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Abstract

Transgenic pigs have become an attractive research model in the field of translational research,

regenerative medicine, and stem cell therapy due to their anatomic, genetic and physiological

similarities with humans. The development of fluorescent proteins as molecular tags has

allowed investigators to track cell migration and engraftment levels after transplantation. Here

we describe the development of two transgenic pig models via SCNT expressing a fusion pro-

tein composed of eGFP and porcine Histone 2B (pH2B). This fusion protein is targeted to the

nucleosomes resulting a nuclear/chromatin eGFP signal. The first model (I) was generated via

random insertion of pH2B-eGFP driven by the CAG promoter (chicken beta actin promoter

and rabbit Globin poly A; pCAG-pH2B-eGFP) and protected by human interferon-β matrix

attachment regions (MARs). Despite the consistent, high, and ubiquitous expression of

the fusion protein pH2B-eGFP in all tissues analyzed, two independently generated Model

I transgenic lines developed neurodegenerative symptoms including Wallerian degenera-

tion between 3–5 months of age, requiring euthanasia. A second transgenic model (II) was

developed via CRISPR-Cas9 mediated homology-directed repair (HDR) of IRES-pH2B-

eGFP into the endogenous β-actin (ACTB) locus. Model II transgenic animals showed ubiq-

uitous expression of pH2B-eGFP on all tissues analyzed. Unlike the pCAG-pH2B-eGFP/

MAR line, all Model II animals were healthy and multiple pregnancies have been estab-

lished with progeny showing the expected Mendelian ratio for the transmission of the

pH2B-eGFP. Expression of pH2B-eGFP was used to examine the timing of the maternal to

zygotic transition after IVF, and to examine chromosome segregation of SCNT embryos.

To our knowledge this is the first viable transgenic pig model with chromatin-associated
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eGFP allowing both cell tracking and the study of chromatin dynamics in a large animal

model.

Introduction

Pigs are an attractive research model in the field of surgical and procedure training, disease

progression and pathology, translational research, and regenerative medicine/stem cell ther-

apy, due to their anatomic, genetic, and physiological similarities with humans. In addition,

the availability of the pig genome sequence, the development of somatic cells nuclear transfer

(SCNT) and high efficiency genome editing tools such as Transcription activator-like effector

nucleases (TALENs) and Clustered regularly interspaced short palindromic repeats (CRISPR-

Cas9), have allowed precise and efficient genetic engineering in the pig [1–5].

With available transgenic pig technology and the generation of more suitable biomedical

research models for translational research, the need for more effective methods for in vivo and

ex-vivo cell tracking have increased. This is particularly true in the area of regenerative medi-

cine. While cells can be loaded ex-vivo with a range of dyes, these dies disappear over time lim-

iting their usefulness for long-term studies [6–8]. Therefore, the development of fluorescence

proteins as molecular tags has allowed complex biochemical processes to be correlated with

protein functionality in living cells [6]. In addition, genetic engineering of encoded biological

fluorescent proteins have marked an evolution in the field of stem cell biology, allowing the

development of cell-traceable systems and the ability to track the fate of adult stem cells for

therapeutic purpose in biomedical models [9, 10]. Among these molecular tags, the most

widely used one is the green fluorescent protein (GFP) from the jellyfish Aequorea victoria [6,

11]. The mutant variant, eGFP (enhanced), has been shown to be more stable and to fold cor-

rectly at 37˚C, and can be fused with virtually any protein of interest allowing co-localization

of eGFP and the protein of interest. [6].

Based on this concept, transgenic mice, rats, rabbits and pigs expressing eGFP under a vari-

ety of conditions have demonstrated their usefulness in basic and translational research [7, 12,

13]. Furthermore, nuclear fluorescence tagging, by adding nuclear localization signals that

translocate eGFP into the nucleus [14], or by fusing eGFP to proteins that bind chromatin, has

allowed the tagging of the nucleus versus the cytoplasm and a better understanding of the com-

plexity of cell cycle/division, chromosome abnormalities associated with cancer biology, and

real-time chromosome dynamics [15]. One of the approaches used to accomplish this is via

fusion of eGFP to the histone 2B protein (H2B) [16, 17]. Histone H2B is a one of the main core

proteins of the nucleosome and plays a key role in chromatic assembly [18]. By fusing eGFP to

H2B it is possible to co-localize the eGFP to the chromosomes and observe their behavior in

real time. While transgenic mice models expressing the fusion protein H2B-eGFP under dif-

ferent conditions have been described [19], to our knowledge the development of a stable

transgenic pig expressing such fusion protein is currently lacking. Such model can be used as a

tool in multiple fields of biomedical research including cell tracking after transplantation, cell

fusion analysis, cell division kinetic analysis in vivo and in vitro [20], and chromatin remodel-

ing in early embryos [21].

Here we describe two transgenic pig models expressing pH2B-eGFP. One developed using

random insertion and a well-characterized, strong, ubiquitous promoter (pCAG) protected by

Scaffold/Matrix attachment regions (MARs). MARs are DNA elements that are part of the

nuclear matrix, and are known to reduce what is a known as "position effect variegation"
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(PEV). PEV is characterized by heterogeneous expression (and in some cases silencing) of ran-

domly integrated transgenes [22–24]. The use of MARs has been described in multiple species

including swine [25, 26]. The second model generated via CRISPR-Cas9-mediated HDR inser-

tion of pH2B-eGFP transgene in the ACTB locus, allowing its expression to be regulated by

the ACTB promoter.

Material and Methods

Animal Welfare

This study was carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. The animals used

in this study were obtained from a university owned herd, and all animal procedures were

approved by the Institutional Animal Care and Use Committee of North Carolina State Uni-

versity (Raleigh, NC). Animals were sacrificed by one of two methods, intravenous injection of

sodium pentobarbital, or penetrating captive bolt euthanasia followed by jugular exsanguina-

tion. Both methods meet the recommended guidelines of the American Veterinary Medical

Association for euthanasia in pigs. All surgeries were performed under isoflurane anesthesia,

and a post surgical regimen of bupivacaine, Banamine-S was administered to minimize pain.

Model Development

Model I (pCAG-pH2B-eGFP/MAR); non-targeted integration. Model I line was gener-

ated by random integration in the genome and used a strong, well-characterized promoter and

MARs to control PEV of the pH2B-eGFP. To generate Model I, three constructs were used (Fig

1A and 1C), PGK-puro, human interferon-β MARs and pCAG-pH2B-eGFP-rabbit Globin poly

A. The porcine H2B coding region (single exon) was amplified from the pig genome via PCR,

sequenced, fused to eGFP and cloned into a pCAG expression vector (Clontech, catalog #6085–

1). The 812 bp human interferon-β MAR was amplified (and sequenced confirmed) from pCp

Gfree-vitroNLacZ (InvivoGen, Catalog# pcpgvtn-lz) plasmid using the forward and reverse

primers, 5’-CTGCAGGAATTCAGTCAATATGTTC-3’ and 5’-GCCACAGATGTTACTTAGCC
TTT-3’. Finally, PGK-puro was used for selection.

Two independent porcine fetal fibroblast (pFFs) lines isolated from two different fetuses

were used for generation of Model I. All pFFs lines were obtained by breeding Landrace X

Yorkshire mix boars and sows. Male wild type pFFs (400,000 cells) were mixed with 2 μg line-

arized pCAG-pH2B-eGFP plasmid, 2 μg hIFNβ/MAR and 500 ng PGK-Puro plasmid, and

electroporated at 490 V, 3 pulses of 1 ms duration using the BTX Electro-cell manipulator

ECM2001. Electroporated cells were plated in alpha MEM supplemented with 15% FBS and

penicillin/streptomycin. Twenty-four hours later, cells were placed on selection media contain-

ing 0.75 mg/ml puromycin. Following selection for 10 days, surviving colonies were expanded

and briefly analyzed by epi-fluorescence microscopy to phenotypically evaluate colonies based

on nuclear pH2B-eGFP expression. Colonies showing heterogeneous pH2B-eGFP expression

were discarded. Colonies that showed homogeneous and ubiquitous nuclear pH2B-eGFP

expression were further expanded and tested to confirm the presence of MARs before using for

SCNT. Two independent Model I lines where established and studied separately. The presence

of MARs adjacent the pH2B-eGFP was examined by PCR as shown in Fig 1A. Primers used

were MAR forward 5'- ATG AGA TGT GTG GGG ATA GAC AGT GA-3'andMAR reverse
5'- CTTTACTGGGGTGTTGCAAATATTTTCTGTC-3', reverse pCAG 5'- ACTATGGGAACA
TACGTCATTATTGAC-3'and forward rGBPoly(A) 5'-TGAGCATCTGACTTCTGGCTAA-3'.

All PCR reaction were performed under the following conditions 98˚C for 1 min, 35 X (98˚C

for 10 s, 62˚C for 10 s, 72˚C for 60 s), 72˚C for 1 min, hold at 4˚C.
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In order to identify the transgene integration site the Universal GenomeWalker 2.0 kit was

used (Clontech, cat#636405). Adapter-ligated libraries were generated with genomic DNA

digested with four different blunt-end restriction endonucleases (DraI, EcoRV are showed)

and CAG-pH2B-eGFP specific primers were designed to work in conjunction with adaptor

primers (provided with the kit). A positive specific band from line 1 EcoRV digested/adaptor

ligated library (1.4Kb) was obtained by PCR using a custom designed CAG reverse and adap-

tor primers. The band was gel extracted and submitted for DNA sequencing revealing 900 bp

sequence with 100% homology to the pig genomic region identified that allowed mapping and

confirmation by PCR of the insertion site (Fig 2).

