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Abstract

Elevated levels of the anti-apoptotic BCL2 protein associate with favourable outcome in breast cancer. We
investigated whether executioner caspase activation downstream of mitochondrial apoptosis was associated
with, or independent of BCL2’s prognostic signature in breast cancer. Levels of BCL2 family proteins were
quantified in triple negative breast cancer (TNBC) samples, and utilised to calculate BCL2 profiles of 845 breast
cancer patients. Biomarkers including single apoptosis proteins and network-enriched apoptosis systems
signatures were evaluated using uni- and multivariate Cox-models. In both TNBC and non-TNBC breast cancer,
the anti-apoptotic BCL2 protein was particularly abundant when compared to other solid tumours. High BCL2
protein levels were prognostic of favourable outcome across all breast cancers (HR 0.4, 95% CI 0.2-0.6, Wald p
< 0.0001). Although BCL2 and cleaved caspase-7 levels correlated negatively, elevated cleaved caspase-7 levels
were also associated with favourable outcome (HR 0.4, 95% CI 0.3-0.7, Wald p = 0.001). A combination of low
BCL2 and low cleaved caspase-7 protein levels was highly prognostic of unfavourable outcome across all breast
cancers (HR 11.29, 95% CI 2.20-58.23, Wald p = 0.01). A combination of BCL2 and cleaved caspase-7 levels is

a promising prognostic biomarker in breast cancer patients.



Introduction

The ability of cancer cells to evade apoptosis is believed to play a fundamental role in carcinogenesis [1] and
resistance to chemo- and radiotherapy [2]. The BCL-2 family of proteins are gatekeepers of the so-called
mitochondrial apoptosis pathway and either promote or inhibit apoptosis [3]. Caspase-3 and caspase-7 represent
the main executioners of mitochondrial apoptosis [4]. Cancer cells overexpressing anti-apoptotic BCL2 family
proteins including BCL2, BCL(X)L and MCL1 have a reduced ability to activate the mitochondrial apoptosis
pathway and show an increased resistance to chemo- and radiotherapy [5, 6]. Due to the complexity of BCL2
protein interactions and redundancies in the BCL-2 signalling pathway, individual BCL-2 family proteins only
have limited prognostic power in most cancers [7-9]. For this reason, we recently the computational model,
DR_MOMP that describes BCL-2 signalling quantitatively and holistically [10]. Both preclinical and clinical
studies demonstrated that such systems analysis was capable of delivering a powerful prognostic tool, superior
to single or combinatorial biomarker approaches [10-12]. DR_MOMP is an ordinary differential equation-based
computational model of BAX- and BAK-controlled mitochondrial outer membrane permeabilisation (MOMP)
during apoptosis. It uses levels of pro-apoptotic BAK and BAX and anti-apoptotic BCL2, BCL(X)L and MCL1
as input, and delivers a single value (‘stress’ dose) that indicates the estimated sensitivity of cancer cells to
activate the mitochondrial apoptosis pathway [10]. Previous studies employing quantitative Western blotting
[10, 13] or reverse protein phase array (RPPA)-based protein quantification [11] demonstrated a highly
prognostic association of high stress doses with unfavourable clinical outcome in patients with colorectal cancer,

independent of other (histo)pathological or molecular risk factors including TNM staging [11].

Expression levels of the anti-apoptotic BCL2 protein, as a single biomarker or as part of transcriptome-based
risk scores, has been repeatedly identified as a prognostic biomarker in breast cancer, with high levels of BCL2
counter-intuitively associated with favourable prognosis in patients [14-17]. High BCL2 expression is
particularly observed in oestrogen and progesterone receptor (ER/PR)-positive breast cancer [18, 19] that shows
better overall survival (OS) compared to ER/PR-negative or triple negative breast cancer (TNBC) [20]. BCL-2
has been identified as a transcriptional target of oestrogen signalling [21]. Of note, BCL2 signalling is
increasingly linked to other non-apoptotic processes, including regulation of bioenergetics, cell proliferation and
gene expression [22-26]. The aim of this study was therefore to quantitatively explore whether individual BCL2

proteins or a systems analysis of BCL-2 family proteins delivers prognostic signatures in breast cancer, whether
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such signatures are breast cancer subtype-specific, and whether these signatures are related to executioner

caspase activation as a read-out of the mitochondrial apoptosis pathway.

