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Context: Pituitary stalk interruption syndrome (PSIS) is a rare, congenital anomaly of the pituitary
gland characterized by pituitary gland insufficiency, thin or discontinuous pituitary stalk, anterior
pituitary hypoplasia, and ectopic positioning of the posterior pituitary gland (neurohypophysis).
Theclinical presentation of patients with PSIS varies from isolated growth hormone (GH) deficiency
to combined pituitary insufficiency and accompanying extrapituitary findings. Mutations in
HESX1, LHX4, OTX2, SOX3, and PROKR2 have been associated with PSIS in less than 5% of cases;
thus, the underlying genetic etiology for the vast majority of cases remains to be determined.

Objective: We applied whole-exome sequencing (WES) to a consanguineous family with two af-
fected siblings who have pituitary gland insufficiency and radiographic findings of hypoplastic
(thin) pituitary gland, empty sella, ectopic neurohypophysis, and interrupted pitiutary stalk—
characteristic clinical diagnostic findings of PSIS.

Design and Participants: WES was applied to two affected and one unaffected siblings.

Results: WES of two affected and one unaffected sibling revealed a unique homozygous missense
mutation in GPR161, which encodes the orphan G protein-coupled receptor 161, a protein re-
sponsible for transducing extracellular signals across the plasma membrane into the cell.

Conclusion: Mutations of GPR161 may be implicated as a potential novel cause of PSIS. (J Clin
Endocrinol Metab 100: E140-E147, 2015)
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ituitary stalk interruption syndrome (PSIS, OR-
PHA95496) is a congenital defect of the pituitary
gland mainly characterized by the triad of a very thin/
interrupted pituitary stalk, an ectopic (or absent) posterior
pituitary gland, and hypoplasia or aplasia of the anterior
pituitary gland visible on magnetic resonance imaging
(MRI) (1, 2). Patients with PSIS may present with a het-
erogeneous clinical picture resulting from either isolated
or a combination of hypothalamic-pituitary hormone de-
ficiencies. In severe cases, it may present during the neo-
natal period with hypoglycemia, congenital genitourinary
malformations such as micropenis, and cryptorchidism,
all of which are suggestive of hypothalamic-pituitary
deficiency.

Due to the high frequency of associated perinatal events
such as low Apgar scores, trauma at delivery has been
proposed as a potential underlying etiologic event respon-
sible for PSIS. However, the existence of familial cases, the
presence of accompanying abnormalities— especially
midline defects, and eye abnormalities—all suggest that a
genetic disorder involving developmental processes rather
than trauma underlies at least some portion of cases. Thus
far, mutations and/or single nucleotide variants (SNVs) in
HESX1, LHX4, OTX2, SOX3, and PROKR2 have been
associated with PSIS (1, 3-6). Furthermore, GLI2, a mu-
tation known to cause holoprosencephaly type 9, was also
shown to be associated with ectopic neurohypophysis (7).
However, most genetic causes (~95%) remain unknown.

We applied whole-exome sequencing (WES) to a family
with PSIS presenting with the classical triad of PSIS MRI
findings as well as growth hormone (GH) deficiency. WES
analysis revealed a homozygous mutation in the GPR161
gene. Further molecular and functional studies strongly
suggest that GPR161 mutation is responsible for the ob-
served clinical phenotype in this family with recessive
PSIS.

Materials and Methods

Patients

Two female siblings with short stature and PSIS were referred
to Duzce University Hospital, Turkey. Informed consent from all
participants was obtained prior to their participation in this
study.

WES and haplotype block analysis

We applied WES to both affected siblings and one healthy sister
at Baylor College of Medicine Human Genome Sequencing Center
through the Baylor-Hopkins Center for Mendelian Genomics re-
search initiative. During the analyses of candidate variants/muta-
tions, we used external publicly available databases such as the
1000 Genomes Project (http://www.1000genomes.org) and other
large-scale exome-sequencing projects including the Exome variant
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server, NHLBI GO Exome Sequencing Project (ESP), Seattle, Wash-
ington (http://evs.gs.washington.edu/EVS/), our “in-house-gener-
ated” exomes (from ~3000 individuals) at Baylor College of Med-
icine Human Genome Sequencing Center, and the Atherosclerosis
Risk in Communities Study (ARIC) Database (http:/drupal.
csce.unc.edu/aric/). All experiments and analyses were performed
according to previously described methods (8).

