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Abstract

Naturally occurring disease in pet dogs is an untapped and unique resource for stem

cell-based regenerative medicine translational research, given the many similarities

and complexity such disease shares with their human counterparts. Canine-specific

regulators of somatic cell reprogramming and pluripotency maintenance are poorly

understood. While retroviral delivery of the four Yamanaka factors successfully rep-

rogrammed canine embryonic fibroblasts, adult stromal cells remained resistant to

reprogramming in spite of effective viral transduction and transgene expression. We

hypothesized that adult stromal cells fail to reprogram due to an epigenetic barrier.

Here, we performed assay for transposase-accessible chromatin using sequencing

(ATAC-seq) on canine stromal and pluripotent stem cells, analyzing 51 samples in

total, and establishing the global landscape of chromatin accessibility before and after

reprogramming to induced pluripotent stem cells (iPSC). We also studied adult stro-

mal cells that do not yield iPSC colonies to identify potential reprogramming barriers.

ATAC-seq analysis identified distinct cell type clustering patterns and chromatin rem-

odeling during embryonic fibroblast reprogramming. Compared with embryonic fibro-

blasts, adult stromal cells had a chromatin accessibility landscape that reflects

phenotypic differentiation and somatic cell-fate stability. We ultimately identified

76 candidate genes and several transcription factor binding motifs that may be

impeding somatic cell reprogramming to iPSC, and could be targeted for inhibition or

activation, in order to improve the process in canines. These results provide a vast

resource for better understanding of pluripotency regulators in dogs and provide an

unbiased rationale for novel canine-specific reprogramming approaches.
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1 | INTRODUCTION

Induced pluripotent stem cells (iPSC) are pluripotent stem cells

derived from somatic cells that have adopted an embryonic stem cell-

like phenotype. Somatic cells of murine, human, and other species can

be reprogrammed by forced expression of pluripotency transcription

factors (TF).1,2 Cellular reprogramming technology has revolutionized

the field of stem cell biology and regenerative medicine research, both

by shifting our perspective of cellular development and differentia-

tion, and by providing unprecedented opportunities for the creation

of human disease models in a dish,3,4 in vitro pharmacological, func-

tional, and toxicity studies in laboratory-derived human tissues,5 and

regenerative medicine applications.6,7

Time is ripe for the application of iPSC technology in regenerative

medicine, although numerous translational challenges still need to be

addressed before such innovative therapies can reach patients at a

larger scale. The unique challenges associated with the translation of

iPSC-based cellular products to the clinic, along with the historically

low approval rates of new candidate drugs that go into human clinical

trials, call for a paradigm shift in translational biomedical research.

Such a paradigm should be specifically designed to be able to test crit-

ical aspects such as safety,8 product scale-up and delivery,9 and long-

term engraftment and immune compatibility,10 which are poorly

modeled by traditional animal models.

Naturally occurring diseases in companion dogs are an extremely

valuable and readily available resource as a preclinical model. Similarly

to humans, dogs suffer from various complex multifactorial diseases,

such as cancer, diabetes mellitus, cardiomyopathies, age-related cog-

nitive dysfunction, and neural damage, that are target for the develop-

ment of iPSC-derived cellular therapies.11 Dog population genetics

mirror human population genetics with great variation across breeds

and increasing homozygosity within breeds.12 The extended longevity

of dogs is useful to test longer-term immune compatibility and safety

of stem cell derived cellular products.13 Furthermore, pet dogs in

modern societies often receive excellent health care, hence allowing

the use of veterinary medicine as a platform to conduct clinical trials,

which mirror human clinical trials.

To date, six groups have reported the derivation of canine embry-

onic stem cells (cESC) from blastocyst-stage embryos,14-19 and nine

groups have reported reprogramming of canine somatic cells into

canine iPSC (ciPSC).20-28 However, candidate pluripotent cells often

did not form teratomas upon injection into immune-deficient mice,

and no germline transmission has been demonstrated yet. Overall,

lack of understanding of canine-specific pluripotency maintenance

regulators and reprogramming mechanisms thwarts robust and repro-

ducible methods for canine somatic cell reprogramming.

We have successfully used previously described canine repro-

gramming protocols to reprogram canine embryonic fibroblasts (CEF)

into stable ciPSC lines.21,29,30 On the other hand, adult cell types such

as canine dermal fibroblasts (CDF) or canine adipose-derived mesen-

chymal stem cells (cASC) remained resistant to reprogramming, despite

effective transgene delivery, and multiple attempts, donors, and proto-

col modifications. Dynamic global chromatin remodeling underlies the

reprogramming of somatic cells to iPSC and restructures chromatin

accessibility across the entire genome. Such chromatin remodeling

enables the inactivation of somatic loci and activation of pluripotency

ones.31 We hypothesize that resistance to reprogramming in canine

adult cells is due to a failure to close somatic-fate loci, a failure to open

pluripotency loci, or both, during the reprogramming process.

To test our hypothesis, we have determined global chromatin

accessibility by assay for transposase-accessible chromatin using

sequencing (ATAC-seq)32,33 in two adult cell types (ie, CDF and cASC),

CEF, CEF-syngeneic ciPSC, and in cESC. This recently developed

method maps open chromatin to genomic DNA regions, assisting in

the determination of open loci and in the prediction of TF binding.34

We have identified genomic loci that “open” or “close” during the

reprogramming of CEF into ciPSC, and further identified loci that are

differentially accessible between the different cell types. Finally, we

have identified 76 genes as potential canine-specific somatic cell

reprogramming barriers.

