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Abstract: Hexavalent chromium, Cr(VI), is a known carcinogen and environmental health concern.
It has been established that reactive oxygen species, genomic instability, and DNA damage repair
deficiency are important contributors to the Cr(VI)-induced carcinogenesis mechanism. However,
some hallmarks of cancer remain under-researched regarding the mechanism behind Cr(VI)-induced
carcinogenesis. Increased lipogenesis is important to carcinogenesis and tumorigenesis in multiple
types of cancers, yet the role increased lipogenesis has in Cr(VI) carcinogenesis is unclear. We
report here that Cr(VI)-induced transformation of three human lung cell lines (BEAS-2B, BEP2D, and
WTHBF-6) resulted in increased lipogenesis (palmitic acid levels), and Cr(VI)-transformed cells had
an increased expression of key lipogenesis proteins (ATP citrate lyase [ACLY], acetyl-CoA carboxylase
[ACC1], and fatty acid synthase [FASN]). We also determined that the Cr(VI)-transformed cells did
not exhibit an increase in fatty acid oxidation or lipid droplets compared to their passage-matched
control cells. Additionally, we observed increases in ACLY, ACC1, and FASN in lung tumor tissue
compared with normal-adjacent lung tissue (in chromate workers that died of chromate-induced
tumors). Next, using a known FASN inhibitor (C75), we treated Cr(VI)-transformed BEAS-2B with
this inhibitor and measured cell growth, FASN protein expression, and growth in soft agar. We
observed that FASN inhibition results in a decreased protein expression, decreased cell growth, and
the inhibition of colony growth in soft agar. Next, using shRNA to knock down the FASN protein in
Cr(VI)-transformed BEAS-2B cells, we saw a decrease in FASN protein expression and a loss of the
xenograft tumor development of Cr(VI)-transformed BEAS-2B cells. These results demonstrate that
FASN is important for Cr(VI)-transformed cell growth and cancer properties. In conclusion, these
data show that Cr(VI)-transformation in vitro caused an increase in lipogenesis, and that this increase
is vital for Cr(VI)-transformed cells.

Keywords: hexavalent chromium; lipogenesis; cancer metabolism; fatty acid synthase; human
lung cells

1. Introduction

Hexavalent chromium (Cr(VI)) is a known carcinogen and exposure to it is associ-
ated with respiratory cancer [1–4]. Epidemiological studies of Cr(VI)-exposed chromate
workers has shown they have an up to a 2 to 80-fold increased risk of developing lung
cancers [2]. The exact mechanism of chromate-induced lung cancer remains elusive, but
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there are multiple potential mechanisms reported in the literature, including: (1) Cr(VI) is a
potent genotoxic agent that acts as a carcinogen by inducing DNA double-strand breaks,
chromosome instability, altered DNA repair, and genomic alterations; (2) Cr(VI) induces
reactive oxygen species that cause downstream changes in protein signaling and redox
imbalance; (3) Cr(VI) can alter oncogenes including c-Myc and epidermal growth factor
receptor (EGFR) expression; and (4) Cr(VI) induces epigenetic modifications [3–8]. Growing
evidence suggests that Cr(VI) is able to induce altered cellular energetics [5,9–12]. Our
recent studies have shown Cr(VI) xenograft-derived tumor cells have mitochondrial respi-
ration dysfunction [12]. Cr(VI) is also able to directly activate upstream factors that regulate
de novo lipogenesis in human cells or alter the signaling patterns of these pathways (e.g.,
Nrf2, SREBP-1, and HIF-1α) [1,6,11,13].

Altered cellular energetics was first proposed to be a feature of cancer cells in the
1920s [14–17]. Growing evidence shows that cancer cells have increased glycolysis com-
bined with an increase in lactic acid fermentation of pyruvates (anaerobic glycolysis).
Conversely, normal cells have lower levels of glycolysis combined with low levels of lactic
acid fermentation and high levels of pyruvate oxidation in their mitochondria (aerobic
glycolysis). This change in the fate of the pyruvates after glycolysis persists even in the
presence of physiological or ambient oxygen levels. The shift to anaerobic glycolysis in
the presence of oxygen termed the “Warburg Effect,” is permanent [14–17]. Along with
this change in the type of glycolysis in cancer cells, other energy pathways affected include
mitochondrial respiration, one-carbon metabolism, and lipid metabolism [18,19]. These
alterations in energy usage seem to be key to the survival of cancer cells and provide
advantages in the tumor microenvironment [18–21]. It has also been reported that the
energy-consuming processes of protein and DNA synthesis are increased in cancer cells.
Lastly, the role of increased lipogenesis in cancer cells appears at least as important as
increases in protein, DNA synthesis, and glycolysis [20,21]. These alterations in cellular
energetics have recently been deemed a hallmark of cancer [18].

