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Abstract (in German)

Intratumorale-Heterogenität  wird  zunehmend  als  Hauptfaktor  für  die  Diagnose  und die 

personalisierte  Behandlung  von  Krebs  erkannt.  Selbst  in  genetisch  homogenen 

Zellpopulationen  gibt  es  eine  erhebliche  phänotypische  Vielfalt  von  Krebszellen, 

einschließlich  spezifischer  Zellen,  Welch zum Fortbestehend der Erkrankung beitragen. 

Die  nicht-genetische  Heterogenität  von  Zellen  ist  häufig  mit  dem  Erwerb  maligner 

Eigenschaften  verbunden,  wie  etwa  krebsstammzellartigen  Zuständen, 

Arzneimittelresistenz und metastatischen Eigenschaften, und solche Tumorzellen können 

irreversibel oder reversibel zwischen verschiedenen Zuständen wechseln. In dieser Arbeit 

identifizierte  ich  den  stochastischen  Phänotypwechsel  als  einen  neuen  Aspekt  der 

nichtgenetischen  Dynamik,  welcher  zur  Tumorheterogenität  beim  sarkomatoiden 

Cholangiokarzinom  beiträgt.  Die  Analyse  von  Einzelzell-abgeleiteten  klonalen 

Populationen  primärer  Tumorzellkulturen  unter  Verwendung des  Abstammungsmarkers 

Keratin-7  identifizierte  verschiedene  Arten  von  sich  selbst  vermehrenden  Klonen,  die 

entweder  durch  stabile  oder  instabile  Expression  des  Abstammungsmarkers 

gekennzeichnet  sind.  Klonale  Zellen  sind  entweder  Keratin-7-positiv  oder  Keratin-7-

negativ  (stabile  Phänotypen)  oder  verändern  ständig  die  Expression  des 

Abstammungsmarkers  (instabiler  Phänotyp).  Diese  Phänotypen  persistierten  in 

nachfolgenden  Einzelzellpopulationen.  Eine  Methylierungsanalyse  des  Gesamtgenoms 

ergab  eine  unterschiedliche  Methylierung  des  Keratin-7-Promotors,  welche  das 

Expressionsniveau  regulierte.  Die  Transkriptomsequenzierung  zeigte,  dass  der  Wechsel 

zwischen  Keratin-7-Phänotypen  mit  Veränderungen  der  Expression  mehrerer  Gene 

zusammenhängt,  von  denen  einige  mit  dem  epithelialen-mesenchymalen  Transition 

zusammenhängen. In Xenotransplantationstests zeigte der Keratin-7-negative Phänotyp ein 

erhöhtes tumorigenes Potential, das mit dem Keratin-7-negativen Phänotyp der Metastasen 

des Primärtumors dieser Zellen korreliert.

Änderungen  in  mehreren  Signalwegen,  die  sich  gegenseitig  koordinieren  und 

zusammenarbeiten, sind für komplexe biologische Prozesse, wie das Zellwachstum und die 

Bildung von Metastasen bei Krebs erforderlich. Das bekannte RAS-Onkogen allein ist kein 

ausreichender Treiber für die Tumorentstehung, sondern benötigt kooperierende Faktoren. 

Es  besteht  die  Notwendigkeit,  neue  Wege  und  Gene  zu  identifizieren,  die  am 

Krebswachstum  und  an  der  Metastasierung  bei  durch  Ras  hervorgerufenen 

Krebserkrankungen  beteiligt  sind.  In  meiner  Arbeit,  dass  Cathepsin  F  (CTSF),  eine 
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Cystatin-ähnliche Cysteinprotease mit einer gut etablierten Rolle bei physiologischen und 

pathologischen  Prozessen,  auch  ein  neues  Tumorsuppressorgen  beim  hepatozellulären 

Karzinom ist. Ich habe gezeigt, dass CTSF beim hepatozellulären Karzinom im Vergleich 

zu  nicht-neoplastischen  Lebergeweben  signifikant  herunterreguliert  ist.  CTSF korreliert 

negativ mit erhöhtem Tumorgrad und Proliferationsmarker Ki-67 und p53. Patienten mit 

reseziertem  CTSF-negativem  HCC  hatten  im  Vergleich  zu  CTSF-positivem  HCC  ein 

signifikant schlechteres 10-Jahres-Gesamtüberleben. Eine verringerte CTSF-Expression in 

HCC  ist  ein  potenzieller  Marker  für  das  Progression,  Invasivität  und  das  schlechte 

Überlebensraten beim HCC.

Zusammenfassend habe zwei relevante Merkmale des Hepatobiliären Karzinoms in zwei 

verschiedenen  Ansätzen  untersucht.  Zunächst  beschreibe  ich  die  nicht-genetische 

Heterogenität beim sarkomatoiden Cholangiokarzinom, die das derzeitige konzeptionelle 

Bild der intratumoralen Heterogenität  in eine andere Richtung lenkt.  Zweitens habe ich 

einen  neuen  Prognosemarker  für  Leberzellkrebs  validiert,  der  klinische  Relevanz 

impliziert, indem ich Leberzellpatienten in Kategorien mit guter und schlechter Prognose 

einteilte.  Diese  Arbeit  trägt  wesentlich  zum  Verständnis  wichtiger  krebsspezifischer 

Mechanismen bei, die beim Hepatobiliärkarzinom eine Rolle spielen.
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Abstract 

Intratumor heterogeneity is increasingly recognized as a major factor affecting diagnosis 

and personalized treatment of cancer. Even in genetically homogeneous cell populations, 

there is a substantial  amount of phenotypic diversity of cancer cells, including specific 

cells that sustain cancers. Non-genetic heterogeneity of cells is often associated with the 

acquisition of malignant properties, such as cancer stem-like states, drug resistance, and 

metastatic  properties,  and  such  tumor  cells  can  transition  between  different  states 

irreversibly or reversibly.  In this work, I identified stochastic phenotype switching as a 

novel aspect of non-genetic dynamics contributing to tumor heterogeneity in sarcomatoid 

cholangiocarcinoma. Analysis of single cell-derived clonal populations of primary tumor 

cell  cultures  using  the  lineage  marker  keratin-7  identified  different  types  of  self-

propagating  clones  characterized  by either  stable  or  unstable  expression of  the  lineage 

marker. Clonal cells are either keratin-7 positive or keratin-7 negative (stable phenotypes), 

or constantly changing the expression of the lineage marker (unstable phenotype). These 

phenotypes  persisted  in  subsequent  single  cell-derived  populations.  Whole-genome 

methylation analysis revealed differential methylation of the keratin-7 promoter regulating 

its expression levels. Transcriptome sequencing showed that switching between keratin-7 

phenotypes was linked to changes in the expression of several genes, some of which were 

related to the epithelial-mesenchymal transition.  In xenotransplantation assays, keratin-7 

negative  phenotype  showed  increased  tumorigenic  potential,  which  correlates  with  the 

keratin-7 negative phenotype of the metastases of the primary tumor of these cells.

Changes  in  multiple  signaling  pathways  that  mutually  coordinate  and  cooperate  are 

required for complex biological  processes in cancer,  like cell  growth and formation of 

metastases.  The  well-known  RAS  oncogene  alone  is  not  a  sufficient  driver  for 

tumorigenesis but needs cooperating factors. There is a need to identify novel pathways 

and genes that are involved in cancer growth and metastasis in Ras-driven cancers. Here I 

show that Cathepsin F (CTSF), a cystatin-like cysteine protease with a well-established 

role in physiological and pathological processes is also a novel tumor suppressor gene in 

hepatocellular  carcinoma.  I  have  shown  that  CTSF  is  significantly  downregulated  in 

hepatocellular  carcinoma  compared  to  non-neoplastic  liver  tissues.  CTSF  negatively 

correlates with increased tumor grade and proliferation marker Ki-67, and p53. Patients 

with  resected  CTSF-negative  HCC  had  significantly  poorer  10-year  overall  survival 
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compared to CTSF-positive HCC. Reduced CTSF expression in HCC is a potential marker 

of HCC progression, invasiveness, and poor survival. 

Collectively, I studied two relevant features in hepatobiliary carcinoma using two different 

approaches. First, I describe non-genetic heterogeneity in sarcomatoid cholangiocarcinoma 

giving another twist to the current conceptual picture of intratumor heterogeneity. Second, 

I  validated  a  new  prognosis  marker  in  hepatocellular  cancer,  which  implies  clinical 

relevance by segregating hepatocellular patients into categories of good and poor prognosis 

patients. This body of work significantly advances the understanding of important cancer-

specific mechanisms involved in hepatobiliary carcinoma.
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1 Introduction 

1.1 Hepatobiliary cancers

Hepatobiliary  cancers  are  defined  as  primary  malignancies  that  develop  in  the  liver: 

hepatocellular cancers (HCC) and biliary tract cancers. Among the hepatobiliary cancers, 

15 % to 20 % is accounted for cholangiocarcinoma (CC) (1). Based on anatomical site, CC 

can be classified  as  an intrahepatic,  perihilar,  and distal  subtype  (2).  According to  the 

Global Cancer Statistics of 2018, the worldwide incidence of hepatobiliary malignancy is 

estimated to be 841,080 of new liver cancer cases,  and 781,631 of liver cancer-related 

deaths for both sexes and all ages (3).

1.1.1 HCC

HCC is the most common form of primary liver cancer (4). HCC typically develops on a 

background of chronic liver disease, predominantly caused by hepatitis  B virus (HBV), 

hepatitis C virus (HCV), alcohol abuse, or non-alcoholic steatohepatitis (NASH) (5). HCC 

is a heterogeneous disease both morphologically and molecularly  (6). A major effort has 

been taken over the last 10 years to understand molecular heterogeneity between tumors in 

different  patients  through  the  development  of  mutation  signatures  and  molecular 

classifications  (7).  The Genomic and transcriptional  analysis  of HCC made possible  to 

group  patients  into  defined  molecular  classes  of  HCC,  characterized  by  specific 

constellation of gene mutations and expression signatures. Molecular classes of HCC are 

also different in terms of activated signaling pathways, structural DNA alterations,  and 

clinicopathological  features  including survival  of  patients  (8).  To increase  the  survival 

perspectives of HCC patients, improve the diagnosis and treatment, we require discovery 

of new survival and prognostic markers.

1.1.2 CC

CC is a tumor entity originating from the intrahepatic and extrahepatic biliary tracts. It is 

considered the second most common primary liver tumor with rising global incidence and 

mortality rates and it accounts for 15 % to 20 % of primary hepatobiliary malignancies (1). 

Sarcomatoid  cholangiocarcinomas  (sCC)  are  an  unusual  and  uncommon  variant  of 
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cholangioncarcinoma  characterized  by  coinciding  epithelial  and  mesenchymal 

differentiated  cells  in  regionally  isolated  and  transitional  tumor  compartments.  It  is 

considered  a  prototype  for  elucidating  cellular,  histological,  and  molecular  intratumor 

heterogeneity. Presences of sarcomatoid component in tumors is generally associated with 

more aggressive tumor pathology and distant  organ metastases  leading to early patient 

demise after initial diagnosis (9-13). Recent findings established a divergent, monoclonal 

progression  model  of  sarcomatoid  carcinomas,  where  unstable  epithelial  cells  undergo 

trans-differentiation  epithelial-mesenchymal  transition  (EMT)  process  toward  different 

degrees  of  mesenchymal  cell  differentiation  (14,  15).  Cholangiocarcinoma  with 

sarcomatoid  differentiation  is,  therefore,  particularly  suitable  for  studying  stochastic 

genetic and epigenetic contributors involved in intratumor heterogeneity.

1.2 Intratumor heterogeneity (ITH)

Cancer is a complex disease displaying pronounced diversity between patients having the 

same type  of  cancer   (inter-tumor  heterogeneity)  and  within  single  cancer  (intratumor 

heterogeneity, ITH). ITH is a phenomenon that influences many aspects of cancer research 

including a basic understanding of tumor biology, development of techniques used to study 

tumors and different strategies for the treatment of patients. ITH is a prominent feature and 

a poorly understood phenomenon of most cancers. It accounts for extensive tumor sub-

classification, malignant progression, ambiguous prognosis, treatment failure and disease 

recurrence  (development  of  therapeutic  resistance)  (16-18).  ITH  may  seriously  hinder 

realistic  opportunities  for  managing tumors  through personalized  medicine  approaches, 

which rely on reliable prognostic or predictive biomarker strategies, and comprehensive 

tumor  sampling  (19,  20). Heterogeneity  within  a  tumor  may  include  diversity  in  cell 

morphology  and  biological  behavior  relating  to  proliferation,  metastatic  potential,  and 

responsiveness to target therapies. ITH has become particularly important in the context of 

personalized medicine where it can markedly affect malignant progression, the efficacy of 

diagnostic  and  prognostic  biomarker  analysis,  sample  size  bias,  and  treatment  failure 

associated with the selective response of cancer cell subpopulations (21, 22). Insights into 

the mutational and gene expression heterogeneity in different tumor regions are considered 

to provide a gateway for understanding the biological impact of genetic and phenotypic 

diversity within a primary tumor and its metastases (20, 23).
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To appropriately  develop the  concept  of  ITH we need to  consider  the  source  of  ITH: 

Genetic heterogeneity and non-genetic (epigenetic) heterogeneity. The main focus of this 

thesis  is  based  on  the  general  hypothesis  that  stochastic  phenotype  dynamics,  as  an 

alternative source of ITH drives non-genetic tumor heterogeneity.

1.3 Origins of intratumor heterogeneity   

1.3.1 Somatic clonal evolution model

To assemble  the  comprehensive  picture  of  the  complexity  of  tumor  development  it  is 

necessary to take into account several layers of heterogeneity. Only after the completion of 

the  human  genome  project,  by  large  scale  sequencing  of  coding  and  non-coding 

aberrations, was it possible to grasp the genetic complexity underlying different types of 

cancer.  Genetic  heterogeneity  is  generated  by  genomic  instability  that  is  a  pervasive 

property of tumors in general, and is fundamental to the process of tumor progression (24). 

Genetic  alterations  are  widespread  in  cancers  with  an  estimated  frequency  of  at  least 

11,000 genomic alterations in the colon carcinoma clone, even though these mutations are 

positioned in non-coding regions (25). A model that accounts for the genetic heterogeneity 

and tumor development in an individual patient,  was first proposed by Peter Nowell in 

1976  in  his  landmark  paper  on  clonal  evolution:  “The  clonal  evolution  of  tumor  cell 

populations”  (26) where he describes cancer development  using the same principles  as 

Darwinian  evolution.  Increased  genomic  instability  generates  heritable  mutations  or 

genotypes, which are subclonaly selected based on the fitness advantage under selective 

environment pressures (26, 27). 

As  a  consequence  of  equal  chance  that  each  cell  in  a  tumor  can  gain  advantageous 

mutation,  (such  as  for  growth  potential),  it  is  conceivable  that  more  than  one  clonal 

population can be present in clonal outgrowth and outcompeting clones with less fitness 

resulting in a series of clonal expansions or contractions, resulting in complex subclonal 

architecture  inside  the  tumor  (28).  It  has  also  been  reported  that  minor  clones  can 

cooperate thus increasing the survival of the entire tumour, which is the main argument for 

looking at heterogeneous tumors as complex societies (29, 30). In addition, clonal growth 

can change in time and space as different resource become available  in different areas 

inside  the  tumor.  Certain  areas  may  select  for  hypoxia  resistant  clones,  while  fast 

proliferating clones may be located in nutrient-dense regions of the tumor.  Spatial  and 
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temporal  clonal  heterogeneity  can  change  as  a  consequence  of  therapy  (31,  32).  This 

implies that it is common that all cancers, through complex evolutionary dynamics have 

complex clonal architecture. Also, diversification of cancer cells such as spatial constraints 

and differences  in  nutritional  resources  may further  cause the  preservation  of  clonally 

heterogeneous tumors  (33) In summary, tumors represent a complex dynamic ecological 

system where heterogeneity is not only a substrate for evolution, but can also promote, or 

even be a requirement for, continued tumor development and progression (34).

1.3.2 Cancer stem cells (CSC)

CSC model proposes irrespective of the identity of the cells, that cellular heterogeneity is 

formed by developmental hierarchy resulting in various cellular phenotypes.

Based  on  the  functional  criteria  of  CSC  of  asymmetric  and  symmetric  cell  division, 

disbalance  of  these  differentiation  programs  can  be  seen  in  early  stage  cancers, 

characterized  by asymmetric  divisions,  while  late-stage  cancers  are  comprised  of  CSC 

mostly  undergoing symmetric  division,  resulting  in  a  majority  of  undifferentiated  self-

renewing cells  (35). As with normal stem cells, CSC can differentiate through epigenetic 

reprogramming into non-tumorigenic cells,  resulting in a majority  being of cells  in the 

tumor as well as a minor subpopulation of highly tumorigenic cells that sustains the growth 

of a primary tumor and are responsible for tumor initiation and growth of metastasis (36). 

Today there is convincing data that supports the hypothesis that variety of cancers follow a 

cancer stem cell model, including breast cancers (37),  colon cancers (38), liver (39), head 

and neck (40), prostate (41), brain cancers (42), leukemias (43, 44) and lung cancer (45). 

It is logical to assume that initial mutation occurs in a normal stem cell/progenitor cell 

compartment  as  CSC  simply  re-uses  its  normal  self-renewing  programs  for  tissue 

regeneration (46). A cell of origin can be a source for intratumor heterogeneity (47). This 

is  specifically  exemplified  in  a  rare  liver  cancer  subtype  classified  as  hepatocellular-

cholangiocarcinoma,  which  is  formed  by  coexisting  malignant  hepatocyte  and 

cholangiocyte cell lineages,  consistent with the notion that the cell of origin could have 

been a bipotential  liver progenitor cell  (48, 49) However, it is now clear that CSC can 

originate  by  oncogene  transformation  or  by  dysregulated  signaling  pathways  in 

differentiated cells (50, 51).
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CSC are difficult to study, especially due to questionable reliability of the CSC markers, 

which are important for isolation and characterisation of CSC. For instance, CSC markers 

may vary in cancer subtypes or between patients in the same cancer subtype (52).

Another issue with stem cell markers is the stability of CSC state.  An intriguing study in 

human melanoma cells showed that a stem cell marker, initially thought to be expressed in 

slow-cycling stem-like subpopulations and marking cells that are the most competent in 

sustaining  tumor  growth,  JARID1B  histone  demethylase, is  dynamic  and  frequently 

appears in cells that are initially negative (53). Since almost all cells can acquire features of 

CSC, such as drug-resistance or can switch between sensitive and non-sensitive subtypes, 

targeting any subpopulation in tumor is irrelevant since all cells are relevant and represent 

CSC (54). It was experimentally proven in melanoma cell lines and lung cancer cell lines 

that epigenetic reprogramming is responsible for the transient and reversible acquisition of 

drug  tolerance  and  has  no  relation  to  classical  stem  cell  models  with  stable  cellular 

hierarchies (55, 56). 

Another  confounding  aspect  of  CSC is  that  many  studies  have  proven  that  stemness 

features can be acquired by non-CSC cells (57). This bidirectional interconversion may be 

caused by both intrinsic and extrinsic factors such as tumor microenvironment (57, 58). A 

hierarchical  organization  of  tumors  may  be  directly  influenced  by  the  type  of  driver 

mutations and differentiated status of the targeted cells and is often supported by factors or 

cell entities from surrounding tumor microenvironment (52, 59). 

It  is  important  to  note  that  differentiation  hierarchy  is  not  the  only  source  of  tumour 

heterogeneity as genetically uniform cells can display variability in phenotypes that are a 

result of the stochastic processes in gene expression and signaling pathways (60, 61).

Clonal  evolution  and  tumorigenic  stem  cell  differentiation  can  both  complement  or 

independently contribute to intratumor heterogeneity. Essentially every cell in the tumor 

that is capable of propagation long term and continues to accumulate mutations is likely to 

increase its competitive advantage compared with other self-propagating cells  (28). This 

would make CSC represent units of selection (62, 63).

1.3.3 Influence of microenvironment

Tumor  microenvironment  presents  an  independent  but  also complementary  source  that 

directly  or  indirectly  influences  phenotypic  variability  of  cancer  cells  by  providing 

different  micro-environments,  each  with  its  own selective  pressures (64,  65).  Chronic 
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inflammation,  hypoxia,  and stromal cell  type composition  can all  influence cancer  cell 

phenotypic heterogeneity. Chronic inflammation increases the risk of cancer occurrence, 

and liver and colon cancers can develop in chronic, unresolved inflammation in cirrhosis 

and inflammatory bowel disease, respectively (66). It is well known that hypoxia directly 

influences the malignant phenotype of cancer cells and hypoxic conditions are often found 

in the center of solid tumor and exert selective pressure under which aggressive cells may 

escape  to  the  tumor  edge.  Hypoxic  conditions  also  play  a  role  in  immune  responses, 

metastasis,  and  therapeutic  responses  (67).  It  has  been  shown  that  both  chronic 

inflammation  and  hypoxia  can  direct  affect  activity  and  levels  of  DNA  and  histone 

modifying enzymes (68, 69). Pertinent to the role of tissue microenvironment influencing 

aggressive tumor behaviour, extracellular matrix (ECM) structure and stiffness can directly 

regulate  features  of  cell  growth  by  mechanically  influencing  epigenetic  modulators 

involved with transcriptional regulators of growth-promoting genes (70).

1.4 Intratumor heterogeneity at the epigenetic level

Epigenetics is a branch of biology that studies interaction between DNA sequence and its 

products.  Epigenetic  information is heritable.  This means that epigenetic  information is 

maintained during cell division and propagates stable gene expression states (71). 

Epigenetics has typically been defined as rigid system that is storing cellular information. 

Recent discoveries have shown that epigenetic information can be extensively influenced 

by the microenvironment and is able to shape different gene expression states, especially in 

aging, and affects susceptibility to disease  (72).  DNA methylation is the most prevalent 

mechanism that is altered in cancers, and it represents an important contributing factor to 

the  processes  that  underlie  tumor  heterogeneity (73).  Human  genome  in  sparingly 

methylated; however, specific regions of the genome, called CpG islands, are markedly 

methylated.  These areas are associated with the start sites of actively transcribed genes 

(71), and approximately 60-90 % of cytosines are methylated at these sites (74). One of the 

most  frequent  mechanisms  of  gene  inactivation,  particularly  tumor  suppressor  gene 

promotors, is hypermethylation of CpG islands (75). Correspondingly, hypomethylation of 

oncogenes has been linked with activation of an oncogenes in major cancer types,  and 

affects chromosomal stability  (76, 77). Loss of epigenetic stability is a unifying feature 

across divergent tumor types, and it may play an important role in tumor progression and 
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occurrence of tumor (78, 79). It has become clear that epigenetic and genetic defects may 

influence each other and cooperatively be involved in processes of tumorigenesis, resulting 

in the generation of specific cancer phenotypes (80). In an aberrant cancer setting, stable 

and  reproducible  epigenetic  mechanisms  may  be  compromised,  enabling  sufficient 

epigenetic  plasticity  that  contributes  to  dynamic  phenotype  heterogeneity  (78).  Recent 

reports  show  that  stochastic  DNA  methylation  variability  is  confined  to  large 

hypomethylated  chromosomal  regions  that  involve  genes  implicated  in  tissue 

differentiation, epigenetic reprogramming, and cancer occurrence  (81, 82). These regions 

of the genome contain one of the most variably methylated regions in the tumor genome 

and the most variably expressed genes regulating functions that are relevant to cancer cells 

(82). Also, variability in methylation in precancerous cells is a predictor of cancer risk, 

which further establishes a causal link between epigenetic alterations and cancer (83, 84). 

Global  dynamic  changes  in  DNA  methylation  are  involved  in  stabilizing  phenotype 

switches.  These changes include  either  stochastic  variability  or stable  patterns  in DNA 

methylation, including hybrid states of increased and decreased epigenetic plasticity  (78, 

85). 

Also,  a  studies  in  human  B-cell  cultures  showed  that  hypomethylated  blocks  with 

hypervariable  DNA methylation  regions  and associated  gene expression occur  early  in 

malignant transformation (82). Moreover, using single-molecule RNA-fluorescence in situ 

hybridization (RNA-FISH) in embryonic stem cells, DNA methylation was implicated as a 

key factor in mediating stochastic-state switching in single cells  (86). Overall,  stochastic 

DNA  methylation  variation  is  an  inherent  characteristic  of  the  phenotypic  variability 

implicated in fuelling tumor cell heterogeneity, where cellular diversity favors the selection 

of the fittest cancer clones influenced by the changing tumor environment (87-89). 

Finally, a fascinating review by Feinberg and colleagues based on their 10-year-old tumor 

progenitor gene model, summarized in detail epigenetic dynamics in cancer development 

by  defining   new  functional  classes  of  genes  called:  epigenetic  mediators,  epigenetic 

modifiers,  and  epigenetic  modulators  (90).  The  concept  of  tumor  progenitor  genes 

highlights the necessity of deregulated epigenome, which occurs even before mutations in 

the normal tissues, and alters normal differentiation pathways that, with mutations, later 

on, lead to tumor development  (91). Mutations, aging, and environmental factors affect 

epigenetic modulators and activity of epigenetic modifiers, which regulate the expression 

of epigenetic mediators, which shape the epigenetic landscape and create a feedback loop 

with modulator  and modifiers  that  all  alter  the 3D nuclear  architecture  in the nucleus, 
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which  ultimately  shifts  the  phenotype  towards  cancer  stem-like  states  and  phenotypic 

plasticity (90, 92).

1.5 Stochasticity in biochemical reactions: Noise

Stochastic  gene  expression  is  essential  for  many  biological  processes.  Phenotype 

heterogeneity may also derive from the stochastic nature of biological processes (“noise”) 

(93,  94),  which  are  manifested  as  stochastic  gene  expression,  stochastic  differential 

methylation, variant lineage commitment,  cell survival, and drug resistance  (55, 85, 95, 

96).

The 2000s were the beginning of an increased interest in studying and analyzing stochastic 

gene  expression.  After  overcoming  technical  hurdles  in  single-cell  analytics,  and 

development  of models  for  studying synthetic  gene networks,  it  was  possible  to study 

variations in gene expression in a cell under constant environment  (97, 98). It was also 

made possible to quantify noise across population  (99).  Embryonic and adult stem cells 

show a substantial degree of heterogeneity of fluctuating transcription factors regulated by 

epigenetic regulatory machinery  (100).  In one of the earliest reports on the topic of gene 

expression  in  stem cells,  Efroni  et  al.  published  a  article  showing  that  transcriptional 

activity differs between undifferentiated stem-like states compared to cells that are more 

prone to differentiation.  Further,  reports followed showing that variability  or stochastic 

expression of a panel of stemness genes, in embryonal stem cells is intrinsically linked 

with the pluripotent state  (101). Interestingly,  gene expression variability is dynamic in 

embryonal stem cells and is associated with the openness of the chromatin landscape (102). 

One  of  the  advantages  of  this  variability  is  its  potential  to  choose  from  several 

developmental options during development and differentiation (96). 

Heterogeneity in clonal cell populations can arise from noise in gene expression due to the 

random molecular events inherent to the process of transcription (94, 98). This contributes 

to  the  transcriptomic  heterogeneity,  which  is  likely  regulated  by  multi-gene  epigenetic 

regulatory networks. For example, enzymes involved in remodeling nucleosomes, such as 

histone  H3K4  demethylases, have  a  crucial  role  in organizing  and  controlling  gene 

expression variability  (103). In addition, changes in active and inactive chromatin states 

caused by chromatin remodeling factors can lead to increased transcriptomic heterogeneity 
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(104).  Therefore,  it  is  important  to understand how transcriptome variability  caused by 

non-genetic  heterogeneity  impacts  fitness  of  cancer  cells.  Majority  of  work has  so far 

defined  transcriptome heterogeneity as a mechanism for cells to increase their survival, 

particularly  in  developing drug resistance,  metastatic  recurrence,  and viral  latency  (53, 

105-107).  Since  transcriptome  heterogeneity  is  clearly  manifested  in  phenotypic 

heterogeneity,  targeting epigenetic regulators of this heterogeneity,  in combination with 

existing targeted therapy may change the course of tumor development (108).

