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supranuclear or subnuclear cytoplasmic clearing displayed complex glandular architecture. Fetal lung-like component was in-
variably accompanied by conventional adenocarcinoma (C, right: fetal lung-like pattern; left: conventional pattern). Hepatoid (D,
inset shows a magnified view of hepatoid cells) and clear-cell patterns (E) were overrepresented in non-fetal lung-like compo-
nent. HG-LAFM was combined with LCNEC in 4 cases (F).

HG-LAFMs predominantly occurred in old men with a  predominance.>®!%2! Second, a fetal lung-like compo-
consistent heavy smoking history, unlike low-grade car-  nent in HG-LAFMs was invariably a focal finding ac-
cinoma, which develops in younger patients with a female = companied by a histology that did not resemble that of a
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FIGURE 2. Immunoprofiles of 17 HG-LAFMs. The left halves of
the 2 boxes for each molecule show the results in fetal lung-
like component. The right halves show the result in the co-
existing non-fetal lung-like component. A filled box repre-
sents positive staining. An empty box means a negative result.
F denotes a fetal lung-like component; NF, a non-fetal lung-
like component; Synapt, synaptophysin; Ch-A, chromogranin
A; NCAM, neural cell adhesion molecule; TTF-1, thyroid
transcription factor-1.

fetal lung, whereas low-grade adenocarcinoma of the fetal
lung type was reported to manifest typically in a pure fetal
lung-like form.!%11-21 Third, all of our HG-LAFMs
lacked morule formation and aberrant immunoexpression
of B-catenin, which are 2 signature findings of low-grade
adenocarcinoma of the fetal lung type.!%!! We therefore
agree with Nakatani et al® that low-grade and high-grade
lung adenocarcinomas harboring fetal lung-like mor-
phology are completely different diseases, rather than 2
related tumors in the same family differing only in their
grades. In this respect, we believe that the current WHO
classification system is somewhat confusing because both
low-grade and high-grade tumors are read under the same
heading by the name of well-differentiated and poorly
differentiated fetal adenocarcinoma, respectively. From a
practical standpoint, careful wording is necessary when
discussing fetal lung-like morphology in a report of high-
grade tumors in order to avoid confusion with low-grade
adenocarcinoma. We elected to use HG-LAFM termi-
nology in this report because of the concern that the
originally proposed “high-grade adenocarcinoma of fetal
lung type”® terminology might give an inaccurate impres-
sion of its relatedness with low-grade adenocarcinoma of
fetal lung type.

Coexisting non—fetal lung-like histology in HG-
LAFM was quite heterogenous, and it included all 4 com-
mon growth patterns of conventional adenocarcinoma:
lepidic, papillary, acinar, and solid patterns. Nonetheless,
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our data suggest that fetal lung-like differentiation has a
peculiar tendency to admix with particular non—fetal lung—
like morphologic attributes. Specifically, hepatoid mor-
phology and clear-cell pattern, 2 uncommon phenotypes in
lung adenocarcinoma,'*!8 appeared to be overrepresented
in the non—fetal lung-like component. These results suggest
that fetal lung-like morphology might not be a mere cap-
ricious phenotypic variation that any given lung cancer
might display, but it might represent a line of differentiation
that only a particular subset of lung cancer can undergo.

In agreement with a previous study,® we showed
that as many as approximately 80% of HG-LAFMs
displayed immunohistochemical evidence of neuro-
endocrine differentiation. Although immunoreactivity to
neuroendocrine markers can be seen in 16% to 36% of
morphologically nondescript lung adenocarcinomas,??24
the rate of positivity appeared high in HG-LAFMs,
which suggests a clearer tendency of neuroendocrine dif-
ferentiation in this tumor subset. Supporting this hy-
pothesis, 4 of 17 HG-LAFMs in our series displayed
morphologic evidence of neuroendocrine differentiation
in the form of admixture with LCNEC. In no report of
the relevant literature has HG-LAFM with LCNEC
component been clearly described, although 1 putative
example of HG-LAFM?® was reportedly associated with
“carcinoid-like neuroendocrine component,” and the
latter element might meet the contemporary criteria of
LCNEC.

