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Translational Relevance

Oncogene fusions, such as the ALK, RET, and ROS1
fusions, have recently been revealed as therapeutic tar-
gets in lung adenocarcinoma (LDAC). We identified
multiple druggable oncogene fusions, including those
involving the NRG1, ERBB4, and BRAF genes, in invasive
mucinous adenocarcinoma (IMA), a malignant type of
LDAC. The fusions occurred mutually exclusively with
KRAS mutations, acommon driver oncogene aberration
in IMA. These fusions represent potentially clinically
relevant targets for treatment of IMAs that lack KRAS
mutations.

Materials and Methods

Samples

Ninety IMAs were identified among consecutive
patients with primary adenocarcinoma of the lung who
were treated surgically at the National Cancer Center
Hospital, Tokyo, Japan, from 1998 to 2013. Histologic
diagnoses were based on the most recent World Health
Organization classification and the International Asso-
ciation for the Study of Lung Cancer/American Thoracic
Society/European Respiratory Society (IASLC/ATS/ERS)
criteria for LADC (13, 17). Total RNA was extracted from
grossly dissected, snap-frozen tissue samples using
TRIzol (Invitrogen). The study was approved by the
Institutional Review Boards of the participating
institutions.

RNA sequencing

RNA sequencing libraries were prepared from 1 or 2 ug of
total RNA using the mRNA-Seq Sample Prep Kit or TruSeq
RNA Sample Prep Kit (Illumina). The resultant libraries
were subjected to paired-end sequencing of 50 or 75 bp
reads on a Genome Analyzer IIx (GAIIx) or HiSeq 2000
(Ilumina). Fusion transcripts were detected using the
TopHat-Fusion algorithm (18). Experimental conditions
for RNA sequencing are described in Supplementary
(able S1.

Examinations of oncogenic properties of fusion
products

To construct lentiviral vectors for expression of the CD74-
NRG1, EZR-ERBB4, and TRIM24-BRAF fusion proteins,
full-length ¢DNAs were amplified from tumor cDNA by
PCR and inserted into pLenti-6/V5-DEST plasmids (Invi-
trogen). The integrity of each inserted cDNA was verified by
Sanger sequencing. Expression of fusion products of the
predicted sizes was confirmed by Western blot analysis of
transiently transfected and virally infected cells (Supple-
mentary Fig. S1A). Details of plasmid transfection, viral
infection, Western blot analysis, and soft agar colony and
tumorigenicity assays are described in Supplementary Mate-
rials and Methods.

Results and Discussion

We prepared an IMA cohort of 90 cases consisting of 56
(62%) cases with KRAS mutations and 34 (38%) cases
without. The 34 KRAS-negative cases included two, one,
and one cases with BRAF mutation, EGFR mutation, and
EML4-ALK fusion, respectively; the remaining 30 were "pan
negative" for representative driver aberrations in LADCs.
Thirty-two cases, consisting of 27 pan-negative and five
KRAS mutation-positive cases, were subjected to RNA
sequencing (Supplementary Table S1). Analysis of >2 x
107 paired-end reads obtained by RNA sequencing and
subsequent validation by Sanger sequencing of reverse
transcription PCR (RT-PCR) products revealed five novel
gene-fusion transcripts detected only in the pan-negative
IMAs: CD74-NRG1, SLC3A2-NRG1, EZR-ERBB4, TRIM24-
BRAF, and KIAA1468-RET (Fig. 1A and B; Table 1; details in
Supplementary Materials and Methods; Supplementary
Fig. S2 and Supplementary Table S2). RT-PCR screening of
these fusions in the remaining 58 IMAs that had not been
subjected to RNA sequencing revealed one additional pan-
negative case with the CD74-NRG1 fusion. Thus, the CD74-
NRG1 fusion, detected in five of 34 (14.7%) cases negative
for KRAS mutations, was the most frequent fusion among
KRAS mutation-negative IMAs. Fusions of CD74 or SLC3A2
with NRG1 were present in 17.6% (6/34) of cases. The five
novel fusions were mutually exclusively with one another
and were not present in any of the KRAS mutation-positive
cases (Table 2).

