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KitL, via its receptor cKit, supports primordial germ cell (PGC) growth, survival, migration and reprogram-
ming to pluripotent embryonic germ cells (EGCs). However, the signaling downstream of KitL and its regu-
lation in PGCs remain unclear. A constitutively activating mutation, cKit'°°®4, causes gain-of-function
phenotypes in mast cells and intestines, and gastrointestinal stromal tumors (GISTs) when heterozygous.
Unexpectedly, we find that PGC growth is not significantly affected in cKit"*>°®* heterozygotes, whereas in
homozygotes, increased apoptosis and inefficient migration lead to the depletion of PGCs. Through genetic
studies, we reveal that this oncogenic cKit allele exhibits loss-of-function behavior in PGCs distinct from that
in GIST development. Examination of downstream signaling in GISTs from cKit"****"* mice confirmed hyper-
phosphorylation of AKT and ERK, but both remain unperturbed in cKit"****’* PGCs and EGCs. In contrast, we
find reduced activation of ERK1/2 and JNK1 in cKit"**®* homozygous PGCs and EGCs. Inhibiting JNK,
though not ERK1/2, increased apoptosis of wild-type PGCs, but did not further affect the already elevated
apoptosis of cKit">°84/V5584 pGCs. These results demonstrate a cell-context-dependent response to the
cKitV>#4 mutation. We propose that AKT overload protection and JNK-mediated survival comprise PGC-spe-
cific mechanisms for regulating cKit signaling.

INTRODUCTION

Primordial germ cells (PGCs) are the embryonic founders of
the adult gametes. In most animals, PGCs are set aside as a
distinct cell lineage during early embryogenesis. Mammalian
PGCs are specified from the epiblast at E7.25 in mice and tra-
verse many tissues before eventually colonizing the gonad at
E11.5 (1). During their migration, PGCs undergo proliferation,
increasing from approximately 100 at E8.5 to approximately
3000 at E11.5 and continue to divide in the genital ridges,
where they differentiate along male- or female-specific gam-
etogenesis programs (2). PGCs are also the source of pluripo-
tent stem cells called embryonic germ cells (EGCs) that
resemble embryonic stem cells (ESCs) in their properties
and gene expression (3,4).

cKit and its ligand (KitL), encoded by W and Steel loci, re-
spectively, are essential for PGC survival, migration and pro-
liferation in mice. Loss-of-function cKit mutations result in
the failure of PGC proliferation after E8.5, impaired migration

and a large proportion of ectopic PGCs (5,6). Dynamic regu-
lation of KitL expression in somatic cells promotes the sur-
vival of properly localized PGCs and the apoptosis of
ectopic PGCs (7,8). In vitro culture experiments demonstrate
that soluble KitL [or stem cell factor (SCF)] is required in a
dose-dependent manner for PGC survival (9), proliferation
(10) and migration (11,12). On the other hand, cKit
gain-of-function mutations are typically oncogenic (13,14).
A frequent mutation in the second kinase domain, at Valine
816, is associated with testicular germ cell tumors, but may
promote their progression rather than initiation (15—17). Acti-
vating mutations in the cKit juxtamembrane (JM) domain are
found in human gastrointestinal stromal tumors (GISTs), and a
mouse model of the most frequently mutated residue, V558
(V559 in human), replicates the disease (14,18,19); these
mutations presumably disrupt JM-mediated inhibition of cKit
autophosphorylation in the absence of KitL (20). Tyrosine
phosphorylation, accelerated by KitL-induced receptor dimer-
ization, provides docking sites for mediators of several
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signaling pathways: PI3K/AKT, MAPK, JAK-STAT and Src
(21-25). The functions of these respective pathways in
PGCs remain largely opaque. The absence of PGC phenotypes
in mouse models with deletions of the tyrosine docking resi-
dues for PI3K (Tyr719) and Src (Tyr 567/569) present a con-
undrum for understanding these important pathways in this
rare and relatively inaccessible cell type (26—28).

Here, we used an activating mutation, cKit"?% , to ascertain
the in vivo consequences of cKit pathway overstimulation for
PGCs. Thrm%h Agenetic and biochemical studies, we found
that the cKir">"*2 mutation does not significantly affect PGC
growth in heterozygotes and causes unexpected PGC depletion
and loss of MAPK signaling in homozygotes. Our results
suggest that the signaling requirements of PGCs are distinct
from GISTS and furthermore uncover JNK as an important ef-
fector of cKit-mediated PGC survival.

RESULTS

A constitutively activating cKit mutation, V5584, does not
disrupt PGC development in heterozygotes, but causes
PGC depletion in homozygotes

To investigate the consequence of cKIT over-activation for
PGC development, we examined a mouse mutant with a tar-
geted deletion of Valine 558 (cKitV558A), a residue in the JM
domain (18). Gain-of-function gg)henotypes in diverse tissues
have been described in cKit”>?** heterozygotes: a 4-fold in-
crease in mast cell number, increase in skin melanocytes and
100% penetrant GIST [P. Besmer, personal communication
(18)]. In contrast to these phenotypes, testes and ovaries of
cKit" 54" appeared grossly normal in size, weight and
morphology, and testicular tumors were not detected in adult
mice by the time of their mortality at 3—6 months of age
from GISTs (n=10) (Supplementary Material, Fig. S4).
In E17.5 cKit" 78473984 fetal testes, we did not observe any
Nanog and E-cadherin-expressing neoplasias (Supplementary
Material, Fig. S1A) as has been described on genetic back-
grounds conducive to teratomas (29).

Upon examining mid-gestation embryos, we observed an
unexpected PGC phenotype. By E11.5, as PGCs aggregate
and colonize the gonads, a marked depletion was observed
in cKit"??%4739%4 by whole-mount immunostaining for the
PGC marker GCNA (Fig. 1A). Quantitative image analysis
of E11.5 gonads (12) revealed a corresponding decrease in
PGCs of homozygotes (mean 371 + 76 PGCs) compared
with WT (1909 + 549) or cKit" 75" (1142 + 270) litter-
mates (P < 0.05, Fig. 1B). Although cKIT protein is detectable
in PGCs as ecarly as E7.75 (30,31) and cKit loss-of-function
mutants exhibit measurable PGC loss by E9.0 (5), we did not
observe earlier phenotypes in cKit"” o84 homozygotes. At
E8.0—8.5, alkaline phosphatase (AP) staining revealed normal
PGC incorporation into the hindégut and comparable PGC
numbers between WT and cKir" %24 embryos (Fig. 1C),
suggesting that PGC specification occurs normally in these
mutants. Interestingly, cKif"?8A+ embryos show a slight and
transient increase in PGC numbers at E8.0-8.5 (Fig. 1C),
whereas no differences in PGC numbers could be detected
near the end of PGC migration at E10.5 (Fig. 1A).

