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Multiple Endocrine Neoplasia Type | (MENL1) is an autosomal dominant inherited tumor
syndrome characterized by development of tumors in multiple organs including parathyroid
organs, pancreatic islets, pituitary gland, and some endocrine organs [1]. The gene mutated
in this syndrome, MEN., is located on chromosome 11g13 and encodes a nuclear protein,
menin [2]. Menin is highly conserved from Drosophila to humans; however it does not
exhibit any homology to known proteins [2]. A germline MENI mutation leads to familial
MENL1, and is also often detected in sporadic pancreatic neuroendocrine tumors [3]. The
precise biochemical mechanisms underlying the function of menin in suppressing multiple
endocrine tumors are not well understood,, and the recently solved crystal structure [4]
indicates that it acts as a scaffold protein interacting with distinct partner proteins. For
instance, menin interacts with JUND and represses its transcriptional activity by blocking
JUN N-terminal kinase (JNK)-mediated JUND phosphorylation [4,5]. Menin also interacts
with mixed lineage leukemia protein 1 (MLL1), a histone H3 lysine 4 methyltransferase and
the chromatin-anchoring protein LEDGF and upregulates expression of cyclin-dependant
kinase inhibitors, p18/4c and p27€%1 by increasing histone H3 lysine 4 tri-methylation
(H3K4m3) [6,7]. Furthermore, menin acts as a central hub controlling mixed lineage
leukemia by recruiting both wild type MLL and oncogenic MLL-fusion protein (MLL-FP)
to the loci of their target genes in certain leukemias [8]. Thus epigenetic regulation of gene
expression represents a key aspect of menin’s function including disease, and the
modulation of its epigenetic targets holds considerable therapeutic potential including the
MEN1 syndrome.

Recently, we reported that menin interacts with another epigenetic modulator, protein
arginine methyltransferase 5 (PRMTS5). The interaction between endogenous menin, PRMT5
and its co-factor MEP50 was shown, and the menin-interacting domain was mapped to the
N-terminus of PRMT5. PRMT5 symmetrically methylates histone H4 arginine 3
(H4R3m2s) and histone H3 arginine 8 (H3R8m2s), repressing gene transcription [9]. Menin
recruits PRMTS5 and its repressive histone methylation mark, H4R3m2s, to the promoter of
the GasI gene [10] and represses its expression. GASL, along with two accessory protein
CDO and BOC [11,12], facilitates binding of HH ligand to the cell surface receptor Patched
(PTCHZ1), resulting in the release of PTCH1-mediated repression of the cell membrane
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protein Smoothened (SMO) [13] and subsequent activation of HH signaling. Excision of
Men1 in cells and in primary pancreatic islets isolated from Meni-excised mice
demonstrates increased HH signaling as evidenced by elevated mRNA levels of GasZ, Gli!
and Pichl, targets of the HH signaling pathway. Similarly, PRMT5 knockdown in cells
resulted in increased levels of GasZ, and enhanced HH ligand-mediated signaling. These
findings suggest that the epigenetic repression of HH signaling by the menin-PRMT5
complex represents a novel means for menin-mediated repression of gene expression.
Establishing a mouse model in which Prmi5 can be conditionally excised in the pancreatic
islets would be valuable for further validating these findings, and demonstrating
unambiguously the role of repressive histone modifications and epigenetics in the
pathogenesis of the MEN1 syndrome.

The HH signaling pathway is highly conserved, and is essential for embryonic development
and tissue homeostasis in adults [13]. Aberrant regulation of the HH signaling pathway has
been reported in many cancers including basal cell carcinoma (BCC) [14] and
medulloblastoma [15]. Furthermore, HH ligand expression or HH signaling is enhanced in
human gastrointestinal neuroendocrine tumors and in mouse small cell lung cancer [16,17].
Transgenic mouse embryos deficient in HH signaling display delayed pancreas formation
resulting in reduction of the pancreatic epithelium and beta cell numbers [18]. However, the
beta cell numbers recover by birth but the mice display glucose intolerance, increased
insulin sensitivity and reduced production of total insulin [18], clearly indicating that the HH
signaling plays an important role in the development and proper functioning of the
endocrine pancreas. It has also been reported in genetically engineered mouse models of
pancreatic ductal adenocarcinoma (PDAC) that inhibition of HH signaling results in
depletion of the stroma surrounding the tumor, stimulating angiogenesis and enhancing
delivery of chemotherapeutic drugs [19]. However, it was not previously known whether HH
signaling plays a role in pancreatic neuroendocrine cells.

