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Abstract

Purpose Isothiocyanates elicit anticancer effects by targeting cancer stem cells (CSCs).
Here, we tested the antitumor activity of phenethyl-isothiocyanate (PEITC), either alone or
in combination with trastuzumab, in HER2-positive tumor models.

Methods We assessed the in vitro anticancer activity of PEITC, alone or combined with
trastuzumab, in HER2-positive BT474, SKBR3, HCC1954 and SKOV3 cancer cells by
measuring their sphere forming efficiency (SFE). The expression of the human/rodent
CSC biomarkers aldehyde-dehydrogenase (ALDH) and CD29M9h/CD24*/Scal®" was
evaluated by cytofluorimetric analysis. The expression of wild type HER2 (WTHER2), its
splice variant d16HER2 and Notch was analysed by quantitative RT-PCR and Western
blotting. The in vivo activity of PEITC and trastuzumab was evaluated in mice
orthotopically implanted with MI6 tumor cells transgenic for the human d16HER2 splice
iIsoform. Magnetic resonance imaging/spectroscopy and immunohistochemistry were used
to assess morpho-functional and metabolic profiles of treated versus untreated mice.
Results We found that PEITC significantly impaired the SFE of HER2-positive human
cancer cells by decreasing their ALDH-positive compartments. The anti-CSC activity of
PEITC was demonstrated by a reduced expression/activation of established cancer-
stemness biomarkers. Similar results were obtained with MI6 cells, where PEITC, alone or
in combination with trastuzumab, significantly inhibited their SFE. We also found that
PEITC hampered the in vivo growth of MI6 nodules by inducing hemorrhagic and necrotic
intra-tumor areas and, in combination with trastuzumab, by significantly reducing
spontaneous tumor development in d16HER2 transgenic mice.

Conclusions Our results indicate that PEITC targets HER2-positive CSCs and that its
combination with trastuzumab may pave the way for a novel therapeutic strategy for

HER2-positive tumors.






1 Introduction

HER2 overexpression or amplification occurs in subsets of different cancer types,
including breast, colon, endometrial, ovarian, gastric/gastroesophageal junction, pancreas,
head and neck and urothelial cancers [1]. HER2 overexpression, which is generally
associated with a poor patient prognosis due to a high tumor aggressiveness and
metastatic potential, predicts tumor sensitivity to anti-HER2 treatment in breast, gastric
and gynecological cancers [1]. In the context of HER2-positive breast cancer (BC), the
introduction of different effective anti-HER2 compounds, such as the humanized
monoclonal antibodies trastuzumab (T) and pertuzumab, the tyrosine kinase inhibitor
lapatinib and the drug-antibody conjugate T-emtansine (T-DM1), has remarkably improved
the prognosis of patients with both limited-stage and advanced disease. However, not all
patients with localized HER2-positive BC profit durably from currently available treatments
and, in case of advanced disease, most initially responding patients finally develop
resistance to these treatments and eventually die from [2-4]. Even among HER2-enriched
BC, as defined on the basis of the PAM50 gene expression signature, no more than 50%
of the patients respond to T [5].

Increasing evidence indicates that various cancer types may be initiated and
maintained by cancer stem cells (CSCs), a small but biologically relevant malignant cell
subset with unlimited self-renewal capacity responsible for tumor growth, progression and
metastasis. Due to these characteristics, CSCs are considered as the “roots” of cancer [6-
9]. Specific gene signaling pathways, including the Wnt/B-catenin, Hedgehog and Notch
pathways, contribute to the maintenance of CSCs, and inhibitors of these pathways are
now entering clinical trials [10-12]. Furthermore, CSCs have been suggested to contribute
to resistance to chemotherapy, radiation therapy, targeted therapy and immunotherapy, all

features linked to a poor prognosis [11,13-15]. In particular, emerging data suggest that
5



the clinical efficacy of molecularly targeted therapies may be related to their ability to target
CSCs [11]. Different studies performed in HER2-positive BC and ovarian cancer (OC)
models report that HER2 acts as an important regulator of HER2-positive CSC properties
through its functional interplay with Notch family members [10,16-19]. Concordantly, anti-
HER?2 targeted therapies, such as T and lapatinib, have been found to be able to affect
both breast and ovarian CSCs [10,17,18]. Previously, we reported that the d16HER2
splice variant, a highly oncogenic HERZ2 isoform characterized by the skipping of exon 16
[20], is expressed not only in human HER2-positive BCs [21,22], but also in other HER2-
positive cancer types [23]. In these cancers it promotes tumorigenesis [24], drives cancer
aggressiveness [25], causes tumor addiction to HER2 signaling and its response to anti-
HER2 treatments [23,25,26], regulates stemness [19] and drives dysregulated glycolitic
metabolism [27]. However, in HER2-positive BCs not responding to T, CSCs transit into a
therapy-resistant state as a consequence of their plasticity, thus becoming independent
from HERZ2 signaling for their maintenance, expansion and activity. Instead, these CSCs
may become dependent on other hitherto undefined, and potentially targetable genetic
alterations or drivers [28].

