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Abstract: Hypoxia, which commonly accompanies tumor growth, depending on its strength may
cause the enhancement of tumorigenicity of cancer cells or their death. One of the proteins targeted
by hypoxia is glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and we demonstrated here that
hypoxia mimicked by treating C6 rat glioblastoma cells with cobalt chloride caused an up-regulation
of the enzyme expression, while further elevation of hypoxic stress caused the enzyme aggregation
concomitantly with cell death. Reduction or elevation of GAPDH performed with the aid of specific
shRNAs resulted in the augmentation of the tumorigenicity of C6 cells or their sensitization to
hypoxic stress. Another hypoxia-regulated protein, Hsp70 chaperone, was shown to prevent the
aggregation of oxidized GAPDH and to reduce hypoxia-mediated cell death. In order to release
the enzyme molecules from the chaperone, we employed its inhibitor, derivative of colchicine. The
compound was found to substantially increase aggregation of GAPDH and to sensitize C6 cells to
hypoxia both in vitro and in animals bearing tumors with distinct levels of the enzyme expression. In
conclusion, blocking the chaperonic activity of Hsp70 and its interaction with GAPDH may become
a promising strategy to overcome tumor resistance to multiple environmental stresses and enhance
existing therapeutic tools.

Keywords: hypoxia; glioblastoma; glyceraldehyde-3-phosphate dehydrogenase; Hsp70; anticancer
therapy; aggregates

1. Introduction

Hypoxia is a phenomenon accompanying tumor growth and appears to be an essential
factor for the progression of lung, colon, and brain cancers [1]. Hypoxia levels range from
mild to severe, depending on the availability of blood vessels in adjacent healthy tissues [2].
Importantly, mild hypoxia can stimulate the growth and development of a tumor [3], while
severe hypoxia causes serious disturbances in cellular physiology that may lead to cell
death [4].

The response of tumor cells to hypoxia is regulated by a few transcription factors,
causing significant changes in the homeostasis of cells and often leading to the adaptation of
tumor cells to stress [5]. One such activator is hypoxia inducible factor alpha (HIF1α), which
is known to trigger the transcription of genes involved in angiogenesis, erythropoiesis,
proliferation, glycolysis, and other processes essential for survival of cancer cells [6].

The Warburg effect, known to boost the efficacy of glycolysis by several hundred
times, serves as the adaptive mechanism for many tumors [7]. The crucial step of glycolysis
is the conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate, which is
catalyzed by glyceraldehyde-3-phosphate dehydrogenase (GAPDH); therefore, the amount
of the active enzyme is of great importance for the energy metabolism of cancer cells
under hypoxic conditions [8]. Hypoxia is also known to increase the number of reactive
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oxygen and nitrogen species caused by inactivation of the anti-oxidant system, leading to
reoxygenation injury that causes chemical modifications of GAPDH, particularly oxidation
and nitrosylation [9]. Such modifications lead to the inactivation of the enzyme and its
transition to the aggregation-prone state [10]. Thus, the function of GAPDH in a tumor cell
subjected to hypoxia is controversial; the enzyme is indispensable for cell survival due to
promotion of the Warburg effect, whereas oxidative stress damages GAPDH molecules,
targeting them to the nucleus and inducing apoptosis and/or converting them to an
aggregated state that also results in cell death [11,12].

Another protein with a chaperonic activity and cytoprotective function associated with
cell response to hypoxia and that plays a significant role in the protection of cancer cells is
the Hsp70 chaperone (HSPA1A). Hsp70 prevents the formation of apoptosomes, binds the
apoptosis-inducing factor AIF, and prevents apoptosis [13]. Hsp70 is a key element of the
cellular system for recognizing and degrading proteins with disturbed conformation [14,15].

Interestingly, reduction of Hsp70 synthesis in C6 rat glioblastoma cells inhibited the
chaperone’s effect on GAPDH aggregation and caused increased levels of cell death [16]. Since
the expression of Hsp70 may be initiated by hypoxia, it seems reasonable that, in stressed
cells, the chaperone functions in its conventional manner, recognizing damaged molecules of
the enzyme and limiting their aggregation [17]. Therefore, in cancer cells, Hsp70-mediated
chaperoning of GAPDH becomes a promising target for antitumor therapy. This approach
implies a decrease in the stability of GAPDH–Hsp70 complex in hypoxic conditions due to
impaired chaperoning of the enzyme attained with the aid of a special small molecule.

We previously showed that N-amino-ethylamino derivative of colchicine (AEAC)
can bind Hsp70 and interfere with its protective function in rat C6 glioma cells and B16
mouse melanoma cells [18]. However, the exact mechanism of action of AEAC remained
unclear—it was not known exactly which interaction of Hsp70 with client proteins was
disrupted by AEAC. We hypothesized that AEAC is capable of inhibiting Hsp70-mediated
chaperoning of damaged GAPDH during hypoxia. In the present work, we summarize the
data obtained in studies of GAPDH function in hypoxia-imitating conditions and report
the anti-tumor effect of AEAC, capable of dissociating GAPDH–Hsp70 interaction in cell
and animal models of C6 rat glioblastoma.

2. Results
2.1. Pro-Tumor Effects of CoCl2 in Rat Glioma Cells

We used the well-known HIF1α inducer cobalt chloride (CoCl2) to imitate hypoxia in
glioma cells [19]. To confirm the adequacy of the hypoxic model at the molecular level, we
analyzed the change in the level HIF1α expression in C6 cells after 24 h of incubation in the
presence of CoCl2 with the aid of real time polymerase chain reaction (RT-PCR). As expected,
the level of HIF1α mRNA increased 1.8-fold in the presence of 50 µM CoCl2, 6-fold in the
presence of 100 µM CoCl2, and 5-fold in the presence of 200 µM CoCl2 (Figure 1a). Since
the increase in HIF1α mRNA level was established to indicate the reduction of the oxygen
concentration in the cell, which is parallel with the elevation of the cancer cell growth rate [20],
we measured the latter value in a C6 cell population using the xCELLigence system (Figure 1b).
We found that CoCl2 at concentrations of 50 and 100 µM caused an increase in the cell index,
which indicated augmentation of cell growth. More severe hypoxia led to a reduction in the
cell index, which was most probably due to elevated levels of cell death. To estimate another
important feature of growing tumors, cell motility, we used special Cell Invasion and Migration
(CIM) plates in the xCELLigence system and analyzed the impedance of cells crawled to the
back of the inserts. We found that moderate hypoxia imitated by 50 and 100 µM CoCl2 led
to an increase in cell motility by approximately 24% and 40%, respectively, compared to that
in the control; higher doses of CoCl2 led to a substantial decrease in the cell index (Figure 1c).
The ability of cells to form colonies was also analyzed as a part of the validation of the hypoxia
model by CoCl2. The use of CoCl2 at concentrations of 50 and 100 µM increased the ability of
C6 cells to form colonies by 71% ± 17% in the presence of 50 µM CoCl2 and by 148% ± 27%
in the presence of 100 µM CoCl2 (Figure 1d,e). However, the increase in CoCl2 concentration
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up to 200 µM resulted in reduction of colony number by 80%, and at higher concentrations,
colonies were not formed at all. Complementary results were also obtained using the scratch
overgrowth test. The use of CoCl2 at a concentration of 50 µM did not cause significant changes;
100 µM CoCl2 accelerated the process of scratching, and at a concentration of 200 µM slowed
the healing of scratches (Figure 1f,g). Next, we determined the cytotoxic effect of CoCl2 after
24 h of incubation with C6 cells using the CytoTox96 kit. Concentrations of 50 and 100 µM did
not cause significant cell death, while culturing C6 cells in the presence of 200 µM CoCl2 for
24 h caused the death of 47% of the cell population (Figure 1h). These data demonstrated that
the imitation of hypoxic stress gives a realistic pattern of effects observed in the cell population
in hypoxic conditions and that moderate hypoxia leads to the activation of proliferation and
increased motility of cancer cells, exerting a life-asserting effect on the latter.