Materials and methods

Irish Cancer Society BREAST-PREDICT / National Breast Cancer Resource cohort

Fresh frozen primary cancer samples (n = 25) of non-metastatic female TNBC patients (5-year disease related
survival 76% and recurrence rate 32%) were obtained from Beaumont Hospital, Dublin, Ireland between 2004—
2013. Nineteen samples remained after quality control. Pathological stage was determined using the American
Joint Committee on Cancer (AJCC) TNM classification system. Clinical follow-up [disease-free survival (DFS)
and breast cancer-related overall survival (OS)] was obtained through medical record review. Informed consents
were collected following ethical approval from Beaumont Hospital Medical Research Ethics Committee.

Patients’ clinical characteristics are provided in supplementary tables S1 and S2.

TCGA cohort

The data for protein levels (reverse phase protein array, RPPA), mRNA expressions (MRNA SeqV2), somatic
mutations (llluminaHiSeq) and clinical follow-up of n = 845 patients were accessed from The Cancer Genome
Atlas (TCGA) project (20 May 2016). 74 patients were removed from the survival analysis due to history of
another malignancy (n = 53), follow-up time < 0 days (n = 10), or insufficient information on tumour staging (n

= 13). Detailed patient characteristics are provided in supplementary tables S2 and S3.

BCL2 profiling by quantitative Western blotting

Quantitative Western blotting of fresh-frozen tissue protein lysates was performed as previously described using
Hela cells as a standard for which absolute levels of BCL-2 family proteins BCL2, BCL(X)L, MCL-1, BAX
and BAK were determined previously [10]. HeLa cells were collected and lysed in RIPA buffer (150 mM NaCl,
1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, Sigma protease and
phosphatase inhibitors mix 1:100). Patient tissue was lysed in 500 pL ice-cold buffer [50 mmol/L HEPES (pH
7.5), 150 mmol/L NaCl, 5 mmol/L Na-EDTA] and protease inhibitor cocktail and homogenized on ice. Samples
were centrifuged at 14,000 x g for 10 minutes, superatant collected and stored at —80°C. All densitometry

analyses was performed with ImageJ [10, 13]. Protein levels were normalised to HelLa cells to calculate absolute
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protein levels in patient tissue. Primary antibodies to MCL1 (1:1000; BD Biosciences), BCL2 (1:100; Santa
Cruz Biotechnology), BCL(X)L (1:250; Santa Cruz Biotechnology), anti-p-actin (A1978, Sigma Aldrich, St.
Louis, MO, USA, 1 in 7500), and a-tubulin (1:5,000; Sigma Aldrich) were mouse monoclonal. Antibodies to
BAK (1:250; Santa Cruz Biotechnology) and BAX (1:1,000; Upstate Biotechnology) were rabbit polyclonal.
The horseradish peroxidase (HRP)-conjugated secondary antibodies were from Jackson ImmunoResearch
(1:5000). Detection of protein bands was carried out using chemiluminescence (EMD Millipore) on a LAS-3000

Imager (FUJIFILM UK Ltd. System).

Calculation of TCGA Protein Profiles

BCL-2 protein profiles (BAK, BAX, BCL2 and BCL(X)L) were calculated for the 845 TCGA patients by using
simple linear regression to fit the 25t and 75t percentile of the protein levels of the TCGA patients (RPPA) to
the 25t and 75t percentile of the protein levels of our BREAST-PREDICT cohort after excluding extreme
outliers (see statistics for outlier calculations). In a first step, protein profiles of TNBC TCGA patients were
matched to the TNBC profiles of the BREAST-PREDICT cohort. The fitted linear functions were then applied
to calculate the protein profiles of the remaining non-TNBC patients of the TCGA cohort. Protein levels for
different antibodies used in the TCGA for BAK (Bak-R-E and Bak-R-C) and BCL(X)L (Bcl-xL-R-C and Bcl-
xL-R-V) were merged. We did not find a statistical difference in the distribution of protein levels between the

respective antibodies (notshown).

PAMS50 subtypes and proliferation score analysis

The PAMS50 subtype [27] of the TCGA patients was determined using the ‘genefu’ R-Package [28] and mRNA
expression levels (MRNA SeqV2). The proliferation score [29] was determined by averaging the normalized
expression of eleven genes (RNASeq: BIRC5, CCNB1, CDC20, CDCAL, CEP55, KNTC2, MKI67, PTTGL,

RRM2, TYMS, UBE2C) as described by Nielsen et al. [29].

