
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


STAT3-induced WDR1 overexpression 

promotes triple-negative breast cancer 

cell migration 

 

 

 

 

 

 

 

 

Joo Hyun Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

[UCI]I804:11046-000000515357[UCI]I804:11046-000000515357



STAT3-induced WDR1 overexpression 

promotes triple-negative breast cancer 

cell migration 

 

 

 

 

 

 

 

 

Joo Hyun Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 



STAT3-induced WDR1 overexpression 

promotes triple-negative breast cancer 

cell migration 

 

 

Directed by Professor Nam Hoon Cho 

 

 

The Doctoral Dissertation 

submitted to the Department of Medical Science, 

the Graduate School of Yonsei University 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

  

 

 

Joo Hyun Lee 

 

December 2017 





ACKNOWLEDGEMENTS 

 

I would like to show my sincere appreciation and deep gratitude 

to Professor Nam Hoon Cho, my thesis director, for allowing me to 

join his team and excellent guidance. This thesis would not have 

been possible without his generosity, thoughtful guidance, and 

enthusiasm motivated me throughout my entire research. 

And I especially would like to thank to the members of my thesis 

committee, Prof. Kyung-Hee Chun, Prof. Joo-Hyuk Sohn, Prof. 

Young-Suk Jo, Prof. Jung-Weon Lee. With their critical comments 

and thoughtful advice, this thesis could be produced with 

completeness. 

 I deeply appreciate my lab members, Suki Kang, Dr. Baek-Gil 

Kim, Dr. Yoon-Pyo Choi, Dr. Sung-Hwan Lee, Dr. Han-Hyun Ho, 

Ji-Eun Kim, Jin-Sol Sung and Seong-Gyeong Mun for many 

insightful comments they gave. Their valuable comments have led 

my study to well done. 

Most importantly, I want to thank my parents and sister for their 

continuous support. Their belief and encouragement helped me to 

finish my course work. 

 

December 2017 

Joo Hyun Lee 



TABLE OF CONTENTS 

 

ABSTRACT∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙1 

 

I. INTRODUCTION∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙3 

 

II. MATERIALS AND METHODS∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙9 

1. Cell culture and reagents∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙9 

2. RNA isolation and cDNA synthesis∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙9 

3. Real-Time polymerase chain reaction (qRT-PCR)∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙10 

4. Immunohistochemistry (IHC)∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙10 

5. Plasmid construction and Dual luciferase assay∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙11 

6. Chromatin immunoprecipitation (ChIP assay)∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙11 

7. Western blot analysis∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙12 

8. Generation of WDR1-overexpressing breast cancer cell lines∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙12 

9. RNA interference∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙13 

10. Lenti viral Transductions∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙13 

11. Cell proliferation assay∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙13 

12. In vitro F-actin/G-actin assay∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙14 

13. Cell migration (wound healing) assay∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙14 



14. Trans-well migration assay∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙14 

15. Two-photon intravital imaging∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙15 

16. Patients and clinical findings∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙15 

17. Statistical analysis∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙16 

 

III. RESULTS∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙19 

1. WDR1 and STAT3 expressed in the triple-negative subtype of breast 

cancer∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙19 

2. WDR1 expression and STAT3 activation upregulated in triple-negative 

breast cancer cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙22 

3. WDR1 upregulation depended on STAT3 activation in MDA-MB-231 

and SK-BR3 cell∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙25 

4. STAT3 bound to the putative promoter region of WDR1∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙28 

5. WDR1 is required for efficient F-actin depolymerization in MDA-MB-

231 cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙32 

6. The constitutive overexpression of WDR1 promotes the migration of 

MDA-MB-231 cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙35 

7. WDR1 overexpression associated with tumor cell dissemination∙∙∙∙∙∙∙∙∙∙∙∙38 

8. WDR1 as a predictive factor of nodal metastatic signature∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙41 

9. WDR1 overexpression is associated with poor survival in breast cancer 

patients∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙43 



IV. DISCUSSION∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙47 

 

V. CONCLUSION∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙50 

 

REFERENCE∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙51 

 

ABSTRACT (IN KOREAN) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙59 

 

PUBLICATIONS LIST∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙55 

 

 

 

 

 

 

 

 

 

 

 



LIST OF FIGURES 

 

Figure 1.  Correlation between WDR1 and STAT3 in triple 

          negative breast carcinoma tissues∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙20 

Figure 2.  Correlation between WDR1 expression and STAT3 

  activation in TNBC cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙23 

Figure 3.  WDR1 upregulation depended on STAT3 activation in 

          MDA-MB-231 and SK-BR3 cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙26 

Figure 4.  Putative STAT3 binding region of WDR1 promoter∙∙29 

Figure 5. STAT3 bound to the putative promoter region of   

WDR1∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙30 

Figure 6. WDR1 is required for efficient F-actin depolymerization 

in MDA-MB-231 cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙33 

Figure 7.  The constitutive overexpression of WDR1 promotes 

          the migration of MDA-MB-231 cells∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙36 

Figure 8. WDR1 overexpression associated with tumor cell 

          dissemination∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙39 



Figure 9. WDR1 expression shows correlation in nodal 

          metastasis in breast cancer∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙42 

Figure 10. WDR1 expression is associated with poor survival in 

triple-negative breast cancer patients∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙44 

Figure 11. Schematic representation of regulatory mechanism of 

WDR1 gene by STAT3∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙49 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF TABLES 

 

Table 1. Primer sequences for PCR reaction∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙17 

Table 2. List of antibodies∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙18 



- 1 - 

 

Abstract 

 

STAT3-induced WDR1 overexpression promotes triple-negative breast 

cancer cell migration 

 

Joo Hyun Lee 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

 

(Directed by Professor Nam Hoon Cho) 

 

 

WD repeat domain 1 (WDR1), a protein that assists cofilin-mediated actin filament 

disassembly, is overexpressed in the invading front of invasive ductal carcinoma 

(IDC). But its implication of overexpression and how to be regulated have not been 

studied. In our study, we demonstrated that STAT3 bound to the 5‟ upstream 

sequence (-1971 to -1964), a putative promoter region, of WDR1 gene, and its 

activation induced WDR1 overexpression in triple-negative breast cancer cells. The 

exogenous overexpression of WDR1 increased the actin depolymerization in MDA-

MB-231 cells which was attenuated by WDR1 knockdown. Furthermore, WDR1 

overexpressing MDA-MB-231 cells were significantly increased migration. Moreover, 

WDR1 overexpression increased number of disseminated tumor cell in mouse 

carvarial bone marrow. In the analysis of breast cancer patients, WDR1 

overexpression was associated with a nodal metastasis signiture and shorter distant 

metastasis- free survival (DMFS), more specifically in basal-like tumors. 
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I. INTRODUCTION 

Cancer incidence rates increase in high income countries regarding to the World 

Cancer Report 2014, Korea is classified as high income countries in North America 

and Western Europe and belongs to countries with high incidence of cancer. Breast 

cancer is the second most common malignant tumor in Korean female population, and 

the incidence rate is increasing continuously.
1
 

Triple negative breast cancer (TNBC) that lacks of the expression of estrogen 

receptor, progesterone receptor or HER2 proteins accounts for approximately 15-20% 

of breast cancers. TNBC is defined by the lack of expression of the estrogen receptor 

(ER), progesterone receptor (PR) or HER2 proteins.
2
 TNBC has a higher rate of short 

overall survival and distant recurrence in the metastatic setting compared with other 

subtypes. Metastatic TNBC is an aggressive disease and the median survival is less 

than one year. Most of TNBC patients could not survive from the progression of 

cancer despite adjuvant chemotherapy.
3
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Tumor microenvironment is now recognized as a important element for tumor 

development and progression. As a result, there is increasing interest in developing 

novel therapies targeting the microenvironment, particularly as it relates to invasive 

and metastatic progression.  