Figure 1. CoCl2 affects the proliferation, migration, and colony formation of rat glioma cells in a hypoxic
model. (a) The data of RT-PCR are presented. Histogram bars show the relative amount of mRNA
transcribed from the hif1α gene in C6 cells 6 h after addition of CoCl2; the data are normalized to the
amount of actin mRNA. (b) Cell index data were obtained using the xCELLigence device. The graph
shows the dynamics of the C6 cellular index placed in E-plates; CoCl2 was added in concentrations
of 50, 100, and 200 µM after cell attachment to the bottom; incubation time is indicated on the x-axis.
Representative data from three independent experiments are shown. (c) Data on C6 cell motility data
obtained using the xCELLigence system. The graph shows the dynamics of the cellular index measured in
the upper wells of the Cell Invasion and Migration (CIM) plates of the xCELLigence system in a medium
containing 50, 100, or 200 µM CoCl2. The lower chambers of the CIM plates were filled with CoCl2-free
medium. The recording of cell migration through the microporous membrane of the CIM plates lasted
40 h. Representative data from three independent experiments are shown. (d) C6 cell colony formation
efficacy in the presence of 50, 100, and 200 µM CoCl2. (e) The result of colony number quantification
from section (c) is presented. The histogram bars show the average normalized number of colonies based
on three independent experiments. (f,g) Wound healing assay was performed with the aid of the JuLI
Stage microscope and monitored by JuLI software. Cells were cultivated for 24 h in the presence of CoCl2
in different concentrations before the monolayer was scratched. The wound healing was detected with
microscopy (f) and quantified with the aid of JuLI software (g). (h) The results of the CytoTox96 assay.
C6 cells were incubated with CoCl2 for 24 h. Data presented as mean± standard error of mean (SEM).
Statistical significance is indicated as * p < 0.05 and ** p < 0.01.
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2.2. Hypoxia Causes Increased Synthesis and Aggregation of GAPDH

One of the proteins synthesized under the control of HIF1α in cells responding to
hypoxia should be GAPDH, which is necessary to maintain glycolysis in harmful con-
ditions; hypoxia itself may also trigger the synthesis of stress proteins, including Hsp70.
Therefore, at the next step, we studied the effect of CoCl2 on the amount of GAPDH and
Hsp70 mRNA and proteins.

Using RT-PCR we demonstrated that incubation of C6 cells in the presence of 100 µM
CoCl2 caused the elevation of gapdh gene transcription by 3.45 folds (Figure 2a). The
increase in the expression of the hsp70 gene was not so significant, since CoCl2 at a concen-
tration of 100 µM caused a 1.3-fold increase in the mRNA. We also proved the accumulation
of both proteins GAPDH and Hsp70 using Western blot analysis (Figure 2b). Treatment of
cells with 100 µM CoCl2 for 24 h led to a 2.3-fold elevation of GAPDH content and 1.7-fold
increase in Hsp70 amount (Figure 2b). Since hypoxia is accompanied by a burst of oxygen
radicals and consequently with protein denaturation, we checked whether incubation with
CoCl2 could affect GAPDH state. To estimate the number of aggregates, we employed a
filter trap assay in which cell lysate in solution containing SDS was sucked through the ac-
etate cellulose membrane in the 96-well manifold, and dots of proteins in aggregated form
were stained with anti-GAPDH antibody (Figure 2c). As expected, the number of GAPDH-
containing aggregates in cells became higher and elevated proportionally to the rising
of the CoCl2 concentration. Moreover, we found significant differences from untreated
cells, even at the lowest CoCl2 concentration of 50 µM. Thus, when simulating hypoxia
using CoCl2 on C6 cells, we observed the activation of transcription of the gapdh gene, the
accumulation of the enzyme, and the formation of GAPDH-containing aggregates.

Figure 2. CoCl2 induces GAPDH expression and aggregation in C6 cells. (a) The data of RT-PCR are
presented. Histogram bars show the relative normalized expression of gapdh and hsp70 genes in C6 cells
6 h after addition of CoCl2. Actin was used as a reference gene. (b) Immunoblotting data are presented
in the upper panel. C6 cells were treated with CoCl2 in the concentrations indicated. Cells were analyzed
24 h after addition of CoCl2. Tubulin is presented as a loading control. The data of immunoblotting
quantification are presented in the lower panel. Histogram bars show the relative intensity of GAPDH
and Hsp70 bands to intensity of tubulin bands normalized to this meaning for naïve cells. (c) C6 cells
were incubated with CoCl2 for 24 h, then lysed and subjected to dot ultrafiltration, and the membrane
was probed with anti-GAPDH antibodies (upper panel); dot intensity is presented in the lower panel. (d)
C6 cells were incubated with CoCl2 for 24 h, then lysed. The Hsp70 chaperone activity and number of
Hsp70–GAPDH complexes were measured in cell lysates with the aid of a protein–protein interaction
assay. Data presented as mean± standard error of mean (SEM). Statistical significance is indicated as
* p < 0.05 and ** p < 0.01.
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To elucidate the role of Hsp70 in protecting cells from GAPDH aggregates under
hypoxic conditions, we analyzed the chaperone activity of Hsp70 in the lysates of C6
cells treated with CoCl2 at various concentrations (Figure 2d). To measure the activity of
Hsp70, we employed a substrate-binding assay in which Hsp70 was allowed to recognize
denatured protein, carboxymethylated lactalbumin, or denatured GAPDH, as in this study.
The amount of Hsp70 bound to the substrates was analyzed with the aid of specific
antibodies [18]. We found that the increase in the concentration of CoCl2 caused an
elevation of Hsp70–GAPDH complexes in cell lysates. At the same time, the chaperone
activity of Hsp70 increased up to a concentration of 125 µM CoCl2 and then dropped down,
suggesting that an increase in hypoxia severity caused the depletion of the active Hsp70
pool due to its interaction with GAPDH.

2.3. GAPDH–Hsp70 Interaction May Be Disrupted by AEAC Compound

Hypoxia mimicked here by the treatment with CoCl2 was found to elevate GAPDH
content and probably its tumorigenic potential; the influence of the enzyme on cell home-
ostasis also extends to Hsp70, the total chaperonic capacity of which in a cell was partially
deprived by GAPDH molecules. Binding of the enzyme to Hsp70 could be a factor sup-
porting pro-tumor function of GAPDH and, more significantly, preventing the enzyme
molecules from forming cytotoxic aggregates. Therefore, a substance capable of dissociat-
ing complexes of the two polypeptides can promote hypoxia-mediated denaturation of
GAPDH and its subsequent aggregation.

