
Abstract. In search for new valuable tumor-associated 
antigens using the AMIDA technique, we identified the 
KIAA1273-AAA-TOB3 protein. KIAA1273 and AAA-
TOB3 were considered synonyms for the atad3B gene 
product. We show that the atad3b gene encodes two 
distinct proteins, both overexpressed in head and neck 
carcinomas and required for correct cell division. Both 
products differ within the N terminus, are generated 
upon distinct transcription initiation sites, and have been 
termed AAA-TOB3s and AAA-TOB3l. Both isoforms are 

early targets of c-myc and are located in mitochondria. A 
previous report suggested pro-apoptotic properties of the 
murine homolog of AAA-TOB3l.. Here, we did not ob-
serve any pro-apoptotic effects in human cell lines, over-
expressing h-AAA-TOB3s or h-AAA-TOB3l. By con-
trast, the specific knock-down of both mRNAs resulted in 
polynuclear cells and decreased proliferation, along with 
dysfunctional cell division followed by increased apopto-
sis. Thus, the present data suggest a role for AAA-TOB3s/l 
in tumor progression.
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Introduction

AMIDA, the antibody-mediated identification of anti-
gens, is a proteomics-based technology designed to iso-
late potential tumor-associated antigens (TAAs) based 
on the humoral response they elicit in vivo [1, 2]. We 
have reported on the identification of the KIAA1273/
AAA-TOB3 protein in head and neck squamous cell 
carcinomas, using an autologous version of AMIDA [1]. 
KIAA1273 and AAA-TOB3 were regarded as synonyms 
for the same protein product of the atad3b gene locus 
(ATPase family AAA domain containing protein 3B). 
For the sake of simplicity, the term AAA-TOB3 will be 
used in the present report. Sequence homology assigned 
AAA-TOB3 to the large family of ATPases associated 
with various cellular activities (AAA-ATPase), includ-

ing proteins important for proteolysis, membrane fu-
sion, DNA replication or intracellular trafficking [3–6]. 
The function and localization of human AAA-TOB3 is 
poorly studied so far. In situ hybridization experiments 
revealed the expression of AAA-TOB3 mRNA in the 
cells of the basal membrane layer of healthy squamous 
epithelium, whereas suprabasal layers did not express 
the mRNA [1]. Unpublished results from Pillai et al. 
have shown that human AAA-TOB3 facilitated protein 
transport from the endoplasmic reticulum to the Golgi 
apparatus (http://mghra.partners.org/narratives/PillaiS.
htm). Furthermore, the murine homolog of AAA-TOB3, 
mAAA-TOB3, has been isolated in a screening for pro-
teins of the inner mitochondrial membrane [7]. When 
transferred into human carcinoma cells, mAAA-TOB3 
induced apoptosis, which was counteracted upon treat-
ment of the cells with the apoptosis inhibitor ZVAD. 
Similar findings for other proteins that are overexpressed 
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in tumors and have pro-apoptotic potential have been 
reported. For example, cleaved variants of the MAGE-
A4 tumor-associated cancer-testis antigen induced p53-
dependent and -independent apoptosis [8]. Comparable 
results were described for the preferentially expressed 
antigen of melanomas PRAME [9]. Thus, the elucida-
tion of the open question whether human TOB3 is also 
pro-apoptotic appeared of major importance.
Further confusion arose from recent BLASTn searches 
with the AAA-TOB3 sequence. The alignment of AAA-
TOB3 on the human transcriptome yielded an addi-
tional open reading frame assigned to the atad3b gene 
locus, which substantially differs in the 5′ region. This 
prompted us to analyze in a more detailed fashion the 
products of the atad3b gene locus in carcinoma cells. 
Here we demonstrate the existence of two isoforms of 
the AAA-TOB3 protein, AAA-TOB3l and AAA-TOB3s, 
which differ in length and are generated upon differen-
tial transcription initiation start usage. Detailed analysis 
revealed the overexpression of both isoforms in head and 
neck squamous cell carcinomas and their mitochondrial 
localization. In contrast to their murine counterpart [7], 
neither AAA-TOB3s nor AAA-TOB3l was pro-apop-
totic. However, the knock-down of both proteins using 
specific small interfering RNAs (siRNAs) resulted in a 
decreased proliferation and the appearance of polynu-
clear cells along with dysfunctional cell division. Subse-
quently, cells displayed an increased cell size, vacuoliza-
tion, granularity, and ultimately died by apoptosis. Thus, 
AAA-TOB3s and AAA-TOB3l are two distinct proteins 
expressed from a single gene locus, which functionally 
feed into the process of cell division, and are overex-
pressed in carcinomas.

Materials and methods

Cell lines and flow cytometry. GHD-1 cells were estab-
lished from a biopsy of a hypopharynx carcinoma patient 
[10]. ANT-1, FaDu, PCI1, PCI13, and 22A are head and 
neck squamous cell carinoma lines. HeLa is a cervix cell 
line (ATCC CCL-2). All cell lines were cultured in stan-
dard DMEM supplemented with 10% fetal calf serum 
(FCS). For flow cytometry analysis, cells were washed 
twice in PBS and resuspended in PBS supplemented with 
3% FCS. Cell size, granularity, and fluorescences were 
assessed in a FACSCalibur device (BD Clontech, Heidel-
berg, Germany).

In-situ hybridization. In situ hybridization was per-
formed as described elsewhere [1].

Laser scanning fluorescence microscopy. HeLa and 
GHD-1 cells expressing YFP-fusion proteins were 
stained with MitoTracker Red™ (Molecular Probes, 

Eugene, OR, USA) and living cells analyzed in a 
fluorescence laser scanning system (TCS-SP2 scan-
ning system and DM IRB inverted microscope; Leica, 
Solms, Germany).

