Endocrine (2017) 55:386-397
DOI 10.1007/s12020-016-0941-6

CrossMark

@

ENDOCRINE GENETICS/EPIGENETICS

Loss of p27 expression is associated with MENI gene mutations

in sporadic parathyroid adenomas

Simona Borsari' - Elena Pardi' - Natalia S. Pellegata” - Misu Lee” -

Federica Saponaro' - Liborio Torregrossa® - Fulvio Basolo® - Elena Paltrinieri'® -

6

Maria Chiara Zatelli* - Gabriele Materazzi’ - Paolo Miccoli® - Claudio Marcocci®

Filomena Cetani®

Received: 25 November 2015/ Accepted: 24 March 2016/ Published online: 2 April 2016

© Springer Science+Business Media New York 2016

Abstract MENI is the main gene responsible for
tumorigenesis of syndromic and sporadic primary hyper-
parathyroidism (PHPT). Germline mutations of the
CDKNI1B/p275" gene have been associated with multiple
endocrine tumors in rats and humans. To evaluate the
involvement of the CDKNIB gene and its relationship with
MENI in sporadic PHPT, we carried out sequencing and
loss of heterozygosity analyses of the CDKNIB gene in
147 sporadic parathyroid adenomas. p27 immunohisto-
chemistry and genetic screening of the MENI gene were
performed in 50 cases. Three germline CDKNIB variants
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(c.-80C>T, c.-29_-26delAGAG, c.397C>A) were identi-
fied in 3/147 patients. Reduction of CDKNIB gene tran-
scription rate was demonstrated in vitro for the novel c.-
80C>T and the c.-29_-26delAGAG variants. Loss of p27
expression was detected in the tumor carrying the c.-29_-
26delAGAG variant. Two tumors carrying the CDKNIB
variants also harbored a MENI mutation. Fifty-four percent
of 50 CDKNIB mutation-negative tumors had a reduction
of p27 nuclear staining. Somatic MENI mutations, identi-
fied in 15/50 samples, significantly segregated in tumors
negative for nuclear and cytoplasmic p27 staining. The
germline nature of the CDKNIB mutations suggests that
they might predispose to PHPT. The lack of somatic
CDKNIB mutations in our samples points to a rare
involvement in parathyroid adenomas, despite the frequent
loss of nuclear p27 expression. MEN] biallelic inactivation
seems to be directly related to down-regulation of p27
expression through the inhibition of CDKNIB gene
transcription.

Keywords Primary hyperparathyroidism - MEN4 -
MENI1-like - CDKNIB

Introduction

The molecular pathogenesis of primary hyperparathy-
roidism (PHPT) is not completely understood. PHPT
mostly occurs (90-95 % of cases) as a sporadic form, and
rarely as part of hereditary syndromes. Cyclin D1 overex-
pression (20—40 %), loss of heterozygosity at chromosome
11q13 (2540 %), and/or somatic mutations of Multiple
Endocrine Neoplasia type 1 (MENI) gene (20-35 %) rep-
resent the main known molecular defects of sporadic PHPT
[1-3]. Mutations of Beta-Catenin (CTNNBI), Aryl
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hydrocarbon receptor Interacting Protein (AIP), and methyl-
transferase Enhancer of Zester Homolog 2 (EZH?2) genes have
been detected in a minority of cases of PHPT, while a role of
other candidate genes has been excluded [4-7].

Dysregulation of cell cycle checkpoints is a key event in
tumorigenesis. Cyclin D1 promotes the G1-S phase tran-
sition, and menin, the protein encoded by the MENI gene,
is involved in the cell cycle control through the regulation
of gene transcription. Menin, as a component of a SET1-
Like Histone Methyltransferase Complex, directly regu-
lates the expression of the Cyclin-Dependent Kinase Inhi-
bitor 1B (CDKNIB/p27%™"), by specifically binding to
transcriptional regulatory elements of its promoter [8, 9].

CDKNIB gene, located on chromosome 12ql3.1,
encodes a protein of 198 amino acids, p275'P! (hereafter
p27), a member of the CIP/KIP family of kinase inhibitors.
In quiescent cells, p27 is mainly localized in the nucleus,
where it negatively regulates the G1-phase cell cycle pro-
gression, by binding to and inhibiting cyclin A, E/cyclin-
dependent kinase 2 (CDK2) complexes. Conversely, in
proliferating cells, a fraction of p27 is phosphorylated on
Ser10, promoting its nuclear export into the cytoplasm,
removing the inhibitory function from its nuclear targets.
The activity of p27 is dependent on its concentration
(regulated at transcriptional, translational, and post-trans-
lational level), its interaction with different cyclin/CDK
complexes, and its subcellular localization (mainly driven
by p27 phosphorylation events) [10]. CDKNIB is a tumor
suppressor gene, but somatic loss-of-function mutations
have rarely been detected in endocrine and non-endocrine
human cancers [11-15]. Biallelic inactivation is also an
uncommon event, suggesting a haploinsufficient behavior
[16, 17]. On the other hand, loss or decreased p27 nuclear
expression has been commonly described in human cancers
with a poor prognosis [18].