To destroy the Hsp70–GAPDH complex, we used the AEAC compound, which previ-
ously demonstrated the ability to inhibit the chaperone activity of Hsp70 [18]. To assess the
effectiveness of AEAC in inhibiting the interaction of purified Hsp70 and GAPDH, we used
a protein–protein interaction assay (Figure 3a). We found that AEAC at concentrations
from 0.8 to 5 µM interfered with the interaction of Hsp70 and GAPDH. Moreover, the
use of the chemical at a maximal concentration reduced the efficiency of protein–protein
interaction by 31.2% ± 1.6%. Similar results were obtained using a C6 cell lysate as a
source of Hsp70 in a protein–protein interaction assay. The presence of AEAC decreased
the binding efficiency of the immobilized on plate surface GAPDH and Hsp70 contained
in the cell lysate. The inhibition efficiency depended on the concentration of AEAC and
reduced by 24.9% ± 1.65% when using 5 µM AEAC (Figure 3b). In order to evaluate the
effectiveness of disruption of the Hsp70–GAPDH complex, we used immunoprecipitation
(Figure 3c). Thus, culturing C6 cells in the presence of AEAC led to the dissociation of the
intracellular GAPDH–Hsp70 complex; for instance, the use of AEAC at a concentration of
5 µM caused a decrease in the number of the complexes by 78% ± 12.64% compared to
cells treated with DMSO (Figure 3d).

2.4. The Role of Hsp70-Mediated Chaperoning of GAPDH in Cells Subjected to Hypoxia

Given the efficacy of AEAC in dissociating the Hsp70–GAPDH complex, we focused
on the analysis of the compound effects on C6 cells subjected to treatment with CoCl2. In
order to prove the critical role of GAPDH in the viability of tumor cells, we developed two
cell lines on the base of parent C6 cells, C6-kiGAPDH (with enhanced GAPDH expression)
and C6-kdGAPDH (with reduced GAPDH expression) using lentivirus constructs; the
changes in GAPDH level in newly generated cells were proven with the aid of Western
blotting (Figure S1). Then, we estimated the number of GAPDH-containing aggregates
in cells expressing distinct levels of the enzyme and subjected to CoCl2; to estimate ag-
gregation capacity, we employed the filter trap assay (Figure 4a). The data obtained from
measurement of dot intensity showed that the treatment with CoCl2 induced the maximal
degree of aggregation in C6-kiGAPDH cells, while in C6-kdGAPDH, GAPDH aggregation
was almost undetectable, even after treatment with 100 µM CoCl2 (Figure 4a,b). Impor-
tantly, treatment with AEAC stimulated GAPDH aggregation, particularly in the enzyme
overexpressing cells (Figure 4c).
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Figure 3. AEAC prevents interaction between GAPDH and Hsp70. (a) The data of the protein–protein interaction assay
with pure Hsp70. GAPDH was immobilized on the bottom of a 96-well plate, then pure Hsp70 in the presence of different
AEAC concentrations was added, and the chaperone was visualized with the aid of specific antibodies. Histogram bars
show the normalized value of the GAPDH–Hsp70 interaction detected with the aid of 2H9 antibody. (b) The data of the
protein–protein interaction assay with C6 cell lysate. GAPDH was immobilized on the bottom of the plate, then the lysate
of pretreated AEAC C6 cells was added. Histogram bars show the normalized value of the GAPDH–Hsp70 interaction
detected with the aid of 2H9 antibody. (c) Hsp70 was precipitated with the aid of 2H9 antibodies from lysates of cells
treated with AEAC in concentrations as indicated in the figure. The immunoprecipitates were analyzed with the aid of
Western blotting using antibodies with Hsp70 (upper panel) and GAPDH (lower panel). (d) The data of immunoblotting
quantification. Histogram bars show the relative intensity of the GAPDH band to that of the Hsp70 band normalized to
this value for naïve cells. Data presented as mean ± standard error of mean (SEM). Statistical significance is indicated as
* p < 0.05.

Next, we analyzed the proportion of cells containing GAPDH aggregates using a
CX7 device (Figure 4d). We found that the use of 5 µM AEAC combined with moderate
hypoxia (100 µM CoCl2) caused an increase in the proportion of cells containing GAPDH
aggregates, and the share of such cells was dependent on the level of GAPDH expression
and comprised the following numbers: 17.3% ± 0.93% for C6, 22.8% ± 1.4% for C6-
kiGAPDH, and 11.7% ± 0.36% for C6-kdGAPDH (Figure 4d). Confocal photographs of
cells cultured with various concentrations of CoCl2 and AEAC are presented in Figure S2.
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Figure 4. The level of GADPH expression affects the intensity of the enzyme aggregation, viability,
and motility of cells during hypoxia. (a) C6 cells with various GAPDH levels were incubated with
different concentrations of CoCl2 and AEAC for 24 h, then lysed and subjected to ultrafiltration. The
membrane was probed with anti-GAPDH antibodies. (b,c) The data of dot intensity quantification
are presented. The result for cells incubated in the presence of 100 µM CoCl2 and different AEAC
concentrations is shown in (b); the result for cells incubated in the presence of 2 µM AEAC and
different CoCl2 concentrations is shown in (c). (d) The proportion of cells with aggregates measured
with the aid of a CX7 device is presented. (e) The results of the CytoTox96 assay. C6 cells were
incubated with 100 µM CoCl2 and AEAC (0.8, 2, or 5 µM) for 24 h. (f,g) A wound healing assay was
performed with the aid of a JuLI Stage microscope. Cells were cultivated for 24 h in the presence of
100 µM CoCl2 and AEAC (0.8, 2, or 5 µM) before the monolayer was scratched. The wound healing
was detected with microscopy (f) and quantified by JuLI software (g).
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To substantiate the physiological significance of GAPDH aggregation in rat glioma
cells, we used the CytoTox96 assay based on lactate dehydrogenase activity determination
in cell medium. C6 cells with different GAPDH content were subjected to treatment with
100 µM CoCl2 (moderate hypoxia) in the presence of AEAC (Figure 4e). First, we showed
that the use of AEAC caused elevation of cell death levels in conditions of hypoxia. In
addition, we demonstrated that, in hypoxic conditions, the cells with the highest level
of GAPDH expression were more sensitive to the action of AEAC, while cells with the
lowest level of GAPDH expression showed the highest survival rate. Thus, after cultivation
in the presence of 5 µM AEAC, the percentage of dead cells was 39.56% ± 4.29 for C6,
97.9%± 5.22% for C6-kiGAPDH, and 20.55%± 5.29% for C6-kdGAPDH (Figure 4e). Finally,
we evaluated the growth dynamics of cells with different levels of GAPDH expression in
the presence of CoCl2 (100 µM) and AEAC using a scratch overgrowth test (Figure 4f,g).
The results of this experiment for 50 and 200 µM CoCl2 are presented in Figure S3. The
cells overexpressing GAPDH endured hypoxia worse, and the effect of the use of AEAC
in these cells was much more pronounced. The most interesting data were obtained in
an experiment where the AEAC concentration was 2 µM. We showed that the effect of
hypoxia and drug was strongly dependent on GAPDH content, so the scratch was most
rapidly overgrown in a cell culture with a low GAPDH content (63.75% ± 2.88%), and
most slowly in the culture with a high GAPDH content (18.24% ± 5.27%); in the control,
for comparison, this parameter was 38.68% ± 3.06% (Figure 4f,g).

Such results clearly demonstrate that participation of GAPDH in aggregation processes
can serve as a regulator of the viability of glioma cells under hypoxic conditions. It is
important that the inhibition of Hsp70 chaperoning of GAPDH with the aid of AEAC
reduced the resistance of glioma cells to moderate and severe hypoxia.