Although stochasticity of gene expression is the best understood as a phenomenon that 

generates cellular variability in a genetically uniform cell population, stochastic processes 

also influence, rate of protein production, protein localization, cytoskeletal rearrangements, 

and formation of protein complexes, thus contributing to the cell-to-cell variability of the 

proteome (109). As a consequence, proteome variability results in variable drug responses 

in  equally  stimulated  cells,  as  well  as protein  interaction  that  occur  within the protein 

complexes (110-112).

1.6 Cancer cell plasticity

1.6.1 Epithelial-mesenchymal transitions (EMT)

Phenotypic  plasticity  can  be  defined  as  dynamic  changes  in  phenotypes  of  the  same 

genotype caused by intrinsic or extrinsic factors (58). In the field of cancer cell plasticity, 

one of the important pillars is EMT, which is directly associated with generating tumor 

heterogeneity.  EMT  is  a  highly  organized  program  that  imparts  heritable  phenotype 

changes through epigenetic mechanisms without new genetic alterations  (113), and it has 

been associated with tumor initiation, malignant progression, tumor stemness, tumor cell 

migration,  intravasation  of  tumor  cells  into  the  bloodstream,  and resistance  to  therapy 

(114).  Through  EMT,  epithelial  cells  lose  their  epithelial  features  such  as  apicobasal 

polarity, become migratory, and start expressing markers that characterize mesenchymal 

cells  (115).  EMT  causes  cells  to  gain  properties  of  stem  cells  and  transition  to  an 

undifferentiated or stem-like state, which correlates with acquisition of a stem-like gene 

expression program, and increased potential for self- renewal (116, 117). In the majority of 

cases, the metastases are the cause of cancer patient death (118). EMT’s role in metastatic 

cascade has been extensively studied in the past years, from tumor invasion, intravasation, 
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extravasation and, colonization (119-122). New insight into existence and stability of EMT 

hybrid cells, which express both epithelial and mesenchymal markers, have seeded doubt 

into the classical view of EMT and its reverse process, mesenchymal to epithelial transition 

(MET),  as  indispensable  for  the  completion  of  metastatic  cascade  (123-125).  To 

understanding the process of EMT, it is important to define what mechanisms govern the 

transition of cells through different hybrid states. Research in this field shows that hybrid 

states commonly have similar tumor-propagating potential, but differ in cell plasticity and 

invasiveness. Surprisingly, this is not evident in cells that undergo MET, shifting weight of 

the  sole  process  to  other  mechanisms that  increase  cell  stemness  (126).  It  is  critically 

important to understand the mechanisms that give tumor cell tumor initiation capability 

from  the  rest  of  the  tumor  cells,  and  how  cellular  plasticity  contributes  to  this 

heterogeneity. 

1.6.2 Hybrid states/Transitional states

EMT has  been traditional  viewed as  a  binary  process  where  epithelial  cells  lose their 

epithelial  markers  (E-cadherin),  and  acquire  mesenchymal  markers  such  as  vimentin. 

However, this assumption was challenged by studies that revealed dynamic, gradual flow 

between stable and hybrid states that expressed both epithelial and mesenchymal markers 

with intermediate transcriptional and epigenetic features  (125). In addition, these partial 

EMT cells are associated with more aggressive tumor features  (124). When we assume 

parallels of EMT process and developmental processes found in the differentiation of cell, 

and especially when considering cell dynamics, it is not surprising to expect that EMT will 

be a multistep process instead of the bistable switch of individual cells from one state to 

another (127).

Studies on co-expression of epithelial and mesenchymal markers documented in various 

cell lines, xenografts, and primary tumors indicated increased cell survival, invasion, and 

migration.  In  addition,  hybrid  EMT  cells  were  usually  shown  to  be  localized  at  the 

forefront of the tumor. Genome-wide transcriptional analysis coupled with bioinformatic 

analysis of the chromatin landscaped revealed unprecedented identification of epigenetic 

molecular mechanisms, transcription factors, and activation of signaling pathways that are 

responsible  for  maintaining  gene expression  states  of  distinct  EMT hybrid cells  in  the 

process  of  EMT  (126).  A  similar  analysis  from  the  same  group  also  revealed  the 

importance of lineage states of cancer cells in controlling EMT (128). 
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Recently,  several research studies and reviews have elegantly described the existence of 

different EMT states and the role they play during tumorigenesis and metastasis formation. 

Of particular importance is the identification of genes associated with each EMT state that 

belong  to  a  gene  regulatory  networks  governed  by  the  epigenetic  constraints.  This 

increased understanding of the mechanisms controlling different EMT hybrid states and 

their transition is undoubtedly important for understanding tumor heterogeneity.

1.6.3 Epithelial-mesenchymal transition (EMT) and cancer stem cells

Studies that uncovered direct connections between EMT and tumor stemness showed that 

genetically induced EMT transcription factors (Twist1 and Snail1) in mammary epithelial 

cells increased transplantation potential into serial recipients (116, 117). It is worth noting 

that cancer cell stemness is not always dependent on the process of EMT, and that cancer 

cells can metastasize without the involvement of EMT process (129, 130).

Many reports have indicated that the process of mesenchymal-epithelial transformation is 

required  for  colonization  of  metastatic  cells  (131,  132).  However,  there is  an  ongoing 

debate over whether MET is required for metastasis (131, 133). The proclivity of epithelial 

cancer to metastasize tends to be strongly correlated with their differentiation status, where 

poorly differentiated tumors show increased potential  for metastasis  compared to well-

differentiated, “stationary” tumors (134, 135). Tumors with mesenchymal-like phenotypes 

are associated with enriched CSC phenotypes and are probably directly  responsible for 

invasion  and metastasis  leading  to  an early  demise  of  the  patient  following the  initial 

diagnosis.  It  is  believed  that  such  plasticity  occurs  as  a  result  of  the  EMT-related 

histogenetic  mechanisms  involving  a  series  of  well-defined  transcription  factors  and 

signaling  pathways. The  EMT-related  cellular  plasticity  is  actively  involved  with 

metastatic  spread  of  solid  tumors  during  tumor  progression  (136,  137),  and  is  also 

associated  with  the  “dynamic  stemness”  model  in  which  non-tumorigenic  cells 

spontaneously  acquire  CSC characteristics  through  the  EMT-like  processes  (138-140). 

EMT is critical for morphogenesis by interconverting epithelial cell types into cells with 

mesenchymal properties  (115, 141). EMT programs activated in carcinoma cells endow 

cellular  traits  associated with high-grade malignancy,  including the ability  to  complete 

steps of the metastatic cascade  (137, 142). Certain epithelial  cells  that pass through an 

EMT acquire the self-renewing trait associated with either normal tissue stem cells (SCs) 

and cancer stem cells (CSCs) (116, 117).
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1.7 Stochastic phenotype switching 

During normal development or cancer progression, cells undergo phenotypic changes such 

as differentiation of cells, self-renewal of stem cells, immune response after inflammation, 

or epithelial to mesenchymal transition (EMT). Non-genetic phenotypic heterogeneity is a 

common  phenomenon  that  is  recognized  in  many  genetically  homogeneous  cell 

populations,  which  are  non-necessarily  affected  by  extrinsic  influences  from  the 

microenvironment  (17). Interestingly, various phenotypes can be prominently different in 

specific cell populations, e.g. non-malignant cells can stochastically convert to neoplastic 

subclones,  or  cells  of  malignant  phenotype in  culture  can  revert  to  non-malignant  and 

stable  phenotype  (143,  144).  A  switch  between  cell  phenotypes  (states)  is  driven  by 

genome-wide  gene  expression  changes  that  follow  a  specific  design.  These  specific 

phenotypes  are  controlled  by  the  genome-wide  gene  expression  changes  that  are 

coordinated by the gene regulatory network (GRN). The gene expression control is preset 

in the information encoded in the genome (145). Each network of genes that are mutually 

influenced (directly  or  indirectly)  can display many gene expression configurations,  or 

attractor states, in the coordinated network system. This multistability presumes that there 

is  robustness  in  the  system  since  the  cell  can  be  characterized  by  stable  phenotypes. 

However, it also assumes the presence of fluctuations between attractor states induced by 

stochastic gene expression at the molecular level, or from a directed signaling input (146). 

Such non-genetically derived variability can directly generate cells with malignant traits 

and can be subject to “mutation-less” Darwinian selection (89, 111). This is not to say that 

non-genetic  dynamics  undermines  the  role  of  selection  in  a  genetically  uniform  cell 

population, but rather it increases the survival capacity of the original non-genetic variant 

and facilitates the natural selection process. Conversely, some mutations may increase non-

genetic variability by shifting the coordinates of the GRN and creating new attractor states, 

or by increasing the gene expression noise by changing the sequence of regulatory proteins 

complexes that control transcription  (147, 148). Stochastic phenotype heterogeneity can 

offer survival mechanisms by increasing the range of adaptation options under dynamic 

selective pressure in the microenvironment, and has a constructive role in the process of 

differentiation process (149). Probably the most well-studied example in how non-genetic 

stochastic  phenotype  heterogeneity  is  exploited  is  in  the  emergence  of  drug resistance 

(150), which is an alternative mechanism to the clonal mutation model, where acquired 
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resistance  is  gained  through  genetic  mutations  (28).  Causes  of  stochastic  phenotype 

heterogeneity are still  unclear. What is known so far is that phenotype heterogeneity is 

determined  by  stochastic  molecular  interactions  at  the  level  of  gene  promoter, 

transcription,  and  translation,  which  all  affects  gene  product  dynamics,  both  between 

isogenic cells and temporally (93, 94, 148, 151). In summary, the coexistence of multiple 

stable steady-states, or ‘attractors’, in gene regulatory networks, coupled with stochastic 

gene expression, provides a framework for understanding cancer cell phenotype dynamics, 

and allows formulation of alternative mutation-less concepts of tumor progression (89).

1.8 Identification of novel tumor suppressor genes in HCC

1.8.1 Drosophila melanogaster genetic screens 

Drosophila melanogaster represents a pivotal model system in which many pathways in 

developmental and signaling networks were originally discovered (152). Of the conserved 

signaling pathways, Ras and Notch were among the most extensive studied  (153, 154). 

Study of molecular mechanisms of tumor development in the  Drosophila melanogaster 

model has proven to be a reliable cancer model for studying oncogenes and cooperative 

tumorigenesis processes from cellular to tissue levels  (155-157). Metastatic invasion is a 

complex process characterized by joint dysregulation of several signaling pathways (158). 

Considering that  majority of human deaths occur due to metastatic dissemination, it is of 

prime importance to understand the molecular mechanisms that govern tumor growth and 

metastasis,  and the  role  of  tumor  microenvironment  in  the  these  processes  (159).  The 

Drosophila  melanogaster model  is  particularly  suitable  for  studying human  disease-

causing  genes  because  of  its  conserved  genomic  sequences,  and  epithelial  tissue 

organization. It has been estimated that Drosophila melanogaster has approximately 75 % 

of  the  shared  human  disease  genes  (160).  It  also  offers  a  valuable  opportunity  to 

genetically  deconstruct  cancer-relevant  signaling  networks  in  the  context  of  the  whole 

animal, important for identification of new biomarkers and new therapeutic strategies for a 

variety of epithelial cancers  (161).  Some of the most important and prevalent activating 

mutations are found in Ras genes (Ha-RAS,  N-RAS, and K-RAS), of which  K-RAS, is the 

major  oncogenic driver  of cell  proliferation  in human cancer  (162).  Mutation  RasV12 is 
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present  in  more  than 30 % of  human cancers  (163,  164).  Nevertheless,  Ras-activating 

mutations are unable to progress to tumor growth due to senescence (165).

Recently,  an elegant  Drosophila melanogaster RNAi systematic reverse genetic screens 

were used to identify more than 6,500 conserved genes involved in tumor suppression of 

RasV12-induced epithelial  tumors. The authors expressed  dRasV12, GFP  and  UAS-RNAi  

constructs in eye imaginal disc of fly larvae using the  eyeless (ey)- FLP; actin flip-out  

system  (166),  which  allowed  monitoring  GFP-labelled  hyperplasia  and  invasion  in 

transparent third instar larvae (161). Furthermore, the authors identified conserved human 

gene orthologs of the fly hits, which were significantly downregulated in thousands of 

human cancer. Top candidate tumor suppressor genes were further validated in secondary 

Drosophila screen, and low expression of some of the hits significantly correlated with the 

mutation  status  of  KRasG12 and unfavorable  prognosis  in  pancreatic  cancer.  Using this 

methodology, a recent  study identified known and new cancer genes  that cooperate with 

Ras oncogene in the context of invasive cancer phenotype (161).

1.8.2 Cathepsin F (CTSF) involvement in cancer

Human CTSF is a papain-like cysteine proteases with the MEROPS classification Clan 

CA,  family  C1,  subfamily  A  (C01.018).  CTSF  is  a  small  monomeric  protein  with 

endopeptidase activity.  A key structural  difference between CTSF and other family C1 

proteases is a long pro-peptide sequence (251 residues) and a cystatin-like domain found 

within.  Mouse  and  Drosophila homologs  of  CTSF  are  identified  and  share  the  same 

structural domains (signaling sequence, pro-domain, and active domain)  (167). Genome 

localization  of CTSF is  found on chromosome 11 at  11q13 close to the evolutionarily 

related cathepsin W (168). Interestingly, the increased rate of loss of heterozygosity in this 

region is found in progressive stages of breast carcinoma, from early pre-neoplastic lesion 

to invasive breast ductal carcinoma (169). CTSF expression profiling by Northern blot in a 

range of human tissues and cell lines revealed a ubiquitous expression pattern of a single 

transcript  (approximately  2.1 kb).  High levels  were detected  in  normal  tissues  such as 

prostate, testis, ovary, heart, liver, brain, pancreas, and skeletal muscle. Low levels were 

observed in the small intestine, colon, spleen, lung and kidney, while no transcripts were 

found in thymus and in the leukocyte cell population. In addition to the wide range of 

expressing  tissues,  high  variability  in  expression  levels  suggests  that  CTSF  may  be 

involved in specific cellular processes in these tissues  (170). CTSF is also expressed by 
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macrophages in atherosclerotic lesions. In vitro studies have shown that CTSF is secreted 

in its active form from cultured monocyte-derived macrophages where it is involved in 

degrading  apoB-100,  leading  to  the  aggregation  and fusion  of  low density  lipoprotein 

(LDL) particles (171). CTSF has a regulatory role in the processing of invariant chain that 

is  associated  with  (MHC)  class  II  in  macrophages  (172).  It  is  also  involved  in  the 

hydrolysis of high-density lipoprotein (HDL) particles, and impairs their ability to remove 

cholesterol from macrophage foam cells (173). CTSF participates in the degradation of the 

extracellular matrix of the advanced atherosclerotic plaques, and AngII enhances secretion 

of  CTSF from human  monocyte-derived  macrophages  in  atherosclerotic  lesions  (174). 

Recently,  a  gene expression  microarray  study on corneas  from patients  suffering from 

diabetic retinopathy identified CTSF as one of the up-regulated proteinases, suggesting its 

involvement in disrupting the integrity of the basement membrane. Functional aspects of 

these results  were,  in  addition,  confirmed in  ex vivo model  of cultured corneas,  where 

adenoviral transduction of CTSF and MMP-10 in normal corneas reproduced the diabetic 

corneas (175). Specific inactivation of murine CTSF resulted in a lysosomal storage defect 

and progressive neurological features in mice (176), while mutations in CTSF are involved 

in  Kufs disease Type B  , an adult form of neuronal ceroid-lipofuscinosis  (177). Finally, 

nuclear localization and modulation of activation markers in hepatic stellate cells suggests 

a new role of CTSF as a nuclear transcription factor  (178). Unlike involvement of other 

cathepsins in cancer, studies trying to elucidate specific role of CTSF have not produced 

conclusive results.  However, recent  studies have identified CTSF alterations in specific 

cancers (161, 179, 180). Northern blot analysis showed upregulated levels of CTSF RNA 

in cancer cell cultures of colon, lung, melanoma, leukemia, and in HeLa cell line  (170, 

181). In addition, in a series of cervical cancer cell lines and tissue samples, CTSF mRNA 

was  reported  to  be  overexpressed.  However,  their  in  situ hybridization  experiment  on 

cervical tissue microarrays revealed inconclusive expression of CTSF tissue RNA (182). 

CTSF was also identified as a part of the degradome gene expression signature that was 

upregulated in long-term adapted metformin MCF-7 cell  lines  (183).  Several  published 

studies  have  directly  or  indirectly  associated  CTSF with  tumor  suppression  properties. 

CTSF mRNA was decreased in an osteosarcoma cell line with high metastatic potential, 

compared to low metastatic cell line derivatives, while CTSF protein was not detected in 

both cases  (184). Also, CTSF was  downregulated in pediatric  brain tumors  (185).  In a 

human proteome microarray study of serum autoantibodies, Yang et al. reported that CTSF 

and three additional serum biomarkers served as prognostic and survival markers in gastric 
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cancer patients  (179). Yi  et al. reported the first tumor-suppressive function of CTSF in 

gastric tumor samples, and its functional effects on proliferation and apoptosis in gastric 

carcinoma cell line (180). In addition, microarray analysis in the same study showed that 

CTSF  downregulation  was  linked  to  ATM-signaling,  p53-  signaling,  transcriptional 

regulation, and other cancer-related cellular processes. Authors also reported an association 

between  clinicopathological  features  and CTSF mRNA expression in 44 gastric  cancer 

patients (180). Tumor suppression in the context of genotoxic stress or oncogene-induced 

hyperproliferation is achieved by p53-activated cellular functions,  including apoptotic cell 

death, cell cycle arrest, and cellular senescence (186). Accumulating evidence suggests that 

CTSF  expression  is  closely  associated  with  cell  senescence.  For  example,  CTSF  was 

identified as a novel senescence maker in terminally senescent human epithelial prostate 

cells  (HEPC)  (187).  CTSF was  used  as  a  marker  of  senescence  in  developing  mouse 

thymocites  in  which  oncogenic  beta-catenin  induced  senescence  (188).  CTSF  was 

upregulated but not indispensable in functional p53 cells upon activation of programmed 

cell death as a consequence of DNA damage (189). Analysis of p53 transactivation domain 

(TAD) mutants in  HrasV12 mouse embryonal fibroblasts (MEFs), identified CTSF as an 

additional  p53-dependent  target  gene,  involved  in  tumor  suppression  activity  and 

downregulated in human and mouse cancers (190).

Finally, most conclusive proof that CTSF is involved in tumor suppressive processes came 

from  an  in  vivo shRNA  screens  where  knockout  of  CTSF  in  inactive  p53-regulated 

apoptosis genes leads to development of lymphoma/leukemia. This study also showed that 

p53 driven tumor suppressor processes overlap and depend on oncogenic drivers in pre-

neoplastic cells. (191).
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2 Stochastic  Phenotype  Switching  Leads  to  Intratumor 

Heterogeneity in Human Liver Cancer 

2.1 Aims of the study

Tumor heterogeneity, both in morphological and functional aspects, is a common feature 

arising  in  hepatobiliary  carcinoma,  and  it  is  caused  either  by  genetic,  epigenetic,  or 

stochastic changes of gene expression. Our limited understanding of tumor heterogeneity 

presents multiple challenges in diagnosis and treatment of these cancers, especially in the 

context of personalized medicine. 

Our first aim was to use immunohistochemistry (IHC) and gene expression profiling to 

characterize different regions within the sCC sample. In order to extend our analysis of 

intratumor  heterogeneity,  we  established  a  primary  cell  culture,  which  enabled  us  to 

identify  mechanisms  through  which  the  cellular  variability  arises.  Clonal  analysis  of 

primary  tumor  cell  cultures  identified  different  types  of  self-propagating  subclones 

characterized  by  stable  (keratin-7  positive  or  keratin-7  negative)  phenotypes  and  an 

unstable phenotype consisting of mixtures of keratin-7 positive and negative cells. Keratin-

7, a member of the intermediate filament family, is normally expressed in association with 

keratin-19  in  epithelia  of  bile  ducts,  and  regulated  by  hypermethylation  in  breast  and 

prostate cancer cell lines (192, 193). The specific aims in this study were:

1. Characterize newly-established cell line that recapitulates cellular phenotypes involved 

in sCC;

2. Validate genetic uniformity between different subclones derived from primary tumor 

tissue;

3. Use next-generation sequencing to fully characterize subclones with different keratin-7 

phenotypes;

4. Demonstrate if switching between phenotypes is linked to changes in gene expression 

related to epithelial-mesenchymal transition;

5.  Investigate  whether  DNA  methylation  is  involved  in  the  dynamics  of  keratin-7 

expression;

6. Use xenotransplantation assay with different subclones to demonstrate that phenotype 

switching increases tumorigenicity and characterize resulting mouse tumors.
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Our intention  was to  expand the  knowledge base of  the  cancer  heterogeneity-inducing 

mechanisms.  We  hope  that  our  findings  on  stochastic  phenotype  instability  in  clonal 

populations  using a differentiation  marker  keratin-7 would further shed insights  on the 

involvement  of  trans-differentiation  processes  in  tumor  spread  and  distant-site 

colonization. 

2.2 Methods

Please note that parts of this chapter have been published in (194).

2.2.1 Ethics statement

Primary tumor cell culture was established from fresh tissue originating from a surgically 

resected  sarcomatoid  cholangiocarcinoma of  the liver.  The study was approved by the 

research ethics committee of the Medical University of Graz (12-159 ex 01/02 and EK20-

119).

2.2.2 Primary tumor cell culture

Primary tumor cell culture was established from fresh tissue originating from a surgically 

resected  sarcomatoid  cholangiocarcinoma of  the liver.  The study was approved by the 

research ethics committee of the Medical University of Graz (12-159 ex 01/02 and EK20-

119). Tumor tissue was mechanically cut into small tissue slices which were placed into 

culture dishes in Dulbecco Modified Eagles Medium (DMEM) supplemented with 20 % 

FBS (Fetal Bovine Serum) and 1 % Penicillin/Streptomycin and cultured at 37°C in 5 % 

CO2 for 1 month. Outgrowing cells were detached by mechanical scraping and transferring 

to 6-well plates where they were cultured for two months. From the original five dishes 

with outgrowing cells, only one dish contained cells that could be propagated for further 

passages. From this dish, clone C with epithelial morphology was isolated and maintained 

for 23 passages with regular freezing of cell aliquots between passages. Clone C (passage 

16)  was used for single-cell  sorting (FACS-Aria,  BD Biosciences)  into 96-well  plates. 

After 24 hours, plates were checked for wells containing single cells. After two weeks, 

expanded  colonies  (>50 cells)  were  either  sub-cultured  into  24-well  plates,  or  directly 

stained in the wells with anti-keratin-7 antibody (Table 2-3), or used for further single-cell 

sorting.  In  total,  we  determined  the  keratin-7  phenotype  in  1043  single  cell-derived 
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subclones,  comprising  the  three  different  keratin-7  expression  phenotypes  (i.e., 

heterogeneous  K7het;  positive  K7pos;  negative  K7neg).  In  parallel,  we  selected  47 

subclones (f1 and f2 subclones) and propagated them separately for further clonal studies.

2.2.3 Cell culture

All  cells  utilized  in  these  studies  were  grown in  DMEM (Sigma),  supplemented  with 

penicillin  (Sigma-Aldrich,  100,000  units/L),  L-Glutamine  (Gibco,  2mM),  and  non-

essential amino acids (NEAA; Gibco, 0.1mM). All manipulations were performed using 

aseptic technique. All harvesting of adherent cells was performed using trypsin (Sigma). 

Cell numbers and viability were determined with hemocytometer and tryptan blue staining, 

respectively.

2.2.4 Cell proliferation, migration and cell cycle analysis

Growth curves were measured by crystal violet to estimate cell proliferation. Cells were 

seeded at 10, 000 cells per well in 24-well plates. At designated time points (48 hours), 

cells  were  washed  with  phosphate  buffered  saline  (PBS),  fixed  with  4  %  formalin, 

followed by washing with PBS, and staining with 0.1 % crystal  violet  solution for 20 

minutes at room temperature (RT). Cells were washed three times with water, and air-dried 

for  five  minutes.  Absorbance  was  measured  at  590  nm  with  Synergy4  (BioTek 

Instruments,  Winooski,  U.S.A.)  All  measurements  were carried  out  in  triplicates  using 

three independent subclones belonging to each clonal keratin-7 expression phenotypes.

Measurement of cell migration was performed on monolayer cells by creating a “scratch” 

and taking images at the beginning and at defined time intervals during cell migration until 

the scratch was closed, as described (195).

Cell cycle of different subclones was measured by staining with propidium iodide (PI) and 

measured  with  flow  cytometry.  Approximately  0.5x106  cells  were  harvested  by 

trypsinization, followed by washing with PBS and incubated at RT for 20 minutes with 50 

μg/ml  PI  in  0.1  % Na-acetate  with  0.1  % Triton  X-100.  Cells  were  evaluated  using 

FACSCalibur  (Becton-Dickinson)  flow  cytometer  and  analyzed  with  CellQuest  Pro 

software (BD Biosciences).
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2.2.5 FACS analysis and FACS-Aria Single-cell sorting

For characterization of the cellular composition of Clone C cultures, passage 10 cells were 

treated  with  trypsin/EDTA (Gibco/Thermo  Fisher),  washed,  and  re-suspended  in  PBS. 

Cells  (5x105)  were then labeled either  with unconjugated  antibodies  directed  to  CD68, 

CD3,  Ve-Cadherin  or  EpCam in  combination  with  FITC-secondary  antibody  or  APC-

conjugated antibody directed to CD19 for 20 minutes at RT. Fluorescence antibody-stained 

cells were re-suspended in washing buffer and analyzed using s CytoFlex S flow cytometer 

(Beckman  Coulter).  For  FACS  analysis  (FACSCalibur;  BD  Biosciences)  and  FACS 

sorting  (FACS Aria;  BD Biosciences),  single-cell  suspensions  were  fixed  by  Cytofix-

Cytoperm kit  (BD Biosciences) for 15 minutes at  4°C, followed by staining with anti-

keratin-7  antibody  (DAKO)  and  Alexa  Fluor  488–conjugated  secondary  antibodies 

(Invitrogen). Double staining was performed with anti-keratin-7 antibody and Alexa Fluor 

594-conjugated secondary antibodies (Invitrogen, Table 2-3) and fluorescein-conjugated 

human IL-13 R alpha 2 antibody (R&D Systems).

2.2.6 Lentiviral production

For lentivirus preparation, we used the second generation packaging system (196). Briefly, 

lentivectors were generated by calcium chloride transfection of green fluorescent protein 

(GPF) containing lentiviral  vector, VSV-G expressing construct pMD.2 and the second 

generation pCMV∆R8.9 packaging plasmid in 293T cells. After transfection, supernatants 

were collected after 48 hours and passed through 0.45 μM syringe filter. K7pos subclones 

were infected with 5 ml filtered virus with 5 ml fresh media in which we added 10 μl of 8 

mg/ml polybrene. Cells were incubated overnight, washed with PBS and incubated in fresh 

media for an additional 48 hours after which they were ready for GFP visualization.

2.2.7 RNA extraction 

RNA extraction from cell cultures were performed using RNeasy Mini Kit (Quiagen) or 

with Trizol reagent (Thermo Fisher Scientific). Briefly, cells were washed in phosphate 

buffered saline (PBS) and resuspended in Trizol reagent. Tissue samples (50-100 mg) were 

homogenized using glass homogenizer and added to 1ml of Trizol. Phase separation was 

achieved  by  adding  200μl  of  chloroform  per  1ml  of  Trizol.  Samples  were  vortexed 

vigorously and spun at 12,000x g for 15 minutes at 4ºC. The clear top phase was removed 

and RNA further precipitated by addition of isopropanol (1:2 parts). Samples were left at 
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RT for up to 10 minutes and then further spun at 12,000x g for further 15 minutes at 4ºC. 

Isopropanol was then removed and RNA pellet washed in 1ml of 75 % ethanol and further 

centrifuged at 6,000x g for ten minutes. The ethanol was then removed, the pellet was air 

dried and resuspended in nuclease-free water. 

Total RNA from formalin-fixed paraffin-embedded (FFPE) tissues blocks were extracted 

from five to six independent areas by needle biopsies that corresponded to different tumor 

components (Carc = carcinoma, Met = metastasis, and Sarc = sarcomatoid). Isolated areas 

were morphologically verified under the microscope. Carc components contained >66 % 

epithelial  structures, Sarc components contained <33 % epithelial  structures, while Met 

components had no visible epithelial structures (Figure 2-1A-D). RNA was isolated using 

RNeasy FFPE Kit (Qiagen). For quality control of isolated RNA, concentrations and purity 

were measured with Nanodrop 1000 (Thermo Fisher Scientific), and RNA integrity was 

analyzed by spectrophotometry and different amplicon lengths using quantitative reverse 

transcriptase polymerase chain reaction (qRT-PCR), as described (197). 

