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Abstract
Background - Tamoxifen is a widely used estrogen receptor inhibitor, whose clinical
success is limited by the development of acquired resistance. This compound was also
found to inhibit mitochondrial function, causing increased glycolysis and lactate production.
Lactate has been widely recognized as a signaling molecule, showing the potential of
modifying gene expression. These metabolic effects of tamoxifen can by hypothesized to
contribute in driving drug resistance.
Methods - To test this hypothesis, we used MCF7 cells together with a tamoxifen resistant
cell line (MCF7-TAM). Experiments were aimed at verifying whether enhanced lactate
exposure can affect the phenotype of MCF7 cells, conferring them features mirroring those
observed in the tamoxifen resistant culture.
Results - The obtained results suggested that enhanced lactate in MCF7 cells medium can
increase the expression of tafazzin (TAZ) and telomerase complex (TERC, TERT) genes,
reducing the cells’ attitude to undergo senescence. In long term lactate-exposed cells, signs
of EGFR activation, a pathway related to acquired tamoxifen resistance, was also observed.
Conclusions - The obtained results suggested lactate as a potential promoter of tamoxifen
resistance. The off-target effects of this compound could play a role in hindering its
therapeutic efficacy.
General Significance - The features of acquired tamoxifen resistance have been widely
characterized at the molecular level; in spite of their heterogeneity, poorly responsive cells
were often found to display upregulated glycolysis. Our results suggest that this metabolic
asset is not simply a result of neoplastic progression, but can play an active part in driving

this process.
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1. Introduction

Tamoxifen (TAM) is a competitive inhibitor of the transcriptional activity of estrogen
alpha-receptor (ERa); it was discovered about fifty years ago and was subsequently
introduced in the clinical practice for the treatment of ER+ breast cancer, the most common
form of this tumor [1,2]. During its long-lasting clinical use, this pioneering compound proved
to reduce disease recurrence and mortality rate by 50 % and 30 %, respectively.
Furthermore, it appeared to be devoid of relevant side effects in the majority of patients. For
its efficacy and tolerability, after so many years TAM s still considered the first-choice
medication in the adjuvant therapy of pre- and post-menopausal women and has also been
evaluated in the chemoprevention of breast cancer.

Unfortunately, the success of this lifesaving compound can be undermined by the
development of acquired resistance, which was found to occur in about 30% treated patients
[3,4]. The possible mechanisms underlying this phenomenon have been extensively
investigated and a number of complex pathways leading to a reduced response to TAM
have been identified in resistant breast cancer cells cultured in vitro.

Altered expression of ERa and/or ERp and change in co-regulatory proteins are
frequent causes of TAM resistance [5]; furthermore, genetic polymorphisms involved in the
compound metabolism have been identified [6]. Different miRNA expression profiles have
also been observed in TAM resistant and sensitive breast cancer cell lines, by microarray
analysis [7]. By using this technique, 97 miRNAs differentially expressed in MCF7
endocrine-sensitive versus resistant LY2 breast cancer cells have been identified.

A number of studies reported the upregulation of growth factor receptors (HER2,
EGFR, FGFR, IGF1R) and the consequent activation of the PI3K-PTEN/AKT/mTOR
pathway to be closely related to acquired TAM resistance [8]. Finally, in recent years, a large

body of evidence has shown a relationship between TAM resistance and protective



autophagy and identified in resistant cells an increased level of factors promoting Cyclin D1
transcription and G1-S transition [9].

Interestingly, in spite of the varied mechanisms potentially involved in the onset of TAM
resistance, several studies showed that breast cancer cells with acquired resistance to TAM
seem to display a similarly up-regulated glycolytic metabolism and increased lactate
production [10,11]. Furthermore, inhibition of glycolysis was found to hinder some of the
pathways leading to TAM resistance and to restore the cell response to this compound [12].

Actively pursued studies aimed at characterizing additional properties of TAM
molecular structure also evidenced for this compound ER-independent effects. In particular,
one of these seems to be strictly related to the lipophilic nature of the molecule, which
facilitates its partition into membrane lipid bilayers [13]. This feature could explain the
inhibition of mitochondrial respiratory rate observed in cells exposed to TAM, probably
exerted at the level of complex I. In particular, Daurio et al. showed for TAM a pronounced,
ER-independent effect on cancer cell metabolism, consisting in increased glycolysis and
lactate production [14]. Interestingly, this observation could have clinical relevance: breast
neoplastic lesions of patients undergoing FDG-PET scans after TAM administration often
show a “metabolic flare”, a picture that could be easily explained by the increased glucose
consumption caused by the drug mitochondrial inhibition [15].

Lactate, the end-product of glycolysis, is now considered an “onco-metabolite” and
evidences have been obtained suggesting for this molecule a role in the transcriptional
regulation of cancer-related genes in breast cancer cells [16].

Based on all the above cited data, it can be hypothesized that the increased glycolysis
and lactate production which characterize TAM resistant cells, but is also observed early
after the drug administration, could not only be epiphenomena of TAM resistance, but might
also play an active role in the onset of this detrimental condition. The experiments described

in this manuscript were aimed at shedding light on this question.



2. Materials and Methods

2.1 Cell cultures and treatments

All the materials used for cell culture and all the reagents were obtained from Sigma-
Aldrich, unless otherwise specified. MCF7, MDA-MB-231 and MCF10A cells were grown in
low-glucose (1 g/l) DMEM medium, supplemented with 100 U/ml penicillin/streptomycin, 2
mM glutamine and 10% FBS. Medium of MCF10A cultures also contained 0.5 ug/ml
hydrocortisone and 100 ng/ml cholera toxin. MCF7-TAM [17] were maintained in a-MEM
without phenol red, supplemented with 10% charcoal-stripped FBS, 100 U/ml
penicillin/streptomycin, 2 mM glutamine, 1 mM sodium pyruvate and 107 M 4-hydroxy-
tamoxifen (TAM). For the experiment shown in Fig. 7C, MCF7-TAM were grown in L15
medium; this medium does not contain glucose and is supplemented with 10% dialyzed FBS
and 4 mM glutamine. For of its formulation, L15 medium does not allow glycolysis and lactate
production. In TAM including experiments, media were supplemented with 0,6% DMSO.
Lactate (L-isomer) was dissolved in culture medium at a 20mM concentration; MCF7
cultures were exposed to 20 mM lactate for both conditional (72 h) and sustained (= 4
months) treatments. In these experiments, the 20 mM lactate supplement was directly added
to the medium; medium was changed every 72 h since in preliminary testing we found that
lactate concentration was not significantly affected within this time interval.

2.2 Assay of lactate levels

Cells (5 x 10° / well) were plated in triplicate in 6-wells plates and let to adhere
overnight. Medium was then replaced with Krebs-Ringer buffer and released lactate was
measured after 1-6 h incubation at 37°C using the method described in [18]. The same
procedure was adopted to evaluate released lactate in the presence of 1 uM TAM.

2.3 Cell proliferation
These experiments were performed in MCF7 cultures to both identify the TAM lowest active

concentration and study the proliferation dynamics in lactate-exposed cells. In both



experiments, cell proliferation was assessed through the detection of ATP levels, by using
the CellTiter-Glo Assay (Promega). A Fluoroskan Ascent FL reader was used to evaluate
plates’ luminescence.

For the TAM experiments, 15-20 x 10* cells/well, plated in triplicate in clear bottom 96-
well white plates were incubated with 1 uM TAM for 24-120 h. For studying the proliferation
dynamics of lactate-exposed cells, 20 x 10* cells, were plated as described above; they
were let to adhere for 16 h, after which the number of living cells was detected in three wells
by applying the CellTiter-Glo Assay (Time = 0). Plated cells were then grown for 24-48 h in
a medium with different FBS concentration (10, 2 and 1%).

