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Abstract

Background—The nitric oxide (NO) signaling pathway in hypothalamic neurons plays a key
role in the regulation of the secretion of gonadotropin-releasing hormone (GnRH), crucial for
reproduction. We hypothesized that a disruption of neuronal NO synthase (NOS1) activity
underlies some forms of hypogonadotropic hypogonadism.

Methods—Whole exome sequencing was performed on a large cohort of probands with
congenital hypogonadotropic hypogonadism to identify ultra-rare variants in NOS1. The activity
of NOS1 mutants identified was assessed by their ability to promote nitrite and cGMP production
in vitro. In addition, physiological and pharmacological characterization was carried out in a
NosI-deficient mouse model.

Sci Transl Med. Author manuscript; available in PMC 2023 April 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chachlaki et al. Page 3

Findings—We identified 5 heterozygous NOSZ loss-of-function mutations in 6 probands with
congenital hypogonadotropic hypogonadism (2%), who displayed additional phenotypes including
anosmia, hearing loss and intellectual disability. In addition, NOS1 was found to be transiently
expressed by newly born GnRH neurons in the nose of both humans and mice, and Nos1
deficiency in mice resulted in dose-dependent defects not only in sexual maturation but also
olfaction, hearing and cognition. The pharmacological inhibition of NO production in infantile
mice revealed a critical time window during which Nos1 activity shaped minipuberty and sexual
maturation. Inhaled NO treatment at minipuberty rescued both reproductive and behavioral
phenotypes in NosI-deficient mice.

Interpretation—The lack of timely NOS1 activity causes GnRH deficiency and lifelong sensory
and intellectual comorbidities in humans and mice. NO treatment during a critical window, by
reversing deficits in sexual maturation, olfaction and cognition in Nos1-deficient mice, thus holds
therapeutic potential for humans.

Introduction

Pulsatile secretion of gonadotropin-releasing hormone (GnRH) is critical for the activation
of the hypothalamic-pituitary-gonadal (HPG) axis, which controls pubertal onset and
fertility. The HPG axis is transiently activated during late fetal development and again
during early infancy, a phenomenon termed “minipuberty”, remains dormant during
childhood, and is finally reactivated during puberty onset.

Congenital hypogonadotropic hypogonadism (CHH) is a rare genetic form of GnRH
deficiency characterized by failure of puberty and infertility. CHH is associated with
anosmia in approximately 50% of cases, in which case it is termed Kallmann syndrome (KS)
(1). Other phenotypes such as sensorineural hearing loss (2), skeletal defects and cognitive
or mental disorders (3, 4) also occur in CHH with variable frequencies. Notably, although
rarely studied, the transient HPG axis activation during minipuberty is also thought to be
altered in CHH (1). The consequences of altered minipuberty are largely unknown beyond
defects in testicular descent and penile growth, but could impact the timing of puberty and
reproductive fitness (5, 6) in the context of the early programming theory (7).

The genetics of CHH is heterogeneous. Mutations in more than 40 genes, acting either
alone or in combination, have been identified in 50% of cases (8). Inactivating mutations

in GnRH (GNRHI)(9) or GnRH receptor (GNRHR) (10) confirm the essential role of
GnRH in reproduction. Furthermore, mutations in other CHH genes (1) have been critical
to unraveling the complex biological processes affecting GnRH neuronal fate specification,
migration during embryonic development and/or GnRH secretion/action in adulthood (1).
Of these, inactivating mutations in genes encoding kisspeptin (K/5SZ) (11) and its receptor
(KISS1R) (12, 13) have pinpointed the kisspeptin system as a potent upstream activator

of GnRH neurons (1). Hypothalamic kisspeptin neurons are estradiol-sensitive and convey
feedback from gonadal steroids to GnRH neurons, an action that requires the priming of the
latter by nitric oxide (NO) release (14). Kisspeptin also directly acts on NO synthase (Nos1)
neurons, another estrogen-responsive population regulating GnRH neurons (15, 16).
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NO, which acts by stimulating the production of cyclic GMP (cGMP), is involved in a wide
range of biological processes in both humans and mice, including neuronal development
and plasticity (17, 18). The duration and intensity of NO signaling are modulated by
phosphodiesterases (PDESs), which hydrolyze cGMP (19). In the hypothalamus, neuronal
NO acts on GnRH neurons as a strong inhibitory signal that integrates both metabolic and
gonadal information (19). In addition, NosZ-deficient mice exhibit infertility (20). We thus
hypothesized that loss-of-function mutations in NVOSZ could lead to GnRH deficiency and
CHH by affecting key hypothalamic neuronal circuits controlling fertility.

Nos1 Distribution in the Fetal and Adult Human Hypothalamus

We examined NOS1 expression during prenatal development and in adult humans using
immunohistochemistry. In the nose of human fetuses, NOS1 expression was observed in
some migrating GnRH neurons but lost once they reached the forebrain region (Figure 1a).

In adult patient brains, NOS1-expressing neurons were widely distributed in the
hypothalamus (Figure S1a), intermingling and interacting morphologically with GhnRH
neurons at various sites, including the infundibulum (Figure 1a, Figure S1b). However,
GnRH neurons consistently did not co-express NOS1. Both NOS1 and GnRH neurons
received input from kisspeptin neurons (Figure 1b-d). A subset (11.4+3.0%) of kisspeptin
neurons also expressed NOS1 (Figure 1d), a phenomenon not seen in mice, in which

Nosl immunoreactivity is absent in neurons expressing the neurokinin B receptor NK3R
(Figure S1c), used as a surrogate to identify Kisspeptin neurons in the arcuate nucleus of the
hypothalamus (21).

Chh Patients Harbor Heterozygous Nos1 Mutations

NOS1 is a 29-exon gene encoding NOS1a, a 150 kDa protein consisting of 1434 amino
acids (GenBank: NM_000620.4) that functions as a homodimer (22). NOS1a is the most
commonly occurring isoform in the nervous system (19). Through exome sequencing of

a large cohort of unrelated subjects with CHH (n = 341), we identified five ultra-rare
heterozygous ANVOSI missense variants in six probands (~2%) (Table 1; Table S1; Figure
2). None of the probands harbored pathogenic or likely pathogenic variants in known
CHH genes, according to the ACMG classification. Finally, NOSI missense variants were
significantly enriched in our CHH cohort compared to the gnomAD control database (two-
sided Fisher’s exact test, p = 2.64 x 1072).

The identified NOS1 mutants mapped to highly constrained sub-regions of NOS1 critical
for protein function (Figure 2a,b). Three variants (p.Thr1107Met, p.Glu1124Lys and
p.1le1223Met) were located in the C-terminal reductase domain, critical for the catalytic
activity of the protein. More specifically, p.lle1223Met was located in the NAD-binding
pocket and the p.Thr1107Met and p.Glu1124Lys in the FAD-binding pocket, both essential
for electron transfer to the oxygenase domain of the adjacent subunit of the dimer, leading
to NO formation (22). The p.Ala231Thr mutation lay within a regulatory region, the
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protein inhibiting NOS1 (PIN)-binding domain, while p. Arg260GIn was located in a low-
complexity region between the PIN-binding and oxygenase domains (Figure 2a).

