
 
 
Regulation of Human Cripto-1 Expression 

 
 
 

 
 

Thesis submitted by 
 
 

POJUL LOYING 
 
 

For the award of the degree 
 

of 
 

Doctor of Philosophy 
 
 

  
 

 
 
 
 

DEPARTMENT OF BIOTECHNOLOGY 

INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI 

GUWAHATI-781039, ASSAM, INDIA 

May 2014



 
 
 

 
 
 
 
Dedicated to my family and friends 

 

TH-1294_08610610



 

 
Department of Biotechnology 

Indian Institute of Technology Guwahati 

 

Date: 23.05.2014 
 

Statement 

 
I do hereby declare that the matter embodied in this thesis entitled “Regulation of Human 

Cripto-1 Expression” is the outcome of research work carried out by me in the Department of 

Biotechnology, Indian Institute of Technology Guwahati, India, under the supervision of Dr. 

Biplab Bose. 

In keeping with the general practice of reporting scientific observations, due acknowledgement 

has been made whenever work described here has been based on the findings of other 

investigators. 

 

 

 
May, 2014                                                                                                                 Pojul Loying 

          (Roll No. 08610610)

TH-1294_08610610



 
 

Department of Biotechnology 

Indian Institute of Technology Guwahati 

 

Date: 23.05.2014 

Certificate 

 
This is to certify that the thesis entitled “Regulation of Human Cripto-1 Expression”, is being 

submitted by Mr. Pojul Loying (Roll No. 08610610) for the award of degree of Doctor of 

Philosophy is an authentic record of the results obtain from the research work carried out under 

my supervision in the Department of Biotechnology, Indian Institute of Technology Guwahati, 

India. 

The results embodied in this thesis have not been submitted to any other University or Institute 

for the award of any degree. 

 

 

 

 
May, 2014                                                                                                             Dr. Biplab Bose 

          (Research Supervisor)

TH-1294_08610610



 

 Acknowledgement                                                                                                              
 

The enlightening experience of doing science under the guidance of Dr. Biplab Bose can hardly be 

described in words. His dedication and commitment to research is truly inspiring. The countless 

discussions and interactions I had with him expanded my horizons to hitherto unknown frontiers of science 

and knowledge. I am indebt to this wonderful person for all that he had given me and above all for 

motivating me towards the scientific research. I am thankful to my doctoral committee members, Prof. 

Siddhartha S. Ghosh, Prof. Lingaraj Sahoo, Dr.Bhubaneswar Mandal and Dr. Aiyagari Ramesh for their 

valuable suggestions during my PhD. 

I am gratified to Prof. S. S. Ghosh, Prof. L. Sahoo, Prof. Pranab Goswami, Dr. Biplab Bose and Dr. A. 

Ramesh for providing “state-of-art” laboratory facilities at the ‘Centre for Excellence’ (DBT Programme 

support Laboratory) here at Department of Biotechnology, IIT Guwahati. I am grateful to present and past 

HOCs, Centre for Nanotechnology for providing me the access to valuable instruments without which this 

study would have not been feasible. I must not forget to thank the past and present HODs of the 

Department of Biotechnology for creating excellent facilities and a great atmosphere at the department. I 

feel privileged to work with intelligent, interesting and co-operative present and past members of the 

Department of Biotechnology. 

I am extremely grateful to Dr. Sudip Sen for providing me wonderful laboratory facility to carry out some 

important part of my PhD work at the Department of Biochemistry, AIIMS, New Delhi. Special thanks to 

him and his lab members Dr. Sandeep Agrawal, Dr. Janvie Manhas and Aditi Bhattacharya for fostering 

laboratory environment. I extend my sincere thanks to Dr. Asok Mukhopadhyay, National Institute of 

Immunology (NII), New Delhi for allowing me to use cell sorter facility in his laboratory at NII. 

I thank to Department of Biotechnology (DBT), Govt. of India, for the financial support during my  PhD. 

Special thank to Boehringer Ingelheim Fonds, Germany for providing me entire expenses for the 

participation in EMBO workshop on “Single Cell Gene Expression Analysis” at EMBL, Heidelberg, 

Germany (2012). I thank to DBT, Govt. of India for international travel support to attend Cold Spring 

Harbor Asia conference on “Cell Signaling in Metabolism, inflammation and cancer” at Suzhou, China 

(2013). 

I am heavily indebted to my former lab member Dr Asim Bikas Das, for his unconditional help, support 

and encouragement during my PhD. I am grateful to my lab members Ashok, Ritika, Mahesh, Poulami, 

Kaushik for their help and co-operation in the laboratory during my PhD. I am also thankful to all the 

past and present members of ‘Centre for Excellence’ especially Manab, Chockalingam, Subhomoy, Mitun, 

Santoosh, Nidhi, Amaresh, Ankana, Sudeep, Sandipan, Thyago, Somasekhar, Babina, Priyambada, 

TH-1294_08610610



Acknowledgement 

 
Archita, Sharmila, Asif, Neha, Mahitosh… for their co-operation during my work in lab. My sincere thank 

to Departmental of Biotechnology and IIT Guwahati staff. 

Several people deserve special acknowledgements. It is worth mentioning the name of Dr. Manabendra 

Sarma, Department of Chemistry, IIT Guwahati for his kind support and motivation during my entire PhD 

life. Special acknowledgement to my seniors cum friends; Dr. Subhash Medhi, Dr. Manash Pratim Sarma, 

Dr. Rajib Kishore Hajam, Dr. Vinod Yata, Dr. Urmila Saxena, Dr. Dipjyoti kalita, Bhaskar Talukdar, 

Pranab Kumar Das, Phukan Basumatary, Manash Protim Dutta, Rupam Pathak, Aleenndra Brahma, 

Hrishikesh Duwarah, Madhuri Das, Nithi Phukan… for their exceptional support and encouragement 

during my PhD. Most especially, the sharing of news and views with my friends Bhaskar (Sr.), Bhupen, 

Kalpa, Mrinal, Jyoti, Himangshu, Prithiviraj, Bhaskar (Jr.), Prakash, Sumon… in and around IITG 

campus used to give me outmost relaxation from my tedious work.  

Last but not the least, I express my deepest gratitude to my parents, Mr. Gojendra Nath Loying and Mrs. 

Renu Loying for their love, support and encouragement throughout my life. I am indebt Bornali for her 

respect towards my profession and for her support & encouragement in each and every moment of my 

PhD.  

 

 

May 2014                    Pojul Loying 

TH-1294_08610610



 

      Contents 
 

 

Abbreviation 

 

i-ii 

Abstract iii-iv 

Chapter 1: Introduction 1-3 

Chapter 2: Review of Literature 4-26 

2.1: Structural aspects of Cripto-1 4 

2.2: Functions of Cripto-1 6 

 Cripto-1 during embryonic development 6 

 Cripto-1 during oncogenesis 7 

 Involvement of Cripto-1 in different signaling pathways 8 

2.3: Expression of Cripto-1 13 

2.4: Control of Cripto-1 expression 14 

2.5: Heterogeneity in gene expression 17 

 Experimental techniques to investigate heterogeneity in gene expression 21 

 Transcriptional circuits affect cellular heterogeneity in gene expression 22 

 Importance of heterogeneity in gene expression 25 

Chapter 3: Materials & Methods 27-40 

3.1: Bacterial cell culture 27 

3.2: Treatment conditions and Growth factors 27 

3.3: Expressions of GST tag Cripto-1(CR1-GST) in E. Coli Rosetta-gami-2 

(DE3) 

27 

3.4: Purification of GST-tag Cripto-1(CR1-GST) 28 

3.5: Plasmid isolation 28 

3.6: Mammalian cell culture 29 

3.7: Protein extraction from mammalian cells 29 

3.8: RNA isolation from mammalian cells 29 

3.9: Removal of Genomic DNA contamination from RNA 30 

3.10: Reverse transcription for cDNA synthesis 31 

3.11: Quantification of DNA and RNA 31 

3.12: Semi-quantitative Reverse Transcriptase–Polymerase Chain Reaction  32 

TH-1294_08610610



Contents 

 
3.13: Agarose gel electrophoresis 32 

       3.14: Quantitative real-time PCR (qPCR) 33 

3.15: Sodium Dodecyl Sulfate polyacrelamide gel electrophoresis (SDS-

PAGE) 

33 

3.16: Protein estimation by Bradford assay 34 

3.17: Protein estimation by Lowry’s method 34 

3.18: Western blot 34 

3.19: Inhibitors assays 35 

3.20: MTT Assay 35 

3.21: mRNA stability assay 36 

3.22: Transfection and generation of stably transfected clones 36 

3.23: Overton histogram subtraction 37 

3.24: Flow Cytometry experiments 38 

3.25: Cell sorting 38 

3.26: Simulation of behavior of noise is a population of cells 38 

3.27: Data analysis 40 

Chapter 4: Results & Discussions 41-98 

4.1: Selection of suitable cellular assay system 44 

4.2: Expression of different recombinant CR-1 47 

4.3: Treatment with CR-1 induces expression of CR-1 in U-87 MG cells 52 

4.4: Issue of CR-1 transcript variants 57 

4.5 Issue of CR-1 pseudogene Cripto-3 57 

4.6: Treatment with recombinant CR-1 increases CR-1 protein 58 

4.7: Treatment with recombinant CR-1 does not affect mRNA stability 62 

4.8: CR-1 induces its own expression through Alk4/SMAD2/3 pathway 65 

4.9: Cellular heterogeneity in CR-1 expression 70 

4.10: Heterogeneous Expression of CR-1 in U-87 MG cells 70 

4.11: Heterogeneity in induction of CR-1 expression 75 

4.12: Signature of Bimodality in CR-1 Induction 82 

4.13: Significance of CR-1 positive cells 86 

4.14: Effects of growth factors on CR-1 expression 91 

4.15: Combinatorial control of CR-1 expression 98 

TH-1294_08610610



Contents 

 
Chapter 5: Conclusions 99-101 

Bibliography 102-119 

Appendix 119-128 

Publications 129 

TH-1294_08610610



 

Abbreviations 
 

 

ANOVA Analysis of variance 

ActR Activin receptor 

bp Base pair 

cDNA Complementary deoxyribonucleic acid 

CR-1 Cripto-1 

CR1∆C C-terminal truncated Cripto-1 

CR1-GST GST-tagged Cripto-1 

DMEM Dulbecco’s Modified Eagle Medium 

DNA` Deoxyribonucleic acid 

dNTP Deoxyribonucleotide triphosphate 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

Erk Extracellular signal-regulated  receptor 

FBS Fetal bovine serum 

GADPH Glyceraldehyde 3-phosphate dehydrogenase 

GSH Glutathione 

GST Glutahione S-transferase 

hr Hour 

HRP Horseradish peroxidase 

kDa Kilodalton 

MAPK  Mitogen-activated protein kinases 

mg Milligram 

min Minutes 

ml Milliliter 

TH-1294_08610610



Abbreviations 

 

ii 
 

mM Millimolar 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolum bromide 

mRNA Messenger ribonucleic acid 

ng Nanogram 

nm Nanometer 

nM  Nanomolar 

PBS Phosphate buffer saline 

PCR Polymerase chain reaction 

PI3K  Phosphatidylinositol 3-kinase 

PMSF Polymethanesulfonylfluoride 

PVDF Polyvinylidene fluoride 

qPCR Quantitative real-time PCR 

rCR-1 Recombinant cripto-1 

RIPA Radioimmunoprecipitation assay 

RNA Ribonucleic acid 

rpm Revoluions per minute 

RT-PCR Reverse transcriptase polymerase  chain reaction 

s Seconds 

TDGF Teratocarcinoma derived growth factor 

TGF-β Transforming growth factor beta 

TβR Transforming growth factor receptor 

µg Microgram 

µl Microliter 

µM Micromolar 

TH-1294_08610610



 

                                                                               Abstract 
 

 

Human Cripto-1 (CR-1) is an oncofetal protein. It is a modulator of embryogenesis and 

oncogenesis. It is involved in multiple signaling pathways, which are essential for cellular 

transformation, metastasis and angiogenesis. It is expressed in embryonic cells but is absent in 

adult tissues. However, CR-1 is overexpressed in several types of cancers. Though extensive 

work has been done to understand the role of CR-1 in oncogenesis and embryonic development, 

there is limited information on the control of expression of CR-1. In the present work, we have 

focused on transcriptional control and cellular heterogeneity in expression of CR-1.  

 

Based on the existing literature, we hypothesized that CR-1 may control its own expression 

through an autoregulatory pathway involving Nodal/ALk4/SMAD2/3. We have used human 

glioblastoma cell line, U-87 MG as a model cellular system for our studies. Expression of CR-1 is 

low in this cell line. We show that treatment with exogenous recombinant CR-1 induces 

expression of endogenous CR-1 both at mRNA level and at protein level in U-87 MG cells. 

Experiments were performed to investigate the dose-dependent and time-dependent behavior of 

such induction. We have confirmed that such an increase in CR-1 is not due to any change of 

mRNA stability and does not involve expression of Cripto-3, a pseudogene. Using inhibitor-based 

assays, we show that CR-1 mediated induction of CR-1 indeed involves Alk4/SMAD2 pathway.  

 

During embryonic development, CR-1 is involved in pattern formation. Embryonic pattern 

formation requires heterogeneous gene expression, with some cells expressing a pattern forming 

gene at very high level and some having very low expression of the same. Transcriptional 

networks involving positive feedback often give rise to such cellular heterogeneity. We looked 

into the single cell expression of CR-1 using flow cytometry. We observed that induction of CR-1 

expression by recombinant CR-1 leads to a heterogeneous population, with only a minority 

subpopulation expressing CR-1. Size of the minority population and level of CR-1 expression in 

these cells, increases with increase in inducing signal. For further exploration of this 

heterogeneity, we have analyzed the noise in expression of CR-1 in this heterogeneous 

population.  

Heterogeneity in gene expression in tumor cells is believed to limit chemotherapy and associated 

with emergence of drug resistance. We have investigated the expression of multi drug resistance 

protein 1 (MDR1). We observed that MDR1 is expressed only in a minority population of cells. 
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Treatment with CR-1 increases number of cells expressing MDR1 and most of these cells also 

have high CR-1 expression. Our observation indicates correlated induction of CR-1 and MDR1. 

 

PI3K and MAPK are two cardinal pathways involved in cell proliferation and survival. Several 

growth factors activate these pathways. Even CR-1 can contextually activate these pathways. 

Therefore, we looked into how these pathways may control expression of CR-1. Using 

combinatorial experiments involving different pathway inhibitors, we show that these two 

pathways negatively regulate CR-1 expression. 
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1                                            Introduction                                                                                                                                 

Human Cripto-1 (CR-1) is an oncofetal protein of EGF-CFC family. It is expressed during 

embryonic development and is absent or expressed in very low quantity in normal adult tissues. 

However, it is overexpressed in wide variety of human tumors including colorectal, breast, 

gastric, pancreatic, ovarian, endometrium, nasopharynx and lung. CR-1 is a typical example of an 

embryonic protein that is re-expressed in human tumors, promoting cellular proliferation, 

migration, and tumor angiogenesis. During embryonic development, CR-1 controls formation of 

germ layers, patterning of anterior posterior axis, specification of mesoderm and endoderm during 

gastrulation. CR-1 is also involved in mammary gland development and cardiomyogenesis. CR-1 

functions through multiple signaling pathways, including Nodal/Alk4/SMAD2/3 and Glypican-

1/c-Src/MAPK/Akt. CR-1 overexpression in cancer cells leads to aberrant activation of these 

pathways, triggering enhanced cell proliferation, migration, EMT and angiogenesis. 

Though the role of CR-1 in oncogenesis has been widely investigated, limited information is 

available on the control of CR-1 expression. Being a crucial molecule in embryonic development, 

it is expected that that expression of CR-1 must have very stringent regulation through multiple 

control elements. Expression of molecules involved in embryonic development is regulated, 

spatially and temporarily, through multiple layers of transcriptional control. Any aberration in 

these control elements would lead to unwanted expression pattern. Overexpression of CR-1 in 

tumors can be a manifestation of such aberrations.  

It is now well known that gene expression is stochastic in nature. Such stochasticity leads to 

population heterogeneity in gene expression. Heterogeneous gene expression, in clonally identical 

cells, is crucial in embryonic development. Such heterogeneity adds another layer of complexity 

in genesis and progression of cancer. Architecture of transcriptional control circuit affects 

population heterogeneity in expression of a gene. For example, negative feedback reduces noise 

in gene expression, thereby reducing population heterogeneity. On the other hand, positive 

feedback amplifies noise and often gives rise to two separate populations. Therefore, information 

on population heterogeneity in expression of a particular gene can give clues about the 

transcriptional network of that gene and vice versa.  
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Existing literature shows that CR-1 promoter has SMAD Binding Elements (SBEs). It is known 

that TGF-β induces the expression of CR-1 through SMAD2/3 pathway. It is also established that 

CR-1 can activate SMAD2/3 pathway by forming complex with Nodal and Alk4. Based on these 

information, we hypothesized that CR-1 may autoregulate its expression. To investigate our 

hypothesis, we have used human glioblastoma cell line, U-87 MG for our experiments. Using a 

systematic study, we show that CR-1 induces its own expression in U-87 MG cells thereby 

creating a possible positive feedback circuit. Such induction has been observed at both mRNA 

and protein level. We have shown that such an increase in CR-1 is not due to any change of 

mRNA stability. Using pathway inhibitor, we have confirmed that such induction is mediated 

through Alk4/SMAD2/3 pathway. Both dose and time dependent experiments have been 

performed to delineate the positive feedback. The dose dependent induction in CR-1 expression 

has a sigmoidal behavior with a Hill coefficient greater than one, indicating a possible 

cooperativity.  

Existence of a positive feedback loop that controls induction of CR-1 expression and sigmoidal 

behavior of such induction indicated that induction of CR-1 may lead to heterogeneous 

expression of CR-1. Through single cell analysis, using flow cytometry, we observed that CR-1 

mediated induction of CR-1 does not happen uniformly. Only a minority sub-population showed 

measurable level of induction in expression of CR-1. With increase in the inducing signal, two 

subpopulations of cells emerge, one with high expression of CR-1 and the other with low level of 

CR-1. With increase in the external signal, the size of subpopulation, with higher expression of 

CR-1, also increases. We called this subpopulation as CR-1 positive. Appearance of such 

heterogeneity, with bimodal distribution, is a well known feature of positive feedback circuits. 

However, we have not observed clear bimodality, with two distinct peaks, in CR-1 expression. 

We looked into the noise in CR-1 expression and used the change in noise with level of induction, 

as a marker for hidden bimodality.  

We have also looked into the biological significance of CR-1 positive subpopulation that emerges 

through autoinduction. As CR-1 is a marker of pluripotency, it is believed to be involved in 

cancer stem cells. We have separated out CR-1 positive and CR-1 negative subpopulations and 

measured expression of various genes involved in pluripotency and drug resistance. We observed 

that treatment with exogenous CR-1 co-induced expression MDR1 in the same minor 

subpopulation that showed higher expression of CR-1. MDR1 is known to be involved in 
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development of drug resistance in cancer cells. Our observation is important as it indicates that 

CR-1 and MDR1 are co-regulated.  

Further, we have also shown that mitogenic pathways, involving PI3K and Erk1/2, negatively 

regulate CR-1 expression. These two pathways are aberrantly activated in most cancers, either 

through overexpression of ligands or receptors or through oncogenic mutations. Several 

chemotherapeutic agents, used regularly in clinic, block these pathways. Our observation 

indicates that such inhibition may increase the expression of CR-1, a potential mitogen for cancer 

cells. Therefore, involvement of mitogenic pathways in CR-1 expression may turn out to be 

important in development of drug resistance.  

