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Abstract: This study aims to understand whether canine induced pluripotent stem cells (iPSCs)
belong to naïve or prime state in comparison to mouse (m) iPSCs.
Main Methods
In the present study, we derived ciPSCs in presence of LIF and compared their state of
pluripotency with that of mouse iPSCs by culturing them in the presence of LIF, bFGF,
and LIF+bFGF. Gene expression level at transcript level was performed by RT-PCR
and qRT-PCR and at the protein level was analyzed by immunofluorescence. We also
attempted to understand the pluripotency state using lipid body analysis by bodipy
staining and blue fluorescence emission.
 
Key findings
In contrast to miPSCs, ciPSCs culture in the presence of bFGF and LIF+bFGF showed
enhanced expression of core pluripotent genes  Oct4  ,  Nanog  and  Sox2  . However,
these cells expressed naïve pluripotent marker SSEA1 and lacked the expression of
primed state marker SSEA4. Interestingly, for the first time, we demonstrate the ciPSC
pluripotency using lipid body analysis wherein ciPSCs showed enhanced bodipy
staining and blue fluorescence emission, reflecting the primed state of pluripotency. As
ciPSCs exhibit characteristic properties of both naïve and primed pluripotent state, it
probably represents a unique intermediary state of pluripotency that is distinct from
mice.
Significance
Elucidating the pluripotency state of ciPSCs assists in better understanding of the
reprogramming events and development in different species. The study would provide
the footprint of species-specific differences involved in the reprogramming and the
potential implication of iPSCs as a tool to analyse the evolution.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



                                                          Declaration of interests 
 

☒ The authors declare that there is no conflict of interest that could have appeared to influence the 
work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 

 

 

Dr. Anujith Kumar, 
Associate Professor, 
Manipal Institute of Regenerative Medicine, 
Manipal Academy of Higher Education, 
Allalsandra, GKVK post, 
Yelahanka, Bangalore-560065 
Ph. No. 9449773828 

 

Conflict of Interest Policy Form and Author Contribution to Study
Form



 

 

Declarations Life Sciences require that the corresponding author, signs on behalf of all authors, a 

declaration of conflicting interests. If you have nothing to declare in any of these categories then 

this should be stated. Conflict of Interest A conflicting interest exists when professional judgment 

concerning a primary interest (such as patient’s welfare or the validity of research) may be 

influenced by a secondary interest (such as financial gain or personal rivalry). It may arise for the 

authors when they have financial interest that may influence their interpretation of their results or 

those of others. Examples of potential conflicts of interest include employment, consultancies, 

stock ownership, honoraria, paid expert testimony, patent applications/registrations, and grants or 

other funding. 

Funding Source  

All sources of funding should also be acknowledged and you should declare any involvement of study 

sponsors in the study design; collection, analysis and interpretation of data; the writing of the manuscript; 

the decision to submit the manuscript for publication. If the study sponsors had no such involvement, this 

should be stated 

 

 

Title: 

Positioning Canine Induced 

Pluripotent Stem Cells in the 

reprogramming landscape of naïve or 

primed state in comparison to Mouse 

Induced Pluripotent Stem Cells 

Authors Name: 

 

Dhanya V.Menon,  

Smitha Bhaskar 

Preethi Sheshadri,  

Chaitanya.G.Joshi,  

Darshan Patel,  

Anujith Kumar 

The authors declare that there are no conflicts of interests. 

a) The present study was supported by the Department of Science and Technology, 

Government of India, under the Women Scientist Scheme for DVM, WOS-A 

(Grant Number WOS-A/LS-1096/2014).  

b) AK is supported by the Department of Biotechnology, Government of India  

(Grant number BT/PR6165/GBD/27/369/2012). 



 

 

 

All authors listed on your paper must have made significant contributions to the study. To ensure 

clarity, you are required to enter the specific details of each author’s contribution, which must 

substantiate the inclusion of each person on the manuscript. Please detail this information below 

(submit additional sheets as necessary): 

 

Author Name Author Email Specific role in the study 

Dhanya V.Menon dhanya.vallabh@gmail.com Performed the experiment 

and manuscript preparation 

Smitha Bhaskar mandasmitha.16@gmail.com Performed the experiment 

and manuscript preparation 

Preethi Sheshadri p.sheshadri@ucl.ac.uk Derivation of ciPSCs 

Chaitanya.G.Joshi  cgjoshi@aau.in Intellectual inputs and 

manuscript preparation 

Darshan Patel Darshanpatel.bt@charusat.ac.in Intellectual inputs and 

manuscript preparation 

Anujith Kumar  Anujith.kumar@manipal.edu Designed the experiment and 

manuscript preparation 

 

 

                                                                          ANUJITH KUMAR KV 

Signature                                                                                                     Print Name 



Anujith Kumar, PhD                                                                              October 25nd , 2020 

                Associate Professor  

                School of Regenerative Medicine 

                Allalsandra, GKVK Post, 

                Bangalore-560065 

                India 

                Phone: 08028460671 

                Email: anujith.kumar@manipal.edu 

 

Dear Editor, 

As suggested by the reviewer, we have reframed the sentence. Our responses, point by point, to 

the questions raised by the reviewers are in “Response to Reviewers” file. 

 

The revised text in the main manuscript is marked by the track changes (Red font) throughout the 

manuscript for easy tracking. We hope for a positive evaluation of our responses. Once again thank 

you for considering our manuscript in your esteemed journal “Life Sciences”. 

 

 

 Sincerely, 

 

 

     

          Anujith Kumar, PhD 

 

Cover Letter



Dear Editor, 

As per the suggestions of the reviewers, we have reframed the sentence. Hope the revised 

manuscript satisfies and finds it suitable for publication. Changes incorporated in the revised 

version are indicated by highlighting the sentences.  Please find below the response for each 

comment provided in a point wise and italicized format. The text which is included in the main 

text are marked by red font for easy tracking. 

Reviewer #1:  

Comment 1: Thank you again for those additional revisions.  Unfortunately, I strongly disagree 

with you regarding your response statement regarding the potential effect of residual transgene 

expression possibly affecting your observations: "As the present study is focusing on placing the 

ciPSCs in the landscape of naïve and primed PSCs, we believe that the residual transgene 

expression probably does not affect the inference of our observation". All I'm asking is for you to 

acknowledge this possibility.   

 

Response: As suggested by the reviewer, we have reframed the sentence and included the 

possible consequence of residual transgene expression. Following sentence has been included 

in the discussion section, line 372-376 “To authenticate the pluripotency of ciPSCs, we performed 

several pluripotent assays and found, except for the differential suppression of transgenes, ciPSCs 

fulfilled majority of the criteria required to be confirmed it as a bonafide iPSCs. However, we 

can’t negate the residual transgene expression having the possibility of potentially affecting the 

pluripotent state and differentiation ability of the cells”. 

 

Response to Referees



Graphical Abstract



 

Positioning Canine Induced Pluripotent Stem Cells (iPSCs) in the reprogramming 

landscape of naïve or primed state in comparison to Mouse and Human iPSCs 

 

Dhanya V.Menona,b, Smitha Bhaskara, Preethi Sheshadri a, Chaitanya.G.Joshi c, Darshan Patel 
b, and Anujith Kumar a* 

aManipal Institute of Regenerative Medicine (MIRM), Manipal Academy of Higher Education, 

Bangalore 

bP.D.Patel Institute of Applied Sciences, Charusat University, Changa, Gujarat 

cDepartment of Animal Biotechnology, College of Veterinary Sciences and Animal 

Husbandry, Anand Agricultural University, Anand, Gujarat 

Corresponding author: * Anujith Kumar, Email: Anujith.kumar@manipal.edu  

 

ABSTRACT 

Aims 

Deriving canine-induced pluripotent stem cells (ciPSCs) have paved the way for developing 

novel cell-based disease models and transplantation therapies in the dog.  Though ciPSCs have 

been derived in the presence of Leukemia inhibitory factor (LIF) as well in the presence of 

basic fibroblast growth factor (bFGF), the positioning of ciPSCs in the naïve or the primed 

state of pluripotency remains elusive. This study aims to understand whether canine iPSCs 

belong to naïve or prime state in comparison to mouse (m) iPSCs and human (h) iPSCs. 

Main Methods 

In the present study, we derived ciPSCs in presence of LIF and compared their state of 

pluripotency with that of miPSCs and hiPSCs by culturing them in the presence of LIF, bFGF, 

and LIF+bFGF. Gene expression level at transcript level was performed by RT-PCR and qRT-

PCR and at the protein level was analysed by immunofluorescence. We also attempted to 

understand the pluripotency state using lipid body analysis by bodipy staining and blue 

fluorescence emission. 
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Key findings 

In contrast to miPSCs, the naïve pluripotent stem cells, ciPSCs showed the expression of FGF5 

similar to that of primed pluripotent stem cell, hiPSCs.  Compared to miPSCs, ciPSCs cultured 

in presence of LIF showed enhanced expression of primed pluripotent marker FGF5, similar 

to hiPSCs cultured in presence of bFGF. Upon culturing in hiPSC culture condition, ciPSCs 

showed enhanced expression of core pluripotency genes compared to miPSCs cultured in 

similar condition. However, ciPSCs expressed naïve pluripotent marker SSEA1 similar to 

miPSCs and lacked the expression of primed state marker SSEA4 unlike hiPSCs. Interestingly, 

for the first time, we demonstrate the ciPSC pluripotency using lipid body analysis wherein 

ciPSCs showed enhanced bodipy staining and blue fluorescence emission, reflecting the 

primed state of pluripotency. ciPSCs expressed higher levels of fatty acid synthase (FASN), the 

enzyme involved in the synthesis of palmitate,similar to that of hiPSCs and higher than thatof 

miPSCs. As ciPSCs exhibit characteristic properties of both naïve and primed pluripotent state, 

it probably represents a unique intermediary state of pluripotency that is distinct from that of 

mice and human pluripotent stem cells. 

Significance 

Elucidating the pluripotent state of ciPSCs assists in better understanding of the reprogramming 

events and development in different species. The study would provide a footprint of species-

specific differences involved in reprogramming and the potential implication of iPSCs as a tool 

to analyse evolution. 
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GRAPHICAL ABSTRACT: 

ciPSCs derived in presence of LIF showed characteristic properties resembling both naïve and 

primed pluripotent states. In contrast to miPSCs and similar to hiPSCs, ciPSCs demonstrated 

the expression of pluripotent genes, FGF5 and expression of FASN, the gene involved lipid 

metabolism. However, similar to miPSCs, ciPSCs expressed SSEA1 in all the conditions and 

not the SSEA4, the characteristic property of naïve state. Considering these observations we 

propose ciPSCs to probably belong to the intermediary state of pluripotency. 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

Introduction 

Due to their quintessential properties of self-renewal and pluripotency, induced pluripotent 

stem cells (iPSCs) offer unprecedented opportunities in regenerative medicine [1,2]. iPSCs can 

be derived from any cell types of mammalian and non-mammalian origin. However, increased 

availability of these numerous iPSC model systems has often led to confusion regarding the 

appropriate model to be used [3].One of the criteria to select the appropriate PSC model is 

based on whether they exist in a naïve or primed state. Naïve PSCs which are exemplified by 

mouse embryonic stem cells (mESCs) and miPSCs correspond to ICM of blastocysts and 

exhibit distinctive properties such as compact and dome-shaped morphology and dependence 

of self-renewal and proliferation on the leukemia inhibitory factor (LIF)–Jak/Stat signalling 

pathway [4]. Other key features of naïve PSCs is the specific expression of genes like SSEA1, 

REX1, and STELLA, possession of two active X chromosome (XaXa) and reduced single-cell 

mortality [5]. On the other hand, primed PSCs exemplified by mouse epiblast stem cells 

(mEpiSCs), human ESCs (hESCs), and human iPSCs correspond to the epiblast cells of the 

post-implantation stage [4]. Primed PSCs have key features of flattened morphology and 

dependent on basic fibroblast growth factor (bFGF)-rather than LIF for self-renewal and 

proliferation [6]. In contrast to naïve PSCs, primed PSCs exhibit an inactivated X chromosome 

(XaXi), increased single cell mortality, and express epiblast markers FGF5 and OTX2, along 

with core pluripotent genes Oct4 and Sox2 [7]. Recent reports have shown the successful 

conversion of human PSCs to naïve state resembling mESCs using chemical compounds 

GSK3β inhibitor and a MEK/ERK inhibitor (2i) [5]. These reports confirm that the primed 

PSCs are not restricted to one way forward differentiation but have the ability to dedifferentiate 

to native PSCs also. 

