-�ʱP��gÝ(

�? TPEN 10 µM( 1ƐʸÑǭ�?�),<>ŮÚ�@!˞ Ċ 4-1, ��� 3˟l

6!ˠ�ʱHMlrLF(�?ˠ ZnPyˠAkt,ʹ�'. 10 µMˠErk,ʹ�'

. 20 µM Ǎâ�?�)(ˠTPEN Ñǭ,<?�@=-a�nRʃ-��ʪç-

ŮÚ�ĈŖ�!˞Ċ 4-1, ��� 4, �<1 5˟l �Ɗ(ˠN�ZI|HMlrL

F(�?HMlzHZ�N�ZI|Ĕ-Ǎâ(.ˠ�@=-a�nRʃ-��

ʪç.ĈŖ�@+�$!˞Ċ 4-1, ��� 6˟l  

 

Ċ  4-2, Effect of TPEN pretreatment against a viability of DT40 cells. 

Serum-starved cells were treated with 5 µM (column 2), 10 µM (column 3), 25 µM 
(column 4), 50 µM (column 5), and 100 µM (column 6) TPEN.  
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Ċ  4-3, Effect of treatment with Chelex-100 resin (CX) against a viability of DT40 
cells and PTPase activity. Cells were incubated for 24 h (column 3 and 4), and 48 h 

(column 5 and 6) with zinc-free serum constructed by CX treatment.  

 

� 6!ˠMTTFd^H,<>ˠ10 µM- TPEN,<?Ñǭ�ȪɁ-ǮģǪ,ŏ

ˉ�'�+��)Cȋɲ�!˞Ċ 4-2˟l �=,ˠChelex-100ƪɃ˞CX˟Cǰ�

'ďČ�-ɚǎ,ü6@?�ʱCP��g�'±ɟ�!�ʱƭ�ďČCǰ�'

DT40ȪɁCď˕�!)�Aˠď˕ő 24Ɛʸ(ȪɁǮģǪ�®��ˠ48Ɛʸő

,.Ȩ 25%-ȪɁ-ưǗ�ɦį�@! 6l! �ɣʱƭ�ďČ(-ď˕,<$'ˠ

ȪɁʃÍ- PTPaseǅŝ��ƌ�'�?�)�ƍ=�,+$!˞Ċ 4-3˟l  
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� Ʈ,ˠȪɁÍ-�ʱ� Akt �<1 Erk -��ʪç,ʹ��'�?�*�C

ɷ3?!9ˠ�ʱHM�)�' ZnCl2Cǰ�'ˠZnPy CǍâ�!ēù)ƶʌ�

!˞Ċ 4-4˟l �-ȮƜˠ5-10 µM- ZnPy-Ǎâ,<>ˠŰ IgMŰ¯(Ûǚ�

!ēù)úȕŃ6( Akt�<1 Erk-��ʪç�ĕŊ�@'�!˞Ċ 4-4, ��

� 2, 5, �<1 6˟l ���+�= 1ɣ0 µM-Ĕç�ʱ-Ǎâ(.ˠ�@=-a�

nRʃ-��ʪç.ĕŊ�@+�$!˞Ċ 4-4, ��� 3, �<1 4˟l 6!ˠ�

ʱCü6+�q�cM�˞Py˟-7CǍâ�!ēù,: Aɣkt�<1 Erk-��

ʪç�ĕŊ�@?�).+�$!˞Ċ 4-4, ��� 7˟l  

 

Ċ  4-4, The treatment with ZnPy activated the phosphorylation of Akt and Erk. 

The abbreviation, "unt." was defined the untreated sample. Serum-starved cells 

were treated with 0.5 mg/mL anti-IgM antibody (lane 2), 5 and 10 µM ZnCl2 
(lanes 3 and 4), 5 and 10 µM ZnPy (lanes 5 and 6), and 20 µM pyrithione (lane 7) 
for 10 min.  
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� �=, ZɣnPy-ǜŃC 0, 2.5, 5, 10, 25 µM)Ęç��'Ǎâ�!)�A ZɣnPy

ǜŃ¶ģǾ+ AKt�<1 Erk-��ʪç-ĕŊ�7=@!˞Ċ 4-5˟l 6!ˠ10 

µM - ZnPy -Ǎâ,<>ˠAkt �<1 Erk �ÅÓĕŊ�@?�)�B�$!ˡ

6!ˠ10 µM- ZnPyCǰ�'ˠǍâƐʸC 0, 5, 10, 15, 30, �<1 60Ó,Ęç

��'ƥɫCɛ$!˞Ċ 4-6˟l �-ȮƜˠZnPy ǍâƐʸ¶ģǾ+ Akt �<1

Erk -��ʪç-ĕŊ�ɦį�@ˠȨ 10 Ó-ǍâƐʸ,<>ˠ�@=-a�n

Rʃ-��ʪç�ÅÓĕŊ�@ˠAkt,��'. 30ÓˠErk,ʹ�'. 60Ó6

(ˠ��ʪç-ĕŊ�Ŵȱ�@?�)�B�$!ˡƮ�(ˠú�ĩ˘ƙ§,�

�?ȪɁǮģǪCɯ·�!)�AˠĴ+�): 60Ó- ZnPyǍâ6(.ˠDT40

ȪɁ-ǮģǪ,ŏˉC��+��)�ȋɲ�@!˞Ċ 4-7˟l  
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Ċ  4-5, Akt and Erk phosphorylation by ZnPy was enhanced in a dose-dependent 
manner. The abbreviation, "unt." was defined the untreated sample. 

Serum-starved cells were treated with 1 µM ZnPy (lane 2), 2.5 µM (lane 3), 5 µM 

(lane 4), 10 µM (lane 5), and 25 µM (lane 6).  

 

Ċ  4-6, Akt and Erk phosphorylation by ZnPy was enhanced in a time-dependent 
manner. The abbreviation, "unt." was defined the untreated sample. 

Serum-starved cells were treated with 10 µM ZnPy for 5 min (lane 2), 10 min (lane 
3), 15 min (lane 4), 30 min (lane 5), and 60 min (lane 6).  
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Ċ  4-7, ZnPy did not affect against a viability of DT40 cells. The abbreviation, 

"unt." was defined the untreated sample. Serum-starved cells were treated with 10 

µM ZnPy for 5 min (column 2), 10 min (column 3), 15 min (column 4), 30 min 
(column 5), and 60 min (column 6).  

 

�=,ˠȪɁÍ-�ʱ,<>ɳʅ�@? Akt �<1 Erk -��ʪç,%�'ˠ

<>ɱȪ+ƥɫCɛ!9 BɣCRZSi�,��?Akt-�ǆĉġ(�? PI3Kˠ

�<1 Erk-�ǆĉġ(�?MEK-ʺīÝ)�' LɣY294002˞ Ċ 4-8 A˟�<

1 U0126˞Ċ 4-8 B˟C�@ @ǰ�'Ñǭ�!őˠDT40ȪɁ,Ű IgMŰ¯,

<?Ûǚ �ɣ?�. ZnPyǍâCɛ$! �l-ȮƜ Űɣ IgMŰ¯(Ûǚ�!ēùˠ

ZSi�-ʷğǟ(�? BCR�=��ʪç�©ʟ�@?!9ˠ�@=-ʺīÝ

-Ñǭ,<> Akt �<1 Erk -��ʪç��@ @ŮÚ�@'�!˞Ċ 4-8 C, 
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��� 1-4˟l �ƊˠZnPyCǍâ�!ēù,:ˠ�@=-ʺīÝ,<$' Akt�

<1 Erk-��ʪç�ŮÚCô�'�?�)�B�$!˞ Ċ 4-8 C, ��� 5-8˟l 

 

 

Ċ  4-8, A, and B:The inhibitors of PI3K and MEK. C: These inhibitors inhibited 
the phosphorylation of Akt and Erk. Serum-starved cells were pretreated with (+) 
or without (-) LY294002 or U0126, before treatments with 0.5 mg/mL anti-IgM 

antibody (lanes 1-4) and 10 µM ZnPy (lanes 5-8).  

