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a b s t r a c t 

Glycosaminoglycans (GAG) are key elements involved in various physiological and pathological processes 

including cancer. Several GAG-based drugs have been developed showing significant results and poten- 

tial use as cancer therapeutics. We previously reported that alginate sulfate (AlgSulf), a GAG-mimetic, 

reduces the proliferation of lung adenocarcinoma cells. In this study, we evaluated the preferential effect 

of AlgSulf on tumorigenic and nontumorigenic mammary epithelial cells in 2D, 3D, and coculture condi- 

tions. AlgSulf were synthesized with different degrees of sulfation (DSs) varying from 0 to 2.7 and used at 

100 μg/mL on HMT-3522 S1 (S1) nontumorigenic mammary epithelial cells and their tumorigenic coun- 

terparts HMT-3522 T4–2 (T4–2) cells. The anti-tumor properties of AlgSulf were assessed using trypan 

blue and bromodeoxyuridine proliferation (BrdU) assays, immunofluorescence staining and transwell in- 

vasion assay. Binding of insulin and epidermal growth factor (EGF) to sulfated substrates was measured 

using QCM-D and ELISA. In 2D, the cell growth rate of cells treated with AlgSulf was consistently lower 

compared to untreated controls ( p < 0.001) and surpassed the effect of the native GAG heparin (positive 

control). In 3D, AlgSulf preferentially hindered the growth rate and the invasion potential of tumori- 

genic T4–2 nodules while maintaining the formation of differentiated polarized nontumorigenic S1 acini. 

The preferential growth inhibition of tumorigenic cells by AlgSulf was confirmed in a coculture system 

( p < 0.001). In the ELISA assay, a trend of EGF binding was detected for sulfated polysaccharides while 

QCM-D analysis showed negligible binding of insulin and EGF to sulfated substrates. The preferential ef- 

fect mediated by the mimetic sulfated GAGs on cancer cells may in part be growth factor dependent. 

Our findings suggest a potential anticancer therapeutic role of AlgSulf for the development of anticancer 

drugs. 

Statement of significance 

Sulfated glycosaminoglycans (GAGs) of the extracellular matrix such as heparin interact with 

growth factors and growth factor receptors leading to profound effects on cellular processes 
including tumor growth and tumor inhibition. GAGs sulfation patterns have been shown to 
modulate their function through unclear mechanisms of action. Understanding the struc- 
ture/activity relation in sulfated GAGs has led to the development of novel drugs for cancer 
treatment. Alginate sulfates (AlgSulf) are polysaccharides with defined homogenous sulfation 

codes mimicking native sulfated GAGs. Herein, we report a robust preferential inhibitory ef- 
fect of the heparin-mimetic AlgSulf against breast cancer cells using a unique model of cell 
culture. Surprisingly, AlgSulf selectively targets cancer cells, rendering normal cells unaffected. 
Our findings suggest that AlgSulf represent a promising new class of anticancer biomimetic 
GAGs. 
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. Introduction 

Breast cancer is the second most common cancer overall, and 

he fifth in causing death globally. It is the most prevalent type of 

alignancy in women worldwide in terms of incidence and mor- 

ality [1 , 2] . The breast tissue has a unique ability to evolve struc-

urally during embryonic development, puberty, and pregnancy. 

hese various stages of breast development and differentiation are 

egulated by the extracellular matrix (ECM), which is the guiding 

orce that goes beyond providing architectural cell support. The 

CM regulates multiple cellular behaviors such as proliferation, dif- 

erentiation, and migration. In addition, it mediates cell-cell and 

ell-ECM communication, which when perturbed can lead to breast 

ancer (reviewed by [3] ). 

Glycosaminoglycans (GAGs) are key structural and functional el- 

ments of the ECM and are involved in a multitude of physiological 

nd biological processes. They are large unbranched polysaccha- 

ide chains built by repeated disaccharide units with a variety of 

ulfation arrangements called "sulfation codes" [4] . Sulfated GAGs 

re synthesized in the Golgi apparatus and their sulfation patterns 

re regulated by sulfotransferases and endosulfatases [5] . The var- 

ous sulfation patterns have been documented at multiple sites 

f the chains promoting high structural diversity and complexity. 

he latter enables GAGs to bind and regulate a formidable num- 

er of ligands, proteins, and growth factors (GF) involved in nor- 

al and cancer cell behaviors such as proliferation, differentiation, 

igration, and adhesion. Hence, GAGs are endowed with diverse 

iomedical functions that make these molecules very attractive for 

herapeutics. 

The concept that GAGs can impact cancer progression has been 

nvestigated thoroughly during the past decades. So far, heparin 

HN), a highly sulfated GAG, and HN species are the most ther- 

peutically explored polysaccharides against cancer and their use 

as reached clinical settings. The frequent use of the anticoagulant 

N, low molecular weight heparins (LMWH), and unfractionated 

eparin (UFH) in the treatment of cancer-associated thromboem- 

olism has pointed out their antimetastatic activity reviewed in 

randoni et al. [6] . These HN species inhibit metastasis by blocking 

he interaction of platelets with tumor cells. The 6-O-sulfated glu- 

osamine residue in HN molecules inhibits the binding of P- and 

 -selectin on platelets to their natural ligands on the surface of tu- 

or cells. In the presence of HN species, cancer cells lose the pro- 

ection conferred by platelets and become more susceptible to im- 

une effector cells [7] . In addition, HN species inhibit the activity 

f the ECM enzyme heparanase and regulate the activity of mito- 

enic GF such as fibroblast growth factors (FGF) and vascular en- 

othelial growth factors (VEGF), which in turn attenuate metastatic 

rocesses (reviewed in [8] ). In addition, accumulating clinical ev- 

dence has shown that the administration of LMWH or UFH re- 

uces mortality rates in cancer patients, possibly by angiogene- 

is reduction, metastasis inhibition, and the indirect pleiotropic ac- 

ions on the coagulation system [9] . One drawback of using HN as 

 metastatic inhibitor is its anticoagulant property; the long-term 

se of these molecules could substantially lead to hemolysis and 

leeding. Another downside is their structural diversity that can 

esult in significant differences in the therapeutic dosage window, 

arying from one patient to another [10] . Other than HN and its 

nalogues, modified heparan sulfate (HS) and chondroitin sulfate 

CS), two sulfated natural GAGs in the ECM, have been shown to 

old strong anticancer potential. For example, treatment with the 

S mimetic KI-111 molecule [2-(4-fluoro-3-nitrobenzoyl)benzoic 

cetic anhydride] has been shown to inhibit sarcoma and cervi- 

al cancer cell adhesion, migration and growth in vitro [11] . On the 

ther hand, treatment with carbodiimide-modified GAGs, neoHN, 

nd neoCS, has been shown to reduce breast cancer and myeloma 

ell viability in vitro at low doses via apoptosis. Additionally, in vivo 
187 
eoCS injections abolished breast cancer tumor growth in nude 

ice without causing damage to the adjacent normal tissue [12] . 

nother potent GAG is decorin which seems to be effective against 

etastatic breast cancer cells both in vivo and in vitro [13] . Al- 

hough these molecules inhibit cancer proliferation, attachment, 

nd distant metastatic seeding, their structural heterogeneity and 

ize variability constitute a technical challenge in regard to insur- 

ng mass production with a consistent chemical composition. 