DR_MOMP

DR_MOMP was employed as previously described [10, 13, 11] and run with Matlab R2007b (V.7.5.0.342; The
MathWorks, USA). Details of the model are described in the Supplementary Methods of Lindner et al. [10].
Briefly, the stress dose required to induce MOMP in a cell was determined by mathematically modelling

reversible protein binding of the pro- and anti-apoptotic proteins BAK, BAX, BIM, BCL2, BCL(X)L, MCL1,
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PUMA, NOXA and VDAC2 based on mass action kinetics [10]. BIM and PUMA are modelled to activate BAK
and BAX. BAX and BAK are modelled to subsequently form homo-dimers and higher oligomers. Pores are
defined as BAK and BAX hexamers and higher oligomers [10]. MOMP is assumed to occur if at least 10% of
total BAK and BAX are associated in pores as determined previously [10]. Levels BAK, BAX, BCL2,
BCL(X)L, MCL1 were used as input to calculate the DR_MOMP stress dose. The TCGA dataset did not
include MCL1 protein levels and values were set to zero for the calculation of the DR_MOMP stress dose. In
the TNBC BREAST-PREDICT cohort, setting MCL1 levels to 0 nM led to a modest, on average 8% reduction
of the DR_MOMP stress dose. If ranked according to the stress dose, the patients’ ranking did not change
considerably (patients 1 and 12 swopped the 4th and 5th rank, and patients 10 and 11 swopped the 10th and 11th
rank). The calculated stress dose required to induce MOMP was normalised in TNBC patients from the TCGA
cohort by determining the z-score, excluding extreme outliers. The z-score in TNBC served as a reference for

other breast cancer subtypes.

Statistics

Employed statistical tests are stated with the p-value (p) for each analysis. Statistical significance was
considered with p < 0.05. Survival analyses were performed using the ‘survival’ package (V.2.38-3) in R
(V.3.2.3, The R Foundation). Statistically significant differences between OS curves were determined using log-
rank tests (logrank). We computed hazard ratios (HR) and 95% confidence intervals (Cl) using unadjusted and
multivariate Cox proportional hazards models to estimate the relative risks of death. Statistical significance was
determined using Wald tests (Wald). The proportional hazards assumption (PHA) was tested by using the
cox.zph function. Violation of the PHA were accounted by integrating the time-transform functions #(BCL2) =
BCL2 * time’ into the cox models (Table 2). Extreme outliers (< Q1 — 3(Q3-Q1) and > Q3 + 3(Q3-Q1), with Q1 =
25, Q2 = 501 and Qs = 75! percentile) were excluded for calculating protein profiles, mean or median values.
Bootstrapping was applied to estimate the CI of the median of a dataset (bootstrap 95%CI). Datasets were
resampled with replacements with the length of the resample being 100 times the original length. After the
median was determined, this routine was repeated 100 times. The 0.025 and 0.975 quantiles of the computed

medians were used as the 95% CI.



Page 7 of 25

Results

We determined BCL-2 family of protein profiles in fresh-frozen primary tumour samples from
histopathologically confirmed and non-metastatic, female TNBC patients. Patient information and tumor
pathology characteristics are provided in Supplementary Table S1. Protein levels of BAK, BAX, BCL2,
BCL(X)L and MCL1 were quantified by quantitative Western blotting. To determine absolute levels of BAK,
BAX, BCL2, BCL(X)L and MCL1, protein concentrations were normalized to Hela cells in which BCL-2
protein levels were previously quantified [10]. Pro- and anti-apoptotic BCL-2 family proteins were
heterogeneously expressed in individual tumour samples (Figure 1A). We found a median level of 585 nM
(bootstrap 95% CI 95-1,143 nM) and 396 nM (bootstrap 95% CI 218-495 nM) for the pro-apoptotic proteins
BAK and BAX respectively. We found a median level of 2,037 nM (bootstrap 95% CI 750-3,542 nM), 0 nM
(bootstrap 95% CI 0-37 nM) and 7 nM (bootstrap 95% CI 0-34 nM) for the anti-apoptotic proteins BCL2,
BCL(X)L and MCLL1, respectively. BAK, BAX and MCLL1 levels of the TNBC samples were not differently
expressed compared to colon or rectal cancer patients in which levels were previously determined by the
identical method (Wilcoxon rank-sum test) [10]. BCL2 was significantly higher expressed (Wilcoxon rank-sum
test p < 0.01) in the TNBC tissue compared to colon or rectal cancer tissue (median =595 nM; bootstrap 95%Cl
195-840 nM). In contrast, BCL(X)L levels in the TNBC samples were significantly lower (Wilcoxon rank-sum
test p = 0.02) compared to colon and rectal cancer tissue (median = 19 nM; bootstrap 95% CI 5-64 nM). None
of the individual proteins were associated with clinical outcome (not shown; Cox models, Wald test p = 0.3-

0.9).

