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Abstract X-linked acro-gigantism (X-LAG) syndrome is
a newly described disease caused by microduplications on
chromosome Xq26.3 leading to copy number gain of
GPRI101. We describe the clinical progress of a sporadic
male X-LAG syndrome patient with an Xq26.3 microdu-
plication, highlighting the aggressive natural history of
pituitary tumor growth in the absence of treatment. The
patient first presented elsewhere aged 5 years 8 months
with a history of excessive growth for >2 years. His height
was 163 cm, his weight was 36 kg, and he had markedly
elevated GH and IGF-1. MRI showed a non-invasive sellar
mass measuring 32.5 x 23.9 x 29.1 mm. Treatment was
declined and the family was lost to follow-up. At the age of
10 years and 7 months, he presented again with headaches,
seizures, and visual disturbance. His height had increased
to 197 cm. MRI showed an invasive mass measuring
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56.2 x 58.1 x 45.0 mm, with compression of optic chi-
asma, bilateral cavernous sinus invasion, and hydro-
cephalus. His thyrotrope, corticotrope, and gonadotrope
axes were deficient. Surgery, somatostatin analogs, and
cabergoline did not control vertical growth and pegviso-
mant was added, although vertical growth continues (cur-
rently 207 cm at 11 years 7 months of age). X-LAG
syndrome is a new genomic disorder in which early-onset
pituitary tumorigenesis can lead to marked overgrowth and
gigantism. This case illustrates the aggressive nature of
tumor evolution and the challenging clinical management
in X-LAG syndrome.

Keywords Giant - Pituitary adenoma - X-linked acro-
gigantism syndrome - FIPA - GPR101

Departments of Molecular and Human Genetics, Baylor
College of Medicine, Houston, TX, USA

Department of Pediatrics, Baylor College of Medicine,
Houston, TX, USA

Department of Neurosurgery, Federal District Base Hospital,
Brasilia, Brazil

Section on Endocrinology and Genetics, Program on
Developmental Endocrinology & Genetics & Pediatric
Endocrinology Inter-Institute Training Program, Eunice
Kennedy Shriver National Institute of Child Health & Human
Development, National Institutes of Health (NIH), Bethesda,
MD 20892, USA

" Texas Children’s Hospital, Houston, TX, USA

Human Genome Sequencing Center, Baylor College of
Medicine, Houston, TX, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-015-0804-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-015-0804-6&amp;domain=pdf

Endocrine

Introduction

Increased stature in children is a complex clinical problem,
running the gamut from the extremes of normal to a group of
heterogeneous genetic disorders that require expert investi-
gation [1, 2]. Some genetic overgrowth syndromes occur
with features involving other organ systems (e.g., Beckwith-
Wiedemann, Sotos, and Simpson-Golabi-Behmel syn-
dromes). Classical pituitary gigantism due to GH hyper-
secretion occurs either as an isolated condition, or in familial
isolated pituitary adenomas (FIPA), often in association with
AIP gene mutations [3-7]. Gigantism also occurs as a com-
ponent of endocrine tumor syndromes [3, 4, 8, 9].

Recently, we reported a novel early-childhood onset form
of pituitary gigantism, X-linked acro-gigantism (X-LAG)
syndrome (MIM#300942) [10]. X-LAG syndrome is associ-
ated with a microduplication on chromosome Xq26.3 that
includes GPRI01 and can occur either sporadically or in the
setting of FIPA (MIM#102200) [10, 11]. These cases become
apparent usually within the first 12 months of life, when
dramatically excessive physical growth is usually the first
sign. Their management is complex as the anterior pituitary
can be widely affected by adenomatous and hyperplastic
changes and responses to traditional somatostatin analogs
(e.g., octreotide) are poor [10, 11]. Hence, significant resec-
tion of the anterior pituitary is often undertaken, or debulking
is combined with drugs such as pegvisomant [11].

The natural history of pituitary tumor evolution in
X-LAG syndrome is not clear as patients are usually
identified and operated on early. We report here a boy with
pituitary gigantism due to X-LAG syndrome in whom
treatment was refused by his family for a period of years,
with dramatic consequences for his tumor progression.

Methods

Clinical, hormonal, and radiological data were collected
from first symptoms to the most recent presentation. Brief
details of the patient were reported in [11]. Height and
weight z-scores were calculated from normative data from
www.cdc.gov/growth charts/z-scores. Informed consent for
clinical and genetic studies was provided by the patient’s
legal guardian. The study was conducted in accordance
with the guidelines of the Declaration of Helsinki and was
approved by the Ethics Committee of the University of
Brasilia.