To determine whether aberrant HH signaling induced upon Men1 excision plays an
important role in MEN1, we examined the expression levels of target genes in an established
MEN1 mouse model which largely phenocopies the human MENZ1 tumor syndrome [20]. It
is recently reported that Meni-excised mice have elevated levels of HH signaling as
determined by increased mRNA levels of Gasi, G/i1 and Ptchl in isolated pancreatic islets
compared to their wild type (WT) littermates. Furthermore, inhibition of the HH signaling
pathway with GDC-0449, a SMO antagonist [21], resulted in significant reduction in the
proliferation of insulinoma cells and reduced insulin secretion. GDC-0449 also known as
vismodegib and currently marketed as Erivedge, is an FDA-approved drug used for treating
metastatic or locally advanced BCC in adults where surgery and radiation are not applicable,
and according to the clinical trials database at the National Institute of Health (NIH) is
undergoing clinical trials for various cancers including metastatic colorectal cancer,
medulloblastoma, ovarian cancer and metastatic pancreatic cancer (ClinicalTrials.gov
Identifier NCT00959647, NCT00878163). The potential use of an existing FDA-approved
drug for treating a subset of MEN1 patients with elevated levels of HH signaling thus holds
considerable promise.

Epigenomics. Author manuscript; available in PMC 2017 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gurung and Hua

Page 3

The relevance of menin-PRMTS5 interaction and MEN1 syndrome was examined /7 vitro by
complementing menin-null cells with either WT or two physiologically relevant point
mutants, A242V and L22R. The interaction between menin and PRMT5, and histone
methyltransferase (HMT) activity towards recombinant histone H4 are considerably
decreased in the two MEN1 disease-related menin point mutants. Additionally, menin-null
cells complemented with the menin mutants fail to repress GasZ mRNA levels indicating
that loss of menin-mediated repressive histone methylation, H4R3m2s, at the GasZ promoter
and aberrant HH signaling plays a role, at least in part, towards pathogenesis of the MEN1
syndrome.

To further examine whether HH signaling is aberrantly upregulated in MEN1 patients, the
levels of GL/1in tumor and normal tissues from pancreatic sections needs to be quantitated,
and correlated with the expression levels of menin. Elevated levels of GL/Z mRNA and its
correlation with loss of menin expression in MEN1 tumors from patients will further
reinforce the notion of treating MENZ1, and sporadic neuroendocrine tumors harboring
MENI mutation with enhanced HH signaling with Erivedge.

Currently, no curative treatment for insulinomas in MEN1 patients exists. Surgical removal
of part of the pancreas (distal pancreatectomy) to combat insulin imbalance due to excessive
insulin secretion by insulinomas in benign tumors as well as malignant tumors, and nearby
lymph nodes appear to be the only prevalent options [22]. However, surgical approach to
pancreatic endocrine tumors in MEN1 patients is controversial with relatively high rates of
recurrence with some treatment-related morbidity and mortality [23]. Thus novel, non-
surgical means for treating specific symptoms in MEN1 patients harboring insulinomas is
currently lacking and highly desirable.

MENTL is an autosomal inherited tumor syndrome, and genetic testing is currently readily
available for detecting MENI mutations, particularly for the population prone to the disease.
Thus, pro-active measures including treatment with GDC-0449 to delay or even prevent the
onset of tumorigenesis in MEN1 patients with upregulated HH signaling is very intriguing
and remains to be tested. Inhibition of HH signaling by administration of GDC-0449 to
MEN1 mouse models prior to development of insulinomas will yield clues as to whether
overt activation of HH signaling in the pancreatic islets represents a necessary step for
initiation and onset of the MEN1 disease. Long-term administration of GDC-0449 might be
tolerated or acceptable especially for adults as the adverse side effects in clinical trials were
relatively mild events including muscle spasms, alopecia, taste disturbance and fatigue [24].
Additionally, treatment of wild-type mice twice daily with GDC-0449 for four weeks did not
result in gross abnormalities or changes to the pancreatic islet morphology. Given that
inhibition of HH signaling reduced proliferation of insulinoma cells in a MEN1 mouse
model, and insulin production was decreased in adult mice lacking SMO and HH signaling
[18], administration of GDC-0449 in MENL patients with aberrant HH signaling may
improve the therapy for this group of patients.

An important aspect of menin’s function is defined by its interactions with epigenetic
modulators including MLL and PRMT5. Further understanding of menin-mediated
epigenetic modifications and characterization of the altered signaling pathways is garnering
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considerable interest, particularly as it pertains to several malignancies including leukemia,
MENL1 and Type 2 Diabetes (T2D).
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