Cancer Immunol Immunother (2010) 59:231-237
DOI 10.1007/s00262-009-0742-3

ORIGINAL ARTICLE

Antibody to CCDC104 is associated with a paraneoplastic

antibody to CDR2 (anti-Yo)

Cecilie Totland - Geir Bredholt - Mette Haugen -
Bjorn Ivar Haukanes - Christian A. Vedeler

Received: 26 March 2009/ Accepted: 11 July 2009/ Published online: 14 August 2009

© Springer-Verlag 2009

Abstract Patients with cancer may develop paraneo-
plastic neurological syndromes (PNS) in which onconeural
antibodies are important diagnostic findings. As the func-
tional role of onconeural antibodies is largely unknown,
insight gained by identifying associated antibodies may
help to clarify the pathogenesis of the PNS. In this study,
we identified patients with Yo antibodies who also had
antibodies to an uncharacterized protein called coiled-coil
domain-containing protein 104 (CCDC104). We found a
significant association between CCDC104 and Yo anti-
bodies (4 of 38, 10.5%), but not other onconeural anti-
bodies (0 of 158) (P = 0.007, Fisher’s exact test). The
prevalence of CCDCI104 antibodies was approximately
similar in patients with cancer (8 of 756, 1.1%) and in
healthy blood donors (2 of 300, 0.7%). CCDC104 anti-
bodies were not associated with PNS, as this was found in
only two of the ten CCDC104-positive patients. The
CCDC104 protein, whose function is unknown, is expres-
sed in various human tissues, including the brain, and is
localized mainly to the nucleus, but is also found in the
cytoplasm. The association between Yo and CCDC104
antibodies may indicate functional similarities.

C. Totland (D<) - M. Haugen - C. A. Vedeler

Department of Neurology, Haukeland University Hospital,
Bergen, Norway

e-mail: cecilie.totland @helse-bergen.no

G. Bredholt - B. I. Haukanes
Center for Medical Genetics and Molecular Medicine,
Haukeland University Hospital, Bergen, Norway

C. A. Vedeler
Department of Clinical Medicine, University of Bergen,
Bergen, Norway

Keywords CCDC104 - CDR2 - Onconeural antibody -
Paraneoplastic neurological syndrome

Introduction

Paraneoplastic neurological syndromes (PNS) are rare side
effects of cancer, and can be found in patients with various
types of cancer. Onconeural antibodies recognize antigens in
the cancer that are similar to neuronal proteins and can be
detected both in the serum and in the cerebrospinal fluid of
patients with PNS. These antibodies are, therefore, of great
importance. Specific antibodies are often associated with
specific PNS and types of cancer; Hu antibodies are com-
monly associated with paraneoplastic encephalomyelitis and
small-cell lung cancer whereas Yo antibodies are often
associated with paraneoplastic cerebellar degeneration
(PCD) and ovarian cancer [1]. The detection of onconeural
antibodies usually relies on immunohistochemistry and
immunoblotting, but we have also developed an in vitro
transcription and translation assay that is very sensitive and
specific for detecting onconeural antibodies [2—4].

Some patients with PNS also harbor antibodies to other
antigens [5, 6]. For example, a significant association
between glial nuclear protein SOX1 antibodies and those
against voltage-gated calcium channels has been found in
patients with paraneoplastic Lambert—Eaton myasthenic
syndrome [7]. As the functional role of onconeural anti-
bodies is largely unknown, insight gained by identifying
associated antibodies may help to clarify the pathogenesis
of the PNS. In the present study, we looked for other
antibodies in patients with anti-Yo and found a subgroup
that carried additional antibodies against a coiled-coil
domain-containing protein 104 (CCDC104). The function
of this protein, however, remains to be characterized.
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Materials and methods
Patients and controls

