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Abstract

The potency of polymeric micelle-based doxorubicin, SP1049C, against cancer stem cells
(CSCs) in triple negative breast cancer (TNBC) is evaluated. CSCs with high epithelial specific
antigen (ESA), high CD44 and low CD24 expression levels were derived from the TNBC
cancer cells, MDA-MB-231 and MDA-MB-468. These CSCs were resistant to free doxorubicin
(Dox) and displayed increased colony formation, migration, and invasion /n vitro, along with
higher tumorigenicity /n vivo, compared to the parental and non-CSCs counterparts. SP1049C
downregulated the expression and inhibited the functional activity of the breast cancer resistance
protein (BCRP/ABCG2) in CSCs. The polymeric micelle drug had higher cytotoxicity and
potency in reducing the colony formation of CSCs compared to the free drug. It was also more
potent in inhibiting the tumor growth in the orthotopic animal tumor models derived from CSCs.
These results indicate that SP1049C is active against CSCs and has potential in treating TNBC.
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Background

In the United States, in 2019, it is estimated that 41,760 women will die of breast cancer.
Most breast cancer deaths are due to the spread of the disease to other parts of the body,
and as a consequence impairing the function of vital organs like lung, liver, and brain. Breast
cancer is usually classified by the presence, or absence of three receptors: estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2).
The therapeutic approach to breast cancer is highly influenced by the ability of therapeutic
agents to specifically target these receptors. The triple negative breast cancer (TNBC) that
lacks all three receptors is a heterogeneous disease characterized by aggressive biology

and poor prognosis [1]. The lack of tumor-specific markers, aggressive nature, and special
propensity to recur and metastasize, make TNBC tumors more difficult to treat than other
subtypes.

Many tumors contain phenotypically and functionally heterogeneous populations of cancer
cells that differ in metastatic [2] and angiogenic [3] potential, and drug resistance [4, 5]. In
some tumors that follow the cancer stem cell (CSCs) model, the heterogeneous cancer cells
are progenies of small number of CSCs [6, 7]. Increasing body of evidence suggests that
CSCs have distinct phenotypes and display high tumorigenic and self-renewing potential
being the driving force of tumor initiation, metastasis and development of drug resistance
in such tumors [8, 9]. Moreover, CSCs themselves are commonly drug resistant, and can
evade classic chemotherapy and repopulate tumors leading to cancer recurrence [4] [10],
which is one of the main reasons for mortality in cancer patients [11]. Therefore, successful
chemotherapy of such tumors should effectively eradicate CSCs, thereby preventing the
cancer relapse.

To overcome these challenges, we have proposed a strategy that employs a polymeric
micelle formulation of Dox with Pluronic block copolymers. These amphiphilic copolymers
have unique ability to chemosensitize multidrug resistant (MDR) cancers by several
mechanisms: 1) inhibiting ABC transporter—mediated drug efflux [12], mitochondrial
respiration, and ATP synthesis [13], and 2) enhancing pro-apoptotic signaling in MDR
cancer cells [14, 15]. Specific Pluronics with optimal composition can also prevent the
development of drug resistance in response to chemotherapy [16, 17], and decrease
formation of metastases [18]. One polymeric micelle formulation of Dox with Pluronic
L61 and F127 mixture, SP1049C (now code-named SKC1049), was evaluated in Phase |
and Phase 11 clinical trials and showed high objective response rates (43%) and increased
median survival (10 months) in patients with inoperable metastatic adenocarcinoma of the
esophagus and gastro-esophageal junction [19].

Previously, we have demonstrated that SP1049C suppresses the tumorigenicity and
aggressiveness of murine leukemia cells by targeting CSCs [20]. Therefore, in this work
we evaluate ability of SP1049C eradicate CSCs in TNBC, the most difficult form of

breast cancer to treat. Using human TNBC cell lines, claudin-low MDA-MB-231 and

basal MDA-MB-468, we show that SP1049C effectively reduces the CSCs population and
thus, decreases tumorigenesis /n vitroand in vivo. Altogether, these findings demonstrate
simple, yet effective treatment strategy that eliminates both more differentiated cancer cells,
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comprising the bulk of the tumor, as well as small and extremely hard to target drug resistant
CSCs subpopulation.

