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mouse IgG+IgM (H+L) (Jackson ImmunoResearch
Laboratories, Inc.) and mouse anti-mouse Thyl.2 IgM anti-
bodies (MCAO2R; AbD Serotec, Oxford, UK). The panning
plate was washed with PBS, and adherent RGCs were re-
leased by treatment with 0.125% trypsin for 10 min at 37°C.
The RGC suspension was mixed with 30% fetal bovine
serum and centrifuged at 200g for 10 min. RGCs were
suspended in medium containing 1 mM glutamine, 5 pg/ml
insulin, 60 pg/ml N-acetylcysteine, 62 ng/ml proges-
terone, 16 pg/ml putrescine, 40 ng/ml sodium selenite,
0.1 mg/ml BSA, 40 ng/ml triiodothyronine, 0.1 mg/ml
transferrin, 1 mM sodium pyruvate, 2% B27 supplement
(Invitrogen), 10 uM forskolin (Sigma), 50 ng/ml brain-
derived neurotrophic factor (BDNF; PeproTech, Rocky
Hill, NJ), 50 ng/ml ciliary neurotrophic factor (CNTE;
PeproTech), and 50 ng/ml basic fibroblast growth factor
(bFGF; PeproTech) in Neurobasal medium (Invitrogen).
Ninety-six—well culture plates were coated with poly-D-
lysine (Sigma) and laminin (Sigma) and mouse RGCs
were plated at a density of 4,000 cells/well (or 4,000
cells/culture insert for p-dishes (ibidi)) and cultured for
at least 10 days before the experiments.

Induction and detection of apoptosis induced by
glutamate

RGCs were washed twice (15-min incubation, x2) with
Hank’s Balanced Salt Solution (HBSS; Invitrogen) con-
taining 2.4 mM CaCl; and 20 mM HEPES without magne-
sium. Subsequently, RGCs were incubated for 2 h at 37°C
with or without 300 uM glutamate and 10 pM glycine
(a co-activator of NMDARs) in HBSS containing 24 mM
CaCl, and 20 mM HEPES without magnesium. After
HBSS or glutamate treatment, RGCs were cultured for
22 h at 37°C in the same medium to culture the RGCs,
but without forskolin, BDNF, CNTE, and bFGF. To detect
apoptosis using Hoechst 33342 (Dojindo), RGCs were
washed once with PBS and incubated with 1 pg/ml
Hoechst 33342 for 15 min at room temperature. Fluores-
cent images were randomly taken (four images/well) using
an Olympus IX71 fluorescence microscope. For each
treatment, at least eight images were taken from two wells
of a 96-well plate. Fragmented or shrunken nuclei stained
with Hoechst dye were deemed apoptotic, and neurons
with round and smooth nuclei were counted as healthy.
More than 200 neurons for each treatment were counted
by a researcher blinded to the identity of the samples.

Measurement of intracellular calcium

Mouse RGCs were incubated for 30 min at 37°C in cul-
ture medium with 3 pM Fluo-8 acetoxymethyl ester
(AAT Bioquest). Cells were washed twice (15-min incu-
bation, x2) with HBSS containing 2.4 mM CaCl, and
20 mM HEPES without magnesium, then stimulated
with 300 uM glutamate and 10 pM glycine. Fluorescence
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images were acquired every 500 msec using an ORCA-
R2 digital CCD camera (Hamamatsu Photonics) and an-
alyzed using the MetaFluor fluorescence-ratio imaging
software (Molecular Devices).

Surface-biotinylation assay

Neuro 2A cells were plated at a density of 2 x 10°/well in
6-well plates and cultured in 95% air/5% CO, at 37°C. The
cells were transiently co-transfected with the ¢cDNAs en-
coding NR1 and NR2D with (Dock3+) or without (Dock3-)
Dock3. Forty-eight hours after transfection, cells were incu-
bated in PBS containing 1.5 mg/ml Sulfo-NHS-SS-biotin
(Pierce) for 20 min at 4°C. Surface biotinylation was
stopped by removing that solution and incubating the cells
in 10 mM ice-cold glycine in PBS for 20 min. Cells were
rinsed twice in PBS and then lysed in 200 pl PBS with
Complete Protease Inhibitor Cocktail, 0.1% SDS, and 1%
Triton X-100. A fraction (15%, 30 ul) of the cell lysate was
removed to measure total protein concentration and for
total input; the remaining 85% (170 pl) of the cell lysate
was incubated with 70 ul of 50% avidin-agarose (Sigma)
overnight at 4°C. After washing three times with lysis buffer,
bound proteins were resuspended in 30 pl of 2x sample
buffer and boiled. Samples were analyzed by SDS-PAGE
followed by Western blotting using anti-NR2D guinea-pig
polyclonal antibody (1:1000). The data were quantified by
measuring the ratios between intensities of the biotinylated
and total NR2D bands using the Image Lab software (Bio-
Rad). Surface/total ratios from the Dock3- control were
assigned a value of 1. Ratios of the Dock3+ groups were
expressed relative to the controls and averaged.

Statistical analysis

All data are expressed as mean + S.E. Statistical analyses
were conducted using Student's t-test for comparison
between two samples, or one-way ANOVA followed by
Bonferroni’s test for multiple comparisons, using the
SPSS 17.0 software package. P values < 0.05 were consid-
ered statistically significant.

Abbreviations

CNS: Central nervous system; DHR-1: Dock homology region 1; DHR-2: Dock
homology region 2; Dock3: Dedicator of cytokinesis 3; GCL: Ganglion cell
layer; GLAST: Glutamate aspartate transporter; HEK: Human embryonic
kidney; INL: Inner nuclear layer; MOCA: Modifier of cell adhesion protein;
NMDAR: N-methyl-D-aspartate receptor; NTG: Normal tension glaucoma;
PBP: Presenilin binding protein; PBS: Phosphate-buffered saline;

PCP: Phenycyclidine; PMSF: Phenylmethylsulfony! fluoride; PS: Presenilin;
PVDF: Polyvinylidene difluoride; RGC: Retinal ganglion cell; TCL: Total cell
lysate; WT: Wild-type.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

KT, TA and NB conceived and designed the experiments. NB carried out all
experiments except the experiments performed on primary cultured RGCs
and analyzed the data. HH carried out the experiments performed on
primary cultured RGCs and analyzed the data. KN, TH and MM contributed

- 216 -



Bai et al. Molecular Brain 2013, 6:22
http://www.molecularbrain.com/content/6/1/22

reagents and materials. KT and NB wrote the paper. All authors have read
and approved the manuscript for publication.

Acknowledgements

We thank M. Watanabe for NR2D antibody. This study results in part from
“Understanding of molecular and environmental bases for brain health”
executed under the Strategic Research Program for Brain Sciences by the
Ministry of Education, Culture, Sports, Science and Technology, Japan.

Author details

'Laboratory of Molecular Neuroscience, Medical Research Institute, Tokyo Medical
and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510, Japan. “The
Center for Brain Integration Research, Tokyo Medical and Dental University, Tokyo,
Japan. *JST, CREST, Saitama, Japan. *College of Basic Medicine, China Medical
University, 92 Bei Er Road, Heping District, Shenyang 110001, China. *Priority
Organization for Innovation and Excellence, Kumamoto University, 509 General
Science Building, Honjo 1-1-1, Kumamoto 860-8556, Japan. %Visual Research
Project, Tokyo Metropolitan Institute of Medical Science, 2-1-6 Kamikitazawa,
Setagaya-ku, Tokyo 156-8506, Japan. “Brain Science Laboratory, The Research
Organization of Science and Technology, Ritsumeikan University, Nojihigashi 1-1-1,
Kusatsu, Shiga 525-8577, Japan.

Received: 6 March 2013 Accepted: 28 March 2013
Published: 4 May 2013

References

1. Nakanishi S, Nakajima Y, Masu M, Ueda Y, Nakahara K, Watanabe D,
Yamaguchi S, Kawabata S, Okada M: Glutamate receptors: brain function
and signal transduction. Brain Res Brain Res Rev 1998, 26:230-235.

2. Choi DW: Glutamate neurotoxicity and diseases of the nervous system.
Neuron 1988, 1:623-634.

3. Choi DW, Rothman SM: The role of glutamate neurotoxicity in hypoxic-
ischemic neuronal death. Annu Rev Neurosci 1990, 13:171-182.

4. Dingledine R, Borges K, Bowie D, Traynelis SF: The glutamate receptor ion
channels. Pharmacol Rev 1999, 51:7-61.

5. Chapman AG: Glutamate and epilepsy. J Nutr 2000, 130(4S Suppl):10435-10455.

6. Moghaddam B, Jackson ME: Glutamatergic animal models of
schizophrenia. Ann N Y Acad Sci 2003, 1003:131-137.

7. Meldrum B: Amino acids as dietary excitotoxins: a contribution to
understanding neurodegenerative disorders. Brain Res Brain Res Rev 1993,
18:293-314.

8. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH: Developmental
and regional expression in the rat brain and functional properties of
four NMDA receptors. Neuron 1994, 12:529-540.

9. Cull-Candy SG, Leszkiewicz DN: Role of distinct NMDA receptor subtypes
at central synapses. S¢i STKE 2004, 2004:re16.

10. Watanabe M, Inoue Y, Sakimura K, Mishina M: Developmental changes in
distribution of NMDA receptor channel subunit mRNAs. Neuroreport 1992,
3:1138-1140.

11. Kotermanski SE, Johnson JW: Mg2+ imparts NMDA receptor subtype
selectivity to the Alzheimer's drug memantine. J Neurosci 2009,
29:2774-2779.

