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Intra-tumor heterogeneity (ITH) consists of subpopulations 
of cancer cells within a tumor with different phenotypic, 
genetic and behavioral characteristics, whose origin is 
suggested by two distinct, but not exclusive, hypotheses: 
the cancer stem cell (CSC) and clonal evolution/selection 
hypotheses. Clonal evolution proposes a speciation by 
natural selection and a continued accumulation of genetic 
and epigenetic aberrations resulting in a sequential 
selection of diverse subpopulation with more aggressive 
phenotypes. On the other hand, the CSC hypothesis 
denotes that cells of a tumor have the same potential 
to promote tumor progression, and ITH arises as a 
consequence of the hierarchical organization of cancer 
cells. Therefore, CSC may be differentiated into non-CSC 
phenotypes, which originates several subpopulations with a 
new set of markers (1,2).

ITH is driven by genetic and epigenetic changes 
in tumor cells. Genomic instability added to selective 
pressures, such as transformations in the microenvironment 
and hormonal therapeutic interventions, can generate 
aberrations such as translocations, deletions and point 
mutations, among others, to create ITH. Regarding 
epigenetic regulation, ITH results of changes in genome 
function without a detectable modification in DNA 

sequence (2). It is important to emphasize that the cellular 
ability to react via genetic and epigenetic reprogramming 
requires high plasticity and may change according to their 
stage in metastasis and tumor progression. Also, plasticity 
determines how tumoral subpopulations adapt to stress 
conditions, which include physical, chemical and oxidative 
stress, to generate favorable or unfavorable outcomes to cell 
fate.

Breast cancer (BC) cells are overall highly plastic and 
react to genetic and epigenetic reprogramming, changing 
according to their interaction with stromal cells and 
constantly adapting to new environmental conditions, thus 
illustrating a heterogeneous type of cancer. BC can express 
estrogen and progesterone receptors (ER and PR), different 
Ki67 proliferation index and HER2 expressions. Depending 
on the particular combination of these components, BC are 
grouped in Luminal-A (ER+ and/or PR+, Ki67 <20, HER2−), 
Luminal B− (ER+ and/or PR+, Ki67 ≥20, HER2−), Luminal 
B+ (ER+ and/or PR+, HER2+), HER2+ non-Luminal (ER−, 
PR−, HER2+), and triple-negative (ER−, PR−, HER2−) (3). 
Alternative classifications based at a transcriptomic level also 
exist, for example for triple negative BC: basal-like 1, basal-
like 2, immunomodulatory, mesenchymal, mesenchymal 
stem-like and luminal androgen receptor subtype (4). 
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Besides differences among individual patients, called inter-
tumor heterogeneity, BC also displays ITH, comprising 
different subpopulations inside primary tumors, between 
primary and metastatic lesions, and within metastatic lesions 
(3). 

While it is undeniable that genetic and epigenetic factors 
directly affect ITH, tumors comprise not only tumor cells 
but a combination of other components, such as soluble 
factors, extracellular matrix components, and immune, 
vascular and stromal cells. This intricate cellular network 
creates a complex tumor niche or tumor microenvironment 
(TME), whose great adaptability to distinct environmental 
conditions brings multiple obstacles towards therapy 
efficacy during tumor progression (1,3,5,6). In fact, there is 
accumulating evidence that many components of the tumor 
niche may drive tumor heterogeneity, as well as extrinsic 
microenvironmental factors such as hypoxia (1,7). 

Hypoxia is one of the driving factors for triggering 
the Warburg effect, or the favoring of aerobic glycolysis 
and lactate synthesis for oxygen-independent energy 
production (8). First described in the late 1920’s as a 
divergence from the Pasteur effect, in which lactate 
production is inhibited by oxygen exposure, the Warburg 
effect interferes majorly with pyruvate metabolism and 
disfavor its entrance into the tricarboxylic acid (TCA) 
cycle (9,10). This leads to a couple of consequences: 

(I) induction of the HIF pathway and its subsequent 
transcription regulation of other pathways, such as the 
PI3K/AKT/mTOR and JAK2/STAT3 axis, by increasing 
glucose transporter expression, and (II) increase in ATP 
consumption while blocking the feedback inhibition of 
phosphofructokinase (PFK), therefore inhibiting the main 
pathway for oxidative phosphorylation (9). 