Four of the novel fusions, CD74-NRG1, SLC3A2-NRG1,
EZR-ERBB4, and TRIM24-BRAF, involved rearrangements
of genes encoding protein kinases or a ligand of a receptor
protein kinase (NRG1/neuregulin/heregulin) for which
oncogenic rearrangements have not been previously
reported in lung cancer (Supplementary Fig. $3). The
remaining fusion was a novel type involving the RET
oncogene; fusions with RET are observed in 1% to 2%
of LADCs (4, 5, 7, 8, 11). In a screen of 315 LADCs
without IMA features from Japanese patients and 144
consecutive LADCs from U.S. patients, all tumors were
negative for all of the NRG1, BRAF, and ERBB4 fusions, as
well as the novel RET fusion. Therefore, these fusions
might be driver aberrations specific to LADCs with IMA
features. The four novel gene fusions were likely to have
been caused by interchromosomal translocations or para-
centric inversion (Table 1 and Supplementary Fig. S3).
Consistently, separation of the signals generated by the
probes flanking the translocation sites of NRG1 in fusion-
positive tumors was observed upon FISH analysis of
CD74-NRG1 fusion-positive tumors (Supplementary Fig.
S4). We also confirmed overexpression of NRG1, ERBB4,
and BRAF proteins in tumor cells carrying the correspond-
ing fusions by immunohistochemical analysis, using anti-
bodies recognizing polypeptides retained in the fusion
proteins; expression of NRG1, ERBB4, and BRAF proteins
was also observed in some fusion-negative cases (Sup-
plementary Fig. S5). IMAs harboring gene fusions were
obtained from both male and female patients, although
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Figure 1. Oncogenic fusions in invasive mucinous LDAC. A, schematic representations of the wild-type proteins (top rows of each section) followed by the
fusion proteins identified in this study. The breakpoints for each variant are indicated by biue arrows. TM, transmembrane domain. Locations of putative
cleavage sites in the NRG1 polypeptide are indicated by dashed green lines. B, detection of gene-fusion transcripts by RT-PCR. RT-PCR products for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown below. Six IMAs (T) positive for gene fusions are shown alongside their corresponding
non-cancerous lung tissues (N); labels below the gel image indicate sample IDs (see Table 1). C, pie chart showing the fraction of IMAs that harbor the
indicated driver mutations.
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|
| Table 1. Characteristics of invasive mucinous LDACs with novel gene fusions
Smoking Chromosome Oncogene Pathologic
| No. Sample Sex Age (pack/year) Gene fusion aberration mutation® stage TTF1 HNF4A
[ 1 301T M 55  Ever (47) CD74-NRG1 (5;8)(q32;p12) None 1a - +
1 2 AD12-108T F 68  Never CD74-NRG1 None 2b - +
| 3  AD09-404T F 78  Never CD74-NRG1 None 1a - +
| 4 AD13-199T F 47  Never CD74-NRG1 None 1b - +
5 AD13-223T F 53  Never CD74-NRG1 None 1a - +
6 AD13-379T F 66  Never SLC3A2-NRG1 t(8;11)(p12;q13) None 1b Not tested Not tested
7 436T M 61  Ever(41) EZR-ERBB4 1(2;6)(q25;934) None 1b B +
8 AD08_127T F 66  Never TRIM24-BRAF  inv7(q33;q34) None 1a + +
9 AD12-119T M 62  Current (63) KIAA1468-RET t(10;18)(21;q11) None 1a + =
2EGFR, KRAS, BRAF, and HER2 mutations and ALK, RET, and ROS1 fusions.

NRG1 fusion-positive cases were preferentially from
female never smokers (Table 1).

The CD74-NRG1 and SLC3A2-NRG1 fusion proteins,
whose sequences were deduced from RNA sequencing data,
contained the CD74 or SLC3A2 transmembrane domain
and retained the EGF-like domain of the NRG1 protein
(NRG1 III-B3 form; Fig. 1A). The NRG1 II1-B3 protein has a
cytosolic N-terminus and a membrane-tethered EGF-like
domain, and mediates juxtacrine signals signaling through
HER2:HER3 receptors (19). Because parts of CD74 or
SLC3A2 replaced the transmembrane domain of wild-type
NRG1 I11-B3, we speculated that the membrane-tethered
EGF-like domain might activate juxtacrine signaling
through HER2:HER3 receptors. In addition, it was also
possible that expression of these fusion proteins resulted
in the production of soluble NRG1 protein due to proteo-
Iytic cleavage at sites derived from NRG1 (dashed green
lines in Fig. 1A), as recently suggested for NRG1 type III
proteins (20, 21). Exposing EFM-19 cells to conditioned
media from H1299 human lung cancer cells expressing
exogenous CD74-NRG1 fusion protein resulted in phos-
phorylation of endogenous ERBB2/HER2 and ERBB3/
HER3 proteins, suggesting that autocrine HER2:HER3 sig-

