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Abstract 
 

The BEAS-2B continuous cell line, derived from normal human bronchial epithelial 

(NHBE) cells, has been established in 1988, by the group of Curtis C. Harris, as an in vitro 

model of normal bronchial epithelium, for the study of lung carcinogenesis. 

Similar to cells from other continuous cell lines, the BEAS-2B cells are known to 

undergo genetic and phenotypic variations when grown in vitro over extended periods of time, 

namely at the level of gene expression and morphology. These variations might explain, at 

least partly, inconsistencies found in the literature in studies conducted using this cell line. 

Importantly, the altered cell line may no longer be a trustworthy model of the original material. 

The first aim of the present study was to further characterize the effects of extended 

passaging on the phenotype of the BEAS-2B cell line, namely in terms of protein content, rate 

of lactate production, migratory capacity, stress response and resistance to mildly cytotoxic 

concentrations of potassium dichromate, a lung carcinogen. We found that two of these traits 

(stress response and rate of lactate production) changed significantly over time in culture. 

Altogether, our observations and those of others suggest that the degree of transformation of 

this cell line changes upon extensive passaging.  

The second aim of the present study was to assess the impact of a prolonged 

exposure to mildly cytotoxic concentration Cr(VI) on several traits of the BEAS-2B cell line, 

namely their morphology and pattern of growth, growth rate, clonogenic potential and 

resistance to Cr(VI). We found that exposure to Cr(VI) for several months changed the 

morphology and the growth pattern of the BEAS-2B cell line and decreased its growth rates. 

On the other hand, no significant changes were observed in terms of clonogenic potential and 

resistance to Cr(VI). 

 

 

Keywords: BEAS-2B cell line; extended passaging; phenotypic changes; transformation; 

hexavalent chromium; lung carcinogen; long-term exposure. 
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Sumário 

 

A linha celular contínua BEAS-2B, derivada de células epiteliais brônquicas humanas 

normais, foi estabelecida em 1988, pelo grupo de Curtis C. Harris, como um modelo in vitro 

do epitélio brônquico normal, para o estudo da carcinogénese pulmonar. 

De igual maneira às células de outras linhas celulares contínuas, as células BEAS-

2B sofrem variações genéticas e fenotípicas quando cultivadas in vitro por longos períodos 

de tempo, nomeadamente ao nível da expressão genética e morfologia. Estas variações 

podem explicar, pelo menos em parte, as inconsistências encontradas na literatura em 

estudos que utilizaram esta linha celular. Mais importante, a linha celular alterada pode deixar 

de ser um modelo confiável do material original. 

O primeiro objetivo de presente estudo foi caracterizar ainda mais os efeitos das 

passagens sucessivas no fenótipo da linha celular BEAS-2B, nomeadamente no conteúdo 

proteico, taxa de produção de lactato, capacidade migratória, resposta ao stress e resistência 

a concentrações levemente citotóxicas de dicromato de potássio, um agente carcinogénico 

pulmonar. Observámos que duas destas características (resposta ao stress e taxa de 

produção de lactato) variaram significativamente ao longo do tempo em cultura. Em conjunto, 

as nossas observações e as de outros sugerem que o grau de transformação desta linha 

celular muda com as passagens extensivas. 

O segundo objetivo do presente trabalho foi avaliar o impacto da exposição 

prolongada a uma leve concentração citotóxica de Cr(VI) em várias características da linha 

celular BEAS-2B, nomeadamente na morfologia e padrão de crescimento, taxa de 

crescimento, potencial clonogénico e resistência a Cr(VI). Concluímos que a exposição ao 

Cr(VI) por vários meses afetou a morfologia e o padrão de crescimento da linha celular 

BEAS-2B e diminuiu as suas taxas de crescimento. Por outro lado, não foram observadas 

diferenças significativas no potencial clonogénico e na resistência ao Cr(VI). 

 

 

Palavras-chave: Linha celular BEAS-2B; passagens sucessivas; mudanças fenotípicas; 

transformação; crómio hexavalente; carcinogénico pulmonar; exposição prolongada. 
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1.1. The relevance of the experimental model in scientific research 

 

The progress of science is built on the basis of the well-known scientific method, which 

is an empirical method. According to this method, a question leads to the formulation of a 

hypothesis, which consequently triggers scientific investigation, followed by the analysis and 

interpretation of the results obtained. Many consider Aristotle “as the inventor of scientific 

method because of his refined analysis of logical implications contained in demonstrative 

discourse, which goes well beyond natural logic and does not owe anything to the ones who 

philosophized before him” (phrase quoted by Riccardo Pozzo in [1]). While others consider 

Ibn al-Haytham the father of modern scientific method, due to his emphasis on reproducibility 

of its results and experimental data [2]. 

The planning of the experiments to be carried out is crucial for the success of the 

entire scientific method, since only experiments relevant to the study can create solid 

conclusions about the results obtained. This planning is particularly difficult when it comes to 

human experiments, such as epidemiological and post-mortem studies. In addition, these 

studies have some disadvantages, for example, post-mortem tissue samples undergo 

changes when compared to pre-mortem tissue samples and epidemiological studies can be 

difficuly to address, such as cancer. Cancer can have very long latency periods, during which 

individuals are often exposed to various carcinogens; thus, it is difficult to establish a cause-

effect relationship [3]. 

The combination of all the difficulties prompted scientists to try to use tissues in vitro, 

that is, outside the body. The first attempt dates back to the 19th century, when Wilhelm Roux, 

a German zoologist, managed to keep living cells of the neural plate of chick embryos in 

saline buffer for a few days [4]. Afterwards, in 1907, Ross Granville Harrison questioned how 

the axon (long nerve filament) of a nerve cell is formed, whether by the linking up of short 

strands locally developed or by outgrowth from the cell. To answer this question, he 

developed a reproducible technique, which consisted on obtaining a small fragment of living 

tissue from the central nervous system of a young frog embryo before the axons had begun 

to form. Then, he placed it on a sterile coverslip with a drop of frog’s fresh lymph [5]. Once 

lymph coagulated, he inverted the coverslip generating the hanging drop culture. Thereafter, 

he observed the development of axons as a result of the neural tube of the frog embryo being 

covered in the fluid from the lymph sac of an adult frog. With this work, he published an article 

for culturing nerve cells and is everywhere recognized as the originator of animal tissue 

culture [5,6]. 

In the following year, 1908, Margaret Reed explanted a small fragment of bone 

marrow from a guinea pig into a tube of nutrient agar, made up with physiological salt solution 

[6]. After a few days in the incubator, she observed that the bone marrow cells were living 
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and multiplying, due to the formation of a membrane on the surface of the agar and some of 

their nuclei exhibited mitotic figures [6]. This experiment must have been the first in vitro 

culture of mammalian cells. After this event, many others emerged that became important to 

the history of science, such as the discovery of a replicative senescence phase by Hayflick 

and Moorhead [7], the establishment of the first cell line (HeLa) [8], the production of the first 

hybrid mammalian cells [9] and the cloning of a mammal, the Dolly sheep [10], among many 

other discoveries [11–13]. 

The progress made in the field of cell culture to this day is enormous. The widespread 

use of this technique is based on the great advantage of consistency in the results. Currently, 

it can be said that this technique is an essential tool for the progress of science and is now a 

robust and reliable technology used routinely to study in different areas such as toxicology, 

genomics, immunology and carcinogenesis [14]. 

 
1.2. The BEAS-2B cell line as a model system for human bronchial epithelium 

 

Bronchial carcinogenesis is a multistep pathway by which bronchial somatic cells 

progressively acquire the genetic changes responsible for their malignant phenotype. In 

addition, bronchial carcinogenesis is a long-term process that cannot be followed in vivo, 

because the human bronchus, from which most lung cancers arise, is not easily accessible 

for close observation and tissue biopsy. Therefore, for the study of long-term processes in 

vitro, continuous cell lines (or immortal cell lines) are useful because they can proliferate 

indefinitely (if a suitable fresh medium is provided continuously) and consequently do not 

have a finite life span, are well characterized, easier to culture than primary cell cultures 

and, at least theoretically, homogeneous and genetically identical, providing reproducible 

and consistent results [15–18]. 

The BEAS-2B cell line was established in 1988, by the group of Curtis C. Harris, at 

the National Cancer Institute, in Maryland, USA [19], in order to specifically study the 

multistage bronchial carcinogenesis in vitro. Since then, this cell line began to be used for 

the in vitro study of several other aspects of epithelial cell biology and also for investigations 

in other areas of research, such as immunology and toxicology [20–23]. 

The BEAS-2B cell line is a continuous adherent cell line derived from NHBE cells, 

also known as normal human tracheobronchial epithelial cells. A primary culture of NHBE 

cells was obtained from explants of the most distal portion of the trachea and carina 

collected at the autopsy specimen from a healthy person [24]. 

To increase the life span of the NHBE cells, Harris and his group infected them with 

an adenovirus 12-simian virus 40 (Ad12-SV40) hybrid virus and cloned them [19]. The 

SV40 genome is a covalently closed, double-stranded circular DNA molecule of 5243 bp 
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and encodes seven proteins: three are capsid proteins (VP1, VP2 and VP3), two are 

involved in the viral life cycle [large T antigen (LT) and small T antigen (ST)] and the 

remaining two have no known function (17 kT and agnoprotein) [25,26]. The ST is 

responsible for stimulating cell proliferation and facilitating the entry of LT into cells. In turn, 

the LT, after viral infection, triggers viral DNA synthesis by stimulating host cells to enter S 

phase and undergo DNA replication. Therefore, host cells lose the ability to control their 

own proliferation, causing an uncontrolled proliferation [25,27–29]. 

The immortalized clones thus obtained were named BEAS [19]. The immortalization 

occurred between passages 12 and 21 [30]. From the transformed colonies, three cell 

strains were obtained (BEAS-2A, BEAS-2B and BEAS-2C). Harris and his group 

determined the doubling times for the three cell strains obtained and found that, from the 

thirtieth duplication, there was a decrease in cell proliferation in the BEAS-2A and BEAS-

2C strains. Only the BEAS-2B strain showed a continued proliferation during the period in 

culture [19]. In this manner, they were able to complete their goal of developing cultures 

with extended lifespans [19]. 

After completing their goal, in 1993, Harris and colleagues observed the formation 

of highly cystic tumors in athymic nude mice after a subcutaneous (s.c.) injection of the 

BEAS-2B cells in passage 32 or higher [31]. They also observed that BEAS-2B cells had a 

near-diploid karyotype (42 to 50 chromosomes) at least until passage 29 [19]. In 1996, 

Harris et al., showed that the BEAS-2B cell line underwent progressive changes during 

extended in vitro passaging [30]. They observed that these cells began to show the 

accumulation of four abnormal chromosomes: in the chromosome 15 [(add(15)(p11.1)], 16 

[add(16)(p13)], a derivative of the long arm of chromosome 8 with the long arm of the 

chromosome 9 [der(8;9)(q10;q10)], which decreased with the culture age, and a marker 

chromosome (mar). Furthermore, at passage 45, almost all cells showed all four abnormal 

aberrations and was observed the loss of one homolog of chromosomes 8, 15, 16, 21, and 

22 [19,30,31]. These phenomena indicated that immortalization was associated with the 

clone selection of a mutated cell that occurred between passage 12 and passage 21. 

However, in 2009, in our laboratory, Rodrigues et al., observed the expression of some 

genes involved in cell cycle control and bioenergetic metabolism in the BEAS-2B cell line, 

and it was concluded that this is a stable cell line capable of maintaining the integrity of the 

cell cycle [22]. 

The BEAS-2B cell line is considered nontumorigenic, but cannot be considered 

normal, since it was transformed by infection with viral genes to become a continuous cell 

line. Nonetheless, BEAS-2B cells retain fundamental characteristics of NHBE cells, such 

as the presence of desmosomes and tight junctions, the polygonal appearance 
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(characteristic of epithelial cells), nonpersistent virus, i.e., they do not produce the virus 

with which they were immortalized, and also the ability to undergo squamous differentiation 

in response to serum [19,32]. Due to this latter feature, a serum-free medium should be 

used to culture the BEAS-2B cells, allowing the clonal growth of these cells. Thereby, when 

this cell line was established, Harris and collaborators used a serum-free medium, named 

LHC-9, which was specially formulated for the growth of NHBE cells [19,33]. 

 

1.2.1. Culture conditions for the BEAS-2B cell line 

 

The cell bank American Type Culture Collection (ATCC), the official supplier of the 

BEAS-2B cell line, recommends that the initial density of BEAS-2B cells for culturing this 

cell line should be between 1.5 and 3 x 103 cells/cm2 and the passage routine should be 

performed before the cultures reach high confluence. It also recommends using the 

bronchial epithelium cell growth medium (BEGM), a serum-free medium, and also coating 

the culture flasks with a mixture of fibronectin (0.01 mg/mL), collagen type I (0.03 mg/mL) 

and bovine serum albumin (BSA) (0.01 mg/mL) dissolved in BEGM [34]. The European 

Collection of Authenticated Cell Cultures (ECACC), which is also a supplier of this cell line, 

recommends culture conditions slightly different from ATCC, since it recommends an initial 

density of BEAS-2B cells between 3 and 10 x 103 cells/cm2 [32]. 

ATCC and ECACC recommend the use of a serum-free medium due to the 

observations made by Harris and collaborators when they established this cell line, as 

already mentioned. They noted that BEAS-2B cells underwent terminal squamous 

differentiation in response to serum, which caused alterations in cytokine secretion in these 

cells [35]. In a less cited study, the authors isolated two subclones from a culture of BEAS-

2B cells exposed to fetal bovine serum (FBS) and detected that only one of them was 

induced to undergo squamous differentiation [33]. In contrast, the other clone was 

mitogenically stimulated. The isolated clones were karyotypically similar and presented 

marker chromosomes common to those observed in the parental BEAS-2B cell line, which 

seemed to indicate that they originated from a common cell; but they differed in their 

morphology. These observations suggest that cell cultivation might induce some 

heterogeneity in a population with a common origin, leading to the appearance of distinct 

phenotypes [33]. It is important to note that the serum-free medium used by Harris and 

colleagues when they established the BEAS-2B cell line was the LHC-9 medium and not 

the BEGM, recommended by the ATCC and ECACC [19]. 

There are other studies that demonstrate the disadvantages of using FBS in the 

growth of BEAS-2B cells. For example, in 2014, Zhao and Klimecki observed that FBS 
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caused changes in the morphology, mRNA expression and energy metabolism of BEAS-

2B cells [36]. More specifically, their study revealed that the presence of FBS in the culture 

medium was associated with a 1.4-fold increase the in total glycolytic capacity, a 2.0-fold 

increase in the oxygen consumed for adenosine triphosphate (ATP) production, a 1.9-fold 

increase in the basal respiration and a 2.8-fold increase in the maximal respiration, 

compared with BEAS-2B cultured without FBS [36]. In addition, in 2016, a previous study 

in our laboratory showed that the addition of FBS to the growth medium (LHC-9) induced 

significant changes in cell morphology [37]: cells became bigger, more flattened and had a 

less clearly defined border, i.e., they acquired a more squamous appearance [37]. 

Despite the recommendations of ATCC and ECACC, there are several studies in 

the literature that use FBS as a supplement to the culture medium for the growth of BEAS-

2B cells. FBS has become the standard medium supplement since it has a higher 

availability, ease of storage, high content of growth factors and low content of gamma-

globulin compared to other animal sera [38]. However, the addition of animal serum in cell 

culture media is a potential source of contaminants, including viruses, prions and 

mycoplasms [39] Table 1.1 presents some studies in the literature that used different 

methodologies for culturing the BEAS-2B cell line compared to the methodology 

recommended by ATCC and ECACC. 

 

Table 1.1. Some examples of studies that differ from the ATCC conditions in terms of both culture 

medium and attachment substrate for culturing BEAS-2B cells. 

 

Culture medium Supplement Coating solution Reference 

DMEM 

10% (v/v) FBS Not mentioned [40] 

10% (v/v) FBS and 1% (v/v) penicillin-

streptomycin 
0.5% agar [41] 

10% (v/v) FBS, 100 U/mL penicillin and 

100 µg/ml streptomycin 
Not mentioned [42] 

10% (v/v) LHC-9 medium, 10% (v/v) 

FBS, 100 U/mL penicillin and 100 µg/ml 

streptomycin 

Not mentioned [43] 

5% (v/v) FBS, 2mM L-glutamine and 

100 U/mL penicillin-streptomycin 
Not mentioned [44] 

BEGM 

5 mg/L bovine insulin, bovine pituitary 

extract, 0.5 mg/L epinephrine, human 

EGF, 0.5 mg/L hydrocortisone, 0.1 mg/L 

retinoic acid, 6.5 mg/L triiodothyronine, 

10 mg/L transferrin and the antibiotics 

amphotericin-B sulphate and 

gentamicin. 

FNT(-) CS, Gelatin 

(type B) from bovine 

skin 

[22,45] 
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Table 1.1. (cont.) | Some examples of studies that differ from the ATCC conditions in terms of both 

culture medium and attachment substrate for culturing BEAS-2B cells. 

 

BEGM 5% (v/v) FBS Not used [36] 

LHC-9 Not mentioned 

FNT(+) CS (0.01 

mg/mL), Vitrogen 100 

(0.03 mg/mL) and 

BSA (0.01 mg/mL) 

[21] 

Keratinocyte SFM 

(serum-free 

medium) 

EGF and pituitary extract 

Not mentioned [20] 
EGF, pituitary extract and 3% (v/v) FBS 

Ham’s F12 

5 µg/mL insulin, 5 µg/ml transferrin, 20 

ng/ml EGF, 20 ng/ml cholera toxin, 0.1 

µm dexamethasone and 30 µg/ml bovine 

hypothalamus extract 

Not mentioned [46] 

 

BSA, Bovine serum albumin; DMEM, Dulbecco’s modified eagle’s medium; EGF, Epidermal growth factor; FBS, Fetal 

bovine serum; FNT(-) CS, Fibronectin-free coating solution; FNT(+) CS, Fibronectin-containing coating solution; 

U/mL, Concentration of enzyme activity. 