BC heterogeneity was addressed by Ren and colleagues 
in early 2022 from the perspective of metabolic plasticity, 
through investigation of the effects of the antioxidant 
glutathione peroxidase 2 (GPx2) loss in BC (6). By single 
cell RNA analysis, they demonstrated that GPx2 loss 
increased reactive oxygen species (ROS), with consequent 
activation of the ROS/HIF-1α/VEGF axis, resulting in 
abnormal angiogenesis and augmented hypoxia through 
stabilization of HIF-1α. This condition primed cells to a 
metabolic heterogeneity depicted by observation of the 
Warburg effect in most tumor cell populations, except for 
one cluster that maintained its oxidative phosphorylation in 
parallel to glycolysis (Figure 1). 

In general, the authors postulate that tumor cells may 
survive under aerobic or hypoxic conditions by assuming 
a hybrid metabolic state after the disruption of ROS levels 
within the cells, which may be stimulated by HIF-1α 
stabilization. While the reasons for this selection are not 
clear, the authors indicate that GPx2 loss may have a key 
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Figure 1 Intratumoral heterogeneity and the dilemma of antioxidant therapy for tumoral progression. The increase of ROS due to 
tumoral growth and development, coupled with hypoxia establishment and HIF-1α stabilization, may be controlled by antioxidants such 
as GPx2, which may enable tumor homeostasis and progression. However, the downregulation of these antioxidant enzymes, which will in 
turn increase ROS levels, can also aid in tumor development and plasticity, effectively creating a double standard for antioxidant therapy. 
As intratumoral heterogeneity grows, tumor subpopulations adapt to favor distinct energetic metabolic pathways. Figure created with 
BioRender.com. ROS, reactive oxygen species; TME, tumor microenvironment. 
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role in generating tumor cell heterogeneity and in tumor 
progression. These results, however, diverge in different 
cancer types and stages of tumoral progression, which 
opens the discussion of whether a hybrid metabolic state 
may be advantageous for tumor cells to survive and develop 
resistance to treatments targeting the aerobic or glycolytic 
metabolism. 

GPx2 is an antioxidant enzyme that catalyzes the 
decomposition of hydrogen peroxide (H2O2) by the 
oxidation of glutathione (GSH), resulting in oxidized 
glutathione (GSSG) and H2O. Considering the large 
energetic demands of highly proliferative cancer cells, 
mitochondrial oxidative phosphorylation generates 
high levels of ROS that leads to oxidative stress, which 
is why antioxidant enzymes are often associated with 
cytotoxicity prevention. Several classes of intracellular 
enzymatic antioxidants are available and may be altered in 
carcinogenesis (11). Therefore, GPx2 upregulation could 
be considered as a predictor of prognosis and response to 
cytotoxic treatments, benefiting tumor cells over healthy 

tissues and impairing responses to treatments that may 
cause oxidative damage (12). 

Although logic suggests that antioxidants are a good 
anticancer strategy, Ren and collaborators demonstrated 
that GPx2 loss stimulated tumor progression, mainly 
due to hypoxic signaling, abnormal vascularization and 
shift to aerobic glycolysis/OXPHOS state. Indeed, the 
high complexity of GPx2 high/low expression depends 
on specific metabolic pathways and microenvironment 
conditions such as hyperproliferation-derived hypoxia (13). 
Additional data suggests that ROS has a dual role in cancer 
progression, acting both as main biochemical entity and as 
a secondary messenger, which shows yet another layer of 
complexity in antioxidant therapy efficiency (11). Table 1 
summarizes the complexity and duality of GPx2 in different 
types of cancers.

