Accepted Manuscript =

Targeted next generation sequencing approach identifies nineteen new candidate
genes in normosmic hypogonadotropic hypogonadism and Kallmann Syndrome

Samuel D. Quaynor, Maggie E. Bosley, Christina G. Duckworth, Kelsey R. Porter,
Soo-Hyun Kim, Hyung-Goo Kim, Lynn P. Chorich, Megan E. Sullivan, Jeong-Hyeon
Choi, Richard S. Cameron, Lawrence C. Layman

PII: S0303-7207(16)30297-0
DOI: 10.1016/j.mce.2016.08.007
Reference: MCE 9601

To appearin:  Molecular and Cellular Endocrinology

Received Date: 12 April 2016
Revised Date: 3 August 2016
Accepted Date: 3 August 2016

Please cite this article as: Quaynor, S.D., Bosley, M.E., Duckworth, C.G., Porter, K.R., Kim, S.-H., Kim,
H.-G., Chorich, L.P., Sullivan, M.E., Choi, J.-H., Cameron, R.S., Layman, L.C., Targeted next generation
sequencing approach identifies nineteen new candidate genes in normosmic hypogonadotropic
hypogonadism and Kallmann Syndrome, Molecular and Cellular Endocrinology (2016), doi: 10.1016/
j-mce.2016.08.007.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.mce.2016.08.007

48 Patients with Nor mosmic Hypogonadotropic
Hypogonadism (nHH) or Kallmann Syndrome (K S)

Targeted next generation sequencing of 261 candidate genes
(hypothalamic, olfactory, pituitary, GnRH, positional)

1

Confirmatory Sanger Sequencing &
study of available family members

O\

2 likely pathogenic 19 new nHH/K S
novel FGFR1 mutations candidate genes




Quaynor et al.

Targeted Next Generation Sequencing Approach Identifies Nineteen New Candidate Genesin

Nor mosmic Hypogonadotropic Hypogonadism and Kallmann Syndrome

Samuel D. Quaynor, M.D./Ph.15.
Maggie E. Bosley, B.$.
Christina G. Duckworth, B.S.
Kelsey R. Porter, .M. 5.
Soo-Hyun Kim, Ph.D?
Hyung-Goo Kim, Ph.0:*

Lynn P. Chorich, M.S:*

Megan E. Sullivan, B.S:*
Jeong-Hyeon Choi, Ph.D.
Richard S. Cameron, Ph.1.

Lawrence C. Layman, M.B:*®

! Section of Reproductive Endocrinology, InfertiliyGenetics, Department of Obstetrics & Gynecology,

Medical College of Georgia, Augusta University, Asig, GA
University of Chicago Department of Neurology, Glgje, IL
*Molecular Cell Sciences Research Centre, St. Gémigedical School, University of London, London, UK

* Department of Neuroscience and Regenerative Megidiledical College of Georgia, Augusta University,
Augusta, GA

>Department of Medicine, Medical College of Geordiedical College of Georgia, Augusta University,
Augusta, GA

®Department of Physiology, Medical College of Geardiugusta University, Augusta, GA



Quaynor et al.

*Samuel Quaynor and Maggie Bosley contributed dgual

Corresponding author: Lawrence C. Layman, MD.
Robert B. Greenblatt, M.D. Distinguished Chair imd&crinology
Section of Reproductive Endocrinology, Infertili,Genetics
Department of Obstetrics & Gynecology
Department of Neuroscience & Regenerative Medicine
Department of Physiology
Medical College of Georgia at Augusta University
1120 1% Street, Augusta, GA 30912

lalayman@augusta.edu

Phone (706)721-7591; Fax (706)721-8685

Grants: Funding by NIH grant HD033004 & Medical fege of Georgia Bridge Foundation (L.C.L.) This wor
was presented in part at the Society for Reprodedtivestigation in Florence, Italy, March 2014.

DISCLOSURE STATEMENT: The authors have nothingisckbse. We would like to acknowledge students
who contributed to this project-- Luke V. Lee, lesRalk, ME Jett, Julianne Jett, and Alli Falkenstro



Quaynor et al.

Abstract

The genetic basis is unknown for ~60% of normodm@ogonadotropic hypogonadism (nHH)/Kallmann
syndrome (KS). DNAs from (17 male and 31 femaleHAKS patients were analyzed by targeted next
generation sequencing (NGS) of 261 genes involrdypothalamic, pituitary, and/or olfactory pathwagr
suggested by chromosome rearrangements. Selectadtsavere subjected to Sanger DNA sequencing, the
gold standard. The frequency of Sanger-confirmethuts was determined using the EXAC databaseaiveri
were classified as likely pathogenic (frameshifthsense, and splice site) or predicted pathogenic
(nonsynonymous missense). Two novE&lIFR1mutations were identified, as were 19 new candidahes
including: AMN1, CCKBR, CRY1, CXCR4, FGF13, GAP43, GLI3, JAG1, NO®RAETL, NOTCH1, NRP2,
PALM2, PDE3A, PLEKHAS5, RD3, TMTCAndTRAPPC9and TSPAN11.Digenic and trigenic variants were
found in 8/48 (16.7%) and 1/48 (2.1%) patientspeesively. NGS with confirmation by Sanger sequegci
resulted in the identification of new causativéFR1gene mutations and suggested 19 new candidats gene

NHH/KS.
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1. Introduction

The development of reproductive function in humianggulated by complex signaling interactionshaf t
hypothalamic-pituitary-gonadal (HPG) axis. Disrgptiof any component of this system may result iay=
puberty and infertility (Layman, 2013). Centralveus system defects may impair GhnRH action andtion
resulting in GnRH deficiency, also known as hypagtotropic hypogonadism, which may be manifested
clinically by low sex steroids and low or inapprigpely normal gonadotropins. To date, two pringipl
conditions constitute deficiency in GnRH signalingmely normosmic hypogonadotropic hypogonadism
(nHH) and Kallmann Syndrome (KS). Patients with p&¢8sent with hypogonadotropic hypogonadism and a
lack of smell due to the impaired migration of GnRR olfactory neurons. Apart from pubertal and
reproductive disturbances, other associated aneshalich as renal agenesis, midfacial defects, logico
defects, and cardiac anomalies have been repdudgth@n, 2013,Bhagavath et al., 2006).