The insertion site for the additional Model I line was identified by whole genome sequenc-

ing by using a commercial service (Rapid Genomics, Gainsville). For library preparation the

DNA sample was quantified using Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies,

Carlsbad) and normalized to 15 ng/ul. A total of 500 ng of DNA was physically fragmented to

an average fragment size of 400 bp. An Illumina-compatible DNA library was constructed by

end-repairing the sheared DNA, A-tailing and adapter ligation. The ligated libraries were

PCR-amplified for 9 cycles. The product was sequenced on one lane of Illumina HiSeq X-Ten

(Illumina, San Diego) with paired end reads of 150 bp each. Paired end raw reads were cleaned

and trimmed with trim galore/0.4.1 (Babraham Bioinformatics—Trim Galore! Babraham Bio-

informatics—Trim Galore!. [http://www.bioinformatics.babraham.ac.uk/projects/trim_

galore/]. Reads where one pair mapped to the transgene and its mate pair mapped to the pig

Fig 1. Transgenic approaches for generation of Model I and Model II pigs. (A) Representative genomic organization of Model I insert from line 1 showing

structure of the pH2B-eGFP construct and the location of the MARs. Overall organization was confirmed by sequencing. (B) Schematic representation of the

structure of the wild-type and targeted ACTB locus. Diagnostic PCR amplicons and location of primers are shown. (C) PCR amplicons of from control (WT

CTL) and Model I genomic DNA confirming the overall organization of the insert. Amplicons were sequenced to confirm identity. (D) Analysis of pH2B-eGFP

positive colonies confirming insertion of the pH2B-eGFP into the ACTB locus. Amplicons were sequenced to confirm identity.

doi:10.1371/journal.pone.0169242.g001
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genome were used to identify possible insertion sites. To identify these pairs, bowtie2 [27] was

used to map the cleaned reads to the transgene sequences. The bowtie mapping results were fil-

tered with bamsamba [28] for reads where only one mate mapped to the transgene. Blast [29]

was used to map the mate of the read that hit the transgene to the pig genome (Genome assem-

bly: Sscrofa10.2, http://useast.ensembl.org/Sus_scrofa/Info/Index).

Model II (ACTB-IRES-pH2B-eGFP); homology directed repair (HDR). Model II was

developed using CRISPR-Cas9 and HDR to drive integration of the pH2B-eGFP into one allele

of the ACTB locus resulting in ubiquitous expression of the pH2B-eGFP. The CRISPR-Cas9

system consisted of the bi-cistronic expression vector px330 expressing Cas9 and sgRNA

under U6 promoter (addgene, catalog # 42230). An sgRNA target sequence to the 3’ UTR of

the ACTB locus was identified using ZiFit Targeter Version 4.2 (http://zifit.partners.org/

ZiFiT/ChoiceMenu.aspx). This sequence was added to the plasmid using complimentary oli-

gos, 5'-CACCGACGGTGAAGGTGACAGCAGT-3' and 5'-AAACACTGCTGTCACCTTCAC
CGTC-3’.

For the generation of the IRES-pH2B-eGFP targeting construct, the internal ribosomal

entry site (IRES) sequence from Encephalomyocarditis virus was amplified from pCAGIG

plasmid (addgene, cat# 11159), and fused to pH2B-eGFP from the pCAG-pH2B-eGFP plas-

mid. Porcine ACTB homology arms of 1Kb were amplified from pig genomic DNA and

cloned into the targeting vector flanking IRES-pH2B-eGFP (Fig 1B). The targeting vector did

not contain the β-actin CRISPR-Cas9 target sequence. The strategy consisted of generating a

chimeric mRNA of ACTB and IRES-pH2B-eGFP by inserting the transgene in the 3’ untrans-

lated region (UTR). The stop codon and the endogenous ACTB Poly(A) signal was kept intact.

For electrochemical transfection, 5x105 wild type male pFFs were transfected using the

Amaxa Nucleofector kit (U-23 settings) (Lonza,Verviers, Belgium). Transfection groups

included pMAXGFP (500ng) as positive control, non-transfected pFFs as negative control,

Fig 2. Confirmation of independent insertion sites in both Model I lines. (A) Using the sequence obtained from the GenomeWalking system, internal

primers were designed to the predicted insertion site and MAR flanking region, and genomic DNA from both lines and control wild type amplified by PCR.

Correct amplicons were only detected in line 1 DNA confirming the GenomeWalker predicted insertion site. (B) Similarly, using the predicted organization of

the transgene and the genomic flanking region PCR primers were designed and wild type, line 1 and line 2 genomic DNA amplified. As expected, only line 2

DNA yielded the correct amplicon. Both (A) and (B) results prove that the transgene from both lines used to generate model I have different organizations and

are inserted in different genomic locations. Arrows indicate location of PCR primer sites.

doi:10.1371/journal.pone.0169242.g002
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and ACTB CRISPR-Cas9 (500ng) plus circular targeting vector (500ng) as the HDR group.

Ninety-six hours post transfection cells were trypsinized, resuspended in fetal fibroblast cul-

ture media (alpha MEM supplemented with 15% FBS and penicillin/streptomycin) and Fluo-

rescence Activated Cell Sorted (FACS). Wild type pFFs served as negative control and pFFs

transfected with pMAXGFP plasmid as a positive control. Cells were briefly trypsinized,

washed twice in PBS and sorted for GFP on a Beckman Coulter MoFlo Legacy system (sort

pressure 25PSI using a 100 micron nozzle) using a 488nm laser for side-scattered light (SSC)

and forward-scattered light (FSC), and a 530/40 filter to capture the eGFP emission. Positive

cells from HDR group were harvested and plated at low density (100 cells/100mm petri dish)

for single cell colony expansion. Five to seven days later, single cell colonies were picked and

transferred to a 24-well plate.

To confirm the targeted insertion of IRES-pH2B-eGFP into the ACTB locus, primers were

designed to amplify a 1.9kb 5’ boundary fragment and a 1.7kb 3’ boundary fragment. As

shown in Fig 1B, primers were designed to specifically amplify IRES-pH2B-eGFP flanked by

the correct location of the ACTB 3’UTR region. For 5’ boundary, primers were 5' CTGAGTCT
CCTTTGGAACTCTGCAG3' and 5' CTTGTTGAATACGCTTGAGGAGAGC 3'. PCR condi-

tions were 98˚C for 1 min, 35 X (98˚C for 10 s, 66˚C for 10 s, 72˚C for 30 s), 72˚C for 1 min,

hold at 4˚C. For the 3’ boundary primers were 5' GTACAACTACAACAGCCACAACGTC3'
and 5' CTGACAGTTCCATTTCTCACGTTCC 3' under following condition 98˚C for 1 min,

35 X (98˚C for 10 s, 68˚C for 10 s, 72˚C for 30 s), 72˚C for 1 min, hold at 4˚C. For determining

homozygous vs. heterozygous HDR, primers were designed to bind outside the areas of homol-

ogy arms of ACTB, resulting in amplification of a 2.9kb amplicon for unmodified wild type allele.

Primers were 5' CTGAGTCTCCTTTGGAACTCTGCAG3' and 5' CTGACAGTTCCATTTCTCAC
GTTCC3' under condition of 98˚C for 1 min, 35 X (98˚C for 10 s, 68˚C for 10 s, 72˚C for 45 s),

72˚C for 1 min, hold at 4˚C.

Somatic Cell Nuclear Transfer

Both models (I and II) were generated using the same SCNT protocol [30]. All chemicals were

purchased from Sigma (St. Louis, MO) unless otherwise specified. Oocytes from mixed com-

mercial breed sows were collected from local slaughterhouses. Cumulus cells were removed

from the oocyte by vortex for 5 min in 0.1% bovine testicular hyaluronidase. Oocytes were

incubated in manipulation media (Ca-free NCSU-23 with 5% FBS) containing 5 μg/mL bis-

benzimide and 7.5 μg/mL cytochalasin B for 5 min. Following the incubation period, oocytes

were enucleated by removing the first polar body and metaphase II plate. Single cells express-

ing pH2B-eGFP were injected and fused to each enucleated oocyte. Fusion/Activation was

induced by two DC pulses of 140V for 40 μsec in 280 mM mannitol, 0.001 mM CaCl2, and

0.05 mM MgCl2. After fusion/activation, oocytes were placed back in NCSU-23 medium with

0.4% BSA and cultured at 38.5˚C, 5% CO2 in a humidified atmosphere for less than an hour,

before being surgically transferred into a synchronized recipient.

Histology and Immunohistochemistry (IHC)

To determine the usefulness of the pH2B-eGFP marker, frozen and paraffin embedded sam-

ples were examined for pH2B-eGFP expression after sectioning without use of anti-GFP anti-

body (direct GFP detection) as well as after using anti-GFP antibody at 1/400 dilution (Alexa

Fluor 555 conjugated, rabbit polyclonal IgG (indirect detention, cat#A-31851, ThermoFisher).