The observed deficit of PGCs in cKir" %4754 mutants
could arise by altered rates of apoptosis, proliferation or mi-
gration, and cKit has been implicated in all of these cellular
mechanisms (5,9). In E11.5 histologic sections, we found a
3.0-fold increase in the frequency of SSEA1" PGCs expres-
sing the apoptotic marker cPARP in cKir"*?%4"77%4 gonads
(1.74 + 0.23%) compared with either WT or heterozygotes
(0.59 £ 0.17 and 0.69 + 0.16%, respectively), as shown
in Figure 1D. Examining proliferation by 5-ethynyl-2’-
deoxyuridine (EdU) incorporation and phospho-histone H3,
we observed no significant differences between the three gen-
otypes (Fig. 1E and data not shown). Finally, we quantified the
efficiency of PGC migration at E11.5, after the majority of
PGCs have colonized the gonads. In serial sections, we
observed increased accumulation of PGCs in the dorsal mes-
entery (7.99 + 3.17% of the total number) of cKif" 784384
compared with WT embryos (1.02 £+ 0.99%, Fig. 1F). Taken
together, these results indicate that PGC depletion of
cKit"I8473384 embryos is due to increased apoptosis and ab-
errant migration. In support of this conclusion, we observed in
double-mutant analysis that the V558 A phenotype was partial-
ly rescued by genetic removal of the pro-apoptotic gene Bax
(Supplementary Material, Fig. S2); the total number of PGCs
in  cKit"A"3 58A;Bax7/ ~  embryos was increased over
cKi"?I84V3384 4t E11.5. However, the number of ectopic
PGCs also increased in double mutants, similar to the previous
cross between a null allele for KitL and Bax (7,32).

We compared the unexpected PGC phenotype of
cKit" 473384 embryos with that of loss of function alleles
of ¢Kit. In a genome-wide recessive ethylnitrosourea (ENU)
mutagenesis screen for PGC defects, we identified such a
novel allele, cKir**3% (33). Sequencing revealed an A — C
change at Chr5: 76 048 608 (NCBI37/mm9) that produces a
substitution of serine 830 by arginine in the second kinase
domain of the predicted protein (Supplementary Material,
Fig. S3). cKir***"®* mice were characterized by white spots
on their belly and back (Fig. 3A and Supplementary Material,
Fig. S3) similar to the gigment defects in the null allele cKit”
(6). Most cKit**3O%S830R mice died perinatally, and the few
escapers that survived to adulthood were black-eyed, albino
and failed to breed (Supplementary Material, Fig. S3). As
early as E8.0 (4—6 somite stages), a deficit in the number of
PGCs in cKir®*%5%30R mutants could be detected by AP stain-
ing; whereas 50—80 PGCs were present in wild-type, cKit****%
homozygotes possessed ~20-50 (P <0.001; Fig. 2A).
Furthermore, cKir***’® mutant PGCs tended to adhere together
in clurn[ps at the base of allantois at this stage, reminiscent of
KitLS"S" mutants (32), whereas they have already incorporated
into the endoderm pocket in wild-type and cKit™***®" litter-
mates (data not shown). By the 9—12 somite stage, whereas
PGCs in WT embgyos increase rapidly (~90-110), the
number in cKi®3®5%3R embryos remained around 40, and
did not rise at E10.5 (25 + 3.2 compared with 816 + 68 in
wild-type) or by E11.5 (6 + 0.8 compared with 2414 + 176
in wild-type, Fig. 2B, C and E). PGC depletion in these
mutants is at least partially due to excessive aj o]{:})tosis, as the
loss of one Bax allele slightly increased cKitEB RISS30R pGC
number to 45.5 + 53 (P <0.001) and the loss of two Bax
alleles significantly increased cKir**>*®S53%% pGC number from
10 +39 to 130+64 at EI05 (P<0.001; Fig. 2D).
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Figure 1. cKir">**4 does not disrupt PGC development in heterozygotes, but causes PGC depletion in homozygotes. (A—C) PGC numbers are comparable among
WT, cKit">?4* and cKif" 275472384 embryos at E10.5 by SSEAL staining (arrows, A, top panels), but GCNA staining at E11.5 reveals a severe PGC reduction in
the gonads of cKir"*%477*54 mytant embryos (A, bottom panels, quantified in B). Analysis of E8.0—8.5 embryos by AP staining confirms that early PGC
numbers are similar between WT and cKir’ 25473354 embryos, but slightly increased in heterozygotes (P < 0.05, C). (D) Increased apoptosis in cKif"PI8AV384
gonads at E11.5 was observed by cPARP staining. (E) Similar rates of PGC proliferation in all genotypes were observed by EdU incorporation. (F) The frequency
of ectopic PGCs in dorsal mesentery was increased in cKif"5Ar584 embryos at E11.5. Scale bars = 200 pm. *P < 0.05; **P < 0.01. Bars represent the mean +
SEM.

cKit"**%4 behaves as loss-of-function allele for PGCs

Collectively, th henot t bl 1l alleles of
ollectively, these phenotypes most resemble null alleles of = " ' ~ ~Cel L

cKit (5,6) and KitL (32) and suggest that cKit53R acts as a
null allele, possibly with some dominant negative activity.
Compared with ¢Kir**3%% the cKit">*** phenotype in the
PGC compartment is significantly milder with later onset.

The surprising PGC reduction in cKit" V3384 mutants raises

two distinct possibilities. If PGC survival requires moderate
levels of cKit signaling, persistent and excessive activation of
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Figure 2. cKit*3%" is a strong loss of function allele. (A) AP staining revealed a decrease in PGC number during early migration at E8.0—8.5 in cKi

rS\?j OR/S830R

(P < 0.001) embryos. (B, C and E) PGC depletion in both cKitS3O%™F and cKifSS3ORS830R was evident by SSEA1 staining (E, arrows), and when quantified was
statistically significant at E10.5 (B) and E11.5 (C). (D) Removal of one or two Bax alleles significantly rescues PGC loss of cKir¥*3?®83R empryos. Scale bars =
200 pm. *P < 0.05; **P < 0.01; ***P < 0.001. Bars represent the mean + SEM.

the receptor may be harmful and lead to PGC depletion. Alter-
natively, cKir">?%4"754 may function as a loss-of-function
allele for PGCs. To distinguish between these possibilities,
we performed three genetic experiments.