naling was activated by secreted NRG1 ligands generated
from CD74-NRG1 polypeptides (Fig. 2A). Phosphorylation
of extracellular signal—regulated kinase (ERK) and AKT,
downstream mediators of HER2:HER3, was also elevated.
HER2, HER3, and ERK phosphorylation was suppressed by
lapatinib and afatinib, U.S. Food and Drug Administration
(FDA)-approved tyrosine kinase inhibitors (TKI) that target
HER kinases (22-24). Together, these observations indicate
that NRG1 fusions activated HER2:HER3 signaling by jux-
tacrine and/or autocrine mechanisms.

The EZR-ERBB4 fusion protein contained the EZR coiled-
coil domain, which functions in protein dimerization, and
also retained the full ERBB4 kinase domain (Fig. 1A). These
features indicated that the EZR-ERBB4 protein is likely to
form a homodimer via the coiled-coil domain of EZR,
causing aberrant activation of the kinase function of ERBB4,
similar to the situation of EZR-ROS1 fusion (5). Indeed,
when the EZR-ERBB4 ¢cDNA was exogenously expressed in
NIH3TS3 fibroblasts, tyrosine 1258, located in the activation
loop of the ERBB4 kinase site, was phosphorylated in
the absence of serum stimulation, indicating that fusion
with EZR aberrantly activated the ERBB4 kinase (Fig. 2B).
Consistent with this, phosphorylation of a downstream

Table 2. Characteristics of 90 invasive mucinous LDACs

| Mutation Fusion
|
CD74-NRG1 or EZR- TRIM24- EML4- KIAA1468-
| Variable All KRAS BRAF EGFR SLC3A2-NRG1 ERBB4 BRAF ALK RET None (%)
| Total 90 (100) 56(62.2) 2(2.2) 1(1.1) 66.7) 1.1 111y 131 1(1.9) 21 (23.3)
Age (mean + SD; y) 67.2 + 9.7 68.1 £ 9.7 66.5 + 3.5 50 61.2 + 115 61 66 64 62 68.1 + 9.6
Sex
Male (%) 39 (43.3) 28(50.0) 0(0) 0O 1(16.7) 1(100) 0(0) 0() 1(100) 8 (38.1)
Female (%) 51 (56.7) 28(50.0) 2 (100) 1(100) 5 (83.3) 0 (0) 1(100) 1 (100) 0(0) 13 (61.9)
Smoking habit
Never smoker (%) 51 (56.7) 29 (61.8) 2 (100) 1(100) 4 (66.7) 0Q) 1(100) 1 (100) 0 (0) 13 (61.9)
Ever smoker (%) 39 (43.3) 27 (48.2) 0(0) 000 2333 1(100) 0(0) 0 1(100) 8 (38.1)
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Figure 2. Oncogenic properties of gene-fusion products. A, ERBB3 activation by CD74-NRGT fusion, demonstrated using the EFM-19 cell system. ERBB3,
ERBB2, AKT, and ERK phosphorylation were examined in EFM-19 (reporter) cells treated for 30 minutes with conditioned media from H1299 cells exogenously
expressing CD74-NRG1 cDNA. Phosphorylation was suppressed by HER-TKIs. B, ERBB4 activation by EZR-ERBB4 fusion. Stably transduced NIH3T3
cells were serum-starved for 24 hours and treated for 2 hours with DMSO (vehicle control) or TKis. Phosphorylation of ERBB4 and ERK was suppressed by
ERBB4-TKIls. EZR-ERBB4 protein was detected using an antibody recognizing ERBB4 polypeptides retained in the fusion protein. C, BRAF activation by
TRIM24-BRAF fusion. Stably transduced NIH3T3 cells were serum-starved for 24 hours and treated for 2 hours with DMSO or kinase inhibitors. ERK
phosphorylation (activation) was suppressed by sorafenib, a kinase inhibitor targeting BRAF, as well as by U0126, a MEK inhibitor. TRIM24-BRAF protein was
detected using an antibody recognizing BRAF polypeptides retained in the fusion protein. D-F, anchorage-independent growth of NIH3T3 cells expressing
CD74-NRGT (D), EZR-ERBB4 (E), or TRIM24-BRAF {F) cDNA, and suppression of this growth by kinase inhibitors. Mock-, CD74-NRG1-, EZR-ERBB4-,
and TRIM24-BRAF-transduced NIH3T3 cells were seeded in soft agar with DMSO alone or kinase inhibitors. Colonies > 100 um in diameter were counted