The side effects associated with the anticancer activity of natu- 

al sulfated GAGs and the persistent technical challenges has hin- 

ered their therapeutic application and consequently encouraged 

he synthesis of synthetic heparins with precisely controlled struc- 

ure [14] and sulfated biomimetics [15-17] . Alginates are biocom- 

atible non-sulfated mimetic GAGs and are FDA-approved for use 

s a wound dressing material in humans [18 , 19] . Alginate sulfate 

AlgSulf) has been shown to recognize and bind with high affinity 

o HN-binding GF, particularly basic fibroblast growth factor (FGF- 

) [20 , 21] , Insulin-like growth factor (IGF) [22] and nerve growth 

actor (NGF) [23] . In addition, studies have shown that AlgSulf in- 

uces stem cell chondrogenesis [21] and supports neurite growth 

n neuronal PC-12 cells and primary neurons [20 , 23] . Moreover, our 

roup has recently shown that AlgSulf holds promising anticancer 

ctivity against lung adenocarcinoma (LUAD) [24] . This suggests 

hat AlgSulf may have anticancer properties similar to HN against 

ifferent types of solid tumors. 

In the light of the promising potential of the HN-mimetic Al- 

Sulf against cancer, we sought to evaluate its antitumorigenic 

otential against breast cancer using a unique three dimensional 

3D) culture model of nontumorigenic and tumorigenic breast 

ells; nontumorigenic HMT-3522 S1 (S1) human mammary epithe- 

ial cells [25] and their tumorigenic counterparts HMT-3522 T4–

 (T4–2) cells [26] . The nontumorigenic mammary epithelial S1 

ells form well-differentiated, growth-arrested, basoapically polar- 

zed structures, or acini, when cultured under 3D conditions. The 

entral lumen within the S1 acini further indicates a close re- 

emblance of the normal tissue architecture in the human breast. 

n the contrary, the tumorigenic counterparts T4–2 epithelial 

ells, derived from the HTM-3522 cancer progression series, form 

arge and disorganized colonies or nodules, reminiscent of invasive 

reast cancer when cultured under 3D conditions. [27 , 28] . We in- 

estigated AlgSulf antiproliferative effects on cell growth rate in 

wo dimension (2D) using bromodeoxyuridine (BrdU) and trypan 

lue exclusion assays. Then, we assessed AlgSulf effects on 3D cul- 

ured cells using immunofluorescence staining for diameter mea- 

urements, lumen assembly and localization of apicolateral polar- 

ty markers. We confirmed AlgSulf preferential inhibitory effects 

gainst cancer cells using a coculture model. We then examined 

ts binding potential to GFs present in media supplements us- 

ng quartz crystal microbalance with dissipation monitoring (QCM- 

) analysis and enzyme-linked immunosorbent assay (ELISA). Our 

tudy provides support for the potential use of AlgSulf as a plat- 

orm for breast cancer therapeutics. 

. Materials and methods 

.1. Preparation and characterization of sulfated alginates 

AlgSulf were synthesized and characterized as described pre- 

iously using SO 3 as a sulfation agent [21 , 29 , 30] . Briefly, alginate

Carl Roth GmbH + Co. KG, Molecular Weight (MW) ~ 160 kDa) 

ere dissolved in water at 0.5% concentration and the DOWEX 

arathon C ion exchanger was charged with an equal mass of 

etrabutylammonium bromide. The charged resin was mixed with 

lginate solution at a ratio of 1:10 (w/v), stirred overnight, filtered, 

nd then lyophilized. The produced alginate tetrabutylammonium 

alt was suspended in water-free DMF at 1% (w/v) containing a 
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ve-, seven- and nine-fold excess SO 3 /pyridine per disaccharide 

nit to create AlgSulf n where n is the degree of sulfation (DS of 

.8, 2.0 and 2.7, respectively, and 0.0 for the native non-sulfated 

olysaccharides). The sulfur content was measured using an au- 

omatic elemental analyzer (CHNS-932, Leco, Germany) to mea- 

ure the DS of the produced alginate sulfates. The DS denotes the 

verage number of sulfate group per disaccharide repeating unit, 

t ranges between 0 (native alginate) and 4.0 (complete substitu- 

ion of hydroxyl groups with sulfates). The IR spectra obtained in 

 2 O at 343 K using a Burker Advance 300 MHz spectrometer were 

onsistent with literature of materials prepared by different proce- 

ures [22 , 31 , 32] . The MW of AlgSulf 2.0 and AlgSulf 2.7 are typically

n the range of 220 kDa – 230 kDa while the MW of AlgSulf 0.8 is

100 kDa. Heparin from porcine intestinal mucosa was used as a 

ositive control, the material has most of its chains in the range 

f 17–19 kDa (as per the supplier) and a DS of 2.2 [33] . End-on

iotinylation of alginates and heparin was performed via reduc- 

ive amination. The end of the polysaccharide was reduced with 

iotin-LC-hydrazide followed by a reduction with NaCNBH 3 . The 

ynthesized molecule is denoted as b-AlgSulf n where b stands for 

iotinylation. For cell culture purposes, alginates were prepared 

t 1 mg/mL in serum-free DMEM/F12 (Lonza, Basel, Switzerland, 

E12–719F) or serum-free RPMI (Lonza, Basel, Switzerland, BE12–

15F) and filtered using syringe filters of 0.2 μm pore size (Corn- 

ng, 431,229) and stored at 4 ºC for further use. Unless otherwise 

ndicated, all reagents were obtained from Sigma Aldrich, St. Louis, 

O, USA. 

.2. Cell culture 

Nontumorigenic S1 HMT-3522 human mammary epithelial cells 

25] , between passages 52 and 60, were maintained as a mono- 

ayer (2D culture) in a chemically defined serum-free H14 medium 

t 37 °C and 5% CO 2 in a humidified incubator. The tumorigenic 

ounterparts of S1 cells, HMT-3522 T4–2 cells, were maintained 

nder similar conditions but on tissue culture plastic coated with 

ype-I collagen (BD Biosciences, Bedford, MA , USA , 354,236) in the 

bsence of EGF [27 , 34] . S1 and T4–2 cells were propagated as pre-

iously described [28] . MDA-MB 231 epithelial breast cancer cells 

ere cultured in RPMI supplemented with 10% fetal bovine serum 

FBS) (Sigma, F-9665) and 1% penicillin/streptomycin (P/S) (Lonza, 

asel, Switzerland, DE16–602E) at 37 °C and 5% CO 2 in a humidi- 

ed incubator. For 2D cultures, S1 and T4–2 cells were plated on 

lastic substrates at a density of 2.3 x 10 4 cells/cm 

2 and 1.153 x 

0 4 cells/cm 

2 , respectively. For 3D cultures, the drip method of cell 

ulture was used to induce the formation of acini as previously de- 

cribed [35] . For S1 acini treatments, 100 μg/mL of AlgSulf n or HN 

as added pre-lumen formation on day 5 or post-lumen forma- 

ion on day 9 till day 13 while T4–2 nodules were treated on day 

 till day 7. Cell culture media with treatment was replenished ev- 

ry 48 hrs throughout the culture period. 

.3. Trypan blue exclusion assay 

S1 and T4–2 cells were plated in 6-well tissue culture plates 

n monolayers and treated at 40% confluence with 100 μg/mL of 

lgSulf n or HN. MDA-MB 231 cells were plated in 12-well tis- 

ue culture plates in monolayers in serum-supplemented RPMI for 

4 hrs. To prevent GAG saturation with random serum compo- 

ents at the sulfation sites, the serum-supplemented media was 

eplaced with fresh media containing 1% FBS (serum-starved) af- 

er which the cells were treated at 40% confluence with 100 μg/mL 

f AlgSulf n or HN. At the corresponding time points, 24, 48 and 

2 hrs post-treatment, cells were trypsinized and collected. Cells 

ere then diluted in trypan blue (Sigma) at 1:1 ratio (vol/vol) and 
188 
ounted using a hemocytometer. Every experiment was ran in trip- 

icate wells and counts for each well were repeated at least three 

imes. Cell count was expressed as percentage growth with respect 

o control, untreated wells. 

