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Doxorubicin (DOX) is a potent anticancer drug, which can have unwanted side-effects such
as cardiac and kidney toxicity. A detailed investigation was undertaken of the acute cyto-
toxic mechanisms of DOX on kidney cells, using Cos-7 cells as kidney cell model. Cos-7
cells were exposed to DOX for a period of 24 h over a range of concentrations, and the
LC50 was determined to be 7 μM. Further investigations showed that cell death was mainly
via apoptosis involving Ca2+ and caspase 9, in addition to autophagy. Regucalcin (RGN), a
cytoprotective protein found mainly in liver and kidney tissues, was overexpressed in Cos-7
cells and shown to protect against DOX-induced cell death. Subcellular localization studies
in Cos-7 cells showed RGN to be strongly correlated with the nucleus. However, upon treat-
ment with DOX for 4 h, which induced membrane blebbing in some cells, the localization
appeared to be correlated more with the mitochondria in these cells. It is yet to be deter-
mined whether this translocation is part of the cytoprotective mechanism or a consequence
of chemically induced cell stress.

Introduction
Doxorubicin (DOX) is a potent anticancer drug, which consists of an amino-sugar daunosamine bound
to a tetracycline moiety [1]. Biochemically, DOX reacts and interferes with DNA and DNA polymerases
at G1 and G2 phases of the cell cycle, inhibiting replication [2]. In addition, DOX has been shown to af-
fect mitochondrial function and cause elevation of reactive oxygen species [3]. DOX has also been shown
to decrease the anti-apoptotic factor Bcl2 and increase the pro-apoptotic factor Bax, which causes cy-
tochrome c release from the mitochondria and leads to apoptosis via caspases 9 and 3 activation [4].

Nephrotoxicity is one of the more notable side-effects of anthracycline antibiotics such as DOX [1,5]
and can therefore limit its uses in some patients that show renal impairment. As such an investigation
into its mechanisms of cytotoxicity in kidney cells, as well as identifying approaches that can reduce this
nephrotoxicity, would be of potential clinical relevance.

Regucalcin (RGN) is a 299 amino acid polypeptide (33 kDa MW) which is found inside the cells [6,7].
RGN is a multifunctional protein that is involved in a number of cellular processes including calcium
homeostasis by regulating Ca2+-binding protein activity such as Ca2+ ATPases, calmodulin kinase and
PKC [8]. Furthermore, RGN has an established defensive role in Ca2+-mediated cell stress [8,9]. RGN
has also been shown to be an important ageing biomarker in many organisms, as its expression increases
through the neonatal stage into early adulthood and then decreases significantly in old age [10,11]. There-
fore, RGN is also commonly referred to as Senescence Marker Protein 30 (SMP30) [10–12].
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Subcellular localization studies of RGN have shown it to be mainly located in the cytosol and nucleus [8,9,13] and
to a lesser extent in the mitochondria [13,14], and it is predominately found in tissues such as kidney, liver and brain
[15].

Overexpression of RGN decreases liver cell death when cells are treated with agents such as PD89059 and dibucaine
[16]. Increased expression of RGN has also been shown to reduce the level of cell death caused by the calcium pump
inhibitor and ER stress inducer, thapsigargin [16,17]. Furthermore, RGN has also been shown to cause a rise in the
anti-apoptotic factor Bcl2 expression in NRK52E kidney cells [18].

In the present study, we investigate the mechanism of cytotoxicity for DOX on Cos-7 kidney cells and assess the
effects of RGN expression on this process.

Materials and methods
Cell culture
Cos-7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2 mM L-glutamine,
penicillin (20 units/ml), streptomycin (20 mg/ml), 1% non-essential amino acids and containing 10% (vol/vol)
heat-inactivated fetal bovine serum (FBS). Cells were maintained at 37◦C in a saturated humidity atmosphere con-
taining 95% air and 5% CO2.

Cell viability studies
Cells were seeded in 24-well plates and allowed to reach 80–90% confluency at 37◦C. Different concentrations of DOX
were incubated with the cells for 24 h. Cell viability was measured by MTT assays. Cells were incubated for about 60
min in MTT solution made in Hank’s buffer (0.5 mg/ml, final concentration), and after removing the MTT solution,
the cells were dissolved in 1 ml DMSO. The solubilized cell suspension was moved to 96-well plate and absorbance
measured using an ELISA plate reader at 590 nm [19].

