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Abstract
ATAD3 protein is a S100B- and PKC-regulated mitochondrial
ATPase which is vital for mitochondrial biogenesis and early
development. Even if suspected today to contribute in a lipid rafts
transfer system, from endoplasmic reticulum to mitochondria, the
precise function of ATAD3 is still unknown. However, ATAD3 has
been previously shown to exhibits in vitro anti-proliferative and
chemo resistant properties and to be a positive marker of different
tumor subtypes, of tumor progression and of poor survival in several
human cancers. This is particularly true concerning ATAD3B,
the embryonic and cancer-expressed isoform. Because ATAD3
is hypothetically implicated in lipid fluxes between endoplasmic
reticulum and mitochondria, like S100B itself, we asked whether
ATAD3B anti-proliferative and chemo resistant effects are
dependent on available phospholipids from extra-cellular source.
Using ATAD3B expressing and control cells, we show here that
ATAD3B-related biological functions are dependent on the lipids
in the medium. Complementation of lipid-free medium with
individual lipids shows that phosphatidyl-serine and phosphatidylethanolamine specifically enhance the growth of ATAD3B over
expressing cells.
Also, because S100B is a partner and regulator of ATAD3A/B,
we investigated S100B localization following lipid starvation
and exogenous phosphatidyl-serine delivery. We observed that
endogenous S100B is first recruited to the plasma membrane and
then to the mitochondria rapidly after phosphatidyl-serine addition.
Finally, the in vivo mitochondrial localization of S100B was found in
agreement with the in vitro interaction of S100B with mitochondria.
These results reinforce the putative role of ATAD3 and S100B
in Reticulum-Mitochondria interactions, like for the transport of
phosphatidyl-serine between these compartments.
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Introduction
ATAD3 is an inner membrane mitochondrial ATPase discovered
in 2002, both as a c-Myc target gene [1], as an auto-immune tumorrelated antigen and a marker of head and neck cancers [2,3].
ATAD3, especially ATAD3B (see below), was later shown to support
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chemoresistance in cancer cells and to induce cell cycle delay [4-9].
Also, and despite a still undiscovered function, ATAD3 is vital for
mouse, drosophila and c. elegans early developments [10-14].
ATAD3 has been shown recently to promote MAMmitochondria interactions and mitochondrial biogenesis fluxes, like
the related transport of cholesterol and of phosphatidyl-serine [1517]. In accordance with this, ATAD3 has been shown to be a limiting
factor in mitochondrial biogenesis and adipogenesis [13-18].
ATAD3 exists as a single gene from pluri-cellular organisms until
mammals, where the gene has duplicated twice in primates with 3
present genes (ATAD3A, 3B and 3C, where 3A corresponds to the
ancestral gene). Among the three isoforms, ATAD3B has focused
more attention because of its embryonic and cancer-associated
expression profile [19]. This isoform has been early shown to be a
very clear cancer marker [2,3,6,7,20,21], because ATAD3B is not
expressed in adult healthy tissues. ATAD3B is today a prognostic
marker for glial and breast cancers [9,22]. Up today, ATAD3B like
ATAD3A has been shown over expressed in all studied cancers [8].
ATAD3A and ATAD3B have been shown to interact specifically
with S100B and S100A1 [15,23]. S100B, like S100A1, is a calcium
binding protein which participates in the regulation of various
cellular functions, at different locations. S100B may act as a partner
and regulator of PKC, then, ATAD3 could be among the various PKC
substrates [6,24]. Also, no explanation can still justifies the various
localizations of S100B, from the serum, the plasma membrane and
the cytosol, to the mitochondria and the nucleus [25]. This can
reflect the general role of S100B in PKC regulations. More recently,
a new and interesting role of S100 protein has emerged and was
proposed by Kuge and collaborators [26]. They showed that S100B
can promote the transport of phosphatidyl-serine (PS) from the
reticulum to the mitochondria for its further decarboxylation into
phosphatidyl-ethanolamine (PE). Similar to the function of S100
at the plasma membrane lipid rafts, S100 could in theory regulate
endoplasmic reticulum/mitochondria contact sites and lipid fluxes.
In fact, it is well known that S100 plays a role in lipid rafting systems,
like with the interplay between S100A10/Annexin and ANNAK at
plasma membrane rafts [27-29].
All these accumulating observations led us to ask the
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question whether biological functions of ATAD3B, revealed by
chemoresistance and induction of cell cycle delay, could be directly
linked to phospholipid metabolism [18]. For this purpose, we used
human oligodendroglial cell line expressing or not ATAD3B, the
product of the embryonic and tumor-expressed human gene, to study
the impact of ATAD3B on phospholipid metabolism.
For this purpose, we choose the strategy of lipid depletion (with
lipid-free Fetal Bovine Serum) and of individual phospholipids delivery
to test ATAD3B anti-proliferative and chemoresistance properties.