.4. BrdU cell proliferation assay 

S1, T4–2 and MDA-MB-231 cells were plated in 12-well tis- 

ue culture plates in monolayers and treated at 40% confluence 

ith 100 μg/mL of AlgSulf n or HN for 72 hrs. To assess cell pro-

iferation, cells were incubated with 25 μM bromodeoxyuridine 

BrdU) (SIGMA) post-treatment for 18 hrs. After blocking and fixa- 

ion, cells were treated with 2 N HCl, neutralized by borate buffer 

0.1 M) and incubated with anti-BrdU primary antibody (Santa 

ruz Biotechnology, Santa Cruz, CA) followed by CyTM3-conjugated 

econdary antibody (Jackson Immuno Research Laboratories, West 

rove, PA). Stained cells were mounted with 4 ́6’-diamidino-2- 

henylindole (DAPI, vector Laboratories, CA), placed under cov- 

rslips and visualized by immunofluorescence microscope (Zeiss). 

ositive cells were manually counted from at least 5 representative 

elds at 20x magnification and normalized to the total number of 

API-positive cells. 

.5. Immunofluorescence staining 

S1 and T4–2 plated in 4-well chamber slides (3D) were stained 

y immunofluorescence on days 13 and day 7, respectively, as 

escribed earlier [35] . Primary antibodies used were rabbit poly- 

lonal against β-catenin (sc-7199, 1:100, Santa Cruz) and goat 

olyclonal against scrib (sc-11,049,1:100, Santa Cruz). Secondary 

ntibodies conjugated with Alexa Fluor 488 (green) or Alexa Fluor 

94 (red) (Invitrogen Molecular Probes, Eugene, OR) were used 

t the manufacturer’s proposed dilutions (1:10 0 0). The cells were 

xamined and imaged with a laser scanning confocal microscope 

Zeiss, LSM710). 

.6. Diameter measurements, lumen assembly and apicolateral 

olarity markers scoring 

The fixed slides were examined with an upright fluorescent mi- 

roscope (Leica, DF70 0 0 T) using a 40x oil immersion objective 

o measure the diameter of acini/nodules cultured in 3D, assess 

umen assembly, and score for the apicolateral distribution of β- 

atenin and scrib. A minimum of 120 S1 acini or T4–2 nodules 

ere analyzed per group in each replicate. The size measurements 

nd scoring were depicted from three independent replicates. The 

ize of S1 acini and T4–2 nodules was measured manually by 

ecording the diameter of each acinus or nodule using LAS X soft- 

are. S1 acinar were grouped in two categories according to di- 

meter size ( < 30 μm and > 30 μm) while T4–2 nodules were 

rouped into three groups according to diameter size (30–50 μm, 

0–100 μm and > 100 μm). Lumen assembly was scored visually. 

n each condition, the stained slide was divided into 12 regions 

nd the acini visualized by the ocular lens were assessed for hav- 

ng proper lumen assembly. Proper lumen assembly is depicted by 

 single layer of cells around a central lumen. This is done by fo- 

using the 40x oil immersion objective in the z-axis up and down 

everal times for each individual visualized acinus. Apicolateral dis- 

ribution of β-catenin and scrib was scored visually in S1 acini 

aving proper lumen assembly. 

.7. Transwell cell invasion assay 

T4–2 cells were plated on cell culture inserts (Millipore, 8 μm 

ore size, PI8P01250) coated with 1:5 diluted Matrigel TM (10 

L/cm2; BD Biosciences, 354,234) at a density of 75 x 103 cells per 
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nsert in DMEM:F-12 supplemented with 1% FBS. DMEM:F-12 sup- 

lemented with 10% FBS was added below the insert. Cells were 

ncubated for 48 hrs then treated with 100 μg/mL of AlgSulf n or 

N. The experiment was stopped 72 hrs post-treatment and in- 

erts were processed as previously described [35] . 

.8. Coculture of S1 with T4–2 tumor nodules 

T4–2 cells transfected with pEGFP-N1 vector (GenBank Acces- 

ion #U55762) to express GFP and fluoresce in green were used to 

e distinguished from S1 cells. S1 cells were plated in 6-well tis- 

ue culture plates and on day 6, EGF was withdrawn. GFP labeled 

4–2 cells were cultured in 3D and incubated for 4 days. On the 

ay of coculture (day 8 of S1 culture and day 4 of T4–2 cultured 

n 3D), T4–2 nodules were recovered from Matrigel TM using Dis- 

ase (BD Biosciences, 354,235) andwashed twice with DMEM/F12. 

hen, 50 μL of the recovered nodules were trypsinized with 50 

L of Trypsin 1X EDTA (Invitrogen Gibco, 25,200,056) for count- 

ng. The volume of T4–2 nodule suspension was adjusted to 1.6 x 

0 4 cells/mL (around 2.4 x 10 4 cells per well) in H14 media with- 

ut EGF. T4–2 nodules were then cocultured with S1 cells in 2D 

nd incubated for 3 days before treatment. On day 3 of coculture, 

ells were treated with 100 μg/mL of AlgSulf n or HN, and treat- 

ents were replenished every other day till day 9. On the day of 

ounting, the cocultured cells were trypsinized and counted using 

 hemocytometer. The number of fluorescent T4–2 cells were de- 

ucted from the total count of cells, the remaining cells were de- 

oted as S1. 

.9. Build-up of AlgSulf n films and effect of sulfation on insulin and 

GF binding using QCM-D 

The build-up of AlgSulf n or HN films and subsequent insulin 

nd EGF binding was assessed using QCM-D (Q-Sense E4, Gothen- 

urg, Sweden). Biotinylation of gold-coated QCM-D crystals was 

erformed as described previously [20 , 36] . Briefly, gold-coated 

CM-D crystals were cleaned, dried with N 2 flow and irradiated 

ith UV. The crystals were incubated overnight at room tempera- 

ure in a 0.5 mM ethanolic solution of PEG thiol (99 mol%) and bi-

tin PEG thiol (1 mol%) to form a self-assembled monolayer (SAM). 

he samples were mounted in the QCM-D flow cell and after sig- 

al stabilization, 25 μg/mL streptavidin (SA) was injected with a 

eristaltic pump for 10 min at a flow rate of 50 μL/min. Once the 

A was well-deposited (portrayed in stable frequency and dissipa- 

ion values), the films were washed with 1X PBS for 5 min fol- 

owed by 5 min of no injection. After rinsing, b-AlgSulf n in 1X PBS 

100 μg/mL) was injected using the same parameters as for SA. Fi- 

ally, insulin (1 mg/mL) (Sigma, I9278–5ML) or EGF (30 μg/mL) 

BD Biosciences, 354,001) was injected over the layered polysac- 

haride substrate at a flow rate of 50 μL/min and 25 μL/min, re- 

pectively, followed by no injection for 50 min. Overtones 1, 3, 5, 

nd 7 were monitored, and the 3rd overtone was used for the as- 

essment of the film’s build-up. 

.10. Enzyme-linked immunosorbent assay (ELISA) 

Murine EGF ABTS ELISA Development Kit (PeproTech, 900-K179) 

as used to prepare 96-well ELISA plates by incubating 100 μL 

f capture antibodies/well overnight according to the manufac- 

urer’s protocol. Wells were rinsed then incubated for 2 hrs with 

ither (i) 100 μL EGF standard of varying concentrations (0, 15.6, 

1.3, 62.5, 125, 250, 50 0, and 10 0 0 pg/mL, to obtain the standard

urve), (ii) 100 μL of EGF (DB Biosciences, 354,001) at a concen- 

ration of 300 + /- pg/mL, (iii) 100 μL polysaccharides (AlgSulf n or 

N) at varying concentrations (0.2, 0.02, or 0.002 μg/mL) , or (iv) 
189 
y adding first 100 μL EGF (DB Biosciences, 354,001) at concen- 

ration of 300 + /- pg/ml and incubating for 2 hrs then adding 

00 μL of AlgSulf n or HN at varying concentrations (0.2, 0.02, or 

.002 μg/ml) and incubating for another 2 hrs at room tempera- 

ure. At the end of the incubation period, wells were rinsed and 

ncubated with 100 μL detection antibody for 2 hrs at room tem- 

erature, rinsed, then incubated with 100 μL Avidin-HRP conju- 

ate (1:20 0 0) for 30 min at room temperature followed by 100 μL 

BTS TM Peroxidase liquid substrate (ab14204) until color develop- 

ent (around 20 min). The optical density at 450 nm was recorded 

or the studied samples every 5 min for 15 min and corrected by 

ubtracting readings at 540 nm (the presented results are from the 

0 min recording). The reported results represent the concentra- 

ion of EGF bound to the added molecules which were calculated 

y subtracting the absorbance measured in each sample from the 

bsorbance measured in the control EGF (DB Biosciences, 354,001) 

ample (without polysaccharides). A standard curve was used to 

alculate the final concentration of EGF in each well. 