In some experiments, the cells were pre-treated with either: BAPTA-am (10 μM) (a membrane permeable
Ca2+ chelator); 50 μM caspase 3 inhibitor (Ac-DEVD-cmk); 50 μM caspase 9 inhibitor (Z-LEHD-fmk); or 10μM
necrostatin-1, for typically 4 hours prior to treatment with DOX.

For lactate dehydrogenase (LDH) activity measurements to assess necrosis, the cells were seeded in to 6-well plates
overnight; the following day, the drugs were added to the wells and left for 24 h, following which the media surround-
ing the cells were collected and centrifuged at 1, 500 rpm for 5 min. In some wells, 1% Triton X-100 was also added
and incubated for 30 min (100%, positive control). About 50 μl of each sample was added to 1 ml assay buffer (100
mM potassium phosphate, 0.66 mM sodium pyruvate, 0.25 M NADH pH 7), and the rate of oxidation of NADH was
followed at 340 nm in spectrophotometer.

RGN transfection
Overexpression of RGN was via transfection of Cos-7 cells using the plasmids for Human RGN cDNA clone (Pcmv6
AC-GFP-RGN with C-terminal GFP tag) from Origene or human RGN inserted into pcDNA 3.1- (as used in [20]).
Turbofect (ThermoFisher) was used to transfect the cells, following the manufacturer’s guidelines. To monitor au-
tophagy the cells were transfected as above with a GFP-LC3 containing plasmid which was supplied by Prof. Vincent
Wong (University of Macau). Cells were deemed positive for autophagy if they showed several clearly defined fluo-
rescent puncta, indicative of autophagosomes within the body of the cells [21].

Western blotting
Western blotting was as described previously in [22] with the following modifications: Lysates were prepared by
adding lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X100, 1% sodium deoxycholate, 0.1%
SDS and 1 mM PMSF, pH 7.4) to untransfected Cos-7 or RGN transfected cells attached to the surface of wells in a
12-well plate. A lysate from rat liver homogenate was also prepared as a positive control. The RGN antibody as used
in [20] was diluted at 1:50 for anti-RGN.

Co-localization studies
For co-localization studies of RGN, Cos-7 cells were seeded on to sterilized coverslips in 6-well plates overnight
at 37◦C. The cells were transfected with RGN-GFP in 2ml media (serum free DMEM) and viewed under the
epi-fluorescence microscope after 48 h. Cells were then treated with DOX (20 μM) in 2 ml serum-free media for
4 h. Cells were washed with PBS three times and then treated with (0.5 μM) Mitotracker® Deep RedFM in 2 ml
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Figure 1. Effects of Doxorubicin on cell viability and cell death mechanisms

Panel (A) shows the effects of doxorubicin on cell viability of Cos-7 cells following 24 h exposure. Panel (B) shows the effects of

DOX (7 μM) on the leakage of LDH from Cos-7 cells after 24 h of exposure. Treatment with 1% triton was used as a positive control

to induce complete leakage of LDH from cells. Panel (C) shows the effects of 4 h pre-treatment with necrostatin-1 (10 μM) upon

cell viability of Cos-7 cells then exposed to DOX (7 μM) for 24 h. Panel (D) shows the effects of 4 h pre-treatment with caspase 3

inhibitor (50 μM) upon cell viability of Cos-7 cells that were then exposed to DOX (7 μM) for 24 h. Panel (E) shows the effects of

4 h pre-treatment with caspase 9 inhibitor (50 μM) upon cell viability of Cos-7 cells that were then exposed to Dox (7 μM) for 24

h. All data are presented as the mean +− SD of four replicates. Statistical analysis via two-tailed Student T-test was performed in

comparing cell viability levels in DOX-treated cells in the presence and absence of caspase inhibitors. Probability values *P<0.05,

**P<0.01.

DMEM media and incubated for 30–40 min. Cells then were washed with PBS, two times and then the DMEM me-
dia replaced by 4% paraformaldehyde (PFA) in PBS pH 7.4 to allow the cells to be fixed. After 20 min, cells were
washed with PBS twice and 1 μg/ml of Hoechst 33258 was added to the cells, which were then covered in foil and
incubated for a further 30 min. Finally, cells were washed again with PBS twice more. The coverslips were removed
and 70 μl of Hypomount agar was added to the sides of the coverslip and left in the dark to allow air drying to occur.
The stained and fixed cells were viewed with either, white light, or the Red, Blue and Green channels of either a Leica
SP2 or Nikon Eclipse Ti microscope, set up for epi-fluorescence or bright-field imaging.

