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ABSTRACT
Breast cancer cell lines MCF-10, MCF-7 and BT-474 expressing various levels of HER2 were
examined for their response to treatment with sulforaphane (SLFN), metformin (MTFN),
Nano-MTFN or combinations. Direct correlation was found between SLFN effect on cell
death and HER2 levels. Bioinformatic studies suggested the possibility of additive co-effects
on cell fate by SLFN-MTFN co-treatment. This co-treatment specially with SLFNþNano-
MTFN significantly affected the survival of the cells and killed more BT-474 cells than the
other two. Cell sensitivity to SLFN-MTFN combination correlated with HER2 expression levels.
RT-PCR showed that parallel with cell death, expression of BCL-2, SRC, WNT1, b-catenin and
CD44 are diminished, whereas BAX levels are elevated significantly. Cell co-staining indi-
cated that apoptosis percent correlates with cell death following different treatments. We
also found that cell death induced by SLFN-MTFN co-treatment is in direct correlation with
HER2 levels and increased cell death correlates directly with BAX levels but inversely with
levels of cancer stem cell (CSC) signaling genes and CD44. In conclusion, our data indicate
that SLFN and MTFN can reduce cancer cell viability via both collaborative and differential
effects and suggest that MTFN increases SLFN effectiveness by targeting common mole-
cules/pathways downstream of HER2 and key for CSC signaling.
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Introduction

Cancer stem cells (CSCs) in breast cancer (BC) are
identified by expression of specific markers that
include CD44 and ALDH (1). The CSC population
within a given BC tumor not only promotes tumor
mass development but also is considered the main
source of cancer drug resistance as they express
ALDH a feature of EMT, which is a critical pheno-
typic switch associated with enhanced capacity of cells
for invasion, metastasis, and chemoresistance (2).
Current chemo and radiotherapy are unable to kill
CSCs (3).

Defects in receptor tyrosine kinase (RTK) signaling
is a major cause for cancer development (4).
Overexpression and/or overactivity of molecular
switches between RET and ERa in BC play a critical
role in resistance to hormone therapy (5,6). SRC is an
important example of nonmembrane tyrosine kinases
which compensates the defects caused on other

switches. It also activates CSC receptors MET and
FAK and make CSCs more aggressive and metastatic
(7). We have previously reviewed interactions between
RTKs in BC (8). Heterodimerization between HER1-
HER2 results in Wnt-HER2 interaction that activates
Wnt pathway via b-catenin phosphorylation in favor
of CSC self-renewal (9). Overall, the interactions
between various RTKs and molecular switches play a
major role in resistance to tamoxifen as well as anti-
HER2 antibody trastuzumab (TZMB). Inhibition of
these interactions and inactivation of the switches
involved could provide a chance for breaking such
resistances and halting metastatic tumor growth.

Sulforaphane (SLFN) is an isothiocyanate found in
broccoli sprouts (10) that has inhibitory and suppres-
sive effects against cancer (11). SLFN moderates
various cellular activities related to inhibition of trans-
formed cells (11,12) including apoptosis induction
and cell-cycle arrest (13). It also suppresses
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angiogenesis and metastasis via inhibiting specific
molecules (12). SLFN prevents mammosphere forma-
tion by CSCs and downregulates their Wnt/b-catenin
self-renewal pathway leading to reduced ALDHþ CSC
population within BC lines (14) and inhibited migra-
tion, invasion, clonogenicity, and in vivo tumorigen-
icity of xenografts via tumor-suppressive miR200c
(15). Moreover, SLFN-mediated activation of miR-124
which targets IL-6R and STAT3 gene sequences (16)
potentiates the low-dose anticancer properties of cis-
platin. This is an indication of SLFN potential in sen-
sitizing cancer cells to chemotherapy by killing CSCs.
SLFN further causes elevated production of reactive
oxygen species (ROS) that induce mitochondria-medi-
ated apoptosis and along with other molecular
changes mediate SLFN-induced suppression of growth
and invasion (17,18).

Metformin (MTFN; N0,N0-dimethylbiguanide
hydrochloride) is the most commonly used medica-
tion in patients with type-II diabetes (19). MTFN can
have antitumorigenic effects on BC specially that dia-
betic women have higher rate of BC incidence (20).
The diabetic patients who consume MTFN are report-
edly at lower risk of cancer (21) and show lower rate
of mortality compared to their control counterparts
who do not use the drug (22). Early-stage BC patients
who receive MTFN fully respond to neoadjuvant
therapy (23).

