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Figure 5. Shori-Term Met Deprivation Triggers Histone and DNA Demethylation and Potentiates Differentiation into the Three Germ Layers
(A and B) Histone H3 methylation was examined in undifferentiated 201B7 (A) and khES3 (B) cells cultured in Met-deprived (AMet) or control media (C) for 5 or 24 hr.
SAM supplementation (100 uM) in Met-deprived media (AMet+SAM) reversed demethylation of H3K4me3. Cycloleucine (100 mM) decreased H3K4me3 levels.

(legend continued on next page)
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salvage pathway can replenish SAM. However, if Met depletion
is prolonged and cells are not exposed to differentiation signals,
the Met cycle eventually stops, and human ESCs/iPSCs undergo
apoptosis.

Upon Met deprivation, cells halted excretion of Hey and began
to utilize SAM or MTA, resulting in reduced [SAM]; and [MTA];, a
rapid response observed at 5 hr. MAT2A was upregulated to
convert Met to SAM and restored the reduced [SAM]; 24 hr after
Met deprivation. These events, such as salvage pathway activa-
tion and cessation of Hcy excretion, are stress responses of
human ESCs/iPSCs revealed in this study. The pluripotent
stem cells developed regulatory systems to maintain [SAM]; at
constant levels. We also found that SAM supplementation
rescued the apoptosis induced by Met deprivation, and supple-
mentation of SAM, MTA, or Hcy rescued the impaired cell
survival at a potency of SAM > MTA > Hcy. MAT2A/MAT2B
knockdown or cycloleucine addition, but not SMS knockdown,
phenocopied Met depletion and resulted in growth inhibition.
Because cycloleucine specifically reduces [SAM],, but not
[Met];, SAM, but not Met, is therefore essential for survival of
undifferentiated human ESCs/iPSCs.

SAM is a major methyl donor during methyl transfer reactions,
including histone or DNA methylation. Histone methylation
contributes to chromatin remodeling as well as transcriptional
activity (Berger, 2007). SAM functions as a sensor for Met meta-
bolism, with a rapid decrease in [SAM]; inducing H3K4me3
and DNA demethylation, as well as decreased NANOG expres-
sion and p53-p38 pathway activation. Met deprivation rapidly
poised human ESCs/iPSCs for differentiation. However, pro-
longed exposure to Met deprivation for 24 hr or more in the
absence of appropriate differentiation signals caused the cells
to undergo an irreversible change, such as prolonged G0/G1
arrest and decreased self-renewal, thus triggering apoptosis.
When deprival of Met was performed during mid-stage differen-
tiation, residual undifferentiated cells were eliminated, and
overall differentiation efficiency was increased. Therefore, this
knowledge is useful and applicable to eliminate variability in
differentiation efficiency among cell lines and promote differen-
tiation into specific lineages. Human iPSCs are reportedly
dependent on oleate; an inhibitor of oleate synthesis shows
cytotoxicity and may selectively eliminate human iPSCs (Ben-
David et al., 20138). Cardiomyocytes and noncardiomyocytes
from mouse and human ESCs/iPSCs differ markedly in glu-
cose and lactate metabolism; thus, cardiomyocytes can be
obtained at a high purity during large-scale purification by cul-
ture in glucose-free media (Tohyama et al., 2013). However, cul-
ture in glucose-free media did not potentiate differentiation,
which differs from our present results regarding short-term
Met deprivation.

While methylation of H3K4 is generally associated with activa-
tion of transcription, H3K9 and H3K27 are repressive epigenetic
markers. In ESCs, simultaneous methylation of H3K4 and H3K27
is associated with the undifferentiated state, where a gene
may be poised to be either fully activated or repressed (Bernstein
et al., 2006). Here, decreased trimethylation of H3K4 (H3K4me3)
resulting from Met deprivation suggests that Met metabolism
might function in the regulation of self-renewal of pluripotent
stem cells through epigenetic marking at H3K4me3 (Ang et al.,
2011). Previously, mouse ESCs were reported to be in a high-
flux state requiring Thr to maintain cell-cycle progression
(Wang et al., 2009). In mouse ESCs, rapid conversion of Thr
to Gly by Tdh is suggested to provide 5-methyltetrahydrofolate
(6mMTHF) needed for recycling SAH to SAM; thus, Thr deprivation
caused a reduction in SAM, which then triggered demethylation
of H3K4me3 and H3K4me2 (Shyh-Chang st al.,, 2013). In hu-
mans, the TDH gene is an expressed pseudogene (Edgar,
2002). Human ESCs/iPSCs directly generate SAM from Met.
Therefore, mouse and human ESCs/iPSCs utilize similarly the
Met pathway for maintaining their pluripotent state in principal.
Met metabolism directly regulates SAM levels, and SAM reduc-
tion triggered demethylation of H3K4me3 (but not H3K9me3,
H3K27me3, or H3K36me3) specifically, the mechanism of which
remains unknown.

Evidence suggests that self-renewal and pluripotency are
closely linked to cell-cycle regulation in pluripotent stem cells
and that NANOG plays a role in the G1-to-S transition through
direct binding of CDK6 and CDC25A (Zhang et al., 2009). The
high self-renewal rate is considered essential for maintaining
ESC identity, and cell-cycle arrest is sufficient to drive human
ESCs toward irreversible differentiation (Ruiz et al., 2011).
Deletion of p53 in mouse cells or silencing of p53 in human
somatic cells increases the reprogramming efficiency (Kawa-
mura et al.,, 2008). p53 induces differentiation by directly sup-
pressing NANOG expression in mouse ESCs (Lin et al., 2005).
Our results showed that Met deprivation triggered decreased
expression of NANOG, but not OCT3/4. NANOG is a member
of the core transcription circuit required for ESCs to maintain
pluripotency. While NANOG is actively downregulated during
differentiation, OCT3/4 is downregulated when the later line-
age choice occurs (lovino and Cavalli, 2011). Our present
results suggest that the Met metabolism is responsible for
regulation of cell-cycle progression and maintenance of plurip-
otency of human ESCs/iPSCs versus differentiation or
apoptosis through the p53-p38 signaling pathway. Activation
of p53 signaling was observed specifically under conditions
of Met deprivation but was not seen upon deprivation of other
amino acids, and p53-p38 accumulation was halted by the
addition of SAM.

(C) DNA methylation profiles in undifferentiated 201B7 cells cultured in complete medium (x axis) and Met-deprived medium (y axis) for 5 hr. The number of probes
with greater than 15% reduction in DNA methylation under Met deprivation are shown.

(D and E) Short-term Met deprivation (5 hr) downregulated NANOG expression in 201B7 (D) and khES3 (E) cells.

(F) Real-time PCR analysis of NANOG and OCT3/4 in khES3 cells in complete or amino acid-deprived media for 5 hr.

(G and H) NANOG expression increased with increasing Met (G) or SAM (H) concentration in the media.