Five to 10 μm sections were obtained from both paraffin-embedded and OCT-embedded tis-

sues. For paraffin embedded blocks samples were fixed in 10% neutral buffered formalin over-

night, followed by fixation with 70% ethanol and paraffin embedding. For OCT-embedded
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tissue blocks samples were fixed with 4% paraformaldehyde overnight followed by 30% sucrose

solution (also overnight). Once fixed, samples were embedded in OCT and frozen in liquid

nitrogen. The cryosectioned tissues slides were immunostained as described below. Slides

were permeabilized with 0.25% Triton X-100 in PBST (PBS with 0.1% Tween 20) for 10 min.

Slides were incubated for one hour at room temperature in 10% BSA in PBST, then with

Alexa555 conjugated-Anti-GFP (Invitrogen) overnight at 40˚C. Next day, slides were washed

three times with PBST and mounted with VECTASHIELD Mounting Medium with DAPI

(Vector Laboratories) and visualized with TE2000 fluorescence microscope (Nikon, Melville,

NY, USA). The same slides used for immunostaining and/or other slides from serial sections

were subsequently used for hematoxylin and eosion (H&E) staining as previously described

[31].

For natural eGFP fluorescence analysis, tissues from both Model I and Model II were fixed

with 4% (wt/vol) paraformaldehyde (PFA) in PBS overnight, followed by 30% sucrose solution

and OCT embedding. Cryosection from multiple organs were counterstained with 1 mg/mL

of DAPI in Vectashield mounting medium. Primary cultured stem cells were analyzed for

eGFP expression without fixation. All samples were observed with a fluorescence microscope

(LSM510 Meta, Zeiss, Thornwood, NY).

In addition, bone marrow mesenchymal stem cells (BM-MSCs), umbilical cord mesenchy-

mal stem cells (UC-MSCs), neural stem cells (NSC), and chondrocytes were isolated from

both models and examined for expression of pH2B-eGFP. For isolation of BM-MSCs, bone

marrow was collected in PBS supplemented with 5% FBS and Streptomycin, Penicillin, and

Amphotericin. The bone marrow was manually fragmented using sterile forceps, followed by

manual agitation to release the cells and filtered using a 40μM filter. The cell suspension was

gently laid on a Fycoll gradient and centrifuged at 400 × g for 40 minutes to enrich for mono-

nuclear cells. Mononuclear cells were plated overnight on DMEM supplemented with 10%

FBS and Streptomycin/Penicillin to enrich for adherent cells. The following day non-adherent

cells were removed by washing with PBS 2x, and remaining adherent cells isolated by tripsini-

zisation. The cells were further characterized by RT-PCR to confirm expression of the MSC

markers CD105, CD90 and lack of expression for CD34.

UC-MSCs were isolated as described previously [32]. Briefly, pig umbilical cords were asep-

tically collected from newborn piglets and umbilical arteries and vein removed. The remaining

tissue, containing the Wharton jelly, was minced in DMEM media with Penicillin, Streptomy-

cin and Amphotericin B (Corning, Inc. NY). The explants were transferred to six-well plates

containing the above media along with 20% fetal bovine serum (FBS) and left undisturbed for

5–7 days to allow migration of cells from the explants. They were fed thereafter twice weekly

and passaged as necessary (cells passaged at 80–90% confluence). The cells were further char-

acterized by RT-PCR to confirm expression of the MSC markers CD105, CD90 and lack of

expression for CD34.

The techniques used for cell isolation of pig fetal NPCs used in this study were adapted and

modified from a protocol described previously for humans [33]. Fetal brains collected from

D42 fetuses were enzymatically digested with collagenase type IV 0.5mg/ml (Worthington,

Lakewood, NJ) and 0.05% trypsin (Corning, Inc, NY) for 20 minutes at 37˚C, and the resulting

cell suspension was washed, filtered through a 40 uM filter and plated in ultra low attachment

plates (Corning, Inc. NY) for the development of neurospheres. The cell culture media con-

sisted of Dulbecco’s modified Eagle’s medium/F-12 with high glucose (Corning, Inc. NY) con-

taining L-glutamine (200 mM), BIT9500 (10% by volume; StemCell Technologies, Vancouver,

British Columbia, Canada), EGF (20 ng/ml), bFGF (40 ng/ml), platelet-derived growth factor–

AB (20 ng/ml), and antibiotics. Neurospheres were visualized after 5 and 6 days and images
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taken. The cells were further characterized by RT-PCR and shown positive for the neural stem

cell markers GFAP, TUJ1 and negative for CD34.

To isolate primary chondrocytes costal cartilage was minced into fine fragments (less than

1 mm2), fragments washed in Dulbecco’s phosphate buffered saline (DPBS; Cellgro, Manassas,

VA) and digested with 1.2% type II collagenase (Worthington, Lakewood, NJ) at 37˚C for 6 hr.

The cell suspension was filtered through a cell strainers (70 μm; BD Falcon, Franklin Lakes, NJ)

to obtain single cells. Cells were washed three times in DPBS and re-suspended in DMEM con-

taining 10% FBS. The number of total cells and viable cells were calculated by Trypan blue stain-

ing (Sigma, St. Louis, MO) and by counting with a Bright-LineTM Hemacytometer (Sigma;

average cell yield: 470,000 cells per gram). Viable cells were plated into 6- and 24-well plastic

culture dishes at a density of 15,000 cells/cm2. Cells were cultured at 37˚C under 5% O2 condi-

tions in DMEM (Corning, Inc. NY) with 10% FBS. Identity of chondrocytes was confirmed by

expression of COL2 and ACAN.

pH2B-eGFP Expression After In Vitro Fertilization (IVF) and SCNT

To examine pH2B-eGFP expression in the early IVF embryos, frozen epididymal sperm from

an pH2B-eGFP boar was used for IVF as previously described [34]. Matured oocytes with a first

polar body were washed three times in manipulation media (Ca-free NCSU-23 with 5% FBS).

Approximately 30 to 35 oocytes were transferred into 50 μL droplets of in vitro fertilization

(IVF) medium covered with mineral oil that had been equilibrated at 38.5˚C in 5% CO2 in air.

A 0.1 mL frozen semen pellet was thawed at 38.5˚C in 10 mL of sperm-washing medium. After

washing twice by centrifugation (1,900RPM at room temperature, 4 min), cryopreserved epidi-

dimal spermatozoa were resuspended with fertilization medium to a concentration of 1 × 106

cells/mL. Fifty microliters of the sperm sample was added to the fertilization droplets containing

the oocytes, giving a final sperm concentration of 0.5 × 106 cells/mL. Oocytes were co-incubated

with sperm for 4 to 6 h. After fertilization, oocytes were washed three times and cultured in

500 μL in NCSU-23 medium with 0.4% BSA in 4-well dishes at 38.5˚C in 5% CO2 for 6 days.

Expression of pH2B-eGFP was evaluated through preimplantation development, from fertiliza-

tion until blastocyst stage.

For SCNT embryos, following fusion and activation, embryos were fixed with 4% (wt/vol)

paraformaldehyde (PFA) in PBS for 30 min at room temperature, counterstained with 1 mg/

mL of DAPI in Vectashield mounting medium (Vector Laboratories, Burlingame, CA) to stain

DNA and mounted on glass slides to examine pH2B-eGFP expression. In addition, unfixed

embryos were used for time-lapse imaging following SCNT activation and until the 2–4 cells

stage.

For live imaging, IVF or SCNT embryos were transferred to drops of medium on a glass-

bottomed dish (20 embryos per 50μl drop), placed in the incubator on the microscope stage

and incubated at 38.5˚C under 5% CO2 in air. The system has a Z motor and an auto X–Y

stage. Images were acquired in two channels (light microscope, green fluorescence) using the

auto shutter. Device control and image analysis were performed using MetaMorph software

(Molecular Devices, Sunnyvale, CA, USA). For time-lapse observations, images were taken

over 50 h at 15 min intervals.

Expression Levels of pH2B-eGFP in Model I and Model II

Expression levels were compared using Western blotting, flow cytometry fluorescence inten-

sity profiles, and image analysis of fluorescent intensities in two cell types (BM-MSC and chon-

drocytes). Cells previously isolated and frozen from two aged-matched animals were used for

each Model I and Model II donors and a wild type control. Passage 3 cells were thawed, plated
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(5 x105/well) in 100mm dishes and grown to 100% confluence. Once confluent, total proteins

were extracted and 20 μg of total protein separated on a 4–20% precast stain-free gel (Bio-Rad,

cat#456–8094). Proteins were transferred to a PVDF membrane, and the membrane probed

with rabbit IgG anti-GFP polyclonal antibody (1:5000; Abcam, cat#ab6556) at 5˚C overnight,

followed by incubation at room temperature for 1 hour with goat anti-rabbit IgG HRP-conju-

gated (1:10000; Abcam, cat#ab97051). The PVDF membrane was then washed and treated with

ECL for detection and image capture. For β-Actin detection the membrane was stripped with

0.5M Tris HCL, 10% SDS and β-mercaptoethanol at 50˚C for 45 minutes and checked to ensure

loss of pH2B-eGFP signal. It was then probed with rabbit IgG anti-β actin polyclonal antibody

(1:5000, Abcam, cat#ab8227) at 5˚C overnight, followed by incubation at room temperature for

1 hour with goat anti-rabbit IgG HRP-conjugated (1:10000; Abcam, cat#ab97051). PVDF was

washed and treated with ECL for detection. The predicted size for pH2B-eGFP fusion protein

was 41kDa, and β-actin 43kDa. Intensity profiles were obtained using Image Lab (Bio-Rad) and

normalized to β-actin.