The present thesis is organized into separate sections. After this introductory chapter, existing 

literature on Cripto-1 has been reviewed in Chapter 2, Review of literature. Though all the aspects 

of CR-1 biology have been discussed in this section, special emphasize is given on transcriptional 

control of CR-1 expression and on heterogeneity in gene expression. Chapter 3 describes 

Materials and Methods used in the present work. The methodologies for various experiments 

have been given in detail. Additional information on common reagents, buffers, solutions, 

antibodies etc. items used in different experiments are given in appendix. The results of our 

experiments and thorough discussion of those have been provided in Chapter 4, Results and 

Discussion. The conclusions drawn from our present work, along with their implications are 

discussed in brief in Chapter 5, Conclusion.  
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2                             Review of Literature                                                                                                                                 

Human Cripto-1 (CR-1) is a member of the EGF-CFC family of vertebrate signaling molecules  

[1]. This family also includes Cryptic in mice [2], FRL-1 in xenopus [3], and one eyed pinhead  in 

Zebrafish [4]. CR-1 is also known as human teratocarcinoma derived growth factor-1 (TDGF-1) 

as it was initially derived from undifferentiated human teratocarcinoma cells, NTERA2 [5].  
CR-1 is a 188 amino acid long protein and its molecular weight varies from 19 – 36 kDa, 

depending upon the extent of glycosylation [6]. Like other members of EGF-CFC family of 

proteins, CR-1 has N-terminal signal peptide, an epidermal growth factor (EGF)-like motif, a 

conserved cysteine-rich domain (CFC region), and a short hydrophobic C-terminus that is 

essential for membrane anchorage by a glycosylphosphatydilinositol moiety [7]. However, CR-1 

sheds from the membrane, to generate soluble CR-1, by the activity of GPI-phospholipase D and 

growth factors like EGF stimulate such shedding [8]. Soluble CR-1 has been identified in vitro 

culture system, human milk and in serum of breast and colon cancer patients [9, 10]. Both soluble 

and membrane-bound CR-1 are functional [11].  

Like other members of EGF-CFC, CR-1 is expressed during embryonic development and is 

absent or expressed in very low quantity in normal adult tissue. However, it is overexpressed in 

wide variety of human tumors including colorectal, breast, gastric, pancreatic, ovarian, 

endometrium, nasopharynx and lung [12]. 

2.1: Structural aspects of Cripto-1: 

The domain architecture of human CR-1 is shown in Figure 2.1. Like other members of EGF-

CFC family proteins, CR-1 has four distinct regions: signal peptide domain, EGF-like motif, a 

conserved cysteine rich domain (CFC region), and a region for membrane anchoring through GPI. 

However, the EGF domain present in CR-1 is a variant EGF-like motif of other members in EGF 

super-family. It is 40 amino acids long. It has six cysteine residues that can form three 

intramolecular disulfide bonds. The canonical EGF-motif has three distinct loops (A, B and C). 

However, EGF-like motif in CR-1 lacks the A-loop, possesses a truncated B-loop and has a 
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complete C-loop [6].  Bianco et al. [13] have shown that due to modified EGF like domain, CR-1 

cannot bind to epidermal growth factor receptor (EGFR). 

CR-1 gets is fucosylated in the EGF-like domain. However, such fucosylation is not essential for 

CR-1 signaling [14]. Similarly, C-terminal GPI anchoring domain and membrane anchorage 

through GPI is not essential for CR-1 signaling [15, 16]. Soluble and functional CR-1 has been 

identified in human milk [9] and in serum of breast and colon cancer [10]. Various forms of 

recombinant soluble CR-1 has been used in experiments and found to be functional [17-19]. 

Even, the EGF-like domain of CR-1, fused either to human Fc or to GST, was found to be 

functional [20, 21]. Furthermore, refolded peptides corresponding to EGF-like domain of CR-1 

also induces CR-1 signaling [22, 23]. Das et al. [24] had earlier shown that C-terminal truncated 

CR-1, fused to GST and expressed using a bacterial expression system, is functional.  

 

 

 

 

 

 
 

Figure 2.1: Domain architecture of Human Cripto-1. Cripto-1 (1-188 amino acids) has signal 

peptide, epidermal growth factor-like motif (EGF-Like domain), a conserved cysteine rich 

domain (CFC domain), and a short hydrophobic C-terminus that is essential for membrane 

anchorage by a glycosylphosphatydilinositol anchor domain.   
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2.2: Functions of Cripto-1: 
Human Cripto-1 is a signaling molecule involved in various processes from embryonic 

development to progression of cancer. In playing its versatile role, CR-1 acts either as co-

ligand/co-receptor or as an independent ligand to trigger different signaling pathways. Some of 

these pathways are well characterized and role of CR-1 in those pathways have been clearly 

elucidated.  

 Cripto-1 during embryonic development: 

Members of EGF-CFC family are involved in early vertebrate development [25]. CR-1 is 

expressed in various human embryonic stem cell lines [26, 27], as well in human induced 

pluripotent stem cells [28] and believed to be involved in maintenance of pluripotency [29]. 

However, the precise role of human CR-1 in human embryonic development is not elucidated. 

Loss-of-function mutations in human Criptic protein (CFC1), another member of EGF-CFC 

family, are associated with left-right lateral defects [30]. Mouse homologue of Cripto-1 has been 

extensively investigated in embryonic development [12].  

During embryonic development, mouse cripto-1 (Cr-1) is expressed in a spatially restricted 

fashion [31]. Xu et al. [32] reported three major roles for Cr-1 during mouse embryonic 

development. Cr-1 is needed to produce the correct number and specification of embryonic 

precursor cells, gives a spatial signal that is required for morphogenesis of cell layers and forms a 

morphogenic gradient across the embryonic field, with a high concentration in the mesodermal 

cells of the primitive streak. Cr-1 is essential for the conversion of a proximal-distal asymmetry 

into an orthogonal anterior-posterior axis in mouse embryo [33]. Disruption of both the Cr-1 

alleles by homologous recombination leads to embryonic lethality due to impaired gastrulation 

and anterior-posterior (A-P) axis perturbation and the rotation of the anterior–posterior axis fails 

to occur, resulting in mislocalization of the head- and trunk-organizing centers [33]. It has also 

been seen that disruption of both Cr-1 alleles by homologous recombination in mES cells leads to 

a specific block in the in vitro differentiation of cardiac myocytes [34]. Cr-1-/- mouse embryonic 

stem cells, shows extensive neural differentiation, suggesting neuroectodermal differentiations in 

absence of Cr-1 [35].  

One-eyed pinhead, oep, the Cripto-1 homologue in zebra fish, is essential for cellular movement 

during embryonic development [36]. During embryonic development, one eyed pinhead oep, is 

essential for Nodal signaling and regulates germ layer formation and the positioning of the 
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anterior posterior development. It is also essential for the cell motility throughout the blastoderm 

during early embryonic development. Oep mutant cells are more cohesive and migrate slower 

than wild-type cells. [36, 37]. 

Cripto-1 during oncogenesis: 

CR-1 is involved in several cellular processes linked to neoplasia, such as stimulation of cell 

proliferation, migration, branching morphogenesis and transformation [38]. Overexpression of 

CR-1 in breast cancer cell line, MCF-7, enhance resistance to anoikis and increases invasiveness 

of these cells [39] and enhances tumor neovascularization in a xenograft model [12]. In addition, 

overexpression of CR-1 enhances colony formation and anchorage independent growth in normal 

mammary epithelial cells, NOG-8 [40]. Transfection of CR-1 into mouse mammary epithelial 

cells, NIH3 induces morphological changes and colony formation [41]. Overexpression of CR-1 

in normal rat fibroblasts induces growth in soft agar [23]. In vivo overexpression of human CR-1, 

in mammary glands of transgenic mouse, causes development of hyperplasia and papillary 

adenocarcinoma [42]. The expression of CR-1 is significantly inhibited by anti-CR-1 second 

generation antisense oligonucleotides and can inhibits growth of cancer cells in both in vitro and 

in vivo [43].  

CR-1 is also involved in tumor angiogenesis. It enhances cell migration and invasion of human 

umbilical endothelial cells, HUVEC and induces formation of vascular-like structures on Matrigel 

experiments [44]. Moreover, overexpression of CR-1 stimulates various epithelial cell responses 

that are associated with microvessel formation in vivo [44]. Treatment with monoclonal antibody 

against CR-1 can inhibit such CR-1 induced neovessel formation [44]. 

CR-1 also play role in inducing epithelial to mesenchymal transition (EMT) of mammary 

epithelial cells [12]. EMT marker expression study has shown that E-cadherin, which is 

responsible for intactness of junction complex in epithelial cells, was significantly downregulated 

in mammary gland hyperplasia, tumors of CR-1 transgenic mice and CR-1 transfected HC-11 

cells [45]. Furthermore, zinc finger repressor transcription factor Snail was detected in elevated 

levels in mammary tumor lesions of CR-1 transgenic mice [45]. Increase in the expression of 

another EMT marker, vimentin, a major cytoskeletal component of mesenchyme cells, was 

observed following overexpression of CR-1 human cervical carcinoma cells, Caski. Increased 

vimentin expression exhibited increased migration and invasion in Caski cells [46, 47]. 
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Involvement of Cripto-1 in different signaling pathways: 

CR-1 is a co-receptor for Nodal, a ligand of transforming growth factor (TGF-β) family [48]. 

Nodal is a morphogen involved in embryonic development [49]. It forms a concentration 

gradient, thereby provides positional information to cells through dose-dependent activation of 

signaling pathways [50]. Like other ligands of the TGF-β family, Nodal signals through 

transmembrane serine/threonine kinase receptor [51].  It signals through type I activin receptor 

ActRIB (Alk4) and type II receptors, ActRIIA and ActRIIB, leading to phosphorylation and 

nuclear accumulation of SMAD2 and/or SMAD3 together with SMAD4 [52]. The activated 

SMAD complex binds to SMAD binding element in the promoter of target genes, interacts with 

other transcription factors, like transcription factors of FAST subfamily, and induces gene 

expression [16].  

 However, Nodal alone cannot activate this pathway. It requires CR-1 for the same. Mutational 

studies have shown that CR-1 binds to Nodal through its EGF domain and binds to Alk4 

(ActRIB) through its CFC domain [14, 53]. That is why CR-1 is considered as a co-receptor of 

Nodal [54]. Physical association of Nodal, Alk4 and CR-1 is essential for activation of the 

SMAD2/3 pathway [17]. Alk4 positive mouse mammary epithelial cells showed no 

phosphorylation of SMAD2 upon treatment with external CR-1 [17]. However, phosphorylation 

SMAD2 was observed when Nodal was overexpressed in these cells and treated with exogenous 

CR-1 [17].  

It is now well established that both membrane bound CR-1 and soluble CR-1 activate 

Nodal/Alk4/SMAD2/3 pathway. In association with Nodal and Alk4, membrane bound CR-1 can 

induce SMAD2 phosphorylation [55] Bianco et al. [17] have shown that c-terminal truncated 

soluble CR-1 (CR1ΔC) that was expressed in CHO cells, functionally forms complex with Alk4 

and nodal and induce phosphorylation of SMAD2 in mouse mammary epithelial cells, EpH4. 

Commercially available soluble recombinant CR-1 (R&D system) expressed in bacterial system 

also induces phosphorylation of SMAD2 in several human melanoma cells [19]. Further, this 

commercial recombinant CR-1 shows induction of SMAD2 in mouse extra-embryonic endoderm 

stem cells, XEN, however, such effects was inhibited by an Alk4 inhibitor , SB431542 [56]. 

Considering these, CR-1 can be considered as a co-ligand rather than co-receptor of Nodal [16]. 

This pathway of CR-1 is briefly described in Figure 2.2. 
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Nodal/Alk4/SMAD2/3 pathway has important role in embryonic development and in cancer. 

Parisi et al. [57] have shown that CR-1 dependant Nodal signaling pathway induces SMAD2 

phosphorylation and determines cardiac fate in early embryonic development. Failure in the 

induction of this pathway, results in the direct conversion of embryonic stem cells into neuronal 

fate, rather cardiac fate [57]. This signaling pathway is also involved in the establishment of 

Left/Right embryonic axis [52]. Blocking of CFC domain of CR-1 by using anti-human Cripto-1 

mAbs shows functional blockade of Nodal/Alk4/SMAD2/3 pathway and inhibits tumor growth in 

human breast cancer cells and in human testicular and colon xenograft tumor models [58]. 

Complex formation of CR-1 and ActRIIB is interrupted by alantolactone and inhibits SMAD3 

phosphorylation, thereby results in the inhibition of cell proliferation [59].  

CR-1 can also activate PI3K/Akt as well as MAPK pathways. PI3K/Akt pathway is known to 

regulate cell cycle progression, apoptosis and oncogenic transformation [60]. MAPK pathway 

maintains normal cell proliferation, survival and differentiation and aberrant regulation of MAPK 

pathway leads to cancer and other human diseases [61]. These two pathways are activated when 

CR-1 binds to the heparin sulfate proteoglycan Glypican-1. In turn, it activates the tyrosine kinase 

c-Src, leading to the activation of downstream Akt and MAPK [17, 18, 62]. In Akt signaling 

pathway, CR-1 enhances the tyrosine phosphorylation of the p85 regulatory subunit of PI3K and 

induces the phosphorylation of Akt and GSK [12, 63]. In several in vitro experiments, it has been 

shown that full length CR-1 expressed in mammalian system activates MAPK pathway leading to 

enhanced phosphorylation of Erk1/2 [44, 64].  

CR-1 mediated cell proliferation and survival is regulated by Akt and MAPK signaling pathways. 

Deregulated activation of these two pathways by CR-1 leads to enhanced cell proliferation. 

Exogenous CR-1 activates these two pathways and induces proliferation, migration, invasion and 

angiogenesis in HUVECs cells [44]. CR-1 inhibits phosphorylation through enhanced 

phosphorylation of Akt and GSK-3β in human cervical carcinoma cells, SiHa and Caski [63]. 

Mammary tumors from Cr-1 transgenic mice and HC-11 cells overexpressing Cr-1, shows 

increase in active C-Src and Akt [45].  

Kelber et al. [65] have recently shown that CR-1 forms complex with the HSP70 family member 

glucose-regulated protein-78 (GRP78) and participated in various CR-1 mediated signaling in 

human tumor, mammary epithelial and embryonic stem cells. Using various experiments, they 

have demonstrated that targeted disruption of the cell surface CR-1/GRP78 complex blocks CR-1 
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activation of PI3K/MAPK pathways, thereby prevents CR-1 from increasing cellular proliferation 

[65]. Glypican-1/C-Src/MAPK/Akt signaling pathways of CR-1 are briefly described in Figure 

2.3.  

Further, in vitro experiments shows that CR-1 binds to TGF-β and reduces cross-linking of TGF-

β to its receptor TβRI. Eventually, it leads to reduced phosphorylation of downstream SMAD2/3 

and induces growth in TGF-β signal dependent cells [53]. Glucose regulated protein 78 (GRP78) 

associates with CR-1 and enhances cell growth and inhibits cytostatic effects of TGF-β. Cripto 

and GRP78 had a cooperative ability to block the cytostatic effects of TGF-β under anchorage-

independent conditions.   This complex leads to increased malignancy and confers a competitive 

proliferative advantage to tumor cells via inhibition of TGF-β signaling at the receptor level [66].   
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Figure 2.2: Cripto-1 activates SMAD2/3 signaling pathway. Cripto-1 acts as a co-receptor/co-

ligand in this signaling pathway. Both membrane bound and soluble Cripto-1 binds to Nodal 

through EGF domain and recruits Nodal to type I activin receptor ActIB (Alk4). Binding of 

Nodal to this receptor activates SMAD2/3 pathway. The SMAD complex binds to SMAD binding 

elements (SBE) in the promoters of target genes and modulates expression of those genes.  

 

 

 

 

TH-1294_08610610



Review of Literature 

 

12 
 

 

 

 

 

 
 

 

Figure 2.3: Cripto-1 activates MAPK and Akt signaling pathway. Cripto-1 binds with glypican-1, 

and activates c-Src which subsequently activates Erk1/2 and Akt. Activation of these pathways 

finally leads to cell proliferation through modulation of molecules involved in cell cycle 

progression.  
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2.3: Expression of Cripto-1: 

Full-length human CR-1 transcript was initially identified by Ciccodicola et al. [1] from a cDNA 

library derived from undifferentiated human teratocarcinoma cells, NTERA2. The transcript is 

approximately 2.2 kb long and codes for a 188 amino acid protein. This was further mapped to 

human chromosomal location 3p21.3. Genomic sequence of CR-1 available in NCBI database 

NCBI (reference Sequence: NG_017049.1) shows all total seven exons. There are three transcript 

variants of CR-1 originating from alternate splicing. Transcript variant-1 does not have exon-1 

and starts from exon-2. Transcript variant-2 of CR-1 starts from exon-1 but exon-2 is missing in 

this transcript. Baldassarre et al. [21] have described a short form of CR-1 in human colon 

carcinoma cell line, Geo. This transcript variant of CR1 start form exon-4 and the putative start 

codon is not ATG but a CTG.  

Five pseudo genes related to human CR-1 have been reported [5]. These are CR-2, CR-3, CR-4, 

CR-5 and CR-6 (also known as TDGF-2, TDGF-3, TDGF-4, TDGF-5 and TDGF-6 respectively). 

Dono et al. [67] have characterized CR-3. CR-3 does not have introns and has seven base 

differences with CR-1. These differences result in changes in six amino acids. It has been 

reported that CR-3 transcripts are expressed in breast, lung and colon carcinoma cells [68].   

CR-1 is expressed in human embryonic stem (huES) cells and it considered as a marker for 

stemness [26]. During embryonic development in mouse, Cr-1 is expressed in mouse blastocyst, 

primitive streak, and later it is restricted to the developing heart [31]. Mouse Cr-1 is expressed in 

the stromal cells, luminal epithelial cells, and myoepithelial cells of the branching ducts of mouse 

mammary glands [69]. Expression of Cr-1 in mouse mammary glands increases during pregnancy 

and lactation [69].  

Human CR-1 is generally absent or present in very low level in some normal adult tissue [70]. In 

normal adult tissues, CR-1 expression has been detected only in mammary gland [9]. Bianco et 

al. [9] have also detected CR-1 in human milk. CR-1 is overexpressed in a majority of human 

cancers like colorectal carcinomas [71], breast carcinomas [72], testicular germ cell tumors [21], 

lung cancer [73], ovarian carcinomas [74] and pancreatic cancer [75]. Full-length human cripto-1 

is expressed in several human cell lines such as embryonal and colon carcinoma cells [76]. 

Human cripto-1 is found to be secreted to cytoplasm in uveal melanomas [77]. Human naso-

pharyngeal carcinoma, NPC series (C666-1, CNE-1, CNE-2, HNE-1, SUNE-1, and HONE-1) is 
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also reported to express human cripto-1 and overexpression is connected with the tumorigenesis 

and progression of NPC [78].  

Overexpression of CR-1 has significant correlation with decreased survival rate in breast cancer 

patients. Overexpression of CR-1 was more often found in high grade tumors and poor prognosis 

tumors compared to low grade and good prognosis breast cancers [79]. Gastric cancer patients 

with higher expression of CR-1 also shows worst patient survival rate and has negative 

correlation with the expression of E-Cadherin indicating metastatic state [80].  Tysnes et al. [81] 

have observed varied level of expression of CR-1 in glioblastoma biopsy samples and have 

shown that higher expression of CR-1 has association with reduced postoperative survival in 

young patients. Pilgaard et al. [82] have also made similar observation and had shown that high 

level of CR-1 in blood of glioblastoma patients had significant correlation with shorter survival.   

2.4: Control of Cripto-1 expression: 

CR-1 is an embryonic gene that is overexpressed in several cancers. Expression of molecules 

involved in embryonic development is spatially and temporally regulated through multiple layers 

of transcriptional control. Aberrations in such controls, in adults, are often associated with 

development and progression of cancer. Expression of CR-1 is also controlled through multiple 

pathways.  NANOG and OCT4 are two core transcription factors of Human ES cells [83] and are 

overexpressed in cancer stem cells [84].  Watanabe et al. [85] have identified binding site for 

NANOG and OCT4 in the proximal region of Transcription Start Site (TSS) of CR-1 promoter 

and have shown that these transcription factors directly regulates the expression of CR-1 in 

embryonic carcinoma (EC) cells, NTERA2/D1. Watanabe et al. [85] have also separated out CR-

1 high subpopulations of NTERA2/D1 cells and observed the higher expression of NANOG and 

OCT4 in CR-1 high cells, indicating suitable relation between these molecules.  

CR-1 promoter has conserved sequence of Hypoxia Responsive Elements (HREs). Hypoxia- 

inducible factor-1α (HIF-1α), binds to the HREs of CR-1 promoter and up regulates CR-1 

expression in mouse mES and human NCCIT cells [86]. Canonical Wnt pathway regulates the 

expression of CR-1. It has been shown that CR-1 has three tandem TCF/LEF binding sites. Wnt 

pathway activates TCF/LEF and TCF/LEF upregulates the expression of short form of CR-1 [87]. 