after 14 days. Column graphs show mean numbers of colonies & SEM.

mediator ERK was also elevated. Phosphorylation of ERBB4
and ERK was suppressed by lapatinib and afatinib, which
inhibit ERBB4 protein (22-24).

The TRIM24-BRAF fusion protein retained the BRAF
kinase domain but lacked the N-terminal RAS-binding
domain responsible for negatively regulating BRAF
kinase. These features suggested that the fusion was con-
stitutively active, as in the cases of the ESRPI1-BRAF and
AGTRAP-BRAF fusions in other cancers (25). When the
TRIM24-BRAF <¢DNA was exogenously expressed in
NIH3T3 cells, ERK, a downstream mediator of BRAF,
was phosphorylated in the absence of serum stimulation,
indicating that fusion with TRIM24 aberrantly activated
BRAF kinase (Fig. 2C). ERK phosphorylation was sup-
pressed by sorafenib, an FDA-approved drug originally

identified as a RAF kinase inhibitor (26), and also by the
MEK inhibitor U0126 (Fig. 2C).

Exogenous expression of fusion gene cDNAs induced
anchorage-independent growth of NIH3T3 fibroblasts,
indicating their transforming activities (Fig. 2D-F). This
growth was suppressed by the kinase inhibitors that sup-
pressed fusion-induced activation of signal transduction, as
described above. NIH3T3 cells expressing EZR-ERBB4 or
TRIM24-BRAF fusion cDNA formed tumors in nude mice
(Fig. 3). Therefore, we concluded that these three fusions
function as driver mutations in IMA development. We
screened 200 commonly used human lung cancer cell lines,
but all were negative for these three fusions (data not
shown); thus, the oncogenic properties of these fusions
remain unvalidated in human cancer cells.
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The results here suggest that the NRG1, ERBB4 and
BRAF fusions are novel driver mutations involved in the
development of IMAs of the lungs (Fig. 1C) and potential
targets for existing TKIs. The recurrent NRG1 fusions were
especially notable because NRG1 was previously identi-
fied as a regulator of goblet-cell formation in primary
cultures of human bronchial epithelial cells (27); there-
fore, activation of the NRG1-mediated signaling pathway
(s) might play a part in IMA development by contributing
to both cell transformation and acquisition of goblet-cell
morphology. In addition to a small fraction of known
druggable aberrations (an ALK fusion and an EGFR muta-
tion), more than 10% (11/90; 12.2%) of IMAs harbored
other druggable aberrations targeted by existing kinase
inhibitors: these aberrations were represented by fusions
involving NRG1, ERBB4, BRAF, or RET, or BRAF muta-
tions (Table 2, Fig. 1C). To facilitate translation of these
findings to the cancer clinic, it will be necessary to
establish diagnostic methods, particularly using break-
apart and fusion FISH methods, capable of detecting
these aberrations. Such methods will also help identify
additional fusions involving other partner genes and
contribute to a greater understanding of the significance
of gene fusions in lung carcinogenesis.
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The molecular mechanisms underlying the development of pancre-
atic neuroendocrine tumors (PanNETs) 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 PHLDA3 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 PHLDA3 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 PHLDA3,
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

euroendocrine tumors (NETSs) 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 tuniors 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). Re-
cently, the drug Everolimus has shown promise in the treat-
ment of PanNETs (4), providing a significant improvement in
progression-free survival. Everolimus is an inhibitor of mam-
malian target of rapamycin (mTOR), a downstream mediator of
the PI3K/Akt pathway. The striking efficacy of Everolimus dem-
onstrates the importance of the PI3K/Akt pathway in the pa-
thology 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