Model I and Model II eGFP fluorescence intensity was also compared using cultured

BM-MSCs and chondrocytes from two animals per model. All cell lines used were in passage

3. BM-MSCs and chondrocytes cells were plated in triplicate 35mm wells (2 x105/well) and

grown to 100% confluence in pFF media. Five microscopic fields (40X) were randomly

selected from each well, a gate/active region created to represent the cell nucleus correspond-

ing to pH2B-eGFP signal, and GFP intensity was acquired for each cell nucleus using the active

gate. The GFP intensity profile from 100 cells/field was measured with the active gate (500 cells

per replication, 1500 per animal). GFP intensity analysis was performed using MetaMorph

software (Molecular Devices, Sunnyvale, CA, USA). The same strategy was applied to wild

type cells and gate used to establish background intensity, and values used as threshold. Statis-

tical analysis comparison was performed using one-tailed student’s t-test with a significance

value of p< 0.05. In addition, flow cytometry was used to compare fluorescence intensity

between Model I and Model II BM-MSC cells. Prior to flow cytometry analysis, cells from con-

trol, Model I and Model II donors were thawed, washed twice with PBS, plated at an equal

density (50.000 viable cells per 100mm plate) and allowed to growth to 80% confluence. Cells

were then tripsinized, washed twice with PBS, and analyzed by flow cytometry for eGFP mean

fluorescence intensity using a LRSII system (488nm laser and 530/40 filter). At least 400,000

cells per sample were examined.

Results

Generation and Analysis of Model I Pigs

Two independent pFF lines, selected as described in material and methods, were used as

nuclear donors for SCNT. Reconstructed SCNT embryos (181 and 126; S1 Table) were

transferred into two surrogate gilts generating thirteen piglets from one line and seven pig-

lets from the other (Model I parental generation, P1). Pigs from both Model I lines devel-

oped neurological clinical signs between three to five months of age (hind limb lameness,

generalized muscular tremor, ataxia, incoordination) and had to be humanely euthanized.

To determine whether the effect was SCNT-related, cauda epididymal sperm were isolated

from a Model I boar, frozen and used for in vitro fertilization (IVF) with wild type oocytes

obtained from the slaughterhouse. A total of 212 zygotes obtained via IVF were transferred

to a recipient sow, resulting in the birth of three piglets, with two piglets expressing pH2B-

eGFP (Model I, F1 generation). Model I F1 piglets developed similar neurological clinical

signs as the P1 generation animals and were humanely euthanized at five months of age for

further necropsy evaluation.
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While the two Model I lines were made independently, we examined the insertion sites to

ensure that the effect seen was not due to an insertional inactivation. Using the Genome-

Walker Universal Kit (Clontech, Mountainview, CA) a 900 bp flanking the insertion site was

identified in one of the two Model I lines. Mapping of this region indicated that the transgene

was located in intron 2 of the adhesion G protein-coupled receptor G6 gene (ADGRG6)

located in chromosome 1 (http://useast.ensembl.org/Sus_scrofa/Location/View?db=core;r=

1:25368175-25427711;tl=l8Jow023VfD7h62x-1889388-483094307). In spite of multiple

attempts, the GenomeWalker system did not yield any positive results with the second Model I

line. To identify the insertion site in this line, the whole genome was sequenced as described

previously. Results identified the overall organization of the insert as well as the genomic flank-

ing region. The insertion site was located in an as yet unmapped region of the pig genome.

This region is defined as GL896235 (Scaffold ChrUScaf4119, NW_003541011.1). As shown in

Fig 2 the accuracy of both the GenomeWalker and the whole genome sequencing results were

confirmed by PCR. For the Model I line 1, internal primers were designed to chromosome 1

(5'-ATGGCCTTTATGGTGTTGATGTAG-3') and MAR (5'-AGCTCAGAAACAGACCCATT
GATATA-3') to amplify a 500 bp amplicon. For Model I line 2 primers were designed to Scaf-

fold GL896235 (5'-CCTCCCTCAGGTGACAGTGAG-3'), and a MAR primer was used as for-

ward primer (5'-AGCTCAGAAACAGACCCATTGATATA-3'), to amplify a 700 bp amplicon.

Additional sequence and mapping data is provided in S1 File. The results confirm that both

lines are independent and support that the Model I phenotype observed is not due to the loca-

tion of the transgene.

Generation and Analysis of Model II Pigs

To generate Model II transgenic pigs, pFFs were co-transfected with custom designed ACTB

CRISPR-Cas9 and a pH2B-eGFP targeting vector (Fig 1B) and analyzed for targeted integra-

tion of the pH2B-eGFP into the ACTB locus (Fig 1D). GFP positive cells were isolated via

FACs analysis revealing a HDR efficiency of 2.4% (S1 Fig). Sorted eGFP-positive cells were used

to generate clonally derived colonies and analyzed for DNA targeted integration via PCR. Ten

independent pFFs colonies were selected for PCR analysis, all being positive and heterozygous

for IRES-pH2B-eGFP integration into the ACTB locus (Fig 1D). Positive cells from one colony

were used for SCNT and reconstructed embryos transferred into surrogate gilts. Three trans-

genic boars (Model II parental generation) were generated from one recipient after transferring

119 embryos. Two Model II parental boars are currently over 28 months old and present no

abnormalities. The third boar died prior to weaning of undetermined causes. Heterozygous

Model II boars were used to artificially inseminate three wild type Landrace sows, resulting in

three litters. Two litters were carried to term with a total of thirteen pH2B-eGFP positive and

eight negative piglets, and one pregnancy was collected at day 42 for isolation of primary cells.

Transgene transmission rate was 55.8%, in concordance with Mendel’s Law upon Chi Square

test (p = 0.05). Unlike Model I animals, no deleterious phenotype has been detected at 28 months

in any of the Model II P1 or F1 (12 months) transgenic animals.

pH2B-eGFP Expression From Model I and Model II Transgenic Pigs

To determine if pH2B-eGFP expression was ubiquitous and non-variegated, multiple tissues

from Model I and Model II piglets (P1 and F1 generation) were collected and OCT embedded

cryo-sections analyzed via fluorescence microscopy. Nucleus-specific eGFP expression was co-

localized with DAPI staining in intestine, skeletal muscle, and skin (Fig 3). We further confirmed

nucleus-specific eGFP expression in the heart, brain, lung, bladder and kidney (data not shown).

Primary cultures of stem/progenitor cells were also established from various tissues of newborn
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piglets or D42 fetuses, including BM-MSCs, UC-MSCs, fetal neural stem cells (NSCs) and

chondrocytes (Fig 4). Expression of pH2B-eGFP with intranuclear localization of GFP was

Fig 3. Ubiquitous pH2B-eGFP expression in Model I and Model II pigs. Fluorescence microscopy images

from OCT frozen sections from intestines, skeletal muscle, and skin are show for 40X magnification for bright

field, DAPI, GFP and merged GFP+DAPI. Images indicate ubiquitous expression of nuclear GFP.

doi:10.1371/journal.pone.0169242.g003
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demonstrated in all cells types examined. In both Model I and Model II samples, eGFP expres-

sion was ubiquitous and localized to the nucleus. No variegated expression could be detected in

either model. In addition, in pregnancies carrying pH2B-eGFP expressing fetuses, the fetal-

maternal placental interphase (endometrium/placental) was easily distinguished by eGFP versus

DAPI fluorescence microscopy evaluation at 42 days of gestation (Fig 5). To determine the effect

of fixation on pH2B-eGFP detection, OCT and paraffin embedded samples were compared. As

Fig 4. Expression of pH2B-eFGP in in vitro cultured adult stem/progenitor cells isolated from Model I and Model II pigs. Fluorescence microscopy

(10X) showing nuclear specific expression of GFP detected from bone marrow mesenchymal stem cells (BM-MSCs), chondrocytes, umbilical cord

mesenchymal stem cells (UC-MSCs) and neural stem cells (NSCs) derived from Model I and Model II pigs; pH2B-eGFP was ubiquitously expressed and

nuclear localized.

doi:10.1371/journal.pone.0169242.g004

Fig 5. pH2B-eGFP expression from Model II 42 day fetal chorionic membrane. Fluorescence microscopy of

OCT embedded fetal-maternal chorionic interphase at 42 days of gestation, showing 10x magnification for bright

field, DAPI, GFP and DAPI + GFP. pH2B-eGFP expression is confined to the fetal side of fetal membrane.

doi:10.1371/journal.pone.0169242.g005
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shown in Fig 6, the fixation protocol used in paraffin embedded samples squelches the fluores-

cent pH2B-eGFP signal. However, the protein can still be detected by the use of anti-GFP

antibodies.