It has been of dilemma whether the naïve or prime pluripotent state is species-specific or is it 

a culture condition mediated effect. Previously, the generation of naïve pluripotent state was 



 

confined to mESCs and PSCs derived from rat embryos. However, recently, the derivation of 

PSCs in naïve states has been extended to other species such as porcine fibroblasts, rhesus 

monkey fibroblasts, and rabbit embryos by modifying culture conditions applied during the 

course of reprogramming [8–10]. Several reports have also claimed the successful derivation 

of naïve human PSCs by either modifying culture conditions or by over-expressing key 

pluripotent transcription factors [11–13]. Various pathways are involved in the effective 

maintenance of iPSCs in all species, the prominent ones are LIF/STAT3, FGF, MEK/ERK, and 

BMP/SMAD pathways [14]. Depending on the state of pluripotency, two cytokines, LIF or 

bFGF is added to the culture media for the maintenance of PSCs. While naïve mESC 

pluripotency is maintained by LIF, FGF‐ mediated activation of MEK signaling drives 

differentiation of mESCs. On the other hand, primed mEpiSCs or hiPSCs require basic FGF 

signaling for maintenance of pluripotency whereas LIF signaling has no effect on pluripotency 

[15]. 

 

Canines being genomically and physiologically more similar to humans offer a better model 

compared to rodents in unraveling many of the human diseases [16-18]. Many reports have 

documented the derivation of canine iPSCs (ciPSCs) from various cell sources using different 

reprogramming approaches. Depending on the source of reprogramming factors, whether 

human or mouse, derived iPSCs showed subtle differences in their characteristic properties. 

Goncalves et al. observed that ciPSCs generated by mouse Oct4, Sox2, Klf4, c-Myc (OSKM) 

showed decreased silencing of expression of the exogenous gene, while complete silencing was 

observed in the ciPSC lines derived from human OSKM factors [19]. However, whether the 

generated ciPSC lines belong to naïve or pluripotent state remains unrevealed.  

 



 

In this study, we attempted to understand the positioning of the ciPSCs in the reprogramming 

landscape. This was done by analyzing the differences in the pluripotency in ciPSCs, in 

comparison to miPSCs and hiPSCs, with respect to crucial growth factors, LIF, bFGF, and a 

dual supply of LIF and bFGF in the culture medium. Though the colonies exhibited specific 

morphology differences, the expression of pluripotency markers was observed in ciPSCs 

cultured in all the three conditions. We then tried to understand the differences in lipid 

metabolism in ciPSCs and miPSCs. Taken together, we propose a distinct pluripotent state for 

ciPSCs which probably stands between naïve and primed states as revealed by their gene 

expression differences and lipid metabolism. 

Materials and methods 

Generation of iPSCs: 

Canine dermal fibroblasts (CFBs) were derived from a skin punch biopsy from the ventral 

abdomen of a 9-month-old Mongrel from the Department of Surgery, College of Veterinary 

Sciences and Animal Husbandry, Anand Agricultural University, with appropriate approval 

from the institutional animal ethics committee. Dermal fibroblasts were expanded from skin 

explants in DMEM F-12 medium with 10% FBS and 1x Penicillin Streptomycin (Gibco) at 

37◦C in 5% CO2. CFBs were up-scaled in suitable culture vessels for subsequent experiments 

and also cryo-preserved and kept in liquid nitrogen conditions.  

Retrovirus plasmids expressing human OCT4, SOX2, KLF4, and C-MYC,(Plasmids are a kind 

gift from Prof. Catherine Verfaillie, KU, Leuven) were formed by individually transfecting 

each of these constructs in HEK 293T cells with the retroviral packaging vectors pSPAX2 and 

pMD2G. 293T cells (8x106) were transfected with lipofectamine (1:3 ratio) in HEK 293T 

medium consisting of DMEM high glucose (Gibco) with 10% FBS, 0.1mM NEAA, 6mM L-

glutamine. After 48 hours of transfection, the supernatant was collected and added to 

1.5x106cells per well of a 6 well plate of CFBs. This medium containing retroviral particles 



 

was replaced with a second round of concentrated supernatant (72 hours) from the transfected 

HEK 293T cells on the following day. After 24 hours, the medium was replaced with fresh 

HEK 293T medium. After 5 days, transduced fibroblasts were passaged on inactivated MEFs 

and cultured in iPSC media (DMEM F12, 15% FBS, 2mM L-glutamine, 0.1mM NEAA, 

0.075mM β-mercaptoethanol, 1mM sodium pyruvate, 1x Penicillin Streptomycin and LIF- 

8ng/ml). Media compositions can be found in Supplementary Table 3.  iPSC colonies with 

compact ES-like cells were observed after 20-22 days. Colonies were manually picked, 

trypsinized, and transferred to new feeder plates and maintained in iPSC medium at 37°C, 5% 

CO2. The iPSC colonies were maintained in this condition for fifteen passages before 

transferring to different conditions. ciPSCs were also transferred to feeder-free vitronectin and 

maintained up to forty passages. 

miPSCs derivation :  

miPSCs were derived using a previously published protocol (20). In brief, the protocol includes 

the transduction of mouse embryonic fibroblasts (MEFs) seeded at the density of 1.5× 106 cells 

/well in six-well plates with retroviral vectors containing supernatant for mouse Oct3/4, Sox2, 

and Klf4 (Addgene). To enhance the efficiency of transduction, MEFs were transduced twice 

with an interval of 24hrs. Cells were maintained in fibroblast medium for two days and were 

later changed to mESC medium. On day 4, post-viral transduction, transduced fibroblasts were 

trypsinized into single-cell cultures and reseeded on 6 well plates at a density of 0.5×106 cells 

per well on mitomycin inactivated MEF feeders. Colonies observed after 20-25 days were 

manually picked and further propagated. 

hiPSCs culture: 

NCL-1 hiPSCs (passage 23) were procured from EyeStem research Pvt. Ltd., Bangalore and 

cultured on feeder- free conditions on 1% matrigel (BD Corning) coating. Stem MACS iPS-

brew XF (MACS media) medium was used for everyday medium change. The cells were split 



 

using Accutase (Gibco) and seeded at a ratio of 1:5. Further, they were cultured in different 

conditions of LIF, bFGF, and LIF+bFGF addition in hiPSC medium (composition mentioned 

in supplementary table 3). 

Embryoid body formation: 

ciPSC colonies cultured in presence of LIF were transferred into iPSC medium devoid of LIF. 

iPSC`s were induced to differentiation into EBs by plating on low adherent plates (Nunc) with 

mESC medium without LIF. Media change was done every alternate day for 10 days before 

proceeding to RNA isolation. 

RNA extraction, cDNA synthesis and PCR: 

Cells were lysed with trizol reagent and total RNA was extracted using RNeasy Mini kit 

(Qiagen) as per the manufacturer`s protocol. Complementary DNA (cDNA) was synthesized 

using the cDNA synthesis kit (Fermentas) according to the manufacturer`s instructions. 

Canine specific primers (Supplementary Table 2) were designed for detecting endogenous 

expression of stemness genes. PCR was performed using Emerald PCR master mix with Taq 

DNA polymerase (Takara) with the cycle parameters as denaturation at 95◦C for 5 minutes, 

amplification for 35 cycles, annealing for 20 seconds at 58◦C and extension at 72◦C for 

30seconds and a final extension at 72◦ C for 10 minutes. The primers and their product sizes 

are given as a separate table. PCR products were resolved on 2% agarose gels with Ethidium 

Bromide. Gels were photographed using alpha imager. 

Quantitative PCR was carried out using SYBR Green (Takara). The samples were analysed 

using the 7500 RT-PCR (ABI Biosystems) and were normalized with a house-keeping gene 

Gapdh to obtain the relative fold change among samples. 

 

 

 

 



 

Immunocytochemistry: 

 

iPSC colonies were washed in phosphate-buffered saline (1xPBS) twice and then fixed in 4% 

paraformaldehyde for 20 minutes at room temperature (RT). Colonies were washed twice with 

1xPBS for 1 min each and permeabilized with Triton-X-100 in PBS for 15 minutes.  Colonies 

were incubated overnight at 4◦C with primary antibodies of appropriate dilutions 

(Supplementary Table 1). The next day, colonies were washed twice with 0.05% PBST and 

secondary antibody was added and incubated at RT for 1hr. After three washes in PBS for 1 

minute each, cells were stained with 1:10,000 diluted DAPI for 3-5minutes. Cells were 

visualized and photomicrographed on an inverted fluorescence microscope. The images were 

processed with ImageJ software. 

 

Blue Fluorescence imaging and Bodipy staining: 

Confluent cultures of ciPSCs and miPSCs on vitronectin were analysed for blue 

fluorescence detection. PSC culture medium was replaced by DMEM high glucose basal 

medium without phenol red to avoid interference of phenol red during blue fluorescence 

imaging. The images were captured with a Nikon Eclipse TE2000 U attached to a Qicam Fast 

1394 digital camera and Q Capture Pro software. The blue fluorescence was visualized using 

DAPI filter Cube (Nikon EPI-FL filter). The lipid body associated retinyl ester blue 

fluorescence images were acquired first followed by the acquisition of phase-contrast images. 

The images were merged to obtain the final images. 

The ciPSCs and miPSCs were seeded onto culture dishes with suitable cell density and were 

subjected to bodipy staining, after 48 hours of culture. The cells were washed with PBS and 

incubated with bodipy solution (1:2000 dilution in basal medium) for 15 minutes at 37◦C. 

The culture dishes were covered with aluminium foil to protect from light. After 15 minutes, 



 

the cells were washed with PBS and then fixed with 4% PFA for 30 minutes at room 

temperature. After removing the PFA, the cells were washed thrice with PBS and were 

immediately observed under the fluorescence microscope. 

Statistical analysis: 

Student’s t-test was used to analyse the difference between the cells and their respective 

controls. The values with p<0.05 were considered statistically significant and those with 

p<0.001 were considered highly significant. Graph pad prism and Excel software tools were 

used for qPCR analysis and graph preparation. ANOVA was used for analysing the QPCR 

triplicate values. 

RESULTS 

Characterization of ciPSCs generated in presence of LIF: 

Adult canine dermal fibroblasts were reprogrammed into ciPSCs by transduction with 

retroviruses expressing human transcription factors OCT4, SOX2, C-MYC, and KLF4. After 

17 days, ES-like colonies with high nuclear to cytoplasmic ratio started emerging and were 

picked and re-plated onto inactivated MEFs and cultured in iPSC media with murine LIF. 