12. Hagino Y, Kasai S, Han W, Yamamoto H, Nabeshima T, Mishina M, lkeda K:
Essential role of NMDA receptor channel €4 subunit (GIuN2D) in the
effects of phencyclidine, but not methamphetamine. PLoS One 2010,
5:13722.

13. Ishii T, Moriyoshi K, Sugihara H, Sakurada K, Kadotani H, Yokoi M, Akazawa C,
Shigemoto R, Mizuno N, Masu M: Molecular characterization of the family
of the N-methyl-D-aspartate receptor subunits. J Bio/ Chem 1993,
268:2836-2843.

14. Hrabetova S, Serrano P, Blace N, Tse HW, Skifter DA, Jane DE, Monaghan DT,
Sacktor TC: Distinct NMDA receptor subpopulations contribute to long-
term potentiation and long-term depression induction. J Neurosci 2000,
20:RC81.

15, Jakobs TC, Ben Y, Masland RH: Expression of mRNA for glutamate
receptor subunits distinguishes the major classes of retinal neurons, but
is less specific for individual cell types. Mol Vis 2007, 13:933-948.

16. Harada T, Harada C, Nakamura K, Quah HM, Okumura A, Namekata K, Saeki T,
Aihara M, Yoshida H, Mitani A, et al The potential role of glutamate
transporters in the pathogenesis of normal tension glaucoma. J Clin Invest
2007, 117:1763-1770.

- 217 -

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32,

33

34.

35.

36.

37.

38

39

40.

Page 10 of 11

Lin Y, Skeberdis VA, Francesconi A, Bennett MV, Zukin RS: Postsynaptic
density protein-95 regulates NMDA channel gating and surface
expression. J Neurosci 2004, 24:10138-10148.

Sans N, Prybylowski K, Petralia RS, Chang K, Wang YX, Racca C, Vicini S,
Wenthold RJ: NMDA receptor trafficking through an interaction between
PDZ proteins and the exocyst complex. Nat Cell Biol 2003, 5:520-530.
Chen BS, Roche KW: Growth factor-dependent trafficking of cerebellar
NMDA receptors via protein kinase B/Akt phosphorylation of NR2C.
Neuron 2009, 62:471-478.

Yu XM, Askalan R, Keil GJ, Salter MW: NMDA channel regulation by
channel-associated protein tyrosine kinase Src. Science 1997, 275:674-678.
Kashiwa A, Yoshida H, Lee S, Paladino T, Liu Y, Chen Q, Dargusch R,
Schubert D, Kimura H: Isolation and characterization of novel presenilin
binding protein. J Neurochem 2000, 75:109-116.

Hayashi H, Equchi Y, Fukuchi-Nakaishi Y, Takeya M, Nakagata N, Tanaka K,
Vance JE, Tanihara H: A potential neuroprotective role of apolipoprotein
E-containing lipoproteins through low density lipoprotein receptor-related
protein 1 in normal tension glaucoma. J Biol Chem 2012, 287:25395-25406.
Sucher NJ, Lipton SA, Dreyer EB: Molecular basis of glutamate toxicity in
retinal ganglion cells. Vision Res 1997, 37:3483-3493.

Snyder EM, Philpot BD, Huber KM, Dong X, Fallon JR, Bear MF:
Internalization of ionotropic glutamate receptors in response to mGIuR
activation. Nat Neurosci 2001, 4(11):1079-1085.

Roche KW, Standley S, McCallum J, Dune Ly C, Ehlers MD, Wenthold RJ:
Molecular determinants of NMDA receptor internalization. Nat Neurosci
2001, 4:794-802.

Nong Y, Huang YQ, Ju W, Kalia LY, Ahmadian G, Wang YT, Salter MW:
Glycine binding primes NMDA receptor internalization. Nature 2003,
422:302-307.

Tamura H, Kawakami H, Kanamoto T, Kato T, Yokoyama T, Sasaki K, lzumi Y,
Matsumoto M, Mishima HK: High frequency of open-angle glaucoma in
Japanese patients with Alzheimer's disease. J Neurol Sci 2006, 246:79-83.
Makino C, Shibata H, Ninomiya H, Tashiro N, Fukumaki Y: Identification of
single-nucleotide polymorphisms in the human N-methyl-D-aspartate
receptor subunit NR2D gene, GRIN2D, and association study with
schizophrenia. Psychiatr Genet 2005, 15:215-221.

Lau LF, Mammen A, Ehlers MD, Kindler S, Chung WJ, Garer CC, Huganir RL:
Interaction of the N-methyl-D-aspartate receptor complex with a novel
synapse-associated protein, SAP102. J Biol Chem 1996, 271:21622-21628.
Kornau HC, Schenker LT, Kennedy MB, Seeburg PH: Domain interaction
between NMDA receptor subunits and the postsynaptic density protein
PSD-95. Science 1995, 269:1737-1740.

Glover RT, Angiolieri M, Kelly S, Monaghan DT, Wang JY, Smithgall TE, Buller AL:
Interaction of the N-methyl-D-aspartic acid receptor NR2D subunit with the
c-Abl tyrosine kinase. J Biol Chem 2000, 275:12725-12729.

Chen Q, Chen TJ, Letourneau PC, Costa La F, Schubert D: Modifier of cell
adhesion regulates N-cadherin-mediated cell-cell adhesion and neurite
outgrowth. J Neurosci 2005, 25:281-290.

Chen Q, Yoshida H, Schubert D, Maher P, Mallory M, Masliah E: Presenilin
binding protein is associated with neurofibrillary alterations in Alzheimer's
disease and stimulates tau phosphorylation. Am J Pathol 2001, 159:1597-1602,
Chen Q, Kimura H, Schubert D: A novel mechanism for the regulation of
amyloid precursor protein metabolism. J Cell Biol 2002, 158:79-89.

Chen Q, Peto CA, Shelton GD, Mizisin A, Sawchenko PE, Schubert D: Loss of
modifier of cell adhesion reveals a pathway leading to axonal
degeneration. J Neurosci 2009, 29:118-130.

Namekata K, Harada C, Guo X, Kimura A, Kittaka D, Watanabe H, Harada T:
Dock3 stimulates axonal outgrowth via GSK-3B-mediated microtubule
assembly. J Neurosci 2012, 32:264-274.

Boyer SB, Slesinger PA, Jones SV: Regulation of Kir2.1 channels by the
Rho-GTPase, Rac1. J Cell Physiol 2009, 218:385-393.

Dunah AW, Yasuda RP, Wolfe BB: Developmental regulation of tyrosine
phosphorylation of the NR2D NMDA glutamate receptor subunit in rat
central nervous system. J Neurochem 1998, 71:1926-1934.

tkeda K, Araki K, Takayama C, Inoue Y, Yagi T, Aizawa S, Mishina M: Reduced
spontaneous activity of mice defective in the epsilon 4 subunit of the
NMDA receptor channel. Brain Res Mol Brain Res 1995, 33:61-71.

Watase K, Hashimoto K, Kano M, Yamada K, Watanabe M, Inoue Y, Ckuyama
S, Sakagawa T, Ogawa S, Kawashima N, et al: Motor discoordination and
increased susceptibility to cerebellar injury in GLAST mutant mice.

Eur J Neurosci 1998, 10:976-988.



Bai et al. Molecular Brain 2013, 6:22 Page 11 of 11
http://www.molecularbrain.com/content/6/1/22

41, Chi ZL, Akahori M, Obazawa M, Minami M, Noda T, Nakaya N, Tomarev S,
Kawase K, Yamamoto T, Noda S, et al: Overexpression of optineurin ESOK
disrupts Rab8 interaction and leads to a progressive retinal
degeneration in mice. Hum Mol Genet 2010, 19:2606-2615.

42. Mori H, Yamakura T, Masaki H, Mishina M: Involvement of the carboxyl-
terminal region in modulation by TPA of the NMDA receptor channel.
Neuroreport 1993, 4:519-522.

43, lkeda K, Nagasawa M, Mori H, Araki K, Sakimura K, Watanabe M, Inoue Y,
Mishina M: Cloning and expression of the epsilon 4 subunit of the NMDA
receptor channel. FEBS Lett 1992, 313:34-38.

44, Khosravani H, Zhang Y, Tsutsui S, Hameed S, Altier C, Hamid J, Chen L,
Villemaire M, Ali Z, Jirik FR, et af: Prion protein attenuates excitotoxicity by
inhibiting NMDA receptors. J Cell Biol 2008, 181:551-565.

45, Wu Y, Kawakami R, Shinohara Y, Fukaya M, Sakimura K, Mishina M,
Watanabe M, Ito |, Shigemoto R: Target-cell-specific left-right asymmetry
of NMDA receptor content in schaffer collateral synapses in epsilon1/
NR2A knock-out mice. J Neurosci 2005, 25:9213-9226.

46. Namekata K, Harada C, Taya C, Guo X, Kimura H, Parada LF, Harada T: Dock3
induces axonal outgrowth by stimulating membrane recruitment of the
WAVE complex. Proc Natl Acad Sci U S A 2010, 107:7586-7591.

47.  Winzeler AM, Mandemakers WJ, Sun MZ, Stafford M, Phillips CT, Barres BA:
The lipid sulfatide is a novel myelin-associated inhibitor of CNS axon
outgrowth. J Neurosci 2011, 31:6481-6492.

doi:10.1186/1756-6606-6-22

Cite this article as: Bai et al: Dock3 interaction with a glutamate-
receptor NR2D subunit protects neurons from excitotoxicity. Molecular
Brain 2013 6:22.

