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MDA-MB-231 breast cancer cells
adapted to anchorage-
independent growth reveal
senescent-like phenotype and
persistent downregulation of
PD-L1 expression
Tadeja Snedec, Jernej Repas†, Darin Lah, Sÿpela Zemljicÿ
and Mojca Pavlin*

Institute of Biophysics, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia
Introduction: Metastasis remains the primary cause of mortality in breast cancer,
particularly in aggressive triple-negative (TNBC) subtypes. A crucial yet
understudied aspect of this process involves cancer cell survival in a detached
state and subsequent reattachment at distant sites. While in vitro models can
capture early detachment events like tumor budding, the subsequent
reattachment phase is often overlooked. To address this, we developed a
TNBC cell model that effectively mimics metastatic behavior following re-
attachment at secondary locations.
Methods: We generated clones of MDA-MB-231 TNBC cells through
consecutive selection for enhanced anchorage-independent survival. This was
achieved using 2-deoxy-D-glucose (2DG) alone, 2DG combined with
metformin, or Poly(2-hydroxyethyl methacrylate) (polyHEMA)-coated surfaces.
The resulting adapted clones were characterized by RNA transcriptomics,
comparing them to one-time treated non-selected cells. Real-time cellular
energy metabolism was assessed via Seahorse analysis, while mitochondrial
mass and intracellular localization were determined by �ow cytometry and
�uorescent microscopy, respectively.
Results: Transcriptomic analysis of the MDA-MB-231 clones adapted to
anchorage-independent growth revealed distinct alterations in gene
expression, con�rmed by principal component analysis showing clear
separation from control clusters. These adapted clones exhibited increased
mesenchymal and stemness markers, downregulated cell cycle genes, and a
senescent-like phenotype. Interestingly, while nuclear-encoded oxidative
phosphorylation (OxPhos) genes were downregulated, mitochondrial-encoded
OxPhos genes were upregulated, with no signi�cant shift in overall ATP
production as measured by Seahorse analysis. Paradoxically, despite increased
CD274 (PD-L1) transcription, surface PD-L1 expression was consistently
reduced, likely due to endoplasmic reticulum (ER) stress and impaired
N-glycosylation.
Discussion: Our adapted clones provide a novel in vitro model of early metastatic
behavior, unveiling a cancer cell survival strategy that balances energy
metabolism with adaptation to stress. These clones also demonstrated
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enhanced detachment properties and upregulation of proto-oncogenes, in
addition to their senescent-like phenotype. Critically, the uncoupling of CD274
transcription from surface PD-L1 expression suggests a potential therapeutic
vulnerability that could be exploited in TNBC.
KEYWORDS

triple-negative breast cancer, 2-deoxy-D-glucose, anchorage-independent growth,
metastasis, PD-L1, senescence, epithelial-to-mesenchymal transition, mitochondria
1 Introduction
Breast cancer is the most prevalent cancer among women

worldwide and the second leading cause of cancer-related deaths.
Tumor metastasis remains the primary cause of morbidity and
mortality in breast cancer (1), with triple negative breast cancer
(TNBC) representing one of the most aggressive subtypes and being
associated with a poor prognosis (2). The leading hypothesis
describing formation of metastasis is epithelial to mesenchymal
transition (EMT), which proposes that cancer cells adopt a
mesenchymal phenotype during an intermediate step (3). This
phenotype is characterized by the loss of cell polarity, suppression
of epithelial gene expression, and enhanced motility and invasiveness
(4–6). However, because this process is dif�cult to observe in vivo,
dynamics of EMT and its reversal to epithelial phenotype upon re-
attachment (MET) remains incompletely understood.

A crucial step in metastasis formation on a cellular level is cell
detachment from primary tumor and survival in an anchorage-
independent state (3, 7) where cells must evade anoikis (8) - a form
of cell death, triggered when epithelial cells lose contact with the
extracellular matrix (ECM) (9, 10). Acquiring anoikis resistance is
essential for metastasis and consists of multiple mechanisms,
including integrin and metabolic alterations and activation of
pro-survival, proliferative signaling (9, 11–18). One of crucial
pathways that support anoikis resistance is the elevation of
reactive oxygen species (ROS), which can activate the SRC
pathway (19) and inhibit anoikis through ERK signaling (20, 21).
In triple negative breast cancer cell line, such as MDA-MB-231, as
well as in other cancers, upregulation of fatty acid oxidation (FAO)
has been shown to be crucial for survival during anchorage-
independent growth both in vitro and in vivo (22–31).

