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alteration so far reported in RCCC is the inactivation of the
VHL gene. Loss of the VHL protein leads to an inappropriate
accumulation of hypoxia-inducible mRNA, such as VEGF,
which appears to be responsible for the hypervascular nature
of RCCC.* Another characteristic and clinically important
feature of RCCC is the high incidence of metastasis even in
the relatively early stages of tumors. Disruption of the cell
adhesion machinery is an initial step of cancer invasion and
metastasis. In fact, in previous studies, it has been demon-
strated that alterations of E-cadherin or integrins are fre-
quently observed in RCCC.>

We previously identified a tumor suppressor gene, CADMI1/
TSLCI, in human nonsmall cell lung cancer (NSCLC).” The
CADMI is expressed in most epithelial tissues, while its expres-
sion is frequently lost in many tumors, including NSCLC or
prostate cancer’ CADMI belongs to the immunoglobulin
superfamily cell adhesion molecules and carries three immuno-
globulin loops in the extracellular domain, a single transmem-
brane domain and a short cytoplasmic domain. Subsequent
analysis has shown that CADM1 forms a unique subfamily
within IgCAMs together with its homologous proteins,
CADM2, CADM3 and CADM4, in which CADM2 and
CADMS3 are only expressed in the nerve systems.”'® We have
reported that CADM4 is expressed in the brain, lung, large and
small intestines and urinary organs and that CADM4 could act
as a tumor suppressor in prostate cancer."’

We have also demonstrated that CADMI associates with an
actin-binding protein, 4.1B/DAL-1, through the FERM-binding
motif in the cytoplasmic domain."? Frequent loss of 4.1B in
lung adenocarcinoma, breast cancer and meningioma suggested
that 4.1B could be a tumor suppressor.’>'* 4.1B is a member of
the 4.1-family proteins with 4.1R, 4.1N and 4.1G and shows sig-
nificant homology with ezrin, radixin and moesin as well as
merlin, which is the responsible gene product in neurofibroma-
tosis type 2. In lung and breast cancer and meningioma, fre-
quent abrogation of the cell adhesion machinery composed of
CADMI1 and 4.1B has been demonstrated."*"? In the mouse
nephron, 4.1B is expressed in the proximal uriniferous tubules,
while 4.1N is expressed in the distal tubules. On the other
hand, 4.1R expression is only restricted to a portion of ascend-
ing limb of the loop of Henle, while no 4.1G expression is
observed in the nephron®® Therefore, among the 4.1 family
proteins, we chose 4.1B and 4.1N as possible molecules involved
in renal tumorigenesis. In addition, we have previously demon-
strated that 4.1B is frequently inactivated by promoter methyla-
tion, providing a prognostic factor in RCCC.*' However, the
normal partners of the membrane protein associated with 4.1B
in RCCC have not been reported yet.

Here, we examined the tissue-specific expression of
CADM4, CADM1, 4.1B and 4.IN proteins in human neph-
rons and demonstrated that CADM4 was expressed and
interacted with 4.1B in human proximal uriniferous tubules
that are the precursor cells of RCCC. The high incidence of
loss of CADM4 expression in cell lines and primary tumors
from RCCC, together with the suppressor activity in the
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tumorigenicity of RCC cells by CADM4, strongly suggests
that CADM4 is a novel tumor suppressor candidate involved
in RCCC in cooperation with 4.1B.

Material and methods

Cell lines

Human RCC cell lines, ACHN, 786-O and 769-P were
obtained from the American Type Culture Collection (Rock-
ville, MD); VMRC-RCW and Caki-1 cells, from the Japanese
Collection of Research Bio-resources (Tokyo, Japan); OS-RC-
2, RCC10RGB, TUHR4TKB, TUHRI0TKB and TUHR14TKB
cells, from the Riken Cell Bank (Tsukuba, Japan). Cells were
cultured according to the suppliers’ recommendations.

Surgical specimens

Forty pairs of cancerous and adjacent noncancerous tissues of
RCCC were surgically resected at the University of Tokyo Hospi-
tal after written informed consent from each patient was
obtained. Analyses of human materials were carried out accord-
ing to the Guidelines of the Ethics Committee of the University
of Tokyo (authorization No. 2566). Pathological diagnosis was
performed by urological pathologists (A. G. and T. M.).

Antibodies

A rabbit polyclonal antibody (pAb) against CADM4/TSLL2
(Bc-2) was raised against 13 synthetic polypeptides of the C
terminus of CADM1 coupled with keyhole limpet hemocya-
nin and purified with an affinity column (MBL, Nagoya, Ja-
pan) as described previously.'! The CADM1 antibodies used
in this study were two rabbit polyclonal antibodies (pAbs)
against the cytoplasmic domain, C-18,”* and number 6 and a
chicken monoclonal antibody (mAb) against the ectodomain,
3E1.% A rabbit pAb against 4.1B/DAL-1 was described previ-
ously.”’ A mouse mAb against 4.IN and a goat pAb against
GAPDH (V-18) were purchased from BD Biosciences
(Franklin Lakes, NJ) and from Santa Cruz Biotechnology
(Santa Cruz, CA), respectively.

Immunohistochemistry

Sequential sections of 4-um thick from human RCCC and
noncancerous kidney tissues of the same patients were cut
from the paraffin blocks. The sections were deparaffinized,
autoclaved in Histofine pH 9 (Nichirei Biosciences, Japan) at
121°C for 20 min, cooled down to room temperature and
incubated with 0.3% H,0,/methanol for 30 min and with 5%
normal donkey serum in 0.02% NaN3/PBS for 30 min. These
sections were incubated with the indicated primary antibodies
and visualized by Envision kit/HRP (DAB) (Dako, Glostrup,
Denmark) according to the manufacturer’s recommendations.
All sections were counterstained with hematoxylin. Elastica
van Gieson (EVG) staining was also used to assess the vascu-
lar permeation of tumors.
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Figure 1. Immunohistochemical analyses of CADM4 (a and e), CADM1 (b and f), 4.1B (c and g) and 4.1N (d and h) proteins in normal
human renal cortex (a—d) and medulla (e-h). Expression of CADM4 and 4.1B is detected in the proximal convoluted tubules (a and o),
whereas that of CADM1 and 4.1N is detected in the distal convoluted tubules (fand h). Open and closed arrows indicate the proximal and
the distal convoluted tubules, respectively, whereas open and closed arrowheads indicate the glomerulus and the loops of Henle,
respectively. Asterisks and double asterisks indicate the collecting duct in the cortex and that in the medulla, respectively. The bar

indicates 50 um (a-d) or 100 um (e—h).

Immunoprecipitation and Western blotting

Human RCCC and noncancerous renal tissues were treated with
a lysis buffer [50 mM Tris-HC, pH 7.5, 150 mM NaCl, 1% Tri-
ton X-100, I mM EDTA, 10 mM NaF, 1 mM Na;VO,] with pro-
tease inhibitors [200 pM AEBSF, 10 uM leupeptin, 1 1M pepsta-
tin A] and centrifuged at 3,000 rpm at 4°C for 10 min to obtain
the tissue lysates as the supernatants. For direct Western blotting,
an aliquot of the tissue lysates (1 |1g) was applied in each lane in a
4-12% gradient SDS-PAGE (Invitrogen, Carlsbad, CA). For
immunoprecipitation, an aliquot of tissue lysates (1-2 mg) was
incubated with an appropriate primary antibody for 30 min at
4°C, and then protein A-Sepharose 6MB (GE Healthcare, Buck-
inghamshire, UK) was added and further incubated for overnight
at 4°C. Immunoprecipitates were rinsed with the lysis buffer three
times, suspended in a sample buffer containing 2% SDS and incu-
bated for 5 min at 100°C. The samples were fractionated in 4-
12% gradient SDS-PAGE, transferred to a polyvinylidene difluo-
ride membrane (Millipore, Bedford, MA) and incubated with an
appropriate primary antibody. The binding of the primary anti-
body was detected with ECL™ Western Blotting Detection Rea-
gent (GE Healthcare) using a peroxidase-conjugated secondary
antibody (GE Healthcare).

Reverse-transcription PCR

Total cellular RNA was extracted from 786-O cells using an
RNeasy Mini kit (QIAGEN, Valencia, CA). One microgram of
total cellular RNA was reverse-transcribed using Superscript II
reverse transcriptase (Invitrogen) with oligo(dT) primers. A
CADM4 fragment of 128 bp was amplified using 0.5 pmol/l of
primers 5-TAGTGGGCATGGTCTGGTG-3 and 5-TTTCC
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TCTTGTGTCCGTCG-3'. A 4.1B fragment of 153 bp was
amplified using 0.5 pmol/l of primers 5-GTAGTGGTCCATA
AAGAGACAGAGA-3 and 5-GATACAAGTCAGTTGGGT
TAGAAGA-3, whereas a P-actin fragment of 646 bp was
amplified using 0.1 pmol/l primers 5-AAATCTGGCACCA
CACCTT-3 and 5-AGCACTGTGTTGGCGTACAG-3'.

