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Germline mutations of the tumor suppressor gene MENT are found
not only in typical multiple endocrine neoplasia type 1 (MEN1) but
also in its incomplete forms such as familial isolated hyperparathy-
roidism (FIHP) and apparently sporadic parathyroid tumor (ASPT).
No definitive genotype-phenotype correlation has been estab-
lished between these clinical forms and MENT gene mutations. We
previously demonstrated that mutant menin proteins associated
with MEN1 are rapidly degraded by the ubiquitin-proteasome
pathway. To examine whether the intracellular stability of mutant
menin is correlated with clinical phenotypes, we developed a
method of evaluating menin stability and examined 20 mutants
associated with typical MEN1 (17 missense, two in-frame deletion,
one nonsense) and 21 mutants associated with FIHP or ASPT (19
missense, two in-frame deletion). All tested mutants associated
with typical MEN1 showed reduced stability. Some missense and
in-frame deletion mutants (G28A, R171W, T197I, E255K, E274A,
Y353del and E366D) associated with FIHP or ASPT were almost as
stable as or only slightly less stable than wild-type menin, while
others were as unstable as those associated with typical MEN1.
Some stable mutants exhibited substantial biological activities
when tested by JunD-dependent transactivation assay. These find-
ings suggest that certain missense and in-frame mutations are
fairly stable and retain intrinsic biological activity, and might be
specifically associated with incomplete clinical phenotypes. The
menin stability test will provide useful information for the man-
agement of patients carrying germline MENT mutations especially
when they have missense or in-frame variants of ambiguous clini-
cal significance. (Cancer Sci 2011; 102: 2097-2102)

M enin is a tumor suppressor protein encoded by MENI, a
gene responsible for multiple endocrine neoplasia type
1 (MEN1), a familial cancer syndrome typically characterized
by the development of multiple tumors in the pituitary, parathy-
roid and enteropancreatic endocrine tissues."~ Menin is a
nuclear protein having C-terminal nuclear localizing signal
sequences,'” and exhibits modulatory activity on gene expres-
sion such as repression of JunD-dependent transcription.”
Diverse roles have been implicated for menin, including cell
cycle control, cell differentiation and DNA repair, which are
likely to be conferred by interaction with various menin-binding
proteins.a) Menin is considered to be a scaffold protein tethering
such proteins to specific gene loci.”” Although the mechanism
of how menin is involved in gene regulation has been elucidated
to some extent, the basis for tissue-specific tumorigenesis in
MENI remains unknown.

Heterozygous germline mutations of the MENI gene are
found in 70-90% of patients clinically diagnosed as MEN 1.0
More than 500 different loss-of-function mutations have been
identified, which are distributed throughout the gene with no
apparent hot spot.*%” Germline MENI mutations have also
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been found in a subset of familial isolated hyperparathyroidism
(FIHP),®*'? defined as familial primary hyperparathyroidism
not associated with other diseases, and in a few patients clini-
cally diagnosed as having sporadic parathyroid tumor."? The
latter situation is called apparently sporadic parathyroid tumor
(ASPT) because of its heritable, potentially familial nature.
Because parathyroid tumor is the most frequent and earliest clin-
ical expression of MENI, patients with FIHP or ASPT carrying
germline MENI mutations might develop full manifestations of
MENI. Indeed, identical mutations have been found in both typ-
ical MEN1 and FIHP families,” indicating that if these muta-
tions are found in FIHP or ASPT, the patients should be treated
as those with a predisposition to typical MEN1.

In contrast, it is also recognized that some mutation carriers
in FIHP families do not develop endocrine tumors, even at rela-
tively advanced a.ge.(1 Moreover, missense or in-frame inser-
tion/deletion (indel) mutations, which do not cause protein
truncation, account for approximately half of the mutations
found in FIHP in contrast to the lower prevalence (approxi-
mately 30%) in typical MEN1.%? These findings suggest that
some missense and in-frame indel mutations might be low-pene-
trance, low-expressivity mutations specifically associated with
incomplete, milder forms of MEN1, and carriers of these muta-
tions might never or less frequently develop the full MEN1 man-
ifestations. However, no clinically relevant genotype—phenotype
correlation has been established to date.”"'®

