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Modulation of the Estrogen/erbB2 Receptors Cross-talk
by CDK4/6 Inhibition Triggers Sustained Senescence in
Estrogen Receptor- and ErbB2-positive Breast Cancer
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Purpose: The interplay between estrogen receptor (ER) and erbB
tyrosine-kinase receptors (RTK) impacts growth and progression of
ER-positive (ER")/HER2-positive (HER2™") breast cancer and gen-
erates mitogenic signals converging onto the Cyclin-D1/CDK4/6
complex. We probed this cross-talk combining endocrine-therapy
(fulvestrant), dual HER2-blockade (trastuzumab and pertuzumab),
and CDK4/6-inhibition (palbociclib; PFHPert).

Experimental Design: Cytotoxic drug effects, interactions, and
pharmacodynamics were studied after 72 hours of treatment and
over 6 more days of culture after drug wash-out in three ER"/HER2 ™,
two HER2®", and two ER-negative (ER7)/HER2" breast cancer
cell lines. We assessed gene-expression dynamic and association with
Ki67 downregulation in 28 patients with ER*/HER2" breast cancer
treated with neoadjuvant PEHPert in NA-PHER2 trial (NCT02530424).

Results: In vitro, palbociclib and/or fulvestrant induced a func-
tional activation of RTKs signalling. PFHPert had additive or

Introduction

Breast cancer with estrogen receptor o (ERo) expression
[ER-positive (ER')] and erbB2 overexpression [IHC 3-positive
(3%) and/or HER2-gene amplified; HER2-positive (HER2")] has
relatively low sensitivity to ER-directed therapies (1, 2). This well-
known clinical observation has been attributed to a cross-talk between
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synergistic antiproliferative activity, interfered with resistance
mechanisms linked to the RTKs/Akt/MTORCI axis and induced
sustained senescence. Unexpected synergism was found in HER2'*"
cells. In patients, Ki67 downregulation at week 2 and surgery were
significantly associated to upregulation of senescence-related genes
(P =7.7E-4 and P = 1.8E-4, respectively). Activation of MTORC1
pathway was associated with high Ki67 at surgery (P = 0.019).

Conclusions: Resistance associated with the combination of
drugs targeting ER and HER2 can be bypassed by cotargeting Rb,
enhancing transition from quiescence to sustained senescence.
MTORCI pathway activation is a potential mechanism of escape
and RTKSs functional activation may be an alternative pathway for
survival also in ER"/HER2'®" tumor. PEHPert combination is an
effective chemotherapy-free regimen for ER"/HER2" breast cancer,
and the mechanistic elucidation of sensitivity/resistance patterns
may provide insights for further treatment refinement.

ER and HER2 so that constitutively increased HER2 signaling can
augment ERa function and lead to relative resistance to endocrine
therapy (3, 4). Clinical trials showed that the addition of the anti-HER2
drugs trastuzumab (5) or lapatinib (6) to aromatase inhibitors led to
only modest improvement of therapeutic results, suggesting that the
disruption of the bidirectional cross-talk between HER2 and ERa is
bypassed by alternative pathways of tumor survival. Of note, the
mitogenic signals driven by tyrosine kinase receptors (RTK) and
hormone receptors (HR) converge to the Cyclin-D1/CDK4/6 complex,
which is a key regulator of the GI-S transition and cell cycle
progression (7-9).

Pharmacologic inhibition of CDK4/6 with small molecules such as
palbociclib has relevant therapeutic activity in preclinical models
and in human breast cancer (10). Preclinical data demonstrated that
HR-positive (HR") cell lines were more sensitive than HR-negative
(HR™) to palbociclib (11). This is probably due to HR* tumor cells being
less frequently Rb-negative (11), and commonly having high levels of
cyclin D1 (12) and low expression of the inhibitor p16 (CDKN2A).
Benefit from palbociclib and other CDK4/6 inhibitors combined with
endocrine therapies was initially reported by Finn and colleagues (11)
and confirmed in numerous clinical trials in HR*/HER2-negative
(HER2") breast cancer (13-18), and the combinations are now a
standard of therapy in women with HR™ metastatic breast cancer.

In vitro HER2 amplified cell lines showed high sensitivity to
palbociclib indicating the relevance of cyclin D1-CDK4/6 activity for
the initiation and maintenance of HER2-driven breast cancer (10). Of
note, the efficacy of the combination of CDK4/6 inhibitors with
trastuzumab or lapatinib was more than additive (11, 19).
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Translational Relevance

In HR-positive (HR")/HER2-positive (HER2) breast cancer,
endocrine therapy has limited efficacy, and addition of anti-HER2
drugs leads in general to modest therapeutic improvement, sug-
gesting that the cross-talk between HER2 and estrogen receptor
(ER) is bypassed by alternative escape pathways.

We demonstrated, in different breast cancer cell lines, that
cotargeting Rb by CDK4/6 inhibition voids the escape mechanisms
induced by ER/HER2 cross-talk and triggers the transition from
cell quiescence to sustained senescence. These findings were con-
sistent with those observed in the NA-PHER?2 trial which enrolled
patients with ER*/HER2™" breast cancer treated with neoadjuvant
chemo-free combination of drugs targeting ER, HER2, and CDK4/
6-Rb. Our results provide a mechanistic interpretation of the
increased clinical activity observed with this combination in
NA-PHER2 and MONARCHEer studies and provide a support for
further development on this therapeutic strategy. In addition, these
findings support the ongoing research of biomarkers research to
predict for sustained tumor senescence in individual patients.

The convergence of HER2 and ER signals on Rb suggested that
pharmacologic block of the triple-way cross-talk with drugs interfering
with each individual target might result in therapeutic synergy. In the
NA-PHER2 neoadjuvant trial (20) there was a clear indication that
therapy consisting of fulvestrant to block ER, palbociclib to block
CDK4/6-Rb, and trastuzumab plus pertuzumab to block HER2 was
very active in ER*/HER2" breast cancer.

In parallel with the aforementioned clinical study, we investigated
the effects of the triple block of HER2, ER, and CDK4/6-Rb in a panel
of breast cancer cell lines to assess the presence and extent of synergy,
and to investigate the underlying mechanisms of interaction. We
report here that sustained senescence is a key mechanism of the
antiproliferative activity induced by concomitant targeting of ER,
CDK4/6-Rb, and HER2 in cell lines and demonstrate, by RNA-
sequencing (RNA-seq) of breast cancer biopsies, that senescence is
also present and prominent upon exposure to the triple block
of patients enrolled in NA-PHER?2 trial and associated with retained
Ki-67 downregulation.

