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ARTICLE INFO ABSTRACT

Keywords: Triple-negative breast cancer (TNBC) is a very aggressive subtype of breast cancer with a poor prognosis and
TNBC limited effective therapeutic options. Induction of senescence, arrest of cell proliferation, has been explored as an
Senescence effective method to limit tumor progression in metastatic breast cancer. However, relapses occur in some pa-
lsjalb?m?hb tients, possibly as a result of the accumulation of senescent tumor cells in the body after treatment, which
Neari?tzzllcax promote metastasis. In this study, we explored the combination of senescence induction and the subsequent
Pro-drug removal of senescent cells (senolysis) as an alternative approach to improve outcomes in TNBC patients. We
demonstrate that a combination treatment, using the senescence-inducer palbociclib and the senolytic agent
navitoclax, delays tumor growth and reduces metastases in a mouse xenograft model of aggressive human TNBC
(hTNBC). Furthermore, considering the off-target effects and toxicity derived from the use of navitoclax, we
propose a strategy aimed at minimizing the associated side effects. We use a galacto-conjugated navitoclax (nav-
Gal) as a senolytic prodrug that can preferentially be activated by p-galactosidase overexpressed in senescent
cells. Concomitant treatment with palbociclib and nav-Gal in vivo results in the eradication of senescent hTNBC
cells with consequent reduction of tumor growth, while reducing the cytotoxicity of navitoclax. Taken together,
our results support the efficacy of combination therapy of senescence-induction with senolysis for hTNBC, as well

as the development of a targeted approach as an effective and safer therapeutic opportunity.
1. Introduction cancer subtypes, approximately 15-20% of them are triple-negative
breast cancer (TNBC) [1,2]. TNBC is characterized by the lack of es-
Breast cancer is one of the most common cancers in females and the trogen (ER) and progesterone receptor (PR) and human epidermal
leading cause of cancer-related death in women. Among all breast growth factor receptor 2 (HER2) amplification/overexpression [3]. It

Abbreviations: CDK, cyclin-dependent kinases; FDA, US Food and Drug Administration; HER2, human epidermal growth factor receptor 2; hTNBC, human triple-
negative breast cancer; IC50, half maximal inhibitory concentration; nav-Gal, navitoclax prodrug; PI, Propidium iodide; PR, progesterone receptor; pRb, phos-
phorylated retinoblastoma protein; PROTAC, proteolysis-targeting chimera; Rb, retinoblastoma protein; SA-B-Gal, senescence-associated f-galactosidase; TIS,
therapy-induced senescence; TNBC, triple-negative breast cancer.

* Corresponding authors at: Instituto Interuniversitario de Investigacion de Reconocimiento Molecular y Desarrollo Tecnoldgico (IDM) Universitat Politecnica de
Valencia, Universitat de Valencia. Camino de Vera, s/n, 46022 Valencia, Spain.

** Corresponding author at: Unidad Mixta UPV-CIPF de Investigacién en Mecanismos de Enfermedades y Nanomedicina, Universitat Politecnica de Valencia, Centro
de Investigacion Principe Felipe. C/ Eduardo Primo Yiifera 3, 46012 Valencia, Spain.

E-mail addresses: algarfe@etsia.upv.es (A. Garcia-Fernandez), morzaez@cipf.es (M. Orzéez), rmaez@qim.upv.es (R. Martinez-Manez).

https://doi.org/10.1016/j.phrs.2022.106628
Received 17 May 2022; Received in revised form 29 November 2022; Accepted 20 December 2022

Available online 21 December 2022
1043-6618/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:algarfe@etsia.upv.es
mailto:morzaez@cipf.es
mailto:rmaez@qim.upv.es
www.sciencedirect.com/science/journal/10436618
https://www.elsevier.com/locate/yphrs
https://doi.org/10.1016/j.phrs.2022.106628
https://doi.org/10.1016/j.phrs.2022.106628
https://doi.org/10.1016/j.phrs.2022.106628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2022.106628&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Estepa-Fernandez et al.

has worse prognosis than other breast cancer subtypes. The lack of
hormone receptor expression and the aggressive proliferative behaviour
have limited by now the availability of effective therapies, restricting in
most cases the standard of care to chemotherapy [4,5]. Consequently,
there is an urgent need for developing non-cytotoxic, targeted therapies
to improve the poor prognosis of this aggressive subtype of breast
cancer.

From another point of view, senescence is a tumor-suppressing
mechanism that has been explored as a therapy for several tumors
[6-9]. This therapy is already a reality in the clinical practice, for
instance, by the use of cell cycle inhibiting drugs such as palbociclib, a
highly selective inhibitor of cyclin-dependent kinases 4 and 6 (CDK
4/6). Palbociclib induces cellular senescence in the tumor, thus limiting
tumor progression, and has been approved by the US Food and Drug
Administration (FDA) to treat first-line endocrine-based therapy for
postmenopausal women with hormone receptor-positive (HR+)/human
epidermal growth factor receptor 2 negative (HER2 —) advanced or
metastatic breast cancer in combination with letrozole or fulvestrant
[10-12]. The good results obtained with this drug has encouraged the
study of palbociclib treatment in TNBC patients (NCT03756090,
NCT04360941, NCT04494958) [13]. However, despite the benefits of
growth suppression after senescence induction in tumors, it has also
been demonstrated that the accumulation of senescent cells promotes
inflammation, angiogenesis, and can cause cancer recurrence by facili-
tating senescence escape or invasiveness [6,9,14,15].