A diagnostic DNA test for MENI germline mutations is ben-
eficial to the patients with endocrine tumors suggestive of
MEN1 and offspring of MEN1 patients.” However, it is often
difficult to distinguish a disease-causing mutation from a rare
benign polymorphism especially when it is a novel missense
mutation found in a patient with incomplete forms of MENI.
We previously demonstrated that menin missense mutants asso-
ciated with typical MEN]1, defined as the occurrence of tumors
in at least two of the three main MENI-related endocrine tis-
sues, are degraded rapidly by the ubiquitin—proteasome pathway
when expressed in culture cells. Our previous study also
revealed that a FIHP-associated mutant E255K is as stable as
the wild-type menin. However, the correlation between the sta-
bility of menin mutants and clinical expressions was not clear
because the number of mutations examined was small and the
mutants were not examined for biological activity. Because the
stability of menin mutants might be a useful indicator of clini-
cal outcome, we developed a new immunocytochemical method
to precisely evaluate menin stability, and examined more
mutants associated with MEN1 and its incomplete forms. We
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also examined biological activity of some menin variants by
JunD-dependent transactivation experiments.

Materials and Methods

Plasmid construction. Human menin cDNA, donated by Drs
M. Ohki and F. Hosoda, National Cancer Center Research Insti-
tute, Tokyo, Japan, was ligated to the expression vector pCMV-
Tag2 (Agilent Technologies, Santa Clara, CA, USA) to generate
pCMV-Tag2-menin, expressing FLAG-tagged wild-type menin
as described previously.(w Expression plasmids for menin vari-
ants were generated with QuikChange site-directed mutagenesis
kit (Agilent Technologies) and the mutations were confirmed by
nucleotide sequencing. The mouse menin cDNA was obtained
by PCR amplification using a spleen cDNA library as the tem-
plate as previously described."> The previously reported variant
sequences and their corresponding phenotypes were according
to the references as follows: P12L, L22R, K119del, H139D,
A160P, A242V, A309P, T344R, E363del, W436R and
R460X;"® G28A;"” D153V and A411P;"® GI56C, F364C
and F447L;"® A160T and D418N;*” R171W and E366D;?"
VIS4E;® T1971 and Y353del:®® W220L and Y35IN:®®
R229L;%¥ $253W and E274A;"" E255K;"? Q260P;*> L264P
and L267P;%® P277H;*” G305D;"'® H317Y;"* P320R;*®
P320L;®% L414del;*® and $555N.4")

The expression vector pCMV-BICEP-4 (Sigma, St. Louis,
MO, USA), designed to allow translation of two proteins from
one bicistronic mRNA, was used for transient co-expression of
N-terminal FLAG-tagged and Myc-tagged menin proteins. Two
series of plasmids were constructed: one series expressed
FLAG-tagged wild-type menin and Myc-tagged variant menin;
and the other series expressed FLAG-tagged variant menin and
Myc-tagged wild-type menin. As a control, a plasmid expressing
both FLAG-tagged and Myc-tagged wild-type menin was
constructed.

Cell culture and transfection. COS7, 293T and WI38VA13
cells were maintained in DMEM containing 10% heat-inacti-
vated FBS as previously described.""* Expression plasmids were
introduced into culture cells with FuGENE 6 (Roche Diagnos-
tics, Indianapolis, IN, USA) according to the manufacturer’s
instructions. For degradation experiments, 28 h after transfec-
tion with plasmids expressing FLAG-tagged menin, COS7 cells
were treated with 20 pg/mL cycloheximide (CHX) and/or
25 pM MG132 as previously described,"* incubated for 6 h
and then harvested for immunoblotting against the FLAG tag as
described below.

Immunoblotting analysis of steady-state expression levels.
Semiconfluent 293T cells were transfected with 0.3 pg pCMV-
BICEP-4-based plasmids in a well of a 24-well collagen-coated
microplate (IWAKI, Tokyo, Japan). Twenty-eight hours after
transfection, whole cell lysates were prepared, separated by
10% SDS-PAGE and blotted on membranes as previously
described."

Myc-tagged menin was detected with peroxidase-conjugated
anti-c-Myc monoclonal antibody (SC40HRP; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) coupled with ECL-Plus
reagents (GE Healthcare, Waukesha, WI, USA). The blot mem-
branes were then washed in TBS containing 0.1% Tween 20
until the bands became undetectable, and FLAG-tagged menin
was detected with alkaline phosphatase-conjugated anti-FLAG
monoclonal antibody (A9469; Sigma) coupled with CDP-Star
reagent (New England Biolabs, Ipswich, MA, USA). The mem-
branes were exposed to X-ray films, and density of the target
bands was quantified with the Molecular Image FX densitometer
(Bio-Rad Laboratories, Hercules, CA, USA).

