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Abstract

Purpose/Objective—Recently, we developed RSI, a clinically-validated molecular signature
that estimates tumor radiosensitivity. Here, we test whether integrating RSI with molecular
subtype refines the classification of local recurrence risk in breast cancer

Methods and Materials—RSI and molecular subtype were evaluated in 343 patients treated
with breast-conserving therapy including whole-breast RT plus/minus tumor bed boost (dose
range, 45 — 72 Gy). The follow up for patients without recurrence was 10 years. Clinical endpoint
was local recurrence-free survival (LRFS).

Results—While RSI did not uniformly predict for local recurrence across the entire cohort,
combining RSI and molecular subtype identifies a subpopulation with an increased risk of local
recurrence: triple negative (TN) and radioresistant (TN-R) (Ref -TN-R, HR=0.37 (0.15, 0.92)
p=0.02). TN patients that were RSI-Sensitive/Intermediate (RSI-S/Int) had similar LR rates as
LUM patients (HR=0.86 (0.47, 1.57) p=0.63). On multivariate analysis (MVVA) combined RSI-
Molecular Subtype (p=0.004), along with age (p=0.001) were the most significant predictors of
LR. In contrast, integrating RSI into the LUM subtype did not identify additional risk groups. We
hypothesized that RT dose escalation was impacting radioresistance in the LUM subtype and
serving as a confounder. Indeed, increased RT dose decreased LR only in the LUM-R subset (HR
=0.23 (0.05, 0.98), p=0.03). On MVA, RT dose was an independent variable only in the
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LUMA/B-RR subset (HR=0.025 (0.001, 0.946), p=0.046), along with age (p=0.008), T stage
(p=0.004) and chemotherapy (p=0.008).

Conclusions—Combined molecular subtype-RSI identifies a novel molecular sub-population
(Triple Negative and Radioresistant) with an increased risk of local recurrence after BCT. We
propose RSI-molecular subtype may be useful in guiding RT-based decisions in breast cancer.

Introduction

Therapeutic benefit from radiotherapy (RT) plays an important role in the overall outcome of
breast cancer patients. Classic prospective studies have demonstrated that post-lumpectomy
RT to 50 Gy reduces local recurrences by 75% when compared to patients treated with
lumpectomy alone (1). Furthermore, the Oxford meta-analysis has shown that RT provides a
modest decrease in overall mortality from breast cancer at 15 years that is roughly equivalent
to the survival benefit of polychemotherapy (2) (3). Therefore, local therapy benefit
translates to an overall survival benefit.

Clinical data supports the presence of a gradient of RT dose response/benefit in breast
cancer. The EORTC 22881-10882 boost vs. no boost trial (50 Gy vs. 66 Gy) showed
reduction of absolute local recurrence in patients treated with BCT (10.2% vs. 6.2%),
consistent with the existence of a radioresistant sub-population that benefit from additional
RT dose (4). However, although remarkable progress has been made in defining the
molecular variables that define outcome in breast cancer, the biologic variables that define
RT treatment benefit remain elusive.

To address this, we developed a gene expression molecular signature to estimate cellular
radiosensitivity (RSI) that has been independently clinically validated in RT-treated patients
in multiple disease sites (5, 6). In breast cancer, RSI identifies a radiosensitive population
(RSI-S) that has a decreased risk of distant metastasis after treatment with RT.

Importantly, we showed in two independent datasets (n=503) that RSI is RT-specific since it
was not prognostic in patients treated with surgery only (i.e. mastectomy) (7). Furthermore,
we demonstrated in subset analyses that the impact of RSI was affected by ER receptor
status. Although, RSI-S patients had an improved DMFS (Distant Metastasis Free Survival),
this effect was more pronounced in ER+ patients. Thus, we proposed that RSI may serve as
a predictive biomarker of RT benefit in breast cancer and that the therapeutic impact of RT at
current doses was larger in ER+ tumors. This hypothesis is consistent with results of the
Oxford analysis that demonstrated that RT provides a larger proportional reduction in
recurrence risk in ER+ tumors when compared with ER- tumors (3).

