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Abstract
Ribonucleotide reductase 1 (RRM1) is a determinant of gemcitabine efficacy in non-small cell
lung cancer and pancreatic cancer. We investigated the protein levels of RRM1 and two other
DNA repair enzymes, ERCC1 and BRCA1, in 55 metastatic breast cancer (MBC) patients
undergoing gemcitabine-based chemotherapy. With automated in situ protein quantification
(AQUA v1.6), the average scores for RRM1, ERCC1 and BRCA1 ranged from 245.6–2,774.1,
74.0–410.3 and 54.4–1,833.1, respectively. They were significantly associated with each other
(Spearman’s rho ≥ .36; P ≤ 0.007). Given their pattern of distribution, RRM1 and BRCA1 are
potentially suitable markers for clinical decision making in MBC.
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INTRODUCTION
Breast cancer is the most frequently diagnosed cancer in women in western countries, and it
is the second most frequent cause of cancer-related deaths [1, 2]. Despite recent
improvements in the diagnosis and management of early disease, approximately 50% of
women with breast cancer will develop distant metastases [3]. Metastatic breast cancer
(MBC) is a molecularly heterogeneous disease. While therapeutic response has a significant
impact on survival, it cannot be precisely predicted [4, 5]. The identification of women that
will benefit from palliative chemotherapy would allow physicians to deliver effective
treatments to sensitive patients, while preventing others from suffering the side effects of
inactive drugs. To date, estrogen receptor (ER)-α, progesterone receptor (PgR) and HER2
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represent the only biomarkers used in clinical practice to aid treatment decisions in both
early and metastatic disease. Although several other markers are being investigated, none
have been sufficiently validated for inclusion into routine clinical practice [6–7].

Gemcitabine (2',2'-difluorodeoxycytidine [dFdC]) is a cell-cycle specific antimetabolite
recently approved in combination with taxanes for the treatment of MBC patients pretreated
with anthracyclines [8]. Its mechanism of action is well characterized [9]. Intracellularly,
gemcitabine is converted into two active metabolites, gemcitabine diphosphate (dFdCDP)
and gemcitabine triphosphate (dFdCTP). As gemcitabine triphosphate competes with
deoxycytidine triphosphate (dCTP) for incorporation into DNA during replication, which
leads to termination of chain elongation, gemcitabine diphosphate inhibits subunit 1 of
ribonucleotide reductase (RRM1), the key enzyme for the production of deoxynucleotides.
Preclinical studies in multiple model systems have shown that increased tumoral expression
of RRM1 is the major determinant of resistance to gemcitabine [10–13]. In addition, low
RRM1 levels have been reported to correlate significantly with tumor response in non-small
cell lung cancer (NSCLC) patients treated with gemcitabine-based chemotherapy and
pancreatic cancer patients treated with gemcitabine alone [12, 13]. To date, the relationship
between RRM1 expression and sensitivity to gemcitabine has not been addressed in breast
cancer.

In the present study we evaluated RRM1 protein expression in a population of MBC patients
treated with gemcitabine-based chemotherapy and studied its association with clinical
outcome. In addition, we measured the levels of the excision repair cross-complementation
group 1 (ERCC1) protein, given the statistically significant relationship between RRM1 and
ERCC1 in NSCLC [12, 14–18]. We also investigated the expression of breast and ovarian
cancer susceptibility gene 1 (BRCA1) in view of its emerging role as a marker of sensitivity
to chemotherapy in breast cancer [19].

MATERIALS AND METHODS
All data and tumor specimens were collected at the Regina Elena Cancer Institute, Rome,
Italy. Analyses of in situ protein expression of RRM1, ERCC1 and BRCA1 and statistical
evaluations were done at the Moffitt Cancer Center, Tampa, Florida. The study was
approved by the local Ethics Committee of the Regina Elena Cancer Institute, and all
patients gave written informed consent for marker analyses.

Patients
Fifty-five consecutive MBC patients eligible for gemcitabine-based chemotherapy were
included and followed prospectively. All patients had histologically confirmed diagnoses of
breast cancer pretreated with anthracyclines. Treatment consisted of gemcitabine given in
combination with paclitaxel or docetaxel in taxane-naïve patients or pegylated liposomal
doxorubicin in patients who had received prior taxanes. In all cases, disease progression
following the most recent treatment prior to gemcitabine-based chemotherapy was
documented. No more than 1 line of chemotherapy for metastatic disease were allowed. The
presence of at least one measurable lesion, performance status ≤ 2, life expectancy > 3
months and adequate hematological, hepatic and renal function were inclusion criteria. For
staging evaluations, computed tomography scans of the chest and abdomen and
mammography were mandatory. Patients with asymptomatic and/or controlled brain
metastases were eligible. Patients with HER2 positive tumors [3+ by immunohistochemistry
(IHC) on the HercepTest (Dako A/S) or 2+ by IHC and dual color fluorescence in situ
hybridization (FISH; PathVision HER2 DNA Probe Kit, Vysis, Inc.) positivity] were also
eligible, provided they had progressed after at least one trastuzumab-based therapy for
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metastatic disease. Only patients receiving at least 2 cycles of gemcitabine-based
chemotherapy were considered in the study.

