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Abstract Annexin A10 is the latest identified member
of the annexin family of Ca®*- and phospholipid-binding
proteins. In previous studies, downregulation of annexin
A10 was correlated with dedifferentiation, invasion, and
tumor progression, pointing to a possible tumor suppres-
sor role. However, the biochemical characteristics and
functions of annexin A10 remain unknown. We show that
annexin A10 displays biochemical characteristics atypical
for an annexin, indicating a Ca>*- and membrane-binding-
independent function. Annexin A10 co-localizes with the
mRNA-binding proteins SFPQ and PSPC1 at paraspeckles,
an only recently discovered nuclear body, and decreases
paraspeckle numbers when overexpressed in HeLa cells. In
addition, annexin A10 relocates to dark perinucleolar caps
upon transcriptional inhibition of RNA polymerase II. We
mapped the cap-binding function of annexin A10 to the
proximal part of the core domain, which is missing in the
short isoform of annexin A10, and show its independence
from the remaining functional type II Ca’*-binding site.
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In contrast to this, paraspeckle recruitment required addi-
tional core regions and was negatively affected by the
mutation of the last type II Ca>*-binding site. Addition-
ally, we show that overexpression of annexin A10 in HeLa
cells increases their sensitivity to apoptosis and reduces
colony formation. The identification of unique nuclear and
biochemical characteristics of annexin A10 points towards
its membrane-independent role in paraspeckle-associated
mRNA regulation or processing.
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Introduction

Annexins are a highly conserved superfamily of proteins
expressed in tissues of organisms ranging from protists
to higher plants and vertebrates. Ca’>*-dependent, revers-
ible binding to negatively charged phospholipids are key
properties of the superfamily and require annexin-spe-
cific type II Ca®*-binding sites. The structural organi-
zation of annexins generally differentiates two distinct
domains: a highly conserved C-terminal core region
that is formed by annexin repeats and harbors the Ca**-
binding sites and the N-terminal region that is unique to
each member. The N-terminal annexin domains display
variable length and amino acid compositions, often con-
tain sites for posttranslational modification, and provide
platforms for annexin-binding ligands. Annexins are
involved in a large number of cellular processes that are
primarily associated with membrane—cytoskeleton scaf-
folding, vesicle trafficking, and Ca®*-mediated signaling
events, but also play an inhibitory role in inflammation
and coagulation [14].
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The cDNA of vertebrate annexin A10 (anxA10) was
identified in 1999 [35], but detailed analyses of both bio-
chemical properties and intracellular functions of this novel
annexin are still lacking. Non-pathological expression of
anxA10 is restricted to a small subset of tissues, mainly the
epithelia of the gastrointestinal tract [30, 31]. Homozygous
deletion and down-regulation of anxA10 expression corre-
late with poor survival in gastric and bladder cancer, thus
implicating it in tumor suppression [26, 27, 30, 31, 33, 36,
43]. Interestingly, sequence analysis of anxA10 revealed
that the protein is so far the only annexin family member
to harbor only one Ca”-binding site [35]. This distinct fea-
ture and the potential function of anxA10 in tumor suppres-
sion prompted us to investigate the biochemical character-
istics of this atypical annexin.

Here, we demonstrate that, due to low Ca”—binding
capacities, membrane association of anxA10 is less likely
to explain intracellular in vivo functions of the protein.
Instead, analysis of subcellular localization indicates that
anxA10 localizes to nuclear substructures and affects par-
aspeckle numbers. The localization to subnuclear bodies
implicates that anxA10 might participate in transcriptional
regulation and mRNA processing. Thus, anxA10 broad-
ens the functional spectrum so far associated with annexin
proteins.

Materials and methods
Expression constructs and antibodies

IMAGENES clone IRAUp969B12196D was used to
amplify the full-length human anxA10 cDNA. The
PCR fragment was cloned, via EcoRI sites immediately
upstream of the initial ATG and immediately downstream
of the stop codon, into the bacterial expression vector pET-
23a(+) (Novagen) modified for expression without the T7
tag [15]. For the expression of anxA10 fused C-terminally
to GFP (anxA10GFP), the cDNA of anxA10 was ampli-
fied via the same forward primer and a reverse primer with
a Sall site replacing the stop codon and cloned into the
pEGFP-N3 expression vector (Clontech). Mutant anxA10
expression constructs were generated by site-directed
mutagenesis. The anxA1GFP and anxA2GFP constructs
were previously published [49, 64]. To generate an annexin
A2-mCherry expression construct, mCherry was swapped
with the GFP-tag. The bacterial expression construct for
anxA8 was described previously [15]. All constructs were
verified by sequencing.

Goat polyclonal anti-anxA10 antibodies were obtained
from Abcam, rabbit polyclonal anti-anxA10 antibodies
were kindly provided by R. Morgan. Rabbit polyclonal anti-
caveolin antibodies were obtained from Becton—Dickinson,
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mouse monoclonal anti-PSF (SFPQ), rabbit polyclonal
anti-GAPDH, and rabbit polyclonal anti-PSPC1 antibod-
ies from Santa Cruz, and rabbit monoclonal anti-fibrillarin
antibodies from Cell Signaling Technologies. Rabbit poly-
clonal anti-GFP serum was purchased from Invitrogen.
DRAQ)5 (Biostatus) was used to visualize DNA.

Expression and purification of human annexins

Human anxA8 was purified as previously described [15].
Full-length anxA10 was expressed in E. coli BL21
(DE3)pLysS (Stratagene) transformed with pET-23a(+)
mod./anxA10. Bacteria were grown in LB-medium contain-
ing ampicillin at 37 °C to an ODy, of 0.6. Protein expression
was induced by 1 mM isopropyl-B-D-thiogalactose for
3 h. Bacteria were lysed in buffer containing 50 mM Tris—
HC], pH 7.4, 150 mM NaCl, 1 mM DTT, 1 mM EGTA,
and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) by
3 freeze/thaw cycles and subsequent sonication. Cleared
lysate was added to brain extract (Folch fraction I of bovine
brain; Sigma) liposomes with a final concentration of 2 mg/ml
in the presence of 25 wM E64 and 3 mM CaCl,. Incuba-
tion for 1 h at room temperature was followed by pelleting
of liposomes containing bound anxA10 at 100,000g for
30 min at 4 °C. AnxA10 was released into the supernatant via
resuspension of the liposome pellet in lysis buffer containing
50 mM EGTA and recentrifugation. The protein was dialyzed
against buffer containing 50 mM Tris—HCI, pH 7.4, 150 mM
NaCl, 1 mM DTT, and 0.5 mM PMSFE.