Even with improved knowledge of GnRH developmerd fimction, only 40% of all nHH/KS cases can be
explained by reported mutations in more than 3@geSome mutations occur in ligand/receptors ssch a
KAL1/FGF8/FGFR1/HS6ST1, LEP/LEPEBNRH1/GNRHRPROK2/PROKR?2, KISS1/KISSl4dd
TAC3/TACR3Layman, 2013) Other identified genes incliweOB1 CHD7, NELFE WDR11 SEMA3A
SOX1QFGF17, IL17RD, DUSP6, SPRY4, FLRT3, FEZF1, STUEISXL, PCSK1, RNF218ndOTUD4
(Layman, 2013,Hanchate et al., 2012, Tornberg gP@l1,Margolin et al., 2013). These causative gevere
identified through linkage analysis, candidate ggmeroaches, and positional cloning (Layman, 203 &t
al., 2010,Kim et al., 2008). The inheritance patteff nHH/KS includes X-linked recessive, autosomal
dominant, autosomal recessive, sporadic, and sit $eaeral percent appear to be digenic/oligogé&@aynor
et al., 2011,Sykiotis et al., 2010). Moleculardsés performed by botin vitro andin vivo analysis of the genes
indicate that either the development/migrationignaling of GnRH is altered or impaired (Laymarakt

1998,Quaynor et al., 2013).
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The majority of molecular causes of nHH/KS aretgdbe characterized. This gap in our understanadiag
be narrowed with advancements in massively parddep resequencing methods, otherwise known as next
generation sequencing (NGS), which includes tathi8S, whole exome sequencing, and whole genome
sequencing. More expedient, less expensive, auatdtically more accurate results should be ableto
obtained using NGS (Metzker, 2010). The goal efilesent study was to identify new nHH/KS candidat
genes using targeted NGS of potentially relevaonilingenes that are involved in GnRH and olfacte@yron

development, migration and signaling.

2. Materials and M ethods

2.1 Genes Selected for NGS

The list of 261 genes was gathered from the liteeato identify important genes involved in hypdémaic
or pituitary development, GnRH or olfactory neuspecification, migration, or regulation, nHH/KS ko
pathway genes, or genes located near derivativ@asome breakpoints in nHH/KS patients with
chromosome translocations (genes shown in Taliefdrences for gene selection shown in Supplemental
Table 1). All known nHH/KS genes at the time of #tedy initiation in 2011 were also included.(Layma
2013) For most genes, 95-100% of the desired segueas covered—protein coding exons and splice
junctions, but it was not 100% of all candidateegeri-or 7 gene§AM60A, FGF20, FGF7, GSTM1, HS6ST1,

TUBB2A andTUBB2B the coverage ranged from 61-89.2% (SupplemeratialeT?2).

2.2 Patients
Hypogonadotropic hypogonadism was defined as teerade of puberty (age 17 in females; 18 in males)
with low/normal FSH and LH levels (Bhagavath et 2006). Affected males had serum testosteroreddev

less than 100ng/dL (normal: 300-1100ng/dL), whefeasales had absent breast development and
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hypoestrogenic amenorrhea (Bhagavath et al., 20@&)L of the brain and pituitary was normal. Serum
prolactin, thyroid stimulating hormone (TSH), thynoe (T4), and cortisol were normal (Bhagavathlet a
2006). Patients characterized as nHH exhibitedranal sense of smell by the Smell Identificatiors{lar by
history, while those with KS had absent or decréasmse of smell (Quaynor et al., 2011).

Seventeen males (10 with KS, 5 with nHH, and 2 witknown sense of smell) and 31 females (12 with
KS, 17 with nHH, and 2 with unknown sense of sma#ye studied by NGS. No patients had mutatioraiyn
known nHH/KS genes; and none had undergone NGSougy. This study was approved by the Augusta

University Human Assurance Committee, and all pésieonsented to participate in the study.

2.3 Targeted Next Generation Sequencing

Genomic DNAs from 48 patients were extracted frdoot using phenol-chloroform and ethanol
precipitation (Xu et al., 2011) and treated withAXg¢ to remove residual RNA. DNA (2-3ug) was subacitto
Otogenetics Corporation (Norcross, GA USA) for stdd target enrichment and sequencing. Control D&
provided by Otogenetics Corporation. Genomic DN#swsubjected to agarose gel and OD ratio tests to
confirm the purity and concentration prior to quicdtion by the Qubit assay (Life TechnologiesaGa
Island, NY USA). DNA fragmentation using restrictienzyme digestion and target enrichment and Ithami
ready libraries were made using HaloPlex targatkment kits (Agilent, Santa Clara, CA USA, Catatog
G9901B) following the manufacturer’s instructioBsiriched libraries were tested for enrichment, size
distribution, and concentration by an Agilent 22t peStation. For the selected genes, 261 targewébs
resolved to 285 targets comprising 3099 regiorth®yenome.

DNA sequencing was performed on an lllumina HiSE&i2® generate paired-end reads of 100 nucleotides
and >30X coverage. Burrows-Wheeler Aligner (BWA)sweed to map sequence reads to the genome;
Genome Analysis Toolkit (GATK) was utilized to cabkome-wide variants; and SnpEff was used to aimmota

variants (missense, nonsense, etc.). Sequenceltgesdfto exclude synonymous changes and variar&slP
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database v132. Selected variants confirmed by $&egeiencing were also assessed for frequencg iBXAC
database (http://exac.broadinstitute.org/).

Binary alignment map (BAM) files of selected vatewere manually evaluated to determine if theardri
was identified close to the ends of the PCR fragserhich could be more problematic to map since #&ke
placed at the ends of amplicons during PCR. These walassified in 10 percent increments (0-10%20%,
21-30%, etc.) based upon the percentage of redatdsiio bp from the end of fragments out of toedds
(referred to as end reads) in BAM files. Variantexevclassified according to guidelines from the Aonan
College of Medical Genetics and Genomics and Assioti for Molecular Pathology as class 4—Ilikely
pathogenic (frameshift, nonsense, and canonicalesgite) or class 3 (honsynonymous missense),hwhere
predicted deleterious silico).(Richards et al., 2015)

The 319 sequence variants identified by GATK wéteréd out with the following criteria: 1) depth20,
2) the number of patients with alternative allel&,=8) known variants, and 4) non-coding. The mumm
average, and maximum depths (DP) of the final wésiare 95, 8425, and 12000, respectively. Thermim,

average, and maximum quality scores (QUAL) of thalfvariants are 21, 1970, and 15995, respectively

2.4 Sanger Sequencing of Variants

Sanger sequencing is considered the gold standaahtirm or refute nucleotide changes found by NGS
Any variant found by NGS is only preliminary—it niuse confirmed by Sanger DNA sequencing to constder
as a bonafide variant. Only genes in which variéoiad by NGS and subsequently verified by Sanger
sequencing were considered as being new candidagsgThose variants identified by NGS, but notiooed
by Sanger sequencing, were considered to be falsgves.

