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ABSTRACT

DEVELOPMENT OF A SPECIALIZED ZEBRAFISH
XENOTRANSPLANTATION DATABASE AND ESTABLISHMENT OF
ALU-BASED TUMOR DNA QUANTIFICATION METHOD IN ZEBRAFISH:
FOCUS ON MODELS OF OVEREXPRESSION AND
MICROENVIRONMENT

Seniye Targen
Ph.D. in Molecular Biology and Genetics
Supervisor: Ozlen Konu Karakayal

September 2020

Successful xenotransplantation of human cancer cells into zebrafish host marked a new
era in cancer research enabling high throughput in vivo screens. Zebrafish
xenotransplantation literature continues to rapidly accumulate, and this necessitates
the development of an interactive database for accommodating the collective data for
fined-tune search, visualization and statistical representation purposes. Herein, I have
introduced an interactive database, ZenoFishDb vl.1
(https://konulab.shinyapps.io/zenofishdb), housing manually curated details on
molecularly-modified cell transplantations, PDXs, stem cell and cancer stem cell
transplantation studies as well as transplantation studies bearing modified host details.
The database projects collected data in a table format via various attributes and
provides graphical representation of the curated details as well as statistical analyses
yielding information on incorporated numbers and frequencies of selected attributes;
hence can be used for reviews and designing new experiments. Zebrafish PDX studies
are separately conceptualized and displayed through ZenoFishDb v1.1. Development
of the ZenoFishDb v1.1 leads to a better understanding of tumor analysis methods such
as assessment of proliferation and/or tumor growth in xenotransplantation studies and
further marks the need for development of novel methods for precise quantification of
tumor size. In the light of these findings, I have helped establish a novel qRT-PCR-
based proliferation assessment method for xenografts in zebrafish, adapted from

previous mouse xenotransplantation studies. Herein, the use and precision of ALU
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repeat-based quantification of transplanted liver cancer cells in genotyped zebrafish
ache mutants and wildtype siblings was shown exemplifying microenvironment as an
important factor for tumor growth. I further demonstrated the power of ALU repeat-
based quantification in Mineralocorticoid Receptor (MR) overexpressing breast cancer
cells (MCF7) injected to the transparent casper zebrafish as a case study. First, |
demonstrated that MR expression and signaling was important in breast cancer biology
and prognosis based on in silico TCGA and custom RNA sequencing as well as other
in vitro and ex vivo assays. I further showed that results obtained from ALU repeat-
based quantification of tumor growth in MR-overexpressing MCF7 cells paralleled
fluorescent image-based intensity measurements while the former being relatively less
time-consuming and more high-throughput. In this study, accurate quantification of
MR overexpression in xenografts was also successfully performed by a cDNA-specific
primer pair; and the rate of tumor growth based on image analysis, did not correlate
with the amount of MR DNA in casper fish xenografts. However, MCF7 cells
overexpressing MR exhibited lower cell viability in vitro although some of these
effects were due to empty vector (EV) integration. Accordingly, tumor size in
xenografts of naive, EV- and MR-transfected MCF7 cells injected into pigmented AB
larvae were quantified for ALU-repeats yet no significant difference was observed due
to high within-group variability in vivo. Future studies are needed to assess the role of
varying the volume and placement of injected cells along with the amount of MR gene

transfected on tumor growth in vivo.
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OZET

ZEBRA BALIGI KSENOTRANSPLANTASYON CALISMALARINI
BARINDIRAN VERI TABANI GELISTIRILMESI VE ALU-DAYANAKLI
TUMOR DNA OLCUMUNUN OVEREKSPRESYON VE MiKROCEVRE
ORNEKLENDIRILMELERI iLE ZEBRA BALIGI KSENOGRAFT
MODELLERINDE UYGULANMASI

Seniye Targen
Molekiiler Biyoloji ve Genetik Doktora Programi
Tez Damsmani: Ozlen Konu Karakayah

Eyliil 2020

Literatiirde zebra baligina uyarlanan hiicre ve doku transplantasyon c¢aligmalar1 giin
gectikce artmakta ve buna baglhi olarak bu c¢aligmalarin  kolektif olarak,
goriintiilenebilir ve giincellenebilir bir sekilde aktarilmasi gereklilik arz etmektedir.
Buna istinaden, zebra balig1 iizerinde uygulanan molekiiler modifikasyona ugramis
hiicre  hatlar1  transplantasyonlarinin, hasta dokusu ve primer kiiltiir
transplantasyonlarinin, kok hiicre ve kanser kok hiicresi transplantasyonu
caligmalarinin, farkli zebra baligit modellerine uygulanmis transplantasyonlari
barindiran calismalarinin ve detaylarinin veri tablosu halinde, grafikler halinde ve
istatistiksel ~bulgularinin da tablo halinde yansitildigi, ZenoFishDb vl1.1
(https://konulab.shinyapps.io/zenofishdb) isimli bir veri taban1 gelistirilmistir. Bu veri
tabaninda primer hiire kiiltiirii ve ksenograft calismalarina ayricalikli olarak yer
verilmis ve de farkli veri tablo ve grafik 6geleriyle gosterilmeleri saglanmistir. Bu veri
tabaninin gelistirilmesi ile alandaki eksikler fark edilip, O6rnegin tiimor biiyiime
caligmalarindaki uygulamalar incelenip, tiimdr biiylimesi 6l¢iimii icin daha hassas ve
etkili yeni bir yontem gelistirilmistir. Bu metot kantitatif PCR (qQRT-PCR) kullanilarak
timor hiicresi enjekte edilmis zebra baligt DNA ¢ikarimi sonrast insanda bulunan
ALU dizilerinin niteliksel olarak degerlendirmesine dayalidir ve daha once fare
ksenograft calismalarinda denenmis bir uygulamadir. Burada, ALU dizisi dayanakli
kantitatif PCR metodunun hassasiyetini ve etkinligini, karaciger kanseri hiicresi

nakledilmis ache mutant1 ve normal zebra baliklarindan elde edilen DNA tiizerinde test



ederek olgtiik. Bagka bir 6rnek uygulamayi ise gen modifikasyonuna maruz kalmisg
meme kanser hiicresi (MCF7) enjekte edilmis zebra baliklarinda test ettik. Oncelikle,
modifikasyona ugrayan genin, mineralokortikoid reseptoriiniin (MR), meme
kanserindeki 6nemi in silico, in vitro ve ex vivo bulgularimizla saptanmistir. Sonraki
calismamiz ise, ALU dizisi bazli kantitatif PCR ¢aligmalar1 sonucu ile floresan imaj
bazli 6l¢limleri kiyaslamak olmustur ve ALU dizisi bazli tiimoér DNA nitelendirme
tekniginin ¢ok daha az zaman alan ve ¢ok daha hassas bir yontem oldugu MR ifadesi
artirtlmig MCF7 hiicresi enjekte edilmis casper baliklar1 {izerinde test edilip,
saptanmistir. MR transfekte edilmis hiicre barindiran baliklarda MR DNA ifadesinin
Olciimii MR cDNA spesifik primer ¢ifti ile basari ile test edilmistir. Floresan bazli
timor orani ile MR DNA miktariin korelasyonu test edilmis fakat aralarindaki fark
istatistiksel olarak anlamli bulunmamistir. Bu deneyler paralelinde, in vitro
calismalarda, MR ifadesi artirilmis MCF7 hiicrelerinin hiicre kiiltiirlinde kontrol
vektorii enjekte edilmis (EV) hiicrelere gore daha az ¢ogaldig1 saptanmistir fakat bu
etkinin bir kism1 da EV vektorii entegrasyonundan kaynaklanmaktadir. Son olarak,
ALU dizisi bazli qRT-PCR yontemi ile tiimdr ¢ogalmasi 6l¢giilen naif, EV barindiran
ve MR barindiran hiicre enjekte edilmis pigmentli AB tipi zebra balik gruplar1 arasinda
var olan yiiksek varyasyon sebebinden otiirii, istatistiksel olarak anlamli bir degisim
kaydedilmemistir. Bu c¢alismalarin devaminda, farklt hacim/sayr ve lokasyonlara
yapilacak enjeksiyonlarin gruplarinin ve de farkli dozlarda MR transfekte edilmis
hiicrelerin enjekte edildigi gruplarin timor biliylimesi iizerindeki etkilerinin test

esilmesi elzemdir.

Anahtar sozciikler: Zebra baligi, Ksenograft, Veri tabani, ALU dizisi, Timor

Ol¢iimii, Mikrocevre, Molekiiler modifikasyon, Mineralokortikoid reseptorti.
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CHAPTER 1

INTRODUCTION

1.1. Xenotransplantation applications in zebrafish model organism

Cancer has been the disease of the 21 century due to increased rates of diagnosis and
its therapy presents challenges and heterogeneity. Precision medicine is only possible
if tumor material from patients are tested for series of drugs to find the one tailored for
that patient. Today, tumor xenograft models are central for better understanding and
evaluation of cancer biology research. In addition, they have become an important part
of precision medicine. For decades, mouse models have been the gold-standard for
executing xenograft studies. With the successful xenotransplantation of the human
cells into zebrafish embryos in the beginning of this millennia (Lee et al., 2005; Nicoli
et al., 2007; Nicoli & Presta, 2007) a whole new era has risen for xenotransplantation
applications in cancer research. An example representation of a standard zebrafish

xenotransplantation into embryos and adult fish is shown in Figure 1. 1 .
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Figure 1. 1 Schematic representation of a standard zebrafish xenotransplantation
procedure applied on zebrafish embryos and adult fish.

(This image was created by using BioRender.com).



Zebrafish embryo renders an ideal host model organism for xenotransplantation
studies due to several reasons, i.e., external fertilization, high fecundity, optic clarity
of the larvae, short generation periods, yet most importantly lack of fully functional
adaptive immune system development until 4-6 post week fertilization (Lam et al.,
2004; Sullivan & Kim, 2008). Use of zebrafish embryos as xenograft hosts, therefore,
could be a preferable alternative model for xenograft studies. Furthermore,
humanization of zebrafish for generating immunocompromised strains has led to better
assessment of xenotransplantation studies eliminating possible immune-rejection of
the host organism. The immunodeficient strains of zebrafish used for
xenotransplantation studies are as follows; recombination activation gene 2 (rag?2)
mutants (Q. Tang et al., 2014; Tenente et al., 2014), DNA-dependent protein kinase
gene (pkrdc) mutants (I. H. Jung et al., 2016) and janus kinase 3 (jak3) gene (Moore
et al.,, 2016) mutants. rag/ and rag2 are required for B and T lymphocyte
differentiation (Willett et al., 1997) serve as adaptive immunity markers in zebrafish.
rag2 mutant line (rag2(£4%)), lacks mature T cells and possesses reduced numbers of
functional B cells and is currently optimized for xenotransplantation studies in adult
fish (Q. Tang et al.,, 2014; Tenente et al., 2014). Furthermore, pkrdc-null SCID
zebrafish line functional B and T lymphocytes (I. H. Jung et al., 2016) has been
established for adult fish xenotransplantation studies. In addition to rag2 and pkrdc
mutant lines, jak3 mutant line (jak373%%) lacking both T lymphocytes and Natural
Killer (NK) cell immunity has been also generated for better mimicking of immune-
deficiency in fish studies (Moore et al., 2016). Additionally, application of
immunosuppressants such as dexamethasone (Eden et al., 2015; Stoletov et al., 2007)
and Busulfan (Khan et al., 2019) have been also used to surpass any immunogenic
response to engrafted cells or tissues. Although availability of these lines and drug
exposure methods offer a broad range of immune-deficiency, still more research is
required for fine-tuning both innate and adaptive immune systems for minimizing all

kind of immune response to engrafted cells and/or tissues.

Use of zebrafish hosts for xenotransplantation studies could also overcome some
disadvantages of mouse xenograft models specially by the terms of timing and cost
efficiency. For decades, humanized mouse models have been used to prevent immune
rejection of the grafted tumor tissue/cells and ongoing research focuses on fine-tuning

on humanizing the host by also manipulating the tumor microenvironment, to mimic



the real scenario of tumor-microenvironment interactions as in human physiology.
Athymic nude mice lacking thymus (Flanagan, 1966; Pantelouris, 1968), SCID mice
(G.C.Bosmacetal., 1983; M. J. Bosma & Carroll, 1991), NOD-SCID mice (Prochazka
et al., 1992), Rag? knockout mice (Shinkai et al., 1992) are well-established
immunocompromised host models. Although zebrafish and mouse models share
equivalent immune-compromised models by the means of gene mutations, several
other parameters such as cost, timing and possible tumor-microenvironment
interactions are to be considered for the experimental design. Accordingly, most
xenografting is performed in embryonic/larval zebrafish providing a platform

relatively cost- and time-efficient.

Overall, the above-mentioned characteristics of the zebrafish organism with the
feasibility of the current technologies for applying tumor cell injections and generation
of ‘humanized’ fish strains paves the way for standardizing the use of zebrafish

xenograft models in cancer research more efficiently.

1.1.1. The nature of existing zebrafish xenograft models

1.1.1.1. Immortalized cell line injections

First ever zebrafish xenograft study was performed by Lee and colleagues in 2005
where they had transplanted human metastatic melanoma cells (C8161) into blastula-
stage zebrafish embryos and showed successful survival, division and migration of
cancer cells (Lee et al., 2005). Herein, survival and motility of primary melanocytes
and normal fibroblasts have also been investigated and these cells survived in zebrafish
embryos yet exhibited less migratory effects (Lee et al., 2005). Engraftment of
immortalized cell lines to zebrafish host model has been carried out since, and to date,
cell line engraftments of different human cancer types including breast cancer cell
lines; MDA-MB-231 (Qiong Wu et al., 2018; B. Yang et al., 2019; X. Zhao et al.,
2019), MCF7 (Mercatali et al., 2016; Sun et al., 2015), T47D (Vazquez Rodriguez et
al., 2018), ZR-75-1 (Rodriguez et al., 2017); glioma cell lines, U-87MG (Fan et al.,
2019) and U-251MG (Gamble et al., 2018); leukemia cell lines, K562 (Dale P. Corkery
et al., 2011); prostate cancer cell lines, PC3, DU-145 and LNCap cells (Bansal et al.,

2014) and many other cell lines. In addition to immortalized cell-lines derived from



humans, murine (Weijts et al., 2018), rat (Sandquist et al., 2018), zebrafish (Mizgirev
& Revskoy, 2010), dog (Timmermans-Sprang et al., 2019) cell line injections are also

present.

Zebrafish, enabling successful transplantation of immortalized cell lines of numerous
types derived from numerous organisms, serves as an ideal model for
xenotransplantation studies by allowing feasible, efficient, cheap and high-throughput

research in the cancer research community.

1.1.1.2. PDXSs of zebrafish

Successful patient-derived xenograft engraftment to zebrafish host performed by two
individual studies of Bagowski group, i.e., pancreas, ampulla vateri tissue engraftment
(Weiss et al., 2009) and pancreas, colon, and stomach tissue engraftment (Marques et
al., 2009), had opened a new era for easy application and evaluation of PDXs in
zebrafish embryos for research community. Majority of studies using zebrafish PDXs
(zPDXs) possesses glioblastoma (Banasavadi-Siddegowda et al., 2018), liver cancer
(Lin et al., 2019) and colorectal cancer (Fior et al., 2017)-derived primary cell cultures
and/or tissue engraftments. In addition to these cancer types, a broad range of zPDXs
exist in the literature and gastric cancer (J. Q. Wu et al., 2017), prostate cancer (Bansal
etal., 2014), pancreatic ductal adenocarcinoma (L. Wang et al., 2019), melanoma (Yan
et al., 2019), adrenocortical carcinoma (Gianoncelli et al., 2019), breast cancer (Yan
et al., 2019) and acute myeloid leukemia (Gacha-Garay et al., 2019) are among many.
Most of the zPDX studies have established patient tissue derived primary cell line
injections yet several studies exemplified direct tissue transplantation into the
zebrafish yolk (Marques et al., 2009; Weiss et al., 2009). In addition to patient derived
xenografts, primary cell lines derived from healthy donors have been also used as
controls or as test subjects to assess different biological hypotheses raised by the
research community. Overall, successful implementation of patient-derived tissue to
zebrafish hosts idealizes standardized use of zZPDXs in cancer research overcoming the
disadvantages of mice model PDXs i.e. longer time-period for tumor establishment

and assessment in mice models (J. Jung et al., 2018).



1.1.1.3. Stem cell and cancer stem cell injections

Zebrafish model has been also a useful and preferable model organism for studying
stem-cell associated events through xenotransplantation of stem cells and cancer stem
cell injections (Banasavadi-Siddegowda et al., 2018; Li et al., 2015; Orlova et al.,
2014). One of the pioneer studies of stem-like cell population xenotransplantation in
zebrafish embryos have been established by Eugiera and colleagues in 2011 wherein
they tested tumorigenic and migratory capacity of the monolayer culture-derived
control cell- and mammosphere culture-derived breast cancer cell- xenografts in
zebrafish model organism (Eguiara et al., 2011). Herein, both tumor mass and tail
migration capacity have significantly increased in mammosphere-derived cell
injections when compared to monolayer-derived cell injections when the fish were
incubated at 34°C. Additionally, a dietary polyphenol, curcumin, previously shown to
modulate self-renewal of breast stem cells of normal and malignant origin, were
applied to parental monolayer culture prior to injection and hereby a significant decline
were detected in the tail migration and tumor mass in comparison to mock treated
control bearing xenografts (Eguiara et al., 2011). This platform, hence, is ideal for
pursuing rapid, feasible and inexpensive approach for testing novel drugs on self-
renewal capacity of cancer stem cells. A similar approach has been also taken for
studying different cancer stem cells such as glioma (X. jun Yang et al., 2013),
glioblastoma (Lai et al., 2017; Welker et al., 2017), leukemia (Gacha-Garay et al.,
2019; B. Zhang et al., 2015; B. Zhang, Shimada, Kuroyanagi, Umemoto, et al., 2014)

and prostate (Nouri et al., 2017) as well as many other cell types.

Studies harboring injection of multiple cell lines are also present in the literature, study
presented by Zhang and colleagues, for instance, highlights the use of leukemia and
solid tumor-derived stem cell xenografts for high-throughput drug screening. Herein,
K562-KOr cell line-derived leukemia stem cells (LSCs), DU-145-KOr cell line-
derived prostate cancer stem cells (CSCs), HepG2-KOr cell line-derived liver cancer
stem cells had been engrafted to both zebrafish embryos and adult-stage fish for cancer
stem cell characterization and high-throughput therapy screening. In line with this
hypothesis, cells sorted according to their aldehyde dehydrogenase (ALDH)
expression, ALDH positive representing the cancer stem cell characteristic, ALDH+

and ALDH- cells had been transplanted to both zebrafish embryos and 20Gy-irradiated



adult fish. As a result, for K562-KOr-ALDH-+(LSCs) and K562-KOr-ALDH-(Non-
LSCs injected adult fish experimental groups; 7/10 LCS-injected group whereas 4/10
of Non-LSCs had established tumor in their trunks after 35 dpi.

Injection of prostate cancer stem cells and non-cancer stem cells, DU145-KOr-
ALDH+ (CSCs) and DU145-KOr-ALDH-, respectively has been another
experimental group of this study. Herein, tumor proliferation in irradiated adult fish
have been assessed on 0dpi, 7dpi and 14dpi and DU145-KOr-ALDH+ (CSCs) had
proliferated more significantly when compared to non-CSCs. Yet, another
experimental group of this study has been transplantation of HepG2-KOr-ALDH+ and
HepG2-KOr-ALDH- cells into irradiated fish and herein, tumor formation had been
observed in both groups at 28 dpi with metastasis formation in HepG2-KOr-ALDH+
transplanted fish. Zebrafish embryo injection of DU145-KOr-ALDH+ and K562-BFP-
ALDH+ and- ALDH- experimental groups into yolk sac of 48hpf fish; 1dpi images of
fish have been captured and fish were exposed to drug treatment for additional 48
hours and before final images were captured. Docetaxel treated-DU145-KOr-ALDH+-
injected zebrafish embryo proliferation were found to be significantly diminished
when compared with untreated-DU145-KOr-ALDH+-injected fish. K562-BFP
zebrafish xenograft model high-throughput drug screening for one chemical library
has revealed the LSC-selective compound, B647, which later were used carry out its
effect on the proliferation of K562-BFP-ALDH+ and K562-BFP-ALDH+ injected
zebrafish embryos. LSCs have been shown to exhibit significantly increased
proliferation compared to Non-LSCs and B647 treatment has been shown to reduce
proliferation of LCSs when compared to control treated fish (B. Zhang, Shimada,
Kuroyanagi, Nishimura, et al., 2014). This study demonstrates well that stem cell
xenografting in zebrafish can lead to new drug discovery through high-throughput

screening.

To summarize, successful zebrafish xenograft models of cancer stem cell applications,
hematopoietic stem cells (Hamilton et al., 2018), mesenchymal stem cell (Han & Hsu,
2016; Patel et al., 2012) and induced pluripotent stem cell xenotransplantation (Chan

et al., 2015) are also present and stem-cell zebrafish xenograft studies are now in rise.



1.1.2. Molecularly-modified cell injections

Zebrafish xenograft model organism also allows evaluation of immortalized cell lines,
patient-derived primary cell lines or primary cell lines of any kind of tissue of origin
which has been targeted to any kind of molecular/genetic modification. Thorough
screening of the literature has facilitated identification of different kinds of
molecularly-modified cell transplantation to zebrafish embryos including cells
modified with tag-expression vectors for cell tracking purposes (Banasavadi-
Siddegowda et al., 2018; Marranci et al., 2019), overexpression vectors (Jeronimo et
al., 2017; Naber et al., 2013; von Méssenhausen et al., 2016), interfering RNAs
(RNAi1) (D. P. Corkery et al.,, 2018; Halasz et al., 2013; Leung et al., 2017),
morpholinos (Topczewska et al., 2006; Weiss et al., 2009) as well as cells modified
with Cre-LoxP (Karkampouna et al., 2018; Weijts et al., 2018) and Cripsr/Cas9
(Gaytan-Cervantes et al., 2017) technologies. Use of zebrafish xenograft models,
therefore, enables testing gene specific-derived hypothesis employing different
technologies altering gene expression levels and/or gene structures of interest of the

cell lines to be injected.

1.1.2.1. Tag expression vectors

One of the earliest studies harboring such molecular modifications is performed by
Topczewska and colleagues where they have injected aggressive melanoma cells
tagged with GFP expression vector (C8161-GFP), a tag expression vector, and treated
with anti-Nodal morpholinos (or scramble morpholinos) where they have been
injected to blastula-stage zebrafish embryos in order to investigate the interactions
among cancer cells and embryogenic progenitors and C8161 cells have been shown
to form ectopic gene expression and had Nodal expression; and this phenotype had
been reversed by the anti-Nodal morpholino treated C8161 injection in zebrafish
embryos. In parallel, tumorgenicity of the anti-Nodal morpholino (or scramble
morpholino)-treated C8161 cells had been examined on subcutaneously injected 5-
week-old nude mice at different time intervals (day 3, 7, 14 and 17) and Nodal
inhibition had diminished tumor volume significantly at these specified time intervals.
This study therefore exemplifies an application of the same cell line transplantation
both in zebrafish and mice models and bearing comparative results hence, solid

evidence for compatible use of both xenograft models for a given hypothesis (Lee et



al., 2005). This study also highlights the use of GFP tag expression vector for

visualizing cell behavior in vivo.

Use of tag expression vectors such as GFP (Lee et al., 2005) and mCherry (Marranci
et al., 2019) are often preferred as cell tracking sources in fish and use of fluorescent
protein tag enables assessment of tumor growth, migration, metastasis, dissemination

and other fluorescence-based quantification assessments performed on fish.

1.1.2.2. Overexpression models

Another earliest example of the use of molecularly modified cell xenografts has been
established by Nicoli and colleagues where they have developed a zebrafish xenograft
angiogenesis model in which they have successfully examined the angiogenic capacity
of tumorigenic FGF2-overexpressing mouse aortic endothelial cells (FGF2-T-MAE)
(Nicoli et al., 2007). Applications of molecularly-modified cell line injections are not
solely peculiar to immortalized cell lines, patient derived primary cell lines subjected
to modifications have been also successfully engrafted into zebrafish embryos
(Banasavadi-Siddegowda et al., 2018; L. Wang et al., 2019). Wang and colleagues
have pursued zebrafish xenograft models of PDAC tissue derived primary cancer cells
and fibroblasts which have been genetically modified to express anti-apoptotic
BCL2LI1 and, fluorescent proteins, eGFP and mKate2, respectively (L. Wang et al.,
2019). Herein, modified PDAC primary cells subjected to fibroblast inhibitor
treatment and modified fibroblasts have been injected to zebrafish embryo yolk sacs
and have been treated with gemcitabine chemotherapy agent in the presence or absence
of BCL2L]I inhibitor, Navitoclax. As a consequence, the gemcitabine treated cancer
cells and fibroblasts without BCL2L1 inhibitor treatment showed significant fall in
fluorescent intensity when compared to cancer cells and fibroblasts without BCL2L1
inhibitor and chemotherapeutic agent treatment, respectively. On the contrary,
gemcitabine and BCL2L] inhibitor-treated cancer cells and fibroblasts had not shown
any significant alterations with counterparts that had only received gemcitabine
treatment. This approach has enabled the examination of fluorescent intensity among
differential groups aiming to reflect information on tumor viability upon genetic
modifications and chemotherapeutic agent treatments while also tumor-

microenvironment interaction had been also taken into consideration by co-injection



approach/strategy (L. Wang et al., 2019). However, it might be important to estimate
the gene copy number of cells xenografted into the host and for this an accurate

quantification method remains to be developed and tested.

1.1.2.3. RNA interference applications

RNA interference applications have been also widely used for generating molecularly-
modified cell xenografts and assessments of gene-specifically driven physiological
differences in tumor itself or the surrounding microenvironment. Silencing RNA
(siRNA) treated cell transplantation to zebrafish embryos are of common use for cell
proliferation, metastases, angiogenesis and drug sensitivity assessments in fish model.
Wang and colleagues, for instance, had studied the association of COL341 mRNA and
protein expression in colorectal cancer prognosis and further tested the functionality
of the gene by in vitro and in vivo viability and proliferation assays, respectively. In
fact, COL3A1-silenced colorectal cancer cells exhibited reduced growth in vitro
(shRNA-treated) and xenografted COL34[-silenced cells (siRNA-treated) exhibited
decreased tumor proliferation on second day post injection when compared to initial
injection time point (X. Q. Wang et al., 2016). Studies harboring several cell-line
injections with different molecular modifications are also present and this way,
comprehensive research could be performed to decipher the raised scientific question.
For instance, a study led by Mukhopadhyay group studied the mechanistic model of
extravasation and its association with neurophilin-2 (NRP-2), a semaphorin and
vascular endothelial growth factor receptor, in clear cell renal carcinoma (RCC) and
pancreatic adenocarcinoma (PDAC). Herein, NRP-2 overexpressing 786-O (an
aggressive RCC cell line) and corresponding control cells were transplanted into
pericardium of 72 hpf zebrafish embryo for examining extravasation. NRP-2
overexpressing 786-O cells has been shown to be extravasating from intersegmental
vessels (ISVs) whereas controls had remained in the circulation after 24 hours. With a
similar experimental approach, a highly metastatic cell line pancreatic cell line with
high NRP-2- expression levels, ASPC-1, had been treated with short hairpin RNA
(shRNA) targeting NRP-2 and ASPC-1 with reduced NRP-2 levels had been shown to
reduce extravasation in zebrafish models (Y. Cao et al., 2013). Herein, different cell

lines with different level of gene expression and modified with different molecular



modifications were used to comprehensively study of gene functionality in vivo using

zebrafish models.