An increased level of serum AFP was identified in 4
of 5 cases tested. Immunohistochemical AFP staining was
demonstrated in 8 cases (47%). This observation is con-
sistent with those of a previous study® in which 29% of
HG-LAFM demonstrated AFP immunoexpression. AFP
production in adenocarcinoma was reported in many
other organ systems, and it has been documented most
commonly in stomach cancers. AFP-producing stomach
cancer is known to occur in elderly patients, and it is
characterized by prominent vascular invasion and fre-
quent liver metastasis.2>28 Previous histologic analyses of
AFP-producing gastric carcinoma have identified several
characteristic morphologic patterns: primitive gut (en-
teroblastic), hepatoid, clear-cell, and yolk sac tumor
like.26-30 It is particularly interesting that the histology of
primitive gut-type (enteroblastic) stomach cancer was
described and illustrated as having a complex glandular
structure lined by columnar cells with clear cyto-
plasm.?6-28:30 To a great degree, its morphology overlaps
fetal lung-like histology that we describe in lung cancer
(compare our Figs. 1A and B with the histology of AFP-
producing stomach cancers depicted in Image 2 of Maitra
et al,% Figure 2 of Kodama et al,?’” Figure 4 of Motoyama
et al,”® and Figure 1 of Matsunou et al*®). Nakatani et al,®
in their original series, also recognized this resemblance.

The histologic analogy between lung and stomach
cancers is strengthened further by the frequent coexistence
of hepatoid and clear-cell patterns in our HG-LAFMs,
because these 2 patterns are also common in AFP-pro-
ducing stomach cancers.?-3 Immunohistochemical anal-
ysis provided yet another support for this parallel, in that
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FIGURE 3. Immunohistochemical staining of HG-LAFM, AFP staining was observed in a subset of cases (A). HG-LAFM frequently
showed membranous and cytoplasmic staining for GPC-3 (B) and nuclear staining for SALL-4 (C). Neuroendocrine markers were
positive in most cases (D, synaptophysin staining). Some tumors were positive for CDX-2 (E) and p53 (F).

GPC-3 and SALL-4, 2 sensitive markers of AFP-produc-
ing stomach cancer,?>3132 are often expressed in HG-
LAFMs. The lung and stomach are both developed from
the foregut, and AFP-producing stomach cancer and HG-
LAFM (which might also produce AFP) might be
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regarded as showing similar oncofetal retrograde differ-
entiation in terms of its morphology and immunoprofile.
Intestinal marker CDX-2 expression, identified in 35% of
our HG-LAFMs, might further suggest a close link be-
tween fetal lung-like histology in lung cancer and
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TABLE 4. Molecular Characteristics of 17 High-grade Lung
Adenocarcinomas With Fetal Lung-like Morphology

Case EGFR Mutation KRAS Mutation
1 wT WT
2 LB858R WwT
3 WT WT
4 WwT WT
5 WT WwT
6 WT Codon 12 or 13
7 WT WT
8 WwT WwT
9 WT WT
10 WT NA
11 WT NA
12 WT NA
13 WT NA
14 NA NA
15 NA NA
16 NA NA
17 WT NA

NA indicates data not available; WT, wild type.

“primitive gut” differentiation in stomach cancer, because
AFP-producing stomach cancers are usually of intestinal
type and are positive for CDX-2.3334

Results of molecular analysis suggest that HG-
LAFM is not genetically homogenous. One case (7% of
14 cases tested) showed EGFR mutation. Another (11%
of 9 cases tested) harbored KRAS mutation. However, it
is notable that 78% of the 9 cases tested were of wild type
for both EGFR and KRAS. Given the high frequency of
EGFR and KRAS mutations (46% to 64% and 13%,
respectively) in lung adenocarcinoma in the Japanese
population,>37 this low rate might be worth inves-
tigation. The majority of HG-LAFMs (65%) showed
positive p53 immunostaining. The rate of positivity in
HG-LAFMs seems higher than that in lung ad-
enocarcinoma in general (44% to 50%).38-3

