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Phosphorylation of DYNLT1 at Serine 82 Regulates
Microtubule Stability and Mitochondrial
Permeabilization in Hypoxia
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Hypoxia-induced microtubule disruption and mitochondri-
al permeability transition (mPT) are crucial events leading
to fatal cell damage and recent studies showed that micro-
tubules (MTs) are involved in the modulation of mitochon-
drial function. Dynein light chain Tctex-type 1 (DYNLT1) is
thought to be associated with MTs and mitochondria. Pre-
viously we demonstrated that DYNLT1 knockdown aggra-
vates hypoxia-induced mitochondrial permeabilization, which
indicates a role of DYNLT1 in hypoxic cytoprotection. But
the underlying regulatory mechanism of DYNLT1 remains
illusive. Here we aimed to investigate the phosphorylation
alteration of DYNLT1 at serine 82 (S82) in hypoxia (1% O.).
We therefore constructed recombinant adenoviruses to
generate S82E and S82A mutants, used to transfect H9c2
and Hela cell lines. Development of hypoxia-induced mPT
(MMP examining, Cyt c release and mPT pore opening
assay), hypoxic energy metabolism (cellular viability and
ATP quantification), and stability of MTs were examined.
Our results showed that phosph-S82 (S82-P) expression
was increased in early hypoxia; S82E mutation (phospho-
mimic) aggravated mitochondrial damage, elevated the
free tubulin in cytoplasm and decreased the cellular viabili-
ty; S82A mutation (dephosphomimic) seemed to diminish
the hypoxia-induced injury. These data suggest that DYNLT1
phosphorylation at S82 is involved in MTs and mitochon-
dria regulation, and their interaction and cooperation con-
tribute to the cellular hypoxic tolerance. Thus, we provide
new insights into a DYNLT1 mechanism in stabilizing MTs
and mitochondria, and propose a potential therapeutic
target for hypoxia cytoprotective studies.

INTRODUCTION

Oxygen deficiency (hypoxia) is one of the most common physi-
opathology processes that occur in many diseases and severe
injuries. For example, severe burns can cause serious damage
in major organs including heart and gastrointestinal tract, result-

ing in poor prognosis (Huang et al., 1999; Wang et al., 2012). In
cardiomyocytes, early hypoxia induces obvious microtubule
disruption, mitochondrion swelling, cell apoptosis and dysfunc-
tion (Huang et al., 2003; Song et al., 2010; Tong et al., 2012).
Seeking prophylaxis and therapy methods for hypoxia relief has
always been a focus in cellular protection during critical treat-
ment.

MTs are major components of the eukaryotic cytoskeleton
consisting of a- and B-tubulin dimers that play various functional
roles in many cell processes such as protein synthesis, intra-
cellular trafficking, mitosis, cytokinesis, intracellular signaling,
and cell fate determination (Rogers and Gelfand, 2000). These
network forming tubular complexes are in a dynamic balance
between assembly and disassembly. This network is involved
in the distribution of organelles such as mitochondria. Recent
studies have showed that in case of ischemia-reperfusion or
oxygen-glucose deprivation, the MTs are more prone to hypox-
ic damage than the actin filaments (Sato et al., 1993). In addi-
tion, it is known that early disruption of the cytoskeleton ultra-
structure correlates with the cellular reaction to a metabolic
challenge (Hein et al., 1995; Vandroux et al., 2004), and thus
promoting irreversible cell damage. It was reported that the
homeostasis of MT forms relies on MT-associated proteins (MAPS)
(Cassimeris, 1999). Our previous study showed that hypoxia-
induced MAP4 phosphorylation leads to MT network disruption
and an increase in free tubulin. Subsequently we demonstrated
that MAP4 could alleviate MTs disruption and stabilize mito-
chondrial permeability transition (mPT) in hypoxia via dynein
light chain Tctex-type 1 (DYNLT1) modulation (Fang et al., 2011;
Hu et al., 2010).