The p.Glul124Lys NOSI mutation was identified in two unrelated probands—a KS female
and a normosmic CHH (nCHH) male patient. The other four mutations were found in 2 KS
and 2 nCHH probands (Table 1).

Clinical Characteristics of Probands

The relevant clinical characteristics of the six probands are detailed in the supplementary
materials and summarized here. Four of six probands were male. All patients presented with
absent puberty, suggesting severe GnRH deficiency. Supporting this view, one male proband
had a history of cryptorchidism and micropenis, consistent with altered minipuberty. Family
DNA was available in four cases. All probands inherited their mutations from unaffected

or partially affected parents (Figure 2b). In Family D, the female proband (11-1) harboring

a p.Glul124Lys NOSI mutation exhibited KS and inherited the NOSI mutation from her
father (1-1) with constitutional delay of growth and puberty (CDGP), a transient form of
GnRH deficiency (23). Hyposmia in the patient together with the presence of anosmia in her
mother suggests oligogenic inheritance, although no other genetic defects in known CHH
genes were identified in this pedigree (1). In addition, the male proband with KS in Family
B exhibited anosmia, while the male CHH proband in Family C exhibited hyposmia. Two
CHH probands (Family E, male, and Family F, female) displayed hearing loss, and one of
them (Family F) also exhibited intellectual disability.

Nos1 Mutants are Loss-of-Function

Before testing the enzymatic activity of the NOS1 mutants identified above in vitro, we first
assessed their ectopic expression after transient transfection of HEK293 cells with tagged
wild-type (WT) and mutant NOSZ cDNA. Western-blot analysis revealed that, in contrast to
the WT construct, Thr1107Met and Glu1124Lys mutants were barely detectable, suggesting
disrupted protein synthesis or rapid degradation (Figure 2c).

Consistent with altered expression, calcium-induced NO release using live-cell imaging
was abrogated in cells transiently expressing Thr1107Met and Glu1124Lys mutants, and
significantly attenuated for the 3 other reported mutants compared to cells expressing the
WT plasmid (p < 0.001; Figure 2d-f; Figure S2a,b), suggesting decreased NOS1 activity.
NOS1 requires homodimerization to enzymatically convert L-arginine and oxygen into
L-citrulline and NO (24), and NOS1 mutants can impair the formation of active NOS1
dimers, resulting in reduced NO production /n vitro (25). The decreased enzymatic activity
of mutants was further confirmed using a fluorometric nitrate kit (Figure S2c). To test the
possibility that NOS1 mutants impair the activity of NOS1 dimers by heterodimerizing
with the NOS1 produced by the WT allele, we generated bicistronic constructs producing
equimolar amounts of WT and mutated NOSI transcripts (Figure S2d). NOS1 activity

in vitrowas diminished to the same extent by the biscistronic construct as when cells

were transfected with the mutants alone (Figure S2c¢), and mutant isoforms were seen to
co-immunoprecipitate with WT isoforms (Figure 2g), demonstrating that the NOS1 mutants
identified in our patients are dominant negative.
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Nos1 Modulates Gnrh Neuron Number and Migration

NO is implicated in regulating neuronal migration in the brain during mouse embryogenesis
(17). We thus explored the involvement of NOS1 in GnRH neuronal migration. Similar to
human fetuses (Figure 1a), in mouse embryos at embryonic day (E) 14.5, GnRH neurons
co-expressed Nosl in the nose but not the forebrain (Figure 3a). Next, we induced a transient
and site-specific inhibition of NO production by infusing the NOS inhibitor L-NAME
locally into the nasal region of WT mouse embryos on E12.5, when GnRH cells start

to enter the rostral forebrain (Figure 3b). Blunting NO production at E12.5 resulted in a
major alteration in migration (Figure 3c, d); at E14.5, the vast majority of GnRH neurons,
which formed part of Nos1-immunolabeled aggregates, were arrested in the nose before
entering the brain, skewing the distribution of the neurons (Figure 3c, d). However, the total
number of GnRH neurons in whole heads, i.e. in both the nose and the brain, at E14.5
appeared higher in L-NAME-treated embryos at E12.5 than in littermates treated with saline
in the contralateral horn of the dam’s uterus (Figure 3e). To better understand the role of
Nosl in GnRH neuron migration, we evaluated the distribution and total number of GnRH
neurons in the whole head, i.e., in the nose (yellow, Movie 1) and the brain (red, Movie

1) (Figure 3f) of neonatal (P0) mice lacking exon 2 of NosZ (Nos1!™ mice)(26), using
three-dimensional (3D) imaging and analysis of solvent-cleared tissue (iDISCO), which we
have previously proven to accurately count GnRH immunolabeled neurons in the whole
brain (27). Contrary to the effect of NOS inhibition by L-NAME in E14.5 embryos (Figure
3d, €), the distribution of GnRH somata at birth did not differ between NosZ”- mice and
WT littermates (Figure 3g, Movie 2). However, as in L-NAME-injected E14.5 embryos
(Figure 3e), NosI~ mice showed higher total numbers of GnRH neurons at PO (Figure

3h), suggesting that Nos1 activity may, at least in part, control the size of this neuronal
population. Finally, TAG-1 immunoreactivity showed that olfactory bulb morphogenesis and
olfactory and vomeronasal fiber projections to the olfactory bulb were not altered in Nosz’-
mice (Figure 3i), suggesting preserved connectivity between the nasal epithelium and the
brain in this mouse model of Nos1 deficiency.

Altered Sensory and Cognitive Performance in Nos1-Deficient Mice

The presence of associated phenotypes like anosmia, hearing loss and mental retardation in
CHH patients harboring heterozygous NOSI mutations (Table 1) led us to evaluate these
traits in AlosZ”™ mice, in which Nos1 activity is markedly impaired although some residual
activity persists (26).

Olfaction—During the social odor discrimination test, both AlosZ”- and Nos1- mice
failed to be attracted by volatile urine odors of the opposite sex (Figure 4a). During the
habituation/dishabituation test, both Nosz- and NosI*- mice could discriminate novel non-
social odors (Figure 4b). However, NosI”~ mice were hyper-reactive to these stimuli (Figure
4b), similar to what has been observed in premature infants during a visual habituation-
dishabituation task (28, 29). The alteration of the sense of smell in Nos-deficient mice

thus consists of a sex-independent impairment in the encoding or processing of non-social
olfactory information without gross defects in odor detection (i.e. no general anosmia).

