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Idiopathic hypogonadotropic hypogonadism (IHH) comprises a group of rare genetic disorders
characterized by pubertal failure caused by gonadotropin-releasing hormone (GnRH) deficiency.
Genetic factors involved in semaphorin/plexin signaling have been identified in patients with
IHH. PlexinB1, a member of the plexin family receptors, serves as the receptor for semaphorin
4D (Sema4D). In mice, perturbations in Sema4D/PlexinBL1 signaling leads to improper GnRH
development, highlighting the importance of investigating PlexinB1 mutations in IHH families.

In total, 336 IHH patients (normosmic IHH, 7= 293 and Kallmann syndrome, 1= 43) from 290
independent families were included in the present study. Six PLXNBI rare sequence variants
(p-N361S, p.V608A, p.R636C, p.V672A, p.R1031H, and p.C1318R) are described in eight
normosmic IHH patients from seven independent families. These variants were examined using
bioinformatic modeling and compared to mutants reported in PLXNAI. Based on these analyses,
the variant p.R1031H was assayed for alterations in cell morphology, PlexinB1 expression, and
migration using a GnRH cell line and Boyden chambers. Experiments showed reduced membrane
expression and impaired migration in cells expressing this variant compared to the wild-type. Our
results provide clinical, genetic, molecular/cellular, and modeling evidence to implicate variants in
PLXNBI in the etiology of IHH.

Keywords

hypogonadotropic hypogonadism; PLXNBL1; puberty

INTRODUC TION

Idiopathic hypogonadotropic hypogonadism (IHH) comprises a group of rare genetic
disorders characterized by complete or partial pubertal failure caused by gonadotropin-
releasing hormone (GnRH) deficiency. According to olfactory function, IHH is divided into
two major clinical forms: normal sense of smell (normosmic IHH, nIHH) and inability

to smell, anosmia, known as Kallmann syndrome (KS). However, this distinction is often
unclear, reflecting the spectrum of pathophysiological mechanisms. Almost 60 genes have
been reported to be associated with IHH. Yet these genes account for approximately

50% of all cases, suggesting that other associated genes remain to be discovered.:2 To
date, the genes implicated in IHH are involved in GnRH neuron ontogenesis, GnRH

neuron migration, GnRH secretion or gonadotrope function. GnRH-secreting neurons are
unique in that they are born outside the central nervous system in the nasal placode and
migrate to the hypothalamus along the vomeronasal and terminal nerves during embryonic
development.2 This journey is evolutionarily highly conserved and follows a similar pattern
in all mammals,? including humans.#> Orchestration of numerous factors/cues participates
in this process to ensure GnRH cells reach the forebrain because aberrant development of
this neuroendocrine system results in IHH. Understanding the pathogenesis leading to IHH
in humans uncovers genetic pathways critical to the development or function of GnRH
neurons and potential therapies.

Semaphorins, a large and diverse family of secreted and membrane-associated proteins,
act as neuronal guidance cues during embryogenesis,® including targeting of GnRH
neurons and olfactory/vomeronasal projections.’” PlexinB1, a member of the Plexin
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family receptors,8? interacts with semaphorin 4D (Sema4D). Signaling through this
ligand—receptor coupling plays a role in dendrite remodeling,1° axonal guidance,!!

bone development,12 organogenesis, 13 angiogenesis,14 and cell motility.1>:16 During cell
migration, PlexinB1 reorganizes actin cytoskeleton by activating Rho family GTPases! and
initiates growth cone collapse.18 In mice, perturbations in PlexinB1/Sema4D signaling lead
to improper GnRH development, 1920 yet no human mutations in this pathway related to
GnRH development have been documented so far.

To initiate signaling, monomers of PlexinB1 receptor are brought together to form dimers by
Sema4D.2! PlexinB1 contains three cysteine-rich PSI (plexin, semaphorin, integrin) domains
and six IPT domains (Ig domain shared by plexins and transcription factors). Once activated
(dimerized by ligand), the PlexinB1 catalytic domain assembly can (1) enable intracellular
Rho GTPases to directly or indirectly bind to multiple proteins including Rnds, Racs,

Rhos, and Ras?2; (2) regulate GTPase activity through an intrinsic GTPase-activating protein
(GAP) domain, as well as a direct interaction with Rho guanine nucleotide exchange factor
proteins (Rho GEFs), PDZ-Rho GEF and LARG, through its PDZ binding motif23; or (3)
couple signal transduction through other kinase receptors such as ErbB-2 and Met.24 Thus,
PlexinB1 can signal through multiple pathways to initiate changes in actin cytoskeleton,
axon guidance, invasive cell growth, and cell migration.

Another semaphorin receptor, PlexinAl, with a structure similar to that of PlexinB1, has
been implicated in the migration of GnRH neurons and the etiology of KS2526 as well as
nIHH,27 although individual analysis of these mutations was not confirmed in bioassays.
In the present study, six PLXNBI rare sequence variants are described in eight IHH
patients. These variants were located in different regions of the extracellular (ecto) domain
of PlexinB1 (p.N361S, p.V608A, p.R636C, p.V672A, p.R1031H, and p.C1318R). These
variants were examined using bioinformatic modeling and compared to mutants reported
in PlexinAl. Based on these analyses, one variant, p.R1031H, was assayed and shown to
induce alterations in cell morphology, PlexinB1 expression, and migration using a GnRH
cell line and Boyden chambers.

MATERIALS AND METHODS

Patients

In total, 336 IHH patients (nIHH, 7= 293 and KS, n = 43) from 290 independent families
recruited in Turkey were included in the present study. IHH patients had absent pubertal
development by age 13 years and 14 years in girls and boys, respectively, and low or
inappropriately normal basal gonadotropin levels in the face of low sex steroid levels. In
most cases, a GnRH stimulation tests were carried out to aid in diagnosis. The levels of
olfactory function were determined based on self-reporting and physical examination by
administering a culturally appropriate 10-item (mint, lemon, soap, etc.) smell test. These
patients were clinically followed every 4-6 months by referring pediatric endocrinologists
at least until young adulthood because the diagnosis of IHH often requires long follow-up
periods. All individuals and/or their legal guardians provided written informed consent, and
the study was approved by the Ethics Committee of the Cukurova University Faculty of
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Medicine and by the institutional review board of the University of Mississippi Medical
Center.