www.pnas.org/cgi/doi/10.1073/pnas.1319962111

cells (5). Activated Akt phosphorylates substrates such as mTOR
and controls various biological processes, including protein syn-
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 B-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 PHLDA3 is a novel p53-
regulated repressor of Akt. The PHLIDA3 contains a PH domain
that, we showed, competes with the PH domain of Akt for
binding to membrane lipids, thereby inhibiting Akt translocation
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to the cellular membrane and its activation. We also showed that
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
PHLDAZ3 functions as a tumor suppressor in PanNETSs.

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 PHLDAS3 locus for LOH using microsatellite markers
surrounding the gene in 54 PanNET samples (Fig. 1 A-D; clin-
ical diagnosis for each sample is shown in S/ Appendix, Fig. S14).
As shown in Fig. 1B, out of 54 PanNETs, 50 samples were
informative and 36 samples showed LOH at the PHLDA3 locus.
The incidence of LOH at the PHLDA3 locus (72%) is re-
markably high, and was comparable to the reported LOH in-
cidence of the MENI gene, which has the highest reported
incidence of genomic changes in PanNETSs (11). Within the re-
gion analyzed, the LOH frequency peaks near the PHLDA3 lo-
cus, suggesting that LOH of the PHLDAS3 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
LLOH and specific PanNET type or insulin/glucagon positivity, to
the extent that we examined this (S/ Appendix, Fig. S1).

A HULDAS D1S510 D1S249
D1S1723
Chromosome 1q 200 205 (M)
- ' ) ) ) ' ) ‘ []PHLDAS LOH
[ PHLDA3 Hetero
B D1S2622 D1S2738 [ no data
clelellelelr =B IE IR 2R IR IR IR RIS S Q&S S R ISR |3 S B3 S8 |5 BB |S 213 [212]5 22|35 3] 3] 3
QEQEQEEQEEE[ﬁEEGEEEEEEEEEEEEEEEEEEGEEEEEEEEEEEE{EEEEEEBE
r Z1IZ|1Z|Zz|Z|Zz|Z|Zz|Z|Z1Z1Z1Z1Z]Z1Z|Z|1Z1Z1Z1Z1Z1Z1Z1Z1Z1Z1Z1Z1Z1Z1Z21Z1Z2121Z21Z21Z1Z21Z2 12121212 12
slslslsle)slElE sl ElE 15 5 55l 56| 6|51615 5151 5(5)5|6|5|5|6(5|5]6|5|5]6|5|5|5|5|5]|5|5|5]|5|5| 5155|5555
ajajajajajajajajajajajajajajajajajajajajajajajajaja o jajajaja|ajajajaja oo jajaja oo oo
| i g ) Y Pl R B S B
D15249 Bl i Eks
d Y - ‘/_
D1S510 s
LOH at i %
PHLDA3 ¢ ; el
D1S306
D1S1723 )
D182738 :
e
D152622 i
D 1o
PHLDAZ — S@MPple with
% Y partial LOH
9 s all SAMple
Normal b 80 N
= D1s2738 l \
() o
§- 70 “-————A* N
L V 4 R
= | S
PanNET 3 ‘ D151723 TSN
= 50 |D1s2622 . Dis249
D1s510 ———
40
200 201 202 203 204 205 206 ()
Chromosome 1q
Fig. 1. 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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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
(7, 11). It has been reported that ~50% of PanNET cases exhibit
LOH of the MENI gene. Therefore, we analyzed whether MEN1
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 combined 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 mutually exclusive pattern, which would be expected
if PHLDA3 and MENI1 were on the same tumor suppressing
pathway. Interestingly, we observed a significant frequency of
double LOH, i.e., occurring at both the PHLDA3 and MENT loci
(25 of 45 samples, P < 0.05 by Fisher’s exact test). These data
suggest that development of PanNET 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 PHLDA3 locus was associated with advanced
stage PanNETSs, 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 PHLDAS3 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 MENI 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
PHILDA3 ORF genomic sequence in our PanNET samples, but
did not find any mutations within the coding regions (S/ 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 PHLDA3 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
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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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