Briefly, samples underwent whole-exome capture using Hu-
man Genome Sequencing Center core design (52Mb, Roche
NimbleGen), followed by sequencing on the HiSeq platform (Il-
lumina, Inc) with an ~150X depth of coverage. Sequence data
were aligned and mapped to the human genome reference se-
quence (hg19) using the Mercury in-house bioinformatics pipe-
line. Variants were called using the ATLAS (an integrative vari-
ant analysis pipeline optimized for variant discovery) and the
Sequence Alignment/Map (SAMtools) suites and annotated with
an in-house-developed annotation pipeline that uses Annotation
of Genetic Variants (ANNOVAR) and additional tools and da-
tabases (9-11).

There are a total of eight transcripts of GPR161 in the Uni-
versity of California, Santa Cruz genome database. The reference
transcript in the exome pipeline for our case is uc010pln.3 (Ref-
Seq:NM_001267609.1), in which our variant is translated. To
be able to examine for AOH regions surrounding GPR161, sin-
gle nucleotide polymorphisms (SNPs) were analyzed using WES
data to calculate a B-allele frequency revealing the absence of
heterozygous loci.

PCR Confirmation

To confirm the mutation detected by exome sequencing and
to perform segregation analysis, standard PCR was carried out
as previously described (12), by using the GPR161F1: 5'-
GAACTGGGTGATGATGACGC-3" and GPR161R1: 5'-
TCTTTTCCTGTCCCCTGGTC-3’ primer pair. Amplification
products were electrophoresed on 0.7 % agarose gels. PCR prod-
ucts were purified using ExoSAP-IT (Affymetrix) and analyzed
by standard Sanger dideoxy nucleotide sequencing (DNA Se-
quencing Core Facility at Baylor College of Medicine, Houston,
Texas).

Results

Clinical features

The proband (BAB4787), a 16-year-10-month-old
Turkish female, was referred due to growth retardation
and short stature. She was born at term at the end of an
uneventful pregnancy with a body weight of 3300 g (50 p)
(height and occipitofrontal circumference not available).
By parental history, parents first admitted her to a differ-
ent hospital in a different city because of short stature
when she was 4 years 8 months old. Available records
showed that the anthropometric measures at that age were
14 kg (5th percentile [p]) body weight and 94 cm (<3p)
height (Supplemental Figure 1, A and B). She underwent
GH stimulation tests because of her short stature and the
maximum values detected at that time were 3.2 ng/ml (L-
DOPA test) and 2 ng/ml (clonidine test). Pituitary MRI
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study revealed hypoplastic pituitary and an empty sella
turcica. Therefore, she was diagnosed with GH deficiency
and hormone replacement therapy was started (at age 5
years 3 months). Laboratory tests and clinical findings did
not show any additional pituitary hormone deficiency.
However, during a follow-up visit at age 7 years 3 months
she was diagnosed with diabetes insipidus and desmopres-
sin was added to the treatment. She was first admitted to
Duzce University Hospital when she was 11 years 10
months of age. At admission, her height was 136.5 cm (<3
p; z-score, —2.87) and her body weight was 48.7 kg (75 p).
In addition to GH deficiency and diabetes insipidus, she
was diagnosed with central hypothyroidism (free T,,
0.638 ng/dl [reference interval, 0.8 -1.9 ng/dl]; TSH, 3.69
ulU/ml [reference interval, 0.4—4 ulU/ml]) in November
2011. The most recent MRI study also confirmed the find-
ings of a previous MRI and demonstrated a normal-sized
sella turcica and an ectopically placed posterior pituitary
lobe (neurohypophysis) consistent with PSIS (Figure 1, E
and F). Currently, the patient is treated with GH, desmo-
pressin, and levo T,. Additional clinical findings include

BAB4785

Figure 1. Facial images, extremity pictures, and hypophysis MRIs of
the patients. A-D, Pictures of both affected siblings show
hypotelorism, sparse hair on the frontal region, broad nasal root, and
thick ala nasi. E-H, Hypophysis MRI reveals thin pituitary gland
together with ectopic neurohypophysis and interrupted stalk. I-N,
Pictures of hands and feet show partial syndactyly of second and third
toes and hypoplastic nails.
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ptosis of the left eye, congenital alopecia of the left frontal
region, broad nasal root, thick ala nasi, short fifth finger,
partial syndactyly of second and third toes with nail hy-
poplasia similar to her younger sibling (Figure 1, A, B,
1-K).

