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Abstract

Objectives: The capacity to sense and respond to cellular
energy stress is an important factor in tumorigenesis. We
aimed to investigate the proliferation patterns of KRAS-
mutant NSCLC cell lines (A549, Calu-1, H2009) under high
(HG) and low glucose (LG) conditions w/wo DCA, which alters
metabolic  pathways and  promotes  oxidative
phosphorylation.

Methods: Cell viability was detected by MTT assay, protein
expressions were determined by Western Blot and RNA
expressions were analyzed by RT-qPCR.

Results: NSCLCs exhibited lower proliferation in HG
compared to LG conditions. The effect of DCA in reducing the
proliferation of the cells, was higher in HG compared to LG
condition. We detected lower pRB levels in LG and in DCA
treated conditions. LG conditions also showed higher p21
levels w/wo DCA while AMPK activation was more pro-
nounced in 48 h. p-JAK2 was dominant in conditions having
LG and p-Stat3 activation varied between all cells. The eIF4e
activation was induced in LG w/wo DCA in all the cells.
Despite p2l-mediated cell cycle arrest, elF4e and JAK2
signaling promoted proliferation.

Conclusions: Our results clearly showed the potential for
increased aggressiveness and the delicate balance of cellular
metabolic adjustments in response to energy stress in KRAS-
mutant NSCLC cells.
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Introduction

Lung cancer is one of the leading causes of cancer-related
deaths in both men and women in worldwide. Like other
cancer types, it is a highly heterogeneous disease. Based on
its molecular characteristics and histological properties it is
classified as non-small cell lung cancer (NSCLC) and small
cell lung cancer (SCLC). NSCLC is further subdivided to the
subtypes such as adenocarcinoma, squamous cell carcinoma
and large cell carcinoma [1]. Although the developments in
treatment and diagnosis, the prognosis of lung cancer still
remains poor, only 20 % patients survive for 5 years after the
diagnosis [2].

Both the environmental and genetic factors play sig-
nificant roles in the development of lung cancer. Despite the
very well-established role of smoking related KRAS (Kirsten
rat sarcoma viral oncogene homologue) mutations in the
development of lung cancer [3], non-smoking related cases
due to the genetic mutations in EGFR (Epidermal Growth
Factor Receptor) and ALK (Anaplastic Lymphoma Kinase)
are also recognized [4]. These mutations have a role in
proliferation and metastasis which contributes to the
tumorigenesis of the disease. KRAS, which was first detected
in lung cancer cells, is one of the most common mutated
oncogene in all cancer types [5]. KRAS belongs to RAS family
GTPase proteins and plays an important role as molecular
switch by being bound to GTP in active state or GDP in
inactive state. By this way, it regulates signal transduction
pathways such as MAPK, PI3K-AKT resulting in cell prolif-
eration, differentiation and apoptosis [6, 7].

Due to its smooth structure and lack of drug-binding
pockets, targeting mutated KRAS was long considered
impossible. However, in 2013 a switch II pocket in the KRAS
G12C isozyme was identified which enables the development
of certain inhibitors such as sotorasib and adagrasib [8].
Those are the FDA approved drugs for the treatment of KRAS
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G12C positive NSCLC. Despite the efficacy of those inhibitors,
rapid resistance mechanisms necessitate combinatory
treatment strategies.

Besides the genetic drivers, like other cancer types, lung
cancer also has metabolic reprogramming such that despite
the nutrient availability they highly rely on glycolysis, which
is known as ‘Warburg Effect’ [9]. This shift in metabolism
provides glucose availability for further tumor growth
and survival. Tumor cells prefer glycolysis over OXPHOS
(Oxidative phosphorylation) not because that they have
defects in their mitochondria, rather with glycolysis they can
generate ATP faster than OXPHOS. Another reason is, with
the upregulated glycolysis, they can obtain glycolytic in-
termediates which are needed for the synthesis of proteins,
nucleic acids and lipids [10].

