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Mesenchymal and Stem Cell Markers in Renal Epithelial
Cells
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Cr(VI) causes severe kidney damage. The patient’s renal function could gradually recover by spontaneous kidney
regeneration. Themolecular effect of Cr(VI) on recovery of kidney cells, however, has not been clearly elucidated. Herewe
show that Cr(VI) induces expression of mesenchymal and stem cell markers, cell markers, such as paxillin, vimentin, a-
SMA, nanog, and CD133 of HK-2 cells. Moreover, Cr(VI) activates epithelial-to-mesenchymal transition (EMT). By
revealing that levels of dihydrodiol dehydrogenase were promptly reduced following Cr(VI) challenge, our data suggested
that DDH could be involved in a Cr(VI)-related oxidation to generate massive reactive oxygen species and H2O2, and to
create intracellular hypoxia, which then increased levels of SUMO-1 activating enzyme subunit 2, and sumoylation of
eukaryotic elongation factor-2, to mediate the subsequent molecular and cellular responses, e.g., expression of
mesenchymal and stem cell markers. Pretreatment with vitamin C reduced Cr(VI)-related cellular effects. However, no
evident effect was observed when vitamin C was added following Cr(VI) challenge.
© 2015 The Authors. Molecular Carcinogenesis published by Wiley Periodicals, Inc.
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INTRODUCTION

Hexavalent chromium [Cr(VI)] is a chemical com-
pound that is frequently used in industries
manufacturing stainless steel, textile dyes, housing
wood products, and paints, as well as in water cooling
system of power plants, for anti-corrosion coatings
and material preservation purposes (www.osha.gov/
SLTC/hexavalent chromium). However, besides in-
ducing cell damages to the skin, intestines, stomach,
and kidney, Cr(VI) could also increase carcinogenic
risk of the lung, bowels, and kidney (en.wikipedia.
org/wiki/Hexavalent chromium). Historically, pre-
vention of inhaling chromium fumes had markedly
decreased Cr(VI)-related lung cancer in industrial
workers (monographs.iarc.fr/ENG/Monographs/
vol100C/mono100C-9.pdf). An elegant study, none-
theless, demonstrated that urinary chromium levels
of Finnish welding workers were elevated and
exceeded the governmental recommended concen-
tration, in particular the smokers, implicating that
chromium particulates deposited in lungs could be
absorbed into the circulation and carried to the
kidney [1]. Interestingly, in the USA, the area that
had notorious industrial pollutions also had the
highest occurrence rate of end-stage renal disease [2].
A recent epidemiological study of Oinofita, Greece,
where the drinking water was heavily contaminated
withCr(VI), further showed that the prevalence of the
primary liver, testicular, kidney, and lung cancer-
related deaths was significantly higher than the other
areas, clearly supporting the facts that in addition to

vaporized solid chromium particles, soluble Cr(VI)
could induce carcinogenesis as well [3].
As noted in a well-documented review, after a

transient exposure to massive Cr(VI), the first symp-
tom of acute kidney damage was a marked decrease of
urine flow rate (the oligouric phase, urine output
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<200mL/day in adults), and followed by a polyuric
phase (urine output >3L/day) [4]. These clinical signs
unmistakably suggested that Cr(VI) could cause severe
damage tobothnephrons and renal tubules. If patients
survived the acute Cr(VI) cytotoxicity, their renal
function could gradually recover by spontaneous
nephral and tubular regeneration as well as differenti-
ation [5]. Although two types of renal progenitor cells
had been identified responsible for the respective
nephral and tubular repair [6], the in vitro effect of
Cr(VI) on these cells, in particular, the kidney tubular
epithelial (KTE) cells, has not been reported.
In this study, we found that Cr(VI) not only

introduced cytotoxicity to, but also inducedmorpho-
logical changes of the immortalized kidney tubular
epithelial cells, HK-2, showing features of epithelial-
to-mesenchymal transition (EMT). We therefore
examined expressions of mesenchymal cell markers,
such as vimentin, paxillin, and a-smooth muscle
actin (a-SMA) [7–9], as well as those of stem cell
markers, nanog [10], and CD133 [11], in HK-2 cells.
The effect of Cr(VI) on cell growth and EMT was
characterized in vitro.

