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Abstract Mutations spanning the entire aryl hydrocarbon re-
ceptor–interacting protein (AIP) gene have been found in iso-
lated familial cases of pituitary adenomas (PA). Missense mu-
tations located in the N-terminus of the gene have been iden-
tified in several patients. However, the functional significance
of these mutations remains a matter of controversy. In most
studies, the N-terminus of AIP has been shown to regulate
protein stability and subcellular localization of the AIP-
AHR-HSP90 complex but not to be involved in protein–pro-
tein interactions. Other studies found that the N-terminal do-
main interacts directly with other proteins. The aim of this
study was to analyze whether specific N-terminus AIP muta-
tions identified in PA patients would be functionally different
from wild-type (WT) AIP. In vitro analyses were used to as-
sess the role of knownN-terminus variants, a locally identified
mutant, R9Q, and three other commonly genotyped N-
terminus mutations R16H, V49M and K103R are found in
PA patients. Given the functional effect of WT AIP on
cAMP signalling alterations caused by N-terminus mutants
on this pathway were also analyzed in GH3 cells. Results
indicate that N-terminus mutations lead to de-regulation of
the effect of WT AIP on cAMP signalling and increased
cAMP thresholds in GH3 cells resulting in increased growth

hormone (GH) secretion. Cycloheximide chase analysis iden-
tified a variation in protein degradation patterns between WT
and N-terminus variants. Therefore, both functional and struc-
tural studies reveal that N-terminus mutations in the AIP gene
alter protein behaviour significantly and hence can truly be
pathogenic in nature.

Introduction

Pituitary tumours are common and generally benign neo-
plasms of the brain. Approximately, one fourth of familial
cases of pituitary adenomas are found to harbour germ-line
mutations in the aryl hydrocarbon receptor- interacting protein
(AIP) [1]. A number of studies have revealed that patients
with AIP mutations have functional tumours with earlier on-
set, characteristically more aggressive tumours that do not
respond well to treatment and require more surgical inter-
vention [2]. The AIP is a co-chaperone protein with an N-
terminal FKBP-like domain that lacks any PPIase activity
and a C-terminal domain with three tetratricopeptide re-
peats (TRP). Most common gene alterations result in ami-
no acid substitutions or a truncated AIP protein particular-
ly within the C-terminus which is mainly responsible for
protein–protein interactions [3]. AIP has been shown to
act as a tumour suppressor in pituitary cells [2].
Mutations within the gene alter this ability to varying
degrees, with truncating and frame-shift mutations having
the most deleterious effects while point mutations leading
to missense substitutions have varying degrees of effect of
AIP’s tumour suppressive ability [2, 4].

AIP interacts with a number of proteins, among which are
several members of the cAMP signalling pathway, including,
the phosphodiesterases PDE4A5 and PDE2A, several nuclear
receptors and G-proteins α - subunit 13 (Gα13) and α -

* Robert Formosa
robert.formosa@um.edu.mt

* Josanne Vassallo
josanne.vassallo@um.edu.mt

1 Department of Medicine, Faculty of Medicine and Surgery,
University of Malta, Msida MSD2080, Malta

2 Neuroendocrine Clinic, Mater Dei Hospital, Msida, Malta

HORM CANC (2017) 8:174–184
DOI 10.1007/s12672-017-0288-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12672-017-0288-3&domain=pdf


subunit q (Gαq) [5–8]. The cAMP pathway plays a pivotal
role in endocrine neoplasms, particularly in secretory tumours
[9–12], owing to its effect on hormone production and release
and hence regulating cellular physiology and proliferation
[13]. Our group were the first to report the functional effect
of AIP on cAMP signalling and downstream effects on cAMP
targets as well as growth hormone (GH) secretion. This rep-
resented the first proposed mechanism of action by which AIP
may act as a tumour suppressor in pituitary cells [14]. Since
then, further evidence has been presented which supports our
findings [15].

Several mutations have been identified in the AIP gene
leading to truncation, frameshift, large deletions and amino
acid substitutions. Mutations leading to truncation or C-
terminus alterations have been considered to be the most dam-
aging since AIP interactions were believed to occur through
the C-terminus. However, there is now evidence that the N-
terminus plays an important role in protein interactions [16,
17]. The N-terminus was also shown to play an important role
in conserving the structure and stability of the AIP [18]. The
aim of this paper was to analyse mutations located in the N-
terminus of the AIP gene for serious deleterious effects on the
ability of AIP to act as a tumour suppressor. Specifically, we
studied the functional effect of four N-terminus missense mu-
tations, a locally identified variant, R9Q, and another three
common N-terminus variants, R16H, V49 M and K103R.
The functional alteration of the wild-type AIP as a result of
these missense mutations on cAMP signalling and growth
hormone secretion was analysed, together with stability of
the wild-type and mutant proteins in vitro settings.

