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The excision repair cross completing group 1 gene
product (ERCC1) and the regulatory subunit of ribonu-
cleotide reductase (RRM1) have been reported as being
prognostic of outcome and predictive of therapeutic
efficacy in patients with non–small cell lung cancer.
Routinely processed surgical specimens from 784 pa-
tients from the International Adjuvant Lung Trial were
arrayed as tissue microarrays. In situ protein levels
were scored with an automated, quantitative analysis
system, dichotomized into high and low marker catego-
ries, and analyzed for associations with patients’ char-
acteristics, survival, and benefit from adjuvant chemo-
therapy. Scores for both markers were significantly
associated with contributing center (P < 0.001) and
skewed, with the bulk of scores being low. High scores
were more frequent in women for ERCC1 and RRM1
and in older patients and those with adenocarcinoma
for RRM1. Low ERCC1 scores indicated significant ben-
efit from adjuvant chemotherapy [hazard ratio (HR) �
0.73 for chemotherapy versus control, P � 0.02]. Al-
though all other survival associations were not statisti-
cally significant, low RRM1 scores trended to indicate
benefit from adjuvant chemotherapy (HR � 0.84, P �
0.25), and ERCC1 scores were marginally prognostic of
survival (HR � 0.77 for high versus low scores, P �
0.10). We conclude that contributing center and speci-
men quality substantially affect the levels of both mark-
ers. Future trials should incorporate the collection and
processing of tumor specimens prospectively on stan-

dardized protocols to better reveal the impact of bi-
omarkers on clinically relevant outcomes. (Am J Pathol

2011, 178:69–78; DOI: 10.1016/j.ajpath.2010.11.029)

Tumor progression and resistance to therapeutic inter-
ventions are major obstacles to improving the outcome
for patients with non–small cell lung cancer (NSCLC).
Although notable progress has been made in the treat-
ment of NSCLC, it is still associated with a poor prognosis
for most patients. Modern techniques have facilitated the
identification of genes and their products that may play a
role in disease progression and patient response to ther-
apy. Among these are the excision repair cross complet-
ing group 1 gene product (ERCC1) and the regulatory
subunit of ribonucleotide reductase (RRM1).

ERCC1 is a component of the 5= endonuclease of the
nucleotide excision repair complex, and it is crucial for
the repair of DNA damage caused by interstrand and
intrastrand cross-links that prevent both replication and
transcription.1 Previous work in patient-derived speci-
mens has shown that elevated levels of ERCC1 are as-
sociated with improved outcomes in patients treated with
surgical resection alone.2,3 It is presumed that this im-
provement in survival is a result of increased DNA dam-
age repair capacity, and evidence of a reduced lung
cancer risk in individuals with increased levels for nucle-
otide excision repair genes exists.4,5 However, in patients
who require cytotoxic chemotherapy, in particular with
agents that induce DNA adducts and cross-links, high
levels of ERCC1 are associated with reduced efficacy
presumably through the increased efficiency of repair of
platinum-induced DNA damage.1,3,6

RRM1 functions as the regulatory subunit of ribonucle-
otide reductase and controls substrate specificity and the
on/off function of ribonucleotide reductase, whereas the
catalytic subunit (RRM2) converts nucleoside diphos-
phates to the corresponding deoxynucleotides.7 Results
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from multiple independent laboratories and clinical stud-
ies have shown that RRM1 is the dominant determinant of
efficacy for the chemotherapeutic agent gemcitabine, a
nucleoside analog.6,8–13 In addition, RRM1 suppresses
carcinogen-induced lung tumorigenesis in experimental
animal models, which appears to be a result of increased
DNA damage repair capacity in the presence of elevated
RRM1.14 It also suppresses tumor progression as shown
by decreased cellular migration and invasion in vitro and
suppression of metastasis formation in mouse models,
resulting in increased animal survival.15,16 In patients with
NSCLC and pancreatic cancer who had a complete sur-
gical resection and no adjuvant therapy, survival was
longer for those with high levels of expression compared
with those with low levels of expression.17–19

Although little controversy exists regarding the associ-
ation between ERCC1 and RRM1 with platinum and gem-
citabine efficacy, there are recent reports of ERCC1 and
RRM1 either not being significantly associated or poten-
tially being inversely associated with the survival of
NSCLC patients after a complete surgical resection.20,21