MATERIALS AND METHODS

Materials

Hexavalent Chromium (potassium dichromate
solution) and antibodies to b-actin were purchased
from Sigma–Aldrich
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(Basel, Switzerland). Antibodies
to nanog, Poly (ADP-ribose) polymerase (PARP), and
vimentin were acquired from Cell Signaling Technol-
ogy, Inc. (Danvers, MA). Antibodies to alpha smooth
muscle actin (a-SMA) and paxillin were obtained from
Thermo Fisher Scientific, Inc. (Waltham, MA). Anti-
bodies to CD-133, Src, and connexin-43 (CX-43) were
respectively bought from Biorbyt (Cambridge, Cam-
bridgeshire, UK), Calbiochem-Merck Biosciences,
Merck Millipore (Taipei, Taiwan), or Santa Cruz
Biotechnology, Inc. (Dallas, TX). Monoclonal anti-
bodies to AIF, ATAD3A, DDH, DRP1, eEF2 [12–16],
Mfn-2, and SAE2 (Supporting information Figure S1)
were home-raised against the respective recombinant
protein. The monoclonal antibodies were character-
ized by immunoblotting, which recognized the
proteins with particular molecular weight in a gel
electrophoresis of the A549 cell lysates. Proteins
isolated by immunoprecipitation were further ana-
lyzed by MALDI-TOF, and the identity of the protein
was determined by peptide mass fingerprint-match-
ing to the specific protein sequence in the database of
GenBank (www.ncbi.nlm.nih.gov/genbank) andUni-
ProtKB/Swiss-Prot (www.ebi.ac.uk/swissprot/).

Cell Culture

HK-2 cells (ATCC#: CRL-2190) were used for the in
vitro effect evaluation of Cr(VI). HK-2 is a human
papilloma virus E6/E7-immortalized human kidney
cell line derived from proximal tubules. Two lung

adenocarcinoma (LADC) cell lines (H838 and
A549) [17], which expressed high levels of DDH,
were also used in the study. Cells were maintained at
378C as a monolayer in DMEM/F12 or RPMI-1640 for
LADC cells supplemented with 10% fetal calf serum,
100 IU/mL of penicillin, and 100mg/mL of strepto-
mycin in a humidified 5% CO2 incubator.

Immunoblotting Analysis

Immunoblotting was performed following the
previously described methods [18,19]. Briefly, total
cell lysate was prepared by resuspending 5�107 cells
in 100mL phosphate-buffered saline, and thenmixing
with equal volume of 2�NP-40 lysis buffer [40mM
Tris-HCl, pH 7.6, 2mM EDTA, 300mM NaCl, 2mM
phenylmethylsulfonylfluoride (PMSF2%), and NP-
40]. Proper amount of loading buffer (50mM
Tris, pH 6.8, 150mM NaCl, 1mM PMSF, 1mM
disodium EDTA, 10% glycerol, 5% b-mercaptoetha-
nol, 0.01% bromophenol blue, and 1% SDS) was
added to the cell lysate prior to the electrophoresis,
which was carried out in a 10% polyacrylamide gel
with 4.5% stacking. Following electrophoresis, pro-
teins on the gel were transferred to a nitrocellulose
membrane. The membrane was probed with specific
antibodies. The signal was amplified by biotin-labeled
goat anti-mouse IgG, and peroxidase-conjugated
streptavidin. The protein was visualized by exposing
the membrane to an X-Omat film (Eastman Kodak,
Rochester, NY) with enhanced chemiluminescent
reagent (NEN, Boston, MA). Antibodies for b-actin
were obtained from Chemicon International (Teme-
cula, CA). The digital images on X-Omat film were
processed using Adobe Photoshop 7.0 (http://www.
adobe.com/). Intensity of each immunoblotting band
was analyzed and quantified using the image-J
software (NIH, Bethesda,MD). The blotswere stripped
using Restore Western Blot Stripping Buffer (Thermo
Fisher Scientific, Inc., Rockford, IL) before incubation
with other antibodies.