In this scenario, the use of senolytics, drugs that specifically kill se-
nescent cells, has been proven to be an effective remedy for alleviating
such unwanted senescent cell accumulation [9]. Among senolytic drugs,
navitoclax has been validated in a variety of preclinical models showing
high potency in killing senescent cells, reducing cancer relapses and
delaying ageing-related diseases [14,16-18]. Navitoclax inhibits the
anti-apoptotic proteins Bcl-2, Bcl-xL and Bel-w [19]. Senescent cells, in
many cases, depend on Bcl-xL for their survival [20], but other cells in
the body, such as platelets, do as well [21]. Therefore, inhibition of
Bcl-xL causes thrombocytopenia, the major dose-limiting toxicity effect
which has restricted navitoclax use in the clinic [17,22]. In this context,
it has been recently demonstrated that navitoclax harmful effects can be
reduced by the design of pro-drugs [23] and nanodevices that selectively
deliver navitoclax in senescent cells [6,8,9]. Galacto-conjugation of
navitoclax with acetylated galactose results in the senolytic prodrug
called nav-Gal that can preferentially be activated by p-galactosidase
overexpressed in senescent cells. Previous studies from our group based
on a similar strategy results in the selective detection of senescent cells
[24,25]. The nav-Gal prodrug has been effective in reducing tumor size
in orthotopically transplanted murine lung adenocarcinoma cells and in
a tumor xenograft model of human non-small-cell lung cancer by
combining senescence-inducing chemotherapies with the senolytic
treatment, where it shows reduced hematological toxicity [23].

Based on the above, in this work, we explore the combination of
senescence induction and the subsequent elimination of senescent cells
(senolysis) as an alternative approach to improve outcomes in TNBC
patients. Here, we demonstrate that palbociclib therapy-induced
senescence (TIS) followed by adjuvant therapy with navitoclax causes
a synergistic elimination of senescent cells, reduction of tumor growth
and lung metastasis while decreasing the cytotoxicity of navitoclax in a
xenograft mice model of aggressive human TNBC (hTNBC). Our findings
support that senescence-inducing therapies combined with senolysis can
be a promising strategy for the effective treatment of hTNBC. Moreover,
targeted navitoclax-based therapies could facilitate its clinical use as an
effective and safer strategy.

2. Results
2.1. Palbociclib induces senescence in MDA-MB-231

Firstly, we studied the capability of palbociclib to induce senescence
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in hTNBC. For that purpose, MDA-MB-231 cells were treated with pal-
bociclib 5 pM for 7 days, and the senescence-associated f-galactosidase
(SA-B-Gal) activity was evaluated. We observed increased positivity for
SA-B-Gal staining in cells treated with palbociclib (Fig. 1 A). Inhibition
of CDK4/6 signaling pathway by palbociclib treatment produces the
hipophosphorylation of retinoblastoma protein (pRb), causing cell cycle
arrest in the G1/S transition phase [26]. In palbociclib-treated
MDA-MB-231 cells, a decrease in the phosphorylation of the pRb pro-
tein and an increase in the expression of p53 protein is observed when
compared to non-treated cells (Figs. 1B, 1 C and S1), indicative of
senescence induction. We also check the expression of CDK4 and CDK6
proteins after palbociclib treatment (Fig. S2), yet non-significant
changes were observed.

To corroborate cell cycle arrest in palbociclib-treated cells, the
expression of the Ki67 proliferation marker was analyzed by immuno-
fluorescence (Fig. 1D). Control proliferating MDA-MB-231 cells shows a
high expression of Ki67 (red emission), whereas palbociclib-treated cells
lose the expression of the proliferation marker. Cell cycle analyses by
flow cytometry demonstrated accumulation of cells in the G1-phase,
thus corroborating the cell cycle arrest (Fig. 1E). Altogether these re-
sults confirm that palbociclib induces senescence in MDA-MB-231
hTNBC cells.

2.2. Navitoclax and nav-Gal are effective senolytics in TNBC

Once demonstrated the capability of palbociclib to induce senes-
cence in hTNBC cells, we wondered if navitoclax or galacto-conjugated
navitoclax, nav-Gal, could be effective for the selective elimination of
senescent-hTNBC cells. Navitoclax is preferentially released from the
nav-Gal prodrug due to the hydrolysis of the galactose unit in senescent
cells (Fig. 2 A) as they have increased activity of senescence-associated
p-galactosidase [23]. Navitoclax will trigger apoptosis by inhibiting
Bcl-2, Bcl-w and Bel-xL proteins causing Bax/Bak oligomerization in the
mitochondria membrane [19]. Nav-gal synthesis was confirmed by
HPLC-MS (Fig. S3).

