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ARTICLE INFO ABSTRACT

Original paper Cancer has the second-highest mortality rate worldwide after cardiovascular disease. In addition, cervical and
breast cancer are two of the leading causes of cancer-related deaths among women. The tumor microenviron-
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target for cancer therapy. As part of the extracellular matrix (ECM), glycosaminoglycan Chondroitin Sulfate
(CS) is related to diverse aspects of tumor growth and metastasis depending on the CS sulfate pattern. This
study analyzed the roles of Microbial CS and Commercial CS in tumor growth and metastasis using HeLa
cervical cancer cells, MDA-MB-231 metastatic breast cancer cells, and normal fibroblasts. In addition, the
role of CS types in wound healing was also assessed comparatively. Microbial CS was more cytotoxic in
MDA-MB-231 cells than HeLa compared to Commercial CS. Although both CS reduced cell viability in
normal cells, the selective index of Microbial CS in MDA-MB-213 cells was higher than its commercial
counterpart. In addition, the role of CS types in wound healing was also assessed comparatively. Both types
of CS decreased the cell migration in MDA-MB-231 breast cancer cells, but HeLa cells were more sensitive
to Microbial CS than Commercial CS to heal the wound. The wound healing of NIH3T3 cells after Microbial
CS was similarly high to the healing after Commercial CS. This preliminary study shows that microbial CS
produced by biotechnological methods from a recombinant source created by our team can be an effective
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therapeutic agent in various types of cancer.
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Introduction

Cancer is defined as an uncontrolled and rapidly oc-
curring abnormality in the cell structure due to genetic or
epigenetic changes. Cancer has an increased mortality rate
and is the second-highest reason for death in the world
after cardiovascular diseases (1). The number of cancer
cases worldwide in 2015 was 17.5 million, and 8.7 million
resulted in death (2). In addition, 606,520 cancer deaths
resulted from 1,806,590 new cancer cases in the United
States of America in 2020. (1). Breast, lung, and colorectal
cancer are women's most common cancer types, account-
ing for 50 % of all new cancer diagnoses. Among these
cancers, breast cancer alone constitutes 30 % of female
cancers and is the primary reason for cancer death for
women worldwide. There has been a significant increase
in breast cancer rates in recent years. Breast cancer cases
have risen by 33% between 2005 and 2015 (2-4). More-
over, cervical cancer remains the second-highest reason
for cancer-related death in women aged 20-39 (1). Meth-
ods including surgery, radiation, chemotherapy, and im-
munotherapy are commonly used individually or in com-
bination for cancer treatment.

It is reported that various factors such as chronic low-
grade inflammation are effective in the growth and pro-
gression of tumor cells (5, 6). However, the inflamma-
tion-dependent initiation of tumor growth factors is due

to an increase in chemokines and cytokines. Tumor cells
synthesize chemokines and macrophages that are related
to tumor cells. Proinflammatory cytokines (IL-1, IL-6, IL-
12, IL-23, and tumor necrosis factor X) synthesized by M1
macrophages rise in the early phases of tumor growth. Cy-
tokines such as IL-4 and IL-10, synthesized by M2 mac-
rophages, also have antitumor activity in the early phases
of tumor growth (5, 7, 8). The activity of growth factors
and cytokines is due to the effect of these molecules on
the expression of other growth factors and cytokines, the
extracellular matrix (ECM) components, and the various
enzymes responsible for the ECM process (5).

The tumor microenvironment formed by cancer cells
gives information about the effectiveness of the treatment
against cancer cells. The tumor environment is composed
of healthy cells, which are fibroblasts, immune cells, and
cells that form blood vessels. Proteins produced by can-
cer cells are also found in this environment. The tumor
microenvironment is mostly considered to be targeted by
drugs as the components of this structure can promote cell
invasion and metastasis (9-12). Chondroitin Sulfate (CS)
is found in tumor stroma and promotes meaningful inter-
actions in tumor microenvironments (13, 14). In a study,
the elimination of CS by Chondroitinase ABC injected
into the tumor did not impact the growth of the existing
tumor but increased lung metastasis and caused the de-
velopment of secondary tumors (13). Since the severe
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side effects and/or unspecific mechanisms of chemothera-
peutics limit the success of the therapy, patients/medicals
tend to use natural compounds to improve the outcome of
the therapy. Although the role of CS, which is an anionic
linear polysaccharide, in tumor growth and metastasis is
controversial, recent studies support that CS can be used
as an anticancer agent (13, 15, 16). CS consists of repeti-
tious disaccharide units of D-/V-acetyl-galactosamine and
D-glucuronic acid (—4GIcAB1—3GalNAcB1—), varying
according to the number and location of sulfate groups
(Figure 1). CS is an essential building block of the ECM.
Moreover, it is found in the ECM of many tissues, such as
cartilage, skin, bone, and tendon (17). Differences in the
origins and production techniques of CS affect the purity
rate, and accordingly, its efficacy in treatment may vary
(18, 19). The molecular weight of animal-originated CS
referred to as Commercial CS, varies from species to spe-
cies and averages around 50-100 kDa. Microbial CS has a
lower molecular weight (10-30 kDa) than its animal-orig-
inated counterparts. Therefore, Microbial CS provides a
more elevated absorption after oral intake and is sufficient
for medical uses (20).