To demonstrate the usefulness of the pH2B-eGFP to examine nuclear dynamics during

mitosis, pH2B-eGFP pFFs were cultured in vitro and analyzed via live imaging fluorescence

microscopy (Fig 7). We found that chromatin positioning through pH2B-eGFP microscopy

visualization allowed staging of the cell cycle and a clear visualization of the metaphase plate

using conventional (versus confocal) photomicroscopy.

pH2B-eGFP Expression From IVF and SCNT Embryos

Nuclear transfer and IVF was performed with Model I and II donors. The generated embryos

were observed either using live-cell imaging or collected, fixed and stained with DAPI at vari-

ous stages after SCNT or after IVF. For IVF generated embryos, the nuclear eGFP signal could

be detected starting at 68–69 hr after embryos were removed from the IVF drop (Fig 8), indi-

cating transcription and translation of the pH2B-eGFP and modeling the maternal to zygotic

transition in pigs (4 to 8 cells) [35]. For SCNT embryos, the pH2B-eGFP signal was evident

from the moment the embryos were reconstructed (fusion) until the blastocysts stage, allowing

visualization in real time of chromosome segregation during blastomere cleavage. Fig 9 shows

representative images of normal and abnormal chromosome segregation and cleavage patterns

after SCNT.

Model I versus II pH2B-eGFP Fluorescence Intensity

When examining the OTC frozen sections we noticed a subjective difference in the intensity of

the pH2B-eGFP signal between Model I and II tissues. This was confirmed by measuring pro-

tein expression by Western analysis. As shown in Fig 10, BM-MSC from Model I animals had

Fig 6. Immunohistochemical analysis of nuclear-specific eGFP expression in OCT embedded vs. paraffin embedded tongue samples. Nuclear-

specific eGFP expression was confirmed through direct detection of eGFP fluorescence or by the use of Alexa-Fluor555 conjugated anti-GFP antibody

staining on OCT embedded tongue (top row images). The natural GFP fluorescence signal was absent from paraffin-embedded samples, but detection of

GFP could be accomplished via immunohistochemistry with Alexa-Fluor555 conjugated anti-GFP antibody. This indicates that the procedures used for

processing paraffin embedded samples abolished the natural eGFP fluorescent signal but this can be recovered by the use of anti-GFP antibodies.

doi:10.1371/journal.pone.0169242.g006
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more than twice the level of pH2B-eGFP. In addition, two different cell types; BM-MSCs and

chondrocytes were examined by fluorescent microscopy. Signal intensity measurements sup-

ported the Western results with both cell types showing a significant increase in pH2B-eGFP

signal intensity in Model I compared to Model II (Fig 10B). Finally, this difference was con-

firmed by flow cytometry. Model I and Model II BM-MSCs were analyzed via flow cytometry

for mean GFP fluorescence. Approximately 400.000 passage 2 BM-MSC from each phenotype

were tested in triplicate, with wild type cells serving as negative control. Mean GFP fluores-

cence for Model I (pH2B-eGFP/PGK/MAR) and Model II (β actin IRES-pH2B-eGFP) were

151.8x103 and 87.6x103, respectively (Fig 10). All three methods yielded analogous results with

a significant (p< 0.05) higher level of expression or signal intensity in Model I versus Model II

samples/animals.

Wallerian Degeneration Accompanied by Muscle Fiber Atrophy in Model

I Transgenic Pigs

As mentioned previously, all Model I P1 and F1 pigs developed neurological clinical signs with

onset around three to five months of age. In all Model I animals, signs were consistent, with

initial hind limb lameness, followed by hind limb ataxia and tremors, leading to progressive

loss of hind muscle control, at which point animals were humanely euthanized. To determine

the probable cause of the neurological symptoms, tissues from an affected F1 generation pig

Fig 7. Live imaging of mitosis of Model II (ACTB-IRES-pH2B-eGFP) porcine fetal fibroblasts. Time-lapse

GFP fluorescence images of cultured Model II pFFs taken at 5 min intervals. Red arrows indicate cell progression

from metaphase to cytokinesis (A through H). A cell progressing from prophase to telophase is shown by blue

arrows (D through L). The clear and intense chromosome-associated signal allows visualization of chromosome

movements in dividing cells in real time. It also allows a rapid assessment of cell cycle synchronization protocols.

doi:10.1371/journal.pone.0169242.g007
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euthanized at five months were submitted for pathological evaluation. Microscopic histopa-

thology findings included mild to moderate multifocal Wallerian degeneration of multiple

regions of the brain and spinal cord (Fig 11) as well as multifocal skeletal myofiber polyphasic

degeneration and atrophy. None of these lesions were observed in age-matched Model II pigs

or in wild type controls (Fig 11). In addition, macroscopic necropsy findings included general-

ized coagulopathy with fibrin deposition in abdominal cavity, pericardium sac and pulmonary

thromboembolism. Minimal necrosis or inflammation was identified. In contrast to Model I,

none of the Model II P1 or F1 animals have shown similar neurological signs at 28 months of

age for the P1 generation and 12 months for the F1 generation.

Fig 8. Zygote genome activation in IVF embryos. Sperm from an pH2B-eGFP boar was used to in vitro fertilize

wild type oocytes and the appearance of the pH2B-eGFP signal detected using time lapse (every 5 min) photography.

Both the oocyte and sperm are pH2B-eGFP negative at fertilization as expected. Nuclear GFP is observed only after

transcription and translation from the sperm DNA, thus modeling the maternal to zygotic transition. A representative

picture of spermatozoa is shown in (A) bright field, (B) GFP and (C) DAPI. Reactivated expression of pH2B-eGFP is

shown by co-localization of (D) bright field, (E) GFP and (E) DAPI from late 4-cell stage embryo. Representative time-

lapse images of reactivation of pH2B-eGFP during the 4-cell stage are shown at (G) 54.5, (H) 55, (I) 55.5 and (J) 56 hr

post-fertilization in bright fields (top) and GFP (bottom).

doi:10.1371/journal.pone.0169242.g008
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Discussion

Transgenic pigs harboring and expressing green fluorescent proteins under different condi-

tions have been described [36–43]. However, identification and quantification of engrafted

donor cells after cell/tissue transplantation remains challenging due to strong auto-fluores-

cence, especially when GFP is expressed in the cytoplasm [44, 45]. In addition, the diversity of

cell phenotype and shapes make it difficult to distinguish/count GFP-positive donor cells

when utilizing automated systems. This difficulty can be overcome via nuclear GFP labeling,

allowing easy and convenient cell tracking after stem cells/tissue transplantation studies.

Nuclear localization of GFP can be achieved by addition of a nuclear localization signal peptide

[46] or by fusion of GFP with proteins of the nucleosome core such as histones (i.e. H2B).

H2B-GFP expression in cell lines [16] or transgenic mouse models [17] have been described

and shown to be of great value in the field of stem cell tracking, cancer biology and chromo-

some dynamic studies [47, 48].

Here we describe two pH2B-eGFP transgenic pig models expressing chromatin associated

GFP. Model I made via random integration of pCAG-pH2B-eGFP and MARs, and Model II

via CRISPR-Cas 9-mediated integration of IRES-pH2B-eGFP into the ACTB locus. The ACTB

locus was chosen as it is known to be expressed in all tissues and has been used previously to

drive exogenous genes [49, 50]. Another commonly used ubiquitously expressed locus is the

ROSA26 locus. This has been widely used in mice and more recently in swine [51–54]. How-

ever, there have been reports that ROSA26 expression can vary widely in particular in certain

cell types. For instance Cutler and colleagues [51] reported that expression levels of lacZ from

the ROSA26-lacZ reporter mouse changed drastically during remodeling of arteries. Of greater

concern for transplantation studies is the discrepancy between ROSA26 locus expression and

Fig 9. Normal and abnormal chromosome segregation in SCNT embryos generated from pH2B-eGFP donor cells. Time-lapse images (bright field

and GFP merged) obtained during the first cleavage division. A. Images (left to right) show first cell division with normal cleavage, spindle formation and

chromosome segregation through pH2B-eGFP visualization. B. Images shows chromosome scattering (B5) and zygote fragmentation in one of the two nuclei

resulting from the first zygotic division. C. Images show multi-polar spindle formation resulting in abnormal zygote chromosome segregation and cleavage.

doi:10.1371/journal.pone.0169242.g009
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other markers. Theise and colleagues [55] reported that after bone marrow transplantation of

ROSA26-lacZ cells into irradiated mice, splenic engraftment was 90% when measured by Y-

chromosome analysis but only 50% when measured by lacZ staining. This suggests that under

certain conditions the ROSA26 locus will give inaccurate information of the degree of engraft-

ment after transplantation.