The in vivo analysis of cancer cell detachment during the
metastatic cascade remains a signi�cant challenge. While this
process can sometimes be observed as tumor budding, circulating
tumor cells (CTCs) represent an intermediate stage of metastasis.
CTCs are characterized by low proliferation rate, high expression of
stemness and mesenchymal markers and therefore resistance to
conventional anti-cancer drugs (32–39). CTCs are a well-
established prognostic factor for patient survival in breast cancer
and other malignancies (40–43). At the time of metastasis diagnosis,
02
these CTCs have already entered the bloodstream and are
potentially colonizing new locations. This highlights a crucial
therapeutic window: exploring strategies to inhibit cell re-
attachment and colonization could be an effective way to prevent
further metastatic spread (44).

Some studies (16, 45–49) including ours (50–52), have
demonstrated that detachment can be induced in vitro through
speci�c treatments or by forcing the cells to grow in anchorage-
independent state using specially coated plates, such as poly(2-
hydroxyethyl methacrylate) (polyHEMA). We have shown that
viable cancer cells from various breast cancer cell lines and a colon
cancer cell line can undergo detachment and anoikis resistance when
treated with N-glycosylation inhibitors like 2-deoxy-D-glucose
(2DG) and tunicamycin alone or in combination with metformin
(Met) (50, 52, 53), while retaining their proliferative capacity. 2DG, a
competitive inhibitor of glycolysis and N-glycosylation inhibitor, is
being investigated as a potential anti-cancer agent (54–62), whereas
Met, a widely used antidiabetic drug, has also demonstrated
anticancer properties (63–68).

While some early steps of detachment can be observed as tumor
budding in histopathological examinations (35, 36), the
mechanisms that enable survival in an anchorage-independent
state and subsequent reattachment, remain poorly understood
due to the challenges of studying this process in vivo. In addition
to the limited understanding of cancer metastasis, a major obstacle
to successful treatment is resistance of metastatic and CTC cells to
conventional anti-cancer therapies. Therefore, gaining deeper
insight into metastasis formation and the surviving mechanisms
of cells under anchorage-independent conditions is crucial for
improving cancer treatments and reducing mortality.

In this study, we generated a clone of MDA-MB-231 triple
negative breast cancer cells selected for their ability to survive under
anchorage-independent conditions. The cells were obtained by
selecting the detached population following the speci�c
treatments (2DG alone or in combination with Met) or by
culturing them on polyHEMA-coated surface. To establish a
subpopulation of detached cells, we repeatedly reseeded only the
detached cells over multiple cycles, ultimately obtaining a cell
subtype better adapted to anchorage-independent survival -
partially mimicking cancer metastasis. We then analyzed both the
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parental wild-type cells and the adapted clones to identify the
mechanisms that enable detached cells to survive in the
anchorage-independent state, reattach, and proliferate in the
compound free medium. Additionally, transcriptomic analysis
was performed to investigate differences in metabolism, signaling
pathways and cell cycle regulation. Our in vitro model can be used
to conceptually parallel the metastatic cascade by recreating its key
stages. The initial detachment of cells corresponds to the process of
cancer cell detachment. The detached cells represent circulating
tumor cells (CTCs), while subsequent re-attachment re�ects the
colonization at a secondary site.
2 Materials and methods

2.1 Antibodies and reagents

Metformin was obtained from Calbiochem (Merck Millipore)
and 2-deoxy-D-glucose from Santa Cruz Biotechnology (sc-3506).
CM-H2DCFDA was obtained from Invitrogen. CellTak was
obtained from Corning. Seahorse XF Real-Time ATP Rate Assay
Kit was obtained from Agilent. RPMI 1640 medium was obtained
from Genaxxon Bioscience. All other reagents, unless otherwise
speci�ed, were purchased from Sigma-Aldrich or Merck Millipore.
2.2 Cell culture and treatments