Sci Transl Med. Author manuscript; available in PMC 2023 April 05.
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Hearing—We studied hearing in MosZ-deficient mice by measuring distortion-product
otoacoustic emissions. Male, but not female, NosZ- mice exhibited defects in the auditory
pathway at the level of the cochlear nucleus as shown by an increased latency in the auditory
brainstem-evoked response (ABR) wave Il (Figure 4c), and mean threshold elevations of
18.9 dB at 40 kHz (Figure 4d).

Cognition—Both NosI”- and NosI*- mice demonstrated defective cognitive performance
compared to WT littermates in the novel object recognition test (Figure 4e). We next tested
executive functions and cognitive flexibility in Mos27- mice and their WT littermates using
the attentional set-shifting task (30-32) (ASST) (Figure 4f), which relies on a sequence of
blocks (each composed of individual trials) testing different cognitive states; each block
must be completed before moving on to the next. The simple discrimination (SD) and
compound discrimination blocks (CD, in which one type of sensory information serves as
a distractor from another) test basic perceptual and associative abilities. The compound
discrimination-reversal (CDR) block measures the ability to adjust behavior for previously
learned cue-reward contingencies. The intradimensional set-shifting (IDS) block assesses
attentional set formation and maintenance, while the extradimensional set-shifting (EDS)
block assesses the cognitive flexibility required to disengage from previously relevant
information and shift attention towards a newly relevant stimulus.

All Nos1*'* and Nos1'- mice were able to complete all blocks of the ASST, with response
latency being similar between genotypes (Figure 4g). Although the required number of
trials to complete each block did not change between groups (Figure 4i), the pattern across
blocks differed between genotypes. NosI** mice needed fewer trials to complete the IDS
block than the CD block, and required more trials for the EDS block than the IDS block
(Figure 4i), as previously reported for such tests (30-32), reflecting the formation of an
attentional set and cognitive flexibility. Mosz** mice also needed more trials to complete
the CDR block than the CD block and displayed lower response accuracy (Figure 4h,i),

in keeping with the increased number of trials required to suppress a previously learned
cue-reward contingency due to perseverative errors (30-32). NlosZ’~ mice did not exhibit
such a pattern or any sign of attentional set formation (Table S), but seemed to solve each
block independently of past experience. Moreover, NosZ”- mice did not show any difference
in the number of trials needed to complete the CDR block vs. the CD block, and committed
fewer perseverative errors than NosZ*/* mice (Figure 4h,i,j). Overall, their learning curves
did not differ between the two blocks, again suggesting that AlosZ’- mutants treated them
independently (Figure 4k). In summary, NosZ’~ mice displayed normal basic perceptual and
associative abilities but impaired cognitive abilities such as reversal learning and attentional
set formation.

Infantile Nos1 Activity Shapes Minipuberty

While it is known that MosZ7- mice exhibit central reproductive defects and infertility
(20), the underlying mechanisms are largely unknown. In a recent study, we demonstrated
that Nos1 activity increases in the preoptic region, including the organum vasculosum
of the lamina terminalis (OVLT), during the infantile period (33), known to be crucial
for the establishment of the GnRH neural network (19, 34, 35). Most hypothalamic Nos1-
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expressing neurons in mice lie in the OVLT region (15), where GnRH neuronal cell

bodies and dendrites also reside (15). We therefore measured immunoreactivity for Ser1412
phosphorylation-activated Nos1 (P-Nos1) (36) in the OVLT at neonatal (P7), infantile (P10
and P12) and post-weaning (P23) stages (Figure 5a, Figure S3a,b). The proportion of Nosl
neurons expressing P-Nos1 increased at P12 (Figure 5a), when high circulating FSH levels
signal the occurrence of minipuberty in infantile mice (33), and persisted thereafter (Figure
5a). P-NOS1 immunoreactivity was also found in the hypothalamus of men and in women
both of childbearing age and after menopause (Figure S3c). To determine whether this
infantile increase in P-Nos1 expression could be linked to the FSH-induced estrogen output
from the ovaries (37), we analyzed P-Nos1 expression in P23 WT mice after ovariectomy
at P12, and found a striking loss of P-Nos1 immunoreactivity in the OVLT (Figure 5a, b,
Figure S3a) as well as the hippocampus (36.2+5.9% vs. 10.4+2.4% P-Nosl-immunoreactive
Nos1 neurons, n=3 and 4 per group, respectively, p=0.006; Figure S3b). Because NO is
known to restrain GnRH neuronal activity (19, 38), we next performed electrophysiological
analyses in Nos1-deficient females at minipuberty. As expected, spontaneous firing in
infantile GnRH neurons was markedly increased during the third week of life in Gnrfr.: Gfp,
NosI!~ mice, compared to their Gnrh:: Gfo, NosI*'* littermates (Figure 5¢c, Figure S4).

This increase was associated with a precocious 4-fold increase in GnRH transcripts in
NosI-deficient mice compared to WT littermates at P12 rather than by P23, as shown

using real-time PCR analyses of GnRH neurons after fluorescence-activated cell sorting
(Figure 5d). Recent data have implicated infantile NO in Gnrh promoter activity during
minipuberty via the transcription factor C/EBP (33). Transcripts for the C/EBPf gene,
Cebpb, were downregulated in GnRH neurons isolated from Nos1-deficient mice (Figure
S5a), suggesting that, besides regulating the C/EBPp-mediated repression of the Gnrh
promoter (33, 39), neuronal NO could also be involved in controlling the expression of

this Gnrfpromoter repressor itself. Both the increase in spontaneous firing by infantile
GnRH neurons and GnRH expression (Figure 5¢,d) are consistent with increased GnRH
release, as shown by elevated LH and FSH levels in AMosI-deficient female mice at P12
(Figure 5e,5f). While post-weaning levels of FSH reached their nadir at P23 in WT mice,
they remained abnormally high in MosZ-deficient mice and only reached control levels by
P30 (Figure 5e). In contrast, LH levels at minipuberty were elevated in both NosZ”- and
NosI*"- mice and reached WT levels at P23 (Figure 5f). While GnRH transcripts in the
pituitary were unchanged (Figure S5b), these aberrant gonadotropin levels in Nos1-deficient
mice were associated with blunted estradiol levels during the infantile period (Figure 5g) and
increased inhibin B levels at P23 (Figure 5h), but unaltered circulating AMH (Figure 5i).
Combined, these results suggest that increased Nos1 activity during minipuberty is required
for the hypothalamus-driven onset of gonadal steroid negative feedback and the repression
of the HPG axis at the end of minipuberty.