Array comparative genomic hybridization
Array comparative genome hybridization (aCGH) was

performed using a standard clinical array, with further
investigation using a customized, high-density 8 x 60 K
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array CGH (HD-aCGH) (Agilent Technologies) with high-
density probes tiling the critical region inside Xq26.3
(ChrX: 135001882-136499429, hgl9) to precisely deter-
mine the sizes, genomic boundaries, and gene contents of
the rearrangements in the patient’s genomic DNA, as
previously described [10].

Whole exome sequencing

Genomic DNA samples were fragmented, ligated to Illu-
mina multiplexing paired-end adapters, amplified by a
polymerase-chain-reaction assay with the use of primers,
and hybridized to biotin-labeled VCRome, a solution-based
exome capture reagent (Roche NimbleGen). Hybridization
was performed at 7 °C for 64 to 72 h, and paired-end
sequencing was performed on the Illumina NextSeq 500.

Data analysis and interpretation

The output data from the Illumina NextSeq 500 were
converted from a bcl to a FastQ file, by means of Illumina
Consensus Assessment of Sequence and Variation soft-
ware, version 1.8, and mapped into the reference haploid
human-genome sequence (Genome Reference Consortium
Human Genome), with the BWA program.

Immunohistochemistry (IHC)

Specimens were fixed in 10 % formalin, and submitted to
embedding in paraffin according to standard histological
procedures. Hematoxylin and eosin staining was performed
in all sections. Immunohistochemical evaluation (using
Streptavidin—Biotin systems) included hormonal (GH,
PRL, FSH, LH, TSH, ACTH), as well as prognostic marker
profiles (Ki67, p53, c-erb). The antibodies used were anti-
GH (polyclonal 1:2000), anti-PRL (polyclonal 1:2000),
p-53 (DO7 1:100), Ki-67 (Mib 1 1:100), and c-erb B2
(oncoprotein C 1:400). Reactions were developed with
diaminobenzidine and counter-stained with hematoxylin.
Stainings for somatostatin receptor (SSTR) 2 and 5,
GHRH-receptor, and AIP were performed as described
previously [11].

Results
Clinical case

The patient was born by elective Caesarian section at
38 weeks; his birth length and weight were 2250 g and
48 cm, respectively. His family history was negative for
growth disorders or pituitary disease. His mid-parental
height was 176.5 cm. On chart review, overgrowth was
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already established by the age of 2 years 7 months
(Fig. 1a). The patient first presented symptomatically at
another center aged 5 years and 8 months, at a height of
163 cm (+10.0 SD), and he was Tanner stage G, P;. At
that time his bone age was 4 years, and hormonal testing
revealed a random GH of 835 ng/ml (normal range <7) and
an IGF-1 of 1035 ng/ml (normal range 84-235). MRI
showed a heterogeneous intra- and suprasellar mass mea-
suring 32.5 x 23.9 x 29.1 mm, with compression of the
chiasma but no cavernous sinus invasion (Fig. 2a, b). The
diagnosis of pituitary gigantism was made and the treat-
ment recommendations were outlined, but the family
declined treatment and was then lost to follow-up.

He presented again at the age of 10 years and 6 months.
His growth had continued unabated and in the interim no
medical attention was sought. He complained of head-
aches, seizures, and visual disturbance. On examination,
his height had increased to 197 cm (+8.3 SD); he had
kyphosis and evidence of intervertebral disc disease
(Fig. 1b, c). His weight had, in contrast, fallen to the 90th
percentile in association with malnutrition. His Tanner
stage was G; P,, and there was no axillary hair. On
examination he had excessive perspiration, acral enlarge-
ment, and facial changes (an enlarged, widened nose but no
prognathism). Non-specific intellectual impairment had
been noted in school. Visual examination showed bitem-
poral hemianopsia. Laboratory investigation confirmed
GH/IGF-1 hypersecretion, and marked hyperprolactinemia
was present. In addition, he had hypopituitarism of his
thyrotrope, corticotrope, and gonadotrope axes. A repeat
MRI showed an invasive intra- and suprasellar mass that
had grown markedly to measure 56.2 x 58.1 x 45.0 mm,
with compression of optic chiasma, cystic degeneration of
suprasellar portion, bilateral cavernous sinus invasion, and
encasement of internal carotids, with hydrocephalus
(Fig. 2c, d).

