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Fig. 3. LOH at the PHLDA3 and MENT gene locus and progression of Pan-
NETs. (A) LOH at the PHLDA3 gene locus and grade of PanNETs. The P value
was calculated by Fisher’s exact test. (B) Kaplan-Meier plots of overall sur-
vival of patients with PanNETs. Fourteen or 31 patients without or with
PHLDA3 LOH were analyzed. Wilcoxon test was used to determine the
P value. (C) LOH at the MENT gene locus and grade of PanNETs. (D) Kaplan-
Meier plot for overall survival of patients with PanNETs. Twelve or 30
patients without or with MENT LOH were analyzed as in B.

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 PHLDA3 gene. As shown in Fig, 4E, 5-aza-C treatment
resulted in decreased methylation at the PHLDA3 gene and
enhanced expression of PHLDA3 in a 5-aza-C concentration-
dependent manner. A similar result was obtained using a human
PanNET cell line A99 (Fig. 4F) and the mouse insulinoma cell
line MING6 that has very low PHLDAZ3 expression (S/ Appendix,
Fig. S3 A and B). These results indicate that methylation of the

4 0of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1319962111

PHLDA3 gene affects PHLDAS3 transcription levels. We then
analyzed the methylation status of the PHLDA3 promoter in
PanNET samples that had undergone LOH at the PHLDA3
locus. As shown in Fig. 4G, methylation was not detected in
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Fig. 4. PHLDAS3 expression and promoter region methylation status in Pan-
NETs. (A) PHLDA3 gene expression in PanNETs. Total RNAs were prepared from
normal pancreas and PanNETs. RNA was pooled from 5 normal pancreases for
the normal controls. RNA was isolated from PanNET samples with (10 samples)
or without LOH (7 samples). Gene expression was quantitated by RT-PCR and
normalized to GAPDH. (B) Genomic organization of PHLDA3 promoter region
and location of CpG island. Wide lines indicate exonic regions of the PHLDA3
gene (+1 to +831 and +2994 to +3677). (C) PHLDA3 gene expression in cell
lines. Gene expression was analyzed as in A. (D) DNA methylation of the
PHLDA3 promoter. Genomic DNAs from the indicated cell lines were analyzed
by methylation-specific PCR. Positions of the primers used in the assay are
shown in B. Primers designed to amplify methylated DNA (upper panel) or
DNA with or without DNA methylation (lower panel) were used. Fully meth-
ylated DNA was used as a control. (€ and F) 5-aza-C treatment of Lung NET
H1299 cells (E) or PanNET A99 cells (F). Both genomic DNAs and total RNAs
were isolated, and analyzed as in D and A, respectively. (G) Methylation status
of PHLDA3 promoter in normal pancreas, normal isolated islets and PanNETs
(samples showing LOH at the PHLDA3 locus was analyzed). Genomic DNAs
were prepared and analyzed as in D.
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normal pancreas or islets, whereas significant methylation was
detected in all LOH+ samples (seven of seven) analyzed. These
results show that the PHLDA3 gene can undergo methylation in
addition to LOH in PanNETs, indicating that a two-hit -in-
activation of the PHLDA3 gene may often occur. We also ana-
lyzed LOH- samples and found detectable levels of methylation
in two of four samples (SI Appendix, Fig. S4). Thus, the repression
of PHLDA3 expression in LOH- samples due to methylation
may also contribute to tumor progression in PanNETs.

PHLDA3 Controls Akt Activity, Cell Proliferation, and Apoptosis of
Islet Cells. PanNETs are derived from pancreatic islet endocrine
cells. It is well known that, in islet p cells, Akt signaling plays
a central role in promoting cell growth and inhibiting apoptosis
(5). Therefore, in f cells, loss of PHLIDA3 function may result in
the hyperactivation of Akt oncogenic signaling, and thus lead to
tumor progression. To analyze the function of PHLDAS in islet
f cells, we examined RIN and MIN6 cells, cell lines derived
from pancreatic p cells (Fig. 5 A-E). Whereas RIN cells have
detectable levels of PHLDA3 expression, MING6 has very low
PHLDA3 expression (57 Appendix, Fig. S34). We first used a
gain-of-function approach to confirm that PHLDA3 functions as
a repressor of Akt in MING cells. As shown in Fig. 54, expression
of PHI.DA3 resulted in decreased Akt activation levels and
decreased phosphorylation of signaling molecules downstream of
Akt. Similar results were obtained using PHLDA3™~ mouse
embryonic fibroblasts (MEFs, S/ Appendix, Fig. S5). Next, we
knocked down PHLDA3 expression in RIN cells using siRNA
against PHL.DA3 (Fig. 5 B and C), and observed increased Akt
activation and cell proliferation (Fig. 5 D and E). We observed
similar results in normal primary rat islet cells, i.e., knockdown
of PHLDAS3 expression resulted in activation of Akt (with or
without glucose stimulation) and significant enhancement of cell
proliferation (Fig. 5 F-H and S/ Appendix, Fig. $6). Next, we ana-
lyzed the effect of PHLDA3 expression on the apoptosis of islet
cells induced by Streptozotocin (STZ), a chemical that is particu-
larly toxic to insulin-producing B cells (14). We observed that al-
though inhibition of PHLDA3 expression by siRNA was relatively
poor in isolated rat islets (Fig. 5I), this knockdown significantly
reduced the number of apoptotic cells caused by STZ treatment
(Fig. 5J). Collectively, these results demonstrate that PHLDA3
controls Akt activity, cell growth, and the apoptosis of islet cells.

Development of Hyperplastic Islets in PHLDA3-Deficient Mice. To
analyze the effect of PHLDA3 deficiency on islets in vivo, we
examined the pancreases of PHLDA3-deficient mice. Differ-
ences in islet sizes were not detected in 3-mo-old PHLDA3Z™* or
PHLDA3™"~ mice (81 Appendix, Fig. 7). However, in 6-mo-old
PHLDA3™~ mice, we found significantly fewer islets that were
smaller than 0.01 mm? and significantly more islets that were larger
than 0.01 mm?, compared with PHLDA3"* mice (Fig. 6 A and C).
However, the overall average islet size at 6 mo was not significantly
different between PHLDA3""* and PHLDA3™"~ mice (Fig. 6E). At
10 mo, abnormally large islets (larger than 0.08 mm?) were fre-
quently found (Fig. 6 B and D), and the average islet sizes were
significantly larger in 10-mo-old PHLDA3*"~ and PHLDA3™~ mice
compared with PHLDA3** mice (Fig. 6E). Thus, a difference in
islet sizes between PHLDA3"* and PHLDA3™~ mice appears to
emerge between 3 and 10 mo of age. We stained the islets with Ki67
antibody and found significantly more Ki67-positive cells in
PHLDA3™'~ islets compared with the PHLDA3™* islets (Fig. 6F;
represenfative images are shown in ST Appendix, Fig. S8). These
data show that loss of PHLDA3 expression results in enhanced
proliferation of islet cells.