Puberty Is Altered in Nos1-Deficient Mice

The first external sign of sexual maturation, i.e. vaginal opening and first ovulation in
females and balanopreputial separation in males, were altered in Nlosz”- mice (Figure 6a-c).
Vaginal opening was also delayed in Nosz/* females (Figure 6a). These defects were
associated with abnormal estrous cyclicity and sporadic ovulatory events in young adult
NosI'- mice (Figure 6d).
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Pharmacologically-Induced Infantile No Deficiency Alters Sexual Maturation

To further explore the physiological role of infantile NO in the maturation of the
reproductive axis, we specifically blunted NO production in WT mice between P10 and
P21 by the daily intraperitoneal injection of L-NAME (50 mg/kg). This pharmacologically-
induced infantile NO deficiency (Figure 6e-h) recapitulated the reproductive phenotype of
genetic MosI-deficient mice (Figure 6a-d), with delayed vaginal opening (Figure 6¢) and
pubertal onset (Figure 6f). Furthermore, infantile NO deficiency led to a deficit in adult
reproductive capacity, as indicated by an increased percentage of days spent in diestrus and
fewer successful ovulatory events (Figure 6g). In line with this, the typical preovulatory LH
surge in adulthood (P75-90) was blunted in most infantile-NO-deficient mice (Figure 6h)
when compared to vehicle-treated animals. When NO production was abolished at P7-P12,
an early infantile period when FSH levels are rising (34), there was no effect on sexual
maturation despite an effect on postnatal growth (Figure S6b), clearly defining the P10-P21
period as a critical window for the action of infantile NO.

Altered Sexual Maturation In Nos1-Deficient Mice is Rescued By no Treatment

We next investigated whether inhaled NO (iNO) during this critical period could improve
the reproductive phenotype of NMosI-deficient mice. iINO during the P10-P23 period rescued
vaginal opening (Figure 6a) and age at balanopreputial separation (Figure 6b) in both Nosz7-
and NosI*- mice and pubertal onset in females (Figure 6¢), as well as estrous cyclicity

in adult Nosz/- females (Figure 6d). Because the NVosZ”- mouse model used in this study
exhibits some residual Nos1 activity (26), we next determined whether treatment with the
selective inhibitor of cGMP-specific PDES5, Sildenafil, commonly used in human neonates
as an alternative to iNO (40), could also rescue the phenotype of these mice. Daily Sildenafil
injections between P10 and P23 partially normalized sexual maturation in NosZ”~ mice
(Figure 6a,c,d).

Inhaled No Rescues Olfactory and Cognitive Impairments

Administration of iNO or Sildenafil during infancy in AosI-deficient mice also restored
olfactory (Figure 4a,b) and cognitive impairments in adulthood (Figure 4e), demonstrating
that these neuro-developmental alterations are at least partially related Nos1 deficiency or its
consequences.

Discussion

In this study, we identified several ultra-rare heterozygous mutations of NOSZ in 2% of our
large cohort of CHH. These mutations, confirmed to be loss-of-function /n vitro, occurred

in highly constrained sub-regions of NOSZ normally devoid of deleterious mutations in the
general population (41). As observed with other CHH genes (1, 42), they were inherited
from partially affected (with delayed puberty) or unaffected parents in an autosomal
dominant fashion, suggesting segregation with variable expressivity and reduced penetrance.

In mice, it has been previously shown that a total loss of Nos1 catalytic activity (i.e. deletion
of the oxygenase domain) results in hypogonadism and infertility due to a central defect
(20). Here, using NosI knockout mice lacking exon 2 (with some residual Nos1 activity
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(26, 43)), we have demonstrated that Nos1 deficiency impairs the onset of puberty and
fertility in a dose-dependent fashion, consistent with the Nos1 homodimerization necessary
for its enzymatic action and production of NO (24, 25). This is consistent with the markedly
impaired /n vitro activity of the heterozygous NOS1 mutants and the extreme intolerance to
loss-of-function mutations of NOSI seen in CHH patients.

Although the hallmark of CHH is absent or partial puberty, it is currently thought that
minipuberty, or the transient activation of the HPG axis during infancy, is also absent in
most cases (44). Occurring during the first postnatal months in humans (45, 46) and the
second week of life in rodents (34), minipuberty is characterized by a transient surge in
GnRH production leading to gonadal activation. Gonadotropin profiles during minipuberty
are known to be sexually dimorphic in humans (45, 46); whether similar differences occur in
mice remains to be explored. In our genetically or pharmacologically Nos1-deprived mice,
minipuberty was exaggerated and prolonged, and characterized by increased GnRH neuronal
activity, higher Gnrhtranscript expression in the hypothalamus and abnormally elevated and
sustained levels of FSH. These early changes led to delayed puberty and altered fertility

in adulthood, defining a critical window during which infantile NO activity shapes the
postnatal maturation of the central neuroendocrine circuits driving pulsatile GnRH release.
Consequently, the dynamics of GnRH release during minipuberty in humans might also
shape puberty onset and adult fertility, a hypothesis that could be confirmed in CHH or
CDGP patients.

NOSL1 is the first gene encoding a neurotransmitter-synthesizing enzyme to be implicated

in CHH. Additionally, the postnatal increase of Nos1-dependent NO production in the
hypothalamus and hippocampus of infantile mice is also dependent on sex steroids secreted
by the maturing gonads, in particular estrogen (47-49), which positively impacts the
establishment of neuronal circuits in several other brain areas (50-52). Furthermore,
Sildenafil, used to treat erectile dysfunction in men, also increases serum testosterone (53),
and 10-20% of CHH patients exhibit a reversal of their condition after hormone therapy to
normalize their sex steroid milieu (54). Among non-reproductive deficits, several probands
displayed anosmia (Kallmann syndrome) or sensorineural hearing loss as well as intellectual
disability, phenotypes that are also reflected in NosI-deficient mice, as expected from

an NO-dependent impairment of other neuronal circuits (55-57). It is thus tempting to
speculate that the establishment and homeostasis of both reproductive and non-reproductive
neuronal networks could contribute to the disease, and that the rise in FSH-induced estrogen
production during minipuberty could act as a synchronous trigger to promote the maturation
of these varied Nos1-dependent neuronal networks.

Anosmia in CHH is thought to result from a defect in the axonal targeting of olfactory
neurons, which contribute to the migratory scaffold for GnRH neurons (1, 58, 59). However,
our anatomical analyses in cleared tissues convincingly show that olfactory projections

are not affected in Mos1”~ mice. Instead, pharmacologically or genetically inhibiting Nos1
activity during embryonic development perturbed GnRH neuronal migration from nose to
brain, consistent with a temporally restricted action of NO on GnRH neuron migration,

but also led to higher total number of GnRH neurons in the heads of newborn mice,
suggesting that the migratory defect is either transient or compensated for by the increased
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number of GNRH neurons produced. How Nos1 activity controls the size of the GnRH
neuronal population is not known. One possibility is that it does so by modulating GnRH
expression through the NO-dependent transcription-factor-gene micronetwork involving
C/EBP, which represses the GnRH promoter (33). NO may also control neuronal survival
by interacting with distinct signaling pathways in GnRH neurons, including with the
semaphorin class 3 receptor neuropilin-1 (60), which has recently been shown to promote
GnRH neuronal cell death during embryogenesis (61). In addition, the fact that not all
GnRH neurons express Nos1 suggests that there could be more than one subpopulation of
these neurons with different migratory, survival and functional profiles, and the absence of
Nos1 might affect them differently.