Restoration of CADM4 expression by 5-aza-2'-

deoxycytidine

About 1 x 10° of 786-O cells were seeded at day 0, treated
with 5-aza-2'-deoxycytidine (5-aza-CdR; 10 pM; Sigma-
Aldrich, St, MO) or PBS as a control for 24 hr on days 2
and 5 and collected on day 8 as reported previously.”**

Expression of CADM4 in an RCC cell line

A vector expressing the whole-coding sequence of human
CADM4 (pcTSLL2/CADM4) was described previously."" 786-
O cells were transfected with a pcTSLL2/CADMA4 or an
empty vector, pcDNA3.1 (Invitrogen) using Lipofectamine
LTX (Invitrogen) according to the manufacturer’s instruc-
tions, selected against 500 pg/ml G418 sulfate (Invitrogen)
and three independent cell clones were then obtained.

Tumorigenicity analysis

A suspension of 1 x 10° cells in 0.2 ml of PBS was injected
subcutaneously into one to two sites on the backs of 6-week
female BALB/c nu/nu mice. Tumor growth was assessed by
measuring the xenografts in two dimensions twice a week.
Tumor volumes were calculated according to the formula
(volume) = 1/2 x (long axis) x (short axis).? All animal
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Figure 2. Interaction of CADM4 with 4.1B and CADM1 with 4.1N. (a)
Total lysates of normal human kidney were immunoprecipitated with
control rabbit 1gG (lane 2), anti-4.1B pAb (lane 3), control mouse 1gG
(lane 4) and anti-4.1N pAb (lane 5), and binding proteins were
detected by immunoblotting using anti-CADM1 pAb, anti-CADM4 pAb,
anti-4.1B pAb and anti-4.1N pAb (top to bottom). An aliquot of the
tissue lysates (5 pg) was loaded as a control (lane 1). (b) Total
lysates of normal human kidney were immunoprecipitated with
control rabbit IgG (lane 2), anti-CADM1 pAb (lane 3) and anti-CADM4
pAb (lane 4), and binding proteins were detected by immunoblotting
using anti-4.1B pAb, anti-4.1N pAb, anti-CADM1 pAb and amti-
CADM4 pAb (top to bottom). An aliquot of the tissue lysates (5 ug)
was loaded as a control (lane 1).

experiments were performed in accordance with the institu-
tional guidelines.

Results

Cell-type-specific expression of the CADM- and 4.1-family
proteins in human kidney

To understand the physiological and pathological roles of these
proteins in the kidney, precise patterns of expression were
examined in human normal kidneys by immmunohistochemical
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staining using specific antibodies against CADM1, CADM4,
4.1B and 4.IN. As shown in Figure 1la, CADM4 is specifically
expressed at the cell-cell attachment sites in the proximal con-
voluted tubules. 4.1B is also expressed along the cell membrane
in the proximal tubules as reported previously (Fig. Lc).%?!
However, neither CADM1 nor 4.IN gives any signals in the
proximal tubules (Figs. 1b and 1d). In the distal convoluted
tubules, on the other hand, CADMI1, but not CADM4, is
expressed along the cell membrane (Figs. la and 1b). Expres-
sion of 4.1N, but not 4.1B, is also detected in the distal tubules
(Figs. 1c and 1d). In addition, signals of 4.1B and 4.IN are
detected in the loops of Henle or the collecting ducts, whereas
the CADM1 signal is detected in the ascending limbs of the
loops of Henle. 4.1B expression is also observed in the glomeru-
lus as reported previously.*' In contrast, CADM4 is expressed
exclusively in human proximal tubules as summarized in Sup-
porting Information Table 1. Taken together, the findings
clearly indicate that CADM4 and 4.1B are expressed in the
proximal tubules, while CADMI and 4.1N are expressed in the
distal tubules in human kidney.

Interaction of CADM4 and 4.1B protein

CADMI associates with 4.1B through its FERM-binding motif
in normal epithelial tissues.'> Coincident expression of CADM4
and 4.1B in the proximal tubules and that of CADMI and
4.IN in the distal tubules prompted us to examine the possible
association of each pair of proteins by immunoprecipitation
coupled with Western blotting. As shown in Figure 2a, when
the lysate of normal human kidney was immunoprecipitated
with an antibody against 4.1B and immunoblotted with an anti-
CADM4 antibody, specific signals of about 55 kDa correspond-
ing to CADM4 were detected (Fig. 24, lane 3). However, no
CADMI protein was coprecipitated when the same immuno-
precipitate was blotted with an anti-CADMI antibody (Fig. 2a,
lane 3). Inversely, when normal kidney lysate was immunopre-
cipitated with an anti-CADM4 antibody and immunoblotted
with an anti-4.1B antibody, distinct signals corresponding to
4.1B were detected (Fig. 2b, lane 4). However, no 4.1N protein
was coprecipitated with CADM4 (Fig. 2b, lane 4). On the other
hand, when normal kidney lysate was immunoprecipitated with
an anti-4.1N antibody and then immune-blotted with an anti-
CADMI antibody, CADMLI signals were detected (Fig. 2a, lane
5). However, no CADM4 protein was co-immunoprecipitated
with 4.1N. Moreover, 4.1N, but not 4.1B, was inversely co-
immunoprecipitated with an anti-CADM1 antibody (Fig. 2b,
lane 3). These results indicate that CADM4 associates with
4.1B, while CADM!1 associates with 4.1N in normal human kid-
ney cells, corresponding to the pattern of their tissue-specific
expression.

Frequent loss of CADM4 and 4.1B expression in human

RCC cells and RCCC tumors

Because RCCC is derived from the proximal uriniferous
tubules, possible alteration in the expression of CADM4 as
well as 4.1B was examined by Western blotting. As shown in
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Figure 3. Loss of expression of CADM4 and 4.1B proteins in RCCC and restoration of CADM4 expression by 5-aza-2’-deoxycytidine. (a and
b) Immunoblotting of CADM4 and 4.1B proteins in 10 RCC cell lines (a) and the primary tumors of RCCC (b). An aliquot of the tissue
lysates (1 pg) was subjected to 4-12% SDS—PAGE and detected by anti-CADM4 pAb (upper), anti-4.1B pAb (middle) and anti-GAPDH mAb
as a control (lower). N and T in (b) indicate noncancerous renal tissues and tumor tissues, respectively, whereas the number indicates
individual patients. (c) Reverse transcriptase-PCR analysis of the CADM4 (upper), 4.1B (middle) and beta-actin as a control (lower) in 786-0

cells treated with or without 5-aza-2’ deoxycytidine.

Figure 3a, 7 of 10 (70%) RCC cell lines showed loss or marked
reduction in CADM4 expression. In addition, 6 of 10 (60%)
from the same panel of RCC cells lost or markedly reduced
4.1B expression. In total, 9 of 10 (90%) RCC cells lost either
CADM4 or 4.1B expression, suggesting that the disruption of
the CADM4-4.1B cascade is an extremely frequent event in
RCC. We have previously shown that 4.1B is inactivated by
methylation of the gene promoter in RCCC. Therefore, to
examine the possible involvement of promoter methylation in
silencing of the CADM4 gene, 786-O cells completely lacking
CADM4 expression were treated with 5-aza-2' deoxycytidine
for 24 hr twice as described in Material and methods section.
As shown in Figure 3c, CADM4 mRNA was restored in 786-O
cells, suggesting that promoter methylation could be involved in
at least a subset of RCC cell lines.

Next, we examined the expression of CADM4 in primary
RCCC surgically resected and pathologically diagnosed at the
University of Tokyo Hospital. Western blotting revealed that
28 of 40 (70%) primary RCCC lost CADM4 expression, while
noncancerous renal tissues from the same patients expressed
a significant amount of CADM4 protein (Fig. 3b). Loss of
CADM4 expression was observed at high frequency even in
RCCC at relatively early stages, including 10 of 16 (68%)
tumors with Tla or 5 of 6 (83%) tumors with Fuhrman’s
grade 1. Interestingly, CADM4 expression was preferentially
lost in RCCC with vascular infiltration (15/17, 88%) relative
to those without vascular infiltration (13/23, 57%; p = 0.04;
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Table 1). These findings suggest that loss of CADMA4 is a rel-
atively early event in renal tumorigenesis and could be
involved in vascular infiltration. Histological features are
shown in Supporting Information Figure 1 for tumors with
and without CADM4 expression. In tumors lacking CADM4
expression, inconspicuous vascular infiltrations (Supporting
Information Figs. la and 1c) were manifested by EVG stain
in large- and small-sized veins (Supporting Information Figs.
1b and 1d). In contrast, vascular infiltration was not identi-
fied even by EVG stain in tumors expressing CADM4 (Sup-
porting Information Figs. le and 1f). In addition to CADM4,
loss of 4.1B expression was detected in 19 of 40 (48%) pri-
mary RCCC by Western blotting (Fig. 3b). In total, the loss
of expression of CADM4 or 4.1B occurred in 32 of 40 (80%)
of RCCC. Interestingly, average size of the tumors lacking
expression of either CADM4 or 4.1B or both was signifi-
cantly larger than that of the tumors expressing both
CADM4 and 4.1B (p = 0.028) (Table 2). No pathological
changes, however, were observed between the tumors lacking
both CADM4 and 4.1B and those lacking either of them,
supporting an idea that CADM4 and 4.1B proteins act in the
same cascade of cell adhesion.

