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Abstract.
Background: Presenilin 1 (PSEN1) is one of the genes linked to the prevalence of early onset Alzheimer’s disease. In mice,
inactivation of Psen1 leads to developmental defects, including vertebral malformation and neural development. However,
little is known about the role of PSEN1 during the development in other species.
Objective: To investigate the role of PSEN1 in vertebral development and the pathogenic mechanism of neurodegeneration
using a pig model.
Methods: CRISPR/Cas9 system was used to generate pigs with different mutations flanking exon 9 of PSEN1, including
those with a deleted exon 9 (�exon9). Vertebral malformations in PSEN1 mutant pigs were examined by X-ray, micro-CT
and micro-MRI. Neuronal cells from the brains of PSEN1 mutant pigs were analyzed by immunoflourescence, followed by
image analysis including morphometric evaluation via image J and 3D reconstruction.
Results: Pigs with a PSEN1 null mutation (�exon9-12) died shortly after birth and had significant axial skeletal defects,
whereas pigs carrying at least one �exon9 allele developed normally and remained healthy. Effects of the null mutation on
abnormal skeletal development were also observed in fetuses at day 40 of gestation. Abnormal distribution of astrocytes and
microglia in the brain was detected in two PSEN1 mutant pigs examined compared to age-matched control pigs. The founder
pigs were bred to establish and age PSEN1�E9/+ pigs to study their relevance to clinical Alzheimer’s diseases.
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Conclusions: PSEN1 has a critical role for normal vertebral development and PSEN1 mutant pigs serves as novel resources
to study Alzheimer’s disease.

Keywords: Alzheimer’s disease, CRISPR/Cas9, Pig, Presenilin-1

INTRODUCTION

PSEN1 is identified as one of the major
causative genes for autosomal dominant early onset
Alzheimer’s disease (AD).1 As a component of
�-secretase complex, PSEN1 processes the amyloid-
� protein precursor (A�PP) and Notch family
proteins.2–6 A�PP is processed by the �-secretase
complex, and abnormal activities of the �-secretase
complex have been suggested as a potential cause
of AD. For example, mutations in PSEN1 are found
in patients with familial AD (fAD).1,7 In addition,
the deletion of exon 9 (�exon9) in PSEN1 has been
reported to cause early onset fAD.8–12 The mutations
in PSEN1 alter enzymatic activity of the secretase
and facilitate the accumulation of beta amyloids.13

Similarly, the deletion of exon9 results in the accumu-
lation of the uncleaved PSEN1 proteins because the
exon is responsible for its endoproteolytic cleavage
function,14 thus leading to abnormal A�PP cleavage
and abnormal amyloid peptide accumulation.15

As a key component of �-secretase, PSEN1
also interacts with other key molecules during
development and is essential for normal skeletal
development. For example, PSEN1 induces prote-
olytic cleavage of the C-terminal fragment of Notch,
and therefore, regulates nuclear translocation of
the intracellular domain of Notch.16 Since Notch
signaling is a key cascade pathway for normal somito-
genesis, mutations in Notch signaling pathway genes
lead to abnormal skeletal development in mice and
humans.17–19 Specifically, the Psen1-null mouse dies
shortly after birth and exhibits somite disorganization
and rib cage abnormalities,20,21 and a mouse model
carrying homozygous �exon9 mutations presents
neonatal mortality with skeletal defects.22 While the
mouse models provide valuable information about the
function of PSEN1 and its relevance to the patho-
genesis of AD, limited alternative animal models are
available to conduct comparative studies and effec-
tively develop clinical solutions.

Pigs are a suitable preclinical large animal model
to study human diseases, especially in the neuro-
science field.23 Their gyrencephalic brain’s size and
overall volume is about 10% of the size of a human
brain and the gray-to-white matter ratio and the com-

plexity of the distribution of crossing fibers in the
pig brain are more similar to humans than rodent
brain models.24,25 The lack of genetically engineered
humanized models and assays discourage the use
of pigs for biomedical applications; however, the
development of genome editing tools has lowered
the barrier for establishing additional clinically rele-
vant pig models and more assays are now available
including behavior and cognition assessments.26,27

Pig models carrying a pathogenic allele of AD, such
as PSEN1 �exon9, should present pathophysiology
of clinical AD and improve our understanding of
the disease beyond using currently available conven-
tional laboratory animal models.

In this study, the function of PSEN1 was explored
in pigs by using the CRISPR/Cas9 technology. Dif-
ferent types of mutations were introduced into the
exon9 including deletion of the exon9 and impact of
the mutations were investigated to understand physi-
ological role of PSEN1 and its potential relevance to
the AD.

MATERIALS AND METHODS

Animals

Use of animals was in accordance with approved
protocol and standard operating procedures by the
Animal Care and Use Committee of the University
of Missouri (Protocol 13520).