We employed DR_MOMP [10] to calculate the stress dose required to induce mitochondrial outer membrane
permeabilisation (MOMP) in each tumour sample as indicator of apoptosis sensitivity, by using the determined
BCL-2 protein profiles as model inputs (Figure 1B). We found considerable differences in the DR_MOMP
stress dose among TNBC tumour samples (Figure 1C). It was independent of tumour grade or TN-staging
(Figure 1D). Analysis of clinical follow up by determining 5-year disease-free survival (DFS) and breast cancer-
related overall survival (OS) suggested that the stress dose was not significantly associated with clinical
outcome, as both very high and very low stress doses were observed in patients with unfavourable clinical

outcome (Figure 1C).

The above findings suggested that apoptosis signaling through BCL-2 family proteins was not indicative of

clinical outcome in TNBC, or may contribute to clinical outcome only in specific molecular subtypes of breast
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cancer. To validate and further explore these findings in an external cohort, we inferred protein expression data
of 845 patients from the TCGA cohort that included 91 TNBC, 590 ER/PR+ and 127 human epidermal growth
factor receptor 2 positive (HER2+) samples (Figure 2A). A total of 74 patients were removed from analysis

(Figure 2A; see Materials and Methods).

BCL2 protein profiles of the TNBC patients of the TCGA cohort were first matched fitted to profiles of the
TNBC BREAST-PREDICT cohort by linear regression as described in Materials and Methods. The fitted
functions were then applied to calculate protein profiles for the remaining, non-TNBC TCGA patients. Analysis
of BCL-2 profiles did not reveal major differences in BAX, BAK, and BCL(X)L levels between TNBC,
ER/PR+ and HER2+ breast cancer (Figure 2B). Protein levels of BCL2 in ER/PR+ breast cancer further
exceeded those seen in TNBC (Figure 2B), confirming previous observations that ER/PR+ breast cancer
overexpresses BCL2 [18, 19]. There was no MCLL1 protein levels available in the TCGA cohort and levels were

setto 0 nM for DR_MOMP.

Calculation of the DR_MOMP stress dose revealed a median of 2,286 nM (bootstrap 95% CI 2,134-2,377 nM)
across all breast cancers patients. We next performed a data normalisation step by calculating z-scores of the
DR_MOMP stress dose (MOMP score), with TNBC as reference cohort. Previously, the mean MOMP score (=
0) was identified as an excellent threshold to differentiate colorectal cancer patients with favourable and
unfavourable clinical outcome [11]. We did not observe a statistical difference in MOMP score among stage I-
IV patients (one way ANOVA, p = 0.11; Figure 2C), confirming our observations in the smaller BREAST-
PREDICT cohort. MOMP scores were significantly lower in TNBC when compared to ER/PR+ (p < 0.0001)
and HER+ tumours (p < 0.001; Tukey HSD post-hoc ANOVA; Figure 2D), suggesting impaired BCL2-
dependent apoptosis particularly in these types of breast cancer. Analysis of PAM50 molecular subtypes [27] in
this cohort revealed a high MOMP score in Luminal-A and -B subtypes compared to Basal-like and HER2-
enriched patients , reflecting findings observed in ER/PR+ cancers (p < 0.0001, Tukey HSD post-hoc ANOVA,;

Figure 2E).

OS probability across all breast cancers was significant higher in patients with a MOMP score < 0 (logrank p <
0.01) and the risk of death was halved (hazard ratio HR 0.48, 95% CI 0.30-0.77; Wald p < 0.01) compared to
patients with a MOMP score > 0 (Figure 2F). Results were similar after adjusting for tumour stage, age at

diagnosis and IHC subtype (HR 0.56, 95% CI 0.33-0.93; Wald p = 0.03; Table 1). This finding was in stark
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contrast to findings in colorectal cancer, where mortality risk was significantly increased in patients with a

MOMP score >0 [11].