Isolation of CSCs

Cells (1x108in 100 pL 2% FBS in PBS) were stained with fluorescently labeled antibodies
(1pg/mL for each antibody) in dark on ice for 30 minutes with 100 rpm shaking. Cells were
then washed with PBS/2.0% FBS and then filtered through 30 um strainer and processed
for flow cytometry sorting. Compensation for each fluorescent probe was confirmed before
sorting and two subpopulations (CSCs and non-CSCs) were collected using Aria Il Three
Laser Special Order System (Becton Dickinson) for the subsequent studies. CellQuest
(Becton Dickinson, Franklin Lakes, NJ, USA) software package was used. The CSCs
(ESA*CD44NIhCD24!oW) and non-CSCs (ESA™CD441°WCD24NigM) cells were isolated in
two steps: First, the highest and lowest 10% of ESA-expressing cell subpopulations were
isolated. These ESA* and ESA™ cells were then immediately plotted by the expression

of CD44 and CD24 (Supplementary Figure S1) to determine CSCs and non-CSCs cell
subpopulations, which comprised about 1-2% of all cells. Cells were sorted twice with each
indicated biomarker to obtain a purer cell population.

Migration and Invasion Assay

The sorted CSCs and non-CSCs were trypsinized, re-suspended in alpha-MEM medium,
and seeded in top section of transwell chambers with 8 mm pore size filter at 2x104
cells/well (BioCoat chambers; BD Biosciences, San Jose, CA, USA). After 10 minutes,
alpha-MEM medium was added to the lower chamber and incubated for 13 hours. The
cells on top of the membrane (not migrated) were removed and the migrated cells at the
bottom surface of the membrane were visualized by staining with Diff-Quik Stain Set kit
(Siemens Healthcare Diagnostics Inc., Erlangen, Germany) and counted using an inverted
tissue culture microscope. The invasion assay was done as above except the cells were
seeded on top of Matrigel-coated chambers (BD invasion chambers; 8 mm pore size filter;
BD Biosciences). The cells were incubated for 15 hours prior to counting cells at the bottom
surface.

Tumorsphere Formation Assay

Single-cell suspension of cells was plated (2 x 104/mL) in 6-well ultra-low attachment
plates (Corning, Durham, NC, USA) in MammoCult® basal serum-free medium (human)
with hydrocortisone (StemCell Technologies, Vancouver, Canada), and cultured for 10 days.
Images were acquired under a Nikon inverted microscope. Total number of tumorspheres
was counted microscopically under a manually prepared ‘quadrant grid’.

Tumorigenicity assay

MDA-MB-231 and MDA-MB-468 TNBC cells were sorted by fluorescence-activated cell
sorting (FACS) to obtain subpopulations of CSCs (ESA-CD44N9hCD24!oW) and non-CSCs
(ESA-CD44'owCD24Nighy  After sorting, the limiting dilutions of the cells were assessed

by measuring the efficiency of tumor formation in the fourth pair of mammary fat pad
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of athymic nu/nu mice (6- to 8-weeks-old females). Cells at different doses (from 500 to
10,000 cells/ 50puL/mouse) in culture medium were mixed with a matrigel (1:1 ratio; BD
Biosciences) and implanted to the mammary fat pads to generate two tumors per mouse (7
=10 mice, 20 injections/group). Tumor growth was recorded weekly and the frequencies

of CSCs were calculated using web-based extreme limiting dilution assay (ELDA) software
http://bioinf.wehi.edu.au/software/elda/index.html. The frequency of CSCs was calculated
from semilogarithmic plot of the fraction of negative responses as a function of the cell dose.

Antitumor activity

Results

To establish orthotopic TNBC mouse model, MDA-MB-231, or MDA-MB-468 cells
(100,000 cells/50 pL/mouse) were implanted to the mammary fat pad (left side) in nude/
nude mice (n=5 -7 mice/group) as described above. Cells at a dose of 100,000 in

culture medium (50 uL) were mixed with a 1:1 ratio of matrigel (BD Biosciences) and then
implanted to the mammary fat pad. When the tumor size reached a size of about 50 mms3,
mice were randomly divided into groups and /. v. injected with following treatment solutions:
1) saline (100 pl), 2) SP polymers (1:8 mixture of Pluronics L61 and F127; 2.25 mg/kg body
weight), 3) Dox (2.5 mg/kg body weight) or 4) SP1049C (SP Polymers alone, 2.25 mg/kg
body weight, Dox, 2.5 mg/kg body weight) on days 1, 4 and 7. Tumor length (L) and width
(W) were measured, and tumor volume (WR) was calculated as follows: WR=1/2 x L x W2,
Animal weight and tumor volumes were measured every other day.

