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A Novel Mutation of Aryl Hydrocarbon Receptor Interacting Protein Gene Associated with
Familial Isolated Pituitary Adenoma Mediates Tumor Invasion and Growth Hormone

Hypersecretion
Feng Cai1, Yuan Hong1, Jinghong Xu2, Qun Wu1, Cesar Reis3,4, Wei Yan1, Wei Wang1, Jianmin Zhang1
-BACKGROUND: Germline mutations in the aryl
hydrocarbon receptor-interacting protein (AIP) gene were
identified in nearly 20% of families with familial isolated
pituitary adenoma. Some variants of AIP have been
confirmed to induce tumor cell proliferation and invasive-
ness; however, the mechanism is still unclear.

-METHODS: A novel missense mutation (c.512C>T,
p.T171I) was discovered in 3 patients from a Chinese family
with familial isolated pituitary adenoma. In silico and
multiplex ligation-dependent probe amplification analysis
predicted the mutation to be pathogenic. GH3 and 293FT
cell lines were used to verify the variant’s effect on cell
proliferation (Cell Counting Kit-8), invasiveness (Transwell)
and growth hormone (GH) secretion (enzyme-linked
immunosorbent assay) by transfection with different
vectors: control, blank vector, wild-type AIP, p.T171I variant
(experimental group), p.Q315* variant, and AIP small
interfering RNA. Furthermore, Zac1, Sstr2, interleukin (IL)-6,
and Stat3/phosphorylation-Stat3 expression (reverse tran-
scription polymerase chain reaction, Western blot) in each
group was also evaluated.

-RESULTS: The experimental group, p.Q315* variant
group, and AIP small interfering RNA-overexpressing group
Key words
- AIP
- Aryl hydrocarbon receptor interacting protein
- Drug resistance
- Familial isolated pituitary adenoma
- FIPA
- Hypersecretion
- Mutation
- Tumor invasiveness

Abbreviations and Acronyms
AIP: Aryl hydrocarbon receptor-interacting protein
cDNA: Complementary DNA
CNC: Carney complex
EDTA: Ethylenediaminetetraacetic acid
FBS: Fetal bovine serum
FIPA: Familial isolate pituitary adenoma
IGF-1: Insulin-like growth factor 1
MEN1: Multiple endocrine neoplasia type 1
MLPA: Multiplex ligation-dependent probe amplification
MRI: Magnetic resonance imaging
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promoted cell proliferation at 24 and 48 hours, respectively
(compared with the control group; P < 0.01 for both).
Similarly, the cells in the experimental group manifested
more invasion and GH secretion compared with the control
group (P < 0.01 and P < 0.05, respectively). Furthermore, the
experimental group cells expressed less Sstr2 (a prereq-
uisite for the responsiveness to somatostatin analogues)
and Zac1 (tumor suppressor gene), but more IL-6 and
phosphorylated-Stat3 (GH-secretion related).

-CONCLUSIONS: The novel AIP mutation c.512C>T
(p.T171I) is a pathogenic variant that promoted cell prolif-
eration, invasiveness, and GH secretion through regulation
of Sstr2, Zac1, and IL-6/phosphorylated-Stat3 expression.
INTRODUCTION
ituitary adenomas (PAs) are commonly sporadic. However,
some have been identified as familial adenomas and have
Pbeen well described in the setting of an endocrine tumor

syndrome, such as multiple endocrine neoplasia type 1 (MEN1),
Carney complex (CNC), and familial isolated pituitary adenoma
(FIPA). They account for 3%e5% of all cases.1,2 In FIPA, only
PA: Pituitary adenoma
PCR: Polymerase chain reaction
RT: Reverse transcription
siRNA: Small interfering RNA
SSA: Somatostatin analogue
TPR: Tetratricopeptide repeat
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pituitary tumors will occur in multiple members of a single family
in the absence of MEN1 or CNC. Family members will have
either the same or different types of PAs. Generally, PAs in
FIPA members appear at a younger age and will be larger than
sporadic PAs.
Mutations in the aryl hydrocarbon receptor-interacting protein