Immunohistochemistry. For immunohistochemistry, 
1 × 104 cells/well were grown for 12–18 h in eight-well 
chamber slides (Nunc, Wiesbaden, Germany). Cells 
were then transiently transfected with expression plas-
mids for hemagglutinin (HA)-tagged AAA-TOB3s/l and 
incubated for a further 20 h. They were then fixed and 
permeabilized (acetone, 10 min, room temperature), be-
fore detection with an HA-specific monoclonal anti-
body (1:100, Roche, Mannheim, Germany) in combina-
tion with a biotinylated secondary antibody and avidin-
biotin-peroxidase complex. Finally, cells were stained 
with amino-ethyl-carcazole (AEC) and mounted using 
Kaisers glycerin gelatin (Merck, Darmstadt, Germany). 
Transfected cells were viewed on an inverted micro-
scope (Axiovert 200; Zeiss) at 400-fold magnification, 
and images were captured using a digital camera (Hama-
matsu Photonics, Hersching).

Cell viability and annexin-V staining. GHD-1 and 
HeLa cells were plated at a density of 4000 cells/well in 
96-well plates and allowed to grow for 24 h before treat-
ment. Cells were then transfected with 50 ng or 100 ng 
target DNA, using MATRA (IBA, Göttingen, Germany). 
Transfection efficiency was 70% and 55% in average for 
GHD-1 and HeLa cells, respectively. For MTT assays, 
cells were transfected with increasing amounts of AAA-
TOB3s and AAA-TOB3l expression plasmid (add 50 or 
100 ng carrier-DNA, respectively). Cell viability was 
evaluated 24 and 48 h after transfection. For annexin-
V and propidium iodide (PI) stainings, adherent cells 
were transfected with YFP fusion constructs, washed 
48 h later with PBS, and stained with annexin-V Bio-
tin labeling kit according to the manufacturer’s protocol 
(Roche, Mannheim, Germany). Annexin-V was visual-
ized using Alexa 594-conjugated streptavidin (Molecu-
lar Probes). Nuclei were visualized with Hoechst 33342. 
AAA-TOB3s-YFP, AAA-TOB3l-YFP, annexin-V, and PI-
positive cells were related to the entirety of transfected 
cells.

Time-lapse microscopy. GHD-1 cells were grown on 
glass plates and transfected 24 h after plating. Time-lapse 
experiments were started 4 h after transfection. Cells were 
kept at 37 °C during microscopic observation. Digital im-
ages were acquired as a time-lapse series using a Zeiss 
Axiovert 200-M microscope equipped with a Hamamatsu 
4747-95 digital CCD camera and the Improvision open-
Lab Software. Each series contained ∼700 images taken 
at 5-min interval. Images were prepared for presentation 
with the Adobe Photoshop software.
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Laser-capture microdissection. Tissue cryosections 
(healthy mucosa and HNSCC, n = 4 each) were pro-
cessed in serial 10-µm sections, mounted on superfrost 
plus slides (Menzel, Braunschweig, Germany). There-
after, slides were immediately immersed in ice-cold ac-
etone (60 s), air dried (60 s), stained with filtered Meyers 
hematoxylin (30 s), and air-dried for further 5 min. All 
steps were performed under RNase-free conditions. LCM 
was performed with a CellCut system® (Molecular Ma-
chines & Industries, Eching, Germany) using a 355-nm 
laser beam at an average output power of 4 mW. Cells 
in the tumor areas and healthy epithelium were readily 
identified and captured; tumor cells adjacent to necrotic 
areas or cells with a small regular nucleus, endothelial 

cells, and blood cells were avoided. The isolated samples 
are trapped using the MMI Isolation Cap®. Total RNA 
was isolated from the LCM-collected samples using the 
MicroRNA isolation kit (Qiagen, Hilden, Germany) ac-
cording to manufacturer’s protocol. The RNA pellet was 
redissolved in water treated with sterile diethylpyrocar-
bonate. Reverse transcription was performed as described 
below.

Real-time PCR. Real-time PCR was performed in a 
Light-Cycler® device (Roche, Mannheim, Germany) 
in a reaction volume of 10 μl with 1 μM of each 
primer, 2 mM MgCl2, 10 ng cDNA, and SYBR Green 
I (LC-FastStart DNA Master, Roche) according to the  
manufacturer’s protocol. The following primer pairs 
were used: CD19, 5′-CTCCTTCTCCAACGCTGAGT-
3′ and 5′-TGGAAGTGTCACTGGCATGT-3′; AA A-
TOB3s, 5′-CTGGTGAGTGCTGTGCTCTGCAG-3′ 
and 5′-GTTGCTGCTGCTTCAGTTGGTC-3′; AAA-
TOB3l, 5′-GTTGGAGCAACAGCAAGCTCAAA-3′ 
and 5′-GTTGCTGCTGCTTCAGTTGGTC-3′; c-myc, 
5′-TCCGTCCTCGGATTCTCTGC-3′ and 5′-CCAGT-
GGGCTGTGAGGAGGT-3′; β-actin, 5′-ACACTGT-
GCCCATCTACGAGG-3′ and 5′-AGGGGCCGGACT-
CGTCATACT-3′. Cycling conditions were: 1 cycle 
of 95 °C for 10 min, and 45 cycles of 95 °C for 1 s, 
68–70 °C for 10 s, and 72 °C for 5–25 s.

RNA Isolation from cell lines. Total RNA was isolated 
from the cell lines HeLa and GHD-1 with the peqGOLD 
TriFast kit (PeqLab, Erlangen, Germany).