2.4 Real-time PCR
MCF7 cells were seeded in T25 flasks and allowed to adhere overnight. Exponentially
growing cultures were conditionally exposed to 20 mM lactate (72 h). RNA was extracted as
described in [19] and was quantified spectrophotometrically (ONDA Nano Genius
Photometer). Retro-transcription to cDNA was performed by using the Revert Aid First
Strand cDNA Synthesis Kit (ThermoFisher), in different steps: 5 min denaturation at 65 °C,
5 min annealing at 25 °C, 1 h retro-transcription at 42 °C and 5 min at 70 °C. Real Time
PCR (RT-PCR) analysis of cDNA (20 ng) was performed using SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad) and different primers mixtures. Table 1 shows the
complete list of examined genes, grouped by their relevance in biological processes; the list
of primers sequences used for both the examined genes and the internal controls of the
reaction is shown in Table S1. For all genes, annealing temperature of primers was 60 °C
and the thermal cycler (CFX96 TM Real Time System, Bio-Rad) was programmed as
follows: 30 sec at 95 °C; 40 cycles of 15 sec at 95 °C; 30 sec at 60 °C.

For comparison, the same experiment was also performed on lactate-exposed
MCF10A cells and on MCF7-TAM cultures, maintained in their routinely growth medium.

The data of RT-PCR experiments were analyzed by applying the 24T method [20].



Table 1

Complete list of examined genes in lactate-exposed MCF7 cells

Gene Extended name Gene Extended name

Proliferative Potential CYCs Cytochrome C, Somatic [36,37]

Re1 | EPCSTIACTMNFICOT [ oapo | pyeldenyde 3 Phospiat

ERBB2 HER2 Receptor [22] GLUT1 Glucose Transporter Type 1 [39]

MKI67 [\gg]rker Of Proliferation Ki-67 GLUT4 Glucose Transporter Type 4 [40]

NANOG | Homeohox Protein NANOG [24] | GPERL | S el?:;o;;agr:—lC&ulp])led Estrogen

NOTCH1 Notch Receptor 1 [25] LDHA Lactate Dehydrogenase A [42]

OCT4 Sg::?(;?ir-[ggding Transcription LDHB Lactate Dehydrogenase B [43]

PCNA i;(iilg(eaga'fizn% Cell Nuclear MCT1 {\L/I‘rz]nocarboxylic Acid Transporter 1

SRC Proto-Oncogene c-Src [28] MCT4 {\A/Ilz]nocarboxylic Acid Transporter 4

TAZ Gene for Tafazzin [29] NDUFA5 | a0t ﬂfﬁ??&g";ﬁ Oxidoreductase

TERC Eléeoli)merase RNA Component NDUFES3 gﬁzHégé)L%LiJ:nSo3nt[=:Sg’>éi<71]oreductase

TERT | Telomerase Reverse Prognostic Markers

YAP Yes-Associated Protein 1 [31] ALDH1A3 ngrill)éo:eAge[%?rogenase 1 Family

Infiltrative Growth BCL2 BCL2 Apoptosis Regulator [46]

MMP2 Matrix Metallopeptidase 2 [32] CD24 CD24 Antigen [47]

PLAU ;’éﬁ\'ﬁ;ﬁf‘fgg’]pe plasminogen | ~p 4 CD44 Antigen [48]

SERPINB2 | Serpin Family B Member 2 [34] | CDKN1A Gene for p21/WAF1 Protein [46]

VIM Gene for Vimentin [35] CDKNZ2A Gene for p16 Protein [49]

Metabolism CENPF Centromere Protein F [50]

ATP5A1 ég'?;]y nthase F1 Subunit Alpha | £ ~ap Epithelial Cadherin [51]

ATP5B gg;%)/nthase F1 Subunit Beta N-CAD Neuronal Cadherin [51]

cycl Cytochrome C1 [36,37] PTEN Phosphatase and Tensin Homolog

[52]




2.5 Immunoblotting

These experiments were performed on MCF7 cells after the conditional (72 h)
exposure to lactate, to assess histone acetylation and expression level of some proteins
identified following the RT-PCR experiments. A similar experiment was performed in cells
with sustained (= 4 months) lactate exposure to obtain evidence on the activation of the
EGFR pathway. For both experiments, control and treated MCF7 cultures were harvested
and lysed in 50 pl RIPA buffer containing protease and phosphatase inhibitors. To evidence
the activation of EGFR pathway, a 3-h pretreatment with 10 pg/ml Insulin was applied to
cells with sustained lactate exposure and their untreated controls before culture harvesting.

80 ug of protein (measured according to Bradford) was loaded into 4-12%
polyacrylamide gel for electrophoresis and run at 170 V. The separated proteins were blotted
on a low fluorescent PVDF membrane (GE Lifescience) using a standard apparatus for wet
transfer with an electrical field of 60 mA for 16 h. The blotted membrane was blocked with
5% BSA in TBS-TWEEN and probed with the primary antibody. The antibodies used were:
rabbit anti-H3 (Cell Signaling); rabbit anti-Panacetyl-H3 (Active Motif); rabbit anti-TAZ
(Cohesion Biosciences); rabbit anti-LDH-A (Cell Signaling); rabbit anti-(Tyr10)-phospho-
LDH-A (Cell Signaling); rabbit anti-c-Myc (Abcam); rabbit Ab-21 polyclonal anti-EGFR
(Neomarkers/Labvision Inc.); rabbit anti-phospho-(Tyr1068)-EGFR (Novex); rabbit anti-AKT
(Cell Signaling); rabbit anti-phospho-(Ser473)-AKT (Cell Signaling). Binding was revealed
by a Cy5-labelled secondary antibody (goat anti rabbit-lgG, Cytiva Life Sciences).
Fluorescence of the blots was assayed with the Pharos FX Scanner (Bio-Rad) at a resolution
of 100 um, using the Quantity One software (Bio-Rad).

2.6 Telomerase assay

Telomerase activity in control and conditionally (72 h) lactate-exposed MCF7 cells was
measured using a quantitative real-time telomeric repeat amplification protocol (RTQ-

TRAP), widely described in literature [53-55].



For this experiment, cultures were scraped-off and washed with cold PBS.
Subsequently, 1-2 x 10° cells were lysed in 50 ul CHAPS buffer, left on ice for 30 min and
sonicated for 15 sec in an ice-submerged tube. A Heat System Model XL2020 sonicator was
used, applying a power of 50-60 W for 5 sec, with 15 sec intervals.

Lysates were centrifuged at 14000g for 20 min at 4°C; surnatant was recovered, aliquoted
and stored at -80°C until used. Proteins of the lysates were quantified using the Bradford
method.

The RTQ-TRAP assay mixture contained 0.25 uM TS primer (5-
AATCCGTCGAGCAGAGTT-3), 0.25 uM ACX primer (5-GCGCGG(CTTACC)3CTAACC-
3’), 1x SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and 2-5 ul of cell lysate,
in a final volume of 25 pl. Mixture was incubated 20 min at 25°C to allow TS primer
elongation with TTAGGG repeats by the telomerase enzyme in cell lysates. Quantification
of the added telomeric sequences was assessed by RT-PCR using the following conditions:
10 min denaturation at 95°C and 40 amplification cycles (20 sec at 95°C, 30 sec at 50°C,
90 sec at 72°C). PCR reactions were performed in a CXF96 Real Time System (Bio-Rad).
Negative controls (2-5 pl lysis buffer) and telomerase-negative controls (2-5 pl heat-
inactivated cellular lysates) were used in each experiment.

2.7 Wound healing assay

Control and conditionally (72 h) lactate-exposed MCF7 cells were seeded in triplicate
in 6-well plates (1.5 x 108 /well) and cultured until they had reached 100% confluence.
Artificial wounds were then created using a 10 pl pipette tip. The detached cells were
washed away with PBS and cultures were exposed to a medium supplemented with a
lowered serum content (1 and 2%). 20 mM lactate was also added to the medium of lactate-
exposed cultures. The wound areas were captured with an inverted microscope at 0, 24 and

36 h and their repopulation was analyzed by using the ImageJ software.
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2.8 Senescence associated B-galactosidase staining

This experiment was performed in MCF7 cultures exposed to a sustained (= 4 months)
20 mM lactate treatment. Control and lactate-exposed cells (1 x 10° / well) were seeded in
triplicate in 6-well plates and treated with 1 uM TAM for 7 days. After treatment, cells were
washed twice with PBS and fixed with a 2% formalin / 0.2% glutaraldehyde solution, for 5
min at room temperature. After fixation, they were washed again with PBS and incubated
overnight at 37°C with X-gal (1 mg/ml), dissolved in a staining solution containing 40 mM
citric acid pH 6, 5 mM potassium ferrocyanide I, 5 mM potassium ferrocyanide Ill, 150 mM
NaCl and 2 mM MgClz. After a 16-h incubation, cultures’ images were captured using an
inverted microscope. The development of a perinuclear blue color was indicative of
senescent cells.