Selected class 4 variants were subjected to Saegeiencing and available family members were sdudie
for the presence or absence of the variant (Quagtnalr, 2011). To prioritize missense variantgehdifferent

bioinformatic programs were used: SIFT (Sortingletant from Tolerant) (Ng et al., 2003), Mutatibaster

8
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(Schwarz et al., 2010), and PolyPhen2 (Polymorplittienotyping) (Adzhubei et al., 2010). Missens&awds
were selected for PCR-based Sanger sequencingafog2ams predicted that the variant would be ddlais.
The prevalence of the variant was ascertained ubm&xAC Database (http://exac.broadinstitute)omghich
consists of sequence data from ~61,000 individigdager sequencing was performed on these vat@nts
determine if targeted capture sequencing was dafitagman et al., 1997). Available family membersrey

then studied to assess segregation of the vari#imtive phenotype.

2.5 The Reproducibility of Targeted NGS

There was concern regarding the high prevalentalse# positive results by targeted NGS. As pathisf
project, we wanted to determine if the locationhaf variant near the end of the PCR product, aseden
BAM files, affected the reliability of the target®&5S. Therefore, 90 of our 107 variants (combimatball
variants) were categorized based upon the percewnfagads within 10bp of the ends of fragmentsl (@ads).
As can be seen in Supplemental Table 3, when <afG#%e reads were within 10bp of the ends of fraginie
correct variant calls by Sanger sequencing occun@d/63 (33.3%), range of 0-42.9%. However, fixrID0%
end read calls, only 1/27 (3.7%), range of 0-16.\%®#re confirmed by Sanger sequencing.

Of the class 4 variants called by NGS that wergestdéd to Sanger sequencing, only 10/17 (58.8%# wer
confirmed. Of the class 3 variants, 28/90 (31.1%jerconfirmed by Sanger sequencing. Therefore, 3Blyf
107 (35.5%) variants were confirmed when both cBaasd 4 variants were grouped together. It wag th@se

Sanger-confirmed variants that were considerecttivle variants that could have a potential roleHi/KS.

2.6 Colony PCR/Sequencing and RT-PCR
For frameshift variants, PCR was performed, corgnlrby agarose gel electrophoresis, and then cloned
using the TA Cloning Kit according to manufacturénstructions. At least 10 colonies were seledtad

Sanger sequencing as described previously (Laymnaln 4997). For variants predicted to affect@ply,

9
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reverse transcription PCR (RT-PCR) was performedkasribed previously (Kim et al., 2008). RNA was
extracted from lymphoblasts and subjected to RT-F&ER products were then sequenced to determaxeit

skipping or insertion was present.

3. Results

319 variants from 261 genes were identified byated NGS in 48 nHH/KS patients. Of the 319 vagant
identified, 56 were class 4 (frameshift, nonseasd, splice site) and 153 were class 3 (missens&)ws The
remaining 110 variants were located in the 5’UTRJTR or >10 bp from splice sites in introns, andrevaot
studied further. It should be noted that only tvaeants in genes identified by NGS that were coméd by

Sanger sequencing were considered important for/KBKTable 2).

3.1 Class4 Variants

Thirty-four class 4 variants found by targeted NW#&&Se excluded from consideration for Sanger sequognc
confirmation because the reads were seen almoktsexaly within 10 bp of the ends of the PCR fragrmen
BAM files and therefore, not likely to become confed by Sanger sequencing. Of the 22 variants rentai
they were identified in the following genegsXL, CCKBR, CHAT, FGF3, FGFR1, GAS6, GPRIN2, IGF1,
MASTL, NRP2, PTCH2, SDR16C5, SOS1, SP8, TRABRECBHGA CHGAwas not studied further as it was
mistakenly included in our initial 261 genes sedectwith the intention of studying CGA. These vatgin
candidate genes were subjected to Sanger sequentiiadp was necessary to confirm the variant obesegiwy
NGS (Supplemental Table 4). The variants inclustad gain, which produce new ATGs or CTGs thereby
initiating translation (which was unexpectedly edlby SnpEff), frameshift, splice site, and nonsefifiree
other variants in three gendgsAS6, IGFlandSDR16C»were not subjected to Sanger sequencing because

they were classified as start gain, but did noatere@ new ATG or CTG (start gain variants produss ATGs

10
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or CTGs which could initiate translation) (Deve®]12). In total, 10/17 (59%) class 4 variants weassifprely

confirmed by Sanger sequencing.

3.2 FGFR1 Mutations

FGFR1has been shown to be involved in ~10% of IHH/K8qpds (Layman, 2013). Three previously
unreported-GFR1variants, all of which were heterozygous and abisethe EXAC database, were identified
and confirmed by Sanger sequencing. These vaiiritgded one intronic insertion 3bp from the exén 1
splice donor site region, one nonsense, and oneegihift variant (Table 2).

In the first patient, an insertion near a splicaatcsite (c.2180+3insT) ¢iGFR1yielded a single wild type
band from RT-PCR from lymphoblast RNA prior to seqcing, arguing against alternative splicing. Sange
sequencing revealed that the unaffected fatheuantfected sister were also heterozygotes, sugggtstat it
is a polymorphism (Table 2; pedigree not shown}hnsecond patient, a c.313C>T (p.Q72X) variagated a
premature stop codon within the linker region ofFR3, which was predicted to result in protein tiatian. By
Sanger sequencing, the mother was unaffectedhbdather was not available for study (Table 2uFéglA).
This patient also had a heterozygous missensentania second geneGLI3 (see below), which was not
observed in her mother (Table 3; Figure 1A). kathird patient, a frameshift mutationmGFR1(c.2248delG,
p.E750Kfs*9K) resulted in 8 altered amino acid$dwning the deletion before a premature stop codoNA
from the father was not available, but her mothémmt have the variant. This patient also had ssemnse
variant inAXL that was absent in her mother (Tables 2 & 3; EdiB). Sanger sequencing chromatograms are

only shown for botlFGFR1class 4 mutations in Supplemental Figure 3.

3.3 Other Class4 Variants
Complex variants (heterozygous 9bp insertion argsemse variants) were observeGiPRIN2and a start

gain variant was seen MASTLand inAXL. However, the&GPRIN2variants were seen in unaffected family

11
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members. Th&MASTLandAXL variants did produce a new ATG and CTG, respegtivehich are both
potential new protein translation start sites Gtaiwn). For bottMASTLandAXL variants, available unaffected
family members did not possess the variant (Tapldr2total, only two class 4 variants, bothH6FRY, are
more definitively contributive to the disease phgpe (Table 2). However, it is possible that tretsgains in
MASTLand/orAXL could be pathogenic, but these will require furthevitro translation studies (suggesting

they are better characterized as class 3 variants).