Epidemiological and case-control studies indicate that consuming cruciferous
vegetables may reduce the risk of cancer development. Isothiocyanates (ITCs), which are
components of cruciferous vegetables, are bioactive products that have been found to
exert both chemo-preventive and therapeutic activities against various human tumor types
[29]. In particular, sulforaphane has been reported to suppress MCF-7 and SUM159 CSC
activity, thus providing a rationale for future BC chemoprevention [30]. Also, B-phenethyl
isothiocyanate (PEITC), one of the most studied ITCs, has been found to be able to target
well-established hallmarks of cancer [31] by promoting cell cycle arrest, inducing apoptosis
and inhibiting cell proliferation, angiogenesis, invasion and metastatic processes either in

BC or OC [29,32,33]. Of note, PEITC has been found to induce apoptosis in MCF-7 and
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MDA-MB-231 BC cell models stably transfected with HER2, and to enhance the effects of
doxorubicin by increasing the cleavage of caspase 3 [34]. However, the intrinsic effect of
PEITC, alone and/or in combination with T, in CSC subsets from cellular models
constitutively expressing HER2 remains to be addressed. In an attempt to increase the
activity of T, which currently represents the gold standard therapy for early and advanced
HERZ2-positive disease, our present study was designed to investigate the in vitro and in
vivo antitumor activity of PEITC in HER2-positive human BC and OC cell models, as well
as in orthotopic mouse models or mice transgenic for the highly oncogenic human
d16HER?2 splice variant [24,25]. Our results indicate that PEITC may act as a potent anti-
tumor agent that targets HER2-positive breast and ovarian CSCs as well as
differentiated/bulk cells, and synergizes in vivo with T in d16HER2-positive BC pre-clinical
models. These findings pave the way for the use of this ITC compound in combination with

T to target HER2-positive CSCs, “the roots” of HER2-positive cancers.

2 Materials and methods

2.1 Cell lines and reagents

The d16HER2-positive transgenic mammary tumor cell line MI6 was generated in house
from a spontaneous mammary lesion, as previously described [19,25]. These cells were
grown in complete MammoCult medium (StemCell Technologies, Vancouver, Canada)
supplemented with 1% fetal bovine serum (FBS) (Sigma-Aldrich, St Louis, MO, USA) and
penicillin—streptomycin (Sigma-Aldrich). The human HER2-positive BC cell lines BT474,
SKBR3, HCC1954 and the Triple Negative BC (TNBC) cell line MDA-MB-231, as well as
the human HER2-positive OC cell line SKOV3 were obtained from ATCC (Rockville, MD,

USA). The BT474 cells were grown in DMEM (Lonza, Basel, Switzerland) supplemented
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with 10% FBS (Gibco by Life Technologies, Waltham, MA, USA), whereas the SKBR3,
HCC1954, MDA-MB-231 and SKOV3 cells were grown in RPMI-1640 medium with L-
glutamine (Lonza) supplemented with 10% FBS. The human cell lines were purchased
between 2000 and 2010 and authenticated yearly by short tandem repeat DNA
fingerprinting using the AmpFISTR identifier PCR Amplification Kit (Thermo Fisher
Scientific, Waltham, MA, USA; last verification, May 2017). All tumor cell lines were
cultured at 37°C in a humidified 5% CO. atmosphere and routinely tested for mycoplasma
contamination. PEITC was purchased from Sigma-Aldrich. The humanized monoclonal
antibody T (Hoffmann-La Roche, Basel, Switzerland) was provided by Fondazione IRCCS

Istituto Nazionale dei Tumori di Milano, Italy.

2.2 SRB cell viability/proliferation assay

All cell lines were seeded in 96-well plates at a density of 3,000-5,000 per well (according
to the cell line) either at 24h (for BT474, SKBR3, HCC1954, SKOV3 and MDA-MB-231
cells) or at 72h (for MI6 cells) before PEITC treatment to allow attachment on plastic. Next,
the cells were treated with increasing serial concentrations of PEITC starting from 3 to 48
UM during different time periods (24h, 48h and 72h). Cell viability was assessed using a
sulforhodamine B (SRB) assay as reported before [35]. Briefly, after each incubation
period, cell monolayers were fixed with 10% trichloroacetic acid and stained with
sulforhodamine B for 30 minutes. The excess dye was subsequently removed by repeated
washing with 1% acetic acid, after which the protein-bound dye was dissolved in 10 mM
Tris solution for OD determination at 564 nm. The number of living cells is proportional to
the solubilized dye. Cell proliferation inhibition (%) was calculated as {(untreated -

treated)/(untreated)}X100 and plotted using GraphPad Prism 5.02.

2.3 Flow cytometry (FACS)



MI6 cells were analyzed by multiparametric FACS for the expression of molecular
stemness markers by incubating the cells for 30 min at 0°C with the fluorochrome-labeled
antibodies anti-mouse CD24 PerCP-Cyanine5.5 (1:150), anti-mouse/rat CD29 (Integrin
beta 1) PE-Cyanine7 (1:150), and anti-mouse Ly-6A/E (Sca-1) FITC (1:100) (all from
eBioscience, San Diego, CA, USA). This incubation was followed by 2 washes with PBS
1X-2% FBS after which the cells were analyzed using a BD LSR Il Fortessa cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). In all experiments, the data were processed using

the FlowJo software package.

2.4 ALDH activity assay

Aldehyde-dehydrogenase (ALDH) activity was measured using an ALDEFLUOR assay kit
(StemCell Technologies, Vancouver, Canada) in BT474, SKBR3, HCC1954 and SKOV3
cells as per manufacturer’s instructions. Briefly, following treatment with PEITC for 72h,
1x10° cells were suspended in ALDEFLUOR assay buffer containing the ALDH substrate
bodipy-aminoacetaldehyde (BAAA), and incubated for 1h at 37°C. A specific inhibitor of
ALDH, diethylaminobenzaldehyde (DEAB), was used to distinguish ALDH-positive and -

negative cell subsets.