Serum containing Yo antibodies from a patient with PCD
and ovarian cancer was screened with immunohistochem-
istry, Western blot of rat cerebellar extract, and line blot
with recombinant onconeural proteins (Ravo Diagnostika
GmbH, Freiburg, Germany). In addition to Yo antibodies,
Western blot of cerebellar extract also detected another
distinct band of approximately 39 kDa. This serum was
used to screen a cDNA expression library from rat cere-
bellum. Sera were obtained from 756 patients with cancer
(261 breast cancer, 255 lung cancer, 205 ovarian/uterus
cancer and 35 other cancers) and from 300 blood donors.
196 of the 756 cancer patients had onconeural antibodies
(38 patients with Yo, 13 patients with amphiphysin, 33
patients with CRMPS5, 86 patients with Hu, 11 patients with
Ri and 15 patients with Ma2 antibodies), previously iden-
tified by a radioactive in vitro transcription-translation
(ITT) and immunoprecipitation method [8—10].

Construction and screening of cDNA expression library

We constructed and screened a cDNA expression library as
described by Bredholt et al. [6]. Briefly, we purified total
RNA and generated cDNA from rat cerebellum. A primary
A phage expression library was titrated by plaque assay and
underwent one round of amplification in the E. coli strain
XL1 MRF' in NZY soft agar to obtain sufficient material
for screening.

A single colony of XL1 MRF' grown on Luria Bertani
(LB) agar containing tetracycline (15 pg/ml) was grown in
LB broth containing 10 mM MgSO, and 0.2% maltose at
30°C overnight. The bacteria were pelleted the next day
and were resuspended in 10 mM MgSO,. Recombinant
phages were added to the resuspended bacteria, incubated
at 37°C for 15 min and plated out in soft agar on NZY agar
plates. The plates were incubated at 42°C until plaques
could be visualized and overlaid by HyBond C nitrocel-
lulose filters (Amersham Pharamcia Biotech, Uppsala,
Sweden). After incubation at 37°C for 3.5 h, the filters
were washed and unspecific binding was blocked before
the filters were incubated overnight with the serum from
the Yo-positive patient diluted 1:500 in 20 mM Tris—HCl
pH 7.5, 0.1% gelatin, 0.05% Tween-20 (TBS-GT). Alka-
line phosphatase-conjugated affinity-purified goat anti-
human IgG (Sigma-Aldrich) diluted 1:3,000 in TBS-GT
was used as secondary antibody. Color development was
done with 0.3 mg/ml p-nitrobluetetrazolium chloride
(NBT) (BioRad, Sundbyberg, Sweden) and 0.15 mg/ml
5-bromo-4-chloro-3-indolyl phosphate (BCIP) (BioRad) in
0.1 M NaHCO; pH 9.8 and 1 mM MgCl,. Positive clones
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were screened again until pure isolates were obtained. We
excised the recombinant pBK-CMV phagemids from the
ZAP Express vector by in vivo excision using a helper
phage and purified them by using a Plasmid Maxi Kit

(Qiagen).

Purification of recombinant protein

We expressed full-length CCDC104 fused to an N-terminal
10x histidine affinity tag by subcloning the open reading
frame (ORF) of the cDNA from the pPBK-CMV phagemid
into the Ndel and BamHI restriction sites of pET-19b
(Novagen, Madison, WI, USA). Full-length coding cDNA
was amplified by PCR using a forward linker-primer con-
taining an Ndel restriction site and a reverse linker-primer
containing a BamHI restriction site. The fusion protein
was expressed in the E. coli strain Rosetta (DE3)pLysS
(Novagen). Protein expression was induced with 1 mM
IPTG at an ODggq of about 0.6. We harvested the cells 2 h
later by centrifugation and separated soluble and insoluble
proteins by using B-PER Bacterial Protein Extraction
Reagent (Pierce, Rockford, IL, USA) with added EDTA-
free Protease Inhibitor Cocktail Tablets (Roche, Basel,
Switzerland). The soluble fraction was centrifuged at
10,000g and filtered through a 0.45-pm syringe filter fol-
lowed by immobilized metal affinity chromatography
(IMAC) under native conditions using the AKTAprime
chromatography system and HiTrap Chelating HP columns
(Amersham Pharmacia Biotech) loaded with nickel ions.
Briefly, we loaded 40 ml of protein extract onto the column
followed by washing with 20 column volumes of a buffer
containing 20 mM Na,HPO,, 500 mM NaCl and 20 mM
imidazol pH 7.6. We washed the column with 10 ml of
20 mM Na,HPO,, 500 mM NaCl and 150 mM imidazol,
pH 7.6. The protein was eluted with a buffer containing
20 mM Na,HPO,, 500 mM NaCl and 500 mM imidazol
pH 7.6. Protein purity was evaluated by SDS-PAGE fol-
lowed by individual Coomassie blue staining and Western
blot. The protein was concentrated using Amicon (Millipore,
Billerica, MA, USA).