DYNLT1, widely expressed in a number of tissues in various
species and a component of dynein complex, fulfills cargo bind-
ing function (Belmont and Mitchison, 1996; Chuang et al., 2001),
and plays a key role in multiple processes including endomem-
brane organization, trafficking, mitosis, and MT organization
(Nagano et al., 1998; Palmer et al., 2011). DYNLT1 displays an
independent cargo adaptor role for dynein motor transport apart
from its other neuritogenic effects (Chuang et al., 2005). Although
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numerous reports have addressed dynein subunits, it is still
unclear how they function with other molecules in the cytosol.
We were interested in DYNLT1 in our previous works as we
tested the existence of an intermediate molecule linking mito-
chondria and MTs and acting as a protector in regulating mPT
under hypoxic condition. Using Y2H assays, we identified DYNLT1
as a promising candidate showing remarkable protein-protein
interaction with voltage-dependent anion-selective channel
(VDAC, a major porin located on the mitochondrial outer mem-
brane) is in accordance with previous reports (Schwarzer et al.,
2002), as well as a co-localization with VDAC1 and MTs(Fang
et al., 2011). Therefore we hypothesized that DYNLT1 might be
a new modulator of mitochondrial function and MTs stability in
hypoxia. Recently it was shown that DYNLT1 knockdown by
RNA interference technique aggravated hypoxia-induced mito-
chondrial damage: permeabilization, mitochondrial membrane
potential (MMP) collapse and metabolic viability reduction
(Fang et al., 2011). However, the changes that DYNLT1 under-
goes during hypoxia are unknown.

DYNLT’s structure is highly conservative and little is known
about its modifications with the main thought to be phosphory-
lation (Song et al., 2007). Within a protein, phosphorylation can
occur on several amino acids and one of the most common
phosphorylation states occurs on serine residues. It was re-
ported that the dynein complex disassembles to release cargo
following specific phosphorylation of DYNLT1 at the serine 82
residue (S82). This process is critical for the apical delivery of
membrane cargoes and S82 phosphorylation leads to a reduced
affinity for the dynein intermediate chain (Yeh et al., 2006).
Since the above mentioned reports indicated a key role of
DYNLT1 in modulating mPT and MT network stability, we hy-
pothesized that phosphorylation of DYNLT1, especially on S82,
might occur in hypoxia, based on our previous work in which
we showed that hypoxia-activated p38/MAPK signaling path-
way initiates MT disruption and alters cell viability by phospho-
rylating the downstream effector (Hu et al., 2010). In order to
generalize these observations, we chose H9c2 and Hela cells
(Brito and Rieder, 2009; Wan et al., 2009) to study hypoxia-
reduced MTs disruption and mitochondrial permeabilization
related to S82. We used site-directed mutagenesis of the phos-
phorylation site to obtain phosphomimic and dephosphomimic
mutants. In this study we demonstrated that phosph-S82 (S82-
P) exhibits a parabolic change under hypoxic conditions; S82E
mutation which mimics DYNLT1 phosphorylated at S82 aggra-
vated hypoxia-induced mitochondrial damage and elevated the
free tubulin in cytoplasm; while S82A mutation, the dephos-
phomimic counterpart, decreased mPT and stabilized MTs
during early hypoxia. These data provide new insights into a
DYNLT1 mechanism that stabilizes mitochondria and improves
cell viability to resist hypoxic damage.

MATERIALS AND METHODS

Cell culture

H9c2 cell line, a subclone of the original clonal cell line derived
from embryonic BD1X rat heart tissue, was obtained from the
Cell Bank of the Chinese Academy of Sciences. The cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Hyclone) supplemented with 10% FBS and 100 U/ml penicillin,
100 mg/ml streptomycin at 37°C in a gas mixture of 94% Na,
5% CO,, and 1% O, (v/v). HelLa cells, an immortal cell line
originally derived from cervical cancer tissues, were obtained
from the American Type Culture Collection (USA). Hela cells
were cultured in RPMI-1640 with 5% FBS under standard
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mammalian cell culture conditions.

Hypoxia treatment

A hypoxia model was established as previously mentioned
(Seko et al., 1997). Briefly, hypoxic conditions were achieved
by using an anaerobic jar (Mitsubishi, Japan) and a vacuum
glove box (Chunlong, China). The serum-free medium was
placed in the vacuum glove box filled with a gas mixture of 94%
Na, 5% CO,, and 1% O, overnight and allowed to equilibrate with
the hypoxic atmosphere. Cells were subjected to hypoxic condi-
tions by replacing the normoxic medium with the hypoxic me-
dium and the culture dishes then placed in the anaerobic jar.

S82E/A mutant recombinant adenovirus construction and
transfection

To mimic S82 phosphorylation and dephosphorylation, we con-
structed recombinant adenoviruses containing various DYNLT1
sequences at S82 using site-directed mutagenesis to generate
putative glutamic acid (E) and alanine (A) mutants (S82E and
S82A, respectively). The recombinant adenoviruses were pre-
pared using the AdMaxTM system (Microbix, CAN) according
to the manufacturer’s instructions. H9C2 cells were maintained
in DMEM/F12 supplemented with 10% FBS and Hela cells
were maintained in RPMI-1640 containing 5%FBS. Culture
media were replaced by medium without FBS, and monolayers
were infected with adenoviruses at a multiplicity of infection of
100-200 particles/cell. After 48 h of incubation, more than 90%
of the cells were determined to be infected by observing GFP
expression on a fluorescent microscope. Mutagenesis was
confirmed by real-time PCR (gene sequence) and by Western
blot (GFP fusion protein expression). A negative adenovirus
vector was used as background in these experiments. The cells
were then cultured in DMEM/F12 or RPMI-1640 with FBS prior
to morphological or biochemical analyses.