Metformin has two functional pathways: indirect
effect (insulin-dependent) and direct effect (insulin-
independent) (24). The indirect mechanism involves
insulin receptor (IR) which is overexpressed in BC
and together with IR/insulin-like growth factor-1R
(IGF-1R) activation contributes to poor BC prognosis
(25). MTFN reduces circulating insulin levels (26) and
IGF-1R thereby reducing BC cell growth. MTFN
administration in BC patients without diabetes
reduces PKB/Akt and ERK1/2 phosphorylation (27).
The direct effect of MTFN involves AMPK-dependent
energy stress response that inhibits the mTOR-signal-
ing pathway, thereby reducing protein synthesis and
proliferation of cancer cells (28,29). It is largely
believed that by doing this, MTFN causes reprogram-
ing of cancer cell metabolism, thereby raising the effi-
cacy of anticancer drugs (2). Due to this re-sensitizing
property of MTFN, its combination with carboplatin,
doxorubicin, and paclitaxel results in synergistic
inhibition of cell proliferation in BC lines (30–32)
including CSC killing and cancer cell chemo-sensitiza-
tion (33–35).

Carbon nano-drugs are known as carbon nanoma-
terials (carbon nanotube and graphene) and show

outstanding characteristics that make them desirable
tools for drug delivery. As a result, widespread
research has been diverted toward cancer therapy and
other biomedical utilities (36,37). Nevertheless, the
medical and biological applications of carbon nano-
materials are limited due to their high hydrophobicity
and low functionality. Hence, the functionalization of
their surface with suitable chemical moieties can
improve their applications so they can interact with
anticancer drugs. Thus, widespread research has been
dedicated to the functionalization of carbon nanoma-
terials, focusing on oxidation (38), cycloaddition (39),
acylation (40) and amidation (41,42). Carbon nano-
tubes (CNTs) and graphene oxide (GO) carry several
active oxygen-bearing groups including OH and
COOH on their surface that promote chem-
ical changes.

In search of possible convergent points or additive
effects between SLFN and MTFN as two anti-tumori-
genic compounds to maximize growth inhibition of
BC cells and CSC populations, we examined how BC
cell death can be induced by altering intracellular sig-
naling pathways downstream of HER2 receptor. We
first examined drug effects individually on cancer cell
viability. We then combined MTFN with GO and
MWCNT-COOH to generate GO-MTFN and
MWCNT-MTFN before using them with SLFN in our
co-treatment studies and correlating the findings with
our gene expression data.

Materials and Methods

Cell Culture

Three BC cell lines, namely MCF-10, MCF-7, and BT-
474, were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 20% FBS and
incubated in 37 �C and 5% CO2. Horse serum substi-
tuted FBS in the case of MCF-10.

Cell Treatment

Sulforaphane (Sigma) was diluted to 100 mg/mL in
DMSO. The cells were seeded in 96-well plates with
5000–7000 cells per well in 100–150 mL medium and
incubated for 24 hrs before treated with serial dilu-
tions of SLFN. The treated cells were incubated for
8 hrs, followed by measuring cell viability by MTT
assay, as we have described (43). The MTFN powder
(Dr. Abidi Pharmaceuticals, Tehran) was dissolved in
PBS to make 1M stocks. Similar to SLFN, cell treat-
ment was repeated with MTFN and viability data
were used to determine the LD50 of either drug.
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Production of Nano-Metformin

We used two Nano particles to combine with MTFN:
1. MWCNT-COOH: %95 purity, OD: 10-30 nm,
Length: 0.5–2 lm, Neutrino Co., Ltd., and 2.
Graphene oxide nanoplatelets (99%, Thickness
3.4–7 nm with 6–10 Layers). We determined MTFN
concentration using Unico UV-2100 Model variable-
wavelength UV-Vis spectrophotometry. The SEM
images of MTFN were prepared by Field emission
scanning electron microscope (FESEM) using
MIRA3\\TESCAN-XMU model. The FESEM method
was further applied to examine the morphology of
MWCNT molecules and prepare SEM scans of the
Nano-MTFN combinations. These FESEM images
were prepared using thermogravimetric analysis
(TGA) (Netzsch TG 209 F1 Iris1) in atmospheric
nitrogen (10 �C/min).