Sulfate groups are generally located at C-2 and/or
C-3 of glucuronic acid and C-4 and/or C-6 of N-acetyl-
galactosamine, and enable certain connections with vari-
ous compounds, such as growth factors, chemokines, cy-
tokines, lipoproteins, and adhesion proteins (22-24). CS
binds to serine (Ser) in the amino acid chains that consti-
tute the protein via a tetrasaccharide bond consisting of
two galactose, xylose, and glucuronic acid (23). As a result
of the biosynthesis of CS, the formation of certain Chon-
droitin Sulfate Proteoglycans (CSPGs) such as aggrecan
(the primary Proteoglycan of cartilages), versican (the ma-
jor Proteoglycan of connective tissues), decorin, and bi-
glycan formation occur. Animal-originated CS generally
has CS-A and CS-C structures and does not show double
sulfation, while marine-originated CS exists in CS-A, CS-
C, and CS-E forms. The Microbial CS we produced is in
CS-A and CS-C forms, like animal-originated CS. Nuclear
Magnetic Resonance (NMR) confirmed this structure of
Microbial CS (25).

CS has been proven to have immunomodulatory activ-
ity. CS may decrease oxidative stress and biosynthesis of
several proinflammatory molecules (26-29). Nevertheless,
the CS-mediated effect on inflammation is cell-specific
and may vary depending on the location of the sulfate in
the glycosaminoglycan structure. Considering that macro-
phages provide protumor and antitumor balance, the activ-
ity of CS on macrophages also affects tumor development
and metastasis. The CS-mediated effect on inflammatory
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GlcA GalNAc M: GlcA(3S)-GalNAc(4, 65)
Figure 1. The structural formula of repeating the disaccharide unit of
CS and its types according to the position of sulfate groups. Reprinted
from reference (21).

responses in the tumor environment is complicated. More-
over, the sulfation design of CS is critical in cancer cell
growth and metastasis (30). Since bovine Hyal enzymes,
one of the ECM processing enzymes regulated in the tu-
mor niche, produce CS-C actively stimulating human
monocytes, the proinflammatory cytokine IL-12 has been
released from monocytes (31, 32). Therefore, the balance
between CS-C accumulation and degradation in the tumor
microenvironment influences tumor-associated inflamma-
tion. It is important to note that CS-C promotes the anti-
inflammatory action of IL-10 in the tumor environment.
Therefore, it prevents the initiation of a tumor or promotes
the spread of an existing tumor. In addition, GAGs in the
ECM interact with chemokines and inhibit the proteoly-
sis of these cytokines. GAGs facilitate the migration of
leukocytes and help recruit these cells to areas of tissue
damage (33). Considering the effectiveness of CS as an
anti-cancer agent on cancer progression and metastasis,
in this work, the cytotoxic and anti-metastatic effects of
Microbial CS, which we produced biotechnologically,
and Commercial CS on HeLa cervical cancer cells and
metastatic breast cancer cells were evaluated compara-
tively (25, 34). The response of cancer cells against CS
types was also compared to normal fibroblast cells. This
study revealed that the origin of chondroitin sulfate could
have significantly different effects on cancer cells as anti-
proliferative in MDA-MB-231 cells and anti-metastatic in
both MDA-MB-231 breast cancer cells and HeLa cervical
cancer cells, but more anti-metastatic in HelLa cells than
MDA-MB-231 cells. The molecular mechanisms defin-
ing the specific functions can be related to the histological
characteristics of cancer origin and genomic/epigenomic
characteristics of the cells examined. The candidate / rel-
evant mechanisms, therefore, need to be elucidated.

Materials and Methods

Strains

E. coli (C2987), needed for producing Microbial CS,
was purchased from NEB (New England Biolabs). Fol-
lowing, plasmids pETM6_PACF (Mattheos Koffas, Rens-
selaer Polytechnic Institute, NY), carrying kf4, kfoC,
and kfoF genes (for chondroitin synthesis), and pUC8:15
carrying the Vitreoscilla hemoglobin gene-vgb were trans-
formed into E. coli for the production of Microbial CS. The
recombinant bacterium E.coli pETM6-PACF- vgb strain
having the Vitreoscilla hemoglobin gene and the genes
responsible for capsular chondroitin synthesis was used.

Media

Luria-Bertani (LB) medium was prepared to inoculate
E. coli pETM6-PACEF- vgb, the origin of Microbial CS. 80
mg/L of Ampicillin (Amp) was added to the LB medium
to eliminate contamination risks. For LB preparation, 5
g/L yeast extract, 10 g/L NaCl, and 10 g/L tryptone were
used. 1.5% agar was used to obtain the LB agar medium.