(AIP) gene have been confirmed to be associated with the
tumorigenesis of FIPA. AIP is localized at 11q13, near the MEN1
gene region, and acts as a tumor suppressor gene. The AIP protein
is composed of 330 amino acids, which have an N-terminal
immunophilin-like domain and a C-terminal tetratricopeptide
repeat (TPR) domain. The a-helices in the TPR domain mediate
molecular interactions with many proteins, including heat shock
proteins, aryl hydrocarbon receptor, estrogen receptor-a, phos-
phodiesterases (PDE4A5 and PDE2A3), glucocorticoid receptor,
and G proteins. These proteins are involved in signaling processes
in carcinogenesis, immunosuppression, and teratogenesis.3-6

However, the exact mechanisms of tumorigenesis by AIP muta-
tions are still poorly understood.
Figure 1. Magnetic resonance image of the sellar
region of the patient showing a macroadenoma with
suprasellar extension (31 � 24 �16 mm), constricting
the optic chiasma. (A) T2-weighted coronal image. (B)
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The first study of AIP mutations in the Chinese population
discovered several novel mutations in both patients with FIPA and
those with sporadic PA by analyzing AIP variants in silico; how-
ever, verification was not conducted.7 In the present study, we
investigated the involvement of a novel AIP mutation in a
Chinese family with FIPA and growth hormone (GH)-secreting
PAs. In addition, we examined the effect of the mutated AIP on
tumor cell growth and invasiveness.

METHODS

Case Presentation
A 6-year-old boy was taken to the Second Affiliated Hospital of
Zhejiang University School of Medicine with a chief complaint of
bilateral visual disturbance lasting 3 years. On examination, he
had diminished visual acuity and bitemporal hemianopsia. His
medical history included a right femoral fracture and a left
humeral fracture due to an accident. At the initial examination, his
height and weight were 138 cm and 33 kg, respectively. Magnetic
T1-weighted sagittal image. (C) T1-weighted contrast-
enhanced sagittal image. (D) T1-weighted
contrast-enhanced coronal image.
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resonance imaging (MRI) of the sellar region displayed a macro-
adenoma with suprasellar extension (31 � 24 � 16 mm), which
constricted the optic chiasma and enlarged the sella turcica
(Figure 1).
Endocrine tests showed elevated levels of basal serum GH (78.3

ng/mL), insulin-like growth factor 1 (IGF-1; 433.0 ng/mL), and
prolactin (12895.2 mIU/L). No other hormonal abnormalities were
detected.
The patient underwent tumor resection with transsphenoidal

surgery with an endoscope. The tumor was almost fully removed,
with consequent resolution of the visual field defect concomitantly
with a reduction in the GH (12.73 ng/mL), IGF-1 (290.0 ng/mL),
and prolactin (185.5 mIU/L) levels. At 10 months postoperatively,
no evidence of recurrence was demonstrated on the follow-up
MRI. Further immunohistochemical analysis revealed the tumor
was a mammosomatotroph adenoma with perinuclear positivity of
cell adhesion molecules (CAM5.2) and <2% Ki-67 (Figure 2).

Family History
The patient’s mother (at 33 years old) and older brother (at 6 years
old) underwent PA resection via a transsphenoidal approach at
another hospital in 2006. Their initial clinical presentation also
involved visual field deficits. The tumor sample from the mother
was pathologically confirmed as a GH-secreting PA, and that from
the older brother was diagnosed as a mammosomatotroph
adenoma. Neither of them showed evidence of tumor relapse on
the follow-up MRI scans, although the mother still presented with
acromegaly on the physical examination (Supplementary Figure 1).
The family members also provided written informed consent, and
additional family members were studied (Figure 3). All family
members studied were clinically excluded from having MEN1 or
CNC and did not carry MEN1 mutations, as determined by
Figure 2. Immunostaining of the younger boy’s pituitary adenoma tissue
(400� amplification; scale bar, 100 mm): (A) hematoxylin and eosin &E
staining, eosinophilic; (B) growth hormone staining and (C) prolactin
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conventional sequencing. No family members displayed
acromegaly, except for the mother and her 2 sons, as described.

Standard Protocol Approval and Patient Consents
The study procedures were in strict accordance with the ethics
standards of the committee on human experimentation and the
1975 Declaration of Helsinki. The institutional ethics committee of
the Second Affiliated Hospital of Zhejiang University Medical
School approved the protocols, in accordance with to the third
edition of the Guidelines on the Practice of Ethical Committees in
Medical Research issued by the Royal College of Physicians of
London. All subjects gave written informed consent in accordance
with the Declaration of Helsinki.