Multiple studies have defined several clinico-pathological features as predictors of local
recurrence risk in breast cancer including stage, age, surgical margins, grade and others (8,
9). More recently, local recurrence risk has been associated with breast cancer molecular
subtypes. Both loco-regional and distant failures are increased in triple negative (TN) and
Her-2-enriched (not treated with trastuzumab) patients. Loco-regional failures for TNs have
been reported to range between 10 — 30% whereas local failures for luminal patients are
generally reported below 5% (10-13). An important distinction between RSI and these
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classic prognostic factors is that RSI was developed to estimate differences in
radiophenotype. Thus, it is expected to provide information regarding the potential benefit of
RT, i.e. a predictive biomarker, if these differences play a role in determining clinical
outcome. In contrast, prognostic biomarkers are independent of treatment effect and are
directly related to clinical outcome (14).

In this study we test whether RSI impacts the ability to define local recurrence risk in
patients treated with BCT. We hypothesized that combining RSI with classic prognostic
factors would enhance the ability to define local recurrence risk. Since molecular subtype
has been shown to predict for local recurrence risk, we tested whether combining both RSI
with breast cancer molecular subtype would further refine the ability to define local
recurrence risk in breast cancer.

Material and Methods

Patients

This dataset was developed under an IRB-approved protocol and has been previously
described. It includes 343 patients with breast cancer treated at four Dutch (Netherlands
Cancer Institute, Radboud University Medical Center, Erasmus Medical Center and
Ziekenyhuis Amstelland) and one French center (Institut Curie, Paris, France)
(Supplementary figure 1) (15). The dataset was specifically designed to develop a molecular
signature of local recurrence after BCT. Thus, this dataset overrepresented local-failures
from what would be expected in a random population (LR = 34.7%).. Inclusion criteria
included patients with invasive primary breast carcinoma diagnosed before age 50,
premenopausal without prior history of malignancy. Patients were treated between January
1984 - November 2002 with breast-conserving surgery including either axillary dissection or
sentinel node procedure and post-operative radiation to the breast +/- regional lymphatics.
Median RT dose to the whole breast was 50 Gy (range 45-55) and 248/342 patients received
a tumor bed boost (median dose 15 Gy, range 6-26). Details on chemotherapy and hormone
therapy have been described previously (15).

The clinical endpoint was the development of an ipsilateral breast recurrence within the first
10 years after completion of primary treatment that showed clinical, histologic and/or
genomic features consistent with the original tumor. Patients without local recurrence
required a minimum follow up of 10 years.

Tissue Processing and Microarray

Details of tissue processing, RNA isolation and Q/A procedures have been previously
described (15). RNA was hybridized to lllumina Human Whole Genome V3.0 arrays.
Normalized data (Variance Stabilization Transformation and Robust Spline Normalization in
the Lumi Bioconductor package as described by the authors of the dataset) was downloaded
from GEO and used for this study.
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RSI determination

This was performed as previously described. Probesets utilized for each gene were mapped
to the Illumina WGv6 platform (Supplemental Table 1) as done in previous studies (5, 6).
The mean expression for probesets for each gene was utilized. Briefly, each of the ten genes
in the assay was ranked according to gene expression (from the highest (10) to the lowest
expressed gene (1)). RSI was determined using the previously published ranked-based linear
algorithm:

RSI1=-0.0098009*AR + 0.0128283*cJun + 0.0254552*STAT1 - 0.0017589*PKC -
0.0038171*RelA + 0.1070213*cABL — 0.0002509*SUMO1 - 0.0092431*PAK2 -
0.0204469*HDACL1 - 0.0441683*IRF1

Genes are ranked on each patient individually and RSI is determined without reference to
the overall cohort.