Colonies displayed a tightly packed morphology. Out of the total 5 clones isolated, three clones 

were enzymatically dissociated for further passaging and characterization. Various stages of 

reprogramming are depicted in figure 1a. For further characterization of ciPSCs, stemness 

marker expression was analysed by semi-quantitative PCR and immunofluorescence. 

Compared to CFBs, ciPSCs expressed endogenous pluripotency markers OCT4, SOX2, KLF4, 

and NANOG as analysed by semi-quantitative PCR (Figure 1b). Along with this, significant 

up-regulation of the epigenetic marker, de novo methyltransferase, DNMT3A was witnessed in 

ciPSCs (Figure 1b). In line with expectation, reprogramming resulted in the down-regulation 

of fibroblast marker VIMENTIN in ciPSCs as compared to canine fibroblasts (Figure 1c). 

Expression of pluripotent markers OCT4, SOX2, and SSEA1 at protein level further confirmed 



 

the reprogramming of canine fibroblasts (Figure 1d). Analysis of transgene silencing across 

different passages showed reduced expression of exogenous OCT4, SOX2, and KLF4 with 

increase in the passage, however, the decrease in OCT4 and KLF4 transgenes was not to the 

extent of that in SOX2 transgene. (Figure 1e). ciPSCs could be passaged as single cells 

enzymatically and could be cultured on inactivated MEF up to passage 15 and maintained 

under feeder-free conditions up to passage 40 with vitronectin. 

To understand its differentiation ability, the spontaneous differentiation approach of forming 

EBs showed efficient skewing towards all the three lineages. Semi-quantitative PCR analysis 

of differentiated EBs demonstrated expression of representative ectoderm markers PAX6 and 

FOXG1, mesoderm markers VEGF and FLK1,and endoderm markers SOX17 and CXCR4, all 

of which were absent in control ciPSCs. Control ciPSCs showed expression of DNMT3A, a 

marker for de novo DNA methylation which was absent in EB confirming the differentiation 

of ciPSCs (Figure 1f & 1g). These results demonstrate the authenticity of ciPSCs derived from 

canine fibroblasts generated in the presence of mouse LIF. 

 

ciPSCs derived in the presence of LIF exhibit  mixed naïve and primed state properties: 

To understand whether the generated ciPSCs resembles more of a naïve or primed state of 

pluripotency, we compared their morphology and gene expression profile with miPSCs 

representing the naive state and hiPSCs being primed state. ciPSCs cultured in presence of LIF 

possessed dome-shaped morphology similar to miPSCs and were unlike hiPSCs that were 

flattened (Figure 2a). All the iPSCs expressed higher levels of pluripotency markers compared 

to their fibroblast counterparts (Figure 2b i-iii). As SSEA1 expression in miPSCs and SSEA4 

expression in hiPSCs represent the naïve and the primed state respectively, the identity of the 

pluripotent state of ciPSCs was tested by using these two markers. Similar to miPSCs, ciPSCs 

cultured in presence of LIF expressed SSEA1 but not SSEA4, thus advocating their naive state 



 

(Figure 2c and d). Surprisingly, upon transcript analysis, ciPSCs belonging to distinct class of 

PSCs, exhibited characteristic features of naïve PSCs by expression of REX1 similar to 

miPSCs, and significantly lesser expression of OTX2 compared to hiPSCs. On the other hand, 

their expression levels of reduced KLF4 compared to hiPSCs and increased expression of 

FGF5 compared to miPSCs, resembled the signatures of primed PSCs (Figure 2E). These 

results strongly indicated ciPSCs to belong to a distinct state of pluripotency compared to that 

of naïve miPSCs and primed hiPSCs. 

To test whether ciPSCs cultured in presence of LIF switched to that of bFGF have an altered 

pluripotent state, we cultured ciPSCs in presence of either LIF, bFGF or a combination of LIF+ 

bFGF conditions, along with controls miPSCs and hiPSCs. Similar to miPSCs, ciPSCs 

exhibited a dome-shaped morphology in the presence of LIF but exhibited a differentiated 

flattened morphology in bFGF and LIF+bFGF conditions (Figure 3a). However, ciPSCs could 

be maintained for up to fourteen passages in the bFGF and LIF+bFGF conditions, whereas 

miPSCs could be maintained only for two passages in similar culture conditions. hiPSCs 

maintained their stem cell-like compact morphology in presence of bFGF and failed to do so 

under LIF and LIF+bFGF supplementation. Evaluation of gene expression of ciPSCs in these 

culture conditions, similar to hiPSCs, showed enhanced expression of pluripotency genes 

OCT4, NANOG, and SOX2 in bFGF and LIF+bFGF culture conditions compared to that  

miPSCs (Figure 3bi). As expected, bFGF deprivation and LIF supplementation in hiPSCs 

culture showed reduced OCT4, NANOG, and SOX2 expression considerably. Interestingly, 

ciPSCs cultured in LIF, the cytokine used to maintain naïve pluripotency, expressed a higher 

amount of primed marker FGF5 compared to miPSCs, which was not sustained upon bFGF or 

LIF+bFGF addition. hiPSCs expressed higher levels of FGF5 than miPSCs in all the culture 

conditions, reaffirming their primed status (Figure 3b ii). The analysis of these results of FGF5 

expression revealed the characteristic features of primed stem cells in ciPSCs. 



 

ciPSCs cultured in all three conditions were allowed to form EBs and RNA isolation was done 

on the 10th day. Transcripts of undifferentiated canine iPSCs were used as control. However, 

ciPSCs cultured in bFGF and miPSCs cultured in bFGF and LIF+bFGF conditions failed to 

form EBs (data not shown). The lineage marker expression of canine EBs cultured in LIF only 

and LIF+bFGF conditions were evaluated by q-PCR and the representative genes of all three 

lineages showed enhanced expression (Figure 3c). SSEA1 expression in miPSCs, ciPSCs and 

hiPSCs in three different culture conditions was evaluated by immunofluorescence, and 

percent positive cells in miPSCs and ciPSCs was quantified. Interestingly, similar to miPSCs, 

ciPSCs cultured in presence of bFGF showed two-fold lesser expression of SSEA1 compared 

to that of cells cultured in presence of LIF or LIF+bFGF (Figure 3d, e and f). SSEA1 expression 

was not detectable in hiPSCs cultured in all three conditions (figure 3d). While hiPSCs in all 

three conditions showed sustained expression of SSEA4, miPSCs and ciPSCs lacked SSEA4 

expression (Figure 3g). The combined analysis of the results of FGF5, SSEA1, and SSEA4 

expression encouraged us to categorize ciPSCs to belong intermediate state of pluripotency. 

ciPSCs exhibit characteristic blue fluorescence and neutral lipid staining different from 

miPSCs 

A previous report showed the use of characteristic blue fluorescence emitted by the primed 

pluripotent stem cells, but neither the differentiated cells nor the naïve mESCs, as an approach 

to identify and isolate the pure primed pluripotent population [21]. To understand the identity 

of the ciPSCs, we also looked into the emission of blue fluorescence from ciPSCs. Surprisingly, 

in contrast to naïve pluripotent miPSCs, ciPSCs exhibited characteristic blue fluorescence 

(Figure 4). 

As the emission of blue fluorescence by the primed PSCs is due to the sequestration of retinyl 

esters in cytoplasmic lipid bodies, we analysed the lipid phenotypes by bodipy staining in 

ciPSCs and miPSCs cultured in presence of either LIF, bFGF or LIF+bFGF. We found 



 

enhanced bodipy staining in miPSCs cultured in presence of LIF, but not in bFGF and 

LIF+bFGF- the conditions which led miPSCs to differentiate. In contrast, the bodipy staining 

was observed in ciPSCs cultured in all three conditions and the highest staining was observed 

in ciPSCs cultured in LIF+bFGF conditions (Figure 5a). Bodipy staining in canine dermal 

fibroblasts and mouse fibroblasts showed minimal staining which is similar to that observed in 

miPSCs cultured in presence of bFGF and LIF+bFGF (Figure 5b). We looked at the expression 

of Fatty acid synthase (FASN), the gene responsible for long-chain fatty acid synthesis, in 

ciPSCs cultured under three conditions as shown in figure 5c. ciPSCs showed significant up-

regulation in FASN expression in all three conditions compared to that of cells cultured in 

presence of LIF(Figure 5c).  In contrast to miPSCs, ciPSCs showed enhanced expression of 

FASN cultured in presence of LIF, similar to that of hiPSCs cultured with bFGF (Figure 5d). 

These results reiterated the classification of ciPSCs under intermediate state of pluripotency. 

 

DISCUSSION 

There are many limitations in using human patients and also hESCs for stem cell research. 

Efficient animal models like canine models can accelerate the progress in stem cell therapy and 

the preclinical trials using iPS cells. Dogs share disease pathogenesis similar to that of humans 

which makes them an alternative model for understanding disease development from an early 

stage. Several studies have shown the generation of ciPSCs and their differentiation potential 

to different lineages. Lee et al. derived endothelial cells from the ciPSCs and studied their 

efficacy in immune-deficient mice models of hind limb ischemia and myocardial infarction 

[22]. It has also been reported that ciPSC- derived mesenchymal stem cells (iMSCs) displayed 

proficient differentiation into osteo, chondro and adipogenic cells and also suggested the use 

of iMSCs in cell therapy in osteoarthritis in canine patients and also as a model system for 

degenerative joint disease in humans [23]. In a similar study by Chow et al., canine iMSCs 



 

exhibited efficient proliferation and immune-modulatory features, similar to that of canine Ad-

MSCs and BM-MSCs [24]. 

 

Considering different applications of ciPSCs, it is necessary to understand the state of ciPSCs 

for their efficient culture and maintenance. Optimization of culture conditions for their self-

renewal and maintenance are key points in obtaining stable and reproducible ciPSC lines. We 

derived ciPSCs from canine dermal fibroblasts of mongrel breed by a retroviral approach using 

human reprogramming factors. Various reprogramming approaches have been performed for 

the generation of ciPSCs [25]: retroviral [3,26,27], lentiviral [19, 22, 28–31] and sendai virus 

[24,32] methods. Tsukamota et.al reprogrammed embryonic fibroblasts by an auto-erasable 

sendai virus vector but with lower efficiency [32]. Shimada et al derived ciPSCs by canine 

OSKM [26], but most groups reported ciPSC derivation by using either mouse [28, 33] or 

human [22, 27, 29, 30, 34] reprogramming factors. ciPSCs derived by Goncalves et al. reported 

the use of murine and human OSKM factors separately and in combination [19, 34], by the 

lentiviral method. Further in-depth studies have to be performed to elucidate whether species 

difference in reprogramming factors might influence canine iPSC derivation. Understanding 

ideal culture conditions for efficient passaging and maintenance of ciPSCs is necessary for 

maintaining their quality and also for further differentiation experiments. We derived ciPSCs 

on inactivated MEF and compared them with naïve pluripotent miPSCs and primed pluripotent 

hiPSCs. To authenticate the pluripotency of ciPSCs, we performed several pluripotent assays 

and found, except for the differential suppression of transgenes, ciPSCs fulfilled majority of 

the criteria required to be confirmed it as a bonafide iPSCs. However, we can’t negate the 

residual transgene expression having the possibility of potentially affecting the pluripotent state 

and differentiation ability of the cells. Derived ciPSCs were able to maintain on vitronectin for 

more than 40 passages. Most reports used inactivated mouse embryonic fibroblasts (MEFs) as 



 

the feeder layer for maintaining canine iPSC cultures except for Nishimura et al. who reported 

a feeder-free culture of ciPSCs in a doxycycline-inducible system [28]. 