Materials and Methods
Cell culture
The human oligodendroglial-derived HS683 cell line [30],
generously provided by G. Labourdette, was grown in DMEM
supplemented with 10% fetal bovine serum (Biowest) at 37°C and
5% CO2. For lipid starvation, we used the same medium with 10%
of lipid-free FBS (Sigma-Aldrich). Stably transfected cells were
produced using 625 µg/ml of G418 (GIBCO-BRL) for selection and
200 µg/ml for growing reconstituted pools. The cell line was checked
for the presence of 1pLOH [4].

Growth assays and chemoresistance assays
For growth rate measurements, cells were split at 104 cell/cm2 by
triplicates and the number determined every day after rinsing twice
with PBS and trypsin digestion. Cell suspensions were quantitated
by automated counting with a calibration at 7 µm (coulter counter).
For chemoresistance tests, cells were split at 105 cell/cm2 and
treated continuously for 12h with doxorubicin (Sigma) at the final
concentration of 1.8, 5 or 25 µM. For counting of chemo resistant
cells, cell cultures were rinsed twice in PBS to remove dying cells,
treated with trypsin and re suspended in PBS. Cell suspensions
were numerated by automated counting (coulter counter) with
a calibration at 7 µm. Standard deviations were calculated with 16
measurements (four quadruplicates).

Statistics
Experiments were repeated at least three times and mostly
analyzed in different parallels. Resulting data are given as means +/standard deviation. Differences between data were analyzed by twotailed, two-sample, unequal-variance Student’s t-test with P-levels
indicated according to * for P < 0.05, ** for P < 0.01, *** for P < 0.001.

Results
ATAD3B-induced growth inhibition and chemoresistance
depend on the lipids in the media
As described previously several times, ATAD3B over expression
associates with cellular transformation but also induces growth
inhibition and increased chemoresistance to genotoxics, like
ATAD3A [4,9]. These phenomena have been well shown in gliomaderived cells but are especially visible in HS683 cell line which are
oligodendroglioma-derived cells missing with both ATAD3B alleles
[4].
In order to see if ATAD3B expression is involved in lipid
metabolism, we asked the inverse question whether lipid metabolism
would influence ATAD3B properties and functions. To see if
ATAD3B-induced growth inhibition is linked to lipid metabolism,
like dependent of exogenous lipid source, we grew and compared
the growth rate of ATAD3B expressing and control HS683 human
cells under normal or lipid-free culture conditions (Figure 1A and
Figure 1B). To avoid any clonal effects from selection, we used pools
of transfected cells for both ATAD3B and control cells. As observed
previously [4], ATAD3B expressing cells divided more slowly than
control cells in normal media (division time of 29 h versus 20h). In
lipid-free media (after 5 days of starvation), both the HS683 control

Mitochondria co-purification assay/western blot
Mitochondria were purified as described in [31]. There, after
pelleting nuclei, the cytoplasm fraction is centrifuged at 100.000 g and
wash three times the same way with extraction buffer. All fractions,
cytoplasm, washes and mitochondria were analyzed by western-blot
for the presence of co-purified S100B.
For western-blot, samples were lysed in SDS-sample buffer and
protein concentration was measured with BCA™ protein assay kit
(Pierce). Proteins were run on 12% SDS-PAGE gel, and transferred to
a nitrocellulose membrane. Immuno blotting was performed in 0.2%
Tween 20-TBS with the different antibodies (ATAD3 is a polyclonal
antipeptide antibody from Eurogentec [4], S100B is a monoclonal
antibody from Abcam (ab52642) and tubulin is a polyclonal antibody
from Santacruz) and revealed with anti-mouse or anti-rabbit
secondary antibodies coupled to HR peroxidase. Blots were revealed
by chemo-luminescence according to the manufacturer's instructions
(ECL, Amersham Biosciences).