2.5 Sphere formation efficiency (SFE) assay

Dissociated MI6, BT474, SKBR3, HCC1954 and SKOV3 cells were seeded in 6-well ultra-
low attachment plates (Corning, Corning, NY, USA) at densities of 2,500-3,000 cells per
well for 7 days in serum-free Mammocult medium (StemCell Technologies) as previously
reported [19]. Among the cell lines tested, we found that SKBR3 formed spheres with a
“grape-like” morphology as documented by Shaw et al. [36]. Briefly, MI6, BT474, SKBR3,
HCC1954 and SKOV3 cells were treated at day 0 with 12 uM PEITC or with 0.1% of the

diluent DMSO. MI6 cells were also incubated with T and the combination PEITC+T for 7
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days. The spheres were counted microscopically at day 7 and representative images were
acquired using an EVOS XL Core Cell Imaging System (Thermo Fisher Scientific)
(Magnification 10X). The SFE was calculated as the number of spheres/number of single
cells that were initially seeded. The SFE inhibition percentage, i.e. the capability to form
spheres under 3D culture conditions, was calculated as {(untreated SFE-treated

SFE)/(untreated SFE)}X100, as reported before [19].

2.6 Self renewal assay

Dissociated BT474, SKBR3, HCC1954 and SKOV3 cells were seeded and grown in 6-
well, ultra-low attachment plates at a density of 2,500-3,000 cells in the presence of DMSO
or PEITC (12uM) for 7 days. After dissociation of primary spheres, the cells were re-plated
at the same density without any treatment. The self-renewal capacities were calculated as
follows: secondary SFE/primary SFE, and the results were compared between cells

treated with DMSO or PEITC.

2.7 Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from BT474, SKBR3, HCC1954 and SKOV3 cells using Qiazol
(Qiagen) according to manufacturer’s instructions, and as reported before [25]. cDNA was
reverse-transcribed from 1 pg total RNA using a High-Capacity RNA-to-cDNA™ Kit
(Applied Biosystems, Foster City, CA, USA) and subjected to qRT-PCR using an Applied
Biosystems SYBR® Green dye-based PCR assay in conjunction with an ABI Prism
7900HT sequence detection system (Applied Biosystems). In supplementary Table 1 the
primers are listed used to measure gene expression levels. All primer sets were used
under the same (gRT-PCR cycling conditions with similar efficiencies to obtain

simultaneous amplification in the same run. The data were normalized to GAPDH using
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the comparative 22t method. The mRNA levels of each analyzed gene were calculated

using the comparative Ct method and presented as relative expression.

2.8 Western blot analysis

Human and murine protein extracts from tumor cells were solubilized for 40 min at 0°C
using a lysis buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100, 2
mM Na-orthovanadate and a protease inhibitor cocktail (Complete Mini, Roche, Basel,
Switzerland), as previously reported [25]. Briefly, the samples were processed under
reducing and non-reducing conditions, heated for 5 min at 95°C, and resolved by
electrophoresis on pre-cast 4-12% and 3-8% Bis-Tris gels (Invitrogen, Carlsbad CA, USA).
Separated proteins were electrophoretically transferred onto nitrocellulose filters, stained
with Red Ponceau to check protein loading, washed extensively with TBS+0.5% Tween-20
and saturated for 1h at room temperature with 5% low-fat milk in TBS+0.1% Tween-20
before the addition of primary antibodies in 3% low-fat milk containing TBS+0.1% Tween-
20 for 1h at room temperature or overnight at 4°C with gentle shaking. The following
primary mouse mAbs was used: Ab3 c-erbB-2/HER2/neu (1:300, Calbiochem, Darmstadt,
Germany) directed against the human HER2 intracellular domain and the following primary
rabbit polyclonal antibodies were used: anti-phospho-HER2 p-Neu (Tyr1248) (1:2000,
Santa Cruz Biotechnology), anti-Cleaved NOTCH1 (Vall744) (1:1000, Cell Signaling
Technology) and anti-p-Actin-peroxidase (AC-15 clone) (1:30000, Sigma). After
incubation, the filters were washed extensively with TBS+0.5% Tween-20 and
subsequently incubated with HRP-conjugated goat anti-mouse Ig (1:5000) or donkey anti-
rabbit Ig (1:10000) (Amersham GE Healthcare, Little Chalfont, UK) for 1h at room
temperature. The resulting signals were detected using enhanced chemiluminescence
(Pierce™ ECL Western Blotting Substrate, Thermo Fischer Scientific). Phosphorylated

and basal protein expression levels were assessed relative to those of housekeeping
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proteins in the same sample. Phosphorylated protein expression levels were normalized
relative to basal protein expression levels using Quantity One (Bio-Rad, Hercules, CA,

USA).

2.9 High-resolution Magnetic Resonance Spectroscopy (MRS)

Tissue extracts were prepared in EtOH:H>O (70:30, v/v) as reported before [37]. To this
end, samples were ultra-sonicated at 20 kHz with an exponential probe (8 mm peak-to-
peak) in a MSE ultrasonic disintegrator Mk2 (Crawley, Sussex, UK) and centrifuged at
14000xg for 30 min. The resulting supernatants were lyophilized twice in a RVT 4104
Savant lyophilizer (Mildford, Main, USA). For MRS analyses, the residues were
resuspended in 0.7 ml of DO (Sigma-Aldrich, Milan, Italy) containing 0.1 mM
3(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt as an internal standard (Merck & Co,
Montreal, Canada). High-resolution MRS analyses (25°C) were performed at 9.4T (Bruker
AVANCE spectrometer, Karlsruhe, Germany). Spectra of tissue extracts were obtained
using RF pulses for excitation, water signal pre-saturation, data processing and data
analysis as reported before [38]. Relative metabolite quantifications are presented as

percentage of an individual metabolite among all metabolites.

