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Background: TLE3, a nuclear transcriptional repressor downstream of WNT signalling pathways, has been hypothesised as
predictive of benefit from adjuvant taxane.

Methods: MA.21 tissue microarrays were constructed from 1097 out of 2104 (52%) patients. TLE3 staining by immunohistochem-
istry used validated methodology. Continuous TLE3þ (percentage of cells staining positive) was assessed with both visual and
automated scoring. The primary objective was to test the predictive effect of TLE3 on relapse-free survival using the MA.21
EC/T and CEF arms and the previously defined cut-point of 30% of cells staining positive in X1 core/tumour.

Results: MA.21 patients had 83.2% TLE3 positive (TLE3þ ) tumours by visual score and 80.6% TLE3þ by automated image
analysis while the previously observed rate of TLE3þ cases was 58.6%. TLE3 expression was significantly associated with ER
expression (91.2% of ER-positive tumours were TLE3þ ; Po0.0001). At median 8-year follow-up, there was no evidence of a
predictive effect of TLE3 expression with respect to taxane benefit using the established 30% or exploratory quartile cut-points.

Conclusions: Proportionately more MA.21 patient tumours than expected were TLE3þ . The pre-specified TLE3þ cut-point of
30% was not predictive of taxane benefit. TLE3 expression does not represent a viable biomarker for taxane benefit in breast
cancer.

For decades, adjuvant chemotherapy has been administered
without reference to underlying tumour biology. TLE3, a nuclear
transcriptional repressor, has emerged as a strong candidate
marker of response to chemotherapeutics with cell cycle stage-
specific activity. The TLE family of proteins act as transcriptional
repressors downstream of APC and b-catenin in the WNT
(Wingless Type) pathway (Liu et al, 1996; Leon and Lobe, 1997;
Allen et al, 2006). Disruption of this pathway modifies the cellular
cytoskeleton, an established target of taxanes (Kulkarni et al, 2009);
therefore, it is plausible that TLE3 expression reflects integrity of
this pathway and taxane sensitivity. Taxanes (paclitaxel and
docetaxel) are used to treat breast cancer with variable success
(Peto et al, 2012). The diversity of molecular sub-types of breast

cancer is one likely explanation for this variability, and recent
studies have explored the use of biomarkers including AKT1, tau,
topoisomerase, ER/PR and HER-2 in an attempt to identify those
patients most likely to respond to taxanes (Hayes et al, 2007;
Pusztai, 2007; Lai et al, 2011; Bartlett et al, 2013). Identification of
high quality, novel biomarkers that can be easily adopted for
clinical use will enable clinicians to target treatment to those who
will gain the most benefit from therapy.

TLE1 has been confirmed as a diagnostic biomarker for synovial
sarcomas driving oncogenesis (Shon et al, 2011; Su et al, 2012).
TLE1 and TLE3 splice isoforms have also been identified in
prostate carcinoma and, when overexpressed in mice, promote
lung adenocarcinoma (Nakaya et al, 2007; Metzger et al, 2012).
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Evidence that TLE3 acts as a taxane biomarker was derived from
data mining on a ‘discovery cohort’ (Kulkarni et al, 2009) in which
TLE3 was associated in the adjuvant setting with a lower risk of
recurrence in patients treated with cytotoxic chemotherapy. This
association was present only when patients were treated with a
taxane-containing regimen. This association between TLE3 stain-
ing and outcome among women treated with taxanes was
subsequently validated in independent cohorts of triple negative
breast cancer patients (Kulkarni et al, 2009; Basu et al, 2012) and in
separate studies of ovarian cancers (Samimi et al, 2012) and was
linked to chemotherapy response in non-small cell lung cancer
(Ross et al, 2010). These clinical results support the hypothesis that
TLE3 is associated with response to taxane treatment. However,
data in wider trails of breast cancer, including luminal and HER2-
positive cancers, are lacking. We performed the first prospectively
planned validation of TLE3 as a biomarker of taxane benefit to test
the predictive value of TLE3 for taxane benefit in the context of a
phase III clinical trial.

