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Abstract

Purpose Cancer-associated fibroblasts (CAFs) are one of the most critical cells in the tumor environment, with crucial roles
in cancer progression and metastasis. Due to Field-Effect phenomena (also called field cancerization), the adjacent cavity
side area of the margin is histologically normal, but it has been entered into neoplastic transformation due to MCT4 and
MCT]1 pathways activated by H,0,/ROS oxidative stress agents secreted by CAF in adjacent tumor bed microenvironment.
This paper specifically focused on the role of cancer-associated fibroblast in breast tumor beds and its correlation with the
presence of scattered cancer cells or onco-protein-activated cells (may be high risk but not completely transformed cancer
cells) in the cavity side margins.

Methods In this study, the glycolytic behavior of non-tumoral cavity side margins was examined using carbon nanotube-
based electrochemical biosensors integrated into a cancer diagnostic probe. This method enabled the detection of CAF
accumulation sites in non-cancerous neighboring tissues of tumors, with a correlation to CAF concentration. Subsequently,
RT-PCR, fluorescent, histopathological, and invasion assays were conducted on hyperglycolytic lesions to explore any cor-
relation between the abundance of CAFs and the electrochemical responses of the non-cancerous tissues surrounding the
tumor, as well as their neoplastic potential.

Results We observed overexpression of cancer-associated transcriptomes as well as the presence and hyperactivation of
CAFs in cavity-side regions in which glycolytic metabolism was recorded, independent of the histopathological state of the
lesion. At mean 70.4%, 66.7%, 70.4%, and 44.5% increments were observed in GLUT-1, MMP-2, N-cadherin, and MMP-9
transcriptomes by highly glycolytic but histologically cancer-free expression samples in comparison with negative controls
(histologically non-cancer lesions with low glycolytic behavior).

Conclusion The presence of CAFs is correlated with the presence of high glycolytic metabolism in the cavity margin lesion,
high ROS level in the lesion, and finally aggressive cancer-associated proteins (such as MMP2, ...) in the margin while these
metabolomes, molecules, and proteins are absent in the margins with negatively scored CDP response and low ROS level.
So, it seems that when we observe CAFs in glycolytic lesions with high ROS levels, some high-risk epithelial breast cells
may exist while no histological trace of cancer cells was observed. Further research on CAFs could provide valuable insights
into the local recurrence of malignant breast diseases. Hence, real-time sensors can be used to detect and investigate CAFs
in the non-tumoral regions surrounding tumors in cancer patients, potentially aiding in the prevention of cancer recurrence.
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Massagué 2012; Gadaleta et al. 2022). The tumor stroma is
no longer seen solely as physical support for mutated epi-
thelial cells but as an essential modulator and even a driver
of tumorigenicity. Within the tumor-stromal milieu, het-
erogeneous populations of fibroblast-like cells, collectively
termed CAFs, are key players in the multicellular, stromal-
dependent alterations that contribute to malignant initiation
and progression (Gascard and Tlsty 2016; Giannoni et al.
2010).

High reputations of investigations are needed to reveal
the correlation between the presence of CAFs in the far field
from the tumor and their effect on cancer recurrences. In this
phenomenon, the hydrogen peroxide and reactive oxygen
species (ROS) were released by tumor-associated fibroblasts
and the adjacent tumor microenvironment cells in the envi-
ronment of normal stromal margins and cancerized them
through “field effect” but revealed no pathological signs of
cancerization (Lisanti et al. 2011).

Many methods were developed to find and indicate CAFs,
such as fibroblast-cancer cell line co-cultures to investigate
their markers (Martinez-Outschoorn et al. 2010; Louault
et al. 2019; Erez et al. 2010) and invasive behavior of cancer
cells in the presence of CAFs (Truong et al. 2019; Truong
et al. 2016). Some research indicated that CAFs promoted
aggressive phenotypes of breast cancer cells through epithe-
lial-to-mesenchymal transition (EMT) induced by TGF-p1.
This might be a common mechanism for acquiring meta-
static potential in breast cancer cells with different biological
characteristics (Yu et al. 2014). The distinct functions of
CAFs in comparison with NFs are their glycolytic metabo-
lism and over-expression of alpha-SMA transcriptomes
(Chen et al. 2017).

Here we used a label-free and real-time method to find
lesions with high glycolytic behavior in their live states for
analysis and investigate their specifications. The technique
(called a cancer diagnostic probe (CDP)) has been based
on electrochemical tracking of ROS/H,0, released from
the preneoplastic/neoplastic cells in the cavity side mar-
gins ((Miripour et al. 2022a, b; Dabbagh et al. 2021), US
11,179,076 B2, US 10,786,188 B1, US 11,179,077 B2, US
11,181,499 B2). The indicated levels of released ROS/H,0,
in pathologically free margins may correlate with CAF accu-
mulations and the occurrence of field cancerization (Supple-
mentary Section 1). This could be of significant impact to be
further investigated. Finding and dissecting such CAFs may
include valuable data about their phenotype and potential
role in inducing neoplastic changes in epithelial cells, which
were experimentally studied in this article.