Enhanced Proliferation of p Cells and Altered Glucose Metabolism in

PHLDA3-Deficient Mice. The islets were further stained with anti-
insulin and anti-glucagon antibodies to determine the numbers
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Fig. 5. Effect of PHLDA3 expression on Akt activity, cell proliferation and
apoptosis of islet cells. (A) Effect of PHLDA3 expression on Akt activity in
MING cells. MING cells were transduced with Ad-LacZ or Ad-PHLDA3 at a moi
of 35, and harvested 30 h postinfection. Akt activation and phosphorylation
of Akt downstream signaling molecules were analyzed by Western blotting
and quantified by normalization to total Akt levels (P-Akt) or by p-actin
levels (P-p70 S6K, P-S6, P-Mdm2). (B and C) Efficiency of siRNA inhibition of
PHLDA3 expression in RIN cells. RIN cells were transfected with control or
PHLDA3 siRNAs. PHLDA3 mRNA levels were analyzed 31 h posttransfection
by quantitative RT-PCR, standardized against p-actin (8). PHLDA3 protein
levels were also determined 48 h posttransfection by Western blotting (C),
using cells subjected to y-ray irradiation (20 Gy) versus untreated. The y-ray
irradiated samples were included to help identify the band representing
PHLDAS3 protein (PHLDA3 is induced by p53 activation). (D) Effect of PHLDA3
expression on Akt activation in RIN cells. RIN cells were transfected as in B
and Akt activation was analyzed by Western blotting 31 h posttransfection
(left) and quantified by normalization to total Akt levels (right). (E) Effect of
PHLDA3 expression on RIN cell proliferation. RIN cells were transfected as in
B, and labeled with BrdU for 3 h and harvested 28 h post transfection. BrdU
positive cells were quantified by using Ziva Ultrasensitive BrdU assay. (F)
siRNA suppression of PHLDA3 expression in primary islet cells. Isolated pri-
mary islet cells were transfected with control or PHLDA3 siRNA, harvested
30 h post transfection, and PHLDA3 mRNA levels were analyzed by quanti-
tative RT-PCR as in B. (G) Effect of PHLDA3 expression on Akt activation in
primary islet cells. Cells were transfected with siRNA as in F and 48 h post-
transfection were treated with glucose (30 mM) for 20 min. Levels of Akt
activation were analyzed as in D. (H) Effect of PHLDA3 expression on primary
islet cell proliferation. Cells were transfected as in F, labeled with BrdU for
4 h and harvested 30 h post transfection. BrdU positive cells were analyzed
as in E. (/ and J) Effect of PHLDA3 expression on STZ-induced apoptosis of
primary rat islets. Isolated islets were pooled from three rats, and transfected
with control or PHLDA3 siRNA. At 75 h posttransfection, islets were treated
with STZ (20 pg/mL) for 30 min. Islets were then cultured overnight, and total
RNAs were prepared and PHLDA3 expression was analyzed by quantitative
RT-PCR as in B (/), or subjected to TUNEL staining and analyzed by FACS (J).
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Fig. 6. Hyperplastic islets in PHLDA3-deficient mice. Six-month-old (21- to 31-wk-old) (4, C, and E) and 10-mo-old (39- to 49-wk-old) (B and D-F) mice were
analyzed. (A and B) Hematoxylin and eosin staining of islets from wild-type, heterozygote and PHLDA3-deficient mice (A, 6-mo; B, 10-mo). (C-E) Calculation
of islet sizes. Islet areas were calculated from hematoxylin and eosin-stained pancreas sections. One (6-mo-old mice) or three pancreas sections (10-mo-old
mice; sections separated by more than 20 pm z axis) were analyzed per mouse. Islet areas from indicated numbers (n) of mice were analyzed. Size distributions
of islets (C, 6-mo; D, 10-mo) and average islet sizes (E; 6- and 10-mo-old) are shown. The P values between PHLDA3™* and PHLDA3*~ or PHLDA3™'~ were

calculated and are shown (*P < 0.05; **P < 0.01). (F) Quantitation of Ki67-positive cells. Pancreas sections from indicated numbers (n) of mice were analyzed.qQ:22

Islet nuclei number and Ki67-positive nuclei number were counted and the percentage of Ki67-positive cells was calculated. (**P < 0.01) Representative

images are shown in S/ Appendix, Fig. 54.

of f and « cells, respectively, within the islets. Normal murine
islets have P cells in the center of the islet and « cells at the
periphery surrounding the p cells (as shown in PHLDA3'* islets
in Fig. 74). However, in the hyperplastic islets of PHLDA3"~
and PHLDA3™'~ mice, huge numbers of f cells and relatively
small numbers of a cells were often observed, and the hyper-
plastic islets often showed abnormal islet architecture, with few o
cells at the periphery of the islets (Fig. 74). We calculated the
areas occupied by « and p cell types to determine which of these
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had increased. As shown in Fig. 7B, the mean percentage area
occupied by B cells was significantly higher in PHLDA3™'~ islets.
The area occupied by p cells was also significantly high in large
PHLDA3™"~ islets (larger than 0.05 mm?) compared with that
seen in large islets infrequently found in PHLDA3** mice (Fig.
7B). Because we had found a significantly higher number of
proliferating cells in PHLDA3 ™' islets (Fig. 6F), we stained the
islets with anti-Ki67, -insulin, and -glucagon antibodies to iden-
tify which cell types within the islets were proliferating. As shown
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Fig. 7. Proliferation of p cells in the islets of PHLDA3-deficient mice. Ten-
mo-old (39- to 49-wk-old) mice were analyzed. (4) Distribution of p and «
cells in pancreas sections. Pancreas sections were stained with antibodies to
identify p cells (anti-insulin; red) and o cells (anti-glucagon; green). Repre-
sentative images of hyperplastic islets from PHLDA3™~ and PHLDA3 ™~ mice
are shown. (B) Percent area occupied by p cells. Pancreas sections were
stained as in A, and areas occupied by a- and p-cells in indicated numbers of
islets from PHLDA3™* (five mice were analyzed) and PHLDA3™~ (six mice
were analyzed) were calculated and percentages of f-cell areas in the islets
were determined. Semihyperplasic islets and hyperplastic islets (larger than
0.05 mm? islet area) were separately calculated and shown at the right. (*P <
0.05; **P < 0.01). (C) Proliferation in pancreas sections. Serial pancreas sec-
tions of PHLDA3™"~ mice were stained with anti-insulin and anti-glucagon,
anti-Ki67 and HE, to determine the cell types that are Ki67 positive. Repre-
sentative images are shown. (D) Body weight, blood glucose and insulin
levels. Indicated numbers (n) of mice were analyzed. Plasma insulin levels
and blood glucose levels were determined in blood from tail vein samples,
and were determined twice for each mouse. Mice were fed ad libitum. (*P <
0.05; **P < 0.01). (F) Glucose tolerance test (GTT). Indicated numbers (n) of
overnight-fasted mice were subjected to GTT by i.p. injection of glucose
(2 mg/g body weight). GTT was performed twice for each mouse. The
P values between PHLDA3*™* and PHLDA3™~ or PHLDA3™~ were calculated
and are shown in the panels (*P < 0.05; **P < 0.01). The differences between
PHLDA3™~ and PHLDA3™"~ were not significant (P > 0.05).

in Fig. 7C, we found that most Ki67-positive cells were p cells in
PHLDA3™~ islets. Taken together, these data show that islet p
cell proliferation is enhanced in PHLDA3-deficient islets.

