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Abstract

Introduction

To detect a small number of malignant cells, we used a highly sensitive detection

system that measures the expression levels of cytokeratin 19-mRNA by

reverse-transcription loop-mediated isothermal amplification (RT-LAMP).

Materials and methods

We evaluated the clinical relevance of our novel diagnostic method with an

RT-LAMP assay using cytokeratin 19 as a target gene for the detection of free cancer

cells in peritoneal lavage, and assessed the clinical significance of the molecular

diagnosis by survival analysis and frequency of recurrence, with a median follow-up

period of 39 months. We observed 52 patients with gastric cancer who underwent

gastrectomy, bypass operation and exploratory laparotomy.

Results

Those 52 patients, who were subjected to both RT-LAMP and cytological

examination, were divided into the following three groups: (1) patients who were

positive by cytology and RT-LAMP (CY+/LAMP+) (n = 9), (2) patients positive by

LAMP and negative by cytology (CY-/LAMP+) (n = 12), and (3) patients negative by



both cytology and LAMP  (CY-/LAMP-) (n = 31). All patients with simultaneous

peritoneal dissemination and positive cytology were positive on RT-LAMP. The results

of RT-LAMP were statistically significant for recurrence by univariate analysis

(P<0.005). Cytology-positive cases had a very poor prognosis, and RT-LAMP-positive

cases had a worse prognosis than RT-LAMP-negative cases.

Conclusion

Our findings suggest that CK-19 RT-LAMP would be useful as an intraoperative

diagnostic modality in order to detect patients with a high risk of recurrence even after

clinically curative surgery, who thus require proper adjuvant therapy.
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Introduction

Peritoneal carcinomatosis is the most frequent pattern of recurrence in patients
with gastric cancer 2. The prognosis of patients with advanced gastric cancer invading
the gastric serosa is very poor even after curative resection, mainly because of the high
incidence of peritoneal recurrence . Recurrence with this pattern is most likely caused
by the presence of free cancer cells in the abdominal cavity exfoliated from the serosal
surfaces of the primary gastric tumor ¥. Therefore, detection of such micrometastatic
cells in the peritoneal cavity is likely to be a useful tool in the selection of
intra/post-operative chemotherapy as well as for predicting the outcome of such therapy
in these cases . In this regard, cytologic examination of lavage fluid obtained at the
time of surgery is a conventional method for detecting free cancer cells in peritoneal
space. However, the sensitivity of this assay has been reported to be relatively low,
ranging from 19% to 30% in gastric cancer invading the serosa ¢9. As a result, some
patients with negative cytology have nevertheless developed peritoneal recurrence.
Therefore, there is an urgent need for more sensitive methods to detect micrometastasis
in the peritoneal cavity. To detect small numbers of malignant cells among the
cytologically negative cases, we developed a highly sensitive detection system that

measures the expression levels of cytokeratin (CK) 19-mRNA by reverse-transcription



loop-mediated isothermal amplification (RT-LAMP). The RT-LAMP method is a new
method of gene amplification, the efficacy of which has been reported'®*V. The reaction
is accelerated by the use of two additional loop primers (called Loops F and B) V). The
LAMP method can be conducted simultaneously with reverse transcription from mRNA
(reverse transcriptase-LAMP: RT-LAMP) 1919, There are several practical advantages
to the RT-LAMP technique: it requires only simple reaction procedures, the compact
and inexpensive incubator/turbidimeter equipment costs less than $5,000, and less than
1 hr is needed to obtain the final results *-*>. Application of the LAMP technique has
been reported for breast cancer and lung cancer *6-*8), This technique might be one of
the most promising candidates for analyzing the genetic features of samples obtained
during surgery.

CK proteins of the intermediate filaments of epithelial cells have been used as specific
markers for tumor cells of epithelial origin 2%, In the present study, we evaluated the
clinical relevance of a new diagnostic method employing an RT-LAMP assay with
CK19 as the target gene for the detection of free cancer cells in the peritoneal lavage,
and assessed the clinical significance of the molecular diagnosis by survival analysis

and frequency of recurrence.