Most adult cells acquire necessary lipids via exogenous sources, like the adult’s
diet, or they are synthesized in the liver and adipose tissue; thus, most tissues and cells
have very low basal levels of lipid synthesis [20,21]. In many cancer systems, de novo
lipogenesis proteins ATP-citrate lyase (ACLY), acetyl-CoA carboxylase 1 (ACC1), and
fatty acid synthase (FASN) have been reported to be upregulated [20–22]. Specifically,
increases in lipogenesis and these proteins have been observed in breast, colon, lung,
ovarian, pancreatic, and prostate cancers [20–26]. The upregulation of these proteins is
associated with poor prognoses of post-treatment survival in cancer patients [27,28]. Lipid
increases in cancer cells are important for different aspects of cancer development: (1) they
may be stimulated by oncogenic signaling (e.g., EGFR, HER2, HIF-1α, etc.); (2) they directly
contribute to the growth and proliferation of cancer cells; (3) they protect against oxidative
stress resistance and are involved in redox balance; (4) they provide advantages regarding
cell survival under energy stress; and (5) they are involved with the invasive properties of
cancer [20,22,29–31].

Furthermore, all three enzymes ACLY, ACC1, and FASN are rate-limiting enzymes
involved in lipogenesis. In brief, ACLY converts citrate to acetyl-CoA, which is converted by
ACC1 to malonyl-CoA. FASN then converts malonyl-CoA to palmitate [31]. In most normal
adult human tissues, ACLY, ACC1, and FASN are expressed at minimal basal levels. Several
clinical and basic studies have established the cellular and clinical significance of these
lipid enzymes in cancer [32–37]. As noted above, lipogenesis is enhanced by these enzymes
to provide selective growth and survival advantages to cancer cells. Pharmacological
inhibitors of FASN inhibit lung cancer cell survival, induce programmed cell death, and
reduce lung cancer xenograft tumor growth [38–42]. Some studies have also implicated
these proteins in carcinogenesis, as their overexpression has been shown to be able to
induce neoplastic transformation of skin and breast cell lines [43,44].

Little is known about the functions of lipogenesis in Cr(VI)-induced lung carcino-
genesis. One report found that Cr(VI)-transformed cells and Cr(VI) tumor tissues had
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an increased ACLY expression [5]. In this study, we determined that lipogenesis plays a
role in Cr(VI)-induced lung carcinogenesis and that Cr(VI)-transformed lung cells exhibit
upregulated lipogenesis. This study also showed that an inhibition of FASN dramatically
inhibits cell proliferation and loss of anchorage independence in Cr(VI)-transformed lung
cells and xenograft tumor growth in nude mice.

2. Results
2.1. Chromium(VI)-Transformed BEAS-2B Cells Have Increased Lipogenesis and Related Proteins

Using the BEAS-B cells and Cr(VI)-transformed BEAS-2B cells (B2B-CrT) from our
previous study, we investigated lipogenesis endpoints in these cells (protein and functional
palmitic acid levels) [12]. The B2B-CrT cells had increased ACLY, pACLY, ACC1, and FASN
protein expressions compared to passage-matched control BEAS-2B cells. SREBP-1 protein
expression levels were not increased, indicating that the increase in protein expression
was not due to increases in transcription (Figure 1A). B2B-CrT cells had increased palmitic
acid levels compared to passage-matched control cells (Figure 1B), confirming a functional
change in the lipogenesis pathway. Typically, an increase in lipid production is observed
in cancer cells for various endpoints (e.g., membrane synthesis, changing lipid profiles,
protection against oxidation, energy usage, and lipid droplet storage). We measured energy
usage and lipid droplet storage. We saw no major changes in endogenous or exogenous
fatty acid oxidation of the B2B-CrT cells compared to passage-matched control BEAS-2B
cells (Figure 1C). Lastly, to measure lipid droplet formation, we employed Oil Red O
staining; no changes in lipid droplet formation were observed in the Cr(VI)-transformed
cells compared to passage-matched control cells (Figure 1D,E).
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Figure 1. Chromium(VI)-transformed BEAS-2B cells have increased levels of lipogenesis and related
proteins. (A) Cr(VI)-transformed BEAS-2B cells (B2B-CrT cells) had increased ACLY, pACLY, ACC1,
and FASN protein expressions compared to passage-matched control BEAS-2B cells. (B) B2B-CrT
cells had increased palmitic acid levels compared to passage-matched control BEAS-2B cells (data
are presented as percent increase of passage-matched control BEAS-2B cells). (C,D) B2B-CrT cells
had no increases in lipid droplet formation (Oil Red O staining) when compared to passage-matched
control BEAS-2B cells. (E) Endogenous and exogenous fatty acid oxidation were measured using the
Seahorse Analyzer. B2B-CrT cells did not have increased fatty acid oxidation when compared to their
passage-matched control BEAS-2B cells. Data represent at least three independent experiments, error
bars represent the SEM, *** p < 0.001 compared to passage-matched control cells. The scale bar is
100 µm.
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2.2. Chromium(VI)-Transformed BEP2D Cells Have Increased Lipogenesis and Related Proteins

