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ABSTRACT
Recent studies indicate a correlation between high expression of the POZ-ZF
transcription factor Kaiso, and the aggressiveness of the triple negative breast
cancer (TNBC) subtype. However, little is known about the biological roles of
Kaiso in TNBC tumorigenesis and metastasis, which laid the foundation for this
thesis. To elucidate Kaiso’s role in TNBC, we generated stable Kaiso depletion in
two well-established TNBC cell lines — MDA-MB-231 and Hs578T — using RNA
interference technology. Intriguingly, we observed that Kaiso depletion delayed
the tumor onset of MDA-MB-231 but not Hs578T cells, and led to the reduced
expression of the c-Myc oncoprotein in MDA-MB-231 but not Hs578T cells. We
postulate that this reduction in c-Myc expression is partly responsible for the
delayed tumor onset observed in MDA-MB-231 cells. Additionally, loss of Kaiso
expression resulted in increased apoptosis of both MDA-MB-231 and Hs578T
cells in vitro and in vivo, which was accompanied by reduced expression of the
DNA repair protein BRCA1. Remarkably, bioinformatic analysis revealed that
high Kaiso and BRCA1 mRNA expression correlates with the reduced survival

rates of TNBC patients.

Further characterization of the Kaiso-depleted cells revealed that loss of Kaiso
expression strongly inhibited the metastatic abilities of MDA-MB-231 and Hs578T
cells. Importantly, Kaiso depletion led to decreased TGFB-receptor | and Il

(TGFBRI and 1l) expression that is essential for the activation of the TGFf3
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signaling cascade. Concomitantly, suppressing Kaiso led to reduced TGFf
signaling. As increased TGFBRI expression is independently associated with the
poor prognostic outcome of breast tumors, and the TGF@ signaling pathway is
highly involved in breast tumor metastasis, we hypothesize that Kaiso functions
together with TGFBRI and the TGFB signaling cascade to promote TNBC

metastasis.

An additional goal of this thesis was to investigate the role of Kaiso in the
prevalence of TNBC in women of African ancestry (WAA) compared to
Caucasian women — since increased Kaiso expression is implicated in the poor
survival outcomes of breast cancer patients of African ancestry relative to their
Caucasian counterparts. Using tissue microarray and immunohistochemical
analyses, we revealed for the first time a high nuclear expression of Kaiso in
TNBC tissues of WAA (Nigerian, Barbadian, African American) compared to
TNBC tissues of Caucasian women. Collectively, these findings unveiled
functional oncogenic roles for Kaiso in the tumorigenesis and metastasis of
TNBC, and revealed a plausible link between high Kaiso expression, high African

ancestry and the predisposition of young WAA to TNBC.



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

ACKNOWLEDGEMENTS

As | draw near the end of my graduate school voyage, | wish to express my sincere
gratitude to all the amazing people that positively affected my journey, and
contributed in one way or the other to the success of my studies. First and foremost,
my sincerest gratitude goes to God Almighty for His love, mercy, kindness, immense
favour, blessings, provisions and fulfillment of all His promises to me including that of
seeing me through my studies. | would neither have started nor successfully
accomplished this journey if not for my beloved Father.

To my wonderful earthly father — Mr. Theophilus Nyong Bassey, this was always your
dream for me but death took you away too soon and deprived us both from sharing
in the joy of this achievement together. | owe you everything including my drive to
succeed intellectually, my confidence in who | am as a woman, and my inner
strength/desire to always want more for myself and not settle for mediocrity. My
sincere gratitude and thanks for believing in me, and giving all you could to enable
me to attain a higher education. To my ever-loving mother — Mrs. Joy Osereme
Bassey nee JOB, indeed, like Job, you persevered through a lot for us your children,
but you kept your faith, hope and love in God and thought us to do the same. | am
where and who | am today because of my faith in Jesus that you helped me acquire
from a very tender age. Your love and prayers for us your children continue to shape
our lives and make us better individuals each day. Certainly, my Ph.D. journey would
not have been this successful if not for your constant prayers, for which | owe you my
sincerest appreciation. To my unique, diverse, boisterous, loving and endearing
siblings — Emmanuel, Joshua, Lillian and Alex Bassey, you guys mean the world to
me. Thank you all for your love and understanding through these many years. You
are much loved and cherished.

My superb, loving, devoted, kind-hearted, generous and selfless husband — Patrick
Archibong, there are really no words to describe you, and to describe all the love,
kindness, commitment and affection you have shown me since we met. In you |
found sincere, chaste and selfless love. In you | found the strength to love and be a
better version of myself. In your calmness, | found composure amidst many rough
days at school including when my experiments decided not to cooperate © ©. In
your readiness to support my career ambitions and many sacrifices for me to achieve
my goals, | found the determination and motivation to push further — even when | felt
like giving up — so | can make you proud. In your belief in me | found the inspiration
to work harder, and in your unwavering support | found the strength to end this
journey we both started five+ years ago. Indeed, every aspect of this voyage has
been made with you steadfast by my side, so this degree is very much yours as it is
mine because we have both earned it. Thank you, my love, for always being there,
and thank you sincerely for your encouragement, support and sticking by me through
the good and not so good times. You are my number one hero, my very own knight
in shining armor and it's so amazing that even to this day you continue to champion
me on. | cherish you for being you, and want you to know that you are so much
appreciated.



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

To my loving second parents — Mr. Joseph and Mrs. Dorathy Archibong, thank you
for raising such a wonderful son, and welcoming me into your family with open hands
and a loving heart. My sincere gratitude for your love, understanding,
encouragement and support throughout my studies. My heartfelt thanks also go to
my brothers- and sisters-in-laws — Bassey, Agom, Maggi, Agee, Catherine, Irene and
Getty Archibong you guys have been nothing short of welcoming, loving and
supportive, especially my main personal assistant (PA) — Irene and my second PA —
Getty. Thank you so much sisis for all your help and support during my many
research trips home. | could never have accomplished all | did without my two
golden PAs so thank you sincerely again and know that you are really valued.

To my third dad and mum Mr. Emeka and Mrs. Uchenna Ibe, and my newfound
sister and brothers — Adaure, Chukky, Chinasom and Emuche Ibe, thank you for
opening your home and heart to me and my hubby and making us a part of your
family. Chukky, | will forever be grateful to you for presenting my research need to
your dad, and dad, | will always be grateful for your kindness and generosity — which
your children inherited © — and for being an instrument God used to enable me
accomplish my research goals in Nigeria.

My dearest elder sister from another mother — Dr. Nickett Donaldson-Kabwe aka
Nicky, meeting you was the best thing that could have ever happened to me in grad
school. Your numerous advice, support (financially and otherwise), knowledge and
words of encouragement guided me as | navigated my way through grad school and
was instrumental in the many friendships and collaborations | made along the way. In
you | found a true, dear, kind, generous and loving friend, confidant, and mentor,
someone to share my faith in Jesus, as well as my worries, sadness and joy about
grad school. Thanks sincerely to you and your hubby — Mr. Saul Kabwe for always
being there with a listening ear to all my complaints about grad school and an open
hand to comfort both me and my hubby when the pressure got too much. You
embody the words from Proverbs 18:24b that says “.... there is a friend who sticks
closer than a brother”. You indeed have been more than a sister to me and | will
always love and cherish our friendship. My sincerest appreciation to your mum -
Myrtle and other members of your family who welcomed me with open hands and a
warm heart. My time in grad school was very memorable because in you all | found a
whole new family.

To my exquisite friend — Dr. Shaima Salman, thank you for being a loving,
understanding and kind friend, and for your support, encouragement and assistance
no matter the issue — which did not go unnoticed and is very much appreciated. To
Lawrence and Inara Iwieriebor, thank you for being such a blessing, and wonderful
friends to me and my hubby, and for helping us grow in leaps and bounds beyond
grad school, for which we will always be very grateful. To my sister from another
mother Sonia, you are a rare gem, with a kind and sincere soul. My earnest gratitude
to you for being much more than a friend and for welcoming me into your family. My
Ph.D. experience was made much more memorable because your friendship added
a ray of sunshine to it.

vi



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

My gratitude goes out to Dr. Cherrie Small-Okudzeto and family for being such
wonderful people to me and my hubby, and for making my time in grad school
notable. To Eta and Lizzy, thank you for being such great friends. It was pleasant to
have someone to genuinely share the challenges and successes of grad school and
| hope our friendship will continuously blossom beyond grad school. To Dr. Lydia
Kapiriri, thank you for your many advices to me and for welcoming me warmly to
Canada, McMaster and your home. Your gesture was very instrumental to my
settling in nicely to grad life at McMaster. To Mrs. Marilyn Browne, thank you for
opening your home to me and inducting me nicely into things Canadian at your
home. You made my time at McMaster very memorable for which | will ever be
thankful. To Manuela, Uju, Raquel, Tarushika, Natalie, Sindy, Simanga, Mamnguni,
Scott, Ayush, Devika, Sangeena, Romy, Cory, Ish, Michael, Angus and all my other
wonderful friends not mentioned here, my sincerest gratitude for your friendship and
support, which made my time at McMaster unforgettable.

To my spiritual mentor Carol Wood thank you for making me feel right at home, and
not in a foreign country during my early days at McMaster — a deed | will never
forget. Our discussions over your delicious soup delicacy © © were priceless. My
heartfelt appreciation for your many advices, and the opportunities you gave me to
serve, during your Chaplainship at McMaster. | wish to also acknowledge other
fellow members of the McMaster Chaplaincy Council including Nancy, Anne C, Anne
YH, Bill, Peggy, Elisabeth and Eileen. It was such a pleasure serving the McMaster
international community alongside every one of you. The Chaplaincy Council made
my time at McMaster valuable. Thus, | am grateful to each aforementioned Council
member as well as those not mentioned for welcoming me into your midst.

Much thanks also to Peter Self and Dr. Allison Sekuler for your words of
encouragement and for the many wonderful opportunity to serve be it at the
Graduate Council or otherwise. My time at McMaster was made so much more
invaluable because of your gesture. My heartfelt thanks also go to Judi Pattison and
the folks at the McMaster graduate student office for the many graduate activities
that were organized for graduate students, which helped me integrate into the
Canadian life fairly quickly, and to Frank Coruzzi for making my Ph.D. defence a
smooth process.

Leila, Winsome, Melanie, the gang at “The Olive Branch of Hope” Cancer Support
Services aka “TOBOH” and Stacey — your passion in what you do and your sincere
concern for others has been a great inspiration to me. Thank you for giving me the
platform to use my expertise to touch the lives of others, for which | will always be
indebted. My time in grad school was a wholesome experience because of you all,
and your work at TOBOH.

My earnest thanks to all our collaborators in Nigeria, the Netherlands, USA and
Canada for giving me the opportunity to work with you in various capacities to
accomplish my Ph.D. research goals. Special acknowledgements to Dr. Obinna
Anadu and Dr. Godwin Achinge, for your encouragement and the many assistances

Vii



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

you rendered to me as | looked for ways to realize my research objectives in Nigeria.
My heartfelt gratitude also goes out to the co-authors on all my manuscripts including
Dr. Jacek Kwiecien, Dr. Robin Hallett and Craig Aarts. | would not have achieved
such great publication feats without your many contributions and assistance, for
which | will be forever thankful. Thank you in a special way to Dr. Jacek Kwiecien for
all the mouse training and for turning me into a mini-Pathologist. Your belief in me
and motivation will never be forgotten and is sincerely appreciated.

I would like to extend much genuine thanks to all past and present Danielites
including Shivanie, Daria, Joseph, Amna, Lloyd, Kristina, Kirandeep, Eric, Taylor,
Victoria, Luke, Pratik, Shari, Sonali, Dr. Kevin Kelly and Monica for contributing in
one way or another, either by giving of your time, knowledge and expertise, to make
my Ph.D. experience worthwhile and fruitful. Special gratitude goes to Jasmine,
Branavan, Sinthu, Shatha, Yulika, Ashish, Noroh, Toyemi, Talia, Alyssa and
Omotunde whom | was fortunate to mentor in several capacities during the course of
my grad studies, thank you for giving me the opportunity to guide you as you carried
out your independent projects, which also offered me the opportunity to learn from
you. In our learning phase together, you contributed in many ways to the success of
my Ph.D. studies, for which | will always be thankful.

To Shawn thank you for your numerous assistance with Flow, IHC and other things
around the lab, | really appreciate you giving of your time and energy for the success
of many of my experiments. | am glad | got to meet you and share the trip to Nigeria
with you. You have a very kind and charming personality that | hope you will hold on
to. Never stop working hard and striving to be the best you can be.

To my main G’s - Dr. Roopali (aka Roopie) Chaudhary, Dr. Christina Pierre (aka CP)
and Shaiya Robinson (aka Shay deezy to the deezy & my Jamaican Princess), |
could not have asked for a better bunch of colleagues to navigate grad school with.
Thank you, ladies, for finding a friend in me and for an awesome grad school
experience. | am not sure | got the chance to extend my gratitude to each one of you
for all your support when | lost my dad, so | would like to use this medium to do so.
My sincere gratitude from the bottom of my heart for helping me through that very
sorrowful time in my life, and for being so selfless as to go around the department to
raise funds to enable me travel home to bury my dad. | will forever hold these
memories close to my heart. Roopie, thank you also for welcoming me to Canada
with such a pleasantness that only few people exhibit and for being so generous with
your time and knowledge as you thought me immunohistochemistry and other
molecular lab techniques. CP, thank you for ensuring | became a guru in ChlIP
analysis and for other soft and hard skills you were instrumental in me acquiring. |
loved all our dancing parties in the lab especially when we broke it down to “bruk
bruk bruk bruk bruk bruk it down © © ©.

My singing buddy and Jamaican Princess Shay deezy to the deezy, we have indeed

come a long way, haven’'t we? But one thing is for sure our friendship has definitely
grown through it all. The bible says in Ecclesiastes 4:9-10 — “two are better than one,

viii



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

because they have a good return for their labor. If either of them falls down, one can
help the other up....”. Girl, you embody these verses because you have been a dear
friend and have made these last years of grad school enjoyable and less stressful
despite the pressure of finishing up experiments and meeting deadlines. Your
selflessness is priceless, and your pleasant nature of showering praise on others
‘A’'mazing. Thank you most sincerely for always being there to lend a helping hand
no matter the situation, and thank you for tutoring me in all things western as well as
other molecular lab techniques. Only God can adequately reward your kind-
heartedness and generosity but know that you are very much appreciated. | will miss
our singing sessions in the lab — when we sang the lyrics wrong ‘every time’ lollll, but
insisted the lyrics were correct because we wrote the songs (loll | will still never admit
this in person). Can’t wait for what the future holds for us Dr. Robinson © © and will
always cherish our friendship.

To my very first student Catherine, it was a pleasure mentoring you, and learning
from you as you learnt from me. You made my early years of grad school very fruitful
with your hardworking nature, brilliance and diligence for which | will ever be grateful.
| am very proud of the lady you have become and the excellence you portray in all
you do. To my very second full-time student Lyndsay, your excellence, gentle nature,
ability to learn quickly and reproduce effortlessly what you have been taught is such
a rare combination, that made my latter years of grad school sail by so smoothly for
which | will forever be thankful. | feel like you have acquired some aspects of my
nature (that is how well you learnt all | taught you), and are now a mini-me, which is
very uncanny at times © © but | am so proud of you, all you have accomplished so
far, and all you are yet to accomplish.

| wish to extend my gratitude to William, Kayla, Adele and Bonnie for help with much
needed resources including certain breast cancer cell lines. My heartfelt thanks also
to Dr. Robin Hallett for your generosity with your time and skills as | searched for
answers to my numerous research questions. Furthermore, sincere thanks to Dr.
Brad Doble for granting me the opportunity to image my many IHC stains with your
slide scanner. To the administrative staff of the Biology dept. including Barb, George,
Stan, Lori, Kathy, Marge and Rebecca thank you for your efficiency and many
assistances whenever | needed it, and thank you in a special way for your thoughtful
words and financial assistance when | lost my dad. They were very much
appreciated. | wish to specially acknowledge Barb Reuter whose kind voice and
cheerful personality encouraged me to apply to McMaster. Thank you for being you —
a very wonderful person and thank you for being so hardworking and efficient at your
job, which made my student life and | am sure the lives of many “a” Biology grad
student sail by effortlessly. To the Biology Faculty members including Dr. Suleiman
Igdoura, Dr. Xu-Dong Zhu, Dr. Colin Nurse, Dr. Graham Scott, Dr. Grant McClelland,
Dr. Marie Elliot, Dr. Herb Schellhorn and your past and present trainees/staff
including Cathy, Neal, Sajeni, Sherri, Britthey, Renée and Mohammed, my sincerest
gratitude for your assistance with either lab reagents or equipment when needed.
Many ‘an’ experiment would not have been completed without your generosity for



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

which | will always be thankful. My heartfelt thanks also to Dr. D. Davidson for taking
the time to grill me through my many presentations and for critically editing my thesis.

In addition to all the support | have received from family and friends, | will not be
where | am today academically if not for the unwavering guidance and professional
counsel of my Committee Supervisors/Mentors — Dr. Bhagwati Gupta, Dr. Anita Bane
and Dr. Pierre-André Bédard, as well as my graduate Supervisor/Mentor — Dr. Juliet
Daniel, for which | will eternally be grateful. | have grown in leaps and bounds to be
the Scientist | am today because of the many ways you challenged me to be better,
and for your enduring belief in my work. Despite your busy schedules, you always
created the time to critically examine my work and offer invaluable advice that
resulted in my many successes, for which | extend my sincerest appreciation. Dr.
Gupta, thank you additionally for always being accessible and for your help with the
use of your fluorescent microscope. Dr. Bane, thank you also for your advice that |
seek Robin out to assist me in my research aims with his bioinformatics expertise,
which led to some of the novel data that was generated for my first and second
manuscripts. Dr. Bédard, thank you in a special way for your many assistances with
much needed reagents, and for always sparing the time to share your knowledge
and expertise when | come running to your door with my numerous research
questions/problems.

Finally, to Dr. Juliet Daniel, aka ‘my lab/academic mother’, my gratefulness to you
knows no bounds. | am here today because you gave an inexperienced student the
opportunity of a lifetime. My heartfelt thanks for your belief in me, as well as your
many counsels, persistent support, and unrelenting admonishment when the
occasion called for it. Though, it may not seem so, | want you to know how very
much you and your efforts towards me are appreciated. | will never forget all you did
to see me through the very sorrowful period of my dad’s death, and the many
opportunities you gave me to excel both within and outside the lab environment. | am
a better researcher, writer, speaker and leader because you saw an immense
potential in me and invested your time and effort to see me excel, for which | am
genuinely grateful. | hope to always make you proud as | advance in my career.



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

TABLE OF CONTENTS

THE Page .. [
DeSCrIPtIVE NOTE ...t e e e e et e e e eeees i
Y o 1] = T PRSPPI iii
ACKNOWIEAGEMENTS ... v
Table Of CONTENTS .....ooeeeeee e e e Xi
LISt Of FIQUIES ... e e e e e e XVi
TS o = o] = R Xix
List of Abbreviations and SYymbOIS ... XX
CHAPTER 1: INTRODUCTION ......ceeeeerrerreeerrer s s s sssssss s sssmmmssnns s s s s s s e s s e s e s 1
1.1 SYNOPSIS .oiiiiiiiiiiiiirre e 1
1.2 Triple negative breast cancer: Origin, features and treatment options
................................................................................................................... 3
1.2.1 Origin: The female mammary epithelium ..............cccooiiin. 3
1.2.2 Molecular and clinical features of triple negative breast tumors .......... 7
1.2.3 Established treatment options for triple negative breast cancers
(TNB ) .. et e e e e e e e e e e e e e e e s e e e aeaans 8
1.3 The transforming growth factor-p signaling cascade and TNBC
MEtaStASIS . oieeeeiii i 9
1.3.1 The canonical TGF signaling pathway.............cccccoiiiiiiiiiiiii. 9
1.3.2 TGFp inhibits cell proliferation in normal breast cells ........................ 13
1.3.3 TGFB Promotes TNBC cell metastasis............ccccccumiiiiiiiiiiiiiiinieneenn. 17
1.4 The E-cadherin-catenin complex and epithelial cell adhesion.......... 19
1.4.1 E-cadherin mediates epithelial cell adhesion via interaction with
(072 =] o 0 1< TP 19
1.4.2 E-cadherin loss alters p120-catenin (p120°") subcellular localization ...
........................................................................................................... 25
1.5 The p120°"-binding partner Kaiso is a dual-specificity transcription
22 (2 o 29
1.5.1 The POZ-ZF transcription factor Kaiso ..............covvviiiiiiiiiieiiieeeeeee, 29
1.5.2 Kaiso localizes to both the nucleus and cytoplasm............cccccceeeeenn. 30
1.5.3 Kaiso is a dual-specificity transcription factor ............ccccceeven. 30
1.5.4 Kaiso functions as a transcriptional repressor and activator.............. 32

1.6 Emerging roles for Kaiso in normal and malignant mammalian
o= | LN 36
1.6.1 Roles for Kaiso in normal mammalian cells............ccccvviiiiiieiinnnnnnnnn. 36

Xi



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

1.6.2 Roles for Kaiso in malignant mammalian cells ...........cccccoveeein. 40
1.6.3 Kaiso subcellular localization and prognostic features in cancer cells...
........................................................................................................... 43

1.7 Summary of intent..........ooo i ——— 45
CHAPTER 2: MATERIALS AND METHODS. ..........cooiiiiierrre e 48
(O | I o1 ]| 0 = USSR 48
Generation of stable Kaiso-depleted cell ines............cceeeeeiiiiiiiiiiiiiiiiis 48
RESCUE EXPEIMENTS ... e 49
Reverse transcription — polymerase chain reaction (RT-PCR) .........cccccceee. 50
Quantitative RT-PCR @nalySis .........cccuuiiiiiiiiiieiiie e 52
Chromatin immunoprecipitation (ChIP) and ChIP-PCR experiments.............. 53
Electrophoretic mobility shift assay (EMSA)...........oooiiiiii, 57
Protein iSOIation ....... oo 59
IMMUNOPIECIPItALION ... 59
Western blot (WB) and densitometry analysis..........cccuuveiiiiieiiiiiiii, 60
Immunocytochemistry/immunofluorescence (ICC/IF)...........ooooiiiiiiiiiiiiinneee. 61
Immunohistochemistry (IHC) ... 63
Phase-contrast MICrOSCOPY ....ceevuuuuuumiiiiiiie et 67
Cell proliferation @SSaY ........coooiiiiiiiiiii e 67
IMITT @SSAY ettt ettt e e et e e et ettt e e e e e e e e e e e e e eeeeeennnnnns 68
Clonogenic cell Survival @SSay ..........cccccuuuuiuiiiiiiieiiieeeee e 68
SOt AQAN @SSAY ...veveiiiiiiiiiiiie i ——————————— 68
CaSPASE 3 @SSAY ..eeeeeiiiiiiiiiiiie e a e 69
Annexin V-FITC staining @SSAY .....cccuuuiiiiiiiiiiiieiiiiiieeeeeeeee e 70
Ethics statement and mouse xenograft studies ..............ccccoiiiiiiiiin. 71
Experimental metastasis studies ... 71
Retrospective study patient population.............cccoioioiiii 72
Gene expression analysis of TCGA and GEO datasets.............cccceevvvveviiinnens 74
Statistical @NAIYSIS .....ceeviiiiiiiieieee e ——————— 76
CHAPTER 3: KAISO, TNBC CELL GROWTH & SURVIVAL........ccccccmmrrrrrrrrnnn 77

Kaiso depletion attenuates the growth and survival of triple negative
breast cancer cells. Bassey-Archibong Bl, Rayner LG, Hercules SM, Aarts
CW, Dvorkin-Gheva A, Bramson JL, Hassell JA and Daniel JM. (Cell Death
Dis. 2017; 8(3): €2689. doi:10.1038/cddis.2017.92)

[ =Y = Lo = N 77
7 o 1= 1 - Lo 78
814 o 10T o= £ oY o 78
(Y= U] 80

= Kaiso depletion inhibits TNBC cell proliferation..............cooovviviiiiiiiinnnnn. 80

Xii



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

= Kaiso depletion induces apoptosis in TNBC cells ..........ccccceeeviviiieiinens 81
» Pro-apoptotic proteins are up-regulated in Kaiso-depleted TNBC cells ... 81
» High Kaiso and low PUMA expression does not correlate with poor

survival in BCa patients ..........coooiiiiiieec e 83
= Kaiso depletion enhances the sensitivity of TNBC cells to Cisplatin ........ 83

= High Kaiso and BRCA1 expression correlates with poor survival in BCa
PALIENTS ... 84
[ TS o2 == e T 85
Materials and methods...........oo i 87
Conflict of interest ... ———————————— 88
Acknowledgements ... 88
=] =] =1 3 TRt 88
CHAPTER 4: KAISO, TGF3 SIGNALING & METASTASIS........ccccccmrrrrrrrreeennn 90

Kaiso depletion attenuates transforming growth factor-p signaling and
metastatic activity of triple-negative breast cancer cells. Bassey-
Archibong BI, Kwiecien JM, Milosavljevic SB, Hallett RM, Rayner LG, Erb MJ,
Crawford-Brown CJ, Stephenson KB, Bédard PA, Hassell JA and Daniel JM
(Oncogenesis, 2016; 5: €208)

Preface ... e en 90
ADSEracCt ... 92
INtrOdUCHION ... 92
RESUILS ... s s 93
» High Kaiso expression correlates with poor prognosis in breast cancer
PALIENTS ... 93
= Kaiso-depleted TNBC cell lines undergo mesenchymal-to-epithelial
ErANSIHION . e eeee 94
= Kaiso depletion attenuates the metastasis of TNBC cells........................ 94
= Kaiso expression positively correlates with TGF( signaling protein
201 £=T1=] (o] o PRSPPI 94
= Kaiso depletion attenuates TGF signaling and transcriptional responses..
........................................................................................................... 95
= Kaiso binds the TGFBR1 and TGFBR2 promoter endogenously.............. 95
» High Kaiso and TGFBR1 expression correlates with poor survival in BCa
PALIENTS ... 95
» Kinase-active TGFBR1 rescues TGFB signaling but not the metastatic
abilities of Kaiso-depleted MDA-231 CellS .......ccoevvieiiiiiiiiiiieeeiieeeeeeee, 96
[ TS o2 == e T 96
Materials and methods...........oo 98
Conflict of interest ... ————————— 100
Acknowledgements ... ——— 100

Xiii



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

202 (= =] 3 Lo =1 100

CHAPTER 5: KAISO & PULMONARY INTRAVASCULAR INVASION OF TNBC

0 P 102
Loss of Kaiso expression in breast cancer cells prevents intra-vascular
invasion in the lung and secondary metastasis. Kwiecien JM, Bassey-
Archibong BI, Dabrowski W, Rayner LG, Lucas AR and Daniel JM.

Preface ... 102
ADSEract. ... 104
INtrodUcCtion..............ooo e 105
Materials and methods ... 106
Results and diSCUSSION ..o 107
B Protein @XPreSSIiON ... .o i eaee 107
= Clinical observations and histological analyses..........ccccccccciiiiiiiiinnnnn. 107
= Immunohistochemical analyses...............ooiiiiiiii e 111
CONCIUSIONS ..o e e 116
Acknowledgements. ... 116
REFEIrENCES ... e 117
CHAPTER 6: HIGH KAISO EXPRESSION & TNBC IN WAA ... 121

Kaiso is highly expressed in TNBC tissues of women of African ancestry
compared to Caucasian women. Bassey-Archibong BIl, Hercules SM,
Rayner LGA, Skeete DHA, Connell SPS, Brain |, Daramola A, Banjo AAF,
Byun JS, Gardner K, Dushoff J and Daniel JM.

Preface ... nnn 121
ADSEract ... e 123
INtrOdUCHION ... 123
Methods ... 124
RESUILS ... s e e 126
= Clinico-pathological characteristics of study participants ....................... 126
= Kaiso is highly expressed in TNBC tissues of WAA compared
t0 CauCasian WOMEN .........cooiiiiiiiiceee e e e e e e e e eees 126
= Correlation between nuclear Kaiso expression and clinic-pathological
features of study partiCipants.........ccoooveeiiiiiiii i 128
DiSCUSSION.... oot s e rnm e e nmm s 129
Acknowledgements ..o —— 130
Compliance with ethical standards.........cccceveeemmcccicciiiii s 130
=] =] =1 3T o PO 130
CHAPTER 7: DISCUSSION..........ccooiiiirininmrre s smns s smmnn e 133
7.1 Kaiso’s biological relevance in the tumorigenesis and metastasis of
I 11 = 1O 134

Xiv



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

7.1.1 Kaiso depletion attenuates the proliferation and promotes the

apoptosis Of TNBC CellS.......cccooiiiiiiieeeeeeeee e 134
7.1.2 Kaiso depletion suppresses the metastasis and pulmonary
intravascular invasion of TNBC cells .........cooovviieiiiiiiiiiiiiie 139

7.2 Mechanistic roles of Kaiso in TNBC tumorigenesis and

MEtaStaSiS......coi i 142
7.2.1 Kaiso promotes TNBC cell proliferation in part via modulation of c-Myc
230 (=111 (o] o PSRRI 142
7.2.2 Kaiso promotes TNBC cell survival via modulation of BRCA1
230 (=111 (o] o PP 144
7.2.3 Kaiso positively modulates TGFf signaling and transcriptional
=15 0 0] 0112 PP 147

7.3 A potential link between high Kaiso expression and TNBC

prevalence in WAA........ s s s 151
7.3.1 High nuclear Kaiso expression is correlated with increased percentage
of African ancestry in TNBC patients ..., 151
7.4 Outstanding research questions..........cccccciiniii———— 152
7.4.1 Does Kaiso regulate p120°" eXpression?...........ccocevveeeeeeeveeeneenns 153
7.4.2 Elucidating the downstream intracellular pathways/signaling molecules
involved in TGF regulation of Kaiso expression.............ccccccvvvvnnees 154
7.4.3 Is the EGFR-ERK signaling pathway involved in the regulation of

Kaiso expression in TNBC cellS?........oooovviiiiiiiiiiiiieeeeeeeeeeeeeeeis 155

7.4.4 |s Kaiso involved in facilitating the pro-metastatic functions of TGF3?..
......................................................................................................... 156
7.5 CloSing remarks ..o sannnns 157
2 o o = V1 T O 160

A1: Kaiso-depletion effects on TNBC cell growth in vivo is cell-type dependent
............................................................................................................... 161

A2: Kaiso depletion results in decreased c-Myc transcripts in MDA-231 cells ....
............................................................................................................... 163
A3: Kaiso depletion results in reduced pERK1/2 expression......................... 165
A4: Kaiso depletion attenuates C/EBPf expression in MDA-231 cells.......... 167
REFERENCES. ......... .t s s s s s s s mn s s e s s s e e e e e e e s e e e s nnnnnnan 169

XV



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

LIST OF FIGURES

CHAPTER 1
Figure 1.1. Schematic illustration of the female mammary organ 5-6
Figure 1.2. The canonical TGF signaling pathway 14-15

Figure 1.3. Schematic illustration of the E-cadherin—catenin complex  21-22
Figure 1.4. Schematic diagram of p120-catenin and its structural and  27-28
functional domains

Figure 1.5. Schematic representation of Kaiso and its functional 33-34
domains

CHAPTER 2

N/A

CHAPTER 3

Figure 3.1. Kaiso depletion attenuates the proliferation of TNBC cells 80

Figure 3.2. Kaiso-depleted MDA-231 cells exhibit delayed tumor 82
onset in mouse xenografts

Figure 3.3. Kaiso depletion results in increased apoptosis of TNBC 83
cells

Figure 3.4. Kaiso depletion increases expression of pro-apoptotic 84

proteins in TNBC lacking wt p53

Figure 3.5. Kaiso depletion enhances the sensitivity of TNBC cellsto 85
Cisplatin

Figure 3.6. Kaiso depletion attenuates BRCA1 expression in sporadic 85
TNBC cells

Figure 3.7. High Kaiso and BRCA1 expression correlates with poor 86
prognosis in BCa patients

Figure 3.8. Schematic diagram of proposed model for Kaiso’s role in 86
TNBC

CHAPTER 4

Figure 4.1. High Kaiso expression correlates with shorter metastasis- 93
free survival and EMT

Figure 4.2. Kaiso depletion inhibits breast tumor cell metastasis to the 94
lungs and liver

Figure 4.3. Kaiso expression positively correlates with TGF 95
signaling components in triple-negative tumors

Figure 4.4. Kaiso-depletion attenuates TGFf signaling and 96
transcriptional responses

Figure 4.5. Kaiso associates with the endogenous TGFBR1 and 97

TGFBR2 promoter in breast cancer cell lines
Figure 4.6. High Kaiso and TGFBR1 expression correlates with poor 98
prognosis in breast cancer patients

XVi



Ph.D. Thesis - B. |. Bassey-Archibong McMaster University -

Figure 4.7. Re-expression of a constitutively active TGFBR1 in Kaiso-
depleted cells is insufficient to restore breast cancer
metastasis

Figure 4.8. Potential model of the role of Kaiso in tumor progression
and metastasis

CHAPTER 5

Figure 5.1. Kaiso®"*"** MDA-231 cells express negligible Kaiso
compared to parental Kaiso”**""® cells

Figure 5.2. Primary subcutaneous tumors formed by Kais
Kaiso"%"® cells with invasion of the lumen of
surrounding veins

Figure 5.3. Metastasis of Kaiso”*""® and Kaiso cells to the
lung results in dramatically different tumor behavior

Figure 5.4. Intravascular invasion of secondary metastatic Kaiso”**""®
tumors -

Figure 5.5. Thrombosis caused by Kaiso”*"® tumors invading the
blood vessels and heart ventricles

Figure 5.6. IHC of primary subcutaneous Kaiso”**"'® and Kaiso
MDA-231 tumors -

Figure 5.7. The molecular phenotype of the Kaiso”**""* MDA-231
cells persist as they metastasize to other distal organs
(liver and myocardium)

Figure 5.8. Conceptual pathogenesis of cancer metastasis

opositive and

depleted

depleted

CHAPTER 6

Figure 6.1. Nigerian women are diagnosed with TNBC at younger
ages than Barbadian, AA and CA TNBC women

Figure 6.2. Cytokeratin immunostaining of Nigerian and Barbadian
TNBC tissues verifies tissue integrity

Figure 6.3. Kaiso subcellular localization and expression in Nigerian,
Barbadian, AA and CA TNBC tissues

Figure 6.4. Comparative analysis of nuclear Kaiso expression in
Nigerian, Barbadian, AA and CA TNBC tissues

CHAPTER 7
FIGURE 7.1. Conceptual model of Kaiso’s role in the tumorigenesis
and metastasis of triple-negative tumors

APPENDIX

Figure A1.1. Kaiso depletion did not delay the growth of Hs578T cells
in vivo, but increased their apoptosis

Figure A2.1. Kaiso depletion results in decreased c-Myc transcripts in
MDA-231 cells

XVii

Biology

98

99

108

108

109
110
111
112

113

115

125
127
128

129

158-159

151-152

153-154



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

Figure A3.1. Kaiso depletion results in reduced pERK1/2 expression. 155-156
Figure A4.1. Kaiso depletion attenuates C/EBP[3 expression in MDA-  157-158
231 cells

Xviii



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

LIST OF TABLES

CHAPTER 1
N/A

CHAPTER 2

Table 2.1. List of primers used for RT-PCR with their annealing 51
temperature (temp.) and product size

Table 2.2. List of primers used for gRT-PCR with their annealing 53
temperatures

Table 2.3. List of primers used for ChIP-PCR with their annealing 55
temperatures and product size

Table 2.4. List of antibodies and their respective dilutions used for 62
western blot (WB) analysis

Table 2.5. List of primary antibodies used for immunohistochemistry 66

CHAPTER 3
N/A

CHAPTER 4

Table 4.1. Oligonucleotides representing different potential KBS in the 97
TGFBR1 promoter

Table 4.2. Oligonucleotides representing different potential Kaiso- 97
binding sites in the TGFBR2 promoter

Table 4.3. List of primer sequences and their annealing temperatures 99
used for RT-PCR analysis

Table 4.4. List of primer sequences and their annealing temperatures 99
used for gRT-PCR analysis

CHAPTER 5
N/A

CHAPTER 6
Table 6.1. Clinico-pathological characteristics and analysis of study 125
participants

CHAPTER 7
N/A

APPENDIX
N/A

XiX



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

LIST OF ABBREVIATIONS*
*Commonly used scientific abbreviations not included

5-aza-dC 5-aza-2’-deoxycytidine

a-SMA a-smooth muscle actin

AA African American

ALDH1 Aldehyde dehydrogenase 1

ALDH1A1 Aldehyde dehydrogenase 1 family, member A1

AREB Animal research ethics board

ARVCF Armadillo repeat gene deleted in velocardiofacial
syndrome

BCa Breast Cancer

Bcl-6 B cell lymphoma 6

BTB Broad complex, Tramtrak, Bric a brac

CA Caucasian American

CBD Catenin binding domain

CTCF CCCTC-binding factor

DAB Diaminobenzidine

DMEM Dulbecco’s modified eagle’s medium

DMSO Dimethyl sulfoxide

DTT Dithiothreitol

DWD Distance-weighted discrimination

E-cadherin Epithelial cadherin

ECL Enhanced chemiluminescence
ECM Extracellular matrix

EDTA Ethylenediaminetetraacetate

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor
EMT Epithelial to mesenchymal transition

ERK Extracellular signal-regulated kinase

XX



Ph.D. Thesis - B. I. Bassey-Archibong

EtBr
FBS
FFPE
FITC
fRMA
GEO
GSK3p
H&E
H-score
HDAC
HIC-1
HRP
IHC
JMD
KCI
KBS
LiCl
LUTH
meCpG
MET
MgCli
MH
Miz1
MMP
mKaiso
MTG-16
NaCl
N-CoR
NSG

Ethidium bromide

Fetal bovine serum

Formalin-fixed and paraffin-embedded
Fluorescein isothiocyanate

Frozen robust multi-array

Gene expression omnibus
Glycogen synthase kinase 3 beta
Hematoxylin and eosin
Histochemical score

Histone deacetylase
Hypermethylated in cancer 1

Horse radish peroxidase
Immunohistochemistry
juxta-membrane domain
Potassium(K) chloride

Kaiso binding site

Lithium chloride

Lagos University Teaching Hospital
Methylated CpG

Mesenchymal to epithelial transition
Magnesium chloride
Mad-Homology
Msx-interacting-zinc finger 1

Matrix metalloproteinases

murine Kaiso

Myeloid translocation gene 16
Sodium (Na) chloride

Nuclear receptor co-repressor-1
NOD SCID gamma

XXi

McMaster University - Biology



Ph.D. Thesis - B. I. Bassey-Archibong

Oligos
p1 205t
PBS
PBS-T
PI3K
Poly dI-dC
POz
PRS
PUMA
QEH
RIPA
RMA
SDS
siRNA
sh-K
shRNA
SMRT
TAE
TBE
TBS
TBS-T
TCGA
TE
TGFpB
TMA
Tris-Cl
TSA
xKaiso
YPTS

Oligonucleotides

p120 catenin

Phosphate buffered saline

PBS-Tween 20
phosphatidylinositol-3-kinase

Poly deoxyinosinic — deoxycytidylic acid
Pox virus and zinc finger

pRetroSuper

p53 upregulated modulator of apoptosis
Queen Elizabeth Hospital

Radio immunoprecipitation assay
Robust multi-array

Sodium dodecyl sulfate

short interfering RNA

sh-Kaiso

short hairpin RNA

Silencing mediator of retinoid and thyroid receptor
Tris-acetate EDTA buffer

Tris-borate EDTA buffer

Tris buffered saline

TBS-Tween 20

The cancer genome atlas

Tris-EDTA

Transforming growth factor 8

Tissue microarray

Tris chloride

Trichostatin A

Xenopus Kaiso

Yale pathological tissue services

XXii

McMaster University - Biology



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

YTMA Yale tissue microarray
ZBTB33 Zinc finger- and BTB domain-containing protein 33
ZF Zinc finger

XXiii



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

CHAPTER 1: INTRODUCTION

1.1 Synopsis

The slave trade era witnessed a huge migration of many West Africans to the
Caribbean and North America (Mannix and Cowley 1962), where their
descendants are now settled, with many having a more heterogeneous genetic
makeup than their ancestors. Surprisingly, the origins of breast cancer (BCa) — a
very common disease diagnosed in females worldwide — can possibly be traced
back to Africa, with the earliest documented case described in the “Edwin Smith
Surgical Papyrus” (Lakhtakia 2014). Unfortunately, BCa is now considered a
major health issue not only in Africa but worldwide (Bray et al. 2004; Coughlin
and Ekwueme 2009; Forbes 1997), and is a leading cause of cancer-related
deaths in females (Ferlay et al. 2015). Although the past 20 years have seen a
decline in BCa mortality rates in developed countries, BCa incidence and related
mortality rates are continually on the rise in developing countries (Ferlay et al.
2015). In terms of definition, BCa is described as an extremely heterogeneous
and multifactorial disease with diverse subtypes — including luminal A, luminal B,
HERZ2-enriched, Claudin-low and basal-like — that are characterized by distinct
molecular profiles and response to therapy (Perou et al. 2000; Sarlie et al. 2001).
The Claudin-low and basal-like BCas are often biologically characterized as
triple-negative breast cancers due to their lack of three key proteins used to

clinically classify BCa (Anders and Carey 2008; Foulkes et al. 2010). Triple-
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negative BCas account for a disproportionate number of BCa-related deaths due

to their highly aggressive and metastatic nature (Oakman et al. 2010).