While ITH is still not fully understood, it might 
facilitate the natural evolution of cancer and interfere with 
the effectiveness of anti-cancer treatment, due to either 
the selection or the induction of new resistant sub-clones 

Table 1 GPx2 duality in cancer

Tumor type GPx2 status Effect Assay Ref.

Colon carcinoma ↓ Increase tumor progression Mouse model of inflammation-
associated colon carcinogenesis

(14)

Pancreas cancer ↓ Suppression of proliferation, 
invasion and metastasis

Gene expression in patient samples (15)

Urinary tract and bladder ↓ Poor prognosis Gene expression in patient samples (16)

Urinary bladder ↓ Cancer invasion Gene expression in patient samples (17)

Esophageal carcinoma ↓ Poor prognosis Gene expression in patient samples (18)

BC ↓ Tumor progression and 
heterogeneity

Mouse model of BC with GPx2 
silenced cells

(6)

Colon carcinoma ↓ Increase inflammation Stable knockdown of GPx2 in HT-29 
cells

(19)

Cutaneous squamous cell carcinomas ↓ Tumor initiation Cell lines and mouse model (20)

Hepatocellular carcinoma ↑ Tumor metastasis Cell lines and mouse model (21)

Lung carcinoma ↑ Tumor initiation and cisplatin 
resistance

Gene expression in lung carcinoma 
cell line

(22)

Hepatocellular carcinoma ↑ Poor prognosis Gene expression in patient samples (23)

Colorectal cancer ↑ Early tumor recurrence Patient-derived colonosphere 
cultures

(24)

Gastric carcinoma ↑ Prognostic factor in primary tumor 
and metastatic foci

Gene expression in patient samples (25)

BC, breast cancer. 
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upon treatment (7). Ren and collaborators indicate that, 
while tumor cells generally trigger the Warburg effect 
to favor glycolysis over oxidative phosphorylation, not 
all subpopulations follow this tendency (6). In a different 
study, the differential expression of 305 genes was found in 
invasive BC cells compared to non-invasive cells, featuring 
multiple biological roles from extracellular matrix (ECM) 
reorganization to modulation of the immune response and 
Rho signaling (26). However, the identification of ITH is 
still challenging, and while single-cell analysis may reveal 
how the transitioning between metabolic states occurs, this 
technology is far from being globally widespread (8).

Additionally, ITH may also affect both hormone-
based and antibody-drug conjugate therapies, having 
been described to interfere with Fulvestran or Tamoxifen 
effectiveness (4). Immunohistochemistry (IHC) analysis of 
BC samples from clinical trials revealed that patients with 
heterogeneous tumors had different recurrence-free survival 
(DRFS) than those with homogeneous diseases. Differences 
in ER and PR percentage within tumor biopsy via staining 
were suggested as prognostic of DRFS (4,27). 

In a distinct study, the differential expression of PDL-
1 in >1% of tumor area is sufficient to increase patient 
survival upon Atezolizumab and Nab-Paclitaxel therapy (4). 
Interestingly, another study identified a better prognosis 
for HER-2 positive invasive ductal BC patients with a 
higher degree of heterogeneity when compared to patients 
with progressive disease. Authors attributed this peculiar 
behavior to proteins involved in immune processes and 
hemostasis, suggesting the high ITH would be associated 
with increased lymphocyte infiltration, facilitating the 
response to treatment (7).

Considering the variety of responses to ROS-mediated 
processes due to ITH establishment and the generation of 
subpopulations with distinct adaptations, are antioxidant-
based treatments a double-edged sword for cancer therapy? 
Is there a specific condition in tumor tissues responsible 
for the different clinical outcomes regarding antioxidant 
therapies? The answers to these questions are still under 
debate, considering the paradoxical relationship between 
cancer development and increased ROS levels, as well 
as the consequences observed in cell metabolism and 
heterogeneity stimulation.
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