Phospholipid binding assay and PIP Strips

Binding of anxA10 to brain extract liposomes was ana-
lyzed as described previously [15, 58]. Briefly, 30 pg
anxA10 were incubated in binding buffer containing
50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM DTT,
and 0.5 mM PMSEF in the presence of different Ca>* con-
centrations (1 mM EGTA; 0.5, 1, 2 or 5 mM CaCl,) for
20 min at room temperature and pre-cleared at 100,000g
for 30 min at 4 °C. Supernatants were incubated for 1 h at
room temperature with brain extract liposomes at a final
concentration of 2 mg/ml. Liposomes were then pelleted at
100,000¢ for 30 min at 4 °C and washed in binding buffer.
Liposome-associated anxA10 was detected by SDS-PAGE
and Coomassie staining. Quantification of the signal inten-
sities was carried out by densitometric analysis. Data were
collected from four independent experiments and the sta-
tistical significance of differences in the liposome-bound
A10 levels was evaluated by repeated measures one-way
ANOVA followed by Dunnett’s multiple comparison test.
P < 0.05 indicated a significant difference.
Phosphoinositide phosphate (PIP) Strips (Echelon Bio-
sciences) were blocked with 1 % nonfat-dry milk in PBS



Annexin A10 is a paraspeckle component

313

for 1 h at room temperature. Purified anxA10 was added to
the PIP Strips at a final concentration of 2 pg/ml and incu-
bated overnight at 4 °C in blocking buffer containing 50 or
500 WM Ca**. PIP Strips were subsequently washed with
PBS containing 0.1 % (v/v) Tween 20. The respective Ca*"
concentrations were maintained during all subsequent incu-
bation steps. Bound anxA10 was detected by conventional,
indirect immunoblotting using anti-anxA 10 antibody.

Actin co-sedimentation assay

Analysis of actin binding was performed as described pre-
viously [15, 23]. Globular actin purified from skeletal mus-
cle (Cytoskeleton) was diluted to 1 mg/ml in General Actin
Buffer (5 mM Tris—HCI, pH 8.0, 0.2 mM CacCl,, 0.2 mM
ATP). Polymerization to F-actin was induced by addition
of a 1/50 volume of polymerization solution (2.5 M KCl,
100 mM MgCl,, 50 mM ATP) followed by incubation for
1 h at room temperature. Then, 50 g of purified annexins
were incubated in a final volume of 200 Ll reaction buffer
(5 mM Tris-HCI, pH 8.0, 0.2 mM CaCl,, 1 mM MgCl,,
0.33 mM ATP, 0.5 mM DTT) in the presence of 2 mM
CaCl, or 2 mM EGTA for 15 min at room temperature and
then pre-cleared by centrifugation at 350,000g for 15 min
at 4 °C. Supernatants were incubated with 25 pg F-actin
for 1 h at room temperature. F-actin was spun down at
350,000¢ for 30 min at 4 °C. Pellets were washed in 200 1
reaction buffer supplemented with 2 mM CaCl, or 2 mM
EGTA and re-pelleted. Equal protein amounts were ana-
lyzed by SDS-PAGE and Coomassie staining. The levels of
F-actin associated annexins were quantified densitometri-
cally. Data were collected from three independent experi-
ments and the statistical significance of differences was
evaluated by Student’s ¢ test. P < 0.05 indicated a signifi-
cant difference.

Cell culture and transfection

HeLa and MDCK 1II (Sigma-Aldrich) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) High
Glucose (PAA) supplemented with 10 % fetal calf serum,
glutamine, and antibiotics at 7 % CO, and 37 °C. Cells
grown to 50-80 % confluency were transfected with Lipo-
fectamine 2000 (Invitrogen) as recommended by the manu-
facturer. For selection of stably transfected clones, trans-
fected cells were cultured in the presence of 800 pg/ml
G418 for 4 weeks. Expression of the constructs was veri-
fied by fluorescence microscopy and immunoblotting.

Cell fractionations

All steps were performed at 4 °C. Confluent cells from a
10-cm dish were first washed then scraped into cold PBS

and pelleted (3 min, 800g, 4 °C). Cell pellets were resus-
pended in 500 pl cold lysis buffer (25 mM MES pH 6.5,
150 mM NaCl, supplemented with fresh protease inhibi-
tor cocktail (Roche) and the indicated concentrations of
CaCl,.) Cells were passed 10 times through a 23-gauge
needle and incubated on ice for 20 min. Nuclei were
removed by centrifugation (5 min, 800g, 4 °C) followed
by a second centrifugation of the supernatant to remove
cytoskeletal and mitochondrial components (10 min,
10,000g, 4 °C). Cytosolic and membrane fractions were
separated by a 1-h centrifugation step at 100,000g and
4 °C. The cytosolic (supernatant) fraction was removed and
denatured in SDS sample buffer. The membrane pellet was
resuspended in 400 wl lysis buffer with supplements. After
a second centrifugation (10 min, 10,000g, 4 °C), the super-
natant was discarded and the membrane pellet resuspended
and denatured in 2 x SDS sample buffer. For immunoblot
analysis, one-tenth of the cytosolic and membrane frac-
tions from anxA 10GFP expressing MDCK cells were sepa-
rated via electrophoresis. For the detection of endogenous
anxA10 in the untransfected MDCK cells, it was necessary
to load complete membrane fractions on the gel. Mem-
brane and cytosol fractions were separated by SDS-PAGE,
transferred onto a PVDF membrane and probed by immu-
noblotting for endogenous anxA10 and GFP as well as the
respective membrane and cytosol marker proteins caveo-
lin and GAPDH. Quantification of membrane-associated
anxA10 signal intensities normalized to GAPDH or caveo-
lin, respectively, was carried out by densitometric analysis.
Statistical significance of results obtained from either five
(anxA10GFP) or three (endogenous anxA10) independ-
ent experiments was evaluated using ANOVA followed by
Tukey’s multiple comparison test.

Colony-formation assay

HeLa cells stably expressing either anxA10GFP or GFP
were seeded in 6-well plates (10° cells/well). Cells were
grown in DMEM + 1 % fetal calf serum with or without
10 ng/ml EGF, fixed, and stained 2 weeks after plating with
DIFF-QUIK Staining Set (Siemens, Germany). Colonies
containing more than 40 cells were quantified using ImageJ
software. Data were collected from four independent exper-
iments and the statistical significance was evaluated by
Student’s ¢ test. P < 0.05 indicated a significant difference.

Detection of doxorubicin-induced apoptosis

Apoptosis assays were performed with HeLa cell lines
stably transfected with GFP or anxA10GFP. Three dif-
ferently expressing subclones were combined for experi-
mental working cultures. 1.2 x 10° cells were seeded per
6-well plate 1 day prior to stimulation. Stimulation was
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performed with 5 WM doxorubicin-hydrochloride (suitable
for fluorescence; Sigma-Aldrich) for 24 h while unstimu-
lated samples were used as controls. Cells were pelleted
(3 min, 800g, 4 °C), resuspended in 8 M urea (50-80 1)
supplemented with Complete Protease Inhibitor (Roche),
and sonicated 3-5 times on ice with a tip sonicator (ampli-
tude 50, duty cycle 50). For the analysis of apoptosis,
identical amounts of protein were separated by SDS-PAGE
on a 12 % gel and analyzed by immunoblotting with anti-
poly ADP ribose polymerase (PARP) and anti-GAPDH
as a loading control. Protein detection and quantification
were performed with appropriate IRDye 800 and IRDye
680 CW-conjugated secondary antibodies and the LI-COR
Odyssey infrared fluorescence imaging system and soft-
ware (LI-COR). PARP band intensities were normalized
to GAPDH levels and PARP fragmentation was expressed
as the percentage of cleaved PARP over total PARP. The
statistical significance was evaluated by repeated measures
one-way ANOVA followed by either Tukey’s or Dunnett’s
multiple comparison test. P < 0.05 indicated a significant
difference.