Materials and Methods

Cell lines

BT474 (catalog no. HTB-20), ZR-75-30 (catalog no. CRL-1504),
MDA-MB-361 (catalog no. HTB-27, RRID:CVCL_0620), MCF7 (cat-
alog no. HTB-22, RRID:CVCL_0031), T47D (catalog no. HTB-133),
SKBr3 (catalog no. HTB-30), were purchased from ATCC in Janu-
ary 2016. KPL4 were a gift from Prof. Kurebayashi (Japan; Supple-
mentary Table S1). The cells lines from ATCC were guarantees for
origin, authenticity, and absence of Mycoplasma. Cells were cultured in
high-glucose DMEM or RPMI (Lonza) containing 10% FBS (Invitro-
gen) and 1% penicillin/streptomycin (10.000 UI/mL; Invitrogen) in
compliance with ATCC technical data sheet. Cell lines were grown in a
humidified incubator at 37°C with 5% CO, and regularly checked
(approximately every 2/3 months) for any contamination by Myco-
plasma. For this purpose, the commercial kit MycoAlertTM PLUS
Mycoplasma Detection Kit (10 tests) was used (catalog no. LT07-701;
Lonza). Usually in our laboratory cell lines were used within 20 to 25
passages of thawing and continuously cultured for less than 6 months.
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Reagents

Palbociclib and fulvestrant were respectively from Santa Cruz and
Sigma-Aldrich and dissolved in water and in DMSO. Trastuzumab and
pertuzumab were from Roche.

Viability

Cells (1,000-6,000) were plated in 96-flat bottom-well plates
(Corning), grown overnight, and treated (in triplicate or quadrupli-
cate) with individual drugs or combinations for 72 hours, when 30 uL
per well of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; Sigma-Aldrich] were added. After incubation at 37°C
for 4 hours, the supernatant was removed and the MTT formazan salt
was dissolved in 100 UL of DMSO (Sigma-Aldrich). Absorbance was
read at 570 nm using a reference wavelength of 630 nm.

Proliferation

Cells (1 x 10°-7 x 10°) were plated in a six-wells plate and treated as
described above for 72 hours. After drug removal, residual viable cells
were allowed to recover and grow for additional 7 days [wash-out
period (WO)]. Cell viability was evaluated by Trypan Blue Vitality test
at end of treatment (EOT; 72 hours), at day 3, and day 7 of WO.

Western blotting

Cells were lysed with RIPA buffer and proteins were separated on
SDS-PAGE using acrylamide fixed-percentage or gradient precast gels
(Mini Protean TGX, Bio-Rad). Blotting was performed by a semidry
system (Trans Blot Turbo; Bio-Rad). Membranes were subjected to
immunoblotting with different primary antibodies of interest listed in
Supplementary Fig. S1. Chemiluminescent detection was performed
by ECL Clarity reagent (Bio-Rad).

Morphology

3 x 10° cells were plated in six-well plates, treated the day after with
single drugs or combinations and let grow for 6 to 12 days. Images
were acquired with an inverted microscope IMAGER M2 (Zeiss
Oberkochen) at intervals during incubation.

Senescence-associated B-galactosidase

Three different assays were used to observe and quantify senescent
cells: (i) colorimetric test (Abcam Senescence Detection Kit) for
microscope observation; (ii) Fluorometric Quantitative Cellular Senes-
cence Assay Kit (Cell BioLabs) for a quantitative flow cytometric
measurement (Canto II, Beckton Dickinson) of senescence-
associated B-galactosidase (SA B-gal) activity; (iii) after staining with
the colorimetric kit (Abcam), positive cells were counted by Amnis
ImageStreamX (Merck). All methods were used according to the
manufacturer’s standard protocol.

Cell cycle

1 x 10° cells were plated in 25-cm? flasks and treated for 72 hours
before detachment by trypsinization. After washing with PBS, cell
pellet was incubated with propidium iodide (25 pg/mL), RNase A
(0.5 U/mL), and Nonidet P-40 [5% volume for volume (v/v)] in a final
volume of 0.5 mL for 30 minutes in the dark before analysis by flow
cytometer (FACSCanto II, BD Biosciences). The percentage of cells in
Go-Gy, S, and G,-M was determined by the data-analysis software FCS
Express (De Novo Software).

Apoptosis

Cells were plated and treated as described for cell cycle analysis but,
after treatment, all cells were collected including those in culture
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medium. Apoptosis was detected by FACSCanto II using the kit
Annexin V-FITC/Propidium Iodide (Bender Med-System). The pro-
tocol provided by the manufacturer was followed.

Statistical analysis

Statistical analysis was performed using Kruskal-Wallis test fol-
lowed by multiple comparison by Wilcoxon paired or unpaired test
with R software 4.0.1 "See Things Now" (R Development Core Team)
and nonparametric Mann-Whitney test (two-tailed) with PRISM
RRID:SCR_005375 software v6 (GraphPad Prism RRID:SCR_002798).

Synergism analysis

Synergism of treatments was evaluated according to Bliss indepen-
dence method (21), where the expected response is a multiplicative
effect as if the two drugs acted independently. The percentage of cell
survival for each drug was measured by MTT assay, whereas the
percentage of surviving cells expected in case of independence was
calculated according to the Bliss equation (example for 2 drugs, A
and B):

FUC: qu XfllB

where fuc is the expected fraction of cell unaffected by combination
treatment in case of additivity, and fu, and fug are the fraction of cells
unaffected by treatment A and B respectively. The percent difference
between Observed and Expected values represents the grade of inter-
action among drugs. The Bliss equation could also be applied to more
than two drugs. The interpretation of Bliss values was: <-10% = trend
to antagonism; +10% = additivity; 10% to 20% = trend to synergism;
>20% = synergism. Data from matrices were analyzed by Bliss
independence model using the web software SynergyFinder (ref. 22;
https://synergyfinder.fimm.fi).