 

The majority of the reports showed the pluripotency of ciPSCs to be maintained in culture 

conditions containing both LIF and bFGF [22, 26, 27, 29, 31, 33, 34]. Few reports also 

demonstrated the possibility of maintaining ciPSCs’ pluripotency in the presence of either LIF 

or bFGF alone [30, 34, 35]. Vaags et al., derived the cESCs in presence of hLIF and bFGF and 

found the absence of LIF to result in spontaneous differentiation [36]. Similarly,  Wilcox et 

al.,also reported the derivation of cESCs with the dual combination of LIF and bFGF [37]. 

Using LIF and inhibitors of glycogen synthase kinase 3β and mitogen-activated protein kinase 

1/2 [called 2i and LIF (2iL)], Tobias et al., converted cESCs resembling primed PSCs toward 

a naïve pluripotent state [38].  LIF-dependent ciPSC colonies, derived by Whitworth et al. 

differentiated into fibroblast cells in the presence of LIF and bFGF, similar to cESCs derived 

by Wilcox et al [30, 37]. But ciPSCs derived in the presence of bFGF exhibited no change in 

pluripotency or proliferation when cultured with or without LIF [19].  Previous reports showed 

loss of pluripotency expression in ciPSCs when LIF or bFGF was removed [33]. Though AKT 

and ERK1/2 remained consistently activated, the loss of LIF resulted in STAT3 

dephosphorylation and thereby differentiation [29]. In a subsequent report, the authors implied 

the role of bFGF in pluripotency similar to that of primed state cells. Removal of bFGF or 

inhibition of the SMAD2/3 pathway led to significant repression of NANOG[39].Comparison 

of ciPSCs with miPSCs and hiPSCs showed ciPSCs to harbour the characteristic properties of  

both naïve and primed pluripotent state. ciPSCs showed the characteristics of naïve PSCs by 

expression of SSEA1 and lacking the expression of SSEA4. On the other hand, ciPSCs also 

cultured in LIF showed the inherent expression of FGF5, similar to that of primed PSC hiPSCs 

cultured in presence of bFGF. Surprisingly, switching of culture conditions of ciPSCs from 



 

naïve to that of primed PSCs showed an enhanced expression of pluripotent genes in the 

presence of bFGF and LIF+bFGF compared to the cells cultured in presence of LIF alone, a 

phenotype contrast to that of miPSCs but similar to that of hiPSCs. Similar report of increased 

expression of NANOG was observed in bFGF cultured ciPSCs by Luo et al.,[39].In our 

experimental conditions, culturing miPSCs, hiPSCs and ciPSCs in different culture conditions 

probably does not facilitate them in switching from primed to naïve state or visa-versa, as naive 

miPSCs are not converted to a primed-like state by simple culture in bFGF alone, nor hiPSCs 

can be converted to naïve state by mere culturing them in presence of LIF [40,41]. When these 

PSCs are shifted from the culture that supports their native pluripotent state to non-permissible 

condition, they lose their pluripotent state and fails to differentiate as observed by their inability 

to form EBs by ciPSCs cultured in bFGF and miPSCs cultured in bFGF and LIF+bFGF 

conditions. 

 

Morphological analysis of ciPSCs showed more of dome-shaped colonies, similar to that of 

miPSCs rather than flat-shaped hiPSC colonies. Different colony morphologies were reported 

in cESCs and ciPSCs by different groups. Dome-shaped cells, a characteristic feature of naïve 

states were reported by a few groups[28, 30, 40]. Flat colony morphology similar to primed 

state were observed in some reports[22, 26, 27,27,29,31, 33]. Interestingly, cESCs derived by 

two groups reported a heterogeneous colony morphology[36, 37]. Among these, Wilcox et al 

isolated canine embryos at morulae and blastocyst stages with 2 distinct cESC lines; one set by 

immunodissection of ICM (OVC.ID) and another set by embryo explants (OVC.EX). The 

cESC lines derived from the former set showed flat morphology and the latter set showed 

dome-shaped colonies[37]. 

Understanding the metabolic signatures is essential to discern the similarities and differences 

in different pluripotent stem cells. Previous studies have reported the difference in lipid content 



 

between the primed and naïve states [43, 44].  A significant abundance of FASN, the gene 

involved in lipid metabolism, and an enhanced accumulation of intracellular lipids were 

detected in primed LIF-FGF2 cultured cESCs compared to that of chemical inhibitor (2i)+ LIF 

cultured naive cESCs [44]. Further Muthuswamy et al., showed that the primed cells sequester 

retinol/ retinyl esters and maintain them in non-oxidized form to ensure prevention of 

differentiation of primed hiPSCs. Also, the primed cells possess the transcripts required to 

metabolize retinol and for its reuptake [21]. This intrigued us to question the lipid status of 

ciPSCs which will facilitate to place ciPSCs in the landscape of naïve and primed pluripotent 

state. The emission of blue fluorescence and bodipy staining reiterated the epiblast like 

characteristic feature of the ciPSCs generated in the presence of LIF. The control miPSCs 

which belongs to the naïve state also showed convincing bodipy staining but not the blue 

fluorescence. Similar to previous report, we also observed the enhanced expression of FASN 

in ciPSCs similar to that of hiPSCs[44]. The lack of the blue fluorescence of lipid bodies in 

miPSCs, despite enhanced lipogenesis, is probably due to the absence of retinyl ester 

sequestration. These observations confirm the high occurrence of lipogenesis in PSCs which is 

a distinct feature compared to that of somatic cell source. 

A methodical analysis of various features is necessary for effective classification of iPSCs into 

specific pluripotency states [45]. SSEA marker expression suggests a naïve or prime state of 

pluripotency; mouse PSCs express SSEA-1 and human PSCs express SSEA-3 and SSEA-4 

markers. In canine PSC reports, SSEA-4 expression was reported by more groups [22, 27, 29–

31, 35] and some groups reported SSEA1 [32, 33, 42, 46] expression. Vaags et al reported the 

expression of both SSEA-3 and SSEA-4 and low levels of SSEA-1 expression in the derived 

cESCs [36]. Though many of the parameters analysed in this study showed the primed state of 

ciPSCs, the cell surface analysis of the expression of SSEA1 and not the SSEA4 in ciPSCs and 

the formation of EBs only in presence of LIF impedes us in categorically placing ciPSCs in the 



 

group of the primed pluripotent state. This is probably due to the derivation of ciPSCs in 

presence of LIF and not in the presence of bFGF, which is routinely used to generate the primed 

induced pluripotent stem cells. The time duration of iPS culture in particular conditions also 

can influence their characteristics [47]. Although, it is a formidable task to decisively position 

the pluripotent state of cells of different species, the in-depth characterization of ciPSCs through 

multiple approaches suggested ciPSCs to belong to its own distinct pluripotent state. However, to 

ascertain conclusively the pluripotent state of ciPSCs, further utilization of  genomic assay such as 

RNA-sequencing and insilico comparisons between species, live-cell imaging and in-depth 

study of different parameters including lipid profile and functional assays such as chimera 

generation into pre- and post-implantation embryos and derivation of germ-like cells are 

imperious to decipher the actual pluripotent state of ciPSCs[48]. A previous report suggested 

that reprogramming pathways in higher animals like dogs and pigs are more similar to that of 

the human than to mice, validated by the similarity search and phylogenetic analysis[49]. 

Understanding the species-specific differences in reprogramming and state of pluripotency 

helps in drawing their evolutionary significance in development. 

Conclusions 

The dog is the best model to understand the complexities of inherited genetic diseases and also 

for precise modelling of neurodegenerative diseases unlike that of mice. We derived stable 

ciPSCs that exhibited a majority of features that resembled that of primed pluripotent stem cell 

state and a few of the qualities which mimicked naïve pluripotent stem cells. These data reflect 

the probability of ciPSCs to fall between prime and naïve states. Information obtained from 

our study, ciPSCs probably being in an intermediate state of pluripotency, makes us to think 

that ciPSCs will become a practical and promising tool to understand the animal evolution on 

a molecular basis. However, to conclusively annunciate the pluripotent state of ciPSCs, ATAC-

Seq and epigenomic approach should be followed to have a better insight on the distinction 



 

between naïve and prime state.  In a nutshell, unravelling the characteristic features of ciPSCs 

can be effectively harnessed for understanding the developmental aspects, disease pathology, 

biomarker and drug development which will benefit both human and veterinary medicine. 
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FIGURE LEGENDS: 

Figure 1. Characterization of canine iPSCs generated in the presence of LIF.  

a) Morphology of transduced canine dermal fibroblasts on day0, day 6 and day 17. b) RT-PCR 

analysis of pluripotency genes OCT4, SOX2, KLF4, and NANOG along with loading control 

GAPDH, c) RT-qPCR analysis of fibroblast gene VIMENTIN in ciPSCs and CFBs. Ct values 

were normalized to the value of GAPDH, d) Immunofluorescence images of pluripotency 

markers OCT4 (red), SOX2 (green), SSEA1 (red) in canine iPSCs. The nuclei were 

counterstained with DAPI, e) qRT-PCR analysis of OCT4, SOX2 and KLF4 transgenes across 

different ciPSC passages. Ct values were normalized to the value of GAPDH. f) RT-PCR 

analysis of lineage genes, ectoderm genes (FOXG1 and PAX6), endoderm genes (CXCR4 and 

SOX17) and mesoderm genes FLK1 and VEGF along with DNMT3A in EBs of ciPSCs. 

GAPDH was used as a loading control. g) qRT-PCR analysis of relative expression of lineage 

markers in ciPSCs and EBs. Ct values were normalized to the value of GAPDH. Data 

represented as mean ±S.E.M (n=3), ***p<0.001. Scale bar represents 100 µm.  

Figure 2. ciPSCs derived in the presence of LIF exhibit partial epiblastic characteristic 

properties. a) Phase contrast images of miPSCs, ciPSCs cultured in presence of LIF and 

hiPSCs grown in presence of bFGF, b) Expression analysis of pluripotency markers, OCT4, 

SOX2 and NANOG in miPSCs (i), ciPSCs (ii) and hiPSCs (iii) with respect to their fibroblast 

controls, Ct values were normalized to the value of GAPDH, Protein expression analysis of 

SSEA1 (c) and SSEA4 (d) in naïve miPSCs, ciPSCs and primed hiPSCs, e) Comparative 

analysis of REX1, KLF4, OTX2 and FGF5 expression in miPSCs, ciPSCs cultured in presence 

of LIF and hiPSCs cultured in presence of bFGF. Data represented as mean ±S.E.M (n=3), 

*p<0.05, **p<0.01, ***p<0.001. Significance in figure 2e is calculated with respect to hiPSCs. 

Scale bar represents 100 µm. 



 

Figure 3: ciPSCs cultured in presence of bFGF and LIF+ bFGF exhibit characteristic 

properties similar to that of primed pluripotent state. a) Comparison of morphological 

features of miPSCs, ciPSCs and hiPSCs cultured in LIF, bFGF and LIF+bFGF conditions. b) 

Gene expression analysis of pluripotency markers OCT4, NANOG, SOX2 (i) and primed 

marker FGF5 (ii) in miPSCs, ciPSCs, and hiPSCs cultured in LIF, bFGF and LIF+bFGF 

conditions. c) Relative expression of lineage markers in EBs cultured in LIF only and 

LIF+bFGF conditions. ciPSCs were taken as control. Ct values were normalized to the value 

of GAPDH. Data represented as mean ±S.E.M (n=3). d) Immunofluorescence images of 

SSEA1 expression by miPSCs, ciPSCs and hiPSCs cultured in the presence of either LIF or 

bFGF or LIF +bFGF conditions. Quantification of SSEA1 positive cells in miPSCs (e) and 

ciPSCs (f) cultures in LIF, bFGF and LIF+bFGF conditions.  g) Comparative analysis of 

SSEA4 expression in miPSCS, ciPSCs and hiPSCs in three culture conditions; LIF, bFGF, and 

LIF+bFGF conditions. Data represented as mean ±S.E.M (n=3), *p<0.05, **p<0.01, 

***p<0.001. Scale bar represents 100 µm. 

Figure 4. ciPSCS exhibit characteristic blue fluorescence distinct from miPSCs. 