2.5. The Effect of GAPDH on the Glioma Tumor Progression in Animal Model

The physiological relevance of GAPDH content in glioma cells and the disruption
of its chaperoning during hypoxia was studied in an in vivo glioblastoma model. We
introduced C6 cells with different levels of GAPDH expression to the striatum area of rat
brain. To verify hypoxic conditions in growth tumors, we analyzed the amount of HIF1α
and GAPDH mRNA in glioma cells 21 days after their injection. We showed that the level
of HIF1α mRNA in growing tumors was increased as compared to C6 cells cultivated in
a flask (Figure S4a), which indicated the cell response to hypoxia. GAPDH mRNA levels
were also increased in tumor cells compared to those in C6 cells cultured in flask, so in C6
cells in the tumor, the level of GAPDH was increased 3-fold; in C6-kiGAPDH cells, 4.6-fold;
and in C6-kdGAPDH cells it did not alter significantly from the level of GAPDH expression
in cultured C6 cells but was 2-fold less than that in C6 cells of the tumor (Figure 5a and
Figure S4b). Next, we analyzed the number of GAPDH-containing aggregates in tumors
at 21 days after injection of C6 cells with different levels of GAPDH expression during
therapy with AEAC (Figure 5b,c). We found that the number of GAPDH aggregates was
greater in tumors formed by cells with elevated GAPDH compared to that in tumors with
normal GAPDH level. The level of GAPDH aggregation in cells with reduced and normal
GAPDH expression did not differ. Therapy with 2 mg/kg AEAC significantly increased
the number of GAPDH-containing aggregates in tumors formed by cells with normal and
increased levels of GAPDH expression. Finally, we estimated the life expectancy of animals
with tumors formed by cells with distinct GAPDH content (Figure 5d). First, we found that
the lifespan of animals with tumors formed by cells overexpressing GAPDH was longer
than the lifespan of animals with tumors formed by cells with a normal GAPDH level:
34.4 days and 29.3 days, respectively.
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Figure 5. The level of GADPH expression in glioma tumors affects the enzyme aggregation and
the lifespan of experimental rats. (a) The data of RT-PCR are presented. Histogram bars show
the relative amount of mRNA transcribed from the gapdh gene in C6 cells cultivated in flasks and
injected in rat brain normalized to the amount of actin mRNA. (b) Tumors formed in rats (treated or
non-treated) from C6 cells with different GAPDH level were lysed and subjected to dot ultrafiltration.
The resulting membrane was probed with antibody against GAPDH. Each dot illustrates the result
for one rat’s tumor. (c) The average calculated dot intensity is presented. (d) The histogram bars
illustrate the lifespan of rats after C6 cell injection. Data presented as mean ± standard error of mean
(SEM). Statistical significance is indicated as * p < 0.05.

Secondly, we demonstrated that AEAC increased the life expectancy of animals with
tumors formed by C6 cells (by 19.5%) and C6-kiGAPDH (by 11.6%) and did not affect the
life expectancy of animals with tumors formed by C6-kdGAPDH cells (Figure 5d). These
data indicate that under conditions of hypoxia due to a lack of oxygen, GAPDH is inclined
to form cytotoxic aggregates that inhibit further tumor growth, and the AEAC compound,
by disrupting the Hsp70-mediated chaperoning of GAPDH, controls this process.

3. Discussion

One of the key regulators of cell response to hypoxia is HIF1α, the activation of
which leads to an increase in VEGF expression and through the VEGF-2 receptor to the
enhancement of cancer cell growth and migration [21]. We managed to select CoCl2
concentrations at which these obvious manifestations of hypoxia in rat C6 glioma cells
were observed and found that the incubation of C6 cells with 100 µM CoCl2 caused an
increase of GAPDH expression and an almost 2.2-fold elevation of the enzyme content. It
is known that overexpression of GAPDH usually leads to increased enzyme aggregation
and to the reduced viability of cancer cells in the models of rotenone- [22] and nitric oxide-
induced [23] cell death. Oxidative stress occurring apparently as a result of mitochondria
dysfunction and usually accompanying hypoxia may also cause the oxidation of the
enzyme and formation of its cytotoxic aggregates as was earlier found in quite similar
experiments [24]. The relevance of GAPDH content for cell viability in hypoxic conditions
was convincingly proved in experiments where we analyzed the response of C6 cells
expressing distinct levels of the enzyme to CoCl2. Most remarkable was the fact that
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knockdown of GADPH resulted in minimal cell death, even at the highest concentration of
CoCl2; vice versa, cells with up-regulated GAPDH levels were maximally susceptible to
hypoxia imitation (Figure 4e). Importantly, these indications of GAPDH relevance for a
tumor cell fate were obtained both in cell and animal models.

Thus, two consequences of hypoxia are likely to be deleterious for a cancer cell experi-
encing hypoxia, reduced efficiency of GAPDH in glycolysis and the Warburg effect [11,25]
and its aggregation due to increased expression of the enzyme and its denaturation [16].

Proteotoxic insults are usually managed by molecular chaperones, typically Hsp70,
which was earlier demonstrated to bind GAPDH and reduce its aggregation capacity. In
this study, we showed that, at a certain degree of hypoxic stress, the cells synthesize faintly
increased amounts of Hsp70, and most importantly, exhibited elevated total chaperonic
capacity as proved by the data of a special immune-enzyme assay (Figure 2d). Of note, the
elevation of the CoCl2 level to 125 mM led to further growth of the number of GAPDH–
Hsp70 complexes corroborated with the reduction of chaperone activity. We suggest that
the elevated number of GAPDH aggregates occurring at a CoCl2 concentration above
100 µM caused the excessive occupancy of the chaperone, or in other words, the reduction
of its activity. Thus, an important result of our study is a demonstration of the effect
of GAPDH level on cell viability under hypoxic conditions. In both in vitro and in vivo
models, we showed that increased GAPDH levels reduce the resistance of tumor cells to
hypoxia.

Hsp70 has plenty of resources to support cell viability; the chaperone can interfere
with major pathways of apoptosis, affect particular proteolytic mechanisms to make them
more efficient, and inhibit the activity of major transcription factors, such as NF-kappaB
and many others [26,27]. Earlier processing of caspase 3 and 7 was found to be inhibited
due to their trapping by the chaperone [28]. In this study, we found that Hsp70 may support
a pool of GAPDH molecules in a latent form very similarly to that demonstrated for Hsp90
and its multiple client proteins [29]. Hypothetically, GAPDH (just by its quantitative
supremacy) can substitute numerous targets of Hsp70, including those participating in
apoptosis signaling.

Complexes between Hsp70 and other potential client proteins can be dissociated by
the specific chaperone inhibitors; during last two decades, few of such compounds have
been offered, including VER-155008 [30], JG-98 [31], MKT-077 [32], iCit-2 [33], and others.
In this study, the colchicine derivative AEAC demonstrated high capacity for dissociation of
the oxidized GAPDH from the Hsp70 chaperone, and the dissociation occurred irrespective
of whether the initial complex was formed ex vivo or in vitro (Figure 3).

It is of importance that the AEAC-mediated release of GAPDH from its complex with
Hsp70 and its anti-tumor action depended on GAPDH level. A high level of GAPDH
correlated with the increased efficiency of AEAC in stimulation of GAPDH aggregation and
prolonged survival of rats with tumors; vice versa, we did not detect significant effects of
AEAC on tumor cells with low GAPDH level and the lifespan of animals that were injected
with C6-kdGAPDH cells. We believe that the application of AEAC in glioma therapy may
be effective due to its dual cytotoxic action: (1) disruption of GAPDH chaperoning, as
indicated above, and (2) blocking of the antiapoptotic activity of Hsp70, as we showed
earlier [18].