In a first step, we demonstrated that palbociclib-treated hTNBC
MDA-MB-231 cells overexpress the anti-apoptotic proteins Bcl-2, Bel-xL
and Mcl-1 (40 kDa) and downregulate the expression pro-apoptotic
proteins such as Bax and Puma (Fig. 1 F, 1 G and S1). The Bcl-2-
expression profile of senescent MDA-MB-231 cells indicates that the
inhibition of Bcl-xL and Bcl-2 by navitoclax could be a potential strategy
to eliminate senescent hTNBC cells [27]. In addition, treatment with
specific Bcl antiapoptotic proteins inhibitors (ABT-199 for Bcl-2 inhi-
bition, S63825 for Mcl-1 inhibition, and WeHi-539 for Bcl-xL inhibition)
(Fig. S4), shows a slight reduction in cell viability in palbociclib-treated
MDA-MB-231 after the specific inhibition of Bcl-xL by WeHi-539 and the
specific inhibition of Mcl-1 by S63825 but not after the specific inhibi-
tion of Bcl-2 by ABT-199. When a more potent single agent Bcl-xL in-
hibitor, like A-1155463, was used, a similar effect to navitoclax was
achieved for eliminating senescent hTNBC cells. Besides, its combina-
tion with the Bcl-2 inhibitor ABT-199 results in an additional cytotoxic
effect. The results confirmed the potential of using inhibitors of
anti-apoptotic proteins, such as navitoclax or A-1155463, to selectively
kill senescent cells.

Then, to test the senolytic effect of both navitoclax and the prodrug
nav-Gal against senescent cells, we performed cell viability studies in
palbociclib-induced MDA-MB-231 senescent cells (treated with 5 pM
palbociclib for 7 days) and proliferating cells treated with increasing
concentrations of either navitoclax (Figs. 2B and 2 C) or nav-Gal (up to
10 uM) for 72 h (Figs. 2B and 2D). Navitoclax eliminates senescent
MDA-MB-231 cells with an estimated half-maximal inhibitory concen-
tration (IC50) value of 0.5 uM, whereas IC50 for nav-Gal is 0.7 uM
(Fig. 2E). In addition, IC50 values of 1.3 uM and 2.7 uM were found for
navitoclax and nav-Gal, respectively, in control cells. From these data, a
senolytic index of 2.6x and 3.9x was found for navitoclax and nav-Gal.
The senolytic index was calculated by measuring the ratio of the IC50
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Fig. 1. Palbociclib induces senescence in MDA-MB-231. (A) p-Galactosidase staining (blue colour) of control (untreated proliferating cells) and 5 pm palbociclib-
treated MDA-MB-231 cells. (B) pRb and p53 expression was evaluated in proliferating (-) and palbociclib-treated (+) MDA-MB-231 cells by western blot. (C)
Quantification of western blot using Image J software. Data represent the mean + SEM of at least three independent experiments and statistical significance was
assessed by unpaired T-test (*p < 0.05; **p < 0.01). (D) Ki67 immunofluorescence images show staining of Ki67 (red) and nuclei stained with Hoechst (blue) in
control cells. Scale bars, 20 um. (E) Propidium iodide (PI) staining of proliferating and palbociclib treated MDA-MB-231 cells. Senescent cells accumulate in cell cycle
G1-phase after 7 days of palbociclib treatment. (F) Western blot characterization of Bcl-2 family proteins in proliferating (-) and palbociclib-treated (+) MDA-MB-231
cells. (G) Quantification was performed using Image J software. Data represent the mean + SEM of at least three independent experiments and statistical significance

was assessed by unpaired T-test (*p < 0.05; **p < 0.01; ***p < 0.001).

values between control and senescent cells. Nav-Gal treatment improved
specificity (higher senolytic index) compared to free navitoclax for
hTNBC cells, mainly due to nav-Gal reduced toxicity in control cells
compared to navitoclax. We also tested the senolytic activity of simul-
taneous co-treatment with palbociclib (5 pM) and navitoclax (1.25 pM)
(Fig. S5) for 72 h. As expected, no effect was observed with simultaneous
co-treatment. It is necessary to previously induce senescence in order to
trigger senolysis with navitoclax. All these results confirmed the seno-
lytic properties of navitoclax and nav-Gal in senescent hTNBC cells and
indicate that nav-Gal has lower cytotoxic activity in non-senescent cells.
Additionally, we found that treatment with either navitoclax or nav-
Gal (1 uM) induced apoptosis (assessed by increased Annexin V staining)
preferentially in palbociclib-induced MDA-MB-231 senescent cells, in
accordance with previously described results (Fig. 2 F) [23]. A strong
signal for Annexin V (early and late apoptosis) was observed for both
navitoclax (~40% of cells) and nav-Gal (~32% of cells) at equivalent
doses after 48 h of treatment. The results demonstrate that both navi-
toclax and nav-Gal senolytics induce apoptosis in senescent cells.

