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An allelic variant of protein tyrosine phosphatase non-
receptor type 22 (PTPN22), PTPN22R620W, is strongly
associated with type 1 diabetes (T1D) in humans and
increases the risk of T1D by two- to fourfold. The NOD
mouse is a spontaneous T1D model that shares with
humans many genetic pathways contributing to T1D.
We hypothesized that the introduction of the murine
orthologous Ptpn22R619W mutation to the NOD genome
would enhance the spontaneous development of T1D.
Wemicroinjected CRISPR-Cas9 and a homology-directed
repair template into NOD single-cell zygotes to introduce
the Ptpn22R619W mutation to its endogenous locus. The
resulting Ptpn22R619W mice showed increased insulin
autoantibodies and earlier onset and higher penetrance of
T1D. This is the first report demonstrating enhanced T1D
in a mouse modeling human PTPN22R620W and the utility
of CRISPR-Cas9 for direct genetic alternation of NOD
mice.

Protein tyrosine phosphatase nonreceptor type 22 (PTPN22)
is expressed in essentially all hematopoietic cell types and
serves as a multifunctional molecular switch that fine-tunes
T-cell, B-cell, and myeloid cell signaling and plays important
roles in autoimmunity and infections (1). A minor allelic
form, PTPN22R620W, increases type 1 diabetes (T1D) by
two- to fourfold in humans (1,2). Studies of how this allele
contributes to the etiopathology of T1D would be greatly

assisted by the availability of a murine model in which spon-
taneous T1D is enhanced by this allele, as it is in humans.

The development of T1D results from the impairment
of multiple immune tolerance mechanisms (3). Presum-
ably due to this multigenic nature of T1D, previously
constructed murine models in which human PTPN22R620W

or its murine ortholog PTPN22R619W was introduced into
nondiabetes-prone mice showed no spontaneous develop-
ment of T1D (4–6). The NOD mouse is a spontaneous
T1D model that shares with humans many interacting
genetic pathways (3). We hypothesized that if we placed
the murine ortholog of the R620W allele in its endoge-
nous locus under physiological regulation, it would inter-
act with other susceptibility alleles on the NOD background
to increase T1D incidence and provide a spontaneous T1D
model to study the mechanisms by which the disease-
associated variant affects immune tolerance.

RESEARCH DESIGN AND METHODS

Generation of Ptpn22R619W and Ptpn22 Knockout Mice
Using a CRISPR-Cas9 System
Ptpn22R619W knock-in and Ptpn22 knockout (KO) mice
were generated using CRISPR-Cas9 technology as previ-
ously reported (7). Four nucleotides were substituted in
exon 14 of Ptpn22 to replace arginine (R) 619 to trypto-
phan (W) and to insert a BspEI restriction site. Homolo-
gous recombination was achieved by the coinjection of
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Cas9 mRNA transcript, single-guide RNA (sgRNA) for
Ptpn22, and a homology-directed repair (HDR) tem-
plate. The HDR template Ptpn22-R619W-HDR1 is a 200-
nucleotide-long single-stranded DNA (ssDNA) oligo
generated by Ultramer technology (Integrated DNA Tech-
nologies). The sgRNA target site was selected and the
sgRNA synthesis performed as described previously (7).
Briefly, a double-stranded DNA (dsDNA) template was
generated by annealing Ptpn22-E14–60-sgRNA-F oligo
with sgRNA common primer. A fill-in reaction produced
dsDNA that was subsequently amplified by PCR, using
T7–19 and sgRNA-R primers, and then purified using
QIAquick PCR Purification Kit (Qiagen). dsDNA tem-
plates were subsequently used for in vitro transcrip-
tion using the MEGAshortscript T7 Kit and enriched
using the MEGAclear Kit (Invitrogen). Cas9 mRNA was in
vitro transcribed from PmeI-lineralized and column-purified
pcDNA3.3topo-T7-hCas9 plasmid using mMESSAGE
mMACHINE T7 Ultra Kit (Life Technologies). pcDNA3.3topo-
T7-hCas9 was created by adding a T7 promoter in the XbaI
site of plasmid hCas9 (Addgene 41815), encoding the
human codon optimized Cas9 nuclease. Cas9 mRNA
transcripts were purified using the MEGAclear kit (Life
Technologies) All oligo and primer sequences are shown
in Supplementary Table 1.