We derived fibroblasts from the dissected specimens of
33 breast cancer mastectomy cases without inducing any
perturbation or bias in the surgery and pathology trends.
The specimen was dissected from the lesions, which weren’t
important for pathological evaluation. The CDP score of
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each specimen was recorded, and a part of the specimen
was used for H&E and PCR evaluation to find any correla-
tion between the presence and activity of CAFs, levels of
expressed cancer-associated transcriptomes, and the pres-
ence/absence of cancer cells in the specimen. Also, CAFs
interacted with breast non-cancer (MCF10-A) and cancer
(MCF-7) cell lines, and the co-effects of CAFs and breast
cell lines on each other were evaluated. We aimed to find a
relation between levels of ROS/H,0, released through the
glycolysis metabolism of CAFs and the induced cancerous
transformation transcriptomes in adjacent epithelial cells
through molecular analysis.

We found that CAFs just could be actively found in adja-
cent cancer cells. Hence, we may not have active CAFs in
the absence of cancer/pre-cancer cells except just adjacent to
them (to promote their MCT4 pathway). This may be a new
hallmark to understand better the hidden factors behind the
local recurrence of breast cancer.

Material and methods
CDP structure and protocols

CDP is a cancer diagnostic probe that can diagnose the pres-
ence of pre-neoplastic/neoplastic cells in either cavity side
margins of the patient's tumor during breast cancer surgery.
It consists of an integrated automatic electrochemical read-
out board and a sensing disposable head probe as the main
diagnostic part of the system. The sensing head probe was
fabricated by the growth of Multi-Walled Carbon Nanotubes
(MWCNTs) on the tip of steel needles in the conformation
of three electrodes, named Working (WE), Counter (CE),
and Reference (RE), with a triangular distance of 3mm from
each other. The entered length of the needles into the breast
margins is 4mm in the case of breast cancer surgery as the
surgeons want to ensure the absence of any atypical/neo-
plastic or satellite lesions cells up to the depth of 4mm in
the body side. The head probe is single-used and was steri-
lized under plasma sterilizer protocol (standard No: ISO/
NP 22441) which didn’t induce any perturbations on the
morphology and function of the nanostructures.

The system determines lively the trace of ROS/H,0,
released from cancer or atypical cells, through reverse
Warburg effect and hypoxia-assisted glycolysis pathways,
in a quantitative electrochemical manner. A matched clini-
cal diagnostic categorization between the pathological
results of the tested tissues and response peaks of CDP
was proposed based on pathological classification (ductal
intraepithelial neoplasia (DIN), lobular intraepithelial
neoplasia (LIN), and fibroepithelial lesion (FEL)) with
the latest reported modifications. Still, no intra-operative
technique has been reported for the detection of cavity
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side surgical margins with pathologically approved clas-
sification in breast cancer (as one of the most important
one-surgeries required for accurate margin detection).

During the lumpectomy or mastectomy surgery, the
CDP was used for checking both cavity side margins to
observe any probable matching between the suggested
pathological classification of CDP scores and the final
diagnostics of the samples declared by pathologists. At
first, Sterilized CDP (stored in ambient exposed to a for-
malin tablet for one day) was turned on and connected to
the software. Then the head probe (sterilized by plasma
standard protocol) was connected to the CDP and the
body side margins of the patient undergone tumor dissec-
tion were checked by CDP. After tumor dissection, all of
the regions in the body side margins were tested by CDP
(Superior, inferior, medial, lateral, superficial, and deep).
Depending on the size of the tumor and its proximity to
one of the margins (not all of the margins), some margins
must undergo further analysis. In this regard, the internal
regions with more joint boundaries with the tumors would
require further scans due to their larger formed inter-
nal margins. If a region is positively scored by CDP, its
neighbors (with a width of 3mm) and under-existed mar-
gin should also be checked by CDP. As a result, surgeons
could excise the involved region with safe neighbors. The
gold standard is permanent H&E/THC assay ((Miripour
et al. 2022a, b; Dabbagh et al. 2021), US 11,179,076 B2,
US 10,786,188 B1, US 11,179,077 B2, US 11,181,499
B2).