Cr(VI)-Sensitivity Assay

Cr(VI)-sensitivity was measured by a WST-1 as-
say [20]. Cells were seeded at 100, 1,000, and
5,000 cells/96-well plate 18h prior to Cr(VI) chal-
lenge. Cells were continuously incubated with vari-
ous concentrations (ranging from 0.1 to 10mM) of
hexavalent chromium. The negative control cells
were treated with the phosphate-buffered saline, a
solvent for the Cr(VI). Total survival of the cells was
determined 72h following Cr(VI) challenge, and
percent survival was estimated by dividing optical
absorbance resulted from each test group with that of
the control group. Each experiment was done in
triplicates, and the optical absorbance was measured
by a change of colorless WST-1 to bright yellow color
of oxidized WST-1 (BioVision, Mountain View, CA).
Oxidation of WST-1 was catalyzed by mitochondrial
dehydrogenase [18,19]. The line graph drawing of
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cytotoxicity was performed using GraphPad Prism6
statistics software (San Diego, CA).

For determining the effect of Cr(VI) on inducing
autophagy, the HK-2 cells were exposed to a serial
dilution of potassium dichromate (ranging from 0.25
to 10mM) for 1–72h. Culture medium was removed,
and thecellswere rinsed oncewithphosphatebuffered
saline (PBS) before addition of acridine orange (AO)
solution to20mg/mLPBS.The reactionwascarriedout
at room temperature for 15min. The AO solution was
removedand thecellswere rinsedoncewithPBSbefore
observing under a fluorescence microscope [21].

Immunofluorescence Microscopy

Method for immunofluorescence microscopy had
been previously described [12,13]. Concisely, the
HK-2 cells, which were grown on aminopropylsilane-
coated slides, were fixedwith 4%paraformaldehyde at
room temperature for 15min and permeabilized with
0.1% Triton X-100 prior to staining with antibodies to
vimentin, a-SMA, paxillin, DRP-1, apoptosis-inducing
factor (AIF), or CX-43. After washing off the primary
antibodies, the slidewas incubatedwithfluorescein- or
Alexa 488-conjugated secondary antibodies (Invitro-
genTM, Life Technologies, Grand Island, NY). Nuclei of
the cells were stained with 40, 6-diamidino-2-phenyl-
indole (DAPI) and the slides were examined under a
fluorescence microscope (Olympus BX51, Tokyo,
Japan). Fluorescence was activated using X-Cite
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120
Fluorescence Microscope Illumination System (EXFO,
Quebec, Canada).

RNA Extraction and Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

Total RNA was extracted from the cultured cells by
using an SNAP RNA column (Invitrogen, San Diego,
CA). After measuring RNA yield, cDNA was synthe-
sized by AMV reverse transcriptase using oligo
random primers. An aliquot of cDNA was then
subjected to 35 cycles of PCR. The reaction mixture
contained 50mM Tris (pH 7.2), 1.5mM MgCl2, 2mM
dNTP, 0.25mMof 50 and 30 primers, respectively, 0.5U
of Taq DNA polymerase (Protech Technology, Taipei,
Taiwan), and 2mL of cDNA (1mg). PCRwas carried out
according to the standard procedures: denaturing at
948C for 30 s, hybridizing at 558C for 45 s, and
elongating at 728C for 2min. The amplified PCR
products were analyzed in 1% agarose gel and
visualized by ethidium bromide staining.

RESULTS

Cr(VI) Suppresses Cell Growth and Induces Morphological
Changes of Renal Epithelial HK-2 cells

Addition of Cr(VI) showed cytosuppresive effect in
a dose-dependent manner on HK-2 cells, and the half
maximal inhibitory concentration (CI50) was estimat-
ed to be 1.21mM (Figure 1A). Cr(VI) induced cell
death, as shown by the appearance of cleaved PARP in

the Western blot (Figure 1B). Cr(VI) also activated
autophagy as demonstrated by the appearance of
crimson intracytoplasmic AO-positive vesicles
(Figure 1C) in HK-2 cells. However, some cells did
not contain AO-positive vesicles. In contrast, the AO-
negative cells became elongated, scattered, and
crescent shape, resembling the morphology of mes-
enchymal cells (Figure 1D) [22], and suggesting that
Cr(VI) might activate epithelial-to-mesenchymal
transition (EMT) of HK-2 cells.

