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Abstract Aim: To evaluate the utility of a multigene real-time reverse transcriptase polymerase chain reaction (RT-PCR)
assay to detect circulating tumor cells in peripheral blood specimens of breast cancer patients during or after
treatment.

Method: Using this assay, peripheral blood samples were analyzed for expression levels of mammaglobin and
three complementary transcribed breast cancer-specific genes: B305D, y-aminobutyrate type A receptor T
subunit (GABA 1; GABRP), and B726P. We examined 172 blood specimens from 82 breast cancer patients
during or after therapy for the presence of circulating tumor cells using the multigene real-time RT-PCR assay.
Results: In 63.4% of the blood samples, a positive signal for mammaglobin and/or three breast cancer-associated
gene transcripts was detected. Of breast cancer patients, 75.6% had at least one positive blood sample. Blood
specimens from 51 of 53 healthy female volunteers tested negative in the assay whereas two samples had a low
expression signal. In addition, three patients were monitored for more than a year during their adjuvant therapy
treatment.

Conclusion: This assay could be a valuable tool for monitoring breast cancer patients during and after therapy.

Disseminated tumor cells are considered the main cause for
disease progression and metastatic relapse after treatment in breast
cancer. Histological and immunological protocols are routinely
used to detect metastatic cancer cells in lymph node and more
recently in bone marrow specimens.!!! In addition to conventional
pathology procedures, polymerase chain reaction (PCR) has been
proposed as a sensitive tool to detect micrometastatic cells.?! A
continuously growing number of studies have demonstrated the
use of reverse transcriptase (RT)-PCR to detect neoplastic mam-
mary cells in sentinel and axillary lymph nodes, in bone marrow,
and in peripheral blood. Several RNA markers have been de-
scribed, including tumor-associated transcripts (e.g. carcinoem-

bryonic antigen [CEA]B)), transcripts of epithelial tissue-specific
genes (e.g. cytokeratin 19 and 20 [KRTI9; KRT20]*), mucin
family members (e.g. MUCI"), and the breast tissue-specific gene
mammaglobin (h(MAM, SCGB2A2).1°) To date, mammaglobin is
the most promising molecular marker for breast cancer because of
its high specificity and absence of background expression in
normal hematopoietic tissues.[®”! Mammaglobin was first identi-
fied by Watson and colleagues in 199681 as a mammary tissue-
specific member of the uteroglobin gene family. The uteroglobin/
Clara cell protein family consists of small epithelial secretory
proteins and has recently been named secretoglobins, with current-
ly 23 known family members.”? All six human member genes are
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localized on chromosome 11 and form a dense cluster.['”) Mam-
maglobin!'!1?] is known to be overexpressed in 70-80% of prima-
ry and metastatic breast tumor specimens.!!3-1°1 Additional marker
genes could be utilized to increase detection sensitivity for breast
tumor cells. Our group identified three genes, B305D, y-ami-
nobutyrate type A receptor © subunit (GABA m; GABRP), and
B726P, which complement the expression profile of mam-
maglobin in breast cancers.'®!”! The novel gene designated as
B305D is predicted to encode a type II membrane protein. GABA
7 is a member of the GABA A receptor family.['81 B726P is a novel
gene located on chromosome 10 with several different putative
open reading frames yielded by mRNA splicing. One of these
splice forms, referred to as NY-BR-1, has been recently identified
using reactivity with autologous breast cancer patient sera.l!!

Recently, we described the development of a multigene real-
time RT-PCR assay detecting the expression profiles of mam-
maglobin and these three genes simultaneously in order to increase
detection sensitivity for breast cancer cells.?%?!1 We showed the
application of this assay in breast cancer lymph node analysis with
high specificity and sensitivity in all tissue samples tested.”%! In
addition, we demonstrated the ability of this assay to detect
circulating tumor cells in peripheral blood in 77% of untreated
Senegalese breast cancer patients.?!

The aim of the current study was to test the application of this
assay in a clinical oncology setting for its ability to detect and
monitor tumor cell levels in patient specimens during or after
adjuvant therapy. We received 172 peripheral blood specimens
from 82 breast cancer patients, and these were enriched for circu-
lating tumor cells by CD45 depletion, and analyzed using the
multigene real-time RT-PCR assay.