Immunofluorescences

Cap-formation was induced through incubation with
5 pg/ml actinomycin D (ActD; Calbiochem) or 30 g/ml
a-amanitin (Sigma) [55], or with 5 wM doxorubicin (Doxo;
Sigma). After incubation, cells were fixed with 4 % para-
formaldehyde (PFA) + 0.1 % Triton X-100 (TX-100) in
PBS, followed by 10 min at RT with 4 % PFA in PBS.
For endogenous anxA10 and paraspeckle-staining with
anti-SFPQ antibodies, cells were fixed for 3 min with 4 %
PFA + 0.1 % TX-100 in PBS. Cells were subsequently
blocked with 2 % BSA in PBS for 15 min and incubated
with primary antibodies at 4 °C overnight. Secondary anti-
body as well as DRAQS staining were performed at RT for
45 min. Confocal microscopy was carried out using a LSM
510 META or a LSM 780 confocal microscope (Zeiss)
equipped with a Plan-Apochromat x63/1.4 oil immersion
objective.

For quantification of nuclear and cytosolic fluores-
cence signals, images were recorded with identical laser
and detector settings. Regions of interest (ROIs) of iden-
tical size were placed in the nucleus and cytosol of trans-
fected cells and their integrated fluorescence intensities
were determined using the MetaMorph software (Univer-
sal Imaging). For each cell, the ratio of nuclear to cytosolic
intensity was calculated, with ratios >1 indicating nuclear
enrichment. Data were collected from more than 300 cells
(at least 50 cells/experiment/annexin) in three independ-
ent transfection experiments. Statistical significance of the
results was evaluated by paired Student’s 7 test (two-tailed
P value).
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To correlate the signal strengths of SFPQ and endog-
enous anxA10 in subnuclear foci, the line profile analysis
tool of the Zeiss Zen software was used creating intensity
value profiles of the respective signals along a line which
was drawn through several subnuclear foci.

To quantitate the average number of paraspeckles per
cell, the nucleus was defined by DNA staining and nuclear
PSPC1 was visualized by immunofluorescence. Confocal
z stacks of nuclei were acquired and maximum projec-
tions of color-separated images were converted to gray-
scale images. After thresholding, remaining signals within
the nuclear area were binarized and the “analyze particles”
plugin of the ImagelJ software was used to digitally quan-
tify paraspeckle numbers of nuclei. For each subclone,
randomized images of 90 nuclei obtained from three inde-
pendent experiments were scored. Statistical analysis of the
differences was performed utilizing ANOVA followed by
Tukey’s multiple comparison test.

Live cell imaging of Ca>*-induced membrane binding

Cells co-expressing anxA10GFP and annexin A2mCherry
were imaged in medium buffered with 20 mM HEPES in
a heated chamber. To increase intracellular Ca?*-levels,
1 WM thapsigargin was added to the medium and images
were recorded by time-lapse microscopy every 30 s over
a duration of 5 min. Another image was recorded before
addition of 5 uM ionomycin.

Results
Biochemical characterization of anxA10

To elucidate its biochemical properties, we recombinantly
expressed human anxA10 protein in E. coli, as this had
been shown previously to be a suitable method to prepare
annexins while retaining their typical properties [25, 39].
To ensure that the purified protein was indeed full-length
anxA10, we subjected the molecule to analysis by electro-
spray mass spectrometry. An experimentally determined
molecular mass of 37,277 & 1 Da was in full accordance
with the predicted mass of 37,278 Da for human anxA10
[35], indicating the presence of full-length protein (Suppl.
Fig. D).

To characterize the Ca’"-dependency of phospholipid
binding, we performed small-scale liposome pelleting
assays with purified anxA10 in the presence of increas-
ing Ca’>" concentrations, using brain extract liposomes
that contained approximately 50 % phosphatidylserine
(Fig. 1a). As expected, no interaction of anxA10 with the
liposomes was observed in the presence of the Ca’*"-che-
lator EGTA. Binding of anxA10 to liposomes was barely
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Fig. 1 Biochemical analysis of human anxA10. a Ca’>*-dependent
phospholipid binding of recombinantly expressed human anxA10 (rh
anxA10). Purified anxA10 was incubated with brain extract liposomes
in the presence of either 1 mM EGTA or increasing amounts of
Ca**. Bound anxA10 at 5 mM Ca®** was additionally re-extracted
with 50 mM EGTA. Liposomes were spun down and equal protein
amounts in the pellets (P) or the supernatant (SN) were analyzed by
SDS-PAGE and Coomassie staining. Levels of liposome-associated
anxA10 were densitometrically quantified. Mean values & SEM from
four independent experiments are shown (lower panel). **statistically
significant difference (P < 0.01) as revealed by ANOVA followed by
Dunnett’s post test. b AnxA10 binds specifically to PI(3)P and PI(4)
P. Membranes with immobilized phospholipids (PIP strips) were
incubated overnight with 2 pwg/ml anxA10 in the presence of either
50 or 500 uM Ca?*. Bound anxA 10 was detected by immunoblotting

detectable at 0.5 mM free Ca>* and increased proportional
with rising Ca** concentrations. Quantitative analysis con-
firmed that a significant increase in Ca*"-dependent lipo-
some association was only observable at Ca>* concentra-
tions higher than 0.5 mM. However, even in the presence

with an anxA10-specific antibody. In the presence of 500 wM CaCl,,
anxA10 showed a specific adsorption to immobilized phosphatidylin-
ositol-3-phosphate (PI(3)P), phosphatidylinositol-4-phosphate (PI(4)
P), and phosphatidylserine (PS). ¢ AnxA10 does not bind to F-actin.
Purified anxA8 or anxA10 was mixed with polymerized F-actin
(input) in the presence of either 2 mM EGTA or 2 mM Ca”*. Actin
filaments together with bound proteins were recovered by high speed
centrifugation. Equal protein amounts of the pellets were analyzed by
SDS-PAGE and Coomassie staining. Ca?*-dependent F-actin binding
of anxA8 served as a control for the co-sedimentation assay. Levels of
F-actin-associated annexins were densitometrically quantified. Mean
values & SEM from three independent experiments are shown. **sta-
tistically significant difference (P < 0.01) as revealed by ANOVA fol-
lowed by Student’s 7-test

of 5 mM Ca’*, anxA10 association with liposomes still
remained incomplete (Fig. la, lower panel). AnxA10 that
had been bound at 5 mM Ca*" could be re-extracted with
a subsequent EGTA wash, indicating that the weak asso-
ciation observed in this assay was reversible and only
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dependent on Ca’*. In addition to their interaction with
negatively charged phospholipids, some annexins bind
preferentially to phosphoinositides, and this binding is
thought to play a role in membrane subdomain organiza-
tion [47]. Therefore, we performed an in vitro PIP Strip
analysis with the purified protein. In agreement with the
liposome pelleting assays, no interaction was observed in
the presence of low (50 pM) Ca’* concentrations (Fig. 1b,
left panel). Increasing the Ca®>" concentration to 500 uM
resulted in binding to phosphatidylserine but also revealed
a weak but specific interaction with immobilized PI(3)P
and PI(4)P (Fig. 1b, right panel).