Knowing the prognostic impact of both genes on the
survival of patients not undergoing chemotherapy with a
platinum agent and/or gemcitabine is important for the
design and interpretation of clinical trials that incorporate
both genes into a treatment decision algorithm, in partic-
ular if this treatment is given in a curative attempt in
completely resected patients. Two clinical studies in pa-
tients with advanced NSCLC have already used this ap-
proach and reported a favorable disease response when
treatment is selected based on gene expression.22,23

Finally, most clinico-correlative investigations involving
both genes have reported a highly significant coexpres-
sion between ERCC1 and RRM1.6,9,11,18,20,24

We investigated tumor specimens from the Interna-
tional Adjuvant Lung Trial (IALT25) for ERCC1 and RRM1
in situ protein expression using accurate quantitative
analysis (AQUA), a recently developed automated im-
munofluorescence-based technology. One goal was to
compare results obtained for ERCC1 by AQUA on tissue
microarrays (TMAs) with those previously reported and
obtained by standard manual immunohistochemical
analysis (IHC) on full-section specimens. Another goal
was to corroborate the role of RRM1 alone and combined
with ERCC1 on survival of patients treated with surgery
alone and those who had received adjuvant chemo-
therapy.

Materials and Methods

The IALT-Biospecimen Dataset

The IALT-biospecimen collection is the largest existing
repository of surgically resected NSCLC specimens with
prospectively collected clinical outcomes data on a
phase III randomized clinical trial.3,25 Approval was ob-
tained from the local institutional review boards, accord-
ing to the legal regulations in each participating country.
The collection consists of paraffin blocks from 784 pa-

tients with stage I to III (stage I, 270; stage II, 180; stage
III, 334) cancer who had been randomly assigned to
observation (N � 382) or adjuvant chemotherapy with
cis-platin plus etoposide (N � 218), cis-platin plus vi-
norelbine (N � 122), cis-platin plus vindesine (N � 25), or
cis-platin plus vinblastine (N � 37). The specimens were
from 28 centers in 14 different countries in Europe and
South America that contributed 1042 patients to the IALT.
Initially, blocks from a total of 867 patients were collected.
Blocks from 43 patients could not be used because they
contained insufficient material. A central pathologic re-
view was performed on full sections stained with H&E,
and the quality of each specimen was rated as poor,
average, or good. Specimens with poor quality (N � 40)
were removed from the collection. In addition, information
on pleural, vascular, and lymphatic invasion and lym-
phoid infiltration was collected. The results on the level of
expression of ERCC1 by standard IHC on full-section
specimens using an H-scoring scale from 0 to 3 [staining
intensity (0, 1, 2, 3) � proportion score (0, 0.1, 0.5, 1.0)]
have been previously reported.3

Description of the TMAs

Specimen cores from patients with average or good rat-
ing (N � 784) were arrayed as triplicate spots of 0.6-mm
diameter in a total of 13 TMA blocks. A pathology review
of the selected cores was performed (E.B.) to verify the
presence of tumor tissue and tissue quality (classified as
present or absent and average or good). From two pa-
tients two separate blocks were arrayed for a total of six
spots (782 patients with three tumor spots and two pa-
tients with six tumor spots). All specimens from each
patient were on the same slide (including the two patients
who had two blocks), and patients from the 28 centers
were clustered on slides (ie, they were not randomly
distributed in the 13 TMA blocks).

Clinical and Pathologic Variables Collected

The following variables were prospectively collected on
all patients: disease stage by TNM classification (AJCC
sixth edition, 2002), tumor histologic findings, sex, age,
performance status, and type of surgery. In addition, data
on whether patients received adjuvant radiation and the
random assignment to observation or adjuvant chemo-
therapy, including the type of chemotherapy, were
known. The outcomes data used for this analysis were
those originally reported with a median follow-up time of
56 months.3,25

Automated Quantitative in Situ Protein Analysis

Immunofluorescence combined with AQUA was used to
assess in situ expression of the target molecules.26 Mi-
crotome sections of 4-�m thickness were microwaved in
10 mmol/L Tris-EDTA, pH 9.0 (for ERCC1 staining), or 10
mmol/L Tris-HCl, pH 12.0 (for RRM1 staining), for 10
minutes, cooled to room temperature, and rinsed with
PBS. Endogenous peroxidase was inactivated with 3%
hydrogen peroxide for 20 minutes. Slides were then in-

cubated overnight at 4°C in appropriately diluted primary
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antiserum (R1AS-6, 1:800, pH 12.0, for RRM1) or anti-
body (clone 8F1, 1:300, pH 9.0, for ERCC1; cat D8903,
lot 9475; Sigma-Aldrich, St. Louis, MO) as described.18