Comparative analysis of blue fluorescence (excitation, 325–375 nm; emission, 460–500 nm) 

in ciPSCs and miPSCs. ciPSCs expressed characteristic blue fluorescence whereas miPSCs 

failed to show the blue fluorescence. Scale bar represents 100 µm. 

Figure 5. ciPSCS exhibit neutral lipid staining distinct from miPSCs. a) Comparative 

analysis of bodipy expression in ciPSCs and miPSCs cultured in LIF, bFGF and LIF+bFGF 

conditions. b) Comparative analysis of bodipy expression in MEF and CFB. c) Relative 

expression of Fatty acid synthase marker, FASN in ciPSCs cultured in LIF (L), bFGF and 

LIF+bFGF conditions was analysed. Ct values were normalized to the value of GAPDH. d) 

Relative expression of FASN in miPSCs, ciPSCs cultured in presence of LIF and hiPSCs 



 

cultured in presence of bFGF. Ct values were normalized to the value of GAPDH. Data 

represented as mean ±S.E.M (n=3). Scale bar represents 100 µm.  
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ABSTRACT 13 

Aims 14 

Deriving canine-induced pluripotent stem cells (ciPSCs) have paved the way for developing 15 

novel cell-based disease models and transplantation therapies in the dog.  Though ciPSCs have 16 

been derived in the presence of Leukemia inhibitory factor (LIF) as well in the presence of 17 

basic fibroblast growth factor (bFGF), the positioning of ciPSCs in the naïve or the primed 18 

state of pluripotency remains elusive. This study aims to understand whether canine iPSCs 19 

belong to naïve or prime state in comparison to mouse (m) iPSCs and human (h) iPSCs. 20 

Main Methods 21 

In the present study, we derived ciPSCs in presence of LIF and compared their state of 22 

pluripotency with that of miPSCs and hiPSCs by culturing them in the presence of LIF, bFGF, 23 

and LIF+bFGF. Gene expression level at transcript level was performed by RT-PCR and qRT-24 

PCR and at the protein level was analysed by immunofluorescence. We also attempted to 25 

understand the pluripotency state using lipid body analysis by bodipy staining and blue 26 

fluorescence emission. 27 
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Key findings 28 

In contrast to miPSCs, the naïve pluripotent stem cells, ciPSCs showed the expression of FGF5 29 

similar to that of primed pluripotent stem cell, hiPSCs.  Compared to miPSCs, ciPSCs cultured 30 

in presence of LIF showed enhanced expression of primed pluripotent marker FGF5, similar 31 

to hiPSCs cultured in presence of bFGF. Upon culturing in hiPSC culture condition, ciPSCs 32 

showed enhanced expression of core pluripotency genes compared to miPSCs cultured in 33 

similar condition. However, ciPSCs expressed naïve pluripotent marker SSEA1 similar to 34 

miPSCs and lacked the expression of primed state marker SSEA4 unlike hiPSCs. Interestingly, 35 

for the first time, we demonstrate the ciPSC pluripotency using lipid body analysis wherein 36 

ciPSCs showed enhanced bodipy staining and blue fluorescence emission, reflecting the 37 

primed state of pluripotency. ciPSCs expressed higher levels of fatty acid synthase (FASN), the 38 

enzyme involved in the synthesis of palmitate,similar to that of hiPSCs and higher than thatof 39 

miPSCs. As ciPSCs exhibit characteristic properties of both naïve and primed pluripotent state, 40 

it probably represents a unique intermediary state of pluripotency that is distinct from that of 41 

mice and human pluripotent stem cells. 42 

Significance 43 

Elucidating the pluripotent state of ciPSCs assists in better understanding of the reprogramming 44 

events and development in different species. The study would provide a footprint of species-45 

specific differences involved in reprogramming and the potential implication of iPSCs as a tool 46 

to analyse evolution. 47 

 48 

 Keywords: Canine induced Pluripotent Stem Cells; Reprogramming; Naïve and Prime 49 

Pluripotency; Regenerative Medicine; Stem cell therapy models; lipid bodies. 50 
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Abbreviations 51 

PSCs, Pluripotent stem cells; ciPSCs, canine induced pluripotent stem cells; mESCs, mouse 52 

embryonic stem cells; hESCs, human embryonic stem cells; miPSCs, mouse induced 53 

pluripotent stem cells; hiPSCS, human induced pluripotent stem cells; EpiESCs, Epiblast 54 

Embryonic Stem Cells; LIF, leukemia inhibitory factor; bFGF, basic fibroblast growth factor; 55 

iMEF, inactivated mouse embryonic fibroblasts; EB, embryoid body; DMEM, Dulbecco’s 56 

Modified Eagle’s Medium; FBS, fetal bovine serum; STAT3, Signal Transducer and Activator 57 

3, JAK, Janus Kinase; SSEA; Surface Specific Embryonic antigen 58 

GRAPHICAL ABSTRACT: 59 

ciPSCs derived in presence of LIF showed characteristic properties resembling both naïve and 60 

primed pluripotent states. In contrast to miPSCs and similar to hiPSCs, ciPSCs demonstrated 61 

the expression of pluripotent genes, FGF5 and expression of FASN, the gene involved lipid 62 

metabolism. However, similar to miPSCs, ciPSCs expressed SSEA1 in all the conditions and 63 

not the SSEA4, the characteristic property of naïve state. Considering these observations we 64 

propose ciPSCs to probably belong to the intermediary state of pluripotency. 65 
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Introduction 78 

Due to their quintessential properties of self-renewal and pluripotency, induced pluripotent 79 

stem cells (iPSCs) offer unprecedented opportunities in regenerative medicine [1,2]. iPSCs can 80 

be derived from any cell types of mammalian and non-mammalian origin. However, increased 81 

availability of these numerous iPSC model systems has often led to confusion regarding the 82 

appropriate model to be used [3].One of the criteria to select the appropriate PSC model is 83 

based on whether they exist in a naïve or primed state. Naïve PSCs which are exemplified by 84 

mouse embryonic stem cells (mESCs) and miPSCs correspond to ICM of blastocysts and 85 

exhibit distinctive properties such as compact and dome-shaped morphology and dependence 86 

of self-renewal and proliferation on the leukemia inhibitory factor (LIF)–Jak/Stat signalling 87 

pathway [4]. Other key features of naïve PSCs is the specific expression of genes like SSEA1, 88 

REX1, and STELLA, possession of two active X chromosome (XaXa) and reduced single-cell 89 

mortality [5]. On the other hand, primed PSCs exemplified by mouse epiblast stem cells 90 

(mEpiSCs), human ESCs (hESCs), and human iPSCs correspond to the epiblast cells of the 91 

post-implantation stage [4]. Primed PSCs have key features of flattened morphology and 92 

dependent on basic fibroblast growth factor (bFGF)-rather than LIF for self-renewal and 93 

proliferation [6]. In contrast to naïve PSCs, primed PSCs exhibit an inactivated X chromosome 94 

(XaXi), increased single cell mortality, and express epiblast markers FGF5 and OTX2, along 95 

with core pluripotent genes Oct4 and Sox2 [7]. Recent reports have shown the successful 96 

conversion of human PSCs to naïve state resembling mESCs using chemical compounds 97 

GSK3β inhibitor and a MEK/ERK inhibitor (2i) [5]. These reports confirm that the primed 98 

PSCs are not restricted to one way forward differentiation but have the ability to dedifferentiate 99 

to native PSCs also. 100 

It has been of dilemma whether the naïve or prime pluripotent state is species-specific or is it 101 

a culture condition mediated effect. Previously, the generation of naïve pluripotent state was 102 
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confined to mESCs and PSCs derived from rat embryos. However, recently, the derivation of 103 

PSCs in naïve states has been extended to other species such as porcine fibroblasts, rhesus 104 

monkey fibroblasts, and rabbit embryos by modifying culture conditions applied during the 105 

course of reprogramming [8–10]. Several reports have also claimed the successful derivation 106 

of naïve human PSCs by either modifying culture conditions or by over-expressing key 107 

pluripotent transcription factors [11–13]. Various pathways are involved in the effective 108 

maintenance of iPSCs in all species, the prominent ones are LIF/STAT3, FGF, MEK/ERK, and 109 

BMP/SMAD pathways [14]. Depending on the state of pluripotency, two cytokines, LIF or 110 

bFGF is added to the culture media for the maintenance of PSCs. While naïve mESC 111 

pluripotency is maintained by LIF, FGF‐ mediated activation of MEK signaling drives 112 

differentiation of mESCs. On the other hand, primed mEpiSCs or hiPSCs require basic FGF 113 

signaling for maintenance of pluripotency whereas LIF signaling has no effect on pluripotency 114 

[15]. 115 

 116 

Canines being genomically and physiologically more similar to humans offer a better model 117 

compared to rodents in unraveling many of the human diseases [16-18]. Many reports have 118 

documented the derivation of canine iPSCs (ciPSCs) from various cell sources using different 119 

reprogramming approaches. Depending on the source of reprogramming factors, whether 120 

human or mouse, derived iPSCs showed subtle differences in their characteristic properties. 121 

Goncalves et al. observed that ciPSCs generated by mouse Oct4, Sox2, Klf4, c-Myc (OSKM) 122 

showed decreased silencing of expression of the exogenous gene, while complete silencing was 123 

observed in the ciPSC lines derived from human OSKM factors [19]. However, whether the 124 

generated ciPSC lines belong to naïve or pluripotent state remains unrevealed.  125 

 126 
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In this study, we attempted to understand the positioning of the ciPSCs in the reprogramming 127 

landscape. This was done by analyzing the differences in the pluripotency in ciPSCs, in 128 

comparison to miPSCs and hiPSCs, with respect to crucial growth factors, LIF, bFGF, and a 129 

dual supply of LIF and bFGF in the culture medium. Though the colonies exhibited specific 130 

morphology differences, the expression of pluripotency markers was observed in ciPSCs 131 

cultured in all the three conditions. We then tried to understand the differences in lipid 132 

metabolism in ciPSCs and miPSCs. Taken together, we propose a distinct pluripotent state for 133 

ciPSCs which probably stands between naïve and primed states as revealed by their gene 134 

expression differences and lipid metabolism. 135 

Materials and methods 136 

Generation of iPSCs: 137 

Canine dermal fibroblasts (CFBs) were derived from a skin punch biopsy from the ventral 138 

abdomen of a 9-month-old Mongrel from the Department of Surgery, College of Veterinary 139 

Sciences and Animal Husbandry, Anand Agricultural University, with appropriate approval 140 

from the institutional animal ethics committee. Dermal fibroblasts were expanded from skin 141 

explants in DMEM F-12 medium with 10% FBS and 1x Penicillin Streptomycin (Gibco) at 142 