3.4 Class 3 Variants

One hundred fifty three missense variants weretifigsh by NGS in our cohort of 48 nHH/KS patienasid
90 variants were predicted to be deleterious bpre2ein prediction programs. These 90 variantewer
subjected to Sanger DNA sequencing, but only 383 of the variants were confirmed (Tables 2&a3)) of
which were heterozygous. The frequency of eachicoatll variant in the EXAC database is shown in &&bl
(only confirmed variants by Sanger sequencing hoage). Heterozygous missense variants were idedtifi
five known nHH/KS genesFGFR1, GNRH1 GNRHR IL17RD, andAXL, all of which were predicted to be
deleterious by >2 of 3 programs. Additional missevariants were found in the following gene&MN1,
CCKBR, CRY1, CXCR4, FGF13, FGFR3, GADL1, GAP4333EPRIN1, JAG1, NOS1, NOTCH1, NRP2,
PALM2, PDE3A, POMC, RD3, SEMA4D, SMO, TMTC1, TRARREGBITSPAN1]Table 2A & B). When
available family members were studied, some ofdlvasiants were seen in unaffected family members,
consistent with probable polymorphisms (Table 2B;herefore, 19 novel candidate genes were idedtdnd
include:AMN1, CCKBR, CRY1, CXCR4, FGF13, GAP43, GLI3, JAG1, NORETL, NOTCH1, NRP2,
PALM2, PDE3A, PLEKHAS, RD3, TMTCARdTRAPPC9andTSPANL1L1. (Table 2A). Thirteen genes were
physiologic candidates, while six genddMN1, MASTL, PDE3A, PLEKHAS, TMTGIndTSPAN1)lwere

positional candidates from reported translocati@rsgavath et al., 2006,Kim et al., 2008).

12
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Initially, nine patients had digenic and two patgehad trigenic variants (Table 4). Segregatiotepas are
shown in Figure 1. By chance, half of the pedigmesld be expected not to segregate with the vatidney
were polymorphisms. Although not all parents wergilable, nine of eleven pedigrees were consistéhtthe
possibility of digenic or trigenic segregation (&ig 1). In most cases, the proband was heterozyigobsth
variants and they were absent in the one parediestuAlternatively, the proband had two variahist no one
unaffected had both (although they could be heygazs for one variant). Two pedigrees suggested a
polymorphism because the proband and an unaffeelative were heterozygous for trigenic or digenic
variants (Figure 2).

Although not digenic, th€ECKBRgene missense variant c.500C>T (p.T167M) was gbddn a large
family, and segregated with both nHH and KS suggegshat it could potentially be detrimental (TaBle
Figure 1J). Three family members with KS and ongawHH were heterozygous for tt@CKBRmissense
variant. Interestingly, one relative heterozygowrstiie variant had a brain glioma, and two unaééct

individuals were wild type.

4. Discussion

The molecular basis of nHH/KS has been elucidiie80-40% of all patients. When there is a family
history of nHH/KS, patrticularly if there are assaieid anomalies, targeted sequencing of known gaagde
warranted.(Layman, 2013). However, should resudklyno positive findings, further analysis by teied NGS
could be considered. Despite false positive vésighe Sanger sequencing confirmed variants fawynd
targeted NGS revealed meaningful results in botiwknand previously unsuspected nHH/Ks genes. The
prevalence of mutations in known genes in our cotio48 nHH/KS is not inconsistent with that in the
literature, asGFR1mutations have been reported in 6-10% of patighteloud et al., 2006,Xu et al., 2007).

In the current study, two of 48 (~4%) had deletesi¢class 4) mutations, both of which weré&®FR1

13
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Neither mutation was found in the EXAC databaseeported in the literature. In addition, there \wag other
FGFR1variant, a missense predicted deleterious, tgain8 (6.3%). Other heterozygous variants in known
genesGNRH1 GNRHR IL17RD, andAXL were also found in 7/48 (14.5%) of patients. Thevplence of
mutations in most genes involved in nHH/KS is 2%, so it is not surprising that variants in otkeown
nHH/KS genes were not identified (Layman, 2013).

In the current study, targeted NGS with Sangeriomiation also resulted in the identification of hagats in
19 new nHH/KS candidate genes. These variantsratigbed to be deleterious; and their availablagred
analyses do not indicate polymorphisms. The newlidate genes includ&MN1, CCKBR, CRY1, CXCRA4,
FGF13, GAP43, GLI3, JAG1, NOS1, MASTL, NOTCH1, NRR2M2, PDE3A, PLEKHAS5, RD3, TMTC1,
andTRAPPC9andTSPAN11Because targeted sequencing of known genes wasmexd, mutations in
unknown genes (i.e., genes not on the panel) waatidbe identified using our targeted approach asutd be
with whole exome sequencing (Yang et al., 2013) 281l genes were selected because of possibleveweant
in GNRH or olfactory nerve specification, migrati@amd/or function, hypothalamic or pituitary deyaieent, so
they all have potential relevance to nHH/KS. Vatsdocated close to translocation breakpoints nrayay not
have direct relevance by proposed physiology, butdcbe involved by a position effect upon othemeg
(Kleinjan et al., 2005).

Class 4 variants, which consist of nonsense, fraiftieand canonical splice site variants, are galher
considered as likely pathogenic. Although classd$ynonymous missense) variants may be predigted b
protein programs to impair function, they will reigufuture study to determine if they impair prot&inction
in vitro. This is similarly true for the start-gain varianNevertheless, our identification and confirm@atad
variants in 19 new candidate genes suggests tisadrtiall subset of genes could be important in &8/
Nearly all variants in these new candidate genesmamoallelic, so it is not known if further studfyadditional

patients would yield any biallelic variants. As ogj@d by Sarfati et al,(Sarfati et al., 2010), phenotype could

14
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be more severe as with biallelic variant®iROK2or PROKR2 However, mutations in more than one could
also contribute to the phenotype.

We identified nine possible digenic and trigenidigeses (~19%), but this will require further
characterization of a large number of cohorts, ahstudies, and cell-based assays (Schaffer, 201@}nic or
trigenic variants have been identified in sevemtpnt of nHH/KS patients, but in most caseséxisemely
difficult to discern whether both variants are gt and/or contributing to the phenotype (Quayetaal.,
2011,Sykiotis et al., 2010). Variants involved igehic disease could affect the phenotype by sysigrg
heterozygosity of genes in the same pathway, whdreterozygosity for either variant alone may haver
minimal clinical impact upon phenotype (Quaynoakt2011).