Materials and Methods

Patients

Breast cancer patients at the Swedish Medical Center (Seattle,
WA, USA) and at the Good Samaritan Cancer Center (Puyallup,
WA, USA) participated in this study. Written informed consent
was obtained in compliance with the Human Subjects Institutional
Review Boards of the Swedish Medical Center and the Western
Institutional Review Board. Fifty-three blood samples from
healthy women with an average age of 38.5 (range 26-59) years
were collected through an in-house blood donor program with
Western Institutional Review Board approval.
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Blood Processing and Multigene Real-Time
RT-PCR Analysis

Patients’ blood (10mL) was drawn into EDTA-containing vac-
cutainers and processed within 3 hours. Tumor cell enrichment,
RNA extraction, cDNA synthesis, and multigene real-time RT-
PCR were performed as previously described.?!! Results were
reported as positive if any expression signal was detected by
multigene real-time RT-PCR analysis, and quantitative multigene
copy numbers were determined using DNA calibrator dilutions
containing plasmid standards for all four genes. PCR products of

Table I. Clinical information on breast cancer patients from whom peripher-
al blood specimens were taken

Parameter No. of patients (%)

Age
Average 60.2 (range 37-102) years

Carcinoma type

Invasive ductal 71 (86.6)
Invasive lobular 5 (6.1)
Inflammatory 2 (2.4)
Lobular in situ 1(1.2)
Ductal in situ 1(1.2)
Intraductal, comedo 1(1.2)
Unknown 1(1.2)
Stage

I 20 (24.4)
1I-1V, no current metastasis 36 (43.9)
IV, current metastasis 26 (31.7)
Current treatment

Chemotherapy 8 (34.1)
Hormone therapy 0 (12.2)
Chemotherapy + hormone therapy 4 (17.1)
Chemotherapy + Herceptin 3 (3.7)
No treatment 17 (20.7)
Unknown 10 (12.2)
Consecutive specimens

Single 55 (67.1)
2 8 (9.8)
3 9 (11)
4 4 (4.9)
6 2 (2.4)
9 1(1.2)
10 1(1.2)
13 1(1.2)
14 1(1.2)
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Table Il. Multigene real-time RT-PCR analysis of peripheral blood samples
from 82 breast cancer patients and 53 healthy donors

Patient origin of blood No. of Multigene Average
samples patients assay positive multigene copies
[no. patients (range)
(%)]
Breast cancer patients total 82 62 (75.6) 49.4 (0-2201.8)
No current metastasis, 20 13 (65) 4.2 (0-29.1)
disease stage |
No current metastasis, 36 26 (72.2) 16.5 (0-229.2)
disease stage II-1V
Current metastasis, disease 26 23 (88.5) 129.6 (0-2201.8)
stage IV
Normal healthy donors 53 2 (3.8) 0.07 (0-2.6)

specimens that tested positive were analyzed by agarose gel elec-
trophoresis and the identity of the expressed tumor marker gene
was determined by amplicon size (as described previously).!!

Results

From October 2001 until July 2003 we received 172 peripheral
blood samples from 82 breast cancer patients attending two local
clinics. For 55 patients, samples were collected during therapy,
and for 17 patients, samples were collected after therapy (currently
no treatment). For ten patients, the treatment status was unknown.
Patient clinical information, and the number of consecutive speci-
mens collected from breast cancer patients, are listed in table I.

A multigene signal was detected by real-time analysis in 63.4%
of the 172 total blood specimens. Blood samples from 62 of 82
individual breast cancer patients (75.6%) tested positive by the
real-time multigene RT-PCR. An average expression signal of
49.4 multigene copies (range 0-2201.8 multigene copies) was
detected in the 82 patients (table II, figure 1). An average expres-
sion signal of 4.2 copies was detected in 13 of 20 patients (65%)
with stage I breast cancer and no current metastasis, whereas 26 of
36 patients (72%) with stage II-1V disease and no current evidence
of metastasis tested positive with an average copy number of 16.5.
In 23 of 26 patients (88.5%) with current metastatic disease, an
average expression signal of 129.6 copies was detected. In addi-
tion, we tested peripheral blood specimens of 53 healthy female
donors as controls. Only two samples tested positive for mam-
maglobin expression by gel electrophoresis with real-time multi-
gene copy numbers of 2.6 and 1.1, respectively. One of the
positive donors was pregnant, in her first trimester.