2.10 In vivo Magnetic Resonance Imaging (MRI)/MRS

In vivo MRI/MRS analyses were performed in d16HER2 mammary tumors between 68 and
88 days post injection using an Agilent Inova MRI/MRS system (4.7 T) equipped with a
volume coil for homogeneous transmission in combination with a receiver surface coll
(RAPID Biomedical, Rimpar, Germany). MRI evaluation was performed by T1-weighted
(TR/TE = 400/7 ms), T2-weighted (TR/TE = 3000/70 ms) and diffusion-weighted (TR/TE =
2500/50 ms, ranging between 0 and 1100 s/mm?) multi-slice spin echo images.

Quantitative parameters related to water tissue diffusion (apparent diffusion coefficient
12



(ADC) maps) were derived from diffusion weighted imaging (DWI). Histogram analyses of
ADC values were also performed in order to study the biological heterogeneity of tumors
by classifying domains of different diffusivity, which may have both prognostic and
predictive implications. ADC mean, ADC median, kurtosis and skewness were determined
from ADC histograms [Canese et al, in press]. Kurtosis indicates how tall and sharp the
peak is relative to a standard bell curve, i.e., how homogeneous the analyzed tumor is.
Skewness provides a measure of the amount of departure from horizontal symmetry,

which indicates the presence of areas with a slightly different ADC within a given tumor.

2.11 Transgenic and orthotopic mouse models

A breeding colony of d16HER2 transgenic mice, a mouse model that expresses the
d16HER?2 splice variant under the control of a MMTV promoter, was generated as reported
before [24] and bred in the Animal Facility of Fondazione IRCCS Istituto Nazionale dei
Tumori di Milano. All animal care and experimental procedures were approved by the
Ethics Committee for Animal Experimentation of the Institute according to Italian law and
the Italian Ministry of Health (Authorization code: INT 02/2014). DNA extracted from tail
biopsies was used for routine genotyping by PCR analysis, as reported before [25].
Transgenic mice were inspected twice weekly by palpation and progressively growing
masses = 50 mm?3were scored as tumors. Susceptibility to PEITC, T and their combination
was assessed in d16HER2-transgenic mice that were randomized at 8 weeks of age into
four groups to be subjected to biweekly intra-peritoneal injections of 1 mg/kg of T (n = 6)
and DMSO as a negative control (n = 8), as reported before [25]. PEITC (6 pmol/mouse)
alone (n = 7) or in combination with T (1mg/Kg/mouse) (n = 7) was orally (per 0s)
administered every day for five days per week except for T (see above). Mice were
sacrificed when the total tumor volumes reached 2,000 mm3. The anti-tumor activity of

PEITC (6 umol/mouse) alone (n = 11) was tested in syngeneic FVB mice grafted with
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1x10% MI6 cells into the mammary fat pad (m.f.p.). When the tumors became palpable
(=50 mm?3) they were randomized into two groups to receive 6 umol/mouse per os of
PEITC every day (n = 11) and DMSO as a negative control (n = 8). FVB female mice (6-8
weeks old; body weight 20-25 g) were purchased from Charles River Laboratories. Tumors
were calibrated twice weekly and tumor volumes were calculated as 0,5 x di? x d?, where
d1 and dz are the smallest and largest diameters, respectively. Mice were sacrificed when
the tumor volumes of the untreated group reached = 1,000 mm? and of the PEITC-treated

group = 250 mm?.

2.12 Immunohistochemistry (IHC)

MI6 lesions implanted into the m.f.p. of FVB mice were harvested at the end of the in vivo
experiment and fixed in 10% neutral buffered formalin, paraffin embedded, sectioned and
stained with hematoxylin and eosin (BioOptica) for histological examination. For IHC, the
sections were deparaffinized, serially rehydrated and, after appropriate heat-induced
antigen retrieval using sodium citrate buffer, pH 6.0, for 6 minutes in a pressure cooker,
stained with an anti-active caspase 3 antibody (AF 835, R&D), followed by a Dako
Envision + System-HRP Labelled Polymer Anti-Rabbit secondary antibody (K4003, Dako).
Immunoreactive antigen was detected using a DAB Chromogen System (Dako) and, after
chromogen incubation, the sections were counterstained with hematoxylin (BioOptica).
Images were acquired using a Leica DMRD optical microscope (Leica) at 100-200x

magnification. ImageJ software (version 1.52J) was used to evaluate the spheroids areas.

2.13 Statistical analysis
Statistical analyses were performed using GraphPad software Prism 5.02. Statistical

significance was determined by two-tailed unpaired or paired Student’s t test. When p <
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0.05, the difference between the compared groups was considered to be statistically

significant. Data are presented as mean + SD or SEM (n = 3).

3 Results

3.1 PEITC targets HER2-positive BCSCs

We incubated HER2-positive BT474, SKBR3, HCC1954 and SKOV3 cells, and TNBC
MDA-MB-231 cells with serial dilutions of PEITC (from 48 to 3 uM) for 24, 48 and 72h to
test their susceptibility to PEITC (Supplementary Fig. 1). By doing so, we observed about
50% cell growth inhibition in all HER2-positive cell lines tested, regardless of their
histotype, after incubation (IC50) with 12 uM PEITC for 48 and 72h. Based on these
findings, the 12 uM (IC50) concentration was used in all in vitro assays shown in Figs. 1
and 2. Of note, in the human TNBC cell line MDA-MB-231, which was included as an
internal positive control, PEITC reached an IC50 at 8 and 6 uM after 48 and 72h treatment,
respectively (Supplementary Fig. 1). To investigate whether PEITC can target HER2-
positive CSCs, we tested the % of cells expressing ALDH, a canonical CSC marker [39],
following 72h of treatment with PEITC (Fig. 1la; Supplementary Fig. 2). We found that
PEITC significantly reduced the number of ALDH-positive cells by 50-70% versus control
treatment (DMSO), with the percentage of inhibition varying across the different cell lines
tested (Fig. 1a; Supplementary Fig. 2). To confirm the anti-CSC activity of PEITC, we
evaluated the inhibition of SFE (%) of all cell lines after incubation in the presence or
absence of PEITC for 7 days. We found that PEITC significantly reduced the % of
generated spheres by 50% to 85%, depending to the cell line tested (Fig. 1b).
Furthermore, we found that the self-renewal capacities of the BT474, SKBR3, HCC1954