Characterization of Sorted Cells for CSCs Properties

A number of biomarkers and their combinations including epithelial specific antigen (ESA,
also known as “epithelial cell adhesion molecule” (EpCAM)), CD24~/CD44*, CD133, and
CDA49f are commonly used to identify CSCs phenotype in human breast cancer [21-24]. In
addition, CSCs show certain functional properties, such anchorage independent growth, high
migration and invasiveness, drug resistance, and /7 vivo tumorigenicity [25].

We first isolated the CSCs subpopulation with ESA*CD44MINCD24!oW phenotype from
TNBC MDA-MB-231 and MDA-MB-468 cells by FACS (Supplementary Figure S1), and
then carried out functional assays of these cells to confirm their CSCs-like properties. The
ESA~CD44!owCD24Migh cells and unsorted parental cells were used as the “non-CSCs”
controls throughout the study. Then, as a part of the functional analysis we evaluated

the ability of the isolated cells to form tumorspheres in serum-free growth conditions.
Consistent with the studies reported elsewhere [26, 27] the CSCs formed significantly
more tumorspheres (p<0.005), which were also larger than the tumorspheres formed by

the respective non-CSCs cells (Figure A, 1B). Furthermore, the CSCs displayed greater
ability to migrate through the polycarbonate membrane compared to non-CSCs cells, a
process associated with cancer cell metastasis (p<0.05, Figure C, 1D). In addition, CSCs
showed significantly higher invasion compared to non-CSCs cells suggesting ability to move
through the extracellular matrix into neighboring tissues (p<0.05, Figure C, 1D). Finally,
we evaluated Dox cytotoxicity in the sorted cells and found that cells with CSCs phenotype
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were indeed more drug resistant compared to non-CSCs cells (Error! Reference source not
found., Supplementary Figure S2).

Next, the /n vivotumorigenicity of sorted cells was evaluated in a limiting dilution assay
that is commonly used to determine the frequency of CSCs [28]. For this purpose, CSCs and
non-CSCs cells were inoculated into mammary fat pad of nude mice (18 or 20 mice/group)
at different doses, and tumor formation was monitored for two months. The estimated

CSCs frequencies are presented in Table 2. Consistent with previously published data

[6, 23], the tumorigenic potential of CSCs derived from both cell lines was higher than

the respective potential of non-CSCs (Table 2). Furthermore, in MDA-MB-231 derived
ESA*CD44MIhCD241oW cells, the CSCs frequency was estimated as 1 in 1,576 cells, while
in ESA"CD44lowcD24Nigh cells it was 3.2 times lower, 1 in 5,116. Similar results were
observed for MDA-MB-468 derived ESA+CD44NMINCD24!oW cells where the frequency of
CSCs was 1 in 430, almost 6-fold higher than that for ESA-CD44!oWCD24Nigh cells, where it
was 1 in 2,567.

Overall, we confirmed that the isolated breast cancer cells with ESA*CD44highc p24low
phenotype display basic CSCs properties /n vitroand in vivo, which provided basis for using
these models in subsequent studies.

SP Polymers Sensitize CSCs to Dox and Decrease their Colony Formation Ability

We demonstrated earlier that Pluronic bock copolymers are potent chemosensitizers of MDR
tumors [13, 29]. Here, we examined whether SP polymers (0.25% wt. Pluronic L61, and

2% wt. Pluronic F127) can sensitize CSCs with respect to Dox. Indeed, Dox/SP formulation
showed greater cytotoxicity in CSCs than Dox alone (Table 1). The /Cspvalues for Dox/SP
in these cells were comparable to those in the parental and non-CSCs for both studied cell
lines. Furthermore, a formulation of Dox in SP polymers did not increase drug cytotoxicity
in the parental and non-CSCs cells as the /Cspvalues of Dox/SP polymers and Dox were
nearly the same. Noteworthy, the SP polymers themselves were not toxic to all cells in the
absence of the drug (data not shown).

