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SUMMARY

The mammalian brain undergoes sexual differentia-
tion by gonadal hormones during the perinatal crit-
ical period. However, the machinery at earlier stages
has not been well studied. We found that Ptf1a is ex-
pressed in certain neuroepithelial cells and immature
neurons around the third ventricle that give rise to
various neurons in several hypothalamic nuclei. We
show that conditional Ptf1a-deficient mice (Ptf1a
cKO) exhibit abnormalities in sex-biased behaviors
and reproductive organs in both sexes. Gonadal hor-
mone administration to gonadectomized animals re-
vealed that the abnormal behavior is caused by
disorganized sexual development of the knockout
brain. Accordingly, expression of sex-biased genes
was severely altered in the cKO hypothalamus. In
particular, Kiss1, important for sexual differentiation
of the brain, was drastically reduced in the cKOhypo-
thalamus, which may contribute to the observed
phenotypes in the Ptf1a cKO. These findings suggest
that forebrain Ptf1a is one of the earliest regulators
for sexual differentiation of the brain.

INTRODUCTION

Male and female brains exhibit various sex differences in their

structures and functions. It is well known that sexual differentia-

tion of the brain is determined largely by the levels of gonadal

steroid hormones during the perinatal critical period (Bonthuis

et al., 2010; McCarthy and Arnold, 2011; Yang and Shah,

2014). Perinatal exposure of high levels of testosterone induces

masculinization of the brain independent of genetic sex, whereas

the blockade of androgen during the critical period in male ani-
This is an open access article und
mals suppresses masculinization of the brain (Bonthuis et al.,

2010). However, the mechanisms prior to the critical period are

not well understood.

The hypothalamus is one of the brain regions responsible for

sex dimorphism. It is a forebrain structure composed of diverse

groups of nuclei as well as neurons and is involved in the

homeostatic regulation of body weight, energy metabolism,

and sleep and wakefulness via hormonal and autonomic sys-

tems (Sternson, 2013). The hypothalamus contains several

sexually dimorphic nuclei, such as the medial preoptic area

(MPOA), ventromedial nucleus (VMH), and arcuate nucleus

(ARH), that regulate sex-biased behaviors (e.g., sexual behavior,

aggression, parenting), and gonadal hormones via the hypotha-

lamic-pituitary-gonadal (HPG) axis (d’Anglemont de Tassigny

and Colledge, 2010; Tsuneoka et al., 2013; Anderson, 2016;

Forger et al., 2016).

Hypothalamic development progresses through several

stages composed of regionalization, neuronal stem cell prolif-

eration, neuronal differentiation, and migration that are gov-

erned by a spatiotemporal network of transcription factors

(Shimogori et al., 2010; Morales-Delgado et al., 2011; Bedont

et al., 2015; Xie and Dorsky, 2017). Loss-of-function experi-

ments have proven the essential roles of transcription factors

in the formation of hypothalamic subregions and the induc-

tion of specific neuronal subtypes and subsequent proper

function of the hypothalamus. For example, a functional

deficiency in a basic-helix-loop-helix (bHLH) transcription

factor, Sim1, disturbs proper formation of the paraventricular

hypothalamic nucleus and differentiation of neurons express-

ing oxytocin, vasopressin, corticotropin-releasing hormone,

and thyrotropin-releasing hormone (Michaud et al., 1998). In

addition, Sim1 haploinsufficiency causes obesity (Hossain

et al., 2016). Although many loss-of-function studies for

transcription factors in the hypothalamus have been done,

altered sexual differentiation of the brain has not been

reported.
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Figure 1. Ptf1a Expression in the Developing Forebrain

Double labeling with Ptf1a and a marker in the wild-type hypothalamus at E12.5.

(A) Sagittal section. Yellow brackets indicate the Ptf1a-positive regions. A montage of four original images.

(B) Schematic diagrams of Ptf1a expression regions (green). Black lines indicate the level of sections for preoptic and tuberal regions. See also Figure S1.

(C–L) Coronal sections of preoptic (C, E, G, I, and K) and tuberal (D, F, H, J, and L) regions. White arrowheads indicate double-positive cells for Ptf1a and the

marker, whereas hollow arrowheads highlight Ptf1a-single-positive cells.

(legend continued on next page)
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Some hypothalamic genes and proteins have been reported to

be differentially expressed in males and females. Among them

are kisspeptin, calbindin, and estrogen receptor (Semaan and

Kauffman, 2010; Forger et al., 2016; Tsuneoka et al., 2017). Kiss-

peptin, a neuropeptide produced from the Kiss1 gene, is ex-

pressed in neurons of the anteroventral periventricular nucleus

(AVPV) and ARH. Because kisspeptin expression is detected

as early as embryonic day (E) 13.5 in the ARH (Knoll et al.,

2013) and because loss-of-function mutations of this gene and

its receptor GPR54 result in disturbed sexual differentiation of

the brain (Kauffman et al., 2007; Nakamura et al., 2016), kisspep-

tin signaling may play an important role in sexual development of

the brain, putatively at embryonic stages. However, the machin-

ery upstream of kisspeptin signaling has not been well studied.

Moreover, it is still unclear whether there are other pathways to

regulate brain sex differentiation.

Pancreas transcription factor 1a (Ptf1a) is a bHLH transcription

factor that plays important roles in the development of all cere-

bellar GABAergic neurons (Hoshino et al., 2005), GABAergic

and glycinergic inhibitory neurons in the cochlear nucleus, climb-

ing fiber neurons in the inferior olivary nucleus (Yamada et al.,

2007; Fujiyama et al., 2009), inhibitory neurons in the spinal

cord dorsal horn (Glasgow et al., 2005), and amacrine and hori-

zontal cells in the retina (Fujitani et al., 2006). Although Ptf1a is

expressed in the developing forebrain (Meredith et al., 2009),

the forebrain role of Ptf1a has not been examined.

In the present study, we show that Ptf1a is expressed in neuro-

epithelial cells and immature neurons around the ventricular

zone of the preoptic and tuberal regions and that a number of

Ptf1a-lineage cells are found in the MPOA, VMH, and ARH in

adulthood. Mice deficient in forebrain Ptf1a exhibit abnormal

sex-biased behaviors and maldevelopment of sexual dimor-

phism in the brain and reproductive organs. Loss of Kiss1 at

E14.5 was one of the earliest changes found in the Ptf1a-defi-

cient mice. We observed two types of phenotypes in the condi-

tional knockout (cKO) mice, Kiss1-dependent and Kiss1-inde-

pendent. RNA sequencing (RNA-seq) analysis using cells

sorted by fluorescence-activated cell sorting (FACS) expressed

Ptf1a from E14.5 brains showed significant changes in gene

expression, some of which are thought to account for both types

of phenotypes. These findings suggest that Ptf1a is involved in

proper sexual differentiation of the brain and further suggest

that the events leading to brain sexual development occur

even before the critical period.