There is large evidence supporting the role of Signal transducer and activator of 

transcription 3 (STAT3) in the regulation of the molecular processes shaping the 

tumor microenvironment as well as the function of the cells that constitute it. The 

Janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathway 

was originally found downstream signaling mediated by interferon-α (IFNα)-, IFNγ- 

and intereukin 6 (IL-6).
4,5

 One of the seven members of the STAT protein family, 

STAT3 as a transcription factor that is involved in diverse cellular processes 

including cell division, differentiation and survival.
6,7

 STAT 3 contributes to the 

proliferation and survival of tumor cells, a prominent feature of STAT 3, a promising 

target for cancer therapy. It also plays an important role in stromal cells, including 

immune cells that are recruited to the tumor microenvironment to promote tumor cell 

proliferation.
8-12

 Recent studies highlight the importance of STAT3 in cancer via 

modulation of mitochondrial function. JAK-STAT3 signaling has recently been 

shown to play a central role in the proliferation of inflammation-mediated cancers, 

obesity and / or metabolism, cancer stem cells (CSCs), and pro-metastatic Including 

niche formation.
13-17

 STAT3 plays multiple roles in tumor progression cascades,
18,19

 

including regulation of fascin (actin-bundling protein) expression, which is required 

for breast cancer cell migration.
20

 STAT3 promotes invasion and metastasis as a result 

of regulating genes involved in this process. Indeed, STAT 3 is known to regulate the 

expression of essential components of the metastatic continuum, such as matrix 

metalloproteinase (MMP), which degrades the basement membrane and the 

extracellular matrix.
21

 Most aggressive cancer cells overexpress MMPs which 

facilitate intravasation into the vasculature and extravasation at the metastatic site. 

Other targets of the STAT3 are also closely involved in the invasion and metastasis 
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process. For example, it has been consistently observed that HSP70 and HSP90 

promote invasion and metastasis
22-25

 and both are regulated by STAT3.
26

 STAT3 also 

regulates HIF1a and many other genes involved in invasion and metastasis such as 

VEGFR.
26

 

STAT3 is specifically activated by the gp130 family of cytokines,
27

 including 

Interleukin-6 (IL-6),
7,28

 which is known to play an important role in breast cancer 

metastasis.
29-31

 IL-6 is the most well-known traditional activator of STAT3.
32-34

 IL-6 

binds to the IL-6 receptor α (IL-6Rα) on the cell surface. Receptor engagement by IL-

6 induces the formation of a hexameric signaling complex including gp130 

homodimer and two IL-6: IL-6Rα heterodimers and induces a conformational 

change.
35

 These events result in the activation of JAK constitutively related to the 

proline-rich, membrane proximal cytoplasmic domain of gp130. Activated JAK, in 

turn, mediates phosphorylation of gp130, resulting in the recruitment and activation of 

cytoplasmic STAT3, followed by STAT3 translocation into the nucleus. Activation of 

IL-6 signaling is strongly associated with poor prognosis in patients and tumor 

progression with many types of solid tumors, including prostate cancer, breast cancer 

and lung cancer and multiple hematopoietic malignancies.
14,35-40

 It has been studied 

that the STAT3 phosphorylation results from paracrine sources of IL-6 from cancer-

associated fibroblasts, adipocytes or myeloid cells on the edge of the tumors and in 

metastatic sites.
30,40,41

 Significantly, IL-6 is a central regulator of a network of 

autocrine and paracrine cytokines and growth factors overexpressed in the tumor 

microenvironment promoting malignant growth and metastasis.
42,43

 

 Actin is one of the major cytoskeletal components in most eukaryotic cells and 

supports not only the structural integrity of the cell, but also dynamic cellular events 

such as cell motility, cytokinesis, and even gene expression. Actin is a conserved 42‐

kDa protein that can be spontaneously polymerized into a polar filament in vitro 

under physiological conditions. Actin polymerizes only when a concentration of 

monomer (or globular [G‐] actin) is above the critical concentration.
44

 However, the 
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critical concentration at the minus (or pointed) end is higher than that at the plus (or 

barbed) end. As a result, the actin subunits are constantly disassembled from the 

pointed ends and added to the barberd ends at a steady state. This phenomenon is 

called actin treadmilling and occurs in living cells.
45,46

 To accelerate the turnover of 

actin, it is necessary to increase depolymerization of actin from the minus end and to 

increase the number of filament ends by filament breakage. Therefore, 

depolymerization of actin filaments are critical for regulating actin cytoskeletal 

dynamics, as well as actin nucleation, filament capping, nucleotide exchange, and 

monomer sequestration.
47,48

 

We previously found that WDR1 protein was upregulated at the invading front (or 

interface zone) between tumor and normal mammary tissues in IDC.
49

 WD repeat 

domain 1 (WDR1) is associated with the actin dynamics to drive cell motility. 

Invasive ductal carcinoma (IDC), a type of breast cancer having a high migration 

capability, shows WDR1 overexpression in the invading front.
49

 Therefore, WDR1 

overexpression may play an important role in breast cancer cell migration, which 

leads to tumor invasion and metastasis. However, it has not been understood how 

WDR1 expression is induced and whether it contributes to tumor progression. 

WDR1 is discovered in budding yeast as a protein that interacts with actin filaments 

(F-actin) in a yeast two-hybrid screen.
50

 Subsequently, WDR1 is identified as a major 

co-factor that collaborates with ADF/cofilin to disassemble the F-actin.
51,52

 WDR1 

binds to the ADF/cofilin-bound F-actin and enhances the activity of depolymerizing 

F-actin, resulting in acceleration of actin filaments severing actively by preventing 

reannealing of the filaments.
51,53,54

  

The cellular and biological functions of WDR1 have been demonstrated in several 

organs. In the adult mouse heart, WDR1 deletion results in heart hypertrophy and 

lethality, which suggests that WDR1 is required for cardiomyocyte maintenance
55

. 

Furthermore, WDR1 knockdown causes defects in cell migration in mouse 

macrophage-like cells,
56

 and induces defects in mitotic cell rounding of human 
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osteosarcoma cells.
57

 In gallbladder carcinoma, WDR1 is significantly upregulated in 

a highly metastatic cell line compared to a cell line with low metastatic potential 

derived from the same parent cell line.
58

 During cell migration, filamentous actin (F-

actin) continuously undergoes rapid assembly and/or disassembly to drive the leading 

edge.
48,59

 So, it may be possible that breast cancer cell migration depends on WDR1 

expression. However, WDR1 overexpression mechanism and its consequence on cell 

migration remain unknown in breast cancer. 