A B 

C 
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2. BCR
	�������������ZIP9��������� . 

� ɕȼ.ˠ�ʱg��\y�a�,<>Úŕ�@?ȪɁÍ-�ʱ�v�-Ęæ

�ˠAkt �<1 Erk -��ʪç,ŏˉC��?�*�Cƥɫ�?!9ˠZIP9

�?�. ZnT5, 6�<1 7CldRFIg�!ȪɁơCǰ�! ɕlȼ.6� ɚɣ

ǎ-ģċ�ˠʕĽď˕ƙ§,��?�@=-a�nRʃ-��ʪç,%�'ƥ

ɫ�!ˡ�-ȮƜˠʭǮơ�<1 ZnT5, 6�<1 7ʣ©ġ-�ʬƭŽ˞TKO˟ơ

,��'.ˠʕĽď˕-Ǧţ,��'ɦį�@? Akt �<1 Erk -��ʪç�

7=@!�ˠj�g� Zip9 ʣ©ġldRFIg˞cZip9KO˟ơ,��'.�@

=-a�nRʃ.��ʪç�@'�+�$!˞Ċ 5-1˟l  

 

Ċ  5-1, Suppression of Akt and Erk phosphorylation in cZip9KO cells. Western 
blot analysis was performed using exponentially growing WT (lane 1), TKO (lane 
2), and cZip9KO (lane 3) cells. 
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6!ˠú�ĩ˘ƙ§,��'ˠȪɁÍ- PTPaseǅŝCǓĨ�!)�A TɣKOơ

,��'. PTPaseǅŝ-®��7=@ cɣZip9KOơ,��'. PTPasekǅŝ-

�ƌ�ɦį�@!˞Ċ 5-2˟l  

 

Ċ  5-2, Analysis of total PTPase activity. WT (column 1), TKO (column 2), and 
cZip9KO (column 3) cells were subjected to PTPase assay.  

 

6!ˠ�@ @-ơ,��?ȴc�Z���ʪç�v�CIK\a�s�dg

ǀ,<>ɧƛ�!)�AˠcZip9KO ơ,��'c�Z���ʪç�v�-ǐŉ

�7=@!˞Ċ 5-3˟l  

 

 



 46 

 

Ċ  5-3, Suppression of total tyrosine phosphorylation in cZip9KO cells. Western 
blot analysis was performed using exponentially growing WT (lane 1), TKO (lane 
2), and cZip9KO (lane 3) cells. 

 

  



 47 

� �=,ɱȪ+ƥɫCɛ!9 ɚɣǎ˔˖ƙ§,��' �ɣ@ @-ơ, 10 µM

- ZnPyCǍâ�'ƥɫCɛ$!˞Ċ 5-4˟l �-ȮƜˠʭǮơ�<1 TKOơ(

. ZɣnPy-Ǎâ,<? Akt�<1 Erk-��ʪç-ĕŊ�7=@!� cɣZip9KO

ơ,��'.�@=-a�nRʃ-��ʪç.ĕŊ�@+�$!ˡ 

 

Ċ  5-4, ZnPy failed to induce Akt and Erk phosphorylation in cZip9KO cells. 

Serum-starved WT (lanes 1 and 2), TKO (lanes 3 and 4), and cZip9KO (lanes 5 

and 6) cells were treated with (+) or without (-) 10 µM ZnPy for 10 min. 

 

6!ˠ�@ @-ơ,%�' PTPase ǅŝCǓĨ�!ˡʭǮơ,��'ˠZnPy

Ǎâ,<? PTPaseǅŝ-®��7=@!˞Ċ 5-5, N�| 2˟l �@,İ�'ˠ

TKOơ,��'.ˠZnPy-Ǎâ,<?˒ɕ+ PTPaseǅŝ-®�.7=@+�

$!˞Ċ 5-5, N�| 3, �<1 4˟6!ˠcZip9KOơ- PTPaseǅŝ.ƔÑǭ-
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Ǧţ(ʭǮơ-Ȩ 2 ½¥�6(�ƌ�'�>ˠZnPy CǍâ�': PTPase ǅŝ

.®��+�$!˞Ċ 5-5, N�| 5, �<1 6˟l  

 

Ċ  5-5, Analysis of PTPase activity in serum-starved DT40 cells. After treatment 

of serum-starved WT (columns 1 and 2), TKO (columns 3 and 4), and cZip9KO 
(columns 4 and 5) cells treated with (columns 2, 4 and 6) or without (columns 1, 3 

and 5) 10 µM ZnPy for 10 min, and subjected to PTPase assay.  

 

�=,ˠ�@ @-ơ,%�'ȴc�Z���ʪç�v�-ɧƛCɛ$!ˡ�

-ȮƜ WɣTơ�<1 TKOơ,��' ZɣnPyǍâ,<?c�Z���ʪç-ǐ

ŉ�7=@!ˡ6!ˠcZip9KO ơ,��?c�Z���ʪç�v�-ǐŉ.ˠ

ZnPyCǍâ�':ĈŖ�+�$!˞Ċ 5-6˟ 
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Ċ  5-6, ZnPy failed to induce total tyrosine phosphorylation in cZip9KO cells. The 
abbreviation, "unt." was defined the untreated sample. Serum-starved WT (lanes 
1 and 2), TKO (lanes 3 and 4), and cZip9KO (lanes 5 and 6) cells were treated with 

10 µM ZnPy for 10 min. 
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3. BCR&%(*!���� ��$)'Zip9��	����!�� .  

� ��6(-ĩ˘ȮƜ,<> Aɣkt�<1 Erk-��ʪçC�ʱg��\y�a

�ZIP9 �Úŕ�'�?öɂŝ�ȌĆ�@!ˡ��(ˠ�ʱɷȣ,<?ˠȪɁÍ

��ʪç-Úŕ� ZIP9-ÓġƬɂ)�'ˠj�g�¥ę-ǮǤȖ,��':º

ģ�@'�?�Cɷ3?!9ˠj�g�ˠog�<1zI\- ZIP9-F{lʪ

ʧÕCƶʌ�!˞Ċ 6-1˟l j�g� ZIP9.og ZIP9)Ȩ 90%ˠzI\ ZIP9)

Ȩ 87˝-˛�ȃúŝCƒ�'�!�)�=ˠcZip9KO ơ, hZip9 CĲÉ�?�

)(ˠZIP9 -Ƭɂ-ĈŖ�ɢ=@?�*�Cƥɫ�!ˡcZip9KO ơ,.ˠu

zS�cj�˞HA˟aSC£â�! hZip9ʣ©ġCĲÉ�ˠcZip9KO+hZIp9HA

ơ)�!ˡ 
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� ʕĽď˕ƙ§,��'ˠAkt �<1 Erk -��ʪç,%�'ɷ3!)�Aˠ

cZip9 -ldRFIg,<>ǐŉ�'�!�@=-a�nRʃ-��ʪç�ˠ

hZip9ʣ©ġ-ĲÉ,<>ĈŖ�'�?�)�B�$!˞ Ċ 6-2˟l6! hɣZip9HA

ơ,��? PTPaseǅŝ,ʹ�':ˠʭǮơ)úȕŃ-ǅŝCȌ�!˞Ċ 6-3˟l 

 

Ċ  6-2, Overexpression of hZip9 restored the phosphorylation of Akt and Erk. 
Western blot analysis was performed using exponentially growing WT (lane 1), 

cZip9KO (lane 2), and cZip9KO+hZip9HA (lane 3) cells. 
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Ċ  6-3, Analysis of total PTPase activity. WT (column 1), cZip9KO (column 2), 
and cZip9KO+hZip9HA (column 3) cells were subjected to PTPase assay.  