DNA sequencing and rare variant analyses

The genomic DNA samples for exome sequencing were prepared as an Illumina sequencing
library and, in the second step, the sequencing libraries were enriched for the desired target
using the Illumina Exome Enrichment protocol. The captured libraries were sequenced
using an lllumina HiSeq 2000 Sequencer. The reads were mapped against UCSC (https://
genome.ucsc.edu/cgi-bin/hgGateway) hgl9. Exome data variant filtering was performed
using WANNOVAR?8 to annotate functional consequences of genetic variation and to
pinpoint a specific subset of variants most likely to be causal for IHH. The variants in exome
sequencing data were filtered against population polymorphism databases such as Gnomad
(https://gnomad.broadinstitute.org) or the Greater Middle East Variome (GME) (http://
igm.ucsd.edu/gme/data-browser.php). Additionally, ethnic-specific harmless polymorphisms
were filtered out by comparing against in-house data from 132 Turkish adult individuals
who were known not to have a history of puberty/infertility problems. The presence and
segregation of significant variants within pedigrees were verified by Sanger sequencing on
an PRISM 3130 auto sequencer (Applied Biosystems).

Molecular modeling

Human PlexinB1 ectodomain was modeled with I-TASSER (PlexinB1ecto(I-TASSER))

using amino acids 1-1490 (UniProtkKB: 043157).29:30 PlexinB1ecto(I-TASSER)_gema4 Decto
was artificially constructed by superimposing PlexinB1€cto(I-TASSER) onto co-crystallized
PlexinB1ecto(fragment) (amino acids 26-533) bound to Sema4DeC© (Protein Data Bank:
30L2). The I-TASSER-predicted region (amino acids 26-533) was morphed to the co-
crystal fragment (amino acids 26-533) in PyMOL (Schrddinger, LLC) to preserve binding
groves and fused to full-length PlexinB16cto(I=-TASSER) ysing UCSF Chimera (https:/
www.cgl.ucsf.edu/chimera). TM-score (http://zhanglab.ccmb.med.umich.edu/TM-score) was
used to validate whether the morphed region of PlexinB18cto(I=TASSER) \yas in the same fold
as the PlexinB1ecto(fragment) crystal (TM-score = 1.00; RMSD = 0.00).31:32 The signaling
complex was then energy minimized using YASARA.33 ResProx (resolution = 1.738 A)
and MolProbity (score = 1.99; 76th percentile) were used to validate the quality of the
energy-minimized complex.31:34 MutaBind2, mCSM-PPI2, and SAAMBE were used to
predict the effects on protein—protein binding free energy.3>-37 DynaMut and PremPS were
used to predict the effects on protein folding/unfolding free energy.38:39

Cell culture

The immortalized GnRH cell line, Gn11,40 was kindly provided by Dr T. John Wu
(Uniformed Services University of the Health Sciences, Bethesda, MD, USA).4! Cells were
grown in monolayer (37°C, 5% CO5) in Dulbecco’s modified Eagle’s medium (Phenol

Red Free, catalog. no. 17-205-CV; Mediatech) supplemented with 25 mm glucose (ICN
Biomedicals, Inc.), 5 mm L-glutamine (A2916801; Gibco), and 10% fetal bovine serum
(FBS) (Life Technologies, Inc.) without antibiotics. Cells were given fresh medium at 2-day
intervals and subcultured from 80% confluent to 20% by trypsinization.
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Generation of lentiviral vectors

The coding sequence for human PLXNBI (NM_001130082.2, catalog. no. 70469; Addgene)
was subcloned into the pLL3.7 Lentiviral vector together with a N-terminal 3X FLAG tag
sequence. For the mutant plasmid, two partial PLXNB1 CDS fragments flanking the point
mutation were amplified by overlapping primers bearing the mutation. The fragments (3X
FLAG tag and two fragments of PLXNBI) were assembled into pLL3.7 plasmid using the
In-Fusion cloning system (catalog. no. 638909; Takara Bio). Sequencing was performed

to confirm the correct modifications were made on each plasmid. The primers for cloning
are shown in the Supporting information (Table S1). Wild and mutant lentiviruses were
generated by the NINDS Viral Production Core Facility (Bethesda, MD, USA). Lenti-CMV-
GFP was used as the control vector.

Transduction of Gnl1 cells

Gn11 cells were plated in 24-well plates and transduced with control, wild, and mutant
PLXNBI lentiviral vectors at a multiplicity of infection of 8 and 16 in the presence of 8

g mL~1 polybrene (Sigma-Aldrich). Transduction efficiency was over 95% as determined
by green fluorescent protein expression in cells transduced by control vector (data not
shown). Cells were subcultured and maintained in phenol red free Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS until validated and analyzed for migration
assays. Eleven days after transduction, cells were harvested for RNA prep and subsequently
validated for PLXNBI expression by a real-time polymerase chain reaction (RT-PCR)
(Figure S1).

PlexinB1 immunostaining on Gnll cells

Control or PLXNBI transduced Gn11 cells were plated and grown on glass coverslips until
approximately 60% confluency (two coverslips/group/two different platings). Cells were
then fixed (4% formaldehyde/1 x phosphate-buffered saline [PBS]), treated with or without
0.2% Triton X-100/10% NHS/1 x PBS for 10 min (membrane permeabilization), washed
three times with 1 x PBS and blocked in 10% NHS/1X PBS for 1 h. Rabbit anti-PL XNB1
antibody (dilution 1:500 in 1% BSA/1 x PBS, 4°C, overnight; catalog. no. 23795-1-AP;
Proteintech) and Alexa Fluor 555 conjugated donkey anti-rabbit (dilution 1:1000 in 1

x PBS, room temperature, 1 h, catalog. no. A31572; Thermo Fisher Scientific) were

used for standard immunofluorescence staining. Nuclei were stained with 4”,6-diamidino-2-
phenylindole (DAPI) and cells coversliped using Fluoro-Gel Mounting Medium (Electron
Microscopy Sciences). Three images per group per coverslip were captured using an Eclipse
E800 upright microscope (Nikon) at 40x. Images were analyzed to obtain the cell area and
integrated density of PlexinBL1 staining using Fiji/ImageJ (NIH).