2 | MATERIALS AND METHODS

Additional materials and methods can be found in Data S1.

2.1 | Cell lines and culture

All animals and protocols in this study were approved by the Institutional

Animal Care and Use Committee at the University of California (UCD)

Davis, and all experiments conform to the relevant regulatory standards.

CEF were derived from elective spays of pregnant uteri obtained from

the Community Surgery Service at the UCD, School of Veterinary Medi-

cine (SVM). Fetal age was determined prior to the spay by ultrasono-

graphic evaluation by the attending clinician, or posteriorly by pulmonary

maturation evaluation in hematoxylin and eosin-stained slides, as previ-

ously described.35 After removal of the uterus and the ovaries, the
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uterine horns and the embryonic sacs were cut open with scalpels and

the embryos were released by severing the umbilical cords. The head

and viscera were removed, and the remaining stromal tissue was minced

with scalpels and digested in 0.05% trypsin/EDTA (Gibco, Gaithersburg,

MD, USA) at 37�C for 45 minutes. After washing the digested tissue

with phosphate-buffered saline, the pellet was plated and incubated in

complete Dulbecco's modified Eagle's medium (DMEM), consisting of

DMEM with 20% fetal bovine serum (Corning, Corning, NY, USA),

0.1 mM nonessential aminoacids, 2 mM GlutaMax, 1 mM sodium pyru-

vate, 100 U/mL penicillin, and 100 μg/mL streptomycin (Pen/Strep) (all

Gibco).

CDF were derived from skin samples from deceased dogs

obtained from the pathology service at the UCD SVM. All dog

owners consented to unrestricted use of their dog's remains. With

scalpel and scissors, fat and capillaries were scraped away from the

dermis and skin was cut into small 2 to 4 mm2 sections and

digested with collagenase type II (Worthington, Lakewood, NJ,

USA) 1 mg/mL, at 37�C for 1 hour, with agitation. The digested cell

suspension was centrifuged and the pellet filtered through a

100-μm cell strainer; flowthrough was plated in complete DMEM.

The remnant tissue sections were also plated in complete DMEM

with the dermis side down.

cASC were a gift from Dr. Borjesson's laboratory and cultured as

previously described.36

2.2 | Generation of canine-induced pluripotent
stem cells

A number of 100 000 CEF were transduced with fresh OCT4-KLF4-

SOX2-IRES-MYC (OKSIM)29 lentiviral media with 10 μg/mL polybrene

(Millipore, Burlington, MA, USA). On day 2 posttransduction (PT),

media was replaced with ciPSC media, and on day 4 PT cells were dis-

sociated with TRypLE Express (Gibco) and plated in 10-cm plates with

fresh Υ-irradiated mouse embryonic fibroblasts (iMEF) at 100 to 200

000 CEF cells per plate. On days 5 to 10 PT, ciPSC colonies became

visible and were picked between days 14 and 21 PT. The first two to

three passages were performed manually; after three passages, clones

were passaged by dissociation with collagenase type IV (Gibco), and

plated onto fresh iMEF feeders, every 3 to 5 days. To induce differen-

tiation, ciPSC and cESC colonies were dispersed with collagenase type

IV, and then transferred to ultralow attachment plates (Corning) in

DMEM. Cells were incubated in suspension for 7 days, during which

they aggregated to form embryoid bodies (EB), which were then

plated on 0.1% bovine gelatin (Sigma-Aldrich, St. Louis, MO, USA)-

coated 24-well plates and cultured for an additional 7 to 14 days.

2.3 | Nucleofection of ciPSCs and luciferase assays

DNA constructs were electroporated into ciPSC with an Amaxa

Nucleofector 2b Device (Lonza, Basel, Switzerland). Firefly and Renilla

luciferase activity was assayed with Dual-Glo Luciferase Assay System

(Promega, Madison, WI, USA) following manufacturer's instructions.

Bioluminescence was read in a Veritas Microplate Luminometer

(Turner Biosystems, Sunnyvale, CA, USA), and ratio of Firefly over

Renilla luciferase normalized to the same ratio of pGL3-control wells.

2.4 | Abbreviated ATAC-seq chromatin
accessibility assay and data analysis

See Data S1 for full ATAC-seq methods.

Open chromatin DNA libraries were prepared from crude nuclei

extracts by cell lysis, nuclei precipitation, and transposition for 60 minutes

at 37�C. Libraries were then amplified with SsoFast EvaGreen Supermix

(Bio-Rad Laboratories, Hercules, CA, USA) and Nextera polymerase chain

reaction (PCR) primers. To reduce guanine-cytosine (GC) content and size

bias, we monitored the PCR using quantitative Real Time PCR (qPCR) to

stop amplification before saturation. Libraries were amplified for a total of

15 to 21 cycles, purified using Agencourt AMPure XP beads (Beckman

Coulter, Brea, CA, USA), and sequenced in an Illumina HiSeq4000 system

(Illumina, San Diego, CA, USA) in a paired-end 150 bp run. At least

50 000 000 raw reads per cell type were obtained, except for cESC with

only one cell line, which had approximately 40 000 000 raw reads.