We used BEP2D cells and Cr(VI)-transformed BEP2D Cells (BPD-CrT) from the Wise
Laboratory at the University of Louisville, to investigate lipogenesis endpoints in these
cells. We aimed to confirm that our results with the BEAS-2B cells were not cell line specific.
The BPD-CrT cells had increased ACLY, pACLY, ACC1, and FASN protein expressions
compared to passage-matched controls (Figure 2A). SREBP-1 protein expression levels
were not increased, indicating that the increase in protein expression was not due to
increased levels of transcription (Figure 2A). BPD-CrT cells had increased palmitic acid
levels compared to passage-matched control cells (Figure 2B). We saw no changes in
endogenous fatty acid oxidation of the BPD-CrT cells compared to passage-matched control
BEP2D cells, However, exogenous fatty acid oxidation was increased, suggesting these
cells may metabolize lipids at a faster rate (Figure 2C). Lastly, no changes in lipid droplet
formation were observed in the Cr(VI)-transformed cells compared to passage-matched
control cells (Figure 2D,E).
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Figure 2. Chromium(VI)-transformed BEP2D cells have increased lipogenesis and related proteins.
(A) Cr(VI)-transformed BEP2D cells (BPD-CrT cells) had increased ACLY, pACLY, ACC1, and FASN
protein expressions compared to passage-matched control BEP2D cells. (B) B2B-CrT cells had
increased palmitic acid levels compared to passage-matched control BEP2D cells (data presented as
percent increase of passage-matched control BEP2D cells) (C,D) BPD-CrT cells had no increases in
lipid droplet formation (Oil Red O staining) when compared to passage-matched control BEP2D cells.
(E) Endogenous and exogenous fatty acid oxidation were measured using the Seahorse Analyzer.
BPD-CrT cells did not have increased fatty acid oxidation when compared to their passage-matched
control BEP2D cells. Data represent at least three independent experiments, error bars represent the
SEM, * p < 0.05; *** p < 0.001 compared to passage-matched control cells. The scale bar is 100 µm.

2.3. Chromium(VI)-Transformed WTHBF-6 Cells Have Increased Lipogenesis and Related Proteins

Next, using WTHBF-6 cells (C52-2) and Cr(VI)-transformed WTHBF-6 cells (T23-3 and
T73-3) from the Wise Laboratory at the University of Louisville, we investigated lipogenesis
endpoints in these cells. T23-3 and T73-3 cells had increased ACLY, pACLY, ACC1, and
FASN protein expressions compared to passage-matched controls (Figure 3A). Mature
SREBP-1 protein expression levels were not increased, indicating that the increase in protein
expression was not due to increased levels of transcription. The precursor SREBP-1 protein
level was increased but its mature form is not involved with transcription of lipogenesis
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proteins (Figure 3A). T23-3 and T73-3 had increased palmitic acid levels compared to their
passage-matched control cells (Figure 3B). We saw no changes in endogenous or exogenous
fatty acid oxidation of the T23-3 and T73-3 cells compared to passage-matched control cells
(Figure 3C). We observed no changes in lipid droplet formation in the Cr(VI)-transformed
cells compared to passage-matched control cells (Figure 3D,E).
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Figure 3. Chromium(VI)-transformed WTHBF-6 cells have increased lipogenesis and related proteins.
(A) Cr(VI)-transformed WTHBF-6 cells (T23-3 and T73-3 cells) had increased ACLY, pACLY, ACC1,
and FASN protein expressions compared to passage-matched control WTHBF-6 cells (C52-2). (B) T23-
3 and T73-3 cells had increased palmitic acid levels compared to passage-matched control cells (data
presented as percent increase of passage-matched control WTHBF-6 cells) (C,D) T23-3 and T73-3 cells
had no increases in lipid droplet formation (Oil Red O staining) when compared to passage-matched
control cells. (E) Endogenous and exogenous fatty acid oxidation were measured using the Seahorse
Analyzer. T23-3 and T73-3 cells did not have increased fatty acid oxidation when compared to their
passage-matched control cells. Data represent at least three independent experiments, error bars
represent the SEM; * p < 0.05, *** p < 0.001 compared to passage-matched control cells. The scale bar
is 100 µm.

2.4. Increased FASN Expression Is Important for Chromium(VI)-Transformed Cell Survival

To determine if the increase in lipogenesis is important to Cr(VI)-transformed cell
survival and cancer properties, we examined soft agar colony formation, proliferation,
and tumor growth after drug inhibition (C75) of FASN. We chose to focus on the Cr(VI)-
transformed BEAS-2B cells, since all three cell types showed the same metabolism changes
following neoplastic transformation with chromium when doing FASN manipulations.
Multiple reports have shown that inhibition of FASN leads to decreased cancer cell growth
and tumor growth [23,26,41]. Following a 24 h treatment with 0, 1, 5, and 10 µM C75,
B2B-CrT, C75 treated cells had decreased FASN expressions (Figure 4A). C75 treatment de-
creased palmitic acid levels in B2B-CrT cells (Figure 4B). Treatment with C75 also decreased
the soft agar colony formation properties of B2B-CrT cells (Figure 4C,D).
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Figure 4. Drug inhibition of FASN in chromium(VI)- transformed cells results in decreased survival
and growth. (A) 24 h treatment with 0, 1, 5, and 10 µM C75 (FASN inhibitor) decreased FASN protein
expression in Cr(VI)-transformed BEAS-2B cells (B2B-CrT cells). (B) 24 h treatment with 0, 1, 5, and
10 µM C75. 5 and 10 µM C75 decreased cell growth of B2B-CrT cells (data presented as percent
decrease of untreated B2B-CrT cells). (C,D) 24 h treatment with C75 decreased B2B-CrT soft agar
colony formation. (D) 24 h treatment with C75 decreased B2B-CrT soft agar colony formation. DMSO
was used as a vehicle control (VC). Data represent at least three independent experiments, error bars
represent the SEM, * p < 0.05 compared to passage-matched control cells.