The exact etiology of triple negative breast cancer (TNBC) is currently unknown,
but likely risk factors include high parity and body mass index (Anders and Carey
2008; Foulkes et al. 2010). Intriguingly, TNBC is prevalent in younger women,
and premenopausal women of African ancestry (WAA) compared to women of
other ethnicities (Carey et al. 2006; Lund et al. 2009), but the cause of this racial
disparity is currently unknown. However, mounting evidence suggests that there
may be a genetic predisposition to TNBC in WAA (Stark et al. 2010) that may
explain the racial disparity in TNBC prevalence. Recently, we and others
discovered that the transcription factor Kaiso is highly expressed in TNBCs.
Notably, high Kaiso expression correlates with TNBC aggressiveness and the
disparity in survival outcomes of BCa patients of African ancestry compared to
their Caucasian counterparts (Jones et al. 2014; Vermeulen et al. 2012). Despite
these findings, the clinical relevance of Kaiso expression in TNBC
aggressiveness and racial disparity in prevalence was unknown, and these

questions provided the basis for the studies described in this thesis.
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1.2 Triple negative breast cancer: Origin, features and treatment options
1.2.1 Origin: The female mammary epithelium

The adult female breast is a complex, specialized organ that is physiologically
tasked with the synthesis and delivery of milk to babies after birth (Medina 1996).
Structurally, the female breast consists of two main compartments: the mammary
parenchyma and the stroma (Figure 1.1a). The mammary parenchyma is
primarily involved in milk production (lobes/lobules/alveoli) and transportation
(ducts/ductules), while the stroma is comprised of an enriched multicellular
environment that supports the development and function of the parenchyma
(Medina 1996; Pandya and Moore 2011; Polyak and Kalluri 2010; Shekhar et al.
2003). In terms of structure, the mammary parenchyma is organized into a
ductal-lobular system that is characterized by ~15 — 20 lobes connected by a
complex network of ducts (Guinebretiére et al. 2005; Pandya and Moore 2011).
Each ductal-lobular structure contains a bi-layered epithelium: an inner
ductal/alveolar luminal epithelial cell layer lining the lumen, and a discontinuous
outer basal myoepithelial cell layer adjacent to the basement membrane
(Guinebretiére et al. 2005; Owens et al. 2013; Pandya and Moore 2011) (Figure

1.1a).

The growth and differentiation of the mammary epithelium occurs mainly after
birth in females (Gjorevski and Nelson 2011; Watson and Khaled 2008). In the

adult female, mammary epithelial cells continually undergo sequential surges of
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proliferation and apoptosis during estrus cycles, pregnancy, lactation and
involution (Borellini and Oka 1989; Macias and Hinck 2012; Navarrete et al. 2005;
Nazario et al. 1995; Pike et al. 1993; Watson et al. 2006). Therefore, it is not
surprising that the majority of mammary neoplasms arise in the mammary
epithelium (Medina 1996). There is strong evidence of a differentiation hierarchy
in the mammary epithelium, with both luminal epithelial and myoepithelial cells
postulated to arise from a common bi-potent progenitor mammary stem cell,

reviewed in (Visvader 2009).

Although there is much controversy surrounding the particular cell type in the
normal breast from which triple negative tumors arise, there is some indication
that most of these tumors originate from Iluminal-progenitor cells that are
postulated to differentiate into ductal cells (Lim et al. 2009a) (Figure 1.1b).
Indeed, the majority of TNBCs are ductal in origin, and are frequently
histologically classified as invasive ductal carcinomas. However other rare
histological TNBC subtypes also exist: e.g. adenoid cystic, metaplastic and
medullary carcinomas, reviewed in (Irshad et al. 2011; Sasaki and Tsuda 2009).
Additionally, most triple-negative tumors exhibit molecular characteristics
affiliated with cancer stem cells, e.g. high CD44 and ALDH1 expression (Collina
et al. 2015; Ma et al. 2017) or mammary stem cells, which suggest that a fraction
of these tumors may also arise from the much posited mammary stem cells

(Foulkes et al. 2010).
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Figure 1.1: Schematic illustration of the female mammary organ. (A) The
female mammary organ consists mostly of the mammary parenchyma (ducts
and lobules) and stroma. An enlarged portion of the ductal-lobular structure of
the mammary parenchyma reveals a bi-layered epithelium comprised of an
inner ductal luminal epithelial cell layer lining the lumen, and a discontinuous
outer basal myoepithelial cell layer resting on the basement membrane. (B)
lllustration of the differentiation hierarchy of the mammary epithelium, which
indicates that both luminal epithelial and myoepithelial cells arise from a
common bi-potent progenitor mammary stem cell. The luminal progenitor cell
that stems from the common progenitor cell population can further differentiate

into a ductal cell. Model adapted from (Visvader, 2009).
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1.2.2 Molecular and clinical features of triple negative breast tumors

The term triple-negative BCa was first coined over a decade ago and accounts
for ~15% of all breast cancers (Foulkes et al. 2010). Triple-negative tumors as
the name implies lack expression of three key proteins — estrogen receptors
(ER), progesterone receptors (PR), and the human epidermal growth factor
receptor (HER) 2 — that are used to immunohistochemically classify breast
tumors (Foulkes et al. 2010). Most triple-negative breast tumors also exhibit a
high frequency of p53 and BRCA1 mutations, and thus an unstable genome due
to the roles of wild-type p53 and BRCA1 in DNA repair and genomic integrity
(Gonzalez-Angulo et al. 2011; Manié et al. 2009; Shah et al. 2012; Wong-Brown
et al. 2015). In addition to the aforementioned genetic profile, most TNBCs also
exhibit distinct molecular profiles including increased expression of epidermal
growth factor receptor (EGFR) and the c-Myc oncoprotein (Burness et al. 2010;
Network 2012). The heterogeneous genetic profiles of triple negative breast
tumors have led to the stratification of TNBC into several molecular subgroups
including basal-like, Claudin-low, luminal androgen receptor and mesenchymal
(Lehmann et al. 2011; Perou 2010; Prat et al. 2010; Rakha et al. 2009). Clinically,
TNBCs are typically characterized by a younger age at onset, high
histopathological grade, large tumor size, increased frequency of early
recurrence and a high risk of visceral (lung, brain) metastasis compared to other

BCa subtypes (Dent et al. 2009; Ismail-Khan and Bui 2010).
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A study of ~1600 breast cancer patients diagnosed at the Women’s College
Hospital, Toronto from 1987 — 1997, revealed that the mean age at diagnosis for
TNBC patients was 53 years compared to 57.7 years for non-TNBC patients
(Dent et al. 2007). Furthermore, triple-negative breast tumors were found to be
more often of a higher grade (66%), and affiliated with a larger mean (3 cm)
tumor size than non-TNBC tumors, which were associated with a smaller mean
(2.1 cm) tumor size and had a decreased probability (28%) of being high grade
(Carey et al. 2006; Dent et al. 2007). Compared to patients with other BCa
subtypes, TNBC patients also had a more aggressive clinical course of the
disease; this was often associated with an increased probability of distant
recurrence (33.9% versus 20.4% for other BCa subtypes) within the first 3 years
(Carey et al. 2006; Dent et al. 2007). Finally, TNBC patients were observed to be
more likely to die from the disease within the first five years than patients
diagnosed with other BCa subtypes (Carey et al. 2006; Dent et al. 2007), a
finding that was corroborated by an independent study of Eastern and Central

North Carolina BCa patients (Carey et al. 2006).

1.2.3 Established treatment options for triple negative breast cancers
(TNBC)

The decreased rate of survival of TNBC patients is primarily associated with the

aggressive and metastatic nature of the disease, as well as lack of effective

targeted therapies. Currently, the mainstay of treatment for TNBC is surgery,
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radiation and/or chemotherapy (Foulkes et al. 2010; Wahba and El-Hadaad
2015). Most triple-negative tumors are sensitive to chemotherapy regimens
containing anthracyclines, taxanes and/or platinum-based agents, which is often
associated with an overall good pathologic complete response (pCR) rate in the
corresponding patients (Carey et al. 2007; Liedtke et al. 2008; Silver et al. 2010).
TNBC patients who attain good pCR are reported to have fewer distant relapses,
and excellent distant metastasis-free and overall survival. Conversely, TNBC
patients with partial pCR, and thus residual disease, experience a high rate of
distant relapses, coupled with reduced distant metastasis-free and overall
survival (Carey et al. 2007; Foulkes et al. 2010; O'Reilly et al. 2015; Pareja Fresia
et al. 2016). This is most likely due to the increased metastatic propensity of
triple-negative tumors, as metastasis is responsible for 90% of all cancer-related

deaths (Mehlen and Puisieux 2006).

1.3 The transforming growth factor-f signaling cascade and TNBC
metastasis

1.3.1 The canonical TGFp signaling pathway

The transforming growth factor B (TGFp) cytokine is the prototypic member of a

large family of signaling proteins, each with cell-type specific and context-

dependent functions (Akhurst and Hata 2012; Weiss and Attisano 2013). Since

its discovery, TGFp has been implicated in many important cellular processes

including but not limited to cell proliferation, apoptosis, differentiation and
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migration, reviewed in (Giehl and Menke 2006; Moses and Serra 1996; Schuster
and Krieglstein 2002; Seoane 2006). In mammals, TGFp exists as one of three
homologous isoforms (TGFB1, 2 and 3) with distinct expression patterns (Akhurst
and Hata 2012; Barcellos-Hoff and Ewan 2000). Each TGFp isoform, is
synthesized and secreted into the extracellular environment as a latent dimeric
precursor protein, comprised of the mature bioactive cytokine non-covalently
bound to its propeptide — the latency-associated peptide (LAP). Disruption of the
TGFB — LAP connection via several mechanisms including proteolysis, liberates
the biologically active TGFB (Miyazono et al. 1991; Saharinen et al. 1999). This
allows association of the bioactive TGFB with its signaling cognate
serine/threonine kinase receptors — TGFB receptors (TGFBR) type | and Il — that
are present on the membrane of multiple cell types (Massagué 1998). In the
basal state, TGFBRII exists in a phosphorylated form and is thus designated as a
constitutively active kinase. In contrast, TGFBRI exist in an un-phosphorylated
form, and is associated with the immunophilin FK506-binding protein (FKBP12)
that binds to specific residues (Leu-Pro) adjacent to the TGFBRI un-
phosphorylated Glycine-Serine rich (GS) domain (Massagué 1998).
Consequently, TGFBRI is kept from ligand-independent signaling and

phosphorylation/activation by the constitutively active TGFBRII kinase.

The principal downstream effectors of the canonical TGF signaling cascade are

the Smad proteins, in particular the receptor-regulated (R)-Smad (Smad2/3) and

10
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the common-mediator (Co)-Smad4 proteins. Smad proteins are homologues of
the Caenorhabditis elegans SMA (from the sma gene which indicates small body
size) proteins and the Drosophila MAD (mothers against decapentaplegic)
proteins (Savage et al. 1996; Sekelsky et al. 1995), and derived their name from
a combination of the two (SMA and MAD). In the absence of TGFf signaling, un-
phosphorylated Smad2/3 monomers are mainly localized in the cytoplasm where
they exist in an inactive auto-inhibitory state due to the physical interaction of

their MH1 and MH2 (Mad-Homology 1 and 2) domains (Massagué 1998).

The TGFf signaling cascade is initiated upon binding of bioactive TGFf to its
cognate receptors — TGFBRIlI and TGFBRI. Interaction of bioactive TGF with its
cognate receptors have been shown to occur in a two-step process as
demonstrated by genetic complementation studies in TGFB-resistant cell mutants
lacking either TGFBRI or TGFBRII, reviewed in (Massagué 1998). First, mature
TGFB directly associates with the ligand-binding domain of the constitutively
active TGFBRII kinase that can bind TGFp in the absence of TGFBRI (Massagué
1998; Wrana et al. 1992). Next, TGFBRI is recruited into the TGFBRII-bound
TGFB complex, which results in the formation of a hetero-tetrameric ligand-
receptor complex consisting of the bioactive TGFB dimer and pairs of TGFBRI
and TGFBRII proteins (Heldin et al. 1997; Massagué 1998), see (Figure 1.2).
TGFB-induced formation of the ligand-receptor complex stimulates a

conformational change in TGFBRI that results in the dissociation of FKBP12

11
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(Chen et al. 1997b; Massagué 1998; Wrana et al. 1992) (Figure 1.2). This is then
accompanied by TGFBRII-mediated phosphorylation of serine/threonine residues

present in the TGFBRI GS domain, which results in TGFBRI activation.

The activated TGFBRI then binds and phosphorylates Smad2/3 — localized to the
membrane by SMAD anchor for receptor activation or SARA (Tsukazaki et al.
1998) — at a characteristic C-terminal SXS motif (Seoane 2006; Shi and
Massagué 2003). Upon phosphorylation, Smad2/3 dissociates from SARA, forms
homo- and heterodimeric complexes with each other, and subsequently
heterotrimeric complexes with Smad4. The heterotrimeric Smad complexes then
translocate to the nucleus where they regulate the expression of a large
repertoire of TGF target genes in concert with other DNA-binding proteins and
nuclear cofactors e.g. the coactivator p300 (Heldin et al. 1997; Massagué 2012;
Shi and Massagué 2003) (Figure 1.2). The capacity of the heterotrimeric Smad
transcription complex to associate with diverse DNA-binding proteins in TGF[-
stimulated cells is largely responsible for the numerous cellular processes
controlled by the canonical TGFB signaling cascade (Massagué et al. 2005).
Notably, TGFf signals can also be transduced within the cell via non-canonical
(non-Smad) intracellular proteins such as phosphatidylinositol-3-kinase (P13-K)
and various mitogen-activated protein kinases (MAPK) e.g. extracellular signal-

regulated kinase 1/2 or ERK1/2 (Zhang 2009). However, the canonical Smad

12
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proteins represent the primary route of TGFB signal propagation from the cell

membrane to the nucleus (Massagué 2000).

1.3.2 TGFgB inhibits cell proliferation in normal breast cells

A principal function of the TGFp signaling cascade in non-transformed mammary
epithelial cells is the inhibition of cell cycle progression — particularly the transition
from growth (G1) to synthesis (S) phase — and thus cell proliferation. One of the
first reports implicating TGFB in mammary epithelial proliferation demonstrated
that slow-releasing TGFp pellets embedded in the mouse mammary parenchyma
rapidly inhibited epithelial proliferation and growth of emerging ductal end buds
(Silberstein and Daniel 1987). The epithelium-specific nature of TGFp inhibitory
effects on the actively growing end buds was later demonstrated in a subsequent
study where exogenous TGFB was shown to impede DNA synthesis in the
growing epithelium, but not in the stroma surrounding the developing end buds
(Daniel et al. 1989). Further evidence of TGFp’s anti-proliferative functions in
non-transformed mammary epithelium was gained from studies in mouse models,
where TGFB1 overexpression in the mammary glands of virgin and pregnant
transgenic mice was shown to suppress ductal epithelial proliferation and

development (Pierce et al. 1995).
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Figure 1.2: The canonical TGFB signaling pathway. TGFB ligands are
synthesized and secreted into the extracellular environment as latent
precursors in a small latent complex (SLC) that is comprised of the mature
TGFB dimeric protein non-covalently attached to its pro-peptide latency-
associated peptide (LAP). In this biologically inactive form (1), TGFB is
unavailable for binding to its cognate receptors — TGFBRI and TGFBRII. In
unstimulated cells, TGFBRI is bound by the immunophilin FKBP12 at
residues adjacent to its GS domain — small lemon box within TGFBRI (2)
while the TGFB downstream effectors — the receptor-regulated Smad2/3 are
bound to SARA and localized in endosomes within the cytoplasm (3). The
common-mediator Smad4 is also localized to the cytoplasm most often as
trimers (4). Upon TGFB activation via various mechanisms including
proteolysis by matrix metalloproteinases, the bioactive TGF[ ligand binds to
TGFBRII (5), which allows for the recruitment of TGFBRI and its release from
FKBP12 (6) that is accompanied by its phosphorylation (white arrows) and
subsequent activation by TGFBRII (7). Activated TGFBRI phosphorylates
Smad2/3 that is translocated to the membrane by SARA (8) upon activation
of TGFf signaling. Phosphorylated Smad2/3 dissociates from SARA (9) and
forms heterotrimeric complexes with Smad4 (10), which translocate to the
nucleus where they regulate the expression of a large repertoire of TGFf
target genes in coalition with other transcription factors (TF) and nuclear
cofactors including coactivators (CoA) or corepressors (CoR) (11). Original

artwork.
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In complementary studies, heterozygous deletion of TGFj31 resulted in increased
proliferation of the mammary epithelium and consequently enhanced ductal and
lobulo-alveolar development during puberty and pregnancy respectively in the
TGFB1*" transgenic mice (Ewan et al. 2002). Interestingly, in this study, the
TGFB1 depletion phenotype in the mammary epithelium was only elicited in the
presence of the steroid hormones estrogen and progesterone that are major
regulators of mammary gland development (Ewan et al. 2002). This observation
suggested that TGF growth-suppressive functions in normal mammary epithelial

cells are influenced in part by the estrogen/progesterone signaling cascade.

The anti-proliferative functions of the canonical TGF signaling cascade are
accomplished by the concurrent activation of the cyclin-dependent kinase (CDK)
inhibitors (CDKN2B and CDKN1A), and repression of the growth-promoting
transcription factors (c-MYC, ID1, ID2 and ID3) by distinct Smad transcription
complexes (Chen et al. 2002; Siegel and Massagué 2003). Interestingly, c-Myc
can inhibit CDKN2B and CDKN1A expression (Jung and Hermeking 2009;
Seoane et al. 2001; Staller et al. 2001), however, c-Myc repression of both CDK
inhibitors is relieved by TGFB-mediated suppression of c-MYC expression
(Frederick et al. 2004; Kubiczkova et al. 2012). Thus, TGF inhibition of c-MYC
expression is critical for its cytostatic responses (Chen et al. 2001; Claassen and
Hann 2000; Warner et al. 1999). Correspondingly, attenuation of TGFB-mediated

c-MYC inhibition, or aberrant overexpression of c-Myc in mammary epithelial
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cells abolishes the growth-suppressive functions of the TGFf pathway (Chen et
al. 2001; Gomis et al. 2006; Singh et al. 2010). Remarkably, the growth-inhibitory
functions of TGFB are attenuated in many mammary tumors (Gomis et al. 2006;
Kretzschmar 2000) even though mutational inactivation of core TGFB pathway
constituents (e.g. Smad4) is rare in these tumors (Padua and Massague 2009).
Recent reports attribute the aberrant TGFB cytostatic responses observed in
many mammary tumors — including those belonging to the TNBC subtype — to a
loss in the formation of the Smad transcription complex that facilitates c-MYC
repression (Chen et al. 2001; Gomis et al. 2006). Interestingly, several proteins
including the C/EBP transcription factor implicated in the formation of the c-MYC
inhibitory Smad transcription complex — and thus TGF[ cytostatic responses —
are lost or inhibited in malignant mammary cells (Gomis et al. 2006). For
instance, loss of C/EBP[ expression (Johansson et al. 2013), or an increased
expression of its inhibitory isoform (C/EBPB-LIP) attenuates TGFB growth-
inhibitory functions (Gomis et al. 2006) and switches TGFB to a promoter of
invasion and metastasis in aggressive breast cancer cells (Johansson et al.

2013).

1.3.3 TGFpB Promotes TNBC cell metastasis
As previously mentioned, the TGFB signaling cascade regulates multiple other
cellular processes in addition to cell proliferation. Thus, abolition of TGFB anti-

proliferative responses in mammary carcinomas, including triple-negative tumors,
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permits the corrupt utilization of other TGFB-regulated physiological processes
(Padua and Massague 2009). Indeed, numerous studies have demonstrated that
TGF initially functions as a potent growth-suppressor in the early stages of
mammary tumorigenesis. However, as mammary tumors become refractory to
TGFB growth-suppressive functions, TGF3 becomes a powerful driver of invasion
and metastasis, reviewed in (Serra and Crowley 2003; Zarzynska 2014). TGFf3
roles in the metastasis of mammary tumors have been well examined
(Bandyopadhyay et al. 2006; Ganapathy et al. 2010; Kang et al. 2005; Padua et
al. 2008; Tian et al. 2003; Yin et al. 1999; Yu and Stamenkovic 2004).
Remarkably, many of these studies utilized established TNBC cell lines to
investigate the mechanisms of TGFB-regulated mammary tumor metastasis, and
thus inadvertently provided evidence of TGF metastatic functions in TNBC cells.
One study found that TGFB promotes lung-specific metastasis of TNBC cells via
the induction of ANGPTL4 (angiopoietin-like 4) in the corresponding primary
tumor cells (Padua et al. 2008), while a different study demonstrated that TGFj-
stimulated parathyroid hormone-related protein production fostered bone
metastasis of TNBC cells (Yin et al. 1999). Consistent with these findings, tumors
obtained from TNBC patients display an enrichment of TGF signaling proteins,

which correlates with the aggressiveness of these tumors (Ding et al. 2016).

There is strong evidence that TGFB further facilitates the metastasis of TNBC

cells via cooperation between downstream TGF( effectors (Smad proteins) and
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other proteins such as oncogenic Ras and mutant-p53 (Adorno et al. 2009). In
addition, TGFpB is thought to promote the metastasis of transformed mammary
cells in part via its potent induction of the epithelial-to-mesenchymal transition
(EMT) program (Pang et al. 2016; Papageorgis 2015; Singh and Settleman
2010). EMT is a multifaceted biological phenomenon that ultimately enables a
polarized epithelial cell to replace its epithelial characteristics with features
affiliated with mesenchymal cells, e.g. reduced cell-cell adhesion and increased
migratory/invasive abilities, reviewed in (Christiansen and Rajasekaran 2006;
Kalluri and Weinberg 2009). At the molecular level, EMT is associated with the
activation of mesenchymal proteins such as the intermediate filament Vimentin,
and the EMT-inducing transcription factors ZEB1 and Slug. These transcription
factors facilitate EMT in part via downregulation of several epithelial proteins
including the tumor suppressor E-cadherin, which is a key mediator of epithelial
cell-cell adhesion (Christofori 2006; Thiery et al. 2009; Tomaskovic-Crook et al.

2009).

1.4 The E-cadherin-catenin complex and epithelial cell adhesion

1.4.1 E-cadherin mediates epithelial cell adhesion via interaction with
catenins

A typical epithelial cell is characterized by apical, lateral and basal plasma

membrane domains (Huang et al. 2012), and is held together via distinct

intercellular adhesive networks — tight junctions, adherens junctions and
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desmosomes — that reside in the lateral domain (Giepmans and van ljzendoorn
2009) (Figure 1.3). Epithelial cell-cell adhesion is principally facilitated by
classical cadherins, which are the fundamental membrane constituents of
adherens junctions (Van den Bossche et al. 2012). Classical cadherins belong to
a large family of single-span transmembrane glycoproteins that facilitate calcium-
dependent cell adhesion in almost all compact tissues of multicellular organisms
(lvanov et al. 2001). Structurally, the classical cadherins are characterized by two
important domains: (i) an amino-terminal ectodomain comprised of five
extracellular cadherin (EC) repeats that mediate calcium-dependent homotypic
interactions with cadherin molecules on adjoining cells, and (ii) a highly
conserved carboxyl-terminal cytodomain that associates with the actin
cytoskeleton via distinct catenin proteins (Beavon 2000; Halbleib and Nelson
2006; Ivanov et al. 2001). This section will focus on epithelial (E)-cadherin — the

most widely studied of all the classical cadherins — and its role in cell adhesion.

E-cadherin belongs to the type 1 classical cadherin family and is essential for the
establishment and maintenance of epithelial tissue integrity and cell-cell adhesion
(Chen et al. 1997a). Like most type 1 family members, E-cadherin contains five
EC repeats in its extracellular domain that facilitates homotypic interactions
between adjacent cells, and binding sites in its intracellular domain for
association with the actin cytoskeleton via catenins (Halbleib and Nelson 2006;

Ivanov et al. 2001; Perez-Moreno et al. 2003) (Figure 1.3).
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Figure 1.3: Schematic illustration of the E-cadherin—catenin complex.
Cadherin-dependent cell-cell adhesion in epithelial cells is mediated by E-
cadherin. The mature E-cadherin molecule possesses an extracellular
domain that extends from the cell surface, a single membrane-spanning
domain, and a highly conserved intracellular cytoplasmic domain that
interacts with catenin cofactors. The extracellular domain is comprised of
five cadherin repeats (EC1 — EC5) that facilitate calcium (Ca**)-dependent
homophilic cis- and trans-interactions with cadherin molecules on adjoining

cells while the cytoplasmic domain contains specific sites (JMD and CBD)
that directly binds p120Ctn and B-catenin/y-catenin respectively. The stability
of E-cadherin-mediated cell-cell contacts is dependent on Ca2+ binding to
two highly conserved “calcium binding” sites located between adjoining EC
repeats. a-catenin anchors the E-cadherin-catenin complex to actin
filaments of the cytoskeleton via direct interaction with B-catenin and actin-

binding proteins such as EPLIN. Original artwork.
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Almost all catenins with the exception of the structurally distinct a-catenin,
contain a centralized Armadillo (Arm) domain comprised of ~ 9-12 Arm repeats
that participate in protein-protein interactions (McCrea and Gu 2010). Vertebrate
Armadillo-containing catenins are divided into three subfamilies named after key
representative members. These include: plakophilin (plakophilin-1, -2, -3), B-
catenin (B- and y-catenin), and p120-catenin (p120, &-catenin, ARVCF, p0071)
subfamilies (McCrea and Gu 2010). Plakophilin family members primarily interact
with desmosomal cadherins whereas the (B-catenin and p120-catenin (hereafter
p120°" or p120) family members primarily associate with classical cadherins

including E-cadherin (McCrea and Gu 2010).

B-catenin interacts with the distal cytoplasmic tail of E-cadherin via the catenin-
binding domain (CBD) while p120°" associates with the more membrane
proximal region of E-cadherin (Gall and Frampton 2013; Reynolds et al. 1994) via
the juxtamembrane domain (JMD) — which is implicated in cadherin clustering
and stabilization (Yap et al. 1998). B-catenin functions to strengthen the E-
cadherin-catenin complex by indirectly tethering E-cadherin to actin filaments
through its direct interaction with a-catenin (Abe and Takeichi 2008; Halbleib and
Nelson 2006; Ivanov et al. 2001; Perez-Moreno et al. 2003). Unlike B-catenin,
p120°" does not associate with a-catenin (Daniel and Reynolds 1995) or
participate in the anchorage of E-cadherin to the cytoskeleton. Instead p120°"

functions as a master regulator of E-cadherin’s stability and turnover at the cell
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membrane (Davis et al. 2003b; Ireton et al. 2002). Indeed, ectopic p120°"
expression in p120-deficient cells resulted in increased E-cadherin’s stability and
protein levels (Ireton et al. 2002), while downregulation of p120°" in p120-
expressing cells led to the rapid degradation of E-cadherin, as well as a- and -
catenins (Davis et al. 2003b). Interestingly, the effects of p120°" on E-cadherin
stability is attributed to its interaction with distinct binding sites on the E-cadherin
JMD including those involved in clathrin-dependent endocytosis and Hakai-
mediated ubiquitination of E-cadherin (Ishiyama et al. 2010; Miyashita and

Ozawa 2007).

Despite the integral structural role of B-catenin in the linkage between the E-
cadherin-catenin complex and the actin cytoskeleton, B-catenin is dispensable for
strong cell-cell adhesion. This was demonstrated by several studies which
showed that E-cadherin deletion mutants lacking the B-catenin binding domain or
fused directly to a-catenin were efficient in mediating cell-cell adhesion in the
absence of B-catenin (Gottardi et al. 2001; Nagafuchi et al. 1994). In contrast,
p120°" is essential for strong cell-cell adhesion (Ireton et al. 2002; Ishiyama et al.
2010; Thoreson et al. 2000). This finding was confirmed by studies utilizing E-
cadherin-deficient or p120-deficient cells (Ireton et al. 2002; Thoreson et al.
2000). Ectopic expression of an intact E-cadherin, but not a mutant E-cadherin
(incapable of coupling p120) in E-cadherin-deficient cell lines was found to

sufficiently promote strong cell adhesiveness (Thoreson et al. 2000). Similarly,

24



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

ectopic p120°" expression in the p120-deficient SW48 cells rescued the aberrant
epithelial morphology and impaired E-cadherin-mediated cell adhesion observed

in these cells (Ireton et al. 2002).

1.4.2 E-cadherin loss alters p120-catenin (p120°") subcellular localization

In the absence of E-cadherin, both B-catenin and p120°" localize to the
cytoplasm (Sarrio et al. 2004; Thoreson et al. 2000; Valenta et al. 2012).
However, unlike unbound cytoplasmic B-catenin that is rapidly targeted for
degradation by the destruction complex, and is thus short-lived (Kimelman and
Xu 20086), free cytoplasmic p120°" is typically stable (Thoreson et al. 2000).
Multiple p120°" isoforms (1-4) derived by the alternate use of four translation
initiation codons have been identified with distinct expression patterns and
functions (Mo and Reynolds 1996). The longest p120°" isoform (p120°"-1) is
predominantly expressed in motile cells such as fibroblasts and macrophages
(Mo and Reynolds 1996). Conversely, the shorter p120°"-3 isoform lacking the
coiled-coil amino(NHy)-terminal domain present in p120°"-1, is primarily
expressed in epithelial cells that are typically immobile (Aho et al. 2002; Mo and
Reynolds 1996). Synonymous with their expression patterns in highly motile
versus immobile cells, cytoplasmic p120°"-1 but not p120°"-3 is implicated in cell
motility and invasiveness via its inhibition of RhoA (Anastasiadis et al. 2000;
Noren et al. 2000) and/or activation of the related Rho-GTPases Rac1 and Cdc42

(Grosheva et al. 2001).

25



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

Both cytoplasmic p120°®"-1 and p120°"-3 are capable of shuttling between the
cytoplasm and the nucleus (Daniel et al. 2002; Roczniak-Ferguson and Reynolds
2003; van Hengel et al. 1999). Notably, p120°" subcellular localization is
influenced by its proximal (NHz)-terminal domains (see Figure 1.4). In E-
cadherin-deficient cells, p120-1 that contains the full proximal NH,-terminal
domain, localizes predominantly to the cytoplasm, while p120-3 and -4 that lack
either a portion (coiled-coil region) or the entire NH,-terminal domain (coiled-coil
and phosphorylation regions; see Figure 1.4) respectively, localizes primarily to
the nucleus of these cells (Roczniak-Ferguson and Reynolds 2003). p120°"
subcellular localization is also modulated by its interaction with various
cytoplasmic proteins — including a-tubulin and Kinesin (Roczniak-Ferguson and
Reynolds 2003; Yanagisawa et al. 2004). Intriguingly, p120°" can also directly
interact with certain nuclear proteins — including the transcription factors Glis2
(Gli-similar 2), REST (RE1-Silencing transcription factor) and Kaiso, which
suggests roles for p120°" in the regulation of gene expression (Daniel and
Reynolds 1999; Hosking et al. 2007; Lee et al. 2014). Indeed, p120°" indirectly
regulates the expression of several genes including Oct4 and Wnt11 through its
direct interaction with REST and Kaiso respectively (Kim et al. 2004; Lee et al.
2014). The remaining sections of this introduction will focus on the nuclear

p120°"-binding partner Kaiso.
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Figure 1.4: Schematic diagram of p120-catenin and its structural and

functional domains.

p120-catenin (p1200m) consists of an amino(N)-terminal coiled-coil (CC)
and phosphorylation region (asterisks) that is important in the integration of

upstream signals from serine, tyrosine and non-receptor tyrosine kinases,

as well as the regulation of p120Ctn function and subcellular localization.
The amino-terminal domain also contains the translation start sites (1-4), a
putative nuclear localization signal (NLS), and can interact with several
proteins including the microtubule-affiliated motor protein kinesin. The CC
region is present solely in p120-isoform 1. p120-isoform 3 contains the
phosphorylation region while p120-isoform 4 lacks both the CC and
phosphorylation regions. The Armadillo domain encompasses nine
Armadillo repeats (1-9; (Hong et al. 2016)) — each comprised of 42 amino
acids. This domain consists of a putative NLS and nuclear export signal
(NES), and mediates protein-protein interactions with multiple proteins
including Glis2, REST, Kaiso and the classical cadherins often in a

mutually exclusive manner. The carboxy(C)-terminal tail on the other hand

contains two putative NES implicated in the nuclear export of p120Ctn (van

Hengel et al. 1999).
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1.5 The p120°"-binding partner Kaiso is a dual-specificity transcription
factor

1.5.1 The POZ-ZF transcription factor Kaiso

Kaiso is encoded by the zinc finger and BTB domain containing-33 (ZBTB33)
gene located on chromosome Xq24. It was first identified as a p120°"-specific
binding partner in a yeast two-hybrid screen for unique p120°" binding partners
using full length p120°" as bait (Daniel and Reynolds 1999). Notably, the
epithelial p120-3 isoform interacts with more affinity to Kaiso than the
mesenchymal p120-1 isoform (Daniel and Reynolds 1999; Liu et al. 2014).
Subsequent analysis of the deduced Kaiso amino acid sequence led to the
classification of Kaiso as a member of the Broad complex, Tramtrak, Bric a
Brac/Pox virus and Zinc-Finger (BTB/POZ) superfamily of zinc finger (ZF)
transcription factors (hereafter termed POZ-ZF proteins) (Daniel and Reynolds
1999). Further characterization revealed that Kaiso is also the founding member
of a subfamily of zinc finger methyl-CpG binding proteins comprised of the Kaiso-
like ZBTB38 and ZBTB4 proteins (Daniel et al. 2002; Filion et al. 2006;
Prokhortchouk et al. 2001). Despite the structural similarity between the proteins,
ZBTB38 and ZBTB4 do not interact with p120°", which highlight the unique
nature of the Kaiso — p120°" interaction (Filion et al. 2006). Intriguingly, p120°"
interacts with Kaiso via its Arm repeats 1-7, which is the same region required for
p120°" binding to E-cadherin (Daniel and Reynolds 1999). Surprisingly however,

Kaiso does not associate with the cadherin-catenin complex and more
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importantly, p120°™s interaction with Kaiso and E-cadherin occur in a mutually

exclusive manner (Daniel and Reynolds 1999).

1.5.2 Kaiso localizes to both the nucleus and cytoplasm

Although the majority of normal human tissues exhibit little to no nuclear Kaiso
localization (Soubry et al. 2005), Kaiso predominantly localizes to the nucleus in
cultured human tumor cells (Soubry et al. 2005) — a phenomenon that has been
attributed to its highly conserved nuclear localization signal (Kelly et al. 2004a). In
addition to its nuclear localization, Kaiso has also been observed to localize to
the cytosol of normal and malignant human tissues (Soubry et al. 2005;
Vermeulen et al. 2012). The cytoplasmic localization of Kaiso especially in
cancerous cell lines has been credited in part to Kaiso’s interaction with p120°",
particularly p120®"-isoform 3 (Jiang et al. 2012; Zhang et al. 2011).
Correspondingly, Kaiso’s cytoplasmic localization almost always overlaps with
cytosolic p120°™" in certain human tumor tissues (Soubry et al. 2005; Vermeulen
et al. 2012). However, Kaiso’s subcellular localization is also dynamic and
appears to be regulated by the cell cycle (Soubry et al. 2010) and the tumor

microenvironment in transformed cells (Soubry et al. 2005).

1.5.3 Kaiso is a dual-specificity transcription factor
Like most POZ-ZF transcription factors, Kaiso possesses a highly conserved

hydrophobic NHa,-terminal BTB/POZ protein-protein interaction domain that
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facilitates homo- and heterodimeric interactions with other POZ and non-POZ
proteins (Daniel 2007). Consistently, Kaiso homodimerizes and heterodimerizes
with other proteins such as the nuclear co-repressor (NCoR), the vertebrate
insulator CCCTC-binding factor (CTCF) and the zinc finger protein-131 (Znf131)
via its POZ domain (Defossez et al. 2005; Donaldson et al. 2010; Kim et al. 2002;
Yoon et al. 2003). At its C-terminus, Kaiso contains three Krippel-like C,H; zinc
finger motifs that mediate DNA binding (Figure 1.5). Intriguingly, and unlike many
of the previously characterized POZ-ZF proteins (that only bind DNA at a specific
consensus DNA sequence), Kaiso exhibits dual-specificity DNA binding.
Specifically, Kaiso recognizes and binds DNA via the consensus sequence-
specific Kaiso binding site (KBS) — TCCTGCNA; core sequence emboldened
(Daniel and Reynolds 1999; Daniel et al. 2002), the unmethylated palindromic
TCTCGCGAGA sequence (Blattler et al. 2013), and at methylated CpG (meCpG)
dinucleotides either independently or in the context of the palindromic
TCTCGCGAGA motif (Prokhortchouk et al. 2001; Raghav et al. 2012).
Remarkably, Kaiso interacts with p120°" not via its protein-protein interaction
POZ domain, but via its DNA-binding domain specifically at sites flanking its zinc
fingers (Daniel and Reynolds 1999). Since the Kaiso ZF domain (Figure 1.5) is
crucial for efficient DNA-binding, and formation of a stable Kaiso-DNA complex
(Buck-Koehntop et al. 2012), it is not surprising that p120°™" inhibits Kaiso DNA-
binding ability, and consequently its transcriptional activity (Daniel et al. 2002;

Kelly et al. 2004b; Kim et al. 2004; Park et al. 2005; Spring et al. 2005).
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1.5.4 Kaiso functions as a transcriptional repressor and activator

With the exception of MIZ1 that functions as both a transcriptional repressor and
activator, most characterized POZ-ZF proteins (e.g. Bcl-6, PLZF, HIC-1) act as
transcriptional repressors, and elicit their repressive functions by binding to
sequence-specific DNA targets, reviewed in (Kelly and Daniel 2006). Like most
POZ-ZF proteins Kaiso has been primarily characterized as a transcriptional
repressor (Daniel et al. 2002; Kim et al. 2004; Park et al. 2005; Prokhortchouk et
al. 2001; Spring et al. 2005), with confirmation of Kaiso’s repressive abilities
attained mostly from studies in Xenopus and mammalian cells (Kim et al. 2004;
Park et al. 2005; Spring et al. 2005). Several lines of evidence garnered from
both in vivo and in vitro studies in Xenopus and mammalian cells indicate that
Kaiso can repress gene expression in either a KBS-specific (Kim et al. 2004;
Park et al. 2005; Spring et al. 2005), or meCpG-specific manner (Liu et al. 2014;
Prokhortchouk et al. 2001), as well as in both a KBS-specific and meCpG-specific
manner (Donaldson et al. 2012). Notably, p120°" inhibiton of Kaiso
transcriptional activity has only been observed to occur when Kaiso mediates
gene repression via KBS-specific sites (Kelly et al. 2004b; Kim et al. 2004; Park

et al. 2005; Spring et al. 2005).
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Figure 1.5: Schematic representation of Kaiso and its functional
domains. Kaiso contains the highly conserved BTB/POZ protein-protein

interaction domain at its amino (N)-terminus and three C,H, zinc finger (ZF)

DNA binding domain at its carboxy (C)-terminus. Kaiso also comprise two
acidic regions (AR) implicated in transcriptional activation, a nuclear
localization signal (NLS) located between its BTB/POZ and ZF domains,

and multiple putative serine/threonine phosphorylation sites (asterisks).
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The mechanism via which Kaiso regulates gene silencing at sequence-specific
and methylation-dependent sites has been fairly characterized, and involves
Kaiso’s recruitment of macromolecular corepressor complexes, the constituents
of which can comprise N-CoR, silencing mediator of retinoid and thyroid receptor
(SMRT), histone deacetylases (HDAC) and myeloid translocation gene 16
(MTG16) proteins (Raghav et al. 2012; Yoon et al. 2003). In one study, Kaiso-
mediated methylation-specific repression of the MTA2 gene was shown to be
HDAC-dependent via Kaiso’s recruitment of the N-CoR/HDAC3 complex.
Treatment of cells with either the DNA methyltransferase 5-aza-dCT or the HDAC
inhibitor trichostatin A attenuated Kaiso’s repression of MTA2, with both
treatments having a synergistic outcome on MTA2 expression (Yoon et al. 2003).
In another study, Kaiso was found to recruit the MTG16 corepressor to the MMP7
promoter in a sequence-specific manner, and this was crucial for Kaiso-mediated
repression of MMP7 (Barrett et al. 2012). Both Kaiso and MTG family members
recruit HDAC-dependent corepressor complexes to mediate repression (Davis et
al. 2003a; Yoon et al. 2003), which intimated that the Kaiso-MTG16 complex may

also regulate MMP7 expression in a HDAC-dependent manner.

In addition to Kaiso’s function as a transcriptional repressor, increasing evidence
suggest a role for Kaiso as a transcriptional activator that may be dependent on
its protein interacting partners (Defossez et al. 2005; Koh et al. 2014; Rodova et

al. 2004). The first evidence of Kaiso’s transcriptional activating functions was
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reported by Rodova and colleagues in 2004. They showed that Kaiso activated
rather than repressed a rapsyn promoter-reporter construct containing the Kaiso
sequence-specific KBS site in a Kaiso-0-catenin dependent manner (Rodova et
al. 2004). Since then, other studies have supported a role for Kaiso in gene
activation. For example, Koh and colleagues demonstrated that Kaiso activates
the apoptotic protease-activating factor 1 (APAF-1), the cell cycle arrest
(CDKN1AIp21) and apoptosis-related (BBC3/PUMA and BAX) genes in a p53-
dependent manner (Koh et al. 2015; Koh et al. 2014). In this thesis, | found that
Kaiso bound the promoter regions of BRCA1, TGFBRI and Il, and also
showed that Kaiso depletion decreased BRCA1 (Chapter 3), TGFBRI and Il
(Chapter 4) expression at the transcript and protein level, which was
restored upon ectopic Kaiso expression in the Kaiso-depleted cells. These
studies further implicate a role for Kaiso as a transcriptional activator and are
consistent with recent reports that Kaiso associates predominantly with highly

active promoter regions in vivo (Blattler et al. 2013).

1.6 Emerging roles for Kaiso in normal and malignant mammalian cells
1.6.1 Roles for Kaiso in normal mammalian cells

Although the transcriptional functions of Kaiso have been extensively
characterized, and more putative Kaiso target genes are being elucidated, there
is still very little known about Kaiso’s physiological functions in mammals. To

begin to elucidate Kaiso’s functions in normal tissues, Kaiso expression patterns
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were examined in multiple mouse tissues, and this revealed that Kaiso is
expressed at the transcript level in skeletal muscles, heart, spleen, lung, liver,
kidney, testis (Daniel and Reynolds 1999) and brain (Daniel and Reynolds 1999;
Della Ragione et al. 2006). A subsequent study further revealed that Kaiso is also
expressed at the protein level in several normal murine tissues including the skin,
urinary bladder, spleen, brain, thymus, testes, retina, colon, small intestine and
mammary glands (Shumskaya et al. 2015) and normal human tissues including
the breast (Vermeulen et al. 2012), ovary, colon and prostate (Soubry et al.
2005), which suggests potential biological roles for Kaiso in numerous

mammalian tissues.