2.2.8 cDNA synthesis

cDNA synthesis from extracted total RNA was performed using the High Capacity cDNA 

Reverse  Transcription  Kit  with  RNase  Inhibitor  (Applied  Biosystems).  The  following 

components  were  aliquoted  per  reaction  mix:  2  µl  10x RT buffer,  0.8  μl  25x dNTPs 

(100mM), 2 µl 10x RT random primers, 1 µl RNase inhibitor (20U/µl), 1µL MultiScribe 

RT (50U/µL),  4.2  µl nuclease-free water to make up to 10 μl. The mixture was mixed, 

briefly spun and pipetted into a  0.2 ml Eppendorf tube. 2 µg RNA in nuclease-free water 

(to bring total volume to 10µl) was added. The reaction mix was incubated at 25ºC for ten 

minutes, followed by incubation at 37ºC for 120 minutes, and finished with denaturation at 

85 ºC for  five seconds.  The samples  were then stored at  4ºC or -20 ºC for-long term 

storage.

2.2.9 Quantitative  reverse  transcription  polymerase  chain  reaction 

(qRT-PCR)

qRT-PCR was  carried  out  using  7900HT Fast  Real-Time  Sequence  Detection  System 

(Applied  Biosystems),  where  cDNA  was  amplified  with  Power  SYBR®  Green  PCR 

Master Mix (Applied Biosystems), per manufacturer’s protocol. Transcripts of genes of 

interest  were  amplified  with  the  sequence-specific  primers  and  computed  relative  to 
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internal control (GAPDH) in each sample. qRT-PCR were analyzed by the 2-ΔΔCt method 

(198). List of primers used for qRT-PCR are shown in Table 2-1.

2.2.10 RNA sequencing (RNA-seq)

For the cell clones, 500 ng of RNA was used for Illumina RNA-seq library construction 

using Illumina TruSeqTM RNA Sample Preparation Kit v2 according to the manufacturer’s 

instructions, except that only one-third of the recommended volumes were used in each 

step. For the primary tumor samples, rRNA was depleted from 1 μg of the total RNA for 

each sample using the Ribo-Zero™ rRNA Removal Kit (Epicentre Biotechnologies). The 

rRNA-depleted RNA was pipetted into the Illumina TruSeqTM RNA Sample Preparation 

Kit  v2  by  resuspending  it  in  6.5  μl  of  Elute,  Prime,  Fragment  mix.  (For  a  detailed 

description of protocol  see Appendix)  The resulting RNA-seq libraries  were quantified 

using  the  Library  Quantification  Kit  from  KAPA  Biosystems.  The  libraries  were 

sequenced on an Illumina HiSeq 2000 at the EMBL GeneCore (Heidelberg,  Germany). 

Reads  were  mapped  using  TopHat,  assigned  to  genes  using  HTSeq-count,  and 

differentially expressed genes and per-gene-dispersion estimates were called using DESeq. 

For gene ontology analysis, we used GeneCodis  (197, 199), and DAVID bioinformatics 

GO annotation and signaling pathway tool. For Gene Set Enrichment Analysis (GSEA), we 

used the online molecular signature database (MSigDB) (200, 201) with gene sets from C2 

database, which contains 1892 curated gene sets that are collected from various sources 

including online pathway databases and knowledge of domain experts. P-values thresholds 

were set to 0.01.

2.2.11 Methylated DNA immunoprecipitation sequencing (MeDIP-seq) 

and MeDIP-qPCR 

Genomic DNA was isolated from cells of subclones (K7het, K7pos, and K7neg) using the 

PureLink Genomic DNA Mini Kit (Life Technologies). Purified genomic DNA (4  μg in 

120 μl) was transferred to a Covaris microtube and sonicated in a Covaris S2 sonicator 

using the following settings: time 7 minutes, duty cycle 10 %, intensity 5, cycles per burst 

200,  temperature  4°C,  and  power  mode  frequency  sweeping.  The  sheared  DNA  was 

precipitated with 1 volume of AMPure beads (Beckman Coulter) and 1 volume of 30 % 

PEG8000, 1.25 M NaCl, washed 2 times with 75 % ethanol and resuspended in 41 μl of 10 

mM Tris, pH 8.0, 0.1 mM EDTA. DNA ends were blunted, A-tailed and Illumina TruSeq 

adapters were ligated using an in-house made version of Illumina’s TruSeq DNA sample 
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preparation kit. The methylated DNA immunoprecipitation was performed essentially as 

described  (http://www.roadmapepigenomics.org/),  except  a  short  oligonucleotide 

(AGATCGGAAGAGCGTC)  was  added  to  the  denaturation  reaction  to  prevent  DNA 

fragments from annealing together by their adapter sequences. The libraries were amplified 

with the Kapa HiFi DNA polymerase (Kapa Biosystems) and sequenced on an Illumina 

HiSeq 2000 (EMBL GeneCore, Heidelberg). The reads were mapped to the human genome 

using Bowtie and differentially methylated regions were identified with DiffReps  (202). 

MeDIP-qPCR  was  used  to  validate  the  methylated  DNA  immunoprecipitation  and 

differentially  methylated  regions  identified  by  MeDIP-seq.  The  following  components 

were added per reaction mix: 4µl H2O, 1µl Primer Mix (5 pmol/l),  10 µl KAPA SYBR® 

FAST qPCR Master Mix (2X) (Kapabiosystems), and 5 µl input ultrasonicated DNA. 

2.2.12 Bisulfite pyrosequencing

Quantification of CpG methylation at  KRT7 promoter was performed by pyrosequencing 

with  predesigned  assays  (Human_KRT7_01_PM  PyroMark  CpG  assay,  Qiagen). 

Pyrosequencing  was  performed  with  QIAGEN  PyroMark.  Detection  and  quantitative 

mutation analysis were performed by the inbuilt software (Pyrogram). Genomic DNA was 

extracted  using  QIAamp  DNA  mini  protocol  (Qiagen)  from  either  stable  subclones 

(K7neg, K7pos) or FACS-sorted keratin-7-positive cells or keratin-7-negative cells from 

K7het subclones.

2.2.13 5-aza-2’deoxycytidine  (5-Aza-dC),  Trichostatin  A  (TSA)  and 

suberanilohydroxamic acid (SAHA) treatment

K7neg subclones were treated with 0.1 - 10 μmol/L 5-aza-dC (stock dilution in dimethyl 

sulfoxide (DMSO), 1mmol/L) for 24 - 96 hours. For co-treatment, cells were incubated 

initially  with  5-aza-dC (0.5  μmol/L)  for  48  hours  followed by TSA (stock dilution  in 

ethanol 1mmol/L) or SAHA (stock dilution in DMSO, 10mmol/L) for 24 hours. All drugs 

were diluted in culture medium for final concentration.

2.2.14 Bromodeoxyuridine (BrdU) analysis

Cells were grown on microscopic slides in 6-well plates and incubated in a culture medium 

with  10  μM BrdU for  12  hours.  Cells  were  fixed  in  BD Cytofix/Cytoperm™ Buffer, 
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washed  with  BD  Perm/Wash  Buffer  (BD  Pharmingen),  and  stained  with  anti-BrdU 

antibody (Abcam) and Alexa Fluor 488. Double staining was performed with anti-keratin-7 

antibody (Dako) and secondary Alexa Fluor 594-conjugated antibody. 

2.2.15 NOD/SCID tumor xenografts

For  heterotopic  xenograft  transplantation,  six-week-old  NOD/SCID  mice  were 

subcutaneously inoculated into their  lateral  flanks with 5x106  cells  and monitored daily 

until  the  tumors  became  palpable.  We  used  two  different  subclones  in  early  (10-15 

passages)  and  late  passage  (>20  passages),  each  representing  the  three  keratin-7 

phenotypes  (K7het,  K7pos,  K7neg).  At  the  end  of  the  experiment  the  animals  were 

euthanized, the tumors were excised, weighed, and fixed in formalin for IHC analysis. All 

the animals were housed in individually ventilated cages in the Animal House Facility of 

BRFAA (Biomedical Research Foundation of the Academy of Athens) in pathogen-free 

conditions,  in  full  compliance  with  the  recommendations  of  FELASA  (Federation  of 

Laboratory Animal Science Association).  The Greek Ministry of Agriculture (European 

Directive 86/609) approved all procedures concerning the protection of animals used for 

experimental purposes.

2.2.16 Immunohistochemistry

IHC was performed on formalin-fixed and paraffin-embedded (FFPE) tissue sections (2 

μm). Deparaffinized and hydrated sections were exposed to heat-induced antigen retrieval 

in  citrate  buffer  (0.1  %,  pH 6.0)  for  five  minutes  in  a  pressure  cooker  at  125°C and 

gradually  cooled  in  the  cooker  for  ten  minutes.  Endogenous  peroxidase  activity  was 

blocked with hydrogen peroxide (1.0 %) for ten minutes at RT. Sections were incubated 

with primary antibodies overnight at 4°C. After washing in PBS, the slides were incubated 

with biotinylated secondary antibodies (a summary of all antibodies used is shown in Table 

2-3). After washing in PBS, bound secondary antibodies were detected and developed with 

the ABC system (Dako) with AEC or DAB (0.06 % 3,3’-diaminobenzidine with PBS, 

0.003  %  H2O2)  as  chromogenic  signal  detectors.  Slides  were  counterstained  with 

Hematoxylin  and  mounted  in  water-soluble  Aquafix  solution.  As  a  negative  control, 

primary antibodies were replaced by PBS. 
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2.2.17 Immunostaining  (double  and  triple  Immunofluorescence)  on 

cells 

Cells were either grown on coverslips and stained or directly stained in 96-well plates. 

Cells were fixed in ice-cold methanol for five minutes and acetone for 30 seconds. Cells 

were washed in PBS and incubated with primary antibodies diluted in PBS for 30 minutes 

to one hour at RT. This was followed by three, five-minute washes with PBS. Secondary 

antibody, diluted in PBS, was added for an additional 45 minutes, followed by four five 

minute washes with PBS. Secondary antibodies used were either Alexa Fluor 488 or 594-

conjugated antibodies (Invitrogen). Samples were mounted in a Dako Mounting medium 

with DAPI (Invitrogen).  Immunofluorescence  signals were detected  by Zeiss AxioPhot 

fluorescence microscope or by Zeiss LSM 510 META scanning laser confocal microscope. 

2.2.18 Ion Torrent Amplicon Sequencing and Array-CGH

Ion  Torrent  sequencing  was  performed  on  DNA  from  cryopreserved  primary  tumor 

samples,  non-neoplastic  liver,  and  cellular  subclones.  DNA  was  extracted  with  the 

QIAamp®  DNA  Mini  kit  (Qiagen).  Ten  nanograms  of  DNA  were  used  for  highly 

multiplexed PCR of 190 amplicons covering 739 mutations in 46 cancer-related genes (Ion 

AmpliSeq  Cancer  Panel  Primer  Pool,  Life  Technologies).  Subsequent  processing  was 

performed according to the manufacturer’s protocols for library construction and emulsion 

PCR using the Ion OneTouch system. Sequencing was done on the Ion Torrent Personal 

Genome Machine (Life Technologies). Data analysis, including base calling, alignment to 

the hg19 human reference genome, and variant calling, was done using Ion Torrent Suite 

Software (Life Technologies).

For Array-CGH, DNA from a cryopreserved primary-tumor sample, and clonal cell pellets 

and reference human DNA were labeled with different fluorescent dyes (Cy3 and Cy5, 

respectively) and co-hybridized on, 8x60K Human CGH array (Unrestricted SurePrint G3).

2.2.19 Western blotting

SDS PAGE stacking gels were cast into clean glass plates according to standard recipes. 

The gel was then immersed into 1X Running buffer and pre-run for a short period. Whole-

cell protein extracts from each clonal cell type with Laemmli loading dye (BioRad) in 1:1 

ratio were added, and the gel was run at 90V until  the samples entered into the lower 
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portion  of  the  gel.  The  samples  were  run  to  the  bottom of  the  gel  to  ensure  optimal  

separation. Proteins were transferred onto nitrocellulose pore membranes using a semi-dry 

iBlot  transfer  device (Life  Technologies).  Noting  the orientation  of  the membrane,  the 

membrane was washed twice in Tris buffered saline with Tween (TBST) for five minutes, 

followed by blocking in 5 % skimmed milk TBST for one hour. The blocking solution was 

removed with two five minute washes with TBST after which primary monoclonal keratin-

7 antibody (Clone OV-TL 12/30, Dako) and anti-β-actin antibody (Clone AC-74, Sigma-

Aldrich),  as a loading control,  were applied. The primary antibody incubation was left 

overnight at 4ºC. Next, prior to addition of secondary antibody and 1- hour incubation, the 

membrane was washed in TBST 3-4 times for five minutes. Four final five minutes TBST 

washes were performed. 

ECL detection  reagents  (GE Healthcare  Life  Sciences)  with  a  horseradish  peroxidase-

conjugated  secondary  antibody  was  used  according  to  manufacturer’s  instructions  and 

developed. The length of exposure on X-ray film was determined empirically. 

2.2.20 Statistical analysis and software

Values are expressed as mean  ± SD. qRT-PCR validation is represented in a log2  scale 

(Student’s  t-test:  *p<0.05, **p<0.01, ***p<0.0001; n = 3-4 f1 clones).  DiffReps  (202) 

were  used  to  associate  differentially  methylated  regions  (DMRs)  with  differentially 

expressed genes (DEGs). P-values were calculated on the hypergeometric distribution for 

DMRs. Cumulative tumor weights between different clonal phenotypes were calculated by 

One-way ANOVA with uncorrected Fisher’s LSD test, **p<0.01, ****p<0.0001. DEGs 

were  identified  using  the  data  analysis  package  DESeq  (203).  Statistical  analysis  was 

performed using the Prism 8 Graph Pad software.

2.3 Results

Please note that parts of this chapter have been published in (194). 

2.3.1 Clinical features of the patient

A 72-year old female reported a weight loss of approximately 10 kg, within a six-month 

time frame, and increasing fatigue. The patient underwent an upper abdominal ultrasound 

showing a lesion about 5 x 6 cm, without bone metastasis, but with several nodules in the 
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lungs. CT showed a 9 cm expansion in the right liver lobe that was analyzed by biopsy 

surgically removed. Laboratory tests performed the day before the operation showed the 

following results: CA19-9, 5700U/ml; AFP, normal; slight anemia (Hb 10.9 g/dL), slight 

thrombocytosis  (463,000  cells  per  mm³)  monocytosis  (1,200  cells  per  mm³),  alkaline 

phosphatase  314  U/L,  GGT 137U/L,  fibrinogen  1,000  mg/L  and  CRP  147mg/L.  The 

patient  was  not  subjected  to  chemotherapy.  One  month  after  surgery,  the  patient  was 

hospitalized  again because of  dyspnoea and thoracic  pain.  CT of the thorax showed a 

massive pleural effusion as well as multiple nodular lesions measuring up to 7 mm. Due to 

the patient’s poor general condition, no chemotherapy was undertaken, and the patient died 

four weeks after the surgery.

2.3.2 Pathological features of the tumor

The tissues were fixed in buffered formalin and embedded in paraffin, and 2-4 µm thick 

sections  were  subjected  to  histopathological  and  IHC analyzes.  Eight  different  tumor 

blocks showed heterogeneous histopathological attributes with regionally distinct invasive 

tumor components (satellite nodules) and lymph node metastasis (Figure 2-1A-D). Tumor 

components with tubular structures were classified as the carcinomatous component, while 

satellite  nodules with predominant  spindle cells,  which were also present in the lymph 

node  metastasis,  were  classified  as  the  sarcomatoid  component  (Figure  2-1B). 

Furthermore,  the  carcinomatous  part  contained  areas  with  mixed  cells  showing 

sarcomatoid  and  carcinomatous  features  (transitional  component)  (Figure  2-1A).  Such 

transitional  areas  have  been  previously  suggested  to  be  the  result  of  the  metaplastic 

transformation  of  epithelial  cells  to  mesenchymal-like  cells  (204-206).  A  lymph  node 

metastasis (Met) showed sarcomatoid features (Figure 2-1B, C). The surgically resected 

liver  tumor  was  diagnosed  as  intrahepatic  cholangiocarcinoma  with  a  sarcomatoid 

component. 
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Figure 2-1. Overview of the FFPE blocks and their morphological features.

(A) FFPE blocks used for IHC and RNA-seq analysis. Carcinomatous features are found in 
tumor blocks 4, 5, 6 and 7; sarcomatoid features are found in tumor blocks 2, 3, 4, 5 and 8 
(metastasis), transitional features are found in tumor blocks 3 and 5. Non-neoplastic liver = 
Block  1.  (B  and  C)  Higher  magnification  of  distinct  areas  of  the  tumor  displaying 
carcinomatous component (Block 4, dashed line marks the border between non-neoplastic 
liver  and  the  carcinomatous  component),  sarcomatoid  component  (Block  4)  and 
transitional  component (Block 5) with mixed carcinomatous and sarcomatoid elements. 
Block 8 with the lymph node metastasis showing sarcomatoid differentiation. Scale bar: 50 
µm. (D) FFPE blocks showing areas with core holes from which RNA was isolated for 
RNA-sequencing. (Adapted from (194)).
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2.3.3 Transcriptome  profiling  of  invasive  and  metastatic  features 

inside sarcomatoid cholangiocarcinoma

To further characterize the heterogeneity in different tumor regions, transcriptional profiles 

by RNA-seq of each component were generated.  Samples from tumor areas with defined 

morphological  features  were  collected  by  core  biopsies  taken  from  the  FFPE  blocks 

(Figure 2-1D).  Comparison of the sequencing profiles showed more similarities in gene 

expression  between  sarcomatoid  and  metastatic  than  between  the  carcinomatous  and 

sarcomatoid or metastatic components, supporting the notion that metastasis has emerged 

from the sarcomatoid component (Figure 2-2A). Furthermore, the comparison between the 

carcinomatous and sarcomatoid tumor components (Carc-Sarc) and the carcinomatous and 

metastatic tumor component (Carc-Met) identified 585 and 1418 DEGs, respectively (log2 

fold change ≥ 2.0, p(adjusted) < 0.01), characteristic of the invasive and metastatic tumor 

components  (14,  207).  Gene ontology analysis  with functional  annotation  clustering  of 

common  upregulated  genes  with  sarcomatoid  differentiation  (Sarc  and  Met)  were 

associated  with  mesenchymal  differentiation  (MMP2,  MMP11,  CDH2,  VIM,  MCAM, 

SERPINE1), invasive/migratory related genes (PDPN, VEGFC, TLN2), EMT-related genes 

(TWIST1, TGFBR1, ZEB1, ZEB2) as well as stem/self-renewal genes (NCAM1, PROCR,  

ANPEP),  (Figure 2-2D, upper panel, Table 2-4), while  common downregulated DEGs in 

components with  sarcomatoid differentiation (Sarc and Met) identified cell-cell junction 

related genes (DSP, JUP, PVRL4, GJB3, GJB4, GJB6, TJP2, TJP3, CGN) and epithelial 

differentiation-related  genes  (CDH1,  CDH3,  CRB3,  OCLN,  DDR1,  EPCAM,  CLDN3,  

FGFR2b) (Figure 2-2D, lower panel; Table 2-4). 
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Figure  2-2.  RNA-seq  transcriptome  analysis  of  different  tumor  regions  in 

sarcomatoid cholangiocarcinoma.

(A) Heatmap and dendogram of sample-to-sample Euclidean distances of transcriptome 
profiles  between  different  tumor  components.  (B)  MA plot  of  differentially  expressed 
genes  identified  between  Carc,  Sarc  and  Met  tumor  compartment.  Dots  represent 
individual  gene  expression.  The  x  axis  is  the  average  expression  over  the  mean  of 
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normalized counts (A-values), the y axis is the log2 fold change between Sarc/Carc groups 
or  Met/Carc  group (M-values).  Genes  with  an  adjusted  p-value  below a  threshold  are 
marked in red color. (C) Heatmaps showing the expression data of the top 40 differentially 
expressed genes. Each cell in the matrix represents the expression level of a gene feature in 
an individual sample. Dark-blue and white in cells reflect high and low expression levels, 
respectively. (D) Enriched gene ontology categories of common upregulated genes (n = 
105)  derived  from (Sarc)  component  and lymph  node metastasis  (Met)  relative  to  the 
carcinomatous  (Carc)  component  (upper  panel);  Enriched  gene  ontology  categories  of 
downregulated genes (n = 391) derived from (Sarc) component and lymph node metastasis 
(Met)  relative  to  the  carcinomatous  (Carc)  component  (lower  panel).  (Adapted  from 
(194)).

2.3.4 Immunohistochemical characterization of the tumor

We validated RNA-seq data by performing IHC analysis on FFPE samples representing 

distinct  tumor compartments used in  the preparation  of sequencing libraries  as well  as 

routinely used markers for differential diagnosis (Figure 3-3A, B).

Markers  for  biliary  epithelial  cells  (keratin-8 and keratin-18,  keratin-7,  keratin-19,  and 

MUC-1) and cell-cell  adhesion proteins  (CLDN4, E-cadherin,  β-catenin)  were strongly 

expressed  in  the  carcinomatous  component,  indicating  polarized  and  epithelial 

differentiation  (Figure  2-3A).  The  sarcomatoid  tumor  component  and  the  metastasis 

showed weak or negative expression of the above-mentioned proteins  while  displaying 

increased expression of the mesenchymal marker vimentin. The sarcomatoid component 

and the metastasis showed increased staining with the cellular proliferation marker Ki-67, 

which suggests an increased malignant phenotype (Figure 2-3A).

Furthermore,  we  analyzed  markers  reported  to  be  associated  with  cholangiocarcinoma 

progression  or  poor  patient  survival.  Membranous expression  of  the  HGF receptor  (c-

MET)  and  CD44  and  overexpressed  p53  in  the  nucleus  were  observed  in  all  tumor 

components. Carcinoembryonic antigen (CEA) staining was confined to the carcinomatous 

component with no expression in sarcomatoid component and the metastases (Figure 2-

3A).
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Figure  2-3.  Immunohistochemical  characterization  and  RNA-seq  normalized  read 

count  data  of  selected  differentially  expressed  genes  in  different  carcinomatous, 

sarcomatoid and metastasis tumor compartments.

(A) Immunohistochemistry profiling of serial sections from primary tumor compartments. 
Immunohistochemistry was performed using specific antibodies against KRT8+18, KRT7, 
KRT19,  Vimentin,  MUC1,  CLDN4,  c-MET,  E-cadherin,  beta-catenin,  CEA,  and  p53. 
Stained sections were developed with AEC (red color) or DAB (brown color) substrate-
chromogen. Proliferative tumor score was based on average counts of Ki-67-positive cells 
in  seven random high-power  viewing.  (B)  Normalized  RNA-seq read  count  values  of 
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differentially  expressed  genes  between  Carc,  Sarc  and  Met  tumor  compartments. 
Magnification A: 200x (Ki-67: 400x) (Adapted from (194)).

Figure 2-4.  Immunohistochemical  analysis  of hepatic stem/progenitor cell  markers 

and hepatocytic lineage associated markers. 

Immunohistochemical  staining  of  carcinomatoid,  sarcomatoid  and  metastatic  primary 
tumor  compartments  using  antibodies  against  NCAM1,  CgA,  CD117,  CD34,  Nestin, 
EpCAM and HePar1 and AFP. Magnification x200. (Adapted from (194)).
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IHC analysis with hepatic stem/progenitor cell markers (NCAM1, CD34, CgA, CD117, 

and  Nestin)  and  hepatocytic  lineage-associated  markers  (Hep  Par  1  and  AFP)  were 

negative in tumor cells  (Figure 2-4). These results  suggest that the primary tumor was 

derived from the intrahepatic biliary duct epithelial cells with no apparent contribution of 

hepatic  stem  cells/progenitor  cells  to  intratumor  heterogeneity  (Table  2-6). Also,  a 

significant  correlation  between  protein  (immunohistochemistry  scores)  and  mRNA 

expression was achieved between carcinomatous and sarcomatoid tumor compartments for 

selected  cholangiocarcinoma-specific,  EMT  and  pluripotent  hepatic  markers  (data  not 

shown).

2.3.5 Establishment and culture of primary cells 

Initially,  5  culture  dishes  with  cells  outgrowing  from the  tumor  were  generated.  The 

primary  tumor  cell  culture  most  likely  was  a  mixture  of  different  cell  types,  such  as 

malignant, non-malignant epithelial and mesenchymal cells. However, cells of only one of 

the dishes could be further propagated (dish C which gave rise to clone C), whereas cells 

of the other dishes stopped dividing, most likely because they were non-tumor cells (Figure 

2-5).
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Figure 2-5. Establishment of cell culture derived from sCC case.

To exclude the possibility that the clone C isolated from tumor tissue is not of epithelial  

origin  or  is  a  mixture  of  epithelial,  and  non-epithelial  cells,  we  performed  FACS 

characterization  of  early  passage  clone  C (passage 10)  using the following antibodies: 

positive control:  EpCam (epithelial cell marker), CD68 (macrophage marker), CD19 (B-

cell  marker),  CD3  (T-cell  marker),  Ve-cadherin  (endothelial  marker).  Furthermore,  to 

exclude  the  presence  of  cells  with  muscle  differentiation,  we  have  performed 

immunofluorescence staining on cultured cells with antibodies directed to alpha-smooth 

muscle actin (alpha-SMA; data not shown). As expected, the EpCam antibody stained cells 

positively,  while markers to lymphocytes,  macrophages,  endothelia,  and smooth muscle 

cells were negative (Figure 2-6A-G). 
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Figure 2-6. Cells culture of clone C were analyzed by flow cytometry for expression of 

common markers. 

(A-B)  Negative  control:  secondary  fluorescence  antibody  only;  (C)  Positive  control: 
epithelial  marker  (EpCam); D) macrophage marker  (CD68); (E-F) immune cell  marker 
(CD19  and  CD3);  G)  endothelial  cell  marker  (Ve-Cadherin).  (APC:  allophycocyanin; 
FITC: fluorescein isothiocyanate). (Adapted from (194)).

All further studies were performed with cells derived from the primary culture dish C and 

cellular subclones generated by single-cell cloning (Figure 2-5). 

The IHC cancer- and lineage-specific markers  (to distinguish biliary epithelial cells from 

hepatocytes), used for IHC profiling of the primary tumor were also used to characterize 

cells  derived  from  dish  C  (Table  2-3,  Figure  2-7A).  Surprisingly,  among  cytokeratin 

markers (keratins-8, 18, 19 and 7), only keratin-7 expression presented a heterogeneous 

staining  pattern,  displaying  mixed  subpopulations  of  keratin-7  positive  and  keratin-7 

negative  cells  (Figure  2-7A).  We  also  investigated  between  keratin-7  subclones  for 

differential  expression  of  markers  reported  to  be  associated  with  CSC or  involved  in 

upregulated signaling pathways that contributed to cholangiocarcinoma proliferation and 

invasion.  We  evaluated  IF  staining  for  c-Met,  CD44,  beta-catenin,  and  EpCam.  All 

markers  showed  no  differences  between  the  analyzed  subclones,  but  did  show 

heterogeneous  staining  between  the  cells  inside  the  subclones  (Figure  2-8).  Our  first 
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hypothesis to explain different phenotypes was that  culture is a mixture of different cell 

types. To test this hypothesis, we have performed single cell cloning (Figure 2-5). 

Figure 2-7. Characterization of K7pos, K7neg, K7het clonal cell populations.