(-K) Human iPSCs cultured in Met-deprived conditions showed an elevated differentiation into the definitive endoderm (l), mesoderm (J), and ectoderm (K), as
shown by expression of the endoderm marker SOX17 (I), early mesoderm marker T (J), PAX, or MAP2 (K) by immunohistochemical (I and J) or real-time PCR (K)
analyses. Cells were pretreated with complete medium (I and J, left bars; K, open bars) or Met-deprived media (I and J, right bars; K, black bars) before dif-
ferentiation. Error bars represent SEM (n = 3). Student’s t test; *p < 0.05 and **p < 0.01. Scale bar, 100 pm.
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Figure 8. Undifferentiated Human ESCs Are in a High-Met Metabolic State Compared with Definitive Endoderm Cells

(A) Schematic drawings of the experimental design to determine differences in Met metabolism between undifferentiated ESCs and definitive endoderm cells.
Endoderm cells differentiated for 5 days expressed SOX17, but not OCT3/4.

(B) Signal intensity of Met cycle-related genes in undifferentiated (undiff) and differentiated khES3 cells on differentiation day 5 (D5) toward the definitive
endoderm analyzed by microarray.

(legend continued on next page)
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SAM has been reported to act as a stress sensor in malignant
cells (Lin et al., 2014). P53 is also known to trigger various stress
responses (Kruse and Gu, 2009). We found that 5 hr Met depri-
vation in KhES3 cells triggered a 27-fold increase in the expres-
sion of EGR1, a transcription factor that upregulates p53 (Baron
et al., 2006), or a 33-fold increase in DHRS2, a gene that inhibits
Mdm2 and stabilizes p53 protein (Deisenroth et al., 2010). There-
fore, Egr1 and DHRS2 are candidate molecules that mediate
upregulation of p53 triggered by SAM limitation. However, the
exact molecular mechanism linking SAM and p53 still awaits
future investigations.

Takentogether, our data indicate that Met deprivation resuits in
a rapid decrease in [SAM], triggering activation of p53-p38 sig-
naling, reducing NANOG expression, and poising human iPSC/
ESCs for differentiation. The cells endured short-term Met depri-
vation by replenishing the [Met]; pool with the salvage Met path-
way, which was then metabolized to replenish SAM. However,
during prolonged Met deprivation, the continued absence of
Met metabolism led to cell-cycle arrest and apoptosis. These re-
sults are consistent with the data from previous studies indicating
that p53 is a barrier to reprogramming and that decreasing p53
protein levels increases the efficiency of reprogramming (Banito
et al., 2009; Kawamura et al., 2009). In conclusion, we demon-
strated the importance of SAM in Met metabolism in regulating
p53 signaling and its relationship with pluripotency, cell survival,
and differentiation of human ESCs/iPSCs. Our findings can be uti-
lized to eliminate undifferentiated pluripotent cells in culture and
may be useful for future applications in regenerative medicine.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

Human ESCs were approved by Kumamoto University’s Institutional Review
Board, following the hESC guidelines of the Japanese government. Undiffer-
entiated human ESCs (khES1, khES3) (Suemori et al, 2006) and iPSCs
(201B7, 253G 1) (Takahashi et al., 2007) were maintained as described (Shiraki
et al., 2008a). For feeder-free culture, ESCs/iPSCs were cultured on matrigel-
coated dish with feeder-free culture media ReproFF (ReproCELL). For Met
deprivation with undifferentiated cells, cells were cultured with human ESC/
iPSC maintenance medium CSTI-7 (Cell Science & Technology Institute;
CSTI) (Furue et al., 2008) or Met-deprived CSTI-7 medium. Met, Hey, Cys,
SAM, MTA, cycloleucine, and SAH were purchased from Sigma-Aldrich.
SB239063 was purchased from Calbiochem. Methods of endoderm, meso-
derm, or ectoderm differentiation, and gene knockdown examination, are
described in Supplemental Experimental Procedures.

Real-Time PCR, Immunocytochemisiry, and Western Blot Analysis
Real-time PCR, immunocytochemistry, and western blot were performed as
previously described (Shiraki et al., 2011). Primer sequences and antibody
information are shown in Tables 52 and $3, respectively. Inimmunocytochem-
ical analysis, positive cells versus total cells (DAPI-positive cells) were quanti-
fied using ImageXpress Micro cellular imaging system (Molecular Devices).

Measurement of Met, SAM, SAH, MTA, and Hey

Measurement of methionine, SAM, SAH, MTA, and Hcy was performed using
ultra-high-performance liquid chromatography equipped with tandem mass
spectrometry, TQD (UPLC-MS/MS; Waters) based on a previous report (Jiang

et al., 2009). Separation was achieved using an ACQUITY UPLC BEH C18 col-
umn. Briefly, cells were lysed using three cycles of freeze/thaw in 50% meth-
anol. Samples were deproteinized using 33% acetonitrile and evaporated
completely. Pellets were dissolved in 10 mM HCI, followed by filtration using
0.22 um polyvinylidene fluoride (PVDF) filter (Millipore) and diluted with equal
volumes of either 50 mM Tris-HCI (pH 8.8) with 100 pm dithiothreitol (DTT)
for Met, SAM, and SAH or 20 mM formic acid for MTA. For Hey analysis in
the media, cultured media were collected and incubated for 10 min at 37°C
with 10 mM DTT to obtain total Hey secreted from the cells. Media were depro-
teinized using 50% acetonitrile, followed by fiitration, and then diluted with
equal volumes of 50 mM Tris-HCI (pH 8.8). Each sample was injected, and con-
centrations were calculated based on the standard curve obtained from serial
dilution of standard solution for each metabolite.

Microarray Analysis
Affymetrix H133 Plus 2.0 series probe array (GeneChip) was used. Expression
analysis was performed using the Subio Platform (Subio).

Celi-Cycle Analysis

Fixed cells were stained with DAP| and anti-phospho Histone H3 Ser10 (pH3;
Millipore). Images were acquired on the ImageXpress Micro and analyzed
using the Cell Cycle Application Module (Molecular Devices).

Apoptosis Assay
Apoptosis was detected by the TUNEL method using an in Situ Cell Death
Detection Kit (Roche).

Measurement of Cell Proliferation
Cell proliferation was measured by the incorporation of EdU into genomic DNA
during the S phase of the cell cycle, using Click-iT EdU Kit (Invitrogen).

Funclional Assays for Hepatocyies

Albumin secretion assay was performed as described (Shiraki et al., 2011).
Cryopreserved human hepatocytes (Invitrogen) cultured 24 hr on collagen |
coated plates with hepatocyte maintenance medium (Invitrogen) were used
as positive controls.

Methylation Profiling

Methylation profiling analysis was performed as described (Nagae et al., 2011).
Methylation status was analyzed using the Human Methylation 450 BeadChip
(Hlumina).

Statistical Analysis
Error bars represent SEM. The significance of differences between two groups
was analyzed by Student’s t test and presented as *p < 0.05 or **p < 0.01.