2.5. Increased FASN Expression Is Important for Chromium(VI)-Transformed Cell Tumorigenesis

To determine if the increase in FASN expression is important to Cr(VI)-transformed
cell tumorigenesis, we examined the xenograft tumor development of Cr(VI)-transformed
BEAS-2B cells following the loss of FASN expression using shRNA. We chose to focus
on just the BEAS-2B cells, since all three cell types showed the same metabolism changes
following neoplastic transformation with chromium and have all been shown to grow
tumors in nude mice [12]. Following the shRNA inhibition, B2B-CrT had a loss of visible
FASN expression with shFASN sequence C (Figure 5A). These cells and scramble sequences
were used in the tumorigenesis study; B2B-CrT scramble cells grew tumors in five out of
the eight injection sites and there were no tumors found in mice injected with B2B-CrT
shFASN p < 0.003 (Figure 5B). Tumor volume and weight were measured in the B2B-CrT
(Figure 5C,D).
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Figure 5. Increased FASN expression is important for Cr(VI)-transformed cells tumor growth.
(A) shRNA inhibition of FASN results in decreased FASN protein expression in Cr(VI)-transformed
BEAS-2B cells (B2B-CrT cells), scrambles and three shRNA sequences were used. (B) shRNA inhibi-
tion of FASN results in loss of tumor incidence in nude mice for B2B-CrT cells, p < 0.003. (C,D) Tumor
size and weight of B2B-CrT Cells. There were eight injection sites per cell line and error bars represent
the SEM.

2.6. Chromium(VI)-Induced Lung Tumors Have Increased Lipogenesis Protein Expressions

Formalin-fixed lung tissue slides from tumors and normal adjacent tissues obtained
from workers exposed to Cr(VI) were used for fluorescence immunostaining. We stained
stage I and stage II tumors for ACLY, pACLY, ACC1, and FASN. DAPI was used to stain
the location of the nuclei. We then determined visual increases based on observations of
the relative visual protein expression when merged with DAPI. The total ACLY expression
was visually increased in the Cr(VI)-tumor lung tissue (Figure 6E,K) when compared
to the adjacent normal lung tissue (Figure 6B,H). pACLY was visually increased in the
Cr(VI)-tumor lung tissue (Figure 7G,Q) as compared to the adjacent normal lung tissue
(Figure 7B,L); the visually observed increased in the expression of pACLY was clearer in
the stage II tumor (Figure 7Q). ACC1 was visually increased in the Cr(VI)-tumor lung
tissue (Figure 7H,R) as compared to the adjacent normal lung tissue (Figure 7C,M), and the
visually observed increased in the expression of ACC1 was clearer in the stage II tumor
(Figure 7R). FASN was visually increased in the Cr(VI)-tumor lung tissue (Figure 8E,K)
as compared to the adjacent normal lung tissue (Figure 8B,H). These results confirm our
cell culture findings and show that lipogenesis protein expressions are increased in Cr(VI)-
induced lung tumor tissues.
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Figure 6. Chromate lung tumors show increased ACLY protein expression. Formalin-fixed normal
lung tissue from lung tumor tissues and their adjacent normal tissues from workers diagnosed
with stage I and II lung adenocarcinomas due to occupational exposure to Cr(VI) were subjected
to immunofluorescence staining of their nuclei for examination of expressions of ACLY (red) and
DAPI (blue). (A–C) DAPI and ACLY staining for the normal adjacent tissue of the stage I tumor.
(D–F) DAPI and ACLY staining for the normal stage I tumor. (G–I) DAPI and ACLY staining for
normal adjacent tissue of the stage II tumor. (J–L) DAPI and ACLY staining for the stage II tumor.
The scale bar is 20 µm.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 6. Chromate lung tumors show increased ACLY protein expression. Formalin-fixed normal 

lung tissue from lung tumor tissues and their adjacent normal tissues from workers diagnosed with 

stage I and II lung adenocarcinomas due to occupational exposure to Cr(VI) were subjected to 

immunofluorescence staining of their nuclei for examination of expressions of ACLY (red) and DAPI 

(blue). (A–C) DAPI and ACLY staining for the normal adjacent tissue of the stage I tumor. (D–F) 

DAPI and ACLY staining for the normal stage I tumor. (G–I) DAPI and ACLY staining for normal 

adjacent tissue of the stage II tumor. (J–L) DAPI and ACLY staining for the stage II tumor. The scale 

bar is 20 µm. 