Submit your next manuscript to BioMed Central
and take full advantage of:

» Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

* immediate publication on acceptance

e Inclusion in PublMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

www.biomedcentral.com/submit

Submit your manuscript at O BicRfied Central

- 218 -




EHEEREBEETIVY = VBERInE

o BHhIHI0B
N7

Ht—

FURBEHR SRR SEHHA I TS

E-mail : tanaka.aud@mritmd.acjp

=3k

*%mﬁmﬁ

R FAERN (T 113-8510 BURHE UK 5 1-5-45)

mm SUMMARY |

TS Z VR, PEEERICBVWTCEECRERH
BREEYETHD, 5F - FBREEORBEREECER
FREERELTWVS. LML, ZTORENTESRD
RE, BESHEEVSERTREINDELS(C, BRLES
Ly = VBISEERESERERS, SRITLHER
HREEBICESTEEISNTVS. BESE, JiL
Y VBOMIRNEEZRIHTD I UTRIIVSZ VE
S UAR—5—DBEEEBE LY U AZERL, T
DYV RAICHEFRREE U THORE 881 TE -
BERREROTERENMECDILZRR L. JU
FERINWIZ VPSS VAR—F—ER LT HEEY
&, FULGIEHHREREEL UTHERTH S SHiFS
na.

58 (310)

jawa:y@
thZf—ﬁ—‘
'@m%ﬁﬁ
‘533ﬁ
‘~m¢gﬁﬁ%

Bi21 vol16 No.3 2013

- 219 -

} F LI

TNy I VERIIHILEO PR ICBWTREE -
B 7 EOERER %% #éz%&AE@W%mL
WEELTHOSNTWS . —FT, sy 3
VEEO R, SNV I UEEREAOBE R EEIC
LYy 3 VEREEEN L N A MM EEE
FaHEb, £ OBMRAIIES LT (81,27,
MWRaN T VE I VEREREE, TNV VEENT VR
A=y =X VBEICHBAIN TS, TET, 5
BEOINVIIVEBINT VAR—F —F T A7,
EAAT1 (GLAST), EAAT2 (GLT1), EAATS3
(EAACL), EAAT4, EAATS SHEESh, Z045F
HYERENH L2 I2 SN TWA, GLAST, GLT1 %
IZ7 A PO A M2, EAACL & EAATA 3 #EHAE
12, EAATS EEICER L T b, v 7AMRKIC
BUIFAIIVY I VEBOREZ, FEIXTAMIVA M
GETH2EEOI VI IVBINS VAKR—F —
GLASTGLT1 ®FHIc X v HIH SN Tw5E, KT
i, GLASTGLT1 OHEREREZIZEH L, ZOMKiEE
i#&@iv&%@%@ﬁ%m SREVCB S35 0% ik
T D,

1344-0128/12/%100/JCOPY



BHERRR LTIV 2 I VBREREE | EREFNES,S

5 LAV ERERE
HEEEE
Q9
& o
.2,

o _JNssE ok NILIE
REBLONH So REEHEER
OY NEFAY o 2 2)BER L RN

DERRE B REEOET

BILRFLR
T 7)!«;;‘?&&
B’
V'd
BT
3) BEEBAEICHESI T RILY—BROESE

TNEZUEE
DARTAY

GLAST

EAAC1
TNEIUERER

1 JIWEIVBINI Y AR—-2—-OREBESFHEERICSLETRE
(pb 71 7 —HZER)

TADA

B B

500

BB HEREE
EYRTF
FILIINAT— IR
fRPpE

ALS

FEERE

b4 FiE I

2 JWVEIVERMNIVAR—S—OREREICEZBELMFIOP NI ANE
FXELREHERREESIZECTY

B21 Vol 16 No.3 2013 59 (311)

- 220 -



K2

} L. IS VBNS YRR~ — RS

. HEKIEICH TS GLAST - GLT1 DL
ﬁé%ﬁfi,ﬂ cEBE COBBERE, BE
HE, BIEHR BEROBEZ COBWER, 7%
YUREY R EOBEIC L ABHEELRL, H#HE
FTBILF100 A1 ABRETLIRMEETH 5.
NMDA B ARRIE~ 7 A% NMDA ZBEMRHEEH %
BEENI-EHYIRERREROERETR T &2
b, 7V I VEBHRREOKTIRERREDCEN
BIRETHILEEZZNTWE, L, REDOERK
HBRERDD, ZU8 I VBROFH A IEIT b R HE
VY I BEAEMA mGIUR2/3 DT T A FASHEE
KRAEDWHREEL LTEETHL I LPHESN
-0 CORER, MERRECIMEAI VY 3 Y
BREENERL, WMeks: L CTEAEREMN L o Ty
AHFEEZREBLTWAS., EbII, MELMERED
BIEFEEAT 5, GLAST Bz FEORKER GLTL ®

Ik Y ABEND I EEsh Y. 22T

HERET COITEIZEDEM
(PS4 FER)

NN W
T 39
3

Distance traveled
(m)
T g

o
1

4

WT HET KO

MK"801 I\-J:él_@.]ana G)n..\“:

40+
B/ WT

w
(=4

Distance traveled
(m
- N
o [=]

o

10 20 30 40 50 60 70 80 90100110120
Time (min)

B3 Jva 3 EE%EE GLAST REY Y A EIHEXRTH

603312 B21 Vol 16 No.3 2013

- 221 -

FURHRED b5 VAR =& —F ¥ F U Fil- S AIEERNE LT

FFGLASTRE~Y T ADTEMBN %17 - 72
GLAST RIE~ 7 AL, FHBEETIIEI» AL B
AR ETEESEML (R3), Zo#EmiE g
A1) F— b2 mGluR2/3 D 7 = A b (LY379263)
hEOReRREEEECRESNS Y. S5
WE I UERRHEAHERTHDH MK80L IZ L hFREE
NAITEIEDOEINAS, GLAST KB~ A TIRET
2 (F3)°. TS0 FBESE, RALRAEORYE
ERICHY TS, F7/2, GLAST RIE~ 7 R, #3F
<7 ARY A sniffing % EOITEIEERASRA L (K]
3), BEDFTEILEEINTBY, HATENICEEN
Aoz IRLOTERER, REETEDRE
FERICHEYE T2, &5, GLASTR#E~ 7 23
pairwise discrimination task fﬂfi‘ié n, mEXRFE
OBAMEEIEMNL ERETRT . Shb O RIE
GLAST RE~X TV APHEERREOETVEN TH 5
;t%TLTkD [7A PO A MIBETETN
IVEE NS Vv AK— 5 — GLAST O#EEREIC L 5
7»73&@%%KLJ#¢A%ﬁW® SIEICEE
HmEER-TEEZLNS. GLTLICEL TiE, #HE

HERITHOER
(FERPAEREIR)

5 @m wr £ HET O KO

125+

Time spent sniffing (sec)

Novel mouse

Familiar mouse

ELUAITBESETRT



BHERRBRE TV E I VBRERGE | EREFNSR,S

LREDEE S ADHK 01%12 ArglO6His DI Atk >
ABERRLND LN, BEFESNET. BEL
i, COIAELVAERIZEIYVGLTIOZ VS 2 >
BREL Y SAATEEDSERT T 22 L2 RELTWS. HTE,
GLTI DRBEAZET I A2 BT, BEeEH
FERITEIREPBEEINID L) BT LTV 5.

BAEEREOEELEHEDO—2 & LT, [HRSEE
BERH] 55, BEKXRERETIE, BE Bk
HROMPIEEDOEE R EM, HNE - FIREOWLK
DWROLNL, FITERL FNVIIVENS VX
K=& — OEFEREE A R TE I - iR 5 EREE
R ERITOTRE RV EER . BELHERE
THERETFRENHE SN TS GLAST 8L U GLT1
DOWELRBEE-FVTVRIEBYY7A (DK<Y R)
FEL, WEEERICBIT A7 VY 3 ERRRRETLEIR
BEREH LY. DK~ A idhaE 17 BRI L,
K8 - R OBRERESE, BEOBIEREE
BIRNEE - B INE QIR % EMARTE IS MRS
EREEYR L INLOMEERELX Sy
MEAEMKNRI ORIBICE Y EELshz . S5,
DK =7 ZADRTIE, HRICHEMRIEDS A S N7
HERREERETIE, HROERRA, HEEITHD
MRET, RHBEIFRE SN TS, D Lo RIE,
EREIDOZ VS I VB NS Y AHK— ¥ — GLAST -
GLT1 OHEEEE L, HERRE I - MR EEE
FRITIEZRLTWS, T2, BHEERAEDY R
JERE L THRESIN TSR - BEHOSRERE
= Em - A VARSI, TV IVEBENT A
= —OBREEHETLIZ MO TS, 2h
LHOZ L, TAIIYA MIERTHIINVY I VEE
b UAR—Y —ORERREEL, BERREDOTREC
BE4TAZEFRLTNS.

T, FARREDFIEBRIREL BIENLEBITE
WHERE LT, BEICBTLMENAI VY I e
EoLEAVHREsN: Y. BEELE, VS I VB
NS UAR—S —F—BEICRIBEIE LYY AR ER
LTBY, ZO7 7 AOMITIIHEE RIEDFERRKR
IREEZSEENERBITS DT 2 HBHT L2OICERT
BB END . RAEEREDREMLBIRIEZ FEN
ERITI LT OMBIL, BEHAACL ZREEHA
JEDFIEFHEORBICEILDEEZ bNLS.