NO is also known to modulate neural activity and synaptic transmission in the olfactory
system (62, 63). NO-mediated cGMP production and the potentiation of glutamate release
appear involved in the brain plasticity that underlies odor perception and memory formation
related to olfaction in many different species (64-67). Importantly, NO could change
olfactory capacity by altering neurogenesis and neuronal migration during development
(68). The NO signaling system is ideally suited to fulfill a general presynaptic regulatory
role and may effectively fine-tune network activity during embryonic and early postnatal
development (69, 70), contributing to its involvement in the formation and maturation

of brain circuits. Thus, the olfactory processing deficits seen in AlosZ’~ mice and at

least some KS patients could be due to a modulation of synaptic plasticity and neuronal
circuit synchronization in the olfactory bulb by NO/cGMP signaling emitted by GABAergic
interneurons (65, 71, 72). Similarly, genes for several components of the NO/cGMP pathway
are located in human deafness loci (GUCY, NOS1, NOS2, and NOS3) (73, 74), and auditory
deficits, such as those found in CHH patients E and F, have been associated with alterations
in the NO pathway (75, 76).

We also observed Nos1 expression in kisspeptin neurons of the infundibulum/arcuate
nucleus in humans, but not in mice. Human data were obtained in postmenopausal women.
While kisspeptin expression in these patients is thought to be greatly increased due to the
lack of the estrogen negative feedback, this does not detract from the finding that NOS1 is
expressed in kisspeptin neurons. However, in mice, Nos1 expression appears to be highly
positively regulated by gonadal steroids in the arcuate nucleus. Indeed, in contrast to all
other hypothalamic areas analyzed, arcuate Nosl is absent before the minipubertal activation
of the gonads and is first seen at P23 (15) and gonadectomy in adulthood dramatically
dampens its expression in both sexes (Figure S1c).

The fact that intellectual disability and cognitive deficits are seen in CHH probands and
NosI'- mice, respectively, also reflects a broader link between NO signaling, learning ability
and neurodevelopment. In the present study, the attentional set-shifting task showed that
although Nos17- mice displayed WT-like basic perceptual and associative abilities, their
learning strategies were distinct, revealing impaired cognitive abilities due to a deficit in
reversal learning and in the formation of attentional sets. The Fragile X protein, FMRP
(fragile X mental retardation 1 protein), an RNA-binding protein whose loss of function is
the leading monogenic cause of intellectual disability and autism, binds the NOS1 transcript
and increases its translation in the developing neocortex (71). A hypomorphic NOS1 allele
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is also associated with attention deficit hyperactivity disorder, impulsivity and aggression in
humans (77), behavioral features often comorbid with Fragile X syndrome. It is also worth
noting that preterm infants, who have an increased risk of developing impaired reproductive
capacity (78), intellectual disability and hearing loss (79, 80), display abnormally high
serum FSH levels during minipuberty (45, 46), recapitulating some phenotypic aspects of
Nos1-deficient mice and CHH patients harboring NOS1 mutations.

The administration of exogenous NO or a PDES5 inhibitor (Sildenafil) during the critical
postnatal time-window of minipuberty reversed both reproductive and non-reproductive
phenotypes in our mice, confirming the crucial role played by NO. Given that iINO

and sildenafil are already safely used to promote lung maturation and vascularization in
premature infants, this line of treatment between the ages of 1 and 6 months may be

useful to manage infants born to CHH patients and themselves carrying NOS1 mutations, to
improve brain development and future quality of life. One could imagine a similar strategy
to treat other disorders of pubertal development or infertility, as well as the wider spectrum
of neurological deficits seen in premature infants. Indeed, the latter population constitutes a
major public health issue that will only worsen with time as the age of viability of fetuses
becomes progressively lower, and as viral pandemics and environmental pollutants increase
the risk of preterm birth.

Our study does have some limitations. Whether CHH patients with A/OSZ mutations undergo
altered minipuberty is indeed unknown, but is currently under investigation within the
framework of the European miniNO consortium (https://www.minino-project.com). This
project also aims to investigate whether iNO treatment at minipuberty could exert beneficial
effects in infants at risk of developing sensory and cognitive alterations. It is also not known
whether iNO or PDE5-inhibitors can, at least partly, rescue the phenotypes of adult CHH
patients with NOS1 mutations. Even though our study identified a critical period for the
action of Nos1 on the establishment of the HPG axis, NO is also involved in the function

of adult reproductive and non-reproductive neural circuits (19, 22), and the effects of such
treatments could be investigated in Nos1-deficient mice in adulthood.

In summary, the broad spectrum of actions of NO in the development and homeostasis of
the cardiovascular, immune and central nervous systems are well known. Our current study
expands the reach of this critical molecule to include the regulation of sexual maturation and
reproduction by the brain, and suggests that a safe, simple and feasible therapeutic option
such as increasing NO levels during minipuberty could have far-reaching consequences

for a spectrum of neurodevelopmental deficits, including in vulnerable populations such as
preterm infants.

Materials and Methods

Study Design

This study designed to investigate the role of NOSL1 in reproductive neuroendocrine
development and adult sensory and cognitive functions was conducted in both humans

and mice. Permission to use 9 gestational-week-old human Fetuses was obtained from the
French Agence de Biomédecine (PFS16-002). Male and female adult human hypothalamic
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tissues were obtained at autopsies from the Forensic Medicine Department of the University
of Debrecen, Hungary, with the permission of the Regional Committee of Science and
Research Ethics (DEOEC RKEB/IKEB: 3183-2010). The study in patients was approved by
the ethics committee of the University of Lausanne (CER-VD 345/11; PB_2018-00247) and
registered onto Clinicaltrials.gov with the number NCT01601171. All participants provided
written informed consent prior to study participation.

All animal procedures were carried out in accordance with the guidelines for animal

use specified by the European Union Council Directive of September 22, 2010
(2010/63/EU) and were approved by the Institutional Ethics Committees for the Care

and Use of Experimental Animals of the Universities of Lille, Bordeaux and Geneva,

and the French Department of Research (APAFIS#2617-2015110517317420v5 and
#27300-2020092210299373v3) and Geneva state ethics committees. Both sexes were used
in this study. Investigators were blind to the experimental group, to which age- and sex-
matched littermates were assigned according to their genotype. No study size calculation
was performed. No data were excluded from the study.