2.9 Statistical analyses

All data were analyzed by using the GraphPad Prism software. All results were
obtained from at least two independent experiments, performed with triplicate samples. They
are expressed as mean values + SE and have been calculated using all the data obtained

from the independent experiments; the significance level was set at p <0.05.

3. Results

3.1Short-term exposure to TAM causes enhanced lactate release by MCF7 cells

To establish a correlation between lactate-induced changes and reduced TAM
response in MCF7 cells, we took advantage of a TAM-resistant clone of this line (MCF7-
TAM), obtained by one of the co-authors (FF) [17]. MCF7-TAM cells are routinely cultured
in the presence of TAM and differ from their parental line in a markedly higher level of
released lactate (> 1.5-fold in 4 h, Fig. 1A); furthermore, in agreement with previous studies

showing upregulated glycolysis as a hallmark of poor pharmacological response, they show



11

a pattern of metabolite production superimposable to that of MDA-MB-231 cells, a well-

studied model of triple-negative, drug resistant breast cancer.

A
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Figure 1 — Assay of lactate levels. (A): Lactate released in medium was assessed as
described in Materials and Methods. Data were analyzed by applying the linear regression; the curve
slopes measured in MCF7-TAM and MDA-MB-231 cells were significantly higher (p< 0.05) than that
shown by MCF7 cells. (B): Effect of TAM on the viability of MCF7 and MDA-MB-231 cells. Data were
analyzed by multiple t-test; no statistically significant effect was evidenced in MDA-MB-231 cells,
which do not express ER. In MCF7 cells, a statistically significant reduction of cell viability was
observed at 120 h with 1 uM TAM, the dose used for the experiments shown in (C) and (D). (C),(D):
Rate of lactate production assessed in MCF7 (C) and MDA-MB-231 (D) cells exposed to 1 uM TAM.
Data were analyzed by linear regression; curves’ slopes and statistically significant parameters are

shown in the graphs.
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In a following experiment, parental MCF7 cells were exposed to scalar doses of TAM
(0-4 uM) for 72 — 120 h, in order to identify the lowest drug concentration able to reduce cell
viability. As shown in Fig. 1B, a statistically significant effect was observed with 1 uM TAM,
only after the 120-h treatment. Interestingly, when this dose was applied to both MCF7 and
MDA-MB-231 cultures, a rapid increase (2-6 h) in the lactate production rate was detected
(Fig. 1C,D); in TAM-exposed MCF7 cells, the curve elevation of lactate production rate
resulted significantly higher (p = 0.0034) with a 27%-increased slope, compared to the
untreated cultures. Even more marked effects were measured in MDA-MB-231 cells, which
do not express ER. These results suggest that the metabolic changes caused by TAM
definitely forestall the emergence of its antiproliferative effects, paving the way to phenotypic
adaptations which could potentially interfere with the drug antineoplastic action.

3.2 Conditional exposure of MCF7 cells to lactate leads to gene expression
changes similar to those constitutively observed in MCF7-TAM cells

To explore whether lactate is involved in the transcriptional regulation of genes
potentially leading to TAM resistance, we conditionally exposed MCF7 cells to increased
level of this metabolite (72 h). In planning this experiment, we referred to the linear
regression curve obtained from the data of lactate levels released in medium by MCF7-TAM
cells (Fig. 1A). The equation obtained from the data regression analysis (ug/ml Lact = (26.20
+ 0.86) x h) indicated that the lactate level released in medium from these cultures could
reach a concentration of about 7 mM in 24 h, theoretically growing up to 20 mM in 72 h. 20
mM lactate fits well with the level of metabolite usually detected in the microenvironment of
different tumor tissues [56]; the experiments aimed at evaluating upregulated gene
expression were then performed by exposing the parental MCF7 cultures to this lactate

concentration for 72 h.
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RT-PCR assays examined a number of genes selected among those with a
documented relationship with TAM resistance or having prognostic significance in breast
cancer; a total of 40 genes were considered (Table 1).

Genes with a statistically significant up-regulation induced by lactate are shown in Fig.
2A, grouped by their relevance in biological processes. Interestingly, the gene cluster shown
in the “Proliferative Potential” graph was found to be involved in the control of cancer cells’
stem properties. In particular, TAZ, a transducer of the Hippo pathway, was shown to sustain
self-renewal and tumor-initiation capacities in breast cells [57]. Together with its partner
protein YAP, it was also found to be involved in metabolism regulation and glycolysis
promotion, suggesting a role in coordinating nutrient availability with cell proliferation [58].
The marked up-regulation of LDHA observed in lactate-exposed MCF7 cells (Fig. 2A,

“Metabolism” graph) is in line with this idea.
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Figure 2 — Real-time PCR experiments performed in MCF7 and MCF10A cells after a
conditional (72 h) lactate exposure. The expression levels of the 40 genes reported in Table 1
was assessed in lactate-exposed MCF7 cultures. Results were evaluated using the column statistics’
analysis of the GraphPad software, which applies the one sample t-test and calculates whether the
mean of each data set is different from a given hypothetical value (0, i.e. no change, compared to
untreated cultures). The graphs show only the statistically significant changes; p values ranged from
0.04 to < 0.0001.(A): Experiments performed in MCF7 cells; genes have been grouped in graphs
according to their biological function. (B): Experiments performed in MCF10A cells; in these cultures,

only three genes were found to be upregulated.

Fig. 2A also shows that some statistically significant up-regulations were also found in
genes related to infiltrative growth; however, these findings were not completely confirmed
by the analysis of some prognostic markers with consolidated value in breast cancer: E- and
N-CAD [51]; CD24 and CD44 [47,48]. In lactate-exposed MCF7 cells, E-CAD was found to
be increased, CD44 decreased. These inconsistent results did not allow to relate the
enhanced self-renewal potential induced by lactate with features suggesting cancer
progression, at least in the short time. This finding is in line with the results of a previous
study which examined the effects on lactate in different tumor contexts [59].

Following these results, we wondered whether lactate exposure could in the same way
affect the gene expression of non-cancerous cells. As a model of non-neoplastic breast
cells, we adopted the MCF10A line [60]; in this culture, the 72-h treatment with 20 mM lactate
resulted in fewer gene expression changes. When the lactate responsive genes identified in
the MCF7 culture were evaluated in MCF10A cells, only TAZ and the telomerase complex
genes (TERC, TERT) were found to be significantly up-regulated by lactate (Fig. 2B). This
finding poses a clinically relevant question on the effects potentially induced by the
metabolites released by highly glycolyzing cancer cells on the surrounding normal tissue.

Fig. 3 shows a comparison between MCF7-TAM and its parental culture, concerning
the expression of lactate-upregulated genes identified with the RT-PCR experiments shown

in Fig. 2A.
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Figure 3 - Real-time PCR experiments performed in MCF7-TAM. In these experiments the
expression of the lactate-upregulated genes (Fig. 2A) was evaluated in MCF7-TAM and compared
to their parental culture. The increased expression shown by lactate-exposed cells was found further
enhanced in MCF7-TAM culture and prognostic markers appeared worsened. Results were
statistically evaluated as described for Fig. 2; the level of statistical significance was reached for all
genes, with the exception of NOTCH1 and TERT; p values ranged from 0.03 to < 0.0001.

The upregulated gene expression pattern observed in lactate-exposed MCF7 cells was
confirmed in the TAM resistant line. In these actively glycolyzing cells, which produce
elevated lactate levels (Fig.1A), genes’ upregulation was markedly higher than that
observed in the parental culture exposed to 20 mM lactate. Interestingly, in MCF7-TAM cells
the considered prognostic parameters appeared to be markedly worsened. Taken together,
the results of Fig. 2A and 3 warranted further experiments to highlight the role of lactate in
the onset of neoplastic progression and TAM resistance.