The patient underwent transsphenoidal surgery to
debulk his tumor mass (Fig. 2e, f). Postoperatively, he
developed diabetes insipidus and his hypopituitarism per-
sisted but the GH levels fell to 185 ng/ml; IGF-1 was
301.5 % of the upper limit of normal. In the post-operative
period he continued to grow and he received lanreotide
Autogel 120 mg/month, in combination with cabergoline.
After 5 months of treatment, however, his GH levels
remained elevated. Although his IGF-1 had decreased to
nearly 79 % of the upper limit of normal, his vertical
growth continued (205 cm; +8.7 SD). For this reason, it
was determined that more profound IGF-1 suppression
would be needed, and pegvisomant was added. This led to
a further reduction in IGF-1 to <70 % of the upper limit of
normal but by early October 2015 his height had continued
to increase to 207 cm and again neither GH nor IGF-1 were
controlled. As strict compliance with current medical

therapy (lanreotide Autogel 120 mg/month; cabergoline
2 mg/week; and pegvisomant 10 mg/day) could not be
assured; further debulking surgery and radiotherapy are
planned.

Immunohistochemistry

Immunohistochemistry confirmed strong (4++) staining
of the adenoma for GH and prolactin, and negative staining
for FSH, LH, GH, TSH, and ACTH (Fig. 3). The Ki-67
labeling index was 3.5 %. p53 staining was positive in
10 % of cells and no membrane immunoreactivity for
c-erbB2 was observed; AIP staining was strongly positive
(data not shown). GHRH-R staining was also strongly
positive, as was SSTR2 and SSTRS immunostaining (im-
munoreactive score 10/10 for both; Fig. 3).

Genetic analyses

The karyotype was normal (46XY). Using HD-aCGH, a
copy number gain at Xq26.3 spanning approximately
0.656 Mb was observed. The genes included within the
duplication copy number variant (CNV) include VGLLI,
MIR934, LOCI00128420, CD40LG, ARHGEF6, RBMX,
SNORDG61, and GPRI0OI. On HD-aCGH and breakpoint
junction sequencing, the microduplication was refined to
chrX:135602028-136259908 (Fig. 4).

Whole exome capture using leukocyte DNA did not
demonstrate relevant germline mutations in genes related
to familial tumor pituitary syndromes (MENI, CDKNIB,
AIP, or PRKARIA) or of genes in the GH/IGF-1 signaling
pathways. A heterozygous missense change in the RET
gene and heterozygous missense variant in the SSTR5 gene
were observed.

Discussion

Pituitary gigantism is a rare condition associated with
excessive stature for age according to population normative
values and is usually caused by GH excess from a pituitary
GH secreting adenoma occurring during childhood and
adolescence. A number of gene mutations have been shown
to cause pituitary adenomas in childhood and pituitary
gigantism [1]. AIP mutations are the most common known
genetic cause in pituitary gigantism [4]. Gigantism patients
with AIP mutations can present sporadically or within the
setting of FIPA [5, 6, 12-16].

Recently, we described a new cause of pituitary gigan-
tism, X-LAG syndrome, due to microduplications on
chromosome Xq26.3 including the GPRIOI gene [10].
X-LAG syndrome has a well-defined phenotype of early-
onset overgrowth due to mixed GH and prolactin-secreting
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Fig. 2 a, b Coronal and sagittal T1-weighted MRI taken at the first
presentation (age of 5 years and 8 months) images showing large
homogeneously enhanced pituitary macroadenoma, without cav-
ernous sinus invasion or encasement of internal carotids. Coronal
and sagittal T1-weighted MRI taken at age of 10 years. ¢, d Showing
a marked increase in the size of the pituitary mass. The top of the
tumor reaches the floor of the lateral ventricles, which are dilated. A

pituitary adenomas/hyperplasia that have a median age of
diagnosis of about 36 months [11]. Up until now, the
behavior of such tumors has been uncertain, as patients
frequently underwent gross total resection or anterior

heterogeneous region of necrotic/degenerative change is seen prin-
cipally in the upper part of the tumor. Coronal and sagittal T1-
weighted MRI with contrast taken three months after surgical
debulking. e, f Showing pituitary macroadenoma remnant with cystic
degeneration and resolution of the hydrocephalus. An incidental cyst
of the septum pellucidum is seen on multiple images

hypophysectomy at an early age. In the current report, due
to an initial refusal of the recommended treatment options
by the patient’s family, we can confirm that tumor growth
in X-LAG syndrome is aggressive and relentless.
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Fig. 3 Immunohistochemical (IHC) analysis showing a pituitary adenoma (a) with a Ki-67 index of 3.5 % (b) and with strong positivity for both
GH (c) and prolactin (d). There was positivity for SSTR2 (e) and SSTRS (f). The tumor was also strongly positive for the GHRH-receptor (g)
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Fig. 4 Chromosome Xq26.3 microduplication of the X-LAG syn-
drome patient. The region with the microduplication is shown by red
probes and indicated by a continuous red line above the area denoting