A nuclear receptor, liver receptor homolog 1 (LRH-1) known to be expressed in undifferentiated 

ES cells, maintains expression of CR-1 in embryonic carcinoma cells, NTERA2/D1 [88]. On the 

other hand, during retinoic acid induced differentiation, another nuclear receptor called germ cell 
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nuclear factor (GCNF) binds to the DR0 motifs (repeat sequence of AGGTCA) of CR-1 promoter 

and represses the expression of CR-1 in human teratocarcinoma cell line, NTERA2 [88, 89].  

TGF-β signaling controls plethora of cellular responses. TGF-β1 is a member of TGF-β 

superfamily and binds to two different serine/threonine kinase receptors, TβRI and TβRII. Upon 

binding to its receptors, TGF-β induces intracellular phosphorylation of SMAD2/3. 

Phosphorylated SMAD2/3 form complexes with SMAD4 and translocates to the nucleus, where 

they regulates the expression of target genes [48, 90]. Mancino et al. [76] have identified three 

SMAD Binding Elements (SBEs) in the CR-1 promoter. Treatments with TGF-β activates 

SMAD2/3 pathway in NTERA-2 and LS174-T cells. Activated SMAD complex binds to SBEs of 

CR-1 promoter and up-regulates CR-1 expression in these cells. Mancino et al. [76] have further 

shown that Bone Morphogenic Protein (BMP-4), another member of TGF-β superfamily, has the 

opposite effect. Treatment with BMP-4, induce phosphorylation of SMAD1/5/7 and down 

regulate the CR-1 expression in these cells. The schematic representation of various controls of 

CR-1 expression is shown in Figure 2.4. 
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Figure 2.4: Control of expression of Cripto-1. Different molecular pathways and transcription 

factors that are known to control CR-1 expression are shown here.  
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2.5: Heterogeneity in gene expression: 

Techniques like, RT-PCR, Western Blot, are conventionally used to detect changes in gene 

expression. These techniques use RNA or protein, isolated from an ensemble of cells to estimate 

level of gene expression. However, cellular processes are noisy (or have fluctuations). In absence 

of any noise, in a population of isogenic cells of same type, all cells should have same number of 

a particular protein (Figure 2.5a). However, in reality such cells never have same amount of the 

same protein. Rather such ensemble of cells exhibit considerable cell-to-cell variation in the 

levels of any specific protein [91-93] and amount of a protein per cell in a population often 

follows certain distributions, like gamma, and log-normal distributions [94-96] (Figure 2.5b). 

Such variability arises for multiple reasons, including unequal distribution of protein during cell 

division, and stochastic nature of gene expression [97]. Cell-to-cell variability in protein level 

plays crucial role in various biological processes like embryonic development, development of 

drug resistance, and progression of cancer [97, 98]. 

Elowitz et al. [91] proposed that the variability in protein level, in an ensemble of cells, originates 

from two sources: extrinsic and intrinsic noise. The first one originates from the heterogeneity in 

cell size, stage of cell cycle, and abundance of protein expression machinery. On the other hand, 

intrinsic noise originates from the stochastic nature of the biochemical processes involved in 

transcription and translation [97]. Expression of a protein in a single cell involves molecules in 

low number. For example, transcription of a gene involves interactions of few copies of 

transcription factors with one or two promoter regions. At such low abundance of molecules, 

chemical reactions do not follow deterministic Law of Mass Action. Rather in this regime, 

biochemical processes are stochastic [99]. Such stochasticity is involved in all processes linked 

with protein turnover.  
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Figure 2.5: Noise or variability in protein distribution in a population of isogenic cells of same 

type. a) Histogram of distribution of a protein in absence of any noise. b) Histogram of 

distribution of the same protein in presence of noise.  
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Extensive theoretical and experimental works have been done to understand the stochastic nature 

of gene expression. One important component of stochastic gene expression is transcriptional 

bursting, where large number of mRNA is produced in successive random burst with intervening 

periods of no activity. McAdams and Arkin [100] first proposed stochastic burst in gene 

expression. Subsequently, such bursts were experimentally confirmed by various research groups 

[101-103]. It is now established that stochastic transition of the promoter between inactive (or 

OFF) state to active (or ON) state is responsible for such bursts [97]. Dynamic local structure of 

the chromatin, and binding-unbinding of transcription factors affect such ON-OFF transitions 

[101]. Other factors that affect fluctuation in gene expression are rate of transcription, 

translational efficiency and rate of protein degradation [97]. Translational efficiency is a measure 

of number of proteins produced per mRNA and depends upon relative rates of translation and 

mRNA degradation. The stochastic nature of gene expression is explained in Figure 2.6.  

The cell-to-cell variability or noise in gene expression is usually measured in terms of coefficient 

of variation (CV = standard deviation/mean = /) [97]. Another measure is noise strength or 

Fano factor, which is the ratio of variance to mean (F = / [97]. For a Poisson process, 

variance is equal to mean. Therefore, if the variability in protein arises out of a Poisson process, 

noise would be equal to 1/√and noise strength would be equal to one. In such a case, the noise 

decreases with increase in expression of the protein. Such inverse relation between noise and 

level of expression has been observed in several systems [92, 104, 105]. However, protein 

expression is not a pure Poisson process and the distribution of protein usually does not follow 

Poisson distribution. Several theoretical [94, 106] and experimental studies [93, 107] have shown 

that cell-to-cell variability in protein expression is well represented by Gamma distribution. In 

such systems, mean abundance of protein () is directly proportional to standard deviation () of 

cell-to-cell variation in protein level, as long as burst timing remains unchanged [108]. Burst 

timing depends on promoter transition rate and half-life of protein. In this situation, noise (/) 

remains constant. Therefore, if protein expression is induced through increase in rate of 

transcription, mean level of protein () would increase without any change in noise (/).  
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Figure 2.6: Stochasticity in gene expression. a) A simplified model of expression of a protein. 

The promoter transits reversibly between ON and OFF states. Transcription happens only when 

the promoter is in ON state. Other processes involved are translation, degradation of mRNA and 

the protein. Macroscopic rate constants for each step are shown. Each step is stochastic in nature 

and probabilities associated with each step can be calculated from the macroscopic rate 

consonants. b) Shows the effect of stochasticity in gene expression following the model shown 

above. For a deterministic system following the Law of Mass Action, concentration of the protein 

would increase with time and reach a steady-state value (as shown by the gray line). Similar 

observation would be made if protein expression is measured in a pool of large number of cells. 

However, due to stochasticity, amount of the protein in a single cell will fluctuate with time 

(shown by black line). Such fluctuation would give rise to cell-to-cell variability as shown in the 

associated histogram.  
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Experimental techniques to investigate heterogeneity in gene expression:  

Estimating the noise in protein expression requires experiments with single cell resolution. Most 

of the experimental studies used fluorescent proteins or protein fused to fluorescent proteins as 

reporters. Subsequently epi-fluorescence microscopy [91, 93] or flow cytometry [109, 110] was 

used to measure cell-to-cell variability in protein abundance. Elowitz et al. [91] used two 

different fluorescence protein under the control of same promoter to measure intrinsic and 

extrinsic noise in gene expression in E. coli. Ozbudak et al. [109] systematically mutated the 

promoter and ribosome binding site (RBS) upstream to a fluorescent reporter gene in Bacillus 

subtilis and used flow cytometry to investigate the role of  rate of transcription and translation in 

the noise in gene expression. Newman et al. [92] used large scale tagging to create a very large 

library of GFP-tagged proteins in yeast and subsequently, used flow cytometry to measure noise 

in protein expression across the whole proteome.  

Conventional flow cytometry using protein specific fluorescent-tagged antibodies have also been 

used to investigate cellular heterogeneity in gene expression. Gupta et al. [111] used FACS to 

estimate heterogeneity in expression of certain stemness markers in breast cancer cells and 

isolated different subpopulations based on expression of these markers. Subsequently, they have 

showed that heterogeneity in gene expression is dynamic and cells stochastically transit between 

different phenotypic states. Mariani et al. [112] used flow cytometry to detect cytoplasmic IL-4 in 

T-helper cells. They observed that upon antigenic stimulation, only a fraction of cells expressed 

IL-4, resulting in a bimodal distribution of IL-4-producing and non-producing cells. They have 

used a stochastic model of gene expression to understand this phenomenon.  

Quantitative single cell PCR has also been used to estimate cell-to-cell variability in gene 

expression. Bengtsson et al. [113] used single cell PCR and showed that transcript levels of the 

different genes are lognormally distributed in cells from the pancreatic islets of Langerhans. They 

also observed that variability in expression of two functionally related genes was highly 

correlated. Very recently, Narsinh et al. [114] used single-cell PCR to investigate heterogeneity in 

expression of key pluripotency associated molecules in human embryonic stem cells (hESCs) and 

in human induced pluripotent stem cells (hiPSCs). They observed that hiPSCs are considerably 

more heterogeneous at transcript expression levels in comparison to hESCs. Shalek et al. [115] 

used single-cell RNA sequencing for transcriptome analysis at single cell level in mouse bone-

marrow-derived dendritic cells (BMDCs) stimulated with lipopolysaccharide. Interestingly, they 
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observed that large numbers of key immune-response related genes showed bimodal distribution 

of expression, with one subpopulation having lower expression than another subpopulation. Their 

observation proved that all cells in a population do not respond uniformly to the same stimulant.  

The very stochastic nature of gene expression has been investigated using some innovative single 

cell experiments [101, 116]. Cai et al. [95] used a microfluidic based real-time monitoring system 

to measure expression of -galactosidase in E. coli with single molecule sensitivity. Using this 

experimental system, they confirmed that protein expression happens in stochastic bursts and they 

were able to measure the frequency and size of such bursts. They observed that number of -

galactosidase produced per burst followed an exponential distribution. Similar stochastic burst in 

protein expression was documented and analyzed by Yu et al. [103] using a live-cell imaging 

system, where membrane localized fast-maturing yellow fluorescent protein was detected with 

single molecule sensitivity in E. coli.  Raj et al. [101] used a very sensitive FISH based protocol 

to count individual mRNA molecules of a reporter gene in mammalian cells. They observed that 

the mRNA are synthesized in short stochastic bursts that originates from the stochastic transition 

of the promoter between active and inactive states. Golding et al. [102] have documented similar 

stochastic burst in transcription in E. coli using a very innovative technique. They engineered the 

target gene to transcribe an mRNA containing large number of copies of a specific RNA hairpin 

in its untranslated region. Each of these hairpins binds tightly to the coat protein of the 

bacteriophage MS2 fused to GFP expressed in the same cells. As multiple MS2-GFP proteins 

bind to an individual mRNA, enough spatially resolved fluorescence signal is generated that 

enables detection of each of the mRNA by live-cell fluorescence microscopy.   

2.7: Transcriptional circuits affect cellular heterogeneity in gene expression: 

Transcriptions of most of the genes are tightly controlled through specific molecular circuit 

involving multiple molecules. By a circuit, we mean a small network involving multiple 

molecules transferring information. Such circuits involve transcription factors, signal transduction 

molecules, receptors and their corresponding lignads. These circuits allow temporal and spatial 

control of gene expression based on specific signal. Very often, such circuits have non-linear 

components like feedbacks and feed-forwards [117]. The structure of the transcriptional circuit 

affects the dynamics of expression of the target gene [117, 118]. Eventually that also affect the 

heterogeneity in expression of a gene in an ensemble of cells [97, 119]. 
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Effect of circuit architecture on cellular heterogeneity in gene expression has been extensively 

studied using synthetic genetic circuits. Becskei et al. [120] used tetracycline repressor 

(TetR) based synthetic circuits to show that autoregulation through negative feedback reduces 

cell-to-cell variability in expression of a reporter gene. Several theoretical [121] and experimental 

[122, 123] works have established that negative feedback can reduce noise in gene expression. 

This may explain the abundance of negative feedback in transcriptional circuits [124].   

On the other hand, a positive feedback can amplify noise in gene expression [119]. Most of the 

inducible transcriptional systems show sigmoidal dose-response relation [125]. Such non-linear 

behavior is believed to arise out of the cooperativity in transcription factors and can give a switch 

like behavior. This non-linearity makes the system ultra-sensitive, where slight change in input 

can cause a drastic change in output [126]. In such a system, existence of a positive feedback can 

lead to bistability, where the system has two stable steady states [127]. Bistability allows a cell to 

be at one of the two stable steady states. For a transcriptional circuit with bistability, one stable 

steady-state, corresponds approximately to the basal or lower expression state, while the upper 

one reflects the higher expression state. At population level, this leads to a bimodal distribution, 

with two subpopulations cells having low and high expression of the target gene [120]. In absence 

of any induction the probability of being at the lower expression state would be higher and most 

of the cells will be in this state. However, any induction would increase the probability of 

transition to higher expression state and more and more cells will move to that state. Figure 2.7 

explains the concept of bimodality that originates from positive feedback in transcriptional 

control.  
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Figure 2.7: Positive feedback can give rise to bimodal gene expression. a) In a simple inducible 

system, increase in the dose of the inducer increases mean expression of the target gene. This 

shifts the population histogram for the expressed protein to the right side. However, the histogram 

remains unimodal. b) A positive feed-back can give rise to bimodal distribution. In absence of 

any inducer cells remain at lower expression level (gray unimodal histogram). With increase in 

induction, more and more cells transits to higher expression level, giving rise to two 

subpopulations.  
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 Becskei et al. [120] used tetracycline-responsive transactivator based positive feedback system in 

yeast to show that positive feedback in transcription leads to bimodal cell population. System 

with positive feedback can show hysteresis, where the state of the cell would depend upon its 

past. May et al. [128] used a synthetic transcriptional circuit with positive feedback in a 

mammalian system to show that bistability can give rise to bimodal distribution and hysteresis. 

Similar observations have been made for several other synthetic positive feedback circuits [129, 

130]. Bimodal gene expression in several natural cellular systems has been found to originate 

from positive feedbacks in the transcriptional circuit [131-133].  

2.8: Importance of heterogeneity in gene expression: 

Most of the molecular biology techniques obscure the heterogeneity in gene expression in 

clonally identical cells. Such heterogeneity in gene expression is also not adequately explored and 

appreciated in biological literatures. However, cell-to-cell variability in gene expression plays 

critical role in normal physiological process as well as in diseases. 

Stochasticity in gene expression and associated cell-to-cell variability in gene expression can help 

a unicellular organism to survive through certain environmental conditions [134, 135]. Such 

heterogeneity would allow a population of cells to have multiple phenotypes without any genetic 

change. Some of those phenotypes may help the organism to ride through a particular stress. Acar 

et al. [136] engineered yeast to create a strain that transits faster between two phenotypes because 

of stochastic gene expression. They observed that strains that switch faster between different 

phenotypes survive better through rapidly fluctuating environment. Microbial persistence is a 

well-known phenomenon, where a small subpopulation exists that do not grow or grow very 

slowly in comparison to other isogenic cells and have drug resistance. Cells transit stochastically 

between persistent and non-persistent states. Sureka et al. [137] have shown that in M. 

tuberculosis such transition involves transcriptional positive feedback that leads to bimodal gene 

expression.  

During embryonic development, clonally identical cells diverge and give rise to different cells 

types. Morphogen gradient and lateral inhibition, are well known molecular mechanisms that 

drive such diversification. Lateral inhibition requires stochastic fluctuation in expression of 

participating molecules to give rise to cellular patterns [138]. It has been observed that many key 

molecules that determine cell fate have heterogeneity in expression in embryonic cells and such 

variability correlates with differential fate of cells during development [139-141]. Nanog is key 
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molecule for maintenance of stem cell pluripotency.  It has been shown that cultured mouse 

embryonic stem cells have heterogeneous expression of Nanog and differential expression of 

Nanog correlates with different phenotypic behaviors [142]. Raj et al. [143] have shown that 

incomplete penetrance of a mutation, in a gene related to development of C. elegans, originates 

from the increase in gene expression heterogeneity. Such increase was found to be the 

consequence of changes in transcriptional network caused by the mutation. In general it is now 

accepted that non-genetic heterogeneity originating from stochastic processes, including 

stochastic gene expression, plays crucial role in development of a multicellular organism from 

zygote along the Waddington’s metaphoric ‘epigenetic landscape’ [98].  

Heterogeneity is a hallmark of cancer cells. Cells in a tumor show extensive genetic heterogeneity 

[144]. Even genetically identical cancer cells shows cell-cell-variability in gene expression. Such 

heterogeneity can often lead to different phenotype, like higher tumorigenicity. Using a breast 

cancer cell line, Gupta et al. [111] have shown that a population of these cells had subpopulations 

of differing phenotype. Such subpopulations arise due to heterogeneity in gene expression and 

cells stochastically transit between different phenotypic states, thereby marinating a dynamic 

equilibrium. Roesch et al. [145] have shown that H3K4 demethylase JARID1B has 

heterogeneous expression in melanoma cells, with most of cells having very low or no expression 

of it. It was observed that cells that express JARID1B are more competent to sustain tumor 

growth. They separated the high-expressing subpopulation and have shown that these cells 

dynamically give rise to the heterogeneous population.  Watanabe et al. [85] have observed that 

cultured human embryonal carcinoma cells have two subpopulations: one with high Cripto-1 

expression and the other with low expression of Cripto-1. They further observed that cells having 

higher expression of CR-1 were more tumorigenic and have higher expression of some markers 

of pluripotent stem cells. The growth and progression of many cancers is believed to be driven by 

a small subpopulation of cancer stem cells that have the capability to self-renew and differentiate 

[146].  It has been shown that spontaneous noise driven heterogeneity in gene expression can 

dynamically transit cancer cells between stem cell phenotype and non-stem cell phenotype [147]. 

Even drug resistant phenotype can also emerge spontaneously through noise in gene expression 

[148]. Therefore it is now believed that apart from accumulation of oncogenic mutations, non-

genetic heterogeneity in gene expression also plays significant role in development and 

progression of cancer [149] 
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3                                Materials & Methods  

Details of the common reagents used in this work along with their sources are given in appendix. 

List of buffers and solutions with compositions are given in Table A1 in the appendix. 
3.1: Bacterial cell culture: 

E. Coli strain and clones were stored in -70 oC as glycerol stock (15% glycerol) and were cultured 

in 2XTY media with suitable antibiotics. Media and other reagents used for bacterial culture, 

bacterial strains, and plasmids used are given in Table A2, Table A3 and Table A4 respectively in 

the appendix. 

3.2: Treatment conditions and Growth factors: 

In all experiments, U-87 MG cells were treated with various recombinant proteins in absence of 

serum unless otherwise it is mentioned. GST-tagged C-terminal truncated human CR-1 (CR1-

GST; corresponding to 1st– 169th amino acid) was expressed in a bacterial system and purified, as 

reported earlier [24]. Recombinant GST was expressed and purified using similar expression 

system. Details of expression and purification methods are explained in this Chapter. Human 

recombinant CR-1 (corresponding to 31st– 172th amino acid) expressed in an insect expression 

system was purchased from R&D Systems. C-terminal truncated CR-1 (corresponding to 1st– 

169th amino acid) was cloned in pCI-neo vector. This recombinant construct was used to 

overexpress CR-1 in soluble form, in stably transfected MCF-7 cells and conditioned media of 

these cells was used for experiments. Detail methods of transfection and generation of stably 

transfected clone are explained in this Chapter. Recombinant human TGF-β-1 was purchased 

from Gibco and used at 1 ng/ml as working concentration.  

3.3: Expressions of GST tag CR-1(CR1-GST) in E. Coli Rosetta-gami-2 (DE3): 

C-terminal truncated human Cripto-1 (corresponding to 1-169 amino acids) was cloned in pGE-

4T2 expression vector (pGE-CR1-∆C) as described by Das et al.  [24]. E.Coli strain Rosetta 

Gami-2 (DE3), carrying the recombinant pGEX-CR-1-ΔC construct or pGEX-4T-2 only, was 
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inoculated in 5 ml 2xTY medium containing, ampicillin (50 µg/ml), chloramphenicol (25 µg/ml), 

tetracycline (12.5 µg/ml) and 1% glucose. Incubation was performed at 30o C overnight with 

shaking at 180 rpm. 1 ml of the overnight culture was sub-cultured to 100 ml 2xTY containing 

same concentration of ampicillin and chloramphenicol and incubated at the above condition till 

OD600 reached ~ 0.6. Expression of recombinant protein was induced by IPTG (0.5 mM) for 4 hrs 

in the same condition. Cells were harvested by centrifugation at 8,000 rpm for 10 min at 4oC and 

the pellet resuspended in ice cold PBS containing 1 mM EDTA. The resuspended cells were lysed 

with mechanical cell disruptor (Constant Systems, UK) at 18 kpsi. Immediately after disruption, 

PMSF (1 mM) was added to the cell lysate. The insoluble protein fraction was solubilized by 

adding 1% Triton-X-100 to the whole lysate and incubated on ice for 45 min with shaking at 

regular intervals. Cell lysate was clarified by centrifuging at 8,000 rpm for 10 min at 4oC. The 

supernatant was collected and stored at -20oC. 

