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The molecular mechanisms underlying the development of pancre-
atic neuroendocrine tumors (PanNETSs) have not been well defined.
We report here that the genomic region of the PHLDA3 gene
undergoes loss of heterozygosity (LOH) at a remarkably high fre-
quency in human PanNETs, and this genetic change is correlated
with disease progression and poor prognosis. We also show that
the PHLDAS3 locus undergoes methylation in addition to LOH, sug-
gesting that a two-hit inactivation of the PHLDA3 gene is required
for PanNET development. We demonstrate that PHLDAS3 represses
Akt activity and Akt-regulated biological processes in pancre-
atic endocrine tissues, and that PHLDA3-deficient mice develop
islet hyperplasia. In addition, we show that the tumor-suppressing
pathway mediated by MEN1, a well-known tumor suppressor of
PanNETs, is dependent on the pathway mediated by PHLDAS3,
and inactivation of PHLDA3 and MEN1 cooperatively contribute
to PanNET development. Collectively, these results indicate the
existence of a novel PHLDA3-mediated pathway of tumor suppres-
sion that is important in the development of PanNETs.

p53 | PH domain | everolimus | p53 target gene | mTOR

euroendocrine tumors (NETs) arise from cells of the en-

docrine and nervous systems, and are found in tissues such
as lung, pancreas and pituitary (1-3). NETs often produce, store
and release biogenic amines and polypeptide hormones, and
secretary granules containing these products provide a diagnostic
marker for NETs. The mechanisms underlying the development
of NETs remain unclear to date, due to the low incidence of
these tumors and due to the lack of suitable experimental model
systems, including genetically engineered mouse models. Pan-
creatic NET (PanNET), which is probably the best-studied NET,
is the second-most common pancreatic tumor, having an in-
cidence of ~1 per 100,000 individuals. Patients having late-stage
PanNET often harbor tumors that are unresectable or metastatic
and face limited treatment options. Accordingly, the prognosis
of patients having metastatic PanNET is the worst among the
NET subtypes, with a 5-y survival rate of 27-43% (1). Recently, the
drug Everolimus has shown promise in the treatment of PanNETs
(4), providing a significant improvement in progression-free
survival. Everolimus is an inhibitor of mammalian target of
rapamycin (mTOR), a downstream mediator of the phosphoi-
nositide 3-kinase (PI3K)/protein kinase B (AKT) pathway. The
striking efficacy of Everolimus demonstrates the importance of
the PI3K/Akt pathway in the pathology of PanNETs.

In agreement with these clinical results, studies on pancreatic
endocrine cell lines have identified the PI3K/Akt signaling
pathway as a major proliferation and survival pathway in these
cells (5). Activated Akt phosphorylates substrates such as mTOR
and controls various biological processes, including protein syn-

E2404-E2413 | PNAS | Published online May 27, 2014

thesis, proliferation, cell growth, and survival. Regulation of
pancreatic islet p-cell proliferation, cell size, and apoptosis by
Akt has been demonstrated using various mouse models. For
example, transgenic mice overexpressing constitutively active
Akt in p-cells exhibit increased p-cell proliferation and cell size
and decreased induction of apoptosis (6).

Recently, the results of whole exomic sequencing of 10 Pan-
NET specimens were published, revealing several key genetic
alterations (7). In particular, genes in the PI3K/Akt pathway, i.e.,
TSC2, PTEN, and PIK3CA, were mutated in 15% of PanNETs.
However, this represents only a subset of PanNETs, and may not
fully explain the remarkable clinical results achieved by Ever-
olimus in the majority of PanNET patients.

Previously, we have shown that Pleckstrin homology-like
domain family A, member 3 (PHLDA3) is a novel p53-regu-
lated repressor of Akt. The PHLDA3 contains a PH domain
that, we showed, competes with the PH domain of Akt for
binding to membrane lipids, thereby inhibiting Akt translocation
to the cellular membrane and its activation. We also showed that
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PHLDA3 may have a tumor suppressive function (8). However,
there has hitherto been no reported role for PHLDA3 in human
tumors, and its in vivo function has remained elusive. In this
report, we demonstrate that the PHLDA3 gene is a novel tumor
suppressor, inactivation of which can lead to the development of
PanNETs. We show that the PHLDA3 genomic locus undergoes
LOH and that the PHLDA3 promoter is methylated at a high
frequency in PanNETs. Furthermore, analysis of PHLDA3-
deficient mice showed that these mice frequently develop islet
hyperplasia as a result of enhanced islet cell proliferation and an
increase in islet cell size. Collectively, these results indicate that
PHLDAS3 functions as a tumor suppressor in PanNETs.