Antibodies

Recombinant protein was diluted 1:1 in PBS pH 7.4 and
dialyzed towards PBS in a Slide-A-Lyzer Dialysis cassette
(extra strength), 10,000 MWCQO” (Pierce) for 24 h. The
dialyzed protein was used to produce polyclonal antibodies
in rabbits (Genosphere Biotech, Paris, France). We also
produced a peptide antibody, raised towards two epitopes,
aal27-142 (IQERNGVLPDCLTDG) and aa291-305
(RTKQIQNMEQKGKPT), in rabbits (Medprobe/Euro-
gentec, Liege, Belgium).
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In vitro transcription-translation (ITT)
and immunoprecipitation

All sera were screened by a radioactive ITT and immuno-
precipitation method [2, 10, 11]. Pooled sera from 100
blood donors were used as negative control and polyclonal
CCDC104 antibody was used as positive control. The cut-
off for CCDC104 antibodies was 44 (mean index of the
300 blood donors + 5 SD).

Immunoblot

Premade ReadyBlot Brain Protein Explorer (New Born
Rat) and Adult Human Tissues ReadyBlot Tissue Protein
Explorer was purchased from Alpha Diagnostic Interna-
tional (San Antonio, TX, USA). The blots were treated
according to the manufacturer’s instructions and were
incubated with preimmune rabbit serum or polyclonal
CCDC104 antibody, diluted 1:500 (newborn rat brain blot)
or 1:1,000 (human tissues blot) in PBS-Tween containing
0.05% dry milk for 1 h at room temperature. The blots
were washed in PBS-Tween followed by incubation with
pig anti-rabbit IgG HRP (Dako, Glostrup, Denmark) dilu-
ted 1:1,000 in PBS-Tween/dry milk for 1 h at room tem-
perature. The blots were washed twice in PBS-Tween and
twice in PBS before detection by chemiluminescence
(Amersham ECL™ Western Blotting Detection Reagents,
GE Healthcare, Chalfont St. Giles, UK). We visualized the
bonds on Amersham Hyperfilm ECL (GE Healthcare).

Western blot

An extract of rat cerebellum was prepared according to the
Total protein extraction kit manual (Chemicon Interna-
tional, Billerica, MA, USA). Cerebellum extract (40 pg) or
recombinant CCDC104 protein (100 ng) was separated on
a 10% SDS-PAGE at 200 V. The proteins were then
blotted onto a nitrocellulose membrane, Transblot Transfer
Medium (Bio-Rad). The blots were incubated in 5% dry
milk in PBS for 1 h before washing 3 x 10 min in PBS-
Tween. We used patient serum or polyclonal CCDC104
antibody, diluted 1:100 in PBS-Tween containing 0.5% dry
milk, as the primary antibodies. HRP-conjugated rabbit
anti-human IgG antibody (Dako) or pig anti-rabbit IgG
(Dako), diluted 1:1,000 in PBS-Tween with 0.5% dry milk,
was used as secondary antibody. Development was done
with 4-chloro-1-naphthol (Sigma Aldrich, St. Louis, MO,
USA) and H,0, in PBS.