We performed prospectively designed analyses to test the
hypothesis that TLE3 expression acts as a predictive biomarker for
benefit from taxanes in the NCIC Clinical Trial Group (CTG)
MA.21 clinical trial. If successful, this analysis would provide level
2 evidence for the utility of TLE3 as a predictive biomarker of
taxane benefit (Simon et al, 2009). MA.21 patients were
randomised to two taxane-containing polychemotherapy regimens
(epirubicin, fluorouracil, and paclitaxel (EC/T) and doxorubicin,
adriamycin, and cyclophosphamide (AC/T)) and to cyclopho-
sphamide, epirubicin, and fluorouracil (CEF) (Burnell et al, 2012).
Patients on the three arms experienced significantly different
relapse-free survival (RFS; P-value¼ 0.001). EC/T and CEF had
similar RFS (P¼ 0.69), while AC/T was inferior to both
CEF (hazard ratio (HR) 1.45, 95% confidence interval (CI)
1.16–1.80; P¼ 0.001) and to EC/T (HR 1.49 95% CI 1.19–1.86;
P¼ 0.0004).

MATERIALS AND METHODS

The NCIC CTG MA.21 trial (Registration ID: NCT00014222) was
an international phase III trial (Burnell et al, 2010; Burnell et al,
2012). The study protocol was approved by the institutional ethics
review board of each participating centre, and informed consent
was obtained before assignment to treatment. Patients were
randomised to: CEF (cyclophosphamide 75mgm� 2 orally, days
1–14; epirubicin 60mgm� 2 IV, days 1 and 8 and fluorouracil
500mgm� 2 IV, days 1 and 8; cotrimoxazole two tablets orally bid
or ciprofloxacin 500mg orally bid during chemotherapy; filgrastim
and epoetin permitted) for six 28-day cycles; EC/T (EC (epirubicin
120mgm� 2 and cyclophosphamide 830mgm� 2, both IV day 1)
for six 14-day cycles; followed by T (paclitaxel 175mgm� 2 IV day
1) every 21 days for four cycles; filgrastim 5 mg kg� 1 subcuta-
neously, days 2–13; epoetin 40 000 U subcutaneously weekly); and
AC/T (AC (doxorubicin 60mgm� 2 and cyclophosphamide
600mgm� 2 both IV day 1) for four 21-day cycles; followed by
T (paclitaxel 175mgm� 2 IV) every 21 days for four cycles;
filgrastim and epoetin permitted). Stratification was by number of
positive nodes (0, 1–3, 4–10, and 410), type of surgery (total vs
partial mastectomy), and ER status (ER positive vs ER negative).

Patient population and tissue banking. Women were eligible for
MA.21 if aged 60 or younger, with axillary node-positive or high
risk node-negative breast cancer, and had undergone complete
resection of all known disease including axillary node clearance.
Baseline trial patient and tumour characteristics considered in this
investigation were age, race, ECOG performance status, type of
surgery, number of involved lymph nodes, pathologic T and N

stage, ER and menopausal status, Her2/neu status, and adjuvant
administration of radiotherapy, endocrine therapy, and Herceptin.

Tissue blocks were collected for 1097 (52%) of the 2104 MA.21
patients; all of these patients gave informed consent for tissue to be
used for research. Tissue microarrays (TMAs) were constructed
from up to 4� 0.6mm diameter cores from tissue block(s) for each
patient, and arrayed in accordance with existing guidelines
(Leyland-Jones et al, 2008; Rimm et al, 2011).

Study end point. The MA.21 primary end point was RFS defined
as the time from randomisation to the date of first confirmed
relapse; censoring was at longest follow-up or death without
relapse. This end point was used for these investigations.

Primary objective. The primary aim was to examine the RFS
predictive benefit of taxane (allocation to EC/T rather than CEF)
for patients classified as TLE3þ , compared with those who are
TLE3� , where classification as positive was based on a tumour
having 430% cells stained positive (Kulkarni et al, 2009).
Prediction was assessed with a test of interaction between
treatment and TLE3 classification.

Secondary objectives. Secondary aims were to explore whether
there was a similar directional predictive effect for patients on the
AC/T arm, by way of TLE3 interaction with AC/T and CEF, as well
as EC/T vs AC/T. Additionally, we planned to examine whether a
Box-Cox variance stabilisation transformation should be consid-
ered for continuous (transformed) TLE3, and to examine the
effects of continuous TLE and alternate categorisations (cut-points)
of TLE3 on RFS.

