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Introduction
Of all invasive breast cancers, approximately 20% 
present with, and are characterized by, human 
epidermal growth factor receptor 2 (HER2) over-
expression and/or HER2 gene amplification.1 

Anti-HER2 agents (H) given in combination with 
chemotherapy (CT) represent the current stand-
ard of care for patients with early HER2+ breast 
cancer.2 The phase III neoadjuvant NeoALTTO 
trial showed that pathological complete response 
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(pCR) rates were significantly improved in 
patients who received paclitaxel plus dual HER2 
blockade by way of the anti-HER2 monoclonal 
antibody, trastuzumab, plus the small molecule 
tyrosine kinase inhibitor, lapatinib, compared 
with paclitaxel plus either anti-HER2 agent 
alone.3,4 This outcome was observed across all 
subgroups; however, a meaningful difference in 
terms of response was observed between hormone 
receptor positive (HR+) and HR negative (HR–) 
tumours, in favour of the latter.3 Similar results 
have been reported by several other neoadjuvant 
trials, confirming that a substantial proportion of 
patients with HR+/HER2+ disease do not respond 
to H combined with CT.5–8 Preclinical data sug-
gest that this difference in response between HR+ 
and HR– tumours could be partly attributed to 
bidirectional crosstalk between the ER and HER2 
pathways and as such, targeting both pathways 
simultaneously may be a superior therapeutic 
strategy than therapy directed at a single path-
way.9 Clinical trials have examined the addition 
of endocrine therapy (ET) to H in both early and 
advanced HR+/HER2+ breast cancer, consist-
ently showing a significant benefit from the com-
bination.10–17 However, whether the combination 
of ET and H would prove superior to the clini-
cally established combination of H and CT 
remains an open question, as there have been no 
direct comparisons made between these two 
approaches. In addition to HR expression, differ-
ent molecular features also contribute to the het-
erogeneous response to treatment observed in 
HER2+ tumours. Gene expression profiling by 
PAM50 can divide HER2+ breast cancers into 
five intrinsic molecular subtypes (luminal-A, 
luminal-B, HER2-enriched, basal-like and nor-
mal-like) with a different subtype distribution 
between HR+ and HR– tumours. Several neoad-
juvant trials have shown HER2-enriched 
(HER2-e) disease is associated with the highest 
pCR rate after CT in combination with H, out of 
the four molecular subtypes.8,12,18

Within the NeoALTTO trial, multiple efforts 
have focused on the secondary endpoint of pre-
dictive biomarker discovery.19–25 However, no 
biomarker has been shown to be clinically effec-
tive in identifying subgroups who benefit the most 
(or least) from CT and H. RB pathway alterations 
occur frequently in HER2+ tumours.26 Preclinical 
and clinical data suggest that loss of function of 
the tumour suppressor RB1 and RB pathway 
alterations are linked to higher sensitivity to CT 
in breast cancer.27–29 Our group has developed a 

gene signature of RB1 loss of function (RBsig), 
which includes 87 E2F1/E2F2-associated genes.30 
A previous analysis conducted within a meta-
dataset of 10 neoadjuvant trials showed RBsig 
expression is predictive of response to CT plus H 
in HR+/HER2+ breast cancer patients.31 In that 
study, gene expression data from pretreatment 
biopsies of 514 HER2+ patients undergoing neo-
adjuvant CT were retrospectively analysed. In 
patients with RBsig Low expression, the pCR 
rate after CT plus H was significantly lower than 
in patients with RBsig High expression. Of note, 
this correlation between RBsig and pCR out-
come was observed only in HR+/HER2+ 
tumours, and not in those with HR–/HER2+ 
expression. Additionally, preclinical data obtained 
on breast cancer cell lines demonstrated RBsig 
Low expression correlates with response to the 
CDK4/6 inhibitor palbociclib.30 Collectively, 
these data suggest that RBsig may potentially 
identify a subset of HR+/HER2+ patients (RBsig 
Low) who derive little benefit from CT plus H, 
and who might theoretically benefit from alterna-
tive treatments such as CDK 4/6 inhibitors in 
combination with ET and H.