.11. Statistical analysis 

Quantitative data were presented as means ± standard error of 

he mean (SEM) from three independent experiments. Statistical 

omparisons were done using SPSS version 23 software. Statisti- 

al evaluation was carried out by analysis of variance (ANOVA) fol- 

owed by post-hoc Tukey’s multiple comparison test. Significance 

evels were assigned by ∗ for p < 0.05, ∗∗ for p < 0.01 and 

∗∗∗ for

 < 0.001. For immunofluorescence, when scoring was performed, 

wo investigators analyzed the same slide. Independent cell cul- 

ures usually refer to different passages and batches. 

. Results 

.1. Alginate sulfates preferentially reduce tumorigenic breast cancer 

ell counts and proliferation when cultured in 2D monolayers 

Nontumorigenic human breast epithelial S1 cells, their tumori- 

enic counterpart T4–2 cells and MDA-MB 231 breast cancer cells 

ultured in 2D conditions and treated with AlgSulf n (100 μg/mL) 

howed a decrease in cell count in all cell lines with increased DS 

f the biomimetic GAGs ( Fig. 1 and supplementary figure S1). The 

ffect was more evident in tumorigenic T4–2 cells and cancerous 

DA-MB 231 ( p < 0.001) compared to nontumorigenic S1 cells ( p 

 0.01). The cell count decreased upon treatment, while the num- 

er of dead cells was negligible and did not differ between the 

ifferent treatment groups and controls. Treatment with AlgSulf 0.0 

id not affect the cell growth rate in all cell lines; the cell counts 

ere similar to untreated controls. However, treatment with Al- 

Sulf resulted in reduced cell growth with a maximal reduction 

btained for AlgSulf 2.0 treated cells. The effect of AlgSulf 2.0 treat- 

ent on cell growth rate was more potent on the tumorigenic T4–

 cells and the cancerous MDA-MB 231 cells ( Figs. 1 B and S1A)

ompared to nontumorigenic S1 cells ( Fig. 1 A). The cell count of S1 

ells treated for 72 hrs was reduced by 21%, whereas that of T4–2 

nd MDA-MB 231 was reduced by 50% and 60%, respectively ( p < 

.001). Similarly, treatment with the native GAG HN, positive con- 

rol, did not affect S1 growth rate but reduced that of T4–2 cells 

nd MDA-MB 231 cells significantly by 30% and 50%, respectively 

 p < 0.05). 

Since trypan blue exclusion assay is not sufficiently sensitive 

or in vitro cytotoxicity testing and to confirm whether the reduc- 

ion in viable cell counts induced by AlgSulf treatment was asso- 

iated with reduction in proliferation, we performed BrdU incor- 

oration assay. Consistent with the trypan blue exclusion assay re- 

ults, AlgSulf treatment resulted in decreased BrdU incorporation 

nto DNA in both T4–2 and MDA-MB 231 cells assessed 72 hrs 
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Fig. 1. Alginate Sulfate Preferentially Reduces Tumorigenic Breast Cancer Cell Counts and Proliferation in 2D Culture. S1 and T4–2 cells cultured under 2D conditions 

in 6-well plates and treated at 40% confluence with 100 μg/mL alginates of different DS, untreated cells were used as controls. A, B) S1 and T4–2 cell count was assessed 

using trypan blue exclusion assay at 72 hrs post treatment. The values depicted are the mean ±SEM from three separate experiments. C, D) S1 and T4–2 cell proliferation 

was assessed using BrdU cell proliferation assay at 72 hrs post treatment. The values depicted are the mean ±SEM from two separate experiments. ∗∗∗ denotes a p value < 

0.001, ∗∗ denotes a p value < 0.01 and ∗ denotes a p value < 0.05 compared to controls for each treatment using ANOVA followed by Post-hoc Tukey HSD test. 

p

m

a

t

3

a

l

t

c

a

l

s

t

n

c

h

a

(

t

o

n  

c

s

a

l

t

w

o  

l

A

a

w  

t

d

l

c

p

i

e

(  

t

t

3

m

r

t

c

t

e

A

0

g

h

s

a

T

β
a

n

d

T

d

m  
ost treatment. The percentage of BrdU incorporation upon treat- 

ent was less than half in treated groups compared to untreated 

nd AlgSulf 0.0 treated controls with AlgSulf 2.0 being the most po- 

ent ( p < 0.01) ( Fig. 1 D and supplementary figure S1B). 

.2. AlgSulf treatment of S1 3D cultures post-lumen assembly do not 

lter acinar structure nor β-catenin apical localization, but affect the 

atter when applied pre-lumen assembly 

When cultured on Matrigel, S1 cells organize by day 7 in cul- 

ure into acinar-like spheroids, approximately 30 μm in diameter, 

haracterized by a single layer of cells around a central lumen with 

picolateral polarity [28] . S1 cells treated on day 5 in culture (pre- 

umen formation) with 100 μg/mL AlgSulf were assessed for acinar 

ize, lumen assembly, and localization of polarity markers. Upon 

reatment, the percentage of acini with diameter > 30 μm sig- 

ificantly decreased compared to untreated and AlgSulf 0.0 treated 

ontrol ( Fig. 2 A). Among the different DSs, AlgSulf 2.0 exhibited the 

ighest effect on S1 acini, where the percentage of acini with di- 

meter > 30 μm decreased significantly from 50% (control) to 36% 

treated) ( p < 0.01). A similar but less significant decrease was ob- 

ained with AlgSulf 2.7 ( p < 0.05), while no significant decrease was 

bserved with AlgSulf 0.8 or HN ( p > 0.05). Lumen assembly was 

ot altered in any of the treatment groups ( Fig. 2 B), but the lo-

alization of junctional markers was partially impaired. AlgSulf 2.0 

ignificantly altered the distribution of β-catenin, a connexin 43 

ssociated polarity protein [35 , 37] . β-catenin displayed a diffused 

ocalization compared to apicolateral localization, as seen in un- 

reated and AlgSulf 0.0 treated controls. Only 50% of acini treated 

ith AlgSulf 2.0 expressed apicolateral β-catenin compared to 71% 

f acini in untreated controls ( p < 0.05) ( Figs. 2 C and 2 D). Simi-

arly, Scrib, a polarity marker, displayed a diffused localization in 

lgSulf 2.0 treated cells ( Fig. 2 E). 

To examine whether AlgSulf n affects the growth rate of S1 acini, 

nd the localization of β-catenin post-lumen formation, S1 acini 
190 
ere treated on day 9 in culture with 100 μg/mL of AlgSulf n . Upon

reatment, the percentage of acini with diameter > 30 μm did not 

iffer between treatment groups and controls ( Fig. 3 A). In addition, 

umen assembly was not altered, nor apicolateral localization of β- 

atenin or Scrib was affected in any of the treatment groups. The 

ercentage of acini with proper lumen formation was around 80% 

n all conditions ( Fig. 3 B), the percentage of acini with apicolat- 

ral distribution of β-catenin was around 60–65% in all conditions 

 Figs. 3 C and 3 D), and the percentage of acini with apicolateral dis-

ribution of Scrib was around 70–65% in untreated and AlgSulf 2.0 

reated groups (Figure S2). 