 

� �=,ɱȪ+ƥɫCɛ!9ˠɚǎ˔˖ƙ§,��'�@ @-ơ, 10 µM

- ZnPyC 10Ó�?�. 30Ó-ǍâƐʸ(Ǎâ�'ƥɫCɛ$!ˡ�-ȮƜˠ

cZip9KO ơ,��'ˠAkt -��ʪç. 30 Ó- ZnPy Ǎâ(:ĕŊ�@+��

)�B�$!˞ Ċ 6-4, ȝ 1nk�, ��� 5, �<1 6˟l 6! cɣZip9KOơ,�

�? Erk-��ʪç. 10Ó- ZnPyǍâ(.ʅ�=�ˠ30Ó- ZnPyǍâ,<

?ĕŊ-7�ȋɲ�@!˞Ċ 6-4, ȝ 3 nk�, ��� 5, �<1 6˟l �@,İ

�'ˠhZip9HA ơ,��'.ˠAkt �<1 Erk -��ʪç� 10 Ó- ZnPy Ǎâ

-Ɛǟ(ĕŊ�@'�!˞Ċ 6-4, ��� 8, �<1 9˟l 6!ˠZnPy-Ǎâ. 
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hZip9HA-ǽǫ,ŏˉC��+�$!˞Ċ 6-4, ȝ 5nk�, ��� 7-9˟l  

 

 

Ċ  6-4, Overexpression of hZip9 in cZip9KO cells by ZyPy treatment stimulated 

the phosphorylation of both proteins. Serum-starved WT (lanes 1-3), cZip9KO 

(lanes 4-6), and cZip9KO+hZip9HA (lanes 7-9) cells were treated with 10 µM 
ZnPy for 10 min (lanes 2, 5 and 8) and 30 min (lanes 3, 6 and 9). The abbreviation, 

"unt." was defined the untreated sample. 
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Ċ  6-5, Overexpression of hZip9 in cZip9KO cells and ZyPy treatment did not 
affect against cell viability. Serum-starved WT (columns 1-3), cZip9KO (columns 

4-6), and cZip9KO+hZip9HA (columns 7-9) cells were treated with 10 µM ZnPy 
for 10 min (columns 2, 5 and 8) and 30 min (columns 3, 6 and 9). The abbreviation, 
"unt." was defined the untreated sample. 

 

úƙ§,��?ȪɁǮģǪCɯ·�!)�A cɣZip9ʣ©ġ-ldRFIg�<

1 cZip9KO ơ2- hZip9 ʣ©ġ-ĲÉ,<?ŏˉˠ�<1�@=-ơ,İ�?

ZnPy Ǎâ-ŏˉ.7=@+�$!˞Ċ 6-5˟l �=,ˠ�@ @-ơ,��?

PTPaseǅŝCɷ3!)�A hɣZip9HAơ- PTPaseǅŝ.ʭǮơ)úȕŃ(�$

!˞Ċ 6-6, N�| 7-9˟l 6!ˠhZip9KO ơ,��' ZnPy Ǎâ,<? PTPase

ǅŝ-ʺī�ɦį�@!˞Ċ 6-6, N�| 4˟l  
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Ċ  6-6, Analysis of total PTPase activity. Serum-starved WT (columns 1-3), 
cZip9KO (columns 4-6), and cZip9KO+hZip9HA (columns 7-9) cells were treated 

with 10 µM ZnPy for 10 min (columns 2, 5 and 8) and 30 min (columns 3, 6 and 9). 
Values are expressed as the mean ± standard deviations. Significant difference at 
the level of *P < 0.01 for the columns linked by a line. 

 

� �ƊˠŰ IgM Ű¯,<?Ûǚƙ§,��'úƨ-ƥɫCɛ$!)�Aˠ

cZip9KO ơ,��'. Akt �<1 Erk -��ʪç�ĕŊ�@+�$!˞Ċ 6-7, 

��� 4˟l �@,İ�'ˠhZip9HAơ,��'.�@=-a�nRʃ-��ʪ

ç�ĕŊ�@'�!˞Ċ 6-7, N�| 6˟l  
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Ċ  6-7, Overexpression of hZip9 restored the response to anti-IgM 
antibody-stimulated BCR activation. Serum-starved WT (lanes 1 and 2), cZip9KO 

(lanes 3 and 4), and hZip9-HA-overexpressing cZip9KO (lanes 5 and 6) cells were 
treated with 0.5 mg/mL anti-IgM antibody for 10 min. 
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4. ZIP9 #$���"!����!�����������!�
+  

Ʈ,ˠDT40 ȪɁ,��'ˠW�[¯�=ȪɁʃ2-�ʱƂÒ� ZIP9 ,<$'

ɛB@'�?�Cɷ3?!9ˠ�ʱ,İ�?Ţôŝ-Ƿ+? 2 Ȗ-ȪɁɋʔʞ

ŝ�ʱʢűǾəÇt��s˞Newport Green PDX, �<1 FluoZin-3˟Cǰ�'Ȫ

ɁÍ-�ʱƟɑCɛ$! 6l! Wɣ�[¯z�N�)�' BɣODIPY TR ceramide

9��-D,863�(&��"�@BC?1��2�!.7,10D� �3�(

3��9#�-/E 

� Newport Green PDX,<?Ɵɑ-ȮƜ�=ˠWTơ,��' ZnPy-Ǎâ,<

?ȪɁʃ-�ʱ�v�-�ƌ�7=@!˞Ċ 7-1 nk� a �<1 b˟l ���ˠ

cZip9KOơ,��'.ZnPyǍâ,<?ȪɁÍ-�ʱ�v�-�ƌ.7=@+�

$!˞Ċ 7-1, nk� c �<1 d˟l 6!ˠhZip9HA ơ,��'. WT ơ)úƨ

,ˠZnPy -Ǎâ,<?ȪɁʃ-�ʱ�v�-�ƌ�ɦį�@!˞Ċ 7-1, nk

� e�<1 f˟l Ʈ�(ˠFluoZin-3,<?Ɵɑ-ȮƜ�=ˠƔÑǭ- DT40ȪɁ

,��'.ˠW�[¯Í,�ʱ�˂ȗ�'�?�)�ƍ=�,+$!˞Ċ 7-1,

nk� g, i�<1 k˟l 6!ˠʭǮơ�<1 hZip9HAơ,��' ZɣnPyCǍâ�

!Ɛ,ȪɁÍÊ¯,�ʱ�ųƄ�'�?-,İ�˞Ċ 7-1, nk� h�<1 l˟ɣ
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cZip9KOơ,��'.ˠZnPyCǍâ�':ȪɁÍ-�ʱ.W�[¯,ɖȗ�!

66(�$!˞Ċ 7-1,nk� j˟l  

 

Ċ  7-1, The intracellular zinc release depends on the expression of ZIP9. 
Serum-starved WT (panels a, b, g and h), cZip9KO (panels c, d, i and j), and 

hZip9-HA-overexpressing cZip9KO (panels e, f, k and l) DT40 cells were 

pretreated with 5 µM Newport Green PDX (magnification; ×40), FluoZin-3 
(magnification; ×60) and BODIPY TR-ceramide for 30 min before treatment with 

10 µM ZnPy (WT: panels b and h, cZip9KO: panels d and j, 
hZip9-HA-overexpressing cZip9KO: panels f and l) for 10 min. 
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Ċ  7-2, Serum-starved WT (panels a and d), cZip9KO (panels b and e), and 

hZip9-HA-overexpressing cZip9KO (panels c and f) DT40 cells were pretreated 

with 5 µM Newport Green PDX (magnification; ×40) and BODIPY TR-ceramide 
for 30 min before treatment with 0.5 mg/mL anti-IgM antibody (WT: panel d, 

cZip9KO: panel e, hZip9-HA-overexpressing cZip9KO: panel f) for 10 min. The 
abbreviation, "unt." was defined the untreated sample, and white bars were 

defined as 10 µm length. 