Isolation of human breast fibroblasts and cell
culture

Breast tissues with evaluated glycolytic behavior were
obtained from the dissected specimens of 33 breast cancer
mastectomy cases without inducing any perturbation or
bias in the surgery trend. Also, a breast sample from mam-
moplasty surgery was used as a negative control for PCR
analysis. Fibroblasts were isolated from these dissected
breast regions. Tissues containing the CAFs were placed
in collagenase type I (1 mg/mL; Boehringer Mannheim)
and hyaluronidase (125 units/mL; Sigma-Aldrich) at 37 °C
with agitation for 12—18 h. in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) and
placed on a shaker within the cell culture incubator until
tissues were dissociated. Following this, a cell strainer was
used to isolate cells from the dissociated tissues and re-
suspended in complete DMEM. Then it was centrifuged
at 4000 rpm for 3 min, and the pellet was resuspended
in DMEM with 10% FBS and then expanded into a cell
culture plate with 48 wells and stored up to passage 3 to

population doublings within the total of 8—10 days after
tissue dissociation (Truong et al. 2019; Orimo et al. 2005).

ROS assay

ROS generation was analyzed with a CM-H2DCFDA assay.
This probe is converted to DCF with a green fluorescent
property by esterase enzymes in the cytosol of the cells. To
do this experiment, after culturing the Fibroblast cultured
cells overnight, the cells are washed twice with PBS, and
then 500 pL of the CM-H2DCFDA solution with a concen-
tration of 20 uM is added. After 30 min incubation at room
temperature and dark, cells are washed and imaged with a
fluorescent microscope. As a negative control, a sample of
cells was incubated with 12 mg NAC (N-Acetyl Cysteine) as
a ROS scavenger and then treated with CM-H2DCFDA. The
samples were imaged with a fluorescent microscopy system
(Miripour et al. 2022a).

immunohistochemical staining procedure

The resected surgical tissue slides were deparaffinized in
xylene, hydrated in dilutions of alcohol series, and immersed
in 0.3% hydrogen peroxide in methanol to suppress endog-
enous peroxidase activity. TE buffer (10 mM Tris and 1 mM
EDTA, pH 9.3) was used to treat sections at 98°C for 30
min. Each section was blocked with 0.1% Tween 20 in PBS
containing 4% bovine serum albumin for 30 min to reduce
non-specific staining. The sections were incubated with
anti-SMA (1:100, Millipore, Billerica, MA, USA) in PBST
containing 3 mg/ml goat globulin (Sigma, St. Louis, MO,
USA) for 60 min at room temperature, followed by three
subsequent washes with buffer. Sections were then incubated
with an anti-mouse/rabbit antibody (Envision plus, Dako)
for 30 min. The chromogen used was 3,39-diaminobenzi-
dine. Meyer’s hematoxylin was used to counterstain the sec-
tions. Negative controls for immunostaining were obtained
by excluding the primary antibody (Ha et al. 2014).

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The total RNA of breast dissected samples was extracted
using an RNX kit (Sinaclon, Iran) according to the man-
ufacturer’s protocol. For each sample, 1 pg of RNA was
reverse transcribed into complementary DNA (cDNA) using
a cDNA synthesis Kit (Anacell, Iran) and analyzed with a
StepOne real-time PCR system (Applied Biosystems) apply-
ing an SYBR Green PCR Master Mix (Anacell, Iran) to eval-
uate the gene expression of Glut-1, MMP-2, N-Cadherin,
MMP-9. Sets of primers specific to each gene are provided
in Supplementary Table 1. The human beta-actin (h-ACTB)
gene was used to normalize the mRNA expression level of
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each gene. Also, data analysis was carried out based on the
27A4CT method.

Twenty-eight samples with high glycolytic behavior and
histologically negative were compared to the min value of
the positive and max value of negative controls. Also, all
samples were normalized to the mammoplasty sample.

Cell image analysis

Image] software and the OpenCV python library were used
for cell detection and labeling through image processing
tools. Each image was analyzed using various cell detec-
tion techniques to find the most applicable one. Shape, size,
and circularity were considered parameters to distinguish
between different cell lines in an identical image. Analysis
was repeated separately for each different cell line present
in an image and based on its particular parameters. Then,
the results were shown simultaneously in the original image.

Statistical analysis

Data on bar graphs are expressed as means +SD or + SEM
(as indicated). Statistical analysis was performed using
one-way ANOVA, followed by Tukey’s multiple compari-
sons test for repeated measurements, with the significance
assessed at the 5% significance level (P <0.05).

Results

CAFs are activated fibroblasts with heterogeneous shapes
and metabolism within the tumor microenvironment and
adjacent to the tumor boundaries (Ping et al. 2021). They
secret various factors that play key roles in tumor develop-
ment, metastasis, and resistance to therapy (Gadaleta et al.
2022; Orimo et al. 2005; Ping et al. 2021) (Fig. 1).