In conclusion, HG-LAFM is associated with several
characteristic clinicopathologic features such as male
predominance, heavy smoking exposure, overrepresented
coexistence with hepatoid, clear-cell, and high-grade
neuroendocrine histology, and frequent immunoreactivity
to neuroendocrine and oncofetal markers. Confirming the
results in the original report® and providing additional
morphologic and immunophenotypic characterization,
our data indicate that HG-LAFMs might form a coherent
subgroup of lung adenocarcinomas. However, the uni-
formly focal nature of fetal lung-like elements, widely
diverse coexisting non—fetal lung-like histology, and in-
homogenous molecular profiles make us hesitate to con-
clude that HG-LAFM truly constitutes a specific entity
that is worthy of a separate entry in tumor classification.
We believe that HG-LAFM 1is best considered for the
time being as a recognizable morphologic pattern show-
ing characteristic association with several clinicopatho-
logic parameters. This treatment contrasts sharply with
low-grade adenocarcinoma of fetal lung type, a distinct
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variant having homogenous fetal lung-like histology and
specific genetic alteration. These 2 diseases should be
confused neither in diagnostic reports nor in tumor clas-
sification. The morphologic and immunohistochemical
similarity between HG-LAFM and AFP-producing
stomach cancer is striking. This intriguing resemblance
might open a new perspective to our understanding of
HG-LAFM.
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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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MicroRNA (mnRNA) expressnon is frequently altered in human cancers To search for eplgenetlcally silenced mlRNAs in non-
small-cell lung cancer (NSCLC), we mapped human miRNAs on autosomal chromosomes and selected 55 meNAs in 51hco We
treated six NSCLC cell lines with the DNA methylation inhibitor 5- -aza-2'-deoxycytidine (5-aza-CdR) and determmed the
expressions of the 55 miRNAs. Fourteen miRNAs were decreased in the cancer cell lmes and were induced after 5-aza- CdR
treatment. After a detailed DNA methylation analysis, we found that mir-34b and mir-126 were silenced by DNA methylatuon
Mir-34b was silenced by the DNA methylatlon of its own promoter, whereas mn'-126 was sﬂenced by the DNA methylation of
~its host gene, EGFL7. A chromatin immunoprecipitation assay revealed H3K9me2 and H3K9me3 in mir-34b and .EGFL7, and
H3K27me3 in EGFL7. The overexpression of mir-34b and mir-126 decreased the. expresswn of - -Met and Crk, respectwely The
5-aza-CdR treatment of lung cancer cell line resulted in increased mir- 34b expressmn and decreased c-Met protem We next
analyzed the DNA methylatlon status of these miRNAs using 99 primary NSCLCs. Mir-34b and mir-126 were methylated in 41
and 7% of all the cases, respectively. The DNA methylation of mir-34b was not associated with c-Met expression determined
by immunohistochemistry, but both mir-34b methylation (p = 0.007) and c-Met expression (p = 0.005) were significantly
assocsated with lymphatic invasion in a multivariate analysis. The DNA methylatlon of mir-34b can be used as a blomarker for

an invasive 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
Iymphoma® 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'*"1* 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 pM for H1755,
LC1sq 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 TagMan
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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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 Amplitag 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 Hindlll (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
Taql (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 (ab1220; 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. (@) 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 Hpall 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 IIl-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 U6pro-forward and
Us6pro-reverse-BspMI from the previously described plasmid
U6pro/tetO/DNMTI1,?! 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 Oligo126F 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 SphI-Ncol site of

U6pro/mir-126. The resulting plasmid contained three
miRNA expression cassettes (U6pro/mir-126*3). The mir-34b
expression cassette was inverted by digestion with NofI (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, Uépro/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
pg 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 IL 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 II and ECL solution (GE
Healthcare) for beta-actin. RT-PCR for c-Met and Crk was
performed using THUNDERBIRD SYBR ¢PCR 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 c-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 II (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, (i7) miRNAs within 1 kbp downstream of CpG
islands and (i) 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-
449a, 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 1c). 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. (a) 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 BstU! 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. (f)
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. (g) 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. 2a4) 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 2c¢), but the long EGFL?7 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). ()
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 pM 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
LC1sq (Fig. 3a). The H3K4me3 peak was restored in LClsq
after 5-aza-CdR treatment (Fig. 34). 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 H1975, 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).26 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.
16 and 1c¢), and the treatment of this cell line with 5-aza-
CdR decreased the c-Met protein level (Fig. 4e).