Confirmed missense variants, such as those fau@XCR4 as well as the other candidates, will be studied
in our large cohort of NHH/KS patients by sequegche entire protein coding exons and splice dieach
candidate gene for mutations (Table 5). CXCR4 pnmaffects sensory axon extension and is knowreto b
important in GnRH neuron migration.(Schwarting let2006) Additionally, it may play a role in dirganal
migration, proliferation and survival of primordigérm cells (Gu et al., 20090 CKBRIis a particularly
promising new candidate gene because of its setypagaattern in our large family with nHH/KECKBR,
encoding the cholecystokinin B receptor, is a Gigarocoupled receptor neuropeptide expressed in the
paraventricular nucleus of the hypothalamus, wisdhvolved in binding cholecystokinin and gastrin
(Mohammad et al., 2012).Whether it is associated glioma formation requires further study. Relesato
nHH/KS is also available for the other candidateege—AMN1 (Bhagavath et al., 2006,Wang et al., 2003),
CRY1(Wunderer et al., 20135,GF13(Itoh et al., 2004)GAP43(Strittmatter et al., 1995§;LI3 (Balmer et al.,
2004),JAG1(Ratie et al., 2013)MASTL(Bhagavath et al., 2006,Johnson et al., 208@S1(Leshan et al.,
2012,Garrel et al., 20100NOTCH1(Ratie et al., 2013\\RP2(Cariboni et al., 2011 RALM2(Panza et al.,

2007),PDE3A (Masciarelli et al., 2004), PLEKHAS (Dowletral., 2000), RD8Friedman et al., 2006),
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TMTC1(Sunryd et al., 2014J;RAPPCYLorenc et al., 2014), andSPAN1{Bassani et al., 2012). All of these
genes represent reasonable physiologic or posittamalidates (Table 5).

Six of the candidate genes were selected fordfaencing panel because they were near translocatio
breakpointsAMN1, MASTL, PDE3A, PLEKHA5, TMTGINdTSPAN11Table 5).(Bhagavath et al., 2006,Kim
et al., 2008) However, these positional candidatag also have some plausible physiologic rolesHRIAKS.
TSPAN1ZTegulates cell adhesion, motility, and synapsméion;(Bassani et al., 201P) EKHASis expressed
in the brain and interacts with phosphatidylindditephosphate, an important second messengefgrotein
coupled receptors;(Dowler et al., 2000) &MTCLlis involved in calcium homeostasis.(Sunryd et2014)
The other positional candidates are involved ih@glle exiting AMN1),(Wang et al., 2003) cell division
(MASTLD,(Johnson et al., 2009) and meiosis resumpfWE3A).(Masciarelli et al., 2004)

Of the remaining 13 new candidate genes, two wbalg@redicted to be involved in nHH/KS=GF13is
related to other FGF/FGFR gerfeSFR1andFGFS8, which are genes known to have mutations in nHH/KS
patients.(Itoh et al., 2004) Similarly, known KShg&EMA3Aencoding semaphorin 3A, binds to one of its
receptors—neuropilin 2, encoded WRP2(Table 5).(Cariboni et al., 201PALM2is expressed in the
olfactory bulb and was proposed to be a KS germmagatient had a translocation disrupting thiseg&anza
et al., 2007). Two candidates are ligand and recepAGlencoding Jagged 1, which binds to its receptor,
NOTCH, encoded biNOTCHZ which are involved in cell differentiation and rpbogenesis.(Ratie et al.,
2013).GLI3 is a very viable candidate gene because it idwedan the sonic hedgehog pathway, which
regulates multiple body processes including inductpatterning, and differentiation. It affectsaalfory exons
and their directed outgrowth to the telencephaRadrger et al., 2004)OS1has well known vascular
functions, but it is also known that GnRH incredd€xSlexpression in pituitary gonadotrop&RY1lis
pituitary clock gene thought to regulate the feetitdaop of CLOCK-BMAL;(Wunderer et al., 20135AP43
regulates growth of axons and moderates the foomati new neuronal connections(Strittmatter eti#l95);

RD3is highly expressed in the retina and is involirettanscription and splicing;(Friedman et al., @9Gnd
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TRAPPC9within the Prader-Willi region, is highly expressedhe brain and appears to regulate the NF-
kappaB signaling pathway.(Lorenc et al., 2014) sEheandidates are summarized in Table 5.

The goal of targeted capture sequencing is to lhapitd accurately identify disease-causing varidntthis
study, many variants were identified requiring @onétion by Sanger sequencing; however, a majarése
false positives. Possible explanations for thghhrate of false positives could have to do wit phocedure in
which the DNA was sheared by restriction enzymestign rather than a random method (such as samgat
depth of reads, quality assessment, read alignmeanént identification, and/or annotation (Pabingteal.,
2014). The degree to which variants were missed-fallse negatives—is not able to be addressed srsthdly.
However, the confirmed variants do provide excitiegv possibilities that require future study.

In conclusion, we have identified two new likelytipagenicFGFR1mutations and 19 new candidate
nHH/KS genes. These additional candidates will irequiture study in a large cohort of nHH/KS patgeto
determine their role in the phenotype. Althouglyéaed capture sequencing permits the study ofye lemmber
of genes simultaneously, technical improvementd®§ are necessary before widespread use can be
considered for routine diagnostic utility. Since ttost of whole exome sequencing is now competititie
targeted NGS done in our study, it is likely thisthod will be utilized for our future studies. Neteless,
those variants confirmed by Sanger sequencingsrsthdy yield important new genes for consideraiiothe

pathogenesis of nHH/KS and a role in normal puberty
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Figure 1.
Digenic and trigenic pedigrees are shown (A-lI)wal as an informativ€ CKBRfamily (J). Each pedigree is
labeled with a letter A to J, which correspondthi specific variant of the same letter in Tabl©4ly variants

identified by targeted NGS that were positively fomned by Sanger sequencing are included in théysisa

Figure 2
Two families of possible digenic or trigenic disease shown, which are not informative. Since @ugawts do
not segregate with nHH/KS, it is likely they ardypoorphisms. Note for Figure 2A, the genotype @& thther

for SMOwas not able to be done due to insufficient DNA.

Table 1. 261 genes selected for targeted sequeacenghown along with the their proposed relevaoce
nHH/KS. Some genes may be listed in more than oherm. References for gene selection are shown in

Supplemental Table 1.

Table 2. (A) Variants identified by targeted NGSBinHH/KS, all of which were confirmed by Sanger
sequencing, are shown. WT = wild type; HET = hetggous; KS = Kallmann syndrome; nHH = normosmic
hypogonadotropic hypogonadism. Findings in avaddhimily members are also shown. Note that although
variants in some genes may not appear to segregthténe phenotype in a monogenic fashion (indiddig an
asterisk), when evaluated in the context of digamheritance, these are still viable potentiallyho@enic
variants (see Figure 1). (B) Shown are the varitdr@sare probable polymorphisms as they do noegate

with nHH/KS in a monogenic or digenic fashion.

Table 3. Class 3 missense variants are shown #ra& eonfirmed by Sanger sequencing. They were qiesti

deleterious if_>2 or 3 programs (SIFT, PolyPhévilfationTaster) indicated so.
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Table 4. Digenic and trigenic pedigrees are shaey are labelled A-1 and each variant correspaodkse

same variant indicated by the same letter as iar€i@. Only variants confirmed by Sanger sequen@lags 3

or 4) are included.