We investigated the hypoxia glycolysis behavior of
tumor central and margin sides of breast cancer patients
who had undergone mastectomy by CDP as a known gly-
colysis probing system by presenting the level of ROS-
associated electrochemical peaks (Miripour et al. 2022a, b;
Dabbagh, et al. 2021). Our gold standard for the pathologi-
cal state of the specimen was H&E staining and diagnosis
by pathologists.

Fibroblasts from the dissected specimens of 33 breast
cancer mastectomy cases (which weren’t important for
pathological evaluation) were investigated. The CDP
score for the ROS level of each lesion was recorded before
dissection. We pathologically and biologically analyzed
these fibroblasts to understand if they are CAFs or NFs. A
part of the specimen was used for H&E and PCR evalu-
ation to find any correlation between the presence and
activity of CAFs, levels of expressed cancer-associated
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Fig.1 The schematic of field cancerization procedure in the tumor
microenvironment. Hydrogen peroxide released by tumor cells pro-
motes oxidative stress to surrounding stromal cells, such as fibro-
blasts. Additionally, oxidative stress in fibroblasts leads to ROS pro-
duction in the tumor stroma, allowing cancer cells to mutate further,
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eventually resulting in stromal lactate production and metastasis.
Furthermore, hydrogen peroxide and ROS production can also muta-
genize adjacent normal epithelial cells, promoting the growth of new
cancerous cells (Lisanti et al. 2011)
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transcriptomes, electrochemical levels of released ROS
from the lesion, and the presence or absence of cancer
cells in the specimen. Also, extracted fibroblast cells were
exposed individually near breast non-cancer and cancer
cell lines to investigate their effects on the invasion behav-
ior of breast cells. The gold standard in this study was
permanent pathology. Samples with high glycolytic behav-
ior (due to CDP results) and positive for cancer in histol-
ogy diagnosis were selected as positive controls (ID 3-5).
These samples were IDC grade 2, High/Intermediate grade
Ductal Carcinoma Insitu (DIN3,2). Samples with low gly-
colytic behavior and non-cancerous histology diagnosis
(Non-proliferating FCC, Fatty breast tissue) were used
as negative controls ID 1, 2, and mammoplasty operation
samples. The other margin samples were histologically
negative while showing high glycolytic behavior (based
on CDP results). Through this investigation, we aimed to
find a relation between levels of ROS/H,0, released by
the glycolytic cells (recorded by CDP) and the potential
for cancerous transformation in these cells by evaluating
their RT-PCR/IHC and fibroblast activity.

Cancer tumor /

CAFs enhanced the aggressive behavior of cancer
cells

First, 33 samples from individual patients underwent a mas-
tectomy, excised, and driven by the protocol discussed in
the method section to separate fibroblasts from other cells
(immune, epithelial cells, endothelial cells, and so on) and
recultured individually. The protocol for investigating the
behavior of extracted fibroblasts from dissected tissues is
presented in Fig. 2.

Alpha-SMA is a specific IHC marker for distinguishing
CAFs from NFs (Ha et al. 2014). The tissue sample with ID
4, which had high glycolytic behavior and positive histo-
logical diagnosis (High-grade Ductal Carcinoma (DIN 3)),
showed a positive expression of alpha-SMA THC (Fig. 3a).
Also, fibroblast cells excised and cultured from this sam-
ple showed positive staining for alpha SMA ICC (Fig. 3b)
and negative staining for the epithelial marker E-cadherin
(Fig. 3e). However, fibroblast cells driven from non-cancer
breast tissue (ID 2: fatty breast tissue) with low glycolytic
behavior showed negative staining for IHC and ICC of alpha
SMA (Fig. 3b,d).
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Fig.2 The protocol for investigating CAFs in dissected tissues from
breast cancer patients. The specimen was dissected from the lesions,
which were not essential for pathological evaluation. In order to find
a correlation between the presence and activity of CAFs, the levels
of expressed cancer-associated transcriptomes, and the presence or
absence of cancer cells in the specimen, the CDP score of each speci-
men was recorded, and a portion of each specimen was used for H&E