Cell migration is necessary for many biological processes, such as immune 

surveillance, tissue repair and regeneration, embryonic morphogenesis. Aberrant 

regulation of cell migration drives progression of many diseases, including cancer 

invasion and metastasis.
60-62

 Cell migration is a highly integrated multistep process 

initiated by the protrusion of the cell membrane.
63

 Protrusive structures formed by cell 

migration and invasion were termed lamellipodia, filopodia, and 

invadopodia/podosomes depending on their structural, functional, and morphological 

characters. Formation of these structures is induced by actin 

polymerization/depolymerization at the leading edge.
48

 Cell migration and invasion 

are caused by various chemoattractants. Upon binding to cell surface receptors, these 

chemoattractants stimulate intracellular signaling pathways that regulate dynamics of 

the actin cytoskeleton. To date, various core proteins that mediate the signal 

transduction pathways have been identified as overexpressed in several types of 

cancers.
61

 Also it have been documented in the subpopulation of invasive breast 

tumors.
64

 Among them, Wiskott–Aldrich syndrome protein (WASP) family 

proteins/Arp2/3 complex, LIM-kinase/cofilin, and cortactin pathways have been well 

demonstrated due to their apparent importance in cell migration and invasion. 

  In several cancers, single disseminated tumor cells (DTC) can be detected in 

various host organs of patients with early-stage disease.
65

 In breast cancer, DTC 

detection is a powerful prognostic marker for distant and local relapse.
66

 DTCs 
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derived from primary cancer can be disseminated to secondary organ including bone 

marrow and lymph nodes.
67

  

Based on the theoretical relationships among STAT3, WDR1, actin disassembly, and 

cell migration, DTCs, we hypothesized that WDR1 overexpression promotes breast 

cancer cell migration and is the mediator of STAT3-related breast cancer metastasis 

from the primary tumor to regional lymph nodes and distant organs. We aimed at 

clarifying the relationship between STAT3 and WDR1, and their effect on tumor cells. 
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II. MATERIALS AND METHODS 

 

1. Cell culture and ligands   

 

Human breast cancer cell lines (MDA-MB-231, Hs578T, SK-BR3, MCF7, BT474) 

were obtained from the Korean Cell Line Bank (Seoul, Korea) and maintained in 

DMEM (Gibco BRL; Grand island, NY) supplemented with 10% fetal bovine serum 

(FBS, Gibco; Grand Island, NY) and 1% penicillin/streptomycin (Gibco; Grand 

Island, NY). HEK293T cells (Korean Cell Line Bank, Seoul, Korea) were cultured 

under the same conditions. MCF10A cells were obtatined from the American Type 

Culture Collection. MCF10A cells were cultured in MEGM™ Mammary Epithelial 

Cell Growth Medium Kit form Lonza/Clonetics Corporation (CC-3150) with 

100ng/ml Cholera toxin (Sigma-Aldrich, St. Louis, MO; c8052). All cell lines were 

grown in a humidified chamber (37°C, 5% CO2). Ligands were used at the following 

concentrations: 20 ng/mL IL-6 (Sigma-Aldrich, St. Louis, MO; I1395) combined with 

250 ng/mL IL-6 receptor alpha (IL-6Rα; R&D Systems, Minneapolis, MN; 227-SR-

025/CF) and 10   of Stattic V (Santa Cruz Biotechnology; Santa Cruz, CA; sc-

202818). 

 

2. RNA isolation and cDNA synthesis 

 

 Total RNAs from breast cancer cells were extracted by TRIzol RNA isolation 

reagent (Ambion® , Grand Island, NY, USA). RNA concentration was examined by 

ND-2000/2000c (NanoDrop Technologies Inc., Wilmington, DE, USA). A cDNA 

synthesis kit was used for reverse transcription (GeneAll Bldg; Seoul, Korea). Briefly, 

1000ng of total RNA sample was incubated at 65˚C for 10 min with 1 μl Oligo dT 

(50μM), 1 μl dNTPs (10 mM) in a final volume of 20 μl, and then chilled on the ice, 

then mixed with 2 μl 10X buffer, 2 μl 0.1M DTT, 1μl Rverse Transcriptase, 1 μl 
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RNase inhibitor and DEPC-H2O. After incubation at 42˚C for 60 min, and at 80˚C for 

10 min, the mixture was reversely transcribed into cDNA. 

 

3. Real-Time polymerase chain reaction (qRT-PCR) 

 

Diluted cDNAs (1:2 dilution) were used in a 20-μl real-time PCR reaction system 

[cDNA 2 μl, QuantiNova
TM

 STBR
®

 Green Mix (QIAGEN; Hilden, Germany) 10 μl, 

sense primer (5 pmole) 1 μl, antisense primer (5 pmole) 1 μl, and DEPC-H2O 6 μl] in 

triplicate for each gene. The primers used listed at the Table 1. Cycle parameters were 

95°C for 5 min hot start and 40 cycles of 95°C for 15 sec, 54°C for 15 sec and 72°C 

for 30 sec.  Blank controls with no cDNA templates were performed to rule out 

contamination. The specificity of the PCR product was confirmed by melting curve 

analysis. At the extension stage of each cycle, the value of the threshold cycle (Ct) 

was recorded. A standard curve was generated by plotting the Ct. GAPDH expression 

was assessed as a housekeeping gene to standardize the expression level of the target 

genes. The comparative expression level of the target gene = 2
−ΔΔCt

. 

  

4. Immunohistochemistry (IHC) 

 

IHC was performed using formalin-fixed, paraffin-embedded (FFPE) breast tumor 

tissue sections. In brief, 4 µm sections of paraffin-embedded tissue were 

deparaffinized and rehydrated. After treatment with 3% hydrogen peroxide for 10 min 

to block endogenous peroxidases, the sections were boiled in 10mM citrate buffer (pH 

6.0) in a microwave oven for 20 min. The sections were subsequently incubated at 

4 °C overnight with the aforementioned primary antibodies. After thorough rinsing in 

phosphate-buffered saline (PBS; Gibco BRL, Grand Island NY, USA), the sections 

were processed using the labeled streptavidin-biotin  kit (DAKO; Glostrup, 

Denmark), and then stained with amino-ethyl carbazole and counterstained with 
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Mayer‟s hematoxylin. The following antibodies were used for immunohistochemistry 

(IHC): anti-phospho-Tyr 705 STAT3 (Santa Cruz Biotechnology; Santa Cruz, CA; sc-

8059), anti- WDR1 (Abcam; Cambridge, UK; ab64324). 