In vitro embryo production

Porcine oocytes were collected from ovaries pur-
chased from Desoto Biosciences LLC (Seymour, TN,
USA) or Applied Reproductive Technology LLC
(Madison, WI, USA). Cumulus oocyte complexes
(COCs) were placed in 4-well dishes containing
TCM-199 (Invitrogen) supplemented with 3.05-mM
glucose, 0.91-mM sodium pyruvate, 0.57-mM cys-
teine, 10-ng/mL EGF, 0.5-mg/mL LH, 0.5-mg/mL
FSH, 10-ng/mL gentamicin, and 0.1% polyvinyl
alcohol (PVA) at 38.5◦C, 5% CO2 in humidified
air. After 42–44 h of maturation, cumulus cells were
removed by vortexing in the presence of 0.03%
hyaluronidase. Oocytes with a polar body were
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collected in manipulation medium (TCM-199 sup-
plemented with 0.6 mM NaHCO3, 2.9 mM Hepes,
30 mM NaCl, 10 ng/ml gentamicin, and 3 mg/ml
bovine serum albumin (BSA)) and placed in 50 �l
droplets of fertilization medium (modified Tris-
buffered medium with 113. 1 mM NaCl, 3 mM KCl,
7.5 mM CaCl2, 11 mM glucose, 20 mM Tris, 2 mM
caffeine, 5 mM sodium pyruvate, and 2 mg/ml BSA)
in a group of 25–30 oocytes. Semen was prepared fol-
lowing the protocol described in our previous study,28

then sperm were added to the droplets with oocytes
at a final concentration of 0.5 × 106/ml. Oocytes and
sperm were co-incubated in fertilization medium at
38.5◦C, 5% CO2 in humidified air for 4 h. After fer-
tilization, embryos were cultured in PZM3 medium29

at 38.5◦C, 5% CO2, 5% O2 in humidified air.

Microinjection

Three sgRNAs targeting different regions of
PSEN1 gene were designed by using the CRISPR
design tool, CRISPOR.30 To induce targeted dele-
tion of exon 9 in PSEN1, two sgRNA combinations
were used: sgRNA1&3 and sgRNA2&3 (Fig. 1A).
The combinations are designed to introduce double
strand breaks flanking exon 9 of PSEN1. Each sgRNA
combination (10 ng/�l each) mixed with in vitro-
synthesized Cas9 mRNA (20 ng/�l) was injected into
the cytoplasm of presumptive zygotes after in vitro
fertilization (IVF) by using a FemtoJet microinjec-
tor (Eppendorf) as previously described.31 Embryos
were microinjected in manipulation medium on a
heated stage of a Nikon inverted microscope. After
the microinjection, the zygotes were washed and then
cultured in PZM3 medium for 5-6 days.

Surgical embryo transfer and fetal collection

Day 6 blastocysts (n = 30–50) developed from
zygotes injected with Cas9 mRNA and sgRNAs
targeting PSEN1 were surgically transferred into
oviducts of surrogate gilts near the ampullary-isthmic
junction on days 4 or 5 after exhibiting stand-
ing estrus as previously described.32 Pregnancies
were carried to term or a pregnant surrogate was
sacrificed on gestation day 40 and fetuses were
collected from the uterus to detect the impact of
PSEN1 disruption during fetal development. A total
of four transfers were performed and three resulted in
successful pregnancy.

Genotyping

To genotype PSEN1-targeted pigs and fetuses,
gDNA was isolated from ear tips of piglets
and fetal skin tissue, respectively, by using the
GeneJET Genomic DNA Purification Kit (Thermo
Fisher Scientific) following the manufacturer’s
instructions. Primers flanking projected double
strand break sites were designed to amplify tar-
get region of PSEN1 genes: forward primer 5’-
CATTGTTGCTGGCGTGAACAC-3’ and reverse
primer 5’-CTTGGCTGTACGAACTGGGT-3’. The
target regions were PCR amplified by using Dream
Taq DNA Polymerase (Thermo Fisher Scientific).
PCR conditions were as follows, initial denature at
95◦C for 2 min, denature at 95◦C for 30 s, annealing
at 60◦C for 30 s and extension at 72◦C for 30 s for 34
cycles, 72◦C for 5 min and holding at 4◦C. To identify
sequences of PSEN1 mRNA after the targeted modi-
fications, total RNA was isolated from the brain tissue
of the stillborn piglets by using the RNeasy Mini Kits
(Qiagen), then cDNA was synthesized by using the
Maxima H Minus First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). The synthesized cDNA
was used as a template for RT-PCR and primers were
designed to amplify the transcript of the PSEN1 gene
flanking the CRISPR/Cas9 target region: forward
primer 5’-TTGAAACAGCTCAGGAGAGAAA-3’;
reverse primer 5’- CTTGGCTGTACGAACTGGGT-
3’. RT-PCR was performed by using the Dream Taq
DNA Polymerase (Thermo Fisher Scientific). PCR
conditions were as follows, initial denature at 95◦C
for 2 min, denature at 95◦C for 30 s, annealing at 60◦C
for 30 s and extension at 72◦C for 30 s for 38 cycles,
72◦C for 5 min and holding at 4◦C. The PCR products
were purified by using a GeneJet PCR Purification
Kit (Thermo Fisher Scientific) and were then ligated
into pCR 2.1 TA cloning vector (Thermo Fisher Sci-
entific). Ten colonies of each cloned sample were
Sanger sequenced.