Interestingly, Kaiso expression was observed either predominantly localized to
the cytoplasm of the abovementioned human tissues (Soubry et al. 2005), or
primarily localized to the nucleus of all the aforementioned murine tissues with
the exception of the retina where Kaiso localized primarily to the cytoplasm
(Shumskaya et al. 2015), which intimated unique biological roles for Kaiso in
distinct vertebrate species. Additionally, Kaiso protein expression was only
detected in a subset of cell types in the various tissues analyzed particularly in
distinct epithelial cells of murine intestines and mammary glands (Shumskaya et
al. 2015), as well as in the epithelial cells of human prostate and colon tissues
(Soubry et al. 2005). This indicated that Kaiso may function to modulate epithelial

cell homeostasis in these tissues. Indeed, aberrant Kaiso overexpression has
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been observed in transformed epithelial cells of intestines, prostate and
mammary glands (Jones et al. 2014; Jones et al. 2012; Pierre et al. 2015b;

Prokhortchouk et al. 2006; Vermeulen et al. 2012).

A pivotal study by Prokhortchouk and colleagues sought to shed some light on
the possible physiological roles of Kaiso in mouse tissues by generating Kaiso
knockout mice. Analysis of the effect of Kaiso loss on the development of diverse
mouse tissues and organs revealed that Kaiso-null tissues and organs exhibited
no visible deformities or developmental abnormalities (Prokhortchouk et al.
2006). This was in stark contrast to the crude structural developmental defects
and phenotypes observed in Kaiso-depleted Xenopus embryos (Kim et al. 2004;
Park et al. 2005; Ruzov et al. 2004; Ruzov et al. 2009). These studies thus
implied that distinct physiological roles exist for Kaiso in different vertebrate
species. Notably, the most similar Kaiso-like protein ZBTB4 that recognizes and
binds the same DNA sites as Kaiso in vitro (Filion et al. 2006) is expressed in
mice but lacks a Xenopus homologue. This suggests that there may be a
functional redundancy conveyed by ZBTB4 in mice, which might explain the lack

of an overt phenotype in the Kaiso-null mice.

Analysis of the effect of Kaiso knockout in generation-3 Kaiso-null progeny
revealed that persistent Kaiso loss resulted in abnormal spleen enlargement and

large diffused germinal centers (Koh et al. 2013). The Kaiso-null phenotype was
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linked to increased cell proliferation as a result of enhanced Bcl-6 and c-Myc
expression, and reduced expression of the cell cycle arrest genes — p27
(CDKN1B), p21 (CDKN1A) and Gadd45a (Koh et al. 2013). This study thus
hinted at a role for Kaiso in the suppression of cell proliferation in normal organs
like the spleen. Moreover, it suggested that Kaiso expression levels in certain
organs like the spleen may promote or attenuate immune responses since the
spleen exhibit both local and systemic immune functions (Mebius and Kraal
2005). This notion is supported by the pro-inflammatory phenotype (increased
neutrophil infiltration and activation — a well-known immune response (Mécsai
2013; Rosales et al. 2016)) observed upon specific overexpression of Kaiso in
murine intestines (Chaudhary et al. 2013; Pierre et al. 2015b). Intestinal-specific
Kaiso overexpressing mice (hereafter referred to as Kaiso transgenics or

Tg/+

Kaiso'@") also exhibited reduced cell proliferation (Chaudhary et al. 2013), which

further confirmed roles for Kaiso in cell proliferation. Additionally, Kaiso™*
displayed increased differentiation of epithelial progenitor cells into secretory cell
types (Paneth, Goblet, and enteroendocrine), a phenotype that was later linked to
Kaiso’s regulation of several Notch signaling pathway components including
Notch1 and DII-1 in intestinal cells (Robinson et al. 2017). More importantly,
Kaiso overexpression led to secretory cell and crypt hyperplasia (Chaudhary et
al. 2013; Robinson et al. 2017), which implied that Kaiso expression levels must

be maintained within a defined physiological range in normal cells, as significantly

high Kaiso levels may predispose to tumorigenesis. Consistent with this theory,
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increased Kaiso expression has been observed in advanced-grade colon and
breast tumors compared to their low-grade counterparts (Pierre et al. 2015b;

Vermeulen et al. 2012).

1.6.2 Roles for Kaiso in malignant mammalian cells

Numerous studies have revealed several roles for Kaiso in transformed cells
(Jones et al. 2016; Jones et al. 2014; Jones et al. 2012; Lopes et al. 2008; Ogden
et al. 2008; Pierre et al. 2015a; Pierre et al. 2015b; Prokhortchouk et al. 2006;
Vermeulen et al. 2012). The earliest evidence of Kaiso’s involvement in
carcinogenesis came from studies by Prokhortchouk et al. where Kaiso
deficiency was shown to delay the onset of intestinal neoplasia in progeny

Min/+

derived from a cross between Kaiso-null (Kaiso™) and the Apc mouse model

Mint mouse model is

of colorectal cancer (Prokhortchouk et al. 2006). The Apc
characterized by germline mutations in the APC gene, hyperactive Wnt/B-catenin
signaling and multiple intestinal tumors (Bienz and Clevers 2000; Galiatsatos and

Foulkes 2006).

Remarkably, Prokhortchouk and colleagues were the first to suggest a positive
rather than a negative impact of Kaiso expression on the Wnt signaling cascade,
and the first to suggest a pro-tumorigenic role for Kaiso in intestinal neoplasia.
These findings were quite surprising as previous studies had characterized Kaiso

as a predominantly negative regulator of Wnt signaling responses (Kim et al.
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2004; Park et al. 2005; Spring et al. 2005). However, since subsequent studies
reported that Kaiso’s regulation of Wnt signaling was bimodal (both positive and
negative) (lioka et al. 2009), it was conceivable that Kaiso could indeed positively
regulate the Wnt cascade in intestinal tumorigenesis. Indeed, recent studies from

Min/+

our lab demonstrated that intestinal-specific Kaiso overexpressing Apc mice,

i.e. (Kaiso™*; Apc

"”’”“), exhibited increased expression of Wnt target genes, had

Min/mice

increased polyp numbers, and shorter survival compared to parental Apc
(Pierre et al. 2015b). These findings reinforced a pro-tumorigenic role for Kaiso in
intestinal carcinogenesis. In addition to the studies by Prokhortchouk et al. and
Pierre et al. implicating Kaiso in intestinal tumorigenesis, multiple studies have

demonstrated roles for Kaiso in other cancers including prostate, lung, and breast

cancer (Jiang et al. 2012; Jones et al. 2014; Jones et al. 2012).

The mechanism via which Kaiso influences tumorigenesis is still being
elucidated. However, several of the putative Kaiso target genes identified to date
— BCL6, MYC, CCND1, CDKN2A, MMP7, DLL1, JAG1, MTAZ2, S100A4, CDH1,
HIF-1a — (Barrett et al. 2012; Dai et al. 2011; Daniel et al. 2002; Donaldson et al.
2012; Jiang et al. 2012; Jones et al. 2012; Koh et al. 2013; Lopes et al. 2008;
Ogden et al. 2008; Park et al. 2005; Pierre et al. 2015a; Prokhortchouk et al.
2001; Robinson et al. 2017; Spring et al. 2005; Yoon et al. 2003), are inextricably
linked to tumour onset, proliferation, progression and metastasis (Adachi et al.

1999; Covington and Fuqua 2014; Dai et al. 2014; Gabay et al. 2014; Huang et
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al. 2011; Lloyd et al. 1998; Musgrove et al. 2011; Onder et al. 2008; Schwab et
al. 2012; Wu et al. 2014). Kaiso has also been implicated in the regulation of
tumor suppressive miRNAs (Wang et al. 2016), and cancer-related events like
inflammation (Chaudhary et al. 2013; Coussens and Werb 2002). These findings
coupled with Kaiso’s regulation of oncogenic signaling pathways like the Wnt
signaling cascade, have provided some insight into Kaiso’s molecular and

physiological functions in tumorigenesis.

For example, Kaiso was found to mitigate cyclin D1-mediated proliferation of
HCT-116 colon cancer cells; Kaiso-depletion resulted in increased cyclin D1
expression, which concomitantly enhanced the proliferation of these cells
(Donaldson et al. 2012). In another study, Kaiso was shown to contribute to
methylation-dependent silencing of the tumour-suppressor genes CDKNZ2A,
MGMT and HIC1 in human colon cancer cells, and its depletion sensitized these
cells to cell cycle arrest (Lopes et al. 2008). Wang et al. further showed that
Kaiso promotes the migration and invasion of prostate cancer (PCa) cells via
repression of miRNA-31 (miR-31); Kaiso-depletion resulted in increased miR-31
expression, and decreased cell migration and invasiveness of PCa cells (Wang et
al. 2016). Moreover, PCa cell migration and invasion was restored upon depletion
of the elevated miR-31 in the Kaiso-depleted PCa cells. In this thesis, we
demonstrate that Kaiso-depletion attenuates the proliferation, invasion and

metastasis of triple negative breast cancer cells in part via the reduction of
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c-Myc expression, as well as other gene responses associated with mutant-
p53, and oncogenic TGFp signaling (Chapter 3, 4 and 5). Collectively, these
studies reveal functional roles for Kaiso in several cancers, and suggest both
tumor promoting and suppressive roles for Kaiso in carcinogenesis that are likely
due to Kaiso’s ability to dual-regulate (activate or repress depending on cellular

context) genes involved in tumorigenic processes.

1.6.3 Kaiso subcellular localization and prognostic features in cancer cells
Most emerging studies correlate increased Kaiso levels with the aggressiveness
and progression of several tumors including prostate and breast cancers (Jones
et al. 2014; Jones et al. 2012; Vermeulen et al. 2012). Notably, Kaiso’'s
subcellular localization also correlates with the poor prognostic features of
various cancers (Cofre et al. 2012; Dai et al. 2009; Jones et al. 2014; Jones et al.
2012; Vermeulen et al. 2012; Wang et al. 2012; Zhang et al. 2011). For example,
increased cytoplasmic Kaiso correlates with advanced grade, lymph node
metastases and reduced overall survival in non-small cell lung cancer patients
(Dai et al. 2009); advanced grade tumors of thymoma patients; high-grade and/or
invasive tumors of male and female pancreatic cancer patients (Jones et al.
2016; Wang et al. 2012). On the other hand, increased nuclear Kaiso correlates
with lymph node positivity of pancreatic ductal adenocarcinomas (Jones et al.

2016) as well as advanced grade, lymph node metastases and poor overall
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survival outcomes in prostate and breast cancer patients (Jones et al. 2014;

Jones et al. 2012).

Correlation analyses of Kaiso expression patterns with tumor type/grade and
prognosis in a cohort of 477 human invasive breast cancer cases revealed a link
between cytoplasmic Kaiso expression and invasive lobular carcinomas
(Vermeulen et al. 2012). Conversely, nuclear Kaiso expression characterized
invasive ductal carcinomas, and was positively correlated with high-grade, ERa
negativity, EGFR-overexpression, BRCA1-associated, HER2-driven, basal and
triple negative breast cancers (Vermeulen et al. 2012). High nuclear Kaiso
expression also correlated significantly with high-grade tumors of African
American (AA) male prostate cancer patients compared to their Caucasian
counterparts (Jones et al. 2012), and with poor survival outcomes of AA female
breast cancer patients relative to their Caucasian counterparts (Jones et al.
2014). These findings hinted for the first time a role for high Kaiso expression in
the racial disparity associated with prostate and breast cancers. We report in
Chapter 6 that nuclear Kaiso is highly expressed in TNBC tissues from
women of African ancestry (WAA) compared to Caucasian women. This
finding implicates Kaiso in the prevalence, and possibly in the high

mortality rates associated with TNBC in WAA (Dietze et al. 2015).
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1.7 Summary of intent

TNBC is highly prevalent in premenopausal WAA (Agboola et al. 2012; Carey et
al. 2006; Lund et al. 2009; Stark et al. 2010), and is associated with a poorer
prognosis compared to other BCa subtypes due to its highly proliferative and
metastatic nature, and lack of targeted-therapies (Foulkes et al. 2010). Recently,
increased Kaiso expression was found to correlate with TNBC aggressiveness
(Vermeulen et al. 2012), and the racial disparity in breast cancer outcomes
(Jones et al. 2014). However, the functional significance of Kaiso’s expression in
TNBC tumorigenesis or prevalence in WAA remained unknown. Most studies
indicate a pro-tumorigenic role for Kaiso in other tumors (Jiang et al. 2012; Jones
et al. 2012). Thus, we hypothesized that Kaiso functions as a tumor
promoter in TNBC. Since Kaiso is highly expressed in TNBCs, we opted to
deplete Kaiso expression in several established TNBC cell lines in order to
determine the functional significance of Kaiso expression in the tumorigenesis
and metastasis of TNBC. The goals of this thesis were to:

(i) Characterize the effects of stable Kaiso-depletion on the proliferation,
survival and invasion of TNBC cells in vitro and in vivo

(ii) Define the mechanism by which Kaiso-depletion influences the
proliferation, survival and invasion of TNBC cells

(iii) Analyze and correlate Kaiso expression patterns in a cohort of WAA-

and Caucasian women (CW)-TNBC tissues.
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To address these objectives, | generated and characterized three stable Kaiso-
depleted TNBC cell lines (MDA-MB-231, Hs578T and MDA-MB-157) using cell
culture experimental systems. Next, | performed xenograft studies by injecting
control and Kaiso-depleted TNBC cells into the fourth mammary fat pad of NOD
SCID Gamma (NSG) mice and examined the effect of Kaiso-depletion on tumor
growth and metastasis. | then examined Kaiso protein expression patterns in
TNBC tissues obtained from Nigerian, Barbadian, African American and
Caucasian women. Nigeria and Barbados represent homogenous populations of
WAA from West Africa and the Caribbean respectively with a high TNBC
occurrence (~65% and ~25% respectively) ((Adisa et al. 2012; Carey et al. 2006;
Stark et al. 2010), Dr. Desiree Skeete, personal communication with Dr. Juliet
Daniel). African Americans represent a heterogeneous population of WAA from
the USA, with ~22% of TNBC incidence rates while Caucasian women represent
a non-WAA American population with ~10% TNBC prevalence rates (DeSantis et

al. 2016; Stark et al. 2010).

Remarkably, Kaiso depletion resulted in the delayed tumor onset of MDA-MB-231
but not Hs578T cells and increased apoptosis of MDA-MB-231, Hs578T and
MDA-MB-157 cells (Chapter 3). Loss of Kaiso expression also inhibited the
ability of MDA-MB-231 and Hs578T cells to spread and establish tumor masses
in the lungs (Chapter 4). Remarkably, Kaiso depletion attenuated the capacity of

the highly metastatic MDA-MB-231 cells to invade large lung blood vessels and
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establish macrometastases at other distal organs (Chapter 5). Our studies also
revealed high nuclear Kaiso expression in TNBC tissues from WAA compared to
Caucasian women (Chapter 6). Collectively, these findings shed significant light
on the varied roles of Kaiso in oncogenic-related processes, and the importance
of Kaiso expression in the tumorigenesis and metastasis of TNBC. Our
observations also raise the exciting possibility that Kaiso could be utilized as a
diagnostic or prognostic biomarker for TNBC in WAA and more importantly that

Kaiso could be a plausible therapeutic target for the treatment of TNBCs.
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CHAPTER 2: MATERIALS AND METHODS

Cell culture

The human breast cancer cell lines MCF-7 and MDA-MB-231 were obtained from
ATCC (Manassas, VA, USA), while Hs578T, MDA-MB-157 (hereafter MDA-157)
and ZR75.1 were a generous gift from Dr. John Hassell (McMaster University,
Hamilton, Canada). All cell lines were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Lonza BioWhittaker®, Walkersville, MD, USA) supplemented
with 10% Fetal Bovine Serum (FBS; Hyclone, Logan, Utah, USA), 0.1 mg/mL
penicillin/streptomycin and 0.25 pg/mL Fungizone (Invitrogen, Grand Island, NY,
USA). Cells were passaged every 2-3 days and grown in a 5% CO; humidified
incubator at 37°C. For TGF[ treatments, cells were treated with 10 ng/mL of
TGFB1 (R&D Systems, Minneapolis, MN, USA) for 24 or 48 hours. For 5-aza-2’-
deoxycytidine (5-aza-dC) treatment, cells were treated with 10 yM 5-aza-dC
(Sigma, MO, USA) daily for three consecutive days before proceeding to

chromatin immunoprecipitation experiments.

Generation of stable Kaiso-depleted cell lines

Kaiso depletion was achieved using Kaiso-specific shRNAs (sh-Kaiso) cloned
into a pRetroSuper (pRS) vector that targeted the following mRNA sequences,
5- AAAAGATCATTGTTACCGATT - 3 or 5 -
TTTTAACATTCATTCTTGGGAGAAG — 3’. 6 ug of pRS-sh-Kaiso plasmid or

control vector (pRS-Kaiso scrambled) were transfected into the breast tumor cell
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lines (MDA-231, Hs578T and MDA-157) using the Turbofect transfection reagent
(Thermo Scientific, MA, USA) according to the manufacturer’s instructions. 48
hours post-transfection, cells were treated with Puromycin (Invitrogen) at 0.8
pg/mL for MDA-231 cells, 1.5 pg/mL for Hs578T cells and 1.0 pg/mL for MDA-
157 cells, to select for stable Kaiso knockdown. Selection media was replaced
every 2 or 3 days for approximately three weeks until individual colonies were
formed. Individual colonies were isolated and collected using 10 mm Pyrex
cloning cylinders (Corning Incorporated, NY, USA) gently coated with high
vacuum grease (DOW Corning Corporation, Ml, USA), and expanded until each
clone was confluent enough to grow in 100 mm culture plates. Individual clones
were subsequently analyzed for optimal Kaiso depletion using immunoblot
analysis of whole cell lysates. Clones exhibiting efficient Kaiso knockdown were

selected for RT-PCR analysis and further studies.

Rescue experiments

A pCDNAS vector expressing the murine Kaiso (mKaiso) cDNA coding sequence
that is not targeted by the Kaiso-specific shRNA was used for Kaiso rescue
experiments. Transient transfection of the pCDNA3 mKaiso vector into MDA-231
sh-Kaiso clone 1 (sh-K1) was achieved using the Turbofect transfection reagent
(Thermo Scientific) as per the manufacturer's protocol. 48 hours post
transfection, cells were treated with Puromycin (Invitrogen) at 0.8 pg/mL and

Geneticin (Invitrogen) at 1000 ug/mL to select for efficient Kaiso overexpression.
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Three weeks post transfection, whole cell lysates were obtained from the
pCDNA3-mKaiso and pCDNA-empty (control vector that does not contain the
mKaiso cDNA coding sequence) transfected cells and subjected to immunoblot
analysis of interested proteins. For rescue of TGFB signaling, MDA-231 and
Hs578T sh-K1 cells were transfected with the constitutively active mutant form of
TGFBR1 (TGFBR1™*P) hereafter TBRI-204D (a kind gift from Dr. Gerard Blobe,
Duke University Medical Center, USA) using Turbofect transfection reagent
according to the manufacturer’s instructions. Three weeks post-transfection, total
protein was isolated from control Kaiso-depleted (MDA-231-sh-K1 and Hs578T-
sh-K1) and experimental (MDA-231-sh-K1 and Hs578T sh-K1 transfected with

TBRI-204D) cells, and used for western blot analysis of interested proteins.

Reverse transcription — polymerase chain reaction (RT-PCR)

Control and Kaiso-depleted cells were washed twice with cold 1X phosphate
buffered saline (PBS) before performing RNA isolation using the RNeasy mini kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA
samples were quantified and stored at -20°C prior to use. Isolated mMRNA was
subjected to cDNA synthesis and RT-PCR analysis of genes of interest (see
Table 2.1 for list of primers) using the Superscript one-step RT-PCR with

Platinum Taq kit (Invitrogen) according to the manufacturer’s protocol.
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Table 2.1: List of primers used for RT-PCR with their annealing

temperatures (temp.) and product size

Target Ar_\rnealing Pro_duct o
Gene emp. Size Sequence (5’ - 3’)
(°C) (bp)
Fwd | TGCCTATTATAACAGAGTCTTT
Kaiso 55.0 248 Rev | AGTAGGTGTGATATTTGTTAAAG
Fwd CACCCTGGCTTTGACGCCGA
E-cadherin 63.0 313 Rev | AAACGGAGGCCTGATGGGGCG
Fwd CGGGAAGTTACGTGGCGAA
Z0-1 60.0 415 Rev CTCCATTGCTGTGCTCTTGG
Fwd TACGTGACTACGTCCACCCG
Vimentin 63.0 491 Rev | ATCTCCTCCTGCAATTTCTCCC
Fwd AGACCCCCATGCCATTGAAG
Slug 63.0 280 Rev CTTCTCCCCCGTGTGAGTTC
Fwd | AGAATTCACAGTGGAGAGAAGCC
ZEB1 53.0 52 Rev | CGTTTCTTGCAGTTTGGGCATT
Fwd CTCTTCCAGCCTTCCTTCCT
B-actin 55.0 116 Rev AGCACTGTGTTGGCGTACAG

RT-PCR reactions were performed using the Eppendorf—=Thermal cycler
(Eppendorf, NY, USA) and the following RT-PCR conditions: reverse transcription
at 50°C for 30 minutes, followed by initial denaturation at 95°C for 5 minutes, 30
cycles of denaturation at 95°C for 30 seconds, annealing at the respective
temperatures indicated in Table 2.1 for 30 seconds, extension at 72°C for 30
seconds, and a final extension at 72°C for 10 minutes. 10 pL of each RT-PCR
reaction was electrophoresed on a 1.0% agarose gel with 0.5 pg/mL ethidium

bromide (EtBr), at 120 V for 30 minutes in 1X TAE solution. Images were
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obtained using the Bio-RAD ChemiDoc MP imaging system (Bio-RAD

Laboratories, Philadelphia, PA, USA).

Quantitative RT-PCR analysis

The Genedet RNA-plus isolation kit (Macherey-Negel, PA, USA) was used to
isolate RNA (1 pg) from untreated and TGFB1-treated control & Kaiso-depleted
cells. The RNA was then reverse transcribed to cDNA using the qScript cDNA
SuperMix (Quanta BioSciences, Gaithersburg, MD, USA) according to the
manufacturer’s instructions. The obtained cDNA was then amplified using the
PerfeCta SYBR Green SuperMix ROX (Quanta BioSciences) with the primers
indicated in Tables 2.2 (for Chapter 3 & Appendix) and Table 4 (within the article
reported in Chapter 4) according to the manufacturer's protocol. The Applied
Biosystems Prism 7900HT sequence detection system was used for all
quantitative RT-PCR reactions, which were performed in triplicate. The
expression of each target was determined using a standard curve that was
generated using 5-fold serial dilutions of cDNA reverse transcribed from a
combination of RNA isolated from each control and experimental sample. The
expression levels of each target gene were then normalized to the expression
levels of B-actin. Statistical significance (using unpaired, two-tailed student’s t-test
and one-way analysis of variance (ANOVA) with Tukey’s test where appropriate)
was determined with data obtained from at least three independent trials.

Corresponding figures were plotted using GraphPad Prism software.
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Table 2.2: List of primers used for qRT-PCR with their annealing

temperatures
Annealing
Target Tempoerature Sequence (5’ - 3’)
o) Fwd GCCCTTTTGCTTCAGGGTTT
Bax 60.0 Rev | GCAATCATCCTCTGCAGCTC
Fwd | AGCAGGGCAGGAAGTAACAA
PUMA 55.0 Rev CCCTGGGGCCACAAATCT
Fwd | CTCGCTGAGACTTCCTGGAC
BRCA1 62.0 Rev | TCAACTCCAGACAGATGGGAC
Fwd | AGGGAGATCCGGAGCGAATA
c-MYC 60.0 Rev | GTGGACTTCGGTGCTTACCT
Fwd TTTGTCCAAACCAACCGCAC
C/EBPB 62.0 Rev | GCATCAACTTCGAAACCGGC
Fwd CTCTTCCAGCCTTCCTTCCT
B-actin 55.0 Rev | AGCACTGTGTTGGCGTACAG

Chromatin immunoprecipitation (ChIP) and ChIP-PCR experiments

Control and experimental MDA-231, Hs578T and MDA-157 cells were cultured to
achieve a confluency of 80% after which cells were washed twice with 5 mL cold
1X PBS. To crosslink protein-DNA complexes, cells were incubated in 10 mL of
serum-free DMEM containing 37% formaldehyde (1.42 % final concentration)
with gentle rocking for 10 minutes at room temperature. After which cells were
washed twice with 5§ mL cold 1X PBS and crosslinks quenched with 125 mM
glycine at room temperature for 5 minutes. Following incubation in 125 mM

glycine, cells were washed twice with 5 mL cold 1X PBS, harvested using cell
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scrapers and centrifuged at 2000 rpm for 5 minutes at 4°C. Pelleted cells were
re-suspended in 2 mL cell lysis buffer (0.5% NP-40 buffer, 85 mM KCI, 5 mM
PIPES pH 8.0 and Complete Mini Protease Inhibitor Cocktail Tablets (1 tablet/10
mL buffer) (Roche, QC, USA)), dounced ten times with a homogenizer and
incubated on ice for 15 minutes to enable cell lysis. Lysed cells were pelleted by
centrifuging at 5000 rpm for 5 minutes at 4°C, and the nuclear pellets re-
suspended in 250 yL nuclear lysis buffer (10 mM EDTA, 50 mM Tris-Cl pH 8.1,
1% SDS and Complete Mini Protease Inhibitor Cocktail Tablets (1 tablet/10 mL
buffer) (Roche)), prior to incubation on ice for 10 minutes. Nuclear lysates were
then sonicated on ice with five rounds of 15 pulses each at 90% duty cycle and
5% maximum power output, and centrifuged at 13,200 rpm for 10 minutes at 4°C
to clear lysates. Prior to immunoprecipitation, lysates were pre-cleared with 5 pyL
rabbit IgG (Abcam; ab37415) and non-specific proteins precipitated with Protein
A Sepharose beads blocked with 50 pL salmon sperm DNA (Rockland

Immunochemicals Inc., Limerick, PA, USA; MB-103-0025).

Approximately 15 pg of cleared chromatin was subsequently incubated with 8 ug
of mouse anti-Kaiso monoclonal antibody (Daniel et al. 2001), 4 ug of rabbit anti-
Histone H3 polyclonal antibody (Abcam; ab1791) and 4 ug of mouse anti-
negative control IgG antibody (Abcam; ab18413) overnight at 4°C. After
incubation, the formed antibody-protein-DNA complexes were precipitated with

50 pL Protein A Sepharose beads at 4°C for 1 hour.
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Table 2.3: List of primers used for ChIP-PCR with their annealing

temperatures and product size

Annealing Product
Target Tem?oeé;\ture Size (bp) Sequence (5’ - 3’)
Fwd | CTAATTCCTTCTGCGCTGGG
Bax 64.0 94 Rev | GTCCAATCGCAGCTCTAATGC
Fwd | GATCGAGACCATCCTGGCTA
PUMA 64.0 161 Rev | CGATCTCAGCAAACTGCAAG
Fwd | AGGGCTCTCTCATCCTGTCA
BRCA1 64.0 245 Rev | TGTCCGCCATGTTAGATTCA
TGFBR1 Fwd | AGGGCAAATTGGGACTGGAG
1035+ 05.0 20| Rev | GaceceTaCAACTTGCTCTA
1008 KBS]
TGFBR2 Fwd | CAGCTGAAAGTCGGCCAAAG
[-35-29 05.0 77 Rev | AGCCCCTAGCTCTCTCGTAG
KBS]
TGFBR1- Fwd | GGAGCCTGGGAAATTGACAT
nes 63.0 235
[-2960/- Rev | CTCCAGTGCCTTGTACCCTG
2725 KBS]
TGFBR2- Fwd | TCATGGCAAAGACCACCAGT
nes 63.0 185
[-2642/- Rev | TTGCCCAAGTTCCTCCAGAT
2274 KBS]
Fwd | ATAGCGATTGGTTGCTCCCC
c-Myc 64.0 141 Rev | GAGTTTGCAGCTCAGCGTTC
Fwd | GCCTCTGGGACTGGCAATAG
C/EBPB 65.0 520 Rev | ACGACTCCCCTCTTAAGCCA

bp = base pair
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The immunoprecipitated complexes were then washed once for 10 minutes with
RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0, 0.5% deoxycholate, 0.1% SDS, 1
mM EDTA and 1% NP-40), once for 10 minutes with high salt buffer (500 mM
NaCl, 50 mM Tris pH 8.0, 0.5% deoxycholate, 0.1% SDS, 1 mM EDTA and 1%
NP-40), once for 5 minutes with lithium chloride (250 mM LiCl, 50 mM Tris pH
8.0, 1% NP-40, 1 mM EDTA and 0.5% deoxycholate), and twice for 10 minutes
each with Tris-EDTA (TE) buffer pH 8.0 (10 mM Tris, 1 mM EDTA). Protein-DNA
crosslinks were subsequently reversed by incubating samples overnight at 65°C

after treatment with RNase A (50 pg/mL) and proteinase K (250 ug/mL).

Three rounds of phenol chloroform extraction and ethanol-salt precipitation was
then used to recover the precipitated chromatin. Recovered chromatin was
suspended in RNase/DNase-free water and used to conduct the endpoint PCR
experiments described in Chapters 3, 4 and Appendix with the primers listed in
Table 2.3. For these experiments, 1 pyL of recovered DNA from each
immunoprecipitated chromatin sample was utilized in a PCR reaction containing
1X PCR buffer, 0.25 mM dNTPs, 1.5 mM MgCl;, 0.5 yL Taqg polymerase
(Invitrogen), 0.4 mM forward and reverse primers and RNase/DNase sterile
distiled water to a final reaction volume of 20 pL; with the following PCR
conditions — initial denaturation at 95°C for 5 minutes, followed by 30 cycles of
denaturation at 95°C for 1 minute, annealing at the respective temperatures

indicated in Tables 2.3 for 1 minute and extension at 72°C for 1 minute, with a
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final extension at 72°C for 10 minutes. 10 uyL of each PCR reaction was
electrophoresed on a 1% agarose gel with 0.5 yg/mL EtBr, at 120 V for 30
minutes in 1X TAE solution. Images were obtained using the Bio-RAD ChemiDoc
MP imaging system (Bio-RAD Laboratories) and each reaction was performed at

least three times.

Electrophoretic mobility shift assay (EMSA)

Double stranded oligonucleotides (oligos) that span the specified KBS in the
TGFBR1 and TGFBR2 promoters (see Chapter 4) were generated to determine
the direct binding affinity of Kaiso to the TGFBR1 and TGFBR2 promoters. To
assess the requirement of the KBS for Kaiso binding, four mutated forms of the
wildtype (wt) oligos reported in Chapter 4 were also generated. The GST-Kaiso
fusion protein (KaisoAPOZ - that retains the DNA-binding ZF domain but is
deficient in the POZ protein-protein interaction domain) was utilized to assess
Kaiso binding to the wt and mutated TGFBR1 and TGFBR2 oligos. Kaiso fusion
proteins were expressed from the pGEX-5X-1 vectors (Amersham) generated by
Dr. Abena Otchere. The GST-only protein served as a negative control. The
oligos were biotin labeled using a Biotin 3’-End DNA Labeling kit (Pierce
Biotechnology, Rockford, IL, USA) as per the manufacturer’s protocol. TGFBR1
probes containing a CpG dinucleotide (KBS2-4) were also methylated by
incubating 500 ng of each TGFBR1 oligo with 200U of Sssl methyltransferase

(M.Sssl; New England Biolabs, Ipswich, MA, USA) in a 250 pL reaction
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containing 1X NEB buffer and 640 pM S-adenosyl methionine for 2 hours at
37°C. Inactivation of the enzyme was achieved by incubation at 65°C for 20
minutes, followed by purification of the methylated oligos with standard phenol-

chloroform extraction and ethanol precipitation.

Following biotinylation, complementary oligonucleotides were annealed by
heating at 90°C for 1 minute, and then allowed to cool slowly to room
temperature. The reaction was then frozen and stored at -20 °C until use.
Binding reactions were performed using 100 fmol of biotinylated double-stranded
DNA probe and 200 ng of purified protein in 20 pL of binding buffer (10 mM Tris
pH 7.5, 100 mM NaCl, 1 mM EDTA, 25% Glycerol, 1 mM dithiothreitol (DTT) and
Halt protease phosphatase inhibitor cocktail). To eliminate nonspecific binding,
reaction mixtures were first incubated with 2 pg of poly deoxyinosinic-
deoxycytidylic acid (poly dI-dC) on ice for one hour. Reaction mixtures containing
biotinylated double-stranded DNA probe were then incubated at room
temperature for 30 minutes. For competition assays, a 100-fold excess (10 pmol)
of unlabeled (cold) DNA was added. Reaction mixtures were subsequently
loaded onto a 4.8% non-denaturing polyacrylamide gel and electrophoresed in
0.5 X TBE at 100 volts at 4°C. Nucleic acids were transferred onto a nylon
membrane in 0.5 X TBE and crosslinked using a 312 nm UV lamp for 10 minutes.
Visualization was performed utilizing a horseradish peroxidase-conjugated

streptavidin  Chemiluminescent Nucleic Acid Detection Module kit (Pierce
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Biotechnology) and hyperfim (GE Healthcare, Mississauga, ON, Canada;
#28906839) according to the manufacturer's protocol. Where applicable,

experiments were performed in triplicate.

Protein isolation

Control and experimental cells cultured to 90% confluency were washed twice
with 5 mL cold 1X PBS and lysed with 500 yL ice-cold NP40 lysis buffer (0.5%
NP40, 50 mM Tris, 150 mM NaCl, 0.5% sodium orthovanadate (Sigma, MO,
USA) and Complete Mini Protease Inhibitor Cocktail Tablets (Roche) — 1
tablet/10 mL buffer) on ice for 10 minutes. Whole cell lysates were collected into
a cold microfuge tube, vortexed briefly and centrifuged at 13,200 rpm for 10
minutes at 4°C. The resulting supernatant was transferred into fresh pre-chilled

microfuge tubes and total protein quantified using a Bradford assay.

Immunoprecipitation

Total protein (1 mg) isolated from parental MCF-7, MDA-231 and Hs578T (as
described above) were immunoprecipitated with 4 ug of anti-Kaiso 6F mouse
monoclonal antibody (Daniel et al. 2001), 2 yg of anti-p53 mouse monoclonal
antibody (Cell Signalling Technology (CST), MA, USA; 2524 — which recognizes
both wildtype (wt) and mutant-p53), 2 ug of anti-p53 rabbit monoclonal antibody
(Abcam — ab32049; that recognizes only mutant-p53) or 4 ug of normal rabbit IgG

antibody (Santa Cruz Biotechnology (SCB), CA, USA; sc —2027) for 2 hours or
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overnight at 4°C. The immunoprecipitates were collected by incubation with 50 pyL
Protein A agarose beads and washed 5 times for 30 seconds at 4°C with 1000 uL

lysis buffer before proceeding to western blot analysis.

Western blot (WB) and densitometry analysis

30 ug or 50 ug of total protein suspended in 2X Laemmli Sample Buffer was
denatured by boiling for 5 minutes prior to electrophoresis on a 6% or 12%
sodium dodecyl sulphate (SDS) polyacrylamide gel. Resolved proteins were
transferred onto a nitrocellulose membrane (PerkinElmer Life Sciences, MA,
USA) using either a TE77XP Hoefer semi-dry transfer apparatus (Hoefer Inc.,
Richmond, CA, USA) or an Amersham semi-dry transfer apparatus (Amersham
Biosciences Corp., San Francisco, CA, USA). Non-specific binding was
prevented by blocking the nitrocellulose membranes with 3% skimmed milk in 1X
tris buffered saline (TBS) at pH 7.4 for 30 minutes or 1 hour at room temperature.
Blocked membranes were then incubated overnight at 4°C with the primary
antibodies listed in Table 2.4 at their indicated dilutions in 3% skimmed milk/TBS.
The respective primary antibodies were used to probe for proteins of interest
reported in Chapters 3, 4, 5 and the Appendix. Following the primary antibody
overnight incubations, membranes were washed five times for 5 minutes each in
1X TBS or 1X TBS-0.1% Tween-20 (TBS-T) with gentle shaking to remove

unbound primary antibodies.
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Secondary antibody incubations were done at room temperature for 2 hours with
either horseradish peroxidase-conjugated goat anti-rabbit or donkey anti-mouse
secondary antibody (Jackson Immuno Research Laboratories, PA, USA), each at
a 1:10,000 dilution in 3% skimmed milk/TBS. After secondary antibody
incubations, membranes were washed as described above, processed and
visualized using Clarity Western Enhanced Chemiluminescence Substrate and
the Bio-Rad ChemiDoc MP imaging system (Bio-RAD Laboratories, ON, Canada)
according to the manufacturer’s instructions. The optical densities of Kaiso, c-
Myc, Cyclin D1, p120-1, p120-3, p53, Bax, PUMA and B-actin signals reported in
Chapter 3, were quantified and analyzed using the Image Lab™ software (Bio-
RAD), while the relative ratio of Kaiso/B-actin, c-Myc/pB-actin, Cyclin D1/B-actin,
p120-1/B-actin, p120-3/B-actin, p53/B-actin, Bax/B-actin and PUMA/B-actin
protein levels were calculated as indicated using Microsoft Excel and graphed

using GraphPad Prism software.

Immunocytochemistry/immunofluorescence (ICC/IF)

MDA231 cells were seeded on 22 mm? cover slips (ThermoFisher Scientific, MA,
USA) in 6-well dishes to achieve 60 — 80% confluency. Cells were subsequently
washed twice with 2 mL of cold 1X PBS and fixed with 1 mL of ice-cold 100%

methanol for 10 minutes at -20°C.
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Table 2.4: List of antibodies and their respective dilutions used for western

blot (WB) analysis

Antibody Source (Catalogue #) | Species/Clonality | Dilution
Kaiso Dr. Albert Reynolds (NA) | Rabbit/Polyclonal 1:5000
E-cadherin BD Biosciences (610182) | Mouse/Monoclonal | 1:1000
Z0-1 Invitrogen (40-2200) Rabbit/Polyclonal | 1:4000
Vimentin CST (D21H3-XP) Rabbit/Monoclonal | 1:1000
Slug CST (C19G7) Rabbit/Monoclonal | 1:1000
ZEB1 SCB (H-102) Rabbit/Polyclonal 1:1000
TGFBR1 CST (3712) Rabbit/Monoclonal | 1:1000
TGFBR2 SCB (sc-400) Rabbit/Polyclonal 1:2000
phospho-Smad2 CST (D43B4-XP) Rabbit/Monoclonal | 1:800
(Serd65/467)

Smad2/3 CST (3102) Rabbit/Monoclonal | 1:1000
HA probe (12CA5) | SCB (sc-57592) Mouse/Monoclonal | 1:200
phospho-Akt CST (4060) Rabbit/Monoclonal | 1:1000
Akt CST (4691) Rabbit/Monoclonal | 1:1000
c-Myc (SCB (9E10) Mouse/Monoclonal | 1:500
Cyclin D1 US Biological (144418) Rabbit/Polyclonal | 1:5000
p120 (15D2) Dr. Albert Reynolds (NA) | Mouse/Monoclonal | 1:1000
Bax CST (5023) Rabbit/Monoclonal | 1:500
PUMA CST (12450) Rabbit/Monoclonal | 1:500
mutant p53 Abcam (ab32049) Rabbit/Monoclonal | 1:2000
cleaved PARP CST (5625) Rabbit/Monoclonal | 1:1000
BRCA1 Abcam (ab131360) Rabbit/Polyclonal 1:2000
B-actin Sigma (A5441) Mouse/Monoclonal | 1:50,000
C/EBP (H-7) SCB (sc-7962) Mouse/Monoclonal | 1:500
GAPDH (14C10) CST (2118) Rabbit/Monoclonal | 1:5000

NA = not applicable
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Fixed cells were washed immediately with 2 mL of cold 1X PBS, and blocked with
1 mL of 3% skimmed milk in 1X PBS for 30 minutes at room temperature (RT)
before incubation at RT for 2 hours with the following antibodies: rabbit anti-Kaiso
polyclonal (1:3000; qift from Dr. Reynolds) and mouse anti-p120 15D2
monoclonal (1:500; gift from Dr. Reynolds) at the specified dilutions in 3% milk/1X
PBS. For negative control, cells were incubated in 3% milk/1X PBS in the
absence of primary antibody. Following primary antibody incubations, cells were
rinsed twice with 2 mL of cold 1X PBS and briefly immersed in 3% milk/1X PBS
before incubation in the dark at RT for 1 hour with the appropriate secondary
antibodies (Alexafluor 488-conjugated goat anti-mouse or Alexafluor 594-
conjugated goat anti-rabbit secondary antibodies (Molecular Probes, Eugene,
Oregon)) at a dilution of 1:500 in 3% milk/1X PBS. Nuclear staining was achieved
by simultaneous incubation with Hoechst (Sigma) at a dilution of 1:300 in 3%
skimmed milk/PBS containing secondary antibodies. Cells were then washed
twice with cold 1X PBS, and once with double-distiled water. Cells were
subsequently mounted with Poly-Aquamount (PolyScience Inc. Warrington, USA)

and imaged using a Carl Zeiss Axiovert 200, inverted fluorescent microscope.

Immunohistochemistry (IHC)
Harvested tissues from the mice xenograft metastatic studies fixed in 10%
formalin were embedded in paraffin (at the John Mayberry Histology Facility,

McMaster University, ON, Canada) before the preparation of 5 ym thick tissue
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sections on slides that were either stained with H&E or Masson’s trichrome at the
John Mayberry Histology Facility, McMaster University, or the primary antibodies
indicated in Tables 2.5. Prior to staining with primary antibodies, tissues were de-
waxed by warming on a slide warmer at 60°C for 20 minutes, followed by de-
paraffinization in xylenes 3 times for 5 minutes each, and rehydration in a
decreasing ethanol gradient (100%, 95% and 70%). Antigen retrieval was
achieved by boiling (~95°C) slides at low power (10%) for 15 — 20 minutes in a
low pH buffer (pH 6.0) solution (or high pH buffer (pH 9.0) solution (DAKO,
Glostrup, Denmark) for the Nigerian, Barbadian, AA and CA TNBC tissues used
in Chapter 6). Endogenous peroxidase activity was quenched by treatment with
3% hydrogen peroxide in 1X PBS, while non-specific staining was blocked by
incubating tissues in a blocking solution comprised of 1X PBS and 5% or 10%
normal donkey or goat serum (depending on the species the secondary antibody
was raised in) for 1 hour at room temperature. Endogenous biotin, biotin
receptors, and avidin binding sites on tissues were blocked using the
Avidin/Biotin blocking kit (Vector Labs, CA, USA) preceding primary antibody
incubations. Tissues were then incubated overnight at 4°C with the respective
primary antibodies indicated in Tables 2.5 diluted in a solution containing 1X PBS
and 1% normal donkey or goat serum. Tissues were subsequently washed two
times for 10 minutes each in 1X PBS solution containing 0.05% Tween-20 (PBS-

T) and one time for 10 minutes each in 1X PBS.
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Secondary antibody incubations were performed at room temperature for 2 hours
with biotinylated goat anti-mouse, donkey anti-mouse or donkey anti-rabbit
antibody at a dilution of 1: 1000. Washes were performed as described above. To
visualize immunostaining, tissues were incubated in Vectastain (Vector Labs) for
30 minutes and diaminobenzidine (DAB) (Vector Labs) for 2 - 10 minutes
(depending on time taken to achieve adequate colour development). Tissues
were subsequently counterstained with Harris hematoxylin (Sigma), differentiated
in acid ethanol (0.3% HCI in 70% ethanol) and blued in Scott’'s tap water
substitute. Dehydration of tissues was achieved by incubating slides in an
ascending ethanol gradient (70%, 95% and 100%). Tissues were then dried in
xylenes two times for 5 minutes each, and mounted using Polymount

(Polysciences Inc., Warrington, PA, USA).