Results

Frequent LOH at the PHLDA3 Gene Locus in PanNETs. The PHLDA3
gene is located at 1q31, a locus that has been reported to have
a high frequency of LOH in two NETs derived from pancreas:
insulinomas and gastrinomas (9, 10). We therefore speculated
that the PHLDA3 locus may undergo LOH in PanNETs, and
analyzed the PHLDA3 locus for LOH using microsatellite markers
surrounding the gene in 54 PanNET samples (Fig. 1 A-D; clinical
diagnosis for each sample is shown in SI Appendix, Fig. S14). As

shown in Fig. 1B, out of 54 PanNETSs, 50 samples were informative
and 36 samples showed LOH at the PHLDA3 locus. The incidence
of LOH at the PHLDA3 locus (72%) is remarkably high, and was
comparable to the reported LOH incidence of the Multiple endo-
crine neoplasia type 1 (MENI) gene, which has the highest reported
incidence of genomic changes in PanNETs (11). Within the re-
gion analyzed, the LOH frequency peaks near the PHLDA3 lo-
cus, suggesting that LOH of the PHLDA3 gene is critical for
PanNET development (Fig. 1D). This tendency becomes clearer
when samples that exhibit partial LOH within this region (PanNET
1-18) were analyzed (Fig. 1D, blue line). A strikingly high in-
cidence of LOH at the PHLDA3 locus indicates the impor-
tance of this PHLDA3-regulated tumor suppression pathway
in PanNETs. Most of the PanNETs analyzed in this study are
nonfunctional, and we found no associations between PHLDA3
LOH and specific PanNET type or insulin/glucagon positivity, to
the extent that we examined this (SI Appendix, Fig. S1).

PHLDA3 and MEN1 Cooperatively Suppress PanNET. The most out-
standing genomic aberration previously reported in PanNETs
was the mutation and LOH of the MENI gene, a tumor sup-
pressor gene associated with multiple endocrine neoplasia type 1
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Frequency of LOH at the PHLDA3 gene locus in PanNETs. (A) Chromosomal locations of PHLDA3 gene and microsatellite markers used in this study. D15306 is

located just next to the PHLDA3 gene (32 kb upstream). (B) Microsatellite analysis of the PHLDA3 gene locus region. PanNET samples were analyzed for LOH around
the PHLDA3 gene locus. Because D15S306 is located next to the PHLDA3 gene, the LOH status of the PHLDA3 gene was determined from the LOH status of the D15306
locus. For some loci with no data (not informative or data unavailable), the LOH status of the locus was determined from the surrounding LOH status (shown in faint
pink and faint blue). (C) Representative microsatellite analysis results. In normal tissues, two peaks derived from maternal and paternal alleles were detected, whereas
in tumors, one allele was lost (shown by orange arrows), indicating LOH at the locus. (D) LOH frequency for each microsatellite marker. Frequencies from all samples
(shown by red line) and frequencies from samples showing LOH partially within the analyzed region (PanNET1-18, shown by blue line) are shown.
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(7, 11). It has been reported that ~50% of PanNET cases exhibit
LOH of the MENI gene. Therefore, we analyzed whether MENI
LOH is observed in our PanNET samples. As shown in Fig. 2 4
and B, 32 samples out of 48 informative samples showed LOH at
the MENI locus. Frequent LOH was observed at the MENI locus
in our samples (67%), confirming previous studies. We next com-
bined the LOH data for the PHLDA3 and MENI loci. As shown in
Fig. 2C, LOH at the PHLDA3 and MENI loci did not show a mu-
tually exclusive pattern, which would be expected if PHLDA3 and
MENT1 were on the same tumor suppressing pathway. Interestingly,
we observed a significant frequency of double LOH, i.e., occurring
at both the PHLDA3 and MENI loci (25 of 45 samples, P < 0.05 by
Fisher’s exact test). These data suggest that development of Pan-
NET involves the functional loss of both pathways.