We further evaluated the effect of SP polymers on the colony formation potential of CSCs.
In this set of experiments, the cells were treated with Dox (5 ng/ml, close to the ICsg

of Dox in MDA-MB-231 and MDA-MB-468 unsorted parental cells) in the absence or
presence of SP polymers (0.005% wt) for five days. As expected, in the absence of SP
polymers the viability of CSCs upon Dox exposure was significantly higher than that of
respective non-CSCs (Figure 2A, 2C). The addition of SP polymers increased the sensitivity
of CSCs to Dox (Figure 2A, 2C). Next, as a functional measure of CSCs frequency, we also
examined the ability of the cells to form colonies after this treatment. Thus, following the
treatment 1,000 viable cells from each group were collected and seeded into new plates,
cultured in drug-free media and counted following two weeks. The number of colonies
formed by CSCs MDA-MB-231 and MDA-MB-468 cells treated with Dox/SP polymers
decreased by ca. 1.5 and 6-fold, respectively, compared to the cells treated with the drug
alone (Figure 2B, 2D). The formation of colonies was also inhibited in the parental and
non-CSCs MDA-MB-468 cells. Overall, we conclude that Dox/SP formulation effectively
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sensitized CSCs that resulted in higher toxicity, and reduced colony formation potential of
the survived cells.

Effect of Dox/SP Formulation on Drug Efflux in Transporters in CSCs

Sensitization of MDR cells by Pluronic copolymers was previously related to the expression
of the ABC transporters in these cells [30, 31]. Both MDA-MB-231 and MDA-MB-468
parental cells lines express breast cancer resistance protein (BCRP/ABCG2) and multidrug
resistance protein 1 (MDR1/ABCBL1), also known as P-glycoprotein (Pgp) (Supplementary
Figure S3). It has also been reported that CSCs-like subpopulation of MDA-MB-231 cells
have increased expression levels of BCRP/ABCG2 but not MDR1/ABCBL [32]. Therefore,
we examined the expression of drug efflux transporter, BCRP/ABCG2 in parental and sorted
MDA-MB-231 cells. The data indicate that CSCs have higher expression levels of BCRP/
ABCG2 than non-CSCs or parental cells (Figure 3A, 3B). Next, the cells were treated with
1) media, 2) SP polymers alone (0.005%), 3) Dox (5 ng/mL) or 4) Dox (5 ng/mL)/SP
(0.005% wt.) for five days, and the BCRP/ABCG2 expression was assessed by western blot.
The BCRP/ABCG2 expression levels were significantly reduced in both non-CSCs (Figure
3C, 3D) and CSCs (Figure 3E, 3F) subpopulations upon treatment with SP, or Dox, or
Dox/SP compared to control cells in media. Noteworthy, Dox/SP treatment resulted in most
pronounced depletion of BCRP/ABCG2 levels in CSCs subpopulation (Figure 3E, 3F).

To assess effect of SP polymers on the functional activity of the drug efflux transporters

we studied the uptake of a BCRP/ABCG2 and MDR1/ABCBL1 substrate, rhodamine 123
(Rh123), in CSCs and non-CSCs subpopulations derived from MDA-MB-231 cells. We
demonstrated here that Rh123 accumulation in CSCs increased significantly in the presence
of SP polymers compared to untreated control (Figure 4A). This effect was similar to that

of Verapamil, a competitive efflux transporter inhibitor [33]. In contrast, no significant
Rh123 accumulation increases were recorded in non-CSCs subpopulation upon SP polymers
treatment (Figure 4B).

Effect of SP Polymers on Intracellular ATP Levels

The sensitizing effects of Pluronic copolymers in MDR cancer cells were linked to the
ability of these copolymers deplete to intracellular ATP [30, 31, 34]. In this regard,

we examined whether SP polymers can also produce ATP depletion in TNBC cells
subpopulations. In the CSCs derived from MDA-MB-231 cells the ATP levels were depleted
at quite low concentrations of SP polymers of ca. 0.225% wt., while in the non-CSCs or
unsorted parental MDA-MB-231 cells no ATP depletion was observed up to 2.25% wt.
(Figure 5A). In MDA-MB-468 cells we did not observe significant differences between the
sorted and unsorted cells, as they all appeared to be highly sensitive to SP polymers in
terms of ATP depletion, exhibiting a considerable decrease in ATP levels at the copolymer
concentration as low as 0.0225% to 0.225% wt. (Figure 5B).