It would be expected that abnormal proliferation of B cells
would result in the excess production of insulin, leading to al-
tered glucose metabolism in PHLDA3-deficient mice. As shown
in Fig. 7D, although the PHLDA3 genotype had no influence on
body weights, 10-mo-old PHLDA3"~ and PHLDA3™~ mice had

Ohki et al.

higher plasma insulin and lower blood glucose levels compared
with age-matched wild-type mice under fed conditions. Similar
results were obtained in 6-mo-old fed mice (S7 Appendiv, Fig.
S94) and in 10-mo-old fasted mice (S/ Appendix, Fig. S9B).
Therefore, we performed glucose tolerance tests and found sig-
nificant enhancement of glucose tolerance in PHLDA3"~ and
PHLDA3™" mice (Fig. 7E). These data show that loss of PHLDA3
expression results in enhanced proliferation of islet cells, espe-
cially f cells, and consequential increase of insulin secretion.

We further characterized PHLDA3 ™~ islets using several B
cell markers: the endocrine cell marker chromogranin A (87
Appendix, Fig. 510), the B cell differentiation marker Glut2 (§/
Appendix, Fig. S11), and deposition of IAPP (islet amyloid poly-
peptide; S/ Appendix, Fig. S12). None of these markers showed
significant difference compared with PHLDA3"* islets, indicating
that PHLDA3™~ islets retain normal f cell characteristics, to the
extent we examined.

PHLDA3-Deficient Islets Have Enhanced Akt Activity and Larger Cell
Size, and Are Resistant to Apoptosis. We further analyzed the
effects of PHLDA3 deficiency on several Akt-regulated biological
processes. We first confirmed reduction or loss of PHLDA3
expression in PHLDA3™"~ and PHLDA3™'~ mice islets (Fig. 84).
We found that activation of Akt and phosphorylation of its
downstream molecules were augmented in PHLDA3 ™'~ islets
(Fig. 8B). It has been reported that enhanced Akt activity has an
effect on islet cell size (5, 6). We therefore analyzed islet cell size
in PHLDA3"*, PHLDA3*"~, and PHLDA3™"~ mice. As shown in
Fig. 8C, islet cell size was significantly increased in PHLDA3 ™~
and PHLDA3"~ mice. We next analyzed the sensitivity of
PHLDA3™' islets to apoptosis. Wild-type or PHLDA3™~ mice
were treated with STZ for 5 consecutive days to produce p cell
injury. It is known that STZ-induced apoptosis of B cell results in
the elevation of blood glucose, and can thereby experimentally
induce type I diabetes in mice. We analyzed blood glucose levels
at the indicated times following STZ treatment, and STZ ad-
ministration resulted in the effective elevation of blood glucose
levels in wild-type mice, whereas elevation was diminished in
PHLDA3™~ mice (Fig. 8D). When we calculated p cell and « cell
areas in STZ-treated mice, we observed a significant increase in
the area occupied by f cells in PHLDA3-deficient mice, showing
that PHLDA3 is required for the efficient induction of p cell
apoptosis by STZ (Fig. 8E). These results demonstrate that
PHLDAS3 controls Akt activity, cell size, and apoptosis of islet
cells in vivo.

Discussion

In this report, we have shown that PHLDAZ3 is a candidate tumor
suppressor in PanNETs. We observed that the LOH of the
PHLDA3 gene locus in human PanNETs occurs at a remarkably
high frequency and is comparable to that of the MENI gene
locus, the gene reported to be most frequently affected in PanNETs
(13). We also showed that LOH at the PHLDA3 gene locus is
associated with disease progression and poor prognosis in
PanNETs. In contrast, LOH/mutation of MEN] was found
to be unrelated to the prognosis of PanNET patients, both in
this and in a previous study (7). These results show that the
PHLDA3-regulated tumor suppression pathway is relevant to
the progression and malignant phenotype of PanNETs and the
poor prognosis of PanNET patients. Because PHLDAS3 is a re-
pressor of Akt, we propose that inhibition of the Akt pathway
would improve the prognosis of PanNET patients exhibiting
LOH of PHLDA3. This possibility is supported by the reported
clinical efficacy of the Akt pathway inhibitor Everolimus, which
has been shown to improve the survival of PanNET patients
significantly. Everolimus treatment was approved in Japan only
from 2011, and therefore none of the patients in our study had
received Everolimus. We speculate that patients who are positive
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Fig. 8. Akt activation in islets of PHLDA3-deficient mice. (A) PHLDA3 mRNA
expression in isolated islets. Islets were isolated from PHLDA3"'*, PHLDA3*'",
and PHLDA3™'~ mice, and analyzed for PHLDA3 expression by quantitative
RT-PCR, normalized to p-actin. (B) Akt activity and phosphorylation of Akt
downstream signaling molecules in isolated islets. Akt activation and phos-
phorylation of Akt downstream signaling molecules were analyzed by
Western blotting and quantified by normalization to total Akt levels (P-Akt,
Right) or by p-actin levels (P-p70 56K, P-S6, P-GSK3p, and P-Mdm2). (C) Islet
cell size in PHLDA3-deficient mice. (Left) Indirect immunofluorescence
staining of Glut2 in pancreas section from 10-mo-old mice. (Right) Islet areas
and nuclei numbers were calculated, and mean islet cell sizes were de-
termined from one hematoxylin- and eosin-stained pancreas sections
per indicated numbers (n) of mice. The P values between PHLDA3** and
PHLDA3*'~ or PHLDA3™"~ were calculated and shown in the panels (*P <
0.05; **P < 0.01). The difference between PHLDA3*~ and PHLDA3™~ was
also significant (P < 0.05). (D) Blood glucose levels in streptozotocin-induced
diabetic mice. Indicated numbers (n) of PHLDA3** or PHLDA3™"~ mice were
injected i.p. with STZ for 5 consecutive days. Blood glucose levels were de-
termined at different time points as indicated after administration of STZ.
(*P < 0.05; **P < 0.01). (E) Distribution of p and « cells in STZ-treated
PHLDA3*"* and PHLDA3™'~ mice. (Left) Sections were stained with antibody
against insulin (p cell marker; red) and glucagon (x cell marker; green)
and representative images are shown. Pancreas sections of three PHLDA3*™*
and three PHLDA3™~ mice were analyzed. (Right) For each mouse, a-cell and
p-cell areas were calculated from one pancreas section. (*P < 0.05.)

for PHLDA3 LOH and have a poor prognosis may benefit
most from Everolimus treatment. Furthermore, determination of
PHILDA3 LOH status could serve as a diagnostic measure to
select patients who should receive Everolimus. Thus, it will be
important to conduct a prospective study to analyze the effect of
Everolimus in patients with or without PHLDA3 LOH.
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We have shown that PHLDA3 regulates Akt activity and
various Akt-regulated biological processes, i.e., cell proliferation,
cell size, and apoptosis, in cultured cell lines and in vivo endo-
crine cells. Several laboratories have generated transgenic mice
that specifically express active Akt in f cells (6, 16). These mice
developed hyperplastic islets, but did not develop malignant
PanNETs (17). Likewise, we have shown that loss of PHLDA3
and the resulting activation of Akt leads to hyperplastic islet
development, but not to the development of PanNETs. Although
Akt activation is observed in various cancers and contributes to
tumorigenesis and tumor progression, the conclusion derived
from these experiments is that activation of Akt pathway alone is
insufficient to cause PanNETs unless combined with an onco-
genic event in a second pathway. In human PanNETs, double
LOH of PHLDA3 and MENI is frequently observed. In these
cells, loss of PHLDA3 function, i.e., activation of Akt, is com-
bined with loss of MENT1 function to promote PanNET tumor-
igenesis, and loss of PHLDA3 function particularly contributes
to the progression of PanNETSs. It would therefore be interesting
to generate mice that are doubly deficient in PHLDA3 and
MENI to analyze whether the islet phenotypes are more pro-
nounced and the hyperplastic islets more prone to malignancy.