Tissue microarray construction
Formalin-fixed tissue embedded in paraffin (FFPE) obtained at the time of diagnosis was
used for construction of a tissue microarray (TMA). Whole tissue sections were stained with
hematoxilin and eosin, and representative tumor areas were marked. Triplicate tissue cores
with a diameter of 0.6 mm were punched and randomly arrayed into a recipient block using
a tissue arrayer (Beecher Instrument, Silver Spring, MD). Sections of 5 µm thickness were
cut, transferred using tape to 4x adhesive-coated slides (Instrumedics, Hackensack, NJ) and
exposed to UV light for 30 seconds to enhance adherence.

In situ detection and quantification of RRM1, ERCC1 and BRCA1 protein expression
Immunofluorescence combined with automated quantitative analysis (AQUA) was used to
assess in situ expression of the target molecules [20]. Antigens were retrieved by microwave
oven treatment for 15 minutes. The slides were blocked for 30 minutes with 0.3% BSA and
then incubated overnight at room temperature with the primary antibodies. For RRM1
analysis a custom antiserum was used (R1-AS6b, 1:400) [14], while commercially available
antibodies were used for the detection of ERCC1 (mouse clone SPM243, 1:200, Santa Cruz
Biotech) and BRCA1 (mouse clone MS110, 1:30, Calbiochem). For identification of breast
cancer cells, pancytokeratin antibodies were used (anti-human pancytokeratin AE1/AE3,
1:200, #M3515 and #Z0622, Dako Cytomation). Slides were washed and incubated with 2
different secondary antibodies for 1 hour (Envision labeled polymer-HRP anti-mouse
#K4007 and anti-rabbit antibody #K4011; Alexa 555 goat anti-rabbit, #A21429 and Alexa
555 mouse anti-rabbit #A21424, 1:200, Dako Cytomation). For fluorescence amplification,
slides were exposed to Cy5-Tyramide (1:50) for 10 minutes at room temperature. They were
mounted with Prolong Gold antifade reagent with DAPI (4´-6-diamino-2-phenylindole)
mound solution. The final slides were scanned with SpotGrabber and image data were
analyzed with AQUA (PM-2000, version 1.6, HistoRx, New Haven, Conn). The maximal
range of AQUA scores with version 1.6 is 0–33,333; the observed range for the proteins
evaluated was 0–4,096.

Statistical methods
This study was prospectively designed to find a correlation between RRM1 expression and
response to treatment. Assuming a response rate of 50%, 55 pts give a power of 80% to
identify a difference of about 40% between patients with high and low tumoral RRM1
levels. The expression of ERCC1 and BRCA1 were assessed retrospectively.

The distributions of the expression data were examined using descriptive graphical and
numerical statistics and the Anderson-Darling statistic. Due to the departure from normality,
non-parametric methods were used to analyze the data. Spearman’s correlation coefficient
was used to assess the correlation between RRM1, ERCC1 and BRCA1. For two group
comparisons, the Wilcoxon rank sum test was used and for multi-group comparisons the
Kruskal-Wallis test was used. Survival curves were estimated by the Kaplan-Meier method,
and the log-rank test was used to assess differences among curves.

Disease response was categorized as progressive disease (PD), stable disease (SD), and
partial remission (PR) according to RECIST [21]. Progression-free survival (PFS) was the
time elapsed from the date of first gemcitabine-based treatment to the date of first evidence
of disease progression or death. Overall survival (OS) was the time elapsed from the date of
first gemcitabine-based treatment to the date of death. Patients without an event were
censored at the last date of follow-up (April 2008).
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RESULTS
Patients characteristics

Fifty-five patients were enrolled from a single institution from September 2004 to December
2007 (table 1). The median age was 54 years (range 35–78). All patients had received prior
anthracyclines, and 9 (16.5%) had received prior taxanes. Twenty-two patients (40%) were
chemonaïve for metastatic disease. Treatment consisted of gemcitabine plus a taxane in 46
(83.5%) patients and gemcitabine plus pegylated liposomal doxorubicin in 9 (16.5%)
patients.