Commercial Chondroitin Sulfate

Animal-originated CS, referred to as Commercial
CS, was purchased from Merck (Sigma-Aldrich, CAS#:
39455-18-0, Darmstadt, Germany). Commercial CS with
an MW value of approximately 50-100 kDa was used to
compare with MCS.
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Microbial Chondroitin Production

The non-pathogenic E. coli strain, created by transfor-
ming plasmid pETM6-PACF-vgh, was inoculated on an
LB-amp agar plate and incubated at 36 °C overnight. A
few colonies from the plate were transferred into a 2-liter
LB-amp broth medium and incubated for two days (48 h)
at 36 °C with shaking at 140 rpm. The incubated broths
were centrifuged to purify capsular chondroitin, and the
cell pellet was collected to obtain microbial biomass. The
cell pellets were resuspended in distilled water and then
autoclaved for 15 minutes. The supernatant was obtained
by centrifugation at 9000 rpm for 10 mins two times. Af-
ter that, it was precipitated with 80 % volume of ethanol
cooled at +4 °C to acquire intracellular and extracellular
chondroitin. Precipitated supernatant stored at -20°C. Af-
terward, centrifugation at 9000 rpm for 10 mins was car-
ried out to collect the pellet. The pellet was dissolved in
digestion buffer, which consists of 100 mM Tris, 10 mM
CaCl, and 50 mM MgCl at pH 7.5. 1 mg/l of DNAse (Sig-
ma-Aldrich) was added to the sampling and incubated at
36°C for 1 hour. Subsequently, 2.5 mg/mL of Protease K
(Sigma-Aldrich) was added to the sample to obtain puri-
fied chondroitin, and then the sample was placed in an in-
cubator at 56 °C for 2 hours. After that, the second precipi-
tation was performed with 80 % volume of cooled ethanol
at +4 °C, and the pellet was obtained. Consequently, the
samples were dissolved in distilled water and dried under
a vacuum to acquire solid microbial chondroitin.

Microbial Chondroitin Sulfation Method

First of all, 6 g of produced microbial chondroitin was
resuspended in 100 mL of DMF (Dimethyl Formamide)
and then cooled to 4 °C. Next, 15 grams of pyridine sul-
fotrioxide was added to the sample. 500 mL of NaCl satu-
rated acetic acid was added to the sample and precipitated
at 20-22 °C (room temperature). The mixture was dried
under vacuum by lyophilizing. Subsequently, this mixture
was resuspended in 200 mL of distilled water and neutral-
ized with 1 N NaOH. After that, the mixture was heated to
40 °C, and 0.2-0.3 N 60 mL NaOH was added, and then it
waited 2-3 hours at 40 °C. The mixture was neutralized by
adding 1 N HCI acid. This mixture was then filtered using
a membrane with less than 10 pS conductivity. As a final
step, the solution is dried by lyophilization. The produced
Microbial CS was verified by analysis by NMR (Nuclear
magnetic resonance) Spectroscopy (Bruker Advance III
HD 600 MHz spectrometer) (34).

Cell Culture

Cells used in this study were MDA-MB-231 meta-
static breast cancer cells (human) (Cat No HTB26, VA,
US), HeLa cervical cancer cells (human) (Cat No CCL-2),
and NIH3T3 embryonic fibroblast cells (mouse) (Cat No
CRL1658) were purchased American Type Cell Collection
(ATCC) and were cultured in RPMI (Wisent Inc., Cat No
350-000-CL, Quebec, Canada), EMEM (Wisent, Cat No
320-026-CL) and DMEM (Wisent Cat No 319-005-CL)
basal media. Media for NIH3T3 cells included 10% bo-
vine calf serum (Sigma -Aldrich, Cat No 12133C), howev-
er, media for MDA-MB-231 and HelLa cells contain 10%
fetal bovine serum (Capricorn Scientific GmbH, Cat No
FBS11-A, Germany). All media was also supplemented
with 1% penicillin-streptomycin antibiotics (Wisent, Cat
No 450-201-EL) and cultured at 37 °C with 5 % CO, hu-

midification. Cells were cultured in 96-well microplates.
Each experiment was performed including triplicate treat-
ments.

MTT assay

Final concentrations of Commercial CS and Microbi-
al CS were prepared as, 4 mg/ml, 1 mg/ml, 0.25 mg/ml,
0.00625 mg/ml, and 0.004 mg/ml for MTT assay, and cells
were cultured with those for 3 days. After 3 days, media
with or without Commercial CS and Microbial CS were
removed. 190 pl culture media and 10 ul MTT (1-(4,5-Di-
methylthiazol-2-yl)-3,5-diphenylformazan) (Sigma, Cat
No M2003) were added to each well and incubated at
37°C for 2h. Subsequently, media including MTT was
removed, followed by the treatment of cells with DMSO
(dimethylsulfoxide) for at least 1.5h on a shaker at dark
till purplish color was observed. Absorbances were then
measured at 570nm with a microplate reader. OD (optical
density) values were used to comparatively compute the
cell viability of treated cells and untreated counterparts.
The logarithmic graph created plots for log concentrations
vs cell viabilities (%), and IC50 values were calculated ac-
cording to the plots. Selective indexes (SI) were calculated
according to the formula given below.