RT-qPCR

To assess the transcript abundance of GFAP and
AIF1 in the brain, tissue homogenization of cortex
samples was performed followed by mRNA isolation
using the Dynabeads™ mRNA DIRECT™ Purifi-
cation Kit (Invitrogen). The Maxima H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scien-
tific) was used to synthesize cDNA and RT-qPCR
amplification was performed using the QIAquant 96
5plex (Qiagen) with Fast SYBR™ Green Master Mix
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Fig. 1. Generation of PSEN1-targeted piglets and skeletal defects in the stillborn piglets. A) Strategies for editing the PSEN1 gene to induce a targeted deletion of exon 9 by using the CRISPR/Cas9
system. Two sgRNAs targeting near the 5’- and 3’ ends of exon 9 (sgRNA 1 and 3 or sgRNA 2 and 3) were simultaneously injected into porcine zygotes together with Cas9 mRNA. B) Predicted
PSEN1 protein sequences expressed in the stillborn piglets based on their genotypes. Piglets 1–6 and 2–4 were expected to express truncated PSEN1 proteins, approximately 300aa long, while
piglet 2-3 was expected to express a similar truncated protein as well as a 436 aa protein that was translated from its �E9 allele. C) External appearances of the malformations presented in stillborn
PSEN1 null piglets compared to an age-matched wildtype (WT) pig. Among the three stillborn piglets, piglets 1–6 and 2–4 piglets exhibited a short axial body trunk whereas 2-3 exhibited a
normal morphology except for a shortened tail. D) Radiographic images of PSEN1-targeted stillborn piglets. Compared to wildtype and 2-3 piglets, 1–6 had defects in the axial skeleton including
vertebrae and ribs. The yellow rectangular box represents the thoracic vertebrae and the red box represents the lumbar and sacral vertebrae.
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(Applied Biosystems) and appropriate primers (Sup-
plementary Table 1). The porcine GAPDH gene was
used as an internal control to normalize transcript
level of the target genes as relative quantification.
Each sample was run independently and in quadrupli-
cate at the following PCR conditions: initial denature
at 95◦C for 2 min, denature at 95◦C for 5 s and anneal-
ing at 60◦C for 30 s for 35 cycles.

X-ray, micro-CT, and micro-MRI imaging

X-ray radiography imaging of neonatal piglets was
performed by using an OTC18M Radiographic Sys-
tem (Del Medical, Bloomingdale, IL). Micro-CT and
-MRI imaging of the fetal skeleton was performed by
using a VECTor6CTUHROI Micro-CT system (MIL-
abs, Houten, The Netherlands) and a 7.0 Tesla MRI
system (Bruker Biospin, Billerica, MA), respectively.
Dorsal and sagittal images were taken from day 40
fetuses stored in 70% ethanol at 4◦C. All the images
were measured and processed by using the MicroD-
icom software.

Tissue treatment

Brains of euthanized wildtype and PSEN1 pigs
were collected, and cerebral cortex sections were
trimmed into regions of interest and fixed in 4%
paraformaldehyde. After four days, the fixed tissue
was washed with 1X PBS and transferred into 30%
sucrose in PBS until the tissues sank. Tissue blocks
were frozen in Tissue-Tek™ CRYO-OCT Compound
(Andwin Scientific) and maintained at –80◦C. Tissue
samples were cryo-sectioned at 20 �m thickness and
placed in 50/50 Glycerol-PBS + 0.1% NaN3 (Sodium
azide) and stored at 4◦C.

Immunofluorescence

Using the floating method, tissue samples were
removed from the storage solution and were washed
three times with 1X PBS followed by incubation in
blocking solution (5% NGS in PBS + 0.3% Triton
X-100) for 1 h at room temperature. Primary antibod-
ies, GFAP (Novus, NBP1-05198), NeuN (Millipore,
MAB377B), and Iba1 (FUJIFILM Wako Shibayagi,
019-19741) were prepared by using 5% NGS in PBST
solution with the following concentrations GFAP
(1:2000), NeuN and Iba1 (1:1000) and incubated at
4◦C overnight. Primary antibodies were visualized
by using the secondary antibodies, Gt anti-chicken
Alexa-flour 488 (Thermo Fisher, A32931), Gt anti-

mouse Alexa-Flour 568 (Thermo Fisher, A-21124),
and Gt anti-rabbit Alexa-flour 647 (Thermo Fisher,
A-21245), which were prepared in 5% NGS in PBST
solution with a concentration of 1:1000 and incu-
bated for 2 h at room temperature. The tissues were
washed three times with 1X PBS and mounted using
Flouromount- G with DAPI (Invitrogen). Slides were
left to dry at room temperature in the dark and moved
to 4◦C until imaging.