Analysis in patient samples

Patients (n = 30) enrolled in NA-PHER?2 trial and with centrally
confirmed ER™ (>10%) and HER2™ breast cancer were treated with
neoadjuvant trastuzumab, pertuzumab, palbociclib, and fulvestrant.
The study was undertaken according to Good Clinical Practice guide-
lines and the Declaration of Helsinki. All patients provided written
informed consent for participation in the study and for provision of
tumour tissue for assessment of Ki67 values and for RNA-seq analysis.
The study protocol and informed consent form (and any modifications
thereof) were approved by independent ethics committees at every
participating institution and the relevant competent authority. Ki67-
positive cells in tumor were assessed by IHC using MIB-1 antibody
(Dako, Agilent Technologies) in a central lab as already reported (20).
RNA-seq was performed on core-biopsies obtained pretreatment, at
week 2, and on residual disease at surgery (Supplementary Methods for
details).

We investigated biomarker dynamics and association with Ki67
downregulation at week 2 and at surgery. On RNA-seq data were
assessed: (i) a proliferation signature based on the expression of mitotic
kinases (MKS; ref. 23); (ii) a manually curated Senescence Signature
(Supplementary Table S2) created after literature search with the aim
to select the high relevant markers of senescence at protein and RNA
expression level; this gene set (40 genes) was validated using the free
database “Senequest” (24) to weigh the genes by number of citations
and to determine the expected direction of their modulation during
senescence; (iii) the HALLMARK_MTORCI1_SIGNALLING gene
set  (http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK _
MTORCI1_SIGNALING.html). Single sample gene set scores were
computed using the singscore approach (25). Statistically significant
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differences were assessed by two-tailed Wilcoxon test (paired or
unpaired; P < 0.05). Gene expression data, relative to all gene sets,
are available in Supplementary Table S3.

Availability of data and materials

All the gene expression profiles used in this work have been made
available as supplementary information. All the data used in this work
can be available upon reasonable request through the corresponding
authors.

Results

Cell lines

We selected cell lines with different combinations of HR and HER2
expression (Supplementary Table S1). MDA-MB-361, BT474, and ZR-
75-30 have high expression of HER2 and of ER and/or of progesterone
receptor (PR). We also selected two control cell lines with HER2
amplification in the absence of HR expression (SKBr3, KPL4), and two
control cell lines with normal/low HER2 and HR expression (MCF7
and T47D; Supplementary Table S1). In Supplementary Material we
report all experiments conducted to confirm the molecular classifi-
cation of the selected cell lines (Supplementary Fig. S1A), the expres-
sion of relevant proteins affected by the tested drugs (EGFR, HER3,
HER4, IGFR, and C-MET, Rb, Cyclin D, Cyclin E1 and E2, CDK4,
CDK6, CDKis, p53, MDM2, c-Myc, Bdl-2, Ki67; Supplementary
Fig. S1B) and the sensitivity of each cell line to the individual drugs
[palbociclib (P; ref. 26), fulvestrant (F), and the anti-HER2 antibodies
trastuzumab (H) and pertuzumab (Pert); Supplementary Table S1;
Supplementary Figs. S2 and S3].

Studies of the combination(s) of palbociclib, fulvestrant, trastuzu-
mab, and pertuzumab were conducted in cell lines with ER and HER2
overexpression (MDA-MB-361, BT474, ZR-75-30) by exposure for
72 hours to concentrations previously identified as optimal for in vitro
evaluation of a four drugs combination [P (0.1 umol/L), F (1 pmol/L),
H (20 pg/mL), Pert (25 pg/mL)] taking into account also available
information regarding plasma levels or active concentrations in
human, and the growth inhibitory activity evaluated in vitro by the
dose/response curve (Supplementary Methos for details). In ER*/
HER2" cell lines the combination PFHPert had high antitumor
activity (Fig. 1A). In BT474 and ZR-75-30 the presence of the
anti-HER?2 therapy is needed for maximal activity (Fig. 1B) and the
dual HER2 block with trastuzumab and pertuzumab was superior to
trastuzumab only (Fig. 1C). In MDA-MB-361, which is relatively
resistant to HER2-directed treatments, the addition of fulvestrant was
needed for the maximal activity of the four drugs (Fig. 1B) and
cotreatment with pertuzumab did not lead to more activity than
obtained by trastuzumab (Fig. 1C).

The possible synergistic effect of double-triple-quadruple combina-
tions at fixed doses of each drug was assessed at 72 hours applying the
Bliss independence model (Fig. 1D). After treating cells with single
agents (palbociclib, fulvestrant trastuzumab, and pertuzumab) and
combinations, we measured the cytotoxicity effects by MTT assay. We
applied the equation reported in Materials and Methods to calculate
the percentage of deviation between the Observed and the Expected
effects (% Bliss). The cut-off values are indicated in Fig. 1D. Among the
HER2™" cells, only the three drugs combination palbociclib/fulves-
trant/trastuzumab (PFH) was synergistic in ZR-75-30 (Bliss > 20%)
and the quadruple combination PFHPert showed a more than additive
effect (Bliss 12%). The same PFHPert combination was only additive in
MDA-MB-361 (Bliss 7%) and BT474 (Bliss - 4%) being the Bliss score
in the range of additivity, between —10% to +10% (Fig. 1D).
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Drug combinations. A, Percent of cell survival by the MTT cytotoxicity assay after 72-hour exposure to palbociclib (0.1 umol/L), fulvestrant (1 umol/L), trastuzumab
(20 ug/mL), and pertuzumab (25 pg/mL) and their combinations in BT474 (red bars), MDA-MB-361 (light blue bars), and ZR-75-30 (yellow bars). B, Contribute
of fulvestrant or anti-HER2 therapy to the four drugs combination in the different HER2" cell lines: the percentage of cell survival, measured by MTT, after 72 hours of
P + F + HPert was directly compared with the treatment P + HPert (minus F) and P + F (minus HPert) for BT474, MDA-MB-361, and ZR-75-30. C, Contribute of
Pertuzumab to the 4 drugs combination in the different HER2™ cell lines: the percentage of cell survival after 72 hours of PFH + Pert was directly compared with the
treatment PFH (minus Pert). D, Percent Bliss synergy score calculated for each combination. Values from -10% up to 10% (grey area) correspond to additivity; the area
from 10% to 20% (dashed bold line) corresponds to a more than additive effect; the area above the dashed bold line at 20% corresponds to synergism. E, Percent
survival by MTT assay and F, Percent Bliss synergy score in HER2'®" MCF7 (orange bars) and T47D cells (brown bars). Data are mean values of three or more
experiments + SEM; P values by Kruskal-Wallis test (multiple comparison by Wilcoxon unpaired test) are reported only for the drugs combination relevant for

synergism evaluation. *, P < 0.05; **, P < 0.01.