First, we crossed cKit” 5" to our ENU loss of function
allele, cKir™®*_ If PGC depletion in cKit"™> 8AV38A mutants
arises from excessive cKit signaling, we might expect a reduc-
tion in the level of active cKit to rescue the phenotype in com-
pound heterozygotes. Instead, we observed that PGCs were

3 :
V558A/S830R embryonlc

nearly absent (<10 at E11.5) in c¢Kit

gonads, in contrast to the partial reduction in cKir****®* and
variable though statistically insignificant reduction of PGCs
in cKit"?*%4* embryos at E11.5 (Fig. 3A). Compound hetero-
zygotes were viable, and their germ cell deficiency persisted;
by 12 weeks after birth, the gonads were very small, with
testes seminiferous tubes sparsely populated or devoid of
sperm, and cKif"IBASE0R yaries containing mainly lutei-

nized interstitial cells and few immature and unhealthy



Human Molecular Genetics, 2013, Vol. 22, No. 2 317

CcKitS830R/H cKitV5sea/+ cKitV5584/5830R
F ' ) a e

>

adult

E11.5

CKHWﬁ CK;'tVﬁSEMV

5

C
: _ 100 - N.S.
80
60 -

'S
o

E10.5

# PGCs (E10.5)

oS
o
1
—

0
cKit  WT  V558A/+ V558A/V5584
KitL SI/SI Sl/SI SI/SI

N= 4 7 4
D
cKitvsseas cKiVs58a/s830R cKitvsssaw cKit/s%8a%;
KitLsv+

PGC No significant Nearly Severe Variable
phenotype reduction absent reduction reduction
GIST 100% (20/20) 100% (5/5) 100% (4/4) 100% (10/10)
incidence

Figure 3. cKit"™ 84 behaves as a loss-of-function allele for PGCs but not for tumor formation. (A) Melanocyte and PGC deficits are more severe in cKif"P5ASEIOR

mice than in cKir®***®** mice. Coat colors of WT, cKir***%*+ | cKif"**54* and cKir” 4S53R adult mice on the C57/BI6 background are shown in top panels. E11.5
gonads were immunostained with SSEA1 (bottom panels). (B) In cKi""PA 115 gonads, stained with SSEA1, PGCs are severely depleted (approximately 200
PGCs/embryo), whereas a variable but statistically insignificant PGC reduction was observed in cKir”’*. (C) PGCs (arrows), identified by SSEA1 immunostaining,
are nearly absent in KizL*"S embryos (ii, 18 + 3.6 PGCs). The presence of one cKit"™54 allele partially restores PGCs (iii, 67 + 15). However, cKit"> SATSI8A Joes
not rescue PGC depletion in KitL""' embryos (iv, 10 + 7.8 PGCs). WT littermate is shown in (i). (D) PGC phenotypes, determined at E11.5, and GIST incidence,
examined at 8—12 weeks of age, are summarized in cKit”?54* mice and compound mutants generated with cKit*>"*'* cKit™" or KitLS"*. Scale bars = 200 wm.
*P < 0.05; bars represent the mean + SEM.
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follicles (Supplementary Material, Fig. S4). We also observed
a surprising coat color phenotype in this cross, as cKit"8Y
S830R adults on C57/Bl6 background were albino, in contrast
to the piebaldism of cKir***’® heterozygotes and lack of
defect in cKit"?**4* melanocytes (Fig. 3A). The observed
germ cell and coat color phenotypes could su§gest synergistic
inhibitory effects of cKit”>%A and cKir***’R However, we
cannot rule out the possibilities that cKir**°% exerts dominant
negative activity, or that cKir">’ 84 requires dimerization with
a wild-type cKIT protein for gain-of-function activity. In order
to test these possibilities, we performed a second cross
between cKit'>>*** and a null allele, cKitW, which abolishes
cell-surface expression and kinase activity of the receptor (34).
Com‘;)ound heterozygotes should, therefore, express onl
cKit" 354 homodimers, but at a level 50% of cKit 3I8AV584
W heterozygotes are identified postnatally by their coat color
defects, but the amount of tissue from embryos precluded
genotyping by Southern blot. We observed in three litters
from cKit’ %+ and cKir"™'* parents that 5 out of 21 (24%)
embryos exhibited a severe PGC reduction (Fig. 3B); all of
these five embryos harbored the cKir">**4 allele and occurred
at the expected ratio of compound heterozygotes (25%). The
PGC deficiency of these presumed compound heterozygotes
was milder than that of cKit"> *45%3°% and more severe than
cKif"?8AV384. corroborating the possibility of cKiz***% dom-
inant negative activity. However, the persistence of approxi-
mately 200 PGCs in cKir"?***" compared with 0—50 in
mutants where cKit activity is completely abolished, such as
in cKit™" (5), suggests a low level of signaling from
cKit"?%4 homodimers in PGCs.

To determine whether cKir">”%4 activity in PGCs depends
upon KitL or is ligand-independent, we generated compound
mutants between cKir’?>** and a KitL null allele, Steel (35).
An early and profound loss of PGCs occurs in KitL"
embryos (32), and thus we predicted that any cKit receptor
autoactivity in PGCs should mollify this loss. Compared
with background and stage-matched KitL5”*' homozygotes,
which have 0—30 PGCs at E10.5, no difference was observed
in cKit" A8 K SYS! double homozygotes (Fig. 3C), sug-
gesting that cKir”%4"*3%4 does not have ligand-independent
activity in PGCs. Interestingly, on a KitL"*' null background,
cKit"?54" significantly increases the mean PGC number
from 18 to 63 (Fig. 3C), demonstrating a functional consequence
for ligand-independent activity in promoting PGC survival. To-
gether, these compound mutants suggest that cKit" ¥ is re-
sponsive to and dependent upon KitL, as its genetic ablation
significantly impacts PGC phenotypes; furthermore, cKit"*7%4
exhibits no basal or ligand-independent activity in PGCs when
homozygous, and when heterozygous, is capable of low levels
of autoactivity.

