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ABSTRACT

Engineered three-dimensional (3D) cell culture models can accelerate drug discovery,
and lead to new fundamental insights in cell-cell, cell-extracellular matrix, and cell-
biomolecule interactions. Existing hydrogel or scaffold-based approaches for generating
3D tumor models do not possess significant tunability and possess limited scalability for
high throughput drug screening. We have developed a new library of hydrogels, called
Amikagels, which are derived from the crosslinking of amikacin hydrate and poly(ethylene
glycol) diglycidyl ether (PEGDE). Here we describe the use of Amikagels for generating
3D tumor microenvironments (3DTMs) of breast cancer cells. Biological characteristics of
these breast cancer 3DTMs, such as drug resistance and hypoxia were evaluated and
compared to those of 2D monolayer cultures. Estrogen receptor (ER) positive breast
cancer 3DTMs formed on Amikagels were more dormant compared to their respective
2D monolayer cultures. Relative to their respective 2D cultures, breast cancer 3DTMs
were resistant to cell death induced by mitoxantrone and doxorubicin, which are
commonly used chemotherapeutic drugs in cancer, including breast cancer. The drug
resistance seen in 3DTMs was correlated with hypoxia seen in these cultures but not in
2D monolayer cultures. Inhibition of Mucin 1 (MUC1), which is overexpressed in response
to hypoxia, resulted in nearly complete cell death of 2D monolayer and 3DTMs of breast
cancer. Combination of an ER stress inducer and MUC1 inhibition further enhanced cell
death in 2D monolayer and 3DTMs. Taken together, this study shows that the Amikagel
platform represents a novel technology for the generation of physiologically relevant 3D
tumor microenvironments in vitro and can serve as a platform to discover novel
treatments for drug-resistant breast cancer.



INTRODUCTION

Cell-based assays used for cancer drug discovery predominantly employ two dimensional
(2D) monolayer cell cultures (7); however, 2D cultures do not adequately represent the
physiological environment in vivo. Although 2D monolayer cultures are simple and still
commonly used systems, these are not physiologically relevant because they do not
mimic cell-cell interactions or the surrounding tumor microenvironment (2-4). Typically,
2D cultures do not recapture growth patterns, cell polarization and differentiation,
expression of signaling molecules, and metabolism-associated proteins seen in tumor
cells in vivo (5, 6). The mechanical and biochemical interaction between tumor cells and
their microenvironment influences proliferation of cancer cells, inflammatory responses,
as well as tumor vasculature (7); these cannot be captured in 2D monolayer cultures.
Approximately 30% genes are differentially expressed in 2D cell cultures compared to
tissues (7); genes upregulated in 2D cell cultures included those involved in cell cycling,
metabolism, and macromolecule turnover whereas those downregulated in 2D cultures
included genes involved in cell adhesion, cell-cell interaction with extracellular matrix
(ECM), and membrane-associated signaling (7). Cellular phenotypic heterogeneity within
the tumor is also marked by the presence of cancer stem cells (CSCs), a subset of
malignant cells that are linked to drug resistance, tumor-initiation, self-renewal, and
metastasis (8-10), but current in vitro models do not adequately recapitulate the interplay

between tumor microenvironment and architecture on CSC content (8).

Mimicking the tissue microenvironment in vitro is indeed challenging because of the
heterogeneity in cell types and numbers, cell-cell, cell-extracellular matrix, and cell-
biomolecule interactions, protein and nucleic acid expression, and physiological
conditions such as temperature, O2 and CO2 concentrations, and pH (77-73). However,
considering costs associated with live animal studies, particularly for parallel drug
screening, three dimensional (3D) in vitro models that are biologically relevant,
reproducible, amenable to high throughput screening, and economical are urgently
required to bridge the gap between laboratory and clinical testing (2). More representative
3D tumor microenvironments that recapitulate in vivo conditions including cell-cell and

cell-matrix interactions, transport properties, hypoxia, nutrient deprivation, and drug



resistance, make these systems more relevant for studying gene and protein expression
profiles compared to 2D monolayer models (74-17).