RESULTS

Expression of Ptf1a in the Developing Hypothalamus
We performed immunostaining for Ptf1a in the developing fore-

brain. Ptf1a-positive cells were observed from E10.5 to E16.5

in the ventricular zone of the preoptic area and tuberal region
(M) Schematic diagram of Ptf1a expression in the developing hypothalamus. Ptf

phase (HuC/D+, Ki67�, MAP2ab�). Ptf1a expression disappears in mature neuro

(N–V) Coronal sections of preoptic (N and O) and tuberal (P–V) regions. Yellow b

(W) Schematic of the ventro-tuberal Ptf1a expression with Pomc expression reg

Di, diencephalon; DTh, dorsal thalamus; GE, ganglionic eminence; LV, lateral ve

Scale bars in (C)–(L), 50 mm; scale bars in (N)–(W), 200 mm. See also Figure S1.
(Figures 1A, 1B, and S1). The density of Ptf1a-positive cells

peaked at E12.5–E14.5 (Figures S1A–S1E), and positive cells

were rarely observed after E16.5 (Figures S1F and S1G). At

E12.5, Ptf1a-positive cells were co-labeled with nestin (Figures

1C and 1D) and a proliferative marker, Ki67 (Figures 1E and

1F). One hour after the injection of BrdU, we observed BrdU-

incorporated Ptf1a-positive cells (S-phase cells; Figures 1G

and 1H). Whereas some Ptf1a-positive cells were co-labeled

with an early neuronal marker, HuC/D, no Ptf1a-positive cells

were positive for a mature neuron marker, MAP2ab (Figures

1I–1L). This indicates that Ptf1a is expressed in dividing neuroe-

pithelial cells and early postmitotic neurons but not in mature

neurons (Figure 1M).

Next, we examined where the Ptf1a-positive cells were

located in the developing hypothalamus of Ptf1aYFP heterozy-

gous embryos in which we observed Ptf1a-positive cells in

both the ventricular and mantle zones, likely due to the longer

half-life of YFP compared with Ptf1a protein. Consistent with

the immunostaining for Ptf1a, Ptf1a-YFP cells in the preoptic

level were co-labeled with FoxG1 and Nkx2.1, which are ex-

pressed in the developing preoptic area (Figures 1N and 1O)

(Shimogori et al., 2010). In the tuberal region, the Ptf1a-positive

cells were distributed within the region expressing Nkx2.1 (Fig-

ure 1P) and Gsx1 (Figure 1Q) (Shimogori et al., 2010; Lee et al.,

2016), whereas the Ptf1a expression region did not overlap

with prethalamic region expressing Olig2 (Figure 1R) (Shimogori

et al., 2010). The dorsal end of the Ptf1a expression region cor-

responded to that of the Rax expression region (Figure 1S) and

was adjacent to the ventral end of the Nkx2.2 expression region

(Figure 1T). There were fewer Ptf1a positive cells in the ventral

end of the tuberal region that expressed Six3 (Figure 1U) and

Pomc (Figure 1V) (Shimogori et al., 2010). Thus, the tuberal

Ptf1a expression region occupies the diencephalic ventral region

with the exception of the ventralmost region (Figure 1W).

Fate Mapping of Hypothalamic Ptf1a-Lineage Cells
To investigate cell fates of hypothalamic Ptf1a-lineage cells, we

visualized Ptf1a-lineage cells in adult brains of Ptf1acre/+;

Rosa26LacZ mice. X-gal signals were strongly observed in the

preoptic area and tuberal region (Figures 2A–2D). In the preoptic

area, many X-gal-positive cells were observed in the MPOA,

including the AVPV, whereas no signals were observed in the

median preoptic area or lateral preoptic area. In the tuberal re-

gion, X-gal-positive cells were abundant in the VMH, dorsome-

dial nucleus (DMH), and ARH, whereas a few X-gal-positive cells

were scattered in the lateral hypothalamic area, median

eminence, and medial tuberal nucleus. No X-gal-positive cells

were observed in the paraventricular hypothalamic nucleus, su-

prachiasmatic nucleus, or anterior hypothalamus (Table S1).

Staining for b-gal combined with immunostaining for cell-type

markers revealed that almost all of the Ptf1a-lineage cells were
1a-positive cells are in cell cycling state (nestin+, Ki67+) and early postmitotic

ns.

rackets indicate the range of Ptf1a expression.

ion.

ntricle; PTh, prethalamus; Tel, telencephalon; 3v, third ventricle.
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Figure 2. Fate Mapping and Characterization of Ptf1a-Lineage Cells in the Adult Hypothalamus

(A) Ventral view of whole-mount X-gal stained adult brain of Ptf1acre/+; Rosa26LacZ and a schematic distribution of Ptf1a-lineage cells in the hypothalamus.

(B–D) Coronal sections at the level of dashed lines in (A). X-gal labeled cells are located in the ventrobasal hypothalamus including MPOA (B), VMH, DMH, and

ARH (C and D). Region of interest is indicated by red rectangle in upper schematic. Magnified views are serially represented. Sections are counterstained with

Nuclear Fast Red.

(E, H, and J) Double staining with b-gal and a marker (HuC/D in E, glutaminase in H, and GAD67-GFP in J) in the indicated hypothalamic regions (MPOA, VMH,

DMH, ARH) of the Ptf1acre/+; Rosa26LacZ adults. Insets in (H): magnified views of double-positive cells are shown. Scale bars, 50 mm.

(F) HuC/D-positive cells scored as a percentage of the b-gal-positive cells (n > 100 cells from two to four independent mice for each region). See also Figure S2.

(G) The percentages of b-gal-positive cells in HuC/D-positive neurons (n > 600 cells from two to four mice for each region).

(I and K) Quantification of glutaminase (I) or GAD67-GFP (K) co-labeling in b-gal-positive cells. Bars indicate the percentage of co-labeling among Ptf1a-lineage

cells expressing detectable levels of the neurotransmitter subtype marker.