In three different genetic contexts, homozygous V5584
behaves as a loss-of-function rather than a gain-of-function
allele in PGCs. However, one allele of V5584 appears to be
sufficient for the development of GISTs on any genetic back-
ground; masses were observed in the cecum of 100% of
CKit SSBASSIOR " g VSSSAIW o1 4 KV SIS g U+ adults at
ages of 8—12 weeks (Fig. 3D). Whereas GIST development
appears to be unaffected by reduced dosage of KitL, reduced
levels of ¢Kit or homodimerization of V5584, PGC develop-
ment is highly compromised. Collectively, these phenotypes

reveal distinct and cell-context-specific cKit signaling require-
ments between GISTs and PGCs.

Pluripotent EGCs derived from cKir"™’ 84 mutant PGCs
recapitulate the phenotype

In light of the limitations to conducting biochemistry with
PGCs, we chose to study signaling mechanisms in cKit">*%4
mutants in an immortal cell line that most closely approximates
PGCs in lineage and expression. We derived lines of EGCs from
E11.5 PGCs bearing the Oct4APE:EGFP reporter and estab-
lished lines of wild-type, cKir">*¥* and cKif">2%473384
EGCs (Fig. 4A) (3,4,36). Maintained in self-renewing condi-
tions, EGCs from all genotypes exhibited similar rates of pro-
liferation, measured by BrdU incorporation (Supplementary
Material, Fig. S5). By annexin V staining, we observed an in-
crease in apoptosis among cKif"8A384 BGCs (543 +
1.73%) compared with heterozygous (2.36 £+ 0.37%) or wild-
type EGCs (2.14 4+ 0.01%; Fig. 4B). This decrease in the sur-
vival of cKit"?**4"33%4 EGCs compared with heterozygote or
wild-type EGCs paralleled the trend observed in PGCs (Fig. 1D).
We confirmed that all three EGC lines express similar levels of
cKit transcript (Fig. 4C) as well as total cKIT protein
(Fig. 4D), eliminating the possibility of variability due to
cKit expression levels.

We next assessed cell-surface expression of cKIT in
mutants, since activity-induced endocytosis is a well-known
negative feedback mechanism for cKit (37). Flow cytometric
comparison of cKIT expression at the cell surface revealed a
moderate reduction in cKir"*** EGCs and even greater re-
duction in cKit">*¥4"39%4 EGCs (Fig. 4E). We wondered
whether progressively reduced surface cKIT in V5584 hetero-
zygous and homozygous EGCs reflects increased receptor
autoactivity, and furthermore whether this attenuation mech-
anism affects subsequent ligand sensitivity. To assay the
ligand responsiveness of each EGC genotype, we pulsed
with 60 ng/ml soluble KitL (SCF); a corresponding decrease
in cKIT surface expression was observed after 30 min of SCF
treatment, and this relative decrease was identical in wild-type,
cKit" 84 and cKif %7384 EGCs despite the initially dif-
ferent levels (Fig. 4F). We sought to validate these discrepan-
cies in EGC cKIT expression in vivo, and similarly found in
El1.5 PGCs that the down-regulation in cKif”’ 847+ and
further in cKit>*%4"7*%4 was comparable with that in EGCs
(Fig. 4G). In contrast, we observed that cKir**’®* PGCs
exhibit wild-type levels of cKIT protein on cell surface
(Fig. 4H), suggesting differences in mutant receptor signaling
or trafficking between cKit"”’ 84 and cKit®**’R These results es-
tablish the use of EGCs as a relevant tool for studjyinAg V5584
mutant receptor activity; together with the cKir"**4;Kirl 5"
cross, these studies indicate normal ligand-responsiveness but
compromised signaling or trafficking of cKIT 3384 in EGCs
and PGCs.

AKT is highly activated in GISTs but remains
unperturbed by cKit”**** in EGCs and PGCs

Crosses with two ¢Kit LOF alleles as well as KitL revealed dif-
ferent behavior of V558A in tumors versus PGCs and ruled out
the possibility that excessive cKit signaling leads to the
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protein levels did not differ among all EGC genotypes by immunoblotting. (E—H) Live immunostaining with cKIT antibody revealed successively reduced
surface expression on cKit”*4* and cKir">*%47>*54 EGCs. SCF-induced downregulation of cKIT was comparable in all EGC genotypes (F). Similarly,
cell surface cKIT reduction was observed in cKir">**4* and cKirf’ 75477354 pGCs (G) but not on cKir** R+ pGCs (H). *P < 0.05; bars represent mean + SEM.

demise of PGCs. These genetic studies suggest that PGC loss
in V558A homozygotes occurs by a different, loss-of-function
mechanism. We next used the EGCs to interrogate phosphor-
ylation of candidate downstream signaling molecules bio-
chemically. Hyperphosphorylation of AKT was previously
reported in GISTs from cKit"?**4" mice, and markedly
decreased following imatinib-induced tumor regression (38).
We first compared AKT phosphorylation between EGCs

derived from WT PGCs and GISTs isolated from cKir">*54*+
mice by western blot (Fig. 5A). Consistent with previous
studies (38), we observed a high level of AKT protein expression
and phosphorylation in GIST tumor lysates relative to wild-type
EGCs. Upon comparing AKT phosphorylation in WT and
cKit" ¥4 EGCs, we observed uniform levels among all geno-
types in the absence of added SCF, and similar P-AKT increases
following SCF stimulation (Fig. 5B). In E11.5 sections, we
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Figure 5. P-AKT signaling is intact in cKir">**4"?%%4 PGCs and EGCs. (A) Cell lysates of GISTs from three cKit'***** mice immunoblotted with
anti-phospho-AKT (Ser 473) antibody followed by anti-pan AKT antibody, and anti-B-tubulin antibody showed elevated P-AKT and robust total AKT compared
with EGCs. (B) EGCs sorted from STO feeder cells were starved for 2 h and then treated with 50 ng/ml SCF for 10 min. Immunoblotting revealed similar AKT
phosphorylation across genotypes. The P-AKT levels that are shown on the graphs have been normalized to total AKT in n = 3 experiments. (C and D) P-AKT
immunostaining in E11.5 embryo sections revealed nuclear signal in a subset of PGCs, identified by SSEA1 immunostaining (C). The frequency of P-AKT™
PGCs was similar among all genotypes (D). Scale bars = 5 pm. **P < 0.01. Bars represent the mean + SEM.

detected robust P-AKT immunoreactivity in the nuclei of ap-
proximately half of PGCs (Fig. 5C); cytoplasmic P-AKT was
not observed in PGCs, but was present in other somatic cells.
However, the frequency of P-AKT-positive PGCs did not
differ between wild-type, heterozygotes and homozygotes
(Fig. 5D). This result suggests, first, that altered AKT s1%nalmg
does not underlie the loss of PGCs in cKir" 5473382 and,
second, that cKit"?*" does not elevate AKT act1v1ty in
PGCs as in GISTs, and presumably their precursors (38).