(A) Immunofluorescence microscopy of different clonal phenotypes. K7pos, K7neg and 
K7het  cells  were  analyzed  with  triple-label  immunofluorescence  staining  (keratin-7  in 
combination with keratin-8, 18, 19 and DAPI as nuclear stain) or double-staining (DAPI in 
combination with vimentin). Scale bar = 20 µm; (B) Maintenance of keratin-7 phenotypes 
in daughter cell subclones. Proportions of keratin-7 phenotypes (y-axis) in cells derived 
from single-cell sorted parental cell clones with different K7-phenotypes (K7neg, K7het, 
K7pos) with a variable percentage of keratin-7 positive cells  (numbers at x-axis). Each 
column  represents  results  from  a  separate  experiment  for  which  the  total  number  of 
analyzed clones is  indicated at  the top of the column; (C) Schematic  demonstration of 
clonal phenotypes (K7neg, K7pos, K7het) in daughter cell subclones derived from single 
cells  of  a  K7het  parental  clone  showing  stochastic  phenotype  switching.  The  average 
percentage of phenotype propagation to daughter  cell  subclones are derived from 1043 
sub-clonal  phenotype  analyzes  shown  in  (B);  (D)  Immunofluorescence  microscopic 
characterization of different keratin-7 subclones using antibodies against E-cadherin and 
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fibronectin (green). Nuclei were stained with DAPI, 4,6- diamidino-2-phenylindole. Scale 
bar: 20 µm. (Adapted from (194)).

Figure 2-8. Immunophenotypes of K7pos, K7neg, and K7het subclones.

Immunofluorescence microscopy of different clonal phenotypes  using antibodies against 
CD44,  c-met,  beta-catenin,  EpCam  (green).  Nuclei  were  stained  with  DAPI,  4,6- 
diamidino-2-phenylindole,  Magnification:  630x  (c-met),  400x  (CD44,  beta-catenin, 
EpCam). (Adapted from(194)).

2.3.6 FACS Aria single-cell sorting

To characterize the mechanisms that govern intratumor phenotype heterogeneity, we used 

primary  cell  culture,  Clone  C  (passage  16)  for  single-cell  sorting  (FACS-Aria,  BD 

Biosciences) into 96-well plates. After 24 hours, plates were checked for wells containing 

single cells. After 2 weeks, expanded colonies (>50 cells) were either subcultured into 24-

well plates or directly stained in the wells with anti-keratin-7 antibody or used for further 

single-cell  sorting.  We categorized the subclonal  types into keratin-7 positive  (K7pos), 

keratin-7  negative  (K7neg)  and  keratin-7  heterogeneous  (K7het)  based  on  keratin-7 

58



expression in single cell-derived subclones (Figure 2-7A). Parallel to this, we selected 47 

subclones (f1 and f2 subclones) and propagated them separately for further clonal studies. 

Immunofluorescence  profiling  revealed  the  concurrent  expression  of  epithelial-specific 

markers keratin-8, keratin-18, keratin-19, as well as expression of the mesenchymal marker 

vimentin (Figure 2-7A), indicating the metastable epithelial and mesenchymal nature of the 

cell subclones  (136, 208, 209). We analyzed the stability of the keratin-7 phenotype in a 

total  of  1043  single  cell-derived  daughter  subclones  (Figure  2-7B).  K7het  subclones 

yielded daughter subclones corresponding to all three keratin-7 sub-clonal types, that is, 

K7neg, K7pos and K7het (Figure 2-7B, C). On average, approximately 26 % of all K7het 

daughter  subclones  maintained the non-committed K7het  phenotype with the ability  of 

stochastic phenotype switching between K7pos and K7neg phenotypes. Interestingly, 14 % 

of K7pos subclones (which were originally derived from K7het parental clones) gave rise 

to K7het daughter subclones, which demonstrates the reversibility of phenotype switching 

(Figure  2-7B,  C).  In  contrast,  all  K7neg  subclones  stably  propagated  their  K7neg 

phenotypes  to  their  daughter  subclones,  which  suggests  that  K7neg  subclones  have 

acquired  a  stable  phenotype (Figure  2-7B,C) Interestingly,  we observed that  in  K7neg 

subclones, E-cadherin expression was downregulated (210) and independent of culture cell 

confluence,  whereas  fibronectin  expression  was  upregulated,  suggesting  that  K7neg 

subclones were residing in a more mesenchymal state (211) (Figure 2-7A). 

2.3.7 Characterizing features of clonal cell populations.

Consistent with the keratin-7 staining patterns in keratin-7 clonal types, we detected high 

KRT7 expression at the mRNA level in K7pos and K7het clones compared to negligible 

amounts  found  in  the  K7neg  clone  (Figure  2-9A).  Western  blot  analysis  supported 

concomitant expression in whole-cell lysates from corresponding clonal phenotypes and 

confirmed the specificity of the anti-keratin-7 antibody used in this study (Figure 2-9B). 

Morphologically,  cells  displayed  dynamic  changes  in  shapes  and  size,  which  were 

dependent  on cell  culture  confluence  (Figure 2-9C).  There were no differences  among 

keratin-7 clones in cell proliferation, migratory potential, or cell cycle occupancy, and all 

clonal phenotypes were capable of prolonged  in vitro growth (>40 passages), (Figure 2-

9D-F). K7neg subclones displayed robust heterogeneity where keratin-7 expression in this 

clonal population was highly consistent between measurements (Figure 2-10A). Also, there 

was no difference in the cell size and granularity between K7-positive and K7-negative 
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cells  in  K7het  subclones (Figure  2-10B).  We  observed  that  K7neg  subclones  had 

significantly higher self-renewal capacity determined by the frequency of total established 

single-cell colonies compared to K7pos and K7het subclones under conventional culturing 

conditions (Figure 2-10C).

Figure 2-9. Characterization of cell features in K7 subclonal types.

(A) KRT7 mRNA levels in K7pos, K7neg, and K7het subclones.  Results represent the 
mean and standard errors from eight independent qRT-PCR experiments (p-value < 0.05 
by Student’s  t-test);  (B)  Western  blot  analysis  of  KRT7 expression in  different  clonal 
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subpopulations; (C) Phase-contrast images of K7pos, K7neg and K7het subclones; (D) In 
vitro proliferation curves of parental clone and differentially KRT7 expressing subclones. 
Cell  content  was determined by crystal  violet  staining;  (E) Wound closure potential  of 
subclones; (F) Cell-cycle analysis in keratin-7 positive and keratin-7 negative cells inside 
K7het subclones. Clonal cells in G0/G1, S, G2/M cell cycle phases analyzed by Hoechst 
stain.

Figure 2-10. Robust heterogeneity in K7het subclones. 

(A)  Consistency  between  measurements  of  keratin-7  expression  in  K7het  subclones 
(C1/34) in over four weeks period (Passage numbers are indicated in parenthesis); (B) Dot 
blot  representation  of  cell  size  and  granularity  (FSC  and  SSC)  of  cell  and  Keratin-7 
expression (Alexa Fluor-488); negative cells (F4) and positive cells (P5); (C) Percentage of 
cells of each subclonal type (K7pos, K7neg, K7het) from two clonal generations (f1 and 
f2) that formed colonies in cultures. Single cells were sorted into individual wells of 96-
well  plates and cultured for a period of two weeks; (D) Spontaneous loss of Keratin-7 
expression in K7pos/GFP+ subclones pre-mixed with K7neg/GFP- subclones. Unlabeled 
K7neg  cells  from  three  independent  single-cell  clones  (K7-/GFP-)  were  mixed  with 
fluorescent (K7+/GFP+) cells creating a heterogeneous cell mixture. The percentages of 
K7+/GFP+ (blue bars) and newly derived K7-/GFP+ cells (red bars) were measured over a 
time course of 33 days Results are mean ± SD.
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2.3.8 Spontaneous  conversion  of  Keratin-7  expression  in  K7pos 

subclones

To further  explore  if  individual  cells  from K7pos clones  stochastically  loose keratin-7 

expression in a manner that does not occur when the cell types are propagated separately, 

we  recreated  heterogeneous  populations  by  proportionately  mixing  cells  from  K7pos 

clones,  labeled  with  green  fluorescent  protein  (K7+/GFP+)  and  unlabeled  cells  from 

K7neg clones (K7-/GFP-) derived from three independently single-cells clones. During 33 

days of monitoring, GFP+ cells maintained a steady proliferation rate, surprisingly, on day 

5;  a  proportion  of  K7+/GFP+ started  to  convert  into  K7-/GFP+ cell  fraction  and was 

roughly maintained during a time course. Unlabeled K7-/GFP- cells never converted into 

K7+/GFP- cells, further supporting the spontaneous and one-way phenotype conversions 

of keratin-7 positive cells into keratin-7 negative cells (Figure 2-10D).  

2.3.9 Targeted  mutation  hotspot  analyzes  between  primary  tumor 

(Sarc), K7pos and K7neg subclones

To demonstrate that the cell culture established is derived from the tumor, we performed 

targeted mutation hotspot analyzes of 46 cancer-related genes was performed. We detected 

seven variants above the call threshold including a BRAF V600E mutation, which has been 

previously described in cholangiocarcinoma with poor prognosis  (212).  Importantly, the 

same 7 variants  were found in  the  original  human tumor  sample  and the  derived cell 

culture subclones (Figure 2-11A). 
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Figure 2-11. Genetic association between clonal keratin-7 phenotypes and primary 

tumor.
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(A) Representative variant frequencies in K7pos and K7neg subclones and primary tumor 
(Sarc). Gene names and Variant/Mutation ID are displayed on the horizontal  axis;  (B) 
IGV snapshot of c.1799T>A substitution, (position 1799, T➞A) in the BRAF gene (Chr 7: 
7:140753331,  hg19);  (C)  Summary  of  chromosomal  gains  and  losses  in  clonal  cell 
populations  (K7neg and K7het (>43 % KRT7+ cells)  and primary tumor measured by 
aCGH. Each chromosome marked with cytobands is represented with bars indicating the 
percentage of how often a gain or loss was found. Losses are displayed in green and gains 
are shown in red. Some changes, such as amplification of chromosomes 5, 7 and 10, or 
deletions of chromosome 10, 16, and 19 are common among all analyzed samples, while 
other changes are unique in different clones or patient tumor; (D) aCGH profiles of relative 
copy  number  aberrations  (CNA) from patient  tumor  (Tumor;  yellow-beige),  keratin-7-
heterogeneous (K7het; brown) and keratin-7-negative subclone (K7neg; blue). Blots are 
presented on a log2 scale (y-axis). (Adapted from (194)).

2.3.10 Comparative genomic hybridization in the primary tumor and 

cell clones with different keratin- 7 phenotypes 

We  extended  the  genetic  data  analysis  and  performed  array-comparative  genomic 

hybridization (aCGH) on DNA extracted from the sarcomatoid tumor component, as well 

as  the primary cell  culture  (sCC) and the  daughter  K7neg clones  (passage 29 and 30, 

respectively). While we found sporadic copy number aberrations specific for each clone 

and the primary tumor, several of the significant copy number aberrations detected in the 

original tumor (n = 26) were also present in both types of keratin-7 phenotype cell clones 

(K7neg:  n = 26;  K7het:  n  = 17) (Figure 2-11B,  C).  Genetic  concordance  between the 

samples analyzed showed that the clonal cell cultures were representative of the cellular 

diversity of the primary tumor and that the genetic relationship between K7het and K7neg 

cell subclones were essentially preserved (data not shown). Therefore, genetic variations 

do  not  explain  the  observed  phenotypic  heterogeneity  in  the  different  cell  clones. 

Consequently,  we explored the role of non-genetic mechanisms that underlie stochastic 

phenotypes  switching  associated  with  the  process  of  sarcomatoid  carcinoma 

dedifferentiation.

2.3.11 Clonal keratin-7 phenotypes constitute distinct transcriptional 

profiles 

Transcriptional  profiling  (RNA-seq)  of  K7pos  and  K7neg  f1  subclones  identified  78 

DEGs,  of  which  44  genes  were  significantly  overexpressed  and 34 underexpressed  in 

K7neg clones compared to K7pos clones (fold change ≥ 1.0, p(adjusted) < 0.05). (Figure 2-

12A).  Furthermore,  we generated  transcriptome profiles  from 10 independent  daughter 

64



subclones derived from a single f1 K7pos or K7neg subclones (f2 clones) and identified 

276 DEG of which 143 genes were significantly downregulated and 133 upregulated in 

K7neg clones compared to K7pos clones (fold change ≥ 1.0, p(adjusted) < 0.05) (Figure 2-

12B). The expression pattern of a set of randomly selected DEGs (n = 12, f1 clones and n 

= 7, f2 clones) were verified by qRT-PCR. The fold-changes in gene expression observed 

by qRT-PCR significantly correlated with the fold changes in gene expression observed by 

RNA-seq (f1 clones: r = 0.886; p < 0.001, and f2 clones: r = 0.962; p = 0.005) (Figure 2-

12C). Almost 60 % (total of 47 genes) of DEG from f1 clones analysis was reproduced in 

f2 DEG, implying that  reproducible  transcriptional  profiles  were preserved at  different 

time points during clonal propagation. Gene Ontology (GO) analysis identified commonly 

enriched terms in overexpressed genes in either K7pos or K7neg that included extracellular 

region,  cell  adhesion,  and  developmental  processes.  In  addition,  subtle  differences  of 

enriched categories based on overexpressed genes in K7neg clones related to germ-layer 

development,  epithelial/mesenchymal  differentiation,  and regulation  of  cell  growth and 

size. Reversely, overexpressed genes in K7pos clones were enriched in categories relating 

to metabolic  processes and function (carbohydrate biosynthetic  and aldo-keto reductase 

activity), and adult organ and system development (Figure 2-12D). Moreover, a literature-

based query further categorized f1 DEG into functional categories. Differentially expressed 

genes  enriched  in  either  clonal  phenotypes  included  cancer-specific  and  prognostic 

markers (NRP1, COL7A1, IGDCC4, ACSL5, FGA, RBP4, GSTM3, SECTM1), and genes 

associated with cancer  proliferation,  migration,  and invasion (THSD7A, FMNL3, NOV,  

CLDN3,  AKR1C13,  CA12,  MAPK13,  TNFSF10  SIX2,  STK33).  Interestingly, 

overexpressed  genes  in  K7neg  clones  compared  to  K7pos  clones  were  implicated  as 

inducers  of  EMT  (GALANT6,  LEF1)  or  inhibitors  of  differentiation  (MN1,  MNX1). 

Conversely,  downregulated  genes  in  K7neg  clones  included  genes  involved  with 

development  (DAAM2,  ATOH8,  PCSK9),  differentiation  (ZNF268,  AKR1B10,  UBD,  

NKD2), mesenchymal-epithelial transition (WISP2), and tumor suppressor genes (PTPN6,  

RASL11A  ADAP2,  OLFML3).  Moreover,  K7neg  clones  overexpressed  a  number  of 

prometastatic genes (FREM2, MGST1, NOG, TRO, ADAM22, INHBA) and underexpressed 

several metastasis inhibitor genes (NID1, CXCL14). In addition, some f1 DEG genes were 

directly implicated in liver carcinogenesis (AKR1B10, MAPK13, TNSF10, COL7A1) and 

malignant  transformation of hepatic  progenitor cells  (DMBT1) (a summary of DEGs is 

shown in Table 2-5). 
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To determine if the alterations in mRNA levels correlated with changes in protein levels at 

the  single-cell  level,  we  selected  the  IL13RA2 gene,  which  negatively  correlated  with 

KRT7 mRNA expression, and performed double-stained FACS analysis with anti-keratin-7 

and anti-IL13RA2 antibodies. In stable K7pos subclones nearly 100 % of the cells were 

IL13RA2 negative,  whereas  K7neg subclones  contained  populations  of  both  IL13RA2 

positive  and  IL13RA2  negative  cells  (Figure  2-12E).  Interestingly,  K7het  subclones 

contained  a  fraction  of  keratin-7/IL13RA2 positive  cells,  a  characteristic  that  was  not 

observed in either of the stable cell phenotypes (K7pos or K7neg) (Figure 2-12E). These 

results demonstrate that K7het subclones are not simply a mixture of K7pos and K7neg 

cells  (Figure  2-12E,  quadrant  Q2),  but  they  contain  a  phenotypically  unstable 

subpopulation of cells which may generate daughter cells of different phenotypes. 
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Figure 2-12. Differentially expressed genes in f1 and f2 subclones.

(A-B) MA plot  of  differentially  expressed genes  identified  between K7pos and K7neg 
subclones in f1 and f2 subclones. Dots represent individual gene expression. The x-axis is 
the average expression over the mean of normalized counts (A-values), the y-axis is the 
log2 fold change between K7neg/K7pos (M-values). Genes with an adjusted p-value below 
a threshold are marked in red colour. Heatmaps showing the expression data of the top 40 
differentially expressed genes. Each cell in the matrix represents the expression level of a 
gene feature in an individual sample. Dark-blue and white in cells reflect high and low 
expression  levels,  respectively;  (C)  qRT-PCR  validation  of  12  DEGs  identified  by 
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transcriptome sequencing. Differential expression is represented in log2 scale (Student t-
test, *P < 0.05, **P < 0.01, ***P < 0.0001; n = 3-4 f1 or f2 clones); (D) Correlation of 
fold- changes of DEG between qRT-PCR  and RNA sequencing in f1 and f2 K7pos and 
K7neg subclones;  (E) Functional  classification of differentially  expressed genes in  cell 
clones; Enriched gene ontology categories: genes up-regulated in K7pos cells (top) and up-
regulated  in  K7neg  cells  (bottom);  (F)  FACS  analysis  of  K7pos,  K7neg,  and  K7het 
subclones co-immunostained with anti-keratin-7 and anti-IL13RA2 antibodies. Ten K7het 
and four different K7pos and K7neg cell subclones were individually analyzed and results 
are displayed as scatter plots in their respective panels. (Adapted from (194)).

2.3.12 Time  and  dose-dependent  Keratin-7  mRNA  and  protein 

expression treated with 5-aza-dC

Previous studies have implicated variability in DNA methylation patterns in the context of 

stochastic gene expression in cancer cells (213). Treatment of K7neg subclones with 5-aza-

dC  caused  keratin-7  protein  re-expression,  and  increased  the  percentage  of  keratin-7 

positive cells  in a time- and dose-dependent manner (Figure 2-13A-C). Reactivation of 

keratin-7 expression occurred only in a sub-fraction of cells  (Figure 2-13D), suggesting 

cell-to-cell variability in responses to 5-aza-dC treatment. In addition, we investigated the 

involvement of histone modifications on KRT7 expression and protein levels, investigated 

by treatment of K7neg subclones with the histone deacetylase inhibitors (SAHA and TSA) 

in a time- and dose- dependent manner (Figure 2-13E, F). However, there was negligible 

reactivation of  KRT7 gene at the RNA level and no expression of the protein. We also 

investigated the synergistic effects of methylation and deacetylase inhibitors (SAHA and 

TSA) in K7neg clones and found a minor one-fold increase in expression with combined 

low-dose 5-aza-dC and TSA treatment (Figure 2-13G). 
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Figure  2-13.  The  keratin-7  expression  is  reactivated  upon  treatment  with  5-aza-

deoxycytidine (5-aza-dC). 
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(A-B)  Time  and  dose-dependent  re-expression  of  KRT7 mRNA  expression  in  K7neg 
subclones  after  5-aza-dC treatment.   Means  ±  standard  error  of  triplicates  shown;  (C) 
Western blot of re-expressed keratin-7 in K7neg cells treated with 5-aza-dC at indicated 
time  points.  β-actin  was  used  as  a  reference;  (D)  Immunofluorescence-stained  cells 
representing time and dose-dependent re-expression of keratin-7 protein in K7neg clones 
after 5-aza-dC treatment. Right: Scatter plots representing single cells with re-expressed 
KRT7 protein  relative  to  nuclear  DAPI  positive  cells.  Cells  were  analyzed  with 
TissueFAXS in each of the conditions. The percentages of positive cells were derived from 
the upper right corner in each scatterplot determined by the threshold lines and represent 
averages of at least 30,000 counted cells; (E-F) Time- and dose-dependent re-expression of 
Keratin-7 in K7neg clones after TSA and SAHA treatment; (G) Combined treatment with 
5-aza-dC and histone deacetylase inhibitors (SAHA and TSA) in K7neg clones. Bar graphs 
represent averages of KRT7 expression on log2 scale from two independent K7neg clones, 
(Student’s t-test, *p<0.05). (Adapted from (194)).

2.3.13 MeDIP-seq  analysis  of  KRT7 promoter  and DMR and their 

correlation with DEG

For  further  investigation  of  the  transcriptional  regulation  of  keratin-7,  whether  KRT7 

expression in different clonal phenotypes correlated with DNA methylation of the KRT7 

promoter  was  analyzed.  Using  MeDIP-seq  of  three  independently  derived  K7pos  and 

K7neg f1 subclones showed a significant increase in DNA methylation at the CpG islands 

associated  within  the  KRT7  promoter  in  all  K7neg  clones  compared  to  K7pos  cells, 

corroborating  previous  reports  implicating  DNA methylation  in  KRT7 gene regulation 

(185, 207) (Figure 2-14A, B). MeDIP-seq data was verified by performing MeDIP-qPCR 

using amplicons designed to an unmethylated locus (GAPDH), a highly methylated locus 

(SNRPN), and a  differentially  methylated locus (ADAM22) between stable  K7pos and 

K7neg cell clones (Figure 2-14C; Figure 2-15A-E). Furthermore, we verified additional ten 

amplicons designed for highly methylated or differentially methylated loci between stable 

K7pos and K7neg cell  clones  (Figure  2-14D)  were  verified.  To test  the  role  of  DNA 

methylation in global transcriptional stability, we used MeDIP-seq of different keratin-7 

clonal types, and identified 3,344 differentially methylated regions (DMRs, false discovery 

rate <0.05). Differentially expressed genes demonstrated a much higher association with 

DMRs  than  non-differentially  expressed  genes,  indicating  that  in  cells  with  a  stable 

phenotype the observed changes in gene expression were associated with changes in DNA 

methylation (Figure 2-14E).
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Figure 2-14. Differences in DNA methylation in stable cell subclones and subclones 

with stochastic phenotype switching. 

(A) UCSC genome browser screenshot of representative  KRT7 promoter peaks from six 
independent  subclones,  where  K7neg  subclones  (C12205,  C3,  and  C13)  (red)  had 
increased  5-mC levels  compared to  K7pos subclones  (C39,  C4 and C8) (green).  As a 
reference, MeDIP-seq of  in vitro fully CpG methylated genomic DNA is shown in blue; 
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(B)  MeDIP-qPCR verification  of  DMR at  KRT7 promoter  (KRT7prom)  and  GAPDH 
promoter  (GAPDH) as  a  negative  control;  (C-D)   Verification  of  MeDIP-seq  data  for 
specific DMR’s (Student’s t-test, *p<0.05, **p<0.01; (E) DMRs preferentially associated 
with promoters (right) and promoters and gene-bodies (left) of DEGs. tss: distances from 
transcription start site, (p-values, hypergeometric test); (F) Heritability of gene and protein 
expression was analyzed upon treatment K7neg subclones with 1 μmol/L 5-aza-dC, cells 
were treated with 1 μmol/L 5-Aza for 48 h. Cells were harvested for RNA extraction every 
second day for 10 beginning 48 h after drug removal. Protein expression was counted in 
single cells by TissueFAXS on cells grown and stained on glass slides from day 6 up to 
day 26. (Adapted from (194)).

72



Figure  2-15.  Genome  browser  view  of  DMR  identified  in  keratin-7  positive  and 

keratin-7 negative subclones.

(A) unmethylated locus (GAPDH), (B) highly methylated locus (SNRPN) and (C-E) three 
DMR’s (NOV, EFCAB4B, ADAM22) are shown. Values are relative to a standard curve 
of input DNA. (Adapted from (194)).

2.3.14 Dynamics of Keratin-7 expression

To elucidate the dynamics of keratin-7 re-expression at mRNA and protein level after 5-

aza-dC treatment  (192), we initially treated K7neg cells with 5-aza-dC, and subsequently 
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propagated  the  cells  in  a  drug-free  environment  while  monitoring  mRNA and  protein 

expression.  In  a  subsequent  experiment,  re-expression  of  keratin-7  protein  levels  were 

measured by counting cells in cell populations starting 6 days after treatment with 5-aza-

dC (Figure 2-14F) .  Treatment resulted in increased relative expression of KRT7 mRNA 

and protein. Both mRNA and protein levels gradually decreased during propagation in a 

drug-free medium, suggesting involvement of intrinsic,  homeostatic mechanisms, which 

are able to reconstitute methylation markers after initial erasure of DNA-methylation on 

KRT7 promoter (Figure 2-14F).

2.3.15 KRT7  promoter-specific  pyrosequencing  in  FACS  sorted 

keratin-7  positive  and  keratin-7  negative  cells  from  K7het 

subclones 

We  further  investigated  if  stable  (K7pos  and  K7neg)  and  unstable  (K7het)  keratin-7 

subclones differ  in the way they utilize DNA methylation.  Surprisingly,  comparison of 

DNA methylation  analysis  results  from phenotypically  stable  K7neg cells  showed that 

methylation of the  KRT7 promoter was much more pronounced than in sorted keratin-7 

negative cells of phenotypically unstable K7het subclones (Figure 2-16A, B). This implies 

that  mechanisms  not  related  to  DNA methylation  are  involved  in  regulating  keratin-7 

expression in cells undergoing stochastic phenotype switching.

2.3.16 Clonal progeny derived from K7pos and K7neg clones and 5-

aza-dC treatment stabilizes transcriptome variance 

To further characterize the transcriptional stability of the K7pos and K7neg subclones, we 

compared  the  per-gene  biological  variance  between  replicates  of  K7pos  and  K7neg 

subclones derived from single cells  from the primary sCC cell  culture (f1 clones) and 

daughter subclones derived from a single f1 K7pos or K7neg subclones (f2 clones) (Figure 

2-16C). Typical RNA-seq data analysis consists of applying statistical models to transcript 

read-count data sets. One advantage of the count models is their ability, for a given gene, 

to  separate  significant  read  count  differences  from biological  and  technical  variability 

(203).  Our  experimental  strategy  has  an  advantage  of  accurately  estimating  biological 

variability for each gene between independently derived clones, by estimating the degree 

of natural stochastic gene expression variation (dispersion) on gene basis with a DEseq 

74



analysis tool.  We discovered that the per-gene variances between different f1 subclones 

were much higher compared to the average per-gene variances between their daughter f2 

subclones  (Figure  2-16C).  Thus,  by  probing  the  gene  expression  variance  between 

different  clonal  generations,  we  observed  that  not  only  KRT7  gene  expression  was 

stabilized in the K7pos and K7neg subclones, but there also exists a general mechanism 

leading to global transcriptome stabilization during the transition from an unstable keratin-

7  expressing phenotype  (i.e.  K7het)  to  a  more  stable  keratin-7 phenotype  (K7pos and 

K7neg) (Figure 2-16C). Furthermore, it appears that sequential cell divisions reduce the 

overall  noise  and  globally  stabilize  the  transcriptional  program  of  inherently 

phenotypically unstable cells.  Because variability of DNA methylation patterns has been 

associated with stochastic gene expression in cancer (213), we investigated whether gene 

expression in the different clonal phenotypes correlates with DNA methylated regions in 

the genome  (214, 215).  RNA-seq analysis  of K7pos,  K7neg, and K7het subclones (f1) 

treated  with  the  DNA  methyltransferase  inhibitor  5-aza-2-deoxycytidine  (5-aza-dC) 

revealed a remarkable decrease in variance; that is, the similarity between the 5-aza-dC-

treated K7pos and the K7neg subclones was greater than that observed between untreated 

corresponding clones (Figure 2-16D). These observations of transcriptome “stabilization” 

due  to  rearrangements  in  the  methylation  patterns  suggest  an  important  implication  of 

DNA methylation in the variability of gene expression, which may have a defining role in 

initiation and establishment of heterogeneous differentiation phenotypes. 
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Figure 2-16. Quantification of CpG methylation at KRT7 promoter. 

(A) Quantitative methylation differences at individual CpG sites in KRT7 promoter CpG 
island in sorted keratin-7-positive and keratin-7-negative cell fractions (sK7pos, sK7neg) 
of a K7het culture (n = 8). Two-way ANOVA with Bonferroni's multiple comparisons test, 
***p<0.001, ****p<0.0001); (B) Relative methylation differences between stable K7pos 
and K7neg clones (n = 2) are significantly higher compared to methylation levels between 
keratin-7 expressing and non-expressing sorted cell subfractions of K7het clones (n = 4; 
Student’s  t-test,  *p<0.05);  (C)  Violin  plot  representation  of  the  per-gene  variance 
distribution  based on transcriptome sequencing of  K7pos and K7neg f1 cell  subclones 
compared to K7pos and K7neg f2 cell subclones. The f2 K7pos and K7neg subclones were 
derived from a single f1 cell each (n = 5 for each clonal type, Student’s t-test, p = 1.6 x10-

15);  (D)  Violin  plot  representation  of  the  per-gene  variance  distribution  based  on 
transcriptome sequencing of K7pos and K7neg f1 cell subclones compared to K7pos and 
K7neg f2 cell subclones. The f2 K7pos and K7neg subclones were derived from a single f1 
cell each (n = 5 for each clonal type, Student’s t-test, p = 1.6x10-15. (Adapted from (194)).
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2.3.17 Phenotype switching occurs during mitosis

Asymmetric  cell  division  is  a  characteristic  property  of  gene  expression  noise  (216). 