Suppression of tumorigenicity of an RCC cell line, 786-0,

by CADM4

To understand the biological function of CADM4 in RCCC,
we transfected a CADM4 expression vector into an RCC cell
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line, 786-0, completely lacking endogenous CADM4 expres-
sion, and obtained three independent transfectants (786/
CADM4-1~3). As shown in Figure 4a, these cells stably
expressed a significant amount of CADM4 protein. On the
other hand, the amounts of 4.1B protein in these transfec-
tants were quite low and almost the same as those in parental
786-0O and 786/V cells (data not shown). 786/CADM4-1~3
cells showed essentially similar morphology to 786/V or pa-
rental 786-O cells, although cell populations showing a flatter
morphology appeared to be more prominent in 786/
CADM4-1~3 cells (Figs. 4b and 4c). On the other hand, 786/
CADM4-1~3 cells did not show a dramatic difference in cell
proliferation in vitro relative to 786/V or parental 786-O cells
when analyzed by an MTS assay (data not shown). Finally,
the tumor-forming activity of these cells in vivo was exam-

Table 1. Pathological parameters and loss of CADM4 expression in
RCCC

*p = 0.04.
NS: not significant.

Table 2. Expression status of CADM4 and 4.1B and pathological characters of RCCC
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ined by injecting them into the back of BALB/c nu/nu mice.
As shown in Figure 4d, 786/V cells developed palpable
tumors around 3 weeks after injection (average latency: 17.2
days), and the tumors grew into large tumors with an average
volume of 268 mm°. In contrast, most of the 786/CADM4
cells did not form palpable tumors until 4 weeks after injec-
tion (average latency: 33.1 days). Moreover, the growth of the
developed tumors was slow, forming much smaller masses
with an average volume of 21 mm’, indicating that restora-
tion of CADM4 significantly suppresses tumor formation by
an RCC cell line, 786-0O. This finding provides more evidence
that CADM4 acts as a novel tumor suppressor candidate in
RCCC.

Discussion

In the present study, we initially demonstrated the cell-type-
specific expression of CADM- and 4.1- family proteins in
human nephrons by immunohistohemistry. CADM4 and
4.1B are expressed in the proximal uriniferous tubules, while
CADMI1 and 4.IN are expressed in the distal tubules. Such
distinct patterns of expression have not been reported in
other organs, including the lung, where CADMI1, CADM4,
4.1B and 4.IN are all expressed in the pulmonary epithelial
cells. Cell-type-specific expression of these proteins in the
nephron, therefore, suggests that the cell adhesion machinery
of CADM- and 4.1- proteins might play specific roles in each
uriniferous tubule, for example, those related to the ion
transport or re-absorption of specific molecules, although
some of these proteins are also expressed in the loops of
Henle or the collecting ducts in human kidney (Fig. 1). Next,
by immunoprecipitation analysis coupled with Western blot-
ting, we demonstrated that the CADM4 protein associated
with 4.1B, while CADMI associated with 4.IN in normal
human kidney. Previous studies have reported that CADM1
associates with 4.1B through the FERM-binding motif in epi-
thelial cells.”® In addition, CADM3 is shown to associate
with 4.IN in neuronal cells.®® These results suggest that both
CADMI and CADM4 molecules have the potential to associ-
ate with both 4.1B and 4.1N. However, the clear demonstra-
tion in the present study of the specific interaction between

*p = 0.028.
NS: not significant.
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Figure 4. Suppression of tumorigenicity of 786-0 cells in nude mice by
CADM4. (a) Western blotting of CADM4 protein (upper) and control
GAPDH protein (lower) in parental 786-O cells, 786-0 cell clones
transfected with a vector alone (786/V1, 786/V2) and 786-0 cell
clones transfected with CADM4 (786/CADM4-1, 786/CADM4-2 and
786/CADM4-3). (b and ¢) Morphology of 786/V1 (b) and 786/CADM4-1
(¢) cells under phase-contrast microscopy. The bar indicates 50 um.
Original magnification, x100. (d) Tumor formation in nude mice. The
average volume of tumors that formed at 18 sites was determined at
the indicated times after injection of 10° cells from the 786/V (dashed
line) and 786/CADM4 (solid line) cells. *p = 0.00012.

CADM4 and 4.1B and between CADMI and 4.1N in human
kidney lysates strongly supports the finding that CADM4
and 4.1B are co-expressed in the proximal tubules while
CADMI1 and 4.1N are coexpressed in the distal tubules.

In the previously study, we have shown the frequent inactiva-
tion of 4.1B in RCCC.>' Therefore, in this study, we examined
whether CADM4 could also act as a tumor suppressor in RCCC.
This hypothesis was supported by two lines of evidence (1) the
frequent loss of CADM4 expression in primary tumors and cell
lines from RCCC and (2) the suppression of the suppression of
subcutaneous tumor formation of a human RCC cell line, 786-O,
in nude mice by the introduction of CADM4. It is quite notewor-
thy that over 70% of primary RCCC tumors lost CADM4 expres-
sion in Western blotting or immunohistochemistry. The loss of
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CADMH4 is, therefore, one of the most frequent molecular altera-
tions so far reported in RCCC. It is well known that the VHL
gene is inactivated in about 80% of RCCC.*® However, mutation
of the VHL and inactivation of the CADM4-4.1B cascade appears
to be independent at least in 7 RCC cell lines with characterized
VHL status as summarized in Supporting Information Table 2.
This finding could be consistent with possible distinct functions
of a cell adhesion molecule, CADM4 and a transcriptional si-
lencer, VHL, although mutation of the VHL in 40 primary
RCCCs remains to be examined. The clinicopathological features
of the tumors revealed that loss of CADM4 expression already
occurred in the early stage of RCCC tumors with Tla or Fuhr-
man’s grade 1, suggesting that loss of CADM4 is a relatively early
event in renal carcinogenesis. A more important finding is the
significant association of the loss of CADM4 with the vascular
infiltration of RCCC. Considerable portions of RCCC, especially
a subset of those successfully resected by surgical operation, often
contain the lesions of vascular infiltration, which is known to
provide one of the prognostic markers of an RCCC patient.””
Tumors lacking CADM4 expression might have the potential to
metastasize to the distant organs through vascular infiltration,
even though the relevant tumors are in the early clinicopathologi-
cal stages on the basis of the TNM classification. Further studies
as to the recurrence of RCCC in these patients would be required
to answer this hypothesis.

Tumor-forming activity in nude mice has been considered
to be the classic and most established criteria to assess the ma-
lignant phenotype of cultured cancer cells. On the basis of this
criterion, 786-0 is a malignant RCC cell for its tumorigenicity
in nude mice as reported previously.” In this study, CADM4
appears to suppress tumor growth, as shown in Figure 4d,
where the average volume of developed tumors at 56 days
from 786/CADM4 cells (21 mm®) is much smaller than that
from 786/V cells (268 mm®). Moreover, tumorigenicity in
nude mice was recently re-evaluated as a method to assess the
stemness of cancer cells. From this point of view, 786-O cells
appear to contain a considerable number of cancer stem cells,
because tumors developed in all 18 injection sites of 10° of
786/V cells with a relatively short latency averaging 17.2 days.
In contrast, the restoration of CADM4 expression appears to
decrease the subpopulation of cancer stem cells, because 10° of
786/CADM4 cells failed to develop tumors in 4 of 18 injection
sites even at 56 days after injection. Moreover, the average la-
tency of tumor formation was 33.1 days, much longer than
that in 786/V cells. These results suggest that CADM4 sup-
presses not only the tumor growth but also the size of the can-
cer stem cell population in 786-0O cells. However, these tumors
only grew locally at the injected sites, and none of the tumors
showed invasion or metastasis to adjacent or distant organs
until 56 days after injection. These results suggest that even
786/V cells did not recapitulate the vascular infiltration of
human RCCC in nude mouse-model, although we did not con-
firm absence of the vascular infiltration in these tumors.