Several members of the annexin family bind to and,
in the case of annexin A2, also bundle F-actin in a Ca**-
dependent manner [19, 20]. Because the C-terminal
domain of anxA10 shares sequence similarities with the
postulated annexin A2 F-actin binding motif, which was
mapped to the very C-terminus [10], we investigated
whether F-actin binding properties could also be observed
for anxA10. To address this, we performed an in vitro actin
co-sedimentation assay in the presence of 2 mM Ca**, used
because F-actin binding might only be seen in the pres-
ence of high Ca>* concentrations, as has been shown for
annexin A5 [59, 60], with anxAS8 as a positive control of an
F-actin binding annexin. AnxA8 showed almost no associa-
tion with F-actin in the presence of EGTA, but was clearly
detectable in the F-actin pellet at 2 mM Ca**, and densito-
metric analysis confirmed that the increase in F-actin-asso-
ciated anxA8 was statistically significant (Fig. 1c). In con-
trast, we detected only negligible co-pelleting of anxA10
with F-actin in the absence or presence of Ca>™.

The results of our biochemical characterization point to
the intriguing possibility that anxA10 might play a Ca**-
and consequentially membrane-binding-independent role
in cellular functions. To investigate the cellular functions
of anxA10, we chose a human epithelial cervical cancer
cell line (HeLa) and the epithelial canine kidney cell line
MDCK. While HeLa cells displayed no detectable anxA10
expression at the protein level, we were able to detect a
protein signal of identical size as the bacterially expressed
anxA10 (Fig. 2a) in MDCK cells. This signal was specifi-
cally downregulated by siRNA designed to target canine
anxA10 (suppl. Fig. 2).

To overcome restrictions due to the limited amount of
endogenous anxA 10, we created cell lines that stably over-
expressed a C-terminally GFP-tagged anxA10 construct
(anxA10GFP) for subsequent functional assays. To avoid
clonal effects, cell populations were created from a mix of
three subclones with varying anxA10GFP expression lev-
els. To confirm that the Ca*>-dependent membrane-binding
properties of the tagged protein resembled those of endog-
enous anxA 10, we separated both MDCK cells and MDCK
cells stably overexpressing anxA10GFP into cytosolic and
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membrane fractions in the presence of increasing Ca’"
concentrations. Soluble GAPDH and the membrane protein
caveolin served as marker proteins to ensure the purity of
the fractions. As shown in Fig. 2b, the endogenous anxA10
was recovered almost completely in the soluble fraction
and did not significantly translocate to the membrane frac-
tions even at high Ca>* concentrations. When cells express-
ing the GFP-tagged protein were analyzed, a similar dis-
tribution pattern was seen, with the anxA10GFP remaining
mostly in the cytosolic fraction even in the presence of
2 mM Ca*. No significant increase in the membrane frac-
tions was seen with rising Ca>* concentrations (Fig. 2c). To
confirm this in vivo, we co-expressed anxA10GFP and anx-
A2mCherry in HeLa cells and followed their behavior in
response to thapsigargin, a drug that inhibits Ca*" re-uptake
into intracellular Ca*" stores and thus moderately increases
cytosolic Ca** levels [57], and a subsequent ionomycin
stimulus using live cell fluorescence microscopy. A series
of confocal images was recorded every 30 s; frames were
taken before stimulation, during 5 min after addition of
1 wM thapsigargin, and during 5 min after the subsequent
addition of 5 uM ionomycin (Fig. 2d, complete movie in
suppl. Mov 1). The expression levels of both proteins var-
ied considerably among individual cells, but localization
patterns were identical across cells. In non-stimulated cells,
anxA10GFP was found predominantly in the nucleus and,
to a lesser extent, in the cytosol, whereas anxA2mCherry
was excluded from the nucleus and showed a diffuse, pre-
dominantly cytosolic localization with partial plasma mem-
brane binding. The striking difference in the nuclear locali-
zation was most likely due to the nuclear export sequence
found in the N-terminal part of anxA2 [8]. After treating
the cells with thapsigargin, anxA2mCherry readily translo-
cated to the plasma membrane, whereas anxA10 remained
unchanged. Upon subsequent stimulation with ionomycin,
which permeabilizes the membrane and induces a strong
Ca*" influx from the extracellular space, anxA2mCherry
fluorescence at the plasma membrane increased further and
additional association with intracellular vesicular structures
was observed. Even under these conditions, anxA10GFP
did not translocate to membranes, reflecting the low Ca*t
sensitivity already seen in the in vitro liposome membrane
binding as well as membrane fractionation experiments.

AnxA10 overexpression in human epithelial cancer cells
reduced clonogenic ability and increased sensitivity
to doxorubicin-induced apoptosis

AnxAl0 expression is downregulated in a number of
human epithelial carcinomas as well as tumor-derived cell
lines [26, 27, 30, 33, 36, 43, 61]. We therefore tested if the
described effects of anxA10 on cancer cell proliferation and
survival could be observed in anxA10GFP-overexpressing
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Fig. 2 Membrane distribution of anxA10. a Different expression
levels of anxA10 in MDCK and HeLa cells. Bacterially expressed
anxA10 (0.2 pg purified protein) or 150 pg protein of total cell
lysates were loaded and analyzed by immunoblotting. An immuno-
reactive band of similar size to the recombinant protein (rh anxA10)
was detected in MDCK but not in HeLa cells. GAPDH was used as
a loading control. AnxA10GFP shows identical membrane binding
as endogenous anxA10. MDCK cells were separated into cytosolic
(Cyt) and membrane (Mem) fractions in the presence of increasing
Ca”* concentrations. Complete membrane fractions were loaded to
achieve a sufficient anxA10 signal (b). For analysis of anxA10GFP,
one-tenth of the cytosolic and membrane fractions from anxA10GFP-
expressing MDCK cells (c) were loaded. Fractions were analyzed
by immunoblotting against anxA10 and GFP. GAPDH was used as
a marker protein for cytosolic fractions, caveolin for membrane frac-
tions (upper panels). Lower panels show the relative distribution of

HeLa cells, which do not express detectable levels of
endogenous anxA10. For this, we performed a long-term
clonogenic assay, which reflects the ability of an individual

anxA2mCherry

merge

anxA10GFP

%

endogenous anxA10 or ectopically expressed anxA10OGFP in the
respective fractions. Results are mean values &+ SEM from either five
(anxAIOGFP) or three (endogenous anxA10) independent experi-
ments. ANOVA followed by Tukey’s post test revealed no statistical
difference of anxA10 levels in the membrane fractions. d Live cell
imaging of Ca**-sensitive membrane binding of annexins. HeLa cells
co-expressing anxA10GFP and anxA2mCherry were first stimulated
with 1 WM thapsigargin to increase intracellular Ca>*-levels. Subse-
quently, 5 wM ionomycin was added to allow influx of extracellular
Ca”*. Time series of fluorescent images were recorded every 30 s
and selected frames are shown. Note that anxA2mCherry was found
at the plasma membrane already 5 min after addition of thapsigargin,
whereas anxA10GFP remained cytosolic even after cell permeabili-
zation with the ionophore. Bar 20 pM. The movie can be viewed in
suppl. Mov1

cell to grow into a colony. Large differences in the percent-
age of cells that gave rise to colonies after seeding were
seen for HeLa cells stably expressing either anxA10GFP
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Fig. 3 AnxA10 expression reduces clonogenic growth and resistance
to apoptosis in HeLa cells. a Western blot showing stable expres-
sion of anxA10GFP and GFP in HeLa cells. b Clonogenic survival
is reduced in HeLa cells stably transfected with anxA10GFP. HeLa
cells stably expressing GFP (left) or anxA10GFP (right) were grown
without (w/o, upper) or in the presence of 10 ng/ml (lower) epider-
mal growth factor (EGF). Representative images of four independ-
ent experiments are shown. Numbers of colonies consisting of >40
cells were determined and the statistical significance was evaluated

or GFP (Fig. 3a) in the presence or absence of EGF. As
shown in Fig. 3b, under both conditions reduced numbers
of colonies were observed in anxA10-overexpressing cells
and statistical analysis revealed that expression of anx-
A10GFP was indeed associated with a significant decrease
in clonogenicity.