Dox/SP Formulation Suppresses Tumor Growth and Depletes CSCs in vivo

The antitumor activity of Dox/SP formulation was evaluated /n vivo in mice with
orthotopically inoculated ESA*CD44NMINCD24!oW CSCs derived from either MDA-MB-231
(Figure 6A) or MDA-MB-468 (Figure 6B) cells. Four weeks after inoculation, the mice were
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systemically treated with either: 1) saline; or 2) SP polymers (2.25 mg/kg); or 3) Dox (2.5
mg/kg); or 4) Dox/SP formulation (SP polymers, 2.25 mg/kg, Dox, 2.5 mg/kg) on days 1,

4 and 7 (the dose and schedule were consistent with our previous publications [13]). Forty
days after the first treatment, the tumor size in the saline treatment group reached about 500
mm3, and the animals had to be sacrificed as guided by our IACUC regulations due to the
necrotic tumors. Dox/SP formulation showed superior effect on the tumor growth inhibition
compared to Dox alone for both cell lines (Figure 6A, 6B). Notably, SP polymers alone
(without Dox) also delayed tumor growth compared to saline-treated group in CSCs MDA-
MB-231 tumor bearing mice, although to a lesser extent (Figure 6A, see also Supplementary
Figure S4). Clear inhibition of tumor growth was observed in MDA-MB-468 tumors as well.
While these tumors developed very slowly requiring much longer observation time before
the endpoint, Dox/SP combination suppressed the tumor growth almost completely (Figure
6B).

We also analyzed the percentage of CSCs in tumors that were initiated by inoculation

of MDA-MB-231 ESA*CD44MINCD24!oW cells and then treated with saline, SP, Dox, or
Dox/SP by flow cytometry. The treatments with saline and SP polymers alone resulted

in high levels of CSCs (up to 55%), while treatments with Dox and Dox/SP polymers
significantly depleted this cell subpopulation (Figure 6C). Consistent to the results described
above, Dox/SP formulation depleted CSCs in tumors significantly stronger than Dox alone.
Overall, the results indicate that Dox/SP formulation effectively suppressed tumor growth
formed by CSCs depleting CD44N9NCD24!oW cells in mouse models.

Discussion

There is a growing focus on the development of cancer therapies that would target CSCs
subpopulation [35, 36]. For example, previous work to eradicate chemoresistant CSCs
reported the use for this purpose of the oncolytic herpes simplex virus type 1 (HSV1)

[37], or polyplexes to deliver siRNA against AKT2, an oncogene involved in breast cancer
tumorigenesis [38]. Other studies coupled a drug to gold nanoparticles that presumably
bypassed the drug efflux transport system in CSCs [39] or co-delivered a drug with a
second active pharmaceutical ingredient (API) capable of suppressing CSCs. For example,
for this purpose Dox was co-formulated in multilamellar liposomes with salinomycin, an
antibacterial compound that shows selective toxicity for the CSCs [40], in nanoparticles of
poly(ethylene glycol)-block-polylactide with all-trans-retinoic acid, a CSCs differentiation
agent [41], or in hyaluronic acid-decorated nanoparticles of Pluronic F127, poly(d,l-lactide-
co-glycolide) (PLGA), and chitosan with irinotecan [42]. Contrary to these studies that

use combination of the APIs incorporated in new, clinically untested delivery systems we
demonstrate here that clinically evaluated SP1049C comprising a single chemotherapeutic
agent, Dox and Generally Recognized as Safe (GRAS)excipients displays increased ability
to kill TNBC CSCs.We have shown earlier that Dox formulated in Pluronic micelles (now
code named SKC1049, formerly SP1049C) significantly decreased tumorigenic CD133+
cell subpopulation, and effectively suppressed the tumorigenicity and tumor aggressiveness
in vivo in murine leukemia model [20]. In the present study, we evaluated the effect of
SP1049C on the CSCs derived from two TNBC cell lines, a claudin-low MDA-MB-231
and basal MDA-MB-468. In each of these cell lines we isolated ESA+CD44NMghcp24low
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cells that were resistant to Dox and displayed CSCs properties, such as increased colony
formation, migration, and invasion /n vitro and high tumorigenicity /77 vivo compared to their
parental or ESA-CD44!°WCD24Ngh (non-CSCs) counterparts. /n7 vitro cytotoxicity studies
demonstrated that SP1049C was more effective against CSCs compared to the drug alone,
exhibiting essentially the same /Cspvalues as those in non-CSCs. We also observed that
SP1049C decreases /n vitro colony forming potential of CSCs derived from both MDA-
MB-231 and MDA-MB-468 cells. In the latter TNBC cell line SP1049C also decreased
the colony forming potential of parental and isolated non-CSCs counterparts. Furthermore,
SP1049C showed superior effects compared to Dox alone in inhibition of the growth of
orthotropic tumors derived from both TNBC CSCs in mouse models. Finally, SP1049C
considerably depleted CSCs phenotype in the CSCs derived tumors. Notably, SP polymers
themselves without Dox also exhibited the trend to decrease tumor growth and deplete
CSCs.