Boyden chamber assays

Boyden chambers (8.0 pm Transparent PET Membrane, catalog. no. 353097, Falcon;
Corning Inc.) were used for migration assays.® Cell lines: Gn11 no infection, Gn11 mock
(Lenti-CMV-GFP), and Gn11 transduced with Lenti-CMV-3XFLAG-hPLXNB1 (WT and
p.R1031H) were used within seven passages for experiments. Forty-eight hours prior to
assaying, subconfluent cells were fed reduced serum media (5% FBS) in serum-free media
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(SFM) overnight, and then 1% FBS in SFM overnight to reduce cell division. Boyden
chambers were placed in 24-well plates, coated with poly-b-lysine (Sigma-Aldrich; room
temperature, 10 min, washed twice with distilled H,O 24 h prior to chemotactic assays).
Cells (3.5x% 10% cells/200 pul SFM) were added to the top chambers, and 700 pl of SFM

alone or SFM supplemented with drugs was added to the bottom chambers (Recombinant
human semaphorin 4D, rhSema4D 0.625, 1.25, 2.5, 5.0 or 7.5 nm, catalog. no. 11825-HO8H;
SinoBiological, or Recombinant mouse hepatocyte growth factor [HGF], 0.5 nm, catalog. no.
2207-HG-025/CF; R&D Systems). HGF served as a positive control for all assays because

it directly induces GnRH cell migration via activation of its receptor Met,*2 and indirectly
via coupling signaling through PlexinB1.1° Plates were kept in a humidified incubator (37°C
with 5% CO») for 6 h.

After incubation, the chambers were fixed (4% formalin, room temperature, 30 min),
washed and blocked (10% normal horse serum/0.3% Triton X-100, room temperature, 30
min). Membranes were carefully cut out and the top chamber cells were physically removed
with a cotton swab soaked in 1 x PBS. Membranes containing cells that had migrated
through the membrane were then incubated with guinea pig anti-DcX primary (Chemicon;
dilution 1:3500 in 1% bovine serum albumin [BSA]/0.1% NaN3/PBS, 4°C for 48-72 h),
washed (1 x PBS), and then incubated in Alexa Fluor 488 conjugated donkey anti-guinea
pig secondary (Invitrogen; dilution 1:1000 in 0.1% Triton X-100/PBS, room temperature, 2
h). Chambers were then treated with BSA (1% BSA/0.1% NaNs/PBS, room temperature, 30
min) to prevent non-specific background from methanolic phallotoxin solution, washed (1

x PBS), incubated with Alexa Fluor 555 Phalloidin (Thermo Fisher; dilution 1:80 in PBS,
room temperature, 45 min), washed, and incubated with DAPI (dilution 1:1000 in PBS,
room temperature, 10 min). Membranes were mounted with the bottom side up and cover-
slipped with Fluoro-Gel Mounting Medium (Electron Microscopy Sciences) and digitized
after drying.

Image analysis

For each chamber, cells that migrated were imaged (four random 10x fields) using an
Eclipse E800 upright microscope (Nikon). DcX+/Phalloidin+/Dapi+ cells were counted
using Fiji/lmageJ software for all four fields and averaged to get cells/field for each chamber
(i.e., total cells divided by four fields). For each independent experiment, treatments were
run in duplicate (i.e., two chambers per treatment per experiment). The mean cells/field

for each duplicate per independent experiment was used for analysis (7= independent
experiments). For testing the effect of varying Sema4D concentrations and differences
between no infection and mock infection, migratory cell numbers were normalized using
SFM values between experimental trials. Unless otherwise specified, data were analyzed
using a one-way ANOVA, followed by Fisher’s post-hoc least significant difference.

RESULTS

We identified heterozygous missense variants in L XNB1 (HGNC: 9103,
NM_001130082.2) in eight patients from seven unrelated families. Figure 1 shows the
family pedigrees with variant segregations. Clinical and molecular genetic characteristics of
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the patients and their alterations are shown in Tables 1 and 2, respectively. These six variants
were either not seen or were extremely rare with a minor allele frequency < .0001 in the
largest reference population database, gnomAD. Similarly, these variants were not reported
in a much smaller but regional database, the Greater Middle East Variome (GME).43 Sanger
sequencing confirmed the presence of these variants. No variant was seen in ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar). These variants were all classified as variants of uncertain
significance (VUS) by ACMG/AMP classification.** Detailed information regarding these
variants is provided in Table 2.

Table 1 depicts the clinical and laboratory characteristics of individuals with PLXNB1
mutations at initial presentations and after prolonged follow-up periods. All patients
presented with delayed pubertal development. To confirm the etiology of delayed puberty,
specifically discriminating IHH from constitutional delay in growth and puberty (CDGP),
often requires periodical physical and laboratory evaluations. Notably, patient A 1-1, the
father of patient All-2, who, by history, presented with pubertal delay, started normal
pubertal development at age 17 years. His son (All-2) has also shown spontaneous pubertal
development around 18 years of age, attaining bilateral testicular volumes of 20 ml with
adult level hormonal values at age 20 (Table 1). These observations are consistent with
CDGP. This father and son duo also carries a CCDC141 variant. Recently, mutations in
CCDC141 were reported as a frequent finding in patients with CDGP.4°> Therefore, the
CCDC141 variant in Family A appears to account for delayed puberty. However, patient