Microinjection Into One-Cell Mouse Embryos
Embryos were generated by mating superovulated
12-week-old NOD/shiLtJ females to NOD/shiLtJ males
(The Jackson Laboratory). ssDNA, sgRNA, and Cas9
mRNA were mixed in water (130 ng/mL, 50 ng/mL, and
100 ng/mL, respectively) and coinjected into cytoplasm
using standard micromanipulation equipment (Narishige).
Injected embryos were surgically transplanted into oviducts
of pseudopregnant CD1 recipient mice.

Breeding, Genotyping, Cloning, and Sequencing
To minimize the risk of off-target effects caused by
CRISPR-Cas9, founder M3 and F6 mice were backcrossed
with NOD wild-type (WT) mice for two generations and
selected solely for the presence of Ptpn22R619W allele or
KO allele to generate N2 mice, which were then inter-
crossed to generate N2F1 mice that were used for this
study. DNA extraction of mouse tail snips (BioPioneer)
was used for PCR genotyping using forward primer
Ptpn22F1 and reverse primer Ptpn22R1. PCR products
were analyzed in one of the three ways: 1) electropho-
resis of restriction enzyme BspEI digests, 2) sequencing
(Eton Bioscience) of treated PCR products (ExoSAP-IT;
Affymetrix), and 3) sequencing of PCR products cloned
into vector pJET1.2 (CloneJET; Thermo Scientific).

Measurement of Insulin Autoantibodies
Insulin autoantibodies (IAAs) were measured with a
currently standard 96-well plate micro-IAA radiobinding
assay at the Barbara Davis Center Autoantibody/HLA
Service Center, as previously described (8). The result
was expressed as an index and an upper limit of normal

range (index 0.010) was established as 99th percentile
of nonautoimmune-prone mice.

Reverse Transcription PCR and Western Blot Analysis
mRNAs were extracted from ;5 3 106 cells from each
sample by RNeasy Mini Kit (Qiagen). A total of 500 ng
of mRNA was used to perform reverse transcription
(RT) using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). A total of 300 ng cDNA was
then used for PCR reactions using primers Ptpn22F2
and Ptpn22R2. Primer sequences are shown in Supple-
mentary Table 1. Western blot analysis was performed
as described previously (9). PTPN22 protein was detected
using P2 antibody against PTPN22 amino acids 670-740
(5,10), a region conserved between R and W alleles. Actin
was detected using b-actin antibody #4967 (Cell Signaling
Technology).

Assessment of Diabetes in Mice
Experimental procedures were carried out according to
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by The Scripps
Research Institute Animal Care and Use Committee. Mice
were monitored weekly for nonfasting blood glucose via
retro-orbital bleeding and measurement with blood glu-
cose test strips and TRUEresult meters (TRUEtest). Mice
having nonfasting blood glucose $250 mg/dL for two
consecutive tests were classified as diabetic and eutha-
nized thereafter.

Statistical Analyses
Kaplan-Meier survival curves were plotted for T1D in-
cidence. The P values were calculated using log-rank test.
To analyze the measurements of IAAs, the P value was
calculated using Mann-Whitney U test, without assuming
normal distribution of the data.