Statistical analysis
The analysis of the co-localization was undertaken using the JACOps application in ImageJ [23], which compares the
pixel intensities for two of the fluorophores at each location on the micrograph and calculates the Pearson’s correlation
coefficient (which can be used as a measure of co-localization) [23]. For changes in cell viability studies the data were
analyzed by unpaired two-tailed Student T-tests and P values of less than 0.05 was considered to be significant. For
some of the data where more than one variable was being compared a one-way ANOVA was undertaken.

Results
Cytotoxicity of DOX on Cos-7 cells
Figure 1A shows the effects of DOX on cell viability of Cos-7 cells exposed for a period of 24 h. The LC50 value
was determine to be 7 +− 1 μM. This indicates that DOX is extremely potent at inducing cell death as its LC50 value
was considerably lower than other commonly used anti-cancer drugs such as cisplatin or etoposide which had LC50
values in ≈50–150 μM concentration range for Cos-7 cells (data not shown). In order to assess whether DOX induces
necrosis, LDH release form Cos-7 cells treated with DOX was undertaken. Figure 1B shows that similar, low levels
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Figure 2. Doxorubicin causes Ca2+-dependent cell death and autophagosome formation

Panel (A) shows the effects of 4 h pre-treatment with the Ca2+ chelator BAPTA-am (10 μM) upon cell viability of Cos-7 cells that

were then exposed to DOX (7 μM) for 24 h. Data are presented as the mean +− SD of four replicates. (B) Cells were transfected with

GFP-LC3 for 48 h and then treated with 7 μM DOX for 4 h prior to analysis by fluorescence microscopy. Inset shows a cell with clear

puncta indictive of autophagosome formation. The experiment was repeated in triplicate and SD determined of fluorescent cells

that clearly showed the presence of puncta either in the presence or absence of DOX. Statistical analysis via two-tailed Student’s

T-test was performed in comparing cell viability levels in DOX-treated cells in the presence and absence of BAPTA-am, or % cells

showing GFP-LC3 puncta when treated in the absence or presence of DOX. Probability values **P<0.01, ***P<0.005.

of LDH release, was observed from cells in the presence or absence of DOX (7 μM) treated for 24 h, indicating
that membrane integrity was unaffected, especially when compared with cells treated with triton X-100. In order
to determine whether regulated necrosis (necroptosis) played a role in inducing DOX-mediated cell death, the cells
were pre-incubated with for 4 h with 10 μM necrostatin-1 (Nec; an inhibitor of RIPK 1/2). Again, no difference in
the number of viable cells was observed when comparing Nec-pretreated cells with non-pretreated cells that were
subsequently exposed for 24 h in either the presence or absence of DOX (Figure 1C). Furthermore, pre-treating the
cells with either the caspase 3 inhibitor (C3I) or the caspase 9 inhibitor (C9I) before the cells were then exposed
to 7 μM DOX, also greatly increased the percentage of viable cells (Figure 1D,E), thus supporting a major role for
apoptosis in DOX-induced cell death.

In order to determine whether apoptotic cell death was, at least in part, due to a Ca2+-mediated mechanism, the cells
were pre-treated with the intracellular Ca2+ chelating agent, BAPTA-am (BAP) for 5 h prior to exposure with DOX.
Figure 2A showed that BAPTA was able to significantly reduce cell death, indicating a Ca2+-mediated mechanism is
at least partly involved. Figure 2B shows that treatment with DOX (7 μM) for 4 h increased the percentage of cells
with clearly defined fluorescent puncta indicating the formation of autophagosomes by almost 3-fold compared with
control cells.