B 1I-1, who has the final diagnosis of IHH, possesses the same PLXB1 variant without

any CCDC141 or any other IHH gene mutations. Collectively, these results indicate an
oligogenecity in Family A, also indicating mutations in more than one IHH gene contributed
to the phenotype observed, which is seen in 109%-20% of all IHH cases.*® In Family C,

the patient had a history of cryptorchidism as an infant, suggesting that severe congenital
hypogonadism as the fetal testicular descent is androgen-dependent. Nevertheless, he
presented at age 21 years again with partial hypogonadotropic hypogonadism based on
early to mid-pubertal testicular sizes (8 mL bilaterally) with subnormal gonadotropin and
testosterone levels for age (Table 1). On follow-up with testosterone replacement, his
testicles remained mid-pubertal at age 28 years. This clinical picture of severe congenital
HH followed by clinical recovery as a young adult, albeit partial in this case, has been
observed previously, particularly in those who have TAC3/TACR3 mutations.*” All of the
remaining five patients have shown complete IHH with no evidence of spontaneous pubertal
development well beyond age 18 years (Table 1). In Family E and Family G, patients
inherited PLXNBL1 variants from their unaffected mothers. In Family F, the mutation appears
to be de novo (Figure 1). In Families B, C, and E, the inheritance (autosomal dominant vs.
de novo) is unclear as a result of insufficiency in parental DNA availability. In Family A
and F, there were additional variants in IHH-associated genes. Because, in Family A, only
the son has the DMXL2 variant and not the father with the same phenotype, it is unclear
whether the DMXL2 variant contributed to the IHH phenotype in the son (Figure 1). In
Family F, we consider that the de novo mutation may account for the phenotype. Again,

it is unclear whether the RAB3GAPL1 variant from the unaffected mother influenced this
patient’s phenotype. Overall, the inheritance pattern of IHH as a result of the PLXNB1
variants appear to best fit with an autosomal dominant inheritance with variable expressivity,
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which was repeatedly observed in recent IHH gene discoveries.*849 Oligogenic etiology*®
and clinical recovery,50 amongst others, are well recognized in this condition as explaining
these complex pedigrees.

A schematic and model of semaphorin/plexinB1 dimers are shown in Figure 2A.
semaphorin/plexinB1 dimers were modeled using a co-crystal fragment dimer (Protein

Data Bank: 30L2) (Figure 2A, right). The six PLXNBI variations (p.N361S p.V608A,
p.R636C, p.V672A, p.R1031H, and p.C1318R) (Figure 2A, left) were examined using in
silico mutagenesis. Multiple analyses consistently predicted that p.VV608A (located in the
IPT1 domain), p.V672A (located in the Mucin domain) and p.R1031H (located in the PSI3
domain) were deleterious to the interaction of PlexinB1 with its binding partners and to

its protein folding (Figure 2B, highlighted in gray; see also Supporting information, Table
S2). PlexinB1 mutants were then aligned with PlexinAl mutants found in normosmic and
anosmic IHH patients (Figure 3).25:27 There are no variants reported in the IPT1 domain

of PlexinAl (i.e., compared to p.V608A in PlexinB1) and PlexinAl does not have a Mucin
domain. By contrast, four variants were reported in the PSI3 domain of PlexinAl (p.R813H,
p.R836H, p.R840Q, p.A854T), within the same domain as p.R1031H found in PlexinB1
(Figure 3). Based on the confluence of mutations in the PSI3 domain and the occurrence the
PSI3-domain mutation p.R1031H in two independent pedigrees, the functional property of
the p.R1031H variant on GnRH migration was further investigated using an immortalized
GnRH cell line, Gn11,40:51 jn Boyden chamber chemotaxis assays.

3.1| Attenuated membrane expression of PlexinB1 variant (P.R1031H) on transduced

Gn1l1l cells

Mock (Lenti-CMV-GFP), WT and MT (p.R1031H) human PLXNBI (hPLXNBI) were
introduced into Gn11 cells using recombinant Lentiviruses. Transduced Gn11 cells were
validated for APLXNBI overexpression via RT-PCR and sequencing (see Supporting
information, Figure S1). To determine whether the variant changed expression and/or
location of the plexinB1 protein, the cell area, total PlexinB1, and membrane PlexinB1
expression were compared (see Supporting information, Figure S2). None and Mock treated
Gn11 cells were first compared (see Supporting information, Figure S2A). Relative mean
cell areas obtained from None and Mock groups showed no effect on cell size after viral
transduction (p=.7271). Integrated densities of PlexinB1 staining on cells with Triton
X-100 permeabilization represents total PlexinB1 expression (inside and outside), whereas
those on cells without permeabilization represents membrane PlexinB1 only. The relative
expression of total and membrane PlexinB1 showed no significant difference between None
and Mock groups for either condition (p=.1756 and p = .1506, respectively). Next, the
same measurements were performed on Mock, transduced WT and transduced MT cells.
Cell area was significantly reduced (by approximately 30%) in the MT group compared

to both Mock and WT cells (p < .0001 for both comparison) (see Supporting information,
Figure S2B). Total PlexinB1 expression was significantly increased by viral transduction

in WT compared to mock (o =.0253). By contrast, the MT was not significantly different
from mock, and it was also not significantly different from WT (Figure S2B). These results
suggest incomplete protein synthesis or degradation of mutant caused by protein instability
which is predicted from in silico analysis (see Supporting information, Table S2). Notably,
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membrane localized PlexinB1 showed a significant increase in WT compared to both Mock
and MT (see Supporting information, Figure S2B), although no differences between Mock
and MT (p=.1122), consistent with the variant attenuating the amount/ability of the MT
protein to associate with the plasma membrane.