Immunohistochemistry for TLE3. Standard immunohistochem-
ical techniques were used to stain TMAs for TLE3 (Kulkarni et al,
2009). Assays were performed to good laboratory practice using
single batches of each antibody and reagent; incubations were
rigorously controlled for temperature. In each assay, quality
controls were included as described previously (Bartlett et al,
2011). Staining for TLE3 was performed essentially as described
previously using a Bondmax (Leica, Concord, ON, Canada)
automated staining platform. TLE3 (1:2000, TLE3 Mouse monoclonal
Antibody, Clarient, GE Healthcare, Aliso Viejo, CA, USA) was
incubated at room temperature for 1 h before visualisation with a
standard DAB protocol (see Supplementary Information). Glass slides
were scanned using the (Leica) Ariol SL50 image analysis system
(Bartlett et al, 2011) and the resultant digital images of each TMA
core scored visually by highly trained observers (Kirkegaard et al,
2006) as well as separately by image analysis using a predefined
algorithm on the Ariol SL50 system (see Supplementary Information).
The percentage of cells staining positive for TLE3 was recorded for
each of potentially four TMA cores. For automated image analysis,
using a specifically designed Ariol Software 3.4.2 algorithm, the
number of cells evaluated to have TLE3 stain was summed across all
four cores and the absolute percentage positivity derived from the
total cell count assessed per case. Cases were then regarded as positive
(i) if there was at least one core with 430% cells positive for TLE3,
and in a separate analysis, (ii) if 430% of all cells analysed were
positive for TLE3.

Histoscores for each core (membrane staining only) were
recorded. Visual scoring was performed by pathologists who had
completed a training TMA with TLE3-stained breast cancers, and
achieved high concordance in classification using the 30% positivity
cut-point. For visual assessment, each core needed to have at least 50
evaluable tumour cells to be counted. A tumour was considered
positive if there was at least one core with 430% positive stain for
TLE3; the continuous score was the average score in all cores.

Statistical design and analysis. Analyses were performed on
intent-to-treat populations. We formally tested whether there were
imbalances between the 1097 TMA patients and the 2104 patients
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in the MA.21 trial. Exact Fisher tests were used to examine whether
there were imbalances by treatment arm or stratification factors.
The final analysis data were used for these investigations.

The published 411 patient discovery cohort indicated that
clinicopathologic factors did not impact TLE3 results, so we
expected 58.6% of patients to be TLE3þ (Kulkarni et al, 2009). If
patient experience in MA.21 was similar to that in the discovery
cohort, then we would expect a HR for TLE3þ /TLE3� of
0.1–0.2. We assumed the event rates for the TMA patients would be
similar to those for the full trial with an approximately equal split of
the 1097 TMA patients by arm. Then, the power for a two-sided 5%
alpha level TLE3 interaction test between patients with/without
taxane would be close to 100% with the previous HR of 0.1 or a HR
of 0.2; and with a HR of 0.5, the power would be about 90%.

With no evidence of significant imbalances, the univariate test
was to be a stratified log-rank test. Exploratory multivariate
analyses utilised step-wise forward Cox regression, where baseline
patient and tumour characteristic factors were added if Pp0.05,
with likelihood ratio criterion test statistic (Bw2(1)). Predictive effect
was assessed multivariately with a test of interaction between
treatment allocation and TLE3 status. Graphical description was
with Kaplan–Meier plots.

TLE3 assessors were blinded to all clinical data. TLE3 and
clinical data were held, and all analyses performed, by the NCIC
CTG MA.21 trial statisticians. The TLE3 study team made the
decision to publish the results. Manuscript writing was undertaken
by the first author, co-authors, and faculty at the NCIC CTG
central office, who vouch for the fidelity of the study and for
accuracy and completeness of the data.

RESULTS

Patients. MA.21 randomised 2104 patients between 4 December 4
2000 and 29 April 29 2005: 701 to CEF; 701 to EC/T; 702 to AC/T.
The analyses in this report utilised the final analysis database with
a median follow-up of 8.0 years. Blocks were available for 1097
(52%) of MA.21 patients and TLE3 assessed by at least one of the
methods for 1038 (49%) of MA.21 patients, with 59 (5%) of
tumour blocks not assessable by either method: 959 (46%) of the
patients were assessed visually for TLE3; 1035 (49%) assessed by
automated image analysis; 79 (7.6%) of 1038 patients were not
assessable visually, although assessed by automated image analysis;
3 (0.3%) of 959 patients were assessable visually, although not by
automated image analysis.