and PCR evaluation. Moreover, CAFs interacted with breast non-
cancer (MCF10-A) and cancer (MCF-7) cell lines, and their interac-
tions were evaluated. Molecular analysis was performed to discover a
relation between ROS/H202 levels released by CAFs through glyco-
lysis metabolism and transcriptomes of adjacent epithelial cells that
undergo cancerous transformation
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«Fig.3 H&E staining and SMA THC marker expression of paraffin-
embedded of a sample ID 4, which had high glycolytic behavior and
positive histological diagnosis (high-grade ductal carcinoma (DIN 3),
and b sample ID 2 with low glycolytic behavior and negative histo-
logical diagnosis (fatty breast tissue), H&E staining and SMA marker
of isolated CAFs from samples ¢ ID 4, and d ID 2, e Epithelial
marker E-cadherin of CAF. All the primary cultured CAFs expressed
SMA highly (Ha et al. 2014) but did not express E-cadherin, present-
ing characteristics of CAFs (Yu et al. 2014). f Schematic of CAF
behavior in adjacent tumoral and non-tumoral cells. g Evaluating
fibroblast cells behavior extracted from the samples ID 4, 2 tissues
and cultured in interaction with non-cancerous (MCF-10A) and can-
cerous (MCF-7) breast cells, tumor environment (TE)-CAF, tumor-
adjacent (TA)-CAF. h Cell invasion ability was measured in three
groups. The invasion ability of the MCF-7 cell lines cultured with
tumor environment and adjacent CAF was significantly greater than
MCEF-10A non-cancer cells (P <0.0001). i The exact invasion number
of cells to the channel for each group. Each bar is equal to 100 pm

To evaluate the effect of CAF interactions with can-
cer and non-cancer cells in the tumor microenvironment,
fibroblast cells extracted from breast margin tissues with
high glycolytic behaviors were exposed to them. IHC and
ICC analyses showed expression of alpha SMA and non-
expression of E-Cadherin on these cells (Fig. 3a, c, e), which
indicates the CAF nature of these cells. Some of these cells
were extracted from breast lesions that were histologically
negative for cancer, and others were extracted from histo-
logically positive lesions (Fig. 3a, b). The similar specifica-
tion of these cells is high glycolytic levels of their primary
lesion and IHC/ICC expressing in favor of being CAFs. The
mentioned fibroblasts were individually exposed to breast
cancer (MCF-7) and non-cancerous (MCF-10A) cell lines. It
was observed that MCF-7 cells showed a significant increase
in their proliferation after being exposed to CAFs, (either to
tumor environment (TE)-CAF (Fig. 3g (I)) or tumor adjacent
(TA)-CAF (Fig. 3g (II)). About 948 and 833 MCF-7 cells
invade the joint channel (between CAFs and breast cells
culturing well (Fig. 3h, 1)) after exposure to tumor environ-
ment (TE)-CAF and tumor-adjacent (TA)-CAF, respectively.
But just 357 MCF-7 cells come to the channel in the con-
trol group (without exposure to the CAF). Also, the CAFs
showed hyperactivated proliferation and extension in inter-
action with breast cancer cells (Fig. 3g—i).

On the other hand, it was observed that CAF's hyper-
active behavior regressed when they were exposed to non-
cancerous breast cells (MCF-10A) (Fig. 3g (IV)). Also, no
hyperproliferation behavior was observed in the non-cancer
breast cells after being interacted with CAFs (tumor adjacent
(TA)-CAF, which was extracted from histologically non-
cancer lesions with high glycolytic behavior (Fig. 3g (IV)).

So it seems that CAFs and MCF-7 show synergic prolif-
erative behavior in their co-interactions. While CAFs and
MCF-10A not only showed no synergic proliferation but
also CAFs showed regressed activity in interaction with
MCFI10A cells (Fig. 3g-i).

CAFs promote ROS expression of cancer cells

NAC ((N-acetyl-L-cysteine) is a ROS Inhibitor (ab143032))
agent used in cellular investigations (Halasi et al. 2013;
Zhang et al. 2011), and medical purposes (Shi and Puyo
2020; Sengupta and Dutta 2022). Here, it was used to evalu-
ate ROS/hypoxic functions of fibroblasts before and after
exposure near the breast cancer cell line (MCF-7). We also
evaluated the electrochemical level of ROS/H,0, in those
cell cultures. In this regard, 1 uL (12 mg) of NAC was indi-
vidually added to the CAFs cultured samples, and their ROS
electrochemical peak was recorded in time intervals of two
hours up to 8 h. The fluorescent microscope images of nega-
tive control (without NAC) after 8 h of adding NAC and
positive control (100uM of H,0,) to breast cancer cell line
(MCF-7), tumor environment CAF, tumor-adjacent CAF,
and co-culture of MCF-7 4 tumor environment CAF/tumor
adjacent CAF were presented in Fig. 4a. ROS fluorescent
assay (see method section) showed a drastic reduction in the
expression of green fluorescent protein by samples includ-
ing CAFs, MCF-7, and their co-interaction after treatment
with 1yl of NAC (Fig. 4a). Similarly, a sharp reduction in
ROS electrochemical peaks was observed in all mentioned
samples (Fig. 4b).