Immunofluorescence confocal analysis
Detection of S100B was performed on HS683 cells overexpressing
ATAD3B. Cells were seeded in the Lab-TekTM-Chamber slide
system (Nunc, Danemark) and induced to differentiate for various
time periods. Just before imaging, cells were incubated with 200
nM MitoTraker Green FM (Interchim, France) at 37°C in a 5% CO2
incubator for 30 min and 1 μg/ml Hoechst 33342 in the dark at 37°C
for 10 min. After staining, cells were washed twice with pre-warmed
phosphate-buffered saline (PBS), and fresh DMEM medium was
added. Images were collected with a Leica TCS SP2 AOBS inverted
laser scanning confocal microscope equipped with a 63X water
immersion objective (HCX PL APO 63.0x/1,40 W Corr). Laser
excitation was 351-364 nm for Hoechst, 488 nm for MitoTracker
Green. Fluorescence emissions adjusted with AOBS were 390-470 nm
for Hoechst and 498-549 nm for MitoTracker Green.
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Figure 1: (A) HS683 cells were stably transfected with ATAD3B-containing
or empty pCDNA3 vectors. Western-blot detection of ATAD3 was performed
to check for expression levels with tubulin as a control; (B) Growth of
ATAD3B-expressing and control cells was measured during 4 days in
presence or absence of lipids in the media (LF for lipid free medium); (C)
Chemoresistance of ATAD3B-expressing and control cells to doxorubicin
was measured in presence or absence of lipids in the media using two
concentrations of doxorubicin (5 and 25 µM). Living cells were counted after
12 hours of treatment.
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In a similar way we looked if ATAD3B-induced chemoresistance
to genotoxic is also dependent of exogenous lipid source (Figure
1C). As can be seen, ATAD3B expression increases short-term
chemoresistance to doxorubicin in normal media as previously
described [4], but no significant difference was observed under lipid
starvation. Therefore, ATAD3B-induced chemoresistance, like cell
cycle delay, are both dependent of lipid source in the media.
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Figure 2: (A) Cell growth of ATAD3B-expressing and control cells was
measured following restitution of individual lipids to 5 days lipid-starved
cells. Three days after lipids addition, cell numbers were counted and
are represented as a histogram as compared to no lipid or with complete
medium; (B) Chemoresistance of ATAD3B-expressing and control cells to
doxorubicin was measured on starved cells (LF) and on cells restituted with
individual lipids. Living cells were counted after 12 hours of treatment and are
represented as a histogram.

To further analyze this phenomenon, we used 5 days lipid-starved
HS683 cells (ATAD3B-expressing and control) to add back individual
lipids in the media (i.e., Arachidonic Acid, AA; Phosphatidyl-choline,
PC; Phosphatidyl-ethanolamine, PE and Phosphatidyl-serine, PS)
and to test if this affects the cell growth differentially (Figure 2A). As
it can be seen, all lipids improved the cell growth of both cell lines,
even if a slight cytotoxicity was observed soon after lipid addition
(measured at 3% of cell death). Also, a significant difference was
observed between control and ATAD3B expressing cells. Even if all
lipids restored growth of control cells, PE and PS exhibit specifically a
higher growth effect on ATAD3B expressing cells.
We then concluded that ATAD3B expression improves PS- and
PE-dependent cell growth and has no specific effect on AA- and PC-

Figure 3: (A) Stably transfected HS683 cells expressing ATAD3B were grown in normal media and imaged for S100B(whole cells view, DNA in blueHoechst) using green secondary antibody; (B) Stably transfected HS683 cells expressing ATAD3B were lipid-starved for 5 days and stained for mitochondria
(Mitotracker-Red), DNA (Hoechst (blue) and S100B (green) and is presented as a whole cell view; (C) Stably transfected HS683 cells expressing ATAD3B
were lipid-starved for 5 days and restituted with PS in the medium for 60 minutes. Fixated-permeabilized cells were stained with Mitotracker-Green (green or
red) and immuno-stained for S100B (red or green) and imaged by confocal analysis.
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induced cell growth. These results confirm the link between ATAD3B
expression level and exogenous PS/PE sources, naturally required for
cell growth.
In a same way, we tested if adding back individual lipids to
lipid-starved cells can restore ATAD3B-specific chemoresistance
to doxorubicin (Figure 2B). As it could be seen, neither AA nor
PC can modify chemoresistance to doxorubicin in both cell lines.
Also, PS and PE addition lead to an increase of chemoresistance
specifically in ATAD3B expressing cells. Therefore, it appears that
ATAD3B-induced chemoresistance is functionally linked to PE and
PS metabolism.
As introduced, ATAD3A/B has been first identified as targets
of S100B, which is itself potentially involved in lipid metabolism.
Therefore, we tried to see if endogenous S100B could be recruited
at mitochondria under lipid starvation and/or PS-dependent cell
growth.