Definition of RSI Subtype

RSI was originally trained in 48 cancer cell lines as a continuous variable based on cellular
radiosensitivity as determined by survival fraction at 2 Gy (SF2) (6). Thus RSI is inversely
proportional to radiosensitivity (high RSI = radioresistance). We pre-defined the RSI-
Radioresistant (RSI-R) subtype as the top 25t percentile of RSI scores. The RSI-
radiosensitive (RSI-S) subtype was the lower 25™ percentile as in previous studies (5, 7).
Patients with RSI scores between the 251 — 75t percentile were deemed RSI-intermediate,
which is first defined for this dataset (RSI-I).

Molecular Subtypes

Statistics

Tumors were grouped into molecular subtypes according to their gene expression profile, i.e.
luminal A (LUMA, ER+ and/or PR+, HER2-, AURKA-), luminal B (LUMB)(ER+ and/or
PR+, HER2-, AURKA+), luminalHER (LUMHER)(ER+ and/or PR+, HER2+), Triple-
negative (TN)(ER-, PR-, HER2-) and HER2+ (Her-2-enriched)(ER-, PR-, HER2+) based on
the expression level of genes ESR1, PR, ERBB2 and AURKA. For this analysis we included
the smaller subset of LUM-HER within the LUMB as previously suggested (16). The
expression thresholds were optimized from tumors with known IHC data. The microarray-
derived ER, PR, and HER2 statuses were determined according to the optimal sensitivity-
specificity cutoff and then applied to all tumors without IHC data.

Sociodemographic and clinico-pathological characteristics by RSI subtype (RSI-S, RSI-I,
and RSI-R), and by dose level (<=66Gy, >66Gy), were compared using the exact Pearson
chi-square test for categorical variables, and exact Wilcoxon rank sum test for continuous
variables, both using the Monte Carlo estimation. LR was estimated using the Kaplan—-Meier
method and the log-rank test was used to identify differences by RSI group and dose level.
The association between RSI group, dose level, and LR was assessed with multivariable Cox
proportional hazards regression, adjusting for potential confounders. All analyses were
conducted with SAS (version 9.3) and tests were two-sided with a significance level of 0.05.
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Distribution of Clinical Variables and RSI subtype

Supplementary Table 2 shows the distribution of clinico-pathological variables across each
RSI subtype. There were no differences in distribution for the majority of clinical variables
analyzed including T stage, nodal status, margins, grade, presence of DCIS, chemotherapy,
and hormonal therapy. Interestingly, the RSI-S subtype was more prevalent in tumor with
high mitotic index (p=0.003) and high proliferation (p=0.035). Similarly, the RSI-R subtype
was more prevalent in less proliferative tumors. There were also differences in the
distribution of RSI subtype and the biological subtypes. The RSI-S subtype was more
frequent in TN patients (p=0.0004).

In the original report of this dataset, patients receiving RT doses above 66 Gy had a trend
toward lower local recurrence risk (15). Thus, we compared the distribution of clinico-
pathological variables between patients that received high and standard radiation dose (>66
Gy vs. <66 Gy) (supplementary table 3). As expected patients on the high dose group had a
higher prevalence of positive surgical margins (p<0.0001), lymph node positive disease
(p=0.032) and chemotherapy use (p=0.014). In addition, patients on the high dose group had
a higher proportion of ER+ disease (p=0.028). There were no other differences identified
between high and standard dose group in any of the variables studied including RSI subtype
(supplementary table 3).

Integrating RSI and Molecular Subtypes in Breast Cancer

We initially tested RSI as an overall predictor of local recurrence. As shown in figure 1A,
RSI did not identify differences in outcome between RSI-S/I and RSI-R patients. However
and similar to prior studies, when we evaluate RSI by ER-receptor status, significant local
recurrence risk differences are observed (Figure 1B and C). In ER-negative patients, RSI-R
patients have a significantly higher risk of failure when compared with RSI-S or Int patients
(Ref: RSI-R, HR=0.33, (0.16, 0.7), p=0.002). On MVA, RSl is a significant predictor of
local recurrence risk in ER-negative patients (table 1, p=0.0048). In contrast no differences
were identified by RSI in ER-positive patients.