Negative controls were attained by excluding primary antibody. IHC-stained
images were acquired using the Aperio Slide scanner (Leica Biosystems, ON,
Canada). Kaiso-stained TMA tissues were scored blindly by two Pathologists,
and their scores averaged to give a final mean score value that was used for all
subsequent analyses in Chapter 6. The scoring intensity was designated as 0, 1,

2 or 3 representing no, mild, moderate, or marked/intense staining.
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Table 2.5: List of primary antibodies used for immunohistochemistry

Antibody Antibody type Source/Company & Dilution
catalogue number
Chapter 3
Ki-67 Mouse monoclonal | BD Biosciences; 550609 | 1:50
PCNA Rabbit monoclonal | CST; D3H8P 1:30 000
c-Myc Rabbit monoclonal | Abcam; ab32072 1:100
Cyclin D1 Rabbit monoclonal | CST; 2978 1:100
Cleaved Rabbit monoclonal | CST, 9661 1:50
caspase 3
Chapter 4
Kaiso 12H Mouse monoclonal | Daniel et al. 2001 1:800
1:200 -
MDA-231
phospho- xenografts
Smad?2 Rabbit monoclonal | CST; D43B4-XP 1-50 -
(Serd465/467) Hs578T
xenografts
Chapter 5
Kaiso 6F Mouse monoclonal | Daniel et al. 2001 1:500
Vimentin Rabbit monoclonal | CST; 5741 1:500
E-cadherin Mouse monoclonal | BD Biosciences; 610182 | 1:50
MMP-2 Rabbit polyclonal CST; 4022 1:1000
MMP-9 Rabbit polyclonal CST,; 3852 1:1000
Chapter 6
Kaiso 6F Mouse monoclonal | Daniel et al. 2001 1:10000
Human
gz)tggiratm Mouse monoclonal Bgﬁ,ﬁggq?tena, CA, 1:500
(AE1/AE3)

The staining intensity scores for each stained tissue was then calculated using
the formula for the modified histochemical score (H-score) system which is 3x
(percentage of cells with maximum/marked intensity staining) + 2x (percentage of
cells with moderate intensity staining) + 1x (percentage of cells with mild intensity

staining) to give a final score value ranging from 0 — 300. Clinical observations
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and histological analysis of H&E and Masson’s trichome stained tissue sections
reported in Chapter 4 and 5 were performed by Dr. Jacek Kwiecien, Pathologist,
Central Animal Facility, McMaster University, using a Nikon Eclipse 50 light

microscope.

Phase-contrast microscopy

Control (ctrl) and Kaiso-depleted (sh-K) MDA-231 and Hs578T cells were grown
in 60 mm plates in a humidified chamber at 37°C and 5% CO, until they achieved
90-100% confluency. Cells were washed with 3 mL of sterile 1X PBS and fresh
media was added to cells prior to obtaining phase contrast images. 10X and 40X
phase-contrast images of ctrl and sh-K cells were obtained using the Zeiss

Axiovert 200 microscope (Carl Zeiss Canada Ltd., ON, Canada).

Cell proliferation assay

Equal numbers (1 x10%) of ctrl and sh-K MDA-231 and Hs578T cells were grown
in 6-well plates for 3 days. Direct cell counts were obtained each day using the
Bio-RAD TC10 automated cell counter and averaged using Microsoft Excel.
Graphical representation of counts was achieved using GraphPad Prism

software.
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MTT assay

Equal numbers (1 x10%) of ctrl and Kaiso-depleted (sh-K) MDA-231 and Hs578T
cells were grown in 96-well plates for 24 hours. Cells were then immediately
treated with MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide;
Sigma) for 2 hours. The precipitated formazan crystals were subsequently
dissolved with 100 uL of dimethyl sulfoxide (DMSO) and the optical density of the
resulting reaction solution measured at 570 nm using the SpectraMax® Plus 384

Microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Clonogenic cell survival assay

5 x10? ctrl and Kaiso-depleted (sh-K) MDA-231 and Hs578T cells were cultured
in 60 mm dishes (without agar) in triplicate and allowed to grow and form colonies
for 10-14 days. After the incubation period, colonies were stained with 0.5%
Gentian Violet diluted in methanol and counted. Graphical representation of
counts (percentage of cells that survived) was achieved using GraphPad Prism

software.

Soft agar assay

5 x10* control and Kaiso-depleted (sh-K1 and sh-K2) MDA-231 and Hs578T cells
were cultured in 0.3% agarose in 60 mm dishes already containing a base layer
of 0.7% solidified agarose. These cells were then allowed to grow and form

colonies for ~10 — 12 days. Following incubation, resultant colonies were stained
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with 0.05% Gentian Violet diluted in methanol, and microscopic (10X) images of
colonies obtained using the Zeiss Axiovert 200 microscope (Carl Zeiss). Visible
colonies were counted using the ImagedJ software and graphical representation of

counts achieved using GraphPad Prism software.

Caspase 3 assay

The Caspase 3 colorimetric assay kit was procured from Abcam (Boston, MA,
USA), and the assay performed according to the company's guidelines. MDA-231
and Hs578T ctrl and Kaiso-depleted (sh-K1 and sh-K2) cells were cultured for 24
hours prior to performing the assay. As positive controls, MDA-231 and Hs578T
control cells were treated for 4 hours with 200 ym Cisplatin (Sigma Aldrich, St.
Louis, MO, USA) before harvesting the cells. The treated cells were then washed
once with 1X PBS, trypsinized with 1X Trypsin and de-activated with 1X DMEM
media. Cells were then counted using the Bio-RAD TC10 automated cell counter.
Next, 1 x 10° ctrl, sh-K1 and sh-K2 MDA-231 and Hs578T cells, and 1 x 10° ctrl
MDA-231 and Hs578T cells treated with Cisplatin were re-suspended in 50 uL of
chilled cell lysis buffer. The re-suspended cell lysate was then incubated for 10
minutes on ice, followed by centrifugation for 1 minute at 13,000 rpm. The
resultant supernatant (cytosolic extract) was subsequently transferred into a new
tube, quantified using the Bio-RAD assay, and ~ 200 ug of protein/ 50 pL cell
lysis buffer transferred to 96-well plates in duplicate per cell condition. 50 pL

reaction buffer (2X) containing 10 mM DTT was added to each 96-well containing
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an experimental sample (in duplicate). This was immediately followed by the
addition of 5 yL of 4 mM DEVD-p-NA substrate (200 uM final concentration). The
ensuing mixture was incubated for 2 hours at 37°C, and optical density readings
of the mixture obtained at 405 nm using the SpectraMax® Plus 384 Microplate
reader (Molecular Devices). Background readings were obtained from 96-wells
containing 50 pL of cell lysis buffer without cell lysates, prior to the addition of 2X

reaction buffer containing 10 mM DTT and 5 uL of 4 mM DEVD-p-NA substrate.

Annexin V-FITC staining assay

The Fluorescein isothiocyanate (FITC)—conjugated Annexin V apoptosis
detection kit was purchased from Abcam and staining performed according to the
manufacturer’s instructions. Equal numbers (1 x10°) of ctrl and sh-K MDA-231,
Hs578T and MDA-157 cells, sh-K-empty and sh-K-mKaiso MDA-231 and Hs578T
cells, as well as MCF-7 (empty and mKaiso) cells were re-suspended in 500 pL
of 1X binding buffer (Abcam) after being washed with 1X PBS and trypsinized
with 1X Trypsin (Invitrogen). These cells were subsequently stained with 5 pL of
Annexin V-FITC and 5 uL of Propidium iodide (PIl) and incubated for 10 minutes
prior to analysis by Flow cytometry. Data was acquired using the LSRFortessa
flow cytometer (BD Biosciences) and analyzed with the FlowJo version 9

software.
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Ethics statement and mouse xenograft studies

All experiments with NOD SCID Gamma (NSG) mice described in this study were
approved by the Animal Research Ethics Board (AREB) at McMaster University,
ON, Canada (AUP Number 14-05-14) and performed in accordance with AREB
guidelines. Female NSG mice were a generous gift from Dr. John Hassell
(McMaster University). To study the effect of Kaiso depletion on the metastasis of
TNBC cells, 4.5 x 10° MDA-231 and Hs578T control and sh-K cells were re-
suspended in 200 uL of DMEM-serum free media/Matrigel mixture and injected
under the fourth mammary fat pad on the right abdominal side of 6-8 week old
female NSG mice (n = 10 each) and allowed to form tumors. Non-invasive
monitoring of mice was performed weekly, and increased to 2-3 times weekly
upon tumor appearance and growth. Tumor growth was monitored externally with
Vernier calipers, and tumor volume (in mm?®) measured using the following
formula (length/2 x width?) 2-3 times weekly (Bhola et al. 2013). Mice were
euthanized when tumor volume reached the endpoint of 2500-3300 mm?® (to allow
for subsequent dissemination of tumors). Tissues were perfused and fixed in 10%
formalin prior to harvest and histological examination, and necropsies performed

by a Pathologist to detect macro-metastases.

Experimental metastasis studies
For experimental metastasis studies, 5 x10° MDA-231 ctrl and sh-K cells, 1 x10°

Hs578T ctrl and sh-K cells, and 1 x 10° MDA-231 Ctrl, sh-Kaiso empty (sh-K-E)
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and TGFBR1%**® (sh-K-TR1%**P) cells were re-suspended individually in 1X PBS
(200 pL) and injected into the tail veins of ~ 6-week-old female NSG mice (n =
5/cell line). Mice were euthanized 5 — 6 weeks post injection and tissues perfused
and fixed in 10% formalin prior to harvest. Harvested tissues were embedded in
paraffin at the John Mayberry Histology Facility, McMaster University before the
preparation of 5 pm thick tissue sections on slides that were subsequently
hematoxylin and eosin (H&E) stained at the John Mayberry Histology Facility,

McMaster University.

Retrospective study patient population

A total of 137 patient samples were utilized in this study and encompassed 28
Nigerian, 46 Barbadian, 20 African American and 43 Caucasian American TNBC
tissues. Archived formalin-fixed and paraffin-embedded (FFPE) tumor tissue
blocks of Nigerian TNBC patients diagnosed at the Lagos University Teaching
Hospital (LUTH), Nigeria from 2011 — 2013, and Barbadian TNBC patients
diagnosed at the Queen Elizabeth Hospital (QEH), Barbados from 2002 — 2011
respectively, were obtained from the Pathology department at the respective
hospitals after approval by LUTH and QEH Ethics Committees. The FFPE tissue
blocks were then shipped to the Developmental Histology Lab at the Yale
Pathological Tissue Services (YPTS), Yale University (Connecticut, New Haven,
USA), where tissue sections of each block were H&E stained for histological

confirmation.
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Representative tumor areas of each Nigerian and Barbadian FFPE specimen
were then selected for the construction of a pilot tissue microarray (TMA)
comprised of Nigerian and Barbadian TNBC tissues. ER, PR and HER2 status of
the Nigerian and Barbadian tissues were confirmed by immunohistochemistry
conducted at LUTH (in the case of the Nigerian tissues), or at the Department of
Pathology at QEH, Barbados, the Human Tissue Resource Center (Chicago, IL,
USA) or the Immunohistochemistry lab at the University of Miami, Miller School of
Medicine (Clinical Research Building, Miami, FL, USA) — for Barbadian tissues.
Any tissue specimen with less than 1% staining for ER and PR was scored as
negative; Similarly, O or +1 scoring for HER2 was considered negative. Available
clinico-pathological information including age, tumor grade and lymph node
involvement were retrieved from the hardcopy medical/pathology reports at LUTH

and QEH.

TNBC tissue samples of African American (AA) and Caucasian American (CA)
patients diagnosed at the Yale-New Haven Hospital, Connecticut, New Haven,
USA from 1996 — 2004, were obtained by purchasing the Yale Tissue Microarray
347 (YTMA-347) that was generated at the Developmental Histology Lab, (YPTS,
Yale University, USA). The status of ER, PR and HER2 on these tissues was
determined by IHC at the Developmental Histology Lab. The clinico-pathological

features of all patients utilized in this study are reported in Chapter 6. It is
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noteworthy that some clinical/pathological information was missing from all the
TNBC cohorts (Nigerian, Barbadian, AA and CA) utilized in this study. Likewise,
some scoring information for Kaiso was not obtained due to tissue damage from

either poor tissue preservation, or poor tissue quality.

Gene expression analysis of TCGA and GEO datasets

For gene expression analysis of The Cancer Genome Atlas (TCGA) datasets
performed in Chapter 3, Level 3 llluminaHiSeq RNASeqV2 expression and
associated clinical data were downloaded for all available patients from the Broad
GDAC Firehose repository (https://gdac.broadinstitute.org/) on September 16",
2016 (n=1,212). Only tumor samples (n=1,094) were selected for subsequent
analysis, with their log2-transformed RSEM-quantified gene expression values
used to denote gene expression. ER, PR and ERBB2 status, and overall survival
information were obtained from the downloaded clinical data, and all data
processing performed in R software (Team 2014). For the gene expression
analysis of Gene expression omnibus (GEO) datasets performed in Chapter 3,
five (5) publicly available datasets, obtained using Affymetrix HG-U133 plus 2.0
gene chip arrays (Affymetrix, Santa Clara, CA, USA) were utilized. The transcript
profiles of these datasets were deposited in the Gene Expression Omnibus under
accession numbers GSE20685, GSE21653, GSE16446, GSE19615, and
GSE9195 (Desmedt et al. 2011; Kao et al. 2011; Li et al. 2010; Loi et al. 2010;

Sabatier et al. 2011a; Sabatier et al. 2011b).
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For the gene expression analysis conducted in Chapter 4, Level 3
llluminaHiSeq_RNASeqV2 expression and associated clinical data was
downloaded for all available patients from TCGA data-portal, on 19th March 2014
(n=977). RSEM-quantified gene expression values were used to represent gene
expression (Li and Dewey 2011). For consistency, transcript levels of the genes
ESR1 and ERBB2 were used to assign ER and HER2 status to each patient.
Transcript profiling data from the GEO dataset, GSE20685 (n=327), was
performed on Affymetrix U133 Plus 2.0 gene chips and downloaded from the
GEO website. Robust Multi-Array (RMA) was used to pre-process the dataset
and gene expression values were calculated based on median expression of all
probe sets mapping to a given gene based on Unigene ID. All genomic data

processing was completed using R software.

All samples used for this study were normalized with frozen Robust Multi-Array
analysis (fRMA) (McCall et al. 2010) and then the DWD (Distance-Weighted
Discrimination) method (Benito et al. 2004) was used to remove technical
variation from the datasets that were to be combined. The combined datasets
correlation coefficients for pair-wise comparisons of samples using Affymetrix
house-keeping probe sets were computed, and only samples exhibiting a
correlation higher than 0.95 with at least half of the dataset were selected for

further classification. This resulted in a cohort containing 894 tumor samples,

75



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

which were subsequently used for generating Kaplan-Meier survival curves and
performing log-rank analysis. All Kaplan-Meier survival analyses and curve
generation was performed by means of the GraphPad Prism statistical software
(GraphPad Software, Inc., La Jolla, CA, USA). p-value < 0.05 indicated statistical

significance.

Statistical analysis

All statistical tests were completed using GraphPad Prism statistical software,
and p<0.05 indicated significance. Data are presented as means + standard error
of the mean (SEM). Unpaired Student's t test was used for statistical analysis of
two datasets. Statistical analysis of more than two datasets was performed using
one-way analysis of variance (ANOVA) with either Tukey test or Kruskal-Wallis
test with Dunn’s multiple comparison test. Chi-square test was used to compare
the differences in the clinico-pathological features of Nigerian, Barbadian, African

American and Caucasian American patients reported in Chapter 6.
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CHAPTER 3: KAISO, TNBC CELL GROWTH AND SURVIVAL
Kaiso depletion attenuates the growth and survival of triple negative breast

cancer cells

Preface

This chapter consists of the published article entitled: “Kaiso depletion
attenuates the growth and survival of triple negative breast cancer cells.”
by Bassey-Archibong Bl, Rayner LG, Hercules SM, Aarts CW, Dvorkin-Gheva A,
Bramson JL, Hassell JA, and Daniel JM. (Cell Death Dis. 2017; 8(3): €2689.
doi:10.1038/cddis.2017.92) in its original form. This is an open-access article
licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, reproduction, and distribution in any format, provided

appropriate credit is given to the author and attribution parties, and source cited.

In this article, we characterize the effects of Kaiso depletion on the growth and
survival of triple negative breast cancer (TNBC) cells. We found that Kaiso
depletion resulted in reduced cell proliferation and increased apoptosis of TNBC
cells in vitro and in vivo, an effect possibly mediated by Kaiso’s interaction with
mutant-p53 and regulation of the proliferation-associated genes — c¢c-Myc and
CCND1, and apoptosis-related genes Bax and PUMA. We also found that Kaiso
depletion attenuated anchorage dependence in a cell type dependent manner.
Importantly, we found a statistically significant correlation between high Kaiso

and BRCA1 mRNA expression and poor overall survival in TNBC patients.
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Kaiso depletion attenuates the growth and survival of
triple negative breast cancer cells

Blessing | Bassey-Archibong', Lyndsay GA Rayner', Shawn M Hercules', Craig W Aarts?, Anna Dvorkin-Gheva®®, Jonathan L Bramson?,
John A Hassell® and Juliet M Daniel*'

Triple negative breast cancers (TNBC) are highly aggressive and lack specific targeted therapies. Recent studies have reported
high expression of the transcription factor Kaiso in triple negative tumors, and this correlates with their increased aggressiveness.
However, little is known about the clinical relevance of Kaiso in the growth and survival of TNBCs. Herein, we report that Kaiso
depletion attenuates TNBC cell proliferation, and delays tumor onset in mice xenografted with the aggressive MDA-231 breast
tumor cells. We further demonstrate that Kaiso depletion attenuates the survival of TNBC cells and increases their propensity for
apoptotic-mediated cell death. Notably, Kaiso depletion downregulates BRCA1 expression in TNBC cells expressing mutant-p53
and we found that high Kaiso and BRCA1 expression correlates with a poor overall survival in breast cancer patients. Collectively,
our findings reveal a role for Kaiso in the proliferation and survival of TNBC cells, and suggest a relevant role for Kaiso in the

prognosis and treatment of TNBCs.

Cell Death and Disease (2017) 8, €2689; doi:10.1038/cddis.2017.92; published online 23 March 2017

Triple negative breast cancers (TNBC) represent a hetero-
geneous subtype of breast tumors that generally lack
expression of estrogen receptor (ER), progesterone receptor
(PR) and the human epidermal growth factor receptor 2.'
TNBCs are highly proliferative and have a high rate of
recurrence compared to other breast cancer (BCa)
subtypes.? Currently, there are no specific targeted therapies
for the management of TNBC, hence treatment is limited to
radio- and chemotherapy. Although TNBCs initially respond to
chemotherapy, many patients relapse and this contributes to a
shortened overall survival for affected patients.®

Various proteins have been implicated in the survival and
chemo-resistant nature of TNBC. Two of the most understood
are the tumor suppressors BRCA1 and p53.4° BRCA1 is
mutated in ~45% of familial BCa’ and a high proportion of
sporadic BCa, especially of the TNBC subtype.®® However,
some TNBCs retain the expression of wild-type (wt) BRCA1
(which plays a role in DNA repair) and this has been
associated with their resistance to chemotherapeutic drugs
such as Cisplatin.’® Similarly, p53 is mutated in ~30% of
BCa'" with a higher frequency observed in TNBCs, reviewed
in Walerych et al.'® The inability of mutant p53 to bind and
activate the expression of canonical p53 target genes such as
the pro-apoptotic genes Noxa, Bax and Puma is believed to
contribute to the chemo-resistance and survival of BCa.'®™'®

Several recent studies have implicated increased nuclear
expression of the transcription factor Kaiso in the aggressive-
ness of certain tumors including basal/triple negative
tumors.'®2° Kaiso is a POZ-ZF transcription factor that was
first identified as a binding partner of the E-cadherin catenin
cofactor p120-catenin (p120°").2' In the absence or

downregulation of E-cadherin, p120°"" is able to translocate
to the nucleus®®2® where it can bind and inhibit Kaiso’s
transcriptional activities.2>=2° Although high Kaiso expression
is associated with TNBC aggressiveness, '°?® Kaiso’s specific
role in the growth and survival of TNBCs remains unknown.
Interestingly, roles for Kaiso in cell growth (proliferation) and
survival (decreased apoptosis) have been demonstrated in
several cell types. For instance, Kaiso depletion results in
decreased Cyclin D1, reduced proliferation and increased
apoptosis of cervical cancer (HelLa) cells, but decreased
apoptosis of human embryonic kidney (HEK293) cells.?”
Similarly, loss of Kaiso decreased prostate tumor cell
proliferation®® and delayed the onset of intestinal polyp
formation in Apc™™* mice.?® Finally, loss of Kaiso-mediated
transcriptional repression is associated with increased
anchorage-independent cell growth of mouse lobular BCa
cells.?® Collectively, these studies suggest context-dependent
roles for Kaiso in cell proliferation and apoptosis.

Herein, we report that Kaiso depletion attenuates the
proliferative ability of TNBC cells, reduces the anchorage-
independent growth of MDA-231 cells and delays the tumor
onset of MDA-231 xenografts. We also show that Kaiso
depletion increases the apoptosis of TNBC cells. More
importantly, we report for the first time that silencing Kaiso
results in the downregulation of BRCA1 in mutant-p53-
expressing TNBC cells. Together, our findings suggest that
high Kaiso expression promotes the growth and survival of
TNBCs and raise the possibility that Kaiso may be a useful
biomarker for the prognosis and treatment of a subset
of TNBCs.
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Figure 1 Kaiso depletion attenuates the proliferation of TNBC cells. Growth curve (a), MTT assays (b) and colony formation assays (c) were conducted on Ctrl and Kaiso-
depleted (sh-K1 and sh-K2, hereafter referred to as sh-K) cells, and reveal that Kaiso depletion inhibits proliferation of MDA-231 and Hs578T cells. (d) Soft agar assays were also
conducted on Ctrl, sh-K1 and sh-K2 MDA-231 and Hs578T cells and revealed that Kaiso-depletion diminished anchorage-independent growth of MDA-231 but not Hs578T cells.
(e) Kaiso depletion resulted in decreased c-Myc and cyclin D1 expression in MDA-231 and Hs578T cells as detected by IB analysis and densitometry analysis. The reduction in
c-Myc levels in response to Kaiso depletion was more significant in MDA-231 compared to Hs578T cells. GraphPad Prism software was used to generate graphs and for all
statistical calculations. Data shown are representative of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001

Results

Kaiso depletion inhibits TNBC cell proliferation.
Recently, we reported that Kaiso is highly expressed in triple
negative tumors and correlates with the metastatic propensity
of TNBC cells."®?% To ascertain whether Kaiso is also
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involved in TNBC cell growth and survival, we performed
cell viability assays (direct cell counts, MTT and colony
formation assays) on control (Ctrl) and Kaiso-depleted (sh-K1
and sh-K2, hereafter referred to as sh-K) TNBC cell lines
(MDA-231 and Hs578T), see Bassey-Archibong et al?®
Notably, silencing Kaiso significantly inhibited the proliferation
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of MDA-231 and Hs578T cells in all assays performed
(Figures 1a—c). We also conducted soft agar assays on Ctrl
and Kaiso-depleted MDA-231 and Hs578T cells, and found
that Kaiso-depletion mitigates the anchorage independence
of MDA-231 but not Hs578T cells (Figure 1d). As previous
studies had implicated Kaiso in the regulation of the pro-
proliferation genes c-myc and cyclin D1,242%3° we examined
the expression of these proteins in Kaiso-depleted TNBC
cells. We found that Kaiso-depleted MDA-231 and
Hs578T cells expressed less c-Myc and Cyclin D1 than
control cells (Figure 1e and Supplementary Figure 1A), which
further supported a role for Kaiso in cell proliferation.

Kaiso depletion results in delayed tumor onset of
MDA-231 xenografts. To ascertain whether the in vitro
effect of Kaiso depletion on TNBC cell proliferation would
be sustained in vivo, we performed mouse xenograft studies
with the well-characterized TNBC cell line-MDA-231. Equal
numbers (4.5x10% of Ctrl and Kaiso-depleted (sh-K)
MDA-231 cells were injected into the mammary fat pad of
immunocompromised mice (n=5 for each experimental
condition) and allowed to form tumors as previously
described.?® Interestingly, we observed a significant delay
(~8 weeks) in tumor formation in the Kaiso-depleted
xenografts compared to controls which took ~5 weeks to
form visible tumors (Figure 2a). Furthermore, upon tumor
formation, the Kaiso-depleted tumors took ~ 4 weeks to reach
the endpoint size of 3300 mm® compared to the control
tumors which took ~3 weeks to reach 3300 mm? (Figure 2a).
To determine if the delayed tumor onset observed in the
Kaiso-depleted xenografts was due to Kaiso-depletion effects
on proliferation, size-matched (~3300 mm®) Ctrl and sh-K
MDA-231 tumor tissues were harvested and examined for the
expression of the well-established proliferation markers
(Ki-67 and PCNA). Immunohistochemical (IHC) analyses
revealed less proliferating cells in the Kaiso-depleted tumor
tissues compared to control tissues (Figure 2b and see
Bassey-Archibong et al.?® for IHC analysis of Kaiso expres-
sion in the Ctrl and sh-K tumor tissues). This suggests
that the delayed tumorigenesis of the Kaiso-depleted MDA-
-231 cells may be due to their reduced proliferative capacity.
However, the delayed tumor onset may also be due to the
reduced colonization of Kaiso-depleted MDA-231 cells, since
these cells displayed decreased anchorage-independence
in vitro (Figure 1d). Nonetheless, consistent with our in vitro
proliferation studies, IHC analysis revealed reduced c-Myc
and Cyclin D1 expression in Kaiso-depleted MDA-231 tumors
compared to control MDA-231 tumor tissues (Figures 2c and
d). Collectively, these findings further support a role for Kaiso
in TNBC cell proliferation.

Kaiso depletion induces apoptosis in TNBC cells. As the
delay in MDA-231 tumor onset could also have been due to
increased apoptosis in Kaiso-depleted cells, we investigated
the effect of Kaiso depletion on the expression of the
apoptotic/cell-death marker—cleaved Caspase 3 (c-Caspase
3) in MDA-231 tumor tissues. Remarkably, we observed an
increased number of c-Caspase 3 stained cells in Kaiso-
depleted MDA-231 tumors compared to control MDA-231
tumors (Figure 3a). Quantification of the Caspase 3 activity of
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control and Kaiso-depleted (sh-K1 & sh-K2) MDA-231 cells
in vitro, using the Caspase 3 colorimetric assay, also revealed
increased Caspase 3 activity in the Kaiso-depleted (sh-K1 &
sh-K2) MDA-231 cells compared to control cells (Figure 3b).
Similar results were also observed in Kaiso-depleted (sh-
K1 & sh-K2) Hs578T cells compared to their control
counterparts (Figure 3b). Further verification of Kaiso
depletion effects on apoptosis with the Annexin V-fluorescein
isothiocyanate (FITC) staining assay also confirmed that
Kaiso depletion resulted in increased apoptosis of MDA-231
and Hs578T cells as evidenced by the elevated number of
Annexin V-FITC stained cells in Kaiso-depleted (sh-K) cells
compared to controls (Figure 3c). Similar results were also
obtained in an additional TNBC cell line-MDA-157
(Supplementary Figure 2A). To determine if the increased
apoptosis in the TNBC cells was specific to Kaiso depletion,
we expressed a sh-resistant murine Kaiso cDNA (mKaiso) in
the MDA-231 and Hs578T sh-K cells, and subjected these
cells to Annexin V-FITC staining. As observed in Figure 3d,
Kaiso re-expression rescued the apoptotic phenotype
observed in the Kaiso-depleted (sh-K) MDA-231 and
Hs578T cells, as seen by the reduced number of Annexin
V-FITC stained cells in the MDA-231 and Hs578T sh-K (mK)
cells compared to Kaiso-depleted MDA-231 and
Hs578T cells transfected with an empty (E) vector. Together
these findings suggest that silencing Kaiso enhances the
apoptosis of TNBC cells.

Our observation that Kaiso depletion caused increased
apoptosis in TNBC cells was intriguing but contradictory to
recent findings in other cell types (MEF and HEK293) where
Kaiso was implicated as a pro-apoptotic protein, and promoter
of p53-mediated apoptosis.®! Since the TNBC cells utilized in
this study (MDA-231, Hs578T, MDA-157) contain a mutant
(mut)-p53 gene®3* compared to MEF and HEK293 cells that
express wt-p53,%" we postulated that Kaiso’s role in apoptosis
was contingent on the status of p53 rather than cell type
per se. To test this hypothesis, we performed Annexin V-FITC
staining of MCF-7 cells transiently overexpressing Kaiso. The
MCF-7 BCa cell line was selected for these studies as it
expresses low levels of Kaiso and wt-p53. As seen in
Supplementary Figure 2B, transient overexpression of Kaiso
in MCF-7 cells enhanced the apoptosis/death of these cells,
as evidenced by more Annexin V-FITC stained cells in the
Kaiso-overexpressing (mKaiso) MCF-7 cells compared to
their parental (empty) counterparts, consistent with the
findings of Koh et al.®!

Pro-apoptotic proteins are up-regulated in Kaiso-
depleted TNBC cells. As Kaiso expression promotes
survival in TNBC cells expressing mut-p53 (Figure 3c), we
hypothesized that the pro-survival role of Kaiso in TNBC cells
is due to its interaction with mut-p53. To test this hypothesis,
we performed co-immunoprecipitation experiments and found
that Kaiso associated with mut-p53 in MDA-231 and
Hs578T cells, although a stronger interaction was observed
between Kaiso and mut-p53 in MDA-231 compared to
Hs578T cells (Figure 4a). Wt-p53-expressing MCF-7 cells
were also examined as a positive control to confirm Kaiso’s
interaction with wt-p53 (Supplementary Figure 3A) as
previously reported.®’

Cell Death and Disease
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Figure 2 Kaiso-depleted MDA-231 cells exhibit delayed tumor onset in mouse xenografts. (a) Kaiso-depleted MDA-231 xenografts (sh-K) are delayed ~ 3 weeks in tumor
onset and development compared to control (Ctrl) MDA-231 xenografted tumors as seen by time-course analysis of the tumor volume of Ctrl and sh-K MDA-231 xenografted cells.
(b) IHC-stained images of MDA-231 xenograft tissues with Ki-67 and PCNA antibodies show a marked decrease in proliferating cells in MDA-231 Kaiso-depleted tumor tissues as
indicated by the reduced expression of the proliferation markers Ki-67 and PCNA. (¢ and d) IHC-stained images of MDA-231 xenogratft tissues with c-Myc and Cyclin D1
antibodies show that Kaiso-depletion results in reduced numbers of c-Myc and cyclin-D1 stained cells and reduced staining intensity. Representative images shown from 3 or

more independent experiments

To gain more mechanistic insight into Kaiso’s role in TNBC
cell survival and apoptosis, we assessed the effect of Kaiso
depletion on the expression of the pro-apoptotic proteins
PUMA and Bax. As Kaiso augments the expression of PUMA
and Bax in wt-p53-expressing cells®! and (Supplementary
Figure 3B), we postulated that in mut-p53-expressing TNBC
cells, Kaiso would inhibit PUMA and Bax expression. Indeed,
low levels of PUMA were detected in control MDA-231 and
Hs578T cells that express high levels of Kaiso and mut-p53
(Figure 4b). PUMA was also detected at low levels in the high
Kaiso and mut-p53 MDA-157 cells (Supplementary Figure 4).
Similarly, low Bax levels were detected in control MDA-231
and MDA-157 cells (Figure 4b and Supplementary Figure 4)
but not control Hs578T cells (Figure 4b). Remarkably, Kaiso
depletion resulted in a striking upregulation of PUMA in all
three cell lines (MDA-231, Hs578T and MDA-157 cells;
Figure 4b and Supplementary Figure 4). While Bax expression
was increased ~ 2-fold in MDA-231 and MDA-157 cells, there
was only a slight increase in Bax expression in Hs578T cells
(Figure 4b and Supplementary Figure 4), which may be due to
the fact that Bax was expressed at higher levels in parental
Hs578T cells compared to parental MDA-231 and MDA-157
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cells (Figure 4b and Supplementary Figure 4). This suggests
that Kaiso may not exhibit a repressive function on Bax
expression in parental (Ctrl) Hs578T cells, probably due to the
increased expression of p120°" observed in these cells
(Figure 4b), which co-localized with Kaiso in the nucleus of
some but not all Ctrl Hs578T cells (Supplementary Figure 5).
Notably, there was no change in mut-p53 levels upon Kaiso
depletion. The specificity of Kaiso depletion effects on Bax and
PUMA protein levels was confirmed by the expression of a
sh-resistant Kaiso (mKaiso) cDNA in the MDA-231 sh-K cells;
this resulted in reduced Bax and PUMA protein expression in
the MDA-231-sh-K (mKaiso) cells (Figure 4c).

Additional analyses using qRT-PCR revealed significantly
increased PUMA transcripts but no significant changes in Bax
transcript levels in Kaiso-depleted MDA-231 and Hs578T cells
compared to controls (Figure 4d). Consistent with this
observation, chromatin immunoprecipitation (ChIP)-PCR
experiments showed an enrichment of Kaiso at a minimal
PUMA promoter region rich in Kaiso binding sequences (KBS)
but not at a minimal Bax promoter region containing a core
KBS (see schematic, Supplementary Figure 6A) in MDA-231
and Hs578T cells (Figure 4e, and data not shown). Similar
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Figure 3 Kaiso depletion results in increased apoptosis of TNBC cells. (a) IHC-stained images of control (Ctrl) and Kaiso-depleted (sh-K) MDA-231 tumor tissues with
cleaved (c)-Caspase 3 antibody show that Kaiso-depletion results in increased c-Caspase 3 expression in MDA-231 tumor tissues. (b) Caspase 3 assay conducted on Ctrl, sh-K1
and sh-K2 MDA-231 and Hs578T cells show that Kaiso depletion resulted in increased Caspase 3 activity in MDA-231 and Hs578T sh-K1 and sh-K2 cells compared to their
control counterparts. (c) Kaiso-depleted TNBC cells (sh-K MDA-231 & Hs578T) expressing mut-p53 exhibit increased apoptosis as revealed by Annexin V-FITC staining. (d)
Expression of a sh-resistant Kaiso cDNA in Kaiso-depleted MDA-231 and Hs578T cells mitigates the apoptosis induced by Kaiso depletion as assessed by Annexin V-FITC
staining. Data shown are representative of three independent experiments. *P<0.05, **P<0.01, ****P<0.0001

results were also obtained with chromatin isolated from
MDA-157 cells (Supplementary Figure 6B). Interestingly, an
enrichment of mut-p53 was also observed at the minimal
PUMA promoter region rich in KBS but not at the minimal Bax
promoter region containing a core KBS (Figure 4e, and data
not shown). Nonetheless, Kaiso’s interaction with the PUMA
promoter was independent of p53 as evidenced by its
association with the PUMA promoter in MDA-157 cells, which
lack detectable p53 protein expression (Supplementary
Figure 4). Collectively, these data imply that Kaiso may
directly or indirectly inhibit Bax and PUMA expression in TNBC
cells that lack wt-p53.

High Kaiso and low PUMA expression does not correlate
with poor survival in BCa patients. Considering the
consistent effect of Kaiso depletion on PUMA expression in
all TNBC cell lines (MDA-231, Hs578T and MDA-157)
studied, we explored whether the inverse correlation of Kaiso
and PUMA expression could account for Kaiso’s role in the
survival of breast tumors. We thus utilized The Cancer
Genome Atlas (TCGA) and the Gene Expression Omnibus
(GEO) BCa data sets and examined the effect of high Kaiso
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and low PUMA expression on the overall survival of either
TNBC patients specifically (data not shown), or all BCa
cases. Kaplan—Meier survival curves revealed that patients
bearing tumors with high Kaiso and low PUMA expression
exhibited a decreased but non-significant overall survival
trend compared to patients with tumors that had a low Kaiso
and high PUMA expression (log-rank test, P-value=0.16;
Figure 4f). This suggests that while Kaiso’s effect on PUMA
expression does have some effect on BCa survival, the
clinical relevance does not appear to be statistically
significant. Thus, Kaiso may cooperate with other protein(s)
to influence BCa survival.

Kaiso depletion enhances the sensitivity of TNBC cells to
Cisplatin. Most metastatic BCas such as TNBCs are
resistant to chemotherapeutic agents,® a phenomenon which
may be due to reduced apoptosis and increased DNA
repair.®® As Kaiso depletion stimulated the apoptosis of
TNBC cells, we investigated whether silencing Kaiso would
sensitize these cells to chemotherapeutic drugs. Control and
Kaiso-depleted TNBC cells were treated with the chemother-
apy drug Cisplatin and then subjected to immunoblot (IB)
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Figure 4 Kaiso depletion increases expression of pro-apoptotic proteins in TNBC cells lacking wt p53. (a) Kaiso co-precipitates with mutant p53 in MDA-231 and Hs578T cell
lysates. Parental MDA-231 and Hs578T cells were subjected to immunoprecipitation with anti-Kaiso, anti-p53 and anti-lgG antibodies, and immunoblotted with the indicated
antibodies. Kaiso-depleted MDA-231 and Hs578T cells express increased amounts of Bax and PUMA protein compared to control cells (b), that is decreased upon expression of
a sh-resistant Kaiso cDNA in the MDA-231 and Hs578T sh-K cells (c). Graphical representation of the quantitated protein values is shown. (d) Kaiso-depleted MDA-231 and
Hs578T cells (that express mut-p53) exhibit a statistically significant increase in PUMA mRNA levels as measured by gRT-PCR. Although Bax mRNA levels were also slightly
increased, it was not significant. (€) ChIP-PCR analysis of MDA-231 and Hs578T chromatin revealed that Kaiso and mut-p53 associate endogenously with the PUMA promoter in
TNBC cells. (f) Transcript profiles of patients from the GEO (GSE20685, GSE21653, GSE16446, GSE19615 and GSE9195) BCa data sets were pooled and segregated into
Kaiso high/PUMA low, and Kaiso low/PUMA high groups. Kaplan-Meier survival curves revealed a correlation between high Kaiso and low PUMA expression with poor overall
survival in all BCa cases. However, it was not statistically significant. Data representative of three independent experiments. **P< 0.01 and NS, not significant. For Kaplan-Meier
survival curves, log-rank test was performed to determine statistical significance. P<0.05 is considered statistically significant

analysis for the expression of the apoptotic marker,
cleaved-PARP. Intriguingly, loss of Kaiso enhanced the
sensitivity of MDA-231, Hs578T and MDA-157 cells to
Cisplatin as evidenced by the increased expression of
cleaved-PARP in the treated Kaiso-depleted cells compared
to the control-treated cells (Figures 5a and b).

High Kaiso and BRCA1 expression correlates with poor
survival in BCa patients. As BRCA1 expression has been
linked to the resistance of TNBC cells to Cisplatin,'®3¢ we
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examined the effect of Kaiso depletion on BRCA1 expres-
sion. We observed that Kaiso depletion led to downregulation
of BRCA1 in MDA-231 and Hs578T cells at both the
transcript and protein level (Figures 6a and b). This was
partially rescued (~1.6-fold increase) by the expression of a
sh-resistant Kaiso cDNA (mKaiso) in the Kaiso-depleted
MDA-231 and Hs578T cells (Figure 6c). More importantly, we
found an enrichment of Kaiso at a minimal BRCA1 promoter
region containing several core KBS (Figure 6d), which
suggests that BRCA1 may be a Kaiso target gene.
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In light of these findings, we utilized the TCGA and GEO survival compared to TNBC patients with low Kaiso and low
BCa data sets and correlated the expression levels of Kaiso BRCA1 expression (log-rank test, P=0.017; Figure 7a). A
and BRCA1 with BCa survival. Kaplan—Meier survival curves similar trend was also observed in all BCa cases with high
revealed that TNBC patients bearing tumors with high Kaiso Kaiso and high BRCA1 expression (log-rank test, P=0.0003)
and BRCAT1 expression, exhibit a significantly worse overall compared to cases with low Kaiso and low BRCA1 expres-

sion, and high or low BRCA1 expression alone (log-rank test,
P=0.13), Figures 7b and c. This finding suggests that Kaiso

a MDA-231 Hs578T MDA-157 and BRCAT1 function together to promote the survival of
BCa cells.
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Figure 6 Kaiso depletion attenuates BRCA1 expression in sporadic TNBC cells. (a) BRCAT mRNA expression was significantly reduced in Kaiso-depleted MDA-231 and
Hs578T cells compared to controls as measured by gRT-PCR. (b) WB analysis with a BRCA1-specific antibody shows decreased BRCA1 protein expression in Kaiso-depleted
MDA-231 and Hs578T cells, which is partially rescued by expression of a sh-resistant Kaiso cDNA in the MDA-231 and Hs578T sh-K cells (¢). (d) Schematic illustration of the
minimal BRCA1 promoter region showing the location of a core KBS (cKBS) that was amplified by ChIP-PCR. Kaiso was enriched at the BRCA1 promoter region indicated in
MDA-231 and Hs578T cells. Data representative of three independent experiments. *P<0.05, **P<0.01
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Figure 7 High Kaiso and BRCA1 expression correlates with poor prognosis in BCa patients. Transcript profiles of patients from the TCGA and GEO (GSE20685, GSE21653,
GSE16446, GSE19615 and GSE9195) BCa data sets were pooled and segregated into Kaiso/BRCA1 high or Kaiso/BRCA1 low, and BRCA1 high or BRCA1 low groups. Kaplan—
Meier survival curves revealed that high Kaiso and BRCA1 expression significantly correlates with poor overall survival in TNBC patients specifically (a) or all BCa cases (b)
whereas increased BRCA1 expression did not correlate with poor overall survival in BCa patients (c). Log-rank test was performed to determine statistical significance. P< 0.05 is

considered statistically significant

that Kaiso acts as both a transcriptional repressor and an
activator.2429:304445 |n addition, as Kaiso also possesses
dual-specificity DNA-binding properties,?®*4” there may be a
large repertoire of tumorigenic target genes that may be
differentially regulated by Kaiso. To date, only a few bona fide
Kaiso target genes—c-Myc, Wnt 11, Cyclin D1, Siamois,
Matrilysin and Rapysn have been characterized 2425294548
Two of these genes (c-Myc and Cyclin D1) are well-
established pro-proliferation oncogenes*®° that were found
to be repressed by Kaiso in Xenopus laevis embryos and
colon cancer cells.2*2° Therefore, it was surprising to find that
loss of Kaiso in TNBC cells led to their decreased, rather than
increased, expression (Figure 1e). Our findings thus indicate
context-dependent roles for Kaiso in the regulation of c-Myc
and Cyclin D1 expression, an idea that is supported by a
recent study which demonstrates differential regulation of
Cyclin D1 by Kaiso.?”

