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Fig. 5 Influence of CCT5, YKT6, and RGS3-specific siRNA on
docetaxel-induced apoptosis in MCF-7 cells. MCF-7 cells were
transfected with iCCTS5, iYKT6, or iRGS3 alone and treated with
10 nM docetaxel for 24 h. Cells were then analyzed in apoptosis
using the TUNEL assay. The percentages of apoptotic cells in
each sample are shown. Bars: mean + SD of triplicate determi-
nations (P; *<0.05, and **<0.01)

not significant. Our present observations seem to sug-
gest that p53 mutations might play a certain role in
resistance to docetaxel though a significant association
has failed to be demonstrated probably due to the
limited number of breast tumors (n = 50) analyzed in
the present study.

We attempted to select the genes, which were dif-
ferentially expressed between pS53-wild and p53-mu-
tated breast tumors by ATAC-PCR since such genes
were speculated to play some role in resistance to do-
cetaxel. DNA microarrays have a wider coverage of
genes than ATAC-PCR but genes with low expression
are excluded from the analysis with DNA microarrays.
On the other hand, ATAC-PCR can be used to mea-
sure expression of the genes with low expression. In
addition, ATAC-PCR requires a very small amount of
RNA and can tolerate RNA degradation to some ex-
tent because this technique only uses the 3" end of
cDNA or mRNA. Actually, we have successfully ap-
plied ATAC-PCR to the study on gene expression
profiling of breast cancers [28], thyroid cancers [29],
hepatocellular carcinomas [30], gastric cancers [31], and
colon cancers. In the present study, we have applied
ATAC-PCR to the identification of genes differentially
expressed between p53-wild and pS53-muated breast
tumors, and have found that mRNA expression of the
13 genes is significantly different (Table 4). Then, we
studied the relationship of the mRNA expression of
these 13 genes with response to docetaxel, where a real-

time PCR assay was employed instead of ATAC-PCR
because a real-time PCR is currently considered to be
the most reliable method for quantification of mRNA

‘levels. Eventually, we found that mRNA levels of three

genes, i.e., CCTS, RGS3, and YKT6, were significantly
associated with resistance to docetaxel. For the purpose
of confirming the involvement of these three genes in
resistance to docetaxel, we conducted a study with
siRNA designed for knocking down of these genes. We
were able to shown that siRNA treatment for each of
these genes resulted in enhancement of docetaxel-in-
duced apoptosis in MCF-7 cells, indicating that these
genes play a significant role in resistance to docetaxel
though the precise mechanism of action of these genes
still remains to be studied.

Little is known about CCTS5, RGS3, and YKT6 in
breast cancer biology, and, at least, their mRNA
expression is unlikely to be regulated directly by p53
because promoter regions of these three genes seem to
lack the typical consensus sequence for p53 binding.
Rather, they are likely to represent downstream effec-
tors modulated by functional induction of p53 in the
orchestration of apoptosis and tumor suppression.
CCTS5 is a molecular chaperone and is a member of the
chaperonin containing TCP1 complex (CCT), also
known as the TCP1 ring complex (TRiC). Unfolded

. polypeptides enter the central cavity of this complex

and are folded in an ATP-dependent manner. The
complex folds the various proteins including the -
tubulin. Microtubule cytoskeleton perturbation in-
duced by paclitaxel is reported to increase CCT5
expression in Tetrahymena cells [32]. We also found an
increase in CCTS5 protein after docetaxel treatment. An
increased expression of CCTS5 is seen in multidrug-
resistant gastric carcinoma cells [33]. Taken together
with our present observation that treatment with
CCT5-specific siRNA resulted in enhancement of do-
cetaxel-induced apoptosis, it is suggested that CCTS is
involved in resistance to docetaxel though its mecha-
nism still remains to be studied. RGS3 is a member of
regulators of G-protein signaling (RGS) family that
accelerates the intrinsic GTPase activity of G-alpha
subunit. RGS3 regulates cellular adhesive and migra-
tory behaviors [34]. Recently, expression of RGS3 was
shown to be up-regulated in glioma cells and to enhance
both adhesion and migration [35}. RGS3 interacts with
ERu transcriptional activities [36], raising the possibil-
ity that RGS3 might be involved in the growth of breast
cancer. Role of RGS3 in resistance to chemotherapy
including docetaxel has never been reported. YKT6 is
one of the soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) recognition
molecules implicated in vesicular transport between
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secretory compartments. It is a membrane associated,
isoprenylated protein that functions at the endoplasmic
reticulum—Golgi transport step. YKT6 is expressed at
high levels in brain neurons. However, recently, YKT6
has been showed to be expressed in breast cancers and
associated with invasive phenotypes [37], suggesting a
possible involvement of this molecule in the patho-
genesis and progression of breast cancer. Role of YKT6
in resistance to chemotherapy has never been reported.
In conclusion, we have shown that CCT5, RGS3, and
YKT6 mRNA expression are up-regulated in p53-mu-
tated breast tumors and are associated with a resistance
to docetaxel. We have been able to further substantiate
the implication of these genes through studies with
siRNA. Our present observation seems to suggest that
these genes might be clinically useful in identifying the
subset of breast cancer patients who may or may not
benefit from docetaxel treatment. Furthermore, our
results might provide a new insight into research for
molecular mechanism of resistance to docetaxel.
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Abstract

Recently, we have shown that low adiponectin levels are significantly associated with an increased breast cancer risk. It
seems to be very important to study the expression of adiponectin receptor 1 (AdipoR1) and receptor 2 (AdipoR2) in the
human breast epithelial cells and breast cancer cells in order to clarify whether or not adiponectin exerts its effects directly
on these cells. Expression of adiponectin, AdipoR1, and AdipoR2 mRNA was determined by RT-PCR assay using the RNA
samples obtained from human breast cancer cell lines (MCF-7, T47D, SKBR3, and MDA-MB231), HMEC (primary cul-
ture of normal human mammary epithelial cells), adipose tissues (axilla) as well as breast cancer cells and normal breast
epithelial cells selectively collected from breast cancer tissues by laser microdissection (LMD). Adiponectin mRNA expres-
sion was observed only in the adipose tissues. On the other hand, AdipoR! and AdipoR2 mRNA expression was observed
in all four breast cancer cell lines, HMEC, adipose tissues as well as breast cancer cells and normal breast epithelial cells
selectively collected by LMD. In addition, AdipoR1 and AdipoR2 expression in both normal breast epithelial cells and
breast cancer cells was confirmed by immunohistochemistry. These results suggest a possibility that adiponectin might
modulate the growth of normal breast epithelial cells and breast cancer cells directly through AdipoR1 and AdipoR2
receptors, and that the association of low serum adiponectin levels with a high breast cancer risk might be explained,
at least in part, by the direct effect of adiponectin on the breast epithelial cells.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Breast cancer; Adiponectin; Adiponectin receptor; Laser microdissection

1. Introduction especially in postmenopausal women [1,2]. This asso-
ciation seems to be partially explained by the higher

Itis well established that body mass index (BMI) is serum estrogens levels seen in postmenopausal
associated with an increase risk of breast cancer, women with high BMI as compared with those with

low BMI since serum estrogens levels have been
3779 repeatedly shown to be significantly associated with
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the adjustment of serum estrogens levels indicates
that high BMI affects the breast cancer risk through
other mechanism [3,9].

Recent studies have disclosed that the adipose
tissue is not merely a fat-storing tissue but also
an endocrine organ producing various cytokines
including adiponectin. Adiponectin is a peptide
hormone secreted from only the adipose tissue,
and it belongs to the collectin family [10,11). This
peptide has been shown to play a preventive role
in the pathogenesis of atherosclerosis through the
inhibition of vascular smooth muscle and endothe-
lial cell proliferation [12,13] and in the pathogen-
esis of diabetes through the modulation of
glucose and fatty acid metabolism and insulin
sensitivity in various stromal and epithelial cells
[14-17). Very recently, we have shown that low
adiponectin levels are significantly associated with
an increased risk of breast cancer [18], and our
finding was later confirmed by Mantzoros et al.
[19]. In addition, it has been reported that adipo-
nectin levels are inversely related to the risk of
endometrial cancer [20]. Interestingly, it is well
established that obesity is associated with an
increased risk of endometrial cancer in analogy
to breast cancer [21].