1.1.2.4. Mutations

In addition to gene expression reducing or overexpressing models of unmodified
genes, expression of genes with mutations, has been also studied in zebrafish xenograft
models. One of the few studies investigating effect of gene mutations in zebrafish
xenograft model has aimed to identify metastatis associated events, i.e., invasion raised
by differential phosphorylation of Na*/H" exchanger regulatory factor 1, NHERFI, a
scaffold protein, in breast cancer (Greco et al., 2019). An unidentified phosphorylated
NHERF1 had been previously identified to be involved in Bl integrin-dependent
invadopodia formation (Antelmi et al., 2013). In the study by Greco et al., non-
phosphorylable form of S279 (S279A), S301(S301A) residues solely as well as
S279A/S301A together as double mutants have been introduced to cells as well as
corresponding controls, i.e., wild type-NHER1 and expression vector, and invasive
behavior of these experimental groups were tested in zebrafish model. In fact, number
of metastatic foci and invasiveness percentage were high in wild-type-NHERF'I over-
expressing cells when compared to all of the mutation-introduced cell line xenografts
(Greco et al., 2019). This shows that zebrafish host is amenable to test mutant form of

proteins in tumor assessment, such as degree of invasiveness.

1.1.2.5. Gene editing tools

Application of Cre-LoxP system induced overexpression and/or knockout cell line
zebrafish xenograft models are also present in the most up-to-date literature search for
molecularly-modified cell line engraftment studies in zebrafish. One example is the
use of CRIPTO-overexpressing HepG2 hepatocellular carcinoma cell line that has
been generated using a lentiviral red-to-green pTOMO-CRIPTO construct wherein
CRE recombinase activity leads to excision of the floxed RFP cassette, resulting in
CRIPTO and GFP expression (Karkampouna et al., 2018). As CRIPTO expression
had been associated with poor prognosis in HCC and behaved as a proto-oncogene in
various cancer types, the migratory and metastatic capacity of the CRIPTO-
overexpressing cells were tested in zebrafish xenograft model and increased tumor-

foci formation was detected in CRIPTO-overexpression model when compared to
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control model (Karkampouna et al., 2018). Another application of Cre-LoxP induced
molecularly-modified cell xenotransplantation to zebrafish embryos is the engraftment
of Cre/LoxP mediated EF7/EF8 double knockout mouse embryonic fibroblasts
(MEFs) cell engraftment to zebrafish embryos. Herein, Myc/Ras transformed
EF7/EF8 double knockout MEFs and Myc/Ras transformed control cells have been
injected to perivitelline space to examine metastatic and angiogenic capacity of these
cells. Myc/Ras transformed EF7/EF8 double knockout MEFs have been shown to be
metastasizing in the trunk region as well as promoting the intra-tumoral blood vessel
branching (Weijts et al., 2018). Molecular modifications introduced by Crispr/Cas9
technology are of common use in molecular cell biology, and zebrafish xenograft
studies harboring Crispr/Cas9-modified cells are also present in the current literature
(Gaytan-Cervantes et al., 2017). Gaytan-Cervantes and colleagues have studied the
role of cis elements and trans factors which is involved in the formation of an anti-
apoptotic survivin gene isoform which lacks exon 3, DEx3, whose expression is
upregulated when compared to other survivin isoforms in different cancer types
(Gaytan-Cervantes et al., 2017). Herein, zebrafish xenograft model has been used to
examine the tumorgenicity of endogenous survivin exon 3 mutated-HeLa cells
introduced by Cripspr/Cas9 system. Introduced mutation had aimed to affect the
binding of Sam68 regulator protein (trans-acting) to examine its role in the alternative
splicing of the surviving in vitro, and hence allowed to better reflect its physiological
effects in vivo by assessing tumorgenicity in zebrafish xenograft models. In return,
decreased DEx3 survivin through impaired Sam68 binding and hence alternative
splicing, the mutant cell injections have exhibited increased tumor formation in vivo

(Gaytan-Cervantes et al., 2017).

Overall, feasibility of immortalized cell line, stem cell and cancer stem cell injections,
PDX-derived primary cell line injections as well as solid tissue engraftments with
modifications into zebrafish embryos as well as adult fish encourages the
standardization of zebrafish model organism for the use of transplantation studies and

hence, reveals an alternative xenograft model organism to rodent studies.
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1.1.3. Zebrafish xenograft host modifications

Zebrafish xenograft studies focusing on tumor growth, proliferation, apoptosis, tumor
viability and similar assessments which is based on evaluation of tumor volume and/or,
tumor cell numbers, dispersion in the fish embryo mostly uses casper mutant fish,
compound roy-/-:nacre-/- homozygous double mutant, which is transparent and
named after the friendly ghost casper (White et al., 2008). Alternatively, achieving
transparency in wild-type fish is also available through PTU administration. In
addition to casper mutants, transgenic fish possessing fluorescently labelled fish are
also commonly used for assessing metastasis and/or angiogenesis. In fact, use of the
transgenic fish, Tg(fli/:EGFP) (Lawson & Weinstein, 2002), that expresses GFP under
the early-endothelial marker, f7i/, is often preferred in zebrafish xenotransplantation
studies. Similarly, another transgenic fish, Tg(f/7k/-EGFP)***3, which also drives GFP
expression under another endothelial marker, fIk/ (Jin et al., 2005) is also used for

again assessing metastatic capacity and angiogenesis.

In addition to above-mentioned fish which is applicable for more-generalized use fish
with desired features are also selected for specific assessment performed in xenograft
models. One of the examples, is the use of ache mutants and effect of the tumor
microenvironment in tumor development (Avci et al., 2018); this study i also a part of
this thesis. Herein, homozygous recessive ache mutants led to excess accumulation of
acetylcholine in fish and its effect on liver cancer was further tested. Another
assessment-specific use of fish was the use of cloche mutants lacking functional
circulation and vasculature and hence, screens the necessity of intact vasculature in
tumorigenesis and metastasis (Marques et al., 2009; C. Zhao et al., 2016). Recently, a
‘humanized’ zebrafish transgenic strain has been also constructed to express human
hematopoietic cytokines and has been used to as a host for human stem cell

transplantation (Rajan et al., 2019).

In adult fish xenotransplantation studies hosts in use are often modified to lack
functional immune system. Herein, immunosuppressant-induced, i.e., Busulphan
induced immunosuppressed casper mutants (Khan et al., 2019), prkdc null mutant
SCID fish lacking functional T and B cells (I. H. Jung et al., 2016), fish manipulated

to possess cancer-specific immunotolerance without immunosuppression (B. Zhang et
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al., 2016), nacre/rose/flil :egfp zebrafish fish subjected to 20-Gy ionizing radiation 2
days prior to engraftment for immune suppression (B. Zhang, Shimada, Kuroyanagi,
Nishimura, et al., 2014) are among adult fish used for tumorigenesis, proliferation and

tumor growth assessments.

1.1.4. Biological assessment and validation methods in zebrafish

xenografts

Utilizing zebrafish model organism for transplantation studies has enabled assessment
of numerous tumor-biology associated events. Tumor growth, proliferation, apoptosis,
invasion, migration, metastasis, extravasation and angiogenesis are among many
assessments which could be pursued using current zebrafish xenograft models.
However, there is not a database existing in which this information is searchable.
Availability of transgenic and/or mutant zebrafish lines of special features are the main
reason for feasibility of biological assessments. Hence, host modifications, biological
assessments and validation methods are crucial for establishing right zebrafish
xenotransplantation model for desired experimentation. Evaluation of biological
assessment together with the use of assessment-targeted modified host is therefore
explained in detailed titles, namely, tumor growth, proliferation and apoptosis;

invasion extravasation, dissemination and metastasis; angiogenesis.

1.1.4.1. Tumor growth, proliferation and apoptosis

Zebrafish xenograft models of tumorigenesis, tumor formation, viability, growth
and/or proliferation have been applied to many tumor types including acute myeloid
leukemia, hepatocellular carcinoma, melanoma, esophageal squamous cell carcinoma,
mouse ovarian surface epithelial cells, colorectal carcinoma, hematopoietic stem and
progenitor cells and to numerous cancer types along with other assessments run in
parallel. Herein, studies or part of the studies only focusing on tumor growth and/or
proliferation will be further exemplified and explained in detail to better portrait the
picture of host modifications used, injection sites preferred and/or type of methods

applied in order to quantify tumor growth, proliferation and apoptosis.

Assessment of proliferation in embryos and/or adult fish could be performed through

several routes which have been extensively applied in majority of zebrafish xenograft
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studies. Overall, fluorescence intensity, cell mass area, mean fluorescent area
(Marranci et al., 2019) (Liu et al., 2019), fluorescent integrated density (Mazumder et
al., 2018; X. Q. Wang et al., 2016; Z. Xie et al., 2018), tumor area (um?) (Avci et al.,
2018), tumor growth ratio and cell spread (Martinez-Ordofiez et al., 2018) and number
of fluorescent cells counted (D. P. Corkery et al., 2018; Dale P. Corkery et al., 2011)
were used for assessing proliferation and tumor growth. However, there is a need for
more high-throughput methods as used in mouse (Prigent et al., 2015) (please see
section 1.1.4.1.1.). In addition, biochemical measurements on human cells xenografted

are possible (see below).

In adult fish, for instance, fluorescently-labelled tumor cell injected prkdc-null SCID
zebrafish have been assayed for proliferation markers, PCNA and Ki67, employing
immunohistochemistry (IHC) on xenografted tissue for evaluating the proliferative
activity of tumor cells in adult fish (I. H. Jung et al., 2016). Similarly, optically-clear
prkdc and il2rga compound mutant fish, lacking both B, T and NK cells, xenografted
with various type of cancer cells have been assessed for the presence of Ki67 staining
by IHC and TUNEL for reflecting proliferation and apoptosis rates, respectively (Yan
et al., 2019).

In addition to above-mentioned applications for proliferation assessment, several
zebrafish-specific tools reflecting tumor burden have been developed. One of such
tools is an open-source software tool, ZF-Mapper and it assesses tumor proliferation
by quantifying fluorescence intensity of each pixel in zebrafish images for
estimating/quantifying the implanted cell numbers (Yamamoto et al., 2019). ZF-tool
offers another methodology that uses the number of GFP pixels and GFP intensity
medium value in order to compare two different time points and compute proliferation

index (Cabezas-Sainz et al., 2018).

Although majority of the studies used fluorescence-based tumor quantification
methods, quantitative-PCR based tumor DNA quantification method was also initially
used by our group for precise definition of tumor proliferation in xenograft models

(Avci et al., 2018).
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Availability of different techniques and tools, when applied in parallel, could help
deliver high-precision data on proliferation and tumor growth assessments performed
both in zebrafish embryos and adult fish. Moreover, development of novel tools or

modifications of those already applied for mouse studies are still needed.

1.1.4.1.1. ALU-based tumor quantification studies
Quantitative detection of ALU repeats of human DNA employing qRT-PCR are in use

for quantifying xenografted human cells in mouse models (McBride et al., 2003;
Zijlstra et al., 2002) and chick embryo chorioallantoic membrane (Mira et al.,
2002) since the early 2000s. Zijlstra and colleagues have established ALU-based
detection method for identifying presence of human cancer cell DNA in metastatic
organs of mouse xenografted with different cancer cell lines bearing different
metastatic capacity. Employing this approach, the sensitivity of the method was
approved as 1 human cell per 1.000.000 murine could be detected. The ALU-repeat
quantification at the metastatic sites were correlative with histological markers and
cells with higher metastatic capacity were projecting intensified ALU-repeat signals.
Human cell transplanted xenografts when treated with anti-metastatic the ALU-repeat
quantification declined (Zijlstra et al., 2002). Overall, this was an initial method to
reflect the precision and quality of ALU-based DNA quantification in tumor

quantification in different metastatic sites in vivo.

In 2009, study lead by Nehmann and collogues performed a comparative analysis
among ALU-based quantification and fluorescent image-based analysis performed by
laser scanning cytometry (Nehmann et al., 2010). Herein, they have performed human
cancer cell detection by analyzing blood samples derived from immunodeficient mice
(100 micromols) which was mixed with different number of colon cancer cells ranging
from (1 cell to 10.000 cells) as treatment groups. Detection of presence of single cell
has become possible employing either one of the techniques however, overall, ALU-
based detection system was shown to be much more sensitive when compared to image
based detection method laser scanning cytometry (Nehmann et al., 2010) (Figure 1.

2, Error! Reference source not found.).

15



Z

L
§§1m- oms
3
gs 1000 el
83 1400-
$E =
'6§ 10 - o
CARE P
EE  |&
L)
z 0.1'—' v T T T T
0 1 10 100 1000 100
Number of added cells

per 100 pl mouse blood

@

per 100 pl mouse blood

Number of recovered cells

10000 4 =
- .
e BB
100 4 . ﬁ
LY
10 4 vy )
14 1& v
o~' T T T T T T
0 1 10 100 1000 10000
Number of added cells

per 100 pl mouse blood

Figure 1. 2 Comparison of ALU-based detection system and laser scanning
cytometry system reflecting the number of cells present in colon cancer cell-
spiked immune deficient mice blood. A) ALU-based detection system is determined
by comparing cell-added groups in 100ul mouse blood with calibration curve formed
by known colon cancer tumor DNA concentration. B) Laser scanning cytometry-based
system establishment by comparing cell-added groups in 100ul mouse blood with
calibration curve formed by known colon cancer tumor DNA concentration.

(The image was reproduced by copy right permission and obtained from N ehmann, N., Wicklein, D.,
Schumacher, U., & Miiller, R. (2010). Comparison of two techniques for the screening of human tumor
cells in mouse blood: Quantitative real-time polymerase chain reaction (qQRT-PCR) versus laser
scanning cytometry (LSC). Acta Histochemica. https://doi.org/10.1016/j.acthis.2009.05.004)

Table 1. 1 Numerical representation and statistical analysis of recovered cells of
ALU-based detection system and laser scanning cytometry method-based detection.

qRT-PCR vs. LSC cells added per 100 pl mouse blood

Maximum  0.72 0.0 160 2.0 9.90 7.0 127.25

Detected 0 cell 1 cell 10 cells 100 cells

cells
qRT- LSC qRT- LSC qRT- LSC qRT-PCR LSC
PCR PCR PCR

Minimum 0.14 0.0 0.69 0.0 833 0.0 55.0 5.0

17.0

1000 cells

qRT-PCR

1001.0

1767.0

10 000 cells
LSC qRT-PCR LSC
24.0 10 050.0 291.0

Median+SD 0.44+0.06 0.0 1.17+0.09 1.0:0.74 9.15+0.13 2.0:2.22 89.25+6.98 11.0£3.40 1260.71+76.94 78.5:33.35 11 153.17+237.4 746.0+438.1

130.0 12.575.0 955.0

(The table was reproduced by copy right permission and obtained from N ehmann, N., Wicklein, D.,
Schumacher, U., & Miiller, R. (2010). Comparison of two techniques for the screening of human tumor
cells in mouse blood: Quantitative real-time polymerase chain reaction (qQRT-PCR) versus laser
scanning cytometry (LSC). Acta Histochemica. https://doi.org/10.1016/j.acthis.2009.05.004).
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Another lead study of the field was established by Prigent and colleagues wherein they
have studied ALU-based quantification method from a different perspective, instead
of using the number of cells as base line they have optimized the technique by initially
extracting the tumor cell DNA, quantifying it, performing dilutions, mixing them with
a constant amount of mouse or rat DNA and measuring their Ct with ALU primers.
This technique was shown to be very sensitive and precise as small as 0.01 pg human
DNA could be detected in 100g of mouse DNA and 200g of rat DNA mix (Figure 1.
3). ALU-based detection system therefore enables precise detection of human DNA
when also considered by the terms of added DNA quantity.

“, Muman TMA o Water

(B) . e (€) Murman DNA = 200 ng of Rat DA

Figure 1. 3 Linear regression analysis of ALU-based detection method (AluYb8)
performed across different species. A) Human DNA detection in water. B) Human
DNA detection in 100ng mice DNA C) Human DNA detection in 200ng rat DNA.

(The copy right permission was taken and this imae was taken from Prigent, J., Herrero, A., Ambroise,
J., Smets, F., Deblandre, G. A., & Sokal, E. M. (2015). Human progenitor cell quantification after
xenotransplantation in rat and mouse models by a sensitive qPCR assay. Cell Transplantation, 24(8),
1639-1652. https://doi.org/10.3727/096368914X681955).
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1.1.4.2. Invasion, extravasation, dissemination and metastasis

Zebrafish xenograft models also revolutionized assessment of metastasis-related
events in vivo. In fact, vast number of studies assesses presence of metastatic foci
and/or micrometastasic foci in cancer cell-transplanted fish in parallel with evaluating
presence of migration, invasion, dissemination and extravasation in these fish. A
generalized approach has been adopted in most of these studies focusing on metastasis-
related events assays wherein micrometastatic/metastatic foci forming at different
sites, i.e., head, trunk, back, tail fin, are stated (Lara et al., 2011; Spender et al., 2016;
C. Thomas et al., 2012). In several studies, step-wise approaches also have been
adopted to demonstrate dissemination, extravasation and tissue invasion at one cell-
resolution eventually demonstrating micrometastasis at distant foci (Shuning He et al.,
2012).

Automated tools are also available for assessing metastasis-related events such as
dissemination (Ghotra et al., 2012) and organ-specific distant foci formation (Annila
et al., 2013). Ghotra and colleagues developed an automated whole animal bioimaging
system for evaluating disseminating cells in zebrafish xenograft models. Herein,
multiple parameters, i.e., total tumor cell foci, mean distance, mean intensity, mean
area and cumulative distance of tumor burden, are initially evaluated for each embryo.
Van der Ent and colleagues exemplify the use of this tool (Ghotra et al., 2012), where
they performed automated quantitative image analysis of proliferation and migration.
For tumor burden, number of tumor foci detected by its fluorescent emission were
multiplied with the mean area of all fluorescence cell clusters. For migratory cells, the
distance between site of injection and individual cell clusters are measured and
averaged for calculating migration mean value or individual added up for reflecting
cumulative/total migration value for each embryo (van der Ent et al., 2015). Similarly,
Tan and colleagues used a method wherein metastatic tumor cell foci were initially
identified by discarding single migrator cells by minimum area filtering criteria then,
cumulative distance (CD) of metastatic tumor cell foci was calculated by summing up
all identified tumor foci distances from the transplantation site in each embryo
followed by use of a migration index (Tan et al., 2014). These studies show that

quantification of migrating cells is important as quantifying the tumor size and volume.
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A metastasis-quantifying image analysis tool, ZebIAT, was established and it provides
a platform for automated cancer metastasis analyses per organ(Annila et al., 2013).
The tool works with fish aging between 2dpf and 5dpf enabling registry of all major
organs and upon injection, the mean fraction area of organs harboring cancer cells are

examined to reflect the site/organ of metastasis (Annila et al., 2013)

Numerous methods and automated tools exist for assessing metastasis-related events
in zebrafish xenograft models and extensive number of studies will give birth to novel
assessment methods in time. However, there is still a need for a database through

which differences in methodologies can be extracted systematically and over time.

1.1.4.3. Angiogenesis

One of the key and early studies to show successful cell transplantation to zebrafish
involved establishing zebrafish xenograft angiogenesis model that was performed by
Nicoli and colleagues in the beginning of 2000s where they assessed the angiogenic
capacity of tumorigenic FGF2-overexpressing mouse aortic endothelial (FGF2-MAE)
cells by performing three independent assays: i. alkaline phosphatase staining; ii.
Whole mount in situ RNA hybridization of early endothelial markers including VE-
cadherin, Fli-1 and VEGFR2/KDR; and iii. Employing fluorescence-based assessment
of neovessels formation from subintestinal vessels migrating and infiltrating the
FGF2-MAE cells in VEGFR2:G-RCFP zebrafish embryos (Nicoli et al., 2007).
Similarly, majority of the study employed alkaline phosphatase staining for angiogenic
assessment (Leali et al., 2010; Moshal et al., 2011) or fluorescence-based assessment
of neo vessel formation stemming from the subintestinal vessel and/or intersegmental
vessel formation in fluorescently-labelled endothelial marker expressing transgenic
fish (Cheng et al., 2011; Hollenbach et al., 2013; Moshal et al., 2011; S. Zhang et al.,
2011).

To conclude this section, zebrafish xenograft model provides a feasible platform for
application of angiogenesis assessment and aid investigate the angiogenic capacity of
xenografted cell lines and PDXs in fish. Nevertheless, there is not an online structured

format by which researchers can extract knowledge in table format or visualize the

19



diversity of approaches. Since zebrafish xenograft field continue to evolve and expand

this has now become a necessity as it has been established for mouse models earlier.

1.1.5. Technical perspectives of engraftment procedure in zebrafish

model organism

Technical perspectives of zebrafish xenograft applications are of great importance. In
fact, successful experimental design for testing one’s hypothesis requires detailed-
evaluation of technical aspects that are to be considered for zebrafish xenograft
models. Herein, the number of injected cells, choice of cell line, the site of injection,
cell tracking sources, optimal temperatures for xenograft-bearing fish accommodation

should be carefully considered for the type of biological assessment to be performed.

1.1.5.1. Site of injection

The correct choice of site of injection is detrimental for the type of assessment to be
performed in the fish, for instance, many studies focusing on proliferation, tumor
growth and/or tumorigenic capacity chose to perform the transplantation into the yolk
sac (Cabezas-Sainz et al., 2018; B. Zhang et al., 2015). Injection to the duct of Cuvier,
on the other hand, allows analysis of metastatic events as it opens to the sinus venous
of the heart and aids circulating cell analysis as performed in the majority of studies
assessing metastasis (Liekens et al., 2015; Tulotta et al., 2019) and associated events
including migration (Olszewski et al., 2019) and invasion (Spender et al., 2016).
Another, common route for injection in fish studies is the perivitelline space. Nicoli
and colleagues has initially identified successful angiogenic activity upon FGF2-
overexpressing MAE cells in the fish by identifying neovessel formation from SIV
basket with migratory capacity towards grafted cell area upon cell injection into the
perivitelline space 48 hpf old zebrafish (Nicoli et al., 2007). Many groups followed
and perivitelline space injections are now commonly used for assessing angiogenesis
in zebrafish xenograft models (Britto et al., 2018; Weijts et al., 2018). The possible

routes for zebrafish embryo transplantation sites are shown in Figure 1. 4.

Therefore, injection site preferences are based upon the type of assessment to be

pursued for each research question.
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Hindbrain ventricle Duct of Cuvier Caudal vein

Yolk sac

Figure 1. 4 Schematic representation of different injection sites for
xenotransplantation studies in 48hpf fish.

(No copy right permission was required for this figure and the figure was was obtained from (Veinotte
et al., 2014); Veinotte, C. J., Dellaire, G., & Berman, J. N. (2014). Hooking the big one: The potential
of zebrafish xenotransplantation to reform cancer drug screening in the genomic era. In DMM Disease
Models and Mechanisms.)

1.1.5.2. Injected cell numbers

Cell numbers to be injected are considered as another technical aspect to be evaluated
carefully when stating a hypothesis in zebrafish xenograft studies. If to be reviewed,
diverse number of cells of different cancer types have been injected to fish and
different type of analyses have been performed yet some studies harboring the
comparison of these assessments exist and depict the influence of the choice of cell
number for the assessment to be taken. For instance, a study led by Gaytan-Cervantes
and colleagues used CRISPR-modified HeLa cells for testing tumorigenic capacity of
injections performed with different number of cells. CRISPR-modified and control
cells were injected as 75 cells, 125 cells or 250 cells as three independent experimental
groups to study the tumorigenic capacity in groups of approximately 15 embryos.
Monitoring for 4 days post injection revealed control injected cells had 0/15 (0%),
2/13(15%), 3/14(21%) tumor development whereas CRISPR-modified cells had
3/15(20%), 4/13(31%) and 6/15(40%) tumorigenic capacity 75 cell-, 125 cell- and 250
cell-injected fish, respectively. This outcome clearly reflects the importance of choice
of cell number in experimental design (Gaytan-Cervantes et al., 2017). Another study
also intensifies the need for optimal use of cells in numbers for xenotransplantation
studies in zebrafish by illustrating both the influence of injected cell numbers and
location on embryo survival for optimization purposes. Herein, 20, 50, 100, 200 and

500 cells were injected to embryonic mass (n:50), subintestinal veins (n:100) and yolk
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sac (n:100) and higher survival rates were detected in fish injected to yolk with 200
cells, 500 cells leading to significantly reduced survival rates (X. J. Yang et al., 2013).

As exemplified above, optimization of the injected cell number is essential for
delivering the right outcome of the designed experimental set-up per study. Collection
and projection of data on the injected cell lines and numbers are essential for canalizing
the researchers into most-optimized experimental setups for zebrafish

xenotransplantation studies.

1.1.5.3. Cell tracking sources

Zebrafish as a xenograft host provides a feasible route for cell tracking due to its
transparency which is either established through using pigment mutants, i.e., casper
strain or transgenic fish with casper background or through PTU administration for
pigment removal. Cell tracking sources are of several options one of which is the tag
expression vectors (TV) yielding expression of fluorescent proteins and the others
include use of lipophilic membrane dyes, amino-reactive molecules etc. (Jensen,
2012). Prior to transplantation, cells are either transfected or transduced with
fluorescent protein expressing vectors i.e. green fluorescent protein (GFP) (C. W.
Wong et al., 2019), mCherry (Marranci et al., 2019), DsRed (Liekens et al., 2015;
Tulotta et al., 2019), mTurquise (De Boeck et al., 2016) or stained with lipophilic dyes
such as CM-Dil (Gianoncelli et al., 2019), DiO (Shi et al., 2019), PKH26 (Xia et al.,
2014) or stained with aminoreactive molecules such as CFSE (Xia et al., 2014). Hence,
these options reflect the abundance of choice for the cell tracking sources and ease-of-

use in zebrafish xenotransplantation studies.