Heterozygous CDKNIB germline mutations have been
reported in patients with MENI-like conditions, namely
patients with at least one of the main MEN1-associated tumors,
but without MENI gene mutations. This condition is called
MEN4, although affected patients do not show significant
phenotypic differences in comparison with MENI mutation-
positive cases [19]. The involvement of CDKNIB gene alter-
ations in hereditary multiple endocrine tumors suggested its
potential role in the pathogenesis of sporadic PHPT. Indeed,
CDKNIB mutations, mostly germline, have been detected in
about 3 % of sporadic parathyroid adenomas [20, 21].

In the present study, we further investigate the patho-
genic role of the CDKNIB gene in a large series of sporadic
parathyroid adenomas and the relationship between the
expression of p27 and the MENI mutational status.

Materials and methods
Patients and tissue samples

All patients and control subjects gave their informed con-
sent for genetic studies. Our internal Review Board
approved the study.

One hundred forty-seven patients with histologically
confirmed PHPT due to parathyroid adenoma were studied.
No patient had a family history of PHPT or other endocrine
tumors. The patients underwent an extensive clinical, bio-
chemical, and instrumental evaluation to exclude mani-
festations of familial PHPT. Tissues were obtained at
surgery, immediately snap frozen in liquid nitrogen, and
stored at —80 °C. Blood samples were also obtained from
all patients. One hundred Italian healthy subjects were
included in the study as controls.

For immunohistochemistry (IHC), we used slices of
normal parathyroid glands inadvertently removed from
normocalcemic patients undergoing thyroid surgery for
non-toxic multinodular goiter. For Real-time PCR, we
collected small specimens of normal parathyroid glands
that appeared ischemic during major neck surgery for
laryngeal or thyroid diseases before their implantation in
the sternocleidomastoid muscle.

CDKN1B and MEN1 sequencing

DNA variant numbering is based on reference cDNA
sequence (41 corresponds to the A of the ATG initiation
codon), and mutations are reported according to the
nomenclature recommendations of the Human Genome
Variation Society.

Genetic screening of the CDKNIB gene was performed
on the entire cohort of parathyroid adenomas, while
sequencing of MENI gene was carried out in the three
adenomas carrying CDKNIB mutations and in a subgroup
of 50 consecutive CDKNIB mutation-negative parathyroid
adenomas, which were also investigated for p27 expression
by immunohistochemistry (IHC). DNA was extracted from
parathyroid tissues and peripheral blood leukocytes with
Maxwell™ 16 Instrument (Promega Corp., Madison,
USA). The entire coding region and splicing junctions of
CDKNIB and MENI were amplified and sequenced as
previously reported [22, 23]. Both strands of the PCR
fragments were separated on ABI 3130XL sequencer
(Applied Biosystems, Foster City, USA). The region of
interest was also examined in the germline DNA of all
carriers of MENI and CDKNIB variants.
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Multiplex ligation-dependent probe amplification
(MLPA) assay

MLPA was used to detect potential large deletions in
MENI and/or CDKNIB genes, which might escape detec-
tion by conventional PCR-based techniques, and to detect
loss of heterozygosity (LOH). Experiments were per-
formed on tumor samples of the 50 patients studied for
MENI mutations and of 51 patients who were wild-type or
homozygous for two common CDKNIB polymorphisms,
using the SALSA MLPA probemix kit P244-C1, contain-
ing probes for the MEN! and CDKNIB exons (MRC-
Holland, Amsterdam, The Netherlands). MLPA assay was
performed as previously described [4]. Coffalyser.Net
(MRC-Holland) was used to identify copy number varia-
tions. Experiments were repeated at least twice. Three
reference blood DNAs from healthy subjects and a nega-
tive control (a sample without DNA) were included in all
experiments.

In silico analysis

Bioinformatics tools, including Align-GVGD (http://agv
gd.iarc.fr), PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2), and SIFT (http://sift.jevi.org), were used to predict
the impact of the CDKNIB missense variant on protein
structure and function.