Table 5. The 19 new candidate genes are shownyherk relevant, human phenotypes in OMIM are

referenced.
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Olfactory Hypothalamic GnRH GnRH Neuron Chromosomal Known Molecules on GnRH Pituitary
Bulb Development/ Regulation Development/ | Rearrangements Pathway Neuron Surfaces & in Related
Development Patterning Migration Genes Cytoplasm
ACSM4 ALDH1Al BRN2 AKAP2 AEBP2 AKAP1 BDNF CGA
BPIFB4 ALDH1A2 CRY1 AXL AMN1 AKAP3 CACNA1B FSHB
CHD7 BMP2 CRY2 BRN2 ANKRD26 AKAP4 CCKAR HESX1
CTXN3 BMP4 DLX1 CAS ARNTL2 CCDC141 CCKBR LHB
DLX1 BMP7 DLX2 CHAT ASUN FGF1 CNTN2 LHX3
EMX2 DHH DLX5 CXCL12 ATE1 FGF10 DCC LHX4
FSTLS5 EMX1 EGFR CXCR4 C120RF70 FGF11 EFNAS PIT1
GADL1 EMX2 EGR1 DCC C120RF71 FGF12 GABABR1 PITX2
GPX6 FOXH1 FGF8 DLX1 CADM2 FGF13 GAL PROP1
GSTM1 GDF1 FGFR1 EBF2 CAPRIN2 FGF14 GALR1 PTX1
MASH1 GLI1 GATA2 GAS6 CCDC91 FGF16 GALR?2 RUNX1
MATH4A GLI2 GATA3 GATA4 CMAS FGF17 GALR3 RUNX2
NCAM GLI3 GATA4 HGF ERGIC2 FGF18 GAP43 RUNX3
NEUROD LHX5 GNRH1 ILL7RD ETNK1 FGF19 GAS6 SOX2
NEUROG2 LIM1 GNRHR JAG1 FAM60A FGF2 GDNF SOX3
NOTCH1 NODAL GRG KAL1 FAR2 FGF20 GRG4
NRP1 NROB1 HCRT MAP1L FGFR2 FGF21 GRG5
NTN1 PAX6 HCRTR1 MAPK14 H3F3C FGF22 GRIN1
OBP2B PAX7 HS6ST1 MSX1 IPO8 FGF3 GRIN2
OMP PCSK1 KISS1 MYCN KIAA0528 FGF4 HGF
P75NTR POMC KISS1R NCAM KLHDC5 FGF5 IGF1
PAX6 PROKR1 KLF6 NELF MANSC4 FGF6 IGF1R
PCDHS8 PTC1 LEP NRP1 MASTL FGF7 IL17RD
PLXNAL PTCH1 LEPR NRP2 MCMBP FGF8 LRP8
PLXNB1 SFRP1 MEIS1 NSCL2 MED21 FGF9 MET
PROK2 SFRP5 MEOX1 NTN1 METTL20 FGFR1 NCAM
PROKR?2 SHH MSX1 OCT1 MRPS35 FGFR10P2 NDN
RTP1 SIX3 MSX2 PKNOX1 NSMCE4A FGFR3 NELF
RTP2 SMAD5 NDN PKNOX2 OVCH1 IFT57 NTN
SCGBlcl SMO NF1 PLXNB1 PDE3A KCNK9 PTHLH
SEC14L3 TBX2 NK2 RAC PENK KCTD11 SPRY4
SEMAS3A TGFB OoTX2 RELN PLEKHAS NOS1 STMN1
SLC17A6 WNT8b OCT1 SCIP PPAPDC1A PTCH2 TAG-1
SP8 POU1F1 SEMA3A PPFIBP1 RD3 TGFB
TBR1 POU5F1 SEMA4D REP15 SHH
UMODL1 PREP1 SH2D3C SDR16C5 STIL
WDR11 SIX6 TBR1 SEC23IP SUFU
SMAD3 TBX2 sLCco1C1 SYCP1
SMAD4 TUBB2A ST8SIAL TRAPPC9
TAC3 TUBB2B STK38L TRIM25
TACR3 TUBB3 TM7SF3 ZFP423
WNT11 TMTC1
TSPAN11
WDR11

YME1L1




Accession . # ExAC % EXAC . . .
IHH Gene —— Variant = = ————— | Subject Phenotype Family Histor:
— E— Number —_— Subjects Frequency | Frequency ' YD
Class 4 _ . . . . . .
225 FGFR1 NM_001174063 €.214C>T, p.Q72X 1 0 0 nHH mother WT, unaffected
€.2248delG,
262 FGFR1 NM_001174063 D.E750Kfs* 1 0 0 nHH mother WT, unaffected
Class 3
father HET, unaffected;
234 AMN1 NM_001113402 C.656G>A, p.C219Y 1 0 0 nHH sisterl HET, IHH;
sister2 HET, unaffected
061, c.-40C>T, subject C: nHH subject C: father WT, unaffected;
302 AXL NM_001699 p.LlextM-13 2 39/17382 0.2244 subject D: nHH subject D: mother WT, unaffected
262 AXL NM_001699 €.568C>T, p.R190C 1 1/57944 0.001726 nHH mother WT, unaffected
father (no DNA) undescended testes;
brotherl HET, IHH hyposmia, undescended
testes, hearing loss, anger issues, kidney and
. . stomach cancer;
KS, bilateral hearing ’ . .
aids, blind left eye, g[ggg-z HET, normosmic, deceased, brain
210 CCKBR NM_176875 ¢.500C>T, p.T167M 1 3/118692 0.002528 anosmia, benign sister HET, KS, hearing loss, anosmia,
ovarian tumor, no - .
breasts b_llater_al amblyopia,
sister-in-law WT, unaffected:;
nephewl HET, hyposmic with undescended
testes;
nephew2 WT, unaffected
302 CRY1 NM_004075 €.1292G>A,p.R431H 1 29/119292 0.02431 nHH mother WT, unaffected
61 CXCR4 NM_003467 €.236A>C, p.H79P 1 0 0 nHH father WT, unaffected
mother WT, unaffected,;
217 FGF13 NM_033642 ¢.529T>C, p.S177P 1 0 0 KS father WT, unaffected;
brother WT unaffected
235 FGFR1 NM_001174063 €.2053G>A, p.G685R 1 0 0 nHH mother WT, unaffected
father HET, unaffected;
217 GAP43 NM_002045 ¢.502G>A | p.A168T 1 0 0 KS mother WT, unaffected;
brother HET, unaffected
225 GLI3 NM_000168 €.341G>A, p.R114K 1 304/101458 0.2996 nHH mother WT, unaffected
brother 1 HET nHH
245 GLI3 NM_000168 €.245G>A, p.R82K 1 2/117682 0.00169 nHH brother 2 HET unaffected
father HET, unaffected;
224 GNRH1 NM_000825 ¢.103C>T, p.R35C 1 0 0 nHH mother WT, unaffected;
sister WT, unaffected