There were no significant imbalances by treatment arms or
stratification factors between those assessed for TLE3, vs those not, for
visual assessment and for automated image analysis (Supplementary
Table 1). Relapse-free survival was not significantly different for those
included or not in the TLE3 investigation: by visual assessment
(P¼ 0.97) or automated image analysis (P¼ 0.81; data not shown).

Immunohistochemical staining for TLE3. Of the 4388 cores
(4 cores for each of 1097 cases), visual pathologic review indicated no
tumour in 1196 (27%) of cores, missing core in 212 (4.8%) instances,
and 192 (4.3%) with fewer than 50 tumour cells/core. The mean
number of cells for those cases counted and scored by automated
imaged analysis was 934, with a median of 580 cells per case.

Histograms of TLE3 scores are provided (Supplementary
Figure 1A and B); a Box-Cox transformation was not indicated
for either assessment modality. Comparison of results from visual
and automated scores (Supplementary Figure 2) indicated a strong
association between results of the two scoring methods with
Pearson and Spearman correlation coefficients, respectively, of 0.85
(Po0.0001) and 0.83 (Po0.0001). The proportion of TLE3þ
patients (430% stain) by treatment arm and assessment method is
reported in Table 1. Globally, 83.2% of cases were positive by visual

assessment. Meanwhile, 80.6% and 78.8% of cases were positive by
automated image analysis, respectively, for results where at least
one core has 430% TLE3 stain or 430% of all cells have TLE3
stain. Hereafter, the primary categorical TLE3 comparisons
involves positivity defined by 430% TLE3 stain in all cells
assessed by image analysis, with similar results observed for those
based on core(s).

Patient characterisation by baseline factors and TLE3 status.
We examined the proportion of patients with TLE3þ and
TLE3� tumors (Table 1). For both visual and automated
assessments, TLE3 positivity was highly associated with ER-
positive tumours (Po0.0001) and subsequent receipt of adjuvant
endocrine therapy (Po0.0001).

Univariate results

Visual IHC. There were no significant differences in RFS for those
allocated EC/T or CEF by TLE3 status (Figure 1A; P¼ 0.29),
although TLE3þ patients allocated EC/T had directionally better
RFS experience than patients with TLE3� tumours or than
TLE3þ /� patients allocated CEF. For TLE3þ patients
(Figure 1B), the HR of EC/T to CEF was 0.82 (95% CI 0.54 to
1.24; P¼ 0.34). Meanwhile, the outcome for TLE3� tumours is
shown in Figure 1C: the HR of EC/T to CEF is 0.55 (95% CI 0.21 to
1.43; P¼ 0.21). Exploratory investigations with quartile cut-points
also indicated no significant univariate RFS differences for TLE3þ
patients allocated EC/T or CEF (Supplementary Figure 3A, with
first quartile cut-point, P¼ 0.91; Supplementary Figure 3B, with
median cut-point, P¼ 0.91).

Automated image analysis IHC. Similar results were obtained
with automated image analysis. There were no significant
differences in RFS based on TLE3 status and allocation to EC/T
or CEF (Figure 2A; P¼ 0.18). For TLE3þ tumours (Figure 2B),
the HR for patients allocated EC/T compared with those allocated
CEF was 0.84 (95% CI 0.56 to 1.26; P¼ 0.40); however, that for
TLE3� tumours was 0.50 (95% CI 0.22 to 1.16; P¼ 0.10, Figure 2C).
Quartile cut-points again indicated no significant univariate effect of
treatment allocation for TLE3þ patients on RFS (Supplementary
Figure 4A, with first quartile cut-point, P¼ 0.56; Supplementary
Figure 4B, with median cut-point, P¼ 0.83).