and SKOV3 cell lines were significantly decreased upon PEITC treatment (12 pM) for 7
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days (Fig. 1c). Additionally, we found that not only the number of spheres and their self-
renewal capacity, but also the sizes of the spheres consistently decreased upon treatment
with PEITC (Fig. 1d) as denoted by the calculated sphere areas (Fig. 1e). Together these

data indicate that PEITC exerts a significant activity against HER2-positive CSCs.

3.2 PEITC affects interplay between HER2 and the NOTCH signaling pathway

Since it was previously found that the d16HER2 variant facilitates HER2-driven tumor
growth and stemness more efficiently than wild type HER2 (WTHER?2) [19,25], we set out
to evaluate the expression of both WTHER2 and d16HER2 by gRT-PCR analysis in all
target cells upon treatment with PEITC for 48 and 72h. We found significantly decreased
WTHER2 (Fig. 2a) and d16HER2 (Fig. 2b) transcript levels in all treated target cells
compared to control treatment, thus supporting the notion that PEITC targets HER2-
positive CSCs. To test whether the decrease in HER2 mRNA levels corresponds to
reduced activation of the HER2 pathway, we evaluated by Western blotting total and
phosphorylated (i.e., activated) levels of HER2 monomer (HER2M and pHER2M,
respectively) at baseline (untreated, lane D) and after treatment with PEITC (lane P) for
72h (Fig. 2c). Although PEITC treatment did not significantly modify total HER2 levels in
BT474 and SKBR3 cells, it clearly reduced HER2 levels in HCC1954 and SKOV3 cells (P
versus D). Of note, we found that PEITC treatment down-regulated the pHER2M level in
all cell lines tested, albeit to a different extent. Consistent with data published by us and
others suggesting the existence of a close interplay between HER2-activation and the
NOTCH-signaling pathway [17,19,40], we also found a decreased expression of activated
NOTCHL1 (cleaved NOTCH1) in all cell lines tested after 72h of treatment with PEITC (Fig.
2c). To confirm that NOTCHL1 signaling is affected by PEITC, we evaluated by qRT-PCR
the expression of the Hesl gene, one of its downstream targets that plays a critical role in

self-renewal [41]. Consistent with a reduction in cleaved NOTCH1, we found a significant
16



decrease of Hesl mRNA levels in all cell lines tested (Fig. 2d). Overall, these results
suggest that PEITC affects a CSCs-related interplay between HER2 and the NOTCH

signaling pathway.

3.3 PEITC affects d16HER2-driven signaling, stemness, in vivo tumor growth and
metabolism

To further evaluate whether PEITC exerts an inhibitory activity only against WTHERZ2, or
also against the d16HER?2 splice isoform, we used a d16HER2-positive BC model that was
previously characterized in our laboratory [19,25]. In particular, we tested PEITC activity
against both in vitro and in vivo transgenic d16HER2-positive models. MI6 cells, which
express only the human d16HER2-positive splice isoform, were found to be less
susceptible to PEITC than human HER2-positive cells, with an IC50 of ~48 uM and ~12
UM after 48h and 72h, respectively (Supplementary Fig. 3). To assess whether PEITC
affects the expression (d16HER2D) and/or activation (pdl6HER2D) of d16HER2
homodimers (D), we performed Western blot analyses under non-reducing conditions
using MI6 cell extracts obtained after treating the cells with PEITC at 12 uM for 72h. We
found that PEITC (lane P) reduced the levels of pd16HER2D and pd16HER2M, whereas
the basal d16HER2D and d16HER2M levels were only slightly affected versus control cell
extracts (Fig. 3a, lane D). These data suggest that PEITC exerts inhibitory effects also
against the d16HER?2 variant that is constitutively expressed in all clinical and pre-clinical
HER2-positive models, even if at variable levels [19,22,23,25]. To investigate the capacity
of PEITC to impair the generation of d16HER2-driven spheres, we performed SFE
bioassays by treating MI6 cells with 12 uM PEITC for 7 days. We found that PEITC
significantly inhibited the development of spheres by about 50% compared to control
(DMSO) cells (Fig. 3b) (p < 0.0001). We next set out to test the in vivo therapeutic activity

of PEITC upon injection of MI6 cells (1x10° for animal) into the m.f.p. of parental FVB
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female mice (Fig. 3c). PEITC (6 pmol/mouse) was administered daily (5 days/week; n =
11) starting when the mammary tumors became palpable until the mice were sacrificed.
After more than 70 days following the initiation of treatment, we found that PEITC
remarkably slowed down d16HERZ2-driven tumor growth compared to control treatment
(i.e., diluent DMSO; n = 8) (p < 0.0001) (Fig. 3c). Hematoxylin-eosin staining of the tumor
samples revealed areas of necrosis in PEITC-treated mice (Fig. 3d). In addition, in vivo
T2-weighted MRI (Fig. 3e) revealed intra-tumor hemorrhagic (hypo-intense areas) and
necrotic (hyper-intense regions) areas following PEITC treatment in comparison with the
control group, thus suggesting that PEITC impairs tumor growth through a pro-apoptotic
mechanism. In keeping with this hypothesis, we also observed an increase in the ADC
parameter measured by DWI (related to extracellular water diffusion), which corresponds
to a shift towards the right (higher ADC values) of the main peak in the ADC distribution
(Fig. 3f). This suggests the presence of cellular death also in regions that appear as
normal in conventional T2-weighted MRI. This shift was attributed to the presence of
increased, diffused extracellular volumes, possibly due to necrosis /apoptosis within the

tumors, thus confirming the anti-tumor activity of PEITC [42].