AVPV, anteroventral periventricular nucleus; cARH, caudal ARH; cDMH, caudal DMH; Fx, fornix; LHA, lateral hypothaalmic area; LPO, lateral preoptic area; ME,

median eminence; MnPO, median preoptic area; MPOA, medial preoptic area; MTu, medial tuberal nucleus; PH, posterior hypothalamic area; rDMH, rostral

DMH; VMHc, central; VMHdm, dorsomedial; VMHvl, ventrolateral part of VMH.

Data are expressed as mean ± SEM. Experimental values represent the averages of at least two independent mice. See also Figure S2 and Table S1.
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Figure 3. Gonadal Development and Sexually Biased Behaviors Were Impaired in Hypothalamic Ptf1a-Deficient Adult Male Mice

Male mice lacking forebrain Ptf1a display sexual immaturity phenotypes, including micropenis, reduced testis size, decreased blood testosterone, and sexually

biased behaviors.

(A) External genitalia of Ptf1a cKO and control male mice at 4–5 weeks of age.

(B) Representative images of testis from control and Ptf1a cKO male mice.

(C) Quantification of testis weights (n = 9 mice per group). Circles indicate individual scores. Mann-Whitney U test.

(D) Representative images of H&E staining of testis from control and Ptf1a cKO mice. No signs of spermatogenesis in testes from Ptf1a cKO mice.

(legend continued on next page)
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positive for a neuronal marker, HuC/D, in the adult hypothalamus

(MPOA, 98.2 ± 0.02%; VMH, 98.3 ± 0.57%; DMH, 98.2 ± 1.15%;

ARH, 96.5 ± 1.44%; Figures 2E and 2F). We did not observe any

Ptf1a-lineage cells co-labeled with an astrocytic marker, glial

fibrillary acidic protein (GFAP), or an oligodendrocyte lineage

marker, NG2 (Figures S2A and S2B). Ptf1a-lineage cells ac-

counted for 16.3 ± 1.7%, 20.6 ± 2.1%, 8.3 ± 1.2%, and 13.8 ±

1.4%of neurons in theMPOA, VMH, DMHand ARH, respectively

(Figure 2G). In the MPOA and DMH, approximately 50% of the

Ptf1a-lineage cells were co-labeled with a glutamatergic neuron

marker glutaminase (Figures 2H and 2I), whereas 40%–50% of

the Ptf1a-lineage cells were visualized by the presence of

GAD67-GFP (Tamamaki et al., 2003) (Figures 2J and 2K), indi-

cating that the hypothalamic Ptf1a expression regions produced

both excitatory and inhibitory neurons. Consistent with the fact

that the VMH rarely contains GABAergic neurons, almost all of

the Ptf1a-lineage cells in the VMH were positive for glutaminase

(Figure 2I). Approximately 60% of the Ptf1a-lineage cells were

GABAergic neurons in the ARH which contains abundant

GABAergic neurons (Figure 2K).

Forebrain Ptf1a-Lineage Cells in Ptf1a-Null Mice
Next, we examined whether Ptf1a deficiency affects the

migration and survival of forebrain Ptf1a-lineage cells. The

distribution and size of Ptf1a-lineage areas in the preoptic and

tuberal regions of Ptf1acre/del; Rosa26LacZ mice were similar to

those of Ptf1acre/+; Rosa26LacZ mice (Figure S3A). The numbers

of Ptf1a-lineage cells were similar between Ptf1acre/del;

Rosa26EYFP/+ and Ptf1acre/+; Rosa26EYFP/+ mice at E18.5 (Fig-

ures S3B and S3C). Thus, loss of Ptf1a did not affect survival

and migration of Ptf1a-lineage cells. Consistently, there was

no difference in the number of cells positive for an apoptotic

cell death marker, Caspase3A, between Ptf1acre/del and

Ptf1acre/+ embryos (Figures S3D and S3E). In addition, the ma-

jority of Ptf1a-lineage cells in the VMH were GAD67-GFP nega-

tive in Ptf1a-null mice (Figure S3F), suggesting no overt change

in the excitatory versus inhibitory cell fate, unlike as reported in

the retina and spinal cord in Ptf1a-null mice (Glasgow et al.,

2005; Fujitani et al., 2006).

Abnormal Genitalia and Sexual Behaviors in Forebrain
Ptf1a-Deficient Adult Male Mice
To conditionally inactivate Ptf1a, we generated Ptf1aflox mice in

which the entire Ptf1a-coding region was flanked by two loxP se-

quences (Figures S4A–S4C). Consistent with En1 expression in

the mesencephalon and rhombomere 1 (Kimmel et al., 2000),

En1Cre/+; Ptf1aflox/flox mice were completely lacking in cerebellar

structure (Figure S4D), as previously reported (Hoshino et al.,
(E) Anti-3b-HSD antibody immunostaining for Leydig cells in testis of control and

(F) Serum testosterone levels of Ptf1a cKO mice and control mice (n = 8 per grou

(G) Quantification of mounting behavior toward female in virgin Ptf1a cKO and c

Whitney U test.

(H–K) Male sexual behaviors were scored in testectomized and testosterone-su

mounts (H), mounts (I), intromissions (J), and total sniffing time (K) are shown. M

(L–O) Male aggression behaviors were scored in Ptf1a cKO and control male mice

aggressive duration (N), and aggressive bouts towards female (O) are shown. Ma

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. In (C

replicates. In (H)–(O), each circle value is a mean of three independent replicates
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2005), confirming the Cre-dependent disruption of Ptf1a in

Ptf1aflox/flox mice. To disrupt Ptf1a in the forebrain, we used

Nkx2.1-Cre mice because Nkx2.1 is expressed in Ptf1a expres-

sion regions in both the preoptic and tuberal regions (Figures 1N

and 1P) but not in the hindbrain or spinal cord. As predicted,

Nkx2.1-Cre; Ptf1aflox/YFP mice lacked Ptf1a-positive cells in

both the preoptic and tuberal Ptf1a expression regions (Figures

S4E and S4F).

Forebrain-specific Ptf1a-deficient mice (Ptf1a cKOmice) were

generally healthy but infertile. Male Ptf1a cKO mice had a small

penis and undescended and very small testes (Figures 3A–3C).