HTStream was used for data preprocessing, and fragments were mapped

to the CanFam3.1 canine genome. Biological replicates were merged

before peak calling. Differential openness analyses were conducted using

the limma-voom Bioconductor pipeline and peaks were annotated using

the Bioconductor package ChIPseeker, version 1.20.0. Correlation plots,

read-depth heat maps, and profile plots were generated with deeptools.

Hierarchical clustering was performed by distance calculation with Cluster

3.0 and visualized in Java TreeView. Gene ontology (GO) term classifica-

tion was performed with PANTHER. TF motif enrichment analysis was

performed with HOMER.

2.5 | Statistical analysis

Pairwise Student's t tests and analysis of variance (ANOVA) tests

were used to analyze statistical differences in all cases, except for the

differential openness analysis (see Supplemental Information - ATAC-

seq data analysis section). GraphPad Prism v837 tools were used for

both statistical analysis and graphical representation of results. A

P value of <.05 was considered statistically significant.

3 | RESULTS

3.1 | Canine embryonic fibroblasts but not adult
stromal cells can be reprogrammed to ciPSC

We began our study with the transduction of the four Yamanaka fac-

tors (OCT4, SOX2, KLF4, and MYC; OSKM) into low passage CEF,

cASC, and CDF. The characteristics of the dogs from which the cell
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lines were derived are detailed in Table S1. We show here that rep-

rogrammed CEF formed colonies of ciPSC with stem cell-like mor-

phology and high alkaline phosphatase (AP) activity (Figure 1A). ciPSC

colonies showed induced expression of core pluripotency genes

OCT4, NANOG, and SOX2 (Figure 1B,C) and, when spontaneously dif-

ferentiated via EB formation, generated cells of the three germ layers,

as shown by ectoderm, mesoderm, and endoderm lineage marker

expression (Figures 1D and S1). ciPSC further silence transgene

expression in later passages (Figure S2).

In order to establish the bona fide reprogramming of CEF and

study the transcriptional regulation of endogenous OCT4 expression,

we generated a genetically modified OCT4-eGFP reporter system, tag-

ging the endogenous OCT4 locus with eGFP in CEF. Upon OSKM

transduction of the modified CEF line, eGFP expression was observed

starting on day 4 PT, indicating endogenous OCT4 expression, and was

consistently visualized in formed ciPSC colonies on p0 and in further

passages (Figure 1E). OCT4 transcription from its endogenous promoter

is enhanced by either the distal enhancer (DE) in naïve stem cells or the

proximal enhancer (PE) in primed stem cells.38,39 To study the transcrip-

tional regulation of the OCT4 locus in ciPSC we cloned the canine DE

and PE in a reporter plasmid upstream of a minimal promoter control-

ling the expression of luciferase (luc) (Figure S3). The construct was

F IGURE 1 Generation of ciPSC and regulation of endogenous OCT4 expression in ciPSC. A, Morphology of CEF, syngeneic ciPSC, and AP
activity in ciPSC. B, Quantitative reverse transcription PCR (RT-qPCR) of CEF and ciPSC. All genes are normalized to canineperipheral blood
mononuclear cells (PBMC). Bars are mean ± SEM. n = 15. C, Immunofluorescence of undifferentiated ciPSC, showing expression of OCT4, SOX2,
and NANOG. D, Immunofluorescence of differentiated ciPSC-derived embryoid bodies, showing expression of lineage markers TUJ1, KDR, and
AFP. Scale bars are 200 μm. E, Representative images of OCT4-2A-eGFP-PGK-Puro edited and reprogrammed CEF, showing enhanced Green
Fluorescent Protein (eGFP) expression (green) as a reporter for OCT4, at day 14 posttransduction, and on day 1 after passage 1. F, Relative
luciferase expression (Fluc/Rluc) controlled by the human cytomegalovirus (CMV) minimal promoter and the OCT4 distal enhancer (DE) or
proximal enhancer (PE) on ciPSC.P < .05 for PE vs empty vector, as shown by one-way ANOVA and Friedman multiple comparisons test. Scale
bars are 200 μm. ANOVA, analysis of variance; AP, alkaline phosphatase; CEF, canine embryonic fibroblasts; ciPSC, canine-induced pluripotent
stem cells
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nucleofected into CEF-derived ciPSC, and luc activity assays were con-

ducted, indicating the OCT4 locus in ciPSC is controlled by the PE and

not the DE, suggesting a primed state for these iPSC (Figure 1F).

cASC and CDF, as well as testicular and ovarian fibroblasts, did

not yield stable colonies, even though the efficiency of infection was

comparable to that of infected CEF (Figure S4).