Recently, receptors for adiponectin, receptor 1
(AdipoR1) and 2 (AdipoR2), have been identified
[22]. In mice, AdipoR1 is expressed in the various
organs such as skeletal muscle, lung, and spleen
[22] and AdipoR2 is predominantly expressed in
the liver [22]. In humans, expression of AdipoR1
and AdipoR2 have been reported in the islet cells
of the pancreas [23], macrophages [24], adipocytes
[25], and vascular smooth muscle [24] but it has
not been studied yet whether these receptors are
expressed in the human breast epithelial cells
and breast cancer cells. Since adiponectin exerts
its effects through these receptors, it is very
important to investigate the presence or absence
of their expression in these cells in order to prove
the possible direct effect of adiponectin. There-
fore, in the present study, we have studied the
AdipoRl and AdipoR2 mRNA expression in
human breast cancer cell lines as well as in
human breast epithelial cells and breast cancer
cells selectively obtained using the laser microdis-
section technique. Furthermore, immunohisto-
chemical staining was also investigated for
AdipoR1 and AdipoR2 in normal breast epithelial
cells and breast cancer cells.

2. Materials and methods
2.1. Breast tumor tissues and non-tumor tissues

Tumor tissues, non-tumor breast tissues, and axillary
adipose tissues were obtained at surgery from female
primary breast cancer patients (Stages I-III between
December 2000 and May 2003). The median age of
the patients was 54.8 years (range, 30-83 years). The
specimens were snap-frozen in liquid nitrogen and kept
at —80 °C until use. Several tumor specimens and non-
tumor specimens were embedded in the Tissue-Tek
OCT compound (SAKURA Finetechnical, Tokyo,
Japan) to be used for laser microdissection (LMD).
Informed consent as to this study was obtained from
each patient before surgery.

2.2. Breast cancer cell lines and normal human mammary
epithelial cells (HMEC) ’

MCF-7 and MDA-MB-231 cells were cultured in
Dulbecco’s modified Eagle’s medium (Nihonseiyaku,
Tokyo, Japan) supplemented with 10% fetal calf serum
(Dainippon Pharmaceutical, Tokyo, Japan), 500 U/ml
penicillin (Gibco BRL, MD, USA), and 500 pg/mi
streptomycin (Gibco BRL, MD, USA) in a 5% CO;
incubator at 37 °C. T-47D cells were cultured in RPMI
1640 (Nissui, Pharm., Tokyo, Japan), SK-BR-3 cells
were cultured in McCoy5a (Gibco BRL, MD, USA)
with the same supplement. HMECs were purchased
from Cambrex Bio Science Walkersville (Whittaker,
USA) and the culture was done according to the man-
ufacturer’s protocol.

2.3. RNA extraction

Total cellular RNA was extracted from the tumor
specimens and cultured cells using TRIZOL reagent
according to the protocol provided by the manufacturer
(Molecular Research Center, Cincinnati, OH).

2.4. Laser microdissection

Frozen tissue samples embedded in Tissue-Tek OCT
compound (SAKURA Finetechnical, Tokyo, Japan)
were cut into 8-um sections in a cryostat. The sections
were stained with toluidine blue (Muto Pure Chemicals,
Tokyo, Japan), and tumor cells and normal epithelial
cells were collected with Application Solutions Laser
Microdissection System (Leica Microsystems, Wetzler,
Germany) according to the manufacturer’s protocol.
The total RNA was extracted from microdissected cells
using RNeasy Micro Kit according to the protocol
provided by the manufacturer (Qiagen, Hilden,
Germany).
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2.5. Semi-quantitative reverse transcription-polymerase
chain reaction (RT-PCR) assay of adiponectin, AdipoR1,
and AdipoR2 mRNA expression

The 3 pg of total RNA underwent RT for single strand
cDNA using oligo(dT);s primer and Superscript II (Life
Technologies, Inc., Bethesda, MD) and were scaled up
to a final volume of 50 pl. The RT reaction was performed
at 42 °C for 50 min, followed by heating at 70 °C for
15 min.

Primer pairs for the amplification of adiponectin, Adi-
poRI, and AdipoR2 mRNA were selected so that they
were located at different exons to prevent amplification
from the contaminated genomic DNA. Quantitative nor-
malization of cDNA in each sample was performed using
expression of the B-glucuronidase gene as an internal con-
trol. In humans, primer sequences were 5-CAGGCC
GTGATGGCAGAGAT-3' and 5'-AGTCTCCAATCCC
ACACTGAAT-3 for adiponectin, 5-AATTCCTGAG
CGCTTCTTTCCT-3' and 5-CATAGAAGTGGACAA
AGGCTGC-3' for AdipoRl, 5-TGCAGCCATTATAG
TCTCCCAG-3' and 5-GAATGATTCCACTCAGGCC
TAG-3' for AdipoR2, 5'-ATTGCAGGGTTTCACCA
GGA-3 and 5'-GTCGGTGACTGTTCAGTCATGAA-3'
for B-glucuronidase. The PCR condition for adiponectin
and AdipoR1 was established as follows: after denaturing
at 96 °C for 5 min, 37 cycles of 96 °C for 30s, 60 °C for
305, and 72 °C for 30 s, and that for AdipoR2 was estab-
lished as follows: after denaturing at 96 °C for 5 min, 45
cycles of 96 °C for 30 s, 54 °C for 30 s, and 72 °C for 30 s.

2.6. Primers, probes, and real-time PCR

Real-time PCR assays of AdipoRI and AdipoR2
mRNA expression levels were performed using the ABI
Prism 7700/7900 Sequence Detection System (Perkin-El-
mer Applied Biosystems, Foster City, CA). The standard

- curves for AdipoRI and AdipoR2 mRNA expression were
generated using serially diluted solutions of each PCR
product as template. The amount of target gene expres-
sion was calculated from the standard curve, and quanti-
tative normalization of ¢cDNA in each sample was
performed using expression of the f-glucuronidase gene
as an internal control. Real-time PCR assays were con-

_ducted in duplicate for each sample, and a mean value
was used for calculation of the mRNA levels.

The sequence of primers for AdipoRI and AdipoR2
were described above, and probes were 5'-TGACATAT
GGTTCCAGTCTCATCA-3' and 5-AACACTCCTG
CTCTTACTCCCCGATA-3', respectively. Probes were
labeled with FAM as a reporter at the 5/ end and TAM-
RA as a quencherdye at the 3’ end. The PCR condition
for AdipoRI was established as follows: after incubation
at 50 °C for 2 min and denaturing at 95 °C for 10 min,
45 cycles of 95°C for 15s and 62 °C for 30s, and that
for AdipoR2 was established as follows: after incubation

at 50 °C for 2 min and denaturing at 95 °C for 10 min,
45 cycles of 95 °C for 15s and 58 °C for 30 s. The primer
probe mixture for the assay of B-glicuronidase mRNA
expression levels was purchased from Perkin-Elmer
Applied Biosystems (Foster City, CA). Finally, mRNA
levels of AdipoR1 and AdipoR2 were shown as ratios to
B-glucuronidase mRNA levels when 1072 ug of PCR
product for AdipoRI and AdipoR2, and 1078 pg of PCR
product for B-glucuronidase were defined as 1.

2.7. Immunohistochemical staining of AdipoRI and
AdipoR2

Expression of AdipoR1 and AdipoR2 protein in tissue
sections was studied by immunohistochemistry. Polyclon-
al antibodies against human adipoR1 and adipoR2 were
purchased from ABR (Golden, CO, USA) and Phoenix
Pharmaceuticals (Belmont, CA, USA), respectively. Sec-
tions (3 pum) were prepared from formalin fixed paraffin
embedded tissue specimens, deparaffinised, and rehydrat-
ed in graded alcohols. Antigen retrieval was performed by
incubating the sections in target retrieval solution
(DAKO, Japan) for 30 min in 95 °C water bath. After
quenching endogenous peroxidase with 3% H,O, in phos-
phate buffered saline for 20 min, slides were incubated
with primary antibodies at 4 °C overnight (anti-adipoR 1
antibody, 10 pg/ml; anti-adipoR2 antibody, 10 pg/ml),
followed by incubating with biotinylated anti-rabbit
immunoglobulin G antibody (Jackson ImmunoResearch
Laboratories) using the ABC Kit (Vector Laboratories,
Burlingame, CA) for AdipoR1, or Histofine (Max-PO
{Multi), Nichirei Bioscience, Osaka, Japan) for AdipoR2
at room temperature for 1h. Then, antibody complex
was visualized with the 3,3’-diaminobenzidine tetrahydro-
chloride (MERCK, Darmstadt, Germany).

2.8. Statistical analysis

Association between the clinicopathological factors
and AdipoRI or AdipoR2 mRNA levels were assessed by
the Mann-Whitney test or Kruskal-Wallis test. Statistical
significance was assumed for P < 0.05.