Fluorescent immunocytochemical analysis of steady-state
expression levels. Semiconfluent WI38VA13 cells were trans-
fected with 0.25 pg plasmid in a well of LabTek II 8-well cham-
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ber slides (Nalge Nunc International, Rochester, NY, USA).
Forty-eight hours after transfection, cells were fixed with 4%
paraformaldehyde in PBS for 10 min, permealized with 0.1%
Triton X-100 in PBS for 5 min, blocked with 3% BSA in PBS
for 10 min, and incubated with the mixture of anti-FLAG M2
monoclonal antibody FITC conjugate (F4049; Sigma) at 50-fold
dilution and Cy3-conjugated anti-c-myc monoclonal clone 9E10
(C6594; Sigma) at 500-fold dilution for 1 h. Cells were then
washed three times with 3% BSA in PBS and mounted in PBS.
All fixing and staining procedures were conducted at room
temperature.

Digital photographs were taken with a fluorescence micro-
scope (BX51; Olympus, Tokyo, Japan) equipped with a CCD
camera system (DP70; Olympus) and analyzed with WinROOF
V6.0 software (Mitani, Tokyo, Japan). The Olympus dichroic
mirror/filter unit NIBA and WIG were used for fluorescein and
Cy3 fluorescence observation, respectively. The nuclei of trans-
fected cells were recognized by the expression of wild-type
menin. The ratios of the mean numerical value of fluorescence
intensity for mutant menin to that for wild-type menin in each
nucleus was calculated, and normalized by the ratio obtained in
the cell nuclei transfected with the control plasmid expressing
both FLAG- and Myc-tagged wild-type menin proteins.

JunD-dependent transactivation repression assay. Semicon-
fluent 293T cells in a well of a 24-well collagen-coated micro-
plate were transfected with 0.08 pg reporter plasmid pAP1-Luc
(Promega, Madison, WI, USA) and 0.05 pg phRG-B control
plasmid (Promega), with or without 0.1 pg JunD-expression
plasmid pcDNA3.1-JunD (kindly provided by Dr S. K. Agarwal,
National Institute of Diabetes and Digestive and Kidne
Diseases, National Institutes of Health, Bethesda, MD, USA)" )
and 0.1 pg of one of the expression plasmids for FLAG-tagged
wild-type or mutant menin. Twenty-eight hours after trans-
fection, cells were collected for reporter assay with a Dual-
Luciferase Reporter Assay System (Promega) as previously
described.®® The lysates were also used for immunoblotting
against the FLAG tag.

Results

Degradation of variant menin proteins. Three normal menin
proteins (wild-type and normal polymorphisms R171Q and
AS541T), five ASPT-associated mutants and five FIHP-associated
mutants including previously tested E255K and Q260P, and five
previously tested MEN1-associated mutants"* were examined
for degradation in the presence of protein synthesis inhibitor
CHX and/or the proteasome inhibitor MG132 (Fig. 1). The
normal menin proteins showed only moderate reduction in
CHX-treated cells and little increase in MG132-treated cells
compared with non-treated cells. In contrast, mutants associated
with typical MENI1 disappeared in CHX-treated cells but
increased markedly in MG132-treated cells, thus reproducing
our previous findings.** Mutants associated with ASPT or FIHP
exhibited variable results. The ASPT-associated mutants G28A
and E274A and FIHP-associated mutant E255K showed only
moderate reduction in CHX-treated cells and little increase in
MG132-treated cells, indicating that these mutants are resistant
to proteasome-mediated degradation. The other ASPT- or FIHP-
associated mutants showed expression patterns similar to those
associated with typical MENI, indicating rapid degradation by
the proteasome pathway. These findings indicate that not only
E255K, which was the only mutant previously shown to be sta-
ble,""* but also some other menin mutants associated with milder
forms of MENI1 are less sensitive to proteasome degradation.

Steady-state expression levels of variant menin proteins. As
previously noted" and also shown in Figure 1, the steady-state
expression levels of menin protein appeared to be inversely
related to the degradation rate, suggesting their usefulness in
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protein levels and their degradation rates. However, it was diffi-
cult to precisely compare the steady-state expression levels
among different plasmids because of the narrow dynamic range
of immunoblot analysis.