In vitro study
Plasmid construct

The p27_-80T construct was generated by introducing the
detected nucleotide changes into the wild-type (WT)
human CDKNIB gene promoter (spanning nucleotides
-821/-1 to the start site of translation), cloned in the pGL4-
p27WT construct, by Quikchange II site-directed mutage-
nesis kit (Stratagene, Germany). The construct containing
the c.-29_-26delAGAG deletion was previously reported
[24]. The constructs were verified by sequencing.

Cell culture, transfections, and luciferase assay

GH3 cells (purchased from ATCC) were grown in FI12
medium supplemented with 15 % horse serum, 2.5 % FCS,
20 mM L-glutamine, 100 U/ml penicillin G sodium, and
100 pg/ml streptomycin (Invitrogen, Carlsbad, USA).
Transient transfection with the above-mentioned plas-
mid DNAs was performed using the Amaxa 4D-Nucleo-
fector, following the manufacturer’s instructions (Lonza,
Cologne, Germany). The pRL-TK plasmid (Promega,
Madison, USA), a wild-type Renilla luciferase control
reporter vector, was co-transfected with the p27 reporter
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construct and used to normalize the transfection efficiency.
Empty pGL4 vector was used as control. Following elec-
troporation, GH3 cells were plated into 96-wells plates.
After 36 h, the relative luciferase activity was measured
using the Dual-Luciferase Assay System and a GloMax
20/20 luminometer, according to the manufacturer’s
instructions (Promega).

Real-time quantitative RT-PCR

Total RNA extraction was performed using the Maxwell®
LEV Simply RNA Tissue kit on a Promega’s robotics
platform. Parathyroid samples from patients #87 and #216
and three fragments of normal parathyroid glands were
homogenized and loaded in the cartridge. Total RNA
concentration and the A260:A280 ratio were determined
with NanoDrop 2000 (Thermo Fisher Scientific, Waltham,
USA). Total RNA from each sample and from a pool of the
three normal parathyroids was reverse transcribed into
cDNA with Superscript IV reverse transcriptase (Life
Technologies, Carlsbad, USA). Quantitative gene expres-
sion study was performed by real-time PCR using TagMan
Gene Expression Assays (Applied Biosystems, Foster City,
USA). PCR reaction was carried out in CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules,
USA) by cDNA equivalent to 25 ng of total RNA and
TagMan Gene Expression Mix according to the manufac-
turer’s instructions (Applied Biosystems). The analysis of
relative gene expression data was performed with the
AACT method. The results were expressed as the amount of
target gene normalized to the endogenous reference gene,
Ribosomal Protein L13 (RPLI3).

Immunohistochemistry (IHC)

IHC was performed using the Ventana Benchmark
immunostaining system (Ventana Medical System, Tucson,
USA). A monoclonal anti-p27 antibody (clone SXS53G,
Ventana) was used to detect p27 expression. Antibody
binding was visualized employing 3,3’-diaminobenzidine
as chromogen and nuclei were counterstained with hema-
toxylin. A negative control was included in each experi-
ment by omitting the primary antibody. The rim of adjacent
not adenomatous parathyroid parenchyma, infiltrating
lymphocytes, and/or endothelial cells served as internal
positive control. Three specimens of normal parathyroid
gland were used as controls.

IHC scoring assessment
For each slide, we evaluated the percentage of positive

cells in at least 4 randomly selected fields under high-
power magnification (40x). The cytoplasmic stains were
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scored separately. The cut-off value for p27 expression was
selected generating receiver operating characteristic (ROC)
curves (MedCalc Software bvba, Belgium). The sensitivity
and specificity of different IHC scores were plotted for the
outcome under study (MENI genetic status, dichotomized
as negative or positive). Tumors were defined as p27
negative, both at nuclear and cytoplasmic level, when the
IHC score was below that threshold.

Statistics

The relationship between the nuclear and cytoplasmic p27
expression, either separately or combined, and the genetic
status of MENI gene was evaluated using the Fisher’s
exact test. All p values were two tailed, and statistical
significance was set at p < 0.05.

Results
CDKNIB gene

Three CDKNIB variants in 3 out of 147 parathyroid ade-
nomas were identified (Table 1).

A heterozygous missense variant ¢.397C>A in exon 1
(p.Pro133Thr) was identified in tumor #216. This substi-
tution was previously identified in two sporadic parathyroid
adenomas [20]. Multiple alignment query revealed that
proline 133 is not a conserved residue across species.

An already reported heterozygous four nucleotides’
deletion at 5" UTR (c.-29_-26delAGAG) was detected in
tumor #87 [24, 25].