2.3. Combinational treatment of palbociclib and navitoclax or palbociclib
and nav-Gal reduce tumour volume in MDA-MB-231 xenografts

The in vivo effectivity of the dual treatment, i.e. palbociclib-inducing
senescence therapy followed by either navitoclax or nav-Gal treatment
(senolysis), was evaluated in MDA-MB-231 orthotopic hTNBC mouse
model. To establish xenografts, MDA-MB-231 breast cancer cells were
injected into the second lower right fat-pad of 6-7 weeks old nude
BALB/C mice. When tumour volume reached an average of 60 mm?,
daily therapy was initiated with either vehicle (sodium lactate) or
50 mg/kg palbociclib (via oral gavage) (Fig. 3 A). To have an appro-
priate therapeutic window to study the combinational treatment, one
day after starting palbociclib treatment, navitoclax administration was
initiated either as a free drug (navitoclax, via oral gavage) or as a pro-
drug (nav-Gal, via i.p. injection) at the same molar dose.

As a result of palbociclib treatment, a significant decrease in tumour
growth is observed (Figs. 3B and 3 C) due to the proper induction of
senescence in the tumours, confirmed by an increased in X-gal staining
(Fig. 3D). Treatment with navitoclax alone produces a slight non-
significant reduction in tumour volume compared to control mice. In
contrast, dual treatment with palbociclib and navitoclax or nav-Gal
significantly reduced tumour growth. Concomitant treatment with
either palbociclib and navitoclax or palbociclib and nav-Gal reduces
animal weight (Fig. S6); however, no noteworthy toxicity was found
after the treatment (Fig. S7).

Evaluation of lung metastases in MDA-MB-231 xenograft mice re-
veals the appearance of initial metastatic cell clusters in lung sections
(Fig. 3E). Interestingly, after palbociclib treatment the number of met-
astatic nodes in the lung increases (Fig. 3E), while a significant decrease
is detected in animals co-treated with palbociclib and navitoclax either
as a drug or as prodrug (nav-Gal) (Fig. 3 F).

Furthermore, histological analyses of the tumors revealed that pal-
bociclib treatment results in increased levels of p53 immunostaining
(Fig. 4 A and 4B), which is a characteristic of cancerous cells in the se-
nescent state. Concomitant treatment with palbociclib and navitoclax or
nav-Gal reduced p53 expression, alongside a strong cell death induction,
as illustrated by the increase in TUNEL signal (Fig. 4 A and 4 C). These
results strongly suggest that apoptosis of senescent cells facilitates the

antitumoral effect of co-treatments. Together these results confirm the
benefits of the use of pro-senescent and senolytic therapy in hTNBC
xenografts in reducing tumour growth and cancer dissemination to
distant organs.

3. Discussion and conclusion

Triple-negative breast cancer (TNBC) is defined as the type of breast
cancer that lacks estrogen, progesterone, and HER2 receptors [3]. Due to
the loss of such receptors, TNBC is not sensitive to endocrine therapy or
molecular targeted therapy. Therefore, treatment options for advanced
TNBC patients are limited and ineffective [28,29], with a mortality rate
of TNBC patients of 40% within the first 5 years after diagnosis [30].
Thus, therapeutic advancements are critical to improving mortality
associated with TNBC.

The induction of senescence is a well-established tumour suppressive
mechanism due to the characteristic proliferation arrest of senescent
cells [31-35]. Different classical anticancer therapeutic strategies have
been demonstrated to induce senescence in the tumor, such as chemo-
therapeutic agents, the use of radiotherapy or treatments with CDK4/6
inhibitors [36,37]. Chemotherapeutic drugs that are used widely clini-
cally and have shown to induce senescence in vivo include doxorubicin
[38], etoposide [39], cisplatin [40], bleomycin or temozolomide [41].
The clinically used CDK4/6 inhibitors, palbociclib, abemaciclib, and
ribociclib also show senescence induction in vivo [42-45].

Despite the benefits of stopping cancer proliferation, it has been
demonstrated that an excessive accumulation of senescent cells and
their secretory phenotype can promote chronic inflammation, angio-
genesis, or increase tumour promoting properties that may cause cancer
recurrence [9,46-49]. Although senescence has always been considered
as a permanent and irreversible cell cycle arrest, recent studies have
suggested that, under certain conditions, therapy-induced senescent
(TIS) tumor cells can escape from this condition and re-enter the cell
cycle, thus acquiring an aggressive character [50-54].