 

úƨ,ˠŰ IgMŰ¯(Ûǚ�!ēù,:ˠʭǮơ�<1 hZip9KOơ,��'.

Ű IgM Ű¯-Ûǚ,ś�'ȪɁʃ-�ʱ�v�-�ƌ�ʅ�'�!-,İ�

˞Ċ 7-2, nk� a, d, c�<1 f˟ɣ cZip9KOơ,��'.Ű IgMŰ¯-Ûǚ,ʅ

ĉ�?ȪɁÍ-�ʱ�v�-�ƌ.ɦį�@+�$!˞Ċ 7-2, nk� b�<1

e˟l  
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� 6!ˠNewport Green PDXCȪɁÍ,ó>ʐ6�!őˠǄǇ� 5ɣ0 µM-[Q

gj�Cü8 HBSS(ǖɧ��!ˡʞßʮ-�ʱ˞20 µM ZnSO4˟CǍâ�?�

)(ˠȪɁÍ,ó>ʐ6@'�! Newport Green PDX�3'C�ʱ)Ȯù��

'əÇŊŃCǓĨ�ˠŔ=@!ƥʮȵ˞Ċ 7-3 A˟�=ȪɁÍ- Newport Green 

PDX-ǜŃCƺ9!)�A �ɣ@ @-ơ,��' 5ɣ µM- Newport Green PDX

-#ˠȨ 95%¥��ȪɁÍ,ó>ʐ6@'�?�)Cȋɲ�!˞Ċ 7-3 B˟l  

 

 

 

Ċ  7-3, The concentration of Newport Green PDX in DT40 cells was calculated 

using the calibration curve. After treatment of Newport Green PDX (5 µM for 30 
min), washed out with 0.5% BSA/HBSS, and then lysed with HBSS buffer 

containing 50 µM Digitonin, and added excessive amounts of ZnSO4 (20 µM). 

 

A B 
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� �=,ˠ5×105¼- DT40ȪɁÍ,ó>ʐ6�! 5 µM- Newport Green PDX

-əÇŊŃCǓĨ�?�),<> ȪɣɁʃÍ-�ʱǜŃ-ǓĨCɛ$!˞ Ċ 7-4˟l

�-ȮƜˠWT ơ,��'ˠŰ IgM Ű¯-Ûǚ,<>ˠȪɁʃ-�ʱǜŃ-�

ƌ�ȋɲ(�!˞ƔÑǭˣ2.05 ± 0.17 µM, Ű¯Ûǚˣ2.87 ± 0.30 µM˟l �Ɗ(ˠ

cZip9KO ơ,��'.ˠȪɁʃÍ-�ʱǜŃ.Ű IgM Ű¯(Ûǚ�':�ƌ�

+�$!˞ƔÑǭˣ0.58 ± 0.09 µM, Ű¯Ûǚˣ0.87 ± 0.13 µM˟l 6!ˠhZip9HA

ơ-ȪɁʃÍ�ʱǜŃ. ʭɣǮơ)úȕŃ6(ĈŖ�'�!˞ ƔÑǭx 1.88 ± 0.18 

µM, Ű¯Ûǚˣ2.71 ± 0.14 µM˟l  

 

Ċ 7-4, The concentration of intracellular free zinc in DT40 cells. Serum-starved 
WT (column 1 and 2), cZip9KO (column 3 and 4), and hZip9-HA-overexpressing 

cZip9KO (column 5 and 6) cells were treated with 5 µM Newport Green PDX for 
30min, and then stimulated with 0.5 mg/mL anti-IgM antibody. 
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�=, DɣT40ȪɁ-ʭǮơCŰ IgMŰ¯(Ûǚ�!ēù,%�':�ʱǜŃ-

ǓĨCɛ$!˞Ċ 7-5˟l �-ȮƜˠȪɁʃÍ-�ʱǜŃ-�ƌ.ʛ�):Ûǚ 5

Óő,.ʅ�'�>ˠAkt�<1 Erk-��ʪç�ÅÓ,ĕŊ�@?Ûǚ 10Ó

ő)úȕŃ6(�ƌ�'�?�)�B�$!˞ƔÑǭˣ2.05 ± 0.17 µM, Ű¯Û

ǚ 5Óőˣ2.61 ± 0.22 µM, Ű¯Ûǚ 10Óőˣ2.87 ± 0.30 µM˟l �Ɗ(ˠȪɁ,

ZnPyCǍâ�!ēù,.ˠȪɁÍ,ó>ʐ6@! Newport Green PDX-45�

3'��ʱ)Ȯù�'�?Ǧţ(�?�)�ȋɲ�@!˞ ZnPyǍâ 5x.45 ± 0.52 

µM˟l  

 

Ċ 7-4, The concentration of intracellular free zinc in DT40 cells. Serum-starved 

WT cells were treated with 5 µM Newport Green PDX for 30min, and then 
stimulated with 0.5 mg/mL anti-IgM antibody for 5 min (column 2), 10 min 

(column 3), or treated with 10 µM ZnPy for 10 min (column 4). 
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�Ȼį	 

� ŚˍŗʮÄȩ(�?�ʱ.ˠ�3'-ǮǤȖ,)$'ʬɡ+ʯķÄȩ(�?ˡ

6!ˠ�ʱ.Ơ˕ȩ)�'"�(+�ˠȪɁÍ-^N�h}d^�[��)�

'Ƭɂ�?57)ˡǮ¯Í,��?�ʱ-ŞĽŝ. ZɣnT�?�.ZIP)ā/@?2Ȗ

-�ʱg��\y�a�,<$'îĭ,Úŕ�@'�? ZlIPrE{��,ķ�

?�ʱg��\y�a�.4%-XsrE{��˞ I, II, LIV-1, �<1gufA ,˟Ó

˓�@?14-�ʱg��\y�a�(ƧŨ�@'�?ˡ�@6(,ˠZIPg��

\y�a�,ʹ�?ȇș.ƅĚ�+�@'�>ˠ�@=-Ƭɂ)ʬɡŝ,ʹ�

'ƍ=�,�@'�?37-39) �l��+�= �ɣ@6(-ȇș,<>Ēÿ�@'�

?-. LɣIV-1�<1ZIPIIXsrE{��,ķ�?�ʱg��\y�a�,ʹ�

?ȅɢ��+�40)ˠZIPIXsrE{��,ķ�?�ʱg��\y�a�(�?ˠ

ZIP9-ȪɁƬɂ,%�'.ˠƔ"�ƍ+66(�$!ˡ 

� �Ɗ ȪɣɁÍ-�ʱ.TȪɁôĬ¯ZSi�©ʟ-ǅŝç�<1XHgNH�

ǯǮCü8TȪɁ�<1��nǬ-ÈǸƬɂ,ŏˉC��?�)�ȅ=@'�

?54) �l@. ȪɣɁÍ-�ʱǜŃ�ƌ� Lɣymphocyte-specific protein-tyrosine kinase

˞LCK �˟<1PKC-ǅŝçCɳĲ�?"�(+� TɣCRZSi�-ǅŝç,%
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+�?z-chain-associated protein kinase˞ZAP70˟-c�Z���ʪçCĕŊ�?