 

Concerning the coating solution, there are several studies employing BEAS-2B cells 

in the literature that do not mention its use, as can be seen in Table 1.1., and one, at least, 

specifically mentions that BEAS-2B cultures grew in uncoated vessels [36]. Our group 

studied the effect of the medium on cell growth on non-coated surfaces. It was found that 

cells grown in BEGM were able to adhere to the substrate and form monolayers in the 

absence of coating. However, the cultures lost some of their homogeneity and cells did not 

spread as extensively as when grown in coated flasks. On the other hand, cultures 

completely lost their typical cobblestone growth and formed foci instead (probably reflecting 

a reduced adhesion to the substrate) when grown in LHC-9 medium and in the absence of 

coating. Altogether, these results suggested that the BEGM formulation plays a key role in 

the promotion of the cell attachment to the substrate [37] 

Some research groups, ours included, that use the BEAS-2B cell line, do not adhere 

strictly to the recommendations for culturing this cell line by the ATCC and ECACC. The 

changes introduced in our laboratory, and probably in many other laboratories, aim to 

reduce the cost associated with culturing this cell line. In our laboratory, we used a culture 

medium and a coating solution different from those recommended by ATCC and ECACC. 

The serum free-medium used was the LHC-9 medium, since this medium is much cheaper 

than BEGM, and we removed the most expensive component from the ATCC and ECACC 

recommended coating solution, i.e., fibronectin; thus, our coating solution consisted of a 

mixture of gelatin from bovine skin and BSA dissolved in phosphate-buffered saline (PBS). 

For convenience, we have reduced the passage frequency to just once a week. To this 

end, we used an initial seeding density of 2 x 103 cells/cm2 and carried out the cell passage 

before the culture reached an excessive confluence, which can trigger terminal 
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differentiation [34]. Using the culturing conditions just described, we were able to 

consistently generate cultures with a healthy appearance and an apparently unlimited 

proliferative potential. 

Altogether, these data show that, for a given cell line, different laboratories use 

different culture conditions. This may explain, at least in part, the different results found in 

the literature for similar experiments, since the culturing conditions can modulate the 

phenotype of cells grown in vitro, affecting study output and making comparisons difficult 

[36]. 

 

1.3. Effects of over-subculturing on cell culture 

 

Continuous cell lines have the ability to divide indefinitely and, therefore, are used 

by researchers to study a wide variety of long-term processes. However, the capability of 

continuous cell lines to exist indefinitely opens the possibility that cell lines no longer 

maintains consistent morphology and key gene functions, i.e., they have exceeded the safe 

passage number. In fact, after long-term subculturing, cells can undergo genetic and 

phenotypic variations, becoming even more different from the cells identified at earlier 

passage levels or from the primary cell culture [17]. In addition, extended passaging creates 

a positive selective pressure on cell cultures, leading to the formation of faster growing cells 

that ultimately overrun the slowest growing cells in the population [47]. 

Several studies have shown the divergent effects of extended passaging on 

morphology, growth rates, gene expression and many other features in the Caco-2 cell line, 

an in vitro model of the intestinal epithelium and is characterized by the presence of a 

heterogeneous mixture of subpopulations with different morphologies and biochemical 

characteristics, in the same culture [48]. Table 1.2 summarizes some studies that detail the 

effects of over-subculturing on Caco-2 cells. 

 

Table 1.2. Some examples of studies that detail the effects of over-subculturing on Caco-2 cells. 

 

Characteristic Cell response after passaging Reference 

Expression of fructose 

transporter GLUT-5 

mRNA 

Increased GLUT-5 from #26 to #184 [49] 

Increased GLUT-5 from #29 to #198 [50] 

 TEER 

Increased TEER from #35-#47 to #87-#112 [51] 

Increased TEER from #22-#33 to #72 [52] 

Increased TEER from #29 to #198 [53] 

Proliferation rates 
Growth rates lower in #35-#47 to #87-#112 [51] 

Growth rates lower in #22-#33 to #72 [52] 
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Table 1.2. (cont.) | Some examples of studies that detail the effects of over-subculturing on Caco-

2 cells. 

 

Morphology 
No differences in morphology between #23-#33 and #72 [52] 

Decreased heterogeneity from #29 to #198 [53] 

Cell density Increase in cell density from #29 to #198 [53] 

Paracellular permeability 

No differences in permeability were observed from #35-

#47 to #87-#112 
[51] 

Decreased paracellular permeability from #29 to #198 [53] 

Transcellular 

permeability 

No differences in permeability were observed from #35-

#47 to #87-#112 
[51] 

Increased transcellular permeability from #29 to #198 [53] 

Carrier-mediated 

transport 

No differences in the permeability of 14C-glycylsarcosine 

were observed from #35-#47 to #87-#112 
[51] 

Lower permeability to 14C-mannitol from #22-#33 to #72 [52] 

Decreased permeability to cephalexin, cephradine, 

proline and taurocholic acid from #29 to #198 
[53] 

AP 
Higher expression of AP in #22-#33 compared with #72 [52] 

Higher expression of AP in #29 compared with #198 [53] 

Drug metabolism 

Higher levels of CYP3A4 (the most important drug-

metabolizing enzyme) mRNA in Caco-2 cells after 28 

days of culture (a considerably short period of time) 

[54] 

 

AP, Alkaline phosphatase; #, Passage number; TEER, Transepithelial electrical resistance. 

 

Although the Caco-2 cell line has been the focus of several studies regarding the 

influence of passage number on various cell characteristics, the effect of extended 

passaging on cell culture features is not limited to the Caco-2 cell line. For example, in 

1997, Chin-Mei et al. demonstrated that the increase of passage numbers in Syrian 

hamster embryo (SHE) cells decreased the doubling times and saturation (cell yield/plate), 

but increased the plating efficiency [55]. In the same year, Esquenet et al. compared cell 

response of prostatic adenocarcinoma cell line (LNCaP) at low and high passages to 

methyltrienolone (R1881), a synthetic androgen [56]. They observed that both cultures 

exhibited a proliferative response when exposed to increasing concentrations of R1881. 

However, the amplitude of this response was more pronounced in the high passages 

cultures than in the low passages cultures [56]. 

With all the studies presented here is confirmed that there is a positive selection of 

faster-growing subpopulations of cells in the culture with distinct phenotypic and genotypic 

characteristics, which results in a less heterogeneous culture. For this reason, is not 

recommended to use cells that have been passaged too many times [17,47]. 

Consequently, periodic validation of the characteristics of cultured cells is necessary and 

is extremely important to maintain the consistency of the culture age in order to obtain 

reproducible results [47]. 
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1.3.1. Impact of extensive passaging on the BEAS-2B cell line 

 

It is important to identify the point at which the BEAS-2B cell line undergoes 

significant changes caused by long-term subculturing, as these may result in different study 

outcomes. 

Previous studies from our laboratory evaluated the effects of extensive passaging 

in the BEAS-2B cell line in different cellular characteristics, such as: morphology and 

pattern of growth, growth rate, energy metabolism (glucose consumption and lactate 

production rate), clonogenic potential, sensitivity of cells to FBS and chromosomal 

complement [22,37,57]. 

These cells were subcultures over 100 times (the culture was discontinued for 

practical reasons), which is in line with an unlimited proliferative potential. Of note, the 

morphological differences observed allowed the definition of three characteristic stages: 

the low passage stage (up to ca. passage 30), the transitional stage (from ca. passage 30 

to passage 60) and the high passage stage (from ca. passage 60 onwards). Between 

passage 30 and passage 40 (transitional passages, cells gradually lost the typical diamond 

shape (polygonal shape) and cobblestone growth of epithelial cells that characterized 

cultures in lower passages. Furthermore, with the increase of culture age, cells became 

bigger and less defined in the cell border, crisscrossing became more frequent and the 

monolayers lost their homogeneity. In the high passages, cell size became more 

pronounced with increased granularity. However, cultures recovered the homogeneity of 

the monolayer and the crisscrossing was lost [37]. 

Morphological changes were accompanied by changes in other cell characteristics. 

Regarding growth rates, significant differences in doubling times were observed between 

low, transitional and high passage cultures (21.72, 18.83 and 17.46 h, respectively) 

(unpublished results). It was also observed that high passage cultures had a greater 

clonogenic potential than younger cultures (31% colony formation efficiency for low 

passage cultures, 19% for transitional stage cultures and 48% for high passage cultures) 

(unpublished results). 

Concerning energy metabolism, it was found that glucose consumption and lactate 

production by cells in low and high passages did not differed significantly, being 

approximately 9 µmol glucose/4 days/106 cells and 18 µmol lactate/4 days/106 cells for both 

stages [57]. However, later studies revealed significant differences in lactate production at 

different stages of culture (1.44 µmol lactate/mg protein/hour for low passage cultures, 2.28 

µmol lactate/mg protein/hour for transitional passage cultures and 1.95 µmol lactate/mg 

protein/hour for high passage cultures) (unpublished results). 
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The impact of culture age on the sensitivity of BEAS-2B cells to FBS was also 

assessed. Cells were exposed for five weeks to FBS, and, over this period of time, no 

significant differences were observed between cultures at the three different stages, with 

all of them exhibiting an increase in cell size, less definition of the cell border and a more 

flattened appearance of the cells [37]. For each culture, the proliferation rate in the 

presence and absence of FBS was basically the same [37]. 

Regarding chromosomal complement, two of the studies carried out in our 

laboratory observed differences in the BEAS-2B cell karyotype in low and transitional 

passages that accompanied the morphological changes [22,37]. Table 1.3 shows the 

differences in chromosomal complement that were observed in one of those studies [22]. 

 

Table 1.3. Differences in the BEAS-2B cell chromosomal complement in low and transitional 

passages [22]. This evaluation was made using conventional cytogenetic technique. 

 

Culture stage Observations 

Low passage stage (#7) 

Addition of material not known on chromosome 15 and chromosome 16 

isochromosome 5 [i(5)(q10)], terminal deletion of the short arm of 

chromosome X (Xp-), additional material of unidentified origin on the 

short arm of chromosomes 14 (14p+) and 22 (22p+) and a trisomy of 

chromosome 20 [tri(20)] 

Transitional stage (#42) 

Decrease in the percentage of cells with the alterations 14p+ and tri(20), 

while two new alterations emerged: a derivative of chromosome 2 

[der(2)] and a terminal deletion on i(5)(q10) [i(5)(q10)del(qter)] 

 

der, Derivative chromosome; i, Isochromosome; p, Short arm of chromosome; #, Passage number; tri, Trisomy. 

 

Some differences found in this last study were similar to those observed by Harris 

and colleagues [22,30], i.e., additional material on the short arms of chromosomes 15 and 

16 in low passage cultures, but it is not known whether the additional material found in the 

study carried out in our laboratory is the same as that found in the study carried out by the 

Harris group. In addition, Harris et al. also observed that more than 25% of B39-TL cells 

(established by this group from tumors induced by the injection of BEAS-2B cells at 

passage 39 into athymic nude mice) had tri(20). 

In 1994, Matturri et al. demonstrated that tri(20) is often found in non-small cell lung 

carcinomas (NSCLCs), which represent 75-80% of all lung cancers [58,59]. Consequently, 

the presence of this trisomy in BEAS-2B cells may be an indicator of tumorigenicity. 

However, this it was found in this latter study that this trisomy decreased as the culture age 

increased, which suggests the opposite, i.e., that the tumorigenic potential of BEAS-2B 

cells is actually decreasing over time in culture [22]. 

The second (most recent) study conducted in our laboratory that evaluated the 

chromosomal complement of BEAS-2B cells at different stages also showed significant 
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differences [37]. Table 1.4 shows the differences in chromosomal complement that were 

observed in this study [37]. 

 

Table 1.4. Differences in the BEAS-2B cell chromosomal complement in low, transitional and high 

passages [37]. This evaluation was made using conventional cytogenetic technique. 

 

Culture stage Observations 

Low passage stage (#11 

and #26) 

Set of chromosomal alterations reported in [22], with the addition of a 

derivative of the long arm of chromosome 16 with the long arm of 

chromosome 17 [der(16;17)] 

Transitional stage (#48 

to #54) 

22p+, der(16;17), derivatives of the long arm of chromosome 5 with the 

long arm of chromosome 9 [der(5;9)] or of chromosome 15 [der(5;15)], 

terminal deletions of the short arm of chromosome 4 (4p-) and of the long 

arm of chromosome 18 (18q-), monosomy of chromosome 20 [mono(20)] 

and loss of chromosome Y (−Y) 

High passage stage 

(#104) 

All alterations observed at the transitional stage (although the incidence 

of the der(5;9) was much reduced) along with two new changes: 

additional material of unknown origin on the long arm of chromosome 9 

(9q+) and a derivative of the chromosomes 2, 9 and 14 [der(2;9;14)] 

 

der, Derivative chromosome; i, Isochromosome; mono, monosomy; p, Short arm of chromosome; q, Long arm of 

chromosome; #, Passage number. 

 

Matturri et al. also demonstrated that chromosome Y is frequently lost in NSCLCs, 

which suggests that some BEAS-2B cells could be in the process of tumorigenesis [58]. It 

is important to note that the differences found in the transitional stage in the previously 

mentioned study [22] were not observed in this study [37]. This observation suggests 

heterogeneity of the culture when the cells are in different stages, and in turn, show different 

karyotypes. Overall, all of the studies mentioned showed that there is a significant 

chromosomal instability in BEAS-2B cells, which leads to frequent alterations of their 

karyotype over time in culture. 

BEAS-2B cells should be an adequate model to study carcinogenesis induced by 

Cr(VI), which is a human lung carcinogen, since NHBE cells are the main targets of Cr(VI) 

carcinogenicity, an aspect discussed in the next chapter. 

 
1.4. Chromium: general aspects 
 

Chromium (Cr), a transition metal with an atomic weight of 52, is the 21st most 

abundant chemical element. In nature, this metal always occurs in combination with other 

elements,with the exception of meterorites, which may contain free chromium. Chromium 

can be found in all matter in concentrations ranging from less than 0.1 µg/m3 in air to 4 g/kg 

in soils [60–62]. 
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Chromium was discovered in 1798 by Louis Nicolas Vauquelin, a French chemist, 

in the mineral crocoite (PbCrO4). It was, meanwhile, found in the much more abundant ore, 

chromite (FeOCr2O3), from which all chromium compounds are extracted [63,64]. Since its 

discovery, chromium’s potential began to be explored and, currently, its main uses are in 

alloys such as stainless steel, in metal ceramics and in chrome plating [60]. 

As chromium applications increased, its adverse health effects on living beings 

began to emerge [65]. Chromium compounds were very early on recognized as skin and 

mucous membrane irritanting agents, causing eczema and contact dermatitis, and there 

were also strong suspicions that these compounds are carcinogens to humans. More 

recently, a link between occupational exposure to hexavalent chromium [Cr(VI)] and an 

increased incidence of lung cancer in workers has been firmly established [60]. The first 

reported case of cancer due to Cr(VI) dates back to 1890, when David Newmand reported 

a case of adenocarcinoma in a worker exposed to chrome pigment [66]. However, it is likely 

that, at the time, he may not have been aware of the importance of his observation. In 1948, 

Machle and Gregorius carried out the first epidemiological study, in which they 

demonstrated a high mortality rate (21.8%) from lung cancer in workers exposed to 

chromate. This value was 16 times higher than the mortality rate from lung cancer in the 

control population [67]. Several subsequent studies were made in order to determine 

concretely if there was any particular oxidation state that was responsible for this 

carcinogenic effect, since the identification of carcinogenic agents is essential for the 

prevention of riks of exposed workers [68,69]. 

The determination of the oxidation state of chromium responsible for the 

carcinogenic effect was the subject of intensive research for several decades. This heavy 

metal has multiple oxidation states, ranging from -II to +VI. The two oxidation states with 

relevance in biological systems are the trivalent state [Cr(III)] and Cr(VI), since these two 

forms are the only stable forms. They exhibit very different toxicities, solubilities, 

bioavailabilities and mobilities [68,69]. 

Cr(III) is the most common and stable form of chromium in the environment and in 

living organisms. In aqueous solutions, Cr(III) ion forms hexacoordinate complexes with a 

octahedral arrangement of ligands [62]. In this oxidation state, chromium showed great 

capacity to react with proteins, nucleic acids and other biomolecules in studies performed 

in acellular systems [70]. This form is regarded by many nutritionists as an unusual 

essential micronutrient for humans, since Cr(III) is the only known metal that forms tight 

kinetically inert bonds with biological ligands [71]. However, there is not sufficient 

information on the effects of Cr(III) deficiency in humans in order to identify a dietary 
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requirement. Therefore, in 2014, the European Food Safety Authority (EFSA) determined 

that Cr(III) is not an essential element for humans [72]. 

Regarding Cr(VI), this oxidation state is almost totally derived from human activities 

and is a toxic and strong oxidizing agent, which exists only in the oxygenated form, being 

the second most stable form of chromium [64]. In aqueous solutions, Cr(VI) compounds 

assume a tetrahedral arrangement of ligands with a negative charge [63,73]. Cr(VI) 

compounds exist, predominantly, as chromate anions [(CrO4)2-] in basic and solutions of 

with a physiological pH (pH > 6), dichromate [(Cr2O7
2-)] for pH values between 2 and 6 and 

chromic acid (H2CrO4) under very acidic conditions (pH < 1) [74]. Any organic molecule 

with oxidizable groups can promote the reduction of Cr(VI) to Cr(III) in highly acidic 

environments, since Cr(VI) is a potent oxidant. Therefore, increasing pH enhances the 

stability of Cr(VI). In 1996, Donaldson and Barreras demonstrated that, after a 30 min 

incubation at pH 1.4, the human gastric juice was capable of reducing approximately 70% 

of Cr(VI), but was completely ineffective at pH 7.0 [75]. 

Due to their tetrahedral arrangement of ligands, similar to that found in sulfate (SO4
2-

) and phosphate (PO4
2-) ions, and to their high water solubility, these complexes cross cell 

membranes using the general anion transport system, which is a nonselective channel. 

Once inside the cell, Cr(VI) is quickly reduced to Cr(III) (its major reduction product), via 

the tetravalent state [Cr(IV)] and to the pentavalent state [Cr(V)] [64,76]. The resulting 

products exert genotoxic, clastogenic (ability to induce chromosomal abnormalities) and 

cytotoxic effects. On the other hand, the octahedral arrangement of Cr(III) complexes, their 

low water solubility and the fact that they form primarily positively charged compounds, 

such as Cr(H2O)6
3+, do not allow them to use the general anion transport system, which 

explains their 10 to 100 times lower toxic than Cr(VI) [78,79] [64,73,77]., Cr(III) may be 

absorbed via pinocytosis or endocytosis. Cr(III) compounds can also accumulate around 

cells, inducing morphological alterations in the membrane. These changes in the 

membrane allow Cr(III) to penetrate the cells and be oxidized to Cr(V), but this situation is 

not as common as is the Cr(VI) uptake [80]. Therefore, it was concluded that Cr(VI) it is 

undoubtedly the carcinogenic ion. In fact, in cultured human fibroblasts, several 

experiments revealed that Cr(VI) compounds are approximately 1000 fold more cytotoxic 

and mutagenic than Cr(III) compounds [81–84]. 