Kaiso’s role in specific cancers may also be dictated or
modulated by its interaction with other transcriptional cofac-
tors or proteins that may be uniquely expressed in these
cancers. For example, Kaiso was shown to interact with
nuclear p120°" in mouse invasive lobular BCa cells, which
inhibited Kaiso’s repression of Wnt11, and fostered anoikis
resistance in these cells.?® In another study, Kaiso was shown
to interact with wt-p53, and promote apoptosis through
increased p53-mediated expression of the pro-apoptotic Bax
and PUMA genes.®' Our findings in this study also support
distinct roles of Kaiso that may be based on its interaction with
p53, as we found that Kaiso differentially regulates apoptosis
in BCa cells that express different forms of p53 (Figure 3c,
Supplementary Figures 2A and B). Specifically, Kaiso exhibits
an anti-apoptotic role in TNBC (MDA-231, Hs578T and
MDA-157) cells that express mut-p53 as its depletion
promotes apoptosis in these cells (Figure 3c and Supple-
mentary Figure 2A). As mut-p53 expression is implicated in
the survival of MDA-231 and Hs578T cells,®"%? it was
interesting to note that loss of Kaiso attenuated the survival
of these cells, despite having no significant effects on mut-p53
expression in these cells.

Conversely, in non-TNBC cells that express wt-p53, Kaiso
exhibits a pro-apoptotic role (Supplementary Figure 2B),
which is consistent with reports in other cell types that dem-
onstrated a pro-apoptotic role for Kaiso in a wt-p53-dependent
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Figure 8 Schematic diagram of proposed model for Kaiso’s role in TNBC. (a)
Kaiso interacts with both wt p53 and mutant p53 in BCa cells and this differential
interaction may modulate Kaiso’s function in apoptosis. (b) In TNBC cells lacking wt
p53 (but expressing mutant p53), Kaiso might directly or indirectly inhibit the activation
of the pro-apoptotic genes Bax and PUMA, which leads to tumor survival. However,
Kaiso's inhibitory effect on Bax protein expression may be attenuated by Kaiso
interaction with other proteins like p120°". Kaiso may also activate c-Myc, Cyclin D1
and BRCA1 expression independently or in collaboration with other cofactors in
TNBC cells, which would also promote TNBC cell growth and survival

manner.?' Based on these findings, we surmise that the
distinct roles of Kaiso in apoptosis may be due to its ability to
interact with both wt-p53 and mut-p53 as shown in Figure 4a
and Supplementary Figure 3A (see model indicated in
Figure 8a). Indeed, several recent studies have reported
differential activities of transcription factors that interact with
both wt-p53 and mut-p53, reviewed in Kim et al.%® As Kaiso
behaved in an anti-apoptotic manner in TNBC cells lacking
wt-p53, we postulate that Kaiso may only function in a
pro-apoptotic manner in BCa cells expressing wt-p53.

An unexpected finding of this study was that Kaiso depletion
reduced BRCAT1 expression at both the transcript and protein
levels in TNBC cells, suggesting that BRCA1 may be a Kaiso
target gene. Indeed, we observed that Kaiso associates with
the BRCA1 promoter in both MDA-231 and Hs578T cells
(Figure 6d) but more importantly, we also found that high Kaiso
and BRCA1 expression correlates with poor overall survival in
TNBC patients, as well as all BCa cases in general (Figures 7a
and b). Collectively, our findings suggest that Kaiso may
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augment the survival and aggressiveness of TNBC cells by Xenograft studies. All mice studies were approved by the Animal Research
promoting BRCA1 expression (see model, Figure 8b). Hence, Ethics Board, McMaster University (AUP# 14-05-14) and performed in accordance
our demonstration that Kaiso-depletion enhanced the sensi- with the guidelines of the Animal Research Ethics Board as previously described.?®
tivity of TNBC cells to the chemotherapy drug Cisplatin raise In brief, equal numbers (4.5x 10°) of control and Kaiso-depleted MDA-231 cells

- . . were injected subcutaneously into the mammary fat pad of ~5-8-week-old female
the exciting possibility that Kaiso may be a target for TN tumors NOD SCID gamma mice (n=5 each) and allowed to form tumors. Tumor growth

with BRCA1 expression. was monitored using vernier calipers and tumor volume measurements calculated

Together, this study reveals an essential role for Kaiso in the as previously described.?® Mice were euthanized at endpoint (tumor size 3300 mm®)
growth and survival of TNBC cells and suggests that Kaiso as previously described®® and tumor tissues harvested for histological examination
could be targeted for the treatment of a subset of triple  @nd IHC analyses.

negat!ve tumors especially thosg expressing BRCA1. Future Immunohistochemistry. 5 ;M sections of harvested MDA-231 xenografted
experiments (e:g. ChiP-sequencing and RNA-sequencing of tumor tissues were stained with mouse monoclonal antibody against Ki-67 (BD
control and Kaiso-depleted TNBC cells) are needed to fully Biosciences; 1:50), rabbit monoclonal antibody against PCNA (Cell Signaling
delineate and understand the molecular mechanisms and Technology (CST)-D3H8P; 1:30 000), rabbit monoclonal antibody against c-Myc
signaling pathways that Kaiso participates in to contribute to (Abcam; 1:100), rabbit monoclonal antibody against Cyclin D1 (CST-2978; 1:100) or
the pathogenesis and survival of triple negative tumors. rabbit monoclonal antibody against cleaved Caspase 3 (CST-9661; 1:50) overnight
at 4 °C as previously described.2® Images were captured using the Aperio Slide
scanner (Leica Biosystems, ON, Canada). Ki-67, PCNA and cleaved Caspase 3
Materials and Methods counts were obtained from 5 different fields that represented staining observed in
Cell culture. The human triple negative breast tumor cell lines MDA-MB-231 whole-tissue sections. The stained cells in these fields were counted blindly and
(hereafter MDA-231) and Hs578T, and their stable Kaiso-depleted (sh-Ki and ~ independently by 2 students. Bar graphs representing counts were generated using
sh-K2) derivatives were cultured as previously described 2 The non-TNBC cell line ~ GraphPad Prism  software. Stafistically analyses were also conducted using
MCF-7 was purchased from ATCC (Manassas, VA, USA), while the triple negative ~ GraphPad Prism statistical software.
breast tumor cell line MDA-MB-157 (hereafter MDA-157) and the non-TNBC cell line

ZR75.1 were a kind gift from Dr. John Hassell (McMaster University, Hamiton, ~ Transient transfection assay and rescue experiments. MCF-7 and
Canada). These cells were cultured as previously described.** Al cells were grown ~ ZR75.1 parental cells were transfected with either a pPCDNA3-empty vector (empty),
in 5% CO, at 37 °C. or a pPCDNA3 vector containing the sequence that encodes a sh-resistant mKaiso

cDNA using the Turbofect transfection reagent (Thermo Scientific, Waltham, MA,
. . . , USA) according to the manufacturer’s instructions. 48 or 72 h post transfection, cells
Generation of stable Kaiso-depleted MDA-157 cell lines. Depletion 1o gither subjected to 1B analysis, or treated with Geneticin (Invitrogen) at

of Kaiso in MDA-157 cells was achieved by stably transfecting cells with & o509 /i for MCF-7 cells and 750 uugiml for ZR75.1 cells to select for efficient
pRetroSuper (pRS) vector containing shRNAs that targeted the Kaiso mANA  iesisy "overexpression. Three to four weeks post transfection, whole-cell Iysates
sequences; 5"-AAAAGATCATTGTTACCGATT-3" and 5 'TmAAEGATTCAWCWG were obtained from the pCDNA3-empty and mKaiso transfected cells and subjected
GGAGAAG-3' termed sh-K1 and sh-K2 as previously described.® Stable control to IB analysis of interested proteins.

) ) P A
(transfected with a pRS-Kaiso scrambled shRNA)™ and Kaiso-depleted MDA-157 For rescue of Kaiso overexpression, pCDNA3 vector expressing the mKaiso cDNA

cells were maintained in media containing 1.0 ug/ml of Puromycin (Invitrogen, coding sequence that is not targeted by the Kaiso-specific shRNA was transfected
Carlsbad, CA, USA). Only the most efficient Kaiso-depleted cells were selected for into MDA-231 and Hs578T sh-K2 (or sh-K) cells using the Turbofect transfection
further analysis (Supplementary Figure 1b). reagent (Thermo Scientific) as per the manufacturer's protocol. 24 or 48 h post

transfection, cells were treated with Puromycin (Invitrogen) at 0.8 pg/ml and
Cell proliferation assay. Equal numbers (1x10%) of control and Kaiso- ~ Geneficin (Invitrogen) at 1000 ug/ml for MDA-231 sh-K cells and Puromycin

depleted (sh-K1 and sh-K2) MDA-231 and Hs578T cells were grown in 24-well (Invitrogen) at 1.5 ug/ml and Geneticin (Invitrogen) at 1000 ug/mi for Hs578T sh-K
plates for 3 days. Direct cell counts were obtained each day using the BioRAD TC10  cells to select for efficient Kaiso overexpression. Three to four weeks post

automated cell counter and averaged using Microsoft Excel. Graphical representa- transfection, MDA-231 and Hs578T sh-K (empty and mKaiso) cells were subjected to
tion of counts was achieved using GraphPad Prism software (La Jolla, CA, USA). Annexin V-FITC staining. Whole-cell lysates were also obtained from MDA-231 and
Hs578T sh-K (empty and mKaiso) cells and subjected to IB analysis of interested

MTT assay. Equal numbers (1x10%) of control and Kaiso-depleted (sh-K1 and proteins.

sh-K2) MDA-231 and Hs578T cells were grown in duplicate in 96-well plates for
22 h. Cells were then immediately treated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl-tetrazolium bromide; Sigma Aldrich, USA) for 2 h. The precipitated
formazan crystals were subsequently dissolved with 100 pl of dimethyl sulfoxide
and the optical density of the resulting reaction solution measured at 570 nm using
the SpectraMax Plus 384 Microplate reader (Molecular Devices, Sunnyvale,

Caspase 3 assay. The Caspase 3 assay (colorimetric) kit was purchased from
Abcam (Boston, MA, USA), and the assay performed according to the
manufacturer's instructions. In brief, 1x10° control and Kaiso-depleted (sh-K1
and sh-K2) MDA-231 and Hs578T cells were re-suspended in 50 ul of chilled
cell lysis buffer, incubated on ice for 10 min and pelleted by centrifugation at
13000 r.p.m. for 1 min. The resulting supernatant (cytosolic extract) was then

CA, USA). transferred to a new tube, quantified and then ~ 200 g of protein per 50 4l cell lysis

buffer transferred into 96-well plates in duplicate per cell condition. 50 ul cell lysis
Colony formation and soft agar assay. 5x10% control and Kaiso- buffer without protein samples was also aliquoted into 96-well plates to provide
depleted MDA-231 and Hs578T cells were cultured in 60 mm dishes in duplicate background readings. 50 ul reaction buffer (2 x ) containing 10 mM DTT was added
and allowed to grow and form colonies for 10-14 days. For the soft agar assays, to each well containing experimental samples (in duplicate) and cell lysis buffer
5x10* control and Kaiso-depleted MDA-231 and Hs578T cells were cultured in (without samples) followed by 5 ul of 4 mM DEVD-p-NA substrate (200 M final
0.3% Agarose in 60 mm dishes, and allowed to grow and form colonies for 10 days. concentration). The resultant mixture was incubated at 37 °C for 2 h, and then the
After the incubation period, colonies were stained with 0.5 and 0.05% Gentian Violet optical density of the solution was measured at 405 nm using the SpectraMax Plus
diluted in methanol for the colony formation and soft agar assays respectively. 384 Microplate reader (Molecular Devices).

Images of colonies from the colony formation assay were obtained by using a

Canon digital camera and then colonies were counted manually. For the soft agar ANNEXIN V-FITC staining assay. The FITC—conjugated Annexin V
assay, 10x images of colonies were obtained using the Zeiss Axiovert 200 apoptosis detection kit was purchased from Abcam, and staining performed
microscope (Carl Zeiss Canada Ltd., ON, Canada), and then counted using the according to the manufacturer's instructions. I brief, equal numbers (1 x10°) of Ctrl
ImageJ software. Graphical representation of counts (colony numbers) was and sh-K MDA-231, Hs578T and MDA-157 cells, MDA-231 and Hs578T sh-K
achieved using GraphPad Prism software. (empty and mKaiso) cells, as well as MCF-7 (empty and mKaiso) cells were
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re-suspended in 1x binding buffer (Abcam) after being washed with 1x PBS and
trypsinized with 1x Trypsin (Invitrogen). These cells were subsequently stained with
Annexin V-FITC and propidium iodide (P1) and incubated for 10 min prior to analysis
by Flow cytometry. Data were acquired using the LSRFortessa flow cytometer (BD
Biosciences, Mississauga, Canada) and analyzed with FlowJo version 9 software.

Quantitative reverse transcription-PCR (qQRT-PCR). qRT-PCR experi-
ments were conducted as previously described®® using the following primers: Bax
forward: 5-GCCCTTTTGCTTCAGGGTTT-3' and reverse: 5'-GCAATCATCCTCT
GCAGCTC-3' at 60 °C, PUMA forward: 5'-AGCAGGGCAGGAAGTAACAA-3" and
reverse: 5-CCCTGGGGCCACAAATCT-3 at 55 °C, BRCA1 forward: 5'-CTCGCTG
AGACTTCCTGGAC-3' and reverse: 5-TCAACTCCAGACAGATGGGAC-3' at
62 °C. The SensiFAST cDNA synthesis kit and the SensiFAST SYBR Hi-ROX kit
(FroggaBio Scientific Solutions, Toronto, ON, Canada) were used in place of the
qScript ¢cDNA SuperMix and Perfecta SYBR Green SuperMix ROX (Quanta
BioSciences, Gaithersburg, MD, USA) as previously described.2®

ChIP and ChIP-PCR. ChIP and ChIP-PCR were performed as previously
described.2 The following primers were used to amplify a minimal Bax, PUMA and
BRCAT1 promoter region, respectively, containing one or more KBS: Bax KBS
forward: 5'-CTAATTCCTTCTGCGCTGGG-3', and reverse: 5'-GTCCAATCGCAGCT
CTAATGC-3" at 64 °C; PUMA KBS forward: 5-GATCGAGACCATCCTGGCTA-3'
and reverse: 5-CGATCTCAGCAAACTGCAAG-3' at 64 °C; and BRCA1 KBS
forward: 5-AGGGCTCTCTCATCCTGTCA-3' and reverse: 5-TGTCCGCCATGT
TAGATTCA-3' at 64 °C.

Immunoprecipitation. Whole-cell lysates were immunoprecipitated with anti-
Kaiso 6F mouse monoclonal antibody,> anti-p53 mouse monoclonal antibody
(CST-2524, which recognizes both wt and mutant-p53), anti-p53 rabbit monoclonal
antibody (Abcam-ab32049 that recognizes only mutant-p53) or normal rabbit IgG
antibody (Santa Cruz Technology) for 2 h or overnight at 4 °C. The immuno-
precipitates were collected by incubation with 50 yI Protein A agarose beads that
were subsequently washed five times with lysis buffer before proceeding to
SDS-PAGE and IB analysis.

Immunoblot and densitometry analysis. IB analysis was performed as
previously described.?® Overnight incubations were performed at 4 °C using the
following primary antibodies at their respective dilutions; Kaiso-specific rabbit
polyclonal (gift from Dr. Reynolds; 1:5000), mouse monoclonal antibody against
c-Myc (SantaCruz (9E10); 1:500), rabbit polyclonal antibody against Cyclin D1
(US Biological (144418); 1:5000), p120“™-15D2 specific mouse monoclonal
(gift from Dr. Reynolds; 1:1000%), Bax-specific rabbit monoclonal (1:500;
CST-5023), PUMA-specific rabbit monoclonal (1:500; CST-12450), p53-specific
rabbit polyclonal (1:2000; Abcam-ab32049), cleaved PARP-specific rabbit mono-
clonal (1:1000; CST-5625), BRCA1-specific rabbit polyclonal (1:2000; Abcam-
ab131360) and mouse anti-p-actin monoclonal (1:50 000; Sigma Aldrich). IB
images were obtained using the Bio-Rad ChemiDoc MP imaging system (Bio-Rad
Laboratories, Mississauga, ON, Canada). The optical densities of Kaiso, c-Myc,
Cyclin D1, p120-1, p120-3, p53, Bax, PUMA and f-actin signals were quantified
and analyzed using the Image Lab software (Bio-Rad), while the relative ratio of
Kaiso/p-actin, c-Myc/p-actin, Cyclin D1/g-actin, p120-1/p-actin, p120-3/p-actin,
p53/p-actin, Bax/p-actin and PUMA/s-actin were calculated as indicated using
Microsoft Excel. Graphical representation of each respective value was
accomplished using GraphPad Prism software.

Gene expression analysis of GEO data sets. Gene expression
analyses were conducted on five publicly available data sets obtained using
Affymetrix HG-U133 plus 2.0 gene chip arrays (Affymetrix, Santa Clara, CA, USA).
The transcript profiles of these data sets were deposited in the GEO database
under accession numbers GSE20685, GSE21653, GSE16446, GSE19615 and
GSE9195.5-%2 All samples used for this study were normalized with frozen robust
multi-array analysis®® and then the distance-weighted discrimination method® was
used to remove technical variation from the data sets that were to be combined. The
combined data sets correlation coefficients for pair-wise comparisons of samples
using Affymetrix house-keeping probe sets were computed, and only samples
exhibiting a correlation higher than 0.95 with at least half of the data set were
selected for further classification. This resulted in a cohort containing 894 tumor
samples, which was subsequently used for generating Kaplan-Meier survival
curves and performing log-rank analysis.
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Gene expression analysis of TCGA data sets. TCGA Level 3
lluminaHiSeq_RNASeqV2 expression (lllumina, Inc., San Diego, CA, USA) and
associated clinical data were downloaded for all available patients from the Broad
GDAC Firehose repository (https:/gdac.broadinstitute.org/) on 16 September 2016
(n=1212). In all further analyses this data set is referred to as ‘TCGA dataset’. We
selected tumor samples only (n=1,094), and their RSEM-quantified gene
expression values were log2-transformed and used for further analyses to
represent gene expression. For identification of ER, PR and ERBB2 status and for
overall survival information we used the downloaded clinical data. All data
processing was performed using R software.®®

Survival analysis. Survival analysis and visualization of the Kaplan-Meier
curves were performed using GraphPad Prism statistical software (GraphPad Software,
Inc., La Jolla, CA, USA). For statistical tests P-value <0.05 indicated significance.

Statistical analyses. All statistical analyses were performed as previously
described?® using the GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA, USA). P<0.05 values were considered statistically significant and data are
presented as means + S.E.M.
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CHAPTER 4: KAISO, TGFp SIGNALING & METASTASIS
Kaiso depletion attenuates transforming growth factor-g signaling and

metastatic activity of triple-negative breast cancer cells

Preface

This chapter features the published article entitled “Kaiso depletion attenuates
transforming growth factor- signaling and metastatic activity of triple-
negative breast cancer cells” by Bassey-Archibong BIl, Kwiecien JM,
Milosavljevic SB, Hallett RM, Rayner LG, Erb MJ, Crawford-Brown CJ,
Stephenson KB, Bédard PA, Hassell JA and Daniel JM (Oncogenesis, 2016; 5:
e208) in its original form. This is an open-access article licensed under a Creative
Commons Attribution 4.0 International License, which allows unrestricted use,
reproduction, and distribution in any format, provided appropriate credit is given

to the author and attribution parties, and sources cited.

This work describes the generation and characterization of shRNA-mediated
Kaiso depleted TNBC cells that were generated to elucidate Kaiso-depletion
effects on the metastasis of TNBC tumors. Kaiso depletion resulted in a
mesenchymal-epithelial transition phenotype in the MDA-MB-231 and Hs578T
TNBC cells, and attenuated the metastatic abilities of MDA-MB-231 and Hs578T
cells in a mouse xenograft model. Notably, Kaiso depletion attenuated TGFf3
signaling and TGFp-dependent transcriptional responses that has been
implicated in metastasis. Hence, we postulated that Kaiso expression may
promote metastasis in part via the TGFp signaling cascade and associated pro-

tumorigenic responses.
Contributions:

Bl Bassey-Archibong generated the Kaiso-depleted TNBC cells, control and

Kaiso-depleted TNBC xenograft models, and conducted the experiments
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illustrated in Figures 1C-D, Figure 2A, Figures 3B-D, Figures 4A-D, Figures 5A
and 5C, and Figure 7A. Dr. J Kwiecien provided the pathological interpretation of
the data in Figures 2A-B and Figure 7B. Dr. S Milosavljevic and LG Rayner
generated the data for Figure 5D. Dr. R Hallett generated the data for Figures 1A-
B, Figure 3A and Figures 6A and B. M Erb generated the data for Figure 5B. Dr.
K Stephenson performed the tail-vein injections for Figures 2B and 7B. BI
Bassey-Archibong and Dr. JM Daniel conceived the study and co-wrote the
manuscript. Dr. JM Daniel also contributed significant intellectual guidance
throughout the implementation of this work. All other authors assisted with
reagents (Dr. P-A Bedard and Dr. J Hassell), or optimization of experimental
procedures (C Crawford-Brown) for the manuscript. All authors edited the

manuscript text.
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Kaiso depletion attenuates transforming growth factor-f
signaling and metastatic activity of triple-negative breast

cancer cells

Bl Bassey-Archibong’, JM Kwiecien®?, SB Milosavljevic', RM Hallett*, LGA Rayner®, MJ Erb', CJ Crawford-Brown', KB Stephenson®,

P-A Bédard’, JA Hassell* and JM Daniel

Triple-negative breast cancers (TNBCs) represent a subset of breast tumors that are highly aggressive and metastatic, and are
responsible for a disproportionate number of breast cancer-related deaths. Several studies have postulated a role for the epithelial-
to-mesenchymal transition (EMT) program in the increased aggressiveness and metastatic propensity of TNBCs. Although EMT is
essential for early vertebrate development and wound healing, it is frequently co-opted by cancer cells during tumorigenesis. One
prominent signaling pathway involved in EMT is the transforming growth factor-3 (TGFB) pathway. In this study, we report that the
novel POZ-ZF transcription factor Kaiso is highly expressed in TNBCs and correlates with a shorter metastasis-free survival. Notably,
Kaiso expression is induced by the TGF(3 pathway and silencing Kaiso expression in the highly invasive breast cancer cell lines,
MDA-MB-231 (hereafter MDA-231) and Hs578T, attenuated the expression of several EMT-associated proteins (Vimentin, Slug and
ZEB1), abrogated TGFf signaling and TGFB-dependent EMT. Moreover, Kaiso depletion attenuated the metastasis of TNBC cells
(MDA-231 and Hs578T) in a mouse model. Although high Kaiso and high TGFBR1 expression is associated with poor overall survival
in breast cancer patients, overexpression of a kinase-active TGFBR1 in the Kaiso-depleted cells was insufficient to restore the
metastatic potential of these cells, suggesting that Kaiso is a key downstream component of TGFB-mediated pro-metastatic
responses. Collectively, these findings suggest a critical role for Kaiso in TGFf signaling and the metastasis of TNBCs.

Oncogenesis (2016) 5, €208; doi:10.1038/oncsis.2016.17; published online 21 March 2016

INTRODUCTION
Breast cancer is the most common female cancer and a leading
cause of female deaths worldwide.! Of the five major breast
cancer subtypes,* the triple-negative breast cancers (TNBCs) have
the worst prognosis because of their limited treatment options
and highly metastatic nature.*® Several studies suggest a role for
the epithelial-to-mesenchymal transition (EMT) program in the
metastatic propensity of TNBCs.%” Indeed, increased expression of
various EMT proteins (for example, Vimentin, ZEB1) has been
reported in many TNBC cases, where they appear to correlate with
increased invasiveness and poor disease-free survival.”®

EMT is a complex and tightly regulated process that
confers mesenchymal properties (for example, increased motility
and invasiveness) to epithelial cells (reviewed in Kalluri and
Weinbergg). The switch in cellular behavior and characteristics
during EMT is accomplished mostly by EMT-associated
transcription factors (for example, Snail/Slug, ZEB1/2) that function
to promote the loss of epithelial components (for example,
E-cadherin) and gain of mesenchymal proteins (for example,
Vimentin). These EMT transcription factors are activated by many
cytokines or growth factors including the transforming growth
factor-B (TGFP) (reviewed in Puisieux et al.'®).

The TGFB pathway controls many normal and pathological
processes in addition to EMT.""'? TGF@ signals are transduced

either via the canonical cascade involving Smad proteins
(for example, Smad2/3) or the noncanonical cascade involving
non-Smad proteins (for example, phosphatidylinositol 3 kinase/
AKT, extracellular signal-regulated protein kinase-1/2; reviewed in
Zhang'? and Heldin et al.'®). Depending on the cellular context,
TGF{ suppresses or promotes tumor progression in breast cancers
(BCa). In early-stage BCa, TGF is a potent inhibitor of uncontrolled
cell proliferation; however, in advanced BCa, TGF3 promotes
metastasis as the cells become refractory to TGFB growth
inhibition.”* The mechanism underlying the switch in TGFB
function from a tumor suppressor to tumor promoter is not well
understood but studies implicate the TGFf receptors (TGF@R1
and 2) as critical determinants of the functional specificity
of the TGFB signaling cascade.'”'” A metastasis-associated
TGFB response signature that includes expression of several
EMT-associated genes was recently identified in breast tumors,'®
further highlighting the importance of TGFB signaling in EMT
induction and malignant progression of BCa.

Recently, the transcription factor Kaiso was identified as a
regulator of E-cadherin expression and EMT in prostate and breast
tumors.'®?° Kaiso is a unique dual-specificity transcription factor
that recognizes and binds a consensus Kaiso-binding sequence
(KBS), TCCTGCNA, or methylated CpG-dinucleotides.>’ Most Kaiso
target genes (for example, CCND1, S100A4, MMP7, CDH1) identified
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to date are linked to tumor onset, progression and metastasis.>> >

Thus, not surprisingly, Kaiso is implicated in various human
cancers (breast, colon, lung, prostate), and appears to have both
tumor suppressive and promoting roles.'*?%263% |ndeed, high
Kaiso expression correlates significantly with estrogen receptor-a
negativity, basal/TNBCs and poor prognosis in patients with
infiltrating BCa.”®*° More recently, Kaiso was implicated as a
potential drug target in glucocorticoid-combined chemotherapy
in breast cancer.3® However, the precise roles and mechanism of
action of Kaiso in tumorigenesis remain poorly understood. Here,
we report that high Kaiso expression in BCa patients correlates
with high expression of the TGFB signalsome and shorter
metastasis-free survival. Silencing Kaiso expression in TNBC cells
attenuates TGFp signaling and TGFBR1 expression, and induces an
EMT reversal concomitant with decreased EMT protein expression.
More importantly, silencing Kaiso strongly inhibited TNBC cell
metastasis in two mouse metastasis models. However, although
expression of a constitutively active TGFBR1 in Kaiso-depleted
TNBC cells rescued TGFp signaling, this was insufficient to restore
the metastatic abilities of these cells. Our results present the first

a TCGA b

McMaster University - Biology

evidence linking Kaiso to TGF( signaling and BCa metastasis
in vivo, and highlight a clinically relevant role for Kaiso in the
metastasis of aggressive breast tumors.

RESULTS

High Kaiso expression correlates with poor prognosis in breast
cancer patients

Kaiso is highly expressed in several TNBC cell lines (our
unpublished data) and nuclear Kaiso expression has been linked
with EMT and TNBC aggressiveness.?>?° To determine the clinical
relevance of Kaiso (ZBTB33) expression in aggressive BCa, we
analyzed The Cancer Genome Atlas (TCGA) and the Gene
Expression Omnibus (GEO) (GSE20685) breast cancer data sets.
Consistent with an earlier study,?® most high Kaiso-expressing
tumors lacked the estrogen receptor. However, the highest and
most statistically significant Kaiso expression correlated with TNBC
cases (Figure 1a). Importantly, Kaplan-Meier survival curves
revealed that patients with high Kaiso-expressing tumors (ZBTB33
high) had a poorer overall survival (log-rank test, P=0.0052) and
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High Kaiso expression correlates with shorter metastasis-free survival and EMT. (a) Analysis of the publicly available TCGA breast

cancer (BCa) data set revealed that high Kaiso expression correlates with ER (-) negativity and TNBC. **P < 0.001. (b) Patients from the TCGA
(n=977) and the GEO (GSE20685) (n=327) data sets were segregated into Kaiso (ZBTB33)-high, Kaiso-intermediate and Kaiso-low groups
based on transcript levels. Kaplan-Meier survival curves revealed a significant negative correlation between high Kaiso expression, overall
survival and distant metastasis-free survival in all BCa cases. Statistical significance was determined by log-rank test and P-values are indicated.
(c) RT-PCR and immunoblot analysis of control and Kaiso-depleted MDA-231 and Hs578T cells. (d) Phase-contrast images of control and Kaiso-
depleted MDA-231 and Hs578T cells. (e) Phase-contrast images of Kaiso-depleted MDA-231 cells transfected with either an empty or mKaiso

vector. Scale bar, 100 pm.
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Figure 2.  Kaiso depletion inhibits breast tumor cell metastasis to the
lungs and liver. (a i-vi) Hematoxylin and eosin (H&E) staining of
murine lungs and liver revealed that control MDA-231 xenografts
formed extensive metastases in lungs (i) and liver (iii), whereas
control Hs578T xenografts formed moderate metastases that were
limited to the lungs (v) of immune-deficient mice. In contrast,
Kaiso-depleted MDA-231 xenografts formed very few metastases in
the lungs (ii), and no metastases in the liver (iv) of immune-deficient
mice. Kaiso-depleted Hs578T xenografts also formed negligible
metastases in the lung (v). (b) H&E images showing extensive
metastases of control MDA-231 (i) and control Hs578T (iii) in the
lungs of NSG mice after tail vein injections compared with few
metastases formed by Kaiso-depleted MDA-231 (ii) and Hs578T cells
(iv). Scale bar, 1000 pm. Representative images are shown.

shorter distant metastasis-free survival (log-rank test, P=0.02)
compared with patients with intermediate or low Kaiso-expressing
tumors (Figure 1b) in all BCa cases. These findings suggested a
clinically relevant role for Kaiso in TNBC.

Kaiso-depleted TNBC cell lines undergo mesenchymal-to-epithelial
transition

As a first step to unraveling the function of Kaiso in TNBC, we
generated stable Kaiso depletion in two highly invasive TNBC cell
lines (MDA-231 and Hs578T) using two independent Kaiso-specific
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short hairpin (sh)-RNAs. As Kaiso was linked to EMT,?® we first
confirmed that Kaiso depletion (sh-K1, sh-K2) altered the
expression of the EMT proteins E-cadherin and Vimentin
(Figure 1c and Supplementary Figure 1). Increased E-cadherin
expression was observed in Kaiso-depleted (sh-K) MDA-231 cells
but not in Hs578T counterparts (Figure 1c and Supplementary
Figure 1). In contrast, Kaiso-depleted MDA-231 and Hs578T cells
both exhibited decreased expression of the EMT-inducing
transcription factors Slug and ZEB1 but increased expression of
the epithelial protein ZO-1 (Figure 1c). These gene expression
changes resulted in a concomitant induction of a mesenchymal-
to-epithelial transition phenotype in Kaiso-depleted MDA-231
and Hs578T cells (despite Hs578T-sh-K cells lacking any obvious
E-cadherin expression) (Figure 1d). Re-expression of a sh-resistant
Kaiso complementary DNA (cDNA; mKaiso) in MDA-231-sh-K cells
restored the mesenchymal phenotype (Figure 1e). Thus, in
addition to directly regulating E-cadherin expression,'®?° Kaiso
may indirectly regulate E-cadherin and EMT via modulation of
transcription factors that repress E-cadherin.

Kaiso depletion attenuates the metastasis of TNBC cells

The link of Kaiso to distant metastasis-free survival in BCa patients
and EMT (Figure 1)'*?° led us to question whether Kaiso was
essential for TNBC dissemination. Thus, we investigated the
effect of Kaiso depletion on TNBC cell metastasis in a mouse
model where Kaiso-depleted MDA-231 and Hs578T cells were
injected subcutaneously into the mammary fat pads of immuno-
compromised mice and allowed to form tumors. In support of our
hypothesis, we found that Kaiso-depleted MDA-231 cells exhibited
only a few small metastatic foci in the lungs (Figure 2a ii), but no
detectable metastases in the liver (Figure 2a iv) or other organs
(data not shown) in all xenografted mice (n=9). In contrast,
MDA-231 control-injected mice exhibited extensive metastases to
the lungs and liver (n=6; Figure 2a i and -iii) as previously
shown.>*** Similarly, control Hs578T cells exhibited modest
metastases that were limited to the lungs of all xenografted mice
(n=7; Figure 2a v) compared with Kaiso-depleted Hs578T injected
mice that displayed very few metastatic foci in the lungs (n=7;
Figure 2a vi). Similar results were obtained in experimental lung
metastasis (tail vein injections) studies; control MDA-231 (n=5)
and Hs578T (n=5) cells formed large and multiple foci in the lungs
of all injected mice (Figure 2b i and iii), whereas Kaiso-depleted
MDA-231 (n=5) and Hs578T cells (n=5) formed few foci in the
lungs of injected mice (Figure 2b ii and iv). Collectively, these
findings highlight for the first time the importance of Kaiso
expression on the metastasis of TNBC cells.

Kaiso expression positively correlates with TGF signaling protein
expression

To successfully undergo metastasis, tumor cells must activate
various cellular processes in addition to EMT, to enable their
extravasation, survival in the circulatory system and establishment
at secondary sites.>* To elucidate how Kaiso might potentiate the
complete metastatic cascade, we analyzed the TCGA BCa dataset
to correlate Kaiso expression with other genes implicated in tumor
progression and metastasis. We found that high Kaiso expression
positively correlates with several TGF@ signaling genes including
Smad2, Smad4 and TGFBR1 (Figure 3a). Examination of the
expression levels of various TGFB signaling components in
Kaiso-depleted TNBC cells revealed that silencing Kaiso attenuated
the expression of TGFBR1 and TGFBR2 at both the transcript and
protein levels in both cell lines (Figures 3b and c). However, there
were no significant changes in Smad2 or Smad4 expression in
either cell line (data not shown). Notably, TGFBR1 and TGFBR2
expression was upregulated following expression of a sh-resistant
Kaiso form in Kaiso-depleted MDA-231 cells (Figure 3d).
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Figure 3.

Kaiso expression positively correlates with TGFf signaling components in triple-negative tumors. (a) Heat map showing the positive

correlation between Kaiso expression and TGFf signaling proteins. (b, ¢) Kaiso depletion attenuates TGFBR1 and TGFBR2 transcript and protein
levels, as assessed by quantitative RT-PCR and immunoblot analysis, that is rescued upon re-expression of a sh-resistant Kaiso cDNA (d).

B-Actin serves as a loading control. *P < 0.05, **P < 0.005.

Kaiso depletion attenuates TGFp signaling and transcriptional
responses

The TGFBR1 and TGFBR2 serine/threonine kinases are essential
for activation of the TGFB signaling cascade.'***3¢ Hence,
loss of either the expression or function of TGFBR1 or TGFfR2
perturbs TGF@ signaling.3”~*° As our Kaiso-depleted cells displayed
decreased TGFBR1 and TGF3R2 expression, we hypothesized that
suppressing Kaiso would attenuate TGFB signaling. Indeed,
Kaiso-depleted MDA-231 and Hs578T cells treated with recombi-
nant human TGFB1 had negligible levels of phosphorylated
Smad2 (p-Smad2) that is indicative of active TGF signaling. This
was in striking contrast to TGFP1-treated MDA-231 and Hs578T
control cells that exhibited increased p-Smad2 (Figure 4a).
Consistent with our in vitro results, Kaiso-depleted MDA-231 and
Hs578T mouse xenografts displayed reduced p-Smad2 expression
in vivo compared with control MDA-231 and Hs578T xenografts
(Figure 4b). To further validate the role of Kaiso in TGFf-mediated
signaling, we examined Kaiso-depletion effects on TGFf-target
gene expression. We chose ANGPTL4 that is involved in
TGFB-mediated breast tumor cell homing to lungs'® as both
control MDA-231 and Hs578T cells displayed a proclivity for lung
metastasis. Silencing Kaiso significantly reduced TGF-induced
expression of ANGPTL4 (Figure 4c). Similarly, Kaiso depletion also
attenuated TGFP induction of ZEBT (Supplementary Figure 2)
that participates in TGFB-mediated EMT.*' Unexpectedly, we
observed increased Kaiso (ZBTB33) transcript levels in response to
TGFB treatment in both cell lines (Supplementary Figure 3). This
increase in Kaiso transcripts was abrogated by Kaiso-specific
shRNA in Kaiso-depleted cells (Figure 4c). Persistent TGFB
treatment (1-24 h) also resulted in increased Kaiso protein levels
that peaked at ~ 12 h in both cell lines (Figure 4d). Together, these
results hint at a positive feedback loop between Kaiso expression
and TGF signaling.

Kaiso binds the TGFBR1 and TGF3R2 promoter endogenously

As Kaiso depletion attenuated TGFR1 and TGFBR2 expression, we
next assessed whether Kaiso promotes TGFB signaling through
regulation of TGFBR1 and TGFBR2. We performed electrophoretic
mobility shift assay analyses using purified GST-Kaiso-APOZ fusion
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proteins as previously described,**** and oligonucleotides derived

from the TGFBR1 (KBS 1-4) and TGFBR2 (KBS1-4) promoters
that each contains several KBS and/or CpGs (Tables 1 and 2).
Kaiso bound the core KBS in proximal TGFBR2 oligonucleotides
(TBR2-KBS-2, 3, 4) but not the distal TBR2-KBS1 probe (Figures 5a
and b). However, Kaiso binding was abolished upon introduction
of a point mutation in the core KBS in these probes (Figure 5b;
Supplementary Figure 4). Surprisingly, despite the strong
correlation between Kaiso and TGFPR1 expression in the TCGA
BCa dataset, no binding was observed between Kaiso and
any of the TPR1-KBS-1-4 probes even after methylation of
the CpG sequences found in the TGFBRT (KBS2-4) probes
(data not shown).

Chromatin immunoprecipitation (ChIP) experiments subse-
quently revealed that Kaiso bound the endogenous TGFSR2
promoter containing core KBS in MDA-231 and Hs578T cells
(Figure 5c). Intriguingly, despite no direct interaction between
Kaiso and the minimal TGFBRT promoter region in vitro, we found
that Kaiso associated with the TGFBRT promoter endogenously
(Figure 5d). As the amplified TGFBR1 promoter region contained a
CpG dinucleotide in addition to several core KBS (Table 1), we
repeated the ChIP-PCR experiments using chromatin from
MDA-231 and Hs578T cells treated with the demethylating agent
5’-aza-cytidine. Demethylation slightly abolished binding of Kaiso
to the TGFBR1 promoter in MDA-231 cells but had no effect on
Kaiso binding in Hs578T cells (Figure 5d). The specificity of Kaiso
binding to the TGFBRT and TGFBR2 promoters was confirmed
using primers designed against a distal region of both promoters
lacking KBS or CpG sites (Supplementary Figure 5). Collectively,
these results implicate both TGFBRT and TGFBR2 as Kaiso target
genes, and suggest that Kaiso may regulate TGFBRT expression
indirectly, whereas it may directly regulate TGFBR2 expression.