An unreported heterozygous substitution at 5 UTR c.-
80C>T was found in tumor #57.

Unexpectedly, all three variants were germline. The c.-
80C>T variant was not detected in any of 100 healthy
subjects, suggesting that it could not be a common poly-
morphism. All the three mutated tumors showed retention
of heterozygosity at 12p13 (Table 1).

The presence of large deletions of the CDKNIB gene
could be excluded in 96 out of 147 tumors carrying one or

two among the common CDKNIB polymorphisms (i.e., c.-
79C>T and p.Vall09Gly) in the heterozygous state. In the
remaining 51 tumors, which were wild-type or homozy-
gous for both polymorphisms, MLPA analysis did not
identify any CDKNIB large deletion.

The medical records of these patients were carefully
reviewed. There was no history of familial PHPT or other
endocrine tumors; hormonal data were not available in any
of the relatives. Patient #216 had asymptomatic PHPT
diagnosed at 49 years, autoimmune hypothyroidism, and
fibrocystic breast disease. Patient #87 had severe PHPT
diagnosed at 61 years and no other relevant diseases.
Patient #57 had PHPT with nephrolithiasis diagnosed at
38 years and no other relevant diseases. A single clear cell
and chief cell adenoma was excised from patients #216 and
#87 and a double chief cell adenoma from patient #57. All
patients remained normocalcemic after parathyroidectomy
for 16, 14, and 8 years, respectively. At the latest follow-up
visit after the identification of the CDKNIB variants, all
three patients refused further evaluation, but no history of
endocrine or non-endocrine tumors was reported. Three
well-known benign single nucleotide polymorphisms
(SNPs), a ¢.-79C>T nucleotide replacement in the 5 UTR
(rs34330), a valine for glycine substitution at position 109
(rs2066827:T>G, p.Vall09Gly), and a synonymous
c.426G>A change (p.Thr142Thr) were detected in our
cohort. The SNP rs34330 was found in heterozygous state
in patients #87 and #216 and the SNP rs2066827 in all
three CDKNIB-mutated samples, in homozygosity in
patient #87.

MENI gene

MENI mutations were found in two of the three CDKNIB
mutated tumors.

The already described variant ¢.1621G>A (p.Ala541Thr)
in exon 10 was detected in tumor #216 and in peripheral
leukocytes. A somatic MENI deletion, c.152delA, in exon 2,
causing a shift in the reading frame and a premature termi-
nation of menin at codon 117 (p.Asn51ThrfsX68), was
identified in tumor #87. Both MENI mutations were in

Table 1 Summary of molecular alterations in CDKNIB and MENI genes

Patient  Age/sex CDKNIB mutation Germline/somatic LOH MENI mutation Germline/somatic LOH
ID X ) 12p13 ) : 11q13
Nucleotide Protein Nucleotide  Protein
57 38/M c.-80C>T ? G RET WT WT - RET
87 61/F c.-29_- ? G RET c.152delA  p.Asn51ThrfsX68 S LOH
26delAGAG
216 49/F c.397C>A P133T G RET c.1621G>A Ala541Thr G LOH

WT wild type, LOH loss of heterozygosity, RET retention of heterozygosity
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hemizygous state at the somatic level for the concurrent
presence of allelic loss at the 11q13 locus, leading to a
biallelic inactivation of menin. No MENI mutation, large
deletion, or LOH was detected in tumor #57 (Table 1).

MENI mutational screening and copy number variation
detection were also performed in the 50 CDKNIB muta-
tion-negative adenomas that were investigated for the
expression of p27 by IHC. Somatic MENI mutations were
found in 15 tumors (Table 2). Allelic loss at 11q13 locus
was detected in all but one mutated adenoma samples
(Table 2). MENI large deletions were not detected in any
of the 50 parathyroid tumors.

In silico analysis

The three different tools used, based on different algo-
rithms, gave comparable results and all indicate that the
p.Pro133Thr has a neutral effect on protein function.

In vitro study

We cloned the 5’-UTR region of the CDKNIB promoter
into a luciferase reporter gene vector and introduced the c.-
80C>T change by site-directed mutagenesis. The c.-29_-
26delAGAG construct was also included as a positive
control. GH3 cells (devoid of endogenous p27) were
transfected with constructs bearing the WT or the mutated
(p27_-80T and p27_-29_-26del) promoter region, and
luciferase activity was measured. Cells transfected with the
p27_-80T and p27_-29_-26delAGAG showed a highly
significant reduction (p < 0.0001) in luciferase activity
(threefold and 5.5-fold reduction, respectively) when
compared with cells transfected with the WT construct

(Fig. 1).
Real-time quantitative RT-PCR

The comparative quantitative PCR showed that parathyroid
adenomas from patients #87 and #216 had a lower level of
p27 expression with respect to the pool of normal
parathyroid glands (p < 0.001 and <0.01, respectively),
which was on average 16 and 3.6-fold less for samples
bearing the c.-29_-26delAGAG and c.397C>A variant,
respectively (Fig. 2).