Interaction matrices were performed to study drug combinations in
a wide range of concentrations of each agent. Cell survival data from
MTT assay were analyzed by the Bliss model and synergy scores were
plotted in 2D and 3D maps. An illustrative example is shown in
Supplementary Fig. S4 where palbociclib, fulvestrant, and palbociclib/
fulvestrant were combined with trastuzumab + pertuzumab (HPert):
the Bliss score of maximal drug interaction (5.83%, 10.31%, and 7.63%
in BT474, MDA-MB-361, and ZR-75-30, respectively) confirmed the
single concentration results.

Combinations of palbociclib, fulvestrant, trastuzumab, and pertu-
zumab were also tested in the HER2-expressing but not amplified/
overexpressed (HER2'°™) control cells. Unexpectedly, the interaction

2170 Clin Cancer Res; 28(10) May 15, 2022

analysis (Fig. 1E and F) showed that in MCF7 and T47D the Bliss score
reached the synergy cut-off of 20% for the three drug combinations
PFH, while PFPert and PFHPert showed a score larger than 20% in
MCEF?7 only. Observation was confirmed in 2D and 3D maps (Sup-
plementary Fig. S4).

Finally, in the HER2" and HR™ SKBr3 and KPL4 cells (Supple-
mentary Fig. S5A and S5B) the PFH combination showed a more than
additive inhibition of proliferation (Bliss between 13% and 17%).

In summary, the quadruple combination of palbociclib, fulves-
trant, trastuzumab, and pertuzumab (PFHPert) had additive or
more than additive effects in all three ER*/HER2" cell lines despite
their heterogeneous sensitivity to the individual agents. Combined
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Long-term survival pattern. A, Graphical representation of the treatment schedule adopted to study long-term effects after EOT in the WO. After 72 hours of
treatment, drugs were removed and replaced with fresh medium. At EOT and during the WO (till 14 days after treatment) cells were counted and imaging for
morphology and SA B-gal expression was taken. B, Kinetics of cell counts by Trypan Blue, from EOT up to day 14 of WO. The results of DMSO control (blue circle),
palbocicib (PALBO) alone (red square), and PFHPert treatment (green triangle) were showed. In the top panels are the results for the HER2™ cell lines (BT474,
MDA-MB-361, ZR-75-30). In the bottom panels are the results for the HER2'°" cell lines (MCF7, T47D). Data are mean = SEM from at least three experiments.

with palbociclib and fulvestrant, in the cells sensitive to anti-HER2
therapy BT474 and ZR-75-30, dual block of HER2 with trastuzu-
mab and pertuzumab led to an increased effect on cell survival
compared with trastuzumab alone. The presence of fulvestrant was
key for maximal activity in MDA-MB-361. Notably, the combina-
tions including single or dual block of HER2 were synergistic in
HER2'Y cells.

Long-term effects

All agents used in the experiments have mostly cytostatic activity.
We therefore explored the long-term effects and patterns of regrowth
in residual cells after the 3-day exposure with each drug (palbociclib,
fulvestrant, trastuzumab, pertuzumab) alone and for different combi-
nations. Briefly, at the end of 72 hours of exposure [end of treatment
(EOT)] drugs were removed, fresh medium was added once, and
cultures continued for additional 14 days of WO. As shown in Fig. 2A
cell growth was monitored by cell counting and morphologic imaging
in bright field (BF).

AACRJournals.org

Figure 2B shows cell counts normalized for counts at EOT during
the 14-day WO. In all cell lines single agent palbociclib blocked cell
proliferation in presence of the drug but growth resumed after
palbociclib removal with a rate similar to untreated control. PFHPert
blocked or greatly limited cell regrowth in HER2 " and in HER2'" cells
with the exception of the anti-HER?2 resistant cell lines MDA-MB-361.
The MDA-MB-361 cells treated with the PFHP combination show a
growth curve that, up to 14 days posttreatment, retains a regrowth
profile similar to that of untreated cells (DMSO) showing a delta value
of about 65% between DMSO and PFHPert groups. In the other cell
lines BT474, ZR-75-30, MCF7, and T47D the delta was 98%, 96%,
90%, and 86.4% respectively.

A clear senescence-like phenotype was observed at the end of the
72-hour treatment in BT474 and MCF7 (as example of HER2" and
HER2'"¥ cells; Fig. 3A); indeed cells showed altered morphology,
flattening, and increased cell area (Fig. 3B). These observations are in
agreement with the already known “senescence-like phenotype”
induced by CDK4/6 inhibitors (19, 27, 28). As for classical senescence,
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P PFHPert

Senescence. A, Study of the senescence-like phenotype in HER2" BT474 cell line, and in HER2'°" MCF7 cell line. The effects of treatments with palbociclib and
PFHPert were studied at EOT (72 hours) and after additional 3 days of WO with fresh medium. Morphologic changes after WO were shown in BF images on the left-
sided panels. In the right-sided panels the SA B-gal enzyme activation in the same conditions was shown. For the complete panel of treatments in BT474, MCF7, and
MDA-MB-361 see Supplementary Fig. S6. B, Representative images of morphologic changes in MCF7 cell treated with palbociclib for 72 hours. C, Evaluation of SA
B-gal activation at baseline (untreated cells), during (6 hours), at the end (EOT), and after treatment (3 days WO) in BT474 (graph on the left), MDA-MB-361(graph on
the middle), and MCF7 (graph on the right). The comparison between untreated cells (white bars), palbociclib alone (yellow bars), and PFHPert (red bars) was
reported. Staining was performed with a colorimetric kit and detection of % of SA B-gal-positive cells was evaluated by Amnis ImageStreamX Flow Cytometry
Technology (Merck). Modulation of p53-p21-MDM2 axis and Cyclin D1during treatment with palbociclib and PFHPert in BT474 (D) and MCF7 (E). Data are from two or
three replicates but only one representative blot is showed. Values were calculated after correction for the loading marker and normalization by the control sample in

DMSO. Bars represent the mean 4+ SEM. NT, untreated cells; h, hours.

we found that cells treated with palbociclib for 72 hours showed an
activation of the SA B-gal (Fig. 3A). However, after palbociclib
removal (3 days WO) cells reverted to the original appearance and
the activity of SA B-gal decreased. Reversal of the senescence-like
phenotype did not occur when palbociclib was combined with fulves-
trant and the anti-HER2 antibodies (PFHPert). Senescence was also
quantified by a cytofluorimetric test, by which we confirmed the
colorimetric data and demonstrated that the activation of SA B-gal
during the different treatments shows a continuous increase over time.
Representative results in MCEF7 are reported in Supplementary
Fig. S5C. Supplementary Figure S6 shows additional images of senes-
cence in BT474 and MCF7, and the results in MDA-MB-361. Quan-
tification by ImageStream (Fig. 3C) reconfirmed the activation of SA
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[3-gal during palbociclib treatment (6 hours and EOT) and a reversal
after treatment (WO 3 days) in BT474 and MCF?7. Following PFHPert
the percentage of SA B-gal-positive cells was higher than after
palbociclib alone and, after day 3 of WO, such percentage (10%,
20%, and 50% in BT474, MDA-MB-361, and MCF7 respectively) was
maintained.