Extraction and quantification of tubulin fractions

Polymeric and monomeric tubulin fractions were isolated by a
method previously described by Putnam et al. (1998). Briefly,
cells grown in 60-mm dishes were washed twice with a MT
stabilization buffer (MTSB, 37°C) containing 0.1 M piperazine-
N,N’-bis (2-ethanesulfonic acid, pH 6.8) (PIPES), 2 mM ethy-
lene glycol-bis (B-aminoethylether) N,N,N’,N'-tetraacetic acid
(EGTA), 0.5 mM MgCly, 20% glycerol, and a protease inhibitor
cocktail (Sigma-Aldrich). Cells were incubated with MTSB con-
taining 0.1% Triton X-100 for 30 min, and the supernatant col-
lected as the monomeric tubulin fraction. The MTSB insoluble
fraction, containing the polymerized tubulin, was then solubi-
lized in a RIPA lysis buffer (Sigma-Aldrich) with 2 mM phenyl-
methylsulfonyl fluoride (PMSF) and a protease inhibitor cocktail.
Polymeric and monomeric tubulin fractions were quantified
using western blot analysis.

Preparation of cytosolic and mitochondrial fractions

Subcellular fractions were prepared according to well estab-
lished protocols (Al Rahim et al., 2013; Zang et al., 2007). Brief-
ly, Cell were harvested and homogenized in isotonic MB (mito-
chondrial buffer) consisting of 210 mM mannitol, 70 mM su-
crose, 1 mM EDTA and 10 mM Hepes, pH 7.5, supplemented
with protease and phosphatase inhibitor cocktails (Calbiochem,
USA). After centrifugation at 500 g for 5 min, the nuclear frac-
tion was collected as a pellet. The post-nuclear supernatant
was submitted to a subsequent centrifugation at 10,000 x g for
30 min at 4°C and the mitochondrial fraction obtained in the
resulting pellet ,was resuspended in 50 pl of MB containing
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0.1% Triton X-100 to break up the mitochondria and the super-
natant was used as the crude cytosolic fraction. To confirm the
separation of cytosolic and mitochondrial fractions, blots were
stripped and incubated with GAPDH and VDAC, respectively,
which also served as loading controls.

Western blot analysis

Free and polymerized tubulin fractions prepared as described
above were probed with anti-a-tubulin antibodies (1:200; Santa
Cruz); cytosolic and mitochondrial fractions were probed with
anti-cytochrome c antibodies (1:200; Santa Cruz Biotechnology,
USA). VDAC (1:1,000; Abcam, USA) was used as a loading
control of polymeric tubulin and mitochondrial fraction, and anti-
GAPDH (1:5,000; Sigma-Aldrich) used to detect the internal
control GAPDH in supernatants. Besides these cell component
lysates, the whole cell lysate was also prepared and analyzed
by Westem blotting using primary antibodies to S82-P of DYNLT1
(1:1,000; GL Biochem, China). Immunocom-plexes were visua-
lized and quantified with a chemiluminescence detection kit
(Amersham Pharmacia, USA), using horseradish peroxidase-
conjugated secondary antibodies (1:2,000; Santa Cruz).

Immunofluorescence microscopy

Immunocytochemical staining was performed as described
previously (Feng et al., 2007; Vandroux et al., 2004). Cells were
cultured on coverslips (10-mm diameter) and rinsed twice in
prewarmed (37°C) PBS. Cells were then fixed in 4% parafor-
maldehyde for 30 min and permeabilized with 0.1% Triton X-
100 in PBS for 30 min. After rehydration samples were blocked
for 20 min using 10% goat serum (Sigma) in PBS. For immu-
nofluorescence microscopy, cover slips were incubated in o-
tubulin primary antibodies (1:1,000; Santa Cruz) followed by
cyanine 3 (Cy3; 1:1,000; Beyotime, China) -conjugated anti-
bodies. Counterstaining of nuclei was performed with 4,6-diami-
dino-2-phenylindole (DAPI; Biotium, USA) and cells were ob-
served and photographed using an LSM 510 META laser con-
focal scanning microscope (Carl Zeiss, Germany). The experi-
ments were repeated for a total of three times (n = 3).