 

5. Plasmid construction and dual luciferase assays  

 

PCR reactions for cloning were performed using Hot start Taq DNA polymerase 

(GeneAll Bldg; Seoul, Korea). The conserved region of the WDR1 promoter was 

constructed by PCR amplification of a 329-bp conserved region with the specific 

primers． A mutant WDR1 gene promoter with a deletion of the potential STAT3 

binding-sequence was generated by an overlap extension PCR method.
68,69

 The primer 

sets used in the PCR rections are listed in Table 1. Wild-type and mutant promoter 

sequences were inserted into the pGL3 control vector (Promega corporation; Madison, 

WI, USA) digested with KpnI/SacI (New England Biolabs; Lpswich MA, USA). The 

integrity and orientation of the inserts were confirmed by sequencing. For luciferase 

assays, transfection mixtures containing 1500ng pRL-TK (Renilla luciferase; 

Promega; Madison, WI, USA) and 1500ng WDR1 Promoter (pGL3-WT, pGL3-M) 

and pCMV6-XL4-STAT3 (Origene Technologies; Rockville, USA; SC124165) 

plasmids were co-transfected into 2 x 10
5
 293T cells in six-well plates using 

Lipofectamine®  LTX with Plus
TM

 Reagent (Invitrogen; Carlsbad, CA). The cells 

were harvested 48 h after transfection, and luciferase activity was measured using the 

Stop & Glo dual luciferase reporter assay system (Promega corporation; Madison, WI, 

USA). 

 

6. Chromatin immunoprecipitation (ChIP) 

 

ChIP assays were performed using the EpiQuik
TM 

Chromatin Immunoprecipitation 

Kit (Epigentek; Epigentek Group Inc.; Brooklyn, NY). MDA-MB-231 and SK-BR3 
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cells were treated with IL-6 and IL-6Rα for 30min, and the resulting cell lysates 

(input) were subjected to immunoprecipitations with the phospho-STAT3 antibody 

(Cell Signaling Technology; Danvers, MA; #9131). Purified DNA from each sample 

was subjected to PCR using the same primers used for plasmid construction.  

 

7. Western blot analysis 

 

As previously described,
70

 cells were trypsinized and lysed by Pro-Prep™ protein 

extraction kit (iNtRON Biotechnology, Sungnam, Korea). Protein concentration in 

cell lysates was determined by Bradford procedure (Bio-Rad; Hercules, CA). For 

western blot analyses, 20 μg of total extracted proteins were separated by Novex 4-12% 

Bis-Tris gel (Life Technologies; Carlsbad, CA) electrophoresis and transferred to 

polyvinyl difluoride (PVDF) membranes (Millipore, IPVH00010). Blots were 

blocked with 5% nonfat dry milk at room temperature. The blots were incubated with 

indicated primary antibodies at specific dilution, followed by incubation with HRP-

conjugated secondary antibodies. Immunoreactive proteins were visualized using an 

enhanced chemiluminescence detection kit (Santa Cruz; Santa Cruz, CA). The 

antibodies used for western blot analysis were listed at Table 2. 

 

8. Generation of WDR1-overexpressing vector  

 

WDR1 expression was stably transfected in the breast cancer cell line MDA-MB-

231 using a lentiviral system. Briefly, pLenti CMV/TO Puro empty (w175-1) was a 

gift from Eric Campeau (Addgene plasmid # 17482).
71

 WDR1 (sequences obtained 

from GenBank) was obtained by PCR from cDNA using the primers listed in Table 1 

and cloned into pLenti CMV/TO Puro empty vector. 
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9. RNA interference  

 

For WDR1 gene knockdown, pGFP-C-shLenti-WDR1 vector(catalog no. TL308384) 

(Origene, Rockville, MD) was transfected using lenti viral transduction.  

 

10. Lenti viral Transductions  

 

Lenti viruses were generated by co-transfecting packaging vectors pMDLg/pRRE,  

pRSV-Rev and pMD2G along with pLenti CMV/TO Puro-WDR1 or pGFP-C-

shLenti-WDR1vectors into HEK293T cells with 2.5 M calcium chloride. All 

packaging plasmids were gift from Didier Trono (Addgene plasmid # 12251, # 12253, 

# 12259).
72

 Stable MDA-MB-231 cell lines were generated by lentiviral infection and 

selection for 1 week in 1μg/mL puromycin. Cells were passaged into the appropriate 

selection medium and maintained until colonies appeared. Inhibition of gene 

expression by shRNA and overexpression of target gene were determined by Western 

blot analyses. Those colonies with the best knockdown efficiency or high expression 

levels of WDR1 were used for next experiments. 

 

11. Cell proliferation assay 

 

Cells were seeded on 96-well plates at the density of 2,000 cells per well and pre-

incubated in the serum-free media in humidified chamber (37°C, 5% CO2). Cell 

proliferation was measured using Cell Counting Kit-8 (CCK-8) solution (Dojindo, 

Japan) according to the manufacturer‟s manual at 0 and 72 hr. Briefly, 10 µl CCK-8 

solution was added to each well, and the cells were incubated for an additional 2 h at 

37˚C. The absorbance of each well was measured at OD450. The experiments were 

triplicated. 
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12. In vitro F-actin/G-actin assay 

 

Alterations in the F:G-actin ratio in wild type MDA-MB-231 cells and WD-231 and 

WDR1-targeted shRNAs were determined using the F-actin/G-actin in vitro assay kit 

(Cytoskeleton, Inc., Denver, CO), essentially according to the manufacturer‟s 

instructions. Briefly, cells were lysed in a buffer that solubilizes G-actin but renders 

Factin insoluble. Following high-speed centrifugation (100,000g at 37℃ for 1 h), F-

actin was recovered in the pellet, whereas G-actin remained in the supernatant. The 

pellet was resuspended in icecold manufacturer‟s buffer to the same volume as the 

supernatant and incubated on ice with intermittent pipetting for 1h in order to 

dissociate F-actin. We analysed the supernatant fraction for actin content by western 

blotting with anti-actin antibody. 

 

13. Cell migration (wound healing) assays 

 

Cells were cultured to confluence in the DMEM medium supplemented without in 6-

well plates. The wounds were made through the cells using a sterile pipette tip. The 

cells were rinsed with a warm PBS, and then cultured in serum-free medium. The 

images were taken using a NIKON ECLIPSE Ti (Nikon Instruments, Inc.; Melville, 

NY, USA) at the indicated time points. 

 

14. Transwell migration assay 

 

 The 24-well Millicell Hanging Cell Culture Inserts (8-μm pore size, Millipore 

Corporation, Billerica, MA, USA) were used for the cell migration assay in 

accordance with the manufacturer‟s protocol. Briefly, 1×10
5
 cells in serum-free 

DMEM were added to the upper chamber of the insert and 750 μL of DMEM 

containing 10% FBS was added to the lower chamber for culture. The cells were 
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cultured in a humidified atmosphere for 24 hours at 37°C and 5% CO2. The migrated 

cells were fixed with 100% methanol for 30 min and stained using 0.5% crystal violet 

(Sigma-Aldrich, St Louis, MO, USA) for 20 min. Crystal violet was then dissolved 

with acetic acid, and absorbance was read at 570 nm. The images were taken using a 

NIKON ECLIPSE Ti (Nikon Instruments, Inc.; Melville, NY, USA). 