AIP Genetic Analysis
Genomic DNA isolation from ethylenediaminetetraacetic acid
(EDTA) blood or tumor samples of patients and unaffected
members of this family was performed as described previously.7

The AIP gene and protein sequences were based on Ensembl
sequences (ENST00000279146, ENSG00000110711, and
ENSP00000279146). Polymerase chain reaction (PCR) of AIP
exonic sequences was performed with 5 specific primer pairs
(Supplementary Table 1), using AmpliTaq Gold DNA Polymerase
(Qiagen, Shanghai, China), according to the manufacturer’s
instructions. Next, the PCR products were purified using the
Ampure system (Agencourt Bioscience Corporation, Beverly,
Massachusetts, USA) and sequenced using ABI3100 and BigDye
Terminator, version 3.1, Technology (Applied Biosystems, Foster
City, California, USA). The complete AIP coding region was
sequenced from both ends, including the exon/intron junctions.
Finally, the identified mutations were reamplified and
resequenced from both ends.
staining, mammosomatotroph adenoma; (D) CAM5.2 staining showing
perinuclear positivity; (E) p53 staining, with negative findings; and (F) Ki-67
staining showing <2%.
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Figure 3. Pedigree of the family. The proband of the
family is indicated by an arrow. Squares indicate male
family members; circles, female family members;
diagonal lines, deceased members; and blue bias,

affected members. The “I2”member with the “?”
symbol had died and was a foster son without any
information of his family tree.
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Heterozygous Deletion (Loss of Heterozygosity) Analysis
The only tumor sample in the present study was from the 6-year-
old patient. Hence, loss of heterozygosity was performed using
multiplex ligation-dependent probe amplification (MLPA) analysis
with an MLPA kit (code no. P244-B1 AIP-MEN1; MRC Holland,
Amsterdam, The Netherlands) on the patient’s blood and tumor
samples, in accordance with the manufacturer’s instructions. The
data were further analyzed using the Coffalyser MLPA data,
version 8, which generated a relative ratio from a comparison of
the tumor and normal tissues from the boy, normalized to the
unrelated healthy blood. In the present analysis, a ratio between
0.65 and 0.85 was considered to indicate a suspected fragment
deletion, and a ratio of <0.65 implied a possible loss of
heterozygosity.

Bioinformatics Analysis
The effect of the newly detected AIP missense variant on protein
structure or function was predicted in silico using PolyPhen-2
(available at: http://genetics.bwh.harvard.edu/pph2/) and SIFT
(available at: http://sift.jcvi.org), which supply a prediction for an
overall pathogenic score. Additionally, UCSC Genome Bioinfor-
matics (available at: genome.ucsc.edu/cgibin/hgGateway), human
single nucleotide polymorphism databases (available at: http://
www.ncbi.nlm. nih.gov/SNP/snp.summary.cgi), and Exome
Variant Server (available at: http://evs.gs.washington.edu/EVS/)
were consulted.

Construction of Expression Vectors
Complementary DNA (cDNA) encoding full-length human AIP
was generated by reverse transcription (RT) PCR of total RNA
extracted from 293FT cells. The PCR products were cloned into the
expression vector, pcDNA 3.1(þ), containing a FLAG epitope, and
construction of mutated AIP (R315*, T171I) expression vectors was
performed using site-directed mutagenesis. Furthermore,
wild-type AIP and AIP-small interfering RNA (siRNA) expression
vectors were prepared for subcloning into the pCI-neoAIP-myc
e48 www.SCIENCEDIRECT.com WORLD NE
plasmid vector for the final transfections. Therefore, 6 experi-
mental groups were included according to the subcloned vectors:
control (no vector), blank vector, wild-type AIP, mutated AIP
(Q315* or T171I), and AIP-siRNA.

Cell Proliferation Assay
293FT cells and the rat somatomammotroph pituitary cell line,
GH3, were used in our experiment. The 293 FT cells were cultured
in high-glucose Dulbecco’s modified Eagle medium with 10% fetal
bovine serum (FBS), and GH3 cells were cultured in Roswell Park
Memorial Institute-1640 medium with 10% FBS. The culture
media contained 100 U/mL penicillin G and 0.1 mg/mL strepto-
mycin (Invitrogen, Shanghai, China). The cells were maintained in
a humidified 5% carbon dioxide, 95% air incubator at 37�C and
were passaged at w80% confluence using trypsin-EDTA solution
(0.05% trypsin, 0.5 mM EDTA). Transfections were performed
using Effectene Reagent (Qiagen), as recommended by the
manufacturer. Cell proliferation assays were performed using the
Cell Counting Kit-8 (catalog no. CP002; SAB, College Park,
Maryland, USA). The absorbance of cell supernatant aliquots at
450 nm was measured using an automatic plate analyzer (Bio-Rad
Labs, Hercules, California, USA). We performed each experiment
3 times.

