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Abstract

Onconeural antibodies are associated with cancer and paraneoplastic encephalitis. While their pathogenic role is
still largely unknown, their high diagnostic value is undisputed. In this study we describe the discovery of a novel
target of autoimmunity in an index case of paraneoplastic encephalitis associated with urogenital cancer.
A 75-year-old man with a history of invasive bladder carcinoma 6 years ago with multiple recurrences and a
newly discovered renal cell carcinoma presented with seizures and progressive cognitive decline followed by
super-refractory status epilepticus. Clinical and ancillary findings including brain biopsy suggested paraneoplastic
encephalitis. Immunohistochemistry of the brain biopsy was used to characterize the inflammatory response. Indirect
immunofluorescence assay (IFA) was used for autoantibody screening. The autoantigen was identified by
histo-immunoprecipitation and mass spectrometry and was validated by expressing the recombinant antigen in
HEK293 cells and neutralization tests. Sera from 125 control patients were screened using IFA to test for the novel
autoantibodies.
IFA analysis of serum revealed a novel autoantibody against brain tissue. An intracellular enzyme, Rho-associated
protein kinase 2 (ROCK2), was identified as target-antigen. ROCK2 was expressed in affected brain tissue and
archival bladder tumor samples of this patient. Brain histopathology revealed appositions of cytotoxic CD8+ T
cells on ROCK2-positive neurons. ROCK2 antibodies were not found in the sera of 20 patients with bladder cancer and 17
with renal cancer, both without neurological symptoms, 49 healthy controls, and 39 patients with other
antineuronal autoantibodies. In conclusion, novel onconeural antibodies targeting ROCK2 are associated
with paraneoplastic encephalitis and should be screened for when paraneoplastic neurological syndromes,
especially in patients with urogenital cancers, occur.

Keywords: Paraneoplastic encephalitis, Status epilepticus, Autoantibody, Rho-associated protein kinase 2,
Urogential cancer

* Correspondence: popkirov@gmail.com
†Equal contributors
1Department of Neurology, Ruhr-Epileptology, Universitätsklinikum
Knappschaftskrankenhaus Bochum, Ruhr University Bochum, In der Schornau
23-25, 44892 Bochum, Germany
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Popkirov et al. Acta Neuropathologica Communications  (2017) 5:40 
DOI 10.1186/s40478-017-0447-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-017-0447-3&domain=pdf
mailto:popkirov@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Introduction
Paraneoplastic encephalitis is a rare disease that com-
monly presents with seizures, cognitive and psychi-
atric disturbances and is secondary to various tumors
[9]. It usually affects limbic areas, but may also involve
extralimbic structures. Paraneoplastic encephalitis is
associated with neural antibodies targeting intracellu-
lar antigens or cell-surface proteins [6]. The former
presumably are not pathogenic themselves, but are
considered an epiphenomenon of the T cell-mediated
immunoreaction against the antigen. As such, they are
valuable diagnostic indicators of associated and some-
times occult cancer. In a recent multinational database
study, only 1.2% of cases of paraneoplastic neurologic
syndromes were related to kidney or bladder tumors
[8]. Paraneoplastic encephalitis, in particular, has been
associated with urological cancers only in very few
cases [27]. Herein we report a unique case of biopsy-
confirmed encephalitis associated with antineuronal
autoantibodies against a hitherto unknown antigen in
a patient with bladder and kidney tumors.

Materials and methods
Reagents were obtained from Merck, Darmstadt, Germany
or Sigma-Aldrich, Heidelberg, Germany if not specified
otherwise.

Patients
The index patient was treated for symptomatic epilepsy
and later refractory status epilepticus due to paraneoplastic
encephalitis at the Ruhr-University of Bochum, Germany.
He died before paraneoplastic etiology of encephalitis was
confirmed; written informed consent to publish the clinical
course was obtained from his widow. Serum samples of 20
patients with bladder cancer and 17 patients with renal can-
cer without neurological disorders as well as of 49 healthy
controls and 39 patients with other known antineuronal
autoantibodies (anti-NMDAR, anti-Hu, anti-Yo, anti-Ri,
anti-AQP4, anti-LGI1, anti-CASPR2, anti-GAD65) were
tested as controls. Patient recruitment was prospective and
written informed consent was obtained from each patient.
This study was approved by the Ethics Committee of the
Ruhr-University Bochum, Germany.