Cr(VI) Increases Expression of Mesenchymal and Stem Cell
Markers as Detected by Immunoblotting and
Immunofluorescence Microscopy

Interestingly, addition of Cr(VI) dose-dependently
increased expression of paxillin, vimentin, and a-SMA
(Figure 2A), the essential markers of mesenchymal
cells [7–9]. Expression of c-Src, a proto-oncogenic
tyrosine-protein kinase, and an intermediate of mem-
brane receptor tyrosine kinase, was also increased.
Expression of connexin-43 (CX-43), a structure protein
of gap junction which frequently served as a typical
non-stem cell surface marker for mature human
epithelial cells [23], however, was reduced. The results
were confirmed by immunofluorescence microscopy,
showing that Cr(VI) enabled HK-2 cells to transform
fromepithelial tomesenchymal phenotype (Figure 2B).
Previous study revealed that following acute Cr-

(VI) cytotoxic damages, patient’s renal function
could be gradually repaired by spontaneous tubular
recovery [4]. Angelotti et al. showed that renal
progenitor cells could be accountable for tubular
regeneration [6]. It is therefore worth noting that
Cr(VI) increased expression of stem cell markers,
such as nanog (Figure 2C) and CD133
(Figure 2D) [11], in HK-2 cells.

Cr(VI) Reduces Expression of Dihydrodiol Dehydrogenase
(DDH) and Mitofusin-2 (Mfn-2) to Increase Mitochondrial
Fragmentation

Although Cr(VI) has chemically higher electric
potential, the compulsory reduction of Cr(VI) to
Cr(III) involves co-factors as well as effectors on
mitochondrial and intracellular membranes [24].
Besides the formation of carcinogenic Cr(III)-DNA
adducts, massive reduction of Cr(VI) would obligato-
rily couple with extensive oxidation of intracellular
substrates, which could in turn generate a substantial
reactive oxygen species (ROS) and produce oxidative
stress in cells [25]. Although Cr(VI) did not evidently
affect expression of ATPase family AAA domain-
containing 3A (ATAD3A), an essential enzyme for
intracellular vesicle transport, Cr(VI) markedly re-
duced expression of Mfn-2 and DDH (Figure 3A), but
increased protein levels of DRP1, suggesting that
Cr(VI) might induce abrupt depletion of intracellular
oxygen to increase AMP-activated protein kinase
(AMPK) activity, which were then responsible for
the phosphorylation and nuclear accumulation of
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DRP1 [15]. As anticipated, Cr(VI) increased nuclear
levels of DRP1 (Figure 3B). As silencing of Mfn-2
expression increased mitochondrial fragmentation
(Figure 3C), so did Cr(VI) treatment (Figure 3D).
Furthermore, subsequent to mitochondrial fragmen-
tation, Cr(VI) also induced nuclear translocation of
apoptosis-inducing factor (AIF), a sign of mitochon-
drial depolarization and apoptosis (Figure 3E).

Cr(VI) Increases Expression of SUMO-1 Activating Enzyme
Subunit 2 (SAE2), Eukaryotic Elongation Factor-2 (eEF-2),
c-Met and Human Epidermal Growth Factor Receptor-2
(HER-2)

Asnotedabove, additionofCr(VI)dose-dependently
increased expression of several essential markers of

mesenchymal and stem cells. By immunoblotting
analysis, we found that Cr(VI) also increased expres-
sion of eEF2, a vital protein factor that catalyzed
translocation of peptidyl-tRNA on ribosome during
elongation phase of translation [26], SAE2, c-Met (also
named as hepatocyte growth factor receptor, HGFR)
and HER-2 in a dose-dependent fashion (Figure 4A).
Our prior results showed that eEF2 was frequently
sumoylated [16], and the present study revealed that
SAE2 and eEF2 were concomitantly up-regulated,
indicating that expression of the two proteins could
be tied together to increase the sumoylation efficacy,
the eEF2 stability, and the synthesis of oxidative stress-
associated proteins. Moreover, addition of H2O2

