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A unique case of combined pituitary hormone deficiency caused
by a PROP1 gene mutation (R120C) associated with normal height
and absent puberty
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Summary

We report a 28-year-old-female who presented with primary amenorrhoea, absence of puberty,
obesity and normal stature. The subject was clearly short as a child, with a height more than 2 SD
below normal until the age of 15 years. The pubertal growth spurt failed to develop. She continued
growing at a prepubertal rate until growth ceased at the age of 20 years, reaching her final adult height
of 157 cm (SDS —0.86) without hormonal treatment. A combined pituitary hormone stimulation test
of anterior pituitary function showed deficiencies of GH, LH and FSH, and low normal serum levels
of TSH and PRL. Magnetic resonance imaging revealed a hypoplastic pituitary with markedly
reduced pituitary height. In addition, a whole body dual energy X-ray absorptiometry scan showed
high levels of body fat (54%). Combined pituitary hormone deficiencies with a hypoplastic pituitary
suggested the diagnosis of a Prophet of Pit-1 (PROP1) gene mutation. Normal stature in this case,
however, confounded this diagnosis. Sequencing of PROP1 revealed homozygosity for a single base-
pair substitution (C to T), resulting in the replacement of an Arg by a Cys at codon 120 (R120C) in
the third helix of the homeodomain of the Prop-1 protein. To our knowledge, this is the first report
of a patient with a mutation in the PROP1 gene that attained normal height without hormonal
treatment, indicating a new variability in the PROP1 phenotype, with important implications for the
diagnosis of these patients. We suggest that this can be explained by (i) the presence of low levels
of GH in the circulation during childhood and adolescence; (ii) the lack of circulating oestrogen
delaying epiphyseal fusion, resulting in growth beyond the period of normal growth; and (iii) fusion
of the epiphyseal plates, possibly as a result of circulating oestrogens originating from peripheral
conversion of androgens by adipose tissue.

Defects in development of the anterior pituitary can result in combined pituitary hormone
deficiency (CPHD), defined as impaired production of GH and one or more of the other anterior
pituitary-derived hormones. Genetic analysis of CPHD patients resulted in the isolation and
characterization of genes encoding transcription factors involved in pituitary development. The
Pit-1 transcription factor is critical for the differentiation of somatotroph, thyrotroph and
lactotroph cells in both mice and humans, but does not affect corticotroph or gonadotroph cells
(Parks & Brown, 1999). The Prophet of Pit-1 gene (PROPL1), encoding a paired-like
homeodomain protein necessary for PIT1 gene expression, is also involved in the
differentiation and function of somatotroph, thyrotroph and lactotroph cells in mice (Sornson
etal., 1996). In humans, mutations of the PROP1 gene cause a more extensive phenotype, with
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a dramatic decrease in gonadotroph function, in addition to the absence of Pit-1-dependent
cells.

To date, eight distinct mutations have been identified in the human PROP1 gene: (i) 301-
302delAG (Cogan et al., 1998; Fofanova et al., 1998b; Wu et al., 1998; Deladoéy et al.,
1999; Mendonca et al., 1999; Nogueira et al., 1999; Rosenbloom et al., 1999; Pernasetti et
al., 2000); (ii) R120C (Fliick et al., 1998; Wu et al., 1998); (iii) F1171 (Wu et al., 1998;
Deladoéy et al., 1999); (iv) 149delAG (Fofanova et al., 1998a; Deladoéy et al., 1999); (v)
codon50delA (Krzisnik et al., 1999); (vi) R73C (Duquesnoy et al., 1998; Deladoéy et al.,
1999); (vii) 343-2A > T (Deladoéy et al., 1999); and (viii) F88S (Osorio et al., 2000) (Table
1). These mutations result in deficiencies in GH, PRL and TSH, as well as LH and FSH. The
phenotype associated with PROP1 mutations is variable with respect to the severity of pituitary
hormone deficiency, puberty onset and adrenal function. However, the most consistent
presenting feature for these PROP1 patients is short height, usually observed during childhood.

In this study, we report the case of a 28-year-old Mexican-American female who came to our
attention because of primary amenorrhoea. Pituitary combined stimulation test revealed low
basal LH and FSH levels, with no response to GnRH stimulation. Although the patient
presented with normal height, her basal GH levels were low, and did not increase upon GHRH
stimulation. Molecular analysis of the PROP1 gene of this patient showed that she was
homozygous for the R120C mutation. To our knowledge, this is the first report of an untreated
PROP1 patient with normal height in adulthood.