MDA-MB-231 cell line was purchased from ATCC (USA). Cells
were routinely grown in RPMI-1640 medium (Genaxxon
Bioscience) with 4.5 g/L (25 mM) glucose, 2 mM glutamine and
10% FBS in a humidi�ed atmosphere with 5% CO2 at 37 °C. For all
experiments, cells were seeded in complete RPMI-1640 with 4.5 g/L
glucose for 24 h, washed with isotonic NaCl, and subsequently
grown in RPMI-1640 medium supplemented with 10% FBS, 2 mM
glutamine and 1 g/L (5.6 mM) glucose. All experiments were
performed in a humidi�ed atmosphere at 37 °C and 5% CO2.
Nutrient availability largely dictates metabolic behavior (69),
therefore, we used the physiological 1 g/L glucose, instead of
hyperglycemic 4.5 g/L, that is usually used in cell culture.
2.3 Experimental design

MDA-MB-231 cells were plated on 6-well plates in RPMI-1640
medium supplemented with 4.5 g/L glucose, 2 mM glutamine and
10% FBS. On the next day, cells were washed with isotonic NaCl
solution, and the medium was changed to complete RPMI medium
with 1 g/L glucose. Cells were treated for 72 hours with 4.8 mM
2DG or co-treated with 5 mM Met and 0.6 mM 2DG. We have
chosen 4.8 mM concentration of 2DG and combination of 5 mM
Met + 0.6 mM 2DG for the selection process, based on our previous
research, which showed signi�cant detachment of viable MDA-MB-
231 cells for these conditions, while at higher concentrations
extensive cell death and reduced detachment were observed (50–
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52, 70). As an additional sample, cells were grown on polyHEMA-
coated plates, which prevents cell attachment. Medium was
renewed daily, and the detached cells were collected and returned
to the attached cell counterpart. After 72 hours, attached and
detached cells were collected and counted separately. Only the
detached cells were reseeded in the complete RPMI medium with
4.5 g/L glucose. After 72 hours, cells were counted again and
reseeded in complete RPMI-1640 medium with 4.5 g/L glucose,
washed with isotonic NaCl the next day and treated with the same
compounds as before for 72 hours. The whole cycle was repeated
four times. After four cycles of detached cell selection, the detached
and attached cells were collected separately, counted and the
differences between treated adapted clones and wild-type cells
were determined. The detached cells were also reseeded again in
the complete RPMI medium with 4.5 g/L glucose. After 72 hours,
cells were counted again and the differences between adapted clones
and wild-type cells were determined.
2.4 Analysis of the percentage of total cell
number and the percentage of detached
cells

On the �nal day of the experiment, supernatants with detached
cells were collected separately. Attached cells were trypsinized and
harvested separately. Detached cells were centrifuged separately and
resuspended in compound-free medium. Cells were stained by
Trypan blue and detached and attached cells were counted
separately using Countess cell counter (Invitrogen, USA). The
total number of cells was calculated as a sum of attached and
detached cells and was normalized to the number of seeded cells.
The percentage of detached cells was calculated as the number of
detached cells divided by the total number of cells.
2.5 Detection of reactive oxygen species
using CM-H2DCFDA

On the �nal day of the experiment, supernatants with detached
cells were collected separately. Attached cells were trypsinized and
harvested separately. Both detached and attached cells were
centrifuged 5 min at 290 rcf and resuspended in 4.17 µM CM-
H2DCFDA in PBS (with Ca2+ and Mg2+). For positive control, 1.1
mM H202 was used. After 20 min incubation on 37 °C, cells were
analyzed using Attune™ NxT �ow cytometer (Thermo Fisher
Scienti�c, Waltham, USA). About 4 × 104 events per sample were
collected by BL-1 �lter (492/520). We used Attune Cytometric
Software for �nal analysis.
2.6 Determination of mitochondrial mass

