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Abbreviations 

ABCG2 ATP-binding cassette, Subfamily G, Member 2 

ACTB ß-actin 

AFP α-fetoprotein 

ALL Acute lymphoblastic leukemia 

ALDH  Aldehyde dehydrogenase 

AML Acute myeloid leukaemia 

ATP Adenosine triphosphate 

CCNE Cyclin E 

CDC6 Cell division cycle 6 

CDK2 Cyclin-dependent kinase 2 

CDKN1A Cyclin-Dependent Kinase Inhibitor 1A 

cDNA Complementary DNA 

c-KIT Tyrosine kinase (CD117) 

CNV Copy number variation 

cPC Canine prostate cancer 

CSC Cancer stem cell 

DDX5 DEAD (Asp-Glu-Ala-Asp) box helicase 5  

DLBCL Diffuse large B-cell lymphoma 

DNA Deoxyribonucleic acid 

EpCAM Epithelial cell adhesion molecule 

ESA Epithelial specific antigen 

ESC Embryonic stem cell 

FL Follicular lymphoma 

FNA Fine needle aspirate  

fR far-red 

GSK-3 Glycogen synthase kinase-3 

GSK3β Glycogen synthase kinase 3 beta 

h hour 

ITGA6 Integrin alpha-6 

KLF4 Kruppel-like factor 4 

LPCs Lymphoid progenitor cells 
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LSC Leukaemia stem cell 

MCM Minichromosome maintenance 

MDM2 Murine double minute 2 

MELK Maternal embryonic leucine zippper kinase 

ml Milliliter 

MYC v-myc myelocytomatosis viral oncogene homolog 

MyD88 Myeloid differentiation factor 88 

NANOG Transcriptional homeobox factor 

NF-κB Nuclear factor kappa-light-chain enhancer of B cells 

NHL non-Hodgkin's lymphomas 

NIR near infra-red 

OCT4 POU domain, class 5, transcription factor 1 

PARR PCR for antigen receptor gene rearrangement 

PCR Polymerase chain reaction 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

SOX2 (Sex detrmining region Y)-box 2 

SP Side population 

TIC Tumour-initiating cell 

TP53I3 Tumour protein p53 inducible protein 

µl Micro liter 

µM Micromolar 

WST Water soluble tetrazolium  
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1. Aims of the study 

Cancer stem cells (CSCs) are considered to be highly critical cells in cancer 

pathogenesis. This population has been identified to be rare in many cancer types 

and can be distinguish from the bulk of tumour cells using specific markers. Recently 

CSCs have attracted significant attention as targets for the development of targeted 

therapies. To be able to identify and target CSCs, the respective gene expression 

pattern in the studied cancers needs to be known. Thus, the first goal of this study 

was to characterize the expressions of stem cell marker genes in canine B-cell lym-

phoma and canine prostate carcinoma derived cell lines and selected primary sam-

ples.  

Currently no general marker gene set allowing the identification of CSCs has 

been identified for canine lymphoma and prostate carcinoma. As this cell population 

is supposed to represent only a small fraction of the tumour cells, a detailed charac-

terisation of the respective cell properties is challenging. In order to evaluate if these 

cells are present in cancer cell lines and an identifying marker panel for potential 

identification is existent, these cell populations must be generated and enriched in 

vitro. Knowing the gene expression profiles will allow further identification and char-

acterisation of cancer stem cell marker genes in the generated subpopulations.  

In vivo models are widely used to study cancer development, CSC behaviour and 

to evaluate the novel therapeutic agents. Fluorescence with long wavelength (red, 

far-red and near infra-red) has low absorption in live tissue and therefore allows deep 

tissue imaging. Cell lines stably expressing fluorescent proteins with long emission 

wavelength would be able to strongly enhance general cancer and CSCs targeting 

studies in animal models. However precondition is the establishment and characteri-

sation of such fluorescent cell lines. Herein several cell lines were established and 

characterised which were previously analysed for their stem cell marker expression. 

The combination of the generated cell lines and the described marker analyses and 

potential CSC generation represents a valuable tool to study biologic behaviour and 

response to therapeutic agents in vivo.  

PDA-66 and PDA-377 are newly synthesised indolylmaleimides which are cur-

rently been evaluated as novel anti-cancer agents. So far, their effects on cancer 
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cells are barely characterised. For evaluation of the two experimental agents a pre-

liminary trial was performed using the herein analysed canine lymphoma cell lines B-

cell lymphoma. The aim of the present study was to analyse the effects and potential 

targets of PDA-66 and PDA-377 in canine cells. 
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2. Introduction 

2.1 Canine lymphoma 

Canine lymphoma is reported to be one of the most common tumours in dogs. It 

comprises a group of neoplasms with varying biologic aggressiveness that derives 

from the uncontrolled expansion of lymphocytes (Vail et al. 2012). Lymphoma repre-

sents approximately 7% to 24% of all canine neoplasias and 83% of all hematopoietic 

malignancies diagnosed in dogs. Thereby the annual lymphoma incidence is esti-

mated to range from 13 to 24 per 100,000 dogs (MacEwen 1990, Vail et al. 2012). 

Although lymphoma is generally seen in middle aged to older dogs, the older dogs 

(10-11 years old) display a higher incidence (Wang and Dick 2005, Vail et al. 2012, 

Scott and Gascoyne 2014). Certain dog breeds are found to be at higher risk of lym-

phoma development, such as Golden Retrievers, Boxers, Basset hounds and Scot-

tish terriers. Dachshunds and Pomeranians are considered to be at lower risk of lym-

phoma development (Edwards et al. 2003, Ito et al. 2014). Further, the distribution of 

B-cell and T-cell lymphomas shows a breed-specific predisposition affecting with 

preference Shih Tzu and Siberian Husky for T cell and Cocker Spaniel and Basset 

Hound for B cell (Modiano et al. 2005). Although canine lymphomas can affect any 

organ, primary and secondary lymphoid tissues are most commonly involved, includ-

ing the bone marrow, thymus, lymph nodes, and spleen (Vail et al. 2012). 

A combination of diagnostic tests is essential for detailed canine lymphoma diag-

nosis. The definitive diagnosis of lymphoma can be achieved by cytologic or histo-

pathologic evaluation of the affected lymphoid tissues. In clinic routine fine needle 

aspiration (FNA) of enlarged lymph node is usually performed to diagnose lymphoma. 

To determine the lymphoma stage, more specific testing can be required, for in-

stance, complete blood count, urinalysis, x-rays of the chest and bone marrow aspi-

rates (Crabtree et al. 2010). However, the initial diagnoses are commonly limited to 

categorize the subtypes of lymphoma. Molecular diagnostic techniques can be used 

for further characterization (Avery and Avery 2004). For example, PCR for antigen 

receptor gene rearrangement (PARR) is utilised to determine the clonality of the tu-

mour in order to refine specific lymphoma subtype diagnosis (Burnett et al. 2003, 

Avery and Avery 2004). PARR is also an available assay allowing to determine the 

respective lymphoma immunophenotype. However, commonly for accurate determi-
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nation of immunophenotype, flow cytometry, immunohistochemistry or immunocyto-

chemistry are widely used (Culmsee et al. 2001, Wilkerson et al. 2005, Thalheim et 

al. 2013, Valli et al. 2013). Specific antibodies against specific lymphocyte surface 

markers are applied to analyse tissues and cytologic samples. The markers for B-

cells characterisation include CD79a, CD20, and CD21 and for T-cells CD3 (pan T), 

CD4 (helper T), and CD8 (cytotoxic T) (Vail et al. 2012). However, aberrant expres-

sion of CD molecules (e.g., co-express B- and T-cell markers) is also seen in some 

canine lymphoma cases (Wilkerson et al. 2005).  

The stage and substage of canine lymphoma in a patient determines the thera-

peutic approach to be used. Surgery or radiation therapy is commonly used to treat 

early stage solitary lymphoma or solitary extranodal lymphoma. However, the most 

common type of lymphoma in dogs is multicentric lymphoma accounting for 80-85% 

of diagnosed cases (Vail et al. 2012). Therefore, systemic multiagent chemotherapy 

is additionally required for canine lymphoma therapy. The most common and effec-

tive chemotherapeutic drugs used in combination protocols are doxorubicin, L-

asparaginase, vincristine, cyclophosphamide, prednisone, idarubicin and epirubicin. 

But most employed combination protocols are modifications of CHOP protocol (cy-

clophosphamide (C), doxorubicin (H, hydroxydaunorubicin), vincristine (O, Oncovin), 

and prednisone (P)) used in human tumour treatment (Simon et al. 2006, Vail et al. 

2012). Dogs treated with these multiagent chemotherapeutic protocols can achieve 

high remission rates of 80% to 95% and 4-10 months median remission time, with 

10-12 months median survival time (Vail et al. 2012, Valli et al. 2013). However, it is 

still challenging to cure this disease by current treatments. The majority of dogs un-

dergoing chemotherapy will ultimately fall out of remission after a period of treatment 

and the newly lymphoma cells are usually more resistant to the chemotherapy rea-

gents (Ettinger 2003, Parsons-Doherty et al. 2014).  

Canine lymphoma occurs spontaneously in dogs and shares several characteris-

tics with the human non-Hodgkin's lymphomas (NHL), including clinical features, bio-

logic behaviour, molecular aberrations and response to therapeutic agents such as 

conventional chemotherapy (Rowell et al. 2011, Richards et al. 2013). In both spe-

cies, the most commonly seen subtype is diffuse large B-cell lymphoma (DLBCL) (Ito 

et al. 2014). Thus, the therapies which are developed for human patients have high 
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potential to be applied in dogs and vice versa. The studies in canine lymphoma also 

have significant value for understanding lymphoma involved processes in both spe-

cies, providing an exceptional naturally occurring model for investigating tumour pro-

gression and developing novel therapeutic approaches (Paoloni and Khanna 2008).  

Although bearing limitations in reflecting the diversity of original tumours in vivo, 

established cancer cell lines have been widely used for research purposes. Cell lines 

proved to be valuable tools for in vitro studies of acting biological mechanisms in-

volved in cancer (Gazdar et al. 2010, Teodoro et al. 2012). Canine primary lympho-

ma cells are especially difficult to maintain in vitro culture, resulting in restricted in 

vitro and ex vivo studies. Also the high instability of canine B-cell lymphomas in vitro 

restricts the generation of widely available canine lymphoma cell lines for in vitro 

studies. The CLBL-1 cell line (Rutgen et al. 2010) used in this thesis -which was es-

tablished from a fine needle aspirate of a dog with diffuse large cell lymphoma- is one 

of few available lymphoma canine cell lines (Nakaichi et al. 1996, Momoi et al. 1997, 

Kisseberth et al. 2007) and consistently retained its original in vivo phenotype after 

repeating passage.  

2.2 Canine prostate cancer 

Canine prostate cancer (cPC) is an aggressive disease spontaneous developing 

in dogs. The median survival times without therapeutic intervention are less than 30 

days (Cornell et al. 2000, Lawrence and Saba 2012). The incidence of cPC is con-

sidered to be much lower compared to its human counterpart, ranging from 0.2% to 

0.6 % (Axiak and Bigio 2012, Lawrence and Saba 2012). The underlying cause of 

canine prostate tumour is currently unknown. However, cPC shares several histolog-

ic and biologic characteristics with human PC (Waters and Bostwick 1997, Waters et 

al. 1998, Winter et al. 2003) representing an ideal animal model of human prostate 

cancer (Simmons et al. 2014). As in humans, prostate cancer is most frequently di-

agnosed in elderly pet dogs (Waters and Bostwick 1997), with a median age of 10 

years (Lawrence and Saba 2012). Most canine prostate tumours are carcinomas, 

and adenocarcinoma is the common diagnosis. Further, canine prostate carcinomas 

often show mixed morphologic features (Smith 2008). Metastases are present in 80% 

of dogs with prostate carcinoma at the time of diagnosis, the most common affected 

sites are lung, bone, and lymph nodes (Cornell et al. 2000). A striking difference be-
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tween human and dog is that most canine prostate cancers are androgen independ-

ent in progression (Lawrence and Saba 2012) not responding to androgen depriva-

tion therapy (Winter et al. 2003). One possible reason for this could be that most 

cases have progressed to an advance stage and have measurable metastatic dis-

ease at the time of diagnosis (Cornell et al. 2000). However, the role of androgen in 

canine prostate carcinoma is still unclear, especially in initiation of the disease. In 

dogs, there is currently no effective curative treatment for prostatic carcinoma. Sur-

gery and radiation therapy are considered to be palliative approaches and usually 

used to minimize clinical signs (Lawrence and Saba 2012). The role of chemotherapy 

in canine prostate cancer treatment is still unclear. Due to canine prostate cancers 

are not hormone responsive (Leroy and Northrup 2009), anti-androgen medicines are 

not ideal therapeutic options in dogs. 

Canine prostate cancer cell lines are of major value in cPC research due to the 

low incidence. The cell line CT1258 used in this thesis was established from a patient 

diagnosed highly malignant prostate adenocarcinoma (Winkler et al. 2005, Fork et al. 

2008). To the best of my knowledge, up to now there are only six available canine 

prostate cancer cell lines including the present used CT1258. cPC cell lines which 

are used in cPC research are: CPA-1 (Eaton and Pierrepoint 1988), DPC-1 (Anidjar 

et al. 2001, Anidjar et al. 2012), Ace-1 (LeRoy et al. 2006), Leo (Thudi et al. 2011), 

Probasco (Simmons et al. 2014). 

2.3 The cancer stem cell  

Cancer cells are phenotypic, functional and genetic heterogeneity in many tu-

mours. This phenomenon can be observed both between tumours (inter-tumour het-

erogeneity) and within individual tumours (intra-tumour heterogeneity) (Visvader and 

Lindeman 2012). Several factors could contribute to this heterogeneity, including sto-

chastic genetic or epigenetic changes, tumour microenvironments and the hierar-

chical organization in cancers (Baylin and Jones 2011, Magee et al. 2012).The het-

erogeneity among cancer cells leads to the complexity and difficulty of cancer diag-

nosis and treatment. This heterogeneous character also led to two models to explain 

tumorigenesis and tumour development, the stochastic model and the cancer stem 

cell (CSC) model (Figure 1) (Reya et al. 2001, Wang and Dick 2005, Lobo et al. 

2007). In the stochastic model, cells divide symmetric, every tumour cell is consid-
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ered to have equal proliferative probability but only a fraction which mutate randomly 

and retain self-renewal capacity would contribute to tumour growth. By contrast, the 

CSC model in which cancer stem cells (CSCs) undergo asymmetric division, propos-

es that a fraction of tumour cells is biologically and functionally distinct form most tu-

mour cells and has the self-renewal capacity to initiate and maintain tumour growth 

(Gross et al. 2011, Driessens et al. 2012). In this model, CSCs differentiate into non-

tumorigenic cancer cells and create a hierarchical organization. The studies of acute 

myeloid leukaemia (AML) denied the stochastic model and showed that a hierarchy 

of distinct cell populations exists in AML just as in the normal hematopoietic system 

(Lapidot et al. 1994, Bonnet and Dick 1997). Likewise, the study of canine B-cell 

lymphoma demonstrated that canine lymphoma cells harbour lymphoid progenitor 

cells (LPCs) which were considered to be responsible for initiation and conform to the 

hierarchical progression model (Ito et al. 2011). 

Figure 1. Models of tumour cell proliferation. 

(Cancer stem cells: lessons from leukaemia. Wang and Dick 2005) 

In fact, the cancer stem cell or tumour-initiating cell (TIC) concept has been pro-

posed already in the 1960s (Hamburger and Salmon 1977). These cells can reinitiate 

tumours following transplantation and have been considered to be responsible for 

maintaining of tumour growth, therapeutic resistance, recurrence and metastasis 
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(Dalerba and Clarke 2007, Lobo et al. 2007, Nguyen et al. 2012). Although a relative-

ly small population CSCs shows self-renewal capacity, allowing them to renew them-

selves and replenish mature tumour cells constantly (O'Brien et al. 2010). This model 

provides a possible explanation for therapeutic resistance and the eventual tumour 

relapse in many cancer types (Klonisch et al. 2008). Attributed to development of 

modern experimental techniques, especially the flow cytometry, the CSC concept 

has been proved by experimental evidences. The identification of leukaemia stem 

cells (LSCs) provided the first evidence for the cancer stem cell hypothesis (Lapidot 

et al. 1994, Bonnet and Dick 1997). LSCs were demonstrated to maintain a quies-

cent status in AML like their normal counterparts, leading to difficulties in specific 

LSCs-targeted therapy (Griffin and Shockcor 2004). Hereafter, breast tumour-

initiating cells, a CD44+CD24-/lo population, was indentified first in a solid tumour 

(Dick 2003). 

The fact that cancer-initiating cells are found in a variety of cancers inspired us to 

assess whether the initiating cells are present in canine lymphoma. Only a few 

reports support the existence of CSCs in human follicular lymphoma (FL) (Eramo et 

al. 2006, Lee et al. 2012) and mouse lymphoma models (Bao et al. 2006, Phillips et 

al. 2006). Although few studies also have been done in canine lymphoma, there is up 

to now no convincing evidence to support CSCs existence in canine lymphoma (Ito et 

al. 2011, Lee et al. 2012, Kim et al. 2013).  

Currently, the conventional therapies, even many targeted therapies, targeting the 

bulk population of tumour cells have failed in cancer cure (Kreso et al. 2013). Alt-

hough those approaches are able to induce remarkable remission and shrink tumour 

mass, usually they do not eliminate the high resistant CSCs that are considered to 

drive recurrence in tumour (Li et al. 2008, Chen et al. 2013). The mechanisms that 

enable CSC to resist current therapies have been suggested to include drug efflux, 

slow cell cycle kinetics, high DNA repair capacity, anti-apoptosis, higher expression 

of ATP-binding cassette transporters and metabolic reprogramming. Thus, by under-

standing these mechanisms, novel therapies were designed to target CSCs or CSC-

associated properties, including CSC-related signalling pathways (e.g. Wnt, Notch, 

Hedgehog, NF-κB) (Merchant and Matsui 2010, Pannuti et al. 2010, Wang et al. 

2011, Xia et al. 2012), cell surface markers (e.g. CD44, CD90, CD133), DNA repair 
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enzymes, anti-apoptotic factors, drug-efflux pumps and CSC niche/ microenviron-

ment. These new therapeutic approaches might have more efficiency in targeting and 

eradicating the relevant rare CSC fractions (Wang et al. 2011, Yang et al. 2014). 

The CSC hypothesis has significant implications for understanding the initiation of 

carcinogenesis and the development of targeted therapy methods that potentially 

could achieve cancer cure (Naujokat and Lauferc 2013). Nevertheless, it is undenia-

ble that the cancer stem cell theory is still under wide debate (Nuciforo and Fraggetta 

2004, Magee et al. 2012). 

The identification and isolation of the CSCs from primary tumour material and es-

tablished tumour cell lines is the basis to further study the origin and drug resistance 

mechanism of CSCs. The identification and isolation methods in vitro are usually 

based on the features of CSCs, such as self-renewal capacity, colongenicity, chemo-

resistance, and expression of stemness genes. The widely used methods include 

sorting of cells with specific phenotype, sphere formation assay and side-population 

assay such as Hoechst 33342 exclusion (Kim et al. 2013, Liu et al. 2014). However, 

the isolated cells in vitro usually need further verification by xenotransplantation in 

animal models which is considered to be the 'gold standard' for identifying and study-

ing CSCs (Clarke et al. 2006, O'Brien et al. 2010). 

Isolating cells of specific phenotype is the most widely used method of CSC iden-

tification. In the past two decades, CSCs were identified in various cancers and a 

number of potential cancer stem cell markers have been reported.  

The side-population (SP) assay is a widely used method in CSC research (Wan 

et al. 2010, Kim et al. 2013, Liu et al. 2014). The SP cells display many CSC fea-

tures, such as self-renewal, drug resistance, tumorigenicity, and expression of stem 

cell markers and genes. The ability of Hoechst dye exclusion and expression of 

ABCG2 transporter are both used to determine the SP cells. This assay was also 

often been used to identify CSCs in canine tumours (Nemoto et al. 2011).  

Sphere formation assays are based on the self-renewal property of CSCs mean-

ing that they are able to proliferate and generate spheres or colonies in vitro (Mather 

2012). These assays are also used to verify the stemness of CSC population select-

ed by other methods. Cells of primary tumours or tumour cell lines are usually cul-
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tured in selection medium (serum-free medium) supplemented with growth factors to 

obtain cancer stem-like cells. Under serum-free conditions, only CSCs or initiating 

cells are considered to survive and proliferate, whereas differentiated cells do not 

survive (Reynolds et al. 1992). Several studies demonstrated that sphere-derived 

cells had increased drug resistance, in vivo tumorigenicity, and over expressed spe-

cific stem cell-associated genes (Cao et al. 2011). In canine cancer stem cell studies, 

SP assay (Nemoto et al. 2011) and sphere formation assay are common used meth-

ods to gain cancer stem-like cells for further characterizations, for instance, in mam-

mary tumour, osteosarcoma, and prostate cancer spheres were generated and sub-

sequently be used for specific markers analyses (Wilson et al. 2008, Michishita et al. 

2011, Pang et al. 2011, Pang et al. 2014, Barbieri et al. 2015). In this thesis, we have 

obtained CSC-like subpopulation both in canine lymphoma cell lines CLBL-1 and 

CLBL-1M and a canine prostate cancer cell line CT1258 by sphere formation assay. 

However, all these in vitro methods described herein have many limitations (Wan 

et al. 2010). The CSC population obtained by different methods usually show differ-

ent phenotypes. A study of Fan et al in 2006 reported that the overlap between 

Hoechst 33342 exclusion and surface marker-defined CSC populations in cancer 

may be limited (Fan et al., 2006). Thus more reliable methods to isolate CSCs need 

to be developed and evaluated. Herein we generated SP and comparatively ana-

lysed their stem cell gene expression signatures as well as their cellular behaviour in 

vitro. 

2.4 Cancer stem cell markers 

Identification and isolation of putative CSC population by specific combinations of 

surface markers is extensive in CSCs studies in human cancer. The expression pat-

terns of cancer stem marker genes for many human tumours have been well deter-

mined. The most common used markers are summarised in Table 1. The unique- or 

over-expression markers in CSCs provide important clues to better understand tu-

mour initiation, the mechanisms of chemoresistance and other CSC features, allow-

ing detection of the disease in early stages and developing novel targeted therapies 

(Bao et al. 2006, Eramo et al. 2006, Phillips et al. 2006). Although canine cancer 

stem cells have been focused in recent years, rare specific CSC markers have been 

identified. Nevertheless, human specific cancer stem markers are frequently used to 
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identify the stem cell phenotypes of SP cells or sphere forming cells generated from 

canine tumours (Barbieri et al. 2015). 

Studies have shown that CSCs share many characteristics with normal stem 

cells, including marker expression (Reya et al. 2001, Klonisch et al. 2008). In the first 

part of this thesis, 12 stem cell markers were characterized in canine lymphoma cells 

and prostate carcinoma cells, and further in their generated sphere cells. The mark-

ers chosen for this study are CD34, CD44, CD133, c-kit, ITGA6, DDX5, MELK, MYC, 

OCT4, NANOG, KLF4 and SOX2, have been associated with the cancer stem cell 

fraction of multiple tumour types, by many investigators. 