The younger sibling (BAB4785), a 4-year-5-month-old
female, was first referred from a local community hospital
to Duzce University Hospital, Turkey, because of the his-
tory of several hypoglycemic episodes and short stature.
She was born at term at the end of an uneventful pregnancy
with a body weight of 2750 g (25-50 p) (length and oc-
cipitofrontal circumference measurements are not avail-
able). She first developed a hypoglycemic episode during
the neonatal period and her last bout of significant hypo-
glycemia was 5 days before her first admission to univer-
sity hospital. At the time of clinical hypoglycemia attack,
blood glucose was measured as 17 mg/dl, cortisol as 42.57
ug/dl (reference interval, 6.2-19.4 mg/dl),and GHas 0.67
ng/ml. Atage 4 years 5 months her height was 91.2 cm (<3
p, z-score, —3.4) (Supplemental Figure 1, A and B). She
underwent further endocrinologic and radiologic investi-
gations. Thyroid function test and pituitary hormone pro-
file were normal except for GH. The maximum GH values
after stimulation tests were 1.7 ng/ml (L-DOPA test) and
2.45 ng/ml (clonidine test). Pituitary MRI study revealed
thin pituitary gland along with ectopic neurohypophysis
and pituitary stalk interruption (Figure 1, Gand H). Based
on these results, the patient was diagnosed with GH de-
ficiency and PSIS. She is currently receiving GH replace-
ment therapy. Dysmorphologic evaluation revealed hypo-
telorism, sparse hair on the frontal region, broad nasal
root, thick ala nasi, short fifth finger, partial syndactyly of
second and third toes with nail hypoplasia (milder than the
elder sister) (Figure 1, C, D, L-N).

Both siblings were further investigated by cerebral
MRI, orbital and abdominal ultrasound studies, and chro-
mosome analysis to detect additional visceral findings and
cytogenetic aberrations; all were normal for both patients.

Molecular and in silico findings

Whole exome capture identified a homozygous
c.56T>A; p.Leul9Gln; (RefSeq:NM_001267609; chrl:
g.168 074 093A>T [hg19]) nonsynonymous substitu-
tion in the GPR161 gene located on 1g24.2 in both af-
fected siblings. This variant has not been reported in the
homozygous state in either our large-scale in-house-gen-
erated or public databases. Segregation studies revealed
that both parents and two unaffected children had this
variant in the heterozygous state and one healthy sister
was wild-type; consistent with Mendelian expectations
for recessive inheritance (Figure 2, A and B). Rare variants
in PSIS, holoprosencephaly- and pituitary hormone defi-
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Figure 2. Pedigree of the family, segregation study, and AOH regions. A, Pedigree of the family. Black filled boxes indicate affected individuals.

Individual identification numbers are written in the left column starting with BAB. B, Sanger chromatographs of the entire family for segregation

analyses. Affected individuals have homozygous mutation whereas unaffected individuals are heterozygous or wild type, which is consistent with
Mendelian recessive expectations. C, AOH study based on data culled from WES. Gray shaded areas indicate AOH regions. Note that the GPR167
mutation is located in the ~7.2 Mb block of AOH region in both affecteds, but not in the unaffected sibling.

ciency—associated genes including HESX1, LHX4, OTX2,
SOX3, and PROKR2, as well as GLI2, GLI3, and SHH
were screened using the WES data and no deleterious vari-
ants were identified. Copy number variation call by using
coding Single Nucleotide Polymorphism data did not detect
any pathological copy number variation.

The GPR161 homozygous mutation is predicted as
“probably damaging” by Polyphen2. This residue, leu-
cine, is conserved in human, mouse, rhesus, dog, and
chicken. The residue change occurs in the extracellular
region of the protein, which may play a role in assisting
ligand binding by being a part of the receptor structure
(Figure 3). According to PSIPRED (Protein Sequence
Analysis Workbench, http://bioinf.cs.ucl.ac.uk/psipred/),
secondary structure prediction server, the extracellular re-
gion, from the N-terminus to the mutated residue, has a
coiled structure. Leucine is a hydrophobic residue with a
long aliphatic side chain, whereas glutamine is a polar
residue. Thus, losing the hydrophobic feature due to this

mutation might disturb ligand recognition or can poten-
tially change binding activity of the receptor.