P.R1031H impairs hPLXBN1 response to PLXNB1 agonists

To determine the functional consequences of the p.R1031H mutation on PlexinB1 function,
migration assays were run in which Gn11 cells were plated on the top membrane of a
Boyden chamber and a chemoattractant was added beneath the chamber. Cells that migrate
to the chemoattractant move through the Boyden chamber membrane, ending up on the
bottom membrane surface. At the end of the experiment, non-migratory cells on the top
surface are removed and the migratory cells on the bottom surface were stained with DcX
(marker for migratory neurons)/Phalloidin (marker for F-actin)/DAPI (nuclei marker; see
Supporting information, Figure S3A) and quantified. Initial migration experiments were
performed using Gn11 cells with no infection and varying concentrations of rhSema4D
(0.625-7.5 nm). These experiments established that exposure to 1.25 and 2.5 nM rhSema4D
increased the number of triple labeled Gn11 cells that had migrated compared to SFM
control (p=.0111, p=.0028, respectively) (see Supporting information, Figure S3B,C).
Next, experiments were performed comparing the migration of Gn11 cells with no infection
to Gn11 mock infected (Lenti-CMV-GFP) across treatments. Independent of treatment, no
differences in response between these two cell groups was detected (two-way ANOVA,
treatment p = .3918), indicating no change in cell viability or ability to migrate after
Lenti-CMV-GFP mock infection (Figure S3D,E).

A series of experiments was then performed using 2.5 nm rhSema4D as the attractant

for Gn11 cells that were infected by mock (Lenti-CMV-GFP) or one of two Lenti-
CMV-3XFLAG-hPLXNBLI constructs (+hWT or +hR1031H) (Figure 4A,B) and cellular
migration was assayed. Transduced Gn11 cells were validated for #PL XNB1 overexpression
via RT-PCR and sequencing (see Supporting information, Figure S1). When exposed to

just SFM in the bottom well, Gn11 cells +hWT exhibited an overall increase in migratory
cells/field for SFM compared to all other groups (n= 3, +hWT vs. mock, p=.0009; +hWT
vs. +hR1031H, p=.0022) (Figure 4B). In agreement with our earlier experiments, when
exposed to rhSema4D, cell migration increased in the mock group compared to SFM alone,
showing the basal level of endogenous PlexinB1 function (n7= 3, p=.0073). However,

the number of migratory cells in the bottom chamber significantly increased in the +hWT
group exposed to rhSema4D compared to mock exposed to rhSema4D (7= 3, p=.0010)
(Figure 4B). By contrast, the number of migratory cells in the bottom chamber significantly
decreased in the +hR1031H group +rhSema4D compared to mock +rhSema4D (p = .0009).
Notably, the migration of cells in +hR1031H + rhSema4D was similar to that of its SFM
group, as well as the mock SFM group. Migration in all cell groups exposed to HGF was
similar to that detected in the corresponding cell groups exposed to rhSemaD (Figure 4B). In
addition, rhSema4D and HGF increased migration in mock control cells (7= 3, rhSema4D,
p=.0073; n=3, HGF, < p=.0001) and cells expressing hWT hPLXNB1 (n7= 3, rhSema4D,
p=.0079; n=3, HGF, < p=.0001). Notably, +hR1031H showed no response to rhSema4D
or HGF, remaining at levels similar to the SFM mock group. These data indicate that this
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mutation alters direct (via Sema4D) and indirect (via HGF/Met) PlexinB1 pathways. At

the protein level, p.R1031H not only destabilized PlexinB1 folding and binding to Sema4D
(see Supporting information, Table S2), but also diminished intrachain bonds (Figure 4C,D),
which may affect how the protein is held together, its dimerization, or its putative flexibility
to activate upon ligand or co-receptor binding.

DISCUSSION

The present study identifies PLXNB1 signaling as a requirement for timely pubertal onset in
humans. We present both clinical and molecular genetic data from eight patients from seven
independent families who presented with pubertal failure. The PLXNB1 variants identified
were characterized via in silico analysis and compared to human variants published for
PLXNAL, and one variant was selected for functional analysis. Transduction of a GhnRH

cell line with lentiviral vectors carrying the PLXNBI variant significantly reduced neuronal
migration. These data are consistent with PLXNB1 signaling comprising an important cue
in vivo that ensures GnRH neurons migrate into the brain for subsequent activation of
reproductive function.

Semaphorins constitute one of the largest protein families of phylogenetically conserved
guidance cues, and their primary transducing receptors belong to the plexin family.>2 Our
studies on semaphorin signaling mutations in the etiology of IHH,27:53 including the present
one, reveal that 25 of the 290 probands (8.6%) in our IHH cohort harbor mutations in
semaphorins and/or their receptors. This indicates that genes in the semaphorin signaling
pathway, along with the FGF group genes®* and CHD7,1:255 are the most frequently
mutated gees in congenital GnRH deficiency.

Genetic factors involved in semaphorin/plexin signaling identified from patients with IHH,
include SEMA3A,%%-58 SEMASE>® SEMAS3F,>3 SEMA3G SEMA4DS1 SEMA7A
PLXNAIL2527 and PLXNA353 As for PLXNBL, a previous screening study in 138 adult
males for IHH genes reported nine PLXNBI variants, which were not specified by cDNA
or amino acid change.®1 In one study, PLXNB1 variants were concomitantly seen with
truncating mutations in ANOS1 or CHD738 In another study, a PLXNB1 variant was seen
in addition to GNRHR and AXL variants in one patient.52 Overall, it is not clear whether
PLXNB1 variants added to the respective disease severity in those cases.62:63 To the best of
our knowledge, this is the first study to focus on PLXNB1 variants as a direct cause of IHH.