Multivariate results

Visual IHC. As in the MA.21 trial, patients allocated to EC/T and
CEF did not have significantly different RFS (HR¼ 0.84 (95% CI
0.33 to 2.12; P¼ 0.72, Table 2)). TLE3þ tumours were not
associated with either a prognostic effect on RFS (HR¼ 0.95
(95% CI 0.49 to 1.82; P¼ 0.87)) or a predictive effect (P¼ 0.68).
Patients on CEF regimen who received adjuvant endocrine therapy
had significantly improved RFS (HR¼ 0.17 (95% CI 0.08 to 0.38;
Po0.0001)), whereas those who received anti-Her2 therapy had
significantly shorter RFS (HR¼ 3.63 (95% CI 1.82 to 7.25;
P¼ 0.0003)). Continuous values of TLE3 did not have a significant
multivariate effect on RFS (P40.05).

Automated image analysis IHC. Similar multivariate results were
seen with automated image analysis (Table 2): EC/T and CEF
patients experienced similar RFS (HR¼ 0.60 (95% CI 0.26 to 1.36;
P¼ 0.22)); again, having a TLE3þ tumour was not associated with
a prognostic impact on RFS (HR¼ 0.79 (95% CI 0.45 to 1.39;
P¼ 0.42)), nor a predictive effect (P¼ 0.44). Patients on CEF
regimen who received adjuvant endocrine therapy had significantly
improved RFS (HR¼ 0.23 (95% CI 0.11 to 0.49; P¼ 0.0001)),
whereas those who received anti-Her2 therapy had significantly
shorter RFS (HR¼ 1.42 (95% CI 0.58 to 3.43; P¼ 0.0003)).
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Table 1. Characterisation of TLE3 status by baseline clinic-pathological features

Factor Category
Visual IHC TLE3�

(n¼161)
Visual TLE3þ

(n¼798)
P-valuea Ariol TLE3�

(n¼201)
Ariol TLE3þ
(n¼834)

P-valuea

Treatment EC/T 41 (12.9%) 276 (87.1%) 0.076 58 (16.8%) 287 (83.2%) 0.279

CEF 62 (18.2%) 278 (81.8%) 73 (19.9%) 293 (80.1%)

AC/T 58 (19.2%) 244 (80.8%) 70 (21.6%) 254 (78.4%)

Age o¼ 39 16 (11.0%) 129 (89.0%) 0.050 23 (14.5%) 136 (85.5%) 0.006

60–69 0 (0.0%) 15 (100%) 0 (0.0%) 16 (100%)

50–59 61 (17.3%) 291 (82.7%) 92 (24.1%) 290 (75.9%)

40–49 84 (18.8%) 363 (81.2%) 86 (18.0%) 392 (82.0%)

Race White 148 (16.8%) 734 (83.2%) 0.941 184 (19.5%) 762 (80.5%) 0.488

Unknown 4 (21.1%) 15 (78.9%) 7 (33.3%) 14 (66.7%)

Hawiian/Pacific 0 (0.0%) 1 (100%) 0 (0.0%) 1 (100%)

Black 2 (10.0%) 18 (90.0%) 5 (20.0%) 20 (80.0%)

Asian 5 (19.2%) 21 (80.8%) 4 (12.9%) 27 (87.1%)

Aboriginal 2 (18.2%) 9 (81.8%) 1 (9.1%) 10 (90.9%)

Performance status 2 2 (50.0%) 2 (50.0%) 0.096 1 (25.0%) 3 (75.0%) 0.959

1 35 (19.8%) 142 (80.2%) 37 (19.6%) 152 (80.4%)

0 124 (15.9%) 654 (84.1%) 163 (19.4%) 679 (80.6%)

Type of surgery Total mastectomy 80 (17.2%) 386 (82.8%) 0.760 99 (19.8%) 401 (80.2%) 0.765

Partial mastectomy 81 (16.4%) 412 (83.6%) 102 (19.1%) 433 (80.9%)

Number of positive nodes 410 10 (17.2%) 42 (82.8%) 0.027 8 (13.3%) 52 (86.7%) 0.292

4–10 37 (17.9%) 170 (82.1%) 49 (21.8%) 176 (78.2%)

1–3 51 (12.8%) 348 (87.2%) 77 (17.7%) 358 (82.3%)

0 63 (21.4%) 232 (78.6%) 67 (21.3%) 248 (78.7%)

T stage Tx 2 (66.7%) 1 (33.3%) 0.013 2 (66.7%) 1 (33.3%) 0.085

T4 0 (0.0%) 13 (100%) 0 (0.0%) 15 (100%)

T3 15 (16.7%) 75 (83.3%) 19 (19.6%) 78 (80.4%)