increased protein concentrations of SAE2, but reduced

Figure 1. Cr(VI) suppressed cell growth and induced epithelial-to-
mesenchymal changes of renal epithelial HK-2 cells. (A) Treatment of
HK-2 cells with Cr(VI) suppressed cell growth in a dose-dependent
manner. The half maximal inhibitory concentration (CI50) was
estimated to be around 1.21mM. (B) Appearance of the cleaved
PARP in a Western blot indicated that Cr(VI) induced cell death. (C)
Cr(VI) activated autophagy, as determined by an acridine orange (AO)

test. Appearance of the crimson colored intracytoplasmic vesicles
indicated that the ingested AO dye was acidified in HK-2 cells.
However, some cells did not contain the bright red colored vesicles
(white arrows). (D) Morphology of the AO-negative cells was
elongated, scattered, and crescent shape (dark arrows), resembling
that of mesenchymal cells [22], and implicating that Cr(VI) could
activate epithelial-to-mesenchymal transition of HK-2 cells.
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those of DDH (Figure 4B), implying that excessive ROS
and oxidation level could affect expression of these
two enzymes, and substantiating our theory that
massive Cr(VI) reduction was accompanied with
substantial oxidation, which thereafter generated
ROS and caused local hypoxia. Red vesicles (indicating
acidified AO) were detected within 1h following
addition of Cr(VI), suggesting that ROS generation
and autophagic marker acidification took place very
fast inside the cells (Figure 4C). Interestingly, the effect
of Cr(VI) on increasing protein levels of paxillin, SAE2,
and eEF2 also occurred within 6h after addition of
heavy metal solution, and such effect was augmented
4–10 folds, 48h post-Cr(VI) challenge (Figure 4D).
Knockdown of DDH, however, reduced Cr(VI)-in-

duced expression of mesenchymal and stem cell
(MSC) markers (Figure 4E).
To further determine the effect of Cr(VI) on ROS

generation and its relationship to MSC marker
expression, we found that pretreatment with
100mM vitamin C (Vit C) decreased Cr(VI)-induced
expression of MSC markers (Figure 4F). Addition of
vitamin C following Cr(VI) challenge, nonetheless,
did not inhibit Cr(VI)-mediated increase of MSC
markers expression.

DISCUSSION

Our results show that hexavalent chromium [Cr-
(VI)] is highly toxic and mediates apoptosis as well as

Figure 2. Cr(VI) induced expression of mesenchymal and stem cell
markers in HK-2 Cells, as determined by immunoblotting analysis and
immunofluorescence microscopy. (A) Cr(VI) dose-dependently in-
creased expression of the essential mesenchymal cell markers, such
as paxillin, vimentin, and a-SMA, as well as the proto-oncogenic Src.
On the contrary, expression of themature epithelial cell surfacemarker,
connexin-43 (Cx-43),was reduced. (B) The immunoblotting results

were confirmed by images of immunofluorescence microscopy,
showing that fluorescent signals of paxillin, vimentin, and a-SMA
increased, and those of Cx-43 reduced, suggesting that Cr(VI) could
convert HK-2 cells from epithelial to mesenchymal phenotype. (C)
Cr(VI) increased expression of stem cell transcription marker, nanog, at
low dose. (D) Cr(VI) dose-dependently increased expression of stem cell
surface marker, CD133, in HK-2 cells.
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Figure 3. Cr(VI) inhibits expression of mitofusin-2 and dihydrodiol
dehydrogenase, as well as induces mitochondrial fragmentation
and nuclear translocation of apoptosis-inducing factor. (A) Cr(VI)
treatment markedly reduced expression of mitofusin-2 (Mfn-2) and
dihydrodiol dehydrogenase (DDH), but increased protein levels of
dynamin-related protein 1 (DRP1), suggesting that Cr(VI) could
induce rapid intracellular oxygen depletion, and increase AMPK
activity to phosphorylate DRP1, which then facilitated nuclear
accumulation of DRP1. Cr(VI) challenge, however, did not affect
expression of ATPase family AAA domain-containing 3A (ATAD3A),