Immunohistochemistry of brain biopsy
A biopsy of affected brain tissue was carried out to aid
in the differential diagnosis (see Results section and Fig. 1
for details). Paraffin sections containing formalin fixed
brain biopsy material were stained for lymphocyte markers
CD3, CD8 and granzyme B (GrB), for CD68 recognizing
macrophages and microglia as well as for immunoglobulin
deposits and C9neo, the terminal complex of the comple-
ment cascade. Neurons were detected by NeuN. Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end

labeling (TUNEL) was used to detect apoptotic cells.
After autoimmunity against Rho-associated protein kinase
2 (ROCK2) was identified, we also stained for ROCK2
(HPA007459, Sigma-Aldrich). Confocal fluorescent triple
stainings were done with NeuN/CD8/GrB and ROCK2/
CD3/GrB. All stainings were performed as described else-
where [4]; see Additional files 1, 2, 3, 4 for details.

Indirect immunofluorescence assay
IFA was conducted using slides with a biochip array of
brain tissue cryosections (hippocampus of rat, cerebellum of
rat and monkey) combined with recombinant HEK293 cells
separately expressing 27 different brain antigens (EUROIM-
MUN AG, Luebeck, Germany) as described previously [28].
Additionally, a standard biochip mosaic containing frozen
sections of 30 different human, monkey and rat organs and
tissues (EUROIMMUN AG, Luebeck, Germany) was
applied to determine an autoantibody profile. Each biochip
mosaic was incubated with 70 μL of PBS-diluted sample at
room temperature for 30 min, washed with PBS-Tween
and immersed in PBS-Tween for 5 min. In the second step,
either fluorescein isothiocyanate (FITC)-labelled goat anti-
human IgG (EUROIMMUN AG, Luebeck, Germany) or,
for the determination of IgG subclasses, murine FITC la-
belled monoclonal antibodies against human IgG1, IgG2,
IgG3, or IgG4 (Sigma-Aldrich, Taufkirchen, Germany),
were applied and incubated at room temperature for 30
min. Slides were washed again with a flush of PBS-Tween
and then immersed in PBS-Tween for 5 min. Slides were
embedded in PBS-buffered, DABCO containing glycerol
(approximately 20 μL per field) and examined by fluores-
cence microscopy. Cell nuclei were visualized by DNA
staining with TO-PRO3 Iodide (dilution 1:2000) (Thermo-
Fisher Scientific, Schwerte, Germany). Positive and negative
controls were included. Samples were classified as positive
or negative based on fluorescence intensity of the trans-
fected cells in direct comparison with non-transfected cells
and control samples. Endpoint titers refer to the last dilu-
tion showing visible fluorescence.
In some experiments, a polyclonal antibody against

ROCK2 (HPA007459, Sigma-Aldrich, Taufkirchen, Germany)
was used in the first step followed by incubation with anti-
rabbit IgG-Cy3 (Jackson Research, Cambridgeshire,
UK). Results were evaluated by two independent ob-
servers using a laser scanning microscope (LSM700;
Zeiss, Jena, Germany). In competitive inhibition experi-
ments, recombinant antigens were mixed with diluted
serum sample 30 min before the IFA as described pre-
viously [30].