Fortunately, there are some mammalian defense mechanisms that will inactivate a 

significant fraction of Cr(VI) before it enters the cells. The active extracellular conversion of 

Cr(VI) to Cr(III) by erythrocytes, lung epithelial fluid, alveolar macrophages, saliva, gastric 

juice and peripheral parenchyma cells is a very important detoxification mechanism of 

Cr(VI) by the organism [65,73,85], but contributes to an increase of Cr(III) in the body, 
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which can cause several associated diseases [86]. This reduction occurs essentially in the 

lungs and stomach. However, the lungs have significantly higher surface area for 

deposition and absorption, as compared to the stomach. When the exposure to Cr(VI) is 

very prolonged and/or the doses are very high, the extracellular conversion cannot 

completely avoid the entry of the compound into the cells. Postmortem microscopic 

analysis of lung tissue and biopsy samples from chromate industry workers revealed that 

particles containing Cr(VI) tend to accumulate in the bifurcations of the tracheobronchial 

tree [87]. From these bifurcations, a slow release of Cr(VI) in the close vicinity of epithelial 

cells occurs. In fact, most lung tumors associated with exposure to Cr(VI) are found 

precisely in the places where this ion accumulates, specifically in the already-mentioned 

bifurcations [88,89]. Cr(III) resulting from the detoxification process outside the cell binds 

to transferrin in plasma and distributes throughout the body and the liver and kidney quickly 

excrete most of it [90].  

 

1.4.1. Cr(VI) as a lung carcinogen 

 

Based on in vitro, in vivo and epidemiological studies, Cr(VI) was classified by the 

International Agency for Research on Cancer (IARC), the National Toxicology Program 

(NTP), the United States Environmental Protection Agency (USEPA) and other major 

international agencies as an occupational lung carcinogen [91–93]. 

Cr(VI) occurs, mainly in the occupational environment, including chromate 

production, chrome pigment production, ferrochromium and cement production, welding 

(stainless steel), electroplating for aerospace, tanning and aircraft manufacturing. 

However, nonoccupational exposures are also of concern, due to the release of Cr(VI) 

compounds from cigarette smoke, concrete pavement, automobile emissions, amongst 

other sources [73]. The toxic effects of Cr(VI) on workers are well reflected, since they are 

exposed to Cr(VI) by inhalation of dust, aerosols or fume and dermal contact [94]. It is of 

note that, although skin contact to Cr(VI) compounds can induce skin allergies, dermal 

necrosis, dermatitis and dermal corrosion, no significant increase in skin cancer was 

reported among Cr(VI)-exposed workers [95]. Table 1.5 presents selected epidemiological 

studies showing evidence for Cr(VI)-induced lung cancer among workers in occupational 

environments with significant Cr(VI) exposure. 
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Table 1.5. Review of selected epidemiological studies that show evidence for Cr(VI)-induced lung 

cancer among workers in occupational environment with significant Cr(VI) exposure. 

 

Industry 
Clear evidence of Cr(VI) 

induced lung cancer 
Airborne exposure References 

Chromate production Yes 

20 µg/m3 [96,97] 

≥ 1.05 µg/m3 [98] 

720 µg/m3 [99] 

27 µg/m3 [100] 

Not quantified [101] 

Electroplating Yes Not quantified [102] 

Pigment production Yes Not quantified 
[90] 

[103] 

Aerospace No 
Not quantified [104] 

15 µg/m3 [105] 

Welding No 1.5 mg/m3 [106] 

Ferrochromium 

production 
Yes Not quantified 

[107] 

[108] 

 

An additional interesting finding was reported, in 1986, by Levy et al., in rat lung 

[109]. They found that the most insoluble chromate (i.e. lead chromate) and the most 

soluble chromate (i.e. sodium dichromate) were the least carcinogenic, whereas chromates 

of intermediate solubility (e.g. strontium, calcium and zinc chromate) were the most 

carcinogenic. This is likely because the most soluble and insoluble chromate never reached 

a high enough local concentration in the immediate cellular microenvironment to cause 

damage. In contrast, intermediate solubility chromates can adhere to lung airway epithelial 

cells and slowly release high concentrations of Cr(VI) at the cell surface. Therefore, the 

differences in terms of water-solubility of Cr(VI) complexes may lead to different 

carcinogenic potencies [109]. 

Depending on the concentration levels of Cr(VI) compounds, all organs are 

susceptible to their toxic and carcinogenic effects [71]. In fact, in 2006, Iaia et al. confirmed 

that exposure to Cr(VI) increased lung, bladder and pancreatic cancer mortality among 

tanners [110]. In 2010, Hara et al. found that Cr(VI) exposure increase the risk of malignant 

lymphoma and brain cancer [111]. In 2015, Welling et al. performed a meta-analysis that 

suggested that Cr(VI) is a stomach carcinogen in humans [112]. In 2019, Deng et al. 

demonstrated that Cr(VI) exposure increase the risk of death by lung, larynx, kidney, 

bladder, testicular, bone and thyroid cancer. They also reported that Cr(VI) exposed 

workers are at elevated risk of respiratory system, buccal cavity, prostate, pharynx and 

stomach cancer [113]. 

There are also reported cases in human exposed to the toxic effects of Cr(VI) by 

ingestion. Ingestion cases are mostly acts of deliberate self-harm and they are not as 

common as accidental industrial exposures to fumes containing Cr(VI) compounds. The 
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lethal oral dose is considered to be between 50 to 70 mg soluble chromates/kilogram body 

weight [114]. For example, in 1988, a fatal case of acute chromic acid ingestion was 

reported. A 44-year-old male died 1 month after the ingestion of an estimated 4,1 mg of 

chromic acid/kg, probably from severe gastrointestinal bleeding (an autopsy was not 

performed) [115]. In 1994, a 33-year-old electroplating worker consumed 125 mL of 

chromic acid and eventually died due to a massive gastrointestinal bleeding, hepatic injury 

and acute renal failure [116]. 

 

1.4.1.1. Intracellular metabolism of Cr(VI) 

 

In vitro studies have shown that Cr(VI) by itself is not able to bind to ligands that 

can be found within the cell; thus, it exhibits little relevant biological activity, i.e., interaction 

with cellular macromolecules. Once inside the reductive environment of the cell, Cr(VI) 

suffers a rapid and stepwise reduction to, mainly, Cr(III) [it can also form Cr(IV), Cr(V), thiol 

radicals, carbon-based radicals and reactive oxygen species (ROS)] as mentioned before 

[117]. This reduction may take place in the cytoplasm, mitochondria, nucleus or 

endoplasmic reticulum (ER) [117]. 

Several studies have identified various intracellular organelles, enzyme systems 

and soluble small molecules in the cytoplasm that are capable of reducing chromates that 

enter the cell, presumably keeping intracellular Cr(VI) concentrations low and allowing for 

further Cr(VI) uptake. Among these are ascorbate (Asc; vitamin C), low molecular weight 

thiols [glutathione (GSH) and cysteine (Cys)], nicotinamide coenzymes (NADH and 

NADPH), riboflavin and also some redox proteins [hemoglobin, cytochrome P450 

reductase and complex I of the mitochondrial electron transport chain (ETC)] [118,119]. 

Hydrogen peroxide (H2O2) can also reduce Cr(VI) to Cr(III) thereby generating ROS [120]. 

Currently, it is well established that the intracellular reduction of Cr(VI) is essentially a non-

enzymatic process, involving Asc and thiols (GSH and Cys), which are the main non-

enzymatic reductants in physiological conditions and are kinetically favored [they are 

responsible for >95% of Cr(VI) reduction in vivo] [121]. The other reductants are also 

capable of reducing Cr(VI) to Cr(III) in vitro, but their contribution in vivo in not clear [119]. 

Table 1.6 shows the chemical structures of Asc, GSH and Cys in reduced and oxidized 

form. 
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Table 1.6. Chemical structures of reduced and oxidized forms of the three major Cr(VI)-reducing 

agents (Asc, GSH and Cys). 

 

Reductant Reduced form Oxidized form 

Ascorbate 

  

Glutathione 

  

Cysteine 

  

 

Asc is a highly efficient two-electron donor, GSH can proceed through either one- 

or two-electron reactions and Cys acts almost exclusively as a one-electron reducer [74]. 

In vitro, the reduction of Cr(VI) by Asc is much more rapid (t1/2 = 1 min) than by GSH (t1/2 ≅ 

13 min) and by Cys (t1/2 ≅ 60 min); thus, Asc is the primary reducer [122]. Although the rate 

of GSH reaction is kinetically slower than that observed for Asc, the high intracellular 

concentrations of GSH suggest that it is important in the reductive metabolism of Cr(VI). In 

contrast, Cys is the one with the lowest intracellular concentrations and is the slowest 

reductant; thus, the importance of Cys in Cr(VI) reduction is questionable, but might be 

important when there is a depletion of the other two reducers [123]. 

There are two possible pathways to reduce Cr(VI) using Asc, GSH and Cys, which 

are represented in Figure 1.1: a) the initial step involves a two electron reduction to Cr(IV) 

followed by one electron reduction to Cr(III) [this pathway occurs when intracellular 

reductant levels are present in gross excess over Cr(VI)]; or b) a series of one electron 

reductions may occur, producing the intermediate Cr(V) and Cr(IV) and, ultimately, Cr(III) 

(this pathway occurs when the levels of reductants are relatively low). Still, kinetic studies 

have revealed that, at physiological conditions and in the presence of physiological Cys 

levels, the one-electron transfer accounts for over 90% of the reduction [124]. 

It is important to note that, in vivo, the predominance of one of the pathways 

depends not only on the proportion of reducer to Cr(VI), but also on the specific coordinated 

ligands, the presence of other oxidants (e.g., carbohydrates) and catalytic metals, such as 

iron (Fe) [73]. 
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Figure 1.1. Schematic representation of the two pathways for Cr(VI) reduction. The Cr(VI) that 

escapes the process of extracellular detoxification is absorbed by cells. Inside the cell, Cr(VI) can be 

reduced in two different ways, one via one-electron transfers, sequentially generating Cr(V), Cr(IV) and 

Cr(III) by GSH or Cys, while the other one is initiated by a two-electron transfer, by Asc or GSH, directly 

generating Cr(IV) followed by one electron reduction to Cr(III). Figure based on information available in 

[121]. 

 

1.4.1.2. Molecular basis of Cr(VI)-induced carcinogenesis 

 

The reduction of Cr(VI) inside the cell can cause both oxidative (ROS, carbon 

radicals) and nonoxidative (chromium-DNA interactions) forms of DNA damage, which 

include damage to the DNA bases and the sugar-phosphate backbone, altering gene 

expression of the exposed cells. These damages culminate in biological effects such as 

tissue lesions or cancer [125]. In fact, when the intracellular levels of ROS are not properly 

controlled, they react extensively and indiscriminately with biomolecules, generating 

additional reactive species, culminating in the propagation of radical chain reactions [126]. 

 Several electron spin resonance (ESR) studies by Shi and collaborators have 

revealed that the reduction of Cr(VI), in the presence of H2O2, generates not only Cr(III), 

but also the intermediate Cr(V) and very reactive hydroxyl radicals (OH•), which are the 

most potent form of ROS being able to oxidize most biomolecules [127–129]. Based on 

these studies, two theories emerged proposing a dominant role for oxidative DNA damage 

in Cr(VI)-carcinogenesis: a) a central role for ROS in Cr(VI)-carcinogenesis [130,131] and 

b) a central role for tetraperoxochromate(V) (CrO8
3-) ion in Cr(VI)-carcinogenesis [132]. 
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However, high concentrations of Cr(VI) and H2O2 were necessary to detect OH• and CrO8
3- 

by the ESR technique, which compromises the validity of these theories. Nevertheless, in 

vivo studies demonstrate that the formation of ROS and the oxidizing abilities of Cr(V) 

contribute to the induction of stress in Cr(VI)-treated cells. An association was observed 

between ROS and liver and kidney injuries in rodents exposed to soluble Cr(VI) compounds 

[133] and increased ROS levels upon Cr(VI) exposure have been frequently reported [134]. 

Also, it was reported that the presence of peroxidases and other ROS scavengers can have 

protective effects against Cr(VI)-induced damage [135]. In 2001, Sugden et al. showed that 

a high-valent Cr(V) complex, Cr(V)-Salen complex, can directly oxidize DNA bases, 

resulting in the formation of a large number of modified base products with one of the most 

noteworthy being 8-oxoguanine (8-oxo-G) (also known as 7,8-dihydro-8-oxoguanine) 

[136]. Further oxidation of 8-oxo-G can produce several base products, such as 

imidazolone, oxazalone, guanidinohydantoin (GH) and spiroiminodihydantoin (SH), which 

interact with cytosine and adenine nucleotides with the same affinity and eventually causing 

the transversion mutation from G:C to T:A when present on template DNA during replication 

[136,137]. 

Inflammation has also been suggested as a possible mechanism for lung tumor 

development in rodents exposed to Cr(VI). In 2004, Kim et al. showed that the inhalation 

by rats of chromium trioxide resulted in very little toxicity and in an increased inflammatory 

response due to the presence of macrophages [138]. In addition, in 2009, Beaver et al. 

exposed mice to zinc chromate and observed an alveolar and interstitial inflammation [139]. 

Other authors consider that the formation of chromium-DNA binding (adducts) has 

a fundamental role in the Cr(VI)-carcinogenesis, because, unlike oxidative damage to DNA, 

this type of lesion can be observed even under relatively mild exposure conditions to Cr(VI) 

[122,140]. In chromium-DNA adducts, which are the most abundant and specific type of 

DNA damage by Cr(VI), Cr(III) can coordinate DNA either directly or via the intermediate 

Cr(IV) and Cr(V), through both covalent binding or electrostatic/ionic interactions. Cr(III) 

contains six coordinate sites, forming hexacoordinate complexes with many ligands such 

as single amino acids, proteins, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) 

[121]. Cr(III)-DNA adducts includes binary [Cr(III)-DNA] and several ternary [ligand-Cr(III)-

DNA] adducts and this last form of adducts are the most common in mammalian cells. In 

fact, Cr(III) tends to establish coordinated bonds with its intracellular reducers: Cys-Cr(III)-

DNA, GSH-Cr(III)-DNA and Asc-Cr(III)-DNA. Cys-Cr(III)-DNA, GSH-Cr(III)-DNA are the 

most abundant ternary complexes detected under conditions of Asc deficiency [141], 

whereas Asc-Cr(III)-DNA predominates in the presence of biological levels of Asc [142]. In 

addition, direct Cr(III)-DNA interaction can induce many other types of DNA damage, such 
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as DNA-protein crosslinks (DPCs); chromium-DNA inter/intrastrand crosslinks (DNA ICLs) 

and single and double-strand breaks (DNA SSBs and DNA DSBs, respectively) [70,121]. 

Figure 1.2 represents the major pathways involved in the formation of genetic lesions by 

chromium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic representation of the interrelationships between chromium metabolism and 

genotoxicity. Cr(VI) enters the cell via anionic transporters and is rapidly reduced, by a one or two 

electron mechanism, to Cr(III) [the reduction can produce the high valent Cr species Cr(IV) and Cr(V)]. 

Cr(III), the ultimate DNA reactive species, Cr(IV) and Cr(V) display an appreciable affinity for both DNA 

bases and the phosphate backbone leading to the formation of Cr-DNA monoadducts, DPCs, Cr-DNA 

ICLs and ternary adducts. Cr(V) can directly oxidize DNA bases (8-oxo-G) and produce DNA SSBs and 

DNA DSBs. Cr(VI) can also be reduced by H2O2 (at high levels, mM), generating Cr(III), Cr(V) and the 

hydroxyl radical (OH•), which lead to oxidative DNA damage. It is important to note that the location of 

some species or reactions represented in the scheme is not intended to imply that these occur exclusively 

within that intracellular compartment. Figure based on the information available in [121]. 

 

DPCs are stable ternary DNA adducts and constitute about 50% of all chromium-

DNA binding events [141]. Concerning DNA ICLs, they are a highly toxic form of DNA 

damage because the two strands of DNA become covalently bound together, causing a 

problem in replication and, consequently, preventing transcription and translation 

[137,143]. Concerning to DNA SSBs and DNA DSBs, they are the most dangerous type of 

DNA lesions and one of the most commonly reported lesions arising from Cr(VI) treatment. 

In fact, DNA DSBs are deleterious forms of DNA damage and, if not properly repaired, 

induce a strong apoptotic response. Furthermore, when two DNA SSBs are close to each 
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other, or when the DNA-replication apparatus encounters a DNA SSB, DNA DSBs are 

formed. In this turn, these types of lesions can be the result of oxygen/carbon radical 

generation or of replication forks encountering DNA lesions. The repair process of DNA 

SSBs and DNA DSBs can lead to mutations and chromosome rearrangements, which 

result in cell death or cancer [144]. All of these types of DNA damage reported do not occur 

in cell-free systems in the absence of reducing agents, which confirms that Cr(III), Cr(IV) 

and Cr(V) formed during intracellular Cr(VI) reduction are primarily responsible for the 

observed genotoxicity [114]. 

 

1.5. Cancer and genomic instability 

 

Nowadays, noncommunicable diseases (NCDs), also known as chronic diseases, are 

responsible for the majority of global deaths, in which cancer is considered the main cause 

of death and the greatest impediment to an increase in life expectancy in all countries [145]. 

Therefore, one of the major goals of scientists is to discover the molecular basis of the 

neoplastic transformation in order to better understand this process and create possible 

therapies. 