- 222 -

2. BEMEE - BEEICS T3 GLT1 OES
HEEMEEE, WEES - METATIME T K
BThrb ZIEERPAZIrLREL, ADOD2~
SUHRBELFFD. R, o = UHEEEOR
EABRENEEICHETLEEZLNTE L LA L,
U b= U MEEEY LRSS LE) 0L EOBE
Tk, —HOBREZAZLPREIRL, ktub=y
MREEOBEE 2 TIdEBEEEDORE® ST &
BV, Blt, 7V I VBN REO TTE A EE
EDRIEICDEELHEEER-TIEIRE ST
. Fhboir, (1) wElkEEREORANTIIZ vV
ZIVBBEAIEIL, JHIUI X B HEEENTTEL T
Wwh (2) ZvE I VEEMBRECED S BETO—
EHSTEE D EEEEERE TIIEML TWwa (3)
TN I MR E Y W 5 RN REEEED
BEEND D, Lokl iniFons

HEEIX, HEETEHORERLSEREOELE
BETOIMBREREORERETHL. TNVF I VB
M EROTEIEHPAEDCERE ) A7 THY,
DI Z DO TERLEE 7>, BREROITH
%Y HEES X EEHREH S GEDBE TIE IV
Y3 VEBMBEREOTEIRE SN TS, BIED
T LT R EEBICIY, NEEBED
1pI2 13V EMEICBEENH L Z EBHL IR o
7" 2 O%EHIE GLTI ORETFETH 5.

=i, BHEOIIFHER Cre & loxP VAT L %o
THEBZIBEEICGLTI BEZTFOREBEELFET S L,
<7 ADEFEPICHLT S TEKOREET, GLT1E
HEOEE, MNEBEEIETH30%ICE TED L.
ORI AL, BELZEECTEEZRTIOCED,
BEEICIEHMLWEEBNE L., 2O A0RERRK
BIZEERALN VI &0, BERERVTEIL
FRARRORFICERNT2LEZONEL. ZOITE)
EE, WANEEL BPEICHET L EELEIRT
H5H [#OELATE] ICHHET L. ZOETVTI,
REDTLHERLHEWITEI O BEDN A ST, #ik 2
DELITEY] OAFHFHRLTBY), ERAETFTVTIRE
CEREFNVEZZOND. BE, TOETVEHV
T, [#0ELITE] OMBEERERLHRIREREORE
B{To T\ 5.

B21 Vol.16 No.3 2013 61(313)



B 2 RENED b T VA E— & —F v 3L B A AR L LT

} L. JV9S VBN YA~ — & BERS

1. ZIWINAY—®ICET 5 GLT1I DEE

Ty NA =R/, AL 58 2 AE
T, LI X ) BEEEENL, BEibitsia
2B HARIZE o TR EREOHIFTLEE N TN
B, TNINAT—IROIFRREIER 2 7V sy I VERS
BROEHEAPEES T2 8, FVvy I VEBRREAL
BHEHTH L AT F UIEERL LTHYLRLTY
HZELLBHLNTHS. FIVIIVENT VA
R —DEERT VI NA T —IFDOREICEST5
TEERTIHEBELT, (1) TYINAT—FHERED
¥ i GLAST, GLTI, EAACLI ORBEHA LT
w2 P (2 TN —FHEFILT Y AD GLTI
DEBEBFET EES L EBHFEHOBENNRES N
2" Q) TAYANL TR B A MEERO R
EMEEZEZLbNTWE BT IOA FEHICLY
GLT1 O BEINRL, L ENFDH S, GLTLI OF
PEAALE DS, BT VI NA T —ROBEREE LT

FERTHR

BRE (mmHg)

B4R GLASTXIE

BRI, ED D, ETIVEIC L AFHEVEIFENS.

2. EEIRERAREICH TS GLAST DL

FRAEL, 40U LTI 5% EEMICERL T
WHEEZLNTBY, HRAOHREEPARRDE 1
THb. 512, SELICE D BEHIZEmML, £
DEBTEN D 5SS EEL 2O I IILERT
RTHAH. DHPEOFKNBEDR 70% i3 1EF REEA
BTHy, ZOREILHTHZ., EHLHIE, Iv5
IVM NS U AR— % — GLAST KiE~ v 278, EH
IRERAEEF CERERTIEEZHL 2L (R
EFEETHHIZHEH LT, MIEMREIL AT
WZREVEIRAIC A L, BHARELERM ISR T 5)
(RY. 512, BABEZOH1%%, GLAST
DHEREEEL LD I ALV ALELFEOZ L2 AT
7o, ZOREEIE, GLAST OEETFEEICLATVSY
I UEEEEIEEOBKT A, BANEOREIZES LT
AZEERLTWS, F/2, GLAST OFEH N
W EHLEME AT, FOLEWH GLAST ~Tu~
7 ADFFHERIERzWET A L A LA,

GLASTRETH X

GLASTRIEV IR TlL, BIEMHEE
EARE (KEN) ANBEL (a, b),
RARILEMRMOIEX (¢, d, %
) ARONBH, BREIXERE
E%RT (e).

4 GLAST REVYRIE MERRERARLFAZOEREZRT

62314 B21 Vol.16 No.3 2013

(p5 71 5 —HER)

- 223 -



BHEERRE TV I VBHREGE  EREFNES,S

p sboic

FTEDE, TNV I UVBOMBINEE R FIET S S
VI VERNT v AKR—F — GLAST, GLT1 DOk
RHELYTARERL, 2O ATHSETE)
DEE - 40 E LUITE) - H A RFED BIEEIRR E T
FERICHLS T A ITEHREIRILZEFHERLL
fz, TNHO AL, HFBFESRE L 7 BRI oS
BIABZEFRH L &850, MAERRE ) OWR-
SEEMEEE - SHEMIERRELE - N F v b U -
TN INA T —3F - AR & & F & F L RE R
BloBWT, FYUTERINVIIVEN S VAR—F —
DEEVPRESIN TS,

TOTRTNVY I VBT AR—F —OBREEE
&, EO &9 I LTSI B & OHREIRR O TR -
BREREZ L 20 300 P HAEE Thho TV LHEFE
LLTiE, UTo=24%295 (R1). 1) #iast
TVE I VBEEOLRIZE AT FTANTIVE I
BEAREB L UBEY FTADTNVY I VBRERAED
EHAL, 2) ZUTHINY I VBOKENS 26T
TNVEFFERDBNC L HBIEA L ADTTHE,
3) FRE BN S TTHE L TV B EMLAOE IR = b F—
Wi A7 hokEE "

FEDI, SFSFLBMMERBEOHRIC, Sy
SVBNI VAR - ORENRRTRET 5 EE
P—EDEEHEREL [TV I VTS vV AR—F —
WRERBIEMRE] L L THETERLEERX TS, 7
WHIVERNT VAR5 —BEEREEFEHEOBREIC
3, TVF IV T UAR—-F OB AREHE
1T A DS, HBLIEEREL L TEDTHS L

17)

WEEshs .

BEXW

1) Nakanishi S, et al : Glutamate receptors: brain function
and signal transduction. Brain Res Rev 26 : 230-235,
1998.

2) Choi DW : Glutamate neurotoxicity and diseases of the
nervous system. Neuron 1 : 623-634, 1988.

3) Patil ST, et al : Activation of mGluR2/3 receptors as a
new approach to treat schizophrenia: a randomized

- 224 -

10)

11)

12)

13)

14)

15)

16)

17)

Phase 2 clinical trial. Nat Med 13 : 1102-1107, 2007.
Walsh T, et al : Rare structural variants disrupt
multiple genes in neurodevelopmental pathways in
schizophrenia. Science 320 : 539-543, 2008.

Need AC, et al : Exome sequencing followed by large-
scale genotyping suggests a limited role for moderately
rare risk factors of strong effect in schizophrenia. Am J
Hum Genet 91 : 303-312, 2012.

Karlsson RM, et al : Loss of glial glutamate and
aspartate transporter (excitatory amino acid
transporter 1) causes locomotor hyperactivity and
exaggerated responses to psychotomimetics: rescue by
haloperidol and metabotropic glutamate 2/3 agonist.
Biol Psychiatry 64 : 810-814, 2008.

Karlsson RM, et al : Assessment of glutamate
transporter GLAST (EAAT1)-deficient mice for
phenotypes relevant to the negative and executive/
cognitive symptoms of schizophrenia.
Neuropsychopharmacology 34 : 1578-1589, 2009.
Matsugami TR, et al : Indispensability of glutamate
transporters GLAST and GLTI1 to brain development.
Proc Natl Acad Sci USA 103 : 12161-12166, 2006.

Aida T, et al : Overstimulation of NMDA receptors
impairs early brain development in vivo. PloS One 7 :
€36853, 2012.

Schobel SA, et al : Imaging patients with psychosis and
a mouse model establishes a spreading pattern of
hippocampal dysfunction and implicates glutamate as a
driver. Neuron 78 : 81-93, 2013.

Ting JT, Feng G : Glutamatergic Synaptic Dysfunction
and Obsessive-Compulsive Disorder. Curr Chem
Genomics 2 : 62-75, 2008.

The Autism Genome Project Consortium : Mapping
autism risk loci using genetic linkage and chromosomal
rearrangements. Nat Genet 39 : 319-328, 2007.

Chen KH, et al : Disturbed neurotransmitter
transporter expression in Alzheimer's disease brain. J
Alzheimers Dis 26 : 755-766, 2011

Mookherjee P, et al : GLT-1 loss accelerates cognitive
deficit onset in an Alzheimer’s disease animal model. J
Alzheimers Dis 26 : 447-455, 2011.

Harada T, et al : The potential role of glutamate
transporters in the pathogenesis of normal tension
glaucoma. J Clin Invest 117 : 1763-1770, 2007.
Voutsinos-Porche B, et al : Glial glutamate transporters
mediate a functional metabolic crosstalk between
neurons and astrocytes in the mouse developing cortex.
Neuron 37 : 275-286, 2003.

Tanaka K : Antibiotics rescue neurons from glutamate
attack. Trends Mol Med 11 : 259-262, 2005.