It has been reported that 4.1B, Timp-3, RASSF1 and several
other tumor suppressor genes are inactivated by promoter
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methylation at high frequency in RCCC.2"*! In this study,
treatment of RCC cells with 5-aza-2’ deoxycytidine restored
CADM4 expression in 786-O cells lacking endogenous
CADM4 expression, suggesting that promoter methylation is
involved in at least a portion of RCCC. We failed, however, to
examine the detailed state of the CADM4 gene promoter in
RCC cell lines or primary RCCC by bisulfate sequencing or the
COBRA method probably due to the extraordinary CpG-rich
structure of the CADM4 gene promoter. Therefore, the molec-
ular cause of the aberration of CADM4 molecule in primary
RCCC remains to be elucidated. In addition to the promoter
methylation, loss of heterozygosity (LOH) on 19q13.2, where
the CADM4 gene is mapped, could be involved as observed in
many other tumor suppressor genes, including the CADM1.*?
Inactivating mutations, including point mutations, frameshift
and insertions/deletions might be additional molecular mecha-
nisms to inactivate the CADM4 gene, although inactivation
through such mechanisms is relatively rare in the case of the
CADMI.” It is interesting that chromosomal region 19q13, on
which the CADM4 gene is localized, also show LOH frequently
in gliomas, suggesting that a similar mechanism connected to
cell adhesion could play a role in neurogenic tumorigene-
sis.>**®> On the other hand, 4.1B expression was lost in about
one half of RCCC as we reported previously.” In this study,
we confirmed using a distinct series of samples that 48% of pri-
mary RCCC tumors showed loss or marked reduction of 4.1B
expression. In total, 32 of 40 (80%) primary RCCC showed loss
or marked reduction of either CADM4 or 4.1B, indicating that
disruption of the CADM4-4.1B cascade is one of the most fre-
quent events in RCCC. We have previously reported that
CADM4 could be a tumor suppressor candidate in prostate
cancer on the basis of the frequent loss of CADM4 expression
(6 of 9) in primary prostate cancer as well as the suppression
of tumor-forming activity by CADM4 in a prostate cancer cell
line, PPC-1."" As shown previously, CADM4 is expressed in a
quite unique spectrum of tissues, such as the brain, lung, large
and small intestines and urinary organs, including the kidney,
ureter, bladder and prostate. The involvement of CADM4 in
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both RCCC and prostate cancer suggests that the malignant
tumors of uroepithelial origin might have a common target
cascade, at least in part, in their carcinogenic processes.
Genetic evidence of the involvement of CADM4 in RCCC
would be finally obtained if RCCC were developed in mice de-
ficient in the Cadm4 gene. In this connection, a report of con-
ditional knock-out mice of the Nf2 gene in the proximal con-
voluted tubules is noteworthy, because 100% of these mice
developed RCC within 6 - 10 months.®® The NF2 gene is re-
sponsible for neurofibromatosis type 2, a familial cancer
affected by bilateral eighth-cranial-nerve tumors, as well as me-
ningiomas, shwannomas and gliomas. The NF2 gene encodes
an actin-binding protein, merlin, which shows significant
homology with ezrin, radixin and moesin, in addition to the
4.1 family proteins.”” Further analyses by Morris et al* indi-
cated that EGFR was hyperactivated in RCC developed in
Nf2™'™ mice, supporting previous findings that merlin inhibits
EGFR internalization and signaling physiologically, whereas
loss of merlin could lead to constitutive activation of EGFR
and resultant tumor formation in the kidney. Recently, several
studies demonstrated that cell adhesion molecules, such as
NCAM or CADMLI, interact with receptor thyrosine kinases
and modify their signaling.**® In addition, loss of merlin and
4.1B protein, as well as CADMI, is shown to be deeply
involved in the development and progression of meningio-
mas."**® CADM4 could also associate with several receptor ty-
rosine kinases and modify their signaling. Further analyses,
including those of Cadm4™~ mice, would be required to
understand the role of CADM4 in human renal carcinogenesis.
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Genome structure-based screening identified epigenetically
silenced microRNA associated with invasiveness
in non-small-cell lung cancer
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'MlcroRNA (erNA) expressron s frequently altered in human cancers To search for eprgenetrcally srlenced erNAs in non~
‘*small—cell lung cancer (NSCLO), ‘we mapped human miRNAs on autosomal chromosomes and selected 55 m|RNAs in SIIICO We
treated six. NSCLC cell lines wrth the DNA methylatmn mhrbrtor 5-aza-2'- deoxycytrdme (5 aza CdR) and determmed the
expressmns of the 55 erNAs Fourteen ‘miRNAs were decreased in the cancer. cell lines and were mduced after 5- -aza- CdR
,treatment After a detarled DNA methylatron analysrs, we' found that mir- -34b and m|r-126 ‘were srlenced _by DNA methylatron
& Mrr-34b was srlenced by the DNA methylatron of its own pmmoter, whereas mrr =126 was srlenced by the DNA methylatron of
its. host gene, EGFL7 A chromatm |mmunoprecrp|tat|on assay revealed H3K9me2 and H3K9me3 in. mrr-34b and EGFL7, and
~H3K27me3 in EGFL7. The overexpressmn of mir-34b and mrr—126 decreased the expressron of c- -Met. and Crk, respectlvely The
“'5-3za- CdR treatment of lung cancer cell line resulted in mcreased mlr-34b expresslon and decreased ¢ Met protein. We next L
analyzed the DNA methylation. status of these mlRNAs usmg 99 primary NSCLCs. er-34b and m|r-126 were. methylated in41
and 7% of all the cases, respectrvely The DNA methylatlon of mlr—34b was not assocrated wnth c-Met expressron determmed
by rmmunohlstochemrstry, but both mir-34b- methylation (p = 0.007) and c-Met expression (p = 0. 005) were srgmf‘cantly
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assocrated ‘with lymphatrc mvasron ‘ina multrvanate analysrs The DNA methylatron of mrr-34b can be used as a bromarker for

an: mvasrve phenotype of lung cancer :

MicroRNAs (miRNAs) are broadly conserved small non-
coding RNA that regulate gene expression by binding to the
3'UTR of target mRNAs in a complementary manner.'
Through the posttranscriptional regulation of many target
genes, miRNAs are involved in many biological processes,
such as development and human carcinogenesis. MicroRNA
expression is altered in human cancers, and some miRNAs
have oncogenic or tumor suppressive functions in human
malignancies, including lung cancer.®”
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Chromosomal deletions or amplifications are important
mechanisms of miRNA expression change in cancers. For
example, mir-15 and mir-16 are frequently deleted and
downregulated in chronic lymphocytic leukemia.®> The mir-
17-92 miRNA cluster is amplified and overexpressed in B-cell
lymphoma® and lung cancer.* However, the precise mecha-
nisms responsible for changes in miRNA expression in can-
cer remain largely unknown.

DNA methylation plays an important role in inactivating
tumor suppressor genes in many types of human cancers.”®
Recently, DNA methylation in cancerous tissue has been
shown to cause the silencing of miRNAs located in the vicin-
ity of CpG islands.”'® As the epigenetic silencing of tumor
suppressor genes is a common event in lung carcinogene-
sis"’™'* and miRNA expression is altered in lung cancer,” we
decided to search for epigenetically silenced miRNAs in lung
cancer.

In our study, we selected 55 candidate miRNAs in silico
based on the genome structure and treated six non-small-cell
lung cancer (NSCLC) cell lines with the DNA methylation
inhibitor 5-aza-2’-deoxycytidine (5-aza-CdR). Among the
suppressed miRNAs whose expressions were induced by 5-
aza-CdR, we found that mir-34b and mir-126 were silenced
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by DNA methylation. Mir-126 was silenced by the DNA
methylation of its host gene, EGFL7. We then analyzed the
histone modifications and the suppression of target genes by
the overexpression of the miRNAs. We also determined the
DNA methylation status of 99 primary NSCLCs and found
that miRNA methylation was associated with histological
invasiveness.

Material and Methods

Cell lines and 5-aza-CdR treatment

H1755, H2347, H1650, H1975, Calu-1, A549 and HEK293t
were obtained from the American Type Culture Collection.
LClsq was obtained from the Health Science Research
Resources Bank (Osaka, Japan). Normal human bronchial
epithelial cell (NHBE) was obtained from Lonza (Basel, Swit-
zerland). These cell lines were cultured according to each
manufacturer’s protocol. Genomic DNA was extracted using
the standard proteinase K/phenol method,'® and the total
RNA was isolated using RNAiso (Takara, Shiga, Japan).

Six NSCLC cell lines (H1755, H2347, H1650, H1975,
LClsq and Calu-1) were treated with 5-aza-CdR (Sigma-
Aldrich, St. Louis, MO) on Day 1 and Day 3 for 24 hr each
time (3 uM for H2347, H1650 and H1975; 5 uM for H1755,
LClsq and Calu-1). Total RNA extraction and chromatin
immunoprecipitation (ChIP) analysis were performed on Day
6.