Compared to the basal subtype TNBC such as MDA-MB-468 cells, the MDA-MB-231 cells
belong to claudin-low subtype tumors and generally have lower response to chemotherapy.
Such tumors are unique due to the additional downregulation of claudin-3 and claudinin-4,
low expression of the proliferation marker Ki67, enrichment for markers associated with
the epithelial-mesenchymal transition and expression of features associated with mammary
CSCs (including the CD44*CD2471oW phenotype) [43]. These features are not shared with
MDA-MB-468, so these two cell lines are different in molecular and phenotypic behavior.
Moreover, MDA-MB-231 is a highly metastatic breast cancer cell, while MDA-MB-468 is
not [44].

One very interesting difference between the two cell lines observed in this work is
manifested by the response in ATP depletion induced in these cells by the SP polymers.
The parent MDA-MB-468 cells and both the isolated CSCs (ESA+CD44Nghcp24low)
and non-CSCs (ESA-CD441owCD24highy sybpopulations of MDA-MB-468 cells display
profound ATP depletion in the presence of from ~ 0.02 % to ~ 0.2 % wt. SP-polymers.

In contrast MDA-MB-231 parental cells and non-CSCs are not responsive to SP-polymers
in terms of ATP depletion in the studied range of concentrations. Although there is no
simple correlation between the ATP depletion and cytotoxicity of SP1049C in cancer
cells, ATP depletion is one factor for sensitization of in MDR cancer cells by Pluronic
copolymers [31]. It is remarkable therefore that in CSCs subpopulations isolated from
MDA-MB-231 SP-polymers produce considerable ATP depletion along with a profound
sensitization effect increasing Dox cytotoxicity by over two folds. A notable difference in
the mitochondria of highly metastatic MDA-MB-231 cell line compared to less metastatic
TNBC including MDA-MB-468 cells was reported [44]. In particular mitochondria from
MDA-MB-231 cells has increased low conductance state of mitochondrial permeability
transition (MPT) pores, which is believed to up-regulate autophagy, and may serve as a
survival mechanism against stressful conditions such as hypoxia and nutrient deprivation in
the poorly vascularized central areas of a solid tumor [44]. The relationship between the
increased MPT and inability of Pluronic to deplete ATP in parental MDA-MB-231 cells is
unknown. However, it is interesting that increased drug resistance in CSCs selected from
this cell line comes along with increased “vulnerability” exhibited in ATP depletion by the
copolymer. The responsiveness to Pluronic in MDR sublines of cancer cells was related to
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the elevated expression of the ABC transporters [30, 31]. In the mitochondria of such MDR
cells Pluronic was shown to decrease of mitochondrial membrane potential, inhibit complex
I and complex 1V of the mitochondria respiratory chain, decrease oxygen consumption,
increase production of ROS, and release cytochrome C, which all contribute to drug-induced
cell death [13].

We have shown previously that Pluronics, and in particular SP polymers, inhibit functional
activity of drug efflux transporters, such as MDR1/ABCB1 and BCRP/ABCG2, and increase
accumulation of their substrates in MDR cells [20, 30, 45]. Notably, expression of BCRP/
ABCG?2 is a well-established feature of various stem/stem-like cells [46], and has been
exploited to isolate the side population and non-side population cells using the Hoechst
33342 exclusion assay [47]. It was reported that BCRP/ABCG2 is overexpressed in CSCs
in breast [48], ovarian [13], pancreatic [49], hematopoietic cancers [50] and others. The
results of this work suggest that SP polymers not only inhibit the activity of drug efflux
transporters in CSCs but also downregulate the expression of BCRP/ABCG?2 in these cells.
Dox alone also displayed ability to decrease BCRP/ABCG2 expression, yet this effect

was the greatest when the drug and copolymers were combined in Dox/SP formulation.