3. Results

3.1. Adiponectin, AdipoRI, and AdipoR2 mRNA
expression

Expression of adiponectin, AdipoRl, and AdipoR2
mRNA was determined by semiquantitative RT-PCR
assay using the RNA samples obtained from human
breast cancer cell lines (MCF-7, T47D, SKBR3, and
MDA-MB231), HMEC, adipose tissues, and LMD sam-
ples (breast cancer cells, normal breast epithelial cells,
and stromal cells) from breast cancer tissues. Adiponectin
mRNA expression was observed in the adipose tissues but
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not in any breast cancer cell lines and HMEC as well as
LMD samples (Fig. 1). On the other hand, AdipoRI
mRNA expression was observed in all four breast cancer
cell lines, HMEC, and adipose tissues as well as in all can-
cer cell samples (n=6), normal epithelial cell samples
(n=2), and stromal cell samples (n=3) collected by
LMD. AdipoR2 mRNA expression was observed in all
four breast cancer cell lines, HMEC, and adipose tissues
as well as in five of six cancer cell samples and all normal
epithelial cell samples (n = 2), but not in one cancer cell
sample and all three stromal cell samples collected by
LMD (Figs. 2 and 3).

3.2. AdipoR1 and AdipoR2 protein expression by
immunohistochemistry

Protein expression of AdipoR1 and AdipoR2 in nor-
mal breast epithelial cells and breast cancer cells was stud-
ied in representative cases. As shown in Fig. 4,
membranous and cytoplasmic staining of AdipoR1 and
AdipoR2 was recognized both in normal breast epithelial
cells and breast cancer cells. AdipoR 1, but not AdipoR2,
expression was also observed in stromal cells.

3.3. Relationship between AdipoRI or AdipoR2 mRNA
levels and clinicopathological characteristics of breast
cancers

AdiopR1 and AdipoR2 mRNA levels were determined
by a real-time PCR assay and their expression levels were
compared with various clinicopathological characteristics
of breast cancers including menopausal status, tumor size,
lymph node status, histological grade, and estrogen recep-
tor (ER) status. There was no significant association
between AdipoRl or AdipoR2 mRNA levels and any of
the clinicopathological characteristics (Table 1).

A &

4. Discussion

We have previously shown that the low serum
adiponectin levels are associated with a high breast
cancer risk [18], suggesting that adiponectin might
be involved in the pathogenesis of breast cancer.
Since very recently the receptors for adiponectin
(AdipoR1 and AdipoR2) have been identified, we
have investigated, in the present study, whether or
not the normal breast epithelial cells and the breast
cancer cells express AdipoRI and AdipoR2 mRNA
in order to demonstrate a possible, direct involve-
ment of adiponectin in the breast carcinogenesis.
We have been able to show that both AdipoRI
and AdipoR2 mRNA, but adiponectin mRNA, are
expressed in the LMD normal breast epithelial cells
and the normal breast epithelial cell lines, suggesting
that the serum adiponectin produced from the adi-
pose tissue might affect the growth of the breast epi-
thelial cells in an endocrine, but not an autocrine,
manner. Furthermore, we have confirmed the pro-
tein expression of AdipoR1 and AdipoR2 both in
normal breast epithelial cells and breast cancer cells
by immunostaining.

Adiponectin has been shown to directly inhibit
the growth of vascular smooth muscle and endothe-
lial cell proliferation [13] as well as myelomonocytic
progenitor cells [12]. Thus, it is speculated that the
serum adiponectin inhibits the growth of the normal
breast epithelial cells, and a down-regulation of the
serum adiponectin levels might result in the
growth stimulation of the normal breast epithelial
cells, leading to the high susceptibility to breast
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<4 B -glu(161bp)

B ° Tumor Stromal Normal
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T1 T2 T3 $1

AN BD I o S A
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Fat1 Fat2
PR < adiponectin(206bp)
L < §-glu(161bp)

Fig. 1. Adiponectin mRNA expression in various cell lines and tissues determined by RT-PCR assay. (A) Lanes HMEC, MCF-7, T47D,
SKBR3, MDA-MB231, and DW (negative control, distilled water). (B) Lanes T1-T3 (breast cancer celis collected by LMD from three
breast tumors), lanes SI and S2 (stromal cells collected by LMD from two breast tissues), lanes N1 and N2 (normal breast epithelial cells
collected by LMD from two normal breast tissues), lane DW (negative control, distilled water), and lanes Fatl and Fat2 (axillary adipose

tissues). B-glu, B-glucuronidase.
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Fig. 2. AdipoRI and AdipoR2 mRNA expression in various cell lines determined by RT-PCR assay. Upper panel (4dipoRI mRNA) and

lower panel (4dipoR2 mRNA). B-glu, B-glucuronidase.
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Fig. 3. AdipoR] and AdipoR2 mRNA expression determined by RT-PCR assay in breast cancer cells, stromal cells, and normal breast
epithelial cells collected by LMD. Upper panel (4dipoRl mRNA) and lower panel (4dipoR2 mRNA): lanes T1-T6 (breast cancer cells
collected by LMD from six breast tumors), lanes S1-S3 (stromal cells collected by LMD from three breast tissues), lanes N1 and N2
(normal breast epithelial cells collected by LMD from two normal breast tissues), and lane DW (negative control, distilled water). p-glu, B-

glucuronidase.

carcinogenesis. This speculation is supported by the
in vitro studies which demonstrate the growth inhi-
bition of breast cancer cells by adiponectin [26,27].
Since there was no significant difference in the
mRNA expression level of both AdipoRI and Adi-
PpoR2 mRNA between normal breast epithelial cells
and breast cancer cells (data not shown), low adipo-
nectin level seems to play a more important role in

breast carcinogenesis than down-regulation of
adiponectin receptors.

In addition, Brakenhielm et al. has recently
demonstrated that adiponectin is an inhibitor of
angiogenesis in vivo [28]. Since tumor growth is
tightly linked to angiogenesis, angiogenesis induced
by low adiponectin levels might play some role
in breast carcinogenesis. We have found that
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Fig. 4. Imunohistochemical staining of AdipoR1 and AdipoR2 in normal breast tissues and breast cancer tissues (400x). AdipoR1
expression was observed in normal breast epithelial cells (A) and breast cancer cells and stromal cells (B), and AdipoR2 expression was
observed in normal breast epithelial cells (C) and breast cancer cells but not stromal cells (D).

Table 1
AdipoRI and AdipoR2 mRNA expression and clinicopathological
characteristics of breast cancers

Number AdipoRI AdipoR2
mRNA* mRNA *
Menopausal status
Premenopausals 40 525.6 + 83.9 2.38 £0.31
Postmenopausals 60 613.54+72.0  3.65+0.52
Tumor size
<2cm 48 555.1+79.3 3.46+0.61
>2cm 52 599.7+759 2.84+035
Lymph node metastasis
Negative 70 541.2+62.0 3.23+041
Positive 30 664.9 £110.5 292 +£0.64
Histological grade
1 28 575.1+£120.0 3.16=£0.75
2 46 586.7+£81.8  3.26 £0.54
3 26 566.9 +85.6  2.90 +£0.46
Estrogen receptor
Positive 70 615.7+£72.6  3.50 £0.46
Negative . 30 500.0+65.3  2.30+0.31

2 mRNA levels of AdipoRl and AdipoR2 were shown as
mean + SE.

AdipoR1, but not AdipoR2, is expressed in stromal
cells, suggesting that adiponectin affects not only the
breast epithelial cells or breast cancer cells but also

stromal cells through AdipoR1. Biological signifi-
cance of AdipoR1 expression in stromal cells and
its implication in carcinogenesis seem to deserve a
further study.

In the previous study, we have shown that breast
tumors developing in patients with the low adipo-
nectin levels are associated with biologically more

_aggressive phenotypes such as large tumor size, high

lymph node positivity, and high histological grade
than those developing in patients with the high
adiponectin levels [18]. Thus, it was speculated that
the expression levels of AdipoRlI and AdipoR2
mRNA in breast tumors might affect the biological
phenotypes since the expression levels of these
receptors were considered to influence the respon-
siveness to the serum adiponectin. Thus, we have
studied the relationship between AdipoRI or Adi-
poR2 mRNA levels and the various clinicopatholog-

" ical characteristics of breast tumors but we have

failed to show any significant association between
them. Therefore, the clinical significance of AdipoR1
and AdipoR2 mRNA levels in breast tumors is
currently unknown.