The CHH cohort included 341 probands (184 KS and 173 normosmic CHH [nCHH]). The
diagnosis of CHH was made on the basis of: i) absent or incomplete puberty by 17 years
of age; ii) low/normal gonadotropin levels in a setting of low serum testosterone/estradiol
levels; and iii) otherwise normal anterior pituitary function and normal imaging of the
hypothalamic-pituitary region(1). Olfaction was assessed by self-reporting and/or formal
testing (81). When available, family members were included for genetic studies. This study
was approved by the ethics committee of the University of Lausanne. All participants
provided written informed consent prior to study participation.

Genetic Analyses

Genomic DNA was extracted from peripheral blood samples using the Puregene Blood Kit
(Qiagen), following the manufacturer’s protocol. Exome capture was performed using the
SureSelect All Exon capture v2 or v5 (Agilent Technologies, Santa Clara, CA USA) and
sequenced on the HiSeq2500 (Illumina, San Diego CA USA) at BGI (BGI, Shenzen, PRC).
Raw sequences (FASTQ files) were analyzed using an in-house pipeline that utilizes the
Burrows-Wheeler Alignment algorithm (BWA)(82) for mapping the reads to the human
reference sequence (GRCh37), and the Genome Analysis Toolkit (GATK)(83) for the
detection of single nucleotide variants (SNVs) and insertion/deletions (Indels). The resulting
variants were annotated using Annovar version 20191024(84) and dbNSFP version 4.0(85)
for minor allele frequency (MAF) and pathogenicity scores.

Based on the prevalence of CHH (1), we established the MAF threshold as 0.01% and
excluded all variants with a higher MAF in gnomAD. Candidate NVOSZ variants were then
prioritized using the following criteria: (1) /n silico prediction of deleteriousness (CADD
(86) > 15), and (2) variant position in sub-regions highly intolerant to variation (LIMBR)
(41) score percentile < 5). All variants were confirmed by Sanger sequencing of both strands
with duplicate PCR reactions. A gene burden analysis for the identified NOSI variants was

Sci Transl Med. Author manuscript; available in PMC 2023 April 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chachlaki et al. Page 14

performed using a two-tailed Fisher’s exact test in CHH probands vs. controls (gnomAD
exome controls). Furthermore, mutations in known CHH genes (Z) according to ACMG
criteria were noted for each proband and family members harboring rare variants in NOS1.

Studies of Nos1 Expression

NOSL1 expression was studied by immunohistochemistry in fetal heads and adult human
hypothalamic tissues as described in the Supplementary Materials.

Studies of Nos1 Expression and Signaling

A human embryonic kidney cell line (HEK 293T) was transiently co-transfected with each
NOS1 mutant and the FlincG3 NO-detector plasmid (pTriEx4-H6-FGAm)(87) and subjected
to live imaging to assess the concentration of NO released upon the application of the
calcium ionophore A23187, as described in the Supplementary Materials. NOS1 mutants
expression, heterodimerization with WT NOS1 isoforms and activity were also assessed
using alternative methods (see Supplementary Materials).

Assays In Mice

Neuroanatomical analyses, electrophysiological recordings and gene expression analysis in
GnRH neurons, and examination of reproductive physiology and behavioral testing were
carried out in male and female NosI-deficient (Nosz'-, B6.129S4-Nos1tm1Plh/J) mice(26)
and their Nos1*- and Nos1*'* littermates, subjected or not to iNO (20ppm) or Sildenafil
(15mg/kg, intraperitoneally) treatment during the infantile period (see the Supplementary
Materials).

Statistical Analysis

All analyses were performed using Prism 7 (GraphPad Software, San Diego, CA) and
assessed for normality (Shapiro—Wilk test) and variance, when appropriate. Sample sizes
were chosen according to standard practice in the field. The investigators were blind to
group allocation during the experiments. For each experiment, replicates are described in
the figure legends. For animal studies, data were compared using an unpaired two-tailed
Student’s #test or a one-way ANOVA for multiple comparisons against the control condition
followed by Dunnett multiple comparison post-hoc test. Data not following normal
distribution were analyzed using either a Mann-Whitney Utest (comparison between two
experimental groups) or Wilcoxon/Kruskal-Wallis test (comparison between three or more
experimental groups) followed by a Dunn’s post hoc analysis. The number of biologically
independent experiments, sample size, Pvalues, age and sex of the animals are all indicated
in the main text or figure legends as well as in the statistical excel file (see data file S1)
provided. All experimental data are indicated as mean + s.e.m. The significance level was
set at A<0.05. Symbols in figures correspond to the following significance levels: *P<0.05,
**P<0.001, ***P< 0.0001. Exact Pvalues and further statistical analyses are provided in
Table S2 and raw data in Table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One-sentence summary

Altered NOS1 activity causes congenital GnRH deficiency with sensory and cognitive
comorbidities, rescued experimentally by NO therapy at minipuberty.
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Figure 1. NOSL expression in the GnRH neuronal system in humans
(a) 9-week old human fetus immunolabeling showing migrating GnRH neurons (green)

coexpressing NOS1 protein (red) in the nose (arrows upper panels), but not in the ventral
forebrain (vfb; lower panels).

(b) NOS1 (green), GnRH (blue) and Kisspeptin (red) triple-immunofluorescence in the
infundibulum (Inf) of adult human hypothalami. White arrowheads: contacts between
NOS1-immunoreactive processes and GnRH neurons.

(c) Kisspeptin fibers (red) innervating (white arrows) NOS1 cells.

(d) A subpopulation of the kisspeptin neurons (asterisks) co-expressing NOS1 in the
infundibulum.

Scale bars: 15 um.
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Figure 2. I dentification and characterization of NOS1 mutationsin CHH probands
(a) Lollipop plot illustrating the distribution of identified mutations in functional domains

(blue boxes) of the human NOS1 protein (upper panel) and in highly constrained sub-
regions (LIMBR score < 5%; lower panel in red).

(b) Pedigrees of CHH probands harboring NOSI mutations. Phenotypes are indicated by
symbols as shown in the legend (bottom).

(c) Representative western blot showing ectopic expression of NOS1 protein (Anti-Myc tag)
in HEK293 cells 48h after transfection with WT or mutant NOS1 constructs.
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(d) Mode of action of NO on the fluorometric probe (FlincG3) used to quantify NO
production from NOS1 isoforms using live-cell imaging in transfected HEKGC/PDE5
cells (i.e. NO detector cells) and (e) calibrating the dose-response curve. sGC, soluble
guanylate cyclase; PDE, phosphodiesterase; EGFP, enhanced green fluorescent protein; F,
fluorescence.

(f) NO concentration upon endogenous stimulation of the NO signaling pathway in
NO-detector cells expressing the WT or mutated NOS1 protein (one-way ANOVA with
Dunnett’s post-hoc test; n=8,4,3,4,3,5). ***P<0.001. Values indicate means £ SEM. N>3
independent experiments using technical replicates.