There are many enzymes involved in the regulation of
glycolysis which cancer cells depend on heavily. One of these
enzymes is pyruvate dehydrogenase kinase (PDK) which in-
hibits the conversion of pyruvate into acetyl-CoA by phos-
phorylating pyruvate dehydrogenase (PDH). By this way,
pyruvate is redirected away from mitochondrial oxidative
phosphorylation to glycolysis [11]. The inhibitor of PDK,
Dichloroacetate (DCA), is a small molecule used as a thera-
peutic agent to alter this metabolic shift to restore oxidative
phosphorylation hence induce apoptosis in cancer cells [12].
Also, activation of PDH promotes the mitochondrial oxidation
of pyruvate, thereby impairing the metabolic advantage
typically held by cancer cells. Additionally, by reducing lactate
production, DCA helps counteract the acidic conditions of the
tumor microenvironment, thereby contributing to the inhi-
bition of tumor growth and spread [13, 14]. DCA counteracts
tumor growth, metastasis, and survival: the primary mecha-
nism is the shift in glucose metabolism from glycolysis to
oxidation, reversing the Warburg effect, which results in
suppressed cell proliferation and the activation of caspase-
driven apoptosis [15]. It has been observed an inverse rela-
tionship between DCA’s effectiveness cancer cell survival and
the mitochondrial respiratory capacity in oral cell carcinomas
[16]. Additionally, DCA is effective on mitochondrial function
and in slowing cancer progression depends on the cell
phenotype and stemness in a xenograft pancreatic cancer
model [17]. DCA has also been investigated in clinical trials [18,
19]. Such as in recurrent brain tumor patients, DCA was
generally well-tolerated at lower doses, with minimal toxicity,
though higher doses caused some adverse events like pe-
ripheral neuropathy [20].

In this study, we aimed to investigate the proliferation
pattern of KRAS-mutant NSCLC cell lines (A549, Calu-1 and
H2009) under high glucose (HG) and low glucose (LG) condi-
tions to understand how glucose availability affects tumor cell
growth. Furthermore, since we know the effect of DCA which
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forces the cells to shift from aerobic glycolysis to OXPHOS, we
aim to include DCA in our high and low glucose conditions to
decipher its role in altering metabolic pathways and its
potential action to suppress tumor cell proliferation.

Materials and methods
Cell line maintenance

A549, Calul and H2009 cells were maintained in high glucose
DMEM with 10 % FBS at 37°C, 5% CO, and 95 % humidity.
When the cultured cells cover 70 % of 75 cm? flasks, they
were passaged to another cell culture flasks by using trypsin.

Cell viability assay

5 x 10° A549 and H2009, 6 x 10° Calul cells were seeded in
96-well plates and treated with 30 mM DCA in HG or LG
conditions. DCA concentration was chosen based on previous
studies [21-23]. At the end of either 24, 48 and 72 h, MTT (3-
(4,5-Dimethyltiazol-2-yl)-2,5-Diphenyltetrazolium Bromide),
(Merck, 475989) assay was performed based on manufac-
turer’s instructions. Color absorbance was measured using
microplate reader (SpectraMax iD3) at a wavelength of
570 nm. Results were normalized against the mean mea-
surements from at least six replicates which were not exposed
to any treatment. Each experiment was repeated twice.

RNA isolation, cDNA synthesis and RT-qPCR

RNA was isolated from the cell pellets by using GENEALL
RNA isolation kit (Catalog number: 305-101) according to the
manufacturer’s protocol and RNAs were transcribed into
cDNA by using Roche Transcriptor High Fidelity cDNA
(Complementary DNA) Synthesis Kit (Catalog number:
5091284001). Followed by cDNA synthesis, RT-qPCR (Real
Time Polymerase Chain Reaction) was done by using SYBR
green (Biorad) with Biorad CFX Connect Real Time System.
Beta Actin was used as a reference gene. Graphs were plotted
by using log2 fold changes for each gene which were
normalized against control group.