Materials and Methods

Reagents, Plasmids, Cell Lines and Antibodies

Forskolin was purchased from Ascent Scientific (Bristol, UK)
while 3-isobutyl-1-methylxanthine (IBMX) and cyclohexi-
mide were purchased from Sigma (Germany).The pcDNA3-
WT-AIP expression vector was generously donated by Prof.
Marta Korbonits and contains the human AIP cDNA which
shares 97% homology to the rat Aip cDNAThe Rip1-Cre-Luc
plasmid [19] was generously donated by Dr. George Holz
(Upstate Medical University, New York). GH3 cells were also
donated by Prof. Korbonits and maintained in DMEM with
10% foetal bovine serum (Sigma) and 1% penicillin/
streptomycin (Sigma). AIP and β-actin antibodies were ob-
tained from Novus Biologicals (Colorado, USA).

Site-Directed Mutagenesis (SDM)

SDMwas carried out on the pcDNA3-AIP plasmid in order to
generate the four missense mutations required for the

expression of the variant proteins in vitro in GH3 cells.
SDM was carried out using the Phusion® Site-Direct
Mutagenesis kit (Finnzymes, Finland) using the manufac-
turers’ instructions. Point mutations for each mutant were ob-
tained using the following primers: R9Q (forward
a t c g c a c g c c t c c a g g a g g a c g g g a t c , r e v e r s e
cgtcctcctggaggcgtgcgatgatatcc ) , R16H (forward
ggacgggatccaaaaacatgtg, reverse tcccggaggcgtgcgatgat),
V49 M (forward acgacgagggcaccatgctggac, reverse:
cagcgtccggtagtggaacgtgg ) and K103R (forward
cccgctggtggccaggagtctc, reverse ccacatgcttgatgtcacagagg).
Plasmids were then transformed in DH5α E.coli, grown in
LB medium with ampicillin (Sigma) and extracted and puri-
fied for transfection using the AccuPrep Plasmid Mini
Extraction kit (Bioneer, S Korea). SDM success was verified
by sequencing prior to use.

MTT Proliferation Assays

GH3 cells were seeded in 96-well plates at 10,000 cells per
well. After 24 h, the mediumwas changed to 5% FBS without
antibiotics, and cells were transfected with 0.1 μg empty vec-
tor (pcDNA3) or wild-type/mutant AIP vector using Fugene
HD (Promega, UK) transfection reagent at a 3:1
(Fugene:DNA) ratio according to manufacturer’s instructions.
Cells were then left in the incubator for 48 to 96-h post-trans-
fection, and 20 μl MTT reagent (5 ml/ml) was added to each
plate at each time point, and readings were taken after 4 h
incubat ion using the Mithras LB 940 (Ber thold
Technologies, USA). Five repeats per treatment were used,
and experiments were carried out in triplicate.

Cycloheximide Chase and Western Blot Analyses

For the cycloheximide chase experiments, GH3 cells were
transfected with either pcDNA3 empty vector (EV), wild-
type AIP (WT) or one of the four variants, R9Q, R16H,
V49 M and K103R-AIP. GH3 cells were seeded in 6-well
plates, one plate per time point (0, 20, 24 and 28 h) at a
concentration of 1 X 106 cells per well. Plasmids were
transfected using Fugene (Promega, UK) at a ratio of 1:3
(DNA: Fugene) with 2.5 μg of DNA per well. Two days after
transfection, cells were treated with 100 μg/ml cycloheximide
and cells were lysed at different time points (0, 20, 24, 28 h)
from addition of cycloheximide in passive lysis buffer
(Promega, UK) and stored at −80 °C.

Protein quantification was carried out using a standard
Bradford assay. Thirty micrograms of proteins were then load-
ed on a 12% polyacrylamide gel and separated for 2 h at 100 V
after which proteins were transferred onto a nitrocellulose
membrane (Li-Cor Biosciences, USA) and checked for trans-
fer with Ponceau red stain. The membrane was then blocked
for 1 h with 5% low-fat Marvel milk in TBS-T, after which,
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the membrane was placed in a fridge overnight with both AIP
and β-actin antibodies (1:5000 dilution). After washes with
TBS and TBS-T, anti-mouse secondary antibody (1:10,000)
was applied (Li-Cor Biosciences, USA) for 1 h at room tem-
perature and washed again with TBS and TBS-T. The mem-
brane was then analysed using the Odyssey® infra-red Li-Cor
System. Analysis of band intensity was carried out using the
ImageJ® software.