In order to prepare MWCNT-MTFN and GO-
MTFN, 400mg of each compound was dissolved in
30mL SOCl2 and 1mL DMF and incubated in 70 �C
for 24 hrs under reflux conditions. Next, the remain-
ing SOCl2 was separated using pressure to obtain acyl-
chloride-functionalized MWCNT (MWCNT-COCl) or
GO (GO-COCl). Finally, the products were mixed
with 700mg MTFN in 40mL DMSO and stirred in
100 �C for 72 hrs. The mix was then cooled to room
temperature and rinsed with DMSO and tehtahydro-
furan. The produced dark solid object was dried in
vacuum for 8 hrs before use.

Evaluation of SLFN-MTFN Co-Effect

Once the LD50 of each drug was determined, we
applied Design Expert as software of our choice to
determine the possible interactions between the two
drugs and their co-treatment effect of each cell line.
We first treated the cells with doses of each drug
below its LD50. This step determined approximate

doses of the drugs that, when co-applied, can kill 50%
of the co-treated cells. Upon examination of these
doses, we treated the cells with this range of doses in
order to determine the exact LD50 for co-treatment.

Cell Co-Staining and Live Cell Count

We followed our reported method to co-stain treated
cell samples with acridine orange (AO) and ethidium
bromide (EB) to measure the percent of viable cells
(44). Cell samples were suspended in PBS at a normal
counting concentration from which we mixed 50mL
with 50 mL of the stain in 96-well plates before captur-
ing the cell images under fluorescent microscope
coupled with a Nikon digital camera. From the cap-
tured microscopic fields, we selected six random fields
per well and counted an average of 120 cells for each
cell group in triplicates (three wells per group). Green
cells and orange cells were considered, respectively, as
live and dead cells. The data collected from three
independent experiments were then expressed as per-
cent of live cells by dividing the number of live cells
by the number of total cells counted (liveþ dead).

RNA Extraction and Reverse Transcription
(RT) PCR

Extraction of RNA and RT-PCR were carried out as
reported (45). The primer pairs we used for each gene
candidate are shown in Table 1. PCRs were carried
out for 30 cycles consisting of denaturation at 95 �C
for 4500, annealing at various temperatures. Gel elec-
trophoresis and band intensity measurement were
duplicated as reported (45).

Statistical Analyses

Data in the figures are represented as the mean ± stan-
dard error of the mean (SEM) of three or more

Table 1. Primer sequences for RT-PCR.
Name Primer sequence Size (bp) Anneal. temp Accession #

HER2 F CGCTGCTGGGGAGAGAGTTC 676 52 �C � 45” NM_001005862.1
R GGTTCTGGAAGACGCTGAGG

BCL-2 F GAACTGGGGGAGGATTGTGG 211 46 �C � 45” NM_000633.2
R GAAATCAAACAGAGGCCGCA

BAX F GTGGTTGGGTGAGACTCCTC 216 50 �C � 45” NM_004324.3
R GCAGGGTAGATGAATCGGGG

SRC F TGGAGCTCTGTGGGTCTCTG 141 48 �C � 45” NM_198291.1
R AGCTCTCGACATAGACCGGG

WNT-1 F CTCTCTTCTTCCCCTTTGTC 345 48 �C � 45” NM_005430.3
R AACTCGTGGCTCTGTATCC

b-CATENIN F GCGTGGACAATGGCTACTCAAG 516 48 �C � 45” NM_001014431.1
R TATTAACCACCACCTGGTCCTC

CD44 F TGGCACCCGCTATGTCGAG 214 48 �C � 45” NM_000610.3
R GTAGCAGGGATTCTGTCTG

GAPDH F R GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 130 56 �C � 45” NM_002046
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separate experiments. Student’s t-test was used to ana-
lyze differences between two groups. Differences
among three or more groups were analyzed by one-
way analysis of variance (ANOVA), followed by a post
hoc Duncan multiple-comparisons test (P< 0.05, stat-
istically significant; P< 0.01 or P< 0.001, highly sig-
nificant). For correlations analyses (Correlations-
Pearson, 2-tailed), we used triplicate data of each
experimental set and compared relevant pairs as we
have reported (44,45).