To dissect which, among the multiple pathways involved in cellular
senescence, underlies the transition from reversible to sustained
senescence we observed, we investigated those involving cell-cycle
regulation and relying on the Cyclin D1-p21-p53 axis. We found that,
in BT474, the addition of fulvestrant, trastuzumab, and pertuzumab to
palbociclib promoted a 2.1-fold induction of the CDK regulators
p21WAFI1/Cipl and 1.6-fold induction of p53 (Fig. 3D). This event
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was associated with 50% reduction of MDM2 and Cyclin D1. Similar
results were observed in MCF7, although to a lesser extent (Fig. 3E).

We tested whether apoptosis was involved as outcome of the
sustained senescence (Supplementary Fig. S7A). In MDA-MB-361
and MCF?7 the percent of apoptotic cells was no different from that of
untreated cells. In BT474 only, apoptosis was induced with HPert
treatment.

In summary, palbociclib induced an SA B-gal expressing-
senescence phenotype that was reversible after drug removal and
consistent with a quiescence status. In contrast, the addition of
fulvestrant, trastuzumab, and pertuzumab to palbociclib led to a more
profound and sustained senescence effect.

Pharmacodynamics in HR*/HER2" cells

Given the complex interplay between ER, HER2, and Rb, we tested
the effect of the individual drugs and combinations on their intracel-
lular targets. Western analysis showed that 72-hour exposure to
fulvestrant (1 wmol/L) led to the expected degradation of ERa, the
progesterone receptors PR A/B, and IGF-IRP proteins (Supplementary
Fig. S7B). This effect was observed in all combinations that included
fulvestrant. Of note, in MDA-MB-361 the fulvestrant-induced down-
modulation was more pronounced for PR than for ERo.

In BT474 and ZR-75-30, but not in MDA-MB-361, palbociclib
(0.1 umol/L) did not completely inhibit the phosphorylation of Rb
while induced Cyclin D1 accumulation. In presence of fulvestrant and
palbociclib/fulvestrant combination a hyper-phosphorylation of Rb
and hyper-accumulation of Cyclin D1 was observed (Supplementary
Fig. S7C). In BT474 and ZR-75-30, after the addition of anti HER2
antibodies, and in MDA-MB-361, after given fulvestrant, the inhibi-
tion of Rb phosphorylation was evident and concurrent with the
reduction of Rb total protein (Supplementary Fig. S7C), indicating
a strong induction of proteomic degradation.

After exposure to palbociclib, fulvestrant, and palbociclib/fulves-
trant we also detected increased phosphorylation of EGFR, HER3, and
HER2 (Fig. 4A; Supplementary Fig. S8A). The increase of pEGFR
(Tyr845) and pHER3 (Tyr1289) was more pronounced in BT474 and
MDA-MB-361, while induction of pHER2 (Tyr1248) was much more
marked in MDA-MB-361 and ZR-75-30. The highest effect was
seen in cells exposed to fulvestrant monotherapy and minimal with
palbociclib monotherapy. This effect on RTKs of palbociclib/fulves-
trant was completely reversed by the addiction of the anti-HER2
doublet trastuzumab/pertuzumab except for EGFR and HER2 in
MDA-MB-361 (resistant to HER2-targeted therapies).

Since palbociclib and fulvestrant also influence the mTOR pathway,
to explore whether there was a feedback reactivation of EGFR, HER3,
and HER? after treatment with palbociclib and palbociclib/fulvestrant
(PF), we investigated the effect of treatments on the Akt/mTOR/
S6K&4EBP1 pathway. As expected by functional induction of RTKs,
we observed that phospho-Akt (Ser473) increased by about 1.7-fold in
ZR-75-30 and 7.5-fold in MDA-MB-361 after PF (Fig. 4B; Supple-
mentary Fig. S8B). Addition of trastuzumab/pertuzumab to PF led to
the inhibition of AKT phosphorylation in ZR-75-30 cells but not in
MDA-MB-361 in analogy with what seen for EGFR and HER2
phosphorylation (Fig. 4A). Downstream of mTOR, the phosphory-
lation of 4EBP1 was significantly reduced during treatments contain-
ing the anti-HER2 antibodies (Fig. 4C; Supplementary Fig. S8B) in
BT474 and ZR-75-30, while phospho-S6K was unaffected (BT474 in
Supplementary Fig. S8C).

Taken together these findings indicated that treatment of ER*/
HER2™ breast cancer with fulvestrant and even more with palbociclib/
fulvestrant combination, promotes the reactivation of the ErbB-family
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of receptors probably due to the induction of Akt/mTOR activity, and
that the addition of trastuzumab/pertuzumab to palbociclib/fulves-
trant combination blocks this escape mechanism.

Pharmacodynamics in HER2'®Y cells

We observed a fulvestrant-induced degradation of ER, PR A/B, and
IGF-IR (Supplementary Fig. S9A; MCF7 only) associated to an
increased phosphorylation of the RTKs also in HR"/HER2'®™ MCF7
and T47D cells (Supplementary Fig. S9B). MCF7 and T47D had low
baseline levels of EGFR and HER?2 protein (phosphorylated and total)
and high levels of total HER3, but not of pHER3 (Supplementary
Fig. S1). Also, in HER2'Y the contribution of palbociclib in RTKs
rebound was minimal but fulvestrant, and more strongly palbociclib/
fulvestrant combination, induced phosphorylation of EGFR and
HER3 up to eight- to nine-fold the level in basal conditions. The
addition of the anti-HER2 antibodies prevented or reduced the
phosphorylation of both receptors, in line with the unexpected syn-
ergism of PFHPert. In HER2'®™ cells exposure to palbociclib, fulves-
trant, and their combination not only triggered the activation of HER2,
but also led to overexpression of total HER2 protein (Supplementary
Fig. S9B).