ACCESSION NUMBERS

Microarray data have been deposited under Gene Expression Omnibus (GEO)
accession number GSE55285.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and three tables and can be found with this article online at
hitp:/dx.doi.org/10.1016/.cmet.2014.03.017.
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Familial amyloidotic polyneuropathy is one type of protein misfolding disease. Transthyretin (TTR)
tetramer dissociation is the limiting step for amyloid fibril formation. CHF5074 (CSP-1103) stabilizes
TIR tetramer in vitro by binding to the T4 binding site. Here, we used three strains of double human-
ized mice (mTtrth‘RVaI30/th'RValBO' mTtrhTI’RVaISOIth’RMctBO' and mTtrlﬂTRMeBO/hTI’RMctBO) to assess
whether CHF5074 stabilizes TIR tetramers in vivo. Treatment of mice with CHF5074 increased serum
TTIR levels by stabilizing TIR tetramers. Although the binding affinities of CHF5074 and diflunisal
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with TTRMet30 were similar, CHF5074 bound TTRVal30 more strongly than did diflunisal, suggesting
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the potent TTR-stabilizing activity of CHF5074.
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1. Introduction

Familial amyloidotic polyneuropathy is an autosomal dominant
disorder caused by a point mutation in the transthyretin (TTR)
gene. TIR is a 127-amino acid, 55-kDa homotetrameric protein
that circulates as a tetramer composed of four identical, non-cova-
lently associated subunits {1,2}]. TTR serves as a transport molecule
for thyroxine (T4) and retinol binding protein (RBP). The process of
TTR amyloidogenesis involves rate-limiting dissociation of TTR tet-
ramer, followed by partial unfolding of monomers to yield non-fib-
rillar aggregates, protofibrils, and mature amyloid fibrils [3-5].

Abbreviations: CHF5074, [1-(3',4'-dichloro-2-fluoro[1,1’-biphenyl]-4-yl)-cyclo-
propane carboxylic acid]; RBP, retinol binding protein; T4, thyroxin; TIR,
transthyretin
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Structural studies of the TTR tetramer have disclosed several
negatively cooperative compounds that bind to the T4 hormone
pocket of TTR, consequently stabilizing the soluble form of TTR
and inhibiting fibril formation {6-9].

CHF5074 (CSP-1103) [1-(3",4’-dichloro-2-fluoro[1,1’-biphenyl]-
4-yl)-cyclopropane carboxylic acid] is a non-steroidal anti-inflam-
matory derivative that lacks cyclooxygenase inhibitory activity.
CHF5074 stimulates the phagocytic activity of microglia {10] and
inhibits B-amyloid plaque deposition in the brains of various trans-
genic mouse models of Alzheimer disease {11-15]. X-ray analysis
of the TTR crystal structure recently revealed that CHF5074 binds
to the T4 sites of TTR tetramer and prevents acidic pH-induced
TTR dissociation in vitro [16].

To assess the in vivo efficacy of drug candidates, animal models
that reproduce the pathology of human TTR-mediated familial
amyloidosis are required. By using a Cre-mediated recombination
system, we previously produced humanized mice carrying either
human normal (Val30) or mutant (Met30) TTR ¢cDNA at the mouse
Ttr locus {17]. By using the same strategy, we also created a
humanized mouse carrying the human RBP gene at the mouse
Rbp locus (manuscript, submitted). We then crossed these two
lines to generate mice humanized at both the Ttr locus and the
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Rbp locus. To test the stabilizing activity of CHF5074 in vivo, it
would be better to humanize not only TTR but its binding mole-
cules to mimic the physiological condition of human serum fur-
ther. We therefore crossed these two lines to generate mice
humanized at both the Ttr locus and the Rbp locus in which human
TTR binds with human RBP4.

Here, we examined the short-term effect of oral CHF5074
administration on hTTR tetramer stabilization in mice humanized
for both TTR and RBP. The data showed that CHF5074 stabilized
TTR tetramers to increase serum levels of hVal30 and hMet30, sug-
gesting that CHF5074 is a viable candidate inhibitor of TTR
amyloid.

2. Materials and methods
2.1. Animals and CHF5074 treatment

All animal experiments were performed in accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the US National Institutes of Health. The mouse lines
carrying either normal human TIR (hVal30) (mTerPTTRVai30/
th'RVaBO) or mutant human TTR (hMet30) (mTtrhTTRMeSO/hTTRMetBO)
at the mouse Ttr locus (humanized TTR mice) have been described
previously {17]. Mouse lines with human Rbp4 at the mouse Rbp4
locus (mRbp4""®P4) (humanized Rbp4 mice) were produced in a
similar way to the hTTR mice (manuscript in submission).

We used three mouse strains, mTtrPTTRVal30/hTIRVal30,
mRbp4™" "™ (hVal30:hRBP4), mTtrhTTRVaI3O/NTTRMet30, Ry AhRBP4/
RBP4 (HhVal30/Met30:hRBP4), and  mTirMTTRMeBSO/MTIRMet30,
mRbp4™""™* (hMet30:hRBP4). Beginning at 13 weeks of age, mice
were fed a CHF5074-containing diet (375 ppm, corresponding to
about 60 py/kg/day). To analyze hepatic mRNA expression of the
TTIR or hRBP4 gene, liver samples for RNA isolation were obtained
after 0, 3, 7, and 14 days of CHF5074 feeding. To evaluate serum
hTTR and hRBP4 levels, blood samples were collected from the
retro-orbital sinus at 0, 3, 7, 14, 21 and 28 days. To assess the sta-
bility of hTTR, blood samples were obtained at 0, 3, 7 and 14 days.

2.2. Semi-quantitative RT-PCR analyses

Semi-quantitative RT-PCR analyses were performed as
described previously {18]. To assess hTTR mRNA expression, we
used the primers mhTTR-F1 (sense, 5-GTCCTCTGATGGTCAAAG
T-3’) and mhTTR-R2 (anti-sense, 5-GAGTCGTTGGCTGTGAA-3').
For evaluation of hRBP4 mRNA, we used mhRBP4-F (sense,
5-GAG TCA AGG AGA ACT TCG AC-3’) and mhRBP4-e4R (antisense,
5-CAG TAC TTC ATC TTG AAC TTG G-3'). The primers used for
detection of mRNA from the housekeeping gene Hprt were
5-CAC AGG ACT AGA ACA CCT GC-3' (sense) and 5-GCT GGT
GAA AAG GAC CTC T-3' (antisense). Amplified PCR products were
separated by 1.5% agarose gel electrophoresis and visualized by
ethidium bromide staining.

2.3. Serum hTIR and hRBP4 levels

Commercial ELISA kits were used according to the manufactur-
ers’ instructions to determine serum concentrations of hTTR
(KA0495, Abnova, Taipei, China) and hRBP4 (AG-45A-0035, Adipo-
Gen, San Diego, CA, USA).

