JCEM ONLINE

Advances in Genetics—Endocrine Care

Prioritizing Genetic Testing in Patients With Kallmann
Syndrome Using Clinical Phenotypes

Flavia Amanda Costa-Barbosa,* Ravikumar Balasubramanian,* Kimberly W. Keefe,
Natalie D. Shaw, Nada Al-Tassan, Lacey Plummer, Andrew A. Dwyer,

Cassandra L. Buck, Jin-Ho Choi, Stephanie B. Seminara, Richard Quinton,

Dorota Monies, Brian Meyer, Janet E. Hall, Nelly Pitteloud, and

William F. Crowley Jr

Harvard Reproductive Endocrine Sciences Center and the Reproductive Endocrine Unit of the Department of
Medicine (F.A.C.-B., R.B.,, KW.K,, N.D.S,, L.P,, C.L.B,, J.-H.C., S.B.S., J.E.H., W.F.C.), Massachusetts General
Hospital, Boston, Massachusetts 02114; Department of Genetics (N.A.-T., D.M., B.M.), King Faisal Speciality
Hospital and Research Centre, Riyadh 11211, Saudi Arabia; Endocrine, Diabetes, and Metabolism Service
(A.A.D., N.P.), Centre Hospitalier, Universitaire Vaudois, 1011 Lausanne, Switzerland; and Royal Victoria
Infirmary (R.Q.), Newcastle-upon Tyne NE1 4LP, United Kingdom

Context: The complexity of genetic testing in Kallmann syndrome (KS) is growing and costly. Thus,
it is important to leverage the clinical evaluations of KS patients to prioritize genetic screening.

Objective: The objective of the study was to determine which reproductive and nonreproductive
phenotypes of KS subjects have implications for specific gene mutations.

Subjects: Two hundred nineteen KS patients were studied: 151 with identified rare sequence
variants (RSVs) in 8 genes known to cause KS (KAL1, NELF, CHD7, HS65T1, FGF8/FGFR1, or PROK2/
PROKR2) and 68 KS subjects who remain RSV negative for all 8 genes.

Main Outcome Measures: Reproductive and nonreproductive phenotypes within each genetic
group were measured.

Results: Male KS subjects with KALT RSVs displayed the most severe reproductive phenotype with
testicularvolumes (TVs) at presentation of 1.5 = 0.1 mLvs 3.7 = 0.3 mL, P<.05vs allnon-KALT probands.
In both sexes, synkinesia was enriched but not unique to patients with KALT RSVs compared with
KALT-negative probands (43% vs 12%; P < .05). Similarly, dental agenesis and digital bone abnor-
malities were enriched in patients with RSVs in the FGF8/FGFR1 signaling pathway compared with all
other gene groups combined (39% vs 4% and 23% vs 0%; P < .05, respectively). Hearing loss marked
the probands with CHD7 RSVs (40% vs 13% in non-CHD7 probands; P < .05). Renal agenesis and cleft
lip/palate did not emerge as statistically significant phenotypic predictors.

Condlusions: Certain clinical features in men and women are highly associated with genetic causes of KS.
Synkinesia (KALT), dental agenesis (FGF8/FGFRT), digital bony abnormalities (FGF8/FGFRT1), and hearing loss
(CHD?) can be useful for prioritizing genetic screening. (J Clin Endocrinol Metab 98: E943-E953, 2013)

Kallmann syndrome (KS), ie, hypogonadotropic hypo-
gonadism accompanied by anosmia, represents a
unique form of isolated GnRH deficiency wherein the de-
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veloping GnRH neurons along with the olfactory axons
over which the GnRH neurons must traverse to inhabit
their ultimate anatomic home within the hypothalamus,

* F.A.C.-B. and R.B. contributed equally to this work.

Abbreviations: CHARGE, syndrome consisting of coloboma, heart defects, choanal atresia,
retardation of growth, genital anomalies, and ear abnormalities; Cl, confidence interval;
FGF, fibroblast growth factor; KS, Kallmann syndrome; MAF, minor allele frequency; OR,
odds ratio; OMIM, online inheritance in man; RSV, rare sequence variation; TV, testicular
volume.
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fail to migrate into the central nervous system (1-3). In the
last 3 decades, mutations in several genes/pathways af-
fecting GnRH neuronal migration (neurodevelopmental
genes) have been identified in KS patients, namely the fol-
lowing: 1) KAL1 [Xp22.3]; 2) FGE8 [10q24.3] and
FGFR1 [8p11.2-p11.1] (fibroblast growth factor [FGF]
signaling pathway); 3) PROK2 [3p13] and PROKR2
[20p12.3] (PROK signaling pathway); 4) NELF [9q34.3]
(Reference 4 and references within); 5) CHD7 [8q12.1-
q12.2] (5, 6); 6) WDRI1 [10q26.12] (7); 7)
HS6ST1[2q14.3] (8); and 8) SEMA3A [7q21.11] (9).