The testes of Ptf1a cKOmice had thin seminiferous tubules con-

taining only spermatogonia, but not spermatids or sperm (Fig-

ure 3D), suggesting a total lack of spermatogenesis. Immuno-

staining for 3b-HSD revealed a massive reduction in Leydig

cells (Figure 3E). Serum testosterone levels were significantly

lower in Ptf1a cKO male mice than in control mice (Figure 3F).

Ptf1a cKO mice did not exhibit any mounting behavior toward

a female mouse (Figure 3G).

Masculinization of the adult brain can be assessed by themale

sexual behaviors induced by testosterone (Yang and Shah,

2014). We therefore observed sexual behaviors of castrated

Ptf1a cKO mice supplemented with testosterone. Ptf1a cKO

mice did not exhibit sexual behaviors in response to testosterone

compared with control littermates, despite no difference in sniff-

ing between Ptf1a cKO and control mice (Figures 3H–3K).

Furthermore, whereas testosterone supplementation in male

control mice induced aggression toward a same-sex mouse,

male Ptf1a cKO mice rarely exhibited aggressive behavior to-

ward other male mice (Figures 3L–3N). Interestingly, testos-

terone-supplemented Ptf1a cKO mice exhibited frequent inci-

dences of aggression toward a female mouse, which was

rarely observed in male control mice (Figure 3O). Thus, male

Ptf1a cKO mice did not exhibit male-typical behaviors related

to masculinized brains.

Abnormal Genitalia and Sexual Behaviors in the Ptf1a-
Deficient Adult Female Mice
Fertility tests confirmed that femalePtf1a cKOmice were infertile

(data not shown). Female Ptf1a cKOmice exhibited a thin uterus

(Figure 4A) and a complete lack of corpus lutea in their ovaries

(Figure 4B). The weight of the ovaries and serum 17b-estradiol

levels in female Ptf1a cKO mice were similar to those of control

female mice (Figures 4C and 4D). Furthermore, female Ptf1a

cKO mice did not exhibit an estrous cycle, instead remaining in

the diestrus state (Figures 4E–4G). These results indicated that

the gonadal function of female Ptf1a cKO mice was severely

disrupted.
Ptf1a cKO mice.

p). One-way ANOVA followed by Tukey’s test.

ontrol male mice (n = 10 per group). Circles represent individual trials. Mann-

pplemented Ptf1a cKO and control male mice (n = 8 per group). Attempted

ann-Whitney U test.

(n = 8 per group). Aggressive bouts towards male (L), total aggressive time (M),

nn-Whitney U test.

) and (F), each individual circle value is a mean of two independent biological

. See also Figures S4 and S5.



Figure 4. Gonadal Development and Sexually Biased Behaviors Were Impaired in Hypothalamic Ptf1a-Deficient Adult Female Mice

(A) Representative images of uterus from adult Ptf1a cKO and control mice. Magnified views of boxed region are showed in insets.

(B) Ovarian histology in adult Ptf1a cKO and control mice. Corpora lutea (CL) were observed in control mice but missing in Ptf1a cKOmice (n = 4 mice per group).

(C and D) No significant changes in ovary weights (C; control, n = 8; Ptf1a cKO, n = 5) or serum 17b-estradiol levels (D; control, n = 9; Ptf1a cKO, n = 5). Student’s t

test.

(E) Images of external genitalia in Ptf1a cKO and control female mice.

(F) Representative adult estrous cycle profiles for two control (top) and two Ptf1a cKO (bottom) female mice.

(G) The percentage of time spent in estrus in control (n = 7) and Ptf1a cKO (n = 4) mice. Student’s t test.

(legend continued on next page)
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Next, we examined maternal behaviors of virgin female Ptf1a

cKO mice (Tsuneoka et al., 2013). Ptf1a cKO mice displayed

significantly fewer maternal behaviors, including nest building,

crouching, licking, retrieving, and grouping pups into the nest,

than control female mice (Figures 4H–4J). Furthermore, whereas

pretreatment with estrogen and progesterone induced the

lordosis reflex in ovariectomized control mice, the same pre-

treatment induced fewer instances of the lordosis reflex in ovari-

ectomized Ptf1a cKO mice (Figure 4K).

Altered Sex Differences in Metabolism in the Ptf1a-
Deficient Female Mice
In addition to sexual behaviors, C57BL/6 mice show sex differ-

ences in energy metabolism and sleep and wakefulness behav-

iors. Female C57BL/6 mice are leaner, are more resistant to

diet-induced obesity, and spend a longer amount of time in

wakefulness than male mice (Funato et al., 2009, 2016). Interest-

ingly, the body weight of male Ptf1a cKOmice was similar to that

of the male control littermate mice, whereas the body weight of

female Ptf1a cKO mice was higher than that of female controls,

resulting in no significant difference in body weight between

sexes in Ptf1a cKO mice (Figure S5A). The energy expenditure

of female Ptf1a cKO mice was significantly lower than that of

female control mice, whereas the energy expenditure of male

Ptf1a cKO mice was similar to that of control mice (Figure S5B).

The daily food intake of Ptf1a cKO mice was similar to that of

control mice in both sexes (Figure S5C). When fed a high-fat

diet (HFD), female Ptf1a cKO mice gained more weight than

female control mice (Figure S5D). In contrast, the weight gain

of male Ptf1a cKOmice on the HFD was similar to that of control

mice (Figure S5D). The HFD intake of Ptf1a cKOmice was similar

to that of control mice in both sexes (Figure S5E). Cold exposure

resulted in a larger decrease in body temperature of female Ptf1a

cKO mice than female control mice, although the body temper-

ature of male Ptf1a cKO and control mice was stable in the cold

condition (Figure S5F).

Time spent in wakefulness, non-rapid eye movement (NREM)

sleep and rapid eye movement (REM) sleep of Ptf1a cKO mice

was similar to that of control mice in both sexes (Figure S5G).

However, for control mice, the total wake time of female mice

was longer than that of male mice, whereas Ptf1a cKO mice

did not show a sex difference in the total wake time

(Figure S5G).

Altered Sex-Biased Gene Expression in the Ptf1a-
Deficient Mice
Because both male and female Ptf1a cKO mice did not demon-

strate sexual behaviors in response to gonadal hormones, we

examined whether masculinization and feminization were dis-

rupted in Ptf1a cKO adult brains using Kiss1, tyrosine hydroxy-
(H) Rates of maternal behavior were scored in virgin control (n = 8) and Ptf1a cKO (

by Bonferroni’s test.