3.4 Conditional exposure to lactate increases the proliferative potential of MCF7
cells

The next step of our study was aimed at exploring whether the observed gene
expression changes could also be evidenced at protein and/or functional level.

Because of the perceived inconsistent results, the genes related to prognosis and
infiltrative growth were not furtherly considered. Moreover, we hypothesized that some

changes in the metabolism-related genes could be linked to the upregulation of TAZ function
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[58], instead of a direct effect of lactate. For these reasons, among the results obtained with
the RT-PCR experiments, we mainly focused our attention on the lactate-dependence
shown by genes correlated with proliferative potential.

As a first step, we verified whether the observed genes’ upregulation could be related
to enhanced histone 3 (H3) acetylation and whether it also resulted in increased protein
levels, as assessed by immunoblotting experiments or by functional assays. Unfortunately,
among the “Proliferative Potential” proteins, NANOG and NOTCH21 were not evidenced in
the immunoblotting experiments, both in control and in lactate-exposed cells; the low-level
expression of these genes in the RT-PCR assay (Ct = 28) could account for this result.

Fig. 4 showed that the adopted conditional exposure to lactate caused a =30%
increased level of H3 pan-acetylation and that this effect resulted in a similarly increased
level of TAZ protein. HDAC inhibition and increased H3 acetylation are recognized

mechanisms underlying the epigenetic effects of lactate [61].
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Figure 4 — Immunoblotting evaluation of the lactate-upregulated proteins. (A)
Immunoblotting images. (B) Protein level changes, assessed through bands’ densitometric reading.

Results were statistically evaluated by multiple t-test; *, p < 0.05, compared to control cultures.

The increased level/function of the transcriptional co-activator TAZ was also confirmed
by the enhanced level of MYC and LDHA proteins. MYC is one of the targets of the activated
Hippo pathway [62] and is known to directly activate the transcription of the LDHA gene [63].
Concerning LDHA, we also measured the levels of its phosphorylation on Tyrl0, a post-
translational modification enhancing the enzymatic activity of the protein and promoting
cancer cell invasion and anoikis resistance [64]. According to the data of Fig. 4A,B, the
increased level of (Tyrl0)-phosphorylation fits well with the increased level of the total
protein, which suggested that the lactate-triggered effects did not affect post-translational
LDHA changes.

For the two identified telomerase complex gene components TERC and TERT (Fig.
2A), only a functional assay was adopted, since only one of them (the reverse transcriptase
TERT) is translated into a protein, while the other (TERC) encodes for the RNA component
of the enzymatic complex. The assay of telomerase activity was performed using scalar
amount of cells proteins (1-20 nug); it measured, in control and lactate-exposed MCF7 cells,
the elongation with TTAGGG repeats operated by the cell TERT enzyme on a primer
sequence added in the reaction mix (TS primer). Results (Fig. 5A-D) showed no difference
between the two cultures when the experiment was performed with 1 ug proteins. However,
when the telomerase reaction assay was repeated with higher amounts of cell lysates, a
progressively increasing difference in the reaction yield was observed between the two
cultures, suggesting a higher-level activation of the telomerase complex in lactate-exposed

cells.
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Figure 5 — Assay of telomerase activity. Telomerase complex activity was assessed using
scalar amounts of protein extracts from control and lactate-exposed MCF7 cells. (A-C)
Exemplificative plots showing the PCR amplification curves obtained from control (green) and
lactate-exposed (red) cells. The numbers reported in plot images show the Ct mean values.
Differences were evaluated by applying the 22 method and are shown in (D); * and **, p < 0.05 and

0.01 compared to control cultures, as evaluated by multiple t-test.

As shown in Fig. 5C,D, the telomerase activity of lactate-exposed cells appeared to be
2-fold higher when the assay was performed with 20 ug cell proteins. Previous studies
showed TAM to be involved in the control of TERT expression with opposite functions, both
involving ERs: in endometrial cells it acts as a receptor agonist, stimulating proliferation and
activating TERT expression [65], whereas in breast cancer cells it may suppress TERT by
functioning as a receptor antagonist [66]. The results of Fig. 2A and 5 suggest that the off-
target metabolic effects of this drug can contribute to hinder one of the effects of its primary

mechanism of action.
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To gain further confirmation about the lactate-induced enhancement of replicative
potential, which was suggested by the results of Fig. 2, 4 and 5, other assays were
performed (Fig. 6). The proliferation of lactate-exposed MCF7 cells was compared to that of
the parental culture by applying a wound healing assay (Fig. 6A) and by measuring the
increase in cell number through the detection of ATP levels (Fig. 6B). Both experiments
were performed by maintaining the cultures in a medium with low serum levels (1-2%), to
reduce stimulation by growth factors. Fig. 6A shows that in lactate-exposed cells maintained
at 2% FBS the percentage of repopulated wound area was significantly higher at 24 h; in
this condition, the advantage of lactate treatment appeared to disappear at 36 h, when,
however, the proliferative advantage of observed in lactate-exposed cells became more
evident and reached statical significance in cultures maintained at 1% FBS. The
experiments of Fig. 6B showed that after 24 h culture in the conventional medium
supplemented with 10% FBS, cell number was 30% higher in lactate-exposed cells;
furthermore, when both cultures were maintained in serum-deprived conditions, the

proliferation of lactate-exposed cells showed a significantly lower level of inhibition.
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Figure 6 — Evaluation of proliferative potential in lactate-exposed MCF7 cells. (A) Wound

healing assay; the percentage of wound repopulated area was evaluated using the ImageJ software.

Data were statistically analyzed using two-way ANOVA followed by Bonferroni post-test. (B) When

maintained in the conventional culture medium, lactate-exposed MCF7 cells showed a 30%

increased proliferation at 24 h. The growth inhibition caused by serum deprivation was significantly

reduced by lactate. Data were evaluated by multiple t-test; * and **, p < 0.05 and 0.01, respectively.

3.5 Sustained lactate-exposure reduces the senescence of MCF7 cells treated

with TAM.

The conclusive section of our study was aimed at evidencing signs of a subsiding

response to TAM in lactate-grown MCF7 cells. For these experiments, MCF7 cultures were

adapted to grow in a medium containing 20 mM lactate for = 4 months. No evident
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morphological changes were observed in cells after sustained lactate exposure. To compare
the antineoplastic effect of 1 uM TAM in control and lactate-exposed cultures, we tried to
evidence a p53-mediated response, by an immunoblotting evaluation of p53 levels, followed
by a RT-PCR detection of p21 mRNA. No significant difference was observed between the
two cultures, up to a 7-days TAM treatment (data not shown). We hypothesized that this
missing result could be a linked to the ER-mediated p53 regulation [67]; as a consequence
of the antagonism between anti-estrogens and p53, these compounds were previously
found to reduce both breast cancer cell proliferation and their p53 levels [68]. In agreement
with this hypothesis, a marked difference between the two treated cultures was observed
when the effect of TAM was evaluated by assessing p-galactosidase (B-GAL) activity, a
widely used biomarker of replicative senescence. Fig. 7A shows an overview of parental
and lactate-exposed MCF7 cultures, tested for B-GAL activity. Untreated cultures did not
show appreciable differences; however, after the 7-days exposure to 1 uM TAM, marked
and diffuse B-GAL staining was clearly more evident in control MCF7 cells. This result
suggested that the lactate-awarded proliferative advantage, together with the activated
telomerase function can impact on the cellular response to TAM and foster drug resistance.