To further confirm a role of anxA10 in tumor formation,
we analyzed the sensitivity of stably anxA10GFP-express-
ing HeLa cells to treatment with doxorubicin, a drug widely
used in cancer chemotherapy. AnxA10GFP-overexpressing
cells were stimulated for 24 h with 5 wM doxorubicin and
compared with stimulated GFP-expressing control cells. To
detect apoptosis, lysates were probed for cleavage prod-
ucts of PARP, an enzyme involved in DNA damage repair
and the maintenance of genomic stability. PARP cleav-
age, a process mediated by activation of caspase, is com-
monly used to detect apoptotic cell death [41]. Whereas no
difference in the amount of PARP cleavage was detected
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by Student’s ¢ test with P < 0.05 indicating a significant difference.
¢ Immunoblots of AnxA10GFP-expressing HeLa cells left untreated
(unstim.) or stimulated for 24 h with 5 wM doxorubicin (Doxo).
PARP fragmentation was analyzed by immunoblotting with GAPDH
as a loading control. Levels of the 89-kDa cleaved PARP were cal-
culated as a percentage of the total PARP (full-length plus cleaved).
The graph shows mean (£SEM) levels of cleaved PARP from six
independent experiments. Statistical analysis was performed using
ANOVA followed by Tukey’s multiple comparison test. *P < 0.05

in unstimulated cells expressing anxA10GFP vs. those
with just GFP expression, significantly higher amounts of
the large PARP (89-kDa) fragment were detected in anx-
A10GFP-expressing cells compared to control cells after
24 h of doxorubicin treatment (Fig. 3c). This indicates that
anxA10 is able to increase cytotoxin sensitivity in epithelial
cancer cells.

Nuclear anxA10GFP is recruited to dark nucleolar caps
upon transcriptional inhibition of RNA polymerase II
and localizes to paraspeckles

To shed some light on the mechanism by which anxA10
achieves its anti-tumorigenic properties, we used confocal
fluorescence microscopy and screened transiently trans-
fected cells for enrichment of anxA10GFP at cellular sub-
structures. Previous studies detected anxA10 in the nuclei
of gastric epithelial cells [26, 32]. As mentioned above,
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Fig. 4 Enrichment of anxA10GFP in the nucleus and at subnuclear
foci. a Confocal immunofluorescence images of PFA-fixed HeLa
cells showing nuclear enrichment of anxA10GFP in contrast to anx-
AI1GFP. Bar 20 pm. Signal intensities of identically sized regions
from the nucleus and cytosol within each cell were measured and
expressed as the ratio of nuclear versus cytosolic fluorescence. The
bar graph shows the mean + SEM of three independent transfection
experiments. Statistical analysis using a paired 7 test revealed a 70 %
enrichment of anxA10GFP in the nucleus of transiently transfected
HeLa cells and equal distribution of anxA1GFP between cytosol and
nucleus. ***P < (0.001. b Confocal images of nuclear anxA10GFP

anxA10GFP also showed a prominent nuclear localization,
but some signal was also found throughout the cytosol.
To confirm a specific enrichment, we quantified the fluo-
rescence signals of anxA10 in the cytoplasm and nucleo-
plasm of HeLa cells and compared them with those of
anxA1GFP, an annexin of similar size that is also able to
enter the nucleus, but shows no enrichment under resting
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localization upon doxorubicin (Doxo) treatment. HeLa cells tran-
siently expressing anxA10GFP were incubated for 4 h with 5 pM
Doxo. AnxA10GFP (green) translocates to distinct nuclear foci sur-
rounding nucleoli. Doxo intercalates DNA and fluorescence emis-
sion can be used to visualize DNA (red). Bar 5 pm. ¢ Translocation
of anxA10GFP upon inhibition of transcription with actinomycin D
(ActD). MDCK cells transiently transfected for 24 h with anxA10GFP
(green) were incubated for 2 h with 5 pg/ml ActD. DNA was visual-
ized with DRAQS (red). Inset high magnification of a single nucleo-
lus surrounded by condensed chromatin and anxA10GFP-positive
foci. Bar 5 pm

conditions [48]. While anxA1GFP was equally distributed
in both cytosol and nucleoplasm (1.0 + 0.048 nuclear/
cytosolic), anxA10GFP was higher in the nucleoplasm and,
upon quantification, showed a 70 % enrichment compared
to the cytosol (1.7 £ 0.029; Fig. 4a).

In light of our results showing increased doxorubicin-
induced apoptosis in anxA10-overexpressing cells, we were
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interested to know if incubation with doxorubicin would
also lead to changes in subcellular anxA10 distribution.
We found that, after 4 h of doxorubicin stimulation, anx-
A10GFP-expressing HeLa cells showed a striking trans-
location of the GFP-tagged protein to half-moon-shaped
nuclear foci. These foci seemingly localized around nucle-
oli but were distinct from condensed chromosomal DNA,
which was evident through DNA staining with fluores-
cently detectable doxorubicin (Fig. 4b). Similar foci have
been described to form around nucleoli following tran-
scriptional inhibition caused by apoptosis, mitosis, or RNA
Pol II-inhibiting drugs [50]. These so-called ‘nucleolar or
perinucleolar caps’ contain proteins and RNA of segregated
nucleolar substructures, but also accumulate a distinct sub-
set of nucleoplasmic proteins, including components of
nuclear bodies, such as paraspeckles and PML bodies. Peri-
nucleolar caps can be divided into dark and light subtypes,
which can also be distinguished by their specific protein
contents [55]. To determine whether the nuclear anxA10
foci represent nucleolar caps, we stimulated anxA10GFP-
expressing MDCK cells for 2 h with 5 pg/ml actinomycin
D (ActD), a drug that induces transcriptional inhibition and
cap-formation through DNA intercalation and the inhibi-
tion of topoisomerase II. ActD treatment of transiently
transfected cells resulted in the efficient recruitment of anx-
A10GFP to nuclear foci (Fig. 4c). As seen previously with
doxorubicin, the visualization of DNA using the intercalat-
ing stain DRAQS clearly showed that anxA 10 translocation
to cap structures was not just dependent on DNA-accumu-
lation around nucleoli, as areas of increased DRAQS5 fluo-
rescence did not overlap with the anxA10GFP signal.