Cells of epithelial origin, consisting mostly of malignant
cells, were identified by cytokeratin staining. The pri-
mary antibody was then visualized with different fluo-
rochrome-labeled secondary antibodies (Envision la-
beled polymer horseradish peroxidase antirabbit or
antimouse for RRM1 or ERCC1 detection; Alexa 555
goat antimouse or goat antirabbit for cytokeratin de-
tection). Fluorescence of the target signals was ampli-
fied with Cy5-tyramide. 4=,6-diamidine-2=-phenylin-
dole, which strongly binds to DNA minor groove, was
added to the coverslip mounting solution and used for
identification of nuclei. The final TMA slides were
scanned with SpotGrabber, and image data were an-
alyzed with AQUA (PM-2000, HistoRx, New Haven,
CT). Software version 1.2 was used with an exposure
time of 30 milliseconds. The maximal range of the
AQUA scores with this software version is 0 to 255.

Statistical Analysis

The analysis was performed at two different levels. One
was solely of the AQUA scores taking the characteristics
of the TMA into account, and the other was to compare
the individual patients’ average scores with clinical out-
comes parameters. The primary intent was to test for the
prognostic value of RRM1, ERCC1, and both combined
on patient survival in the group who did not receive che-
motherapy and for interaction between these markers
and benefit from adjuvant chemotherapy using the raw
ERCC1 and RRM1 values with dichotomization of pa-
tients into high and low marker level categories using the
median values as threshold. Provisions for preplanned
optimal cut point analyses and normalization of marker
values had not been made a priori.

AQUA scores were analyzed for skewness, kurtosis,
and other summary statistics, and they were compared
by slides, centers, and specimen quality. The relation-
ships between marker categories and histologic findings,
tumor size, lymph node involvement, and tumor stage
were analyzed using logistic models stratified by center.
The agreement between IHC H-scores3 and AQUA
scores was studied by Spearman’s correlation coefficient
on the continuous values and by � coefficient using the
high and low expression categories.

A Cox model that included the clinical prognostic fac-
tors isolated in the main analysis of the IALT together with
the treatment was used for the prognostic analysis, and it
was adjusted for the factors used in the randomization
process (including contributing center and specimen
quality). All other factors statistically related to the marker
in the multivariate logistic model were added to the Cox
model. The predictive value of the marker was studied by
testing the interaction between the marker category (high
or low) and the attributed treatment (chemotherapy or
observation) in the same Cox model. Survival curves by
marker levels and treatment groups were generated us-

ing the Kaplan-Meier method.
All reported P values were two-sided. All analyses
were performed using SAS software, version 8.2 (SAS
Institute Inc., Cary, NC).

Results

ERCC1 and RRM1 Expression Characteristics

The expression of both proteins was predominantly nu-
clear as previously described3,18 and displayed a fine
granular pattern for ERCC1 and a coarse granular pattern
for RRM1.

ERCC1 values were obtained on 763 of 784 patients.
Unavailability of values was a result of absence of tissue
in the assigned location. Replicate core values (2� in 77,
3� in 672 and 6� in 1) were averaged. A histopathologic
review of H&E-stained tissue cores confirmed the pres-
ence of NSCLC in 747 cases, which were used for further
analyses and specimen quality (classified as average or
good). Expression levels ranged from 2.2 to 149.1, with a
median of 9.0, a mean of 13.2, and an SD of 12.8. They
were highly skewed to the right (skewness, 4.3; kurtosis,
29.1) (ie, high scores were much farther away from the
median than low scores).

RRM1 values were obtained on 752 patients, and val-
ues on patients with replicates were averaged (2� in 112,
3� in 610 and 6� in 1). Presence of NSCLC in tissue
cores was confirmed in 738 cases. Levels ranged from
0.2 to 91.8, with a median of 9.7, a mean of 15.1, and an
SD of 15.0. The RRM1 levels were skewed toward the
right (skewness, 2.3; kurtosis, 6.0).