3.2 | ATAC-seq analysis identifies distinct cell type
clustering pattern

We hypothesized that resistance of canine adult stromal cells (ie, CDF

and cASC) to OSKM-mediated cellular reprogramming is due to a fail-

ure to close somatic-fate loci, a failure to open pluripotency loci, or

F IGURE 2 ATAC-Seq shows chromatin accessibility differences between adult and embryonic stromal cells, and canine pluripotent cells. A,
Representative histogram of the frequency distribution of DNA library fragment size from ATAC-sequencing. B, Venn diagram of the distribution
of ATAC-seq peaks for the cell types studied. C, Two-dimensional scaling plot of the relative distances for ATAC-seq peaks between cell types
CDF, cASC, CEF, ciPSC, and cESC. D, Read-depth heat map of the whole data set of ATAC-seq peaks. Representation from 2 kb upstream to 2 kb
downstream of each loci. All genes represented from TSS to TES. E, Pearson correlation heat map of a representative sample ofall peaks,
downsized to enhance processing efficiency, for all the cell type data sets. Each column is a cell type and each row is an ATAC-seq peak. Color
scale shows relative ATAC-seq peak signal, on a log2base. ATAC-Seq, assay for transposase-accessible chromatin using sequencing; cASC, canine
adipose-derived mesenchymal stem cells; CDF, canine dermal fibroblasts; CEF, canine embryonic fibroblasts; cESC, canine embryonic stem cells;
ciPSC, canine-induced pluripotent stem cells; TES, transcription end site; TSS, transcription start site
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F IGURE 3 Legend on next page.
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both, during the reprogramming process. To test our hypothesis, we

studied the chromatin accessibility landscape of canine stromal and

pluripotent cells by ATAC-seq. Specifically, we studied two adult stro-

mal cell types (ie, CDF and cASC), CEF, CEF-syngeneic ciPSC, and

cESC. We sequenced four different cell lines of each cell type men-

tioned, except for cESC of which we only had one cell line available.

The following are results from the analysis of all the peaks in the com-

plete data set. The frequency of sequenced fragment size followed

the expected pattern for an ATAC-seq library with periodical peaks

corresponding to the nucleosome-free regions (NFR, 100 bp and

under) and mononucleosome, dinucleosome, and trinucleosome

(200, 400, and 600 bp approximately, respectively),33 in this case with

most of the fragments being 200-400 bp, which is consistent with an

enrichment in mononucleosome and dinucleosome (Figure 2A). A

Venn diagram of the peaks shared by all cell types (Figure 2B) is a first

approach at identifying global patterns of chromatin openness. It

shows a markedly higher number (4350) of shared peaks between

ciPSC and CEF, compared with those shared between ciPSC and CDF

and/or cASC (649 and 315, respectively). Two-dimensional clustering

analysis further shows that the different cell types form distinct clus-

ters that match their different biologic origin (Figures 2C). We further

hypothesized that ATAC-seq peaks would be overrepresented in reg-

ulatory areas around the transcription start site (TSS) and transcription

end site (TES). Our analysis confirms that in all cell types, peaks were

overrepresented in TSS and TES areas compared with exons and

introns (Figure 2D). Finally, we used Pearson correlation unsupervised

hierarchical clustering of all peaks obtained, to identify cell type clus-

tering and distances, which indicate that the primary node of separa-

tion was between pluripotent stem cells and stromal cells, and a

secondary node separated CEF from the adult stromal cells (ie, ASC

and CDF) (Figure 2E).

When we studied the genomic element distribution of differential

peaks we found that proper regulatory areas (promoter and 2 kb

upstream and downstream), exons and introns, were enriched in peaks

with the highest fold change (Figure S7), indicating that using this sub-

data set is more effectual for the current study of chromatin accessi-

bility. This subset composed of peaks annotated as promoter,

upstream 0 to 2 kb, downstream 0 to 2 kb, exons and introns was

used in all the analyses that follow.

3.3 | Chromatin remodeling during CEF
reprogramming

In order to define the global chromatin remodeling that occurs during

CEF reprogramming into ciPSC, we compared ATAC-seq results from

CEF vs CEF-syngeneic ciPSC, by unsupervised hierarchical clustering

and heat map plotting (Figure 3A). Two clusters emerged from this

analysis: the “Open to Closed” (OC) peaks cluster, and the “Closed to

Open” (CO) peaks cluster. OC and CO peaks plotted across all cell

types showed that adult stromal cells followed a similar pattern to

CEF cells, except for a cluster of peaks that is closed in adult stromal

cells while open in CEF (Figure 3A). As expected, the permanently

open group contained primarily housekeeping genes such as GAPDH

or RPL4/14 (data not shown). The group of loci that were differentially

open in ciPSC compared with CEF (CO) included well-validated

pluripotency associated genes such as SMAD3 and ALPL, as well as

candidate novel canine pluripotency-associated genes such as

WNT5A, AVPR1, or BMP7. Finally, genes that were differentially

closed in ciPSC compared with CEF (OC) included many genes that

are known to enhance the somatic fate, such as SYNGR2 and VEGFA

as well as candidate novel canine somatic fate genes such as

GTF2A1L, GSTA4, or MMP3. In both CO and OC groups, different

genomic areas suffered chromatin accessibility changes in both direc-

tions (open to closed and vice versa). First, the cluster peaks lists were

converted to genes lists from annotation, in order to construct a read-

depth heat map along the gene loci from TSS to TES (Figure 3B). This

shows the same enrichment of peaks flanking the TSS and TES as

seen above for the whole data set, with OC genes more open in CEF

than in pluripotent cells in all genomic areas, and CO genes more open

in pluripotent cells around areas flanking both the TSS and TES, as

compared with the same cell population for OC genes. In addition,

CEF OC genes are more closed than CO genes, especially in the cod-

ing areas. Next, enrichment of GO terms for the OC and CO groups

(Figure 3C) revealed that amongst the pathways that are enriched in

the OC group are immunity-related genes, and the Wnt, VEGF, PDGF,

and FGF pathways, all related to cell identity establishment or mainte-

nance, among many others. This is in alignment with expected chro-

matin remodeling during reprogramming, but the fact that we did not

observe an opening or enrichment of classic stemness genes between

F IGURE 3 Genomic accessibility landscape remodeling during canine stromal cell reprogramming. A, Pearson correlation heat map of 2403