Therefore,  we investigated  if  this  stochastic  modality  is  responsible  for  heterogeneous 

keratin-7 expression in daughter cells after mitosis. In several independent K7het clones, 

we  observed  different  keratin-7  staining  of  daughter  cells  during  cytokinesis  or 

immediately  after  the  cell  division  phase  (Figure  2-17A).  Such  changes  in  keratin-7 

phenotypes  were  never  observed  in  dividing  K7pos  and  K7neg  cells  (not  shown).  To 

further  characterize  the  asymmetrical  partitioning  of  keratin-7  expression  that  occurs 

between daughter cells, we pre-incubated cells with BrdU. Double staining for BrdU and 

keratin-7 confirmed unequal partitioning between daughter cells (Figure 2-17B). 

Figure 2-17. Stochastic phenotype switching and asymmetric cell division in K7het 

clones

(A) Immunofluorescence microscopy of keratin-7 expression in daughter cells immediately 
after cell division. White arrows point to connections between daughter cells. Lower panel: 
uneven expression of keratin-7 in daughter cells (right arrow) and daughter cells with same 
keratin-7 phenotypes (left arrow). Magnification: 630x; (B) Actively dividing K7het sub-
clonal  cell  incubated with BrdU and double-stained with anti-Keratin-7 and anti-BrdU. 
(Adapted from (194)).
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2.3.18 Loss of keratin-7 expression results in increased tumorigenicity 

in vivo

To investigate  the  biological  relevance  of  the  different  keratin-7  phenotypes  in  cancer 

development,  we  evaluated  their  tumorigenic  potential  in  a  NOD/SCID  mouse  tumor 

xenograft  model.  The  average  time  for  the  appearance  of  tumors  after  subcutaneous 

implantation of cells was 29±6 days. Only K7het and K7neg subclones established tumors 

whereas none of the K7pos subclones led to visible tumor growth at any of the injected 

sites (n = 8 per clonal type) (Figure 2-18A). We also observed variability between clonal 

types and weights of the tumors after resection (Figure 2-18B). Histological analysis of the 

developed tumors revealed mostly spindle cell morphology and an invasive growth pattern, 

which resembles the invasive sarcomatoid component of the primary patient tumor and the 

metastasis  (Figure  2-18C).  Importantly,  IHC  analysis  showed  that  all  K7het-derived 

tumors were comprised of keratin-7-negative cells (Figure 2-18C), except a few scattered 

keratin-7-positive cells, most of which showed features of apoptosis and were located in 

necrotic parts of the tumor (Figure 2-18C). This was a surprising result since the injected 

K7het subclones contained >60 % keratin-7 positive cells (clone CCC C: 78 % keratin-7-

positive cells; CCC C1: 63 % keratin-7-positive cells). Both K7het- and K7neg- derived 

tumors concomitantly expressed keratin-8, vimentin, and Ki-67 markers.  Additionally, in 

the xenograft environment, as in the primary patient tumor, we observed that some tumor 

cells lost keratin-8 expression while maintaining expression of vimentin (Figure 2-18D).
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Figure 2-18.  Keratin-7-negative subclones  show increased tumorigenic  potential  in 

xenografts.

(A)  Representative  pictures  of  established  tumor  xenografts  from  K7neg  and  K7het 
subclones after 33 and 22 days, respectively; (B) Mean tumor weights developed from the 
different clonal phenotype. Two independent subclones per clonal phenotype have been 
injected  into multiple  mice (tumor weights  are  shown as  mean ± SD; total  number of 
developed tumors/total number of injection sites is shown at the top; One way ANOVA 
with uncorrected Fisher’s LSD test (**p<0.01, ****p<0.0001); (C) Hematoxylin and eosin 
(H&E), and immunohistochemical staining of xenografted tumors. Tumors were derived 
from K7het and K7neg subclones and stained with anti-keratin-7 antibodies (the arrow 
indicates  residual  keratin-7-positive  cells  associated  with  necrotic  and  apoptotic  tumor 
cells),  anti-keratin-8+18  antibodies,  anti-vimentin  antibodies,  and  the  Ki-67  antibody. 
Xenografts developed from K7het subclones showed a keratin-7 negative phenotype. Scale 
bar for H&E, keratin-7, keratin-8/keratin-18, vimentin images = 50µm. Scale bar for Ki-67 
images  =  100µm;  (D)  Triple  immunofluorescence  staining  of  the  primary  tumor  and 
corresponding xenografts  with anti-keratin-8 (red), anti-vimentin (green) antibodies  and 
nuclear DAPI dye (blue). DAPI, 4,6- diamidino-2-phenylindole.  Scale bar = 20µm; the 
insets in the upper panels indicate areas shown in higher magnification in the lower panels. 
(Adapted from (194)).
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2.3.19 Expression  of  EMT  markers  in  cultured  subclones,  primary 

tumor components, and xenografts

Further  characterization  of  stochastic  phenotype  switching  in  culture,  primary  tumor 

components, and nude mice xenografts involved differentially analysis of EMT markers at 

gene  expression  and  protein  levels.  Distinct  gene  expression  signatures  from different 

regions (Carc, Sarc, Met) provided unbiased proof for the involvement of EMT in tumor 

progression cascade from stationary to metastatic tumor. Significantly overexpressed genes 

in Sarc/Met compared to Carc suggest that tumorigenesis processes are functionally related 

to extracellular matrix remodeling and metallopeptidase activity, loss of cell-cell junction, 

and epithelial differentiated with concomitant involvement of mesenchymal differentiation, 

invasive  and  migratory  genes,  stem-cell/self-renewal  genes,  and  finally  EMT-inducing 

transcription factors Zeb1, Zeb2 (log2 fold change < 2.0, p(adjusted) < 0.01), and Twist1 (p 

= 0.59), while Snai1, Snai2, and TCF3 were not significantly differentially expressed. We 

also  confirmed  EMT-related  expression  changes  in  the  primary  tumor  by  computing 

enrichment of genes upregulated in sarcomatoid and metastatic compartments within core 

EMT gene expression signature (217). Upregulated in Sarc were 9 out of 91, genes, (Fisher 

exact test, p < 0.0001), while upregulated in metastasis were 20 out of 91, (Fisher exact 

test,  p<0.001).  Among  the  DEGs  in  the  primary  tumor,  we  verified  MCAM/CD146 

expression in the primary tumor  (Figure 2-19A, B), where it  displayed progressive loss 

between different tumor components  and was upregulated in K7het subclones  (Figure 2-

19D, E). MCAM/CD146 was previously implicated as an inducer of EMT in an aggressive 

type of breast cancer in clonal cultures and primary tumor,  as well as in a promoter of 

EMT in HCC, which suggests its important role in EMT-like mechanisms associated with 

sarcomatoid  dedifferentiation (218-220).  In  clonal  cultures  (f1  and/or  f2  clonal 

generations),  there  was  no  deregulated  classical  EMT  transcriptional  factors  between 

K7pos and K7neg subclones.  Zeb1 showed similar protein expression in primary tumor 

compartments  and  xenografts  (Figure  2-19F-I).  However,  in  f1  and/or  f2  clonal 

generations we identified upregulation of additional EMT-related set of genes (MCAM, 

LEF1,  GALNT6),  and  downregulation  of  EMT inhibitors  AKR1B10 (221) and  WISP2 

genes (222). FN1 gene expression difference was not statistically significant in f1 and f2 

clonal generations, but in f2 clonal generations, CDH1 was significantly downregulated in 

K7neg subclones. On the individual cell level, no direct correlation was observed in the 

expression of EMT associated genes and keratin 7 expression (data not shown). In contrast, 
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at the cell population level, we immunohistochemically identified downregulation of EMT-

related  genes,  E-cadherin and fibronectin in K7neg subclones  (Figure 2-7A),  including 

AKR1B10, which was significantly higher in K7pos clones compared to K7neg and K7het 

subclones (data not shown). Finally, we re-analyzed RNA sequencing data focusing on 

EMT associated  genes  selected  from  (223),  and  have  summarized  their  expression  in 

different tumor compartments and keratin-7 subclones (Table 2-7). 
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Figure 2-19. Expression of EMT markers in primary tumor components and cultured 

subclones.

(A-C)  Immunohistochemical  detection  of  CD146/MCAM  in  different  primary  tumor 
components A) Non-neoplastic liver, an asterisk indicates portal tract; (B) Carcinomatous 
tumor component [Carc]; dashed line indicates border between non-neoplastic liver and 
Carc;  (C) Sarcomatoid component.  CD146 shows no membranous staining in the Carc 
component  whereas  the  sarcomatoid  component  shows  strong  membranous  reaction 
(Magnification: 200x); (D) IF characterization of CD146/MCAM expression (green) in K7 
subclones  showing  different  phenotypes  (KRT7pos,  KRT7neg,  KRT7het),  and  DAPI 
(blue)  as  nuclear  stain;  (E)  FACS  analysis  of  CD146/MCAM  expression  in  clonal 
populations  of  the  different  keratin-7-expressing  phenotypes  (KRT7pos,  KRT7neg, 
KRT7het), (n = 6); (F-I) Immunohistochemical detection of Zeb1 expression in different 
primary  tumor  components  and  mouse  xenograft.  (F)  Non-neoplastic  liver;  (G) 
Carcinomatous  tumor  component;  (H)  Sarcomatois  tumor  component;  (I)  Nude mouse 
tumor xenograft. Arrows in (G) and (I) indicate tumor cells with epithelial differentiation 
which are negative for Zeb1, whereas cells in proximity with mesenchymal differentiation 
(arrowheads  in  G  and  I)  are  positive  for  Zeb1.  Similar  situations  are  seen  in  the 
carcinomatous component of the primary tumor and the mouse xenograft. Magnification 
400x. (Adapted from (194)).
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2.4 Discussion

Please note that parts of this section have been published in (194).

The  observations  presented  in  this  work  represent  a  significant  advancement  in  our 

knowledge  of  intratumor  heterogeneity  in  sarcromatoid  cholangiocarcinoma,  and  thus 

broadens the knowledge base for understanding this particularly aggressive cancer.  Our 

results  and  hypothesis  accompany  a  large  body  of  literature  that  explains  intratumor 

heterogeneity  in  a  repertoire  of  established models  of  intratumor  heterogeneity  (clonal 

genetic diversity, cancer stem cell model, and contribution of microenvironment signals).

By monitoring the fate of single cells derived from a primary culture of a human liver 

sarcomatoid cholangiocarcinoma, we determined the phenotypic and molecular history of 

1043  single  cell-derived  subclones.  We  identified  distinct  self-propagating  subclones 

characterized  either  as  essentially  stable  (K7pos  or  K7neg),  or  as  unstable  subclones 

(K7het). K7het subclones can stochastically propagate to the stable phenotypes (K7pos or 

K7neg)  or  transfer  their  phenotypically  unstable  cell  nature  (K7het)  to  daughter 

generations.  The  morphology  of  each  clonal  phenotype  appears  stable  in  subsequent 

rounds  of  single-cell  sorting,  including  the  persistent  unstable  nature  (i.e.  stochastic 

phenotype switching) of K7het subclones. In K7het subclones, intraclonal heterogeneity 

stochastically  occurs  in  individual  cells  following  mitosis,  and  it  is  associated  with 

adjustments  of  the  cell’s  transcriptional  program.  Our  findings  implicate  intraclonal 

epigenetic  instability,  manifested  as  stochastic  phenotype  switches,  as  a  source  of 

functional diversification of cancer cell populations with unique transcriptional programs 

between  the  investigated  subclones.  Importantly,  in  the  investigated  subclones  of  the 

primary tumor cell  culture,  epigenetic mechanisms such as DNA methylation stabilized 

stochastically generated phenotypes, rather than generating tumor heterogeneity. Stochastic 

phenotype switching is  associated  with  aberrant  trans-differentiation  and acquisition  of 

invasive and metastatic tumor phenotype through EMT-like mechanisms. 

EMT  is  a  classic  example  of  cellular  plasticity,  and  it  may  serve  as  an  important 

prerequisite  for  invasion  and  metastatic  spread  of  primary  tumors  (115,  136,  137). 

Importance of EMT in the plasticity of cancers comes from its role in the conversion of 

non-tumorigenic cells into tumorigenic cancer stem cells (116, 117). This process is either 

dependent on genetic or environmental influences in normal or transformed differentiated 

cell  lines  (51,  138,  224).  Furthermore,  cellular  plasticity  is  associated  with  drug 
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insensitivity  and  is  mediated  by  transient  drug-tolerant  states,  which  can  be  mediated 

through chromatin modifications (55). 

Morphological  and  immunohistochemical  characterization  inside  the  primary  tumor 

showed  a  progressive  loss  of  epithelial  phenotypes  and  acquirement  of  mesenchymal 

features characteristic of tumor progression as tumor cell morphology changed in distinct 

tumor  regions  (compartments)  already  inside  the  liver  and  in  the  distant  lymph  node 

metastases.  We  also  identified  a  distinctive  transitional  tumor  compartment,  which 

suggests  that  progressive  phenotype  conversions  occurred  early  in  tumorigenesis  and 

simultaneously at many sites inside well-differentiated tumor areas. 

Transcriptome  profiling  in  regionally  separate  tumor  compartments  provided  unbiased 

evidence of gene expression signatures that implicated EMT during the tumor invasion and 

metastasis  (58).  Selected  gene  and  protein  expression  analyzes  were  congruent  in 

confirming the involvement of EMT in the carcinogenesis of sarcomatoid CC and highlight 

EMT’s  crucial  role  in  cellular  plasticity  and  tumor  metastasis  (225).  Importantly,  our 

comparative transcriptome signatures identified new genes, including keratin-7, which may 

be  distinctive  markers  of  EMT in  sarcomatoid-differentiated  tumors.  Among  the  IHC 

verified  DEGs  in  the  primary  tumor,  we  identified  MCAM/CD146  as 

significantly upregulated in sarcomatoid compartment. MCAM/CD146 is potentially a new 

marker in invasive cholangiocarcinoma, previously implicated as an inducer of EMT (219, 

220,  226).  IHC  of  CD146  displayed  progressive  loss  between  different  tumor 

compartments. We also showed that Zeb1 was differentially expressed in primary tumor 

compartments  and  showed  that  its  protein  expression  was  heterogeneously  expressed 

(nuclear  staining)  in  cells  negative  for  keratin-8  expression,  but  maintained  vimentin 

expression. However, on the single-cell basis no direct correlation between the expression 

of EMT markers and keratin-7 expression was found (not shown). This indicates that EMT 

and stochastic  phenotype switching are related,  but regulated  by different  mechanisms. 

EMT is an inherently dynamic process, therefore it can be that cells maintained in culture 

conditions  may  have  undergone  an  EMT-independent  conversion  resulting  in  a  more 

mesenchymal phenotype state  (227).  Moreover, tumor cell behavior can partially display 

transient  EMT-like  phenotype with  variable  levels  of  E-cadherin  expression,  and even 

disseminate without the involvement of EMT-associated gene expression patterns  (228-

230).  Simultaneous  expression  of  epithelial  (e.g.,  keratin-8,  keratin-18,  keratin-19)  and 

mesenchymal markers (e.g., vimentin, fibronectin) implies an incomplete EMT-like state, 

and that acquisition of mesenchymal features in K7neg clones occurred stochastically in 
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the absence of any external inducing factor. We cannot definitively exclude that EMT is 

the only mechanism involved in imparting mesenchymal-like phenotypes to K7neg clones. 

Absence of signaling pathways and gene inducers of EMT presumably reflects a common 

and  non-stimulatory  environment  of  in  vitro cultures.  Furthermore,  phenotypes  of 

established  clones  may  not  completely  reflect  cell  types  in  the  primary  tumor.  Still, 

upregulated genes in K7neg clones were associated with undifferentiated, mesenchymal 

state competent for invasion and metastasis, compared to K7pos clones. Finally, with the 

established role of EMT in generating CSC-like activity required for most of the steps of 

metastatic dissemination  (116, 117), it  is likely that during the tumorigenesis,  keratin-7 

negative cells  adopt similar processes enabling them to complete the steps of invasive-

metastatic cascade.  

The biological significance of the different clonal types was shown in their capacity to 

initiate  tumors  in  mice  (231).  Based  on  the  expression  of  keratin-7  as  an  epithelial 

differentiation  marker  protein,  we  observed  that  only  cells  with  a  keratin-7  negative 

phenotype were capable of producing tumors in xenografts. Furthermore, all established 

tumor xenografts had an undifferentiated sarcomatoid morphology that morphologically 

resembled the invasive and metastatic components of the patient tumor. In this context, it 

was of particular interest that xenografts of K7het subclones, which contained more than 

60 % keratin-7 positive cells, led to tumors which were essentially negative for keratin-7. 

This  indicates  that  loss  of  keratin-7  expression  correlates  with  in  vivo tumorigenicity. 

Moreover, there was a greater take rate of xenografts after injection of K7het subclones (12 

tumors  developed  at  16  injection  sites)  as  compared  to  K7neg  subclones  (6  tumors 

developed at 16 injection sites) (Figure 2-18A, B), indicating that the ability of stochastic 

phenotype switching (as it is present in the K7het subclones) could be a feature required 

for better  adaptation to the environment of a xenograft,  thus resulting in greater tumor 

generation efficiency compared to cells with a stable keratin-7 negative phenotype. The 

essential absence of keratin-7 positive cells in xenografts developed from K7het subclones 

could  result  from  a  survival  disadvantage  of  keratin-7  positive  cells  as  compared  to 

keratin-7 negative cells,  or indicate that keratin-7 positive cells  switched to a keratin-7 

negative phenotype (Figure 2-18C). The observation that K7het-injected mice developed 

more and larger tumors than K7neg-injected mice favors the latter hypothesis.

Our results emphasize the involvement of deregulated and stochastic epigenetic processes 

in the phenotypic and functional heterogeneity of cancer cells  (232). Mechanistically, we 

showed that hypermethylation of the KRT7 promoter is involved in silencing of the KRT7 
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expression  in  stable  K7neg  subclones.  Interestingly,  we  found  significantly  lower 

methylation of the  KRT7 promoter in the keratin-7 negative sorted cell fraction derived 

from the (phenotypically unstable) K7het subclones than in the stable K7neg subclones, 

suggesting the existence of mechanisms other than DNA methylation in the repression of 

keratin-7  expression  in  K7het  cells  showing  stochastic  phenotype  switching.  Dynamic 

stochastic  variation  in  the  epigenetic  landscape,  supported  by  genetic  mutations  or 

inflammatory  tumor  microenvironment  may  explain  the  stochastic  loss  of  keratin-7 

expression, in an EMT-like state (233). 

Other  epigenetic  mechanisms  like  histone  modifications,  which  tend  to  be  relatively 

plastic,  may  be  implicated  in  intrinsic  stochastic  nature  of  K7het  clones  (234,  235). 

Relatively lower methylation levels in sorted cell  fractions derived from heterogeneous 

clones  could initially  explain the lower dependency on the dynamic changes  of DNA-

methylation  patterns  that  would  late  become dominant  in  the  subsequent  stable  clonal 

populations. 

These results further affirm that cancer cellular plasticity is in its essence an epigenetic 

process  (236), as did the findings from an inducible model of EMT, which showed that 

epigenetic mechanisms are effective regulators of cellular plasticity (237). Stochastic gain 

of DNA methylation continuously generate epigenetic diversity in single-cell methylomes 

that  translate  to phenotypic  diversity,  allowing cancer  cells  to  articulate  its  sustainable 

phenotypes in the changing tumor environment (87, 238). 

In addition, reconstituted heterogeneity with mixed stable keratin-7 clones suggests that 

inter-cellular communications between phenotypically divergent cells may be involved in 

their  inter-conversions  and  in  establishing  equilibrium  state  between  cancer  cells 

populations. These results are supported by observations of cellular plasticity where cells 

can dynamically convert between different cellular identities either spontaneously or under 

induced environmental conditions (239-241).

We cannot exclude the possibility that stochastic phenotype instability may in the course of 

tumor progression facilitate  additional  mutations  causing different  tumor behaviors that 

cooperate  with  migratory  and  stem cells  programs,  or  activate  EMT-related  processes 

dependent on inducers from the tumor's microenvironment (62). Beside stable covalent or 

transient  epigenetic  modifications,  we  also  show  that  additional  variability-inducing 

mechanisms, such as transient heritable partitioning of proteins in daughter cells  (110), 

could account for heterogeneous keratin-7 expression in K7het clones.
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Biological variability is a property of gene expression, which is inherently stochastic and 

defines  cellular  identity  in  clonogenic  cell  populations  (98).  RNA-seq  data  analysis 

consists of applying statistical models to account for the variance in gene expression and 

excludes true biological variability from non-biological sources of variation in RNA-seq 

data  (shot  and  technical  noise)  (242,  243).  Our  RNA-seq  data  analysis  revealed  that 

variance  in  gene  expression  distinguished  true  biological  variability  between  different 

tumor  cells.  By taking  into  account  the  coefficients  of  gene  expression  variation  over 

biological replicates, we further implicated the role of cellular plasticity concerning the 

stability of genetic networks and heterogeneity of neoplastic phenotypes  (17, 244). The 

transcriptional  profiles  of  propagated  subclones  demonstrated  a  reduction  of  global 

variance in gene expression with an increasing number of clonal generations derived from 

either heterogeneous or stable phenotypes of parental subclones. These results suggest that 

progressive  clonal  history  might  be  reflected  in  the  dynamic  transcriptional  profiles 

supporting the transition from an unstable towards a more stable phenotypic state, thus 

generating  distinct  stable  cell  populations  contributing  to  intratumor  heterogeneity. 

Furthermore, 5-aza-dC treatments greatly reduced the per-gene variance between all clonal 

types  supporting  the  role  of  global  changes  in  methylation  patterns  in  establishing 

variations in gene expression profiles.  

Cellular  reprogramming  and  stem  cell  differentiation  implicate  a  stochastic  and 

hierarchical phase in the transdifferentiating processes  (245). It is conceivable that gene 

expression  variability  in  early  stages  of  transdifferentiation  precedes  a  heritable  and 

constant methylation state, with minimized relative gene expression variability associated 

with terminally differentiated cell populations. We also acknowledge that similar heritable 

epigenetic mechanisms may be involved in stabilization of gene expression and generation 

of phenotypic heterogeneity in regionally separated primary tumor compartments.

There has been recent recognition of the similarities in epigenetic mechanisms between 

cellular  reprogramming  and  the  transformation  of  normal  cells.  Although  different 

epigenetic mechanisms exist in both scenarios (246), it is quite clear that global changes in 

methylation  patterns  are  paramount  in  both  oncogenic  transformation  and  induced 

pluripotency events. More importantly, shared features between these cellular events imply 

that epigenetic reprogramming could be amenable for conversions of cancer cells into cell 

states with lesser tumorigenic properties. Insights into the phenotypic instability of cancer 

cells  may further  open opportunities  for  induced differentiation  and/or  homogenization 

therapies  of poorly differentiated sarcomatoid liver  cancers  in the process described as 
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epigenome “re-shuffling” of cancer cells (234). With the increasing understanding of how 

epigenetic defects drive cancers, epigenetic therapy is showing clinical promise (247). In 

contrast to genetic abnormalities, epigenetic changes are potentially reversible (248, 249). 

Demethylation  therapies  have  been  applied  in  restoring  normal  expression  of 

differentiation related genes by systematically inhibiting DNA methylation writers such as 

DNA methyltransferases  (Dnmt1,  Dnmt3a,  and Dnmt3b)  (250-252).  This  approach has 

proven  to  be  successful  in  promoting  the  differentiation  of  cardiac  progenitors  or 

mesenchymal stem cells (253, 254). 

Evaluating  heterogeneity  of  cellular  dedifferentiation  can  offer  a  clinically  relevant 

diagnostic  and prognostic  biomarker of cancer invasion and metastasis  as was recently 

suggested for genetic diversity of tumors  (255). Epigenetic variability was predictive of 

patient prognosis and survival in ovarian, cervical, endometrial,  and breast cancers  (83, 

256). Accordingly, intratumor heterogeneity of keratin-7 expression may offer a simple 

diagnostic  read-out  of  tumor  dedifferentiation,  and  a  possible  indicator  of  prognostic 

outcome. In addition, changes in gene promoter methylation levels may provide indicators 

for specific tumor behavior, or serve as markers for the effectiveness of pharmacological 

intervention (257). For example, hypermethylation markers in tumor biopsies can mark the 

effectiveness of the treatments or be used as a survival marker predicting the biological 

aggressiveness of tumors (258, 259).

In  explaining  stochastic  phenotype  changes,  we  cannot  exclude  other  heterogeneity-

inducing mechanisms, not tested in this study, such as chromatin modifications, noise in 

gene  expression  (260),  or  influence  of  tumor  microenvironment  (233) which  may  be 

involved  in  directing  a  phenotype  that  is  more  tumorigenic,  and  contributes  to  local 

invasion and metastasis  of tumors. Cell diversity present in tumor cell  populations will 

necessitate further research that will identify contributions of non-genetic mechanisms in 

determining functional  behaviors of specific cellular  subsets.  Sequencing approaches of 

epigenetically  mediated  cancer  transcriptomes  will  facilitate  the  discovery  of  specific 

mechanisms or diagnostic biomarkers that contribute to tumor heterogeneity with increased 

disposition to metastasis. 
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3 Expression of Cathepsin F in HCC

3.1 Aim of the study

Cathepsin F (CTSF) has a defined role in physiological and pathological processes that has 

studied in  several  disease models,  including cancer.  Conflicting  results  were generated 

concerning  its  role  in  carcinogenesis.  Recently,  CTSF  was  implicated  as  a  tumor 

suppressor gene. We aimed to investigate CTSF expression in HCC and non-neoplastic 

liver  samples  and  its  association  with  clinicopathological  characteristics  and  patient 

survival. Furthermore, we investigated if CTSF expression correlated with other prognostic 

parameters  for  HCC  (Ki-67  and  p53),  and  whether  CTSF  has  a  prognostic  role  in 

hepatocarcinogenesis. We examined CTSF expression in HCC by IHC, Western blot, and 

qRT-PCR. 

3.2 Methods

Please note that parts of this section will be published in: Matak A, Kashofer K, Zoranovic 

T, Pichler M, Penninger J, Zatloukal K. Cathepsin F is underexpressed in invasive HCC.

3.2.1 Multi-cancer screen

The expression of forty-six candidate genes was screened in fifteen different human cancer 

tissues each consisting of 8-15 tumors, and in 3-6 normal tissues. In total, 31,000 qRT-

PCRs were generated in the screen. Primers were designed in PerlPrimer (261). If several 

transcripts  for  one gene  were found in the  Ensembl  database  (262),  we used only the 

mRNA region common in all transcripts for design. One of the primers spanned an exon-

intron boundary. We selected two primer pairs for each gene, one with the least secondary 

structure and one in another exon. Primers were designed only in the translated region of 

the mRNA. The primers were tested on a 384 plate, each using 50 ng (100 %), 12.5ng (25 

%) and 0 ng (0 %) cDNA mix (liver, lung, colon, placenta) in duplicates using SYBR® 

Green PCR Master  Mix.  After  the run,  the plates  were analyzed in  SDS 2.3 (Applied 

Biosystems 7500 Real-Time PCR Software). We used one detector per primer pair, the 100 

% and 25 % samples were set as unknowns, and the 0 % as non-template control (NTC). 
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Automatic thresholding was used to determine the Ct values of all samples. The Ct values 

were  imported  into  Openoffice  Calc  and  the  primers  were  assessed  by  the  following 

criteria:

1) Estimation quality of the 25 % sample (i.e. are there two Ct values between 100 % and 

25 %);

2) Lack of amplification in the NTC;

3) If there is an amplification in the NTC, are the primer dimers (PDs) distinguishable from 

the correct product in the dissociation curve. 

Expression of selected genes was tested by qRT-PCR.