RESULTS

In order to directly modify genes on a pure NOD genetic
background, we used the novel CRISPR-Cas9 technol-
ogy coupled with a microinjection of single-cell mouse
zygotes (11–14). We designed and microinjected a three-
component CRISPR system (7) consisting of Cas9 mRNA,
sgRNA, and ssDNA repair template into NOD zygotes to
introduce a single amino-acid mutation R619W in the
endogenous Ptpn22 gene (Fig. 1A). We also introduced
synonymous mutations to create a BspEI restriction site
to facilitate genotyping (Fig. 1A). This injection attempt
led to the birth of 11 mice, 2 of which were found to
contain Ptpn22R619W as indicated by restriction digestion
(Fig. 1B). These two mice, male #3 (M3) and female #6
(F6), were subsequently used as founders of two indepen-
dent strains and were backcrossed with WT NOD mice
for two generations to produce N2 descendants that were
intercrossed to generate N2F1 mice used in this study.
This breeding strategy further reduced the risk of poten-
tial off-target effects caused by CRISPR-Cas9. Sequencing
of M3 mouse genomic PCR confirmed all four nucleotide
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substitutions (Supplementary Fig. 1A). The F6 mouse was
found to be a mosaic mouse (13,14) that had not only WT
and R619W alleles but also a KO allele resulting from a
random addition of 13 nucleotides incorporated by a non-
homologous end-joining mechanism (Supplementary Fig. 1B–
D). Both mutant alleles and the KO allele were bred to
homozygosity in the N2F1 generation to produce three
new lines on the NOD background (Fig. 1C and Supple-
mentary Figs. 2 and 3).

Traditional RT-PCR followed by BspEI digestion veri-
fied the expression of Ptpn22 mRNA from either R allele
or W allele in both thymocytes and splenocytes of homo-
zygous WT (RR), heterozygous mutant (RW), and homo-
zygous mutant (WW) mice (Fig. 1D), as only the W allele
had a restriction site. However, KO mice did not show any
detectable Ptpn22 mRNAs that could be PCR amplified
(Supplementary Fig. 4). Using a previously published poly-
clonal antibody that binds to a conserved PTPN22 pro-
tein region, we detected the expression of the W form of
PTPN22 protein in thymocytes, splenocytes, and purified T
and B cells (Fig. 1E). NOD KO spleen showed no expression
of PTPN22, while B6 KO strain (10) was used as a negative
control (Fig. 1E). Considering the absence of Ptpn22 mRNA

(Supplementary Fig. 4) and the fact that no PTPN22 pro-
tein was observed in the NOD KO spleen (Fig. 1E), the
bands observed in the NOD KO thymus (Fig. 1E) were
likely due to the other mouse proteins.

Having validated Ptpn22R619W and KO alleles at the
DNA, mRNA, and protein levels, we used these mutants
to test the effects of modified PTPN22 alleles on sponta-
neous T1D development. Ptpn22R619W variant was found
to be associated with an earlier onset of T1D and an in-
creased penetrance in RW females (Fig. 2A). WW females
showed even earlier disease onset and further increased
penetrance (Fig. 2A). Ptpn22 KO females showed a di-
abetogenic phenotype that is significantly more severe
than RR, less severe than WW, and yet comparable to
RW females in terms of disease onset and penetrance
(Fig. 2A).

No significant difference of T1D incidence between
M3 and F6 strains was observed, in either males or
females (Supplementary Fig. 5A–D). Female NOD mice
generally develop T1D sooner and with greater pene-
trance than males (15). We found that the diabetogenic
effects of Ptpn22R619W did not penetrate the NOD mice
sex barrier (15) and that RW, WW, or KO males did not

Figure 1—Ptpn22R619W design, expression, and germline transmission. A: WT and R619W Ptpn22 DNA sense strains are aligned. C-to-T
transition results in R619W mutation. Synonymous nucleotide substitutions create a BspEI restriction site. B: Genomic PCR generated a
600 bps fragment from all CRISPR mice. Only mutant (W) PCR product could be cut into 350 and 250 bps. M3 and F6 carried the mutation.
C: RR, RW, and WW mice were identified in M3 strain N2F1 descendants. D: Traditional RT-PCR of mRNA derived from thymus (top) and
spleen (bottom) of RR, RW, and WWmice. E: Expression of PTPN22 proteins in T and B cells, thymus, and spleen was analyzed by Western
blot (WB). NOD Ptpn22 RR, WW, KO strains were analyzed, and B6 Ptpn22 KO strain was included as a negative control.
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show significantly increased T1D incidence compared
with WT males (Fig. 2B).