Gpr161 mRNA is expressed in pituitary gland and hy-
pothalamus of both mouse and human (BioGPS, http://
biogps.org/). These expression data are consistent with the
role of Gprl61 function in the hypothalamo-pituitary
region.

Given the consanguinity between the parents, we in-
vestigated the hypothesis that an absence of heterozygos-
ity (AOH) region might encompass GPR161 and segre-
gate as a haplotype block with the disease phenotype
within the family. Haplotype block analysis based on SNP
data culled from WES revealed that both affected individ-
uals had an ~7.2-Mb block of AOH, whereas healthy
family members did not have the same AOH block, con-
sistent with the segregation within the family (Figure 2C).

The GPR161 gene has not been associated with any
disease phenotype. However, interaction of the protein
encoded by this gene with the GLI2, GLI3 and Shh path-
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Figure 3. Role of GPR161 receptor in connection with GLI-Kruppel family member proteins and Shh signaling. A, GPR161 acts in the Shh
signaling pathway; it is a regulator of the PKA-dependent basal repression machinery and functions by increasing cAMP levels. This eventually
leads to proteolytic processing of Gli transcription factors (GLI2 and GLI3) into Gli repressor forms, which repress the Shh signaling pathway. B,
p.Leu19GIn is predicted as “probably damaging” by Polyphen2; p.L19Q occurs at the extracellular region of the protein potentially assisting ligand
binding. GPR161’s protein structure was modeled by GPCR-I-TASSER server.

way, in which mutations can be associated with midline
defects including pituitary gland abnormalities in humans,
are well known.

Discussion

We identified a consanguineous family having two af-
fected siblings with PSIS, in whom we found a homozy-
gous missense mutation (¢.56T>A; p.Leul19GlIn, (RefSeq:
NM_001267609.1; chr1:g.168 074 093A>T [hg19])) in
GPR161. Endocrinologic and radiologic evaluations of
both siblings exhibit GH insufficiency and structural ab-
normalities of the pituitary gland including hypoplastic
(thin) pituitary gland, empty sella, ectopic neurohypoph-
ysis, and pituitary stalk interruption, which are charac-
teristic findings of PSIS. Both siblings are receiving GH
replacement therapy to compensate for GH deficiency.
Several etiological factors have been proposed for PSIS.
Birth trauma and pathogenic alterations in the genes re-
lated to pituitary development and genes associated with
midline defects have been suspected; however, the under-

lying mechanism remains elusive in most cases (3-5, 13,
14). HESX1, LHX4, OTX2,SOX3, and PROKR2 have
been associated with PSIS in less than 5% of the cases (1,
3-6). Also, several GLI2- and GLI3-related disorders
(Holoprosencephaly, type 9 [MIM#610829]; Pallister-
Hall syndrome, type 1 [PHS1; MIM#146510], and Pal-
lister-Hall syndrome, type 2 [PHS2, MIM# 615849]) were
shown to be associated with thin pituitary gland and ec-
topic neurohypophysis pituitary aplasia and dysplasia (7,
15). In addition to mutations in single genes, pituitary
stalk interruption was identified in patients with 2p25
duplication, 2q37 deletion, and 17q21.31 microdeletion
(16, 17).

Alterations in genes encoding transcription factors that
function during pituitary gland embryogenesis have been
considered the most plausible explanation and, therefore,
have been tested in many cohorts with congenital pituitary
insufficiency. Among these, pathogenic alterations in
HESX1, which is one of the early-expressed genes during
pituitary development (7), were identified in patients with
PSIS showing both recessive and dominant inheritance (3,
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18). The only homozygous (nonsense) mutation was de-
tected ina Turkish patient by Reynaud et al (§); this patient
had PSIS on MRI together with recurrent hypoglycemia,
growth retardation, micropenis, and cryptorchidism. In
contrast, researchers also found heterozygous variants in
this gene; however, their pathogenic role is not clear and
itremains unproven whether they are disease-causing vari-
ants or not (35, 18). LHX4 plays a critical role in genesis
and development of Rathke’s pouch (3). LHX4 altera-
tions can lead to a diversity of phenotypes varying even in
the same family, as was observed in the familial case de-
scribed by Reynaud et al (5) in 2011.