In MCF7 palbociclib/fulvestrant treatment was associated with an
increased phosphorylation of Akt (Supplementary Fig. S9A and S9C)
and the more pronounced effects on mTOR pathway (p4EBP1 reduc-
tion) were observed when the anti-HER2 antibodies were added to
palbociclib/fulvestrant (Supplementary Fig. S9C), while pS6K was
again unaffected (Supplementary Figs. S8C and S9A).

In summary, in the HER2'*Y MCF7 and T47D cells we observed an
induction of ErbB receptors after fulvestrant and fulvestrant/palbo-
ciclib similar to that we described in HER2" cells suggesting an
expression induction and functional activation of RTKs also in cells
with a basal low expression.

RNA-seq of tumor biopsies from NA-PHER2 patients

In the NA-PHER2 trial, women with ER*/HER2" early breast
cancer received the PFHPert regimen for five cycles before surgery (20).
The primary endpoint of this study was Ki-67 downregulation at week
2. We performed RNA-seq on samples collected pretreatment (n = 28/
30; 93.3%], at week 2 (n = 24/30; 80.0%) and on surgical specimen in
patients with residual disease (n = 20/22; 90.9%). In this biomarker
population, a significant reduction (P = 1.2¢™*) of Ki67 was observed at
week 2 similarly to the overall study population (Fig. 5A). Using the
validated cut-off value of 10%, two subgroups of patients were defined:
endocrine sensitive [<10%; low Ki67 detected at week 2 (Ki67-w2)] and
endocrine resistant (210%; high Ki67-w2). The decreased tumor cell
proliferation was also confirmed by testing the MKS proliferation
signature (ref. 23; P = 3.3¢"% Fig. 5B; Supplementary Table S2). The
Senescence Signature score (Supplementary Tables S1 and S2) signif-
icantly increased from baseline to week 2 (Fig. 5C) in almost all
patients, however at week 2 this score was significantly higher in
patients with low than high Ki67-w2 (P = 7.7¢”%; Fig. 5D). The 5
patients who had pathologic complete response (pCR) at surgery, had a
similar pattern of correlation compared with patients with residual
disease (data not shown).

A similar analysis was performed considering Ki67 measured in the
time interval from week 2 to surgery (Fig. 6A). Two groups were
defined according to 10% cut-off at surgery. High Ki67 detected at
surgery (Ki67-surg) included patients without early Ki67 downregula-
tion, but also patients with Ki67 rebound after decrease at week 2,
whereas low Ki67-surg was associated with maintained downregula-
tion. Rebound was not associated with the interval between treatment
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Figure 4.

ErbB receptors modulation in ER*/HER2™ cell lines and study of pathways involved in ER/HER2/Rb cross-talk. A, Quantification of Western blot bands (see
Supplementary material for details) for the ErbB receptors (left panel pEGFR Tyr845, middle panel pHER3 Tyr1289, and right panel pHER2 Tyr1248) in BT474 (red
bars), MDA-MB-361 (light blue bars), and ZR-75-30 (yellow bars) after 72 hours of treatment with P, F, PF, and PFHPert. B, Quantification of the Western blot bands of
phosphorylated Akt (Ser473; top panel) and 4EBP1 (Ser65; bottom panel). A and B, Dotted lines indicate the reference ratio in DMSO. Data were mean + SEM of two
or three experiments and in Supplementary Fig. S8 only one representative blot was showed. P value by Mann-Whitney test, two-tailed (*, P< 0.05). All values were
calculated after correction for the loading marker (B-actin or GADPH) and normalization by the control sample in DMSO. C, Summary of the effects of treatments with
palbociclib (left panel), palbociclib/fulvestrant (middle panel), and PFHPert (right panel) on their molecular targets and on the different observed outcomes (blue
arrow) in HER2* and in HER2'°Y breast cancer cells. Exposure to palbociclib and palbociclib/fulvestrant promotes a quiescence status in Go or Gp-G; that shares the
features with a senescence status that is transient and reversible after drug removal. In this condition, a survival pathway is induced through reactivation of the RTKs/
Akt/mTOR axis. Addition of anti-HER2 drugs blocks this escape and promotes sustained senescence (characterized by p53 activation, MDM2 degradation, p21
upmodulation, Cyclin D1 reduction, and mTOR inhibition). This scheme applies to breast cancer cells carrying either a constitutive (HER2 amplification/
overexpression) or a functionally inducible (HER2'°™ cells) activation of the ErbB family of receptors. Abs, antibodies.

discontinuation and surgery (1-6 weeks; ref. 20). In low Ki67-surg  score of the HALLMARK_MTORCI_SIGNALLING gene set in the
patients the Senescence Signature score was maintained high in the =~ RNA-seq data (Supplementary Table S2). The dynamics (Fig. 6E)
interval between week 2 and surgery (Fig. 6B, left panel) differently  showed a signature downmodulation at week 2 followed by a variable
from the patients with high Ki67-surg who had a significant decreaseof =~ rebound at surgery. We found that patients with low Ki67-surg
expression of Senescence genes (P = 4.9e-3; Fig. 6B, right panel). This ~ maintained low level of MTORCI gene set score between week 2 and
observation was highlighted in Fig. 6C and D in which both the  surgery (Fig. 6F, left panel). The delta from surgery to week 2 (Fig. 6G)
variation of the Senescence Signature between week 2 and surgery  and score (Fig. 6H; P = 0.019) were higher in the High Ki67-surg
(delta surgery-week2; Fig. 6C) and the absolute Senescence Score  group.
(Fig. 6D) were higher in patients with low compared with high Ki67- In brief, in patients treated with PFHPert an overall early activation
surg (P = 0.015 and P = 1.8¢™*, respectively). of senescence-related genes was observed in the majority of the
To investigate the possible role of mTOR pathway in the context of  patients, but this effect was stronger in patients with strong Ki67
PFHPert-treated patients, we calculated the single sample enrichment ~ downregulation at week 2 and at surgery. Given that drop of Ki67
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Figure 5.