  

Figure 7. Chromate lung tumors show increased pACLY and ACC1 protein expressions. Formalin-
fixed normal lung tissue from lung tumor tissues and their adjacent normal tissues from workers
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diagnosed with stage I and II lung adenocarcinomas due to occupational exposure to Cr(VI) were
subjected to immunofluorescence staining of their nuclei for examination of expressions of p-ACLY
(red), ACC1 (green), and DAPI (blue). (A–E) DAPI, pACLY, and ACC1 staining for the normal
adjacent tissue of the stage I tumor. (F–J) DAPI, pACLY, and ACC1 staining for the stage I tumor.
(K–O) A DAPI, pACLY, and ACC1 staining for the normal adjacent tissue of the stage II tumor.
(P–T) DAPI, pACLY, and ACC1 staining for the stage II tumor. The scale bar is 20 µm.
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Figure 8. Chromate lung tumors show increased FASN protein expression. Formalin-fixed normal
lung tissue from lung tumor tissues and their adjacent normal tissues from workers diagnosed
with stage I and II lung adenocarcinomas due to occupational exposure to Cr(VI) were subjected
to immunofluorescence staining of their nuclei for examination of expressions of FASN (red) and
DAPI (blue). (A–C) DAPI and FASN staining for the normal adjacent tissue of the stage I tumor.
(D–F) DAPI and FASN staining for the stage I tumor. (G–I) DAPI and FASN staining for normal
adjacent tissue of the stage II tumor. (J–L) DAPI and FASN staining for the stage II tumor. The scale
bar is 20 µm.

3. Discussion

We report on the lipid metabolism changes in Cr(VI)-induced transformation. We
saw that key lipogenesis proteins, namely ACLY, ACC1, and FASN, were increased in
three sets of Cr(VI)-transformed lung cells. These data match the literature as they state
that cancer cells have increased lipogenesis proteins and that Cr(VI)-transformed cells and
Cr-tumors have increased ACLY expressions [5,20,22]. Previous studies have indicated that
overexpression of these lipogenesis proteins is important to the carcinogenesis mechanism
of Cr(VI). In human mammary epithelial cells, overexpression of FASN leads to neoplastic
culture in vitro, and in human skin cells, overexpression of ACC1 drives the neoplastic
transformation of these cells [43,44]. Further, overexpression of FASN in mammary ep-
ithelial cells drives neoplastic transformation and has been shown to be important to the
carcinogenesis of breast cancer [44].
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We demonstrated drug inhibition (C75) of FASN led to decreased cell growth, FASN
protein expression, palmitic acid levels, and soft agar colony formation of Cr(VI)-transformed
BEAS-2B cells. These results demonstrate that increased de novo lipogenesis is impor-
tant for Cr(VI)-transformed cells and overexpression of FASN is a key protein that en-
hances the carcinogenic properties of these cells. It was reported that C75 inhibition in
A549 cells inhibited FASN and cancer properties of these cells; our data match these
results [41]. The data in this study also match those of reports on lung cancer where
overexpression of these lipogenesis proteins is seen in lung cancer cell lines and patient
tumors [22–25,27,28,41,45,46].

In human lung cancer patients, overexpression of ACLY and FASN in tumor tissues
are observed and associated with a poor post-treatment survival rate [22–25,28]. Simi-
larly, increased lung tumor expression p-ACC (phosphorylation of ACC1/ACC2 leads to
inhibition) is linked to increased patient survival [45]. These studies demonstrated that
the increases in lipogenesis in cell culture studies is translational in lung cancer patients.
We stained tumor and adjacent normal tissue from the chromate-induced lung cancer
tumors of two chromate workers. One subject was also a smoker. We observed that the
total ACLY, pACLY, ACC1, and FASN expressions were increased in the Cr-tumor tissue
as compared to the normal adjacent tissues. Likewise, we observed that p-ACC1 was
increased in normal tissue as compared with tumor tissue (data not shown), while the
total ACC1 was increased in tumor tissue compared to normal tissue. These data are
important because they demonstrate that our cell culture results are consistent with human
Cr-induced lung cancers.

From our FASN inhibition data it is not clear if the lack of growth in the growth
curve experiments is due to cell death or cell cycle arrest; however, blocking overexpressed
FASN leads to a cytotoxic buildup of malonyl-CoA, which then results in cell death [30].
Therefore, it is likely that the inhibition of FASN in Cr(VI)-transformed cells results in
cell death by leading to the cytotoxic accumulation of malonyl-CoA. Furthermore, it has
been demonstrated that FASN is important for lung cancer cells’ tumorigenesis [41]. We
demonstrated by using shRNA knock-down of FASN that FASN is important for Cr(VI)-
transformed cell tumorigenesis based on the loss of xenograft tumor growth in nude mice.

Our data demonstrate that Cr(VI)-transformed cells have increased lipogenesis-related
proteins and increased lipogenesis (as measured with the palmitic acid levels). We did
not observe that this increase in lipogenesis is for energy usage or storage (lipid droplet
formation) but rather is involved with cell proliferation and tumor growth; further, these
changes may be involved in other lipogenesis-related changes in these cells, which can be a
research target for future studies. Additional future studies are needed to investigate the in-
teractions between up-stream factors with the change in lipogenesis in Cr(VI)-transformed
cells. Specifically, the role of AKT or EGFR in the lipogenesis changes in Cr(VI)-transformed
cells needs to be investigated given that both AKT and EGFR can regulate metabolism [20].
Further, EGFR and FASN form a positive feedback loop in cancer cells, which needs to be
investigated in Cr(VI)-transformed lung cells as it may provide more mechanistic evidence
of the role of FASN in Cr(VI)-transformed cell growth [47,48].