S100B localizes at plasma membrane following lipid
starvation and re-localizes to mitochondria after PS addition
To look at S100B localization during lipid starvation and after PS
addition, we performed confocal immuno-fluorescence microscopy
analysis at different times using a specific anti-S100B monoclonal
antibody (Figures 3). Under normal growing condition, in complete
medium, S100B localizes everywhere in the cells (Figure 3A).
Following lipid starvation, S100B localizes everywhere in the cells but
some appear as intense dots at the cell surface, as presented as a whole
cell view in figure 3B, but not co-localized with mitochondria. After
30 to 90 minutes of PS addition, an obvious accumulation of S100B
was observed around mitochondria and demonstrated by confocal
analysis of superimposed signal with mitotracker staining (Figure 3C).
This result led us to the conclusion that S100B is recruited at the
cell surface under lipid starvation and in part at mitochondria surface
following PS-induced cell growth.

Phosphatidylserine addition induces S100B interaction
with mitochondria
To confirm the re-localization of S100B at mitochondria after PSinduced cell growth, we performed the purification of mitochondria
from lipid-starved and from PS-induced HS683 cells in order to
analyze the presence of co-purified S100B (Figure 4). As it can
be seen, S100B does not co-purify with mitochondria in control
condition (lipid-starved) and is essentially present in the cytoplasmic
sub-fraction. At the opposite, S100B does bind to mitochondria from
PS-induced cells (almost half of the cytoplasmic S100B content).
This binding is tight as no S100B was detected in the washing
steps. ATAD3 immuno-detection (ATAD3A) was performed here
to control the amount and integrity of mitochondria, as for S100B
showing no change in expression. Also, similar results were obtained
with ATAD3B-expressing cells (data not shown) but they cannot
allow to discriminate the respective and direct roles of ATAD3A and
ATAD3B. These observations confirm therefore that PS-induced cell
growth is associated with the binding of S100B at mitochondria.

Discussion
ATAD3 protein, even if vital for early development, has unknown
molecular function up to date. However, three assays allow to reveal
indirectly ATAD3A/B functions. One is the specific in vivo and in
vitro binding to S100B [23], the second is the cell cycle delay induced
by ATAD3A/B over expression [4] and the third is the associated
chemoresistance to genotoxic which depends also on ATAD3A/B
expression level [4-7,9].
We used here all the three methods to investigate the possible
role of ATAD3B and S100B in lipid metabolism [15-17]. Speculating
at start that ATAD3A/B may promote lipid-dependent cell
growth, we observed that ATAD3B-induced anti-proliferative and
chemoresistance properties are dependent of lipid source in the
medium. Therefore, these characteristics of ATAD3A/B should be
linked to the cellular lipid metabolism. We also found, by adding back
individual phospholipids in the medium, that ATAD3B expression
favors specifically the growth induced by PS and PE, showing also
that ATAD3B enhances chemoresistance in presence of PS and PE.
Therefore, we focused on the localization of its partner S100B
during the lipid starvation phase and after PS restitution. In normal
cells, and as usually observed, S100B locates everywhere in the cells
(as some to the mitochondria). After lipid starvation, we observed
that S100B localizes partially to the plasma membrane and then to
the mitochondria soon after PS delivery. The interaction of S100B
to mitochondria was further confirmed by a mitochondria copurification assay. Also, it is not sure that S100B binds to ATAD3A/B
but it can be highly suspected [15,23]. However and all together, these
results suggest that ATAD3B and S100B are involved in PS and PE
intracellular metabolisms, like should be ATAD3A.
Considering S100B, we may believe that it can accompany PS and
PE from the plasma membrane to the mitochondria, as a lipoprotein,
or by controlling somewhere lipid transits as we know already the
role of S100 in lipid rafts and lipid transfers [28]. Also, it is easy to
believe that ATAD3, for its part, can contribute to the transfer of PS
or PE from the reticulum compartment (ER) as it has been shown that
ATAD3 is involved in the contact sites between ER and mitochondria
[6] and in the transport of cholesterol through these points of contact
[16]. Therefore, we think that ATAD3 can enhance lipid transport
from ER to mitochondria and improve by this way the cell growth and
chemoresistance. Of course, since ATAD3B interacts in a dominantnegative fashion with ATAD3A [15,32], we cannot exclude that both
isoforms interact in vivo with S100B.
In conclusion, we speculate that increased circulating PS and PE
may therefore improve ATAD3B chemoresistance properties, like
could be for ATAD3A. Then, more practically and in the other way,
decreased circulating levels of PS and PE might decrease ATAD3Bassociated chemoresistance and may improve therapy of tumors like
high-grade astrocytoma.
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