Immunofluorescence

Intracellular localization of CCDC104 was done in the
neuroblastoma cell line SK-N-SH (ATCC, Manassas, VA,

USA). We seeded about 7,200 cells per chamber onto
eight-welled Lab-Tek™ Chamber Permanox Slides (Nunc,
Roskilde, Denmark) and grew the cells for 3 days in
Eagle’s minimum essential medium, modified (EMEM;
ATCC) containing 10% fetal calf serum (FCS; Sigma
Aldrich). The cells were fixed in 4% ice-cold formaldehyde
(Ted Pella, Redding, CA, USA) for 20 min, rinsed in PBS
and permeabilized in 0.2% Triton X-100 (v/v) (VWR,
Poole, UK) for 15 min at room temperature. We washed
the cells in PBS and blocked them for 1 h in EMEM/FCS.
After the cells had been washed in PBS, we incubated them
with preimmune serum or peptide CCDC104 antibody
diluted 1:200 in EMEM/FCS for 1 h at room temperature.
The cells were washed for 3 x 10 min with 0.1% Triton
X-100 and rinsed once with PBS before 1 h of incubation
with secondary antibody Alexa Fluor 488 goat-anti-rabbit
(Invitrogen Molecular Probes, Carlsbad, CA, USA) diluted
1:200 in EMEM/FCS. We then washed the cells
for 3 x 10 min with 0.1% Triton X-100 and once
with PBS. The slides were mounted with Vectashield with
DAPI (Vector Laboratories, Burlingame, CA, USA). Indi-
rect immunofluorescence was done on Zeiss LSM 510
Meta.

Bioinformatic analysis

A protein multiple sequence alignment for CCDC104 was
build by the following method. Information about CCDC104
amino acid composition was gathered for Pan troglodytes
(XP_001156193.1), Canis familiaris (XP_852317.1), Bos
taurus (NP_001029625.1), Mus musculus (NP_080016.1),
Rattus norvegicus (NP_001020037.1) and Gallus gallus
(XP_419284.2) from Uniprot (http://www.uniprot.org). The
sequences were collected in FastA format. Where necessary,
we converted the sequences to FastA format using Don
Gilberts readseq algorithm (http://searchlauncher.bcm.tmc.
edu/seq-util.html). We aligned and analyzed the seq-
uences by using ClustalW2 (http://www.ebi.ac.uk/Tools/
clustalw2).

Results
Identification of CCDC104

Western blot of rat cerebellum extract probed with serum
of patients with Yo antibodies and PCD revealed that one
patient had a distinct band of approximately 39 kDa in
addition to the Yo band of 52 kDa (CDR?2 protein) (Fig. 1).
We characterized this 39 kDa protein by using serum from
this patient to screen a rat cerebellum library from which a
positive clone was isolated and sequenced. The nucleotide
sequence showed that the clone contained the gene for an
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Fig. 1 Western blot of rat cerebellum extract probed with various
sera. a Yo serum with an additional 39 kDa band used for cDNA
library screen. The 52 kDa band represents the CDR2 protein. b Yo
serum without 39 kDa band. ¢ Blood donor as negative control. d
Rabbit anti-CCDC104. e Preimmune rabbit serum as negative control

unidentified protein called CCDC104 (Uniprot accession
number Q96G28).

Using the ClustalW2 multiple sequence alignment, we
found that CCDC104 is highly conserved among mam-
malians with 85% sequence identity and 93% amino acid
sequence conservation. Human CCDC104 also shares 59%
sequence identity with Gallus gallus (XP_419284.2).