T2 102 (19.0%) 434 (81.0%) 115 (20.1%) 457 (79.9%)

T1 42 (13.2%) 275 (86.8%) 65 (18.7%) 283 (81.3%)

Nodal status N2 9 (14.3%) 54 (85.7%) 0.045 14 (20.0%) 56 (80.0%) 0.499

N1 89 (14.8%) 511 (85.2%) 119 (18.3%) 530 (81.7%)

N0 63 (21.3%) 233 (78.7% 68 (21.5%) 248 (78.5%)

ER status Positive 50 (8.8%) 521 (91.2%) o0.0001 77 (12.7%) 530 (87.3%) o0.0001

Negative 111 (28.6%) 277 (71.4%) 124 (29.0%) 304 (71.0%)

Menopausal status Pre 112 (16.9%) 549 (83.1%) 0.848 130 (18.2%) 584 (81.8%) 0.141

Post 49 (16.4%) 249 (83.6% 71 (22.1%) 250 (77.9%)

HER2 status Unknown 26 (16.0%) 137 (84.0%) 0.228 31 (18.0%) 141 (82.0%) 0.369

Positive 2 (14.3%) 12 (85.7%) 3 (21.4%) 11 (78.6%)

Negative 3 (14.3%) 18 (85.7%) 7 (31.8%) 15 (68.2%)

3þ 8 (8.1%) 91 (91.9%) 14 (13.3%) 91 (86.7%)

2þ 12 (17.9% 55 (82.1%) 16 (22.2%) 56 (77.8%)

0 or 1þ 110 (18.5%) 485 (81.5%) 130 (20.0%) 520 (80.0%)

Adjuvant Rx Yes 116 (16.5%) 587 (83.5%) 0.604 142 (18.8%) 615 (81.2%) 0.373

No 45 (17.9%) 206 (82.1%) 58 (21.2%) 215 (78.8%)

Missing 0 (0.0%) 5 (100%) 1 (20.0%) 4 (80.0%)

Adjuvant Endo Yes 49 (87%) 516 (91.3%) o0.0001 77 (12.8%) 526 (87.2%) o0.0001

No 112 (28.8%) 277 (71.2%) 123 (28.8%) 304 (71.2%)

Missing 0 (0.0%) 5 (100%) 1 (20.0%) 4 (80.0%)

Adjuvant Herceptin Yes 10 (16.9%) 49 (83.1%) 0.988 13 (20.6%) 50 (79.4%) 0.801

No 151 (16.9%) 744 (83.1%) 187 (19.3%) 780 (80.7%)

Missing 0 (0.0%) 5 (100%) 1 (20.0%) 4 (80.0%)

Histologic Grade III Yes 93 (20.7%) 357 (79.3%) 0.006 115 (23.9%) 366 (76.1%) 0.001

No 23 (11.1%) 184 (88.9%) 27 (11.8%) 202 (88.2%)

Missing 45 (14.9) 257 (85.1) 59 (18.2) 266 (81.8)
Abbreviations: ER¼oestrogen receptor; IHC¼ immunohistochemistry. Treatment¼ treatment arm within MA21 study. TLE3� ¼TLE3 negative (as defined in materials and methods),
TLEþ ¼TLE3 positive.
aP-value based on exact Fisher test.
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Continuous values of TLE3 did not have a significant multivariate
association with RFS (P40.05).

Taxane as administered in the AC/T regimen of MA.21. The
MA.21 AC/T regimen was significantly inferior to CEF in both the
main trial and this investigation, and remained inferior (univariate,
P¼ 0.01) within the TLE3þ populations when TLE3 was assessed
visually or by automation.