cAMP Luciferase Reporter Assay, RNA Extraction
and Real-Time PCR

GH3 cells were plated in 24-well plates and transfection of
plasmids, and luciferase activity was carried out as previously
described [14]. Briefly, equal amounts of WT or mutant AIP
and Rip1-Cre-Luc reporter plasmid with 0.0125 μg of Renilla
(pSV40) plasmid were transfected per well with three repli-
cates per treatment. After 40 h, cells were treated with vehicle
(DMSO), 1 uM forskolin, 10 uM IBMX or both. After 8 h, the
medium was removed, cells were washed with cold PBS, and
100 μl of passive lysis buffer were added to each well. The
Dual Luciferase Assay kit (Promega, USA) was used to mea-
sure luciferase activity, read by luminometer (TD-20/20,
Turner Biosystems, USA).

For RNA extraction and real-time PCR, GH3 cells were
seeded in 6-well plates and transfected with either WT or
mutant AIP expression vectors. After 40 h, cells were treated
with vehicle, forskolin, IBMX or both, and cells were
trypsinized and lyzed for RNA extraction after 3 h. RNA
was extracted using the RNeasy Mini Kit (Qiagen,
Germany). Reverse transcription was carried out with the
GoScript kit (Promega, UK), and real-time PCR was carried
out for the rat inhibitor of DNA binding-1 (Id1) gene using the
ribonuclease inhibitor 1 (RI) and Gapdh genes as housekeep-
ing genes in the ABI7300 real-time thermocycler (Applied
Biosystems, USA). Primers were described earlier (14)

Intracellular cAMP and Secreted GH Quantification

GH3 cells were seeded in 24-well plates and transfected with
either WT or mutant AIP expression vectors using Fugene
reagent. After 48 h, the medium was changed, and cells were
either treated with 1 μM forskolin only, 10 μM IBMX follow-
ed by 1 μM forskolin after 30 min or left untreated. After 1 h,
the medium was collected and stored for GH quantification.
The cells were washed with PBS and lysed. Endogenous
cAMP was quantified using the Parameter Cyclic AMP kit
(KGE002B, R & D Systems, USA) following the manufac-
turer’s instructions while GH in the medium was measured
using the Rat Growth Hormone ELISA Assay (KRC5311,
Invitrogen, USA). Cell counting was carried out using a stan-
dard haemocytometer.

In Silico Analysis and Statistical Analysis

In silico studies were carried out on the WT and mutant var-
iants using the PolyPhen2 program (http://genetics.bwh.
harvard.edu/pph2/) which predicts the impact of an amino
acid change on the structure and function of protein. All data
were analysed using SPSS Statistics version 17 (IBM).
Kolmogorov-Smirnov test was carried out on all the raw data
to determine the distribution of the data. Normally distributed
data was analysed using the one-way ANOVA while non-
normally distributed data was analysed with the Kruskal-
Wallis analysis. Statistical significance was set at the 5% con-
fidence level.

Results

The aim of this study was to evaluate the impact of N-terminus
mutations of the AIP gene on the functional properties and
stability of the AIP protein as a whole. Our previous work
identified a novel mechanism of action of AIP highlighting
its ability to decrease cAMP production and downstream sig-
nalling in GH3 cells. Hence, we set out to investigate whether
these selected point mutations would influence the ability of
AIP to reduce cAMP signalling.

Proliferation Assays

In order to analyse the effect of the various N-terminal mutants
on AIP’s function as a tumour suppressor, MTT assays were
carried out. Over-expression of wild-type AIP was shown to
be able to reduce proliferative rates in GH3 cells in previous
studies (2). As observed in Fig. 1, WT-AIP was able to reduce
GH3 cell proliferation at all time points as compared to cells
transfected with an empty vector. N-terminal variants of AIP
were also able to reduce cell proliferation similarly as the
wild-type at 48 and 72-h post-transfection. However, at 96-h
post-transfection, the R9Q, R16H and V49 M variants of AIP
failed to reduce GH3 cells proliferation significantly com-
pared to the empty vector and instead had significantly higher
proliferation rates as compared to WT-AIP. The K103R vari-
ant failed to alter proliferation significantly when compared to
both WT-AIP and the empty vector.