Materials and methods

Cell lines

A sensitivity assay for detecting a gastric cancer cell line was performed. The human

gastric cancer cell line MKN-45, obtained from the Riken Cell Bank (Institute of

Physical and Chemical Research, Saitama, Japan) was incubated in RPMI-1640

medium containing 10% fetal calf serum (Invitrogen, Carlsbad, CA, USA) at 37°C in

5% COsx.

Patients

Between May 2007 and November 2008, we observed 52 patients (35 males and 17

females; mean age, 67.5 £ 2.8 years) with gastric cancer who underwent gastrectomy

(n=45), bypass operation (n=2) and exploratory laparotomy (n=7) for histologically

proven gastric cancer at the Department of Surgery, Nagasaki University. Written

informed consent for participation in this study was obtained from all patients. All were

followed up for a median of 39 months (range, 6-51 months) or until death. The primary

tumor was resected in 45 of the 52 patients (5 patients had peritoneal dissemination, but

underwent resection of their primary tumor because of the stenosis and bleeding caused

by primary tumor as a pariative treatment) but was unresectable in 7 patients due to

peritoneal dissemination and positive cytology. These 7 patients underwent a bypass



operation or exploratory laparotomy. The resected specimens were histologically
examined by hematoxilin and eosin staining according to the general rules of the
Japanese Classification of Gastric Carcinoma V. Clinicopathological features of the
patients are shown in Table 1.

RT-LAMP reaction

LAMP primers targeting the CK19 cDNA were designed based on a past report 22 (Fig.
1). To quantify and prove the integrity of isolated RNA, we also performed RT-LAMP
for B-actin.

The RT-LAMP method was carried out on 25 pl of the total reaction mixture with a
Loopamp RNA amplification kit (Eiken Chemical Co., Tokyo, Japan) containing 40
pmol each of the forward (FIP) and backward inner primers (BIP), 5 pmol each of the
outer primers F3 and B3, 20 pmol each of the loop primers loop F and loop B, 35 pmol
dNTPs, 20-ul Betamine, 0.5 uM Tris-HCL (pH 8.8), 0.25 uM KCL, 0.25 uM (NH4)SO4,
0.2uM MgS04, 0.2% Tween20, 1.0 ul Enzyme Mix (Bst DNA polymerase and avian
myeloblastosis virus (AMV) reverse transcriptase) and 5 ul RNA at a constant
temperature of 63.5°C for 60 min. Temperature control for the LAMP reaction and
turbidity measurement was achieved using a turbidimeter (LA-200; Teramecs Co.,

Kyoto, Japan) especially developed for DNA analysis by LAMP reaction.



Sensitivity evaluation of RT-LAMP on CK19 mRNA detection

A fundamental experiment was performed to determine the sensitivity of the
RT-LAMP method for detecting gastric cancer cells in peripheral blood mononuclear
cells (PBMCs). Peripheral venous blood was obtained from healthy volunteers. Gastric
cancer MKN-45 cells were serially diluted from 1 x 10° cells to one cell per 1 x 10’
PBMCs. The mRNA was extracted from each cell fraction, and RT-LAMP for CK19
MRNA was performed.
Preparation of peritoneal floating cells

At the beginning of the operation, before the manipulation of the tumor, 400 ml of
physiological saline was introduced into the upper abdominal cavity and recovered after
being gently stirred. Part of the peritoneal lavage fluid was subjected to conventional
cytology after standard Papanicolaou staining, and the remaining fluid was immediately
centrifuged at 2000 rpm for 10 min. The pellets of lavaged fluid were rinsed with
phosphate-buffered saline (PBS), dissolved in RNAlater™ solution (Ambion, Austin,
TX) and stored at -80°C until use.
MRNA extraction

MRNA was extracted using the Dynabeads mMRNA DIRECT kit (Veritas, Tokyo)

according to the manufacturer’s instructions. Briefly, collected cells were lysed by the