We next explored whether the prognostic potential of the MOMP score depended on the different molecular
subtypes investigated, as each molecular subtype is expected to have differences in disease biology. However,
we did not find a difference in risk assessment based on MOMP scores among the different receptor-based
(IHC) subtypes, ie. ER/PR+, HER2+ and TNBC subtypes (Figure 2G). Within the PAMS50 classification,
increasing the score decreased the risk of death by 1/3 per unit in Luminal B patients (Fig 2H; HR 0.67, 95% Cl
0.50-0.89, Wald p < 0.01). There was no significant association among Luminal A patients (HR 1.04, 95% ClI
0.99-1.08, Wald p = 0.10). We also tested for a possible interaction between MOMP score and PAM50
molecular subtypes (Supp. Table S4). We found that there was an interaction between the MOMP score and
whether or not the cancer was classified as Luminal A (interaction p = 0.03) or whether or not the cancer was

classified as Luminal B (interaction p < 0.01).

Next we addressed the question whether high MOMP scores were also associated with impairment of
mitochondrial apoptosis by interrogating levels of cleaved caspase-7 in the TCGA cohort. Cleaved caspase-7 is
activated downstream of MOMP and apoptosome formation [30, 31]. Cleaved caspase-3 levels were not
available in the TCGA dataset. The Pearson's correlation coefficient between BCL2 and cleaved caspase-7 was
negative (-0.10; 95% CI -0.17 - -0.03, p < 0.01), and mean levels of cleaved caspase-7 were significantly lower
in patients with a MOMP score > 1 compared to patients with a MOMP score < 0 (Figure 3A, p < 0.0001,
Tukey HSD post-hoc ANOVA). These findings indicated that high MOMP scores were associated with

impaired apoptosis execution in breast cancer patients.

We next explored whether the levels of cleaved caspase-7 were associated with lower or higher OS in breast
cancer. We hypothesised that at least two scenarios would be possible: a) The ability of cells ability to activate
caspase-dependent apoptosis has an adverse effect on clinical outcome. In this scenario, high cleaved caspase-7
levels, similar to low MOMP scores, should associate with unfavourable outcome. This scenario is supported by
recent studies suggesting that caspase-dependent apoptosis may trigger compensatory cell proliferation and
relapse in breast cancer [32, 33]. b) The ability of cells to activate caspase-dependent apoptosis is associated
with improved clinical outcome, but other functions of BCL2 proteins not included in the modelling approach

(cell proliferation, gene expression, bioenergetics) also contribute and ‘overshadow’ the anti-apoptotic function



Page 10 of 25

of BCL2 proteins. In this scenario, cleaved caspase-7 levels may be an alternative prognostic biomarker of

clinical outcome.

Interestingly, we found that patients with cleaved caspase-7 levels greater than the mean had a 60% reduced risk
of death compared to patients with cleaved caspase-7 levels less or equal than the mean (HR 0.4, 95% CI 0.3-
0.7, Wald p = 0.001). This suggested that impairment of caspase-dependent apoptosis was indeed associated
with poor clinical outcome. In contrast to the MOMP score, the risk associated with the cleaved caspase-7 level
was also similar in all PAM50 molecular subtypes (Figure 3C). We did not find evidence of an interaction
between cleaved caspase-7 levels and PAMS50 subtypes (Luminal A interaction p = 0.35; Luminal B interaction

p = 0.50).

From a quantitative perspective, the anti-apoptotic BCL2 protein was found to be the most abundant BCL-2
family protein in breast cancer, exceeding the levels of pro-apoptotic BAK and BAX which represented the
second and third most abundant BCL-2 family proteins (Figures 1A and 2B). We therefore also evaluated the
prognostic power of individual BCL2 family proteins. Since we found a strong association between the BCL2
levels and the ER/PR-status, which was previously reported to be time-dependent [34], we tested and accounted
for violated the proportional hazards assumption (PHA) in further analysis. Within the TCGA cohort, we found
evidence that BCL2 protein levels (coxzph p < 0.01) as well as the MOMP scores (coxzph p = 0.03) violated
the PHA (Supplementary Figure S1), suggesting a time-varying effect of BCL2 levels. Levels of cleaved
caspase-7 did not violate the PHA (coxzph p = 0.91). BCL2 protein levels above the mean (determined in
TNBC patients) had a significantly higher OS compared to levels below the mean (logrank p < 0.0001;
Supplementary Figure S2). At t = 0 years, we found a HR 0.37 (95 % CI 0.23-0.61, Wald p < 0.0001; Table 2),
but we did not find a significant effect after 5 years (HR 0.83, 95% CI 0.61-1.13). HRs were similar after we
adjusted for PAM50 and IHC subtypes (not shown). Levels of BAK (HR 1.14, 95% CI 0.55-2.36, Wald p =
0.72), BAX (HR 1.03, 95% Cl 0.48-2.19, Wald p = 0.94) or BCL(X)L protein (HR 0.61, 95% CI 0.21-1.80,

Wald p = 0.37) were not prognostic.