4. Materials and Methods
4.1. Cells and Chemicals

Rat glioma C6 cells and human embryonic kidney HEK-293T cells were obtained from
the Russian Cell Culture Collection at the Institute of Cytology of the Russian Academy
of Sciences (St. Petersburg, Russia). C6 cells were grown in Dulbecco’s modified Eagle’s
medium/F12 medium supplemented with 10% fetal bovine serum (GE Healthcare, Chicago,
IL, USA), 2 mM L-glutamine, and antibiotics (100 U/mL penicillin G and 0.1 mg/mL
streptomycin). HEK-293T cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (GE Healthcare, Chicago, IL, USA), 2 mM L-glutamine,
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and the same antibiotics. Cells were grown in a CO2 incubator with 5% CO2 and 90%
humidity at 37 ◦C. To imitate hypoxic conditions in C6 cells, we used cobalt chloride (CoCl2,
Sigma-Aldrich, St. Louis, MO, USA) in concentrations from 50 to 200 µM.

To vary the GAPDH level in C6 cells, plasmids bearing the entire gapdh gene, pLOC-
GAPDH (GAPDH knock-in, C6-kiGAPDH), and clone TRCN0000041460, shRNA to GAPDH
(GAPDH knock-down, C6-kdGAPDH), mature antisense: CTGAGTATGTCGTGGAGTCTA
were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Packaging (∆8.91)
and envelope (pCMV-VSV-G) plasmids were purchased from Invitrogen (Carlsbad, CA,
USA). The HEK-293T host cells were transfected using polyethyleneimine (Sigma-Aldrich,
St. Louis, MO, USA) mixed with all three plasmids.

(S)-N-(10-((2-aminoethyl)amino)-1,2,3-trimethoxy-9-oxo-5,6,7,9-tetrahydrobenzo [a]hep
talen-7-yl acetamide (AEAC) was obtained from InterBioScreen, Chernogolovka, Russia.

4.2. Proliferation and Migration Assays

The xCELLigence system (ACEA Biosciences, San Diego, CA, USA) provides non-
invasive and label-free monitoring of cell viability, growth, and migration in real-time
based on measurement of the electrical impedance of cells adhered to an electrode on the
well bottom. Elevated impedance indicates that an increased number of cells adhered to
the bottom at that moment compared to the previous time point. C6 cells were placed
in 16-well E-plates (4.0 × 104 cells/mL; ACEA Biosciences, San Diego, CA, USA). After
12 h, C6 cells were cultivated with CoCl2 in the presence of AEAC. Cell proliferation was
then monitored for 48 h using the RTCA xCELLigence System. To estimate the migration
capacity, we employed CIM plates according to the instructions of the manufacturer. Data
analysis was performed using RTCA Analysis Software (RTCA Software Pro, xCELLigence
Instruments, ACEA, San Diego, CA, USA).

4.3. Colony Formation Assay

C6 cells were treated with CoCl2 in concentrations of 50, 100, and 200 µM for 24 h;
washed; plated in six-well plates at a concentration of 100 cells/mL; and incubated for
9 days in 5% CO2 at 37 ◦C. Then, cells were fixed with 10% formaldehyde, stained with
0.01% crystal violet and dried. Plates were scanned with the aid of the ChemiDoc system
(Bio-Rad, Hercules, CA, USA).

4.4. Wound Healing Assay

C6, C6-kiGAPDH, and C6-kdGAPDH cells were incubated in growth medium for
24 h. The C6 monolayer was wounded by scratching with a 5 mL pipette tip. After this,
cells were incubated with CoCl2 in concentrations of 50, 100, and 200 µM and AEAC in
concentrations of 0.8, 2, and 5 µM. Wound healing was monitored for 18 h with the aid
of the JuLI Stage microscope (NanoEnTek, Seoul, Korea) and monitored by JuLI software
V2.0.

4.5. RNA Isolation and Real-Time PCR

RNA was isolated using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) and
reverse transcribed using the MMLV RT kit (Evrogen JSC, Moscow, Russia) according to
manufacturer’s instructions. All RT-PCR reactions were performed with a CFX96 Real-Time
PCR detection system (Bio-Rad, Hercules, CA, USA) using qPCRmix-HS SYBR (Evrogen
JSC, Moscow Russia) according to the manufacturer’s protocol. Amplicon authenticity was
confirmed by melt curve analysis. The sequence of primers was as follows for GAPDH: (for-
ward) 5′-ATGATTCTACCCACGGCAAG-3′, (reverse) 5′-CTGGAAGATGGTGATGGGTT-
3′; for HIF1α: (forward) 5′-GGTGGATATGTCTGGGTTGAG-3′, (reverse) 5′-TTCAACTGGT
TTGAGGACAGA-3′; Hsp70: (forward) 5′-CTCGAGTCCTATGCCTTCAACA-3′, (reverse)
5′-CACTTGTCCAGCACCTTCTTCT-3′; actin: (forward) 5′-TATGTTGCCCTAGACTTCGA
GC-3′, (reverse) 5′-CGATAGTGATGACCTGACCGTC-3′. Beta-actin was used as the nor-
malization control. All primers were obtained from Evrogen JSC (Moscow, Russia). The
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parameters of the polymerase chain reaction (PCR) were 5 min of pre-denaturation at
95 ◦C, followed by 40 cycles of 30 s at 95 ◦C, 30 s at 65 ◦C, and 30 s at 70 ◦C. The data were
analyzed for fold change (∆∆Ct) using Bio-Rad CFX software (version 3.1).

4.6. Analysis of Aggregates

Determination of GAPDH-containing aggregates was carried out using 2 tests: filter
trap assay and quantification of aggregate amount with the aid of CellInsight CX7 High-
Content Screening Platform (Thermo Fisher Scientific, Waltham, MA, USA).

For the filter trap assay, C6, C6-kiGAPDH, C6-kdGAPDH cells were incubated with
CoCl2 in concentrations of 50, 100, and 200 µM and AEAC in concentrations of 0.8, 2, and
5 µM for 48 h. Cell lysates were filtered through a 0.22 mm cellulose acetate membrane
using a 96-well TransBlot manifold (Bio-Rad, Hercules, CA, USA) in buffer containing
10 mM Tris HCl pH 8.0, 150 mM NaCl, and 2% sodium dodecyl sulphate (SDS). After
filtration was completed, the cellulose acetate membrane was incubated in PBS containing
5% fat-free milk and probed with the 6C5 antibody against GAPDH (Abcam, Cambridge
UK). Quantification of dot intensity was obtained with TotalLabQuant CLIQS V1 software.

For aggregate quantification, C6, C6-kiGAPDH, and C6-kdGAPDH cells were cultured
in the same conditions as the filter trap assay in 96-well plates for 48 h. Then, cells
were fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), incubated
with 6C5 antibodies, and subsequently tagged with Alexa-fluor 488 conjugated goat anti-
mouse antibodies (Abcam, Cambridge, UK). For cell nucleus visualization, we used 4′,6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Thermo Fisher Scientific, Waltham,
MA, USA). The aggregate quantification was carried out with the aid of the CX7 device
with preset software.