4. Materials and Methods
4.1. Reagents

Sodium chromate, glutamine (for Seahorse tests), oligomycin, 2-deoxyglucose, rotenone,
and antimycin A were purchased from MilliporeSigma (Burlington, MA, USA). Trypsin/EDTA,
sodium pyruvate, penicillin/streptomycin, PBS (phosphate-buffered solution), LHC me-
dias, and L-Glutamine were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Dulbecco’s minimal essential medium and Ham’s F-12 (DMEM/F-12) were pur-
chased from Mediatech (Herndon, VA, USA). Cosmic calf serum was purchased from
Hyclone (Logan, UT, USA). Tissue culture dishes, flasks, and plasticware were purchased
from Falcon Labware (Becton-Dickinson, Franklin Lakes, NJ, USA). XF base medium was
purchased from Agilent Technologies (Santa Clara, CA, USA). The 4-Methylene-2-octyl-
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5-oxotetrahydrofuran-3-carboxylic acid (C75) and Oil Red O stain were purchased from
Millipore Sigma (St. Louis, MO, USA). Formaldehyde was purchased from Ricca Chemical
(Batesville, IN, USA).

4.2. Antibodies

Primary antibodies for α-tubulin (CST3873) acetyl-CoA carboxylase 1 (CST4190),
ATP-citrate lyase (CST4332), fatty acid synthase (CST3189), phosphorylated acetyl-CoA
carboxylase 1 (CST3661), and phosphorylated ATP-citrate lyase (CST4331) were purchased
from Cell Signaling (Danvers, MA, USA). The primary antibody for sterol regulatory
binding protein 1 (BD557306) was purchased from BD Biosciences (Franklin Lakes, NJ,
USA). The primary antibody for β-actin (8A5441) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). For the Western blot test, primary antibodies were diluted at 1:1000
(except β-actin, which was diluted at 1:5000) in 1% BSA in TBST with 200 µL sodium
azide. For the immunofluorescence antibodies, primary antibodies against ACLY, ACC1 (as
known as ACCα), and FASN were purchased from Abcam (Cambridge, UK) and primary
antibodies against p-ACLY was purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and secondary antibodies for anti-rabbit and anti-mouse were purchased from Cell
Signaling (Danvers, MA, USA). Secondary antibodies were diluted in 2.5% buffer (BSA), at
1:5000 (β-actin was 1:10,000). For immunofluorescence, primary antibodies were diluted
at 1:100 in 1% BSA in TBS and secondary antibodies were diluted in TBST. Secondary
antibodies for anti-mouse and anti-rabbit and anti-mouse IgG (diluted to 1:100) were
purchased from Invitrogen (Carlsbad, CA, USA).

4.3. Cell Culture

BEAS-2B, BEP2D, and WTHBF-6 were used as model human lung cells. BEAS-2B com-
prise SV40 large T-immortalized human bronchial airway cells purchased from ATCC [49].
BEP2D cells are HPV-immortalized human bronchial epithelial cells, which were received
as a gift from Dr. Curtis Harris at NIH [50]. WTHBF-6 cells are hTERT-expressing human
lung fibroblasts and were received as a gift from the laboratory of Dr. John Pierce Wise, Sr.
at the University of Louisville, KY [7]. WTHBF-6 and Cr(VI)-transformed WTHBF-6 cell
lines were cultured in a 50:50 mix of Dulbecco’s minimal essential medium and Ham’s F12
medium plus 15% cosmic calf serum, 1% L-glutamine, and 1% penicillin/streptomycin.
Both the BEAS-2B and Cr(VI)-transformed BEAS-2B cell lines were cultured in LHC-9
media. Both the BEP2D and Cr(VI)-transformed BEP2D cell lines were cultured in LHC-8
media. All cells were screened for growth in soft agar and in nude mice to confirm the
Cr(VI)-transformed cells and passage-matched control cells; this confirmed that the passage-
matched control cells did not spontaneously transform [12]. Additionally, karyotypes were
screened by Dr. John P. Wise, Sr. at the University of Louisville, KY to authenticate the
passage-matched control cell lines. All cells were maintained in a 37 ◦C humidified incuba-
tor with 5% CO2. Cells were sub-cultured at least once a week using a 0.25% trypsin/1 mM
EDTA solution and all experiments were performed on logarithmically growing cells.

4.4. Chromium(VI)-Transformed Cells

The Cr(VI)-transformed BEAS-2B cells we used are described in a previous report [12].
Both the Cr(VI)-transformed BEP2D and WTHBF-6 cells were received as gifts from the
laboratory of Dr. John P. Wise, Sr. at the University of Louisville (Louisville, KY, USA) [4,7].

4.5. Seahorse Extracellular Flux Analysis

The Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara,
CA, USA) was used to measure fatty acid oxidation in all cells. At 24 h before the assays,
the BEAS-2B, BEP2D, and WTHBF-6 cells were seeded at densities of 4.0 × 104, 4.5 × 104,
and 3.5 × 104 cells per well in an XF96 plate, respectively. The seeding densities used
for the Cr(VI)-transformed cells were the same as their passage-matched control cells.
To measure the rate of fatty acid oxidation, the cells were incubated overnight in their
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normal cell culture media with a 0.5 mM L-carnitine supplementation in XF96 cell culture
plates. Forty-five minutes before the beginning of the oxygen consumption rate (OCR)
measurement, the cells were switched to the assay medium (DMEM with 25 mM glucose,
0.5 mM carnitine, 2 mM glutamine, and 1 mM pyruvate). Etomoxir (40 µM) was added
to one set of the cells to reveal the amount of FAO-associated OCR. The endogenous FAO
respiration was calculated by subtracting the OCR levels in ETO-treated cells receiving
BSA from those in the untreated cells receiving BSA. The exogenous FAO respiration was
calculated by subtracting the OCR levels in ETO-treated cells receiving BSA-palmitate
from those in the untreated cells receiving BSA-palmitate. All Seahorse experiments were
performed using at least three independent experiments in the Redox Metabolism Shared
Resource Facility at the University of Kentucky.