2.4. Evaluation of serum TIR tetramer stability against acid- or urea-
mediated denaturation

Dissociation of TTR tetramers and unfolding of monomers are
accelerated under acidic or high-urea conditions {3,4]. Therefore,

we used acid- or urea-mediated denaturation to discern the sta-
bility of hTTR in the sera of these mice. The extent of denaturation
of hTTR from mice fed either the CHF5074-containing or control
diet can be assessed by evaluating how much folded tetramer
remains.

Blood samples were processed according to methods described
elsewhere {19,280} Acid- or urea-treated samples subsequently
underwent gradient (10-20%) denaturing polyacrylamide gel elec-
trophoresis. Separated proteins were transferred onto polyvinyli-
dene difluoride membranes (BioRad Laboratories, Hercules, CA,
USA) and then reacted with a polyclonal anti-TTR primary antibody
(1:500) (Sigma, St. Louis, MO, USA) and a horseradish-peroxidase-
conjugated secondary antibody (1:2500) (GE Healthcare,
Dornstadt, Germany). The blotted proteins were quantified by
using ECL Western Blotting Detection Reagents (GE Healthcare).

2.5. Statistical analysis of serum hTIR stability

To quantify the stability of serum hTTR tetramers, the densities
of all TTR bands were quantified by using Image] software (version
1.48v, http:ffrsh.infonih.govfiij/docs/indexhtml). hTTR stability
was evaluated according to the percentage of tetrameric hTTR or
folded TTR (tetramers, trimers, and dimers) remaining by using
the following formulas:

% tetramer at time ¢ = 100% x (tetramer density at pH 4.0, time t)
/(tetramer density at pH7, time 0)

% tetramer at time t = 100% x (tetramer density at 6 M urea, time t)
/(tetramer density at 0M urea, time 0)

% folded TTR at time t = 100% x (folded TTR at pH 7.0,time t)
/(folded TTR at pH 7.0, time 0)

Results are expressed as means + standard error of the mean.
The percentages of tetrameric TTR of different hTTR variants from
mice with and without drug treatment were compared by using
t-tests. Differences were considered statistically significant at
P<0.05.

2.6. 3-D structures of the TIR tetramer

The 3-D structure of wild-type human TTR tetrameric complex
was downloaded from the Protein Data Bank (PDB ID: 1rlb). The
3-D structure of the hMet30 mutant was constructed by creating
a Val30Met substitution in wild-type hTTR. Then we subjected
the structure of the hMet30 tetramer to molecular mechanics cal-
culations by using MOE software (version 2011.10, Chemical Com-
puting Group, Montreal, Quebec, Canada) with the AMBER99 force
field and the generalized Born solvation model until the root mean
square gradient was 0.01 kcal mol~! A=, This was followed by
5-ns molecular dynamics simulations at 310 K.

2.7. Docking simulation of TIR and CHF5074

We performed 100 docking runs of CHF5074 and hVal30 or
hMet30 tetramers by using MOE Dock (Chemical Computing
Group). The 3-D structure of CHF5074 was downloaded from Che-
mIDPlus (registry number, 749269-83-8). The docking sites of
CHF5074 were determined as the T4 binding site (PDB ID: Tlict).
Because the hTTR tetramer has two T4 binding sites, one or two
ligand molecules were bound to each TTR tetramer. The complex
comprising hVal30 or hMet30 tetramer and one or two molecules
of CHF5074 that had the lowest S score was selected and subjected
to molecular mechanics calculation by using MOE software with
the OPLS-AA force field and the generalized Born solvation model
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until the root mean square gradient was 0.01 kcal mol™' A~1,
followed by 5-ns molecular dynamics simulations at 310 K. The
interaction energies between CHF5074 and the four hTTR subunits
were calculated by using the potential energy function in the MOE
software.

3. Resuits

Oral CHF5074 was well tolerated by all mice; no obvious side
effects were observed during or after the study, according to body
weight and the results of physical examination, blood biochemistry
and hematology analyses.

3.1. Effects of CHF5074 on serum hTTR levels

Before CHF5074 treatment, the serum level of hVal30 (wild-
type) in hVal30:hRBP4 mice was 4.04 +0.15 pg/ml, and that of
hMet30 (mutant) in hMet30:hRBP4 mice was 0.56 = 0.14 pg/mlL.
Given that hepatic TTR mRNA expression was similar in
hVal30:hRBP4 and hMet30:hRBP4 mice, the low serum level of
hMet30 likely was due to the instability of hMet30 tetramers in
the serum. In hVal30:hRBP4 mice, the serum level of hVal30 was
increased 3 days after the start of the CHF5074 diet compared with

pretreatment concentrations and remained at similar levels
(5.10~6.12 pug/mL) thereafter. The maximal level of serum hVal30
was about 1.5 times that before treatment (Fig. 1A). To assess
whether the increase in serum TTR concentrations was due to an
increase in the amount of hval30 tetramer, we used Western blot
analysis to determine the level of tetramer. The amount of hval30
tetramer in the serum was increased 3 days after the start of the
CHF5074 diet and remained at similar levels (1.46-1.55 times
the pretreatment level) thereafter (Fig. 1B).

In hMet30:hRBP4 mice, the serum concentration of hTTR was
increased 3 days after the start of the CHF5074 diet and remained
at similar levels (1.73-2.68 pg/mL) thereafter. The maximal level of
serum hMet30 was about 5 times that before treatment but was
only 30-40% that of hVal30 in Val30:hRBP4 mice (Fig. 1B). As seen
for hval30 tetramer, this increase was due to an increase in
hMet30 tetramers. The amount of hMet30 tetramer in the serum
was increased to 2.03, 5.77, and 5.63 times the pretreatment level
at 3,7, and 14 days, respectively, after the start of the CHF5074 diet
(Fig. 1D). Furthermore, levels of trimers and dimers were increased
in addition to those of tetramers (Fig. 1B and D), suggesting that
CHF5074 can bind to TTR trimers and dimers. These results suggest
that the increased levels of serum hVal30 and hMet30 were due to
stabilization of tetramers after the binding of CHF5074 and that the
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Fig. 1. Effect of CHF5074 on serum concentrations of TTR tetramers. (A) Serum hTTR levels in hVal30:hRBP4 mice. Serum hVal30 levels increased approximately 1.4 times on
average after CHF5074 treatment. (B) Serum Val30 tetramer levels in hVal30:hRBP4 mice. Serum hVal30 levels increased approximately 1.5 times on average after CHF5074
treatment. (C) Serum hTTR levels in hMet30:hRBP4 mice. Serum hMet30 levels increased about 3.7 times on average after CHF5074 treatment. (D) Serum Met30 tetramer

levels in hMet30:hRBP4 mice. Serum hMet30 levels increased approximately 2.0, 5.8, and 5.6 times at 3, 7, and 14 days, respectively, after the start of the CHF5074 diet.
*P<0.05; "*P<0.01.
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Fig. 2. Effect of CHF5074 on serum concentrations of RBP4. (A) Serum hRBP4 levels
in hVal30:hRBP4 mice. Serum hRBP4 levels before and after CHF5074 treatment did
not differ. (B) Serum hRBP4 levels in hMet30:hRBP4 mice. Serum hRBP4 levels
before and after CHF5074 treatment did not differ. **P < 0.01.