We also examined several effectors of the JAK-STAT
pathway, of which only P-STAT-3 could be detected in EGCs.
As shown in Supplementary Material, Figure S6, we observed
a moderate increase of STAT-3 (s)hosphorylanon in cKif"54F,
but no alteration in cKirf" %4794 EGCs.

Loss of MAPK signaling compromises the survival
of cKit">54V3%4 mutant PGCs

We next examined effectors of the MAPK pathway in EGCs
and PGCs. By 1mmunoblott1ng, we confirmed that ERK was
consistently more activated in GISTs from cKit" 54 mice
compared with EGCs (Fig. 6A). ERK ghosphorylatlon was
similar between wild-type and cKit" 8% EGCs in the
absence of exogenous SCF, whereas phosphorylation was
markedly reduced in cKit"’ s4v55sa EGCs (Fig. 6B). This per-
sistence of ERK1/2 activity may be attributable to autocrine
SCF production by EGCs, which we noted by qRT-PCR
(data not shown). Following SCF addition, ERK1/2 phosphor-
ylation increased modestly in cKir’” SAVs58A EGCs, but
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Figure 6. Hypophosphorylation of ERK1/2 in cKit">*54"> 4 PGCs and EGCs. (A) GISTs (from three cKir">54* mice) and cell lysates isolated from sorted EGCs
(WT, two lines) were immunoblotted for P-ERK1/2, total ERK1/2 and B-tubulin, revealing high levels of activated ERK in GISTs. (B) EGCs sorted from STO cells

were starved for 2 h and then treated with 50 ng/ml SCF for 10 min. Immunoblotting revealed a decrease in ERK1/2 phosphorylation in cKit

V558A/V558A . The

P-ERK1/2 levels shown on the graphs have been normalized to total ERK1/2. (C) WT, cKit"™8F and cKifPI84r>384 embryos at E11.5 were sectloned
and co-immunostained for P-ERK1/2 and Stella, a PGC marker. P-ERK1/2 (red), mainly detected in cytoplasm and occasionally in the nucleus, was strong
(white arrow heads) in WT and heterozygous PGCs, whereas it was weak or absent (yellow arrow heads) in cKir">*4">?%4 pGCs. Frequencies of P-ERK1/
2-positive PGCs (exhibiting strong staining) were quantified (D). (E) PGC from E11.5 WT embryos were co-cultured with somatic gonad cells in DMEM
with 50 ng/ml SCF and an MEK inhibitor, PD032590, at the indicated concentrations for 20 h. The frequency of apoptotic PGCs, detected by caspase-3 and
SSEAL1 co-immunostaining, did not increase with MEK inhibitor treatment. Scale bars = 5 pm. *P < 0.05, ***P < 0.001.

remained significantly lower than that of wild-type or hetero-
zygote. We sought to validate these ERK phosphorylation
differences in PGCs by immunohistochemistry. In E11.5
sections, P-ERK1/2 was primarily detected in cytoplasm and
occasionally in the nucleus of PGCs within the gonad, in
56.4% of wild-type PGCs (Fig. 6C and D), consistent with a
previous report (39). cKit">>* * PGCs did not differ from wild-
type in ERK phosphorylation. However, in cKif">*%4"5384,
P-ERK1/2 immunoreactivity was much weaker and could
be scored in only 36.7% of PGCs (Fig. 6C and D); this
result in vivo corroborates the P-ERK1/2 loss observed in
cKit"?I84V3384 EGCs. We tested the effect of P- ERK1/2
loss by culturing wild-type E11.5 PGCs in an MEK inhibitor,
PD0325901. However, at a range of doses, programmed cell
death was not increased in either PGCs co-cultured with
somatic cells (Fig. 6E) or purified PGCs (data not shown);
these studies could suggest that cKIT-mediated ERK1/2 signal-
ing is not critical for PGC survival.

We next examined the activity of JNK, another important
MAPK that mediates mast cell proliferation via SCF (40). In

EGCs, phosphorylation of JNK1 was diminished in
cKi tV5 I8AVSIEA sompared with that in wild-type or. heterozy-
gote (Fig. 7A). Examination of GISTs from cKit">*%* mice
revealed, in contrast, undetectable levels of JNK phosphoryl-
ation compared with EGCs (Fig. 7B). By immunofluores-
cence, we were able to detect phosphorylated JNK in E11.5
cultured PGCs. Whereas a punctate nuclear signal was
observed in wild-type and heterozygotes the intensity of
P-JNK was significantly reduced in cKir"??54"3%4 pGCs;

quantitation of this signal in confocal stacks corroborated a
highly significant reduction of P-JNK in homozygous PGCs
and a possible decrease in heterozygotes (Fig. 7C). Since
JNK has not been previously implicated in PGC development,
we began with an assay of its function in EI11.5 PGCs
co-cultured with somatic cells and exogenous SCF. Addition
of a JNK inhibitor (JNKi), SP600125, significantly increased
apoptosis in a dose-dependent fashion (Fig. 7D). Primary
PGCs purified from E11.5 WT embryos responded similarly
to the JNKi (data not shown), suggesting that JNK acts autono-
mously in PGCs to promote their survival. cKit"3I8A3384
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Figure 7. Loss of INK signaling compromlses the survival of cKir"*%4"*7%4 mutant PGCs. (A) EGCs sorted from STO cells were starved for 2 h and then
treated with 50 ng/ml SCF for 10 min. Immunoblotting for P-JNK, total JNK and B-tubulin showed a decrease in JNKI phosphorylation in ¢Kit"™’ I8AV5384
EGCs. (B) Lysates of GISTs from three cKir">>5** mice were compared with cell lysates isolated from sorted EGCs (WT, two lines) by immunoblotting.
P-JNK was not reliably detected in GIST lysates. (C) Gonadal cells from E11.5 WT, cKit" ST or cKif?325AV3384 embryos were cultured for 20 h before
P-JNK and SSEA1 co-immunostaining. P-JNK immunolocalized to the nuclei of PGCs and appeared reduced in cKir"”>%473*54 pGCs, as shown by quantifi-
cation of P-JNK intensity. Scale bars = 5 wm. (D) Gonadal cells from E11.5 WT embryos were cultured in DMEM with 50 ng/ml SCF at the indicated con-

centrations of a JNKi, SP600125, for 20 h. Apoptotic PGCs were detected by co-immunostaining with SSEA1 and caspase 3, with DMSO as a vehicle

control. The JNKi increased PGC apoptosis in a dose-dependent manner. (E) PGCs cultured with gonadal somatic cells of E11.5 WT or cKit

V558A/V5584A

embryos were treated with 5 wm JNKi for 20 h in the presence of 50 ng/ml SCF. The JNKi increased apoptosis of WT PGCs, but not cKit' %4784 pGCs.

