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Abstract: The natural isoquinoline alkaloid Berberine (BBR) has been shown to possess several
therapeutic effects, including anticancer activity. Different BBR derivatives have been designed and
synthesized in order to obtain new compounds with enhanced anticancer efficacy. We previously
showed that intraperitoneal (IP) administration of the BBR-derived NAX014 compound was able
to counteract HER-2 overexpressing mammary tumors onset and progression in transgenic mice.
However, the IP administration was found to induce organ toxicity at doses higher than 2.5 mg/Kg.
In this study, we evaluated the effect of intragastric (IG) administration of 20 mg/kg of NAX014
on both safety and anticancer efficacy in HER-2/neu transgenic mice. Furthermore, cancer cell
dissemination and migration, tumor cell senescence and immunological changes were examined.
Our results demonstrated that IG NAX014 administration delayed the onset of mammary tumors
with no negative effects on health and survival. NAX014 reduced HER-2 overexpressing BC cells
migration in vitro and the frequency of lung metastasis in HER-2/neu transgenic mice. A statistically
significant increase of senescence-associated p16 expression was observed in tumors from NAX014-
treated mice, and the induction of cell senescence was observed in HER-2 overexpressing BC cells
after in vitro treatment with NAX014. Although NAX014 did not modulate the presence of tumor-
infiltrating lymphocytes, the level of circulating TNF-α and VEGF was found to be reduced in
NAX014-treated mice. The overall results address the NAX014 compound as potential tool for
therapeutic strategies against HER-2 overexpressing breast cancer.

Keywords: berberine; NAX014; breast cancer; HER-2; lung metastases; senescence; p16; TNF-α;
VEGF; migration

1. Introduction

Breast cancer (BC) is the most frequent cancer in women worldwide and the second
leading cause of cancer-related deaths in women. The human epidermal growth factor
receptor 2 (HER-2) is over-expressed in 15–20% of invasive BCs and is associated with
aggressive phenotype, lower survival rate and higher risk for recurrent disease after
primary therapy. The advent of HER-2 targeted therapies (i.e., trastuzumab, pertuzumab)
has been shown considerable improvements in the outcomes of patients with HER-2
overexpressing BC [1]. However, issues related to drug resistance and toxicity significantly
limits their safe usage in cancer treatment [2,3]. In this context, emerging therapies and
promising alternative approach of BC management, are under investigation [4,5].
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Several plant-derived compounds have gained widespread attention for their role
in inhibiting cancer progression and overcoming drug resistance. Berberine (BBR) is an
isoquinoline alkaloid isolated from the roots and bark of several herbs. The earliest evidence
of pharmaceutical properties of BBR dates back to 1930 and reports an efficacy protocol
of oriental sore treatment with local injection of BBR acid sulphate [6]. Subsequently, a
long series of studies highlighted the wide spectrum of BBR effects covering anti-cancer,
anti-infective and immune-modulating activities [7]. Moreover, in the last decades, in order
to improve the BBR activity, bioavailability and efficacy, several BBR-derived compounds
have been also successfully developed [8,9].

It has been previously shown that introduction of the specific chemical modification
in BBR, represented by an aromatic moiety bonded to the 13-position of parent alkaloid
through a linker of variable length, considerably improves its anticancer effect on, inter
alia, breast, colon, and pancreatic cancer cells [10–12]. We found in an in vitro model
that the presence of the electron-withdrawing group Cl on the aromatic moiety linked
to NAX014 was able to exert a higher anti-proliferative effect on HER-2 overexpressing
Breast Cancer (BC) cells with respect to that one brought by BBR [8]. NAX014 showed also
a higher anticancer activity with respect to the unsubstituted analogs NAX012, NAX035,
and NAX013 (which conversely bears an electron-donating group), by inducing apoptosis,
cellular senescence, and reducing both HER-2 expression and phosphorylation [8].