Several studies highlighted progressive activation of the EGFR pathway as a salvage
mechanism adopted by TAM-exposed breast cancer cells in which the ER functions are
repressed [69]. Expression of EGFR was found to slightly increase shortly after the

beginning of TAM treatment and to become markedly increased in resistant tumors [70].
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Fig. 7B shows an immunoblotting evaluation of EGFR pathway activation, performed
in MCF7 cells after the sustained exposure to lactate and in their parental culture.
Phosphorylation on Tyrl068 was shown to positively regulate EGFR signaling [71] and
promote AKT activation, evidenced by phosphorylation on Ser473. As shown in Fig. 7B,
both these phosphorylation events appeared to be significantly increased by lactate
exposure. Activation of EGFR pathway has been shown to promote glycolytic metabolism
[72-74]. Interestingly, it can be concluded that in our experiments lactate exposure appeared
to trigger a cell response that, by promoting glycolysis, should lead to further increased
lactate levels. Finally, the experiment shown in Fig. 7C attempted to verify whether lactate
deprivation in MCF7-TAM cells could recover, at least in part, their response to TAM. To
impede lactate production, MCF7-TAM cells were cultured in L15 medium which, because
of its formulation, does not allow glycolysis and lactate production. In this medium the
proliferation rate of MCF7-TAM appeared to be compromised, but cells maintained their
viability. The bar graph shown in Fig. 7C compares the effect caused by 1 uM TAM
administered for 120 h (dose and time used for the experiment of Fig. 1B) to MCF7-TAM
and MCF7 cells maintained in their conventional medium and to MCF7-TAM maintained in
L15 medium. This dose of TAM did not compromise the viability of MCF7-TAM cells when
they were grown in their conventional medium, allowing glycolysis and lactate production.
On the contrary, when this culture was maintained in L-15 medium, TAM was found to
significantly affect cell proliferation, causing an inhibitory effect very similar to that observed
in the parental MCF7 cell culture. This result can be considered a further confirmation of the

role of lactate in maintaining the TAM-resistant cell phenotype.
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4. Discussion

Our results showed that a lactate level potentially achievable in cancer cell
microenvironment could affect gene expression in a way that might lead to reduced TAM
response. In the microenvironment of breast cancer tissues, enhanced lactate levels can be
linked to the increased glycolytic metabolism which characterize neoplastic tissues, but, in
treated patients, it could also derive from the documented inhibitory effects caused by TAM
on mitochondrial respiratory chain [13]. Interestingly, evidence of these effects was also
obtained in TAM-treated patients undergoing diagnostic procedures [15]. According to our
data, the contribution of lactate in reducing TAM efficacy could derive from its capacity to
enhance the proliferative potential of cells and, as a consequence of the activation of the
telomerase complex, to reduce their attitude to undergo senescence. The same features
can be expected to impact also on the response of cancer cells to different antineoplastic
agents. Our data are in complete agreement with the findings of Hamadneh et al. [43], who
showed that the development of TAM resistance in MCF7 cells correlates with upregulated
LDHA/B expression and increased lactate concentration in cell culture medium. Our data
support this study by suggesting that the product of LDH reaction (either deriving from the
basal cancer cell metabolism, or from the TAM side-effects) can by itself play a direct role
in promoting a reduced drug response. Furthermore, as also proposed by Das et al. [42],
our results suggest that targeting LDHA could open a novel strategy to interrupt TAM
resistance in breast cancer.

Interestingly, experiment shown in Fig. 2B suggested that tumor released lactate could
also exert phenotypic modifications on normal bystander breast cells; this is an interesting
and unexplored issue, worth of further study which, however, is out of the scope of the
present manuscript. The observed phenotypic modifications caused by lactate in both

cancer and normal cells are completely coherent with the role of glycolytic metabolism in
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embryonal development and in the maintenance of stem compartment in normal tissues
[75].

Cancer promoters are defined as agents that, without changing DNA sequence,
influence cell proliferation, also inhibiting programmed cell death; this epigenetic process
ultimately results in the generation of neoplastic cell foci [76]. In line with this concept, our
results suggest that lactate could be viewed as a promoter of TAM resistance in the MCF7
breast cancer model. In MCF7 cultures exposed to lactate for = 4 months, we obtained
evidence of EGFR activation, which has been previously documented as a crucial pathway
controlling the proliferation of TAM-resistant cells [8]. A direct correlation between the
epigenetic effects caused by lactate and EGFR activation, is suggested by previously
published data showing that in breast cancer, but also in different neoplastic cells, TAZ
overexpression promotes EGFR signaling, leading to AKT/ERK activation and increased
cell proliferation [77-79]. The increased AKT phosphorylation also shown in Fig. 7B is a
further evidence of activated EGFR pathway and is in line with the results reported in refs.
[77-79]. Because of the promoting effect on aerobic glycolysis of EGFR-mediated signaling
[72-74], on the basis of our results we can speculate that the increased lactate levels in the
microenvironment of TAM-exposed breast cancer cells can fire up a self-feeding loop where
a metabolic product (lactate) promotes epigenetic changes ultimately resulting in the
amplification of its generation (Fig.8). In the long term, the cell phenotypic changes induced

by the activation of this self-supporting cycle could lead to TAM resistance.
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Figure 8 — Self-supporting cycle potentially induced by lactate in MCF7 cells. Increased lactate
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effects.



27

Acknowledgements
This work was supported by the University of Bologna (RFO funds) and by Roberto

and Cornelia Pallotti’'s Legacy for Cancer Research.

References

1. 1.A.Jaiyesimi, A.U. Buzdar, D.A. Decker, G.N. Hortobagyi, Use of tamoxifen for breast
cancer. twenty-eight years later, J. Clin. Oncol. 13 (1995) 513-529, doi:
10.1200/JC0.1995.13.2.513.

2. C.K. Osborne, Tamoxifen in the treatment of breast cancer, N. Engl. J. Med. 339 (1998)
1609-1618, doi: 10.1056/NEJM199811263392207.

3. A. Ring, M. Dowsett, Mechanisms of tamoxifen resistance, Endocr. Relat. Cancer. 11
(2004) 643-658, doi: 10.1677/erc.1.00776.

4.  W.J. Gradishar, Tamoxifen--what next?, Oncologist 9 (2004), 378-384, doi:
10.1634/theoncologist.9-4-378.

5. R. Garcia-Becerra, N. Santos, L. Diaz, J. Camacho, Mechanisms of resistance to
endocrine therapy in breast cancer: focus on signaling pathways, miRNAs and
genetically based resistance, Int. J. Mol. Sci. 14 (2012) 108-145, doi:
10.3390/ijms14010108.

6. M.P. Goetz, J.M. Rae, V.J. Suman, S.L. Safgren, M.M. Ames, D.W. Visscher, C.
Reynolds, F.J. Couch, W.L. Lingle, D.A. Flockhart, Z. Desta, E.A. Perez, J.N. Ingle,
Pharmacogenetics of tamoxifen biotransformation is associated with clinical outcomes
of efficacy and hot flashes, J. Clin. Oncol. 23 (2005) 9312-9318, doi:
10.1200/JC0.2005.03.3266.

7. T.T. Manavalan, Y. Teng, S.N. Appana, S. Datta, T.S. Kalbfleisch, Y. Li, C.M. Klinge,

Differential expression of microRNA expression in tamoxifen-sensitive MCF-7 versus



10.

11.

12.

13.

14.

28

tamoxifen-resistant LY2 human breast cancer cells, Cancer Lett. 313 (2011) 26-43,
doi: 10.1016/j.canlet.2011.08.018.

K. Araki, Y. Miyoshi, Mechanism of resistance to endocrine therapy in breast cancer:
the important role of PISK/Akt/mTOR in estrogen receptor-positive, HER2-negative
breast cancer, Breast Cancer 25 (2018) 392-401, doi: 10.1007/s12282-017-0812-X.
J. Yao, K. Deng, J. Huang, R. Zeng, J. Zuo, Progress in the understanding of the
mechanism of tamoxifen resistance in breast cancer, Front. Pharmacol. 11 (2020)
592912, doi: 10.3389/fphar.2020.592912.

Y.M. Woo, Y. Shin, E.J. Lee, S. Lee, S.H. Jeong, H.K. Kong, E.Y. Park, H.K. Kim, J.
Han, M. Chang, J.H. Park, Inhibition of aerobic glycolysis represses Akt/mTOR/HIF-1a
axis and restores tamoxifen sensitivity in antiestrogen-resistant breast cancer cells,
PL0oS One 10 (2015) e0132285, doi: 10.1371/journal.pone.0132285.