Different methods have been investigated for the development of 3D cell culture models
for application in drug discovery, assay development, stem cell research, and
implantation (1, 18-21). Scaffold-free techniques, including hanging drop, forced floating,
and agitation-based methods do not require supports for the generation of 3D spheroids
(22, 23). Spheroids can be also generated using a scaffold or matrix including those
derived from biologically derived materials such as BD Matrigel™ basement membrane,
Cultrex basement membrane, and hyaluronic acid (HA) or synthetic materials such as
polyethylene glycol (PEG), polyvinyl alcohol (PVA), and poly(2-hydroxy ethyl
methacrylate), and polylactide-co-glycolide (PLG) (1, 23). Some of the challenges
associated with generating 3D tumor models for preclinical applications using these
methods include generation of uniform, consistent, and reproducible spheroids, scalability
to parallel screening / high-throughput platforms, tunability of the platform for multiple cell

types, and / or the scale-up of drug screening for large libraries (24).

We have previously described the generation and characterization of aminoglycoside-
derived hydrogels called Amikagels, which are generated by polymerization between
amikacin hydrate and polyethylene glycol diglycidyl ether (PEGDE) or 1,4-butanediol
diglycidyl ether (BDDE) (25-37). Amikagels facilitated the 3D culture of several cell types
including 3D tumor microenvironments (3DTMs) of bladder cancer, that demonstrated
cellular dormancy and resistance to anti-proliferative chemotherapeutic drugs (26) and
stem cells for differentiation to islet-like cells (28). In this current study, we describe the
use of Amikagels as a high-throughput platform for generating uniform and consistent 3D
tumor microenvironments (3DTMs) of breast cancer cells. Breast cancer is the most
common type of malignancy in women, accounting for 30% new cancer cases impacting
more than 285,000 women every year within the United States. This disease is the second
leading cause of cancer-related deaths in women, claiming over 43,000 lives each year
(Cancer Facts and Figures 2022, American Cancer Society). Despite significant
advances in detection techniques and chemo-, radio-, endocrine- and antibody-based



therapies, recurrence occurs in 20-40% of the patients as distant metastasis even
decades after primary tumor diagnosis (32-34). The five-year survival rate for breast
cancer that has spread to distant parts of the body is only 29% (American Cancer
Society). In vitro models that closely resemble dormant and metastatic human breast
cancer and their response to therapeutics are required identifying new effective
therapeutics. The Amikagel platform provides a robust, versatile, economical, and high-
throughput system for generating uniform 3D spheroids of different breast cancer cell
lines. Our results indicate that breast cancer 3DTMs generated on Amikagels exhibited
physiologically relevant characteristics in terms of hypoxia and drug resistance, and
hence may be utilized for advancing novel therapeutic strategies for the treatment of

breast cancer.

EXPERIMENTAL

Materials and methods.

Synthesis of Amikagels. Poly(ethylene glycol) diglycidyl ether (PEGDE, M,= 500, Catalog
# 475696) and amikacin hydrate (Catalog # A3650) were purchased from Sigma-Aldrich
(St. Louis, MO). Ring-opening polymerization between amine groups in amikacin hydrate
and epoxide group in PEGDE, in different stoichiometric ratios, was carried out as
described previously for the synthesis of different Amikagel compositions (Table 1) (26,
28). Briefly, amikacin hydrate (0.171 moles) was dissolved in Nanopure® water (1 mL).
The required volume of PEGDE was slowly added to the amikacin hydrate solution,
resulting in a pre-gel which was filter-sterilized using a 0.2 um filter (Catalog # 431222).
The filtrate (40 pL) was pipetted into every well of a 96 well plate and the plate was
incubated at 40°C for 7.5 h to enable gel formation. Sterile Nanopure® water (150 puL)
was added once to the Amikagels to remove any unreacted monomers and to keep the

gels hydrated.