Case report

A 28-year-old Mexican-American female was referred to the University of California San
Diego Reproductive Endocrinology clinic with primary amenorrhoea and lack of secondary
sexual development. The patient was born by spontaneous vaginal delivery at term at the
University of Southern California in Los Angeles (Fig. 1). At birth, she weighed 3.2 kg (25th
percentile) and her length was normal by mother’s report. The patient’s height and weight were
obtained from school, clinic, personal and family history. Between the ages of 2 and 11 years,
she was short (SDS for height in childhood ranged from —2.9 to —2.2); however, she grew
normally along a line parallel and below the 3rd percentile (Fig. 2a, Table 2). Thereafter, the
pubertal growth spurt failed to develop and growth continued below the 50th percentile at a
prepubertal rate, until she reached her final adult height of 157 cm (17th percentile, SDS —0.86)
at the age of 20 years. Psychosocial development was normal. She graduated from high school
at 18 years. During puberty, her weight was around the 50th percentile. Thereafter, at 18 years,
her weight increased to approximately the 90th percentile reaching the 95th percentile (83 kg)
at 28 years (Fig. 2b). She reported normal eating behaviour during this period. At 25 years of
age, she was treated with birth control pills for 6 months, developing monthly withdrawal
bleeds. After 6 months of treatment, the contraceptive pills were discontinued secondary to
headaches. She is single, and currently works as a clerk in a grocery store.

The patient’s parents were born and raised in two independent nonconsanguineous families,
originating from two different states in Mexico (Sinaloa and Sonora). The father (1) of the
affected patient (5) had a first marriage with one child (3) (Fig. 1). His second marriage, with
individual 2, resulted in three female siblings [4, 5 (affected patient) and not-available]. The
mother of the affected patient had two subsequent marriages, each resulting in one male sibling
(6 and 7, respectively) (Fig. 1). The heights of the family members studied were normal: sister
4 [167 cm (75th percentile)], half-sister 3 [160 cm (35th percentile)] and half-brothers 6 and
7 [180 cm (70th percentile); 183 cm (77th percentile), respectively], patient’s mother 2 [162
cm (36th percentile] and father 1 [173 cm (27th percentile)]. Sisters 3 and 4 and brother 7 were
married, and had offspring without medical assistance. Informed written consent was obtained
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from all participating adults, and this study was approved by the Human Subjects Committee
of the University of California, San Diego.

Physical examination showed that the patient’s height was 157 cm (17th percentile) and weight
was 83 kg (95th percentile). Arm span minus height was approximately 4 cm, upper/lower
body ratio was 1.01. Breast development, pubic and axillary hair growth was Tanner stage I.
On pelvic examination, the external genitalia, cervix, uterus and adnexa were normal. On
transvaginal ultrasound, the uterus measured 4.9 x 1.4 x 2.4 cm, the right ovary measured 1.2
x 1.0 x 1.6 cm, and the left ovary measured 1.9 x 1.4 x 1.8 cm. The karyotype was 46, XX.

Anthropometric measurements

The SD scores for height (cm) and height-age were estimated based on WHO growth charts
(WHO, 1986). The body mass index (BM1) was calculated as weight in kg/m2. BMI percentile
for height-age and for bone age were determined based on US population data for children
(Hammer et al., 1991) and adults (Cronk & Roche, 1982). Arm span was evaluated with the
patient leaning against the wall with arms extended horizontally. Bone age was evaluated with
hand and wrist X-rays compared to the standards of Greulich and Pyle (1959). Arm span minus
height (AS — Ht) for normal chronological, statural, and bone age were determined based on
Wilkins (1965).

Percent body fat and bone mineral density were determined using a Hologic QDR-2000 pencil-
beam dual energy X-ray absorptiometry (DEXA) scanner (Hologic Inc., Waltham, MA, USA)
performed at the General Clinical Research Center, University of California, San Diego.

Pituitary magnetic resonance scans were performed for sagittal and coronal imaging using a
1.5 Tesla Unit (Siemens Symphony, Germany). Images were obtained before and after contrast.
The pituitary maximal height was measured perpendicular to the sella turcica and compared
with that of normal values (Suzuki et al., 1990).