3.4: Purification of GST-tag CR-1(CR1-GST): 

The clarified cell lysate containing recombinant fusion protein or GST only, was purified using 

Glutathione-Agarose beads (Sigma) as per manufacturer’s protocol. The clarified cell lysate was 

passed through a 0.45 m syringe filter (Millipore) and added to Glutathione-Agarose beads in a 

column and kept in shaking condition for 45 min. The flow through was drained out and the 

beads along with bound CR1-GST was washed with 5 volume of PBST (0.1% Tween20) and 2 

volume of PBS. The bound protein was eluted by using 20 mM GSH in 50 mM Tris-HCl, pH 9.5. 

Purified protein was dialyzed against PBS for 8 hr at 4oC to remove residual GSH. Concentration 

of the recombinant protein was estimated by Bradford assay and purified protein was stored at -

20oC.  

3.5: Plasmid isolation: 

Plasmid DNA was isolated from overnight cultures, 2xTY using Axyprep Plasmid Miniprep Kit 

(Axygen Biosciences) according to manufacturer’s protocol. Isolated plasmids were stored in -20 
oC for the subsequent use. 
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3.6: Mammalian cell culture:  

Human glioblastoma cell line U-87 MG & U-373 MG, human cervical adenocarcinoma cell line 

HeLa, human liver hepatocellular carcinoma cell line HepG2, human colon adenocarcinoma cell 

line HT29 and human embryonic kidney cell line HEK were procured from National Center for 

Cell Science (NCCS), Pune, India. All the cells were maintained in DMEM (Gibco), with 10% 

Fetal Bovine Serum (PAA) and 1X antibiotic-antimycotic (Gibco) at 37oC in a humidified 

atmosphere of 5% CO2.  

Sub-culturing of cells was carried out by trypsinization once the cells reached 80-90% 

confluences. The old saturated media was removed and the monolayer culture was washed with 

sterile PBS. After washing, appropriate volume of trypsin-EDTA was added and was kept at 37oC 

for few minutes. Trypsin was deactivated by adding cell culture serum media (10% FBS) and was 

removed by centrifugation. The cell pellet was again resuspended in fresh media and 

approximately 30% of the cells were transferred to fresh culture flask and incubated in the above 

conditions. Medium was replenished at an interval of 3 days regularly. All the reagents and 

medium used for cell culture are given in Table A5 in the appendix. 

3.7: Protein extraction from mammalian cells: 

Total protein from mammalian cells was isolated by using RIPA (Radioimmunoprecipitation 

assay) buffer. Media was discarded from culture flask and residual media was removed by 

washing cells with ice cold PBS. RIPA buffer containing the protease inhibitor PMSF (1 mM), 

phosphatase inhibitor sodium fluride (50 mM) and sodium orthovanadate (1 mM) was added to 

cell and incubated for 5 min on ice. After 5 min, cells were scrapped out using cell scrapper and 

collected in an eppendorf tube. Cell lysate was sonicated at amplitude of 25 for 10 seconds and 

was clarified by centrifugation at 10,000 rpm for 10 min at 4oC. The supernatant was collected 

and mixed with appropriate amount of SDS-PAGE sample loading buffer, boiled for 3 min at 

100oC and stored at -80oC. Protein concentration was estimated by Lowry’s method. 

3.8: RNA isolation from mammalian cells: 

Total RNA was isolated from mammalian cells by using TRI reagent (Sigma) as per 

manufacturer’s protocol. All the materials used for RNA isolation were treated with 1% DEPC 
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for 2 hr at 37 oC and subsequently, DEPC was removed by autoclaving. 1 ml of TRI reagent was 

added to approximately 106 monolayer cells, cultured in 25 cm2 culture flasks and lysate was 

transferred to eppendorf tube just after detachment. Lysate was passed through syringe for several 

times for proper homogenization and was allowed to stand for 5-15 min to ensure complete 

dissociation of nucleoprotein complex. Thereafter, 0.2 ml of chloroform per 1 ml TRI reagent was 

added to the homogenous cell lysate and mixed properly by vigorous shaking. The mixture was 

allowed to stand for 10 min at room temperature and centrifuged at 12,000 rpm for 15 min at 4 
oC. The aqueous phase having RNA was transferred to a fresh eppendorf and 0.5 ml of 

isopropanol per 1 ml of RNA was added to precipitate the RNA. The precipitation was done for 

10 min at room temperature with occasional mixing by inverting the tube. Thereafter, the RNA 

was pellet down by centrifuging at 12,000 rpm for 10 min at 4oC. The supernatant was removed 

properly and the pellet was washed with chilled 75% ethanol and re-centrifuged at 12,000 rpm for 

10 min at 4oC. The ethanol was removed and the pellet was air dried and dissolved in suitable 

amount of water and stored at -20oC for regular use. For long term storage, pellet was kept in 

75% ethanol and stored at -80 oC.  

3.9: Removal of Genomic DNA contamination from RNA: 

Contaminated genomic DNA from isolated RNA samples was removed by treating with RNase 

free DNase (Promega) as per manufacturer’s protocol with little modifications. The composition 

of reaction mixture was as follows: 

RNA 5 µg 

RNase free DNase Buffer (10X)                      5 µl 

RNase free DNase (1,000 U/ml)                      5 µl 

Nuclease free water to final volume               50 µl 

The reaction mixture was incubated at 37 oC for 45 min, followed by re-extraction of RNA from 

the mixture by TRI-reagent following the same protocol as described earlier. DNase free RNA 

samples were dissolved in desired volume of nuclease free water and subsequently used for 

cDNA synthesis and stored at -20 oC for regular use. For long term storage, RNA samples were 

kept in 75% alcohol and stored in -80 oC. 
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3.10: Reverse transcription for cDNA synthesis: 

cDNA was prepared with 1 µg of total RNA using H Minus Reverse Transcriptase (RT) (Thermo 

Scientific) and Random Hexamer (Fermantus) as primer. Total volume of 20 µl reaction mixture 

was prepared and reverse transcribed as per the protocol mentioned below: 

The RNA mixture was prepared as: 

RNA 1 µg 

Random Hexamer (100 pmol/µl)                 1 µl 

Nuclease free water to final volume          10 µl 

The RNA mixture was heated at 65 oC for 5 min to break secondary structures and was snap 

frozen on ice. To heat treated RNA mixture, 10 µl of reaction mix was added and mixed properly, 

subsequently incubated at 25 oC for 10 min followed by 42 oC for 60 min and was snap frozen on 

ice. The reaction mix was prepared as: 

5X Reaction Buffer 4.00 µl 

dNTP mix (10 mM each)                            

(1mM final concentration) 

2.00 µl 

H Minus Reverse Transcriptase 

(200 U/µl)                    

1.00 µl 

Nuclease Free water                                      3.00 µl 

Final cDNA product was checked by PCR using suitable housekeeping gene and stored at -20 oC 

for regular use and stored at -80 oC for long term use. 

3.11: Quantification of DNA and RNA: 

Amount of RNA and DNA samples were measured by using NanoVue (GE Healthcare life 

Sciences). 1 µl of sample was used to measure the absorbance of RNA and DNA at 260 nm. 

Concentration of RNA and DNA were calculated by considering the factors as 1 O.D. at 260 nm 
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is equal to 40 µg/ml of RNA and 50 µg/ml is equal to double stranded DNA. Concentration was 

calculated as: 

Concentration=A260 X Factor 

The ratio of absorbance at 260 nm and 280 nm is used to assess the purity of DNA and RNA. A 

ratio of ≥1.7 is generally accepted as ’pure’ for DNA, whereas a ratio of ≥2.0 is generally 

accepted as ‘pure’ for RNA. If the ratio is appreciably lower in either case, it may indicate the 

presence of protein, phenol or other contaminants that absorb strongly at or near 280 nm. 

3.12: Semi-quantitative Reverse Transcriptase–Polymerase Chain Reaction (RT-PCR): 

Readymade master mix (Bioline) was used for RT-PCR. Final amount of 50 ng of RNA 

equivalent cDNA was used as a template and 200 nM of final primer concentration was used in 

20 µl of reaction mix. The composition of reaction mix was as: 

                                      BioMix Red (2X)            10 µl 

                                      Forward primer (4 µM)                  1 µl 

  Reverse primer (4 µM)       1 µl 

  DNA template                   1 µl 

  Nuclease free water to final volume       20 µl 

PCR amplification was performed in Palm-Cycler thermal cycler (Genetix Biotech Asia Pvt. Ltd., 

India). The Cycle number and PCR conditions were standardized for different primer sets and 

reactions were performed accordingly. Primer sequences used for different PCR reactions are 

given in the Table A6 in the appendix. 

3.13: Agarose gel electrophoresis: 

DNA samples and PCR products were resolved in agarose gel electrophoresis using agarose gel 

(0.5-1.5%), prepared in 1X TAE buffer. The gel was pre-stained in 0.5 µg/ml of Ethidium 

Bromide.  Resolving was performed in 1X TAE running buffer at 80 V until the proper resolution 
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was achieved and was visualized in trans-illuminator. The image was captured in ChemiDoc 

imaging system (Biorad). 

3.14: Quantitative real-time PCR (qPCR): 

Expression of mRNA was quantified by real-time PCR (Applied Biosystem, 7500). SYBR Green 

(Power SYBR PCR Master Mix, Applied Biosystem) was used as a reporter dye. All the real-time 

PCR reactions were performed in a 25 µl of reaction mixture containing 12.5 µl of SYBR Green 

with 1 µL of cDNA (~50 ng of RNA equivalent) and 200 nM final concentration of each primer 

at 60oC annealing and extension. The reaction mix was prepared as: 

2X SYBR Green PCR Master Mix  12.5 µl 

Forward primer (4 µM)   1.25 µl 

Reverse primer (4 µM)   1.25 µl 

cDNA (50 ng/µl)    1.00 µl 

Nuclease free water    9.00 µl 

All the primer sets used for real-time PCR are listed in Table A6 in the appendix. Non-specific 

amplification of each primer sets was checked by melting curve using Applied Biosystem real-

time PCR system software. Melting curve profile of all the primers is shown in Figure A1 in the 

appendix. Cyclophilin was used as endogenous control for each reaction. Data from Applied 

Biosystem real-time PCR system software was extracted to excel sheet and PCR efficiency was 

calculated by using LinRegPCR software. Fold change in expression of target gene in comparison 

with endogenous control gene was calculated by ΔΔCt method as used in REST [150].  

3.15: Sodium Dodecyl Sulfate polyacrelamide gel electrophoresis (SDS-PAGE): 

SDS-PAGE was performed to analyze the expression of recombinant protein by western blot. 

Protein samples were separated and visualized by using SDS-PAGE following the method of 

Laemmli [151]. Required amount of protein samples or cell lysates was mixed with 4X SDS-

PAGE gels loading buffer with reducing agent (2-mercaptoethanol) and heated in boiling water 

bath for 3 min. The denatured protein along with standard protein marker was stacked in 5% 
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stacking gel and was separated using 12% separating gel of thickness 0.75 mm. The 

electrophoresis was performed by using 1X SDS-PAGE running buffer at 120 V in a MiniVE 

vertical electrophoresis system (GE Healthcare). After completion of the electrophoresis, the gels 

were stained with the coomassie brilliant blue or silver staining method. The compositions of all 

the buffers used for SDS-PAGE was mentioned in Table A7 in appendix. 

3.16: Protein estimation by Bradford assay: 

The protein sample dissolved in PBS was estimated by Bradford assay using Bradford reagent 

(Sigma) as per the manufacturer protocol. BSA dissolved in PBS was used as standard and 

estimation was carried out in 96 well assay formats. Standards and protein samples were diluted 

to a final volume of 200 µl of PBS, was mixed with 200 µl Bradford Reagent and incubated at 

room temperature for 15 min. After incubation, 200 µl of the reaction mixture of each sample was 

transferred to the 96 well plates and the optical density was measured at 595 nm. 

3.17: Protein estimation by Lowry’s method: 

The protein sample that was in RIPA buffer was estimated according to the Lowry’s method. 

BSA dissolved in RIPA buffer was used as standard and estimation was carried out in 96 well 

assay formats. Diluted crude protein sample of 100 µl or standards was mixed with 500 µl of 

freshly prepared complex forming reagent (2% Na2CO3 in 0.1 N NaOH: 1.0% CuSO4.5H2O: 2% 

potassium sodium tartarate in a ratio of 100:1:1). The reaction mixture was mixed properly and 

incubated at room temperature for 10 min. Fresh Folin reagent diluted with distilled water (1:1) in 

a volume of 50 µl was added to the reaction mixture and vortexed for 5 s. This reaction mixture 

was incubated in the dark at room temperature for 30 min. After 30 min of incubation, 200 µl of 

the reaction mixture was transferred to 96 well plates and the optical density was measured at 660 

nm. 

3.18: Western blot: 

Protein samples along with standard protein marker that were resolved in 12% SDS-PAGE were 

transferred to PVDF membrane (Millipore) for 4 hrs using semi-dry transfer blot apparatus (G.E. 

Healthcare) using Towbin buffer. Proper transfer of protein was confirmed by Ponceau S staining. 

Membrane was washed properly to remove Ponceau S with 0.1% of TBS-Tween20 (TBST) 
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buffer and thereafter, blocked with 3% BSA-TBST for 2 hrs at room temperature. After blocking, 

membrane was incubated with primary antibody in an appropriate dilution overnight at 4 0C. Next 

day, membrane was washed three times with TBST for 10 minutes, followed by incubation with 

HRP-conjugated secondary antibody for 2 hours at room temperature .Blot was developed using 

chemoluminescence (Super signal West Dura, Thermo Scientific) and imaged ChemiDoc imaging 

system (Biorad). Three separate experiments were done and average fold change has been 

calculated by densitometry analysis using ImageJ software. Details of reagent used for western 

blot and antibodies used for western blot are given in Table A8 and Table A9 in appendix 

respectively. 

3.19: Inhibitors assays: 

All the inhibitors are used 30 min prior to the treatment unless it is mentioned. Alk4 inhibitor 

(SB-431542), PI3K inhibitor (LY294002) and MEK inhibitor (U0126) are used in final 

concentration of 10 µM, 1.5 µM and 6 µM respectively. Sub-optimal dose of these inhibitors 

were determined by MTT assay. List of inhibitors used for various experiments are given in Table 

A10 in appendix. 

3.20: MTT Assay: 

To measure viability of cells in different experimental conditions, MTT assay was performed. 

MTT is a colorimetric assay that is based on the cleavage of tetrazolium salt 3-[4, 5-

dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide or MTT to formazan by mitochondrial 

dehydrogenase in viable cells. Briefly, cells were seeded at 1 x 104 cells per well in 96 well plate 

and cultured for 24 hrs and subsequently, cells were treated as per experimental design. At 

specific time, 10 µl of MTT (5 mg/ml in PBS, Himedia) was added to each well and incubated for 

an additional 4 hrs at 37ºC in a 5% humidified incubator. The purple-blue MTT formazan 

precipitate was dissolved in 100 µl of MTT solvent (DMSO). The activity of mitochondria, 

reflecting cell growth and viability, was evaluated by measuring optical density at 570 nm and the 

background subtraction was done at 650 nm. Percentage of cell viability was estimated by 

dividing the measurements of treated cells by that of untreated cells. 

Cell viability= Treated cells/Untreated cells X 100 
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3.21: mRNA stability assay: 

Actinomycin-D (Act-D), a global transcription inhibitor used to study mRNA stability [152]. We 

have decided the sub-optimal concentration of Act-D by MTT assay, as it is a global transcription 

inhibitor and higher concentration may hinder the normal physiology of the cells. We have used a 

method similar to that reported by Hennes et al. [153]. U-87 MG cells were treated with CR1-

GST (200 ng/ml) or equivalent amount of PBS. After 16 hr of treatment, cells were treated with 5 

µg/ml of actinomycin D (Himedia) to block transcription and incubated for different time points 

(0, 3, 6 and 9 hr) in presence or absence of CR1-GST. Total RNA was isolated at these specific 

time points and subsequent to synthesis of cDNA, real-time PCR was used to measure CR-1 

transcript as described earlier.  

3.22: Transfection and generation of stably transfected clones: 

All the transfections in this study were done by Electroporation using ElectroSquarePorator ECM 

830 (BTX, Harvard Apparatus) electroporator. Mammalian cells were detached by trypsinization 

and washed with DMEM containing 10% FBS. Cells were again washed with DMEM containing 

2.5% FBS (without antibiotic) and resuspended in a density of 1 X 107cells/ml. 400 l of cell 

suspensions and 20 g of purified recombinant plasmid were mixed and kept at room temperature 

for 5 min. Electroporation was done at 140 volt for 70 ms. After electroporation, cells were 

resuspended in complete culture media (DMM/10% FBS/antibiotic) and seeded in six well plates. 

Cells were incubated in CO2 incubator at 37 oC for another 48 hr. transfected cells were selected 

for stable transfectomas using G418 as selection marker. After 48 hr of transfection, culture 

media was aspirated off and cells were replenished with DMEM containing 10% FBS having 

G418 with final concentration of 800 g/ml. Culture media was replenished after 72 hr intervals 

with fresh G418. About 9-12 days after transfection, majority of cells started dying and drug 

resistant clones formed distinct colonies. The drug resistant clones were maintained in 

DMEM/10% serum containing G418 with working concentration (400 g/ml).  

Full-length CR-1 cloned in pCI-neo vector [63] was transfected to MCF-7, to generate full length 

CR-1 overexpressing stable clone. However, the C-terminal end of CR-1 (170-188 amino acids 

residue) is essential for membrane anchorage by a glycosylphosphatidylinositol (GPI). So, to 

generate soluble CR-1, C-terminal truncated CR-1 (corresponding to 1st– 169th amino acid) was 
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amplified by PCR using the full-length CR-1 clone and was cloned in pCI-neo vector to generate 

pCI-CR1∆C construct. Cloning primer sequence with restriction site is shown in Table A6 in 

appendix. pCI-CR1∆C construct was transfected to MCF-7. Soluble CR1∆C proteins were 

subsequently collected from serum free culture media.  

3.23: Overton histogram subtraction: 

 Overton histogram subtraction [154] is a method to identify percentage of positive cells and is 

useful when the positive population is very close to the control. In this particular method, isotype 

control is subtracted from cells stained with desired antibody to measure positive percentage 

(Figure 3.1). We have used this method to measure percentage of CR-1 positive cells using FCS 

Express 4 (De Novo Software). Cells treated stained with mouse anti-human Cripto-1-PE were 

sample and cells stained with isotype control antibody were used as control. Here, isotype control 

cells were subtracted from CR1-GST treated cells and thereby, CR-1 positive population was 

estimated. 

 

 

Figure 3.1: Histogram subtraction to identify positive population. a) Conventional gating in 

histogram to identify positive population. This method depends upon visual perception of 

individual. It is difficult to use for cases where sample reading is close to background reading. b) 

Histogram subtraction where bin-to-bin subtraction is used to calculate positive population. It is 

independent of analyzer’s perception and more robust than any other methods. 
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3.24: Flow Cytometry experiments: 

Cells were treated with different concentrations of CR1-GST for 24 hr in serum free condition. 