On this basis, interventions aimed to limit the deleterious roles of
senescent cells are under development via the design of senoblockers
(drugs that inhibit senescence before it happens), senomorphics (drugs
that inhibit senescence-associated secretory phenotype) and senolytics
(drugs that eliminate senescent cells) [55]. Senolytics have been inten-
sively investigated and are already being studied in clinical trials, with
very positive preliminary results using dasatinib plus quercetin in pa-
tients with idiopathic pulmonary fibrosis and diabetic kidney disease
[56,57]. Among senolytics, inhibitors of Bcl-2 anti-apoptotic proteins
such as navitoclax have proved to be effective in reducing relapse in
some cancer models and the onset of several aging associated-diseases
[14,16-19]. Monotherapy with navitoclax has shown a good antitu-
moral activity in in vivo studies of small cell lung cancer, leukaemia, and
lymphoma [58,59]. In the case of breast cancer, navitoclax is not suf-
ficient to induce tumour death in some breast cancer cell lines [60], as
we have also observed in MDA-MB-231 xenografts (vide ante). However,
to enhance the efficacy of navitoclax, combined therapy with TIS agents,
such as palbociclib or doxorubicin, has been recently proposed [6,7,61,
62]. Besides, several phase 1 and phase 1/2 clinical trials combining
senescence-inducing chemotherapy and navitoclax are ongoing or
completed, including the combination of navitoclax with cisplatin
(NCT00878449), etoposide  (NCT00878449) or  osimertinib
(NCT02520778) in lung cancer patients and with dabrafenib or
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Fig. 3. Concomitant treatment of palbociclib and navitoclax-based therapies reduce tumor size and metastatic burden. (A) BALB/c nude female mice were ortho-
topically injected with MDA-MB-231 breast cancer cells and treated daily with either vehicle or palbociclib. 2 x 10° MDA-MB-231 cells were subcutaneously
implanted on mammary pads. When tumours volume reached 60 mm?, palbociclib treatment started and was maintained daily (o.g.) for 20 days. Navitoclax and nav-
Gal daily treatments started one day after palbociclib treatment (navitoclax: o.g., navi-Gal: i.p., molar equivalents). Vehicle stands for the drug solvents: 50 mM
sodium lactate pH 4.5 (0.g.) and 15% DMSO/ 85% PEG-400 (i.p.). (B) Tumour volume (mm®) of the different treatment approaches during all the treatment.
Statistical analysis was carried out using GraphPad Prism 8 and results were compared by one-way ANOVA followed by Tukey’s post-tests (***Vehicle vs palbociclib
+ navitoclax; ###vehicle vs palbociclib + nav-Gal) (*p < 0.05; **p < 0.01; ***p < 0.001; ###p < 0.001). Data represent the mean + SEM (n = 5). (C) Pictures of
representative tumor samples for each treatment. Scale bar, 1 cm. (D) Pictures of representative tumor samples stained with X-gal. Scale bar, 1 cm. (E) H&E staining
of representative lung sections taken from xenograft MDA-MB-231 tumour-bearing mice for metastatic clusters evaluation. Scale bar, 500 ym. (F) Quantification of
metastatic lung clusters. Representative tissues images were microscopically counted. Statistical analysis was carried out using GraphPad Prism, and results were
Eompared by one-way ANOVA followed by Tukey’s post-tests (*p < 0.05). Data represent the mean + SEM (n = 5).

trametinib for patients with metastatic melanoma (NCT01989585).
Navitoclax has also been combined with gemcitabine (NCT00887757),
paclitaxel (NCT00891605), docetaxel (NCT00888108), irinotecan
(NCT01009073), erlotinib (NCT01009073), sorafenib (NCT02143401)
or trametinib (NCT02079740) in advanced solid tumours [63].

Palbociclib induces senescence by inhibiting the activity of the cyclin
D-CDK4/6 kinases complex by targeting the ATP-binding domains of
CDKs 4 and 6 kinases which results in a decrease in the phosphorylation
of Rb protein and subsequently induces G1 cell cycle arrest [64-68].
Furthermore, palbociclib has become the standard first-line therapy for
advanced metastatic ER+, HER2- negative breast cancer, used in
combination with letrozole or fulvestrant [10,12,69,70]. Palbociclib in
combination with letrozole significantly prolonged median
progression-free survival (PFS) compared with placebo plus letrozole
(27.6 vs 14.5 months) [71]. Although the effects of palbociclib in TNBC
are not well-documented, cell cycle inhibition by palbociclib in
MDA-MB-231 suggests its potential use to treat TNBC tumours [13,
72-74]. In addition, beneficial effects have already been found in TNBC
by combining palbociclib plus other apoptotic drugs in vitro and in vivo.
For instance, concomitant treatment of palbociclib plus enzalutamide
enhanced the palbociclib-induced cytostatic effect in hTNBC
MDA-MB-231 cells [72]. Besides, the combination of palbociclib plus
cisplatin delayed tumour growth in MDA-MB-231 xenografts [13].

In this work, we demonstrate that palbociclib treatment induces
senescence in xenograft mice bearing hTNBC MDA-MB-231. In addition,
treatment with palbociclib followed by navitoclax-based therapies
(navitoclax or nav-Gal) results in the reduction of tumour size and the
number of metastatic lung clusters. This two-step pro-senescence/
senolytic combinatorial treatment regimen selectively induces apoptosis
in hTNBC MDA-MB-231 senescent cancer cells causing synergistic
reduced tumour growth. In addition, evaluation of lung metastases in
the xenograft mice hTNBC model revealed the appearance of initial
metastatic cell clusters in lung sections, while a significant decrease in
the number of metastatic nodes in animals co-treated with palbociclib
and navitoclax or nav-Gal were observed. Previous work from our group
already demonstrated that palbociclib treatment in the 4T1 TNBC mouse
model increases metastatic clusters in lungs as a consequence of the
induction of senescence in the endothelium, and after subsequent
senolysis with navitoclax the metastatic burden decreased [9]. This is
relevant as metastasis has a significant role in the clinical management
of TNBC. Currently, approximately 25% of TNBC patients relapse with
distant metastasis [29]. The reduction of the tumour size and metastatic
lung clusters found in this work provide strong support for the potential
translation involving palbociclib treatments together with navitoclax in
TNBC tumours.