The effect can be attributed to the genetic and/or epigenetic changes that are induced

by Pluronic treatment as we have shown earlier [16, 17, 20, 26]. For example, /n vitro

and /n vivo selection of cancer cells with Dox/Pluronic formulation resulted in significant
changes in gene expression profiles, and the affected genes in these treatment groups only
partially overlap [16]. Moreover, treatment with Pluronic alone also caused changes in gene
expression, although the set of the affected genes was completely different. Additionally,
we have demonstrated earlier that SP polymers alone induced very distinct changes in DNA
methylation profiles in murine leukemia cells upon continuous /17 vivo treatment [20].

Taken together, we present a novel property of SP1049C formulation regarding the potent
inhibition of oncogenesis in TNBC /n vitro and in vivo through the elimination of

drug resistant CSCs. These findings advance our understanding of how Pluronic block
copolymers may prevent the development of drug resistance. More importantly, SP1049C
represents a promising treatment strategy for TNBC that eliminates both more differentiated
cancer cells, comprising the bulk of the tumor, as well as the small and extremely hard to
target drug resistant CSCs subpopulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro characterization of ESA+CD44highcpoglow subpopulation sorted from MDA-
MB-231 and MDA-MB-468 cell linesfor CSCs properties.

(A) Phase contrast images and (B) quantification of tumorspheres formed by CSCs
(ESA+CD44MIhCcD241oWy and non-CSCs (ESA-CD44oWCD24high) cells. (C, D) Invasion
and migration assay for CSCs and non-CSCs sorted from (C) MDA-MB-231 and (D)
MDA-MB-468 cell lines. (B-D) Statistical comparisons were made by unpaired t-test with
Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.005; n.s. - not significant. Data are
shown as mean + SD, (B) /=4, or (C, D) 1=6.
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Figure 2. SP polymers sensitize CSCsto Dox and reduce colony forming potential.
Sorted CSCs (ESA+CD44NMINCD241oW) non-CSCs(ESA-CD4419WCD24Niah) and unsorted

parental MDA-MB-231 (A, B) and MDA-MB-468 (C, D) cells were treated with Dox

alone (white bars) or Dox formulated with SP copolymers (0.005% wt.) (empty bars) for
five days. Cells were then harvested and viable cells were quantified using trypan blue
exclusion (A, C). Survived cells (1,000/well) were placed into new 6-well plate and cultured
in the drug-free media for two weeks. Colonies were fixed, stained with 2% methylene

blue in 95% ethanol and counted (B, D). Only colonies comprising >50 cells were scored
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as survival colonies. Data are means £ SD from three independent experiments (/7= 3).
Statistical comparisons were made using two-way ANOVA with Tukey’s correction for
multiple comparisons. *p < 0.05; **p < 0.01, ***p < 0.005. n.s. - not significant.
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Figure 3. Effect of Dox/SP polymers on BCRP/ABCG2 expression levelsin MDA-M B-231 cells.
(A, B) BCRP/ABCG?2 expression in CSCs, non-CSCs, and unsorted parental MDA-MB-231

cells was measured by western blot. BCRP/ABCG2 expression in (C, D) non-CSCs and (E,
F) CSCs subpopulations was measured after treatment with media, SP polymers (0.005%) or
Dox (5 ng/mL) with/without SP polymers (0.005% wt.). Beta-actin was used as protein
loading control. Band intensities were measured with ImageJ software and presented

as means + SD. Statistical comparisons were made by one-way ANOVA with Tukey’s
corrections for multiple comparisons. *p < 0.05; **p < 0.01, ***p < 0.005. 7.s. - not

significant.
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Figure 4. Effect of SP polymerson Rh123 uptakein MDA-MB-231 cells.
Rh123 uptake in (A) CSCs and (B) non-CSCs subpopulations was examined after treatment

with 1) Rh123 (3.2 uM) alone, 2) Rh123 (3.2 uM) plus SP polymers (0.005% w.) or 3)
Rh123 (3.2 uM) plus Verapamil (50 uM) for two hours. Data are shown as mean = SD (n=
8) and analyzed using one-way ANOVA with Tukey’s correction for multiple comparisons.
*p<0.05; **p<0.01, ***p< 0.005. n.s. - not significant.
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Figure 5. Effect of SP polymerson intracellular ATP levelsin TNBC cells.
Sorted non-CSCs (ESA-CD44lowCD24high) CSCs (ESA+CD44MINCD241oW) and unsorted