Treated cells were detached using enzyme free dissociation buffer (Invitrogen) and washed with 

FACS buffer (PBS with 0.1% BSA). Non-specific blocking was performed by incubating cells 

with blocking buffer (2% BSA in PBS) for 15 min at room temperature. Subsequently, 1 X 105 

cells in 25 l volume of FACS buffer were stained for cell surface CR-1 using mouse anti-human 

Cripto-1-PE (10 l, R&D system) as per the manufacturer’s protocol. Cell surface CR-1 was 

detected in FL2-H in log mode. Cells were further treated with maximum concentration of CR1-

GST (400 ng/ml) and processed as mentioned above. Cells were dual stained for cell surface CR-

1 and MDR1 using mouse anti-human Cripto-1-PE (R&D system) and mouse anti-human P 

Glycoprotein-FITC (2 µl, Abcam) respectively. As required, cells were also stained by 

corresponding isotype control antibodies. For dual stain, CR-1 and MDR1 were detected in FL2-

H and FL1-H respectively, both in log mode. Single or double stained cells were analyzed in 

FACSCalibur flow cytometer (BD Biosciences) and data was collected using CellQuest Pro 

software (BD Biosciences). For each sample, data for 20,000 cells were collected. Data was 

analyzed using FCS Express 4 (De Novo Software). For analysis of CR-1 expression, data of each 

sample was gated first in FSC-SSC dot plot and then in the histogram for FL2-H to remove 

debris, and extreme data points. In general, more than 97% cells were retained after gating for 

further analysis. Arithmetic mean (), standard deviation () and geometric mean (MFI) were 

calculated.  

3.25: Cell sorting: 

For cell sorting, U-87 MG cells were treated with maximum concentration of CR1-GST (400 

ng/ml) for 24 hr and stained with mouse anti-human Cripto-1-PE mAb or Isotype control 

antibody as discussed above. CR-1-positive and CR-1-negative populations were sorted out using 

FACSAria III (BD Biosciences) equipped with BD FACSDiva 6.0 software. Immediately post 

sorting, total RNA was isolated using TRI reagent and gene expression was checked by RT-PCR. 

3.26: Simulation of behavior of noise is a population of cells: 

We have simulated a mixed population of cells. This population has two subpopulations. One 

subpopulation, called “Low cells” and the other is called “High cells”. Each member of this 
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population have a assigned random number that represent expression level of a protein of that 

cell. This value is taken from a log-normal distribution, with specific mean and variance. Relative 

size of these two subpopulation was varied. Parameter values were changed and mean and CV of 

the whole population were calculated for different combinations of the parameters. The 

simulation was performed using MATLAB R2013b (MathWorks). The steps involved in the 

simulation are: 

Step 1: Input L, H, 2
L, 2

H, N, fH 

Here, 

L = mean of the subpopulation of Low Cells 

H = mean of the subpopulation of High Cells 

2
L = variance of the subpopulation of Low Cells 

2
H = variance of the subpopulation of High Cells 

N = Total size of the population ( = 20,000 in our simulation) 

fH = fraction of cells in High Cells subpopulation 

L  < H ; 2
L < 2

H ; 0 ≤ fH  ≤ 1; 

Step 2: Generate the population P: 

Generate N.(1-fH) number of random numbers having log-normal distribution with mean 

= L   and variance = 2
L. 

Generate N.fH number of random numbers having log-normal distribution with mean = H   

and variance = 2
H. 

Together, these N number of random numbers represent population P. 

Step 3: Calculate Statistical parameters of population P, like mean,  and CV, / 

Step 4: Repeat step 2 to step 3, M times (M is usually 1000) 

Step 5: Calculate average population mean,  and CV, / 

Step 6: Report the data 

 

Parameters used in our simulations were: 

Population size, N = 20,000 

Number of repetition of each simulation, M = 1000 

Parameters for Low cells subpopulation were kept constant in all simulations: 

L = 5;  2
L = 50; 
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Parameters for High cells populations were varied as given in the table: 

fH H 2
H

 

when = 2/ 

2
H 

when = 2/ 

2
H 

when = 2/ 

0 0 0 0 0 

0.05 10 100 1000 10000 

0.1 27 270 2700 27000 

0.2 57 570 5700 57000 

0.3 75 750 7500 75000 

0.4 85 850 8500 85000 

0.5 90 900 9000 90000 

0.6 94 940 9400 94000 

0.7 96 960 9600 96000 

0.8 98 980 9800 98000 

0.9 99 990 9900 99000 

1 100 1000 10000 100000 

 

3.27: Data analysis: 

Two-way ANOVA or one-way ANOVA was used depending upon the type of experiment. 

Mann-Whitney Rank Sum Test was used for data derived from real-time PCR experiments. 

SigmaPlot was used to generate graphs, for data fitting and statistical analysis. Means of multiple 

data points were plotted, as mentioned in figure legends. Error bars represent standard deviations. 
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4                          Results & Discussion 

Human Cripto-1 (CR-1) is an oncofetal protein that participates in various functions during 

embryonic development and cancer. It is involved in multiple signaling pathways, which are 

essential for cellular transformation, metastasis and angiogenesis [12]. Extensive work has been 

done to elucidate CR-1 signaling and it’s functional importance, both in embryonic development 

and in cancer. Being a crucial molecule during embryonic development, it is expected that 

transcriptional circuit of CR-1 will have tight regulatory control. The current work investigates 

the regulatory circuit of CR-1 expression. 
TGF-β binds to its receptor TβRI/TβRII and phosphorylates SMAD2/3 that forms complex with 

SMAD4. This complex translocates to the nucleus and activates expression of target genes by 

binding to binds to SMAD binding elements (SBEs) [155] . Mancino et al. [76] have shown that 

CR-1 promoter has three SBEs. We have also analyzed an extended region of CR-1 promoter 

corresponding to 6000 bp upstream from exon 1, using JASPAR [156]. The analysis indicated 

that there are thirteen putative SBEs (Figure 4.1). Mancino et al. [76] have further shown that 

treatment with TGF-β induces CR-1 expression in colon cancer cell line. CR-1 also activates 

SMAD2/3 pathway through Nodal-dependent activation of Alk4/ActRII. Therefore, we 

hypothesized that CR-1 can induce its own expression through Alk4/SMAD2/3 pathway (Figure 

4.2a). CR-1 expressed inside the cell would eventually go the cell surface and would activate the 

same pathway. This would create an autoregulatory positive feedback as shown in figure 4.2b.  
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Figure 4.1: SMAD Binding Elements (SBEs) in CR-1 promoter. a) Conserved sequence for SBE 

as provided in JASPAR CORE databases. b) Positions of thirteen putative SBEs in the promoter 

of CR-1 (6,000 bp upstream to the first exon of CR-1). Unfilled box represents SBEs in sense 

strand and colored box represents SBEs in anti-sense strands. Human genome sequence of 

genomic assembly GRCh37/hg/9 was used. 
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Figure 4.2: A possible positive feedback pathway for CR-1 expression. a) Shows existing 

information. TGF-β induces the expression of CR-1 via phosphorylation of SMAD2/3. CR-1 

forms complex with Nodal/Alk4 and phosphorylates SMAD2/3. b) A hypothetical positive 

feedback where CR-1 phosphorylates SMAD2/3 and induces its own expression via 

Alk4/SMAD2/3 pathway. Exogenous CR-1 and endogenous CR-1 would be able to activate this 

pathway. 
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4.1: Selection of suitable cellular assay system: 

Expression profiling of CR-1 in different cell lines: 

Human Cripto-1 (CR-1) is an oncofetal protein known to be expressed in various types of cell 

lines [21, 72, 74, 76, 157]. To study our proposed hypothesis in vitro, we looked into several cell 

lines that were suitable for our study. We have checked the expression of endogenous CR-1 in six 

different cell lines, namely human glioblastoma cells U-87 MG & U-373 MG, human 

hepatocarcinoma cells HepG2, human embryonic kidney cells HEK-293, human colon carcinoma 

cells HT-29 and human cervical adenocarcinoma cells HeLa using RT-PCR. Expression of CR-1 

was detected in U-87 MG, HepG2, HEK-293 and HT-29; however we could not detect the 

expression in U-373 MG and HeLa (Figure 4.3a). We intended to investigate induction in 

expression of CR-1. A cell line having lower but detectable level of basal expression of CR-1 

would be suitable for our experiments. Therefore, U-87 MG cells were used for further studies.  

Expression of Nodal/Alk4/SMAD2/3 pathway molecules in U-87 MG cells: 

Signaling molecules associated with the hypothesized positive feedback loop are Nodal, Alk4, 

ActRIIB, SMAD2, SMAD3 and SMAD4. We checked the expression of these molecules in U-87 

MG cells using RT-PCR. It was observed that, all these molecules are expressed in U-87 MG 

cells (Figure 4.3b). This further confirmed that U-87 MG cells are suitable for our investigation.   

TGF-β induces expression of CR-1 in U-87 MG cells: 

TGF-β is known to induce expression of CR-1 via SMAD2/3 pathway. We treated the U-87 MG 

cells with TGF-β (1 ng/ml) for 24 hr in absence of serum. Expression of CR-1 was checked by 

RT-PCR. As expected, treatment with TGF-β increased CR-1 expression in these cells (Figure 

4.4). This confirmed that the molecular pathway through which CR-1 can activates its own 

expression is present and functional in U-87 MG cells. All the subsequent studies were performed 

in this cell line. 
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Figure 4.3: Selection of suitable cell line a) RT-PCR to check the expression of CR-1 in different 

human cell lines. G: GAPDH or Cyclophilin, as endogenous control, C: cDNA, P: full-length CR-

1 cloned in a plasmid, H: water, R: RNA. b)  RT-PCR to check expression of different molecules 

of Nodal/Alk4/SMAD2/3 pathway in U-87 MG cells. C: cDNA, R: RNA, H: water, M: DNA 

marker. 
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Figure 4.4: TGF-β induces expression of CR-1 in U-87 MG cells. Cells were treated with TGF-β 

(1 ng/ml) for 24 hr in serum free condition. Expression of CR-1 was checked by RT-PCR. β-actin 

was used as endogenous control. M: DNA marker.  
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4.2: Expression of different recombinant CR-1: 

To investigate the proposed autoregulatory pathway, we have treated U-87 MG cells with 

exogenous CR-1. Three different types of CR-1 were used in these experiments (Figure 4.5). 

Most of the experiments were performed using recombinant C-terminal truncated CR-1 fused to 

GST (CR1-GST). This was expressed using a bacterial expression system. We have also used 

recombinant CR-1 expressed in mammalian and insect expression systems in two experiments. 

Das A.B. et al. [24] had earlier cloned C-terminal truncated human CR-1 (corresponding to 1st-

169th amino acid residues) in pGEX-4T2 vector and expressed it in E.Coli Rosetta-gami-2 (DE3). 

The GST-tagged CR-1 has purified and functionally characterized [24]. We have used the same 

clone to prepare purified recombinant GST-tagged CR-1 (CR1-GST). The recombinant constructs 

used for the expression of CR1-GST and purified CR1-GST protein was analyzed by SDS-PAGE 

(Figure 4.6). 

To express CR-1 in soluble form in mammalian system, C-terminal truncated CR-1 was cloned in 

pCI-neo vector and the resulting construct, pCI-CR1∆C, was used to create stably transfected 

MCF-7 cells. C-terminal truncation removed the GPI-anchor domain from the protein. The 

recombinant construct is shown in Figure 4.7a. Stably transfected cells were selected by treating 

with G418 and maintained with the same drug. Being C-terminal truncated, CR-1 expressed by 

these cells was secreted out of the cells and accumulate in the culture media. Three days old 

serum free condition media (CM) of these cells was used as a source of CR-1. Presence of CR-1 

in the CM was confirmed by Western Blot (Figure 4.7b).  

Subsequently, we performed functional assay for CR-1 using this CM. CR-1 is known to induce 

cell proliferation in U-87 MG cells [24]. We treated U-87 MG cells with different dilutions of 

CM containing CR1∆C, for 48 hr in serum free condition. Subsequently, MTT assay was 

performed to measure the cell viability. As shown in Figure 4.8, treatment with different dilutions 

of the CM having CR1∆C increased cell viability in a dose-dependent fashion. However, no such 

effect was seen in the cells treated with the CM of MCF-7 cells stably transfected with pCI-neo 

vector alone (Figure 4.8). This confirmed that the C-terminal truncated CR-1 expressed in the CM 

of the stably transfected MCF-7 cells is functional.  

We have also used commercially available human recombinant CR-1 (rCR-1) (R&D systems) in 

one experiment. This was expressed in insect expression system. This rCR-1 corresponds to 31st -

172nd amino acids of human CR-1.  
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Figure 4.5: Different forms of CR-1 used in different experiments in this work. a) Full length 

human CR-1, shown here as reference. b) C-terminal truncated GST-tagged recombinant CR-1 

(CR1-GST) expressed in bacterial system. GST tag is present at the N-terminal of CR-1 and is not 

shown here. c) C-terminal truncated CR-1 (CR1∆C) expressed using mammalian expression 

system in MCF-7 cells. d) Commercially available recombinant CR-1 expressed in insect 

expression system (R&D Systems). Numbers written above the boxes represent residue numbers 

in the full-length CR-1.  
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Figure 4.6: Expression of CR1-GST in bacterial system. a) Recombinant construct of GST-

tagged C-terminal truncated CR-1 in pGEX-4T2 bacterial expression vector. Ampr is the 

ampicillin resistant gene. b) SDS-PAGE to detect purified CR1-GST. 12% polyacrelamide gel 

was used and was silver stained. Lane-1, Lane-2 & Lane-3 are three eluted fractions from the 

same lysate.  
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Figure 4.7: Expression of recombinant human CR-1 using mammalian expression system. a) 

Recombinant construct pCI-Neo-CR1∆C used for creating stably transfected to MCF-7 Cells. 

Neor and Ampr represent neomycin and ampicillin resistant gene respectively. b) Western blot to 

detect CR1∆C (29 kDa) in the conditioned media (CM) of stably transfected MCF-7 cells. Lane 

1: CM of MCF-7 cells transfected with pCI-neo vector only, lane 2: CM of MCF-7 cells 

transfected with pCI-Neo-CR1∆C, lane 3: commercially available recombinant human CR-1 

(rCR-1) expressed in insect cell line (R&D systems). 
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Figure 4.8: Functional assay of the conditioned-media having CR1∆C. U-87 MG cells were 

treated with different dilutions of either the CM of MCF-7 cells expressing CR1∆C or the CM of 

MCF-7 cells transfected with pCI-Neo vector alone, for 48 hr in serum free condition. MTT assay 

was performed to determine cell viability. Each data point’s represents mean of four different 

wells. Two-way ANOVA with pair-wise comparison showed that the CM of CR1∆C has dose 

dependent effect (p < 0.01) but CM of vector transected cells does not affect cell viability (p > 

0.05).  
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4.3: Treatment with CR-1 induces expression of CR-1 in U-87 MG cells: 

To test our hypothesis, we have treated U-87 MG cells with different concentrations of CR1-GST 

for 24 hr in absence of serum and measured the expression of CR-1 in these cells by RT-PCR. It 

was observed that CR1-GST induced the expression of CR-1 in a dose dependent fashion (Figure 

4.9a). However, no such induction was observed in the cells treated with GST only. Real-time 

PCR was used to further confirm induction of CR-1 expression. As shown in Figure 4.9b, 

treatment with exogenous CR-1 increased CR-1 transcript in a non-linear dose dependant fashion.  

 Inducible gene expression systems often have sigmoidal dose-response behavior, represented by 

Hill function [125]. Such non-linear nature of induction is crucial in modulating the population 

heterogeneity in expression of a gene [158]. The data shown in Figure 4.9b is sigmoidal in nature 

and fits well with Hill function having Hill coefficient 2.37. A Hill coefficient > 1 indicates 

cooperativity in the transcriptional circuit [125]. Transcription in mammalian system involves 

multiple transcription factors interacting with each other. Even the same transcription factor may 

bind to multiple sites in the same promoter and interact with each other. Such interactions lead to 

cooperativity in transcriptional circuits. SMADs are known to have such cooperativity [159, 160]. 

The promoter region of CR-1 has multiple SMAD-binding elements and one can expect binding 

of multiple, interacting SMAD complexes at those sites.  

We have also performed time-dependant experiments to understand the temporal behavior of CR-

1 induction. U-87 MG cells were treated with 200 ng/ml of CR1-GST for different durations in 

absence of serum. Subsequently, the expression of CR-1 was checked by real-time PCR (Figure 

4.10). We have observed that up to 8 hr of treatment, induction in CR-1 was not detectable. 

Subsequently the level of induction increased and reached a peak at 24 hr. However, by 48 hr of 

treatment, expression level of CR-1 returns back to the basal level. Such temporal behavior with a 

peak has been earlier observed for TGF- induced system and is believed to be associated with 

time-dependent depletion of the ligand [161]. Similar depletion of CR-1, after long period of 

incubation, can be a reason in decrease in level of induction at 48 hr. As maximum induction was 

observed after 24 hr of treatment, all subsequent experiments were performed at that time point.  
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CR1∆C from CM and rCR-1 also induces CR-1 expression: 

Further, we investigated whether two other recombinant CR-1, expressed in mammalian and 

insect expression systems, induce expression of CR-1 in U-87 MG. We treated U-87 MG cells 

with different dilutions of the conditioned media of the stably transfected MCF-7 cells that 

expresses CR1∆C. Expression of CR-1 was checked by RT-PCR. As shown in Figure 11a, the 

conditioned media induced expression of CR-1 in a dose dependent fashion. No such induction 

was seen in the cells treated with CM from the cells having pCI-Neo vector alone (Figure 11a). 

Such induction was also observed by using commercially available human recombinant CR-1 

(rCR-1) that is expressed in an insect expression system. U-87 MG cells were treated with 200 

ng/ml of rCR-1 for 24 hr in serum free condition. RNA was isolated and expression of CR-1 was 

detected using RT-PCR. We observed that rCR-1 also induced the expression of CR-1 in U-87 

MG cells (Figure 4.11b). 

Such consistent inducing effect of various recombinant CR-1 confirmed that CR-1 mediated 

induction of CR-1 expression was not an artifact arising out of using the recombinant CR-1 

expressed in E. coli. Subsequently, we used CR1-GST for our experiments.  
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Figure 4.9: Treatment with recombinant CR-1 induces CR-1 expression. U-87 MG cells were 

treated with different doses of CR1-GST or GST (200 ng/ml) for 24 hr in serum free condition. 

Expression of CR-1 was measured by (a) RT-PCR and (b) Real-time PCR. Data of real-time PCR 

was fitted to Hill function (fold change = 1+ 10.85 × dose2.37/(156.992.37+ dose2.37); R2 = 0.98). 

Each data point represents average of four independent experiments. For RT-PCR -actin was 

used as endogenous control. 
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Figure 4.10: Time course of induction of CR-1. U-87 MG cells were treated with CR1-GST (200 

ng/ml) in serum free condition for specific durations. Expression of CR-1 was measured by real-

time PCR. Each data point represents average of four independent experiments. 
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Figure 4.11: RT-PCR to check induction of CR-1 expression in U-87 MG cells by two different 

recombinant CR-1. a) Cells were treated with two dilutions (1:40 and 1:20) of conditioned media 

(CM) of MCF-7 cells overexpressing soluble CR1∆C or having transfected with the vector only. 

b) Cells were treated with recombinant CR-1 (R&D systems) expressed using an insect 

expression system. In both the experiments, cells were treated for 24 hr in serum free condition. 

-actin was used as endogenous control. M: Marker.  
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4.4: Issue of CR-1 transcript variants: 

There are three transcripts variant of CR-1 [21, 87, 157]. These variants are shown in Figure 

4.12a. Transcript variant-1 codes for the full-length CR-1 protein. The primer pair (FCR286 and 

RCR286) used in our experiments amplifies a region between exon-4 and exon-7 of CR-1 and 

cannot discriminate among these three different transcripts. Therefore, one can ask which 

transcript variant of CR-1 is induced by the treatment with recombinant CR-1. To address this 

question, we have used another primer pair, CF and RCR114, to amplify a region between Exon-

2 and Exon-4 (Figure 4.12a). This primer pair will amplify only the transcript variant-1.  

U-87 MG cells were treated with 200 ng/ml of CR1-GST for 24 hr in absence of serum. RT-PCR 

was performed to check the expression of CR-1 using primer pair CF and RCR114. As shown in 

Figure 4.12b, this primer pair was able to amplify CR-1 in both CR1-GST treated and untreated 

samples and the band intensity was much higher in the CR1-GST treated sample. This confirmed 

that U-87 MG expresses transcript variant-1 of CR-1 and treatment with exogenous CR-1 induces 

this transcript variant.  