1.1.6. Review of xenograft databases of fish and murine models

present in the literature

Rodents are in use for xenotransplantation studies over a century. Collective data
presentation on rodent xenograft studies are available through databases and/or tools
which are designed to deliver precise information on the experimental design and

clinical information to the scientific research community.
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1.1.6.1. Mouse Models of Human Cancer Database
Mouse Models of Human Cancer Database (MMHCdb), formerly named as Mouse

tumor biology (MTB), database serves as an open-source encyclopedia of mouse
models for human cancer since 1999 (Bult et al., 1999, 2015; Krupke et al., 2008)
(Figure 1. 5). The current version of the database is accessible through

http://tumor.informatics.jax.org/mtbwi/index.do. MMHCdb database focuses on three

main aspects of mouse studies one of which is the spontaneous and induced tumors in
mice, mouse models of cancer including mutant, inbred, hybrid, and genetically

engineered strains, and lastly patient-derived xenograft models (Bult et al., 2015).

This database has a user-friendly interface and provides easy access to information
through cancer-specific links listed through its main page as well as through
‘Advanced search’ button by providing search through several attributes including
primary site, tumor type, site of metastasis, tumor inducing agent type, genes and
alleles, strain, strain type, tumor frequency, study size, reference, additional
information and human tissue. Additionally, it provides information through the MTB
database-embedded ‘Search/Tools’ tab such as ‘Tumor Frequency Grid (inbred
strains), ‘Patient Derived Xenograft (PDX) Search, ‘PDX Like Me’ tools as well as
providing links to another independent platforms such as ‘PDX Finder’ (Conte et al.,

2018).

Overall, this database serves as an important platform for projecting data on human
cancer mouse models as well as PDX models providing useful information for cancer

research community.
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Figure 1. 5 Screenshot of Mouse Tumor Biology database advanced search page.

(This image was retrieved from Krupke, D. M., Begley, D. A., Sundberg, J. P., Bult, C. J., & Eppig, J.
T. (2008). The mouse tumor biology database. In Nature Reviews Cancer.
https://doi.org/10.1038/nrc2390).

1.1.6.2. PDX Finder

PDX Finder is a joint project of EMBL-EBI and The Jackson Laboratory that houses
repository of PDX models and associated data (Conte et al., 2018). The PDX finder is
originally based on the PDX models minimal information standard (PDX-MI) project
(Meehan et al., 2017) that gathers the data and projects them through four modules;
clinical (/patient and /tumor), model creation, model quality assurance and model
study/associated metadata. The four modules have further sub-modules to be fulfilled

as essential or desirable information and are as follows.

Clinical module accommodates detailed query on patient-associated and tumor-

associated information to be fulfilled and some of these data are marked as essential
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where some are only marked as desirable on the recommendation list. The patient-
association data, for instance requires fulfillment of attributes such as submitter patient
ID, age, gender, diagnosis, consent to share data as essential query and attributes such
as ethnicity/race, current treatment drug, current treatment protocol (dose; details),
prior treatment protocol, response to prior treatment and virology status as desirable
query to be fulfilled. Tumor-associated data has essential query on submitter tumor
ID, primary tumor tissue of origin, primary/metastasis/recurrence, specimen tumor
tissue, tissue histology, tissue grade, disease stage and specific markers (diagnostic
linked). Desirable attributes such as ‘original tumor sample type’ and ‘tumor from an

existing PDX model? ID? Why, sub-line?’ are included.

Model creation module requires information about the mouse model used for PDX
transplantation. Herein, attributes include ‘Submiter PDX ID’, ‘mouse strain (and
source), ‘Strain immune system humanized?’, ‘Type of humanisation’, ‘Tumor
preparation’, ‘Injection type and site’, ‘Mouse treatment for engraftment’,

‘Engraftment rate’, ‘Engraftment time’.

Model quality assurance module collects information on ‘Tumor Characterization
Technology’, ‘Tumor confirmed not to be of mouse/EBV origin’, ‘Response to
Standard of Care (Pharmacological positive control)’, ‘Animal health status’, ‘Passage

AQ performed’

Model study module consists of ‘Treatment, passage’, ‘Treatment protocol (dose;
details), ‘Treatment Response’, ‘Tumor OMICS: sample id; sample site; purity (mouse
vs human); technology; passage’ ‘Development of metastases in strain (Y/N, site);

passage’ and ‘Lag time/doubling time of tumor’.

Associated metadata module accommodates information on ‘PDX model
availability?’, ‘governance restriction for distribution’ and ‘ID for associated

publication, image, archived data (URL, PMID, DOI)’.

PDX finder webpage is designed to display this collective information through several
routes: e.g., through the Find search engine which is run for cancer diagnosis of interest

located on the welcome page. Explore engine is designed to categorize data and aid
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data search through ‘frequently mutated gene’, ‘drug dosing’, ‘anatomical systems’
and ‘provider’ links. Yet, the ‘Search’ tab located on the home page diverts the user
into more sophisticated search platform wherein PDX model, molecular data,
treatment/drug dosing, patient/tumor details are provided through these modules and

a fine-tuned search can be performed through this platform easily (Figure 1. 6).

As default, with no specified query, PDX finder provides the information of mouse
model, histology details, primary tumor information, collection site, type of status i.e.

metastatic/primary and other available data about the tumor sample.

PDX Finder, hence, serves as the main encyclopedia of patient-derived
xenotransplantation studies performed in rodents. Its user-friendly interface as well as
easy-to-follow-up web-site design allows easy access and interpretation of the
incorporated data and guides the researchers for collecting data of their interest and
review current PDX models of rodents. Furthermore, the possibility direct data
submission from the researches also makes it an interactive web base providing most
novel applications of PDXs in rodents. Databases such as PDX Finder are in great

demand and are of great use for cancer research community.
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Figure 1. 6 Screenshots of PDX Finder search page. An example search performed
by searching colorectal cancer, KRAS gene mutation and Cetuximab drug treatment
keywords.

(This image was retrieved from Conte, N., Mason, J., Halmagyi, C., Neuhauser, S. B., Mosaku, A.,
Begley, D. A., Krupke, D. M., Parkinson, H., Meehan, T., & Bult, C. J. (2018). PDX Finder: A Portal
for Patient-Derived tumor Xenograft Model Discovery. BioRxiv. https://doi.org/10.1101/291443)

1.1.6.3. Patient-Derived Models Repository Database
National Cancer Institute Patient-Derived Models Repository (NCI-PDMR),

accessible through https://pdmr.cancer.gov/, has been established to deposit patient-

derived xenografts, in vitro patient-derived tumor cell cultures, cancer associated
fibroblasts and patent derived organoids for scientific research purposes mainly aiming
improvement of preclinical studies for delivering effective therapeutics in clinics.
Herein, the PDMR Database is organized to display the information through 8 tabs
which are namely ‘Home’, ‘Patient’, ‘Patient Specimen’, ‘Sample (PDX or In Vitro

Culture)’, ‘Distribution Lots’, ‘Genomic Analysis’, ‘Reports’ and ‘Search’.

Patient tab is where Patient ID and information such as gender, disease description,

disease body location, diagnosis/subtype and STR profile are displayed for informing
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the users. Patient specimen further highlights the users about the tissue type, presence
of PDX growth curve in mouse model, metastasis model in NSG mouse, provided

tissue origin and etc.

Sample (PDX or In Vitro Culture) tab permits the user access to Patient-Derived
Xenograft Samples that permits user to check relevant information including
Specimen ID and informs about the availability of pathology, OncoKB Cancer Gene
Panel, Whole Exome Sequence and RNA-Seq reports. By clicking to specimen ID a
report page displaying specimen and engraftment details as well as PDX growth curve
is present. In vitro culture option, on the other hand, lists the samples based on patient
ID and also presents specimen ID and sample ID details. Additionally, the type of
culture such as CAF culture/PDC:Mixed tumor culture/Organoid culture is also
present as well as required media for growing conditions are also displayed through
this page. Disease-associated details such as disease description, disease body location
as well as assessment-specific details such as information on tumorigenic capacity in
NSG mice, in vitro image availability, OncoKB cancer gene panel data availability,
whole exome sequence data availability, RNA-Seq availability and culture origin are

also displayed for delivering all essential information for the users.

Genomic analysis tab diverts the users into the page of OncoKB Gene Panel whereas
genomic information about the derived material type stated with patient ID, specimen
ID, sample ID, disease-associated information. Herein, genetic alterations such as
mutations, altered protein sequences, variant allele frequencies, variant classes, i.e.
mutation type, oncogenicity and mutation effect, are stated. Whole exome sequence
and RNA-Seq tabs are also present under the genomic analysis tab and through these

tabs one can access FastQ files and download the sequences for their interest.

Report tab is another tab that provides access to pathology page which in turn reports
the tumor grade, tumor content in percentage, necrosis in percentage, stromal in
percentage and inflammatory cell grading as well as pathology notes. Additionally,
report tab provides links to deliver information about the ethnicity/race and ancestry

as well as treatment history.
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Finally, Search tab provides a detailed platform for mining data according to the
patients and specimens that has known metastatic disease, MSI-high models,
metastatic models, at least one sample that has image data, at least one sample that has
whole exome sequence data, at least one sample that has RNA-Seq data, germ line
sequence by checking one or more than one options for a shared profile. Additionally,
search choosing single/and or multiple entries from Patient ID, gender, self-reported
race, disease body location, PDM type, disease code, grade/stage tissue type, therapy
regimen, Hugo gene symbols are also available for a fine-tuned search through PDMR

database.

Distribution lots tab is another feature that informs the user specifically about the
availability of cryovials for PDX generation, PDX DNA vials, PDX RNA vials and
PDX-Flash frozen vials. Therefore, enables the distribution of the selected PDX to be

used in the lab settings.

Overall, PDMR serves as a platform for researchers to search for PDX model of their
interest in rodents based on different filtering systems covering patient data, PDX
model data and tumor data including genomic analysis and pathology reports.
Additionally, it also provides distribution information for delivering research materials
of PDX models of interest for direct use in laboratories. Availability of this platform
is a great help for those currently performing or planning to pursue rodent PDX

models.
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1.1.6.4. PDXliver

PDXliver is a database that implements mouse PDX models of liver cancer aiming to
provide a global server for developing anticancer therapeutics personalized medicine

for liver cancer patients (Sheng He et al., 2018).

The database houses a total number of 116 patient data which are reflected through
seven different modules; ‘Data Set’ ‘#Patient’ implying number of patients,
‘Transcriptome’, ‘Genome’, ‘Drug’, ‘Resource’ and ‘Reference’ on the homepage of
the database. The transcriptomic data is divided into three datasets, namely, the
DataSetl Affymetrix Human Genome U133 Plus 2.0 Array (gpl570) (raw data:
GSE90563) (Registered patient number:46, Registered PDX model:40), the DataSet2
Affymetrix Human Gene Expression Array (GPL15207) (Registered patient
number:65, Registered PDX model:43) and thirdly the DataSet3 RNA-Sequencing
data (GPL15207) (Registered patient number:5, Registered PDX model:5). The
associated genomic data for DataSet1 is derived from both Affymetrix Genome-Wide
Human SNP 6.0 Array (raw data: GSE9065) (Registered PDX model:40) and Exome
sequencing (Registered PDX model:40) platforms. These two platforms introduce the
type of transcriptome data as well as the genomic data that was integrated to this

database.

Mining through this database could be established through the ‘Browse’ page which
displays and enable sorting based on for liver cancer subtypes, viral status, TNM stage,
grade, datasets presented on the homepage, germline variants, somatic mutations and

copy number alterations (Figure 1. 7).

Well-designed architecture as well as data categorization of PDXliver database, hence,
allows mining different attributes on mouse liver PDXs including hepatocellular
carcinoma, cholagiocarcinoma, hepatoid adenocarcinoma, gastric hepatoid cancer and
mixed cancers. The database emphasizes the importance of data delivery on organ-
specific xenograft models and aids search of liver PDXs for the use of cancer

researchers.
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Figure 1. 7 Screenshot of PDXIliver browse and search page. A) PDXliver browse
page allows data sorting based on page based on liver cancer subtypes, viral status,
TNM stage, and grade B) PDX search page enables search through the highlighted (in
red circle) attributes and example of query result is shown.

(These images were adapted/retrieved from He, Sheng, Hu, B., Li, C., Lin, P., Tang, W. G., Sun, Y. F,
Feng, F. Y. M., Guo, W., Li, J., Xu, Y., Yao, Q. L., Zhang, X., Qiu, S. J., Zhou, J., Fan, J., Li, Y. X,
Li, H., & Yang, X. R. (2018). PDXliver: A database of liver cancer patient derived xenograft mouse
models. BMC Cancer. https://doi.org/10.1186/s12885-018-4459-6).
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1.2. Mineralocorticoid receptor (MR) signaling and cancer

1.2.1. MR signaling at a glance

Mineralocorticoid receptor (MR/NR3C2) is a member of nuclear receptor steroid
receptor subfamily which also houses glucocorticoid receptor (GR), estrogen receptor
(ER), progesterone receptor (PR), and androgen receptor (AR ) (Helsen & Claessens,
2014; Robinson-Rechavi et al., 2003). MR was primarily identified as an aldosterone
binging receptor in rat kidney tissue (Funder et al., 1972; Rousseau et al., 1972); and
it is mainly involved in body electrolyte homeostasis and sodium reabsorption. In
addition to its presence in epithelial tissues including sweat glands (Kenouch et al.,
1994; H. Sasano et al., 1992) and colon (Pressley & Funder, 1975) it is also expressed
non-epithelial tissues such as vasculature and brain (Agarwal et al., 1993; Lombe¢s et

al., 1992).

MR can bind to mineralocorticoids (aldosterone, deoxycorticosterone),
glucocorticoids (cortisol) (Rupprecht et al., 1993; Sutanto & de Kloet, 1991) and
progesterone (Myles & Funder, 1996). Although aldosterone is considered the primary
physiological ligand of MR, cortisol, which is found more abundantly (100-1000 times
more than aldosterone) in bloodstream can bind to MR with high/similar affinity
(Bledsoe et al., 2005). Presence of hydroxy beta dehydrogenase enzymes confers
specificity for MR ligand binding. HSD11B2 and HSD11B1 enzymes are the two
isozymes working as regulators of corticosteroid production and selective affinity to
mineralocorticoid and glucocorticoid receptors. HSD11BI1 is a reductase enzyme that
predominantly converts inert cortisone (Compound E) into active cortisol (Compound
F) in human tissues whereas HSD11B2 converts active cortisol (Compound F) to
inactive cortisone (Compound E) (Edwards et al., 1988, Funder et al., 1988).
HSD11B1 and HSD11B2 expressions vary among different tissues; HSD11B1 is
abundantly expressed in liver, adipose and adult brain as well as vasculature, ovary,
testis, uterus, placenta, immune and inflammatory cells, skeletal muscle and heart and
fetus (late gestation) (Chapman et al., 2013). HSD11B2, on the other hand, is mostly
expressed in mineralocorticoid (aldosterone) responsive tissues such as distal nephron,
sweat glands, salivary glands, colon as well as exocrine pancreas, adrenal cortex, skin
and lung epithelia, vascular endothelium and fetus (early to mid-gestation) (Chapman

et al., 2013). Hence tissue specificity and availability of the HSDs play a role
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determining the affinity of the corticoids to MR and GR receptors. Therefore, presence
of HSD11B2 in epithelial cells thus ensures aldosterone-selective MR activity

mechanistically eliminating cortisol induced MR activity.

MR/NR3C2, in the absence of its ligands, resides in cytoplasm and held by its
chaperone proteins heat shock protein 90 (hsp90) and FK506-binding protein 51
(FKBP51) (J. Yang & Fuller, 2012). In the presence of its ligand, aldosterone, it binds
to the MR-chaperone complex which in turn causes conformational change and leads
to replacement of FKBP51 with FKBP52 causing nuclear localization of the ligand-
receptor-chaperone complex. Ultimately chaperone proteins disassociate from this
complex, and ligand-bound MR form homodimers and bind to hormone-response
element (HRE)s. With the recruitment of the co-activator complex, then, MR
transactivation takes place (J. Yang & Fuller, 2012) (Figure 1. 8). The aforementioned
mechanism of action reflects the classical genomic actions of aldosterone-mediated

mineralocorticoid receptor signaling.
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Figure 1. 8 Aldosterone-mediated transactivation of mineralocorticoid receptor.

(This figure was reproduced by copy right permission and was obtained from Yang, J., & Fuller, P. J.
(2012). Interactions of the mineralocorticoid receptor - Within and without. In Molecular and Cellular
Endocrinology. https://doi.org/10.1016/j.mce.2011.07.001 and its use is permitted with copy right
permission from Elsevier Publications).
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Actions of aldosterone is not only mediated through classical genomic MR binding to
HRE. HRE-independent mechanisms, i.e. indirect interaction with other transcription
factors should be also considered as possible routes for mediating exert genomic
effects of aldosterone through MR binding as it was shown for NFKB p65 subunit
mediated repression of MR transactivation (Kolla & Litwack, 2000).

Non-genomic actions of membrane-associated MR also exists; Grossman and
colleagues have shown co-localization of MR and EGFR to the plasma membrane that
is independent of short-term aldosterone exposure (< lhour) and long-term
aldosterone exposure (24 hours) resulted in nuclear translocation of MR and loss of
MR-EGFR co-localization at the plasma membrane (Grossmann et al., 2010). MR,
similarly to other steroid receptors, exerts its downstream effects through genomic and
non-genomic signaling. However, the data on mechanism of action or its modulation
of expression or expression heterogeneity of MR remains less studied in epithelial

cancers with few studies in literature.

1.2.2. Aldosterone and MR signaling in epithelial tissues

Mineralocorticoid receptor is vital for maintaining water balance and electrolyte
homeostasis in human physiology. Its mechanism action has been long studied to
better understand human physiology and pathology both at physiologic and gene-level.
Genomic actions of aldosterone-driven MR signaling in an epithelial tissue, e.g., a
renal polarized epithelial cell, portraits a sophisticated picture of the regulation of
downstream effectors of this signaling pathway by mirroring the roles of key effectors

in maintaining sodium and water balance under physiological conditions (Figure 1.
9).

Aldosterone-driven MR transactivation in an aldosterone-responsive epithelial cell
turns on a cascade of events that ultimately leads to expression of two key effector
proteins; the apical amiloride-sensitive Epithelial Na* channel (ENaC) and the
basolateral Na+K+ -ATPase for mediating sodium and water homeostasis taking place
principally in the distal nephron and the distal colon (Fuller & Young, 2005). Once
MR becomes transactivated, it controls ENaC expression and function through
multiple actions. Aldosterone-mediated MR transactivation leads to serum

glucocorticoid kinase 1 (SGKI1) transcription, which in turn results in ENaC
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translocation in the apical membrane (Brennan & Fuller, 2000; Chen et al., 1999;
Loffing et al., 2001). Once the SGKI1 is transcribed and activated, it phosphorylates
Nedd4-2 ubiquitin-protein ligase (Debonneville et al., 2001). Phosphorylated Nedd4-

2 can no longer lead to ubiquitination and degradation of ENaC, therefore increasing

its expression on the apical membrane (Arroyo et al., 2011).
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Figure 1. 9 Aldosterone and mineralocorticoid signaling in a polarized renal cell.

(This image was reproducible without the need of copy right permission and required citation and it

was obtained from Viengchareun, S., Le Menuet, D., Martinerie, L., Munier, M., Pascual-Le Tallec, L.,
insights into its molecular and

& Lombes, M. (2007). The mineralocorticoid receptor:
(patho)physiological biology. Nucl Recept Signal, 5, e012. https://doi.org/10.1621/n1s.05012 .)
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1.2.3. Mineralocorticoid receptor and aldosterone signaling in

epithelial cancers

Research on deciphering possible tumorigenic or antitumorigenic activity of MR and
aldosterone signaling only begun in 2000s. Previous studies regarding to MR and
cancer conceptualized studies have remained very limited to immunohistochemistry
research where normal tissue and diseased tissue of various origins were screened were
presence of MR (Fukushima et al., 1994; Hironobu Sasano et al., 1997; Suzuki et al.,
2000). To date aldosterone and/or mineralocorticoid receptor signaling has been
studied in several epithelial cancers including cancers of lung, colon, liver, breast and

kidney (See below and section 1.2.4)

1.2.3.1. Lung cancer

Presence of MR expression in lung cancer tissue was initially identified by Suzuki and
colleagues in 2000 (Suzuki et al., 2000). About ten years later, another discovery on
MR expression and lung cancer spilled out as Jeong and colleagues were aiming to
identify nuclear receptor expression signatures in non-small-cell lung cancers
(NSCLCs) and corresponding normal tissues. Herein, only in the corresponding
normal tissues, high MR expression was shown to be good prognosis predictor for
survival and disease recurrence (Jeong et al., 2010). In another context, Bar and
colleagues studied association of sodium regulators, one of which was aldosterone, in
NSCLC disease outcome prediction. Elevation in the aldosterone levels with the
treatment was shown to be better associated with longer overall survival (OS) in the
NSCLC patient group treated with the VEGF inhibitor, Cediranib, when compared
with the placebo treated controls (Bar et al., 2015). Aldosterone and MR signaling
were mostly studied in NSCLCs. Accordingly, presence of aldosterone and/or
expression of MR was shown to be a better indicator of disease prognosis in NSCLCs.
Yet, aldosterone and MR signaling remains to be elucidated in other types of lung

cancers e.g., small cell carcinoma, squamous cell carcinoma and large cell carcinoma.

1.2.3.2. Colon cancer

Identification of MR expression in gut mucosa dates back to 1975 (Pressley & Funder,
1975). Expression of MR, in cancer tissue, however, was shown on ileum mucosa of

patients went under colectomy after 20 years of initial MR expression in gut
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(Fukushima et al., 1994). Di Fabio and colleagues, then, studied MR expression in
colon cancer wherein, association among MR, and VEGFR, expression was studied in
order to investigate any possible association of MR and angiogenesis in colon cancer.
MR was shown to be downregulated in colon cancer tissue when compared with the
matched normal tissue mucosa whereas VEGFR, was shown to be regulated in the
opposite direction, exhibiting an increased expression in tumor tissue when compared
to normal mucosa. Underexpression of MR as well as the presence of inverse
correlation among MR and well-defined angiogenesis marker, VEGFR, in colon
cancer tissues was suggesting tumor suppressive role of MR in colon tumorigenesis
(Di Fabio et al., 2007). Further studies towards MR signaling in colon cancer tissues
also revealed an inverse correlation among MR and a microvessel density marker
(CD34) in colon cancer tissues. Survival analysis performed for association among
colon cancer patients stratified by high or low CD34 as well as MR expression also
revealed a similar trend wherein low CD34 and low MR expression to be significantly
associated with better and worsened overall survival outcomes, respectively (Tiberio
et al., 2013). Herein, aldosterone modulated MR signaling on colon cancer cells were
additionally tested in vitro and VEGFA expression and VEGFRR-2 (mRNA) was
shown to be downregulated upon aldosterone administration on transiently MR-

overexpressing colon cancer cells (Tiberio et al., 2013).

Another survival analysis by our group using GEPIA tool has also identified an
association among high MR expression and better overall survival in colon
adenocarcinoma patients (Konu & Targen, 2019). In addition, analysis of impact of
MR mutations impacts by Mutation assessor revealed presence of a high impact

mutation of MR in colorectal adenocarcinoma patients (Konu & Targen, 2019).

Overall, aldosterone and MR signaling seems to be an important factor in colon
tumorigenesis, a part of it at least through its association with the regulation of
angiogenetic factors. More studies deciphering role of aldosterone modulated MR-
signaling across different biological pathways will also help illustrate a more-complete

picture of its role in colon cancer.
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1.2.3.3. Renal Cancer

MR has been long studied in renal physiology and pathology (Fuller & Funder, 1976;
Matulich et al., 1976). Yet, its connection with cancer had been first studied through
identification of its expression together with its counterpart, HSD11B2, in normal
renal tissue as well as renal cancer tissue of different origin as well as normal renal
tissue in 2000s (Yakirevich et al., 2008). Herein, co-expression of both receptors was
identified in normal distal nephron, oncocytoma stemming from distal nephron and
chromophobe renal cell carcinoma (chRCC) (Yakirevich et al., 2008). King et al., has
also showed co-expression of MR and HSD11B2 in clear cell renal carcinoma tissues
(King et al., 2014). Furthermore, the proliferative capacity of aldosterone modulated
MR signaling was also assessed in this study. In fact, MR antagonist spironolactone
administration was shown to downregulate K-RAS expression and decreased cell
proliferation in mutant VHL-expressing and normal VHL-expressing renal cell
carcinoma cells in the presence of basal cell culture conditions. Additionally, K-
RAS4A was shown to be exerting its proliferative actions through Raf and Akt
pathways through knockdown studies (King et al., 2014). On the contrary, aldosterone
was shown to be promoting DNA synthesis and migration of murine renal cortical

adenocarcinoma via G-protein coupled estrogen receptor (Feldman et al., 2016).

These findings highlight the presence of MR and its counterpart HSD11B2, in diseased
kidney tissue along with the normal kidney tissue suggesting a possible role and/or
dysregulation in different cancer types of kidney origin. Furthermore, cell type specific
actions of aldosterone and/or spironolactone highlights cell-type dependent regulation

of MR signaling in cancer development in kidney.

1.2.3.4. Liver Cancer

In liver cancer tissue, particularly of hepatocellular carcinoma (HCC),
mineralocorticoid receptor was shown to be underexpressed when compared to
corresponding normal liver tissue controls (Nie et al., 2015). Herein, MR silencing and
overexpression models were established to study effects of MR alone as well as in the
presence of aldosterone/spironolactone on liver tumorigenesis. Presence of MR, by
overexpression model establishment, was shown to be decreasing cell viability and

increasing apoptotic rate in liver cells in vitro. Furthermore, MR was shown to be
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inhibiting colony formation of HCC cells in vitro and tumor formation/growth in vivo.
Furthermore, when presence of MR overexpression was coupled with aldosterone cell
viability and colony formation were down regulated and this effect by reversed by
presence of spironolactone. In the same study, MR was shown to be inhibiting
Warburg effect and also, tumor proliferation through the miR-338-3p/PKLR axis in
this model (Nie et al., 2015).

Another study also showed involvement of MR in hepatocellular cancer regulation,
herein, another miRNA, miR-766 was shown to be directly targeting MR in HCC cells
which was in turn, mediating proliferative and metastatic capacity of HCC cells in
vitro (C. Yang et al., 2019). In fact, MR-overexpression model was rescuing the effects
of miR-766 by diminishing cell proliferation, colony formation and metastasis of HCC
cells. Furthermore, miR-766 targeting of MR was involved in the regulation of Beta
catenin pathway activation wherein miR-766 was activating B-catenin which was

reversed by the presence of MR (C. Yang et al., 2019).