In in vivo model, intraperitoneal (IP) administration of NAX014 was able (a) to delay
the development of mammary tumors, (b) to reduce the tumor volume and tumor vessel
density and (c) to increase tumor cell senescence in HER-2/neu transgenic mice [11]. In
this experimental model, the dosage of NAX014, and BBR in a higher extent, was limited
because of increasing organ injury and mortality rate with doses higher than 2.5 mg/Kg, as
observed during the toxicity study [11]. In particular, the IP administration of 10 mg/Kg
BBR and 20 mg/Kg NAX014 caused 75% and 25% of animal deaths, respectively, within
four weeks from the first administration.

It has been previously shown that BBR toxicity and bioavailability change according to
the route of administration [13]. Although the bioavailability of BBR by oral administration
was lower than that by IP, no signs of toxicity were found at oral dosage 360 times higher
than that of IP [13]. These findings suggested further experiments with NAX014 oral
administration, considering also that the IP administration route is a common technique in
laboratory rodents, but rarely is used in humans.

Therefore, in this study we attempted to evaluate the effect of intragastric (IG) ad-
ministration of 20 mg/kg of NAX014 compound on safety, antitumor and antimetastatic
activities as evaluated by the kinetic of development of spontaneous mammary tumors
and lung metastases in HER-2/neu transgenic mice. HER-2 expression was determined to
control the tumorigenesis on the mammary gland whereas TNF-α and VEGF plasma levels
were determined to evaluate both inflammation and angiogenesis. The effect of NAX014
on cell migration/invasion and induction of cell senescence was evaluated both in vitro
and in vivo confirming their role in the inhibition of tumorigenesis.

2. Results

We evaluated the effect of IG administration of the BBR-derived NAX014 compound
(Figure 1A) on spontaneous mammary carcinogenesis in HER-2/neu transgenic mice.
Starting from the 16th week of age, mice were intragastrically administered twice a week
with 20 mg/Kg b.w. of NAX014. The administration was well tolerated, with no effects
on mice survival, no evident signs of toxicity and no significant effect on body weight in
any group. As shown in Figure 1B, the first mammary tumor appeared in control mice at
18.7 weeks of age followed by NAX014-treated mice at 21.1 weeks of age. In NAX014 group
the kinetics of appearance of mammary tumors (tumor-free) was significantly different
when compared with control group (p = 0.02). Differences in mean tumor number and
volume in NAX014-treated mice compared with control group were not found (Figure S1).
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Figure 1. Effect of IG NAX014 administration on the kinetics of tumor growth in HER-2/neu 
transgenic mice. (A) Chemical structure of NAX014. (B) FVB/N HER-2/neu transgenic mice (n = 10) 
were intragastrically administered two times a week with 20 mg/kg b.w. of NAX014 or vehicle 
alone (Ctrl) and analyzed for tumor incidence. The percentage of tumor-free mice was calculated as 
the cumulative number of mice with tumors and mice that were tumor-free. Kaplan–Meier analysis 
was performed to generate the tumor-free curves. Statistical significance (p) is reported in the text. 

As shown in Figure 2A, NAX014 administration greatly and significantly reduced 
the frequency of lung metastasis compared to control mice. Mice bearing lung metastases 
were 11.1% and 55.5% in NAX014 and control groups, respectively (p = 0.033). No dif-
ferences in mean values of both size and number of lung metastases per mouse have been 
found. To test whether NAX014 can reduce breast cancer cell migration and invasion, the 
HER-2 overexpressing human SK-BR-3 and murine TUBO cell lines were treated with 
low doses of NAX014 (0.5, 2, or 10 μM) for 48 h, and subjected to trans-well migration 
assay. NAX014 dose-dependently inhibited trans-migration of both SK-BR-3 and TUBO 
cells (Figure 2B). This effect on SK-BR-3 was statistically significant already at a concen-
tration of 2 μM, while TUBO cells showed the inhibitory effect at 10 μM NAX014 when 
compared to vehicle-treated cells (p ≤ 0.05) (Figure 2B). 