Transwell Invasion Assay
We coated 8-mm Transwell inserts in a 24-well plate with 150 mL
of a mixture of culture medium and reconstituted Matrigel (BD
Biosciences, Seattle, Washington, USA) at a ratio of 2:1. Cell
suspension (300 mL) of 293FT or GH3 cells containing 5 � 105

cells/mL was loaded into the upper compartment and was allowed
to invade the medium containing 10% FBS in the lower wells of
the migration plate for 24 hours. Noninvading cells were removed
mechanically using cotton swabs, and the membranes were
stained with 1% crystal violet solution. The stained membranes
were washed 3 times with distilled water before being photo-
graphed via a microscope. The crystal violet staining of the
UROSURGERY, https://doi.org/10.1016/j.wneu.2018.11.021
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membranes was dissolved in 33% ethylic acid, and 100 mL of the
solution from each sample was transferred to a 96-well microtiter
plate and measured at optical density 560 nm in a plate reader.

Enzyme-Linked Immunosorbent Assay
The levels of GH and interleukin (IL)-6 secreted into the culture
medium by GH3 cells of each group were measured in 3 inde-
pendent experiments using the rat GH and IL-6 enzyme-linked
immunosorbent assay kit, respectively, according to the manu-
facturer’s protocols.

Protein Extraction and Western Blot Analysis
The cells were harvested on ice using modified radio-
immunoprecipitation assay buffer with complete protease inhibi-
tor cocktail (Roche, Shanghai, China). The samples were
incubated on ice for >1 hour with occasional gentle vortexing, and
debris and insoluble materials were pelleted by centrifugation at
14,000g for 10 minutes. Total protein (20 mg) was loaded on so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis, sepa-
rated, and transferred onto a nitrocellulose membrane. The
immunoblots were incubated in 3% bovine serum albumin, 10
mmol/L Tris-HCl (pH 7.5), 1 mmol/L EDTA, and 0.1% Tween 20 at
room temperature and probed with primary and appropriate
secondary antibodies. The antibodies used included AIP
(ab192024; Abcam, Cambridge, UK), STAT3 (9139; CST, Danvers,
Massachusetts, USA), phosphorylated STAT3 (9145; CST), Sstr2
(ab134152; Abcam), Zac1 (ab90472; Abcam), and b-actin
(4970; CST).

Real-Time PCR
To examine messenger RNA expression levels, 2 � 105 GH3 or
293FT cells of each group were seeded on 24-well plates, and total
RNA was prepared after 48 hours of incubation using an RNeasy
kit. cDNA was prepared from 1 mg of total RNA using the Quan-
tiTect RT kit, and RT-PCR was performed using Light Cycler 2.0
and SYBR Premix Ex Taq II. The primers are listed in
Supplementary Table 1. The PCR conditions are available on
request.

Statistical Analysis
All experiments were performed �3 times. Statistical analysis was
performed using 1-way analysis of variance with Tukey’s post hoc
test, as appropriate, using GraphPad Prism, version 5.0, software
(GraphPad Software, La Jolla, California, USA). All data are
expressed as the mean � standard error of the mean. P < 0.05 was
considered to indicate statistical significance.

RESULTS

Novel AIP Mutation in GH-Secreting FIPA
The AIP variant status in the germline of the 3 patients and their
relatives was examined. We found a heterozygous missense mu-
tation caused by a C to T nucleotide substitution in exon 4 (c.512
C>T) of the AIP gene in each patient but not in any normal
relatives (Figure 4A) nor in any normal controls. This mutation
resulted in replacement of a threonine codon with an isoleucine
at amino acid position 171 (p.T171I), near the first
TPR-containing domain (p.179-212) that were verified to be
WORLD NEUROSURGERY 123: e45-e59, MARCH 2019
associated with a predisposition to PA.8 To quantify the relative
copy number of the AIP gene in the 11q13 region in the PA, we
performed MLPA analysis on the sample from the younger boy.
That analysis demonstrated an w50% decrease in the copy
number of the genes located in this region. In addition to the
exons of the AIP, a somatic monoallelic deletion of 1 copy of
other genes in these loci was observed in the tumor tissue,
including MEN1, SNX15, FAM89B, RELA, SART1, BRMS1, and
CCND1 (Figure 4B).