Table 1 Cancer stem cell marker in human neoplasia.  

Cancers type Markers References   

Acute myeloid leukae-
mia (AML)   

CD34+CD38- 
(Lapidot et al. 1994, Bonnet and 
Dick 1997) 

 

Breast cancer  
CD44+CD24-/lowLineage-/low/ 
ALDH1 

(Al-Hajj et al. 2003, Ginestier et 
al. 2007) 

 

Glioblastoma  CD133 (Qiang et al. 2009)  

Colon cancer 
EpCAMhighCD44+CD166+/ 
CD133 

(Dalerba et al. 2007, Ricci-Vitiani 
et al. 2007) 

 

Brain tumour CD133 (Singh et al. 2004)  

Liver cancer CD133/ CD45−CD90+CD44+ (Ma et al. 2007, Yang et al. 2008)  

Hepatocellular carci-
noma (HCC) 

EpCAM+AFP+/a2δ1+/ 
CD133+ CD44+ 

(Yamashita et al. 2009, Zhu et al. 
2010, Sainz and Heeschen 2013) 

 

Gastric cancer CD44 (Takaishi et al. 2009)  

Pancreatic cancer CD44+CD24+ESA+ (Li et al. 2007)  

Prostate cancer CD44+CD133+α2ß1+ (Qin et al. 2012)  

Head and neck carci-
noma  

CD44 (Prince et al. 2007)  

Melanoma CD20/CD271 
(Fang et al. 2005, Boiko et al. 
2010) 

 

Ovarian Cancer 
CD44+CD117+/ 
CD44+MyD88+ 

(Zhang et al. 2008, Alvero et al. 
2009) 

 

CD34, is the first marker identified to distinct leukaemia-initiating cell subpopula-

tion (CD34+CD38-) combined with CD38 in AML. Normally CD34 as an endothelial 
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progenitor cells marker is expressed on progenitors and pluripotent stem cells 

(Hristov and Weber 2004, Rustemeyer et al. 2006). Concerning canine cancer, CD34 

was reported to be express in canine leukaemias and lymphomas (Wilkerson et al. 

2005, Gelain et al. 2008). 

The transcription factors OCT4, SOX2 and NANOG are the embryonic stem cell 

(ESC) markers, and the main regulators involved in regulation of gene expression, 

maintain the stem cell pluripotency and self-renewal. Accumulating evidence sup-

ports that OCT4, SOX2 and NANOG are valuable targets of CSCs (Tai et al. 2005, 

Gangemi et al. 2009) for development of novel targeted therapies. In human prostate 

cancer studies it was discovered that SOX2 could promote tumourigenesis and in-

crease anti-apoptosis property (Jia et al. 2011). Overexpression of NANOG promoted 

cancer stem cell characteristics and enhanced the expression of CSC-associated 

molecules, including CD133, ABCG2, ALDH1A1 and CD44. (Jeter et al. 2011). 

Maternal embryonic leucine zipper kinase (MELK), a serine/threonine-protein ki-

nase involved in cell proliferation, apoptosis and self-renewal of stem cell, has been 

found to be over-expressed in various human cancer types, such as breast, ovarian, 

lung and high-grade prostate cancer. The expression of MELK was reported to be 

associated with poor prognosis of patients with breast and prostate cancer in human 

(Pickard et al. 2009, Kuner et al. 2013). MELK may also induce the expression of 

stem cell marker OCT4 (Hebbard et al. 2010, Chung et al. 2012), and its inhibitor 

was reported as a novel molecular targeted therapeutics for human cancer stem cells 

(Chung and Nakamura 2013). 

Indeed, studies of cancer stem cell markers give new insights into the develop-

ment of cancer diagnostic and lead to progress in targeted therapeutic approaches. 

In the other hand, in addition to identify CSCs, the general curative aim is to eliminate 

the tumour-initiating cells in patients in vivo. However, most of the markers are not 

expressed in CSCs exclusively, being partially also expressed in non-neoplastic stem 

cell or other tissues. Thus, novel targeted therapies should be developed based on 

the different mechanisms of CSC phenotypes and be used to target CSCs specifical-

ly without affect normal stem cells. 

2.5 Fluorescent cell lines for in vivo studies 
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Cell lines represent key tools in cancer research allowing the generation of neo-

plasias in animal models mimicking closely the initial tumours in vivo. Thereby, over 

the past decade, the combined studies of early stage in vitro and advanced stage in 

vivo modes became a powerful tool to understand cancer development and treat-

ment. Thus, a cell line stably expressing fluorescent protein would be essential for 

tracking tumour development in animal model. 

Fluorescence imaging is a very useful tumour detection method using mouse 

models (Shcherbo et al. 2007). Imaging in deep tissue or whole body requires the 

fluorescent proteins with a wavelength greater than 600 nm (far-red or near infra-red 

fluorescence). Various systems have been established allowing substrate mediated 

(e.g. luciferase) (Vlashi et al. 2009) as well as non-substrate mediated recombinant 

proteins (e.g. RFP) (Uehara et al. 2013) for deep tissue or whole body in vivo imag-

ing. Both systems allow detection of labelled cells in deeper tissues using in vivo im-

aging systems. Compared to bioluminescence, fluorescent proteins can be integrated 

in the cell genome and do not require injection of exogenous substrates. Further-

more, the recent discoveries of far-red (fR) or near infra-red (NIR) fluorescent pro-

teins (Shcherbo et al. 2007, Shcherbo et al. 2010) with higher brightness and lower 

background signals, allow researchers to follow the tumour cells behaviour in real-

time in vivo. 

In this thesis, new canine prostate carcinoma cell lines that stably express the 

red, far-red and near infra-red fluorescent protein FusionRed, mKate2 and Tur-

boFP650 have been established and validated. These cell lines provide valuable 

tools for studying canine prostate cancer in vivo using fluorescence imaging system. 

2.6 Novel arylindolylmaleimide substances 

Targeted therapies in human cancer treatment are considered as a remarkable 

progress of cancer research in past decades. These approaches are claimed more 

effective than other therapies, and with less damage to normal cells (Hanahan and 

Weinberg 2011). Targeted cancer drugs were developed to effect on particular hall-

mark capability of cancer cells. Small molecular inhibitors are major members of tar-

geted cancer agents. These agents are usually designed to interfere with cancer-

specific molecules that are involved in the processes of cancer cell proliferation and 

survival (Zhang et al. 2009). 
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It has been proved that compounds based on indole structure are anti-

proliferative in different cancer cell lines (Coluccia et al. 2011). Arylindolylmaleimide 

SB-216763 has been widely used in preclinical studies (Kirby et al. 2012, Zhong et 

al. 2012). This compound is known as a potent inhibitor of glycogen synthase kinase-

3 (GSK-3), a serine/threonine kinase involved in multiple cell signalling pathways 

regulating cell proliferation, cell death and differentiation (Coghlan et al. 2000). Based 

on SB-216763 as a leading structure, new arylindolylmaleimide derivatives were syn-

thesised by the Leibniz Institute for Catalysis of the University of Rostock (Pews-

Davtyan et al. 2008, Schmole et al. 2010). Herein, two novel analogues PDA-66 and 

PDA-377 were applied in this thesis. 

In comparison to SB-216763, the maleimide groups of PDA-66 and PDA-377 are 

methylated and the indolyl rings of two analogues have unprotected 2-methylindole 

units. Beside these, the 2,4-dichloro aryl group of SB-216763 is replaced by a 4-

acetyl group in PDA-66, and the maleimide group in PDA-377 is conjugated with a 

fused thiofuran group (Figure 2).  

 

Figure 2. Structural of SB-216763, PDA-66 and PDA-377 

In the study of Eisenloffel et al., PDA-66 was demonstrated that displayed an an-

tiproliferative effect on human neural progenitor cells, as well as human neuroblas-

toma and lung carcinoma cells by affecting microtubule dynamic and induced apop-

tosis (Eisenloffel et al. 2013). In addition, Kretzschmar et al. applied PDA-66 on acute 

lymphoblastic leukaemia (ALL) cell lines, and found a significant antiproliferative ef-

fect and an induction of apoptosis on human ALL cells. Unlike the SB-216763, inhibi-

tory effect of PDA-66 on GSK3β was not significant (Kretzschmar et al. 2014). How-

ever, the effect of PDA-377 on cancer cells is still unknown.  
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In this thesis, PDA-66 and PDA-377 was first applied to canine B-cell lymphoma 

cells to evaluating the influence of the two arylindolylmaleimides on canine B-cell 

lymphoma cells. Furthermore, by transcriptome sequencing to identify the potential 

genes and associated signalling pathways impacted by derivatives, and thus under-

stand the mechanism of the induced apoptosis and cell death. 

 

  



Introduction 

16 

 

  



Results 

17 

3. Results  
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Abstract: 

Background: Canine lymphoma has lately been focused on as a model of human 

non-Hodgkin’s lymphoma due to its spontaneous occurrence and similar biological 

behavior. Cells with stem cell-like characteristics are believed to play a key role in 

therapeutic failure. Thus, an initial characterization and the possibility of specific de-

tection of such cells could bear significant value. Materials and Methods: Expressions 

of 12 stem cell markers were analyzed in two canine B-cell lymphoma cell lines, their 

generated spheres, and in primary lymphoma samples by quantitative real-time pol-

ymerase chain reaction and partially by flow cytometry and immunocytochemistry. 

Results: Expression of maternal embryonic leucine zipper kinase (Melk) was signifi-

cant higher in CLBL-1, CLBL-1M and the primary B-cell lymphoma samples com-

pared to non-neoplastic lymph nodes. Spheres displayed higher expression of v-myc 

myelocytomatosis viral oncogene homolog (Myc) and lower expression of Cd44 

compared to original cell lines and primary B-cell lymphoma samples. Conclusion: 

The results suggest a potential interesting role of Melk in canine B-cell lymphoma. 

Furthermore, the up-regulation of Myc in serum-free generated spheres offers inter-

esting possibilities for functional assays characterizing the specific generated sub-

population.  
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Supplementary data 

Material and methods  

1. Conventional reverse-transcription PCR analyses 

The stem cell marker expression patterns of CLBL-1, CLBL-1M and 14 primary 

samples were examined initially by conventional PCR in order to obtain a qualitative 

expression status. Following respective amplification, the generated PCR products 

were separated by gel electrophoresis and extracted by QIAquick Gel Extraction Kit 

(Qiagen). Subsequently, the fragments were cloned into the pGEM-T easy Vector 

System (Promega) and transformed into thermocompetent E. coli DH5α cells. Speci-

ficity of the cloned DNA fragments was verified by sequencing (GATC Biotech). 

2. Doxorubicin resistant analyses of CLBL-1S and CLBL-1MS 

In 96 well plates, 5x104 CLBL-1 and CLBL-1M cells and their generated sphere 

cells CLBL-1S and CLBL-1MS were plated in 150 μl medium with different concentra-

tions of doxorubicin (1.0 - 10 nM). Control cells were cultured in growth medium. 

Each concentration was performed in triplicate. Metabolic activities were analysed by 

using WST-1 reagent (Roche) after 72h treatment with doxorubicin. Absorbance at 

450 nm and the reference wavelength at 750 nm were determined by GloMax®-Multi 

Detection System (Promega GmbH). Experiments were repeated three times inde-

pendently. Values are presented as the percentage of metabolic activity normalized 

with untreated cells. 

3. Long-term doxorubicin selection 

5.0 × 106 CLBL-1M cells were cultured in 5 ml growth medium containing 2.5 nM 

of doxorubicin. Cells were counted twice per week and passaged depending on the 

number of viable cells. Stepwise increase doxorubicin from 2.5 nM to 130 nM in 6 

months. The generated CLBL-1M subline was named CLBL-1MDoxoR130. 

4. Stem cell marker genes expression analyses by relative real-time PCR 

Total RNA was extracted from CLBL-1M and CLBL-1MDoxoR130 cells using 

RNeasy mini Kit (Qiagen). cDNA synthesis was carried out using the QuantiTect Re-

verse Transcription Kit (Qiagen) according to the manufacturer’s protocol. 500 ng of 
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total RNA was used in a total volume of 20 µl. The qPCR reactions were performed 

using the ViiA™ 7 Real-Time PCR System (Life Technologies) and QuantiTect SYBR 

green qPCR Kit (Qiagen). ß-actin (ACTB) was used as reference gene. The qPCR 

results were analysed using the delta delta CT (ΔΔCT) method relative to CLBL-1M 

cells. Three samples of different passages were used. All samples were analysed in 

triplicates including non-template and non-reverse transcriptase controls for each 

reaction. Significant differences were calculated using Student’s t-test, where a p-

value of less than 0.05 was considered to be statistically significant. 

Results  

1. Conventional reverse-transcription PCR analyses 

The stem cell marker expression in the screened two lymphoma cell lines and 14 

primary lymphoma samples revealed positive expression of Cd44, Itga6, Myc, Ddx5 

and Melk. Oct4 and Nanog showed a faint expression in the two cell lines. Cd34, 

Cd133, c-Kit, Klf4 and Sox2 could not be detected by conventional PCR. In all 14 

primary lymphoma samples, Nanog expression was not detectable. The primary lym-

phoma samples showed mixed PCR positivities for the different genes: Klf4 10/14, 

Cd34 8/14, Oct4 7/14, c-Kit 2/14, Sox2 2/14 and Cd133 1/12, respectively (Table 2). 

2. CLBL-1S and CLBL-1MS cells did not reveal doxorubicin resistance 

Doxorubicin resistant assays were performed on CLBL-1S and CLBL-1MS cells 

after 9 days culture in serum-free medium. CLBL-1S and CLBL-1MS cell did not dis-

play a doxorubicin resistant capability. CLBL-1S even showed a slight decrease in 

the resistance. At the concentration of 1.0 and 2.5 nM, CLBL-1MS revealed a higher 

resistant to doxorubicin but not significant (Figure 3).  

3. Stem cell marker genes expression of doxorubicin resistant cells 

Ddx5, Melk and Myc expressions were significantly decreased in CLBL-

1MDoxoR130 cells. Expressions of Cd44 and Itga6 remained comparable to CLBL-

1M cells. Nanog was the only gene that up-regulated in CLBL-1MDoxoR130 cells 

(Figure 4). 
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Table 2. Results of conventional PCR detection. 

Sample 
name 

Genes 

Cd34 Cd133 c-Kit Cd44 Itga6 Oct4 Nanog Klf4 Sox2 Myc Melk Ddx5 

CLBL-1 - - - + + ± ± ± - + + + 

CLBL-1M - - - + + ± ± ± - + + + 

Lymphoma 8/14 1/14 2/14 all all 7/14 0/14 10/14 2/14 all all all 

++:  High expression; ±: very weak; -:  no expression.  

 

 

Figure 3. Doxorubicin resistant assay. Metabolic activities were measured by WST-1 

assay after 72h treatment with doxorubicin. Values are presented as the percentage of met-

abolic activity normalized with untreated cells. CLBL-1 and CLBL-1M are the native cells. 

CLBL-1S and CLBL-1MS are serum-free generated sphere cells. 
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Figure 4. Stem cell marker genes expression of doxorubicin resistant cells. 

Relative real-time PCR were performed to analyze stem cell marker genes expression levels 

of doxorubicin resistant cells. CLBL-1M cells were used as control. β-Actin was used as ref-

erence gene. The Student’s t-test were performed and *p<0.05 was assigned as significantly 

different. 
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Abstract: 

Background/Aim: In human prostate cancer cells with a stem cell-like character 

(cancer stem cells, CSC) are considered to play a major role in disease develop-

ment, progression and relapse. Aim of the study was to evaluate if similar cells are 

present and active in canine prostate cancer providing a naturally-occurring mamma-

lian model for the development of therapeutic approaches targeting CSC. Materials 

and Methods: Stem cell marker expression of CD133, CD44, C-KIT, CD34, ITGA6, 

OCT4, DDX5 and MELK in canine prostate carcinomas and prostate cyst cell lines 

were screened by Polymerase Chain Reaction (PCR), quantitative Polymerase Chain 

Reaction (qPCR) and partially analysed by flow cytometry. Results: Marker analyses 

by PCR and qPCR, revealed a complex expression pattern for the analysed marker 

genes, providing a characteristic marker pattern for the studied cell lines. Thereby 

CD44, CD133, ITGA6 and DDX5 showed the most prominent expression in the ana-

lysed cell lines. Conclusion: The results revealed a characteristic stem cell marker 

expression in the analysed cell lines, indicating the presence of CSC in canine pros-

tate cancer. 
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Abstract: 

Background: Canine prostate cancer represents a spontaneous animal model for 

the human counterpart. Cells with stem cell-like character are considered to play a 

major role in therapeutic resistance and tumour relapse. Thus, the identification of 

markers allowing recognition and characterization of these cells is essential. Materi-

als and Methods: Expression of 12 stem cell marker genes in the canine prostate 

cancer cell line CT1258 and spheroid cells generated from these was analysed by 

quantitative real-time PCR. In CT1258 and the generated spheroid cells, CD44 and 

CD133 expression was analysed by flow cytometry, as well as proliferation and doxo-

rubicin resistance. Results: Integrin alpha 6 (ITGA6) expression and metabolic activi-

ty were significantly up-regulated in CT1258-derived spheroid cells, while doxorubicin 

resistance remained comparable. Conclusion: ITGA6 deregulation and metabolic ac-

tivity appear to be characteristic of the generated spheres, indicating potential inter-

vention targets. 
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Abstract 

Canine prostate cancer represents a unique model for human prostate cancer. In 

vitro systems offer various early tumour as well as drug characterisation possibilities. 

Xenograft in vivo imaging allows to study complex tasks as tumour progression and 

drug intervention longitudinal. Herein, we established three canine prostate carcino-

ma cell lines (CT1258-FusionRed, CT1258-mKate2C and CT1258-TurboFP650) sta-

bly expressing fluorescent proteins in red, far-red and near infra-red spectrum allow-

ing in vivo imaging. Compared to the parental cell line, no significant difference in cell 

proliferation and stem cell marker genes expression was detected. Genomic copy 

number variation analyses and metabolic activity revealed in general no significant 

changes. An exception represents CT1258-mKate2C which was the only line without 

a distal CFA16 deletion and elevated metabolic activity. The cell line fluorescence 

was highly sensitive detectable in vitro using an in vivo imaging system. The gener-

ated cell lines provided a valuable option for deep tissue in vivo imaging. 

 

Keywords: prostate cancer, canine, cell line, far-red, near infra-red, imaging  
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Introduction  

Canine prostate cancer (cPC) is a very aggressive disease, which is usually diag-

nosed at very late stages in veterinary patients 1. In contrast to men, currently no 

screening markers are available allowing an early detection of the neoplasia. Addi-

tionally no gold standard therapeutic procedure has been established for the affected 

canine patients 2. Thus, treatment options remain palliative with an expected remain-

ing survival of weeks to months 3, 4. Interestingly canine prostate cancer has been 

lately focussed as model for the human counterpart as cPC arises also spontaneous-

ly in presence of an active immune system sharing several histologic and biologic 

characteristics 5-7. In contrast to men the incidence of cPC is rather low ranging be-

tween 0.2% and 0.6% 2, 8. Concerning research the low incidence represents a major 

challenge as the availability of primary material is limited and thus large scale sample 

sets are rare. Consequently, cell lines are of major value in cPC research but are cur-

rently limited to a rather small number. Besides the herein used CT1258 cell line only 

a few further canine prostate cancer cell lines (as CPA-1, DPC-1, Ace-1, Leo, Pro-

basco) have been reported 9-13.  

In general, cell lines represent key tools in cancer research allowing the generation of 

neoplasias in animal models mimicking closely the initial tumours in vivo. Thereby, 

the combination of early stage in vitro settings and advanced stage in vivo models 

provides several possibilities to study therapeutic approaches and thus is prerequi-

site for rapid bench-to-bedside translation of anticancer therapies.  

Advanced experimental approaches targeting complex tasks require the establish-

ment of tumour specific in vivo animal models. Thereby, the characterisation of early 

tumour development and the possibility to monitor tumour cell migration is of major 

interest for the evaluation of therapeutic agents. In previous studies we characterised 

the in vivo behaviour of cPC derived cell line CT1258 in NOD/SCID mice and moni-

tored tumour development in early stages by contrast enhanced 7T MRI 14, 15. While 

MRI allowed longitudinal tumour development monitoring the method required cell 

labelling by supraparamagnetic nanoparticles or manganese 15. However, these 

agents bare the disadvantage of no replicating during cell division, and the loss of 

signal intensity at certain time points.  
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The stable introduction of DNA coding for fluorescent proteins as eGFP and YFP of-

fers an alternative allowing long term in vivo imaging without signal loss. While these 

early developed fluorescent marker proteins proved to be sufficient for most in vitro 

applications 16, in vivo imaging in deeper tissues requires fluorescent markers able to 

emit light in far-red or near infra-red wave length. Various systems have been estab-

lished allowing substrate mediated (e.g. luciferase) as well as non-substrate mediat-

ed recombinant proteins (e.g. RFP) for deep tissue or whole body in vivo imaging. 

Both systems allow the detection of labelled cells in deeper tissues using whole body 

bioluminescence/biofluorescence-Imaging-Systems. 

Fluorescence/luminescence-based monitoring of cancer development in vivo re-

quires ideally a stable and long lasting expression of the fluorescent marker. Thus, a 

stable insertion of the acting recombinant proteins is key for studies spanning obser-

vations in individual animals for several weeks. Commonly lentiviral shuttle systems 

are used to stably transduce primary cells as well as cell lines for in vivo imaging ap-

plications. While these systems deliver robust results showing high efficacy especial-

ly in difficult to transfect cells as primary cells and stem cells, the system also bares 

some disadvantages. Major disadvantages are e.g. laborious construction and purifi-

cation of viral particles, handling with infectious agents, and lentiviral insertional mu-

tagenesis. Akin to the viral transduction approaches, the stable integration of trans-

fected plasmids bears the risk of insertional mutagenesis potentially affecting ge-

nomic stability and gene expression and thereby potentially altering the cellular be-

haviour of the transfected cell lines. To characterise these potential changes the sev-

eral characteristics of the newly established cell lines should be comparatively ana-

lysed to the “original” lines. However, biofluorescent cell lines remain a key tool for 

the characterisation of tumour development in vivo and thus for the evaluation of po-

tential drug compounds.  

Herein, we describe the establishment, characterisation and validation of three ca-

nine prostate cell lines: CT1258-FusionRed, CT1258-mKate2C and CT1258-

TurboFP650, that stably express different far-red and near infar-red fluorescent pro-

teins. These cell lines provide valuable tools for study canine prostate cancer in vivo. 
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Materials and Methods 

CT1258 cell line  

The canine prostate adenocacinoma cell line CT1258 established and characterised 

previously by us was used as parental cell line 14, 17. 