3.4 PEITC potentiates T activity in d16HER2-positive pre-clinical transgenic models

Aiming to test whether or not PEITC exhibits additive anticancer activity when combined
with T, the standard-of-care treatment for HER2-positive BC in all disease stages, we
treated MI6 cells with PEITC, T, or with a PEITC+T combination, and tested their SFE%
(Fig. 4a). In these experiments, PEITC was used at a lower concentration (6 uM) than in
previous in vitro assays, thus increasing the chance of observing a potentially additive or
synergistic effect between the two treatment modalities. At the drug concentrations used in
this experiment, we found that PEITC reduced the SFE% significantly more efficiently than

T when both compounds were used as monotherapy. Remarkably, the PEITC+T
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combination readily inhibited sphere formation (p < 0.0001) (Fig. 4a), as well as sphere
dimensions compared to DMSO (Supplementary Fig. 4). To investigate whether the
PEITC+T combination synergistically prevents d16HER2-driven CSCs generation, we
evaluated the number and proportion of CD29M9"/CD24*/SCA-1°" MI6 cells, a subset
enriched in murine mammary stem cells [43], following treatment with PEITC, T or the
PEITC+T combination for 72h (Fig. 4b). In keeping with the SFE% data (Fig. 4a), we found
that the combination strategy significantly reduced the percentage of
CD29Ndh/CD24*/SCA-1"% cells (p = 0.0308), as revealed by multiparametric FACS analysis
(Fig. 4b and Supplementary Fig. 5). To confirm the relevance of these findings in an in vivo
setting, we evaluated the effect of PEITC on the occurrence of d16HER2-positive
mammary lesions in transgenic animals that develop spontaneous palpable tumors with a
rapid onset and an average latency of 15.11 weeks of age [24]. At the 8" week of age, i.e.,
when non palpable mammary lesions are already developing [24], the mice were divided
into four treatment groups: control (DMSO), PEITC, T or PEITC+T. As expected, all mice
in the control treatment arm (n = 8) developed tumors between the 10" and 20" weeks of
age (Fig. 4c). In addition, we found that PEITC alone (n = 7) delayed tumor appearance by
a median of 5 weeks (p = 0,0657), while T alone (n = 6) was more effective than PEITC in
delaying the formation of detectable nodules (p = 0,0024). However all animals treated
with PEITC or T alone finally developed mammary tumors within 31 weeks of age.
Notably, the PEITC+T combination significantly delayed the onset of spontaneous lesions
compared to both the control group and the single treatment groups (p < 0,0001)
(Supplementary Table 2). Of note, we found that ~40% of mice receiving the combination
strategy was cancer-free at the end of the experiment (~50 weeks of age) (Fig. 4c). IHC
analyses performed in tumor samples arising in transgenic mice treated with or without
PEITC (6 umol/mouse), T (1 mg/kg/mouse) and the combination PEITC+T revealed

numerous and large zones of extensive cell damage with cell positivity for the active
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(cleaved) form of caspase 3 mainly in the PEITC+T group compared to the PEITC and T
alone groups. Only sporadic positive cells were noted in samples derived from control
mice (Fig. 4d). Furthermore, we found that the metabolic profiles of d16HER2-positive
tumors excised at the end of the in vivo treatments showed significantly increased lactate
levels when treated with a PEITC+T combination (p = 0.003), but not statistically
significant for the individual (PEITC and T) treatments, compared to DMSO alone (Fig. 4e;
p = 0.06). This suggests that the treatments cause mitochondrial dysfunction that may be
associated with apoptosis [44]. In fact, loss of mitochondrial function during apoptosis may
lead to compensatory glycolysis and the accumulation of lactate [45]. Together, the in vivo
data presented here indicate that single-agent PEITC has a relatively weak
antitumor/tumor preventing activity, but that its combination with T shows synergistic

effects in terms of delaying, or even preventing, the formation of HER2-positive BC.

4 Discussion

HERZ2-positive cancers are characterized by a high clinical aggressiveness, a high
metastatic potential and a poor prognosis in the absence of anti-HER2 treatment. In
particular, HER2-positive BC was associated with a notorious low patient survival before
the advent of anti-HER2 treatment options [3]. Although T, pertuzumab, lapatinib and T-
DM1 have considerably improved HER2-positive BC patient prognosis in recent years,
there is still a certain percentage of patients in which the disease recurs after surgery and
adjuvant treatments. In addition, almost all patients with metastatic HER2-positive BC still
die of the disease.

Emerging data indicate that the clinical benefit provided by anti-HER2 therapies is

mostly related to their ability to efficiently target CSCs. Improving the targeting of CSCs is,
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therefore, considered to be a high priority goal to achieve long-lasting tumor control and/or
eradication and, eventually, cure [6]. Therefore, the development of anti-tumor strategies
that are able to concomitantly target CSCs, the “roots” of cancer, is of pivotal importance
to improve the outcome of patients with HER2-positive cancer [46].