Overall, our data demonstrates that both Model I and Model II expressed pH2B-eGFP in a

ubiquitous manner in all cells examined. Consistent high-level expression in all nuclei and no

Fig 10. Comparison of pH2B-eGFP expression between Model I and Model II pigs. (A) Western blot for pH2B-eGFP and β-actin from BM-MSC

isolated from Model I, Model II and controls (N = 2). When normalized to ACTB, expression levels of H2B-GFP were 1.7 and 2.0 for Model I and 0.4

and 0.6 for Model II indicating a greater than 1 fold difference between the two models. (B) Flow cytometry analysis of wild type, Model I and Model II

BM-MSCs. Overlay histogram data from a single samples and a graph showing mean values from triplicates samples are shown. As for the Western

data, Model I expression was approximately 2X greater (150.8 vs.86.6) than Model II expression (p < 0.05). (C) Microscopy fluorescence intensity

comparison between passage 3 BM-MSCs and chondrocytes from Model I and Model II pigs. Image analysis of fluorescent signal was analyzed as

described in Materials and methods. From each cell type the intensity of nuclear signal in 1500 cells was measured (three replicates, 500 cells per

replicate). Similar to the other two methods of analysis, this method shows an approximate 2X greater signal intensity between Model I and Model II

and this difference was conserved in both cell types.

doi:10.1371/journal.pone.0169242.g010
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evidence of position effect variegation were seen in either model. Moreover, the nuclear signal

can be easily visualized without the use of antibodies in frozen OTC sections in all tissues

tested (Figs 3 and 4). By combining GFP detection with DAPI staining, the number of trans-

genic nuclei in a given field of vision can be easily calculated. This greatly facilitates quantita-

tion of engrafted cells after transplantation, which can be more difficult to do when using

cytoplasmic GFP due to auto fluorescence and the complex 3D structure of cytoplasmic mem-

branes. In addition, if higher resolution tissue architecture is required, the pH2B-eGFP protein

can be detected using widely available anti-GFP antibodies in more harshly fixed tissues where

the endogenous GFP signal is lost (Fig 6). Similarly, the use of the pH2B-GFP marker allows

clear differentiation between the maternal and the fetal interface during pregnancy and this

facilitate studies examining the potential interactions and trafficking of cells between the two

compartments in normal and diseased placentas (Fig 5).

Histone tagged fusion fluorescence protein has been suggested as a strategy to label chromo-

somes in living cells and animals and has been applied to the study of chromosome and cell

cycle dynamics [56–60]. When performing live image fluorescence microscopy of Model I and

Model II fetal fibroblasts, we could visualize chromatin position and dynamics through pH2B-

eGFP signal during various stages of cell cycle division (Fig 7). This finding was in concordance

with the previous work with mouse cells expressing H2B-GFP [16, 19]. Cell cycle progression

and chromosome dynamics can be evaluated with this model for a variety of stem or somatic

differentiated cells, supporting that the developed pig model will be useful in field of chromo-

some dynamics and cancer biology. We could also examine the maternal to zygotic transition

(MTZ) after IVF by looking at the timing of appearance of chromatin-associated pH2B-eGFP

and confirm previous observations that it occurs during the early stages of the 4-cell stage [61].

During SCNT the donor somatic nucleus undergoes a series of complex modifications

characterized by reprogramming events initiated by maternal factors. Remodeling, not of the

underlying genetic sequences that comprise the genome, but of the epigenome, is a key factor

controlling differentiation and development at this stage. However, in most, if not all, mam-

malian species used for SCNT to date there is a large proportion of reconstructed embryos that

are lost at the very early cleavage stages. Examinations of both centrosomes and microtubules

have shown that there is a number of defects associated with abnormal chromosome segrega-

tion and abnormal cytokinesis [62–67]. In the case of the pig, these defects are exacerbated the

longer the time period between fusion and activation [67]. However, in all of the manuscripts

referenced above, examination of nucleosome dynamics and microtubules required fixation of

the zygotes. Unlike cytoplasmic GFP, H2B-eGFP is embedded in the incoming donor cell

chromatin as part of the nucleosomes and as such is protected from degradation. If no addi-

tional H2B-GFP is made, the signal intensity is lowered by half with each cell division. This

property has been used to examine the proliferative state of certain stem cells in vivo [20] and

allowed us to examine chromosome dynamics in SCNT embryos prior to the maternal to

zygotic transition. While our IVF data indicates that newly synthetized pH2B-GFP is detect-

able by the 4-cells stage, there is still sufficient pH2B-GFP in the incoming donor cells to allow

careful examination of chromosome segregation in early cleavage stage SCNT embryos (Fig

9). This allowed real time visualization of chromosome dynamics and rapid identification of

multi-polar spindle formation (Fig 9). This provides a unique tool not only to better

Fig 11. Wallerian degeneration from white matter of the Brain from Model I pig. H&E microscopic images

(40X) of brainstem region (white matter) for six months old wild type pig (A), 6 months Model II pig (B) and five

months old Model I pig (time when neurological signs were severe). Digestion chambers are indicated by black

arrows, revealing loss of normal tissue architecture. Few vessels contain aggregates of red cells and fibrin.

None of this abnormalities were present in wild type or Model II pigs.

doi:10.1371/journal.pone.0169242.g011
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understand the dynamics of chromosome segregation in SCNT embryos but equally important

to rapidly evaluate potential treatments to reduce these defects-that can affect as many as 50%

of SCNT embryos [66].

However, while both Model I and II expressed pH2B-eGFP ubiquitously, all Model I trans-

genic pigs developed neurological clinical signs starting at 4–5 months of age. All animals were

unresponsive to treatment (antibiotics and steroids). Post mortem analysis identified severe

multifocal Wallerian degeneration of brain and spinal cord segments (Fig 11) and generalized

coagulopathy, with absence of necrosis or evidences of sepsis. The disseminated fibrin deposi-

tion in body cavities was likely related to the multifocal neuron degeneration, resulting in

release of phospholipids in the blood stream, which has been associated with initiation of coag-

ulation and coagulopathy disorders in human suffering from traumatic brain injury [68]. Wal-

lerian degeneration is a process characterized by axonal degeneration due to nerve fiber

discontinuity as a result of trauma/injury or impaired axonal transport [69, 70]. While this is

by no means a comprehensive analysis of the complex neurological phenotype of Model I pigs,

it does suggest that in two independent lines overexpression of pH2B-eGFP leads to axonal

degeneration. We confirmed that the two lines have independent insertion sites suggesting

this is not an insertional effect (Fig 2). We also demonstrated, via multiple methods, that cells

from Model I animals express approximately twice the level of pH2B-eGFP than Model II cells

(Fig 10). In addition, others have shown that in a direct comparison of the expression levels of

the ACTB and the CAG promoter, the CAG promoter is approximately 10X more active that

the ACTB promoter [71]. While our analysis only shows a 2X increase it is clear from our own

data and previous reports that there are significant differences in expression between the two

reporters. Interestingly, Brunneti and colleagues [71] generated transgenic pigs expressing

cytoplasmic GFP using the a similar method described here (pCAG promoter/5’ flanking

MARs/SCNT) and did not report any abnormalities in the established lines. We can only spec-

ulate that it is the fusion of the GFP with the pH2B histone that is leading to the phenotype

observed. Thus, further experiments would be required to investigate why overexpression of

pH2B-GFP leads to Wallerian degeneration. However, protein missfolding, aberrant degrada-

tion pathways, abnormal axonal transport, and/or protein accumulation are seen in many

neurodegenerative diseases [72] so it is likely that excess levels of pH2B-GFP are triggering

apoptosis of the neurons by one of the above mentioned mechanisms.

In conclusion, we describe here a viable pH2B-eGFP pig model generated using CRISPR-

Cas9 driven homologous recombination system. This large animal model represents a valuable

tool in the field of translational research, with multiple potential applications in the fields of

stem cell transplantation, cell tracking/lineage fate studies, and for studying chromosome/his-

tone 2B dynamics in different somatic cell types and during early embryogenesis of recon-

structed SCNT embryos.
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S1 Fig. IRES-pH2B-eGFP CRISPR-Cas9 mediated homology directed repair (HDR) into

the pig β-actin locus. Fluorescence-activated cell sorting of porcine fetal fibroblast 4 days post

co-transfection with CRISPR-Cas9 and targeting vector. A 2.4% GFP positive population was

sorted for generation of single cell colonies. Non transfected cells served as negative control,

cells transfected with pMAX(GFP) served as positive control.
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S1 Table. Summary of pregnancies and outcomes from Somatic cell nuclear transfer

(SCNT) and in vitro fertilization (IVF) of both Model I and Model II lines.
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24. Moreno R, Martı́nez I, Petriz J, Nadal M, Tintoré X, Gonzalez JR, Gratacós E, Aran JM. The β-interferon

scaffold attachment region confers high-level transgene expression and avoids extinction by epigenetic

modifications of integrated provirus in adipose tissue-derived human mesenchymal stem cells. Tissue

Engineering Part C: Methods. 2010; 17 (3): 275–87.

25. McKnight RA, Shamay A, Sankaran L, Wall RJ, Hennighausen L. Matrix-attachment regions can impart

position-independent regulation of a tissue-specific gene in transgenic mice. Proceedings of the

National Academy of Sciences. 1992; 89: 6943–6947.

26. Brunetti D, Perota A, Lagutina I, Colleoni S, Duchi R, Calabrese F et al. Transgene expression of green

fluorescent protein and germ line transmission in cloned pigs derived from in vitro transfected adult

fibroblasts. Cloning Stem Cells. 2008; 10: 409–419. doi: 10.1089/clo.2008.0036 PMID: 18823265

27. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature methods. 2012; 9 (4):

357–9. doi: 10.1038/nmeth.1923 PMID: 22388286

28. Tarasov A, Vilella AJ, Cuppen E, Nijman IJ, Prins P. Sambamba: fast processing of NGS alignment for-

mats. Bioinformatics. 2015; 31 (12): 2032–4. doi: 10.1093/bioinformatics/btv098 PMID: 25697820

29. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL. BLAST+: architec-

ture and applications. BMC bioinformatics. 2009; 15; 10 (1): 1.