Expression vectors and plasmids preparation 

Three mammalian vectors pFusionRed-C, pmKate2-C and pTurboFP650-C (Evro-

gen, Moscow, Russia) were used for transfection. The vectors respectively encode 

red fluorescent protein FusionRed, far-red fluorescent protein mKate2 and near infra-

red fluorescent protein TurboFP650. All three vector backbones contain a neomycin 

resistance gene (Neor) allowing selection of stably transfected cells using Geneticin® 

Selective Antibiotic (G418) (Life Technologies, Darmstadt, Germany). The vectors 

were transformed into thermocompetent E. coli DH5α cells according standard pro-

cedures. Plasmid DNA was extracted from isolated and expanded culture bacteria 

using NucleoBond® PC 500 plasmid DNA purification Kit (MACHEREY-NAGEL 

GmbH, Düren, Germany).  

Transfection of CT1258 cells 

The CT1258 cells were plated 5 × 105 cells per well in 6-well plate 24 hours before 

transfection allowing the cell attach and rest. Transfection reactions were performed 

using X-tremeGENE HP DNA Transfection Reagent (Roche, Mannheim, Germany) 

according to the manufacturer’s protocol. Briefly, X-tremeGENE HP DNA Transfec-

tion reagent, plasmid DNA and transfection diluents Opti-MEM Reduced Serum Me-

dia (Life Technologies) were allowed to equilibrate to room temperature (RT). For 

each transfection, 2 µg plasmid DNA was diluted in Opti-MEM media to a final vol-

ume 200 µl. Following, in each sample 6 µl transfection reagent were added into the 

medium containing the plasmid DNA and mixed gently. The transfection complex 

was incubated 15 min at RT. After adding the transfection complex to the respective 

cells, the respective plates were incubated in a humidified 5% CO2 incubator for 48 

hours at 37°C. The same number of cells was respectively seeded in three additional 

wells (without DNA, without transfection reagent, and only cells) serving as untrans-

fected control. The expression of the fluorescent protein was verified using a Leica 

DMI 4000B fluorescence microscope (Leica Microsystems GmbH, Wetzlar Germa-

ny).  
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G418 selection and expansion of stably transfected CT1258 cells 

The G418 kill curve generation of CT1258 was performed previously by us 16. Post 

transfection (48 hours) G418 was applied at a dose of 600 µg/ml to each transfected 

well. As a control to assess the antibiotic response, a same dose of G418 was ap-

plied to the untransfected cell control well. The cells were examined daily and medi-

um changed every two days. The cells which integrated the transfected plasmid are 

supposed to survive the G418 selection while cells without transfected plasmid inte-

gration will be eliminated. G418 selection was carried out until all untransfected con-

trol cells were eliminetd. Following the respective remaining vital cells were expand-

ed in T25 cell culture flasks. After two months high dose G418 selection, the concen-

tration was reduced to 300 µg/ml for further cultivation of the generated cell lines.  

Fluorescence expression analysis by microscope and flow cytometry 

During G418 selection, the three transfected cell lines were controlled by fluores-

cence microscopy weekly. The respective amount of fluorescent transfected cells 

were analysed by flow cytometry. Therefore, the cells were trypsinised and dissociat-

ed into single cell suspension, adjusted 1 × 106 cells in 500 µl phosphate buffered 

saline (PBS), and examined using the FL-3 channel in a FACS Calibur (BD Biosci-

ences, Heidelberg, Germany). Data analyses were performed with Cell Quest soft-

ware (BD Biosciences, Heidelberg, Germany). 

To further characterize the stability of the fluorescent cell lines, the respective flu-

orescent cell rates were measured by flow cytometry after 96 hours cultivation with-

out G418.  

Identification and cultivation of CT1258-mKate2 clone by limited dilution  

In order to preserve the heterogeneous character of the cell line CT1258, the trans-

fected cell lines are preferable to keep the original CT1258 polyclonal character. 

However, despite the G418 selection a population of untransfected cells remained in 

the cell lines. We identified and selected single clone from CT1258-mKate2 transfec-

tion by limited dilution and cultivated them separately further. This cell line was 

named CT1258-mKate2C.  

The selection was done as follows: CT1258-mKate2 cells were diluted to a density of 

10 cells/ml by selection medium and seeded 100 µl per well in 96-well plate. After 

four days, the number of colonies was assessed in the wells. Only wells with one 
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colony per well were marked for further analyses. Fluorescence expression was iden-

tified by fluorescence microscopy of the remaining colonies, two positive colonies 

were selected for further expansion. Fluorescence was further verified by flow cy-

tometry after three passages, the clones showing highest expression were kept in 

culture and frozen for long-term storage.  

Analyses of cell proliferation and metabolic activity  

CT1258, CT1258-FusionRed, CT1258-mKate2C and CT1258-TurboFP650 cells 

were seeded 2.5×105 cells per well in four 12-well plates adding 2 ml of medium 

without G418. The number of viable cells was determined at 24, 48, 72 and 96 hours 

by trypan blue staining using a conventional cell count chamber. Population doubling 

time (PDT) was calculated by the formula PDT = 1/[3.32(logNH-logNI)/(t2 - t1)] (t1 = 

time in hours when cells were seeded; t2 = time in hours when cells were harvested; 

NI = cell count at time cells were seeded; NH = cell count at time cells were harvest-

ed). Herein, cells were harvested after 72 hours to calculate the PDT.  

Metabolic activity measurements were performed by WST-1 assay. In a 96-well 

plate, 1.5 × 104 cells per well were plated in triplicate in 150 μl medium without G418. 

Metabolic activity was analysed after 48, 72 and 96 hours using tetrazolium com-

pound WST-1 reagent (Roche, Mannheim, Germany). Absorbance at 450 nm and 

the reference wavelength at 750 nm were determined by GloMax®-Multi Detection 

System (Promega GmbH, Mannheim, Germany). All experiments were repeated 

three times independently.  

Stem cell marker gene expression analyses  

As stem cell marker expression is crucial in cancer cell lines a distinct marker panel 

covering the canine genes CD44, CD133, c-KIT, CD34, ITGA6, MYC, NANOG, 

DDX5, KLF4, SOX2, MELK and OCT4 (assay details see previous reports18, 19) was 

analysed comparatively by relative quantitative real-time PCR (qPCR) to evaluate 

stable transfection induced expression changes among CT1258 and fluorescent cell 

lines CT1258-FusionRed, CT1258-mKate2C and CT1258-TurboFP650. 

Total RNA was extracted from CT1258 and fluorescent cells using RNeasy mini Kit 

(Qiagen, Hilden, Germany). cDNA synthesis was carried out using 500 ng of total 

RNA in 20 µl according to the manufacturer’s protocol for the QuantiTect Reverse 

Transcription Kit (Qiagen, Hilden, Germany). The qPCR reactions were performed 
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using the ViiA™ 7 Real-Time PCR System (Life Technologies) and QuantiTect SYBR 

green qPCR Kit (Qiagen). ß-actin (ACTB) and Glyceraldehyde-3-Phosphate Dehy-

drogenase (GAPDH) were used as endogenous control. The qPCR results were ana-

lysed using the delta delta CT (ΔΔCT) method relative to CT1258 cells. For each cell 

line, three samples of different passages were used. All samples were analysed in 

triplicates including non-template and non-reverse transcriptase controls for each 

reaction.  

Genomic DNA extraction and sequencing for genomic copy number variation 

(CNV) analyses  

Genomic DNA was extracted from cultured CT1258 and CT1258 fluorescent cell 

lines using the NucleoSpin® Tissue Kit (MACHEREY-NAGEL GmbH, Düren, Ger-

many) following the manufacturer’s instructions. 

200 ng genomic DNA was ultrasonically sheared and sequencing libraries were pre-

pared using the NEBNext Ultra DNA Library Prep Kit (New England Biolabs, Frank-

furt am Main, Germany) according to manufacturer’s instructions. Shallow shotgun 

sequencing (single read, 150bp) was conducted on a NextSeq 500 (Illumina, San 

Diego, CA, United States) yielding an average of 14 M reads (SD: 6 M). Reads were 

aligned to the canine reference genome (version: Broad canFam3.1). After duplicate 

removal using Picard Tools (http://picard.sourceforge.net) the sequence reads in 500 

kbp bins were counted, the numbers were corrected for mappability and GC content 

and log2-transformed copy-number ratios were called using the QDNAseq R-

package 20. Obtained copy-number data were smoothed by applying circular binary 

segmentation using the DNAcopy R-package 21  

DAVID pathway analyses 

The genes in the chromosomal deletion region of CFA16 (chr16:18500001-59500001) 

were identified using the Ensembl database. The complete gene list was uploaded to 

the DAVID Functional Annotation tool (https://david.ncifcrf.gov/tools.jsp) for pathway 

analyses. Furthermore, the gene list was converted by DAVID Gene ID Conversion 

tool and selected genes were submitted to DAVID Functional Annotation tool for 

pathway analyses. 

In vitro imaging using NightOWL LB 983 in vivo imaging system 
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Viable cells were counted and plated at a density of 2.5 x 106 per well in a 96-well 

plateand followed by a 1:2 serial dilution until 0.156 x 106 cells per well. The 96 well 

plate was placed in the NightOWL LB 983 imaging system (Berthold Technologies,  

Bad Wildbad, Germany). Photo was taken using a filter with excitation of 590 nM and 

emission of 655 nM. 

Limited dilution sphere formation assay and flow cytometric analysis of CD49f  

The capacity of sphere formation of CT1258 and CT1258-mKate2C cell lines were 

examined additionally. The cells were prepared as a single-cell suspension in serum-

free medium. The medium consisted of DMEM/F12 (Biochrom, Berlin, Germany), 

supplemented with 5 µg/ml Insulin (Sigma-Aldrich, Seelze, Germany), 20 ng/ml hu-

man epidermal growth factor (EGF) (Biochrom), 20 ng/ml human basic fibroblast 

growth factor (bFGF) (Life Technologies), and 2% B27 (Life Technologies). Different 

cell numbers varying from 128 to 1 cell/per well were seeded in 96-well plates with 

duplicates. The number of generated spheres was counted after 10 days cultivation. 

The medium was changed every 3 days. The assay was performed three times inde-

pendently.  

CD49f (aka ITGA6) expression on the cell surface was detected by flow cytometry. 

CT1258 and CT1258-mKate2C cells were trypsinized, washed with PBS twice and 

then resuspended in PBS. For each measurement, 1×106 cells were placed in 100 µl 

PBS with 1% BSA in a flow tube. Cells were incubated with 1 μg rat anti-human 

CD49f (clone GoH3, BD Bioscience, Heidelberg, Germany) 22 at 4°C for 30 min in the 

100 µl PBS. After washing twice with cold PBS, cells were incubated with 1 μg rabbit 

anti-rat FITC (STAR17B; AbD Serotec, Puchheim, Germany) antibody for 30 min at 

4°C in the dark. After incubation, the labeled cells were washed with PBS, resus-

pended in 400 μl PBS and analyzed using a FACSCalibur flow cytometer (BD Biosci-

ence). Analysis was done using the CellQuest (BD Bioscience) software. Rat IgG2aκ 

purified (BD Bioscience) was used as isotype control. All measurements were carried 

out twice. 

Statistical analysis  

Significant differences were calculated using Student’s t-test, where a p-value of less 

than 0.05 was considered to be statistically significant. 
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Results 

Expression of FusionRed, mKate2 and TurboFP650 in transfected cell lines 

CT258 cells transfected with pFusionRed-C, pmKate2-C and pTurboFP650-C ex-

pression vectors showed distinct red fluorescence 24-48 h post transfection, and 

achieved stable expression after approximate 30 days of cultivation and selection 

(Figure 1a).  

Flow cytometry revealed specific fluorescence in the fluorescent target wavelength 

compared to non-transfected CT1258 control cells. All transfected cell lines were 

measured three times after two months G418 selection using passage 1, 11 and 12. 

A mean percentage of 68.4% CT1258-FusionRed, 93.9% CT1258-mKate2C, and 

47.56% CT1258-TurboFP650 positive cells was achieved under constant selection 

pressure (Figure 1b). The single clone selected cell line, CT1258-mKate2C displayed 

the highest fluorescent positivity. 

For cells grown in the presence of G418, the rates of fluorescent expressing cells 

were described above. In the absence of G418, mKate2 was 93.11% (CT1258-

mKate2C), FusionRed was 66.2% (CT1258-FusionRed) and TurboFP650 was 48.9% 

(CT1258-TurboFP650). No differences were determined compared with the cells 

maintained under selective pressure (Figure 1c). In addition, CT1258-mKate2C was 

cultured in medium in absence of G418 for two months, the amount of fluorescent 

cells remained 93.15% by flow cytometry analysis (Figure 1d). 

Cell proliferation, metabolic activity and stability analyses 

The cell growth curves of native CT1258 and the three fluorescent cell lines were 

generated by four consecutive days of cell counting. CT1258 cells were used of pas-

sages 287, 290 and 294. Fluorescent cell lines were used from passage 4, 7 and 11. 

All fluorescent cell lines showed comparable growth characteristics to the untrans-

fected CT1258 cell line (Figure 2a). The respective initiating cell density was 2.5 × 

105 cells in 3.8 cm2. Untransfected CT1258 showed a PDT of 29.2 hours, CT1258-

FusionRed of 28.6 hours, CT1258-mKate2C of 29.4 and CT1258-TurboFP650 of 

27.2 hours. No significant difference was observed among the four cell lines. 

The metabolic activity of each cell lines is presented by the absorbance value at 450 

nm wavelength. At 48 hours and 72 hours, CT1258-mKate2C cells displayed signifi-

cantly higher metabolic activities compare with native CT1258 cells. The absorbance 



Manuscript 4 

45 

value was more than twice higher than native CT1258 cells at 48 hours. CT1258-

FusionRed and CT1258-TurboFP650 showed comparable metabolic activities to 

CT1258 cells increasing with cell number (Figure 2b).  

The copy number variations of generated fluorescent cell lines 

The copy number changes refer to canine genome (canFam3.1) and were identified 

by whole genome sequencing. The variations are presented in a Circos plot (Figure 

3). CT1258, CT1258-FusionRed, CT1258-mKate2C and CT1258-TurboFP650 

showed in general comparable copy number variations. The respective variations are 

summarized in table 1. Results are presented as log2 fold change values. The se-

lected single clone CT1258-mKate2C cell line displayed the highest number of varia-

tions compared to CT1258, especially in the regions harbouring the SOX2 and 

NANOG genes. Further CT1258-mKate2C is the only cell line which is not affected 

by a distal chromosomal deletion of CFA16 (chr16:18500001-59500001). By Ensem-

ble, the region revealed approx. 270 genes located in the respective chromosomal 

area (Suppl. 1). DAVID Functional Annotation tool analyses of the complete or partial 

gene list identified genes of lysosomal (four), insulin (three) and MAPK (three) signal-

ling pathway to be harboured in the analysed chromosomal region (Table 2). 

Relative expression of stem cell marker genes in fluorescent cell lines  

Relative real-time PCR expression analyses of the stem cell marker genes in gener-

ated fluorescent cell lines revealed no significant differences in three fluorescent cell 

lines compared to the untransfected CT1258, although modest increase or decrease 

could be observed for distinct genes (Figure 2c). 

In vitro imaging using NightOWL LB 983 in vivo imaging system 

Serial dilutions of the generated fluorescent cells were tested in vitro in a NightOWL 

LB 983 in vivo imaging system. The cell line CT1258-mKate2C displayed the 

strongest signal with average cps of 226.13. Fluorescence of 0.156 x 106 cells was 

detected for CT1258-TurboFP650 cells. At density of 0.3125 x 106 cells, fluorescence 

signal can be detected for all cell lines. The signal of red protein FusionRed was 

relatively weak (Figure 4).  

Sphere formation assay and the expression of the stem cell marker CD49f in 

CT1258-mKate2C 
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Under serum-free condition spheres with various sizes formed from the cell lines 

CT1258 and CT1258-mKate2C. CT1258 derived spheres could be generated when 

more than 16 cells per well were initially seeded resulting in up to two spheres. At the 

density of 128 cells per well, the number of spheres ranged from 0 to 15. CT1258-

mKate2C derived spheres were achievable already by single cell seeding in a well. 

Wells containing 128 cells resulted in 14 to 61 spheres (Figure 5a). By flow cytomet-

ric analyses, similar expressions of CD49f were detected in CT1258 and CT1258-

mKate2C cells. In both cell lines, more than 99% of cells were CD49f positive (Figure 

5b). 

 

Discussion  

Dogs represent a valuable model for human prostate cancer as canine prostate can-

cer arises spontaneously sharing several similarities in presentation and biologic be-

haviour to the human counterpart. In vivo models are the key to understand the path-

ogenesis of prostate cancer and the development of novel therapeutic approaches. 

The cell line CT1258 -established from a highly malignant adenocarcinoma with 

mesentery metastasis- is one of the few available canine prostate cell lines showing 

highly tumourigenic behaviour in vivo14, 15. In vitro systems offer several possibilities 

for basic drug evaluation but remain limited for the evaluation of complex interactions 

which must be analysed in vivo. Thereby, fluorescent based reporter in vivo imaging 

offers the possibility to study the tumour progression as well as drug intervention lon-

gitudinal in animal models. However, precondition is the generation and detailed 

characterisation of respective fluorescent cell lines. 

In the current study, we established three cell lines stably expressing fluorescent pro-

teins. CT1258-Fusionred and CT1258-TurboFP650 are two polyclonal transfected 

cell lines expressing FusionRed protein (red) and TurboFP650 protein (near infar-red) 

respectively. Under G418 selective condition, resistant cells outgrow non-resistant 

cells, resulting in a polyclonal population of stably expressing CT1258 cells. These 

populations maintained their heterogeneous character of the initial cell line CT1258. 

CT1258-mKate2C represents a selected subline generated by limiting dilution assay. 

In CT1258-mKate2C, more than 90% cells are mKate2 positive and able to maintain 

a considerable fluorescent expression level after long-term cultivation even without 

selective antibiotic preassure. All cell lines have shown stable long time expression of 
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the their respective fluorescen proteins. Further fluorescent detection potential was 

verified by NightOWL LB 983 in vivo imaging system which is frequently used to 

monitor labelled cells in single animals over considerable time spans. The 

combination of the high NightOwl imaging sensitivity and the red/fR/NIR properties of 

the generated cell lines represent a valuable tool to study canine prostate cancer 

development and drug efficacy in vivo.  

Stable undirected DNA integration can easily result in alteration of basic cell line 

characteristics. Comparative analyses of basic cell biologic characteristics as 

metabolic activity and doubling time revealted that the recombinant cell lines do not 

differ significantly from their parental cell line CT1258. While the major characteristics 

remained stable an interesting observation could be made with CT1258-mKate2C. 

During culture of the three fluorescent cell lines, cell cluster formation in CT1258-

mKate2C was observed similar to a previous study in which sphere formation was 

achieved by serum-free CT1258 culture 18. Matching these previous results an in-

creased metabolic activity of CT1258-mKate2C was found consistent to our prior 

study characterising the CT1258 generated spheres 18. Therefore, the hypothesis 

arose that the CT1258-mKate2C cell line could be the result of a clone selected from 

a sphere-formation subpopulation. Previously increased ITGA6 gene expression 

(a.k.a. CD49f) was detected in CT1258 generated spheres 18. To clarify if CT1258-

mKate2C is a result of a CT1258 sphere-formation subpopulation ITGA6 

gene/surface marker CD49f (aka ITGA6) was comparatively analysed in CT1258-

mKate2C. The real-time PCR and flow cytometric results did not show increased ex-

pression of ITGA6 and CD49f in CT1258-mKate2C cells. However, under serum-free 

condition, CT1258-mKate2C cells revealed higher sphere formation ability compared 

to CT1258 cells. As the ability to form non-adherent spheres is one of the important 

phenotypic characteristics of cancer stem-like cells 23, our results indicate that the 

CT1258-mKate2C cell line may have an enriched cancer stem-like cell population.  

Further genomic profiling of the generated fluorescent cell lines showed in general no 

significant changes in the composition of copy numbers. However, again CT1258-

mKate2C differed as this is the only compared cell line which does not show a distal 

CFA16 deletion. DAVID pathway analyses revealed three pathways which are 

modulated by twelve of the genes located in the preserved CFA16 part.  

Matching the general genomic CNV data the analysed stem cell marker marker 

expression also showed no significant variation. Consequently key aspects of the 
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generated cell lines remained comparable to the parental line allowing transferability 

of earlier generated functional results achieved with CT1258 (Sterenczak et al 2012, 

Willenbrock et al 2014). 

To conclude, the generated CT1258-FusionRed, CT1258-mKate2C and CT1258-

TurboFP650 cell lines kept their parental cell line characteristics and showed stably 

strong fluorescent protein expression. As the cell lines express their respective 

marker in red, far-red and near infra-red spectrum the generated cell lines provided a 

valuable option for deep tissue in vivo imaging. 
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Table 1. Copy number variations of stem cell marker genes (log2 fold change). 

Gene CT1258 
CT1258-

mkate2C 

CT1258-
FusionRed 

CT1258-
TurboFP650 

CD44 0.3204 0.3398 0.2422 0.3476 

DDX5 1.068 1.2312 1.1466 1.1015 

MYC 1.7741 1.9331 1.7817 1.7519 

MELK 0.4043 0.6948 0.3625 0.386 

ITAG6 -0.2812 -0.6031 -0.4024 -0.3859 

KLF4 0.4043 0.6948 0.3625 0.386 

NANOG 0.1406 0.584 0.304 0.2508 

SOX2 0.3109 -0.0058 0.1956 0.3048 

 

Table 2. Genes of KEGG pathway hits (DAVID functional annotation chart) in Chr.16 
deleted region. 

Signalling 
pathway 

P-Value ENSEMBL GENE ID GENE NAME 

Lysosome 

5.8E-2 

(270 genes 
uploaded) 

ENSCAFG00000007143  N-acylsphingosine amidohydrolase 
(acid ceramidase) 1  

ENSCAFG00000005586  adaptor-related protein complex 3, 
mu 2 subunit  

ENSCAFG00000008381  aspartylglucosaminidase  

ENSCAFG00000005378  heparan-alpha-glucosaminide N-
acetyltransferase  

Insulin 
signalling 
pathway 

8.4E-2 

(51 genes 
uploaded) 

ENSCAFG00000006154 eukaryotic translation initiation 
factor 4E binding protein 1 

ENSCAFG00000005526 inhibitor of kappa light polypeptide 
gene enhancer in B-cells, kinase 
beta 

ENSCAFG00000006673 protein phosphatase 1, regulatory 
(inhibitor) subunit 3B 

MAPK 
signalling 
pathway 

8.1E-2  

(51 genes 
uploaded) 

ENSCAFG00000007750  caspase 3, apoptosis-related cys-
teine peptidase  

ENSCAFG00000006845  fibroblast growth factor 20  

ENSCAFG00000005970  fibroblast growth factor receptor 1  

ENSCAFG00000005526  inhibitor of kappa light polypeptide 
gene enhancer in B-cells, kinase 
beta  
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Figures  

 

Figure 1. (a) mKate2, FusionRed and TurboFP650 expression in stably transfected CT1258 

cell lines. The magnification is 200×. (b) Flow cytometric analysis of fluorescent cell lines. 

Native CT1258 cells were used as negative control. Fluorecence was detected by FL-3 

chanel. (c) Fluorescence stability of transfected cell lines 96 h without G418 selection. Three 

independent experiments were performed for each assay. (d) Flow cytometric analysis of 

CT1258-mKate2C cells cultured two months in growth medium without G418. 
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Figure 2. (a) Cell growth analyses by counting. (b) Metabolic activity analyses of native 

CT1258 and transfected cell lines. Significantly increased metabolic activity was determined 

in CT1258-mKate2C cells after 48 h and 72 h cultivation comparing with native CT1258 cells. 