DISCUSSION

In a large, prospectively planned analysis within the NCIC CTG
MA21 study, we found no evidence, using a previously validated
protocol for IHC staining and analysis, that TLE3 acts as a
predictive biomarker for taxane benefit in early breast cancer.
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Figure 1. Visually assessed TLE3 staining and outcome by treatment
arm. (A) Recurrence-free survival by Visual TLE3: Status stratified by
allocation to EC/T or CEF: TLE� CEF¼patients with o30% TLE3
tumour-positive cells allocated to CEF arm. TLE3þ CEF¼patients with
X30% TLE3 tumour-positive cells allocated to CEF arm. TLE� EC/
T¼patients with o30% TLE3 tumour-positive cells allocated to EC/T
arm. TLE3þ EC/T¼patients with X30% TLE3 tumour-positive cells
allocated to EC/T arm. (B) Recurrence-free survival for TLE3-positive
cases by Visual TLE3: Status stratified by allocation to EC/T or CEF:
CEF¼patients allocated to CEF arm. EC/T¼patients allocated to EC/T
arm. (C) Recurrence-free survival for TLE3-negative cases by Visual
TLE3: Status stratified by allocation to EC/T or CEF: CEF¼patients
allocated to CEF arm. EC/T¼patients allocated to EC/T arm.
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Figure 2. Image analysis of TLE3 staining and outcome by treatment
arm. (A) Recurrence-free survival by Image analysis of TLE3: Status
stratified by allocation to EC/T or CEF: TLE� CEF¼patients with
o30% TLE3 tumour-positive cells allocated to CEF arm. TLE3þ
CEF¼patients with X30% TLE3 tumour-positive cells allocated to CEF
arm. TLE� EC/T¼patients with o30% TLE3 tumour-positive cells
allocated to EC/T arm. TLE3þ EC/T¼patients with X30% TLE3
tumour-positive cells allocated to EC/T arm. (B) Recurrence-free
survival for TLE3-positive cases by image analysis of TLE3: Status
stratified by allocation to EC/T or CEF: CEF¼patients allocated to CEF
arm. EC/T¼patients allocated to EC/T arm. (C) Recurrence-free survival
for TLE3 negative cases by image analysis TLE3: Status stratified by
allocation to EC/T or CEF: CEF¼patients allocated to CEF arm.
EC/T¼patients allocated to EC/T arm.
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Using identical methods for the staining and evaluation of TLE3
expression to those used in previous studies (Samimi et al, 2012) in
almost 1100 breast cancer samples from a prospective randomised
clinical trial, no evidence of a statistically significant treatment
by marker interaction between TLE3 and taxane containing
chemotherapy was observed. This evidence contrasts with previous
studies in early breast cancer with smaller sample sizes (Kulkarni
et al, 2009) and with larger retrospective cohort studies of lung and
ovarian cancer patients.

In addition to the preplanned analysis, we performed explora-
tory analyses using additional thresholds for TLE3 positivity in
order to explore the possibility that the predetermined cut-point
for TLE3 might poorly reflect the potential of this marker to
identify patients likely to benefit from taxane therapy. In univariate
analyses, unadjusted and stratified by lymph node status, ER status,
and type of surgery, there was no significant evidence that TLE3
acts as a marker of taxane benefit, although the HR for taxane
benefit was consistently lower for TLE3� than for TLE3þ cases
(Figures 1 and 2). This observation, however, is contrary to the
primary hypothesis that increased TLE3 activity is associated with
response to taxane-based chemotherapy. When multivariate
analyses were performed, including the treatment by marker
interaction for TLE3 and taxane therapy with the prognostic effect
of TLE3 and the treatment effect, there was no evidence that TLE3
was acting as a potential predictive marker of taxane benefit in this
study. The observed effects were explained by the treatment effect
and a potential for TLE3 to identify prognostic/residual risk effects
but not to act as a predictive biomarker (see Table 3). Nor was
there any evidence to inform selection of the optimal cut-off—
similar effects were observed when cases were divided by the lower
and upper quartiles and the median TLE3 expression levels
(Supplementary Figures 3 and 4).

Despite careful standardisation of staining and scoring methods
to match those of the previous hypothesis-generating studies
(Kulkarni et al, 2009), a markedly greater proportion of breast
cancers were identified as TLE3þ in the current study.
This cannot be easily explained by differences in patient
demographics or disease characteristics, and may reflect limitations

in the analytical validity of TLE3 immunohistochemistry on
clinical specimens. In addition, the relatively poor outcome of the
AC/T arm of the trial necessitated restriction of the prognostic/
predictive impact of TLE3 to the direct comparison between only
two of the three arms of the MA21 trial (EC/T vs CEF). Despite
these effects, which eroded the statistical power of the primary,
predefined analysis, exploratory analyses failed to identify any cut-
point or situation in which TLE3 might act as a predictive
biomarker of taxane benefit. The CEF vs EC/T randomisation in
MA21 represents a taxane substitution; assessment of trials with
other designs would be needed to address the potential predictive
value of TLE3 for taxane addition (Bedard et al, 2010). Another
small study (28 cases) of neoadjuvant therapy also failed to validate
TLE3 (Susini et al, 2014)