Analyses of AIP Mutation In Silico
Multialignment analysis confirmed that the T171 residue in AIP is
phylogenetically conserved (Supplementary Figure 2). The
prediction software, PolyPhen-2, suggested that the substitution
might be damaging to the AIP protein structure with high sensi-
tivity and specificity (Supplementary Figure 3A). Another software
program, SIFT, indicated that the substitution could be damaging,
with high confidence prediction and a median conservation <3.25
(Supplementary Figure 3B). Therefore, combined with the MLPA
results, we believe this AIP variant (c.512 C>T, p.T171I)
contributes to the development of PA.

Inhibitory Effect of the AIP Variant on Cell Proliferation
First, the effect of this AIP variant on cell proliferation was
examined in both 293FT and GH3 cell lines. When overexpressing
wild-type AIP, both cell lines demonstrated significant inhibition
of cell growth compared with cells transfected with the control
vector (at 24, 48, and 72 hours). However, overexpression of
p.T171I AIP, or the positive control p.Q315* or AIP siRNA, did not
inhibit cell proliferation in either cell line (the inhibition ratios vs.
the blank vector group were all negative), implying loss of the
antineoplastic effect (Figure 5A,B).

Promoting Effect of the AIP Variant on GH Secretion
The culture medium of GH3 cells overexpressing wild-type AIP was
examined and had a lower GH level than that of the control group.
Furthermore, GH3 cells transfected with p.T171I AIP, or the pos-
itive control p.Q315* or AIP siRNA, secreted more GH than did the
cells from the blank vector group. These results suggest that the
novel variant promotes GH secretion (Figure 6).

Novel AIP Variant Promotes GH3 Cell Invasion
GH3 cells expressing p.T171I AIP invaded the medium in the lower
wells more than did the control, similar to cells expressing
p.Q315* or AIP siRNA. In contrast, cells transfected with wild-type
AIP invaded the lower wells much less (P < 0.05; Figure 7). This
result indicated that the novel variant stimulated tumor cell
invasiveness.

Effect of Novel AIP Variant on Expression of IL-6/STAT3 Pathway
The IL-6 secretion levels from both cell lines with the novel AIP
variant were greater than those from the control cells or wild-type
AIP-expressing cells (Figure 8A). Moreover, the novel AIP variant-
overexpressing cells expressed more phosphorylated STAT3
(Tyr705) but not total STAT3 (Figure 8B), which plays an important
role in GH secretion.9,10
www.journals.elsevier.com/world-neurosurgery e49
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Figure 4. DNA sequencing and multiplex
ligation-dependent probe amplification (MLPA)
analysis. (A) The missense mutation, c.512 C>T (p.
T171I), in exon 4 of the AIP gene was found in the
genomic DNA of the 3 patients’ blood samples. (Top)
Graph showing forward sequencing results and
(Bottom) graph showing reverse sequencing result for

further confirmation. (B) Multiplex ligation-dependent
probe amplification analysis of genomic DNA extracted
from the younger boy’s tumor sample. Probe signals
from all exons of the AIP gene were significantly
decreased (<0.65), as were those from other loci on
11q13, indicating the presence of a large deletion
across these loci, at least in the tumor sample.
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Figure 5. The effect of the mutation on cell
proliferation. (A) 293FT and (B) GH3 cell lines were
examined for verification of the effect of the new AIP
mutant on cell proliferation using the Cell Counting
Kit-8 method (at 24, 48, and 72 hours). (Bottom) The
data represent the relative increased inhibition ratio of
cell proliferation of each group versus the blank vector