WT versus N-Terminus AIP Variants: Downstream cAMP
Signalling

We evaluated the impact of the selected point mutations using
two methods. Firstly, a reporter gene assay in which the ex-
pression of the luciferase gene is driven by a cAMP-specific
promoter or cAMP response element (CRE) was utilized.
Secondly, the expression of a cAMP target gene, Id1, was also
analysed to verify the effect of AIP and its mutants on
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downstream cAMP signalling as, in this instance, transcrip-
tion of cAMP target genes. Forskolin, a cAMP–stimulating
chemical and IBMX, a general phosphodiesterase inhibitor,
are used in order to study the cAMP signalling pathway at
maximal stimulation since differences in AIP’s effect on

cAMP signalling were only observed at highly stimulated
scenarios in GH3 cells (14).

As observed in Fig. 2, as expected over-expression of WT
AIP reduces CRE-driven reporter activity as compared to con-
trol (EV) in the presence of forskolin, a behaviour which is not

Fig. 1 Proliferation assays of WT and N-terminus variants of AIP in
GH3 cells. GH3 cells were transfected with either pcDNA3 empty vector
(EV) or WT or N-terminus variants, and MTTanalysis was carried out at
3 time points after transfection. Points represent means of four separate
experiments with five replicates per experiment. Error bars indicate

standard error. (*1, p = <0.05 comparing all AIP expressing plasmids to
EVat 48 h; *2, p = <0.05 comparing all AIP expressing plasmids to EV
except the V49Mvariant at 72 h; *3, p = <0.05 comparingWT-AIP to EV
at 96 h; #, p = <0.05 comparing the R9Q, R16H and V49M N-terminus
variant to WT-AIP at 48 h)

Fig. 2 WT versus N-terminus
variants of the AIP protein on
cAMP-driven transcription.
Luciferase reporter activity of
GH3 cells transfected with either
empty vector (EV), wild-type
(WT) or N-terminus variant AIP
(R9Q, R16H, V49M and K103R
expression vectors) and rat Rip1
promoter-driven luciferase ex-
pression plasmid. Treatment with
10 μM IBMX and/or 1 μM
forskolin 48 h after transfection is
described below. Bars represent
means of five separate experi-
ments with three replicates per
experiment. Error bars indicate
standard error. (*p = <0.05,
**p = <0.005; For, forskolin)

HORM CANC (2017) 8:174–184 177



altered by the pre-treatment with the general phosphodiester-
ase inhibitor IBMX. No differences were observed on basal
non-stimulated levels of expression of the luciferase gene.
However, stimulation with forskolin revealed statistical differ-
ences between WT and mutant AIP variants. Although the
R9Q, R16H and K103R mutants were able to reduce
forskolin-induced CRE-driven luciferase expression when
compared to the control, the R9Q and R16H N-terminus var-
iants were able to do so significantly less than the WT AIP.
Interestingly, the V49M variant did not even alter CRE-driven
luciferase activity when compared to the control in the pres-
ence of forskolin, but it did when treated with forskolin and
IBMX, while the K103R mutant did not differ significantly in
its activity in relation to the WT. Pre-treatment with IBMX
showed the same differences between WT and mutant AIP
protein activity. Furthermore, the difference between the con-
trol and V49 M variant was more apparent and reached statis-
tically significance as observed in Fig. 2.

The second set of experiments on the effect of AIP over-
expression on cAMP downstream signalling involved the di-
rect measurement of a cAMP target gene by real-time PCR.
The Id1 gene is a well characterized cAMP target gene with a
verified CRE in its promoter region [20–23]. As observed in
Fig. 3, Id1 expression is sensitive to forskolin addition which
increases cAMP concentrations in all cell types. The results
obtained for this indicator of cAMP signalling mirror closely
those obtained for the CRE-driven-luciferase activity. Over-
expression ofWTand mutant AIP did not alter non-stimulated
Id1 gene expression while forskolin-induced Id1 expression

was significantly lower in cells over-expressing the WT AIP
as compared to empty vector control. The R9Q, R16H and
V49M variants failed to reduce Id1 expression in forskolin-
stimulated conditions and had significantly higher expression
of this gene as compared to the WT. Similarly, these variants,
failed to reduce Id1 expression when pre-treated with IBMX
when compared to WT AIP, while the K103R variant also
failed to reduce Id1 expression significantly when compared
to control but was also not significantly different from theWT
behaviour. Hence the R9Q, R16H and V49Mmutant variants
show significant difference in behaviour to the WT AIP but
not to the control while the K103R shows no difference in
behaviour when compared to both WT AIP over–expressing
and control GH3 cells and under all chemical conditions.