Immunoprecipitation and identification of the antigen
Cerebellum from rat was dissected and shock-frozen
in liquid nitrogen. The tissues were homogenized in
solubilization buffer (100 mmol/L tris-HCl pH 7.4,
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150 mmol/L sodium chloride, 2.5 mmol/L ethylenedi-
amine tetraacetic acid, 0.5% (w/v) sodium deoxycholate,
1% (w/v) Triton X-100) containing protease inhibitors
(Complete mini, Roche Diagnostics, Penzberg, Germany)
with a Miccra D-8 (Roth, Karlsruhe, Germany) and a hand
homogenizer (Sartorius, Göttingen, Germany) at 4 °C.
The tissue lysates was centrifuged at 21,000 x g at 4 °C for
15 min and clear supernatants were incubated with pa-
tient’s serum (diluted 1:33) at 4 °C overnight. The samples
were then incubated with Protein G Dynabeads (Thermo-
Fisher Scientific, Schwerte, Germany) at 4 °C for 3 h to
capture immunocomplexes. The beads were washed 3
times with PBS, and eluted with NuPage LDS sample
buffer (ThermoFisher Scientific, Schwerte, Germany)
containing 25 mmol/L dithiothreitol at 70 °C for 10
min, followed by SDS-PAGE (NuPAGE, ThermoFisher
Scientific, Schwerte, Germany). Separated proteins were
either visualized with Coomassie Brillant Blue (G-250)
(Merck, Darmstadt, Germany) gel staining, and identified
by mass spectrometric analysis or electrotransferred onto
a nitrocellulose membrane by tank blotting with transfer
buffer (ThermoFisher Scientific, Schwerte, Germany)
according to the manufacturer’s instructions. The mem-
branes were blocked with Universal Blot Buffer plus
(EUROIMMUN AG, Luebeck, Germany) for 15 min and
incubated with the polyclonal antibody against ROCK2
(HPA007459, Sigma-Aldrich, Taufkirchen, Germany,
dilution 1:4000) in Universal Blot Buffer plus for 3 h,

followed by 3 washing steps with Universal Blot Buffer
(EUROIMMUN AG, Luebeck, Germany), a second in-
cubation for 30 min with anti-rabbit-IgG-AP (Jackson
Research, Cambrigeshire, UK), 3 washing steps, and
staining with NBT/BCIP substrate (EUROIMMUN AG,
Luebeck, Germany).

Mass spectrometry
Mass spectrometry sample preparation was performed as
reported by Koy et al. [19]. See Additional files 1, 2, 3, 4
for details.

Recombinant expression of ROCK2 in HEK293 cells
The coding DNA for human ROCK2 (UNIPROT acc.
#O75116) was obtained by PCR on commercially available
cDNA (codes for half of the protein, IRCMp5012C0731D,
Imagenes, Nottingham, UK) and primers (ATACGTCTC-
TAGATATGACATACCAACTAAAAGTTATAC and ATA
CGTCTCCTCGAGTTAGCTAGGTTTGTTTGGGGCAA
GC) as well as gene synthesis. The amplification products
and DNA fragments obtained from gene synthesis were
digested with Esp3I and ligated with pTriEx-1 (Merck,
Darmstadt, Germany) after digestion with NcoI and XhoI.
ROCK2 was expressed in the human cell line HEK293 after
ExGen500-mediated transfection (ThermoFisher Scientific,
Schwerte, Germany) according to the manufacturer’s
instructions.

Fig. 1 Clinical course, EEG and MRI of the index patient. Time axis of disease development with main symptoms, treatments and findings. a EEG
excerpt in average potential reference montage shows right-sided periodic lateralized epileptiform discharges (PLED); bar: 1 s. b Coronal T2-FLAIR
MRI on admission shows hyperintensity in the right superior temporal gyrus, compatible with inflammation. c Coronally reconstructed 3D-FLAIR
MRI shows progression after 30 days. Abbreviations: MPT, methylprednisolone pulse therapy; T2-FLAIR, T2-weighted fluid attenuation inversion
recovery; 3D-FLAIR, three dimensionally acquired fluid attenuation inversion recovery. Red square indicates site of brain biopsy
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For the preparation of substrates for the IFA,
HEK293 were grown on sterile cover glasses, trans-
fected, and allowed to express ROCK2 for 48 h.
Cover glasses were washed with PBS, fixed with acet-
one for 10 min at room temperature, air-dried, cut
into millimeter-sized fragments (biochips) and used as
substrates in IFA as described. Alternatively, cells
were transfected in standard T-flasks and the cells
were harvested after 48 h. The cell suspension was
centrifuged at 1,500 x g, 4 °C for 20 min and the
resulting sediment was extracted with 20 mmol/L tris-HCl
pH 7.4, 50 mmol/L potassium chloride, 5 mmol/L ethylene-
diamine tetraacetic acid. The extracts were stored in ali-
quots at -80 °C until further use.