High Kaiso and TGF3R1 expression correlates with poor survival in
BCa patients

As the TGF( pathway is highly implicated in BCa metastasis, we
utilized the TCGA BCa dataset and correlated the expression levels
of Kaiso, TGFBR1 or TGFBR2 with BCa survival. Consistent with
Chen et al,** high TGFBR1 (Supplementary Figure 6) but not high
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TGFBR2 expression (data not shown) correlated with poor
prognosis in BCa patients, although not significantly. Remarkably,
increased Kaiso and TGFBR1 expression, but not increased Kaiso
and TGFBR2 expression, correlated significantly with poor overall
survival in BCa patients (Figures 6a and b). Kaiso may thus drive
metastasis through TGFBR1 but not TGFBR2.
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Figure 4. Kaiso-depletion attenuates TGFp signaling and transcrip-
tional responses. Cells were treated with 10 ng/ml of TGFp for 1 h
before assaying for TGFf activity. (a) TGFp treatment of control
MDA-231 and Hs578T cells results in increased p-Smad2 levels.
However, Kaiso-depleted MDA-231 and Hs578T cells treated with
TGFp display reduced p-Smad2 levels. (b) Kaiso-depleted MDA-231
and Hs578T xenografts exhibit decreased TGFf signaling as
evidenced by reduced p-Smad2 protein levels. (c) TGFp-induced
expression of ANGPTL4 is attenuated in Kaiso-depleted cells treated
with 10 ng/ml of TGFp for 24 h. Interestingly, Kaiso expression is
significantly increased by TGFp treatment in MDA-231 cells.
(d) Immunoblot analysis revealed a peak in Kaiso protein levels at
12h in both MDA-231 and Hs578T cells in response to TGFp
treatment. All experiments were performed in triplicate. Represen-
tative images from all experiments are shown. *P < 0.05, **P < 0.005,
***p < 0.0001, NS, not significant. -Actin serves as a loading control.
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Kinase-active TGFPR1 rescues TGF( signaling but not the
metastatic abilities of Kaiso-depleted MDA-231 cells

Based on the above findings, we questioned whether restoration
of TGF@B signaling in Kaiso-depleted cells would restore their
metastatic abilities. To address this, we overexpressed a constitu-
tively kinase-active TGFBR1 (TRI?°“P) in Kaiso-depleted MDA-231
and Hs578T cells. TBRI?**P overexpression in Kaiso-depleted cells
restored TGFf3 signaling as evidenced by increased p-Smad2 and
other non-Smad proteins (pAkt) compared with MDA-231-sh-K
cells (Figure 7a). Remarkably, although TRI?®*® overexpression
restored TGFB signaling, it was insufficient to restore the
metastatic potential of the Kaiso-depleted cells (compare with
metastatic foci generated by MDA-231-Ctrl cells in the lungs of
injected mice) (Figure 7b). This suggested that Kaiso expression is
important for TGF3-mediated breast tumor metastasis.

DISCUSSION

Most cancer-related deaths are because of tumor metastasis to
vital organs** The recent association of Kaiso with EMT'®?°
coupled with its misexpression in several aggressive cancers
(prostate, breast) implicates Kaiso in metastasis. In this study we
report for the first time that Kaiso depletion attenuated the
metastatic ability of highly invasive TNBC cells (MVDA-231 and
Hs578T) in mouse models of metastasis. As our in vitro studies
showed that Kaiso-depleted cells underwent mesenchymal-to-
epithelial transition and exhibited a more epithelial phenotype
(that is, increased E-cadherin and ZO-1 but decreased Slug, ZEB1
and Vimentin expression), the effect of Kaiso depletion on the
metastatic potential of breast tumor cells may be partially attributed
to the attenuated EMT phenotype observed in these cells.

EMT is itself regulated by several distinct signaling pathways.>”
Thus, it was intriguing to find that Kaiso expression positively
correlates with the expression of several members of the TGFf
signalsome. Importantly, Kaiso associates with proximal TGF@R1
and TGFBR2 promoter regions, and Kaiso depletion results in
reduced TGFBR1 and TGFBR2 expression, and attenuated TGF(
signaling. Consequently, TGFB-dependent activation of target
genes like ANGPTL4 and ZEBT that are known to promote
tumor dissemination and invasiveness'®*® was impaired by Kaiso
silencing. As the TGFB pathway is highly implicated in BCa
metastasis, the effect of Kaiso depletion on the metastasis of
MDA-231 and Hs578T cells may be due to attenuation of TGFf3
signaling in these cells, that is, loss of Kaiso-dependent regulation
of TGFBR1/2 expression.

Several studies suggest that expression levels of the TGF(
receptors (high vs low) may determine the biological specificity of
the TGFp signaling cascade and the differential activation of Smad
vs non-Smad signaling pathways.”>”"” Our finding that Kaiso
regulates expression of both TGFBR1 and TGFBR2 raises the
possibility that Kaiso plays a central role in TGFB-mediated
tumorigenic effects. Consistent with this theory, our studies
revealed that high Kaiso and TGFR1 but not TGFBR2 expression
is associated with poor overall survival in BCa patients. As
metastasis accounts for poor overall survival in cancer patients,
we surmise that Kaiso-dependent regulation of TGFBR1 but not
TGFBR2 promotes TNBC metastasis.

Our unexpected finding that TGF( treatment increased Kaiso
expression in breast tumor cells suggests that TGF(3 signaling may
positively regulate Kaiso expression, and thus form a positive
feedback loop that enhances TGFB-mediated signaling and
metastasis (Figure 8a). Intriguingly, Kaiso may itself be required
for TGF signaling or participate in other pathways implicated in
BCa metastasis as overexpression of a kinase-active TGFPR1 in
Kaiso-depleted MDA-231 cells was insufficient to rescue their
metastatic abilities. Such findings are consistent with our model
(Figure 8b), and other studies that have implicated increased Kaiso
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Table 1. Oligonucleotides representing different potential Kaiso-binding sites in the TGFPR1 promoter

TGFBR1 probe name Oligonucleotide sequence (5'-3') Location

KBS-1 WT CTGATTCCTGCTATCAAGGTTTA -1212 to — 1208
KBS-1 MUT CTGATTCCTTCTATCAAGGTTTA

KBS-2 WT ATTTTGGCGTCGCAGAGGGAAGGTGGGTGGAGCGTCTCGCAGTAAATTAG —1035 to — 1002
KBS-2 MUT ATTTTGGCGTCTCAGAGGGAAGGTGGGTGGAGCGTCTCTCAGTAAATTAG

KBS-3 WT GGTGCTGGGGCTGGCAGACCCCGCC —289 to —283
KBS-3 MUT GGTGCTGGGGCGGGCAGACCCCGCC

KBS-4 WT GCTGGGTCCCGCTTGGCAGCTCG 117 to 111
KBS-4 MUT GCTGGGTCCCGCTGGGCAGCTCG

Abbreviations: KBS, Kaiso-binding sequence; MUT, mutated; TGFpR1, transforming growth factor p receptor 1; WT, wild type. KBS—emboldened; CpG
dinucleotides—underline; mutated nucleotides—italic.

Table 2. Oligonucleotides representing different potential Kaiso-binding sites in the TGFR2 promoter

TGFBR2 probe name Oligonucleotide sequence (5'-3') Location

KBS-1 WT ATGGGCTGGTGGCAGAAGAGGGA —1401 to —1395
KBS-1 MUT ATGGGCTGGTGGAAGAAGAGGGA

KBS-2 WT CCCTTGCCTCTGCAATCTTCCTC —1081 to —1075
KBS-2 MUT CCCTTGCCTCTTCAATCTTCCTCT

KBS-3 WT TTACAGTTTCTGCTATACTCTATA —707 to —701
KBS-3 MUT TTACAGTTTCTGATATACTCTATA

KBS-4 WT AAACATGATTGGCAGCTACGAGA -35to-29
KBS-4 MUT AAACATGATTGGAAGCTACGAGA

Abbreviations: KBS, Kaiso-binding sequence; MUT, mutated; TGFR2, transforming growth factor f§ receptor 2; WT, wild type. KBS—emboldened; mutated
nucleotides—italic.
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Figure 5. Kaiso associates with the endogenous TGFPR1 and TGFPR2 promoter in breast cancer cell lines. (a) Schematic illustration of the
TGFBR2 promoter highlighting multiple KBS. Four double-stranded oligonucleotides were designed to contain core KBS from different regions
of the promoter and utilized in electrophoretic mobility shift assay (EMSA) to determine Kaiso binding. (b) EMSA shows that Kaiso binds the
proximal TGFBR2 promoter in a KBS-dependent manner (lanes 6, 10 and 14). This interaction was abolished (lanes 8, 12 and 16) upon
introduction of a point mutation in the core KBS sequence of these probes or competition with the cold unlabeled wild-type probe. (c) ChIP of
MDA-231 and Hs578T chromatin revealed that Kaiso binds the TGFR2 promoter endogenously. (d) ChIP experiments of MDA-231 and Hs578T
chromatin shows that Kaiso also interacts with the TGFBR1 promoter endogenously even after 5'-aza-cytidine treatment. Representative
images are shown. All experiments were conducted in triplicate. H3, Histone 3 positive control; Input, 10% input. MUT, mutated; NTC, no
template control; WT, wild type.

expression in the aggressiveness and overall survival of BCa be a relevant target for the development of therapies that will

patients.?>?° However, it remains to be determined whether
increased TGFp signaling first induces high Kaiso expression or
vice versa.

Collectively, these data implicate Kaiso as an important factor
in TNBC aggressiveness and metastasis and suggest that it may
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restrain the metastasis of aggressive breast cancers such as those of
the TNBC subtype. Our finding that Kaiso can modulate TGF(
signaling further suggests that targeting Kaiso will alter the pro-
metastatic phenotype associated with TGFf signaling in advanced
breast cancers.
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High Kaiso and TGFPR1 expression correlates with poor prognosis in breast cancer patients. (a) Kaplan-Meier survival curves show

that high Kaiso and TGFPR1 expression correlates negatively with overall survival in the TCGA breast cancer data set. (b) High Kaiso and
TGFBR2 expression does not correlate with overall survival in the TCGA breast cancer data set. Statistical significance was determined by log-

rank test and P-values are indicated.
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Figure 7. Re-expression of a constitutively active TGFBR1 in

Kaiso-depleted cells is insufficient to restore breast cancer
metastasis. (a) Overexpression of a constitutively active TGFpR1
(TR1%*P) in Kaiso-depleted cells restores TGFp signaling as
evidenced by increased levels of p-Smad2 and p-Akt.
(b) Hematoxylin and eosin (H&E) staining shows that overexpression
of kinase-active TGFPR1 in Kaiso-depleted cells did not restore the
metastatic capabilities of the cells. Representative images are
shown. p-Actin serves as a loading control.

MATERIALS AND METHODS

Cell culture

The human breast cancer cell lines MDA-231 and MCF-7 were obtained
from ATCC (Manassas, VA, USA), and Hs578T were a generous gift from
Dr John Hassell (McMaster University, Hamilton, Canada). All cell lines were
cultured as previously described.*” For all TGFB treatments, 10 ng/ml of
TGFB1 (R&D Systems, Minneapolis, MN, USA) was used.

Generation of stable Kaiso-depleted cell lines

Kaiso depletion was achieved using a pRetroSuper (pRS) vector containing
Kaiso-specific shRNAs (sh-Kaiso) that targeted the mRNA sequences,
5'-AAAAGATCATTGTTACCGATT-3’ referred to as sh-K1, or 5'-TTTTAACAT
TCATTCTTGGGAGAAG-3' referred to as sh-K2. Then, 6 ug of pRS-sh-Kaiso
plasmid or control vector (pRS-Kaiso scrambled) were transfected into
MDA-231 or Hs578T using the Turbofect transfection reagent (Thermo
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
At 48 h post transfection, cells were treated with Puromycin (Invitrogen,
Carlsbad, CA, USA) at 0.8 pg/ml (MDA-231) or 1.5 pg/ml (Hs578T) to select
for stable Kaiso knockdown. Optimal Kaiso depletion was confirmed using
immunoblot analysis of whole-cell lysates of individual clones, and clones
exhibiting efficient Kaiso knockdown were selected for further studies.
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Immunoblot analysis

Immunoblot analysis was performed as previously described.”® Primary
antibody incubations were performed overnight at 4 °C at the following
dilutions: rabbit anti-Kaiso polyclonal (1:10 000); mouse anti-E-cadherin
monoclonal (BD Biosciences, Mississauga, ON, Canada 610182; 1:1000);
rabbit anti-ZO-1 polyclonal (Invitrogen 40-2200; 1:4000); rabbit anti-
Vimentin polyclonal (Cell Signalling Technology (CST, Danvers, MA, USA)
D21H3-XP); 1:1000); rabbit anti-ZEB1 polyclonal (Santa Cruz Technology,
Dallas, TX, USA, H-102; 1:1000); rabbit anti-Slug polyclonal (CST-C19G7;
1:1000); rabbit anti-TGFBR1 monoclonal (CST-3712; 1:1000); rabbit anti-
TGFBR2 polyclonal (Santa Cruz Technology sc-400; 1:2000); rabbit anti-
phospho Smad2 monoclonal (Ser465/467) (CST-D43B4-XP; 1:800); rabbit
anti-Smad2/3 monoclonal (CST-3102; 1:1000); mouse anti-B-actin mono-
clonal (Sigma Aldrich, Oakville, ON, Canada; 1:50 000). Primary antibody
signals were amplified with horseradish peroxidase-conjugated goat anti-
rabbit or donkey anti-mouse secondary antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) in a 1:10 000 dilution before
visualization using Clarity Western Enhanced Chemiluminescence Sub-
strate and the Bio-Rad ChemiDoc MP imaging system (Bio-Rad Labora-
tories, Mississauga, ON, Canada). All immunoblot experiments were
performed in triplicate.

Rescue experiments

A pCDNA3 vector expressing the sequence encoding the murine Kaiso
cDNA (mKaiso) that is not targeted by the Kaiso-specific shRNA was utilized
for Kaiso rescue experiments. Transient transfection of the pCDNA3 mKaiso
vector into MDA-231-sh-K1 was achieved using Turbofect. At 3 weeks post
transfection, whole-cell lysates obtained from the pCDNA3-mKaiso and
PCDNA3-empty (control) transfected cells were subjected to immunoblot
analysis of specified proteins after transient selection in media containing
0.8 pg Puromycin and 1000 pg Geneticin. For rescue of TGFf signaling,
constitutively active TGFBR1 (TGFBR172%P), hereafter TBRI**, was stably
transfected into Kaiso-depleted MDA-231 cells using Turbofect. At 48 h post
transfection, cells were treated with selection media containing 1000 pg
Geneticin and Puromycin (Invitrogen) at 0.8 ug/ml to select for stable TRI**°-
overexpressing Kaiso-depleted clones. Total protein isolated from control
and experimental (TBRI?>*P) Kaiso-depleted cells was used for immunoblot
analysis. Where applicable, all experiments were performed in triplicate.

Reverse transcription-PCR (RT-PCR)

RNA was isolated from control and Kaiso-depleted breast cancer cells using
the RNeasy mini kit (Qiagen, Hilden, Germany). cDNA synthesis and
RT-PCR analysis were performed using the Superscript One-Step RT-PCR
with Platinum Taq kit (Invitrogen) and the primers are indicated in Table 3.
RT-PCR reactions were performed using the Eppendorf-Thermal cycler
(Eppendorf, Hauppauge, NY, USA) under the following conditions: reverse
transcription at 50 °C for 30 min, followed by initial denaturation at 95 °C
for 5 min, 30 cycles of denaturation at 95 °C for 30's, annealing at the
specified temperature as indicated in Table 3 for 30 s, extension at 72 °C
for 30 s, followed by a final extension at 72 °C for 10 min. Then, 10 pl of
each RT-PCR reaction was electrophoresed on 1% agarose/ethidium
bromide gels and images captured using the Bio-Rad ChemiDoc MP
imaging system. All experiments were performed in triplicate.
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TGFB signaling ———>

EMT, Tumor highly

Metastasis breast tumors

Potential model of the role of Kaiso in tumor progression and metastasis. (a) TGFp signaling increases Kaiso expression that in turn

promotes TGFf signaling through increased expression of TGFPR1 and/or TGFBR2. TGFp and Kaiso then promote EMT through increased
expression of Slug, ZEB1 and/or Vimentin. (b) Less aggressive breast cancers exhibit low Kaiso expression, whereas highly metastatic breast
tumors display high Kaiso expression, correlating with shorter metastasis-free survival. However, it remains to be determined whether high
Kaiso expression occurs before tumor cells become highly aggressive or vice versa.

Table 3. List of primer sequences used for RT-PCR analysis with their annealing temperatures
Target Sequence (5'-3) Annealing temperature
Kaiso Forward TGCCTATTATAACAGAGTCTTT 55°C
Reverse AGTAGGTGTGATATTTGTTAAAG
E-cadherin Forward CACCCTGGCTTTGACGCCGA 63 °C
Reverse AAACGGAGGCCTGATGGGGCG
Z0-1 Forward CGGGAAGTTACGTGGCGAA 60 °C
Reverse CTCCATTGCTGTGCTCTTGG
Vimentin Forward TACGTGACTACGTCCACCCG 63 °C
Reverse ATCTCCTCCTGCAATTTCTCCC
Slug Forward AGACCCCCATGCCATTGAAG 63 °C
Reverse CTTCTCCCCCGTGTGAGTTC
ZEB-1 Forward AGAATTCACAGTGGAGAGAAGCC 53°C
Reverse CGTTTCTTGCAGTTTGGGCATT
B-Actin Forward CTCTTCCAGCCTTCCTTCCT 55°C
Abbreviation: RT-PCR, reverse transcription-PCR.

Table 4. List of primer sequences used for qRT-PCR analysis with their
annealing temperatures

Target Sequence (5'-3) Annealing
temperature
Kaiso Forward AGAGGAAAGGGCATGGAGAGT 60.8 °C
Reverse GGCCACGTTGCTCATTCAAG
TGFBR1  Forward CCGTTTGTATGTGCACCCTC 60 °C
Reverse GCCAGGTGATGACTTTACAGTAGT
TGFBR2  Forward CTCGGTCTATGACGAGCAGC 60 °C

Reverse CCTCCATTTCCACATCCGACT
ZEB-1 Forward AGAATTCACAGTGGAGAGAAGCC 60 °C
Reverse CGTTTCTTGCAGTTTGGGCATT

ANGPTL4 Forward CAGCCTGCAGACACAACTCA 60 °C
Reverse ATTCGCAGGTGCTGCTTCTC
f-Actin  Forward CTCTTCCAGCCTTCCTTCCT 55°C

Reverse AGCACTGTGTTGGCGTACAG

Abbreviation: qRT-PCR, quantitative reverse transcription-PCR.

Quantitative RT-PCR

RNA (1 pg) isolated using the Genelet RNA-plus isolation kit
(Macherey-Negel) from control and TGFB1-treated Kaiso-depleted cells
was converted to c¢cDNA using the qgScript cDNA SuperMix (Quanta
BioSciences, Gaithersburg, MD, USA) according to the manufacturer’s
protocols. For quantitative RT-PCR reactions, cDNA was amplified using
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the PerfeCta SYBR Green SuperMix ROX (Quanta BioSciences) as described
in Pierre et al,*® with the primers indicated in Table 4. The expression of
each target was determined using a standard curve and normalized to the
expression levels of B-actin. Statistical significance (using t-test and one-
way analysis of variance with Tukey's test where appropriate) was
determined using data obtained from at least three trials.

Electrophoretic mobility shift assay

Double-stranded oligonucleotides corresponding to the specified KBS in
the TGFBR1 and TGFPR2 promoters (see Table 1) were biotin-labeled using
a Biotin 3’ End DNA Labeling kit (Pierce Biotechnology, Rockford, IL, USA)
as per the manufacturer's protocol. TGFBR1 probes containing a CpG
dinucleotide (KBS2-4) were also methylated with the CpG methyltransfer-
ase (M.Sssl; New England Biolabs, Ipswich, MA, USA) as described in Pierre
et al* Following biotinylation, complementary oligonucleotides were
annealed by heating to 90 °C for 1 min and then allowed to cool slowly to
room temperature. The reaction was then frozen and stored at — 20 °C until
use. Binding reactions were performed using 100 fmol of biotinylated
double-stranded DNA probe and 200 ng of purified protein in 20 pl of
binding buffer (10 mm Tris pH 7.5, 100 mm NaCl, 1 mm EDTA, 25% Glycerol,
1 mm dithiothreitol and Halt protease phosphatase inhibitor cocktail). To
eliminate nonspecific binding, reaction mixtures were first incubated with
2 ug poly (deoxyinosinic-deoxycytidylic) acid (poly dI-dC) on ice for 1 h.
Reaction mixtures containing biotinylated double-stranded DNA probe
were incubated at room temperature for 30 min. For competition assays, a
100-fold excess (10 pmol) of unlabeled (cold) DNA was added. Reaction
mixtures were loaded onto a 4.8% non-denaturing polyacrylamide gel and
electrophoresed in 0.5x TBE at 100V at 4°C. Nucleic acids were
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transferred onto a nylon membrane in 0.5x TBE and the membrane
crosslinked using a 312nm UV lamp for 10 min. Visualization was
performed utilizing a horseradish peroxidase-conjugated streptavidin
Chemiluminescent Nucleic Acid Detection Module kit (Pierce) and
hyperfilm (GE Healthcare, Mississauga, ON, Canada, 28906839) according
to the manufacturer's protocol. Where applicable, experiments were
performed in triplicate.

ChIP and ChIP-PCR

MDA-231 and Hs578T cells were cultured to achieve ~80% confluency
before chromatin isolation. Treatment with the demethylating agent,
5-azacytidine, ChIP and ChIP-PCR experiments were performed as
previously described.***° The following primers (~1035/—1008) KBS
forward: 5-AGGGCAAATTGGGACTGGAG-3' and (-1035/-1008) KBS
reverse: 5-GAGGCCTGCAACTTGCTCTA-3" at 65 °C, (—35/—29) KBS forward:
5'-CAGCTGAAAGTCGGCCAAAG-3' and (-35/-29) KBS reverse: 5'-AGC
CCCTAGCTCTCTCGTAG-3" were used to amplify minimal TGFBR1 and
TGFBR2 promoter regions respectively containing one or more core KBS
(CTGCnA) and/or CpGs. The following primers were used as negative
controls to confirm Kaiso binding specificity: (-2960/—2725) TGFBR1
negative-forward: 5-GGAGCCTGGGAAATTGACAT-3" and (-2960/—2725)
TGFBR1 negative-reverse: 5'-CTCCAGTGCCTTGTACCCTG-3’, and (—2642/
—2274) TGFBR2 negative-forward: 5-TTGCCCAAGTTCCTCCAGAT-3’ and
(—2642/ - 2274-) TGFBR2 negative-reverse: 5'-TTGCCCAAGTTCCTCCAGAT-3".

Ethics statement and metastasis studies

All experiments with NOD.Cg-Prkdc*™® 1/2rg™ "5z or NOD SCID Gamma
(NSG) mice were approved by the Animal Research Ethics Board at
McMaster University (AUP Number 14-05-14) and performed in accordance
with the guidelines of the Animal Research Ethics Board. Female and male
NSG mice were purchased from Charles River (Wilmington, MA, USA). To
study Kaiso depletion effects on in vivo breast tumor metastasis, we
injected 4.5x10° Kaiso-shRNA or control-shRNA MDA-231 or Hs578T
breast tumor cells in a Dulbecco’s modified Eagle’s medium/serum-free
media/Matrigel mixture under the fourth mammary fat pad of the right
abdominal mammary gland of ~5-8-week-old female NSG mice. No
randomization was used in our studies as we used similar-aged pups
obtained from the same breeding pair for each experiment. Most
experiments were performed using at least five mice/treatment condition.
Non-invasive monitoring of mice was performed weekly, and increased to
2-3 times weekly upon tumor appearance. Tumor growth was monitored
externally with vernier calipers and tumor volume (in mm?®) measured
using the following formula (length/2 x width?) 2-3 times weekly. Mice
were killed when tumor volume reached end point (~3300 mm?3), and
necropsies performed blindly by a veterinary pathologist to detect
macrometastases. Tissues were perfused and fixed in 10% formalin before
harvest and histological examination.

Experimental metastasis studies

For experimental metastasis, 5x 10° MDA-231 and 1x 10° Hs578T control
(Ctrl) and sh-Kaiso (sh-K) cells resuspended in 200 pl 1x phosphate-
buffered saline (PBS) were injected into the tail veins of ~6-week-old
female NSG mice, whereas 1x 10° MDA-231 Ctrl, sh-Kaiso empty (sh-K-E)
and TGFBR12%P (sh-K-TR12°*P) cells were injected into ~6-week-old
female NSG mice (n=5/cell line). Mice were killed 5-6 weeks post injection
and harvested tissues embedded in paraffin before the preparation of 5 um
thick tissue sections on slides that were subsequently H&E stained.

Immunohistochemical staining of xenograft tissues

Harvested xenografts were embedded in paraffin before the preparation of
5 um thick tissue sections on slides that were either stained with H&E,
mouse anti-Kaiso 12H monoclonal (1:800)°° or p-Smad2 (CST-138D4; 1:200
for MDA-231 xenografts and 1:50 for Hs578T xenografts) primary
antibodies overnight at 4 °C. Briefly, xenograft tissues were dewaxed by
warming on a slide warmer at 60 °C for 20 min followed by immersion in
xylenes 3x5min. All other steps were performed as previously
described,®' but we utilized PBS in place of TBS. Images were obtained
using the Aperio Slide scanner (Leica Biosystems, Concord, ON, Canada).
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Gene expression analysis of TCGA and GEO data sets

Level 3 llluminaHiSeq_RNASeqV2 expression (lllumina, iNC., San Diego, CA,
USA) and associated clinical data were downloaded for all available
patients from the TCGA data portal®’ (19 March 2014; n=977). We used
RSEM-quantified gene expression values to represent gene expression.>?
For consistency, we used transcript levels of the genes ESRT and ERBB2 to
assign estrogen receptor and HER2 status to each patient. Transcript
profiling data from the GEO dataset, GSE20685 (n =327), was performed on
Affymetrix U133 Plus 2.0 gene chips (Affymetrix, Santa Clara, CA, USA) and
downloaded from the GEO website.>* Robust Multi-Array was used to pre-
process the dataset and gene expression values were calculated based on
median expression of all probe sets mapping to a given gene based on
Unigene ID. All genomic data processing was completed using R software.

Statistical analysis

All statistical tests were completed using GraphPad Prism statistical
software (GraphPad Software, Inc, La Jolla, CA, USA), and P<0.05
indicated significance. Data are presented as means*s.e.m. Unpaired
Student's t-test was used for statistical analysis of two data sets, whereas
one-way analysis of variance with Tukey/Newman-Keuls test was used for
analysis of more than two data sets.
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CHAPTER 5: KAISO & PULMONARY INTRAVASCULAR INVASION OF
TNBC CELLS
Kaiso is highly expressed in TNBC tissues of women of African ancestry

compared to Caucasian women.

Preface

This chapter describes the published manuscript titled: “Loss of Kaiso
expression in breast cancer cells prevents intra-vascular invasion in the
lung and secondary metastasis” by Kwiecien JM, Bassey-Archibong BI,
Dabrowski W, Rayner LG, Lucas AR, and Daniel JM. (PLoS ONE, 2017; 12(9):
e0183883) in its original form. This is an open-access article distributed under the
Creative Commons Attribution License, which allows unrestricted use,
reproduction, and distribution in any medium, provided appropriate credit is given

to the author and attribution parties, and sources cited.

This manuscript extensively describes the pathological findings of the effects of
Kaiso depletion on the intra-vascular invasion and secondary metastasis of
TNBC cells. We found that control TNBC cells formed macrometastases in the
lungs and other distal organs including the heart and liver of xenografted mice.
The control tumor masses in the lungs were further characterized by massive
intravascular invasion of large blood vessels and formation of thrombi, which we
postulate enhance the invasion of tumor cells into the blood vessel. In contrast,

Kaiso depletion restricted the formation of large tumor masses in the lung
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parenchyma, completely prevented the intravascular invasion of large blood
vessels, and inhibited secondary metastases to distal organs. These findings led
us to hypothesize that intravascular invasion of the lungs may promote secondary
metastases to distant organs, and that the lungs may constitute a barrier for less

invasive breast tumors such as the Kaiso-depleted TNBC cells.

Contributions:

Dr. J Kwiecien wrote the first draft of the manuscript and generated the Figures.
Bl Bassey-Archibong conducted all the experiments for the manuscript including
the immunohistochemistry for E-cadherin, Vimentin, MMP-2 and MMP-9. LG
Rayner conducted the immunohistochemistry for Kaiso. Dr. JM Daniel provided
intellectual guidance during the study. Dr. J Kwiecien, Bl Bassey-Archibong and
Dr. JM Daniel co-wrote the final version of the manuscript. All authors contributed

to the interpretation of the data and edited the manuscript text.
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Abstract

The metastatic activity of breast carcinomas results from complex genetic changes in epi-
thelial tumor cells and accounts for 90% of deaths in affected patients. Although the invasion
of the local lymphatic vessels and veins by malignant breast tumor cells and their subse-
quent metastasis to the lung, has been recognized, the mechanisms behind the metastatic
activity of breast tumor cells to other distal organs and the pathogenesis of metastatic can-
cer are not well understood. In this study, we utilized derivatives of the well-established and
highly metastatic triple negative breast cancer (TNBC) cell line MDA-MB-231 (MDA-231) to
study breast tumor metastasis in a mouse model. These MDA-231 derivatives had depleted
expression of Kaiso, a POZ-ZF transcription factor that is highly expressed in malignant, tri-
ple negative breast cancers. We previously reported that Kaiso depletion attenuates the
metastasis of xenografted MDA-231 cells. Herein, we describe the pathological features of
the metastatic activity of parental (KaisoP*""®) versus Kaiso“P'®**? MDA-231 cells. Both
KaisoP*s™® and Kaiso®®P'®**d MDA-231 cells metastasized from the original tumor in the
mammary fat pad to the lung. However, while KaisoP°*"© cells formed large masses in the
lung parenchyma, invaded large pulmonary blood vessels and formed secondary metasta-
ses and large tumors in the distal organs, Kaiso®P''® cells metastasized only to the lung
where they formed small metastatic lesions. Importantly, intravascular invasion and second-
ary metastases in distal organs were not observed in mice xenografted with Kaiso®eP'etd
cells. It thus appears that the lung may constitute a barrier for less invasive breast tumors
such as the Kaiso"P'®®®d TNBC cells; this barrier may limit tumor growth and prevents
Kaiso“P'®*®d TNBC cells from invading the pulmonary blood vessels and forming secondary
metastases in distal organs.
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An estimated 90% of medical fatalities in cancer patients are due to metastases [1]. Carcinomas

of the mammary gland [2,3], prostate gland [4], liver [5-9], pancreas [10], endometrium [11],
thyroid gland [12,13] and Merkel cell [14] have been shown to invade lymphoid vessels and
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blood vessels [2,6,8,9,11-14] resulting in metastases to distant organs, particularly the lung
[7,9]. According to the systemic and pulmonary circulatory patterns, cancer cells that escape
the primary tumor site and enter the bloodstream would first disseminate to the lung via the
right ventricle before dispersing from the lung through the left heart to distal organs. Charac-
terization of the mechanisms of malignant mammary carcinoma indicates that in the primary
tumor, a small population of cells travel towards the blood vessels, and invade them in a com-
plex process involving enhanced activity of genes regulating the dynamics of the actin cytoskel-
eton, e.g. Mena [2,15-17] and LIM kinasel [18]. In a series of in vivo experiments in mouse
and rat models utilising multiphoton microscopy, migrating tumor cells were seen to be assis-
ted by perivascular macrophages in the process of vascular invasion and metastases to distant
organs, which involved chemotaxis regulated by EGF and CSF-1 [1,15-17,19-23].

The progression of breast tumors towards an invasive behaviour and metastasis are postu-
lated to involve several molecular factors associated with the complex epithelial-to-mesenchy-
mal transformation (EMT) process that endows tumor cells with the ability to modulate their
cell-cell adhesion and the extracellular matrix [24-26,47,48,50-52], apparently involved in the
first line of defense against metastatic tumors. EMT is frequently accompanied by loss of the
epithelial marker E-cadherin, concurrent with elevated expression of vimentin [41-45], an
intermediate filament that participates in cell motility [46], as well as increased expression of
matrix metalloproteases-2 and -9 (MMP-2, MMP-9) [27-32] that are often assessed in the
determination of poor prognosis in breast cancer patients [33-36]. Tissue plasminogen activa-
tor (tPA) and urokinase plasminogen activator (uPA) are known to activate pro-enzyme forms
of MMP-2 and MMP-9 to active forms [37,38] and tPA and uPA have been proposed as mark-
ers for breast cancer progression [39,40].

Despite remarkable advancements in our understanding of cellular and molecular mecha-
nisms involved in tumor growth and intravascular invasion at primary tumor sites, relatively
little is known about how malignant tumors travel to distant organs. Since all lymph and
venous blood from the body flows via the right heart ventricle to the lung, it is expected that
most if not all primary metastases of carcinomatous tumors are trapped in small pulmonary
blood vessels. However, the relevant questions regarding the pathogenesis of metastatic cancer
remain; how do secondary metastases travel to other distant organs, and what are the mecha-
nisms involved in the generation of these secondary metastases?

To gain insight into the mechanisms involved in breast tumor metastases to distant organs,
we studied the pathogenesis of secondary metastases of parental, KaisoP*™* and experimental
KaisoP'***d MDA-231 TNBC cells in immunocompromised mice [53]. Kaiso is a dual-
specificity transcription factor that is highly expressed in, and linked with the aggressive fea-
tures of breast, prostate, colon and pancreatic carcinomas [54-57]. We previously reported
that Kaiso depletion strongly inhibited the metastasis of TNBC cells to distal organs [53].
Herein, we describe histological analyses of the metastases generated by parental KaisoP**""®
and Kaiso®P**d MDA-231 cells.

We found that KaisoP®""** MDA-231 breast cancer cells implanted into the mammary fad
pad of immunocompromised mice [53] formed large tumor masses in the lung parenchyma,
invaded large blood vessels and metastasised to other distant organs where it also formed large
masses. In contrast, Kaiso®P'** tumor cells formed small clusters only in the lung paren-
chyma and did not invade blood vessels and did not metastasize to distant organs. While the
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role of high Kaiso expression in the metastatic activity of human breast cancer cells was
reported in our previous paper [53], we describe here the critical importance of high Kaiso
expression in the propagation of breast tumors to distal organs beyond the lung, which we call
“secondary metastases”. We propose that the lung serves as the second line of defense against
carcinomas with metastatic potential; tumors with less malignant characteristics such as
Kaiso*P**d MDA-231 cells are trapped, do not progress and perhaps are eliminated. In con-
trast, malignant tumors such as KaisoP*"""* MDA-231 cells thrive in the lung to form large
masses that then, invade the large pulmonary blood vessels, travel via the left heart ventricle
and lodge in small blood vessels of a variety of peripheral organs where they form secondary
metastases.

Materials and methods
Generation of stable Kaiso-depleted MDA-231 cells

The MDA-231 TNBC cell line was purchased from the American Type Culture Collection
(ATCC) (Manassas, VA, USA), and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Lonza BioWhittaker™, Walkersville, MD, USA) supplemented with 10% Fetal
Bovine Serum (FBS; Hyclone, Logan, Utah, USA), 0.1 mg/mL penicillin/streptomycin and
0.25 g/mL Fungizone (Invitrogen, Grand Island, NY, USA). Cells were passaged every 2 or 3
days and grown in a 5% CO, humidified incubator at 37°C. Stable Kaiso-depletion was
achieved by using multiple Kaiso-specific short hairpin RNAs (shRNA) that target the Kaiso
mRNA specifically as previously described [49]. A scrambled shRNA that does not target the
Kaiso mRNA was used as a control. Stable control (Kaiso?**"*¢) and Kaiso*?***? (sh-K)
MDA-231 cells were maintained in DMEM-supplemented media treated with Puromycin
(Invitrogen) at 0.8 pg/mL.

Western blot analysis

Stable control KaisoP**"" and Kaiso%P'**¢ (sh-K1 and sh-K2) MDA-231 cells were cultured
until ~80-90% confluent, washed twice with cold PBS, and then harvested by cell scraping into
cold microfuge tubes. Control, sh-K1 and sh-K2 MDA-231 cells were then pelleted by centrifu-
gation, lysed, and protein isolated as previously described [59]. Rabbit anti-Kaiso polyclonal
(1:5,000 dilution; a generous gift from Dr. A. Reynolds), and mouse anti-B-actin monoclonal
(1:50,000 dilution, Sigma Aldrich, Oakville, ON, Canada) primary antibody incubations were
performed overnight at 4°C. Secondary antibody incubations were performed with goat anti-
rabbit- or donkey anti-mouse-horseradish peroxidase-conjugated secondary antibodies.
(1;10,000 dilution, Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Signals
were then amplified with Clarity Western Enhanced Chemiluminescence substrate as previ-
ously described [53]. The sh-K2 MDA-231 cells, hereafter referred as sh-K or Kaisodepleted
MDA-231 cells, where chosen for all subsequent studies as these cells displayed the most effi-
cient Kaiso knockdown.

Animal studies

All animal studies were approved and performed at McMaster University, Ontario, Canada
according to the guidelines by the Canadian Council for Animal Care. Extensive description of
animal studies has been outlined previously [53]. Briefly, 4.5 x 10° KaisoP**™® or Kaiso®P'*'e
MDA-231 cells were injected subcutaneously into the mammary fat pad of 6-8 week old
female NOD SCID Gamma (NSG, Jackson Laboratories) mice (n = 5 each per condition), and
allowed to form prominent subcutaneous masses up to 3,300 mm? in volume. Non-invasive
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monitoring of mice was performed once a week, and increased to 2-3 times per week upon
tumor appearance. Tumor growth was monitored externally with vernier calipers and tumor
volume (in mm?) measured using the following formula; length/2 x width?, 2-3 times per
week [53]. This tumor mass volume was achieved before the onset of serious clinical signs
such as body weight loss, dehydration and lethargy that would require the application of the
endpoint and euthanasia. The endpoint tumor volume of 3,300 mm® was determined in pilot
experiments prior to the study. At endpoint, the mice were euthanized by overdosing with
intraperitoneal injection of sodium pentobarbital (100 mg/kg body weight), perfused when
deeply anaesthetized, and fixed in 10% formalin and all routine tissues collected for histologi-
cal examination.

Histology and Immunohistochemistry

Harvested and formalin-fixed tissues were processed, embedded in paraffin wax, and 5 pm
thick tissue sections were then mounted on glass slides and stained with either hematoxylin &
eosin (H&E) or Masson’s trichrome. Immunohistochemical (IHC) analyses of tissue sections
were performed as described previously [53]. Briefly, tissues were rehydrated in decreasing
concentrations of alcohol, and deparaffinized in xylene before antigen retrieval by heating tis-
sues in a sodium citrate solution (pH 6.0) in a microwave. Primary antibody incubations were
performed overnight at 4°C with the following antibodies: anti-Kaiso 6F mouse monoclonal
(1:500), anti-Kaiso 12H mouse monoclonal (1:800) [58], anti-Vimentin rabbit monoclonal
antibody (1:500; Cell Signaling Technology (CST), Danvers, MA, USA #5741), anti-E-cad-
herin mouse monoclonal antibody (1:50; BD Biosciences, Mississauga, ON, Canada 610182),
anti-MMP-2 rabbit polyclonal antibody (1:1000; CST #4022BC), and anti-MMP-9 rabbit poly-
clonal antibody (1:1000; CST # 3852BC). Secondary antibody incubations were performed for
2 hours at room temperature with either biotinylated goat anti-mouse or donkey anti-rabbit
antibody at a dilution of 1:1000. Negative controls were obtained by excluding primary anti-
body. Histological analysis of H&E, Masson’s trichome and IHC-stained tissue sections were
performed using a Nikon Eclipse 50 light microscope and representative phenotypes
photographed.

Results and discussion
Protein expression

Expression of Kaiso in MDA-231 cells was abundant but remarkably reduced in sh-K1 (to
28%) and sh-K2 (to 6%) (see Fig 1) as the result of the stable transfection of the Kaiso-specific
ShRNA in these cells. Sh-K2 cells were utilized as Kaiso®P**** in the xenograft studies.

Clinical observations and histological analyses

The subcutaneous masses in the mammary gland fat pad reached the endpoint volume of
3,300 mm® within 8 weeks in KaisoP**"*® tumors and 12 weeks in Kaiso%”****d tumors [60].
Further characterization of the KaisoP*"™* and Kaiso?'***d MDA-231 phenotypes revealed
that the difference in tumor growth was due to Kaiso-depletion effects on cell proliferation,
anchorage-independence and apoptosis [60].

The injection of the KaisoP*"™* and Kaiso®'***d MDA-231 cells into the mammary fat
pad of immunocompromised mice resulted in the formation of large subcutaneous masses
(Fig 2Ai and 2Aiii) formed by large, pleomorphic cells with high mitotic index (Fig 2Aii and
2Aiv). Primary tumor masses formed by both types of mammary carcinoma cells were mor-
phologically indistinguishable from each other (Fig 2A). Veins and lymphatic vessels in
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Fig 1. Kaiso“¢P'®®d MDA- 231 cells express negligible Kaiso compared to parental KaisoP°s'"'® cells.
Kaiso expression levels were determined using western blot. Both Kaiso“P'*“ clones (sh-K1 & sh-K2)
expressed little Kaiso compared to the Kaiso?*s"® MDA-231 cells.

https://doi.org/10.1371/journal.pone.0183883.9001
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vicinity to some subcutaneous masses were distended with clusters or single tumor cells scat-
tered throughout the lumen (Fig 2B).

In the lung, KaisoP** e cells formed large, often coalescing, non-circumscribed tumor mas-
ses with obliteration of the alveolar architecture (Fig 3A) formed by large, pleomorphic cells
with a high mitotic index. Scattered neutrophils infiltrated the periphery of the tumor masses
and the surrounding alveolar tissue. A proportion of large blood vessels encompassed by or

B. Kaiso-positive

Fig 2. Primary subcutaneous tumors formed by KaisoP°'"® and kaiso?P'®**? cells with invasion of the

lumen of surrounding veins. Subcutaneous tumor mass of KaisoP*"® MDA-231 human mammary
carcinoma cells (Ai, i) and Kaiso®P'* tumor cells (Aiii, iv)) implanted into the fat pad of the mammary gland of
female NRG mice. Tumor cells abut against the epidermis (arrow in Ai, iii) but do not invade it. Tumor cells are
large, markedly pleomorphic, there is high mitotic index. (Bi) A vein (Bv, delineated by arrowheads) is adjacent
to the subcutaneous tumor mass (Tm). It is distended by clumps and individual large pleomorphic cells (Bii) and
also has scattered red blood cells. H&E. Size bars Aj, ii, Bi— 500 microns; Aii, iv, Bii— 50 microns.

https://doi.org/10.1371/journal.pone.0183883.9002
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Kaiso-depleted Kaiso-positive

Fig 3. Metastasis of KaisoP°*""V® and Kaiso“®"'®'* cells to the lung results in dramatically different tumor
behavior. (A-D) KaisoP°S""e tumors are numerous, large, obliterate the architecture of the pulmonary tissue and invade
the lumen of large blood vessels (arrow in A). A segment of the vascular wall indicated by yellow arrows (B, D) is
obliterated by tumor cells (double-headed interrupted arrow in B) that provide continuity between a perivascular mass
and intravascular tumors (ivT) in the lumen (asterix in B, C). Apparent vascular invasion is associated with formation of
intravascular thrombus (C, D). Intravascular surface of tumors or tumor thrombi is typically lined by endothelial cells (B).
Tumor cells in intravascular masses or thrombi are large and pleomorphic (B, D). Kaiso“eP'ted cells form small
interstitial aggregations (arrow in E) of large pleomorphic cells (F, G) that do not invade the wall or the lumen (F) of
adjacent blood vessels. H&E-A, B, E, F; Masson's trichrome (C, D, G). Size bars; A, E- 500 microns, B-D, F, G- 50

microns.
https://doi.org/10.1371/journal.pone.0183883.9003

adjacent to tumors (Fig 3A) had masses of tumor cells protruding into the lumen, with the seg-
mental concurrent obliteration of the vascular wall by tumor cells forming a continuity of peri-
vascular and intravascular tumors (Fig 3B-3D). The apparent vascular invasion of KaisoPositive
tumors was often associated by formation of thrombi infiltrated by tumor cells (Fig 3D). In
contrast, Kaiso®"**'*d tumor cells formed small aggregations scattered in the alveolar paren-
chyma (Fig 3E and 3G), sometimes adjacent to large blood vessels but with no invasion of the
vascular wall or the lumen (Fig 3F). Kaiso®?"***d tumor aggregations were often infiltrated by
scattered neutrophils (Fig 3G).