In conclusion, we have shown that AdipoRI and
AdipoR2 mRNA, but not adiponectin mRNA, are
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expressed in the normal breast epithelial cells and
breast cancer cells. These results seem to suggest a
possibility that the association of low serum adipo-
nectin levels with a high breast cancer risk might be
explained, at least in part, by the direct effect of
adiponectin on the breast epithelial cells.
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Imaging, Diagnosis, Prognosis

One-step Nucleic Acid Amplification for Intraoperative Detection of
Lymph Node Metastasis in Breast Cancer Patients
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Abstract

Purpose: Detection of sentinel lymph node (SLN) metastasis in breast cancer patients has
conventionally been determined by intraoperative histopathologic examination of frozen sec-
tions followed by definitive postoperative examination of permanent sections. The purpose of
this study is to develop a more efficient method for intraoperative detection of lymph node
metastasis.

Experimental Design: Cutoff values to distinguish macrometastasis, micrometastasis, and
nonmetastasis were determined by measuring cytokeratin 19 (CK19) mRNA in histopathologi-
cally positive and negative lymph nodes using one-step nucleic acid amplification (OSNA). In
an intraoperative clinical study involving six facilities, 325 lymph nodes (101 patients), including
81 SLNs, were divided into four blocks. Alternate blocks were used for the OSNA assay with
CK19 mRNA, and the remaining blocks were used for H&E and CK19 immunohistochemistry —
based three-level histopathologic examination. The results from the two methods were then
compared.

Results: We established CK19 mRNA cutoff values of 2.5 x 102 and 5 x 10% copies/uL. In
the clinical study, an overall concordance rate between the OSNA assay and the three-level
histopathology was 98.2%. Similar results were obtained with 81 SLNs. The OSNA assay
discriminated macrometastasis from micrometastasis. No false positive was abserved in the
OSNA assay of 144 histopathologically negative lymph nodes from pNO patients, indicating an
extremely low false positive for the OSNA assay.

Conclusion: The OSNA assay of half of a lymph node provided results similar to those of
three-level histopathology. Clinical results indicate that the OSNA assay provides a useful

intraoperative detection method of lymph node metastasis in breast cancer patients.
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Sentinel lymph node (SLN) biopsy has recently become a
standard surgical procedure in the treatment of breast cancer
patients (1-10). This procedure can predict metastasis to the
regional lymph nodes with high accuracy and avoids unneces-
sary removal of axillary lymph nodes and subsequent morbid-
ity associated with axially clearance in node negative breast
cancer patients.

SLN metastasis is generally detected by conventional means
including the intraoperative H&E-based histopathologic exam-
ination of frozen section(s) or cytologic observation of touch-
imprints, followed by definitive postoperative histopathologic
examination of permanent sections (2, 7-9). However, the
sensitivity of these intraoperative methods is not high. Many
investigators have reported that the intraoperative H&E-based
histopathologic examination has a false-negative rate of 5%
to 52% (reviewed in ref. 11). Furthermore, these methods
provide subjective rather than objective results, which may
differ from one pathologist to another (12). On the other hand,
the definitive postoperative histopathologic examination gen-
erally requires 5 to 10 days for assessment. If an accurate

Clin Cancer Res 2007;13(16) August 15, 2007
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intraoperative method is developed, the test results can allow
for completion of axillary node dissection during surgery and
avoidance of a second surgical procedure in patients with
positive SLNs, thereby reducing patient distress and, finally,
saving hospital costs (2, 13, 14). Accordingly, the development
of a precise and objective intraoperative method for the
detection of lymph node metastasis is important for increasing
the efficiency of breast cancer surgery (10, 13-18).

To overcome the shortcomings of the present histopathologic
methods, molecular biological methods based on quantitative
reverse transcription-PCR (QRT-PCR) have been studied
extensively for the detection of lymph node metastasis in
breast cancer patients (12, 19-25). A QRT-PCR assay with
multiple mRNA markers including cytokeratin 19 (CK19),
trefoil factor 3 (p1B), epithelial glycoprotein 2 (EGP2), and
small breast epithelial mucin (SBEM) resulted in a 10%
upstaging compared with the routine histopathologic analysis
(22). It was also reported that a QRT-PCR assay using mRNA
markers of CK19 and mammaglobin 1 (MGB1) was almost as
accurate (94.1% sensitivity and 98.6% specificity) as that of the
conventional histopathologic examination (12). This study
included a discussion of the drawbacks of using a single marker
like CK19 mRNA for which the QRT-PCR may include the
concomitant amplification of CK19 pseudogenes within
genomic DNA, giving false positive results.

We recently developed a one-step nucleic acid amplification
(OSNA) assay (Fig. 1A), which consists of solubilization of a
lymph node followed by reverse-transcription loop-mediated

isothermal amplification (RT-LAMP) of a target mRNA (26, 27)..

The RT-LAMP reaction is a new method of gene amplification,
and its application has been reported previously (28-32).
The OSNA method is characterized by the quantitative measure-
ment of a target mRNA in a metastatic lymph node, a brief
reaction time for the OSNA process, a high specificity for the
target mRNA, and an absence of genomic DNA amplification.

In this paper, we report an efficient intraoperative detection
method for lymph node metastasis in breast cancer patients
using the OSNA assay with CK19 mRNA as a target marker. The
results of a multicenter clinical study including 325 lymph
nodes are discussed from the viewpoint of the usefulness of the
OSNA assay as an intraoperative detection method.

Materials and Methods

Lymph nodes for selection of mRNA markers and determination of
cutoff values. Lymph nodes, which were used to select mRNA markers
and determine cutoff values, were obtained from Osaka Police Hospital
with the approval of its internal review board. Lymph nodes were stored
at -80°C until use.

QRT-PCR. QRT-PCR was carried out by ABI Prism 7700 sequence
detector. RNA was purified from a lymph node lysate using RNeasy
Mini Kit (Qiagen), and then purified RNA was subjected to one-step
RT-PCR with QuantiTect SYBR Green (Qiagen) according to the
manufacturer's instructions. The sequences of the forward and reverse
primers used are shown in Supplementary Table S1. The primers were
designed by Primer Express Version 2.0 software (ABI).

Selection of mRNA maker. Forty-five candidate mRNA markers,
selected as being specific to breast cancer tissue, were identified from
the public EST database (33). The performance of these mRNA markers
was evaluated with QRT-PCR using a mixture of four histopatholog-
ically positive and four negative lymph nodes. The results were
summarized as C, (threshold cycle) values for each mRNA marker
(see Supplementary Table S2). The selected markers, KRT19 {(CK19),
CEACAMS (CEA), forkhead box Al (FOXA1), SAM-pointed domain
containing ETS transcription factor (SPDEF), tumor-associated calcium
signal transducer 2 (TACSTD-2), mucin 1 (MUC1), and MGB1, were
further evaluated with QRT-PCR using 11 histopathologically positive
and 15 negative lymph nodes from 26 patients.

RT-LAMP reaction of CK19 mRNA. The RT-LAMP reaction was
carried out according to the Notomi’s method (26, 27). The human
CK19 mRNA was synthesized by in vitro transcription from cloned
cDNA.

A 2-pL sample of human CK19 mRNA in a lysis buffer containing 200
mmol/L glycine-HCl, 20% DMSO, and 5% Brij35 (pH 3.5) was added to
23 uL of solution consisting of 3.5 pmol/L each of the forward inner
(CK19FA) and reverse primer (CK19RA), 0.2 umol/L each of forward
outer (CK19F3) and reverse primer (CKI19R3), 2.6 umol/L each of
forward loop (CK19LPF) and reverse primer (CK19LPR}, 0.9 mmol/L
deoxynucleotide triphosphates, 54.3 mmol/L Tris-HCl, 10.8 mmol/L
KCl, 10.8 mmol/L (NH,),SO,, 5.4 mmol/L MgSOy,, 0.1% Triton X-100,
5.4 mmol/L DTT, 2.5 units avian myeloblastosis virus reverse
transcriptase (Promega), 18 units Bst DNA Polymerase (New England
Biolabs), and 25 units RNasin Plus (Promega). Each reaction mixture
contained three pairs of primer sets including the loop primer (27).
The sequences of the human CK19 primers were designed as amplicons
spanning exon junction regions between CK19 exons 1 and 2 and were

Fig. 1. OSNA assay. A, schematic diagram
of the OSNA procedure. B, standard curve
of human CK19 mRNA measured by