Of note, patients with BCL2 protein levels above the mean also had a significantly lower proliferation score
(Figure 3D; Wilcoxon rank-sum p < 0.001) compared to patients with BCL2 levels below the mean. Patients
with high BCL2 protein levels also had lower levels of cleaved caspase 7 (Figure 3E; Wilcoxon rank-sump <
0.001). Analysis of PAM50 molecular subtypes indicated that the association of high BCL2 levels with low cell

proliferation might be driven by the Luminal B subtype and not by BCL2 levels itself, since we did not observe
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a BCL2-dependent variation of the proliferation score within the Basal, Her2 and Luminal A subtypes (Figure

3F).

In multivariate Cox-models adjusting for tumour stage, IHC subtype and age at diagnosis, we found that cleaved
caspase-7 levels and BCL2 protein levels were associated with an approximately 50% reduced mortality risk
(cleaved caspase-7 HR 0.58, 95% CI 0.40-0.84, Wald p < 0.01; BCL2 HR 0.44 95% 0.26-0.73, Wald p < 0.01;
Table 2). We next divided patients into groups with cleaved caspase-7 levels greater than the mean (> 0.06 a.U;
n = 365; Figure 4A) and below the mean (n = 511). We further subdivided the latter into patients with BCL2
levels greater (> 0.22 a.U.; n = 317) and below the cohort’s mean (n = 194). We did not find that these BCL2
groups were violating the PHA (coxzph p = 0.08 and coxzph p = 0.40, respectively). Focusing on long-term
survival (5-10 years, n = 186 patients), we found that patients with high BCL2 levels and low cleaved caspase-7
levels had a 7-fold increased risk of death (HR 7.0, 95% CI 1.5-32.2, Wald p = 0.01), and that patients with low
BCL2 and low cleaved caspase-7 levels were 11-times more likely to die (HR 11.3, 95% CI 2.2-58.2, Wald-p <
0.01), compared to patients with high cleaved caspase-7 levels. Of note, we also found that PAM50 subtypes
were scattered across the three groups (Figure 4B). 60% of Her2-enriched and 62% Basal-like patients were in
the high cleaved caspase-7 level group. 61% of Luminal A patients were in the group with low cleaved caspase-

7 levels and high BCL2 protein levels.

Discussion

The ability of cancer cells to induce the BCL-2 family-controlled mitochondrial apoptosis pathway, when
analysed by quantitative systems and computational modelling approaches such as DR_MOMP, was shown to
be a reliable indicator of genotoxic therapy responses in colon cancer cells [10], and an excellent biomarker for
favourable clinical outcome in colorectal cancer patients [10, 13, 11]. Employing an identical quantitative tissue
profiling approach in fresh-frozen tissue material as employed in previous investigations [10, 13], we found that
the protein levels of anti-apoptotic BCL2 were about 5-fold higher in breast cancer tissues when compared to
colon or rectal tumours, or when compared to other solid tumours such as glioblastoma (Supplementary Figure
S3). This was not the case for any of the other pro- or anti-apoptotic BCL-2 family proteins investigated.
Moreover, we found that high BCL2 protein levels and, consequently high MOMP scores were associated with
favourable (rather than unfavourable) clinical outcome in breast cancer. This association was particularly strong