Survival analysis performed for MR expression association and liver hepatocellular
cancer (LIHC) disease prognosis revealed that high expression of MR was
significantly associated with better overall survival and MR was shown to be harboring
deleterious high-impact mutation in hepatocellular carcinoma patients assessed by the

Mutation assessor (Konu & Targen, 2019).

Overall, classical aldosterone and MR signaling as well as MR subjected to post-
transcriptional modifications play an important role in liver carcinogenesis and these
implications are important for developing new research questions and better evaluation

of MR in liver carcinogenesis as well as in cancer, in general.

1.2.4. Mineralocorticoid and glucocorticoid receptors and breast

cancer

Initial identification of mineralocorticoid receptor expression in normal breast tissue
along with the diseased breast tissue dates back to late nineties. Herein, expression of
mineralocorticoid receptor together with its epithelial tissue counterpart, HSD11B2,

expression was studied by immunohistochemistry. Both proteins appeared to be
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predominantly co-localizing in the duct epithelia and exhibiting higher expression
patterns in invasive ductal carcinoma when compared to invasive lobular carcinoma.

(Hironobu Sasano et al., 1997).

Another study by an independent group, later on, showed cytoplasmic MR expression
in all breast tissue regardless of any disease status (benign disease of breast, carcinoma
in situ infiltrative ductal carcinoma and infiltrative lobular carcinoma). GR expression
was also studied in parallel, yet its expression exhibited a different expression pattern
than of MR, GR expression was all nuclear in benign breast disease tissues and were
exhibiting both cytoplasmic and nuclear expression in carcinoma in situ- infiltrative
ductal carcinoma- and infiltrative lobular carcinoma-derived tissues (Conde et al.,

2008).

Very recently, a Finnish group also studied MR, AR and GR-f3 expression in HER2-
breast cancer samples (n=152) out of which approximately 60% were TNBC samples
(n=96) (Jadskeldinen et al., 2019). AR expression was found in both cytoplasm and
nucleus yet was predominately-nuclear; MR expression were found both in cytoplasm
and nucleus, yet it was more frequently cytoplasmic; GR-, on the other hand, were
only cytoplasmic and no traces of nuclear stains were found. A positive correlation
was found between nuclear AR expression and cytoplasmic GR-f3 expression when all
samples were considered. Further on, association among AR, MR, GR-B and
clinicopathologic parameters were also studied. Herein, nuclear AR was significantly
associated with smaller tumor size and better differentiation. Cytoplasmic MR and
cytoplasmic GR- were associated with node-negative status and decreased tumor
proliferation, respectively. Furthermore, EMT markers and association of these
receptor expressions were also evaluated. In the entire patient cohort, nuclear AR and
cytoplasmic GR-3 were negatively associated with vimentin expression whereas
negative association among vimentin expression and MR was only detected in the
TNBC group. In the TNBC group MR was also shown to be positively associated with
SIP1 (Jadskeldinen et al., 2019).

Survival analysis of the patients with a median follow-up time of 100 months were

also evaluated in regard to their expression status. High cytoplasmic MR expression
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was associated with better overall survival outcome, breast-cancer-specific survival
and distant disease-free survival in TNBC patients. On the other hand, the non-TNBC
group (ER/PR+HER2-) were exhibiting an opposite effect wherein low cytoplasmic
MR expression being associated with relapse-free survival. This outcome highlights
the possibility of crosstalk among nuclear receptor e.g., ER, PR and MR in breast

cancer (Jadskeldinen et al., 2019).

Functional studies evaluating the role of aldosterone signaling and MR in breast,
although in very few numbers, still exist. In one of such studies, effect of MR, GR,
HSD11B2 agonists and/or antagonists were used for testing 11- hydroxysteroid
dehydrogenase activity and proliferation in breast cancer cells, PMC42, in vitro
(Koyama et al., 2001). Herein, initially effects of cortisol (GR ligand) and
glycyrrhetinic acid, an 11BHSD inhibitor, were tested on the cells. Cortisol, at
physiological levels, increased 11BBSD activity which was then diminished by
addition of the glycyrrhetinic acid. In addition, although cortisol did not exert any
effect on cellular proliferation, glycyrrhetinic acid addition lead to antiproliferative
behavior of cells. In order to identify the molecular mechanism behind the anti-
proliferative activity of the 11BHSD inhibitor, studies on MR and GR signaling were
pursued. Initially, ligand binding assays revealed binding constants of aldosterone and
dexamethasone as well as the number of binding sites for MR and GR, respectively.
Glycyrrhetinic acid was then shown to inhibit ligand binding of MR and GR. Then the
effects of MR and GR agonists and/or antagonists were tested by means of their effect
on 11BHSD activity and proliferation. GR agonist cortisol and GR/PR antagonist
RU38486 and MR antagonist spironolactone was shown to induce 11BHSD activity
yet aldosterone, did not exhibit any alterations on the 11BHSD activity. Both of the
agonist ligands, aldosterone and cortisol, when applied solely, did not exhibit any
alteration in cell proliferation yet the antagonists (RU38486 and spironolactone)
regardless of the presence of their ligands, have been shown to reduce cell numbers.
Overall, these findings highlighted the presence of 11BHSD?2 activity in breast cancer
cells and indicated a potential role for steroid receptors in proliferation (Koyama et

al., 2001).
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Another study has also contributed to identification of downstream effectors of
aldosterone signaling in breast cancer. Herein, possible effects of aldosterone exerted
through GPER and/or MR had been examined in breast cancer disease; SkBr3
(HER2+) cell line and breast tumor derived endothelial cells (BTEC). Initially,
aldosterone was shown to be activating EGFR and ERK1/2 transduction pathways
through GPER and MR. Aldosterone stimulation results in upregulation of the NHE-
1, regulator of the cell pH and volume, in SkBr3 and BTECs in the presence of both
receptors. Aldosterone exerted proliferative effects on SkBr3 cells which was reverted
by silencing either one of the MR or GPER. Addition of NHE-1 inhibitor also reverted
the effect of proliferative effect of aldosterone on naive SkBr3 cells. The same trend
was also observed for migration assay performed on BTEC cells wherein aldosterone
was resulting in migration which was reverted by NHE-1 inhibitor or MR/GPER
silencing. These findings reveal the importance of aldosterone signaling both at
cytoplasmic and nuclear levels and it also reveals the possibility of cross-talk among
MR and growth factor receptors in breast cancer and also validates cell-type specific

actions of aldosterone by the means of tumorigenesis.

1.2.5. MR overexpression studies

Successful cloning of human MR (hMR) in 1987 had been a scientific breakthrough
for the scientific community focusing on the corticosteroids and MR (Arriza et al.,
1987). Gene functionality studies upon gene silencing and/or overexpression studies
then became more feasible in practice. Initially, hMR was overexpressed in
Spodoptera frugiperda (Sf9) insect cells and was further characterized by
immunoblotting and ligand binding assessments (Alnemri et al., 1991). Numerous
studies harbor MR overexpression model established in African Green Monkey SV40-
transformed kidney fibroblast (COS-7) cells which do not possess endogenous MR
expression (Hernandez-Diaz et al., 2010; Hubert et al., 2011; Shibata et al., 2013;
Sonoyama et al., 2017).

In vitro MR overexpression models have been used to decipher wide-range of
questions raised for identifying molecular function of MR in different experimental
settings including disease-specific mutation assessments, e.g.,
pseudohypoaldosteronism 1 (Balsamo et al., 2007; Riepe et al., 2006), mutation

assessments for identifying effects of different post-translational modifications on MR
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(Faresse et al., 2012; Shibata et al., 2013), immunology-based studies (Haas et al.,
2018) and cancer research (Nie et al., 2015; Tiberio et al., 2013; C. Yang et al., 2019).
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1.3. Aims and rationale

Zebrafish has become a model of choice in cancer, stem cell and patient derived
xenografting however there is no database to collect and analyze methodology and
content of these ever-increasing xenograft studies. In addition, there are many
molecular modifications, e.g, overexpression of oncogenes/tumor-suppressors in cell
lines, which can benefit from in vivo validation. There are understudied molecules
such as Mineralocorticoid Receptor (MR) whose overexpression has not been
addressed in breast cancer in cell lines or in zebrafish yet, providing excellent
opportunities to test in zebrafish. Mouse has been the gold-standard model to date, yet
zebrafish offers many advantages as a xenograft model. Furthermore, there is a need
to develop high throughput methodologies in quantification of xenografts in zebrafish
as has been done more frequently at the molecular level as in mouse. It is important
also to make use of zebrafish host to demonstrate that xenograft studies can take
advantage of mutant/modified zebrafish to address the interaction between

microenvironment and xenografted tumor. Accordingly, in the present study:

1) I aimed to review plethora of xenograft (primary, stem or cancer cell line as well as
patient-derived tumor) studies particularly those possessing molecular modifications
including overexpression, knock out and knock in and transgenics along with those
using modified hosts to understand the state-of-the art and to provide a foundation for
a searchable and updatable database that will provide leads for upcoming studies and

researchers in the zebrafish field;

2) As a case study, I aimed to help develop a quantitative method for xenograft tumor
size measurements in vivo in a high throughput manner using a modified ALU
quantification method from mouse model and apply this technique in ache null

zebrafish microenvironment using liver cancer cell xenografts;

3) As a case study, | aimed to apply xenograft technologies to better understand MR
signaling in breast cancer and hence a) to study role of MR in vitro in breast cancer
cells and ex vivo in patient tumor diagnosis and prognosis; b) develop an
overexpression model in MCF7 and ZR-75-1 cells, which inherently do not express
(or negligibly express) MR and test whether MR overexpression is oncogenic or

tumor-suppressing; c¢) apply MR-overexpressing cells as xenografts in zebrafish to
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understand the tumor forming ability of MCF7 cells with or without modification and

MR's role in carcinogenesis.
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CHAPTER 2
MATERIALS AND METHODS

2.1. Development of ZenoFishDb v1.1 zebrafish xenotransplantation

database

2.1.1. Manual data curation guidelines

The current literature on zebrafish xenograft studies were identified, reviewed and
subjected to manual curation based on four major aspects: presence of molecularly
modified cell injections, presence of stem cell featured cell injections, patient-derived
xenograft models and any kind of injections applied onto the modified zebrafish stains.
Once these criteria were met, the data were sorted out based on the attributes for
precise categorization of cumulative data present on each and every research article
for the generalized data as well as PDX-associated data display purposes. The database
was organized to deliver the data through four modules; Data Table, Visualization,
PDX-Details and PDX Charts. The Data Table and PDX Details were designed to
deliver the data in table format as stated in Table 2.1 whereas the Visualization page

and PDX Charts to graphically and statistically represent the curated data.

Table 2. 1 The name of the attributes and their explanations are presented for the
Data Table and PDX Details modules.

Attribute Specification
Data Table
Cancer type/tissue of origin Cancer type nomenclature was sorted

based on the nominated cell line/s and
PDXs. Tissue types were named after the
original statements of tissue origins on
the original articles.

Abbreviations Cancer and tissue type abbreviations
were nominated after the original

nomenclature of cancer type/tissue of
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Cell line species

Cell lines

Modified cell lines

Molecular modifications

Modified genes

PDX

Stem cell properties

Treatment

origins. These names were specific use
of ZenoFishDb v1.1.

Cell line species were designated to
classify the species of cell lines and or
PDXs incorporated onto the
ZenoFishDb v1.1.

Selected articles for incorporation were
screened for also mnaive cell line
injections in parallel to modified-cell
injections,  herein all  xenografts
injections were recorded onto cell lines
attribute.

Modified cell lines aimed to display the
data on only injections of molecularly
modified cell lines and PDXs.
Molecular modifications attribute was
established to accommodate any type of
molecular modification applied to cells
or PDXs prior to injections.

Gene subjected to modifications were
recorded with their names as appeared
on the original articles.

Absence and presence of PDXs were re-
called as ‘PDX’ or ‘n/a’.

Injections harboring stem cells, cancer
stem cells or any stem-cell associated
features were displayed through this
attribute.

Treatments incorporated onto the
ZenoFishDb v1.1 were initially sorted
based on three criteria; any treatments
applied to fish water; any treatments

introduced through direct injection
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Injection site

Injected cell numbers (Exact)

Injected cell numbers (Categorized)

Developmental stage

Injection time (hpf)

Tumor assessment (hpi)

Zebrafish lines

Host modifications

and/or oral gavage; any treatments
applied to in vitro cell cultures or PDX
material upon engraftment.

Injection site or transplantation site of
cells and/or tissues were stated in this
attribute.

Injected cell numbers and/or formulas
were incorporated onto the ZenoFishDb
v1.1 as appeared on the original article.
Injected cell numbers were categorized
into four intervals; and displayed for
ease of statistical analysis and data
presentation.

Developmental stage of fish e.g., adult,
juvenile or embryo were stated through
this attribute.

Injection time as of hours post
fertilization (hpf) were recorded onto
this attribute.

Tumor assessment as of hours post
injection (hpi) was aimed to represent
the final point of assessment time for any
kind of assessment applied on the
xenograft models.

Zebrafish lines attribute was generated
to display all the zebrafish strains used
for injection. A communized language
was used for all synonyms of the same
fish strains.

Host modifications attribute  was
designed to categorize fish strain
modifications as mutants, morphants and

transgenic strains. N/a were either
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Host modification details

Cell tracking sources

Analyses

References

PubMed hyperlink

Mentioned PDX-ID/Name

ZenoFishDb PDX-ID

Age
Sex
Ethnicity

Detailed nature of disease

Primary site

Collection site

symbolizing  wild-type or  non-
informative studies.
Host modification details attribute

delivered explanatory information about
the host modifications.

Cell tracking sources used for
visualization and analysis were available
through this attribute.

Analyses attribute was designed to
deliver type of analyses used in each
study. More than one analyses were
recorded where applicable.

References were listed in the author-date
format.

PubMed hyperlinks were added for easy

access to the main articles.

PDX Details
PDX name and/or any kind of
identification  were recorded  as

49

mentioned in the original article.
ZenoFishDb also attributed a specific
PDX ID as follows ZenoFishDb PMID
ID NUMBER OF PDX.

Age of the patients were recorded.

Sex of the patients were recorded.
Ethnicity of the patients were recorded.
The disease nature, as detailed in the
original article, were recorded.

Primary site displayed the primary site of
the tumor.

Collection site displayed the location

where the tumor sample was collected.



Primary/Metastatic/Recurrent

Patient treatment (if received before

specimen prep.)

Clinical information

Mutations/Rearrangements

Cytogenetics analysis

Karyotype

Other relevant data

Zebrafish line

PDX-tissue/PDX-cell line

The tumor was specified as primary,
metastatic or recurrent if stated in the
main article.

Any kind of treatment applied before
specimen preparation was recorded to
the database.

Clinical information such as grade,
stage, size, hormone receptor presence,
and TNM were recorded.

Any mutations and/or rearrangements
present in the PDX stated in the original
articles were incorporated into the
database.
Originals articles mentioning
cytogenetics analyses for PDXs such as
translocations, deletions etc. were sorted
and data were incorporated into this
attribute.

Originals articles mentioning karyotype
analyses for PDXs were sorted and
stated in this attribute.

Not properly classified and/or mentioned
PDX-associated

details were

incorporated to this attribute.

PDX injected =zebrafish lines were
recorded.
PDX transplantation method were

distinguished  as direct  tissue

transplantation (PDX-tissue) or patient-
derived primary cell culture
transplantation (PDX-cell line). The type

of transplantation method was reported.
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Cell number (if available)

Injection site

Injection period

PubMed link

Study-Author date; PMID:

Mouse xenograft

Injected cell numbers were recorded for
PDX-cell line injections.

Injection site were displaying PDX
injection sites.

Injection  period of the PDX
transplantations were states as ‘adult’ for
adult fish and ‘hpf” were stated for the
fish embryos.

PudMed hyperlinks were stated for
feasible access to the original articles.
Study author-date and PMID numbers
were stated.

Mouse xenografts of the same PDX used
in the original article were stated as

‘present’ in this attribute.

2.1.2. ZenoFishDb v1.1 was developed using R Shiny

The interactive web page of ZenoFishDb v1.1 database was developed using Shiny

application in the R environment. The data tables, Data Table and PDX Details, were

generated using the DT package, an R interface of JavaScript library DataTables.

Further data fine-tuning and focused search enabled through the subselection filtering

by the application of dplyr package. The graphical representation pages, Visualization

and PDX-Charts were generated employing an R graphing library, Plotly. The

webpage and Shiny app were developed by Tugberk Kaya.
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2.2 In vitro and in vivo studies

2.2.1. Materials

2.2.1.2. List of laboratory solutions, reagents and Kits

Table 2. 2 Laboratory materials, reagents and kits for used cell culture studies.

Product Name Producer Catalogue Number
PBS-1X w/o Ca, Mg Lonza, Switzerland | BE17-516F
DMEM w/1.0 g/L glucose w/o L-

Lonza, Switzerland | BE12-707F
Glut
RPMI 1640, with L-Glutamine Lonza, Switzerland | BE12-702F
DMEM, low glucose, w/pvruvate, | Thermo Fisher

y 11880-28

w/o L-Glut, w/o phenol red Scientific, USA
RPMI 1640, without L-Glutamine

Lonza, Switzerland | BE12-918F
and phenol red
Opti-MEM® I Reduced Serum Thermo Fisher

31985-070

Medium Scientific, USA
FBS South America, Gamma

Biowest, France S181G-500
Irradiated
Fetal Bovine Serum (FBS) South

. . Biowest, France S181F-100

America, Charcoal Stripped

Thermo Fisher
Lipofectamine® 2000 11668027

Scientific, USA
Aldosterone Sigma, Germany A9477
Spironolactone Sigma, Germany S3378

Table 2. 3 Laboratory materials, reagents and kits for RNA, protein and
immunohistochemistry studies are listed.

Product Name Producer Catalogue Number
QIAZOL lysis reagent Qiagen, Germany | 79306
iScript cDNA Synthesis Kit BIO-RAD 1708891

52




DNA-free™ DNA Removal

Thermo Fisher

AM1906
Kit Scientific, USA
LightCycler® 480 SYBR Roche,
4887352001
Green I Master Switzerland
LightCycler 480 Multiwell Roche,
04729692001
Plate 96, White Switzerland
TissueScan™ Breast Cancer
Origene, USA BCRT101
cDNA Array I BCRT101
TissueScan™, Breast Cancer
Origene, USA BCRT102

cDNA Array I BCRT102

2.2.1.2. Primer lists

Table 2. 4 List of primers used, their sequences and annealing temperatures.

Gene ID Band | Amplified | Forward Reverse Tm
size Variants Primer Primer
Sequence Sequence
TPT1 100bp 1,2 GATCGCGGACGG | TTCAGCGGAGGC | 60°C
(reference) GTTGT ATTTCC
MR n/a 1,2 N/A N/A 60°C
(NR3C2)
QIAGEN
MR 175bp 1 AGTGGAAGGGCA | CTGCTCCTCGTG | 60°C
(NR3C2) ACACAACT AATCCCTTT
GR 160bp 1,2,3.4,5, CTGGGGTGGAGA | CATAAGATACCT 60°C
(NR3C1) 6,7,8,9, TCATATAGACA GAAGCCTGTGT
10, 11, 12,
13, 14, X2,
X3, X7
SGK1 118bp 1,3,4,5, X1 | AACCCTTCTCCTC | TTCCAAAACTGC 60°C
CACCAAG CCTTTCCG
ZBTB16 107bp 1,2,3,4,5, AGACGTACCTCT | TGTCATAGTCCTT | 60°C
X1 ACCTGTGCTATG CCTTCATCTCACT
TGT
PERI 103bp PERIMRNA | TCCATTCGGGTIT GCAGCCCTTITCA 58°C
s ACGAAGCT TCCACATC
X1, X2, X3,
ACHE 200bp - ACACGTGCCATA CTGCTCCAGGGA | 62°C
TTGCAGAG AGAACTTG
ALU - - CGAGGCGGGTG TCTGTCGCCCAG | 62°C
GATCATGAGGT GCCGGACT
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2.2.1.3. DNA constructs

MR-STAG-pcDNA3.1 plasmid was a kind gift from Dr. Nourdine Faresse, University
of Zurich Switzerland and pcDNA3.1 plasmid was a kind gift from Dr. Ebru Erbay
lab, Bilkent University.

2.2.2. Methods

2.2.2.1. Cell culture studies
MCF7, MDA-MB-231, MDA-MB-453, BT-20, HEK-293, Hep3B and SKHep! cell

lines were maintained in DMEM supplemented with 10% fetal bovine serum, 1% non-
essential amino acid, 2% sodium pyruvate and 2% L-Glutamine. ZR-75-1, T47D and
HCC-1937 cell lines were maintained in in RPMI with glutamine supplemented with
10% fetal bovine serum, 1% non-essential amino acid, 2% sodium pyruvate. Cells
were regularly grown in T75 flasks and passaged when confluency reached 80% and

were maintained at 5% CO; 37°C incubator.

2.2.2.2. Transfection protocol for overexpression studies on six-well

plates

Transfection protocol was initially optimized according to Lipofectamine 2000
manufacturers’ protocols. For 6 well plate forward transfection protocol, initially
200.000 MCF7 or ZR-75-1 cells were seeded onto the 6-well plates. The following
day, the transfection complex was prepared for the MR/NR3C2-Stag-pcDNA3.1
vector (test) and pcDNA3.1 vector (control). Initially, 1 pg of each plasmid (either
MR-Stag-pcDNA3.1 vector or pcDNA3.1 vector) was mixed with 250 pl of serum-
reduced OPTI-MEM I and 2 pl of lipofectamine was mixed to 250 pl serum-reduced
OPTI-MEM 1 in separate Eppendorf tubes and let to stand for 5 minutes at room
temperature. Next, ingredients of two tubes were collected in one tube, for forming
MR-Stag-pcDNA3.1 and lipofectamine complex and pcDNA3.1 and lipofectamine
complex for test and control samples, respectively. The ingredients in each tube were
then mixed by vortexing or pipetting up and down and let stand for additional 20
minutes (at least) at the room temperature. While waiting, the media on top of the six
well plates were removed and replaced with 1500 pl of standard pen-strep free media.
Next, 500 ul of the transfection complex was added on the plates in a drop-wise

manner and incubated for 4-6 hours before replenishing the media.
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2.2.2.3. Transfection protocol for overexpression studies on ninety-six

well plates

For 96 well plate forward transfection protocol, different protocols were followed for
optimizing the cell seeding density and transfection efficiency in MCF7 and ZR-75-1
cells. Initially, 5.000 cells or 10.000 cells were seeded onto 96 well plates in 100ul
culture media with phenol red and the following day 25 ng or 50 ng of plasmid-
transfection complex (either MR-Stag-pcDNA3.1 vector or pcDNA3.1 vector or no
vector control (lipofectamine control)) were administered to cells, respectively. Each
plasmid was calculated to be diluted in 12.5 pl of serum-reduced OPTI-MEM I and
0.2 pl of lipofectamine for each well were calculated to be diluted with 12.5 pl serum-
reduced OPTI-MEM I in separate Eppendorf tubes. For the feasibility, this ratio was
calculated and multiplied with the number of wells to be transfected for each vector as
well as for the only lipofectamine control. Once the master mixes were prepared, the
Eppendorf tubes were let stand for 5 minutes at room temperature and then mixed and,
let stand for another 20 minutes (at least). In the meanwhile, the media on 96-well
plate were aspirated and replaced with 75 pl penicillin streptomycin-free media. Once
the incubation period was over, the mixture for each treatment (25 pl) were added onto

the wells. The media were then removed after 4-6 hours and replaced with fresh media.

2.2.2.4. Hormone treatment conditions

Aldosterone steroid hormone was diluted in molecular grade EtOH to yield 10 mM
stock concentration and were stored at -20°C or -80°C. Spironolactone, a synthetic
steroid, was diluted with molecular grade EtOH to yield S0mM stock concentration

and kept at 20°C for storage.

Aldosterone and spironolactone treatments were applied to naive cells or transfected
cells at different experimental settings. Once the cell seeding and/or transfection
protocols were successfully established, the wells were washed with PBS for two times
and 5% charcoal stripped FBS phenol red-free media was added on top of the wells,
2000 pl and 100 pl for 6-well and 96-well treatments, respectively. The wells were

then incubated for 24 hours in order to remove masking effects of aldosterone on the
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cells. Next, 5 uM and 50 uM working solutions were prepared in 5% charcoal stripped
FBS phenol red-free media using 10 mM aldosterone and 50 mM spironolactone
stocks, respectively. Then, the working solutions were further diluted to final
concentration of the drugs and aldosterone and/or spironolactone and ethanol control
treatments were administered to cells. Initially, cells were treated with spironolactone
for 1-1.5 hours and then aldosterone treatment administered to wells and the plates
were then incubated for 24 hours for assessing long-term genomic effects of

aldosterone.

2.2.2.5. RNA extraction

QIAZOL lysis reagent was used for total RNA isolation according to manufacturer’s
protocol under the chemical hood. Cell pellets collected from 6-well plates were kept
in 15ml Falcons at -80°C and were thawed on ice prior to total RNA extraction. For
each pellet tube 700 pl of QIAZOL lysis reagent was added and mixed by thorough
pipetting then transferred to Eppendorf tubes. Next, 140 pl of chloroform was added
and the tubes were inverted up and down up to 15 times and let stand for 10 minutes
at room temperature. Later on, the tubes were centrifuged for 20 min at 13.000 rpm at
4°C. Upon successful lysis, lower organic phase, middle phase containing white strains
of DNA and an aqueous phase containing RNA material became visible. Next, the
aqueous phase (~350 pul) were removed carefully without intervening any other phase
and transferred into newly labelled Eppendorf tubes. Then the same volume of
isopropanol (~350 ul) were added on the aqueous phase and the solutions were mixed
by inverting the tubes up and down for 5-10 times. The tubes were then let stand for
10 minutes at the room temperature and were then centrifuged at 13.000 rpm for 12
minutes at 4°C. The RNA pellets were formed (if visible) at the bottom of the tubes
and the supernatants were removed without disturbing the pellet. Next, the pellets were
washed with 1ml 75% EtOH, centrifuged at 8.000 rpm at 4°C for 8 minutes. After this
step, the pellets became more visible. Then the pellets were washed with 1ml 100%
EtOH, again centrifuged at 8.000 rpm at 4°C for 8 minutes. After removing the 100%
EtOH with care, the pellets were air dried under the chemical hood and were then

solubilized in 20 to 50 ul of nuclease-free H>0 based on pellet size.
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2.2.2.6. DNAsel treatment

DNA-free™ kit DNase treatment and removal reagents by Ambion Life Technologies
were purchased for DNAsel treatment for RNA-seq sample treatments. Initially, the
RNA concentration was measured and was diluted to 200 ng in 44 ul of RNase DNase
free water as the starting material. The RNA sample was prepared accordingly in a
200 pl PCR tube and then, 5 pl of the DNAse Buffer and 1 pl of DNase were added
into same tube. Then the tube was quickly span down. The sample was then placed
onto the previously heated thermal cycler (37°C) and incubated for 30 minutes. Next,
the tube was taken from the thermal cycler and at the room temperature, 5 pul of DNAse
inactivation buffer was directly pipetted down into the mixture and mixed well. It was
crucial to mix the ingredients well in this step to visualize the cloudy appearance. Then
the tube was incubated for 2 minutes at room temperature and transferred to Eppendorf
tubes. The tube was than span down at 13.000 for 2 minutes and here, two layers of
phases were visualized. Then the 41 pl of supernatant (RNA) was carefully removed

without entering to the bottom of the tube.