(I and J) Retrieving (I) and grouping (J) behavior rates were averaged from three

(K) Lordosis reflex rates toward male mounting scored for ovariectomized and ho

test.

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. In (C

replicates. In (I)–(K), each circle value is a mean of three independent replicates.
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lase (TH), calbindin, and estrogen receptor alpha (Esr1), as these

genes are expressed in a sex-biasedmanner. Kiss1 is expressed

in and around the ARH and AVPV, where the numbers of Kiss1-

positive cells are higher in female than male mice (Poling and

Kauffman, 2013). Surprisingly, the numbers of Kiss1-positive

neurons in the AVPV and ARH were both dramatically lower in

Ptf1a cKO mice than in control mice in both sexes (Figures 5A

and 5B). In particular, Kiss1-positive neurons in the ARH were

clearly lacking inPtf1a cKOmice (Figure 5B), despite no changes

in the number of Npy- or Pomc-expressing neurons in the ARH

(Figures 5C and 5D).

The number of TH-expressing cells in the female AVPV is

normally greater than that in male mice (Semaan and Kauff-

man, 2010; Scott et al., 2015). However, the number of TH-

positive cells in female Ptf1a cKO AVPV was decreased to

levels similar to that in male control and Ptf1a cKO mice (Fig-

ure 5E). Similarly, in wild-type mice, males have a larger num-

ber of calbindin-positive cells in the sexually dimorphic nu-

cleus of the preoptic area (SDN-POA) than females

(Tsuneoka et al., 2017), whereas Ptf1a cKO mice did not

show a male-biased cell number difference between the

sexes (Figure 5F). Although Esr1-positive cells in the MPOA

are more abundant in females than in males (Yokosuka

et al., 1997), Ptf1a cKO mice did not exhibit a significant dif-

ference between sexes, because of the increased number of

Esr1-positive cells in males and decreased number of Esr1-

positive cells in females (Figure 5G). Similarly, Esr1-positive

cell number in the ventrolateral part of the VMH (VMHvl) was

much higher in the mutant males than in control males (Fig-

ure 5H). We did not detect any overt morphological changes

in the hypothalamus (Figure S5H) or the size of the pituitary

glands (data not shown) in either sex, consistent with the

lack of significant changes in the number of Ptf1a-lineage

and apoptotic cells in Ptf1a-null mice at E18.5 (Figures S3D

and S3E). By qPCR analysis, we detected no appreciable

changes in the Ptf1a cKO hypothalamus, except for Kiss1

(Figure S5I).

Because Kiss1 deficiency causes dysplasia of male and

female genital organs (d’Anglemont de Tassigny et al., 2007;

Uenoyama et al., 2015), similar to what we observed in adult

hypothalamic Ptf1a-deficient mice, we examined Kiss1-positive

neurons in Ptf1a-null mice at embryonic stages. In general, Kiss1

neurons in the ARH appear around E13.5, while Kiss1 neurons in

the AVPV do not appear until P10 (Knoll et al., 2013; Semaan

et al., 2013; Sanz et al., 2015). At E14.5 and E18.5, the number

of Kiss1-positive cells in the future ARH region was drastically

lower in Ptf1a-null embryos compared with controls regardless

of sex (Figures 5I–5L). These findings demonstrate that hypotha-

lamic Ptf1a is required for the development of Kiss1-expressing

neurons.
n = 5) female mice. Tests were repeated three times. Two-way ANOVA followed

trials and scored in control (n = 8) and Ptf1a cKO (n = 5). Student’s t test.

rmonally primed Ptf1a cKO (n = 5) and control (n = 8) female mice. Student’s t

) and (D), each individual circle value is a mean of two independent biological

See also Figures S4 and S5.
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Gonadal Development Is Not Impaired in Ptf1a-Null
Embryos
Next, we examined the reproductive organs in Ptf1a-null mice at

E18.5. Interestingly, the appearance of testes and ovaries in

Ptf1a-null embryos was grossly normal at E18.5 (Figures S6A

and S6B). Immunostaining for 3b-HSD in the Ptf1a-null testis

did not reveal an overt change in Leydig cell development at

E18.5 (Figure S6C). Hypothalamic Pgr mRNA levels reflecting

recent testosterone exposure at perinatal stages (Poling and

Kauffman, 2012) appeared normal in AVPV and VMHvl of

E18.5 Ptf1a-null males (Figure S6D). These findings suggest

that gonadal structure and function are not strongly affected at

embryonic stages in Ptf1a-null mice.

Ptf1a-Lineage Cells in Sex-Biased Cell Populations
We subsequently examined how Ptf1a-lineage cells are associ-

ated with sex-biased cell populations in the hypothalamus using

Ptf1acre/+; Rosa26LacZ and Ptf1acre/+; Rosa26tdTomato mice. We

found that the majority of Kiss1-positive neurons in the AVPV

and ARHwere not of thePtf1a-lineage in bothmales and females

(6.2 ± 3.6% and 9.6 ± 3.3% in AVPV, 1.9 ± 1.9% and 5.5 ± 3.4%

in ARH; Figures 6A–6F). Similarly, most TH-positive cells in the

AVPV and ARH and calbindin-positive cells in the SDN-POA

did not arise from the Ptf1a lineage (Figures 6G–6I). However,

a small population of Esr1-positive cells were of Ptf1a lineage

in the MPOA (male, 13.0 ± 1.1%; female, 19.9 ± 1.8%; Figures

6J, 6K, and 6N) and in the VMHvl (male, 5.4 ± 1.1%; female,

17.4 ± 2.9%; Figures 6L, 6M, and 6O). The ratios of Esr1-positive

cells in Ptf1a-lineage cells in both the MPOA and VMHvl in fe-

males were higher than those in male mice (Figures 6N and

6O). GnRH-positive cells in the POA were not observed in

Ptf1a-lineage cells (Figure 6P).

RNA-Seq Analysis of Hypothalamic Ptf1a-Lineage Cells
Because Ptf1a is a transcription factor, this protein should

regulate transcription of various genes in Ptf1a-expressing cells

of the hypothalamus. To detect those downstream genes, we

purified cells in the Ptf1a lineage from the hypothalamus at

E14.5 by FACS, subsequently performed RNA-seq analysis,

and obtained 706 differentially expressed genes (Figure 7A).