P <0.01, **P < 0.001, ****P < 0.0001. Bars represent mean + SEM.

PGCs cultured without JNKi exhibited similarly elevated
levels of apopt051s Importantly, the addition of JNKi did
not further increase apoptosis of cKit'”**4"*3%4 pPGCs in
culture (Fig. 7E).

Together, our data raise the possibility that cKit-mediated
JNK signaling promotes PGC survival but acts independently
of ERK1/2. These results demonstrate the suppression of two
MAPK effectors in cKir"*?¥473*%4 EGCs as well as PGCs and
show that pharmacologic inhibition of JNK induces PGC

apoptosis. The pronounced difference between the phosphor-
ylation state of both ERK and JNK in EGCs and GISTs under-
scores the distinct and cell-context-specific cKit signaling
requirements suggested by our genetic experiments.

DISCUSSION

KitL-cKit is the most critical growth factor signaling pathway
for mammalian PGCs, as its disruption produces the most



severe effects on PGC survival. In this report, we used an
oncogenic cKit gain-of-function mutation, V5584, to study
the consequences of overactivated cKit for PGC development.
Contrary to phenotypes in mast cells and intestine, we find that
cKit"?% does not cause PGC overgrowth; whereas GISTs
arising in heterozygotes have been associated with hyperactive
AKT and ERK signaling (18,38,41), normal levels found in
EGCs and PGCs argue for the existence of mechanisms that
buffer cKit signaling. Surprisingly, V5584 homozygosity
leads to apoptotic attrition of PGCs and EGCs and the attenu-
ation of MAPK signaling. Our work suggests that loss of JNK
underlies PGC death in cKir"?%4">7%4 and that INK is a pre-
viously unrecognized mediator of PGC survival via cKit. To-

gether, these results underscore the distinct and
cell-context-specific management of the KitL-cKit signaling
pathway.

First and foremost, this work reveals unusual behavior of an
oncogenic, autoactivating allele in PGCs. ¢Kit'>"*4 has been
established as a gain-of-function mutation in mast cells and
interstitial cells of Cajal, where it produces hyperproliferation
or hyperplasia (18,38,42). Contrary to expectation, our ana-
lysis in PGCs revealed loss-of-function behavior of this
mutant: when homozygous and in trans with two cKit
loss-of-function alleles, cKir***® and cKit"”, cKit">5%4
caused a reduction in PGCs by E11.5, whereas GISTs still
formed. Similar cell-context-dependent properties of cKit sig-
naling have been described for a number of other alleles
(28,43). Examination of cKir"*?%4 phenotypes in the KitL
null genetic background, in which ligand is absent, supports
the notion that cKit"”*** lacks autoactivity in PGCs when
homozygous, as the double mutants phenocopy the virtual
absence of PGCs in KitL single mutants. However, the
partial rescue of KirL"*' PGCs by one V5584 allele indicates
a different phenomenon in the heterozygote. This result could
suggest that cKit">*** autoactivity in PGCs requires the pres-
ence of a wild-type cKir allele. On balance, the cKit">*%4*-
mediated PGC increase is significant in a KitL>"' background,
but corresponds in numbers to ~6% of the total PGC popula-
tion in wild-type at E10.5; a 6% increase in PGCs would not
be detected in heterozygotes, which are indistinguishable from
wild-type. Alternatively, this demonstrated
ligand-independent activity in KitLS":cKit"’ 844 mutant
PGCs could suggest the presence of a molecular overload pro-
tector in PGCs that restricts the level of cKit signaling above a
threshold. In this case, the persistence of normal PGC develop-
ment in cKit” %" could result from such buffering mechan-
isms, which are not in effect at low levels of cKit signaling,
such as on the S//S/ background.

Examination of the downstream signaling mediators in
EGCs and PGCs corroborates the phenotypes observed in
V5584 heterozygotes and homozygotes. Previous biochemical
studies of V5584 focused on GISTs, cultured bone-
marrow-derived mast cells or overexpression in cell lines,
but signaling has not been examined in normal tissues
(18,38,41). cKit"?**** EGCs exhibited levels of AKT and
ERK1/2 phosphorylation comparable with wild-type. Al-
though STAT3 phosphorylation was elevated, this apparently
does not affect rates of proliferation and apoptosis in
cKit"*¥4T EGCs, which were identical to wild-type. Many
studies of GISTs, including the cKir"*?%** mouse model,
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point to active AKT and ERK pathways as critical for tumor
growth (18,38,41,44,45). Therefore, the unaltered levels of
both mediators in cKir" %+ EGCs is striking, particularly
in comparison with the high AKT and ERK phosphorylation
in GISTs. In PGCs, AKT phosphorylation occurs rapidly
upon the addition of SCF (11) and has been associated with
survival and cell-cycle regulation (46—49). However, our
direct in vivo examination of phospho-AKT in PGCs con-
firmed that the levels of response remain unaffected by
V558A. The discrepancy between AKT activation in
cKit" ¥4 GISTs and EGCs/PGCs reinforces the idea of a
germ-cell-specific mechanism for attenuating high levels of
PI3K signaling. Perhaps consistent with this notion, in vivo
PGC development was not disrupted in a mouse engineered
for increased AKT activation that had activity even in the
absence of tamoxifen (47). The basis of this proposed buffer-
ing mechanism in PGCs, or its loss in tumor cells, will be im-
portant future questions.