in the ER/PR+ cohort and Luminal B PAM50 subtype. These findings are in agreement with previous studies
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showing that high levels of BCL2 expression are associated with favourable clinical outcome and enriched in
ER/PR+ breast cancer [14, 15, 17, 16], but are counter-intuitive when considering the known roles of BCL2
family proteins in cell death regulation and chemo- and radiotherapy responses. Because most breast cancer
patients in the cohorts studied were treated with chemo- and radiotherapy or targeted therapies, it is possible that
treatments reduced BCL2 levels particularly in high BCL2 expressing and potentially BCL2-dependent breast
cancers. However studies in the neoadjuvant setting suggested that alterations in BCL2 levels did not correlate
with response to treatment [35-37], or that BCL2 levels increased in responders [38]. In line with an anti-
apoptotic role of BCL2, we observed that tumours with high levels of BCL2 protein had a reduced proficiency
to activate the mitochondrial apoptosis pathway, as evidence by reduced caspase-7 activation. However, we also
observed that tumours with low levels of cleaved caspase-7 were associated with unfavourable clinical outcome
in cancer patients. Collectively, this suggested that BCL2 may exert other activities that contribute to favourable
clinical outcome such as regulation of cell proliferation, gene expression, or bioenergetics [22-24]. In this
context, we also observed a strong negative correlation between high BCL2 protein levels and cell proliferation
scores. Previous studies have shown that BCL-2 is able to delay G(0)-G(1) cell cycle transition [26], and
potentially has additional effects in S phase [25], the mechanisms of which are however largely unexplored.
Interestingly, BCL2 is also localised to the nuclear envelope [39], and has recently been sown to exert extra-
mitochondrial effects by regulating gene expression [24]. Alternatively high BCL2 levels are merely an
indicator of a subtype of breast cancer that has a favourable clinical prognosis and is responsive to ER targeted-
therapy [40, 41]. In both scenarios, these biological activities would dominate over BCL2’s anti-apoptotic
activity in terms of long-term prognosis. To identify improved prognostic signatures, we combined cleaved
caspase-7 and BCL2 protein levels. Patients with impaired apoptosis execution indicated by low cleaved
caspase-7 and high proliferation indicated by low BCL2 protein levels had the lowest rate of OS, and were 3-
times more likely to die. Patients with high BCL2 protein levels did not show a different OS within the first 5-
years of follow-up, however differences in survival became evident after this period. We observed that the effect
of BCL2 levels was varying by time but that levels of cleaved caspase-7 did not. Time-dependence of the ER
status was previously demonstrated [42, 43, 34], and the 2 year peak in mortality rate of ER-negative cancer
patients after diagnosis was used to explain the time-dependency [34]. In our study the subgroup with high
BCL2 levels and low cleaved caspase 7 levels mostly consisted of ER+ (Luminal A and B) cancer. Our study
suggests that breast cancers with high levels of cleaved caspase 7 have a higher sensitivity to (neo-)adjuvant

therapy, therefore these patients may have a good prognosis for both short-and long-term survival. Patients with
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low cleaved caspase 7 but high BCL2 protein levels may show higher survival after surgery, since their cancer is
less invasive and slower proliferating [18, 15, 19], however the impairment of apoptosis might be of
disadvantage for long-term survival. This disadvantage could be potentially addressed by targeting caspase

activation or MOMP with apoptosis sensitisers including IAP antagonists [44] and BCL-2 antagonists.

BCL2 displays a high binding affinity for activated BAX [45] and most BH3-only proteins [46]. A ‘MODE 1’
prevention of apoptosis (sequestering of direct activators of BAK and BAX) was described to be easily
disrupted by BCL2-antagonists [47]. Drugs targeting BCL2, such as VenetoclaxX ABT-199 were shown to
sensitize ER-positive breast cancer cells to tamoxifen in mouse xenograft models [48], presumably by disrupting
the binding of BCL2 to the pro-apoptotic BH3-only protein BIM [49, 48]. Indeed, we found a Pearson
correlation coefficient = 0.52 (95% CI 0.46-0.57, p < 0.0001) between BIM and BCL2 protein levels among the
samples of the TCGA cohort and both markers were associated with decreased risk in a univariate Cox-model
and no statistically significant interaction between BCL2 and BIM protein levels was observed (interaction p =
0.07, Supplementary Table S5). Moreover, in contrast to BAX, BAK is held in check predominantly by
BCL(X)L and MCL1 [50]. Due to the low levels of BCL(X)L and MCL1 in breast cancer patients, BAK should
be readily available to induce apoptosis subsequent to a stress- or therapy-induced activation of BH3-only
proteins. In most in vitro and in vivo systems, activation of BAK is sufficient to induce apoptosis in the absence

of BAX [51, 52].