2.2.2.7. cDNA synthesis

iScript™ cDNA synthesis kit was purchased for cDNA synthesis reactions. The kit
was composed of three components; 5x iScript reaction mix, nuclease-free water and
iScript reverse transcriptase. The total volume of each reaction was set to be 20 ul and
a constant volume of 5x iScript reaction mix (4 ul) and iScript reverse transcriptase (1
pl) adding up to a total volume of 5 pl. The remaining 15 pl were to be composed of
RNA and nuclease free water. As a standard of our laboratory protocol, 1 microgram
RNA was used in each reaction, hence the volume of RNA (X pul) and the remaining
amount of nuclease free water (15-X pl) to be added were calculated for each sample
and added accordingly. iScript reverse transcriptase lacking samples were also run in
parallel as negative controls for each experiment set up. The thermocycler was then
adjusted to run the reaction protocols as follow; 5 minutes at 25°C, 30 minutes at 42°C,
5 minutes at 85°C. Then this protocol was further optimized by the company and
changed to 5 minutes at 25°C, 20 minutes at 46°C, 1 minutes at 95°C. Once the cDNAs

were ready, they were diluted in 1/10 and stored at -20°C for further use.
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2.2.2.8. Ex vivo cDNA array dilution

TissueScan™ ORIGENE Breast cancer cDNA Arrays, namely BCRT101 and
BCRT102, were received in lyophilized form embedded on a 96 well plate and covered
with a seal. The seal was cut and removed for each well in order, diluted with 20 pl

of nuclease free water and transferred into PCR tubes for further use.

2.2.2.9. RNA quality assessment

RNA quality assessment was purchased as a service procurement from Ankara
University. RNA 6000 Nano Assay Kit (Cat No:5067-1511) was used for assessing
the RNA quality and integrity. RNA integrity values (RIN) of RNA samples to be sent

for RNA Sequencing are recorded as recorded in the table below.

Table 2. 5 The RNA integrity (RIN) values of RNA samples submitted for RNA-
Seq.

SAMPLE NAME RIN
MCF7-EV-ETOH-25 7.70
MCF7-EV-ALDO-42 9.70
MCF7-EV-ALDOSPIRO-44 8.10
MCF7-MR-OVEX-ETOH-21 7.70
MCF7-OVEX-ALDO-31 6.20
MCF7-OVEX-ALDO-46 8.10
MCF7-OVEX-ALDOSPIRO-41 9.10
MCF7-OVEX-ALDOSPIRO-36 8.70
ZR-75-1-EV-ETOH-23 10

ZR-75-1-EV-ALDO-32 9.70
ZR-75-1-OV-ETOH-24 10

ZR-75-1-OV-ALDO-22 10

2.2.2.10. RNA sequencing protocol and normalization

RNA Sequencing assessment was purchased as a service procurement from Genomics
Core Facility EMBL, Germany. The samples were run on the Illumina NextSeq500
platform using 75bp long single end pairing and the sequence were identified using

hgl9 (Human) genome as reference genome. RNAseq analysis pipeline included
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sequence alignment and sorting from retrieved from provided BAM files, alignment
quality control by using Alignment Metric QC (Seven Bridges Cancer Genomics
Cloud), obtaining raw count data by using HT-Sew Count (Seven Bridges Cancer
Genomics Cloud), performing differential gene expression analysis by using DESeq2
R package from Bioconductor. The RNAseq pipeline was established and performed
by the help of Ayse G. Keskus, Fatma B. Dincaslan, and Ronaldo Leka from Konu
Lab.

2.2.2.11. Quantitative real time polymerase chain reaction (qRT-

PCR)

2.2.2.11.1. Mammalian cell culture qRT-PCR conditions

LightCycler® 480 SYBR Green I Master mix was purchased for performing qRT-PCR
experiments. The kit consisted of SYBR Green I Master mix and nuclease free water.
The protocol was standardized to the total volume of 10 pl. In each reaction, 5 pl of
SYBR Green I Master mix, 1 pl of 10 uM forward primer of interest, 1 pl of 10 uM
reverse primer of interest, 1 pl of nuclease free water and 2 pl of cDNAs were present.
For ease of the distribution on to the 96 well plates, the number of samples, negative
controls and pipetting error were calculated and a master mix of gene of interest were
prepared in each experiment. Following the preparation of master mix, the master mix
was spun down, then mixed by pipetting up and down and distributed as 8 pul onto each
well. Then 2 ul of cDNAs were added onto the side of the wells. The plate was then
covered, sealed and centrifuged for 2 minutes at 2000 rpm at room temperature. The
plate was then inserted onto the Light Cycler 480 I Cycler and were run at the
conditions as follows: initial denaturation at 95°C for 5 minutes; 45 cycles of
amplification (95°C 10 seconds, X°C 20 seconds, 72°C 20 seconds ); melting curve
analysis at 95°C for 5 seconds, 55°C for 1 minute, 95°C continuous; cooling at 40°C

for 40 seconds, X symbolizing the Tm for each primer set used.

2.2.2.11.2. Ex vivo cDNA array qRT-PCR conditions

Quantitative real time polymerase chain reactions were performed using
LightCycler® 480 SYBR Green I Master mix (5 pl), nuclease free water (2 pl), 10 uM
forward primer of interest (1pul), 10 uM forward primer of interest (1ul) and cDNA (2

pl). The master mix was prepared for the gene of interest considering the total number
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of samples, negative controls and pipetting error. 8 pl of master mix was distributed
onto each well of the 96 well plates and 2 pl of cDNAs were added to the sides of the
wells. The plate was then sealed and centrifuged at 2000 rpm for 2 minutes. Then the
reaction was run on the Light Cycler 480 I at the following cycling conditions: initial
denaturation at 95°C for 5 minutes; 50 cycles of amplification (95°C 10 seconds, 60°C
20 seconds, 72°C 20 seconds); melting curve analysis at 95°C for 5 seconds, 55°C for
1 minute, 95°C continuous; cooling at 40°C for 40 seconds. The DDCT were

calculated.

2.2.2.12. In silico gene expression analysis
In silico analysis of MR and GR mRNA co-expression were studied across 994 breast
invasive carcinoma complete case set samples of the Cancer Genome Atlas (TCGA)-

PanCancer Atlas dataset on cBioPortal platform (Cerami et al., 2012).

2.2.2.13. Survival analysis by GEPIA 2 and KM Plotter

Gene Expression Profiling Interactive Analysis 2 (GEPIA 2), formerly known as
GEPIA, uses RNA-Seq data derived from TCGA and GTEx projects for expression
analyses of tumor and normal subjects (Z. Tang et al., 2017, 2019). Herein, GEPIA
was used to generate survival plots for establishing association of median-defined high
or low MR and/or GR mRNA expressions with overall survival (OS) and disease-free

survival (RFS) plots in breast cancer patients.

KM Plotter is another well-established platform enabling survival analysis across
different cancer types based upon both microarray and RNA-Seq data (Lanczky et al.,
2016). For breast cancer survival analysis, the microarray-based analysis enables
generation of relapse-free survival (RFS), overall survival (OS), distant-metastasis
free survival (DMFS) and post-progression survival (PPS) along with enabling the
choice of hormone status (ER, PR and HER?2) as well as intrinsic subtype, lymph node
status, grade, TP53 status and pietonpol subtype. Herein, MR and GR expression were
studied with 205259 at and 216321 s_at IDs, respectively.
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2.2.2.14. MTT cell viability assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability
assay was performed according to manufacturer’s protocol. For a 96 well plate, 0.001
g of MTT powder was measured, solubilized in 1ml of PBS and sterile filtered freshly.
Then 1 ml of the MTT solution was mixed with 10 ml phenol-red free complete
DMEM, next 110 pl of MTT was replaced with the media covering top of the cells
and plate was incubated at 37°C, 5% COz incubator for exactly 4 hours. Next, 12 mM
SDS-HCL solution was prepared by mixing 1g of SDS with 0.01 M 10ml HCL freshly.
Once prepared, incubated at 37°C water bath for 5 minutes for dissolving the SDS in
HCL homogenously. Upon completion of 4-hour MTT incubation 100 pl of the SDS-
HCL mix were added on top of the MTT solution bearing wells. Different than the
manufacturers protocol, the context of the wells was not pipetted up and down as this
was causing loss of the cells and bearing error-prone results. Negative controls, wells
with no cells seeded, were also treated in the same manner. Once the SDS-HCL
mixture was added the plate was incubated for 12-16 hours and the absorbance were

then read at 570 n.m. microplate reader.

2.2.2.15. Zebrafish xenotransplantation studies

2.2.2.15.1. Xenografting MR-overexpressing breast cancer cells and

liver cancer cells

Zebrafish experiments were performed with permission from Bilkent University
Animal Ethics Committee according to regulations (Protocol no: 176, Decree no:
2013/48 for ache study; 2017/17 for MR study). Zebrafish were maintained in 14-hour
light and 10-hour dark cycles. casper, wild type (AB Strain), and ache®® null mutant
zebrafish embryos were used for xenotransplantation at different experimental
settings. Zebrafish embryos 48 hours post fertilization (hpf) were used for injection.
Transiently MR-overexpressing (MR/NR3C2-Stag), control vector expressing
(pcDNA3.1) and/or lipofectamine treated MCF7 cells were injected yolk sacs of these
embryos. The cell numbers in volume of nanolitres to be injected were determined
using 0.01lmm Olympus objective micrometre, AX0001 OB-M 1/100, varied among

different setups. The cells were injected into the mineral oil dropped on the objective
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micrometre and the radius of the sphere formed was used in 4nr® formula to correctly
determine the number of injected cells. The formula used was as follow where d
symbolizes sphere diameter in micrometers (um), V symbolizes volume of injection

in nanoliters (nl) and symbolizes the pi value, 3.14. (Hadzhiev et al., 2016).

For Hep3B and SKHepl cells, approximately 300 cells were injected to 2 dpf ache*>’
homozygous mutant embryos, ache*>>’ heterozygous embryos and wild-type embryo
yolks and the fish were grown until 3 dpi and sacrificed using Tricaine. Each fish

embryo was frozen in liquid nitrogen and stored at -80°C for further use.

For MCF-7 breast cancer cells, at the first experimental setting, approximately 600
transiently MR-overexpressing cells were injected to 2 dpf casper zebrafish embryo
yolks and fluorescent microscopy images were obtained at 3 dpi (5dpf) and each fish
embryo were frozen in liquid nitrogen and stored at -80°C for further use. At the
second experimental setting, approximately 300 cells were injected to 2 dpf wild type
zebrafish embryo yolks and fluorescent microscopy images were obtained at 3 dpi
injection (5 dpf) and embryo were using Tricaine, then each fish embryo was frozen

in liquid nitrogen and stored at -80°C for further use.

2.2.2.16. Zebrafish DNA extraction

Every single zebrafish embryo was used for DNA extraction and registered as an
individual sample for further experimental analysis. The defrosted embryos were
transferred to 1.5ml Eppendorf tubes and the E3 media was removed. Next, 200 pl of
DNA extraction buffer (100 mM Tris pH 8.2, 10 mM EDTA, 200 mM NaCl and 0.5%
SDS) and 2-3 pl of proteinase K (200 pg/ml) were added onto each tube and the tubes
were incubated at 55°C overnight. Next, the tubes were placed onto the pre-heated
95°C heat block for 20 minutes. The samples were then centrifuged at 13.000 rpm for
20 minutes at room temperature and the supernatant was carefully removed (~175 pl)
and placed into newly labelled Eppendorf tube. Then the same volume of isopropanol
was added, and tubes were inverted up and down several times for efficient mixing.
The tubes were then centrifuged at 13.000 rpm at 4°C for 25 minutes. No pellet
formation was observed due to small sample size. The supernatants were then carefully

removed without touching the walls of the Eppendorf tubes and the invisible pellets
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were washed with 500-700 pl of 70% EtOH. The samples were then centrifuged at
13.000 rpm at 4°C for 20 minutes. Then the supernatant was discarded very carefully
and let for airdry. The invisible pellets were then resuspended with 20 pl of nuclease-
free water by washing the sides of the Eppendorf tubes for precise resuspension of the

invisible DNA pellet which was qualified and quantified before use.

2.2.2.17. ALU repeat-based human DNA quantification in zebrafish

xenografts

ALU repeat-based DNA quantification method was based on the quantification of
extracted human cell injected zebrafish DNA by quantifying human DNA and total
zebrafish embryo DNA using human-DNA specific ALU primers and a zebrafish
housekeeping primer employing qRT-PCR, respectively (Avci et al., 2018). For these
experimental setups, ALU primers ALU-F-5’-3 and ALU-R-5’-3- were used for
human DNA quantification and ache zebrafish primers ache-F-5’-3" and ache-R-5’-
3’ were used for zebrafish DNA quantification as a reference model. For each standard
DNA gRT-PCR reaction, 5 pl of LightCycler® 480 SYBR Green I Master mix, 2 ul
of nuclease free water, 1 pl of 10 uM forward primer of interest, 1 pl of 10 uM forward
primer of interest and 1 pl of extracted zebrafish DNA. Mastermix for ALU-primer
bearing samples and ache-primer bearing samples were then distributed onto 96 well
plates, centrifuges at 2000 rpm for 2 minutes, sealed and run on the Roche 480 I cycler.
The samples were then subjected to Tm and Ct analysis. The tm of ache primers was
as tm:84 and the tm of ALU primers were accepted as Tm1: 84, Tm2: 90. Initially, the
tm analysis was performed and a tm of 89 (+/-1) were taken into consideration as the
actual amplicon, the amplicon with a double tm was also taken into consideration
wherein the tm was (84+/-2). The Tm of 84(+/-2) alone were not taken into
consideration as it was reflecting presence of a dimer. Following the initial tm analysis
and elimination of not suitable samples, the —Delta Ct (ache Ct- ALU Ct) were then

calculated for each registered sample and used for statistical analysis.

2.2.2.18. Use of Image J as an alternative tumor growth quantification

method in casper zebrafish xenografts

Proliferation assessment on the MR-overexpressing MCF7 bearing zebrafish

xenografts were performed by image-based Image J software analysis. The images
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taken by the fluorescent microscope DsRed channel and bright field channels were
opened using Image J software, the images were converted to 8-bit gray-scale images,
the tumor area were selected by using the manual selection and the intensity density,
raw intensity value, mean gray value, max gray value and area were recorded. The
corrected cell total fluorescence was calculated as CTCT = Integrated density (3
replicates) — (Area of the selection point (3 replicates) x mean fluorescence of

background selections (3 replicates)).

2.2.2.19. Statistical analysis

GraphPad Prism 6 was used for statistical software analysis of all the assessment in
this thesis. In vitro MR expression analysis among ER+ and TNBC breast cancer cell
lines was performed by 'unpaired t test with equal SD’ selection. Pearson correlation
analysis between MR and GR was calculated for entire set of the breast cancer cell
lines. Ex vivo cDNA array qRT-PCR results was performed using Two-Way ANOVA
statistics followed with Sidak’s multiple comparisons test comparing each cell mean
with the other cell mean of the row where raw was representing either log2 DDCT of
ARRAY I or ARRAY II. Normalized MR and GR (-Delta Ct) expressions were used
for computing Pearson correlation among their expressions in both arrays. RNA
sequencing confirmation qRT-PCR results were statistically analyzed were performed
using One-Way ANOVA statistics followed with Tukey’s multiple comparison test.
In vitro MTT cell viability assessments and in vivo xenotransplantation experiments
were statistically tested using One-Way ANOVA statistics followed with Tukey’s
multiple comparison test. /n vivo xenotransplantation correlation analyses were

performed by using Pearson correlation.
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CHAPTER 3

RESULTS

3.1. Overview of ZenoFishDb v1.1 database

ZenoFishDb v1.1 database, https://konulab.shinyapps.io/zenofishdb/, is designed to

house xenotransplantation studies performed in zebrafish (Targen et al., 2020). To our
knowledge, ZenoFishDb vl1.1 database project is the first-ever database housing
intriguing details of xenotransplantation studies in zebrafish. The current version of
ZenoFishDb vl1.1 specifically houses expertly curated data on the transplantation
studies harboring molecularly modified cell injections, stem cell and cancer stem cell
injections, patient-derived xenograft models as well as distinguished modified hosts
used for engraftment as highlighted in the welcoming page of the ZenoFishDbvl.1
(Figure 3. 1).

In the light of this research question, the literature was mined for several keyword
searches including ‘zebrafish xenograft’, ‘zebrafish xenotransplant’, ‘zebrafish
xenotransplantation’, ‘zebrafish xenograft primary cell’, ‘zebrafish patient derived
xenograft’, ‘zebrafish morpholino’, ‘zebrafish crispr’, ‘zebrafish microenvironment’
and similar words through NCBI PubMed. This research was performed until
November 2019 and the total number of studies with relevant information were
summing up to a total number 211 publications and were implemented onto the

database.
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ZenoFishDb v1.1

Welcome!

ZenoFishDb ¢

zen@fishdb

Welcome to ZenoFishDb! This manually-curated database houses intriguing details of xenograft studies performed
in zebrafish model organism. To date, several hundreds of xenograft studies have been performed for drug
cytotoxicity and tumor biology-related assessments by injecting zebrafish embryos with immortalized cell lines or
patient derived xenografts (PDXs). Herein, we specifically aim to deliver descriptive and statistical data on
zebrafish xenograft models used in cancer research with a particular emphasis on molecularly modified cell lines,
PDXs, stem cells and most distinguished host modifications.

Konu Lab

i/b Stam\

For submissions, please fill out the excel sheet template(s) provided below and e-mail us at konu@fen.bilkent.edu.tr

e e

Figure 3. 1 ZenoFishDbvl.l1 Homepage. The welcome page highlights the key
features of the database and informs the user. On the left, access for Data Table,
Visualization, PDX Details and PDX Charts modules are provided. Forms for data
submission are also provided on the welcoming page.

(This screenshot image was retrieved from https://konulab.shinyapps.io/zenofishdb/ , (ZenoFishDb
v1.1) published as Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu, O. (2020).
ZenoFishDb vl1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

3.2. Structure of the ZenoFishDb v1.1.

ZenoFishDb v1.1 database was then organized to deliver and display the mined data
through a user-friendly interface that enables data search and visualization through
four modules, i.e., Data Table, Visualization, PDX Details and PDX Charts, as

described in methods.

The Data Table module was organized to display the implemented data in a table
format for all possible 23 attributes as mentioned in the methods in which the
publications were initially screened for. The Data Table itself enables search through
two the attributes selection box (top left) or search box (top right) as depicted below
(Figure 3. 2). The attributes selection option enables selection of any of the above-
mentioned attribute and further refines the search with availability of defined sub-
selections. Hence, all the required information can be accessed through Data Table

search for these attributes.
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Figure 3. 2 ZenoFishDb v1.1 database displaying the Data Table module. The
Data Table module presents the attributes of the database in the table format, enables
search through the attribute search box with possible sub-selections (top left) and the
search box (top right).

(This image was adapted from_Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

The Visualization module was designed to exhibit graphical representation as well as
statistical information of the implemented data using bar or pie charts . Herein, limited
number of attributes (19) were designed to fit in this format as they would also mirror
statistical information about the implemented data together with its presence
frequencies and percentages. The charts were also designed to be displayed in
downloadable table format for clearer representation of the relevant statistical
information for the users. Below, the screenshot of the Visualization page was used to
exemplify the graphical representation of ‘cancer type/tissue of origin’ attribute using
bar chart and 77 unique variables were totally displayed through this whereas a total
number of 218 variables were present for this attribute (Figure 3. 3). Additionally, the
graphical representation could be manually adjusted through the ‘Chart height’,
‘Legend font size (pie chart only)’, ‘Inside text font size (pie chart only)’ and ‘Bar plot

label size’ and users’ for optimized visualization of one’s interest.
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Figure 3. 3 Screenshot of the ZenoFishDb v1.1 Visualisation page. The graphical
and statistical representation of ‘cancer/tissue of origin’ attribute is displayed through
the Visualization page.

(This image was adapted from_Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

The PDX Details and PDX Charts modules were established in order to accommodate
PDX-associated information of the PDX studies implemented to this database. In fact,
PDX Details page was used for displaying both patient- tumor- and zebrafish-
associated information of zebrafish PDX models in a table format as in the Data Table
module. A total of 115 patient-derived xenograft models of zebrafish were
implemented and the data were displayed through attributes as described in section
2.1.1. Herein, attribute-specific search was enabled through attributes selection box
(top left) or search box (top right) (Figure 3. 4). Furthermore, presence of subselection
option enabled further search through individual attribute option of prior choice. PDX
Details page, therefore, serves as the first database to identify and accommodate

patient-derived xenograft applications in zebrafish model organism.
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Select an attribute serch [ ]
- Mentioned PDX-ID/NAME: :;’;‘_"F;f""b Age:  Sex:  Ethnicity:  Detailed nature of disease:
1 cmg ZFDB 310310071 41 Male nfa Cortical glioblastoma
2 SJRHBO00026_X1 2FDB_310310072 4 Embryonal Rhabdomy:
3 SURHBOIZY 2FDB_310310073 17 Embryonal Rhabdomy
4 MELISTC 2FDB_31031007.4 49 Male  n/a Melanoma
5 MEL268C ZFDB_31031007.5 n/a Male n/a Melanoma
6 BRO7 2FDB_31031007.6 nja  Female nfa Breast cancer
7 PDAC#1127 ZFDB_31107449.1 n/a n/a n/a Pancreatic ductal adenocarcinoma
8 PDACHOS2T ZF0B_311074492 nfa /s nfa Pancreatic ductal adenocarcinoma
9 PDAC#0831 ZFDB_31107449.3 n/a n/a n/a Pancreatic ductal adenocarcinoma
10 Patient1(P1-Parental) ZFDB_31164413 81 Female White Pancreatic d
n ACC29 ZFDB_31397841 51 Female n/a Primary Adre
12 L2 ZFDB_31141996.1 n/a n/a n/a Live
13 Les ZFDB_31141996.2 n/a n/a n/a Liver cancer
14 LS ZFDB_31141996.3 n/a n/a nfa Liver cancer
15 L6 ZFDB_31141996.4 n/a n/a n/a Liver cancer
16w 2FDB 31141995 nfa  nfa Liver cancer
1 ue 2FDB_3114199%66 nfa  nfa  nfa Liver cancer
18 L#9 ZFDB_31141996.7 n/a n/a nfa Liver cancer
Showing 1to 18 of 115 entries

Figure 3. 4 PDX Details module displays patient data, tumor data and zebrafish
injection details of patient-derived xenografts listed on ZenoFishDb v1.1. The
data table format enables search of PDX-associated attributes through attributes option
(top left) and search box (top right).

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

The PDX Charts module was designed to graphically represent and statistically inform
the users displaying the data in bar chart format for selected attributes. The attributes
available are implemented according to their statistical informativeness and therefore
‘Sex’, ‘Detained nature of disease’, ‘Primary/Metastatic/Recurrent’, ‘Zebrafish line’,
‘PDX-tissue/PDX-cell line’, ‘Cell number (if available)’ and ‘Study Author-Date,
PMID’. Regarding to these implementation methods, the screenshot of PDX Charts
with selection of ‘Detained nature of disease’ was used for exemplification (Figure 3.
5). Accordingly, glioblastoma followed by liver and colon cancer were among the

most tested PDXs in zebrafish.
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Figure 3. 5 Screenshot of the PDX Charts module on ZenoFishDb v1.1. PDX
Charts module exhibits graphical and statistical representation of frequently registered
attribute, ‘Detailed nature of disease’.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

3.3. The cancer and tissue types, cell lines and cell species
incorporated onto ZenoFishDb v1.1

ZenoFishDb v1.1 database, accommodating a total number of 211 studies, specifically
focuses on the application of molecularly modified cell injections, stem cell injections,
cancer stem cell injections and patient-derived primary cell and/or tissue injections as
well as the injection applications performed on modified hosts regardless of the
injection material. In this database, all these injection materials were initially classified
based on their type, i.e. cancer and/or tissue of origin, to illustrate the statistical data
based on these implementations. In fact, as shown in Figure 3. 6 breast
adenocarcinoma (BR-AD) (14.74 %) accounted for the majorly studied cancer type
and was then followed by multiple cancer/tissue types (MULTIPLE) (10.76%),
melanoma (MELA) (8.37%), and glioblastoma (GLIO-B) (6.38%). In line with this
finding, MDA-MB-231 breast adenocarcinoma cell line (8.71%) ranked as the top
injected cell line which was then followed by another breast adenocarcinoma cell line
MCF7 (3.73%), glioblastoma cell line U-87 MG (2.49%) and K562 (2.24%) leukemia

cell lines. The cell lines which were categorized by their species revealed that most of
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the injection materials, i.e., cells and/or tissues, belonged to human (80.51%), and
other species included mouse (14.41%), zebrafish (2.97%), rat (1.27%), goldfish
(0.42%) and dog (0.42%).
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Figure 3. 6 Graphical representation of registered cancer and tissue types on
ZenoFishDb v.1.1. The screenshot of the ‘cancer/tissue of origin’ attribute obtained
through the visualization page lists 77 unique variables with their corresponding
percentages. The ‘download the bar chart table’ provides a link for downloadable form
for the number of each unique variable as frequency and percentages for this attribute.

(This image was retrieved from https://konulab.shinyapps.io/zenofishdb/ (ZenoFishDbv1.1) published
as Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu, O. (2020). ZenoFishDb v1.1:
A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

3.4. ZenoFishDb v1.1 houses molecularly-modified cells, stem cells
and PDXs as injection materials

Understanding and classifying the nature of zebrafish transplantation materials are of
importance for mirroring all types of possible injection procedures to be undertaken
for the research community. The current version of ZenoFishDb was established to
accommodate zebrafish xenograft models of molecularly modified-cells, stem cells,

cancer stem cells and patient-derived xenografts. The molecularly modified cells were
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approximately of 76 % of all the incorporated studies. In total, 12 number of different
molecular modifications were registered onto the database and among these tag
expression vectors accounted for 37.36 %, overexpression vectors accounted for 12.45
%, sShRNA accounted for 10.94 %, siRNA accounted for 9.81 %, mutations accounted
for 1.13 %, morpholino accounted for 0.76 % and Crispr/Cas9 accounted for 0.38%
(Figure 3. 7).