Int. ). Cancer: 130, 2580-2590 (2012) © 2011 UICC
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Figure 5. Methylation analysis of clinical tumor samples. Structure
of mir-34b locus. (a) The CpG sites and the locations of the MSP
primers are shown. (b) MSP analysis of mir-34b. H2347 and NHBE
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Arrowheads indicate undigested and digested DNA fragments. Mir-
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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 4d).

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 c) 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 multivarjate 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.>**® Further
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. MIiRNA methylation and clinicopathological characteristics

Epigenetic silencing of microRNAs in lung cancer

(a) Clinical backgrounds of 96 cases in which PCR amplification was successful

Number of cases (1)

Age

Gender .
Smoking
Histology

Tumor size

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

Adenocarcinoma, n = 78; squamous cell carcinoma,
n = 17; adenosquamous carcinoma, n'=1

T1,n=153;T2,n=43

(b) Correlation of miRNA methylation and pathological characteristics -

Methylated (1) Unmethylated (n)

p Values
mir-34b methylation and lymphatic invasion Invasion (—) 25 47
‘ e ‘ Invasion (+) 15 - 0.016"
mir-34b methylation and venous invasion Invasion (—) 22 36
: . Invasion (+) 18 L20 0.35
mir-126 methylation and lymphatic invasion Invasion (-) 68
k Invasion (+) 21 : 0.237
mir-126 methylation yand venous invasion Invasion (—) 56
; o Invasion (+) 5 o33 0.0847
mir-34b methylation and c-Met expression c-Met (=) 31 39
: ; . c-Met (+) gt 14 i 015!
(c) Correlation of clmlcopathologlcal characteristics and lymphatic invasion - : :
Invasions i Number of cases (n) p Values
Age - >65 years, n = 36 <65 years, n = 36
‘ : - ‘ >65 years, .= 15 <65 years, n =9 : 0.28
Gender =) Male, n = 44 Female, n = 28
@) Male, n = 15 Female, n = 9 0.90"
Smoking =) Smoker, n = 47 Nonysmoker, n=25
: (€8] ; Smoker, n = 16 : Nonsmoker, n = 8 i 0.90*
Histology ’ ()] Adenocarcinoma, n = 59 Squambus cell carcinoma, n = 13
‘ @) - Adenocarcinoma, n = 19 Squamous cell carcinoma, n = 4 0,607
Tumor size =) T, n =41 T2,n =31
) T, n=12 T2,n=12 - 0.55
c-Met expression -) c-Met (), n =11 c-Met (=), n =58
@ cMet@.n=8 cMet (), n =12 0.026?
(d) Stepw1$e logistic regresston analysis for risk factors of lymphatlc’ invasion ‘
: 0dds ratio (95 % confidential mterval) p Values
mir-34b methylation (methylated or unmethylated) 5.494 (1.585-19.047) 0.007
c-Met expression (positive or negative) 6 492 (1. 738 24.256) g .0.005

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.>*
% Interestingly, 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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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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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.! 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.>® 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/mm?®, 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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FIGURE 1. irregular pulmonary vein dilation (case 1). A, Chest CT scan taken 8 months before the last admission shows normal
pulmonary veins (arrow) in the upper lobe of the left lung. B, Chest CT scan taken during the last admission shows irregular pulmonary
vein dilation (arrow) surrounded by ground-glass opacity. C, Pulmonary venous invasion is surrounded by hemorrhage at autopsy

(arrowheads).

fungal hyphae invading the pulmonary veins and arteries, which
resulted in hemorrhagic infarction of the lung.