LOH at the PHLDA3 Locus Is Correlated to Poor Prognosis in PanNET
Patients. To select the proper treatment for each PanNET pa-
tient, prediction of disease prognosis is important. We observed
that LOH at the PHLDAS3 locus was associated with advanced
stage PanNETs, whereas absence of LOH was associated with
lower tumor grades. These associations were statistically signif-
icant (P < 0.01, by Fisher’s exact test), suggesting that the LOH is
associated with a malignant phenotype in PanNETs (Fig. 34).
We next analyzed the relationship between LOH at the PHLDA3
locus and the prognosis of PanNET patients. As shown in Fig.
3B, patients exhibiting LOH at the PHLDA3 locus seemed to
have a poorer prognosis compared with the patients without
LOH. However, the observed difference did not achieve statis-
tical significance, probably due to the relatively small numbers of
patients analyzed. On the other hand, LOH at the MEN] locus
had no influence on tumor grade or patient survival, as has been
reported (7) (Fig. 3 C and D). It will be necessary to extend these
studies with larger numbers of patients before reaching a firm
conclusion, however these results suggest that the PHLDA3-

regulated pathway, but not the MEN1-regulated pathway, may
be a critical determinant of the prognosis of PanNET patients.

The PHLDA3 Gene Undergoes Aberrant Methylation in Addition to
LOH in PanNETs. Because we found frequent LOH at the PHLDA3
locus in PanNETs, we next examined how the remaining allele
is inactivated. The PHLDA3 gene is mutated in several can-
cers: 11 mutations in lung, urinary, and large intestine cancer
are reported in the COSMIC database (http://cancer.sanger.ac.
uk/cancergenome/projects/cosmic), and mutation in lung cancer
was reported by Yoo et al. (12). Therefore, we analyzed the
PHLDA3 ORF genomic sequence in our PanNET samples, but
did not find any mutations within the coding regions (SI Appendix,
Fig. S2). We next analyzed PHLDA3 mRNA expression levels in
these PanNETs. As shown in Fig. 44, PHLDA3 expression was
significantly lower in samples showing LOH at the PHLDA3
locus compared with samples without LOH. We noticed a CpG
island overlapping the promoter region and the first exon of the
PHLDA3 gene (Fig. 4B). We therefore analyzed whether the
methylation status of the PHLDA3 gene is related to PHLDA3
transcription levels. Specifically, we analyzed DNA methylation
levels within the first exon of the PHLDAS3 gene, because it has
been reported that methylation of the first exon is tightly linked
to transcriptional silencing (13). Analysis of PHLDA3 mRNA
expression levels in four cancer cell lines revealed that PHLDA3
is highly expressed in LNCaP and MDA-MB-M468 cells, whereas
expression is very low in DLD1 and H1299 cells (Fig. 4C). Analysis
of DNA methylation levels by methylation-specific PCR revealed
detectable methylation only in DLD1 and H1299 cells, cell lines
with low PHLDA3 expression (Fig. 4D). It is of note that, in
H1299 cells, a human lung NET cell line, PHLDA3 mRNA ex-
pression was remarkably low and methylation was remarkably
high. We further treated H1299 cells with 5-aza-C to demethy-
late the PHLDAS3 gene. As shown in Fig. 4F, 5-aza-C treatment
resulted in decreased methylation at the PHLDA3 gene and
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Fig. 2. Relationship between PHLDA3 and MEN1 tumor-suppressing pathways. (A) Chromosomal locations of the MENT gene and microsatellite markers
used in this study. (B) Analysis of LOH at the MENT locus. The LOH status of the MENT gene was determined from the LOH status of either of the informative
markers. (C) Relationship between LOH status of the PHLDA3 and MENT loci. In total, 45 samples informative for both PHLDA3 and MENT loci were analyzed.
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