H2B-GFP Transgenic Pigs

PLOS ONE | DOI:10.1371/journal.pone.0169242 January 12, 2017 22 / 24

http://dx.doi.org/10.1038/nature06917
http://www.ncbi.nlm.nih.gov/pubmed/18385732
http://dx.doi.org/10.1172/JCI41801
http://www.ncbi.nlm.nih.gov/pubmed/20051631
http://dx.doi.org/10.1002/stem.253
http://www.ncbi.nlm.nih.gov/pubmed/19904738
http://dx.doi.org/10.1007/s11248-006-9043-1
http://dx.doi.org/10.1007/s11248-006-9043-1
http://www.ncbi.nlm.nih.gov/pubmed/17103241
http://dx.doi.org/10.1117/1.3241985
http://dx.doi.org/10.1117/1.3241985
http://www.ncbi.nlm.nih.gov/pubmed/19895119
http://www.ncbi.nlm.nih.gov/pubmed/10037137
http://www.ncbi.nlm.nih.gov/pubmed/7061816
http://www.ncbi.nlm.nih.gov/pubmed/9545195
http://dx.doi.org/10.1126/science.1092436
http://www.ncbi.nlm.nih.gov/pubmed/14671312
http://dx.doi.org/10.1038/nrg3673
http://www.ncbi.nlm.nih.gov/pubmed/24614311
http://dx.doi.org/10.1186/1472-6750-4-33
http://www.ncbi.nlm.nih.gov/pubmed/15619330
http://dx.doi.org/10.1016/j.stemcr.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24749072
http://dx.doi.org/10.1016/j.ydbio.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25446273
http://www.ncbi.nlm.nih.gov/pubmed/9528807
http://www.ncbi.nlm.nih.gov/pubmed/10999416
http://dx.doi.org/10.1089/clo.2008.0036
http://www.ncbi.nlm.nih.gov/pubmed/18823265
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1093/bioinformatics/btv098
http://www.ncbi.nlm.nih.gov/pubmed/25697820


30. Walker SC, Shin T, Zaunbrecher GM, Romano JE, Johnson GA, Bazer FW, Piedrahita JA. A highly effi-

cient method for porcine cloning by nuclear transfer using in vitro-matured oocytes. Cloning & Stem

Cells. 2002; 4 (2): 105–12.

31. Fischer AH, Jacobson KA, Rose J, Zeller R Hematoxylin and eosin staining of tissue and cell sections.

CSH Protoc. 2008; pdb prot 4986.

32. Mitchell KE, Weiss ML, Mitchell BM, Martin P, Davis D, Morales L, Helwig B, Beerenstrauch M, Abou-

Easa K, Hildreth T, Troyer D. Matrix cells from Wharton’s jelly form neurons and glia. Stem cells. 2003;

21 (1): 50–60. doi: 10.1634/stemcells.21-1-50 PMID: 12529551

33. Schwartz PH, Nethercott H, Kirov II, Ziaeian B, Young MJ, Klassen H. Expression of neurodevelopmen-

tal markers by cultured porcine neural precursor cells. Stem Cells. 2005; 23 (9): 1286–94. doi: 10.1634/

stemcells.2004-0306 PMID: 16100001

34. Kikuchi K, Nagai T, Kashiwazaki N, Ikeda H, Noguchi J, Shimada A, Soloy E, Kaneko H. Cryopreserva-

tion and ensuing in vitro fertilization ability of boar spermatozoa from epididymides stored at 4 C. Therio-

genology. 1998; 50 (4): 615–23. PMID: 10732152

35. Schultz RM. The molecular foundations of the maternal to zygotic transition in the preimplantation

embryo. Human Reproduction Update. 2002; 8 (4): 323–31. PMID: 12206467

36. Lai L, Park KW, Cheong HT, Kuhholzer B, Samuel M, et al. Transgenic pig expressing the enhanced

green fluorescent protein produced by nuclear transfer using colchicine-treated fibroblasts as donor

cells. Mol Reprod Dev. 2002; 62: 300–306. doi: 10.1002/mrd.10146 PMID: 12112592

37. Park KW, Lai L, Cheong HT, Cabot R, Sun QY, Wu G, et al. Mosaic gene expression in nuclear trans-

fer-derived embryos and the production of cloned transgenic pigs from ear-derived fibroblasts. Biol

Reprod. 2002; 66:1001–1005. PMID: 11906919

38. Klassen H, Warfvinge K, Schwartz PH, Kiilgaard JF, Shamie N, Jiang C, et al. Isolation of progenitor

cells from GFP-transgenic pigs and transplantation to the retina of allorecipients. Cloning Stem Cells.

2008; 10:391–402. doi: 10.1089/clo.2008.0010 PMID: 18729769

39. Kawarasaki T, Uchiyama K, Hirao A, Azuma S, Otake M, Shibata M, et al. Profile of new green fluores-

cent protein transgenic Jinhua pigs as an imaging source. J Biomed Opt. 2009; 14:054017–054017.

doi: 10.1117/1.3241985 PMID: 19895119

40. Garrels W, Mátés L, Holler S, Dalda A, Taylor U, Petersen B, et al. Germline transgenic pigs by Sleep-

ing Beauty transposition in porcine zygotes and targeted integration in the pig genome. Plos one. 2011;

6: e23573. doi: 10.1371/journal.pone.0023573 PMID: 21897845

41. Bordignon V, El-Beirouthi N, Gasperin BG, Albornoz MS, Martinez-Diaz MA, Schneider C, et al. Produc-

tion of cloned pigs with targeted attenuation of gene expression. Plos one. 2013; 8: e64613. doi: 10.

1371/journal.pone.0064613 PMID: 23737990

42. Nowak-Imialek M, Kues WA, Petersen B, Lucas-Hahn A, Herrmann D, Haridoss S, et al. Oct4-

enhanced green fluorescent protein transgenic pigs: a new large animal model for reprogramming stud-

ies. Stem Cells Dev.2010; 20: 1563–1575.

43. Miles EL, O’Gorman C, Zhao J, Samuel M, Walters E, Yi YJ, Sutovsky M et al. Transgenic pig carrying

green fluorescent proteasomes. Proc Natl Acad Sci. 2013; 110: 6334–6339. doi: 10.1073/pnas.

1220910110 PMID: 23550158

44. Baschong W, Suetterlin R, Laeng RH. Control of autofluorescence of archival formaldehyde-fixed, par-

affin-embedded tissue in confocal laser scanning microscopy (CLSM). J Histochem Cytochem. 2001;

49: 1565–1572. PMID: 11724904

45. Yang Y, Honaramooz A. Characterization and quenching of autofluorescence in piglet testis tissue and

cells. Anat Res Int 2012; 820120. doi: 10.1155/2012/820120 PMID: 22970375

46. Xiao Z, Liu X, Henis YI, Lodish HF. A distinct nuclear localization signal in the N terminus of Smad 3

determines its ligand-induced nuclear translocation. Proceedings of the National Academy of Sciences.

2000; 97: 7853–7858.

47. Martin RM, Leonhardt H, Cardoso MC. DNA labeling in living cells. Cytometry Part A. 2005; 67: 45–52.

48. Trichas G, Begbie J, Srinivas S. Use of the viral 2A peptide for bicistronic expression in transgenic mice.

BMC biology 2008; 6:40. doi: 10.1186/1741-7007-6-40 PMID: 18793381

49. Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. Green mice’as a source of ubiquitous

green cells. FEBS letters. 1997; 407: 313–319. PMID: 9175875

50. Byrne GW, McCurry KR, Martin MJ, McClellan SM, Platt JL, Logan JS. Transgenic pigs expressing

human CD59 and decay accelerating factor produce an intrinsic barrier to complement-mediated dam-

age1. Transplantation. 1997; 63: 149–155. PMID: 9000677

51. Cuttler AS, LeClair RJ, Stohn JP, Wang Q, Sorenson CM, Liaw L, Lindner V. Characterization of

Pdgfrb-Cre transgenic mice reveals reduction of ROSA26 reporter activity in remodeling arteries. Gene-

sis. 2011; 49: 673–80. doi: 10.1002/dvg.20769 PMID: 21557454

H2B-GFP Transgenic Pigs

PLOS ONE | DOI:10.1371/journal.pone.0169242 January 12, 2017 23 / 24

http://dx.doi.org/10.1634/stemcells.21-1-50
http://www.ncbi.nlm.nih.gov/pubmed/12529551
http://dx.doi.org/10.1634/stemcells.2004-0306
http://dx.doi.org/10.1634/stemcells.2004-0306
http://www.ncbi.nlm.nih.gov/pubmed/16100001
http://www.ncbi.nlm.nih.gov/pubmed/10732152
http://www.ncbi.nlm.nih.gov/pubmed/12206467
http://dx.doi.org/10.1002/mrd.10146
http://www.ncbi.nlm.nih.gov/pubmed/12112592
http://www.ncbi.nlm.nih.gov/pubmed/11906919
http://dx.doi.org/10.1089/clo.2008.0010
http://www.ncbi.nlm.nih.gov/pubmed/18729769
http://dx.doi.org/10.1117/1.3241985
http://www.ncbi.nlm.nih.gov/pubmed/19895119
http://dx.doi.org/10.1371/journal.pone.0023573
http://www.ncbi.nlm.nih.gov/pubmed/21897845
http://dx.doi.org/10.1371/journal.pone.0064613
http://dx.doi.org/10.1371/journal.pone.0064613
http://www.ncbi.nlm.nih.gov/pubmed/23737990
http://dx.doi.org/10.1073/pnas.1220910110
http://dx.doi.org/10.1073/pnas.1220910110
http://www.ncbi.nlm.nih.gov/pubmed/23550158
http://www.ncbi.nlm.nih.gov/pubmed/11724904
http://dx.doi.org/10.1155/2012/820120
http://www.ncbi.nlm.nih.gov/pubmed/22970375
http://dx.doi.org/10.1186/1741-7007-6-40
http://www.ncbi.nlm.nih.gov/pubmed/18793381
http://www.ncbi.nlm.nih.gov/pubmed/9175875
http://www.ncbi.nlm.nih.gov/pubmed/9000677
http://dx.doi.org/10.1002/dvg.20769
http://www.ncbi.nlm.nih.gov/pubmed/21557454


52. Chen CM, Krohn J, Bhattacharya S, Davies B. A comparison of exogenous promoter activity at the

ROSA26 locus using a PhiC31 integrase mediated cassette exchange approach in mouse ES cells.