The results observed within the aforementioned 
meta-dataset31 were limited by way of the hetero-
geneity of the samples analysed, and the different 
treatments received by the patients. The present 
study aimed to validate those previous results 
within the NeoALTTO trial, a phase III ran-
domised study, in which frozen tissue samples 
were prospectively collected, and all patients 
received the same CT regimen. RBsig expression 
was determined by RNA-sequencing (RNA-seq) 
data derived from pretreatment biopsies, and was 
correlated with pCR rates following CT in com-
bination with H. As a secondary objective, the 
correlation of RBsig with event-free survival 
(EFS) was also evaluated.

Materials and methods
The NeoALTTO study [ClinicalTrials.gov iden-
tifier: NCT00553358] was a randomised, open-
label, multicentre phase III trial in which patients 
with HER2+ early BC were allocated to receive 
neoadjuvant lapatinib, trastuzumab or both for an 
initial 6 weeks, followed by the addition of weekly 
paclitaxel for 12 weeks. After definitive surgery, 
patients received adjuvant chemotherapy fol-
lowed by the same anti-HER2 therapy as previ-
ously assigned for a total of 1 year. The primary 
endpoint was pCR.3,4 The NeoALTTO trial was 
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approved by the ethics committee and relevant 
health authorities of all the participating sites. 
Written informed consent, covering future bio-
marker research, was obtained from all patients at 
study entry.

We collected clinical data and RNA-sequencing 
(RNA-seq) data from pretreatment biopsies 
derived from 254 participants to NeoALTTO, 
which was previously processed by Istitut Jules 
Bordet (Brussels, Belgium). PAM50 classifica-
tion was also provided, with the subtypes deter-
mined on a merged dataset composed of 
NeoALTTO and The Cancer Genome Atlas, as 
previously described.23 The present substudy 
defined pCR as the absence of invasive tumour 
cells in both the breast and axillary lymph nodes 
at the time of surgery (ypT0/is ypN0).

RBsig expression was computed retrospectively, 
and correlated with pCR or EFS. The RBsig 
score was computed by calculating the average 
(i.e. mean) Z-score transformed expression levels 
across each score of the gene list, as previously 
described.30 Data were available for 85 out of 87 

genes of RBsig. RBsig was tested for its predictive 
and prognostic value as a continuous variable and 
as a classifier. For this purpose, RBsig was dichot-
omised as High or Low in correspondence to the 
50th and the 25th percentile. RBsig was also 
investigated with a data-driven approach, com-
puting all possible points of separation, and 
selecting the optimal cutoff.32

The receiver-operating characteristic (ROC) 
curve and the area under the curve (AUC) were 
used to assess the prediction performance of the 
RBsig score. The two-sided Wilcoxon Mann–
Whitney test (WMW) was used to check for sig-
nificant differences between two distributions that 
were represented both as box plots and density 
plots. Fisher’s exact test was performed to check 
the independence of nominal variables. The dis-
tribution of EFS was estimated using the Kaplan–
Meier method and compared with the log-rank 
test. The relationship between pCR, EFS and 
RBsig score was assessed using logistic regressions 
and Cox proportional hazard models. The uni-
variate effect of major clinicopathological param-
eters and of treatment arms was evaluated and a 
multivariate model was fitted with those covari-
ates that reached a statistically significant effect.

Results

Patient characteristics and pCR rates
The NeoALTTO trial enrolled 455 patients in 
total; RNA-seq data were obtained for 254 
patients. Of these, 10 with non-evaluated nodal 
status at time of surgery were excluded, thus 
bringing the total population of this substudy to 
244 (Figure 1). Overall, 85 patients had been 
assigned to the lapatinib arm, 77 to the trastu-
zumab arm, and 82 to the combination arm. 
Baseline characteristics of this substudy cohort 
did not significantly differ from that of the overall 
NeoALTTO population. Of the substudy cohort, 
129 were HR+, and 115 were HR–. Overall, 75 
patients obtained a pCR (pCR rate = 31%); of 
these, 30 were HR+ (pCR rate = 23%) and 45 
were HR– (pCR rate = 39%). According to treat-
ment arm, the pCR rates were 19% in the lapat-
inib arm, 25% in the trastuzumab arm and 49% 
in the lapatinib–trastuzumab arm (Table 1).