3.2.2 Study cohort

FFPE and frozen human liver specimens were retrieved from the Biobank of the Institute 

of Pathology (Medical University of Graz, Austria). One hundred and one specimens of 

HCC on two tissue microarrays (n = 83), including 18 HCC whole tissue blocks were 

immunohistochemically evaluated. Direct comparison of CTSF IH scores in malignant and 

adjacent  non-malignant  was  available  in  87  cases.  In  addition,  we  evaluated  CTSF 

expression in whole tissue, benign liver tumors: hepatocellular adenoma (HCA, n=11), and 

focal nodular hyperplasia (FNH, n = 9). In addition, 3 frozen HCC corresponding to tumor 

grade G1, G2, and G3 and matching non-neoplastic liver samples were used for qRT-PCR 

and Western blot protein analysis. Clinicopathological variables of this study cohort were 

directly  retrieved  from  AURAWeb,  a  web-based  meta-search  engine  for  diagnostic 

findings. 

The analysis of human tissues in the multi-cancer screen and HCC cohort was approved by 

the  ethics  committee  of  the  Medical  University  of  Graz  (Number:  20-404  ex  08/09). 

Approved applications were written by Prof. Kurt Zatloukal and Dr. Karl Kashofer.

3.2.3 Immunohistochemistry

FFPE sections were incubated in an oven at 66C for 15 to 20 minutes, and deparaffinized 

for 15 minutes in Xylol, followed by rehydration in a graded concentration of EtOH (100 

%-90 %-80 %-70 %-50 %), for three minutes each, and ending by washing in PBS for five 

minutes. For CTSF IHC, deparaffinized tissue sections were pre-treated in sodium citrate 

buffer (0.01 mM, pH = 6.0) for 40 minutes in a microwave, followed by an additional 20 

minutes at RT. Slides were briefly washed with PBS (pH = 7.3). Blocking was done with 1 

90



% H2O2 in methanol, followed by brief washing in PBS. Slides were incubated with the 

anti-CTSF  antibody  (10  g/ml,  R&D  AF2075),  diluted  in  Dako  REALTM (DAKO) 

antibody diluent for one hour at RT. Detection of the primary antibody was performed by 

applying biotinylated secondary antibody for 30 minutes  at  RT,  washings in PBS, and 

application of StreptABC Complex (DAKO K0377), followed by AEC chromogen (ready 

to  use,  DAKO  K3463)  until  the  desired  intensity  of  the  signal  was  reached.  After 

immunostaining, sections were counterstained with Mayer’s Haematoxylin for 60 seconds 

and mounted with Aquatex (Merck).  IHC for p53 and Ki-67 was performed similarly, 

except antigen retrieval was done in pressure cooker for 5 minutes at 125C. Monoclonal 

anti-p53  antibody  (1:100;  clone  DO-7,  DAKO)  and  monoclonal  human  anti-Ki-67 

antibody (clone MIB-1, 1:200; DAKO) were used following avidin–biotin based detection 

system (DAKO) and detected by DAB substrate kit (DAKO). Negative controls included 

omission of the primary antibody and incubation with DAKO REALTM  antibody diluent 

(S2022 DAKO). 

3.2.4 Immunohistological evaluation

Immunohistological  analysis  was performed  on FFPE liver  samples,  presented  as  core 

biopsies (2 to 6 spots per sample) spotted on two tissue microarrays (TMA). For cases 

where less than two cores were available, the samples were considered as ‘not available’. 

In non-neoplastic and malignant hepatocytes, granular staining in cytoplasm corresponding 

to  lysosomes was considered as positive  staining.  Each tissue specimen was evaluated 

based on a semi-quantitative scoring system (IH score) (263). Staining intensities (0 to 3) 

and percentage (%) of positive cells (0 to 3) were multiplied and averaged in cases where 

two or more cores were available from the same patient. The percentage of cells showing 

CTSF positivity were scored as score 0 =  no positive cells; score 1 = 1 to 29 % positive  

cells; score 2 = 30 to 60 % positive cells; score 3 > 60 % positive cells. The intensity of 

staining was scored as 0 = negative; 1 = weak; 2 = moderate; and 3 = strong. Staining 

intensities and the percentage of positive cells were multiplied and averaged if more than 

one  evaluated  core  belonged  to  the  same  patient.  Expression  of  p53  was  considered 

positive  when  there  was  nuclear  staining  detected,  which  could  have  been  easily 

distinguished  from the  Hemalaon blue  counterstain.  Criteria  used  for  p53 scoring was 

identical  to  the  CTSF  IH  score.  Proliferation  activity  in  HCC  was  performed  by 

immunohistochemical analysis of Ki-67 (264). Positive nuclei were counted in five high-
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magnification viewing fields (400x) in 13 of 18 whole tissue slides of HCC cases. Between 

500-1,200 cells were scored per sample. In addition, we analyzed Ki-67 staining in tissue 

microarray HCC samples, grouping patients in three proliferation categories:  Low (<10 

%), Medium (11-50 %), and High (>51 %) as described (265).

3.2.5 Kaplan–Meier curve analysis

Patient  data from tissue microarray (n = 83) and isolated cases (n = 18) were used to 

generate survival curves. All patients who did not succumb due to primary disease, and 

patients who were still alive at the end of analysis, were censured. Among the analyzed 

censored  patients,  seventeen  patients  died  within  the  first  month  after  the  operation. 

Cancer-specific survival was defined as the time from diagnosis until cancer-related death 

or end of follow-up. 

3.2.6 Statistical Analysis

All statistical  analyzes were performed using GraphPad Prism (version 8.00 for OS X, 

(GraphPad Software, La Jolla California USA, www.graphpad.com). Association between 

CTSF  expression  and  presence  of  cirrhosis,  HBV/HCV  status,  gender,  and  age  were 

evaluated by chi-square test or Fisher’s exact test.  Patients were subgrouped according to 

the presence of CTSF expression and their outcomes were analyzed by the Kaplan-Meier 

method.  Mann–Whitney  U-test  and  the  Student’s  t-test  were  used  where  appropriate. 

Spearman’s correlation was calculated to compare IHC CTSF expression with tumor grade 

and p53 IH scores. A p-value of <0.05 was accepted as statistically significant.
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3.3 Results

Please note that parts of this section will be published in: Matak A, Kashofer K, Zoranovic 

T, Pichler M, Penninger J, Zatloukal K. Cathepsin F is underexpressed in invasive HCC.

3.3.1 Differential  expression  of  Ras-cooperating  tumor  suppressor 

genes in multiple cancer types 

HCC displays low incidence of K-Ras mutations; however, activation of the Ras signaling 

pathways is a common event in HCC (266). In the first in vivo model of Ras-driven liver 

tumorigenesis,  Nguyen  et  al. showed  that  high  expression  of  activating  Ras  mutation 

(KRASV12)  activated  the  ERK  and  Wnt-signaling  pathway,  and  recapitulated  the 

tumorigenesis  process  from hyperplasia  to  invasive  HCC,  which  correlated  with  p53-

dependent activation of senescence. In addition,  the study revealed additional pathways 

that were activated in Ras-driven liver tumorigenesis (267).

In a collaboration with the Penninger’s group, we analyzed mRNA expression of 46 novel 

candidate  genes  with  tumor  suppressor  properties,  recently  identified  in  a  Drosophila 

epithelial tumorigenesis screen and validated in Ras-driven pancreatic cancer (161). 

We selected 15 different tumor entities, each consisting of 10 to 15 cancer samples and 3 

to 6 normal tissue samples. The following tumors with corresponding surrounding normal 

tissues were included in the screen: liposarcoma (n = 10), adipose tissue; glioblastoma (n = 

11),  brain normal (n = 4);  breast  cancer  (n = 15), breast  fibroadenoma (n = 6), breast 

normal (n = 4); colon cancer (n = 10), colon normal (n = 3); endometrium cancer (n = 10), 

endometrium normal (n = 3); kidney cancer (n = 10), kidney normal (n = 5); HCC (n = 10), 

liver normal (n = 4); lung cancer (n = 10), lung normal (n = 6); B-cell lymphoma (n = 8),  

lymph node normal (n = 3); myosarcoma (n = 10), muscle normal (n = 3); ovary cancer (n 

= 10), ovary cystadenoma (n = 4); pancreas cancer (n = 10), pancreas normal (n = 3), 

prostate cancer (n = 8), prostate normal (n = 3); stomach cancer (n = 10), stomach normal 

(n = 3); testicular seminoma (n = 10), testis normal (n = 3); thyroid cancer (n = 10), thyroid 

gland  normal  (n  =  3).  Among  the  45  analyzed  genes,  CTSF  showed  striking 

downregulation in all tumors analyzed in the screen. (Figure 3-1). Consequently, we chose 

to validate expression of CTSF in a separate cohort of HCC patients. 
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Figure 3-1. Comparative Cathepsin mRNA expression in a series of 15 tumor entities. 

Magnified Box plot analysis displays CTSF mRNA expression in different cancers and 
their  corresponding  normal  tissues.  y  axis  represents  the  log2  values  of  2ddCt  value 
(Adapted from .

3.3.2 Evaluation of the specificity of anti-human CTSF antibody and 

expression of CTSF in HCC and non-neoplastic liver

Since  we  used  commercially  available  polyclonal  CTSF  antibody,  we  validated  the 

specificity of the antibody for IHC on FFPE liver samples from CTSF knock-out and wild-

type  mice.  As expected,  wild-type  mouse  liver  exhibited  strong,  and granular  staining 

throughout all hepatocytes with increased concentration around the central hepatic vein, 

while there were no staining in the gene knock-out mice (Figure 3-2A). In addition, we 

validated expression in different mouse organs based on published Northern blot analysis 

of CTSF RNA expression (268) (Figure 3-2B). 
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Figure 3-2. Validation of the anti-CTSF polyclonal antibody.

(A)  Commercially  available  human  anti-CTSF antibody  (Polyclonal  Goat  IgG,  Ala20-
Asp484, # AF2075) was used on mouse normal and CTSF knockout liver. (B) Expression 
of CTSF in various mouse tissues and organs. Magnification in panel A is x100 and in 
panel B is x200. (Adapted from .

In non-neoplastic liver, CTSF was uniformly expressed inside cells cytoplasm in a granular 

pattern  (Figure  3-3A).  Its  distribution  and intensity  were  more  pronounced around the 

central vein in the non-neoplastic liver (Figure 3-3A). When CTSF was expressed in HCC 
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samples, it  formed aggresome-like inclusions with distorted distribution inside the cells 

(269) (Figure 3-3B). CTSF was also expressed in macrophages (Kupffer cells) in HCC 

(Figure 3-3C). There was no cross-reactivity with the anti-goat CTSF polyclonal antibody 

and auto-fluorescent lipofuscin, commonly occurring in aged hepatocytes (270) (Figure 3-

3D). Staining patterns were concordant with the staining images available through The 

Human Protein Tissue Atlas (271). 

Figure 3-3. Expression features of CTSF in HCC and non-neoplastic liver.

(A) Expression of CTSF in normal hepatocytes is localized around central hepatic vein. (B) 
Malignant hepatocytes in well-differentiated HCC express CTSF which form aggresome-
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like inclusions. (C) Expression of CTSF in macrophages. Magnification: Figure A: 200x; 
Figure B: 600x C: 400x. (D) Expression of CTSF in non-neoplastic liver (NL) (green) and 
autofluorescent lipofuscin (red) do not co-localize in lysosomes of hepatocytes. Scale bar 
20 m. Scale bar in the zoomed segment: 10 m. 

Figure 3-4. Downregulation of CTSF expression in HCC
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(A)  Representative  immunohistochemistry  pictures  of  CTSF  IH  scores  (IH  score  = 
intensity  x  percentage).  (B)  IHC  parameters  used  for  calculating  CTSF  IH  score. 
Magnification: x400. 

Furthermore, CTSF expression was analysed in the HCC samples both in tissue microarray 

described before  (272), and in separate  sections  from FFPE blocks.  Calculation  of the 

CTSF IH score and examples  of  HCC samples  with  different  IH scores  are  shown in 

Figure 3-4 A, B. CTSF expression was absent in 70 out of 101 analyzed HCC samples with 

significantly  higher  CTSF IH scores  associated  with  the  adjacent  non-neoplastic  liver 

compared to HCC (Mann-Whitney test, p<0.001) (Figure 3-5 A, B). We then evaluated 

whether CTSF expression correlates with clinicopathological characteristic of HCC. We 

were able to partially retrieve verified patient data (n = 73), including gender, age, HBV 

and  HCV  status,  presence  of  cirrhosis,  tumor  stage  and  tumor  grade.  There  was  no 

significant correlation between the data available and loss or presence of CTSF expression 

in HCC (all p-value>0.05, data not shown). Although CTSF knockdown was associated 

with increased proliferation and inhibition of apoptosis in gastric cancer (180) there was no 

correlation with tumor size in the analyzed samples (data  not shown).  However,  when 

comparing HCC of different grades (G1, n = 29; G2, n = 47 and G3, n = 24) with CTSF 

expression, CTSF downregulation was associated with increasing HCC grade (Kruskal-

Wallis test, G1-G2: p = 0.01; G1-G3: p = 0.01) (Figure 3-5C). These results imply that the 

loss of CTSF correlates with invasive behaviour of HCC. 
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Figure  3-5.  Immunohistochemical  (IH)  expression  of  CTSF  in  HCC  and  non-

neoplastic liver. 

(A) Representative photomicrographs of CTSF staining in tissue cores assembled on tissue 
microarrays. Magnification x100. (B) Expression of CTSF IH score in NL and HCC. Box-
plot  analysis  by  Mann-Whitney  U test,  p<0.001.  (C)  IH  expression  of  CTSF in  non-
neoplastic  liver  and differentiation grades of HCC (HCC G1-G3).  (D) Western blot of 
tumor  lysates  (T)  and  matched  non-neoplastic  liver  (N)  from  three  HCC  samples 
representing different differentiation grade. HepG2 cell line was used as a negative control. 
Loading  controls  were  evaluated  against  beta-actin  and  Ponceau  S  stain.  (E) 
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Downregulation of CTSF mRNA levels is related to HCC differentiation grade (n = 2-3). 
Magnification in (A): 100x; Magnification in (C): 400x. 

3.3.3 Western-blot  analysis  of  CTSF  protein  levels  in  three 

differential HCC grades 

Further  validation  of  CTSF  correlation  with  HCC  differentiation  grade  was  done  by 

Western blot, where we also directly compared the specificity of anti-CTSF antibody and 

presence of different enzymatic forms of CTSF). Three HCC samples representing three 

differentiation stages and respective non-neoplastic liver were used (95N-T, 216N-T and 

90N-T) (Figure 3-5D). In the non-neoplastic liver samples (90N, 216N and 95N), anti-

CTSF antibody detected both activated and inactivated enzymatic forms of CTSF (pro-

cathepsin F). The smallest band (~27 kDa) corresponds to active CTSF devoid of the pro-

segment, while the two heavier bands (44, and 47 kDa) represent inactivated forms and are 

either  products of two splice variants, or two glycosylated forms of CTSF (181) (Figure 3-

5D). In higher grade HCC samples (90T and 95T), pro-cathepsin F bands protein bands at 

47 kDa, and 27 kDa were downregulated, while the active form was completely missing 

(Figure  3-5D).  In  tumor  sample  (216T)  all  three  bands  were  detected,  confirming  the 

results of IHC analysis in our HCC cohort (Figure 3-5C). The findings correspond to the 

published  immunoblotting  data  with  small  discrepancies  resulting  from  different 

experimental  setup, such as SDS gel percentage formulations  (269, 273). Based on the 

literature and computational predictions, full-length CTSF protein has a molecular weight 

of 53 kDa, while pepsin proteolytic activation results in activated CTSF with a molecular 

weight  of  31  kDa.  Furthermore,   expression  of  CTSF mRNA originating  from FFPE 

tissues  corresponding  to  different  tumor  grade (G1-G3)  was  analyzed.  CTSF  mRNA 

expression was highest in low- grade HCC (G1) and progressively decreased in lower-

differentiated HCC (G2-G3) (Figure 3-5E).

3.3.4 Expression of CTSF in benign liver tumors 

Next,  we analyzed  if  changes  in  CTSF expression occur  in  benign liver  lesions  Focal 

nodular  hyperplasia  (FNH)  and  Hepatic  adenoma  (HA)  compared  to  adjacent  non-

neoplastic liver (NL). There was no statistical difference in CTSF expression between NL 

and FNH, or NL and HA. NL, FNH, and HA had significantly higher expression of CTSF 

compared to HCC (Kruskal-Wallis test, p<0.001) (Figure 3-6B).
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Figure 3-6. Expression of CTSF in non-neoplastic liver, Focal nodular hyperplasia 

(FNH) Hepatic adenoma (HA), and HCC.

(A) Representative pictures of CTSF staining in NL, benign liver lesions (FNH and HCA). 
(B) Bar graph of CTSF IH scores in NL, FNH, and HA and HCC. Scale bar: 0.05 mm. 

3.3.5 IHC analysis of Ki-67 and p53 protein in HCC 

Tumor staining with anti-Ki-67 antibody is a common diagnostic tool used to differentiate 

types of neoplasm. The antibody detects Ki-67 antigen, a marker of cellular proliferation, 

which is present in the nuclei of cells in the G1, S, and G2 phases of the cell division cycle 

as well as in mitosis (274). Ki-67 staining is an excellent operational marker in malignant 

neoplasm  because  it  can  detect  proliferating  growth  fraction  of  cells  in  a  given  cell 

population (proliferation index), which is often difficult to assess in tumor diagnostics. 
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Ki-67 equivalent monoclonal antibody MIB-1 is today routinely used on paraffin sections 

after  heat-induced  antigen  retrieval  (275).  A  recent  meta-analysis  showed  that  Ki-67 

expression is associated with cancer progression and overall survival of patients with HCC 

(276). To evaluate if there was any correlation between proliferating activity and CTSF 

expression,  samples  were  categorized  into  three  Ki-67 grading  groups:  Low (<10 %), 

Medium (11-50 %), and High (>51 %). We found that CTSF was significantly inversely 

associated in the three Ki-67 groups (chi-square test, p<0.01) (Figure 3-7A, B). Besides, 

we evaluated the Ki-67 proliferation index in isolated whole tumor tissue blocks (n = 13) 

according to the method reported previously (264). We found a trend in difference in mean 

percentages of Ki-67 proliferation index between CTSF positive (8.6±13.4 %) and CTSF 

negative HCC samples (23.7±11.9) (t-test, one-tailed, p = 0.04, data not shown).

P53  is  a  multifunctional  transcription  factor  involved  in  the  control  of  the  cell  cycle, 

programmed  cell  death,  senescence,  differentiation,  development,  transcription,  DNA 

replication,  DNA  repair  and  maintenance  of  genomic  stability  (277).  p53  is  a  tumor 

suppressor, and its gene is mutated in approximately 50 % of cancers  (278). Mutational 

inactivation of p53 can result in loss of control of cell division, aberrant stimulation of cell 

growth,  increased  cell  survival,  and  genetic  instability  which  all  contribute  to  the 

development of cancer (278). Environmental factors play an important role in the type of 

mutations found in the p53 gene. In Western countries, the incidence of p53-mutated HCC 

is more than 30 % and is usually associated with poorly differentiated HCC (279).

In the entire HCC cohort (including isolated cases), nuclear and cytoplasmic staining for 

p53 with monoclonal anti-human p53 antibody (DAKO, clone DO-7) was present in 32 out 

of 92 analyzed samples (34.7 %), while negative p53 expression was observed in 73 out of 

92  samples  (79  %)  (280) (Figure  3-7C).  There  was  no  significant  correlation  found 

between CTSF and p53 IH scores (Spearman’s test, r = -0.14; p = 0.16). However, when 

analyzing  CTSF  and  p53  IH  score  expression  in  consecutively  stained  whole  tissue 

samples (n = 9), using the same criteria  of IH scoring,  there was a significant  inverse 

correlation  between the expression of  two markers  (Spearman’s  test,  r  =  -0.7283,  p  = 

0.02607). Furthermore,  the association between positive and negative expression of the 

p53 and CTSF markers was tested with chi-square test for independence,  resulting in a 

significant  relationship  between  the  expression  of  the  two  markers  (chi-square  test, 

p<0.05). 
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Figure 3-7. Relationship between CTSF expression and proliferating cells  in HCC 

and p53. 

(A) Representative pictures of high (Case #1) and low (Case #2) proliferating HCC and 
corresponding CTSF. (B) Significant inverse correlation between CTSF expression and Ki-
67  grading  groups  (chi-square  test,  p<0.01).  (C)  Representative  pictures  of  inverse 
expression between CTSF and nuclear and cytoplasmic expressed p53 in three isolated 
cases of HCC. Case#1 shows tumor border zone between non-neoplastic liver and HCC. 
Scale bar: 0.05 mm; Scale bar in Case#3: 0.1 mm. 

3.3.6 Relationship between CTSF expression and patient outcome  

We next  inquired  whether  CTSF protein  expression  is  associated  with  the  outcome in 

patients with HCC. From our HCC cohort, we were able to retrieve clinical survival data 

from 73 patients. In addition, we used survival outcome data from HCC cohort collected as 

part of  The Cancer Genome Atlas  research network, n = 360 and analysed with Keplen-

Meier plotter  (Figure 3-5B)  (281, 282). In both cohorts, subgrouping patients based on 

CTSF expression in the 10-year cancer-specific survival showed that low CTSF expression 

was correlated with poor patient survival (Figure 3-5A, B).
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Figure 3-8. Relationship between CTSF expression and patient outcome. 

(A) Kaplan–Meier plots for probability of 10-year survival in HCC patients (n = 73) that 
lost CTSF expression (black line) vs HCC patients with presence of CTSF expression. (B) 
Kaplan–Meier plots for survival data in TCGA HCC cohort (n = 360). Red line indicated 
high CTSF expression, blue line indicates low CTSF expression. 
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3.4 Discussion

Please note that parts of this section will be published in: Matak A, Kashofer K, Zoranovic 

T, Pichler M, Penninger J, Zatloukal K. Cathepsin F is underexpressed in invasive HCC.

We are the first to report immunohistochemical study on the loss of CTSF protein and 

mRNA expression in HCC. The downregulation of CTSF is associated with decreasing 

differentiation (grade) in HCC. Our studies are in line with an investigation of low mRNA 

CTSF levels  in  osteosarcoma and gastric  cancer  cell  line and patient  samples.  Several 

mechanisms of CTSF downregulation can be discussed that  are potentially  involved in 

HCC. Loss of heterozygosity of the CTSF locus 11q13 was associated with increased risk 

of  developing invasive  carcinoma in breast  cancer  patients  (169),  supporting  the study 

findings of progressive loss of CTSF protein in higher grade, undifferentiated HCC. A 

potential mechanism involved in CTSF downregulation in HCC is its reported role in cell 

death. Jeric  et al. reported that N-truncated forms of CTSF displayed an aggresome-like 

formation inside cells, and were associated with autophagy markers rather than induction 

of apoptosis  (269).  This is  supported by our findings  that  CTSF forms aggresome-like 

inclusions in CTSF-expressing HCC samples.  Further support of CTSF involvement  in 

programmed cell death was established in a necrosis model, where CTSF was upregulated 

in a p53-dependent manner (189). Altered DNA methylation of tumor suppressor gene in 

HCC has been previously reported  (283).  DNA methylation  may likely be involved in 

CTSF downregulation in  HCC. In an initial  exploration  of this  assumption,  we treated 

HepG2 cells  with  5-Aza-dC and analyzed re-expression of CTSF mRNA at three-time 

points.  After  48  hours  incubation,  we could  already  detect  a  1-fold  increase  in  CTSF 

expression, while, after 144 hours of incubation, CTSF mRNA expression increased over 

3-fold (data not shown).  CTSF was reported in several large microarray gene expression 

screen studies as well as in vitro studies investigating cellular senescence. CTSF was also 

reported  as  a  senescence  marker  in  β-catenin  induced  DNA damage  in  CAT-Tg DN4 

thymocytes  (188). Another study on human prostate epithelial  cells  showing permanent 

growth arrest and terminal differentiation reported that CTSF is a novel senescence marker 

(187).

In several recent reports, an interesting connection was made between CTSF involvement 

in p53 transcriptional networks crucial for tumor suppression by analyzing targeted knock-

in p53 domain mutants (186). As CTSF contains p53 consensus sites, it is conceivable that 
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it  is regulated in a p53-dependent  manner in response to DNA damage,  or by specific 

oncogene stress in both mouse and human cells (191, 284). CTSF was discovered to play a 

key role in effective p53-dependent tumor suppression transcriptional mechanisms that are 

distinct from robust transactivation of known p53 targets that mediate apoptosis, cell cycle 

arrest and cellular senescence (190, 285). In addition, CTSF was characterized as a tumor 

suppressor gene in c-MYC-driven lymphomagenesis, with functional Puma and p21 genes 

(191). In this study, no correlation was made between the CTSF expression and p53 gene 

mutation, even though it is established that  IHC nuclear staining suggests a mutated p53 

(286). The incidence of p53 mutations varies and depends on environmental and genetic 

risk factors. Also, p53 mutation rates are low in Western Europe  (287). However, there 

was a significant relationship between the expression of the two markers in whole HCC 

cohort, where both cytoplasmic and nuclear overexpression of p53 and CTSF was scored. 

In  addition,  using  the  same  criteria  for  IH  scoring  in  consecutive  tissues  slides,  both 

markers significantly correlated, suggesting that expression of both markers, due to their 

heterogeneous  expression,  is  best  accounted  in  whole  tissue  slides,  instead  of  tissue 

microarray slide.

The findings suggests that CTSF may be involved in regulating proliferation in hepatocyte 

biology. In the HCC cohort, we detected that the number of cells staining positive for the 

proliferation marker Ki-67 was inversely correlated with CTSF expression. Supporting this 

observation was a study done on Cathepsin L being first cathepsin to be reported to have 

antiproliferative activities in HPv16-induced skin carcinogenesis mouse models (288). The 

protective role of CTSF was recently established in gastric cancer. High levels of CTSF 

autoantibodies in the serum of gastric cancer patients were predictive of longer survival 

(179).  A  follow up  study  provided  evidence  of  anti-tumor  properties  of  CTSF,  being 

directly involved in cellular growth and apoptosis signaling pathways in gastric cancer cell 

lines  (180). CTSF was also significantly reduced in gastric cancer patients, where CTSF 

correlated  with  tumor  differentiation  and  invasiveness  to  lymph  nodes  (180).  Our 

investigation  also  revealed  that  patients  with  resected  CTSF-negative  HCC  had 

significantly poorer 10-year overall survival compared to CTSF-positive HCC. 

In summary, our IHC results show a non-trivial downregulation of CTSF in a considerable 

number of HCC patients. Since this study is the first to propose a tumor suppressive role in 

HCC and with limited studies in other cancer types and available clinical data in CTSF 

downregulation, the exact role of CTSF in tumor progression and its correlations with p53 

and Ras-mutation status requires further research. 
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4 General Conclusions

Today cancer still affects over 12 million people in Europe and accounts for 20.3 % overall 

human deaths, regardless of gender (3). Based on projections, cancer deaths will continue 

to rise with an estimated 9.5 million people dying from cancer in 2018, and 16.4 million 

dying in 2040 (3). Cancer of the liver and intrahepatic biliary tract is among the ten most 

common types of cancer in men and woman and the fourth death-inducing cancer (3), and 

current  projections  estimate  that  next  year  80,  000 people  will  die  from hepatobiliary 

cancers (3).

Despite  the  rising  incidence  of  hepatobiliary  cancers,  there  is  an  underappreciated 

understanding  of  intratumor  heterogeneity  and  diversity  in  molecular  and  cellular 

processes that  limit  treatment  options.  Experimental  cellular  models  are useful  tools to 

analyze  molecular  mechanisms  involved  in  tumorigenesis  and  to  explore  intratumor 

heterogeneity. Especially useful are models that recapitulate intratumor heterogeneity in 

human cancers.

In  Chapter 2 we describe an alternative  source of  intratumor  heterogeneity  which we 

describe as stochastic phenotype switching. We established a novel in vitro model from a 

case  of  sarcomatoid  cholangiocarcinoma  (sCC)  that  displayed  extensive  histological 

heterogeneity.  Transcriptional  and  immunohistochemical  profiles  of  the  epithelial, 

mesenchymal,  and  metastatic  tumor  confirmed  the  involvement  of  dynamic  epithelial-

mesenchymal transdifferentiating events which correlated with loss of keratin-7 expression 

and showed involvement of EMT and increased competence for invasion and metastasis. 