Image analysis to identify neural cells

The number of cells and intensity of fluores-
cent signals was quantified using Image J (NIH).
To quantify Iba1 positive areas to reflect microglia,
first images were exported to Image J and a region
of interest (ROI) was selected around Iba1 positive
regions. Using the same ROI, 10 random microglia
from each animal were selected and duplicated. Then,
Z-projections were generated, and areas of signal
were selected using color thresholding and the sig-
nal was quantified. Student’s T-test was used to
analyze the cell number and intensity of fluores-
cent signals (p < 0.05). For 3-D reconstruction of
astrocytes, images were taken using a Leica SP8
Lightning confocal microscope and image stacks
were imported into Imaris 10.1.1. Five random astro-
cytes were selected per animal for reconstruction,
and their processes were traced using the filament
trace tool. Morphometric data such as the total num-
ber of terminal points, total number of branching
points, and Sholl analyses were conducted using the
images. Following 3D reconstruction of astrocytes,
concentric spheres around the filament originating
from the soma with an incremental radius of 1 �m
were used to assess the complexity of the astrocytes
via Sholl intersections. Statistical comparisons were
performed via Student’s T-test for the number of ter-
minal and branching points and ANCOVA for Sholl
analysis. p value less than 0.05 was considered sig-
nificant.

RESULTS

Generation of pigs carrying modified PSEN1
gene

Ten piglets were farrowed from two surrogates car-
rying PSEN1 edited embryos (Table 1). As expected,
all the piglets carried mutations adjacent to exon 9
of PSEN1 at the genomic DNA level without wild-
type sequences (Table 1). Five (ID: 1-2, 1-3, 1-4, 2-1,
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Table 1
Genotyping of PSEN1 targeted pigs

Pigs Phenotype Sex sgRNA combinations Mutations in gDNA∗ Mutations in mRNA Predicted protein

1-1 Normal Female sgRNA 1& 3 Mosaic w/o wild (IF/IF/IF/IF) N/A N/A

1-2 Normal Male sgRNA 1& 3 Biallelic (–/�E9) N/A N/A

1-3 Normal Male sgRNA 1& 3 Biallelic (IF/�E9) N/A N/A

1-4 Normal Female sgRNA 1& 3 Mosaic w/o wild (–/–/�E9) N/A N/A

1-5 Normal Female sgRNA 1& 3 Mosaic w/o wild (–/–/–/–) N/A N/A

1-6 Malformation
(stillborn)

Female sgRNA 1& 3 Biallelic (–/–) Single mRNA transcript Single protein
- 31bp deletion in exon9 - Truncated protein (317aa) (V310A,

S311Q, K312V, S314H, N315K,
Y316T, N317L, �318-467)

2-1 Normal Female sgRNA 2& 3 Mosaic w/wild (+/�E9/IF) N/A N/A

2-2 Normal Male sgRNA 2& 3 Mosaic w/o wild (�E9/–/–) N/A N/A

2-3 Normal
(stillborn)

Female sgRNA 2& 3 Mosaic w/o wild (–/–/–/–/IF) Two mRNA transcripts Two proteins
- Exon 9 (87bp) deletion - Truncated protein (438aa) (S291C,

�292-320)
- 1bp insertion in exon 9 - Truncated protein (316aa) (V294G,

W295V, L296V, V297G, N298E,
M299Y, A300G, E301R, G302R,
D303R, E305R, A306S, Q307P,
R308K, K309E, V310G, S311I,
K312Q, N313K, S314L, N315Q,
Y316L, �317-467)

2-4 Malformation
(stillborn)

Male sgRNA 2& 3 Biallelic (–/–) Two mRNA transcripts Single protein
- 1bp deletion in exon9 and
19bp insertion between exon9
and exon10

- Truncated protein (296aa) (V294C,
W295G, L296W, �297-467)

- 1bp deletion in exon9 and
1bp insertion between exon9
and exon10

∗IF, in-frame mutation including mutations in intron sequences; –, frame shift mutation; �E9, deletion of exon9; +, wildtype.
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and 2-2) out of the 10 piglets carried at least one
allele with the intended exon 9 deletion. Four piglets
(ID: 1-1, 1-3, 2-1, and 2-3) were predicted to retain
a functional PSEN1 allele because changes in the
nucleotide sequences did not lead to a premature stop
codon. To determine how the changes in the PSEN1
gene altered the mRNA sequence, brain tissue was
collected from the stillborn piglets and subsequent
PSEN1 mRNA sequences were captured by RT-PCR
followed by Sanger sequencing. Only a single mRNA
type was detected from piglet (1-6) while the other
two piglets (2-3 and 2-4) possessed two different
mRNAs; the mRNA sequences matched changes to
their genomic DNA (Table 1). Based on the mRNA
sequences, the expected PSEN1 protein sequences
of the stillborn piglets were compared to the wild-
type PSEN1 sequences (Table 1 and Fig. 1B). All
the stillborn piglets had truncated PSEN1 proteins as
compared to the wildtype protein (467aa). Two still-
born piglets (1-6 and 2-4) were expected to express
a single truncated PSEN1 protein (317aa and 296aa,
respectively). Piglet 2-3 was expected to express two
types of truncated PSEN1 (438aa and 316aa). Piglet
2-3 had an allele lacking the exon 9 sequence at the
genomic level, and the translated protein from the
allele (438aa) was projected to be partially functional
- the exon 9 deletion results in the loss of 30aa from
the wildtype protein. Other than the three pigs, the
remaining pigs thrived and remained healthy. These
healthy pigs carried at least one allele of wildtype or
PSEN1 lacking exon 9. Because the pigs were raised
as breeders, no mRNA was extracted from their brains
to identify changes at the mRNA level.