Western blot

At the end of each indicated condition, cell pellets were ob-
tained from the cells which were seeded 2 x 10° per six well
plate. After attaching they were treated with 30 mM DCA in
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HG or LG conditions. Proteins were isolated by using these
pellets with freshly prepared RIPA buffer (NaCl, TrisHCI,
NP-40), 10 % SDS, protease inhibitor cocktail (CST, 5871S) and
phosphatase inhibitor cocktail (CST, 5870S). With BCA pro-
tein assay reagent kit (Thermo Scientific, 23227), total protein
concentrations were determined. Before loading the gel,
proteins were denatured with 4X Loading Dye (Biorad, 161-
0747) at 95 °C for 5 min. Proteins were run in 10 % SDS-PAGE
(Bio-Rad Acrylamide Kit, 161-0183) and then transferred
onto PVDF membrane (Merck, 3010040001) by semi-dry
transfer method. Later, membranes were blocked with 5 %
milk prepared with Tris-buffered saline with Tween-20
(0.2%) (TBST) for 1h at room temperature. Then, mem-
branes were incubated with the following antibodies at 4 °C
overnight at a dilution 1:1000 if not indicated otherwise. At
the end of 24 h, membranes were first washed 3 times for
10 min with TBST, and then they were incubated with sec-
ondary antibodies (1:5000) for 1h at room temperature.
Then, they were again washed 3 times for 10 min with TBST.
Indicated proteins were detected by using ECL (Biorad,
170062) and images were captured with Biorad ChemiDoc
XRS+. Beta-Actin was used as a loading control. The anti-
bodies used in this study are all from Cell Signaling Tech-
nology, Beta Actin (#4967), p-RB (#9308), p21 (#2947), p-JAK2
(#3771), JAK2 (#3230), p-STAT3 (#9145), p-AMPK (#50081),
p-eIFAE (#9741), eIF4E (#9742).

Statistics

Graphpad (Prism 8) was used to plot graphs and for statis-
tical analysis. For RT-qPCR, log2 of AACt values were plotted
and analyzed with One-Way ANOVA with multiple com-
parisons (Dunnett’s multiple comparison tests). MTT results
were plotted by using OD values and analyzed by using Two-
Way-ANOVA with multiple comparison tests (Tukey’s mul-
tiple comparison tests).

Results

DCA selectively targets cancer cells by shifting their meta-
bolism from glycolysis to oxidative phosphorylation. Firstly,
we aim to investigate how cancer cells respond when glycol-
ysis is injured with DCA, particularly in relation to changes in
glucose concentration in the microenvironment. At 30 mM,
DCA has been shown to inhibit cell proliferation and induce
metabolic shifts, specifically by promoting oxidative phos-
phorylation through the inhibition of PDK. This leads to a
reduction in glycolysis and a decrease in lactate production,
which, under normal conditions, can slow down cellular
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growth. To investigate the sensitivity of KRAS mutant NSCLC
cells to DCA under different glucose conditions, we assessed
cell viability using MTT proliferation assay at 24, 48 and 72 h.
All OD values were compared according to HG concentration
within their respective time intervals in each cell line.

As illustrated in Figure 1, while significant differences
in cell viability were observed at 24h in all experimental
conditions, the reduction in viability was particularly pro-
nounced in both LG and HG conditions following DCA
treatment at 48 and 72 h. Notably, a higher rate of prolifer-
ation was consistently observed in the LG groups at nearly
all time points across the three cell lines tested.

After observing its effect on proliferation, we investigated
the impact of DCA on the expression of genes involved in cell
cycle regulation under different glucose concentrations. To this
end, the expression levels of CCND1 and TOP2A were analyzed
in all cell lines after 24 and 48 h of treatment (Figure 2). All gene
expressions were normalized according to HG concentration
within their respective time intervals.

As shown in Figure 2, upon examining gene expression
profiles across all cell lines at 24 and 48 h, with attention to
consistency, it was observed that only the H2009 cells
exhibited a significant trend of increased CCND1 expression
in both LG and HG+DCA conditions. These discrepant results
may be attributed to sudden changes in cellular energy
levels, RNA stability, and modifications. To obtain more
definitive conclusions, we focused on the analysis of protein
expression over time in all three cell lines.

In western blot analysis of A549 and Calul cells, we
observed elevated levels of p21 under LG conditions
compared to HG both in 24 and 48 h. This was concomitant
with a reduction in p-RB protein levels. The JAK/STAT
pathway plays an important role in regulating energy
metabolism in cancer cells and is thought to be more acti-
vated in HG conditions. However, the activation can be
context-dependent and influenced by various other factors
such as the cancer cell line type and the presence of in-
flammatory cytokines or growth factors. Although these
conditions are typically associated with promotion of cell
cycle arrest, we detected increased activation of JAK2 in A549
and Calul cells in LG conditions. However, this upregulation
of JAK2 activation did not correlate with changes in p-STAT3
levels, which were downregulated in the LG condition
compared to the HG condition in A549 and Calul cells
(Figure 3). The lack of correlation between JAK activation
and STAT3 activation in cancer cells could be due to several
potential mechanisms, such as crosstalk with other signaling
pathways which reflect the complexity of cancer biology.