 

15. Two-photon intravital imaging 

  

To observe disseminated tumor cell (DTC), we used well established calvarial 

window model for two-photon in vivo imaging.
73

 

A day before the imaging, cancer cells were stained with 1 μM Cell Tracker Red 

CMPTX (Invitrogen Corporation, Carlsbad, CA, USA) for 1 hour in a humidified 

chamber.  The working dye solution was replaced with fresh pre-warmed medium, 

and the cells were incubated for another 2 hours in a humidified chamber. 1x10
5
 cells 

were tail-vein injected Cx3cr1-GFP transgenic mice. Two-photon microscopy 

(LSM7MP, Carl-Zeiss, Germany) was used for imaging data generation. All data 

were analyzed by using Zen software, Image J and IMARIS version 7(Bitplane, USA). 

 

16. Patients and clinical findings 

 

 A total of 151 patients from the Yonsei University Health System archive files who 

had breast cancer with regional axillary node dissection in the past 5 years were 

eligible for this study (mean age ±standard deviation [SD], 58.2±11.7 years; male, 

n = 81[77.1%]). All patients had invasive ductal carcinoma (primary tumor staging: 

T1, 2.8%; T2, 25.7%; T3, 20.0%; T4, 11.5% and regional LN staging: N0, 32.45%; 

N1, 33.8%; N2, 21.85%; N3 [ > 10], 11.9%). 67 Patients with locally advanced breast 

cancer (T3/T4 and/or N2 tumors) treated with doxorubicin monotherapy before 

surgery followed by adjuvant tamoxifen in the case of positive ER and/or 
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progesterone receptor (PgR) status. Node-positive breast cancer patients received four 

cycles of AC (60 and 600 mg/m2) every 3 weeks followed by four cycles of taxane-

based chemotherapy. Taxane-based regimen was either docetaxel 75 mg/m2 every 3 

weeks or weekly paclitaxel 80 mg/m2 according to the preference of physicians and 

patients. Node-negative breast cancer patients received four cycles of AC (60 and 600 

mg/m2) every 3 weeks. Among node-positive cases, the mean value of node-positive 

number(NPN) and NPR were 4.9±4.6 and 0.3±0.3, respectively. The number of 

recurrences, metastasis, and deaths due to disease was 4 (2.6%), 19 (12.6%), and 4 

patients (2.6%), respectively. Median follow-up period for survival was 30 months. 

Median recurrence interval was 20.5 months, median metastatic interval was 26 

months. All patients provided written informed consent, and the Research Ethics 

Board Committee of Yonsei University Health Medicine approved the study. 

 

17. Statistical analysis 

 

For survival analysis, Kaplan–Meier curves were generated using a publicly 

accessible dataset containing gene expression and relapse-free, distant metastasis-free 

and overall survival data on patients with breast cancer (http://kmplot.com/analysis).
74

 

The log-rank test was performed to determine whether observed differences between 

groups were statistically significant. P values <0.05 were considered significant. For 

statistical analysis used in the other experiments, data were analyzed using the 

Student‟s t-test and P<0.05 was considered statistically significant. GraphPad Prism 

version 6 for Windows (GraphPad Software, Inc.; La Jolla, CA) was used for all 

statistical analysis and graphical presentations. 

 

 

 

 

http://kmplot.com/analysis
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Table 1. Primer sequences for PCR reaction 

 

Gene Direction Sequence (5' to 3') Tm (℃) 

    
Primer sets for Real-Time PCR 

WDR1 
Forward TCTGGACAGAAACAACCCCA 54.9  

Reverse TTAATGTGTCCGTCGTGGCT 55.1  

GAPDH 
Forward TGCACCACCAACTGCTTAGC 55.9  

Reverse GGCATGGACTGTGGTCATGAG 57.3  

    
Primer sets for WDR1 promoter region cloning 

SITE1 
Forward AAAAGGTACCATTAGGGTCCTGGATGACAGTCTCC 69.6  

Reverse AAAAGAGCTCGTCATCCCTAGGAGCATCTTCCA 70.6  

SITE1 M 
Forward GGAGGGTGTTACTCTTACCTGAGATCTACT 59.0  

Reverse GTAAGAGTAACACCCTCCGAAGCCAG 61.3 

    
Primer sets for WDR1 Overexpressing vector cloning 

WDR1 
Forward AAAACTCGAGATGCCGTACGAGATCAAGAAGGTGTT 72.3  

Reverse TTGGGCCCTCAGTAGGTGATTGTCCACTCCTTGAC 66.5  
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Table 2. List of antibodies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Source Applications 

      

WDR1 Abcam; Cambridge, MA (ab64324) 
Western blot 

Immmunohistochemistry 

   

STAT3 
Santa Cruz; Santa Cruz, CA  

(sc-8019) 
Western blot 

   

phospho STAT3  

(Tyr 705) 

Cell Signaling Technology; 

Danvers, MS (#9131) 

Western blot 

Chromatin 

immunoprecipitation 

   

phospho STAT3  

(Tyr 705) 

Santa Cruz; Santa Cruz, CA  

(sc-8059) 
Immmunohistochemistry 

   

GAPDH 
Santa Cruz; Santa Cruz, CA  

(sc-20357) 
Western blot 
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III. Results 

 

1. WDR1 and STAT3 expressed in the triple-negative subtype of breast cancer 

 

 Using the Oncomine (Compendia Bioscience) analysis tool, we compared the 

mRNA levels of the WDR1 and STAT3. Using the “TCGA” of 76 tumor and 61 

nontumor samples, expression of two genes was found to be upregulated in invasive 

breast cancer versus matched normal tissue analysis (Fig. 1A; a). Especially, 

Oncomine data from “Stickeler Breast” showing high co-expression of WDR1 and 

STAT3 in triple-negative breast carcinoma (Fig. 1A; b).
75

  

To determine expression of WDR1 protein and STAT3 activation (phosphorylated 

STAT3) the IHC in human breast cancer tissues was performed (Figure 1B). WDR1 

was overexpressed only in invaside ductal carcinoma (IDC, Basal-like), especially at 

the invasive foci, not in ductal carcinoma in situ (Figure 1B; a, b). Similary, STAT3 

phosphorylated was noted particulary at the invasive focai of IDC (Figure 1B; c, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 20 - 

 

 

 

 

 

 

 



- 21 - 

 

Figure 1. Correlation between WDR1 and STAT3 in triple negative breast 

carcinoma tissues. A) Heat map of a correlation search for genes using the 

Oncomine database. In human invasive breast cancer compared to normal; each data 

point represents an individual patient tissue sample (data extracted from “TCGA” and 

“Stickeler Breast”). Colors are z-score normalized to depict relative values within 

rows. They cannot be used to compare values between rows. B) 

Immunohistochemistry was performed on the paraffin embeded tissues of IDC and 

DCIS using anti-phospho-STAT3 (Tyr705) and anti-WDR1 antibody. WDR1 staning 

of a) IDC and b) DCIS. Phospho-STAT3 (Tyr705) staining of c) IDC and d) DCIS. 
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2. WDR1 expression and STAT3 activation upregulated in triple-negative breast 

cancer cells 

 

We analyzed WDR1 mRNA expressions five breast cancer cell lines and one normal 

cell lines (MCF10A) by qRT-PCR. Five breast cancer cell lines are classified into 

four  subtypes of breast cancer : triple-negative group (MDA-MB-231, Hs578T; ER-, 

PR-, HER2-), HER2 positive group (SK-BR3; ER-, PR-, HER2+), Luminal A group 

(MCF7; ER+, PR+, HER2-) and Luminal B group (BT474; ER+, PR-, HER2+).
76

 Our 

data showed that the expression of WDR1 mRNA was higher in MDA-MB-231 and 

Hs578T cells than other cells (Figure 2A). 