5′-RACE and RT-PCR. Adapter-linked full-length cDNA 
was synthesized according to the manufacturer’s protocol 
(Gene RacerTM Kit, Invitrogen, Karlsruhe, Germany). 
Reverse transcription of the RNA was performed using 
Superscript II (Invitrogen). The 5′-RACE and the PCR 
reactions were carried out using Advantage GC2 poly-
merase mix (BD Clontech) as follows: 95 °C for 3 min; 
then 5 cycles of 95 °C for 20 s and 68 °C for 60 s; then 
35 cycles of 95 °C for 20 s, 65 °C for 30 s, 68 °C for 60 s 

and 68 °C for 5 min (primer 1: 5′-TTGGACAGAGTGT-
CACTCTGT-3′, primer 2: 5′-GTTCAACCTCCTGCCT-
CAGC-3′, primer 3: 5′-GCCTGCCACCACATCTGGC-
3′, primer 4: 5′-AGGGGGTTCACATGTTGTCCAG-3′, 
primer 5: 5′-ATGCAGCTGGAAGCCCTGAACC-3′, 
primer 6: 5′-CGCGGCCAATCAAGGGCT-3′, primer 
7: 5′-CCTGCGCAGTGGTCCTGGGCCA-3′, primer 8: 
5′-GTGGAGGCTGCTCCCAGCCGCG-3′, primer 9: 
5′-ATGTCGTGGCTCTTCGGCGTTAA-3′, primer A: 
5′-CTGCAGAGCACCACTCACCAG-3′, primer B: 5′-
CACCACGCTCAGGGTCTTCCTCC-3′). The 5′-RACE 
products were cloned in pDrive (Qiagen) prior to sequenc-
ing.

DNA cloning. All the constructs in this study were gen-
erated by standard PCR cloning procedures using RZPD 
full open reading frame clones IRALp962O1117 (AAA-
TOB3s) and IRALp962D034Q2 (AAA-TOB3l). The am-
plified sequences were C-terminally fused to the HA epi-
tope (YPYDVPDYA) by PCR and cloned in 141pCAG-
3SIP vector (kindly gift of Dr. T. Schröder, GSF, Munich, 
Germany) or cloned into the pEYFP-N1 vector (BD 
Clontech, Hilden, Germany) to generate C-terminal YFP-
fusion proteins. All constructs were sequenced to verify 
the fidelity of the cDNA sequences obtained.

SiRNA. Cells (5 × 105 cells/well) were plated in 6-well 
plates and allowed to grow for 24 h before transfection 
with 100 nM target-specific siRNA and control siRNA 
using MATRA transfection reagent. At 2 h post transfec-
tion, cells were trypsinized and plated into cell culture 
plate (diameter 10 cm). Cells were counted at 24, 48, 
72 and 96 h post transfection. At 72 h after transfection, 
cells were viewed on an inverted microscope (Axiovert 
200; Zeiss, Oberkochen, Germany) at a 400-fold mag-
nification, images were captured using a digital camera 
(Hamamatsu, Hersching, Germany), and analyzed by 
flow cytometry. The following siRNA sequences were 
used: control, 5′-UUAACCCGAUGAAUUCUUCTT-3′; 
AAA-TOB3s/l, 5′-AGACGCUGUUUGCCAAGAA-3′.

AAA-TOB3s and AAA-TOB3l antibodies. To generate 
rabbit polyclonal antisera directed against AAA-TOB3s- 
and AAA-TOB3l-specific peptides, RGLGDRPAPK-
DKWSN (AAA-TOB3l) and CRAGAVQTQERLSGS 
(AAA-TOB3s), were used to immunize rabbits (Biogenes, 
Berlin, Germany).

Results

A current search of homologies for AAA-TOB3 using 
the BLASTn algorithm yielded expected sequences, but 
also two additional expressed short sequence tags (ESTs 
gene bank accession BC009938 and AB033099), which 
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substantially differ in the 5′-region. Accordingly, the 
predicted protein sequences resulting from both AAA-
TOB3 mRNAs shared the C-terminal region, but no 
homology in the N termini. Based on the difference in 
length, we termed these two potential isoforms AAA-
TOB3s (small) and AAA-TOB3l (large). Amino acid 
1–52 from AAA-TOB3s and 1–94 from AAA-TOB3l are 
different with the exception of two leucine residues at 
amino acid position 13 and 51, and one alanine residue 
at position 19 of AAA-TOB3s (Fig. 1a, b). AAA-TOB3l 
is composed of 16 exons encoded by the atad3b gene 
locus. The analysis of the genomic structure revealed the 
presence of an alternative ATG within intron 2 of AAA-
TOB3l, thus suggesting the existence of a second open 
reading frame. This alternative ATG is in frame with the 
coding sequence of exon 3 and potentially gives rise to 
the AAA-TOB3s mRNA (Fig. 1c). We performed RT-
PCRs specific for the differential open reading frames 
to assess the existence of the assumed AAA-TOB3s 
and AAA-TOB3l mRNA products. Both mRNAs were 
detectable in head and neck, and cervix carcinoma cell 
lines (Fig. 1d, upper panel).
To demonstrate the existence of both proteins, specific 
polyclonal antibodies were generated with peptides cover-
ing the respective N terminus. For a control, both proteins 
were fused to an HA epitope and transiently transfected 
into GHD-1 (HNSCC) and HeLa (cervical carcinoma) 
cells. Protein expression was analyzed in wild-type cells 
and following transient transfection of either the empty 
vector control or the respective expression vector for 
AAA-TOB3s-HA or AAA-TOB3l-HA variants. The de-
tection of endogenous and HA-variants of AAA-TOB3s 
and AAA-TOB3l was performed with HA-, AAA-TOB3s-
, and AAA-TOB3l-specific antibodies, respectively. Both, 
AAA-TOB3s and AAA-TOB3l were expressed in GHD-1 
and HeLa cells (Fig. 1d, lower panel). Expectedly, HA-
tagged variants of both proteins were only detectable fol-
lowing exogenous expression, displayed a slight increase 
in molecular weight due to the additional tag, and were 
expressed to levels similar to endogenous TOB3 proteins. 
Thus, AAA-TOB3s and AAA-TOB3l are two distinct pro-
tein isoforms of the atad3b gene locus.
Unfortunately, polyclonal antibodies specific for each 
protein were not suitable for immunohistochemistry. 
Hence, we assessed the expression of AAA-TOB3s and 
AAA-TOB3l mRNA as a surrogate. Laser capture mi-
crodissection was performed on primary healthy oral 
mucosa (n = 4) and corresponding head and neck car-
cinomas (n = 4), as exemplified in Figure 1e, upper 
panel. The quantification of each mRNA species was 
conducted upon real-time PCR with primers specific 
for the 5′ regions of AAA-TOB3s and AAA-TOB3l and 
normalized for β-actin levels. Three out of four carci-
nomas tested showed significantly increased expression 
of AAA-TOB3s and AAA-TOB3l mRNA as compared 