The state of signaling in cKit"?*%473384 EGCs and PGCs
sharply diverged from that in heterozygotes. As might be pre-
dicted by the loss-of-function phenotypes, V5584 homozy-
gotes exhibited reduced phosphorylation of the MAP kinases
ERK1/2 and JNK1 compared with either wild-type or hetero-
zygotes. Although it may be tempting to speculate that
reduced cKIT cell-surface expression in homozygotes contri-
butes to this signaling deficiency, this relationship is unclear,
as cKit alleles with aberrant trafficking can contribute to sig-
naling from within subcellular compartments (50,51). MAP
kinase signaling remains largely unstudied in PGCs. Work
in a fibroblast growth factor receptor 1 mutant demonstrated
a reduction in both PGC survival and ERK1/2 activation,
but did not establish a causal connection (39). Despite the
observed loss of ERKI1/2 phosphorylation in EGCs and
PGCs in vivo, 20 h culture of PGCs with an MEK inhibitor
did not reczi\pitulate the PGC apoptosis phenotype of
cKit"I8473384 - Although in a previous report MEK inhibitor
diminished PGC numbers after 7 days in culture, by this
point the remaining cells likely underwent transformation to
EGC colonies, which may respond differently (48). Our
studies diminish the possibility that ERK signaling promotes
PGC survival in the E11.5 gonads within the observed time
frame. However, ERK likely mediates other functions of
PGCs downstream of cKit, such as migration, as suggested
by in vitro studies with the MEK inhibitor (11). Alternatively,
recent demonstration that ERK inhibition preserves the naive
pluripotent state and enhances EGC derivation suggests, tan-
talizingly, that cKit-mediated ERK signaling promotes differ-
entiation of PGCs in the Vgonad 52).

Our studies of cKir" 2%4">7%4" more clearly implicate
another MAP kinase, JNK, in promoting PGC survival via
cKit. Numerous studies paradoxically link the JNK pathway
to both activation and avoidance of apoptosis, depending
on cell type, stimulus, duration of activation and activity of
other signaling pathways (53). JNKs are highly activated by
cellular stresses such as heat shock, UV and irradiation and
by inflammatory cytokines including TNF-a and IL-1. On
the other hand, a number of growth factors including EGF,
nerve growth factor and SCF induce JNK activation (40,54).
For example, in mast cells, irradiation causes slow and sus-
tained JNK activation and concomitant apoptosis, whereas
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SCF induces rapid and transient activation of JNKs that
promote mast cell proliferation (40). We found that activation
of INK1 was reduced in cKit">?%4"3384 EGCs, and in PGCs, a
phospho-JNK1/2 antibody revealed a corresponding reduction
in homozygotes. Most convincingly, we demonstrated that the
JNKi confers death upon wild—t/yVEe PGCs, but does not further
increase apoptosis of cKit"8AV3BA pGCs. A sterility pheno-
type in mice deficient for INK (Jnkl ™'~ ; Jnk2™~) may
support the role of this pathway in germ cell development
(55). A pro-survival function of JNK has been reported, and
operates through the direct phosphorylation of the proapopto-
tic mediator BAD, which prevents its association with BelX
(56). The expression of BAD in migratory PGCs has been
established (7). However, the intriguing localization of
phospho-JNK to the nucleus of PGCs could suggest an alterna-
tive, transcriptional role. Recent work in differentiating ESCs
uncovered a novel function for JNKs as co-regulators of tran-
scription that directly modify histones within promoter regions
(57). In contrast to PGCs and EGCs, the absence of JNK acti-
vation we observed in GISTs is consistent with previous char-
acterization of GISTs from other genetic models (58) and
further underscores the cell-context-specific behavior of
cKit"**4_ The mechanisms and other functions of this newly
recognized cKit-JNK axis in PGCs as well as EGC derivation
warrant further investigation.

In summary, these studies demonstrate discrete and lineage-
specific functions of separate signaling pathways activated by
cKit. Our results are consistent with a model in which PGCs
depend upon cKit-JNK signaling for their survival and rely
upon ERK for other functions. The molecular mechanisms
by which these MAP kinases regulate such important func-
tions of early germ cells remain to be elucidated. Evidence
for the resistance of PGCs to high levels of cKit signaling
raises the question of whether such a mechanism is protective
against germ cell tumors.

MATERIALS AND METHODS
Mouse breeding, mapping and genotyping

All animal work was conducted in accordance with protocols
approved by the Institutional Animal Care and Use Committee
at the University of California, San Francisco. Embryos were
generated in timed matings by monitoring for copulatory plugs.
cKit"?*** mice (MGI:2663995), a gift from Dr P. Besmer,
Sloan-Kettering Institute, were genotyped as described (18)
and maintained on a mixed C57BL/6-CD1 background to
extend the survival of heterozygotes beyond 3 months. Other
mouse strains used included cKir” (MGI:1856232), Kitl®
(MGI:1856161), Bax (MGI:1857429) and Oct4-APE-EGFP
(59), with genotyping performed as described elsewhere
(7,60,61). cKit>**’F mice were identified in a recessive ENU
screen at E9.5 for mouse mutants with PGC defects (12,33).
Linkage was established with chromosome 5, using DSMIT15
and D5MIT134 SSLPs, and the cKit transcript was PCR-
amplified and sequenced from mutant embryo cDNA. ¢Kir**%
mice were subsequently maintained on a C57BL/6 background
and genotyped by HinP1 RFLP analysis using the following
primers: 5'-GAACCCCTGGACTTCTCTGCTCTT-3' and 5'-G

TGGCAAATCAGTGTCCATGTGGG-3" (Supplementary Ma-
terial, Fig. S3).

PGC ex vivo culture

The gonad-mesonephri of E11.5 embryos were dissociated
with 0.25% trypsin for 3 min followed by 5 mg/ml DNase
I. This cell suspension was directly seeded on chambered
slides (Lab-Tek IT) coated with 1 mg/ml Matrigel or else sub-
jected to flow cytometry for PGC purification and then cul-
tured at 37°C in 5% CO, with DMEM/15% knockout serum
replacement (KSR) (Invitrogen), 1000 U/ml LIF (Millipore)
and 50 ng/ml SCF (Invitrogen) for 20 h. Cells were then
fixed in 4% PFA at room temperature and immunostained
for P-JNK. For MEK and JNKi experiments, PGCs collected
as above or PGCs sorted from gonad-mesonephri were cul-
tured in DMEM medium with 50 ng/ml SCF and an MEK in-
hibitor, PD-0325901 (Selleck and Stemgent), or a JNKi
(SP600125, Calbiochem) for 20 h. Cells were fixed for immu-
nostaining.