On the �nal day of the experiment, supernatants with detached
cells were collected separately. Attached cells were trypsinized and
harvested separately. Same amounts of cells were prepared per
frontiersin.org
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sample, centrifuged, resuspended in complete RPMI medium with
4.5 g/L glucose and with 200 nM Mitotracker Orange® for 45 min at
37 °C. After staining, cells were centrifuged, washed and
resuspended in PBS and analyzed using Attune™ NxT �ow
cytometer (Thermo Fisher Scienti�c). About 4 × 104 events per
sample were collected by BL-2 �lter (554/76). We used Attune
Cytometric Software for �nal analysis.
2.7 Detection of surface PD-L1

On the �nal day of the experiment, supernatants with detached
cells were collected separately. Attached cells were detached using
PBS + 2 mM EDTA. 50,000 of cells were prepared per sample,
centrifuged and resuspended in 75 µL PBS + 5% FBS with 0.5 µL
APC-conjugated anti-PD-L1 antibody (329707, Biolegend, San
Diego, CA, USA). After 20 min incubation, cells were washed in
PBS + 1% BSA and resuspended in ice-cold PBS. Cells were
analyzed using Attune™ NxT �ow cytometer. About 2 × 104

events per sample were collected by RL-1A �lter (670/14). We
used Attune Cytometric Software for �nal analysis.
2.8 Real-time cell Mito stress test

MDA-MB-231 cells were plated on Seahorse XFe24 cell culture
microplates at 20,000 cells per well in RPMI medium with 4.5 g/L
glucose. After 24 h, cells were washed with isotonic NaCl solution
and the medium was replaced with RPMI 1640 medium with 1 g/L
glucose and treated with compounds as before, with a medium
renewal after 24 h. After 48 h of treatment, the medium was
replaced with the RPMI 1640-based Seahorse XF Glycolytic Rate
Assay medium (2 mM glutamine, 1 mM HEPES, 0 mM pyruvate, 1
g/L glucose) equilibrated to pH 7.4, with the same concentrations of
Met and 2DG as in the treatment media. For the detached cells,
MDA-MB-231 (wild-type and clones) cells were plated in a cell
culture �ask and treated the same as cells on Seahorse XFe24 cell
culture microplates. After 48 h of treatment, the detached cells were
collected, centrifuged, and resuspended in RPMI 1640-based
Seahorse XF Glycolytic Rate Assay medium (2 mM glutamine, 1
mM HEPES, 0 mM pyruvate, 1 g/L glucose) equilibrated to pH 7.4,
with the same concentrations of Met and 2DG as in the treatment
media, plated on Seahorse cell culture microplates covered with
CellTak® at 150,000 cells in 0.1 mL per well. Plates were spun
down at 200 g for 1 min and incubated at 37 °C without CO2 for
15 min, after which 0.4 mL of Seahorse XF Glycolytic Rate
Assay medium was added and after additional 30 min of
incubation at 37 °C without CO2. OCR and ECAR were
measured and the ATP production rate from glycolysis and
OxPhos was determined according to Seahorse XF Cell Mito
Stress Test protocol, by serial injections of following regents at
�nal concentrations of 1 mM oligomycin, 8 mM carbonyl cyanide-p-
tri�uoromethoxyphenylhydrazone (FCCP) and 1 mM Rotenone/
Antimycin A. Results were normalized to the total DNA content,
determined by Hoechst staining.
Frontiers in Oncology 04
2.9 Transcriptome sequencing

On the �nal day of the experiment, the reattached detached cells
were trypsinized and harvested. Cells were washed twice with ice
cold PBS, snap frozen in liquid nitrogen, and stored at – 80 °C. Total
cell RNA was isolated from cell pellets using PureLink™ RNA Mini
Kit (Invitrogen, ThermoFisher Scienti�c, Waltham, USA).
Transcriptome sequencing was performed in triplicates in each
group by Novogene (Cambridge, UK). Heatmaps were visualized
using TBtools (71).
2.10 Confocal microscopy