stabilization effect of CHF5074 was more intense in hMet30:RBP4
than in hVal30:hRBP4 mice.
3.2. Effects of CHF5074 on serum hRBP4 levels

Serum levels of hRBP4 did not change in either hVal30:hRBP4 or
hMet30:hRBP4 mice after provision of the CHF5074-containing
diet (Fig. 2).
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3.3. Effects of CHF5074 on hepatic expression of hTIR and hRBP4
mMRNAs

To analyze whether the increased serum TTR concentrations
after CHF5074 supplementation were due to increased TIR tran-
scription, we examined the levels of hTTR mRNA in liver. Quanti-
ties of hVal30 or hMet30 mRNA in hVal30:hRBP4 or hMet30:
hRBP4 mice did not change after provision of the CHF5074 diet
(Fig. 3). These results suggested that CHF5074 did not affect hepat-
ic hTTR mRNA expression. In addition, the amounts of hRBP4 in
hVal30:hRBP4 and hMet30:hRBP4 mice did not change after provi-
sion of the CHF5074 diet (Fig. 3).

3.4. CHF5074 stabilizes serum hTIR under acidic conditions

We analyzed the CHF5074-associated kinetic stabilization of
hTTR under denaturation stress. As described before, the effect of
a diet containing CHF5074 for 28 days on the extent of denatura-
tion of hTTR tetramer can be assessed by evaluating how much tet-
ramer or folded TTR (tetramers, trimers, and dimers) remains.

The denaturation of hTTR tetramers under low pH conditions at
37 °C was monitored by Western blot. First, the stability of hvVal30
homotetramers from mice given or not given dietary CHF5074 was
assessed after exposing the serum samples to various pH (3.6-7.0)
conditions for 3 days. The percentage of folded TTR (hVal30) was
clearly higher in the presence of CHF5074 than in its absence at
every pH condition tested (Fig. 4A). Because the folded TTR was
dissociated almost completely at pH 4.0 in the absence of
CHF5074, we used this pH condition in the following experiments.

The percentages of native hTTR tetramer (means + standard
error) from hVal30:hRBP4 and hVal30/hMet30:hRBP4 mice with-
out CHF5074 treatment were lower than those from mice with
CHF5074 treatment after denaturation stress at pH 4.0 for 24, 48,
or 72 h (Fig. 4B). For hMet30:hRBP4 mice, the percentage of native
tetramer in the absence of CHF5074 was lower than that with

O day 3Jday 7day 14day

Fig. 3. Effect of CHF5074 on hepatic levels of hTTR and hRBP4 mRNA. (A) RT-PCR of mRNA isolated from hVal30:hRBP4 mice. (B) RT-PCR of mRNA isolated from
hMet30:hRBP4 mice. Total RNA isolated from liver samples was harvested on day 0 and on days 3, 7, and 14 after initiation of the CHF5074-containing diet and was subjected
to semi-quantitative RT-PCR analysis. hTTR and hRBP4 mRNA expression levels did not differ between any time points.
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CHF5074 treatment, but only after 12 h at pH 4 (Fig. 4B). These
results suggest that CHF5074 effectively stabilized hval30 homote-
tramers and hVal30-hMet30 heterotetramers but that hMet30
homotetramers were more unstable than were the other tetra-
mers, even in the presence of CHF5074. Therefore, the denatura-
tion stress associated with pH 4.0 conditions may be too strong
for hMet30 homotetramers to withstand, even in the presence of
CHF5074.

3.5. CHF5074 stabilizes serum hTTR under urea denaturation
conditions

To determine the optimal concentration of urea at which to test
the stability of hTTR tetramers, serum samples from hVal30:hRBP4
mice before and after CHF5074 feeding were incubated in various
concentrations of urea (0-10M) for 3 days. The folded TTR
(hval30) was clearly more stable in the presence of CHF5074 than
in its absence at every urea concentration tested (Fig. 5A). When
6 M urea was used, the percentage of folded TTR after CHF5074
feeding was clearly higher than that in the absence of CHF5074;
we therefore used that denaturation condition in the following
experiments.

After denaturation stress with 6 M urea, the percentage of
native hTTR tetramer from hVal30:hRBP4 mice fed the control diet
was lower than that in mice fed the CHF5074 diet at the 24-, 48-,
and 72-h time points (Fig. 5B). The percentage of native hTTR tet-
ramer in hval30/hMet30:hRBP4 mice was lower in the absence of

853

CHF5074 than with CHF5074 after urea denaturation for 12, 24, 48,
or 72 h (Fig. 5B). In hMet30:hRBP4 mice, the percentage of native
hTTR tetramer without CHF5074 was lower than that after
CHF5074 at the 24-, 48-, and 72-h time points for urea exposure
(Fig. 5B). These results are similar in pattern to those after expo-
sure to acidic pH, again suggesting that CHF5074 effectively stabi-
lizes TTR tetramers.

3.6. Computational studies of binding affinity of CHF5074 with TTR
tetramer

Diflunisal is a well-characterized inhibitor of fibrillogenesis
[21]. Although the mode of binding to the T4 sites of TTR differs
between CHF5074 and diflunisal, these two fibrillogenesis inhibi-
tors exhibit similar stabilizing effects on TTR structure [16]. We
therefore used computational docking simulation analysis to study
the binding affinity between TTR and CHF5074 or diflunisal.

The structures of T4 and CHF5074 (Fig. 6A) are similar, as are
their modes of binding to TTR (Fig. 6B). The binding affinity of
CHF5074 for hMet30 was similar to that of diflunisal, whereas
CHF5074 bound hVal30 with much greater affinity than did diflu-
nisal (Table 1).

4. Discussion

We demonstrated that CHF5074 stabilized both normal and
mutant TTR tetramers against denaturing stresses due to both acid
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Fig. 4. Resistance to acid-mediated denaturation of serum hTTR from mice fed the CHF5074-containing or control diet. (A) Serum hTTR with and without CHF5074 after
denaturation (72 h) under various pH conditions. The folded TTR dissociated almost completely at pH 4.0 in the absence of CHF5074. (B) Time course of acid-induced
denaturation (pH 4.0) of serum hTTR with or without CHF5074. Three types of tetramers (hVal30 homotetramers, hVal30-hMet30 heterotetramers, and hMet30
homotetramers) were stabilized after CHF5074 supplementation of mice. *P < 0.05; **P < 0.01.
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Table 1
Computational studies of binding affinity.