.3. Alginate sulfates reduce growth rate of T4–2 tumorigenic 

ammary epithelial cells in 3D cultures and their invasion across 

econstituted basement membrane 

T4–2 cells develop structures reminiscent of invasive breast 

umor nodules between 50 and 150 μm when cultured on re- 

onstituted basement membrane matrix Matrigel [28 , 38] . When 

reated with AlgSulf, the percentage of T4–2 nodules with diam- 

ter > 100 μm decreased significantly compared to untreated and 

lgSulf 0.0 treated controls, suggesting a reduced growth rate ( p < 

.001) ( Fig. 4 A). AlgSulf 2.0 exerted the most potent effect on the 

rowth of these tumorigenic cells; more than 80% of the nodules 

ad a diameter size below 100 μm where most nodules fell in the 

mall portion of the sizing spectrum as explained in the materials 

nd methods (30 and 50 μm). Moreover, immunofluorescence of 

4–2 nodules showed homogenous membrane distribution of both 

-catenin and Scrib at cell-cell contacts ( Fig. 4 B). AlgSulf 2.0 did not 

ffect the localization of β-catenin nor Scrib. Additionally, AlgSulf n 
ot only affected the growth rate of tumorigenic cells but also re- 

uced their invasion ability. In a transwell invasion assay where 

4–2 cells are cultured in diluted Matrigel (1:5), AlgSulf n treatment 

ecreased the number of invading cells with AlgSulf 2.0 being the 

ost potent ( p < 0.01) ( Fig. 4 C). AlgSulf reduced the number of
2.0 
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Fig. 2. Alginate Sulfate Reduces the Diameter of Acini and Alters Localization of β-catenin and Scrib in Nontumorigenic Mammary Acini when Treated Pre-Lumen 

Assembly. S1 cells were cultured in 3D conditions and treated with 100 μg/mL alginates of different DS on Day 5 (pre-lumen formation), untreated acini were used as 

controls. Bar graphs illustrate A) S1 acinar size distribution, B) percent acini with lumens C) percent of acini with apicolateral β-catenin. Size measurements and scoring 

were done from 12 different fields of each chamber containing 10 acinar each. The values depicted are the mean ±SEM from three separate experiments. Immuno-localization 

of D) β-catenin (green) and F) Scrib (red) are reported. Nuclei were counterstained with Hoechst (blue). Scale bar is 5 μm. ∗∗∗ denotes a p value < 0.001, ∗∗ denotes a p 

value < 0.01 and ∗ denotes a p value < 0.05 compared to controls for each treatment using ANOVA followed by Post-hoc Tukey HSD test. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Alginate Sulfate does not Affect Size, Lumen Assembly nor Localization of β-catenin in Nontumorigenic Mammary Epithelial Cells when Treated Post-Lumen 

Assembly. S1 cells were cultured in 3D conditions and treated with 100 μg/mL alginates of different DS on Day 9 (post-lumen formation), untreated acini were used as 

controls. Bar graphs illustrate A) S1 acinar size distribution, B) percent acini with lumens C) percent of acini with apicolateral β-catenin. Size measurements and scoring were 

done from 12 different fields of each chamber containing 10 acinar each. The values depicted are the mean ±SEM from three separate experiments. Immuno-localization of 

D) β-catenin (green) was reported and nuclei were counterstained with Hoechst (blue). Scale bar is 5 μm. ∗∗∗ denotes a p value < 0.001, ∗∗ denotes a p value < 0.01 and ∗

denotes a p value < 0.05 compared to controls for each treatment using ANOVA followed by Post-hoc Tukey HSD test. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

191 
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Fig. 4. Alginate Sulfate Significantly Reduces the Diameter of T4–2 Nodules and Invasion Capability. T4–2 cells were cultured in 3D conditions and treated with 

100 μg/mL alginates with different DS on Day 3. The panels illustrate A) T4–2 diameter sizes measured from 12 different fields of the chamber containing 10 acinar each 

and B) the immuno-localization of β-catenin (green) and Scrib (red), and nuclei counterstained with Hoechst (blue). Scale bar is 20 μm. A bar graph illustrates C) percentage 

of invading T4–2 cells cultured in diluted Matrigel (1:5) and treated with 100 μg/mL alginates of different DS on Day 2. Invasion was assessed by transwell invasion assay; 

invading T4–2 cells were counted after fixation and Hoechst staining. The values depicted are the mean ±SEM from three separate experiments. ∗∗∗ denotes a p value < 

0.001, ∗∗ denotes a p value < 0.01 and ∗ denotes a p value < 0.05 compared to controls for each treatment using ANOVA and Post-hoc Tukey HSD test. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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nvading cells almost to half while no significant decrease was ob- 

ained with HN nor with AlgSulf 0.0 . 

.4. Alginate sulfates preferentially reduce mammary epithelial tumor 

ell growth rate in a coculture system 

To reproduce the mammary tumor microenvironment in vitro , 

here tumorigenic cells grow in close proximity to nontumori- 

enic cells, a coculture system was used [38] . Coculture systems 

re comprised of two cell types combined to recreate the tumor 

icroenvironment milieu. In our case, T4–2 small nodules were 

ultured on nonpolarized monolayered S1 nontumorigenic cells as 

reviously described [39] . Upon treatment, AlgSulf 2.0 significantly 

educed the cell count of GFP-labelled T4–2 cells without affecting 

hat of S1 cells ( p < 0.001) ( Fig. 5 ). AlgSulf 2.0 reduced the growth

ate of T4–2 nodules up to 38% compared to untreated, AlgSulf 0.0 , 

nd HN treated controls. On the other hand, the growth rate of 

1 cell count was not affected; it was maintained in all conditions 

 Fig. 5 A and 5 B). 

.5. Alginate sulfates revert the malignant phenotype of tumorigenic 

ammary epithelial cells 

Tumorigenic T4–2 cells can be induced to form architecturally 

ormal acinus-like structures in 3D conditions when subjected to 

icroenvironmental signaling modifications or transient mechani- 

al compressive forces [40-43] . As mentioned previously, T4–2 cells 

orm disorganized colonies of cells when cultured in Matrigel. The 

ajority of acini had a diameter size > 100 μm, and the small- 

st ones, although very rare, had a diameter size of around 30 μm 

 Fig. 6 A). Treatment with AlgSulf 2.0 induced the formation of re- 

erted structures most similar to S1 acini in terms of size, lumen 

ssembly, and polarity ( Fig. 6 B). The acini-like structures formed 

y the reverted T4–2 cells had a hollow lumen similar to S1 acini. 

-catenin was redistributed from a disorganized pattern in control 
192 
4–2 nodules to an apicolateral pattern in each spheroid, closely 

esembling β-catenin localization in untreated S1 acini. The size of 

everted T4–2 acini was almost similar to S1 acini ranging between 

0 and 45 μm in diameter. Scoring for reversion (lumen assem- 

ly and β-catenin apicolateral distribution) showed that around 60 

odules per chamber area (~1.7 cm 

2 ), albeit a minor percentage of 

otal cell population, reverted from malignant phenotype to nor- 

al phenotype. The reversion was not recorded in the untreated 

ontrols ( Fig. 6 C). 