�),ʅĉ�?�):²�'Ēÿ�@'�?56)ˡBCRZSi�.BȪɁ-Ǯģˠ

ȪɁĕƲˠFyg�Z\+*Ě�-ȪɁƬɂ,ʹ�'ʬɡ+ŐàCŲ$'�>

67-72, 76)ˠBCR-ǅŝç.PI3K-Akt, PLCγ2-PKC, �<1Ras-Raf-Erk+*-N\T

�hȭʇ,ZSi�C©ʟ�?71, 73, 76) �l@=-N\T�h. Űɣ¯ǯǮ;ɬť

BȪɁ2-Óç,ʬɡ(�?� BɣCRZSi�,��?ȪɁÍ�ʱ-ŏˉ.�ƍ

+ʥÓ�Ě�ˡ 

� ��(ˠƖȇș(.~f�ȪɁ)�'j�g�B��nǬDT40ȪɁơCǰ�

'ˠBCRZSi�©ʟȭʇ,��?ZIP9,<$'Úŕ�@!ȪɁÍ�ʱ-ŏˉ

,%�'ƥɫCɛ$!ˡ 

� ȪɁɋʔʞŝ-�ʱP��a�(�? TPEN Ñǭ,<$'ȪɁÍę-�ʱC

z\P�S�!Ǧţ(. Űɣ IgMŰ¯Ûǚ,ʅĉ�? Akt, �<1 Erk-��ʪ

ç-ĕŊ�ʅ�=+�$!˞Ċ 4-1, ��� 3˟l 6!ˠTPEN,<?�@=-a

�nRʃ-��ʪç-ǐŉ.N�ZI|HMlrLF(�?ˠHMlzHZ�

-Ǎâ(.ĈŖ�+�$!-,İ�ˠ�ʱHMlrLF(�? ZnPyCˠAkt(

. 20 uM, Erk(. 10 µMǍâ�?�),<>ĈŖ�!˞ Ċ 4-1, ��� 4, 5�<
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1 6˟l 6! CɣXÑǭ,<>ɚǎ�,ü6@?�ʱHM�Có>ʾ�!�ʱƭ�

ďČ( DT40 ȪɁCď˕�?)ˠ24-48 Ɛʸ-ď˕(ȪɁǮģǪ-®��<1

PTPaseǅŝ-�ƌ�7=@!˞Ċ 4-3˟l PTPase.ǅŝ�ř-Z\eH�ƱĐ)

�ʱ�Ȯù�?�)(�-ǅŝ�ʺī�@?�)�ȅ=@'�?!9ˠȪɁʃ

Í-�ʱƭ�,<> �ɣ-ǅŝ��ƌ�!:-)Ȼ�=@! ¥l�-ȮƜ�=ˠ

DT40ȪɁ-ȪɁƬɂ-ȲŴ�<1Ű IgMŰ¯Ûǚ,<? BCRZSi�-ǅŝ

ç,.�ʱ�Śɡ(�?öɂŝ�Ȍ�@!ˡƮ�(ˠ�ʱHM�)�'Ĕç�

ʱCǍâ�': Akt�<1 Erk-��ʪç.ĕŊ�@+�$!˞Ċ 4-4, ���

3 �<1 4˟l 6!ˠ�ʱCü6+�q�cM�-7(:ˠ�@=-a�nRʃ

-��ʪç.ĕŊ�@+�$!˞Ċ 4-4, ��� 7˟�)�=ˠBCRZSi�-

ǅŝç,.ȪɁÍ-�ʱ�Śɡ(�?�)�Ȍ�@!ˡ�@.ˠZnPy.ȪɁɋ

ʔʞŝCŴ%!9ˠŊÚǾ,�ʱCȪʥÍ,æĄ(�?-,İ�ˠ�ʱHM�

-66(.ˠȪɁɋ�-�ʱg��\y�a�,<?ʎʒ-7(���ʱCȪ

ɁÍ,Ƽ7É@?�)�(��ˠBCR ZSi�Cǅŝç(�+�!9(�?)

Ȼ�=@!ˡ6!ˠZnPyǜŃ¶ģǾ+ Akt�<1 Erk-��ʪç�ɢ=@˞Ċ

4-5˟ɣ 10Ó- ZnPyǍâ,<>ÅÓ+��ʪç-ĕŊ�ʅ�'�!˞Ċ 4-6˟�
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)�=ˠBCRZSi�,��? Akt�<1 Erk-��ʪç,ȪɁÍ-�ʱ�Ś

ɡ(�?�)�Ȍ�@!ˡ6!ˠZnPy -Ǎâ.ˠĴ+�): 60 Ó6(.ȪɁ

ǮģǪ,ŏˉ�+�˞Ċ 4-7˟ɣ �@=-a�nRʃ-��ʪç�ȪɁư,ʅĉ

�?:-(.+��)�Ȍ�@!ˡ�=,ˠAkt-�ǆĉġ(�? PI3K�<1

Erk-�ǆĉġ(�?MEK-ʺīÝ,<?ÜÑǭ,<$'ˠ�@=-a�nR

ʃ-��ʪç-ĕŊ�ZnPyCǍâ�!ēù,��':Ű IgMŰ¯Ûǚ-ēù)

úƨ,�@ @ŮÚ�@!˞Ċ 4-8˟�)�=ˠȪɁÍ-�ʱ. Akt,�<1 Erk

-��ʪçCȂŸǾ,ĕŊ�?-(.+�Ĵ+�): PI3K�<1 MEK-�ǆ

-ĉġ,±ǰ�ˠBCR ZSi�ȭʇ-ǅŝçC �'�@=-a�nRʃ-�

�ʪçCĕŊ�'�?�)�Ȍ�@!ˡ¥�-ĩ˘ȮƜ,<>ˠȪɁÍ-�ʱ

� BCRZSi�©ʟȭʇ-ǅŝç,Śˍ(�?�)�ƍ=�,+$!ˡ 

� Ʈ,ˠʕĽď˕ƙ§,��' cZip9KOơ- Akt�<1 Erk-��ʪç�ǐŉ

�'�?�)�B�$!˞Ċ 5-1˟l TKOơ,��'. PTPaseǅŝ�ŮÚ�@ˠ

cZip9KO ơ,��'.ĕě�'�!˞Ċ 5-2˟l ¥�-ȮƜ�=ˠ�@=-�ʱ

g��\y�a�-ldRFIg,<>ˠȪɁʃ-�ʱ�v�,Ęæ�ʅ�'

�?öɂŝ�ȌĆ�@!ˡ6!ˠcZip9KO ơ,��'ȴc�Z���ʪç�v
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�-ǐŉ�7=@!˞Ċ 5-3˟l �-ȮƜ.ˠcZip9Koơ,��? PTPaseǅŝ-

�ƌCñƏ�!:-(�$!ˡǥ,ˠȨ 50 kDa-a�nRʃ-c�Z���ʪ

ç�ǥǷǾ,ǐŉ�'�>ˠ�-a�nRʃ� ZIP9-ƩǾa�nRʃ(�?ö

ɂŝ�Ȼ�=@!˞Ċ 5-3, ��� 3˟l �-a�nRʃ-úĨ,ʹ�'.ˠ�ő

�=+?ƥɫCɛ�Ĩ(�?ˡƮ,ˠɚǎ˔˖ƙ§�,��'ˠ�@ @-

ơ, ZnPy CǍâ�'ƥɫCɛ$!)�AˠWT ơ�<1 TKO ơ(.��ʪç

-ĕě�7=@!�ˠcZip9KO ơ,��'.ˠ�@=Óġ-��ʪç.ĕŊ�

@+�$!˞Ċ 5-4˟l �=,ˠcZip9KOơ,��'.ˠPTPaseǅŝ�WTơ�

<1 TKO ơ)ƶʌ�'ˠɕ��ĕě�'�!˞Ċ 5-5˟�)�=ˠȪɁÍ�ʱ

,<? PTPase ʺīC �!c�Z���ʪç-ɳĲ, ZIP9 �Śɡ(�?öɂ

ŝ�ȌĆ�@!ˡ��(:ˠcZip9KO ơ,��?ˠȴc�Z���ʪç�v�

-ǐŉ�ɦį�@ ZɣnPyCǍâ�':��ʪç�v�.ĈŖ�+�$!˞ Ċ 5-6˟l

6!ˠWT ơ�<1 TKO ơ,��': ZnPy Ǎâ,<>ˠc�Z���ʪç�

ǐŉ�'�?a�nRʃ�ģċ�?�)�ƍ=�,+$!ˡÆ-ˠcZip9KO ơ

,��?ƩǾa�nRʃ)úƨ,ˠ�@=-c�Z���ʪça�nRʃ,ʹ

�':ˠ�őˠƥɫCɛŚɡ��?)Ȼ�'�?ˡ 
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� �ƊˠǠÛǚ-Ǧţ- TKO ơ,��'.ˠErk -��ʪç�ɚǎ˔˖,<$