Next, we evaluated the impact of breast molecular subtype (Figure 1D). As shown,
molecular subtype is an important predictor of outcome in these patients (p=0.0049).
However, combining RSI and molecular subtype further refines the classification of local
recurrence risk, specifically in the TN and Her-2 enriched subtypes (Figure 1E and Table 2).
In the TN subtype, RSI-R patients had a larger risk than RSI-S/Int that was statistically
significant (Ref-RSI-R, HR=0.37 (0.15, 0.92), p=0.02). Interestingly, TN-S /Int had similar
local recurrence rates as luminal patients (HR=0.86 (0.0.47, 1.57) p=0.63). On MVA
combined RSI-Molecular Subtype was the best predictor of local recurrence in the dataset
along with age (HR=0.94, p=0.001) (table 3).

Intrinsic Radiosensitivity May Be Influenced by Biological Context

RSI did not identify any differences in local recurrence risk in ER-positive tumors. One
possible explanation is that as suggested by the Oxford analysis, RT exerts a larger
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therapeutic impact in this population. Since our hypothesis is that RSI is a predictive
biomarker, it is possible that RT dose could be serving as a confounder. Thus we analyzed
the impact of RT dose in our dataset. In figure 2, we show the impact of RT dose
dichotomized at 66 Gy. Indeed, increased RT dose (< 66 Gy vs. > 66Gy), resulted in an
overall trend to lower LR only in ER-positive patients (LUM) (HR=0.65 (0.4, 1.05),
p=0.07). In contrast, RT dose escalation did not impact local recurrence risk in ER-negative
patients (HR=1.11 (0.45, 2.75), p=0.81, data not shown). However, when accounting for
RSI, increased RT dose decreased LR only in the LUM RSI-R subset (HR = 0.23 (0.05,
0.98), p=0.03) but not in the RSI-S/Int patients (HR=0.78 (0.42, 1.44), p=0.42, HR=0.84
(0.33, 2.17), p=0.72).

Finally, we analyzed all luminal patients and found that dose effect was most pronounced in
the luminal A/B RSI-R subset (Ref= (< 66 Gy, HR=0.13 (0.02,1.01), p=0.02) but not in the
Lum-Her, RSI-R group (HR- 0.71 (0.07, 6.83), data not shown). On MVA, RT dose was an
independent predictive variable only in the luminal A/B-RR subset (HR=0.025 (0.001,
0.946), p=0.046), along with age (p=0.008), T stage (p=0.004) and chemotherapy (p=0.008).

Discussion

The development of molecular predictors of local recurrence after breast conservation is
central to the development of personalized treatment approaches in breast cancer. Here, we
show that RSI, a previously developed and validated molecular signature of tumor
radiosensitivity, may refine the classification of local recurrence risk in ER negative breast
cancer patients treated with BCT.

RSI did not uniformly predict for local recurrence but only in a subset of patients. It
uncovered differences in local recurrence in ER-negative patients but not in the ER-positive
subset. Thus RSI may not reflect radioresistance for the whole breast cancer cohort.
However, when RSI was integrated to the breast molecular subtypes, it found differences in
outcomes between RSI-S/Int and RSI-R in both TN and Her-2-enriched subtypes, although
it did not reach statistical significance in the latter perhaps due to a small sample size
(n=14). In contrast, RSI-S/Int subsets within the TN subytpe had similar local recurrence
risk as the luminal patients. These observations are similar to a prior published analysis,
where we demonstrated that RSI is influenced by ER receptor status when predicting DM
risk. One possible explanation for these findings is that the molecular determinants of
radioresistance are different between disease sites and/or molecular subtypes. However we
have validated RSI as a predictor of clinical outcome in RT-treated patients in multiple other
disease sites (rectal, esophagus, pancreas, lung, prostate, head and neck and GBM) (5, 7,
17-20). Another possibility is that intrinsic radioresistance is influenced by biological
context (i.e microenvironment or proliferation). For example expression of HIF-1a target
genes is increased in TN patients, suggesting that these patients may have a more hypoxic
microenvironment (21-23).