group at each time point. Negative numbers indicate
that the proliferation of cells relative to the blank vector
group was not inhibited but promoted. We performed
analysis of variance and the Tukey post hoc test for the
optical density (OD) of 450 nm of each group at each
time point compared with the blank vector group (*P <
0.05; yP < 0.01). siRNA, small interfering RNA.
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Expression of Zac1 and Sstr2 in GH3 Cells Expressing the Novel
AIP Variant
We observed that the expression of the downstream antineoplastic
gene, Zac1, in GH3 cells expressing the novel AIP variant was
Figure 6. Effect of the AIP mutation
on growth hormone (GH; Gh)
secretion. The GH level in the culture
medium from GH3 rat
somatotropinoma cell line at 48 hours
was examined using enzyme-linked
immunosorbent assay. We
performed analysis of variance and
the Tukey post hoc test; data are
presented as the mean � standard
error of the mean (*P < 0.05; yP < 0.
01).
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significantly lower than that in the control group or wild-type AIP-
overexpressing group (Figure 9A). Additionally, the expression of
the somatostatin analogue (SSA)-sensitive gene, Sstr2, in GH3 cells
expressing the novel mutant was significantly reduced compared
with the wild-type AIP-overexpressing or control group
(Figure 9B). Moreover, Sstr2 expression in cells with AIP siRNA
was increased significantly more than that in cells from the
control or wild-type AIP-overexpressing group. These findings
might explain why the tumors with AIP mutation or less AIP
expression have a drug resistance phenotype.11
DISCUSSION

PAs are usually benign tumors inwhich classic oncogenes are seldom
mutated. It has been identified that loss or gain of function of some
genes leads to pituitary tumorigenesis.12 Cases with a familial
background account for 5% of PAs, either as part of another
syndrome (i.e., MEN1 and MEN4, CNC, neurofibromatosis) or in
FIPA, which only affects the pituitary gland.1 FIPA is characterized
by the manifestation of PAs in �2 members of the same family
without other syndromic features. FIPA can be either homogeneous
(affecting members with an identical tumor type) or heterogeneous
(affecting members with different tumor types). In the present
study, the case was a typical homogeneous FIPA with GH-secreting
PA in all 3 affected members.
In the FIPA cases, 1 of the most important genes is AIP in

which mutations and deletions are associated with FIPA
www.journals.elsevier.com/world-neurosurgery e51
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Figure 7. Transwell cell invasion analysis of the novel
variant in GH3 cell line. (A) Graphs of cells invading the
lower wells of each group (200� amplification): (a)
control group, (b) blank vector, (c) wild-type AIP, (d).
AIP small interfering RNA (siRNA), (e) AIP Q315*, (f)

AIP T171I. (B) Results of analysis of variance and the
Tukey post hoc test for invading cell count; data
presented as the mean � standard error of the mean
(*P < 0.05; yP < 0.01).
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tumorigenesis. Inactivation germline mutations in the AIP gene
account for 17% of FIPA cases with low penetrance.13,14 The
human AIP gene encodes a 37-kDa protein of 330 amino acids
that consists of an N-terminal immunophilin-like domain15 and
a highly conserved C-terminal with 3 TPR domains and an a-7
helix.8 The conserved C-terminal motif was confirmed to
mediate AIP interactions with a number of partners.6 Because
loss-of-function variants of AIP predispose to PAs, AIP is
believed to be a tumor suppressor gene in the pituitary.
Furthermore, sporadic GH-secreting pituitary tumors with lower
AIP expression are aggressive and drug resistant.16,17 The
e52 www.SCIENCEDIRECT.com WORLD NE
antiparallel a-helices are considered to be essential for AIP
binding function; thus, damage to these structures might
contribute to pituitary tumorigenesis.
In the present study, we report the case of a family with FIPA

in which the mother and her 2 male children had developed a
GH-secreting PA. The novel mutation, p.T171I, was identified in
the germline of all 3 patients but was absent in the other healthy
relatives. Additionally, MLPA analysis of the PA tissue from the
younger boy showed at least a 2.5-Mb deletion in 11q13 con-
taining the AIP locus. The loss of the wild-type allele in 11q13
from MEN1 to CCND1 in the PA was observed,18-20 including 3
UROSURGERY, https://doi.org/10.1016/j.wneu.2018.11.021
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Figure 8. The mutation effect on interleukin (IL)-6 and
Stat3 expression. (A) Analysis of the effect of the novel
AIP variant on IL-6 secretion levels from both GH3 and
293FT cell lines (analysis of variance and Tukey post
hoc test; data presented as the mean � standard error

of the mean; *P < 0.05; yP < 0.01). (B) Western blot
analysis of total STAT3 and phosphorylated STAT3
(Tyr705) expression in the different groups (1, control;
2, blank vector; 3, wild-type AIP; 4, AIP small
interfering RNA (siRNA); 5, AIP Q315*; 6, AIP T171I).
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Chinese patients with PA with previously reported AIP muta-
tions.7 In addition, deletion of the normal alleles of AIP alleles at
the somatic level in tumor tissues usually spans a larger region
than that at the germline level. The molecular mechanism is
still unclear.
In silico analysis predicted that the p.T171I variant might have a