M. He, Q. Jin, C. Chen, Y. Liu, X. Ye, Y. Jiang, F. Ji, H. Qian, D. Gan, S. Yue, W. Zhu,
T. Chen, The miR-186-3p/EREG axis orchestrates tamoxifen resistance and aerobic
glycolysis in breast cancer cells, Oncogene 38 (2019) 5551-5565, doi:
10.1038/s41388-019-0817-3.

E. Varghese, S.M. Samuel, A. LiSkova, M. Samec, P. Kubatka, D. Busselberg,
Targeting glucose metabolism to overcome resistance to anticancer chemotherapy in
breast cancer, Cancers (Basel) 12 (2020) 2252, doi: 10.3390/cancers12082252.

P.I. Moreira, J. Custodio, A. Moreno, C.R. Oliveira, M.S. Santos, Tamoxifen and
estradiol interact with the flavin mononucleotide site of complex | leading to
mitochondrial  failure, J. Biol. Chem. 281 (2006) 10143-10152, doi:
10.1074/jbc.M510249200.

N.A. Daurio, S.W. Tuttle, A.J. Worth, E.Y. Song, J.M. Davis, N.W. Snyder, I.A. Blair,
C. Koumenis, AMPK activation and metabolic reprogramming by tamoxifen through

estrogen receptor-independent mechanisms suggests new uses for this therapeutic



15.

16.

17.

18.

19.

20.

21.

29

modality in cancer treatment, Cancer Res. 76 (2016) 3295-3306, doi: 10.1158/0008-
5472.CAN-15-2197.

F. Dehdashti, F.L. Flanagan, J.E. Mortimer, J.A. Katzenellenbogen, M.J. Welch, B.A.
Siegel, Positron emission tomographic assessment of "metabolic flare" to predict
response of metastatic breast cancer to antiestrogen therapy, Eur. J. Nucl. Med. 26
(1999) 51-56, doi: 10.1007/s002590050359.

San-Millan, C.G. Julian, C. Matarazzo, J. Martinez, G.A. Brooks, Is lactate an
oncometabolite? evidence supporting a role for lactate in the regulation of
transcriptional activity of cancer-related genes in MCF7 breast cancer cells, Front.
Oncol. 9 (2020) 1536, doi: 10.3389/fonc.2019.01536.

F. Farabegoli, C. Barbi, E. Lambertini, R. Piva. (-)-Epigallocatechin-3-gallate
downregulates estrogen receptor alpha function in MCF-7 breast carcinoma cells,
Cancer Detect. Prev. 31 (2007) 499-504, doi: 10.1016/j.cdp.2007.10.018.

F. Farabegoli, M. Vettraino, M. Manerba, L. Fiume, M. Roberti, G. Di Stefano,
Galloflavin, a new lactate dehydrogenase inhibitor, induces the death of human breast
cancer cells with different glycolytic attitude by affecting distinct signaling pathways,
Eur. J. Pharm. Sci. 47 (2012) 729-738, doi: 10.1016/j.ejps.2012.08.012.

P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction, Anal. Biochem. 162 (1987) 156-159, doi:
10.1006/abio.1987.9999.

K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-time
guantitative PCR and the 2(-Delta Delta C(T)) method, Methods 25 (2001) 402-408,
doi: 10.1006/meth.2001.1262.

L.S. Steelman, W.H. Chappell, S.M. Akula, S.L. Abrams, L. Cocco, L. Manzoli, S. Ratti,

A.M. Martelli, G. Montalto, M. Cervello, M. Libra, S. Candido, J.A. McCubrey,



22.

23.

24.

25.

26.

27.

28.

30

Therapeutic resistance in breast cancer cells can result from deregulated EGFR
signaling, Adv. Biol. Regul. 78 (2020) 100758, doi: 10.1016/j.jbior.2020.100758.

S. Kim, J. Lee, S.J. Oh, S.J. Nam, J.E. Lee, Differential effect of EGFR inhibitors on
tamoxifen-resistant breast cancer cells, Oncol. Rep. 34 (2015) 1613-1619, doi:
10.3892/0r.2015.4116.

F. Penault-Llorca, N. Radosevic-Robin, Ki67 assessment in breast cancer: an update.
Pathology 49 (2017) 166-171, doi: 10.1016/j.pathol.2016.11.006.

K. Arif, I. Hussain, C. Rea, M. EI-Sheemy, The role of Nanog expression in tamoxifen-
resistant breast cancer cells, Onco Targets Ther. 8 (2015) 1327-1334, doi:
10.2147/0OTT.S67835.

C.A. Martz, K.A. Ottina, K.R. Singleton, J.S. Jasper, S.E. Wardell, A. Peraza-Penton,
G.R. Anderson, P.S. Winter, T. Wang, H.M. Alley, L.N. Kwong, Z.A. Cooper, M.
Tetzlaff, P.L. Chen, J.C. Rathmell, K.T. Flaherty, J.A. Wargo, D.P. McDonnell, D.M.
Sabatini, K.C. Wood, Systematic identification of signaling pathways with potential to
confer anticancer drug resistance, Sci. Signal. 7 (2014) ral2l, doi:
10.1126/scisignal.aaal877.

J.M. Gwak, M. Kim, H.J. Kim, M.H. Jang, S.Y. Park, Expression of embryonal stem cell
transcription factors in breast cancer: Oct4 as an indicator for poor clinical outcome
and tamoxifen resistance, Oncotarget 8 (2017) 36305-36318, doi:
10.18632/oncotarget.16750.

M. Jurikova, L. Danihel, S. Polék, I. Varga, Ki67, PCNA, and MCM proteins: markers
of proliferation in the diagnosis of breast cancer, Acta Histochem. 118 (2016) 544-552,
doi: 10.1016/j.acthis.2016.05.002.

E.M. Berns, I.L. van Staveren, J.G. Klijn, J.A. Foekens, Predictive value of SRC-1 for
tamoxifen response of recurrent breast cancer, Breast Cancer Res. Treat. 48 (1998)

87-92, doi: 10.1023/a:1005903226483.



29.

30.

31.

32.

33.

34.

35.

36.

31

J. Liu, J. Li, P. Li, Y. Jiang, H. Chen, R. Wang, F. Cao, P. Liu, DLG5 suppresses breast
cancer stem cell-like characteristics to restore tamoxifen sensitivity by inhibiting TAZ
expression, J. Cell. Mol. Med. 23 (2019) 512-521, doi: 10.1111/jcmm.13954.

A.J. Pellatt, R.K. Wolff, G. Torres-Mejia, E.M. John, J.S. Herrick, A. Lundgreen, K.B.
Baumgartner, A.R. Giuliano, L.M. Hines, L. Fejerman, R. Cawthon, M.L. Slattery,
Telomere length, telomere-related genes, and breast cancer risk: the breast cancer
health disparities study, Genes Chromosomes Cancer 52 (2013) 595-609, doi:
10.1002/gcc.22056.

H. Kim, S. Son, Y. Ko, J.E. Lee, S. Kim, I. Shin, YAP, CTGF and Cyr61l are
overexpressed in tamoxifen-resistant breast cancer and induce transcriptional
repression of ERa, J. Cell Sci. 134 (2021) jcs256503, doi: 10.1242/jcs.256503.

U.W. Nilsson, S. Garvin, C. Dabrosin, MMP-2 and MMP-9 activity is regulated by
estradiol and tamoxifen in cultured human breast cancer cells, Breast Cancer Res.
Treat. 102 (2007) 253-261, doi: 10.1007/s10549-006-9335-4.

Y. Wang, M. Zhu, J. Li, Y. Xiong, J. Wang, H. Jing, Y. Gu, Overexpression of PSMC2
promotes the tumorigenesis and development of human breast cancer via regulating
plasminogen activator urokinase (PLAU), Cell Death Dis. 12 (2021) 690, doi:
10.1038/s41419-021-03960-w.

T. Jin, H. Suk Kim, S. Ki Choi, E. Hye Hwang, J. Woo, H. Suk Ryu, K. Kim, A. Moon,
W. Kyung Moon, microRNA-200c/141 upregulates SerpinB2 to promote breast cancer
cell metastasis and reduce patient survival, Oncotarget 8 (2017) 32769-32782, doi:
10.18632/oncotarget.15680.