brother 1 HET nHH

245 GNRHR NM_000406 c.662T>A, p.1221N 0 0 nHH brother 2 WT unaffected
233 IL17RD NM_017563 €.965G>A, p.R322H 0 0 pituitary tumor mother HET, unaffected
father WT, unaffected;
234 JAG1 NM_000214 €.323A>T, p.N108I 0 0 nHH sister WT, unaffected;
sister HET, nHH
c.-170C>T,
302 MASTL NM_001172303 p.M1extM-57 0 0 nHH mother WT, unaffected
216 NOS1 NM_001204213 : ¢.1007G>A, p.R336H 0 0 nHH sister WT, unaffected
119 NOTCH1 NM_017617 €.2333C>T, p.T778I 1/118624 0.000843 nHH mother WT, unaffected
. mother WT, unaffected;
310 NRP2 NM_003872 €.2057T>G, p.F686C 0 0 nHH, 1° amenorrhea grandmother WT, unaffected
258 PALM2 = NM_001037293 = c.451A>G, p.T151A 0 0 KS, 1"amenorrhea,
Graves disease
father HET, unaffected;
128 PDE3A NM_001244683 : c.1477G>A, p.G493R 0 0 nHH mother WT, unaffected
sister HET, unaffected
247 | PLEKHAS5 = NM_001143821 = c.884A>T, p.N295Y 0 0 U”k”c’:;’]:‘eff”se of  mother HET unaffected
216 RD3 NM_001164688 ¢.509C>T, p.S170F 3/105638 0.00284 nHH sister WT, unaffected
KS, bilateral
cryptorchidism, left father HET, unaffected
307 TMTC1 NM_175861 €.1978G>A, p.D660N 0 0 orchiopexy, myopia, mother WT, unaffected
gynecomastia
father WT, unaffected;
128 TRAPPC9 | NM_001160372 €.1532C>T, p.T511M 0 0 nHH mother HET, unaffected
sister WT, unaffected
AO2 TSPAN1L = NM_001080509  c203G>A, p.G68D 0 0 KS, NELF mutation | rather HET, hyposmic, blepharospasm;

mother WT, unaffected




Accession
Number

Variant

#
Subjects

EXAC

% EXAC

Subject

Frequency

Frequency

Phenotype

Family History

Class 3

165

FGFR1*

NM_001174063

€.2180+3insT

nHH

father HET
unaffected;
mother WT,
unaffected;
sister HET, nHH

208

FGFR1*

NM_001174063

¢.301T>G, p.C101G

KS

father HET,
unaffected;

mother WT,
unaffected;

brother HET, anosmic

FGFR3*

NM_022965

€.962C>T, p.S321F

KS, midline
high palate

brotherl HET,
45,X/46,XY;
brother2 WT, 46,XY,
unaffected

224

GADL1*

NM_207359

¢.1480C>T, p.R494C

2/121188

0.00165

nHH

father HET,
unaffected;

mother WT,
unaffected;

sister WT, unaffected

123

GPRIN1*

NM_052899

€.2884C>T, p.R962C

KS, unilateral
undescended
testes

father WT, unaffected;
mother HOM,
unaffected

165

POMC*

NM_000939

c.777C>G, p.1259M

nHH

father WT, unaffected;
mother HET,
unaffected;

sister HET, nHH

123

SEMA4D*

NM_006378

€.2278C>A, p.L760M

KS

father WT, unaffected;
mother HET,
unaffected

123

SMO*

NM_005631

¢.1789G>A, p.D597N

KS

mother HET,
unaffected




Accession

Gene Number Variant SIFT PolyPhen2 MutationTaster
AXL NM_001699 €.568C>T, p.R190C Not tolerated; p=0.03 Possibly damaging with a score of 0.909 polymorphism
CCKBR NM_176875 ¢.500C>T, p.T167M Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
CRY1 NM_004075 €.1292G>A,p.R431H Not tolerated; p=0.00 Benign with a score of 0.047 disease causing
CXCR4 NM_003467 €.236A>C, p.H79P Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
FGF13 NM_033642 €.529T>C, p.S177P Not tolerated; p=0.00 Error disease causing
FGFR1 ' NM_001174063  c.2053G>A, p.G685R Not tolerated; p=0.00 Error disease causing
FGFR1*  NM_001174063 €.301T>G, p.C101G Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
FGFR3* NM_022965 €.962C>T, p.S321F Not tolerated; p=0.00 Error disease causing
GADL1* NM_207359 €.1480C>T, p.R494C Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
GAP43 NM_002045 c.502G>A , p.A168T Tolerated; p=0.30 Probably damaging with a score of 1.000 disease causing
GLI3 NM_000168 €.341G>A, p.R114K Not tolerated; p=0.02 Probably damaging with a score of 0.995 disease causing
GLI3 NM_000168 €.245G>A, p.R82K Not tolerated; p=0.00 Probably damaging with a score of 0.994 disease causing
GNRH1 NM_000825 €.103C>T, p.R35C Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
GNRHR NM_000406 C.662T>A, p.1221N Not tolerated; p=0.00 Possibly damaging with a score of 0.912 disease causing
GPRIN1* NM_052899 €.2884C>T, p.R962C Not tolerated; p=0.03 Benign with a score of 0.046 disease causing
IL17RD NM_017563 €.965G>A, p.R322H Not tolerated; p=0.03 Probably damaging with a score of 1.000 disease causing
JAG1 NM_000214 €.323A>T, p.N108I Not tolerated; p=0.04 Possibly damaging with a score of 0.645 disease causing
NOS1 NM_001204213 | ¢.1007G>A, p.R336H Not tolerated; p=0.03 Error disease causing
NOTCH1 NM_017617 €.2333C>T, p.T778I Not tolerated; p=0.04 Probably damaging with a score of 0.963 disease causing
NRP2 NM_003872 €.2057T>G, p.F686C Not tolerated; p= 0.00 Error disease causing
PALM2  NM_001037293 c.451A>G, p.T151A Not tolerated; p=0.00 Possibly damaging with a score of 0.760 disease causing
PDE3A | NM_001244683 | ¢.1477G>A, p.G493R Not tolerated; p=0.04 Error disease causing
PLEKHAS | NM_001143821 €.884A>T, p.N295Y Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
POMC* NM_000939 C.777C>G, p.1259M Not tolerated; p=0.04 Probably damaging with a score of 0.970 disease causing
RD3 NM_001164688 ¢.509C>T, p.S170F Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
SEMA4D* | NM_006378 €.2278C>A, p.L760M Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
SMO* NM_005631 €.1789G>A, p.D597N Not tolerated; p=0.02 Possibly damaging with a score of 0.566 disease causing
TMTC1 NM_175861 €.1978G>A, p.D660N Not tolerated; p=0.04 Error polymorphism
TRAPPC9 | NM_001160372 €.1532C>T, p.T511M Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing
TSPAN11 < NM_001080509 €.203G>A, p.G68D Not tolerated; p=0.00 Probably damaging with a score of 1.000 disease causing




nHH/KS Digenic and Trigenic Variants

Subject Variant 1 Variant 2 Variant 3

A,225 |FGFRI c313C>T, p.Q72X GLI3 c.341G>A, p.R114K

B,262 |[4XL c.568C>T, p.R190C FGFRI c.2248delG, p. E7T50Kfs*9

C, 061 |AXL c.-40C>T p.LlextM-13, CXCR4 c.236A>C, p.H79P

D,302 |AXL c.-40C>T, p.LlextM-13 CRY1 c.1292G>A, p.R431H MASTL c.-170C>T, p.MlextM-57
E 216 |NOSI c.1007G>A, p.R336H IRD3 ¢.509C>T, p.S170F