ERCC1 values in patients with three replicates were

Figure 1. Distribution of ERCC1 and RRM1 in situ protein expression scores.
Lines indicate scores of 10. ERCC1 and RRM1 expression levels were mod-
estly correlated (N � 730, correlation between log expressions: r � 0.22, 95%
confidence interval, 0.15-0.29).
highly correlated (Spearman’s r � 0.78 to 0.84; P �
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0.0001), and the coefficients of variation were below
1.4%. Likewise, replicate RRM1 values were highly cor-
related (r � 0.76 to 0.80; P � 0.0001), and the coeffi-
cients of variation were below 1.6%. ERCC1 and RRM1
expression levels were modestly correlated (N � 730, r �
0.21; P � 0.001) (Figure 1).

Specimen origin by center and specimen quality con-
tributed significantly to the differences seen for both
ERCC1 and RRM1 values (Table 1), a result that had
previously been observed for ERCC1 using full-section
specimens and standard immunohistochemical analy-
sis.3 Center accounted for 11% of the overall variation in

Table 1. ERCC1 and RRM1 Expression Categories by Patient Dem

Characteristics

Sex
Male
Female

Age, y
�55
55–64
�64

WHO-PS
0
1
2

Stage
I
II
III

Tumor by TNM
1
2
3 and 4

Nodes by TNM
0
1
2

Histopathologic findings
Adenocarcinoma
Squamous cell carcinoma
Other

Pleural invasion
Absent
Present

Vascular invasion
Absent
Present (a

Lymphatic invasion
Absent
Present

Lymphoid infiltration
Not intense
Intense

Type of surgery
Lobe/segmentectomy
Pneumonectomy

Quality of specimen
Good
Average (poor specimens excluded) (av

WHO-PS, World Health Organization Performance Scale; F, female; M
ERCC1 AQUA levels (P � 0.0001), 10% in ERCC1 IHC
levels (P � 0.0001), and 33% in the variation of RRM1
levels (P � 0.001).

ERCC1 and RRM1 Levels by Patient
Demographics and Disease Characteristics

According to the prespecified analysis plan, ERCC1
expression was dichotomized into high versus low us-
ing 10 or greater versus less than 10 (high in 331
patients, low in 416). The threshold of 10, rather than
the sample median of 9, was used because this re-

hics and Disease Characteristics Stratified by Contributing Center

P value (adjusted by center)

CC1 RRM1

04 0.04
� M) (F � M)

50 0.04
(older � young)

79 0.06
(0 � 1 � 2)

53 0.75

93 0.82

65 0.82

70 0.02
(adenocarcinoma � squamous

cell carcinoma)

68 0.46

06 0.13
� present)

55 0.40

66 0.38

72 0.18

007 0.78
� good)
ograp

ER

0.
(F

0.

0.

0.

0.

0.

0.

0.

0.
bsent

0.

0.

0.

0.
erage
sulted in a proportional cohort split similar to the one
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previously used using IHC-based H-scores (H-score of
1.5 to 3.0 in 335 and 0.0 to 1.0 in 426 patients). For
RRM1 dichotomization, the sample median was used
as threshold (10 or greater versus less than 10; high in
363 patients, low in 375).

We observed that high ERCC1 and RRM1 levels were
more frequent in women compared with men (P � 0.04).
High levels of RRM1 were also more frequent in older
patients (P � 0.04) and in those with adenocarcinoma
(P � 0.02). When all variables were assessed in a
logistic model stratified by center, only age (P � 0.05)
was retained to explain high RRM1 levels. All other
parameters appeared equally distributed between pa-
tients in the high and low marker categories (Table 1).

ERCC1 Expression by Standard IHC and AQUA

Data for both the previously reported ERCC1 H-scores
that had been generated using standard IHC on full-
section specimens3 and the AQUA scores generated on
TMAs were available on 727 patients. We observed a
small correlation between these values (correlation be-
tween log-expressions: r � 0.22, 95% confidence inter-
val, 0.15 to 0.29), with the upper limit being largely below
1 (test of r � 1: P � 0.0001) (Figure 2). Furthermore, when
the ERCC1 IHC categories and AQUA categories were
compared (156 IHC high and AQUA high, 164 IHC high
and AQUA low, 166 IHC low and AQUA high, 241 IHC low
and AQUA low), the agreement between both methods
was very low (� coefficient � 0.08; 95% confidence in-
terval, 0.01 to 0.15).