Primary NSCLC samples

We analyzed 99 primary NSCLCs from 97 histologically con-
firmed NSCLC patients who had undergone surgical resection
at the University of Tokyo Hospital. The two patients had
double primary NSCLCs, i.e. they had two tumors showing
different pathological characteristics. To determine the
miRNA expression levels in a normal control, we used nor-
mal counterpart lung tissue of each patient and also normal
lung tissue from a patient with sclerosing hemangioma who
underwent surgical resection at the University of Tokyo Hos-
pital. Informed consent was obtained from all the patients,
and the study was approved by the Institutional Review
Board. Genomic DNA, and the total RNA were isolated as
described above.

MicroRNA expression analysis

The miRNA expression levels were analyzed using quantita-
tive reverse transcription PCR (RT-PCR) using a TaqMan
microRNA assay (Applied Biosystems, Foster City, CA), in
accordance with the manufacturer’s instructions. U6 small
nuclear RNA (RNU6B) was used as an internal control.
Detailed information regarding the 55 candidate miRNAs is
available in Supporting Information Table 1.

Host gene expression analysis

The total RNA was reverse transcribed with Superscript III
(Invitrogen, Carlsbad, CA), and the SYBR green RT-PCR was
performed using Realtime PCR Master Mix (Toyobo, Osaka,
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2581

Japan). Human Spleen Total RNA (Ambion, Austin, TX) was
used as a positive control for the RT-PCR of the EGFL7 long
transcript. The beta-actin gene was used as an internal con-
trol. The PCR conditions and the primer sequences are
shown in Supporting Information Table 2.

DNA methylation studies

A quantitative Hpall PCR assay'® was performed to measure
the methylation levels of the six cancer cell lines and NHBE.
Genomic DNA was digested with EcoRI (New England Biol-
abs, Ipswich, MA) and purified using phenol/chloroform
extraction; 500 ng of EcoRI-digested DNA were then digested
with Hpall or Mspl (New England Biolabs). The percentage
of DNA that was not digested by Hpall was determined
using real-time PCR with THUNDERBIRD SYBR qPCR Mix
(Toyobo). Mspl was used to confirm that the Hpall-digestion
was blocked by DNA methylation, and not by a genetic
change.

For the bisulfite sequencing, methylation-specific PCR
(MSP) and combined bisulfite restriction analysis (COBRA),
500 ng of DNA was treated with sodium bisulfite according
to a previously described protocol.'’ Bisulfite PCR and MSP
were performed using Amplitaq Gold 360 Master Mix
(Applied Biosystems). To ensure that an equal amount of
DNA was used as a template, the genomic DNA of each clin-
ical tumor sample was digested with HindIIl (New England
Biolabs), purified using phenol/chloroform extraction and
quantified using a spectrophotometer before the bisulfite con-
version reaction. Fifty nanograms of bisulfite-converted DNA
was used as a template for the MSP, and the methylation sta-
tus was determined using agarose gel electrophoresis after 35
cycles of amplification. For COBRA, the bisulfite PCR prod-
ucts were treated using ExoSAP-IT (US Biochemical, Cleve-
land, OH), as previously described,"” digested using BstUT or
Tagl (New England Biolabs) and visualized using agarose gel
electrophoresis.

The PCR conditions and the primer sequences are shown
in Supporting Information Table 2.

Chromatin immunoprecipitation assay

The ChIP analysis was performed as previously described.'®
Briefly, cells were crosslinked with 1% formaldehyde followed
by sonication using a BIORUPTOR (UCD-200TM; COSMO
BIO, Tokyo, Japan). The sheared chromatin was then immu-
noprecipitated using OneDay ChIP Kit (Diagenode, Philadel-
phia, PA), and the immunoprecipitated DNA was quantified
using real-time PCR with THUNDERBIRD SYBR qPCR Mix
(Toyobo). The antibodies used were histone H3 (tri methyl
K4) antibody (ab1012; abcam, Cambridge, MA), histone H3
(di methyl K9) antibody (abl220; abcam), histone H3 (tri
methyl K9) antibody (ab8898; abcam), histone H3 (tri methyl
K27) antibody (ab6002; abcam) and the negative control IgG
included in the kit. The HOXA9 gene was used as a positive

control for the H3K27me3 antibody, as previously
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Figure 1. Epigenetic silencing of mir-34b. (a) Structure of mir-34b genomic locus. Mir-34b is located within a CpG island. The 5’ CpG sites
and Hpall sites for the DNA methylation analysis are also shown. (b) DNA methylation and mir-34b expression in six NSCLC cell lines and
NHBE. The horizontal axis represents the DNA methylation rate determined using Hpall PCR. The vertical axis represents the mir-34b

expression relative to NHBE. We confirmed that more than 99% of the DNA was digested with Mspl in all the cell lines (data not shown),
meaning that Hpail digestion is blocked by DNA methylation. (¢) Bisulfite sequencing. The open and filled circles represent unmethylated

and methylated CpG sites, respectively.

described.'”*® The PCR conditions and the primer sequences
are shown in Supporting Information Table 2.

MicroRNA overexpression

The miRNA expression vector was constructed using a previ-
ously described pol III-dependent expression system.*' The
construction process is shown in Supporting Information Fig-
ure 1. Human U6 promoter containing a BspMI site was
amplified using PCR with the primers Ué6pro-forward and
Us6pro-reverse-BspMI from the previously described plasmid
U6pro/tetO/DNMT1,? then ligated into a TA cloning vector,
pGEM-T Easy (Promega, Madison, WI). This plasmid was
digested with BspMI (New England Biolabs), followed by the
ligation of oligonucleotides (a mixture of two DNA oligom-
ers, Oligo34bF and Oligo34bR or Oligol26F and Oligo126R)
to form U6pro/mir-34b and U6pro/mir-126, respectively. A
mir-126 expression cassette was triplicated to increase the
expression of mature miRNA. The mir-126 expression cas-
sette was amplified using PCR with the primers 126-forward-
Pstl and 126-reverse-Sacl or 126-forward-Sphl and 126-
reverse-Ncol from U6pro/mirl26, ligated into pGEM-T Easy
and subcloned into the PstI-Sacl site and Sphl-Ncol site of

Ubpro/mir-126. The resulting plasmid contained three
miRNA expression cassettes (U6pro/mir-126*3). The mir-34b
expression cassette was inverted by digestion with NotI (New
England Biolabs). A hygromycin resistance cassette was then
subcloned into the Apal site from the previously described
plasmid U6pro/tetO/DNMT1/hygro*' to form U6pro/mir-
34b/hygro, U6pro/mir-126*3/hygro/A and U6pro/mir-126*3/
hygro/B. As a negative control, we used U6pro/Blank/hygro,
which contained five Ts after the U6 promoter. The primer
sequences are shown in Supporting Information Table 2.

Target gene analysis

The miRNA expression vectors and the control vector were
transfected into A549 and HEK293t cells using Lipofectamine
LTX reagent (Invitrogen), followed by hygromycin selection.
After selection, the total protein was extracted using Radio-
immunoprecipitation Assay (RIPA) buffer (phosphate buf-
fered saline, 1% NP-40, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate) containing Complete Mini protease
inhibitor (Roche, Basel, Switzerland), and the total RNA was
isolated as described above. For the western blot analysis, 20
ug of total protein was loaded onto a 5-20% gradient

Int. J. Cancer: 130, 2580-2590 (2012) ©® 2011 UICC
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polyacrylamide gel (Wako, Osaka, Japan), electrophoresed in  antibodies using the SNAP id system (Millipore, Billerica,
Tris-glycine-SDS running buffer, transferred to Hybond-P  MA). The antibodies used were c-Met antibody (1:60 dilu-
(GE Healthcare, Buckinghamshire, UK) and blotted with tion, sc-10; Santa Cruz Biotechnology, Santa Cruz, CA), Crk
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II antibody (1:60 dilution, sc-9004; Santa Cruz Biotechnol-
ogy), beta-actin antibody (1:3000 dilution, A5441; Sigma-
Aldrich), anti-rabbit-IgG-horseradish peroxidase (HRP) anti-
body (1:1000 dilution for c¢-Met and Crk II, sc-2030; Santa
Cruz Biotechnology) and anti-mouse-IgG-HRP antibody
(1:2000 dilution for beta-actin, sc-2005; Santa Cruz Biotech-
nology). The proteins were detected using ECL plus solution
(GE Healthcare) for c-Met and Crk IT and ECL solution (GE
Healthcare) for beta-actin. RT-PCR for c-Met and Crk was
performed using THUNDERBIRD SYBR ¢gPCR Mix
(Toyobo). The PCR conditions and the primer sequences are
shown in Supporting Information Table 2.