4.6. Soft Agar Assay

Soft agar colony formation assays were performed as described [12]. Briefly, 2 mL
of 0.67% agar in LHC-9 media was placed into each well of a 6-well culture plate. A
suspension (2 mL) containing 5 × 104 cells was mixed with 2 mL of 0.33% agar-LHC-9
placed on the previous bottom layer of the agar and grown for 8 weeks. After plating
(24 h later), cultures were examined microscopically to confirm the absence of large clumps
of cells. Colonies were stained with 5% 4-nitro blue tetrazolium chloride for 24 h. Three
independent experiments were performed.

4.7. Growth Curve Analysis

Cr(VI)-transformed BEAS-2B cells (B2B-CrT cells) were treated with the FASN inhibitor
C75 for 24 h in a 100 mm dish. Cells were washed with PBS once, trypsinized, and
centrifuged at 1000 rpm at 4 ◦C for 5 min, and then resuspended in media after collecting
the cell pellet. Cells were counted with the Moxi GO II (ORFLO Technologies, Ketchum,
ID). Each concentration was seeded into 3 wells of a 6-well plate at 12,500 cells (this was
considered day 0). One well per concentration was harvested and counted every two days
for up to six days. Data were then presented as percentages of the untreated control cells.
Three independent experiments were carried out.

4.8. Drug Compound Treatments

C75 was prepared in DMSO of a 10 mM concentration and treated in 10 mL of fresh
media at various concentrations as described in the results, as indicated. DMSO was used
as a vehicle treatment.

4.9. Palmitic Acid Levels

To measure palmitic acid (palmitate) levels, 1 × 106 cells were harvested. Cells were
homogenized by pipetting in 200 µL of chloroform with 1% triton-x. The samples were then
centrifuged at 16× g for 5 min at 4 ◦C and the lower (non-polar) phase was transferred to a
new tube and dried at 50 ◦C. Then, the samples were vacuum centrifuged for 30 min and
resuspended in 200 µL of sample buffer; 50 µL of sample buffer was used per well. Then,
the manufacturer’s instructions for the Free Fatty Acid Quantification Kit from BioVision
(Milpitas, CA, USA) were followed and quantification was performed at 560 nm on the
BioTek EL800 plate reader (Winooski, VT, USA). Using a standard curve and correcting
for the 1

4 dilution factor, palmitic acid levels were determined for the samples. Three
independent experiments were performed for each cell line.

4.10. Protein Preparation and Quantification

Cells were washed with cold (4 ◦C) PBS 2× and scraped with a cell scraper on ice in
cold PBS. Pellets were collected in a microcentrifuge tube and centrifuged at 5000× g at
4 ◦C for 5 min. The PBS was then aspirated. Pellets were homogenized in 60–100 µL of
RIPA buffer (containing protease inhibitors and phosphatase inhibitors). Pellets were then
incubated on ice for 10 min and then sonicated. Pellets were centrifuged at 16× g for 10 min
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at 4 ◦C. Then, a Bradford assay was performed to measure the protein concentrations.
Samples were prepared at 30 µg/15 µL in RIPA buffer with sample buffer (glycerol, 2-
mercaptoethanol, SDS, Tris-HCL buffer (pH 6.8), and bromophenol blue).

4.11. Oil Red O Staining

Cells were seeded into 6-well plates and when the cells reached 80–90% confluence
they were processed for lipid droplet formation. Briefly, the dishes were washed with PBS
three times and then fixed with 4% formaldehyde for 40 min. Cells were then incubated in
Oil Red O solution (3 parts Oil Red O to 2 parts water) for 40 min. Following staining with
Oil Red O, the dishes were washed 3 times with water and imaged on the Zeiss Observer
A1 Microscope (Carl Zeiss AG, Germany). Following imaging, the cells were dissolved
and quantified. Quantification was carried out at 490 nm on the BioTek EL800 plate reader
(Winooski, VT, USA). Three independent experiments were performed

4.12. Western Blot Analysis

Western blot analysis was carried out using standard laboratory procedures. Briefly,
the protein samples were heated at 95 ◦C for 10 min and then centrifuged at 16× g for 10 min
at 4 ◦C. Protein samples (30 µg) were then loaded into mini-prep 3–8% tris-acetate gels and
run through a tris-acetate buffer. Running time was about 90 min at −125 v. Gels were
then transferred to nitrocellulose membranes overnight, at 20 mAmps. To visualize and
confirm this transfer, the membranes were incubated in ponceau S for 5 min. Membranes
were then blocked in a 5% blocking buffer (BSA) for 1 h. Membranes were incubated
in primary antibodies for 72 h. Following primary antibody incubation, the membranes
were washed 6 times with 1x TBST buffer over 1 h. Membranes were incubated with
secondary antibodies (HRP antibodies) for 1 h in a 2.5% blocking buffer (BSA in TBST).
Following incubation with secondary antibodies, the membranes were washed 6 times with
1x TBST buffer over 1 h. Membranes were then exposed to ECL reagent for up to 5 min
and developed on the Azure c600 (Azure Biosystems, Dublin, CA, USA). We then observed
visual changes in the protein expression to determine whether increases or decreases, or no
changes, occurred.