As far as we know, this work is the first time that the combination of
palbociclib-induced senescence followed by navitoclax-senolysis in
hTNBC has been tested and shown to be effective [75]. In a previous
work, we described the effective combination of palbociclib plus navi-
toclax in a 4T1 mouse model, which is usually considered a TNBC model
[6]. Our work here translates the use of the combination of palbociclib
plus navitoclax to a hTNBC model. When comparing both models, we
have found that monotherapy with palbociclib has a more activity
arresting the tumour in human MDA-MB-231 xenografts than in 4T1

orthotopic mice models, meaning that senolytic therapy have a better
effect in human xenografts. These differences highlighting the impor-
tance of validating the combination of palbociclib plus navitoclax in
both preclinical orthotopic mice and human xenographs models with the
objective to make the potential transfer of the treatment to clinical
practice more reliable.

Despite its efficacy in preclinical trials, the side effects of navitoclax
have limited its translation to clinical practice. Among side effects of
navitoclax, thrombocytopenia is the most relevant due to platelets
dependence on Bcl-xL protein for their survival [76]. To overcome
navitoclax toxicity, recently, a second generation of senolytics have
been reported, such as the PZ15227, a Bcl-xL proteolysis-targeting
chimera (PROTAC) of navitoclax with limited platelet toxicity [77].
Additionally, several prodrugs and nanodevices based on f-galactosi-
dase overexpression in senescent cells have been reported [6,8,9,78,79],
such as the prodrug nav-Gal [23], the galactose-modified duocarmycin
[80], or the gemcitabine-derivative SSK1 [81]. In this scenario here, we
proposed the use of the senolytic prodrug nav-Gal as a targeted strategy
to reduce navitoclax toxicity. This galacto-conjugated navitoclax is
preferentially activated in senescent cells by the elevated levels in se-
nescent cells of SA-B-gal activity. Nav-Gal prodrug has proved to be
effective after concomitant treatment with cisplatin in xenografts mice
bearing of human A549 lung cancer cells and in orthotopic mice model
using murine lung adenocarcinoma cells [23]. Our study demonstrated
that a combination of palbociclib and nav-Gal treatment results in more
selectively =~ MDA-MB-231  senescent cells elimination over
non-senescence cells. Besides, the concomitant treatment in vivo results
in the effective elimination of senescent hTNBC cells with the subse-
quent reduction of tumor growth. Our previous results corroborated the
proper reduction of platelet toxicity after galacto-conjugation compared
navitoclax in ex vivo experiments with both human and murine blood
samples [23]. Additionally, platelet count of wild-type C57BL/6 J
treated daily with senotherapy for a total of 10 days exhibited severe
thrombocytopenia after navitoclax treatment at day 5 [23]. This effect
was also observed in the human lung cancer xenograft mice model
treated with the combined cisplatin-induced senescence and navitoclax
senolysis, whereas nav-Gal treatment did not cause this hematological
toxicity [23].

Together our results demonstrate the combination efficacy of pal-
bociclib plus navitoclax-based therapies, providing a strong support for
a translational paradigm involving cell cycle arrest treatments together
with anti-apoptotic inhibitors in TNBC tumors. Also, we have demon-
strated that galacto-conjugation of navitoclax can be used as an effective
approach to target senescent cells and limit the toxicity associated with
free navitoclax. Overall, we show a safer and more effective therapeutic
possibility for the treatment of hTNBC.

4. Experimental section
4.1. Cell culture and senescence induction
Human breast triple-negative adenocarcinoma MDA-MB-231 cells

(ATCC) were cultured in DMEM (Sigma) supplemented with 10% fetal
bovine serum (FBS; Sigma) and maintained at 37 °C in 5% CO,. For
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A Fig. 4. Palbociclib and navitoclax co-treatment

p53 p53 + DAPI TUNEL + DAPI produces effective induction of senescence and cell
death in tumors. (A) Representative confocal images
of p53 immunostaining and TUNEL assay of tumor
sections from animals treated with vehicle, palbo-
ciclib, navitoclax, or palbociclib and navitoclax or
nav-Gal concomitantly (n > 5 tumors per group).
TUNEL assay was used to confirm the induction of
apoptosis in treated and untreated tumor tissues.
Scale bar, 20 um. (B) Percentage of p53- and (C)
TUNEL-positive cells in tumors. Quantification was
performed in a total of 3 fields per tumor, covering
most of the whole tumor section. Data represent the
mean + SEM (n=>5), and statistical significance
was assessed by one-way ANOVA followed by
Tukey’s  post-tests  (*p < 0.05;  **p < 0.01;
***p < 0.001).
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pharmacological induction of senescence, we used 5 uM palbociclib
(#S1116, Selleckchem) for 7 days.