The patient had a very large macroadenoma by the time
of the first MRI, when overgrowth had been documented
since before the age of 3 years. The overgrowth as shown
in Fig. 1 to the current height of 207 cm at the age of
11 years and 7 months was fuelled by the aggressive
growth of underlying pituitary disease that secreted
increasing levels of GH and IGF-1 over time. Immuno-
histochemical analyses confirmed the case as a mixed GH
and PRL secreting adenoma (no hyperplasia was reported),
as is typical in X-LAG syndrome. However, the Ki-67 was
3.5 % and >2 mitoses/high-power field were seen, both
indicative of higher proliferation than in other X-LAG
syndrome cases [11]. Despite the incomplete GH response
to lanreotide, the SSTR2 staining was intact. The tumor
was strongly positive for SSTRS at a higher level than that
seen previously in X-LAG syndrome cases. The high
affinity of pasireotide for the SSTRS receptor suggests that
it might have clinical utility in such cases.

The behavior of the tumor and its profound effect on
growth in this case underlines the importance of early
intervention in X-LAG syndrome. Early effective treat-
ment using surgery either alone or with pegvisomant can
reduce GH/IGF-1 hypersecretion and arrest overgrowth in
X-LAG syndrome and other forms of gigantism [11, 17,
18]. In this case, halting more vertical growth is vital
given the history of unrestrained GH action on the
skeleton allied with the fact that the patient is pre-pubertal
and has panhypopituitarism. The increased stature is
accompanied by a postural kyphosis and on helical CT
scanning of the spine an intervertebral vacuum phe-
nomenon was seen at the level of T11/T12. This finding,
which is due to gas around the intervertebral discs and
surroundings, is infrequently seen in children and can

135.90 Mb

I I 1
136.04 Mb 136.17 Mb 136.30 Mb

increased copy number. The duplicated genes are shown at the bottom
of the image alongside the location indicator

indicate underlying pathology such as osteoarthritis or
spinal deformity formation [19]. The current combination
medical therapy has not proven effective in halting ver-
tical growth and treatment is complicated by poor
adherence to daily pegvisomant injections and cabergo-
line. A further neurosurgical intervention to grossly resect
accessible tumor (in combination with radiotherapy) is
envisaged, which may permit greater hormonal reductions
and growth control with subsequent medical therapy. At
that stage, efforts to induce epiphyseal closure could halt
further worsening of his gigantism.

We studied the exome of the subject’s germline DNA to
screen for other genetic variants that could modify the
phenotype (analogous work has been recently been shown
for neuropathies [20]). Three variants were seen, one a
heterozygotic missense change in RET (p.V648I; dbSNP
rs77711105), which has been reported accompanying a
pathological mutation (p.634R) in a MEN2A kindred [21].
This change is classified as benign using standard in silico
software (e.g., SIFT), but as it is very rare (ExAC browser
allele frequency: 9.076 x 10~°°) and has been reported in
various MEN2 cases, its status remains uncertain. The
patient and family had no evidence of MEN2. However, he
had suffered from lifelong severe constipation and suba-
cute large intestine obstruction and has a working diagnosis
of Hirschsprung disease (MIM#142623). There was a
probably benign heterozygous missense variant (p.T9 M)
in the SSTR5 gene (rs143790659; ExAC browser allele
frequency: 0.001259) that did not alter SSTR5 protein
expression in the pituitary adenoma. Finally, a rare
heterozygotic missense variant in the PEPD gene
(p-G448R; dbSNP rs121917724) that encodes peptidase D
could have contributed to his intellectual disability [22].
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In conclusion, X-LAG syndrome is a novel disorder of
early-childhood pituitary gigantism due to duplications on
chromosome Xq26.3 involving the GPRI0OI gene. This
case describes for the first time the natural aggressive
behavior of pituitary disease in a patient with X-LAG
syndrome, underlining the importance of early, effective
diagnosis, and intervention.
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