At the cell population level, we identified distinct self-propagating clones characterized by 

stable  expression  of  keratin-7  (K7pos),  non-expressing  keratin-7  clones  (K7neg)  and 

unstable clonal types with an interchangeable expression of keratin-7 (K7het). In further 

clonal propagations, K7het stochastically propagated either of the two stable clones and 

self-renewed its unstable nature. We also showed that no transitions occurred from K7neg 

to  K7pos  cells  proving  that  K7neg  clones  represent  stable  states  with  epigenetically 

determined mechanisms of maintenance. However, stochastic and rare transitions occurred 

between K7pos clones to K7neg clones. 

We  were  able  to  analyze  differential  transcriptome  profiles  in  differential  keratin-7 

phenotypes. Transcriptional signatures were enriched in categories relating to extracellular 

space,  cell  adhesion,  cellular  development,  Wnt-signaling  and  EMT-like  transitions. 
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Mechanistically,  stochastic  and  reversible  hypermethylation  at  KRT7  promoter  was 

involved in establishing stable transcriptional identities between differentially expressing 

keratin-7  clones.  However,  in  K7het  subclones  we  showed  that  additional  epigenetic 

processes  are  involved  and  that  these  changes  happen  during  unequal  partitioning  of 

keratin-7 in daughter cells during mitosis. Xenotransplantation essay revealed functionally 

consequences linked with a keratin-7 negative expression showing increased tumorigenic 

potential in unstable K7het clones. Stochastic phenotype switching is an alternative source 

of  intratumor  heterogeneity  in  sCC,  which  goes  beyond  clonal  genetic  diversity, 

hierarchical  stem  cell  differentiation,  and  contribution  of  microenvironment  signals. 

Increased variability in the epigenetic landscape may increase cell proclivity for stochastic 

phenotype switching or provide enduring stable epigenetic states to serve as a substrate for 

selection of advantageous cell properties under changing tumor environment. Accounting 

for  this  source  of  intratumor  heterogeneity  of  cellular  dedifferentiation  may  increase 

chances  for finding clinically  relevant  diagnostic  and prognostic  biomarkers  for cancer 

invasion and metastasis. Current studies on genomic analysis in HCC or CC discovered 

several mutations affecting both tumor suppressor genes and oncogenes. These include: 

telomerase  reverse  transcriptase  (TERT)  promoter  mutations  (60  %),  catenin  beta  1 

(CTNNB1) mutations (30 %), axin inhibition protein 1 (AXIN1), tumor protein p53 (TP53) 

mutations (12–48 %), AT-rich interaction domain 1A (ARID1A) mutations (10 %) (289). 

HCC is one of the rare solid tumors that does not have mutations which can be druggable, 

not to mention mutations that can be used for predicting therapeutic responses in clinical 

practice (290). Mutations in the Ras signaling pathway are common in cancers and account 

for approximately 30 % of human cancers. Since Ras mutations alone are not sufficient for 

malignant  progression,  it  is  important  to  discover  cooperating  genes  and  signaling 

pathways involved in Ras-driven cancers.  In vivo RNAi-mediated knockdown screen in 

Drosophila presents a fast and affordable model having 75 % conserved human disease 

gene and epithelial tissue organization. Drosophila model has been used for the first time 

for  large  scale  tumor  suppressor  screens  allowing  analysis  of  known  and  new  genes 

involved in tumorigenesis  of epithelial  tumors. Gene candidates  can easily be used for 

enrichment analysis of signaling pathways in multiple databases and reveal potentially new 

pathways in Ras-driven epithelial tumorigenesis. 

In  Chapter 3, we provide preliminary results of validating one of top candidate tumor 

suppressor  gene  recently  discovered  in  Drosophila screen  involved  in  Ras-driven 

tumorigenesis  (161). We found that CTSF is significantly downregulated at protein and 
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mRNA  levels  in  HCC  and  is  inversely  associated  with  differentiation  grade  and 

proliferation potential  in HCC. We are the first  to report  that  stratifying HCC patients 

based on CTSF expression can predict  poorer 10-year survival. Another outlook of our 

study is  that  CTSF expression might  be implicated in p53-mediated tumor-suppressing 

mechanisms linked to senescence. 
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6 Appendix

Part of this section have been published in  (194), or are available at Ethan Ford, Ethan-

omics, 2015, < https://ethanomics.wordpress.com/>
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6.1 Overall research design.

Figure 6-1. Overview of the phenotype characterization and functional studies of the 

derived subclones.  

(Adapted from (194)).
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6.2 Tables

Table 2-1. Primers used for qRT-PCR 

Primer Name Sequence Size
 

CD73_cds_fwd 5' ACAGCAGCATTCCTGAAGATCCAAGC 

3' 

131bp 

CD73_cds_rev 5' GCGGCATGATTGAGAGGAGCCATC 3' 

SEMA3E_cds_fwd 5' CCCCGGTTACGCCTGTCACATAAAG 3' 198bp
SEMA3E_cds_rev 5' CGGCCAGTGTATCTCTTTATAGCCG 3' 

MGST1_cds_fwd 5' CTGCATTGCGCGCGACCCG 3' 71bp
MGST1_cds_rev 5' CAATTTTGGTGGTGAGGCCGAGGAG 3' 

TRO_cds_fwd 5' TCAAGAAGACGAGGCCCATTCCCC 3' 152bp
TRO_cds_rev 5' ATATCTGGAGGGAAGGGAAGCCCC 3' 

LEF1_cds_fwd 5' GCTGCCTACATCTGAAACATGGTGG 3' 187bp
LEF1_cds_rev 5' GCGTCTCTAGCAGTGACCTCAGGG 3' 

SECTM1_cds_fwd 5' CAAGTCCCACCAGCCATGCAGACC 3' 173bp
SECTM1_cds_rev 5' ATGACGGTGTTCTCGCCCCAAGAC 3'

SFRP1_cds_fwd 5' CCGGTCATGCAGTTCTTCGGCTTC 3'  151bp  
SFRP1_cds_rev 5' CGTTGTCACAGGGAGGACACACCG 3'

ADAM22_cds_fw

d

5' ACACGTGGTCCGGGTGCATAATGG 3' 120bp

ADAM22_cds_rev 5' TGAAAAGGCAGGCACCACCTCCAC 3'

ACN9_cds_fwd 5' TGGGCGACCAGTACGTGAAAGACG 3' 170bp  
ACN9_cds_rev 5' TGGGAGGAAGGTGCCAAAACATGC 3'

NRP1_cds_fwd 5' TCATGGATGACAGCAAACGCAAGGC 3' 167bp
NRP1_cds_rev 5' TTCACAGCCCAGCAGCTCCATTCTG 3'

IL24_cds_fwd 5' ATTGAGGCTGCTTGGGAGGAAGGC 3' 117bp 
IL24_cds_rev 5' CCAGCAAAGGAGGGCAGAAGGGTC 3'
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Table 2-2. Primers used for MeDIP-qPCR

Primers Genomic 

location

Sequence 5’→3’ Tm ºC

SOCS3 hg19 chr17:

76354475F

CATGCCCTTTGCGCCCTTTACCC 72.7˚C

hg19 chr17:

76354620R

TGGCCACTCTTCAGCATCTCTGTCG 71.0˚C

B3GALNT1 hg19 chr3:

160822804F

CTGCTCGTCACCGAGACCCGAGAC 72.5˚C

hg19 chr3:

160822959R

GTATAGCCACCGGACCCGCCTTTC 71.1˚C

ADAM22 hg19 chr7:

87563370F

GGAGACAAGCGGGACACGGAGAG 70.6˚C

hg19 chr7:

87563557R

GGGCGGTTGGCTGTAGCTAAGTGG 70.5˚C

MGMT hg19 chr10:

131564511F

AGGCATGGCTGCGTTCCAGTAAAG 69.3˚C

hg19 chr10:

131564682R

TGTGACGCTCTCAAACACTCCCCA 70.3˚C

CDH1 hg19 chr16:

68772240F

CTGGCTTTGACGCCGAGAGCTACAC 71.0˚C

hg19 chr16:

68772428R

TTGAGCCAAGGAGGGAGCTTGCC 71.7˚C

STAT3 hg19 chr17:

40540170F

CATCTCTCCCGGCCCCACTG 69.6˚C

hg19 chr17:

40540316R

GGCCTCTGCCGGAGAAACAGG 69.6˚C

PDGFRA hg19 chr4: 

55095141F

TCTTTCCCGGCAGAGCACCAA 69.4˚C

hg19 chr4: 

55095327R

TCTCTCAAACTCCCTGCGCTC 64.3˚C

DNMT3B hg19 chr20:

31350997F

CCCTTGCAACTGGGATGTGGGGTC 73.3˚C
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hg19 chr20:

31351167R

GATGGCTCAGCTCAGGAGCACCC 70.8˚C

EGFR hg19 chr7:

55085465F

GCGGGCAGTGAGCAGACC 65.6˚C

hg19 chr7: 

55085635R

AGTAAGTGAAGCTACAGACCTGCCC 63.3˚C
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Table 2-3.  List of antibodies  used for immunohistochemistry,  immunofluorescence 

and FACS analysis.

Antibodies used for Immunohistochemistry on FFPE primary tumor samples
Antibody Cat # Company Isotype Dilutions Block 

K7 M7018 DAKO Mouse / IgG1 1:200 block 

2-7
K8+18 NCL-L-

CK8-TS1/

MA5-

12104

Novocastra/Thermo 

Fisher Scientific

Mouse / IgG1 1:200 block 

4-8

K19 M0888 DAKO Mouse 

monoclonal/ 

IgG1

1:200 block 

4-8

VIM 61013 Progen mouse 

monoclonal 

/IgG2a kappa

1:100 block 

4-8

c-MET ab51067 Abcam Rabbit 

Monoclonal

1:200 block 

1-8
Claudin 4 RB-9266-

P0

Thermo  Fisher 

Scientific

Rabbit 

Polyclonal

1:50 block 

4-6, 

and 8
Muc1 NCL-

MUC-1

Novocastra Mouse 

monoclonal

1:100 block 

1,  7 

and 8
E-cadherin 610181 BD  Transduction 

LaboratoriesTM

Mouse IgG2a 1:200 block 

4-8
β-catenin 610153 BD  Transduction 

LaboratoriesTM

Mouse IgG1 1:200 block 

2-8
CEA MS613-P0 Thermo  Fisher 

Scientific

mouse 

monoclonal 

/IgG2a kappa

1:200 block 

2-8

CD44 MS-668-P0 Thermo  Fisher 

Scientific

mouse IgG2a 1:400 block 

4-8
p53 M7001 DAKO mouse 

monoclonal

1:100 block 

2, 5, 7 

and 8
Ki-67 M7240 DAKO mouse 1:200 block 
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monoclonal 2-8
NCAM1 NCL-L-

CD56-1B6

Novocastra mouse 

monoclonal IgG1

1:50 block 

2-8
CgA MS-382-P0 Thermo  Fisher 

Scientific

mouse 

monoclonal/IgG1

1:200 block 

1, 4-7
CD117 A4502 DAKO rabbit polyclonal 1:200 block 

3-7
CD34 MS-363-P0 Thermo  Fisher 

Scientific

mouse 

monoclonal IgG1

1:200 block 

4,5 

and 7
Nestin sc23927 Santa Cruz mouse 

monoclonal

1:50 block 

4-8
EpCam 

(ESA)

NCL-ESA Novocastra mouse 

monoclonal

1:100 block 

4-8
Hep Par 1 M7158 DAKO mouse 

monoclonal

1:50 block 

4-7
AFP A0008 DAKO rabbit polyclonal 1:100 block 

4-7
Zeb1 NBP1-

05987

Thermo  Fisher 

Scientific

Rabbit IgG 1:50 block 

2,3
Muc18 ab75769 Abcam Rabbit 

monoclonal

1:200 block 

4,7 

and 8
Antibodies used for staining cells grown on coverslips

K7 M7018 DAKO Mouse / IgG1 1:200
K8 NCL-L-

CK8-TS1/

Novocastra Mouse / IgG1 1:200

K18 MA5-

12104

Thermo  Fisher 

Scientific

Mouse / IgG1 1:200

K19 M0888 DAKO Mouse / IgG1 1:200
VIM 61013 Progen mouse 

monoclonal 

/IgG2a kappa

1:50

β-catenin 610153 BD  Transduction 

LaboratoriesTM

Mouse IgG1 1:200

EpCam 

(ESA)

NCL-ESA Novocastra mouse 

monoclonal

1:100

E-cadherin MS-9470-

P0

Thermo  Fisher 

Scientific

Mouse 

monoclonal

1:100
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Zeb1 NBP1-

05987

Thermo  Fisher 

Scientific

Rabbit IgG 1:50

Muc18 ab75769 Abcam Rabbit 

monoclonal

1:200

anti-BrdU ab6326 Abcam Rat monoclonal 1:250
alpha-

SMA

ab5694 Abcam Rabbit polyclonal 1:100

Antibodies used for FACS analysis
Anti- 

Human IL-

13 R alpha 

2

#FAB614F R&D Systems goat 1:50

K7 M7018 DAKO Mouse / IgG1 1:100
Muc18 ab75769 Abcam Rabbit 

monoclonal

1:200

Ve-

Cadherin

sc9989 Santa Cruz mouse 

monoclonal

1:50

CD68 M0814 DAKO mouse 

monoclonal

1:25

CD19 555415 BD Pharmingen Mouse 

monoclonal- 

APC-conjugated

1:20

CD3 M7254 DAKO mouse 

monoclonal

1:30

EpCam/

Ber-Ep4

M0804 DAKO mouse 

monoclonal

1:20

Adapted from (194).

Table 2-4. List of differentially expressed genes (DEGs) in the tumor

Available upon request.

Table 2-5. The most significantly differentially expressed genes between K7pos and 

K7neg subclones

  downreulated 

genes  in 

K7neg  sub- 

Log2

fold change*

p-value 

(adjusted)

downregulated 

genes in K7pos 

subclones

Log2

fold 

change*

p-value 

(adjusted)
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clones

1 LRRC61 -5.9 0.0000969 GALNT6 1 0.00062003

2 ACN9 -5.7

-4.7

0.00062003 MPP4 1.1 0.0048732

3 C7orf29 0.00364877 THSD7A 1.1 0.03266506

4 XKR6 -4.6 0.0000382 NRP1 1.1 0.00000077

5 LOC84856 -3.9 0.00830947 COL7A1 1.1 0.00557708

6 KRT7 -3.8 0.000048 FMNL3 1.1 0.00032817

7 FGA -3.8 0.00032817 LEF1 1.2 0.00179461

8 LHFPL4 -2.9 0.00000000 NOV 1.2 0.00238779

9 C4BPA -2.8 0.00315505 NOG 1.2 0.00993124

10 LRRN2 -2.8 0.04295868 EVI2A 1.2 0.00326579

11 COL21A1 -2.6 0.02951149 SFRP1 1.3 0.00000369

12 ZNF268 -2.5 0.00087405 FREM2 1.3 0.00676192

13 CXCL14 -2.2 0.0007305 IGDCC4 1.3 0.00393465

14 NID1 -2 0.0139443 IL24 1.5 0.00231568

15 AKR1B10 -2 0.00728353 CLDN3 1.6 0.00333562

16 UBD -2 0.00167271 MNX1 1.6 0.00478243

17 OLFML3 -1.9 0.01147409 FAM26E 1.6 0.0000382

18 NKD2 -1.8 0.013417 ACSL5 1.7 0.00940214

19 TMEM233 -1.8 0.00174979 LOC149837 1.7 0.0049401

20 DAAM2 -1.8 0.00062003 VEPH1 1.7 0.0033163

21 RBP4 -1.7 0.000328 TRO 1.7 0.004655

22 C17orf107 -1.7 0.04002703 GJB3 1.8 0.00467597

23 EMILIN2 -1.7 0.03027566 DMBT1 1.9 0.02140321

24 ATOH8 -1.6 0.00112841 ADAM22 2.1 0.00000118

25 GSTM3 -1.6 0.0023611 MN1 2.2 0.00000025

26 SGK2 -1.5 0.01263831 HS3ST3A1 2.3 0.00465564

27 SGSM1 -1.5 0.0049401 IL13RA2 2.3 0.00032817

28 SECTM1 -1.5 0.00260028 INHBA 2.4 0.01788492

29 AKR1C3 -1.5 0.00084269 ZP3 2.5 0.00315505

30 EFCAB4B -1.5 0.00018373 C20orf197 2.5 0.0020407

31 PTPN6 -1.4 0.00676192 NTM 2.6 0.00355414

32 RASL11A -1.3 0.0000382 CPVL 3.3 0.00000000

33 CA12 -1.3 0.0000382 MGST1 3.5 0

34 MAPK13 -1.3 0.00062003 SSTR1 4.2 0.00063413

35 ADAP2 -1.3 0.00137982      

36 B3GALNT1 -1.2 0.00333562      

37 TNFSF10 -1.2 0,00279829

38 PCSK9 -1.2 0,03150805

39 SLC6A17 -1.2 0.00069297

40 SIX2 -1.1 0.01911192

41 WISP2 -1.1 0.03528742

42 LOC644538 -1.1 0.02382562

43 STK33 -1.1 0.00062003

44 PPP2R2B -1.0 0.01488498

*  The logarithm (to basis 2) of the fold change between samples K7pos and K7neg. A 

negative log2 fold change designates that the gene is upregulated in K7pos subclones and 
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downregulated in K7neg subclones, respectively. The opposite is true for the positive log2 

fold change.

Adapted from (194).
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Table  2-6.  Summary  of  immunohistochemical  characterization  of 

cholangiocarcinoma  with  sarcomatoid  component  and  corresponding  lymph  node 

metastasis

Antigen
Carcinomatous

component

Sarcomatoid

component

Lymph node 

metastasis
Keratin-7 +++ negative negative
Keratin-

8+18
+++ negative negative

Keratin-19 + negative negative
Vimentin + +++ +++
c-Met +++ +++ ++
Claudin 4 +++ negative negative
Muc1 +++* negative negative
E-cadherin +++ negative negative
Beta 

catenin
+++ +

+++ (nuclear 

staining)
CEA +++ negative negative
CD44 +++ +++ negative
P53 ++ ++ +++
Ki-67 21.6±4.8 44.8±3.9 29.8±9.8
NCAM1 negative negative negative
CgA negative negative n.a.
CD117 negative negative negative
CD34 negative negative negative
Nestin +* + ++
EpCam ++ negative negative
Hep Par 1 negative negative n.a.
AFP negative negative n.a.

Adapted from (194).
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Table 2-7. Relative expression of representative EMT genes between Carc, Sarc and 

Met tumor compartments.

Marker Function in EMT
Relative expression in tumor and 

cell culture subclones
TWIST1 Transcription factor involved in 

reprogramming epithelial gene expression

Up in Met
ZEB1 Up in Met and Sarc
ZEB2 Up in Met and Sarc

DDR2
Collagen receptor that is expressed during 

epithelial-mesenchymal transition 
Up in Met

CDH2
Mesenchymal marker, upregulated in EMT Up in Sarc and Met and Sarc*

EPCAM
Negative regulator of EMT

Down in Sarc and Met compared to 

Carc

S100A4

EMT mediator protein, target of Wnt/beta-

catenin signaling pathway Down in Sarc and Met

MUC1
Epithelial marker

Down in Sarc and Met

FOXA1

Involved as TF in EMT in lung 

adenocarcinoma and pancreatic cancer 
Down in Met compartment and 

upregulated in K7neg clones

ID2

Antagonist of the TGF-β–induced EMT in 

epithelial cells Down in Met

MTDH

new EMT marker in HCC

Up in Carc, Met 

Lipocalin-

(Lcn)-2 
Negative modulator of EMT in HCC Downregulated in Sarc and Met

Muc15 
Downregulated in aggressive HCC

Downregulated in Sarc and Met 

compartment

EDIL3
New regulator of EMT in HCC

Upregulated in Sarc and Met 

compartment
TCF4 

Part of the Wnt/b-catenin signaling pathway
UP in Met in Carc_Met gene list

HNF4a A suppressor of Wnt/-b-catenin pathway
Up in Carc in Carc_Met and 

Carc_Sarc gene lists

CLDN3 A suppressor of Wnt/-b-catenin pathway

Up in Carc in Carc_Met and 

Carc_Sarc gene lists

MMP9 TGF target gene
UP in Met in (Carc_Met)

UP in Sarc (Carc_Sarc) gene list 
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Criteria for gene selection was 2.0 fold change between the two tumor compartments with 
P value of <0.01 (adjusted). (*) These genes were differentially expressed with the fold 
changes < 2.0) 
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6.3 TruSeq RNA kit protocol 

Poly A select mRNA

1. Mix 1 μg total RNA and H20 to a final volume of 50 μl.

2. Vortex RNA Purification Beads and add 50 μl to RNA sample.

3. Pipet up and down 6 times to mix.

4. Incubate in thermocycler: 65˚ C – 5 minutes 4˚ C -‐ hold

5. When thermocycler reaches 4˚ C remove sample and place on bench at RT for 5 

minutes.

6. Place sample in magnetic separator for 5 minutes.

7. Remove and discard all the supernatant.

8. Remove sample from rack.

9. Add  200 μl  of  Bead Washing Buffer and pipet up and down 6 times to mix 

sample.

10. Place the sample back in the magnetic separator for 5 minutes.

11. Remove and discard all the supernatant.

12. Add 50 μl of Elution Buffer and pipet up and down 6 times.

13. Incubate in thermocycler: 80˚ C – 2 minutes 25˚ C -‐ hold

14. Remove sample from thermocycler when it reaches 25˚ C and keep at room temp.

15. Add 50 μl of Bead Binding Buffer and pipet up and down 6 times.

16. Incubate at RT for 5 minutes.

17. Place sample in magnetic separator for 5 minutes.

18. Remove and discard all supernatant.

19. Remove sample from rack.

20. Add 200 μl of Bead Washing Buffer and pipet up and down 6 times.

21. Place sample in magnetic separator for 5 minutes.

22. Remove and discard all supernatant.

23. Add 19.5 μl Elute, Prime, Fragment Mix and pipet up and down 6 times.

24. Incubate in thermocycler: 94˚ C – 8 min 4˚ C – hold

25. Place sample in magnetic rack for 5 minutes.

26. Transfer 17 μl of the supernatant to a new 0.2 ml PCR tube. First Strand Synthesis

27. Add 8 μl First Strand Master Mix/Super Script II mix to sample.
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28. Incubate in thermocycler:  25˚ C – 10 minutes 42˚ C – 50 minutes 70˚ C – 15 

minutes 4˚ C – hold.

Second Strand Synthesis

29. Add 25 μl of Second Strand Master Mix to sample.

30. Incubate in thermocycler at 16˚ C for 1 hour.

31. Remove sample from thermocycler and let warm to RT.

32. Add 90 μl of well-‐mixed AMPure XP beads.

33. Incubate at RT for 15 minutes.

34. Place on magnetic rack for 5 minutes.

35. Remove and discard 135 μl of the supernatant.

36. Keep sample in magnetic rack and add 200 μl of 80 % ethanol.

37. Incubate for 30 seconds.  Remove and discard all supernatant.

38. Repeat step 36 and 37 once more for a total of two washes.

39. Let beads dry at RT for 2 minutes.

40. Add 62.5 μl Resuspension Buffer and pipet up and down 10 times.

41. Incubate at RT for 2 minutes.

42. Place in magnetic rack for 5 minutes.

43. Transfer 60 μl of the supernatant to a new 0.2 ml PCR tube. Perform End Repair

44. Add 40 μl of End Repair Mix to sample.

45. Incubate at 30˚C for 30 min.

46. Add 160 μl of well-‐mixed Ampure XP Beads.

47. Incubate at RT for 15 minutes.

48. Place on magnetic rack for 5 minutes.

49. Remove and discard 127.5 μl of the supernatant.

50. Repeat step 49 one more time.

51. Keep sample in magnetic rack and add 200 μl of 80 % ethanol.

52. Incubate for 30 seconds. Remove and discard all supernatant.

53. Repeat step 51 and 52 once more for a total of two washes.

54. Let beads dry at RT for 2 minutes.

55. Add 20 μl Resuspension Buffer and pipet up and down 10 times.

56. Incubate at RT for 2 minutes.

57. Place in magnetic rack for 5 minutes.
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58. Transfer 17.5 μl of the supernatant to a new 0.2 ml PCR tube. Add ‘A’ bases to 3’ 

ends

59. Add 12.5 μl A-  ‐  Tailing Mix   to sample.

60. Incubate at 37˚ C for 30 minutes. Ligate Adapters to DNA fragments

61. Add: 2.5 μl DNA Ligase Mix

2.5 μl Resuspension Buffer

2.5 μl RNA Adapter Index

62. Incubate at 30˚ C for 10 minutes

63. Add 5 μl Stop Ligase Mix

64. Add 42 μl of well-‐mixed AMPure XP beads.

65. Incubate at RT for 15 minutes.

66. Place on magnetic rack for at least 5 minutes.

67. Remove and discard 79.5 μl of the supernatant.

68. Keep sample in magnetic rack and add 200 μl of 80 % ethanol.

69. Incubate for 30 seconds.  Remove and discard all supernatant.

70. Repeat steps 68 and 69 one more time.

71. Let the beads dry at RT for 2 minutes.

72. Add 52.5 μl Resuspension Buffer and pipet up and down 10 times.

73. Incubate at RT for 2 minutes.

74. Place in magnetic rack for 5 minutes.

75. Transfer 50 μl of the supernatant to a new 0.2 ml PCR tube.

76. Add 50 μl of wellmixed AMPure XP beads.

77. Incubate at RT for 15 minutes.

78. Place on magnetic rack for at least 5 minutes.

79. Remove and discard 95 μl of the supernatant.

80. Keep sample in magnetic rack and add 200 μl of 80 % ethanol.

81. Incubate for 30 seconds. Remove and discard all supernatant.

82. Repeat steps 80 and 81 one more time.

83. Let the beads dry at RT for 2 minutes.

84. Add 22.5 μl Resuspension Buffer and pipet up and down 10 times.

85. Incubate at RT for 2 minutes.

86. Place in magnetic rack for 5 minutes
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87. Transfer 20 μl of the supernatant to a new 0.2 ml PCR tube. Amplify Library by 

PCR

88. Add: 5 μl PCR Primer Cocktail 25 μl PCR Master Mix

89. Amplify with the following PCR protocol: 

a. 98˚ C for 30 seconds

b. 5 to 18 cycles of (see note #1): 98˚ C for 10 seconds

60˚ C for 30 seconds 72˚ C for 30 seconds

c. 72˚ C for 5 minutes

d. Hold at 4˚ C

90. Add 50 μl of well-‐mixed AMPure XP beads.

91. Incubate at RT for 15 minutes.

92. Place on magnetic rack for at least 5 minutes

93. Remove and discard 95 μl of the supernatant.

94. Keep sample in magnetic rack and add 200 μl of 80 % ethanol.

95. Incubate for 30 seconds. Remove and discard all supernatant.

96. Repeat steps 94 and 95 one more time.

97. Let the beads dry at RT for 2 minutes.

98. Add 32.5 μl Resuspension Buffer and pipet up and down 10 times.

99. Incubate at RT for 2 minutes.

100. Place in magnetic rack for 5 minutes.

101. Transfer 30 μl of the supernatant to a new 1.5 ml PCR tube.

Notes:

1. Before PCR amplification take 1 μl of you adapter-‐ligated DNA and mix it with 1 

μl of TruSeq PCR Quantification Primer Mix (25 μM), 8 μl H2O and 10 μl 2X Kapa 

SYBR FAST Master  Mix.  Run on qPCR machine  with  same perimeters  as  used  for 

library amplification with 25 cycles. Determine the number of cycles it took to get to 50 

% of amplication (late log phase) and use that number of cycles minus X. If you need 

more than 18 cycles you do not have enough DNA and unfortunately you need to do the 

experiment again. I don’t now what X equals yet. For the Kapa HF polymerase it was 2. 

In my first try with the kit using 1 μg of HeLa cell RNA, the 15 cycles recommended by 

Illumina was way too many.
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2. I the future I think I will divide all the reaction volumes (and starting material) in 

half to double the number of libraries I get out of the kit.

3. PCR Primer Quantification Mix

Resuspend TruSeq PCR Primer 1 and TruSeq PCR Primer 2 in TE/10 (10 mM Tris-HCl, 

pH 8.0, 0.1 mM EDTA) to a concentration of 100 μM.