.6. Alginate sulfates may regulate cell growth through growth factor 

inding 

GAGs are either components of the ECM, located on cell sur- 

aces, or found in small secretory vesicles in some cell types. They 

ind to soluble mediators such as GF and cytokines, and modu- 

ate cell signaling and proliferation. Through binding, GAGs mod- 

late the mediators’ bioactivity and bioavailability for a long pe- 

iod according to the cell’s need [44 , 45] . Two approaches were 

sed to test the binding affinity of AlgSulf to insulin and EGF, 

wo essential media supplements in the S1/T4–2 culture system. 

he first platform used is the QCM-D analysis, where polysaccha- 

ides (AlgSulf n and HN), resembling GAGs anchored to cell surfaces, 

ere assessed for their ability to bind insulin and EGF. The second 

latform is ELISA, in which the GAGs are used in solution, simu- 

ating polysaccharides present in the vicinity of the cells, as the 

ase in our culture model. QCM-D results showed that neither in- 

ulin nor EGF binds to the immobilized sulfated polysaccharides 

 Figs. 7 A and 7 B). As shown in the figures, the adsorption of SA

streptavidin) then AlgSulf n lead to a shift in frequency and dissi- 

ation in all substrates. As the DS increased, the frequency shifts 

ncreased simultaneously as follows: b-AlgSulf 0.0 < b -AlgSulf 0.8 < 

 -AlgSulf 2.0 . Upon adding insulin or EGF, the frequency and dis- 

ipation curves remained unaffected, indicating that both GFs do 

ot adsorb to the sulfated polysaccharides layer. Several concentra- 
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Fig. 5. Alginate Sulfate Preferentially Reduces Tumorigenic Mammary Epithelial Cell Count in a Coculture System. Sub-confluent S1 cells were cocultured with GFP- 

labeled T4–2 nodules and treated with 100 μg/mL of AlgSulf 0.0 , AlgSulf 2.0 or HN, untreated cocultured cells were used as controls. The bar graph shows A) S1 and T4–2 cell 

counts as assessed under bright field and fluorescence. B) Representative images from coculture shows S1 cells (phase-contract) and T4–2 cells (in green fluorescence) at 

10X magnification. Scale bar is 500 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Alginate Sulfate Restores Cell Polarization and Lumen Assembly Capacity in Tumorigenic Mammary Epithelial Cells. T4–2 cells were cultured in 3D conditions 

and treated with 100 μg/mL AlgSulf 2.0 on Day 3. T4–2 nodules were stained with β-catenin (green) and nuclei were counterstained with Hoechst (blue). Immuno-localization 

of β-catenin illustrates A) untreated T4–2 nodules (scale bar is 20 μm) and B) treated T4–2 nodules showing reversion to a nontumorigenic phenotype (scale bar is 20 μm). 

C) T4–2 reverted phenotype was scored by proper lumen assembly and apicolateral distribution of β-catenin from 12 different fields of the chamber containing 10 acinar 

each. The values depicted are the mean ±SEM from three separate experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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ions of insulin, EGF, and sulfated polysaccharides were used in the 

uild-up layering, and all showed no frequency shift upon adding 

he media supplements, unlike FGF-2 and NGF that show a signif- 

cant increase in binding upon increased sulfation [20 , 21 , 23] . On

he contrary, ELISA results showed a pattern of EGF binding upon 

reatment with varying concentrations of AlgSulf 0.0 , AlgSulf 2.0, and 

N in solution. As shown in Fig. 7 C, EGF binds to AlgSulf 2.0 and HN

ore so than to AlgSulf 0.0 . Upon mixing 300 + /- pg/mL EGF with

.002 μg/mL polysaccharides, HN bound to 153 pg/mL, AlgSulf 2.0 

ound to 100 pg/mL whereas AlgSulf 0.0 bound to 53 pg/mL. De- 

pite the clear trend of polysaccharides binding to EGF, the binding 

i

193 
as not statistically significant ( p = = 0.069). The observed trend 

n EGF binding to AlgSulf 2.0 and HN as well as our previous studies 

howing significant binding of AlgSulf 2.0 to HN-binding GFs [20- 

3] , indicate that sulfation-dependent growth factor binding may 

odulate the growth rate of S1 and T4–2 cells. 

. Discussion 

The ECM mediates a wealth of signals that dictate cells’ fate. 

AGs of the ECM play a pivotal role in a multitude of physiolog- 

cal processes and are heavily involved in all the pathophysiologi- 
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Fig. 7. Alginate Sulfate Does not Act as a Sink for Insulin and EGF. Graphs showing A) normalized resonance frequency shift and dissipation shift of the 15 MHz detection 

frequency for the buildup of b-AlgSulf 0.0 , b-AlgSulf 2.0 or b-HN, and adsorption of insulin to the films, B) normalized resonance frequency shift and dissipation shift for the 

build-up of b-AlgSulf 2.0 and EGF adsorption and C) Quantitative assessment of EGF binding to 0.002 μg/mL AlgSulf 0.0 , AlgSulf 2.0 or HN (used as a positive control) in solution 

by ELISA. Absorbance was normalized by relative quantitation of the absorbance value at 450 nm. Each value is the mean ±SEM of three separate experiments. 
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al stages of cancer progression [44] . Modifications in the sulfation 

odes of GAGs are tied to mammary development, mammary can- 

er and associated anticancer therapies [46-48] . Interestingly, sev- 

ral studies have shown that sulfated GAGs such as HN, HS, CS 

nd decorin possess antiproliferative and anti-metastatic activity 

gainst tumorigenic cells in in vivo and in vitro models 9 , 11 , 13 , 49] .

lgSulf, a biomimetic sulfated GAG, possesses HN-mimetic antico- 

gulant, anti-inflammatory, and GF binding properties that are tied 

o the polysaccharide DS [22 , 31 , 50 , 51] . We recently reported the

ntitumor activity of AlgSulf on LUAD in vitro [24] ; however, its 

ole against breast cancer development and mechanisms of action 

re still lacking. 

.1. AlgSulf reduce proliferation of mammary epithelial cells 

Our results uncover a preferential antitumorigenic potential of 

lgSulf on breast cancer cells using 3D and coculture models. Un- 

ike non-sulfated GAGs which have shown to increase cell pro- 

iferation in some cases [48 , 52] , we provide evidence that our 

imetic sulfated GAGs preferentially reduce the viable cell count 

nd proliferation of T4–2 and MDA-MB-231 breast cancer cells 

hile marginally affecting that of nontumorigenic S1 cells in 2D 

ultures. The uptake of BrdU by the S1 nontumorigenic mammary 

ells was very limited even in the control condition ( Fig. 1 C). This

ould be attributed to the fact that the S1 cells are inherently slow 

roliferating cells and were treated with BrdU on day 8 during 

heir quiescence phase even at sub-confluent densities [28] . This 

bservation is in line with our recent study by Al Matari et al. 

here AlgSulf exhibited potent antiproliferative activity on human 

1792 and murine MDA-F471 LUAD cells in 2D cultures without 

ffecting the growth rate of RWPE1 normal prostate cells [24] . In 

upport of our finding, several studies have shown that sulfated 

AG-based therapies target cancer cells without affecting normal 

ells. For instance, novel neoglycan molecules (modified CS with 

arbodiimide) reduce mammary cell viability in vitro and abol- 

sh tumor growth in immunocompromised mice without affect- 
194 
ng the surrounding normal tissue [12] . Additionally, xyloside 2- 

6-hydroxynaphthyl) β- d -xylopyranoside (XylNapOH), a primer for 

AG synthesis, selectively inhibits the proliferation of T264 bladder 

nd HCC70 breast carcinoma cells in 2D cultures without causing 

rowth retardation in HFL-1 human embryonic fibroblast cells [53] . 

owever, unlike 3D cultures, 2D cultures do not accurately recapit- 

late the human tissue architecture in vitro and thus may respond 

ifferently to treatment [54] . 