RT-PCR and immunohistochemistry analysis
of glycolytic breast cells

It is believed that high-level expression of glucose trans-
porter-1 (GLUT1) transcriptome, as the main indication of
glycolysis metabolism, is found in several types of cancer,
including breast cancer, and is associated with poor survival
rates (Kunkel et al. 2003; Kang et al. 2002). Glutl facili-
tates glycolytic phenotypes such as glucose uptake, cellular
ATP, and lactate production levels for cancer cells (Oh et al.
2017). The matrix metalloproteinases (MMPs) transcrip-
tomes are a family of zinc-dependent proteases. MMP-2 and
MMP-9 are critical representatives of the MMP family and
have been demonstrated to be important factors in promot-
ing tumor invasion and metastasis by degrading extracel-
lular matrices (Iochmann et al. 2009; Safranek et al. 2009).
According to many studies, MMP-2 and MMP-9 are highly
expressed in breast cancer tissues and are closely associated
with lymph node metastasis and tumor staging.

Moreover, N-cadherin-1 is another significant transcrip-
tome activated during cancer. N-cadherin is a member of
classical cadherins' calcium-dependent adhesion mol-
ecule family, directly mediating homotypic and hetero-
typic cell-cell adhesion (Mrozik et al. 2018). N-cadherin
expression is aberrant in many solid tumors, indicating
epithelial-to-mesenchymal transition, leading to the devel-
opment of aggressive tumors (Cao et al. 2019). Several
mechanisms have been identified in which N-cadherin
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Co-culture
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Co-culture

(a) MCF-7 tumor adjacent-CAF  (MCF-7+tumor adjacent-CAF)

NAC -

NAC +

H:0:
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Cells Cells treated
with NAC treated with NAC
after 2 hrs. | with NAC | after 8 hrs.

after 4 hrs.
MCEF-7 1003.3 741.6 523.5 145.4
Tumor environment-CAF 872.4 654.3 440.6 87.2
MCF-7 +tumor environment-CAF 1570.4 828.8 545.3 161.6
Tumor adjacent-CAF 748.5 598.2 335.5 98.8
MCF-7 +tumor adjacent-CAF 1256.7 750.8 395.26 188.5

Fig.4 a The fluorescent microscope images of negative control
(without NAC) after 8 h of adding NAC and positive control (100uM
of H,0,) to breast cancer cell line (MCF-7), tumor environment CAF,
tumor-adjacent CAF, and co-culture of MCF-7 4 tumor environment

promotes tumor cell migration: enhancing Fibroblast
growth factor receptor-1 (FGFR-1) signaling, modulating
canonical Wnt signaling, and facilitating collective cell
migration (Mrozik et al. 2018).

RT-PCR results of the GLUT-1, MMP 2, MMP-9,
and N-cadherin expression in breast tissues of the stud-
ied cases are presented in Fig. 5. It shows meaningful
oncogenic changes of about 18.5% (MMP 2, MMP-9, and
N-cadherin) in tissues with non-cancerous histology but
high glycolytic behavior (ID 8-10, 28, 30-33) with respect
to negative controls (ID 1,2). The number of samples with
cancer-associated transcriptomic expression (GLUT-1,
MMP 2, MMP-9, and N-cadherin) which have more than
the mean value expression of positive control samples
(histologically cancerous samples; ID 3-5) were about
40.7%, 18.5%, 18.5%, and 18.5%. At mean 70.4%, 66.7%,
70.4%, and 44.5% increments were observed in GLUT-
1, MMP-2, N-cadherin, and MMP-9 transcriptomes by
highly glycolytic but histologically cancer-free expression
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CAF/tumor adjacent CAF, b electrochemical current peaks of control
(without NAC), and the cells treated with NAC after 2, 4, 6, and 8 h.
Each bar is equal to 100 pm

samples in comparison with negative controls (histologi-
cally non-cancer lesions with low glycolytic behavior).

Moreover, IHC analysis for cancer-associated markers
(VEGF, MMP-2, N-Cadherin, and MMP-9) (Kim et al.
2016) was conducted on the samples. None of them was
expressed in negative controls. In positive control samples,
there was a considerable expression of VEGF, MMP-2,
N-Cadherin, and MMP-9. In samples with positive scores of
CDP and negative diagnosis of histology, such expressions
were 83%, 39%, 0%, and 61% of samples have proportion
and intensity > 1, respectively.