Although KaisoP**""* and Kaiso?'***d cancer cells both formed subcutaneous masses and
invaded nearby veins and lymphatics resulting in pulmonary metastases, Kaiso-depletion
markedly supressed the ability of cancer masses to grow expansively in the lung, and elimi-
nated their ability to invade blood vessels thereby restricting their spread to other organs.
Indeed, tumors were not observed in any other organ except in the lung of mice injected with
Kaiso®P** cells. In contrast, in mice injected with KaisoP*""** cells, large tumors were
observed in the liver (Fig 4A and 4B), kidney (Fig 4C and 4D), myocardium (Fig 4E and 4F),
and infrequently in the adrenal gland and leptomeninges of the brain (not shown). Thus,
Kaiso appear to play a regulatory role to in the; (i) expansive growth of metastatic tumors in
the lung and (ii) invasion of the pulmonary blood vessels to spread to other organs supports
the notion of Kaiso as a crucial factor in highly aggressive subtypes of breast cancer [53,54,60].
Our findings suggest that Kaiso could be a target for therapeutic strategies in the treatment of
aggressive breast cancers. Some large blood vessels within a tumor mass or adjacent to it, such
as in the liver (Fig 4A), or in kidney (Fig 4C) had intraluminal invasion of tumor cells with for-
mation of thrombus and obliteration of the adjacent segment of the wall of the blood vessel

(Fig 4B and 4D). In the myocardium, protrusions of the tumor cells into the lumen of ventri-
cles (Fig 4E) resulted in the formation of fibrinous thrombus (Fig 4F) infiltrated by tumor
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Kaiso-positive cells

Liver

Kidney

Myocardium

Fig 4. Intravascular invasion of secondary metastatic KaisoP°'"® tumors. Low magnification images
(A, C, E) and high magnification images (B, D, F) of tissue regions outlined by white dotted linesin A, C and E.
KaisoPS'" cells metastatic to the liver (A, B) and kidney (C, D) formed large tumors and invaded adjacent
blood vessels with formation of thrombi (Th in B, D) delineated from the surrounding tissue by yellow arrows.
Tumor masses in the myocardium (white box and arrowhead in E) often resulted in invasion of the ventricle
(asterix) with formation of a mass (white box in E) and thrombus (Th in F). Thrombus is delineated from
myocardium (my) by yellow arrows in F. There is continuity between the masses of tumor cells in the
myocardium and in the intraventricular thrombus (F). H&E. Size bars; A, C, E— 1,000 microns, B, D, F— 50
microns.

https://doi.org/10.1371/journal.pone.0183883.9004

cells. Large, sometimes coalescing tumor masses obliterated the organ architecture and were
composed of large pleomorphic cells similar morphologically and immunohistochemically to
those described in the subcutaneous mass and in the lung of mice injected with KaisoP**'™*
cells.

Intravascular (Fig 5A) or cardiac intraventricular (Fig 5B) invasion by the Kais
tumor cells often resulted in formation of a thrombus whose surface in some cases was appar-
ently covered by endothelium (Fig 5Aii and 5Bii), delineating the remaining lumen of the
blood vessel or the ventricle. Other thrombi however, where not delineated by endothelium
but often by a layer of neutrophils (Fig 5Aiii and 5Biv). In some blood vessels adjacent areas of
thrombi were or were not endothelialized while in others apparently endothelium-free small
clusters or individual cancer cells were present in the lumen (Fig 5Aiii).

opositive
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A. Kaiso-positive cells- Lung

Fig 5. Thrombosis caused by KaisoP°S'""® tumors invading the blood vessels and heart ventricles. In the lung (A), a number of
large blood vessels (two indicated by arrows) have intravascular thrombi delineated from the vascular wall by yellow arrows and protruding
in the vascular lumen (Th in Aii, iii). The thrombi are infiltrated by neoplastic cells and are lined by endothelium (solid arrowheads in Aii) or
not (open arrowhead in Aiii). In the myocardium (my, B) thrombi protruding into the ventricular lumen (Bi, iii) are also infiltrated by
neoplastic cells (Th in Bii, iv) and either lined by endothelium (solid arrowheads in Bii) or not (open arrowheads in Biv). H&E. Size bars;
Biii— 1,000 microns, Ai, Bi— 500 microns, Aii, iii, Bii, iv B— 50 microns.

https://doi.org/10.1371/journal.pone.0183883.9005

The above data indicate that the subcutaneously implanted KaisoP*"™* MDA-231 cells effi-
ciently penetrated the vascular wall and invaded the lumen of large blood vessels in the lung
and other organs (Figs 4 and 5). This is in line with other studies that have also demonstrated
vascular taxis and intravascular invasion of breast tumors implanted subcutaneously into mice
[1,15-17,19-23]. The active penetration of the vascular wall by KaisoP*$'"" cells lead to their
accessing of the lumen with frequent formation of thrombus. This pathogenesis implies two
potential mechanisms; (1) tumor cells breached the endothelium of the tumor-invaded blood
vessel, which may have led to thrombosis; (2) the tumor cells then invaded the thrombus as the
convenient substrate, which lead to the increase of the intravascular load of cancer cells des-
tined to metastasize to other organs. We also observed endothelium lining of the intravascular
tumor masses with or without thrombosis. We consider that neo-endothelialization of the
intravascular tumor masses and tumor thrombi may serve as a defense mechanism preserving
the patency of the blood flow. We thus postulate that this putative defense mechanism may
actually be subverted by the invading tumor cells allowing for the increase of their intravascu-
lar load and presumably leading to a greater chance of success of secondary metastases.

Immunohistochemical analyses
Positive b rimary tumor tissues, as expected, stained positive for Kaiso (Fig 6A), which

0P tumor tissues

Kaiso
localized to both the nucleus and cytoplasm. Further analysis of the Kais
for other molecular markers implicated in tumor metastasis revealed that similar to our previ-

ous observations in vitro [53], KaisoP* """ MDA-231 primary tumor tissues stained moderately
for Vimentin (Fig 6B) and negative for E-cadherin (Fig 6C). We also examined the Kaiso®eP'*d
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Primary, subcutaneous tumor

-positive

Kaiso-depleted Kaiso

Fig 6. IHC of primary subcutaneous KaisoP°$'"'® and Kaiso®"'*®d MDA-231 tumors. Tumor cells (Tm) of
KaisoP°s'"¢ (A-C) and Kaiso?®P'**® (D-F) masses do not invade the epidermis (double-headed arrowin A, D,
F, arrow in B). KaisoPs"™® tumor cells are labeled strongly positive for Kaiso (A) and vimentin (B) while the
Kaiso’®P'®td cells are labelled considerably less (D, E). The labeling with anti-E-cadherin antibody is negative
for both types of tumor cells in contrast to the positive labelling of the mouse epithelium in sebaceous glands
(Sbin C, F) and in epidermis (F). Size bars A-F—50 microns.

https://doi.org/10.1371/journal.pone.0183883.9006

primary tumor tissues for Kaiso, Vimentin and E-cadherin expression. While we expected lit-
tle to no Kaiso staining in the Kaiso®**** MDA-231 tumors as per our western blot results
(Fig 1), we were surprised to observe weak Kaiso staining in the primary tumors which was
predominantly cytoplasmic (Fig 6D). The weak Kaiso staining could be due to deselection of
the Kaiso®P*'*d MDA-231 cells as the mice were not subjected to constant treatment with
Puromycin that would ensure selection and maintenance of shRNA plasmid in the stable cells
in vitro. Nonetheless, the Kaiso staining observed in Kaiso?P'** tumor tissues was still
remarkably reduced compared to the staining observed in the Kais: tumor tissues

(Fig 6A and 6D). KaisoP'**d MDA-231 tumor tissues also stained weakly for Vimentin

(Fig 6E) as expected from in vitro findings in our previous report [53]. In contrast, while we
had observed increased E-cadherin expression in the Kaiso?P®**d MDA-231 cells in vitro [53],
the Kaiso®P'**d MDA-231 tumor tissues stained negative for E-cadherin (Fig 6F). This lack
of E-cadherin staining could be due to the weak levels of Kaiso expression observed in the
Kaiso®P'**d MDA-231 primary tumors (Fig 6D) or due to other in vivo factors in the tumor
microenvironment that are independent of Kaiso’s expression or Kaiso’s effect on E-cadherin

ositive
oP

expression.

Analysis of the tumor masses observed in the lung (Fig 7A) of mice injected with the
KaisoP*"""* and KaisoP*'*d MDA-231 cells also revealed that the KaisoP*"™** tumor cells that
metastasized to the lung exhibited strong Kaiso (Fig 7Ai) and Vimentin (Fig 7Aii) staining but
no E-cadherin staining (Fig 7Aiii), while Kaiso®'***d tumor metastases in the lung displayed
weak Kaiso (Fig 7Aiv) and Vimentin (Fig 7Av) staining, but no E-cadherin staining (Fig 7vi).
These findings suggest a persistence of the molecular phenotype of both KaisoP*"'™** and Kai-
sodPleted MDA-231 cells as they metastasized to the lung. We further analyzed the KaisoP*"*®
and Kaiso™ """ MDA-231 lung metastases for the expression of MMP-2 and MMP-9.
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A. B.

Lung - primary metastases Lung - primary metastases

is 0-positive

Kaiso-positive

Kaiso-depleted
Kaiso-deplete l'.l. Ka

Kaiso-positive, secondary metastases

E-cadherin MNMP-2

Myocardium

Fig 7. The molecular phenotype of the KaisoP°s'""V® MDA-231 cells persist as they metastasize to other distal organs (liver and myocardium). (A)
Neoplastic KaisoP*s"™® cells in lung metastases or thrombi are large, pleomorphic, and stain positive for Kaiso (i) and vimentin (i), but negative for E-
cadherin (jii). In contrast, Kaiso?P"®*® tumor cells are weakly stained for Kaiso (iv) and Vimentin (v) and negative for E-cadherin (vi). (B) KaisoP*"™"® tumor
cells in lung metastases also stain strongly for MMP-2 (i), and MMP-9 (ii), while the Kaiso®P'*®®? tumor cells stain weakly for MMP-2 (iii), but positive for
MMP-9 (iv). The asterisk indicates the lumen of the blood vessel with the thrombus (Th) and the yellow arrows indicate the vascular wall and its obliteration
by tumor cells in (A, B). (C) The thrombus (Th) formed in the large blood vessel of the liver (i-v) and in the ventricle of the heart (vi-viii) in mice injected with
KaisoP*s"" cells partially obliterated the vascular wall or endocardium indicated by the yellow arrows (i-viii). Neoplastic cells are stained positive for Kaiso
(i, vi), vimentin (ii, vii), MMP-2 (iv, ix), and MMP-9 (v, x), and negative for E-cadherin (i, viii). Scale bars; A-C— 50 microns.

https://doi.org/10.1371/journal.pone.0183883.9007

PLOS ONE | https://doi.org/10.1371/journal.pone.0183883 September 7, 2017 10/17

113



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

-~
@ 2 PLOS ‘ ONE Kaiso expressing breast cancer cells form secondary metastases

Although, MMP-2 and MMP-9 had not previously been examined in the KaisoP*""* and
Kaiso"*8*"* MDA-231 cells in vitro, they have been implicated in EMT and breast cancer
progression [61-63]. Consistent with the EMT phenotype in the KaisoP*™® tumor cells,
KaisoP** """ lung metastases displayed strong MMP-2 and MMP-9 expression (Fig 7Bi and
7Bii). In contrast, Kaiso?'**d lung metastases displayed reduced MMP-2 (Fig 7Biii) but not
MMP-9 (Fig 7Biv) expression.

Examination of the KaisoP*"*¢ tumor cells in secondary metastases (Fig 7C) also revealed
strong Kaiso (Fig 7Ci) and Vimentin (Fig 7Cii) staining but no E-cadherin staining (Fig 7Ciii)
in liver metastases. Similar to the lung metastases, the KaisoP* "™ liver metastases also dis-
played strong MMP-2 (Fig 7Civ) and MMP-9 (Fig 7Cv) staining. Likewise, the KaisoPesitive
tumor masses in the myocardium displayed strong Kaiso (Fig 7Cvi) and Vimentin (Fig 7Cvii)
staining but no E-cadherin staining (Fig 7Cviii), as well as strong MMP-2 (Fig 7Cix) and
MMP-9 (Fig 7Cx) staining. These findings also imply a persistence of the molecular phenotype
of the KaisoP**™"* MDA-231 cells as they metastasized to other distal organs.

In this study we analyzed the metastatic progression of KaisoP**"™® negative

and Kaiso malig-
nant mammary carcinomas using in vivo transplantation experiments in a mouse model. We
found that KaisoP*"""® and Kaiso™#"® MDA-231 cancer cells both formed subcutaneous
masses and invaded nearby veins and lymphatics apparently leading to pulmonary metastases.
However, Kaiso-depletion was associated with remarkable suppression of the growth of cancer
cells in the lung. In contrast, high Kaiso-expressing tumor cells thrived in the lung, invaded
large pulmonary blood vessels and metastasized to other organs. These findings suggest that
Kaiso plays a key role in metastatic activity of MDA-231 cancer cells. The penetration of the
vascular wall and invasion of the lumen of large blood vessels abundant in the lung and other
organs appears to be the fundamental factor of malignancy of the Kaiso?**""* tumor cells. This
is in line with other studies that have also demonstrated vascular taxis and intravascular inva-
sion of breast tumors implanted subcutaneously into mice [1,15-17,19-23]. Immunohisto-
chemical characterization of KaisoP**"* and Kaiso®'**d tumors in this study revealed that
KaisoP*"™® tumor cells exhibit more features associated with malignancy (increased Kaiso,
Vimentin, MMP-2 and MMP-9 expression) than the Kaiso®"***d tumor cells, which only dis-
played increased MMP-9 expression. Moreover, Kaiso expression seem to correlate positively
with Vimentin and MMP-2 but not MMP-9 expression. Indeed Kaiso-depletion resulted in
decreased Vimentin and MMP-2 but not MMP-9 expression. The similar staining of MMP-9
and lack of E-cadherin staining in both Kais and Kaiso®P'"*d tumor cells, which is a
marker of EMT, may explain the ability of both cell types to metastasize to the lungs. However,
considering that only the KaisoP*"'"" tumor cells were capable of surviving in the lungs, invad-
ing blood vessels and forming macrometastases in other distal organs, the higher Kaiso expres-
sion in concert with the increased Vimentin and MMP-2 expression could be considered as
the critical determinants that allowed the KaisoP**'™** tumors to thrive after metastasis to the
lung, and other distant organs.

ositive
OP

We thus propose that the lung serves as the second line of defense against carcinomas with
metastatic potential where tumors with less malignant characteristics, e.g. with reduced
expression of Kaiso, are trapped, do not progress and perhaps are eliminated. Consequently,
secondary metastases to the distant organs are prevented. We further postulate, that malignant
tumors such as human breast tumors with high Kaiso expression can overcome this defensive
mechanism, thrive in the lung and form large masses whose cells invade the blood vessels,
travel via the left heart ventricle to lodge in small blood vessels of a variety of peripheral organs,
and initiate multiple secondary metastatic tumors leading to accelerated demise (Fig 8). If this
hypothesis is proven to be correct, potential cancer-suppressive tissue mechanisms in the lung
should be considered in the pathogenesis of cancer metastasis. Also, models used to evaluate
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Fig 8. Conceptual pathogenesis of cancer metastasis. Primary metastasis: Invasion of KaisoP**""® and Kaiso®eP't*d
mammary carcinoma cells of the local veins and lymphatics allows the cells to migrate via the right heart ventricle to the lung
where they are trapped in the capillary blood vessels (b.v.) and form pulmonary metastases. While in the lung, KaisoPs"™®
cells proliferate successfully and form large, coalescing masses that send the cells to actively cross the wall of adjacent blood
vessels and invade their lumen. Kaiso®P'®®® tumor cells form small aggregations that do not invade blood vessels therefore
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the secondary metastases do not occur. Secondary metastasis: The intravascular invasion by the KaisoP°*"® tumor cells in
the lung presumably leads to its migration in the blood via the left heart to a variety of organs notably heart, liver and kidney,
where they form metastases and tumors with the invasion of local blood vessels or heart ventricles in a fashion similar to that
observed in the lung. This may lead to tertiary metastases; via the venous flow to the right heart and ultimately to the lung.

https://doi.org/10.1371/journal.pone.0183883.9008

the effectiveness of anti-cancer therapies should specifically include the analysis of the primary
metastases in the lung and secondary metastases from the lung to other organs. The possibility
of the lung as the second line of defence, with potential anti-cancer mechanisms sufficient to

stall Kaiso®P**d but not KaisoP**""*® breast cancer cells should be addressed in further studies.

Conclusions

opositive negative

In this report, we analyzed the metastatic progression of Kais and Kaiso malig-
nant mammary carcinomas using in vivo transplantation experiments in a mouse model.
Although this study utilizes the end point metastasis analysis of disseminated breast tumor
cells, it highlights potential novel mechanisms involved in secondary metastases and provides
detailed histological evidence of different behaviour of MDA-231 malignant breast cancer
cells depending on the expression level of Kaiso. Both KaisoP**""*¢ and Kaiso“P¢'*¢
types; (1) formed subcutaneous masses of cells with morphological features of malignancy;

(2) invaded adjacent veins and lymphatic vessels; and (3) metastasized to the lung. However,
while KaisoP*'"¥® cells; (i) formed large pulmonary tumors; (i) actively invaded pulmonary
blood vessels apparently leading to (iii) secondary metastases and tumors in a variety of distal
organs, Kaiso®P'*"*® tumors formed only small aggregates in the lungs, did not invade pulmo-
nary blood vessels and did not form secondary metastases. Thus, Kaiso may be a potent factor
enabling breast cancer cells to overcome apparent inhibitory mechanisms in the lung and to
send secondary metastases throughout distant organs.

tumor
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CHAPTER 6: HIGH KAISO EXPRESSION & TNBC IN WAA
Kaiso is highly expressed in TNBC tissues of women of African ancestry

compared to Caucasian women

Preface

This chapter describes the published manuscript entitled: “Kaiso is highly
expressed in TNBC tissues of women of African ancestry compared to
Caucasian women” by Bassey-Archibong BIl, Hercules SM, Rayner LGA,
Skeete DHA, Connell SPS, Brain I, Daramola A, Banjo AAF, Byun JS, Gardner K,
Dushoff J and Daniel JM, which has been reproduced in its original form (Cancer
Causes and Control, 2017; 8(3): e2689). This is an open-access article
distributed under the Creative Commons CC-BY License, which permits
unrestricted reproduction and dissemination in any medium, provided the

authors, attribution parties and sources are acknowledged.

This retrospective study examined the clinical parameters associated with TNBC
in women of African ancestry (WAA) and Caucasian women, and Kaiso
expression patterns in TNBC tissues obtained from WAA and Caucasian women.
It was conceived out of an effort to characterize Kaiso expression in TNBC
tumors from WAA, since Kaiso is more highly expressed in TNBCs, which are
most prevalent in premenopausal WAA compared to Caucasian women. We
found that WAA are diagnosed with TNBC at younger ages than Caucasian

women, and have more high-grade and lymph node positive tumors. Importantly,
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we found that nuclear Kaiso is more highly expressed in TNBC tissues of WAA
compared to Caucasian TNBC tissues. The highest nuclear Kaiso expression
was observed in TNBC tissues from WAA that have a higher degree of African
ancestry (Nigerian and Barbadian), suggesting a possible role for Kaiso in the

racial disparity associated with TNBC prevalence.

Contributions:

Bl Bassey-Archibong executed the research trip to collect TNBC tissues from
Nigerian women while SM Hercules undertook the research trip to collect TNBC
tissues from Barbadian women. Bl Bassey-Archibong performed the statistical
analysis that generated the Figures in 1A-C, and Figures 4A-D, and generated
the data for Figures 3A and B. LG Rayner generated the data for Figure 2A and
B. Dr. Desiree Skeete and Dr. lan Brain performed the scoring of the Kaiso
immunostain represented in Figures 3B and Figures 4A-D. Dr. JM Daniel and Bl
Bassey-Archibong conceived the study and co-wrote the manuscript. Dr. JM
Daniel also provided significant guidance and intellectual input throughout the
course of the study. All other authors assisted with the recruitment of patient
populations (Dr. A Daramola, Dr. A Banjo, Dr. DH Skeete and Dr. Smith Connell),
interpretation of the data (Dr. J Byun, Dr. K Gardner and Dr. J Dushoff). All

authors edited the manuscript text.
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Abstract

Purpose Triple-negative breast cancer (TNBC) is most
prevalent in young women of African ancestry (WAA)
compared to women of other ethnicities. Recent studies
found a correlation between high expression of the tran-
scription factor Kaiso, TNBC aggressiveness, and ethnic-
ity. However, little is known about Kaiso expression and
localization patterns in TNBC tissues of WAA. Herein, we
analyze Kaiso expression patterns in TNBC tissues of
African (Nigerian), Caribbean (Barbados), African Amer-
ican (AA), and Caucasian American (CA) women.
Methods Formalin-fixed and paraffin embedded (FFPE)
TNBC tissue blocks from Nigeria and Barbados were uti-
lized to construct a Nigerian/Barbadian tissue microarray
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(NB-TMA). This NB-TMA and a commercially available
TMA comprising AA and CA TNBC tissues (AA-CA-
YTMA) were subjected to immunohistochemistry to assess
Kaiso expression and subcellular localization patterns, and
correlate Kaiso expression with TNBC clinical features.
Results Nigerian and Barbadian women in our study were
diagnosed with TNBC at a younger age than AA and CA
women. Nuclear and cytoplasmic Kaiso expression was
observed in all tissues analyzed. Analysis of Kaiso
expression in the NB-TMA and AA-CA-YTMA revealed
that nuclear Kaiso H scores were significantly higher in
Nigerian, Barbadian, and AA women compared with CA
women. However, there was no statistically significant
difference in nuclear Kaiso expression between Nigerian
versus Barbadian women, or Barbadian versus AA women.
Conclusions High levels of nuclear Kaiso expression were
detected in patients with a higher degree of African her-
itage compared to their Caucasian counterparts, suggesting
a role for Kaiso in TNBC racial disparity.

Keywords Kaiso - TNBC - Women of African ancestry -
Breast cancer racial disparity

Introduction

Breast cancer (BCa) is a complex disease that occurs
mostly in females and is a leading cause of female deaths
worldwide [1-3]. The triple-negative breast cancer
(TNBC) subtype accounts for a disproportionate number of
BCa deaths due to its highly aggressive nature and meta-
static tendencies [4-6]. As the name implies, triple-nega-
tive tumors represent a subset of breast tumors that are
negative for the estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor
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receptor-2 (HER2) [7]. Most TNBC are classified as basal-
like cancers and are generally characterized by high his-
tologic/nuclear grade, increased rate of recurrence, and a
greater frequency of epidermal growth factor receptor
(EGFR) amplification, p53 mutations, and breast cancer
type 1 (BRCAT1) mutations [7, 8]. Due to their triple-neg-
ative status for ER, PR, and HER2, TNBCs lack targeted-
treatment options, and cannot be treated with hormonal
(Tamoxifen) or anti-HER2 therapies [7].

There is increasing evidence that TNBC occurs more
frequently in young premenopausal African and AA
women compared to Caucasian women [7, 9-14]. For
example, Stark and colleagues reported that among
Ghanaian BCa cases, there was a TNBC prevalence of
~82% compared to the USA where TNBC prevalence was
~33% and ~10% among AA and CA cases, respectively
[11]. Similarly, Agboola et al. reported a high incidence of
TNBC among BCa cases in Nigerian women (~48%)
compared with British women (~ 14%) [14]. The trend of
high TNBC prevalence in AA and African females strongly
suggests an ancestral genetic predisposition to TNBC in
women of African ancestry (WAA) [15-17]. More dis-
turbing, however, is the poor survival rate of AA TNBC
patients compared with Caucasian TNBC patients [10, 18],
which underscores the urgency to identify potential prog-
nostic or diagnostic TNBC biomarkers in WAA.

Recent studies have found a correlation between
increased nuclear expression of the transcription factor
Kaiso and poor overall survival of AA breast cancer and
prostate cancer patients compared to their Caucasian
counterparts [19, 20]. These data hint at a role for Kaiso in
the racial disparity in outcomes associated with breast and
prostate cancer. Kaiso was first identified as a binding
partner of the E-cadherin catenin cofactor—p120-catenin
[21]. Kaiso is a dual-specificity transcription factor and
member of the POZ-ZF family of transcription factors
[21-25] that are implicated in vertebrate development and
tumorigenesis. Kaiso has been most often characterized as
a transcriptional repressor [26], but some studies indicate
that Kaiso can also function as a transcriptional activator
[27, 28]. Notably, several Kaiso target genes identified to
date (cyclinD1, matrilysin, E-cadherin) have been linked to
tumor onset, invasion, and metastasis [29-31].

Since its discovery, Kaiso has been implicated in the
poor prognostic outcomes of several cancers including
colorectal, non-small cell lung cancer, prostate, pancreatic
ductal adenocarcinoma, and TNBC [20, 32-35]. Studies
from our lab and others indicates that Kaiso plays both pro-
oncogenic and tumor suppressive roles in several human
cancers [19, 20, 33, 34, 36-38]. Notably, in addition to
being implicated in racial disparities in breast cancer out-
comes, high Kaiso expression correlates significantly with
ER-o negativity, and the aggressiveness of basal/TNBCs

@ Springer

[35, 38]. To date however, no studies have specifically
examined and compared Kaiso expression and subcellular
localization in TNBC tissues from WAA, who have the
highest prevalence and worst outcomes from TNBC com-
pared to Caucasian women. In this retrospective study, we
evaluated Kaiso expression in TNBC specimens from
Nigerian, Barbadian, AA, and CA patients. We found that
nuclear Kaiso expression was significantly increased in
TNBC tissues of Nigerian, Barbadian, and AA patients
compared with their Caucasian counterparts. While there
was no significant difference in nuclear Kaiso expression in
TNBC tissues of Nigerian versus Barbadian patients (who
have a higher percentage of African ancestry compared to
AA), we found significantly more nuclear Kaiso expression
in Nigerian versus AA patients, and a trend towards higher
nuclear Kaiso expression in Barbadian versus AA patients.
Collectively, these findings suggest that Kaiso may play a
role in the racial disparity associated with TNBC in WAA.

Methods

Study population and characteristics of tumor
samples

FFPE TNBC tissue blocks of 28 Nigerian TNBC patients
diagnosed between 2011 and 2013 at the Lagos University
Teaching Hospital (LUTH), Nigeria, and 46 Barbadian
TNBC patients diagnosed between 2002 and 2011 at the
Queen Elizabeth Hospital (QEH), Barbados were obtained
from the archives of the Department of Anatomic and
Molecular Pathology at LUTH and the Department of
Pathology at QEH after approval by LUTH and QEH
Ethics committees, respectively. The FFPE specimens
were then shipped to the Developmental Histology Lab at
the Yale Pathological Tissue Services (YPTS), Yale
University (Connecticut, New Haven, USA), where they
were hematoxylin and eosin (H&E) stained for
histopathological confirmation, before tumor areas from
each FFPE tissue block were selected for the construction
of a Nigerian and Barbadian TNBC tissue microarray (NB-
TMA). ER, PR, and HER? status of the Nigerian tissues
were confirmed by immunohistochemistry (IHC) con-
ducted at LUTH, while ER, PR, and HER2 status of the
Barbadian tissues were confirmed by IHC conducted at
QEH, Barbados, the Human Tissue Resource Center
(Chicago, IL, USA) or the Immunohistochemistry Lab at
the University of Miami, Miller School of Medicine
(Clinical Research Building, Miami, FL, USA). Any
sample with less than 1% staining for ER and PR was
scored negative; likewise, 0 or +1 for HER2 was consid-
ered negative. Available clinico-pathological data (age,
tumor pathology, lymph node involvement, and grade)
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were retrieved from the hardcopy pathology reports at
LUTH and QEH, and are summarized in Table 1.

For the AA and CA patient population, we utilized the
Yale tissue microarray 347 (YTMA-347), which was
generated at the Yale Developmental Histology Lab, and
comprised of 20 AA and 43 CA usable TNBC specimens
that were diagnosed at the Yale-New Haven Hospital,
Connecticut, USA between 1996 and 2004. ER, PR, and
HER?2 status were determined by IHC at the Yale Devel-
opmental Histology Lab. The clinico-pathological features
of the YTMA-347 cohort are summarized in Table 1.

Immunohistochemistry

S5-um tissue sections prepared from the NB-TMA tissue
block and the purchased YTMA-347 tissue slides were de-
paraffinized by warming at 60 °C for 20 min, followed by
immersion in xylenes for 10 min. Tissue sections were then
rehydrated in descending ethanol dilutions before they
were subjected to heat antigen retrieval in a low pH buffer
(pH 6.0) solution (DAKO, Glostrup, Denmark). Endoge-
nous biotin, biotin receptors, and avidin binding sites on
tissues were subsequently blocked using the Avidin/Biotin
blocking kit (Vector Laboratories, Inc., Burlingame, CA,
USA), while endogenous peroxidase activity was quenched
by treatment with 3% hydrogen peroxide. Tissue slides
were stained with mouse anti-Kaiso 6F monoclonal
(1:10,000; [39]) or mouse anti-human cytokeratin clones

AE1/AE3 monoclonal (1:500; Dako North America, Inc.,
Carpinteria, CA, USA) primary antibodies overnight at
4 °C, followed by secondary antibody incubations at room
temperature for 2 h with biotinylated donkey anti-mouse
secondary antibody (Vector Labs; 1:1000). Tissues were
subsequently incubated in Vectastain (Vector Labs) for
30 min, rinsed in 1X PBS, and then incubated in
diaminobenzidine (DAB) (Vector Labs) for 10 min.
Counterstaining was achieved by incubating tissues in
Harris hematoxylin (Sigma) for 10-60 s, followed by
rinsing in tap water or as described in [40]. Slides were
then dehydrated in ascending alcohol dilutions, and cleared
with two rounds of xylenes before being mounted using
Polymount (Polysciences Inc., Warrington, PA, USA).
Negative control staining data were achieved by slide
incubation with secondary antibodies only. Images of
stained slides were captured using the Aperio Slide scanner
(Leica Biosystems, ON, Canada). Stained tissues were
scored blindly by two Pathologists, and the scores averaged
to give a final score value. The intensity of staining was
scored as 0, 1, 2, or 3 representing no, mild, moderate, or
high staining intensity. The modified histochemical score
(H-score) system was then used to generate the total score
for each tissue with values spanning 0-300 using the for-
mula: 3 x (percentage of cells with high intensity staining
(3+) + 2 x (percentage of cells with moderate intensity
staining (24) + 1 x (percentage of cells with mild inten-
sity staining (14) for each slide.

Table 1 Clinico-pathological characteristics and analysis of study participants

2

Nigerian (%) Barbadian (%) African American (%) Caucasian American (%) a p value
n=28 n =46 n =20 n=43 value
Age (years)
<50 20 (71.4%) 21 (45.7%) 6 (30.0%) 10 (23.3%) 16.89 0.0007
>50 5 (17.9%) 25 (54.3%) 7 (35.0%) 27 (62.8%)
Unknown" 3 (10.7%) 0 (0.0%) 7 (35.0%) 6 (13.9%)
Grade
1 5 (17.9%) 0 (0.0%) 2 (10.0%) 13 (30.2%) 63.59 <0.0001
2 8 (28.6%) 9 (19.6%) 11 (55.0%) 21 (48.9%)
3 10 (35.7%) 35 (76.1%) 0 (0.0%) 1(2.3%)
Unknown® 5 (17.8%) 2 (43%) 7 (35.0%) 8 (18.6%)
Stage T
T1-T2 6 (21.4%) 18 (39.1%) 7 (35.0%) 23 (53.5%) 30.52 <0.0001
T3-T4 11 (39.3%) 1(2.2%) 1 (5.0%) 0 (0.0%)
Unknown" 11 (39.3%) 27 (58.7%) 12 (60.0%) 20 (46.5%)
Stage N
NO 4 (14.3%) 11 (23.9%) 7 (35.0%) 26 (60.5%) 10.23 0.02
NI-N3 11 (39.3%) 10 (21.7%) 13 (65.0%) 12 (27.9%)
Unknown" 13 (46.4%) 25 (54.4%) 0 (0.0%) 5 (11.6%)
“Unknown cases were exempted from analysis
@ Springer
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Fig. 1 Nigerian women are
diagnosed with TNBC at
younger ages than Barbadian,
AA, and CA women. a The
mean age at diagnosis for
Nigerian TNBC patients was
42.6 years (n = 25) compared
with 52.1 years for Barbadian
women (n = 46), 51.5 years for
AA women (n = 13), and
56.2 years for CA women

(n = 37). No significant
differences were observed
between the mean age at
diagnosis for Barbadian versus
AA and CA TNBC patients
(b) and for AA versus CA
Eatiems (c). *p < 0.05,

i+

p < 0.005, ""p < 0.0001
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Statistical analysis

GraphPad Prism statistical software (GraphPad Software
Inc., La Jolla, CA, USA) was used for all statistical anal-
yses. Standard unpaired Student’s f test with Welch’s
correction was used for pairwise comparison of means. Chi
square analysis was used to assess the difference in clinico-
pathological features between the Nigerian, Barbadian,
AA, and CA cohorts. Data are presented as mean = SEM
where applicable. For all statistical tests, p values <0.05
denote statistical significance.

Results

Clinico-pathological characteristics of study
participants

This retrospective study involved a total of 28 Nigerian, 46
Barbadian, 20 African American (AA), and 43 Caucasian
American (CA) TNBC patients. The mean age at time of
diagnosis for Nigerian women was 42.6 years compared to
52.1 years for Barbadian women (p = 0.002), 51.5 years
for AA women (p = 0.03), and 56.2 years for CA women
(p <0.0001; Fig. la). Comparison of the mean age at
diagnosis between Barbadian, AA, and CA patients yielded
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no statistical significance (Fig. 1b, c). The percentage of
younger women who presented with TNBC at time of
diagnosis was significantly higher for the Nigerian cohort
(71.4%; n = 20) compared with the Barbadian (45.7%;
n=21), AA (30.0%; n = 6), and CA (23.3%; n = 10)
cohort (p < 0.001) (Table 1). Low-grade tumors were
seldom observed in the Nigerian (17.9%; n = 5), Barba-
dian (0%; n = 0), and AA (10.0%; n = 2) cohorts com-
pared to the CA (30.2%; n = 13) cohort (p < 0.0001;
Table 1). Low-grade was defined as grade 1, medium-
grade as grade 2, and high-grade as grade 3, respectively.
Approximately 39.3% (n = 11) of Nigerian women pre-
sented with higher stage (T3-T4) tumors compared with
2.2% (n = 1) for Barbadian, 5.0% (n = 1) for AA, and 0%
(n = 0) for CA women (p < 0.0001; Table 1). Finally, CA
TNBC patients displayed a higher frequency of lymph
node-negative tumors (60.5%; n = 26) compared with that
observed in Nigerian (14.3%; n = 4), Barbadian (23.9%;
n=11), and AA (35.0%; n=7) TNBC patients
(p = 0.02; Table 1).

Kaiso is highly expressed in TNBC tissues of WAA
compared to Caucasian women

Previously, we reported that Kaiso is highly expressed at
the mRNA level in triple-negative tumors compared with

126



Ph.D. Thesis - B. |. Bassey-Archibong

Cancer Causes Control

McMaster University - Biology

Fig. 2 Cytokeratin
immunostaining of Nigerian and
Barbadian TNBC tissues
verifies tissue integrity. IHC
images at low (5x) and high
magnification (40x) show intact

Low Magnif. (5X)

Pan-cytokeratin

High Magnif. (40X)

tissue cores (a, b) and
membrane localization (ai, bi)
of cytokeratin, which portrays
good integrity of the Nigerian
and Barbadian tissues. Scale bar
50 pm

Nigerian TNBC

Barbadian TNBC

hormone receptor-positive breast tumors in publicly
available datasets downloaded from The Cancer Genome
Atlas—TCGA website or the Gene Expression Omnibus—
GEO website [35]. Thus, in this study, we utilized
immunohistochemistry to specifically evaluate the expres-
sion and subcellular localization of Kaiso in TNBC tissues
from Nigerian, Barbadian, AA, and CA patients. Tissue
integrity of the Nigerian and Barbadian TNBC tissues was
determined by immunostaining for pan-cytokeratin as
described in the methods; Fig. 2a, b shows representative
images of the tissue quality of the Nigerian and Barbadian
TNBC tissues. As shown in Fig. 3a (representative images
shown), Kaiso exhibited both nuclear and cytoplasmic
localization in all TNBC tissues analyzed, with varying
degrees of heterogeneity. Nuclear and cytoplasmic Kaiso
staining intensity was scored as described in the methods,
and Kaiso’s relative expression in each TNBC cohort

analyzed. As seen in Fig. 3b, we observed significantly
higher cytoplasmic than nuclear Kaiso expression in the
AA and CA TNBC cohorts (p < 0.0001), but did not find
significant differences between nuclear and cytoplasmic
Kaiso expression in the Nigerian and Barbadian TNBC
cohorts.

Since nuclear but not cytoplasmic Kaiso expression is
known to be associated with TNBC aggressiveness, and
decreased survival of AA BCa patients [19, 38], we next
performed comparative analysis of nuclear Kaiso expres-
sion between the Nigerian, Barbadian, AA, and CA
cohorts. Interestingly, we observed a significantly higher
level of nuclear Kaiso expression in TNBC tissues of
patients of African ancestry (Nigerian, Barbadian, and AA)
compared to their Caucasian counterparts (Fig. 4a). How-
ever, there was no significant difference between nuclear
Kaiso expression in TNBC tissues of Nigerian and
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Fig. 3 Kaiso subcellular A
localization and expression in
Nigerian, Barbadian, AA, and

Low Magnif. 5X
CA TNBC tissues. (ai—viii) IHC

Kaiso

images showing Kaiso
localization to both the nucleus
and cytoplasm of Nigerian,
Barbadian, AA, and CA TNBC
tissues. (b) Graphical
representation of nuclear and
cytoplasmic Kaiso expression in
Nigerian (n = 19), Barbadian
(n = 20), AA (n = 20), and CA

Nigerian

(n = 39) TNBC tissues.
Cytoplasmic Kaiso expression

was significantly higher than
nuclear Kaiso expression in the
AA and CA TNBC cohorts but
not in the Nigerian and
Barbadian TNBC cohorts. Red
arrows indicate nuclear Kaiso
staining, while blue arrows
indicate cytoplasmic Kaiso
staining. Scale bar 50 pm. ns
not significant, ****p < 0.0001
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Barbadian patients, who have ~99.8 and ~77.4% degree
of African heritage, respectively [41, 42], or between
TNBC tissues of Barbadian and AA patients, who have
~774 and ~72.5% degree of African heritage, respec-
tively [42] (Fig. 4b). Remarkably however, there was sig-
nificantly more nuclear Kaiso expression in TNBC tissues
of Nigerian compared to AA patients (Fig. 4c), probably
due to the higher degree of African heritage in Nigerian
patients (~99.8%) compared to AA patients (~72.5%).
Since TNBC is more prevalent in WAA compared to
Caucasian women, these findings suggest a role for nuclear

@ Springer

Caucasian (CA)

Kaiso expression levels in the racial disparity in TNBC
prevalence.

Correlation between nuclear Kaiso expression
and clinico-pathological features of study
participants

Breast tumors of WAA are often associated with a higher
histological grade and positive lymph node involvement
compared to breast tumors of Caucasian women [11, 14].
Since previous studies from our lab and others have
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Fig. 4 Comparative analysis of nuclear Kaiso expression in Nigerian,
Barbadian, AA, and CA TNBC tissues. Higher levels of nuclear Kaiso
expression were detected in TNBC tissues of Nigerian, Barbadian,
and AA compared with their Caucasian counterparts (a). Although no
significant difference in nuclear Kaiso expression was observed

correlated increased Kaiso expression with advanced grade
and metastasis of TNBC [35, 38], and lymph node
involvement is an established prognostic marker for the
metastatic potential of breast tumors [43], we next assessed
the association of Kaiso expression with high-grade and
lymph node involvement in Nigerian, Barbadian, AA, and
CA patients. High-grade tumors were defined as grade 3 for
Nigerian and Barbadian patients and grade 2 for AA and
CA patients due to no analyzed grade 3 tumors in the AA
and CA TNBC cohort (the only observed grade 3 CA
patient could not be scored as a result of tissue loss). Low-
grade tumors were thus defined as grades 1 and 2 for
Nigerian and Barbadian patients, and grade 1 for AA and
CA patients. Lymph node metastasis was considered pos-
itive if one or more lymph nodes were noted to contain
cancer cells (nl-n3), and negative if there were no
observed cancer cells in the lymph nodes (n0). Due to the
small sample size used in the analysis, no significant cor-
relation was found between high nuclear Kaiso expression
and high-grade or lymph node-positive triple-negative
tumors in any of the patient cohorts analyzed (Suppl.
Figure 1).

Barb.

AA AA

Nig.

between Nigerian versus Barbadian tissues, or between Barbadian
versus AA tissues (b), there was a significant difference in nuclear
Kaiso expression between Nigerian and AA TNBC tissues (c).
“p < 0.05, “p < 0.005, ""p < 0.001

Discussion

TNBC is most prevalent in WAA compared to Caucasian
American/European females, but the reason for this dis-
parity is currently unknown [11, 14, 16, 44]. Although poor
socio-economic status has been linked to TNBC mortality
in African and AA women, it does not fully explain the
disproportionate prevalence and aggressiveness of TNBC
in WAA compared to their Caucasian counterparts [17].
Thus, we and others have postulated that there may be an
ancestral genetic predisposition to TNBC in WAA [17, 45].