damaging effect on the structure of the AIP protein. To date, >90
mutations of AIP have been identified as tumor causing (from
Human Gene Mutation Database data).21 Approximately 75% of
AIP mutations will lead to an impaired C-terminal TPR domain
and an a-helix, thus losing the ability to interact with other
client proteins.8,22 Although the novel mutation is not located
within the TPR domain, although near the first repeat (179e212),
considering the family history and the MLPA analysis results, it is
likely pathogenic by affecting the motif secondary or tertiary
structure, indirectly.
Hence, the following in vitro experiments were performed to

verify the prediction. First, both 293FT and GH3 cells transfected
with AIP p.T171I (experimental group) grew much faster than did
the blank control (negative control) and the wild-type AIP-
overexpressing groups but slower than the AIP-siRNA group
(positive control). The cell proliferation rate of the experimental
WORLD NEUROSURGERY 123: e45-e59, MARCH 2019
group was similar to that of the AIP p.Q315* group, which has
been shown to influence pituitary tumor cell growth.23

Furthermore, the experimental group cells appeared more
aggressive, similar to the positive control and p.Q315* groups.
As stated, the C-terminal domain of AIP protein is the main
domain that interacts with other partners. By forming a
complex with p23 and Hsp90 at its C-terminal domain, AIP is
able to prevent the ubiquitin-mediated degradation of aryl
hydrocarbon receptor,24 which can act as a transcription factor
of some genes, and its expression can be suppressed by low
AIP expression or AIP mutation.16,25 Moreover, recently, AIP
was suggested to affect the Gai-cyclic adenosine mono-
phosphate pathway mediating somatotroph cell proliferation
and somatostatin action.26

AIP has also been shown to regulate the cell cycle by influencing
the expression of the tumor suppressor protein, ZAC1, whose
activation can be triggered by SSAs via SSTR2. Clinically, ZAC1
expression was decreased when AIP was downregulated.27,28 The
membranous expression of SSTR2 is a prerequisite for the
responsiveness to SSAs. Although previous studies have
confirmed that tumors with reduced AIP expression were
frequently resistant to first-generation SSAs, some showed no
www.journals.elsevier.com/world-neurosurgery e53
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Figure 9. Analysis of the effect of the novel AIP variant
on the (A) Zac1 and (B) Sstr2 expression (messenger
RNA and protein levels) in GH3 cell lines (analysis of

variance and Tukey post hoc test for messenger RNA
expression; data presented as the mean � standard
error of the mean; *P < 0.05; yP < 0.01).
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difference in SSTR2 expression between sporadic somato-
tropinoma with low or conserved AIP expression17 or AIP
mutation-positive somatotropinoma and AIP mutation-negative
cases.27 Recently, using a more sensitive scoring system that
accounts for the subcellular localization rather than the staining
intensity, it has been observed that samples with low AIP
expressed SSTR2 at a lower score compared with those with
conserved AIP expression.29 This implied that lower AIP
expression or deficient AIP function could explain why some
patients had tumors resistant to SSA treatment.16,30-32 Therefore,
we believe that AIP-SSTR2-ZAC1 signaling mediates the antitumor
effect of SSAs on PAs. In the present study, we found that the
novel AIP mutation reduced the expression of SSTR2 and ZAC1,
partially explaining the tumors’ invasiveness and the onset at a
young age. Because all 3 patients had undergone surgery as first
therapy, the tumors were almost totally resected, and it was
unknown whether the patients with the novel AIP mutation were
resistant to SSAs, SSA treatment was not suggested. Although low
AIP expression or an AIP mutation is a risk factor for SSA resis-
tance, patients with an AIP-deficient pituitary tumor might benefit
from the multireceptor-targeted (SSTR1, SSTR2, SSTR 3, SSTR 5)
SSA, pasireotide, which requires confirmation in a larger series of
samples in the future.29

In addition to the mass effect, GH-secreting PAs can lead to
acromegaly or gigantism, as well as other complications caused
by IGF-1 directly. Thus, reducing the GH and IGF-1 levels became
the target of GH-secreting PA therapy. In the present study, the 3
e54 www.SCIENCEDIRECT.com WORLD NE
patients with FIPA had greater GH and IGF-1 levels in their
serum preoperatively. In vitro, the novel p.T171I mutation
discovered in the 3 patients promoted GH secretion. In the
recently established novel somatotroph cell line, GH3-FTY, the
endogenous Aip was completely disrupted using the CRISPR/
Cas9 method. Aip inactivation in this cell line caused GH over-
production through IL-6/Stat3 pathway activation, which could
be reversed by the exogenous expression of wild-type Aip.9