4.7. Protein–Protein Interaction Assay

All procedures were performed at 37 ◦C, unless otherwise indicated. Oxidized
GAPDH (3 mM H2O2 for 30 min) from rabbit muscle was diluted to a concentration
of 5 mg/mL in PBS and immobilized for 1 h on a F96 MicroWell plate (Thermo Fisher
Scientific, Waltham, MA, USA). The plate was washed with PBS, and non-specific binding
was blocked with 5 mg/mL bovine serum albumin solution in PBS. Then, the immobi-
lized GAPDH was allowed to react with purified Hsp70 or cellular extracts containing
Hsp70 in the presence of AEAC in concentrations of 0.8, 2, and 5 µM for 2 h in a solu-
tion containing 25 mM Tris HCl pH 7.5, 20 mM NaCl, and 10 mM MgCl2. The amount
of Hsp70 bound to the immobilized oxidized GAPDH was measured using 2H9 anti-
Hsp70 monoclonal antibody [34], followed by anti-mouse IgG conjugated with perox-
idase (Jackson ImmunoResearch, Cambridge, UK). Visualization was performed using
the tetramethylbenzidine-containing reagent SUBS TMB (XEMA, St. Petersburg, Russia)
according to manufacturer’s protocol. The colored staining was measured using a Charity
Fluorofot reader (Probanauchpribor, St. Petersburg, Russia).

The effects of CoCl2 substrate-binding Hsp70 activity were explored, as described
by [35]. Briefly, carboxymethylated lactalbumin (CMLA) 10 µg/mL in phosphate-buffered
saline (PBS) was applied to the surface of a 96-well microplate. Non-specific binding was
then eliminated by applying 5 mg/mL bovine serum albumin in PBS. The extracts were
obtained from C6 cells that were incubated with CoCl2. The lysate of C6 cells in buffer
containing 25 mM Tris HCl pH 7.5, 20 mM NaCl, and 10 mM MgCl2 were applied to wells.
Next, 2H9 antibody was added, followed by anti-mouse IgG conjugated with peroxidase.
Visualization was performed as described previously.

Determination of the number of GAPDH–Hsp70 complexes in cell lysates was also
performed using a protein–protein interaction assay. For this purpose, rat polyclonal
antibodies against GAPDH (obtained in our laboratory) at a concentration of 2 µg/mL
were immobilized on the bottom of a 96-well plate. After blocking of non-specific binding,
lysates of C6 cells pretreated with CoCl2 (as described above) were incubated in wells for
2 h at 37 ◦C. To determine the number of bound complexes, 2H9 antibodies followed by
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anti-mouse IgG conjugated with peroxidase were added to the wells. Visualization was
performed as described previously.

4.8. Immunoprecipitation

C6 cells were incubated with 100 µM CoCl2 in the presence of AEAC in concentrations
of 0.8, 2, and 5 µM for 24 h and lysed in a buffer containing 20 mM HEPES (pH 7.5),
100 mM NaCl, 1.5 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, and 0.025% NP-40. After,
lysate containing 0.5 mg total protein was incubated for 18 h with anti-Hsp70 antibody
bound to Protein G-Sepharose (Sigma-Aldrich, St. Louis, MO, USA). The beads were
washed in the above buffer with 0.05% Tween 20 and boiled in SDS-containing sample
buffer and subjected to electrophoresis and Western blotting with the use of anti-GAPDH
and anti-Hsp70 antibodies. The quantification of the interaction between GAPDH and
Hsp70 was carried out as follows. Using TotalLabQuant software, we obtained the band
intensity value in conventional units, then normalized the values for the Hsp70 bands to
the appropriate value for naïve cells. Then a similar procedure was carried out for the
GAPDH bands. Finally, the normalized value of the intensity of the GAPDH bands was
divided by the normalized value of the intensity of the Hsp70 bands.

4.9. Animals

Male Wistar rats were purchased from an animal nursery (Rappolovo, St. Peters-
burg, Russia). Rats were anesthetized with 10 mg Zoletyl-100 (tiletamine hydrochloride
and zolazepam, Carros CEDEX, France) and 0.2 mL 2% Rometar (xylazinum hydrochlo-
ride, Bioveta, Ivanovice na Hané, Czech Republic) injected intraperitoneally before being
mounted in a stereotactic frame (SR-5R, Narishige Scientific Instrument Laboratory, Tokyo,
Japan). C6, C6-kiGAPDH or C6-kdGAPDH cells were injected in the area of the striatum
with the following coordinates: AP = 1; L = 2.5; DV = 5. Beginning on day seven after
tumor cell inoculation, the groups were treated in different ways—group one was treated
with DMSO (Control) and group two (AEAC) was treated with 2 mg/kg AEAC. AEAC
was administered intraperitoneally, and treatment lasted 27 days (one application every
two days). Each group contained 10 animals. Twenty days after tumor inoculation, 3 rats
from each group were decapitated, and tumor tissues were analyzed with RT-PCR and the
filter trap assay. For the remaining 7 animals, lifespan was recorded from the moment of
tumor cell introduction.

All animal experiments were carried out in accordance with the guidelines for the
welfare of animals of the Institute of Cytology, Russian Academy of Sciences No. F18-00380
(approved on 12 October 2017).

4.10. Statistics

All data were expressed as the mean ± standard error of the mean (SEM). Statistics
were compared using the Mann–Whitney non-parametric test with the aid of GraphPad
Prism 8 software. All experiments, excluding animal studies, were repeated at least three
times. Statistical significance was determined by a value of p < 0.05.

5. Conclusions

In hypoxic conditions, a disruption of the Hsp70-mediated GAPDH chaperoning led
to subsequent denaturation and aggregation of the enzyme that may cause the death of
tumor cells. One of the ways to disrupt chaperoning of GAPDH may be the application of
the Hsp70 binder, AEAC. We believe that this approach can be effective in the treatment of
solid tumors experiencing hypoxia and at the same time containing high levels of GAPDH.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/4/1520/s1, Figure S1: Verification of GAPDH expression level in C6-kiGAPDH and C6-
kdGAPDH cell sublines; Figure S2: Fluorescent confocal images of C6 cells with different GAPDH
level cultured with various concentrations of CoCl2 and AEAC; Figure S3: Analysis of the prolifera-
tion of C6 cells with different levels of GAPDH expression in the presence of AEAC under hypoxic
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conditions; Figure S4: Analysis of the expression of hif1α and gapdh genes in C6 cells with different
GAPDH level in a flask and in rat brain.

Author Contributions: Data curation, V.F.L.; Funding acquisition, I.V.G. and V.F.L.; Investigation,
M.A.M., E.A.D. and V.F.L.; Resources, V.G.K.; Supervision, B.A.M.; Writing—original draft, V.F.L.;
Writing—review and editing, B.A.M. and I.V.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Russian Foundation for Basic Research, project #20-315-70049
(V.F.L., M.A.M., E.A.D.) and by Russian Science Foundation, project #19-74-20161 (I.V.G., B.A.M.).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Ethics Committee of the Institute of
Cytology, Russian Academy of Sciences (No. F18-00380 TE, approved on October 12, 2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not aplicable.