Immunohistochemistry

Immunostaining for the p27 protein was performed on one
(#87) of the three CDKNIB mutated tumors (specimens
#216 and #57 were not available) and on 50 CDKNIB
mutation-negative parathyroid adenomas. Three specimens
of normal parathyroid gland were also studied. Normal
parathyroid gland showed a moderate to strong nuclear
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staining intensity, with a percentage of positive cells
ranging between 60 and 90. No staining was detected in the
cytoplasm. Neither nuclear nor cytoplasmic staining was
observed in the tumor specimen #87 (Fig. 3).

The cut-off values generated by the ROC curves (Fig. 4)
were used to categorize the parathyroid specimens into two
groups, namely positive and negative. We presented the
following results according to the threshold values of 20
and 10 % of positive stained cells, respectively, relative to
the nuclear and cytoplasmic staining (Table 3).

Of the 50 CDKNIB mutation-negative adenomas, 23
were scored as nuclear positive (range of positive cells,
30-90 %) and 27 as nuclear negative. Five of the 23 pos-
itive and 7 of the 27 negative samples showed a cyto-
plasmic staining (Table 3).

Cytoplasmic/nuclear p27 expression and mutation
of the MENI gene

We examined whether p27 expression (nuclear, cytoplas-
mic, or combined) was associated or not with MENI gene
mutational status. We found a statistically significant
association between both negative nuclear and cytoplasmic
staining and the presence of MENI mutation (Table 3).
Similar results were observed when the MENI mutational
status was correlated with the combined nuclear and
cytoplasmic p27 staining (Table 3). In particular, among
p27 nuclear-negative tumors, MENI mutations were
exclusively found in those scored as cytoplasmic negative
(p = 0.008). On the other hand, among p27 cytoplasmic-
negative tumors, MENI mutations were significantly more
common in those scored as nuclear negative (60 %), as
compared with those scored as nuclear positive (16.7 %,
p = 0.009; Table 3).

Discussion

Up to date, only three studies examined the possible role of
CDKNIB mutations in patients with sporadic PHPT, with
discrepant results [20, 21, 26]. The overall prevalence of
germline CDKNIB mutations in sporadic PHPT cases is
1.8 % (3/166) and decreases to 0.8 % (1/128) if we con-
sider only somatic mutations.

In this study, we detected three different germline
CDKNIB variants in 147 (2.0 %) apparently sporadic
parathyroid adenomas, updating the current prevalence of
germline variants to 1.9 %, also including variants of
uncertain pathogenic significance (VUS) (6/313). The
apparent sporadic nature of PHPT in our CDKNB-mutated
patients is in contrast with the finding of germline muta-
tions. Two patients had a single parathyroid adenoma and
the third—the youngest patient—a double adenoma; all
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Fig. 1 Relative luciferase activity (vs empty-vector-control) was
measured in GH3 cells transfected with p27_WT, p27_-80T (genetic
condition of the patient #57) and p27_-29_-26delAGAG deletion
(genetic condition of the patient #87) (p27_-29_-26del) constructs.
Luciferase activity of the c.-80T construct is significantly lower than
that of the WT construct. The deletion-containing construct shows a
luciferase activity lower than the other ones. p values were calculated
using a two-tailed ¢ test. ****p < 0.0001. Values were expressed
relative to those generated as mean of three replicates. Error bars
indicate standard deviation
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Fold change (CDKN 18 mRNA/RPL13)
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Fig. 2 Bar graph representing real-time PCR results. The mRNA
expression fold change of the CDKNIB gene by the AAC, method
relative to the internal control gene (RPLI3) in a pool of three normal
parathyroids (Pool PN) and in parathyroid adenomas carrying c.-29_-
26delAGAG (sample #87) and c.397C>A (samples #216) CDKNIB
variants. The fold difference was calculated as 2722C where
AAC; = AC; sample- AC; calibrator and AC; = Ct value of CDKNIB
- Ct value of RPLI3. The average Ct value of a pool of three normal
parathyroids (PN) was used as the calibrator in the analysis. Statistical
significance was determined by Student’s 7 test. **p < 0.01;
***p < 0.001. Values were expressed relative to those generated as
mean of three replicates. Error bars indicate standard deviation

were cured by surgery. The rather advanced age at diag-
nosis in the sporadic cases carrying CDKNIB germline
mutations so far identified, with the exception of one case
(15 years) [n = 6, mean (£SD) age 56.0 £ 11.6 years,
range 38-68 years], is very similar to that reported in
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MEN4 cases (55.6 + 11.8 years, 41-79 years) [19, 20, 27,
28]. These patients might represent a variant of MEN4 with
incomplete phenotypic expression and might have a risk of
developing other MEN4-associated tumors.