Hormone measurements

Hormonal determinations were performed by Quest Diagnostics, Inc. (Nichols Institute, San
Juan Capistrano, CA, USA). GH was measured by immunochemiluminometric assay (ICMA),
using a goat polyclonal antihuman GH antibody; the sensitivity level of the assay is 0.04 mU/
|. LH and FSH concentrations were also measured using ICMA assays (Ciba Corning ACS-180,
Bayer, Tarrytown, NY, USA), the sensitivity of which is 0.3 1U/I. Oestradiol and testosterone
were measured using Celite chromatography purification with a specific radioimmunosay
(RIA) using rabbit anti-oestradiol and rabbit anti-testosterone antiserum, the sensitivity of
which are 11.0 pmol/l and < 0.04 nmol/I, respectively. PRL was also measured by ICMA (Ciba
Corning ACS-180) using a monoclonal mouse anti-PRL antibody, the sensitivity of which is
6 mU/I. TSH was also measured using ICMA containing acridinium ester-labelled antibody
and a biotin-coupled antibody linked to an avidin-coated poly-styrene bead, the sensitivity of
which is 0.01 mU/I. Serum T4 was measured by RIA using a polyclonal anti-T4, the sensitivity
of which is 12.87 nmol/l. Free T4 was measured by ICMA. Total T3 was determined by RIA;
the sensitivity of which is 0.38 nmol/l. Cortisol and ACTH were both measured by RIA, with
sensitivities of 27.6 nmol/l and 2.2 pmol/l, respectively. IGF-1 and IGF-11 concentrations were
measured by RIA; the sensitivities of which are 0.1 and 0.2 ug/l, respectively. The IGF-binding
proteins, IGFBP-1, IGFBP-2 and IGFBP-3, were measured by RIA, the sensitivities of which
are 0.4, 0.1 and 3.1 pg/l, respectively.

DHEA-S, androstenedione and insulin assays were performed by Associate Regional |
University Pathology Incorporated (ARUP) (Salt Lake City, UT, USA). Cholesterol, HDL,
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LDL, triglycerides and glucose assays were all performed by Clinical Laboratories (Thornton
Hospital, University of California, San Diego, CA, USA).

Stimulation tests

The combined pituitary stimulation test was performed by simultaneous i.v. administration of
100 g of GnRH (Wyeth Ayerst, Philadelphia, PA, USA), 200 pg of TRH (Ferring
Pharmaceuticals, Tarrytown, NY, USA), 1 ug/kg of GHRH (Geref, Serono Laboratories,
Randolph, MA, USA) and 1 pg/kg of CRH (Ferring Pharmaceuticals, Tarrytown, NY, USA).
Blood samples were collected at —15, 0, 15, 30, 60, 90 and 120 minutes before and after
injection of hypothalamic neuropeptides, for measurement of serum LH, FSH, TSH, PRL, GH
and ACTH.

DNA analysis

Results

DNA was extracted from blood samples using Chelex® (BioRad Labs, Hercules, CA, USA)
100 following the manufacturer’s protocol (Walsh et al., 1991). 10-20 pl of the extracted
genomic DNA were used as a template in a final volume of 50 pl. Three exons and two introns
of the PROP1 gene were amplified by polymerase chain reaction (PCR) using a 5’ sense primer
(5'-CGAACATTCAGAGACAGAGTCCCAGA-3) and a 3'-antisense primer (5'-
GAATTCACCATGATCTCCCA-3) to generate a 3.5-kb fragment. PCR of these long
fragments was carried out using the Extender PCR system (Stratgene, La Jolla, CA, USA).
The reaction was performed for 1 minute at 94 °C, followed by 35 cycles of 30 s at 94 °C, 30
s at 56 °C and 6 minutes at 68 °C. The PCR products were verified on 0.8% agarose gel and
purified using the Wizard® PCR Preps DNA Purification Systems (Promega, Madison, WI,
USA), following the manufacturer’s protocol. Direct sequencing of the double-stranded PCR
fragments was carried out at the UCSD Center for Aids Research Molecular Biology Core
using an Applied Biosystems 373 Automated DNA sequencer (Perkin EImer Applied
Biosystems Inc., Foster City, CA, USA).