Lysis/binding buffer, and the released mRNA,and its poly (A) residue were hybridized
with oligo (dT) conjugated with Dynabeads; then this complex was immobilized onto
the surface of magnetic beads. Contaminating components were washed away by
repeated steps of separation and resuspension in washing buffer. Finally, the purified
MRNA was eluted from the particles.
RT-LAMP on mRNA derived from peritoneal lavage
25 pl of reaction mixture was applied to each reaction. Positive control primers (-actin)
and a negative control mixture (PBMC-derived sample) were employed for all
reactions.
Statistical analysis

All statistical analyses were performed using StatView 5.0 software (SAS Institute,
Cary, NC, USA). The chi-squared test was used to evaluate the correlation between
positive results and clinicopathological factors, and univariate analysis was used to
evaluate the results of RT-LAMP and recurrence. Survival curves were calculated using
the Kaplan-Meier method. Survival curves were compared using the log rank test.

P<0.05 was considered statistically significant.
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Results

Evaluation of the sensitivity of RT-LAMP for identifying gastric carcinoma cell line

As few as 10° MKNA45 cells in 107 normal PBMCs were detectable with the

RT-LAMP procedures targeting CK19 mRNA using extracted mRNA of cell mixtures

lysate (Fig. 2).

Detection of cancer cells in intraoperative peritoneal lavage

The mRNA of B-actin, a housekeeping gene, was detected in all of the present

samples. RT-LAMP reaction diagnosis significantly correlated with lymph node

metastasis, depth of invasion, lymphatic invasion and vessel invasion (Table 2). The

total of 52 patients who were subjected to both RT-LAMP and cytological examination

were divided into the following three groups: (1) patients who were positive by

cytology and RT-LAMP (CY+/LAMP+) (n=9), (2) patients positive by LAMP and

negative by cytology (CY-/LAMP+) (n=12), and (3) patients negative by both cytology

and LAMP (CY-/LAMP-) (n=31). The stage of each groups were showed on Table2.

There were no patients negative by LAMP and positive by cytology; all patients with

simultaneous peritoneal dissemination and positive cytology were positive on RT-LAMP.

Simultaneous peritoneal dissemination at surgery or staging laparoscopy was detected in

12 patients (9 in the group CY+/LAMP+ and 3 in the group CY-/LAMP+). No patients
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with negative RT-LAMP and negative CY status had recurrence after surgery. The

results of RT-LAMP were statistically significant for recurrence by univariate analysis

(P<0.005). Fig. 3 shows the overall survival (Fig. 3A), recurrence-free survival (Fig.

3B) and peritoneal recurrence-free survival (Fig. 3C) curves for the three patient groups

subjected to both RT-LAMP and cytological examination. Fig. 3 shows that

cytology-positive cases had a very poor prognosis and that cases with negative cytology

but positive RT-LAMP had a worse prognosis than that of cases who were

RT-LAMP-negative.
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Discussion
Although the standard surgical lymphadenectomy for gastric cancer has been
established and applied, patients with advanced stages of this cancer continue to face a
poor prognosis. A previous study suggested that the presence of peritoneal free cancer
cells was responsible for the formation of micrometastasis and subsequent extensive
dissemination 229, Cytological examination aimed at the detection of these cells,
therefore, has been generally accepted as the golden criterion for the prediction of
peritoneal recurrence, and this procedure has been incorporated in the Japanese staging
system for gastric cancer 2. However, peritoneal recurrence sometimes occurs in
patients with negative cytology, which indicates the lack of sensitivity of conventional
cytological examination for the prediction of peritoneal recurrence. We believe that it is
difficult to confirm peritoneal metastasis from cytology because of its low sensitivity.
Jung et al. reported that even in patients with clinically diagnosed carcinomatosis with
ascites, only 54% of patients were positive for cytology. 2
Thus, a more sensitive assay for the detection of peritoneal micrometastasis is required.
New, simple and rapid molecular techniques for the detection of target genes have
been developed in recent years, and one of these is the LAMP reaction. This reaction is

a novel approach to the DNA amplification of target sequences, providing high

12



13

sensitivity, specificity and rapidity under isothermal conditions. The LAMP reaction
relies on auto-cycling strand displacement DNA synthesis that is performed with a DNA
polymerase with high strand displacement activity and four specific primers recognizing
six independent sequences. Specifically, it synthesizes a large amount of amplification
products, comprising a mixture of stem-loop DNA and cauliflower-like structures with
multiple loops (except for the loops that are hybridized by the inner primer) and prime
strand displacement DNA. When the target DNA is amplified by LAMP reaction, a
white precipitate derived from magnesium pyrophosphate (a byproduct of LAMP
reaction) is observed 1?; thus, the LAMP method does not require special reagents or
electrophoresis to detect the amplified DNA. Amplification of the targeted gene is
detectable in real-time fashion by an increase of the turbidity of the solution.