Immunohistochemistry for c-Met

A tissue microarray was constructed from formalin-fixed,
paraffin-embedded tissue blocks. Immunohistochemistry was
performed using antibodies against c-Met (1:100 dilution,
SP44; Ventana Medical Systems, Tucson, AZ) using a Ven-
tana Benchmark XT autostainer (Ventana Medical Systems).
All the samples were evaluated by a pathologist (A.G.) who
had no knowledge of any other data and were scored as pre-
viously described®: 0, complete absence of staining or only
focal weak staining; 1, weak to moderate staining in less than
40% of the cancer cells; 2, weak to moderate staining in at
least 40% of the cancer cells; and 3, strong staining in at least
10% of the cancer cells among the specimens with weak to
moderate staining in at least 40% of the cancer cells. The
cases were then divided into two groups: either c-Met nega-
tive (0, 1 or 2) or ¢-Met positive (3).

Statistical analysis

The relation between miRNA methylation, c-Met expression
and clinicopathological characteristics were analyzed using
chi-square test or Fisher’s exact test. A logistic regression
analysis was used to analyze independent factors associated
with invasive phenotype. The analysis was performed using
Dr.SPSS 1II (SPSS, Chicago, IL).

Results

Selection process of epigenetically silenced miRNAs

When our research started, the quantitative RT-PCR system
using TagMan microRNA assay (Applied Biosystems) was

Epigenetic silencing of microRNAs in lung cancer

available for 687 miRNAs. We mapped these miRNAs on
autosomal chromosomes and selected in silico 55 miRNAs
that met one of the following criteria: (i) miRNAs within
CpG islands, (ii) miRNAs within 1 kbp downstream of CpG
islands and (iff) miRNAs within gene introns whose host
promoters have CpG islands (Supporting Information Fig. 2
and Supporting Information Table 1).

After in silico selection, we treated six NSCLC cell lines
(H1755, H2347, H1650, H1975, LClsq and Calu-1) with 5-
aza-CdR, and the expressions of the 55 miRNAs were deter-
mined (Supporting Information Fig. 3a). H1755 and H2347
were adenocarcinoma cell lines without epidermal growth
factor receptor (EGFR) mutation; H1650 and H1975 were ad-
enocarcinoma cell lines with EGFR mutation and LClsq and
Calu-1 were squamous cell carcinoma cell lines. The expres-
sion levels of 14 miRNAs (mir-375, mir-196b, mir-126, mir-
34b, mir-127, mir-203, mir-148a, mir-181c, mir-30e, mir-
449a, mir-340, mir-486, mir-483 and mir-139) were less than
25% of that in normal lung tissue and increased by more
than 4-fold after 5-aza-CdR treatment. We then measured
the expressions of these 14 miRNAs in 15 primary NSCLCs
(Supporting Information Fig. 3b). Seven frequently sup-
pressed miRNAs (mir-126, mir-34b, mir-203, mir-30e, mir-
4492, mir-486 and mir-139) were selected as candidates for
further analysis (Supporting Information Fig. 2).

Epigenetic silencing of mir-34b

Among the seven candidate miRNAs, three (mir-126, mir-
34b and mir-203) were located within CpG islands. Mir-34b
is frequently methylated in colorectal cancer,”® and we used
Hpall PCR to measure the level of DNA methylation of mir-
34b in the six NSCLC cell lines and NHBE cells. These cell
lines showed various levels of DNA methylation (Fig. 1b),
and mir-34b was completely methylated in the two most sup-
pressed cell lines, H2347 and LClsq (Figs. 1b and lc). The
treatment of these two cell lines with 5-aza-CdR resulted in
an increase in mir-34b expression (Supporting Information
Fig. 3a). These results show that mir-34b expression is regu-
lated by DNA methylation in NSCLC. Mir-203 is also located
within a CpG island, but only a low level of DNA methyla-
tion was detected using bisulfite sequencing (data not
shown).

Figure 2. Epigenetic silencing of mir-126. (@) Structure of EGFL7 and mi-126 genomic locus. Mir-126 is located within a CpG island and
also within the intron of EGFL7. The locations of the primers used for the RT-PCR of EGFL7 are also shown. (b) Correlation between mir-126
expression and EGFL7 expression before (circles) and after (triangles) 5-aza-CdR treatment. The horizontal axis represents the ddCt value of
mir-126 relative to NHBE. The vertical axis represents the ddCt value of EGFL7 relative to NHBE. The linear regression line and the
Pearson’s correlation coefficient (r) are indicated. (¢) Induction of EGFL7 by 5-aza-CdR treatment in H1975 and Calu-1. Experiments were
duplicated, and the error bars indicate the standard deviation (SD). (d) Mir-126 expression in six cancer cell lines (before 5-aza-CdR
treatment) and NHBE. Experiments were triplicated, and the error bars indicate the SD. (e) Bisulfite sequencing of CpG island 1 in H1975,
Calu-1, and NHBE. The CpG sites and BstUl sites used for COBRA are also indicated. Open and filled circles represent unmethylated and
methylated CpG sites, respectively. The CpG sites and BstUl and Tag! sites for COBRA within CpG island 2 are shown at the bottom. ()
COBRA of CpG island 1 and CpG island 2 in six cancer cell lines and NHBE. The lanes are arranged in the order of mir-126 expression from

left (high expression) to right (low expression). Arrowheads indicate undigested and digested DNA fragments (L, 100-bp DNA ladder).
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Figure 3. H3K4 trimethylation of mir-34b and mir-126. (a) Mapping of H3K4me3 at the mir-34b locus. The locations of the PCR primers
used for ChIP are indicated. The experiments were duplicated, and the results are shown as the ratios of immunoprecipitated (IP) DNA to
input DNA. (b) Mapping of H3K4me3 at EGFL7 and the mir-126 locus; Otherwise as shown in Figure 3a.

Epigenetic silencing of mir-126 through the

methylation of its host gene, EGFL7

Mir-126 is located within a CpG island and also within the
intron of EGFL7 (Fig. 2a). According to the UCSC Genome
Bioinformatics Site (http://genome.ucsc.edu), EGFL7 has sev-
eral transcriptional variants, and one short transcript has
another CpG island at its 5’ end (Fig. 2a).

The long EGFL7 transcript (primer set 1, shown in Fig.
2a) was detected in the spleen but not in NHBE or the six
NSCLC cell lines with or without 5-aza-CdR treatment (data
not shown). In contrast, the short EGFL7 transcript (primer
set 2, shown in Fig. 2a) was detected in NHBE and the six
NSCLC cell lines, and the expression of mir-126 and the
short EGFL7 transcript were strongly correlated (Pearson’s

Int. J. Cancer: 130, 2580-2590 (2012) © 2011 UICC

correlation coefficient = 0.82, p = 0.00048; Fig. 2b). The
expression of mir-126 and the EGFL7 short transcript was
significantly suppressed in H1975 and Calu-1 (Figs. 2b-2d).
The 5-aza-CdR treatment of H1975 and Calu-1 restored the
expression of mir-126 and the EGFL7 short transcript (Figs.
2b and 2¢), but the long EGFL7 transcript (primer set 1 or 3)
was not detected even after the 5-aza-CdR treatment of these
two cell lines.

The 5 CpG island of the EGFL7 short transcript was
heavily methylated in H1975 and Calu-1 but not in NHBE
(Fig. 2e). To analyze the relation of the CpG island methyla-
tion status and miRNA expression, we performed a combined
bisulfite restriction analysis (COBRA)** of the two CpG
islands (CpG island 1 and CpG island 2, shown in Fig. 2a).
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Figure 4. Analysis of miRNA targets. (a) RT-PCR of c-Met after the
introduction of mir-34b into A549 cells. The vertical axis indicates
the relative expression compared to that of the control vector.
Experiments were duplicated, and the error bars indicate the SD.
(b) Western blot of c-Met after the introduction of mir-34b into
A549 cells. Both the c-Met precursor (arrow) and the c-Met beta
subunit (arrowhead) are visible. (¢} RT-PCR of Crk after the
introduction of mir-126 into HEK293t cells. The vertical axis
indicates the relative expression compared to that of the control
vector. Experiments were triplicated, and the error bars indicate
the SD. (d) Western blot of Crk after the introduction of mir-126
into HEK293t cells. Both mir-126A and mir-126B are miRNA
expression vectors, but they have hygromycin resistance cassettes
in different directions (Refer to Supporting Information Fig. 1). (e)
Reduced c-Met protein after 5-aza-CdR treatment in H2347 cells.
H2347 cells were treated with various concentrations of 5-aza-CdR
(Lane 1, no treatment; Lane 2, 3 uM for 24 hr on Day 1 and Day 3,
total protein was isolated on Day 6; Lane 3, 1 uM for six
consecutive days, medium was changed every day, total protein
was isolated on Day 7 and Lane 4, 0.5 uM for six consecutive
days, medium was changed every day, total protein was isolated
on Day 7). Both the c-Met precursor (arrow) and the c-Met beta
subunit (arrowhead) are visible, similar to Figure 4b.