Skeletal defects in PSEN1 knockout newborn
piglets

Two of the stillborn piglets (1-6 and 2-4) that
carried PSEN1 alleles with premature stop codons
demonstrated a severely truncated body axis after
birth (Fig. 1C). To correlate the effect of PSEN1
mutations to their skeletal malformation, bone struc-
tures of PSEN1-targeted piglets were visualized by
X-ray imaging and clearing tissues. Consistent with
the external phenotype, normal skeletal development
including vertebrae, ribs, and sternum was observed
in piglet 2-3 (Fig. 1D). The bone structure of piglet
2-3 was similar to that of the neonatal wildtype piglet.
On the other hand, significant skeletal defects were
observed in piglet 1-6 (Fig. 1D, and Supplementary
Figure 1). Compared to wildtype and 2-3, morphol-
ogy of all vertebrae was abnormal, and the number of

vertebrae in the spinal column was decreased in piglet
1-6. In addition, the number of ribs was decreased
and the connections between ribs and vertebrae were
irregular. The types of mutations in PSEN1 and the
radiology analysis link the role of PSEN1 to verte-
brate development.

Deficiency of PSEN1 causes vertebral
malformation during fetal development in pigs

To verify whether the mutated PSEN1 is respon-
sible for abnormal axial skeleton formation during
early development, PSEN1 mutant fetuses were
generated and collected at day 40 of gestation.
The fetuses also carried mutations in APP (Sup-
plementary Figure 2); however, changes in APP
were considered to have no impact on vertebrate
development as APP null pigs have normal spine
development (Supplementary Figure 3). Eight fetuses
were recovered, and four fetuses (1 through 4) dis-
played normal external appearance, but the other four
fetuses (5 through 8) showed abnormal features in
their shape and size (Fig. 2A). For example, the body
axial length (from head to tail) of the four fetuses
(5 through 8) was shorter (<4 cm) than that of the
other fetuses (1 through 4) (>4.5 cm). Among the
4 fetuses with abnormal appearance, fetuses 5 and
8 presented a short body trunk and upward fixed
hind legs, clearly resembling the abnormal pheno-
type of the stillborn neonatal piglets (1-6 and 2-4).
Sequences of PSEN1 mRNA revealed that fetus 5 and
8 only carried truncated PSEN1 (290∼325aa), further
verifying the impact of the truncated PSEN1 on verte-
brate development (Fig. 2B and Table 2). Consistent
with the radiological findings in the neonatal piglets,
defects in the axial skeleton were identified in the
fetuses after micro-CT imaging analysis; compared
with fetus 1, fetus 5 had an unclear vertebral column
and fewer ribs (Fig. 2C, D). Similarly, micro-MRI
imaging revealed underdeveloped vertebrae in fetus
5, whereas fetus 1 had well-developed vertebrae and
intervertebral discs (Fig. 2C, D). Thus, it appears that
disruption of PSEN1 can induce defective vertebral
formation during early fetal development in pigs and
specific types of PSEN1 mutations are responsible for
abnormal vertebrate development.

Abnormal neural cells in the absence of
functional PSEN1

Brain from PSEN1 mutants were examined to
investigate the role of PSEN1 on brain development
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Fig. 2. Defective vertebral development in PSEN1 targeted fetuses. A) Images of PSEN1 targeted fetuses collected at day 40. While 4 fetuses (1∼4) had a normal appearance (top 4 panels), other
4 fetuses (5∼8) showed abnormalities in size and shape. B) Predicted PSEN1 protein sequences expressed in the PSEN1 targeted piglets. Fetuses 1∼4 were expected to express a single protein
translated from an exon 9 deleted allele, whereas fetuses 5∼8 were expected to express smaller truncated protein(s). C, D) Abnormal skeletal development in PSEN1-targeted fetuses. In contrast
to the normal axial skeleton in fetus 1 (left panel), defective development of vertebrae and ribs was detected in fetus 5 (right panel) by micro-CT and MRI imaging and analysis. In the micro-MRI
images, the yellow rectangular box represents the thoracic vertebrae and the red box represents the lumbar and sacral vertebrae. Red arrows indicate vertebrae and intervertebral discs and yellow
arrow indicates the spinal canal.
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Table 2
Genotyping of PSEN1 targeted fetuses

Fetus Phenotype Sex sgRNA combinations Mutations in gDNA∗ Mutations in mRNA Predicted protein

1 Normal Male sgRNA 2& 3 Mosaic w/o wild (–/�E9/�E9) Single mRNA transcript Single protein
- Exon 9 (87bp) deletion - Truncated protein (438aa) (S291C, �292-320)