The Student’s t-test were performed and *p<0.05 was assigned as significantly different. (c) 

Real-time quantitative RT-PCR was used to measure stem cell marker gene expression 

levels in native CT1258 and fluorescent cell lines. In CT1258-mKate2C, CT1258-FusionRed 

and CT1258-TurboFP650 cells, slightly increased or decreased expressions of stem cell 

marker gene were observed in comparison to native CT1258 cells. No significant difference 

was determined. 
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Figure 3. Circos plot of detected copy number variants in CT1258 and CT1258 

fluorescent cell lines genomes. The canine chromosome ideograms are shown around the 

outer ring and distances in Mb. The next rings indicate successively the copy number 

information of CT1258-FusionRed, CT1258, CT1258-mKate2C and CT1258-TurboFP650. 

Each axis is scaled from 2 (outer border) to -2 (inner border). Data were presented as log2-

ratios. Copy number gain regions are highlighted in green and the loss regions are 

highlighted in red (thresholds: 0.2 and -0.2). 
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Figure 4. In vitro test using NightOWL LB 983 in vivo Imaging System. Imagae was 

taken using a filter with excitation of 590 nM and emission of 655 nM. 

 

Figure 5. (a) CT1258 and CT1258-mKate2C cell lines were cultured in serum-free medium. 

Various sizes of spheres formed after 10 days in culture. The displayed picture shows the 

well with a number of 128 initially seeded cells. The formed spheres were counted (50 µM 

diameter or bigger were counted as a spheres) under the microscope. (b) The cell surface 

marker CD49f was analyzed by flow cytometry. 
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Abstract 

Protein kinase inhibitors are widely used in chemotherapeutic cancer regimens. Ma-

leimide derivatives as SB-216763 act as GSK-3 inhibitor targeting cell proliferation, 

cell death and cell cycle progression.  

Herein the SB-216763 derivative arylindolylmaleimides PDA-66 and PDA-377 were 

evaluated as potential chemotherapeutic agents on canine B-cell lymphoma cell 

lines. Canine lymphoma represents a naturally occurring in vivo model closely re-

sembling the human high-grade non-Hodgkin’s lymphoma (NHL). Accordingly, stud-

ies evaluating chemotherapeutic agents in canine lymphoma are considered to be 

bearing highly transferable potential for human NHL. 

WST-1 analyses showed significant decrease of the metabolic activity beginning at 

1.0 µM PDA. Cell counting revealed stagnated cell numbers confirming the anti-

proliferative effect. PDA mediated apoptosis and necrosis induction were verified by 

flow cytometry and life cell imaging visualized the induced morphological changes. 

Agent induced mode of action was characterized by whole transcriptome NGS, 12 h 

and 24 h post agent exposure. Key PDA-66 modulated pathways identified were cell 

cycle, DNA replication and p53 signaling. 

In conclusion, PDA displayed strong anti-proliferation activity in canine B-cell lym-

phoma cell. The cell and molecular PDA induced effect characterization provides the 

basis for further evaluation as potential drug for canine lymphoma serving as model 

for human NHL. 

 

Keywords: PDA, animal model, arylindolylmaleimides, canine lymphoma, transcrip-

tome sequencing  
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Introduction  

Canine lymphomas are neoplasms of the immune system originating from the lym-

phatic system, more precisely from B-cells, T-cells and NK-cells [1, 2]. Lymphomas 

belong to the spontaneously arising hematopoietic tumors that are after mammary 

gland tumors and skin tumors most frequent in dogs [1]. Compared to human lym-

phoma, the canine tumor shows a higher incidence with 13-33 cases per year in 

100,000 dogs [3]. Overall, approx.24 % of all occurring canine neoplasms and 83 % 

of all canine hematopoietic neoplasms are lymphomas [4]. Concerning the tumor de-

velopment, tumor progression, disease pattern and associated genes, the spontane-

ously arising lymphoma in dogs is considered to be nearly identical to the human 

high-grade non-Hodgkin’s lymphoma (NHL), with the only difference of shorter re-

mission time in dogs [5, 6]. Thus canine lymphoma is considered to serve as a com-

parative animal model of the human NHL. 

Without treatment, most dogs suffering from malignant lymphoma will die within 4 to 

6 weeks [7]. Canine lymphoma is considered a systemic disease. In order to achieve 

remission and prolong survival, systemic therapy is required in the treatment. In gen-

eral, combination chemotherapy protocols are superior in multicentric lymphoma 

treatment. Conventional CHOP-based chemotherapy (cyclophosphamide (C), hy-

droxydaunorubicin (H), Oncovin (O), and prednisone (P)) induces remission in ap-

proximately 80 % to 95 % of dogs [4]. However, the majority of dogs undergoing 

chemotherapy will ultimately develop disease recurrence after a period of treatment 

within 12 months. Such recurrent lymphoma cells appear to be more resistant to the 

initial chemotherapy protocol [8, 9].  

Additional to conventional chemotherapeutic protocols, novel chemotherapeutics are 

targeting deregulated signaling pathways. Protein kinases such as the glycogen syn-

thase kinase 3 (GSK-3) process regulative function in multiple pathways [10, 11]. In 

several diseases as e. g. leukemia, the activity of these protein kinases is elevated 

causing a deregulation of downstream pathways [12, 13].  

Arylindolylmaleimides are synthetic molecules, consisting of a maleimide group con-

jugated to a bicyclic indole ring and an additional aromatic or heterocyclic component 

[15]. Maleimide derivatives e. g. SB-216763 have been reported to act as ATP-
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competitive inhibitor of GSK-3 activity influencing numerous cellular processes such 

as cell proliferation, cell death or cell cycle progression [14]. 

SB-216763 is a potent, selective, ATP competitive GSK3 inhibitor [11]. It has been 

used to inhibit GSK-3β in human pancreatic cancer and colorectal cancer cell lines in 

vitro [16, 17]. Herein, the two SB-216763 analogues PDA-66 and PDA-377 were ana-

lyzed as potential GSK-3β inhibitors. The differences between the SB-216763 and 

the two PDA derivatives are their chemical substitutions [14, 15]. PDA-66 has been 

applied on acute lymphoblastic leukemia (ALL) cell lines displaying a significant anti-

proliferative effect inducing apoptosis on human ALL cells [15].  

Aim of the study was to characterize the influence of PDA-66 and PDA-377 on the 

two canine B-cell lymphoma cell lines CLBL-1 and CLBL-1M on cellular and molecu-

lar level mechanism of action, with the goal to evaluate the agents as candidates for 

canine lymphoma therapy. Due to the similarities in presentation and biologic behav-

ior of lymphomas in dogs and humans, therapeutic protocols of these compounds in 

dogs could bear high transfer potential to the human disease. 

Results 

PDA-66 and PDA-377 inhibit proliferation and metabolic activity of canine B-cell 

lymphoma cell lines 

PDA-66 demonstrated a strong effect on CLBL-1 and CLBL-1M proliferation. The 

incubation of CLBL-1 and CLBL-1M with 2.5 µM PDA-66 resulted in a significant de-

crease in cell count, since cells did not proliferate over the incubation period of 72 h. 

The proliferation of cells treated with 1.0 µM PDA-66 was slower in comparison to the 

dimethyl sulfoxide (DMSO) treated control cells. After the application of 2.5 µM PDA-

377, CLBL-1 and CLBL-1M cells proliferated slower than control cells. CLBL-1 dis-

played a significant decrease in proliferation after 24 h and 48 h incubation, while 

CLBL-1M showed a significant decrease in proliferation after 24 h and 72 h incuba-

tion. The CLBL-1 and CLBL-1M cells treated with 0.5 µM and 1.0 µM PDA-377 prolif-

erated comparable to DMSO treated control cells (Figure 2a).  

A significant dose dependent effect of PDA-66 and PDA-377 on the metabolic activity 

could be observed. For both cell lines, PDA-66 showed a significant effect on metab-
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olism, as assessed by the WST-1 assay at ≥1 µM, for which a decrease to ~ 55 - 75 

% (depending on time-point) was detected. In contrast, a significant loss was not ob-

served for PDA-377 before increasing the concentration to 2.5 µM. At ≥2.5 µM a 

loss in metabolic activity was seen as early as after 24 h and was sustained, with al-

most a complete loss from 48 h onward, in both cell lines with both substances. The 

detailed concentration/time courses are depicted in figure 2b. Additional metabolic 

activity analyses showed the inhibitory effect of PDA-66 started at 1.5 µM after 48 h 

of application and at 1.25 µM after 72 h of application (data not shown). 

PDA-66 and PDA-377 induce apoptosis and necrosis in canine B-cell lympho-

ma cell lines 

The effect of PDA-66 and PDA-377 on apoptosis and necrosis was analyzed by An-

nexin V/PI staining 24 h, 48 h and 72 h after PDA application. The distribution of ear-

ly apoptotic cells (Annexin+/PI-, Figure 3a) and late apoptotic/necrotic cells (Annex-

in+/PI+, Figure 3b) was determined.  

Compared to control cells (24 h: 4.6 ± 1.7 %; 48 h: 4.6 ± 1.7 %; 72 h: 4.5 ± 0.4 %), 

CLBL-1 treated with 2.5 µM PDA-66 showed a significant increase in apoptosis at 24 

h and 48 h (24 h: 10.9 ± 1.8 %; 48 h: 8.6 ± 1.7 %; 72 h: 6.3 ± 2.6 %). CLBL-1M 

showed significantly increased apoptosis after all three incubation periods (24 h: 10.8 

± 2.7 %; 48 h: 13.0 ± 2.6 %; 72 h: 11.8 ± 1.9 %) as compared to control cells (24 h: 

3.6 ± 0.7 %; 48 h: 2.6 ± 0.4 %; 72 h: 3.8 ± 0.3 %). In addition, treatment of CLBL-1M 

with 1.0 µM PDA-66 resulted in a significant increase of apoptotic cells at 24 h (5.6 ± 

0.86 %). Different from PDA-66, a significant increase was only observed in CLBL-1 

cells at 48h after treated with 2.5 µM PDA-377 (4.2 ± 0.12 %). Although the amount 

of early apoptotic cells in both cell lines increased 24 h after PDA-377 application, the 

differences to the control cells were not significant.  

Both cell lines showed a significant increase of necrosis 24 h, 48 h and 72 h after 

treated with 2.5 µM PDA-66. After 72 h the application of 2.5 µM PDA-66 resulted in 

cell necrosis rates of 77.3 % for CLBL-1 and 66.3 % for CLBL-1M. Besides, the 

treatment with 1.0 µM PDA-66 lead to significantly increased necrosis after 72 h in-

cubation for CLBL-1 and after 48 h incubation for CLBL-1M.  
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For PDA-377 a similar tendency could be observed. CLBL-1 cells showed significant 

increase in necrosis 24 h, 48 h and 72 h after treatment with 2.5 µM PDA-377 and 

CLBL-1M cells showed significant increase in necrosis 48 h and 72 h after treatment 

with 2.5 µM PDA-377. However, the amount of necrotic cells was much lower com-

pared to the PDA-66 treated cells, up to 20.0 % in CLBL-1 and 19.5 % in CLBL-1M. 

PDA-66 and PDA-377 cause morphological changes 

To verify possible morphological changes caused by PDA-66 and PDA-377, cells 

were treated with concentrations ranging from 0.25 µM to 10 µM for 72 h and ana-

lyzed by performing life cell imaging. Additionally, cells were treated with 1.5 μM of 

PDA-66 and 2.5 µM of PDA-377 for 72 h and analyzed by light microscopy after pap-

penheim staining. 

The two B-cell lymphoma cell lines showed similar morphological changes after PDA 

application compared to DMSO treated control cells. Starting at a concentration of 

2.5 µM for both PDA derivatives, decreasing cell numbers and an increasing amount 

of cellular debris and spherically shaped, smaller cells could be observed in contrast 

to DMSO treated CLBL-1 and CLBL-1M cells. With increasing incubation time the 

effects on morphology caused by PDA-66 and PDA-377 got more distinct (Supple-

mentary photos). By pappenheim staining, the PDA-treated cells exhibited an apop-

totic phenomenon. Formation of cytoplasmic blebs, light to darkblue cytoplasma 

showing, beside juxtanuclear enlightenment also distinct large vaculisation, clumped 

condensated chromatin pattern of round to indented and clover-leaf shaped nuclei, 

apoptotic bodies and mitotic figures could be observed in analyzed cells (Figure 4). 

Transcriptomic analyses of PDA-treated CLBL-1 and CLBL-1M cells 

The multidimensional scaling (MDS) plot of the RNA-seq data is given in figure 5. The high-

dose.24 h treatment groups of both cell lines form clearly separated clusters, while the differ-

ence of the high-dose.12 h treatment groups is less pronounced. The low-dose treatments 

did not form clusters separate from the DMSO treated control cells. This lower re-

sponse to the low-dose treatment is also reflected by the low numbers of differentially 

expressed genes (FDR < 0.001) (Table 2). 
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In contrast, the high-dose treatment showed higher numbers of differentially ex-

pressed genes, which was more pronounced in the CLBL1-M cells at both time 

points after treatment (Table 2). However, the response after 12 h did not reach sta-

tistical significance for any transcript, when CLBL1 and CLBL1M were compared, 

suggesting that the early effects of PDA-66 are similar in both cell lines.  

Nevertheless, the comparison of the high-dose.24 h groups yielded 1703 genes that 

react differently between the two cell lines. Most significantly overrepresented in this 

gene set, are downregulated ribosomal proteins as well as genes involved in RNA 

degradation, indicating that the late differences between the cell lines most probably 

reflect differences in the drug-induced impairment of cell proliferation and viability as 

also seen in the WST-1 assays. Significantly deregulated KEGG pathways in the 

high-dose.24 h treatment groups compared to the DMSO treated controls are given 

in table 3. 

Early deregulated genes and associated pathways  

The early effects (12 h) of PDA-66 involved deregulation of 170 genes in CLBL-1 

cells and 235 genes in CLBL-1M cells. Both 12h.high-dose treatment groups showed 

highly significant enrichment of genes mapping to the KEGG pathways: cell cycle, 

DNA replication and p53 signaling (Table 4). The fold-changes of the early affected 

genes in these pathways are displayed as heatmaps for all four high-dose treatment 

groups in figure 6 and show consistent directions of changes in the 12 h treatment 

groups. 

The expression of assumed target GSK3β was decreased after 24 h of treatment 

with 2.5 µM PDA-66 in CLBL-1 (logFC = -0.4553) and CLBL-1M (logFC = -0.6797) 

cells.  

Discussion 

In this study, the effects of PDA-66 and PDA-377 on lymphoma cells were investigat-

ed for the first time. As PDA-66 and PDA-377 have the same basic molecular struc-

ture with SB-216763 [18, 19], it was initially assumed that these compounds may al-

so be the inhibitors of GSK3β. Previous studies have indicated that PDA-66 could 

significantly inhibit the proliferation and metabolic activity of human ALL cells, and 
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induce apoptosis and cell cycle alterations in human neuroblastoma, lung carcinoma 

and ALL cells [14, 15]. However, GSK3β inhibition effect was not detected in PDA-66 

treated cells at protein level [15]. Therefore, the principal molecular mechanisms un-

derlying the PDA mediated effects are still unidentified.  

Consistent with previous findings, PDA-66 and PDA-377 led to a significant decrease 

in cell count, metabolic activity, and induced anti-proliferative effects in canine B-cell 

lymphoma cells. Furthermore, an induction of apoptosis and necrosis was detected in 

the treated canine B-cell lymphoma cells. Compared with PDA-377, PDA-66 showed 

stronger cell toxic effect inducing death of all lymphoma cells after 48 h at a concen-

tration of 2.5 µM. In fact, strong inhibited proliferation and apoptosis can be observed 

at 24 h post 2.5 µM PDA-66 application in the analyzed lymphoma cells. Although 

inhibitory effects of 1.0 µM PDA-66 on cell proliferation and metabolic activity were 

also observed in CLBL-1 and CLBL-1M cells during incubation, the cells maintained 

a comparable growth rate to DMSO-treated control. Previous studies on ALL cell 

lines have shown a significant inhibition of proliferation starting at a concentration of 

0.5 μM PDA-66. Different from canine lymphoma cells, after 48 h of 10 µM PDA-66 

exposure, approximately 20 % of remaining ALL cells were found to be vital [15]. In 

the ReNcell VM human neural progenitor cell line (hNPC), proliferation can be 

stopped by application of 3 µM PDA-66. Human neuroblastoma cells (SH-SY5Y) with 

an IC50 of 8.48 µM and lung cancer cells (A549) with an IC50 of 4.97 µM were less 

sensitive to PDA-66 [14].  

In order to further explore the underlying mechanism of PDA-induced effects, a com-

parative transcriptome analysis was performed applying the previously identified 

more potent compound. Two time points were comparatively analyzed, 12 h and 24 h 

post PDA-66 application. In comparison to the DMSO control, the groups treated with 

low-dose PDA-66 did not show major differences in the gene expression patterns. 

Application of PDA high-doses induced distinct effects allowing identification of early 

modulated genes and pathways. In order to characterize the early response acting 

PDA-66 mechanisms, a detailed characterization of the deregulated pathways was 

performed. Differential expression analyses of 12 h of PDA-66 application groups 

revealed genes in CLBL-1 and in CLBL-1M, which mapped to three pathways: cell 

cycle, DNA replication and p53 signaling pathway.   



Manuscript 5 

67 

One of the interesting targets modulated is the tumor protein p53 inducible protein 

(TP53I3) gene, also called p53-inducible gene 3 (PIG3). This gene is induced by p53 

and considered to be involved in p53-mediated apoptosis by increasing cellular reac-

tive oxygen species (ROS) level [20, 21]. In this study, the TP53I3 mRNA expression 

level was significantly increased in all high-dose PDA-66 treated groups. Similarly, a 

study of analyzing Nutlin-3, a small molecule inhibitor variably inducing apoptosis and 

cell cycle arrest in cancer cells, revealed an induction of TP53I3 in acute myeloid 

leukemia cells [22] 

The replicative DNA helicase minichromosome maintenance complex 2-7 (MCM2-7) 

associates with the origins of DNA replication and plays essential role at the interface 

between DNA replication and its regulation [23]. Studies in human also indicated that 

deregulation and point mutations of MCM genes are common in several tumors [24-

26]. Recently, MCM 2-7 replicative helicase was suggested as novel promising 

chemotherapeutic targets for drug development [27]. In the current study the expres-

sion of MCM 2-7 was significant down-regulated in high-dose treated CLBL-1 and 

CLBL-1M cells. In addition, the mRNA levels of cyclin E (CCNE), cell division cycle 6 

(CDC6) and cyclin-dependent kinase 2 (CDK2), were markedly decreased following 

treatment with high-dose PDA-66. Moreover, the decreasing expression of cyclin E2 

(CCNE2) and CDK2 occurred in a time-dependent manner. Cyclin E/CDK2 complex 

plays a critical role in the G1 phase of cell cycle and the G1-S phase transition. 

CDK2 activates the MCM2-7 helicase in order to initiate DNA replication [23]. How-

ever, the expression level of cyclin-dependent kinase inhibitor 1A (CDKN1A) which 

encodes a CDK inhibitor p21 was not altered. These results show that PDA-66 pos-

sesses potential anti-cancer activity against canine B-cell lymphoma cells, and that 

the drug acting mechanism is likely to mediate its effect through DNA replication.  

In order to evaluate if the characterized pathways and acting mechanisms are lym-

phoma cell line specific, a broader comparison of several targeted cell lines must be 

performed.  

However, the characterized acting pathways allow to combine PDA compounds with 

other compounds targeting alternative pathways to analyze if synergistic effects can 

be achieved. Early ongoing pharmacokinetic studies in mice revealed that single dai-

ly PDA-66 applications are well tolerated.  
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The initial characterization of the PDA induced effects on canine lymphoma cells pro-

vides a basis for further studies analyzing the drug effect in vivo. Thereby, a perspec-

tive application in lymphoma affected dogs would allow evaluating the compound in 

spontaneously occurring non-induced neoplasias as single agent or in combination 

with conventional therapeutics. 

Such comparative studies in spontaneous animal models are able to provide valua-

ble information before compound testing in humans.  

Materials and Methods 

Tested arylindolylmaleimides 

PDA-66 and PDA-377 were synthesized and kindly provided by the Leibniz Institute 

for Catalysis (Rostock, Germany). Chemical structures of both substances and the 

analogue SB-216763 are displayed in figure 1. PDA-66 contains a 4-acetylphenyl 

group and unprotected 2-methylindole moiety in the indolyl group. The maleimide 

group of PDA-66 and PDA-377 is protected with methyl group. Further, the malei-

mide group of PDA-377 is conjugated to a thienoindol structure [14, 15]. 

The substances were dissolved in DMSO (AppliChem, Darmstadt, Germany). The 

stock solutions (10 mM) were stored at -20°C. For experimental use the drugs were 

freshly prepared from stock solution. 

Cell lines and culture condition 

Two canine B-cell lymphoma cell lines named CLBL-1 and CLBL-1M were used. 

CLBL-1 was derived from a fine needle aspirate of an 8 year-old Bernese Mountain 

Dog with stage IV diffuse large cell lymphoma [5]. The daughter cell line CLBL-1M 

was generated by injecting CLBL-1 cells into Rag2-/- γc-/- mice. The emerging tumor-

ous material was isolated, cultivated and the lymphoma cell line was established [28]. 

CLBL-1 and CLBL-1M cells were cultivated in RPMI 1640 medium (Biochrom, Berlin, 

Germany) supplemented with 20 % heat inactivated fetal bovine serum (FBS) (Bio-

chrom) and 2 % penicillin/streptomycin (Biochrom) at 37°C in a humidified atmos-

phere of 5 % CO2 in T75-tissue culture flasks (TPP, Trasadingen, Switzerland). 
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WST-1 Proliferation Assay 

CLBL-1 and CLBL-1M cells were seeded at a density of 5 x 104 cells/well in 96-well 

plates with 150 µl cell culture medium containing different concentrations of PDA-66 

and PDA-377 (0.25 - 10 μM). Control cells were cultured in medium containing 0.1 % 

of DMSO. Cells treated with each PDA concentration were plated in four replicates. 

All cells were incubated for 24, 48 and 72 h. The WST-1 (Roche, Mannheim, Germa-

ny) analysis was performed as described before [15]. The absorbance at 450 nm and 

a reference wavelength at 620 nm were determined using the Multi-Mode Reader 

Synergy 2 (Biotek Instruments, VT, USA). 

Cell count analysis 

CLBL-1 and CLBL-1M cells were seeded at a density of 1×106 cells in 3 ml of cell 

culture medium in 12-well plates. Cells were treated with 0.025 % DMSO, 0.5 µM, 1.0 

µM and 2.5 µM PDA-66 and PDA-377 respectively. The number of viable cells was 

determined 24 h, 48 h and 72 h after DMSO, PDA-66 and PDA-377 treatment by try-

pan blue staining using a hemocytometer. Experiments were performed in triplicates. 