37◦C in 5% CO2. CFBs were up-scaled in suitable culture vessels for subsequent experiments 143 

and also cryo-preserved and kept in liquid nitrogen conditions.  144 

Retrovirus plasmids expressing human OCT4, SOX2, KLF4, and C-MYC,(Plasmids are a kind 145 

gift from Prof. Catherine Verfaillie, KU, Leuven) were formed by individually transfecting 146 

each of these constructs in HEK 293T cells with the retroviral packaging vectors pSPAX2 and 147 

pMD2G. 293T cells (8x106) were transfected with lipofectamine (1:3 ratio) in HEK 293T 148 

medium consisting of DMEM high glucose (Gibco) with 10% FBS, 0.1mM NEAA, 6mM L-149 

glutamine. After 48 hours of transfection, the supernatant was collected and added to 150 

1.5x106cells per well of a 6 well plate of CFBs. This medium containing retroviral particles 151 
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was replaced with a second round of concentrated supernatant (72 hours) from the transfected 152 

HEK 293T cells on the following day. After 24 hours, the medium was replaced with fresh 153 

HEK 293T medium. After 5 days, transduced fibroblasts were passaged on inactivated MEFs 154 

and cultured in iPSC media (DMEM F12, 15% FBS, 2mM L-glutamine, 0.1mM NEAA, 155 

0.075mM β-mercaptoethanol, 1mM sodium pyruvate, 1x Penicillin Streptomycin and LIF- 156 

8ng/ml). Media compositions can be found in Supplementary Table 3.  iPSC colonies with 157 

compact ES-like cells were observed after 20-22 days. Colonies were manually picked, 158 

trypsinized, and transferred to new feeder plates and maintained in iPSC medium at 37°C, 5% 159 

CO2. The iPSC colonies were maintained in this condition for fifteen passages before 160 

transferring to different conditions. ciPSCs were also transferred to feeder-free vitronectin and 161 

maintained up to forty passages. 162 

miPSCs derivation :  163 

miPSCs were derived using a previously published protocol (20). In brief, the protocol includes 164 

the transduction of mouse embryonic fibroblasts (MEFs) seeded at the density of 1.5× 106 cells 165 

/well in six-well plates with retroviral vectors containing supernatant for mouse Oct3/4, Sox2, 166 

and Klf4 (Addgene). To enhance the efficiency of transduction, MEFs were transduced twice 167 

with an interval of 24hrs. Cells were maintained in fibroblast medium for two days and were 168 

later changed to mESC medium. On day 4, post-viral transduction, transduced fibroblasts were 169 

trypsinized into single-cell cultures and reseeded on 6 well plates at a density of 0.5×106 cells 170 

per well on mitomycin inactivated MEF feeders. Colonies observed after 20-25 days were 171 

manually picked and further propagated. 172 

hiPSCs culture: 173 

NCL-1 hiPSCs (passage 23) were procured from EyeStem research Pvt. Ltd., Bangalore and 174 

cultured on feeder- free conditions on 1% matrigel (BD Corning) coating. Stem MACS iPS-175 

brew XF (MACS media) medium was used for everyday medium change. The cells were split 176 
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using Accutase (Gibco) and seeded at a ratio of 1:5. Further, they were cultured in different 177 

conditions of LIF, bFGF, and LIF+bFGF addition in hiPSC medium (composition mentioned 178 

in supplementary table 3). 179 

Embryoid body formation: 180 

ciPSC colonies cultured in presence of LIF were transferred into iPSC medium devoid of LIF. 181 

iPSC`s were induced to differentiation into EBs by plating on low adherent plates (Nunc) with 182 

mESC medium without LIF. Media change was done every alternate day for 10 days before 183 

proceeding to RNA isolation. 184 

RNA extraction, cDNA synthesis and PCR: 185 

Cells were lysed with trizol reagent and total RNA was extracted using RNeasy Mini kit 186 

(Qiagen) as per the manufacturer`s protocol. Complementary DNA (cDNA) was synthesized 187 

using the cDNA synthesis kit (Fermentas) according to the manufacturer`s instructions. 188 

Canine specific primers (Supplementary Table 2) were designed for detecting endogenous 189 

expression of stemness genes. PCR was performed using Emerald PCR master mix with Taq 190 

DNA polymerase (Takara) with the cycle parameters as denaturation at 95◦C for 5 minutes, 191 

amplification for 35 cycles, annealing for 20 seconds at 58◦C and extension at 72◦C for 192 

30seconds and a final extension at 72◦ C for 10 minutes. The primers and their product sizes 193 

are given as a separate table. PCR products were resolved on 2% agarose gels with Ethidium 194 

Bromide. Gels were photographed using alpha imager. 195 

Quantitative PCR was carried out using SYBR Green (Takara). The samples were analysed 196 

using the 7500 RT-PCR (ABI Biosystems) and were normalized with a house-keeping gene 197 

Gapdh to obtain the relative fold change among samples. 198 

 199 

 200 

 201 

 202 
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Immunocytochemistry: 203 

 204 

iPSC colonies were washed in phosphate-buffered saline (1xPBS) twice and then fixed in 4% 205 

paraformaldehyde for 20 minutes at room temperature (RT). Colonies were washed twice with 206 

1xPBS for 1 min each and permeabilized with Triton-X-100 in PBS for 15 minutes.  Colonies 207 

were incubated overnight at 4◦C with primary antibodies of appropriate dilutions 208 

(Supplementary Table 1). The next day, colonies were washed twice with 0.05% PBST and 209 

secondary antibody was added and incubated at RT for 1hr. After three washes in PBS for 1 210 

minute each, cells were stained with 1:10,000 diluted DAPI for 3-5minutes. Cells were 211 

visualized and photomicrographed on an inverted fluorescence microscope. The images were 212 

processed with ImageJ software. 213 

 214 

Blue Fluorescence imaging and Bodipy staining: 215 

Confluent cultures of ciPSCs and miPSCs on vitronectin were analysed for blue 216 

fluorescence detection. PSC culture medium was replaced by DMEM high glucose basal 217 

medium without phenol red to avoid interference of phenol red during blue fluorescence 218 

imaging. The images were captured with a Nikon Eclipse TE2000 U attached to a Qicam Fast 219 

1394 digital camera and Q Capture Pro software. The blue fluorescence was visualized using 220 

DAPI filter Cube (Nikon EPI-FL filter). The lipid body associated retinyl ester blue 221 

fluorescence images were acquired first followed by the acquisition of phase-contrast images. 222 

The images were merged to obtain the final images. 223 

The ciPSCs and miPSCs were seeded onto culture dishes with suitable cell density and were 224 

subjected to bodipy staining, after 48 hours of culture. The cells were washed with PBS and 225 

incubated with bodipy solution (1:2000 dilution in basal medium) for 15 minutes at 37◦C. 226 

The culture dishes were covered with aluminium foil to protect from light. After 15 minutes, 227 
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the cells were washed with PBS and then fixed with 4% PFA for 30 minutes at room 228 

temperature. After removing the PFA, the cells were washed thrice with PBS and were 229 

immediately observed under the fluorescence microscope. 230 

Statistical analysis: 231 

Student’s t-test was used to analyse the difference between the cells and their respective 232 

controls. The values with p<0.05 were considered statistically significant and those with 233 

p<0.001 were considered highly significant. Graph pad prism and Excel software tools were 234 

used for qPCR analysis and graph preparation. ANOVA was used for analysing the QPCR 235 

triplicate values. 236 

RESULTS 237 

Characterization of ciPSCs generated in presence of LIF: 238 

Adult canine dermal fibroblasts were reprogrammed into ciPSCs by transduction with 239 

retroviruses expressing human transcription factors OCT4, SOX2, C-MYC, and KLF4. After 240 

17 days, ES-like colonies with high nuclear to cytoplasmic ratio started emerging and were 241 

picked and re-plated onto inactivated MEFs and cultured in iPSC media with murine LIF. 242 

Colonies displayed a tightly packed morphology. Out of the total 5 clones isolated, three clones 243 

were enzymatically dissociated for further passaging and characterization. Various stages of 244 

reprogramming are depicted in figure 1a. For further characterization of ciPSCs, stemness 245 

marker expression was analysed by semi-quantitative PCR and immunofluorescence. 246 

Compared to CFBs, ciPSCs expressed endogenous pluripotency markers OCT4, SOX2, KLF4, 247 

and NANOG as analysed by semi-quantitative PCR (Figure 1b). Along with this, significant 248 

up-regulation of the epigenetic marker, de novo methyltransferase, DNMT3A was witnessed in 249 

ciPSCs (Figure 1b). In line with expectation, reprogramming resulted in the down-regulation 250 

of fibroblast marker VIMENTIN in ciPSCs as compared to canine fibroblasts (Figure 1c). 251 

Expression of pluripotent markers OCT4, SOX2, and SSEA1 at protein level further confirmed 252 
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the reprogramming of canine fibroblasts (Figure 1d). Analysis of transgene silencing across 253 

different passages showed reduced expression of exogenous OCT4, SOX2, and KLF4 with 254 

increase in the passage, however, the decrease in OCT4 and KLF4 transgenes was not to the 255 

extent of that in SOX2 transgene. (Figure 1e). ciPSCs could be passaged as single cells 256 

enzymatically and could be cultured on inactivated MEF up to passage 15 and maintained 257 

under feeder-free conditions up to passage 40 with vitronectin. 258 

To understand its differentiation ability, the spontaneous differentiation approach of forming 259 

EBs showed efficient skewing towards all the three lineages. Semi-quantitative PCR analysis 260 

of differentiated EBs demonstrated expression of representative ectoderm markers PAX6 and 261 

FOXG1, mesoderm markers VEGF and FLK1,and endoderm markers SOX17 and CXCR4, all 262 

of which were absent in control ciPSCs. Control ciPSCs showed expression of DNMT3A, a 263 

marker for de novo DNA methylation which was absent in EB confirming the differentiation 264 

of ciPSCs (Figure 1f & 1g). These results demonstrate the authenticity of ciPSCs derived from 265 

canine fibroblasts generated in the presence of mouse LIF. 266 

 267 

ciPSCs derived in the presence of LIF exhibit  mixed naïve and primed state properties: 268 

To understand whether the generated ciPSCs resembles more of a naïve or primed state of 269 

pluripotency, we compared their morphology and gene expression profile with miPSCs 270 

representing the naive state and hiPSCs being primed state. ciPSCs cultured in presence of LIF 271 

possessed dome-shaped morphology similar to miPSCs and were unlike hiPSCs that were 272 

flattened (Figure 2a). All the iPSCs expressed higher levels of pluripotency markers compared 273 

to their fibroblast counterparts (Figure 2b i-iii). As SSEA1 expression in miPSCs and SSEA4 274 

expression in hiPSCs represent the naïve and the primed state respectively, the identity of the 275 

pluripotent state of ciPSCs was tested by using these two markers. Similar to miPSCs, ciPSCs 276 

cultured in presence of LIF expressed SSEA1 but not SSEA4, thus advocating their naive state 277 
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(Figure 2c and d). Surprisingly, upon transcript analysis, ciPSCs belonging to distinct class of 278 

PSCs, exhibited characteristic features of naïve PSCs by expression of REX1 similar to 279 

miPSCs, and significantly lesser expression of OTX2 compared to hiPSCs. On the other hand, 280 

their expression levels of reduced KLF4 compared to hiPSCs and increased expression of 281 