2 Normal Female sgRNA 2& 3 Biallelic (–/�E9) Single mRNA transcript Single protein
- Exon 9 (87bp) deletion - Truncated protein (438aa) (S291C, �292-320)

3 Normal Female sgRNA 2& 3 Biallelic (–/�E9) Single mRNA transcript Single protein
- Exon 9 (87bp) deletion - Truncated protein (438aa) (S291C, �292-320)

4 Normal Female sgRNA 2& 3 Homozygous (�E9/�E9) Single mRNA transcript Single protein
- Exon 9 (87bp) deletion - Truncated protein (438aa) (S291C, �292-320)

5 Malformation Female sgRNA 2& 3 Biallelic (–/–) Two mRNA transcripts Two proteins
- 53bp insertion between intron 8 and exon 9
- 7bp deletion in exon 9

- Truncated protein (314aa) (�291-294, L296T,
M299D, A300N, E301G, G302Q, D303F,
P304Y, E305N, A306S, Q307S, R308C, K309S,
V310L, S311E, K312A, N313K, S314A, N315K,
Y316S, N317D, A318W, �319-467)
- Truncated protein (325aa) (�294-295, S320A,
T321Q, G322V, E323N, S324H, Q325K, D326T,
S327L, �328-467)

6 Normal Male sgRNA 2& 3 Biallelic (–/–) Single mRNA transcript Single protein
- 1bp insertion and 31bp deletion in exon 9 - Truncated protein (457aa) (V294G, W295V,

L296V, V297G, N298E, M299Y, A300G, E301R,
G302R, D303R, E305R, A306S, Q307P, R308K,
�309-318, Q319E, S320G)

7 Normal Female sgRNA 2& 3 Mosaic w/o wild (–/–/�E9) Three mRNA transcripts Three proteins
- 2bp and 1bp insertion in exon 9 - Truncated protein (297aa) (V294W, W295C,

L296G, V297W, �298-467)
- Exon 9 and 10 (258bp) deletion - Truncated protein (381aa) (�291-294,

�296-377)
- Exon 9 (87bp) deletion - Truncated protein (438aa) (S291C, �292-320)

8 Malformation Female sgRNA 2& 3 Biallelic (–/–) Two mRNA transcripts Two proteins
- 2bp insertion and 4bp deletion in exon 9 - Truncated protein (290aa) (�291-467)
- 5bp deletion in exon 9 - Truncated protein (314aa) (W295G, L296E,

V297Y, N298G, M299R, A300R, E301R, G302P,
D303R, P304S, E305P, A306K, Q307E, R308G,
K309I, V310Q, S311K, K312L, N313Q, S314L,
�315-467)

∗ -, frame shift mutation; �E9, deletion of exon9.
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Fig. 3. Abnormal neural cells in PSEN1 knockout newborn pigs. Immunohistochemistry was used to identify the distribution of neuronal
cells in the frontal cerebral cortex of PSEN1 knockout pigs. Cells positive for markers representing astrocytes (GFAP) and microglia (Iba1)
were clustered in the brain of PSEN1 knockout pigs compared to an age-matched wildtype control. Scale bars indicate 100 �m.

and function. When cranial bones were dissected,
hemorrhages were observed in all stillborn piglets
(data not shown). PSEN1 mutant fetuses also had vis-
ible intracranial hemorrhages in the brain; the most
severe hemorrhage was visible on the forebrain region

of fetus 5 (Fig. 2A, red dotted oval). Immunoflu-
orescence was performed on the brain of PSEN1
null newborn piglets to further investigate cellular
distribution due to the lack of functional PSEN1
(Fig. 3). The density of astrocytes and microglia in
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the brain of PSEN1 null pigs appeared to be higher
(n = 2) compared to the wildtype counterpart (n = 1)
(Fig. 3). In PSEN1 null pigs, the density of microglial
cells tended to be higher compared to the wildtype
(p = 0.06) (Supplementary Figure 4B). In addition,
Iba1 positive areas reflecting microglial activity was
significantly increased in PSEN1 null pigs (Supple-
mentary Figure 4A, B). The GFAP signal appear to
be brighter in PSEN1 null pigs, but no morphological
differences in GFAP+ cells were noticed. Cluster-
ing of GFAP+ and Iba1+ cells was observed from
immunofluorescence, indicating potential activation
of astrocytes and microglia, respectively. No differ-
ence in the distribution of neurons, i.e., NeuN+ cells,
was observed (Supplementary Figure 4B).