with healthy epithelium of the cognate localization. The 
overexpression levels of AAA-TOB3s and AAA-TOB3l 
ranged from 5- to 12-fold and 7.2- to 16-fold, respectively 
(Fig. 1e, lower panel). In the same specimens, the AAA-
TOB3s/l mRNA levels were additionally visualized by 
in situ hybridization, confirming the strong overexpres-
sion of AAA-TOB3s/l in HNSCCs (n = 5) as compared 
with healthy mucosa of the corresponding area (n = 5) 
(Table 1). Thus, AAA-TOB3s as well as AAA-TOB3l 
mRNAs were overexpressed in head and neck squamous 
cell carcinomas.
Different mRNAs can be generated upon alternative 
splicing of the common pre-mRNA or due to a distinct 
transcription initiation start (TIS) usage. To test these 
eventualities and to define 5′-untranslated region (UTR) 
of the isoforms, we performed a full-length 5′-cloning 
of both mRNAs. Five independent TISs were cloned and 
sequenced for the AAA-TOB3s mRNA (Fig. 2a). In addi-
tion to TISs described in the literature, one novel initia-
tion site was cloned for the AAA-TOB3l mRNA (Fig. 2b). 
The alignment of the cloned 5′-UTRs of AAA-TOB3s 
and AAA-TOB3l showed no homology whatsoever, thus 
demonstrating a selective TIS usage and suggesting dif-
ferent promoters for the two mRNAs. The existence of all 
sequences was confirmed by RT-PCR in two independent 
cell lines, i.e. GHD-1 and HeLa, with primers scanning 
the cloned 5′-UTRs (Fig. 2a, b). The presence of one ad-
ditional TIS of AAA-TOB3s, which was not cloned in our 
approach, was demonstrated as an RT-PCR product gen-
erated with a forward primer located in the 5′ region of 
the first TIS in both cell lines tested (Fig. 2a, primer 2). 
However, AAA-TOB3s and AAA-TOB3l are two different 
mRNAs generated upon alternative TIS usage within the 
atad3b gene locus.
The atad3b gene contains a canonical E-box sequence 
within intron 1 for the binding of the oncogenic tran-
scription factor c-Myc. This finding prompted us to 
analyze the expression of AAA-TOB3s and AAA-TOB3l 
in P493-6 cells harboring a conditional c-myc allele. In 
P493-6 B cells, the c-myc gene is under the control of 
a tetracycline-regulated promoter (tet-off) [11]. P493-6 
cells were grown in the presence of tetracycline over a 
time period of 4 days to down-regulate c-Myc expression. 
The expression of c-Myc, AAA-TOB3s, and AAA-TOB3l 
mRNAs was determined afterwards by real-time PCR 
with specific primers and normalized for CD19 mRNA 
levels. Upon addition of tetracycline the expression of c-
Myc mRNA was reduced to background levels already 
after 24 h (93% reduction) and remained low through-
out the time period of tetracycline addition. AAA-TOB3s 
and AAA-TOB3l mRNA expression was repressed in the 
same time span by 87% and 92%, respectively (Fig. 2c, 
upper panel). Noteworthy, the down-regulation of AAA-
TOB3s and AAA-TOB3l followed the repression of c-Myc 
with an estimated delay of 2 h. Subsequently, tetracycline 
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was withdrawn from the culture medium and the re-in-
duction of c-Myc expression was monitored in a kinetic 
ranging from 0 to 12 h. C-Myc mRNA and protein levels 
were rapidly up-regulated starting 1 h following tetracy-
cline withdrawal and mRNA expression was induced by 
a factor of 21 after 12 h (Fig. 2d, and data not shown). 
Congruently, AAA-TOB3s and AAA-TOB3l mRNAs 
were up-regulated by a factor of 34 and 92 after 12 h, 
respectively. The regulation of both AAA-TOB3 isoforms 
perfectly coincided with c-Myc re-induction, with a delay 
of approximately 1 h.

Next, we analyzed the localization of AAA-TOB3s and 
AAA-TOB3l in human carcinoma cells. Both proteins 
have predicted transmembrane domains and an AAA-
ATPase domain (see Fig. 1b). To assess their localization, 
both molecules were C-terminally fused with the yellow 
fluorescent protein (YFP) to generate AAA-TOB3s-YFP 
and AAA-TOB3l-YFP chimera. Each fusion protein was 
transiently expressed in HeLa and GHD-1 carcinoma 
cells, and the endoplasmic reticulum was stained with 
Texas-red-conjugated wheat germ agglutinin (TR-WGA). 
Neither AAA-TOB3s-YFP nor AAA-TOB3l-YFP co-lo-