4.2. Senescence-associated f-galactosidase staining

Senescence-associated f-galactosidase detection was performed
using the Senescence p-galactosidase Staining Kit (Cell Signaling,
#9860 S). Briefly, cells were fixed at room temperature with 1x Fixative
Solution, washed, and incubated overnight at 37 °C without CO, with
fresh 1x Staining Solution containing X-gal in N-N-dimethylformamide.
Cells were washed, visualized, and photographed under bright field
microscope. For SA-p-Galactosidase staining in tumors, whole-mount
tumor were fixed with 4% paraformaldehyde O/N. Then tumors were
washed with PBS and incubated with X-Gal staining solution for 6 h at
37 °C.

4.3. Western blot

Cells were lysed in a buffer containing 25 mM Tris-HCI pH 7.4, 1 mM
EDTA, 1% SDS, supplemented with protease and phosphatase inhibitors.
Protein concentration was determined by the BCA protein assay. Elec-
trophoresis was performed in SDS-PAGE gels, and proteins were trans-
ferred to nitrocellulose membranes. The membranes were blocked for
1 h with 5% non-fat milk, washed with 0.1% Tween/PBS and incubated
with a specific primary antibody at 4 °C overnight. Membranes were
washed and incubated with the corresponding secondary antibody
conjugated with horseradish peroxidase. Membranes were visualized
using ECL system (GE Healthcare) for chemiluminescent detection of the
protein bands.

Antibodies: pRb (#9308, Cell Signaling), p53 (ab56, Abcam), Bcl-xL
(#2764, Cell Signaling) Bcl-2 (#2870, Cell Signaling); Bcl-w (#2724,
Cell Signaling); Mcl-1 (#4572, Cell signaling); Bak (#12105, Cell
Signaling); Bax (#2772, Cell Signaling); Bok (ab186745, Abcam); Bim
(#2819, Cell Signaling); Puma (#4976, Cell Signaling); Cdk4
(ab108357, Abcam); Cdk6 (ab124821, Abcam); tubulin (ab6160,
Abcam); GADPH (#14C10, Cell Signalling); anti-Rabbit IgG peroxidase
antibody (#A6154, Sigma) or peroxidase conjugate-goat anti-Mouse IgG
antibody (#A4416, Sigma).

4.4. Ki67 immunostaining

Cells were seeded on coverslips; when cells were confluent, they
were fixed with 4% PFA, permeabilized and blocked for 1 h with a so-
lution containing 5% BSA and 0.3% Triton X-100. Then cells were
stained with the primary antibody Ki-67 (D3B5) Rabbit (#9129, Cell
Signaling) overnight at 4 °C. The following incubation with secondary
antibody anti-rabbit IgG Fluor Goat 633 (#A21071, Fisher) was per-
formed for 2 h at room temperature. The coverslips were mounted with
Mowiol/DAPI (Sigma), and confocal microscopy images were taken
using a Leica TCS SP8 HyVolution 2 microscope.

4.5. Cell cycle assay

For apoptosis evaluation assays, proliferating MDA-MB-231 and
palbociclib-treated MDA-MB-231 cells (7 days at 5 uM) were fixed and
permeabilized with ethanol overnight. Then, 0.5 mL of PI/RNAse buffer
solution from Immunostep were added to each proliferating or senescent
cells (1 x10° cells) and incubated for 15 min at room temperature
before analysis. Samples were analyzed by flow cytometry using the
CytoFLEX S Beckman Coulter.

4.6. Synthesis of nav-Gal prodrug
Synthesis of nav-Gal was performed as described previously by

Gonzalez-Gualda et al. [23]. Briefly, in a round two neck bottom flask,
40 mg of navitoclax from Eurodiagnostico (0.04 mmol), 25 mg of 2,3,4,
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6-tetra-O-acetyl-a-D-galactopyranosyl-bromide from Sigma
(0.06 mmol) and 10.5 mg of KoCO3 from Sigma (0.07 mmol) was added.
The reaction mixture was purged with an argon atmosphere. Anhydrous
acetonitrile (10 mL) was added, and the mixture was stirred at 70 °C for
3 h under an argon atmosphere. The solvent was removed under vacuum
pressure. For large stocks used in mouse experiments, the reactions were
performed in different batches. Once the desired amount was obtained,
all batches were pooled and purified by column chromatography using
silica gel (eluent, hexane-ethyl acetate (3:7v/v; Scharlab) to
hexane-ethyl acetate (7:3 v/v)). Purified nav-Gal was obtained as a
yellow powder in 35% yield.