Selectivity Index (5I) = IC50 value for normal cells/IC50 value for cancer cells

Scratch assay (Wound healing assay)

Final concentrations of Commercial CS and Microbial
CS were prepared as 4, 1, 0.25, 0.00625, and 0.004 mg/
ml for wound healing assay, and cells were treated with
compounds for 24h, 48h, 72h, 96h, and/or 120h. Wounds
were created using a ruler and a 100pul pipette tip. Media
was then replaced with media, including Commercial CS
or Microbial CS. Right after wound formation and treat-
ments, images of wells were taken by the camera inverted
microscope (Axio Vert Al, Zeiss, Germany) and recorded
at Oh. Images were also taken at 24h, 48h, 72h, 96, and/or
120h. Images were captured using a 5x objective.

Analyses of Wounds

Wounds were analyzed using Image J software (NIH,
US). The wound area in each image was selected using
the “polygon selection” tool, and selected areas were ana-
lyzed using the “measure” tool within the “analyze” menu.
Standard errors of the means (s.e.m +) and bar graphs were
created/calculated utilizing SPSS software (Version 23).

Results

Cytotoxicity Assays

Microbial CS was more cytotoxic to cancer cells exam-
ined compared to animal-originated Commercial CS. IC50
values of Microbial CS for MDA-MB-231 breast cancer
cells and HeLa cervical cancer cells were 1.29 (£0.04)
and 4.12 (£0.22), respectively. But IC50 values of Com-
mercial CS for MDA-MB-231 and HeLa cells were 8.97
(£2.29) and 15.96 (£9.55), respectively. However, the cy-
totoxic response of NIH3T3 cells against Commercial CS
or Microbial was quite similar with IC50 values around
2.5 (Figure 2A and B).

All selectivity indexes (SI) were computed at less than
1.0, suggesting that any form of chondroitin (with or with-
out sulfate) did not selectively target the cancer cells rather
than normal cells. Even if any type of CS caused a high
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Figure 2. Cytotoxic effects of Commercial CS (A) and Microbial CS
(B) on HeLa, MDA-MB-231 and NIH-3T3 cells. Selectivity indexes

(SI) of Commercial and Microbial CS are in the bottom table.

rate of cell death in normal fibroblasts, this rate is less
than the death rate in MDA-MB-231 cells. Therefore, the
only satisfactory SI value (1.81) was defined for MDA-
MB-231 metastatic breast cancer cells (Figure 2, bottom,
yellow colored box). These findings can conclude that mi-
crobial CS has a specific cytotoxic effect on only one cell
line (MDA-MB-231) examined in this study.

Scratch-Wound healing assays

MDA-MB-231 metastatic breast cancer cells after
Commercial CS treatment were reverted to unwounded
form as untreated counterparts except for 4mg/ml (Figure
3A, B). Wound formation was slowly restored in Hela
cells compared to other cells, and even wounds in untreat-
ed cells were not completely healed up to 120h (Figure
3C, D). NIH3T3 cells completely restored wounds up to
48h at each Commercial CS concentration and also after
Commercial CS-free culture conditions (untreated control
cells) (Figure 3E, F).

MDA-MB-231 cells were observed to have a similar
wound healing pattern after Microbial CS with Commer-
cial CS treatment (Figure 4A, B). HeLa cells were more
sensitive to Microbial CS than Commercial CS as wound
formation was mostly maintained at 1 mg/ml and 4 mg/ml
up to 120h (Figure 4C, D), and untreated HeLa cells were
again observed not to restore the wounds completely. The
wound-healing response of NIH3T3 cells against Micro-
bial CS was similar to the response against Commercial
CS, but no significant restoration of wounds was observed
after the highest concentration (4mg/ml) (Figure 4E, F). In
contrast, wounds were enlarged at 4mg/ml.

Discussion

This study presents comparative analyzes of microbial
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Figure 3. Cell migration impact of Commercial CS on MDA-MB-231
(A, B), HeLa (C, D), and NIH-3T3 (E, F) cells. Bar charts display
the scratch space (in optional units) in various amounts (mg/ml) of
Commercial CS and under different incubation times (0, 24, 48, and
72 hours). Bar charts are represented as the mean + standard error.
Microscopy images are provided for each chart.

chondroitin sulfate with its animal counterpart in terms of
anti-proliferation and anti-metastasis properties. At this
time of distrust against animal-derived drugs worldwide,
the trend towards biotechnological drugs obtained from
microbial sources, which are vegan and reliable drug po-
tentiometers, is increasing. This study is the first exami-
nation revealing such a comparison in breast and cervical
cancers. Microbial CS-induced cytotoxicity was detected
higher in MDA-MB-231 and HeLa cells than in cells treat-
ed with its commercial form. However, the cell viability
of NIH3T3 cells also decreased after Commercial CS or
Microbial CS. Commercial CS showed reduced selectivity
for cytotoxicity of cancer cells, but Microbial CS showed
selective cytotoxicity on MDA-MB-231 metastatic breast
cancer cells (SI index 1.81).