To determine whether the ActD-induced anxA10-foci
indeed represented perinucleolar caps, we counterstained
with antibodies against SFPQ (Splicing factor, proline- and
glutamine-rich) and fibrillarin, two known marker-proteins
of the light and dark subtypes of nucleolar caps, respec-
tively [55]. After ActD stimulation, the fibrillarin-positive
light nucleolar caps (LNCs) were clearly distinct from anx-
A10GFP and SFPQ-positive caps (Fig. 5a) as were coilin-
positive caps and PML-bodies (data not shown). In con-
trast, anxA10GFP showed a striking co-localization with
SFPQ, revealing its compartmentalization in dark nucleolar
caps (DNCs). To exclude artifactual translocation into these
caps due to anxA 10 overexpression or GFP-fusion, we con-
firmed that the endogenous anxA10 was also enriched in
SFPQ-positive DNCs upon ActD incubation (Fig. 5b).

Previous studies show that SFPQ-recruitment to DNCs
is caused by RNA-polymerase II (Pol II) inhibition [55]. To
conclusively answer if anxA10, like SFPQ, is recruited to
DNCs as a result of Pol II-inhibition, we stimulated cells
for 6 h with a-amanitin, a Pol II-specific inhibitor [28]
and co-immunofluorescently stained the cells against GFP
and either anti-SFPQ or anti-fibrillarin. AnxA10GFP was
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observed in SFPQ-positive caps and remained clearly sepa-
rate from fibrillarin-positive LNCs (Fig. 6), confirming that
anxA10 recruitment to DNCs is indeed caused by Pol II
inhibition. To see whether the RNA Pol II-induced translo-
cation into caps was a feature shared with other annexins,
we further tested anxA1- and anxA2GFP, two members of
the annexin family with reported nuclear and RNA-asso-
ciated functions [21, 22, 29, 34], for cap recruitment. No
translocation of either anxAl- or anxA2-GFP to nucleolar
caps was detected in response to ActD-induced transcrip-
tional inhibition (suppl. Fig. 3).

The co-localization of anxA10GFP with DNCs
prompted us to examine a correlation with other pro-
teins that are enriched at this compartment. Interestingly,
DNCs are strongly enriched with proteins normally found
in paraspeckles, a recently discovered nuclear body [12,
55]. We immunostained anxA10GFP-expressing MDCK
cells for SFPQ and found that resting cells displayed a
co-localization of the GFP-tagged construct with SFPQ-
positive foci that were clustered in the nucleoplasm
(Fig. 7a, upper panel) and might represent paraspeckles.
To confirm this, we also immunostained the anxA10GFP-
expressing MDCK cells for paraspeckle component 1
(PSPC1). PSPCI, together with SFPQ and p54™RB  is one
of three drosophila behavior/human splicing (DBHS) pro-
teins that are tightly linked to paraspeckle structure and
function [13]. In accordance with the previously observed
SFPQ co-staining, we detected anxA10GFP in association
with PSPCl1-positive paraspeckles (Fig. 7a, lower panel).
We were also able to visualize endogenous anxAl0 in
SFPQ-positive foci by immunostaining, thus ruling out an
artificial recruitment of the exogenously expressed anx-
A10GFP (Fig. 7b, upper panel). Profile analysis of a line
running through the nuclear region confirmed peak inten-
sity correlation of the SFPQ and anxA10 signals (Fig. 7b,
lower panel). Paraspeckle proteins are so far only defined
through their co-localization with the canonical DBHS
family proteins, anxA10 therefore seems to represent a
novel component of this compartment.

We next assessed whether upregulating the anxAl0
expression level would have an impact on the number of
paraspeckles. Comparison of the number of PSPC1-pos-
itive nucleolar foci in individual HeLa subclones stably
overexpressing GFP or anxA10GFP revealed that, on aver-
age, significantly fewer paraspeckles were found in nuclei
of cells overexpressing anxA10GFP (Fig. 8).

Domain-requirements for anxA10 recruitment to DNCs
and paraspeckles

To address which protein region of anxA10 mediates
localization to the nuclear sub-compartments, we created
GFP-tagged mutants of anxA10 and analyzed them by
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(a) anxA10GFP
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Fig. 5 Nucleoplasmic anxA10 is recruited to dark nucleolar caps
(DNCs) upon transcriptional inhibition. a Translocation of anx-
A10GFP. Under unstimulated conditions (upper panel, unstim.), anx-
A10GFP and polypyrimidine tract binding protein-associated splicing
factor (SFPQ, blue) distribute throughout the nucleoplasm, whereas
fibrillarin (red) is found in nucleoli. Transcriptional inhibition induced
with 5 pg/ml actinomycin D (ActD) for 2 h (lower panel) resulted
in translocation of fibrillarin to light nucleolar caps (LNCs), whereas

confocal fluorescence microscopy for DNC co-localization
(Fig. 9). We first introduced a mutation into the second
annexin-repeat (E146A, anxA10GFP-CM), which is suffi-
cient to abolish the Ca>*-affinity of type II sites [24], but
found no effect on DNC-binding of this construct. To test
whether the unique N-terminal domain is involved in cap
recruitment, we utilized a deletion mutant lacking amino
acids 1-16, which only retains the anxA10 core domain
(anxA10-core). Co-localization screening again showed
no impairment of anxA10-core recruitment to DNCs, after
ActD-induced transcriptional inhibition.

The core domain of annexins is a highly conserved
structure that is composed of four annexin repeats, forming
a tightly packed disc. We were averse to creating anxA10
deletion mutants of this domain because deletions are
likely to result in changes to the core conformation and
thus possible disruption of interaction sites. We therefore
tested the cap-binding abilities of a short anxA10 isoform

fibrillarin

SFPQ was enriched at dark nucleolar caps (DNCs). Note that anx-
A10GFP co-localizes strongly with SFPQ in DNCs. Inserts depict
high magnification images of protein distribution at a single nucleo-
lus. b Enrichment of endogenous anxA10 at DNCs. Endogenous
anxA10 in nuclei of MDCK cells treated for 6 h with 5 pg/ml ActD
was visualized by immunofluorescence staining (green), and showed
extensive co-localization with SFPQ (red). Bar 5 pm, line delineates
outline of the nucleus

(anxA10-short), which lacks the N-terminal domain as
well as the first and half of the second annexin repeats [44].
Intriguingly, our results showed that the GFP-tagged short
isoform of anxA10 was observed in the nucleus, but was
not able to translocate to DNCs in response to ActD treat-
ment. Thus, the part of the core sequence not found in the
short isoform carries the binding site responsible for cap
recruitment. To further test this hypothesis, we created a
GFP-tagged construct that only expressed the proximal
anxA10 core fragment missing in the short isoform (aa
F17-Q134, anxA10-proxcore); this construct was found
enriched at ActD-induced DNCs (Fig. 9).