We then developed a fluorescent immunocytochemical
method, which usually provides a wider dynamic range of mea-
surement than immunoblot analysis. The transfected cells were
stained simultaneously with fluorescein-labeled anti-FLAG anti-
body and Cy3-labeled anti-Myc antibody. The fluorescence
intensity was recorded by microscopic digital photography
(Fig. 3A). The averages of the ratios of variant to wild-type
menin in each nuclei were calculated and normalized by the
average ratio of the control samples transfected with the plasmid
expressing both FLAG-tagged and Myc-tagged wild-type menin
proteins (Fig. 3B).

Seven ASPT-associated, 14 FIHP-associated and 19 MENI-
associated missense or in-frame deletion mutations, and one
MEN1-associated nonsense mutation (R460X) as well as normal
polymorphic variants R171Q and A541T were examined for the
relative steady-state expression levels. We also examined three
mutations, L22M, L22V and L22P, which have not been
reported to be associated with diseases but could be generated

Shimazu et al.
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Fig. 2. Comparison of steady-state expression levels of variant menin
proteins by immunoblotting. Myc-tagged variant and FLAG-tagged
wild-type menin proteins were expressed in culture cells by the
transfection of bicistronic expression vectors. Wt x 0.5 and Wt x 0.2
indicate that 0.5 and 0.2 volume of the lysate was loaded on the gel,
respectively. Variants associated with typical multiple endocrine
neoplasia type 1 (MEN1), familial isolated hyperparathyroidism (FIHP)
and apparently sporadic parathyroid tumor (ASPT) are shown in red,
blue and green, respectively, while wild-type and normal polymorphic
variants are shown in black. Wt, wild-type menin.

by single nucleotide alterations from the wild-type MENI gene,
and mouse menin, which has 20 amino acid substitutions and
one amino-acid insertion with respect to human menin.*

The normal polymorphisms exhibited almost the same
expression levels as wild-type menin, while mutants associated
with ASPT, FIHP or typical MEN1 showed variable expression
levels in each group (Fig. 3B). All tested mutants associated
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with typical MEN1 showed reduced expression levels compared
with the wild-type and normal polymorphisms. The MEN1-asso-
ciated nonsense mutant R460X was the lowest of all variants
examined. Because R460X has no nuclear localization signals,®
the fluorescence levels measured for this mutant was considered
as the background signal of this assay. The relative expression
levels of several missense and in-frame deletion mutants associ-
ated with ASPT (E274A, E366D, G28A and R171W) and FIHP
(Y353del, T1971 and E255K) exhibited almost the same as or
only slightly less than those of wild-type and normal polymor-
phisms, while others showed low expression levels similar to
those associated with typical MEN1. These results from the
immunocytochemical analysis are generally consistent with
those obtained in the immunoblot analysis (Fig. 2).

We tested four missense mutants at the amino acid position
22, L22M, L22V, L22P and L22R. L22M and L22V showed
almost normal expression levels while L22P showed reduced
expression, suggesting that the latter is a potentially pathogenic
variant. The MEN1-associated mutant L22R showed the lowest
expression among these four variants. The mouse menin exhib-
ited almost normal expression levels despite the many amino
acid substitutions compared with the human wild-type menin,
further supporting the correlation of functional integrity and the

" stability of menin proteins.

Repression of JunD-mediated transactivation by variant
menin. Menin is known to repress JunD-mediated transactiva-
tion.”” To examine the functional integrity of menin variants,
the repressive activity on JunD-mediated transcription was
assayed by using luciferase reporter gene transcribed from the
JunD-dependent promoter.(4) The expression levels of menin
proteins were monitored by immunoblotting. The fairly stable
mutants E255K and E274A exhibited clear inhibitory activity,
although it was significantly less than that of wild-type menin
(Fig. 4). In contrast, the unstable mutant 1.264P showed no
inhibitory activity, as expected from its low protein level. These
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Fig. 4. Inhibition of JunD-mediated transactivation by menin

variants. Cells were transfected with or without expression plasmids
of JunD and menin variants along with a firefly luciferase reporter
gene containing the JunD-binding promoter sequence. Firefly
luciferase activity was normalized with Renilla luciferase activity and
the values are expressed as relative luciferase unit (RLU; mean with
SE, n = 3). Immunoblot against FLAG tag attached to menin proteins
is also shown. Asterisks indicate a statistically significant (P < 0.001)
difference from the cells transfected with wild-type menin and JunD-
expression plasmid.