A. Satelli, S. Li, Vimentin in cancer and its potential as a molecular target for cancer
therapy, Cell. Mol. Life Sci. 68 (2011) 3033-3046, doi: 10.1007/s00018-011-0735-1.
L. Putignani, S. Raffa, R. Pescosolido, L. Aimati, F. Signore, M.R. Torrisi, P.

Grammatico, Alteration of expression levels of the oxidative phosphorylation system



37.

38.

39.

40.

41.

42.

43.

32

(OXPHOS) in breast cancer cell mitochondria, Breast Cancer Res. Treat. 110 (2008)
439-452, doi: 10.1007/s10549-007-9738-X.

Avagliano, M.R. Ruocco, F. Aliotta, I. Belviso, A. Accurso, S. Masone, S. Montagnani,
A. Arcucci, Mitochondrial flexibility of breast cancers: a growth advantage and a
therapeutic opportunity, Cells 8 (2019) 401, doi: 10.3390/cells8050401.

F. Révillion, V. Pawlowski, L. Hornez, J.P. Peyrat, Glyceraldehyde-3-phosphate
dehydrogenase gene expression in human breast cancer, Eur. J. Cancer 36 (2000)
1038-1042, doi: 10.1016/s0959-8049(00)00051-4.

M. Sun, S. Zhao, Y. Duan, Y. Ma, Y. Wang, H. Ji, Q. Zhang, GLUT1 patrticipates in
tamoxifen resistance in breast cancer cells through autophagy regulation, Naunyn
Schmiedebergs Arch. Pharmacol. 394 (2021) 205-216, doi: 10.1007/s00210-020-
01893-3.

P. Garrido, F.G. Osorio, J. Moran, E. Cabello, A. Alonso, J.M. Freije, C. Gonzalez,
Loss of GLUT4 induces metabolic reprogramming and impairs viability of breast cancer
cells, J. Cell Physiol. 230 (2015) 191-198, doi: 10.1002/jcp.24698.

Y. Zheng, K.D. Houston, Glucose-dependent GPER1 expression modulates
tamoxifen-induced IGFBP-1 accumulation, J. Mol. Endocrinol. 63 (2019) 103-112, doi:
10.1530/JME-18-0253.

C.K. Das, A. Parekh, P.K. Parida, S.K. Bhutia, M. Mandal, Lactate dehydrogenase A
regulates autophagy and tamoxifen resistance in breast cancer, Biochim. Biophys.
Acta Mol. Cell. Res. 1866 (2019) 1004-1018, doi: 10.1016/j.bbamcr.2019.03.004.

L. Hamadneh, L. Al-Lakkis, A.A. Alhusban, S. Tarawneh, B. Abu-lIrmaileh, S.
Albustanji, A.Q. Al-Bawab, Changes in lactate production, lactate dehydrogenase
genes expression and DNA methylation in response to tamoxifen resistance
development in MCF-7 cell line, Genes (Basel) 12 (2021) 777, doi:

10.3390/genes12050777.



44.

45.

46.

47.

48.

49.

33

T. Nadai, K. Narumi, A. Furugen, Y. Saito, K. Iseki, M. Kobayashi, Pharmacological
inhibition of MCT4 reduces 4-hydroxytamoxifen sensitivity by increasing HIF-1a protein
expression in ER-positive MCF-7 breast cancer cells, Biol. Pharm. Bull. 44 (2021)
1247-1253, doi: 10.1248/bpb.b21-00030.

Y.W. Moon, H.J. An, J.S. Koo, G.M. Kim, H. Han, S. Park, S.I. Kim, H.S. Park, S. Kim,
S.K. Kim, S.A. Lee, S. Hwang, G.W. Son, J. Sohn, CD44/CD24 and aldehyde
dehydrogenase 1 in estrogen receptor-positive early breast cancer treated with
tamoxifen: CD24 positivity is a poor prognosticator, Oncotarget 9 (2017) 2622-2630,
doi: 10.18632/oncotarget.23519.

M.B. Lyng, A.V. Leenkholm, Q. Tan, W. Vach, K.H. Gravgaard, A. Knoop, H.J. Ditzel,
Gene expression signatures that predict outcome of tamoxifen-treated estrogen
receptor-positive, high-risk, primary breast cancer patients: a DBCG study, PLoS One
8 (2013) 54078, doi: 10.1371/journal.pone.0054078.

F. Vesuna, A. Lisok, B. Kimble, V. Raman, Twist modulates breast cancer stem cells
by transcriptional regulation of CD24 expression, Neoplasia 11 (2009) 1318-1328, doi:
10.1593/ne0.91084.

E. Olsson, G. Honeth, P.O. Bendahl, L.H. Saal, S. Gruvberger-Saal, M. Ringnér, J.
Vallon-Christersson, G. Jonsson, K. Holm, K. Lovgren, M. Fernd, D. Grabau, A. Borg,
C. Hegardt, CD44 isoforms are heterogeneously expressed in breast cancer and
correlate with tumor subtypes and cancer stem cell markers, BMC Cancer 11 (2011)
418, doi: 10.1186/1471-2407-11-418.

S. ShahidSales, M. Mehramiz, F. Ghasemi, A. Aledavood, M. Shamsi, S.M.
Hassanian, M. Ghayour-Mobarhan, A. Avan, A genetic variant in CDKN2A/B gene is
associated with the increased risk of breast cancer, J. Clin. Lab. Anal. 32 (2018)

€22190, doi: 10.1002/jcla.22190.



50.

51.

52.

53.

54.

55.

56.

57.

34

S.L. O'Brien, A. Fagan, E.J. Fox, R.C. Millikan, A.C. Culhane, D.J. Brennan, A.H.
McCann, S. Hegarty, S. Moyna, M.J. Duffy, D.G. Higgins, K. Jirstrom, G. Landberg,
W.M. Gallagher, CENP-F expression is associated with poor prognosis and
chromosomal instability in patients with primary breast cancer, Int. J. Cancer 120
(2007) 1434-1443, doi: 10.1002/ijc.22413.

K.A. Knudsen, M.J. Wheelock, Cadherins and the mammary gland, J. Cell Biochem.
95 (2005) 488-496, doi: 10.1002/jcb.20419.

O. Treeck, S. Schuler-Toprak, M. Skrzypczak, F. Weber, O. Ortmann, Knockdown of
PTEN decreases expression of estrogen receptor f and tamoxifen sensitivity of human
breast cancer cells, Steroids 153 (2020) 108521, doi: 10.1016/].steroids.2019.108521.
T.N.C. Pinto, J.R. Fernandes, L.B. Arruda, A.J.D.S. Duarte, G. Benard, Cost-effective
Trap gPCR approach to evaluate telomerase activity: an important tool for aging,
cancer, and chronic disease research, Clinics (Sao Paulo) 5 (2021) e2432, doi:
10.6061/clinics/2021/e2432.

M. Hou, D. Xu, M. Bjorkholm, A. Gruber, Real-time quantitative telomeric repeat
amplification protocol assay for the detection of telomerase activity, Clin. Chem. 47
(2001) 519-524.

Y. Gan, J. Lu, A. Johnson, M.G. Wientjes, D.E. Schuller, J.L. Au, A quantitative assay
of telomerase  activity, Pharm. Res. 18 (2001) 488-493, doi:
10.1023/a:1011006427733.

W. Wagner, W.M. Ciszewski, K.D. Kania, L- and D-lactate enhance DNA repair and
modulate the resistance of cervical carcinoma cells to anticancer drugs via histone
deacetylase inhibition and hydroxycarboxylic acid receptor 1 activation, Cell. Commun.
Signal. 13 (2015) 36, doi: 10.1186/s12964-015-0114-x.

M. Cordenonsi, F. Zanconato, L. Azzolin, M. Forcato, A. Rosato, C. Frasson, M. Inui,

M. Montagner, A.R. Parenti, A. Poletti, M.G. Daidone, S. Dupont, G. Basso, S. Bicciato,



58.

59.

60.

61.

62.

63.

64.

35

S. Piccolo, The Hippo transducer TAZ confers cancer stem cell-related traits on breast
cancer cells, Cell 147 (2011) 759-772, doi: 10.1016/j.cell.2011.09.048.