Correlation between pCR and RBsig
RBsig expression and its correlation with pCR 
was evaluated in the overall substudy population, 

Figure 1. Consort diagram.
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as well as in the HR+ and HR– subgroups. As a 
standardized RBsig cutoff score to define “High” 
and “Low” expression levels is not yet estab-
lished, samples were classified as RBsig High or 
Low initially based on the mean RBsig cutoff 
(50th percentile), then on a lower cutoff (25th 
percentile), and finally, according to the optimal 
cutoff (22nd percentile). The 25th percentile 
threshold performed better than the 50th percen-
tile threshold, while producing similar results to 
the optimal cutoff (data not shown). For this rea-
son, the 25th percentile threshold was selected as 
the final cutoff and is reported henceforth.

Overall population: of 244 patients included in the 
analysis, the classifier identified 182 patients with 
RBsig High tumours, and 62 patients with RBsig 
Low. pCR rates were significantly higher in 
patients with RBsig High tumours compared to 
those with RBsig Low (35% versus 18%, respec-
tively; Fisher’s exact test p = 0.011) (Figure 2(a)). 
A significant difference in RBsig distribution was 
observed between patients with pCR and those 
with residual disease (RD) (WMW p = 0.01) 
(Figure 2(b)). The distribution of RBsig across 
samples is illustrated in supplementary Figure 
1(a). By ROC analysis, the AUC for RBsig was 

Table 1. Patient characteristics.

HR positive n (%)
(n = 129)

HR negative n (%)
(n = 115)

p value

Age (years) 0.09

Median 47 51  

Range 23–73 23–79  

T 0.52

T2 73 (57) 70 (61)  

⩾T3 56 (43) 45 (39)  

N 0.48

N0/1 111 (86) 95 (83)  

⩾N2, Nx or missing 18 (14) 20 (17)  

Grade 0.63

G1/G2 62 (48) 37 (32)  

G3 52 (40) 64 (56)  

Gx 15 (12) 14 (12)  

Treatment arm 0.61

Lap 48 (37) 37 (32)  

Trast 41 (32) 36 (31)  

Trast + Lap 40 (31) 42 (37)  

Treatment response 0.008

RD 99 (77) 70 (61)  

pCR 30 (23) 45 (39)  

G, grade; Lap, lapatinib; N, lymph node status; pCR, pathological complete response; RD, residual disease; T, tumour 
status; Trast, trastuzumab.
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0.60 [95% confidence interval (CI) 0.52–0.67], 
indicating modest sensitivity and specificity for 
predicting response (Figure 2(c)).

The association between RBsig and conventional 
clinicopathological parameters, treatment arm 
and pCR was explored by univariate and multi-
variate regression analyses. In the univariate 
model, RBsig was significantly associated with 
pCR, when considered as a continuous [RBsig 
cont p = 0.021, odds ratio (OR) 1.58] as well as a 
categorical (RBsig High/Low 25th percentile cut-
off p = 0.012, OR 2.51) variable (Figure 3(a)). A 
significant correlation with pCR was also found 
for ER status (p = 0.004, OR 2.31), PR status 
(p = 0.003, OR 2.59) and the dual HER2-
blockade treatment arm (lapatinib + trastuzumab 
versus trastuzumab p = 0.002, OR 2.91; lapatinib 
+ trastuzumab versus lapatinib p < 0.001, OR 
4.11). At multivariate analysis adjusted for HR 
status and treatment arm, RBsig was not found to 
be independently associated with pCR (RBsig 
High/Low 25th percentile cutoff p = 0.089, OR 
1.94 95% C.I. 0.93–4.3).