The DNA methylation of CpG island 1 was associated with a
decrease in mir-126 expression. In contrast, the DNA meth-
ylation of CpG island 2 was not related to the expression of
mir-126 (Fig. 2f). These results show that mir-126 is epige-
netically silenced by the DNA methylation of its host gene,
EGFL7.

Epigenetic silencing of microRNAs in lung cancer

We also analyzed the expression of intronic miRNAs and
their host genes for the four remaining candidate miRNAs
(mir-30e, mir-449a, mir-486 and mir-139; Supporting Infor-
mation Fig. 4). The expressions of mir-139 and mir-449a
were correlated with the expressions of their host genes,
PED2A and CDC20B, respectively. However, the CpG islands
of these host genes had only a low level of methylation in
our NSCLC cell lines (data not shown).

Chromatin immunoprecipitation assay

To further analyze the regulation of miRNA expression, we
examined the histone modifications of mir-34b and mir-126
using a ChIP assay. We observed the enrichment of
H3K4me3 in the 5 region of mir-34b in NHBE, but not in
LClsq (Fig. 3a). The H3K4me3 peak was restored in LClsq
after 5-aza-CdR treatment (Fig. 3a). Mir-34b was enriched
with H3K9 methylation (H3K9me2 and H3K9me3) in LClsq
and, contrary to our expectations, also in NHBE (Supporting
Information Fig. 5b). Although we cannot rule out the possi-
bility of the nonspecific binding of the H3K9me2 and
H3K9me3 antibodies, H3K9 methylation can occur without
DNA methylation.” In fact, the relative mir-34b expression
level in NHBE, compared to that in normal lung tissue, was
0.11 (0.10-0.13, mean * SD), and the H3K9 methylation of
NHBE may explain this suppression.

For the analysis of mir-126, we used two cell lines without
CpG island methylation (NHBE and LClsq) and two cell
lines with heavily methylated CpG islands (H1975 and Calu-
1). We detected the H3K4me3 peak in NHBE and LClsq
(Fig. 3b). This peak was very small in H1975 and Calu-1 and
was induced after 5-aza-CdR treatment in both cell lines
(Fig. 3b). The location of the H3K4me3 peak (primer 4,
shown in Fig. 3b) was the same as the region of DNA meth-
ylation observed in H1975 and Calu-1 (shown in Fig. 2e).
These results indicate that the DNA methylation near the
transcriptional start site regulates EGFL7 and mir-126
expression.

Unlike mir-34b, the EGFL7 locus was enriched not only
with H3K9 methylation but also with H3K27me3 (Support-
ing Information Fig. 5¢). H3K27me3 was especially enriched
in HI1975, suggesting that both DNA methylation and
H3K27me3 contribute to the epigenetic silencing of mir-126.

Target gene analysis of mir-34b and mir-126

To identify the target genes of mir-34b and mir-126, we used
a database for the prediction of miRNA targets (Target Scan
Human, http://targetscan.org).’® Among the numerous pre-
dicted targets of mir-34b, we selected c-Met because c-Met
has an oncogenic function in many human malignancies.”’
The overexpression of mir-34b using a U6 promoter-based
expression vector’ in A549 resulted in the decreased expres-
sion of c-Met at both the mRNA and protein levels (Figs. 4a
and 4b). Mir-34b was completely methylated in H2347 (Figs.
15 and 1c¢), and the treatment of this cell line with 5-aza-
CdR decreased the c-Met protein level (Fig. 4e).
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Figure 5. Methylation analysis of clinical tumor samples. Structure
of mir-34b locus. (@) The CpG sites and the locations of the MSP
primers are shown. (b) MSP analysis of mir-34b. H2347 and NHBE
were used for the methylated and unmethylated controls. The
bands in the “M” lanes are PCR products obtained using
methylation-specific primers. The bands in the “U” lanes are PCR
products obtained using unmethylated-specific primers. Mir-34b
was methylated in case 2 but not in case 1. (¢) COBRA of mir-126.
Arrowheads indicate undigested and digested DNA fragments. Mir-
126 was methylated in cases 1 and 4 (L, 100-bp DNA ladder).

We selected Crk as the target of mir-126 because an
increase in Crk expression is associated with an aggressive
phenotype in lung adenocarcinoma.?® In agreement with pre-
vious reports®>*® the overexpression of mir-126 in HEK293t
decreased the Crk protein level without a significant change
in the mRNA level (Figs. 4c and 44).

DNA methylation analysis of primary NSCLCs and
pathological characteristics

We analyzed the DNA methylation status of the two miR-
NAs in 99 primary NSCLCs, including 80 cases of adenocar-
cinoma, 18 cases of squamous cell carcinoma and 1 case of
both histological components. There were 41 cases with T1
disease (<30 mm in diameter) without lymph node metasta-
sis, 14 cases with T1 disease with lymph node metastasis, 27
cases with T2 disease (more than 30 mm in diameter or
pleural invasion) without lymph node metastasis and 17 cases
with T2 disease with lymph node metastasis. The DNA
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methylation status of mir-34b was determined using MSP?!
(Figs. 5a and 5b). For mir-126, the DNA methylation status
of the 5" CpG island of EGFL7 was determined using CO-
BRA (Fig. 5¢; same protocol as that used for COBRA of CpG
island 1, shown in Figs. 2e and 2f). We attempted to design
MSP primers for the methylation analysis of mir-126, but the
region of DNA methylation was less than 100 bp (Fig. 2e),
and we could not design appropriate primers in this region.
PCR amplification was successful in 96 samples.

Mir-34b and mir-126 were methylated in 40 (41%) and 7
(7%) of 96 the samples, respectively. To analyze the impact
of miRNA methylation on the expression of a target onco-
gene, we performed immunohistochemistry for c-Met in 89
cases (Supporting Information Fig. 6). However, no correla-
tion was observed between the miRNA methylation status
and the c-Met expression level [(b) in Table 1], meaning that
other mechanisms, such as gene amplification, are important
for determining the c-Met expression level.

In a univariate analysis, both mir-34b methylation (chi-
square test, p = 0.016) and c-Met expression (Fisher’s exact
test, p = 0.026) were associated with lymphatic invasion [(b
and ¢) in Table 1]. In a multivariate analysis (stepwise logis-
tic regression analysis), both mir-34b methylation (p = 0.007,
odds ratio = 5.4) and c-Met expression (p = 0.005, odds ra-
tio = 6.4) were associated with lymphatic invasion, whereas
other clinical variables (age, gender, smoking, histology and
tumor size) were not associated with lymphatic invasion [(d)
in Table 1]. Therefore, both mir-34b methylation and c-Met
expression were independent risk factors for lymphatic
invasion.

The mir-126 methylation tended to be more frequent in
tumors with venous invasion [(b) in Table 1], but the differ-
ence was not statistically significant (Fisher’s exact test, p =
0.084). The mir-126 methylation was not associated with ve-
nous invasion in a multivariate analysis (data not shown).

Discussion

In our study, we analyzed 55 candidate miRNAs of which
two were silenced by DNA methylation. The silencing mech-
anisms of the two miRNAs were different. Mir-34b was
silenced by the DNA methylation of its own promoter,
whereas mir-126 was silenced by the DNA methylation of its
host gene’s promoter.

Our initial in silico selected miRNAs included nine miR-
NAs within 1 kbp downstream of CpG islands, but none of
these miRNAs were silenced by DNA methylation. This
result may be partly because the primary miRNA transcripts
are sometimes transcribed from more than 1 kb upstream of
mature miRNAs, such as mir-21 and mir-155.3>> PFurther
research is required for the epigenetic regulation of miRNAs,
especially those located more than 1 kb downstream of CpG
islands or those located within introns and coregulated with
their host genes.

The mir-34 family consists of three miRNAs (mir-34a,
mir-34b and mir-34c) that are derived from two transcripts
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Table 1. MiRNA methylation and clinicopathological characteristics

Epigenetic silencing of microRNAs in lung cancer

(a) Chmcal backgrounds of 96 cases m WhICh PCR amphﬁcatlon was successful

~ Number of cases (n).