Two patients (Cr009 and Cr072) were monitored over the
treatment time course of 17 months and one patient (Cr118) for 25
months. Peripheral blood specimens were received from patient
Cr118 with invasive ductal carcinoma and bone recurrence during
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the treatment course from 24 April 2001 until 28 May 2003 (figure
2). The first three blood draws from April 2001 until February
2002 tested negative for circulating tumor cells using the multi-
gene real-time RT-PCR assay. Until January 2003, the bone recur-
rence was stable and treated with hormone therapy (table III).
Metastatic spread to the liver was diagnosed in March 2003 and
treatment was changed to chemotherapy. Metastatic disease pro-
gression continued and the chemotherapy regimen was changed in
May 2003. A signal was detected by the multigene real-time RT-
PCR assay and a mammaglobin amplicon was identified by
agarose gel electrophoresis in the blood specimen from June 2002,
8 months before diagnosis of liver metastasis. The expression level
detected by the multigene real-time RT-PCR assay increased in
the two subsequent blood draws in July and October 2002. Inter-
estingly, CA-27.29 antigen levels were also elevated from 17.2 to
54.8 units/mL in this timeframe. From January until May 2003,
positive multigene real-time RT-PCR assay results were indicative
for the presence of circulating tumor cells, whereas the multigene
expression signal increased significantly during the two draws in
May. The breast cancer-specific gene transcript detected changed
from mammaglobin alone to GABRP on 20 May 2003 and GABRP
+ mammaglobin on 28 May 2003. The change in gene expression
occurred after chemotherapy was changed on 13 May 2003.

Blood samples from patient Cr072 with stage IV invasive
ductal carcinoma were analyzed for breast cancer-specific gene
expression by the multigene real-time RT-PCR assay from Octo-
ber 2001 to March 2003 (figure 3). The patient received several
courses of chemotherapy for the treatment of liver and bone
metastasis and was diagnosed with stable disease in October 2001
and with disease progression in November 2001 (table IV). No
signal was detected by the multigene real-time RT-PCR assay in
the first peripheral blood specimen from October 2001; however,
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Fig. 1. Real-time multigene RT-PCR analysis of breast cancer patient
blood samples. mets = metastases.

Mol Diag Ther 2006; 10 (1)



44

Zehentner et al.

1000 1 @ CA-27.29
B Multigene copies

100 A

10 4
o
ke]

1 4

0.1

0.01 -

3/4/03 -
4/1/03

o
Q
)
©
&

4/24/01
05/29/01
6/25/02
07/23/02 A
10/1/02 -
1/28/03 -
3/25/03
5/13/03 A
5/20/03
5/28/03 -

Fig. 2. Treatment course of breast cancer patient Cr118, with invasive

ductal carcinoma and bone recurrence.

the following specimen in October tested positive by the multi-
gene assay, and mammaglobin expression was identified by gel
electrophoresis. Serum CA-27.29 level was also elevated from 9.3
to 27.7 units/mL in the two October blood specimens. Chemother-
apy was changed and the disease status was stable from February
2002 until July 2002. No multigene expression signal was detected
by real-time PCR in the next two blood samples in February and
March of 2002; however, the specimen analyzed on 12 March
2002 tested positive, 6 months prior to disease progression in
September 2002. Significantly, no change was detected in CA-
27.29 and CEA sera levels (data not shown), whereas the mul-
tigene expression signal was elevated in September 2002 and

January 2003 as disease progressed.

Positive multigene expression signals were indicative for circu-
lating tumor cells in all blood specimens from patient Cr009 who
had invasive ductal carcinoma and disease recurrence in liver and
bone (figure 4). Both B726P and mammaglobin transcripts were
detected by gel electrophoresis after multigene real-time RT-PCR
analysis in specimens prior to chemotherapy change in March
2002 (table V). Analysis of subsequent samples demonstrated
mammaglobin expression only. The expression signal rose from
0.2 copies on 9 July 2002 to 318.3 copies on 21 January 2003.
Similarly, CA-27.29 serum levels were increased from 63 in July
2002 to 261 in January 2003. In March 2003 the patient died.

Discussion

In this study, we examined the application of our previously
described multigene real-time RT-PCR assay to detect circulating
breast tumor cells in the blood of breast cancer patients during and
after therapy. Whereas our previous studies demonstrated the
complementary expression of mammaglobin and three novel
breast cancer tumor marker genes in primary cancers!'® and in
metastatic lymph node specimens,’?” and the ability of a multigene
real-time RT-PCR assay to detect circulating tumor cells in un-
treated Senegalese breast cancer patients at the time of diagno-
sis,!?! the data presented in this article outline the application of
this assay to detect and monitor circulating tumor cell loads in
peripheral blood of US breast cancer patients during or after
treatment.