In order to investigate correlation between WDR1 expressions and STAT3 

activation status were analyzed by western blot. STAT3 activation was confirmed by 

detecting tyrosine 705 (Tyr705) phosphorylation. WDR1 expression was 

proportionally correlated with the degree of phosphorylated STAT3 (Figure 2B).  

Among the cells lines, MDA-MB-231 and Hs578T cells showed the highest 

expression levels of WDR1 accompanied with the highest phosphorylation levels of 

STAT3, whereas BT474 cells neither showed WDR1 expression nor STAT3 

activation. SK-BR-3 showed the second highest expression of WDR1 and activation 

of STAT3. MCF7 showed a slight activation of STAT3, but did not show WDR1 

expression. 
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Figure 2. Correlation between WDR1 expression and STAT3 activation in TNBC 

cells. A) Real-time RT-PCR analysis of WDR1 mRNA, performed on MCF10A, 

Hs578T, MDA-MB-231, SK-BR3, MCF7 and BT474 cell lines. B) The protein 

lysates (20 μg) extracted from indicated cell lines were analyzed by Western blotting 

with Tyr705 phospho-STAT3 and WDR1 antibodies. Bar graphs represent the relative 

density of western blot bands. 
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3. WDR1 upregulation depended on STAT3 activation in TNBC (or MDA-MB-

231 and SK-BR3) cells 

 

Many target genes of STAT3 are relevant to human cancers.
77

 We assumed the 

association between WDR1 expressions and STAT3 activation status may be a cause-

and-effect relationship. To activate STAT3, We treated breast cancer cells with IL-6 

(20 ng/ml) and IL-6Rα (250 ng/mL), and analyzed subsequent STAT3 

phosphorylation and WDR1 expression status in multiple time points (Figure 3). 

STAT3 activations were followed by increases in WDR1 expression of MDA-MB-

231 and SK-BR-3 cells (Figure 3A, B). In MDA-MB-231, WDR1 expression was 

decreased after reduction of STAT3 phosphorylation. In SK-BR-3, contrastingly, 

WDR1 expression level did not change after reduction of STAT3 phosphorylation. 

Stattic V is a small molecule that specifically inhibits STAT3 activation. In presence 

of Stattic V (10uM), IL-6 stimultation did not promote WDR1 expressions in both 

cell lines (Figure 3A, B). For MCF7 and BT474 cell lines, however, either IL-6 

stimulation or Stattic treatment did not affect WDR1 expression (Figure 3C and D). 
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Figure 3. WDR1 upregulation depended on STAT3 activation in TNBC (or 

MDA-MB-231 and SK-BR3) cells. The cells were serum-starved for 12h, and then 

treated with IL-6 (20 ng/mL) combined with IL-6Ra (250 ng/mL) and/or Stattic V 

(10    for indicated times. The cell extracts were analyzed by western blotting for 

Tyr705-STAT3 and WDR1 antibodies. A) MDA-MB-231, B) SK-BR3, C) MCF7 and 

D) BT474. 
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4. STAT3 bound to the putative promoter region of WDR1 

 

STAT3 functions as a transcriptional factor, and its binding site is known as 

"TTNNNNNAA" (N represents any type of nucleic acid). We hypothesized that 

STAT3 binds to the promoter region of WDR1 gene to activate its transcription. The 

upstream 2kb sequence of WDR1 gene was analyzed using a transcription factor 

binding prediction program (TFSEARCH version 1.3, Parallel Application TRC 

Laboratory, RWCP, Japan). In results, a putative STAT3 binding site was found at -

1,971 to -1.964 region 5‟ upstream to the WDR1 gene (Figure 4A). The binding of 

STAT3 to the putative site was investigated in HEK293T cells using the dual-

luciferase assay with the wild-type (pGL3-WT) and deletion mutant (pGL3-M) 

sequence into pGL3 vector (Figure 4B). The mutant WDR1 promoter was generated 

by deleting the putative binding site (Figure 4C). The luciferase activity of pGL3-WT 

and pCMV6-XL4-STAT3 plasmids co-transfected cells (Figure 5A) was 

approximately 5-fold higher than that of the control cells transfected with pGL3 

control vector (Figure 4B; lane 4). In addition, luciferase activity of cells treated with 

IL-6 was 7-fold higher than control (Figure 5B; lane 6). Whereas the luciferase 

activity of pGL3-M plasmid transfected cells was similar to that of the control cells. 

For further confirmation that STAT3 binds to the putative site in the promoter region 

of WDR1, the chromatin immunoprecipitation with anti-STAT3 antibody was 

performed. WDR1 expression depended on STAT3 activation only in MDA-MB-231 

and SK-BR3 cell line (Figure 3A, B), so we used these two cell lines. Cancer cells 

treated with IL-6 and IL-6Rα, there was a significant increase in STAT3 binding to 

the WDR1 promoter compared to untreated cells (Figure 5C). 
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Figure 4. Putative STAT3 binding region of WDR1 promoter. A) The actual 

binding of STAT3 to putative WDR1 promoter sites analyzed by prediction program. 

B) Schematic representation of the WDR1 promoter. The dark box represents the 

expected STAT3 binding region. C) Nucleotides blast data between Sequencing data 

of pGL3-M plasmid and NCBI database. The arrow represents the transcription start 

site. 
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Figure 5. STAT3 bound to the putative promoter region of WDR1. A) The protein 

lysates (20 μg) extracted from STAT3 overexpressing HEK293T cell lines and wild 

type HEK293T. All lysates were analysed by western blotting with Total STAT3, 

Tyr705phospho-STAT3 antibodies. Cells were treated with IL-6 (20ng/ml) combined 

with IL-6Ra (250 ng/mL) or not. B) Luciferase assay to confirm pSTAT3 binding to 

WDR1 promoter. Dual-luciferase assays were performed in the HEK293T cells co-
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transfected with pRL-TK vector (Renilla activity for normalization) and the wild-type 

2kb upstream sequence of WDR1 gene (pGL3-WT) or the putative binding site-

deletion (-1971 to -1964, TTCCTGAA) mutant (pGL3-M) and pCMV6-XL4-STAT3 

plasmid. Data are mean values + S.E.M.; *P<0.05, based on a Student‟s t-test. C) 

Chromatin immunoprecipitation with anti-pSTAT3. MDA-MB-231 and SK-BR3 cells 

were serum-starved for 12h and then treated with IL-6 and IL-6Ra for 30min. ChIP 

assays were performed with a phosphor-STAT3 (Tyr 705) antibody. STAT3 binding 

to WDR1 promoter was examined using reverse transcriptase (RT)-PCR with the 

primers for the putative STAT3 binding site of WDR1 promoter. 
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5. WDR1 is required for efficient F-actin depolymerization in MDA-MB-231 

cells 

 

Biologic signifcance of WDR1 overexpression in cancer has not been fully explored. 