We observed hyperplastic islets in PHLDA3 heterozygote
(4+/-) mice as well as PHLDA3-deficient (—/—) mice. This ob-

servation suggests that PHLDA3 is haplo-insufficient for theq:1e

suppression of endocrine cell proliferation. We have previously
shown that PHLDAS3 expression represses Akt activity in a dose-
dependent manner, consistent with the possibility that loss of
a single PHLDA3 allele could lead to enhanced Akt acuivation
and enhanced proliferation of endocrine cells (8). However, we
have also shown that in human PanNETs, the PHLDA3 locus
undergoes methylation in addition to LOH, suggesting that two
hits on the PHLDA3 gene is required for human PanNET de-
velopment. We assume that loss of both PHILDA3 alleles, and
consequent stronger activation of Akt, may be required to exert
a tumorigenic phenotype. Future studies should examine the islet
phenotypes of PHLDA3"™ and PHLDA3™~ in a MENI™" back-
ground. We expect that, in a MENI™~ background, PHLDA3 ™~
mice would develop PanNETs more frequently than in PHLDA3*™
mice. In addition, because we found association of LOH at the
PHI.DA3 locus in both nonfunctional and functional human
PanNETs, whether nonfunctional PanNETs develop in these
mice is an interesting issue.

We previously identified PHLDA3 as a p33 target gene. In the
present study, we show that the PHLDA3 locus undergoes fre-
quent LOH in PanNETs, a tumor type in which p53 mutations
are rare (3, 7). Recently it has been reported that among the
various target genes of p53, PHLDAS3 displays prominent tumor
suppressor activity (18). Therefore, in tumors harboring a p353
mutation, loss of p53-regulated PHLDA3 expression may sig-
nificantly contribute to tumor progression, whereas in tumors
without a p53 mutation, loss of the PHLDA3 gene itself may
drive oncogenesis. Interestingly, global methylation profiling of
prostate cancer specimens has revealed significant methylation
of the PHLDA3 gene in these cancers (19). In addition, in the
COSMIC database, 11 PHLDA3 mutations in several cancers
are reported. All mutations are located within the PH aomain of
PHLDA3, and nonsynonymous mutations may result in loss of
Akt repressing ability. Therefore, in addition to inactivation by
methylation, these and other mutations that result in a functional
loss of PHLDA3 may contribute to some cancers.

In summary, our results show that PHLDAS3 is a novel tumorq:17

suppressor of PanNET, and PHLDA3 and MENI cooperatively
suppress its development. PHLDA3 represses Akt activity in
islet cells and hyperplastic islets are found in both PHLDA3*"~
and PHLDA3™~ mice. Collectively, our data illustrates the im-
portance of the PHLDA3-regulated tumor suppression pathway
in PanNETs.
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Materials and Methods

Cell Lines, Cell Culture, Transfection, Adenovirus Infection, and Soft Agar
Colony Formation Assay. Cell lines used in this study were: LNCaP (human
prostate cancer), MDA-MB-M468 (human breast cancer), DLD1 (human co-
lorectal cancer), H1299 (human lung NET), A99 (human PanNET, ref. 20), RIN
(rat pancreatic f cell), and MIN6 (mouse pancreatic p cell). Cell culture and
transfection was performed as described (21). The siRNAs were introduced
using RNAIMAX (Invitrogen). ON-target plus control and ON-target plus
PHLDA3-targeting siRNAs were purchased from Dharmacon Research. Ade-
novirus infection was performed using previously described adenoviruses
expressing LacZ or N-terminally HA-tagged PHLDA3 (8). Everolimus (AdooQ
BioScience) was added to cultures at the indicated concentrations. For soft
agar colony formation assays, cells were seeded in 3-cm dishes with a bottom
layer of 0.5% agarose and a top layer of 0.33% agarose, both in complete
media. The assay was performed in triplicate for each sample. Colonies were
photograpaed after 9 (H1299) or 10 (MING) days of incubation. Colonies
were counted in three to five different views from each plate to calculate
average values. The total numbers of colonies larger than 100 (MIN6) or 200
(H1299) pixels were counted per view.

Western Blotting Analysis. Cells were lysed in lysis buffer [50 mM Tris-HCl (pH
8.0), 1% Nonidet P-40, 250 mM NaCl, 50 mM NaF, 1 mM NazVO,4 1 mM
protease irhibitor (PMSF, aprotinin, leupeptin) and 1 mM DDT]. Whole cell
lysates were subjected to protein quantification and analyzed by Western
blotting. To detect PHLDA3, 20 pg of whole cell lysates (WCL) were loaded.
To detect other proteins, 5 pg of WCL were loaded. Antibodies used in this
study were: anti-Akt rabbit polyclonal antibody, anti-phospho-Akt (5473)
rabbit monoclonal antibody, anti-p70S6K rabbit monoclonal antibody, anti-
phospho-p7056K (T389) rabbit polyclonal antibody, anti-phospho-56 (5240/
244) rabbit monoclonal antibody, anti-phospho-Gsk3p (S9) rabbit polyclonal
antibody, anti-phospho-Mdmz2 (5166) rabbit polyclonal antibody from Cell
Signaling Technology, anti-actin mouse monoclonal antibody from SIGMA
from Santa Cruz Biotechnology, anti-PHLDA3 goat polyclonal antibody from
Abcam, anti-HA monoclonal antibody (clone 12CA) from Roche Diagnostics.

Reverse Transcription and Real-Time PCR. Reverse transcription was carried
out using kits from Invitrogen following the manufacturer’s instructions
(SuperScript First-Strand Synthesis System for RT-PCR). Total RNA (0.2-5 ng)
was used for reverse transcription. Reverse-transcribed cDNAs were sub-
jected to real-time PCR, which was performed with a LightCycler 480 In-
strument (Roche Diagnostics). For the detection of PHLDA3 (human;
Hs00385313_m1, mouse; Mm00449846_m1, rat; rat; Rn01483684_m1), beta
actin (mouse; MmQ00607939_s1, rat; Rn00667869_m1) and GAPDH (human;
Hs02758991_g1, mouse; Mm99999915_g1), TagMan probe from Applied
Biosystems was used.