Cell culture. Human breast cancer cell lines, MDA-MB-231, MDA-MB-468, T47D, and
MCF7, were cultured in DMEM (HyClone™ Dubelcco’s Modified Eagles Medium) (GE
Healthcare Life Sciences, Logan, Utah) supplemented with 10% fetal bovine serum (FBS,
Atlanta Biologicals Inc., Lawrenceville, GA) and 1% penicillin/ streptomycin (10,000
units/mL; Sigma). Cells were maintained in an incubator at 37°C and 5% CO:. Cells were
trypsinized at approximately 80% confluence with 1X trypsin (GE Healthcare Life
Sciences) and seeded at a density of 50,000 cells/well suspended in 150 yL media in 96-
well plates (Corning™ Costar™, Corning, NY) for 2D monolayer culture studies, and
allowed to attach overnight. 3DTMs of breast cancer were generated by plating 50,000
cells/well in 150 uL media on Amikagels in 96 well plates.

Flow cytometry for cell cycle analysis. Three 3DTMs for each cell line - MDA-MB-231,
MDA-MB-468, T47D, and MCF7 - were collected in an Eppendorf tube; 50 uL of 5 mg/mL
collagenase was added to the 3DTMs to facilitate their disassembly. The 3DTMs were
disassembled by gentle pipetting and centrifuged at 1000 rcf to collect the cell pellet. The
supernatant was discarded, and the cell pellet was washed twice with ice-cold 1X PBS.
The cells were then resuspended in ice-cold 1X PBS solution of 1% (v/v) 1X Triton-X, 5%
(v/v) fetal bovine serum (FBS), 50 ug/mL propidium iodide (Pl) (ThermoFisher Scientific,
Waltham, MA), and 0.006-0.01 units/mL of ribonuclease A (Sigma-Aldrich, St. Louis, MO).
The cells were then incubated on ice for 30 minutes following which their cell cycle
analysis was determined using flow cytometry. The Pl signal was detected using an
excitation of 535 nm and emission of 617 nm. For 2D monolayer cultures, cells were

trypsinized, collected and processed similarly to the 3DTMs.

Drug treatments. T47D and MDA-MB-231 cells (50,000 cells/well) were seeded in cell
culture treated 96 well plates for 2D monolayer or on Amikagels for 3DTM treatments
overnight in DMEM media supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (10,000 units/mL). Mitoxantrone (topoisomerase Il inhibitor) (Selleck
Chemicals, Houston, TX), doxorubicin (topoisomerase |l inhibitor) (Selleck Chemicals),
HA15 (endoplasmic stress inducer) (Selleck Chemicals), and GO-203 (MUC1-C inhibitor)



(Selleck Chemicals) were dissolved in DMSO and added to the cells 24h following plating.
The final DMSO (Thermo Fisher Scientific) concentration was maintained at 0.1% (v/v) in
the well for all treatments. Cell viability was assessed 72 h following treatment with the

drugs.

Cell viability measurements. 2D cell viability following drug treatment was determined
using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Thermo Fisher
Scientific) or MTT assay, a metabolic assay for proliferation, as described previously (35).
T47D and MDA-MB-231 breast cancer cells (50,000 cells/well) were treated with
mitoxantrone (topoisomerase Il inhibitor; IC50 of 0.42 yM for MCF-7 cells), doxorubicin
(inhibits topoisomerase Il with an IC50 of 2.67 pM), HA15, or GO-203 at different dosages
in 96 well plates. The MTT reagent (10 uL) was added to each well and incubated for 4 h
at 37°C. The media was then aspirated and 50 yL of DMSO:methanol (Thermo Fisher
Scientific) (1:1 v/v) was added to the wells. The plates were rotated at 37°C for 30
minutes. Sample absorbance was then determined at 570 and 670 nm using a plate
reader (Bio-Tek Synergy 2), following which the cell viability was calculated (35). Briefly,
the absorbance at 670 nm was subtracted from absorbance at 570 nm for a given sample
and the data was normalized to the untreated sample. Cell viability for each treatment
was reported as the average viability of three independent experiments; each individual

experiment comprised three wells in triplicate.

Following drug treatments, cell viability of 3DTMs was determined using CellTiter-Glo®
3D Cell Viability Assay (Catalog # G9683, Promega, WI), specifically designed to
determine viability in 3D spheroids, as per the manufacturer's protocol. The CellTiter-
Glo® 3D Reagent results in cell lysis and a luminescent signal proportional to the amount
of ATP present, which is proportional to the number of viable cells in culture (36). Briefly,
150 pL CellTiter-Glo® 3D reagent was added to 150 pL cell culture medium containing
the 3DTM in each well in an opaque-walled 96 well plate. The contents were vigorously
mixed for 5 minutes to induce cell lysis, following which, the plate was incubated for 25

minutes at room temperature. The luminescence was then recorded using a plate reader



(Bio-Tek Synergy 2) and viability was calculated by dividing the luminescence of the
treated 3DTMs with that of the untreated 3DTMs (37, 38).