Expression of RGN and RGN-GFP and effects on DOX toxicity
Cos-7 cells were transfected with mammalian expression plasmids that encoded either the human variant 1 for RGN
or regucalcin-c-tagged with GFP (RGN-GFP). Figure 3A,B shows that both RGN and RGN-GFP were successfully
transfected into Cos-7 cells with a transfection efficiency for the RGN-GFP of between 30 and 45% as determined
by comparing the same cells within a defined field of view, when viewed under bright-field illumination and then in
the green channel in epi-fluorescence mode (Figure 3D) [20]. In addition, transfection with RGN-GFP was found to
have little effects upon cell viability as only a small percentage of cells were considered to be non-viable compared to
untransfected cells as determined by propidium iodide versus GFP fluorescence measurement using flow cytometry
(Figure 3C,D).

MTT cell viability measurements were performed with RGN-, RGN-GFP-transfected and mock-transfected Cos-7
cells following 24 h exposure with a range of concentrations of DOX. Figure 4 shows that over a range of DOX con-
centrations, the percentage of viable cells in the mock-transfected group were reduced more than the cells transfected
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Figure 3. Expression of Regucalcin in Cos-7 cells

Panel (A) shows a Western blot of lyasates of: mock transfected Cos-7 cells; RGN transfected cells and rat liver homogenate, as a

positive control. The lanes were loaded with 7.5μg of protein and probed with a RGN polyclonal antibody (1:50 dilution). A protein

labeled band at approximately 33kDa was observed in RGN-transfected lysate and liver homogenate. The Image was modified for

clarity by changing the brightness and contrast as well as some smoothing. Panel (B) shows a fluorescence micrograph of Cos-7

cells transfected with Pcmv6 AC-GFP-RGN, indicating the presence GFP-RGN expressing cells. The white bar indicates 20 μm. (C)

Untransfected Cos-7 cells analyzed by flow-cytometry, monitoring both the red (propidium iodide) and green (GFP) channels. The

untransfected cells were considered to be fully viable, as all cells were binned within quadrant Q4 (i.e. minimal levels of propidium

iodide staining). Panel (D) shows RGN-GFP transfected cells analyses by flow cytometry. The cells were again considered to be fully

viable as they were binned within quadrants Q4 and Q3 (minimal levels of PI staining). From the analysis of the green fluorescence

channel (GFP) more than 33% of the cells analyzed expressed GFP.

with either RGN or RGN-GFP. In mock-transfected cells the LC50 for DOX was about 7 μM, similar to that observed
in untransfected Cos-7 cells (Figure 1A). For both RGN and RGN-GFP transfected Cos-7 cells the LC50 values in-
creased to approximately 20 μM. These results demonstrate that increasing the expression of RGN ameliorates the
toxicity of Cos-7 cells to DOX. Furthermore, a one-way ANOVA showed a statistically non-significant difference in
the levels of viable cells when comparing RGN-transfected cells and RGN-GFP-transfected cells, over a range of DOX
concentrations.

Localization of RGN-GFP
Previous studies using cell fractionation and immunolocalization of RGN in a variety of cell and tissue types has
shown that it is mainly localised to the nucleus and cytoplasm with very little in the mitochondria [13,14,20]. Here,
we have used RGN-GFP (visualized in green with GFP) to monitor its localization compared with the nucleus (visu-
alized in blue with Hoechst) and mitochondria (visualized in red with Mitotracker Red). Figure 5 shows fluorescence
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Figure 4. Effects of RGN expression on the cell viability in the presence of Doxorubicin

Cos-7 cells were either mock-transfected with empty plasmid (white) or transfected with RGN (black) or RGN-GFP (gray) plasmid

for 48 h. The cells were then treated with DOX over a range of 0 to 100 μM concentration for a period of 24 h. Cell viability was

then monitored by MTT assays. The data represent the mean +− SD of 4 determination. Statistical analysis via two-tailed Student

T-test was performed in comparing cell viability levels in DOX treated cells that were either mock-transfected or transfected with

either RGN or RGN-GFP. Probability values *P<0.05, **P<0.01.