.2. Quiescent mammary epithelial cells in 3D cultures are insensitive 

o AlgSulf 

3D cultures of nontumorigenic breast epithelial cells, which re- 

tore many aspects of the human breast tissue architecture, are 

etter indicators for drug efficacy. The 3D culture model serves to 

istinguish between tumorigenic and nontumorigenic cells, and of- 

ers striking proliferative and morphological differential responses 

o anticancer drugs in comparison to 2D culture models [55 , 56] . 

ontumorigenic S1 cells form polarized growth-arrested acini that 

re reminiscent of the breast acinus in vivo, while tumorigenic T4–

 cells, derived from the HTM-3522 cancer progression series, form 

isorganized continuously proliferating nodules [28] . 

Treating S1 acini late in culture in their quiescent and fully 

unctional state does not affect the apicolateral axis that is well es- 

ablished where β-catenin and scrib are maintained in apicolateral 

ocalization. These two proteins have key roles in regulating dif- 

erent aspects of epithelial growth such as proliferation, apoptosis, 

ifferentiation, and tissue organization [57] . In line with a previ- 

us study, we have shown that treating differentiated S1 acini with 

8 α-Glycyrrhetinic acid (18 α-GA), a gap junction inhibitor, does 

ot affect their in vivo like morphology [37] . However, when treat- 

ng S1 acini during their proliferation phase, S1 cells maintain the 

bility to assemble around a lumen but their apicolateral polar- 

ty is partially disrupted. In addition, their proliferation rate de- 

reases as the acini maintain a smaller size. Indeed, mammary ep- 

thelial cells with disrupted apicolateral polarity exhibit enhanced 
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ell cycle entry but their proliferation rate is not boosted [58 , 59] .

or example, non-neoplastic mammary epithelial MCF10 cells de- 

leted from scrib failed to polarize and migrate, but their prolif- 

ration was not affected [60] . Notably, the nonattainment of po- 

arity obtained in our 3D cultures seems to sensitize S1 acini to 

lgSulf. This induced-growth reduction suggests that the targeted 

ctivity of AlgSulf seems to be blocking the entry of cells into the 

ell cycle instead of inducing cell death because apicolateral polar- 

ty is impaired with non-enhanced proliferation. Furthermore, the 

onattainment of polarity axis suggests that AlgSulf may modu- 

ate polarity likely through tight or gap junctions-related signal- 

ng pathways such as the Wnt/ β-catenin pathway previously ob- 

erved with several sulfated GAGs. For example, syndecans, type 

 transmembrane HS proteoglycans, dysregulate some components 

f theWnt signaling pathways. The overexpression of syndecan-4 

n multiple mammalian cells inhibited the Wnt/ β-catenin pathway 

61] . Also, treatment with exogenous highly sulfated CS-E (chon- 

roitin sulfate-E) negatively regulated the Wnt/ β-catenin pathway 

f murine mammary carcinoma cells in 3D cultures [62] . In fact, 

e have shown previously that the mislocalization of β-catenin 

nd Scrib from apicolateral domains of the S1 acini is associated 

ith loss of apical polarity [35] . 

.3. Tumorigenic mammary epithelial cells in 3D cultures are 

ensitive to AlgSulf 

We further investigated the antiproliferative potential of the 

iomimetic sulfated GAGs on the growth rate and invasion of the 

umorigenic T4–2 cells cultured on Matrigel. Our results demon- 

trate that AlgSulf possesses a preferential antiproliferative and 

nti-invasive effect against tumorigenic cells. Al Matari et al. re- 

orted that AlgSulf has significant antiproliferative effects that 

re time- and dose-dependent on LUAD cancer stem cells prop- 

gated in 3D conditions using the sphere-forming assay. In ad- 

ition, AlgSulf inhibited the migratory abilities of LUAD cells in 

D conditions using the wound healing/scratch assay [24] . Simi- 

arly, CS-E inhibited the invasive protrusion formation of murine 

ammary carcinoma EMT6 spheroids and decreased their motility 

nd migratory abilities. CS-E-treatment targeted the pro-metastatic 

CM Col1a1 gene and downregulated the pro-tumorigenic Wnt/ β- 

atenin pathway [62] . Moreover, AlgSulf induced a marked increase 

n the number of T4–2 cellular aggregates with reversed pheno- 

ype. T4–2 cells can form growth-arrested multicellular aggregates 

aving hallmarks of the mammary organization upon inhibition of 

he EGFR and β1-integrin pathways [40-42] . The observed rever- 

ion of tumorigenic cells upon treatment advocates that AlgSulf 

an also partially reverse the tumorigenic phenotype that T4–2 

ells acquire on Matrigel and partially restore their apicolateral po- 

arity axis and assembly around a lumen. 

Although in vivo experiments were not implemented in this 

ork, the HMT-3522 breast tumor progression series recapitulates 

he histological characteristics of human breast carcinoma, specif- 

cally the ductal carcinoma in situ (DCIS), when grown in 3D con- 

itions [63] . This cell model encompasses the spectrum of tumor 

evelopment and recapitulates the in vivo characteristics. As such, 

t has been thoroughly studied and adopted in screening for novel 

reatments and targets in breast cancer in many studies (reviewed 

n [64] ). Unlike T4–2 cells, under 3D conditions, MDA-MB 231 cells 

an either form disorganized stellate nodules with poor cell-cell 

dhesion and elongated cell bodies with invasive processes when 

rown on Matrigel [65 , 66] or spheroid structures when grown on 

garose gel [67] . These 3D structures do not recapitulate the differ- 

nt stages of breast cancer progression nor simulate the complex- 

ty of the different types of breast cancer. In addition, these cells 

o not have a normal counterpart with the same genetic lineage. 

herefore, MDA-MB 231 use was exclusive to 2D culture condi- 
195 
ions to highlight the promising antiproliferative effects of AlgSulf 

gainst these aggressive, metastatic, and invasive mammary tumor 

ells. 

.4. Cocultures have better resemblance to study AlgSulf effects 

Although 3D culture systems of nontumorigenic breast cells re- 

tore many features of the tissue architecture, coculture systems, 

hile very rarely used, give a better resemblance to the tumor mi- 

roenvironment where there is close contact between nontumori- 

enic and tumorigenic cells [38] . The used coculture setup restores 

o some extent the breast cancer tissue architecture in which the 

umorigenic T4–2 mammary cells develop into 3D growth patterns 

ver the nontumorigenic S1 mammary epithelial cell bed as previ- 

usly described by Vidi et al. [39] . AlgSulf selectively targeted the 

FP-labeled T4–2 cells in coculture without altering the growth 

ate of the nontumorigenic S1 cells, supporting the selective anti- 

umorigenic activity of AlgSulf. To the best of our knowledge, such 

referential activity in a coculture system has not been previously 

ecorded with sulfated GAGs. For instance, XylNapOH treatment in- 

ibited the proliferation of both matched normal HFL-1 and cancer 

24 mammary cells in a coculture model although it selectively 

educed the proliferation of T24 cells but not HFL-1 cells when 

rown separately in 2D culture [53] . 