In situ RRM1, ERCC1 and BRCA1 protein expression
In situ RRM1, ERCC1 and BRCA1 protein expression was determined in a TMA containing
triplicates of 55 tumor samples for a total of 165 spots on the same array. Table 2 lists the
breast cancer specimens used to construct the TMA.

Figure 1 shows the distribution of RRM1, ERCC1 and BRCA1 values. Replicate sample
scores were averaged to produce a single score for each patient and marker. For RRM1,
these scores ranged from 245.6 to 2,774.1 with a median of 1,290.3 (mean 1,237.0; standard
deviation 500.5). For ERCC1, the scores ranged from 74.0 to 410.3 with a median of 226.4
(mean 229.7; standard deviation 66.1). For BRCA1, the scores ranged from 54.4 to 1,833.1
with a median of 771.6 (mean 794.2; standard deviation 385.0). In all cases, the pattern of
marker expression was nuclear (figure 2–4).

A statistically significant correlation was found between RRM1 and ERCC1 protein levels
(rho = .4030, p = 0.0024). Similarly, BRCA1 levels were significantly correlated with
RRM1 (rho = .6580, p < 0.0001) and ERCC1 levels (rho = .3600, p = 0.0071).

No statistically significant associations were observed between each marker and the
following variables: age (≥ vs < 50 years), tumor stage at diagnosis (localized vs advanced),
histology (ductal vs other), hormone receptor status (positive vs negative), HER2 status
(positive vs negative), presence of visceral disease (yes vs no) and pretreatment for
metastatic disease (yes vs no) (table 1).

No significant association was found for the expression of each marker in primary breast
cancers and metastases (table 2). Also, no difference in expression was observed within
metastatic sites classified as visceral vs non-visceral metastases (data not shown).

Efficacy of treatment and correlative studies
All 55 patients received at least 2 cycles of gemcitabine-based chemotherapy (median cycles
5, range 2–10). The best treatment response was a PR in 21 patients (38%; 95% CI 25.4–
52.3%), and it was SD in 19 (34.5%) and PD in 15 (27.5%) patients. As of April 2008, 48
patients had progressed and 32 had died. Seven patients were alive without disease
progression (3.5–29 months). The median PFS was 5.8 months (95% CI 4.0–7.6 months),
and the 12- and 24-month PFS rates were 16.2% and 5.8% respectively. The median OS was
16.8 months (95% CI 6.6–27.1 months), and the 12- and 24-month OS rates were 64.7% and
42.7% respectively.

No statistically significant associations were observed between RRM1, ERCC1 or BRCA1
and response to treatment (p = 0.49 for RRM1, p = 0.13 for ERCC1, p = 0.41 for BRCA1).
Likewise, no significant associations were noted between each marker and PFS or OS
(figure 5).
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DISCUSSION AND CONCLUSIONS
Gemcitabine has become the mainstay of treatment for several cancers, such as metastatic
NSCLC, bladder cancer and pancreatic cancer [22]. Its recent approval for treatment of
MBC [8] made gemcitabine a useful addition to the therapeutic armamentarium already
available for this disease. Pharmacogenomic studies conducted in NSCLC have
demonstrated that RRM1 is a reliable marker of sensitivity to gemcitabine [12, 16, 17]. In
fact, in NSCLC patients treated with gemcitabine-based therapy, low tumoral RRM1 levels
are not only associated with response [12], but also with improved survival as compared to
patients with high tumoral RRM1 levels [16, 17]. In light of these results, we undertook a
prospective study in MBC patients to investigate the spectrum of RRM1 expression and the
relationship between RRM1 and efficacy of gemcitabine-based regimens. Two additional
molecules involved in DNA repair, namely ERCC1 and BRCA1, were studied.

To assess the protein levels of RRM1, ERCC1 and BRCA1 we used a fully automated and
quantitative immunofluorescence technique (AQUA) that has the advantage to render
protein expression analyses on paraffin-embedded tumor tissue objective, reliable and
reproducible [20].