Quantification of ATP

Two assays were employed to measure the ATP content. First,
cells were harvested and sonicated after addition of HCIO, and
neutralization with K,COj3, and protein concentration assessed
in a BCA assay. The mixtures were centrifuged at 16,000 x g
for 15 min (Rusanen et al., 2000) and the supernatants col-
lected for the measurement of ATP concentration using Mole-
cular Probes’ ATP Determination Kit (A22066, Invitrogen, USA)
according to the manufacturer’s instructions (Loos et al., 2011).
The amounts of ATP were calculated in the experimental sam-
ples from the standard curve established following the protocol
and was normalized as percentage of the control. Then, ATP
synthesis rate was determined using the luciferin-luciferase
method. Briefly, mitochondrial fractions were resuspended in
the reaction solution (0.5 mM EDTA, 10 mM Hepes, 5 mM
KH2PO4, 2.5 mM MgCly), and incubated for 3 min in 5 uM digi-
tonin at room temperature with gentle agitation. The sample
was then mixed with a solution of 20 uM luciferase, 5 mM ma-
late and 10 mM glutamate to record the light intensity as back-
ground using a GloMax 20/20n luminometer (Promega, USA).
ATP synthesis was initiated by addition of 4M ADP. The changes
in light intensity corresponded to the ATP synthesis rate.

Cell viability assay
Cell viability was determined using a cell counting kit (CCK-8;
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Dojin Laboratories, Japan), a colorimetric assay for the deter-
mination of the number of viable cells which produce a water-
soluble formazan dye upon reduction of a tetrazolium salt WST-
8 in the presence of an electron carrier. In these experiments, 1
x 10* cells/well were seeded in 96-well plates containing se-
rum-free medium and incubated in hypoxic conditions. 10 pl of
the CCK-8 solution was added to each well followed by 1 h
incubation. After solubilization, the absorbance was measured
at 450 nm using a microplate reader (Synergy HT, Bio-Tek,
USA) (Liang et al., 2012; Takeuchi et al., 2003). The experi-
ments were repeated for a total of three times (n = 3).

Determination of MMP

MMP was assessed using tetramethyl rhodamine methyl ester
(TMRE, Invitrogen), a lipophilic cationic fluorescent probe that
localizes within the mitochondria according to the membrane
potential (Scharstuhl et al., 2009; Zhdanov et al., 2011). Cells
grown on coverslips were loaded with 500 nM TMRE for 30 min
at 37°C in Hank’s balanced salt solution and real time imaging
of live cells performed with a fluorescence imaging system
(Leica DM6000 B, Leica, Germany). Dye loaded cells were
maintained in a perfusion chamber (bath volume = 0.5 ml)
mounted on the microscope stage. For detection samples ex-
cited at 568 nm emitted fluorescence at 585 nm. Images were
collected with an exposure time of 100 msec. Regions of inter-
est (ROI) were selected within several cells in each experiment
to measure changes in MMP.

Mitochondrial permeability transition

The mPT was measured by calcein-AM/CoCl, staining as de-
scribed previously (Petronilli et al., 1999; 2001). Briefly, cells
were loaded with 1 mM calcein-AM ester and 1 mM CoCl; in
Hanks’ solution containing 10 mM Hepes buffer (pH 7.4) for 30
min at 37°C. Cells were washed to remove free calcein and
Co?* and fluorescence was detected using laser-scanning con-
focal microscopy (excitation at 490 nm and emission at 520
nm).

Statistical analysis

Data are expressed as mean + SEM. SPSS 13.0 software was
used for statistical analysis and significance evaluated by one-
way ANOVA followed by post-hoc tests and paired-samples t-
test. Pvalues < 0.05 were considered statistically significant.