This growing genetic and locus heterogeneity in KS
pose considerable challenges to clinicians in the diagnostic
workup of these patients, in their prioritization of genetic
screening, and in providing optimal genetic counseling to
patients and their families. Genetic information such as
mode of inheritance, frequency of individual gene muta-
tions, and regions of homozygosity in consanguineous/
endogamous families can help target genetic screening in
KS subjects. However, given the nature of the reproductive
failure inherent to this condition, probands often present
as sporadic cases (10) and/or the affected families are often
too small to allow an accurate assessment of their inher-
itance pattern. In addition, although some genes show a
clear pattern of inheritance (eg, KAL1: X linked) others
show varied inheritance patterns with incomplete pen-
etrance (CHD7, FGF8/FGFR1, PROK2/PROKR?2). The
above caveats emphasize the need for identifying those
phenotypic features that can be also used to guide cost-
effective prioritization of genetic testing.

Given the importance of these genes in the biology of
other organ systems in addition to their critical role in the
ontogeny of the GnRH neurons, it is conceivable that vari-
ations in the expression of each of these gene/pathways in
other organ systems could result in unique clinical phe-
notypes that provide clues to their identity. For example,
it has been reported that patients with KAL1 mutations
have a severe reproductive phenotype, whereas those with
FGFR1 mutations vary more widely in the severity of their
GnRH deficiency (11, 12). Unilateral renal agenesis and
synkinesia (mirror movements) have been suggested as
unique phenotypes of patients with KAL1 gene defects
(13-15), whereas skeletal anomalies, midline facial de-
fects, and dental agenesis have been reported to be specific
to FGF8/FGFRI1 patients (16, 17). Likewise, obesity and
sleeping disorders have been identified in some PROK2/
PROKR?2 patients and have been suggested to be pheno-
typic markers for mutations in this pathway (18). How-
ever, because of the rarity of KS, previous studies of this
condition have typically involved relatively small cohorts
of subjects who were not systematically phenotyped and in
whom genetic testing was often limited.
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To address this need, the present study performed a
detailed comparative phenotypic evaluation in a large
group of KS subjects harboring known rare sequence vari-
ations (RSVs) (genetic variants < 1% minor allele fre-
quency in control populations) in 8 genes in 6 pathways
[KAL1,the FGF (FGF8 and FGFR1),and PROK signaling
pathways (PROK2 and PROKR2), CHD7, NELF, and
HS6ST1]. We hypothesized that each of these 6 signaling
pathways would exhibit specific reproductive and/or non-
reproductive hallmarks that might permit some prioriti-
zation of genetic screening thus providing economically
efficient guidance for genetic testing. We also performed a
comparative phenotypic analysis in a cohort of KS patients
exhibiting no demonstrable RSVs to contrast these groups
and to identify those phenotypic features that might be
specific to novel but as-yet-undiscovered KS genes and
pathways.

Materials and Methods

Subjects

We studied 219 KS probands (ethnicity: 88% Caucasian; 3%
African American; 6% Asian; and 3% mixed) selected from a
cohort of 568 probands participating in a genetic study at the
Reproductive Endocrine Unit of the Massachusetts General Hos-
pital. The final assembled study population included 162 male
KS probands (mean age = SEM of assessment in our unit 25 =
1.1 years) and 57 females (mean age at assessment in our unit:
29 * 1.6 years) with the following diagnostic criteria: 1) a clinical
diagnosis of KS characterized by absent or incomplete puberty by
age 18 years, low sex steroid levels in the presence of low or
normal gonadotropins, and anosmia or hyposmia; 2) otherwise
normal anterior pituitary function biochemically: 3) with no de-
monstrable neuroanatomic or functional cause of hypogonado-
tropic hypogonadism (19); and 4) normal ferritin levels. Subjects
included KS probands who were positive for an RSV (n = 151)
in 1 of the 8 neurodevelopmental genes in 6 biological pathways
and 68 consecutive KS probands who were negative for those
genes/pathways. (see genetic groups below). Genetic variants
identified in this study are termed as RSVs rather than mutations
because the determination of an increasing number of these vari-
ants was based on statistical criteria because data on functional
cellular consequence was not always available. An RSV was de-
fined as follows: 1) a variant affecting splice junctions within 10
bp of coding sequence or if the variant was a protein-altering/
protein-truncating nonsynonymous variant; and 2) present in
less than 1% minor allele frequency (MAF) in the 98-262 con-
trol patients studied in our unit (see Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org) as well as less than 1% MAF in the
National Heart, Lung, and Blood Institute Exome Sequencing
Project [http://evs.gs.washington.edu/EVS/] consisting of 6503
individuals from Caucasian and African American ethnicity.