Discussion

We investigated the cancer-associated behaviors of the
lesions adjacent to tumor margins and found two critical
factors about biologically high-risk while histologically
benign representations in some of such lesions, which was
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Fig.5 a Clinical and pathologic characteristics of patients and adja-
cent tumor margins samples randomly assigned to this study, b CDP
ROS/H,0, current peaks and declaration and pathological diagnosis
of samples, ¢ RT-PCR of oncogenic associated transcriptomes adja-
cent tumor margins samples, all samples expression were normalized
to mammoplasty expression value (Green and red color indicated
negative and positive controls diagnosed by CDP and confirmed
by pathology, and the blue ones are margin samples with high gly-
colytic behavior but histologically negative), d Heat maps represent-
ing four transcripts were investigated on 33 cavity margins of breast
cancer patients, e The comparative outcomes of the adjacent cavity
margins RNA sequencing results to the control samples, f IHC of

123456789

Samples.

four transcripts VEGF, MMP-2,9, and N-cadherin were investigated
on assayed samples. Intensity Score (Score 0: no or weak staining,
Score 1: mild staining, Score 2: moderate staining, Score 3: strong
staining), Proportion score (Score 0: no or weak intensity, Score
1: <10% of tumor with strong intensity (SI), Score 2:=10% < strong
intensity < 1/3 of tumor, Score 3: 1/3<strong staining<2/3 of
tumor), f IHC analysis for cancer-associated markers (VEGF, MMP-
2, N-cadherin, and MMP-9) on the samples, g IHC VEGF, MMP-2,
N-cadherin, and MMP-9 in negative control samples (CDP negative
and H&E negative), positive control samples (CDP positive and H&E
positive), and CDP positive and H&E negative samples. Each bar is
equal to 100 pm
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Fig.5 (continued)

a strong correlation with their glycolytic metabolism; first:
the expression of cancer transcriptomes such as GLUT-1,
MMP-2, MMP-9, and N-cadherin in those lesions. Second
the presence of active CAFs among epithelium which, due
to our ex vivo observation, just become activated in the
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presence of cancer cells. Our main distinct factor in finding
these lesions was the real-time electrochemical measuring
of their released ROS levels with the assistance of a newly
presented CDP system (Miripour et al. 2022a, b; Dabbagh
et al. 2021). Also, florescent-based ROS detection was
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applied to confirm the increased released ROS from those
lesions to normal negative controls. It is known that preneo-
plastic and neoplastic breast cells (in adjacent margins) and
their surrounding CAFs can increase their metabolism by
switching to aerobic glycolysis [through Warburg, reverse
Warburg and field cancerization effects (Potter et al. 2016;
Chai and Brown 2009)], which results in the release of ROS
by the cells in the intercoastal fluid. So, due to the correla-
tion between ROS electrochemical expressed responses and
florescent ROS release assay, the presence of CAFs could
be a hallmark of oncogenic changes due to glycolytic-based
ROS expression.

As shown in Figs. 3a—e, CAF (All the primary cultured
CAFs express high levels of alpha SMA (Ha et al. 2014)
while they do not express E-cadherin [as a molecular char-
acteristic of CAFs) (Yu et al. 2014)] interaction by the non-
cancer and cancer breast cells (Fig. 3g) demonstrates that
the activation of the CAFs just could be happened in the
presence of neoplastic cells. It was interesting that MCF-
10A cells in the proximity of CAFs do not show any change
in their growth, but the behavior of CAFs regresses. We
observed that if there is a high ROS signal in a cavity mar-
gin with no observable cancer cells except CAFs (due to
conventional histopathological assay), this margin should
be further investigated because some single cancer or high
risk precancer cells maybe existed in the vicinity of CAF
(Fig. 3g—i), which causes oncogenic changes in cavity mar-
gin’s fibroblasts. Presence of these CAFs may be due to he
presence of such single cells. It means that CAFs without
the presence of neoplastic cells in their neighbor area might
not keep their function. So, if a distribution of CAFs were
found in breast lesions, there may be a hallmark about pres-
ence of scattered single preneoplastic or cancer cells in that
lesion even if they were observed in histological slide. Acti-
vated cancer-associated proteins observed in those lesions
(Fig. 5f—g) were in accordance to this hypothesis.

RT-PCR of those lesions also showed meaningful
increased expression of cancer-associated transcriptomes
(MMP-2, MMP-9, N-cadherin) and glycolytic metabolism
(GLUT-1) in those cells with respect to histologically benign
and metabolically non-glycolytic cells (negative controls)
(Fig. 5). Also, oncogenic changes in GLUT-1 were higher
in about 40.7% of samples with non-cancerous histology
but high glycolytic behavior, like positive controls. As it
was predictable, the expression of the transcriptomes was
much higher in positive control samples (Fig. Sc—e). Beta-
actin transcriptome (conventionally applied as Housekeep-
ing) also showed increased expression in malignant samples,
which indicates the test's reliability because we observe an
increase in beta-actin transcriptome in malignant breast can-
cer cells.

Co-culturing these CAFs with non-neoplastic (MCF-
10A) and neoplastic (MCF-7) cells of the same patients

and monitoring the ROS/Hypoxic changes in the co-culture
near evaluating metabolic changes of the cells are our future
trends in this investigation.