ZDOCK score
(kcal/molecule)

CHF5074

Diflunisal

One molecule binding

Binding between  Binding between

Two molecule binding

One molecule binding Two molecule binding

Binding between A and C  Binding between B and D

Aand C Band D

TTRVal30 A -24.0 -16.7 -18.5 ~12.1
B ~14.0 ~23.6 -10.9 ~4.0
C ~14.3 ~26.1 ~9.3 ~19.8
D -25.1 -19.7 ~7.9 -10.0
Total 383 -39.0 -86.1 ~27.8 ~18.8 -45.9

TTR Met30 A ~24.6 -26.1 ~18.5 ~13.0
B ~14.6 ~13.6 ~15.5 ~20.1
C ~14.8 ~8.1 ~9.4 -15.6
D -14.2 -21.5 ~6.6 -17.7
Total ~39.4 -28.8 ~69.3 ~27.9 ~22.1 -66.4

Potential energy was expressed as kcal/mol. There was a significant difference in the potential energy between TTRVal30-CHF5074 and TTRVal30-diflunisal.

and urea, thereby increasing the serum TIR levels of mice fed a
CHF5074-containing diet. These data are consistent with the
results we obtained from computational studies of binding affini-
ty.hval30 (that is, wild-type) levels in the sera of our humanized
mice were about 1/100 those in humans (200-400 pg/mL). As
described previously, the serum levels of hTTR homotetramers
were much lower than expected because of the instability of hTTR
tetramers in mice [17]. Similarly, serum hRBP4 levels in our
humanized mice were about 1/100 those in humans (20-60 g/
mL). Consequently, the hTTR:hRBP4 ratio in our humanized mice
was about 10:1, consistent with that in humans. As expected, the
serum levels of hMet30 TTR tetramers in hMet30:hRBP4 mice were
about 7 times lower than those of hVal30 TTR tetramers in
hVal30:hRBP4 mice, even though hepatic mRNA expression levels
were similar in the two strains. These findings clearly suggest that
hMet30 tetramers were much more unstable than were hVal30
tetramers in serum. Therefore, our double-humanized mice may
be an effective model for evaluating the stabilizing effects of small
molecules for hTTR tetramers.

Numerous small molecules have been discovered to impose
kinetic stabilization on the TTR native state |22-31]. Many of these
kinetic stabilizers of TTR are derivatives of non-steroidal anti-in-
flammatory drugs with anti-cyclooxygenase activity. Accordingly,
these inhibitors are associated with various adverse side effects
[32-35]. Conversely, the anti-COX activity of flurbiprofen was
removed by modification at the alpha position, leading to the pro-
duction of CHF5074 {36]. Treatment with CHF5074 (375 ppm in
the diet) attenuated brain p-amyloid pathology and learning-
memory deficits in a transgenic mouse model of Alzheimer disease
{13-15]. In accordance with these results, serum hVal30 and
hMet30 levels were increased about 1.5 times in hVal30:hRBP4
or approximately 5 times in hMet30:hRBP4 mice after treatment
with CHF5074 (375 ppm in the diet). These increases were due to
the CHF5074-associated stabilization of TTR tetramers, as demon-
strated by the data from the pH and urea denaturation assays.

Previous analysis of the crystal structures of CHF5074 and TTR
tetramers revealed that CHF5074 binds to the T4-binding sites of
TTR and inhibits TTR amyloidosis in vitro {16]. Our computer
simulation analysis confirmed that CHF5074 binds to the T4 sites
of TTR tetramer. Interestingly, the binding affinity of CHF5074 for
hVval30 was much higher than that of diflunisal, but CHF5074
and diflunisal had similar affinities for hMet30. Given that most
patients with familial amyloidotic neuropathy are heterozygous
for the condition, having TIR heterotetramer composed of both
hval30 and hMet30 monomers, the stabilizing activity of
CHF5074 may be more potent than that of diflunisal in clinical
applications.
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Liver transplantation does not ameliorate deposition of TIR in
the eye and central nervous system {37}, owing to TTR synthesis
by the retinal pigment epithelium and choroid plexus. Because
CHF5074 efficiently crosses the blood-brain barrier [12,13,15], this
compound may be effective against amyloidosis in the eye and
central nervous system,.

In conclusion, CHF5074 is a promising candidate for the treat-
ment of familial amyloid polyneuropathy owing to its stabilization
of hTTR tetramers and its lack of toxic effects.
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Abstract: Genome editing with site-specific nucleases, such as zinc-finger nucleases or transcription
activator-like effector nucleases (TALENSs), and RNA-guided nucleases, such as the CRISPR/Cas
(clustered regularly interspaced short palindromic repeats/CRISPR-associated) system, is becoming
the new standard for targeted genome modification in various organisms. Application of these
techniques to the manufacture of knockout mice would be greatly aided by simple and easy methods
for genotyping of mutant and wild-type pups among litters. However, there are no detailed or
comparative reports concerning the identification of mutant mice generated using genome editing
technologies. Here, we genotyped TALEN-derived enhanced green fluorescent protein (eGFP)
knockout mice using a combination of approaches, including fluorescence observation, heteroduplex
mobility assay, restriction fragment length polymorphism analysis and DNA sequencing. The detection
sensitivities for TALEN-induced mutations differed among these methods, and we therefore concluded
that combinatorial testing is necessary for the screening and determination of mutant genotypes.
Since the analytical methods tested can be carried out without specialized equipment, costly reagents
and/or sophisticated protocols, our report should be of interest to a broad range of researchers who

are considering the application of genome editing technologies in various organisms.
Key words: genome editing, knockout mouse, TALEN, targeted mutagenesis

Introduction

Transcription activator-like effector (TALE) nuclease
(TALEN)-mediated gene knockout technology is now
applicable to a wide variety of cells and organisms [5].
Each TALEN comprises a TALE domain that binds to a
specified DNA sequence and a nuclease domain derived
from the Fokl restriction endonuclease. When a pair of
TALENSs designed for a specific genomic locus is intro-
duced into embryos, a DNA double-strand break (DSB)
occurs at the target site. DSBs are mainly repaired by
error-prone non-homologous end-joining (NHEJ), result-

ing in randomly induced insertions and deletions that
cause disruption of gene functions [7].

Conventionally, knockout mice have been created us-
ing an embryonic stem (ES) cell-mediated strategy based
on spontaneous homologous recombination between
genomic DNA and a targeting construct [2]. This meth-
od is time-consuming and requires several laborious
processes, such as construction of a gene targeting vec-
tor, isolation of targeted ES cell clones, production of
chimeras, test breeding for germline transmission and,
in some cases, backcrossing to another inbred back-
ground. However, the use of TALENs for gene targeting
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enables knockout mice to be produced in a short time
because the TALEN mRNAs are simply injected into the
embryos of any intended inbred strain. Recently, sev-
eral groups reported that knockout mice and rats could
be efficiently created by TALEN-mediated gene target-
ing [4, 6, 10, 14, 16]. The convenience of this technique
means that TALEN-mediated gene knockout will become
a major method for the production of genetically modi-
fied rodents in the near future. However, while ES cell-
mediated chimeric mice can easily be determined by
their coat color, with TALEN-mediated gene targeting
it is difficult to distinguish genetically modified mice
from wild-type pups unless a phenotype is apparent.