Tumorigenesis is a multistep process based on genetic alterations that lead to the 

progressive transformation of normal human cells into highly malignant derivatives. In 2000, 

Douglas Hanahan and Robert A. Weinberg identified, for the first time, six essential 

alterations in cell physiology that all cells acquire when undergoing neoplastic transformation, 

called the hallmarks of cancer. The characteristics then defined were as follows: insensitivity 

to growth suppressors, ability to sustain proliferative signaling, limitless replicative potential, 

resistance to cell death, induction of angiogenesis and activation of tissue invasion and 

metastasis [146]. More recently, in 2011, the same investigators added two new hallmarks to 

the set already defined in 2000, namely: ability to avoid destruction by the immune system 

and to deregulate cellular energetics (Figure 1.3) [147]. The acquisition of these skills allows 

the uncontrolled proliferation, survival and spread to other tissues, characteristics that identify 

all cancer cells. In 2009, Luo et al. proposed five additional hallmarks of cancer relating to the 

presence of stress in cancer, namely: DNA damage and DNA replication stress, oxidative 

stress, mitotic stress, proteotoxic stress and metabolic stress. These five hallmarks of cancer 

describe the state of cancer cells (characterized by the presence of various stresses), but do 

not describe functional capabilities of cancer like the original hallmarks [148]. 
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Figure 1.3. The 8 Hallmarks of Cancer. The investigators Douglas Hanahan and Robert A. Weinberg 

identified eight essential alterations in cell physiology that all cells acquire when undergoing neoplastic 

transformation: insensitivity to growth suppressors, ability to sustain proliferative signaling, limitless 

replicative potential, resistance to cell death, induction of angiogenesis, activation of tissue invasion and 

metastasis, ability to avoid destruction by the immune system and to deregulate cellular energetics. Figure 

based on the information available in [146,147]. 

 

The progression of malignancy also depends on other factors, such as genomic 

instability, mutations and inflammation (characteristics identified by Hanahan and Weinberg) 

[147]. In fact, the success of the acquisition of the eight hallmarks depends largely on changes 

in genomes of cancer cells. According to the dominant paradigm, carcinogenesis involves the 

successive acquisition of genetic alterations, resulting in genomic instability, that confer 

certain growth advantages [149]. Genomic instability is characterized at two distinct levels: in 

a smaller group of tumors, genomic instability is observed at the nucleotide level and results 

from base substitutions, deletions or insertions, called microsatellite instability (MSI; also 

known as MIN), and in most cancers, genomic instability is observed at the level of 

chromosomes, resulting in losses and gains of whole chromosomes or in large portions of 

them, called chromosomal instability (CIN) [150]. 

In hereditary cancers, the presence of mutations in caretaker genes, i.e., genes that 

primarily function is to maintain genomic stability (DNA repair genes and mitotic checkpoint 

genes), has been correlated to the appearance of MSI and CIN. For example, germline 

mutations in breast cancer susceptibility 1 and 2 (BRCA1 and BRCA2), BRCA1-interacting 

protein 1 (BRIP1), Werner syndrome helicase (WRN) and Bloom syndrome helicase (BLM), 

which are caretaker genes, have been linked to the repair of DNA damage, such as DNA 

DSBs and DNA ICLs, resulting in the development of several cancers, including breast and 

ovarian cancer [151]. The tumor suppressor gene TP53, which encodes p53, and the ataxia 
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telangiectasia mutated (ATM) gene, despite having a role in the DNA damage response, are 

not considered caretaker genes [151]. 

The molecular basis of genomic instability in sporadic cancers remains uncertain. 

Initially it was considered the hypothesis that the most frequently mutated genes in human 

cancer are the ones responsible for the presence of genomic instability [151]. However, 

several studies suggested that very few tumor suppressor genes, DNA damage checkpoint 

genes and genes that regulate cell growth are mutated, deleted and/or amplified in sporadic 

human cancers [152–154]. Some authors hypothesized that the activation of oncogenes, 

such as RAS, and growth signalling pathways might induce genomic instability; thus, they 

proposed an “oncogene-induced DNA replication stress model” [151,155]. According to this 

model, DNA damage results from the oncogene-induced collapse of DNA replication forks, 

i.e., oncogene activation is capable to directly interfere with normal DNA replication, leading 

to DNA replication stress, which is characterized by the stalling or slowing of replication fork 

progression during DNA synthesis and, if not resolved by replication checkpoint mechanisms, 

to mutations and CIN, which characterizes almost all sporadic human cancers [151]. Several 

studies carried out in mammalian cells cultured in vitro, human xenografts, mouse models 

and even in yeast confirmed this model and they showed that genomic instability preferentially 

affects specific genomic sites, called common fragile sites, which are particularly sensitive to 

DNA replication stress [151]. 

DNA damage activates DNA-damage-response pathways in hereditary and sporadic 

cancers, which includes: cell-cycle arrest by checkpoints, transcription of a group of genes 

associated with DNA repair and apoptosis, if the damage cannot be repaired. For example, 

the presence of DNA DSBs, the most harmful and most common form of DNA damage, is 

recognized by sensor proteins (proteins that are rapidly activated in response to DNA 

damage), which transmits the signal to a series of down-stream effector molecules (Figure 

1.4) [156]. 

 

 

 

 

 

 

 

 

Figure 1.4. Signaling of DNA DSBs. The presence of DNA DSBs is recognized by a protein sensor, which 

transmits the signal to a series of down-stream effector molecules to activate cell cycle arrest or DNA repair 

or cell death if the damage is irreparable. Figure based on the information available in [156]. 
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One of the earliest events occurring following DNA damage is the appearance of DNA 

damage-response kinases (sensor proteins), which are responsible for the activation of the 

major DNA DSBs and single-stranded DNA (ssDNA) repair pathways and checkpoint 

responses, namely: ATM, ATM-Rad3-related (ATR) and DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs). ATM and DNA-PKcs respond mainly to DNA DSBs (mostly 

ATM), whereas ATR is activated by ssDNA [157]. The recruitment of these proteins to DNA 

lesions is facilitated by specific partner proteins, specifically: ATR-interacting protein (ATRIP), 

which facilitates the recruitment of ATR to ssDNA; Ku70/Ku80 heterodimer, which facilitates 

the recruitment of DNA-PKcs to DNA DSBs [known as non-homologous end-joining (NHEJ) 

repair] and the Mre11-Rad50-Nbs1 (MRN) complex, which has a helicase and exonuclease 

activities and facilitates the recruitment of ATM to DNA DSBs [known as homologous 

recombination (HR) repair]. This last recruitment also requires Rad52, which is a DNA-end-

binding protein, and Rad51, which forms filaments along the unwound DNA strand to facilitate 

strand invasion [156]. 

ATR, ATM and DNA-PKcs induce the production of Ser139-phosphorylated histone 

H2AX, which is also known as γH2AX, at the site of DNA damage [158]. H2AX constitutes 

approximately 25% of total histone H2A and contains the preserved amino acid motif for 

phosphorylation by ATR, ATM and DNA-PKcs. The importance of γH2AX goes beyond its 

utility as a biochemical marker of, mainly, DNA DSBs, as it eventually spreads over large 

chromatin regions, stimulating other histone modifications, large-scale chromatin remodelling 

and recruitment of numerous DNA repair factors [153]. 

The protein product of TP53, p53, is a DNA damage checkpoint protein that responds 

to oncogene-induced DNA damage and is phosphorylated by the sensor proteins ATM, ATR 

and DNA-PKcs when the DNA damage is not repaired, which can result in the amplification 

or loss of chromosomal material of one or more regions encoding a tumor suppressor gene 

and the translocation of chromosome segments in a reciprocal or non-reciprocal fashion 

[159]. Therefore, these events activate the p53 protein and, consequently, induce the 

proliferation arrest, apoptosis or senescence. However, if the TP53 gene is mutated (this 

gene is highly mutated in human cancers in response to oncogene-induced DNA damage), 

there is a defective checkpoint with the loss of the p53 protein and thus the cell may develop 

cancer (Figure 1.5). 
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Figure 1.5. Schematic representation of the two possible pathways that can happen when DNA DSBs 

cannot be repaired. When cells fail to repair the DNA DSBs correctly, genetic instability, chromosomal 

rearrangements and accumulation of mutations can occur. These events then trigger cell-cycle checkpoints 

resulting in growth arrest or cell death, or, if the checkpoints are inactivated by mutations, this leads to 

tumorigenesis. Figure based on the information available in [156]. 

 

1.5.1. Genomic instability in Cr(VI)-induced carcinogenesis 

 

All cells that underwent neoplastic transformation shared the eight hallmarks of 

cancer. Therefore, since Cr(VI) is a well-established human lung carcinogen, through the 

intracellular reduction of Cr(VI) to Cr(III), it is not surprising that cells exposed to this 

compound exhibit several of those capacities, such as resistance to cell death [160], 

activation of invasion and metastasis [161], ability to sustain proliferative signaling [162], 

induction of angiogenesis [40] and deregulation of cellular energetics [134]. In addition, there 

are also studies that demonstrate that cells exposed to Cr(VI) induce genomic instability and 

mutations [70,139,163]. 

Concerning genomic instability, MSI is mostly observed in Cr(VI)-induced lung 

cancers [164]. Nevertheless, as Cr(VI)-induced carcinogenicity is characterized by several 

DNA damage, mostly DNA DSBs, some Cr(VI)-induced lung carcinomas result from 

aneuploidy and, consequently, CIN [163]. Aneuploidy creates positive feedback, since it 

destabilizes the structure of chromosomes, resulting in even more genomic instability [165]. 

In fact, lung cancers exhibit a high incidence of chromosomal instability, specifically 70% to 

80% of malignant lung tumors exhibit severe aneuploidy [166]. For example, in 2010, Holmes 

et al. observed that chronic exposure to particulate Cr(VI) compounds, specifically zinc 

chromate (one of the most potent carcinogens), in telomerase-immortalized human lung 

fibroblasts (WTHBF-6) cells, induce aneuploidy, in the form of hypodiploidy, hyperdiploidy 

and tetraploidy. In addition, they also observed that zinc chromate also induced centrosome 

amplification (the presence of more than two centrosomes), which is a common event in lung 

cancer, producing cells with centriolar defects and prolonged G2 arrest [167]. In 2007, Xie et 
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al. observed that lead chromate exposure in papillomavirus-immortalized human bronchial 

epithelial (BEP2D) cells induced aneuploid metaphases and centrosome amplification after 

120 h [168]. 

A recent study carried out by DeLoughery et al., in 2015, demonstrated that Cr(VI)-

induced DNA DSBs caused extensive γH2AX phosphorylation but it was mediated by ATR in 

Asc-restored human H460 lung epithelial cells [158]. The authors provided a possible 

explanation for a selective ATR activation instead of ATM, based on the structure of DNA 

DSB ends: the model HR repair consists of the bounding of blunt-ended DNA DSB with the 

MRN complex for recruitment and activation of ATM, which operates by excising a DNA 

strand, resulting in ssDNA. Therefore, most Cr(VI)-induced DNA DSBs are likely to contain 

single-stranded tails, which are potent activators of ATR [158]. 

During HR repair, the Rad51 protein plays a key role. This protein is loaded into the 

ssDNA, creating a helical nucleoprotein filament responsible for identifying a homologous 

sequence and strand invasion. After the strand successfully invades the donor duplex, repair 

synthesis occurs using the donor duplex as a template and Holliday junctions are resolved, 

resulting in high fidelity repair [169]. Therefore, Rad51 is the defining biochemical step of HR. 

Furthermore, coimmunoprecipitation experiments indicate that BRCA1, BRCA2 and Rad51 

are physically associated [170]. In addition, cells containing mutations in either BRCA1 or 

BRCA2 are exquisitely sensitive to DNA DSBs, showing severely impaired HR repair [171]. 

Altogether, these studies indicate that BRCA1 and BRCA2, along with Rad51, are crucial 

component of HR repair in cells. 

In 2016, Browning et al., showed that chronic exposure to Cr(VI) inhibits the HR repair 

in WTHBF-6 cells [169]. They observed that, while HR repair response is activated after 24 h 

Cr(VI) exposure, this repair pathway and Rad51 nucleofilament formation are inhibited by 

prolonged (120 h) Cr(VI) exposure [169]. They concluded that Cr(VI) inhibits HR repair 

through the misregulation of Rad51 and its proper localization to the nucleus. The inhibition 

of this repair pathway is an important component in the carcinogenetic mechanism of Cr(VI), 

since this process is correlated with an increase of structural chromosome damage [169]. In 

2017, the same group identified the system of carcinogenesis in lung carcinoma caused by 

Cr(VI) particulate [172]. They investigated the effects of prolonged Cr(VI) exposure on the 

Rad51 nuclear import mediator proteins, Rad51C and BRCA2, in WTHBF-6 cells, since 

nuclear import of Rad51 is crucial to its function. They observed that 24 h Cr(VI) exposure 

induced proper localization of Rad51C and BRCA2, but 120 h Cr(VI) exposure increased the 

cytoplasmic localization of both proteins. Therefore, the authors concluded that Cr(VI)-

exposure inhibits the nuclear import of Rad51C and BRCA2, resulting in the cytoplasmic 

accumulation of Rad51 [172]. 
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Despite the progress made in recent years, a great deal of research is still needed to 

elucidate the role that the observed genomic instability has in the development and 

progression of Cr(VI)-induced carcinogenesis. Several studies have reported extensive 

numerical chromosomal aberrations, but have not identified which chromosomes were 

affected by these changes. Therefore, it is not possible to know which tumor suppressor 

genes, oncogenes or other cancer-related genes have their expression altered. 

 

1.6. The importance of the stress response in biological systems 

 

The stress response is a highly conserved mechanism used by all organisms 

(prokaryotic and eukaryotic) in order to maintain cellular homeostasis under proteotoxic 

stress, i.e., stresses that impose conformational alterations to proteins and eventually lead to 

their denaturation and/or aggregation, such as a nonlethal temperature (40-43 ºC) and heavy 

metals [e.g. Cr(VI)]. When cells are exposed to one or more stresses, the synthesis of most 

proteins is suppressed, but a small number of proteins are rapidly synthesized, called “stress 

proteins” or “heat shock proteins (HSPs)” [173]. HSPs are essential molecular chaperones 

conserved through cell evolution (e.g., some domains of HSP70 are 96% similar between E. 

coli and human) necessary for cell survival against the stresses found in the environment, 

preventing the onset of programmed cell death and allowing the resumption of normal 

metabolism through proteome repair (HSPs are also needed in basal conditions) [174]. 

The stress response was initially discovered by Ritossa, in 1962 [175]. Ritossa 

demonstrated that elevated temperature induces well-defined variations in the puffing pattern 

in salivary gland chromosomes of a fruit fly, Drosophila busckii, and this variation always 

showed the same bands [175]. In addition, she observed that 2,4-dinitrophenol (DNP), an 

uncoupler of oxidative phosphorylation, produced the same effects as thermal shock in the 

induction of the new puffing pattern, suggesting that heat shock and metabolic stress could 

be upregulating the transcription of the same set of genes [175]. 

At the time when Ritossa discovered the stress response, HSPs were not yet known. 

In fact, HSPs were discovered by Tissières et al., in 1974. They observed that the variations 

observed by Ritossa in fruit fly chromosomes coincided with the synthesis of a small number 

of new proteins after subjecting the cells to a heat shock [176]. Later, in 1988, Riabowol et 

al., in order to demonstrate that HSPs play a crucial role in survival during and after stress in 

mammalian cells, they observed that the addition of antibodies against a specific type of HSP 

(HSP70) to cultured rat fibroblasts and incubated at 45 ºC for 30 min, caused cell death, 

concluding that the loss of the HSPs is lethal to cells [177]. 

Mammals express many types of HSPs, which are commonly classified according to 

their molecular weights in 6 families, since their function was unknown at the time of their 
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discovery: small HSPs (sHSP) (they have a molecular weight between 15 and 40 kDa and 

are ATP-independent), HSP60, 70, 90, 100 and 110 (these 5 families are ATP-dependent) 

[178,179]. As chaperones, all HSP families are mediators of protein folding (they recognize 

exposed hydrophobic patches on a protein’s surface and help the protein to refold into its 

proper conformation) with subtly different properties and functions between the families [178]. 

In addition, they also play a critical role in the translocation of proteins to their final subcellular 

locations and in the regulation of proteins degradation [180]. Different members of the HSP 

family collaborate with each other in a signaling network to regulate cellular functions [181]. 

Interestingly, each compartment of the eukaryotic cells has a protein quality control (PQC) 

system that functions to monitor and repair damage to the proteome, since different 

compartments of the cell have their own characteristic proteome [179]. It is important to note 

that HSPs are no enzymes, therefore their interacting partners in the proteome are known as 

clients and not substrate [182]. 

In eukaryotic cells and in a stressful situation, the rapid synthesis of HSPs is primarily 

a result of heat shock factor (HSF) (in mammals, the main regulator of the stress response is 

HSF1), a transcription factor that is activated with a proteotoxic stress. In unstressed cells, 

HSF is a monomer present in both the cytoplasm and nucleus, so does not have DNA binding 

activity [183]. When the cell responds to any stress, HSF assembles into a homotrimer and 

accumulates within the nucleus, attaching itself to the heat shock elements (HSE), a specific 

DNA recognition sequence. This transcriptional activation leads to increased levels of HSP 

and the formation of an HSF-HSP complex, which is important to the conversion of the active 

HSF trimer to the monomer, dissociating from the DNA (Figure 1.6) [183]. 

Once the importance of the stress response in the maintenance of cellular 

homeostasis has been demonstrated, it is not surprising that its deregulation has been 

associated with several pathologies (e.g. cancer and neurodegenerative diseases) and aging 

[180]. 
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Figure 1.6. A model of HSF regulation. In the unstressed cell, HSF is maintained in a monomeric (non-

DNA binding) form (1). Upon heat shock or other forms of stress, HSF assembles into a trimer, binds to HSE 

and becomes phosphorylated (2). Transcriptional activation of the heat shock genes leads to increased 

levels of HSP and to formation of an HSP-HSF complex (3). Finally, HSF dissociates from the DNA and is 

eventually converted to non-DNA binding monomers (4). Figure based on the information available in [183]. 

 

1.6.1. The involvement of the stress response in carcinogenesis  

 

HSPs participate in many events related to cancer and are now well-established 

oncoproteins, mainly because these chaperones play, in cancer cells, an essential role in the 

suppression of apoptosis, in the regulation of angiogenesis, in cell migration, invasion and 

metastasis, allowing for tumor progression [181,184]. In fact, cancer cells rely more on HSPs 

than normal cells for proliferation and survival, becoming dependent on a constant supply of 

large concentrations of HSPs, since this type of cells have many misfolded proteins that need 

chaperone activity for correction due to the inhospitable environment that is found in the tumor 

microenvironment, e.g. fluctuations of oxygen supply, a scarcity of nutrients and acidic 

environment. The increased levels of HSPs are mainly due to an increase in HSF1 activity. 

Nevertheless, promoters of the HSP gene can also be activated by the loss of the tumor 

suppressor protein p53, as well as by the activation of the oncogenic transcription factor c-

MYC (encoded by c-MYC), which regulates gene expression pleiotropically (when one gene 

influences two or more unrelated phenotypic traits), serving as an integrator of cell cycle 

regulation and cellular metabolism [87,185]. Altogether, HSPs have two distinct main 

functions: they are involved in maintaining cellular homeostasis and are part of the resilience 

behind cancer cells [87,178]. 