findings suggest that certain stable menin mutants retain sub-
stantial intrinsic biological function and might have some tumor
suppressor activity.

doi: 10.1111/].1349-7006.2011.02055.x
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Discussion

The present study revealed that the stability of missense and
in-frame deletion mutants of menin varies widely within each
clinical form, that is, ASPT, FIHP or typical MEN1, and that
unstable mutants were found not only in typical MEN1 but also
in ASPT and FIHP, while stable mutants were found only in
ASPT and FIHP, and not in typical MENI. Stable mutants
E255K and E274A exhibited significantly less than normal but
substantial repressive activity on JunD-dependent transactiva-
tion. These findings suggest that some missense and in-frame
indel mutations are fairly stable and retain intrinsic biological
activity, and might be partially capable of suppressing tumor
development. Although not yet verified, the patients having
these stable menin variants might not develop full MENI mani-
festations and represent truly milder forms of MENL. It is also
possible that some stable variants are incidentally identified
rare benign polymorphisms and not pathogenic mutations,
because subtle reduction of biological activity might not actually
cause disease. Thus, the stability test does not allow clear dis-
crimination between rare normal polymorphisms and mutations
causing milder forms of MENI. In contrast, ASPT and FIHP
patients and their family members having an unstable menin
variant might be those who potentially develop full MEN1 man-
ifestations. The tentative cut-off value defining unstable mutants
might be the stability of the A242V mutant, which was the most
stable among the mutants associated with typical MEN1 exam-
ined so far. However, because development of tumors, particu-
larly those other than parathyroid tumors, appears to be a
stochastic phenomenon even in typical MEN1 families, the
cut-off value will not clearly discriminate between the mutants
causing typical MEN1 and those causing truly milder forms.
Moreover, it is hypothetically possible that yet-to-be- -identified
modifier genes might attenuate chmcal expression even in
families with unstable mutant menin.®* Nevertheless, patients
having unstable missense or indel menin mutations as well as
those having truncated mutations should be strictly treated as a
mutation carrier of typical MEN1.%> Because previous studies
failed to relate specific MENI mutations to a particular clinical
phenotype, all mutation carriers have been considered to require
full_screening of MENI1-related tumors and lifelong follow
up. 713) The menin stability test will provide useful information
for the management of patients with germline MENI mutations,
especially when the patients have missense or in-frame indel
mutations of ambiguous significance.

We developed a new method to quantify intracellular protein
stability. Bicistronic expression vector was used to provide
wild-type menin as the internal control protein for transfection
efficiency. The expression levels of wild-type menin varied
among plasmids but did not appear to be correlated with those
of co-expressed menin variants as shown in Figure 2, suggest-
ing that co-expression of unstable menin mutants did not influ-
ence the stability of the internal standard protein. The new
method also exploited the merits of the immunocytochemical
measurement, which required less time and materials and
exhibited a wider dynamic range than the immunoblot analysis.
This method enabled measurements of signals only in cell
nuclei where menin is considered to function as a transcription
regulator. Because fluorochrome-labeled antibodies recognize
N-terminal tags and nuclear localization sequences exist at the
C-terminal end,"” the accumulated signals in the nuclei should
represent intact proteins. Indeed, the immunoblot analysis
revealed one major band of the size expected for intact
proteins.

Shimazu et al.