Cap-binding of PSPC1 and SFPQ, two members of the
paraspeckle-binding DBHS-family, is mediated by the con-
served coiled-coil interaction domains of these proteins;
however, this domain was necessary but not sufficient for the
recruitment of PSPC1 to paraspeckles, which required the
presence of an additional RNA-binding motif [11, 42, 55].
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Fig. 6 Translocation of anx-
A10GFP to DNCs is dependent
on RNA Pol II. Immunofluores-
cent images showing MDCK
cells transiently expressing anx-
A10GFP that were treated with
a-amanitin (6 h, 30 pg/ml) and
then co-stained for fibrillarin
(upper panel) or SFPQ (lower
panel). AnxA10GFP is not
found in fibrillarin-positive light
nucleolar caps but in SFPQ-
positive DNCs upon RNA Pol 1T
inhibition. Bar 5 pm

anxA10GFP

anxA10GFP

+ a-Amanitin

To investigate if a similar paraspeckle binding pattern
was observed for anxA10, we tested the above-described
anxA 10 mutants, including the short anxA10-isoform, for
co-localization with paraspeckles using PSPC1 as a marker
protein. In these experiments, we used HeLa cells, which
are a well-established system for paraspeckle studies and
show a distinct paraspeckle-staining pattern [13]. Full-
length anxA10GFP (Fig. 10, wt) showed the paraspeckle
enrichment already observed in MDCK cells. Identical to
our cap-binding experiments, we observed that deletion of
the N-terminal domain did not affect paraspeckle-binding
(Fig. 10, core). Interestingly though, neither anxA10-short
(Fig. 10, short) nor the cap-binding-competent proxi-
mal core construct, encompassing the first one and a half
annexin repeats (Fig. 10, proxcore), showed paraspeckle
recruitment. While the type II-site-mutated CM construct
could be detected at paraspeckles, its enrichment appeared
less pronounced (Fig. 10, CM). Figure 11a summarizes the
domain requirements of anxA10 for DNC- and paraspeckle
recruitment in HeLa and MDCK cells, respectively, and
indicates that DNC translocation is dependent on a motif
present in the proximal core domain, whereas paraspeckle
binding requires an additional binding sequence. In order
to investigate a correlation of anxA10 paraspeckle locali-
zation and enhanced doxorubicin-induced apoptosis, we
measured the PARP cleavage upon 24 h doxorubicin treat-
ment in HeLa cells stably expressing the anxA10 mutants.
Interestingly, differences in PARP cleavage efficiency were
observed. However, irrespective of the subnuclear localiza-
tion, all mutants tested elicited significantly higher levels of
cleaved PARP compared to GFP-expressing control cells.
(Fig. 11b). Thus, there seems to be no direct correlation
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between the presence of anxA10 in paraspeckles and the
tumor suppressor activity.

Discussion

Members of the annexin protein family are involved in cell
differentiation, tumorigenesis, apoptosis, infection, and
immunity [14]. With this wide range of functions, it is not
surprising that changes in annexin expression coincide with
changes in the metastatic behavior of cells. AnxA10 is the
latest identified member of the vertebrate family of annexin
[35]. While mostly uncharacterized in its biochemical
properties and intracellular functions, homozygous deletion
and downregulation of anxA10 expression is correlated
with poor survival in gastric and bladder cancer patients
[26, 32, 36]. In accordance with these findings, anxA10
reintroduction into gastric cancer cells resulted in reduced
proliferation, while downregulation in anxAl0-express-
ing epithelial cells facilitated migration and proliferation.
AnxA10 has therefore been proposed to fulfill a tumor-sup-
pressor function [26, 27, 32, 36].

Our biochemical characterization of anxA10 indicates
that the type II Ca’*-binding site mutations in repeats I,
3, and 4 drastically affect the Ca?*-mediated membrane-
binding properties of anxA10. In contrast to annexins
harboring more than one active type II Ca>*-binding site,
which typically bind to acidic phospholipids at Ca>* con-
centrations in the low micromolar range, anxA10 binding
to liposomes containing negatively charged phospholipids
only occurred at mM Ca®* concentrations. Ca>* concentra-
tions needed for membrane-binding of anxA 10 are unlikely
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Fig.7 AnxA10 localizes to
paraspeckles in the nuclei of
resting cells. a MDCK cells
transiently expressing anx-
A10GFP were co-stained for
the paraspeckle components
SFPQ (upper panel, red signal)
and PSPCI1 (lower panel,

red signal). Insets show that
nucleoplasmic anxA 10GFP foci
(green signal) in resting cells
co-localize with SFPQ- and
PSPC1-positive paraspeckles.

b Endogenous anxA10 in nuclei
of MDCK cells (upper panel,
green signal) was co-stained
with SFPQ (upper panel, red
signal). The graph shows
respective signal intensities
along the indicated line through
the nuclear region of the cell,
covering an 18-pm distance
(lower panel). Bar 5 pm; line
delineates outline of the nucleus

to be reached in the cytosol under physiological conditions
[4], thus intracellular monomeric anxA10 is unlikely to
associate with intracellular membranes in a Ca**-regulated
manner. In this regard, anxA10 is the second member of the
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annexin family that is not regulated by intracellular Ca>",
a characteristic so far only shown for anxA9, in which all
type II sites have been rendered inactive [16]. However, it
cannot be ruled out that these annexins might still show

@ Springer



324

N. Quiskamp et al.

ke

10 4 .
o ' "
: ey
© 8-
=
[ =
3 6
=
Q
g
& 4 -
S
[1+]
a
5 2 —
E-3
K K ¢ R
) [€) €] )
& e‘hr'\ & g O S
I F 2 \ocg’ P ,b.\"(\e,
=) o ‘z\a\’ (}0 Q\é\’ C}O

Fig. 8 Overexpression of anxA10GFP reduces paraspeckle numbers
in HeLa cells. Quantification of the average number of paraspeck-
les in individual subclones stably expressing GFP or anxA10GFP.
PSPC1-positive foci per nucleus were digitally counted and the dif-
ferences in the average numbers were statistically analyzed using
ANOVA followed by Tukey’s multiple comparison test. *P < 0.05,
**P <0.01, ***P < 0.001

Ca’*-independent interaction with cholesterol-rich mem-
brane subdomains, as has been described for anxA2 [18].

The results obtained in the live cell imaging of anx-
A10GFP argue against any prominent translocation to
either membranous compartments or the cytoskeleton, even
under conditions such as apoptosis or membrane repair
when high Ca®*  levels are reached. It is therefore tempt-
ing to speculate that annexins bearing primarily inactive
type II Ca*-binding sites are involved in cellular processes
other than membrane organization and trafficking.

The large decrease in clonogenic survival seen upon
expression of anxA10 in HeLa cells, which lack endog-
enous anxA10, clearly shows that anxA10 expression is
linked to restricted cellular growth and points to a role of
anxA10 as a tumor suppressor, in line with previous find-
ings in cancer cell lines as well as studies correlating
anxA10 downregulation with poor prognosis for gastric
cancer patients [26, 27, 32, 36]. A putative role in antitu-
mor activities is further strengthened by our observations
that HeLa cells ectopically expressing anxA1(Q are more
sensitive to doxorubicin-induced apoptosis.

Despite the fact that nuclear localization has been
reported for several vertebrate annexins [14], functions
of the annexin family in the nuclear context have been
scarcely investigated. While annexins Al, A10, and All
partially localize to the nucleoplasm [9, 26, 48], the recruit-
ment of other annexins is often transient and related to cell
cycle [1, 29] and differentiation events [51] as well as to
cellular stress responses [17, 52]. In addition, nuclear
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enrichment of anxA1 was proposed as a diagnostic marker
for several types of carcinomas [29, 63].