peaks with differential openness when comparing embryonic stromal cells (ie, CEF) vs ciPSC, representing the CEF-ciPSC transition, for all cell
type data sets. Each column is a cell type and each row is an ATAC-seq peak. Color scale shows relative ATAC-seq peak signal, on a log2base. B,
Read-depth heat map of OC and CO gene clusters, for the CEF vs ciPSC data set. Genes represented from TSS to TES. C, GO term enrichment by
PANTHER overrepresentation test with fold enrichment >2, P < .05, and FDR <0.05. Showing fold enrichment and corresponding FDR, for the
CO and OC gene groups. D, Selected Integrative Genome Viewer (IGV) genomic views of ATAC-seq data for stemness genesSOX2, NANOG,
OCT4, KLF4, and MYC. All genome view vertical scales were group autoscaled to normalize for read-depth. Genes are oriented 50 to 30 and
graphed from 2 kb upstream of the TSS to 2 kb downstream of the TES. E, Open TF motif discovery for pairwise comparison CDF-cASC vs CEF-
ciPSC. TF families and motifs are indicated on the right of the fold-change heat map. E, Open TF motif discovery for pairwise comparison CEF vs
ciPSC. TF families and motifs are indicated on the right of the fold-change heat map. ATAC-Seq, assay for transposase-accessible chromatin using
sequencing; cASC, canine adipose-derived mesenchymal stem cells; CDF, canine dermal fibroblasts; CEF, canine embryonic fibroblasts; ciPSC,
canine-induced pluripotent stem cells; CO, closed to open; FDR, false discovery rate; GO, gene ontology; OC, open to closed; TES, transcription
end site; TSS, transcription start site
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F IGURE 4 Genomic accessibility landscape in canine adult and embryonic stromal cells. A, Pearson correlation heat map of 976 peaks with
differential openness when comparing embryonic stromal cells (ie,: CEF) vs adult stromal cells, for all the cell type data sets. Each column is a cell
type and each row is an ATAC-seq peak. Color scale shows relative ATAC-seq peak signal, on a log2base. B, Read-depth heat map of clusters III
and IV, for the CDF-cASC vs CEF data set. C, GO term enrichment by PANTHER overrepresentation test with fold enrichment >2,P < .05, and
FDR <0.05. Showing fold enrichment and corresponding FDR, for the “Adult-open Embryonic-closed” group. No enrichment found for “CEF-
ciPSC-open” group. D, Selected Integrative Genome Viewer (IGV) genomic views of ATAC-seq data for representative genes from each cluster.
All genome view vertical scales were autoscaled to normalize for read-depth. Genes are oriented 50 to 30 and graphed from 2 kb upstream of the
TSS to 2 kb downstream of the TES. E, Open TF motif discovery for pairwise comparison CDF-cASC vs CEF. TF families and motifs are indicated
on the right of the fold-change heat map. ATAC-Seq, assay for transposase-accessible chromatin using sequencing; cASC, canine adipose-derived
mesenchymal stem cells; CDF, canine dermal fibroblasts; CEF, canine embryonic fibroblasts; ciPSC, canine-induced pluripotent stem cells; FDR,
false discovery rate; GO, gene ontology; TES, transcription end site; TF, transcription factors; TSS, transcription start site
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F IGURE 5 Candidate
genetic barriers to the
reprogramming of adult canine
stromal cells. A, Pearson
correlation heat map of
935 peaks with differential
openness when comparing
adult stromal cells vs embryonic
stromal cells (CEF) and ciPSC,

representing the
reprogramming barriers for
generation of ciPSC from CDF
and cASC but not from CEF, for
all the cell type data sets. Each
column is a cell type and each
row is an ATAC-seq peak. Color
scale shows relative ATAC-seq
peak signal, on a log2base. B,
Read-depth heat map of adult
and undifferentiated-specific
gene clusters, for the CDF-
cASC vs CEF-ciPSC data set. C,
GO term enrichment by
PANTHER Overrepresentation
test with Fold Enrichment >2,
P < .05, and FDR <0.05.
Showing fold enrichment and
corresponding FDR, for the
adult and undifferentiated-
specific gene clusters. D, Open
TF motif discovery for pairwise
comparison CDF-cASC vs CEF-
ciPSC. TF families and motifs
are indicated on the right of the
fold-change heat map. E,
Selected IGV genomic views of
ATAC-seq data for
representative genes from
candidate FC and candidate FO
gene lists. All genome view
vertical scales were autoscaled
to normalize for read-depth.
Genes are oriented 50 to 30 and
graphed from 2 kb upstream of
the TSS to 2 kb downstream of
the TES. ATAC-Seq, assay for
transposase-accessible
chromatin using sequencing;
cASC, canine adipose-derived
mesenchymal stem cells; CDF,
canine dermal fibroblasts; CEF,
canine embryonic fibroblasts;
ciPSC, canine-induced
pluripotent stem cells; FC, fail
to close, FO, fail to open; FDR,
false discovery rate; GO, gene
ontology; TES, transcription
end site; TF, transcription
factors; TSS, transcription
start site
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CEF and ciPSC, is likely due to these being already open enough in