Results

1. HER2 Gene Expression among BC Cell Lines

Our selected BC cell lines MCF-10, MCF-7, and BT-
474 with various expression profiles were cultured and
perpetuated in the lab. Total RNA was extracted from
each cell line and subjected to RT-PCR. HER2 gene
amplification was carried out as reported (46). Figure
1 indicates that BT-474 has the highest levels of HER2
gene expression. Band intensities were measured that
showed HER2 mRNA levels in BT-474 cells is 5-fold
more than in MCF-10 cells, whereas this figure in
MCF-7 stood at 2.5-fold.

2. Sulforaphane-Induced BC Cell Death

Figure 2 shows the effect of SLFN treatment on sur-
vival of BC cell lines. We normalized the results of
SLFN treatment to those of drug solvent DSMO as
our control and determined 30mM as the LD50 of the
drug for MCF-10 cells (Fig. 2(A)). We found that this
cell line tends to resist against SLFN effect and
respond only to elevated doses of the drug. In con-
trast, the LD50 of SLFN for MCF-7 was 22 mM. The
results showed that this cell line moderately resists
SLFN effect but steadily responds to increasing

Figure 1. HER2 mRNA expression in BC cell lines. The figures
show fold expression of Her2 that were obtained as outlined
in Methods.

Figure 2. The effect of sulforaphane on BC cell lines. In this and subsequent figures, each column in graphs A-C and each line
in graph D represent an average of three independent experiments. A. MCF-10, B. MCF-7, C. BT-474, D. graphs A-C normalized to
DMSO. Symbols � (P< 0.05), �� (P< 0.01), or ��� (P< 0.001) indicate statistical differences between each sample treated with
SLFN and the same sample treated with DMSO.
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concentrations of SLFN (Fig. 2(B)). Treatment of BT-
474, on the other hand, showed LD50 for SLFN was
14 mM (Fig. 2(C)). The cells failed to resist higher
doses of SLFN and died extensively. Upon normaliza-
tion of the results for each cell line, we found that
BT-474 shows the highest levels of response to SLFN,
whereas MCF-10 is the least sensitive line to the drug
(Fig. 2(D)).

3. Construction of Nano-Metformin Compounds

The synthesis route of MWCNT-MTFN and GO-
MTFN after treatment of MWCNT-COOH and GO
with MTFN is shown in Fig. 3(A). The products were
characterized by Fourier transform infrared spectros-
copy (FT-IR), Thermogravimetric analysis (TGA),
derivative thermogravimetric (DTG), and scanning
electron microscope (SEM). TGA is a valuable tool to
characterize the modified carbon nanomaterials which
presents quantitative and useful information concern-
ing the modification of MWCNTs and GO. According
to Fig. 3(B) that indicates the TGA curve of
MWCNT-COOH is almost thermally stable, the
weight loss before decomposition of MWCNTs can be
used to estimate the quantity of various groups
attached to nanotube. TGA curve of MWCNT-met
displays 51.97% mass loss about 120–260 �C owing to
the decomposition of metformin groups as compared
to TGA of MTFN. In addition, our calculations
showed about 2.69mg MTFN attached to MWCNT in
the MWCNT-MTFN (5.17mg of MWCNT-MTFN
was used for test). On the other hand, TGA curve of
GO displays 8.86% mass loss below 120 �C which can
be assigned to the evaporation of adsorbed water on
the GO. A rapid mass loss occurred at around
140–210 �C with a weight loss about 11.51% arising
from the removal of the oxygen-bearing functional
groups. Also, it shows a gradual trend in decompos-
ition from 210–380 �C with a weight loss of 25% that
can be assigned to further removal of functional
groups (probably carboxylic groups). In TGA of GO-
MTFN, one decomposition at around 120–700 �C with
a weight loss of 27.67% is observable which can be
assigned to decomposition of MTFN groups as com-
pared to TGA of MTFN. On the basis, there are about
1.63mg MTFN on GO-MTFN (5.9mg of GO-MTFN
was used for test). DTG curve provides further evi-
dence for modification. In Fig. 3(C), the peak at 230
for MWCNT-MTFN and 205 �C for GO-MTFN could
be attributed to the decomposition of the MTFN (as
compared to DTG of MTFN). These results indicate

that MTFN has been located onto the carbon
nanomaterials.

Field emission scanning electron microscope
(FESEM) images of carbon nanomaterials were indi-
cated in Fig. 3(D,E). As shown in these figures, GO
sheets clearly present a sheet-like structure with large
thickness, smooth surface, and wrinkled edge. In add-
ition, the SEM image of MWCNT-COOH shows a
cylindrical, rope-like shapes highly tangled and
agglomerated with each other. After functionalization
with MTFN to form MWCNT-MTFN and GO-
MTFN, we collected interesting images: as shown in
Fig. 3(D,E), substantial number of MTFN molecules
were located on graphene and MWCNT that confirms
the functionalization between MTFN and the car-
bon materials.