parental cells derived from MDA-MB-231 (A) and MDA-MB-468 (B) were incubated with
various concentrations (0-2.25 wt. %) of SP copolymers for 2 hours, washed twice with
ice-cold PBS and lysed. ATP concentrations in the lysates were determined using a luciferin/
luciferase assay. ATP levels were normalized for protein content. Data are mean + SD (n=
4) of 3 individual replications.
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Figure 6. Dox/SP polymer s (SP1049C) suppressed tumor growth and depleted CSCsin TNBC
orthotopic model.

Nude mice bearing tumors from ESA*CD44M3hCD24!ow MDA-MB-231 (A) or MDA-
MB-468 (B) CSCs subpopulation (1= 5-7/group) were /.v. injected with 1) saline, 2)

SP polymers (2.25 mg/kg), 3) Dox (2.5 mg/kg) or 4) Dox/SP polymers (SP, 2.25 mg/kg,
Dox, 2.5 mg/kg) on days 1, 4 and 7 (as indicated by arrowheads in the figures). The

mean tumor volume + SEM of each group was recorded over time. (C) Percent of CSCs

in tumors from ESA*CD44M9hCD241oW MDA-MB-231-bearing mice treated with different
formulations was analyzed at the end point of the experiment shown in panel A (day 41).
Data is means = SD (/=4). Statistical comparisons are made using one-way ANOVA with
Tukey’s correction for multiple comparisons. *p < 0.05; **p < 0.01, ***p < 0.005. 72.5. - not
significant.
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Table 1.
/Cspvalues of Dox and Dox/SP polymers in sorted CSCs, non-CSCs, and unsorted TNBC cells.

MDA-MB-231 MDA-MB-468
Dox (ng/mL) Dox/SP polymers (ng/mL Dox) Dox (ng/mL) Dox/SP polymers (ng/mL Dox)
Unsorted cells 6.366+0.662 4.732+0.381 4.307+0.221 3.825+0.259
ESA-CD44lowcp24high  5.413+0.899 4.814+0.555 5.193+0.889 4.781+0.369
ESA+CD44hishcp24low 14.043+0.201 % #%#  5.114+0.134"8. 1S 9.077+0.551 **‘# 5.051+0.428"5- -

The treatment was the same as shown in Figure 3. Statistical comparisons were made by two-way ANOVA with Tukey’s correction for multiple
comparisons between parental and ESA+CD44MINCD2410W group, or between ESA-CD4410WCD 24080 and Esa+CD44NINCD2410W group

*
p<0.05;

Hok

p<0.01,

kA
p<0.005

#0<0.05;

<001,

###p<0.005, n.s. not significant).
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Table 2.

Frequencies of tumor formation and calculated frequencies of cscs’

Cells MDA-MB-231 MDA-MB-231 M DA-MB-468 M DA-MB-468
Dose ESA-CD44'vCD24high  ESA+CD44NhCD24'ow  ESA-CD44'owCD24Migh  ESA+CD44NshCD24low
500 5/20 11/20 - -
1000 8/20 15/20 10/20 18/20
3000 - - 15/20 20/20
5000 5/20 13/18 - -
10,000 - - 18/20 20/20

CSCs frequency (95% CI)  1/5116 (1/8380-1/3124)  1/1576 (1/2385-1/1042)  1/2567 (1/3799-1/1734)  1/430 (1/746-1/248)

p value 3.15E-05 3.09E-08

aAfter sorting by flow cytometry, cells at indicated dose in culture medium (50 pL) mixed with a 1:1 ratio of matrigel (BD Biosciences) were
injected into the fourth mammary fat pads of 6- to 8-week-old female nude/nude mice. Mice were monitored daily to observe palpable tumors up
to 2 months after tumor cells injection. CSCs frequencies were calculated using web-based ELDA statistical software at http://bioinf.wehi.edu.au/
software/elda/index.html. It is noteworthy, that 90% of animals (18/20) injected with MDA-MB-468 derived ESA+CD44MINCD24I0W eyl
formed tumors already at the lowest cell dose (1,000 cells/mouse), with the higher doses (3,000 and 10,000 cells/mouse) producing tumors in 100%
cases.
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