CEF, hence chromatin accessibility does not need to be modified sig-

nificantly for reprogramming (Figure 3D). This might not be the case

when the donor cells are CDF or cASC, where stemness genes are not

accessible, but it was impossible to assess this at the ciPSC level, since

CDF and cASC did not form established ciPSC lines that we could

extract material from to study. Genes enriched in the CO group

include oxidoreductase and reactive oxygen species metabolism-

related genes, which underlines the importance of oxygen metabolism

in stem cells, as well as cadherin, the p53 pathway and cytokines.

Finally, we studied the TF motif patterns in CEF before and after

reprogramming to ciPSC (Figure 3E) and found that TF motifs for

stemness factors such as OCT4, SOX2, and NANOG, as well as other

OCT and SOX genes are already open in CEF, and differentially more

open than in ciPSC, making them receptive to the introduction of

OSKM. Surprisingly, ciPSC seem to have an enrichment for open TF

motifs more commonly related to cell identity maintenance like Jun-

AP1, Mef2D, MyoD, or E-box, when compared with CEF.

3.4 | Chromatin landscape differences between
adult and embryonic stromal cells

We analyzed ATAC-seq peaks that were significantly more open or

closed when comparing CDF-cASC to CEF, by unsupervised hierarchi-

cal clustering (Figure 4A). Genomic patterns derived from this analysis

were grouped into clusters, which when overlaid with all the cell lines

studied, resulted in similar hierarchical organization to the one

observed before (Figures 2C-E). Furthermore, the read-depth heat

map for the genes derived from these peaks cluster groups

(Figure 4B) shows the same peak enrichment flanking the TSS and

TES, as previously observed. In addition, we have identified genes that

are more open in adult stromal cells as opposed to CEF, especially in

gene-flanking areas, as observed in Figure 4B, top panel graphs. This

group was labeled “Adult open/Embryonic closed”. This can also be

seen in Figure 4A where these peaks appear in green for CDF and

cASC, and mostly black for CEF. Meanwhile, CEF present an interme-

diate chromatin openness level in regulatory areas, which is between

that of CEF and cASC, but are clearly more closed in coding areas

(Figure 4B, top panel graphs). Moreover, chromatin accessibility in

pluripotency core genes was diminished in CDF, when compared with

CEF, especially in SOX2, NANOG, and OCT4 (Figure S6), proving that

CEF indeed might be primed for pluripotency, at least more so than

CDF. GO term analysis of this CEF vs CDF-cASC comparison

(Figure 4C) showed a larger proportion of open genes in adult stromal

cells related to axon guidance, angiogenesis, GnRH release, and

inflammation, all related to an ultimately differentiated state, as well

as genes related to general functions such as signaling. Among these

were PRKDC, DMD, RHOA, BAX, MMP11, ANGPT1, JAK1, VEGFA,

VASP, STAT6, AP3S2, ANGPT1, and BMP4. There was no enrichment

of GO terms in “CEF-ciPSC-open”-associated genes. Representative

ATAC-seq profiles for the defined clusters can be seen in Figure 4D.

We also studied the enrichment of TF motifs in the CDF-cASC group

vs CEF (Figure 4E), and found TF motifs for well-known

differentiation-associated TF, like E-box, MyoD/G, Tcf21/12 to be

enriched in the adult subset, while the CEF subset was enriched for

both differentiation-related motifs like Pitx1:E-box, as well as

embryonic-associated motifs like Klf3/4, CEBP, and NFY.

3.5 | Differential chromatin accessibility analysis
identifies candidate “fail-to-close” and “fail-to-open”
loci in adult stromal cells

In order to study which genes might represent barriers to repro-

gramming, we analyzed comparison of peaks from adult stromal cells

vs CEF and ciPSC. We defined the new “Adult-Specific” and

“Undifferentiated-Specific” clusters, as the peaks that were signifi-

cantly more open in adult stromal cells as opposed to CEF and ciPSC,

and the peaks that were significantly more open in CEF and ciPSC as

opposed to adult stromal cells, respectively (Figure 5A). Peaks that

were closed in adult cells but open in CEF and ciPSC were considered

“fail-to-open” (FO) peaks, and peaks that were open in adult cells but

close in CEF and ciPSC were considered “fail-to-close” (FC) peaks.