Drug penetration in 3DTMs. T47D cells (50,000 cells/well) were plated on AMS Amikagels
for 24h to enable 3DTM formation. At ~24 h, 3DTMs were treated with mitoxantrone (10
uM) for 24h following which they were collected in Eppendorf tubes and fixed in 4%
formaldehyde for 12 hours while being gently agitated on a rocker (Reliable Scientific,
Hernando, MS). After 12 hours, the formaldehyde was gently removed, and the spheroids
were washed with 1X PBS. Tissue Tek (VWR, Radnor, PA) was then added to the
3DTMs, which were then flash frozen and stored at -80°C prior to sectioning using a
cryotome (Leica CM1950 Crystat) maintained at -17°C. Multiple spheroid sections (~ 40
um thickness) were cut and placed on a positively charged glass slide and dried at 37°C
for 15 minutes and washed thrice with 1X PBS to remove the Tissue Tek. A drop of
Fluoro-Gel with or without DAPI (Electron Microscopy Sciences, Catalog # 1798510 or
17985-50) was added to the sections prior to imaging using a Leica SP5 AOBS Spectral
Confocal microscope.

Hypoxia Staining studies. 2D monolayer cultures and 3DTMs (50,000 cells/well) were
treated with pimonidazole (100 uM, Hypoxyprobe™ Kit, Hydroyprobe, Inc., Burlington,
MA), a 2-nitroimidazole-based surrogate marker for hypoxia, for 3 hours prior to fixation
in 4% formaldehyde (39, 40). Cells were then transferred into a 30% sucrose (Thermo
Fisher Scientific) solution for 12 hours, frozen in Tissue Tek, and multiple spheroid
sections (~ 40 ym thickness) were sectioned using a cryotome as described previously
(47). Samples were permeabilized using a 0.1% Tween 20 (Thermo Fisher Scientific)
solution in 1X phosphate buffer saline (PBS), blocked using a 10% Fetal Bovine Serum
(FBS) (Thermo Fisher Scientific) solution in 1X PBS (42). Samples were then incubated
with the primary antibody (1:50 dilution, Hypoxyprobe™ Kit, Hydroyprobe, Inc.,
Burlington, MA) overnight at 4°C followed by incubation with Goat Anti-Mouse 1gG H&L
(FITC) (1:1000, excitation: 493nm, emission: 528nm, ab6785, abcam, Cambridge, MA)

for one hour at room temperature. Cells were counterstained with DAPI nuclear stain



(excitation: 358 nm, emission: 461 nm) and imaged using a Leica SP5 AOBS Spectral
Confocal microscope (20X oil objective).

Statistical Analyses. All experiments were carried out at least in triplicate. All data were
expressed as the mean * standard error. One-way Analysis of Variance (ANOVA) was
used to determine statistical significance, and p-values < 0.05 were considered
statistically significant; The following convention was used to represent statistical

significance ranges *: 0.01<p-value<0.05 and **: p-value<0.01.

RESULTS AND DISCUSSION

Amikagel synthesis and characterization for formation of breast cancer 3DTMs
Amikagels were formed by crosslinking the aminoglycoside amikacin hydrate (AH) with
different molar ratios of polyethylene glycol diglycidyl ether (PEGDE) as described
previously (26, 28). Different molar ratios of the monomers resulted in different
compositions of Amikagels, AM3, AM4 and AM5 (Table 1), which, in turn, facilitated
identification of the Amikagel formulation that results in breast cancer 3DTMs. Breast
cancer cell lines, MDA-MB-231, MDA-MB-468, T47D, and MCF7, were plated on these
different Amikagels in order to allow 3DTM formation by the liquid overlay method; MDA-
MB-231, MDA-MB-468, and T47D 3DTMs formed the next day whereas MCF7 3DTMs
formed after five days of plating; T47D 3DTMs did not form on AM3 and AM4 Amikagels,
as indicated (in Figure 1). Only one 3DTM per well was observed, which indicated the
high fidelity of this approach.