Three hundred eighty-six genes had lower and 320 had higher

expression in Ptf1a-lineage cells from homozygous Ptf1a-defi-

cient mice (Figures 7B; Table S2). The downregulated genes

included Prdm13, Corl2, and Lhx5, which are known down-

stream targets of Ptf1a, as well as Sox3 and Nkx2-1, which

are known to be required for hypothalamic development. Inter-

estingly, among those affected genes, we detected several

genes encoding transmembrane and/or secreted proteins,
Figure 5. Histological Analysis of Ptf1a cKO Mutant Mice Reveals Sex

(A–D) In situ hybridization with Kiss1 (A and B), Npy (C) and Pomc (D) in the indic

indicated. Quantification of positive cells is shown in graphs (n = 3 mice per grou

(E–H) Immunostaining with indicated antibodies in the indicated hypothalamic regi

Sexes are indicated. Quantification of positive cells is shown in graphs (n = 5 mice

Keuls’s test (G and H).

(I) Kiss1 mRNA expression in ARH of Ptf1acre/+ and Ptf1acre/cre embryos at E18.5

(J and K) Quantification of Kiss1-positive cells at E18.5 (n = 3 mice per group) in

(L) Kiss1-positive cells in prospective ARH of Ptf1acre/+ and Ptf1acre/cre mice at E1

Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See
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such as Jag2 (ligand for Notch receptors), Sema6b, and

Sema4g (ligands for Plexin family proteins) (Figures 7C and

7D). These genes may have a non-cell-autonomous role in

the sexual differentiation of hypothalamic cells adjacent to

Ptf1a-lineage cells (Figure 7E). Kiss1 expression was not

altered, as was expected by the finding that most Kiss1-ex-

pressing cells were not in the Ptf1a lineage.

DISCUSSION

Ptf1a Is Expressed and Functions in the Embryonic
Hypothalamus
In the present study, we showed that Ptf1a was expressed in

the neuroepithelial cells and immature neurons in or near the

ventricular zone of the preoptic and tuberal regions of the fore-

brain at mid-embryonic stages (E10.5–E16.5). Ptf1a-lineage

cells were abundantly found in the ARH and VMH, which is

consistent with the finding that the ARH and VMH are derived

from the ventricular zone that expresses Rax and Nkx2.1 (Xie

and Dorsky, 2017), where Ptf1a is expressed at E12.5. A small

number of Ptf1a-lineage cells were also found in the DMH,

lateral hypothalamic area, median eminence, and medial tu-

beral nucleus, but not in the paraventricular hypothalamic nu-

cleus, suprachiasmatic nucleus, or anterior hypothalamus. In

contrast to the restricted fate of Ptf1a-lineage cells in the cere-

bellum, cochlear nucleus, spinal cord, and retina into inhibitory

neurons (Glasgow et al., 2005; Hoshino et al., 2005; Fujitani

et al., 2006; Fujiyama et al., 2009), forebrain Ptf1a-lineage cells

develop into a variety of neuronal subtypes, such as glutama-

tergic, GABAergic, dopaminergic, and peptidergic cells.

Because forebrain Ptf1a deficiency disturbed the formation of

sexually biased gene expression in the hypothalamus, Ptf1a

expression in the hypothalamus is required for sexual differen-

tiation of the brain.

Previous studies have demonstrated that Ptf1a deficiency

causes aberrant migration, cell death, and altered fate transi-

tion of Ptf1a-lineage cells in the hindbrain, spinal cord, and

retina (Glasgow et al., 2005; Hoshino et al., 2005; Fujitani

et al., 2006; Yamada et al., 2007; Fujiyama et al., 2009). How-

ever, our present study shows that forebrain Ptf1a deficiency

does not alter the distribution or number of Ptf1a lineage cells

nor the gross hypothalamic structure in adulthood, suggesting

that hypothalamic Ptf1a might not contribute to the migration or

survival of neurons. The fate transition of Ptf1a-lineage cells

from glutamatergic to GABAergic neurons was not observed

in the VMH in Ptf1a-null embryos. Thus, hypothalamic Ptf1a

may not be involved in the excitatory versus inhibitory

determination.
Difference Changes in Hypothalamic Gene Expression

ated regions (AVPV and ARH) of adult control and Ptf1a cKO mice. Sexes are

p).

ons (AVPV, SDN-POA,MPOA, and VMHvl) of adult control and Ptf1a cKOmice.

per group). Two-way ANOVA followed by Tukey’s test (E and F) and Newman-

. Schematic of hypothalamic regions and representative images are shown.

female (J) and male (K) mice. Student’s t test.

4.5. Schematic of tuberal diencephalon and representative images are shown.

also Figure S6.



Figure 6. Examination of Sex-Biased Cells

in Hypothalamic Ptf1a-Lineage Cells

(A–D) Double staining for RFP immunohisto-

chemistry and Kiss1 ISH in coronal sections of

adult Ptf1acre/+; Ai9 male (left) and female (right)

mice. Upper panels show AVPV (A and B), and

lower panels show ARH (C and D). Inset in (D) is

magnified image of double-labeled cell. Hoechst

was used to stain nuclei.

(E and F) The percentages of RFP-positive cells in

Kiss1-positive neurons (n = 4 mice) in the AVPV (E)

and ARH (F). Student’s t test.

(G andH) Double immunostaining for THwith b-gal

in the AVPV (G) and ARH (H) of Ptf1acre/+;

Rosa26lacZ mice. Insets are magnified views of

boxed region.

(I and I0) Double immunolabeling of calbindin with

b-gal in SDN-POA of male mice. Most calbindin-

positive cells in the SDN-POA were negative for

b-gal. Magnified view of boxed region in (I) is

shown in (I0). A few co-labeled cells were observed

(arrowheads).

(J–M) Double immunohistochemistry for Esr1 and

b-gal in MPOA (top) and VMHvl (bottom).

(N and O) The percentages of b-gal-positive cells

in Esr1-positive neurons (n = 4 mice) in the MPOA

(N) and VMHvl (O). Student’s t test.

(P and P0) GnRH neurons were not in Ptf1a lineage.

Sections from adult Ptf1acre/+; Rosa26EYFP mice.

Magnified view of boxed region is shown in (P0).
Scale bars in (A)–(D), (I), (J)–(M), and (P), 200 mm;

scale bars in (G) and (H), 100 mm; scale bars in

(I0) and (P0 ), 50 mm. Data are expressed as

mean ± SEM. n.s., not significant; *p < 0.05.
Kiss1-Dependent Phenotypes in the Forebrain Ptf1a-
Deficient Mice
The earliest change we found in mice deficient in forebrain Ptf1a

was the lack of Kiss1 expression in the ARH at E14.5, which

continued into adulthood. Kiss1 expression was also lost in adult

AVPV in those mice. Previous reports have suggested that kiss-

peptin-GPR54 signaling plays an important role in brain sexual

development (Kauffman et al., 2007; Nakamura et al., 2016).