PLXNBI has been considered a candidate gene for IHH based on animal studies showing
reduced hypothalamic GnRH content in PlxnbI~'~ micel® and Sema4d™~ mice.64 In the
PIxnbI™'~ mice, a reduction in the number of GnRH neurons in the brain was reported at
embryonic day 14.5. However, the total GnRH cell number remained constant at embryonic
day 14.5 and postnatal day 3 between knockout and wild-type, with more cells located at
the level of the nasal forebrain junction/olfactory bulbs in knockouts. Correlated with the
reduced GnRH cell number in the brain of adult 2/xnb17/~ mice, the number of GnRH
immunoreactive fibers in the median eminence, where these cells release GnRH hormone
into the portal system, was also significantly reduced.1® These data indicate that the GnRH
cells were able to migrate to the nasal forebrain junction and suggest that entrance into
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the forebrain was perturbed, allowing fewer GnRH cells into the forebrain proper. Notably,
examination of the olfactory/vomeronasal axons, on which the GnRH neurons migrate to the
nasal forebrain junction, uncovered no abnormalities in the Plxnb27/~ mice.1® In addition,
using another Plxnb1 knockout model, Deng et al.54 reported that the development of the
olfactory bulb in the knockout was similar to wild-type, noting that the projection of the
olfactory nerves to the olfactory bulb was normal. As such, the two PLXNB1 knockout
studies!®:64 suggest that the loss of PLXNB1 does not perturb the developing olfactory
system, predicting a normosmic phenotype with PLXNB1 variants. Indeed, all eight patients
in the present study have a normal sense of smell (normosmic). To date, most semaphorin
signaling gene variant discoveries (except for SEMA3F and PLXNAZ3), were carried out
solely in KS patient co-horts.2556:58 This may have obscured the olfactory phenotypic
spectrum associated with semaphorins. Indeed, the seminal publication on PLXNA1was
from an all anosmic (KS) cohort.25 Yet a previous screening study of PLXNA1 mutant
cases, conducted in the same cohort as that used in the present study, revealed nine cases,
among which only one-third had hyposmia/anosmia.?’

We used Boyden chamber assays to determine whether mutant PLEXNB1 can cause
impairment in GnRH neuron migration. In Boyden chamber assays, additional expression
of human PlexinB1 (+hWT) in Gn11 cells increased cell migration compared to the mock
group, indicating that it augmented cell migration in the presence of endogenous PlexinB1
levels. These data indicate that expression of +hWT increases the cell’s basal level of
migratory activity even in the absence of ligand (SFM). The increase detected with hWWT
hPLXNB.1 could be a result of non-soluble/membrane bound Sema4D on neighboring

cells directly interacting with +hWT,5566 endogenous autocrine/paracrine-released Sema4D
propagating signals,1! or reciprocal interactions with ErbB-2 and Met.24 In the presence

of rhSema4D or HGF, mutant human PlexinB1 reduced migration compared to either the
hWT or the mock group. These results indicate that introduced human mutant PlexinB1
inhibited the function of the endogenous PlexinB1 in Gn11 cells. Possible scenarios of

this inhibition could be (1) most of the ligands are occupied by overexpressed mutant
PlexinB1 (non-functional) and not available for endogenous PlexinB1 and/or (2) mutant
PlexinB1 forms dimer with endogenous PlexinB1 and inhibits their function. Arguing
against the former explanation is the fact that p.R1031H, being in the extracellular domain,
was predicted to destabilize PlexinB1-Semad4D direct interactions. In addition, similar cell
migration was detected in mock and mutant PlexinB1 (+hR1031H) cells in the absence

of ligands (SFM), consistent with a ligand-initiated perturbation in the mutant cells. As
such, the data are consistent with the mutant PlexinB1 forming dimers with the endogenous
PlexinB1 and inhibiting their function. In the presence of ligands, the loss of responsiveness
of immortalized GnRH cells transduced with the mutant PlexinB1, as well as the predicted
deleterious structural effects induced by p.R1031H, corroborate that this mutation underlies
the phenotype found in the IHH patients. Considering that this mutation was found as
heterozygous in the IHH patients highlights a dominant-negative effect of the mutation in
the pathogenic mechanism of PLXNBL.

In summary, we provide clinical, genetic, molecular/cellular, and modeling evidence to
implicate variants in PLXNBI signaling in the etiology of IHH. These studies add to
the growing number of semaphorin signaling molecules in GnRH ontogeny, and thus
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mutations in the pathogenesis of pubertal failure. Semaphorin signaling genes should be
in the diagnostic panels for normosmic as well as anosmic HH cases because they account
for one of the largest group of genes in the etiology of IHH.
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Refer to Web version on PubMed Central for supplementary material.
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Family A PLXNBI p.Argl031His
CCDCI41 p.Glul143Gin
DMXL2 p.Phe226Leu

oM OO - o

WI/WT
WI/WT
WM

1
! |_|5
NA

WIWT

Family B PLXNBI p.Argl031His FamilyC  PLXNBI p.Asn361Ser

WM NA WI/WT WIWT NA
WTM

WM WIM WIWT WIM
WM
WTM

Family E  PLXNBI p.Cys1318Arg

el

WM

1
NA

WM

Family F PLXNBI p.Val608Ala
RAB3GAPI p.Arg949Cys

1
] : E
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WIM WIWT

2

2
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2 3 1 2
n n
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FIGURE 1.
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FamilyD  PLXNBI p.Arg636Cys

- o

NA NA

1 2 3 4 5
! O
WT/WT WI/WT

WM WIWT WI/WT

Family G~ PLXNBI p.Val672Ala

o

WM NA

' 1 2 3 4 5
! O O ‘
NA WIM NA

NA NA

Pedigrees of the families with PLXNB1 and other gene variants are shown. Affected

males and females are represented by black squares and black circles, respectively. White
square symbols indicate unaffected male family members, white circle symbols represent
unaffected female family members, and the double line indicates consanguinity. Under each
symbol are the genotypes in the same order as the gene and variant descriptions, with WT
and M denoting wild-type and mutant, respectively. NA denotes that no DNA specimen is

available from this individual
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(A) PlexinB1-SEMA4D
Signaling Complex Lo

SEMA4D
(ligand)

p.N361S

p.V60BA

PlexinB1
(receptor)

(B)
PlexinB1 variants found in IHH families.
Amino Acid cDNA Domain G
change change Location W ry