CS is utilized as an antiviral, anti-infective, antioxidant,
and anti-inflammatory agent in medicine, pharmacy, vet-
erinary medicine, and cosmetics. It is also widely used in
medical applications as a cell and tissue regenerator (35-
37). CS interacts with tumor cells and other cells, such as
growth proliferate, growth factor receptors, and cytokines,
thus playing an essential role in the growth and metastasis
of cancer. In addition, CS is involved in various essential
signaling pathways (24, 38). In the studies, it was thought
that negatively charged CS chains were effective in invad-
ing rapidly proliferating tumor cells. However, various
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Figure 4. Cell migration impact of Microbial CS on MDA-MB-231
(A, B), HeLa (C, D) and NIH-3T3 (E, F) cells. Bar charts display
the scratch space (in optional units) in various amounts (mg/ml) of
Commercial CS and under different incubation times (0, 24, 48, and
72 hours). Bar charts are represented as the mean + standard error.
Microscopy images are provided for each chart.

studies suggest CS may be a potent anticancer agent (13,
15, 16).

Cancer cells can adhere to extracellular matrix (ECM)
and different cell surface molecules such as collagen, se-
lectins, fibronectin, ICAM, CD44, and vascular cell adhe-
sion molecule. Sulfation patterns of CS play a critical role
in the interactions mediated by selectins and their ligands.
For example, CS-E binds to P- and L-selectin, while CS-
A, CS-D, and CS-E bind to the CD44 receptor (24, 39,
40). Thus, the sulfation design of CS is a significant factor
in cancer progression associated with selectin expression.

It was found that CS located on the tumor microenvi-
ronment and tumor cell surface might play a dual role in
cancer progression and metastasis depending on its sulfate
pattern. A study found that while enzymatic degradation
of CS induced lung metastasis, it did not affect primary
tumor growth in a breast cancer animal (13). Moreover,
a high presence of CS in malignant cells increased sur-
vival in breast cancer patients (41). Cancer growth and
metastasis happen because of various biological affairs
in inappropriate situations. Abnormal monocyte migra-
tion, which ends with angiogenesis, is critical for tumor
progression. A study showed that exogenous CS-A could
reduce monocyte immigration and thus inhibit tumor an-
giogenesis (42). In this study, both microbial and commer-
cial CS were shown to lower cell migration in cancer cells.
However, MDA-MB-231 cells were determined to have
higher metastatic properties than HeLa cells due to faster

closure of wound formations. In the study, it was reported
that HeLa cells also have metastatic properties (43). Vari-
ous studies have been conducted to elucidate the metasta-
sis mechanism of MDA-MB-231 breast cancer cells and to
target the metastatic inhibition of cells (44-46). In the pres-
ent study, both Commercial CS and Microbial CS could
prevent cancer cells from migrating and restore wounds
until 5 days, but normal cells reverted wounds within 2
days. This suggests that normal cells are less resistant to
any form of CS so that normal cells can recover more rap-
idly after treatment.

In light of all this information, it is determined that CS
plays a dual role in the tumor environment in accordance
with its sulfate pattern. Nevertheless, a deep understand-
ing of the structural formulation of CS and its relationship
to GAG function is required for use in anticancer therapy
(38). Microbial CS has the same functions as its animal
counterpart and is a potent drug that does not carry allergic,
prionic, and viral risks due to its source. It is a biocompat-
ible, non-toxic form of GAG with low molecular weight
and high kinetic values. In particular, it can be pointed out
that because of the anti-inflammatory features of CS, it can
be used as a slow-acting anti-inflammatory drug for cancer
prevention. CS is involved in the adhesion of fibroblasts
and leukocytes to various host cells, which are the source
of essential ECM-degrading enzymes and growth factors.
Furthermore, CS may be a therapeutic target to reduce in-
filtration of the cancer niche by host cells by interacting
with CD44 (47, 48). Moreover, CS is negatively charged
and binds to various cell surface receptors (e.g., HARE
and CD44) (47,49). With these properties, CS or CS chain
fragments can be applied as drug carriers to increase the
efficacy of anticancer therapy (50).