 

Figure 1. Effect of IG NAX014 administration on the kinetics of tumor growth in HER-2/neu transgenic mice. (A) Chemical
structure of NAX014. (B) FVB/N HER-2/neu transgenic mice (n = 10) were intragastrically administered two times a week
with 20 mg/kg b.w. of NAX014 or vehicle alone (Ctrl) and analyzed for tumor incidence. The percentage of tumor-free mice
was calculated as the cumulative number of mice with tumors and mice that were tumor-free. Kaplan–Meier analysis was
performed to generate the tumor-free curves. Statistical significance (p) is reported in the text.

As shown in Figure 2A, NAX014 administration greatly and significantly reduced the
frequency of lung metastasis compared to control mice. Mice bearing lung metastases were
11.1% and 55.5% in NAX014 and control groups, respectively (p = 0.033). No differences
in mean values of both size and number of lung metastases per mouse have been found.
To test whether NAX014 can reduce breast cancer cell migration and invasion, the HER-
2 overexpressing human SK-BR-3 and murine TUBO cell lines were treated with low
doses of NAX014 (0.5, 2, or 10 µM) for 48 h, and subjected to trans-well migration assay.
NAX014 dose-dependently inhibited trans-migration of both SK-BR-3 and TUBO cells
(Figure 2B). This effect on SK-BR-3 was statistically significant already at a concentration of
2 µM, while TUBO cells showed the inhibitory effect at 10 µM NAX014 when compared to
vehicle-treated cells (p ≤ 0.05) (Figure 2B).
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Figure 2. Effect of NAX014 on in vivo lung metastasis and in vitro cell migration. (A) Lungs from
euthanized FVB/N HER-2/neu transgenic mice were excised and the presence of metastases was
evaluated after staining by endotracheal infiltration with 15% china ink solution. Data are reported as
percentage of mice with lung metastases for each group. * p ≤ 0.05 versus control group. (B) Human
SK-BR-3 and murine TUBO cell lines were pre-treated with NAX014 (0.5, 2 and 10 µM) for 48 h.
The number of migrated cells was counted. Results of quantitative assessment are shown as the
mean ± SD from four independent wells. Graph is representative of two independent experiments.
** p ≤ 0.05 vs. control cells treated with vehicle.
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Ex vivo analyses on tumor masses with comparable volumes were performed to
evaluate the expression levels of HER-2, perforins/granzyme B and cell-cycle checkpoint
regulators. To evaluate whether the inhibition of mammary tumorigenesis observed in mice
treated with NAX014 was due to its effect on mammary gland, we performed real-time
PCR analysis for HER-2 gene expression in mammary tumors. No significant modulation
in HER-2 mRNA expression was observed in tumor tissues from NAX014-treated mice
with respect to control.

We thus evaluated the presence of cytotoxic lymphocytes in mammary tumors. To
this aim, tumor masses from control and NAX014-treated mice were analyzed for the
content of mRNA encoding the cytolytic molecules perforins and granzyme B. No statistically
significant differences between groups have been found (Figure S2). In order to establish
whether the effect of NAX014 supplementation on senescent-like growth arrest observed
on tumor masses of treated mice could be related to modulation of cell-cycle checkpoint
molecules, we measured the mRNA levels of p21, p53, p27, and p16 in mammary tumor
samples. Among the analysed genes, only p16 showed an increased fold-change >2 in the
experimental group with respect to control group (Figure 3A). In this context, a remarkable
effect size of the p16 in the experimental group was found (Cohen’s d = 4.04) (Figure 3A).
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Figure 3. Effect of NAX014 on p21, p53, p27 and p16 expression in mammary tumor samples and on plasma levels of TNF-α
and VEGF. (A) Relative p21, p53, p27 and p16 mRNAs expression has been analyzed by real time-PCR. mRNA levels are
expressed as fold change (ratio of target:reference gene) * p ≤ 0.05 versus control values. (B) TNF-α and VEGF plasma levels
were quantified using ELISA kit. Data are reported as means ± SD. * p ≤ 0.05 versus control values.