All tested missense and in-frame indel mutations associated
with typical MEN1 were considerably unstable. In contrast, the
normal mouse menin was as stable as the human wild-type
menin despite 20 amino acid differences and one amino acid
insertion. This is consistent with the observation that the dis-
ease-causing missense mutations are malnly found at the evolu-
tionary conserved amino acid residues.‘ ) Different amino
acid substitutions at the same position differently influenced the
stability as exemplified by the normal stability of L22M and
L22V mutants, which substitute similarly hydrophobic amino
acids for leucine, and the reduced stability of L22P, which
replaces leucine with the inflexible proline residue. The MEN1-
associated mutant L22R, which introduces a charged residue at
the uncharged site, was the least stable mutant at this position.
Thus, the loss of stability of menin variants appears to be corre-
lated with the likeliness of causing protein misfolding rather
than replacing critical functional residues. Similar unstable
mutants degraded by the ubiquitin-proteasome pathway have
also been reported in other tumor suppressor genes. Germline
missense mutations of the VHL gene are predominantly detected
within the region required for the formation of the multiprotein
complex including elongins B and C, which stabilize VHL pro-
teins.®” Missense VHL mutations disrupting elongin binding
have been shown to cause rapid VHL degradation. ” Another
example is a subset of naturally occurring mutant NF2 proteins
that have been suggested to act as dominant-negative inhibitors
on the wild-type protein. % These mutants, lacking the properly
folded sequences required for binding to the plasma membrane
and filamentous actin, were shown to be degraded rapidly, sug-
gesting an important role of the ubiquitin—proteasome pathway
in eliminating potentially dominant-negative mutant pro-
teins.®” These examples and rapid degradation of MEN1-asso-
ciated menin mutants imply that misfolding and/or loss of
protein binding might lead to ubiquitination and rapid degrada-
tion of mutants of certain tumor suppressor proteins including
menin. Because menin is a multi-facet scaffold protein with
widely dispersed multiple binding domains, this view is consis-
tent with the fact that disease-causing missense mutations are
distributed, although not evenly, throughout the whole menin
molecule. If rapidly degrading menin mutants have potentially
dominant-negative activity like some NF2 mutants, no associa-
tion of stable menin mutant with typical MEN1 might be
explained by negative selection during embryogenesis because
total inactivation of menin function has been shown to be
embryonic lethal in mice.“? Further investigations are required
to determine whether MEN1-associated missense menin exhib-
its a dominant-negative effect and whether stable missense
mutants ever occur in the germline of patients with typical
MENI.
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Abstract

Objective: Dopamine agonists normalize prolactin (PRL) levels and reduce tumour size in responsive
prolactinoma. However, several cases have shown resistance to dopamine agonists upon initial
treatment. Infrequently, prolactinoma initially responds, but then becomes refractory to prolonged
treatment (secondary resistance). We investigated the possible mechanisms of resistance to dopamine
agonists.

Subjects and methods: Twelve cases of prolactinoma were surgically resected and classified according to
the responsiveness of PRL levels and tumour size to dopamine agonists: good responders (n=5), poor
responders (n=75), or secondary resistance (n=2). We examined the expression of dopamine D,
receptor (D;R) isoform (short: D,S and long: D,L) mRNA and protein. We investigated DNA
methylation patterns in the promoter region of the DRD2 gene.

Results: The predominant D,R isoform expressed in prolactinoma was D,L. Levels of D,L mRNA were
significantly lower in secondary resistance and poor responders than in good responders. Expression of
D3R protein was variable among cases. Almost no CpG sites of the DRD2 gene promoter region were
methylated.

Conclusion: Resistance of prolactinoma to dopamine agonists is correlated with a reduction in D,L
isoform mRNA levels. Silencing of the DRD2 gene by methylation in the promoter region is unlikely to

play a role in dopamine agonist resistance in prolactinoma.

European Journal of Endocrinology 166 383-390

Introduction

Prolactin (PRL)-secreting pituitary adenomas (prolacti-
noma) are among the most common pituitary tumours.
Dopamine agonists are the first-line treatment for
prolactinoma, and treatment responses are highly
variable. The majority of prolactinoma patients treated
with dopamine agonists respond with a normalization
of PRL levels and a reduction in tumour size. However,
some patients do not exhibit a satisfactory response.
Dopamine agonist resistance generally includes: i) a
failure to achieve a normal PRL level on the maximally
tolerated doses of a dopamine agonist; or ii) a failure to
achieve a 50% reduction in tumour size (1, 2). However,
there is no widely accepted definition of resistance
to dopamine agonist with regard to the duration of
therapy and the amount of tolerated doses used. There
have been very few reported cases of prolactinoma
exhibiting secondary resistance, i.e. cases that show an