Basal serum concentrations of GH, LH and FSH, were low, and ACTH, PRL and TSH were
modestly low (Table 3). Upon stimulation, the responses of GH, FSH and LH were absent. For
ACTH, PRL and TSH, the responses were markedly attenuated relative to the normal range.
Cortisol response was similarly low (Table 3). These results are consistent with CPHD.

Sex steroid serum concentrations were abnormally low (Table 4). Serum thyroid levels were
in the low normal range. IGF hormone levels in peripheral blood were all below the normal
range. While fasting and 2 h post glucose tolerance test glucose levels were normal, this was
accompanied by fasting hyperinsulinaemia (Table 4). The fasting glucose/insulin ratio was 3.3,
consistent with insulin resistance (ratio < 6). Lipids were within the normal range.

Magnetic resonance imaging of the pituitary revealed a partially empty sella and normal
pituitary stalk. The pituitary volume was 48 mm3 (normal volume 290 + 68 mm?3), maximal
pituitary height, measured perpendicular to the sella turcica floor, was 2 mm (normal pituitary
height, for females between 20 and 29 year of age, 6.1 mm) (Fig. 3) (Suzuki et al., 1990). No
abnormality of the neurohypophysis was evident.

X-ray of the right wrist revealed complete epiphyseal closure. Bone mineral density of the
lumbar spine (L2-L4) was 0.989 g/cm?, where normal for age-matched controls is 1.087 g/
cm? (T score —1.55), indicating osteopenia (T between —1.0 and —2.5) (Blake et al., 1999) by
DEXA.
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The patient BMI was 34 kg/m?2, which is consistent with obesity (defined by a BMI > 30 kg/
m?2), while the patient’s mother’s BMI was 28 kg/m?2. Patient’s BMI for both height and age
was greater than the 95th percentile. Her percent body fat was evaluated at 54.5% by DEXA
(normal for age and gender matched group is 12-35%) (Blake et al., 1999).

Genomic analysis of the PROP1 gene

We analysed the sequence of the PROP1 alleles of our patient (5), her nonaffected siblings (3,
4, 6 and 7) and her mother (2) (Fig. 1). The DNA sequences revealed that the patient was
homozygous for a single base-pair substitution (C to T), resulting in the substitution of Arg for
Cys at codon 120 (amino acid 52) in the third helix of the homeodomain (R120C). Siblings 3,
4, 7 and the patient’s mother (2) were all heterozygous for the same mutation, while sibling 6
was homozygous wild-type (Fig. 1). The fact that sibling 3, who is the patient’s half-sister from
the paternal side, was heterozygous for this mutation, suggesting that the father carried at least
one allele with the PROP1 R120C mutation, and that the homozygosity observed in our patient
is most probably genetically inherited from both parents, and not due to spontaneous mutation
or gene conversion.

Discussion

Over one hundred patients with CPHD caused by PROP1 mutations have been reported
following the first case reported by Wu et al. (1998). The most striking phenotypic
characteristic observed in patients with mutations in the PROP1 gene is growth impairment
(Table 1). Here we report the first case of an untreated PROP1 patient who, although short
during childhood, achieved normal final adult height. In this patient, we found a normal
prepubertal growth rate, failure of the pubertal growth spurt, followed by growth beyond the
normal growth period, and fusion of the epiphyseal plates (Fig. 2).

Children with GH gene, GH receptor or PIT1 gene mutations generally have severe growth
failure (Rosenfeld et al., 1994; Parks et al., 1999). In contrast, patients with PROP1 mutations,
GH responses to GHRH stimulation are more variable, and adult height is often not as severely
affected as in patients with PIT1 mutations (Parks & Brown, 1999). Pituitaries of Snell mice
(PIT1 mutations) lack functional somatotrophs; in contrast, the pituitaries of Ames mice
(PROP1 mutations) have a small number of functional somatotrophs (Parks et al., 1999).
Previous molecular studies of the R120C mutated Prop-1 protein revealed that the impairment
of both the transcriptional activation and DNA binding capacities of this protein is not as
dramatic as the impairment observed in all other Prop-1 mutants studied (Wu et al., 1998).
This suggests that residual activity of the R120C Prop-1 protein supports differentiation of
certain pituitary cell-lineages in patients carrying this mutation. Therefore, clinical, animal and
molecular observations suggest that the pituitary gland of our patient would be capable of
sustaining secretion of GH at low but physiologically active levels during childhood.

