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Cohen Syndrome-associated Protein, COH1, Is a Novel, Giant
Golgi Matrix Protein Required for Golgi Integrity™
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Background: Cohen syndrome, characterized mainly by mental retardation, is caused by loss-of-function mutations in the

gene COH1.

Results: COHI encodes a Golgi matrix protein important for Golgi integrity.
Conclusion: Altered Golgi integrity and function probably underlie Cohen syndrome.
Significance: Our study highlights the importance of regular Golgi function during brain development and maintenance.

Loss-of-function mutations in the gene COH1, also known as
VPS13B, lead to autosomal recessive Cohen syndrome. How-
ever, the cellular distribution and function of the encoded pro-
tein COH1 (3997 amino acids), which lacks functional homolo-
gies to other mammalian proteins, have remained enigmatic.
We show here that COHL1 is a peripheral Golgi membrane pro-
tein that strongly co-localizes with the cis-Golgi matrix protein
GM130. Consistent with its subcellular localization, COH1
depletion using RNAi causes fragmentation of the Golgi ribbon
into ministacks. Disruption of Golgi organization observed in
fibroblasts from Cohen syndrome patients suggests that Golgi
dysfunction contributes to Cohen syndrome pathology. In con-
clusion, our findings establish COH1 as a Golgi-associated
matrix protein required for Golgi integrity.

Autosomal recessive Cohen syndrome is characterized by a
broad phenotypic spectrum. Obligatory symptoms include
moderate to severe mental retardation, progressive postnatal
microcephaly, typical facial dysmorphisms with downward-
slanting palpebral fissures and a short philtrum, and ophthal-
mologic problems such as progressive retinal dystrophy and/or
myopia. Frequent facultative symptoms comprise intermittent
neutropenia, obesity, and short stature (1). The disease locus
was mapped to chromosome 8q22 (2, 3), and mutations in the
gene COHI (also known as VPS13B) were found to cause
Cohen syndrome (4 7). An expression analysis of murine Co/ 1
identified highest levels in neurons of adult brain cortical layers

* This work was supported by grants from the Deutsche Forschungsgemein-
schaft (to T. M., V. H.,D. H., and H. C. H.) and a studentship from the Charité
Universitatsmedizin Berlin (to W. S.).

The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-54.

"To whom correspondence should be addressed: Institute for Vegetative
Anatomy, Charité Universitditsmedizin Berlin, CCM, Philippstrasse 12,
10115 Berlin, Germany. E-mail: wenke.seifert@charite.de.

OCTOBER 28,2011 +VOLUME 286+-NUMBER 43

II-VI, proposing a role of COH1 in late brain development (6).
Accordingly, normal prenatal but disturbed postnatal brain
development (8) suggests defects in the terminal differentiation
of neurons as contributing to the pathology of Cohen syn-
drome. However, the molecular pathomechanism of Cohen
syndrome and the function of the protein COH1 have remained
elusive.

COHLI is a protein of 3997 amino acids (aa)® without known
homologies to other mammalian proteins. It harbors two short
regions homologous to yeast vacuolar protein sorting-associ-
ated protein 13 (Vps13p), which led to its classification as one of
four mammalian VPS13 family members (4, 9). Moreover,
based on the partial Vps13p homologous regions it has been
speculated that COH1 functions in intracellular membrane
traffic. Vps13p, the presumed yeast homolog of COH]I, is a
peripheral membrane protein that plays a role in the cycling of
transmembrane proteins between the trans-Golgi network
(TGN) and the prevacuolar compartment as demonstrated via
interactions with the yeast endoproteinase Kex2p, the yeast
dipeptidyl aminopeptidase Stel3p, and the yeast carboxypepti-
dase Y vacuolar protein receptor Vps10p (10, 11). Vps13p has
been further implicated in spindle pole organization by inter-
acting with yeast centrin Cdc31p (12). Moreover, a function in
endocytosis and/or actin function was demonstrated by
Vps13p mutations, which were found to increase cytotoxicity of
an expanded poly(Q) domain in Rnqlp, a yeast prion-like pro-
tein (13). Whether mammalian COHI1 carries out similar or
additional functions is unknown.

This study provides the first molecular and functional charac-
terization of the protein COH1. We identify COH1 as a peripheral
membrane protein localized to the Golgi complex, where it over-
laps with the cis-Golgi matrix protein GM130. We demonstrate by