FGF5 compared to miPSCs, resembled the signatures of primed PSCs (Figure 2E). These 282 

results strongly indicated ciPSCs to belong to a distinct state of pluripotency compared to that 283 

of naïve miPSCs and primed hiPSCs. 284 

To test whether ciPSCs cultured in presence of LIF switched to that of bFGF have an altered 285 

pluripotent state, we cultured ciPSCs in presence of either LIF, bFGF or a combination of LIF+ 286 

bFGF conditions, along with controls miPSCs and hiPSCs. Similar to miPSCs, ciPSCs 287 

exhibited a dome-shaped morphology in the presence of LIF but exhibited a differentiated 288 

flattened morphology in bFGF and LIF+bFGF conditions (Figure 3a). However, ciPSCs could 289 

be maintained for up to fourteen passages in the bFGF and LIF+bFGF conditions, whereas 290 

miPSCs could be maintained only for two passages in similar culture conditions. hiPSCs 291 

maintained their stem cell-like compact morphology in presence of bFGF and failed to do so 292 

under LIF and LIF+bFGF supplementation. Evaluation of gene expression of ciPSCs in these 293 

culture conditions, similar to hiPSCs, showed enhanced expression of pluripotency genes 294 

OCT4, NANOG, and SOX2 in bFGF and LIF+bFGF culture conditions compared to that  295 

miPSCs (Figure 3bi). As expected, bFGF deprivation and LIF supplementation in hiPSCs 296 

culture showed reduced OCT4, NANOG, and SOX2 expression considerably. Interestingly, 297 

ciPSCs cultured in LIF, the cytokine used to maintain naïve pluripotency, expressed a higher 298 

amount of primed marker FGF5 compared to miPSCs, which was not sustained upon bFGF or 299 

LIF+bFGF addition. hiPSCs expressed higher levels of FGF5 than miPSCs in all the culture 300 

conditions, reaffirming their primed status (Figure 3b ii). The analysis of these results of FGF5 301 

expression revealed the characteristic features of primed stem cells in ciPSCs. 302 



14 
 

ciPSCs cultured in all three conditions were allowed to form EBs and RNA isolation was done 303 

on the 10th day. Transcripts of undifferentiated canine iPSCs were used as control. However, 304 

ciPSCs cultured in bFGF and miPSCs cultured in bFGF and LIF+bFGF conditions failed to 305 

form EBs (data not shown). The lineage marker expression of canine EBs cultured in LIF only 306 

and LIF+bFGF conditions were evaluated by q-PCR and the representative genes of all three 307 

lineages showed enhanced expression (Figure 3c). SSEA1 expression in miPSCs, ciPSCs and 308 

hiPSCs in three different culture conditions was evaluated by immunofluorescence, and 309 

percent positive cells in miPSCs and ciPSCs was quantified. Interestingly, similar to miPSCs, 310 

ciPSCs cultured in presence of bFGF showed two-fold lesser expression of SSEA1 compared 311 

to that of cells cultured in presence of LIF or LIF+bFGF (Figure 3d, e and f). SSEA1 expression 312 

was not detectable in hiPSCs cultured in all three conditions (figure 3d). While hiPSCs in all 313 

three conditions showed sustained expression of SSEA4, miPSCs and ciPSCs lacked SSEA4 314 

expression (Figure 3g). The combined analysis of the results of FGF5, SSEA1, and SSEA4 315 

expression encouraged us to categorize ciPSCs to belong intermediate state of pluripotency. 316 

ciPSCs exhibit characteristic blue fluorescence and neutral lipid staining different from 317 

miPSCs 318 

A previous report showed the use of characteristic blue fluorescence emitted by the primed 319 

pluripotent stem cells, but neither the differentiated cells nor the naïve mESCs, as an approach 320 

to identify and isolate the pure primed pluripotent population [21]. To understand the identity 321 

of the ciPSCs, we also looked into the emission of blue fluorescence from ciPSCs. Surprisingly, 322 

in contrast to naïve pluripotent miPSCs, ciPSCs exhibited characteristic blue fluorescence 323 

(Figure 4). 324 

As the emission of blue fluorescence by the primed PSCs is due to the sequestration of retinyl 325 

esters in cytoplasmic lipid bodies, we analysed the lipid phenotypes by bodipy staining in 326 

ciPSCs and miPSCs cultured in presence of either LIF, bFGF or LIF+bFGF. We found 327 
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enhanced bodipy staining in miPSCs cultured in presence of LIF, but not in bFGF and 328 

LIF+bFGF- the conditions which led miPSCs to differentiate. In contrast, the bodipy staining 329 

was observed in ciPSCs cultured in all three conditions and the highest staining was observed 330 

in ciPSCs cultured in LIF+bFGF conditions (Figure 5a). Bodipy staining in canine dermal 331 

fibroblasts and mouse fibroblasts showed minimal staining which is similar to that observed in 332 

miPSCs cultured in presence of bFGF and LIF+bFGF (Figure 5b). We looked at the expression 333 

of Fatty acid synthase (FASN), the gene responsible for long-chain fatty acid synthesis, in 334 

ciPSCs cultured under three conditions as shown in figure 5c. ciPSCs showed significant up-335 

regulation in FASN expression in all three conditions compared to that of cells cultured in 336 

presence of LIF(Figure 5c).  In contrast to miPSCs, ciPSCs showed enhanced expression of 337 

FASN cultured in presence of LIF, similar to that of hiPSCs cultured with bFGF (Figure 5d). 338 

These results reiterated the classification of ciPSCs under intermediate state of pluripotency. 339 

 340 

DISCUSSION 341 

There are many limitations in using human patients and also hESCs for stem cell research. 342 

Efficient animal models like canine models can accelerate the progress in stem cell therapy and 343 

the preclinical trials using iPS cells. Dogs share disease pathogenesis similar to that of humans 344 

which makes them an alternative model for understanding disease development from an early 345 

stage. Several studies have shown the generation of ciPSCs and their differentiation potential 346 

to different lineages. Lee et al. derived endothelial cells from the ciPSCs and studied their 347 

efficacy in immune-deficient mice models of hind limb ischemia and myocardial infarction 348 

[22]. It has also been reported that ciPSC- derived mesenchymal stem cells (iMSCs) displayed 349 

proficient differentiation into osteo, chondro and adipogenic cells and also suggested the use 350 

of iMSCs in cell therapy in osteoarthritis in canine patients and also as a model system for 351 

degenerative joint disease in humans [23]. In a similar study by Chow et al., canine iMSCs 352 
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exhibited efficient proliferation and immune-modulatory features, similar to that of canine Ad-353 

MSCs and BM-MSCs [24]. 354 

 355 

Considering different applications of ciPSCs, it is necessary to understand the state of ciPSCs 356 

for their efficient culture and maintenance. Optimization of culture conditions for their self-357 

renewal and maintenance are key points in obtaining stable and reproducible ciPSC lines. We 358 

derived ciPSCs from canine dermal fibroblasts of mongrel breed by a retroviral approach using 359 

human reprogramming factors. Various reprogramming approaches have been performed for 360 

the generation of ciPSCs [25]: retroviral [3,26,27], lentiviral [19, 22, 28–31] and sendai virus 361 

[24,32] methods. Tsukamota et.al reprogrammed embryonic fibroblasts by an auto-erasable 362 

sendai virus vector but with lower efficiency [32]. Shimada et al derived ciPSCs by canine 363 

OSKM [26], but most groups reported ciPSC derivation by using either mouse [28, 33] or 364 

human [22, 27, 29, 30, 34] reprogramming factors. ciPSCs derived by Goncalves et al. reported 365 

the use of murine and human OSKM factors separately and in combination [19, 34], by the 366 

lentiviral method. Further in-depth studies have to be performed to elucidate whether species 367 

difference in reprogramming factors might influence canine iPSC derivation. Understanding 368 

ideal culture conditions for efficient passaging and maintenance of ciPSCs is necessary for 369 

maintaining their quality and also for further differentiation experiments. We derived ciPSCs 370 

on inactivated MEF and compared them with naïve pluripotent miPSCs and primed pluripotent 371 

hiPSCs. To authenticate the pluripotency of ciPSCs, we performed several pluripotent assays 372 

and found, except for the differential suppression of transgenes, ciPSCs fulfilled majority of 373 

the criteria required to be confirmed it as a bonafide iPSCs. However, we can’t negate the 374 

residual transgene expression having the possibility of potentially affecting the pluripotent state 375 

and differentiation ability of the cells. Derived ciPSCs were able to maintain on vitronectin for 376 

more than 40 passages. Most reports used inactivated mouse embryonic fibroblasts (MEFs) as 377 
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the feeder layer for maintaining canine iPSC cultures except for Nishimura et al. who reported 378 

a feeder-free culture of ciPSCs in a doxycycline-inducible system [28]. 379 

 380 

The majority of the reports showed the pluripotency of ciPSCs to be maintained in culture 381 

conditions containing both LIF and bFGF [22, 26, 27, 29, 31, 33, 34]. Few reports also 382 

demonstrated the possibility of maintaining ciPSCs’ pluripotency in the presence of either LIF 383 

or bFGF alone [30, 34, 35]. Vaags et al., derived the cESCs in presence of hLIF and bFGF and 384 

found the absence of LIF to result in spontaneous differentiation [36]. Similarly,  Wilcox et 385 

al.,also reported the derivation of cESCs with the dual combination of LIF and bFGF [37]. 386 

Using LIF and inhibitors of glycogen synthase kinase 3β and mitogen-activated protein kinase 387 

1/2 [called 2i and LIF (2iL)], Tobias et al., converted cESCs resembling primed PSCs toward 388 

a naïve pluripotent state [38].  LIF-dependent ciPSC colonies, derived by Whitworth et al. 389 

differentiated into fibroblast cells in the presence of LIF and bFGF, similar to cESCs derived 390 

by Wilcox et al [30, 37]. But ciPSCs derived in the presence of bFGF exhibited no change in 391 

pluripotency or proliferation when cultured with or without LIF [19].  Previous reports showed 392 

loss of pluripotency expression in ciPSCs when LIF or bFGF was removed [33]. Though AKT 393 

and ERK1/2 remained consistently activated, the loss of LIF resulted in STAT3 394 

dephosphorylation and thereby differentiation [29]. In a subsequent report, the authors implied 395 

the role of bFGF in pluripotency similar to that of primed state cells. Removal of bFGF or 396 

inhibition of the SMAD2/3 pathway led to significant repression of NANOG[39].Comparison 397 

of ciPSCs with miPSCs and hiPSCs showed ciPSCs to harbour the characteristic properties of  398 

both naïve and primed pluripotent state. ciPSCs showed the characteristics of naïve PSCs by 399 

expression of SSEA1 and lacking the expression of SSEA4. On the other hand, ciPSCs also 400 

cultured in LIF showed the inherent expression of FGF5, similar to that of primed PSC hiPSCs 401 

cultured in presence of bFGF. Surprisingly, switching of culture conditions of ciPSCs from 402 
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naïve to that of primed PSCs showed an enhanced expression of pluripotent genes in the 403 

presence of bFGF and LIF+bFGF compared to the cells cultured in presence of LIF alone, a 404 

phenotype contrast to that of miPSCs but similar to that of hiPSCs. Similar report of increased 405 

expression of NANOG was observed in bFGF cultured ciPSCs by Luo et al.,[39].In our 406 

experimental conditions, culturing miPSCs, hiPSCs and ciPSCs in different culture conditions 407 

probably does not facilitate them in switching from primed to naïve state or visa-versa, as naive 408 

miPSCs are not converted to a primed-like state by simple culture in bFGF alone, nor hiPSCs 409 

can be converted to naïve state by mere culturing them in presence of LIF [40,41]. When these 410 