Genetic analysis
Genomic DNA was obtained from peripheral blood samples
by standard phenol-chloroform extraction. Exonic and proxi-
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mal intronic (=15 bp from splice sites) DNA sequences of the
following genes were amplified by PCR and determined by direct
sequencing: KAL1 [online inheritance in man (OMIM) 3087001,
CHD7 (OMIM 608892), NELF (OMIM 608137), FGFS8
(OMIM 600483), FGFR1 (OMIM 136350), PROK2 (OMIM
607002), PROKR2 (OMIM 607212), and HS6ST1 (OMIM 1
604846). The WDR11 and SEMA3A genes were not screened.
The PCR primers and amplification conditions for each gene
have been previously published (8, 20).

Genetic study groups

A total of 151 RSV positive Kallmann subjects were included
in this study (116 males and 35 females) (see Figure 1 and Sup-
plemental Table 2 for more details) of whom 109 underwent
complete genetic screening for the 6 neurodevelopmental path-
ways (8 genes); 42 subjects had information missing on 1 or more
neurodevelopmental genes (19 subjects had only 1 missing gene,
10 had 2 missing genes, and 13 had > 2 missing genes) (see
Supplemental Table 3). Oligogenic probands were excluded un-
less they exhibited RSVs in both a ligand and receptor pair, ie,
FGF8/FGFR1 or PROK2/PROKR2,to enable us to characterize
phenotypic features associated with a specific signaling pathway.
Therefore, as shown in Figure 1 and Supplemental Table 2, the
final study group was as follows: 1) the KAL1 group: probands
with an isolated RSV in KAL1; 2) the FGF signaling pathway
group: probands with isolated RSVs in either FGFS8 or FGFR1
and also subjects with FGF8 and FGFR1 RSVs in the same pro-
band (1 digenic proband); 3) the PROK signaling pathway
group: probands with isolated RSVs in either PROK2 or
PROKR2 and also subjects with PROK2 and PROKR2 RSVsin
the same proband (1 digenic proband); the 4) NELF group: pro-
bands with isolated RSV in NELF; the 5) HS6ST1 group: pro-
bands with isolated RSV in HS6ST1; the 6) CHD7 group: pro-
bands with isolated RSV in CHD7; and 7) the gene-negative
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group [n = 68 (46 males and 22 females)] consisted of probands
without any KS-associated gene RSVs described above (8 neu-
rodevelopmental genes). Phenotypic information on the 2 sub-
jects with isolated NELF RSVs was incomplete, and hence, the
NELF group was excluded from further comparative analysis.

Clinical parameters

Phenotypic information was derived from clinical charts of pa-
tients, notes from referring physicians, and patient questionnaires.
Phenotypes were aggregated and analyzed as described below.

Reproductive phenotypes

Neonatal markers and pubertal development. The reproductive
phenotypes of male subjects were classified as either absent or par-
tial puberty as previously described (19). A history of cryptorchid-
ism and micropenis at infancy (stretched penile length < 2.5 cm)
(21, 22) were also collected; none of these infants had received sex
steroid therapy. The data on the testicular volume (TV) (prepuber-
tal TV <4 mL and pubertal TV = 4 mL) were included for analysis
independent of prior androgen exposure. However, TV data from
the patients who had previously received gonadotropins/GnRH
were excluded. In the female subjects, partial puberty was defined
as evidence of some degree of spontaneous breast development in
the absence of sex steroid treatment (20).

Responses to exogenous pulsatile GnRH treatment. In KS sub-
jects treated with pulsatile GnRH therapy, we reviewed their
response to physiological doses (2). In men, a positive outcome
in response to long-term pulsatile GnRH (longer than 12
months) was defined as achieving normalized serum total T lev-
els (>270 ng/dL), testicular growth, and development of sperm
in the ejaculate (23). For women, a positive outcome was defined as
evidence of ovulation by luteal phase progesterone levels during

FGF8/FGFR1

KAL1 (38)
PROK2/PROKR2 signaling pathway (31) i FGF8/FGFR1 signaling pathway (S4)
o/
CHD7(22)

~

NELF(2)

HS6ST1 (4)

Figure 1. Number of KS probands with rare sequence variants in each of the neurodevelopmental genetic groups studied.
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exogenous pulsatile GnRH therapy (24). In both sexes, a positive
response was noted independent of dose and/or duration of
therapy.

Spontaneous reversibility in men. The definitive criterion for
sustained reversal of KS was the ability to achieve a normal adult
endogenous serum T level (>270 ng/dL) after the discontinua-
tion of hormonal therapy (GnRH, gonadotropins, or androgens)
as was previously reported (25). Reversibility was not assessed in
the female subjects.