Local recurrence for TN and Her-2 subtype (not treated with trastuzumab) has been reported
between 15%-30%, suggesting that RT alone may be insufficient in a subset of TN patients
(i.e. TN-RSI-R)(10-13). In contrast, local recurrence for luminal patients in modern cohorts
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is around 5%. Indeed, some authors have suggested that TN patients are more radioresistant
based on their higher local recurrence rate after BCT (11, 24)}(13). Our data supports that
combining RSI and molecular subtype more accurately defines these sub-populations.

In a previous study we proposed that RSI subtype serves as a predictive biomarker of RT
benefit (7). Unlike prognostic biomarkers which predict clinical outcome independent of
treatment, predictive biomarkers are treatment specific and thus are critical for therapeutic
decision-making (14). Previously, we showed that RSI was RT-specific as it only predicted
DMFS in breast cancer patients that received RT (7). Although additional data is required,
the current analyses provide further evidence that RSI may be a predictive biomarker of RT
benefit. In addition they are suggestive that RSI may have clinical utility in informing RT-
based treatment decisions in breast cancer.

There is clinical data that suggest the existence of a clinical gradient for RT benefit in breast
cancer: 1. Systemic and local-regional benefit at 50 Gy, 2. Local-regional benefit at 50 Gy, 3.
Local-regional benefit at 66 Gy, 4. No benefit at current doses. In this study we have shown
that in combination with molecular subtype, RSI identifies patients least likely to benefit
from RT (ER-negative/RSI-R, group 4 above) and patients more likely to benefit from RT
dose escalation (LUM-RSI-R, group 3 above). Finally, in previous analyses we had shown
that RSI, identified a sub-population with a decrease risk of systemic metastases after
treatment with RT (group 1). Thus we propose that RSI provides the first opportunity to
define clinical groups from the RT benefit perspective.

There are several limitations to our study. First, RT dosing was not randomized. Therefore, it
is possible that there are biases that we are unable to account for in our analysis. Second,
RSI did not uniformly predict for local recurrence for the whole cohort. Third, this dataset
was specifically designed to develop a molecular signature of local recurrence, so it may not
be representative of the general breast cancer population and failures were overrepresented.
Therefore, our analysis may be overestimating the absolute local recurrence risk for the
novel populations identified. Fourth, these patients were mostly treated prior to the regular
use of CT-based planning and thus this probably affected the accuracy of RT delivery.
Finally, hormonal therapy was underutilized in this cohort as only 9% of patients received
HT, while 78% of the population was ER+.

In conclusion we demonstrate that combining a novel molecular signature of radiosensitivity
(RSI) with molecular subtypes further defines local recurrence risk in breast cancer.
Although further confirmation is required, these data demonstrate that integrating a RSI into
the classification of breast cancer is an important step towards the development of biology-
based clinical decisions in breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

We integrate a clinically-validated molecular measure of tumor radiosensitivity (RSI)
with molecular phenotypes to define local recurrence risk in breast cancer. While RSI did
not uniformly predict for local recurrence across the entire cohort, it identifies a sub-
population of triple negative patients (RSI-determined radioresistant patients) with the
highest risk of local recurrence. Combined RSI and molecular phenotype is the best
predictor of local recurrence risk outperforming all other variables. Finally, we show that
RSI identifies a radioresistant sub-population within the luminal phenotype that benefit
from increased RT dose.
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Figure 1.