Although they are often considered to be separate in their
functions, there is significant crosstalk and regulation between
the AMPK and JAK/STAT pathways, especially in the context of
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Figure 1: The effects of 30 mM DCA on

proliferation rate of KRAS mutant cells under
different glucose concentrations at 24 (a), 48
| (b) and 72 (c) hours. **** p<0.0001, ***

Calu1 H2009

cellular stress and metabolic changes. Therefore, at this stage,
we investigated the activation of AMPK in these cells which is a
master regulator of cellular energy status. In A549 cells, AMPK
activation decreased at 24 h under LG conditions but increased
upon addition of DCA. At 48 h, AMPK activation was elevated in
LG and further increased in the HG+DCA condition. In Calul
cells, as expected, AMPK activity was higher at both 24 and 48 h
in the LG and LG+DCA conditions compared to their peers.

elF4E (eukaryotic translation initiation factor 4E) is a
critical factor involved in protein synthesis, particularly in
the initiation phase of translation which is also involved in
cellular stress responses. It can also be attributed as an
oncogenic marker for cancer cell lines. Also, there is a
crosstalk mechanism between AMPK and eIF4E. AMPK
activation can upregulate eIF4E expression and activation
[24]. In the A549 cell line, p-eIFAE was observed to increase at
24 h under LG+DCA conditions, while the most significant
increase in activity was seen at 48 h under LG conditions. In
the Calul cell line, an increase in p-eIFAE was only observed
at 24 h under LG conditions, and no significant differences
were observed across conditions at 48 h (Figure 3).

On the other hand, compared to A549 and Calul cells, we
observed more obvious effects in H2009 cells. Due to the
absence of RB in H2009 cells, and because of cellular energy

p<0.001, ** p<0.01, * p<0.05.

stress as seen in the two other cell lines, p21 levels were
elevated under LG conditions. p21 can function as a brake on
proliferation. However, the effect of p21 can be context
dependent and can promote cancer cell survival. Thus, we
aimed to see the effects of energy stress related changes on
this specific cell line. JAK2 activation was consistently higher
under HG conditions. However, at 24 h, a decrease in JAK2
activity was observed under HG + DCA condition compared
to HG alone. This suggests that the induced energy stress
may also affect oncogenic pathways. The STAT3 activation
was correlated with JAK2 activation, showing a decrease
under LG condition. In line with these signs of energy stress,
the most evident indicator was the increase in AMPK activity
at all time points under LG, indicating that the cells were
experiencing significant energy stress. Notably, eIF4E acti-
vation increased in parallel with AMPK activity in the LG
group (Figure 3). The observed parallel activation of AMPK
and eIF4E in response to energy stress in the LG condition
suggests a specific regulatory mechanism which can indicate
selective translation of stress-responsive proteins that are
crucial for cell survival and adaptation under metabolic
stress. This process demonstrates how energy sensing and
translation regulation interact dynamically under cellular
stress.
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Figure 2: The effects of 30 mM DCA on CCND1 (A) and TOP2A (B) expression under different glucose concentrations at 24 and 48 h in KRAS mutant cells.

** p<0.01, * p<0.05.
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Figure 3: Cellular signaling changes under 30 mM DCA and high/low glucose conditions at 24 and 48 h in A549 (A), Calu1 (B) and H2009 (C) cells.

Discussion

In NCSLC, most prevalent mutations occur in KRAS and its
incidence changes according to the lung cancer’s ethnicity,
smoking history and pathological type [25]. These mutations
generally occur at chromosome 12p12.1 and most of them are
found at codon 12. Because of this mutation, glycine is
exchanged with other amino acids (except proline) which
results in disruption of GAP binding and promotion of GTP
hydrolysis. By this way, KRAS-GTP accumulates and pro-
motes oncogenic signaling [25].