Figure 5. Subcellular localization of RGN-GFP in Cos-7 cells

Cos-7 cells transfected with RGN-GFP (green) were stained with mito-tracker (red) and Hoechst (blue) and then fixed with

paraformaldehyde. The fixed cells were then viewed under a fluorescence microscope under (A) blue (nuclei), (B) green (RGN-GFP)

channels and (C) red (mitochondria), to discriminate between the locations. Panel (D) shows the superimposition of all three chan-

nels. Panel (E) shows the scatter plot of individual pixel intensities within the image for the green and red channels. Panel (F) shows

the scatter plot of individual pixel intensities within the image for the green and blue channels. The images are presentative of three

separate experiments, each analyzing several fields of view. The Pearson’s correlation coefficient between RGN and mitochondria

was determined to be 0.19 and for RGN and nuclei it was 0.56, when analyzed for the three experiments.
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Figure 6. Subcellular localization of RGN-GFP in Cos-7 cells treated with Doxorubicin

Cos-7 cells transfected with RGN-GFP (green) were then treated with DOX (20 μM) for 4 h before being stained with mito-tracker

(red) and Hoechst (blue) and then fixed with paraformaldehyde. The fixed cells were then viewed under a fluorescence microscope

under (A) bright field illumination, to show morphological changes; (B) blue (nuclei); (C) green (RGN-GFP) channels and (D) red

(mitochondria), to discriminate between the different locations. Panel (E) shows the superimposition of all three channels. Panel

(F) shows the scatter plot of individual pixel intensities within the image for the green and red channels. Panel (G) shows the

scatter plot of individual pixel intensities within the image for the green and blue channels. The images are presentative of three

separate experiments, each analyzing several fields of view. The Pearson’s correlation coefficient between RGN and mitochondria

was determined to be 0.8 and for RGN and nuclei it was 0.41, when analyzed for the three experiments.

micrographs of untreated transfected cells imaged under different spectral conditions in order to identify the pres-
ence of nuclei (blue) (Figure 5A), RGN-GFP (green) (Figure 5B) and mitochondria (red) (Figure 5C) within cells.
Visual analysis of the micrographs showed a much more evident superimposition between RGN-GFP and nuclei than
between RGN-GFP and mitochondria (i.e. compare Figure 5A versus 5B and compare Figure 5B versus 5C). More
detailed analysis of the co-localization using the JACOps plugin within ImageJ, to calculate the Pearson’s correlation
coefficient for overlap between the two fluorophores, showed that in untreated cells the Pearson’s correlation coeffi-
cient between RGN-GFP and mitochondria (Figure 5E) was determined to be 0.19 +− 0.07, while the coefficient for
RGN-GFP and nuclei (Figure 5F) was considerably higher at 0.56 +− 0.04, which supported previous studies that RGN
is substantially co-localized to the nucleus [13].

RGN-GFP transfected Cos-7 cells were then imaged following 4 h treatment with 20 μM DOX (Figure 6A–D). A
number of the cells were showing visible signs of stress such as shape change and membrane ruffling/blebbing (Figure
6A). Upon visual inspection of these cells it was clear that the location of the RGN-GFP had altered, becoming much
more co-localized with the mitochondria (Figure 6B–E). This was also confirmed by determination of the Pearson’s
correlation coefficient which was 0.41 +− 0.05 for co-localization between RGN-GFP and nuclei (Figure 6F) and 0.80
+− 0.08 between RGN-GFP and mitochondria (Figure 6G).

Discussion
DOX is an anthracycline antibiotic anticancer drug which is considered to be one of the most potent chemotherapeutic
drugs that is currently used [1]. This drug has the ability to damage DNA and inhibit DNA and RNA production
by free-radicals damage [24]. In the present study, we found that cell death of Cos-7 kidney cells by DOX mainly
occurred through apoptosis. This finding is consistent with other studies that have shown DOX to induce apoptosis
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in renal cells [25], hepatoma cells [26] and neuroblastoma cells [27]. From the results shown in this study, cell death by
DOX was unlikely to involve necrosis as little loss of membrane integrity was observed as assessed from LDH release
assays (Figure 1B). This disagrees with the reports of DNA damage-induced necrosis through a PARP1-dependent
and p53-independent pathway by DOX in HK2 cells [28]. As no effects were seen for either the LDH release assay or
in the presence of necrostatin inhibitor, an inhibitor of regulated necrosis (Figure 1B), we believe that different; cell
lines, experimental conditions and treatment times (we used acute 24 hours exposure of the cells), may account for
some of these differences.