'ŮÚ�@+�$!˞Ċ 5-4, ��� 3˟l �-ǭǱ)�'ˠW�[¯Í2-�ʱ

ʎʒ,.ˠZnT5/6/7 ).Ƿ+?ǧȚ�!ʎʒƬƧ�ģċ�?öɂŝˠ�?�.

ZnT5/6/7 -ƭŽ-!9,W�[¯Í,Ùʟ(�+�$!�ʱ�ȪɁʃÍ,Ǵ6

?�)(ŴȱǾ+ PTPase ǅŝ-ʺī�ʅ�'�?öɂŝ�Źį�@!ˡ6!ˠ

cZip9KOơ, ZnPyCǍâ�!ēù,��'ȪɁʃ,�ʱ�ųƄ�+�-. Ȫɣ

Ɂʃ,��'ʜ˃-�ʱ�ƵŝCƒ�?!9�ʖ;�,W�[¯2)ʎʒ�@

?!9(�?öɂŝ �ɣ?�. ZnPy�ƒ�?ɋʔʞŝ-!9,W�[¯Í,6

( ZnPy�ʔʞ� Wɣ�[¯��'°=�-a�nRʃ,�ʱCµȯ�'�?ö

ɂŝ�Ȼ�=@!ˡ�őˠZnT5/6/7C �!W�[¯2-�ʱʎʒ� ZIP9-Ƭ

ɂ-!9,Śɡ)�@'�?�*�Cƍ=�,�?!9,.ˠ�@=-¦ɵ

,İ�?�=+?ƥɫ�Śɡ(�?ˡ���+�= TɣKOơ,��' ZɣnPy-

Ǎâ,<> WT ơ)úȕŃ6(�@=-a�nRʃ-��ʪç�ĕŊ�@'�

!�)�=ˠɋʔʞŝCƒ�? ZnPy .ˠTKO ơ,��':W�[¯Í6(Ù

ʟ� ZɣIP9C �'ȪɁʃ,ƂÒ�@?�)( BCRZSi�-ǅŝçCÚŕ�

'�?öɂŝ�ȌĆ�@!ˡ 
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� �=,ˠɕȼ.�-ǅŝç� ZIP9 ,¶ģ�'�?�*�Cɷ3?!9,ˠ

hZip9-HAK�V�fG�St�\{h DNAC cZip9KOȪɁ,ĲÉ� ʞɣßǽ

ǫ��!ˡZIP9 -ƭŽ,<>ǐŉ�'�! Akt �<1 Erk -��ʪç� hZip9

ʣ©ġ-ĲÉ,<>ĈŖ�ˠog,��': ZIP9 � BCR ZSi�ȭʇ-��

ʪç,��'ʬɡ+ŐàCƜ!�'�?öɂŝ�ȌĆ�@!˞Ċ 6-2˟l 6!ˠ

cZip9KO+hZip9HA ơ- PTPase -ʨȩǅŝ. WT ơ)úȕŃ6(ŮÚ�@'�

> ZɣIP9-ƭŽ,ʅĉ�? PTPaseǅŝ-ĕě� hZip9ʣ©ġ-ĲÉ,<>ĈŖ

�!�)�ȋɲ�@!˞Ċ 6-3˟ PlTPase.ˠ�-ǅŝ�ř(�?Z\eH�Ʊ

Đ,�ʱ�Ȯù�?�),<>ˠʨȩǅŝ�ʺī�@?�)�ȅ=@ 78, 79)ˠ�

ʱ,<? PTP1B -ǅŝʺī�H�\��-/IGF ôĬ¯-ǅŝC˛9?�)�Ē

ÿ�@'�? 80)ˡPTP1B .ĳɁ¯-ȪɁʃÀɜˇ,Ķċ�'�?�)�ƍ=�

,�@'�> 81, 82) Wɣ�[¯�= ZIP9C �'ȪɁʃ,ƂÒ�@!�ʱ,<>

Ǯ�?ĶūǾ+�ʱǜŃ�ƌ,<?ŏˉCô�'�?öɂŝ�Ȼ�=@?ˡ6

!ˠȏȭȪɁ,��'�ʱ� Phosphatase and tensin homologue deleted on 

chromosome 10˞PTEN˟-�pPc�-t�eF`�|ȧC �!a�nRʃÓ

ɧCɳĲ�?�)(�-ǅŝCʺī��ZSi�©ʟCÚŕ�'�?�):Ē
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ÿ�@'�> 83)ˠPTPasea�nRʃ-Óɧ,�ʱ�?�.�ʱg��\y�a

��ʹ��'�?öɂŝ:Ȼ�=@ˠȪɁʃÍ-ʜ˃�ʱ,<? PTPaseʨȩʺ

ī-Óġ}Nj]|-ɧƍCȁŵ��<>ɱȪ+ƥɫCɛ+$'��Śɡ��

?ˡ 

� Ʈ�(ˠɚǎ˔˖ƙ§,��':�@ @-ơ, ZnPy CǍâ�!)�Aˠ

cZip9KOơ,��' Aɣkt(. ZnPyǍâ,<?��ʪç-ĕŊ�ʅ�+��)ˠ

Erk,ʹ�'. 30Ó- ZnPyǍâ6( �ɣ�ʪç-ĕŊ�ʅ�=+��)�ƍ=

�,+$!˞Ċ 6-4, ��� 4, 5�<1 6˟ˡ�@,İ�'ˠhZip9HAơ(.�

@=-a�nRʃ-��ʪç� 10Ó- ZnPyǍâ,<>ĕŊ�@'�!˞ Ċ 6-4, 

��� 7, 8�<1 9˟l 6! ZɣnPy. hZip9HA-ǽǫ�v�,ŏˉC���˞ Ċ

6-4, ȝ 5nk�, ��� 7, 8�<1 9˟ˠcZip9-ldRFIg�<1 hZip9HA

-ĲÉ:ȪɁ-ǮģǪ,ŏˉC��+�$!˞Ċ 6-5˟ˡ�=,ˠúƙ§,��

? PTPase ǅŝCƥɫ�!)�AˠcZip9 -ldRFIg,<>�ƌ�'�!