RESULTS

Hypoxia induces phosphorylation of DYNLT1 at S82

Given the importance of phosphorylation of DYNLT1 at S82,
we used antibodies to S82-P to investigate the effect of S82-P
during hypoxia. HeLa and H9c2 cells were exposed to hypoxic
conditions for 0.5, 1, 3 and 6 h besides a basic normoxic con-
trast. Levels of phophoserine were assessed by Western blot
and quantified by relative optical density signals (Fig. 1). Figure
1 shows that the tendency of S82-P degree increases first,
reaches a peak plateau, before declining. Precisely, a slight
elevation in H9c2 cells can be observed at after only 0.5 h hy-
poxia (P < 0.05) followed by an apparent high expression at 1h
which remains to 180 min (P < 0.01), and decreases at later
time points, to values close to basal levels albeit still higher than
normal (P < 0.05). For Hela cells, no significant increase was
detected until after 1 h hypoxia (P < 0.05) with a final value
lower than normal at 6 h (P < 0.05). The variability of results ob-
tained for H9c2 and Hela cell responses to hypoxia might be
due to the inherent differences between these cell lines in their
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Fig. 1. Levels of S82 phosphory-
lation in hypoxia. Immunoblots re-
present changes in levels of S82
residue phosphorylation in either
H9c2 or Hela cell line at normox-
ia (N) and 0.5, 1, 3, 6h of hypoxia.
The histogram to the right shows
relative optical density analysis.
GAPDH was chosen as an inter-
nal control. Values were com-
pared to N values, set to 100%
respectively and the other values
normalized accordingly. Data are
mean + SEM (n = 3). #P < 0.05;
*P<0.01vs.N.
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Fig. 2. Influence of S82 mutants on microtubule homeostasis. Free and polymerized tubulin fractions were prepared and probed with anti-a-
tubulin antibodies. Immunoblots and relative optical density analysis in (A) indicated a decrease in polymeric tubulin, while in (B) an increase in
monomeric tubulin in either H9c2 or Hela cell lines was observed. (C, D), Western blot experiments show the influence of S82E and S82A
mutants on polymeric tubulin and monomeric tubulin compared with Con group under normoxia (N) and Hypoxia (H1h) conditions in both cell
lines. Histograms to the right represent the quantified relative integrated signals of H9c2 and Hela, respectively. GAPDH in monomeric tubulin
fractions was chosen as an internal control for free tubulin and VDAC in polymeric tubulin fractions was chosen for polymerized tubulin. Data
are presented as mean + SEM (n = 3). #P < 0.05 vs. N, &P < 0.05 vs. Con.
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ability to withstand hypoxia. Indeed these findings indicate that
hypoxia induces phosphorylation of S82, especially at early
time points in both cell groups.

S82E mutagenesis accelerates MT depolymerization
induced by hypoxia while S82A plays a potentially
protective effect

To test the effects of different S82 mutations on MT organiza-
tion, objected cells were separated into polymeric and mono-
meric tubulin fractions as described in the experimental section.
Western blot data showed a time-dependent decrease in poly-
merized tubulin, concomitant with a parallel increase in free
tubulin in both H9¢c2 and Hela cells after hypoxia treatment
(Figs. 2A and 2B). In H9c2 cells the concentration of polyme-
rized tubulin were lower than normal at 1 h of hypoxia (P < 0.05),
while a statistically significance decrease occurred in HelLa
cells only at 3 h. However, increase in monomeric tubulin was
obvious at 0.5 h hypoxia in both H9¢c2 (P < 0.01) and HelLa
cells (P < 0.05), and after 1 h hypoxia, the quantity of mono-
meric tubulin was significantly elevated in both cell groups (P <
0.01). These results show a dynamic depolymerization of tubu-
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Fig. 3. Immunofluorescent confocal micrographs

S82A comparing S82E and S82A mutants to Con

groups in both H9¢c2 (A) and Hela (B) cell lines
under normoxia and hypoxia (H1h) conditions.

S82A

lin induced by hypoxia. Based on these findings, 1 h of hypoxia
was considered the earliest and ideal time point causing evi-
dent tubulin depolymerizing, and was accordingly chosen for
general hypoxia treatment in subsequent experiments. After-
wards, we transfected the objected cells with S82E/A mutant
recombinant adenoviruses. Each group including S82E, S82A
and the control cells (Con) was set into normoxia and hypoxia
(H1h) comparison. As shown in Fig. 2C Immunoblotting re-
vealed that all cell groups exhibited a more pronounced disrup-
tion of tubulin in hypoxia compared with that in normoxia (P <
0.05). Interestingly, S82E mutagenesis in both H9¢c2 and HelLa
cells showed a significant MT breakage compared with Con
groups in hypoxia (P < 0.05), as evidenced in Fig. 2C (two low-
est panels). There seemed to be no statistical difference be-
tween S82A and Con group whether in normoxic or hypoxic
conditions (P > 0.05). Conversely the results displayed in Fig.
2D show an increase of monomeric tubulin during hypoxia in
each group although S82E groups still displayed a higher ex-
pression of free tubulin (P < 0.05 and P < 0.01, respectively)
which translates into a promotion of MT disassembly. No statis-
tical differences were detected between untransfected cells and
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those transfected with empty adenovirus vector (data not
shown) in all the experiments.

Using Confocal laser microscopy, we found that the structure
of the MTs was severely disrupted after 1h of hypoxia, espe-
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Fig. 4. Hypoxia induces MMP
disruption and this damage can be
influenced by S82 mutations. Red
fluorescence detection in H9c2-(A)
and HelLa (B) cell lines including
Con, S82E and S82A groups under
normoxia and hypoxia conditions
shows different MMP damage ac-
cording to groups. The histogram to
the right represents the quantified
MMP reduction respectively as mean
+ SEM (n = 3). #P < 0.05; *P < 0.01
vs. N, & P<0.05 vs. Con.