Nonreproductive phenotypes

The 40-item University of Pennsylvania Smell Identification
Test (Sensonics Inc, Haddon Heights, New Jersey) was used for
an olfactory evaluation whenever possible. Self-reported anos-
mia was also included because this history has been validated as
a reliable indicator of an objective olfactory deficit (26). Renal
abnormalities ascertained by transabdominal ultrasound were
recorded whenever available. Other nonreproductive pheno-
types such as synkinesia, cleft lip and palate, dental agenesis,
hearing loss, or skeletal anomalies (scoliosis/kyphosis, syndac-
tyly, polydactyly, camptodactyly, clinodactyly, excessive joint
mobility, short fourth metacarpal bones, foreshortened limb
bones, and flat feet) were ascertained from clinical, evaluations,
records, and questionnaire data. Probands specifically referred
with an initial diagnosis of CHARGE syndrome (coloboma,
heart defects, choanal atresia, retardation of growth, genital
anomalies, and ear abnormalities) (27) were excluded from this
study. Four nonreproductive CHARGE features (coloboma,
heart defects, choanal atresia, and ear abnormalities) were re-
trieved from previously completed questionnaire data.

Statistical analysis

Data for quantitative features (body mass index and TV) are
expressed as the mean = SEM. To ascertain the enrichment of
specific phenotypic features in each genetic group, the propor-
tion of probands exhibiting the phenotype was compared be-
tween those who were RSV positive for a specific gene (eg, RSV
positive for KAL1) vs all probands who were negative for the
specific gene (eg, non-KAL1 probands). Therefore, a Fisher exact
2 X 2 test followed by a Bonferroni-Holms multiple comparison
correction was used for each qualitative phenotype. For quan-
titative phenotypes, a similar approach was used applying a non-
parametric Mann-Whitney test followed by Bonferroni-Holms
correction. A Bonferroni-Holms corrected P < .05 was consid-
ered statistically significant. We also calculated the unadjusted
odds ratio (OR) and 95% confidence intervals (CIs) for the as-
sociation between select features previously reported to be clin-
ically significant in specific KS genes (cleft lip/palate, synkinesia,
hearing loss, syndactyly, renal agenesis, and dental agenesis).
The data analysis of the OR calculation is shown in detail in
Supplemental Table 4.

Results

Genetic groups

All comparative genetic groups are detailed in Figure 1
and Supplemental Table 2. Additional information on
MAF, previous functional status, and predicted functional
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consequence by in silico programs for all RSVs included in
this study is provided in Supplemental Table 1.

Reproductive phenotypes (Table 1 and Figure 1)

Neonatal markers of GnRH deficiency
Both micropenis and cryptorchidism were present in
similar frequency across all genetic groups.

Pubertal status at presentation

Nearly 96 % of male KS subjects with KAL1 RSVs pre-
sented with absent puberty compared with 66% without
KALIRSVs[P<.05,0R13(95% CI1.7-99)]. The mean
TV was prepubertal in the vast majority of KS patients
across all RSV-positive groups (Figure 2A). However,
when comparing the percent of males who harbored a
specific gene RSV with those who were negative for the
respective gene, KALT emerged as the group with the most
severe pubertal presentation (TV: 1.5 = 0.1 mL vs 3.7 *
0.3 mL, KAL1 vs non-KAL1 probands, respectively, P <
.05) (Figure 2B), with the other groups demonstrating a
considerably more variable distribution. Among the re-
maining groups, the CHD7 RSV group showed a similar
trend toward a severe prepubertal presentation with a
mean TV of 1.7 = 0.2 mL, although this did not reach
statistical significance (P = .1). As previously reported,
female KS subjects harbored variants in most of the neu-
rodevelopmental genes (20). However, the severity of pu-
bertal presentation in female KS subjects was not different
between the genetic groups.

Response to exogenous pulsatile GnRH therapy

The response to exogenous GnRH therapy could be
evaluated in 35 male patients. All PROK2/PROKR2 and
FGF8/FGFR1 subjects responded positively to GnRH
therapy as did the only CHD7 male who received pulsatile
GnRH therapy. In contrast, both the KALT RSV group
and the gene-negative group had a more variable response
to GnRH (50% and 78% responding favorably to ther-
apy, respectively). Fourteen female probands in this co-
hort underwent pulsatile GnRH therapy. Although the 5
RSV-positive females from the KAL1, FGF8/FGFR1, and
CHD7 groups responded positively to GnRH therapy,
22% of gene-negative females had an unfavorable re-
sponse. No statistical difference was observed between the
groups in either sex for this phenotype.