WT versus N-Terminus Variants: cAMP Concentrations
and GH Secretion

Total intracellular cAMPwas measured (Fig. 4) since AIP was
shown to alter cAMP production through its interaction with
the Gαi proteins [14, 15]. Over-expression of EV, WT and N-
terminus mutants did not alter basal levels of cAMP produc-
tion. However, in the presence of forskolin cells transfected
with WTand K103R variant, AIPs reduced cAMP concentra-
tions significantly as compared to control cells while the other
variants failed to do so. GH3 cells expressing the R16H and
V49M AIP variant had a cAMP concentration significantly
higher than WT over expressing cells under forskolin stimu-
la t ion . Pre- t rea tment wi th IBMX which abla tes

Fig. 3 WT versus N-terminus variants of the AIP protein on cAMP
target gene expression. Id1 mRNA expression of GH3 cells transfected
with empty vector (EV), wild-type (WT) or N-terminus variants of AIP
and untreated or treated with 10 μM IBMX and/or 1 μM forskolin. The

expression was normalized against the Ri housekeeping gene. Bars rep-
resent means of three separate experiments with two replicates per exper-
iment. Error bars indicate standard error. (*p = <0.05, Fors, forskolin)
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phosphodiesterase activity, revealed even greater differences.
Under PDE-inhibiting conditions, WTAIP retained the ability
to reduce cAMP concentrations significantly when compared
to the control while all mutant variants lost this ability.
However, under these conditions, the R9Q, R16H and
V49M over-expressing variant cells contained cAMP levels

significantly higher than theWTover-expressing cells indicat-
ing a loss of cAMP-supressing ability under these conditions.

GH secretion was regulated in parallel to the cAMP con-
centrations (Fig. 5) as would be expected given the direct
effect of cAMP level changes on GH secretion reported pre-
viously [13]. No differences were observed on basal levels of

Fig. 4 WT versus N-terminus variants of the AIP protein on intracellular
cAMP concentration. Total intracellular cAMP of GH3 cells transfected
with empty vector (EV), wild-type (WT) or N-terminus variants of the
AIP. Treatment with 10 μM IBMX and/or 1 μM forskolin 48 h after

transfection is described below. Bars represent means of four separate
experiments with three replicates per experiment. Error bars indicate
standard error. (*p = <0.05, Fors, forskolin)

Fig. 5 WT versus N-terminus variants of the AIP protein on GH secretion.
Extracellular GH secreted from GH3 cells transfected with either empty vec-
tor (EV), WT or N-terminus variants of the AIP. Treatment with 10 μM

IBMX and/or 1 μM forskolin 48 h after transfection is described below.
Bars represent means of five separate experiments with two replicates per
experiment. Error bars indicate standard error. (*p = <0.05, Fors, forskolin)
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GH secretion in cells transfected with any expression vector.
However, addition of forskolin led to less GH secretion inWT
AIP-over-expressing cells as compared to control cells
transfected with an empty vector, an ability which was not
observed with any of the N-terminus variant proteins. The
GH3 cells over-expressing the N-terminus variants, R16H
and V49 M had significantly higher GH secretion levels than
the WTAIP over-expressing cells. Pre-treatment with IBMX
accentuated this difference. GH3 cells over-expressing the
AIP variants R9Q, R16H and V49 M, but not K103R, had
significantly higher GH secretion levels than WT over-
expressing cells but lower than the control transfected cells.

Cycloheximide Chase Analysis

Since the N-terminus was proposed to regulate stability of the
AIP [18], cycloheximide chase analysis was carried out to
verify whether variations in the N-terminus of the protein
would render it more unstable and therefore increases its rate
of degradation. A time period of between 20 and 28 h was
selected after trials at different time points ranging from 12 to
28 h (data not shown). The 20 to 28-h window was selected
since it is the window within which the variation in degrada-
tion rate became most apparent. As observed in Fig. 6a, west-
ern blot analysis of AIP and β- actin revealed subtle but de-
tectable differences between WT and N-terminus variant pro-
teins after treatment with cycloheximide. At 20-h post-cyclo-
heximide treatment, no significant differences were observed

while at 24-h post-treatment, significant differences between
the WT and V49M variant could be observed. At 28-h post-
treatment, the differences were more pronounced, with signif-
icantly higher degradation observed for the R9Q, R16H and
V49M N-terminus variants as compared to the WT AIP
(Fig. 6b). The half-lives of the wild-type (T ½ = 21 h) and
N-terminus mutants (T ½: R9Q = 18.5 h, R16H = 18 h,
V49M = 16 h and K103R = 20 h) were also different although
not significantly. Significant differences were observed at time
points beyond the protein half-lives.

Therefore, significant and consistent differences between
the WT and N-terminus variants were observed, in particular,
the R9Q, R16H and V49 M mutants. The K103R variant
appeared not to alter protein activity significantly when com-
pared to the WT. In fact, bioinformatics analysis of the impact
of these mutations using the PolyPhen2 online tool identified
the R16H and V49M mutations as being possibly damaging
with a score of 0.969 and 0.975, respectively, while the R9Q
and K103R variants were labelled as benign with a respective
score of 0.099 and 0.185.