BrdU Incorporation Assay and Measurement of Cell Number. BrdU-positive cells
were quantified using the Ziva Ultrasensitive BrdU assay (Jaden BioScience).
This assay detects the incorporation of BrdU using a labeled anti-BrdU an-
tibody and detection substrate in an ELISA format. By this assay, a small
fraction of proliferating cells within a large population of nonproliferating
cells can be detected. Cell numbers were analyzed by using CellTiter-Glo
Luminescent Cell Viability Assay (Promega). Using this assay, viable cells are
determined by quantitation of ATP, an indicator of metabolically active cells.

Flow Cytometry and TUNEL Assay. Apoptosis of islet cells was quantitated by
the TUNEL reaction using the In Situ Cell Death Detection kit, Fluorescein
(Roche Diagnostics) followed by flow cytometry. Flow cytometry analysis was
performed using a FACS Calibur instrument (Becton Dickinson).

Tumor Samples Used in the Study, and DNA and RNA Extraction from Primary
Tumor Samples. The tumor samples used in this study were surgically resected
at the National Cancer Center Hospital (44 samples; PanNET1-18, 24-47, 52,
53), Kyotc University Hospital (6 samples; PanNET19-23, 51), or Kagawa
University Hospital (4 samples; PanNET 48-50, 54) between 1993 and 2012.
This study was approved by the Institutional Review Board of the National
Cancer Center, Tokyo. Clinical and pathological data were obtained through
a detailed retrospective review of the medical records of all patients with
PanNET. Five-micrometer sections of paraffin-embedded tissues were sub-
jected to DNA extraction. Total RNA was extracted from frozen normal
pancreas and tumor samples using an RNeasy mini kit (Qiagen).

Microsatellite Analysis. Microsatellite analysis was performed basically as
described (8). We used six primer pairs labeled with FAM that amplify
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microsatellite loci to achieve accurate detection of LOH at the PHLDA3 locus
(Fig. 1A). For the MENT locus, three primer pairs were used (Fig. 24). Am-
plified PCR products were analyzed with a 3100 automated sequencer
(Applied Biosystems). Collected data were analyzed with GeneScan and
Genotyper software (Applied Biosystems), and allele sizes and peak heights
were calculated. The genotype was determined to be heterozygous if two
bands of different sizes were obtained from normal tissues. A ratio of the two
peaks in tumor DNA of less than 0.7 in comparison with the corresponding
ratio of the two peaks in nontumor DNA was considered as allelic loss.

5-aza-dC Treatment and Methylation-Specific PCR. Cells were seeded at a
density of 3 x 10° cells (H1299 and A99) or 3 x 10° (MING) cells per 10-cm dish
on day 0 and treated with freshly prepared 5-aza-dC (Sigma-Aldrich) for 24 h
on days 1, 3, and 5. After each treatment, cells were placed in fresh medium
and harvested on day 6. Genomic DNA was extracted and subjected to bi-
sulfite conversion using EZ DNA Methylation kit (Zymo research). Fully
methylated controls were prepared by methylating genomic DNA with Sssl
methylase (New England Biolabs). Methylation-specific PCR (MSP) was per-
formed basically as described (22). MSP was performed using the specific
primer sets shown below. BS-F and R primers were used to amplify DNA with
or without methylation. MSP-F and R primers were used to amplify meth-
ylated DNA.

BS-F: GTAGATAGAGTTTAGGGGAGTAAGAG
BS- R: CTCTACCCCAACTAACCCAACCC
MSP-F: GAGGGTTGGTTAGGGTAGGAATGTG
MSP-R: ACTCCCCTAAACTCTATCTACACAC

Mice Used in This Study. Generation of PHLDA3-deficient mice was reported
(23). Briefly, a PHLDA3neo targeting vector was obtained by cloning a 6-kb
upstream Kpnl fragment and a 6-kb downstream Hindlll/Notl fragment into
pPNT1. The resulting deletion (nucleotides 579-2,096 of GenBank accession
no. AF151099) eliminates all of exon 1 and part of exon 2, thus deleting the
entire PHLDA3 coding region. PHLDA3™~ mice were generated by crossing
the heterozygotes. MEFs were isolated and maintained as described (24).
Mouse experiments were performed in a specific pathogen-free environ-
ment at the National Cancer Center animal facility according to institutional
guidelines, and all of the animal experiments were approved by the Com-
mittee for Ethics in Animal Experimentation at the National Cancer Center.

Blood Glucose, Plasma Insulin Measurement, and Glucose Tolerance Tests.
Blood glucose levels were determined with blood samples from tail vein
punctures in mice using Glucose pilot (Aventir Biotech), according to the
procedures specified by the manufacturer. Plasma insulin levels were de-
termined with blood samples from tail vein punctures or inferior vena cava
in mice by ELISA (Morinaga Institute of Biological Science), according the
procedures specified by the manufacturer. For glucose tolerance tests, mice
were fasted overnight and blood was drawn from tail vein at 0, 15, 30, 45, 60,
90, and 120 min after i.p. injection of p-glucose (2 mg/g of body weight).

Quantitative Measurement of Islet Morphology. Islet area and islet nuclei
number were measured from hematoxylin and eosin-stained pancreas sec-
tions and Ki67-positive cells were counted from immunohistochemically
stained pancreas sections using TissueFAXS (TissueGnostics). Chromogranin A
signal intensity was also measured using TissueFAXS. « and p cells areas were
quantified by the number of pixels in each immunohistochemically stained
area in images taken by fluorescence microscopy (Olympus 1X2-DSU).

Isolation of Rat and Mouse Primary Islets and Preparation of Primary Islet Cells.
The animal experiment was reviewed and approved by the Institutional
Animal Care and Use Committee for Frontier Medical Sciences, Kyoto Uni-
versity. For isolation of rat islets, Lewis or Wistar rats (male, aged 9-11 wk,
Shimizu Laboratory Supplies) were used. Islet isolation was performed
according to previously described methods (25). Briefly, through midline
laparotomy, 10 mL of a type Xi collagenase solution (1200 CDU/mL, C9407,
Sigma-Aldrich) was infused into the common bile duct that was ligated at
the hepatic side before the inflow into the duodenum. The pancreases were
removed and digested in a water bath set at 37 °C for 18 min. The digested
pancreases were filtered with a stainless steel sieve to separate the islets,
and purified using a discontinuous gradient solution (Dextran 70, 17-0280-
02, Amersham). Mouse islets were isolated from 10- to 25-wk-old male
animals by collagenase digestion of the pancreas, followed by purification
using a Ficoll gradient. Islets were handpicked twice. The harvested islets
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were cultured in RPMI or CRML-1066 medium (11530, Gibco) supplemented
with a 1% antibiotic-antimycotic solution (15240-062, Gibco) and 10% FBS
(12103-78P, JRH) in an incubator set at 5% CO,, 37 °C.

Primary islet cells were prepared by digesting the islets with Accutase for
15 min at 37 °C. Islet cells were washed with RPMI before use in experiments.