In new tube mix: 25 μl TruSeq PCR Primer 1 (100 μM), 25 μl TruSeq PCR Primer 2 (100 

μM), 50 μl H2O

TruSeq PCR 1 AATGATACGGCGACCACCGA*G

TruSeq PCR 2 CAAGCAGAAGACGGCATACGA*G

* = phosphorothioate bond
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6.4 Bisulfite PCR library preparation using TruSeq (Illumina) 

enzymes and adapters from IDT (Integrated DNA Technologies, 

Inc)

1. Mix: 50 μl purified PCR product

2. Transfer to Covaris microTube.

3. Sonicate in Covaris S2 with the following settings:

Time 155 seconds

Duty Factor 20 %

Peak Incident Power (W) 175

Cycles per Burst 200

Temperature 4˚C

Power mode Frequency Sweeping

Degassing mode Continuous

AFA Intensifier Yes

Water Level 12

4. Transfer DNA from microTube to 0.2 ml tube.

5. Add 100 μl of well-mixed Ampure XP beads.

6. Mix by pipetting up and down several times.

7. Incubate at RT for 10 minutes

8. Place on magnetic rack for 5 minutes.

9. Remove  and  discard  the  supernatant.   When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

10. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

11. Incubate for 30 seconds.  Remove and discard ALL the supernatant.

12. Repeat steps 37 and 38 one more time.

13. Add  16  μl  TE/10  and  pipet  up  and  down several  times  until  pellet  beads  are 

completely resuspended.

14. Incubate at RT for 2 minutes.

15. Place in magnetic rack for 5 minutes.

16. Transfer 15 μl of the supernatant to a 0.2 ml PCR tube.

End Repair

17. Add 10 μl TruSeq End Repair Mix
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18. Incubate at 30˚C for 30 minutes.

19. Add 50 μl of well-mixed Ampure XP beads.

20. Mix by pipetting up and down several times.

21. Incubate at RT for 10 minutes.

22. Place on magnetic rack for 5 minutes.

23. Remove  and  discard  the  supernatant.   When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

24. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

25. Incubate for 30 seconds.  Remove and discard ALL the supernatant.

26. Repeat steps 37 and 38 one more time.

27. Add 5.375 μl TE/10 and pipet up and down several times until pellet  beads are 

completely resuspended.

28. Incubate at RT for 2 minutes.

29. Place in magnetic rack for 5 minutes.

30. Transfer 4.375 μl of the supernatant to a 0.2 ml PCR tube.

A-tailing

31. Add 3.125 μl TruSeq A-Tailing Mix

32. Incubate at 37˚C for 30 minutes.

Ligate Adapters

33. Add: 0.625 μl TruSeq Ligation Mix and 1.25 μl Adapter Index (10 μM)

34. Immediately mix by pipetting up and down with P20 set to 10 μl.

35. Incubate at 30˚C for 10 minutes.

36. Add 1.25 μl TruSeq Stop Ligation Buffer

37. Add 15 μl of well-mixed Ampure XP beads.

38. Mix by pipetting up and down several times.

39. Incubate at RT for 10 minutes.

40. Place on magnetic rack for 5 minutes.

41. Remove  and  discard  the  supernatant.   When  removing  supernatant  do  so  very 

slowly with pipette being careful not to take any beads.

42. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

43. Incubate for 30 seconds.  Remove and discard ALL the supernatant.

44. Repeat steps 37 and 38 one more time.

45. Add 6.25 μl  TE/10 and pipet  up and down several  times until  pellet  beads  are 

completely resuspended.
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46. Incubate at RT for 2 minutes.

47. Place in magnetic rack for 5 minutes.

48. Transfer 5.25 μl of the supernatant to a 0.2 ml PCR tube (use one 1 μl for cycle 

determination).

PCR amplify library

49. Mix: 1 μl PCR Primer Mix (25 μM)

6.25 μl TruSeq PCR Master Mix

50. Incubate in thermal cycler with the blow program:

1 cycle of

98˚C – 30 seconds

4 cycles of

98˚C – 10 seconds

63˚C – 30 seconds

72˚C – 30 seconds

1 cycle of

72˚C – 5 minutes

51. Add 17 μl of well-mixed Ampure XP beads.

52. Mix by pipetting up and down several times.

53. Incubate at RT for 10 minutes.

54. Place on magnetic rack for 5 minutes.

55. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipette being careful not to take any beads.

56. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

57. Incubate for 30 seconds.  Remove and discard ALL the supernatant.

58. Repeat steps 37 and 38 one more time.

59. Add  21  μl  TE/10  and  pipet  up  and  down several  times  until  pellet  beads  are 

completely resuspended.

60. Incubate at RT for 2 minutes.

61. Place in magnetic rack for 5 minutes.

62. Transfer 20 μl of the supernatant to a 0.2 ml PCR tube.
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6.5 MeDIP-seq protocol 

Prepare Genomic DNA

1. Harvest cells (<5x106 cells) by tyrpsinization.

2. Spin down at 3,000 rpm for 5 minutes.

3. Remove growth media.

4. Resuspend cell pellet in 200 μl PBS.

5. Add 20 μl PureLink Proteinase K.

6. Add 20 μl PureLink RNase A.

7. Mix well by brief vortexing.

8. Incubate at RT for 2 minutes.

9. Add 200 μl PureLink Genomic Lysis/Binding Buffer and mix well by vortexing.

10. Incubate at 55˚C for 10 minutes.

11. Add 200 μl 100 % ethanol. Mix well by vortexing for 5 seconds.

12. Transfer cell lysate to PureLink Spin Column

13. Centrifuge at 10,000 x g for 1 minutes.

14. Transfer column to new collection tube.

15. Add 500 μl PureLink Wash Buffer 1.

16. Centrifuge at 10,000 x g for 1 minutes.

17. Transfer column to new collection tube.

18. Add 500 μl PureLink Wash Buffer 2

19. Centrifuge at maximum speed for 3 minutes.

20. Place column in new 1.5 ml tube and add 70 μl PureLink Genomic elution buffer.

21. Incubate at RT for 1 minute.

22. Centrifuge at maximum speed for 1 minute.

23. Add an additional 70 μl PureLink Genomic elution buffer.

24. Incubate at RT for 1 minute.

25. Centrifuge at maximum speed for 1 minute.

26. Transfer DNA to new 1.5 ml tube.

27. Measure DNA concentration with NanoDrop.

Shear DNA with Covaris

28. Transfer <4 μg DNA to Covaris microTube with AFA fiber.

29. Add H2O to a final volume of 130 μl.
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30. Sonicate in Covaris S2 with the following settings: Time 7 minutes

Duty Cycle 10 %

Intensity 5

Cycles per Burst 200

Temperature 4˚C Power mode Frequency Sweeping

Degassing mode Continuous

AFA Intensifier Yes

Water Level 14

 

31. Transfer DNA from microTube to 1.5 ml tube.

32. 130 μl of well-‐mixed Ampure XP beads and 130 μl 30 % PEG8000

1.25 M NaCl

33. Mix by pipetting up and down several times (See Note 9).

34. Incubate at RT for 15 minutes.

35. Place on magnetic rack for 5 minutes.

36. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

37. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

38. Incubate for 30 seconds. Remove and discard ALL the supernatant.

39. Repeat steps 37 and 38 one more time.

40. Let the beads dry at RT for 2 minutes.

41. Add 42.5 μl  TE/10 and pipet  up and down several  times until  pellet  beads  are 

completely resuspended.

42. Incubate at RT for 2 minutes.

43. Place in magnetic rack for 5 minutes.

44. Transfer 50 μl of the supernatant to a 0.2 ml PCR tube.

45. Quantitate DNA with nanoDrop.

46. Remove 2 μl and add 39 μl H2O to new tube for input control

Prepare SssI CpG methylated DNA control

47. Mix: 1 μl 32 mM SAM (see Note 10) 19 μl H20

48. Mix: 10 μl 10X NEB buffer #2

10 μl 1.6 mM SAM (freshly diluted from step 46) 7 μl DNA from step #45

5 μl SssI methyltransferase (add last) H2O to a final volume of 100 μl

49. Incubate at 37˚C for 1 hour.
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50. 100 μl of well-‐mixed Ampure XP beads and 100 μl 30 % PEG8000

1.25 M NaCl

51. Mix by pipetting up and down several times (See Note 9).

52. Incubate at RT for 15 minutes.

53. Place on magnetic rack for 5 minutes

54. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

55. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

56. Incubate for 30 seconds. Remove and discard ALL the supernatant.

57. Repeat steps 37 and 38 one more time.

58. Let the beads dry at RT for 2 minutes.

59. Add 42.5 μl  TE/10 and pipet  up and down several  times until  pellet  beads  are 

completely resuspended.

60. Incubate at RT for 2 minutes.

61. Place in magnetic rack for 5 minutes.

62. Transfer 41 μl of the supernatant to a 0.2 ml PCR tube.

Blunt DNA Ends (End Repair)

 

63. Perform the following steps of the protocol with three sets of reactions:

a) Fully CpG methylated DNA control

b) Input DNA

c) Sheared genomic DNA for MeDIP

64. Mix: 41 μl genomic DNA from step #45, 41 μl Input DNA from step #46 or 41 μl 

SssI methylated DNA from step #61.

5 μl NEB T4 DNA ligase buffer 2 μl 10 mM dNTPs

2 μl End Repair Enzyme Mix H2O to a final volume of 50 μl

65. Incubate at 20˚ C for 30 minutes in PCR machine

66. 50 μl of well-‐mixed Ampure XP beads and 50 μl 20 % PEG8000 1.25 M NaCl

67. Mix by pipetting up and down several times.

68. Incubate at RT for 15 minutes.

69. Place on magnetic rack for 5 minutes

70. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.
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71. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

72. Incubate for 30 seconds. Remove and discard ALL the supernatant.

73. Repeat steps 53 and 54 one more time.

74. Let the beads dry at RT for 2 minutes.

75. Add 17.5 μl  TE/10 and pipet  up and down several  times until  pellet  beads  are 

completely resuspended.

76. Incubate at RT for 2 minutes.

77. Place in magnetic rack for 5 minutes.

78. Transfer 16 μl of the supernatant to a 0.2 ml PCR tube.Transfer eluted DNA to new 

1.5 ml tube

Add ‘A’ Bases to the 3’ Ends of the DNA fragments

79. Mix: 16 μl End-‐repaired DNA (from step 60) 2 μl 10X NEB Buffer #2

1 μl 4 mM dATP

1 μl 5 U/μl Klenow 3’ to 5’ exo minus

80. Incubate at 37˚ C for 30 minutes

Ligate Adapters to DNA fragments

81. Mix: 20 μl ‘A’-‐tailed DNA (from step 62) 25 μl 2x Quick Ligase Buffer (NEB)

2 μl  Annealed  TruSeq  Adapters  (50  μM  for  genomic  DNA  –  5  μM  for  fully 

methylated DNA control and input control)

2 μl Quick Ligase (2,000 U/μl)

82. Incubate at room temp for 15 minutes.

83. Add 5 μl 0.5 M EDTA

84. Add 50 μl of well-‐mixed Ampure XP beads and 50 μl 20 % PEG8000

1.25 M NaCl

 

85. Mix by pipetting up and down several times.

86. Incubate at RT for 15 minutes.

87. Place on magnetic rack for 5 minutes.

88. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

89. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

90. Incubate for 30 seconds. Remove and discard ALL the supernatant.

91. Repeat steps 53 and 54 one more time.

150



92. Let the beads dry at RT for 2 minutes.

93. Add  27  μl  TE/10  and  pipet  up  and  down several  times  until  pellet  beads  are 

completely resuspended.

94. Incubate at RT for 2 minutes.

95. Place in magnetic rack for 5 minutes.

96. Transfer 25 μl of the supernatant to a 0.2 ml PCR tube.

97. Transfer 2.5 μl of DNA to a new 1.5 ml tube, add 47.5 μl Proteinase K Digestion 

Buffer and put aside for input control.

Perform anti-‐5-‐methylcytosine immunoprecipitation

98. Add 20 μl MeDIP-seq blocking oligo (100 pmols/μl) to adapter ligated DNA from 

step 96.

99. Denature DNA for 10 minutes at 95˚ C in thermocycler.

100. Transfer tubes directly from 95˚ C to ice water bath.

101. Keep on ice for 10 minutes.

102. Mix: 42.5 μl denatured adapter-‐ligated DNA

0.5 μl 1 μg/μl anti-‐5meC antibody (33D3 Diagenode) 500 μl MeDIP Wash Buffer (ice 

cold)

103. Incubate overnight at 4˚C.

104. Equilibrate beads. Prepare one 1.5 ml tube for each for each immunoprecipitation 

with 1 ml 1x IP Buffer and 10 μl of Sheep Anti-‐mouse M-‐280 Dynabeads to each tube. 

Note: The beads are usually a significant source of background and the minimum amount 

should be used. Invitrogen states that the binding capacity of the beads is 6.5-‐65 ng IgG/μl 

beads (yeah, that’s a huge spread but that is what the product brochure obliquely says).

105. Transfer IP to the tube with the Dynabeads.

106. Incubate 2 hours at 4˚ C on tube rotator.

107. Spin briefly in microfuge at 3k RPM. Place in magnetic rack and remove liquid.

108. Add 1 ml IP Buffer, resususpend beads, spin briefly at 3.5k rpm, place in magnetic 

rack, and remove supernatant.

109. Repeat step 94 five more times for a total of six washes and change tubes two times 

during washes.

110. Resuspend beads in: 48 μl Proteinase K digestion buffer

2 μl 10 mg/ml Proteinase K

111. Process input and IP samples in parallel in the following steps.
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112. Incubate 30 minutes at 50˚ C.

113. Place tubes in magnetic rack for 3 minutes.

114. Transfer supernatant to new 0.2 ml PCR tube.

115. Add 50 μl of well-‐mixed Ampure XP beads and 50 μl 20 % PEG8000

1.25 M NaCl

116. Mix by pipetting up and down several times.

117. Incubate at RT for 15 minutes.

118. Place on magnetic rack for 5 minutes.

119. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

120. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

121. Incubate for 30 seconds. Remove and discard ALL the supernatant.

122. Repeat steps 102 and 103 one more time.

123. Let the beads dry at RT for 2 minutes.

124. Add 15.5 μl  TE/10 and pipet  up and down several  times until  pellet  beads  are 

completely resuspended.

125. Incubate at RT for 2 minutes.

126. Place in magnetic rack for 5 minutes.

127. Transfer 14 μl of the supernatant to a 0.2 ml PCR tube.

Convert ssDNA to dsDNA (see note #2).

128. On ice mix       14 μl Adapter-‐ligated DNA Input DNA (from step 83) or 14 μl 

immunoprecipitated DNA (from step 111) 1 μl TruSeq PCR primer cocktail (25 μM) 15 μl 

2X Kapa HiFi HotStart Ready Mix

129. Amplify with the following PCR protocol.

a. 45 sec at 98˚ C

b. 4 cycles of:

15 sec at 98˚ C 30 sec at 63˚ C 30 sec at 72˚ C

c. 1 minutes at 72˚ C

d. Hold at 4˚ C

130. Add 30 μl of well-‐mixed Ampure XP beads and 30 μl 20 % PEG8000 1.25 M 

NaCl.

131. Mix by pipetting up and down several times (See Note 9).

132. Incubate at RT for 15 minutes.

152



133. Place on magnetic rack for 5 minutes.

134. Remove  and  discard  the  supernatant.  When  removing  supernatant  do  so  very 

slowly with pipetman being careful not to take any beads.

135. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

136. Incubate for 30 seconds. Remove and discard ALL the supernatant.

137. Repeat steps 121 and 122 one more time.

138. Let the beads dry at RT for 2 minutes.

139. Add 15.5 μl  TE/10 and pipet  up and down several  times until  pellet  beads  are 

completely resuspended.

140. Incubate at RT for 2 minutes. 141. Place in magnetic rack for 5 minutes.

 

142. Transfer 14 μl of the supernatant to a 0.2 ml PCR tube.

Size Select Library on Agarose Gel

143. Prepare  a  2.5  %  MetaPhor/SeaKem  LE  (3:1  ratio)  agarose  1X  TAE  gel  with 

ethidium bromide.

144. Load 200 ng of 100 bp ladder in two lanes at either side of gel.

145. Add 4 μl  5X loading dye (containing  xylene  cyanol  and bromophenol  blue)  to 

sample.

146. Load sample(s) on gel with at least one lane between different samples and markers 

to avoid cross contamination.

147. Run gel at 120 V for 35 minutes.

148. Cut out slice of gel with clean scalpel that contains material between 200 and 400 

bp and place in 1.5 ml tube (see note #3).

149. Determine volume of gel slice by zeroing scale with empty tube then weighing the 

tube with your gel slice (1 mg = 1 μl).

150. Add 5 volumes of Qiagen Buffer QG (e.g. if you gel slice is 0.2 g, add 1 ml of QG)

151. Incubate at RT until gel slice has completely dissolved. Mix continuously by hand 

or in tube rotator.

152. Add 1 volume isopropanol and mix by inverting several times.

153. Apply 650 μl to Qiagen MinElute column.

154. Spin for 30 seconds in microfuge. 155.Remove liquid from collection.

156. Repeat steps 139 to 141 until you have passed entire sample through column

157. Apply 500 μl Qiagen Buffer QG to column. 

158. Spin in microfuge for 1 minutes.
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159. Remove liquid from collection tube. 

160. Apply 750 μl of Qiagen buffer PE to column.

161. Let stand for 2 minutes.

162. Spin in microfuge for 1 minutes.

163. Remove liquid from collection tube.

164. Spin in microfuge for 1 minutes.

165. Transfer to new 1.5 ml tube.

166. Add 15 μl Qiagen buffer EB.

167. Let stand for 5 minutes.

168. Spin in microfuge for 1 minute.

169. Transfer eluted DNA to 0.2 ml PCR tube.

Amplify Library by PCR

170. On ice mix : 14 μl Size-‐selected DNA (from Step 154).

1 μl TruSeq PCR primer cocktail (25 μM) 15 μl 2X Kapa HiFi HotStart Ready Mix.

171. Amplify with the following PCR protocol

a. 45 sec at 98˚ C

b. 5 to 14 cycles of (see note #4): 15 sec at 98˚ C 30 sec at 63˚ C 30 sec at 72˚ C.

c. 1 minute at 72˚ C

d. Hold at 4˚ C 

172. Add 54 μl of well-‐mixed AMPure XP beads.

173. Incubate at RT for 15 minute with occasional vortexing.

174. Spin tube at 4,000 rpm for 5 seconds.

175. Place on magnetic rack for at least 5 minutes.

176. Remove and discard 105 μl of the supernatant.

177. Keep sample in magnetic rack and add 200 μl of freshly prepared 80 % ethanol.

178. Incubate for 30 seconds. Remove and discard all supernatant.

179. Repeat steps 163 and 164 one more time.

180. Let the beads dry at RT for 2 minutes.

181. Add 12.5 μl Resuspension Buffer and pipet up and down 10 times.

182. Incubate at RT for 2 minutes.

183. Place in magnetic rack for 5 minutes.

184. Transfer 10 μl of the supernatant to a new 1.5 ml tube.
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Analyze library by running 1 μl on Bioanalyzer (see note #5) Quantitate Library with Kapa 

Biosystems Library Quantification Kit

Notes:

1. Some sequencing experiments require the use of fewer than 12 index sequences in 

a lane with a high cluster density. In such cases, select indexes carefully to ensure optimum 

base calling and demultiplexing by having different bases at each cycle of the index read. 

Illumina recommends the following sets of indexes for low-‐level pooling experiments. 

However, I have stopped following this advice.

Pool of 2 samples:

• Index #6 GCCAAT • Index #12 CTTGTA

Pool of 3 samples:

• Index #4 TGACCA • Index #6 GCCAAT • Index #12 CTTGTA

Pool of 6 samples: • Index #2 CGATGT • Index #4 TGACCA • Index #5 ACAGTG • 

Index #6 GCCAAT • Index #7 CAGATC • Index #12 CTTGTA

2. This step was added because the self-‐ligated Y-‐shaped adapter dimers appear to 

run very slow on a 2.5 % agarose gel. I cut above 250 bp and they were still in the sample. 

This  also  brings  into  question  where  exactly  your  sample  ligated  to  the  Y-‐shapped 

adapters is running.  Furthermore, the relative migration of funny-‐shaped DNA molecules 

changes with the percentage of the gel, type of agarose, etc. So to know exactly where 

everything is  running,  I  assumed it  would be better  to convert  the Y-‐shaped DNA to 

double-‐stranded DNA.  Everything should be converted to double-‐stranded DNA after 

two PCR cycles, but since the recovery of DNA during the gel extraction is low, I thought 

it would be a good idea to add a couple extra cycles of PCR. Theoretically you could do 

the entire PCR enrichment at this step but then you would have to worry about some of the 

sample running too high because of the formation of ‘bubbles’ and ‘daisy chains’ when 

primers become limiting.
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3. The double-‐stranded adapters add 121 bp to the DNA fragments. Calculate the size 

of your DNA fragments by running a portion of the sheared DNA from step 46 on a 2.2 % 

agarose gel. Add 121 bp to that number and cut a gel slice containing your adaptor ligated 

DNA. Also be sure that you gel slice is well above 121 bp as that is where the self-‐ligated 

adapters run.

4. Before PCR amplification take 1 μl of you size-‐selected DNA and mix it with 1 μl 

of TruSeq PCR Primer Cocktail, 8 μl H2O and 10 μl 2X Kapa SYBR FAST Master Mix.  

Run on qPCR machine with same perimeters as used for library amplification with 25 

cycles. Determine the number of cycles it took to get to 50 % of amplication (late log 

phase) and use that number of cycles minus 2.

5. The image from the Bioanalyzer should be a smear the same size as the band you 

cut out in the size selection step. If you have larger products, this is most likely due to 

over-‐amplification.   When  primers  become  limiting  you  get  hybrid  DNA  molecules 

resulting from the adaptors ends of DNA molecules annealing. This creates bubble shaped 

molecules  and daisy  chains  of  molecules.  Contrary  to  what  is  stated  by  Illumina,  this 

should not be a problem, as your library will be denatured before attachment to the flow 

cell. On the other hand, if you have a sharp band around 121 bp, this is from self-‐ligated 

adaptors and is a problem.

6. All enzymes are purchased from NEB (except the Kapa polymerase).

7. The Kapa polymerase requires fewer cycles to achieve the same amplification as 

with Phusion polymerase.

8. Possible improvements:

b. Kapa makes their library amplifaction PCR mix with SYBR green. Perhaps you can 

monitor  the  library  amplification  in  real-‐time  and  remove  it  from the  machine  as  it 

becomes amplified but before it is over-‐amplified.

9. AMPure XP guidelines:
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a) Make  sure  that  you  achieve  a  homogenous  solution  of  the  beads  and PEG by 

pipetting up and down a sufficient number of times.

b) When removing the supernatant after the binding step, remove all but 5 μl with a 

P200 pipetman. Then go back, using a P20, and carefully remove as much of the last 5 μl 

as you can without taking any beads.

c) When washing with 80 % ethanol the beads stick to the wall of the tube better so 

you can remove the supernatant more quickly. However, I make sure I remove all traces of 

ethanol by going through each tube a second time with a new pipet tip.

d) Illumina  recommends  drying the  beads,  not  only  is  this  a  waste  of  time  but  it 

probably reduces yield.

e) At the elution step, when transferring the eluted DNA to a new tube, it is important 

not to accidentally carryover any beads. I carefully look inside the tube as I am pipetting 

up the eluted DNA to make sure I don’t accidentally take up and beads. Then I look at the 

eluted DNA in the pipet tip to see if I can see any beads. If there are, simply pipet the 

breads back into the tube you took them from and wait a few minutes for the sample to 

separate  again in the magnetic  rack.  At this  step it  is  important  to leave at  lease 1 μl 

behind, as it is not possible to remove all the liquid and not take any beads.

10. Three  significant  changes  were  made  in  this  protocol  from  existing  published 

protocols:

a. One issue with MeDIP-seq

seq is that it requires the DNA to be single stranded, which is a potential problem since the 

Illumina adapters have base-‐ pairing sequences. Thus, potentially every single stranded 

DNA molecule  that  is  immunoprecipitated  will  bring down additional  DNA molecules 

base-‐paired  in  the  adapter  region.  This  would  substantially  increase  background.  To 

circumvent this potential problem I add in a 50-‐fold excess of a 16 bp oligo that binds to 

the homologous region in the adapter, in order to block the adapter ligated DNA molecules 

from base pairing. The low melting temperature of the blocking oligo should prevent it 

from priming during subsequent PCR steps.

b. Four cycles of PCR are added before size selection by agarose gel electrophoresis, 

to convert the Y-‐shaped Illumina adapters into double stranded DNA. I have found that 

the Y-‐shaped adapters run much higher then the corresponding length of double-‐stranded 

DNA, thus making the identification of the correct size to excise from the get difficult.
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c. If there was a third thing, I forget what it was.

Adapter Annealing Protocol

1. Resuspend adapter oligonucleotides at a concentration of 100 μM in:

10 mM Tris-‐HCl, pH 7.8

0.1 mM EDTA, pH 8.0 50 mM NaCl

2. Mix 25 μl of the TruSeq Universal Adapter with 25 μl of the indexed adapter.

3. Anneal oligos a thermal cycler with the following program:

a. 2 minutes at 95˚ C

b. 140 cycles of

30 sec at 95˚C (decrease temp 0.5˚ C every cycle)

c. Hold at 4˚ C

4. Dilute annealed adaptors 1:200 in H2O

PCR Primer Cocktail

1. Resuspend TruSeq PCR Primer 1 and TruSeq PCR Primer 2 in TE/10 (10 mM 

Tris-‐HCl, pH 8.0, 0.1 mM EDTA) to a concentration of 100 μM.

2. In new tube mix: 25 μl TruSeq PCR Primer 1 (100 μM)

25 μl TruSeq PCR Primer 2 (100 μM)

50 μl H2O

 

Oligonucleotide Sequences

* = phosphorothioate bond TruSeq Universal

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG

ATC*T

TruSeq Adaptor, Index 2

/5Phos/

GATCGGAAGAGCACACGTCTGAACTCCAGTCACCGATGTATCTCGTATGCCGT

CTTCTGCTT*G

TruSeq Adaptor, Index 4
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/5Phos/

GATCGGAAGAGCACACGTCTGAACTCCAGTCACTGACCAATCTCGTATGCCGT

CTTCTGCTT*G

TruSeq Adaptor, Index 5

/5Phos/

GATCGGAAGAGCACACGTCTGAACTCCAGTCACACAGTGATCTCGTATGCCGT

CTTCTGCTT*G

TruSeq Adaptor, Index 6

/5Phos/

GATCGGAAGAGCACACGTCTGAACTCCAGTCACGCCAATATCTCGTATGCCGT

CTTCTGCTT*G

TruSeq Adaptor, Index 7

/5Phos/

GATCGGAAGAGCACACGTCTGAACTCCAGTCACCAGATCATCTCGTATGCCGT

CTTCTGCTT*G

TruSeq Adaptor, Index 12

/5Phos/

GATCGGAAGAGCACACGTCTGAACTCCAGTCACCTTGTAATCTCGTATGCCGT

CTTCTGCTT*G

TruSeq PCR 1 AATGATACGGCGACCACCGA*G

TruSeq PCR 2 CAAGCAGAAGACGGCATACGA*G

Note: The adaptor sequences are from Illumina. The  PCR  primer  sequences  are  my 

best guess as to what Illumina is using in their PCR Primer Cocktail.

MeDIP-seq Blocking Oligo AGATCGGAAGAGCGTC
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IMPORTANT!!!: The current batches of adapters from Illumina are methlylated so you 

absolutely cannot use them. You must have your own oligos synthesized.

End Repair Enzyme Mix

30 μl 3 U/μl T4 DNA polymerase 6 μl 1 U/μl Klenow Fragment

30 μl 10 U/μl T4 DNA Polynucleotide Kinase

MeDIP Wash Buffer

PBS

0.05 % Triton X-‐100

1 mM EDTA

Proteinase K digestion buffer

20 mM HEPES, pH 7.9

1 mM EDTA

0.5 % SDS

TE/10

10 mM Tris-‐HCl, pH 8.0

0.1 mM EDTA
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