Consistent with their function in multiple steps throughout DNA synthesis and repair, we
found nuclear expression for each marker (figure 2–4). The distribution of values was near
normal for RRM1, skewed to low values for BRCA1, and markedly skewed to low values
for ERCC1 (figure 1). RRM1 expression levels had an approximately 10-fold range, and
they were higher than in NSCLC [14]. ERCC1 values had a 5-fold range, compared to near
100-fold range in NSCLC, with comparable median values in both diseases [14]. Consistent
with what has been shown in NSCLC [12, 14–18], RRM1 and ERCC1 levels were
significantly correlated. This finding suggests that the coexpression of both DNA repair
proteins may be universal to epithelial malignancies. However, the relatively narrow range
of ERCC1 expression in the mid-range of the maximal expression spectrum suggests that
MBC is only moderately platinum sensitive, and that ERCC1 expression levels may not be
useful for therapeutic decisions on platinum use for MBC [23]. In contrast, BRCA1
expression levels had a wide range in MBC, which may provide an opportunity for its use as
a predictive marker for platinum efficacy [24]. However, in contrast to RRM1 and ERCC1
where activating or inactivating mutations have not been described, assessment of the
mutational status of BRCA1 may be crucial to the interpretation of the prognostic and
predictive utility of its protein levels [25–27]. Interestingly, we found that BRCA1 levels
were significantly correlated with both RRM1 and ERCC1 levels, similarly to what has been
described in NSCLC [18]. Therefore, we conclude, that RRM1 and BRCA1 levels, as
determined by AQUA, display characteristics that make them suitable as biomarkers for
both NSCLC and MBC (table 3).

However, we did not find significant associations between RRM1 levels and clinico-
pathological parameters, such as age, histology, stage, and hormone receptor status, which is
consistent with prior data in NSCLC [15, 17, 28]. Also, we did not find a significant
association between RRM1 levels and therapeutic efficacy of gemcitabine-containing
chemotherapy in our cohort of 55 MBC patients in terms of disease response, PFS or OS. In
prior clinical trials, low RRM1 expression was reported to be significantly associated with
benefit from such therapy [12, 16, 17]. There arw several potential explanations for this
discrepancy. A plausible explanation may be the choice of chemotherapy combinations.
Prior studies had demonstrated an interaction between RRM1 and efficacy of gemcitabine
alone or gemcitabine combined with platinum. In our present study, gemcitabine was
combined with a taxane in 46 patients or pegylated liposomal doxorubicin in 9 patients. An
earlier report by Rosell et al. had demonstrated a significantly different survival in patients
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with high versus low RRM1 levels when treated with gemcitabine and cisplatin; however,
when vinorelbine was added to the combination or when gemcitabine was combined with
vinorelbine only, no impact of RRM1 expression levels on survival was observed [16]. It is
thus conceivable that the addition of a taxane to gemcitabine may have a similar effect as the
addition of vinorelbine to gemcitabine on RRM1’s impact on efficacy.

Another potential explanation may be linked to the coexpression of RRM1 and BRCA1. In
fact, recent data suggest that low BRCA1 levels are associated with resistance to taxane
therapy [29–32]. We had found a significant correlation between RRM1 and BRCA1 levels
in MBC specimens. Thus, patients with low RRM1 levels and sensitivity to gemcitabine are
likely to have low BRCA1 levels and thus resistance to taxanes. In contrast, patients with
high RRM1 levels and resistance to gemcitabine are likely to have high BRCA1 levels and
thus sensitivity to taxanes. As a result, the clinical specimens available to us for the present
investigation would not be suitable to provide results demonstrating an interaction between
RRM1 levels and gemcitabine efficacy in MBC.

Finally, emerging data suggest that the expression levels of tumoral RRM1 might not be the
only indicators of resistance to gemcitabine. A decrease in the level of the equilibration-
sensitive nucleoside transporter of gemcitabine and the genotype of RRM1 gene promoter
polymorphisms may also play a role in gemcitabine resistance [33, 34].

In conclusion, we found that RRM1 and BRCA1 have a range of expression and pattern of
distribution potentially useful for development as clinical markers in MBC (figure 1).
Although our results suggest that no association exists between gemcitabine efficacy and
RRM1 expression levels in MBC, which is in contrast to studies in lung and pancreatic
cancers, this is likely explained by the specific regimens used.
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Figure 1.
Distribution of AQUA scores for RRM1 (A), ERCC1 (B) and BRCA1 (C). RRM1 values
were near normally distributed. ERCC1 and BRCA1 histograms show a skewness to the left,
which is more pronounced for ERCC1 (ERCC1 skewness = 1.31; BRCA1 skewness = 0.34).