Table 1. Modulation of amikacin hydrate and PEGDE molar ratios for the synthesis of different
Amikagels.

Amikacin hydrate (mole) PEGDE (mole) Molar ratio Gel annotation
0.171 0.513 1:3 AM3
0.171 0.684 1:4 AM4
0.171 0.855 1:5 AMS




AMS5

MDA-MB-231

MDA-MB-468

Figure 1. MDA-MB-231, MDA-MB-468, MCF7, and T47D 3DTMs plated on AM3, AM4, and
AMS5 Amikagels. T47D 3DTMs did not form on AM3 and AM4 Amikagels. Scale bar = 1000 um.

Table 2. Percentage cells in the GO/G1 phase of the cell cycle for MDA-MB-231, MDA-MB-468,
MCF7, and T47D breast cancer cell lines on AM3, AM4, and AM5 Amikagels. Statistical
significance was determined using one-way ANOVA and GO/G1 ratios on different Amikagels
were compared to those for 2D cultures (** indicates p < 0.01; n = 3 independent experiments).

Cell line 2D AM3 AM4 AMS
MDA-MB-231 /3+3 77+8 61+4 63+4
MDA-MB-468 68 +7 57T +7 o6 + 3 o7 +5

MCF7 63 +2 81+4* 69 +5 60 +4
T47D 66 + 2 N/A N/A 80 +£5**

Cell cycle arrest in the GO/G1 phase is a key characteristic of dormant tumor cells (26,

43), and the percentage of cells in the GO/G1 phase for 3DTMs was evaluated using flow

cytometry (Table 2). 3DTMs of MCF7 and T47D cells, both estrogen receptor positive

breast cancer cell lines, demonstrated a higher percentage of population in the G0/G1

phase of the cell cycle on AM3 and AM5 Amikagels, respectively, compared to 2D

cultures, thereby indicating an increasing dormant-like phenotype under these conditions.
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Figure 2. Cell viability (%) of 2D (left) and 3DTM (right) cultures of (@) T47D and (b) MDA-MB-
231 breast cancer cells following treatment with different doses of mitoxantrone and doxorubicin
for 72h. Statistical analysis was carried out by comparing mean cell viability values with untreated
controls using one-way ANOVA (** denotes p < 0.01, n = 3).

MDA-MB-231 and T47D 3DTMs are more resistant to conventional DNA-damaging
chemotherapeutic drugs than their respective 2D cultures.

Response of 3DTMs to chemotherapeutic drugs was evaluated using MDA-MB-231 and
T47D cell lines, these represented proliferative and more dormant phenotypes on the
Amikagels. MDA-MB-231 and T47D 3DTMs cultured on AM3 and AM5 Amikagels,
respectively, were treated with different doses of mitoxantrone and doxorubicin.
Mitoxantrone, as a single-agent or in combination with other chemotherapeutic drugs, has
been used as a first-line treatment for advanced breast cancer (44-47). Doxorubicin
hydrochloride and liposomal doxorubicin have also been FDA approved for the treatment



of breast cancer (48). 3DTMs greater than 500 um in diameter are better physiological
representations of tumors compared to conventionally used 2D monolayer cultures since
they recapture many cell-cell contact geometries, mass transfer limitations, and
mechanical properties seen in vivo (15, 49). T47D and MDA-MB-231 3DTMs, greater
than 1000 um in diameter and treated with mitoxantrone (0.001 — 10 uM) and doxorubicin
(0.001 — 10 uM) displayed greater drug resistance and higher cell viabilities compared to
their respective 2D cultures (Figure 2). These reuslts are consistent with other reports in
literature. For example, Melissaridou et al (2019) observed greater viability for 3D tumor
spheroids of head and neck squamous cell carcinoma samples treated with cisplatin or
cetuximab compared to 2D cultures (50). Imamura et al (2015) showed that BT-549, BT-
474, and T47D breast cancer 3D multicellular spheroids were more resistant to paclitaxel
and doxorubicin compared to 2D cultures (57). Indeed, we have shown that bladder
cancer 3DTMs, generated on Amikagels, were resistant to conventional, DNA-damaging
chemotherapeutics (26). T47D 3DTMs were chosen for subsequent analysis because of
their greater drug resistance compared to that seen with MDA-MB-231 3DTMs.