4.5: Issue of CR-1 pseudogene Cripto-3: 

Cripto-1 has several pseudogenes, namely CR-2, CR-3, CR-4, CR-5 and CR-6 (also called 

TDGF-2, TDGF-3, TDGF-4, TDGF-5 and TDGF-6) [5]. Sun et al. [68] have shown that CR-3, a 

pseudogene of CR-1, is expressed in some cancer cell lines. CR-3 does not have any intron and its 

sequence is almost identical with the mRNA of CR-1, with only seven single bases difference in 

coding region that results in six amino acid changes [68]. Therefore, we need to check whether 

the transcript expressed in U-87 MG cells is of CR-1 or CR-3. We have used the same primer pair 

used by Sun et al. [68] to differentiate CR-1 and CR-3 (CRF3 and CRR3). This primer pair will 

amplify only CR-3 transcript. U-87 MG cells were treated with CR1-GST (200 ng/ml) for 24 hr 

in absence of serum and RT-PCR was used to detect expression of CR-3. Genomic DNA of U-87 

MG and full-length CR-1 cloned in a plasmid were taken as positive and negative control 

respectively. As shown in Figure 4.13, we have not observed any amplification for CR-3 in cases 

where cDNAs from CR-GST treated and untreated U-87 MG cells were used in the PCR. 

However as expected, a product of correct size was observed when genomic DNA of U-87 MG 

was used as template. This confirmed that U-87 MG does not express CR-3 and CR-3 is not 

induced by treatment with exogenous CR-1.  
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4.6: Treatment with recombinant CR-1 increases CR-1 protein: 

Treatment with exogenous CR-1 induces expression of CR-1 transcript. To check whether such 

induction leads to increase in CR-1 protein, we had used Western blot experiment. U-87 MG cells 

were treated with different concentration of CR1-GST for 24 hr in serum free condition. The 

expression of CR-1 was checked by western blot. As shown in Figure 4.14a, treatment with 

recombinant CR-1 increased the level of CR-1 protein in U-87 MG cells in a dose dependent 

fashion. The experiment was repeated and average fold change of CR-1 protein at various doses 

of recombinant CR-1 is shown in Figure 4.14b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-1294_08610610



Results & Discussion 

 

59 
 

 

 

 

 
  

Figure 4.12: Expression of CR-1 transcript variants. a) Different transcript variants of CR-1 and 

position of primers used in our experiments. Primer pair FCR286 and RCR286 detects all the 

three CR-1 transcript variants. Primer pair CF and RCR114 detects only transcript variant-1. b) 

Only transcript variant-1 is expressed and induced in U-87 MG cells. U-87 MG cells were treated 

with CR1-GST (200 ng/ml) for 24 hr in serum free conditions. Expression of CR-1 was measured 

by RT-PCR using the primer pair CF and RCR114. Cyclophilin was used as endogenous control. 

U: untreated cDNA, T: treated cDNA, UR: untreated RNA, TR: treated RNA, P: CR-1 plasmid as 

positive control. M: Marker.  
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Figure 4.13: U-87 MG does not express the pseudogene CR-3. U-87 MG cells were treated with 

CR1-GST for 24 hr in serum free condition. Expression of CR-3 was measured by RT-PCR. 1: U-

87 MG genomic DNA as positive control, 2: CR-1 plasmid as negative control, 3. cDNA of CR1-

GST treated U-87 MG, 4: cDNA of untreated U-87 MG and 5: water. 
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Figure 4.14: Treatment with exogenous CR-1 increases CR-1 protein. a) Western blots to detect 

the increase in CR-1 protein in U-87 MG cells. Cells were treated with different doses of CR-1 

GST, for 24 hr in serum free condition. CR-1 was detected using anti-human CR-1 antibody. -

actin was used as loading control. b) Western blot experiments were repeated for three times and 

densitometry analysis was performed. Relative fold change was calculated relative to β-actin 

expression in each sample. Each data point represents the mean of three independent experiments. 

One-way ANOVA with pair wise comparison indicates that there was significant dose dependent 

change in expression of CR-1 (P<0.011). 

TH-1294_08610610



Results & Discussion 

 

62 
 

4.7: Treatment with recombinant CR-1 does not affect mRNA stability: 

The increase in the transcript of CR-1, recombinant CR-1 treated cells, may arise due to two 

possible reasons: (a) treatment with CR-1 increases rate of transcription of CR-1 and b) treatment 

with CR-1 increases stability of the CR-1 mRNA.  

Therefore, we designed an experiment to check the effect of CR-1 treatment on the degradation of 

CR-1 mRNA. The method is similar to that reported by Hennes et al. [153].  Actiomycin D (Act-

D), an antibiotic, is as global transcription inhibitor. It binds to the transcription initiation 

complex of double stranded DNA and prevents the initiation of RNA chain by RNA polymerase 

[152]. Experimental strategy of studying the stability of CR-1 mRNA is given in (Figure 4.15a). 

As Act-D is a global transcription inhibitor, it can affect the viability of cells. Therefore, one 

needs to use a dose of Act-D that would not drastically affect the cell viability at least during the 

period of experiment. An MTT assay was carried out to decide suitable concentration of Act-D. 

U-87 MG cells were treated with different concentration of Act-D for 24 hr in serum free 

condition. The percentage of cell viability was measured by MTT assay (Figure 4.15b). Based on 

the MTT, we used 5 g/ml of Act-D in subsequent experiment. 

U-87 MG cells were treated with 200 ng/ml of recombinant CR-1 or left untreated, for 16 hr in 

serum free condition. Subsequently, cells were treated with Act-D (5 g/ml) and RNA samples 

were collected at different time points (0, 3, 6 and 9 hr). As shown in Figure 4.10, by 16 hr of 

treatment, considerable increase in CR-1 would happen in CR1-GST treated U-87 MG cells. 

Subsequent treatment with Act-D would stop further expression of CR-1. Real-time PCR was 

used to estimate the time dependent change in level of CR-1 transcript in CR-1 treated and 

untreated cells after Act-D treatment. As shown in Figure 4.16b, subsequent to Act-D treatment, 

amount of CR-1 transcript, in untreated U-87 MG cells, reduced in a time dependent fashion 

typical of first order degradation of mRNA. The decay of CR-1 mRNA was not significantly 

different in CR-1 treated cells. This indicates that treatment with CR-1 does not affect the 

stability of CR-1 mRNA. Based on these experiments we concluded that treatment with CR-1 

increases transcription of CR-1 in U-87 MG cells.  
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Figure 4.15: a) Schematic representation of experimental strategy to study mRNA stability. b) 

MTT assay was carried out to determine the suitable dose of Actinomycin D (Act-D). U-87 MG 

cells were treated with different concentration of Act-D for 24 hr. Percentage cell viability was 

estimated by dividing the measurement for treated cells by that of untreated cells. Each data 

point’s represents mean of four different wells.  
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Figure 4.16: Treatment with CR-1 does not affect stability of CR-1 mRNA. a) Schematic 

representation of treatment strategy for mRNA stability assay b) Fold change in CR-1 transcript 

at different time points after treatment with Actinomycin D in presence and absence of 

recombinant CR-1. No significant difference between treated and untreated cells (Rank Sum Test, 

p = 0.127). Each data point represents average of four independent experiments. 
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4.8: CR-1 induces its own expression through Alk4/SMAD2/3 pathway: 

Earlier, we have proposed that, CR-1 induces its own expression via Alk4/SMAD2/3 pathway. To 

investigate this, we have used SB-431542, a small molecule inhibitor of Alk4 [162]. Figure 4.17a, 

shows the pathway and the point of inhibition by SB-431542.  

An experiment was performed to check the dose of SB-431542 that would not drastically affect 

the viability of U-87 MG cells. U-87 MG cells were treated with different concentration of SB-

431542 for 24 hr in serum free condition and the percentage of cell viability was estimated by 

MTT assay. The result of this experiment is shown Figure 4.17b. Based on this result, 10 M of 

SB-431542 was subsequently used for other assays. . 

An experiment was performed to check whether treatment with CR-1 activates Alk4/SMAD2/3 

pathway. U-87 MG cells were serum starved for 24 hr and treated with CR1-GST (200 ng/ml) for 

different durations. Subsequently, phosphorylation of SMAD2 was determined by Western blot. 

As shown in Figure 4.18a, treatment with recombinant CR-1 induced phosphorylation of SMAD2 

and maximum phosphorylation was observed after 15 minutes of treatment.  

 Subsequently, we performed a similar experiment but in presence and absence of the Alk4 

inhibitor. U-87 MG cells were serum starved for 24 hr and then treated with 200 ng/ml of CR1-

GST in absence or presence of the Alk4 inhibitor, SB-431542. SB-431542 (10 M) was added to 

cells 30 min prior to the treatment with CR1-GST. After 15 minutes of treatment with 

recombinant CR-1, samples were collected and western blot was performed to detect 

phosphorylated SMAD2 and total SMAD2. We observed that recombinant CR-1 induced 

SMAD2 phosphorylation and such phosphorylation was inhibited by SB-431542 (Figure 4.18b). 

This experiment confirmed that recombinant CR-1 induces phosphorylation of SMAD2 via Alk4 

pathway.  

Our hypothesis was that CR-1 would activate Alk4/SMAD2/3 pathway and that in turn would 

induce expression of CR-1. Therefore, we investigated the effect of the Alk4 inhibitor on 

induction of CR-1 expression in U-87 MG cells treated with recombinant CR-1. U-87 MG cells 

were treated with recombinant CR-1 (200 ng/ml) in absence or presence of the inhibitor, SB-

431542, for 24 hr in serum free condition. SB-431542 (10 M) was added 30 min prior to the 

CR-1 treatment. RT-PCR was performed to check the expression of CR-1 in these cells. As 

expected, we observed that inhibition of Alk4 blocked CR-1 mediated induction of CR-1 
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expression (Figure 4.19). Taken together, these observations confirm that CR-1 induces its own 

expression through Alk4/SMAD2/3 pathway.  
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Figure 17: Blocking of Alk4 by SB-431542 to study involvement of Alk4/SMAD2/3 pathway. a) 

Schematic representation of blocking of Alk4 by SB-431542 in Alk4/SMAD2/3 pathway. b) 

MTT assay was carried out to determine the suitable dose of SB-431542. U-87 MG cells were 

treated with different concentrations of SB-431542 for 24 hr. Percentage cell viability was 

estimated by MTT assay. Each data point’s represents mean of four different wells. 10 M of SB-

431542 was used for subsequent experiments. 
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Figure 18: CR-1 activates Alk4/SMAD2/3 pathway in U-87 MG cells. a) Western blot to detect 

phosphorylation of SMAD2 in U-87 MG cells treated with recombinant CR-1 (200 ng/ml) for 

different durations. b) Western blot to detect phosphorylation of SMAD2 in U-87 MG cells 

treated with different combinations of CR1-GST, GST and Alk4 inhibitor (SB-431542) for 15 

min. For (a) and b), primary antibodies: rabbit anti-phospho-SMAD2 (Ser465/467) (1:1000 

dilutions), rabbit anti-total-SMAD2 (1:3000 dilutions) & rabbit anti COX IV (1:3000 dilutions). 

Goat anti-rabbit HRP-conjugate (1:6000 dilutions) was used as secondary antibody.  
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Figure 19: Effect of Alk4 inhibitor on CR-1 mediated induction of CR-1. U-87 MG cells were 

treated with different combinations of recombinant CR-1 (200 ng/ml) and SB-431542 in serum 

free condition for 24 hr. RT-PCR was used to check expression of CR-1. -Actin was used as 

endogenous control.  
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4.9: Cellular heterogeneity in CR-1 expression: 

Gene expression is stochastic and such stochasticity leads to heterogeneity in expression [97]. 

The design of the transcriptional circuit often affects such heterogeneity [119]. A transcriptional 

circuit with positive feedback results in bistability and it leads to the emergence of bimodality 

with two subpopulations having low and high expression [120, 163]. Due to the stochasticity in 

gene expression, bimodality can appear in a positive feedback circuit even without bistability 

[164].  

Heterogeneity in gene expression is crucial in embryonic development [165] and many genes 

involved in embryonic development show bimodal expression [166, 167]. Expression of Nanog, a 

key embryonic regulator, is controlled by a positive feedback circuit. Expression of Nanog in 

embryonic stem cells is bimodal [167].   

Treatment with recombinant CR-1 induces expression of CR-1 through Nodal/Alk-4/SMAD2/3 

pathway. This would increase endogenous CR-1 on the cell surface. These cell surface CR-1 

molecules will also induce the same pathway, thereby creating a positive feedback. Therefore, 

one can expect that the autoregulatory pathway of CR-1 may lead to emergence of two 

subpopulations. We used flow cytometry to investigate such heterogeneity in expression of CR-1 

in U-87 MG cells.   

4.10: Heterogeneous Expression of CR-1 in U87 MG cells:  

To investigate the expression of CR-1, we have used PE-tagged antibody against human CR-1. At 

the very beginning, we have checked the ability of this antibody to detect CR-1. MCF-7 cells do 

not have expression of CR-1 (Figure 4.20). These cells were stably transfected with mammalian 

expression vector pCI-Neo having full-length CR-1 cloned in it [63].  Stably transfected clones 

were selected using G418. Being full-length, CR-1 overexpressed in these cells was expected to 

be present on the cell surface as a membrane-anchored protein. These cells were stained with 

anti-CR1-PE antibody and analyzed by flow cytometry. MCF-7 cells were transfected with the 

empty vector and stained with in the same fashion was used as negative control. As shown in 

Figure 4.21, one can clearly distinguish between cells expressing CR-1 from those not expressing 

the same. The stably transfected MCF-7 cells, overeexpressing CR-1, were not monoclonal. 

Rather, transfected clones selected for drug resistance were pooled and used for this experiment. 

Therefore, we have a mixed population of cells as evident in the fluorescence histogram.    
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Subsequently, we moved to analyze expression of CR-1 in U-87 MG cells using this anti-CR1-PE 

antibody. U-87 MG cells were stained either with anti-CR1-PE or with PE-tagged isotype-control 

antibody. Flow cytometry was performed to detect level of expression of CR-1 in these cells. We 

observed that there was no visual difference between cells stained with isotype-control antibody 

and anti-CR1-PE (Figure 22). Therefore, we used histogram subtraction to identify percentage of 

cells that are positive for CR-1. It was found that only an extremely minor subpopulation of cells 

(~7%) had detectable level of CR-1 expression. We call these cells CR-1-positive. Rest of the 

cells, where CR-1 was not detected by flow cytometry are called CR-1-negative. Strizzi et al. 

[168] also detected very low CR-1-positive population in human melanoma cells using the same 

antibody that we have used. They had observed that ~5% and ~2% of C8161 and ROS184 cells 

were CR-1-positive, respectively.  
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Figure 4.20: Expression of CR-1 in MCF-7 cells. RT-PCR was carried out to check the 

expression of CR-1 in MCF-7 cell line. G: β-actin, as endogenous control, C: cDNA of MCF-7, 

P: full-length CR-1 cloned in a plasmid, H: water, R: RNA of MCF-7. 
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Figure 4.21: Flow cytometry to check activity of the anti-human CR-1-PE conjugated antibody. 

MCF CR1: MCF-7 cells overexpressing full-length CR-1 and stained with the anti-CR-1 antibody 

PE conjugate; MCF7 vector: MCF-7 cells transfected with empty vector and stained with the anti-

CR-1 antibody PE conjugate; Isotype control: MCF-7 cells overexpressing full-length CR-1 and 

stained with isotype control antibody.  
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Figure 4.22: Flow cytometry to detect expression of CR-1. a) U-87 MG cells were stained either 

with anti-human CR1-PE or isotype control antibody. Flow cytometry was performed and CR-1 

expression was measured in FL2-H. Percentage of CR-1-positive cells was determined by 

subtracting the histogram of Isotype control sample from the histogram of the sample stained with 

anti-CR-1-PE. The experiment was repeated and data of one representative experiment is shown 

here. 
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4.11: Heterogeneity in induction of CR-1 expression: 

In RT-PCR and Western Blot experiments, we had observed dose-dependent increase in 

expression of CR-1. If such induction happens in all cells, the fluorescence histogram for CR-1, 

in the flow cytometry experiment, should shift to the right in a dose dependent fashion. We 

treated U-87 MG cells with different doses of recombinant CR-1 and checked the expression of 

CR-1 by flow cytometry. The data of one such experiment is shown in Figure 4.23. Interestingly, 

the fluorescence histogram for CR-1 did not shift entirely to the right side. It was observed that 

most of the cells had fluorescence signal similar to cells stained with isotype control antibody. 

Only a minority subpopulation had detectably higher expression of CR-1. As defined earlier these 

cells were called CR-1-positive. The size of the CR-1-positive subpopulation increased with the 

dose of CR1-GST (Figure 4.23).  

Further, we looked into the dose-dependent behavior of the CR-1-positive subpopulation. We 

observed that with increase in dose of the recombinant CR-1, the size of the CR-1-positive 

subpopulation also increases (Figure 4.24a). However, size of this subpopulation was always 

smaller than CR-1-negative subpopulation. Even at the highest dose (400 ng/ml), majority of the 

cells do not have detectable level of CR-1 (i.e. CR-1-negative). Note that as per the sigmoidal 

dose-response curve shown earlier in Figure 4.9, at a dose of 400 ng/ml of CR1-GST, the level of 

induction of CR-1 would reach the saturation. Our flow cytometry data suggest that such high 

saturating level of induction was achieved only in a minority subpopulation. We have also 

measured the MFI of CR-1-positive cells. It was observed that level of expression in those CR-1 

positive cells increased with increase in the dose of recombinant CR-1(Figure 4.24b). These 

observations confirmed that treatment with exogenous CR-1 leads to induction in CR-1 

expression only in a minority subpopulation. Size of this subpopulation and the level of induction 

in these cells increases with increase in inducing signal. Similar behavior has been earlier 

observed in transcriptional circuit with positive feedback [120].  

However, cell size can affect the variability in flow cytometry data [92]. Increase in cell size can 

also increase the MFI of cells. Recently, Scheidenhelm et al. [169] demonstrated that higher 

expression of AMOG, a cell adhesion molecule increases the cell size in human and mouse 

gliomas through selective activation of the Akt/mTOR/S6K signaling pathway. Therefore, we 

checked the correlation between FSC (an approximate measure of cell size) and FL2-H 

(measurement of CR-1) in cells treated with different doses of recombinant CR-1. We have not 
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observed any such correlation in our data (Figure 4.25). This indicates that increase in the dose of 

recombinant CR-1 increases level of expression of CR-1 but not cell size. 

One can argue that probably majority of U-87 MG cells did not have the machinery required for 

induction of CR-1 through Alk4/SMAD2/3 pathway. Therefore, treatment with recombinant CR-

1 failed to induce CR-1 expression in those cells. We have treated U-87 MG cells with 

recombinant CR-1 (400 ng/ml) for 24 hr in serum free conditions. Subsequently, we have sorted 

out CR-1-positive and CR-1-negative cells by FACS. RNA was isolated from both the 

subpopulations and expression of molecules involved in Alk4/SMAD2/3 pathway was checked 

by RT-PCR. As shown in Figure 4.26, these molecules were expressed at similar levels in both 

the subpopulations. This confirmed that two subpopulations in CR-1 treated cells have not 

originated due to differences in expression of pathway molecules among two groups of cells. The 

size of the CR-1-positive subpopulation increases with treatment dose. This observation also 

negates the possibility of the emergence of two subpopulations due to existence of two groups of 

cells having high and low expression of pathway molecules.    

Based on flow cytometry data, we have named two subpopulations of U-87 MG cells as CR-1-

positive and CR-1-negative. However, this does not mean that CR-1-negative cells did not 

express CR-1 at all. RT-PCR with RNA isolated from this subpopulation showed presence of CR-

1 transcript, albeit at low, basal level (Figure 4.26). This level of expression was so low that one 

cannot differentiate these cells from isotype control cells in flow cytometry. The other 

subpopulation, called CR-1 positive, showed expression of CR-1 at higher level. RT-PCR also 

confirmed higher level of transcription in these cells (Figure 4.26).  