HR+ subgroup: 129 tumours positively expressed 
HR; of these, 94 were classified as RBsig High, 
and 35 as RBsig Low. A remarkably low pCR rate 
of 11% was seen in the HR+/RBsig Low sub-
group, versus 28% in HR+/RBsig High (Fisher’s 
exact test p = 0.06) (Figure 4(a)). RBsig expres-
sion levels were higher in patients achieving a 
pCR versus those who did not (WMW p = 0.09) 
(Figure 4(b), Supplementary Figure 1(c)).The 
ROC curve AUC for RBsig was 0.60 (95% CI 

0.49–0.72) (Figure 3(c)). At univariate analysis, 
RBsig was weakly associated with pCR in this 
subgroup of patients (RBsig cont p = 0.049) 
(Figure 3(c)).

HR– subgroup: of 115 patients with HR– disease, 
88 were classified as RBsig High, and 27 as RBsig 
Low. The pCR rate was 43% in HR–/RBsig High 
patients versus 26% of the HR–/RBsig Low 
patients (Fisher’s exact test p = 0.1) (Figure 4(d)). 
A nonsignificant difference in RBsig distribution 
was observed between patients with pCR and 
those with RD (WMW p = 0.23) (Figure 4(e), 
Supplementary Figure 1(b)). The ROC curve 
AUC for RBsig was 0.57 (95% CI 0.46–0.67) 
(Figure 4(f)). At univariate analysis, no associa-
tion was found between RBsig and pCR (RBsig 
cont p = 0.296) (Figure 3(b)).

pCR rates according to the PAM50 classification 
and RBsig
The PAM50 classifier was used to define the 
molecular subtypes of the substudy population. 
Of 244 evaluable patients, 20 were classified as 
normal-like (normal), 24 as basal-like (basal), 39 
as luminal-B (lum-B), 56 as luminal-A (lum-A), 
and 105 as HER2-e. Lum-A tumours dominated 
within the HR+ subgroup (n = 42), while HER2-e 
was the most represented subtype in the HR– 
subgroup (n = 70) (Supplementary Table 1). pCR 
was evaluated according to PAM50 subtype. 
Overwhelmingly, 47 of the 76 pCRs observed in 
the unclassified (overall) population occurred in 
patients with HER2-e tumours; the remainder 

Figure 2. RBsig is associated with response to neoadjuvant chemotherapy plus anti-HER2 therapy in HER2+ 
breast cancer patients (overall population).
(a) Bar graphs showing the frequency of pathological complete response (pCR) in patients unselected for RBsig expression, 
RBsig High and RBsig Low; (b) box plots representing RBsig expression value as a function of pCR versus residual disease 
(RD); width of boxes is proportional to the number of samples; the whiskers mark 1.5 * IQR (interquartile range); (c) receiver-
operating characteristic (ROC) analysis of RBsig.

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 11

6 journals.sagepub.com/home/tam

were distributed among the other four subtypes 
(lum-A, n = 9; basal, n = 8; lum-B, n = 6; normal, 
n = 5). (Supplementary Table 1).

Next, the distribution of RBsig expression within 
each PAM50 subtype was evaluated. As 
expected, RBsig levels varied significantly 
between molecular subtypes. Lum-A and nor-
mal tumours were mostly RBsig Low (70% and 
65%, respectively), while RBsig High tumours 
dominated within the other subtypes (lum-
B = 100%; basal = 96%; HER2-e = 91%) (Figure 5, 
Supplementary Table 1).

The correlation between RBsig expression and 
treatment response was evaluated within each 
subtype; the results were not significant, likely 
due to the small number of patients for each of 
the five subtypes and the high prevalence of RBsig 
High tumours in lum-B, basal and HER2-e. It 
was, however, noted that HR+/RBsig Low 
patients obtained lower pCR rates than HR+/
RBsig High, regardless of the molecular subtype 
(Supplementary Table 1).

Correlation between EFS and RBsig
In the overall population (n = 244), EFS did not 
significantly differ between those tumours clas-
sified as RBsig Low and High; however, a trend 
towards significance was observed (hazard 
ratio = 0.65, 95% CI 0.39–1.08, p = 0.09). The 
3-year EFS was 69% in RBsig Low (n = 43), 
and 74% in RBsig High patients (n = 135) 
(Figure 6(a)).