Bi21 Vol.16 No.3 2013 63 (315)



Develop. Growth Differ. (2014) 56, 34-45

Review Article

doi: 10.1111/dgd. 12101

Translating human genetics into mouse: The impact of
ultra-rapid in vivo genome editing

Tomomi Aida," Risa Imahashi' and Kohichi Tanaka'-#2%*

Laboratory of Molecular Neuroscience, Medical Research Institute, Tokyo Medical and Dental University, 1-5-45,
Yushima, Bunkyo-Ku, Tokyo, 113-8510, 2The Center for Brain Integration Research, Tokyo Medical and Dental
University, 1-5-45, Yushima, Bunkyo-Ku, Tokyo, 113-8510, and 3JST, CREST, 4-1-8, Honcho, Kawaguchi-shi, Saitama,

832-0012, Japan

Gene-targeted mutant animals, such as knockout or knockin mice, have dramatically improved our understand-
ing of the functions of genes in vivo and the genetic diversity that characterizes health and disease. However,
the generation of targeted mice relies on gene targeting in embryonic stem (ES) cells, which is a time-consum-
ing, laborious, and expensive process. The recent groundbreaking development of several genome editing tech-
nologies has enabled the targeted alteration of almost any sequence in any cell or organism. These
technologies have now been applied to mouse zygotes (in vivo genome editing), thereby providing new avenues
for simple, convenient, and ultra-rapid production of knockout or knockin mice without the need for ES cells.
Here, we review recent achievements in the production of gene-targeted mice by in vivo genome editing.

Key words: clustered, regularly interspaced, short palindromic repeats- associated endonuclease, genome
editing, mouse, transcription activator-like effector nucleases, zinc-finger nucleases.

Introduction

The mouse has become the most commonly used ani-
mal model system in the biological and medical sci-
ences because its genome can be specifically and
precisely modified as desired (Capecchi 2005). The
invaluable advantage of the mouse is the ability to per-
form homologous recombination in embryonic stem
(ES) cells, an essential step in gene targeting and a
technology that was unavailable in the majority of other
mammalian species. Since the first success of gene
targeting in mouse, thousands of mice, mainly knock-
out mice created by insertion of a selection marker or
reporter into a target gene locus, have been created,
unveiling the in vivo functions of the genes. As an
extension of these efforts, large-scale international
consortia were organized to provide knockout mice for
all protein-coding genes and systematically analyze the
resulting phenotypes (Sung et al. 2012; Menke 2013).
The International Knockout Mouse Consortium (IKMC)
released targeted ES cell lines, including knockout,
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conditional, and gene-trapped alleles, for more than
18 000 genes, in addition to mice targeted for over
2600 loci (Skarnes et al. 2011). Further, the Sanger
Institute Mouse Genetics Project (MGP), a founding
member of the International Mouse Phenotyping Con-
sortium (IMPC), recently released pilot data from a
large-scale systematic phenotype analysis of 489
knockout mouse strains, derived from more than 900
IKMC knockout ES cell lines (White et al. 2013). Sur-
prisingly, unbiased screening by the MGP identified
many previously unknown phenotypes in both new
knockout mice and strains that were the subject of
earlier reports. The IMPC will expand this phenotypic
screening to cover 5000 knockout mouse lines over
the next 4 years and to all 20 000 protein-coding
genes in the future. These genome-wide and large-
scale systematic knockout mouse resources are now
publicly available; thus, researchers can focus their
efforts on the detailed functional analysis of genes of
interest, rather than on the construction of mouse
lines.

Recent advances in genomic microarray and next
generation sequencing technologies have revealed the
landscape of human genetic diversity, which com-
prises tens of milions of common and rare variants
associated with health and disease (Raychaudhuri
2011; 1000 Genomes Project Consortium et al. 2012).
Although large-scale genome-wide association studies
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(GWAS), based on high-density genomic microarray
technology, have identified hundreds of frequent vari-
ants associated with common and complex human
diseases and traits, the majority of these are responsi-
ble for only a small amount of the disease risk (Manolio
et al. 2009). In contrast, with recent advances in unbi-
ased whole-genome and whole-exome sequencing
approaches, inherited and rare de novo single nucleo-
tide variants (SNVs) are now also believed to be impor-
tant in common and complex diseases (Cirulli &
Goldstein 2010; Veltman & Brunner 2012). The best
examples are large-scale exome sequencing studies
on hundreds of patient-parent trics or quartets for aut-
ism spectrum disorders (ASDs), which are neurodevel-
opmental conditions characterized by impairments in
social interaction and stereotyped behaviors with a
strong genetic component (lossifov et al. 2012; Neale
et al. 2012; O’Roak et al. 2012; Sanders et al. 2012).
These studies consistently report higher rates of de
novo, especially nonsense, splice site, or frameshift
SNVs in patients with ASD than in their unaffected sib-
lings (Veltman & Brunner 2012). Further, they also
unveiled extreme genetic heterogeneity in ASD, as evi-
denced by the uncovering of de novo SNVs in hun-
dreds of different genes in different individuals. This
indicates the need for further efforts to investigate the
biological consequences of these rare de novo SNVs
(Veltman & Brunner 2012).

One possible approach to address the biological
function of these SNVs, as well as determining
whether they are causal for the human phenotype of
interest, is the use of genetic mouse models incorpo-
rating the identified variants. Precisely modified knoc-
kin mouse models carrying such human SNVs provide
a unigue and direct approach for the investigation of
the functional consequence of variants in vivo. Pioneer
work in this field by Studhof and colleagues reported
that a knockin mouse carrying a neuroligin-3 R451C
SNV found in a subset of ASD patients exhibited
abnormal behaviors that resembled those of human
patients, in addition to abnormal synaptic transmission
(Tabuchi et al. 2007). Importantly, in contrast to
R451C knockin mouse, neuroligin-3 knockout mouse
did not exhibit such abnormalities, suggesting that the
R451C SNV represents a gain-of-function mutation
(Tabuchi et al. 2007). Similarly, in Rett syndrome, an
ASD caused by mutations in methyl-CpG-binding pro-
tein 2 (MeCP2), many SNVs throughout the MECP2
gene were identified and several knockin mouse lines
carrying each SNV provided important insights into the
biological and phenotypic significance of each variant,
as well as identifying downstream targets of MeCP2
(Tao et al. 2009; Jentarra et al. 2010; Cohen et al.
2011; Goffin et al. 2011; Ebert et al. 2013; Lyst et al.

2013). Taken together these studies demonstrate that
mouse models for human SNVs, rather than simple
knockout mice, are essential and extremely valuable
tools for the biological and phenotypic interpretation of
human variants and the development of novel treat-
ments.

Although the demand for precisely modified knockin
mouse models carrying human SNVs is growing, a
recent review by Menke reported that only 600 such
mice could be found in the Mouse Genome Informat-
ics database (Menke 2013). This is partially due to the
difficulty of generating such mice by conventional gene
targeting technology using homologous recombination
in ES cells; a time-consuming, laborious, and expen-
sive process (Capecchi 2005).

In vivo genome editing in mice

The recent emergence and drastic evolution of gen-
ome editing technologies is revolutionizing gene target-
ing in the mouse (Sung et al. 2012; Menke 2013). The
methods are based on molecular tools, including zinc-
finger nucleases (ZFNs), transcription activator-like
effector (TALE) nucleases (TALENSs), and clustered,
regularly interspaced, short palindromic repeats
(CRISPR) and the CRISPR-associated endonuclease
(Cas), known as the CRISPR/Cas system. These
methods provide exciting and groundbreaking oppor-
tunities, enabling direct and rapid gene targeting in fer-
tilized mouse eggs, with no need for ES cells. The
basic characteristics and various applications of these
genome editing technologies will be discussed by oth-
ers in this special issue of DGD. Here, we focus on
gene targeting in the mouse by /n vivo genome editing
and review current achievements, issues to be solved,
and future applications.

The principle of in vivo editing involves targeting of
the genome by direct microinjection of plasmid DNA or
mRBNA encoding editing tools (ZFNs, TALENs, or
CRISPR/Cas) into the cytoplasm or pronuclei of one-
cell embryos to generate a DNA double-strand break
(DSB) at a specific target locus (Fig. 1, Urnov et al.
2010; Joung & Sander 2013). The DSB is subse-
quently repaired by two major cellular endogenous
DNA damage repair pathways; the error-prone, non-
homologous end-joining (NHEJ) route, which results in
small deletions or sequence insertions into the DSB
site, and the homology-directed repair (HDR) pathway,
which relies on a donor DNA template with homology
to the DSB site to achieve precise homologous recom-
bination. NHEJ occurs rapidly and preferentially, often
leading to frameshift mutations and loss-of-function of
the targeted genes, resulting in a knockout mouse
when the protein-coding sequence is targeted (Fig. 1,

© 2013 The Authors
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Fig. 1. Schematic diagram of in vivo genome editing in mouse. Transcription activator-like effector nucleases (TALENS) (blue), zinc-finger
nucleases (ZFNs) (pink), or clustered, regularly interspaced, short palindromic repeats-associated endonuclease (CRISPR/Cas) (green)
are microinjected into one-cell fertilized eggs (circle in the middle) derived from wildtype mice with or without ssOligo or targeting vector
for knockin mouse production. Then, double-strand break (DSB) and subsequent homology-directed repair (HDR) (red) and/or non-
homologous end-joining (NHEJ) (yellow) are induced within one-cell fertilized eggs, resulting in genetically-mosaic (striped), monoallelical-
ly-targeted heterozygous (gray-colared), or biallelically-targeted homozygous (black-colored) mutant mice at FO.