Figure 1. (a) Amino acid sequence alignment of the human proteins AAA-TOB3s and AAA-TOB3l. Identical amino acids are shown in 
black, similar amino acids in gray. (b) Domain architecture of human AAA-TOB3s and AAA-TOB3l. Both proteins contain an AAA-type 
ATPase domain in the C-terminal part and a potential transmembrane domain in the N-terminal part. (c) Schematic representation of the 
genomic structure of the human atad3B gene. Exon 1 and 2 encode the AAA-TOB3-specific N terminus, exon a encodes the AAA-TOB3s-
specific N-terminal part. The common exons 3–16 are shown in black. (d) Upper panel: AAA-TOB3s and AAA-TOB3l mRNA expression 
in the cell line HeLa (cervix carcinoma) and in HNSCC cell lines (FaDu, GHD-1, PCI-1, PCI-13, ANT-1, 22A). Control: H2O. Lower panel: 
AAA-TOB3s and AAA-TOB3l protein expression in the cell line GHD-1. Both, endogenous and HA-tagged fusions were visualized upon 
immunoblotting with AAA-TOB3s , AAA-TOB3l , and HA-specific antibodies, respectively. For a control, actin levels were assessed in 
parallel. (e) Total RNA was obtained from laser capture microdissected healthy mucosa (H1-4) and head and neck carcinoma cells (T1-4, 
exemplified in upper panel). Relative expression levels of AAA-TOB3s and AAA-TOB3l mRNAs were assessed upon real-time PCR and 
normalized for actin and GAPDH mRNA levels. Shown are the mean values and standard deviations of two independent experiments.
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calized with TR-WGA in HeLa and GHD-1 carcinoma 
cells (data not shown). In contrast, both proteins strictly 
co-localized with mitochondria as shown by co-staining 
with the MitoTracker-Red™ and subsequent laser scan-
ning confocal microscopy analysis (Fig. 3a, b). For a con-
trol, YFP expression plasmid was transiently transfected 
into HeLa cells, and was homogeneously expressed but 
excluded from mitochondria, strongly suggesting that the 
addition of the YFP moiety had no influence on TOB3 lo-
calization (Fig. 3c). Thus, AAA-TOB3s and AAA-TOB3l 
localize to the mitochondria.
An earlier publication by DaCruz et al. [7] reported the 
localization of murine AAA-TOB3 to the inner mitochon-
drial membrane and its pro-apoptotic potential, when 
transiently transfected into HeLa carcinoma cells. Since 

these data would suggest a strong detrimental impact of 
TOB3 overexpression in carcinoma cells, we conducted 
an in-depth analysis of the pro-apoptotic potential of hu-
man AAA-TOB3s and AAA-TOB3l. HA-tagged variants 
were separately transfected into HeLa and GHD-1 cells 
and the correct expression was verified by immunohisto-
chemistry with HA-specific antibodies (Fig. 4a, and data 
not shown). Transient transfection efficiency in HeLa and 
GHD-1 cells was controlled previously with a peGFP-
C1 expression vector and was 55% and 70% in average, 
respectively (data not shown). Next, the vitality of both 
cell lines was assessed in an MTT conversion assay de-
pending on the amount of AAA-TOB3s or AAA-TOB3l 
expression plasmid transfected. All DNA amounts were 
adjusted to fit the maximal concentrations using empty 

Figure 2. Transcription initiation sites of AAA-TOB3s (a) and 
AAA-TOB3l (b). Upper panels in (a) and (b): The transcription 
start sites as determined by cloning and sequencing of 5′-RACE 
products are indicated. Asterisks represent the 5′ ends of cloned 
and sequenced independent products. Lower panels in (a) and (b): 
Confirmation of 5′-RACE results by RT-PCR. RT-PCR products 
obtained with the indicated primer pairs are shown. The binding 
sites of primers 1–9, and A–C are underlined in the nucleotide se-
quence in the above schemes. Transcription start sites of human 
EST clones are marked with arrows. (c) C-Myc induced regulation 
of AAA-TOB3s and AAA-TOB3l. The expression of c-Myc was re-
pressed (upper panel) and induced (lower panel) in P493-6 B cells 
by addition or removal of tetracycline. Gene expression of c-Myc, 
AAA-TOB3s, and AAA-TOB3l was quantified upon real-time PCR. 
All values were normalized to CD19 mRNA levels. Shown are the 
mean and standard deviations of two independent experiments.
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vector as a carrier DNA for the specific expression plas-
mid. Substantial expression of human AAA-TOB3s or 
AAA-TOB3l did not result in any significant reduction in 
cell vitality, independently of the amount of specific ex-
pression plasmid, the time point chosen for the analysis, 
and the cell line (Fig. 4b, and data not shown).
These findings are in some contrast to the data from 
DaCruz et al. For this reason, we recapitulated the ex-
periments with transient transfection of YFP fusions of 
human AAA-TOB3s and AAA-TOB3l in HeLa cells, as 
did DaCruz and colleagues. YFP, AAA-TOB3s-YFP, and 
AAA-TOB3l-YFP were transiently expressed to similar 
amounts in HeLa and GHD-1 cells, and the apoptotic in-
dex was measured in transfected cells, i.e. YFP-positive 
cells (100 ≤ n ≤ 300), upon annexin-V/PI staining. Due to 
the strong fluorescence of YFP-tagged variants of TOB3, 
a parallel measurement of Annexin-V/PI and TOB3-YFP 
in a standard FACS device was not feasible. In no case did 
the expression of AAA-TOB3l-YFP or AAA-TOB3s-YFP 
lead to a specific induction of apoptosis as compared with 
YFP alone (Fig. 4c). For a control, the pro-apoptotic gene 
bax was transiently transfected at concentrations ranging 
from 10 ng to 0.5 μg expression plasmid. Expectedly, bax 
induced a marked and concentration-dependent apoptosis 
in HeLa cells (data not shown). Thus, neither HA- nor 
YFP-tagged TOB3 variants induced any signs of apop-
tosis.
To further underscore these findings, both proteins were 
stably overexpressed as HA-tagged variants in the head 
and neck carcinoma cell line GHD-1 and detected upon 
immunoblotting with an HA-specific antibody (see 
Fig. 1d). Thereafter, the vitality of stable transfectants 
was assessed in a standard MTT assay over a time period 
of 4 days in the presence of 1% or 10% FCS. No decrease 
in cell vitality of AAA-TOB3s or AAA-TOB3l transfec-
tants was observable, as compared with vector control 
GHD-1 transfectants. In contrast, the enforced expression 
of AAA-TOB3l resulted in a slight improvement in cell 
viability under low serum conditions (Fig. 4d).
The effect of the knock-down of AAA-TOB3s and AAA-
TOB3l protein expression was studied in human carci-
noma cells. Specific siRNAs were transiently transferred 
into GHD-1 cells over a time period of 24–72 h. After 
48 h, the expression of AAA-TOB3s and AAA-TOB3l 
was reduced by 53% and 82%, respectively, as assessed 
by real-time PCR (Fig. 5a). The proliferation of control- 
and AAA-TOB3s/l-siRNA-treated cells was assessed 
over 4 days. The inhibition of AAA-TOB3s/l expression 
resulted in a mean 2.4-fold decrease in cell number af-
ter 4 days (Fig. 5b). The treatment of GHD-1 cells with 
control-siRNA had no effect on cell growth, as compared 
with untreated cells (data not shown). Phenotypically, the 
knock-down of both proteins led to an increase in cell 
size and vacuolization of GHD-1 cells. As shown upon 
flow cytometry, the transfer of AAA-TOB3s/l-specific 