Proliferation markers and senescence at week 2 in
NA-PHER2 patients. A, Individual dynamic, from base-
line to week 2, of Ki67-positive cells (%) detected by IHC
in patients (n = 22) treated with palbociclib, fulvestrant,
trastuzumab, and pertuzumab (PFHPert). Dashed line
represents the cut-off to classify patients with low Ki67-
w2 (<10% blue line) or high Ki67-w2 (> = 10% red line).
P value was assessed by Wilcoxon paired test (two-
tailed). B, The proliferation signature MKS was tested in
RNA-seq data from paired tumor core-biopsies obtained
pretreatment and at day 14 (n = 22). Data are expressed
as dynamic score for individual patients stratified for low
(blue line) and high (red line) Ki67-w2. P value was by
Wilcoxon paired test (two-tailed). C, Relationship
between Ki67 and senescence gene signature expres-
sion during treatment with PFHPert. The dynamics, from
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below the 10% threshold at week 2 is a validated surrogate marker of
long-term benefit from endocrine therapy (29), we propose that
sustained high Senescence Signature during and after treatment with
PFHPert linked to the greater antiproliferative effect might be an
indicator of long-term benefit. Indeed, activation of MTORCI path-
way was associated with the High Ki67 at surgery and Ki67 rebound,
thus confirming its possible role in acquired resistance.

Discussion

In our study we explored the role of cell-cycle regulation through
the Rb checkpoint in the context of the well-known cross-talk
between the estrogen and the erbB2 receptors (3, 4, 30) in breast
cancer cell lines with HER2 gene amplification and ER expression
and in patients treated in the NA-PHER2 trial (20). By use of drugs
blocking ER (fulvestrant), HER2 (trastuzumab and pertuzumab),
and the Rb checkpoint regulation through CDK4/6 (palbociclib) we
showed, in cell lines model, that block of Rb and additional block of
ER and HER? signaling triggered sustained senescence, not only in
ER" and HER2" cells but also in ER* cells formally HER2 ™,
without HER2 amplification/overexpression but with HER2 func-
tionally activable (HER2'°%). We also confirmed, in a companion
neoadjuvant clinical trial enrolling women with HER2* and ER™"
breast cancer (20), that upon exposure to the four drugs combi-
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Ki67 low Ki67lhigh
(<10%)  (210%)

Week 2 J

nation there was a significant upregulation of a senescence gene
signature, and that it was associated with downregulation of Ki67, a
hallmark of endocrine sensitivity and long-term benefit from
endocrine-based combinations (29, 31). Taken together our find-
ings may have a role in defining new chemotherapy-free therapeutic
approaches for breast cancers with ER expression and HER2
amplification or functional activation.

In HR*/HER2" cells we documented that concomitant block of ER,
HER2, and CDK4/6-Rb pathways has additive to more than additive
antiproliferative effects. Using Bliss test (21, 22, 31, 32) we showed that
the effect of palbociclib was greatly enhanced with relevant distinct
features. In cells sensitive to anti-HER2 therapy the concomitant block
of CDK4/6 and of HER2 voided any additional effect from fulvestrant,
as if blocking of ER signaling was redundant to sustain survival in
the context of the concomitant inhibition of HER2 and CDK4/6. In
MDA-MB-361(HR"/HER2™" cells resistant to HER2-directed thera-
pies), the addition of fulvestrant was instead key to achieve maximal
activity, suggesting that, in HER2" cells resistant to modulation of
HER?2, the dependence of cell survival on ER signaling is crucial and
the block of ER signaling is a requisite to reach additive interaction
with block of Rb and Cyclin D1.

Thereafter, we investigated whether the synergy rely depended on
an incremental cytostatic effect or on other mechanisms. The assay we
developed measured cell survival and several markers of senescence

Clin Cancer Res; 28(10) May 15, 2022
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Figure 6.

Proliferation markers and senescence at surgery in NA-PHER2 patients. A, Individual dynamic, from week 2 to time of surgery in residual disease, of Ki67-positive cells
(%) detected by IHC in tumors biopsies of patients (n = 17) treated with palbociclib, fulvestrant, trastuzumab, and pertuzumab (PFHPert). Patients with low (<10%;
blue line) or high Ki67-w2 (=10%; red line) were reported. Note that levels of Ki67 were not associated with time interval between treatment discontinuation and
surgery. Dashed line represents the 10% cut-off. P by Wilcoxon paired test (two tailed). B, The dynamic of Senescence Signature score between week2 and surgery
was different in patients with low Ki67-surg (blue line, left panel) and in the patients with high Ki67-surg (red line, right panel). P value by Wilcoxon paired test (two-
tailed). box plots show, respectively, that both the Delta Senescence Signature (surgery—week 2; C, n =18) and the absolute score values (D, n = 20) of Senescence
Signature were significantly different between patients with low Ki67-surg (blue circles) and with high Ki67-surg (red circles). P values were by Wilcoxon unpaired
test (two-tailed). E, Dynamics of HALLMARK_MTORCI1_SIGNALLING evaluated in 17 patients with paired samples at baseline, week 2, and surgery (n = 51). P values
were by Wilcoxon unpaired test (two-tailed). F, Relationship between Ki67 and MTORCI1 pathway during treatment with PFHPert. In the interval between week 2 and
surgery, the levels of gene signature HALLMARK_MTORCI_SIGNALLING were maintained low in patients with low Ki67-surg (blue line; left panel) while were
significantly upmodulated in patients with high Ki67-surg (red line; right panel). P value was by Wilcoxon paired test (two-tailed). G, Box plot showing that in patients
with low Ki67-surg (blue circles) the delta from surgery to week 2 of HALLMARK_MTORCI_SIGNALLING signature is lower than that measured in patients with high
Ki67-surg (red circles), but the difference was not statistically significant (P = 0.085). P values by Wilcoxon unpaired test (two-tailed). H, The absolute
HALLMARK_MTORCI_SIGNALLING score detected at surgery was significantly correlated with Ki67-surg. Patients with low Ki67-surg (blue circles) had low levels of
MTORCI signal activation.

and apoptosis at the end of the 72-hour-long drug exposure and for
several days after removal of all drugs and continuous culture in
optimal growth conditions. The class of CDK4/6 inhibitors leads to cell
cyclearrestin G1/GO0 and has notably a cytostatic effect (28). As already
observed and reported (19, 27), palbociclib monotherapy induced a
senescence-like morphology with flattening and increased cell area
associated with SA B-gal activation. However, after removal of the
drug, there was a regrowth of cells at the rate of untreated controls and
an abatement of SA 3-gal activation. Exposure to the combination of
palbociclib, fulvestrant, and dual block of HER2 was instead associated
with no or limited regrowth as expected by the engagement of a
sustained senescence (33). However, this effect was heterogeneous
among cell lines suggesting an interaction with the molecular context
and related to HER2-antibody sensitivity.