4. The Effect of Metformin and Nano-Metformin
on the Survival of Cancer Cells

All three BC cell lines were treated with serial concen-
trations of the compounds followed by measuring
their viability. As shown in Fig. 4, MCF-10 cells
showed sensitivity when treated with high doses of
MTFN and MWCNT-MTFN so the LD50 for MTFN
alone and MWCNT-MTFN became 50mM, whereas
this figure was 48 and 42mM, respectively, for MCF-7
and BT-474.

5. Bioinformatic Studies on Sulforaphane-
Metformin Co-Treatment

As outlined in Methods, the bioinformatic section of
our study was carried out using the Design Expert
software. After examining the obtained model, the
software produced graphs and its data showed that
SLFN and MTFN are unlikely to synergize on particu-
lar molecules or cell-signaling pathways (Supplement
Figure), but this observation does not exclude their
cooperative effects on cancer cells.

6. The Additive Co-Effect of Sulforaphane and
Metformin or Nano-Metformin on Cancer
Cell Survival

Based on our findings in silico and reports on the
individual anticancer treatment of either compound,
we concluded that the SLFN-MTFN minimum co-
effect on cell lines will be additive. To test this notion,
we first co-treated all three cell lines with
SLFNþMTFN or SLFNþMWCNT-MTFN. Here, we
used LD50 of SLFN and increasing concentrations of
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MTFN. As shown in Fig. 5(A), 15mM MTFN reduced
viability of SLFN-treated MCF-7 and BT-474, respect-
ively, by 12% (P< 0.05) and 24% (P< 0.01). When we

used 30mM MTFN, viability of MCF-7 and BT-474
were reduced by a further 6%. Using 60mM MTFN,
MCF-7, and BT-474 cell viabilities stood, respectively,

Figure 3. Synthesis of nan-metformin compounds. A. steps of chemical synthesis. B and C. TGA and DTG curves of the modified
nano-carbon compounds. D and E. Electron microscopic images of synthesized nano-MTFN compounds. See text for more details.
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at 20% and 11%. All reductions were statistically sig-
nificant (Fig. 5(A), P < 0.05). These results suggested
correlations between HER2 expression levels and the
antisurvival efficacy of SLFNþMTFN combination.

Since BT-474 showed more vulnerability toward
drug treatment, this line was further treated once with
half LD50 of SLFN (7mM) and once with full LD50 of
the compound (14mM), and in parallel, with serial
concentrations of MTFN and or MWCNT-MTFN for
8 hours. Our initial assessment to compare the efficacy
of MWCNT-MTFN and GO-MTFN indicated that the
former acts better in potentiating MTFN against cancer
cells and so we discontinued using GO-MTFN in our
study. Measurement of cell viability showed that the
increasing doses of MTFN enhance cell response to
SLFN, so that 15mM MTFN together with SLFN sig-
nificantly increased cell death (Fig. 5(B), P < 0.05).
Increase in MTFN dose-accelerated cell death so that
60mM MTFN plus half LD50 of SLFN killed 46% of
the cells, highly significant rate compared to when we
used 7mM SLFN alone (P< 0.01). The effect of MTFN
on cell death became more pronounced when com-
bined with nanotubes so that 60mM MWCNT-MTFN
reduced viability to 11%, significantly down from the
group treated with half dose SLFN alone (P< 0.01)
and the one treated with full-dose SLFN alone
(P< 0.05). In fact, MTFN presence sensitizes the cells
to SLFN effect so that, for example, 15mM MTFN þ
7mM SLFN reduces cell viability to 28% compared to
63% in the presence of 7mM SLFN alone (P< 0.01).

The figure stood at 20% when we replaced MTFN
with MWCNT-MTFN. We concluded that MTFN
presence sensitizes the cells to SLFN effect, MWCNT-
MTFN acts more efficiently than MTFN alone and this
cell response increases dose dependently.