Finally, plasma levels of both soluble TNF-α and VEGF in NAX014-treated mice were
found to be lower than in control mice (13.0 ± 1.8 pg/mL versus 21.3 ± 1.1 pg/mL and
55.2 ± 3.6 pg/mL versus 70.2 ± 4.4 pg/mL for TNF-α and VEGF respectively; p ≤ 0.05)
(Figure 3B).

To establish whether the effect of NAX014 on the increased p16 mRNA level observed
on tumor masses of treated mice could be related to a senescent-like growth arrest, human
SK-BR-3 cells were treated at their corresponding IC85 dose of NAX014 (16.9 µM) for three
days after which viable cells were cultured in drug-free medium (washout) for additional
four days, and then analyzed for cell viability and for the percentage of C12FDG-positive
senescent cells. As shown in Figure 4A, the viability of NAX014-treated SK-BR-3 cells
was reduced, with a rapid decrease after one day (60.8% of viable cells) until reaching a
42.9 and 24.2% of viable cells after two and three days of treatment (p ≤ 0.05). Return to
NAX014-free medium did not fully recover the cell viability, with 44.2, 31.0, 40.3, and 23.8%
of viable cells at four, five, six, and seven days after washout, respectively (Figure 4A). The
percentage of C12FDG-positive cells decreased after two and three days of NAX014 treat-
ment (0.50 and 0.54% of C12FDG+ cells, respectively) (Figure 4B). A statistically significant
persistent increase of senescent C12FDG+ cells was observed after NAX014 washout, with
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2.12, 2.59, 2.27, and 2.96% of C12FDG+ cells, at four, five, six, and seven days after washout,
respectively (p ≤ 0.05) (Figure 4B).
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Figure 4. Effect of transient exposure to NAX014 on SK-BR-3 cell viability and cell senescence. SK-BR-3 cells were seeded
(day 0) and exposed to 16.9 µM NAX014 (start incubation), or control vehicle (DMSO), for 3 days, after which viable cells
were recultured in drug-free medium (drug washout) for additional 4 days, and then analyzed at each time-point for cell
viability and cell senescence. (A) Cells were counted after trypan blue staining and cell viability was expressed as percentage
(%) = (total viable cells (unstained)/total cells (stained and unstained)) × 100. * p ≤ 0.05 versus control cells treated with
DMSO (B). At each time-point, the quantification of cell senescence was assessed by C12FDG staining and FACS analysis.
Data are presented as the means ± SD of the relative percentage of C12FDG-positive cells. * p ≤ 0.05 versus control cells
treated with DMSO.

3. Discussion

Currently, a considerable number of natural products or direct derivatives of natural
products are used in cancer therapy [14]. In vitro anticancer activity of BBR has been
extensively demonstrated [7]. However, issues related to BBR poor bioavailability and
toxicity may limit its translation to clinical trials. New compounds obtained by chemical
manipulation of the parental molecule provide a source of promising chemotherapeutic
or chemo-preventive agents [15–17]. Nevertheless, preclinical evidences of antitumor
efficacy of BBR-derivatives are scarce or absent for most of them. In order to improve
the relevance of the BBR-derived NAX014 compound as anticancer drug in preclinical
models, we evaluated both the safety and the therapeutic efficacy of NAX014 through oral
(intragastric, IG) administration in HER-2/neu transgenic mice.

The present study showed that IG NAX014 administration (i) delays the development
of spontaneous mammary tumors in HER-2/neu transgenic mice without negative effects
on health and survival; (ii) inhibits breast cancer cell migration and metastasis in vitro and
in vivo; (iii) induces in vitro and in vivo tumor cells senescence; and (iv) decreases TNF-α
and VEGF plasma levels.