Once demonstrated that HSPs are overexpressed in cancer cells, the development of 

various HSPs inhibitors has demonstrated progress in the treatment of cancer, such as 

antibodies, natural compounds, peptides, and vaccines [184]. Furthermore, the combination 

of different HSP inhibitors can improve the anticancer efficacy [181]. 
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As mentioned before, intracellular HSPs, most notably HSP90s (the most prominent 

family of HSPs participating in nearly every cellular process under normal conditions), have 

been shown to accumulate to high levels in many types of cancer [87,186]. 

 

1.6.1.1. HSP90 and cancer 

 

HSP90 family consists of 4 members and is highly conserved by all organisms, 

exhibiting a sequence similarity of 50% between Escherichia coli HSP90 and human HSP90 

[187]. The family members are: HSP90α and HSP90β (encoded by, respectively, the 

HSP90AA1 and HSP90AB1 genes), which are both cytoplasmic members and the most 

prevalent of all family members (together they constitute 2% of total cellular protein content); 

tumor necrosis factor receptor associated protein 1 (TRAP1) (encoded by the TRAP1 gene), 

which is found in mitochondria, and the glucose-regulated protein 94 (GRP94) (encoded by 

the GRP94 gene), which is found in the lumen of the ER [188]. 

HSP90s are essential proteins under normal growth conditions and stress conditions 

in all eukaryotes, since they participate in the folding, maturation and degradation of 

structurally and sequentially unrelated client proteins and in many cellular functions, such as 

protein trafficking, receptor maturation and signal transduction [189]. In stress situations, 

HSP90α is the most induced family member, while HSP90β acts more as a “housekeeping 

chaperone” [179]. Typically, HSP90s act downstream of HSP70 in the later stages of protein 

folding, refining the structures of client proteins into functional conformations and, unlike 

HSP70 that recognizes short, hydrophobic patches, HSP90s usually bind partially folded, less 

hydrophobic intermediates [189]. Therefore, the main role of HSP90s is to stabilize meta-

stable proteins [87,186]. 

Regarding its structure, HSP90s are flexible phosphorylated homodimers and 

dimerization is essential for their function in vivo [188]. Each protomer consists of three highly 

conserved domains: a ≈ 25 kDa N-terminal nucleotide-binding domain that exhibits ATPase 

activity; a ≈ 40 kDa middle domain, which binds the client and, together with the amino-

terminal domain is important for ATP hydrolysis; and a ≈ 12 kDa C-terminal domain, which 

mediates HSP90 dimerization [179]. During the ATPase cycle, HSP90s suffer large 

conformational changes, which are essential to properly chaperone their client proteins. In 

the absence of ATP, HSP90s adopt mainly a V-shaped open conformation. Then, when the 

ATP binds to HSP90s, they suffer a structural rearrangement that leads to an N-terminally 

closed state via intermediate steps [188]. 

As mentioned before, cancer cells are “addicted” to HSP90s (mostly the HSP90α 

isoform) since, in order to allow increasingly more mutated oncoproteins and tumor 

suppressor proteins to work, it is necessary to avoid their degradation [87]. Therefore, many 
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of the HSP90s clients are oncoproteins, such as several receptor tyrosine kinases and steroid 

hormone receptors, like telomerase (an enzyme required for immortalization); the human 

epidermal growth factor receptor-2 (HER-2), associated with uncontrolled proliferation; AKT, 

involved in the deregulation of the apoptosis; matrix metalloproteinases (MMPs), involved in 

tissue invasion and metastasis and hypoxia-inducible factor 1-alpha (HIF-1α), crucial for 

angiogenesis [87]. 

Curiously, HSP90 is considered the main negative regulator of HSF1, since it appears 

to be active despite the high levels of HSP90. This phenomenon can occur in two ways: post-

translational changes in HSP90s, which can influence its intracellular properties, or changes 

in HSF1 itself, which explains its hyperactivation during oncogenesis, with a consequent 

increase in HSP90 levels [178]. 

Several groups [190–192] identified a new role for HSP90 outside of cancer cells. 

Extracellular HSP90 (eHSP90) (HSP90 present on the cell surface and secreted HSP90 pool) 

has been shown to be critical for the regulation of tumor invasiveness and metastasis (central 

processes associated with cancer lethality). For example, Eustace et al., in 2004, showed 

that eHSP90α activated MMP2 and mediated cancer cell invasion [193]. In 2008, Sidera et 

al. showed that eHSP90 activated MMP9 and additional extracellular clients, such as the 

extracellular domain of the receptor tyrosine kinase HER-2, generating cytoskeletal 

rearrangements required for cell motility and invasion [194]. It is important to note that it is 

currently unclear which eHSP90 population is responsible for changes in cell behaviour and 

phenotype. 

 

1.7. Impact of a long-term exposure to Cr(VI) on the BEAS-2B cell line 

 

In order to establish malignantly transformed subclonal cell lines, previous studies 

conducted in our laboratory continuously exposed BEAS-2B cells to slightly cytotoxic Cr(VI)-

doses, since high doses of Cr(VI) cause cell cycle arrest and apoptosis, and evaluated several 

cellular characteristics, such as their morphology, pattern of growth, clonogenic potential, 

chromosomal complement and glucose consumption [22,37,45,195]. In fact, in 1991, Snow 

and Xu demonstrated that to occur the tumorigenesis process is necessary low doses of 

Cr(VI), since high levels of Cr-DNA binding resulted in inhibition of polymerase activity, which 

leads to apoptosis and, consequently, prevents carcinogenesis and, on the contrary, low 

levels of Cr-DNA binding increased polymerase activity and processivity, which were 

associated with a decrease in DNA replication fidelity. Therefore, mild doses of Cr(VI) doses 

are preferred for the study of the impact of long-term exposure to Cr(VI) [196]. 

One of the studies conducted in our laboratory observed that BEAS-2B cells after 

prolonged exposure (12 passages) to 1 µM Cr(VI) underwent morphological changes 
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(cultures became heterogeneous, exhibiting areas where apparently normal diamond-shaped 

epithelial cells and morphologically altered cells coexisted) and became increasingly less 

resistant to trypsinization, revealing a reduced adhesiveness to the substratum [22]. It is 

generally accepted that alterations in cell morphology and pattern of growth are indicative of 

cell transformation. They also assessed the clonogenic survival of Cr(VI)-exposed BEAS-2B 

cells and observed that these cultures had the clonogenic survival only slightly lower (by less 

that 10%) than that of the control cultures. This decreased clonogenic efficiency was 

consistent with the result of the reported higher duplication time exhibited by BEAS-2B cells 

exposed to 1 µM Cr(VI), since prolonged exposure to this Cr(VI) dose did not result in 

significant cell death (confirming the low cytotoxicity of the Cr(VI) dose used). Concerning 

cells’ ploidy, they also observed some changes: early stages of exposure to Cr(VI) had an 

increase in the number of hyperdiploid cells compared to the control and later stages of 

exposure to Cr(VI) had an increase in hypodiploid cells compared to the control. Finally, they 

observed that BEAS-2B cells exposed to Cr(VI) overexpressed some genes commonly 

involved in malignant transformation, such as c-MYC, EGFR, HIF-1α and LDH-A [22]. 

Changes in morphology and pattern of growth were also observed in a later study in 

which cultures were chronically exposed to 1 and 2 µM Cr(VI) for 15 passages [45]. They 

observed that cultures became heterogeneous with a completely disorganized appearance 

showing areas where cells grew with no formal pattern, frequent criss-crossing, with an 

increase in the number of round and refractile cells, of multinucleated enlarged cells and in 

the granularity, suggesting a premature senescence status (feature observed in cultures 

exposed to DNA-damaging agents). Therefore, they concluded that, although immortalized, 

BEAS-2B cells are still capable of undergoing senescence in response to potentially 

oncogenic events, possibly being a protective response to potential carcinogenic stimuli. They 

also observed that chronic Cr(VI) exposure could give rise to a population of cells able to 

proliferate in anchorage-free conditions, an important step in the establishment of 

metastases. In terms of proliferation time, it was found that the doubling time of cultures 

chronically exposed to mildly cytotoxic Cr(VI) doses (28 h and 36 h to 1 and 2 µM Cr(VI), 

respectively) were higher than those compared to control (22 h). These results were 

explained by the fact that Cr(VI) interferes with cell adhesion to the substratum, which causes 

a significant cell-cycle delay and, consequently, results in an extended “lag phase” [45]. 

In 2010, another study carried out in our laboratory demonstrated that chronic 

exposure of BEAS-2B cells to subcytotoxic and mildly cytotoxic concentrations of Cr(VI) (over 

six passages) induced a stimulatory effect on energy metabolism, such as glucose uptake 

and lactate production [195]. 
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In contrast to the studies mentioned, a more recent study did not observed 

morphological differences after 10 months of exposure of the BEAS-2B cells to 1 µM Cr(VI) 

[37], which might be due to the fact that the exposure regimens employed in the first two 

studies are different from this study. This is another example that demonstrates the 

importance of maintaining the same conditions in order to obtain reproducible results. In this 

study, cells were seeded with an cell density of 2000 cells/cm2 and cultured in LHC-9, while 

in the first two previously mentioned studies, the seeding density was 4000 cells/cm2 and the 

culture medium was BEGM [22,45]. Once the culture media seems to play a role in cell 

adhesion to the substrate, the use of different culture media might be particularly relevant. 

Another parameter assessed was the chromosomal complement of BEAS-2B cells. Using 

conventional cytogenetics, no Cr(VI)-induced chromosomal alterations were detected. In fact, 

all chromosomal alterations observed in Cr(VI)-exposed cells were also present in the non-

exposed cells, which were always maintained in parallel. Taken together all the results, it 

seemed that the exposure regimen used might not have been sufficient to induce the early 

stages of neoplastic transformation [37]. 
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1.8. Objectives 
 

The first aim of the present study was to further characterize the effects of extended 

passaging on the phenotype of the BEAS-2B cell line, namely in terms of protein content, rate 

of lactate production, migratory capacity, stress response and resistance to mildly cytotoxic 

concentrations of potassium dichromate, a lung carcinogen. 

The second aim of the present study was to assess the impact of a prolonged 

exposure to mildly cytotoxic concentration Cr(VI) on several traits of the BEAS-2B cell line, 

namely their morphology and pattern of growth, growth rate, clonogenic potential and 

resistance to Cr(VI).  



 

  

 

 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

2. Materials and Methods 
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2.1. Materials 

 

All the materials used in the experimental work described in this dissertation are 

listed in Table 2.1. 

 

Table 2.1. List of materials used in the experimental work described in this dissertation. 

 

Material Manufacture Reference Supplier 

General materials 

Bovine serum albumin 
(BSA, ≥ 96%) 

Sigma-Aldrich® A9647 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Crystal violet (C25N3H30Cl, 0.5%) Sigma-Aldrich® 548629 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Dimethyl sulfoxide 

(DMSO, C2H6OS, ≥ 99.9%) 
Sigma-Aldrich® 472301 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Ethylenediaminetetraacetic acid 

(EDTA, C10H16N2O8, > 99%) 
Sigma-Aldrich® E5134 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Fetal bovine serum (FBS) Life Technologies™ 10270-106 
Alfagene®, Carcavelos, 

Portugal 

Gelatin, from bovine skin Sigma-Aldrich® G9391 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Gibco® LHC-9 medium Life Technologies™ 12680-013 
Alfagene®, Carcavelos, 

Portugal 

Glutaraldehyde (C5H8O2, 6.0%) Sigma-Aldrich® 111308 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Hydrochloric acid (HCl, 37%) Sigma-Aldrich® 320331 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Potassium chloride 

(KCl, ≥ 99 %) 
Sigma-Aldrich® P5405 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Potassium dichromate 

(K2Cr2O7, ≥ 99.5%) 
Sigma-Aldrich® P2588 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Potassium phosphate monobasic 

(KH2PO4, ≥ 99.0%) 
Sigma-Aldrich® P5379 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Sodium chloride 

(NaCl, 99.0-101.5%) 
VWR Chemicals 27810.295 

VWR International, 

Alfragide, Portugal 

Sodium hydroxide 
(NaOH, ≥ 98.0%) 

Sigma-Aldrich® 71689 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Sodium phosphate dibasic 

(Na2HPO4, ≥ 99%) 
Sigma-Aldrich® S0876 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Thiazolyl blue tetrazolium bromide 

(MTT, C18H16BrN5S, 98%) 
Sigma-Aldrich® M2128 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 
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Table 2.1. (cont.) | List of materials used in the experimental work described in this dissertation. 

 

TritonTM X-100, 0.1% (v/v) 
(C14H22O(C2H4O)n) 

Sigma-Aldrich® T8787 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Trypan Blue 0.4% (w/v) (TB, 
C34H28N6O14S4) 

Sigma-Aldrich® T8154 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Trypsin solution from porcine 

pancreas, 2.5% (w/v) 
Sigma-Aldrich® T4549 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Material for the quantification of total protein content 

Bio-Rad Protein Assay Dye Reagent 

Concentrate 

Bio-Rad 

Laboratories Lda. 
5000006 

Bio-Rad Laboratories 

Lda, Amadora, Portugal 

Material for the quantification of lactate 

Kit L-Lactate (LAC) Randox LC2389 
Irlandox Laboratories 

Lda., Porto, Portugal 

Material for the quantification of HSP90α levels 

HSP90α ELISA Kit 
Enzo Life 

Sciences® Inc. 

ADI-EKS-

895 

Grupo Taper S.A., 

Sintra, Portugal 

Protease inhibitor cocktail Sigma-Aldrich® P8340 
Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

Material for cell culture 

Disposable plastic material routinely 

used in cell culture (culture flasks, 

multi-well plates, centrifuge tubes 

and serological pipettes) 

Orange Scientific * Frilabo, Maia, Portugal 

6-well cell culture plates 
Corning 

Incorporated 
3516 

Sigma-Aldrich® Química 

S.A., Sintra, Portugal 

 

*References for each material can be found in the manufacturer’s website 

(http://www.frilabo.pt/pt/consumiveis-1/cultura-celular). 

 

2.2. Biological material 

 

The BEAS-2B cell line was used in all the experiments described in this dissertation. 

This cell line was purchased from ECACC (Salisbury, UK; ECACC no. 95102433), as a 

cryopreserved cellular suspension. In our laboratory, passage 1 was assigned to the 

culture initiated from the frozen aliquot supplied by ECACC. 

 

2.3. Equipment
 

All the equipment used in the experimental work described in this dissertation is 

listed in Table 2.2. 
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Table 2.2. List of equipment used in the experimental work described in this dissertation. 

 

Equipment Manufacturer Model Distributor 

Balance (analytical) Acculab ALC-810.2 
Sartorius, S.A., Lisboa, 

Portugal 

Balance (precision) Acculab ALC-210.4 
Sartorius, S.A., Lisboa, 

Portugal 

Bench autoclave Prestige Medical 
220140 Omega 

Media 

Ezequiel Panão Jorge, 

Electromédica, Coimbra, 

Portugal 

Bench centrifuge 
MPW Medical 

Instruments® 
MPW-350R Not known 

Bench microcentrifuge Eppendorf Minispin 
VWR International Lda., 

Carnaxide, Portugal 

Camera Olympus DP20 Not known 

Camera monitor SyncMaster 151s 00124110 
Samsung, Lisboa, 

Portugal 

CO2 incubator Sanyo COM-19AIC(UV) Not known 

Dry bath 
Biogen 

Científica 

AccuBlock 

Digital Dry Bath 

Model D1100 

Not known 

Liquid nitrogen 

container 

Cryo Diffusion 

S.A.S. 
B2048 Not known 

Microplate reader BioTek µQuant 
IZASA Portugal, 

Carnaxide, Portugal 

Mr. Frosty™ freezing 

container 
Thermo Scientific 5001-001 

VWR International Lda., 

Carnaxide, Portugal 

Optical microscope Olympus CKX41 Not known 

pH meter SevenCompact S220 
Mettler Toledo, Porto, 

Portugal 

Real-time Thermal 

Cycler 

Bio-Rad 

Laboratories Lda 

CFX96™ Optics 

Module 

Bio-Rad Laboratories Lda, 

Amadora, Portugal 

UV-visible 

spectrophotometer 
Thermo Scientific Nanodrop T042 

VWR International Lda., 

Carnaxide, Portugal 

Vertical laminar flux 

cabinet 
Kojair® 020236 BW-100 

Frilabo, Lda., Porto, 

Portugal 

Visible 

spectrophotometer 
Thermo Scientific Genesys 20 4001/4 

VWR International Lda., 

Carnaxide, Portugal 

Water bath Clifton® NEI-14 79004 
Frilabo, Lda., Porto, 

Portugal 

Water purification 

system 
Millipore S.A. 

Slimplicity® 

SIMS50000 

Interface, Equipamento e 

Técnica Lda., Amadora, 

Portugal 
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2.4. Culture of BEAS-2B cells 

 

2.4.1. Composition of the solutions used 
 

Ultrapure water was used in the preparation of all solutions used in cell culture. 

DMSO, the 2% (w/v) BSA aqueous solution and the 100 µM potassium dichromate solution, 

were sterilized by filtration using a 0.22 µm pore size syringe filter. All filtrations were carried 

out in a laminar flow cabinet. All other solutions were autoclaved at 121 ºC and 1.39 atm, 

for around 15-20 min, depending on the size of the load and the contents. 

 

• Phosphate Buffered Saline (PBS), 10ₓ solution 

 

- 1.37 M NaCl 

- 27 mM KCl 

- 81 mM Na2HPO4 

- 15 mM KH2PO4 

 

After complete dissolution of the salts in water, the pH of the solution was adjusted 

to 7.4 by dropwise addition of diluted HCl and/or NaOH solutions. The working solution, 

PBS 1ₓ, was prepared by diluting the PBS 10ₓ solution with water. 

 

• Trypsin-EDTA solution 

 

- 90 mL PBS 1ₓ 

- 20 mg Na2EDTA 

- 10 mL pancreatic porcine trypsin at 2.5% (w/v) 

 

To prepare this solution, the specified volume of pancreatic porcine trypsin solution 

was added, under aseptic conditions, to sterilized, Na2EDTA-containing PBS. 