The c.-80C>T variant (#57) has not been previously
reported and was shown to affect in vitro CDKNIB tran-
scription rates. The lack of LOH at the p27 locus in this
tumor is not surprising, since it has been detected in a few
MEN4-related tumors. Thus, we cannot, at present, rule out
that CDKNIB may act as a haploinsufficient gene also in
human endocrine tissues, as previously demonstrated in
animal models [16]. Unfortunately, the tumor tissue #57
was not available for p27 mRNA nor immunohistochemi-
cal studies. This variant is located next to a known poly-
morphism at —79, which is considered as a putative genetic
risk factor for some cancers [29-31] and has been associ-
ated with a significant lower transcription rate [32]. Indeed,
our patient did not carry this variant.

The 5’-UTR deletion c.-29_-26delAGAG (#87), previ-
ously reported as c.-32_-29delGAGA by Malanga et al. in
a sporadic MEN4, and by Sambugaro et al. in a acrome-
galic patient, was associated with a complete loss of p27
expression, which, in the absence of LOH in the patient’s
tumor, suggests the presence of an alternative somatic
(genetic or epigenetic) second hit and excludes an hap-
loinsufficient behavior [24, 25, 33]. The loss of p27 in our
patient’s tumor is in keeping with previous and our func-
tional studies showing a down-regulation of CDKNIB
mRNA expression [24, 25]. Our mRNA expression data are
in line with the previous observation by Malanga et al. in
the blood cells of their patient. Interestingly, the tran-
scription rate in our tissue sample was affected to a greater
extent with respect to the peripheral blood leukocytes (16-
fold vs. threefold reduction), suggesting that an additive
somatic defect (i.e., menin alteration) could further affect
transcription in the tumor [25]. These data further confirm
that the 5'-UTR region including the GAGAGA element
has a primary role in CDKNIB transcription [24, 25, 34].

The p.Pro133Thr variant has previously been reported in
two sporadic parathyroid adenomas, both in germline, and
in a novel MEN4 case presenting parathyroid adenoma in
association with cerebral meningioma and papillary thyroid
carcinoma [2, 20, 35]. LOH at CDKNIB locus was detected
neither by us nor by Costa-Guda et al., arguing against a
biallelic inactivation. Functional studies revealed the lack
of abnormal protein degradation [20]. Conversely, the lack
of p.Prol33Thr in any of the 240 alleles from healthy
subjects nor in > 2000 alleles reported in the databases led
the authors to conclude that this change might have a role
in parathyroid tumorigenesis [20]. On the other hand, the
ExAC database reported this variant (rs137985549) in three
subjects in homozygosity and the in silico prediction
indicates a neutral effect of the p.Prol33Thr on protein
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Fig. 3 Representative immunohistochemical p27 staining (original
magnification x40). a Normal parathyroid gland with nearly all
nuclei showing p27 staining. b Parathyroid adenoma carrying the c.-
29_-26delAGAG CDKNIB mutation (patient #87), showing a com-
plete absence of p27 nuclear and cytoplasmic staining. Endothelial
cells (arrows) show the typical strong nuclear positivity and serve as
internal control to check for the adequacy of the staining. ¢ A
CDKNIB mutation-negative parathyroid adenoma scored as negative
in the nucleus and in the cytoplasm (arrows indicate the rim of normal

function. Unfortunately, no IHC studies could be per-
formed either by us or by Costa-Guda et al. because of
unavailability of tissue samples. Based on these findings,
the p.Pro133Thr is considered as a VUS and its role as
susceptibility factor has to be further investigated [36].