DAPI Mitoxantrone Merge

Figure 3. Drug penetration in T47D 3DTMs treated with 10 uM mitoxantrone for 24h
visualized by confocal fluorescence microscopy. Images from left to right indicate cell nuclei
stained with DAPI (left panel; blue color; excitation: 350 nm, emission: 470 nm), mitoxantrone
fluorescence emission signal in spheroids (center panel; red color; excitation: 610 nm;
emission: 685 nm), and co-localization of mitoxantrone with DAPI (right panel). Figures are
representation of sections taken from three different T47D 3DTMs from independent
experiments (Scale bar = 100 um).

To evaluate whether administered drugs were able to penetrate 3DTMs, T47D 3DTMs
were grown on AM5 Amikagels and treated with 10 yM mitoxantrone for 24h (52).



Mitoxantrone fluoresces with an excitation maxima at 610 and 660 nm, these signify the
dimeric and monomeric forms of mitoxantrone, respectively (63), and an emission
maximum at 685 nm (54); this signal was seen in the internal sections of the 3DTM (Figure
3, center panel, red color), and was observed to co-localize with cell nuclei, which were
stained with DAPI (Figure 3, left panel). These results indicate that mitoxantrone
penetrated the cell nuclei that that transport of the drug to the internal regions of 3DTMs

was not limited.

(A)

(B)

DAPI Hypoxia Merge

Figure 4. Hypoxia was observed in 3D T47D 3DTMs grown on AM5 Amikagels (A, center
panel), but was not observed in 2D monolayer T47D cultures (B, center panel). Nuclei were
stained with DAPI (left panel) and the merged image is depicted in the right-most panel.
Images are representative of sections taken from three different T47D 3DTMs from
independent experiments.

Hypoxia in SDTMs

Hypoxia, i.e., the state of reduced oxygen availability within tumors is considered to be a
key driver of therapeutic resistance (49, 55). Cells in the external layer of solid human
tumors have more access to oxygen compared to cells inside the tumor due to
disorganized microcirculation, diffusion, and structural abnormalities within the tumor (49,
55). Hypoxia, mainly seen in the internal regions of tumors, can induce cellular
quiescence, cell cycle arrest, differentiation, apoptosis, and necrosis in neoplastic tissue
(55, 56). Multiple factors, such as inhibition of cell proliferation, hypoxia-induced reduced
cytotoxic efficacy, and acidic tissue pH contribute to therapeutic resistance in hypoxic
tumor tissue (57-67). In order to determine whether breast cancer 3DTMs grown on
Amikagels exhibited hypoxia, T47D 3DTMs grown on AMS Amikagels were evaluated for
hypoxia 24h following plating using pimonidazole (40, 62). Our results showed that T47D
3DTMs grown on AMS Amikagels exhibited hypoxia whereas 2D monolayer cultures of



T47D cells did not (Figure 4). It is likely that the hypoxia seen in T47D 3DTMs may, in
part, be responsible for the cell cycle arrest and therapeutic resistance seen in these.
Indeed, hypoxia has been shown to impart drug resistance and promote metastasis in
breast cancer via the induction of hypoxia inducible factors (HIFs) that regulate several
genes and proteins involved in tumor hypoxia and drug resistance (63-65).

Inhibition of MUC1 as a potential therapeutic target for hypoxic breast cancer tumors