7. The Additive Co-Effect of Sulforaphane and
Metformin on Gene Expression

We examined changes in mRNA expression of key
genes in treated BT-474 (Fig. 6). These genes included
the antiapoptotic BCL-2, BAX as pro-apoptotic mol-
ecule, SRC acting as molecular switch in receptor
tyrosine kinase signaling pathways, Wnt-1, b-Catenin
as two key molecules involved in cancer stem cell sig-
naling and CD44 as a dominant receptor in BC stem
cells (Fig. 6(A)). Fig. 6(B) shows changes in the
expression of these candidates by comparing their
band intensity, as outlined in Methods. Here, we used
14 mM SLFN as its LD50 for BT-474 and 40mM
MTFN or MWCNT-MTFN. These results indicate
that pro-apoptotic BAX in the presence of SLFN,
SLFNþMTFN and most notably SLFNþMWCNT-
MTFN has had the highest level of expression,
whereas all other gene candidates show the least levels
of expression. These changes in co-treated samples
were significant (P< 0.05) to highly significant
(P< 0.01 or 0.001) compared to untreated samples or
SLFN-treated ones (See Fig. 6(B)). Furthermore, com-
parison between each cell group co-treated with

Figure 4. The effect of metformin and nano-metformin on BC cell lines. A. MCF-10, B. MCF-7 and C. BT-474. Symbol �, ��, or��� indicates statistical differences between each treated sample and its equivalent in untreated control (0) group.
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SLFNþMCWNT-MTFN and its single treated coun-
terpart indicate significant differences in expression of
gene candidates (P< 0.05). This difference is detected
even compared with SLFNþMTFN highlighting the
importance of nanotubes in potentiating the effect
of MTFN.

8. Sulforaphane-Induced Promotion of Apoptotic
Morphologies

We have previously reported detection of apoptotic
morphology via cell co-staining using AO/EB (39,40).
We applied the same method to detect apoptosis in
our treated cells in the current study (Fig. 7(A)).
Quantitation analysis showed that 24% of BT-474 cells
treated with 7 mM SLFN undergo apoptosis (Fig. 7(B),
P < 0.05). This figure increased to 30% when SLFN
was accompanied by 40mM MTFN and to 51% by

40mM MWCNT-MTFN (P< 0.01). This latest figure
was highly significant compared to the apoptosis rate
produced by SLFNþMTFN co-treatment (P< 0.05).

9. Correlation Studies

We used SPSS, V. 17 to compare our data for correl-
ation. Our correlation analyses shown in Table 2 indi-
cates that the survival rate of cancer cells treated with
SFN, SLFNþMTFN, and/or SLFNþMWCNT-MTFN
inversely correlates with HER2 mRNA levels (for
comparison, the increasing rate of HER2 expression
from all three cell lines was taken to account).
Comparison between BT-474 survival rate and mRNA
of key molecules indicate that cell survival rate corre-
lates directly with expression levels of pro-apoptotic
BAX but inversely with the expression levels of other
gene candidates we examined that are involved in

Figure 5. The effect of co-treatments on survival of BC cell line BT-474. A. cell groups treated with increasing concentrations of
metformin. Symbol �, �� or ��� represents statistical differences between every sample and its corresponding one in untreated
control (0) group. Symbol #, ## or ### shows differences between every sample and MCF-10 in the same group, and symbol ‡, ‡‡
or ‡‡‡ compares BT-474 to MCF-7 in the same group. B. Beside SLFN, as the main drug compound, serial doses of metformin and
nano-metformin were applied in co-treatment. Symbol �, �� or ��� indicates statistical differences between each column and its
untreated control, whereas #, ##, or ### compares each column and the MTFN-7 column in its own group, and ‡, ‡‡ or ‡‡‡ shows
differences between each column and MWCNT-MET-14 within the same group.
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survival and growth of cancer cells and cancer stem
cells. Specifically, BT-474 treated with SLFN or co-
treated with SLFNþMTFN or SLFNþMWCNT-
MTFN that showed the lowest rate of survival
expressed the least levels of BCL-2, WNT-1, SRC,
b-catenin and CD44 and this inverse correlation was
significant in each case (Table 2, P < 0.05).

Discussion

A solution to drug resistance and to deadly conse-
quences of cancer recurrence post-treatment is to
apply adjuvant therapies in which chemotherapy
drugs are combined with sensitizing compounds.
SLFN and MTFN both are effective against CSCs as
the main source of chemoresistance and EMT as a
critical step in tumor progression towards metastasis.