Carbery et al. 2010; Sung et al. 2013; Shen et al.
2013; Wang et al. 2013a). HDR infrequently occurs
and leads to precise and specific genome modifica-
tions, such as SNV substitutions, insertions, deletions,
or gene replacement, when a targeting vector or
synthetic  single-strand  oligonucleotide (ssOligo) is
co-microinjected into mouse embryos, resulting in a
knockin mouse (Fig. 1, Meyer et al. 2010; Cui et al.
2011; Meyer et al. 2012; Wefers et al. 2013; Wang
et al. 2013a; Yang et al. 2013). A series of ground-
breaking successes indicate that in vivo genome editing
in the mouse is robust and has great potential as an
alternative to the conventional gene targeting approach.

Knockout mice

After the first success of NHEJ-mediated gene knock-
out by in vivo genome editing in mammals was
achieved in rat with ZFNs targeting three different
genes (Geurts et al. 2009), it was rapidly applied to
mouse (Table 1). Cui and colleagues from Sigma-
Aldrich, the exclusive supplier of ZFNs, reported the
first knockout mice by in vivo genome editing with
ZFNs (Carbery et al. 2010). They targeted three
endogenous genes in both FVB/N and C57BL/6J
strains with targeting efficiencies from 20 to 75% of

© 2013 The Authors

live newborns and no off-target effects at 20 potential
sites. The founder mice were heterozygous or geneti-
cally mosaic, carried more than one mutant allele, and
successfully produced F1 mutant progeny. Importantly,
homozygous mice were generated from F1 mutants
within 4 months (Fig. 2).

Similar work was performed for the targeting of the
ROSA26 locus, a safe harbor often used for gene tar-
geting (Hermann et al. 2012). Although the efficiency
in this study was <10%, one of the founders had a
biallelic modification, resulting in an FO biallelic knock-
out mouse that drastically reduced the time taken to
produce homozygous knockouts (Fig. 2).

Although the simple modular DNA recognition code
of TALENs and the existence of publicly available
resources has resulted in the rapid expansion of TA-
LENs as versatile genome editing tools, the first
knockout mice by TALEN-mediated in vivo genome
editing were reported in 2013 (Sung et al. 2013). Two
endogenous genes were targeted with efficiencies
from 49 to 77% in live newborns with no off-target
effects. All alleles present in FO founders were suc-
cessfully transmitted to F1 progeny. Importantly, tar-
geting and biallelic modification efficiencies were
increased when microinjection was performed with a
high dose of TALEN mRNA; when 50 ng/uL of TALEN

Development, Growth & Differentiation © 2013 Japanese Society of Developmental Biologists
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Table 1. Summary of non-homologous end-joining (NHEJ) in mice by in vivo genome editing

Nucleases Targets Genes NHEJ (%) Off-target F1 Refs
ZFNs 3 Mdria, Jagl, Notch3 19.5-77.3 None Yes Carbery et al. (2010)
ZFNs 1 ROSA26 22.4" n.d. n.d. Meyer et al. (2010)
ZFNs 1 Mdria 7.5-75.0F n.d. n.d. Cui et al. (2011)
ZFNs 1 ROSA26 46-8.7" n.d. n.d. Hermann et al. (2012)
TALENs 2 Pibf1, Sepw1 48.7-76.97 None Yes Sung et al. (2013)
TALENs 1 Rab38 2.0-6.0 n.d. Yes Wefers et al. (2013)
TALENs 1 Zic2 10.0-46.7 n.d. Yes Davies et al. (2013)
TALENs 10 Lepr, Pak1ip1, Gpr55, Rorm, 12.5-66.7" None® Yes Qiu et al. (2013)
Fbxo6, Smurf1, Tmem?74,
War20a, Dcafl13, Fam73a
TALENs 1 Miki 18.27 n.d. Yes Wu et al. (2013)
TALENSs 2 C9orf72, Fus 7.5-41.2 None Yes Panda et al. (2013)
CRISPR/Cas 2 Pouf5-EGFP, CAG-EGFP 14.3-20.0 n.d. n.d. Shen et al. (2013)
CRISPR/Cas 3 Tetl, Tet2, Tet3 66.7-100.0"1 None n.d. Wang et al. (2013a)
CRISPR/Cas 3 Th, Rheb, Uhrf2 75.0-91.711 None Yes Li et al. (2013)

TIncluding biallelic modification, *mouse data only, Sfor Smurf1, 157.8-78.5% for biallelic modification for Tet1 and Tet2, TTRNA and
mouse data only. n.d., not determined. F1 represents germiine transmission. Percentages of NHEJ were calculated using the number of
NHEJ positive pups as the numerator and the number of the total pups as the denominator. Fetus data were included in some studies.

mRNA targeting the Pibf1 gene was injected, six of
eight FO founders had biallelic modifications. Similar
results were obtained for the Sepw7 gene, and the
absence of Sepw1 protein was confirmed in the bialle-
lically targeted FO mutants. This work suggests that
highly active TALENs are critical for efficient targeting
and biallelic modification. Homozygous knockout mice
can be generated within 1 month by TALEN-mediated
in vivo genome editing (Fig. 2).

Since the first report, a flood of knockout mice gen-
erated by TALEN-mediated in vivo genome editing has
been reported. Davies et al. (2013) targeted the Zic2
gene by TALENs in three different mouse strains,

Bialleles

Monoallele

Mosaic

[in vive genome editing]

Es |

including CD1, C3H, and C57BL/6J. Targeting effi-
ciencies producing live newborns or blastocysts varied,
with 10%, 23%, and 46% for C57BL/6J, C3H, and
CDA1, respectively.

Li and colleagues generated a series of knockout
mice for 10 genes, revealing the utility, convenience,
and robustness of TALEN-mediated in vivo genome
editing (Qiu et al. 2013). Targeting efficiencies varied
from 13 to 67%, with an average of 40%, of live new-
borns. By using one TALEN for the Lepr gene, which
encodes the Leptin receptor, they showed that there
was no difference in the targeting efficiency between
two different mouse strains (C57BL/6N and FVB/N).

B Vector construction
“ ES soreening

= Mosaic founders

# Heterozygous mice
% Homozygous mice

5 ] ¥ 8 9 1 11 12

months

Fig. 2. Time course for homozygous mutant mouse production. ES: embryonic stem (ES)-cell based traditional gene targeting method.
Mosaic: genetically-mosaic founders are obtained at FO by in vivo genome editing. Monoallele: monoallelically-targeted heterozygous
founders are obtained at FO by in vivo genome editing. Bialleles: biallelically-targeted homozygous founders are obtained at FO by in vivo
genome editing. Green: the term to obtain FO adult mosaic founders from microinjection of genome editing tools, or FO adult chimeric
founders from ES cell microinjection. Orange: the term to obtain adult heterozygous mice from mating of FO founders with wildtype mice
or from microinjection of genome editing tools. Magenta: the term to obtain homozygous newborns from mating of heterozygous mice
or from microinjection of genome editing tools. Best cases are shown.
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Among the FO founders, one had biallelic modifications
with different frame-shift deletions and exhibited an
obese phenotype resembling that of Lepr mutant db/
db mice. Further, there were no oif-target effects, even
at sites with only one mismatch to each TALEN. All
the FO founders tested transmitted the mutant alleles
to F1 mice with high efficiency. These results suggest
that this method of genome editing is highly accurate
and efficient.

Further, Han and colleagues generated knockout
mice for MIkI gene (which encodes the mixed lineage
kinase domain-like protein, essential for tumor necrosis
factor induced necrosis) by TALEN-mediated in vivo
genome editing (Wu et al. 2013). They injected TALEN
mMRNA into nearly 3000 embryos and obtained 71
mutants from 390 newborns (18% efficiency); of these,
four were homozygous mutants.

The latest player, CRISPR/Cas system, is having a
drastic impact on the field, due to its simplicity, incred-
ibly high efficiency, and multiplexing capability. Huang
and colleagues first generated a knockout mouse in
which a green fluorescent protein (GFP) transgene was
disrupted by CRISPR/Cas-mediated in vivo genome
editing (Shen et al. 2013). They targeted GFP in two
different mouse strains carrying transgenes that
encoded GFP, and obtained GFP-deficient mice with
targeting efficiencies from 14 to 20% of live newborns.

Next, Jaenisch and colleagues published a revolu-
tionary paper describing the production of mice
knocked out for multiple genes with extremely high
efficiency (Wang et al. 2013a). In this study, they tar-
geted three functionally redundant genes (Tet1, Tet2,
and Tet3) encoding Ten-eleven ftranslocation (Tet)
enzymes that convert 5-methylcytosine to 5-hydroxym-
ethylcytosine. They first investigated the optimal condi-
tions for CRISPR/Cas-mediated in vivo genome editing

by injecting various amounts (20-200 ng/ulL) of Cas9
mRNA, with Tet?, Tet2 or Tet3 guide RNAs, into fertil-
ized eggs, and found Cas9 dose-dependent incre-
ments in targeting efficiency, with low toxicity in
newborn mice. Surprisingly, the vast majority (60—
100%) of newborns carried biallelic modifications in
each target gene. Further, they simultaneously tar-
geted both Tet? and Tet2, and obtained double
mutants in which all four alleles of these genes were
targeted in 80% of newborns without off-target effects.
CRISPR/Cas-mediated in vivo genome editing can be
completed within a month, since construction of
CRISPR/Cas vector only takes a few days. This repre-
sents an incredible shortcut for the generation of single
or double knockout mice, which often takes several
years using conventional gene targeting methods
(Fig. 2).

Liu and colleagues confirmed the high efficiency of
CRISPR/Cas-mediated in vivo genome editing (Li et al.
2013). They generated three knockout mice targeting
Th, Rheb, and Uhrf2, with targeting efficiencies from
75 to 92% and no off-target effects. They also tar-
geted two adjacent sites, spanning 86 bp, in the Uhrf2
locus. Importantly, the mutations were successfully
transmitted to the next generation, suggesting that the
CRISPR/Cas system is the third tool after ZFNs and
TALENs to allow heritable in vivo genome editing in
mice.