PSCs are shifted from the culture that supports their native pluripotent state to non-permissible 411 

condition, they lose their pluripotent state and fails to differentiate as observed by their inability 412 

to form EBs by ciPSCs cultured in bFGF and miPSCs cultured in bFGF and LIF+bFGF 413 

conditions. 414 

 415 

Morphological analysis of ciPSCs showed more of dome-shaped colonies, similar to that of 416 

miPSCs rather than flat-shaped hiPSC colonies. Different colony morphologies were reported 417 

in cESCs and ciPSCs by different groups. Dome-shaped cells, a characteristic feature of naïve 418 

states were reported by a few groups[28, 30, 40]. Flat colony morphology similar to primed 419 

state were observed in some reports[22, 26, 27,27,29,31, 33]. Interestingly, cESCs derived by 420 

two groups reported a heterogeneous colony morphology[36, 37]. Among these, Wilcox et al 421 

isolated canine embryos at morulae and blastocyst stages with 2 distinct cESC lines; one set by 422 

immunodissection of ICM(OVC.ID) and another set by embryo explants(OVC.EX). The cESC 423 

lines derived from the former set showed flat morphology and the latter set showed dome-424 

shaped colonies[37]. 425 

Understanding the metabolic signatures is essential to discern the similarities and differences 426 

in different pluripotent stem cells. Previous studies have reported the difference in lipid content 427 
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between the primed and naïve states [43, 44].  A significant abundance of FASN, the gene 428 

involved in lipid metabolism, and an enhanced accumulation of intracellular lipids were 429 

detected in primed LIF-FGF2 cultured cESCs compared to that of chemical inhibitor (2i)+ LIF 430 

cultured naive cESCs [44]. Further Muthuswamy et al., showed that the primed cells sequester 431 

retinol/ retinyl esters and maintain them in non-oxidized form to ensure prevention of 432 

differentiation of primed hiPSCs. Also, the primed cells possess the transcripts required to 433 

metabolize retinol and for its reuptake [21]. This intrigued us to question the lipid status of 434 

ciPSCs which will facilitate to place ciPSCs in the landscape of naïve and primed pluripotent 435 

state. The emission of blue fluorescence and bodipy staining reiterated the epiblast like 436 

characteristic feature of the ciPSCs generated in the presence of LIF. The control miPSCs 437 

which belongs to the naïve state also showed convincing bodipy staining but not the blue 438 

fluorescence. Similar to previous report, we also observed the enhanced expression of FASN 439 

in ciPSCs similar to that of hiPSCs[44]. The lack of the blue fluorescence of lipid bodies in 440 

miPSCs, despite enhanced lipogenesis, is probably due to the absence of retinyl ester 441 

sequestration. These observations confirm the high occurrence of lipogenesis in PSCs which is 442 

a distinct feature compared to that of somatic cell source. 443 

A methodical analysis of various features is necessary for effective classification of iPSCs into 444 

specific pluripotency states [45]. SSEA marker expression suggests a naïve or prime state of 445 

pluripotency; mouse PSCs express SSEA-1 and human PSCs express SSEA-3 and SSEA-4 446 

markers. In canine PSC reports, SSEA-4 expression was reported by more groups [22, 27, 29–447 

31, 35] and some groups reported SSEA1 [32, 33, 42, 46] expression. Vaags et al reported the 448 

expression of both SSEA-3 and SSEA-4 and low levels of SSEA-1 expression in the derived 449 

cESCs [36]. Though many of the parameters analysed in this study showed the primed state of 450 

ciPSCs, the cell surface analysis of the expression of SSEA1 and not the SSEA4 in ciPSCs and 451 

the formation of EBs only in presence of LIF impedes us in categorically placing ciPSCs in the 452 
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group of the primed pluripotent state. This is probably due to the derivation of ciPSCs in 453 

presence of LIF and not in the presence of bFGF, which is routinely used to generate the primed 454 

induced pluripotent stem cells. The time duration of iPS culture in particular conditions also 455 

can influence their characteristics [47]. Although, it is a formidable task to decisively position 456 

the pluripotent state of cells of different species, the in-depth characterization of ciPSCs through 457 

multiple approaches suggested ciPSCs to belong to its own distinct pluripotent state. However, to 458 

ascertain conclusively the pluripotent state of ciPSCs, further utilization of  genomic assay such as 459 

RNA-sequencing and insilico comparisons between species, live-cell imaging and in-depth 460 

study of different parameters including lipid profile and functional assays such as chimera 461 

generation into pre- and post-implantation embryos and derivation of germ-like cells are 462 

imperious to decipher the actual pluripotent state of ciPSCs[48]. A previous report suggested 463 

that reprogramming pathways in higher animals like dogs and pigs are more similar to that of 464 

the human than to mice, validated by the similarity search and phylogenetic analysis[49]. 465 

Understanding the species-specific differences in reprogramming and state of pluripotency 466 

helps in drawing their evolutionary significance in development. 467 

Conclusions 468 

The dog is the best model to understand the complexities of inherited genetic diseases and also 469 

for precise modelling of neurodegenerative diseases unlike that of mice. We derived stable 470 

ciPSCs that exhibited a majority of features that resembled that of primed pluripotent stem cell 471 

state and a few of the qualities which mimicked naïve pluripotent stem cells. These data reflect 472 

the probability of ciPSCs to fall between prime and naïve states. Information obtained from 473 

our study, ciPSCs probably being in an intermediate state of pluripotency, makes us to think 474 

that ciPSCs will become a practical and promising tool to understand the animal evolution on 475 

a molecular basis. However, to conclusively annunciate the pluripotent state of ciPSCs, ATAC-476 

Seq and epigenomic approach should be followed to have a better insight on the distinction 477 
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between naïve and prime state.  In a nutshell, unravelling the characteristic features of ciPSCs 478 

can be effectively harnessed for understanding the developmental aspects, disease pathology, 479 

biomarker and drug development which will benefit both human and veterinary medicine. 480 
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FIGURE LEGENDS: 690 

Figure 1. Characterization of canine iPSCs generated in the presence of LIF.  691 

a) Morphology of transduced canine dermal fibroblasts on day0, day 6 and day 17. b) RT-PCR 692 

analysis of pluripotency genes OCT4, SOX2, KLF4, and NANOG along with loading control 693 

GAPDH, c) RT-qPCR analysis of fibroblast gene VIMENTIN in ciPSCs and CFBs. Ct values 694 

were normalized to the value of GAPDH, d) Immunofluorescence images of pluripotency 695 

markers OCT4 (red), SOX2 (green), SSEA1 (red) in canine iPSCs. The nuclei were 696 

counterstained with DAPI, e) qRT-PCR analysis of OCT4, SOX2 and KLF4 transgenes across 697 

different ciPSC passages. Ct values were normalized to the value of GAPDH. f) RT-PCR 698 

analysis of lineage genes, ectoderm genes (FOXG1 and PAX6), endoderm genes (CXCR4 and 699 

SOX17) and mesoderm genes FLK1 and VEGF along with DNMT3A in EBs of ciPSCs. 700 

GAPDH was used as a loading control. g) qRT-PCR analysis of relative expression of lineage 701 

markers in ciPSCs and EBs. Ct values were normalized to the value of GAPDH. Data 702 

represented as mean ±S.E.M (n=3), ***p<0.001. Scale bar represents 100 µm.  703 

Figure 2. ciPSCs derived in the presence of LIF exhibit partial epiblastic characteristic 704 

properties. a) Phase contrast images of miPSCs, ciPSCs cultured in presence of LIF and 705 

hiPSCs grown in presence of bFGF, b) Expression analysis of pluripotency markers, OCT4, 706 

SOX2 and NANOG in miPSCs (i), ciPSCs (ii) and hiPSCs (iii) with respect to their fibroblast 707 

controls, Ct values were normalized to the value of GAPDH, Protein expression analysis of 708 

SSEA1 (c) and SSEA4 (d) in naïve miPSCs, ciPSCs and primed hiPSCs, e) Comparative 709 

analysis of REX1, KLF4, OTX2 and FGF5 expression in miPSCs, ciPSCs cultured in presence 710 

of LIF and hiPSCs cultured in presence of bFGF. Data represented as mean ±S.E.M (n=3), 711 

*p<0.05, **p<0.01, ***p<0.001. Significance in figure 2e is calculated with respect to hiPSCs. 712 

Scale bar represents 100 µm. 713 
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Figure 3: ciPSCs cultured in presence of bFGF and LIF+ bFGF exhibit characteristic 714 

properties similar to that of primed pluripotent state. a) Comparison of morphological 715 

features of miPSCs, ciPSCs and hiPSCs cultured in LIF, bFGF and LIF+bFGF conditions. b) 716 

Gene expression analysis of pluripotency markers OCT4, NANOG, SOX2 (i) and primed 717 

marker FGF5 (ii) in miPSCs, ciPSCs, and hiPSCs cultured in LIF, bFGF and LIF+bFGF 718 

conditions. c) Relative expression of lineage markers in EBs cultured in LIF only and 719 

LIF+bFGF conditions. ciPSCs were taken as control. Ct values were normalized to the value 720 

of GAPDH. Data represented as mean ±S.E.M (n=3). d) Immunofluorescence images of 721 

SSEA1 expression by miPSCs, ciPSCs and hiPSCs cultured in the presence of either LIF or 722 

bFGF or LIF +bFGF conditions. Quantification of SSEA1 positive cells in miPSCs (e) and 723 

ciPSCs (f) cultures in LIF, bFGF and LIF+bFGF conditions.  g) Comparative analysis of 724 

SSEA4 expression in miPSCS, ciPSCs and hiPSCs in three culture conditions; LIF, bFGF, and 725 

LIF+bFGF conditions. Data represented as mean ±S.E.M (n=3), *p<0.05, **p<0.01, 726 

***p<0.001. Scale bar represents 100 µm. 727 

Figure 4. ciPSCS exhibit characteristic blue fluorescence distinct from miPSCs. 728 

Comparative analysis of blue fluorescence (excitation, 325–375 nm; emission, 460–500 nm) 729 

in ciPSCs and miPSCs. ciPSCs expressed characteristic blue fluorescence whereas miPSCs 730 

failed to show the blue fluorescence. Scale bar represents 100 µm. 731 

Figure 5. ciPSCS exhibit neutral lipid staining distinct from miPSCs. a) Comparative 732 

analysis of bodipy expression in ciPSCs and miPSCs cultured in LIF, bFGF and LIF+bFGF 733 

conditions. b) Comparative analysis of bodipy expression in MEF and CFB. c) Relative 734 

expression of Fatty acid synthase marker, FASN in ciPSCs cultured in LIF (L), bFGF and 735 

LIF+bFGF conditions was analysed. Ct values were normalized to the value of GAPDH. d) 736 

Relative expression of FASN in miPSCs, ciPSCs cultured in presence of LIF and hiPSCs 737 
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cultured in presence of bFGF. Ct values were normalized to the value of GAPDH. Data 738 

represented as mean ±S.E.M (n=3). Scale bar represents 100 µm.  739 

 740 
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HIGHLIGHTS 

 Canine iPSCs (ciPSCs) were derived in the presence of Leukemia Inhibiting Factor  

 ciPSCs expressed SSEA1 and lacked the expression of SSEA4, characteristic of  

naïve PSCs 

 ciPSCs showed enhanced expression of pluripotent genes  in bFGF and LIF+bFGF 

culture conditions  

 ciPSCs exhibit enhanced blue fluorescence and bodipy staining, characteristic of 

prime PSCs  

 ciPSCs showed distinct properties compared to mouse and human iPSCs and probably 

belonged to intermediary state of PSCs 
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