This leads to the notion that part of the phenotypes observed

in the forebrain Ptf1a-deficient mice may be caused by loss of

Kiss1 expression in the hypothalamus. Actually, some pheno-
types of forebrain Ptf1a-deficient mice

resemble those in rodents deficient in

kisspeptin and its receptor, GPR54, and

therefore, those can be regarded as

Kiss1-dependent phenotypes. On the

other hand, we also found phenotypes

in forebrain Ptf1a-deficient mice that

have not been observed in Kiss1- and/or

Gpr54-deficient animals (Kiss1-indepen-

dent phenotypes).

At the adult stage, Kiss1- and/or

Gpr54-deficient male animals are viable

but infertile, do not display spermatogen-

esis, and have low testosterone, unde-
scended testes, and scant Leydig cells (d’Anglemont de Tas-

signy et al., 2007; Kauffman et al., 2007; Uenoyama et al.,

2015). Kiss1- and/or Gpr54-deficicent female mice have a thin

uterus and do not show a vaginal opening, an estrous cycle, or

corpora lutea in the ovary (d’Anglemont de Tassigny et al.,

2007; Lapatto et al., 2007; Uenoyama et al., 2015). These abnor-

malities were also observed in the forebrain Ptf1a-deficient adult

mice, which suggests that Kiss1 expression, regulated by Ptf1a,

is required for the establishment of sex hormonal milieu and sex

organs in adults. However, at the perinatal stages, testosterone

levels are normal in both Kiss1- and Gpr54-deficient animals
Cell Reports 24, 79–94, July 3, 2018 89



Figure 7. RNA-Seq Analysis of E14.5 Hypothalamic Ptf1a-Lineage Cells

Gene expression analysis by RNA-seq demonstrates dysregulation of multiple genes associated with non-cell-autonomous regulation.

(A) Schematic processes of brain dissection, cell suspension, FACS, and RNA-seq. E14.5 Ptf1a heterozygotes (Ptf1acre/+; Ai9) and homozygotes (Ptf1acre/cre; Ai9)

were used (each n = 4 independent embryos). RFP-positive cells from POA and ventral hypothalamus were intermingled. RNA-seq comparison was performed in

49,585 features annotated in mouse GENCODE (GRCm38/mm10) that included transcript variants.

(B) Rates in differentially expressed regions. The majority of variation-exhibiting genes were downregulated in cells from Ptf1a-KO mice.

(legend continued on next page)
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(Poling and Kauffman, 2012; Nakamura et al., 2016). Similarly,

Leydig cells and hypothalamic Pgr levels (an indicator of

androgen exposure) were normal in Ptf1a-null animals at the

perinatal stage, although at the adult stage, Leydig cells were

severely reduced. These observations suggest that kisspeptin

signaling is required for sex organ development, putatively after

the perinatal critical period of brain sex differentiation. Note that

fetal Leydig cells are thought to be a population distinct from

adult Leydig cells (Wen et al., 2016), which Ptf1a cKO mice

lack in adulthood. Prior to puberty, the luteinizing hormone in-

creases and subsequently induces the proliferation and matura-

tion of adult Leydig cells (Svechnikov et al., 2010; Svingen and

Koopman, 2013). Thus, development of adult Leydig cells

may be dependent on the proper maturation of the HPG axis

(d’Anglemont de Tassigny and Colledge, 2010) in which kisspep-

tin is involved.

No brain masculinization was observed in male forebrain

Ptf1a-deficient mice. The supplementation of testosterone failed

to induce male sexual behavior in forebrain Ptf1a-deficient mice.

Forebrain Ptf1a-deficient mice also failed to show amale-biased

increase in the number of calbindin-positive cells in the SDN-

POA. These behavioral and morphological phenotypes of fore-

brain Ptf1a-deficient mice are also found in Kiss1-deficient ro-

dents.Kiss1-deficient rats failed to exhibit male sexual behaviors

in response to exogenous testosterone and lacked a male-type

SDN-POA (Nakamura et al., 2016). Brain masculinization is

induced by a perinatal testosterone surge at the critical period

(Poling and Kauffman, 2013; Yang and Shah, 2014). Fetal Leydig

cells secrete testosterone independent of the luteinizing hor-

mone secreted from the pituitary (Wen et al., 2016). It has been

shown that male Kiss1/Gpr54 mutant animals have normal

androgenmilieu at perinatal stages, and their brains are exposed

to testosterone at the critical period (Kauffman et al., 2007; Na-

kamura et al., 2016). Similarly, Ptf1a KO brains seemed to

receive testosterone at the period, because we observed Pgr

expression in Ptf1a KO hypothalamus at E18.5. These observa-

tions indicate that the male brains of Ptf1a/Kiss1/Gpr54mutants

receive perinatal testosterone surge but cannot undergomascu-

linization and further suggest that kisspeptin signaling confers

differentiation capability of the brain when exposed to testos-

terone at the critical period.

Recently, Clarkson et al. raised the possibility that neonatal

testosterone surge may be governed by luteinizing hormone

secreted from GnRH neurons within a narrow time window as

narrow as several hours (Clarkson and Herbison, 2016). Tempo-

ral expression of Kiss1 in the AVPV may be responsible for

neonatal testosterone surge (Clarkson et al., 2014). If this hy-

pothesis is true, reduced perinatal Kiss1 expression in the

AVPV in forebrain Ptf1a-deficient mice may result in suppressed
(C) Clustered heatmap showing expression status on the basis of intrinsically alte

and average linkage analysis of unsupervised data. Several noteworthy gene sym

(D) Volcano plot with differential expressions for all genes between hetero and h

expression in cells from heterozygous, and those to the right represent genes with

represent genes exhibiting changes under 1.75-fold.

(E) A possible hypothetical model for cell and non-cell-autonomous effects of hypo

by the semaphorin family (Funato et al., 2000). Notch signaling may be required

See also Table S2.
neonatal testosterone surge and subsequently suppress brain

masculinization.