Several epidemiological and case-control studies suggest that a high intake of
cruciferous vegetables may reduce the risk of cancer development, presumably due to the
presence of ITCs [29,47-49]. Several preclinical studies have also shown broad anticancer
effects of PEITC, thus suggesting that it exerts an activity directed against various tumor
cells [50,51]. In addition, Li and coworkers have shown that sulforaphane targets TNBC
BCSCs [30] and Gupta and colleagues have reported that PEITC exerts anti-tumor activity
against luminal and TNBC cells engineered to overexpress HER2 [34]. However, no data
are available on cell lines constitutively overexpressing HER2 and/or its d16HER?2 splice
variant. Our in vitro and in vivo data provide the first evidence that PEITC may efficiently
target HER2-positive CSCs. We found that PEITC consistently reduced SFE% and sphere
dimensions, thus indicating cytotoxic and cytostatic effects against CSCs. These findings
are consistent with previous results obtained by others in TNBC [30] and colorectal cancer
[52], which supports the use of sulforaphane for eradicating of CSCs. We also found that
PEITC negatively modulates the activation of wild type HER2 and d16HER2, two key
regulators of HER2-positive breast CSC properties [16-19], thus suggesting a potential
anti-CSC activity mediated by inhibition of oncogenic signaling downstream of both HER2
isoforms.

Consistent with literature data indicating a direct bidirectional functional crosstalk
between HER2 and CSC-related NOTCH signaling [17,19,40], we found that PEITC
reduces NOTCHL1 activation by acting as a negative modulator of crosstalk between HER2
and the NOTCH pathway, known to be critical for the self-renewal of CSCs [53]. The

observed decrease in expression of the nuclear target Hesl, a well-established key
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regulator of CSC self-renewal, tumor progression and metastasis downstream of Notch
[41], indeed indicates that PEITC may inhibit BCSCs and down-regulate the NOTCH self-
renewal pathway.

In the in vivo setting, we observed by in vivo MRI a long-term efficacy of PEITC as a
single agent against MI6 cells orthotopically implanted in syngeneic animals, both in terms
of tumor size and composition. This observation confirms previous findings of a potential
role of this compound in eradicating HER2-positive CSC clones, which may be responsible
for tumor resistance to pharmacological treatment. This interpretation is supported by our
finding that PEITC, and in particular the PEITC+T combination, impaired the SFE% of MI6
cells and reduced the number and frequency of mammary tumor cells with a
CD29Mdh/CD24*/SCA-1""" immunophenotype, a cell population known to be enriched for
murine mammary stem cells [43].

Finally, we observed a potent therapeutic potential of PEITC in d16HER2 transgenic
mice, a strain reported to develop highly aggressive asynchronous spontaneous palpable
mammary lesions after the 8" week of age [24,25]. We found that in this model the
PEITC+T combination prevented tumor formation in ~40% of the treated mice, while tumor
formation invariably occurred in the control group or in mice receiving single treatments.
We speculate that PEITC and T exert synergistic anticancer effects by targeting different
populations of cancer cells, i.e., the bulk of proliferating cancer cells and CSCs,
respectively.  Collectively, these findings support not only the chemo-
preventive/chemotherapeutic effects exerted by PEITC [29,47-49] even in the highly
oncogenic d16HER2-positive pre-clinical model, but also its effectiveness in differentiated
HER2-positive tumor cells.

We also observed different in vivo anti-cancer activities of single-agent PEITC
according to the treatment setting, i.e., in the orthotopic model, PEITC considerably

delayed the growth of already established tumors, while only a mild delay in the formation
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of palpable tumors was observed in the transgenic d16HER2 model. Different hypotheses
may explain these discordant results in distinct in vivo settings: 1) differences in tumor
biology and drug pharmacokinetics in tumors growing subcutaneously or arising
spontaneously in mammary tissue; 2) basic biological differences in terms of HER2
addiction in the two settings, which may require the use of T in combination with PEITC in
the transgenic mouse model; 3) while in the orthotopic setting the inoculated tumor cells
are derived from the same cell clone, the tumors arising in the transgenic mouse model
may be more heterogeneous, genetically and/or epigenetically [25]. Increasing evidence
underscores the coexistence of genetically distinct intra-tumor CSC clones, which may
result in therapy resistance [54] as well as CSC plasticity during therapy [28].

In conclusion, we show that PEITC acts synergistically with T to reduce HER2
activation, sphere formation and in vivo growth of d16HER2-positive mammary cancer
cells, thereby contributing to our understanding of anti-cancer activities of ITCs. Our data
reinforce previously published findings on the efficacy of ITCs in enhancing the activity of
different cytotoxic agents [55] and to exert additive effects in combination with TRAIL in a
pancreatic xenograft model reducing the proportion of CSCs [56]. Our data also indicate
that PEITC in combination with T may represent a promising approach to target HER2-
positive BC cells and eradicate HER2-positive CSCs. In recent years, chemotherapy-free
strategies to treat HERZ2-positive BC have shown antitumor efficacies and a good
tolerability, in particular for the combination of endocrine treatment and single or dual
HER2 blockade in the subgroup of patients with hormone receptor- and HER2-positive
disease [57,58]. Additionally, we show that PEITC effectively targets in vitro the stemness
compartment of HERZ2-positive ovarian cancer cells, thus supporting its putative
applicability also in other HER2-driven cancer types. Of note, PEITC is a natural
compound with minimal or no toxicity which can be produced at a low cost [32]. Several

studies have shown anti-cancer effects of PEITC in various cancer types [32], which may
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be elicited either by the generation of reactive oxygen species or by the induction of cell
cycle arrest and, ultimately apoptosis [29]. Within this perspective, phase | trials to
determine the maximum tolerated doses of PEITC that are active against human HER2-

positive BCs are warranted.
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Figure Legends