Immunchistochemistry. Immunchistochemistry (IHC) was performed basically
according to the manufacturer’s instructions. In brief, after deparaffiniza-
tion, tissues sections underwent antigen retrieval by autoclaving slides for
5min in 10 mM citrate buffer (pH 6.0). For fluorescent immunohistochemical
staining of insulin, glucagon, and Glut2, nonspecific interactions were
blocked for 30 min using a 5% goat serum solution. The primary antibodies
were: guinea pig anti-insulin polyclonal antibody (Abcam) diluted 1:400,
mouse anti-glucagon monoclonal antibody (Sigma-Aldrich) diluted 1:750
and rabbit anti-Glut2 polyclonal antibody (Alpha Diagnostic) diluted 1:750
with Signal Enhancer HIKARI (Nacalai Tesque). These were applied to the
slides and incubated overnight at 4 °C. As secondary antibodies, Alexa Fluor 488
goat anti-mouse IgG antibody (Invitrogen) diluted 1:500, Alexa Fluor 488
goat anti-rabbit IgG antibody (Invitrogen) diluted 1:500 and Alexa Fluor
546 goat anti-guinea pig IgG antibody (Invitrogen) diluted 1:1,000 with
PBST-BSA were applied to the slides and incubated 3 h at room temperature.
To detect Ki67- and Chromogranin A-positive cells, sections were pretreated
with 0.3% H,0; for inactivation of endogenous peroxidase. The primary
antibody, rat anti-Ki67 monoclonal antibody (DakoCytomation) diluted
1:200, or rabbit anti-Chromogranin A polyclonal antibody (Thermo Scien-
tific) diluted 1:200 with Signal Enhancer HIKARI were applied to the slides
and incubated overnight at 4 °C. As secondary antibodies, Histofine Simple
Stain MAX PO anti-rat IgG antibody (Nichirei Bioscience) or biotinylated anti-
rabbit 1gG antibody (VECTOR Laboratories) was used. We used 3,3'-
diaminobenzidine tetrahydrochloride (DAB; Muto Pure Chemicals) as the
substrate chromogen. The sections were counter stained with hematoxylin.
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STZ-Induced Diabetes. Eleven- to 22-wk-old wild-type and PHLDA3 knockout
male mice were injected i.p. with 50 mg/kg streptozotocin daily for 5 con-
secutive days (Sigma-Aldrich) to produce f§ cell injury. On days 92, 93, 99, and
100, animals were killed.

Statistical Analysis. Data were calculated and shown as mean + SD (for Figs. 4,

5, and 9 and S/ Appendix, Fig. 53) or as mean + SEM (Figs. 6-8 and S/ Ap-Q:20

pendix, Figs. 57, 59, and $10A). Comparisons between the samples were
performed by Student t test. Survival data were analyzed using XLStat
software (version 2013.4.05; Addinsoft), and Kaplan-Meyer plots were
drawn. Wilcoxon test was performed to assess the statistical significance
of the difference between the survival curves. In Fisher's exact test,
P values were obtained by using two tails. Statistical significance was
defined as P < 0.05.
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Communication between cancer cells and their microenvironment
controls cancer progression. Although the tumor suppressor p53
functions in a cell-autonomous manner, it has also recently been
shown to function in a non-cell-autonomous fashion. Although
functional defects have been reported in p53 in stromal cells sur-
rounding cancer, including mutations in the p53 gene and de-
creased p53 expression, the role of p53 in stromal cells during
cancer progression remains unclear. We herein show that the ex-
pression of a-smooth muscle actin (x-SMA), a marker of cancer-
associated fibroblasts (CAFs), was increased by the ablation of p53
in lung fibroblasts. CAFs enhanced the invasion and proliferation
of lung cancer cells when cocultured with p53-depleted fibroblasts
and required contact between cancer and stromal cells. A compre-
hensive analysis using a DNA chip revealed that tetraspanin
12 (TSPAN12), which belongs to the tetraspanin protein family,
was derepressed by p53 knockdown. TSPAN12 knockdown in p53-
depleted fibroblasts inhibited cancer cell proliferation and invasion
elicited by coculturing with p53-depleted fibroblasts in vitro, and
inhibited tumor growth in vivo. It also decreased CXC chemokine
ligand 6 (CXCL6) secretion through the p-catenin signaling path-
way, suggesting that cancer cell contact with TSPAN12 in fibro-
blasts transduced p-catenin signaling into fibroblasts, leading to
the secretion of CXCL6 to efficiently promote invasion. These
results suggest that stroma-derived p53 plays a pivotal role in
epithelial cancer progression and that TSPAN12 and CXCL6 are
potential targets for lung cancer therapy.

cancer-associated fibroblasts | cancer invasion | cancer-stromal cell
interaction | p53 | tetraspanin family

he interaction between cancer and stroma plays a key role in
tumor progression. Cancer cells alter adjacent stroma to or-
chestrate a supportive microenvironment. Normal stroma main-
tains tissue homeostasis, whereas activated stroma promotes tumor
growth, angiogenesis, and metastasis, mainly by secreting growth
factors, extracellular matrix (ECM) components, and matrix
metalloproteinases (1-3). Cancer-associated fibroblasts (CAFs) are
representative cells in the cancer microenvironment, and their
activity promotes cancer cell proliferation, migration, and invasion
(4-6). Tumor growth by prostatic epithelial cells transformed with
an SV40-T antigen was greater than that by normal fibroblasts
when nude mice were inoculated with CAFs (7).
p33 is a representative tumor suppressor inactivated by mu-
tations or deletions in approximately half of human cancers. It is
known as a transcription factor that regulates the expression of
genes associated with cell-cycle arrest, apoptosis, and senescence
to prevent tumorigenesis (8, 9). However, recent studies sug-
gested that p53 also possessed non—cell-autonomous functions in
the interaction between cancer and stromal cells (10, 11). The
growth of inoculated cancer cells was more pronounced with the
ablation of p53 in host mice (p53 knockout mice) than in p53

" www.pnas.org/cgi/doi/10.1073/pnas. 1412062112

intact mice (wild-type mice) (12). A previous study also found
that the growth-promoting activity of cancer cells was greater in
SCID mice inoculated with cancer cells with pS53-deficient
fibroblasts than with wild-type fibroblasts (13). Genetic analyses
of stromal tissues from cancer patients revealed p53 somatic
mutations and the loss of heterozygosity (LOH) in these stromal
cells (14-16). p53 expression was also lower in CAFs than in
normal fibroblasts (17). Conditioned culture media from cancer
cells also inhibited p53 expression in adjacent fibroblasts (18).
Tetraspanin 12 (TSPAN12) belongs to the tetraspanin family,
characterized by four transmembrane domains and two extra-
cellular loops (19). Tetraspanin family proteins act as signaling
platforms by forming tetraspanin-enriched microdomains, and
tetraspanins are involved in the suppression of metastasis (e.g.,
CD82 and CD9) and tumor progression (e.g, CDI151 and
TSPANS) (20-23). Most studies on TSPAN12 have been per-
formed on familial exudative vitreoretinopathy (24, 25), and in
vivo functional analyses using TSPAN12-deficient mice revealed
that TSAPN12 contributed to retinal vascular development by
C()operatmg with FZD4 and LRPS, and regulaied Norrin-induced

S:gmflcance |

Cancer-associated fibroblasts (CAFs) are abundant and promote
cancer proliferation, invasion, and metastasis. Mutations in the
p53 gene and decreased p53 expression are often detected in
CAFs, and a dysfunction in p53 in CAFs contributes to cancer
progression. However, how host-derived p53 influences cancer |
cells remains unclear. We herein established coculture systems to |
monitor enhancements in invasiveness and proliferation elicited
by p53-depleted fibroblasts and demonstrated that tetraspanin
12 (TSPAN12), identified as a p53-regulated gene, was required

| for these processes through the contact of cancer cells with
stromal fibroblasts and p-catenin-mediated CXC chemokine li-

| gand 6 (CXCL6) secretion. These results suggest that antibodies
against TSPAN12 and CXCL6 may be effective therapeutic agents
for cancer.
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fB-catenin signaling (26). Furthermore, TSPANI12 has been shown
to promote the maturation of tumor-facilitating sheddase ADAMI0
(27) and supports human breast cancer growth (28). Thus, TSPAN12
has been suggested to play a role in cancer progression (29).