In this study, we examined the co-effects of SLFN and
MTFN on BC cell lines with different HER2 signaling
profiles. We found that while each compound indi-
vidually affects common molecules involved in BC cell
growth and proliferation, their additive effects can be
more profound. This was shown in our co-treated
samples as we monitored significant changes first in
cell viability and second in expression of key mole-
cules and receptors involved in signaling cell growth,
proliferation and cancer progression. Next, we com-
bined MTFN with nanocarbon structures that potenti-
ated the net anti-tumorigenic effects of our co-
treatment. The data we collected from various
analyses were matched pair to pair and indicated cor-
relations between key parameters we studied.

Clinical therapies using anti-HER2 antibodies such
as TZMB or lapatinib often end up with antibody

Figure 6. The effect of drugs on expression of key genes. A. Gel electrophoresis image of RT-PCR products. Total RNA was col-
lected from cell groups treated with SLFN, MTFN, MWCNT-MTFN or co-treated. B. A graph of quantitative gene expression obtained
by analyzing bands of the image in A. Symbol �, �� or ��� indicates statistical differences between each sample of treated cells
and its untreated equivalent. Symbol † compares each co-treated sample with the one treated with SLFN alone, whereas # shows
differences between each co-treated sample with the one treated with MTFN alone or with MCWNT-MTFN. Symbol ‡ or ‡‡ shows
differences between SLFNþMCWNT-MTFN and SLFNþMTFN samples.
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resistances. Co-targeting HER2 and some downstream
signaling molecules including those of CSC renewal
and proliferation could provide effective solutions. To
this end, we selected SLFN and MTFN as two antitu-
morigenic antiresistance compounds. As an example,
continuous treatment of TZMB-resistant BC patients,
who carry loss of PTEN function, with the antibody
transforms HER2þPTEN- BC to triple-negative BC
(TNBC) (47). The cancer cells also become dependent
on IL-6/STAT3/NF-jB-positive feedback loop.
However, SLFN prevents TZMB-resistant cells from
switching to TNBC phenotype by inhibiting the loop
and suppressing production of IL-6 and translocation
and transcriptional activity of NF-jB. SLFN also sig-
nificantly reduces the CSC population in re-implanted
xenograft models of BC (47). These observations
emphasize the potential of SLFN in therapy of TZMB-

resistant BC tumors. As such, we selected three cell
lines expressing various HER2 levels to examine the
effect of SLFN on them. Our findings show that SLFN
suppresses BC cell viability dose-dependently as well
as according to HER2 levels. The effect of the com-
pound on HER2-amplifying BT-474 cells was indeed
more significant requiring less doses of the compound
to affect the same rate of viability compared to the
other two lines.

MTFN per se, on the other hand, is considered a
drug sensitizer for cancer cells. In HER2-amplifying
BC cell lines, MTFN downregulates cell growth and
enhances apoptosis by inhibiting HSP90 (48). In hor-
mone- or antibody-resistant TNBC patients, MTFN
can act as an effective adjuvant therapy where STAT3
regulates its activity (49). The drug synergizes with
doxorubicin to reverse drug resistance by

Figure 7. Apoptotic morphology of treated BT-474 cells. A. cells co-stained with acridine orange and ethidium bromide.
Magnification: 200X. B. A graph representing percent of apoptosis (see Methods). Symbol �� compares statistical differences
between each treated sample and the control (DMSO), whereas symbol ## shows differences between SLFNþMWCNT-MTFN
and SLFNþMTFN.

844 A. KESHANDEHGHAN ET AL.



downregulating MDR1 (50). It also enhances the effi-
cacy of emtansine (anti-HER2 TZMB attached to anti-
tubulin DM1) in treating HER2-positive metastatic
BC via upregulating Caveolin-1 (51). As for CSCs,
MTFN reduces the number of ALDHþ cells within
BC cell populations (52) and indeed selectively kills
CSCs in breast tumors (34) by regulating EMT transi-
tion (53). The compound effectively overcomes TZMB
resistance by killing CSCs (54) and inhibiting interac-
tions between HER2 and IGFR-1 (55). Systemic
administration of MTFN extends life span and delays
spontaneous BC development in MMTV-HER2 trans-
genic mice (56,57) while inhibiting a tumor-initiating
HER2-positive subpopulation of mouse mammary
tumors by downregulating expression/activity of
HER2 and other key factors (58). This study suggests
that increased HER2 expression and activity in CSC/
tumor-initiating tumorsphere cells promotes self-
renewal and proliferation and renders the cells more
responsive to MTFN effects. Therefore, we selected
MTFN to examine its effect on HER2-amplifying BC
cells and how it can sensitize the cells to SLFN. First,
we subjected our cell lines to combined treatment
with SLFNþMTFN in order to find if there will be
significant increase of co-effect on cell viability. We
found that the more HER2 mRNA was expressed, the
more profoundly the co-treatment affected cell viabil-
ity. Therefore, we focused on HER2-amplifying BT-
474 cells which showed highly significant response to
SLFNþMTFN co-treatment. We concluded that high
level presence of HER2 renders the cells susceptible to
our co-treatment.