However, in another study, GH induced Stat3 phosphorylation
in GH3 cells, implying that an autoregulatory positive-feedback
loop might exist between Stat3 and GH in somatotropic tumor
cells.10 In the present study, the cells with the novel mutation
expressed increased IL-6 and phosphorylated Stat3 levels. It
might be that AIP inactivation by the AIP mutation initiates a
vicious circle between Stat3 phosphorylation and GH over-
production. Nevertheless, the relationship among AIP, GH, and
IL-6/Stat3 should be studied further.
Although a novel AIP disease-causing mutation was identified

in FIPA cases, AIP germline mutations account for only 17% of
families with FIPA families.13 Duplication of the GPR101 gene in
the Xq26.3 region has recently been discovered to be involved
in the pathogenesis of FIPA X-linked acrogigantism.33

However, it is unknown what genetic mutation most families
with FIPA will harbor. In the present study, other
tumorigenesis-related gene mutations might have been discov-
ered if we had had the tumor samples from the mother and her
older son.
UROSURGERY, https://doi.org/10.1016/j.wneu.2018.11.021
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CONCLUSION

The novel missense mutation in the AIP gene, p.T171I, identified
in a Chinese GH-secreting FIPA case, is a pathogenic variant that
stimulated tumor cell proliferation and invasiveness and
GH hypersecretion. The AIP-SSTR2-ZAC1 and AIP-IL-6-STAT3
pathways might be involved in these cell processes. However,
further research is required to elucidate the molecular
mechanism.
WORLD NEUROSURGERY 123: e45-e59, MARCH 2019
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SUPPLEMENTARY DATA
Supplementary Figure 1. Family photograph of the 3 patients taken
in 2016.
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Supplementary Figure 3. In silico prediction of the novel
mutation. (A) PolyPhen-2, version 2.2.2r398: the
mutation (protein access no. O00170 T171I) was
predicted to be possibly damaging with greater scores.

(B) SIFT prediction: ENSP00000279146, T171I was
predicted to be damaging with high confidence
prediction.

Supplementary Figure 2. Sequence alignment of aryl hydrocarbon
receptor-interacting protein (AIP) protein in different species using Alamut
software (Rouen, France). The number 171 at the top represents the

related site in 12 different species at the location of the missense mutation
in the present study. The darker the blue, the more conserved the residue
of AIP protein.
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Supplementary Table 1. Primer Sequences for Reverse
Transcription Polymerase Chain Reaction of Messenger RNAs
Used in the Present Study

mRNA Primer Sequence

IL-6

Primer F 50-ACCAGGAACGAAAGTCAACTC-30

Primer R 50-TGGCTGTCAACAACATCAGTC-30

Zac1

Primer F 50-CTTGCTTGGCGTGTGGTTG-30

Primer R 50-CTAGGATGGCCGTCTTCTGTG-30

GH

Primer F 50-AGTTCGAGCGTGCCTACATTCC-30

Primer R 50-CAGCGAGAAGCGAAGCAATTCC-30

Sstr2

Primer F 50-GTGCTTGCCCGCTATGTAATC-30

Primer R 50-AGTCCTTGTCGTCAGGTTCAG-30

Gapdh

Primer F 50-GTCGGTGTGAACGGATTTG-30

Primer R 50-TCCCATTCTCAGCCTTGAC-30

IL-6

Primer F 50-GCACCTCAGATTGTTGTTG-30

Primer R 50-AGTGTCCTAACGCTCATAC-30

SSTR2

Primer F 50-TCTGCCTTTCTTGGCTATG-30

Primer R 50-GCTGGTGAACTGATTGATG-30

ZAC1

Primer F 50-ATCCTGCCTCATTTCCATC-30

Primer R 50-TCATCTCAAGCCAGTCATC-30

GAPDH

Primer F 50-AATCCCATCACCATCTTC-30

Primer R 50-AGGCTGTTGTCATACTTC-30

mRNA, messenger RNA; IL-6, interleukin-6; F, forward; R, reverse; GH, growth hormone;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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