Table lll. Treatment course of breast cancer patient Cr118, with invasive ductal carcinoma with bone recurrence

Date Multigene assay Clinical information CA-27.29 Treatment
copies gene (units/mL)

24 Apr 01 0 - Recurrent bone, stable ND Hormone

29 May 01 0 - Recurrent bone, stable ND Hormone

5 Feb 02 0 - Recurrent bone, stable 17.2 Hormone

25 Jun 02 0.83 SCGB2A2 Recurrent bone, stable 22.7 Hormone

23 Jul 02 2.37 SCGB2A2 Recurrent bone, stable 24.6 Hormone

1 Oct 02 73.63 SCGB2A2 Recurrent bone, stable 54.8 Hormone

28 Jan 03 16.10 SCGB2A2 Recurrent bone, stable 197.4 Hormone

4 Mar 03 11.10 SCGB2A2 Progression to liver, bone 314.7 Chemotherapy
25 Mar 03 17.79 SCGB2A2 Recurrent liver, bone 430 Chemotherapy
1 Apr 03 8.40 SCGB2A2 Recurrent liver, bone 434.9 Chemotherapy
13 May 03 19.25 SCGB2A2 Progression 671.1 Changed chemotherapy
20 May 03 52.72 GABRP Progression 571.1 Chemotherapy
28 May 03 198.58 GABRP + Progression 524 Chemotherapy

SCGB2A2

GABRP = y-aminobutyrate type A receptor © subunit (GABA =); ND = not done; SCGB2A2 = mammaglobin; — indicates no amplicon detected by gel

electrophoresis.
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Fig. 3. Treatment course of patient Cr072, with invasive ductal carcinoma
and recurrent disease in the liver and bone.

We tested 172 blood specimens originating from 82 breast
cancer patients. Of all blood specimens, 63.4% tested positive for
circulating tumor cells by real-time RT-PCR, whereas 75.6% of
the breast cancer patients had a positive blood sample. Analyzing
multiple blood draws from single patients increased the sample
reactivity by 12%. One reason could be that multiple blood sam-
ples increase the likelihood of detecting micrometastasis in the
blood. In addition, response to treatment could cause fluctuating
levels of disseminated tumor cells in the bloodstream.

Different levels of multigene expression were detected in pa-
tients who had stage I or stage II-1V disease with no evidence of
metastasis compared with patients with current metastatic disease.
The average real-time multigene signals detected in patients with
metastatic disease were 8 times higher than those occurring in
patients with stage II-IV disease and no evidence of metastasis,
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and 30 times higher than in stage I patients with no evidence of
metastasis. In addition, the multigene assay detection rate in-
creased with stage and presence of metastasis. A positive expres-
sion signal indicating circulating tumor cells was detected in 65%
of stage I patients with no current disease, in 72% of stage II-IV
patients with disease but no metastasis, and in 88.5% of patients
with current metastatic spread. Peripheral blood samples of 51
healthy female volunteers tested negative in the assay; however, a
low real-time multigene expression signal was detected in two
control donors. One donor who tested positive was pregnant, in the
first trimester. It is possible that hormonal changes influencing cell
proliferation in the breast tissue during pregnancy may lead to
upregulation of mammaglobin expression and, in addition, to cell
dissemination in the bloodstream. Further specimens from preg-
nant and breastfeeding women have to be examined to investigate
this relationship.

We were able to monitor the presence of circulating tumor cells
using the multigene real-time RT-PCR assay during the course of
treatment of three patients for 17 (two patients) and 25 months. In
two patients (Crl118 and Cr072), the occurrence of circulating
tumor cells preceded disease progression and observation of addi-
tional metastasis. In one patient the upregulation of multigene
copy numbers correlated with the elevation of CA-27.29 levels
(Cr118). Interestingly, CA-27.29 levels were not indicative of
disease progression in one patient (Cr072), whereas multigene
copy numbers were significantly elevated. This finding demon-
strates the potential application of circulating tumor cell detection
to evaluate treatment response, in cases where conventional serum

Table IV. Treatment course of breast cancer patient Cr072 with invasive ductal carcinoma and recurrent disease in the liver and bone

Date Multigene assay Clinical information CA-27.29 Treatment
copies gene (units/mL)