Metro et al. Page 9

Cancer Invest. Author manuscript; available in PMC 2013 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Low (A) and high (B) RRM1 protein expression. The nuclei are blue, RRM1 is green and
the tumor cytoplasm is red. RRM1 is located in the nucleus and shows a granular pattern.
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Figure 3.
Low (A) and high (B) ERCC1 protein expression. The nuclei are blue, ERCC1 is green and
the tumor cytoplasm is red. ERCC1 shows nuclear localization.
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Figure 4.
Low (A) and high (B) BRCA1 protein expression. The nuclei are blue, BRCA1 is green and
the tumor cytoplasm is red. BRCA1 shows nuclear localization.
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Figure 5.
Progression free survival (A,C,E) and overall survival (B,D,F) of patients according to the
expression of RRM1, ERCC1 and BRCA1 proteins, respectively. For each marker, median
values of AQUA scores were chosen to divide patients into a high- and low-expression
group. No statistically significant differences were reported.
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Table 1

Patients characteristics

Characteristics Patients
(%)

RRM1
mean

ERCC1
mean

BRCA1
mean

All patients

(median age 54 y, range 35–78) 55(100%) 1,237.00 229.6 794.1

Stage at diagnosis

   Localized 47 (85.5%) 1.271.7 235.8 849.9

   Advanced 8 (14.5%) 1,126.10 198.2 560.1

Histotype

   Ductal carcinoma 43 (78%) 1,294.50 227.2 833

   Other 12 (22%) 1,079.20 251.1 697

Grading

   1 3 (5.5%) 1,182.80 179.3 644.9

   2 15 (27%) 1,252.10 235.7 808.1

   3 25 (45.5%) 1,265.10 228.2 806.3

   Not available 12 (22%) 1,173.70 233 777.6

Hormone receptor

   ER and/or PgR positive 40 (73%) 1,236.90 227.5 818.1

   ER and PgR negative 13 (23.5%) 1,355.40 251.8 816.7

   Not available 2 (3.5%) 468.3 126.9 167.9

HER2 status

   HER2 positive 6 (11%) 1,248.60 208.1 975.7

   HER2 negative 47 (85.5%) 1,236.20 232.9 784.2

   Not available 2 (3.5%) 1,220.60 216.2 482.1

Prior anthracyclines* 55 (100%) 1,237.00 229.6 794.1

Prior taxanes* 9 (16.5%) 928.5 219.5 542.5

Visceral disease

   Yes 43 (78%) 1,172.80 230.4 765.7

   No 12 (22%) 1,466.80 226.9 895.9

Prior chemotherapies for MBC

   0 22 (40%) 1,395.00 243.3 873.8

   1 33 (60%) 1,188.80 226 830.8

Type of gemcitabine-based chemotherapy

   Gemcitabine plus a taxane† 46 (83.5%) 1,297.30 231.6 843.3

   Gemcitabine plus PLD § 9 (16.5%) 928.5 219.5 542.5

MBC, metastatic breast cancer; PLD, pegylated liposomal doxorubicin
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*
Either in the adjuvant or metastatic setting

†
Gemcitabine 1250 mg/m2 dd 1,8 – paclitaxel 175 mg/m2 d 1 q 21 (35 patients, 63.5%); gemcitabine 1000 mg/m2 dd 1,8 – docetaxel 80 mg/m2 d

8 q 21 (11 patients, 20%)

§
Gemcitabine 800 mg/m2 dd 1,8 – pegylated liposomal doxorubicin 25 mg/m2 d 8 q 21
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Table 2

Breast cancer specimens used for construction of tissue microarray

Total number of samples All samples
no. = 55

RRM1
mean

ERCC1
mean

BRCA1
mean

Primary breast cancer 31 (56.5%) 1,310.6 243.8 827.1

Metastases

   Soft tissue 6 (11%)

   Lymph nodes 5 (9%)

   Lung 5 (9%) 1,108.20 04.82 736.3

   Skin 4 (7%)

   Liver 2 (3.5%)

   Bone 1 (2%)

   Brain 1 (2%)
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Table 3

Comparison of RRM1, ERCC1 and BRCA1 protein expression levels between NSCLC and breast cancer

Minimum Median Maximum

RRM1 NSCLC [14] 8.3 40.5 96.2

RRM1 breast cancer*† 12.3 64.5 138.7

ERCC1 NSCLC [14] 1.9 65.9 178.7

ERCC1 breast cancer*† 18.5 56.6 102.6

BRCA1 NSCLC§ 19.6 65.2 164.0

BRCA1 breast cancer*† 4.1 57.9 137.5

NSCLC, non-small cell lung cancer

*
Comparisons for RRM1, ERCC1 and BRCA1 AQUA scores are based on version 1.2 scores [1.2 AQUA score = 1.6 AQUA score × (255 × target

exposure time / 100.000)]

†
Current study

§
Monteiro, Zhong, Bepler, unpublished data for version 1.2 scores
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