Case 3

A 64-year-old man with overt leukemia from myelodysplastic
syndrome developed a high-grade fever above 38°C, and his chest
x-ray and chest CT scan revealed small nodules in the lungs
bilaterally. His WBC count was 900/mm?, and 36% of blastocytes
was revealed. Serum Aspergillus galactomannan antigen was
negative. After a 2-week course of voriconazole, a follow-up CT

FIGURE 2. Spreading broad aseptate fungal hyphae in the
pulmonary vein at autopsy of case 1 (Grocott’s Methenamine
Silver stain, x400). The pulmonary vein and typical right-angle
branching of the hyphae are indicated by arrows and arrow-
heads, respectively.

WOI8 | www.thoracicimaging.com

scan showed an increasing number of small nodules along with
irregular dilation of the pulmonary veins in the right lung,
compared with the CT at admission (Fig. 4). Despite treatment
with amphotericin-B, right maxillary sinusitis developed, and
progressive respiratory failure caused his death. At autopsy, fungal
hyphae were found to have invaded the pulmonary vessels and
bronchi, which resulted in massive hemorrhagic pulmonary
infarction.

FIGURE 3. Irregular pulmonary vein dilation (case 2): chest CT
scan taken during the last admission shows bronchial wall
thickening (arrowhead) and irregular pulmonary vein dilation
(arrows) surrounded by ground-glass opacity.

© 2012 Lippincott Williams & Wilkins
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FIGURE 4. lrregular pulmonary vein dilation (case 3): chest CT
scan taken 2 weeks after the last admission shows irregular
pulmonary vein dilation (arrows) and increasing small nodules.

DISCUSSION

Although zygomycosis is the third most prevalent
cause of fungal infection after aspergillosis and candidiasis,
it is important to consider zygomycotic infection in patients
with immunocompromised status or hematological dis-
orders because of its high mortality rate.® Invasive
aspergillosis is the most important differential diagnosis
of zygomycosis. Radiologically, pleural effusion and
pulmonary artery pseudoaneurysm are characteristic fea-
tures of zygomycosis and are useful to distinguish between
the 2 diseases®®; however, these findings are thought to
emerge in the advanced stages of disease and to be rare.® In
the cases reviewed here, chest CT scans showed irregular
dilation of the pulmonary veins, which proved the invasion
by fungal hyphae on autopsy. As these changes preceded
the hemorrhagic brain infarction (case 1), pleural effusion,
and consolidation (cases 2 and 3), they can be regarded as
earlier and more frequent indicators of zygomycosis. There
may be several reasons why the development of venous
invasion occurs in the earlier stages of zygomycosis. First,
the pulmonary vein does not have a thick elastic layer
compared with the pulmonary artery. Second, as the
venous blood is better oxygenized than the arterial blood
in the lung, the fungi may be able to invade easily and grow
fast in the pulmonary veins. Thus, it is reasonable that the
pulmonary venous finding may help to make an earlier
decision for invasive diagnostic procedures or immediate
treatment.

Circulating levels of galactomannan Aspergillus anti-
gen are known to be a useful tool for the distinction
between zygomycosis and invasive aspergillosis. When the

© 2012 Lippincott Williams & Wilkins

test result is negative, it is highly unlikely that the diagnosis
is invasive aspergillosis.” We observed a negative result for
serum galactomannan Aspergillus antigen, and also de-
creased neutrophils and use of azole antifungal agents
along with sinusitis or deferoxamine intake. This evidence
strengthens the conclusion that combining the negative
Aspergillus antigen result with other clinical information
may be beneficial for the diagnosis of zygomycosis. Early
diagnosis based on these characteristic findings can
contribute to curative operation, adequate antifungal
medication,® and the determination of involvement of other
organs.* However, because this study included only 3 cases
of zygomycosis, analyses of more cases are needed to verify
these radiologic and clinical findings.