2 Oct 01 0 - Stable 9.3 Chemotherapy

9 Oct 01 0.10 SCGB2A2 Stable 27.7 Chemotherapy

3 Nov 01 ND ND Progression ND Changed chemotherapy
5 Feb 02 0 - Stable 50.8 Chemotherapy

5 Mar 02 0 - Stable 55.8 Chemotherapy

12 Mar 02 51.23 SCGB2A2 Stable 67.5 Chemotherapy

2 Apr 02 5.59 SCGB2A2 Stable 78.2 Chemotherapy

18 Jun 02 1.62 - Stable ND Chemotherapy

25 Jun 02 2.60 B726P Stable 61.6 Chemotherapy

9 Jul 02 0 - Stable 48.1 Chemotherapy

23 Jul 02 0.14 SCGB2A2 Stable 55.1 Chemotherapy

24 Sep 02 72.04 SCGB2A2 Progression 56.1 Changed chemotherapy
21 Jan 03 652.77 SCGB2A2 Progression 28.1 Chemotherapy

4 Mar 03 2.94 B726P Progression 42.7 Chemotherapy

ND = not done; SCGB2A2 = mammaglobin; — indicates no amplicon detected by gel electrophoresis.
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Fig. 4. Treatment course of patient Cr009, with invasive ductal carcinoma
and recurrent disease in the liver and bone. Original diagnosis in 1994 was
stage Il TIN1MO.

markers do not correlate with disease progression. In a recent
study, Weigelt et al.l??) showed that the presence of circulating
tumor cell mRNA in peripheral blood predicts significantly short-
ened survival. Ninety-four breast cancer patients with metastatic
disease were studied using real-time RT-PCR assays for four
genes (KRT19, pIB, PS2, TACSTDI); however, circulating tumor
cells could be detected in only 31% of patients.

Moreover, it is interesting to note that in two patients a change
of gene expression in the circulating tumor cells was detected after
the chemotherapy regimen was altered. Therefore, the detection
and molecular analysis of micrometastatic cells could provide an
important tool to assess the status of residual disease for future
individualized antibody and vaccine therapy applications. In pa-
tient Cr072, mammaglobin expression was detected by gel electro-
phoresis in six of nine specimens that tested positive by the
multigene real-time RT-PCR. In two specimens, B726P expres-
sion was detected instead of mammaglobin. One potential expla-

nation for the difference in detected gene expression could be that
the circulating breast tumor cells expressed both B726P and mam-
maglobin mRNA; however, only the dominant amplification prod-
uct was detected by gel electrophoresis. In addition, potential
clonal selection due to therapy could also cause changes or specif-
ic loss in the tumor marker expression profile.

Conclusion

In summary, this current study demonstrates the utility of the
mammaglobin multigene real-time RT-PCR assay to detect circu-
lating tumor cells in breast cancer patients after or during treat-
ment and its potential application for monitoring therapy. We
recently reported data generated with peripheral blood specimens
from Senegalese breast cancer patients using the multigene mam-
maglobin PCR assay in combination with a mammaglobin sand-
wich ELISA.?2Y The sensitivity of the multigene real-time PCR
assay was slightly higher in our previous study (77%), which can
be explained by the fact that the Senegalese patient population was
not treated by chemotherapy at the time of testing. We conclude
that the described mammaglobin multigene real-time RT-PCR
assay might be a valuable tool to detect and monitor circulating
breast cancer tumor cells. As shown recently by Cristofanilli and
colleagues?! in a prospective, multicenter study, circulating tu-
mor cells are the most significant predictors of progression-free
and overall survival in metastatic breast cancer.
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Table V. Treatment course of breast cancer patient Cr009 with invasive ductal carcinoma and recurrent disease in the liver and bone. Original diagnosis in

1994 was stage Il TINTMO

Date Multigene assay Clinical information CA-27.29 Treatment
copies gene (units/mL)
2 Oct 01 1.92 B726P + SCGB2A2 Stable 45.9 Chemotherapy
9 Oct 01 0.10 B726P + SCGB2A2 Stable 61.4 Chemotherapy
19 Mar 02 ND ND Disease progression ND Changed chemotherapy
2 Apr 02 0.14 SCGB2A2 Improved 113.5 Chemotherapy
9 Jul 02 0.20 SCGB2A2 Mild progression ND Changed chemotherapy
23 Jul 02 ND ND Improved 63.3 Chemotherapy
1 Oct 02 47.71 SCGB2A2 Progression 96.3 Chemotherapy
15 Oct 02 ND ND Progression 105.3 Chemotherapy
21 Jan 03 318.34 SCGB2A2 Progression 260.7 Chemotherapy
13 Mar 03 Patient died

ND = not done; SCGB2A2 = mammaglobin.
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