As for molecular mechanisms of this co-effect, our
bioinformatic analysis did not favor synergistic effects
by SLFN and MTFN but also did not exclude their
additive effects. Therefore, either drug may function
on a particular molecule or pathway via its distinct
mechanism of action. Our PCR analysis indicated that
expression of pro-apoptotic BAX was significantly
induced in co-treated cell samples, whereas all other

genes in favor of cancer cell survival and progression
were downregulated significantly. We examined SRC
as internal molecular switch downstream HER2 and
various growth pathways, CSC renewal markers
WNT1 and b-catenin as well as CSC receptor CD44.
SLFNþMTFN co-treatment has had suppressing
effect on all these molecules which, compared to sin-
gle treatments, was significant.

We also applied MTFN-nanocarbon combination
to this co-treatment. The Nano-MTFN compounds
were constituted with uniform distribution of MTFN
molecules on nanotubes as evidenced from our SEM
images. Application of MWCNT-MTFN accelerated
the effect on MTFN in sensitizing HER2þ cells to
SLFN effects as evidenced from both declining BT-474
cell viability and changes in gene expression. Such
changes were found significant compared to
SLFNþMTFN co-treatment. The fact that markers of
CSC biology were dramatically reduced in our co-
treated samples suggest that SLFN-MTFN combin-
ation might be applied in treatment modalities for
suppression of drug resistance in tumors that do not
respond to chemotherapy or antibody therapy particu-
larly HER2þ tumors. This notion requires in vivo
investigations to be examined and proven.

Finally, our analyses indicated changes in HER2
mRNA levels, cell viability, expression of gene candi-
dates, apoptosis rate and the combination of our
drugs that we applied are elements in direct or inverse
correlation with one another. The overall picture of
these correlations highly confirms that SLFN and
MTFN can, in concert, co-influence BC cell and CSC
survival and that the use of nanostructures can accel-
erate this trend.

In conclusion, we examined the notion that SLFN
and MTFN jointly have profound effect on BC cell
viability and, due to their increasing impact in parallel
with increase in HER2 levels, overcome resistance
against anti-HER2 antibody therapies. Application of
nanocarbons can enhance such co-influence. It is yet

Table 2. Correlations studies.
HER2 levels SR (S) SR (SþM) SR (SþNM) BCL-2 BAX SRC W/C CD44 Ap (%)

HER2 Levels 100
SR (S) �97.8� 100
SR (SþM) �98.9� NA 100
SR (SþNM) �99.3�� NA NA 100
BCL-2 NA 95 96.4 98.5� 100
BAX NA 99.5�� 98.3�� NA NA 100
SRC NA 99.3� 99.5�� 99.8�� NA NA 100
W/C NA 99.3� 99.5� 99.8�� NA NA NA 100
CD44 NA 95.8 96.9 99.3� NA NA NA NA 100
Ap (%) NA �96 �98 �99.3� �97.3 98.8 �97.9 �99.1� �98.9� 100

Note 1: �, �� Correlation is significant at 0.05 (�) or 0.01 levels (��) (2-tailed). Note 2: NA, not applicable. Her2 correlations were measured based on its
trend of expression in the 3 breast cancer cell lines (see Figure 3-1), whereas all other correlations were made based on the data collected from BT-474
cells only. Ap, apoptosis, M, metformin, NM, nano-metformin, S, sulforaphane, SR, Survival Rate, W/C, WNT/-b-Catenin.
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to be seen if such co-effect is significant in tumors of
BC patients in vivo. Mechanistically also, further
exploration is needed to determine precise changes in
BC cell growth pathways and CSC capacity to pro-
mote EMT, drug resistance and invasion with the role
of noncoding RNA molecules in each turning point.
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