Plos one. 2011; 6:e23376. doi: 10.1371/journal.pone.0023376 PMID: 21853122

53. Li S, Flisikowska T, Kurome M, Zakhartchenko V, Kessler B, Saur D, Kind A, Wolf E, Flisikowski K,

Schnieke A. Dual fluorescent reporter pig for Cre recombination: transgene placement at the ROSA26

locus. Plos one. 2014; 9:e102455. doi: 10.1371/journal.pone.0102455 PMID: 25025770

54. Soriano P. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nature genetics. (1999);

21 (1): 70–1. doi: 10.1038/5007 PMID: 9916792

55. Theise ND, Krause DS, Sharkis S. Comment on" Little evidence for developmental plasticity of adult

hematopoietic stem cells". Science. 2003; 299 (5611): 1317–. doi: 10.1126/science.1078412 PMID:

12610282

56. Misteli T, Spector DL. Applications of the green fluorescent protein in cell biology and biotechnology.

Nature biotechnology. 1997; 15: 961–964. doi: 10.1038/nbt1097-961 PMID: 9335045

57. Yamauchi K, Yang M, Hayashi K, Jiang P, Yamamoto N, et al. Imaging of nucleolar dynamics during

the cell cycle of cancer cells in live mice. Cell Cycle. 2007; 6: 2706–2708. doi: 10.4161/cc.6.21.4861

PMID: 17912040

58. Mizutani E, Yamagata K, Ono T, Akagi S, Geshi M, et al. Abnormal chromosome segregation at early

cleavage is a major cause of the full-term developmental failure of mouse clones. Dev Biol. 2012; 364:

56–65. doi: 10.1016/j.ydbio.2012.01.001 PMID: 22266425

59. Challen GA, Goodell MA. Promiscuous expression of H2B-GFP transgene in hematopoietic stem cells.

Plos one. 2008; 3: e2357. doi: 10.1371/journal.pone.0002357 PMID: 18523660

60. Fuchs E, Horsley V. Ferreting out stem cells from their niches. Nat Cell Biol. 2011; 13: 513–518. doi:

10.1038/ncb0511-513 PMID: 21540847

61. Jarrell VL, Day BN, Prather RS. The transition from maternal to zygotic control of development occurs

during the 4-cell stage in the domestic pig, Sus scrofa: quantitative and qualitative aspects of protein

synthesis. Biology of Reproduction. 1991; 44 (1): 62–8. PMID: 2015352

62. Tomioka I, Mizutani E, Yoshida T, Sugawara A, Inai K, Sasada H, Sato E. Spindle formation and micro-

tubule organization during first division in reconstructed rat embryos produced by somatic cell nuclear

transfer. Journal of Reproduction and Development. 2007; 53 (4): 835–42. PMID: 17446658

63. Kwon DJ, Lee YM, Hwang IS, Park CK, Yang BK, Cheong HT. Microtubule distribution in somatic cell

nuclear transfer bovine embryos following control of nuclear remodeling type. Journal of veterinary sci-

ence. 2010; 11 (2): 93–101. doi: 10.4142/jvs.2010.11.2.93 PMID: 20458148

64. Van Thuan N, Wakayama S, Kishigami S, Wakayama T. Donor centrosome regulation of initial spindle

formation in mouse somatic cell nuclear transfer: roles of gamma-tubulin and nuclear mitotic apparatus

protein 1. Biology of reproduction. 2006; 74 (5): 777–87. doi: 10.1095/biolreprod.105.044677 PMID:

16407502

65. Dai Y, Wang L, Wang H, Liu Y, Li N, Lyu Q, Keefe DL, Albertini DF, Liu L. Fate of centrosomes following

somatic cell nuclear transfer (SCNT) in bovine oocytes. Reproduction. 2006; 131 (6): 1051–61. doi: 10.

1530/rep.1.01058 PMID: 16735544

66. Shen J, Wang Z, Shen X, Zheng Z, Zhang Q, Feng X, Hu L, Lei L. Abnormal dynamic changes in β-

tubulin in somatic nuclear transfer cloned mouse embryos. Zygote. 2015; 23 (1): 76–82 doi: 10.1017/

S0967199413000634 PMID: 24345634

67. You J, Song K, Lee E. Prolonged interval between fusion and activation impairs embryonic develop-

ment by inducing chromosome scattering and nuclear aneuploidy in pig somatic cell nuclear transfer.

Reproduction, Fertility and Development. 2010; 22 (6): 977–86.

68. Zhang J, Jiang R, Liu L, Watkins T, Zhang F, Dong JF. Traumatic brain injury-associated coagulopathy.

Journal of neurotrauma. 2012; 29: 2597–25605. doi: 10.1089/neu.2012.2348 PMID: 23020190

69. Moldovan M, Alvarez S, Krarup C. Motor axon excitability during Wallerian degeneration. Brain. 2009;

132: 511–523. doi: 10.1093/brain/awn332 PMID: 19074190

70. Conforti L, Gilley J, Coleman MP. Wallerian degeneration: an emerging axon death pathway linking

injury and disease. Nature Reviews Neuroscience. 2014; 15:394–409. doi: 10.1038/nrn3680 PMID:

24840802

71. Brunetti D, Perota A, Lagutina I, Colleoni S, Duchi R, Calabrese F et al. Transgene expression of green

fluorescent protein and germ line transmission in cloned pigs derived from in vitro transfected adult

fibroblasts. Cloning Stem Cells,. 2008; 10: 409–419. doi: 10.1089/clo.2008.0036 PMID: 18823265

72. Chevalier-Larsen E, Holzbaur EL. Axonal transport and neurodegenerative disease. Biochimica et Bio-

physica Acta (BBA)-Molecular Basis of Disease. 2006; 1762 (11): 1094–108.

H2B-GFP Transgenic Pigs

PLOS ONE | DOI:10.1371/journal.pone.0169242 January 12, 2017 24 / 24

http://dx.doi.org/10.1371/journal.pone.0023376
http://www.ncbi.nlm.nih.gov/pubmed/21853122
http://dx.doi.org/10.1371/journal.pone.0102455
http://www.ncbi.nlm.nih.gov/pubmed/25025770
http://dx.doi.org/10.1038/5007
http://www.ncbi.nlm.nih.gov/pubmed/9916792
http://dx.doi.org/10.1126/science.1078412
http://www.ncbi.nlm.nih.gov/pubmed/12610282
http://dx.doi.org/10.1038/nbt1097-961
http://www.ncbi.nlm.nih.gov/pubmed/9335045
http://dx.doi.org/10.4161/cc.6.21.4861
http://www.ncbi.nlm.nih.gov/pubmed/17912040
http://dx.doi.org/10.1016/j.ydbio.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22266425
http://dx.doi.org/10.1371/journal.pone.0002357
http://www.ncbi.nlm.nih.gov/pubmed/18523660
http://dx.doi.org/10.1038/ncb0511-513
http://www.ncbi.nlm.nih.gov/pubmed/21540847
http://www.ncbi.nlm.nih.gov/pubmed/2015352
http://www.ncbi.nlm.nih.gov/pubmed/17446658
http://dx.doi.org/10.4142/jvs.2010.11.2.93
http://www.ncbi.nlm.nih.gov/pubmed/20458148
http://dx.doi.org/10.1095/biolreprod.105.044677
http://www.ncbi.nlm.nih.gov/pubmed/16407502
http://dx.doi.org/10.1530/rep.1.01058
http://dx.doi.org/10.1530/rep.1.01058
http://www.ncbi.nlm.nih.gov/pubmed/16735544
http://dx.doi.org/10.1017/S0967199413000634
http://dx.doi.org/10.1017/S0967199413000634
http://www.ncbi.nlm.nih.gov/pubmed/24345634
http://dx.doi.org/10.1089/neu.2012.2348
http://www.ncbi.nlm.nih.gov/pubmed/23020190
http://dx.doi.org/10.1093/brain/awn332
http://www.ncbi.nlm.nih.gov/pubmed/19074190
http://dx.doi.org/10.1038/nrn3680
http://www.ncbi.nlm.nih.gov/pubmed/24840802
http://dx.doi.org/10.1089/clo.2008.0036
http://www.ncbi.nlm.nih.gov/pubmed/18823265