Integrating RSI subtype with breast molecular phenotypes refines the genomic classification
of breast cancer. (A) Local recurrece risk for RSI S/Int vs RSI-R in all (B) ER-positive and

(C) ER-negative patients. (D) Local recurrence risk as a function of breast mlecular subtype.
(E) Local recurrence risk combining breast molecular subtype and RSI
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Integration of RSI and molecular subtypes identifies a small sub-population that benefits
from RT- dose escalation. (A)Local recurrence rates for all luminal patients are shown
comparing patients treated 66 Gy or less (black) or more than 66 Gy (red). (B-D)
Recurrence rates in luminal patients by RSI subtype. RT dose has no overall impact on local
recurrence of luminal patients that are RSI-S (A) or RSI-Int (B). However, higher RT dose
reduces the risk of local recurrence for RSI-R patients (D)(p=0.02)
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Table 1
Multivariable Analysis for ER Negative Patients

Variable Level Compared to Ref Hazard Ratio P Value
RSI Sensitive/Int 0.284 (0.119, 0.681) 0.0048
age 0.955 (0.894, 1.02) 0.1712
rttotaldose >66Gy 1.381 (0.378, 5.048) 0.6253
pT pT2-3 1.498 (0.59, 3.8) 0.3951
surgicalmargin ~ marg+ 0.505 (0.027, 9.358) 0.6462
pN pN+ 0.743 (0.189, 2.915)  0.6701
ct ChT 1.96 (0.55, 6.983) 0.299
ht HT 2.689 (0.172, 42.114) 0.481
subtypebyge TN 0.447 (0.151,1.324)  0.1463
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Table 2

Univariate analysis of RSI in each molecular subtype

Variable Level Compared to Ref Hazard Ratio P Value
LUMA (n=145) Sensitive/Intermediate 1.13(0.52,2.47) 0.7553
LUMB (n=126) Sensitive/Intermediate 1.73(0.87,3.45) 0.1127
TN (n=58) Sensitive/Intermediate 0.37 (0.15,0.92)  0.0248
Her-2-enriched (n=14)  Sensitive/Intermediate 0.33(0.08,1.42) 0.108
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Multivariate Analysis combining RSI and Molecular Subtype in Breast Cancer

Table 3

Variable

Level Compared to Ref

Hazard Ratio

P Value

subtypebyge_RSI
Ref: TN, Resistant

age
rttotaldose

pT
surgicalmargin
pN

ct

ht

HER?2, Resistant
HER?2, Sensitive/Int
LUMA, Resistant
LUMA, Sensitive/Int
LUMB, Resistant
LUMB, Sensitive/Int
TN, Sensitive/Int

>66Gy
pT2-3
marg+
PN+
ChT
HT

3.048 (0.776, 11.971)
0.608 (0.169, 2.179)
0.232 (0.079, 0.683)
0.308 (0.132, 0.717)
0.334 (0.119, 0.936)
0.494 (0.214, 1.139)
0.239 (0.088, 0.648)
0.941 (0.907, 0.977)
0.686 (0.409, 1.15)
1.083 (0.711, 1.651)
1517 (0.771, 2.988)
1.048 (0.522, 2.103)
0.738 (0.376, 1.449)
2.064 (1.099, 3.878)

0.1103
0.4447
0.008

0.0063
0.0369
0.0979
0.0049
0.0014
0.1531
0.7094
0.2277
0.8956
0.3773
0.0243

« Only 9% of all patients received HT

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2018 February 13.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Torres-Roca et al.

Table 4
Multivariate analysis in the LUMA/B-RR patients
Variable Level Compared to Ref. | Variable P Value
Age 0.708 (0.549, 0.912) 0.0075
RT dose (ref= <=66GY) >66Gy 0.025 (0.001, 0.946) 0.0466
T stage (ref=pT1) pT2-3 40.066 (3.16, 508.082) 0.0044
Surgical margin ref=negative positive 0.087 (0.004, 1.781) 0.1128
N stage ref=negative pN+ 3.766 (0.445, 31.854) 0.2235
Chemotherapy (CT) ref=no CT CT 0.016 (0.001, 0.333) 0.0076
Hormonal therapy (HT)*Ref:no uT HT 123.725 (7.326, 2089.61) | 0.0008
Luminal subtype ref=LUMA LUMB 0.509 (0.096, 2.702) 0.4275

*
only 10 patients of 67 patients in the LUMA/B-RR subset received HT
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