CK19 has been shown to be widely expressed by cancer cells of epithelial origin
but not by lymphoid or hematopoietic cells ?®). Among some 20 different isotypes,
CK19 and CK20 are expressed more selectively by mucosal epithelial cells than are the
others 27, It has been reported that CK19 is superior to CK20 in detecting circulating
cancer cells using RT-PCR in peripheral blood from patients with gastric cancer 22,
Thus, this molecule may be a suitable general marker of micrometastasis in peritoneal

lavage of patients with gastric cancer. LAMP primers were generated to detect the

13
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CK19 sequence, and the performance of the RT-LAMP reaction to detect gastric cancer
cells was tested. Only cells of epithelial origin were detected by this technique, with
sensitivity to concentrations as low as one cell per 107 normal PBMCs. CK expression
was observed in the RT-LAMP reaction, presumably due to its high specificity, which
requires the recognition of six independent sequences within the target molecule 22,

The development of a rapid technique for detecting cancer cells in peritoneal
lavage of patients with gastric cancer using the RT-LAMP reaction is herein described.
Among the patients with negative cytology, those with a positive RT-LAMP reaction
had a poorer prognosis than that of those with negative RT-LAMP reaction results. In
three patients, laparotomy was performed preceding the staging laparoscopy to verify
negative cytology and the lack of obvious peritoneal dissemination. However, peritoneal
dissemination was found after open exploration, and further surgery was cancelled. For
all of these patients, the results of the RT-LAMP reaction were positive. As these results
indicated, even when cancer cells are not found by cytology, the RT-LAMP method
could be used to determine the necessity of surgery. Our results demonstrated
significant correlations between the CK19 findings and the depth of cancer invasion, the
presence and extent of lymph node metastasis, and the vessel and lymphatic invasion. In

this sense, CK19 expressed by peritoneal free cancer cells could be a candidate

14
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molecular marker indicating high invasive potential and aggressive behavior in gastric
cancers. It is remarkable that the results of the RT-LAMP method correlated not only
with the peritoneal recurrences but also with other fashions without tumor exposure to
the serosa. Minor diffusion of tumor cells might occur during the migration through the
lymphatic vessels 2%V, and further evaluation would be needed around the origin.

The benefit of adjuvant chemotherapies in solid tumors is known to be related to the
amount of remnant tumor burden. Therefore, patients with positive RT-LAMP without
macroscopic peritoneal dissemination seem good candidates for a cure through
appropriate adjuvant therapy. Kodera et al. reported that postoperative S-1 monotherapy
could make no difference in survival between patients with visible peritoneal deposits
and patients with only positive cytology 2. To improve the prognosis, it is crucial to
identify high-risk patients at a much earlier phase of peritoneal dissemination. As
molecular approaches such as RT-LAMP and RT-PCR analysis have the potential to do
just that, adjuvant therapy could eliminate remnant cancer cells detected only by
molecular diagnosis. Limitations include a small sample size.

The RT-LAMP technique could be performed as an alternative to an intraoperative
cytologic examination. Because of its high sensitivity and rapidity, this method could

provide an opportunity to perform reliable tailor-made surgery for gastric cancers as a

15
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common procedure in general hospitals. However, the present study has some
limitations. First, this study included a too small sample size to assess whether
RT-LAMP positivity could be independent prognostic biomarker in cytology negative
patients. Second, this molecular-based method is known to be concerned with a high
false positive rate. Kodera et al reported that when the cutoff value was set at 0.1 for
CEA mRNA, the false positive rate of CEA RT-PCR exceeded 10%. *¥  To confirm the
efficacy of the RT-LAMP method, additional efforts are necessary to assess the outcome
of the treatment of patients with RT-LAMP-positive peritoneal lavage findings in larger

sample size.