Reattached clones CLONE2DG and CLONEpolyHEMA, as well as
control cells were plated in chambered coverslips (IBIDI) in
complete RPMI medium without added compounds. After 24
hours, cells were washed and labelled with Phalloidin Alexa Fluor
488 solution (Invitrogen) and 200 nM Mitotracker Orange®. After
staining, cells were washed gently and the samples were examined
under the Nikon ECLIPSE TE2000-E microscope (Plan Apo TIRF
objective, magni�cation 60×, NA = 1.45) in the confocal mode
(Nikon C1).
2.11 Statistical analysis

Results were displayed as mean ± SEM of three biological
replicates unless indicated otherwise. Unless stated otherwise,
one-way ANOVA with Dunnett’s post hoc test was used to test
statistical signi�cance of results. In some cases, two-way ANOVA
was used to test for synergism between Met and 2DG treatment.
3 Results

In this study we have generated a clone of MDA-MB-231 cells
by repeatedly selecting the detached cell population following 4.8
mM 2DG (4.8 2DG) and 5 mM Met + 0.6 mM 2DG (Met+0.6 2DG)
treatments. We have chosen the two speci�c treatments for the
selection process, based on our extensive previous research, which
showed signi�cant detachment of MDA-MB-231 cells with
preserved viability for these treatments. We observed a dose
dependent hermetic effect with increasing percentage of viable
�oating cells up to a point when cell viability started to decrease
(50–52, 70), with maximal detachment of viable cells for 4.8 2DG
and Met+0.6 2DG treatments. As an additional condition, we
cultured untreated MDA-MB-231 cells on polyHEMA-coated
plates, which prevent cell attachment, to force the cells to grow
under anchorage-independent state. The resulting adapted clones
were named: CLONEctrl, CLONE2DG, CLONEMet+2DG and
CLONEpolyHEMA. In parallel, we prepared wild-type cells, by
treating cells once and allowing them to reattach. The resulting
cells were named WTctrl (untreated), WT2DG (4.8 mM 2DG-
treated), WTMet+2DG (5 mM Met + 0.6 mM 2DG-treated) and
frontiersin.org
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WTpolyHEMA (grown on polyHEMA-coated plates). As a control
group, untreated, attached MDA-MB-231 cells were re-seeded four
times and referred to as ctrl. Experimental design is presented in
Figure 1. Representative micrographs are shown in Figure 2A.
Unless otherwise speci�ed, all results represent comparison of
clones compared to ctrl cells.
3.1 Selection of the detached population
after 2DG treatment increases detachment

We hypothesized that repeated selection of the detached
population of cells following treatment with 4.8 2DG and Met
+0.6 2DG would enhance the detachment of viable cancer cells. We
indeed observed an increasing trend in the percentage detached
cells in CLONE2DG compared WT2DG cells treated with 4.8 2DG,
however the increase was not statically signi�cant (Figure 2B).
Furthermore, treatment with 4.8 2DG led to an increase in cell
death from 7% in WT2DG to 11% in CLONE2DG (Figures 2C, D).
Similarly, treatment with Met+0.6 2DG increased cell death from
14% in WTMet+2DG to 18% in CLONEMet+2DG (Figures 2C, D). No
signi�cant differences in cell death were observed between wild-type
and clonally selected cells grown on polyHEMA.

Importantly, we observed no signi�cant reduction in cell
viability within the �oating cell populations of both adapted
clones and wild-type cells (Figures 2C, D), indicating that most
detached cells remained viable, with only a small proportion of dead
detached cells. Moreover, analysis of the percentage of detached
cells within the live cell population revealed that approximately 35%
of cells were detached in CLONE2DG and CLONEMet+2DG
Frontiers in Oncology 05
(Supplementary Figure S1), further demonstrating high viability
of detached cells in these adapted clones. Upon reattachment, cell
death in CLONEMet+2DG reached up to 12%, while in other clones,
the proportion of dead cells remained around 5% (Figure 2E).

Next, we analyzed the impact of clonal adaptation on
proliferation by analyzing the total cell number after 72h growth.
Both CLONE2DG and CLONEMet+2DG showed a signi�cant
r edu c t i on in t o t a l c e l l nu mbe r compa r ed t o c t r l
(p<0.05) (Figure 2F).