Microbial CS is a natural, biocompatible, non-toxic,
therapeutically usable substance. However, Commercial
CS mainly originates from animal sources such as sheep,
chickens, pigs, sharks, and other fish. Animal-originated
CS is problematic because of various risks such as H7N9
avian influenza and bovine spongiform encephalopathy
(BSE). In this study, bovine-origin CS was used as Com-
mercial CS. Risk factors of various diseases such as Coro-
navirus disease (Covid-19), thought to be transmitted to
humans through animals as intermediate hosts, cause the
reliability of animal sources to be questioned. In addition
to the risks of animal sources, synthetic CS preparations
have allergic reaction risks and low specificity. The mi-
crobial production of CS eliminated all of these risks and
the hesitation to use animal products, especially after the
Covid-19 pandemic. Considering the serious side effects
of using other chemical therapeutics, CS as an antican-
cer agent can reduce the economic damage caused by the
treatment process and protect the patient from the side ef-
fects of anticancer drugs. Hospitalization of patients and
the use of more anticancer drugs to treat various types of
cancer cause billions of dollars to be spent worldwide,
thus wasting time and unnecessary effort. Microbial CS
can be an effective agent, especially in cancer cases whose
pathogenesis is not fully understood. For example, male
breast cancer is still poorly understood, and the treatments
developed for this type of cancer are limited (51). Hence,
by developing anticancer drugs with selective biological
targets, problems such as high side effects, low efficacy,
and drug resistance in cancer therapies can be solved. Mi-
crobial CS as a support for treatment can strengthen the
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patient against cancer and reduce the economic damage.

Acknowledgments

We would like to thank Wenqin He, Mattheos A.G. Koffas
and the entire research team who produced the pETMG6-
PACEF plasmid and shared it with us without hesitation.

Conflict of interest
The authors declare that they have no conflict of interest.

Authorship contribution statement

Tuba Unver: Methodology, Investigation, Writing, Sel-
cen Celik Uzuner: Methodology, Investigation, Writing,
Ayse Sebnem Erenler: Conceptualization, Supervision,
Writing-Review & Editing.

References

10.

11.

12.

13.

14.

15.

Siegel RL, Miller KD, and Jemal A. Cancer statistics, CA. Cancer
J Clin 2015;65(1):5-29.

Global Burden of Disease Cancer Collaboration (GBDCC), Fitz-
maurice C, Allen C, Barber RM, Barregard L, Bhutta ZA et al.,
Global, Regional, and National Cancer Incidence, Mortality,
Years of Life Lost, Years Lived With Disability, and Disability-
Adjusted Life-years for 32 Cancer Groups, 1990 to 2015: A Sys-
tematic Analysis for the Global Burden of Disease Study. JAMA
Oncol 2017;3(4):524-548.

Sharma R. Breast cancer incidence, mortality and mortality-to-
incidence ratio (MIR) are associated with human development,
1990-2016: evidence from Global Burden of Disease Study
2016. Breast Cancer (Tokyo, Japan). 2019;26:428-445.

Azamjah N, Soltan-Zadeh, Y, and Zayeri F, Global Trend of
Breast Cancer Mortality Rate: A 25-Year Study. Asian Pac. J.
Cancer Prev 2019;20(7):2015-2020.

Hagerling C, Casbon AJ, and Werb Z. Balancing the innate
immune system in tumor development. Trends Cell Biol
2015;25(4):214-220.

Grivennikov SI, Greten FR and Karin M. Immunity, inflamma-
tion, and cancer. Cell 2010;140(6):883—899.

Balkwill F. Tumour necrosis factor and cancer. Nat. Rev. Can-
cer 2009;9(5):361-371.

Pudetko A, Wisowski G, Olczyk K, and Kozma EM. The dual
role of the glycosaminoglycan chondroitin-6-sulfate in the
development, progression and metastasis of cancer. FEBS J
2019;286(10):1815-1837.

Kenny PA, Lee GY, and Bissell MJ. Targeting the tumor microenvi-
ronment. Front Biosci 2007;12:3468-3474.

LaBarge MA, Petersen OW, and Bissell MJ. Of microenvironments
and mammary stem cells. Stem. Cell Rev 2007;3(2):137-146.

Whiteside TL. The tumor microenvironment and its role in promo-
ting tumor growth. Oncogene 2008;27(45):5904-5912.

Wang JJ, Lei KF, and Han F. Tumor microenvironment: recent ad-
vances in various cancer treatments. Eur Rev Med Pharmacol Sci
2018;22(12):3855-3864.

Prinz RD, Willis CM, Viloria-Petit A, and Kliippel, M, Elimi-
nation of breast tumor-associated chondroitin sulfate pro-
motes metastasis. Genetics and molecular research: Genet Mol
Res 2011;10(4):3901-3913.

Mellai M, Casalone C, Corona C, Crociara P, Favole A, Cas-
soni P, Schiffer D, and Boldorini R. Chondroitin Sulphate Pro-
teoglycans in the Tumour Microenvironment. Adv Exp Med
Biol 2020;1272:73-92.

Li F, Ten Dam GB, Murugan S, Yamada S, Hashiguchi T, Mizu-
moto S et al. Involvement of highly sulfated chondroitin sulfate

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

in the metastasis of the Lewis lung carcinoma cells. J Biol Chem
2008;283(49):34294-34304.