Fig. 5. mPT induction probed by
calcein-AM/CoCl; co-staining. Muta-
genesis of S82 has an impact on
hypoxia-induced permeabilization.
Fluorescent micrographs of H9c2-
(A) and HelLa (B) cell lines (Con,
S82E and S82A groups) under
normoxia and hypoxia conditions
show distinct degrees of mPT in-
duction. Graphs to the right repre-
sent the calcein fluor reduction. Va-
lues are mean + SEM (n = 3). #P <
0.05; *P< 0.01 vs. N; &P < 0.05 vs.
Con.

cially in S82E groups in both H9c2 and Hela cells (Fig. 3), with
a more striking decrease in MT density, looser distribution and
a more severe loss of MTs closely adjacent to the cell mem-
brane than the Con group. However the hypoxia-induced alte-
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ration of microtubule networks was less noticeable in S82A
groups in comparison with S82E and the MT structure in the
S82A mutant even persisted more than the Con.

S82E is responsible for hypoxia-induced mitochondrial
damage: MMP collapse and permeabilization

Fluorescence micrographs in Fig. 4 show a MMP collapse and
damage induced by hypoxia in both H9c2 (P < 0.05) and HelLa
(P < 0.01). S82E groups slightly lowered the MMP in normoxia
initially, regardless to the host cell line. After hypoxia treatment
the red fluorescence intensity representing the MMP was much
weaker than that obtained either from the same cells in nor-
moxia (N) (P < 0.01) or Con group in similar hypoxia conditions
(P < 0.05). Conversely, both S82A groups maintained a posi-
tive MMP strength symbolizing their capability of hypoxia toler-
ance. Figure 5 shows the mPT induction by visualization of
green fluorescence intensity. S82E was also prone to elicit
mitochondrial permeabilization under normoxia although this
was more pronounced under hypoxic conditions (P < 0.01), and
S82A seemed to protect mPT from hypoxia-induced damage.
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Release of Cyt ¢ is aggravated in S82E and suppresed in
S82A groups during hypoxia

Release of mitochondrial proteins like cytochrome (Cyt) ¢ con-
stitutes a major event during apoptosis. To analyze the translo-
cation of Cyt c, protein levels were quantified by Western blot in
mitochondrial and cytosolic fractions of Con and transfected
cells. We found that Cyt ¢ was depleted from its resident loca-
tion i.e. mitochondria after oxygen deprivation. In parallel, the
levels of Cyt ¢ gradually increased in cytosolic fractions (Figs.
6A and 6B). These changes were noticed (P < 0.05) after 1h of
hypoxia. As the hypoxia was prolonged, these changes be-
came even more evident (P < 0.01). Afterwards, we evaluated
the effects of S82 mutagenesis on Cyt c release. It seemed that
the mutagenesis had no obvious influence on basal Cyt ¢
amounts in mitochondrial and cytosolic fractions under normox-
ia (P> 0.05), except for the S82E group in the H9¢c2 mitochon-
drial background showing a slight decrease compared with the
control cells (P < 0.05). These findings suggest that S82E mu-
tagenesis itself might alter the release of Cyt c. We found that
S82E aggravated this transport while S82A was able to sup-
press the release of Cyt ¢ in hypoxia (Figs. 6C and 6D). Indeed,
there was no statistically significant in Cyt ¢ concentrations
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obtained in mitochondrial or cytosolic fractions from S82A groups,
whether in normoxia and hypoxia conditions. In contrast, when
comparing S82E-Hypoxia with S82E-Normoxia groups, Cyt ¢
release was elevated in H9c2 cells (P < 0.05), and even more
pronounced in Hela cells (P < 0.01). Focusing on the Cyt c
expression in same hypoxia condition, we found that in all
S82E groups the changes were significant compared with the
Con (P<0.05).

Effect of S82 mutagenesis on hypoxic energy metabolism

Con and S82 mutant groups of H9c2 and Hela cells were ex-
posed to hypoxic conditions for 1 h as described above. The
relative cell viability of the cultured cell was tested using the
CCK-8 assay. Figure 7A shows that hypoxia caused a de-
crease in cell viability in Con and S82A groups of both cell lines
(P < 0.05), and the reduction in numbers of viable cells is more
remarkable in S82E groups (P < 0.01). S82E groups therefore
lead to more cell killing than Con groups in hypoxia (P < 0.05).
As shown in Fig. 7B the relative total ATP content in hypoxia
was significantly decreased than that in normoxia in each cell
group. Similar results were obtained for the ATP synthesis
rates (Fig. 7C). Moreover, the values obtained showed that the
ATP synthesis ability of H9c2 cells is higher than that of Hela,
and the impairment induced by hypoxia was also more evident
in H9c2. Although no significant difference in ATP reduction
was detected among the hypoxic Con, S82E and S82A groups
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(P > 0.05), the ATP synthesis rates were significantly lower in
S82E compared with Con during hypoxia in either cell line (P <
0.05).