Acknowledgments: We thank D.A. Meshalkina for construction of lentiviral vectors, E. Chernyaeva
(Dia-M, Russia), V. Druzhikhina (Thermo Fisher Scientific, USA), A. Vitovtov (Thermo Fisher Scien-
tific, USA) for providing access to the CX7 device, and T.V. Vonts for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Papale, M.; Buccarelli, M.; Mollinari, C.; Russo, M.A.; Pallini, R.; Ricci-Vitiani, L.; Tafani, M. Hypoxia, inflammation and necrosis

as determinants of glioblastoma cancer stem cells progression. Int. J. Mol. Sci. 2020, 21, 2660. [CrossRef] [PubMed]
2. Zaidi, M.; Fu, F.; Cojocari, D.; McKee, T.D.; Wouters, B.G. Quantitative Visualization of Hypoxia and Proliferation Gradients

Within Histological Tissue Sections. Front. Bioeng. Biotechnol. 2019, 7. [CrossRef] [PubMed]
3. Azimi, I.; Petersen, R.M.; Thompson, E.W.; Roberts-Thomson, S.J.; Monteith, G.R. Hypoxia-Induced reactive oxygen species

mediate N-cadherin and SERPINE1 expression, EGFR signalling and motility in MDA-MB-468 breast cancer cells. Sci. Rep. 2017,
7, 15140. [CrossRef] [PubMed]

4. Mehrabi, M.; Amini, F.; Mehrabi, S. Active role of the necrotic zone in desensitization of hypoxic macrophages and regulation of
CSC-fate: A hypothesis. Front. Oncol. 2018, 8, 235. [CrossRef]

5. Yang, L.; Lin, C.; Wang, L.; Guo, H.; Wang, X. Hypoxia and hypoxia-inducible factors in glioblastoma multiforme progression
and therapeutic implications. Exp. Cell Res. 2012, 318, 2417–2426. [CrossRef]

6. Mazurek, M.; Grochowski, C.; Litak, J.; Osuchowska, I.; Maciejewski, R.; Kamieniak, P. Recent trends of microRNA significance in
pediatric population glioblastoma and current knowledge of micro RNA function in glioblastoma multiforme. Int. J. Mol. Sci.
2020, 21, 3046. [CrossRef]

7. Kathagen, A.; Schulte, A.; Balcke, G.; Phillips, H.S.; Martens, T.; Matschke, J.; Günther, H.S.; Soriano, R.; Modrusan, Z.; Sandmann,
T.; et al. Hypoxia and oxygenation induce a metabolic switch between pentose phosphate pathway and glycolysis in glioma
stem-like cells. Acta Neuropathol. 2013, 126, 763–780. [CrossRef]

8. Liberti, M.V.; Allen, A.E.; Ramesh, V.; Dai, Z.; Singleton, K.R.; Guo, Z.; Liu, J.O.; Wood, K.C.; Locasale, J.W. Evolved resistance
to partial GAPDH inhibition results in loss of the Warburg effect and in a different state of glycolysis. J. Biol. Chem. 2020, 295,
111–124. [CrossRef] [PubMed]

9. Hara, M.R.; Agrawal, N.; Kim, S.F.; Cascio, M.B.; Fujimuro, M.; Ozeki, Y.; Takahashi, M.; Cheah, J.H.; Tankou, S.K.; Hester, L.D.;
et al. S-Nitrosylated GAPDH initiates apoptotic cell death by nuclear translocation following Siah1 binding. Nat. Cell Biol. 2005,
7, 665–674. [CrossRef]

10. Samson, A.L.; Knaupp, A.S.; Kass, I.; Kleifeld, O.; Marijanovic, E.M.; Hughes, V.A.; Lupton, C.J.; Buckle, A.M.; Bottomley, S.P.;
Medcalf, R.L. Oxidation of an exposed methionine instigates the aggregation of glyceraldehyde-3-phosphate dehydrogenase. J.
Biol. Chem. 2014, 289, 26922–26936. [CrossRef]

11. Nakajima, H.; Amano, W.; Kubo, T.; Fukuhara, A.; Ihara, H.; Azuma, Y.-T.; Tajima, H.; Inui, T.; Sawa, A.; Takeuchi, T.
Glyceraldehyde-3-phosphate Dehydrogenase Aggregate Formation Participates in Oxidative Stress-induced Cell Death. J.
Biol. Chem. 2009, 284, 34331–34341. [CrossRef] [PubMed]

12. Nakajima, H.; Amano, W.; Fukuhara, A.; Kubo, T.; Misaki, S.; Azuma, Y.T.; Inui, T.; Takeuchi, T. An aggregate-prone mutant of
human glyceraldehyde-3-phosphate dehydrogenase augments oxidative stress-induced cell death in SH-SY5Y cells. Biochem.
Biophys. Res. Commun. 2009, 390, 1066–1071. [CrossRef] [PubMed]

13. Kroemer, G. Heat Shock Protein 70 Neutralizes Apoptosis-Inducing Factor. Sci. World J. 2001, 1, 590. [CrossRef]

http://doi.org/10.3390/ijms21082660
http://www.ncbi.nlm.nih.gov/pubmed/32290386
http://doi.org/10.3389/fbioe.2019.00397
http://www.ncbi.nlm.nih.gov/pubmed/31867322
http://doi.org/10.1038/s41598-017-15474-7
http://www.ncbi.nlm.nih.gov/pubmed/29123322
http://doi.org/10.3389/fonc.2018.00235
http://doi.org/10.1016/j.yexcr.2012.07.017
http://doi.org/10.3390/ijms21093046
http://doi.org/10.1007/s00401-013-1173-y
http://doi.org/10.1074/jbc.RA119.010903
http://www.ncbi.nlm.nih.gov/pubmed/31748414
http://doi.org/10.1038/ncb1268
http://doi.org/10.1074/jbc.M114.570275
http://doi.org/10.1074/jbc.M109.027698
http://www.ncbi.nlm.nih.gov/pubmed/19837666
http://doi.org/10.1016/j.bbrc.2009.10.118
http://www.ncbi.nlm.nih.gov/pubmed/19874799
http://doi.org/10.1100/tsw.2001.322


Int. J. Mol. Sci. 2021, 22, 1520 15 of 15

14. Chaudhury, S.; Keegan, B.M.; Blagg, B.S.J. The role and therapeutic potential of Hsp90, Hsp70, and smaller heat shock proteins in
peripheral and central neuropathies. Med. Res. Rev. 2020. [CrossRef]

15. Yun, C.W.; Kim, H.J.; Lim, J.H.; Lee, S.H. Heat Shock Proteins: Agents of Cancer Development and Therapeutic Targets in
Anti-Cancer Therapy. Cells 2019, 9, 60. [CrossRef]

16. Lazarev, V.F.; Nikotina, A.D.; Mikhaylova, E.R.; Nudler, E.; Polonik, S.G.; Guzhova, I.V.; Margulis, B.A. Hsp70 chaperone rescues
C6 rat glioblastoma cells from oxidative stress by sequestration of aggregating GAPDH. Biochem. Biophys. Res. Commun. 2016,
470, 766–771. [CrossRef]

17. Chatterjee, S.; Burns, T.F. Targeting heat shock proteins in cancer: A promising therapeutic approach. Int. J. Mol. Sci. 2017, 18,
1978. [CrossRef]

18. Lazarev, V.F.; Sverchinsky, D.V.; Mikhaylova, E.R.; Semenyuk, P.I.; Komarova, E.Y.; Niskanen, S.A.; Nikotina, A.D.; Burakov, A.V.;
Kartsev, V.G.; Guzhova, I.V.; et al. Sensitizing tumor cells to conventional drugs: HSP70 chaperone inhibitors, their selection and
application in cancer models. Cell Death Dis. 2018, 9, 41. [CrossRef] [PubMed]

19. Yang, Y.T.; Ju, T.C.; Yang, D.I. Induction of hypoxia inducible factor-1 attenuates metabolic insults induced by 3-nitropropionic
acid in rat C6 glioma cells. J. Neurochem. 2005, 93, 513–525. [CrossRef]

20. Gang, W.; Wang, J.J.; Fu, X.L.; Rui, G.; Tony To, S.S. Advances in the targeting of HIF-1α and future therapeutic strategies for
glioblastoma multiforme (Review). Oncol. Rep. 2017, 37, 657–670.