RD-100Qi in the presence and absence of
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lymph node lysate. A histopathologically
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negative lymph node (600 mg) was

homogenized in 4 mL of lysis buffer,

A 180-pL sample of the lymph node lysate
was added to 20 pL of human CK19 mRNA
in the lysis buffer. The final concentration
of human CK19 mRNA was adjusted to

2.5 x 10° 2.5 x 10°%, 2.5 x 10%, 2.5 x 10°,
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each was subjected to the RT-LAMP
reaction under the same conditions
described in Materials and Methods.
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461 AGGTGAAGAT CCGCGACTGG TACCAGAAGC AGGGGCCTGG GCCCTCCCGC
TCCACTTCTA GGCGCTGACC ATGGTCTTCG TCCCCGGACC CGGGAGGGCG

FA primer (F2)
Fig. 2. A schematic representation of 511 GACTACAGCC ACTACTACAC GACCATCCAG GACCTGCGGG ACAAGATTCT

F3 primer

primer placement along the CK19 cDNA
sequence. The CK19 cDNA sequence

CTGATGTCGG TGATGATGTG CTGGTAGGTC CTGGACGCCC TGTTCTAAGA

(NM.002276) and the sequence of the LPF primer

primers for the CK19 RT-LAMP are shown. i

The location on CK19 cDNA where each RA primer (R1c)

primer-set bfin:s is unde(linedo':fze S RA) 561 TGGTGCCACC ATTGAGAACT CCAGGATTGT CCTGCAGATC GACAATGCCC
sequence of the inner primer an

consists of discontinuous two different ACCACGGTGG TAACTCTTGA GGTCCTAACA GGACGTCTAG CTGTTACGGG
regions, Flc and F2 (or Ric and R2), to FA primer (Fic)

create the stem structure during the i

RT-LAMP reaction. The exon junction LPR primer v

between exons 2 and 3 is included in the 611 GTCTGGCTGC AGATGACTTC CGAACCAAGT TTGAGACGGA ACAGGCTCTG

sequence of the R2 region in the RA primer
(arrowhead).

CAGACCGACG TCTACTGAAG GCTTGGTTCA AACTCTGCCT TGTCCGAGAC

661 CGCATGAGCG TGGAGGCCGA CATCAACGGC CTGCGCAGGG
GCGTACTCGC ACCTCCGGCT GTAGTTGCCG GACGCGTCCC

RA primer (R2)

R3 primer

furthermore designed as mismatch sequences of the CK19a and CK19b
pseudogenes (GenBank accession number M33101 and U85961) using
Probe Wizard (RNAture). Primer sequences were 5-GGAGTTCT-
CAATGGTGGCACCAACTACTACACGACCATCCA-3" (CK19FA), 5-
GTCCTGCAGATCGACAACGCCTCCGTCTCAAACTTGGTTCG-3’
{CK19RA), 5-TGGTACCAGAAGCAGGGG-3' (CK19F3), 5~
GITGATGTCGGCCTCCACG-3" (CK19R3), 5-AGAATCTTGTCCCG-
CAGG-3" (CK19LPF), and 5-CGTCTGGCTGCAGATGA-3’ (CK19LPR).
The sequence of each primer and its placement along the CK19 cDNA
sequence are shown in Fig. 2.

The RT-LAMP reaction with CK19 mRNA was carried out in a gene
amplification detector, RD-100i (Sysmex). Mori et al. {34, 35) reported
that PPi, which is produced in the course of the RT-LAMP reaction,
binds to magnesium ion to result in magnesium PPi. The amount of
magnesium PPi increases with the passage of the reaction. Magnesium
PPi has a low solubility in aqueous solution and precipitates when its
concentration reaches saturation. The amplification of CK19 mRNA
was monitored by measuring the turbidity of the reaction mixture at 6-s
intervals. The threshold time was defined as the time at which the
turbidity exceeded 0.1.

OSNA assay. A schematic diagram of the OSNA assay with CK19
mRNA is shown in Fig. 1A. A histopathologically negative lymph node
(=600 mg) was homogenized in 4 mL of the above lysis buffer for 90 s
on ice using a Physicotron Warring blender with an NS-4 shaft
(MicroTec Nichion). The homogenate was centrifuged at 10,000 x g for
1 min at room temperature. A 2-pL sample of the supernatant (lysate)
was subjected to the RT-LAMP reaction under the same conditions as
above. CK19 mRNA copy number was determined based on the
standard curve using a known quantity of human CK19 mRNA.

Effect of lymph node size on the OSNA assay. A histopathologically
negative lymph node (130 mg) was homogenized in 4 mL of lysis
buffer under the same conditions as above. A 180-uL sample of lymph
node lysate was added to 20 pL of human CK19 mRNA in the lysis
buffer. The final concentration of human CK19 mRNA was adjusted to
2.5 x 10° and 2.5 x 10 copies/uL. About 2 pL of each sample was
subjected to the RT-LAMP reaction under the same conditions described
above. Each sample was assayed in duplicate. Other histopathologically
negative lymph nodes (214, 354, and 428 mg) were treated under the
same conditions as above.
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Amplification of genomic DNA by the OSNA assay. Genomic DNA
was extracted from histopathologically positive lymph nodes using
QlAamp DNA Mini Kit (Qiagen) according to the manufacturer'’s
instructions. Purified genomic DNA (100 ng) was subjected to the
OSNA assay using the CK19 primers described above.

Protocol for determining the cutoff values. A cutoff value (L) for the
OSNA assay between metastatic positive and negative lymph nodes was
determined using 106 lymph nodes (42 histopathologically negative
lymph nodes from pNO patients, 42 histopathologically negative lymph
nodes from pN1-3 patients, and 22 histopathologically positive lymph
nodes) from 30 patients (24 ductal carcinomas, 5 special types, and
1 ductal carcinoma in situ). As shown in Fig. 3A, the central part of one
quarter of a frozen lymph node (40-600 mg) of 1 mm thickness was
dissected out. Four levels (i, ii, iii, and iv) were used as permanent slices
for the histopathologic examination with H&E and immunohisto-
chemistry using anti-CK19 antibody (DAKO) as shown in Fig. 3A.

Histopathologically positive lymph nodes were defined as those that
were positive at any of four levels (i, ii, iii, and iv). Histopathologically
negative lymph nodes were defined as those that were negative in all
four levels. Blocks a and c were used for the OSNA assay. A cutoff value
was determined by statistical analysis of the copy numbers obtained by
the OSNA assay of the histopathologically negative lymph nodes from
pNO patients.

According to the tumor-node-metastasis (TNM) classification of the
Unio Internationale Contra Cancrum (Italian) sixth and the American
Joint Committee on Cancer sixth editions (36), macrometastasis is
defined as having metastatic foci of 22 mm in the long axis. In the
OSNA assay, macrometastasis is assumed as having the amount of
CK19 mRNA expression in 2> mm® of metastatic foci. Based on this
assumption, we estimated a cutoff value (H) for CK19 mRNA between
macrometastasis and micrometastasis as follows. Nine frozen histo-
pathologically positive lymph nodes from nine breast cancer patients
(8 ductal and 1 lobular carcinomas) were used to estimate the amount
of CK19 mRNA expression in 2> mm® of metastatic foci (Table 1). A
frozen lymph node was serially sectioned at 10-um intervals. Each slice
was first examined with CK19 immunohistochemistry~based histo-
pathologic examination to measure the area of metastatic foci and then
with RT-LAMP to measure CK19 mRNA expression. The procedure is
detailed in Fig. 3B.
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Fig. 3. Protocols. A, protocol for determining a cutoff value for micrometastasis and nonmetastasis. 8, protocol for determining the cutoff value between macrometastasis
and micrometastasis. Serial frozen sections taken at 10-pum intervals were prepared from histopathologically positive lymph nodes. One of two consecutive frozen sections

was subjected to CK19 immunchistochemistry (CK19-1HC) - based histopathologic

examination to measure the area of metastatic foci, and then the volume of the

metastatic foci was calculated by multiplying the area by the thickness of the slice. The adjacent section was subjected to the OSNA assay. The expression level of CK19 mRNA
in 2% mm? was estimated based on the correlation between the volume of metastatic foci and CK13 mRNA expression. C, clinical study protocol.

In the OSNA assay, an amount of CK19 mRNA expression less than
the cutoff value was indicated as (-), an amount of CK19 mRNA
expression between the cutoff values L and H was indicated as (+), and
an amount of CK19 mRNA expression greater than the cutoff value
H was indicated as (++).