The Prognostic and Predictive Impact of the
High and Low ERCC1 Expression Categories

The differences in overall survival (OS) and disease-free
survival (DFS) in a multivariate Cox model that included
the variables sex, age, performance status, stage, his-
topathologic findings, type of surgery, lymphoid infiltra-
tion, and specimen quality with stratification by center

Figure 2. Distribution of ERCC1 AQUA scores by H-score categories. The box
width is proportional to the number of patients in each category, the cross is the
mean, and the horizontal bar is the median value. The correlation coefficient
between log AQUA scores and raw H-score was 0.27 (95% confidence interval,
0.20 to 0.33).
(hereafter referred to as the Cox model) between patients
in the high and low ERCC1 expression categories in
those treated with adjuvant chemotherapy and those ob-
served are summarized in Table 2 (Figure 3, A and B).
The results showed similar trends as those previously
reported with IHC on whole tumor sections. Patients with
high ERCC1 expression had a better survival than those
with low ERCC1 expression in the control group (HR �
0.77, P � 0.10, for OS; HR � 0.80, P � 0.12, for DFS), and
only patients with low ERCC1 expression benefited from
adjuvant chemotherapy (HR � 0.73, P � 0.02, for OS;
HR � 0.76, P � 0.04, for DFS). However, the test for
interaction fell short of statistical significance (P � 0.12
for OS; P � 0.24 for DFS).

The Prognostic and Predictive Impact of the
High and Low RRM1 Expression Categories

The survival differences in the Cox model between pa-
tients in the high and low RRM1 expression categories in
those treated with adjuvant chemotherapy and those ob-
served are summarized in Table 2 (Figure 3, C and D).
There was no statistically significant impact of RRM1
expression on OS or DFS (interaction P � 0.69). How-
ever, patients with low RRM1 expression who received
adjuvant chemotherapy had a numerically longer survival
than those observed (HR � 0.84, P � 0.25, for OS; HR �
0.87, P � 0.32, for DFS).

The Prognostic and Predictive Impact of the
Combined ERCC1 and RRM1 Expression
Categories

Patients were categorized into four groups according to
high and low ERCC1 and RRM1 expression levels. There
were 188 patients with high levels for both, 138 with high
ERCC1 and low RRM1 expression, 169 with low ERCC1
and high RRM1 expression, and 235 with low levels for
both (Figure 1). The 25 samples with either ERCC1 or
RRM1 missing were discarded for this analysis. In the
patients observed after surgical resection (N � 357),
there was no appreciable impact of the four marker cat-
egories on OS in the Cox model. The HRs for death were
0.83 (95% CI, 0.52 to 1.34; P � 0.45) for the high ERCC1
and low RRM1 expression group, 1.03 (95% CI, 0.66 to
1.62; P � 0.89) for the low ERCC1 and high RRM1 ex-
pression group, and 0.89 (95% CI, 0.56 to 1.42; P � 0.63)
for the high ERCC1 and high RRM1 expression groups
using the low ERCC1 and low RRM1 expression group as
reference (test for equality of HR, P � 0.80; Kaplan-Meier
plots in Figure 4).

Finally, we assessed the impact of adjuvant chemo-
therapy in each marker group using the Cox model (Ta-
ble 3). Although improvement of survival was best for
patients with low ERCC1 and RRM1 expression in the
adjuvant chemotherapy group, this difference was not
statistically significant (P � 0.08). Overall, the four marker
categories were not predictive of benefit from adjuvant

chemotherapy (test for equality of HR, P � 0.60).
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Discussion

We had previously reported that patients in the high
ERCC1 expression category had a significantly longer
survival (median OS, 55 months) than patients in the low
ERCC1 category (median OS, 42 months; HR � 0.66; P �
0.009) for those who did not receive adjuvant chemother-
apy as determined by an IHC-based H-scoring system
on full-specimen sections.3 In addition, we had found that
ERCC1 was also predictive of adjuvant chemotherapy
efficacy because only patients in the low ERCC1 cate-
gory benefited from this intervention (median OS, 56 ver-
sus 42 months for adjuvant therapy versus observation;

Table 2. Survival for Patients with High and Low ERCC1 and RR

ERCC1 (N � 747)

Low (�10)
(N � 416)

High (�10)
(N � 331)

H
g

OS
Control group 0.

No. of deaths/No.
of patients

108/195 85/170

Median survival,
months

44 50

2-Year survival
rate*

0.65 (0.58–0.71) 0.72 (0.65–0.78)

5-Year survival rate 0.39 (0.32–0.47) 0.43 (0.35–0.52)
Chemotherapy group 1.