Cos-7 cells overexpressing RGN, with or without the GFP tag, had the ability to decrease the toxicity of DOX.
From the results presented in Figures 1 and 2 which show cell protective effects of both caspase inhibitors (3 and 9),
as well as BAPTA-am, we infer DOX is inducing cell death through Ca2+-mediated apoptosis involving caspase 9.
Furthermore, expression of RGN appears to substantially ameliorate DOX-induced cell death (Figure 4). In addition,
another pathway that appears to be involved in DOX induced cell death was autophagy (Figure 2B) which we have
previously indicated can also be activated through Ca2+-mediated processes [21,29]. This finding is supported by a
recent study that also showed that the toxicity of DOX on cardiac cells involves autophagy [30].

Our findings that RGN reduces cell death by chemical agents are supported by other studies, which showed a
suppressive effect of RGN on apoptosis in kidney cells treated with a range of factors such as TNF-α, LPS, Bay K 8644
and thapsigargin [18]. Accordingly, RGN has also been shown to have an important role in reducing apoptosis in
cells through various signalling factors [8,9,31]. For instance, TNF-α increases the mRNA expression of caspase-3 in
rat kidney proximal tubular epithelial cells and the overexpression of RGN within these cells appears to reduce this
effect [31]. To further support a role of RGN in suppressing apoptosis, overexpression of RGN in H4-II-E hepatoma
cells was found to have a suppressive effect on cell death induced by sulforaphane by affecting the levels of pro- and
anti-apoptotic factors such as Bax, cytochrome c and Bcl-2, that directly control mitochondrial mediated apoptosis
via caspase 9 [32].

The co-localization studies presented here have shown that, in untreated cells, RGN is mostly found within the nu-
cleus, with limited co-localization to the mitochondria (Figure 5). However, Cos-7 cells treated with DOX showed a
very significant co-localization with mitochondria, and a much more limited co-localization within nuclei (see Figure
6). This suggests that RGN is usually distributed mostly in nuclei under normal conditions as shown by other stud-
ies [13,20]; however, this protein appears to move to the mitochondria during the latter stage of cell death possible
trying to protect cells by potentially altering mitochondrial mediated processes associated with caspase 9 activa-
tion. This observation appears to be the first reported case that RGN can translocate to the mitochondria during
chemically-induced cell stress.

We have previously shown that RGN is able to increase the expression of sarcoplasmic endoplasmic Ca2+-ATPases
(SERCA) within Cos-7 cells [20], and since we have shown that DOX induces cell death through a Ca2+-mediated
apoptotic pathway, one possible role is that RGN suppresses both the exaggerated cytosolic Ca2+ elevation needed
to trigger this pathway by both removing excess Ca2+ back to the ER, as well as into the mitochondria (which can
also act as a Ca2+ storage organelle [33]), since RGN was also shown to increase Ca2+ uptake in mitochondria [6,34].
Furthermore, such a translocation of RGN to the mitochondria could explain, the fact that since DOX can also induce
oxidative stress [3,35], RGN translocating to the mitochondria could be a mechanism by which it is trying to reduce
this mitochondrially driven oxidative stress process [36]. However, further work is required to determine whether
the translocation of RGN to the mitochondria is part of the protective mechanism in trying to reduce cell death, or a
downstream consequence of the initiation of cell death.

One of the biggest issues with regards to DOX as an anticancer agent is its cardiotoxic and nephrotoxic side effects,
which in some cases can lead to patients having to stop treatment. This could therefore have serious consequences to
the long-term prognosis of these patients. Being able to protect against the adverse effects of DOX causing damage
to kidney cells, possibly by increasing the levels of RGN, could be a possible strategy reducing this damage. Recent
studies have shown that kidney cells and tissues can be induced to express relatively high levels of RGN by treating
them to a range of hormones such as parathyroid hormone, aldosterone or dexamethasone [37]. If increasing RGN
levels in patients could be achieved by means of administering these hormones prior to DOX chemotherapy, this
might provide a means of minimising these nephrotoxic side effects. Further studies are therefore required to explore
such possibilities.

Conclusion
In summary, the present study has shown that DOX induces cell death in kidney derived Cos-7 cells through
Ca2+-dependent apoptosis and autophagy. In addition, cell death by DOX is reduced when RGN is expressed within
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these cells. During DOX exposure, RGN also appears to translocate from the nucleus to the mitochondria, which may
be contributing factor to its protective role.
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