Mucin 1 (MUC1), a type | transmembrane protein, is expressed on the apical surface of
mammary epithelial cells (66, 67). MUC1 acts as a transcriptional co-activator; its
transmembrane subunit has a 72 residue-long cytoplasmic tail which contributes to its
oncogenetic potential due to aberrant signaling interactions (67). MUC1 is aberrantly
upregulated in tumors of epithelial origin, inhibits stress-induced apoptosis, and has been
linked to tumor aggressiveness (66-70). Importantly, MUC1 has been shown to be
overexpressed in hypoxic cells, leading to regulation of hypoxia-driven vascular
endothelial growth factor-A and platelet-derived growth factor-B (77). Hypoxia is known
to enhance MUC1 mRNA and protein expression via the transcriptional regulation of
hypoxia-inducible transcription factor 1 or HIF-1a (72); Aubert et al (2009) showed that
HIF-1a directly binds to the MUC1 promoter and enhances MUC1 expression under
hypoxic conditions (73). HIF-1a modulates multiple cellular processes in tumor cells,
including upregulation of drug efflux pumps that promote chemoresistance (67). MUCA1,
which is abundantly expressed in T47D cells, also enhances stability of HIF-1a (67, 74).
MUC1 gene expression is upregulated by steroid hormones (66); the estrogen receptor
alpha present in T47D cell lysate has been shown to regulate MUC1 expression by
binding to MUC1 promoter estrogen receptor cis-elements (66). In order to further assess
the consequences of hypoxia, we investigated the effect of GO-203, a MUC1 inhibitor, on
2D monolayer cultures and 3DTMs of T47D cells (Figure 5). Treatment with 100 uM and
200 pM GO-203 resulted in approximately 37% and 97% cell death in 3DTMs,
respectively; cell death in 2D monolayer cultures at these GO-203 concentrations was
greater than 95%. These results indicate that small-molecule inhibition of MUC1 can

induce death of 3DTMs that demonstrate hypoxic behavior.
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Figure 5. Cell viability (% of untreated or UT control) of (a) 2D monolayer T47D cultures and
(b) T47D 3DTMs following treatment with different dosages of GO-203, a MUC1 inhibitor, for
72h. Statistical analysis was determined by using one-way ANOVA (** denotes p < 0.01, n
=3); all comparisons were made relative to the untreated control.

Endoplasmic reticulum (ER) stress activation for ablation of 3D breast cancer spheroids
MUC1 expression is under the control of proteins involved in endoplasmic reticulum (ER)
homeostasis (75); MUC1 is translated as a single polypeptide that undergoes auto-
proteolysis into two subunits in the endoplasmic reticulum (76-79). The MUC1 N-terminal
subunit (MUC1-N) forms a stable complex with the C-terminal transmembrane subunit
(MUC1-C) and is positioned extracellularly (76, 77). MUC1-N is released from the cell
surface and MUC1-C is imported to the nucleus where it interacts with transcription
factors involved in growth and survival as well as the mitochondrial outer membrane
where it blocks apoptosis in response to stress (76, 77). Downregulation of MUC1 has
been shown to enhance the unfolded protein response (UPR) signaling and cell death
following ER stress. Tumor cells exhibit ER stress, thereby activating the unfolded protein
response (UPR) which is characterized by attenuation of translation, upregulation of ER
protein chaperones and foldases, ER-associated degradation to remove the irreparable
misfolded proteins (75, 80, 87). The glucose-regulated protein 78 (GRP78) /
immunoglobulin heavy chain-binding protein (BiP) is one the highest expressed ER
resident chaperones and is a master regulator of the UPR (80). During ER homeostasis,
GRP78 associates with three known UPR sensors: PKR-lke ER protein
kinase/pancreatic elF2a (eukaryotic translation initiation factor 2, a subunit) kinase
(PERK/PEK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1



(IRE1) (80, 82). Under conditions of ER stress, GRP78 dissociates from PERK, ATFG,
and IRE1 to promote their signaling (80). Chronic or prolonged ER stress leads to cell
death (80, 83). Studies have suggested that anterior gradient-2 (AGR2), an ER-localized
chaperone involved in ER homeostasis, co-localizes with MUC1 and is essential for
MUC1 expression (84). ARG2 is induced during ER stress via the activation of the ATF6
and IRE1 arms during UPR (85, 86). MUC1 knockdown cells showed enhanced UPR
signaling and cell death following treatment with thapsigargin or glucose deprivation, both
of which are ER stress inducers, compared to scrambled control cells treated with
thapsigargin or glucose deprivation alone (75). Yin et al (2014) also showed that
treatment of multiple myeloma cells with GO-203 and the proteome inhibitor bortezomib,
an endoplasmic reticulum stress inducer, synergistically enhances reactive oxygen
species and cell death (77). Previous work in our laboratory has shown that the
combination of thapsigargin, an ER-specific calcium channel blocker, and bortezomib, a
proteasome inhibitor, resulted in near complete ablation of bladder cancer 3DTMs, that
were otherwise resistant to conventional chemotherapeutics including mitoxantrone (26).
The combination treatment was seen to likely induce chronic ER stress leading to

synergistic cell death compared to either treatment alone (26).