No. of deaths/No.
of patients

108/221 88/161

Median survival,
months

51 52

2-Year survival rate 0.75 (0.68–0.80) 0.76 (0.69–0.82)
5-Year survival rate 0.46 (0.39–0.53) 0.40 (0.32–0.49)

HR for chemotherapy/
control groups (95%
CI)

0.73 (0.55–0.96)
(P � 0.02)

1.01 (0.74–1.38)
(P � 0.94)

Interaction P
value (ERCCI or
RRMI � treatment)

DFS
Control group 0.

No. of events/No.
of patients

122/195 98/170

Median survival,
months

33 39

2-Year survival rate 0.57 (0.50–0.64) 0.66 (0.58–0.72)
5-Year survival rate 0.33 (0.28–0.45) 0.36 (0.28–0.45)

Chemotherapy group 1.

No. of events/No.
of patients

122/221 95/161

Median survival,
months

43 45

2-Year survival rate 0.65 (0.59–0.71) 0.66 (0.58–0.73)
5-Year survival rate 0.41 (0.35–0.49) 0.36 (0.28–0.45)

HR for chemotherapy/
control groups (95%
CI)

0.76 (0.59–0.99)
(P � 0.04)

0.97 (0.72–1.30)
(P � 0.82)

P value (ERCCI or
RRMI � treatment)

*Survival rate data are shown as mean (range).
HR � 0.65; P � 0.002).
The data presented here using an automated, ob-
jective scoring system (AQUA) on TMAs are similar,
although less convincing. The only statistically signifi-
cant difference observed was the effect of adjuvant
chemotherapy on survival in patients with low ERCC1
expression (HR � 0.73); this effect was not observed in
patients with high ERCC1 expression. In the observa-
tion group, patients in the high ERCC1 expression cat-
egory lived longer than those in the low expression
category (HR � 0.77); this difference, however, was
not statistically significant. As will be discussed, the
differences between the two studies may be related to
different sampling procedures (whole tumor sections

ression in the Observation and Adjuvant Chemotherapy Arms

RRM1 (N � 738)

igh/low
95% CI)

Low (�10)
(N � 375)

High (�10)
(N � 363)

HR for high/low
groups (95% CI)

6–1.05)
.10)

1.06 (0.77–1.46)
(P � 0.74)

90/179 98/180

48 45

0.68 (0.61–0.75) 0.69 (0.62–0.76)

0.46 (0.38–0.54 0.38 (0.29–0.46)
9–1.45)
.67)

1.15 (0.84–1.57)
(P � 0.38)

96/196 101/183

55 48

0.73 (0.67–0.79) 0.76 (0.70–0.82)
0.47 (0.39–0.55) 0.39 (0.31–0.47)
0.84 (0.62–1.13)

(P � 0.25)
0.91 (0.69–1.22)

(P � 0.87)

12 0.69

0–1.08)
.12)

1.08 (0.80–1.46)
(P � 0.61)

109/179 107/180

34 37

0.60 (0.52–0.67) 0.62 (0.55–0.69)
0.35 (0.28–0.43) 0.35 (0.28–0.43)

6–1.34)
.97)

1.09 (0.81–1.46)
(P � 0.59)

105/196 112/183

50 40

0.65 (0.58–0.71) 0.65 (0.58–0.72)
0.44 (0.36–0.52) 0.35 (0.28–0.43)
0.87 (0.66–1.15)

(P � 0.32)
0.87 (0.66–1.15)

(P � 0.32)

24 0.99
M1 Exp

R for h
roups (

77 (0.5
(P � 0

07 (0.7
(P � 0

0.

80 (0.6
(P � 0

01 (0.7
(P � 0

0.
versus cores in TMAs) and different analysis systems
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(traditional IHC versus fluorescence-based automated
scoring).

We had also previously reported that patients in the
high RRM1 expression category had a significantly
longer survival than patients in the low RRM1 category
for those with completely resected stage I disease who
did not receive adjuvant chemotherapy, as determined
by the AQUA system in a different dataset using
TMAs.18 Our results from the dataset presented do not
support a differential survival between patients in the
high and low RRM1 expression categories who did not
receive adjuvant chemotherapy (HR � 1.06). We also
did not observe a restriction of the survival benefit to
patients in the high ERCC1 and high RRM1 expression
category as previously reported, although a statisti-
cally nonsignificant trend was found (HR � 0.89). It is
possible that this discrepancy may be explained by the
fact that the earlier reported dataset only included
patients with stage I disease from a single center with
45% in stage IA, whereas the current dataset includes
patients from multiple centers with stage I to III, which
is further discussed below.