Destabilize folding (1 of 2), Stabilize folding (1 of 2)
Decrease affinity (3 of 3)
Destabilize folding (2 of 2)
Decrease affinity (3 of 3)
Destabilize folding (1 of 2), Stabilize folding (1 of 2)
Decrease affinity (3 of 3)
Destabilize folding (2 of 2)
Decrease affinity (3 of 3)
Destabilize folding (2 of 2)
Decrease affinity (3 of 3)
Destabilize folding (1 of 2), Stabilize folding (1 of 2)
Increase affinity (1 of 3), No change affinity (2 of 3)

p-Asn361Ser c.A1082G SEMA

p-Val608Ala c.1823T>C IPT1

p-Arg636Cys ¢.1906C>T PSI2

p.-Val672Ala ¢.2015T>C Mucin

p-Argl031His ¢.3092G>A PSI3

p.Cys1318Arg €.3952T>C IPTS

FIGURE 2.
The location and deleterious properties of six novel idiopathic hypogonadotropic

hypogonadism (IHH) variants in PLXNB1. (A) Left: cartoon illustration showing the
interaction between dimeric Sema4D (ligand) and dimeric PlexinB1 (receptor) with IHH
mutations labeled. Right: YASARA energy-minimized signaling complex showing the
interaction between dimeric Sema4D (ligand, pink and red), dimeric PlexinB1 (receptor,
gray and black), and Rho GTPases (green = Rac1, gold = Rnd1) derived from predictive
modeling and crystals (Protein Data Bank: 30L2, 3HM6, 3SUA and 2REX). (B) Six
PLXNBI variations (p. N361S, p.V608A, p.R636C, p.V672A, p.R1031H, and p.C1318R,
shown on the left) were examined using in silico mutagenesis. p.V608A, pV672A, and
p.R1031H were predicted to be deleterious to the interaction of PlexinB1 with its binding
partners and its protein folding
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(a) Extracellular Domain Intracellular Domain

i Transmembrane
Mucin ansmel
* insert (230 aa) * Domain (resi 1491-1511) ]

[Pase-Activating Protein Domain (GAP,
Rho-GTPase Binding Domain (RBD) w2135

PREC  pRIOTH pC1318R
Transmembrane
(8) * * * Domain (resi 1245-1265)
o Pase-Activating Protein Domain (GAP
PlexinA1 = sea I xR (| 1PT4 ] IPT5 o] Rho-GTPase Binding Domin (RBD) 1896

p.R897TH 1701V
K1451R Lt
PV28TM pR3TOW pV536! P AR
pVASTL p.P4BSL pHeeaY pABBAT pL1464Y pCITa4F
.R528W
p.R528) p.G720E PRB0Q pK1618T
pR740H
(€) PlexinB1ecte PlexinB1¢c°-PlexinA1ect Overlay
p.V608A p.R319W
B1) (A1) p.V287M
DR (
(A1) p.VA3TL
R (A1)
PVBT2A
&) ) 52
» ’k‘ p.N361S
AN (81)
i “‘
:~ W p.V349L
N )
QB
& fﬁ-.'- & p.P485L
b.R840Q _ﬂ*‘u‘ﬂ (A1)
T £ NE V7 A
b.AB54T] Qe S p.C1318R

(A1) (81)

(D) PSI3 Domain: PlexinB1-PlexinA1

FIGURE 3.
Alignment of Kallmann syndrome (KS)/idiopathic hypogonadotropic hypogonadism (IHH)

mutations found in PlexinB1 and PlexinALl. (A) Linear depiction of PlexinB1 protein
domains based on prior reports?1:67 with mutations identified in the present study shown.
(B) Linear depiction of PlexinAl protein domains (adapted from8” and2> with mutations
identified in Marcos et al.2> and Kotan et al.2” Red arrows in (A) and (B) highlight
domains housing variants predicted to be deleterious to PlexinB1 function (Figure 1B).
(C) Left: Full-length PlexinB18¢® predicted by I-TASSER indicating the location of the
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six IHH mutations in PlexinB1 (p.N361S, p.V608A, p.R636C, p.V672A, p.R1031H, and
p.C1318R, colors of variants correspond to domains in A and B). Right: Overlay of
PlexinB1&cto(I-TASSER) and PlexinAL crystal (Protein Data Bank: 5L.56) with mutations
indicated by subdomain/location. (D) High magnification of the substitutions found in

the PSI3 domain of PlexinB1 (p.R1031H, asterisk) and Plexin Al (p.R813H, p.R836H,
p.R840Q, p.A854T). The PlexinB1 and two of the four PlexinAl variants are an arginine to
histidine substitution. Angstrom measurements, ranging from 5.5A-17.0 A (green lines) are
shown for PlexinAl mutants compared to p.R1031H (PlexinB1, asterisk)
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(8) Boyden Chamber Assay
(Gn11 cells infected w/Lenti-CMV-3XFLAG-hPLXNB1)

+hR1031H

80+

*kk

*kk

60— T

ns

ek

40+

Mean DcX+/Phalloidin+/Dapi+ Cells Per Field (10X)

*kk

dekeke

T

{ S
N \
\ \
\ .
p.R1031H
L | ¢ {81124
S1123 \ Lﬁ e
$1123
! 51003 “G::)s;z \\o (7,; B 2 4 o
1029 ® C1029 y 57093 “G1092

FIGURE 4.
p.R1031H affects PlexinB1 function and structure. (A, B) Boyden chamber assays using

Lenti-CMV-hPLXNB1 (+hWT) infected Gn11 cells showed +hWT increased the basal

level of migration (SFM, p=.0009) and response to PLXBN1 agonists (Sema4D, p=

.0010; hepatocyte growth factor [HGF], p=.0010) compared to mock infected Gn11 cells
(Lent-CMV-GFP). By contrast, +hR1031H impaired cell migration in response to agonists
(Sema4D, p=.0009; HGF, p=.0002), but did not significantly alter basal migration
compared to mock infected SFM (indicated by NS). (C) High magnification images of
DynaMut prediction of the intrachain bonds in wild-type (WT) (left) compared to p.R1031H
mutant protein (right) showing loss of intrachain bonds (black arrows, WT) in mutant.
One-way ANOVA followed by Fisher’s post-hoc least significant difference was used for
analysis of results in B (***p < .001). Scale bar = 50 um in (A)

J Neuroendocrinol. Author manuscript; available in PMC 2024 September 03.



Page 21

Welch et al.