Notably, none of the treatments led to any relevant level of apoptosis
during the 72 hours of drug exposure, consistently with senescence
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being the event at the basis of the reported effects on cell survival and
synergistic drug interaction.

Some unexpected observation emerged from HER2 not amplified/
overexpressing cell lines, which were initially selected as control.
While in HR™ SKBr3 and KPL4 the addition of fulvestrant had nil
or minimal influence on survival, in the HER2!°" MCF7 and T47D a
very pronounced synergy was observed by concomitant block of ER,
HER?2, and CDK4/6.

The association of CDK4/6 inhibition and endocrine therapy has set
anew standard of treatment in ER"-positive/HER2 ™ metastatic breast
cancer (13, 14) and several combinations of endocrine therapy and
CDK4/6 inhibitors are being tested as adjuvant therapy in early
operable breast cancer (5, 14, 15, 18, 34, 35). The rebound of erbB-
family receptors has been already observed in vitro after treatment with
CDK4/6 inhibitors both in HER2™ (19) and HER2'¥ (36) cells and, as
a consequence of the crosstalk between estrogen receptors and erbB
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receptors, the rebound was observed after treatment with endocrine
therapy (37, 38) and involved different members of erbB receptor
family. For both CDK4/6 inhibitors and endocrine therapy, this
phenomenon seemed to have a central role in the acquisition of drug
resistance. In our experiments we confirm in ER*/ HER2'*Y MCF7 and
T47D the efficacy of concomitant fulvestrant/palbociclib, but we also
show that the maximal synergy is reached when the anti-HER2 mAbs
were added. This is in agreement with the observation of HER2
functional activation that may represent an escape pathway for
survival (39-42) in HER2" and HER2'°" breast cancer.

Importantly, in HER2'" cells the anti-HER?2 treatment is key for
synergy but is not a substitute for ER-block by fulvestrant, in analogy
with the requirement of fulvestrant for maximal effects that we
observed in MDA-MB-361 cells that are HER2" but resistant to
HER2-directed antibodies. In those cells maximal effect was concur-
rent with a strong induction of Rb protein degradation, a well-known
mechanism of transcriptional output of RB/E2F target genes regulation
induced by CDK4/6i and selective estrogen receptor degrader (43, 44).

We studied the possible markers that describe the transition
from the senescence-like/quiescence status to sustained senescence
(34, 45-47) that resulted in cell death in HER2* and HER2'®Y cells. As
already known senescence could be triggered by several factors and
multiple pathways could be involved. We focused our attention on the
specific hallmarks relative to the cell-cycle withdrawal (24). With
expected intercell lines variability, the quiescence status was charac-
terized by Cyclin D1 stabilization/accumulation while sustained senes-
cence showed Cyclin D1 reduction, p53 activation, MDM2 degrada-
tion, p21 upmodulation, and mTOR inhibition.

Based on the results we propose that a complex interplay regulates
the different states of quiescence and sustained senescence in breast
cancer cell lines with HR expression and HER2 amplification or
functional activation. Such interplay can be exploited as recapitulated
in the cartoons of Fig. 5C.

Importantly, our in vitro findings have consistent correspondence
in observations emerged from the trial NA-PHER?2, in which we tested
the neoadjuvant use of palbociclib, fulvestrant, and trastuzumab with
pertuzumab in women with HER2 amplified breast cancer and ER
expression and found a major effect on the proliferation marker Ki67
at 2 weeks since starting the combined chemo-free regimen (20). At the
same time the drugs led to major clinical objective response in all
patients, and to pCR in 27% of them (20).

Gene expression, assessed on core-biopsies from patients enrolled
in the trial, showed correspondence between Ki67 measured by IHC
and a previously defined gene-expression based proliferation signature
(MKS; ref. 23). Senescence was assessed as a 40 genes manually curated
signature. High expression of senescence-related signature was
detected in patients with low Ki67 both at week 2 and at surgery.
The clinical relevance of these two time points for Ki67 assessment as
marker of response to endocrine therapy had already been estab-
lished (30, 48), thus higher senescence is linked with clinically vali-
dated surrogates of long treatment benefit.

In cell lines we described a mechanism of escape from the treatment
with palbociclib and fulvestrant involving the ErbB-receptors/Akt/
mTOR axis reactivation. The addition of trastuzumab and pertuzumab
was able to block these events. In line with this observation, in the
NA-PHER?2 study we found that MTORC1 downmodulation, assessed
as HALLMARK_MTORCI1_SIGNALLING gene set, was strictly relat-
ed to low Ki67 at week 2 and at surgery, whereas pathway upregulation
was linked to escape and Ki67 rebound at surgery.

Overall, cell and tumor tissue findings of the present report clearly
point to a trigger to sustained senescence at week 2 of the NA-PHER2
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study by use of concomitant targeting of HER2, Rb, and ER. The
findings at surgery should also be interpreted in the light of the variable
length of palbociclib discontinuation before surgical sampling, and
their full mechanistic relevance for prognosis should wait the results of
clinical trials designed for efficacy assessment.

The relevance of targeting Rb regulation by CDK4/6 inhibition
while concomitantly targeting the ER and the HER2 signaling finds
independent confirmation in the very recent report of the statistically
superior benefit associated with use of trastuzumab, fulvestrant, and
the CDK4/6i abemaciclib in women with metastatic ER"/HER2"
tumors in the MONARCHer study (49).

In brief, the findings of the present report contribute to in part
clarify the intricate crosstalk between the cell-cycle regulation and the
proliferation signals funnelled by the ER and the HER2 pathways. Such
complex interaction can be effectively disrupted to enhance the
transition from quiescence to sustained senescence in cell lines and
patients. The involvement of the MTORC1 pathway, as escape mech-
anism in vitro and in vivo, suggest the opportunity to use mTOR
inhibitors in combination to overcome treatment resistance. Overall,
the findings reported here propose the concomitant blockade of HER2,
ER, and CDK4/6-Rb pathway as an effective chemotherapy-free
treatment to be tested and they provide a description of mechanisms
of sensitivity/resistance to this regimen which could provide insight for
further refinement and improvements.
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