Male reversibility

Long-term clinical follow-up was available in 68 male
subjects. Three subjects (2 with FGFR1 heterozygous vari-
ants and 1 with a HS6ST1 heterozygous variant) under-
went reversal. No KALT or PROK2/PROKR?2 subjects
showed evidence of reversal. In the gene-negative group,
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Table 1. Prevalence of Reproductive Phenotypes Across Genetic Groups
Reproductive Gene-Negative
Phenotypes KAL1 FGF8/FGFR1T PROK2/PROKR2 CHD7 HS6ST1 Group
Testicular volume, mL, 1.5+ 0.1 3.6 +0.6 3.0+ 0.6 1.7+0.2 6.8 +28 43 +0.6
mean = SEM, n (18) (26) (17) 9) (3) (38)
Cryptorchidism 56% 51% 27% 82% 0 41%
(15/27) (17/33) (6/22) (9/11) (0/4) (17/41)
Micropenis 25% 32% 37% 36% 25% 25%
(7/28) (10/31) (6/16) 4/11) (1/4) (9/36)
Puberty, males
Absent 96% 69% 77% 100% 33% 52%
(25/26) (20/29) (17/22) (11/11) (1/3) (23/44)
Partial 4% 31% 23% 0% 67% 48%
(1/26) (9/29) (5/22) (0/11) (2/3) (21/44)
Puberty, females
Absent 0% 50% 75% 78% ND 62%
0% (6/12) (4/5) (7/9) ND (10/16)
Partial 100% 50% 25% 22% ND 38%
(2/2) (6/12) (1/5) (2/9) ND (6/16)
Positive outcome to GnRH 50% 100% 100% 100% ND 78%
therapy, males (3/6) (5/5) (5/5) (1/1) ND (14/18)
Positive outcome to GnRH 100% 100% ND 100% ND 78%
therapy, females (1/1) (2/2) ND (2/2) ND (7/9)
Male reversal 0% 20% 0% 0% 50% 16%
(0/8) (2/10) (0/7) (0/3) (1/2) (6/38)

Abbreviation: ND, no data available. For qualitative phenotypes, numerator in parentheses characterizes the number of probands that are positive
to phenotypic feature. Denominator represents the total number of probands with available information.

16% (6 of 38) of subjects displayed a reversal. No signif-
icant difference in the occurrence of reversal was seen be-
tween the gene/pathway groups.

Nonreproductive phenotypes (Table 2 and Figure 3)

Body mass index
Body mass index was similar in all 6 groups, and the
results are summarized in Table 2.

Synkinesia
Although synkinesia was seen across most groups,
KAL1 RSV patients had a significantly higher prevalence

of this phenotype compared with non-KAL1 probands
[43% vs 12%, respectively; P < .05 (OR 5.9; 95% CI
2.4-14)] (Figure 3A). Interestingly, the PROK2/
PROKR2 group also had a considerable prevalence of this
feature, although this did not reach statistical significance
compared with non-PROK2/PROKR2 probands.

Dental agenesis
Dental agenesis was detected in the FGF8/FGFRI,
CHD7, and gene-negative groups, but only the FGFS8/
FGEFR1 signaling group was significantly enriched for this
feature [39% (FGF) vs 4% (non-FGF), P <.05 (OR 17;95%
CI 4.5-66)] (Figure 3B).

.
a b | Hearing loss
169 . . o Hearing loss was seen across all
::: . . w ::: e groups, but a significantly higher inci-
104 * g i :3 dence inthe CHD7 group was observed
(LB ot . 8 ot compared with non-CHD7 probands
6- . o, 6 s [40% (CHD7) vs 13% (non-CHD?7);
ol e B 4 tadaliee P < .05 (OR 4.5; 95% CI 1.6-12)]
Mg B e e B 2 s HedmiS (Figure 3C).
O KA1 F&F PROK CHD? Neg HS 0 KAL1 non- KAL1

Figure 2. Pubertal severity at presentation in male KS probands. A, Individual values of TV at
presentation in male probands within each gene/signaling group. Prepubertal TV less than 4 mL
and pubertal TV of 4 mL or greater. KAL1, KALT; FGF, FGF8/FGFRT signaling pathway; PROK,
PROK2/PROKR?Z signaling pathway; CHD7, CHD7; Neg, gene—negative group; HS, HS6ST1. B,
Comparison of individual TV at presentation between probands harboring KAL7T mutations (KAL7

Bone/skeletal phenotypes

Digital bone abnormalities (poly-
dactyly or syndactyly or campylo-
dactyly) were detected only in the

group) vs probands who were negative for KALT mutations (non-KALT group). *P < .05
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Table 2.