We herein constructed several coculture assays to elucidate
the effects of fibroblasts on cancer cell invasion and pro-
liferation and found that the inactivation of p53 in fibroblasts
contributed to cancer cell invasion and proliferation by up-
regulating TSPANI12 in fibroblasts. Enhancements in cancer
cell invasion and proliferation depended on direct cancer—
stromal cell contact and the up-regulation of CXC chemokine
ligand 6 (CXCLG6) through the TSPANI12-f-catenin pathway.

Results

p53-Depleted Fibroblasts Had Characteristics of Cancer-Associated
Fibroblasts. Previous studies using laser-capture microdissected
tissue showed that cancer-adjacent stroma had mutations in the
p53 gene and LOH in the p53 gene locus (14-16). Therefore, we
examined the expression levels of p53 in cancer-associated
stromal cells using the Oncomine database (www.oncomine.org).
A microarray dataset from the Oncomine database (30) showed
that p53 expression was significantly lower in cancer-associated
stromal cells than in normal stromal cells (Fig. S1 4 and 3). This
was consistent with p53 protein levels being lower in cultured
CAFs than in normal fibroblasts (17). To address the effects of
conditioned media including various factors secreted from lung
cancer cells on p53 expression in stromal cells in vitro, human
lung fibroblast TIG-7 cells were cultured in conditioned media
from lung cancer cells: H1299, A549, and H460 cells, and normal
cells: TIG-7 cells and immortalized small airway epithelial cells
(SAECs) (Fig. 14). p53 expression in TIG-7 cells was lower when
cultured in conditioned media from lung cancer cells than in
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Fig. 1. Down-regulation of p53 in fibroblasts exhibited CAF-like properties.
(A) Scheme of the experimental design to evaluate p53 expression in TIG-7
cells treated with conditioned media collected from cancer cells. (8) p53
expression in TIG-7 cells was down-regulated by conditioned media from
cancer cells. TIG-7 cells were treated with conditioned media for 24 h, and
expression levels of the indicated proteins in these cell lysates were de-
termined by immunoblotting and quantified using Image) version 1.47¢
software. (C) The expression level of «-SMA (ACTA2) negatively correlated
with that of p53 (TP53). Expression data were obtained from the Oncomine
dataset and plotted to calculate Pearson’s product-moment correlation co-
efficient. r = —0.55, P < 0.001. (D and E) The expression level of a-SMA in
fibroblasts was up-regulated by p53 knockdown. (D) TIG-7 cells were trans-
fected with the indicated siRNAs and, 72 h after transfection, the expression
levels of the indicated proteins in these cell lysates were determined by
immunoblotting. (E) Fibroblasts were infected with either control lentivi-
ruses or lentiviruses for the expression of shRNA against p53. Expression
levels of the indicated proteins in these cell lysates were determined by
immunoblotting.
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Fig. 2. p53-depleted fibroblasts enhanced invasion and proliferation of
cancer cells through direct cell-to-cell contact. (A) Scheme of the contact
(Top) and noncontact (Bottom) coculture system using a three-dimensional
invasion assay. (B and C) p53-depleted TIG-7 cells enhanced invasiveness in
GFP-labeled H1299 (H1299-GFP) cells using a contact coculture system.
H1299-GFP cells were cocultured with parental TIG-7 cells or p53-depleted
TIG-7 cells, or cultured alone in Matrigel. After 4-5 d, H1299-GFP cells were
observed under a confocal microscope. (Scale bar, 100 um.) (B). Quantifi-
cation of invasive phenotypic cells in H1299-GFP cells (C). (D and E) p53-
depleted TIG-7 cells did not enhance invasiveness in H1299-GFP cells in a
noncontact coculture system. H1299-GFP cells were cultured in Matrigel in
a Transwell insert, and parental TIG-7 cells or p53-depleted TIG-7 cells were
cultured in the bottom well. After 4 or 5 d, H1299-GFP cells were observed
under a confocal microscope (D). (Scale bar, 100 um.). Quantification of
invasive phenotypic cells in H1299-GFP cells (E). (F) Coculture systems for
cell proliferation assay. Scheme of the contact coculture system using a cell
proliferation assay (Top). Scheme of the noncontact coculture system
using a Transwell insert for cell proliferation assay (Bottom). (G) p53-depleted
TIG-7 cells enhanced proliferation in H1299 cells expressing luciferase
(H1299-LUC cells) in a contact coculture system. H1299-LUC cells were
cocultured with parental TIG-7 cells or p53-depleted TIG-7 cells, or cultured
alone. Luciferase activity was measured every day up to day 6. (H) p53-
depleted TIG-7 cells did not enhance cell proliferation in H1299-LUC cells using
a noncontact coculture system. H1299-LUC cells were cultured in the bottom
well, and parental or p53-depleted fibroblasts were cultured in a Transwell
insert. Luciferase activity was measured every day until day 6. Data are the
mean + SD of three or more independent experiments. Statistical analyses
were performed using the Student t test. **P < 0.01, ***P < 0.001.

control media from normal cells (Fig. 1B and Fig. S1C), which is
consistent with the recent finding that the expression of p53 in
human lung fibroblast WI-38 cells was decreased by a treatment
with conditioned medium derived from cancer cells (18). We
then investigated the relationship between p53 and o-smooth
muscle actin (a-SMA), a marker of CAFs. The same dacaset (30)
from the Oncomine database revealed that p53 expression neg-
atively correlated with ACTA2 (a-SMA) expression (Fig. 1C).
p53 knockdown in fibroblasts increased o-SMA expression,
suggesting that the decreased expression of p53 was altered to
exhibit CAF-like characteristics (Fig. 1 D and E).