Although the mechanism involved in pituitary degeneration occurring in PROP1 patients is
unclear, the progressive decrease of pituitary hormone levels suggests that pituitary cells may
enter an apoptotic program. Apoptosis might occur due to lack of proper formation of the
pituitary gland and/or absence of paracrine and autocrine signalling. It has been recently shown
by several groups that IGF-1 can inhibit apoptosis in susceptible cells by regulating the balance
between pro- and anti-apoptotic proteins, such as p53 and Bcl-2, respectively, at the molecular
level (Leri et al., 1999; Pugazhenthi et al., 1999; Adams et al., 2000). Thus, reduced levels of
IGF-1, such as those observed in our patient, could also be involved in this process.

The lack of the pubertal growth spurt and growth beyond the normal period of human growth
observed in our patient, is likely to be due to delayed epiphyseal fusion resulting from oestrogen
deficiency. The growth trajectory of our patient (Fig. 2) is similar to that observed in untreated
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idiopathic hypogonadotrophic hypogonadism (IHH). Similar to our patient, these patients
experience a normal prepubertal growth rate, fail to develop a growth spurt, grow beyond the
period of normal growth and fail to fuse their epiphyses (Uriarte et al., 1992). The key role for
oestrogen in epiphyseal fusion in both women and men was confirmed recently with the
recognition of oestrogen deficiency due to mutations in the aromatase gene and oestrogen
resistance due to mutations in the oestrogen receptor-alpha gene (Smith et al., 1994;Morishima
et al., 1995;MacGillivray et al., 1998). In both mutations, the epiphyseal plate fails to fuse, no
pubertal growth is observed and growth persists into adulthood.

At the time of presentation, our patient’s epiphysis were completely fused. The epiphysis likely
fused around the age of 20 years when she reached her final adult height (Fig. 2a). At this same
age, our patient’s weight approached the 90th percentile, consistent with obesity (Fig. 2b).
Aromatase expression in adipose tissue accounts for the extraglandular formation of oestrogen
and its levels increase with body weight (Bulun et al., 1999). In patients who are prematurely
exposed to oestrogen (i.e. precocious puberty), the growth plates fuse prematurely resulting in
short stature (Chemaitilly et al., 2001). Obese girls were described to have earlier menarche
and faster growth and to be shorter than nonobese girls, suggesting that extraglandular
oestrogen may play a role both in pubertal growth spurt and epiphysis fusion (Jaruratanasirikul
et al., 1997). Similarly, final height in GH deficient (GHD) patients who underwent
spontaneous puberty is lower than that in those GHD patients who did not have spontaneous
puberty (Hibi et al., 1989). These data suggest that epiphyseal fusion in our patient most likely
occurred secondary to increased oestrogen levels around the age of 20 years, possibly as a
result of peripheral conversion of adrenal androgens to oestrogens from increasing total body
fat developed between the ages of 18-20 years (Fig. 2b).

Although the cause of obesity in our patient remains unclear, it is possibly associated with
severe GHD. The onset of obesity correlates temporally with cessation of growth and
presumably reduction of GH levels (Fig. 2b). In addition, she developed hyperinsulinaemia
(insulin 29 1U/1; normal 20 1U/1) in adulthood. These observations suggest that GHD and/or
the combination of pituitary hormone deficiencies resulted in the metabolic abnormalities
observed in our patient. Growth hormone deficiency in children and adults is associated with
obesity and insulin resistance (Sorgo et al., 1982;Blethen et al., 1993). However, the reason
for these metabolic abnormalities in GHD is not known. Interestingly, increased body weight
is also associated with CPHD. Children with CPHD have higher BMI than normal children
(Baars et al., 1998). Recently, several groups have described obesity in patients with PROP1
mutations. Krzisnik et al. (1999) reported obesity in four out of six patients carrying the codon
50delA PROP1 mutation. In addition, Rosenbloom et al. (1999) reported one out of eight
patients with a BMI at 24.7 kg/m? at the upper limit of normal and Pernasetti et al. (2000)
reported two out of 10 patients with BMI greater than 25 kg/m2. GHD and PROP1 patients
may have similar mechanisms causing obesity and insulin resistance.