Discussion

The scope of this study was to functionally verify whether
particular point mutations leading to amino acid substitutions
in the N-terminus of the AIP could have a deleterious effect on
the functional activity of this protein in the setting of pituitary

Fig. 6 Cycloheximide chase analysis of WTand N-terminus variants of the
AIP proteins. GH3 cells were transfected with WTor N-terminus variants of
the AIP protein (R9Q, R16H, V49M and K103R), and cycloheximide was
added 48 h after transfection. Cells were lysed at 0, 20, 24 and 28 h after
addition of cycloheximide. aWestern blot analysis of GH3 cell lysates with
AIP (lower panel) and β-actin (upper panel) antibodies for the detection of

endogenous and over-expressed AIP and its degradation at different time
points from the cessation of translation by cycloheximide. bDegradation rate
of WTand N-terminus variants of the AIP at different time points indicates a
variation in half-lives. Each point represents the mean of five separate exper-
iments. Error bars indicate standard error. (*p = <0.05) (C control; GH3 cells
transfected with empty vector after 48 h)
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adenomas. Although the AIP has been clearly identified as an
important tumour suppressor in pituitary adenomas and its
mutations have been strongly linked to familial cases of func-
tional pituitary tumours, significant heterogeneity and uncer-
tainty still exist as to how these mutations predispose to dis-
ease [2]. The AIP is a co-chaperone that interacts with a num-
ber of nuclear receptors, viral proteins, cytoplasmic enzymes
and novel interacting proteins that are being discovered. Any
genetic changes leading to disruptions of such interactions
could have a pathologic effect [3]. We reported a role for
AIP in decreasing cAMP signalling and GH secretion in
forskolin-stimulated GH3 cells transfected with WT AIP, an
effect which was not abolished with partial or total PDE inhi-
bition. This led to us to hypothesise that the cAMP–mediated
role of AIP must occur through other interactions such as the
interactions with the G-proteins [14]. This was subsequently
proven by Tuominen and colleagues [15] who demonstrated
that AIP knock-down disrupted Gαi-2 and Gαi-3 protein func-
tion resulting in increased cAMP levels. A direct interaction
between the regulatory subunit R1α of the protein kinase A
(PKA) and AIP was also identified, and a knock-down of AIP
again resulted in an increase in cAMP levels and an increase in
downstream signalling [24]. Given the importance of AIP and
its effect on cAMP, it was hypothesised that the functional
effect of point mutations might involve dysregulation of the
cAMP signalling pathway.

In pituitary adenoma patients, AIP alterations have been
found throughout the gene located on chromosome 11q13,
and loss of heterozygosity of this locus has been frequently
observed in patient tumour DNA [25]. The mutations that
have attracted most attention were those causing major disrup-
tion to the C-terminus of the AIP since this was thought to be
mainly responsible for AIP’s ability to functionally interact
with partner proteins. However, recent studies have identified
the N-terminus of AIP as being essential for interactions with
other proteins [16–18]. Equally, the N-terminus has been
shown to be important for the overall stability of the protein
and to be essential for the correct localization of the aryl hy-
drocarbon receptor (AHR) [18]. Particular N-terminus mis-
sense mutations occur very frequently in both familial and
sporadic settings of pituitary adenomas. Three common N-
terminus mutations were therefore selected for further analysis
while another mutation discovered locally, the R9Q, was also
analysed in order to determine the extent of the functional de-
regulation suffered by the AIP protein. Three of these variants,
the R9Q, R16H and V49M, were shown to lose the tumour
suppressing ability displayed by the wild-type AIP at 96 h
from transfection in the GH3 pituitary adenoma cell line
(Fig. 1), indicating that a functional role may indeed be attrib-
uted to these variants.

The c.26G > A leading to the R9Q missense mutation was
first discovered in Malta in 2009 [26]. Recent studies have
also localized the same mutation in two other populations.

Puig–Domingo and co-workers [27] identified this variant in
a female patient diagnosed at age 20 with a GH-secreting
macroadenoma, while screening of a large French cohort iden-
tified the R9Q alteration in two patients, a Cushing’s disease
patient diagnosed at the age of 39, while the other patient was
a young girl with a macroprolactinoma [28] Therefore, signif-
icant clinical heterogeneity is associated with this genetic mu-
tation. The arginine residue at position 9 was found to be
conserved in all mammals, supporting a significant role for
this amino acid. Furthermore, the population frequency of
the c.26G > A variant was assessed by screening 285 random
cord blood DNA samples collected locally (data not shown).
None of the samples screened tested positive for this variant.
Recent updates in the SNP database (dbSNP) label the R9Q
mutation as an extremely rare polymorphism with a frequency
of about 1 in 10,000.