Conclusion
Our findings suggest that CK-19 RT-LAMP would be useful as an intraoperative
diagnostic modality in order to detect potential high-risk patients who may develop
recurrence even after clinically curative surgery, and to guide choices about proper

adjuvant therapy.
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Figure legends

Figure 1: Primer design for detection of CK19 mRNA by RT-LAMP.

Figure 2: Sensitivity analysis of the RT-LAMP method. As few as 10° MKNA45 cells in

10" normal PBMCs were detectable with the RT-LAMP procedures targeting
CK19 mRNA using extracted mRNA of the cell mixture lysate.

Figure 3A: Overall survival curves of patients stratified according to results of cytology
and RT-LAMP. Significant differences between the CY-LAMP- and
CY-LAMP+ groups were found (P<0.05).

Figure 3B: Recurrence-free survival curves of patients stratified according to the results
of cytology and RT-LAMP. Significant differences between the CY-LAMP-
and CY-LAMP+ groups were found (P<0.05).

Figure 3C: Peritoneal recurrence-free survival curves of patients stratified according to
results of cytology and RT-LAMP. Significant differences between the

CY-LAMP- and CY-LAMP+ groups were found (P<0.05).

17
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Figure 1

F3:CCTCCTACCTGGCAAGGT
B3:ATGCGCAGAGCCTGTC
FIP(F1c+F2): TAGTGGCTGTAGTCGCGG
GAAACGGCGAGCTAGAGGAGAA
BIP (B1c+B2):CGGGACAAGATTCTTGGTGCCAAAGT
CATCTGCAGCCAGACG

loopF: AGGCCCCTGCTTCTGGTAC
loopB: CCTGCAGATCGACAATGCC
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Figure 3A

Overall survival of patients
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Figure 3B

Recurrence Ratio

Recurrence-free survival of patients

100

90
80
0
60
50
0
0
20 | | | | |
0 R R B |

*********************************

7777777777777777777

month after surgery



Figure 3C

Peritoneal recurrence-free survival of patients
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Table 1: Clinicopathological factors were determined according to the Japanese

Classification of Gastric Carcinoma

No of patients

Total cases 52
Age(vr) 67.5+2.8
Sex Male/Female 35/17
Depth of tumor invasion M 11
SM 13
MP 6
SS 9
SE, SI 13
Lvmph node metastasis NO 22
N1 13
N2 13
N3 4
Peritoneal metastasis Absent 40
Present 12
Cvtoloay Negative 43
Positive 9
stage
Stage 1A 18
Stage IB 7
Stage Il 8
Stage 111 4
Stage IV 15

M, mucosa; SM, submucosa; MP, muscularis propria; SS, subserosa;

SE, serosa exposed; Sl, serosa infiltrating.



Table 2: Correlation between RT-LAMP diagnosis of peritoneal lavage and

clinicopathological parameters and the stage of each gourps.

Expresson of CK19

MRNA (RT-LAMP)
Positive Negative P-value
No of patients 21 31
Sex Male 14 21 N.S.
Female 7 10
Age (yr) 62.45 67.8 N.S.
M 0 11
SM 0 13
Depth of tumor invasion ~ MP 3 3 0.00001
SS 6 3
SE,SI 12 1
Lymph node metastasis - 3 23 0.00002
+ 18 8
Lymphatic invasion - 1 16 0.0091
+ 11 15
Vessel invasion - 1 18 0.0033
+ 11 13




M, mucosa; SM, submucosa; MP, muscularis propria; SS, subserosa;

SE, serosa exposed; Sl, serosa infiltrating.

CY+/LAMP+ (n=9) stage IV; n=9
CY-/LAMP+ (n=12) stage Il; n=4, stage Ill; n=3, stage IV; n=5

CY-/LAMP- (n =31) stage IA; n=19, stage IB; n=6, stage Il; n=4, stage Ill; n=2
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