The read-depth heat map for the genes derived from the “Adult” and

“Undifferentiated-Specific” peak groups (Figure 5B) shows the same

enrichment of peaks flanking the TSS and TES we have seen before,

especially for Adult peaks, while the Undifferentiated peaks show a

more scattered pattern of chromatin accessibility. Adult-associated

genes were more open in stromal cells than in pluripotent cells, and

TABLE 1 Candidate reprogramming barrier genes

Candidate FC Candidate FO

ADGRE1 GUSB PRKDC ACAN

ALCAM HIPK2 PSMB7 ADGRL2

ANGPT1 HMGA1 QKI AVPR1A

AOX2 HRAS RAB10 B3GAT2

BCAN IL2RA RAB22A BCL2

BCL2L1 JUP RBM12 CTSC

BMPR1B KCNMB1 RECK DCT

CAV1 KDR RETREG1 DSG3

CCL17 LEPR SERPINE1 GMPS

COMMD1 MAPK1 SERPINH1 GNAQ

CPT1A MAPT SLC6A2 LIPC

CRYBA1 MMP11 SMAD3 NOX3

DAG1 NDRG1 SREBF1 PNPLA1

DDX39B NFKB1 STK38L PSEN1

DKK3 NUDT3 SULF1 SIRT5

DPT PDX1 UBE2N SLC7A1

EIF3L PLCE1 UNK SPINK5

FBN1 PPARG VEGFA TACR1

GHR PPP3CA XYLT1 TACR3

Abbreviations: FC, fail to close; FO, fail to open.
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especially more open in CDF; undifferentiated-associated genes show

a change in chromatin accessibility pattern in this case, displaying a

more concentrated openness in regulatory areas before the TSS and

after the TES, as compared with their condition for adult genes. GO

term enrichment analysis (Figure 5C) showed the most significantly

overrepresented GO terms in the “Adult-Specific” gene cluster were

related primarily to cell identity establishment and maintenance, gene

regulation processes such as nucleic acid binding, and pathways such

as VEGF, PDGF, and EGF, underlining how a failure to close loci

related to cell commitment can have be detrimental to repro-

gramming. TF motif analysis (Figure 5D) revealed that several

differentiation-associated TF motifs, like E-box, MyoD/G, NF-E2, or

Tcf21/12 were enriched in CDF-cASC, as seen in other comparisons

including this group. While, on the other hand, CEF-ciPSC were

enriched in TF motifs related to stem cell maintenance like Nrf2,

Bach1, and Atf3, but also some cell identity motifs like AP1, Fosl,

and Jun.

Finally, with the aim of obtaining a restricted list of possible repro-

gramming barrier genes, we cleaned up the FC and FO gene clusters

defined before, by overlapping them with the OC or CO gene groups,

respectively, obtained from the analysis shown in Figure 4, and by fil-

tering the resulting genes by GO term. We defined the “Candidate

FC” group, derived from the filtered FC group, as the cluster of peaks

that is open in adult stromal cells, and less open or closed in CEF,

ciPSC, and cESC; and the “Candidate FO” group, derived from the fil-

tered FO group, as the cluster of peaks that is closed in adult stromal

cells, but open in CEF, ciPSC, and cESC. The proposed Candidate FC

and FO gene barriers are shown in Table 1, and representative ATAC-

seq profiles in Figure 5E. Barrier gene candidates include lineage asso-

ciated genes that may fail to close, such as ALCAM, VEGFA, KDR, and

genes that may fail to open such as NOX3, SIRT5, or BCL2.

4 | DISCUSSION

While canine somatic cell reprogramming via forced expression of

pluripotency TF has been previously described, reported cells often

lacked critical qualities of iPSC and reports have been sporadic and

inconsistent, reflecting lack of a deeper, specific-understanding of

reprogramming mechanisms, and pluripotency regulators. Canine

somatic cell nuclear transfer (SCNT) as a means for cell repro-

gramming is a more mature and robust technology with numerous live

puppies born via such an approach.40,41 Nonetheless, no ESC lines

have been generated by SCNT in dogs.

Here, we demonstrate the ability to reprogram CEF to ciPSC, and

report the inability of canine adult stromal cells to generate stable

ciPSC colonies. Cellular age could have an effect on reprogramming

efficiency, but this was not the case in the current study. CEF had a

tendency to proliferate faster, and while higher proliferative rate is

associated with increased reprogramming efficiency, which could

explain the tendency of CEF to be reprogrammed more efficiently,

there were no statistical differences in PDT among the cell types stud-

ied (Figure S5). Furthermore, as is the case with murine strains,42

there are no literature reports that suggest there is a canine breed

dependence for somatic cell reprogramming, and although we did not

observe any influence of breed in reprogramming, this cannot be

ruled out.

Through the generation of an OCT4-eGFP reporter system, we

show that the endogenous OCT4 locus is engaged during repro-

gramming of CEF, and that this is controlled mainly from the PE

enhancer,43,44 which suggests that our reprogrammed ciPSC are in a

primed pluripotency state. Furthermore, to study the difference in

reprogramming capabilities between embryonic and adult canine stro-

mal cells, we performed effective and reproducible ATAC-seq

sequencing and data analysis on different types of canine cells. Our

data analysis approach allowed us to identify groups of genes that

may be involved in the inability to reprogram adult stromal cells.

We initially studied the process of reprogramming of CEF to

ciPSC, identifying major pathways that change during this process.