 

 

• Bovine skin gelatin, 2% (w/v) 

 

- 2 g gelatin from bovine skin 

- 100 mL ultrapure water 

 

The 2 g of gelatin from bovine skin were added very slowly to 100 mL of ultrapure 

water with magnetic stirring. After complete dissolution, the solution obtained was 

autoclaved and then allowed to cool at room temperature. 
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• BSA solution, 2% (w/v) 

 

- 1 g BSA 

- 50 mL ultrapure water 

 

The gram of BSA was added to 50 ml of ultrapure water and mixed with the help of 

a vortex mixer. Then it was filtered according to the instructions mentioned above. 

 

• Coating solution 

 

- 45 mL PBS 1ₓ 

- 50 mL bovine skin gelatin aqueous solution at 2% (w/v) 

- 5 mL BSA aqueous solution at 2% (w/v) 

 

This solution was processed in the culture room under aseptic conditions, in a 

laminar flow chamber. 

 

• Potassium dichromate (K2Cr2O7), 50 µM solution 

 

- 1.5 mg K2Cr2O7 

- 50 mL ultrapure water 

 

The potassium dichromate was added to 50 ml of ultrapure water and mixed with 

the help of a vortex mixer. Then it was filtered according to the instructions mentioned 

above. 

 

2.4.2. Cell culture routine 

 

BEAS-2B cells, grown as adherent monolayers, were cultured in 25 cm2 filter-

vented flask (except when otherwise stated) using a serum-free medium containing retinoic 

acid, epinephrine, gentamicin (antibiotic), bovine insulin, hydrocortisone, human epidermal 

growth factor (EGF), transferrin, bovine pituitary extract and triiodothyronine [197] and 

maintained at 37 ºC in a humidified atmosphere of 95% (v/v) air/5% (v/v) CO2. The medium 

employed was in LHC-9, a serum-free medium. 

Filter-vented culture flasks were coated with coating solution (see section 2.4.1 for 

more details) (about 0.04 mL/cm2 of growth surface) 2 h before their use. Immediately 

before seeding the cells, the excess of coating solution was removed, the flask was washed 

twice with PBS 1ₓ and fresh cultured medium was added (about 0.2 mL/cm2 of growth 

surface). 
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Cells were seeded at a density of 2000 cells/cm2 and cultures were passaged once 

a week, when cultures reached 80% confluence (to have never reached the stationary 

phase of growth). All procedures of the cell passage were always handled under aseptic 

conditions, in a laminar flow cabinet. The passage procedure, shown in Figure 2.1, was as 

follows. First, the culture medium was discarded and the cell monolayer was washed twice 

with 2 mL of PBS 1ₓ. Then, 1 mL of trypsin-EDTA solution was added and spread over the 

entire growth surface. The excess of trypsin was removed and trypsinization was observed 

upon examination using an optical microscope in order to detect, in a timely manner, the 

moment when cells were released from the flask, to avoid damaging the cells. Detached 

cells were easily detected, since they became smaller, brighter and round. Thereafter, to 

dilute trypsin, 8 mL of PBS 1ₓ were added to the flask and the cellular suspension was 

centrifuged at 590 g for 7 min at room temperature. The resulting pellet was resuspended 

in an appropriate volume of culture medium (usually 4 mL). Then, a small volume of the 

suspension was collected and used for cell counting (section 2.5). Finally, the desired 

volume to prepare a new culture with the desired seeding was calculated and added to the 

vessel after homogenization of the cellular suspension. 

 

Figure 2.1. Schematic representation of the fundamental steps required for cell subculturing. 

Before an excessive confluence was reached, cell subculturing was performed. The culture medium was 

removed from the flask and the cell monolayer was washed twice with PBS 1ₓ. Then, cells were 

trypsinized and the cellular suspension was resuspended in PBS 1ₓ. Next, the cell suspension was 

centrifuged and the resulting pellet was resuspended in fresh culture medium. Finally, after cell counting 

(section 2.5), an appropriate volume of cellular suspension was transferred to a new flask. 

 

For cultures chronically exposed 1 µM Cr(VI), 50 µL of a filter-sterilized 50 µM 

potassium dichromate solution were added, 24 h after passage. The corresponding control 

cultures, which were maintained in parallel, received an equal volume of ultrapure water. 
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2.4.3. Culture initiation and cryopreservation 

 

In order to start a new cell culture, an aliquot of cryopreserved cells was rapidly 

thawed and transferred to a new pre-coated culture flask with 75 cm2 of growth area, 

containing 15 mL of culture medium. After a 24 h incubation, the culture medium was 

discarded in order to remove dead cells and DMSO, which are constituents of the freezing 

medium (section 2.4.4), and replaced with fresh medium. Cells were then incubated again 

until the culture was ready for subculturing. 

To prepare cells for cryopreservation in our laboratory, 1 mL cell aliquots containing 

between 1 and 4 million cells were normally prepared (Figure 2.2). To freeze three cell 

aliquots, flask with 75 cm2 of growth area were prepared and, before excessive confluence 

was reached, the culture medium was removed and the cell monolayer was washed twice 

with PBS 1ₓ. Then, cells were trypsinized, resuspended in PBS 1ₓ and centrifuged at 590 g 

for 7 min (section 2.4.2). The pellet obtained was resuspended in a solution containing 

culture medium (LHC-9), FBS and DMSO in a 7:2:1 ratio. Then, cell aliquots were 

transferred to a Mr. FrostyTM freezing container, which was filled with isopropanol to allow 

cells to be cooled at a slow and constant rate (usually 1 ºC min-1) [198], and kept at -80 ºC 

for at least 5 h. Finally, aliquots were stored in a liquid nitrogen container, at -196 ºC, where 

they remained until necessary. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Schematic representation of the main steps required for cell freezing. Until centrifugation, 

the steps are those of routine sub-culturing. After centrifugation, the cell pellet was resuspended in a 

mixture of culture medium (LHC-9), FBS and DMSO in a 7:2:1 ratio. Aliquots of 1 mL, containing 1 to 4 

million cells, were transferred to a Mr. FrostyTM freezing container that was stored at -80 ºC for at least 5 

h. After this time, the aliquots were transferred to a liquid nitrogen container. 
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2.5. Cell counting using the Trypan Blue dye exclusion method 

 

The Trypan Blue (TB) dye exclusion method was used in routine cell culture as well 

as in the preparation of cultures for experiments. 

The TB dye exclusion method is a simple and rapid technique to measure cell viability 

in a cell suspension. This method takes advantage of the fact that live cells have an intact 

cell membrane and, consequently, TB does not enter the cell interior, while the dead cells 

let this dye enter the cell interior because they have damaged membranes. As a result, a 

viable cell will have a clear cytoplasm whereas a dead cell will have a blue cytoplasm, 

allowing easy identification under an inverted microscope. However, this method has the 

disadvantage of not being able to differentiate a non-viable cell from a cell that has an 

abnormal cell membrane but might be able to repair it and become fully viable [199]. 

Samples for cell counting were prepared by mixing small volumes of the cellular 

suspension and 0.4% (w/v) solution of TB in appropriate proportions, normally 20 µL of TB 

and 100 µL of cellular suspension. After thorough homogenization, this mixture was used to 

fill the two chambers of a hemocytometer. Upon examination under an inverted microscope, 

the cells in each corner square of the two counting areas were counted and averaged, 

following the rules depicted in Figure 2.3.  

  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Schematic representation of (A) hemocytometer and of (B) one of its counting areas and 

(C) one of the four corner squares. Before cell counting, a coverslip was placed over the hemocytometer 

and the cellular suspension with TB was added to both counting areas of the hemocytometer. Only the 

cells present in the numbered corner squares were counted according to the rule depicted in panel (C), i.e. 

the circles with green checkmark and the empty circles indicate the counted cells (inside the grid and 

overlapping with the top and left edges), while the circles with red cross indicate the cells that were 

excluded of the counting. 

 

For each cellular suspension at least two counts were carried out, and if those counts 

differed by more than 10%, a third count was done. Using the count number for each 

counting area, the volume of each corner square (1 x 10-4 mL) and taking into account the 
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dilution factor, the total number of cells per mL of cellular suspension was determined, using 

equation 1. 

 

                                                              Cells mL⁄ = x × 
dilution factor

1 × 10
-4

 mL
  (1) 

 
 
x – mean number of cells counted in the eight corner squares of the two counting areas.  

 

2.6. Morphological studies 

 

The cell morphology and pattern of growth of BEAS-2B cells were monitored by 

phase-contrast microscopy with an Olympus CKX41 microscope equipped with an Olympus 

OD-20 camera. 

 

2.7. Cellular treatment with Cr(VI) 

 

Treatment with Cr(VI) was performed at least 5 h (normally 24 h) after the 

establishment of the cultures to allow the adhesion of cells to the substrate and the recovery 

of cells from the stress caused by the subculturing. In all experiments, all cultures, including 

controls [0 μM Cr(VI)], were established and processed in parallel and all received the same 

volume of the addition vehicle (ultrapure water) as the treated cultured did. 

 

2.8. Evaluation of bioenergetic parameters 

 

There is a range of methods for the evaluation of bioenergetic parameters, each with 

its advantages and limitations. To quantify the same parameter, there may be methods with 

more advantages than others, for example, in terms of sensitivity and time consumed, but 

less advantageous with regard, for example, to the costs and necessary equipment. The 

following sections describe the methods selected for quantifying the rate of lactate 

production by cells in the culture medium and the total protein content in the cell culture. 

In this dissertation, the quantifications of total protein and lactate were performed at 

room temperature with commercial kits based on enzymatic reactions. This type of assays 

is very specific and has a relatively low cost. The protocols used were those recommended 

by the manufacturer. 

 

2.8.1. Lactate quantification 

 

For the quantification of lactate, BEAS-2B cell cultures from different passage stages 

were prepared in 6-well cell culture plates (Corning Incorporated) with a seeding density of 

2000 cells/cm2. After a week, the culture medium was removed and 1.5 mL of fresh medium 
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was added. Then, after 2.5 h, 100 µL of medium samples were collected for analysis and 

were placed for 15 min in a dry bath at 80 ºC in order to inactivate certain enzymes that 

maintain activity outside the cellular environment. When the samples were not immediately 

analyzed, they were stored at -20 ºC until their analysis. 

For the enzymatic determination of L-Lactate present in the culture medium, the 

commercial kit L-Lactate (LAC), from Randox, was used. Increased concentration of lactate 

in the sample is an indicator of increased rates of lactic acid fermentation. This method is 

based on the quantification of a colored product that is formed according to the following 

reactions (equations 2 and 3): 

 

  L-Lactate + O2                           pyruvate + H2O2 (2) 

 

 H2O2 + 4-aminoantipyrina + TOOS                           purple product + 4H2O (3) 

 

TOOS: N-ethyl-N-(2 hydroxy-3-sulphopropyl)m-toluidine 

 
The absorbance at 550 nm of the generated colored product is directly proportional 

to the concentration of lactate present in the samples. This commercial kit provides the 

enzyme reagent, consisting of the enzymes 4-aminoantipyrine, lactate oxidase, peroxidase 

and ascorbate oxidase, all in lyophilized form, the buffer substance TOOS and the standard 

L-Lactate for the standard curve. 

The protocol provided by the supplier indicates that the enzyme reagent must be 

added with 6 mL of the buffer TOOS. However, for an economical reason, we added 6 mL 

of ultrapure water to the mixture, making sure that the results were not affected by this 

process. 

In order to construct a standard curve (A550 vs lactate concentration), four lactate 

solutions with concentrations between 0 and 4,38 mM were prepared by diluting with 

ultrapure water the standard lactate provided by the kit. For the quantification of lactate, the 

procedure described in Table 2.3 was followed. After reading the absorbances at 550 nm, 

on a visible spectrophotometer, the concentration of the lactate in each sample was 

calculated using the standard curve. 

 

 

 

 

 

 

 

Peroxidase 

Lactate Oxidase 
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Table 2.3. Procedure for quantifying L-Lactate, using the Randox L-Lactate kit.  

 

 Blank Sample/Standard lactate 

Ultrapure water (µL) 20 - 

Sample or standard lactate (µL) - 20 

Enzyme reagent diluted with ultrapure water and 

TOOS (1:2) (µL) 
800 

Mix and read the absorbance at 550 nm after 15 min of incubation at room temperature 

 

2.8.2. Protein content quantification 

 

For the quantification of the total cellular protein content, BEAS-2B cell cultures from 

different passage stages were prepared in 6-well cell culture plates (Corning Incorporated) 

with a seeding density of 2000 cells/cm2. After a week, the culture medium was removed 

from each well and the cell monolayer was washed twice with 1 mL of PBS 1ₓ. Then, after 

removing all residual PBS 1ₓ with a micropipette, 400 µL of TritonTM X-100 0.1% (v/v) was 

added per well and allowed to act overnight at 4 ºC. TritonTM X-100 is a common non-ionic 

surfactant, non-denaturing and emulsifier which is used to solubilize proteins [200,201]. 

The next day, a cell scraper was used to put the protein content in suspension. Then, 

using a micropipette, the protein suspension was resuspended and 500 µL of sample was 

collected. When the samples were not immediately analyzed, they were stored at -20 ºC 

until their analysis. 

For the quantification of the total protein levels in the cell lysates, the Bradford 

method was chosen, using the Bio-Rad Protein Assay Dye Reagent Concentrate. The 

Bradford or Comassie Blue dye method relies on the binding of the dye Coomassie Brilliant 

Blue G-250 to proteins and is a rapid, sensitive, inexpensive and specific method [202]. This 

dye can exist in three different ionic forms: cationic, neutral and anionic. Under acidic 

conditions, the red cationic form of the dye, which have an absorbance maximum at 465 nm, 

changes to the anionic blue form, which have an absorbance maximum at 595 nm, when 

the dye binds to protein. Coomassie dye binds to protein molecules by two means: the 

triphenylmethane group [-C(C6H5)3] binds to nonpolar structures in proteins and the anion 

sulfonate groups (-SO3
-) interact with protein cationic side chains (e.g., arginine, lysine) 

[203]. Therefore, the quantity of protein can be estimated by determining the amount of dye 

in the blue ionic form at 595 nm [204,205]. In the Dye Reagent concentrate, the Comassie 

Blue dye is in a double protonated form that has a reddish-brown color. 

BSA was used as standard, as it is one of the most commonly used calibration 

proteins for its ready availability and low cost [203]. In order to construct a standard curve 
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(A550 vs protein concentration), solutions with concentrations between 0 to 10 µg/mL were 

prepared from a 1 mg/mL BSA stock solution. For protein quantification, the procedure 

described in Table 2.4 was followed. After reading the absorbances at 595 nm, on a visible 

spectrophotometer, the concentration of the protein content in each sample was calculated 

using the standard curve. 

 

Table 2.4. Procedure for the quantification of total protein content, using the Bio-Rad Protein Assay 

Dye Reagent Concentrate. 

 

 Blank Sample/Standards 

Ultrapure water (µL) 800 780 

Sample or standard BSA (µL) - 20 

Reagent (µL) 200 

Mix and read the absorbance at 595 nm after 15 min of incubation at room temperature 

 

2.9. Quantification of intracellular HSP90α levels 

 

The intracellular levels of HSP90α (no reactivity with HSP90β and GRP94) were 

determined using the commercially available Enzyme-linked immunosorbent assay (ELISA) 

kit (Table 2.1). The use of this kit ensures a rapid, reliable and sensitive (limit of detection is 

50 pg/mL) quantification of the protein of interest. The precise quantification is possible due 

to a standard curve prepared for each assay from serial dilutions of HSP90α standard 

provided with the kit. 

Cell lysates used in the assay were prepared from BEAS-2B cultures from different 

passage stages. Cells were seeded at 4000 cells/cm2 in 25 cm2 flasks (one flask per lysate). 

Then, the cultures were allowed to grow for three days until cell lysate preparations (Figure 

2.4). Preparation of the cell lysates was done according to the manufacturer’s instructions. 

After being collected in a centrifuge tube with PBS 1ₓ, cells were centrifuged at 590 g for 7 

min at 21 ºC. Then, the pellets obtained were resuspended in an appropriate volume of 

extraction reagent 1ₓ (500 µL), supplemented with a protease inhibitor cocktail (1 µL) in order 

to avoid degradation of the proteins, since proteases are capable of degrading proteins in 

the extracts. Cells suspensions were incubated on ice for 30 min with occasional mixing. 

After, these cells suspensions were centrifuged at 20925 g for 10 min at 4 ºC. Cell lysates 

were the supernatants of this centrifugation. 
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Figure 2.4. Protocol used in the determination of the effects of extensive passaging on the 

intracellular levels of HSP90α. Three days after the establishment of the cultures, cell lysates were 

prepared and intracellular HSP90α levels were quantified by ELISA. 

 

A portion of the cell lysate was used in the assay (if it was not used on the same day 

as the extraction, the lysates were kept at -80 ºC), and another portion was stored at 4 ºC to 

be used in the quantification of total protein levels (section 2.12.2) (when the quantification 

of the total protein content was not carried out on the same day, the samples were kept at -

20 ºC). 

The assay plates provided in the kits were pre-coated with a specific mouse 

monoclonal antibody that binds to HSP90α in the samples or in the standards. The captured 

protein was then detected using an HSP90α antibody conjugated to the enzyme horseradish 

peroxidase (HRP). 3,3’,5,5’-Tetramethylbenzidine (TMB) was the substrate of HRP used, 

being converted in a blue product through oxidation and in proportion to the amount of 

captured HSP90α. An acidic solution is used to stop the color development, and convert the 

blue color to yellow. The intensity of the yellow color was read at 450 nm using a microplate 

reader. The detailed protocol is schematically represented in Figure 2.5. 
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Figure 2.5. Schematic representation of the protocol followed for the quantification of Hsp90α in 

cell lysates, using a commercially available ELISA kit. 
HRP, horseradish peroxidase; TMB, 3,3’,5,5’-Tetramethylbenzidine. 
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2.10. Cytotoxicity assay 

 

2.10.1. Based on clonogenic assay 

 

The cytotoxicity assay based on clonogenic assay was carried out with the objective 

of evaluating the resistance of BEAS-2B cells from different passages to Cr(VI). 

When the BEAS-2B cultures had grown to approximately 80% confluence, the cells 

were seeded at 800 cells/well in 6-well cell culture plates (Corning Incorporated) (instead of 

T25 flaks as mentioned in the previous section to save material) and treated with 1 µM Cr(VI) 

for 9 days (ultrapure water as the solvent control).  

Both Cr(VI) and ultrapure water (for the controls) were added 24 h after the 

establishment of cultures (Figure 2.6). Nine days later, colony counting was performed in 

the same way for the clonogenic assays (section 2.9). 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 2.6. Protocol used for the analysis of cell viability based on the clonogenic potential. Cr(VI) 

and ultrapure water were added 24 h after the establishment of cultures. The colonies counting was 

performed as described in section 2.9. 