This study represents a formal prospective-retrospective analysis
of a randomised clinical trial with a prespecified classifier, and so
represents a higher level of evidence (Simon et al, 2009) than the
hypothesis generating preliminary studies that inspired this
analysis. In this context, the negative result we obtained (failure
to support the hypothesis) is perhaps not surprising, but it remains
critical that studies such as this one be undertaken and published
to counteract the publication bias that would otherwise result in
the literature (Hopewell et al, 2009).

In conclusion, in this large, prospectively powered and planned
analysis, no evidence to support the hypothesis that TLE3 is a
predictive biomarker for taxane benefit was observed. Alternative
strategies to select patients who may benefit from taxane-based
chemotherapy should be pursued.
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Table 3. RFS stratified step-wise multivariate Cox model with
TLE3 median cut-point

Visual IHC factor Hazard ratio 95% CI P-valuea

Treatment (Trt) EC/T vs CEF 0.72 0.39–1.31 0.278

TLE3þ vs TLE3� 0.76 0.44–1.31 0.320

Endocrine therapy 0.18 0.08–0.40 o0.0001

Anti-HER2 therapy 3.64 1.83–7.26 0.0002

Interaction of TLE3 andTrt 1.02 0.47–2.24 0.957

Interaction of endocrine therapy
and Trt

1.82 0.81–4.10 0.147

Interaction of anti-HER2 therapy
and Trt

0.58 0.15–2.07 0.400

Ariol Image analysis
Factor

Trt EC/T vs CEF 0.75 0.42–1.34 0.330
TLE3þ vs TLE3� 0.77 0.46–1.28 0.308
Endocrine therapy 0.23 0.11–0.50 0.0002
Anti-HER2 therapy 3.30 1.71–6.38 0.0004
Interaction of TLE3 and Trt 1.10 0.52–2.31 0.809
Interaction of endocrine

therapy and Trt
1.41 0.66–3.02 0.379

Interaction of anti-HER2
therapy and Trt

0.57 0.17–1.99 0.380

Abbreviations: 95% CI¼ 95% confidence interval; IHC¼ immunohistochemistry; RFS¼
relapse-free survival; Trt¼Treatment; Visual IHC¼TLE3 staining assessed visually. Ariol
image analysis¼TLE3 staining assessed using automated image analysis.
aP-value is based on Wald statistic.

Table 2. RFS stratified step-wise multivariate Cox model with
TLE3 cut-point of 30%

Visual IHC factor Hazard ratio 95% CI P-valuea

Treatment (Trt) EC/T vs CEF 0.84 0.33–2.12 0.715

TLE3þ vs TLE3� 0.95 0.49–1.82 0.869

Endocrine therapy 0.17 0.08–0.38 o0.0001

Anti-HER2 therapy 3.63 1.82–7.25 0.0003

Interaction of TLE3 and Trt 0.81 0.29–2.24 0.682

Interaction of endocrine therapy
and Trt

1.91 0.86–4.24 0.114

Interaction of anti-HER2 therapy
and Trt

0.57 0.16–2.07 0.393

Ariol Image analysis
Factor

Trt EC/T vs CEF 0.60 0.26–1.36 0.219
TLE3þ vs TLE3� 0.79 0.45–1.39 0.416
Endocrine therapy 0.23 0.11–0.49 0.0001
Anti-HER2 therapy 3.40 1.77–6.56 0.0003
Interaction of TLE3 and Trt 1.42 0.58–3.43 0.443
Interaction of endocrine

therapy and Trt
1.38 0.65–2.90 0.402

Interaction of anti-HER2
therapy and Trt

0.56 0.16–1.98 0.360

Abbreviations: 95% CI¼ 95% confidence interval; IHC¼ immunohistochemistry; RFS¼
relapse-free survival; Trt¼Treatment; Visual IHC¼TLE3 staining assessed visually. Ariol
image analysis¼TLE3 staining assessed using automated image analysis.
aP-value is based on Wald statistic.
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