Following we analyzed how the cells in CLONEs respond to
metabolic inhibitors compared to WT cells. We compared the total
cell number of treated clones to wild-type cells subjected to the same
treatments (Figure 2F). For Met+0.6 2DG treatment, no signi�cant
differences in total cell number were observed between treated
clones and wild-type cells. However, for 4.8 2DG treatment,
CLONE2DG, and CLONEpolyHEMA cells (cells grown on
polyHEMA-coated plates), exhibited a signi�cant increase in total
cell number compared to their respective wild-type counterparts
(p<0.05 for both). Overall, in the Met+0.6 2DG treatment group,
there were no differences in percentage of detached cells or total cell
number before and after clonal selection, aside from a slight
increase in the percentage of dead cells in the adapted clones. In
contrast, following 4.8 2DG treatment there was an increase in the
percentage of detached cells (ns) and a signi�cant increase in total
cell number (p<0.01), with no differences in the percentage of dead
cells in the adapted clones. Interestingly, CLONEctrl, derived
through selection of detached cells in control (cells without
treatment) displayed enhanced proliferation compared to
untreated cells, with a modest increase in the percentage of
detached cells and no signi�cant difference in cell death.
FIGURE 1

Schematic presentation of the experimental work�ow. MDA-MB-231 cells were grown in RPMI 1640 media with 1 g/L glucose and treated with 2DG
alone or in combination with metformin or grown on polyHEMA coated plates. After 72 hours, detached cells were reseeded in compound-free
media for 72h. Reattached cells were reseeded again and treated with the same compounds. We have performed 4 cycles of detached cell
selection. After the last cycle, attached and detached cells were collected and analyzed separately, the detached cells were again reseeded in
compound free media and left to proliferate for 72 hours. Reattached cells were then analyzed. Met, metformin; 2DG, 2-deoxy-D-glucose.
frontiersin.org
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We further examined the effects of clonal selection on cell
viability and total cell number following reattachment. No
signi�cant differences in the percentage of dead cells were
observed in CLONEctrl, CLONE2DG and CLONEpolyHEMA

compared to ctrl (Figures 2E, G). However, CLONEMet+2DG

showed a modest but signi�cant increase in cell death (12%,
p<0.05, Figure 2E), indicating that the detached clones largely
remain viable after reattachment. Proliferation analysis after
reattachment revealed a slight reduction in CLONEctrl and
CLONE2DG compared to ctrl. Notably, CLONEMet+2DG had
proliferation rate less than 50% of the ctrl rate (ns), which agrees
with the increased percentage of dead cells after reattachment
(Figure 2G). In contrast, CLONEpolyHEMA exhibited viability and
Frontiers in Oncology 06
proliferation comparable to ctrl, suggesting that detachment per se
does not inherently impair the ability of cells to proliferate
once reattached.

Altogether, these results indicate that the selection process
yielded cell clones with a non-signi�cantly increased detachment
rate, without a corresponding rise in the percentage of dead cells
within the detached population. This suggests that the selected
clones are better adapted to growth under anchorage-independent
conditions. Furthermore, upon reattachment, most clones were able
to regain their proliferative capacity. An exception was CLONEMet

+2DG, which exhibited a slower proliferation rate (ns) and a modest
increase in cell death, indicating partial impairment in recovery
following reattachment.
FIGURE 2

Percentage cell detachment and cell number of the adapted clones. MDA-MB-231 cells were grown in RPMI 1640 media with 1 g/L glucose and
treated with 2-deoxy-D-glucose alone or in combination with metformin or grown on polyHEMA coated plates. After 72 hours, detached cells were
reseeded in compound-free media for 72h. Reattached cells were reseeded again and treated with the same compounds. We have performed 4
cycles of detached cell selection. Representative cell images are shown in (A). After the last cycle, detached and attached cells were stained with
trypan blue counted separately with Countess cell counter and the percentage of �oating cells (B), % dead cells in treated adapted clones (C), %
dead cells in treated wild-type cells (D) and the total cell number (F) were determined. After the last cycle, the detached clones were reseeded again
and left to re-attach. After 72 hours, cells were stained with trypan blue and counted with Countess cell counter and the % dead cells (E) and total
cell number (G) after re-attachment were determined. The mean ± SEM for three independent experiments is shown. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 versus (attached) control cells as determined by one-way ANOVA with Dunnett’s or S�idak’s post-hoc test. Met,
metformin; TB, trypan blue; 2DG, 2-deoxy-D-glucose.
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3.2 Transcriptional diversity between wild-
type cells and clones obtained through
repeated selection of detached cells