Here, we injected TALEN mRNAs targeting the en-
hanced green fluorescent protein (eGFP) gene into fertil-
ized mouse eggs expressing eGFP ubiquitously under
control of the CAG promoter (pCAG). Pups were ana-
lyzed by observation of green fluorescence, heteroduplex
mobility assay (HMA), restriction fragment length poly-
morphism (RFLP) analysis and DNA sequencing to
consolidate the method for detecting pups with TALEN-
induced mutations.

Materials and Methods

TALEN plasmid construction and mRNA preparation
Synthesized TALE repeats were cloned into pBlue-
script SK and assembled using the Golden Gate cloning
method [12]. The N- and C-terminal domains of TALE
and the Fokl nuclease domain were taken from pTALEN_
v2 (Addgene, Cambridge, MA, USA) [13]. The eGFP
TALEN target sequence was described previously [11]
and is indicated in Fig. 1. TALEN mRNAs were synthe-
sized from plasmids linearized by Smal digestion using
an mMessage mMachine T7 Ultra Kit (Life Technolo-
gies, Carlsbad, CA, USA) and purified with an RNeasy
Mini Kit (Qiagen, Hilden, Germany) following the
manufacturers’ instructions and as previously described

[11].

pCAG-eGFP mouse embryos

The parental pCAG-eGFP mouse strain has been de-
posited in the Center for Animal Resources and Develop-
ment (CARD), Kumamoto University (B6;D2-Tg (CAG-
EGFP) 49SImeg; CARD ID: 267; http://cardb.cc.
kumamoto-u.ac.jp/transgenic/strainsDetailAction.
do?strainld=267). The background strain is C57BL/6.
The pCAG-eGFP gene, illustrated in Supplementary Fig.
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Left eGFP TALEN

Right eGFP TALEN

Fig. 1. Diagram depicting engineered TALENs binding to the
eGFP gene. The TALENSs comprise DNA-binding repeats
(gray boxes), the N- and C-terminal domains of TALE
(white boxes) and a Fokl nuclease domain (black box). The
left and right TALEN target sequences are underlined.

1A, was confirmed to be one copy by Southern blot
analysis (Supplementary Fig. 1B). Expression of the
eGFP gene is detected throughout the whole body.

To obtain mouse embryos for TALEN injections,
C57BL/6N female mice were induced to super-ovulate
using pregnant mare serum gonadotropin (PMSG; Se-
rotropin; ASKA Pharmaceutical, Tokyo, Japan) and hu-
man chorionic gonadotropin (hCG; Veterinary Pubero-
gen; Novartis Animal Health, Tokyo, Japan) at 5 weeks
of age, and then mated with male pCAG-eGFP mice
described above. Fertilized eggs were collected from
females displaying vaginal plugs.

Microinjection of TALEN mRNAs

TALEN mRNAs were diluted in RNase-free PBS at
100 or 150 ng/ul for injection of each TALEN into the
pronuclei or cytoplasm of zygotes. Approximately 2—-3
pL of capped mRNAs was injected into the zygotes. The
injected embryos were cultured in potassium simplex
optimized medium with amino acids (KSOM-AA) at
37°C in 5% CO, and 95% humidified air for 1 h. Surviv-
ing embryos were transferred to the oviducts of pseudo-
pregnant ICR female mice.

Genomic PCR for HMA and DNA sequencing

Genomic DNA was extracted from the tail of each pup
using a DNeasy Blood & Tissue Kit (Qiagen). Genomic
PCR was performed using LA Tag DNA polymerase
(TAKARA Biotechnology, Shiga, Japan) under the fol-
lowing conditions: 94°C for 2 min; followed by 94°C
for 30 s, 64°C for 30 s, and 72°C for 20 s for 38 cycles.
The PCR primers were as follows: 5'-CCTCGTGAC-
CACCCTGACCTAC-3’ and 5'-CTGTTGTAGTTG-
TACTCCAGCTTGTGC-3'. The PCR products were
subjected to agarose gel electrophoresis and ethidium
bromide staining for the HMA.
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Table 1. TALEN-mediated eGFP gene disruption in mice
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Dose

eGFP disap-

Analyzed

Route . Injected  Transferred Newborns HMA RELP Mutants
(ng/pl) peared pups* pups
pronucleus 100 141 130 51(392%) 3 (5.9%) - NT NT NT NT
pronucleus 150 128 116 32(27.6%) 4 (12.5%) NT NT NT NT
cytoplasm 150 80 69 33 (47.8%) 4 (12.1%) 33 12 (36.4%) 11(33.3%) 17 (51.5%)
no injection - - 21 8 (38.1%)  0(0%) NT NT NT NT

*Not including mosaic pups. HMA, heteroduplex mobility assay. RFLP, restriction fragment length polymorphism. NT, not tested.

For DNA sequence analysis, the PCR products were
subcloned into pGEM-T Easy (Promega, Madison, WI,
USA). The plasmids were extracted and sequenced using
a T7 (5'-TAATACGACTCACTATAGGG-3") or SP6
(5'-CATACGATTTAGGTGACACTATAG-3") primer
with a BigDye Terminator Cycle Sequencing Kit (Life
Technologies), and then analyzed using an ABI PRISM
3130 Genetic Analyzer (Life Technologies).

RFLP analysis ‘

The PCR products were purified using a Wizard SV
Gel and PCR Clean-Up System (Promega). The purified
products were digested with 3 units of Accll (TAKARA
Biotechnology), and then subjected to agarose gel elec-
trophoresis and ethidium bromide staining.

Results and Discussion

As a model for TALEN-mediated knockout, we used
fertilized eggs from mice ubiquitously expressing pCAG-
eGFP. All of the fertilized eggs were heterozygous for
the pCAG-eGFP gene. We selected the same eGFP
TALEN target sequence as described previously [11] and
newly constructed TALEN expression vectors as de-
scribed in the Materials and Methods.

First, to judge the efficiency and toxicity between
pronuclear and cytoplasmic injections, we microinjected
eGFP TALEN mRNAs at 100 or 150 ng/ul into the pro-
nuclei of zygotes. After the microinjection, 92.2%
(130/141) and 90.6% (116/128) of the TALEN-injected
embryos survived, respectively (Table 1). Following
transfer of the surviving embryos to pseudopregnant
females, 51 pups were born from 130 transferred em-
bryos (39.2%) at 100 ng/ul and 32 pups were born from
116 transferred embryos (27.6%) at 150 ng/ul. Observa-
tion of the pups for green fluorescence under ultraviolet
light on the day of birth revealed that eGFP fluorescence
was completely abolished in three pups (5.9%) at 100
ng/ul and in four pups (12.5%) at 150 ng/ul (Table 1).
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The fluorescence images and DNA sequences of two of
the three eGFP-disrupted pups at 100 ng/ul are shown
in Fig. 2A and 2B, respectively. In addition, we obtained
some pups with mosaic disruption of eGFP fluorescence
at 150 ng/ul (Supplementary Fig. 2).