DISCUSSION

MT disruption is a common phenomenon in hypoxia-induced
cell injuries and is closely connected with mitochondrial dys-
function, which can also directly be induced by hypoxia. Some
studies proposed that free tubulin can modulate MMP, VDAC
and hence, mitochondrial outer membrane permeability in can-
cer cells (Maldonado et al., 2010; Rostoviseva and Bezrukov,
2012). In addition, Sheldon’s team discovered that phosphory-
lation of VDAC governs its interaction with tubulin (Sheldon et
al., 2011). These experiments revealed the interaction between
MT and mitochondrion. In our previous works, we described a
co-localization of VDAC1 and MTs in accordance with previous
reports. Furthermore, we found that a new molecule, DYNLT1,
linking MT network and mitochondria, was involved in a possi-
ble mechanism of MT and mitochondria stabilization, thus im-
proving cell viability during hypoxia. DYNLT1 is a component of
cytoplasmic dynein, the major motor protein complex responsi-
ble for minus-end, MT-based motile processes. Each dynein
complex consists of 2 heavy chains with ATPase and motor
activities, in addition to a group of accessory polypeptides such
as intermediate chains, light intermediate chains and light
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that hypoxia can induce DYNLT1 phosphorylation
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tion. Consequently, phosphorylation of S82 does
Cell play a role in MT assembly and mitochondrial per-
meabilization regulation and should be involved in
studies dealing with cellular hypoxic tolerance.
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chains. It is generally admitted that the light chain portion is
engaged in cargo binding and attached to cell organelles (e.g.
mitochondria) while contributing to their localization (Makokha
et al., 2002; Mok et al., 2001; Williams et al., 2005). Schwarzer
et al. (2002) reported that DYNLT1 slightly increases the vol-
tage-dependence of VDACH1, indicating that DYNLT1 has the
ability to modulate channel properties. Our recent findings indi-
cated that DYNYT1 knockdown can negatively affect the mito-
chondrial permeabilization and metabolism (Fang et al., 2011).
All these data suggest that DYNLT1 might be a potential mod-
ulator in cytoprotection by MT and mitochondrion modulation
coordination.

DYNLT1 is highly constructively conservative with a possible
modification is presumed to be phosphorylation. It was reported
that The S82 of DYNLT1 is critical for binding to dynein inter-
mediate chain and phosphorylation of this amino acid was
shown to play a role in the uncoupling of DYNLT1 from the dyne-
in complex (Yeh et al., 2006). Considering its important regula-
tory role during hypoxia, we were interested in the changes that
DYNLT1 would undergo under hypoxia and to address whether
its alternation would influence MT polymerization and mito-
chondrial function besides cargo binding. We speculated that
once oxygen was deprived, phosphorylation would occur to
DYNLT1 most likely at serine/tyrosine residues. Therefore, S82
was chosen to analyze the phosphorylation development of
DYNLT1 in H9c2 and Hela cell lines. Our results (Fig. 1) con-
firmed our hypothesis with the tendency towards increased
phosphorylation first (start at 0.5 h, peak at 1 h), and subse-
quent dephosphorylation (declining at 3 h and nearing basal
line at 6 h). Based on these observations, hypoxia of 1 h was
selected as earliest optimal point to be used in subsequent
experiments (S82-P levels remarkably elevated). Site-directed
mutagenesis was carried out using recombinant adenovirus to
mutate S82 to either S82E or S82A, mimicking the phosphory-
lated or dephosphorylated forms of DYNLT1 at S82 residue,
respectively.

Western blots and the relative integrated signals in Figs. 2A
and 2B showed a common decrease of polymeric tubulin as
well as an increase of monomeric tubulin in H9¢c2 and HelLa
cells during hypoxic treatment. In S82E mutation this contrast
was most pronounced (Figs. 2C and 2D), with the polymeric
tubulin amounts in hypoxia not only lower than that in normoxia,
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but also than that of Con group in hypoxic conditions. In con-
trast S82A mutation seemed to prevent this aggravation. Be-
sides this quantitative analysis, immunofluorescence of cells
cultured on coverslips displayed the morphology of MT dynam-
ics in hypoxia and revealed a difference resulting from various
site-directed mutants (Fig. 3). These results suggest that S82E
mutant could promote the MT depolymerization while the S82A
mutant plays a protective role in hypoxia. It is known that S82E
mutant of DYNLT1 negatively affects its binding to intermediate
chains and hence alters dynein assembly (Yeh et al., 2006).
However, it is still unclear whether MT disassembly is caused
directly by the S82 phosphomimic action or if there is an inter-
mediary player involved.