Clinical study protocol. An intraoperative clinical study was con-
ducted from February 2005 to July 2005 at six facilities other than
Sysmex Central Research Laboratories. A total of 325 fresh lymph nodes
(101 patients), including 81 SLNs (49 patients), were used with the
approval of the internal review board at each facility. The clinicopath-
ologic characteristics of patients are shown in Table 2. A large percent of
patients had stages I A/B and H A/B. The majority of patients had a
nodal status of pNO and pN1. About 80% of patients had invasive
ductal carcinoma.

A fresh lymph node with a short axis of 4 to 12 mm was divided into
four blocks at 1- or 2-mm intervals using our original cutting device
(Fig. 3C and 4). Blocks a’ and ¢’ were used for the OSNA assay. Two
slices were cut from each of the three cutting surfaces (i, ii’, and iii’), as
shown in Fig. 3C, and used for the permanent three-level histopath-
ologic examination with H&E and CK19 immunohistochemistry.

In the histopathologic examination, macrometastasis and micro-
metastasis were defined according to the TNM classification of the Unio
Internationale Contra Cancrum sixth and American Joint Committee
on Cancer sixth editions (36). All samples for histopathologic exam-
ination were examined by three third-party pathologists. Conflicting
results were settled consensually. The performance of the OSNA assay
was compared with the three-level histopathology.

The OSNA assay analyzed different blocks from-those used in the
three-level histopathologic examination. Therefore, in this protocol, the
sensitivity and specificity of the OSNA assay could not be calculated
based on the histopathologic results. For this reason, we evaluated the
performance of the OSNA assay as a concordance rate with the three-
level histopathologic examination.

In the case of lymph nodes from pNO patients, blocks b’ and d’ were
further sliced at 0.2-mm intervals, followed by staining each alternate
slice with H&E and CK19 immunohistochemistry (Fig. 3C). A total of
144 lymph nodes, in which neither macrometastasis nor micrometa-
stasis were observed in the above serial sectioning examination, were
used for the false positive study of the OSNA assay.

When discordance between the OSNA assay and the three-level
histopathologic examination occurred, a histopathologic analysis of
blocks b’ and d' was repeated. All slides for the histopathologic
examination were examined and evaluated by three third-party

pathologists. All results of histopathologic examinations were finally
determined by a study group comprised of representatives from the
different facilities.

Analysis of discordant cases. In the analysis of discordant cases,
QRT-PCR and CK19 Western blot analysis of the lysates were carried
out. QRT-PCR was carried out with TagMan RT-PCR. RNA was purified
from lymph node lysates using RNeasy Mini Kit (Qiagen), and then the
purified RNA was subjected to TagMan one-step RT-PCR universal
master mix (ABI) according to the manufacturer’s instructions.
The sequences of the forward and reverse primers designed for human
CK19 were 5'-CAGATCGAAGGCCTGAAGGA-3" and 5-CTTGGCCCCT-
CAGCGTACT-3/, respectively. The sequence of the TagMan probe, con-
taining a fluorescent reporter dye (FAM) at the 5" end and a fluorescent
quencher dye (TAMRA) at the 3" end, was 5-FAM-GCCTACCTGAA-
GAAGAACCATGAGGAGGAA-TAMRA-3". The primers and TagMan
probe were obtained from Applied Biosystems (ABI). All QRT-PCR
reactions were done in duplicate.

In the CK19 Western blot analysis, lysate (20 pL) was added to 10 uL
of loading buffer containing 150 mmol/L Tris-HCI, 300 mmol/L DTT,
6% SDS, 0.3% bromophenol blue, and 30% glycerol. The solution was
boiled and electrophoresed on a polyacrylamide gel in the presence of

Table 1. CK19 mRNA expression in 23 mm?> of
metastatic foci

Histology CK19 mRNA (copy/plL)

Case
1 Ductal carcinoma 2.3 x 104
2 Ductal carcinoma 1.1 x 10*
3 Ductal carcinoma 4.7 x 103
4 Ductal carcinoma 5.0 x 10*
5 Ductal carcinoma 1.0 x 10?
6 Lobular carcinoma 1.4 x 10°
7 Ductal carcinoma 2.0 x 10
8 Ductal carcinoma 6.7 x 10*
9 Ductal carcinoma 2.4 x 104
Average 3.0 x 104

NOTE: CK19 mRNA expression in 22 mm? of metastatic foci was
estimated on the basis of the examination of serial sections
(Fig. 3B).
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Table 2. Clinicopathologic characteristics of
patients

Number of patients

Stage
o] 5
1A/B 41
11 A/B 49
111 A/B/C 5
v 1
Nodal status
pNO 60
pN1 - 35
pN2 2
pN3 4
Histopathologic type
Invasive ductal carcinoma 8

7
Neuroendocrine carcinoma 1
Matrix producing carcinoma 1
Mucinous carcinoma 2
Apocrine carcinoma 1
Invasive lobular carcinoma 4
Ductal carcinoma in situ 5

SDS (PAG Mini; Daiichi Pure Chemicals). After electrotransfer to
Immobilon-FL polyvinylidene difluoride membranes (Millipore), the
membrane was blocked with skim milk (BD Bioscience) for 1 h at room
temperature. The primary antibody, anti-CK19 (A53-B/A2; Santa Cruz
Biotechnology), was diluted 1:500 with TBS-Tween 20 (TBS-T)
solution, and the membrane was incubated at 4°C overnight with
anti-CK19 antibody. The membrane was then washed with TBS-T and
incubated with a secondary antibody conjugated with horseradish
peroxidase, which was diluted 1:2,000 with TBS-T. After washing the
membrane twice with TBS-T, CK19-CK19 antibody complex was
visualized using the ECL-Advance detection kit (GE Healthcare). The
intensity of the signal in each band was evaluated by LumiAnalyst

(Roche). CK19 protein concentration was determined based on a
standard curve that was obtained by measuring known quantities of
CK19 protein (Biodesign) of 0.15, 0.075, 0.038, and 0.018 ng/ulL.

A cutoff value for CK19 protein expression between histopatholog-
ically positive and negative lymph nodes was determined by Western
blot analysis of 37 histopathologically negative lymph nodes from 16
pNO patients, 54 histopathologically negative lymph nodes from 17
pN1-3 patients, and 22 histopathologically positive lymph nodes from
12 patients (Figs. 3A and 5A). The cutoff value was determined by
statistical analysis of the amount of CK19 measured by Western blot
analysis of 37 histopathologically negative lymph nodes from 16 pNO
patients.

‘WResuI_tsr_ _

Selection of the mRNA marker. We evaluated mRNAs for
CK19, CEA, FOXA1l, SPDEF, MUC1, and MGB1 using 11
histopathologically positive and 15 negative lymph nodes from
26 patients. The absolute mRNA expression levels of CEA and
MGBI1 in metastatic lymph nodes were not as high as expected,
whereas the absolute expression levels of MUC1 mRNA in
nonmetastatic lymph nodes was relatively high. For these
reasons, CEA, MGB1, and MUC1 mRNAs were not selected for
the OSNA assay.

The expression levels of CK19, FOXA1, and SPDEF mRNAs
differed between histopathologically positive and negative
lymph nodes. However, the lower limits of the expression
levels of FOXA1 and SPDEF mRNAs in histopathologically
positive lymph nodes were 4 to 30 times less than that of CK19
mRNA (Fig. 6). On the other hand, the detection limit of the
OSNA assay was nearly equivalent to 32 threshold cycles of the
RT-PCR system. An assay system should detect the upper limit
of the expression levels of an mRNA marker in histopatholog-
ically negative lymph nodes. The upper limits of the threshold
cycle of FOXA1 and SPDEF mRNAs were about 35 and 32,

Fig. 4. Lymph node cutting device.
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respectively. For these reasons, we determined CK19 mRNA to
be the best marker for the OSNA assay.

OSNA assay. As shown in Fig. 1B, an inverse correlation
between the threshold time in the RT-LAMP step and CK19
mRNA concentration was observed in a range of CK19 mRNA
concentrations of 2.5 x 10% to 2.5 x 10° copies/pL, and both
curves overlapped completely in the presence and absence of
the lymph node lysate; the correlation coefficient value in both
cases was 0.99. This result indicates that factors that may be
present in lymph node lysates do not interfere with the OSNA
assay.