Recently, Tatsi et al (1) tested holoprosencephaly-related
genes (SHH, TGIF, SIX3) in 30 patients with PSIS and iso-
lated pituitary hypoplasia to explore potential causative vari-
ants based on their observation that a single incisor was
found in three cases in the cohort. They found heterozygous
nonsense mutation in the TGIF gene in one patient with PSIS
and a single central incisor. They suggested that PSIS or iso-
lated pituitary hypoplasia constitute mild forms of an ex-
panded holoprosencephaly spectrum. This hypothesis cor-
relates with the data of Davis et al 2010 (7), in which they
showed mutations in GLI2, which is known to cause holo-
prosencephaly type 9 (MIM#610829), can be associated
with morphological aberrations of the pituitary gland in ad-
dition to holoprosencephaly, cleft lip, central incisor, and
polydactyly.

G protein—coupled receptors (GPCRs) play a crucial
regulatory role in the developing embryo participating in
nearly all essential processes beginning from the matura-
tion of oocyte and continuing through gastrulation and
organogenesis (19-27). GPR161 is an orphan member of
this receptor family and was first described in a vacuolated
lens mutant mouse presenting with congenital cataracts
and neural tube defects. Expression studies in this mouse
model suggested that the gpr161 signaling regulates the
pathway crucial for neural fold apposition and fusion
(25). Expression studies in zebrafish documented an im-
portant role for gpr161 throughout embryonic develop-
ment beginning in the early stages (26). GPCRs are located
inciliary organelles, which are “sensory antenna” of many
types of cells. Receptors located within the membrane of
this organelle are organizing signaling receptors which are
crucial for sensation, as seen in olfactory neuronal cilia.
The primary cilia also play fundamental roles in the de-
veloping nervous system during normal embryogenesis,
through orchestrated pattern of signaling processes.

G protein—coupled receptor activation has been impli-
cated in pituitary hyperplasia and GH excess in two clinical
conditions: McCune Albright Syndrome (MIM#174800) via
GNAS1 activationand in Carney Complex (MIM#160980) via
mutations in PRKAR1TA. GNAST1 (guanine nucleotide-binding
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protein, a-stimulating activity polypeptide 1) couples with GP-
CRs and leads to increased cAMP levels, whereas PRKAR1A is
a key component of type 1 protein kinase (PKA), which medi-
ates CAMP in mammals (28, 29). Therefore, the activation of
both are associated with a down-regulated Shh pathway. These
two examples, at least, suggest the existence of a close relation
between GPCRS’ function and pituitary development.

GPR161 is a key negative regulator of Shh signaling
(Figure 3) (27). Mukhopadhyay et al (27) recently dem-
onstrated that GPR161 is gathered to primary cilia by the
joint work of TULP3 (tubby family protein Tulp3) and the
IFT-A complex (a member of intraflagellar transport in-
volved in retrograde transport and protein trafficking to
the cilia). The role of GPR161 in Shh signaling pathway
seems to be as a regulator of the PKA-dependent basal
repression machinery, by increasing cAMP levels, which
eventually leads to proteolytic processing of Gli transcrip-
tion factors (GLI2 and GLI3) into Gli repressor forms and
represses Shh signaling (Figure 3) (30, 31). Moreover,
Mukhopadhyay et al (27) demonstrated, in Gpri161
knockout mouse embryos, elevated levels of Shh pathway
activity, which was previously shown to lead increased
transcription of Glil, Ptch1, and Hhip1, as well as to
down-regulation of Gli3 RNA expression (27, 31, 32).