We previously showed that NAX014 is more effective than parental compound (BBR)
in exerting anticancer activity in a murine model of spontaneous HER-2/neu breast cancer
when administered via IP injection [11]. In that model the IP administration was found
to induce organ toxicity at doses higher than 2.5 mg/Kg with 25% of mortality observed
after subchronic IP administration of 20 mg/Kg NAX014. In the present study, no deaths
have been recorded during IG administration of the same dose, confirming 20 mg/Kg a
safe dose. Indeed, mice were IG-administered twice a week for approximately 2–3 months
before euthanasia and no signs of toxicity and no changes in body weight were observed
during this period, confirming the dosage was safe for mice and potentially translational
to humans. Our results agree with data previously reported on the safety of BBR per os
administration [13].

The route of administration is often related to physicochemical properties of the
drug. The development of cancer drugs that can be administered efficaciously through an
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oral method is becoming increasingly common because of several advantages, including
convenience in synthesis and administration, lower risk of severe toxicity and better patient
compliance [18]. The possibility to administer the NAX014 agent through oral method,
with an extended activity over the primary tumor to the lung metastases in comparison
with the intraperitoneal method, considerably improves its relevance as new potential
therapeutic tool in the treatment of HER-2 positive breast cancer.

One of the most relevant results of this study is related to the capability of NAX014
compound to inhibit in vivo distant metastases formation. In this study, IG NAX014
treatment strongly reduced the incidence of lung metastases when compared to control
mice. Trans-well migration assay confirmed the effect of NAX014 on suppressing the
cancer cell migration of HER-2 overexpressing BC cell lines. In particular, results from
the TUBO cell line, established from transgenic BALB/c mice carrying the rat HER-2/neu
proto-oncogene under MMTV promoter, are noteworthy, because strictly reflecting the
experimental animal model we used. Lung metastasis is one of the most common distant
metastases of breast cancer and is associated with poor prognosis [19]. Previous studies
have reported that the recurrence probability of distant metastases in patients with HER-2
positive was higher than HER-2 negative tumors [20]. Moreover, older adult patients with
HER-2 positive tumors were more likely to develop lung metastases [21]. In this context,
this study suggests the implementation of NAX014 in other cancer models characterized
by the development of metastases with advancing age.

The antitumor and antimetastatic effect of NAX014 was associated with decreased
plasma level of both vascular endothelial growth factor (VEGF) and tumor necrosis factor-
alpha (TNF-α). Inflammation and angiogenesis are dependent processes. VEGF is well
known for its role in vasculogenesis and it is thought to contribute to tumor metastasis by
promoting both extravasation and tumor angiogenesis [22]. TNF-α is a multifunctional
pro-inflammatory cytokine also involved in regulation of normal and pathologic angio-
genic processes [23]. Elevation of VEGF and TNF-α from normal levels have been observed
in various types of cancer, including BC and have been shown to contribute to tumor
angiogenesis and metastasization [24,25]. Therefore, compounds that are able to down-
regulate these proteins could be considered powerful antiangiogenic and antimetastatic
agents. Our findings led to the hypothesis that NAX014 is involved in the regulation of BC
metastasization possibly by directly affecting BC cells migration/invasion and by indirectly
affecting the secretion of VEGF and TNF-α. In addition, the antimetastatic phenomenon
we observed could also be explained through a different degree of tumor vascularization.
This hypothesis is in agreement with previous results revealing a significant reduced vessel
density in mammary tumors from mice treated with IP 2.5 mg/Kg NAX014 in comparison
with control group [11].