 

2.10.2. Based on colorimetric assay 

 

This experiment was carried out with the objective of evaluating the resistance of 

BEAS-2B cells to Cr(VI). 

Cell viability was also determined using the yellow tetrazolium salt (MTT) colorimetric 

assay. This assay is designed for the spectrophotometric quantification of cell growth and 

viability and is based on the cleavage of the MTT molecule to purple formazan crystals by 

metabolic active cells. The enzymatic reduction of MTT to formazan is catalysed by 

mitochondrial succinate dehydrogenase (SDH), which involves the pyridine nucleotide 

cofactors NADH or NADPH. Since SDH is an important enzyme complex that participates in 

both the tricarboxylic acid cycle and the electron transport chain, the MTT assay is 

dependent on mitochondrial respiration and is directly related to cell viability [206]. 
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The formazan crystals formed are insoluble in water. Upon solubilisation using an 

organic solvent, they give rise to a colored solution and can be quantified by 

spectrophotometry at 570 nm. The absorbances of the colored solutions are read at a 

wavelength of 570 nm (the greater the formazan concentration, the higher the absorbance) 

and 690 nm, which absorbs the MTT. Therefore, the subtraction of these two values 

corresponds to the absorbance value of formazan. This assay allows the rapid and 

convenient handling of a high number of samples and ensures a high degree of accuracy 

[206]. 

For this experiment, cells were seeded at 8000 cells/cm2 in 24-well cell culture plates 

(Orange Scientific REF 4430300) and treated with different concentrations of Cr(VI) (1, 2 

and 4 µM) for 48 h, with ultrapure water as the solvent control. After a 72 h incubation, cells 

were treated with 50 µL of a 5 mg/mL MTT, for 3 h at 37 ºC in the incubator [the volume of 

MTT used corresponds to 10% (v/v) of the total volume of the well]. After incubation, the 

medium was removed, with care to not destroy the formazan crystals, and 300 µL DMSO 

were added to each well in order to completely dissolve the formazan crystals, resulting in 

a homogeneous solution of violet color. Finally, the culture plate was read by a scanning 

multiwell visible spectrophotometer at 570 and 690 nm, using the Biotek Gen5TM version 

1.11 data analysis software (Figure 2.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Protocol used for the analysis of cell viability based on the MTT metabolization. Cr(VI) 

and ultrapure water were added 24 h after the establishment of cultures. 3 days after the cultures were 

established, MTT was added to the wells, the formazan crystals were resuspended in DMSO and the 

culture plate was read by a scanning multiwell visible spectrophotometer at 570 and 690 nm. 

 

2.11. Wound healing assay 
 

The wound healing assay is a standard in vitro technique for studying cell migration 

and cell-cell interaction in two dimensions (2D). In this assay, also called a scratch assay, a 

cell-free area is created in a confluent monolayer by, commonly, physical exclusion (can 
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also be created through mechanical, thermal or chemical damage). The area without cells 

induces the cells to migrate into the gap. 

One limitation of this assay is that there may be inconsistencies with the size and 

depth of the scratch, since when the scratch is done manually, it is common that the edge 

limits are irregular, which makes analysing data more difficult. In addition, the damage can 

physically damage the cells surrounding the wound. This limitation is less common with 

automated technologies. 

For this experiment, cells were seeded at 36000 cells/cm2 in 6-well cell culture plates 

(Corning Incorporated) and cultured in LHC-9 medium. Cultures were allowed to grow for 

three days. On the third day, the confluent monolayer was scratched with a 200-µL pipette 

tip and the medium was renewed to remove damaged cells. Then, digital photos were taken 

of known locations at 0, 9 and 24 h after injury using a phase-contrast microscope equipped 

with an Olympus OD-20 camera (Figure 2.8). Wound repair (WR) was expressed as a 

percentage of the initial wound distance between each wound edge measured at the start 

of the experiment and was calculated using the following formula: 

 

%WR = ((initial distance between each wound edge – 9 or 24 h wound distance between 

cells that migrated more on each side) / initial distance between each wound edge) x 100. 

 

 In each experiment, three photos on each location were analysed and the mean was 

calculated. The distance between each edge of the wound over time was measured using 

the ImageJ bundled with 64-bit Java 1.8.0_172 program. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Protocol used for the wound healing assay. The 200-µL pipette tip damage was caused 

three days after the establishment of the cultures. In each experiment 3 photos were taken of places known 

per well at 0, 9 and 24 h after injury. 

 

2.12. Determination of doubling times 

 

The population doubling time (PDT) is the time required for a cell culture to double 

in number. Normally, the PDT does not take into account any cells that were lost due to 

death from apoptosis or necrosis [207]. 
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Cells that grow in culture have different rates in each of the different phases of the 

growth cycle (lag, exponential and stationary phases). For the determinations of doubling 

times, cultures were in exponential phase, which allowed to obtain more constant and 

reproducible results in comparison with the other phases [207]. 

Doubling times were determined using BEAS-2B cell cultures, which were monitored 

for three days, with two time points each day (in the morning and in the evening). For each 

condition tested, triplicate cultures per time point were established in 6-well cell culture 

plates (Corning Incorporated), at a seeding density of 2000 cells/cm2. At the desired time 

points, the medium of the corresponding cultures was removed and the cell monolayer was 

washed twice with 1 mL of PBS 1ₓ. All residual PBS was removed using a micropipette. 

Then, 300 µL of trypsin-EDTA solution were added to each well and, after a brief incubation 

at room temperature, 200 µL of PBS 1ₓ was added to dilute the trypsin solution and facilitate 

cell suspension. After resuspension, cells were immediately transferred to microcentrifuge 

tubes and sat on ice until cell counting, to inhibit trypsin activity.  

Doubling times were determined by dividing the natural logarithm of 2 by the slope 

of the line, that relates the natural logarithm of the total number of cells and the time elapsed 

since the preparation of the cultures. 

 

2.13. Clonogenic assay 

 

The clonogenic assay, also known as colony formation assay, was used to assess 

cell proliferation. This in vitro assay evaluates the ability of a single cell to grow into a colony. 

Therefore, this assay tests every cell in the population for its ability to undergo “unlimited” 

division. Only a fraction of seeded cells have the capacity to produce colonies [208]. 

For this assay, cultures were seeded in 25 cm2 filter-vented flask at a cell density of 

400 cells/flask. Cultures were then allowed to grow for 11 days. After 11 days, the surviving 

colonies were scored to assess cloning efficiency. To this end, colonies were washed twice 

with 2 mL of PBS 1ₓ and then fixed and stained by addition of 1 mL of glutaraldehyde 6.0% 

(v/v)/crystal violet 0.5% (w/v). Approximately 40 min later, the growth surface of the flasks 

was washed with water. 

 

2.14. Statistical analysis 

 

For statistical analysis of the experimental data obtained, the GraphPad Prism 8.0.2 

software for Windows (GraphPad Software Inc, California, USA) was used. The statistical 

relevance of differences between groups was examined using the paired t test and, in 

experiments in which more than two conditions were simultaneously tested, the one-way 
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ANOVA method was used. In experiments that used the one-way ANOVA method were 

followed by a multiple comparison test (Tukey). The results were presented as mean ± 

standard deviation (S.D.). Differences with p < 0.05 were considered statistically significant. 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Results and Discussion 
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3.1. Impact of extensive passaging on the BEAS-2B cell line 

 

As mentioned in the Introduction, the authors that established the BEAS-2B cell 

line reported genetic and phenotypic changes upon extensive passaging. Some of these 

changes were in line with an increased degree of transformation, namely the acquisition 

of weak tumorigenicity [22,37,57]. 

Aiming at establishing the safe passage number for this cell line, i.e., the passage 

number beyond which it can no longer be regarded as a relevant model of human lung 

epithelium, our research group cultured this cell line up to passage 105 [37]. Microscopic 

inspection of the cultures showed that cells maintained their morphology and pattern of 

growth up to ca. passage 30. Between passage 30 and passage 40, cells started losing 

their typical polygonal shape and the typical cobblestone growth of epithelial cells. From 

ca. passage 40, cells appeared slightly bigger and their shape became less defined. 

Significantly, between ca. passage 30 and passage 60, crisscrossing became more 

frequent and the monolayers lost their homogeneity. From ca. passage 60, the increase 

in cell size became more pronounced and cells exhibited an increased granularity. On 

the other hand, monolayer homogeneity was recovered and crisscrossing was mostly 

lost, i.e., cells reacquired the typical shape and growth pattern of epithelial cells, which 

may indicate the existence of a positive selection. Based on these observations, three 

passage stages were defined: the low passage stage (up to ca. passage 30), the 

transitional stage (from ca. passage 30 to passage 60) and the high passage stage (from 

ca. passage 60 onwards) [37]. 

Other changes observed upon extended passage included changes in the 

karyotype [22,37], rates of glucose consumption and lactate production [57], doubling 

times (unpublished results), clonogenic potential (unpublished results) and sensitivity to 

FBS [37]. Interestingly, similar passage stages could have been defined based on each 

of these cell characteristics. 

The first aim of the present study was to further characterize the effects of 

extended passaging on the phenotype of the BEAS-2B cell line, namely at the level of 

protein content, stress response, rate of lactate production, migratory capacity and 

resistance to mildly cytotoxic concentrations of potassium dichromate, a human lung 

carcinogen. Cultures with different culture ages were kept and analysed in parallel. The 

results obtained in this part of the study are presented and discussed in the sections that 

follow. 
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3.1.1. Impact on cell morphology and pattern of growth 

 

In the present study, similar changes in morphology and pattern of growth were 

observed (Figure 3.1) and, as such, the same passage stages were adopted and used 

when discussing the impact of extensive passaging on the properties of the cells. 

 
     Low passage stage           Transitional stage                                    High passage stage 

 

 

               #13 #34 #55 #82 
 
Figure 3.1. Impact of culture age on the morphology and pattern of growth of BEAS-2B cells. 

Representative micrographs (100x magnification) of BEAS-2B cells, at the passages indicated at the 

bottom of each micrograph. Changes in cell morphology and pattern of growth became noticeable from 

#30: cells started losing their typical diamond shape (polygonal shape) and the typical cobblestone 

growth of epithelial cells. From ca. #40, cells became apparently slightly bigger and their shape 

became less defined. Significantly, crisscrossing became more frequent and the monolayers lost their 

homogeneity. From ca. #60, the apparent increase in cell size became more pronounced and cells 

exhibited an increased granularity. On the other hand, monolayer homogeneity was recovered and 

crisscrossing was mostly lost. Cells were cultured in coated flasks, in LHC-9 medium. # - passage 

number 

 

3.1.2. Impact on the cellular protein content 

 

In order to assess whether the increases in cell size suggested by microscopic 

observation were apparent or real, the protein contents of cells at the three passage stages 

were determined. 

Contrary to our expectations, BEAS-2B cells in the low passage stage and in the 

intermediary stage shared a similar protein content. Regarding cells in the high passage 

stage, their protein content was slightly higher (by about 9%), but the difference was not 

statistically significant (Figure 3.2). 
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Figure 3.2. Impact of extended passaging on the protein content of BEAS-2B cells. LS: Low passage 

stage (#14 to #16); TS: Transitional stage (#51 to #53); HS: High passage stage (#83 to #85). For the 

quantification of the protein content, the Bio-Rad Protein Assay Dye Reagent Concentrate was used 

(section 2.12.2 for more information). Results are presented as mean ± SD of four independent 

experiments (n = 4), using in all of them triplicates of cultures for each condition analyzed. Experimental 

data were analyzed with the software GraphPad Prism 8.0.2, using the one-way ANOVA method followed 

by the Tukey’s multiple comparison test. No statistically significant differences were observed (p > 0,05). 

# - passage number; N.S., not significant. 

 

3.1.3. Impact on the HSP90α levels, a key component of the stress response 

 

Taking into consideration the report by Harris and colleagues that BEAS-2B cells 

developed weak tumorigenicity when they were extensively passaged [31], it seemed 

interesting to check the effect of extended passaging on cellular parameters indicative of 

transformation status, such as the intracellular levels of HSP90α. In fact, it is known that 

tumor cells have increased levels of this protein [87,186]. 

Of note, no studies could be found in the literature regarding the impact of extensive 

passaging on intracellular HSP90α protein levels. 

Inspection of Figure 3.3 shows that the intracellular HSP90α protein levels in 

transitional stage cultures were significant higher (by over 25%) than those in low passage 

stage and high passage stage cultures. It must be stressed, though, that these results are 

from a single independent experiment. 

The results obtained suggest that the levels of intracellular stress to which cultures 

in the transitional stage are exposed are significantly higher that those experienced by low 

passage stage cells and high passage stage cells. Altogether, these results suggest that 

BEAS-2B cells undergo a crisis between passages 30 and 60, after which they recover, at 

least partially, their initial characteristics. 
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Figure 3.3. Effects of extensive passaging in the BEAS-2B cell line on the levels of Hsp90α, a key 

component of the stress response. LS: Low passage stage (#12); TS: Transitional stage (#50); HS: High 

passage stage (#73). HSP90α levels were determined using a commercially available ELISA kit, as 

described in section 2.13. The results were normalized to total protein levels, which were determined by 

the Bradford method (section 2.12.2). Results are presented as mean ± SD of one independent experiment, 

using in all of them duplicates of cultures for each condition analyzed. Experimental data were analyzed 

with the software GraphPad Prism 8.0.2, using the one-way ANOVA method followed by the Tukey’s 

multiple comparison test: **, p < 0.01 for TS in comparison with HS and ***, p < 0.001 for LS in comparison 

with TS. # - passage number. 

 

3.1.4. Impact on the resistance to mildly cytotoxic concentrations of Cr(VI) 

 

Another parameter evaluated was resistance to Cr(VI)-induced cell death. In fact, 

resistance to cell death is one of the eight hallmarks of cancer defined by Hanahan and 

Weinberg [146] and the investigation of the mechanisms underlying Cr(VI) toxicity are one 

of the main lines of research of our laboratory [22,37,45,76,195,209,210]. 

The cellular response to DNA damaging agents typically involves cell cycle arrest 

followed by a cellular fate that is determined by the extent of DNA damage. When damage 

is irreparable, these cells remove themselves from the proliferating population by 

undergoing either apoptosis or cellular senescence, apparently to avoid the propagation of 

damaged DNA. 

As mentioned before (section 1.4), Cr(VI), a human lung carcinogen, is a strong 

oxidizing agent and a potent DNA damaging agent, via Cr(III), the final product of its 

intracellular reduction, which forms complexes with small molecules to RNA, DNA and 

proteins [64,76]. Consequently, Cr(III) produces genotoxic, clastogenic and mutagenic 

effects, interfering with the normal functions of cells, thus compromising cell viability. Some 

studies show that at high Cr(VI) exposure levels, a very small fraction of cells survive and 

present replicative potential. These cells managed to escape death even with extensive DNA 

damage. It has been shown that cells exposed to Cr(VI) have, mostly, the TP53 gene 
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mutated, creating a deficient checkpoint with the loss of the p53 protein and, therefore, they 

are capable to continue to proliferate [160]. 

In the present study, the impact of extensive passaging on the resistance to mildly 

cytotoxic concentration of Cr(VI) was evaluated by two different techniques: the MTT and 

the clonogenic assays. 

The increased HSP90 levels exhibited by cells in the transitional stage suggested 

that they might be more resistant to Cr(VI), which is an inducer of proteotoxic stress [87,186]. 

However, no significant differences were observed (Figure 3.4), indicating that increased 

HSP90 protein levels alone do not confer increased resistance to this carcinogen.,  

 
A                                                                                B                                                                                                                                                                                                                                 

                                                                                         
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4. Impact of extended passaging on resistance to mildly cytotoxic concentration of Cr(VI) 
in BEAS-2B cells, as assessed by the MTT colorimetric assay (exposure for 48 hours) (A) and the 
clonogenic assay (exposure for 9 days) (B). LS: Low passage stage (#8 to #10 for the MTT assay and 
#10, #12 and #13 for the clonogenic assay); TS: Transitional stage (#37 to #39 for the MTT assay and #52, 
#54 and #55 for the clonogenic assay); HS: High passage stage (#69 to #71 for the MTT assay and #79, 
#81 and #82 for the clonogenic assay). In the MTT assay was evaluated two concentrations of Cr(VI) (1 
and 2 µM), while in the clonogenic assay only 1 µM Cr(VI) was evaluated. Colony counting in the clonogenic 
assay was performed as described in section 2.9. Results are presented as mean ± SD of three 
independent experiments (n = 3), using in all of them triplicates of cultures for each condition analyzed. 
Experimental data were analyzed with the software GraphPad Prism 8.0.2, using the one-way ANOVA 
method followed by the Tukey’s multiple comparison test. There were no statistically significant differences 
(p > 0,05). # - passage number; N.S., not significant. 

 

3.1.5. Impact on the lactate production rate 

 

For almost a century, lactate was viewed as a waste product of anaerobic 

metabolism and cause of muscle fatigue, but now is known to be, via the Lactate Shuttle, 

one of the most important energy fuels, which circulates throughout the body and is used by 

almost all tissues. In fact, circulating lactate is the mechanism by which whole body 

metabolism is coordinated [211–214]. 

It has been known for decades, since the seminal studies carried out by Otto 

Warburg in the 1920s, that most solid tumors exhibit a specific metabolic pattern, 
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characterized by a strong reliance on lactic fermentation, even under fully oxygenated 

conditions [215]. This particular metabolic reprogramming, known as the Warburg effect, 

provides the background for several therapeutic approaches and diagnosis, such as the 

design of inhibitors of glycolytic enzymes and positron emission tomography, respectively 

[216]. Nevertheless, the exact role of the Warburg effect in carcinogenesis and, in particular, 

in the changes produced by extensive passaging, remains unknown [215]. 

 In the present study, the production of lactate rate was evaluated in well-aerated 

cultures in different passage stages. The results obtained are summarized in Figure 3.5. 