Knockin mice

Although the success of in vivo genome editing has
enabled the rapid generation of knockout mice, devel-
oping this technique for the production of knockin
mouse models would fully exploit its capabilities
(Table 2). In 2010, Kihn and colleagues reported

Table 2. Summary of homology-directed repair (HDR) in mice by in vivo genome editing

Nucleases Targets Genes Inserts Donors HDR (%) Off-target F1  Refs
ZFNs 1 ROSA26 LacZ, Venus Plasmid 1.7-4.5 n.d. n.d. Meyeret al. (2010)
ZFNs 1 Mdria Notl, GFP Plasmid 5.0-25.0f n.d. n.d. Cuietal (2011)
ZFNs 1 ROSA26 GFP Plasmid 2.0 n.d. Yes Hermann et al. (2012)
ZFNs 1 Rab38 SNV Plasmid, ssOligo ~ 1.7-3.5 n.d. Yes Meyer et al. (2012)
TALENs 1 Rab38 SNV Plasmid, ssOligo  0.9-2.0 n.d. Yes Wefers et al. (2013)
TALENs 1 Fus SNV ss0ligo 4,0-8.4 None Yes Panda et al. (2013)
CRISPR/Cas 2 Tet1, Tet2 EcoRi ssOligo 70.0-80.0%  None nd. Wang et al. (20133)
CRISPR/Cas 4 Sox2, Nanog, V5, mCherry, Plasmid, ssOligo  8.1-61.3"T Present  n.d. Yang et al. (2013)
Oct4, MeCP2  GFP-Neo, LoxP

TMouse data only, fincluding biallelic modification, $60% for double HDR of both Tet? and Tet2, 761.3% for loxP site integration,
T116% for two loxP sites in one allele. n.d., not determined. F1 represents germiine transmission. Percentages of HDR were calculated
using the number of HDR positive pups as the numerator and the number of the total pups as the denominator. Fetus data were

included in some studies.
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pioneering work in the production of the first knockin
mice using ZFN-mediated in vivo genome editing and
targeting vectors (Meyer et al. 2010). They co-injected
mRNAs encoding ZFNs for the ROSA26 locus and a
targeting vector, containing a 4.2 kb LacZ reporter
cassette, with homology arms flanking the target site
of the locus, into one-cell mouse embryos. Fifty-eight
embryos were analyzed and one was found to be a
precisely modified knockin mouse and was functionally
confirmed by X-gal staining. Next, the same ZFN
mRNAs were co-injected with a targeting vector con-
taining a 1.1 kb Venus reporter cassette, instead of
LacZ. Among the 22 embryos obtained, they identified
one as a precisely modified knockin mouse. The tar-
geting efficiencies of the two experiments were 1.7
and 4.5%, respectively.

Soon afterwards, Cui et al. (2011) also reported pro-
duction of knockin mice and rats with relatively high
efficiency. First they tested the targeted integration of
a small 8 bp Notl site fragment flanked on each side
by 800 bp of homology arms. Co-injection of a target-
ing vector with ZFNs for two genomic loci (Mdr7a and
PXR) in both rats and mice resulted in knockin
mutants with efficiencies of 6.7-25% of embryos.
Next, they tested targeted integration of a long DNA
fragment using the same donor vector, in which the
Notl site was replaced with a 1.5 kb GFP cassette.
They injected the GFP vector in the same way as the
Notl sequence, and obtained knockin mice and rats
for the two genomic loci with efficiencies from 2.4 to
8.3% of embryos or newborns. Further, they confirmed
efficient germline transmission in both Mdria- and
PXR-GFP knockin rats, with 50% of the F1 progeny
corresponding to heterozygous mutants. Similar work
was performed to target the ROSAZ26 locus to inte-
grate a GFP fragment, and the efficiency reported was
2% (Hermann et al. 2012).

Although the donor vectors used in in vivo genome
editing contain relatively short homology arms for the
targeted integration of SNVs that require only a few
nuclectide substitutions, their construction is stil a
disproportionately laborious and time-consuming task.
The use of synthetic single stranded DNA oligonucle-
otides (ssOligos) as donors for HDR can bypass this
process. Davis and colleagues reporied ZFN-medi-
ated targeted integration of point mutations with ssOI-
igos in several human cell lines with efficiencies that
were up to twice those achieved using conventional
targeting vectors (Chen et al. 2011). Kihn and col-
leagues applied ssOligo donor to produce knockin
mice carrying SNVs (Meyer et al. 2012). They first
generated a knockin mouse carrying a G19V mis-
sense and several silent SNVs in the Rab38 gene,
which encodes a small GTPase whose mutation

results in a brown coat color, by co-injecting ZFNs
with a conventional targeting vector. The targeting
efficiency was 3.5% (three of 87 newborns), which is
comparable to the efficiency they reported in their
pioneering work (Meyer et al. 2010). All three foun-
ders exhibited efficient germline transmission, resulting
in a brown coat color in F2 homozygous mutants
(Meyer et al. 2012). Next, they co-injected the same
ZFNs with a 144 nuclectide (nt) ssOligo containing
seven substitutions into one-cell mouse embryos.
They obtained one partially targeted mutant from 60
newborns with an efficiency of 1.7%, and the muta-
tion was successfully transmitted to the F1 progeny.
This work clearly reveals the enormous potential that
ssOligos have for the replacement of conventional
gene-targeting vectors in in vivo genome editing,
which should greatly facilitate the rapid production of
knockin mice.

In early 2013, Kihn and colleagues also generated
Rab38 G19V knockin mice by TALENs using an ssOli-
go (Wefers et al. 2013). They first constructed TALENs
targeting the same region of the Rab38 gene previ-
ously targeted by ZFNs, and found that the activity of
the TALEN system was approximately twice that of
ZFNs. Next, they co-injected TALENs and a ssOligo
into one-cell mouse embryos and obtained one foun-
der mouse carrying a partially targeted G19V allele
from 117 newborns (an efficiency of 0.9%). The G19V
allele was successfully transmitted to the F1 progeny.
They also co-injected TALENs with a conventional tar-
geting vector, rather than the ssOligo, and obtained
one knockin founder carrying the G19V allele from 50
newborns (efficiency 2%). The G19V allele was also
successfully transmitted to F1 progeny. As the con-
struction of TALENs is much simpler than that of
ZFNs, rapid production of knockin mice can be
achieved using a combination of TALENs and ssOli-
gos. However, the relatively low knockin efficiency of
TALENS is a bottleneck that limits the dissemination of
the method. To expand the applicability of TALEN-
mediated in vivo genome editing, we developed highly
active TALENs in collaboration with Dr Yamamoto’s
group at Hiroshima University. We focused on gluta-
mate transporters, which are essential molecules that
keep extracellular glutamate concentrations below
neurotoxic levels (Tanaka et al. 1997; Watase et al.
1998; Matsugami et al. 2006; Aida et al. 2012). We
previously reported GLAST, a dlial glutamate trans-
porter, knockout mouse as the first model for normal
tension glaucoma (Harada et al. 1998, 2007; Bai et al.
2013a,b; Namekata et al. 2013). We also recently dis-
covered deleterious missense mutations in EAATT,
a human orthologue of GLAST, in patients with
glaucoma (Yanagisawa et al. unpubl. data, 2013). To
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generate knockin mice carrying these SNVs in the
GLAST gene, we co-injected highly active TALENS tar-
geting GLAST into one-cell mouse embryos with ssOli-
gos carrying each SNV. We obtained several germline-
competent knockin founders with targeting efficiency
of approximately 20% (Aida et al. unpubl. data, 2013).
This study vyielded the highest reported efficiency,
which was almost 25-fold higher than the efficiency in
a previous report by Wefers ef al. As a single microin-
jection is sufficient to obtain several knockin founders,
our TALEN technology provides a fast and efficient
approach for the production of genetic mouse models
that reproduce the disease-associated SNVs of com-
plex diseases. Recently, Kiihn and colleagues reported
improved knockin efficiencies that were up to 8%,
using TALEN mRNAs transcribed from plasmids con-
taining a poly A tail (Panda et al. 2013).

Later, Jaenisch and colleagues reported the ground-
breaking production of mice carrying multiple knockin
alleles in different genes using CRISPR/Cas-mediated
in vivo genome editing with extremely high efficiency
(Wang et al. 2013a). They co-injected fertilized eggs
with Cas9 mRNA, Tet? and Tet2 guide RNAs, and
126 nt ssOligos to substitute a Sacl site in Tet? and
an EcoRV site in Tet2 with EcoRl sites. Surprisingly,
the vast majority (70-80%) of newborns carried EcoRl
sites at Tet7 or Tet2 loci and some were homozygous
for the EcoRl sites. Further, 60% of the newborns had
EcoRl sites at both Tet? and Tet2 loci.

Soon after this major accomplishment, Jaenisch
and colleagues also produced knockin mice carrying
longer DNA insertions by CRISPR/Cas-mediated
in vivo genome editing (Yang ef al. 2013). They first
targeted the last codon of the Sox2 gene with an
ssOligo containing 42 nt short V5 epitope tag, and
obtained targeted embryos and newborns with 34%
efficiency. Next, they targeted the last codon of the
Nanog gene with larger plasmid vector containing
p2A-mCherry reporter cassette, and obtained targeted
embryos and newborns with 8% efficiency. Further,
they targeted the 3’ end of the Oct4 gene with a
plasmid vector containing 3 kb sequence of IRES-
EGFP-loxP-Neo-loxP reporter cassette, and obtained
targeted newborns with an efficiency of 30%. Finally,
they also successfully generated knockin mice carry-
ing a conditional allele of Mecp2, by simultaneously
targeting with two loxP-containing ssOligos, and
obtained targeted embryos and newborns carrying
two loxP sites in one allele with an efficiency of 16%.
Thus, knockin mice carrying, not only a SNV, but also
longer DNA fragments, can now be created within a
month using in vivo genome editing with high effi-
ciency (Fig. 2). Taken together, almost everything
achieved by ES cell-based gene targeting can now be

© 2013 The Authors

performed by the in vivo genome editing technologies.
Further, the new techniques allow previously impossi-
ble achievements, such as ultra-rapid production,
biallelic targeting in FO mice and multiplexing, leading
genome editing to be the method of first choice for
gene targeting.