Noteworthy is the significant antiproliferative effects observed 

ith AlgSulf 2.0 on mammary cancer cells in 2D, 3D and coculture 

onditions compared to other AlgSulf or HN. While we have no 

olid explanation of why intermediate DS exhibited the most po- 

ent effects, which is in agreement with previous findings [68 , 69] 

nd our previous studies [20 , 24] , we believe that this interme- 

iate DS exists because it provides better matching and conse- 

uently higher affinity to binding sites on the affected GFs or bind- 

ng partners. When the sulfated polysaccharides bind to substrates, 

he brushes formed with DS = 2.7 are stiffer than the lower sulfa- 

ion and structurally less flexible to enable AlgSulf interaction with 

rowth modulators and GFs. This makes the intermediate DS more 

ffective in solution or bound to substrates in targeting the pro- 

iferation of cancer cells. The current study does not control for 

he effect that might exist due to the regioselective distribution of 

ulfate groups on the backbone of the alginates. Determining the 

xact sulfation distribution is challenging for alginates which carry 

 secondary OH groups and exhibit very broad NMR signals in part 

ue to their high MW. While we use the same alginate source to 

reate the different sulfated polysaccharides, the sulfation process 

nd the introduced sulfate groups contribute to the MW and thus 

ulfated products do not have the same MWs. The MW of herein 

sed raw alginates (~160 kDa) when sulfated for a product of DS~2, 

ould theoretically increase by ~37 kDa, resulting in a polysaccha- 

ide of ~200 kDa. Considering a MW measurement error of approx- 

mately 10%, makes us believe that the attained MW for AlgSulf 2.0 

nd AlgSulf 2.7 (220 – 230 kDa) are within an explainable range. 

nterestingly, alginates with a DS~0.8, had a MW in the range of 

00 kDa, which might be caused by hydrolysis of the starting ma- 

erial or differential interaction with the GPC column. It might be 

hat such a hydrolysis is not permitted in the presence of a high 

oncentration of the sulfation agent. While the low sulfation al- 

inates exhibit a lower MW than expected, the trends are con- 

istent with those obtained earlier for the sulfation of hyaluronic 

cid where a low sulfation polymer (DS = 1) had a lower MW than 

hose with a higher sulfation (DS = 2.7) [33] . Moreover, HN used 

n the current study as a positive control has a different molec- 

lar composition and a lower MW. The MW of sulfated polysac- 

harides has been shown to modulate transforming growth factor 

−1 (TGF- β1) binding, where a lower MW was associated with 

igher binding of TGF- β1 for molecules of the same DS [33] . How-

ver, we have seen in our previous studies that FGF-2 binds to HN 
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ess than sulfated alginates even for sulfated alginates with lower 

S (DS = 0.8). We also observe here that the effects of HN on EGF

inding and cell proliferation, albeit less pronounced, are not dras- 

ically different from AlgSulf 2.0 (similar DS). This suggests that the 

S and its distribution has a more pronounced role on growth fac- 

or binding and other biological responses than MW in the ranges 

sed in the above-mentioned studies. These findings strongly in- 

entivize systematic investigations on the role of sulfated polysac- 

harides MWs including large MW polysaccharides such as alginate 

nd hyaluronan where steric hindrance becomes more important. 

.5. AlgSulf binding to media-supplemented growth inducing factors 

GAGs are either adherent to the ECM, localized on cell surfaces, 

r found in small secretory vesicles [44] . In our system, we added 

lgSulf via nutritive media. AlgSulf tend to bind and anchor to 

atrigel which alters the mode of presentation of these polysac- 

harides to cells. Added at higher concentration compared to me- 

ia supplements, it is possible that AlgSulf sequester the supple- 

ented GF and decrease the rate of cell proliferation. However, 

he non-significant differences in insulin and EGF binding between 

ulfated and non-sulfated polysaccharides indicate that this is un- 

ikely the main route of action. The QCM-D analysis reveals that 

lgSulf resembling anchored GAGs do not bind to EGF nor in- 

ulin. On the other hand, ELISA results show that AlgSulf 2.0 pre- 

ented in a soluble form, resembling soluble GAGs, do bind par- 

ially to EGF, however this binding to EGF is not significantly dif- 

erent from AlgSulf 0.0 and does not alone justify the selective inhi- 

ition noted against the tumorigenic T4–2 cells grown in EGF free 

ondition. The same results of ELISA were noted at higher concen- 

rations of AlgSulf (data not shown). It is worth noting that in the 

oculture system, S1 cells were EGF deprived a couple of days be- 

ore adding the T4–2 nodules, yet their growth rate was not af- 

ected by AlgSulf, thus the reduction in proliferation is unlikely due 

o EGF sequestration. Additionally, for parameter controlling pur- 

oses, AlgSulf-treated S1 and T4–2 cells grown in GF-reduced Ma- 

rigel (used as a negative control) showed similar responses to Al- 

Sulf treated S1 and T4–2 cells grown in GF-loaded Matrigel. How- 

ver, AlgSulf treated MDA-MB-231 supplemented with 10% serum 

howed an attenuated response to AlgSulf compared to serum 

tarved cells. Obtaining significant responses in 10% serum cultures 

equired a higher concentration of AlgSulf (data not shown). Thus, 

n vivo studies in the future are needed to confirm our results and 

lucidate the herein observed responses. 

Our previous studies have shown that AlgSulf, especially with 

ntermediate DS, has high affinity to HN-binding GFs such as FGF- 

, NGF and IGF through ELISA and/or QCM-D analysis [20 , 21 , 23] .

or example, the binding of AlgSulf to FGF-2 controls stem cells 

21] and neural cell lines [20] . In addition, its binding to NGF en-

ances the viability of primary neurons and their neuronal net- 

ork branching in 3D structures [23] . Moreover, AlgSulf mod- 

lates RhoA GTPase activity and Cyclin D1 gene expression in 

hondrocytes [29] and attenuates the expression of cancer stem 

ell/progenitor markers in KRAS-mutant lung cancer cells grown in 

D such as ALDH1A1 , CCL20 , ALDH3A, Ccl20 and Tnf genes [24] . As

uch, any intervention in these pathways in breast cancer cells will 

ltimately result in affecting cell proliferation, differentiation, po- 

arity, invasion and/or reversion. 

A possible mechanism of AlgSulf induced antiproliferative ef- 

ects and reversion of T4–2 nodules is sequestering GF other than 

GF and insulin released by mammary epithelial cells that pos- 

ess HN-binding domains rendering them unavailable to bind to GF 

eceptors [70] . Another proposed mechanism of AlgSulf-induced 

rowth arrest and reversion could be via blocking EGFR. Highly 

ulfated GAGs interact directly or indirectly with EGFR and mod- 

late its pathways. For example, Decorin binding to EGFR in mam- 
196 
ary carcinoma leads to receptor internalization, degradation, and 

ubsequent shutting down of the downstream EGFR pathway; this 

as been significantly correlated with the elimination of tumor 

rowth and metastasis [71] . Also, HN and HN species are reported 

o inhibit the activity of heparanase in head and neck carcinoma. 

eparanase, a heparan cleavage enzyme, is strongly implicated in 

umor metastasis attributed to activating EGFR through phospho- 

ylation and activation of the downstream STAT3 pathway [72] . 

he reversion of T4–2 nodules is unlikely through the β1-integrin 

athway as most sulfated GAGs promote cell-ECM interaction, cell 

dhesion, proliferation, and migration through directly binding and 

ctivating integrin receptors without inhibiting it, to the best of 

ur knowledge (reviewed in [73 , 74] ). 

While we have not performed any binding/interaction assess- 

ent of our exogenous sulfated polysaccharides to intrinsic GAGs, 

n principle, our soluble AlgSulf can bind and affect the function- 

lity of GAGs in the ECM. Like HN [75] and other sulfated GAGs 

upplemented exogenously, we do expect an interplay between Al- 

Sulf and GAG-related signaling complexes to modulate cancer cell 

dhesion, chemotaxis, and migration. 

In conclusion, we demonstrate that biomimetic sulfated algi- 

ates selectively target proliferating tumorigenic breast cells with- 

ut disrupting the polarity axis nor lumen assembly ability of 

ontumorigenic breast cells. In addition, biomimetic sulfated algi- 

ates significantly decrease the invasion potential and contribute 

o restoring cell polarization and lumen assembly to a limited 

opulation in the tumorigenic breast cells. Most sulfated GAGs 

re heterogeneous and inconsistent in their chemical composition, 

owever, AlgSulf can be synthesized with controlled DS in large 

atches making it a promising molecule for systematic studies on 

he effect of GAG sulfation on tumor development, progression and 

ffective therapies. 
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