One aged founder pig (#1–3) carrying a
PSEN1�E9 allele and an in-frame allele (Table 1) was
sacrificed at two years old to investigate if the abnor-
mal distribution of neural cells could also be found in
an adult PSEN1 mutant pig. Similar to the histolog-
ical findings in the neonatal PSEN1 null pig (#1–6),
the number of Iba1 positive cells and Iba1 positive
area were greater in the PSEN1 mutant pig’s brain
than in adult (1 year old) wildtype control pigs (Fig. 4
and Supplementary Figure 4C). The number of neu-
rons was also higher in the PSEN1 mutant pig (Fig. 4
and Supplementary Figure 4C). The Sholl analysis
was performed to evaluate the complexity of astro-
cytes in the PSEN1 mutant pig (Fig. 5). Specifically,
Sholl intersections, defined as the number of branch-
ing points on a concentric sphere, were used to assess
the spatial distribution of the astrocytes (Fig. 5A, B).
Using this analysis, astrocytes in the PSEN1 mutant
pig (#1–3) were found to be more complex than
astrocytes in the wildtype control pig (Fig. 5B-D),
indicating that the PSEN1 founder’s astrocytes were
in a more reactive state. Due to the neonatal lethality,
only a few animals were available for the histologi-
cal analysis and no statistical analysis was conducted
using a sufficient number of biological samples.

To investigate the abnormal distribution of astro-
cytes and microglia in PSEN1 mutant pigs at the
molecular level, RT-qPCR was performed to mea-
sure the level of GFAP and AIF1 (Iba1) transcripts
in the brain of the pigs. Transcript abundance of
GFAP and AIF1 were increased in the cortex of
PSEN1 mutant pigs (#1–6 and #1–3) compared to
wildtype pigs (Supplementary Figure 5), indicating
the levels of GFAP and AIF1 may remain abnormal
as the PSEN1 mutant pigs age. Because of the lim-
ited PSEN1 founder pigs available for the analysis,
we could not secure a sufficient number of biological

replications. However, the levels of GFAP and AIF1
were higher in PSEN1 mutant pigs compared to two
individual wildtype pigs in both age groups.

Establishment of PSEN1 mutant pigs to study
Alzheimer’s disease

Founder pigs carrying mutated PSEN1 were bred
to establish pig models representing AD. Due to the
phenotypes expressed by null PSEN1 piglets, founder
PSEN1 pigs (RRID: NSRRC 0094) have been out-
crossed into domestic pig lines, NIH mini pig lines
(RRID: NSRRC 0014), and Minnesota Mini pig lines
(RRID: NSRRC 0005) to generate heterozygous ani-
mals with reduced adult size. To date, 39 domestic
and 29 half-mini F1 piglets have been produced. The
oldest F1 pigs have reached puberty (Supplementary
Figure 6) and are being outcrossed into Minnesota
Mini lines (RRID: NSRRC 0005), again to reduce
their size. Both male and female pigs have been
produced, and they are being aged to validate their
relevance to clinical AD as PSEN1�E9/+ pigs are
genetically disposed to mimic clinical phenotypes in
AD patients.

DISCUSSION

As a causative gene linked to fAD, the function
of PSEN1 has centered around its involvement in
the pathophysiology of AD.33 Beyond its involve-
ment in AD, previous studies using genetically
engineered mouse models have elucidated its role
in vertebrate development. Targeted disruption of
PSEN1 resulted in neonatal lethality in Psen1 null
mice.20–22,34 Specifically, Psen1 null mice presented
skeletal malformations, such as a truncated body
axis and deformed ribcage. Elucidating the global
function of PSEN1 in other mammals has been a chal-
lenge because of the difficulty in introducing targeted
modifications in nonconventional laboratory animals.
Application of the CRISPR/Cas9 system allowed for
rapid inactivation of PSEN1 to study its function and
establish pig models carrying a clinically relevant
allele of AD.

We have generated 10 piglets and 16 fetuses car-
rying modified PSEN1, and all pig/fetuses lacking
functional PSEN1 resulted in abnormal spine devel-
opment with the piglets dying soon after birth. These
findings are similar to previous reports in mice,20

illustrating the conserved role of PSEN1 between
different mammalian species. On the other hand,
piglets carrying different PSEN1 mutations did not
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Fig. 4. Abnormal neural cells in PSEN1 adult pigs. Immunohistochemistry was used to identify the distribution of neuronal cells in the
frontal cerebral cortex of PSEN1 mutant pigs. Cells positive for markers representing astrocytes (GFAP) and microglia (Iba1) were clustered
in the brain of PSEN1 knockout pigs compared to an age-matched wildtype control. Scale bars indicate 100 �m.

have any developmental abnormalities and were able
to thrive. In contrast to the neonatal lethality of
�exon9 mutations in the mouse.22 piglets carrying
at least one �exon9 allele appeared normal at birth.
In a non-human primate study using marmosets, an

introduction of the �exon9 mutation resulted in an
increased ratio of A�42/A�40 in primary fibroblast
cells and ability to thrive.35 Similarly, another mar-
moset model carrying C410Y or A426P mutations
in PSEN1 had elevated plasma A�42 levels, but no
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Fig. 5. Astrocyte morphology in an adult PSEN1 mutant pig. A) Representative images of GFAP positive astrocytes in a 1-year-old wildtype
(WT) pig and a 2-year-old PSEN1 mutant pig (#1–3). B) 3D reconstructions of astrocytes from the PSEN1 (#1–3) and wildtype pig for Sholl
analysis. Results of the Sholl analysis revealed more complex astrocyte morphology in pig #1–3 through (C) increased marginal means,
(D) number of terminal points, and (E) number of branching points in the astrocytes of the PSEN1 mutant pig than in astrocytes from the
wildtype pig. ∗p < 0.05, ∗∗p < 0.01, respectively.

developmental defects were reported.36,37 Founder
PSEN1 pigs carrying at least one �exon 9 allele or
in-frame mutations developed normally and were fer-
tile.