Data obtained from this study indicate that the R9Q varia-
tion alters the behaviour of the AIP and reduces its ability to
inhibit cAMP signalling and GH secretion significantly under
forskolin-stimulated conditions. Addition of IBMX, a general
phosphodiesterase inhibitor, had little effect on the difference
observed between the WTand R9Q proteins except in the GH
secretion assay where the addition of IBMX was required to
achieve a significant difference. Given this data alone, the
amino acid substitution at position 9 of the protein appears
to have a small but significant impact on the cAMP-
inhibitory ability of the WT protein. Cycloheximide chase
analyses of the degradation rate of the protein also reveal
significant differences since at 24 and 28 h (Fig. 5b) the
R9Q variant protein degraded significantly more than the
WT. Therefore, the functional impact of this mutant variant
on the protein function may occur through its decreased half-
life, thereby reducing the concentration of the protein in the
cells. Although the bioinformatics prediction using
PolyPhen2 program indicated a benign change, this result
has to be taken into consideration that bioinformatics analyses
are purely in silico and do not always reflect the proper cellu-
lar physiology and biology. Additionally, preliminary data
from protein interaction studies being undertaken indicate that
the R9Q variant also influences the ability of AIP to fully
interact with common interacting partners (personal
communication).

The c.47G > A substitution resulting in the R16H polymor-
phism has also attracted wide attention since this variant of the
AIP has been found in numerous studies of PA patients, par-
ticularly in familial cases. It was first described in two cousins
with GH-secreting adenomas [29], later in two patients with
non-functioning adenomas [30] and later replicated in other
studies in both familial and sporadic settings [31–33].
Recently, this gene variant was also found in a patient with a
corticotroph macroadenoma [34], again displaying varied
clinical heterogeneity with this mutant genotype. The arginine
residue at position 16 is conserved in all vertebrates and the
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G > A substitution is very rare occurring in less than 1 in 1000
of the population.

Functional studies carried out on this variant reveal con-
flicting data. One study revealed that the R16H alteration led
to a reduction in the interaction between AIP and PDE4A5
proteins when tested using a β-galactosidase assay [35], while
the interaction with RET was not affected [36]. Results from
this study indicate that the R16H alteration is sufficient to
change the behaviour of the wild type AIP in relation to its
effect on cAMP signalling and GH secretion. Similarly, sta-
bility studies indicate a significant difference in protein stabil-
ity after 28 h for a number of variants, although a previous
study failed to show a significant difference in protein half-life
between wild type and R16H AIP [37]. Our data also fail to
uncover significant differences in protein half-lives of both
WT and variants since significant differences were only ob-
served at later time points. It was concluded that this change
probably represents a rare polymorphism rather than a patho-
genic variant [38] since this change was also observed in un-
affected relatives of patients. However, modest functional ef-
fects can still have a significant effect over a longer period of
time, and given the incomplete penetrance of the AIP muta-
tion, it is likely that the R16H mutation may itself not be
enough to elicit a pathological effect but it may be sufficient
to allow a neoplastic transformation once the cell obtains Bthe
second hit^ required for tumour formation.

The c.145 G > A substitution leading to the V49M muta-
tion was originally identified in a Japanese man with
childhood-onset gigantism. However, no LOH was observed
for the AIP in the tumour of the patient [39]. Once again, the G
allele is very well conserved in most vertebrates, and the allele
frequency of the A allele is less than 1 in 10,000. However,
functional work for this variant has shown little effect on the
protein. The binding affinity for PDE4A5 was not altered in a
β-galactosidase assay [35], and the V49M variant did not
show a change in proliferation in GH4C1 cells [40]. Our data
strongly supports a functional role for this substitution since in
all assays the V49M alteration caused a significant loss of
function as compared to the wild type AIP. Similarly, a signif-
icant difference in protein stability was observed with this
amino acid substitution. Therefore, even though no change
in binding affinity was observed in the other study [35], and
no LOHwas observed in the patient, this protein may still lose
functionality enough to alter physiology of the pituitary and
lead to higher proliferative rates or a susceptibility to increased
proliferation.