an essential enzyme for intracellular material transport. (B) As
anticipated, Cr(VI) increased nuclear levels of DRP1, in particular in
regions of nucleoli. (C) As an experimental control, silencing of Mfn-
2 expression increased mitochondrial fragmentation. (D) Cr(VI)
treatment elevated the frequency of mitochondrial fragmentation in
HK-2 cells. (E) As expected, Cr(VI) induced nuclear translocation of
apoptosis-inducing factor (AIF), indicating that in addition to
mitochondrial fragmentation, Cr(VI) also mediated mitochondrial
depolarization and caspase-independent apoptosis.

CR(IV), EMT AND STEM CELL MARKERS 187

Molecular Carcinogenesis



Figure 4. Besides mesenchymal and stem cell markers, Cr(VI)
increases expression of SUMO-1 activating enzyme subunit 2,
eukaryotic elongation factor-2, and c-Met. (A) As shown above,
Cr(VI) increased expression of essential mesenchymal cell and stem
cell markers. At the same time, addition of Cr(VI) increased expression
of SUMO-1 activating enzyme subunit 2 (SAE2), eukaryotic elonga-
tion factor 2 (eEF2), and c-Met (also named as hepatocyte growth
factor receptor, HGFR). At 4mMof Cr(VI), c-Met expression, however,
reduced significantly. (B) H2O2 dose-dependently increased levels of
SAE2. However, exogenously added H2O2 reduced DDH levels,
supporting our hypothesis that massive Cr(VI) reduction was
accompanied by substantial oxidation, which subsequently generated
ROS and caused hypoxia. Excessive ROS could oxidize the DDH and
accelerate DDH degradation. (C) One hour after addition of Cr(VI), the
protonated acridine orange (appeared as red vesicles) was detected,
suggesting that generation of ROS and acidification of autophagic

marker occurred rapidly inside cells, and the effect persisted. (D)
Protein levels of paxillin, SAE2, eEF2, and HER-2 increased within 6 h
following Cr(VI) treatment. This effect was augmented 4–10 folds,
48 h post-Cr(VI) challenge. Cr(VI), however, did not evidently
influence the expression of epidermal growth factor receptor
(EGFR). (E) Silencing of DDH expression inhibited expression of
mesenchymal and stem cell (MTC) markers. (F) Addition of 100mM
vitamin C (Vit C) alone did not markedly affect expression of MTC
markers (lanes 1 and 2, left panel), though Cr(VI) increased expression
of paxillin, but reduced that of Cx-43 (lane 3, left panel). Compared to
the control (lane 1, right panel), pre-treatment with 100mM Vit C for
2 h did not affect Cr(VI)-related decrease of Cx-43 expression, but
significantly inhibited Cr(VI)-induced expression of paxillin (lane 2,
right panel). Pre-treatment with 2mM Cr(VI) for 6 h, however,
evidently counteracted the inhibitory effect of Vit C on Cr(VI)-induced
expression of paxillin (lane 3, right panel).
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autophagy in kidney tubular epithelial cells. In vitro,
if the cells survived the impact of heavy metal
toxicity, Cr(VI), in contrast, could induce expression
of MSC markers in addition to the epithelial-to-
mesenchymal transition of HK-2 cells.
An elegant study by Myers et al. found that

thioredoxin reductases (TrxR) were sensitive to Cr-
(VI), suggesting that Cr(VI) could mediate cysteine
oxidation in active-site of TrxR and evoke a cascade of
reductive/oxidative reaction (ROR) during reduction
to Cr(III) [27]. By using fluorescent markers to
measure intracellular concentration of O2

�. and
H2O2, reactive oxygen species (ROS) were mostly
detected in perinuclear and juxtanuclear membrane
structures [28,29], indicating that Cr(VI)-associated
ROR could be occurring in the endoplasmic reticulum
(ER) and Golgi apparatus [30,31]. Membrane struc-
tures containing oxidized fluorescent markers ex-
panded when cells were treated with superoxide
dismutase (SOD). On the contrary, salvage with
catalase reduced signals of oxidized fluorescence
chemicals, implicating that during Cr(VI) treatment,
a substantial amount of intracellular O2 was con-
sumed to generate O2