MOLECULAR MODIFICATIONS
~

n/a

oV

shRNA‘ |

Mutations|
Morpho\ino(MO)I

m\RNAI
Cre»LoxPD

shRNAmlrI
Photo-convertible Ev:l
Membrane-bound peptide expressionl

Cnspr/Casgj

Figure 3. 7 Molecular modifications represented on ZenoFishDb v1.1. A total
number of 13 molecular modifications were incorporated onto ZenoFishDb as TV
(Tag expression vectors), OV (Overexpression vectors), sShRNA (short hairpin RNA),
siRNA (silencing RNA), Mutations, Morpholino (MO), miRNA (microRNA), Cre-
LoxP, shRNAmir, Photo-convertible expression vector, membrane-bound peptine
expression and Crirspr/Cas9.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

PDX studies were also registered onto the current version of the database namely as
PDX where patient-derived primary cell lines or patient-derived tissue transplantations
were present, and these studies accounted for 13.74 % of all incorporated studies onto

ZenoFishDb v1.1
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Stem cell (SC) and cancer stem cell (CSC) zebrafish xenografts are signature
characteristics of ZenoFishDb v1.1 enabling detailed search of stem-cell specific
transplantations and associated bioassessments through the database as well as
technical details of xenotransplantation procedures required for stem cell xenograft
models. Stem cell and cancer stem cell injections accounted for 16.4 % of all studies
and fine tuning of stem cell properties based on their characteristics were also
incorporated under the name of stem cell properties. Cancer stem cell injections
(5.61%) ranked the top which were followed by leukemia stem cells (LSCs) (1.87%)
and neuronal stem cells (NSCs) (1.40%). Yet, injections of hematopoietic stem and
progenitor cells, induced pluripotent stem cell injections and mesenchymal stem cells
were also among stem-cell featured zebrafish xenograft models listed on ZenoFishDb

vl.1 (Figure 3. 8).
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Figure 3. 8 Stem cell properties of stem cell (SC) and cancer stem cell (CSC)
xenograft models displayed on ZenoFishDb v1.1. Diverse application of stem cell
of any origin was reflected by total number of 14 different zebrafish xenograft model.
Yet among all this diversity, cancer stem cell, leukemia stem cell and neuronal stem
cell injections accounted for majority zebrafish xenotransplantation studies.

(This image was retrieved from https://konulab.shinyapps.io/zenofishdb/ published as Targen, S.,
Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for
Xenotransplantation Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

3.5. Biological pathway analysis of molecularly modified genes

accessible through ZenoFishDb v1.1

ZenoFishDb v1.1 was designed to accommodate molecularly-modified immortalized
cell line names and PDXs through the ‘molecularly modified cells’ as displayed both
through the Data Table and Visualization pages. Additionally, manipulated gene
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names were also stated through the ‘modified genes’ attribute easing the search for
users. All the gene names listed on the Data Table were, copied and pasted to excel,
searched for their human orthologs (when applicable) and run for biological pathway
analysis and protein-protein interaction analysis employing GO PANTHER (Mi et al.,
2009; P. D. Thomas et al., 2003) and STRING (Szklarczyk et al., 2015, 2019),

respectively.

A total of 94 genes were run on GO PANTHER platform and the pathway analysis
revealed 202 pathway hits whereas CCKR signaling, inflammation mediated by
chemokine and cytokine signaling, integrin signaling, gonadotrophin-releasing
hormone receptor, angiogenesis and Ras pathways were among most highlighted

pathways (Figure 3.9 ).

PANTHER Pathway
Total # Genes: 94 Total # pathway hits: 202
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Figure 3. 9 GO PANTHER Pathway analysis of molecularly modified genes. GO
PANTHER pathway analysis search for a total of 94 genes reveals 202 pathway hits
and displayed the matched number of genes for each categorized pathway.

(This image was adapted from_Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

The same gene list was then run on the STRING platform in order to illustrate the
protein-protein interactions among these proteins for functional enrichment analysis
(Figure 3. 10 ) and herein, KEGG Pathways and Reactome Pathways analyses were
used as default for pathway identification. KEGG Pathways analysis revealed 106

significant pathway hits; ‘pathways in cancer’, ‘colorectal cancer’, ‘pancreatic cancer’,
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‘proteoglycans in cancer’, ‘Kaposi’s sarcoma-associated herpesvirus infection’
ranking the top five. The Reactome Pathways analyses identified 144 significant hits
wherein  ‘signal transduction’, ‘interleukin-4 and interleukin-13 signaling’,

‘developmental biology’, ‘signaling by receptor kinases’ and ‘signaling by

interleukins’ pathways were sitting at the top five.
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Figure 3. 10 STRING analyses of molecularly-modified genes.
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3.6. ZenoFishDb v1.1 reveals biological assessments performed on
zebrafish xenograft models

Successful implementation of cell transplantation into zebrafish opened new avenues
for feasible biological assessment for cancer research community. From now and then
zebrafish xenografts enabled biological assessment of wide range of biological
questions. ZenoFishDb v1.1 served as a platform to exhibit all range of assessments
performed on engrafted fish through the ‘Analyses’ attribute that is searchable through
both Data Table and Visualization pages. A search through the Visualization page
revealed 71 unique variables reflecting the number of 71 different biological
assessments incorporated onto the database. Metastasis ranked the highest among all
analyses listed and was assessed in 67 different studies representing 15.80% of all
biological analyses (Figure 3. 11 ). This finding was followed by tumor growth
(11.32%) proliferation (10.61%), invasion (9.67%), angiogenesis (8.73%), migration
(7.55%) and dissemination (5.19%) analyses accounting mostly for tumor
establishment and metastasis associated analyses. Drug screening and associated
analyses were also among many studies presented on the analyses page and these
included drug screening (0.47%), drug efficacy (0.47%), drug resistance (0.24%),
clinical outcome prediction, exosome drug delivery efficacy (0.24%) and drug
delivery (0.24%). In addition, although sparser, analyses such as gene expression, F-
actin synthesis, fibrogenicity, regeneration, stemness, stem cell plasticity,
differentiation, nitric oxide production were also among many presented through the

analysis platform.
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Figure 3. 11 List of biological assessments performed on zebrafish xenograft
studies incorporated onto ZenoFishDb v1.1. Seventy-one different biological
assessments and their percentages are displayed through the ‘analyses’ attribute of the
Visualization page.

(This image was adapted from_Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

3.7. ZenoFishDb v1.1 identifies most distinguished modified hosts for

xenotransplantation studies.

One major criterion of ZenoFishDb v1.1 data implementation was to integrate all the
zebrafish xenotransplantation studies with distinguished host modifications. Hence,
transgenic zebrafish strains, mutant’s zebrafish strains and morphant zebrafish stains
were of great interest for the purposes of data delivery to the scientific community. All
the host relevant data were gathered and illustrated by two different attributes of the
database; ‘host modifications’ and ‘host modification details’. All the host relevant
date on the original article were fitted into a common language, by choosing a common
name for all available synonyms, and were recorded and explained where applicable
by the ‘host modification details’ attribute. The ‘host modifications’ attribute then was

designed to further refine this information into four categories; ‘transgenic’, ‘mutant’,
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‘morphant’ and ‘n/a’ where n/a was either symbolizing wild-type fish or unavailability
of this information. Overall, transgenic fish ranked the highest with a percentage,
55.74%, and was followed by n/a (21.72%), mutant (20.08%), and morphant (2.46%)
fish strains (Figure 3. 12 ). Graphical and statistical visualization of host modification
details was disabled due to the complex nature of the integrated data on the
ZenoFishDb vl1.1, however, this data were made accessible through the ‘host

modifications detail” attribute available through the Data Table (Figure 3. 12).
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Figure 3. 12 Host modifications and host modification details search through the
Visualization and Data Table modules.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).
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3.8. ZenoFishDb v1.1 delivers technical details of xenotransplantation
procedures

Zebrafish xenotransplantation study design and application requires precision when
considering the technical aspects of transplantation procedure. Injection site, location,
injected cell numbers and cell tracking sources were of the four attributes to be
considered as the technical aspects of engraftment models in fish. These attributes
were individually mined and curated for each and every study listed on the
ZenoFishDb v1.1. Injection site of fish is often decided by the nature of the biological
assessment to be undertaken. For instance, yolk injections are often preferred for
assessing proliferation and tumor growth, whereas injections made to duct to Cuvier
(J. Cao et al., 2018; Tulotta et al., 2019) or directly to the circulation (Fu et al., 2018;
Qinjie Wu et al., 2013) often aims to assess for metastasis-related events. A search
through ZenoFishDb v1.1 revealed number of different injection sites for embryo or
adult fish transplantations. Yolk sac (37.10%), duct of Cuvier (13.31%) and
perivitelline space (20.97%) ranked as the most preferred injection sites among all

studies (Figure 3. 13).
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Figure 3. 13 ZenoFishDb v1.1 reveals the injection sites of all zebrafish
xenotransplantation studies.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.

https://doi.org/10.1089/zeb.2020.1869).

Injected cell numbers were considered to be another technical aspect to be carefully
illustrated through the database. Therefore, the database was designed to implement
two attributes labelled as ‘injected cell numbers (exact)’ and injected cell numbers
(categorized)’. The exact injected cell numbers illustrated the exact number of cells
and/or formulas as appeared in the original articles and can be visualized through the
Data Table. The categorized cell numbers, on the other hand, was designed to classify
these data among different intervals wherein each cell number was assigned to an
appropriate interval for reflecting a statistical value for injected cell numbers. The cell
number (n) intervals were as follows <50, 50<n<200, 200<n<500, 500<n<1000 and

>1000. Majority of the studies had cell injections of 50<n<200 (39.57%) and
200<n<500 (28.51%) intervals (Figure 3. 14 ).
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Figure 3. 14 ZenoFishDb v1.1 reveals the categorized injection cell numbers of
all zebrafish xenotransplantation studies.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu,
0. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

Time of injection, another technical perspective incorporated to the database, was also
of great importance as was highlighting that the majority of the studies injected the
fish at 48 hpf (76.85%).

Another technical aspect considered for incorporation onto the database was the cell
tracking sources used for visualization and analyses purposes of the injected material.
Tag vector expressing, e.g., GFP, RFP or live-dye possessing cells were the kind of
applications used for cell tracking purposes in the cells. In fact, majority of the studies

used CM-Dil (21.61%) dye for visualization purposes.

3.9. ALU quantification of liver cancer xenografts in zebrafish ache

mutants is advantageous over imaging

ZenoFishDb v.1.1 indicated that tumor growth is an important parameter to test
proliferation of cancer cells in zebrafish (Figure 3. 11). However, imaging is
cumbersome, takes time and effort and may not be as precise in tumor quantification.
Therefore, there is a need for assessing tumor size in a more unbiased manner. Liver
cancer cell lines were used in this part of the thesis and human ALU DNA was
quantified of cells implanted in ache null mutant (ache*®>’) and wild-type (wt) siblings.

Initially, we have performed an ALU-detection assessment (AluYb8 qPCR) for human
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DNA detection ranging from 0.01pg to 10.000pg in the presence of 100ng of zebrafish
DNA. Based on the retrieved data points, a dilution curve was generated to test the
linearity of the measurement scale (Figure 3. 15). Next, a qPCR using primer pairs
specific to ALU as well as mutant ache and wt alleles was performed. This novel
methodology allowed to genotype the fish while quantifying the human DNA in the
fish. The data were represented through -DeltaCt plot (Figure 3. 16). The findings
were in accord with those obtained by fluorescent imaging and quantification yet
allowed for testing the heterozygote fish which was not possible by imaging studies
since genotyping could not be performed at the same time for recessive phenotypes.
Accordingly, mutant fish (ache null) had larger tumors when compared with wildtype
homozygous or heterozygous siblings suggesting that ache depleted hence,
acetylcholinesterase accumulated microenvironment could be oncogenic for liver

cancer (Avci et al. 2018).
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Figure 3. 15 Correlation of Alu Ct and Human DNA (pg) injected in zebrafish
model organism. A negative correlation exists among the increased amount of Alu Ct
and injected human DNA as stated in picograms (r=-0.99826, p-value=2.4196e-07).

(The image is retrieved from Avci, M. E., Keskus, A. G., Targen, S., Isilak, M. E., Ozturk, M., Atalay,
R. C., Adams, M. M., & Konu, O. (2018). Development of a novel zebrafish xenograft model in ache
mutants using liver cancer cell lines. Scientific Reports, 8(1), 1570. https://doi.org/10.1038/s41598-018-
19817-w).
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Figure 3. 16 ALU-based tumor proliferation comparison among ache mutant and
wildtype fish injected with liver cancer cell lines. A) Hep3b cell line-injected fish
were genotyped to classify achet/+ (wt) (n=18), ache+/- (n=28) and ache-/- (n=10).
ALU Ct normalized to ache Ct, lead classification of tumor DNA presence among
these groups exhibiting increased tumor proliferation in ache-/- with regard to ache+/+
(p=0.0001) and ache+/- (p=0.005). B) SK-Hep1 cell line-injected fish were genotyped
to classify achet/+ (wt) (n=13), achet/- (n=26) and ache-/- (n=16). ALU Ct
normalized to ache Ct, lead classification of tumor DNA presence among these groups
exhibiting increased tumor proliferation in ache-/- with regard to ache+/+ (p=0.017)

and ache+t/- (p=0.004).

(The image is retrieved from Avci, M. E., Keskus, A. G., Targen, S., Isilak, M. E., Ozturk, M., Atalay,
R. C., Adams, M. M., & Konu, O. (2018). Development of a novel zebrafish xenograft model in ache
mutants using liver cancer cell lines. Scientific Reports, 8(1), 1570. https://doi.org/10.1038/s41598-018-

19817-w).
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3.10. CASE STUDY: Analysis of MR signaling in breast cancer using

in vitro, ex vivo and in vivo models

3.1.1. MR and GR expression in breast cancer cell lines

MR and GR expression were studied across eight breast cancer cell lines covering
different molecular subtypes: ZR-75-1, MCF7, T47D (Estrogen positive (ER+) cell
lines); BT20, HCC1937, MDA-MB-231, CAL-51 (Triple Negative Breast Cancer
(TNBC) cell lines); MDA-MB-453 (HER2 positive (HER2+) (Figure 3. 17). At the
mRNA level, MR was highly expressed in TNBC cell lines based on -Delta Ct values
normalized to TPT1 (-6.610, -9.040, -9.400, -8,265, for MDA-MB-231, HCC1937,
BT20 and CAL-51 cell lines, respectively) when compared to ER+ cell lines (-Delta
Ct normalized to TPT1; -12.345, -11.785, -12.490 for ZR-75-1, MCF7 and T47D cell
lines, respectively) (P-Value: 0.0037; Figure not shown). GR mRNA exhibited a
strongly correlation pattern to MR mRNA among six cell lines (Pearson correlation
r:0.9250, P-Value:0.0082 of ZR-75-1, T47D, BT20, HCC1937, MDA-MB-231,
MDA-MB-453) with two distinctively dysregulated cell lines MCF7 and CAL-51
(Figure 3. 17). At the protein level (Bircan Coban MS Thesis, 2016) (Coban, 2016),
high levels of MR protein were detected in mesenchymal-like triple negative cell lines
such as CAL-51 and MDA-MB-231. GR, on the other hand, exhibited variable protein
levels across, MCF7, T47D BT20, HCC1937, MDA-MB-231, MDA-MB-453 cell
lines whereas in CAL-51 and ZR-75-1 cell lines its expression was minute. These
findings suggested expression levels of MR and GR resembled each other in
differentially classified molecular subtyped breast cancer cell lines. However, there
were exceptions suggesting possible dysregulation of receptor expression. Expression
profiling of MR in breast cancer cell lines enabled us also to select cell lines with

low/no MR levels to be used in overexpression studies.
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Figure 3. 17 Mineralocorticoid and glucocorticoid expression across breast
cancer cell lines. A) MR and B) GR mRNA expressions were studied across ZR-75-
1, MCF7, T47D (Estrogen positive (ER+) cell lines); BT20, HCC1937, MDA-MB-
231, CAL-51 (Triple Negative Breast Cancer (TNBC) cell lines); MDA-MB-453
(HER2 positive (HER2+). C) Pearson correlation of MR and GR has been studied
across these eight cell lines correspond to r:0.05646, P-value:0.8944 yet when this
finding reverted to significant (P-value: 0.0082) with an r of 0.9250 when dysregulated
cell lines (MCF7 and CAL-51) were excluded.

3.1.2. MR and GR expression in breast cancer tissue on ex vivo cDNA

panel

MR and GR expression were also studied in normal breast- and breast cancer tissue-
derived cDNA embedded ex vivo arrays; TissueScan™ ORIGENE Array [-BCRT101
and Array [I-BCRT102. Array I- BCRT101 harboring 7 normal and 41 diseased-breast
and 5 normal and 40 diseased-breast working samples, respectively. In fact, Array I
and Array II differed among each other by the number of patient samples belonging to
different molecular subtype groups. Array I and Array II have been individually
analyzed for revealing relative MR and GR expressions and statistical analysis were
performed on log2 MR and GR relative expression fold change performing repeated-
measures Two-Way ANOVA statistics followed by Sidak’s multiple comparisons test.
Statistics for MR expression data among normal and tumor-derived cDNAs of Array
I and Array II did not exhibit any difference among the two arrays yet, a significant
difference was detected among normal and tumor samples in Array II, MR being
downregulated in tumor samples (Interaction P-value:0.3570, Row factor P-
value:0.3570 and Column factor:0.0011) (Figure 3. 18). Glucocorticoid receptor

expression data statistics however, revealed no significant differences among the two

&5



arrays or among the test groups of each array although normal vs. tumor difference
approached significance (Interaction P-value:0.4145, Row factor P-value:0.4145 and
Column factor:0.0677) (Figure 3. 18). Additionally, correlation of MR and GR was
also studied across these arrays. Accordingly, MR and GR expressions normalized to
the reference gene results, were reflected as -delta Ct, were used for Pearson
correlation analysis in both Array I and II for a total number of 88 matching samples
out of which 12 were normal breast-derived and 76 were cancer tissue derived cDNA
samples. MR and GR expressions, hence, depicted a significantly positive correlation

among these samples (1:0.3269, P-value:0.0019).
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Figure 3. 18 MR and GR mRNA expression in ex vivo breast cancer cDNA arrays.
A) MR expression is significantly downregulated in breast tumors of Array II. B) GR
expression did not exhibit any difference among normal and tumor samples. C) MR
and GR expression significantly correlates in breast cancer tumors and normal breast
samples (1:0.3269, P-value:0.0019).

3.1.3. In silico analysis of MR and GR expression

The Cancer Genome Atlas (TCGA) platform provides vast number of patient gene
expression data and enables gene expression analysis of any gene of interest based on
inquiry. Cbioportal.org (Cerami et al., 2012) plot function was used to assess the
correlation of expression between MR and GR (n =994) based on RNAseq-
[llumina HiSeq platforms of TCGA PanCan dataset with complete case set samples
option; and MR(NR3C2) and GR(NR3C1) exhibited a moderate yet highly significant
correlation in a cohort of invasive breast carcinoma samples (Spearman correlation, r:

0.46, P-value:1.49¢-52; Pearson correlation, r:0.42, P-value:2.13e-44).
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Figure 3. 19 MR and GR are co-expressed in breast cancer tissue. MR and GR
mRNA expressions are significantly correlated aa cohort of 994 TCGA invasive breast
carcinoma complete dataset (Spearman correlation, r: 0.46, P-value:1.49¢-52; Pearson
correlation, r:0.42, P-value:2.13e-44).

3.1.4. Survival analysis based on MR and GR expressions on two

different platforms: GEPIA and KM-Plotter

3.1.4.1. Survival analysis of MR and GR expression by GEPIA

MR expression in breast cancer patients and their association with overall survival
(OS) were identified using GEPIA (Konu & Targen, 2019). Herein, the study was
expanded to test the association of both MR and GR expressions with OS and disease-
free survival (RFS) in breast cancer. Mineralocorticoid receptor expression was
classified as high MR expressing patients (n=533) and low MR expressing patients
(n=535) by median and high MR expression was shown to be associated with better
overall survival (Log-rank test p=0.027, HR=0.69, pHR=0.028) (Figure 3. 20). The
RFS and MR expression stratification, by these parameters, did not reveal any
significant association (Log-rank test p=0.1, HR=0.73, pHR=0.11). GR expression
was also classified as high GR expressing patients (n=535) and low GR expressing
patients (n=535) by median. No association was found neither with overall survival
(Log-rank test p=0.93, HR=0.99, pHR=0.93) nor disease free survival (Log-rank test
p=0.13, HR=0.75, pHR=0.13) based on these parameters (Figure 3. 20).
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Figure 3. 20 Kaplan-Meier plots illustrating survival graphs of MR and GR in
breast cancer. A) MR-Overall survival B) MR-Disease free survival C) GR-
Overall survival D) GR-Disease free survival.

(The image was adapted from 2019 Konu, O., & Targen, S. Investigating the Role of
Mineralocorticoid Receptor Signaling in Cancer Biology in the Genomic Era. In Aldosterone-
Mineralocorticoid Receptor - Cell Biology to Translational Medicine. Licence: CC BY-NC 4.0
license for Monograph. https://doi.org/10.5772/intechopen.87233).
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3.1.4.2. Survival analysis of MR and GR receptor expressions using
KM Plotter

For the interest of this thesis, intrinsic subtypes classified as basal, luminal A, luminal
B and HER2+, and their association with stratified MR and GR expression in regard
to overall survival (OS) and relapse free survival (RFS) were examined by the

microarray platform option where applicable.

Initially, OS and RSF and MR expression was studied across all breast cancer data
without any categorization of the data. Stratification of MR expression did not reveal
any significant association with OS yet, high MR expression was found to be
associated with better RFS (HR=0.77 (0.69-0.86), logrank P=1.7e-06 (Figure 3. 21).
Intrinsic subtype-based RFS analysis of MR revealed significant association among
high MR expression and better relapse free survival in luminal A subtype (HR=0.66
(0.56-0.79), logrank P=3e-06) wherein in luminal B subtype, although approaching
significance, this profile was no longer detected (HR=0.85, (0.7-1.03), logrank
P=0.098). MR expression was not found to be associated with RFS in basal and
HER2+ intrinsic subtypes.

MR (205259_at) MR (205259_at)
o Q]
- HR =0.85 (0.68 - 1.05) - HR =0.77 (0.69 - 0.86)
logrank P = 0.13 logrank P = 1.7e-06
© © |
S o
© ©
£ £ 3
=) e
[ [
Q Q
S < S <
[ [
| N
© | Expression © | Expression
— low — low
o | high o high
© T lg T T T T T © T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250
Time (months) Time (months)
Number atrisk Number atrisk
low 701 525 238 81 15 3 0 low 1980 1186 493 123 20 3
high 701 558 239 48 6 0 0 high 1971 1333 582 118 7 0

Figure 3. 21 KM Plotter microarray-based overall survival (OS) and relapse free
survival (RFS) analysis for MR in breast cancer patients. A) MR - Overall survival
B) MR- Relapse free survival.
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Figure 3. 22 Association of stratified MR expression and RFS across intrinsic
subtypes of breast cancer. A) Luminal A subtype B) Luminal B subtype C) Basal

subtype D) HER2+ subtype
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Figure 3. 23 Association of stratified MR expression and OS across intrinsic
subtypes of breast cancer. A) Luminal A subtype B) Luminal B subtype C) Basal
subtype D) HER2+ subtype.
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GR, when expressed high, was associated with better overall survival in breast cancer
patients (HR= 0.78(0.63-0.96), logrank P=0.02). Yet, assessment of association
among RFS and GR expression, however, was not significant (Figure 3. 24).
Assessment of intrinsic subtypes showed that low GR expression was associated with
better RFS in basal subtype (HR=1.35(1.04-1.73), logrank P=0.021) yet no other
significant association were detected among GR expression and RFS in luminal A,
luminal B, and HER2+ subtypes. Assessment of intrinsic subtypes by terms of OS,
revealed that high GR expression was associated with better overall survival in luminal
B subtype and also, low expression was associated with better overall survival in basal
subtype. No association among GR expression stratification and luminal A or HER2+

and overall survival prediction was identified.
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Figure 3. 24 KM-Plotter microarray-based overall survival (OS) and relapse free
survival (RFS) analysis for GR in breast cancer patients. A) GR - Overall survival
B) GR- Relapse free survival.
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Figure 3. 25 Association of stratified GR expression and OS across intrinsic
subtypes of breast cancer. A) Luminal A subtype B) Luminal B subtype C) Basal
subtype D) HER2+ subtype
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Figure 3. 26 Association of stratified GR expression and RFS across intrinsic
subtypes of breast cancer. A) Luminal A subtype B) Luminal B subtype C) Basal
subtype D) HER2+ subtype.
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3.1.5. Establishment and whole transcriptome analysis of MR-
overexpressing ZR-75-1 and MCF7 cell lines in the presence or

absence of Aldosterone and/or Spironolactone

MR expression in MCF-7 and ZR-75-1 cell lines are very minute at protein level
(Coban, 2016). I have found that mRNA expression was also at the lower end across
the cancer cell line panel we used. In order to decipher how presence of MR in the
absence/presence of its well-established agonist, aldosterone (ALDO) and/or
antagonist, spironolactone (SPIRO) affects entire transcriptome in breast cancer cell
lines, an MR-overexpression mimicking approach was adopted in both of these cell
lines. Hence, MR was successfully overexpressed in MCF-7 and ZR-75-1 cell lines
and the transiently MR-overexpressing MCF-7 and ZR-75-1 cells were treated with
ALDO and/or SPIRO for 24 h for deciphering the late response genes and/or activated
pathways in the transcriptome. In this experimental setting, initially, overexpression
of MR of both MCF-7 and ZR-75-1 cell lines were confirmed at mRNA levels (Figure
3.27).
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Figure 3. 27 MR overexpression model in breast cancer cell lines. A) In MCF-7
cell line, MR is significantly overexpressed in MR-Stag-pcDNA3.1 (MR) vector
treated groups when compared to pcDNA3.1 (EV) vector treated groups regardless of
presence of ALDO and/or SPIRO. B) In ZR-75-1 cell line, MR is significantly over
expressed in MR-Stag-pcDNA3.1 (MR) vector treated groups when compared to
pcDNA3.1 (EV) vector treated groups regardless of presence of ALDO and/or SPIRO
(**: p<0.01, ***: p<0.001, ****: p<0.0001; data was shown as the mean + standard
deviation (SD).
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3.1.6. RNAseq expression profiling and Principal Component
Analysis show MR overexpression with or without ALDO alter cell

transcriptome

RNA sequencing of the aforementioned experimental groups was performed and PCA
analysis were performed for both cell lines showing the association among the
treatments within the same experimental group shown solely for the MCF7
experimental set up as well as between the different experimental groups, e.g., MCF7
and ZR-75-1 experimental set up treatment samples. PCA performed for MR-
overexpressing MCF7 cell lines in the presence of ALDO and/or SPIRO was shown
(Figure 3. 28). In order to compare, the association among the MR-overexpressing
and ALDO treated cell lines as well as control treated cell lines another PCA was
performed between the MCF7 and ZR-75-1 cell lines subjected to the treatments.
Herein, as ZR-75-1 only had the MR-overexpression (OV) and MR-overexpression
ALDO (OVAL) group (treatment groups) as well as Empty vector (EV) and Empty
vector ALDO group (control groups). PCA analysis were only performed among these
two groups, separately for reflecting a more detailed picture of variance among
variables. Graphical representation of the PCA analysis were shown (Figure 3. 29) for

the treatment groups (A) and control groups (B).

group
EV_AL
. EV_ALS
® EV_EtOH
® OV_EtoH
OVAL
OVALs

PC2: 19% variance

0
PC1: 53% variance

Figure 3. 28 Principal component analysis of MR-overexpressing MFC7 cell lines
in the presence of aldosterone and/or spironolactone. The groups represented in
the PCA graph and the number of the studies samples were as follows; MCF7-MR-
Ovex (OV_ETOH) (n=1), MCF7-MR-Ovex-ALDO (OVAL) (n=2), MCF7-Ovex-
ALDOSPIRO (OVALs) (n=2), MCF7-EV (EV_ETOH) (n=1) and MCF7-EV-ALDO
(EV_AL) (n=1), MCF7-EV-ALDOSPIRO (EV_ALs) (n=1).
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Figure 3. 29 Principal component analysis of MR-overexpressing MFC7 and ZR-
75-1 cell lines in the presence and absence of aldosterone. A) The groups
represented in the PCA graph includes MCF7-MR-Ovex (MCF7_OVETOH) (n=1),
MCF7-MR-Ovex-ALDO (MCF7_OVALO) (n=2), ZR-75-1-MR-Ovex
(ZR75_OVETOH) (n=1), ZR-75-1-MR-Ovex-ALDO (ZR75_OVALDO) (n=1). B)
The groups represented in the PCA graph includes ZR-75-1-EV (ZR75 EVETOH)
(n=1), ZR-75-1-EV-ALDO (ZR75 ALDO) (n=1), MCF7-EV (MCF7_EVETOH)
(n=1), and MCF7-EV-ALDO (MCF7_EVALDO) (n=1).