Interestingly, mutations in GLI2, GLI3, and SHH
have been documented to be associated with pituitary
aplasia/dysplasia and midline defect disorders or holo-
prosencephaly spectrum phenotypes (Table 1) (Holo-
prosencephaly, type 9 [MIM#610829]; PHS2 [MIM#
615849]; PHS1 [MIM#146510]; hypothalamic hamar-
tomas [MIM#241800]; holoprosencephaly type 3
[MIM# 142945], and single-median maxillary central
incisor [MIM#147250)]). In addition, PSIS is now con-
sidered in the spectrum of midline defects (1). Nonsyn-
onymous mutation Leul19GIn, which is predicted as
“probably damaging” by Polyphen2, occurs at the ex-
tracellular region of the protein potentially assisting li-
gand binding. In this sense, we speculate that this ho-
mozygous mutation harbored by both affected siblings
disrupted the balance between Shh pathway activity and
expression of Gli transcription factors, probably by af-
fecting the ligand-receptor (GPR161) interaction (Fig-
ure 3).

Several experiments were performed to assay the po-
tential functional consequences of this GPR161 mutation.
We tested its effect on the stability of GPR161 proteins as
well as the amount and cleavage ratio of Gli proteins by
Western blot using fibroblasts from this family (father,
mother, two affected children, and an unaffected sister;
data not shown). Unfortunately, the specific Gpr161 an-
tibody generated by Mukhopadhyay et al (27) does not
work well in Western blot for endogenous protein (per-
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Table 1. Clinical Features of Our Patients and Comparison with a Group of GL/2-, GLI3-, and SHH-Related
Disorders
Gene GLI2 GLI3 SHH GPR161
Disorder/Syndrome HPE9 PHS2 PHS1 HH HPE3 SMMCI
Clinical feature
Broad nasal root +
Hypopituitarism + + + + - + +
Hypotelorism + + _ _ + + T
Intellectual disability + + — - — — +
Nail hypoplasia — - + - — - +
Partial alopecia/sparse hair on the frontal region — — - — — — +
Pituitary gland abnormality (hypoplasia, dysplasia, PSIS)  + + + - - - +
Short fifth finger - - - - - - +
Syndactyly - - + - - - +
Thick alae nasi - - - - - - +

Abbreviations: HPE9, holoprosencephaly 9; PHS1, Pollister-Hall syndrome, type 1; PHS2, Pollister-Hall syndrome, type 2; HH, Hypothalamic
Hamartomas; HPE3, holoprosencephaly 3; SMMC1: Single median maxillary central incisor.

sonal communication with authors) and we are not able to
detect Gpr161 in fibroblasts. In addition, we also tried to
detect Gli1, 2, and 3 with antibodies used by Mukhopad-
hyay etal (27). However, the amounts of all three proteins
areextremely low in fibroblast cells. Therefore, fibroblasts
may not be the ideal cells to study the effect of this mu-
tation on Hh signaling. We also measured cAMP levels in
these fibroblasts as an indicator of activity of Gpr161 with
cAMP Parameter Assay Kit (R&D; KGE002B; data not
shown). The cAMP level was low in all fibroblasts tested
and there was no significant difference between the af-
fected siblings and parents or the unaffected sister (P =
.1019). Given that Hh signaling is not a dominant path-
way in the fibroblast cells, the cAMP level may not be a
proper indicator for Gpr161 activity because cAMP is the
secondary messenger in multiple signaling pathways.

Based on what we know for holoprosencephaly, that it
results from loss of function of Hh signaling, and given
that PSIS shares some features with this disorder, we sug-
gest that the mutation we identified causes a loss of func-
tion of Hh signaling. Because Gpr161 is reported as a
negative regulator in this pathway, it is reasonable to con-
sider this identified mutation as generating a gain of func-
tion of Gpr161. The position of the mutation in the re-
ceptor suggests that the interaction with its ligand may be
affected. However, the ligand that regulates Gpr161 in Hh
signaling is currently unknown. In addition, whether Hh
can directly bind to Gpr161 to regulate its function is also
unknown. It is likely that this mutation increases the bind-
ing between ligand (agonist) and Gpr161, leads to its over-
activation, and eventually causes a loss of function of Hh
signaling.

In conclusion, our findings, together with the previ-
ously given animal model, suggest GPR161 as one of the
potential causative genes for PSIS. As seen in this case, rare

variants in families with rare Mendelian phenotypes may
provide novel insights into human biology. Additional ex-
amples of GPR161 variants and clinical PSIS cases are
needed to explore the function of GPR161 and its inter-
actions during human embryogenesis and organogenesis.
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