siRNAs into GHD-1 cells resulted in a 3.8-fold increased 
cell size and 3.5-fold increased granularity as compared 
with control siRNA-treated cells (Fig. 5c). Notably, cell 
lines stably carrying expression plasmids for either AAA-
TOB3s or AAA-TOB3l yielded significantly reduced ef-
fects of siRNAs (data not shown). Additionally, ANT-1 
cells (HNSCC) and HeLa (cervix) carcinoma cells were 
treated similarly with AAA-TOB3s/l-specific siRNAs. 
Cell numbers were assessed over 4 days and normalized 
with values at day 0. ANT-1 and HeLa cells displayed a 
2.6-fold and 2.7-fold mean decrease in cell numbers upon 
treatment with AAA-TOB3s/l-specific siRNAs (data not 
shown). For a control, siRNA transfection efficiency was 
assessed with FITC-labeled siRNA and was in any case 
greater than 80%.
The phenotype observed upon treatment with specific 
siRNA was reminiscent of apoptotic cells. Therefore, 
we next assessed the apoptotic status of GHD-1 cells de-

Figure 3. Mitochondrial localization of AAA-TOB3s (a) and 
AAA-TOB3l (b). C-terminally YFP-tagged human AAA-TOB3s 
and AAA-TOB3l were expressed in HeLa cells. Their subcellular 
localization was assed by confocal laser scanning microscopy 24 h 
following transfection. Mitochondria were visualized with Mito-
Tracker Red. (c) For a control, YFP alone was expressed in HeLa 
cells and was homogeneously distributed within the cell, except for 
mitochondria. Shown are representative results from three indepen-
dent experiments.
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Figure 4. AAA-TOB3s and AAA-TOB3l are not pro-apoptotic proteins. (a) Increasing amounts of expression plasmids for AAA-TOB3s-HA 
and AAA-TOB3l-HA were transfected into GHD-1 cells. Visualization of both proteins was performed upon immunohistochemistry and HA-
specific antibody (red staining). (b) The vitality of HeLa and GHD-1 cells was assessed in a standard MTT assay 24 and 48 h following tran-
sient transfection of AAA-TOB3s (right panel) and AAA-TOB3l (left panel). Increasing concentrations of expression plasmid were transfected 
and adjusted to the maximally transfected DNA amount (50 and 100 ng) with empty control vector. Ratios of expression vector and control 
vector are indicated on the x-axis. Data represent means with standard deviations of three independent experiments. (c) HeLa and GHD-1 cells 
were transiently transfected with the indicated YFP-fusion expression plasmids (100 ng/well). Annexin-V and PI staining was assessed 48 h 
after transfection. For a control, cells were transfected with an expression plasmid for YFP or treated with transfection reagent only (MATra). 
Shown are the percentages of annexin-V- or PI-positive cells following treatment with transfection reagent (two rightmost columns) and the 
percentage of annexin-V- or PI-positive transfected YFP-positive cells (mean ± SD from two independent experiments). (d) The indicated 
stable GHD-1 cell clones were grown in the presence of 1% or 10% FCS over a period of 4 days. Vitality of the cells was assessed using an 
MTT conversion assay at the indicated time points. Shown are the mean values and standard deviations of three independent experiments.
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Figure 5. AAA-TOB3s/l knock-down induces apoptosis. (a) AAA-
TOB3s and AAA-TOB3l mRNA expression was assessed upon 
real-time PCR following treatment of GHD-1 cells with siRNA 
(100 nM) specific for AAA-TOB3s and AAA-TOB3l at the indi-
cated time points. Values were normalized for GAPDH expression 
and control values (treatment with control-siRNA) set to 100%. Re-
sults are mean values and standard deviations from two independent 
experiments. (b) GHD-1 cells were treated with control- or AAA-
TOB3s/l-siRNA and the cell number assessed over 4 days. All values 
were normalized to starting cell numbers. Results are mean values 
and standard deviations from three independent experiments. (c) 
Cell size (FSC) and granularity (SSC) of GHD-1 cells treated with 
the indicated siRNA molecules were analyzed upon flow cytometry 
after 68 h and are depicted as a dot plot (upper panel). In parallel, 
GHD-1 cells transfected with MATra only (control), control-siRNA, 
or AAA-TOB3s/l-siRNA were visualized by light microscopy. (d) 
GHD-1 cells were treated as in (c) and sub-G1 DNA fragments 
analyzed by flow cytometry following intracellular PI staining after 
48 and 80 h. M1: G1-phase cells, M2: G2-phase cells, M3: sub-
G1 phase cells, M4: polynucleated cells. PI staining was assessed 
in a linear (upper panels) and logarithmic manner (lower panels). 
(e) GHD-1 cells were treated as in (c) and stained for annexin-V 
and PI. At the time points indicated, the percentage of annexin-
V-positive and annexin-V plus PI-positive cells were determined 
amongst transfected cells. Given are the mean values with standard 
deviations of three independent experiments. (f) GHD-1 cells were 
treated with control- or AAA-TOB3s/l-siRNA and were stained with 
β-catenin-specific antibody (green) 68 h following treatment. Nu-
clei were stained with DAPI (blue). Cells were visualized by laser 
scanning confocal microscopy and are depicted as representative 
sections. (g) Cells were treated as in (f) and cells (n = 100) carry-
ing one, two, or more nuclei were counted after 68 h under laser 
scanning microscopy conditions. The given percentage of each cell 
population is a mean value of two independent experiments.