4.13. shRNA Transfection

Lentivirus samples containing different shRNA for FASN (pGFP-C-shLenti) were
purchased from OriGene Technologies (Rockville, MD, USA), catalog no. TL313058V.
Cr(VI)-transformed BEAS-2B cells underwent transduction following the manufacturer’s
instructions. Briefly, transduction was performed in antibiotic-free media with 10 µg/mL
polybrene overnight with either the scramble sequence shRNA or FASN shRNA A, B, or C.
Then, 72 h after transduction, the cells were given a puromycin (antibiotic selection) for up
to 3 weeks and screened for a loss of FASN using Western blot.

4.14. Xenograft Studies

The Xenograft tumor studies were conducted in accordance with NIH animal use
guidelines, and the experimental protocol was approved by the Institutional Animal Care
and Use Committee of the University of Kentucky at Lexington. Male athymic nude mice
(NU/NU, 6–8 weeks old; The Jackson Laboratory, Bar Harbor, ME, USA) were housed in
a pathogen-free room in the animal facilities at the Chandler Medical Center, University
of Kentucky. Cells (~1 × 106 cells per mouse) from each cell line were re-suspended in
serum-free medium with basement membrane matrix (BD Biosciences) and subcutaneously
injected into the flanks of nude mice and allowed to grow for up to 6 months (8 injection
sites per cell line), as previously described [12]. At the end of the experiment, the mice were
sacrificed, and the tumor weight, tumor incidence, and tumor volume were determined as
described previously: volume was determined using Vernier caliper, A × B2 × 0.52, where
A is the longest diameter of the tumor and B is the shortest diameter [12].
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4.15. Patient Lung Sample Collection

Lung tumor tissue and normal-adjacent lung tissue from two chromate workers
were obtained from the Tokushima University Hospital, Tokushima, Japan [51]. Worker 1
was a male non-smoking chromate worker (age 62) who had been exposed to chromates
(Na2Cr2O7, K2Cr2O7, CrO3, and Cr2O3) in Hokkaido, Japan for 19 years. This worker
was diagnosed with stage I (T1N0M0) squamous lung carcinoma. Worker 2 was a male
non-smoking chromate worker (age 61) who had been exposed to chromates (Na2Cr2O7,
K2Cr2O7, CrO3, and Cr2O3) in Hokkaido, Japan for 38 years. This worker was diagnosed
with stage II (T2N1M0) squamous lung carcinoma.

4.16. Immunofluorescence

Formalin-fixed tissue slices from the chromate workers were incubated at 60 ◦C
overnight to dissolve the paraffin. Tissues then went through a series of xylene and ethanol
washes to remove the paraffin and rehydrate the tissue. Tissues were incubated with
an unmasking solution for 30 min at 95 ◦C then washed twice with TBS (with 0.025%
Triton-X). Tissues were then blocked with 10% horse serum, with 1% BSA, in TBS (with
68 0.025% Triton) and washed twice with TBS (with 0.025% Triton-X). Tissues were then
incubated with primary antibodies overnight at 4 ◦C. Primary antibodies were diluted
1:50 in TBS with 1% BSA. Primary antibodies were then removed, and the tissues were
washed twice with TBS (with 0.025% Triton-X) and re-probed with secondary antibodies at
room temperature for 1 h. Secondary antibodies were then removed, and the tissues were
washed three times with TBS. Slides were mounted with a cover slip and mounting solution
containing DAPI. DAPI was used as a stain for the nuclei to help visualize the locations
of cells and overlaid with the lipid-related protein staining. The DAPI staining was blue,
FASN was green (488 nm), ACC1 was green (488 nm), pACLY was red (568 nm), and ACLY
was red (568 nm). Finally, the cells were visualized and imaged using an Olympus BX53
fluorescence microscope using a 40× objective, as previously described [1].

4.17. Statistics

GraphPad Prism 10 (La Jolla, CA, USA) was used to determine statistical relevance.
The student’s t-test was used to calculate p-values to determine the statistical significance
of the differences in means. For tumor incidence, significance was determined using the
chi-squared test. A p-value of less than 0.05 was considered significant.

5. Conclusions

In conclusion, we found that Cr(VI)-transformed cells have increased lipogenesis pro-
teins and lipogenesis as compared to passage-matched control cells. This pathway change
is not unique to this lung cell type and the immortalization factor for this lung cell line does
not affect the results. Drug inhibition demonstrated that FASN overexpression is important
for Cr(VI)-transformed cell survival and cancer properties. Lastly, we saw that pACLY,
ACLY, ACC1, and FASN expressions were increased in chromate-induced human lung
tumors as compared to adjacent normal lung tissue. Increased lipogenesis and associated
enzymes may be a potential therapeutic target in Cr(VI)-induced lung carcinogenesis.
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