Figure 1. Effect of PEITC on the HER2-positive CSCs. (a) % of ALDH-positive BT474,
SKBR3, HCC1954 and SKOV3 tumor cells upon treatment with PEITC (12 uM) for 72h.
The values were normalized to the percentage of ALDH-positive cells in DMSO treated
cells. The results are presented as mean £ SEM (n = 3). Significance was calculated using
a two-tailed unpaired t-test. (b) Inhibition of SFE (%), normalized to internal controls, in
BT474, SKBR3, HCC1954 and SKOV3 cells incubated for 7 days with PEITC (12 uM). The
results are presented as mean = SEM (n = 3). Significance was calculated using a two-
tailed unpaired t-test. (c) Self renewal in BT474, SKBR3, HCC1954 and SKOV3 cells
incubated with PEITC (12 uM) or DMSO. The results are presented as mean £ SEM (n =
3). Significance was calculated using a two-tailed unpaired t-test. (d) Representative
images of spheres formed after 7 days in presence or not of PEITC (12 uM) for 7 days or
DMSO under 3D conditions.. Magnification 10X. (e) Normalized sphere areas of BT474,
SKBR3, HCC1954 and SKOV3 cells. Significance was calculated using a two-tailed

unpaired t-test.

Figure 2. Dysregulation of HER2 and NOTCH1 expression/activation in human
HER2-positive cells after PEITC treatment. (a) Wild type (WT) HER2 and (b) d16HER2
relative expression levels evaluated by gRT-PCR analyses of BT474, SKBR3, HCC1954
and SKOV3 cells after treatment or not with PEITC (12 uM) for 48 and 72h. The results are
presented as the mean + SEM (n = 4). Significance was calculated using a two-tailed
paired t-test. (c) Western blot analyses of BT474, SKBR3, HCC1954 and SKOV3 protein
extracts separated by 4-12% gradient SDS-PAGE under reducing conditions after
treatment with PEITC (12 uM) (lanes P) or DMSO (lanes D) for 72h to evaluate basal

HER2 (HER2M), activated HER2 (pHER2M) and cleaved NOTCH1 proteins. ACTIN was
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used to normalize protein loading. Autoradiographs were acquired at different exposure
times to obtain optimal image resolution. (d) Hes1 relative expression levels assessed by
gRT-PCR analyses of BT474, SKBR3, HCC1954 and SKOV3 cells after treatment or not
with PEITC (12 uM) for 72h. The results are presented as mean = SEM (n = 5).

Significance was calculated using a two-tailed paired t-test.

Figure 3. Effect of PEITC on d16HER2-driven signaling, stemness and in vivo tumor
growth. (a) Western blot analysis of MI6 protein extracts separated by 3-8% gradient
SDS-PAGE under non-reducing conditions after treatment (lanes P) or not (lanes D) with
PEITC (12 uM) for 72h to evaluate basal (HER2) and activated (pHER2) HER2 monomers
(M) and homodimers (D). ACTIN was used to normalize protein loading. Autoradiographs
were acquired at different exposure times to obtain optimal image resolution. (b) SFE (%),
normalized to internal controls (DMSOQO), in MI6 cells incubated for 7 days with PEITC (12
KUM). The results are presented as mean £ SEM (n = 3). Significance was calculated using
a two-tailed unpaired t-test. (c) PEITC-mediated anti-tumor growth activity in FVB mice
implanted with MI6 cells into the m.f.p. and treated (n = 11) or not (n = 8) with PEITC (6
pumol/mouse). Data are presented as mean + SEM. Significance was calculated using a
unpaired t-test. (d) Representative hematoxylin and eosin staining of MI6 nodules from
mice treated with DMSO or PEITC. Tumor areas with necrotic phenotypes are marked by
a black line, magnification 20x. (e) Representative examples of a coronal slice of
T2-weighted MRI (left) and ADC map (right) of PEITC-treated and DMSO-treated
xenografts acquired during treatment. Hypo-intense areas indicate hemorrhage while
hyper-intense areas are mainly due to necrosis. (f) Comparison of the distribution of ADC

values in PEITC-treated versus DMSO-treated xenografts.
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Figure 4. Therapeutic effects of PEITC combined with T in in vitro and in vivo
transgenic d16HER2-positive pre-clinical models. (a) Inhibition of SFE (%), normalized
to internal controls, in MI6 cells treated with T (50 ug/ml), PEITC (6 uM) and their
combination. The results are presented as mean + SEM (n = 3). Significance was
calculated using a two-tailed unpaired t-test. (b) Frequency of CD29"9"/CD24* SCA1-ow
cells in MI6 cells upon treatment with DMSO, T, PEITC and their combination evaluated by
multiparametric FACS analysis The results are presented as mean + SEM (n = 2).
Significance was calculated using a two-tailed unpaired t-test. (c) d16HER2 transgenic
tumor-free mice (%) after treatment with PEITC (n = 7) (6 pmol/animal) and T (n = 6) alone
(1 mg/kg/animal), their combination (n = 7) or left untreated (DMSO) (n = 8). Treatments
started at the 8" week of age. Mice were injected with PEITC (per os) every day and with
T (i.p.) twice a week. Differences were assessed by Log-rank test. (d) Representative IHC
staining of cleaved Caspase 3 (brown cells) of d16HER2-positive lesions from mice
treated with DMSO, PEITC, T and PEITC+T combination. Magnification 40x and resolution
600 dpi. (e) Lactate levels detected by high resolution MRS (9.4 T) in d16HER2-positive
mammary tumor lysates after treatment with DMSO (n = 5), PEITC (n =6), T (n = 6) and
PEITC+T combination (n = 4). The results are presented as mean + SEM. Significance

was calculated using a two-tailed unpaired t-test.
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