Interestingly, this CR-1-positive subpopulation, though miniscule in size, is present even in 

uninduced cells (Figure 4.24a). With increase in inducing signal, the size of this population 

increased. This strengthens our claim for the autoregulatory positive feedback in CR-1 

expression. There is a basal level of expression of CR-1 in U-87 MG cells, even in absence of 

externally added CR-1. The endogenous CR-1 would be present on cell surface and would 

activate the Nodal/Alk4/SMAD2/3 pathway, creating the positive feedback. Due to this positive 

feedback and inherent stochasticity, two subpopulations, with lower and higher expression, would 

emerge. Cells transits between these two populations (or states) probabilistically and the 

probability of such transition would depend upon the level of induction in each cell. In absence of 

any external perturbation, these two populations would be in equilibrium. Treatment with external  
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CR-1 would increase the strength of induction, thereby increasing the probability of transition 

from low expressing to high expressing state. This leads to increase in the size of CR-1 positive 

subpopulation.  
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Figure 4.23: Flow cytometry to detect heterogeneity in induction of CR-1. U-87 MG cells were 

treated with different doses of CR1-GST for 24 hr and expression of CR-1 was measured. Cells 

treated with CR1-GST (400 ng/ml) but stained with isotype control antibody was used as negative 

control. This experiment has been repeated and one representative data is shown here.   
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Figure 4.24: Dose dependent behavior of CR-1 positive subpopulation. U-87 MG cells were 

treated with different doses of CR1-GST for 24 hr and expression of CR-1 was measured by flow 

cytometry. (a) Percentage of cells in CR-1 positive subpopulation and (b) level of CR-1 

expression, measured in terms of MFI, in cells of CR-1 positive subpopulation. Each data point 

represents mean of three independent experiments. 
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Figure 4.25: Dot-plot to show absence of any correlation between cells size (measured by FSC-

H) and readings for CR1-PE in FL2-H. Data of a typical experiment with different treatment 

group is shown here. The straight line in each plot was obtained by linear regression. R2: 

correlation coefficient.  
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Figure 4.26: Expression of different pathway molecules in CR-1 positive and negative 

subpopulations. U-87 MG cells treated with CR1-GST (400 ng/ml) for 24 hr in serum free 

condition. CR-1 positive and CR-1 negative cells were sorted out and RT-PCR was used to 

measure gene expression. CR-1 (-)ve : CR-1 negative cells and CR-1 (+)ve  : CR-1 positive cells. 

M is the marker and H is the water control. 
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4.12: Signature of Bimodality in CR-1 Induction: 

Several groups have shown that positive feedback in transcriptional circuit gives rise to bimodal 

distribution in gene expression [119, 120]. A bimodal distribution will have two different modes. 

In flow cytometry experiments such distribution generates a fluorescence histogram with two 

distinct peaks. Though we have observed two subpopulations of CR-1 upon induction, we have 

not observed clear bimodal distribution with two distinct peaks in our flow cytometry data. 

Bimodality in a population is not clearly visible when both the populations are very close to each 

other [170], as it happened in our experiments. In our experiments, bimodality was further 

obscured as the background reading (measured in terms of the isotype control) was very high and 

had a long tail. We looked into the noise in the flow cytometry data to identify signature of 

bimodality. Noise in gene expression is usually measured in terms of coefficient of variation 

(CV), which is the ratio of standard deviation to mean [119]. We calculated mean and CV of FL2-

H (i.e. CR1-PE) data in different treatment groups.  

In our experiments, treatment with CR-1 increased mRNA of CR-1 without changing its stability. 

That means induction by exogenous CR-1 increases the rate of transcription of CR-1. Distribution 

of a protein in a population of cells usually follows unimodal distribution, like gamma, log-

normal and Weibull distributions [108]. In such systems, increase in the rate of transcription 

increases mean level of the protein without changing the noise (CV) [108]. In our experiments, 

mean expression of CR-1 increased with the dose of recombinant CR-1 (Figure 4.27a). However, 

the noise in CR-1 expression was not constant but changed non-monotonically with increase in 

expression of CR-1 (Figure 4.27b). Initially, noise rises with increase in the inducing signal and 

reaches a maximum. Further increase in dose of recombinant CR-1 leads to increase in mean 

expression of CR-1 but decrease in noise.  

This type of noise pattern can arise due to bimodal population distribution and have been 

observed earlier [158, 171]. In a mixed cell population, mean and CV are decided by the relative 

sizes and the statistical parameters of each subpopulation. In untreated cells, CR-1 positive 

subpopulation was miniscule. Statistical parameters of the whole population were decided 

primarily by the CR-1 negative subpopulation. With increase in the inducing signal, size of the 

CR-1 positive subpopulation increased and it affected the statistics of the whole population. This 

population had higher mean and variance. This led to increase in CV of the whole population. 

After a threshold, effect of the CR-1 positive subpopulation became dominant. With further 
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increase in this population, the CV of the whole population decreased and moved towards that of 

the CR-1 positive population.  

Further, we took help of mathematical simulation to understand this type of noise behavior. We 

simulated a mixed population of cells with two subpopulations. One subpopulation has higher 

mean and variance than the other. Size of these subpopulations were varied and simulations were 

performed to show the effect of relative population sizes on the mean and CV of the whole 

population. We observed that in certain parameter regime, the CV of the whole population 

behaves similar to our observation (Figure 4.28). 
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Figure 4.27: Noise in CR-1 induced expression of CR-1 in U-87 MG cells. Expression of CR-1 

was measured by flow cytometry. a) Shows the change in mean of CR1-PE (FL2-H) reading for 

the whole population of cells with dose of recombinant CR-1. b) Shows the relation between 

mean and noise in CR-1 expression. Noise is represented in terms of normalized CV. CV of CR1-

PE (FL2-H) of each treated sample was normalized by dividing with that of untreated cells. 

Average results of three independent experiments are shown here.  
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Figure 4.28: Simulated noise behavior of an ensemble of cells having two subpopulations. Both 

the subpopulations have lognormal distribution. One subpopulation has lower mean and variance 

than the other, and is called “Low cells”. It is equivalent to CR-1 negative population in our 

experiments. Mean and variance of the other subpopulation (called High cells) is higher and 

equivalent to CR-1 positive subpopulation in our experiment. The size of this subpopulation was 

varied from 0 to 100 % of the whole population. Similar to our experimental observation, the 

mean and variance of this subpopulation was increased with increase in its size. We have 

simulated 20000 cells in one run with a particular set of parameter values. Each run was repeated 

1000 times and the average result is shown here. For Low cells: = 5 and 2 = 50. For High cells: 

 varied from 10 to 100 and = 2/ = 10, 100, and 1000. Parameters were not obtained by any 

fitting with experimental data. Rather those have been chosen to achieve a trend in noise similar 

to our observation. Simulations were performed using MATLAB. a) Shows change in CV of the 

whole population with increase in percentage of High cells. b) Shows relation between mean and 

CV, as the percentage of High cells increases.   
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4.13: Significance of CR-1 positive cells: 

Heterogeneity in expression of CR-1 has been observed earlier too [85, 168]. Watanabe et al. [85] 

have observed that human embryonal carcinoma, NTERA2/D1, cells have two populations, CR-1 

high and low. The heterogeneous expression of CR-1 observed by Watanabe et al. [89] and 

Strizzi et al. [168] can also be explained in terms of autoregulatory positive feedback proposed in 

the present work. Interestingly, Watanabe e. al. [85] observed that markers of pluripotent stem 

cells, NANOG, Oct4, and Sox2 had higher expression in CR-1 high population. Similarly, Strizzi 

et al. [172] have observed that only a small subpopulation of melanoma cell line C8161 is CR-1 

positive and these cells expresses higher amount of Oct4, NANOG and MDR1. It has been 

suggested that such CR-1 positive subpopulation of cells may be potential cancer stem cells [172, 

173].  Cancer stem cells (CSCs) are minority subpopulation of tumor cells that are tumorigenic 

and have stem cell properties of self-renewal and differentiation [174]. CSCs have been 

implicated in development of drug resistance and it often found to overexpress drug efflux 

proteins like MDR1 [175].  

CR-1-positive cells have high MDR1: 

MDR1 is a member of ABC transporter family of membrane pumps that use ATP hydrolysis to 

efflux various drugs from a cell. Strizzi et al. [168] have earlier reported that CR-1 positive 

melanoma cells have higher expression of the multidrug resistance protein MDR1. Hu et al. [176] 

have shown that Doxorubicin selected drug resistant leukaemia cell line has higher expression of 

CR-1 and MDR1. Nakai et al. [177] established a cell line derived from spheroid culture of U-87 

MG cells that showed drug resistance and higher expression of MDR1. 

To investigate the relation of CR-1-positive cells with MDR1, we have treated U-87 MG cells 

with recombinant CR-1 (400 ng/ml) for 24 hr in serum free condition. Subsequently, CR-1-

positive and CR-1-negative cells were sorted out and expression of MDR1 in these 

subpopulations was checked using RT-PCR. Interestingly, we have observed that expression of 

MDR1 is higher in CR-1-positive cells (Figure 4.29a). Further, we used flow cytometry to 

characterize MDR1 expression with respect to CR-1 expression. U-87 MG cells were treated with 

recombinant CR-1 (400 ng/ml) for 24 hr in serum free conditions. Flow cytometry was performed 

to detect CR-1 (FL2-H) using anti-CR1-PE and MDR1 (FL1-H) using anti-P-Glycoprotein-FITC. 

We have observed that, like CR-1, MDR1 is expressed at detectable level only in a minor 

subpopulation (~13%) of U-87 MG cells. Treatment with CR-1 (400 ng/ml) increased MDR1 
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positive population to ~37%. As shown in Figure 4.29b, most of these induced cells are positive 

for both CR-1 and MDR1. Therefore, CR-1 co-induced expression of CR-1 and MDR1 in a 

minority subpopulation of U-87 MG cells. 

There exists similarity in transcriptional control of expression of CR-1 and MDR1. Like CR-1, 

MDR1 is also a target of HIF [178]  and β-catenin [179].  TGF-β also induces expression of 

MDR1 [180, 181] and there exist crosstalks between TGF-β/SMAD2/3 and β-catenin pathways 

[182, 183]. Further, AP-1 also controls expression of MDR1 [184] and it is also known that 

SMAD interacts with AP-1 [185]. Interestingly, Hu et al. [176] have shown that treatment of a 

multidrug resistant leukemia cell line with an anti-CR-1 antibody led to slight decrease in 

expression of MDR-1. Therefore, one can speculate that induction in MDR1 expression in U-87 

MG cells by CR-1 may be happening through crosstalk between transcription factors controlling 

MDR1 expression and Alk4/SMAD2/3 pathway. Such crosstalk would lead to correlated 

population dynamics of expression of CR-1 and MDR-1, as we have observed. 

CR-1-positive U-87 MG cells may not be Cancer Stem Cells (CSCs): 

Watanabe et al. [85] and Strizzi et al. [172] have suggested that CR-1 positive cells have higher 

expression of markers of pluripotent stem cells, NANOG, Oct4 and Sox2. To investigate this, we 

have treated U-87 MG cells with recombinant CR-1 (400 ng/ml) and subsequently separated out 

CR-1 positive cells and CR-1 negative cells. Subsequently, we have checked the expression of 

stem cell markers CD133, Oct-4, NANOG, and Sox2 in CR-1-positive and negative 

subpopulations of CR-1 treated U-87 MG cells (Figure 4.30).  We have not observed any increase 

in expression of these molecules in CR-1 positive subpopulation. These observations make us 

believe that the CR-1 positive population in U-87 MG cells may not have stem cell like 

characteristics as observed in other cellular systems.  

Our experiments indicate that a CR-1 positive subpopulation may emerge spontaneously due to 

the autoregulatory positive feedback in its transcriptional control. This will happen even in 

absence of expression of other molecules of embryonic stem cells. Simultaneous but independent 

activation of other molecular events may lead to expression of key molecules of embryonic stem 

cells like NANOG and Oct-4. Some of these molecules may further activate expression of CR-1. 

Additionally, many of those molecules may show heterogeneous expression. Coupling of all these 

processes may lead to emergence of two subpopulations of CR-1 expressing cell: one with higher 

expression of CR-1, MDR-1 and other markers of pluripotency and the other with lower 
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expression of these molecules. Though small in size, such CR-1 high subpopulation may 

eventually play crucial role in progression of cancer. 
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Figure 4.29: CR-1 positive subpopulations have higher expression of MDR-1. a) U-87 MG cells 

treated with CR1-GST (400 ng/ml) for 24 hr were sorted in two subpopulations and RT-PCR was 

used to measure gene expression. CR1(-)ve : CR-1 negative cells and CR(+)ve: CR-1 positive 

cells. b) Cells were treated with CR1-GST (400 ng/ml) or left untreated for 24 hr and expression 

of CR-1 and MDR-1 was measured by flow cytometry. Cells treated with CR1-GST (400 ng/ml) 

but stained with isotype control antibodies was used as negative control.  
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Figure 4.30: Expression of different markers for pluripotency in CR-1 positive and negative 

subpopulations. U-87 MG cells treated with CR1-GST (400 ng/ml) for 24 hr in serum free 

condition. CR-1 positive and CR-1 negative cells were sorted out and RT-PCR was used to 

measure gene expression. CR-1(-)ve : CR-1 negative cells and CR-1(+)ve : CR-1 positive cells.  
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4.14: Effects of growth factors on CR-1 expression: 

So far, we have discussed about the autoregulatory control of CR-1 expression through 

Alk4/SMAD2/3 pathway. We have also observed that such induction is heterogeneous, with two 

subpopulations having low and high expression of CR-1. Subsequently, we looked into the roles 

of other cardinal signaling pathways in expression of CR-1. Several growth factors, involved in 

embryonic development and cancer, signals through PI3K/Akt and MAPK/Erk pathways [186, 

187]. However, role of these two cardinal pathways in CR-1 expression have not been 

investigated.  

All of our experiments, discussed so far, were performed using cells treated in absence of serum. 

Serum contains several growth factors that can trigger multiple pathways, particularly SMAD2/3, 

PI3K/Akt and MAPK/Erk pathways. To check the probable role of PI3K/Akt and MAPK/Erk 

pathways, we treated U-87 MG cells with 200 ng/ml of recombinant CR-1 for 24 hrs in presence 

and absence of serum. We used 10% FBS in this experiment. Interestingly, we have observed 

that, treatment with exogenous CR-1 failed to induce CR-1 expression in presence of serum 

(Figure 4.31). This indicated that some growth factors present in serum may be negatively 

regulating CR-1 expression.  

To investigate this further, we used inhibitors of PI3K/Akt and MAPK/Erk pathways in our 

experiments. We have used LY294002 and U0126, potent inhibitors of PI3K and MAPK 

pathways respectively as shown in Figure 4.32a [188, 189]. However, complete blockage of these 

pathways may hinder the normal physiology of cells. Therefore, it was necessary to decide the 

suitable doses of these inhibitors for our experiments.  

U-87 MG cells were treated with different concentration of these inhibitors and MTT assay was 

performed to measure the effect of LY294002 (Figure 4.32b) and U0126 (Figure 4.32c) on cell 

viability. Based on these data, 1.5 M of LY294002 and 6 M U0126 was used in our subsequent 

experiments. Inhibitors at these doses did not have considerable deleterious effect on the cell 

viability.  

U-87 MG cells were treated with LY294002 (1.5 M) in presence 10% FBS for 24 hr and 

expression of CR-1 was checked by RT-PCR. As shown in figure 4.33a, inhibition of PI3k 

pathway led to induction in expression of CR-1 in these cells. Such increase in CR-1 expression 
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was also observed in U-87 MG cells treated with MAPK inhibitor (Figure 4.33b). These 

observations indicated that both the pathways negatively regulate the expression of CR-1.  

Further, real-time PCR was used to investigate the crosstalk between PI3K pathway and 

Alk4/SMAD2/3 pathway in control of CR-1 expression. U-87 MG cells were treated with 

different combinations of LY294002, and SB-431542 in presence and absence of serum (10%) 

for 24 hr. Expression of CR-1 was measured by real-time PCR (Figure 4.34a). Similar to our 

earlier observation in RT-PCR, inhibition of PI3K pathway, by LY294002, in U-87 MG cells, 

maintained in 10% serum, led to six-fold increase in expression of CR-1. However, such 

inhibition did not have considerable effect on CR-1 expression in cells maintained without serum. 

Similar experiments were performed in presence of Alk4 inhibitor SB-431542. As shown in 

Figure 4.34a, inhibition of PI3k pathway does not have considerable effect on CR-1 expression in 

cells treated with SB-431542. These observations indicate that the induction in CR-1 expression 

in U-87 MG cells involves Alk4/SMAD2/3 pathway and activation of PI3K pathway negatively 

regulate Alk4/SMAD2/3 mediated expression of CR-1. Serum would have components to 

activate both PI3K/Akt and Alk4/SMAd2/3 pathways. In presence of serum, PI3K pathway gets 

activated and opposes Alk4/SMAD2/3 mediated expression of CR-1. Inhibition of PI3K by 

LY294002, removes such negative effect and CR-1 expression is induced.  

Subsequently we induced expression of CR-1 by treating U-87 MG cells with recombinant CR-1, 

in presence and absence of LY294002. This treatment was performed in absence of serum. We 

expected that recombinant CR-1 would activate the Alk4/SMAD2/3 pathway and LY294002 

would inhibit any basal level activity of PI3k/Akt pathway. As shown in Figure 4.34b, in 

presence of PI3K inhibitor, treatment with exogenous CR-1 leads to an enormous increase (~42 

fold) in CR-1 expression. Such increase in CR-1 expression was not achieved when cells were co-

treated with Alk4 inhibitor.   

These observations confirmed our proposal that the PI3k/Akt pathway negatively regulate 

Alk4/SMAD2/3 mediated expression of CR-1. However, we are not being able to investigate 

further molecular details of these opposing activities. Such crosstalk between SMAD2/3 pathway 

and PI3K/Akt pathway has been observed earlier. Several studies have shown that MAPKs and 

Akt controls intracellular distribution and transcriptional activities of R-SMADs [190]. Both these 

pathways also regulate a variety of SMAD binding molecules, thereby indirectly affecting 

transcriptional control by SMADs [190]. Such crosstalk is very crucial in embryonic cells. Singh 

et al. [142] have shown that PI3k/Akt pathway modulates SMAD2/3 pathway in pluripotent cells. 
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They have shown that activation of PI3K/Akt pathway suppresses Wnt signaling, allowing 

SMAD2/3 to activate specific genes, like NANOG, required for self-renewal. On the other hand, 

when PI3K/akt pathway is blocked, activation of Wnt pathways leads to SMAD2/3 mediated 

cellular differentiation.  

Though the molecular mechanism is not known, our observations on the crosstalk between 

Alk4/SMAD2/3 and PI3K/Akt and MAPK pathways leads to certain questions that are very 

relevant in cancer therapy. Various drugs, like Erlotinib, are currently used in clinic to block 

overactive PI3K/Akt and MAPK pathways in cancer cells. Based on our observation, one may 

expect that use of such inhibitors may lead to enhanced expression of CR-1. CR-1 is known to 

help cell proliferation, angiogenesis and metastasis. Such drug induced increase in CR-1 

expression, would eventually counteract the effects of the drug, and would reduce its efficacy.  
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Figure 4.31: Induction of CR-1 expression fails in presence of serum. U-87 MG cells were 

treated CR1-GST (200 ng/ml) for 24 hr in absence or presence of FBS (10%). FBS was used as a 

source growth factors. Expression of CR-1 was checked by RT-PCR. 
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Figure 4.32: PI3K and MAPK inhibitors. a) Schematic representation of using PI3K 

inhibitor, LY294002 and MAPK inhibitor, U0126 in the respective pathways. MTT assay 

to decide suitable concentration of b) LY294002 and c) U0126. For both b) & c), U-87 

MG cells were treated with different concentrations of inhibitors for 24 hr. Cell viability 

was measured by MTT assay. Each data point’s represents mean of four different wells. 

1.5 M LY294002 and 6 M U0126 were used in subsequent experiments.  
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Figure 4.33: Expression of CR-1 in presence of  a) PI3K inhbitor, LY294002 (1.5 M), and b) 

MAPK inhibitor, U0126 (6 M). U-87 MG cells were treated for 24 hr in presence of serum 

(10%). Expression of CR-1 was checked by RT-PCR. 
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Figure 4.34: Expression of CR-1 in U-87 MG cells treated with different inhibitors and 

activators. a) Treated with or without LY294002, serum (10%) and CR1-GST (200 ng/ml). b) 

Treated with or without LY294002, SB431542, serum (10%) and CR1-GST (200 ng/ml). 

Expression of CR-1 was measured using real-time PCR. Each data point represents average of 

four independent experiments.  
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4.15: Combinatorial control of CR-1 expression: 

In this work, we have shown that CR-1 can induce its own expression through Alk4/SMAD2/3 

pathway. This creates a possible autoregulatory positive feedback. Positive feedback often 

enhances heterogeneity in gene expression and triggers formation of two subpopulations.  