f
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pending on the treatment with specific or control siRNA. 
Starting from day 1 post transfection of siRNA, cells 
were permeabilized, cellular DNA was stained with PI, 
and the contents of G1, G2, and sub-G1 DNA were ana-
lyzed by flow cytometry. After 68 h, cells treated with 
specific siRNA displayed an increased amount of cells 
in the G2/M cell cycle phase (Fig. 5d). After 80 h, a large 
proportion of these cells contained degraded sub-G1 

DNA, which was indicative of apoptotic cells (Fig. 5d). 
Of note, although cells displayed similar apoptotic values 
after 48 h, those treated with AAA-TOB3-siRNA yielded 
3–4-fold more cells in the subG1 compartment after 
80 h. Moreover, the measurement of DNA contents on a 
logarithmic scale demonstrated the increased presence of 
cells with higher DNA amounts (i.e. 2.5-fold increase in 
8n DNA content) after 48 h, thus before onset of apopto-

Figure 6. AAA-TOB3s/l knock-down impairs functional cytoki-
nesis. (a) GHD-1 cells were treated with control-siRNA or AAA-
TOB3s/l-siRNA and monitored by time-lapse microscopy for 
63 h 03 min and 63 h 54 min, respectively. Representative sections 
of cells 4 h after transfection and at the end of the observation time 
points are shown. Two independent experiments were conducted. 
(b) Enlarged sections of GHD-1 cells treated with control-siRNA 
are shown. Arrows mark cells dividing in a time kinetics ranging 
from 34 h 25 min to 38 h 25 min following transfection. (c–e) En-
larged sections of GHD-1 cells treated with AAA-TOB3s/l-siRNA 
are shown. Arrows mark cells attempting to divide during the time 
kinetics at early (c, upper panel) and late (c lower panel, d, e) time 
points, as indicated. Symbols (#, *, ♦) refer to the localization of 
the cells in (a). Cells divided to generate distinct but still connected 
daughter cells and eventually merge to form large polynucleated 
cells.
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sis (Fig. 5d). After 80 h, the percentage of cells with an 8n 
DNA content was back to basal levels, whereas apoptosis 
was increased by of 2.5-fold (Fig. 5d).
Next, cells were transfected with each siRNA and unper-
meabilized cells were stained with FITC-labeled annexin-
V and PI over a period of 5 days. The fluorescence of both 
labels, i.e. FITC and PI, was assessed by fluorescence 
microscopy. At day 3 after transfection, cells treated with 
specific siRNA showed an increase of annexin-V-positive 
cells as compared with control-treated cells. This differ-
ence increased over time, with 30% and 2.5% annexin-
V-positive cells at day 5 in the population treated with 
specific versus control siRNA, respectively (Fig. 5e). 
The uptake of PI in annexin-V-positive cells started at 
day 4, thus delayed compared with the annexin-V stain-
ing. This is in line with cells undergoing apoptosis, where 
annexin-V positivity is a hallmark of early apoptosis. At 
day 5 after treatment, all cells positive for annexin-V also 
incorporated PI (Fig. 5e).
Using Hoechst 33342 dye for the staining of nuclear 
DNA, we observed a marked appearance of polynucle-
ated cells in the GHD-1 population treated with AAA-
TOB3s/l siRNA, starting at day 2 after transfection 
(Fig. 5f). This finding was further supported by the ap-
pearance of PI peaks with 8n DNA content along with a 
substantial decrease of G1-phase cells at day 2 (Fig. 5d). 
Quantification of polynucleated cells at day 3 revealed a 
severe imbalance, with 20% of cells bearing two nuclei 
and 40% with more than two nuclei upon AAA-TOB3s/l 
inhibition in average (Fig. 5g). In a next step, cells were 
seeded in a living cell chamber and digital photographs 
were taken every 5 min for 63 h, starting 4 h after trans-
fection, in time-lapse microscopy experiments. For this 
purpose, cells were either treated with control-siRNA or 
with the AAA-TOB3s/l-specific siRNA. Treatment with 
AAA-TOB3s/l siRNA led to a markedly diminished cell 
number, increased yield of round-shaped apoptotic cells, 
and a substantial proportion of oversized cells amongst 
the remaining vital cells (Fig. 6a). GHD-1 cells treated 
with control siRNA divided properly, generating two dis-
tinct cells after cytokinesis was fulfilled (Fig. 6b). In con-
trast, the knock-down of AAA-TOB3s/l in GHD-1 cells 
resulted in defective cell division in a large proportion 
of the cells. Over time, cells attempted to divide, showed 
a clear constriction between dividing daughter cells, but 
did not manage to terminate cell division. Eventually, in-
tended daughter cells merged to form an enlarged cell 
(Fig. 6c–e). This failure to fulfill cell division was observ-
able at different periods of time following transfection of 
specific siRNA. Over time, these defective cells would 
die (Fig. 6c lower panel, and compare Fig. 6a and c, #-
marked cells) or perform further rounds of unfinished cell 
division, yielding even larger cells, before dying (Fig. 6d, 
e). Thus, inhibition of AAA-TOB3s/l expression resulted 
in apoptosis preceded by a failure to divide properly.