Histopathology of renal and bladder tumors
Formalin-fixed paraffin-embedded renal and bladder
carcinoma and, as controls, tumor-free areas from the
index patient tissue were sectioned (4 μm). Slices were
placed onto slides, deparaffinized, rehydrated, and sub-
jected to heat-induced epitope-retrieval using Target
Retrieval Solution (pH 9, 3-in-1, Dako, Hamburg, Germany)
according to the supplier’s instructions. Subsequently, the
slides were washed with Tris buffered saline (TBS) contain-
ing 0.05% Tween-20 at room temperature. Blocking was
performed with Serum-free Protein Block (Thermo Fisher
Scientific, Schwerte, Germany) for 10 min. Polyclonal rabbit
anti-ROCK2 (HPA007459, Sigma-Aldrich, Taufkirchen,
Germany) was diluted 1:250 in Dako antibody diluent
and then applied for 30 min. As a negative control,
rabbit immunoglobulin fraction (X0936, Dako, Hamburg,
Germany) was used. Incubation was performed using the
Bond Polymer Refine Detection system (Leica Biosystems,
Wetzlar, Germany) according to the manufacturer’s in-
structions. 3,3′-Diaminobenzidine (DAB; Leica Biosystems,
Wetzlar, Germany) development was stopped after 10 min.
Hematoxylin (Leica Biosystems, Wetzlar, Germany) was
used for counterstaining. Slides were mounted with
Neo-Mount, water-free mounting medium (VWR,
Darmstadt, Germany).

Results
Clinical course and imaging of the index patient
In August 2014 a 75-year-old man was admitted due to
several episodes of confusion and aphasia. Medical his-
tory included arterial hypertension, multiple renal cysts
and infiltrating urothelial carcinoma of the bladder 6
years ago with multiple recurrences and eventual rad-
ical cystoprostatectomy, pelvic lymphadenectomy and
neobladder reconstruction 4 years ago. The patient was
in complete remission afterwards, but did not attend
oncological follow-up. Brain magnetic resonance im-
aging (MRI) was unremarkable besides subcortical micro-
angiopathic lesions. Cerebrospinal fluid (CSF) analysis

showed autochthonous oligoclonal bands in CSF indi-
cating intrathecal immunoglobulin (Ig)G synthesis, but
was otherwise normal. Electroencephalography (EEG) re-
vealed right temporal spike-and-wave discharges and leveti-
racetam was started. The patient was discharged with the
diagnosis of symptomatic epilepsy, most likely due to mi-
croangiopathic lesions.
Over the next 6 months he developed a progressive

cognitive decline followed by an acute deterioration
with agitation, somnolence and gait disturbance. In
January 2015 he was readmitted with hyperkinetic de-
lirium and multifocal myoclonic and ballistic move-
ments, as well as grasping movements suggesting either
visual hallucinations or seizure-related automatisms.
These symptoms did not respond to intravenous antiepi-
leptic (4 mg lorazepam, 2 g levetiracetam) and anti-
psychotic (15 mg haloperidol) treatment. Intubation
anesthesia was necessary to enable further workup. CSF
showed slightly elevated protein (69,9 mg/dl) and autoch-
thonous oligoclonal bands in CSF indicating intrathecal
IgG synthesis. EEG showed right-sided periodic lateralized
epileptiform discharges (PLED) (Fig. 1a). On brain MRI
FLAIR signal changes without contrast enhancement in
the right temporal lobe and insular cortex were evident
(Fig. 1b). Serum and CSF were negative for antibodies
against the common neural antigens (see Additional
files 1, 2, 3, 4 for details). Further laboratory tests for
infectious, autoimmune, metabolic or neoplastic disease
were unremarkable. Abdominal computed tomography
(CT) revealed renal cysts and a renal mass deemed non-
suspect. Paraneoplastic or autoimmune encephalitis was
suspected and steroid treatment given (1 g methylpredniso-
lone intravenously daily for 7 days with tapering off). The
patient developed a super-refractory status epilepticus that
persisted despite treatment with levetiracetam, lacosamide,
clobazam, phenytoin and deep anesthesia with midazolam
and propofol (verifiable burst-suppression for more than 24
h). Despite steroid treatment, follow-up brain MRI revealed
disease progression with additional signal changes in the
insular cortex (Fig. 1c); thus, rare infectious causes
were reconsidered. Exhaustive workup including left
temporal brain biopsy failed to identify an infectious
agent. Brain biopsy was resected openly from the left
superior temporal gyrus (approximately 1x1x1 cm)
using neuronavigation to retrieve suspicious tissue
identified by MRI (Fig. 1c). After routine neuropatho-
logical work-up, histopathology results were consistent
with either viral or autoimmune T cell mediated
encephalitis.
The patient developed staphylococcal septicemia and