21. Womeldorff, M.; Gillespie, D.; Jensen, R.L. Hypoxia-Inducible factor-1 and associated upstream and downstream proteins in the
pathophysiology and management of glioblastoma. Neurosurg. Focus 2014, 37. [CrossRef]

22. Huang, J.; Xiong, N.; Chen, C.; Xiong, J.; Jia, M.; Zhang, Z.; Cao, X.; Liang, Z.; Sun, S.; Lin, Z.; et al. Glyceraldehyde-3-phosphate
dehydrogenase: Activity inhibition and protein overexpression in rotenone models for Parkinson’s disease. Neuroscience 2011,
192, 598–608. [CrossRef]

23. Kubo, T.; Nakajima, H.; Nakatsuji, M.; Itakura, M.; Kaneshige, A.; Azuma, Y.-T.; Inui, T.; Takeuchi, T. Active site cysteine-null
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) rescues nitric oxide-induced cell death. Nitric Oxide Biol. Chem. 2016, 53,
13–21. [CrossRef] [PubMed]

24. Nakajima, H.; Amano, W.; Fujita, A.; Fukuhara, A.; Azuma, Y.-T.; Hata, F.; Inui, T.; Takeuchi, T. The Active Site Cysteine of the
Proapoptotic Protein Glyceraldehyde-3-phosphate Dehydrogenase Is Essential in Oxidative Stress-induced Aggregation and Cell
Death. J. Biol. Chem. 2007, 282, 26562–26574. [CrossRef] [PubMed]

25. Huang, J.; Hao, L.; Xiong, N.; Cao, X.; Liang, Z.; Sun, S.; Wang, T. Involvement of glyceraldehyde-3-phosphate dehydrogenase in
rotenone-induced cell apoptosis: Relevance to protein misfolding and aggregation. Brain Res. 2009, 1279, 1–8. [CrossRef]

26. Kohler, V.; Andréasson, C. Hsp70-Mediated quality control: Should i stay or should i go? Biol. Chem. 2020, 401. [CrossRef]
[PubMed]

27. Roufayel, R.; Kadry, S. Molecular Chaperone HSP70 and Key Regulators of Apoptosis—A Review. Curr. Mol. Med. 2019, 19,
315–325. [CrossRef]

28. Komarova, E.Y.; Afanasyeva, E.A.; Bulatova, M.M.; Cheetham, M.E.; Margulis, B.A.; Guzhova, I.V. Downstream caspases are
novel targets for the antiapoptotic activity of the molecular chaperone Hsp70. Cell Stress Chaperones 2004, 9, 265–275. [CrossRef]

29. Jafari, A.; Rezaei-Tavirani, M.; Farhadihosseinabadi, B.; Taranejoo, S.; Zali, H. HSP90 and Co-chaperones: Impact on Tumor
Progression and Prospects for Molecular-Targeted Cancer Therapy. Cancer Invest. 2020, 38, 310–328. [CrossRef]

30. Huang, L.; Wang, Y.; Bai, J.; Yang, Y.; Wang, F.; Feng, Y.; Zhang, R.; Li, F.; Zhang, P.; Lv, N.; et al. Blockade of HSP70 by
VER-155008 synergistically enhances bortezomib-induced cytotoxicity in multiple myeloma. Cell Stress Chaperones 2020, 25,
357–367. [CrossRef]

31. Li, X.; Srinivasan, S.R.; Connarn, J.; Ahmad, A.; Young, Z.T.; Kabza, A.M.; Zuiderweg, E.R.P.; Sun, D.; Gestwicki, J.E. Analogues
of the allosteric heat shock protein 70 (Hsp70) inhibitor, MKT-077, as anti-cancer agents. ACS Med. Chem. Lett. 2013, 4, 1042–1047.
[CrossRef] [PubMed]

32. Budina-Kolomets, A.; Balaburski, G.M.; Bondar, A.; Beeharry, N.; Yen, T.; Murphy, M.E. Comparison of the activity of three
different HSP70 inhibitors on apoptosis, cell cycle arrest, autophagy inhibition, and HSP90 inhibition. Cancer Biol. Ther. 2014, 15,
194–199. [CrossRef] [PubMed]

33. Sverchinsky, D.V.; Lazarev, V.F.; Semenyuk, P.I.; Mitkevich, V.A.; Guzhova, I.V.; Margulis, B.A. Peptide fragments of Hsp70
modulate its chaperone activity and sensitize tumor cells to anti-cancer drugs. FEBS Lett. 2017, 591, 4074–4082. [CrossRef]
[PubMed]

34. Lasunskaia, E.B.; Fridlianskaia, I.I.; Guzhova, I.V.; Bozhkov, V.M.; Margulis, B.A. Accumulation of major stress protein 70kDa
protects myeloid and lymphoid cells from death by apoptosis. Apoptosis 1997, 2, 156–163. [CrossRef] [PubMed]

35. Lazarev, V.F.; Onokhin, K.V.; Antimonova, O.I.; Polonik, S.G.; Guzhova, I.V.; Margulis, B.A. Kinetics of chaperone activity
of proteins Hsp70 and Hdj1 in human leukemia U-937 cells after preconditioning with thermal shock or compound U-133.
Biochemistry 2011, 76, 590. [CrossRef] [PubMed]

http://doi.org/10.1002/med.21729
http://doi.org/10.3390/cells9010060
http://doi.org/10.1016/j.bbrc.2015.12.076
http://doi.org/10.3390/ijms18091978
http://doi.org/10.1038/s41419-017-0160-y
http://www.ncbi.nlm.nih.gov/pubmed/29348557
http://doi.org/10.1111/j.1471-4159.2005.03032.x
http://doi.org/10.3171/2014.9.FOCUS14496
http://doi.org/10.1016/j.neuroscience.2011.06.050
http://doi.org/10.1016/j.niox.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26725192
http://doi.org/10.1074/jbc.M704199200
http://www.ncbi.nlm.nih.gov/pubmed/17613523
http://doi.org/10.1016/j.brainres.2009.05.011
http://doi.org/10.1515/hsz-2020-0187
http://www.ncbi.nlm.nih.gov/pubmed/32745066
http://doi.org/10.2174/1566524019666190326114720
http://doi.org/10.1379/CSC-27R1.1
http://doi.org/10.1080/07357907.2020.1752227
http://doi.org/10.1007/s12192-020-01078-0
http://doi.org/10.1021/ml400204n
http://www.ncbi.nlm.nih.gov/pubmed/24312699
http://doi.org/10.4161/cbt.26720
http://www.ncbi.nlm.nih.gov/pubmed/24100579
http://doi.org/10.1002/1873-3468.12913
http://www.ncbi.nlm.nih.gov/pubmed/29139558
http://doi.org/10.1023/A:1026460330596
http://www.ncbi.nlm.nih.gov/pubmed/14646550
http://doi.org/10.1134/S0006297911050099
http://www.ncbi.nlm.nih.gov/pubmed/21639839

	Introduction 
	Results 
	Pro-Tumor Effects of CoCl2 in Rat Glioma Cells 
	Hypoxia Causes Increased Synthesis and Aggregation of GAPDH 
	GAPDH–Hsp70 Interaction May Be Disrupted by AEAC Compound 
	The Role of Hsp70-Mediated Chaperoning of GAPDH in Cells Subjected to Hypoxia 
	The Effect of GAPDH on the Glioma Tumor Progression in Animal Model 

	Discussion 
	Materials and Methods 
	Cells and Chemicals 
	Proliferation and Migration Assays 
	Colony Formation Assay 
	Wound Healing Assay 
	RNA Isolation and Real-Time PCR 
	Analysis of Aggregates 
	Protein–Protein Interaction Assay 
	Immunoprecipitation 
	Animals 
	Statistics 

	Conclusions 
	References