Prevalence of Nonreproductive Phenotypes Across Genetic Groups

Non Reproductive

Gene-Negative

Phenotypes KAL1 FGF8/FGFR1 PROK2/PROKR2 CHD7 HS6ST1 Group
BMI, mean = SEM (n) 27 £ 1.5 255+09 28+ 2.2 235+13 25+ 38 26 = 0.7
(19 (38) (18) (17) 4 (52)
Olfactory function
Hyposmic 3% 30% 6% 18% 50% 34%
(1/38) (16/54) (2/31) (4/22) (2/4) (23/68)
Anosmic 97% 70% 94% 82% 50% 66%
(37/38) (38/54) (29/31) (18/22) (2/4) (45/68)
Synkinesia 43% 7% 26% 5% 0 1%
(13/30) (3/44) (7/27) (1/20) (0/3) (6/53)
Dental agenesis 0 39% 0 13% 0 3%
(0/9) (13/33) (0/19) (2/15) (0/3) (1/36)
Sindactyly/polidactyly/ 0 23% 0 0 0 0
camptodactyly (0/20) (8/35) (0/21) (0/20) (0/4) (0/55)
Hearing loss 14% 16% 4% 40% 0 1%
(3/21) (7/43) (1/24) (8/20) (0/4) (6/55)
Renal agenesis 18% 0 0 0 0 17%
(3/17) (0/20) (0/16) (0/7) (0/4) (4/23)
Cleft lip/palate 0 11% 0 9% 25% 6%
(0/30) (5/47) (0/26) (2/22) (1/4) (4/64)
Clinodactyly 5% 9% 0 5% 25% 4%
(1/20) (3/35) (0/21) (1/20) (1/4) (2/55)
Scoliosis/kyphosis 10% 6% 10% 5% 0 24%
(2/20) (2/35) (2/21) (1/20) (0/4) (13/55)
Excessive joint mobility 10% 0 10% 5% 0 13%
(2/20) (0/35) (2/21) (1/20) (0/4) (7/55)
Short limb bones 5% 1% 5% 10% 25% 2%
(1/20) (4/35) (1/21) (2/20) (1/4) (1/55)
Short fourth metatarsal 10% 14% 5 5% 0 13%
(2/20) (5/35) (1/21) (1/20) (0/4) (7/55)
Flat feet 5% 23% 29% 5% 50% 1%
(1/20) (8/35) (6/21) (1/20) (2/4) (6/55)
Congenital heart disease 0 0 0 6% 0 0
(0/9) (0/30) (0/14) (1/18) (0/3) (0/48)
External ear defect 0 0 0 0 0 0
(0/10) (0/33) (0/17) (0/18) (0/4) (0/52)
Choanal atresia 0 0 0 5% 0 0
(0/11) (0/34) (0/16) (1/20) (0/4) (0/49)
Coloboma 0 3% 0 0 0 2%
(0/11) (1/34) (0/16) (0/19) (0/4) (1/52)

Abbreviation: BMI, body mass index. n indicates the total number of probands with measured BMI. For qualitative phenotypes, numerator in
parentheses characterizes the number of probands that are positive to phenotypic feature. Denominator represents the total number of probands

with available information.

FGF8/FGFR1 probands [23% (FGF) vs 0% (non-FGF);
P < .05 (OR 74; CI 4-1331)] (Figure 3D). Other bone
phenotypes such as clinodactyly, scoliosis or kyphosis, ex-
cessive joint mobility, short fourth metacarpal bones, fore-
shortened limb bones, and flat feet were distributed sim-
ilarly across all groups.

Renal abnormalities

Unilateral renal agenesis was detected in the KAL1
group as well as the gene-negative group, affecting both
kidneys equally. However, no significant difference be-
tween the genetic groups was seen for renal agenesis, in-
cluding for the KAL1 gene, which has been previously

associated with this phenotype [18% (KAL1) vs 17%
(non-KALT1), P = .52 (OR 3.5; 95% CI1 0.7-17)] (Figure
3E). The only other noteworthy renal finding was a double

ureter seen in a KS male with a missense heterozygous
FGEFR1 variant.

Cleft lip/palate

Cleft lip/palate was detected in FGF8/FGFRI,
CHD7,HS6S8T1, and gene-negative groups but without
significant differences between the groups including for
the FGF8/FGFR1 probands [11% (FGF) vs 5% (non-
FGF probands), P = .51 (OR 2.2; 95% CI 0.7-8)]
(Figure 3F).
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Figure 3. Prevalence of nonreproductive phenotypes and their relative enrichment within specific genetic groups. Six panels show the relative
enrichment of synkinesia (A), dental agenesis (B), hearing loss (C), syndactyly/camptodactyly/polydactyly (D), renal agenesis (E), and cleft lip/palate
(F) within specific genetic groups. In each panel, 2 histograms are shown: the larger histogram shows the percentage of probands with RSVs in a
specific gene compared with probands negative for the gene (eg, in panel A, KAL1 probands vs non-KAL1 probands and likewise in panels B—F).
The unadjusted OR for the enrichment of the relevant phenotype within the specific genetic group is shown in the top right hand corner of the
panel. The smaller histogram in each panel displays the absolute percentage of probands displaying the phenotype within each individual genetic
group. CHD7, CHD7; FGF, FGF8/FGFR1 signaling pathway; KAL1, KAL1; Neg, gene-negative group; non-KAL1, all probands without KAL7
mutations; non-FGF, all probands without FGFS/FGFRT mutations; non-CHD?7, all probands without CHD7 mutations; PROK, PROK2/PROKR2
signaling pathway. *P < .05 for KALT vs non-KAL1 (A); FGF vs Non-FGF (B and D); CHD7 vs Non-CHD7 (C).