�. and H2O2, and to produce
local hypoxia [28]. These phenomenawere confirmed
byGao et al., showing that levels of hypoxia-inducible
factor 1 alpha (HIF-1a) increased in Cr(VI)-treated
cells [29].
By demonstrating that DDH (also known as aldo-

keto reductases) was sensitive to Cr(VI), our data
suggested that DDH was involved in a Cr(VI)-
mediated reduction/oxidation cascade. However,
since the half-life of DDH had been estimated to be
around 96–120h [32], the abrupt degradation could
be caused by the other mechanism. Using molecular
replacement and X-ray diffraction as well as Rose
Bengal-sensitized photo-oxidation methods, the ac-
tive-site of DDH was found to contain histidine and
lysine [33,34], suggesting a possibility that Cr(VI)
could trigger protein oxidation and proteolysis of
DDH [35]. Interestingly, DDH was also identified on
the ER andGolgi [18,36], implying that DDH could be
an intracellular oxidation sensor, and that Cr(VI)-
associated oxidation could occur on the membrane
structures (Supporting information Figure S2). It is
thus worth noting that eEF2 and SAE2 are also located
on themembrane structures (Supporting information
Figure S3). UnlikeDDH though, protein levels of eEF2,
SAE2 as well as those of DRP1, c-Src, and c-Met
increased following Cr(VI) treatment. Our previous
study had shown that hypoxia increased levels of
DRP1 and the phosphorylatedDRP1. Increase ofDRP1
protein level was regulated by eEF2, which in turnwas
monitored by SAE2 [16]. Phosphorylation of DRP, on
the other hand, was mediated by AMPK [15]. In the
current study, that both Cr(VI) and H2O2 promptly
reduced DDH, but increased SAE2 expression sug-
gested that DDH could play a role in the activation of
eEF2 sumoylation, and the induction of differential

expression of MSC markers under Cr(VI)-induced
oxidation.

The increment of mesenchymal marker proteins
and that of SAE2 and eEF2 took place within 6h after
addition of Cr(VI), and the effect was further
augmented 4–10 folds, 48h post-Cr(VI) challenge.
The results indicated that the first wave of protein
concentration increase (the direct response) could be
induced by elevated eEF2 to maintain the efficacy of
translation machinery, and the second wave of
protein level upsurge (the delayed response) was
triggered by the activation of transcription through
the increased HIF-1a [29]. Cr(III) alone, however, did
not immediately increase protein levels of MSC
markers, suggesting that Cr(VI)-induced EMT might
be resulted from the reduction of Cr(VI), and the
accompanied generation of ROS. Results of vitamin C
studies confirmed these theories, and indicated that
the influence of Cr(III)-associatedDNA adductsmight
take effect in the later phase [5,24,25].

Concomitant increase as well as synchronized
augmentation of SAE2 and eEF2 expression further
showed that SAE2was required for the sumoylation of
eEF2, and eEF2 sumoylation was essential for main-
taining enzyme activity and translation efficacy [16].
This effect was extended into the delayed response
phase. Together with the activated transcription,
protein levels of MSC markers would increase
significantly. Interestingly, Cr(VI) increased expres-
sion of c-Met and HER-2, but had no evident effect on
that of epidermal growth factor receptor (EGFR),
supporting a previous report that EGFR and the down-
stream effectors were crucial for renal regeneration
[37]. It is thus worth noting that sumoylation of
GTPase Rac1 facilitatedHGF-associated cellmigration
[38]. Sumoylationofperoxisomeproliferator-activated
receptor-gamma (PPARg) coactivator-1alpha (PGC-
1a), on the other hand, reduced enzyme function
and cell growth by curbing expression of genes
crucial for cell metabolism and mitochondrial
biogenesis [39]. Intriguingly, DDH possesses prosta-
glandin synthase activity to produce prostaglandin
F2 alpha (PGF2a), which activates PPARg [32]. With
severe depletion of DDH, cells could have been
taking alternative pathways for keeping themselves
away from danger and stay alive.