In this study, we evaluated the effect of HA15, a GRP78 inhibitor, as a single agent
treatment and in combination with MUC-1 inhibition using 2D monolayer and 3DTMs of
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Figure 6. Cell viability (%) of (a) T47D 2D monolayer cultures, and (b) T47D 3DTMs following
treatment with different doses of HA15, GO-203, and their combinations for 72h. Statistical
significance was determined by using one-way ANOVA and all treatments were compared with
respect to untreated (UT) controls (** denotes p < 0.01, n =3).



T47D cells. HA15 is an ER stress inducer that specifically interacts with the GRP78
chaperone leading to cell death following induction of autophagy and apoptosis (87-89).
In T47D 2D monolayer cultures, the combination of 100 uM HA15 and 20 uM GO-203, a
MUCH1 inhibitor, resulted in ~68% cell death, which was slightly elevated compared to
individual treatments with 100 uM HA15 (cell death ~36%) and 20 uM GO-203 (no cell
death, Figure 6a). In T47D 3DTMs, HA15 by itself did not cause any significant cell death
(Figure 6b). However, treatment with the HA15 (100 pM) and GO203 (20 or 100 uM)
combination led to a slight increase in cell death compared to GO203 alone in T47D
3DTMs (Figure 6b). For instance, treatment with 100 pM HA15 and 100 uM GO-203
resulted in approximately 8% and 37% cell death, respectively, whereas the combination
led to 60% cell death (Figure 6b) in T47D 3DTMs. In 2D monolayer cultures, treatment
with 100 uM and 200 uM HA15 resulted in approximately 36% and 48% cell death,
respectively (Figure 6a). These results indicate that an ER stress inducer such as HA15
has the potential to ablate drug-resistant breast cancer and the combination of GO-203
and HA15 may represent a novel treatment for breast cancer, although detailed pre-
clinical studies will have to be carried out to evaluate this further.

CONCLUSIONS

Relevant in vitro models that physiologically capture the tumor microenvironment are
urgently needed to investigate treatment options for better clinical outcomes. Several 3D
culture systems are cumbersome in operation and result in multiple spheroids of
heterogeneous sizes (90-92). The aminoglycoside-derived Amikagel platform is a novel
and powerful technology to generate 3D tissue microenvironments of different cell types
(28, 93). This study successfully utilized the Amikagel platform to generate 3DTMs of
different breast cancer cell lines. Formation of one viable 3DTM per well is a key
advantage of using the Amikagel system because it can formation of uniform, reliable
3DTMs and enable economical, high-throughput drug screening for cancer and other
diseases. The composition of Amikagels can be modulated to identify conditions that lead
to the formation of breast cancer 3DTMs. Our results indicate that estrogen receptor

positive cell lines displayed a modestly dormant phenotype on Amikagels compared to



their corresponding 2D monolayer cultures. 3DTMs generated on Amikagels were
resistant to commonly used chemotherapeutic drugs, mitoxantrone and doxorubicin, and
exhibited hypoxia. Knockdown of MUC1, a transmembrane protein expressed on the
apical surface of mammary epithelial cells, enhanced cell death in 2D monolayer cultures
and 3DTMs of breast cancer. We have also shown that the combination of GO-203, a
MUCH1 inhibitor, and HA15, a GRP78 inhibitor, potentially present a novel treatment for
breast cancer. Taken together, the different characteristics of 3DTMs generated on the
Amikagel platform should enable better predictions and outcomes for drug screens
compared to 2D monolayer systems leading to acceleration of drug discovery. The
Amikagel platform also has significant opportunities for improvement by incorporating
different cell types and tumor vasculature, which will enable better simulation of
physiological conditions in these in vitro models.
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