"3|qe]IeAR 10U "N ‘auowioy Buiziuten] ‘H ‘ejeway ' ‘afew ‘| :SUOIBIAIGAY

HHI

HHI

HHI
HHI

[Palan0dal
Ajensed
Alrearund ‘HHI

HHI

Auagnd pue
ymolb ur Aejep
Jeuonnisuo)

Auagnd pue
ymolb ur Aejep
Jeuonnisuo)

dn-moj|oy
Jayye sisoubelp
annonpoudali
leulq

BayLIoUBWIR
Arewinid
‘Aejap eragngd

BayLIoUBWIR
Arewiid
‘Aejap eragngd

BayLIoUBWIR
Arewiid
‘Aejap eragngd

Aejap |eusqnd

Aejap |eusqnd

Bayllouale
Arewid
‘Aejap revagngd

Aejap |eusqnd

Aejap |eusqnd

uonejuasaid
1e Jurejdwod
eyl

SUON

SUON

SUON

auoN

wsipiydi01dAin

ENIN

ENIN

ENIN

wsipeuobodAy
lenusbuod
Jo subis

JIWSOWION

JIWSOWION

JIWSOWION

JIWSOWION

JIWSOWION

JIWSOWION

JIWSOWION

JIWSOWION

uonael|o

1°0/6°0

6'¢/€'0>

¢'0/02°0
€1/92°0

VN

S8'T/ST°0

EVYI6CE

(z-71p Bu)
2U0.13150158)
10 (1P

Bu) jo1pea1ss
/Gw Nw)
H™ [eseq 1seT]

6'¢

oty

ST'T
VN

9’8

Sv'e

197

VN

(-w
niw) H1
wnuwixew
pare|nwins

§'0/S0

§'0/0T°0

8'0/1¢°0
0T/2e0

€61/82°¢C

0¢>/8T°0

0°¢T/07'0

VN

(1P BU)
2U0.43150158}
10 (1P

Bu) jo1pea1ss
/G-w
niw) H1
leseq |eniuj

X8S

x4

ve

114
0€

8¢

0¢

0¢

ti4

(saeak)
1SIA 15B)
1e aby

9'qT

LT

L'ST
[44

41

47

LT

(saeak)
sisoubelp
1e aby

e|vZ.9len d 119
©e|\v809IeA “d T4
BivgTeTsAo d -3
sA09g9biy d T1na
JasTogusy d T-112
sIHTE0TAIV d T-1ng
sIHTE0TAIY d v
sIHTE0TAIY d -1V
uelIeA Jaquinu
[enpiAipul

IAiwed

spoliad dn-mojjo) pabuojoud Jaye pue suoneluasald [eniul 1e suoneinw TN X 1d YUM S[enpIAIpul Jo Sonsiisoeleyd A1ojeioqe] pue [ediul|d

Author Manuscript

T3149vL

Author Manuscript

Author Manuscript

Author Manuscript

J Neuroendocrinol. Author manuscript; available in PMC 2024 September 03.



Page 22

Welch et al.

*30URdIHIUBIS UIRLISOUN JURLIBA ‘SO ‘SN0BAZ0IR18Y a1 SIUBLIBA ||V "SEVZ.TTO0 NN ‘TdVOEaVvY ‘sresspow

a1uaboyred ‘|Nd ‘winiosuo) uonehaibby swouss sy ‘Qywoub 1108f01d SWoLIBA 1se3 3|pPIA J8KealD 8yl ‘JIND ‘9TTYZTT00 AN ‘2TXING ‘879€LT WN ‘T¥TOADD ‘Z800ETT00 WN ‘TANX1d saleu
auab ayy Buimoj|oy staquinu basyay ayy 01 Bulpiodde pagLIasap ale sjuelieA “(npa uoibulysem sb ppesy/:sdny) uonsjdaq uspuada@ uonelouuy paulquwo) ‘aav? ‘buioddns ubiuag ‘4g :suoleinlggy

sA06v601v “d Igvocavy

N979¢¢ayd
‘dZ7XW@ pue uI9EYTINS "d 110000

ul9erTIND d 1710000
suonelnw ausb euonippy

Author Manuscript

ZINd ‘TN :SNA
2INd ‘TN 'SNA
2INd ‘TN :SNA
ZINd ‘TN :SNA

¥dg ‘2INd ‘TN :SNA
TINd ‘'SNA

TAd ‘SNA
TN 'SNA
uolnenjens dINV/OINDV

wesqy  Juessqy 922 e|\/Z.L9eA d 0<15T02°2 7119
wesqy  Jussqy v'ee e|\/809IeA ‘d 0<1€28T9 -1 4
700000  ussqy e BivgTeETSAD "d 0<1256€ Z-1n3
100000  JU3sqy 702 sAo9g9biy d 1<D906T2 T-11a
1000000 8sQY T'ST J1asTogUsY “d 9<V 280172 -1
20000 uesqY 8'T¢C SIHTE0TAIV "d V<9Z60€2 T-1ng
20000 ussqy 8'TC SIHTE0TOIV "d V<9Z60€72 v
20000  uesqY 8'T¢C SIHTE0TAIV "d V<9Z60€2 -1V

avwouf  JNO 8103s AAVD  |9n9] ulslodd Je JuelIeA  [9A3] WYNQO 1B JUBLIBA  "OU [enpIAIpUl/Ajiwed

siuelien TNX1d snobAzoualay ayp JO $aNsLIB1oRIBYD J118Uab Jejndajow ay L

¢ 3149vL

Author Manuscript Author Manuscript Author Manuscript

J Neuroendocrinol. Author manuscript; available in PMC 2024 September 03.


https://cadd.gs.washington.edu

	Abstract
	INTRODUC TION
	MATERIALS AND METHODS
	Patients
	DNA sequencing and rare variant analyses
	Molecular modeling
	Cell culture
	Generation of lentiviral vectors
	Transduction of Gn11 cells
	PlexinB1 immunostaining on Gn11 cells
	Boyden chamber assays
	Image analysis

	RESULTS
	Attenuated membrane expression of PlexinB1 variant P.R1031H on transduced Gn11 cells
	P.R1031H impairs hPLXBN1 response to PLXNB1 agonists

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	TABLE 1
	TABLE 2