4.7. HPLC-MS characterization

Navitoclax (MedChemExpress) and nav-Gal were diluted in meth-
anol at a concentration of 2 ppm and directly injected into HPLC-MS.
Chromatograms were acquired after complete reaction (4 exe =
365 nm) with an Agilent 1620 Infinity II high pressure liquid chroma-
tography (HPLC) coupled to a mass spectrometer Agilent Ultivo equip-
ped with a triple QTOF detector. Conditions: KromasilC18 column,
0.7 mL/min, (H20 (0.1% acetic acid)): MeOH gradient elution: 50:50
0 min, 40:60 3 min, 30:70 10 min, 20:80 20 min, 10:90 25 min, 0:100
27 min

4.8. Cytotoxicity assay

Control proliferating and 7 days 5 uM palbociclib-induced senescent
MDA-MB-231 cells were plated in white flat-bottom-clear 96-well
(Greiner Bio-One) at a density of 10* cells per well. After 24 h, drugs
(navitoclax, nav-Gal, S63845, ABT-199, WeHi-539 or A-1155463)
(MedChemExpress) were added to the cells at a 20 pM final concentra-
tion. For simultaneous co-treatment of MDA-MB-231 cells with free
palbociclib plus free navitoclax, after 24 h of the seeding, cells were
treated with 5 uM palbociclib and 1.25 uM navitoclax. In all cases, after
72 h, viability was measured using CellTiter-Glo® luminescent cell
viability assay (Promega, #G7571) kit following the manufacturer’s
instructions in a PerkinElmer life sciences wallac Victor2TM spectro-
photometer. The number of viable cells was normalized to the internal
control of untreated cells (DMSO only) of each plate. The senolytic index
of the compounds was calculated by measuring the ratio of the half-
maximal inhibitory concentration (IC50) values between control and
senescent cells.

4.9. Cell death assay

For the apoptosis evaluation assay, senescent MDA-MB-231 cells
were treated either with DMSO, navitoclax or nav-Gal 1 uM. After 48 h
of incubation, cells were labelled with Alexa fluorescein isothiocyanate-
conjugated Annexin V (BD Bioscience) plus propidium iodide according
to the manufacturer’s recommendations. Samples were analyzed in the
cytometer CytoFLEX S Beckman Coulter.

4.10. Mouse experiments

All mice were treated in strict accordance with the local ethical
committee (Ethical Committee for Research and Animal Welfare Gen-
eralitat Valenciana, Conselleria dAgricultura, Medi ambient, Canvi
climatic i Desenvolupament Rural (2020/VSC/PEA/0177)). All mice
were maintained in ventilated cages within a specific pathogen-free
animal facility. To establish subcutaneous tumor xenografts, 2 x 10°
MDA-MB-231 breast cancer cells were injected subcutaneously in the
second lower right breast of 6-7 weeks old BALB/c nude mice. Tumors
were measured with callipers every 2 days, and the tumor volume (mm?>)
was calculated with the formula length x width?/2. When tumor vol-
ume reached an average of 60 mm?®, daily therapy was initiated with
either vehicle (sodium lactate) or 50 mg/kg palbociclib (via oral
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gavage). The day after the initiation of palbociclib treatment, navitoclax
treatments were initiated at a molar equivalent dose: either 25 mg/kg
navitoclax (via oral gavage) or 33.5 mg/kg nav-Gal (via i.p. injection).
Navitoclax was prepared in 15% DMSO/ 85% PEG-400 while nav-Gal
was prepared in 10% DMSO/ 90% saline. Mice were culled by CO,
after 20 days of treatment, and tumors and lungs were collected for
subsequent histological analyses.

4.11. Histology

Tumors were removed, washed with 1 x PBS, and fixed with 4% PFA
overnight at 4 °C. The fixative was aspirated, the tumor was washed in
1 x PBS and incubated with 30% sucrose overnight at 4 °C. Fixed tissues
were embedded in cryomolds with OCT and frozen completely at
— 20 °C. 10 um thick tumor sections were then incubated in blocking
solution (5% horse serum, 0.3% Triton X-100 in 1 x PBS) for 1 h and
immunostained following incubation with primary antibodies overnight
at 4 °C. p53 antibody was used at 1:100 (ab26, Abcam). Secondary
antibody against mouse conjugated to Alexa Fluor 488 (Invitrogen)
1:200 dilution. For TUNEL staining, In Situ Cell Death Detection Kit
(Merck) was used as per manufacturer’s instructions. Sections were
mounted on microscope slides using the Mowiol/DAPI (Sigma) and
covered with a glass coverslip. Confocal microscopy images were ob-
tained by using a Leica TCS SP8 HyVolution 2 microscope. Positive
signal for p53 and TUNEL was quantified with ImageJ or Aperio Versa
software.

4.12. Metastasis quantification

Lungs were collected after euthanasia and fixed overnight in 4% PFA.
Paraffin-embedded tissue Section (5 pm) on glass slides were processed
for haematoxylin-eosin staining, and stained lung sections were scanned
in a Leica Aperio Versa 200 equipment at 10x magnification. Metastatic
MDA-MB-231 cell clusters were microscopically counted in different
lung sections from five animals per group.

4.13. Statistical analysis

For in vivo studies, mice were randomly assigned to treatment
groups. All of the values represent the mean + SEM of at least three
independent experiments except the in vivo experiment with mice where
a single representative experiment is shown. Significance was deter-
mined by one-way ANOVA followed by either Tukey’s post-tests or
Sidak’s post-tests or by Student’s T-test using GraphPad Prism 8 soft-
ware. A p-value below 0.05 was considered statistically significant
(*p < 0.05; **p < 0.01; ***p < 0.001).
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