In Figure 3. 29, PCA showed that in both MCF7 and ZR-75-1, the effect of ALDO on
MR-overexpressing cells could be seen across PC2 where 2 percent of the variation
was explained while these two cell lines were rather distinct in their expression.
Interestingly, the direction of change from OVEtOH to OVALDO was the same for
MCF7 and ZR-75-1 suggesting that they were affected similarly by the same
treatment. On the other hand, PCA for EVEtOH vs. EVALDO showed differences;
ALDO had no effect in ZR-75-1 when MR was not overexpressed while MCF7
exhibited a modulation although less in magnitude when compared with that in OV
plot (1% vs 2% of variation on PC). This suggested that overexpression of MR alone
and in the absence of ALDO, resulted in significant modulation of expression in both

cell lines when compared with naive ones.

Following PCA, known target genes of MR, e.g., ZBTB16, PER1 and SGK1 genes

were tested on the treatment groups in MCF7 and ZR-75-1 cell lines for assessing their
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alterations and validation of RNAseq results by qRT-PCR (Figure 3. 30 and Figure
3. 31). The results showed that in MCF7 cells, ALDO increased SGK1, PER1 and
ZBTBI16 expression regardless of MR expression while for PER1 was not responsive
to ALDO in the presence of MR overexpression. SPIRO acted to inhibit/reduce the
ALDO driven transcriptional regulation of the targets as expected. However, MR
independence of these targets to ALDO suggested that GR expression could also be
responsible for these actions; and novel and only MR dependent actions of ALDO can
be studied only in comparison with ZR-75-1 expression profiles and needed further
research. Interestingly in Figure 3. 31 where the same target genes were studied in
ZR-75-1 in which GR cannot be detected at protein level, SGK1 and PER1 was not
affected significantly by ALDO or SPIRO but ZBTB16 was increased by ALDO
regardless of MR level and SPIRO was not affective suggesting that this increase was

in collaboration with other receptors or targets of ALDO and not possibly the MR.
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Figure 3. 30 Confirmation of MR downstream target genes in MR-
Overexpressing MCF7 cells in the presence of 24-hour aldosterone and/or
spironolactone treatment. A) SGK-1 expression was shown. B) PER1 expression
was shown. C) ZBTB16 expression was shown. One-way Anova with Tukey’s
multiple comparison test was performed for statistical analysis of the data (*: p<0.05,
*#: p<0.01, ***: p<0.001, ****: p<0.0001; data was shown as the mean + standard

deviation (SD).
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Figure 3. 31 Confirmation of MR downstream target genes in MR-overexpressing
ZR-75-1 cells in the presence of 24-hour aldosterone and/or spironolactone
treatment. A) SGK-1 expression was shown. B) PER1 expression was shown. C)
ZBTB16 expression was shown. One-way Anova with Tukey’s multiple comparison
test was performed for statistical analysis of the data (*: p<0.05, **: p<0.01, ***:
p<0.001, ****: p<(0.0001; data was shown as the mean + standard deviation (SD).

3.1.7. Pathways modulated by overexpression of MR in MCF7 cells
without ALDO and/or SPIRO

Herein the context of this dissertation, the biological pathways affected in accord with
the overexpression MR without ALDO were of our main interest to further test MR
overexpressing cells in the xenograft model. The differentially expressed genes among
OV_ETOH and EV_ETOH groups in MCF7 were filtered for fold change greater and
equal to 2 with a P-value of smaller than 0.1. P-value was determined based on
DESeq2. Herein, a total number of 244 genes were identified and then run in the GO
PANTHER gene enrichment analysis tool for identifying modulated molecular
functions, biological processes, cellular components protein class and pathways on this
platform. Findings showed that pathways involving cell structure and signaling
pathways were modulated yet cell proliferation was not among them suggesting that
MR overexpression without its ligand ALDO may not be altering cell viability

drastically although has a significant modulation of signaling.
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Figure 3. 32 GO Slim and PANTHER analysis of MR-induced upregulated genes
in MCF7 cell line. A) Molecular function B) Biological processes C) Cellular
components and D) Protein class.
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Figure 3. 33 GO Panther pathway analysis of upregulated genes in the presence
of MR overexpression in MCF7 cells.
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3.1.8. Cell viability assessment of naive and MR-overexpressing
MCF7 cell lines in the presence or absence of ALDO

The cytotoxic effect of different doses of aldosterone ranging from physiologic (0.1-
InM) to supra-physiologic (100nM) on naive MCF-7 cells employing two differential
experimental setups wherein in one setting aldosterone administration was at once and
in the other, ALDO treatment was replenished every other day and the final assessment
was performed 120 hours from the initial aldosterone administration in both
experimental settings. Herein, no significant alteration was detected among any
treatment groups at 120 hours when aldosterone was only administered at once
(Figure 3. 34). Additionally, administration of aldosterone every other day also did
not yield any significant changes on 120 hours’ time point. Overall, aldosterone did
not exhibit significant cytotoxic effect on naive MCF7 cells although a trend of

increased cell proliferation was there it was not found significant.
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Figure 3. 34 Effect of five-day aldosterone exposure on naive MCF7 cell viability.
A) 5-day exposure of aldosterone on naive MCF7 cells with no treatment
replenishment (P-value:0.0423). B) 5-day exposure of aldosterone on naive MCF7
cells with treatment media replenishment every other day (P-value:0.1562). One-way
ANOVA with Tukey’s multiple comparisons test was used for statistical analysis of
A) and B). Data was shown as the mean + standard deviation (SD). Each treatment
group had 5 biological replicates in both experimental setups.

The cytotoxic effect of MR expression was further tested by overexpressing MR in

MCEF7 cells. Herein, 5.000 cells were seeded and the next day transfected with 25ng
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of MR overexpression vector (MR-S-Tag-pcDNA3.1) or the control vector EV
(pcDNA3.1) and media were replenished after 4-6 hours, the following day the media
was switched to 5% charcoal stripped FBS supplemented phenol-red free media in
order to remove any masking effects of ALDO present in the standard FBS
supplemented media. The cells were then assessed for cell viability after four days
being exposed to both expression vectors. For each treatment group 15 biological
replicates were used in order to minimize standard deviation. The results showed that
mainly EV treatment was cytotoxic at the concentration used. Yet, MR exerted a mild
yet further significant cytotoxicity suggesting that MR overexpression in naive cells

without ALDO could decrease cell survival (Figure 3. 35).
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Figure 3. 35 Viability effect of transiently MR-overexpressing cells on MCF7
supplemented with 5% charcoal-striped FBS-supplemented media. MCF7 cells
subjected to four-day MR-overexpression vector had significantly diminished cell
viability when compared to control vector transfected cells. One-way ANOVA with
Tukey’s multiple comparisons test was used for statistical analysis (*: p<0.05, **:
p<0.01, ***: p<0.001, ****: p<0.0001). Data was shown as the mean + standard
deviation (SD). Each treatment group had 15 biological replicates.

The cytotoxic effect of MR expression was further tested by overexpressing MR in
MCFT7 cells in standard FBS (10%)-supplemented media. Herein, 10.000 cells were
seeded and the next day transfected with 50ng of MR overexpression vector (MR-S-
Tag-pcDNA3.1) or the control vector (pcDNA3.1) and media were replenished after
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4-6 hours with normal FBS supplemented phenol-red bearing media. The cells were
then assessed for cell viability after four days being exposed to both expression
vectors. For each treatment group 5 biological replicates. As expected cytotoxic effect
of EV increased with respect to 25ng concentration when 50ng was used and there was
a trend for MR overexpression being more cytotoxic than EV group yet not significant

(Figure 3. 36).
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Figure 3. 36 Viability effect of transiently MR-overexpressing cells on MCF7 cells
supplemented with standard-FBS supplemented media. MCF7 cells subjected to
four-day MR-overexpression vector in the presence of standard DMEM supplemented
with 10% FBS and no significant alteration was detected among EV- and MR-
transfected groups. One-way ANOVA with Tukey’s multiple comparisons test was
used for statistical analysis (****: p<0.0001). Data was shown as the mean + standard
deviation (SD). Each treatment group had 5 biological replicates.

Another cytotoxicity test performed in parallel with the above-stated experiment
(Figure 3. 35), aimed to investigate the effects of aldosterone on MR-overexpressing
cells. In the experimental set up, wherein 5.000 cells seeded, transfected with 25 ng of
vector, subjected to charcoal stripped 5% FBS-supplemented phenol red-free DMEM
for 24 hours prior to aldosterone administration. Upon aldosterone administration, the

cells were kept for further 24 hours before ending the experiment. Each treatment
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group had 6 biological replicates. Although, the experiment was run in parallel, with
6 biological replicates no difference was observed among EV and MR groups and

aldosterone (10nM) did not affect cell proliferation regardless of MR presence.
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Figure 3. 37 Effect of aldosterone exposure on transiently MR-overexpressing
cells on MCF7 cell viability. MCF7 cells subjected to four-day MR-overexpression
vector and two-day aldosterone (10nM) exposure. One-way ANOVA with Tukey’s
multiple comparisons test was used for statistical analysis (****: p<0.0001). Data was
shown as the mean =+ standard deviation (SD). Each treatment group had 6 biological
replicates.
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3.1.9. Establishing zebrafish xenograft model of MR-overexpressing
MCF7 cell line

3.1.9.1. Comparison of fluorescence image-based and ALU-based
tumor proliferation assessment methods in MR-overexpressing

MCF7 cell line transplanted casper fish

Transiently MR-overexpressing MCF7 cell lines were injected to yolk sacs of fourteen
48 hpf casper zebrafish and establishment of successful tumor transplantation was
observed at 24 hpi and fish were kept alive until the scheduled tumor viability
assessment end-point, 72 hpi. The tumor proliferation of the fish set was assessed by

employing fluorescence-based as well as ALU-based quantification methods.

For the image-based analyses; the bright field and fluorescent images were captured
both at 24 hpi and 72 hpi. The fluorescent images obtained at the two time points were
processed on Image J to 8-bit and then the tumor area was selected on the area of yolk
where fluorescence was emitted. Herein, we aimed to quantify the tumor presence at
24 and 72 hpi by using corrected total cell fluorescence (CTCF) (CTCF=Integrated
density-(area of selected cell x mean fluoresce of background readings). The results
were then recorded as CTCF log2 for 24 hpi and 72 hpi fish (Figure 3. 38, Figure 3.
39). The log2 of CTCF values were then transformed into a box plot and the change

in tumor growth was statistically analyzed with parametric paired t-test (Figure 3. 40).

Tumor DNA-based quantification was then pursued on the same set of fish on 72 hpi.
Initially the extracted fish DNA was measured and recorded. Then, the ALU-based
tumor quantification was pursued where presence of the human DNA was detected by
ALU repeat primers which were normalized against the zebrafish housekeeping gene,
ache (-Delta CT= ache Ct- ALU Ct). The ALU Ct and ache Ct reads were obtained
and — Delta Ct was calculated for each fish. Next, Pearson correlation was performed
to compute the r between the log2 CTCF and — Delta Ct for each fish (1:0.4990, P-
value:0.0693) (Figure 3. 41) showing the two methods behaved similar. Another
normalization was also used to check the correlation among ache Ct and DNA
concentration (ng/pl) (r:-0.3603, P-value:0.2057) (Figure 3. 42). Furthermore,
transfected MR DNA was amplified using a human specific cDNA primer pair and the
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correlation analysis among raw MR Ct and normalized ALU Ct exerted a negative
significant correlation (Figure 3. 43). In addition, correlation among raw MR Ct and
log2 CTCEF differences of 72hpi and 24hpi fish images were studied yet no significant

correlation was detected among these parameters (Figure 3. 44).
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Figure 3. 38 Fluorescent microscope images of zebrafish xenograft model of MR-overexpressing MCF7 cells (FISH1-FISH7).
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Image J has

been used for generation of the pictures from merged fish and tumor images with split image function. The DNA Concentration of the extracted is
recorded in ng/pl, Raw Ct value of ache amplicon, Ct of the ALU amplicon, Ct of the MR amplicon, corrected total cell fluorescence (CTCF) in
log2 format was recorded under each fish label.
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Figure 3. 39 Fluorescent microscope images of zebrafish xenograft model of MR-overexpressing MCF7 cells (FISH8-FISH14).
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log2 format was recorded under each fish label.
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Figure 3. 40 Assessment of tumor growth at 24 hpi and 72 hpi by measuring
CTCF. A) CTCF for each was calculated and transformed into log for 24 hpi and 72
hpi CTCF values. B) Statistical analysis was performed by using parametric paired t-
test (P-value:0.0652).

A)

-DELTACT CTCF72 CTCF72

(ACHE-ALU) HPI HPI LOG2
FISHI 0.955 3294008.09 21.6514127
FISH2 1.6075 21321817.8 24.3458271
FISH3 1.8025 9976061.9  23.250039
FISH4 221 11278850.5 23.4271167
FISHS 2.04 10834952.4  23.3691895
FISH6 1.3925 5934990.08  22.5008142
FISH7 -1.3925 2698072.04 21.3634974
FISHS 3.6675 8916800.03  23.0880946
FISHY -1.0575 7238071.53  22.7871739
FISHI0 0.07 10090231.1  23.2664559
FISHI1 1.63 6343664.5  22.596885
FISHI2 0.9125 5709473.02  22.4449262
FISHI3 1.6875 7680573.74  22.8727827
FISHI4 1.9825 8921586.81 23.0888689

261
#Fish 2
S 24
= Fish 10 _ Fish SyeFish 4
a R #Fish 14 ®Fish 8
6 *Fish 9 | Esh 12 ooFilsSrt’: 11?
o Fish 6
O 221
*Fish 1
*Fish 7

L ) :
2 0 2 4

- Delta Ct (ache-ALU)

Figure 3. 41 Comparison of ALU-based tumor quantification and corrected total
cell fluorescence-based tumor quantification in 3 dpi MR-Overexpressing casper
zebrafish strain. Total number of 14 fish were used for the comparison and the
correlation was calculated by Pearson r analysis (r:0.4990 P-value:0.0693).
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Figure 3. 42 Correlation analysis of raw ache Ct and DNA concentration (log2)
in 3 dpi MR-overexpressing casper zebrafish strain. Total number of 14 fish were
used for the comparison and the correlation was calculated by Pearson r analysis (r:-
0.3603, P-value:0.2057).
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Figure 3. 43 Correlation analysis of raw MR Ct and ache normalized ALU DNA
in 3 dpi MR-overexpressing casper zebrafish strain. A) MR Ct values and -Delta
Ct was recorded. B) Correlation among MR Ct and normalized ALU Ct was calculated
by Pearson r analysis (1:-0.7086, P-value:0.0046).
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Figure 3. 44 Correlation analysis of raw MR Ct and CTCF difference among
72hpi and 24hpi. MR Ct did not exhibit any significant correlation with the CTCF
difference of 72hpi and 24hpi-imaged fish (r: -0.2030, P-Value:0.4863).

3.1.9.2. ALU-based tumor quantification assessment of zebrafish

xenograft model of MR-overexpressing MCF7 cell lines

Proliferative capacity of MR-overexpressing MCF7 cells were aimed to be further
investigated using zebrafish model organism. Herein, 48 hpf wild-type (AB Strain)
zebrafish were injected with approximately 300 MCF7 cells of three different groups
lipofectamine treated MCF7 cells, empty vector transfected MCF7 cells and MR-
vector transfected MCF7 cells. Next day, the tumor presence was checked under the
light microscope the DsRed channel, fish emitting any kind of tumor specific
fluorescence were then separated and kept at 32-33°C until three days post injection
(72hpi). No fluorescence image was captured as pigmentation would interfere with the
imaging analysis. The fish were then sacrificed and subjected to DNA extraction. Total
number of nine lipofectamine-group fish (LIPO), ten empty vector-group fish (EV)
and eight MR-overexpressing vector-fish (MR) were run for tumor DNA
quantification assessment. The obtained data points (raw Ct) were exhibiting high
variation among within groups especially in the MR-overexpressing group and when
run through GraphPad outlier analysis, one data point was found to be an outlier
significantly and was removed from the quantification analysis. The remaining

analysis were performed for the samples that exhibit a Ct for both ache and ALU
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amplicons. Initially, ache Ct normalized ALU Ct values (ache Ct-ALU Ct) were
calculated among each group yet this assessment revealed no difference among any
test groups and high variability was detected within each group (Figure 3. 45). Next,
the correlation between the extracted DNA concentration in ng/pul and raw ache Ct
were tested. Herein, a significant negative correlation (r:-0.6567, P-value:0.0002) was
detected among total DNA concentration and raw ache Ct values (Figure 3. 46). MR
DNA amount was also quantified using human MR ¢cDNA-specific primers and as
expectedly it could not be detected in the LIPO and EV groups since no MR was
overexpressed yet also in a few of the fish (5 out of 9) housing MR-transfected MCF7
cells. This showed that number of injected MCF7 cells might be a factor since this set

of experiments 300 cells per fish were used.
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Figure 3. 45 ALU-based tumor quantification in MR-overexpressing MCF7 cell
line experimental setup. Lipofectamine treated cell injections (n=9), empty vector
transfected cell injections (n=10) and MR-overexpression vector transfected cell
injections(n==8) did not reveal any significant difference in tumor quantification, hence
in proliferation, in vivo (P-value:0.4582).
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Figure 3. 46 Correlation analysis of ache Ct values and total DNA extracted from
zebrafish. ache Ct and the DNA concentration exhibits significant negative

correlation (n=27) (r:-0.6567, P-Value:0.0002).
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CHAPTER 4

CONCLUSIONS, DISCUSSION AND FUTURE PERSPECTIVES

4.1. ZenoFishDb v1.1

In the present thesis a database specifically focusing on cataloguing xenograft studies
that incorporate molecularly-modified cells, stem cells, cancer stem cells, patient-
derived xenografts and distinguished hosts has been developed. Stringent manual
curation has been performed in order to accommodate and categorize the curated data
in Microsoft Excel file format which was then transformed into an online database
called ZenoFishDb vl1.1. To our knowledge, this has been the first -ever
xenotransplantation database of zebrafish model organism while many was already
present for mouse xenografts as indicated in the introduction section. ZenoFishDb
v.1.1 also provides details of the PDXs studies in zebrafish and in the future, it is
possible to connect the zebrafish data with those of the mouse (Bult et al., 2015; Conte
et al., 2018; Krupke et al., 2008) since a similar structure about the clinical and
demographic parameters of the tumors stored in ZenoFishDb v1.1. Finally, it is very
important that ZenoFishDb is modular and updatable so that it becomes a “live review”
and can expand to include new studies as well as new concepts. Based on these
ZenoFishDb v1.1 provides a structured database through which the users can obtain
the necessary background that is relevant to their studies while the database content
and visualization tools help user plan experiments and decide on the endpoint
parameters, such as time to injection, time to assessment, the number of cells to be

injected and where to inject, and what type of cell tracker to use.

In addition, ZenoFishDb v1.1 resulted in identification of which genes and pathways
have been studied most with xenografts in zebrafish host and future studies can focus
on how this compares to the mouse studies. Zebrafish is a fast-developing organism in
comparison to rodents and most zebrafish studies are conducted in embryos and early
larva due to transparency of tissues and lack of immune response to transplanted
materials. These characteristics make zebrafish amenable for high throughput studies
and many genes/pathways can be studied in the future. At the moment these remain
restricted in number yet most of them are connected via a STRING protein-protein

interaction analysis since many xenograft studies are cancer cell line based and involve
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assessment of tumor size and migration hence pathways such as ‘pathways in cancer’,
‘VEGF signaling pathway’, ‘Ras signaling pathway’, ‘Cell cycle’, ‘Apoptosis’ ‘PI3K-
Akt signaling pathway’, ‘MAPK signaling pathway’ are frequently studied according
to ZenoFishDb v1.1.

Platforms accommodating details of mouse xenotransplantation studies when
compared to ZenoFishDb vl.1, often appear to accommodate data attributes in
common. One such example is the Mouse Models of Human Cancer Database
(formerly known as the Mouse Tumor Biology Database) (Bult et al., 2015). This
database allows advanced search by enabling selection of multiple attributes
simultaneously for maximizing the fine-tuning and delivering to-the-point results.
These two databases share several attributes in common including search of tumor
type, strain related information, human tissue transplant and references. The Mouse
Models of Human Cancer Database additionally accommodates information about
tumor frequency and tumor inducing agent details which are not applicable to fish
studies for this kind of data mining. Yet, study size which has not been incorporated
to ZenoFishDbvl1.1 has been incorporated into this mouse database and could be a
future add-on attribute also informing the users about the statistical power of the

studies performed in the literature.

PDX-Finder is the most-comprehensive xenotransplantation database harboring 4031
PDX models in its reservoir only applied on rodents (Conte et al., 2018). The advanced
search option allows search through five main attributes, namely, PDX models,
molecular data, treatment/drug dosing data, patient/tumor data. When we compare
ZenoFishDb v1.1 to PDX-Finder, initially it is important to mention that ZenoFishDb
vl.1 only houses 115 PDX studies as zebrafish xenotransplantation studies are
considered relatively new when compared mouse xenotransplantation studies.
Although on the smaller-scale, PDX Details module of the ZenoFishDb v1.1 also
delivers patient and tumor data, such as data about patient treatment and molecular
data if appeared on the original article. However, the delivered information could
differ from one study to another as we could only incorporate the PDX-associated data
as appeared on the articles. For generating a more comprehensive PDX database in
zebrafish, the PDX study authors could be individually contacted and all details could
be gathered for this purpose.
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Overall, ZenoFishDb v1.1 focuses mainly on xenografts studies in zebrafish if they
accommodate use of molecular modification, such as transgene, sShRNA/siRNA, etc.
in the cells transplanted, stem cells, cancer stem cells, PDXs and modified hosts used
for xenotransplantation. Future versions of this database are required for implementing
all of the xenotransplantation studies regardless of presence/absence of cell and/or host
modifications as this would better reflect the current status of the zebrafish xenograft
studies literature as well as incorporating more comprehensive collection of data on
the database. In regard to this issue as well as vastly accumulating data on zebrafish
xenograft studies, the ZenoFishDbv1.1 will be updated bi-annually. More details are

provided in the Future Perspectives section.

4.2. Development of a high throughput tumor size estimation

methodology using ALU quantification in zebrafish

In this dissertation, an ALU-repeat based tumor DNA detection previously applied for
tumor DNA quantification in mouse and rat xenografts (Prigent et al., 2015) was
modified to be applied in zebrafish xenograft models. Herein, an ALU-based tumor
DNA quantification had been applied to zebrafish xenografts for the first time paving
the way for high throughput tumor cell number/tumor DNA quantification. Initially,
this method was applied for testing tumor proliferation in an altered tumor
microenvironment wherein liver cancer cells were transplanted to yolk sac of ache null
mutant fish that had excess acetylcholine accumulation. Hence, this application was
becoming of importance due to establishing two novelties in the fish xenografts;
successful application of ALU-based tumor DNA quantification and successful testing
of tumor-microenvironment interactions on proliferation in mutant fish. ache mutant
and wildtype siblings from the same breeding pairs were used making comparisons
between genotypes possible in terms of how much tumor growth the host genotype
contributed however this type of analysis requires genotyping the fish with the tumor
and most imaging studies just use the images obtained from the fixed animal. The
novelty of ALU method in zebrafish is that it allows both human DNA detection
through ALU quantification and zebrafish DNA variation detection for mutation
analysis; and when combined, this allows for testing whether the host genotype has

impact on tumor growth. In our case, ache mutants, leading to accumulation of excess
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acetylcholine, provided a microenvironment which can be oncogenic. The reasons for
this could be indirect such that that lack of acetylcholinesterase (achE) results in
paralysis and potentially cardiac problems and affect circulation and potentially
resulting in inflammation (Behra et al., 2002). However, it is also possible that achE
results in changes in the metabolism and affect growth of tumor cells (Y. Zhao et al.,

2011). Future experiments are needed to address these direct or indirect effects.

When ZenoFishDb v1.1 is searched for analyses methods applied on tumor cell
engrafted fish, it becomes clear that tumor size/volume assessments are done using
mostly imaging techniques that allow for tracing fluorescent dyes or fluorescent
protein expressing cells. ZenoFishDb estimates 10.6 % of the curated studies assess
tumor proliferation and more than 30 % of them uses fluorescently labeled cells and
16.5 % uses GFP expressing cells. None of them reported an ALU-based tumor DNA

quantification like method which makes this study highly novel and also impactful.