It has recently been reported that PTPN22R620W human
carriers with diabetes exhibited elevated IAAs (16,17) rel-
ative to RR homozygous individuals. We investigated whether
our mutant mice also exhibited an insulin antibody phenotype
resembling human carriers and discovered that 8-week-
old RW and WW females exhibited significantly increased
serum IAA levels compared with RR females (Fig. 2C).
This significant increase was detectable as early as 4 weeks
of age in WW females (Fig. 2D). KO females did not exhibit
increased serum IAAs (Fig. 2C).

DISCUSSION

In the past 20 years, gene targeting of NOD mice was
generally carried out in the 129/Sv mouse–derived embry-
onic stem cells (ESCs) and then required backcrossing
with NOD mice for at least 10 generations (18). There

were few studies reporting generation and use of germline-
competent NOD ESCs suitable for gene targeting (19,20). To
circumvent the necessity to modify NOD ESCs and test
germline transmission, a study reported the use of zinc-
finger nuclease coupled with embryo microinjection to mod-
ify genes on a pure NOD background (21). The emerging
CRISRP-Cas9 technology coupled with embryo microin-
jection or in vitro fertilization has demonstrated the
relative ease of design and high efficiency of mouse genome
modification in a single step (13,14,22).

To our knowledge, this is the first time the murine
ortholog of the autoimmune-associated PTPN22 allele has
been introduced into NOD mice using CRISPR-Cas9 tech-
nology to successfully produce a disease phenotype that
closely mimics the effects of the allele in humans (1). The
association of W variant with an earlier onset of T1D and
an increased penetrance in heterozygous mice (Fig. 2A)
suggests strong effect of Ptpn22R619W allele in heterozy-
gosity, which closely resembles the diabetogenic effects of

Figure 2—Ptpn22R619W increases diabetes incidence and IAAs. A and B: Kaplan-Meier survival curves were plotted showing percentage of
nondiabetic animals over time. A: Survival curves of NOD RR, RW, WW, and KO females are shown. B: Survival curves of RR, RW, WW, and
KO males are shown. C: IAAs in the sera of 8-week-old RR, RW, WW, and KO females are shown. D: IAAs in the sera of 4-week-old RR and
WW females are shown. *P < 0.05; **P < 1023; ***P < 1024; N.S., P > 0.05.
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PTPN22R620W on human heterozygous carriers (1). In fact,
PTPN22R620W is most commonly carried in heterozygosity
in humans (1,2). The association of W variant homozy-
gosity with significantly earlier disease onset and further
enhanced penetrance (Fig. 2A) suggests a gene dosage
effect, which was also consistent with the effect of
PTPN22R620W observed in human homozygous carriers
(1,2). Therefore, our newly generated NOD Ptpn22R619W

strain is an excellent physiological model that will provide
mechanistic insights into how the human PTPN22R620W

allele contributes to T1D. We should be able to target
other genes using the same techniques to generate phys-
iological models closely resembling human diseases and to
test various human disease-associated polymorphisms in
mice that were genetically difficult to modify in the past.

Converging lines of evidence pointed to insulin as a
primary antigen in the diabetogenic process (23). It
was reported that 129/B6 mice expressing homozygous
Ptpn22R619W alleles showed increased IAAs, but no spon-
taneous diabetes was observed, presumably due to the
multigenic nature of T1D requiring the presence of mul-
tiple T1D-specific susceptible alleles in the genome (5). As
PTPN22R620W human carriers with diabetes exhibited ele-
vated IAAs (16,17), we tested whether Ptpn22R619W mu-
tant NOD mice showed increased IAAs. Indeed, as early as
4 weeks of age, WW mice showed significantly increased
prevalence and elevated titer of IAAs (Fig. 2D), suggesting an
early loss of tolerance to insulin, which was not observed in
WT mice (8). The increased prevalence and elevated titer of
IAAs could also be detected in RW and WW mice at 8 weeks
of age (Fig. 2C), a time when such autoantibodies peak in WT
mice (8). Interestingly, Ptpn22 KO mice did not show in-
creased prevalence and elevated titer of IAAs (Fig. 2C) and
did not exhibit as severe an enhancement of T1D as seen in
WW mice, consistent with the hypothesis that the W variant
is not simply a loss-of-function variant (1,24,25).
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