Cancer Cell Invasion and Proliferation Were Enhanced Through
Contact Between Cancer Cells and Fibroblasts. Although the con-
tribution of p53 in fibroblasts to cancer progression has been
implied, the underlying molecular mechanism remains unclear.
To elucidate the mechanism by which stromal p53 regulates the
invasiveness and proliferation of cancer cells, we developed
three-dimensional coculture assays using Matrigel. Green fluo-
rescent protein (GFP)-labeled H1299 (H1299-GFP) cells were
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mixed with fibroblasts and cocultured in Matrigel, which enabled
H1299-GFP cells to directly contact fibroblasts (Fig. 24, Top).
H1299-GFP cells were then cultured in Matrigel separately from
fibroblasts, which enabled them to communicate only through
secretions from fibroblasts (Fig. 24, Bottorn). With direct con-
tact, coculturing H1299-GFP cells with p53-depleted fibroblast
TIG-7 cells markedly enhanced the invasiveness of H1299-GFP
cells over that of H1299-GFP cells with normal TIG-7 cells (Fig.
2 B and C). With separation, little or no enhancement was ob-
served in invasiveness in H1299-GFP cells by culturing with
fibroblasts, regardless of p53 expression in fibroblasts (Fig. 2 D
and E). Increases in cancer cell numbers also had a negligible
effect on cancer invasiveness (Fig. 52 A4-C), indicating that
enhancements in invasiveness were not due to increases in can-
cer cell numbers in the top chamber. The migration assay showed
that a contact coculture with p53-depleted fibroblasts moder-
ately enhanced cancer cell migration over that with controls (Fig.
S2 D-F), and no significant difference was noted in cell motility
under separate coculture conditions (Fig. S2 G-/). These results
implied that direct contact between cancer cells and stromal
fibroblasts was important for cancer cell invasion elicited by
stromal fibroblasts when p53 expression levels decreased. We
established a coculture system using H1299 cells expressing fire-
fly luciferase (H1299-LUC cells) to assess the effects of fibro-
blasts on the proliferation of cancer cells. In the direct contact
coculture assay, H1299-LUC cells were seeded on TIG-7 mono-
layer cells and luciferase activity was measured as an indicator of
cell proliferation (Fig. 2F, Top). The rate of proliferation of
H1299-LUC cells was greater in a coculture with p53-depleted
TIG-7 cells than with H1299-LUC cells alone or with parental
TIG-7 cells (Fig. 2G). We examined two different approaches as
noncontact coculture assays using cell culture inserts to separate
each cell (Fig. 2F, Bottom) and conditioned media from TIG-7
cells (Fig. S34). No significant differences were observed in the
rate of proliferation of H1299-LUC cells when cultured with p53-
depleted TIG-7 cells or with parental fibroblasts (Fig. 2H). The
treatment of H1299-LUC cells with conditioned media from p53-
depleted TIG-7 cells resulted in a similar rate of cell proliferation
to that of H1299-LUC cells with parental TIG-7 cells (Fig. S35).
These results suggested that cancer-fibroblast cell contact was re-
quired to increase the rate of cancer cell proliferation by cocul-
turing with p53-depleted fibroblasts.

TSPAN12 Was a Derepressive Gene with p53 Ablation. To elucidate
the mechanisms responsible for cancer cell invasion and pro-
liferation due to the down-regulation of p53 in fibroblasts, we
performed a comprehensive analysis using mRNAs from p53-
depleted fibroblasts and control fibroblasts. Microarray experi-
ments showed that 51 genes were up-regulated (fold change, >3)
and 9 genes were down-regulated (fold change, <0.33) in p53-
depleted fibroblasts (Fig. S44). Of the up-regulated genes, we
extracted those that encoded cell-surface proteins because anti-
bodies against such proteins were expected to be candidates for
cancer therapy (Fig. S48 and Table SI). We also selected and
focused on the TSPAN12 gene encoding the tetraspanin family
protein that contributes to cancer progression as a less charac-
terized gene from those encoding cell-surface proteins because
the induction of TSPANI12 expression in TIG-7 fibroblasts by
P53 knockdown was highly reproducible and confirmed that the
expression level of TSPAN12 was derepressed in p53-depleted
TIG-7 fibroblasts using QqRT-PCR and immunoblotting (Fig. 3 4
and B). TSPAN12 was also derepressed by transient p53
knockdown, suggesting that p53 directly regulated TSPAN12
expression (Fig. S4C). p53 knockdown in WI-38 fibroblasts also
derepressed TSPAN12 expression (Fig. 3 4 and B). We sub-
sequently analyzed TSPANI12 expression in cancer-associated
stromal tissues from cancer patients using the Oncomine data-
base (30, and found that TSPAN12 expression was higher in
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Fig. 3. TSPAN12 was derepressed by p53 knockdown. (A and B) p53
knockdown derepressed TSPAN12 expression. Total RNAs were prepared
from the indicated fibroblasts and expression levels of the indicated genes
were subjected to qRT-PCR (4). Cell lysates were prepared from the indicated
fibroblasts and expression levels of indicated genes were determined by
immunoblotting (B). Data are the mean + SD of three or more independent
experiments. Statistical analyses were performed using the Student t test.
*Ap 0.01, ***P-< 0.001.

cancer-associated stromal tissues than in stromal tissues from
noncancerous regions (Fig. S4 D and E).

Cancer Cell Invasiveness and Proliferation Elicited by p53-Depleted
Fibroblasts Were Inhibited by TSPAN12 Knockdown in p53-Depleted
Fibroblasts. We determined whether TSPANI2 expression in
fibroblasts enhanced cancer cell invasiveness and proliferation.
The expression of p53 and TSPANI2 in p53-depleted TIG-7
cells transfected with control siRNAs or siRNAs targeted against
TSPAN12 was confirmed by qRT-PCR (Fig. S54) and immu-
noblotting (Fig. S58), and TIG-7 cells transfected with these
siRNAs were cocultured with H1299-GFP cells in Matrigel (Fig.
44). An invasion assay using Matrigel showed that cancer in-
vasiveness elicited by p53-depleted fibroblasts was inhibited by
TSPANI12 knockdown in p53-depleted fibroblasts (Fig. 4B).
These results suggested that the derepression of TSPAN12 by
pS3 knockdown in fibroblasts was a critical step for enhancing
cancer invasiveness. We also investigated whether TSPANI12
knockdown in p53-depleted fibroblasts affected the proliferation
of cancer cells using a cell-to-cell contact coculture proliferation
assay (Fig. 4C). The transfection of si-TSPAN12 in p53-depleted
TIG-7 cells decreased the proliferation rate of H1299-LUC cells
to that when cocultured with parental TIG-7 cells (Fig. 4D).
However, the effects of TSPAN12 knockdown in p53-depleted
fibroblasts on cancer cell migratory activity were weak even
though cancer cell migration was moderately inhibited (Fig.
S5C). TSPAN12 knockdown in normal TIG-7 cells did not affect
basal levels of cancer cell invasiveness and proliferation (Fig. S6

A=C). In contrast, the ectopic expression of TSPAN12 in normal

TIG-7 cells increased cancer cell invasiveness and proliferation
(Fig. 56 D-I), suggesting that derepressed TSPAN12 was crucial
for enhancing the invasiveness elicited by the down-regulation of
p53. We then examined the effects of the extracellular loop of
TSPANI12 on invasiveness in p53-depleted cells. The large ex-
tracellular loop (LEL) of TSPAN12 could inhibit invasiveness up
to basal levels (Fig. S6 G-I), implying that TSPAN12-LEL may
compete with some factors transducing signals for invasion
into cells.

Derepression of TSPAN12 in p53-Depleted Fibroblasts Accelerated
Tumor Progression. We tested the effects of stroma-derived p53
on tumor growth in vivo., H1299-LUC cells were mixed with
TIG-7 cells in Matrigel, inoculated s.c. into the backs of balb/
¢-nu/nu mice, and tumor growth was measured using an IVIS
bioluminescence imaging system (Fig. 54). TIG-7 cells stably
expressed shRNAs targeting p53 and TSAPN12, and reductions
in the expression levels of these proteins were confirmed by
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