Off-target effects

The off-target effect, which involves non-specific recog-
nition and digestion at non-targeted regions by ZFNs,
TALENs, and the CRISPR/Cas system, has been
extensively discussed in the field of genome editing.
When compared to ZFNs, TALENs produce only mini-
mal off-target effects (less than a tenth), even at highly
similar non-specific target sites with only two mis-
matches in the TALEN recognition sequence in human
cells (Mussolino et al. 2011). Consistent with in vitro
data, three papers describing TALEN-mediated in vivo
genome editing in mice reported no off-target effects at
a total of 15 potential off-target sites, containing only
one mismatch, for four TALEN pairs (Panda et al.
2013; Qiu et al. 2013; Sung et al. 2013). Thus, in addi-
tion to basic research, TALENs may be applicable to
therapeutics, a field that demands high-specificity.

Although the CRISPR/Cas system is an easy, quick,
and highly efficient genome editing tool, the small size
of the sequence (20 nt) required for DNA-RNA hybrid-
ization may make off-target effects more frequent with
the CRISPR/Cas system than with TALENs or ZFNs.
Recent large-scale systematic reports revealed an
unexpectedly high frequency off-target effects using
the CRISPR/Cas system in several human cell lines
(Fu et al. 2013; Hsu et al 2013; Pattanayak et al.
2013). According to these reports, the CRISPR/Cas
system can cleave off-target sites containing even up
to five mismatches (Fu et al. 2013). Jaenisch and col-
leagues investigated potential off-target sites using
their knockout and knockin mice, as well as newly
established mouse ES cells, to examine the specificity
of the CRISPR/Cas system in vivo (Wang et al. 2013a;
Yang et al. 2013). Through analyses of 54 potential
off-target sites for seven guide RNAs, they found sev-
eral non-specific digestions at three sites containing
one or two mismatches. These results indicate that
off-target effects in the CRISPR/Cas system do exist in
vivo, but may be lower than predicted from in vitro
studies using human cell lines.

As the majority of recent studies have focused on
selected candidates for potential off-target effects,
unbiased and genome-wide characterization of off-tar-
get sites through whole-genome sequencing will be
required to guide the more sophisticated and specific
design of RNAs.
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To reduce non-specific off-target effects in the
CRISPR/Cas system, Cas9 nickase, a mutant form of
Cas9 that cleaves single stranded DNA, may provide
an alternative for the induction of HDR (Cong et al.
2013; Mali et al. 2013). Zhang and colleagues recently
reported that off-target effects could be reduced by
using nickase and a pair of guide RNAs, without
affecting on-target cleavage activity (Ran et al. 2013).
They also revealed that this double-nicking strategy
could efficiently cleave on-target sites in mouse
zygotes. In combination with future developments
using mutant Cas9 variants or other more specific
Cas9 orthologues, these methods could reduce off-
target effects in the CRISPR/Cas system.

The impact of in vivo genome editing

In Figure 2, we summarize the time course for the
production of gene-targeted mice by conventional ES
cell-based methods and in vivo genome editing by
ZFNs, TALENs, and the CRISPR/Cas system. At
best, it takes approximately 1 year to obtain a homo-
zygous mutant by the conventional ES cell-based
method. Also, it is common to spend a year or more
obtaining germline competent chimeric founders.
However, in vivo genome editing is revolutionizing
these complex processes and enables ultra-rapid
production of gene-targeted mice. In many cases, a
genetically mosaic FO founder and F2 homozygous
knockout or knockin mouse can be obtained within
a month and approximately 7 months, respectively.
Further, in the best cases, as reported by several
groups (Meyer et al. 2010; Hermann et al. 2012; Qiu
et al. 2013; Sung et al 2013; Wang et al. 2013s;
Wu et al. 2013), biallelically targeted homozygous
knockout or knockin mice can be obtained within a
month. Thus, the genome editing revolution provides
practical and exciting opportunities for the research
community to freely and rapidly generate gene-
targeted mice.

We now have the means to functionally investigate
the consequences of millions of rare SNVs in vivo
using “humanized” mice carrying equivalent variants.
The cutting-edge work of Gleeson and colleagues
demonstrated an interdisciplinary, sequencing era
approach that integrates human genetics and mouse
models (Novarino et al. 2012). They performed exome
sequencing in consanguineous families with ASD, epi-
lepsy, and intellectual disability and identified homozy-
gous gene-disrupting SNVs in the BCKDK gene,
which inactivates an enzyme complex essential for
the catabolism of branched-chain amino acids
(BCAAs). Because the SNVs resulted in disruption of
the BCKDK gene, instead of generating knockin mice

carrying the SNVs, they were able to investigate
BCKDK knockout mice that showed reduced BCAAs
in various tissues and neurological abnormalities, simi-
lar to other mouse models for ASD. In addition to
BCAAs, they discovered imbalanced amino acid levels
in the mutant brain that may contribute to the defects
in neurotransmitter synthesis and subsequent neuro-
logical abnormalities. Finally, they tried to treat the
mutant mice and patients using dietary supplementa-
tion with BCAAs and successfully reversed neurologi-
cal abnormalities in the mutant mice and normalized
plasma BCAA levels in patients (Novarino et al. 2012).
Because the vast majority of rare SNVs are missense
or synonymous, instead of gene-disrupting nonsense,
splice site, or frameshift variants (Veltman & Brunner
2012), the production of knockin mouse models
carrying such variants will be essential. Thus, in vivo
genome editing drastically accelerates functional
investigation of rare SNVs.

In vivo genome editing also accelerates functional
research of common SNVs in intronic or intergenic
regions indicated by the ENCODE (Encyclopedia of
DNA Elements) project or GWAS studies (ENCODE
Project Consortium et al. 2012; Maurano et al. 2012),
in addition to those in protein-coding sequences. Cut-
ting-edge work by Taipale and colleagues demon-
strated the utility of gene-targeted mouse models in
investigating the function of a GWAS-identified SNV
(Sur etal. 2012). They focused on a conserved
500 kb region upstream of the MYC oncogene, where
multiple cancer-associated SNVs have been mapped.
They generated mutant mice lacking the region con-
taining the SNV strongly associated with cancer, and
found that the mutant mice were resistant to tumori-
genesis (Sur et al. 2012). Further, Sabeti and col-
leagues used precisely modified knockin mice carrying
a V370A SNV in the ectodysplasin receptor, which
resulted in the identification of GWAS as one of the
strongest candidates for recent positive selection in
human evolution (Kamberov et al. 2013). They found
that the knockin mice not only recapitulated the
human phenotype, but also had previously unknown
traits which were, surprisingly, also confirmed in
human. As most common SNVs identified by GWAS
can only explain relatively small contributions to dis-
ease risk, and the functional interpretation of non-cod-
ing SNVs is difficult, the generation of knockin mice by
the time-consuming, laborious, and expensive process
of ES cell-based conventional gene targeting is now
considered disproportionate. The advent of in vivo
genome editing technology has transformed this situa-
tion, enabling the mouse as a useful animal model
system for the functional analysis of common, non-
coding SNVs.
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Further, genome editing technologies allow previ-
ously impossible gene targeting in mice. First, the
methods allow gene targeting at the locus where tradi-
tional homologous recombination cannot be applied,
such as the Y chromosome. Because the Y chromo-
some has unique structure containing many palin-
dromes, conventional gene targeting in ES cells has
failed. Jaenisch and colleagues targeted Sry and Uty
genes on Y chromosome in mouse ES cells by using
TALENs, and successfully obtained knockout mice
lacking Sry or Uty (Wang et al. 2013b). Thus, high
sequence specificity of TALENs provides a novel
approach for genetic manipulation of the Y chromo-
some. Second, the methods allow double gene target-
ing at the neighboring loci. When two genes are
located next to each other on the same chromosome,
it is almost impossible to obtain double knockout mice
by crossing two single knockout mice. Thus, the
researchers have generated double-targeted ES cells
by sequential targeting, a process much more time-
consuming, laborious, and expensive than single gene
targeting (Kitajima et a/. 2000). As Jaenisch and col-
leagues demonstrated (Wang et al. 2013a), now, mul-
tiple genes can be targeted simultaneously by in vivo
genome editing, thus providing opportunities to investi-
gate cooperative roles of functionally redundant, clus-
tered genes. Third, the methods allow gene targeting
in diverse genetic backgrounds of mouse strains. In
traditional gene targeting, ES cells derived from 129
mouse strain are most often used due to high effi-
ciency of gene targeting. However, it is preferred to
perform subsequent analyses of targeted mice on
C57BL/6 genetic background. Thus, time-consuming
backcrossing which takes at least 1 year is essential.
As several groups demonstrated (Davies et al. 2013;
Qiu et al. 2013), in vivo genome editing can be appli-
cable to any mouse strain and provide opportunities to
analyze the targeted mice immediately without back-
crossing.

Overall, in vivo genome editing technology drastically
accelerates the translation of human genetics into the
mouse, in addition to other higher species such as pri-
mates (Sasaki et al. 2009), and should revolutionize
our understanding of the functional consequences of
human genomic diversity in health and disease.
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