Corresponding to this, we have also observed that induction of CR-1/Nodal/Alk4/SMAD2/3 

pathway leads to heterogeneous expression of CR-1, with a minority subpopulation having 

induction in expression of CR-1.  

We have also shown that induction in expression of CR-1 through Alk4/SMAD2/3 pathway is 

negatively regulated by two cardinal growth factor pathways, PI3K/Akt and MAPK/Erk. These 

two pathways are often activated during embryonic development and in cancer cells. Even CR-1 

can also activate these two pathways in certain cellular systems. Taken together, one can 

conclude that expression of CR-1 is controlled through multiple pathways in a combinatorial 

fashion.  

Signaling pathways are not isolated from each other but are interconnected to form a complex 

network. Cells receive information through multiple signaling pathways and they must then 

integrate this information to achieve a particular cellular function [191, 192]. Combinatorial 

effects of multiple pathways, often working against each other, eventually lead to regulated and 

balanced expression of a particular gene [193, 194]. Being a molecule involved in embryonic 

development, expression of CR-1 requires fine spatial and temporal control. Combinatorial 

control through multiple pathways, with non-linear components like feedback, can fine tune such 

expression. Our present work opens a window to further investigate such combinatorial control.
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5                                                Conclusions  

In this work, we have explored the transcriptional circuit of human Cripto-1. Based on the 

existing information in literature, we hypothesized that CR-1 can activate its own expression 

through Nodal/Alk4/SMAD2/3 pathway. By treating U-87 MG cells with exogenous recombinant 

CR-1, we have shown that, indeed CR-1 can induce its own expression through this pathway. We 

have confirmed that such induction involves only the transcript variant-1 of CR-1, coding for the 

full-length protein, and confirmed that CR-3, the Cripto pseudogene, is not expressed or induced 

in this system. We have shown that such induction increases both CR-1 transcript and protein. We 

have proved that treatment with recombinant CR-1 does not affect the stability of CR-1 mRNA. 

This confirmed that CR-1 mediated activation of Alk4/SMAD2/3 pathway, increases transcription 

of CR-1 in these cells. Interestingly, CR-1 mediated induction of CR-1 expression has sigmoidal 

dose-response behavior, with Hill-coeffecient greater than one, indicating that this system is ultra-

sensitive and may involve cooperativity among transcription factors.  
Induction of CR-1 expression, by CR-1 itself, creates an autoregulatory positive feedback. 

Theoretical and experimental works have shown that an ultra-sensitive transcriptional circuit with 

positive feedback can lead to bimodal gene expression. This led us to hypothesize that induction 

of CR-1 expression, by CR-1, may lead to bimodal gene expression. We investigated cell-to-cell 

variation in CR-1 expression using flow cytometry. Similar to our hypothesis, we observed that 

CR-1 mediated induction led to formation of two subpopulations, one with higher expression of 

CR-1 and the other having lower basal level expression. The size of the subpopulation having 

higher expression of CR-1 is smaller and it increases with increase in the inducing signal. 

However, we have not observed clear bimodality with two distinct peaks in our flow cytometry 

data. Bimodality gets obscured when background readings are high and the difference in two 

subpopulations is small. We looked into the noise in CR-1 expression and used the behavior of 

noise to substantiate the existence of two subpopulations having different level of CR-1 

expression.  
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We have also observed that expression of CR-1 and MDR1, a gene related to drug resistance, are 

correlated. We have shown that treatment with CR-1 co-induces CR-1 and MDR1 expression in 

the same subpopulation of cells. 

Going beyond the Alk4/SMAD2/3 pathway, we also proved the involvement of PI3K/Akt and 

MAPK pathways in control of CR-1 expression. We have shown that PI3K/Akt pathway 

negatively regulate Alk4/SMAD2/3 mediated induction of CR-1 expression.  

Off late, designs in molecular circuits in biology have got much attention. Over the years, 

extensive theoretical development has happened to understand the design and function of such 

circuits. However, those theoretical/mathematical ideas are not extensively used in experimental 

exploration of molecular pathways. Theoretical and experimental works in model systems have 

shown that architecture of transcriptional circuits affects gene expression heterogeneity. In the 

present work, we used this idea to explore transcriptional control and expression of CR-1.  

Cell-to-cell variability in gene expression is very crucial in embryonic development. We have 

established that two subpopulations of cells, having high and low expression of CR-1, emerge 

through an autoregulatory pathway. This would help further to understand the role of CR-1 in 

cellular pattern formation during development.  

Such heterogeneity in CR-1 expression would be useful also to understand its role in cancer. 

Cellular heterogeneity in a tumor is a well-established phenomenon. Stochastic accumulation of 

mutations/genetic alternations is usually blamed for such heterogeneity. Our key observation that 

CR-1 mediated induction leads to heterogeneity in CR-1 expression would help to substantiate the 

role of non-genetic heterogeneity in development and progression of cancer. If investigated, one 

may find autoregulatory positive feedback in transcriptional control of many more molecules 

involved oncogenesis. Many of those genes may have bimodal expression emerging 

spontaneously due to the very nature of the transcriptional circuit.  Investigating such 

heterogeneity in gene expression would enrich our understanding of origin and progression of 

cancer.  

In this work we have focused on the autoregulatory mechanism of transcriptional control of CR-1 

expression. Dynamics and the noise in gene expression also depend on some other factors, like 

state of the promoter. Epigenetic modifications, like DNA-methylation and histone acetylation, 
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changes the local chromatin architecture of a promoter. Such changes affect the probabilities of 

promoter transition between ON and OFF states. Changes in transition probabilities would affect 

the heterogeneity in gene expression. Genes involved in embryonic developments are often 

controlled through epigenetic modifications. It would be interesting to investigate the role of such 

epigenetic changes on the heterogeneity of CR-1 expression.  

The correlated induction of CR-1 and MDR-1 expression in a subpopulation of cells is a critical 

observation in this work. Future investigations in this direction would help to understand 

spontaneous emergence of drug resistance in cancer.  

Involvement of PI3K/Akt pathway in negative regulation of Alk4/SMAD2/3 mediated CR-1 

expression is one of the novel observations in this work. Further study is required to identify the 

connections between these two pathways in regulation of CR-1. PI3k/Akt and MAPK pathways 

are cardinal pathways in oncogenic signaling. Several drugs have been developed to inhibit 

signaling through these pathways. Our observations indicate that use of those pathway blockers 

may eventually increase expression of CR-1. Being a mitogen, such increase in CR-1 expression 

would affect the efficacy of the drug itself. Chemotherapy induced activation of pro-oncogenic 

pathways is an active area of research.  This is shifting our focus from mutations in pathway 

molecules, to the crosstalk of different pathways, to understand development of drug resistance in 

cancer. Our observations provide a new clue in that direction.  
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General Reagents: Acetic acid, Chloroform, di-sodium hydrogen phosphate, Glycerol, 

Hydrochloric acid, Isopropyl Alcohol, Methanol, Ethanol, Potassium acetate, Sulphuric acid, 

Sodium chloride (all of AR grade) from SRL, India and Merck, India. 

Molecular biology grade reagents/chemicals: Acrylamide, APS, Bis-acrylamide, EDTA, IPTG, 

Lysozyme, TEMED, G418, Phenol, Tween 20, Triton X 100, Alk4 inhibitor, Actinomycin D 

from Sigma-Aldrich, U.S.A. or SRL, India. PCR Master Mix, dNTPs from Bioline, UK. Cyber 

green Master Mix from Applied Biosystem, U.S.A. Agarose, Magnesium chloride, Disodium 

citrate, Boric acid, SDS, Tris base from Merck, India. Ampicillin, Chloramphenicol, Tetracycline 

from Himedia, India. PI3K inhibitor, MEK1/2 inhibitor from Cell Signaling Technology, U.S.A. 

Components for bacterial culture medium: Bacto-agar, Tryptone, Yeast extract from Himedia, 

India. 

Components for mammalian cell culture medium: DMEM and antibiotic from Invitrogen, 

Fetal Calf Serum from PAA, Sodium bicarbonate from Sigma-Aldrich, U.S.A. 

Enzymes: RNase from Sigma-Aldrich, DNase from Promega, Reverse transcriptase from 

Thermo Scientific, U.S.A. All restriction enzymes from New England Biolabs, U.K. 

Blotting membranes and Filters: PVDF membrane (0.2 μm), Syringe driven filter (0.2 μm & 

0.45 μm) from Millipore and 3 mm filter paper from Whatman, USA. 

DNA and protein markers: 100 bp and 1 kb DNA ladder and protein molecular weight marker 

(14-100 kDa) from Bangalore Genei, India. 

Plastic and Glassware: PCR tubes from Axygen, U.S.A. Micro-pipette tips, Micro-centrifuge 

tubes, Petri-dishes, Falcon tubes and other plastic wares from Tarsons Product Pvt. Ltd., India. 

All glassware from Borosil International, India. 
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Table A1. List of Buffers and Solutions 

 
 
Buffers/Solutions 
 

 
Compositions 
 

 
Tris-EDTA (TE) buffer 
 

0.01 M Tris-HCl (pH 7.4), 0.001 M Na2-EDTA (pH 
8.0) 

 
TAE – Tris Acetate EDTA buffer, 50X 
(100 mL) 
 

24.2 g Tris base, 5.71 ml CH3COOH, 10 ml of 0.5 M 
EDTA 

 
Phosphate buffer saline (PBS) 
 

0.137 M NaCl, 2.68 mM KCl, 7.98 mM Na2HPO4, 
1.4 mM KH2PO4, pH 7.2 

 
PBST 
 

PBS containing 0.1% Tween-20 

 
TBS 
 

50 mM Tris base, 150 mM NaCl 

 
TBST 
 

TBS containing 0.1% Tween 20 

 
Trypsin-EDTA 
 

0.05% Trypsin, 0.53 mM EDTA in PBS 

 
RIPA buffer 

 
50 mM Tris-HCl, pH 7.5, 150 mM NaCl,  
1% Nonidet P40, 0.5% sodium deoxycholate,  
0.1% SDS 
 

 
 

Table A2. Culture medium for Bacteria 
 

 
Media 
 

 
Constitutes 
 

 
Concentration (%) 
 

 
pH 
 

 
2xTY 

 
Bactotryptone 
Yeast extract 
NaCl 
 

 
1.6 
1.0 
0.5 

 
7.2 
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Table A3. List of Plasmid Vector 

 
 
Name 

 
Use 

 
Promoter 

 
Selection marker (s) 

 
Cloning Site 
 

 
pGEX-4T-2  
(GE healthcare) 

 
Bacterial 
Expression 
Vector 
 

 
ptac 

 
AmpR 

 
CR1∆C cloned at 
BamHI/XhoI site 

pCI-Neo 
(Promega) 

Mammalian 
Expression 
Vector 

pCMV AmpR, NeoR Full length CR-1 
cloned at EcoRI site 
(gifted by Dr. D.S. 
Salomon , NIH, 
USA 
 

pCI-Neo 
(Promega) 

Mammalian 
Expression 
Vector 
 

pCMV AmpR, NeoR CR1∆C cloned at 
XhoI/NotI site 

 
 

Table A4. List of Bacterial Strain 
 

 
Strain 
 

 
Selection marker (s) 

 
Description 

 
Escherichia coli  
Rosetta Gami (DE3) 
(Novagen) 

 
CamR, TetR, KanR 

 
F¯ ompT hsdSB (rB ¯ mB ¯) gal dcm 
lacY1 ahpC (DE3) gor 522:: Tn10 
trxB pRARE 
 

 
Table A5. Culture media for mammalian cells 

 
 
Media 
 

 
Constituents 
 

 
pH 
 

 
DMEM 

 
DMEM powder with high glucose 
for 1 liter, 3.7 gm NaHCO3 

 
7.4, adjusted with 1N HCl 

 
DMEM with serum 

 
DMEM, 10% serum, 1x 
Antibiotic 
 

 
7.4 
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Table A6. List of Primers 

 
Target 

 
Primers 

 
Sequence 

 
Tm 
(oC) 

 
Final 
Conc. 
(nM) 
 

 
Product 
Size 
(bp) 

 

Nodal 

 

Forward 

 

CCCAAGCAGTACAACGCCTA 

 
60 

 
200 

 
105 

 Reverse ACGTTTCAGCAGACTCTGGAT    

Alk4  Forward CTCCAAAGACAAGACGCTCC 60 200 402 

 Reverse CCAGCTTAATCATCCCCTCA    

ActRIIB Forward CACAGCCGTGCTGGCTGACT 60 200 211 

 Reverse TGCAGCCTTGCAGCGAGACA    

SMAD2 Forward AAGAAGTCAGCTGGTGGGT 60 200 246 

 Reverse GCCTGTTGTATCCCACTGA    

SMAD3 Forward CAGAACGTCAACACCAAGT 60 200 308 

 Reverse ATGGAATGGCTGTAGTCGT    

SMAD4 Forward CCAGGATCAGTAGGTGGAAT 60 200 243 

 Reverse GTCTAAAGGTTGTGGGTCTG    

CR-1 Forward GATACAGCACAGTAAGGAGC 60 200 286 

 Reverse TAGTTCTGGAGTCCTGGAAG    

CR-1,  Forward AAGCTATGGACTGCAGGAAGATGG 60 200 156 

transcript-1 Reverse GCTGTCATCTCTGAAGGCCAGGTA    

CR-3 Forward GCGTGTGCTGCCCATGGGA 60 200 432 

 Reverse CGGGTCATGAAATTTGCATA    

MDR-1 Forward GCCTGGCAGCTGGAAGACAAATAC

ACAAAATT 

60 200 286 

 Reverse CAGACAGCAGCTGACAGTCCAAGA

ACAGGACT 

   

Oct4 Forward GAGAACCGAGTGAGAGGCAACC 60 200 166 

 Reverse CATAGTCGCTGCTTGATCGCTTG    

Nanog Forward AATACCTCAGCCTCCAGCAGATG 60 200 148 

 Reverse TGCGTCACACCATTGCTATTCTTC    
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Table A6. List of Primers 
 
 
Target 

 
Primers 

 
Sequence 

 
Tm 
(oC) 

 
Final 
Conc. 
(nM) 
 

 
Product 
Size 
(bp) 

 

CD133 

 

Forward 

 

ATGACAAGCCCATCACAACA 

 
60 

 
200 

 
197 

 Reverse AGCACTACCCAGAGACCAATG    

Sox2 Forward GCTCGCAGACCTACATGAAC 60 200 144 

 Reverse GGGAGGAAGAGGTAACCACA    

 
 
Endogenous controls: 
 
 

β-actin 

 

Forward 

 

CTGTCTGGCGGCACCACCAT 

 
60 

 
200 

 
254 

 Reverse GCAACTAAGTCATAGTCCGC    

Cyclophilin Forward ACACGCCATAATGGCACTGG 60 200 105 

 Reverse ATTTGCCATGGACAAGATGCC    

GAPDH Forward GAAGGTGAAGGTCGGAGTC 6 200 226 

 Reverse GAAGATGGTGATGGGATTTC    

 
 
Primers set for cloning: 
 
 

Cripto-1 

 

Forward 

 

TAGCCTCGAGATGGACTGCAGGAA

GATGG 

Xho I (underlined) for cloning in pCI-

neo vector 

 
60 

 
200 

 
507 

 Reverse GGAAGCGGCCGCTCACGGTGGTAG

TTCTGG 

Not I (underlined) for cloning in pCI-neo 

vector 
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Table A7. Buffers and Solutions for SDS-PAGE 

 
 
 
30% acrylamide-bisacrylamide solution  
(100 ml) 
 

29.2 g Acrylamide, 0.8 g Bis-acrylamide 

Tris HCl, pH 6.8, 0.5 M (100 ml) 
 

6.06 g Tris base, pH adjusted to 6.8 with 2 N 
HCl 
 

Tris HCl, pH 8.8, 1.5 M (100 ml) 
 

18.18 g Tris base, pH adjusted to 8.8 with 2 N 
HCl 
 

 
Gel Running Buffer 
 

25 mM Tris base, 0.1% SDS 

Sample Loading Buffer (1X) 
 

50 mM Tris-HCl pH 6.8, 2% SDS, 10% 
glycerol, 1% β-mercaptoethanol, 0.02% 
bromophenol blue 
 

Staining solution 50% Methanol, 10% Acetic acid, 40% water, 
0.25% CBB R250 
 

Destaining solution 
 

30% Methanol, 10% Acetic acid, 60% Water. 

 
 

Table A8. Buffers and solutions for western blot 
 

 
Transfer buffer 
 

 
25 mM Tris base, 39 mM Glycine, 20% 
Methanol 
 

Ponceau solution (Sigma) 
 

0.1% PonceauS in 5% acetic acid 

Blocking Solution 
 

3% BSA in TBST 

Washing buffer 
 

TBST 
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Table A9. List of Antibody 

 
 
Name 

 
Source/Type 

 
Working 
condition 

 
Working 
Dilution 
 

 
Use 

 
Anti-human Cripto-1 
(R&D Systems, U.S.A, #AF145) 
 

 
Goat/ 
monoclonal 

 
4 oC/ ON 

 
1:500 

 
WB 

Anti-human phospho-Smad2 
(Ser465/467) 
(Cell Signaling, U.S.A, # 3108) 

Rabbit/ 
Monoclonal 
 

4 oC/ ON 1:1000 WB 

 
Anti-human Smad2 
(Cell Signaling, U.S.A, # 3102) 

 
Rabbit/ 
Monoclonal 
 

 
4 oC/ ON 

 
1:3000 

 
WB 

Anti-human COXIV 
(Cell Signaling, U.S.A, # 4850) 
 

Rabbit/ 
Monoclonal 
 

4 oC/ ON 1:3000 WB 

Anti-human β-actin 
(Cell Signaling, U.S.A, # 4970) 
 

Rabbit/ 
Monoclonal 
 

4 oC/ ON 1:3000 WB 

Anti Rabbit-HRP 
(Cell Signaling, U.S.A, # 7074) 
 

Goat RT/2 hr 1:6000 WB 

Anti Goat-HRP 
(Bangalore Genei, India, #105500) 
 

Rabbit RT/2 hr 1:3000 WB 

Anti-human Cripto-1 Phycoerythrin 
(R&D Systems, U.S.A, #FAB2772P) 
 

Mouse/ 4 oC/45 min As per 
recommendation 

FACS 

Anti-P Glycoprotein antibody [UIC2] 
(FITC) 
(Abcam, U.K., #ab66250) 

Mouse/ 
Monoclonal 

4 oC/45 min As per 
recommendation 

FACS 

 
Mouse IgG1  Isotype control 
(BD Pharmingen, U.S.A, #554121) 

 
Mouse/ 
Monoclonal  

 
4 oC/45 min 

 
As per 
recommendation 

 
FACS 

 
FITC-Rat Anti-mouse IgG2a, κ 
(BD Pharmingen, U.S.A, #553335) 

 
Rat/ 
Monoclonal 

 
4 oC/45 min 

 
As per 
recommendation 

 
FACS 

 
PE-Goat Anti-mouse Ig 
(BD Pharmingen, U.S.A, #550589) 

 
Goat/ 
Polyclonal 
 

 
4 oC/45 min 

 
As per 
recommendation 

 
FACS 

RT: Room Temperature, ON: Over Night, WB: Western Blot 
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Table A10. List of Inhibitors 

 
 
Name 

 
Stock Conc. (mM) 

 
Working Conc. (M) 
 

 
Solvent 

 
Alk4 Inhibitor 
(SB 431542) 
 

 
10 

 
10 

 
DMSO 

PI3K Inhibitor 
(LY294002) 
 

10 1.5 DMSO 

MEK1/2 Inhibitor 
(U0126) 
 

10 6 DMSO 

 
 

Table A11. List of Inhibitors 
 

 
Name 

 
Stock Conc. (mg/ml) 

 
Working Conc. (g/ml) 
 

 
Solvent 

 
Ampicillin 

 
100 

 
50-100 

 
Water 

 
Chloramphenicol 

 
50 

 
50 

 
50% Ethanol 

 
Tetracycline 

 
25 

 
12.5 

 
70% Ethanol 

 
G418 
 

 
20 

 
400-800 

 
HEPES buffer 
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Figure A1. Melting curve profile of amplicon of each primer set using SYBR Green as a reporter                                       

dye 
 
 
 

 
Cripto-1 

 
Cyclophilin 
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