Next, eGFP TALEN mRNAs were injected at 150 ng/
41 into the cytoplasm of zygotes. After the microinjec-
tion, 86.3% (69/80) of TALEN-injected embryos sur-
vived (Table 1) and 33 pups were born from 69 trans-
ferred embryos (47.8%). On the other hand, after
transfer of pCAG-eGFP mouse embryos that had not
been injected with TALEN mRNAs, eight pups were
born from 21 embryos (38.1%). Thus, toxicity was not
observed after the microinjection of TALEN mRNAs
into the cytoplasm. When we observed the pups for green
fluorescence under ultraviolet light, we found four pups
in which fluorescence was completely absent and four
mosaic pups (12.1% each) (Tables 1 and 2). Although
the percentage of the green fluorescence-disappeared
pups differed little from pronuclear injection, the birth
rate of the pups with cytoplasmic injection was much
higher than that with pronuclear injection (Table 1).
Therefore, we concluded that TALEN mRNAs should
be injected into the cytoplasm rather than the pronuclei.
We then examined several analytical methods using the
33 pups described above.

Genomic DNA was extracted from all pups, and sub-
jected to genomic PCR. The amplified product, including
the TALEN target site, was 264 bp if no mutation was
present. The individual products were subjected to aga-
rose gel electrophoresis for the HMA. A recent study
demonstrated that PCR products including TALEN-in-
duced mutations could be detected by the HMA [9]. The
HMA is the easiest method for the detection of muta-
tions, because it only requires the performance of aga-
rose gel electrophoresis after the genomic PCR. If muta-
tions are introduced in the target DNA fragments, the
shifted bands appear in proportion to the mutation rate
based on the formation of heteroduplexes between the
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M1 CTTCAAGGACGACGGCAACTACAA——-~CGCGCCGAGGTGAAGTTCGAGGGCG
M2 CTTCAAGGACGACGGCAACTATA-—--CCGCGCCGAGGTGAAGTTCGAGGGCG
CTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCE

Fig. 2. TALEN-mediated disruption of the eGFP gene in mice. (A) Bright-field (left panel) and fluorescence
microscopy (right panel) images of newborn mice. eGFP TALEN mRNAs were injected into fertilized
eggs heterozygous for eGFP. Embryos were transferred to pseudopregnant females. The arrowheads
indicate pups in which eGFP is disrupted. (B) eGFP sequences in pups displaying a disrupted eGFP gene
(M1 and M2). The original sequence is shown at the bottom with the TALEN target sequences (underlined).
Deletions are indicated by dashes.

Table 2. Summary of the analyses for mutant screening

Founders 1 2 3 4 5 6 7 8 9 10 11
eGFP disruption mosaic ND ND ND ND ND mosaic ND ND ND ND
HMA + ND ND ND + + ND ND ND ND +
RFLP + ND ND ND + ND ND ND ND ND +
Sequence mutation NT NT NT NT NT + + NT NT NT NT
Genotype MT MT MT MT MT
Founders 12 13 14 15 16 17 18 19 20 21 22
eGFP disruption mosaic ND ND ND ND ND ND ND + +  mosaic
HMA + ND ND ND ND + ND ND + ND ND
RFLP + ND +- ND ND + ND ND ND + ND
Sequence mutation NT NT + NT NT NT NT NT NT + +
Genotype MT MT MT MT MT MT
Founders 23 24 25 26 27 28 29 30 31 32 33
eGFP disruption ND ND + + ND ND ND ND ND ND ND
HMA + + ND + ND ND + ND + ND ND
RFLP + + ND ND ND ND +—-  ND + ND ND
Sequence mutation NT NT + NT ND NT NT NT NT NT NT
Genotype MT MT MT MT MT MT

HMA, heteroduplex mobility assay. RFLP, restriction fragment length polymorphism. ND, not detected. NT, not
tested. M T, mutant.

mutated alleles and non-mutated alleles. We confirmed  two pups (#21 and 29), we detected PCR products of 264
shifted bands in 12 pups (#1, 5,6, 11,12,17,20,23,24,  bp and about 200 bp. These smaller bands suggested that
26, 29 and 31) (Table 2 and Supplementary Fig. 3). In  extensive deletions were induced in these pups.
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RFLP analysis is also often used for the detection of
mutant alleles [1, 8, 15]. If there is a unique restriction
site in the center of the TALEN spacer sequence, the
mutated alleles obtain resistance to the restriction en-
zyme. The PCR products were purified from all indi-
viduals, and examined for whether they could be di-
gested by Accll. The original 264-bp PCR product is
cleaved into two DNA fragments of 150 bp and 114 bp
by Accll digestion (Supplementary Fig. 4A). The PCR
products of 11 pups (#1, 5, 11, 12, 14, 17,21, 23, 24,29
and 31) showed some resistance to Accll, including less
obvious ones such as #14 and 29 (Table 2 and Supple-
mentary Fig. 4B). Although these results were similar to
the HMA results (Supplementary Fig. 3), there were still
some individuals that we could not confirm as mutants.
Therefore, we determined the genomic eGFP sequences
and expected amino acid sequences of such individuals
(Supplementary Figs. 5A and 5B). Finally identified 17
pups as TALEN-mediated mutants (#1, 5, 6, 7, 11, 12,
14, 17, 20, 21, 22, 23, 24, 25, 26, 29 and 31; 51.5%)
(Table 2).

The different results for the HMA and RFLP analysis
were thought to be caused by the difference in the prin-
ciples between these methods. If mutations are present
that do not cause disruption of the recognition sequence
of the restriction enzyme, they cannot be identified as
RFLP-positive. On the other hand, a single base substi-
tution or an extremely small insertion or deletion might
not be detected by the HMA because of the minor effects
on the heteroduplex mobility. In addition, some mice
that were identified as mutants by HMA and/or RFLP
analysis did not show the eGFP disruption (Table 2).
There are some possible reasons of inconsistent results
between green fluorescence observation and mutation
analyses. One possibility is a failure of disrupting protein
functions. If in-frame mutations or base substitutions are
induced, green fluorescence could be remained. An-
other possibility is the timing of mutagenesis. If muta-
tions are induced at late developmental stages, disruption
of green fluorescence could be undetectable.

In summary, we assessed multiple analytical methods,
comprising eGFP observation, HMA, RFLP analysis and
DNA sequencing, for the detection of TALEN-induced
mutants. Although DNA sequencing is generally the best
way to definitely confirm mutations, it is very laborious
work to subclone and sequence multiple clones for all
pups. Although direct sequencing of genomic PCR prod-
ucts is easier than the above-described clone sequencing

58

83

method, it can only detect mutations occurring at very
carly developmental stages. Considering all the various
factors together, we think that there is a need to narrow
down the candidates for mutants using the HMA and/or
RFLP analysis before sequencing, even though it may
lead to some mutant pups being overlooked, such as #25.

In contrast to other methods for analyzing TALEN-
induced mutations that require specialized and costly
equipment, such as high-resolution melting analysis [3]
and surveyor nuclease assay [16], the methods that we
tested require only commonly used reagents and equip-
ment. We hope that this report will become a good
model for the genotyping of TALEN-mediated knockout
mutations, in mice and other organisms.
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