Among them, the Wnt, VEGF, FGF, and PDGF pathways were of

interest.45-47 Notable loci expected to close that indeed did were AFP,

ANGPT1, AR, and KDR, all markers of committed lineages.48-51 We

noted that OC changes were the most represented in our analysis,

underlining the importance of appropriate somatic loci shutdown for

reprogramming. When we compared ATAC-seq data between embry-

onic fibroblasts and adult stromal cells we found that some loci were

open in CEF as opposed to CDF-cASC, such as FGFR2 and IGF1, both

of which have roles in embryonic development and stem cell self-

renewal.52,53 These could be targets that need to be opened or stimu-

lated during reprogramming of CDF-cASC.

Certain genes that we have identified as candidate FO genes in

the current study, such as SIRT5, are strongly related to DNA repair,

intracellular homeostasis, redox homeostasis, DNA transcription regu-

lation and microenvironment regulation, all key functions during the

process of genetic reprograming.54-59 Such FO genes could be specifi-

cally targeted for activation by techniques such as the CRISPRa

system,60 or with small molecule activators of specific pathways.

Our data further identified the genes ALCAM, BMPR1B, and

DAG1 as candidate FC genes. While there is limited reports of ALCAM

and no reports of dystroglycans' like DAG1 effects on reprogramming

in the literature,61,62 several other adhesion molecules have been

shown to have positive as well as detrimental effects in repro-

gramming of murine cells.63-65 ALCAM and DAG1 could be novel

reprogramming barriers in the canine model, as well as the human and

murine models. The BMP receptors or their associated pathways were

previously reported to be involved in somatic cell reprogramming66-68

and could be barriers to canine specific cell reprogramming.

Interestingly, some TF motifs that were enriched in CEF and

ciPSC as opposed to adult stromal cells were FOSL2, Jun-AP1, and

JUNB, which have been shown to be involved in identity mainte-

nance, proliferation, immune response, and cell death.69,70 Interest-

ingly, several members of the AP-1 family have previously been

shown to inhibit reprogramming,71 and together with the fact that

data showed no increased chromatin accessibility for these loci, we

hypothesize that the TF motif enrichment is not related to increased

AP-1 formation and/or activity. These motifs might confer different
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TF functions in canines, as opposed to the human/murine models. In

conclusion, these genes constitute possible reprogramming barriers,

whose expression should be investigated within this model, and can be

targets in interference experiments, to the end of identifying a pathway

that when blocked can serve as a strong reprogramming enhancer.

TF motif discovery for CEF vs ciPSC showed surprising results,

with motifs for OCT4, SOX2, and NANOG enriched in CEF instead of

ciPSC, as expected, OCT4 being one of the essential pioneering fac-

tors needed for cellular reprogramming in most models studied.72

When we performed TF motif discovery for adult stromal cells against

embryonic fibroblasts we found, as expected, that TF family motifs

enriched in adult stromal cell peaks are related to somatic loci activa-

tion and lineage identity development and maintenance, such as

MyoD/G, involved in muscle gene expression and cell determination;

and Tcf21, associated with AP-1 binding.73 On the other hand, the

motifs enriched in CEF included Klf4 and NFY motifs, both associated

with pluripotency.74 TF motif discovery for CEF vs ciPSC showed sur-

prising results, with motifs for OCT4, SOX2, and NANOG enriched in

CEF instead of ciPSC, as expected. We hypothesized that the latter

findings reflect the “reprogram primed” state of CEF, though addi-

tional functional validation is required. Lastly, when we studied the

motifs enriched in adult stromal cells against the motifs shared by CEF

and ciPSC, we found that motifs associated with pluripotency mainte-

nance were enriched in sequences differentially open in ciPSC, such

as Nrf2,75 Bach174 and Atf3, a target of Myc, that could be related to

pluripotency maintenance through cell proliferation effects. These

motifs could be targeted for chromatin aperture, in order to improve a

canine-specific adult stromal cell reprogramming protocol.

Moreover, genome annotation in a non-model species like the

dog is still suboptimal. An astounding 84 Mb of canine transcribed

sequence is not found in the existing Ensembl canine reference. In

addition, one study reports finding most ATAC-seq peaks in pro-

moter areas,76 whereas we found most peaks in distal intergenic

areas. The inaccuracy of the genome annotation contributes to dif-

ficulty in assignment of genomic areas to appropriate genes or

genomic functions. In particular for the dog genome, annotation for

a high amount of loci and regulatory regions is only predicted, not

precise, or directly inexistent, generating not only the need for

manual data analysis or curation, but also the inability to detect

associations. Continued work on the species will generate more

interest, more research, and more investment in resequencing the

species' genome and performing more functional annotation. In

addition, different genomic areas of a given gene suffered bidirec-

tional chromatin accessibility changes; this speaks about a very

complex chromatin rearrangement during reprogramming that is

probably based on both positive and negative enhancer areas being

differentially accessible.

5 | CONCLUSIONS

Our data provide a deeper understanding of nuclear chromatin

remodeling during cellular reprogramming in dog cells, and define

candidate barriers for somatic cell reprogramming. Such candidate

reprogramming barriers could be the target of future studies that

aim to generate a better understanding of the regulatory networks

that govern canine pluripotency. The uncovering of particular tar-

gets to facilitate cellular reprogramming to ciPSC will support the

generation of robust ciPSC for translational research in a more effi-

cient manner.
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