Analysis of apoptosis and necrosis 

Apoptosis and necrosis were analyzed by staining with Annexin V FITC (BD Biosci-

ences, Heidelberg, Germany) and Propidium iodide (PI) (Sigma Aldrich, St. Louis, 

USA) according to the manufacturer’s protocol. The apoptosis and necrosis rates 

were determined by flow cytometry using a FACSCaliburTM (BD Biosciences, Heidel-

berg, Germany). 

After cell count analysis, 1x106 CLBL-1 and CLBL-1M cells were harvested and 

washed twice (185 xg, 10 min, 4°C) with PBS, then resuspended in 100 μl of Annexin 

binding buffer (BD Biosciences, Heidelberg, Germany). 5 μl of Annexin V FITC was 

added and incubated for 15 min at room temperature. Cell suspensions were adjust-

ed to a final volume of 500 μl with binding buffer and stained with PI (0.6 μg/ml) im-

mediately before measurement. Unstained and single stained cells (0.025 % DMSO 

treated) were included in each experiment as controls. The gained data were ana-

lyzed using BD CellQuest software (BD Biosciences, Heidelberg, Germany). 
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Life Cell Imaging 

CLBL-1 and CLBL-1M cells were seeded at a density of 5 x 104 cells/well in a 96-well 

plate with 150 µl cell culture medium and treated with 0.1 % DMSO and different 

concentrations of PDA-66 and PDA-377 (0.25 - 10 μM). Cells treated with each PDA 

concentration were plated with replicates. The imaging was performed for 96 h with 

PDA treatment at 37°C in a humidified atmosphere of 5 % CO2 using the Leica 

DMI6000 B Inverted Microscope (Leica Microsystems, Wetzlar, Germany). Simulta-

neously, a picture of each attempt was captured every 15 min during the whole incu-

bation time and single pictures were combined to a life cell imaging video.  

Pappenheim staining 

Cells were treated with DMSO, 1.5 μM PDA-66 and 2.5 µM PDA-377 for 72 h. Glass 

slides were prepared with 5 x 104 cells with Cytospin 3 centrifuge (Shandon, Frank-

furt/Main, Germany). Briefly, slides were stained in May-Grünwald working solution 

(Merck, Darmstadt, Germany) for 6 min, rinsed with tap water, then stained 20 min in 

Giemsa working solution (Merck, Darmstadt, Germany) and rinsed thoroughly with 

tap water. The slides were air dried at room temperature before analysis. To evaluate 

morphological changes of the cells slides were analyzed by EVOS® XL Core Imag-

ing System (AMG, Washington, USA). 

Transcriptomic analyses 

Due to the more pronounced effect of PDA-66 for the cellular response compared to 

PDA-377 in the previous experiments, the characterization of the transcriptome was 

performed only for PDA-66. 

CLBL-1 and CLBL-1M cells were treated with 0.025% DMSO, 1.0 μM (low-dose) and 

2.5 µM (high-dose) PDA-66. At 12 h and 24 h, cells were harvested and total RNA 

was extracted using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to 

the manufacturer’s protocol. Sample names are shown in table 1. Each treatment 

condition was prepared and sequenced in triplicates. For the preparation of sequenc-

ing libraries, 2 µg total RNA with RNA integrity numbers > 8 were used. Poly-A RNA 

was enriched and ligated to sequencing adapter using the NEBNext Ultra RNA prep-

aration Kit (New England Biolabs, Ipswich, USA) according to the manufacturer’s 
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protocols. Sequencing was conducted on an Illumina NextSeq500 (Illumina, San Di-

ego, USA) as single reads with 75 bp length. A total of 480 million reads were gener-

ated, which were mapped to the canine genome (Broad CanFam3.1/canFam3, Sep. 

2011) using Burrows-Wheeler Aligner (BWA) [29]. Read counts were generated for 

annotated genes (EMBL gene ID nomenclature) using the R package GAGE [30]. 

Annotations referring to non-protein coding RNAs were censored from the final read 

count list. 

Bioinformatic analyses and statistics 

Significant differences of metabolic activity between treatment and the DMSO control 

were calculated using Dunnett’s multiple comparison test, statistical analyses of cell 

count and apoptosis/necrosis used student t-test (GraphPad Software, La Jolla, 

USA). Results are shown as mean ± standard deviation (SD). Differences were con-

sidered statistically significant for * p < 0.05.  

Differential gene expression analyses from RNA-seq data was conducted using the 

Bioconductor R package edgeR [31]. Genes with less than 1 read count per million in 

more than 18 samples were censored. On average 4.5 million (STDEV: 745,000) 

mapped reads per sample were used for differential gene expression analyses. Each 

cell line / treatment group (n=3) was compared to the respective mock-treated 

(DMSO) control cells (n=3). Treatment groups were high-dose.12 h, high-dose.24 h, 

low-dose.12 h, low-dose.24 h. After multidimensional scaling and plotting of the data 

one CLBL-1 DMSO treated control sample was identified as outlier and was cen-

sored, so that the CLBL-1-12h-DMSO group consisted of only two independent sam-

ples. In addition to the comparison of each treatment group within the two cell lines, 

genes that responded differently to 12 h and 24 h high-dose treatment in CLBL1 ver-

sus CLBL-1M were identified using the generalized linear model functionality of edg-

eR [31]. Genes with a false discovery rate corrected p-value (FDR) of less than 0.001 

were considered as significantly deregulated and were mapped to the KEGG path-

ways for functional enrichment analyses using the Database for Annotation, Visuali-

zation and Integrated Discovery (DAVID) Functional Annotation Tool 

(http://david.abcc.ncifcrf.gov).  

 



Manuscript 5 

72 

Acknowledgements  

We would like to acknowledge the financial support of Chinese Scholarship Council 

(CSC) to Wen Liu.  

Competing interests  

The authors declare that they have no competing interests.  

Authors’ contributions  

WL carried out cell count and Annexin V/PI analyses, pappenheim staining, cell 

treatment and RNA extraction for whole transcriptome analysis, performed partial 

statistical analysis and drafted the manuscript. JB performed transcriptomic sequenc-

ing, data analyses, and drafted part of the manuscript. LCS carried out WST-1 assay 

and Life Cell Imaging, performed partial statistical analysis and drafted part of the 

manuscript. CR partial data interpretation and participated in study design. APD syn-

thesized and provided the PDA compounds. BCR and SEH established and provided 

CLBL-1 cell line and edited the manuscript. SW established CLBL-1M cell line, su-

pervised WST-1 assay and Life Cell Imaging. AR participated in initial compound 

generation, MB supervised compound design and synthesis. IN partial study design, 

supervised the study and edited the manuscript. ES supervised the transcriptomics 

work packages, data interpretation and drafted part of the manuscript. CJ partial 

study design and supervised the study. HME principal study design, supervised the 

study and wrote partially the manuscript. All authors read and approved the final 

manuscript. 

References  

1. Teske E: Canine malignant lymphoma: a review and comparison with human 

non-Hodgkin's lymphoma. Vet Q 1994, 16:209-219. 

2. Ito D, Endicott MM, Jubala CM, Helm KM, Burnett RC, Husbands BD, Borgatti A, 

Henson MS, Burgess KE, Bell JS, et al: A tumor-related lymphoid progenitor 

population supports hierarchical tumor organization in canine B-cell 

lymphoma. J Vet Intern Med 2011, 25:890-896. 



Manuscript 5 

73 

3. Ogilvie GK MA: Managing the veterinary cancer patient- a practical manual. VLS 

Book 1995:228-249. 

4. Vail DM, Pinkerton ME, M.Young K: Canine Lymphoma and Lymphoid Leukemias. 

In Withrow and MacEwen's Small Animal Clinical Oncology, 5th Edition. Edited by 

Stephen J. Withrow DMV, Rodney L. Page. St.Luois: Saunders; 2012: 608 

5. Rutgen BC, Hammer SE, Gerner W, Christian M, de Arespacochaga AG, Willmann 

M, Kleiter M, Schwendenwein I, Saalmuller A: Establishment and characterization 

of a novel canine B-cell line derived from a spontaneously occurring diffuse 

large cell lymphoma. Leuk Res 2010, 34:932-938. 

6. Ito D, Frantz AM, Modiano JF: Canine lymphoma as a comparative model for 

human non-Hodgkin lymphoma: recent progress and applications. Vet Immunol 

Immunopathol 2014, 159:192-201. 

7. Ettinger SN: Principles of treatment for canine lymphoma. Clin Tech Small Anim 

Pract 2003, 18:92-97. 

8. Parsons-Doherty M, Poirier VJ, Monteith G: The efficacy and adverse event profile 

of dexamethasone, melphalan, actinomycin D, and cytosine arabinoside 

(DMAC) chemotherapy in relapsed canine lymphoma. Can Vet J 2014, 55:175-

180. 

9. Ettinger SN: Principles of Treatment for Canine Lymphoma. Clinical Techniques in 

Small Animal Practice 2003, 18. 

10. Wu D, Pan W: GSK3: a multifaceted kinase in Wnt signaling. Trends Biochem Sci 

2010, 35:161-168. 

11. Coghlan MP, Culbert AA, Cross DA, Corcoran SL, Yates JW, Pearce NJ, Rausch OL, 

Murphy GJ, Carter PS, Roxbee Cox L, et al: Selective small molecule inhibitors of 

glycogen synthase kinase-3 modulate glycogen metabolism and gene 

transcription. Chem Biol 2000, 7:793-803. 

12. McCubrey JA, Steelman LS, Bertrand FE, Davis NM, Abrams SL, Montalto G, 

D'Assoro AB, Libra M, Nicoletti F, Maestro R, et al: Multifaceted roles of GSK-3 and 

Wnt/beta-catenin in hematopoiesis and leukemogenesis: opportunities for 

therapeutic intervention. Leukemia 2014, 28:15-33. 

13. Wang Z, Smith KS, Murphy M, Piloto O, Somervaille TC, Cleary ML: Glycogen 

synthase kinase 3 in MLL leukaemia maintenance and targeted therapy. Nature 

2008, 455:1205-1209. 

14. Eisenloffel C, Schmole AC, Pews-Davtyan A, Brennfuhrer A, Kuznetsov SA, Hubner 

R, Frech S, Schult C, Junghanss C, Beller M, et al: Interference of a novel 

indolylmaleimide with microtubules induces mitotic arrest and apoptosis in 

human progenitor and cancer cells. Biochem Pharmacol 2013, 85:763-771. 



Manuscript 5 

74 

15. Kretzschmar C, Roolf C, Langhammer TS, Sekora A, Pews-Davtyan A, Beller M, 

Frech MJ, Eisenloffel C, Rolfs A, Junghanss C: The novel arylindolylmaleimide 

PDA-66 displays pronounced antiproliferative effects in acute lymphoblastic 

leukemia cells. BMC Cancer 2014, 14:71. 

16. Shakoori A, Ougolkov A, Yu ZW, Zhang B, Modarressi MH, Billadeau DD, Mai M, 

Takahashi Y, Minamoto T: Deregulated GSK3beta activity in colorectal cancer: 

its association with tumor cell survival and proliferation. Biochem Biophys Res 

Commun 2005, 334:1365-1373. 

17. Ougolkov AV, Fernandez-Zapico ME, Savoy DN, Urrutia RA, Billadeau DD: 

Glycogen synthase kinase-3beta participates in nuclear factor kappaB-

mediated gene transcription and cell survival in pancreatic cancer cells. Cancer 

Res 2005, 65:2076-2081. 

18. Rutgen BC, Willenbrock S, Reimann-Berg N, Walter I, Fuchs-Baumgartinger A, 

Wagner S, Kovacic B, Essler SE, Schwendenwein I, Nolte I, et al: Authentication of 

primordial characteristics of the CLBL-1 cell line prove the integrity of a canine 

B-cell lymphoma in a murine in vivo model. PLoS One 2012, 7:e40078. 

19. Li H, Durbin R: Fast and accurate short read alignment with Burrows-Wheeler 

transform. Bioinformatics 2009, 25:1754-1760. 

20. Luo W, Friedman MS, Shedden K, Hankenson KD, Woolf PJ: GAGE: generally 

applicable gene set enrichment for pathway analysis. BMC Bioinformatics 2009, 

10:161. 

21. Robinson MD, McCarthy DJ, Smyth GK: edgeR: a Bioconductor package for 

differential expression analysis of digital gene expression data. Bioinformatics 

2010, 26:139-140. 

22. Pews-Davtyan A, Tillack A, Ortinau S, Rolfs A, Beller M: Efficient palladium-

catalyzed synthesis of 3-aryl-4-indolylmaleimides. Org Biomol Chem 2008, 6:992-

997. 

23. Schmole AC, Brennfuhrer A, Karapetyan G, Jaster R, Pews-Davtyan A, Hubner R, 

Ortinau S, Beller M, Rolfs A, Frech MJ: Novel indolylmaleimide acts as GSK-3beta 

inhibitor in human neural progenitor cells. Bioorg Med Chem 2010, 18:6785-

6795. 

24. Porte S, Valencia E, Yakovtseva EA, Borras E, Shafqat N, Debreczeny JE, Pike AC, 

Oppermann U, Farres J, Fita I, Pares X: Three-dimensional structure and 

enzymatic function of proapoptotic human p53-inducible quinone 

oxidoreductase PIG3. J Biol Chem 2009, 284:17194-17205. 



Manuscript 5 

75 

25. Macip S, Igarashi M, Berggren P, Yu J, Lee SW, Aaronson SA: Influence of induced 

reactive oxygen species in p53-mediated cell fate decisions. Mol Cell Biol 2003, 

23:8576-8585. 

26. Voltan R, Secchiero P, Corallini F, Zauli G: Selective induction of TP53I3/p53-

inducible gene 3 (PIG3) in myeloid leukemic cells, but not in normal cells, by 

Nutlin-3. Mol Carcinog 2014, 53:498-504. 

27. Gaillard H, Garcia-Muse T, Aguilera A: Replication stress and cancer. Nat Rev 

Cancer 2015, 15:276-289. 

28. Qian L, Luo Q, Zhao X, Huang J: Pathways enrichment analysis for differentially 

expressed genes in squamous lung cancer. Pathol Oncol Res 2014, 20:197-202. 

29. Ren B, Yu G, Tseng GC, Cieply K, Gavel T, Nelson J, Michalopoulos G, Yu YP, Luo 

JH: MCM7 amplification and overexpression are associated with prostate 

cancer progression. Oncogene 2006, 25:1090-1098. 

30. Cancer Genome Atlas Research N: Comprehensive genomic characterization of 

squamous cell lung cancers. Nature 2012, 489:519-525. 

31. Simon NE, Schwacha A: The Mcm2-7 replicative helicase: a promising 

chemotherapeutic target. Biomed Res Int 2014, 2014:549719. 

 



Manuscript 5 

76 

Table 1. List of samples used in RNA sequencing. 

Symbol Sample name Symbol Sample name 

S1 CLBL-1 DMSO 12h I S19 CLBL-1M DMSO 12h I 

S2 CLBL-1 DMSO 12h II S20 CLBL-1M DMSO 12h II 

S3 CLBL-1 DMSO 12h III S21 CLBL-1M DMSO 12h III 

S4 CLBL-1 PDA-66 1,0 µM 12h I S22 CLBL-1M PDA-66 1,0 µM 12h I 

S5 CLBL-1 PDA-66 1,0 µM 12h II S23 CLBL-1M PDA-66 1,0 µM 12h II 

S6 CLBL-1 PDA-66 1,0 µM 12h III S24 CLBL-1M PDA-66 1,0 µM 12h III 

S7 CLBL-1 PDA-66 2,5 µM 12h I S25 CLBL-1M PDA-66 2,5 µM 12h I 

S8 CLBL-1 PDA-66 2,5 µM 12h II S26 CLBL-1M PDA-66 2,5 µM 12h II 

S9 CLBL-1 PDA-66 2,5 µM 12h III S27 CLBL-1M PDA-66 2,5 µM 12h III 

S10 CLBL-1 DMSO 24h I S28 CLBL-1M DMSO 24h I 

S11 CLBL-1 DMSO 24h II S29 CLBL-1M DMSO 24h II 

S12 CLBL-1 DMSO 24h III S30 CLBL-1M DMSO 24h III 

S13 CLBL-1 PDA-66 1,0 µM 24h I S31 CLBL-1M PDA-66 1,0 µM 24h I 

S14 CLBL-1 PDA-66 1,0 µM 24h II S32 CLBL-1M PDA-66 1,0 µM 24h II 

S15 CLBL-1 PDA-66 1,0 µM 24h III S33 CLBL-1M PDA-66 1,0 µM 24h III 

S16 CLBL-1 PDA-66 2,5 µM 24h I S34 CLBL-1M PDA-66 2,5 µM 24h I 

S17 CLBL-1 PDA-66 2,5 µM 24h II S35 CLBL-1M PDA-66 2,5 µM 24h II 

S18 CLBL-1 PDA-66 2,5 µM 24h III S36 CLBL-1M PDA-66 2,5 µM 24h III 

 

Table 2. Significant differentially expressed genes in PDA-66 treated lymphoma cells 
(versus DMSO-control). 

Cell line Treatment 
Count of differentially expressed genes 

(FDR<0.001) 

CLBL-1 1.0μM 12h 3 

CLBL-1M 1.0μM 12h 1 

CLBL-1 1.0μM 24h 33 

CLBL-1M 1.0μM 24h 1 

CLBL-1 2.5μM 12h 170 

CLBL-1M 2.5μM 12h 235 

CLBL-1 2.5μM 24h 2191 

CLBL-1M 2.5μM 24h 4780 

FDR: false discovery rate. 
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Table 3. Significantly deregulated KEGG pathways in the high-dose 24h treatment 
groups. 

KEGG Pathway 
CLBL-1 2.5 µM 24 h CLBL-1M 2.5 µM 24 h 

Count (gene) FDR Count (gene) FDR 

Ribosome 49 2.42E-18 65 3.02E-15 

Cell cycle 39 5.03E-08 54 3.49E-05 

Oxidative phosphorylation 35 6.66E-05 57 1.47E-05 

DNA replication 15 0.00222 20 0.0163 

Oocyte meiosis 26 0.0455   

RNA degradation   32 1.20E-04 

FDR: false discovery rate. 

 

Table 4. Significantly deregulated KEGG pathways in the high-dose 12h treatment 
groups. 

KEGG Pathway 
CLBL-1 2.5 µM 12 h CLBL-1M 2.5 µM 12 h 

Count (gene) FDR Count (gene) FDR 

Cell cycle 22 6.06E-20 25 8.78E-22 

DNA replication 11 1.51E-10 12 4.23E-11 

p53 signaling pathway 9 6.48E-05 10 2.81E-05 

FDR: false discovery rate. 
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Figures 

 

Figure 1. Chemical structure of SB-216763, PDA-66 and PDA-377. 
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Figure 2. Treatment with PDA-66 and PDA-377 inhibit cell proliferation and metabolic activity in CLBL-1 and CLBL-1M. (a), CLBL-1 and 

CLBL-1M cells were incubated with different concentrations of PDA-66 and PDA-377 for 24 h, 48 h and 72 h. The diagrams show the mean + 

SD of three independent counting experiments. The proliferation was suppressed significantly at the concentration of 2.5 µM. Significance of a 

treatment effect compared to the DMSO control was determined using student t-Test, p < 0.05. (b), CLBL-1 and CLBL-1M cells were incubated 

with different concentrations of PDA-66 (a,b) and PDA-377 (c,d) ranging from 0.25 µM to 10 µM and incubated for 24 h, 48 h and 72 h. Metabol-

ic activity was determined using WST-1 assay. The results are expressed as percentage of the DMSO treated cells. The diagrams show the 

mean + SD of four independent measurements. Significance of a treatment effect compared to the DMSO control was determined using Dun-

nett’s Multiple Comparison Test with a p value of < 0.05. 
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Figure 3. PDA-66 and PDA-377 induce apoptosis and necrosis. CLBL-1 and CLBL-1M cells were treated with 0.5 µM, 1 µM and 2.5 µM 

PDA-66 and PDA-377 for 24 h, 48 h and 72 h. Analysis of apoptosis and necrosis was performed using flow cytometry after Annexin V FITC 

and propidium iodide (PI) staining. As a reference DMSO treated cells were analyzed. Rates of early apoptotic (FITC+,PI-) and late apoptotic 

and necrotic (FITC+,PI+) cells were determined and displayed as the mean + SD of three independent measurements. (a) The rate of apoptotic 

cells after 24h, 48 h and 72 h; (b) The rate of necrosis after 24h, 48 h and 72 h. Significance of a treatment effect compared to the DMSO con-

trol was determined using student t-Test, p < 0.05. 
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Figure 4. The morphological changes after PDA-66 and PDA-377 treatment. CLBL-1 and 

CLBL-1M cells were incubated with 1.5 μM PDA-66, 2.5 μM PDA-377 and DMSO. Cytospins 

of treated cells were stained with Pappenheim method after 72 h. Representative pictures 

are displayed. In DMSO controls, increased light to darkblue cytoplasm showing juxtanuclear 

enlightenment and sometimes distinct vacuolization is seen; the nuclei are round to indent to 

cloverleaf shaped showing coarse chromatin and indistinct round 1-5 nucleoli. In the cells 

treated with PDA agents, light to darkblue cytoplasma showing, beside juxtanuclear enlight-

enment also distinct large vacuolization, clumped condensated chromatin pattern of round to 

indent and cloverleaf shaped nuclei (red solid arrow), apoptotic bodies (red dashed arrow), 

cytoplasmic blebbing (black dashed arrow), increased cytoplasmic and nuclear vacuolization 

(black solid arrows) and mitotic figures could be observed in analyzed cells. 
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Figure 5. The multidimensional scaling (MDS) plot of the RNA-seq data. The distances 

correspond to the differences in the biological coefficient of variation between the samples. 

The analyzed cells were treated with 1.0 μM and 2.5 μM PDA-66 and DMSO respectively for 

12 h and 24 h. Four distinct clusters were observed in MDS plot. The biological replicates 

from close clusters. Cluster A: High-dose (2.5 μM) 24 h treatment CLBL-1; Cluster B: High-

dose (2.5 μM) 24 h treatment CLBL-1M; Cluster C: High-dose (2.5 μM) 12 h treatment CLBL-

1; Cluster D: High-dose (2.5 μM) 12 h treatment CLBL-1M. S (1-36): Sample names of PDA-

66 and DMSO treated cells. 
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Figure 6. Heatmap of early (12h) reacting genes in all high-dose treatment groups. 

Genes with significantly different expression (FDR<0.001) in any of the high-dose treatments 

compared to controls were selected and displayed as a heatmap with euclidean distance 

clustering. Numbers given for each gene are the foldchanges expressed as logarithmized 

ratios (base 2). 
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4. General discussion 

The aim of this thesis was to identify and evaluate potential cancer stem cell pop-

ulations and their biomarkers in canine B-cell lymphoma and prostate carcinoma de-

rived cell lines. The identification and characterisation could be valuable in the devel-

opment of novel therapeutic strategies. Further aim was to establish fluorescent cell 

lines for in vivo investigation of canine cancer development and evaluation of drug 

effects. The last part the dissertation was to evaluate the effects of newly potential 

chemotherapeutic agents PDA-66 and PDA-377 in canine lymphoma cells. 