Berberine is also known to possess immunosuppressive activity [26]. However, data
regarding the immunomodulating effect of NAX014 is still lacking. Here we observed
a decreased plasma level of TNF-α in NAX014-treated mice. This result is in line with
those found in BBR, which treatment in vitro and in vivo was able to counteract hyper-
inflammatory conditions by suppressing the expression of inflammatory mediators such as
TNF-α, IL-6, and IL-1β [9,27]. In this context, it is important to remark how the inflamma-
tory component contributes to tumor proliferation, angiogenesis, metastases, and resistance
to hormonal and chemotherapy. On the other hand, IG NAX014 administration was not
able to produce any modulation on tumor-infiltrating lymphocytes as revealed by mRNA
expression analysis of granzyme B and perforin in tumor masses from control and treated
mice. We previously showed a reduction of tumor-infiltrating lymphocytes in IP 2.5 mg/kg
NAX014-treated mice which was attributed to the reduced tumor vascularization [11]. The
result of the present study suggests a comparable degree of vascularization between IG
NAX014-treated and control mice. Further studies need to be performed in order to clarify
the relationship between vascularization and tumor progression.

As previously observed in IP NAX014-treated mice [11], IG NAX014 administration
was able to induce cell senescence in tumor masses, as revealed by increased in situ expres-
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sion of tumor suppressor p16. The in vitro β-galactosidase assay on HER-2 overexpressing
SK-BR-3 cells demonstrated the involvement of cellular senescent-like pathways in the
NAX014-mediated antitumor effects. In our experiments, the NAX014 treatment induced
severe cytotoxicity followed by a weak recovery of cell viability, and a massive increase
of the number of senescent cells during NAX014-free recovery. These results agree with
previous findings showing the induction of apoptotic cell death and senescence-like growth
arrest of HER-2 overexpressing BC cells under treatment with different BBR-derivatives,
including NAX014 [8,11,16]. It has been suggested that senescent-like growth arrest may be
a significant determinant of tumor response to anticancer agents in conditions in which the
induction of cell death does not explain by itself the antiproliferative effect. Although the
benefits of cancer cell senescence, in terms of cancer recurrence, are still a topic of debate,
a growing number of pro-senescence therapeutic approaches are currently under inves-
tigation [28]. At the same time, efforts to develop senolytic compounds that can induce
cell death in senescent cells are increasing [29]. Therefore, therapeutic approaches aimed
at selectively inducing senescence combined with a second-line senolytic-based adjuvant
therapy could represent a promising strategy for cancer treatment. Further studies are
needed to explore the efficacy of NAX014 as pro-senescence drug in combination with
senolytic-based adjuvant therapy.

In conclusion, this study demonstrated for the first time, the efficacy of the BBR-
derivative NAX014 as oral antitumor agent, being effective in counteracting HER-2 positive
breast cancer development and spreading in preclinical models. The oral administration
offers various advantages in comparison with IP administration, being easier to do, more
safe and more effective in its antitumor effect, acting on primary cancer cells as well as
on tumor metastases. Further studies on the efficacy and the tolerability are needed to
evaluate the possible implementation of NAX014 in clinical trials.

4. Materials and Methods
4.1. Chemicals

NAX014 (Figure 1A) was provided by Naxospharma. 13-(4-chlorophenylethyl) berber-
ine iodide (NAX014) was prepared and characterized as previously reported starting from
commercial BBR chloride hydrate (ca. 17% H2O), which was purchased from Shanghai
Trust & We, China [30]. The purity (>97%) of the derivative NAX014 was assessed by
HPLC on a Jasco system LC-2000 series (Jasco Europe, Lecco, Italy) with an Agilent Eclipse
XDB-C18 (4.6 × 150 mm, 3.5 µM) Rapid Resol column (Agilent Technologies, Santa Clara,
CA, USA). The flow rate of the mobile phase (50% water, 50% acetonitrile plus 0.1% trifluo-
roaceticacid) was maintained at 1 mL/min and absorbance was measured at 235, 265, 340,
and 420 nm. The structure was confirmed by HNMR ((200 MHz, DMSO-d6): 10.02 (s, 1H),
9.87 (s, 1H), 9.86 (s, 1H), 8.33 (d, 1H), 8.24 (d, 1H), 7.95 (d, 1H), 7.38 (d, 2H), 7.22 (d, 2H),
7.05 (s, 2H), 6.16 (s, 2H), 4.12 (s, 3H), 4.11 (s, 3H), 4.02 (m, 2H), 3.29 (t, 2H), 2.88 (m, 4H).