Permeabilization of mitochondrial membrane is a crucial step
in apoptosis and necrosis. The complexes responsible for mPT
pore activity span both the inner and outer membranes of mito-
chondria (Kinnally et al., 2011a). Opening of mPT pore can be
triggered by several factors such as oxidative stress, mitochon-
drial membrane depolarization, etc. Although the definitive mo-
lecular identity of the pore is still under debate, proteins such as
cyclophilin D, VDAC and ANT contribute to mPT pore formation,
and VDAC has been proposed to play an undeniable role in
outer mitochondrial membrane permeabilization (Kinnally et al.,
2011b; McCommis and Baines, 2012). Increasing attention has
been directed towards mPT because induced permeabilization
causes matrix swelling, MMP loss and cellular energy dysme-
tabolism. When the MMP is lost there is an unchecked flow of
protons and various molecules across the outer mitochondrial
membrane such as Cyt c. This can facilitate the activation of
caspase cascade, DNA damage and eventually cell death. The
loss of the MMP also interferes with the production of ATP since
an electrochemical gradient is indispensable in energy (ATP)
production. During cell damage resulting from severe hypoxem-
ic injury (e.g. heart attack or severe burn), an induced permea-
bilization can severely reduce ATP production and even cause
ATP synthase to start hydrolyzing ATP instead (Stavrovskaya
and Kiristal, 2005).

We found that S82E caused an obvious MMP collapse com-
pared with Con and S82A groups in either H9¢2 or HelLa back-
grounds in hypoxia (Fig. 4). When evaluating mitochondrial per-
meabilization, we also found that S82E resulted in a more in-
ducible hypoxic mPT than other groups (Fig. 5). These results

http://molcells.org



were in accordance with their interaction as mentioned above.
Interestingly, S82A acted as a protective factor, and its benefi-
cial effect on MMP or mPT was obvious. Figure 6 dynamically
displays the procedure of Cyt ¢ released into cytosol under
hypoxic conditions, which seemed analogous to tubulin depo-
lymerization (decrease on one side and increase on the other).
Based on the mechanism of permeabilization induction stated
above, we confirmed that S82E negatively influences mPT
since it facilitated the Cyt ¢ release through the mPT pore open-
ing in normoxia and even more in hypoxia. In contrast, S82A
effectively attenuated Cyt c release, again in accordance with
its preventive role in mPT induction.

CCK-8 assay and ATP quantification were used to test the
maintenance of hypoxic energy metabolism. It is known that
Hypoxia treatment could reduce cell viability (Hu et al., 2010).
We found that S82A improved the survival of hypoxic cells
whereas S82E sharply reduced cell viability in hypoxia condi-
tions. The data obtained in two different ATP assessment as-
says showed that hypoxia resulted in a decrease in total ATP
content and mitochondrial ATP synthesis rate. Under hypoxic
conditions, no statistical differences were detected in total ATP
decrease between Con, S82E and S82A groups in both cell
lines. However the mitochondrial ATP production was impaired
in the two S82E groups compared with the Con groups. Except
for limitations in our experimental design e.g. hypoxic time points,
these findings suggest that the synthesis rate is more sensitive
to test early ATP changes. H9c2 cell line was more easily af-
fected by hypoxia in ATP producing than Hela, and this may
due to the enhanced hypoxic ATP production through glycoly-
sis in cancer cell (Frezza et al., 2011; Teng et al., 2010).

However, the puzzle is not completely solved. For example,
what is the regulatory mechanism between DYNLT1, MTs and
mitochondria? Does DYNLT1 modulate mitochondria through
MTs or the reverse? Does S82 phosphorylation mutagenesis
affect mPT by impairing the dynein complex assembly, or else?
Additionally, our previous studies have shown that down-
regulation of DYNLT1 aggravates hypoxia-induced mitochon-
drial damage. In order to obtain an ideal ability for hypoxia to-
lerance, what may be a better protective modification between
expression modulation and site-directed mutation, or what kind
of combination balance is the best choice? These questions
need to be addressed in order to deeply explore the DYNLT1
mechanisms in mitochondrion and MT modulation. Certainly,
our current results indicate that DYNLT1 phosphorylation at
S82 is involved in MTs regulation and mPT induction, and that
their interaction and cooperation may contribute to the cellular
hypoxic tolerance (Fig. 8). Thus we provide new insights into a
DYNLT1 mechanism in stabilizing MTs and mitochondria and
propose a potential therapeutic target in hypoxia cytoprotective
studies.
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