4.1 Stem cell marker expression in canine neoplasias, cell lines and the generated 

cell subpopulations 

In the first part the expression profiling of a stemness relevant gene panel has 

been analyzed in primary canine B-cell lymphoma samples and canine B-cell lym-

phoma cell lines, as well as the non-neoplastic lymph node material. The screening 

showed the stem cell marker genes CD44, MYC, MELK, DDX5 and ITGA6 were ex-

pressed in the B-cell lymphoma primary samples and cell lines CLBL-1 and CLBL-

1M. CD44 expression in CLBL-1 and CLBL-1M were additionally confirmed in both 

by flow cytometry and immunocytochemistry. Nearly all cells in the analyzed cell lines 

were CD44 positive. In the study of Blacking et al. (Blacking et al. 2011) the canine 

3132 B-cell lymphoma cell line also showed high percentage of CD44 positive cells 

(99.2%). CD44 was also observed to be wildly expressed in other cultured canine 

cancer cells (Blacking et al. 2011). Therefore, CD44 on its own would not be a suita-

ble marker for canine cancer stem cells. Expression of CD34, CD133, c-Kit, OCT4, 

KLF4 and SOX2 were observed only in a few of the herein analyzed primary lym-

phoma samples but absent in CLBL-1 and CLBL-1M cells. This might be explained 

by higher heterogeneity in primary tumour samples compared to the established cell 

lines and clonal selection during cell line cultivation over time. CD44, ITGA6, DDX5 

and c-KIT were down-regulated, whereas MELK was found to be up-regulated in the 

analyzed B-cell lymphoma samples and cell lines,  

Mutated or over-expressed molecules in cancers are considered as attractive tar-

gets for development of cancer therapeutics. MELK has been suggested as a thera-

peutic target for multiple human cancers due to its effect on cancer stem cell mainte-
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nance (Gray et al. 2005, Ganguly et al. 2015). It has also been reported associated 

with resistance to apoptosis through interaction with Bcl-G, a member of Bcl-2 family 

(Lin et al. 2007). Herein, in this thesis MELK up-regulation was demonstrated for the 

first time in canine B-cell lymphoma. This suggests that MELK could play a critical 

role in B-cell lymphoma development and can be used for further functional in vitro 

assays analyzing its role in canine B-cell lymphoma cell lines.  

However, gene expression profiles of tumour tissues or cell lines may probably 

not represent CSC population due to the small fraction of CSCs in the whole tumour 

material. Consequently to study and identify these cells the following step must be 

isolating the potential CSC population from the respective tumours and characteriz-

ing their gene expression profile.  

In this thesis, the cancer stem-like subpopulation was generated from canine B-

cell lymphoma (CLBL-1 and CLBL-1M) and prostate carcinoma cell line (CT1258) by 

serum-free culture adapted from neurosphere assay. The stem cell marker expres-

sions of the generated subpopulations and cancer cell lines were analysed compara-

tively. Additionally, the stem cell marker genes expression of canine primary lym-

phoma samples were used for comparison with canine lymphoma generated 

spheres. 

The proto-oncogene MYC was one of the first oncogenes to be identified in many 

different human cancers (Dang 2012). It encodes the transcription factor MYC which 

is a multifunctional protein acting in numerous cooperating cellular pathways that 

plays a pivotal role in cell growth, proliferation, apoptosis, tumorigenesis, and main-

taining stem cells (Hoffman and Liebermann 2008, Dang 2015, Topham et al. 2015, 

Wahlstrom and Henriksson 2015). In general, the expression of MYC is tightly con-

trolled in non-neoplastic cells but highly deregulation in the majority of human tu-

mours. It has been known that MYC plays a role in tumour initiation. The knockdown 

of MYC in established human prostate cancer cell lines could inhibit the cell prolifera-

tion (Koh et al. 2011). However, the function of MYC in tumour maintenance had pre-

viously been unclear (Lin et al. 2012). In dog, amplification of MYC has only been 

reported in canine mammary tumour and prostate carcinomas (Fonseca-Alves et al. 

2013, Borge et al. 2015). 
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On the basis of extensive research, it is strongly believed that MYC and Myc’s 

target genes are promising anti-cancer drug targets (Vita and Henriksson 2006, 

Prochownik and Vogt 2010, Frenzel et al. 2011). In humans, mutation and deregula-

tion of MYC caused by chromosomal translocations in B-cell lymphomas has been 

already reported (Slack and Gascoyne 2011, Tomita 2011, Li et al. 2012). Herein, the 

expression of in canine B-cell lymphomas was comparable with non-neoplastic lymph 

nodes. Whereas, MYC was demonstrated to be up-regulated in generated sphere 

cells in comparison to CLBL-1/-1M cells and non-neoplastic lymph nodes. In the cur-

rent study analysing the canine prostate carcinoma cells, the generated sphere cells 

displayed a lower MYC expression level than the native CT1258 cells. These results 

indicate that MYC expression in initiating cells maybe depends on the tissue type. 

Furthermore, expression of MYC, as well as DDX5 and MELK, decreased in a doxo-

rubicin selected population which was named CLBL-1MDoxoR130.  

ITGA6 was found to be highly increased in sphere-forming cells of the benign 

and malignant human prostate, and was discussed to be a optimal marker for 

potential CSC selection (Yamamoto H 2012). Consistently, ITGA6 expression was 

significantly increased in the herein analysed CT1258 spheroid cells compared to 

adherent CT1258 cells. Again, different results were observed between the herein 

analysed canine lymphoma and prostate cancer derived cells. A decreased ITGA6 

expression was found only in CLBL-1M sphere cells. These results suggest that 

ITGA6 could be a potential indicator for the existence of a specific cell subpopulation 

in selectively cultivated CT1258 sphere subset. 

The comparative analyses of CD44 and CD133 revealed that no up-regulated 

gene expressions were observed in both canine lymphoma and prostate cancer 

generated spheres. Further flow cytometric analyses verified these findings, distinct 

CD133+ subpopulation was not exist in selectively cultivated CLBL-1S/-1MS and 

CT1258S cells. The results indicate that the CD44/CD133 double-positive pattern of 

many human CSCs is not characteristic of CLBL-1/-1M and CT1258 cells.  

According to the cancer stem cell hypothesis, the specific CSC subpopulations 

are discussed as being more resistant to conventional chemotherapy agents (Dean 

et al. 2005, Lawson and Witte 2007, Visvader and Lindeman 2008, Visvader and 

Lindeman 2012). The responses of the herein generated CLBL-1/-1M and CT1258 
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sphere cells to a common chemotherapy drug (doxorubicin) were examined using 

WST-1 assay analysing metabolic activity. However, no difference in sensitivity to 

doxorubicin was seen between sphere cells and the native non enriched cells. 

Interestingly, a significant increased metabolic activity was detected in CT1258 

sphere cells when compared to adherent CT1258 cells. In cancer, metabolic 

alteration is considered as one of the hallmarks of cancer cells influencing cancer cell 

survival (Tennant et al. 2010). In general, cancer cells are described to be 

characterised by increased glycolysis. CSCs were reported to have special metabolic 

features with an even higher glycolytic activity that distinguishes them from the bulk 

of cancer cells (Tennant et al. 2010, Menendez et al. 2013, Liu et al. 2014). These 

observations suggest that during cultivation, a population of cells with altered 

metabolism was enriched.  

In conclusion of this part, a specific unique pattern of stem cell marker 

expression indicating the presence of stem cell-like cells was not identified in the 

canine B-cell lymphoma cells and prostate carcinoma cells analyzed in this thesis. 

The expression of individual cancer stem cell marker appears sample specific and 

could change within the different subpopulations. It appears likely that the stem cell 

marker expression varies individually even within tumour samples of one entity. 

Consequently the existence of a general 'stable' marker set for CSCs detection in 

canine tumours is still need to be discussed. However, the up-regulation of MELK in 

the B-cell lymphoma primary samples and cell lines indicates a potential interesting 

role for MELK in canine B-cell lymphoma. Furthermore, this study demonstrated that 

CLBL-1/-1M and CT1258 cells can form spheres under serum-free condition. The up-

regulation of MYC in CLBL-1/-1M generated spheres and ITGA6 in CT1258 

generated spheres offers interesting possibilities for further functional 

characterization of the specific subpopulation.  

4.2 Fluorescent canine prostate cancer cell lines for in vivo studies 

Tumour-derived cell lines provide a valuable resource for cancer researches and 

offer several possibilities for the basic drug evaluation. But studies in vitro remain 

limited to evaluate complex interactions. Whole animal models are key to understand 

the underlying mechanisms of tumorigenesis and metastasis of cancer as well as 

essential to develop novel therapeutic approaches. In addition to the in vitro charac-
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terization of the generated sphere cells, in vivo evaluating the tumorigenic potential of 

the generated sphere cells is necessary to verify the potential CSC character. There-

fore, an in vivo model is needed allowing detecting and analysing of the enriched cell 

subpopulations in order to evaluate if these populations are able to initiate new tu-

mour. Such a model will also be a valuable tool to further characterize the role of 

MYC and ITGA6 in canine cancer cells. To achieve this, first of all, cell lines that can 

be detected also in early phases in animal models need to be established and well 

characterized. Fluorescence reporters provide the opportunity to study early tumour 

progression before palpation as well as drug intervention longitudinal in living animals. 

In this thesis, three canine prostate cancer cell lines stably expressing fluorescent 

proteins were established. These cell lines could be used to generate spheres as 

done before in this thesis and be analysed in vivo taking advantage of their fluores-

cent features. The cell line CT1258 is established from a highly malignant canine ad-

enocarcinoma with mesentery metastasis. This cell line showed highly tumourigenic 

behaviour in vivo (Fork et al. 2008, Sterenczak et al. 2012). Its generated fluorescent 

cell lines CT1258-Fusionred, CT1258-mKate2C and CT1258-TurboFP650 express 

FusionRed protein (red), mKate2 (far-red) and TurboFP650 protein (near infar-red) 

respectively. CT1258-Fusionred and CT1258-TurboFP650 are polyclonal cell lines 

without monoclonal selecting after selection with geneticin (G418). They maintained 

the heterogeneous character of the initial cell line CT1258. CT1258-mKate2C is a 

monoclonal subline generated by limiting dilution assay. In CT1258-mKate2C, 

mKate2 positive cell can achieve 97% and able to maintain a considerable level after 

long-term cultivation without antibiotic selection. However, the monoclonal cell line 

may have higher risk of morphology, proliferation or gene expression changes. 

One of the technical challenges for in vivo inmaging is the photon attenuation in 

living tissue (Rao et al. 2007). Therefore, fluorescent proteins with long emission at 

the red, far-red, and near infra-red (NIR) region were chosed in current study. All 

three generated cell lines are able to stably express their respective fluorescent 

proteins an extensive period of time. In addition, NightOWL LB 983 in vivo imaging 

system was used to verify the sensitivity of fluorescence detection. Combined with 

the high-sensitive in vivo imaging system, the generated red/fR/NIR fluorescent cell 

lines represent a valuable tool for canine prostate cancer studies in vivo.  
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Random integration of the herein used plasmid-DNA into the genome can easily 

result in alteration of basic cell line characteristics, such as cell morphology, 

proliferation, and genomic stabilty. Compared with their parental cell line CT1258, the 

biological characteristics of the generated cell lines, such as cell proliferation and 

metabolic activity, did not display significant differences. Furthermore, the expression 

of stem cell marker genes also remained substantially stable within the lines. 

Different from the other two cell lines, CT1258-mKate2C was found to be 

characterised by an increased metabolic activity. During cultivation, an interesting 

phenomenon is observed in CT1258-mKate2C. The cell clusters formed by CT1258-

mKate2C were observed similar to the spheres generated by serum-free CT1258 

culture in a previous study (Liu et al. 2015). The increased metabolic activity of 

CT1258-mKate2C mentioned above was also consistent to the prior characterising of 

the CT1258 generated spheres (Liu et al. 2015). These result led to an interesting 

hypothesis that the CT1258-mKate2C cell line might be the result of a clone selected 

from a sphere-formation subpopulation. To further validate this hypothesis, expres-

sion of ITGA6 gene and the surface marker CD49f (aka ITGA6) was analysed in 

CT1258-mKate2C. Increased ITGA6 gene expression was detected in CT1258 gen-

erated spheres by real-time PCR in previous study (Liu et al. 2015). However, in-

creased expression of ITGA6 and CD49f was not revealed in CT1258-mKate2C cells 

by the real-time PCR and flow cytometric analyses. Nevertheless, CT1258-mKate2C 

cells exhibited higher sphere-forming capacity compared to CT1258 cells in serum-

free medium. The ability to form non-adherent spheres in serum-free condition is an 

indicator to evaluate self-renewal ability of the cells, thus it was considered to be one 

of the important phenotypic characteristics of cancer stem-like cells (Visvader and 

Lindeman 2012). Taken together, these results indicate that the CT1258-mKate2C 

cell line may have an enriched potential cancer stem-like cell population. Further val-

idation still need to be performed. 

Furthermore, to characterize the genomic stability after transfection, copy number 

variations (CNVs) were analyzed by whole genome sequencing. In general, genomic 

profiling of the three generated fluorescent cell lines showed no significant changes 

of copy numbers. However, different from CT1258, CT1258-Fusionred and CT1258-

TurboFP650, CT1258-mKate2C is the only cell line which does not show a distal 

CFA16 deletion. The preserved CFA16 part contains 270 encoding genes. DAVID 
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pathway analyses (https://david.ncifcrf.gov/summary.jsp) revealed that the lysoso-

mal, insulin and MAPK signalling pathways are modulated by twelve of the genes; 

however, the p-value did not show significance.  

To conclude, key characteristics of the generated cell lines remained comparable 

to the parental line CT1258. The generated cell lines that stably expressing strong 

fluorescent protein provided a valuable option for deep tissue in vivo imaging and a 

stable model for further studies characterizing the previously described potential CSC 

subpopulations. 

4.3 Effects of PDA-66 and PDA-377 in canine lymphoma cells 

In the last part of this thesis, the effects of PDA-66 and PDA-377 on canine lym-

phoma cells were investigated for the first time. According to the fact that PDA-66 

and PDA-377 have the same basic molecular structure with SB-216763 (Pews-

Davtyan et al. 2008, Schmole et al. 2010), it was initially assumed that these com-

pounds may also have inhibition effect on GSK3β. Previous studies have indicated 

that PDA-66 could significantly inhibit the proliferation and metabolic activity of hu-

man ALL cells, and induce apoptosis and cell cycle alterations in human neuroblas-

toma, lung carcinoma and ALL cells (Eisenloffel et al. 2013, Kretzschmar et al. 2014). 

However, GSK3β inhibition effect was not detected at protein level (Kretzschmar et al. 

2014). In these studies no detailed analyses of transcriptome or proteome, as well as 

pathways which are possibly targeted by PDA-66 and PDA-377 were performed. 

Consequently the principle of PDA mediated apoptotic effects is still unidentified.  

In this thesis, consistent with previous finding in other tumour types, PDA-66 and 

PDA377 led to a significant decrease in cell count and metabolic activity, and in-

duced antiproliferative effects in canine B-cell lymphoma cells. Furthermore, an in-

duction of apoptosis and necrosis was detected in the exposed canine B-cell lym-

phoma cells. PDA-66 showed stronger cell toxic effect comparing with PDA-377, in-

ducing death of all lymphoma cells after 48 hours at a concentration of 2.5 µM. Due 

to the higher effects of PDA-66 compared to PDA-377 the following experiments 

were performed with PDA-66. In order to further explore the mechanisms of PDA-66 

induced effects, a comparative transcriptome analysis was performed before and 12 

hours as well as 24 hours post PDA-66 application.  

https://david.ncifcrf.gov/summary.jsp
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Early effects (12 hours) of PDA-66 caused 168 genes in CLBL-1 cells and 231 

genes in CLBL-1M cells to display a significant differential expression. There were 42 

genes in CLBL-1 and 47 genes in CLBL-1M which mapped to three pathways: cell 

cycle, DNA replication and p53 signalling pathway. However, expression of the hypo-

thetical target of the PDA agents GSK3β was only decreased after 24 hours treat-

ment with highdose (2.5 µM) PDA-66 in CLBL-1 and CLBL-1M cells. This suggests 

that GSK3β signalling is not likely to be the primary mode of drug action.  

It is known that p53 is an essential transcription factor in the control of the cell cy-

cle, mediating cell cycle arrest and apoptosis. The pathway is induced by diverse cel-

lular stresses and activation results in inhibition of tumour cell growth (Amaral et al. 

2010). Stress signals transmitted to the p53 protein by post-translational modifica-

tions result in the activation of the p53 protein that initiates a program of cell cycle 

arrest, cellular senescence or apoptosis (Harris and Levine 2005). MDM2 protein is 

major regulator of the p53 protein (Mayo and Donner 2002), However, the MDM2 

gene, one of the important targets of p53 signalling, showed no different expression 

in the current study. The tumour protein p53 inducible protein (TP53I3) gene, also 

called p53-inducible gene 3 (PIG3) is one of the interesting targets modulated. It in-

duced by the p53 and considered to be involved in p53-mediated apoptosis by in-

creasing cellular reactive oxygen species (ROS) levels (Macip et al. 2003, Porte et al. 

2009). In this study, the TP53I3 mRNA expression level was significantly increased in 

all highdose PDA-66 treated groups. Similarly, a study of analyzing Nutlin-3, a small 

molecule inhibitor variably inducing apoptosis and cell cycle arrest in cancer cells, 

revealed an induction of TP53I3 in acute myeloid leukaemia cells (Voltan et al. 2014) 

The replicative DNA helicase minichromosome maintenance complex 2-7 

(MCM2-7) associated with the origins of DNA replication is essential for initiation and 

elongation of DNA replication (Gaillard et al. 2015). Deregulation of the MCM function 

and expression in cells is discussed to contribute to tumorigenesis. Studies in human 

also indicated that point mutations of MCM genes are common in several tumours 

(Ren et al. 2006, Cancer Genome Atlas Research 2012, Qian et al. 2014). Recently, 

MCM 2-7 replicative helicase were suggested as novel promising chemotherapeutic 

targets for drug development (Lei 2005, Simon and Schwacha 2014). In the current 

study, the expression of MCM 2-7 was significant down-regulated in highdose treated 
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CLBL-1 and CLBL-1M cells. In addition, the mRNA levels of cyclin E (CCNE), cell 

division cycle 6 (CDC6) and cyclin-dependent kinase 2 (CDK2), were markedly de-

creased following treatment with highdose PDA-66. Moreover, the decreasing ex-

pression of cyclin E2 (CCNE2) and CDK2 occurred in a time-dependent manner. In 

G1 phase, cyclin E binds to CDK2 is essential for the transition from G1 to S phase 

of the cell cycle. CDK2 activates the MCM2-7 helicase in order to initiate DNA repli-

cation (Gaillard et al. 2015). However, the expression level of cyclin-dependent ki-

nase inhibitor 1A (CDKN1A) which encode a CDK inhibitor p21 was not altered. 

These results suggest that PDA-66 possesses potential anti-cancer activity against 

canine B-cell lymphoma cells, and the acting mechanism of the drug is likely to me-

diate its effect though DNA replication.  

Nevertheless, in order to further evaluate the acting mechanisms of PDA agents a 

broader comparison of several targeted cell lines must be performed. The compara-

tive studies of the PDA induced effects will provide valuable information for its further 

characterization in vivo. In the traditional drug development, the first step is dose-

finding trial, to determine the maximum tolerated dose (MTD), define dose-limiting 

toxicity (DLT) and preliminary efficacy data (Vail 2007). Understanding the sensitivity 

variability of different tumours to the drug is the basic for identification of the optimal 

dose for individual tumour. Cell lines which derived from the same tumour type may 

also have different responding to the drug. It would be interesting to identify the alter-

ation of gene expression in the more resistant cell lines. The results would help us to 

know the genes which associated with drug resistance.  
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5. Summary 

Stem cell marker expression of canine neoplasia generated cell subpopula-

tions and effect of novel arylindolylmaleimides on canine lymphoma cell lines 

Wen Liu 

Cancer stem cell (CSC) as the most critical population in cancer development 

was widely proven to distinguish with bulk of tumour cells using specific markers. 

Thus, the first part of this thesis was attempt to identify the candidate cancer stem 

cell marker genes in canine B-cell lymphoma and canine prostate carcinoma. The 

expression profiling of 12 stem cell associated genes was characterized in primary 

canine lymphoma samples, canine lymphoma cell lines CLBL-1 and CLBL-1M, ca-

nine prostate carcinoma cell line CT1258, and the generated stem cell-like subpopu-

lation of CLBL-1, CLBL-1M and CT1258. MELK gene showed over-expression in ca-

nine B-cell lymphoma primary samples and CLBL-1/-1M cells in comparison to non-

neoplastic lymph node control. The serum-free generated sphere cells did not display 

a doxorubicin resistant feature both in canine B-cell lymphoma and prostate carcino-

ma cells. Relative real-time PCR revealed MYC oncogene was up-regulated in se-

rum-free generated canine B-cell lymphoma cells, whereas down-regulated in doxo-

rubicin resistant CLBL-1M cells and CT258 generated sphere cells. CD44 down-

regulation was only observed in CLBL-1 and CLBL-1M serum-free generated cells. 

DDX5 and MELK showed down-regulation in doxorubicin resistant CLBL-1M cells 

and CT1258 generated sphere cells. ITGA6 was found down-regulation in CLBL-1M 

serum-free generated cells, while up-regulation in CT1258 generated sphere cells. 

Up-regulation of NANOG was observed in doxorubicin resistant CLBL-1M cells. 

These observations, taken together, suggest that different subpopulations of tumour 

cells may have various gene expression patterns and reflect different stem cell char-

acteristics. 

For further understanding of the pathogenesis of prostate cancer, as well as in-

vestigating of CSC subpopulation, three CT1258 fluorescent cell lines were estab-

lished. CT1258-FusionRed, CT1258-mKate2C, and CT1258-TurboFP650 stably ex-

press fluorescent proteins in red, far-red and near infra-red spectrum. The cell line 

fluorescence is highly sensitive detectable in vitro using an in vivo imaging system. 
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Cell proliferation and stem cell marker genes expression results showed that the 

generated cell lines kept their parental cell line characteristics. In comparison to their 

parental cell line, genomic copy number variation (CNV) and metabolic activity 

showed in general no significant changes. CT1258-mKate2C was the only line with-

out a distal CFA16 deletion and elevated metabolic activity. Nevertheless, the gener-

ated cell lines provided a valuable option for deep tissue in vivo imaging. 

The discovery and development of new effective anticancer drugs are still the ma-

jor focus of current cancer research. PDA-66 and PDA-377 are two newly synthe-

sised arylindolylmaleimides, which were applied to the canine B-cell lymphoma cells 

for the first time in this thesis. PDA-66 and PDA-377 display significant anti-

proliferation effect in canine B-cell lymphoma cells in a strong dose dependent man-

ner. Further analyses investigate that PDA-66 and PDA-377 could induce apoptosis 

and necrosis in canine B-cell lymphoma cells. Additionally, PDA-66 revealed more 

effective than PDA-377. Therefore, the transcriptomic analyses were performed on 

PDA-66 treated canine lymphoma cells. Gene expression was significantly different 

between 12 hours and 24 hours of 2.5 µM PDA-66 effects. These differentially ex-

pressed genes were mainly involved in the cell cycle, DNA replication, and p53 sig-

nalling pathways. 