 
 
 
 

 
  
 
 
 
 
 
 
 
 
Figure 3.5. Impact of extended passaging on lactate production by BEAS-2B cells. LS: Low passage 

stage (#14, #15 and #17); TS: Transitional stage (#51, #52 and #54); HS: High passage stage (#83, #84 

and #86). Media samples were collected 2.5 h after changing the culture medium. For the quantification of 

lactate in the culture medium, the kit L-Lactate (LAC), from Randox, was used (see section 2.12.1 for more 

information). Results are presented as mean ± SD of three independent experiments (n = 3), using in all 

of them triplicates of cultures for each condition analyzed. Experimental data were analyzed with the 

software GraphPad Prism 8.0.2, using the one-way ANOVA method followed by the Tukey’s multiple 

comparison test: *, p < 0.05 for TS in comparison with HS; **, p < 0.01 for LS in comparison with HS and 

***, p < 0.001 for LS in comparison with TS. # - passage number. 

 

It is possible to observe that low passage cultures were those with lower rates of 

lactate production (1,437 µmol lactate/mg protein/hour), which is in agreement with a lower 

transformation status. Once again, the changes observed in the transitional stage cultures, 

in this case a significantly increased lactate production (2,281 µmol lactate/mg protein/hour) 

were less pronounced in the high passage cultures (1,954 µmol lactate/mg protein/hour), 

but still significantly different from those of the cells in the low passage stage.  

 

3.1.6. Impact on the migratory capacity 
 

In multicellular organisms, cell migration is a key process involved in many 

physiological events, such as embryological development, morphogenesis, neurogenesis, 
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angiogenesis, wound healing, immune defense and inflammation. In addition, cell migration 

is also implicated in non-physiological events, such as the transformation of cells [217]. 

Thus, another parameter assessed in this study was the migratory capacity of the BEAS-2B 

cells in the different passage stages. 

Many of the characteristics associated with transformation in vitro are the result of 

cell surface modifications, e.g., changes in the cell surface glycoproteins and in cell adhesion 

molecules, which can be related with the development of metastasis and invasion in vivo. 

Hynes et al. observed that fibronectin is lost from the surface of transformed fibroblasts due 

to alteration in integrins [218]. This loss may contribute to a decrease in cell-substrate and 

cell-cell adhesion and to a decreased requirement for attachment for the cells to proliferate, 

promoting cell migration [219]. 

Migration begins when a cell responds to an external signal that leads to the 

polarization, followed by a coordinated cycle of actin polymerization-dependent protrusion, 

integrin/actin-mediated focal adhesion and cell body translocation, which leads to the cell 

movement [217]. 

There is an obvious analogy between altered cell adhesion in culture and detachment 

from the tissue in which a tumor arises and the subsequent formation of metastases in 

distant sites, but the molecular mechanisms behind this analogy are not clear. 

Most studies on cell motility have been performed in two-dimensional (2D) culture 

systems instead of three-dimensional (3D) culture systems, which limits our understanding 

of the mechanisms of cell migration, since cells use different cell migration strategies in 3D. 

Nevertheless, 2D cell culture still provides important insights into the molecular basis of cell 

protrusions and cell polarity. 

In the present study, the migratory capacity was evaluated using the wound healing 

assay. The results can be observed in Figure 3.6 and 3.7. Wound repair (WR) was 

expressed as a percentage of the initial wound distance between each wound edge 

measured at the start of the experiment and was calculated using the following formula: 

 

%WR = ((initial distance between each wound edge – 9 or 24 h wound distance 

between cells that migrated more on each side) / initial distance between each wound edge) 

x 100. 
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Figure 3.6. Impact of extended passaging on migratory capacity of BEAS-2B cells. LS: Low passage 

stage (#11 and #12); TS: Transitional stage (#40 and #41); HS: High passage stage (#72 and #73). The 

wound healing assay was performed as described in section 2.11. Results are presented as mean ± SD 

of three independent experiments (n = 3), using in all of them triplicates of cultures for each condition 

analyzed. Experimental data were analyzed with the software GraphPad Prism 8.0.2, using the one-way 

ANOVA method followed by the Tukey’s multiple comparison test. There were no statistically significant 

differences (p > 0,05). # - passage number; N.S., not significant. 
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Figure 3.7. Representative micrographs (40x magnification) of BEAS-2B cultures in the low 

passage stage (#11) (A), in the transitional stage (#41) (B) and in the high passage stage (#72) (C) 

at the moment immediately after making the wound (0 h), 9 h and 24 h after the wound (all photos 

correspond to the same location in the well). Photos were taken using a phase-contrast microscope 

equipped with an Olympus OD-20 camera. The two lines delimit the edges of the wound taking into account 

the cells that migrated the most. It is noticeable that there is a repair of the wound over time in culture in 

all passage stages. 

 

Through the results represented in Figure 3.6 it was possible to conclude that the 

cultures in low passage stage were those that demonstrated a greater cell migration (15.8% 

of WR) after 9 h after the wound compared to cultures in the transitional stage (10.1% of 

WR) and to cultures in the high passage stage (13.1% of WR), although the differences were 

not significant. On the other hand, 24 h after the wound, the cultures in the high passage 

stage were those that exhibited a greater cell migration (37.4% of WR), compared to cultures 

in the transitional stage (29.6% of WR) and to cultures in the low passage stage (34.5% of 

WR), although again the differences were not significant. 

 

3.2. Impact of a long-term exposure to Cr(VI) on the BEAS-2B cell line 

 

As discussed in section 1.4.1.2, cells exposed to Cr(VI) experience several oxidative 

and nonoxidative DNA damages [161]. Cr(VI) is considered a DNA damaging agent and, 

therefore an apoptosis-inducing agent at levels that overcome intracellular DNA repair 

mechanisms. 

The use of inadequate exposure regimes and inadequate cell lines in studies 

investigating Cr(VI)-induced carcinogenesis have compromised the elucidation of the 

molecular basis of this process. In this study, to overcome this limitation, we used the BEAS-

2B cell line, a cellular model representative of the human bronchial epithelium, which is the 

main target of Cr(VI) carcinogenity in vivo, and an exposure regimen of mild cytotoxicity 

[weekly addition of 1 µM Cr(VI) to the culture medium], since results obtained in studies 
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involving concentrations of Cr(VI) that are too cytotoxic should be interpreted with caution, 

as these will not mimic real exposures. 

In previous studies from our laboratory, it was observed that BEAS-2B cells that 

resisted to mild concentrations of Cr(VI) [1 and 2 µM Cr(VI)] exhibited increased proliferation 

rates, alterations in cell morphology and pattern of growth [45] and a stimulatory effect on 

glucose uptake and lactate production [194]. This suggested that, somehow, those cells 

were able to not only resist the several damages induced by Cr(VI) exposure, but also gain 

a proliferative advantage over their non-exposed counterparts. Thus, Cr(VI) might protect 

transformed cells from the additional stresses they will encounter during neoplastic 

transformation. 

In the present study, we assessed the impact of a prolonged exposure to a sub-lethal 

concentration Cr(VI) on several traits of the BEAS-2B cell line, namely their morphology and 

pattern of growth, growth rate, clonogenic potential and resistance to cytotoxic and 

subcytotoxic concentrations of potassium dichromate. The BEAS-2B cells used to assess 

the impact of long-term exposure to Cr(VI) on various cellular characteristics had already 

been exposed to Cr(VI) for ca. 4 by another members of our laboratory. 

 

3.2.1. Impact on cell morphology and pattern of growth 

 

In studies previously carried out in our laboratory, changes in terms of both 

morphology and pattern of growth were observed with long-term exposure to mild cytotoxic 

exposure to Cr(VI): cultures became heterogeneous, exhibiting areas where apparently 

normal diamond-shaped epithelial cells and morphologically altered cells coexisted and 

frequent criss-crossing (with an increase in the number of round and refractile cells, 

multinucleated enlarged cells and in the granularity) [22,45]. 

In the present study, similar changes in morphology and pattern of growth were 

observed (Figure 3.8). However, was not observed an increase in in the number of round 

and refractile cells. 

These results indicate that cells exposed for more than 12 months to 1 µM Cr(VI) 

underwent possibly transformation, which resulted in morphological changes and growth 

pattern. 
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Figure 3.8. Impact of a long-term exposure to 1 µM Cr(VI) on the morphology and pattern of growth 

of BEAS-2B cells. Representative micrographs (100x magnification) of BEAS-2B cells, at the passages 

indicated at the bottom of each micrograph (#, passage number). Cells were cultured in coated flasks, in 

LHC-9 medium. It was observed that cultures exposed to 1 µM Cr(VI) for more than 12 months had a 

heterogeneous monolayer (with areas where normal cells coexisted with cells that had an abnormal 

morphology) and a higher frequency of criss-crossing. # - passage number 

 

3.2.2. Impact on the doubling time 

 

In order to continue investigating the effects of long-term exposure to 1 µM Cr(VI) on 

cellular parameters indicative of transformation status, it was evaluated the doubling time. 

Recently, several studies have appeared focusing on the tumor doubling time (TDT) 

of lung cancer [220,221]. These studies demonstrated a relationship between TDT and lung 

cancer prognosis: a longer TDT is associated with a better prognosis. This association is 

not limited to lung cancer, other studies have investigated TDT in different cancers with 

imaging modalities and concluded that shorter TDTs are correlated with tumor malignancy 

and poor prognoses [222,223]. Therefore, TDT has been shown to be a good prognostic 

marker for the disease progression and survival of various cancers. 

As it is well-understood, both local spreading and cell division are responsible for 

cancer expansion and progress. Thus, it is in the interest of tumor cells to have rapid cell 

division in order to reach different sites more quickly. Therefore, it is possible that 

transformed cells chronically exposed to Cr(VI) exhibit a decrease in the doubling time. The 

results are shown in Figure 3.9. 

As expected, we observed a decrease in the doubling times of the cultures exposed 

to 1 µM Cr(VI) (18.30 h) compared to the control cultures (19.61 h). These results 

demonstrate that cultures exposed to 1 µM Cr(VI) for a long time have probably undergone 

transformation, which resulted in a decrease in cell division time. 
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Figure 3.9. Impact of a long-term exposure to 1 µM Cr(VI) on the doubling time of BEAS-2B cells. 

Duplication times were determined according to the protocol described in the section 2.7. Results are 

presented as mean ± SD of three independent experiments (n = 3), using in all of them triplicates of cultures 

for each condition analyzed. Experimental data were analyzed with the software GraphPad Prism 8.0.2, 

using the t-student paired test, *, p < 0.05. 

 

3.2.3. Impact on the clonogenic potential 

 

In order to continue investigating the effects of long-term exposure to 1 µM Cr(VI) on 

cellular parameters indicative of transformation status, it was also evaluated cell proliferation 

by clonogenic potential. 

The cancer cell acquires characteristics that allow survival beyond its normal life 

span and to proliferate abnormally. In fact, one of the eleven hallmarks of cancer described 

by Hanahan and Weinberg is the ability of tumor cells to have a limitless replicative potential. 

Normal cells and transformed cells behave differently in relation to proliferation in 

culture. The main distinction between transformed cells and normal cells in culture is that 

normal cells exhibit density-dependent inhibition of cell proliferation. Normal cells proliferate 

until they reach a finite cell density (determined by the availability of growth factors added to 

the culture medium). Then, they cease proliferation and become quiescent (arrested in the 

G0 stage of the cell cycle). On the contrary, the proliferation of transformed cells is not 

sensitive to density-dependent inhibition, since this type of cells do not cease proliferation 

and enter G0, continuing to grow until high cell densities in culture, mimicking their 

uncontrolled proliferation in vivo [224]. 

It is expected that cells exposed to Cr(VI) for a long time have a greater proliferation 

capacity than control cells, indicating a higher level of transformation. The results are shown 

in Figure 3.10. 
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Figure 3.10. Impact of a long-term exposure to Cr(VI) on clonogenic potential of the BEAS-2B cell line. 

Colony counting was performed as described in section 2.9. Results are presented as mean ± SD of seven 

independent experiments (n = 7), using in all of them duplicates of cultures for each condition analyzed. 

Experimental data were analyzed with the software GraphPad Prism 8.0.2, using the t-student paired test. No 

statistically significant differences were observed (p > 0,05). N.S., not significant. 

 

The results obtained do not indicate that the cultures exposed for long periods of time 

to 1 µM Cr(VI) acquired cellular transformation, at least with regard to the proliferative 

capacity. There was a slight increase in the number of colonies exposed to Cr(VI) but this 

increase was not significant. Thus, although the cultures were exposed for more than 12 

months to 1 µM Cr(VI), it may not have been sufficient to induce transformation at the level 

of cell proliferation. It should be noted that our exposure regime included only a weekly 

addition of soluble Cr(VI), which is rapidly absorbed by the cells. In addition, only the effects 

of up to 12 months of exposure were evaluated, while chromate workers are subjected to 

daily exposure for consecutive years. Therefore, it may be necessary to increase the number 

of cell treatments per week and/or to prolong the exposure period, in order to more closely 

mimic the conditions that lead to the development of Cr(VI)-induced carcinogenesis in vivo. 

 

3.2.4. Impact on the resistance to cytotoxic and subcytotoxic concentrations of 

Cr(VI) 

 

As mentioned before, Cr(VI) is a human lung carcinogen, a strong oxidizing agent and 

a potent DNA damaging agent with the ability to interfere with the normal functions of cells, 

thus compromising cell viability. In addition, some cells exposed to Cr(VI) have the ability to 

escape cell death induced by this compound, even with extensive DNA damage. Thus, Cr(VI) 

seems to have the ability to induce cellular transformation, conferring resistance to cells 

against external or intracellular stresses. 

In order to investigate whether cultures exposed for a long period of time to 1 µM 

Cr(VI) acquired an additional resistance to death caused by Cr(VI), one of the initiating events 
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of Cr(VI)-induced cellular transformation, we opted for evaluating the effects of a short-term 

exposure of 48 h to subcytotoxic (1 and 2 µM) and cytotoxic (4 µM) concentrations of Cr(VI). 

The results are shown in Figure 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Impact of a long-term exposure to 1 µM Cr(VI) on the resistance to subcytotoxic (1 and 

2 µM) and cytotoxic (4 µM) concentrations of Cr(VI) by the colorimetric assay (MTT). These 

experiments were determined according to the protocol described in the section 2.10.2. Results are 

presented as mean ± SD of three independent experiments (n = 6), using in all of them triplicates of cultures 

for each condition analyzed. Experimental data were analyzed with the software GraphPad Prism 8.0.2, 

using the t-student paired test. N.S., not significant. 

 

Treatment of BEAS-2B cell cultures for 48 h with 1, 2 and 4 µM of Cr(VI) caused a 

6.10% (not significant result), 18.95% and 66.41% reduction of live cells in control cultures, 

respectively and a 6.78% (not significant result), 19.11% and 59.86% reduction of live cells 

in 1 µM Cr(VI) cultures, respectively (Figure 3.11). Only concentration of 2 and 4 µM showed 

statistically significant decreases, with the results being clearly concentration-dependent. 

Overall, no significant resistance to cell death was observed in long-term exposed cultures to 

1 µM Cr(VI). However, a slight increase in cell viability was observed in the 4 µM condition in 

long-term exposed cultures to 1 µM Cr(VI) compared to the control, although this increase 

was not significant. In future experiments, it may be necessary to increase the concentration 

of Cr(VI) in order to understand whether the slight increase seen in cell viability in cultures 

chronically exposed to 1 µM Cr(VI) and exposed to 4 µM Cr(VI) also occurs with 

concentrations higher. 
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Perspectives 
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The BEAS-2B cell line was used in all experiments performed in this study. It is a cell 

line established from normal cells of the human bronchial epithelium that, although 

transformed with a hybrid virus, retains most of the characteristics of NHBE cells [19,32]. 

Genomic instability, upregulation of the stress response, changes in morphology and 

other cellular characteristics have been frequently observed in transformed cells and were 

proposed to play important roles in cancer development and progression, thus suggesting 

novel avenues for the development of new cancer therapies. 

Little is known regarding the molecular mechanisms behind cell transformation over 

time in culture. In order to complement, even partially, the information already gathered for 

the BEAS-2B cell line, we studied the effect of extensive passaging in several traits of this 

cell line. 

When cultures were grown for extended periods, we could confirm the observation 

previously made by members of our group that cells with different culture ages have different 

morphological aspects and growth patterns. This led us to adopt the three culture stages (low, 

transitional and high passage stage) previously defined in our laboratory [37]. The 

microscopical suggestion of increased sizes over time in culture was not confirmed by the 

values obtained for the protein content of the cells in the three passage stages, as no 

significant differences were detected. One possibility is that cells do not become larger and 

only look so due their increased spacing in the monolayers that form. The impact of extensive 

passaging was also assessed in response to stress, through the intracellular levels of 

HSP90α, and in the rate of lactate production, as these characteristics might be used as 

indicators of cellular transformation stage. In both cases, significant increases could be 

observed between cells in the low passage stage and those in the transitional stage. 

Interestingly, differences between cells in the low passage stage and those in the high 

passage stage were much less pronounces, similar to what had been previously observed in 

terms of the changes in morphology and pattern of growth. Resistance to mild concentrations 

of Cr(VI) (1 and 2 µM), a human lung carcinogen, and migratory capacity were also evaluated. 

It was hypothesized that older cultures had a greater resistance to cell death induced by 

Cr(VI) and a greater migratory capacity, but no significant differences were observed. 

Further studies will be needed in order to understand the pronounced molecular 

alterations that cells undergo during the transitional stage and that are reverted, at least 

partially, during the high passage stage. The impact of extensive passaging on the mRNA 

levels of some components of cancer-related pathways, using the quantitative polymerase 

chain reaction technique, and on the morphology and growth pattern, using higher resolution 

microscopy, were initiated but could not be completed due to the current COVID-19 

pandemic. 
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The impact of long-term exposure to a mild concentration of Cr(VI) (1 µM) was also 

assessed in the BEAS-2B cell line. One of the parameters evaluated was cell morphology 

and growth pattern. It was observed that cultures became quite heterogeneous when 

exposed for long periods of time to Cr(VI), in line with observations previously made in our 

laboratory with a different exposure regimen and culture conditions [22,45]. These 

morphological changes were accompanied by changes in the proliferative capacity, since it 

was observed that cultures exposed to a long-term exposure to 1 µM Cr(VI) had a shorter 

doubling time than the control cultures, a common feature in transformed cells. Clonogenic 

potential and resistance to subcytotoxic and cytotoxic concentrations to Cr(VI) were also 

evaluated, but no significant differences were observed between cultures exposed to long 

periods to Cr(VI) and control cultures. 

The assessment of the impact of Cr(VI) exposure on the mRNA levels of some 

components of cancer-related pathways were also initiated, but, once again, could not be 

completed due to the current COVID-19 pandemic. This and other future studies will certainly 

contribute to a better understanding of the cellular and molecular changes that accompany 

long-term exposures to Cr(VI). Among the parameters to be analyzed in the future are the 

energy metabolism of the cells, submicroscopic structural chromosomal alterations (using 

molecular cytogenetic techniques) and stress response. 
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