(9) Representative Western blots showing co-immunoprecipitation of Myc-tagged NOS1
mutants with His-tagged WT NOS1.
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Figure 3. A rolefor Nosl in GnRH neuron migration and number
(a) Immunolabeling of a mouse embryo on embryonic day (E) 14.5 showing migrating

GnRH neurons (green) and Nos1 protein expression (red) in the nose (upper panels) and the
ventral forebrain (vfb) (lower panels).

(b) Schematic showing /n utero injections of L-NAME into the nose of mouse embryos at
El2.

(c) Immunolabeling of a mouse embryo on E14.5 injected with vehicle (left panels) or L-
NAME (right panels) showing migrating GnRH neurons (green) in the nose (upper panels)
and the vfb (lower panels). (d) Distribution and (e) total number of GnRH neurons at E14.5
in vehicle (white; n=5)- and L-NAME-treated (red; n=4) embryos in the nose, olfactory bulb
(ob) and vfb.
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(f) Transparentized whole head and immunofluorescence for GnRH (white) in a Nosz'-
mouse at P0. ME, median eminence; ob, olfactory bulb; OVLT, organum vasculosum
laminae terminalis; POA, preoptic region.

(9) Distribution (Kruskal-Wallis followed by Dunn’s multiple comparisons), and (h) total
number of the GnRH neurons in newborn NosI** (black; n=3)- and Nosz'- (brown; n=3)
mice.

(i) Representative 3D images of TAG-1 immunoreactive olfactory fibers projecting into the
brain in Mos1*'* and Nos1- littermates at PO.

Values indicate means + SEM. N=3 independent litters. Unpaired t-test, *P<0.05, **P<0.01.
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Figure 4. Behavioral testsin Nosl-deficient mice: olfaction, cognition and hearing.
(a) Social olfactory preference test in male and female NosI*'*, Nos1*'- and NosI'- mice

treated or not with iNO (grey-shaded area) or Sildenafil (blue-shaded area) during the
infantile period from P10 to P23. Black asterisks indicate the preference of each group

for male versus female odor (paired t-test; males: untreated, n=8,10,10; Sildenafil-treated,
n=5,5,5; females: untreated n=7,10,6; Sildenafil-treated, n=5,5,6; iNO-treated, n=7,7,6). Red
asterisks: comparison between mice of the same sex and genotype but subjected to different
treatments [ VosI”~ Females: Kruskal-Wallis followed by Dunn’s multiple comparisons test;

Nos17- males: Mann-Whitney U test].
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(b) Non-social olfactory preference test in male and female NosI**, Nos1*!- and Nos1-
mice treated or not with iNO (grey-shaded area), or Sildenafil (blue-shaded area) during the
infantile period from P10 to P23. Values for NosZ** mice during the dishabituation stage
are compared to those of NosI*/ and Nos1~ mice for each treatment group [Kruskal-Wallis
followed by Dunn’s multiple comparisons test; males: untreated, n=6,5,5; Sildenafil-treated,
n=5,5,5; females: untreated, n=7,8,7; Sildenafil-treated, n=5,5,5; iNO-treated, n=6,5,6]

(c, d) Hearing assessed by measuring (c) latencies at the level of the cochlear nucleus
(distortion-product otoacoustic emissions were identical in all mice), and (d) auditory
brainstem-evoked response (ABR) thresholds in Nos1**, Nos1*- and Nos1”- male
(n=8,8,6) and female mice (n=9,9,9). Nos1*'* values are compared to those of NosI*~ and
NosI!~ mice for each group of measurements (two-way ANOVA with Dunnett’s post-hoc
test).

(e) Recognition memory test in NosI**, Nos1*- and Nos1”- male and female mice treated
or not (untreated males, n=9,9,8 and females, n=9,9,8) with iNO (grey-shaded area; females,
n=6,5,6) or Sildenafil (blue-shaded area; males, n=5,5,5; females, n=5,5,6) during the
infantile period. Nlos1*/* values are compared to those of NMosZ*/- and Nosz- mice for

each group of measurements (Kruskal-Wallis test with Dunn’s post-hoc test). Red asterisks:
comparison between mice of the same genotype but subjected to different treatments (Mann-
Whitney test for males and Kruskal-Wallis test with Dunn’s post-hoc test for females).

(f-k) Attentional-set formation and reversal learning in NosZ™* (n=9) and Nosz”- male mice
(n=7). (f) Schematics of the attentional set-shifting task (ASST). Half the mice started the
task with olfactory cues being informative (top, purple letters, circles) whereas the other half
started with tactile cues being informative (bottom, squares) (see methods for details).

(9) Mean response latency during the ASST according to genotype (two-way repeated-
measures ANOVA, P=0.6) and group (one-way repeated-measures ANOVA, NosI**:
P=0.12; NosI’~: P=0.35). (h) Percentage of correctly completed trials according to
genotype (two-way repeated-measures ANOVA, P=0.15) and group (one-way repeated-
measures ANOVA, NosI**: P=0.0002; Nosz-: P=0.015). (i) Number of trials performed
for each block of the ASST according to genotype (two-way repeated-measures ANOVA,
P=0.5327) and group (one-way repeated-measures ANOVA followed by post-hoc test
including 5% false discovery rate, NosI**: P=0.0028; Nos1’": P=0.21y). (Number of

trials done during the CDR block for AlosI*/* vs. NosI”- mice, paired ttest; £=0.78). (j)
Percentage of perseverative errors during the CDR block (Mann-Whitney U test p=0.0007).
(k) Comparison of normalized cumulative correct response rate as a function of the trial
chronological order between the CD and CDR block. Dotted lines indicate linear regressions
(slope: P=0.055 and P=0.11, elevation: *P<10-7 and P=0.39 for NosI*/* and NosI” mice,
respectively).

Values indicate means £ SEM. N>3 independent litters. *P<0.05; **P<0.01; ***P<0.001.
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Figure 5. Nosl activity controlsinfantile GnRH neuronal function.
(@) Progressive phosphorylation of Nos1 during postnatal development in the organum

vasculosum laminae terminalis (OVLT) in intact female mice and females ovariectomized
(OVX) on postnatal day 12 (P12). Bar graphs represent the mean ratio of Nos1-
immunoreactive pixels to P-Nosl-immunoreactive pixels. P-Nosl levels are compared
across developmental stages (one-way ANOVA with Tukey’s post-hoc test, n=3,4,4,7). The
values after ovariectomy at P12 are independently compared to P23 values (unpaired t-test,
n=7,4).
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(b) Immunolabeling for Nos1 (green) and p-Nos1 (red) at P23 in the OVLT of intact (upper
panel) of ovariectomized female mice (OVX at P12; bottom panel) showing migrating
GnRH neurons (green) and Nos1 protein expression (red). N>3 independent litters.