.
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6. Zusammenfassung 

Stammzell Markerexpression von caninen Tumor Zellsubpopulationen undcha-

rakterisierung des Effektes von Arylindolylmaleimiden auf canine Lymphom-

zelllinien 

Wen Liu  

Potentielle Tumorstammzellen werden als wichtige Zellpopulation bei Tumorent-

wicklung und Progress angesehen. Diese Zellen können bei einer Vielzahl Neopla-

sien des Menschen über spezifische Markermoleküle identifiziert und isoliert werden. 

Im ersten Teil dieser Arbeit sollte die Expression von 12 Stammzellmarkern in 

Material aus caninen Lymphomen und Prostatakarzinomen charakterisiert werden. 

Ferner sollte evaluiert werden ob ein spezifisches Expressionsmuster identifiziert 

werden kann, welches die Detektion und Isolierung von potentiellen Tumorstammzel-

len erlaubt. Die 12 Marker wurden an asservierten Primärmaterial, den Zelllinien 

CLBL-1, CLBL-1M, CT1258 und daraus generierten Zellsphären analysiert. Für das 

MELK Gen konnte eine Überexpression in den primären caninen B-Zell- Lymphom-

proben als auch in den analysierten Zelllinien beschrieben werden. Die generierten 

Sphären der Lymphom- als auch Prostatakarzinomzelllinien zeigten jedoch keine 

erhöhte Resistenz gegen Doxorubicin. Weiterhin konnte für die MYC Genexpression 

gezeigt werden, dass in Sphären der B-Zell-Lymphome die Expression erhöht war 

während sie in doxorubicinresistenten CLBL-1M also auch CT1258 generierten 

Sphären erniedrigt waren. Für CD44 konnte nur in den CLBL-1 und CLBL-1M gene-

rierten Sphären eine Erniedrigung der Expression gezeigt werden. DDX5 und MELK 

hatten in doxorubicinresistenten CLBL-1M und CT1258 generierten Sphären eine 

erniedrigte Expression. Für ITGA6 wurde eine erniedrigte Expression in CLBL-1M 

generierten Sphären detektiert, während in CT1258 generierten Sphären die Expres-

sion erhöht war. Außerdem zeigten die doxorubicinresistenten CLBL-1M Zellen eine 

erhöhte Expression des Stammzellmarkers NANOG. Zusammenfassend lässt sich 

behaupten, dass kein einheitliches Muster identifiziert werden konnte und dass die 

verschiedenen Zellpopulationen unterschiedliche individuell charakteristische Ex-

pressionsmuster aufweisen. 
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Um weiterführende Untersuchungen zu Pathomechanismen des caninen Prosta-

takarzinoms durchführen zu können, sind in dieser Arbeit stabil transfiziert fluores-

zente CT1258 Zelllinien etabliert und charakterisiert worden. Die generierten Zellli-

nien CT1258-FusionRed, CT1258-mKate2C, und CT1258-TurboFP650 exprimieren 

Proteine, die im roten und nahinfraroten Bereich emittieren und somit für hochsensi-

tive in vivo Imaging Aufnahmen genutzt werden können. Vergleichende Analysen der 

Zellproliferationsraten und der Stammzellmarkerexpression haben gezeigt, dass die 

Charakteristika der neu etablierten Zelllinien der parentalen Zelllinien gleichen. Copy 

Number Variation (CNV) Analysen und der Vergleich der metabolischen Aktivität ha-

ben weiterhin gezeigt, dass die fluoreszenten Zelllinien weitgehend der parentalen 

Linie entsprechen. Die Linie CT1258-mKate2C zeigte jedoch als einzige Line keinen 

distalen Verlust bei CFA16. 

Die Evaluation von neuartigen therapeutischen Substanzen ist ein zentraler Punkt im 

Bereich der Tumorforschung. PDA-66 und PDA-377 repräsentieren zwei Arylindolyl-

maleleimidderivate, deren Effekte im Rahmen dieser Arbeit erstmals bei Lymphom-

zellen evaluiert wurden. PDA-66 und PDA-377 zeigten signifikante anti-proliferative 

Eigenschaften bei caninen B-Zell-Lymphomzellen, der beobachtete Effekt ist klar do-

sisabhängig. Beide Substanzen induzieren sowohl Apoptose als auch Nekrose, wo-

bei PDA-66 hier den stärkeren Effekt aufweist. Zur genaueren Charakterisierung der 

PDA-66 induzierten Effekte sind in der Folge vergleichende Transkriptomanalysen 

durchgeführt worden. Hierbei wurden unterschiedliche Zeitpunkte und Konzentratio-

nen von PDA-66 verglichen. Eine 2,5µM Konzentration zeigte hier signifikante Ände-

rungen im Genexpressionsmuster beider CLBL-1 Zelllinien. Die Gene der signifikant 

deregulierten Pathways gehören zur Zellzyklusregulation, DNA-Replikation und P53. 
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8. Appendix 

8.1 Supplemental table of canine prostate cancer cell line transfection study 

Supplemental table 1. Genes located in the CFA16 (chr16:18500001-59500001) deleted region of CT1258 cells. 

Ensembl Gene ID 
Gene Start 
(bp) 

Gene End 
(bp) 

Associated 
Gene Name 

Description 

ENSCAFG00000027184 29835030 29835137 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000026150 58009178 58009276 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000025904 50624049 50624172 SNORD22 Small nucleolar RNA SNORD22 [Source:RFAM;Acc:RF00099] 

ENSCAFG00000031414 25317985 25318104 
  

ENSCAFG00000028013 52827945 52828027 5S_rRNA 5S ribosomal RNA [Source:RFAM;Acc:RF00001] 

ENSCAFG00000027806 27157444 27157530 5S_rRNA 5S ribosomal RNA [Source:RFAM;Acc:RF00001] 

ENSCAFG00000022229 58084295 58084401 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000028123 39682183 39682401 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000027860 20004964 20005221 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000020766 52557671 52557776 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000021992 42862992 42863106 5S_rRNA 5S ribosomal RNA [Source:RFAM;Acc:RF00001] 

ENSCAFG00000026060 55634124 55634226 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000021758 25062198 25062514 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000021071 57383623 57383717 5S_rRNA 5S ribosomal RNA [Source:RFAM;Acc:RF00001] 

ENSCAFG00000020590 38173717 38173789 
  

ENSCAFG00000026006 19831977 19832083 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000028434 31160526 31160628 snoU13 Small nucleolar RNA U13 [Source:RFAM;Acc:RF01210] 

ENSCAFG00000026583 32766392 32766468 
  

ENSCAFG00000026761 43165252 43165377 U6atac U6atac minor spliceosomal RNA [Source:RFAM;Acc:RF00619] 
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Continuation of supplemental table 1 

Ensembl Gene ID 
Gene Start 
(bp) 

Gene End 
(bp) 

Associated 
Gene Name 

Description 

ENSCAFG00000020750 22651984 22652091 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000026677 46551838 46551899 
  

ENSCAFG00000028216 27099445 27099556 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000027291 25226641 25226954 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000028038 23611458 23611529 SNORD112 Small nucleolar RNA SNORD112 [Source:RFAM;Acc:RF01169] 

ENSCAFG00000027276 39781191 39781283 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000029549 42846276 42846382 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000028161 45378966 45379043 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000027996 47597237 47597524 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000027812 35110804 35110885 
  

ENSCAFG00000026073 22755852 22755949 Y_RNA Y RNA [Source:RFAM;Acc:RF00019] 

ENSCAFG00000020515 19932378 19932457 cfa-mir-153 cfa-mir-153 [Source:miRBase;Acc:MI0010335] 

ENSCAFG00000025997 38933820 38933934 5S_rRNA 5S ribosomal RNA [Source:RFAM;Acc:RF00001] 

ENSCAFG00000028590 55440361 55440438 
  

ENSCAFG00000022068 56239222 56239386 U1 U1 spliceosomal RNA [Source:RFAM;Acc:RF00003] 

ENSCAFG00000026572 23958932 23959057 
  

ENSCAFG00000027068 31669887 31670200 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000027528 41097945 41098052 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000027616 55741251 55741358 U6 U6 spliceosomal RNA [Source:RFAM;Acc:RF00026] 

ENSCAFG00000028092 46943101 46943232 SNORA70 Small nucleolar RNA SNORA70 [Source:RFAM;Acc:RF00156] 

ENSCAFG00000027716 48318751 48318979 7SK 7SK RNA [Source:RFAM;Acc:RF00100] 

ENSCAFG00000029350 18551645 18552541 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NU63] 

ENSCAFG00000032200 19853201 19853989 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NRT2] 
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Continuation of supplemental table 1 

Ensembl Gene ID 
Gene Start 
(bp) 

Gene End 
(bp) 

Associated 
Gene Name 

Description 

ENSCAFG00000029059 22910711 22910923 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P3B8] 

ENSCAFG00000005747 25213029 25213400 C8orf4 chromosome 8 open reading frame 4 [Source:HGNC Symbol;Acc:HGNC:1357] 

ENSCAFG00000005828 26030978 26032936 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:E2R2G4] 

ENSCAFG00000029127 27029302 27030426 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NZV4] 

ENSCAFG00000030880 34802235 34803227 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9PAL4] 

ENSCAFG00000028458 35372859 35374457 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NUL9] 

ENSCAFG00000029716 44520400 44521065 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NZ47] 

ENSCAFG00000031482 46903113 46903889 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NYA2] 

ENSCAFG00000032135 47010183 47010845 
 

Claudin  [Source:UniProtKB/TrEMBL;Acc:J9PA10] 

ENSCAFG00000030597 47012372 47013037 
 

Claudin  [Source:UniProtKB/TrEMBL;Acc:J9NSG4] 

ENSCAFG00000008479 53557779 53558345 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1P8D7] 

ENSCAFG00000030266 54054761 54056353 
 

Ubiquitin carboxyl-terminal hydrolase  [Source:UniProtKB/TrEMBL;Acc:J9PAN5] 

ENSCAFG00000030450 59066769 59068370 
 

Ubiquitin carboxyl-terminal hydrolase  
[Source:UniProtKB/TrEMBL;Acc:E2R2N1] 

ENSCAFG00000029429 59380796 59382388 
 

Ubiquitin carboxyl-terminal hydrolase  
[Source:UniProtKB/TrEMBL;Acc:J9NSR8] 

ENSCAFG00000006057 27151222 27219900 WHSC1L1 
Wolf-Hirschhorn syndrome candidate 1-like 1  
[Source:HGNC Symbol;Acc:HGNC:12767] 

ENSCAFG00000006092 27226196 27231157 PPAPDC1B 
phosphatidic acid phosphatase type 2 domain containing 1B  
[Source:HGNC Symbol;Acc:HGNC:25026] 

ENSCAFG00000032268 34040795 34066591 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P030] 

ENSCAFG00000006506 34056015 34058020 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P8Z5] 

ENSCAFG00000006518 34120294 34145582 DCTN6 dynactin 6 [Source:HGNC Symbol;Acc:HGNC:16964] 

ENSCAFG00000006099 27244153 27257586 DDHD2 DDHD domain containing 2 [Source:HGNC Symbol;Acc:HGNC:29106] 

ENSCAFG00000006108 27273845 27303786 BAG4 BCL2-associated athanogene 4 [Source:HGNC Symbol;Acc:HGNC:940] 

ENSCAFG00000025203 43091631 43092536 ZFP42 ZFP42 zinc finger protein [Source:HGNC Symbol;Acc:HGNC:30949] 
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Continuation of supplemental table 1 

Ensembl Gene ID 
Gene Start 
(bp) 

Gene End 
(bp) 

Associated 
Gene Name 

Description 

ENSCAFG00000006113 27304345 27315047 LSM1 
LSM1, U6 small nuclear RNA associated [Source:HGNC Sym-
bol;Acc:HGNC:20472] 

ENSCAFG00000007273 44113051 44284761 MTNR1A melatonin receptor 1A [Source:HGNC Symbol;Acc:HGNC:7463] 

ENSCAFG00000006126 27326036 27331117 STAR 
steroidogenic acute regulatory protein [Source:HGNC Sym-
bol;Acc:HGNC:11359] 

ENSCAFG00000005240 20810860 20859677 WDR60 WD repeat domain 60 [Source:HGNC Symbol;Acc:HGNC:21862] 

ENSCAFG00000029349 34150192 34157117 MBOAT4 
membrane bound O-acyltransferase domain containing 4  
[Source:HGNC Symbol;Acc:HGNC:32311] 

ENSCAFG00000029296 47328307 47332443 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NRJ5] 

ENSCAFG00000006530 34179890 34183351 LEPROTL1 
leptin receptor overlapping transcript-like 1  
[Source:HGNC Symbol;Acc:HGNC:6555] 

ENSCAFG00000031175 47350445 47387910 DCTD dCMP deaminase [Source:HGNC Symbol;Acc:HGNC:2710] 

ENSCAFG00000006146 27335045 27366950 ASH2L 
ash2 (absent, small, or homeotic)-like (Drosophila)  
[Source:HGNC Symbol;Acc:HGNC:744] 

ENSCAFG00000007348 44466300 44487120 F11 coagulation factor XI [Source:HGNC Symbol;Acc:HGNC:3529] 

ENSCAFG00000031381 34194354 34215106 SARAF 
store-operated calcium entry-associated regulatory factor  
[Source:HGNC Symbol;Acc:HGNC:28789] 

ENSCAFG00000008123 47438464 47883237 TENM3 teneurin transmembrane protein 3 [Source:HGNC Symbol;Acc:HGNC:29944] 

ENSCAFG00000007567 45243319 45266374 LRP2BP LRP2 binding protein [Source:HGNC Symbol;Acc:HGNC:25434] 

ENSCAFG00000005460 23022645 23040012 CHRNB3 
cholinergic receptor, nicotinic, beta 3 (neuronal)  
[Source:HGNC Symbol;Acc:HGNC:1963] 

ENSCAFG00000005086 18490060 18628302 RBM33 RNA binding motif protein 33 [Source:HGNC Symbol;Acc:HGNC:27223] 

ENSCAFG00000007582 45266241 45377831 SNX25 sorting nexin 25 [Source:HGNC Symbol;Acc:HGNC:21883] 

ENSCAFG00000008686 55140740 55827671 CSMD1 CUB and Sushi multiple domains 1 [Source:HGNC Symbol;Acc:HGNC:14026] 

ENSCAFG00000006154 27390284 27410103 EIF4EBP1 
eukaryotic translation initiation factor 4E binding protein 1  
[Source:HGNC Symbol;Acc:HGNC:3288] 

ENSCAFG00000006566 34232108 34233029 
  

ENSCAFG00000006574 34789875 34790777 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PJT3] 
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Continuation of supplemental table 1 

Ensembl Gene ID 
Gene Start 
(bp) 

Gene End 
(bp) 

Associated 
Gene Name 

Description 

ENSCAFG00000006161 27445601 27447521 ADRB3 
Canis lupus familiaris adrenoceptor beta 3 (ADRB3), mRNA. 
[Source:RefSeq mRNA;Acc:NM_001003377] 

ENSCAFG00000005841 26238612 26400819 ADAM32 ADAM metallopeptidase domain 32 [Source:HGNC Symbol;Acc:HGNC:15479] 

ENSCAFG00000006176 27462501 27531154 RAB11FIP1 
RAB11 family interacting protein 1 (class I)  
[Source:HGNC Symbol;Acc:HGNC:30265] 

ENSCAFG00000005255 20928224 20987823 VIPR2 
vasoactive intestinal peptide receptor 2 [Source:HGNC Sym-
bol;Acc:HGNC:12695] 

ENSCAFG00000025023 34791855 34801205 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PMB4] 

ENSCAFG00000029801 31115591 31118030 DUSP26 
dual specificity phosphatase 26 (putative) [Source:HGNC Sym-
bol;Acc:HGNC:28161] 

ENSCAFG00000032084 23152489 23165771 SMIM19 small integral membrane protein 19 [Source:HGNC Symbol;Acc:HGNC:25166] 

ENSCAFG00000031006 40052785 40057670 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NT65] 

ENSCAFG00000006845 40332047 40339616 FGF20 fibroblast growth factor 20 [Source:HGNC Symbol;Acc:HGNC:3677] 

ENSCAFG00000006291 31135944 31144648 RNF122 ring finger protein 122 [Source:HGNC Symbol;Acc:HGNC:21147] 

ENSCAFG00000030240 34801120 34817289 DUSP4 dual specificity phosphatase 4 [Source:HGNC Symbol;Acc:HGNC:3070] 

ENSCAFG00000006864 40362587 40457735 MICU3 
mitochondrial calcium uptake family, member 3  
[Source:HGNC Symbol;Acc:HGNC:27820] 

ENSCAFG00000006302 31161253 31167749 TTI2 TELO2 interacting protein 2 [Source:HGNC Symbol;Acc:HGNC:26262] 

ENSCAFG00000005472 23225674 23289820 SLC20A2 
solute carrier family 20 (phosphate transporter), member 2  
[Source:HGNC Symbol;Acc:HGNC:10947] 

ENSCAFG00000005691 23857660 23963937 ANK1 ankyrin 1, erythrocytic [Source:HGNC Symbol;Acc:HGNC:492] 

ENSCAFG00000005089 18521913 18522457 
  

ENSCAFG00000006632 34831826 35040344 TNKS 
tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase  
[Source:HGNC Symbol;Acc:HGNC:11941] 

ENSCAFG00000029968 18650549 18663321 SHH sonic hedgehog [Source:HGNC Symbol;Acc:HGNC:10848] 

ENSCAFG00000007364 44492977 44516482 KLKB1 kallikrein B, plasma (Fletcher factor) 1 [Source:HGNC Symbol;Acc:HGNC:6371] 

ENSCAFG00000006183 27543858 27547106 BRF2 
BRF2, RNA polymerase III transcription initiation factor 50 kDa subunit  
[Source:HGNC Symbol;Acc:HGNC:17298] 
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ENSCAFG00000002087 45336063 45337655 
  

ENSCAFG00000006325 31163912 31180274 MAK16 MAK16 homolog (S. cerevisiae) [Source:HGNC Symbol;Acc:HGNC:13703] 

ENSCAFG00000031456 51035129 51039960 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NXN7] 

ENSCAFG00000005116 19236966 19282596 RNF32 ring finger protein 32 [Source:HGNC Symbol;Acc:HGNC:17118] 

ENSCAFG00000006873 40496415 40546032 
 

Palmitoyltransferase  [Source:UniProtKB/TrEMBL;Acc:F1PU04] 

ENSCAFG00000008367 51550851 51552768 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PAS9] 

ENSCAFG00000006188 27549308 27583699 ADGRA2 
adhesion G protein-coupled receptor A2 [Source:HGNC Sym-
bol;Acc:HGNC:17849] 

ENSCAFG00000008381 52314901 52328610 AGA aspartylglucosaminidase [Source:HGNC Symbol;Acc:HGNC:318] 

ENSCAFG00000007591 45411529 45443482 CFAP97 
cilia and flagella associated protein 97 [Source:HGNC Sym-
bol;Acc:HGNC:29276] 

ENSCAFG00000007596 45454662 45458511 SLC25A4 
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), 
member 4 [Source:HGNC Symbol;Acc:HGNC:10990] 

ENSCAFG00000005837 26248186 26248961 
  

ENSCAFG00000007384 44525644 44544809 CYP4V2 
cytochrome P450, family 4, subfamily V, polypeptide 2  
[Source:HGNC Symbol;Acc:HGNC:23198] 

ENSCAFG00000005847 26410907 26551122 ADAM9 ADAM metallopeptidase domain 9 [Source:HGNC Symbol;Acc:HGNC:216] 

ENSCAFG00000005134 19302536 19442225 LMBR1 
limb development membrane protein 1 [Source:HGNC Sym-
bol;Acc:HGNC:13243] 

ENSCAFG00000005301 21336735 21775932 PSD3 
pleckstrin and Sec7 domain containing 3 [Source:HGNC Sym-
bol;Acc:HGNC:19093] 

ENSCAFG00000006887 40552891 40570085 CNOT7 
CCR4-NOT transcription complex, subunit 7  
[Source:HGNC Symbol;Acc:HGNC:14101] 

ENSCAFG00000006336 31194606 31264963 FUT10 
fucosyltransferase 10 (alpha (1,3) fucosyltransferase)  
[Source:HGNC Symbol;Acc:HGNC:19234] 

ENSCAFG00000008392 52388875 52456270 NEIL3 nei endonuclease VIII-like 3 (E. coli) [Source:HGNC Symbol;Acc:HGNC:24573] 

ENSCAFG00000005321 21903500 21905261 UBE2E1 ubiquitin-conjugating enzyme E2E 1 [Source:HGNC Symbol;Acc:HGNC:12477] 

ENSCAFG00000029768 21920051 21921340 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P2A9] 
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ENSCAFG00000029845 19477176 19484429 NOM1 
nucleolar protein with MIF4G domain 1 [Source:HGNC Sym-
bol;Acc:HGNC:13244] 

ENSCAFG00000006905 40572211 40623840 VPS37A 
vacuolar protein sorting 37 homolog A (S. cerevisiae)  
[Source:HGNC Symbol;Acc:HGNC:24928] 

ENSCAFG00000005325 22113648 22114675 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P1Z1] 

ENSCAFG00000005148 19508956 19514317 MNX1 
motor neuron and pancreas homeobox 1 [Source:HGNC Sym-
bol;Acc:HGNC:4979] 

ENSCAFG00000005502 23276763 23289752 VDAC3 voltage-dependent anion channel 3 [Source:HGNC Symbol;Acc:HGNC:12674] 

ENSCAFG00000006342 31230343 31231127 
 

Chloride intracellular channel protein  [Source:UniProtKB/TrEMBL;Acc:F1PTB9] 

ENSCAFG00000007599 45564971 45567818 HELT helt bHLH transcription factor [Source:HGNC Symbol;Acc:HGNC:33783] 

ENSCAFG00000007402 44550409 44574420 FAM149A 
family with sequence similarity 149, member A  
[Source:HGNC Symbol;Acc:HGNC:24527] 

ENSCAFG00000006371 31706851 31918469 NRG1 neuregulin 1 [Source:HGNC Symbol;Acc:HGNC:7997] 

ENSCAFG00000007662 45735582 45806294 ACSL1 
acyl-CoA synthetase long-chain family member 1  
[Source:HGNC Symbol;Acc:HGNC:3569] 

ENSCAFG00000005158 19590186 19723950 UBE3C ubiquitin protein ligase E3C [Source:HGNC Symbol;Acc:HGNC:16803] 

ENSCAFG00000006193 27598817 27614612 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:E2R210] 

ENSCAFG00000006211 27625447 27638744 ERLIN2 ER lipid raft associated 2 [Source:HGNC Symbol;Acc:HGNC:1356] 

ENSCAFG00000005330 22143922 22211320 SH2D4A SH2 domain containing 4A [Source:HGNC Symbol;Acc:HGNC:26102] 

ENSCAFG00000005921 52861675 52862050 RPS25 ribosomal protein S25 [Source:HGNC Symbol;Acc:HGNC:10413] 

ENSCAFG00000031474 52879184 52883809 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NVU1] 