In summary, we report 3 cases of pulmonary
zygomycosis occurring in patients with hematological
diseases. Irregular pulmonary venous dilation on chest
CT corresponds with autopsy findings of fungal angioinva-
sion. In addition to recognition of these characteristic CT
findings, assessment of characteristic clinical risk factors
may be useful for physicians to suspect the possibility of
zygomycosis in order to contribute to earlier diagnosis,
more successful treatment, and better clinical outcome.
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Abstract

Merkel cell polyomavirus (MCPyV) has recently been identified in Merkel cell carcinoma (MCC), an aggressive cancer that
occurs in sun-exposed skin. Conventional technologies, such as polymerase chain reaction (PCR) and immunohistochem-
istry, have produced conflicting results for MCPyV infections in non-MCC tumors. Therefore, we performed quantitative
analyses of the MCPyV copy number in various skin tumor tissues, including MCC (n=9) and other sun exposure-related skin
tumors (basal cell carcinoma [BCC, n =45], actinic keratosis [AK, n =52], Bowen's disease [n = 34], seborrheic keratosis [n=5],
primary cutaneous anaplastic large-cell lymphoma [n=5], malignant melanoma [n=5], and melanocytic nevus [n=6]). In
a conventional PCR analysis, MCPyV DNA was detected in MCC (9 cases; 100%), BCC (1 case; 2%), and AK (3 cases; 6%). We
then used digital PCR technology to estimate the absolute viral copy number per haploid human genome in these tissues.
The viral copy number per haploid genome was estimated to be around 1 in most MCC tissues, and there were marked
differences between the MCC (0.119-42.8) and AK (0.02-0.07) groups. PCR-positive BCC tissue showed a similar viral load as
MCC tissue (0.662). Immunohistochemistry with a monoclonal antibody against the MCPyV T antigen (CM2B4)
demonstrated positive nuclear localization in most of the high-viral-load tumor groups (8 of 9 MCC and 1 BCC), but not
in the low-viral-load or PCR-negative tumor groups. These results demonstrated that MCPyV infection is possibly involved in
a minority of sun-exposed skin tumors, including BCC and AK, and that these tumors display different modes of infection.
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Introduction

Merkel cell carcinoma (MCQC), which is a rare and aggressive
primary cutaneous neoplasm that affects elderly and/or immuno-
compromised individuals, tends to occur in sun-exposed skin [1].
The Merkel cell polyomavirus (MCPyV) was recently identified in
MCC [2], and its frequency in MCC has been reported to be
100% by immunohistochemical and/or polymerase chain reaction
(PCR) studies that were performed in western countries [2-23]
and in East Asia [24-27]. The monoclonal integration of MCPyV
DNA in host DNA has been demonstrated in neoplastic MCC
cells, indicating that the virus causes and/or promotes this specific
type of cutaneous neoplasm [2]. However, it remains unclear how
often MCPyV is associated with other cutaneous neoplasms and to
what extent racial factors influence the infection rates. In skin
tumors other than MCC, MCPyV has been detected at various
frequencies (0%—25%) by PCR. However, immunohistochemical
analyses have suggested that MCPyV is specific to MCC and is
absent from other skin tumors, including squamous cell carcino-
ma, basal cell carcinoma (BCC), and lymphoma [28,29]. MCPyV
T-antigen expression may be suppressed in infected cells in certain
circumstances, even though MCPyV viral DNA is integrated into
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the cellular DNA. A significant number of MCPyV-positive cases
are positive for the small-T (ST) antigen but do not express the
large-T (LT) antigen [30]. Recently, Neumann et al. found that all
integrated genomes had truncation mutations in the LT antigen
[31]. However, it may be difficult to address these issues without
a sensitive quantitative detection method.

In the present study, we investigated the frequency of MCPyV
infection in skin tumors, including MCC and other sun exposure-
related skin tumors, such as BCC, actinic keratosis (AK), and
Bowen’s disease (BD), in Japan. Other representative non-
melanocytic, melanocytic, and lymphoid skin tumors were also
included. We applied digital PCR in order to calculate the
absolute viral copy number per haploid human genome [32,33].
This method uses nanofluidic technology to randomly distribute
applied DNA molecules to multiple small reaction chambers at
a concentration of 0 to | DNA molecules per chamber. Target and
reference genes are simultaneously PCR-amplified with a dual-
color amplification reaction, and their copy numbers are then
calculated by counting the numbers of signal-positive chambers.
This PCR-efficiency-independent method is highly robust for
comparing copy numbers using different primer sets. The results
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