The correlation between EFS and RBsig was 
evaluated according to HR status. There was no 
significant difference between RBsig Low and 
RBsig High when EFS was analysed in the HR+ 
cohort (hazard ratio = 0.82, 95% CI 0.37–1.82, 
p = 0.63) (Figure 6(b)). The 3-year EFS in this 
cohort was 77% (n = 27) in RBsig Low and 75% 
(n = 70) in RBsig High. Differently, in the HR– 
cohort, RBsig Low patients showed a significantly 
worse EFS than RBsig High (hazard ratio = 0.50, 
95% CI 0.25–0.98, p = 0.04). The 3-year EFS 
was 59% in RBsig Low (n = 16), and 74% in 
RBsig High (n = 65) (Figure 6(c)).

Univariate and multivariate regression analyses 
were performed to explore the association between 
conventional clinicopathological parameters and 
EFS. At univariate analysis, RBsig was signifi-
cantly correlated with EFS in the HR– subgroup (a

)
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Figure 4. Bar graphs showing the frequency of pathological complete response (pCR) in patients unselected 
for RBsig expression, RBsig High and RBsig Low, within HR+/HER2+ breast cancer patients (a) and within 
HR–/HER2+ breast cancer patients (d).
Box plots representing RBsig expression value as a function of pCR versus residual disease (RD) and receiver-operating 
characteristic (ROC) analysis of RBsig within HR+/HER2+ (b,c) and HR–/HER2+ breast cancer patients (e,f).

Figure 5. Box plots representing RBsig distribution within PAM50 molecular subtypes in the overall population.
25th, 25th percentile cutoff; 50th, 50th percentile cutoff; Basal, basal subtype; HER2-e, HER2-enriched subtype; LumA, 
luminal-A subtype; LumB, luminal-B subtype; normal, normal subtype.
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only (RBsig cont p = 0.016; RBsig High/Low 25th 
percentile cutoff p = 0.044) (Supplementary 
Figure 2). No marker was independently associ-
ated with EFS at multivariate analysis adjusted 
for clinicopathological parameters and treatment 
arm (not shown).

Discussion
The NeoALTTO trial showed that neoadjuvant 
CT plus dual HER2 inhibition was superior to 
single-agent anti-HER2 therapy plus CT. 
However, approximately 50% of patients treated 
with dual therapy did not achieve pCR, which 
subsequently translated into a lower survival ben-
efit. The percentage of patients with RD after CT 
plus double HER2 blockade further increases to 
almost 60% if we consider only the HR+/HER2+ 
patients, a group known to respond less favoura-
bly to CT in combination with H.3,4 Various bio-
markers have been unsuccessful in subselecting 
within HER2+ tumours in order to identify 
patients who are less likely to respond to CT + H, 
and who might be suitable for alternative treat-
ments.19–25 In this study, we present RBsig, a bio-
marker of potential future interest, that appears to 
be predictive of response to CT plus H in HER2+ 
patients enrolled in the NeoALTTO trial. We 
found that the functional loss of RB1, as expressed 
by RBsig High levels, was significantly associated 
with higher response to treatment. This was con-
sistent with prior observations that have shown 
that RB pathway alterations, most specifically 
cyclin D1 amplification and CDK4 gains, occur 
frequently in HER2+ breast cancers.26 Loss of 
RB1 function is also associated with increased 
response to CT.27–29

The observed correlation between RBsig expres-
sion and response to CT + H in the NeoALTTO 
population is in line with a previous analysis per-
formed by our group on a meta-dataset of 10 neo-
adjuvant clinical trials, wherein RBsig was 
predictive of response to CT with or without H in 
HR+/HER2+ patients.31 Similarly, in the current 
study, we found that only 11% of patients with 
HR+/HER2+/RBsig Low tumours achieved 
pCR. This percentage is remarkably low if viewed 
in the context of the pCR rates generally seen in 
patients receiving neoadjuvant ET in combination 
with H for HR+/HER2+ BC. For instance, in the 
TBCRC023 trial, patients with early breast cancer 
treated with combined letrozole, trastuzumab and 
lapatinib for 24 weeks obtained a pCR rate of 
33%.11 In the NA-PHER2 trial, a pCR rate of Fi
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27% was achieved in this subgroup following 
20 weeks of combined fulvestrant, trastuzumab, 
pertuzumab and palbociclib.33 A direct compari-
son between CT and ET in combination with H 
is required to more clearly define the optimal reg-
imen in HR+/HER2+ patients.