4.2. Cell lines and Treatments

Human HER-2 overexpressing SK-BR-3 cell line was purchased from IZSLER (Isti-
tuto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna “Bruno Uber-
tini”, Brescia, Italy). Murine TUBO cell line was established in vitro from a carcinoma
that spontaneously arose in BALB/c mice carrying the rat HER-2/neu proto-oncogene
driven by the mouse mammary tumor virus (MMTV) promoter. SK.BR-3 and TUBO cells
were maintained in DMEM medium supplemented with 10% and 20% FBS, respectively,
100 units/mL penicillin and 100 µg/mL streptomycin under a humidified atmosphere of
5% CO2 at 37 ◦C.

4.3. Boyden Chamber Cell Chemotaxis Assay

Cell migration assay (Cultrex®, Trevigen, Gaithersburg, MD, USA) was used to inves-
tigate cell migration following the manufacturer’s instructions. Briefly, cells were grown to
80% confluence and starved in 0.5% FBS medium 24-h before the assay then were added
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to top chamber (50,000 cells/well), with NAX014 dissolved in DMSO at different con-
centration (0, 0.5, 2, and 10 µM). The Boyden chamber bottom wells were loaded with
150 µL of medium containing the chemoattractant (20% FBS), and/or vehicle (0.01–0.02%
DMSO (v/v)). The chamber was incubated for 48 h at 37◦ C. A Cell Dissociation Solution
containing Calcein-AM was used for spectrophotometric quantification (485 nm excitation,
520 nm emission) of migrating cells.

4.4. Experimental Design

FVB/N HER-2/neu transgenic female mice for the activated rat neu oncogene were
obtained from Charles River (Hollister, CA, USA) and maintained under specific pathogen-
free conditions under a standard 12 h light/12 h dark regimen in our animal facilities. Mice
were housed in plastic non-galvanized cages and fed with standard pellet food (Harlan
Nossan, Milan, Italy) and tap water ad libitum. The study was conducted in accordance
with the ethical standards and according to national and international guidelines and has
been approved by the animal research ethics committee of the IRCCS INRCA. Four-month-
old mice were randomly divided into two groups which received the following treatments
by IG administration for two times a week, at intervals of 3–4 days: (i) 20 mg/kg NAX014
and (ii) 17.7% DMSO (v/v) in sterile water (control group). Twice a week, all mice were
weighed and clinically assessed for signs of toxicity until the end of the study. Mammary
tumors growth was monitored by palpation and measured by caliper, then tumor volume
was calculated using the formula V = ((length × width2)/2). Progressively growing masses
of >3 mm in mean diameter were regarded as tumors. Mice were euthanized for ethical
reasons when the tumor volume exceeded 500 mm3, then tissue collection (blood, tumor
masses, and lungs) and ex vivo analysis were performed. The number of lung metastases
was evaluated after staining by endotracheal infiltration with 15% china ink solution.
Lungs were fixed and bleached in Fekete’s solution (300 mL 70% ethanol, 30 mL 37%
formaldehyde, and 5 mL glacial acetic acid). The number of macroscopic pulmonary tumor
nodules was counted in each of the five lobes. Diameter of metastatic lesions was measured
with calipers and volumes were calculated by 4/3πr3, assuming the metastases were
spherical. Procedures and facilities followed the requirements of Commission Directive
86/609/EEC concerning the protection of animals used for experimental and other scientific
purposes. Italian legislation is defined in D.L. no. 116 of 27 January 1992. The experimental
protocols were also approved by the Institutional Animal Care Committee of the Italian
Ministry of Health and by the Animal Research Ethics Committee of IRCCS INRCA.