Effect of lymph node size on the OSNA assay. The threshold
time of the OSNA assay with 2.5 X 10° and 2.5 x 10° copies/uL
of CK19 mRNA in a lysate obtained from 130 mg of lymph
node was 10.9 and 9.6 min, respectively. The threshold time
with 2.5 x 10® copies/uL of CK19 mRNA in a lysate obtained
from a lymph node of 214, 354, and 428 mg was 10.7, 10.9,
and 10.9 min, respectively, whereas the time with 2.5 x 10’
copies/pL of CK19 mRNA in a lysate obtained from a lymph
node of 214, 354, and 428 mg was 9.6, 9.7, and 9.7 min,
respectively. The threshold times with 2.5 x 10® and 2.5 x 10°
copies/pL of human CK19 mRNA in the lysates obtained from
lymph nodes of 130, 214, 354, and 428 mg were within an
acceptable error range. The results indicate that the OSNA assay
is not influenced by lymph node size.

Amplification of genomic DNA by the OSNA assay. To
exclude the possibility of genomic DNA amplification in the
OSNA assay, we examined the OSNA assay using genomic DNA
purified from lymph nodes. Genomic DNA was not amplified
from either metastatic or nonmetastatic lymph nodes. The
results indicate that the OSNA assay amplifies only CK19
mRNA.

Cutoff values. A cutoff value for the OSNA assay between
histopathologically positive and negative lymph nodes was
determined by the logarithmic normal distribution of CK19
mRNA copy numbers from 42 lymph nodes from pNO patients.
The average value of CK19 mRNA expression +3 SD was 2.5 x
10? copies/uL. Based on this analysis, we set the cutoff value at
2.5 x 107 copies/uL, which represents the upper limit of the
copy numbers in the histopathologically negative lymph nodes
from pNO patients (Fig. 7A).

To validate the cutoff value, we examined CK19 mRNA
expression in 42 histopathologically negative lymph nodes
from 16 pN1-3 patients. Only one of these 42 cases showed
>2.5 X 10? copies/ul. CK19 mRNA (Fig. 7B). This lymph node
showed 3 x 10> copies/uL of CK19 mRNA. This suggested that
micrometastatic foci in block a or ¢ (Fig. 3A) of the lymph node
were included in the sample. On the other hand, CK19 mRNA
expression in all 24 pathologically positive lymph nodes from
10 patients exceeded the cutoff value (Fig. 7C).

To obtain a cutoff value for CK19 mRNA expression between
macrometastasis with metastatic foci >2°> mm?® and micrometa-
stasis, we compared CK19 mRNA expression in serial sections
of a lymph node with an area of metastatic foci and roughly
estimated macrometastasis to be >5 X 10 copies/uL, which is
the lowest value of CK19 mRNA expression found in metastatic
foci of 2*> mm? (Table 1). .

Accordingly, for the OSNA assay, we defined macrometa-
stasis {++) as >5 X 10® copies/uL of CK19 mRNA, micrometa-
stasis (+) as 2.5 X 10? to 5 x 10 copies/pL, and nonmetastasis
(-) as <2.5 x 10? copies/pL.
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Clinical study. All OSNA assays were carried out during
surgery and were completed within 30 min. H&E and CK19
immunohistochemistry were used in the histopathologic
examination.

Isolated tumor cells (ITC) are widely used as one of
indicators in a nomogram-aiding treatment decisions. In the
American Society of Clinical Oncology guidelines (10), ITCs are
described as having unknown clinical significance, and there
are insufficient data to recommend appropriate treatment,
including axillary lymph node dissection. For this reason, we
viewed ITC as negative.

Table 3 shows the results of CK19 immunohistochemistry in
all samples with the H&E results given in parenthesis. H&E-
based histopathology failed to detect 1 of 40 cases of macro-
metastasis and 3 of 5 cases of micrometastasis. Overall, the
sensitivity of H&E-based histopathology was 91.1% based on
the results of CK19 immunohistochemistry -based histopa-
thology. The sensitivities of the one- and two-level CK19
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Fig. 5. CK19 protein expression in lymph node lysates. 4, CK19 protein expression
in histopathologically positive and negative lymph nodelysates. *, histopathologically
negative lymph nodes dissected from pNO patients. 1, histopathologically negative
lymph nodes dissected from pN1-3 patients. 1, histopathologically positive lymph
nodes. The CK19 protein expression was determined by Western blot analysis

(see Materials and Methods). Broken line, cutoff line between micrometastasis

and nonmetastasis. The protein concentration of representative lymph node lysates
used in this experiment was within the range of 8.7 10 11.6 ug/pL. B, arepresentative
example of Western blot analysis of CK19 protein in lymph node lysates. Lane 1,
molecular weight markers stained with Coomassie brilliant blue. Lanes 2 and 4,
histopathologically positive lymph node lysate. Lanes 3 and 5, histopathologically
negative lymph node lysate. Arrow, CK19 protein. *, nonspecific bands. The vertical
scale shows molecular weights.
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immunohistochemistry - based histopathologies were 86.7%
and 91.1%, respectively, based on the results of three-level
CK19 immunohistochemistry-based histopathology (Supple-
mentary Table S3).

The concordance rate between the OSNA assay and the CK19
immunohistochemistry - based three-level histopathology for
325 lymph nodes was 98.2%. The ¢oncordance rate for SLNs
was 96.4%.

No false positive results were found with the OSNA assay of
144 histopathologically negative lymph nodes from 60 pNO
patients, in which neither micrometastasis nor macrometastasis
was observed for serial sections from blocks b" and d’ (Fig. 3C).
Furthermore, the OSNA assay judged 13 ITC cases as negative.
These results are summarized in Table 3.

Discordant cases. Six discordant cases were observed be-
tween the OSNA assay and CK19 immunohistochemistry -
based histopathologic examination (Table 4). Four cases were
micrometastasis according to the OSNA assay and were
negative according to the CK19 immunohistochemistry - based
histopathology. In any case, CK19 mRNA expression of >10°
copies/uL was observed (Table 4). These four discordant cases
came from pN1 and pN2 patients. In two of four cases,
micrometastasis was observed in the multilevel examinations
of blocks b’ and d’. On the other hand, two remaining cases
(Table 4, samples 5 and 6) were negative according to the
OSNA assay and micrometastasis according to the three-level
histopathology. Samples 5 and 6 showed metastatic foci of 0.3
and 0.4 mm in the long axis, which were observed on surfaces
i’ and ii’, respectively. When i’ and ii’ were histopathologically
examined, about 0.2 mm was shaved from the surfaces of
blocks b’ and d’. Therefore, the amount of metastatic foci in
blocks a” and ¢’ that were used for the OSNA assay (i.e., a’ and
) could not be quantified.

We also measured the amount of CK19 protein by Western
blot analysis of the lysate used in each discordance case. A
cutoff value for CK19 protein expression between metastasis
positive and negative lymph node was determined by the
distribution of CK19 protein expression in 37 histopatholog-
ically negative lymph nodes from 16 pNO patients. The
distribution could be described as a logarithmic normal
distribution. The statistical analysis indicated that an average
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value +3 SD was 0.13 ng/pL. Based on this analysis, the cutoff
value was determined to be 0.3 ng/uL, which is the upper limit
of the CK19 protein expression in 54 histopathologically
negative lymph nodes from pN1-3 patients (Fig. 5A).
Furthermore, CK19 protein expression in 22 histopathologi-
cally positive lymph nodes from 10 patients contained protein
levels over the cutoff value.

Based on this cutoff value, we measured the amount of CK19
protein using quantitative Western blot analysis of the lysate for
the OSNA assay of samples 1, 2, and 5. As described in Table 4,
samples 1 and 2 showed an amount of CK19 protein
expression equivalent to micrometastasis. Sample 5 exhibited
no CK19 protein expression.
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Fig. 7. CK19 mRNA expression in the OSNA assay carried out under the protocol A
(Fig. 3 A). *, histopathologically negative lymph nodes dissected from

pNO patients. ', histopathologically negative lymph nodes dissected from

pN1-3 patients. *, histopathologically positive lymph nodes. Top broken line,

cutoff between macrometastasis and micrometastasis. Bottom broken line, cutoff
between micrometastasis and nonmetastasis.
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Table 3. Comparison of the OSNA assay with the histopathologic examination

OSNA* Histopathologic examination

Number of lymph nodes
Macrometastasis Micrometastasis ITC Negative *
325 from 101 patients ++ 34 (34) 0 (0) 0 (0) 0 (0)
+ 6 (5) 3(1) 0 (0) 4 (0)
- 0 (0) 2(2) 13 (11) 263 (0)
81 SLNs from 49 patients ++ 11 (11) 0 (0) 0 (0) 0 (0)
+ 1 (0) 2(1) 0 (0) 1(0)
- 0 (0) 2(2) 3(2) 61 (0)
144 from 60 pNO patients ++ 0 (0) 0(0) 0 (0) 0 (0)
+ 0 (0) 0(0) 0(0) 0 (0)
- 0 (0) 0 (0) 3(3) 141 (0)

*In the OSNA assay, (++), (+), and (-) show >5 x 103, 2.5 x 102to 5 x 10%, and <2.5 x 10? copies/uL of CK19 mRNA, respectively.