Does this mean that ERCC1 and RRM1 are not prog-
nostic of survival in patients who do not receive adjuvant
chemotherapy after a complete surgical resection and
that ERCC1 is a predictive marker for benefit from adju-
vant platinum-based chemotherapy, whereas RRM1 is
unlikely to be predictive for nongemcitabine, platinum-
based, adjuvant chemotherapy?

To discuss these questions, it is important to recall

Figure 3. Overall (A and C) and disease-free (B and D) survival by high an
arm.
that only the clinical data were collected prospectively
for this specimen set. The collection of pathologic
specimens was an afterthought and not mandatory for
trial participation. The handling, processing, and fixa-
tive to be used were not a priori specified by the pro-
tocol, and they are likely to have affected the AQUA
expression results of ERCC1 and RRM1. The handling
of specimens includes the ischemia time (ie, the time
elapsed from clamping of the blood vessels to resec-
tion and fixation), which may affect marker expression
levels more than the fixation method. Given the global
nature of IALT, which is a strength from the clinical
outcomes perspective, it is also a weakness from the
biomarker perspective because we were unable to
control for these factors and in particular technical
surgical and pathologic issues.

Our analysis of marker expression by contributing
center and specimen quality showed that both contrib-
uted significantly to the observed variability. In addi-
tion, the marker scores in this dataset are overall low
(ERCC1: median, 9.0; range, 2.2 to 149.1; mean, 13.2;
RRM1: median, 9.7; range, 0.2 to 91.8; mean, 15.1),
which suggests a loss of protein expression and con-
sequently a loss of the full spectrum of ERCC1 and
RRM1 levels and falsely low values in a substantial
proportion of specimens. In fact, using the same tech-
nology and reagents on TMAs generated from single
centers in the United States, Japan, and Italy, we had
previously reported median ERCC1 values of 65.9
(range, 1.9 to 178.7; mean, 66.3) for resected lung
cancers,18 34.7 (range, 5.2 to 131.3; mean, 45.7) for

RCC1 (A and B) and RRM1 (C and D) expression categories and treatment
advanced lung cancers,24 59.2 (range, 19.5 to 110.4;
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mean, 61.0) for resected pancreatic cancers,19 and
56.6 (range, 18.5 to 102.6; mean, 57.4) for metastatic
breast cancers.27 The corresponding median RRM1
values were 40.5 (range, 8.3 to 96.2; mean, 43.2), 34.1

Figure 4. Overall survival by high and low ERCC1 and RRM1 expression
categories and treatment arm (A, control group; B, chemotherapy group).

Table 3. OS by ERCC1 and RRM1 Categories in the Observation
Four HRs)

Chemotherapy

ERCC1 �10/RRM1 �10 group (n � 235)
No. of deaths/No. of patients 62/129
Median survival, month 56
2-Year survival rate, mean (range) 0.74 (0.65–0
5-Year survival rate, mean (range) 0.47 (0.38–0

ERCC1 �10/RRM1 �10 (n � 138)
No. of deaths/No. of patients 33/66
Median survival, month 56
2-Year survival rate 0.74 (0.63–0
5-Year survival rate 0.46 (0.32–0

ERCC1 �10/RRM1 �10 (n � 169)
No. of events/No. of patients 46/85
Median survival, month 40
2-Year survival rate, mean (range) 0.74 (0.63–0
5-Year survival rate, mean (range) 0.39 (0.28–0

ERCC1 �10/RRM1 �10 (n � 188)
No. of events/No. of patients 54/93
Median survival, month 49
2-Year survival rate, mean (range) 0.77 (0.68–0

5-Year survival rate, mean (range) 0.37 (0.26–0.48)
(range, 5.3 to 105.6; mean, 38.4), 52.2 (range, 29.3 to
107.3; mean, 54.6), and 64.5 (range, 12.3 to 138.7;
mean, 61.9). Also, the lower correlation between
ERCC1 and RRM1 AQUA scores in this dataset (r �
0.21) compared with those previously reported (r �
0.26 and 0.36)18 in conjunction with the observed
ranges of scores suggests that the RRM1 expression
levels may have been affected more severely than the
ERCC1 levels.