This substudy also assessed the distribution of 
RBsig across PAM50 molecular subtypes. In line 
with previous analyses, RBsig levels varied con-
siderably across molecular subtypes.30,31 Normal 
and lum-A tumours were mostly RBsig Low, 
while RBsig High levels were predominant in 
HER2-e, lum-B and basal subtypes. HER2-e rep-
resented more than 40% of the overall popula-
tion, and the majority of pCRs obtained belonged 
to this subtype. Several studies support the use of 
PAM50 classification to subselect breast cancers, 
and to refine the use of molecularly targeted treat-
ments. The five molecular subtypes are character-
ized by different response to CT + H. In the 
NOAH18 and CALGB406018 trials, pCR follow-
ing neoadjuvant CT + single or double HER2 
blockade was higher among HER2+/HER2-e 
tumours than any other subtype. Furthermore, 
data from the PAMELA study showed that the 
HER2-e subtype was a strong predictor of sensi-
tivity to neoadjuvant HER2 dual inhibition in the 
absence of CT.12 In our analysis of NeoALTTO, 
HR+/RBsig Low tumours were represented only 
in HER2-e, LumA and normal subtypes. 
Although based on small numbers, we showed 
that, within such molecular subtypes, patients 
with HR+/RBsig Low tumours achieved lower 
pCR rates than HR+/RBsig High, suggesting that 
RBsig may have some potential to refine PAM50 
subtyping.

Our findings showed that the increased pCR rate 
obtained in the RBsig High subgroup translated 
into an EFS advantage only within women with 
HR– tumours. This is in line with findings of sev-
eral studies showing that patients who obtain a 
pCR have improved survival, especially those 
with aggressive BCs, like HR–/HER2+ subtype, 
while pCR is not prognostic in HR+/HER2+ 
patients.34

This substudy had various strengths. The analysis 
was performed within a randomised phase III trial 
on prospectively collected frozen tissue samples; 
all tumour samples were centrally analysed, and 
an accredited technique was utilized to evaluate 
gene expression. All patients received the same 

CT backbone. For the purposes of the current 
analysis, we decided to combine the three 
NeoALTTO arms together. The resulting hetero-
geneity in treatment received was justified by the 
fact that, on the basis of the previous meta-data-
set analysis,31 RBsig was expected to be predictive 
of response to CT independent of the anti-HER2 
regimen received. Limitations of this substudy 
were that it included analysis of only 244 of the 
455 patients originally recruited to NeoALTTO, 
and the correlations made between RBsig, pCR 
and EFS were partly influenced by low sample 
numbers, which may explain the inconsistent 
results found in the univariate and multivariate 
analyses. However, despite these shortcomings, 
we were able to provide additional support to the 
original hypothesis that RBsig may be predictive 
of response to CT in combination with H.

Our results indicate that RBsig could add valua-
ble information to HER2 and HR expression, 
which may in turn inform treatment choices. 
HR+/HER2+/RBsig Low breast cancers exhib-
ited the poorest pathological response following 
CT plus H. Accordingly, we hypothesize that in 
such patients, ET in combination with H and, 
potentially, a CDK4/6 inhibitor, could be a more 
effective treatment. The use of CDK4/6 inhibi-
tors in RBsig Low patients is supported by previ-
ous preclinical findings reported by our group, 
showing that RBsig in breast cancer cell lines was 
predictive of response to the CDK4/6 inhibitor 
palbociclib.30 In order to validate these results, we 
are now undertaking a prospective randomised 
trial designed to explore the interaction between 
RBsig status (High or Low) and treatment activ-
ity, assessed by pCR, of neoadjuvant palbociclib 
plus letrozole versus paclitaxel when given with 
trastuzumab plus pertuzumab in elderly women 
with HR+/HER2+ primary breast cancer.
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