© 2012 European Society of Endocrinology

initial response to dopamine agonists, but then become
refractory with prolonged treatment (3, 4, 5, 6, 7).
The molecular mechanism of dopamine agonist
resistance is not fully understood, although dopamine
D, receptor (D,R) or post-receptor signaling in tumoral
cells is thought to be involved in such resistance, as
reduced D,R expression and alterations in intracellular
signal transduction have been reported (2, 8). The D,R
encoded by the DRD2 gene exists as one of the two
alternatively spliced isoforms, short (D,S) or long (D,L),
which structurally differ in a 29 amino acid fragment in
the third cytoplasmic loop of the seven-transmembrane
domain (9) and is also expected to function differently
in each isoform (10). Previous reports have shown that
the differential expression of D;R isoforms might be related
to treatment resistance in prolactinomas (11, 12). Very
recently, we encountered rare cases of prolactinoma
showing secondary resistance (13). In order to explore
the possible molecular mechanism of secondary
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resistance, we examined a total of 12 cases of prolacti-
noma that exhibited variable responses to dopamine
agonists. In each case, the levels of expression of the D,R
isoform were measured by quantitative RT-PCR; levels of
membrane and cytosol D>R protein were determined by
immunohistochemistry, and silencing of the DRD2 gene
was investigated by methylation analysis of CpG dinucleo-
tides in the promoter region using prolactinoma tissues.

Subjects and methods
Subjects

Twelve cases of prolactinoma were included in the present
study. All the tissues were resected by one of the authors
(S Y) at Toranomon Hospital between 2005 and 2010,
an the diagnosis of all cases was verified as prolactinoma
based on the histopathological findings. All tumour
specimens were counterstained for anterior pituitary
hormones and were shown to be negative except for
PRL, confirming the absence of contaminated normal
pituitary tissues. The 12 cases were provisionally classified
according to their responsiveness to dopamine agonists
into the following three categories: good responders, poor
responders, or secondary resistance. Good responders
were sensitive prolactinomas achieving normalisation or
95% reduction of basal PRL levels, or reducing tumour
maximal diameter more than 50% of the initial diameter
by treating with <1 mg/week of cabergoline or terguride
of <1.5mg/day (n=5). Poor responders were defined
as cases neither achieving 95% reduction of basal PRL
levels, nor reducing tumour maximal diameter more than
50% of the initial diameter in spite of the treatment of
1 mg/week or more of cabergoline for more than 2 years
(n=15). Secondary resistance was defined as cases showing
good responses to a dopamine agonist for more than 2
years and a subsequent increase in tumour size with ele-
vated PRL levels in spite of continuing treatment (n=2) (5).

The various indications for surgical treatment of
these 12 prolactinoma patients included pregnancy,
intolerable adverse events induced by dopamine ago-
nists, cerebrospinal fluid rhinorrhea, and the patients’
desire for surgery. Two cases (#8 and #9) were not
treated with a dopamine agonist after transsphenoidal
surgery (TSS) because of the failure to normalise
PRL levels. Cases #1 and #2 were secondary resistance
which showed good responses to cabergoline
1 mg/week or bromocriptine 10-15 mg/day for 7 and
4 years respectively, with more than 50% reduction
in tumour size, but showed rapid expansion of tumour
size with elevation of PRL levels. Dopamine agonist
therapy was continued until TSS in the cases #1-#3
and #5-#7, whereas it was stopped for over a month
in cases #4 and #8-#12. The relevant demographic
and clinical data for these patients are shown in Table 1.

The present clinical study was approved by the ethical
committees of both the National Cancer Center and

www.eje-online.org
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Toranomon Hospital in Tokyo. Informed consent was
obtained from all patients.

Assay of PRL

Serum PRL levels were measured by the automated
immunoenzymometric assay (Lumipulse Presto Prolactin
Assay; Fujirebio, Inc., Tokyo, Japan). The minimum
detectable concentration was 0.02 ng/ml. The inter-
assay coefficients of variation were 3.2% at 8.2 ng/ml,
1.1% at 58.6 ng/ml, and 4.7% at 215 ng/ml respectively,
while the intra-assay coefficients of variation were 2.3%
at8.2 ng/ml, 1.3% at 57.5 ng/ml, and 1.4% at 192 ng/ml
respectively. The PRL standards were calibrated with
the World Health Organization (WHO) 3rd International
Reference Preparation (IRP) 84/500. The normal values
for PRL are as follows: male: 3-12 ng/ml and non-
pregnant female: 6-30 ng/ml.

Quantitative RT-PCR to determine the levels
of D>R isoform

The pituitary adenoma tissues were immediately
frozen to —80 °C after surgery. Total DNA and RNA
were extracted immediately from minced tissues
using NucleoSpin RNA XS (Macherey-Nagel, Diiren,
Germany) and the NucleoSpin RNA/DNA Buffer Set as
described in the manufacturer’s instructions. Pituitary
cDNA was obtained using the SuperScript I Cells
Direct cDNA Synthesis System (Invitrogen). A human
embryonic kidney cell line (293T) and a human
neuroblastoma cell line (SK-N-SH) were used as a
negative and a positive control respectively.