Additional CHARGE features Further considerations: gene-negative group

Only 1 of 22 probands (5 %) harboring CHD7 variants In both sexes, KS subjects in the gene-negative group
had additional CHARGE features (choanal atresia and  displayed variable reproductive phenotypes. Their mean
congenital heart disease). Coloboma was present in 2 KS TV at diagnosis was in the early pubertal ranges (4.3 = 0.6
females without CHD7 variants (1 with FGFR1 RSVand mL), and 38% of KS females had undergone thelarche
1 in the gene-negative group). (Table 1). All other ascertained nonreproductive pheno-



E950 Costa-Barbosa et al

typic features were also present in this group except
syndactyly and some CHARGE features (Table 2 and
Figure 3).

Discussion

This is the largest study to date to perform comparative
phenotypic analyses in a genetically well-characterized KS
cohort for identifying phenotypic features that might be
utilized for prioritization of genetic screening. Severe pu-
bertal reproductive deficits marked the male KS subjects
with KAL1 RSVs, whereas most other genetic groups (bar-
ring CHD?7) displayed more variable severity in their re-
productive defects. Among nonreproductive phenotypes,
dental agenesis, digital bony abnormalities (FGF8/
FGEFR1), synkinesia (KAL1), and hearing loss (CHD?7)
stood out as discriminatory phenotypic signatures (Figure
4). However, apart from the digital bone abnormalities
that appeared unique to the FGFS8/FGFR1 group, the
other features crossed several groups of genes and biolog-
ical pathways, suggesting potential biological interactions
between these neurodevelopmental genes and pathways.

Male KS subjects with KALT mutations have been ex-
tensively studied (11, 13, 14, 28-31). Consistent with
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those reports, this study confirms that males bearing
KAL1 RSVs are completely anosmic, display a consis-
tently severe reproductive phenotype characteristic of a
highly penetrant Mendelian disorder, and rarely undergo
areversal of their condition (32). Synkinesia and unilateral
renal agenesis have been previously reported to be highly
specific to KAL1/X-linked KS pedigrees (13-15, 33). In
this study, synkinesia was significantly enriched in the
KAL1 group, suggesting that the presence of this feature
could be useful for prioritizing this gene. However, renal
agenesis, previously thought to be specific to KAL1 pos-
itive patients, was also detected in the gene-negative
group, suggesting that the specificity of renal agenesis for
the KAL1 pedigrees may be lower than previously
reported.

In contrast to the KAL1 group, patients harboring
RSVs in the FGFS/FGFR1 pathway displayed a consider-
ably broader range of reproductive phenotypes including
a reversal of their reproductive defect. These observations
are in keeping with previous reports showing variable re-
productive deficits in this group (11, 12, 33). Midline fa-
cial defects, dental agenesis, and skeletal anomalies have
all been reported to be markers of mutations in the FGF8/
FGFR1 pathway in KS (17, 33-36). In this study, we con-

Anosmic/Hyposmic

Kallmann Syndrome

(KS)

A

associated === | Synkinesia Hearing Loss anomalies gental
KAL1 CHD7 FGF8/FGFR1 FGF8/FGFR1
Possibly R Male
associated ™ Agenesis Reversal
KAL1; other genes yet to be discovered e FGF8/FGFR1;HS6ST1

FGF8/FGFR1;CHD7;HS6ST1

Figure 4. Genetic signature(s) enriched within each phenotype expressed on the basis of strength of statistical association. Highly associated
phenotypes represent features in which specific genetic mutations were enriched with statistical significance in this study (P < .05); Possibly
associated phenotypes represent features in which no specific genes were enriched statistically in this study, but genes with either previously
reported associations or with considerable prevalence of the relevant phenotypes are shown.
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firmed enrichment of dental agenesis in this group. Al-
though skeletal anomalies as a whole did not differ
between the groups, a detailed evaluation revealed that
certain digital bony abnormalities (polydactyly, syndac-
tyly, and camptodactyly) were unique to the FGF8/
FGEFR1 group, presumably reflecting the critical role of
FGF signaling in limb formation (37). Furthermore, al-
though the present study is underpowered to make infer-
ences about HS6ST1 probands, the presence of cleft lip/
palate in these subjects hints at its potential interaction
with the FGF8/FGFR1 signaling cascade (8).