Despite the existence of debates, different types of
mutation have different prognosis among the patients
as well, such that G12D mutation has worse prognosis
compared to G12C mutation [26]. Moreover, different types
of mutations require mutation-specific treatment strate-
gies in KRAS-mutated NSCLC to get better therapeutic out-
comes. For instance, cell lines having p.G12C and p.G12CV
affect the downstream signaling pathways in a different
way such that RAS-related protein (RAL) A/B signaling in-
crease with a decrease in phosphorylated Protein Kinase B
(AKT) levels [27]. This is completely different compared to
the WT KRAS cell line and cell lines bearing other types of
KRAS mutations. In contrast to this, PI3K-AKT pathway is
highly activated in the cell lines having KRAS G12D muta-
tion [28, 29]. In the cell lines we studied, due to both the
genomic differences between them and the distinct muta-
tions in the KRAS gene, we observed different response
mechanisms across our treatments. Some exhibited more
sensitive responses, while others showed stronger re-
sponses. This variation may be attributed to alterations in
certain critical genes, such as p53, RB and energy sensing
proteins. In other words, not all cells possess the same level
of response for the environment or activation/inactivation
of the normal tumor suppressor proteins such as p53. Also,
the capacity to sense and respond to energy stress levels

varies between cells. Indeed, our study provides a
compelling example of how responses can differ even in
isogenic cells within the same cancer subtype carrying the
KRAS mutation.

While it is generally true that cancer cells thrive in HG
conditions, some cancer cells can exhibit increased prolif-
eration in LG conditions due to the activation of survival
pathways. For example, the AMPK pathway can promote
cell survival and metabolic adaptation in LG conditions just
seen in the cells we studied [30-32]. Particularly in our
study, when we treated the cells with DCA and shifted their
cellular energy metabolism towards oxidative phosphory-
lation, the increased levels of AMPK, along with a concur-
rent rise in survival proteins, serve as a clear example of
this phenomenon. Additionally, we observed a negative
correlation between p-STAT3 and p-JAK2 under the treat-
ment conditions in the A459 and Calu-1 cell lines. This may
be due to the fact that STAT3 can be activated by kinases
other than JAK2, such as SRC or RTKs, or through crosstalk
with other cellular pathways [33]. However, we did not
observe similar results in H2009 cells which again proves
different cell types have different cellular mechanisms
under stress conditions and may express other signaling
proteins, affecting the interplay between these pathways.
Also, H2009 cells are RB null, which suggests that the loss of
functional RB may lead to increased JAK2/STAT3 signaling,
contributing to tumor growth.

P21 can stop cell division by blocking the cell cycle. As a
defense against uncontrolled growth, p21 is generated in
healthy cells in response to stress or DNA damage. This
mechanism is frequently turned off by cancer cells, enabling
them to proliferate more quickly. Under stressful conditions,
such as low glucose, certain cancer cells may, nevertheless,
upregulate p21, possibly as a survival strategy or in reaction
to metabolic stress [34]. As seen in our study p21 is induced
in response to glucose deprivation and DCA treatment and
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contributed to increased cellular proliferation in KRAS
mutant cells.

Like in many cancer types, acquired resistance is one of
the most important obstacles in the treatment of NSCLS [35].
For example, targeting growth factor receptors together
with immune checkpoint inhibitors improved the results for
NSCLC patients with treatments like osimertinib having
better efficacy in EGFR-mutant cases [36, 37]. But, due to the
acquired or intrinsic resistance to these therapies present an
obstacle in their effectiveness and underline the importance
of understanding the resistance mechanisms and improve-
ment of new treatment options [38, 39].

Therefore, for many tumor types, conventional che-
motherapeutics are still used as the first-line treatment in
clinical practice. It is becoming increasingly clear that
changes in metabolism such as higher mitochondrial
function and expression of mitochondrial genes which
accompanied with higher activity of OXPHOS are some of
the main reasons for chemotherapy resistance in many
cancer types [40]. Based on this, a better understanding of
the altered cellular metabolism in drug resistance is
needed to further improve cancer therapy; as shown in our
study, aggressiveness can be changed even with glucose
condition.

In conclusion our data suggests that these cancer cells
are adapting to low glucose conditions by activating stress
response pathways such as p21 and promoting survival and
protein production such as p-JAK2 and p-eIF4E. This could
indicate that these KRAS mutant cancer cells are particularly
aggressive and have a metabolic advantage in low-nutrient
environments. Our study demonstrates that when metabolic
stress is induced on cancer cells, they activate multiple
pathways to survive, becoming even more aggressive in the
process. Therefore, in the future therapeutic approaches, we
must consider the potential for increased aggressiveness
and the delicate balance of cellular metabolic adjustments,
as this could lead to unexpected outcomes.
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