EGC derivation and maintenance

EGC lines were derived from E11.5 embryos as described
(4,5%/). Brieﬂg, we isolated PGCs from WT, cKit">**** and
cKit"I8A73584 embryos carrying Oct4-APE-EGFP at E11.5
and cultured in DMEM/15% KSR (Invitrogen)/50 ng/ml
bFGF (Sigma), 2000 U/ml LIF (EsGro)/60 ng/ml SCF (Invi-
trogen)/20 M Forskolin (Sigma) and plated on S/*-m220
feeders. After 7—10 days, individual colonies were replated
on STO feeders. EGC lines were maintained with STO cells
in DMEM/15%KSR/LIF (1000 U/ml, EsGro).

Histology

Gonads collected from euthanized 14-week-old adults were
weighed immediately. Testes were fixed in Bouin’s solution
overnight and ovaries were fixed in 10% neutral buffered for-
malin for 2 days before processing for paraffin embedding.
Paraffin sections were cut serially at 5 um and stained with
hematoxylin and eosin.

Immunofluorescence staining and imaging

For whole-mount staining, embryos or gonads were fixed in
methanol:dimethylsulfoxide (4:1) at —20°C, rehydrated and
stained in PBS/2% non-fat milk/0.5% Tween with rocking
as described (12). Cells were fixed in 4% PFA at room tem-
perature and immunostained. Gonads were mounted on
slides in Vectashield (Vector Labs), whereas whole embryos
were cleared in methyl salicylate for imaging. Frozen sections
were prepared from embryos fixed for 1 h in 4% PFA, embed-
ded and cryosectioned in OCT and blocked with 5% goat
serum in PBST (PBS/0.1% Triton X-100) before immunos-
taining. Primary antibodies used were as follows: SSEA1 (De-
velopmental Studies Hybridoma Bank, 1:200), cleaved PARP
(Cell Signaling 9544, 1:50), active caspase 3 (Promega
G748A, 1:200), GCNA (a kind gift of George Enders, un-
diluted supernatant), P-JNK (Cell Signaling 9251, 1:50),
P-AKT (Cell Signaling 4060, 1:200), P-ERK1/2 (Sigma
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M9692, 1:100) and Stella (Abcam 19878, 1:200). Alexa-
conjugated secondary antibodies were purchased from Invitro-
gen and used at 1:500. For EdU labeling, pregnant females
were injected i.p. with 50 pg/g EdU (Invitrogen). Animals
were cuthanized after 4 h and embryos were fixed in 4%
PFA and cryosectioned. EdU detection was carried out using
the Click-iTTM EdU imaging kit (Invitrogen C10338).
Imaging was carried out on an Olympus IX71 fluorescent
microscope or on a Leica SP5 TCS microscope equipped
with 405, 488, 543, 594 and 633 nm lasers. Confocal stacks
were analyzed using Volocity (Improvision). The numbers
of PGCs in whole-mount E10.5 embryos or E11.5 gonads
were quantified as described elsewhere (12).

Flow cytometry

Oct4-APE-GFP" E11.5 gonad-mesonephri were dissociated
in collagenase/dispase (5 mg/ml, Roche) and DNase I (1 mg/
ml, Roche) for 10 min at 37°C, washed in staining medium
(DMEM without phenol red 4+ 2% FBS + 10 mm EDTA)
with 1 pg/ml Sytox Blue viability stain (Invitrogen, S34857)
and analyzed on a BD LSR II utilizing the 450/50 (Sytox
Blue), 525/50 (GFP) and 660/20 (PE/Cy5) bandpass filters.
For cKit surface staining, cells were stimulated with 60 ng/ml
SCF for 20 min at 37°C, washed and stained with a cKit anti-
body conjugated to PE/Cy5 (clone 2B8, Abcam, ab81601) for
30 min on ice. EGCs were dissociated with 0.25% trypsin for
S min at 37°C, and stained as above. Apoptosis was assessed
by staining for extracellular phosphatidylserine, using annexin
V-—allophycocyanin (Invitrogen, A35110), according to the
manufacturer’s instructions. Sytox Blue was used to discrimin-
ate live cells (450/50), and APC was detected with the 660/20
bandpass filter. For proliferation assays, EGCs grown on STO
feeder cells were pulsed for 1 h with BrdU (3 pg/ml), then tryp-
sinized and fixed with 4% PFA for 15 min. After washing,
antigen retrieval was performed with 2 M HCI for 20 min and
neutralized with 0.1 m borate buffer (pH 8.5), permeabilized
with 0.3% Triton-X-100 in PBS for 15 min at 25°C and
stained with Alexa 594 conjugate-BrdU antibody (1:50, Invitro-
gen, 03—3940) and DAPI (4 pg/ml) for 30 min.

Expression studies

For gene expression studies, RNA was extracted using TRIzol
or the RNeasy kit (Qiagen), reverse-transcribed using QScript
cDNA SuperMix (Quanta Biosystems, 95048—100) and sub-
jected to quantitative PCR for c¢Kit at 50—100 cells/tube in
SYBR Green using the following primers: CAGTCGTG-
CATTTCCTTTGAC and TTCCTCGCCTCCAAGAATTG.
For western blotting, EGCs sorted from STO cells were
starved in DMEM for 2 h and then stimulated with 50 ng/ml
SCF for 10 min before lysis in RIPA buffer containing 1%
NP-40, 0.25% deoxycholate acid, 150 mm NaCl, 0.1% SDS,
50 mm HEPES (pH 7.4), proteinase and phosphatase inhibitors
(Roche). GISTs were isolated from three cKit">*** male
sibling mice at 12 weeks of age. Five micrograms of total
protein was separated by SDS—PAGE and probed with the fol-
lowing antibodies (from Cell Signaling unless indicated):
phospho JNK (9251, 1:1000), phospho AKT (4060, 1:1000),
phospho-ERK1/2 (4370 1:2000), phospho-STAT3 (9145,
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1:2000), AKT (4685, 1:1000), STAT3 (4904, 1:1000),
ERK1/2 (4695, 1:1000), JNK (9258 1:1000), cKit (Santa
Cruz, SC-168, 1:200), B-tubulin (LI-COR, 926-42211,
1:1000). The signals of western blotting were measured by
the TotalLab Quant software.

Statistical analysis

Data were presented as the mean + SEM of at least three sep-
arate experiments if not indicated in the figures. One-way
ANOVA was used for comparison among more than two
groups. Student’s #-test was used for comparison between
two groups. Values of P < 0.05 were accepted as significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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