Age

Gender
Smoking
Histology

Tumor size

>65 years, n = 51; <65 years n =45
Male, n = 59; female, me=37
Smoker, n = 63; nonsmoker n= 33

,,j{Adenocarcmoma, n=178; squamous cell carcmoma,
Lan= 17 adenosquamous carcmoma, n= 1

(b) Correlation of miRNA methylatio

T1,n=753;T2,n =43

. :Uruymé‘thylé‘ted"(hy)" ~ pValues

mir-34b methylation and lymphatic invasion

. ~ 0016"
mir-34b methylation and venous invasion

mir-126 methylation and lymphatic invasion : Invasion (~)‘ 4 68

mir-126 methylatiokn and venbus in\)asion Invasion (—) 2 56

: k : i : : kflriva’sioﬁi(-ﬁ) 5 "’f'33" o 00842
mir-34b methylation and c-Met expression c-Met (—) 31 39

.  eMet (D) 5 14 st
(c) Correlatlon of cllmcopathologlcal characterlstlcs and lymphatlc mvaston - ' o e ;
o _Inva . Number of cases (n) o . ~p Values
Age -) >65 years, n = 36 <65 years, n = 36
e e = o s
Gender =) Malé, n=44 - Female, n = 28 ’

- : (+) e M:'aié,"'n = 15 s - ,,'Female n 9 : : 0901
Smoking ’ o ‘(—) ' Shqoker n = 47 Nonsmoker, n = 25
- o we Smoker, n= 16 . Nonsmoker,n=8 090
Histdlogy o] Adenocarcinoma, n = 59 Squamous cell carcmoma, n= 13

. o (B e Adenocarcmoma, n;=~19 : ‘k'Squamous ce[l carcmoma, n..a ’; L 0.602' .
Tumor size ) 'Tl, n=41 ' T2, n = 31
. - . o n a0 0550
c-Met expression ' =) o c-Met (+); =11 [ Met ( ), n= 58
= G e  cMet (- ' 0.026%

. (d) Stepwuse loglstlc regressron analy5|s for nsk factors of lymphatlc mvaswn :

- 0dds ratio (95 % conﬁdentlal |nterval) p Valﬁ'es

mir- 34b methylation (methy ated or unmethylated) 5.494 (1.585-19.047) 0.007
c-Met expression. (posmve or negative) 6.492 (1.738-24256) . 0005

Chi-square test. *Fisher's exact test.

(mir-34a on chromosome 1 and mir-34b/c on chromosome
11). Mir-34s have been shown to be direct targets of p53.>*
% TInterestingly, mir-34a is most highly expressed in the
brain, whereas mir-34b/c is most highly expressed in the
lung with a low expression in the brain and no expression in
any other tissues,”® suggesting that mir-34b/c plays an impor-
tant role in the p53 tumor suppressive pathway, at least in
lung tissue.

In our study, we showed the importance of DNA methyla-
tion in the regulation of mir-34b expression in lung cancer
and the suppression of the c-Met oncogene by its overexpres-
sion. Among the numerous predicted targets of mir-34b, we
selected c-Met for further analysis, because it is an important
target of cancer therapy,” and its amplification has been
reported to be a mechanism of acquired resistance to gefiti-
nib therapy in NSCLC.>® We observed increased mir-34b
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expression and reduced c-Met protein after 5-aza-CdR treat-
ment of H2347 cells. This does not necessarily mean that
mir-34b reexpression was responsible for c-Met reduction, as
5-aza-CdR treatment induces many silenced genes. A recent
study showed that treatment of the colon cancer cell line
HCT116 with 5-aza-CdR induced an abnormal fusion tran-
script of LINE-1 and c-Met that did not code for a normal c-
Met protein.®® Further research is required to understand the
molecular basis of epigenetic drug actions.

We also observed a strong association between mir-34b
methylation and lymphatic invasion in clinical tumor sam-
ples, in agreement with a previous report that mir-34b meth-
ylation is correlated with metastasis in human cancers.'’
Migliore et al.*® reported that mir-34s suppress c-Met and
impair invasion in several cancer cell lines. In their study, c-
Met overexpression rescued impaired cell invasion, and there-
fore, they concluded that mir-34s suppress invasion through
the downregulation of c-Met in vitro. However, in our study,
mir-34b methylation and c-Met expression were independent,
and both of them were associated with lymphatic invasion.
Our results suggest that the regulation of c-Met expression
and tumor invasion is more complex in vivo. Although the
pathological phenotype associated with mir-34b methylation
was similar to that associated with c-Met overexpression, the
loss of mir-34b probably does not induce c-Met overexpres-
sion directly in primary NSCLCs.

Mir-126 is a tumor suppressive miRNA, suppressing me-
tastasis in breast cancer®' and inhibiting invasion by targeting
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Crk in NSCLC.?® Using bladder cancer cell lines, Saito
reported that epigenetic therapy upregulates mir-126 and its
host gene EGFL7, but DNA methylation was not detected in
the EGFL7 promoter region.*? Here, we showed that mir-126
is silenced by the DNA methylation of its host gene, EGFL7
in lung cancer. Many miRNAs are located within introns of
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CASE REPORT

Pulmonary Venous Invasion, Determined by Chest
Computed Tomographic Scan, as a Potential Early Indicator
of Zygomycosis Infection

A Case Series
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Shinichi Inoh, MD,t Akiteru Goto, MD, PhD,} Masashi Fukayama, MD, PhD,}
Takahide Nagase, MD, PhD,* Nobuya Ohishi, MD, PhD,* and Daiya Takai, MD, PhD§

Abstract: Zygomycosis is a life-threatening fungal infection, and its
successful treatment requires early diagnosis. To establish radio-
logic and clinical criteria for early diagnosis, we reviewed 3 post-
mortem cases with zygomycosis secondary to hematological
diseases. In all cases, an irregular dilatation of pulmonary veins
on computed tomography suggested venous invasion by fungal
hyphae, which was confirmed at autopsy. In addition, serum
samples tested negative for the Aspergillus galactomannan antigen
in all cases. These distinguishing radiologic and clinical features
may contribute to an earlier diagnosis; more radical treatments,
such as amphotericin-B or pulmonary resection; and a more
successful outcome for patients with zygomycosis.

Key Words: zygomycosis, fungal infection, pulmonary vein,
hematological disease, computed tomography

(J Thorac Imaging 2012;27:-W97-W99)

ygomycosis is caused by the members of the class

Zygomycetes, including Mucorales and Entomophthor-
ales, and is known as an invasive infection that occurs in
immunocompromised patients, such as those suffering from
hematological disorders.!* Recent increased treatment of
hematological diseases with chemotherapy coupled with the
use of azole antifungal agents for prevention of deep
mycosis, such as candidiasis and aspergillosis, has led to the
development of zygomycosis with considerable intrinsic
resistance to this prophylaxis.®> Due to this organism’s
strong ability to invade blood vessels, multiple organs are
often involved, and dissemination may occur in affected
patients.1 Pulmonary involvement is seen in approximately
60% of patients and is associated with mortality rates as
high as 76%.*

Although clinical factors such as underlying diseases,
iron overload, and prophylactic use of azole antifungal
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agents may predispose a patient to zygomycosis, the early
diagnosis of this infection is still difficult. It is especially
challenging to differentiate it from invasive aspergillosis.
Computed tomography (CT) is a powerful tool for the
diagnosis of fungal infections.” The reported CT manifesta-
tions of pulmonary zygomycosis include cavity formation,
consolidation, pleural effusion, and pulmonary artery
pseudoaneurysm in the advanced stage.5’6 However, to
our knowledge, there is a paucity of literature that describes
the radiologic findings of pulmonary zygomycosis with
autopsy confirmation. In addition, pulmonary venous
invasion, as seen on chest CT, has not been reported as a
criterion for the early diagnosis of zygomycosis. From our
autopsy files collected over a 4-year period of patients with
hematological disease and pulmonary lesions, we reviewed
3 cases with zygomycotic infection to assess for character-
istic CT and clinical findings to aid earlier diagnosis.

CASE REPORTS

Case 1

A 6l-year-old man with diabetes mellitus and pre-
B-cell-type acute lymphoblastic leukemia had a high-grade fever
of 38.5°C at admission, and chest x-ray showed parenchymal air
space opacity in the left upper lung area. Unenhanced CT scan
showed well-defined ground-glass opacity with irregular pulmonary
vein dilation in comparison with a previous CT (Figs. 1A, B). His
white blood cell (WBC) count was 16800/mm3, with 74% of
blastocytes, and serum Aspergillus galactomannan antigen was
negative. Despite treatment for 2 weeks with fluconazole and
chemotherapy, hemorrhagic brain infarction developed and led to
his death. Autopsy confirmed hemorrhagic pulmonary zygomyco-
sis, with fungal hyphae in the pulmonary veins but not in the
arteries (Figs. 1C, 2). Cerebral zygomycosis was also found.

Case 2

A 35-year-old man, who had been diagnosed with aplastic
anemia at 14 years of age, presented with persistent pancytopenia.
Chemotherapy was not effective, and blood transfusions were
repeated. After preparative treatment with deferoxamine and
fluconazole for hematopoietic stem cell transplantation, high-grade
fever of 38.5°C and parenchymal air space opacity in the right
upper to middle lung area on chest x-ray appeared. CT scans
showed irregular pulmonary vein dilation and bronchial wall
thickening surrounded by ground-glass opacity in the right middle
lobe compared with previous CT (Fig. 3). His WBC count was 600/
mm?, and serum Aspergillus galactomannan antigen was negative.
Even after 3 weeks of voriconazole and 1 week of amphotericin-B,
respiratory failure progressed and led to his death. Autopsy showed
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