was treated accordingly. Repeat thoracic and abdominal
contrast enhanced CT scan now revealed the mass on
the left kidney to be highly suspect and showed en-
larged local lymph nodes. Radical nephrectomy was
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performed; histology confirmed low grade (G2) papil-
lary renal cell carcinoma. Due to the overall morbidity
with recurrent infections and persistent status epilepti-
cus, further tumor staging and therapy were deferred.
The non-convulsive status epilepticus eventually re-
mitted under high-dose phenytoin and the addition of
lorazepam and the patient could be taken off the ven-
tilator. Due to the considerable morbidity and poor prog-
nosis, treatment was de-escalated in accordance with the
wish of the family. The patient died 3 weeks later. Autopsy
was not granted.

Immunohistochemistry of brain biopsy
Staining for CD3 showed the presence of large num-
bers of T lymphocytes in the meninges, perivascular
space of blood vessels and in the parenchyma (Fig. 2a).
Many of the CD3+ T cells were also positive for the
CD8+ cytotoxic T cell subset as well as for the cyto-
toxic granule marker granzyme B. Quantification of
cells in the parenchyma showed that 168.4 CD3+ T

cells/mm2 were present. 87% of these T cells were also
positive for CD8 (146.8 CD8+ T cells/mm2) while 50%
of these T cells also were positive for Granzyme-B
(85.6 cells/mm2). Appositions of such cytotoxic T cells
to NeuN+ (Fig. 2b-d) and ROCK2+ neurons (Fig. 2e),
suggesting specific T cell attacks, could be demon-
strated. Staining for CD68 showed moderate microglia
activation (Fig. 2f ) at a density of 171.2 CD68+ cells/
mm2. In addition, the presence of immunoglobulin
and complement deposition was analyzed. Although a
diffuse staining for immunoglobulins was seen, no
neurons with uptake of immunoglobulins were de-
tected (Fig. 2g). In addition we did not find any depos-
ition of the terminal complex (C9neo) of the
complement cascade (Fig. 2h). Finally, to investigate if
neuronal cell death is present, sections were stained
for TUNEL. Indeed some apoptotic cells were found
in the parenchyma (Fig. 2i). In addition, staining for
ROCK2 showed some positive neurons with con-
densed nuclei suggesting apoptosis (Fig. 2j).

Fig. 2 Immunohistochemistry of brain biopsy suggesting T cell-mediated inflammation. a Staining for CD3 shows the presence of large numbers
of T cells in the parenchyma. Bar: 10 μm. b Confocal triple staining for CD8 (green), GrB (red) and NeuN (blue) shows multiple appositions (arrowheads)
of cytotoxic T cells on neurons. Bar: 20 μm. c and d show the same triple staining for CD8 (green), GrB (red) and NeuN (blue) as (b). The staining in (c)
shows that multiple CD8+/GrB+ T cells can be found in apposition to neurons. The staining in (d) again shows GrB translocation (arrowhead),
now facing the neuronal membrane. Bars: 5 μm. e Triple staining for CD8 (green), GrB (red) and ROCK2 (blue) reveals that neurons with appositions of T
cells are Rock2 positive. Bar: 20 μm. f Staining for CD68 shows moderate microglia activation. Bar: 5 μm. g Staining for anti-human-Ig shows staining in
the parenchyma as a sign of immunoglobulin leakage. Bar: 20 μm (h) Staining for C9neo fails to reveal parenchymal staining. Bar: 50 μm. i TUNEL stain
reveals the presence of single degenerating cells in the parenchyma. Bar: 20 μm. j Staining for ROCK2 shows the presence of multiple ROCK2+ neurons.
The neuron indicated by the arrowhead shows a condensed nucleus suggesting apoptosis. Bar: 10 μm
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Detection of antineuronal autoantibodies
IFA analysis of the patient’s serum and CSF showed a
fine-granular to homogeneous staining of the molecular
layer of both rat and monkey cerebellum as well as of rat
hippocampus and a plaster-like staining of the cerebellum
granular layer at a titer of 1:320 (serum) and 1:1.6
(CSF) (Fig. 3). No staining of cerebellar Purkinje cells
was observed. A similar pattern was observed with the
undiluted patient’s CSF (Fig. 3). Autoantibodies were of the
IgG class. Further analyses were conducted with recombin-
ant HEK293 cells expressing 27 established neuronal human
autoantigens: Hu, Yo, Ri, CV2, PNMA2, ARHGAP26, ZIC4,
DNER/Tr, GAD65, GAD67, amphiphysin, recoverin,
GABAB receptor, GABAA receptor, glycine receptor, DPPX,
IgLON5, glutamate receptors (types NMDA, AMPA,
mGluR1, mGluR5), LGI1, CASPR2, aquaporin 4 (M1 and
M23 isoform), GluRD2, and myelin oligodendrocyte glyco-
protein. However, none revealed reactivity (data not shown).