Basappa, Murugan, S, Sugahara KN, Lee CM, ten Dam GB, van
Kuppevelt TH et al. Involvement of chondroitin sulfate E in the
liver tumor focal formation of murine osteosarcoma cells. Glyco-
biol 2009;19(7):735-742.

Schiraldi C, Cimini D, and De Rosa M, Production of chon-
droitin sulfate and chondroitin. Appl Microbiol Biotechnol
2010;87(4):1209-1220.

Cress BF, Englaender JA, He W, Kasper D, Linhardt RJ and Kof-
fas MA. Masquerading microbial pathogens: capsular polysac-
charides mimic host-tissue molecules. FEMS Microbiol Rev
2014;38(4):660-697.

He W, Fu L, Li G, Andrew Jones, J, Linhardt RJ, and Koffas M. Pro-
duction of chondroitin in metabolically engineered E. coli. Metab
Eng 2015;27:92-100.

Vazquez JA, Rodriguez-Amado I, Montemayor MI, Fraguas J,
Gonzéalez M, and Murado MA. Chondroitin sulfate, hyaluronic
acid and chitin/chitosan production using marine waste sources:
characteristics, applications and eco-friendly processes: a re-
view. Mar Drugs 2013;11(3):747-774.

Shi YG, Meng YC, Li JR, Chen J, Liu YH., and Bai X. Chondroitin
sulfate: Extraction, purification, microbial and chemical synthe-
sis. J Chem Technol Biotechnol 2014;89(10):1445-1465.

Karamanos NK, Syrokou A, Vanky P, Nurminen M, and Hjerpe A.
Determination of 24 variously sulfated galactosaminoglycan-and
hyaluronan-derived disaccharides by high-performance liquid
chromatography. Anal Biochem 1994; 221(1):189-199.

Lamari FN, and Karamanos NK. Structure of chondroitin sul-
fate. Adv Pharmacol 2006;53:33-48.

Asimakopoulou AP, Theocharis AD, Tzanakakis GN, and Karama-
nos NK. The biological role of chondroitin sulfate in cancer and
chondroitin-based anticancer agents. In Vivo 2008; 22(3):385—
389.

Erenler AS, Geckil H, Karabulut AB, Akpolat N, Sevimli R,
Ulke E et al.Cloning and Expression vgb-kfo Genes in E. coli
and Microbial Chondroitin Sulfate Production. Sci Adv Mater
2019;11,1745-1754.

Campo GM, Avenoso A, Campo S, Ferlazzo AM, and Calatroni
A. Administration of hyaluronic acid and chondroitin-4-sulfate
limits endogenous antioxidant depletion and reduces cell damage
in experimental acute pancreatitis. Pancreas, 2004;28(2):E45—
E53.

Campo GM, Avenoso A, Campo S, Nastasi G, Traina P, D'Ascola
A, and Calatroni A. Chondroitin-4-sulphate reduced oxidative
injury in caerulein-induced pancreatitis in mice: the involvement
of NF-kappaB translocation and apoptosis activation. Exp Biol
Med 2008;233(6):741-752.

Campo GM, Avenoso A, Campo S, Traina P, D'Ascola A, and Ca-
latroni A, Glycosaminoglycans reduced inflammatory response
by modulating toll-like receptor-4 in LPS-stimulated chondro-
cytes. Arch Biochem Biophys 2009;491(1-2):7-15.

Cafias N, Gorina R, Planas AM, Vergés J, Montell E, Garcia AG
et al. Chondroitin sulfate inhibits lipopolysaccharide-induced in-
flammation in rat astrocytes by preventing nuclear factor kappa B
activation. Neuroscience 2010;167(3):872—879.

Theocharis AD, Tsolakis I, Tzanakakis GN, and Karamanos NK.
Chondroitin sulfate as a key molecule in the development of athe-
rosclerosis and cancer progression. Adv Pharmacol 2006;53:281—
295.

Jobe KL, Odman-Ghazi SO, Whalen MM, and Vercruysse KP.
Interleukin-12 release from macrophages by hyaluronan, chon-
droitin sulfate A and chondroitin sulfate C oligosaccharides. Im-
munol Lett 2003;89(2-3):99-109.

13



Tuba Unver et al. / Effects of microbial CS and commercial CS in cancer cells, 2023, 69(9): §-14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

McAtee CO, Booth C, Elowsky C, Zhao L, Payne J, Fangman T et
al. Prostate tumor cell exosomes containing hyaluronidase Hyall
stimulate prostate stromal cell motility by engagement of FAK-
mediated integrin signaling. Matrix biology: J Int Societ Matrix
Biol 2019;78-79:165-179.

Stone MJ, Hayward JA, Huang C, E Huma, Z, and Sanchez J, Me-
chanisms of Regulation of the Chemokine-Receptor Network. Int
J Mol Sci 2017;18(2):342.