For macrophage, WDR1 knockdown causes significant defect in cell migration
56

. 

Thus, WDR1 overexpression may affect breast cancer cell migration, too. To confirm 

this assumption, MDA-MB-231 cells were manipulated to stably overexpress WDR1 

protein using lentivirus transduction (designated as “WD-231”). WD-231 cells 

expressed WDR1 protein significantly higher than wild type MDA-MB-231 cell 

(Figure 6A). WDR1-specific shRNA knock down diminished WDR1 expressions 

significantly in the WD-231 cells (designated as “WD-231 KD”) (Figure 6A).  

We investigated the impact of WDR1 on the actin cytoskeleton in MDA-MB-231 

cells by quantifying the ratio of F-actin to G-actin. Indeed, western blot analysis in 

WD-231 KD cells showed a ∼4-fold increase in F-actin content (Fig. 6B). Moreover, 

we observed a significant reduction in the F:G actin ratio indicating an increase in 

depolymerized actin following WDR1 overexpresstion in MDA-MB-231 (Figure 6B). 

This result suggest that WDR1 overexpression leads to suffitient F-actin 

depolymerization in MDA-MB-231 cells. 
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Figure 6. WDR1 is required for efficient F-actin depolymerization in MDA-MB-

231 cells. A) WDR1 expression in wild-type and WDR1 gene-manipulated MDA-

MB-231 cells. WDR1 overexpressing MDA-MB-231 (WD-231) cells were 

established using lenvirius transduction. For the knockdown of WDR1, WD-231 cells 

were transfected with WDR1-specific shRNA. B) F (fillamentous) and G (globular) 

fractions in cell lysates by ultra centrifugation were evaluated in western blot analysis 
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using G-actin/F-actin in vivo assay kit from Cytoskeleton. The bar graph shows 

quantifigation  by density of bands of the F:G ratio. 
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6. The constitutive overexpression of WDR1 promotes the migration of MDA-

MB-231 cells 

 

An important component of the invasive profile of a cancer cell is its ability to be 

motile. High levels of WDR1 have been associated with cell motility and metastasis 

of different cancers. Having this background in mind, we performed in vitro cell 

migration assay. We first compared cell proliferation rates, and WD-231 cells did not 

exhibit a significant difference compared to their wilde type (Figure 7A). 

Overexpression of WDR1 caused almost 2.5-fold increase in cell migration (Fig. 7B 

and B; black bar). Next, Knockdown of WDR1 led to a more than 60% reduction in 

the migration of these cells (Fig. 7B and C). These results confirmed the involvement 

of WDR1 in the regulation of MDA-MB-231 cell motility and suggested a biological 

role for WDR1 in controlling breast cancer cell ability for migration. 
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Figure 7. The constitutive overexpression of WDR1 promotes the migration of 

MDA-MB-231 cells. A) The effect of WDR1 expression on cell proliferation. Cell 

proliferation was measured using the cell counting reagent. The data are mean values 

±SD of three independent experiments in triplicate. B) WDR1-dependent cell 

migration in MDA-MB-231 cells. The cells were cultured to confluence in the 

DMEM medium supplemented without FBS in 6-well plates. The wounds were made 

through the cells using a sterile pipette tip. C) Transwell migration assay The images 

were taken at the indicated time points. Scale bar = 100  . Error bars indicate mean 

values ±SD; **P<0.005 of three independent experiments in triplicate.  
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7. WDR1 overexpression associated with tumor cell dissemination 

 

 The first step of metastasis is the migration of cancer away from the primary tumor 

site. In breast carcinomas, invading cells must cross the basement membrane and 

reach blood or lymph node vessels.
78

 Cancer cells derived from primary cancer can be 

disseminated to secondary organ including bone marrow and lymph nodes, a called 

DTCs.
67

  

To observe DTCs, we used well designed calvarial window model for two-photon in 

vivo imaging.
73

 This model is most convenience for live imaging bone marrow in 

skull. However, axillary lymph nodes are not appropriate because they are located too 

deep to observe by two-photon confocal microscopy.  

 Intravital imaging revealed that DTCs were located in the mouse calvarial bone 

marrow environment with resident macrophages (Figure 8A). WDR1 overexpressing 

MDA-MB-231 cells were observed in BM approximetly 7-folds higher than WDR1 

knock down cell line (Figure 8B). The DTC numbers were counted up total three 

random spots of bone marrow. 
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Figure 8. WDR1 overexpression associated with tumor cell dissemination. A) 

Intravital calvarial bone marrow imaging for DTCs. GFP expressing macrophage and 

CMPTX (RFP expressing) stained WDR1 Knock down (left) and overexpressing 

(right) MDA-MB-231 cells (Scale bar = 50µm). B) Observed WDR1 expressing DTC 

numbers were significantly higher than Knock down cells. Cell numbers were 

counted up total three random spots of bone marrow (p=0.0153). 
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8. WDR1 as a predictive factor of nodal metastatic signature 

 

As shown in Figure 9A, patients with positive node numbers (compared with 

negative node numbers) were found to have significant association with WDR1 

overexpression (p < 0.0001). 

WDR1 is strongly immunoreactive in the metastatic breast cancer cells in regional 

axillary lymph nodes (Figure 9B). Diffuse and strong staining for WDR1 in 

conventional ductal cancer cells revealed extensive regional node metastasis. 
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Figure 9. WDR1 expression shows correlation in nodal metastasis of breast 

cancer. A) WDR1 affects breast cancer node metastasis. B) WDR1 is accordingly 

immunoreactive in metastatic cancer cells in regional axillary lymph node. 