Identification of Rho-associated protein kinase 2 as the
target antigen
Compared to healthy controls an additional protein
of approximately 160 kDa was detected in SDS-
PAGE of immunoprecipitates (Fig. 4a). Using mass
spectrometry, the 160-kDa protein was identified as
ROCK2. Western blot analysis of the immunoprecip-
itate using a polyclonal anti-ROCK2 antibody or pa-
tient serum revealed a strong reaction at 160 kDa,
which was absent in the similarly prepared controls
(Fig. 4a). When used in IFA, the commercial anti-
ROCK2 antibody produced fluorescence patterns on
cerebellum matching those generated by the patient’s
serum (Fig. 4b).
As a proof for correct antigen identification, the pa-

tient samples were then tested by IFA using transfected
HEK293 cells, which expressed ROCK2 (Fig. 5a). Strong
staining was obtained on cells expressing ROCK2 at a

Fig. 3 Immunofluorescence staining of central nervous system tissue. Cryosections were incubated with patient’s serum, control serum (each 1:32) or
patient’s CSF (undiluted) in the first step, and with Alexa488-labelled goat anti-human immunoglobulin G (green) in the second step. Nuclei
were counterstained by incubation with TO-PRO-3 iodide (blue). A fine-granular to homogeneous staining of molecular layer of both rat and
monkey cerebellum as well as rat hippocampus and plaster-like staining of cerebellum granular layer excluding Purkinje cells was obtained.
Scale bar = 50 μm; all figures same magnification. H = hilus, SM = stratum moleculare, SG = stratum granulosum, ML = molecular layer, PL =
Purkinje cell layer, GL = granule cell layer
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titer of 1:32000 (serum) and 1:320 (CSF). The ROCK2
antibody index of 1.57 was not indicative of local anti-
body synthesis in the CSF. However, specific intrathecal
antibody production is not obligatory in paraneoplastic
syndromes, especially in case of intracellular antigens
and T-cells mediated inflammation and damage.

Analysis of the IgG subclass distribution revealed an
IgG2 > IgG1 reactivity. ROCK2 as the patient’s auto-
antibody target was further confirmed by competitive
blocking of antibody binding to brain tissue by prior in-
cubation of HEK293 fractions containing ROCK2
(Fig. 5b).

Fig. 4 Identification of Rho-associated protein kinase 2 as the target antigen. a Lysates of rat cerebellum were incubated with patient or control
sera (1:33). Immunocomplexes were isolated with protein-G-coated magnetic beads, eluted by SDS and subjected to SDS-PAGE analysis followed
by (left) staining with colloidal Coomassie, (middle) Western blot using patient serum or (right) Western blot using polyclonal rabbit anti-ROCK2 and
Ponceau S staining. Arrow indicates the position of the immunoprecipitated antigen at about 160 kDa. b Double immunofluorescence staining
of cerebellar tissues with patient serum (1:50, green) and rabbit anti-ROCK2 antibody (1:250, red). The anti-ROCK2 antibody produced fluorescence patterns
matching those generated by the patient’s serum. Scale bar = 100 μm ML = molecular layer, PL = Purkinje cell layer, GL = granule cell layer
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Expression of ROCK2 in tumor biopsies from the index
patient
Formalin-fixed, paraffin-embedded sections of patient
bladder and renal tumors as well as tumor-free healthy
control tissue from the same surgical specimens were
immunohistochemically stained with a polyclonal anti-
ROCK2 antibody. Strong cytoplasmic anti-ROCK2 re-
activity was observed in normal bladder epithelium as
well as in bladder carcinoma (Additional file 1: Figure S1A).
In contrast, anti-ROCK2 showed only weak staining in
normal glomerular Bowman’s epithelium and proximal
tubule epithelium whereas no reactivity was evident in
kidney carcinoma (Additional file 1: Figure S1B).