No expression of important breast cancer-associated pro-
teins (evaluated by IHC) such as VEGF, MMP-2, N-Cad-
herin, and MMP-9 were observed in negative control sam-
ples (CDP negative and H&E negative). The strong and
somehow perfect expression of these proteins was observed
in positive control samples (CDP positive and H&E posi-
tive). We observed meaningful expression of these proteins
in CDP samples (CDP positive and H&E negative) (Fig. 5f).
In 71% (20/28) of the samples, there was a mild expression
of VEGF, while 11% (3/28) of the samples had a moder-
ate expression of VEGF. 39% (11/28) of those samples had
mildly expressed MMP-2 as a protease enzyme produced
by progressive cancer cells (Yaqoob et al. 2020). Moreo-
ver, 29% (8/28), 25% (7/28), and 7% (2/28) of the men-
tioned samples had mild, moderate, and strong expression
of MMP-9 as a protease indicator of primary cancer cells
(Huang 2018). So, it can be deduced that the expression of
cancerous functional proteins in the histologically normal/
benign cells with glycolysis metabolism (detected by CDP)
was meaningfully further than in normal/benign cells with-
out any glycolytic metabolism (negatively scored by CDP).

The main findings of this paper are that the presence of
CAFs in the cavity side margins indicates the existence of
cancerous, precancerous, or oncologically activated epithe-
lial cells around CAFs. If these cells didn’t exist in the mar-
gin lesions, CAFs would be downregulated, reducing their
aggressive behaviors to normal fibroblasts. Hence, the pres-
ence of CAFs is correlated with the presence of high glyco-
Iytic metabolism in the lesion, high ROS level in the lesion,
and finally aggressive cancer-associated proteins (such as
MMP?2, ...) in the margin lesion while these metabolomes,
molecules, and proteins are absent in the margins with neg-
atively scored CDP response and low ROS level (Fig. 5).
Other papers didn’t report this result that CAFs could be
down-functioned into behaviors similar to normal FBs if
no cancer/precancer cells were in their adjacent, while this
evidence was observed, discussed, and reported in our paper
(Fig. 3). In summary, we concluded that: (1) High levels
of ROS in the cavity side margins are correlated with the
presence of cancer-associated fibroblasts (CAFs) near can-
cer or precancerous cells, or potentially activated to become
cancer cells. (2) If none of these high-risk cells existed in
the media, the CAFs would reduce their aggressive func-
tions turned into normal FBs. (3) Similar to other papers we
also observed the synergic effect of CAFs and breast cancer
cells to each other due to secreting the by-products of gly-
colysis metabolism to the media. (4) CDP positively scored
responses are important to be considered because even if no
cancer cells were histologically found in the margin, high-
risk epithelial cells in that margin express cancer-associated
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proteins and metabolomes, which is one of the hallmarks
that stimulate the fibroblast to become CAF. So, metabolic
probing could be a good indicator to distinguish these cells.

Conclusion

In summary, we showed the hyperactivation of fibroblasts
derived from cavity-side breast margins with glycolytic
metabolism, even in the absence of neoplastic breast cells.
These fibroblasts expressed CAF markers and RT-PCR of
cancer-free margins with positive glycolytic metabolism and
these CAFs, showed over-expression of cancer-associated
transcriptomes, while the fibroblasts derived from cancer-
free cavity side margins and absence of CAFs showed nor-
mal RT-PCR profile. At mean 70.4%, 66.7%, 70.4%, and
44.5% increments were observed in GLUT-1, MMP-2,
N-Cadherin, and MMP-9 transcriptomes by highly glyco-
lytic but histologically cancer-free expression samples in
comparison with negative controls (histologically non-can-
cer lesions with low glycolytic behavior). Also, immuno-
histochemical analysis of important cancer-related proteins
such as MMP-2, MMP-9, and VEGF revealed a significant
presence of these proteins in glycolytic margins (with his-
tology of non-cancerous lesions), while no expression of
N-Cadherin was observed. Furthermore, cancer-free glyco-
lytic margins contained CAFs capable of activating cancer
cells in vitro. However, these CAFs were downregulated
when interacting with normal breast cells. These pieces of
evidence may present a hidden hallmark factor; the presence
of CAFs in histologically cancer-free breast margins may
warn about the presence of pre-cancer or cancer cells in a
hidden state because CAFs could not be activated, and gly-
colytic function may not be traced in a cavity margin without
any neoplastic/pre-neoplastic cells. Metabolic probing can
provide valuable insights for more effective investigation of
tumor margins in order to detect any oncogenic or oncopro-
teomic changes. This information can be crucial for improv-
ing the management of organ-conserving tumor surgery. The
study results highlight the need for further research on non-
histologically tumoral margins with glycolytic behavior and
CAF content. This research may help in understanding the
increased risk of cancerous changes in marginal cells.
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