The abnormal spine development in PSEN1–/–

pigs could be due to the involvement of PSEN1

on the Notch signaling pathway, which plays a key
role in vertebrate body axis formation by regulating
somitogenesis during early embryonic development.
As a unit of �-secretase, PSEN1 is involved in
the cleavage of the Notch receptor and release of
the active Notch intracellular domain (NICD) into
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the nucleus.38 If NICD is not appropriately released
by abnormal PSEN1 function, it may lead to defec-
tive spine development. In mice, mutations in Notch
receptors, ligands, and effectors result in defective
somitogenesis.39–43 Similarly, in humans, mutations
in Notch ligands and effectors also cause axial skele-
tal abnormalities.19,44,45 Consistent with the previous
mouse study,20 all the stillborn PSEN1 null piglets
presented intracranial hemorrhages (data not shown).
The hemorrhage was not detected in pigs carrying at
least one �exon9 PSEN1 allele, or in-frame muta-
tions; indicating the importance of PSEN1 coded
by exons 10–12 for normal brain structure. Since
PSEN1 deficiency is known to induce the upregu-
lation of PSEN2, an isoform of PSEN1, through a
compensatory mechanism,46,47 we cannot exclude
the possible influence of PSEN2 on normal vertebral
development in pigs with �exon9 mutations. Further
analysis of the expression of PSEN2 in pigs carrying
PSEN1 mutations will provide a more comprehen-
sive picture of the impact of the deletion of exon 9 in
PSEN1 on the development of vertebrae in the pig.

Signs of neuroinflammation were detected in the
brain of PSEN1 null pigs. Markers representing astro-
cytes (GFAP) and microglia (Iba1) were clustered in
the PSEN1 null brain samples. Specifically, increased
cell density of microglia and a larger Iba1 positive
area were observed under the absence of functional
PSEN1, which indicates possible neuroinflammation
in the PSEN1 brain compared to the wildtype con-
trol. Analysis of astrocytes in an aged PSEN1 mutant
pig (#1–3) also suggested a possible hyperactivation
of astrocytes in the presence of abnormal PSEN1.
Due to the availability of samples, brains from adult
pigs at different ages were used (1- versus 2-years).
However, as the brain reaches maturity around six
months of age and brain cell density does not increase
any further in pigs,48,49 the age difference should not
have affected the outcome of these analyses. Astro-
cytes, microglia, and their communication are critical
for brain function, and the activity of astrocytes50

and microglia51 is known to hyperactivate in AD
patients52–55 and rodent AD models.56–59 As a large
animal species, it is challenging to obtain a sufficient
number of samples to fully characterize the signs of
neuroinflammation in pigs. A recent study using mar-
mosets reported increased pathological amyloid beta
and neuroinflammatory biomarkers in the brains of
PSEN1 mutants.37 Additionally, gliosis was reported
in the PSEN1 marmosets due to elevated populations
of Iba1 positive phagocytic microglia in the brain,
which is similar to the abnormal distribution of Iba1

positive cells observed in the PSEN1 pigs. Clinical
relavance of the neuroinflammation will be compared
after establishing a line of PSEN1�E9/+ pigs and
aging them until their brain is fully matured.48,60

Little success has been reported on developing
large animal models that can recapitulate the clini-
cal signs of fAD.61–63 To the best of our knowledge,
this is the first report of PSEN1�E9/+ pigs, and the
pig models are both being expanded by breeding
and being aged to validate clinical relevance of these
mutations. As a large animal model, expanding and
aging the F1 generation of PSEN1�E9/+ pigs takes
over one year. Propagation of the pig models is under-
way and considering high similarities between pig
and human brain,64 we expect to see similar clini-
cal signs of AD in these pigs once they are aged.
Removal of PSEN1 exon9 had a distinctive effect in
pigs compared to a previous report in the mouse.22

The unique phenotype indicates the need to study
the PSEN1�E9/+ phenotype in pigs to further under-
stand the role of PSEN1 beyond rodent models. While
no phenotyping efforts are included in this study,
we have also generated APP knockout pig models.
The pigs are growing and do not appear to have
any developmental defects. APP and PSEN1 are both
genetically linked to the prevalence of AD65 and their
specific interactions lead to amyloid beta production,
which is at the center of AD pathophysiology.13 Pigs
with these mutations will greatly facilitate functional
studies to understand the pathogenic mechanism of
fAD and the development of appropriate treatments.

Using the CRISPR/Cas9 system, two different
genetically engineered pig models have been rapidly
established and the role of PSEN1 in piglet develop-
ment was explored. These pig models will serve as
novel resources to expand our understanding of AD
and allow us to follow the progression of the disease
throughout the lifespan of the pigs.
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