Discussion

We have recently described a novel target identification 
technology designed to isolate potential TAAs, which 
elicit a humoral response in vivo [1]. Amongst the TAAs 
identified in an autologous screening, several proteins 
of unknown function appeared to be of special interest, 
including KIAA1273/AAA-TOB3 [1, 2]. KIAA1273 
and AAA-TOB3 have up to now been used as synonyms 
of the protein product of the atad3b gene locus, and 
the AAA-TOB3 nomenclature is used in the following. 
AAA-TOB3 was isolated as a cDNA encoding for a large 
protein expressed in the human brain [12–18]. Expression 
profiling of the mRNA for AAA-TOB3 demonstrated its 
weak expression in healthy brain, liver, testis and ovary 
(http://www.kazusa.or.jp/huge/gfpage/KIAA1273/), 
which is reminiscent of cancer-testis antigens such as 
MAGE1 and others [19].
In the present study, we show that the atad3b gene lo-
cus encodes for two isoforms of AAA-TOB3, which are 
both overexpressed in squamous cell carcinomas. Both 
mRNAs are generated upon differential usage of TIS 
within atad3b, and share no homology in the 5′-UTR. 
The shorter variant initiates transcription at an alternative 
ATG located within intron 2 of the genomic sequence. 
Both isoforms entirely differ within the N terminus of the 
proteins, albeit displaying 95% homology, including the 
AAA-ATPase and transmembrane domain. Based on the 
differences in size, the identified isoforms were coined 
AAA-TOB3s and AAA-TOB3l, referring to a small and 
a large variant, respectively. AAA-ATPases can be di-
vided into five sub-groups based on their function and 
structure [5]. AAA-TOB3s and AAA-TOB3l share high-
est homology with the FtsH and 26S-regulatory subunit 
proteins (47% and 50% homology, respectively). FtsH 
are metalloproteases located in the inner mitochondrial 
membrane, whose substrates are misfolded components 
of the respiratory complexes [3, 4]. The 26S-proteasome 
subunits bind proteins, which are targets for degradation 
and transfer them to peptidases within the 26S-protea-
some [6].
In sharp contrast to unpublished data by Pillai et al., sug-
gesting the localization of human AAA-TOB3 in the en-
doplasmic reticulum, both proteins associated with mito-
chondria in human carcinoma cells. The cell type studied 
by Pillai et al., i.e. B cells, may account for the observed 
differences in localization. However, this remains to be 
assessed experimentally. The murine homolog of AAA-
TOB3l, mAAA-TOB3, was identified in a screen for 
novel proteins of the inner mitochondrial membrane [7]. 
In line with these findings, we demonstrated the strict 
co-localization of human AAA-TOB3s and AAA-TOB3l 
with mitochondria. mAAA-TOB3 was shown to have a 
pro-apoptotic potential when transfected into the human 
cervix carcinoma cell line HeLa. Since AAA-TOB3s and 
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AAA-TOB3l were both overexpressed in cancer cell lines 
and in primary carcinomas, we wondered whether the hu-
man homologs of mAAA-TOB3 were also pro-apoptotic 
in nature. This is of interest, as a pro-apoptotic potential 
was reported for other tumor-associated proteins, such as 
the cancer-testis antigens MAGE-4A and PRAME [8, 9]. 
AAA-TOB3s or AAA-TOB3l did not induce cell death un-
der any circumstances in two distinct human carcinoma 
cell lines, i.e. HeLa and GHD-1. This clear functional dis-
crepancy can have several reasons: (i) mAAA-TOB3 and 
hAAA-TOB3s/l may have opposing functions despite their 
high homology of 72%, (ii) mAAA-TOB3 may induce 
apoptosis in a xenogenic system, i.e. in human cells. This 
assumption is suggested by the fact that six out of seven 
murine mitochondrial proteins induced apoptosis when 
transfected into HeLa cells. However, it is intriguing that 
the single protein, which did not induce apoptosis signifi-
cantly, lacked a transmembrane domain. Thus, it cannot be 
excluded that the overexpression of mouse proteins, which 
insert in the membrane of mitochondria, induced apopto-
sis rather unspecifically, due to changes in the mitochon-
drial membrane potential or membrane disruption. (iii) A 
third point adding to the observed discrepancy might also 
be the amount of DNA used for the respective transfection 
experiments. In the present study, all DNA amounts were 
standardized upon addition of carrier-DNA since increas-
ing amounts of transfected DNA resulted in substantially 
decreased vitality of HeLa cells (data not shown).
These findings were further substantiated by the fact 
that the inhibition of both AAA-TOB3s and AAA-TOB3l 
using siRNAs resulted in apoptosis associated with de-
creased proliferation, enlargement of cells, vacuolization, 
and the generation of polynucleated cells. The assessment 
of DNA content together with time-lapse microscopy 
demonstrated that inhibition of AAA-TOB3s/l resulted in 
dysfunctions in the process of cell division and eventually 
cell death by apoptosis. These processes were obviously 
interdependent and coordinated in time, producing a dys-
functional cell division preceding apoptosis. GHD-1 cells 
treated with AAA-TOB3s/l-specific siRNA attempted to 
fulfill the cell cycle and terminate mitotic division. Re-
cently, Castedo et al. [20] reported on tetraploid cells with 
a decreased sensitivity towards DNA damaging agents 
and UV irradiation. Nonetheless, these cells which failed 
to terminate cytokinesis are dictated to undergo Bax-de-
pendent apoptosis. In our case, to-be daughter cells did 
not manage to divide properly, remained adjunctive and 
eventually merged to generate large, polynucleated cells, 
followed by their cell death. In full accordance with the 
suggested role in cell division, AAA-TOB3 was reported 
to be a substrate for Aurora B kinase, a major regulator of 
mitotic checkpoints and cell division [21]. Two additional 
carcinoma cell lines, i.e. HeLa and ANT-1 comparably 
responded to the knock-down of AAA-TOB3s/l with a de-
creased cell number. However, HeLa cells did not yield 

polynucleated cells, but rather induced rapidly apoptosis 
upon siRNA treatment. This may reflect differences in 
genes involved in the check-points controlling progres-
sion of mitotic cells [22–27]. Mutations in check-points 
of mitotic division may allow GHD-1 and ANT-1 cells to 
progress through cell cycle despite incorrect cytokinesis, 
resulting in polynucleated cells.
In summary, we demonstrate here for the first time, that 
AAA-TOB3s and AAA-TOB3l are two distinct proteins 
generated from the atad3b gene locus under the control 
of the oncogenic factor c-Myc. The inhibition of both 
transcripts using siRNAs resulted in incorrect cell divi-
sion and thereafter apoptosis, thus strongly suggesting a 
role in proper cytokinesis.
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