Notably, a higher prevalence of TNBC has been repor-
ted in West-African women (Nigerians—65%, and
Ghanaians—82.2%) compared with that reported in AA—
~33% [9, 11, 46], thus supporting the idea of a relation-
ship between percentage of African ancestry and TNBC
prevalence. Since West-African countries such as Ghana
and Nigeria are the founding ancestors of most WAA
worldwide [41, 42, 47-49], we posit that there is a higher
probability of identifying a founder mutation, if one exists,
in Nigerian and Ghanaian populations, and also in more
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homogeneous populations of the African Diaspora such as
the Caribbean (e.g., Barbados).

Recent studies have linked high nuclear expression of
the transcription factor Kaiso with increased TNBC
aggressiveness [20, 38], and decreased survival of AA
breast cancer patients compared with their Caucasian
counterparts [19]. These reports suggest a link between
increased nuclear Kaiso, TNBC aggressiveness/metastasis,
and the racial disparity in prevalence/outcomes associated
with breast cancer. Remarkably, our findings lend some
credence to this hypothesis as we observed elevated
expression of nuclear Kaiso in TNBC tissues from patients
of African ancestry (Nigerians, Barbadians, and African
Americans) compared to their Caucasian/European ances-
try counterparts (CA) (see Fig. 4a). Thus, our previous
findings in Kaiso-depleted mouse xenograft models
[35, 51], where we demonstrated roles for Kaiso in TNBC
cell growth, survival, and metastasis, may explain why
high Kaiso-expressing triple-negative tumors in WAA are
associated with a more aggressive phenotype and fatal
outcomes than TNBC in Caucasian women.

Importantly, our findings highlight an interesting cor-
relation between high nuclear Kaiso expression and percent
African ancestry, which may be linked to the predisposition
of young WAA to TNBC. However, this study is limited by
the small sample size, the semi-quantitative method of
analysis used, and lack of complete clinico-pathological
information, which did not allow proper assessment of the
correlation between Kaiso expression and the high tumor
grade observed in African/Caribbean women compared to
African American or Caucasian women. Additional studies
using larger cohort sizes of West-African (Nigeria and
others), Caribbean (Barbados and others), AA, and CA
TNBC cases, coupled with quantitative methods of
immunostain analysis such as the automated quantitative
analysis (AQUA) system established by Rimm and col-
leagues [50], will undoubtedly provide more insight into
the clinical relevance of nuclear Kaiso expression in the
etiology of TNBC in WAA.

In conclusion, this is the first study to suggest a potential
link between increased Kaiso expression and the predis-
position of young WAA to TNBC. This observation, in
addition to the previous identified roles for Kaiso in TNBC
aggressiveness, metastasis, and poor overall survival in
affected patients [35, 38, 51], raises two exciting possi-
bilities: i) Kaiso expression could be utilized as a bio-
marker for the diagnosis and prognosis of TNBC in WAA
and ii) Kaiso could be a molecular target for the develop-
ment of treatment options against TNBC not only in WAA
but also TNBC patients worldwide.
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CHAPTER 7: DISCUSSION
Since its identification over two decades ago, Kaiso has been implicated in the
pathogenesis of various human cancers including breast cancer (Cofre et al.
2012; Jones et al. 2014; Jones et al. 2012; Pierre et al. 2015b). However, despite
the mounting evidence linking Kaiso to tumor-related processes and signaling
pathways — like the canonical Wnt signalling pathway whose malfunction
contributes to colon cancer — Kaiso’s mechanism of action specifically in breast
carcinogenesis remains largely unknown. The molecular factors implicated in the
growth of some BCa subtypes e.g. ER-positive and HER2-enriched, have been
largely elucidated and led to effective targeted therapies — e.g. Tamoxifen,
Trastuzumab — for these BCa subtypes (Lumachi et al. 2013; Vogel et al. 2002).
Unfortunately, there are currently no established biomarkers and thus no targeted
therapies for the TNBC subtype, which causes it to be a clinical dilemma.
Additionally, triple-negative tumors are highly aggressive and metastatic (Dent et
al. 2007), and are predominantly diagnosed in young women of African ancestry
— who undergo a more aggressive clinical course of the disease compared with

their Caucasian counterparts, reviewed in (Dietze et al. 2015).

Recent studies by Jones et al. suggested an important role for Kaiso in TNBC
aggressiveness and the racial disparity in breast cancer outcomes (Jones et al.
2014). Specifically, increased Kaiso expression was found to correlate with the

poor overall survival outcomes of African American BCa patients’ relative to
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Caucasian women, while loss of Kaiso expression was shown to attenuate the
migratory and invasive capacities of TNBC cells in vitro (Jones et al. 2014).
Despite these novel findings, the biological and clinical relevance of Kaiso
expression in TNBC remained unknown and this laid the foundation for the key
studies in this thesis. Some of the major unanswered questions were: (i) what is
the significance of high Kaiso expression in the growth, survival and metastasis
of TNBCs; (ii) what is Kaiso’s mechanism of action in triple negative tumors; and
(i) what is the relationship between Kaiso expression and TNBC
prevalence/outcomes in women of African heritage. This thesis addressed these
questions and unveiled several significant findings that will lay the foundation for

future exploration of Kaiso’s roles in hormone-receptor negative breast tumors.

7.1 Kaiso’s biological relevance in the tumorigenesis and metastasis of
TNBC
7.1.1 Kaiso depletion attenuates the proliferation and promotes the
apoptosis of TNBC cells
Kaiso depletion attenuated the proliferative abilities of the well-established TNBC
cell lines — MDA-231 and Hs578T in vitro (Chapter 3, Figure 1), but surprisingly
Kaiso depletion had different effects on their proliferation in vivo. Specifically,
Kaiso-depleted MDA-231 cells continued to exhibit reduced proliferative abilities
and had delayed tumor onset when xenografted into NSG mice whereas Hs578T

cells did not (Chapter 3, Figure 2; Appendix, Figure A1). This observation was
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intriguing because it suggested a crucial cell context-dependent role for Kaiso in
TNBC cell proliferation under in vivo conditions. Several other studies have also
demonstrated cell context-dependent roles for Kaiso in proliferation. For example,
whereas Kaiso-depletion resulted in decreased proliferation of cervical (Pozner et
al. 2016) and prostate cancer cells (Wang et al. 2016), loss of Kaiso expression
resulted in the increased proliferation of HCT116 colon cancer cells (Donaldson
et al. 2012), HEK293 human embryonic kidney cells (Pozner et al. 2016), and
mouse embryonic fibroblast cells (Koh et al. 2014). The differential role of Kaiso
in cell proliferation could be due to several factors including (i) the specific subset
of genes that Kaiso regulates as well as its transcriptional activity (whether as an
activator or repressor) on the promoter of such genes in each cell type and (ii)
Kaiso’s interacting protein partner, their specific functions and unique expression

in each cellular context.

Consistent with the first possibility, Kaiso’s differential regulation of cyclin D1 —
that is essential for cell cycle progression and consequently cell proliferation
(Baldin et al. 1993; Stacey 2003) — has been implicated in its diverse effects on
proliferation in different cell types. Previous studies from our group demonstrated
that Kaiso represses cyclin D1 expression in HCT116 cells (Donaldson et al.
2012), while Kaiso activates cyclin D1 expression in HelLa cells in other reports
(Pozner et al. 2016). Correspondingly, loss of Kaiso expression in HCT116 cells

led to increased cyclin D1 expression (Donaldson et al. 2012) concomitant with
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increased cell proliferation, while Kaiso depletion in HelLa cells resulted in
reduced cyclin D1 expression and thus reduced cell proliferation (Pozner et al.
2016). Notably, we found that Kaiso depletion resulted in decreased Cyclin D1
expression in MDA-231 and Hs578T cells in vitro (Chapter 3; Figure 1). Based
on the findings from the above reports, we postulated that the reduced Cyclin D1
expression could be responsible for the decreased cell proliferation observed in

the Kaiso-depleted cells in vitro (Chapter 3; Figure 1).

In line with our second theory, Kaiso has been shown to interact with the p53-
p300 complex in HEK293 cells. This interaction promoted the activation of the
cell cycle arrest gene CDKN1A in a p53-dependent manner, led to the
subsequent induction of cell cycle arrest, and attenuated proliferation in these
cells upon Kaiso overexpression (Koh et al. 2014). It is therefore possible that
Kaiso’s effect on cell proliferation can be modulated under different cellular
contexts by its associating protein partner(s). While this scenario has not been
definitively demonstrated for Kaiso, it has been determined for other proteins
such as the basic helix-loop-helix leucine zipper transcription factor Max. In highly
proliferating cells, Max interacts with its family member, Myc, at consensus E-box
(CANNTG) sites (where n = any nucleotide). This results in Max-mediated
promotion of cell proliferation as a consequence of its association with Myc — a
pro-proliferation transcription factor, reviewed in (Dang et al. 1999; Zhou and

Hurlin 2001). Conversely, in differentiating cells Max interacts with another family
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member, Mad, at E-box sites, which diverts Max functions to a suppressor of
proliferation as a result of the anti-proliferative transcriptional activities of Mad,

reviewed in (Ayer and Eisenman 1993; Zhou and Hurlin 2001).

Tumorigenesis is typically associated with reduced apoptotic and increased
proliferative tendencies (Jager et al. 1997; Nagane et al. 1996; Shibata et al.
1999; Strasser et al. 1990). Although, control TNBC cells exhibited these
properties, loss of Kaiso expression stimulated the apoptosis of MDA-231 and
Hs578T cells in both in vitro and in vivo systems (Chapter 3, Figure 3;
Appendix, Figure A1) in addition to suppressing the proliferation of these cells in
vitro (Chapter 3, Figure 1; Appendix, Figure A1). These findings suggest a
prominent and crucial role for Kaiso expression in TNBC tumorigenesis and
survival. A possibility that is further supported by the increased sensitivity to
chemotherapy-induced cell death observed in colon cancer cell lines, as well as
the MDA-231 and Hs578T TNBC cells upon Kaiso depletion (Bassey-Archibong
et al. 2017; Lopes et al. 2008). The combined reduction in cell proliferation and
increased apoptosis observed in the Kaiso-depleted MDA-231 cells in vivo
provides an alternative explanation for the delayed tumor onset exhibited by
these cells (Chapter 3, Figure 2). A notion that is reinforced by the lack of
delayed tumor onset in Kaiso-depleted Hs578T cells that exhibited sustained
proliferative abilities in vivo despite their increased apoptotic activity (Appendix,

Figure A1).
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Previous studies from our lab and others had demonstrated pro-apoptotic roles
for Kaiso (Koh et al. 2014; Pierre et al. 2015b), which is in contrast to the anti-
apoptotic effect of Kaiso described in our TNBC experiments. One likely
explanation for this paradox could be that Kaiso’s effects on apoptosis are
context-dependent, and determined by the Kaiso-interacting protein partner(s)
that are differentially expressed in the various cell-types. Accordingly, Kaiso has
been reported to interact with various proteins with distinctive biological functions
(Barrett et al. 2012; Raghav et al. 2012; Rodova et al. 2004; Yoon et al. 2003)
including the wt-p53 tumor suppressor (Koh et al. 2014) that in addition to
mediating cell cycle arrest, is also a strong inducer of apoptosis in a wide variety

of cell types (Vousden and Lane 2007).

Notably, Kaiso’s interaction with wt-p53 in wt-p53 expressing cells like HEK293,
was instrumental in mediating the pro-apoptotic functions of Kaiso reported in
these cells (Koh et al. 2014). Intriguingly, we found that Kaiso interacts with the
mutant (mut) form of p53 in MDA-231 and Hs578T cells (Chapter 3, Figure 4),
which may account for the anti-apoptotic function of Kaiso in these cells since
mut-p53 has been implicated in TNBC cell survival (Bae et al. 2014; Braicu et al.
2013; Lim et al. 2009b). However, it is important to note that Kaiso may also
mediate its anti-apoptotic functions independent of mut-p53, as the Kaiso-
depleted MDA-231 and Hs578T cells displayed increased apoptosis though the

level of mut-p53 was unchanged in response to Kaiso depletion in these cells
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(Chapter 3, Figure 4). Nonetheless, and more importantly, our data intimates
that in the absence of the potent pro-apoptotic wt-p53 protein, Kaiso functions as
an anti-apoptotic protein either independently or in coalition with mut-p53.
However, when wt-p53 is present, Kaiso functions as a pro-apoptotic protein in

cooperation with wt-p53.

7.1.2 Kaiso depletion suppresses the metastasis and pulmonary
intravascular invasion of TNBC cells
Another remarkable discovery of our study was that Kaiso depletion strongly
inhibited the metastatic abilities of TNBC cells (Chapter 4, Figure 2), a
phenotype that indicated an important role for Kaiso in TNBC metastasis.
Metastasis occurs when tumor cells acquire the ability to break away from the
primary tumor site and migrate to secondary sites such as the lungs and liver.
This process typically involves multiple steps including intravasation into the
blood circulatory system, either directly or indirectly via the lymphatic system,
survival within the circulatory system until arrest at distant sites, extravasation
from the circulatory system into the secondary site, and efficient growth or
metastatic colonization of the new tissue/organ (Chambers et al. 2002; Pantel
and Brakenhoff 2004). Mounting evidence indicates that it is the growth
capabilities of disseminated tumor cells in target organs that contribute to

metastatic efficiency rather than the ability of primary tumor cells to survive in
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circulation, arrest and extravasate into secondary target tissues, reviewed in

(Chambers and Matrisian 1997).

Remarkably, in addition to suppressing the capacity of TNBC cells to spread to
other organs, particularly the lungs, Kaiso depletion also attenuated the ability of
TNBC cells that made it to the lungs to grow and expand in their new host
environment (Chapter 4, Figure 2). Indeed, while control MDA-231 and Hs578T
cells thrived and expanded in the lungs, the Kaiso-depleted MDA-231 and
Hs578T cells formed very few small masses in the lungs that was almost non-
existent in the case of the Kaiso-depleted Hs578T cells (Chapter 4, Figure 2).
The ability of disseminated tumor cells to grow in a specific organ is greatly
influenced by the microenvironment and molecular factors present within such
organs (Chambers and Matrisian 1997). Several studies with intravital
videomicroscopy have shown that both highly and poorly metastatic cells can
extravasate successfully at distant organs. However, only highly metastatic cells
are then able to survive and colonize such distant organs (Koop et al. 1996;
Morris et al. 1994), further emphasizing the influence of different environmental
factors on the growth of disseminated cells at distant organs. Considering that
only the control MDA-231 and Hs578T cells with high Kaiso expression were able
to efficiently grow and colonize the lungs (Chapter 4, Figure 2), we hypothesize

that Kaiso plays a key role in the efficiency of TNBC cells to overcome the natural
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defense mechanisms of the lungs, and grow extensively to form macro-

metastases.

According to pulmonary and systemic circulatory patterns, all cancer cells that
escape from the primary breast tumor site into the bloodstream would first
disseminate directly to the lungs via the right heart ventricle, before dispersing via
the lungs through the left heart ventricle to distant body organs (Chambers et al.
2002). Notably, as previously mentioned, we noticed that although MDA-231 and
Hs578T cells formed large tumor masses in the lungs, only the control MDA-231
cells intravasated or invaded into the pulmonary (lung) blood vessels adjacent to
the tumor masses and formed extensive macro-metastases in other distant
organs including the liver, kidney and myocardium (Chapter 5, Figure 4). Control
Hs578T cells — that did not invade the pulmonary blood vessels — were restricted
to the lungs and did not spread to, or establish tumor masses in any other organs
(Chapter 4, Figure 2). Based on these observations, we postulated that
secondary metastases of TNBC cells to distant organs form mostly from a
proportion of TNBC cells that first colonized the lungs before circulating further to
other remote organs. These findings imply a strong molecular role for Kaiso in
enabling TNBC cells to not only metastasize to the lungs and establish extensive
macro-metastases, but also overcome inhibitory mechanisms in the lung that
would normally prevent further metastatic spread and subsequent colonization of

other organs.
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7.2 Mechanistic roles of Kaiso in TNBC tumorigenesis and metastasis
7.2.1 Kaiso promotes TNBC cell proliferation in part via modulation of c-
Myc expression

In addition to decreasing cyclin D1 expression as indicated in the previous
section, Kaiso depletion also attenuated the expression of c-Myc in MDA-231 but
not Hs578T cells (Chapter 3; Figure 1). This may explain the reduced
proliferation of MDA-231 cells in vivo (Chapter 3, Figure 2), since c-Myc is a
direct promoter of cell cycle progression and thus cell proliferation (Kreipe et al.
1993; Schmidt 1999). Notably, while aberrant expression of cyclin D1 and c-Myc
has been linked with the tumorigenesis of breast cancers (Liao and Dickson
2000; Roy and Thompson 2006), only c-Myc overexpression/amplification is
associated with triple-negative breast tumors (Network 2012; Xu et al. 2010), and
implicated in the high proliferative tendencies of breast tumors (Kreipe et al.

1993; Schmidt 1999).

The c-Myc gene is not amplified in MDA-231 and Hs578T cells (Hollestelle et al.
2010), suggesting that increased expression of c-Myc mRNA and/or increased
stability of the protein could be the source of its aberrant overexpression in these
cells. However, although we and others have shown that Kaiso directly binds to
the cyclin D1 promoter and transcriptionally modulates cyclin D1 expression in
mammalian cells (Donaldson et al. 2012; Pozner et al. 2016), Kaiso has thus far
only been shown to indirectly regulate c-MYC expression in mammalian tissues

(Koh et al. 2013). We show for the first time that Kaiso directly binds the c-MYC

142



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

promoter in vivo in a KBS-specific manner in both MDA-231 and Hs578T cells,
although Kaiso’s interaction with the ¢c-MYC promoter was more apparent in
MDA-231 than Hs578T cells (Appendix, Figure A2). We also observed a
significant decrease in c-MYC transcript levels in the Kaiso-depleted MDA-231
cells (Appendix, Figure A2), which is consistent with the reduced c-Myc protein
levels observed in these cells (Chapter 3, Figure 1 and 2). The consistent effect
of Kaiso depletion on c-Myc expression in MDA-231 cells at the transcript and
protein level (Chapter 3, Figure 1 and 2; Appendix, Figure A2) indicates that
Kaiso may function to activate c-MYC expression in MDA-231 cells. However, the
negligible effect of Kaiso depletion on c-Myc expression in Hs578T cells
(Chapter 3, Figure 1) implies that Kaiso’s positive regulation of c-Myc expression

may be context dependent and unique to a subset of TNBC cells.

Kaiso’s positive influence on c-Myc expression in MDA-231 cells may also be
contingent upon yet unidentified interacting Kaiso-proteins or nuclear co-factors
expressed in these cells. In support of this theory, we showed that Kaiso interacts
with mut-p53, which activates c-Myc expression (Frazier et al. 1998), with more
affinity in MDA-231 than Hs578T cells (Chapter 3, Figure 4). Remarkably, we
observed that mut-p53 associated with the c-Myc promoter region containing the
consensus Kaiso binding sequence — another novel finding from this study — with
more affinity in MDA-231 than Hs578T cells (Appendix, Figure A2), signifying that
Kaiso may recruit mut-p53 to the c-Myc promoter. However, it remains to be

determined empirically whether Kaiso transcriptionally activates c-Myc
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expression in MDA-231 cells independently or in concert with mut-p53. While
outside the scope of this thesis, this possibility could be addressed by performing
promoter-reporter luciferase assays using an endogenous c-MYC promoter
sequence containing wildtype and mutated Kaiso binding sites, as previously
done in the characterization of Kaiso’s transcriptional regulation of cyclin D1

(Donaldson et al. 2012).

7.2.2 Kaiso promotes TNBC cell survival via modulation of BRCA1
expression
As mentioned earlier, Kaiso depletion stimulated the apoptosis of TNBC cells,
which correlated with increased PUMA transcripts and protein in these cells
(Chapter 3, Figure 4). Since PUMA is a strong inducer of apoptosis in a variety
of cancer cells including BCa cells (Hikisz and Kilianska 2012; Nakano and
Vousden 2001; Yu et al. 2001), our findings hint at a survival function for Kaiso in
TNBC cells that is mediated via the suppression of PUMA expression. Indeed,
Kaiso binds a minimal PUMA promoter region in vivo, and ectopic Kaiso
expression results in decreased PUMA expression in TNBC cells (Chapter 3,
Figure 4). However, Kaplan—Meier survival curves generated using survival
information of TNBC patients or other BCa patients, revealed a decreased but
insignificant effect of high Kaiso and low PUMA expression on the overall survival
of TNBC and other BCa patients (Chapter 3, Figure 4). Considering that

prolonged survival of triple negative tumors in affected patients predisposes to
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metastasis and reduced survival (Carey et al. 2007; O'Reilly et al. 2015; Pareja
Fresia et al. 2016), our data indicates that Kaiso’s influence on TNBC survival
may be mediated through its regulation of other gene(s) involved in cell death or

survival.

An interesting finding from our analyses of transcript information available in
public BCa datasets was that Kaiso expression positively correlated with the
expression of multiple DNA repair genes including BRCA1 (our unpublished data,
personal communication with Dr. Robin Hallett). This was unexpected but
intriguing since although pathogenic inactivation of BRCA1 is observed in a large
proportion of triple-negative breast tumors (Foulkes et al. 2010), a small fraction
of TNBC express BRCA1, and this has been associated with the reduced survival
rates of TNBC patients following neoadjuvant chemotherapy (Jiang et al. 2016).
Remarkably, Kaiso-depleted MDA-231 and Hs578T cells displayed a reduction in
BRCA1 mRNA and protein expression, which was restored upon ectopic Kaiso
expression in these cells (Chapter 3, Figure 6). Our subsequent finding that
Kaiso interacted with the endogenous BRCA1 promoter in these cells (Chapter

3, Figure 6), supported a role for Kaiso in the regulation of BRCA1 expression.

The BRCA1 protein plays a crucial role in the homologous recombination repair

of DNA double-strand breaks and cross-links (Bhattacharyya et al. 2000; Bunting

et al. 2012; Zhang 2013). Loss of BRCA1 protein expression is thus
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accompanied by reduced homologous recombination frequency (Snouwaert et al.
1999), and unrepaired DNA damage (Brodie and Deng 2001), which leads to
genomic instability and a higher risk of malignancy (Deng and Scott 2000). In
fact, genetic alterations in BRCA1 is associated with approximately 45% of
hereditary breast cancers (Ouchi et al. 1998) and a high proportion of sporadic
breast tumors including those characterized as triple-negative (Foulkes et al.
2010; Gonzalez-Angulo et al. 2011; Wong-Brown et al. 2015). Despite the
obvious tumor suppressive functions of BRCA1, some triple-negative BCa tumors
retain BRCA1 expression as previously mentioned, and this is postulated to
reduce their sensitivity to chemotherapeutic agents and consequently enhance
their survival after chemotherapy (Jiang et al. 2016). Thus, we hypothesized that
Kaiso promotes the survival of TNBC cells in part via positive regulation of
BRCA1 expression. Consistent with this theory, Kaplan—Meier survival curves
revealed that increased Kaiso and BRCA1 expression correlated significantly with
reduced overall survival rates of TNBC patients (Chapter 3, Figure 7). We also
observed reduced survival rates of patients with non-triple-negative breast tumors
who exhibited high Kaiso and high BRCA1 expression (Chapter 3, Figure 7).
This further underscored a role for high Kaiso and BRCA1 expression in breast
tumor survival. However, it remains possible that Kaiso also influences the
survival of triple-negative and other breast tumors via regulation of other yet

unidentified genes.
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7.2.3 Kaiso positively modulates TGFp signaling and transcriptional
responses
Mounting evidence indicates a crucial role for the EMT program in the metastasis
of breast tumors (Wang and Zhou 2013). Phenotypically, EMT is associated with
a spindle-like morphology, stemness, increased apoptotic resistance, as well as
increased migratory and invasive characteristics (Thiery et al. 2009; Tomaskovic-
Crook et al. 2009). At the molecular level, EMT is characterized by the loss of
epithelial cytokeratins and cell adhesion proteins such as E-cadherin and ZO-1,
which is accompanied by the concomitant upregulation of several mesenchymal
proteins including the E-cadherin repressors Slug and ZEB1, the intermediate
filament Vimentin, and the ECM protein-degrading enzymes matrix
metalloproteases (MMP)-2 and -9 (Lamouille et al. 2014; Tomaskovic-Crook et
al. 2009). Most triple-negative breast tumors are characterized by an over-
representation of genes/proteins associated with EMT (Karihtala et al. 2013;
Lehmann et al. 2011), thus insinuating that EMT is partially responsible for the
highly metastatic nature of these tumors. Indeed, several studies have shown
that the metastasis of TNBC cells can be suppressed by the inhibition of the EMT
phenotype exhibited by these cells (Leconet et al. 2017; Rhodes et al. 2015;
Rhodes et al. 2014). Considering the link between Kaiso and EMT (Jones et al.
2014; Jones et al. 2012), it was not surprising that we observed an attenuation of

the EMT phenotype and suppression of the metastatic ability of TNBC cells in
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Kaiso-depleted cells (Chapter 4, Figures 1 and 2). Thus, Kaiso might promote

TNBC metastasis in part via induction of the EMT phenotype in TNBC cells.

Our observation that Kaiso depletion affected multiple molecular changes
associated with EMT — i.e. decreased expression of Vimentin, Slug, ZEB1 and
MMP2, as well as increased expression of ZO-1 in MDA-231 and Hs578T cells,
and increased E-cadherin in MDA-231 cells — Chapter 4, Figure 1; Chapter 5,
Figure 7 — led us to postulate that Kaiso may positively drive the activation of
crucial signaling pathway(s) implicated in EMT induction. Consistent with our
theory, we found a positive correlation between high Kaiso expression and
increased expression of several signaling components associated with the TGFf
pathway, which is a well-known regulator of EMT (Gonzalez and Medici 2014;
Talbot et al. 2012; Zavadil and Boéttinger 2005) and highly implicated in BCa
metastasis. Activation of the TGFp signaling cascade is dependent in part on the
expression of the TGFp-receptors | and Il (Ammanamanchi and Brattain 2004;
Shi and Massagué 2003). Remarkably, we observed that Kaiso associates with a
minimal TGFBRI and Il promoter region in vivo in MDA-231 and Hs578T cells
(Chapter 4, Figure 5). Furthermore, Kaiso inhibition led to the reduced
expression of TGFBRI and Il transcripts and protein in these cells, which was
reversed upon ectopic expression of a sh-resistant Kaiso form in the Kaiso-
depleted MDA-231 and Hs578T cells (Chapter 4, Figure 3). Notably, this is the

first report implicating Kaiso in the regulation of TGFBRI and Il expression.
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The biological specificity of the TGFB signaling cascade can be affected by
differential expression (e.g. high vs low) of TGFBRI and Il (Pannu et al. 2004;
Rojas et al. 2009). We noticed a more elevated expression of TGFBRI transcripts
compared to TGFBRII transcripts in control MDA-231 and Hs578T cells (Chapter
4, Figure 3) that displayed increased metastatic tendencies in vivo. This
observation correlates with the data obtained from our analyses of transcript
information deposited in the TCGA BCa database that showed a more positive
relationship between Kaiso and TGFBRI compared to Kaiso and TGFpRII
(Chapter 4, Figure 3). Based on these findings, we hypothesize that Kaiso
promotes TNBC metastasis by facilitating a larger increase in TGFBRI than
TGFBRII expression. In support of this theory, we demonstrated that increased
Kaiso and TGFBRI but not TGFBRII expression correlated with reduced overall

survival rates of BCa patients.

Given the importance of TGFBRI and TGFBRIl expression in the activation of
TGFp signaling (Shi and Massagué 2003) and BCa metastasis (Oft et al. 1998;
Tang et al. 2003; Yin et al. 1999), it was not surprising to observe that Kaiso
depletion, which led to reduced TGFBRI and TGFBRIl expression, also
attenuated the activation of TGFB signaling and key TGFB pro-metastatic
responses — e.g. induction of ANGPTL4 (Padua et al. 2008) — in MDA-231 and

Hs578T cells treated with TGF (Chapter 4, Figure 4). We were however
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surprised to find that TGFp treatment in control MDA-231 and Hs578T cells led to
an increase in Kaiso expression at the transcript and protein level (Chapter 4,
Figure 4 and Supp. Figure 3). This unexpected finding indicated for the first time
that Kaiso expression may be positively regulated by the TGFB signaling
cascade. Since Kaiso also positively regulates the TGFB signaling cascade
(Chapter 4, Figure 4), a positive feedback loop may exist between Kaiso and
active TGFp signaling that in turn promotes TNBC metastasis. However, we do
not discount the possibility that Kaiso may promote TNBC metastasis via
regulation of other oncogenic pathways — a concept supported by our finding that
overexpression of a constitutive active form of TGFBRI in the Kaiso-depleted
MDA-231 cells, failed to fully rescue their metastatic capabilities (Chapter 4,
Figure 7). This notion is also supported by our observation that the Kaiso-
depleted MDA-231 cells exhibited reduced pERK1/2 (Appendix, Figure A3) — a
key downstream effector of several growth factors and receptor tyrosine kinases
(Katz et al. 2007) including HER2 and EGFR, which are implicated in breast
tumorigenesis. Interestingly, EGFR is aberrantly overexpressed in ~45-70% of

triple-negative tumors (Nielsen et al. 2004; Park et al. 2014).
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7.3 A potential link between high Kaiso expression and TNBC prevalence
in WAA
7.3.1 High nuclear Kaiso expression is correlated with increased
percentage of African ancestry in TNBC patients

Epidemiological studies emphasize a high incidence of TNBC in premenopausal
women of African ancestry (WAA) compared to Caucasian American and British
women (Agboola et al. 2012; Carey et al. 2006; Lund et al. 2009; Stark et al.
2010). However, the reason for this racial disparity remains unknown. Notably, a
higher incidence of TNBC is observed in West African female populations (e.g.
Ghanaians — 82.2%, Nigerians — 65%) compared to that seen in the African
American (AA) female population (~33%) (Adisa et al. 2012; Carey et al. 2006;
Stark et al. 2010), suggesting an inherited ancestral predisposition to TNBC in
WAA, since West African countries like Ghana and Nigeria are the founder
population of most WAA in the USA (Jackson 2008). Recent studies
demonstrated a link between increased nuclear Kaiso expression and poor
overall survival outcomes of AA BCa patients compared with their Caucasian
American counterparts (Jones et al. 2014), which hint at a role for Kaiso in the
racial disparity associated with BCa outcomes. However, it was unknown whether
a correlation existed between high nuclear Kaiso expression and the racial
disparity associated with TNBC prevalence. In this study, we report for the first
time an increased expression of nuclear Kaiso in tumor tissues obtained from

TNBC patients of African ancestry compared to Caucasian women (Chapter 6,
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Figure 4). Intriguingly, nuclear Kaiso was more highly expressed in TNBC tissues
of patients with a higher degree of African ancestry (Nigerian) compared to those
with a lower percentage of African heritage (Barbadian, AA) (Chapter 6, Figure
4). This hints at a correlation between high nuclear Kaiso expression, high
African heritage and the predisposition of WAA to TNBC. To date, no established
founder mutations or genetic susceptibility loci have been linked to the
predisposition of WAA to TNBC. However, recent genomic studies identified a
TNBC-specific single-nucleotide polymorphism in WAA (Palmer et al. 2013), and
seven founder mutations in either BRCA1 or BRCA2 in a subset of Bahamian
BCa patients (Akbari et al. 2014). It will therefore be interesting to determine if
there is a genetic predisposition to increased Kaiso expression in WAA via a
founder mutation in the Kaiso gene, and this is the subject of ongoing studies in

the Daniel lab.

7.4 Outstanding research questions

This thesis has provided novel insights into the biological roles of Kaiso in the
tumorigenesis and metastasis of triple-negative tumors, which may be conserved
in other aggressive tumors that display increased Kaiso expression. However,
many unanswered questions remain including: (i) the role of p120°" if any in
Kaiso-mediated tumorigenesis and metastasis; (ii) the expression pattern and
levels of the Kaiso-like protein ZBTB4 in TNBC cells and (iii) the effect of ZBTB4

on the observed oncogenic functions of Kaiso in TNBC cells. The following
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section will focus on some of these pertinent questions that remained

unanswered after the completion.

7.4.1 Does Kaiso regulate p120°" expression?

While p120°" has been implicated in the subcellular localization of Kaiso (van
Hengel et al. 1999), nothing is known about Kaiso’s effect on p120°" expression
levels or patterns. Previous studies by our group demonstrated increased nuclear
localization of p120°" in the intestines following intestinal-specific Kaiso
overexpression (Chaudhary et al. 2013), suggesting a role for Kaiso in p120°"
subcellular localization. In this work, we found that Kaiso-depletion led to an
increase in p120°" expression in MDA-231 cells but a small decrease in p120°"
expression in Hs578T and MDA-157 cells (Chapter 3, Figure 4 and Supp.
Figure 4), which hint at a possible cell context-dependent regulatory role for
Kaiso in p120°" expression. Decreased or altered expression patterns of p120°"
is linked with the metastasis and reduced survival outcomes of breast and other
cancers (Bellovin et al. 2005; Chung et al. 2007; Fei et al. 2009; Talvinen et al.
2010; Wang et al. 2006). Thus, it will be worthwhile to determine the role of Kaiso
in the regulation of p120°" expression levels and patterns, and if this has any
effect on the oncogenic roles of Kaiso in triple-negative tumors especially those

that lack E-cadherin expression.

153



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

7.4.2 Elucidating the downstream intracellular pathwaysisignaling
molecules involved in TGFB regulation of Kaiso expression
Most Kaiso-related studies to date have focused mainly on characterizing the
functions downstream of Kaiso, but not upstream (Chaudhary et al. 2013; Pierre
et al. 2015b; Prokhortchouk et al. 2006; Robinson et al. 2017; Spring et al. 2005).
As such, not much is known about the molecular factors or pathways that
regulate Kaiso expression or function, except for the recent implication of the
EGFR signaling cascade in the regulation of Kaiso expression (Jones et al.
2012). In this work, we report for the first time that Kaiso expression is increased
at the mRNA and protein level in response to TGFB treatment — and thus
activated TGF signaling — in MDA-231 and Hs578T cells (Chapter 4, Figure 4
and Supp. Figure 3). TGFB is known to activate multiple intracellular signaling
pathways (e.g. PI3/AKT and ERK1/2) in addition to the canonical Smad signaling
cascade to carry out its cellular/biological functions. These non-Smad pathways
function to either strengthen, mitigate or modulate various downstream TGF(
cellular responses, reviewed in (Zhang 2009). How and which signaling cascade
TGFB utilizes to regulate Kaiso expression remains a mystery, as addressing
these questions was beyond the scope of this study. However, future studies
utilizing minimal Kaiso promoter-reporter constructs are warranted to, at a
minimum, delineate which upstream TGF( pathway regulates Kaiso expression.
These studies can also be expanded to identify/determine which transcription

factors bind and regulate the Kaiso promoter.

154



Ph.D. Thesis - B. I. Bassey-Archibong McMaster University - Biology

7.4.3 Is the EGFR-ERK signaling pathway involved in the regulation of
Kaiso expression in TNBC cells?
EGFR like TGFB-receptors can activate multiple intracellular signaling pathways
including the Ras-Raf-MEK-ERK signaling cascade, reviewed in (Arteaga and
Engelman 2014). The downstream effector component of the Ras-ERK signaling
pathway is pERK1/2 (Downward 2003), and both MDA-231 and Hs578T cells
express high levels of pERK1/2 (Eckert et al. 2004; Lev et al. 2004). The EGFR
signaling pathway is implicated in the regulation of Kaiso expression in PCa cells
(Jones et al. 2012). However, it has not been determined whether the EGF
signaling cascade regulates Kaiso expression in TNBC cells, or what signaling
components downstream of EGFR promotes Kaiso expression. EGF treatment
studies and future knockdown or overexpression studies of principal EGFR
downstream signaling molecules should be conducted to delineate if, and which
EGFR signaling cascade regulates Kaiso expression in TNBC cells. Notably, loss
of Kaiso expression resulted in decreased pERK1/2 levels — which is
synonymous with reduced Ras-ERK signaling — in MDA-231 cells (Appendix,
Figure A3). This raises the question of whether there is a positive feedback loop
between Kaiso expression and active Ras-ERK signaling in a subset of TNBC
cells, which also warrants further investigation. Addressing these questions will
help to elucidate the specific signaling pathways/components involved in the
regulation of Kaiso expression in TNBC cells. It will also throw some light on

whether the EGFR-Ras-ERK and TGF( signaling pathways cooperate to regulate
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Kaiso expression in triple-negative tumors, and if this is essential for Kaiso-
mediated metastasis of TNBC — since increasing evidence from cell culture and
animal studies indicates the relevance of combined Ras and TGFf signaling in

cancer metastasis, reviewed in (Grusch et al. 2010).

7.4.4 Is Kaiso involved in facilitating the pro-metastatic functions of TGF3?
The TGFB signaling pathway exhibit differential functions at the early and late
stages of breast tumorigenesis. During the early stages of breast cancer, TGFf3
functions as a potent suppressor of uncontrolled cell proliferation. However, in
late-stage/advanced breast tumors, TGF becomes a powerful driver of invasion
and metastasis, as the tumors are insensitive to TGF3 growth-inhibitory functions
(Serra and Crowley 2003; Zarzynska 2014). The mechanism behind the shift in
TGF functions is still been elucidated, but loss of C/EBP expression have been
implicated in the abolition of TGFB growth-inhibitory effects (Gomis et al. 2006).
Our preliminary findings reveal that Kaiso binds the C/EBP promoter in vivo, and
Kaiso depletion results in an increased expression of C/EBPB mRNA and protein
in MDA-231 cells (Appendix, Figure A4). This finding hint that Kaiso may
negatively regulate C/EBPB expression in MDA-231 cells, which in turn may
contribute to the abrogation of TGF growth-inhibitory responses in these cells.
However, whether Kaiso transcriptionally inhibits C/EBP expression remains to
be determined empirically and should be addressed in future studies. Such

information will have profound implications in the overall understanding of if, and
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how Kaiso promotes the “switch” in TGFB functions from a growth-suppressor to

a driver of metastasis in TNBC cells.

7.5 Closing remarks

The past five years have seen a boost in studies that correlate increased Kaiso
expression with the poor prognostic features of multiple human cancers including
aggressive breast cancers. However, prior to this work, not much was known
regarding the biological relevance of Kaiso in triple-negative breast tumors. The
findings reported here shed significant light on the importance of Kaiso
expression in triple-negative breast tumors, and offer novel insights into the
molecular functions of Kaiso in the survival and metastasis of these tumors.
Importantly, we demonstrated that Kaiso interacts with the BRCA1 promoter and
regulates BRCA1 expression, which is associated with the chemo-resistance of a
subset of TNBC cells. We also showed that Kaiso positively regulates the TGFf3
signaling pathway and pro-metastatic transcriptional responses involved in TNBC
metastasis. Collectively, these findings led us to generate a model of Kaiso’s role
in the survival and metastasis of triple-negative tumors (Figure 7.1). While there
are still many unanswered questions as highlighted above, our observations
indicate an oncogenic role for Kaiso in the tumorigenesis and metastasis of triple-

negative breast tumors.
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Figure 7.1: Conceptual model of Kaiso’s role in the tumorigenesis and
metastasis of triple-negative tumors. The TGFp signaling cascade
activates the expression of Kaiso and other pro-metastatic proteins in triple-
negative tumors. The increase in Kaiso expression by TGF could be via the
Smad transcription complex or via phospho(p)-ERK1/2. Kaiso expression
could also be activated by the EGFR-pERK1/2 signaling pathway in triple-
negative tumors independently of TGFB. The increased Kaiso expression then
promotes the expression of c-Myc, BRCA1, TGFBRI and Il, as well as other
yet unidentified proteins independently or in collaboration with other cofactors,
which then functions to drive the growth, survival and metastasis of triple-
negative tumors. Kaiso might also function in a positive feedback loop to
increase TGF signaling (via increased TGFBRI and Il expression) and the
EGFR-pERK1/2 pathway (via promoting increased p-ERK1/2 levels) through
yet unidentifed mechanism(s). Kaiso's functions can however be modulated by

Kaiso interaction with other proteins like nuclear p120°".
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APPENDIX
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Figure A1.1: Kaiso depletion did not delay the growth of Hs578T cells in
vivo but increased their apoptosis. (A) Kaiso-depleted (sh-K) Hs578T
xenografts displayed no delay in tumor onset and development when
compared to control (Ctrl) Hs578T xenografted tumors as seen by time-course
analysis of Ctrl and sh-K Hs578T tumor volumes. (B) IHC-stained images of
Ctrl and sh-K Hs578T xenograft tissues with Ki-67 and PCNA antibodies show
no marked difference in Ctrl and sh-K Hs578T cell proliferation. (C) IHC
images of c-Caspase3 stained Ctrl and sh-K Hs578T xenograft tissues show
that Kaiso depletion results in increased cell death of Hs578T tumor cells.

Representative images shown.
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Figure A2.1: Kaiso depletion results in decreased c-Myc transcripts in
MDA-231 cells (A) Schematic depiction of the minimal c-Myc promoter region
analyzed, which shows the position of the core KBS (cKBS) amplified by ChlP-
PCR in MDA-231 cells. Both Kaiso and mutant(m)-p53 bound to KBS sites in
the indicated c-Myc promoter region. (B) Data obtained from quantitative RT-
PCR analysis showed that Kaiso depletion attenuates c-Myc expression in
MDA-231 cells. Representative data shown from three independent

experiments.
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Figure A3.1: Kaiso depletion results in reduced pERK1/2 expression
Immunoblot analysis showing that Kaiso depletion results in reduced levels of

phospho(p)-ERK1/2 in MDA-231 cells.
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Figure A4.1: Kaiso depletion attenuates C/EBPf expression in MDA-231
cells (A) Schematic illustration of the minimal C/EBPB promoter region
containing core KBS (cKBS) and CpG-dinucleotides that was amplified by
ChIP-PCR in MDA-231 cells. Kaiso binds the C/EBP promoter region in vivo
in a methyl-CpG dependent manner as Kaiso binding was lost upon 5-aza-dC
treatment. Kaiso depletion resulted in an increased expression of C/EBPf
mRNA (B) and protein (C) in MDA-231 cells. Data representative of three

independent experiments.
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