To determine whether our adapted clones exhibit unique
transcriptomic programs, that enable them to overcome anoikis,
reattach, and proliferate in new environments, we conducted RNA
sequencing (RNAseq) and compared gene expression pro�les of
selected clones to control cells. Differential gene expression analysis
(DESeq2 p-value � 0.05 |log2FoldChange|�0.0) revealed several
statistically signi�cant upregulated and downregulated genes in the
adapted clones. CLONEctrl showed 13 upregulated and 5
downregulated genes compared to ctrl (Figure 3A). CLONE2DG

had 599 upregulated and 955 downregulated genes compared to ctrl
(Figure 3B). CLONEMet+2DG showed 84 upregulated and 448
downregulated genes compared to ctr l (F igure 3C) .
CLONEpolyHEMA had 133 upregulated and 84 downregulated
genes compared to ctrl (Figure 3D). One of the most signi�cantly
upregulated genes in CLONE2DG, CLONEMet+2DG and
CLONEpolyHEMA versus ctrl, was EGR1, a transcriptional regulator
involved in differentiation and mitogenesis. In CLONE2DG
Frontiers in Oncology 07
(compared to ctrl) other signi�cantly upregulated genes were
either connected to EMT, tumor cell growth, cell adhesion,
motility, such as CEMIP and FN1, and apoptosis, such as
TNFSF10 and BIRC3. Interestingly, some genes were also
connected to the immune response, especially the activation of
the complement, such as C3, FN1, HLA-DPA1, BIRC3 and C1S. In
CLONEMet+2DG versus ctrl, the most signi�cantly upregulated genes
were related to transcription regulation, such as EGR1, FOSB and
HES. VEGF production through IL1B was also upregulated, as well
as metabolism of various substrates, including fatty acids (CYP1B1).
Interestingly, some genes here were also connected to the immune
response, especially the activation of the complement, such as C3,
BIRC3 and IL1A. In CLONEpolyHEMA versus ctrl, one of the most
signi�cantly upregulated genes were cancer stemness markers CD69
and ROBO1, which regulates cell migration. FOSB, gene
transcription enhancer was also upregulated. The most
signi�cantly downregulated genes in CLONE2DG versus ctrl were
activation of endothelial cell, ANKRD1, transcription factor in ER
stress response DDIT3 and polarized transport MAL2. In
CLONEMet+2DG versus ctrl, the most downregulated genes were
related to mitochondria, such as MRPL23 (mitochondrial
FIGURE 3

Transcriptomic analysis of differential gene expression in the selected clones. MDA-MB-231 cells were grown in RPMI 1640 media with 1 g/L glucose
and treated with 2-deoxy-D-glucose alone or in combination with metformin or grown on polyHEMA coated plates. After 72 hours, detached cells
were reseeded in compound-free media for 72h. Reattached cells were reseeded again and treated with the same compounds. We have performed
4 cycles of detached cell selection. After the last cycle, detached cells were reseeded in compound free media and left to proliferate for 72 hours.
RNA expression levels of reattached clones were determined with RNA sequencing. (A–D) Volcano plot of differentially expressed genes in
CLONEctrl (A), CLONE2DG (B), CLONEMet+2DG (C) or CLONEpolyHEMA (D) versus ctrl. (E) Heatmap of 10–000 differentially expressed genes. (F) PCA
analysis of total RNA transcriptomics. The mean ± SEM for three independent experiments is shown. Normalized Z score values for three
independent experiments are shown in heatmap. Met, metformin; 2DG, 2-deoxy-D-glucose.
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