The last missense mutation analysed was the K103R
(c.308 A > G) variant which was first identified in a paediatric
patient with Cushing’s disease having a corticotroph adenoma
[41]. This position is again very well conserved although no
allele frequency data is available for the G allele (ensemble.
org). The only functional work carried out on this AIP variant
indicated a much reduced PDE4A5 binding ability when

compared to the wild-type (8% of WT) [35]. Data presented
here on the influence of the K103R variant on cAMP signal-
ling and GH secretion in GH3 cells indicated very little dif-
ference in behaviour when compared to the WT protein.
Similarly, stability analysis using cycloheximide chase
showed little difference between the WT and K103R AIP
proteins and the Polyphen2 algorithm classifies this alteration
as unlikely to be pathogenic. Therefore, the functional signif-
icance of the K103R variant remains unknown.

In summary, the data obtained in this study indicate a pos-
sible functional role for the R9Q, R16H and V49M N-
terminus missense alterations leading to changes in the
cAMP and GH-reducing-ability of the wild-type AIP.
Although the variations observed in cAMP concentrations
and GH secretion appear small, such minute but consistent
changes in important signalling pathways such as cAMP sec-
ondary messenger and its relative direct effect on GH which
can act is an immediate growth factor in a autocrine/paracrine
fashion, can have a very significant impact on pituitary cell
hyperplasia. Given the cascading effect of cAMP as a second-
ary messenger, it is quite likely that sustained higher thresh-
olds of cAMP in a tissue such as the pituitary which relies on
this signalling pathway for constant pulsatile secretion, could
have deleterious effects over prolonged periods. Therefore,
although minor changes in these effectors and mediators of
pituitary cell proliferation were observed, these changes were
significant and constant enough to merit attention and over-
time. Consistently higher threshold of cAMP signalling and
GH secretion could prove the decisive difference between
normal cell physiology and pituitary hyperplasia leading to
tumour formation.

The changes observed in protein function with respect to
cAMP signalling and GH secretion were similarly evident in
the protein stability studies which indicated that these variants
have increased degradation rates when compared to the wild
type protein. This is in agreement with the previous observa-
tions by other groups with regards to the role of the N-
terminus in regulating stability of the AIP [18]. However,
various studies also indicate a direct role for the N-terminal
domain in interacting with other proteins. A study by
Schimmack and colleagues [16] revealed that AIP functional-
ly interacts with the scaffolding protein CARMA1 (CARD-
containingMAGUK protein 1) to bring about the formation of
the CARMA1-BCL10-MALT1 (CBM) complex in T cells.
This interaction occurs solely through the N-terminus of the
AIP with the PDZ-SH3 domain of the CARMA1 with the
TRP repeats of the AIP being dispensable for the interaction.
Additionally, the N-terminal domain of the AIP was shown to
lack any PPIase (peptidyl-propyl cis/trans isomerase) activity
but was able to interact with HSP90 protein in pull-down
assays using both the N-terminal domain alone and the com-
plete protein [17]. Therefore, various mechanisms have been
proposed through which alterations in the N-terminus of the
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AIP may lead to increased susceptibility toward pituitary ad-
enoma formation.

Given the evidence provided by this group [14] and others
[15, 24] regarding the role of AIP in limiting cAMP formation
and signalling, the effect of these N-terminus missense vari-
ants on the wild-type inhibition of these important signalling
pathways is not to be disregarded. A recent study has identi-
fied a novel N-terminus missense mutation that appears very
interesting in the clinical setting. The I13Nmutation was iden-
tified in a 19-year-old patient with a large somatotropinoma
with LOH of the AIP locus, from which, the authors conclud-
ed that the mutation must be disease-causing [42].

The incomplete penetrance displayed by the variants of the
AIP protein adds further complexity. Mutations within theAIP
gene have been found in both cases and controls, and no
particular mutation has been found to segregate solely with
the disease, and not clear phenotype is associated with any
particular genetic alteration. In fact, a general penetrance of
30% is assigned towards AIP gene alterations [35, 43], al-
though some mutations appear to have higher penetrance than
others, such as the R304X mutant with a reported 41% pene-
trance [44]. Therefore, when assessing AIP alterations in a
clinical setting, it is important to remember that further genetic
and/or environmental triggers are required for the complete
phenotype of pituitary adenoma to become apparent. AIP al-
terations by themselves do not display the complete spectrum
of biological dysfunction required for tumorigenesis of any
pituitary cell type, which also explains the range of phenotypic
characteristics obtained with the same AIP genetic defect,
hence, requiring further genetic/biological defects to lead to
tumour formation. In conclusion, this study identified a func-
tional role for three N-terminus missense mutations in com-
parison to the wild-type AIP in relation to its inhibitory effect
on cAMP signalling and subsequent GH secretion.
Additionally, these missense variations also altered the protein
degradation rate of the wild-type protein indicating an alter-
native mechanism bywhich dysregulation of the protein could
occur.
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