F,128 |TRAPPC9 c.1532C>T, p.T511M PDE3A4 ¢.1477G>A, p.G493R

G, 217 |[FGFI13 c¢.529T=C, p.S177P GAP43 ¢ 502G=>A, p.A168T

H, 234 |AMNI c.656G>A, p.C219Y JAGI c.323A>T, p.N108I

I, 245

GNRHR c.662T>A, p.1221IN

GLI3 c.245G>A, p.R82K 662T>A,




Gene Name Locus Function Reference

1. AMN1 Antagonist of mitotic 12p11.21 Positional; also Bhagavath (3)
exit network 1 homolog part of daughter-specific
switch helping cells exit Wang (32)

and reset cell cycle via
G-protein inhibition

2. CCKBR  Cholecystokinin B 11p15.4 G-protein coupled receptor Mohammad (31)
receptor neuropeptide for gastrin and
cholecystokinin, both of which
are regulatory peptides of the
brain and gastrointestinal tract;
expressed in paraventricular
nucleus of hypothalamus

3.CRY1 Cytochrome circadian 12923.3 Pituitary clock gene, binds as Wunderer (33)
clock 1 multiprotein complex in circadian
feedback loop of CLOCK-BMAL

4. CXCR4 C-X-C motif chemokine 2021 Affects sensory axon extension Schwarting (29)
receptor 4 and GnRH1 neuron migration;
maintains GnRH1 neuronal
expression as the cells move away
from nasal pit region

5. FGF13 Fibroblast growth XQ26.3-g27.1 FGFs known in nHH/KS pathway  Itoh (34)
factor 13 expressed in developing & adult
nervous systems (predominantly
in brain-cerebellum & cortex)

6. GAP43 Growth associated 3g13.31 Linked to synaptosomal Strittmatter (35)
protein 43 membrane; regulates growth
of axons & moderates formation
of new connections

7.GLI3 GLI family 7pl4.1 Transcriptional regulator of Balmer (36)
zinc finger 3 sonic hedgehog involved

in induction, patterning, &
differentiation of body regions
including face & forebrain; affects
olfactory receptor axons & directed
outgrowth to telecephalon;
haploinsufficiency results in Greig
Cephalopolysyndactyly (MIM 175700)
& Pallister Hall syndrome (MIM 146510);
(PHS includes hypothalamic
hamartomas)



8. JAG1 Jagged 1

9. MASTL Microtubule-
associated serine/
threonine Kinase
like

10. NOS1 Nitric oxide synthase 1

11. NOTCH1 Notch, Drosophila
Homologue of, 1

12. NRP2 Neuropilin 2

13. PALM2  Paralemmin 2

14. PDE3A  Phosphodiesterase 3A

15. PLEKHAS Plekstrin homology
domain-containing
protein, family A,
member 5

20p12.2

10p12.1

12q24.22

9934.3

2433.3

9¢31.3

12p12

12p12.3

Ligand of Notch receptor, which Ratie (37)
is increased by WNT signaling

molecules (beta-catennin & TCF);

activates transcription factors

important in cell differentiation &
morphogenesis; mutations in Alagille
syndrome (MIM 118450)-facial,

cardiac, ocular, & skeletal defects;

cholestasis

Positional candidate Bhagavath (3)
Thrombocytopenia (MIM 608221); Johnson (38)
mutations in kinase domain

in Drosophila disrupt cell division

Molecular messenger with diverse  Garrel (40)
brain & peripheral nervous system

functions; GnRH regulates (increases)

NOS1 in pituitary gonadotropes

See JAGI above; mutations in Ratie (37)
Adams-Oliver syndrome

(MIM 616028); aortic

valve disease 1 (MIM 109730)

Neuropilins are receptors for Cariboni (41)
semaphorins (SEMA3A is

known KS gene); expressed on

vomeronasal nerve, which serves

as guide for GnRH neuron

migration

Disrupted in KS patient with Panza (42)
translocation of 9931.3;also

known as A-kinase anchor protein

2; expressed in olfactory bulb &

cartilaginous structures of embryo

Positional candidate Bhagavath (3)
Mutations in brachydactyly & Masciarelli (43)
hypertension syndrome

(MIM 112410); PDE3A is

responsible for hydrolysis

of cCAMP activity of oocyte

(needed for resumption meiosis in egg)

Positional candidate Bhagavath (3)
Expressed at highest levels in Dowler (44)
ovary, but also in brain; interacts

with phosphatidylinositol 3,4,5-

trisphosphate (important 2"

messenger in G-protein coupled



16. RD3 Retinal degeneration 3 1932.3
Mouse, homolog of

17. TMTC1  Transmembrane and 12p11.22
tetratricopeptide repeat
domains-containing

protein 1

18. TRAPPC9 Trafficking protein 8024.3
particle complex,
subunit 9

19. TSPAN11 Tetraspanin 11 12p11.21

receptors (NHH/KS genes)

Highly expressed in retina;
part of subnuclear protein
complex involved in diverse
processes, such as transcription
and splicing; Mutations in
Leber congenital amaurosis-12
(MIM 610612)

Positional candidate; also
endoplasmic reticulum protein
involved in calcium homeostasis

Expressed in neurons of the
cerebral cortex, hippocampus,
and deep gray matter;

protein binds NF-kappa-B
inducing kinase (NIK) and
inhibitor of kappa light chain
gene enhancer in B cells, kinase
of (IKK-beta); involved in
NF-kappa signaling pathway;
paternally expressed &
implicated in Prader-Willi;
mutations in mental retardation,
autosomal recessive (MIM 613192)

Positional candidate; also
integral membrane protein
regulating cell adhesion, motility,
and synapse formation; interacts
with integrins

Friedman (45)

Bhagavath (3)
Sunryd (46)

Lorenc (47)

Bhagavath (3)
Bassani (48)
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Highlights—Quaynor et al.

» Targeted and Sanger DNA sequencing of 261 genes was performed in 48 patients with
hypogonadotropic hypogonadism

* Two novel FGFRL1 likely pathogenic mutations were found
* Nineteen new candidate genes for hypogonadotropic hypogonadism were identified

» Eight possible digenic and one possible trigenic families were identified