Disease specificity of anti-ROCK2 autoantibodies
Sera from healthy controls (n = 49), patients with vari-
ous neuronal autoantibodies (n = 39), and patients with
bladder (n = 20) or renal carcinoma (n = 17), both with-
out neurological disease (see Additional file 2: Table S1
in Additional file 3: Supplementary Materials for a sum-
mary of clinical data), were analyzed by IFA in parallel
to the samples of the index patient. None of these con-
trol sera produced a similar immunofluorescence pattern
on the different brain tissues or showed a reaction with
the recombinant ROCK2 substrate.

Discussion
Paraneoplastic neurological disorders, and especially
encephalitis, are exceptional in urological malignancies
[27]. Only six cases of paraneoplastic limbic encephalitis
associated with renal cancer have been described so far
[5, 7, 10, 17, 20, 22, 33]. In bladder cancer, this associ-
ation appears to be even rarer [24, 27]. Remarkably,
there have been no reports of autoantibody detection in
any of those cases. Paraneoplastic encephalitis was sus-
pected in our patient based on the clinical syndrome
with subacute cognitive deterioration and refractory
seizures, the hyperintense temporal MRI lesions and
the history of urological cancer. This diagnosis was cor-
roborated only post mortem by the detection of neur-
onal autoimmunity and the findings of brain biopsy.
The detected antineuronal antibodies bound to the

molecular layer of rat hippocampus and both molecular
and granular layer of the cerebellum on rat and monkey
sections. Using mass spectrometry ROCK2 was identi-
fied as the intracellular target antigen. This finding was
confirmed using ROCK2-recombinant HEK293 cells and
a neutralisation test. Immunohistochemical staining against
ROCK2 revealed an intensive expression of the antigen in
infiltrating urothelial carcinoma of the bladder in our pa-
tient, making the paraneoplastic nature of ROCK2 anti-
bodies likely. In support of this, ROCK2 autoantibodies
were not identified in the sera of any of the 37 control pa-
tients with bladder or renal carcinoma. ROCK2 antibodies

Fig. 5 Verification of ROCK2 as the novel autoantigen by indirect
immunofluorescence. a: Indirect immunofluorescence using
acetone-fixed ROCK2- or mock-transfected HEK293 cells incubated
with patient’s serum, control serum (each 1:320) or patient’s CSF
(1:10) (green). Scale bar = 50 μm; all figures same magnification. b:
Neutralisation of immunofluorescence reaction on cerebellum rat
and ROCK2-transfected HEK293 cells. Patient serum (green) was
pre-incubated with extracts of HEK293 cells transfected with ROCK2
or with empty vector as control. The extract containing ROCK2 abolished
the immune reaction. Nuclei were counterstained by incubation with
TO-PRO-3 iodide (blue). Inserts show enlargement of positive and
negative ROCK2-transfected cells. Scale bar = 100 μm
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were also not found in any of the healthy controls and in
the controls with other antineuronal antibodies.
Neuropathology revealed apposition of granzyme B+

cytotoxic T cells to neurons, which is also found in para-
neoplastic encephalitis associated with “classic” intracellular
onconeural antibodies [3]. Moreover, these appositions
where found with ROCK2+ neurons. Stainings for im-
munoglobulin deposits and complement activation were
negative, indicating that no antibody-mediated response
occurred, as can be seen in encephalitis with antibodies
against surface antigens like anti-LGI1 or anti-CASPR2
[18]. TUNEL staining, assessing acute cellular degener-
ation, revealed some neuronal damage. Similar findings
were reported in encephalitis with anti-Hu or anti-Ma2
antibodies, especially when the biopsy or autopsy material
was collected later in the disease course [6]. Staining for
ROCK2 revealed positive neurons with signs of apoptosis.
The neuropathology findings in the present case show

many features of paraneoplastic encephalitis associated
with antibodies against other intracellular antigens, and
the main pathogenic mechanism is probably cytotoxic T
cell attack [3]. Direct pathogenicity of ROCK2-antibodies is
unlikely, as it would require that they pass the blood brain
barrier and the cell membrane of the target cells before
binding ROCK2 and disabling or changing its function.
However, since there is still some debate surrounding a
possible pathogenetic role of onconeural antibodies [3], it is
worthwhile to consider ROCK2’s function in both tumor
and brain.
ROCK2 is one of two mammalian homologs of