Collectively, our study suggested that the protein levels of BCL2 (as a potential indicator of cell proliferation
and/or molecular subtype), and levels of cleaved caspase 7 (as an indicator for apoptosis impairment) when
combined may deliver a novel prognostic signature across all breast cancers. Low levels of both proteins are
indicative for highly unfavourable clinical outcome, independent of patients’ age, tumour stage and PAMS0

classification.
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BCL-2 family protein profiling and risk score calculations in TNBC patients. (A) BAK, BAX, BCL2,

BCL(X)L and MCL1 protein levels as determined by quantitative Western Blotting in 19 TNBC patients from

the BREAST-PREDICT cohort. (B) Protein profiles were used as input for DR_MOMP [10] to determine

(C) the stress dose required to induce apoptosis in the patients’ cancer samples. (D) The stress doses were not

significantly different among different tumour grades and stages.
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DR_MOMP analysis of the TCGA BRCA cohort. (A) Workflow and patient criteria for TCGA analysis.
TNBC patients of the TCGA cohort were matched with the TNBC BREAST-PREDICT cohort to calculate
BCL2 protein profiles among TCGA patients. (B) BCL2 expression varied between the IHC subtype among
TCGA patients. (C) The MOMP score was not different among the various cancer stages, but varied (D) among

the IHC and (E) PAM50 molecular subtypes (Tukey HSD post-hoc ANOVA). (F) Patients with a MOMP score
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> 0 had significantly higher overall survival compared to patients with MOMP score < 0 (logrank-test). (G) The
MOMP score was not a prognostic marker within the various IHC subtypes, (H)but showed prognostic

properties among Luminal B patients (Cox models, wald-p test<0.01).
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High cleawed caspase-7 lewels are associated with a decreased risk. (A) Breast cancer samples with a MOMP
score > 0 had significantly lower levels of cleaved caspase-7 compared to samples with a MOMP score < 0
(Tukey HSD post-hoc ANOVA). (B)Patients with cleaved caspase-7 levels > mean (0.11 A.U.) had
significantly higher OS compared to patients with cleaved caspase-7 levels < mean (logrank test). (C) Testing of
the prognostic value of cleaved caspase-7 levels in PAMS50 subtypes (Cox models, wald-p test). Patients with
BCL2 protein levels > mean (0.22 A.U.) had significantly (D) lower PAM50 proliferation scores and (E) lower
levels of cleaved caspase-7 compared to patients with BCL2 protein levels < mean (Wilcoxon Rank Sum).

(F) There was no difference in the proliferation score within the various PAM50 subtypes, comparing samples
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with BCL2 protein levels > individual means and < individual means (-0.50 Basal, -0.44 Her2, 0.47 Luminal B,

0.64 Luminal A; Wilcoxon Rank Sum).
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The combination of BCL2 and cleaved caspase-7 lewels is a promising prognostic biomarker. (A) Patients

were divided into those with high (> 0.06 A.U.; solid line, blue) and low cleaved caspase-7 levels. We further

subdivided the latter cohort according to high (> 0.22 A.U.; dashed line, purple) and low BCL2 protein levels

(dotted line, red). (B) Distribution of the PAM50 subtypes among the defined patient subgroups. (C) Kaplan—

Meier analysis of patient subgroups. Patients with low cleaved caspase-7 and low BCL2 proteins levels had

lower OS compared to patients with high BCL2 or high cleaved caspase-7 levels (logrank-test).
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Supplementary Figure S1
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Supplementary Figure 1 Test and graphical diagnostics for the proportional hazards assumption for Cox
regression models. Scaled Schoenfeld residuals by time for (A)the MOMP score > 0, (B) the BCL2 protein

levels and (C) the levels of cleaved caspase-7 from the breast cancer TCGA cohort.
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Supplementary Figure 2 Kaplan—Meier (logrank-test) and Cox-model analysis of the TCGA cohort using

(A,C) the DR_MOMP score and (B,D) BCL2 protein levels, and different mean values as cut-off. Analysis

using the means (A)of the DR_MOMP score (0.00 a.U.) and (B) BCL2 protein (-0.55 a.U.) determined in

TNBC patients. Analysis using the means (C)of the MOMP_score (1.18 a.U.) and (D) BCL2 protein levels

(0.22 a.U.) determined in all patients. (E) Cox-model using the MOMP score as covariate and accounting for its

violation of the proportional hazard assumption.
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Supplementary Figure 3 BCL2 protein levels were found to be significantly higher in triple negative breast
cancer (TNBC, Irish Cancer Society BREAST-PREDICT cohort) patients compared to colorectal cancer [1]

(CRC) and glioblastoma [2] (GBM) patients (p <0.01; Tukey HSD post-hoc ANOVA).
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