In addition, female-specific obesity observed in the hypotha-

lamicPtf1a-deficient mice was also replicated inGpr54-deficient

mice (Tolson et al., 2014), presumably caused by decreased en-

ergy expenditure. This suggests Ptf1a and kisspeptin signaling

may somehow regulate metabolism of animals.

Kiss1-Independent Phenotypes in Ptf1a cKO Mice
Forebrain Ptf1-deficient mice also exhibited several phenotypes

that are not observed inGpr54-deficient animals. FemaleGpr54-

deficient mice exhibited lordosis reflex (Kauffman et al., 2007),

whereas female forebrain Ptf1 cKOmice did not. In the AVPV, fe-

male Gpr54-deficient mice had a normal number of TH-positive

cells (Kauffman et al., 2007), while female Ptf1a cKO mice had a

decreased number of TH-positive cells. Because TH-positive

cells in the AVPV are reported to promote maternal behavior

(Scott et al., 2015), decreased TH-positive cells may cause sup-

pressed maternal behaviors in female Ptf1a cKOmice. Thus, hy-

pothalamic Ptf1a may be required for gene expression and for-

mation of neural circuits that induce female sexual and

maternal behavior, independent of Kiss1. Furthermore, it is

also suggested that feminization of female brains does not auto-

matically occur by non-exposure of testosterone at the critical

period, but it requires Ptf1a function in the embryonic

hypothalamus.

A Machinery whereby Hypothalamic Ptf1a Regulates
Sexual Differentiation of the Brain
As described above, brain feminization does not automatically

occur by non-exposure of testosterone at the critical period in

the Ptf1a cKO females. Similarly, brain masculinization does

not occur in the Ptf1a cKO males, although they are exposed

to testosterone at the critical period, which is shown by hypotha-

lamic Pgr expression at the period. These findings suggest that

the Ptf1a cKO brains do not respond to testosterone-exposure

and non-exposure signals for masculinization and feminization,

respectively, and further suggest that Ptf1a confers the compe-

tence to respond to such signals on the brain. Because Ptf1a is

expressed from E10.5 to E16.5, brains acquire this ‘‘sex differen-

tiation competence’’ during this embryonic period under the

control of Ptf1a.

Among previously identified molecules involved in brain sex

differentiation, Ptf1a seems to be the earliest regulator that is ex-

pressed in progenitors and immature neurons in or near the ven-

tricular zone, at the stage much prior to the critical period. A part

of the machinery can be explained by loss of Kiss1 expression in

the hypothalamus. Because themajority of Kiss1 neurons are not

in the Ptf1a lineage, Ptf1a may be required for the development
red expressions over 1.5-fold. Clusters are generated by Pearson’s correlation

bols exhibiting up (red) and down (blue) are magnified.

omo RFP+ cells (p < 0.05). Dots to the left of zero represent genes with higher

higher expression in cells from homozygous. Dots in the middle region (green)

thalamic Ptf1a. A part of diencephalic neural circuit formationmay be regulated

for Kiss1 neuron development (Biehl and Raetzman, 2015).
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of Kiss1 neurons in the developing ARH in a cell lineage-non-

autonomous manner.

One possible explanation is that Ptf1a-lineage cells induce

neighboring non-Ptf1a-lineage cells to differentiate into Kiss1

neurons via transmembrane and/or secreted proteins whose

expression is reduced (or increased) in Ptf1a-deficient-lineage

cells (Figure 7E). Because Jag2 (a ligand for Notch) is among

the affected genes, one possibility is that Notch signaling may

account for the cell-non-autonomous effect. For example,

mice deficient in Rbpj, which mediates both Ptf1a-dependent

and Notch-dependent gene expression, lack Kiss1 neurons

but have Pomc neurons in the ARH (Biehl and Raetzman,

2015). Additionally, Ptf1a works as a crucial activator of a Notch

ligand, Dll1, in pancreatic progenitor cells (Ahnfelt-Rønne et al.,

2012). On the other hand, we also detected several downregu-

lated genes, including signaling molecules in the Semaphorin-

Plexin pathway, which might participate in hypothalamic sexual

neuronal circuit formation.

As the expression of Kiss1 in AVPV is detected as early as P10

(Semaan et al., 2013), the molecular nature of Ptf1a-lineage cells

in the AVPV may be altered at postnatal stages. Postnatal Kiss1

expression in the AVPV may be affected in a cell-non-autono-

mous manner by Ptf1a deficiency. Further experiments are

required to test these possibilities.

As to the Kiss1-independent phenotypes, we do not know

currently how the Ptf1a deficiency causes those abnormalities.

However, we detected many genes whose expression was

altered in Ptf1a-deficient-lineage cells at E14.5. We believe

that some of those genes may be involved in sexual develop-

ment of the brain and account for Kiss1-inependent phenotypes.

In this study, we showed that Ptf1a is expressed in the hypo-

thalamus at mid-embryonic stages and involved in sexual devel-

opment of male and female brains in both Kiss1-dependent and

Kiss1-independent manners. Further studies will be required to

fully understand the machinery for sex development of the

brains.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this study can be found in

Supplemental Experimental Procedures.

Experimental Animals

The mouse lines used in this study are listed in Table S3. All mice were back-

crossed more than six generations to C57BL/6J. The day of insemination was

designated as E0.5. The embryonic gender was determined by Sry genotyp-

ing. The ages used in each experiment are included in the relevant text, figures,

and figure legends. Ptf1acre, Ptf1aYFP, Rosa26LacZ, and Gad67GFPDneo mouse

lines were described previously (Burlison et al., 2008; Fujiyama et al., 2009).

Rosa26EYFP (stock no. 006148), Ai9 (stock no. 007909), En1-Cre (stock no.

007916), and Nkx2.1-Cre (stock no. 008661) lines were obtained from The

Jackson Laboratory. All animal experiments in this study were approved by

the Animal Care and Use Committee of the National Institute of Neuroscience

and the guidelines established by the Institutional Animal Care and Use Com-

mittee of the University of Tsukuba.

Statistical Analysis

The experiments were done with the observer double blinded to genotypes

and treatment assignments. Sample sizes were determined empirically on

the basis of standards in the field. All statistical comparisons were performed

using Prism 7 software (GraphPad) and are presented as mean ± SEM. Details
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of each experiment are included in the figure legends (n values and their mean-

ings and statistical tests used). A p value < 0.05 was considered to indicate

statistical significance.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO:

GSE112935. See also https://doi.org/10.17632/43cfk6c547.3.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and three tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.06.010.
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