T Histopathologic examinations with H&E and CK19 immunohistochemistry were carried out in all samples. In cases where metastatic foci were
observed in the histopathologic examination by either H&E or CK19 immunohistochemistry, the sample was categorized as macrometastasis,
micrometastasis, or ITC. The results of the three-level CK19 immunohistochemistry - based histopathologic examination were determined by
the consensus of three third-party pathologists. The number of lymph nodes judged to be positive based on the three-level H&E-based

histopathologic examination is shown in parenthesis.

$No cancer cells were observed in either the immunohistochemistry- or H&E-based histopathologic examinations.

Discussion

The detection of lymph node metastasis by RT-PCR (37 -40)
and by QRT-PCR (12, 19-25) has been studied previously.
CK19 mRNA has been described as having the highest sensiti-
vity at nearly 90%. However, there are drawbacks using CK19
mRNA due to the concomitant amplification of pseudogenes
in genomic DNA that lead to false positive results. For this
reason, a combination of two or three markers has been used.

We evaluated 45 potential mRNAs and finally selected CK19
mRNA as the best marker for the OSNA assay. To use CK19
mRNA as a marker, we designed RT-LAMP primers that do not
amplify the known CK19 pseudogenes (see Materials and
Methods). In addition, the lymph node solubilization step in
the OSNA assay was carried out at pH 3.5. At this pH, almost all
genomic DNA precipitates out. Even when the sample still
contained genomic DNA, DNA amplification is unlikely to
occur in the OSNA assay because the RT-LAMP step is carried
out at 65°C, a temperature at which genomic DNA typically
does not denature. Indeed, purified genomic DNA from
metastatic lymph nodes was not amplified in the OSNA assay.

In the present clinical study assessing 325 lymph nodes from
101 patients, an overall concordance rate between the OSNA
assay and the CK19 immunohistochemistry - based three-level

histopathology was 98.2%. A concordance rate of 96.4% was
obtained with 81 SLNs from 49 patients. On the other hand, 1
of 40 macrometastatic cases and 2 of 5 micrometastatic lymph
nodes, as defined by CK19 immunohistochemistry-based
histopathology, were missed by H&E-based histopathology.
Therefore, the sensitivity of three-level H&E-based histopathol-
ogy was 93.3% based on the three-level CK19 immunohisto-
chemistry-based histopathology. Furthermore, the sensitivity
of one- and two-level CK19 immunchistochemistry - based
histopathologies is 86.7% and 91.1%, respectively, based
on the three-level CK19 immunohistochemistry - based histo-
pathology (Supplementary Table S3). These results indicate
that the performance of the OSNA assay is better than that
of one- and two-level CK19 immunohistochemistry -based
histopathologies and almost equivalent to three-level CK19
immunohistochemistry - based histopathology.

Chu and Wiess (41) reported that 98.2% of primary breast
cancer- tissues exhibit CK19 protein expression. Two of our
authors (Tsujimoto and Tsuda) also examined the CK19
immunohistochemistry ~based histopathologic examination
of primary breast cancer tissues and found that there was no
CK19 protein expression in 20 {2.2%) of 896 cases examined.
However, low CK19 mRNA expression in lymph nodes has not
been reported.

Table 4. Discordant cases between the OSNA assay and three-level histopathologic examination

Discordant case CK19 mRNA (copy/ulL) CK19 protein (ng/pL)* Histopathologic examination T Nodal status

1 9.6 x 10? 1.4 Negative pN2
2 1.5 x 103 1.6 Negative pN1
3 2.3 x 103 Not tested Negative pN1
4 3.6 x 10° Not tested Negative pN1
5 ND 0.04 Micrometastasis pN1
6 ND Not tested Micrometastasis pN1

Abbreviation: ND, not detected.
*Amount of CK19 protein was determined by Western blot analysis (see Materials and Methods).
t Results of CK19 immunohistochemistry - based histopathologic examination of the sections 1, ii’, and iii" of protocol C (Fig. 3C).
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In the present clinical study, CK19 immunohistochemistry -
based histopathologic examination of two lymph nodes from
one patient revealed metastatic foci smaller than macrometa-
stasis despite the presence of macrometastasis defined by H&E-
based histopathologic examination; the histologic type of this
primary tumor was neuroendocrine carcinoma. These samples
unequivocally had low CK19 expression. The OSNA assay of
these samples was positive, indicating that CK19 mRNA was
expressed despite the low protein expression found by CK19
immunohistochemistry.

In QRT-PCR studies in which several mRNA markers have
been used (12, 19, 24, 25), the ability to quantitatively discri-
minate macrometastasis from micrometastasis has not been
discussed. In the OSNA assay, the solubilization of a lymph node
is followed by mRNA amplification. Regardless of the size of the
lymph node, a constant portion of lysate is transferred to an RT-
LAMP reaction. This indicates that the OSNA assay can, in
principle, discriminate macrometastasis from micrometastasis
and micrometastasis from nonmetastasis when the cutoff values
of CK19 mRNA are properly set. To ensure the quantitative
capacity of the OSNA assay, endogenous factors should not
interfere with the RT-LAMP reaction. We showed that the
presence of a lysate obtained from a lymph node (130-600
mg) did not interfere with the OSNA assay (Fig. 1B). A 600-mg
sample of lymph node is equivalent to that having a diameter
of about 1 cm. The presence of fat or the reagents that were
used to identify SLNs, e.g., radioisotope colloid and blue dyes,
did not also interfere with the reaction (data not shown).

We observed no false positive result in the OSNA assay from
144 histopathologically negative lymph nodes (60 pNO
patients). In the statistical analysis of the copy numbers of
CK19 mRNA in these 144 lymph nodes, the average value of
CK19 mRNA expression +3 SD was <2.5 x 10% copies/uL,
indicating that the probability of negative lymph nodes showing
>2.5 x 10? copies/uL is low in the OSNA assay. In the OSNA
assay, all 13 ITC cases were judged as nonmetastasis (Table 3).

Based on the serial sectioning experiment (Table 1), the
average copy numbers equivalent to 0.2%, 0.3%, and 0.4*> mm?
can be calculated to be 3.9 x 10}, 1.3 x 10% and 3.1 x 10?
copies/pL, respectively. Therefore, the cutoff value of 2.5 x 10?
copies/pL in the OSNA assay can theoretically detect metastatic
foci of 0.3% to 0.4 mm?>.

The OSNA assay identified 34 cases of macrometastasis
out of 40 macrometastatic lymph nodes defined by the per-

References

manent three-level CK19 immunohistochemistry - based histo-
pathology. The concordance rate was 85.0%. The remaining six
cases were identified as micrometastasis. This is the first
example of a molecular biological method with the potential
to quantify the size of metastatic foci in a lymph node.

Six discordant cases were observed between the OSNA assay
and CK19 immunohistochemistry ~based histopathologic ex-
amination (Table 4). The quantitative Western blot analysis of
the discordant cases (samples 1 and 2) clearly showed the
presence of an amount of CK19 protein equivalent to micro-
metastasis. Although the possible presence of benign epithelial
cells such as glandular inclusions in the lymph nodes cannot be
eliminated, the results may be better explained by the presence
of metastatic foci in the lymph nodes in light of the results of
the specificity study and the amount of CK19 protein
expression. Two other cases (Table 4, samples 5 and 6) were
negative according to the OSNA assay, but were judged positive
for micrometastasis according to three-level histopathology.
These two cases showed metastatic foci of 0.3 and 0.4 mm.
Therefore, the amount of metastatic foci in blocks a’ and ¢ used
for the OSNA assay cannot be estimated exactly. Indeed, in
sample 5, the quantitative Western blot analysis of CK19
protein showed no expression of CK19 protein (Table 4).

The results of the clinical study indicate that using one-half of
a lymph node in the OSNA assay gave nearly the same results as
the three-level histopathology. It became clear in the clinical
study conducted at six facilities that the OSNA assay is rapid
enough to be done during surgery. Furthermore, the assay
would be convenient and objective compared with the intra-
operative immunohistochemistry-based histopathologic exam-
ination, which is usually done by an experienced pathologist
(42, 43).
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