ALU-based tumor DNA quantification has its challenges and future studies should
focus on improving the quantification. Additional primers can be used to detect the
ALU copies in addition to the one used in the present study which were obtained from
existing mouse studies (Prigent et al., 2015). Moreover, ALUs can be variable so a
more thorough quantification of different types of ALUs can also be used in the future
(Abellaneda et al., 2015). Furthermore, in order to refine use of this method, different
types of DNA extraction method could be assessed as this was suggested to be a
parameter for yielding best results in mouse and rat xenografts (Prigent et al., 2015).
Additionally, ALU-based DNA applications in fish could be also further tested on
adult fish xenografts for standardizing the use of method for fish at any developmental

stage.

In addition, there is a need to confirm that ALU-DNA levels correlate with dye
intensity obtained from the corresponding image of the tumors. I have addressed this
question in the next section where xenografts obtained MR-overexpressing MCF7
cells were compared using both ALU and images to estimate the correlation between

these two methodologies (see below sections).
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4.3. MR and GR expression and breast cancer

In the context of TUBITAK 1001 project 1145226, we initially tested MR expression
levels both at mRNA and protein levels across different breast cancer cell lines. Upon
revealing the expression profile among these cell lines, cells with no to negligible
amounts of MR expression were used to establish an MR overexpression model in
order to decipher the role of aldosterone and MR signaling in breast cancer disease by
the terms of transcriptomics studies and cell proliferation assessments. Herein, MR
and GR, expression levels across different breast cancer cell lines were quantified by
qRT-PCR for the first time in literature. This has allowed us to determine cell lines
which highly and lowly express MR along with its close relative GR. In fact, although
MR and GR were highly correlative in most of the studied cell lines dysregulated cell
lines were also present highlighting also possible routes of unshared regulatory

networks between the two receptors in disease of breast.

Ex vivo MR and GR expression in normal breast and breast cancer tissue- derived
cDNA arrays also revealed a moderate correlation among the two receptors. In silico
analyses of MR and GR expression across 994 breast cancer patient sample data
(TCGA PanCan complete case dataset) performed through cBioPortal.org (Cerami et
al., 2012) also exhibited significant moderate correlation between the two receptors.
The ex vivo correlation analysis which was much smaller in number was therefore
tested in a larger scale and a similar pattern was detected in much larger cohort of
breast cancer patients. This finding again highlighted the presence of MR and GR co-
expression in patient data. This is to our knowledge is the first confirmatory real-time
qRT-PCR study for the correlation of expression between MR and GR at the mRNA

level ex vivo.

If to consider GR, MR and their genomic actions; both receptors are well-characterized
transcription factors and act through binding to hormone response elements (HREs).
Until recently, MR and GR was known to bind to GREs or negative GREs for gene
transactivation or repression, respectively. MREs, mineralocorticoid receptor
elements, have been only recently discovered. Moreover, MR and GR have been
shown to bind the HREs also as heterodimers (Ou et al., 2001). Altogether, the

availability of different HREs, different dimer complexes formation and ligand
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availability, may possibly influence the regulation of shared and unshared networks

among MR and GR in breast tissue.

Survival analysis, OS and RFS, were performed using GEPIA and KM-Plotter tools
for stratification of MR and GR expression. The reason for employing two different
tools were that GEPIA tool was using RNA-Seq data and was used to study overall
OS and RFS across approximately 1000 patients. KM-Plotter microarray data option
allowed studying OS and RFS across approximately 1400 and 4000 patients,
respectively. KM-Plotter microarray data option further allowed classification of data

based on their intrinsic subtypes e.g., Luminal A, Luminal B, Basal and HER2+.

GEPIA analysis revealed high MR expression to be associated with better overall
survival and marked MR as a good prognostic factor. In KM-Plotter analyses,
however, although approaching significant this could not be detected for MR in the
case of OS yet, herein high MR expression was shown to be highly significant with
better RFS outcome. These results were suggesting a tumor suppressive role for MR
in breast cancer. Yet, as due to the complex nature of cancer disease and breast cancer
heterogeneity, the intrinsic subtypes and MR expression stratification was further
studied in this set. Herein, high MR expression was found to be a good prognostic
indicator of RFS in luminal A patients. These findings suggest that high MR
expression to be an indicator of better prognosis in hormone receptor, i.e., ER and PR,
positive subtypes. Although MR has not been widely studied in breast cancer yet,
possible interaction of ER and MR gained attention as cardiovascular disease (Barrett
Mueller et al., 2014). Within this concept, E2-induced ER activity was shown to be
inhibiting transcriptional activity of MR and moreover, immunoprecipitation studies
revealed MR and ERa being part of a protein complex. Yet, effects of ER and MR co-
ordination as well as MR-PR co-ordination remains to be elucidated in breast cancer
signaling. In fact, recently, Leo and colleagues have shown that MR and GR crosstalk
with PR leads to induction of focal adhesion and inhibits growth of breast cancer cells
(Leo et al., 2004). This finding further encourages for further research deciphering

possible crosstalk among MR, ER and PR in normal and diseased breast tissue.

GR, on the other hand, when expressed in high levels, it exerted better overall survival.

When studied across intrinsic subtypes, high GR expression was associated with better
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OS in luminal B patients. By terms of RFS and GR analysis, low GR expression was
shown to be associated with better RFS in basal subtype. GR, although has been
extensively studied in breast cancer, yet, MR and GR co-expression and co-ordination
needs to be further addressed in breast cancer signaling. Although MR and GR were
found to be correlated in their expression patterns the correlation value was only
moderate suggesting that divergence in paired expression and hence differences in

survival impact could also emerge.

4.4. Aldosterone and MR signaling in breast cancer

In addition, effects of ALDO were studied using MTT assay on cell viability and
showing ALDO did not have a significant effect on naive MCF7 cells over 5 days of
treatment. The indifference between different doses of aldosterone, ranging from
physiologic (0.1-1nM) to supraphysiologic (100nM) as well as ethanol control could
be due to absence of MR in the naive MCF7 cells which has led us to overexpress MR
in MCF7 cells. Only one study was identified in literature to test proliferative effects
of aldosterone along with vasopressin and angiotensin on MCF7 cells by trypan blue
staining and manual counting. The cells were seeded in standard media and 24 hours
later the drugs were administered with media without serum. No significant difference
were detected in the proliferative activity of ALDO induced cells of various
concentrations ranging from 10°° M to 10-'* M for 48 hours and 72 hours (De Azevedo
Delou et al., 2014). However, another study performed on MR expressing PMC42
cells also did not present any significant alteration in cell proliferation upon 72 hour
ALDO exposure (Koyama et al., 2001). However, ALDO exerted proliferative effect
on an HER2+ cell line, SkBr3 cell line after 5-day exposure (Rigiracciolo et al., 2016).
These findings imply cell-line dependent effects of ALDO on cell proliferation,
furthermore, the molecular subtype, e.g., the hormone status could also possibly affect
the anti- and/or pro- proliferative effects of ALDO due to possible crosstalk among

MR and other steroid receptors(Leo et al., 2004; Rigiracciolo et al., 2016).

Using MCF7 cells transfected with empty- (EV-) or MR-containing overexpression
vectors, I have further tested the effect of MR-overexpression on cell viability.
Although the cytotoxicity of EV when compared to LIPO treatment was not

neglectable, MR was showing mild but significant further cytotoxicity over EV in
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MCF7 cells yet not in all sets to the same degree. It is possible that since EV had
cytotoxic effects already and reduced cell viability when compared with control
treatment (Lipofectamine only). MR’s effects were not prominent and was partially

masked.

RNAseq analysis of MCF7 and ZR-75-1 cells expressing MR at no or very low levels
were also tested when transfected with EV or MR in the presence of ALDO or EtOH
to confirm that the decrease we observed in MR overexpressing cells were due to cell
cycle inhibition. Pathway analysis of the differentially expressed genes when MR was
overexpressed in MCF7 cells revealed modulation of integrin, Wnt, and TGF-3
signaling pathways as majorly upregulated pathways implying possible association of
MR signaling with regulation of stemness in breast cancer cells, some of which were
previously shown in the literature (Cai et al., 2013; Lamb et al., 2013; Park et al., 2016;
Shackleton et al., 2006; Shipitsin et al., 2007; Stingl et al., 2006; Y. Wang et al., 2011).
Recently, role of MR signaling has been studied in the context of stem cell biology.
For instance, silencing of MR was shown to be increasing survival of mesenchymal
stem cells (MSCs) and improving their effects on myocardial infarction therapy (X.
Xie et al., 2019). Another study highlighted the anti-proliferative effect of aldosterone
on progenitor cells in the adult hippocampus of adrenalectomized rats (E. Y. H. Wong
& Herbert, 2005). In the light of the RNA-Seq data analysis and current literature, MR
and aldosterone signaling could be also studied in breast cancer stem cells. Wnt
signaling, another upregulated pathway in MR-overexpressing MCF7 cell, has not
been widely studied in the context of aldosterone and MR signaling. Yet, a study
performed by Zhu and colleagues has shown inhibition of mesangial cell apoptosis by
SPIRO through the Wnt signaling pathway (Zhu et al., 2013). Hence, Wnt signaling
pathway members could be further studied in MR-overexpressing MCF7 cell samples
alone as well as in the ALDO and/or SPIRO treated samples. If to consider the genes
upregulated upon MR-overexpression in the above-mentioned pathways; MAPKI3,

JUND, PRKCD genes were among many.

Cell cycle inhibition was not detected in pathway analyses predominantly, and this
could be due to the fact that MR alone without ALDO treatment may not exhibit the
same effects. Future studies testing the effect of stable transfection of EV and MR on

cells to test the effects of MR on cell viability and RNA expression.
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4.5. Assessing role of MR overexpression on growth of MCF7 cells in

vivo using zebrafish xenografts

Since I have identified a mild decrease in vitro in cell viability when MR was
overexpressed in comparison with respect to EV, I wanted to test if this holds in the in
vivo setting using zebrafish xenografts. As a case study, I have transplanted MR-
transfected MCF7 cells into the zebrafish casper embryos, which are widely used in
xenotransplantation since they are transparent and make possible to obtain a clear
fluorescent signal carried by the xenografts. Then, I have transplanted both EV- and
MR-transfected MCF7 cells into the AB zebrafish embryos and my aim was to test if
MR reduces cell viability in vivo. This is the first time for showing the correlation

between image based and ALU repeat-based quantification tumor growth assays in
zebrafish.

In casper fish xenografts, I have compared the signal obtained from the images with
the ALU quantification results. This is very important to state for ALU method to
become a more mainstream as in the case of imaging quantification. The results
revealing that there was a positive correlation approaching significance among the
tumor quantification obtained by ALU-DNA and corrected total cell fluorescence
(CTCEF) is highly promising for this former method to be used more frequently in the
literature. This was further supporting the idea of ALU-DNA quantification being
more sensitive method for quantifying as the background signal emitted from the
image profiles appear to interfere with the outcomes in image analyses. Herein, I have
also studied the correlation among the extracted fish DNA (ng/ul) and the Raw ache
Ct value representative of the fish DNA, solely, although this has been a valid
approach with larger sample size as in ache experimental set up, herein the correlation
among these values did not exhibit significant correlation. Increasing the sample size
would be a possible solution to overcome this issue. In fact, for the injections
performed in AB wild-type fish with three experimental groups with a total number
27 fishes, the negative correlation among the extracted fish DNA and the raw ache Ct
value were highly significant. This suggested that using ache Ct as a normalization
factor in ALU DNA incorporates the differences in assayed zebrafish DNA as also

shown in liver cancer cells xenografts of ache mutants (Avci et al., 2018). In the future,
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other measurements on different genes or zebrafish specific transposable elements can
be used to compare with ache DNA. These different normalization methodologies are
novel contributions from this thesis to the literature and can help ease adopting this
methodology to different settings. In addition, quantification of the overexpressed

gene, herein MR, was successfully performed.

When I compared the normalized ALU concentrations between the three groups of the
xenograft experiment (i.e., LIPO (Lipofectamine treated only), EV or MR
overexpressing cells transfected with lipofectamine) I have not observed a significant
difference among any of the groups. Yet, I expected to observe at least LIPO treated
fish to have larger tumors when compared with EV or MR as in the case of the in vitro
MTT experiment. This could be due to the difference between in vitro and in vivo
microenvironment. We grow MCF7 cells in 10% FBS- supplemented DMEM without
insulin as also practiced in the literature (Ciccarone et al., 2020). Presence of insulin
alters how the MCF7 cell responds to estrogen or anti-estrogens. Yet, we do not know
how presence or absence of insulin might affect to the stress caused by exogenous
plasmid DNA. Igoucheva and colleagues’ studies effects of exogenous DNA one of
which was a plasmid DNA transfected to mammalian cells and upon 6 hours of
transfection the gene expression profile of the mammalian cell culture was studied and
ATM/ATR, apoptosis, cell cycle arrest and genome stability/repair pathways were up-
regulated compared to controls and this was regardless of the plasmid sequence as it
was also tested in this study (Igoucheva et al., 2006). In vivo, however, this
phenomenon was no longer present as there were no significant alterations among EV-
bearing cell injections or lipofectamine treated cell injections. Also, in vitro, the effects
of EV with or without MR expression was independent of charcoal-stripped serum
suggesting that this may not be the case since regular serum has many growth factors,
yet the dosage might still be important. /n vivo, in zebrafish the microenvironment is
not modulate while the cancer cells were (EV, MR, unmodified) and might provide an
environment in which growth factors are abundant and hence tumors grow similarly
and no reduction by EV is observed. Not finding a significant difference between EV
and MR test groups suggest that the effect might also depend on presence/absence of
ALDO and should be tested further upon treatment of zebrafish embryos with ALDO

upon xenotransplantation.
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Overall, I have helped increase access to literature on xenograft studies in zebrafish
through manual curation of the literature focusing on molecular modifications and host
modifications. Analysis through ZenoFishDb v1.1 has revealed many different aspects
of the state of xenotransplantation in zebrafish and will help researchers design their
experiments. For instance, screening through the ZenoFishDb v1.1revaled total of 15
studies harboring MCF7 cell line injections with injected cell numbers mostly ranging
from 50 to 500 cells and for other cell lines injections as small as 10 cells exist as
projected on the ZenoFishDbvl.l Data Table (Targen et al., 2020). Hence
ZenoFishDb v1.1 help researchers access the data, interpret it, and use it effectively
for their own interest I also have helped develop a high-throughput assay for human
xenografted tumor size estimation using ALU DNA and made possible to detect
human DNA while genotyping the host which can be useful in future zebrafish
xenograft studies. Finally, I have compared the performance of ALU-based
quantification with that of image-based intensity measurements and found a significant
correlation between these two methods further validating the accuracy of the method.
In addition, I showed that ALU-based method can be used to test effects of
microenvironment in tumor cell line growth by comparing in vitro and in vivo findings
and identifying discrepancies in the context of effects of MR overexpression between
cell culture and zebrafish environments in breast cancer. These show the importance
of testing molecular modifications and potential treatments in the in vivo context in
addition to the cell culture. In addition, I have for the first time tested the importance
of MR signaling using a cancer cell line panel, an ex vivo expression panel and an
overexpression model in which effects of ALDO and SPIRO could be tested. My
findings which also have led to identification of several different upregulated pathways

in MR expression through use of RNA-seq and which require further validations.

4.6. Future perspectives

e ZenoFishDb v1.1 would be further expanded to accommodate all of the
immortalized-cell injected fish details regardless of their filters such as molecular-
modification status and/or host modifications.

e ZenoFishDb v1.1 upcoming versions will be designed to deliver drug dosing details
of the zebrafish xenotransplantation studies to be more compatible with the current

databases on the rodent xenotransplantation models and this would further increase
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the impact of the current study by providing intriguing details about the drug delivery
routes, study plan, and drug doses and associated-assessments as a separate module
linked to each study.

e ALU-based DNA tumor quantification and fluorescent imaging-based tumor
quantification will be further assessed with several other conditions to further support
our findings. Two essential parameters should be tested to further support these
findings; 1) in vitro setting: different number of cells ranging from 20-1000 cells,
covering all possible injection ranges performed in fish xenotransplantation studies,
should be counted, their DNA should be extracted, ALU Ct’s should be tested in the
presence of a constant amount of zebrafish DNA; 2) in vivo setting: the same number
of cells ranging from 20-1000 cells should be injected to transparent fish; the
fluorescence imaging should be obtained and then the DNA extraction should be
performed and ALU and an internal zebrafish control gene should be quantified. The
findings will then reveal the correlation among ALU Ct’s in vitro and in vivo and
reflect the success of the xenotransplantation. Different number of injected cells
ranging from 20-1000 cells and quantifying both with ALU-based and fluorescent
imaging-based system will better reflect the reliability of the systems with regard to
injected cell numbers providing a better in sight for the use of both systems in a
comparative manner at once.

e Successful establishment of the transiently MR-overexpressing MCF7 cell
xenotransplantation and assessment by ALU-based quantification and lastly, by
human MR quantification further highlighted the need of ‘molecular-modification
specific’ assessments to be performed in the xenografted fish. In the case of transient
overexpression models, the efficiency rate of each transfection in the transplanted
fish could be determined by quantifying gene of interest, e.g., along with the ALU-
based DNA quantification. Further optimizations should be pursued such as;
injecting the cells that has been transfected with different amounts of vectors and/or
transfected with different amounts of vectors which has been also marked with
fluorescent tags.

e RNASeq data on both MCF7 and ZR-75-1 cell lines should be comprehensively
validated on the entire set up at mRNA levels employing qRT-PCR. The same
experimental design should be repeated also for pursing protein studies and checking

altered genes also at the protein levels.
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e RNASeq data pathway analysis should be pursued for the entire experimental set-up
on both MCF7 and ZR-75-1 cell lines, therefore effect of ALDO and/or ALDO-
SPIRO would better reflect the ALDO-mediated MR signaling in breast cancer cells.
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Figure 1.3 Linear regression analysis of ALU-based detection method (AluYb8)
performed across different species. A) Human DNA detection in water. B) Human

DNA detection in 100ng mice DNA C) Human DNA detection in 200ng rat DNA.
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Figure 1.4 Schematic representation of different injection sites for xenotransplantation
studies in 48hpf fish.

(No copy right permission was required for this figure and the figure was was obtained
from (Veinotte et al., 2014) and Veinotte, C. J., Dellaire, G., & Berman, J. N. (2014).
Hooking the big one: The potential of zebrafish xenotransplantation to reform cancer
drug screening in the genomic era. In DMM Disease Models and Mechanisms.)
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Figure 1.5 Screenshot of Mouse Tumor Biology database advanced search page.

(This image was retrieved from Krupke, D. M., Begley, D. A., Sundberg, J. P., Bult, C. J., & Eppig, J.
T. (2008). The mouse tumor biology database. In Nature Reviews Cancer.
https://doi.org/10.1038/nrc2390).
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Figure 1. 6 Screenshots of PDX Finder homepage and search page.

(This image was retrieved from Conte, N., Mason, J., Halmagyi, C., Neuhauser, S. B., Mosaku, A.,
Begley, D. A., Krupke, D. M., Parkinson, H., Meehan, T., & Bult, C. J. (2018). PDX Finder: A Portal
for Patient-Derived tumor Xenograft Model Discovery. BioRxiv. https://doi.org/10.1101/291443)
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Figure 1.7 Screenshot of PDXliver browse and search page.

(These images were adapted/retrieved from He, Sheng, Hu, B., Li, C., Lin, P., Tang, W. G., Sun, Y.
F., Feng, F. Y. M., Guo, W., Li, J., Xu, Y., Yao, Q. L., Zhang, X., Qiu, S. J., Zhou, J., Fan, J., Li, Y.
X., Li, H., & Yang, X. R. (2018). PDXliver: A database of liver cancer patient derived xenograft
mouse models. BMC Cancer. https://doi.org/10.1186/s12885-018-4459-6).
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Figure 1. 8 Aldosterone-mediated transactivation of mineralocorticoid receptor.

(This figure was reproduced by copy right permission and was obtained from Yang,
J., & Fuller, P. J. (2012). Interactions of the mineralocorticoid receptor - Within and
without. In Molecular and Cellular Endocrinology.
https://doi.org/10.1016/j.mce.2011.07.001 and its use is permitted with copy right
permission from Elsevier Publications)
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Figure 1. 9 Aldosterone and mineralocorticoid signaling in a polarized renal cell

(This image was reproducible without the need of copy right permission and required
citation and it was obtained from Viengchareun, S., Le Menuet, D., Martinerie, L.,
Munier, M., Pascual-Le Tallec, L., & Lombes, M. (2007). The mineralocorticoid
receptor: insights into its molecular and (patho)physiological biology. Nucl Recept
Signal, 5, e012. https://doi.org/10.1621/nrs.05012 .)
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Figure 3. 15Correlation of Alu Ct and Human DNA (pg) injected in zebrafish model
organism. A negative correlation exists among the increased amount of Alu Ct and
injected human DNA as stated in picograms (r=-0.99826, p-value=2.4196e-07).” and
‘Figure 3. 16ALU-based tumor proliferation comparison among ache mutant and
wildtype fish injected with liver cancer cell lines. A) Hep3b cell line-injected fish
were genotyped to classify achet/+ (wt) (n=18), ache+/- (n=28) and ache-/- (n=10).
ALU Ct normalized to ache Ct, lead classification of tumor DNA presence among
these groups exhibiting increased tumor proliferation in ache-/- with regard to ache+/+
(p=0.0001) and ache+/- (p=0.005). B) SK-Hep1 cell line-injected fish were genotyped
to classify achet/+ (wt) (n=13), achet/- (n=26) and ache-/- (n=16). ALU Ct
normalized to ache Ct, lead classification of tumor DNA presence among these groups
exhibiting increased tumor proliferation in ache-/- with regard to ache+/+ (p=0.017)
and ache+t/- (p=0.004).

(The image is retrieved from Avci, M. E., Keskus, A. G., Targen, S., Isilak, M. E.,
Ozturk, M., Atalay, R. C., Adams, M. M., & Konu, O. (2018). Development of a novel
zebrafish xenograft model in ache mutants using liver cancer cell lines. Scientific
Reports, 8(1), 1570. https://doi.org/10.1038/s41598-018-19817-w).

novel zebrafish xenograft model in ache mutants using liver cancer cell lines.
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Figure 3. 20 47 Kaplan-Meier plots illustrating survival graphs of MR and GR in
breast cancer. A) MR-Overall survival B) MR-Disease free survival C) GR-Overall
survival D) GR-Disease free survival.

(The image was adapted from 2019 Konu, O., & Targen, S. Investigating the Role of
Mineralocorticoid Receptor Signaling in Cancer Biology in the Genomic Era. In Aldosterone-
Mineralocorticoid Receptor - Cell Biology to Translational Medicine. Licence: CC BY-NC 4.0
license for Monograph. https://doi.org/10.5772/intechopen.87233).
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From Figure 3.1 to 3.14 was used under the copy right permission of Zebrafish
journal.
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Figure 3. 1 ZenoFishDbvl.1 Homepage. The welcome page highlights the key
features of the database and informs the user. On the left, access for Data Table,
Visualization, PDX Details and PDX Charts modules are provided. Forms for data
submission are also provided on the welcoming page.

(This screenshot image was retrieved from https://konulab.shinyapps.io/zenofishdb/
. (ZenoFishDb v1.1) published as Targen, S., Kaya, T., Avci, M. E., Gunes, D.,
Keskus, A. G., & Konu, O. (2020). ZenoFishDb vl.1: A Database for
Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 2 ZenoFishDb v1.1 database displaying the Data Table module. The Data
Table module presents the attributes of the database in the table format, enables
search through the attribute search box with possible sub-selections (top left) and
the search box (top right).

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).
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Figure 3. 3 Screenshot of the ZenoFishDb v1.1 Visualisation page. The graphical
and statistical representation of ‘cancer/tissue of origin’ attribute is displayed
through the Visualization page.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 4 PDX Details module displays patient data, tumor data and zebrafish
injection details of patient-derived xenografts listed on ZenoFishDb v1.1. The data
table format enables search of PDX-associated attributes through attributes option
(top left) and search box (top right).

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 5 Screenshot of the PDX Charts module on ZenoFishDb v1.1. PDX Charts
module exhibits graphical and statistical representation of frequently registered
attribute, ‘Detailed nature of disease’.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 6 Graphical representation of registered cancer and tissue types on
ZenoFishDb v.1.1. The screenshot of the ‘cancer/tissue of origin’ attribute obtained
through the visualization page lists 77 unique variables with their corresponding
percentages. The ‘download the bar chart table’ provides a link for downloadable
form for the number of each unique variable as frequency and percentages for this
attribute.

(This  image was retrieved from https://konulab.shinyapps.io/zenofishdb/
(ZenoFishDbv1.1) published as Targen, S., Kaya, T., Avci, M. E., Gunes, D.,
Keskus, A. G., & Konu, O. (2020). ZenoFishDb vl.1: A Database for
Xenotransplantation Studies in Zebrafish. Zebrafish.
https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 7 Molecular modifications represented on ZenoFishDb v1.1. A total
number of 13 molecular modifications were incorporated onto ZenoFishDb as TV
(Tag expression vectors), OV (Overexpression vectors), shRNA (short hairpin
RNA), siRNA (silencing RNA), Mutations, Morpholino (MO), miRNA
(microRNA), Cre-LoxP, shRNAmir, Photo-convertible expression vector,
membrane-bound peptine expression and Crirspr/Cas9.
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(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 8Stem cell properties of stem cell (SC) and cancer stem cell (CSC)
xenograft models displayed on ZenoFishDb v1.1. Diverse application of stem cell
of any origin was reflected by total number of 14 different zebrafish xenograft
model. Yet among all this diversity, cancer stem cell, leukemia stem cell and
neuronal stem cell injections accounted for majority zebrafish xenotransplantation
studies.

(This image was retrieved from https://konulab.shinyapps.io/zenofishdb/ published
as Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus, A. G., & Konu, O. (2020).
ZenoFishDb v1.1: A Database

Figure 3. 9 GO PANTHER Pathway analysis of molecularly modified genes. GO
PANTHER pathway analysis search for a total of 94 genes reveals 202 pathway hits
and displayed the matched number of genes for each categorized pathway.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 11 List of biological assessments performed on zebrafish xenograft studies
incorporated onto ZenoFishDb v1.1. Seventy-one different biological assessments
and their percentages are displayed through the ‘analyses’ attribute of the
Visualization page.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 12 Host modifications and host modification details search through the
Visualization and Data Table modules.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3. 13 ZenoFishDb vl.1 reveals the injection sites of all zebrafish
xenotransplantation studies.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
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A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).

Figure 3.14 ZenoFishDb v1.1 reveals the categorized injection cell numbers of all
zebrafish xenotransplantation studies.

(This image was adapted from Targen, S., Kaya, T., Avci, M. E., Gunes, D., Keskus,
A. G., & Konu, O. (2020). ZenoFishDb v1.1: A Database for Xenotransplantation
Studies in Zebrafish. Zebrafish. https://doi.org/10.1089/zeb.2020.1869).
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