(c) Electrophysiological recordings of the spontaneous activity of preoptic area GnRH
neurons in late infantile (P14-P21) Gnrh::Gfp; Nos1*'* and Gnrh::Gfo; NosI' bigenic mice.
Upper panels: representative trace of spontaneous firing in a GnRH neuron from a NosI**
(left panel) and a NosZ~ (right panel) animal. The bottom trace shows an expansion of a
small region of the top trace. Bottom panel: quantification of spontaneous firing frequency
in GNRH neurons from Gnrh.::Gfo; NosI*'* and Gnrh::Gfo; NosI'- mice (unpaired t-test,
n=12,14 cells, N=5,6 mice).

(d) RT-PCR analysis of Gnrhexpression in FACS-isolated GnRH-GFP neurons from
Gnrh::Gfo; NosI™™, Gnrh::Gfo; NosIt and Gnrh::Gfo; NosI'" bigenic mice at P12
(n=8,9,8) and P23 (n=8,7,10). Gnrh::Gfo; Nos1*'* values are compared to those of
Gnrh::Gfo; NosI*' and Gnrh::Gfo; NosI mice (Kruskal-Wallis test with Dunn’s post-hoc
test at P12 and one-way ANOVA with Dunnett’s post-hoc test at P23) * P < 0.05; ** P <
0.01. Red asterisks: comparison between mice of the same genotype at P12 and P23 (Mann
Whitney U test).

(e) FSH levels at P12, P16, P23 and P30 in NosI**, Nos1*!- and Nos17- female mice
treated or not with iNO (grey-shaded area) or Sildenafil (blue-shaded area) during the
infantile period. FSH values for NosI*/* are compared to those of NosI™- and Nos1'-

mice for each group of measurements (one-way ANOVA with Dunnett’s post-hoc test;

P12: n=10,19,11; P16: n=11,11,8; P23: untreated, n=9,29,7; Sildenafil-treated, n=4,5,6;
iNO-treated, n=5,7,4; P30: n=10,9,10; Kruskal-Wallis test with Dunn’s post-hoc test at P23).
Red asterisks: comparison between mice of the same genotype but subjected to different
treatments (one-way ANOVA with Dunnett’s post-hoc test).

(f) LH levels at P12 (n=11,9,9) and P23 (n=12,5,8) in NosI**, Nos1*~ and Nos1'- female
mice. NosI** LH values are compared to those of NosI*~ and Nos~ mice for each age
(P12: Kruskal-Wallis test with Dunn’s post-hoc test; P23: one-way ANOVA with Dunnett’s
post-hoc test). *** P<0.001. Values indicate means + SEM. N=4-8 independent litters.

(g-i) Estradiol, (g) inhibin B (h) and AMH (i) levels at P12, P23 and P40 in NosI**, Nos1t-
and NosI!- female mice. P12: n=8,10,10 (g); n=7,7,7 (h); n=6,6,8 (i). P23: n=10,11,10 (g):
n=7,5,7 (h); n=8,8,8 (i). P40: n=9,11,10 (g); n=7,7,7 (h); n=8,8,8 (i). NosI*"* LH values
are compared to those of MosI*~ and NosI~ mice for each group of measurements (g,h:
one-way ANOVA with Dunnett’s post-hoc test; i: Kruskal-Wallis test with Dunn’s post-hoc
test). Values indicate means = SEM. N=3-8 independent litters. *P<0.05; **P<0.01; ***
P<0.001.
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Figure 6. The action of NO during the critical infantile period isrequired for establishing a
sexually mature phenotype.

(a) Age at vaginal opening or (c) puberty and (d) adult estrous cyclicity in NosI™*, Nos1*"-
and NosI'- female mice untreated (a: n=7,11,6; c: n=5,6,8; d: n=5,6,6) or treated with iNO
(grey-shaded area, a: n=6,7,6; c: n=6,7,6; d: n=7,8,5) or Sildenafil (blue-shaded area, a:
n=4,7,7; ¢: n=4,7,7; d: n=4,5,7) during the infantile period. Mos1*/* values are compared

to those of NosI*- and Nos1”- mice for each group of measurements [one-way ANOVA
with Dunnett’s post-hoc test for a (untreated) or Kruskal-Wallis with Dunn’s post-hoc test
were used as detailed in Table S2]. Red asterisks: comparison between mice of the same
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genotype but subjected to different treatments (a: one-way ANOVA with Dunnett’s post-hoc
test, b,d: Kruskal-Wallis with Dunn’s post-hoc test). (b) Age at balanopreputial separation
in Nos1*'*, Nos1*'- and Nos1”- male mice untreated (n=4,9,3) or treated with Sildenafil
(blue-shaded area, n=3,13,5). NosI** values are compared to those of NosI*- and Nos1'-
mice for each group of measurements (Kruskal-Wallis test with Dunn’s post-hoc test).

Red asterisks: comparison between mice of the same genotype but subjected to different
treatments (unpaired t-test).

(e-h) Age at vaginal opening (e) and puberty (f) (unpaired t-test; n=10,9), and adult estrous
cyclicity (g) (Mann-Whitney U test; n=8,7) after daily injections of vehicle or L-NAME
during the infantile period.

(h) LH levels in diestrus and proestrus female mice subjected or not to LNAME treatment
during the infantile period (Mann-Whitney U test; n=5,5). ** P = 0.008.

Values indicate means £ SEM. N>3 independent litters. *P<0.05; **P<0.01; *** P<0.001.
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Table 1
Genotype and clinical phenotype of six probandswith ultra-rare heterozygous NO
mutations
Subject Sex NOSE rsnumber MAF % Diagnosis | nheritance Associated Phenotyp
mutations
All-1 M €.691G>A [p.Ala231Thr] - absent nCHH sporadic -
C.779G>A .
BIl-1 M [P.Arg260GIn] rs547371716  0.0019 KS familial ~ supernumerary tooth
} €.3320C>T . bilateral cryptorchidism
Cl-1 M [p.Thr1107Met] rs201943901  0.0064  KS Tamilial micropenis crowded teeth
€.3370G>A . . .
DlI-1 F [p.Glul124Lys] rs372660293 0.0055 KS familial  scoliosis osteoporosis
€.3370G>A . . . .
Ell-1 M [.Glul124Lys] rs372660293 0.0055 nCHH sporadic bilateral hearing loss obesity
-1 E €.3669A>G ) absent nCHH  sporadic intellectual disability left

[p.11e1223Met]

hearing loss

Nucleotide and protein changes are based on reference cDNA sequence NM_000620.4. Nucleotide and protein changes are basec reference cDNA
sequence NM_000620.4. Abbreviations are as follows: MAF, minor-allele frequency in gnomAD exome controls; Cl congenital hypogonadotropic
hypogonadism; nCHH, normosmic CHH; KS, CHH plus anosmia (Kallmann syndrome); M, male female. Bold: associated phenotypes present in

Nos1 deficient mice.
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