A reduced nuclear p27 staining was detected in 27 of the
50 (54 %) CDKNIB mutation-negative adenomas, sug-
gesting that defects in the regulation of CDKNIB tran-
scription  or  post-transcriptional,  post-translational
mechanisms may account for this finding.

parathyroid tissue showing nuclear and weak cytoplasmic immunore-
activity for p27). d A CDKNIB mutation-negative parathyroid
adenoma with a strong nuclear immunoreactivity for p27 and no
cytoplasmic staining. € A CDKNI1B mutation-negative parathyroid
adenoma showing the loss of p27 expression in the nucleus and
moderate cytoplasmic staining. f A CDKNIB mutation-negative
parathyroid adenoma showing both nuclear and cytoplasmic staining
with moderate intensity. Scale bar 100 pm

It is worth noting that one of the tumor-suppressor
mechanisms of menin is mediated by the transcriptional
activation of CDKNIB and CDKN2C (encoding pl8)
genes, through the recruitment of the Mixed Lineage
Leukemia (MLL) family of proteins [8, 9]. These studies
demonstrated the binding of menin to MLL in a histone
methyltransferase (HMT) complex and their co-localiza-
tion at target promoters. Moreover, a direct link between
MLL or menin loss of function and down-regulation of p27
and pl8 expression was also shown [8, 9]. In particular,
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Fig. 4 Receiver operating characteristic (ROC) curves for the
selection of optimal IHC cut-off values (criterion) relative to p27
expression. Each percentage scores a cells with p27 positive staining
in the nucleus, and b cells with p27 positive staining in the
cytoplasm—were plotted against the sensitivity and specificity for the
presence or absence of MENI mutations. The area under the ROC
curve (AUROC) was calculated to estimate the discriminatory power
of p27 over the entire range of scores

Milne et al. [9] also showed a reduction of p27 expression
in parathyroid and pancreatic MEN1-related tumors, con-
firming a relationship between the lack of a functional
menin and the loss of p27 in human endocrine tumors.
Menin-MLL-p27 pathway down-regulation was also
demonstrated in sporadic pituitary adenomas [37].

Based on these premises, we evaluated MENI gene
abnormalities in CDKNIB-mutated and non-mutated
tumors. A MENI germline substitution (p.Ala541Thr) was
found in CDKNIB-mutated tumor #216. This variant was
firstly classified as a benign polymorphism, being present
in 6.2-16.5 % of control population in ExAc and dbSNP

@ Springer

Table 3 Frequencies of MENI mutations in parathyroid adenomas
with various p27 expression patterns obtained evaluating the per-
centage of positive cells at immunohistochemistry (IHC)

9273 p:t?::ts m":’f::\,\:id MENIWT
IHC Nr (%) Nr (%) Nr (%) P value®
N- 27 (54) 12 (44.4) 15 (55.6) ] 0.029
N+ 23 (46) 3(13.1) 20(86.9)
C- 38(76) 15 (39.5) 23 (60.5) ] 0.01
c+ 12 (24) 0(0) 12 (100)
N-/C- 20 (40) 12 (60) 8 (40) ] 0,039
N+/C+ 5(10) 0(0) 5 (100) 0.008
N-/C+ 7 (14) 0(0) 7 (100) 0.009
N+/C- 18 (36) 3(16.7) 15 (83.3)

N~, samples negative to nuclear p27 expression; N*, samples positive
to nuclear p27 expression; C~, samples negative to cytoplasmic p27
expression; C*, samples positive to cytoplasmic p27 expression
 Positive cell staining was established according to the cut-off values
of 20 % for the nucleus and 10 % for the cytoplasm

Y Fisher exact test, level of significance, p < 0.05

databases, respectively, and in 2—-7.6 % in different reports
[3, 38]. However, functional studies have shown that, in
contrast to wild-type, the overexpression of the
p-Ala541Thr mutant protein does not inhibit cell growth,
suggesting that p.Ala541Thr might be a pathogenic muta-
tion or, at least, a pathogenic non-synonymous polymor-
phism [39-41]. This conclusion is supported by the
identification of this variant in a somatic setting in sporadic
parathyroid adenomas [39]. LOH at 11q13 region detected
in tumor #216 further supports a role for the MENI gene in
tumor growth. Based on these considerations, only func-
tional experiments and clinical evaluation of carriers of
variants initially classified as polymorphisms might estab-
lish its pathogenic role.