Taken together, our data corresponded well with
those findings and indicated that HK-2 cells could
take five presumptive steps (as shown in Figure 5) in
response toCr(VI): (1) after entering the cells, Cr(VI) is
reduced toCr(III) via enzymes, e.g., TrxR andDDH,on
intracellular membranes to generate ROS andH2O2 as
well as a local hypoxia with substantial consumption
of O2; (2) Hypoxia increases SAE2 expression that
mediates sumoylation of eEF2, and possibly Rac1 and
PGC-1a; (3) Elevated eEF2 concentrations increases
translation activity of MSC markers, which induce
morphological changes of HK-2 cells; (4) In addition
to protect nucleoli and rRNA synthesis, nuclear effect
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of nucleolar DRP-1 in association with that of PGC-1a
could fortuitously increase expression of cell migra-
tion-related growth factors and cytokines; (5) Binding
of cell migration-related growth factors or cytokines
to the respective receptors synergistically activates
cell motility.

It should be noted, nonetheless, that other
interpretations are possible. For instance, micro-
RNAs, which regulate expression of MSC markers as
well as that of cell migration-related growth factors,
cytokines and the respective receptors, could be
inactivated during reduction of Cr(VI) to Cr-
(III) [40]. As mentioned above, Cr(VI) does not
affect expression of EGFR, but increases that of
c-Met and HER-2. These data considered together
with our current results clearly indicate that
biological repair of the kidney is feasible. Although
renal progenitor cells have been identified [6],
reprogramming of these cells to differentiate into
glomerular or tubular lineage is yet to be clarified.
Screening for potential agents that are able to
protect (using expression of DDH as an enzyme
marker) (Supporting information Figure S4), and to

induce differentiation of renal progenitors (using
HK-2 as a cell model, and expression of Cx-43 as an
enzyme marker) is being evaluated in an ongoing in
vitro and in vivo studies.
In conclusion, our findings that Cr(VI) challenge

increases expression of EMT and stem-cell markers
indicate reprogramming of renal epithelial cells into
mesenchymal or stem cells may be a natural
response to the harsh environment, and such results
have potential significance in the biological and
medical implications for renal tubular epithelial cell
regeneration and renal function restoration. Our
current data clearly suggest that biological repair of
the kidney is achievable and that the renal progen-
itors may be de-differentiated forms of epithelial
origin. However, because HK-2 cells are HPV E6/E7-
immortalized human kidney epithelial cells derived
from proximal tubules, precautions must be taken
for examining the in vivo effect of Cr(VI), in
particular in the lack of data of glomerular epithelial
cells. To achieve the goals of actual application to
kidney biological repair, the in vivo study is
warranted.

Figure 5. A simplified sketch of the five presumptive steps of HK-2
Cells in response to Cr(VI) challenge. (A) After entering the HK cells,
Cr(VI) is promptly reduced to Cr(III) via enzymes, e.g., TrxR and DDH, on
intracellular membranes to generate ROS and H2O2 as well as a local
hypoxia with substantial expense of O2. (B) The local hypoxia increases
SAE2 expression, which then activates sumoylation of eEF2, and
possibly Rac1 and PGC-1a. (C) Increment of eEF2 levels escalates
translation activity of mesenchymal and stem cell markers, which
subsequently induce morphological changes of HK-2 cells. (D) Other
than protection of nucleoli and rRNA synthesis, nuclear effect of

nucleolar DRP-1 alone or in association with that of probably PGC-1a
could fortuitously increase expression of cell migration-related growth
factors and cytokines. (E) Binding of the cell migration-related growth
factors or cytokines to the respective receptors could enforce the Cr(VI)
effect on EMT and synergistically activate cell motility as well as
proliferation. Green circles, DRP1; �OH, hydroxyl radical; blue circles
with fading colors, DDH and the oxidation-induced degradation forms
of DDH, blue triangles; HER-2, red triangles; EGFR, black triangles; c-
Met, gray ovals, ion channels.
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