Tissue expression of CCDC104

The 39 kDa CCDC104 protein was expressed in various
human tissues, especially in the testis and spleen, but could
also be observed in the brain (Fig. 2a). Isoforms of
CCDC104 were also identified; a 42 kDa band was most
pronounced in the lung and pancreas, whereas a 36 kDa
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B
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Fig. 2 Immunoblot of human and rat tissue probed with rabbit
CCDC104 antibody. a Human tissue. / brain, 2 heart, 3 small
intestine, 4 kidney, 5 liver, 6 lung, 7 skeletal muscle, 8 testis, 9 spleen,
10 pancreas, 11 ovary. b Newborn rat brain. / frontal cortex,
2 posterior cortex, 3 cerebellum, 4 hippocampus, 5 olfactory bulb,
6 striatum, 7 thalamus, 8 midbrain, 9 entorhinal cortex, /0 pons,
11 medulla, /2 spinal cord. The arrow indicates the CCDC104
39 kDa protein
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band was most pronounced in the heart. The CCDC104
protein was widely expressed in newborn rat brain, but less
in the frontal cortex and in the spinal cord (Fig. 2b). Blots
incubated with preimmune rabbit serum were negative.
The CCDC104 rabbit serum stained mainly the nucleus
(not the nucleolus), but also parts of the cytoplasm of
neuroblastoma cells (Fig. 3). The staining was speckled,
indicating that CCDC104 was located in special compart-
ments in the cytosol. Cells incubated with preimmune
rabbit serum were negative. The CCDC104 antibody did
not react with rat cerebellar tissue, not even after antigen
retrieval by boiling the tissue slides in citrate buffer.

Antibodies to CCDC104 in patients and controls

CCDC104 antibodies were present in 4 of 38 (10.5%) of
the Yo-positive sera. One of the four patients was the
patient with PCD used for screening the cDNA library.
None of the 158 patients with Hu, CRMPS5, amphiphysin,
Ri or Ma2 antibodies had CCDC104 antibodies. The
association between Yo and CCDC104 antibodies com-
pared to CCDC104 antibodies and the other paraneoplastic
antibodies was statistically significant (P = 0.007, Fisher’s
exact test). We found that 8 of 756 (1.1%) patients with
cancer and 2 of 300 (0.7%) blood donors had CCDC104
antibodies.

Nine of the ten patients showed reactivity with the
recombinant CCDC104 protein in Western blot (Table 1).
Only one of the patients being positive by ITT was nega-
tive in Western blot, indicating that this patient had
CCDC104 antibodies to a conformational epitope. Patients
with an index below the cut-off value of the immunopre-
cipitation assay were negative on Western blots. The
patients with both Yo and CCDC104 antibodies showed
reactivity with the corresponding antigens in rat cerebellar
extract.

Discussion

As the functional role of onconeural antibodies is largely
unknown, insight gained by identifying associated anti-
bodies may help to clarify the pathogenesis of the PNS. In
this study, we found that CCDC104 and Yo antibodies
were significantly associated. CCDC104 antibodies were
not associated with other paraneoplastic antibodies, such as
Hu, Ri, amphiphysin, CRMP5 or Ma2 antibodies, however,
larger studies should be performed to confirm this finding.
CCDC104 antibodies were detected in 1.1% of the sera
from the cancer patients and in 0.7% of blood donor sera,
indicating that CCDC104 antibodies are not tumor specific.
Two of the Yo- and CCDC104-positive patients had PNS,
whereas the rest of the patients did not, suggesting that
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Fig. 3 Indirect
immunofluorescence of
neuroblastoma cells stained
with rabbit CCDC104 antibody.
a The CCDC104 antibody
mainly stains the nucleus, but
also parts of the cytoplasm.

b Anti-CCDC104 and DAPI
nuclear staining

Table 1 CCDC104-positive patients and controls

Sex/age Cancer/PNS  Onconeural CCDC104 CCDC104
(years) antibodies index immunoblot
F/65 Breast/— - 58 +

F/52 Ovary/— - 136 +

F/66 Lung/- - 75 -

M/60 Lung/- - 99 +

M/63 Lung/— Yo 75 +

M/77 HL/AN Yo 68 +

M/77 Prostate/— Yo 197 +

F/58 Ovary/PCD Yo 845 +

M/53 (BD) —/— - 72 +

F/30 BD) —/- - 99 +

PNS paraneoplastic neurological syndrome, PCD paraneoplastic
cerebellar degeneration, AN Axonal neuropathy, HL Hodgkin lym-
phoma, BD blood donor

CCDC104 antibodies are not associated with PNS. Among
the Yo- and CCDC104-positive patients, three of four were
men. This is of interest since Yo antibodies have only
rarely been described in men [12, 13]. However, the overall
sex distribution among the CCDC104-positive patients was
similar.