Rho-associated coiled-coil containing kinases and is
expressed intracellularly [15]. It is expressed in neurons,
muscle cells as well as in kidney and bladder epithelium
[13, 15]. ROCK2 has been implicated in many cellular func-
tions, including actin organization, cell migration, neuronal
growth cone guidance, synaptic transmission as well as
cancer cell invasion and proliferation [13, 15]. In a number
of cancers (breast, bladder, liver, melanoma and others) the
ROCK2 pathway is implicated in the metastatic process
[21, 25]. In both bladder and renal cancers, an elevation of
ROCK2 expression has been associated with tumor
invasion, metastasis, and an unfavorable prognosis [2, 16].
Moreover, the ROCK2 inhibitor Fasudil has been shown
to suppress cell proliferation and migration of urothelial
cancer cells [1].
Recently, the ROCK pathway has been identified as a

constituent of neuronal regeneration and degeneration
[11]. In neurons, enhanced intrinsic ROCK-activity crit-
ically disrupts the growth cone machinery, hampering
regenerative processes. Furthermore, microglial activa-
tion of ROCK signaling maintains the pro-inflammatory
M1-phenotype in favor of the anti-inflammatory M2-
state. These and other effects (reviewed in Hensel et al.
[11]) help explain how ROCK-inhibition can enhance

axonal regeneration and counteract neuroinflammatory
processes in neurodegenerative diseases such as Parkinson’s
Disease [31, 32] or Alzheimer’s Disease [29], and in auto-
immune disorders such as Multiple Sclerosis [12]. Interest-
ingly, ROCK-inhibition has also shown ameliorating effects
in animal models of epilepsy [14]. Nevertheless, assuming a
direct effect of ROCK2-antibodies on neural dysfunction
and brain pathology in the present case would be highly
speculative.
ROCK2 is not the only intracellular kinase targeted by

antibodies in autoimmune encephalitis. The BR serine/
threonine kinase 2 has been identified as a target autoanti-
gen in limbic encephalitis and small cell lung carcinoma
[26] and the adenylate kinase 5 has been found in patients
with autoimmune encephalitis without known cancer
[23]. In both cases T-cell mediated inflammation has been
proposed to underly the encephalitis process [23, 26].

Conclusion
In conclusion, ROCK2-autoantibodies are a novel candidate
biomarker for paraneoplastic encephalitis associated with
urological cancer. Their epidemiology, pathogenicity and
diagnostic value should be addressed in future studies.

Additional files

Additional file 1: Figure S1. Immunohistochemical staining of the
patient’s tumor tissue. Immunohistochemical staining with polyclonal
rabbit anti-ROCK2 antibody (1:250) reveals strong reactivity in the patient’s
invasive bladder carcinoma as well as in normal tumor free urothelium (A).
However, ROCK2 shows an only weak staining in normal glomerular
Bowman’s epithelium and in proximal tubule epithelium whereas expression
is absent from patient’s papillary renal cell carcinoma (B). Rabbit
immunoglobulin control stainings are negative, as expected. (scale
bar = 100 μm; all figures same magnification). (TIF 13993 kb)

Additional file 2: Table S1. Patients with urological cancers whose sera
were screened for anti-ROCK2 antibodies. (DOCX 14 kb)

Additional file 3: Supplementary Methods. Immunohistochemistry of
brain biopsy; Mass spectrometry. Supplementary Results: Routine neural
antibody testing. (DOCX 19 kb)

Additional file 4: Figure S2. Control stainings for Ig and C9neo. (A)
Staining for Ig in control brain shows some reactivity in bloodvessels
(arrowheads). Bar: 50 μm. (B) Staining for C9neo shows no reactiity in the
brain. Bar: 50 μm. (C) Staining for Ig in the brain of an NMO patient shows
strong deposition of Ig around a bloodvessel. Bar: 50 μm (D) Staining for
C9neo, in this case shows deposition around a bloodvessel. (TIF 4965 kb)
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