In our cohort of KS patients, RSVs in PROK2/
PROKR?2 were almost always found in the heterozygous
state as previously reported by us and others (18, 38, 39).
Although the precise mode of inheritance in these patients
is still puzzling (40), recent evidence suggests that oligo-
genic inheritance may in part account for this observation
(41, 42). Interestingly, recent evidence also suggests that
some heterozygous variants in PROKR2 may act in a
dominant-negative manner (43). The spectrum and sever-
ity of the reproductive phenotypes in this group in our
study were similar to those reported in an independent
group of monoallelic subjects with a similar spectrum of
mutations (18). Although no specific nonreproductive fea-
ture was statistically enriched in the PROK2/PROKR?2
group, a substantial prevalence of synkinesia was de-
tected. This observation requires further validation in
larger cohorts of patients.

Prior studies have described that CHD7 mutations are
present in individuals with a pure isolated GnRH defi-
ciency phenotype (5, 6). This study added some more sys-
tematic detailed reproductive phenotype in KS subjects
harboring CHD7 variants. Hearing loss represented a sig-
nificantly enriched nonreproductive feature in this group,
which can be useful in prioritizing genetic screening in KS
patients. Additional CHARGE syndrome-associated fea-
tures were demonstrable only in §% of CHD7 probands,
and although other CHARGE-related features cannot be
excluded without more extensive phenotypic evaluations
(44), these observations confirm the previous observa-
tions that RSVs in CHD7 are important and are frequent
causes of a pure reproductive phenotype (3, 6).

Evaluation of the gene-negative group allowed us to
speculate on the potential nature of hitherto undiscovered
KS genes. The reproductive phenotypes at presentation in
this group tended to be milder with a reversal of repro-
ductive deficit documented in some patients. However, a
few subjects failed to respond favorably to GnRH treat-
ment (23), suggesting that these as-yet-unknown genes
may impact at all 3 levels of the hypothalamo-pituitary-
gonadal axis. Among the nonreproductive features, there
was some overlap with phenotypes enriched in the KAL1
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group (renal agenesis, synkinesia), FGFS8/FGFR1 group
(dental agenesis, bone anomalies), and CHD?7 group (iris
coloboma) (16, 45). Although we cannot exclude muta-
tions in the regulatory regions of KAL1, FGF8/FGFR1, or
CHD?7 or epigenetic changes in these genes, it is tempting
to speculate that novel genes that may interact with ex-
isting pathways are awaiting elucidation. Therefore,
weighing the known KS-associated genetic pathways in
the bioinformatic analyses of next generation sequencing
in these gene-naive patients will yield high dividends given
the overlapping phenotypic features seen in this study.

This study has a few important limitations. Although it
represents the largest KS population to be subjected to
comprehensive genetic analysis of the 8 genes in these 6
neurodevelopmental pathway genes, only a small number
of RSV positive probands were identified within each ge-
netic group. In addition, phenotypic ascertainment was
incomplete in some patients and consequently enrichment
of some clinical features may have been missed due to lack
of statistical power (eg, additional renal ultrasound in KS
patients with KAL1 RSV may have revealed significance
for renal agenesis). However, rigorous power calculations
thatare typically applied to common traits are not be read-
ily applicable to rare Mendelian disorders such as KS.
Also, due to the international referral nature of the study
population, data on micropenis may have been underes-
timated due to the lack of ascertainment of the phenotype.
Because of cost implications, genetic analysis was confined
to the coding regions of the 8 KS genes, and thus, potential
regulatory mutations cannot be excluded and mutations in
newer KS genes such as WDR11 or SEMA3A were not
ascertained. Although the RSV determinations in all ge-
netic groups were based on strict minor allele frequency
criteria (both our control population and the National
Heart, Lung, and Blood Institute exome database), con-
firmatory functional data were available for only a subset
of the discovered variants. Although in silico predictions
of some variants were shown to be benign, the lack of
specificity of the in silico programs and the rarity of these
variants in extensive normative databases indicate that
these variants must undergo further biological evaluation
prior to discounting their pathogenicity.

In summary, this study will hopefully assist clinicians
caring for KS patients to identify select phenotypic fea-
tures (eg, synkinesia, dental agenesis, digital bony abnor-
malities, and hearing loss) that can aid in the prioritization
of genetic screening in patients in need of a genetic diag-
nosis. Similarly, with the anticipated increase in accessi-
bility to genetic testing, information from this study will
allow targeted phenotyping in KS subjects with newly doc-
umented KS gene mutations.
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