We found that CCDCI104 is expressed in different
human tissues. It has been shown that several tissues
express low levels of CCDC104 mRNA, but the mRNA
expression is increased in several areas of the brain and in
the testis (ArrayExpress Warehouse 8.10 database). This is
of interest, since the paraneoplastic antigen CDR2, which
is identified by Yo antibodies, is restricted to brain and
testis [14] and various types of cancer [15]. Genome
analysis suggests 5 possible splice variants of CCDC104
(Ensembl genelD: ENSG00000163001), and 2 of these,
coding for the 39 and 42 kDa proteins, have been verified
(Uniprot accession number Q96G28) [16—18]. Our results
show that human tissues express different isoforms of

20 um

CCDC104. The main isoform, which was detected in var-
ious parts of the brain and in testis, was the CCDC104 of
approximately 39 kDa. Other human tissues expressed
several CCDC104 isoforms in the range of 25-42 kDa. The
function of CCDC104 is largely not known. The fact that
CCDC104 is well conserved among mammalians implies
that it is a biologically important protein in which little
change is allowed to preserve its biological function.
Various paraneoplastic antigens, such as CDR2, show
similar traits (data not shown).

We found that the CCDC104 protein was located mainly
in the nuclei of neuroblastoma cells, but was also present in
the cytoplasm. Whether the CCDC104 protein shows
similar localization in other cells remains to be shown.
Unfortunately, our CCDC104 antibody did not react with
tissue sections. Other localization studies by the Human
Protein Atlas Project have shown that normal and malig-
nant tissue show weak to moderate cytoplasmic expression
of CCDC104. Furthermore, CCDC104 is present in the
cytoplasm and luminal membranes of intestinal epithelia.
Spermatocytes, spermatids, and alveolar cells show both
strong cytoplasmic and nuclear staining, whereas strong
nuclear staining is present in hematopoietic cells (http://
www.proteinatlas.org).

It has been reported that Yo antibodies also recognize a
34 kDa protein known as CDRI1 [19]. CCDC104 is dif-
ferent from CDR1, however, and the CDR1 gene has been
mapped to Xq27.1-q27.2. The CDRI1 protein has a 262
amino acid sequence with many repeats, but no coiled-coil
domains [20, 21]. The CCDC104 gene has been mapped to
2pl6.1 and encodes a 342 amino acid protein with few
recognizable domains [22]. It has a potential coiled-coil
domain (aa 150-187) and a phosphoserine at aa201 (Swiss-
Prot entry Q96G28). CCDC104 has been shown to be
phosphorylated at Ser201 by ataxia telangiectasia-mutated
(ATM) or ATM-Rad3-related (ATR) proteins [23]. ATM
and ATR are protein kinases that are activated as responses
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to various forms of DNA damage [24]. Patients with ATM
mutations are more susceptible to various forms of cancer
[25] suggesting a potential role for CCDC104 in cancer
control. Patients with ATM mutations also develop pro-
gressive ataxia, with loss of Purkinje cells and thinning of
the granule cell layer [26]. Loss of Purkinje cells is the
typical pathological finding in PCD [27] and may be
caused by Yo antibodies and/or CDR2-specific T cells [28].
The biological function of CDR2 is not known. However,
CDR2, through its leucine zipper motif, has been demon-
strated to interact with c-myc [29], with cell cycle-related
proteins [30, 31] and with a protein kinase [32], indicating
that CDR2 is involved in signal transduction and gene
transcription. The CDR2 protein has also potential coiled-
coil domains (Swiss-Prot entry QO01850), as found for
CCDC104. The association between Yo and CCDC104

antibodies may therefore indicate some functional
similarities.
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