PTPaseǅŝ�ˠhZip9-ĲÉ,<>ĈŖ�!�)�ɦį�@!˞Ċ 6-6˟ˡ¥�

-ȮƜ�=ˠZIP9-ÓġƬɂ�og,��':ºģ�@'�>ˠZIP9��ʱ-

ʎʒC �' PTPaseǅŝCÚŕ�?�),<> BɣCRZSi�,��?��ʪ



 72 

çCɷȣ�'�?�)�Ȍ�@!ˡ  

� 6!ˠúƨ-ĩ˘ƙ§,��'ˠWT ơ(.Ű IgM Ű¯Ûǚ,<> Akt �<

1 Erk -��ʪç�ĕŊ�@!�ˠcZip9KO ơ,��'.�@=-a�nRʃ

-��ʪç.ĕŊ�@+�$!ˡŰ IgMŰ¯Ûǚƙ§,��':ˠZIP9-ƭŽ

,<>ŮÚ�@!��ʪç. hɣZip9ʣ©ġ-ĲÉ,<>ĈŖ�'�!˞ Ċ 6-7˟l

�-�)�=ˠŰ IgM Ű¯Ûǚ,<? BCR ZSi�-ǅŝç,.ˠZIP9 ,<

?ȪɁʃ2-�ʱƂÒ�Śɡ(�>ˠZIP9�Ű IgMŰ¯-Ûǚ,ś�'ȪɁʃ

,�ʱCƂÒ�'�?öɂŝ�ȌĆ�@!ˡ 

� �=,ˠAkt �<1 Erk -��ʪç,ʹ��'�?)Ȼ�=@?ˠZIP9 C 

�!W�[¯�=-�ʱƂÒ)ȪɁÍ�ʱ�v�Cɯ·�?!9ˠȪɁɋʔʞ

ŝ-�ʱʢűǾəÇt��s(�?ˠNewport Green PDX�<1 FluoZin-3Cǰ

�'əÇƟɑCɛ�ˠÌǡǟ��Y�˒ŗʵ,<>ɦį�!ˡNewport Green 

PDX)�ʱ)-Ȯù.ŉ�˞KD = 30 µM˟ˠȪɁʃ,ģċ�?ʜ˃-�ʱ-7

CƟɑ�?�)�(�?ˡ�Ɗ(ˠFluoZin-3.�ʱ)-Ŋá+Ȯùɂ˞KD = 15 

nM˟CŴ#ˠ�%ˠW�[¯,:Ȕɛ�?�)�=ˠW�[¯Í,ģċ�?�

ʱCƟɑ�?�)�öɂ(�?ˡ�@=-ŢŃ-Ƿ+? 2 Ȗ-əÇt��sC
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ǰ�'Ɵɑ�?�),<>ˠȪɁÍ-�ʱ-ÓĻCƍ=�,�!ˡ 

� Newport Green PDXCǰ�!Ɵɑ,<>ˠWTơ,��'ˠZnPyǍâ,<>

ȪɁÍ�ʱ�v�-�ƌ�ʅ�'�?ƨġ�ɦį�@!˞Ċ 7-1 nk� a �<

1 b˟ˡ�Ɗ cɣZip9KOơ,��'.ǠÛǚ-Ǧţ(ȪɁÍ�ʱ�v��®��

'�> ZɣnPyǍâ,<?ȪɁÍ�ʱǜŃ-ĕâ:ɦį�@+�$!˞ Ċ 7-1, n

k� c�<1 d˟ˡ�@=-ȪɁÍ�ʱ�v�-ǐĴ,ʹ�': hZip9ʣ©ġ-

ĲÉ,<?ĈŖ�ɢ=@!˞Ċ 7-1, nk� e�<1 f˟ˡ6!ˠFluoZin-3Cǰ

�!�ʱƟɑ-ȮƜ�= ƔɣÑǭ-Ǧţ- DT40ȪɁ,��'. �ɣʱ�W�[

¯Í,˂ȗ�'�?�)�ȋɲ(�!ˡ6!ˠZnPy CǍâ�!ēùˠWT ơ�

<1 cZip9KO+hZip9HA ơ,��'.ȪɁÊ¯,�ʱ�ųƄ�'�?-�ɦį

(�?-,İ�˞ Ċ 7-1, nk� h�<1 l˟ɣ cZip9KOơ,��'.�ʱ�ȪɁ

ʃ,4)D*ģċ�� Wɣ�[¯ÍÀ,ɖȗ�'�?�)�ƍ=�,+$!˞ Ċ

7-1, nk� h�<1 l˟ˡ 

� úƨ, WɣTơ�<1 cZip9KO+hZip9HAơ,��'.Ű IgMŰ¯Ûǚ,<?

ȪɁÍ-�ʱ�v�-�ƌ�ɢ=@!˞ Ċ 7-2, �ʥnk� �ɣ<1�ʥnk�˟

�ˠcZip9KO ơCŰ IgM Ű¯(Ûǚ�':ȪɁÍ�ʱ�v�.�ƌ�+�$!
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˞Ċ 7-2, �ĝnk�˟ˡ�-ƐˠcZip9KOơ,��'.ˠȪɁʃÍ-�ʱǜŃ

�ʭǮơ)ƶʌ�'Ȩ 1/4,ǐĴ�ˠhZip9ʣ©ġ-ĲÉ,<>ȪɁʃÍ-�ʱ

ǜŃ:ĈŖ�?�)�Ȍ�@!˞Ċ 7-4˟l ¥�-ȮƜ�=ˠBCRZSi�ȭʇ

,��? Akt, Erk-��ʪç,.ˠZIP9,<$'W�[¯�=ȪɁʃ,�ʱ�

ƂÒ�@?�)�Śˍ(�?�)�ƍ=�,+$!ˡ 

� Ɩȇș,��'Ȍ�@!ȮƜ. ZɣnPy�?�.Ű IgMŰ¯-Ñǭ,<? BCR

ZSi�©ʟ-ǅŝç�ˠZIP9 ,¶ģ�?ȭʇ(�?�)CȌ�'�?ˡ��

�+�=ˠǅŝç�! BCR �*-<,�' ZIP9 C �!ȪɁʃ-�ʱǜŃ

-�ƌCň�ʅ��'�?�,%�'.ˠƔ"ƥɫ�3�ɶˑ�Ʊ�@!66

(�?ˡĳɁ¯�<1W�[¯,Ķċ�'�? ZIP7 �<1 ZIP13 ,ʹ�'.ˠ

ȪɁę�=-Ûǚ,ś�'�ʱg��\y�a�a�nRʃ-ǽǫ�v�-�

ƌ�ʅ�?�)�Ēÿ�@'�> 84) ZɣIP7� EGF/IGF-Ûǚ,ś�'ˠN_H

�Pi�_˞ CK2 ,˟<$'��ʪç�@?�)(�ʱʎʒƬɂCǽż�?�)

�ƍ=�,�@'�? 37)ˡ�Ɗ(ˠSmad2/3- Madx~�[�h}H�,�ʱ

Cµȯ�'�?)�@? ZIP13 C �!�ʱʎʒ� BMP/TGFβ,<?ÚŕCô

�'�?�)�ƍ=�,+$'�? 85, 86)ˡZIP9,ʹ�':ˠ�-Ƭɂ.�@=
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- ZIPg��\y�a�)˓¬�!ʥÓ��>ˠZIP7; ZIP13-<+ǽǫÚ

ŕ�?�.ǅŝç-ɷȣ�ȪɁęÛǚ,<>ɛB@'�?�:�@+�ˡ��

�+�=ˠZIP7) ZIP13.):, LIV-1XsrE{��,ķ�ˠ�- 2%-�

ʱg��\y�a�.ˆĽ,ʩ¬�'�?ˡZIP9 . ZIP�XsrE{��,ķ

�'�>ˠ�@=-g��\y�a�).Ƨʗ�Ƿ+?ʥÓCƅĚ�ƒ�'�

?!9ˠÊ�Ƿ+?ƬŁ,<?ÚŕCô�'�?öɂŝ:«�?ˡ6!ˠƖȇ

ș,��'ǰ�! DT40ȪɁ.ˠj�g� B��nǬ(�>ˠZIP7Cǽǫ�'

�+� 40)ˡ�-!9ˠDT40 ȪɁ,��'ˠZIP9 �ʬɡ+ƬɂCºŴ�'�!