Contrary to what we observed, five PROP1 patients from Switzerland with the same mutation
(R120C) presented with short stature during childhood (Fliick et al., 1998), all below the 3rd
percentile on the respective growth curves. Despite the fact that all five patients received GH
treatment during childhood, four out of five did not reach an adult height above the 3rd
percentile. The absence of spontaneous menarche observed in our patient is another difference
in phenotype compared to the Swiss R120C patients who entered puberty spontaneously, with
normal gonadotrophin levels observed before puberty (Fliick et al., 1998). This finding further
supports that distinct genetic backgrounds could account for the differences in the phenotype
of patients with the same PROP1 mutation.

In summary, this case demonstrates that patients with PROP1 mutations may achieve normal
adult height. We suggest that this can be explained by (i) the presence of GH, although at low
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levels in the circulation during childhood and adolescence; (ii) the lack of circulating oestrogen
delaying epiphyseal fusion, resulting in growth beyond the period of normal growth, and (iii)
fusion of the epiphyseal plates, possibly as a result of circulating oestrogens originating from
peripheral conversion of androgens by adipose tissue. This case further illustrates that
combined pituitary hormone deficiency caused by PROP1 mutations is a disorder comprising
a spectrum of clinical phenotypes, even among patients with the same PROP1 gene mutation.
The relationship between clinical phenotype and loss-of-function PROP1 mutations will
become clearer as more phenotypes and mutations are identified. Clinically, this diagnosis
should be considered in patients presenting with normal stature, combined pituitary hormone
deficiency and absent puberty.
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B Homozygous

Heterozygous
1 Wild-type
-+ Notstudied

Fig. 1.

Genealogical tree showing the affected patient [black, (homozygous) (5)] and nonaffected
individuals [white (wild-type) and grey (heterozygous)]. Dotted symbols represent individuals
not available for this study. Squares represent males and circles represent females. The broken
line symbol represents a divorce.
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Fig. 2.

(a) Growth chart representing the height of the patient between the ages of 0 and 28 years,
based on the data in Table 2 (closed circles). The curves for 97th, 50th and 3rd percentile for
girls are shown for comparison (Kuczmarski et al., 2000). (b) Weight curve of the patient
between the ages of 0 and 28 years, based on data obtained from school records, clinical,
personal and family history. The curves for 97th, 90th 50th and 3rd percentile for girls are
shown for comparison.
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Fig. 3.
Coronal (a) and sagittal (b) images obtained by magnetic resonance imaging showing the
hypoplastic pituitary gland of the patient.
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Table 2

Evaluation of the patient’s height

Age Height(cm) Height (SDS)

2 76 -2.9

5 96 -2.3

9 115 —2.6
11 127 -2.2
13 137 —2.6
15 147 —2.4
17 152 -1.7
18 155 -1.2
29 157 —0.86
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Table 4

Basal hormone concentrations

Hormone Value Normal range
TT4 69.5 nmol/l 57.9-160.8 nmol/I
TT3 1.4 nmol/l 0.92-2.78 nmol/I
FT4 10.7 pmol/l 10.7-23.1 pmol/l
Oestradiol 36.7 pmol/l 73.4-1468.4 pmol/l
Testosterone 0.3 nmol/l 0.4-3.1 nrnol/l
DHEA-S 0.52 umol/I 1.2-7.32 umol/l

Androstenedione
IGF-1

IGF-11
IGFBP-1
IGFBP-2
IGFBP-3

Fasting glucose

0.013 nmol/l  0.017-0.094 nmol/Il

40 pg/l 128-470 g/l
238 pg/l 405-1085 pg/l
<5pg/l 13-73 pgl/l

45 pgll 55-240 pg/l
1.1 g/l 2-4 mg/l

5.3 mmol/l 4.2-6.4 mmol/Il

2 h Glucose tolerance test 6.9 mmol/I < 7.8 mmol/l

Fasting insulin
Cholesterol
HDL-cholesterol
LDL-cholesterol
Triglyceride

207.9 pmol/l  10.7-146.9 prnol/l
5.1 mmol/l < 5.2 nmol/l

1.2 mmol/l 0.59-1.9 mmol/Il
3.3 mmol/l 1.7-4.8 mmol/l
1.3 mmol/l 0 1-1.69 mmol/Il
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