The observed small but significant correlation (r �
0.19, P � 0.0001) between ERCC1 H-scores and AQUA
scores is remarkable given the technical limitations.
When specimens are categorized into high and low
groups, there is only slight agreement in specimen clas-
sification (� � 0.08). An experienced pathologist, when
scoring a full-section specimen for ERCC1 expression,
may take morphologic features that affect specimen
quality and preservation into account in a “supervised”
process that may be elusive to a fully automated, “unsu-
pervised,” quantitative, fluorescence-based scoring sys-
tem such as the one used in our study (ie, in manual
scoring it is easy to focus on areas that appear best
suited for data acquisition). We assessed each tissue
core for quality using an H&E-stained section of the ar-
rays. Although this approach may reduce the impact of
the “unsupervised” scoring process, it does not com-
pletely eliminate this element because the precise tissue
core section used for AQUA analysis is different from the
H&E quality assessed section. This may explain why the
impact of ERCC1 expression categories on prognosis in
the control group and the predictive benefit of adjuvant
chemotherapy in the low ERCC1 category are attenuated
with the AQUA-scoring compared to the H-scoring sys-
tem. However, in specimens that have been collected
under a standardized collection protocol, as is the case
for most single-center collections, the AQUA scoring sys-
tem has been shown to outperform H-scoring.26,28 An

juvant Chemotherapy Arms (P � 0.60, Test for Equality of the

Control group HR for death (95% CI) (P value)

0.72 (0.50–1.04) (P � 0.08)
57/106

42
0.64 (0.55–0.73)
0.41 (0.32–0.52)

1.04 (0.63–1.72) (P � 0.89)
33/72

71
0.73 (0.62–0.82)
0.52 (0.39–0.64)

0.88 (0.58–1.35) (P � 0.57)
47/84

44
0.66 (0.56–0.76)
0.38 (0.27–0.51)

0.99 (0.66–1.47) (P � 0.95)
51/95

46
0.70 (0.60–0.78)
and Ad

group

.80)

.57)

.83)

.60)

.82)

.51)

.85)

0.36 (0.25–0.48)
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alternate explanation may be that tumoral ERCC1 expres-
sion is heterogeneous and thus not fully appreciated in
the cores used for TMA construction. However, it is re-
markable that ERCC1 and RRM1 scores among replicate
cores were highly correlated (r � 0.76), suggesting that
both markers are relatively homogenously expressed in
tumor specimens.

Finally, McCabe et al29 showed that the concentration
of antibodies used for visualization and quantitative anal-
ysis of antigens may lead to contradictory results. This
has been shown for targets with a nonlinear relationship
between marker levels and clinical outcome (ie, outcome
may be poor for very low and very high levels but good
for intermediate levels or vice versa). Therefore, if the
antibody concentration used for staining does not cover
the full range of target expression, an arbitrarily chosen
cut point for cohort dichotomization, such as the sample
median, may reveal a poor outcome for patients with low
expression in one experiment yet a good outcome in
another experiment. Although evidence for such a phe-
nomenon for the markers examined here is lacking, the
fact that our expression spectrum is skewed toward low
values suggests that substantial cross-contamination in
the low expression range with truly high expressers ex-
ists, which would severely attenuate our ability to appre-
ciate the full range of the prognostic and predictive po-
tential of ERCC1 and RRM1.

What can be concluded from the results presented
and those referenced is that multicenter clinical trials that
seek to investigate the impact of biomarkers on patient
outcome and the efficacy of a chosen therapy require a
cross-center, standardized operating procedure for ac-
quisition, processing, and handling of biospecimens that
is optimized for the biomarkers under investigation. Al-
though a perfect synchronization of all aspects may be
difficult to achieve, at the very minimum, all specimens
must be fixed using the same methods. For construction
of TMAs from paraffin-embedded specimens that require
multiple blocks, we recommend that specimens be dis-
tributed randomly using a preassigned grid location and
that specimen replicates be distributed in different
blocks. We further recommend validation of the tumor
material and the assignment of a quality score to each
core. Depending on the intended biomarkers to be stud-
ied, appropriate and identical control samples should be
included in each of the TMA blocks.

In summary, using an automated quantitative in situ
protein analysis system, we confirmed that benefit from
adjuvant, platinum-based chemotherapy is only seen in
patients with low levels of ERCC1 expression. Although
there was a similar trend for RRM1 protein expression,
this was not statistically significant. We conclude that
further corroboration of these markers requires a pro-
spective study design that incorporates a standardized
procedure for collection and processing of biospecimens
and clinical data. Upcoming clinical trials integrating
ERCC1 and RRM1 scoring on manually and automatically
processed whole tumor sections are under way. In addi-
tion, interinstitutional controls are performed with identi-
cal batches of antibodies to optimize and validate the

best standardized protocol.
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