S.M. White, M.L. Avantaggiati, I. Nemazanyy, C. Di Poto, Y. Yang, M. Pende, G.T.
Gibney, H.W. Ressom, J. Field, M.B. Atkins, C.Yi, YAP/TAZ inhibition induces
metabolic and signaling rewiring resulting in targetable vulnerabilities in NF2-deficient
tumor cells, Dev. Cell. 49 (2019) 425-443.e9, doi: 10.1016/j.devcel.2019.04.014.

M. Govoni, V. Rossi, G. Di Stefano, M. Manerba, Lactate upregulates the expression
of DNA repair genes, causing intrinsic resistance of cancer cells to cisplatin, Pathol.
Oncol. Res. 27 (2021) 1609951, doi: 10.3389/pore.2021.1609951.

H.D. Soule, T.M. Maloney, S.R. Wolman, W.D. Peterson Jr, R. Brenz, C.M. McGrath,
J. Russo, R.J. Pauley, R.F. Jones, SC. Brooks, Isolation and characterization of a
spontaneously immortalized human breast epithelial cell line, MCF-10. Cancer Res.
50 (1990) 6075-6086.

T. Latham, L. Mackay, D. Sproul, M. Karim, J. Culley, D.J. Harrison, L. Hayward, P.
Langridge-Smith, N. Gilbert, BH. Ramsahoye, Lactate, a product of glycolytic
metabolism, inhibits histone deacetylase activity and promotes changes in gene
expression, Nucleic Acids Res. 40 (2012) 4794-4803, doi: 10.1093/nar/gks066.

H. Wang, S. Zhang, Y. Zhang, J. Jia, J. Wang, X. Liu, J. Zhang, X. Song, S. Ribback,
A. Cigliano, M. Evert, B. Liang, H. Wu, D.F. Calvisi, Y. Zeng, X. Chen, TAZ is
indispensable for c-MYC-induced hepatocarcinogenesis, J. Hepatol. 76 (2022) 123-
134, doi: 10.1016/j.jhep.2021.08.021.

C.V. Dang, A. Le, P. Gao, MYC-induced cancer cell energy metabolism and
therapeutic opportunities, Clin. Cancer Res. 15 (2009) 6479-6483, doi: 10.1158/1078-
0432.CCR-09-0889.

L. Jin, J. Chun, C. Pan, G.N. Alesi, D. Li, K.R. Magliocca, Y. Kang, Z.G. Chen, D.M.

Shin, F.R. Khuri, J. Fan, S. Kang, Phosphorylation-mediated activation of LDHA



65.

66.

67.

68.

69.

70.

36

promotes cancer cell invasion and tumour metastasis, Oncogene 36 (2017) 3797-
3806, doi: 10.1038/onc.2017.6.

Z. Wang, S. Kyo, Y. Maida, M. Takakura, M. Tanaka, N. Yatabe, T. Kanaya, M.
Nakamura, K. Koike, K. Hisamoto, M. Ohmichi, M. Inoue, Tamoxifen regulates human
telomerase reverse transcriptase (hTERT) gene expression differently in breast and
endometrial cancer cells, Oncogene 21 (2002) 3517-3524, doi:
10.1038/sj.0nc.1205463.

L. Lu, C. Zhang, G. Zhu, M. Irwin, H. Risch, G. Menato, M. Mitidieri, D. Katsaros, H.
Yu, Telomerase expression and telomere length in breast cancer and their
associations with adjuvant treatment and disease outcome, Breast Cancer Res. 13
(2011) R56, doi: 10.1186/bcr2893.

Hurd, N. Khattree, S. Dinda, P. Alban, V.K. Moudgil, Regulation of tumor suppressor
proteins, p53 and retinoblastoma, by estrogen and antiestrogens in breast cancer cells,
Oncogene 15 (1997) 991-995, doi: 10.1038/sj.0nc.1201233.

Guillot, N. Falette, S. Courtois, T. Voeltzel, E. Garcia, M. Ozturk, A. Puisieux, Alteration
of p53 damage response by tamoxifen treatment, Clin. Cancer Res. 2 (1996) 1439-
1444, PMID: 9816318.

D.J. Britton, I.R. Hutcheson, J.M. Knowlden, D. Barrow, M. Giles, R.A. McClelland,
J.M. Gee, RI. Nicholson, Bidirectional cross talk between ERalpha and EGFR
signalling pathways regulates tamoxifen-resistant growth, Breast Cancer Res. Treat.
96 (2006) 131-146, doi: 10.1007/s10549-005-9070-2.

S. Massarweh, C.K. Osborne, C.J. Creighton, L. Qin, A. Tsimelzon, S. Huang, H.
Weiss, M. Rimawi, R. Schiff, Tamoxifen resistance in breast tumors is driven by growth
factor receptor signaling with repression of classic estrogen receptor genomic function,

Cancer Res. 68 (2008) 826-833, doi: 10.1158/0008-5472.CAN-07-2707.



71.

72.

73.

4.

75.

76.

7.

37

M. Rojas, S. Yao, Y.Z. Lin, Controlling epidermal growth factor (EGF)-stimulated Ras
activation in intact cells by a cell-permeable peptide mimicking phosphorylated EGF
receptor, J. Biol. Chem. 44 (1996) 27456-27461, doi: 10.1074/jbc.271.44.27456.

K.H. Jung, E.J. Lee, J.W. Park, J.H. Lee, S.H. Moon, Y.S. Cho, K.H. Lee, EGF receptor
stimulation shifts breast cancer cell glucose metabolism toward glycolytic flux through
P13 kinase signaling, PLoS One 14 (2019) 0221294, doi:
10.1371/journal.pone.0221294.

S.0. Lim, C.W. Li, W. Xia, H.H. Lee, S.S. Chang, J. Shen, J.L. Hsu, D. Raftery, D.
Djukovic, H. Gu, W.C. Chang, H.L. Wang, M.L. Chen, L. Huo, C.H. Chen, Y. Wu, A.
Sahin, S.M. Hanash, G.N. Hortobagyi, M.C. Hung, EGFR signaling enhances aerobic
glycolysis in triple-negative breast cancer cells to promote tumor growth and immune
escape, Cancer Res 76 (2016) 1284-1296, doi: 10.1158/0008-5472.CAN-15-2478.

S. Sigismund, D. Avanzato, L. Lanzetti, Emerging functions of the EGFR in cancer,
Mol. Oncol 12 (2018) 3-20, doi: 10.1002/1878-0261.12155.

D. Hu, L. Fan, P. Cen, E. Chen, Z. Jiang, L. Li, Energy metabolism plays a critical role
in stem cell maintenance and differentiation, Int. J. Mol. Sci. 17 (2016) 253,
10.3390/ijms17020253.

J.E. Klaunig, Chapter 8 — Carcinogenesis, in: C.N. Pope, J. Liu (Eds.) “An Introduction
to Interdisciplinary  Toxicology”, Academic Press 2020, pp. 97-110,

https://doi.org/10.1016/B978-0-12-813602-7.00008-9.

N. Yang, C.D. Morrison, P. Liu, J. Miecznikowski, W. Bshara, S. Han, Q. Zhu, A.R.
Omilian, X. Li, J. Zhang, TAZ induces growth factor-independent proliferation through
activation of EGFR ligand amphiregulin, Cell Cycle 11 (2012) 2922-2930, doi:

10.4161/cc.21386.


https://doi.org/10.1016/B978-0-12-813602-7.00008-9

78.

79.

38

L. Guo, J. Zheng, J. Zhang, H. Wang, G. Shao, L. Teng, Knockdown of TAZ modifies
triple-negative breast cancer cell sensitivity to EGFR inhibitors by regulating YAP
expression, Oncol. Rep. 36 (2016) 729-736, doi: 10.3892/0r.2016.4875.

R. Yang, Y. Wu, J. Zou, J. Zhou, M. Wang, X. Hao, H. Cui, The Hippo transducer TAZ
promotes cell proliferation and tumor formation of glioblastoma cells through EGFR

pathway, Oncotarget 7 (2016) 36255-36265, doi: 10.18632/oncotarget.9199.