Erenler AS. Capsular Polysaccharide Biosynthesis from Recombi-
nant E. coli and Chondroitin Siilfate Production. Cell Mol Biol
2019;65(6):17-21.

Muzzarelli RA, Greco F, Busilacchi A, Sollazzo V, and Gigante
A. Chitosan, hyaluronan and chondroitin sulfate in tissue engi-
neering for cartilage regeneration: a review. Carbohydr Polym
2012;89(3):723-739.

Kwon HJ, and Han Y, Chondroitin sulfate-based biomaterials for
tissue engineering. Turk J Biol 2016; 40(2):290-299.

Li X, Xu Q, Johnson M, Wang X, Lyu J, Li Y, and Wang W. A chon-
droitin sulfate based injectable hydrogel for delivery of stem cells
in cartilage regeneration. Biomater Sci 2021;9(11):4139-4148.

Afratis N, Gialeli C, Nikitovic D, Tsegenidis T, Karousou E, Theo-
charis AD et al. Glycosaminoglycans: key players in cancer cell
biology and treatment. FEBS J 2012;279(7): 1177-1197.

Kawashima H, Hirose M, Hirose J, Nagakubo D, Plaas AH, and
Miyasaka M. Binding of a large chondroitin sulfate/dermatan sul-
fate proteoglycan, versican, to L-selectin, P-selectin, and CD44. J
Biol Chem 2000;275(45):35448-35456.

Monzavi-Karbassi B, Stanley JS, Hennings L, Jousheghany F, Ar-
taud C, Shaaf S et al. Chondroitin sulfate glycosaminoglycans as
major P-selectin ligands on metastatic breast cancer cell lines. Int
J Cancer 2007;120(6):1179-1191.

Svensson KJ, Christianson HC, Kucharzewska P, Fagerstrom V,
Lundstedt L, Borgquist S et al. Chondroitin sulfate expression pre-
dicts poor outcome in breast cancer. Int ] Oncol 2011;39(6):1421—
1428.

Liu Y, Yang H, Otaka K, Takatsuki H, and Sakanishi A. Effects of
vascular endothelial growth factor (VEGF) and chondroitin sul-
fate A on human monocytic THP-1 cell migration. Colloids Surf.

43.

44.

45.

46.

47.

48.

49.

50.

51.

B Biointerfaces 2005;43(3-4):216-220.

Nath B, Raza A, Sethi V, Dalal A, Ghosh SS, and Biswas G.
Understanding flow dynamics, viability and metastatic potency
of cervical cancer (HeLa) cells through constricted microchan-
nel. Sci Rep 2018;8(1):17357.

Kazan JM, El-Saghir J, Saliba J, Shaito A, Jalaleddine N, El-Hajjar
L et al. Cx43 Expression Correlates with Breast Cancer Metasta-
sis in MDA-MB-231 Cells In Vitro, In a Mouse Xenograft Model
and in Human Breast Cancer Tissues. Cancers 2019; 11(4):460.

Sun Y, Zhou QM, Lu YY, Zhang H, Chen QL, Zhao M et al.
Resveratrol Inhibits the Migration and Metastasis of MDA-
MB-231 Human Breast Cancer by Reversing TGF-f1-Induced
Epithelial-Mesenchymal Transition. Molecules (Basel, Switzer-
land), 2019;24(6):1131.

Heilmann T, Rumpf AL, Roscher M, Tietgen M, Will O, Gerle M
et al. Dasatinib prevents skeletal metastasis of osteotropic MDA-
MB-231 cells in a xenograft mouse model. Arch Gynecol Obstet
2020;301(6):1493-1502.

Murai T, Sougawa N, Kawashima H, Yamaguchi K, and Miya-
saka M. CD44-chondroitin sulfate interactions mediate leuko-
cyte rolling under physiological flow conditions. Immunol Lett
2004;93(2-3):163-170.

Paraiso KH, and Smalley KS. Fibroblast-mediated drug resistance
in cancer. Biochem Pharmacol 2013;85(8):1033-1041.

Pandey MS, and Weigel, PH. Hyaluronic acid receptor for endocy-
tosis (HARE)-mediated endocytosis of hyaluronan, heparin, der-
matan sulfate, and acetylated low density lipoprotein (AcLDL),
but not chondroitin sulfate types A, C, D, or E, activates NF-kB-
regulated gene expression. J Biol Chem 2014;289(3):1756-1767.

Guo Y, Xu H, LiY, Wu F, Li Y, Bao Y et al. Hyaluronic acid
and Arg-Gly-Asp peptide modified Graphene oxide with dual
receptor-targeting function for cancer therapy. J Biomater
Appl 2017;32(1):54-65.

de la Mare JA, Contu L, Hunter MC, Moyo B, Sterrenberg JN, Dha-
nani KC et al. Breast cancer: current developments in molecular
approaches to diagnosis and treatment. Recent Pat. Anticancer
Drug Discov 2014;9(2):153-175.

14