The present immunofluorescence studies show that
GFP-labeled anxA10 is enriched in the nucleoplasm of
resting epithelial cells and, in response to doxorubicin
treatment, concentrates in dark nuclear caps. The compo-
sition of DNCs shows a striking enrichment of proteins
normally associated with an only recently discovered type
of nuclear body, the paraspeckle. Paraspeckles are nuclear
sub-compartments that localize to the interchromatin
space and are formed around two large non-protein coding
mRNAs that provide the scaffold to which the structural
core proteins SFPQ, p54NRB, and PSPC1, members of the
DBHS protein family, are bound [13, 38]. Double immu-
nofluorescent experiments in transcriptionally active cells
showed that anxA10GFP co-localizes with the paraspeckle
proteins SFPQ and PSPCI in punctate nucleoplasmic
foci. SFPQ co-localization was also observed for the
endogenous anxA10. As novel proteins associating with
paraspeckles have so far been characterized via their co-
localization with one of these intrinsic components [13],
we therefore propose anxA10 to be a novel paraspeckle
component.

GFP-tagged anxA10 mutants as well as the short iso-
form of anxA10 first described by Peng et al. [44] enabled
us to localize the subnuclear binding properties of anxA10.
We found that both DNC- and paraspeckle-binding are
mediated by the anxA10 core-domain and independent
of the N-terminus. The exclusion of anxA10-short from
both nuclear subcompartments indicates that the first two
annexin repeats of anxA10, which are missing in this
shorter isoform, contain a binding site necessary for this
interaction. Interestingly, a construct only expressing these
missing repeats was able to localize to DNCs in response to
transcriptional inhibition but was not found at paraspeckles.
Thus, the DNC-binding sequence located in the first two
annexin repeats may be necessary but not sufficient to
mediate paraspeckle binding. Our results imply the exist-
ence of at least two independent domains necessary for
paraspeckle recruitment of anxA10. Intriguingly, these
findings are similar to those described for the paraspeckle
protein PSPC1. While PSPC1 is effectively recruited to
DNCs via its coiled-coil domain [11], recent studies on
the structure of DBHS protein heterodimers using PSPC1
truncation mutants revealed that the extended C-terminal
coiled-coil motif is also essential for paraspeckle target-
ing. These domains emanating from DBHS protein dimers
are supposed to mediate the formation of longer oligomers,
thus driving paraspeckle assembly [11, 42]. In addition,
paraspeckle localization requires the presence of functional
RNA-binding domains in the DBHS core [7, 55]. Fur-
thermore, most of the novel paraspeckle proteins recently
identified in an extensive screen also carry putative RNA
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Fig. 9 AnxA10 recruitment to
DNGC:s is mediated by the proxi-
mal part of the core domain.
Confocal fluorescent images

of MDCK cells transiently
expressing various anxA10GF
constructs (CM, core, short, and
proxcore; see text). Localization
to DNCs was determined by
counterstaining with antibodies
against SFPQ (red) after 2 h of
ActD treatment. Note that only
the short anxA 10 isoform, lack-
ing the N-terminal domain as
well as the first and half of the
second annexin-repeats, is not
enriched at DNCs. Bar 5 pm

+ ActD
core CM

short

proxcore

binding domains [37]. We therefore speculate that the distal
anxA10 core might contain a so far unidentified RNA bind-
ing site required for paraspeckle recruitment. The observa-
tion that the Ca>*-binding-deficient mutant of anxA10 dis-
played a less pronounced paraspeckle co-localization might
imply a Ca’*-dependent conformational change that might
facilitate paraspeckle binding but is not essential for DNC
recruitment.

Paraspeckles play a role in the nuclear retention of
A-to-I-edited mRNAs [2, 3], and are thought to represent
a regulation mechanism for the control of protein expres-
sion in differentiation and stress response events [2, 3,
46, 62]. Considering the tumor-suppressor characteristics
of anxA10 as well as the currently described functions of

anxA10GFP
construct

merge
FP construct/SFPQ

SFPQ

paraspeckle- and DNC-enriched proteins, our results imply
that anxA10 may fulfill a radically different function than
that of other annexins, as a tissue-specific nuclear factor
in paraspeckle-regulated expression and differentiation
processes.

Although several paraspeckle proteins are related to dis-
eases such as cancer [5, 40, 45, 54, 56], as yet the functions
of paraspeckles in the context of cell growth and differen-
tiation remain enigmatic. The enrichment of hyperedited
RNAs in paraspeckles has been discussed as a storage pool
for transcripts that might function in the stress response
[46]. Prolonged stress eventually leads to apoptotic cell
death. However, a functional correlation of paraspeckle for-
mation and apoptosis is not established and our mutational
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Fig. 10 Localization of the
various anxA 10 mutants

in paraspeckles. Confocal
immunofluorescence (GFP,
green) images of HeLa cells
transiently expressing the vari-
ous anxA10GFP constructs (wt,
CM, core, short, and proxcore).
Recruitment of anxA10-mutants
and the short anxA 10 isoform
to paraspeckles was determined
by co-staining with antibodies
against PSPC1 (red). Note that
anxA10-CM shows reduced
accumulation, and neither

anxA 10-short nor the anxA10-
proxcore is found in paraspeck-
les. Bar 5 pm

anxA10GFP merge
construct PSPCA1 Ff 1struct/PSPC1

core

short

proxcore

analysis of anxA 10 suggests no direct correlation of subnu-  anxA10 expression negatively affects paraspeckle numbers

clear localization and pro-apoptotic functions.

in otherwise anxA10-negative HeLa cells. Paraspeckles are

The restriction of anxA10 expression to certain epithe-  assembled around the long noncoding RNA NEAT1 [6, 53].
lial cells argues against a structural role in de novo par-  Of the two NEAT isoforms generated by alternative
aspeckle formation. This is supported by our findings that  3’-end processing, NEAT1_2 but not NEAT1_1 appears to
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Fig. 11 AnxA10 subnuclear localization and tumor suppressor activ-
ity are not directly linked. a Schematic representation of the various
anxA10 mutants and short I soform. aa amino acids; filled circles
represent functional type II Ca>*-binding sites, whereas open circles
indicate non-functional type II Ca**-binding sites. Annexin repeats
in the core domain are indicated with roman numerals. C-terminally
attached GFP is not shown. The table indicates the presence (+) or
absence (—) in paraspeckles and DNCs. b HeLa cells stably expressing

be essential for paraspeckle generation. NEAT1 isoform
ratios are affected by the essential paraspeckle protein
HNRNPK through inhibition of binding of the pre-messen-
ger RNA Cleavage Factor I (CFIm) to NEAT1_1, thereby
favoring NEAT1_2 accumulation [37]. It is tempting to
speculate that anxA10 might function in balancing NEAT1
isoform ratios, e.g., by regulating the CFIm complex. How-
ever, we cannot rule out that anxA10 negatively regulates
the assembly of paraspeckles through interaction with par-
aspeckle proteins essential in paraspeckle formation.
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