Interestingly, patient #87 carries the c.-29_-26delAGAG
germline CDKNIB mutation and a biallelic inactivation of
the MENI gene [i.e., somatic frameshift mutation
(c.152delA) causing a probably deleterious menin protein
and LOH at 11q13]. Although we could hypothesized that
the loss of p27 expression could only be due to the MEN]
somatic defects, causing the inhibition of p27 transcription
through menin-MLL deregulation, we cannot rule out a
role of the germline CDKNIB c.-29_-26delAGAG in
parathyroid tumorigenesis predisposition. Indeed, the
combined loss of menin and p27 in the double p27/Menl
knockout mice does not seem to have synergistic effects on
pancreatic tumor development [42]. However, the coexis-
tence of germline CDKNIB and somatic MENI mutations
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might suggest that they could be sequential events leading
to tumor development. Finally, we could hypothesize that
the germline CDKNIB mutation, affecting a single allele,
might cause a partial reduction in gene transcription and
the somatic inactivation of menin might have the greatest
effect on inhibiting the transcription of the wild-type
CDKNIB allele, causing the complete loss of p27 expres-
sion, as shown by IHC analysis.

The choice of p27 IHC cut-off values is variable in the
literature (0-62.4 %) [43]. Different studies have evaluated
p27 nuclear expression on parathyroid tumors by IHC or
tissue microarray [20, 44-51]. All studies found a pro-
gressive decrease, compared with normal parathyroid, in
the percentage of p27 positive cells from hyperplasia—
adenoma—carcinoma, suggesting that the reduction of p27
expression could be directly related to malignancy.
Empiric cut-off values of p27 positivity were only used in
4/9 studies as shown in the table (Online Resource 1) [20,
47-49]. Therefore, to avoid the problem of misclassifying
tumors regarding their p27 status, we used ROC curves to
select the optimal cut-off value. We found a higher per-
centage (54 %) of adenomas with negative nuclear p27
expression with respect to the literature. MENI mutations
were found in 30 % of tumors, in agreement with the lit-
erature [4, 5, 52]. Eighty percent of MENI-mutated ade-
nomas showed a decreased p27 nuclear staining, in
agreement with the finding of a reduced p27 expression in
77 % of the insulinomas developed in conditional organ-
specific Menl knockout mice, suggesting a loss of menin-
MLL-dependent transcription of the Cdknlb target gene
[53]. Our results suggest a link between menin mutations
and p27 nuclear loss consistent with those obtained in
MEN/1-related pancreatic and parathyroid tumors and in
sporadic pituitary adenomas [9, 37]. In the three MENI
mutation-positive adenomas with positive nuclear p27
expression (20 %), other pathways and/or gene targets
regulated by menin (SMAD proteins, Runx2, JunD, nuclear
factor kB) might be altered in parathyroid tumorigenesis.

Forty-three percent of the tumors that did not carry
MENI mutations and/or LOH at 11q13 had a reduced p27
nuclear staining. Unfortunately, in these cases, we were not
able to assess CDKNIB transcription levels for unavail-
ability of tissue samples. However, we can hypothesize that
the down-regulation of p27 expression might be due to
inhibition of p27 translation, post-transcriptional or post-
translational events, and/or enhanced p27 proteolysis by
MEN1I-independent mechanisms.

Herein we also evaluated p27 cytoplasmic expression. It
is well known that the regulatory function of p27 on cell
proliferation depends upon its subcellular localization. The
cytoplasmic displacement of p27, as well as its nuclear
loss, has been associated with an adverse clinical outcome
in various cancers, suggesting that p27 might exert dual

functions in carcinogenesis, being either a nuclear tumor
suppressor or a cytoplasmic oncoprotein [43]. To our
knowledge, no data about the biological meaning of cyto-
plasmic p27 in benign neoplasia are available. In contrast
with the findings in colorectal cancer, we found adenomas
showing p27 cytoplasmic sequestration together with
nuclear loss or retention, indicating that different mecha-
nisms of p27 inactivation may coexist in parathyroid
tumorigenesis [54]. All adenomas with negative nuclear
p27 expression and MENI mutation-positive had low p27
cytoplasmic levels, supporting a menin-dependent loss of
p27 transcription, while all adenomas with positive cyto-
plasmic p27 staining were MENI wild-type, suggesting
that in these tumors, the p27 deregulation might be due to
menin-independent mechanisms, i.e., accelerated p27
degradation and/or mislocalization, miRNA-mediated
inhibition of translation, or post-translational events [55—
57].

In summary, we did not identified CDKNIB somatic
variants in any of the 147 sporadic PHPT, confirming that
CDKNIB mutations are extremely rare in parathyroid
tumors. However, we found three germline CDKNIB
variants, and the in vitro study carried out for two of them
suggested their potential role in parathyroid tumorigenesis.
Of note, reduction of p27 nuclear staining in CDKNIB
mutation-negative adenomas was statistically correlated
with the presence of MENI somatic mutations. Further
studies will be required to better understand the additional
mechanisms of p27 function impairment and the dual role
that p27 might have on parathyroid tumorigenesis
depending on its cellular localization.
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