öɂŝ:Ȼ�=@!ˡœ$'ˠą�˓�?�.og-ȪɁ,��' ZIP9-Óġ

Ƭɂ;}Nj]|�<1˛ƮƧʗ+*,ʹ�'�=+?ƥɫCɛ�ˠƍ=�,

�'��!�)Ȼ�'�?ˡ 

� �=,ˠəÇ�ʱt��sCǰ�'ˠcZip9KO ơ,��'ˠW�[¯,�ʱ

�ɖȗ�'�?�) BɣCRZSi�-ǅŝç,. ZIP9C �!W�[¯�=-

�ʱƂÒ�Śɡ(�?�)CȌ�!�ˠ�@=-ǫɾ�ˠȪɁÍ- Ca2+ǆÉ)

úƐ,ʅ�>Ŕ?öɂŝ�Ȼ�=@! 37, 57) DlT40ȪɁ,��' ŰɣíÛǚ�@

! BCR �ˠHlZg�� 1,4,5-���ʪôĬ¯C �!ĳɁ¯�=- Ca2+ƂÒ
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Cɳǽ�?�) Cɣa2+ƂÒǅŝç Ca2+c�k�C �!ȪɁęN�ZI|-ó>

ʐ7,ʹ��'�?�)�Ēÿ�@'�? 87-89)ˡ�-�)�=ˠZIP9 �ȪɁÍ

- Ca2+ǆÉ,ʹ��'�?öɂŝ:Ȼ�=@?ˡCa2+) ZIP9-ʹ¸,%�'.

�ƍ+66(�?�ˠZIP9C �!ȪɁʃ-�ʱǜŃ�ƌ.ˠBCR-ǅŝç,

<>Úŕ�@ˠȪɁę-�ʱCŚɡ)�+��)�Ȍ�@'�?ˡ6!ˠ�Â

Ǿ+ĩ˘(.�?�ˠȪɁÍ-�ʱ)N�ZI|-ʹ¸Cɷ3?�(ˠˆĽ,

ɐĀǋ�ȮƜ�Ŕ=@!-(ˠƖˋ,ɬʍ��'�!"�ˡ 

� ȪɁɋʔʞŝCƒ�? Ca2+P��a�(�?ˠ

1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid˞BAPTA˟Cǰ�' DT40

ȪɁCÑǭ� əɣÇ Ca2+t��s(�? Fluo4(ȪɁÍ-N�ZI|ƟɑCɛ$

!)�Aˠ25 µM-Ǎâ�=ȪɁÍ-N�ZI|�ǐĴ�'�?ƨġ�ɦį�

@ˠ50 µM-Ǎâ(.ˠȪɁÍ-N�ZI|�ƥÒ(�+�$!ˡ6!ˠDAPI

,<?ƢƟɑCɛ�ˠBAPTA-ȪɁƵŝ,%�':ƥɫ�!�ˠ50 µM6(-

BAPTA-Ǎâ.ȪɁ-Ǯģ,.ŏˉCȌ�+�$! �l�( 2ɣ5 µM- BAPTA

(ȪɁÍ-N�ZI|CP��g�!�( ZɣnPy�?�.Ű IgMŰ¯,<?Ñ

ǭCɛ) ȪɣɁÍ-N�ZI|ǜŃ-ĈŖ�ɦį�@!˞ Ċ 8, �ʥnk�˟l
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�@)�ɛ�'ˠú�ĩ˘ƙ§,��' Akt�<1 Erk-��ʪçCɷ3!)

�AˠȪɁÍ-N�ZI|-ǐĴ,ª$'ˠ�@=-a�nRʃ-��ʪç�

ǐŉ� ZɣnPy�<1Ű IgMŰ¯-Ñǭ,<$'ˠ��ʪç�ĈŖ�?�)�B

�$!˞Ċ 8, �ʥnk�˟ˡŰ IgMŰ¯(Ûǚ�!ēù,.ˠĳɁ¯-N�Z

I|ʁɗ�=ȪɁʃ2-N�ZI|-ƂÒ�ʅ�?�)�ȅ=@'�?!9ˠ

�@,<>ˠAkt�<1 Erk-��ʪç�ĈŖ�!)Ȼ�=@?ˡZnPyCǍâ

�!ēù,��':ˠ�@=-a�nRʃ-��ʪç�<1ȪɁÍN�ZI|

-ĈŖ�7=@!�)�=ˠȪɁÍ-N�ZI|�ȪɁÍ�ʱ,<$'Úŕ�

@'�?öɂŝ�Ȼ�=@!ˡ6!ˠZnPyCǍâ�!ēù)ˠŰ IgMŰ¯(Û

ǚ�!ēù)(.ˠ��ʪç-ĈŖ-¡Ɗ,ʠ��7=@!�):ˆĽ,ɐĀ

ǋ�ˡ�-ȮƜ.ˠAkt�<1 Erk-��ʪç��@ @ˠ�ʱ)N�ZI|-

ʢűŝCƒ�ˠ�@=-a�nRʃ-��ʪç�ˠ�ʱ)N�ZI|)-m�

�\,<$'Úŕ�@'�?öɂŝCȌ�'�!ˡ���+�=ˠƖĩ˘(ǰ

�! BAPTA�<1 Fluo4.Ì,ˠN�ZI|ǥǷǾ(�?)�@'.�?�ˠ

Ĵ+�=��ʱ)Ȯù�?öɂŝ��>ˠ�@=-ĩ˘,ʹ�'.ˠ<>ɱȪ

+ƥɫCɛŚɡ��?)Ȼ�=@!ˡ  
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Ċ  8, The relationship between intracellular zinc and calcium release. 

Serum-starved WT DT40 cells were pretreated with 10 µM (panel 2 and lane 2), 25 
µM (panel 3, 5, 6 and lane 3, 5, 6), and 50 µM (panel 4 and lane 6) of BAPTA for 
30 min, and then treated with calcium specific fluorescent probe, Fluo4 before 

treatement with 10 µM ZnPy (panel 5 and lane 5), or 0.5 mg/mL anti-IgM 
antibody (panel 6 and lane 6) for 10 min. 
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�Ȯɴ	  

� Ȯɸ)�'ˠBCR ZSi�-ǅŝç,.ȪɁÍ-�ʱ�Śˍ(�>ˠȪɁę

-Ûǚ,<? BCR -ǅŝç,ś�' ZIP9 �W�[¯�=ȪɁʃ2�ʱCƂÒ

�?�)(ȪɁʃ-�ʱ�v���ƌ� PɣTPaseǅŝ-ʺīC �! BCRZS

i�,��?��ʪçñś�Úŕ�@?�)Cƍ=�,�!˞Ċ 9˟ˡƖȇș,

��?ǽɢ. ZɣIP9,<?ȪɁʃ-�ʱ-ɷȣ) BCRZSi�-ǅŝç)-ʹ

¸Cƍ=�,�!�ǳÖ-ȇșŨƜ(�>ˠB ȪɁ-ʝĂƽĨ,ʹ��?ZS

i�©ʟ-ÓġƬŁ,��'ˠZIP9 ,<?ȪɁʃ-�ʱɷȣ,Đ&�Ɖ!+ȅ

ɢC��?)Ì,ˠ�ʱg��\y�a�;�ʱ¤ɹ-ǷĽ,ʅĉ�?ǹş-

ɧƍ�<1ƾǼǀʷǽ,ě�,ɿǨ�?:-)Ȼ�=@?ˡ 
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Ċ 9, Proposed action sites of intracellular zinc release by ZIP9 in DT40 cells for 

activation of B cell receptor signaling. It is the proposed mechanism of Zn-induced 
PTPase inhibition by ZIP9, which leads to the activation of B cell receptor signaling 
in DT40 cells. Intracellular zinc is incorporated into the Golgi by ZnT5/6/7. Zinc is 

released as induced by ZIP9 into the cytosol from the Golgi, which in turn inhibits 
PTPase activity and induces the phosphorylation of Akt and Erk probably 
indirectly by regulating upstream components of the signal transduction.  
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