4.5. Reverse Transcription, PCR, and Real-Time PCR

Total RNA was isolated from tumor tissues using RNeasy kit (Qiagen, Milan, Italy) accord-
ing to the manufacturer’s instructions. The first-strand cDNA was synthesized starting from
1 µg of total RNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA). PCR for perforin, granzyme B and β-actin were performed as previously
described [31]. Relative quantification of mRNA expression was achieved using fluorescent dye
SYBR green (Bio-Rad, Richmond, CA, USA) during PCR amplification (iQ5 Real-time Detection
System, Bio-Rad). The primers used were as follows: β-actin, 5′-TTCGTTGCCGGTCCACAC-3′,
5′-ACCAGCGCAGCGATATCG-3′; p16, 5′-CGTACCCCGATTCAGGTGAT-3′, 5′-TTGAGCAG
AAGAGCTGCTACGT-3′; p53, 5′-TGGAAGACTCCAGTGGGAAC-3′, 5′-TTTCTTCTTCTGTA
CGGCGG-3′; p21, 5′-GCTGTCTTGCACTCTGGTGT-3′, 5′-TCTGCGCTTGGAGTGATAGA-3′;
p27, 5′-AACTAACCCGGGACTTGGAG-3′, 5′-CCAGGGGCTTATGATTCTGA-3′; HER-2, 5′-
ATGTGCTAGTCAAGAGTCCCAAC-3′, 5′-CATCTGCATGGTACTCTGTCTCA-3′. Each set of
primers was designed across intron/exon boundaries to detect genomic DNA contamination.
Quantitative measurements were determined using the ∆∆Ct method and expression of β-actin
was used as the internal control.



Int. J. Mol. Sci. 2021, 22, 2653 9 of 11

4.6. ELISA for Mouse TNF-α and VEGF

Plasma level of Tumor Necrosis Factor-α (TNF-α) and Vascular Endothelial Growth
Factor (VEGF) were measured using sandwich ELISA kit according to the manufacturer’s
instructions (Boster Biological Technology, Pleasanton, CA, USA).

4.7. Flow Cytometric β-Galactosidase Assay

Senescence-associated beta-galactosidase activity (SA-beta-gal) was performed by
flow cytometry as previously described [32]. SK-BR-3 cells were grown to 80% confluence
in complete medium and then treated with NAX014 using its respective IC85 (inhibitory
concentration to kill 85% cells) corresponding to 16.9 µM. DMSO-treated cells have been
used as negative control. After 3 days of treatment, the conditioned medium was removed
and then replace by prewarmed fresh culture media (washout) for the consecutive four
days. Cell viability was determined by trypan blue exclusion assay (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany). The β-Galactosidase assay was performed at each time point
following the procedure. Briefly, SK-BR-3 were incubated for one hour in growth medium
supplemented with 100 nM Bafilomycin A1 (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) at 37◦ C, 5% CO2, and two hours in growth medium with 100 nM Bafilomycin
A1 and 33 µM C12FDG (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) before
analysis. After incubation, cells were trypsinized, washed with PBS, resuspended in
200µL ice-cold PBS, and analyzed using a Coulter Epics XL flow cytometer. Data were
analyzed with the instrument software, and cell debris was excluded on basis of light
scatter parameters. C12FDG was measured on the FL1 median fluorescence intensity (MFI)
of the SK-BR-3 population.

4.8. Statistical Analysis

All statistical analyses were conducted using SPSS 20 (IBM, Armonk, NY, USA).
Kaplan-Meier analysis was performed to generate the tumor-free curves. Statistical in-
ference was done with the log-rank test to compare survival curves across groups. The
Pearson χ2 test was used for the number of metastatic sites comparison. In order to evaluate
the magnitude of the fold change data (between groups) referred to the mRNA expression,
the effect size (Cohen’s d) was determined.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/5/2653/s1, Figure S1: Effect of NAX014 administration on tumor number and tumor volume
in FVB/N HER-2/neu transgenic mice, Figure S2: Effect of NAX014 administration on granzyme B
and perforin mRNA expression in tumor masses.
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