 

 

 



- 43 - 

 

9. WDR1 overexpression is associated with poor survival in breast cancer 

patients 

 

Increased tumor cell migration in tissue can promote local invasion and even distant 

metastasis. We tested whether WDR1 overexpression in primary tumor be associated 

with distant metastasis-free survival using a public dataset (Figure 10). 
74

 For analysis, 

the patients were stratified into two groups based on low versus high WDR1 mRNA 

levels in primary tumor. High WDR1 mRNA level was associated with a significantly 

increased probability of relapse and distant metastasis in 1,117 patients with breast 

cancer (Figure 10A). In particular, for those with basal-like subtype (n=204), high 

WDR1 mRNA level  was associated with a significantly increased probability of 

relapse and distant metastasis (Figure 10B). 
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Figure 10. WDR1 expression is associated with poor survival in triple-negative 

breast cancer patients. Relapse-free survival and distant metastasis-free survival 

of A) all breast cancer patients, B) basal-like subtype, C) Her2+ subtype D) 

Luminal-A subtype and E) Luminal-B subtype. Kaplan–Meier curves were 

generated using a publicly accessible dataset containing gene expression and 

relapse-free, distant metastasis-free and overall survival data on patients with breast 

cancer (http://kmplot.com/analysis). The patients were stratified into two groups 

based on low versus high WDR1 mRNA levels in primary tumor. The log-rank test 

was performed to determine whether observed differences between groups were 

statistically significant. P values <0.05 were considered significant. For statistical 

analysis used in the other experiments, data were analyzed using the Student‟s t-test 

and P<0.05 was considered statistically significant. 
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IV. DISCUSSION  

 

Within the tumor microenvironment, tissue inflammation contributes to both 

tumorigenesis and tumor progression.
79

 IL-6 is one of the inflammatory cytokines 

abundant in the tumor microenvironment and a powerful stimulator of STAT3 

phosphorylation.
80,81

 STAT3 phosphorylation, or activation by IL-6 enhances breast 

cancer cell migration and metastasis.
18-20,30,31

 Possible mechanism of STAT3-mediated 

tumor progression includes upregulation of matrix metalloproteinases (MMPs), 

critical factors for tissue remodeling. MMP-1 was upregulated by STAT3 activation 

in multiple cell types of human tumors.
82-86

 Also, STAT3 can induce the expression of 

fascin, an actin bundling protein that promotes cell migration.
20,87

 Previously, we 

found that WDR1 and STAT3 expressions were co-localized at the interface zone 

between tumor and its stroma in primary breast cancer. This observation led us to 

hypothesize that WDR1 gene may be another target gene of STAT3 transctional 

factor, and its overexpression may contribute to tumor progression. We found that 

activated STAT3 binds to a specific site at the WDR1 gene promoter optimal binding 

sequence of STAT3 is TTN5AA (N represents any nucleotide).
88

 In our data, the 

sequence of expected STAT3 binding site that we deleted was TTCCTGAA, one 

nucleotide shorter than TTN5AA. However, The actual sequence on WDR1 promoter 

was 5‟- T(TTCCTGAA)A -3‟. Therefore, STAT3 may bind to the one nucleotide 

upper „TTTCCTGAA‟ or the lower „TTCCTGAAA‟, both of which fit to the optimal 

„TTN5AA‟ definition.  

Known functions of WDR1 protein includes an enchancer role in cofilin-mediated 

actin filament disassembly,
56,89-92

 which leads to the accumulation of actin monomers 

in the cytoplasm.
93

 Actin filament assembly and disassembly is a critical process in 

cell migration, and recently WDR1 was identified as a key factor in regulating cell 

migration.
55,94

 WDR1 overexpression has been noted in invasive breast cancer 

tissues.
95

 Implying a role in tumor progression among the five human breast cancer 
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cell lines, WDR1 was overexpressed in two cell lines, MDA-MB-231 and Hs578T. 

These two cell lines are classified TNBC and represent basal-like subtype. also human 

tissue data supported that WDR1 mRNA overexpressed in TNBC patients, 

furthermore, the prognostic significanace of WDR1 overexpression was most 

profound in patients with basal-like tumors. The other cancer cell lines, including SK-

BR3, MCF7 and BT474 did not express WDR1 as much as those basal-like cells. 

Eespecially, luminal type cancer cell lines did not respond to IL-6 stimulation, such as 

MCA7 and BT474. This discrepancy might be explained in several ways, including 

that basal-like tumors are far more likely to promote local inflammation, then the IL-

6/STAT3/WDR1 signaling pathway will be most active at their invasive front (Figure 

11). In contrast, tumors with low WDR1 expression may be those with lessor degree 

of local inflammation and immune cell recruitment. In that case, by reducing tumor 

microenvironment inflammation we may be able to diminish the chances of tumor cel 

l migration into local tissues and blood vessels. Further study on human tissues may 

provide an answer to these hypothesis.  

In conclusion, transcriptional factor STAT3 bound to a specific site of WDR1 gene 

promoter, thereby activation of STAT3 can promote WDR1 overexpression. Breast 

cancer cells overexpressing WDR1 had enhanced migration rate, and WDR1 

overexpression in breast cancer indicated poor prognosis, especially in those with 

basal-like subypte. 
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Figure 11. Schematic representation of regulatory mechanism of WDR1 gene by 

STAT3. 
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V. CONCLUSION 

 

 The expression of WDR1 in TNBC lead to poor survival in patients and it is 

regulated by STAT3 transcription factor via direct promoter binding. Our results 

provide insights into the molecular background of TNBC cells migratory mechanism 

in tumor microenvironment. The assessment of WDR1 could serve as a predictive 

marker for breast cancer axillary lymph node metastasis.  
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Abstract (in Korean) 

 

STAT3 유도 WDR1 과발현이 삼중음성 유방암 세포 이동성에 

미치는 영향 

 

<지도교수 조남훈> 

 

연세대학교 대학원 의과학과 

 

이주현 

 

WD repeat domain 1 (WDR1)은 cofilin 에 의한 액틴 필라멘트 분해를 돕는 

단백질로써, 침윤성유방암의 침윤전방에서 과발현 됨을 확인 하였다. 

하지만 이 단백질의 과발현의 영향과 발현이 어떻게 조절 되는지에 대한 

기전연구는 잘 알려져 있지 않다. 

본 연구에서는 활성화 된 STAT3 전사인자가 WDR1 유전자의 5’ 상위 

염기서열의  -1971 ~ -1964 부분, 예상되는 촉진염기서열에 직접적으로 

결합하는 것을 루시퍼레이즈 분석과 크로마틴 면역 침강법을 통하여 확인 

하였다. 또한 삼중음성 유방암 세포주에서 STAT3 의 활성화가 WDR1 

단백체를 증가시키는 것을 western blot 을 통해 검증하였다.  

삼중음성 유방암 세포주 중 하나인 MDA-MB-231 에서 WDR1 의 외인성 

과발현은 액틴 필라멘트의 분해를 증가시켰으며 shRNA 를 통한 RNA 

간섭으로 인한 WDR1 유전자 발현의 감소는 반대의 결과를 나타내었다. 

또한 WDR1 유전자를 과발현 시킨 MDA-MB-231 세포주는 현저하게 

이동성이 증가 되었다. 무엇보다도 이 세포주를 실험동물에 주입 후 생체 
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실시간 영상 기법을 통해서 골수 내 파종 암세포의 수가 약 7 배 정도 

증가함을 확인 하였다. 

유방암 환자들의 분석 결과 WDR1 유전자의 과발현은 액와림프절 

전이와 연관이 있었으며 기저세포아형 (basal-like) 유방암에서 생존률에 

관련이 있음을 확인하였다. 

 

 

핵심되는 말 :  WDR1 (AIP1), STAT3, 전사인자, 프로모터 결합, 삼중음성- 

유방암, 세포이동 
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