Specific mRNA was measured by quantiative RT-PCR
using a Fluorescent Quantitative Detection System with
QuantiTect SYBR Green RT-PCR assay kits (Qiagen)
according to the manufacturer’s protocol. Three cDNA
plasmids were created using: Escherichia coli DHSo-
competent cells; human glyceraldehyde-3-phosphate
dehydrogenase (G3PDH), a house-keeping gene; D-S;
and D,L. A mixture of equal concentrations (ratio, 1:1:1)
of each cDNA was used as the standard. The standard
was quantified by real-time PCR, and the levels of G3PDH,
D58, and D,L were in the ratio of 2.58:1.08:1 respectively.
We calculated the mRNA levels of each of the samples
using this ratio of standard. All duplicated samples were
measured using the same standard, and all experiments
were performed in triplicate. The average of the data was
taken in each case. The primers specific to D,S and D,L
were designed according to NCBI database, NM_016574
and NM_000795 respectively. The forward primer for
D,S was 5-CCACCTGAGGGCTCCACTAAAGGAGG-3/,
and was located in exons 5 and 7 (exon 6 was spliced
out) of the D,S mRNA. The forward primer for D,L was
5-GGGAGTTTCCCAGTGAACAGGCGGAG-3’, and was
located in exon 6 of the D,L mRNA. The common reverse
primer was 5'-ATGGTGGGACGGGTCGGGGAGAGTC-3/,
and waslocated in exon 7 ofthe D,R mRNA. The expected
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Table 1 Clinical data for 12 cases with prolactinoma.
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PCR products were 150 and 159 bp in length for
D,S and D,L, respectively. The primer sets for G3PDH
were 5-TGCACCACCAACTGCTTAGC-3' (forward) and
5/-AGTGATGGCATGGACTGTGG-3' (reverse). Real-time
PCR was performed as follows: pre-denaturation at 95 °C
for 30 s, 40-60 cycles of denaturation at 94 °C for 15 s,
annealing at 60°C for 30's, and extension at 72 °C
for 30 s. A melting curve analysis was performed at the
end of every run to ensure that a single PCR product of
the expected melting temperature was produced in a
given well. The D,S mRNA/G3PDH mRNA ratio and
the D,L. mRNA/G3PDH mRNA ratio were obtained,
and the total DR mRNA/G3PDH mRNA ratio was
calculated by adding the D,S and D,L. mRNA/G3PDH
mRNA ratios, adjusted by the standards.

Immunohistochemical analysis of D>R
protein expression

Immunohistochemistry was performed for 12 prolactino-
mas on the Ventana Benchmark XT Automated IHC
Stainer (Ventana Medical Systems, Inc., Tucson, AZ,
USA). Histological sections were first incubated for
10 min in a microwave at 300 W, and then incubated
with primary rabbit polyclonal antibody to human D,R
(GTX-71745; Gene-Tex Inc., Irvine, CA, USA) diluted to
1:200 and left for 30 min at room temperature. Antibody
binding was detected using the Ventana iView DAB
detection kit (Ventana Medical Systems, Inc.) and slides
were counterstained with hematoxylin. Semiquantitative
analyses were performed with special attention paid to
the pattern of immunostaining of D,R, i.e. membrane- or
cytosol-associated staining. The intensity of the D,R
signal was scored as O (negative), 1+ (cytoplasmic
positive staining), 2+ (membranous positive staining
<50% cells), and 3+ (membranous positive staining
over 50% cells).

Immunohistochemistry of MIB-1 and p53

MIB-1 and p53 were stained using a commercially
available anti-Ki-67 anti-body (Ki-67 Antigen, M7240;
Dako, Glostrup, Denmark), and an anti-p53 antibody
(p53 Protein, M7001; Dako) respectively. MIB-1 labeling
index was counted as described previously (14). We
adopted the threshold of labeling index of 3% for
distinguishing pituitary adenomas, based on the obser-
vations by Thapar et al. (15) and on the WHO
classification of atypical pituitary adenoma (16). Immu-
nostaining of p53 was scored as positive or negative (16).

Methylation analysis of the promoter region
of the DRD2 gene

The DNA methylation patterns in the promoter region
of the DRD2 gene were investigated by a DNA bisulphate
modification method using the MethylEasy Xceed
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