ENSCAFG00000006673 35378282 35380921 PPP1R3B 
protein phosphatase 1, regulatory subunit 3B  
[Source:HGNC Symbol;Acc:HGNC:14942] 

ENSCAFG00000008409 52883091 52987875 VEGFC vascular endothelial growth factor C [Source:HGNC Symbol;Acc:HGNC:12682] 

ENSCAFG00000006915 40641905 40745502 MTMR7 myotubularin related protein 7 [Source:HGNC Symbol;Acc:HGNC:7454] 

ENSCAFG00000006678 35473971 35499314 ERI1 exoribonuclease 1 [Source:HGNC Symbol;Acc:HGNC:23994] 

ENSCAFG00000006391 33094913 33095378 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:E2QZY7] 
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ENSCAFG00000006410 33162514 33304625 WRN 
Werner syndrome, RecQ helicase-like [Source:HGNC Sym-
bol;Acc:HGNC:12791] 

ENSCAFG00000007406 44618776 44625969 TLR3 toll-like receptor 3 [Source:HGNC Symbol;Acc:HGNC:11849] 

ENSCAFG00000006686 35579393 35676552 MFHAS1 
malignant fibrous histiocytoma amplified sequence 1  
[Source:HGNC Symbol;Acc:HGNC:16982] 

ENSCAFG00000005337 22218137 22306813 CSGALNACT1 
chondroitin sulfate N-acetylgalactosaminyltransferase 1  
[Source:HGNC Symbol;Acc:HGNC:24290] 

ENSCAFG00000006224 27669462 27673808 ZNF703 zinc finger protein 703 [Source:HGNC Symbol;Acc:HGNC:25883] 

ENSCAFG00000025347 53259318 53269216 SPCS3 
signal peptidase complex subunit 3 homolog (S. cerevisiae)  
[Source:HGNC Symbol;Acc:HGNC:26212] 

ENSCAFG00000008648 56555514 56556528 
  

ENSCAFG00000029727 35760291 35764957 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NTB3] 

ENSCAFG00000007475 44882118 45066154 SORBS2 sorbin and SH3 domain containing 2 [Source:HGNC Symbol;Acc:HGNC:24098] 

ENSCAFG00000023937 28315890 28318089 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PPG0] 

ENSCAFG00000025394 35787658 35788397 
  

ENSCAFG00000008577 58306761 58532552 MCPH1 microcephalin 1 [Source:HGNC Symbol;Acc:HGNC:6954] 

ENSCAFG00000006745 36058455 36103987 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PK38] 

ENSCAFG00000005342 22488359 22488954 
  

ENSCAFG00000005369 22607048 22638086 INTS10 integrator complex subunit 10 [Source:HGNC Symbol;Acc:HGNC:25548] 

ENSCAFG00000005710 23857836 23972711 NKX6-3 NK6 homeobox 3 [Source:HGNC Symbol;Acc:HGNC:26328] 

ENSCAFG00000005716 23987151 24009495 AGPAT6 
1- acylglycerol-3-phosphate O-acyltransferase 6  
2- [Source:HGNC Symbol;Acc:HGNC:20880] 

ENSCAFG00000008421 53299417 53351593 ASB5 
ankyrin repeat and SOCS box containing 5  
[Source:HGNC Symbol;Acc:HGNC:17180] 

ENSCAFG00000030141 36217906 36257537 LONRF1 
LON peptidase N-terminal domain and ring finger 1  
[Source:HGNC Symbol;Acc:HGNC:26302] 

ENSCAFG00000005508 23302320 23304824 DKK4 
dickkopf WNT signaling pathway inhibitor 4 [Source:HGNC Sym-
bol;Acc:HGNC:2894] 
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ENSCAFG00000005517 23305565 23335825 POLB polymerase (DNA directed), beta [Source:HGNC Symbol;Acc:HGNC:9174] 

ENSCAFG00000007735 45820867 45858803 CENPU centromere protein U [Source:HGNC Symbol;Acc:HGNC:21348] 

ENSCAFG00000005174 19806375 19847935 DNAJB6 
DnaJ (Hsp40) homolog, subfamily B, member 6  
[Source:HGNC Symbol;Acc:HGNC:14888] 

ENSCAFG00000007746 45862085 45913961 PRIMPOL 
primase and polymerase (DNA-directed) [Source:HGNC Sym-
bol;Acc:HGNC:26575] 

ENSCAFG00000006944 40855291 40874888 SLC7A2 
solute carrier family 7 (cationic amino acid transporter, y+ system), member 2  
[Source:HGNC Symbol;Acc:HGNC:11060] 

ENSCAFG00000006953 40888678 40954709 PDGFRL 
platelet-derived growth factor receptor-like [Source:HGNC Sym-
bol;Acc:HGNC:8805] 

ENSCAFG00000006759 36462321 36483215 KIAA1456 KIAA1456 [Source:HGNC Symbol;Acc:HGNC:26725] 

ENSCAFG00000005728 24055094 24068461 GINS4 
GINS complex subunit 4 (Sld5 homolog) [Source:HGNC Sym-
bol;Acc:HGNC:28226] 

ENSCAFG00000028535 28334366 28478440 KCNU1 
potassium channel, subfamily U, member 1  
[Source:HGNC Symbol;Acc:HGNC:18867] 

ENSCAFG00000005378 22642609 22683869 HGSNAT 
heparan-alpha-glucosaminide N-acetyltransferase  
[Source:HGNC Symbol;Acc:HGNC:26527] 

ENSCAFG00000005733 24083434 24101662 GOLGA7 golgin A7 [Source:HGNC Symbol;Acc:HGNC:24876] 

ENSCAFG00000006766 36533996 36927953 DLC1 Rho GTPase-activating protein 7  [Source:UniProtKB/Swiss-Prot;Acc:B9VTT2] 

ENSCAFG00000007750 45920071 45944998 CASP3 
caspase 3, apoptosis-related cysteine peptidase  
[Source:HGNC Symbol;Acc:HGNC:1504] 

ENSCAFG00000008597 58401841 58457684 ANGPT2 angiopoietin 2 [Source:HGNC Symbol;Acc:HGNC:485] 

ENSCAFG00000029617 26550894 26555937 TM2D2 TM2 domain containing 2 [Source:HGNC Symbol;Acc:HGNC:24127] 

ENSCAFG00000005737 24259480 24306309 SFRP1 secreted frizzled-related protein 1 [Source:HGNC Symbol;Acc:HGNC:10776] 

ENSCAFG00000030173 53358086 53371698 SPATA4 spermatogenesis associated 4 [Source:HGNC Symbol;Acc:HGNC:17333] 

ENSCAFG00000006442 33305483 33343936 PURG 
purine-rich element binding protein G [Source:HGNC Sym-
bol;Acc:HGNC:17930] 

ENSCAFG00000006448 33458568 33517446 TEX15 testis expressed 15 [Source:HGNC Symbol;Acc:HGNC:11738] 

ENSCAFG00000006979 40957737 41068967 MTUS1 
microtubule associated tumor suppressor 1  
[Source:HGNC Symbol;Acc:HGNC:29789] 
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ENSCAFG00000032520 19904341 20562653 PTPRN2 
protein tyrosine phosphatase, receptor type, N polypeptide 2  
[Source:HGNC Symbol;Acc:HGNC:9677] 

ENSCAFG00000008450 53374122 53476335 WDR17 WD repeat domain 17 [Source:HGNC Symbol;Acc:HGNC:16661] 

ENSCAFG00000005863 26558429 26568465 HTRA4 HtrA serine peptidase 4 [Source:HGNC Symbol;Acc:HGNC:26909] 

ENSCAFG00000005526 23356833 23418407 IKBKB 
inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta  
[Source:HGNC Symbol;Acc:HGNC:5960] 

ENSCAFG00000006453 33532662 33567377 PPP2CB 
protein phosphatase 2, catalytic subunit, beta isozyme  
[Source:HGNC Symbol;Acc:HGNC:9300] 

ENSCAFG00000032752 46015846 46016470 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P944] 

ENSCAFG00000029034 45111123 45144446 PDLIM3 PDZ and LIM domain 3 [Source:HGNC Symbol;Acc:HGNC:20767] 

ENSCAFG00000005744 24561867 24889045 ZMAT4 zinc finger, matrin-type 4 [Source:HGNC Symbol;Acc:HGNC:25844] 

ENSCAFG00000007761 46053035 46130666 IRF2 interferon regulatory factor 2 [Source:HGNC Symbol;Acc:HGNC:6117] 

ENSCAFG00000006252 29210853 29430308 UNC5D unc-5 homolog D (C. elegans) [Source:HGNC Symbol;Acc:HGNC:18634] 

ENSCAFG00000008568 58755846 58797913 AGPAT5 
1-acylglycerol-3-phosphate O-acyltransferase 5  
[Source:HGNC Symbol;Acc:HGNC:20886] 

ENSCAFG00000032414 26567737 26629953 PLEKHA2 
pleckstrin homology domain containing, family A (phosphoinositide binding spe-
cific) member 2 [Source:HGNC Symbol;Acc:HGNC:14336] 

ENSCAFG00000030110 22698320 22722908 POMK protein-O-mannose kinase [Source:HGNC Symbol;Acc:HGNC:26267] 

ENSCAFG00000005385 22738232 22768735 FNTA farnesyltransferase, CAAX box, alpha [Source:HGNC Symbol;Acc:HGNC:3782] 

ENSCAFG00000004781 20361959 20362386 
  

ENSCAFG00000005217 20648768 20712208 NCAPG2 
non-SMC condensin II complex, subunit G2  
[Source:HGNC Symbol;Acc:HGNC:21904] 

ENSCAFG00000006778 36994569 37022906 C8orf48 
chromosome 8 open reading frame 48 [Source:HGNC Sym-
bol;Acc:HGNC:26345] 

ENSCAFG00000006792 37443076 37910380 SGCZ sarcoglycan, zeta [Source:HGNC Symbol;Acc:HGNC:14075] 

ENSCAFG00000005748 25316588 25375245 IDO2 indoleamine 2,3-dioxygenase 2 [Source:HGNC Symbol;Acc:HGNC:27269] 

ENSCAFG00000007793 46247132 46360034 ENPP6 
ectonucleotide pyrophosphatase/phosphodiesterase 6  
[Source:HGNC Symbol;Acc:HGNC:23409] 
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ENSCAFG00000006462 33589445 33622768 UBXN8 UBX domain protein 8 [Source:HGNC Symbol;Acc:HGNC:30307] 

ENSCAFG00000006815 38862773 39087116 TUSC3 tumor suppressor candidate 3 [Source:HGNC Symbol;Acc:HGNC:30242] 

ENSCAFG00000030332 58836575 58861533 XKR5 
XK, Kell blood group complex subunit-related family, member 5  
[Source:HGNC Symbol;Acc:HGNC:20782] 

ENSCAFG00000006478 33633704 33680616 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PY21] 

ENSCAFG00000005407 22792622 22901511 HOOK3 hook microtubule-tethering protein 3 [Source:HGNC Symbol;Acc:HGNC:23576] 

ENSCAFG00000007015 41010616 41011391 
  

ENSCAFG00000030817 53579817 53583770 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9JHQ5] 

ENSCAFG00000005876 26677588 26797532 TACC1 
transforming, acidic coiled-coil containing protein 1  
[Source:HGNC Symbol;Acc:HGNC:11522] 

ENSCAFG00000025075 58871018 58881592 DEFB1 defensin, beta 1 [Source:HGNC Symbol;Acc:HGNC:2766] 

ENSCAFG00000008497 53698399 53844809 GPM6A glycoprotein M6A [Source:HGNC Symbol;Acc:HGNC:4460] 

ENSCAFG00000032313 41157076 41191335 FGL1 fibrinogen-like 1 [Source:HGNC Symbol;Acc:HGNC:3695] 

ENSCAFG00000024964 58953916 58956407 
 

Beta-defensin 102; Uncharacterized protein  
[Source:UniProtKB/TrEMBL;Acc:Q30KV1] 

ENSCAFG00000032247 58964475 58966946 
 

Beta-defensin 103; Uncharacterized protein 
[Source:UniProtKB/TrEMBL;Acc:Q30KV0] 

ENSCAFG00000031506 53978452 53983839 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P9K0] 

ENSCAFG00000005750 25391701 25407289 IDO1 indoleamine 2,3-dioxygenase 1 [Source:HGNC Symbol;Acc:HGNC:6059] 

ENSCAFG00000024886 58993963 58995731 
 

Sperm-associated antigen 11 variant E; Uncharacterized protein  
[Source:UniProtKB/TrEMBL;Acc:Q30KR2] 

ENSCAFG00000008535 53999677 54000416 
  

ENSCAFG00000008558 59006365 59011878 
 

Sperm-associated antigen 11 variant C; Uncharacterized protein 
[Source:UniProtKB/TrEMBL;Acc:Q30KR3] 

ENSCAFG00000031866 54008655 54028773 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P115] 

ENSCAFG00000024791 59031848 59033519 
 

Beta-defensin  [Source:UniProtKB/TrEMBL;Acc:F1PK37] 

ENSCAFG00000007552 45159432 45180636 CCDC110 coiled-coil domain containing 110 [Source:HGNC Symbol;Acc:HGNC:28504] 
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ENSCAFG00000006830 39436753 39513280 MSR1 macrophage scavenger receptor 1 [Source:HGNC Symbol;Acc:HGNC:7376] 

ENSCAFG00000007807 46429017 46638018 STOX2 storkhead box 2 [Source:HGNC Symbol;Acc:HGNC:25450] 

ENSCAFG00000030976 59053530 59057496 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P1C5] 

ENSCAFG00000025286 54043532 54046480 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1P8H6] 

ENSCAFG00000030674 59485997 59488918 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:L7N0L6] 

ENSCAFG00000014646 54078296 54079888 
 

Ubiquitin carboxyl-terminal hydrolase  [Source:UniProtKB/TrEMBL;Acc:E2R279] 

ENSCAFG00000025419 26800619 26801229 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F6XUK4] 

ENSCAFG00000025123 54087455 54090367 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PT47] 

ENSCAFG00000005970 27037832 27078252 FGFR1 fibroblast growth factor receptor 1 [Source:HGNC Symbol;Acc:HGNC:3688] 

ENSCAFG00000007825 46684737 46736509 TRAPPC11 
trafficking protein particle complex 11 [Source:HGNC Sym-
bol;Acc:HGNC:25751] 

ENSCAFG00000005417 22900313 22927019 RNF170 ring finger protein 170 [Source:HGNC Symbol;Acc:HGNC:25358] 

ENSCAFG00000023845 45192191 45205670 C4orf47 
chromosome 4 open reading frame 47 [Source:HGNC Sym-
bol;Acc:HGNC:34346] 

ENSCAFG00000013667 54309504 54393538 ARHGEF10 
Rho guanine nucleotide exchange factor (GEF) 10  
[Source:HGNC Symbol;Acc:HGNC:14103] 

ENSCAFG00000006484 33702082 33702515 
  

ENSCAFG00000005575 23469313 23495388 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PWE1] 

ENSCAFG00000006489 33707464 33778474 GTF2E2 
general transcription factor IIE, polypeptide 2, beta 34kDa  
[Source:HGNC Symbol;Acc:HGNC:4651] 

ENSCAFG00000007558 45212127 45233446 UFSP2 UFM1-specific peptidase 2 [Source:HGNC Symbol;Acc:HGNC:25640] 

ENSCAFG00000030807 41184079 41184578 
  

ENSCAFG00000007113 41223805 41290944 PCM1 pericentriolar material 1 [Source:HGNC Symbol;Acc:HGNC:8727] 

ENSCAFG00000005418 22940324 22948416 THAP1 
THAP domain containing, apoptosis associated protein 1  
[Source:HGNC Symbol;Acc:HGNC:20856] 

ENSCAFG00000005228 20718821 20927538 ESYT2 
extended synaptotagmin-like protein 2 [Source:HGNC Sym-
bol;Acc:HGNC:22211] 
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ENSCAFG00000005758 25455876 25561617 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9NX57] 

ENSCAFG00000006503 33810361 33959841 RBPMS 
RNA binding protein with multiple splicing [Source:HGNC Sym-
bol;Acc:HGNC:19097] 

ENSCAFG00000007563 45228887 45233446 ANKRD37 ankyrin repeat domain 37 [Source:HGNC Symbol;Acc:HGNC:29593] 

ENSCAFG00000005444 22990558 23009263 CHRNA6 
cholinergic receptor, nicotinic, alpha 6 (neuronal)  
[Source:HGNC Symbol;Acc:HGNC:15963] 

ENSCAFG00000007880 46736144 46750712 RWDD4 RWD domain containing 4 [Source:HGNC Symbol;Acc:HGNC:23750] 

ENSCAFG00000005586 23501138 23522865 AP3M2 
adaptor-related protein complex 3, mu 2 subunit  
[Source:HGNC Symbol;Acc:HGNC:570] 

ENSCAFG00000005769 25590383 25750185 ADAM18 ADAM metallopeptidase domain 18 [Source:HGNC Symbol;Acc:HGNC:196] 

ENSCAFG00000007143 41298214 41323077 ASAH1 
N-acylsphingosine amidohydrolase (acid ceramidase) 1  
[Source:HGNC Symbol;Acc:HGNC:735] 

ENSCAFG00000005591 23595922 23596312 
  

ENSCAFG00000005632 23604211 23717107 KAT6A K(lysine) acetyltransferase 6A [Source:HGNC Symbol;Acc:HGNC:13013] 

ENSCAFG00000007082 25698502 25700101 
  

ENSCAFG00000007884 46845313 46850643 ING2 inhibitor of growth family, member 2 [Source:HGNC Symbol;Acc:HGNC:6063] 

ENSCAFG00000028812 25838321 25912349 ADAM2 ADAM metallopeptidase domain 2 [Source:HGNC Symbol;Acc:HGNC:198] 

ENSCAFG00000007890 46898949 46903339 CDKN2AIP CDKN2A interacting protein [Source:HGNC Symbol;Acc:HGNC:24325] 

ENSCAFG00000005818 25931134 26020910 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:E2R5Y9] 

ENSCAFG00000007906 47016949 47185500 WWC2 WW and C2 domain containing 2 [Source:HGNC Symbol;Acc:HGNC:24148] 

ENSCAFG00000006047 27076185 27100591 LETM2 
leucine zipper-EF-hand containing transmembrane protein 2  
[Source:HGNC Symbol;Acc:HGNC:14648] 

ENSCAFG00000007135 41361436 41398601 FRG1 FSHD region gene 1 [Source:HGNC Symbol;Acc:HGNC:3954] 

ENSCAFG00000028470 41385644 41417879 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:J9P8T2] 

ENSCAFG00000028501 42037014 42037820 
  

ENSCAFG00000007217 42953884 42960499 TRIML1 tripartite motif family-like 1 [Source:HGNC Symbol;Acc:HGNC:26698] 
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ENSCAFG00000007236 42983363 43000036 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:F1PTW1] 

ENSCAFG00000005832 26042746 26177723 
 

Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:E2R5W1] 
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8.2 Photos of life cell imaging 

    

    

     

Supplemental figure 1. Life cell imaging of CLBL-1 cells after PDA-66 application. CLBL-1 cells were cultured with DMSO (1), 0.25 µM (2) 
and 0.5 µM (3) PDA-66 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 
h (c) and 72 h (d) were shown. 

1(b) 

0.25 

1(a) 

0.25 

1(c) 

0.25 

1(d) 

0.25 

2(b) 

0.25 

2(a) 

0.25 

2(c) 

0.25 

2(d) 

0.25 

3(b) 

0.25 

3(a) 

0.25 

3(c) 

0.25 

3(d) 

0.25 



Appendix 

 

1
2
6
 

    

    

    

Supplemental figure 2. Life cell imaging of CLBL-1 cells after PDA-66 application. CLBL-1 cells were cultured with 1.0 µM (4), 2.5 µM (5) and 
5.0 µM (6) PDA-66 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h (c) 
and 72 h (d) were shown. 
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Supplemental figure 3. Life cell imaging of CLBL-1 cells after PDA-66 application. CLBL-1 cells were cultured with 7.5 µM (7) and 10.0 µM (8) 
PDA-66 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h (c) and 72 h (d) 
were shown. 

 

7(b) 

0.25 

7(a) 

0.25 

7(c) 

0.25 

7(d) 

0.25 

8(b) 

0.25 

8(a) 

0.25 

8(c) 

0.25 

8(d) 

0.25 



Appendix 

 

1
2
8
 

    

    

    

Supplemental figure 4. Life cell imaging of CLBL-1M cells after PDA-66 application. CLBL-1M cells were cultured with DMSO (1), 0.25 µM (2) 
and 0.5 µM (3) PDA-66 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h 
(c) and 72 h (d) were shown. 
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Supplemental figure 5. Life cell imaging of CLBL-1M cells after PDA-66 application. CLBL-1M cells were cultured with 1.0 µM (4), 2.5 µM (5) 
and 5.0 µM (6) PDA-66 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h 
(c) and 72 h (d) were shown. 
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Supplemental figure 6. Life cell imaging of CLBL-1M cells after PDA-66 application. CLBL-1M cells were cultured with 7.5 µM (7) and 10.0 µM 
(8) PDA-66 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h (c) and 72 h 
(d) were shown. 
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Supplemental figure 7. Life cell imaging of CLBL-1 cells after PDA-377 application. CLBL-1 cells were cultured with DMSO (1), 0.25 µM (2) 
and 0.5 µM (3) PDA-377 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h 
(c) and 72 h (d) were shown. 
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Supplemental figure 8. Life cell imaging of CLBL-1 cells after PDA-377 application. CLBL-1 cells were cultured with 1.0 µM (4), 2.5 µM (5) and 
5.0 µM (6) PDA-377 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h (c) 
and 72 h (d) were shown. 
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Supplemental figure 9. Life cell imaging of CLBL-1 cells after PDA-377 application. CLBL-1 cells were cultured with 7.5 µM (7) and 10.0 µM (8) 
PDA-377 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h (c) and 72 h (d) 
were shown. 
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Supplemental figure 10. Life cell imaging of CLBL-1M cells after PDA-377 application. CLBL-1M cells were cultured with DMSO (1), 0.25 µM 
(2) and 0.5 µM (3) PDA-377 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 
48 h (c) and 72 h (d) were shown. 

1(b) 

0.25 

1(a) 

0.25 

1(c) 

0.25 

1(d) 

0.25 

2(b) 

0.25 

2(a) 

0.25 

2(c) 

0.25 

2(d) 

0.25 

3(b) 

0.25 

3(a) 

0.25 

3(c) 

0.25 

3(d) 

0.25 



Appendix 

 

1
3
5
 

    

    

    

Supplemental figure 11. Life cell imaging of CLBL-1M cells after PDA-377 application. CLBL-1M cells were cultured with 1.0 µM (4), 2.5 µM (5) 
and 5.0 µM (6) PDA-377 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h 
(c) and 72 h (d) were shown. 
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Supplemental figure 12. Life cell imaging of CLBL-1M cells after PDA-377 application. CLBL-1M cells were cultured with 7.5 µM (7) and 10.0 
µM (8) PDA-377 for 96 h under a light microscope. The PDA effect was analyzed with a 100x magnification. Photos at 0 h (a), 24 h (b), 48 h (c) and 
72 h (d) were shown. 
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