2The abbreviations used are: aa, amino acid(s); BFA, brefeldin A; EGFP,
enhanced GFP; ER, endoplasmic reticulum; HAF, human adult skin fibro-
blast; gPCR, quantitative PCR; TGN, trans-Golgi network.
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RNAIi that COH1 is required for maintenance of the Golgi mor-
phology. Consistent with this, human adult skin fibroblasts
(HAFs) from Cohen syndrome patients carrying frameshift or
nonsense mutations display a similar fragmentation of the Golgi
complex. This, together with the observation that COH1 localiza-
tion to the Golgi is mediated by a C-terminal fragment of 315 aa,
specifies an important role of the COH1 in Golgi maintenance. In
summary, our results establish COH1 as novel Golgi matrix pro-
tein and link Golgi dysfunction to developmental abnormalities in
Cohen syndrome.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—All materials were purchased
from Sigma unless otherwise stated. Three polyclonal rabbit
anti-COH1 antibodies were raised by repeated immunization
with the following keyhole limpet hemocyanin-coupled pep-
tides (Eurogentec): STAESTKSSIKPRRMQ (COH1, no. 441),
GEEDFVGNDPASTMHQ (COH1, no. 442), and EHYNRQEE-
WRRQLPE (COHI, no. 755). Anti-COH1 antibodies were
purified from serum by peptide affinity chromatography. Anti-
bodies 441, 442, and 755 were used for immunofluorescence
experiments; 442 and 755 for Western blot analysis. The fol-
lowing commercial antibodies were used in this study: mouse
anti-BAP31 (Alexis), mouse anti-EEA1 (BD Bioscience), mouse
anti-ERGIC53 (Alexis), rabbit anti-FLAG (Invitrogen), mouse anti-
FLAG M2 (Invitrogen), mouse anti-GAPDH (Ambion), rabbit
anti-giantin (Covance), mouse anti-GM130 (BD Bioscience),
mouse anti-GMAP210 (BD Bioscience), mouse anti-GS27 (BD
Bioscience), mouse anti-LAMP-1 (Developmental Studies
Hybridoma Bank), mouse anti-LAMP-2 (Developmental Stud-
ies Hybridoma Bank), sheep anti-TGN46 (Serotech), rabbit
anti-RAB6 (Santa Cruz Biotechnology), and mouse anti-f-tu-
bulin (Developmental Studies Hybridoma Bank). Monoclonal
mouse anti-RAB6 antibody was a generous gift from Angelika
Barnekow (University of Muenster). Secondary antibodies used
for Western blot analysis were anti-mouse IgG-HRP or anti-
rabbit IgG-HRP (both Cell Signaling) and for immunofluores-
cence analysis anti-rabbit IgG-Alexa Fluor 488, anti-rabbit IgG-
Alexa Fluor 555, anti-mouse IgG-Alexa Fluor 488, anti-mouse
IgG-Alexa Fluor 555, anti-sheep IgG-Alexa Fluor 488, and anti-
sheep IgG-Alexa Fluor 555 (all Invitrogen). 4',6-Diamidino-2-
phenylindole (DAPI) (Invitrogen) was used for nuclear staining.
Restriction enzymes were purchased from NEB.

Human COHI Constructs—For transient expression experi-
ments of COHI, full-length COHI (according to NM_
152564.3, NP_689777.3) and different truncated constructs
were cloned as follows. PCR products were amplified using
primer pairs with appropriate restriction sites and cDNA from
a human cell line (HeLa). Obtained amplicons were subse-
quently digested and ligated into an expression vector. C-ter-
minally truncated human COH1 constructs were as follows: for
COH1_1-504aa, coding nucleotides 1-1512, cloned into EcoRI
and Notl sites of pPFLAG-CMV5 (Sigma); for COH1_1-1104aa,
coding nucleotides 1-3313, into NotI and KpnI sites of pFLAG-
CMV5 and pFLAG-CMV6 (Sigma); for COH1_1-2347aa, cod-
ing nucleotides 1-7042, into NotI and Sall sites of pFLAG-
CMV5; and for COH1_1-3682aa, coding 3314 —11048, into the
Kpnl site of the pFLAG-CMV5_COH1_1-1104aa construct.
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N-terminally truncated human COHI1 constructs were as fol-
lows: for COH1_2307-3997aa, coding nucleotides 6922—
11991, cloned into Notl and Sall sites of pFLAG-CMV5
together with an N-terminal HA epitope tag; and for EGFP-
COH1_3683-3997aa, coding nucleotides 11049-11991 into
the Kpnl site of pEGFP-C1 (BD Clontech). Full-length hu-
man COH1 constructs coding nucleotides 9828-11991
from pFLAG-CMV5_COH1_2307-3997aa were cloned into
pFLAG-CMV5_COH1_1-3682aa by digesting both vectors
with BspEl and Agel and subcloning the proper fragments in-
frame with the FLAG tag. Full-length untagged COH1_1-
3997aa was subsequently cloned into TOPO-TA sites of
pcDNA3.1 (Invitrogen) by primer pairs recognizing the start
codon and introducing a stop codon. All constructs were con-
firmed by direct sequencing with BigDye™ Terminator v3.1
Cycle Sequencing kit (Applied Biosystems) and analysis on an
automated DNA analyzer (3730 Applied Biosystems).

Cell Culture and Transient Transfection—HeLa, MCEF-7,
A549, and LLC-PK1 cells were cultured at 37 °C, 5% CO, in
DMEM supplemented with 5% fetal calf serum (FCS) and 2 mm
ultraglutamine. HEK293 cells were cultured at 37 °C, 5% CO, in
a-MEM supplemented with 5% FCS and 2 mM ultraglutamine.
Primary HAFs were grown at 37 °C, 5% CO, in a-MEM supple-
mented with 10% FCS, 2 mm ultraglutamine, 100 ug/ml peni-
cillin G, and 100 ug/ml streptomycin. Transfection of plasmid
DNA was performed using jetPEI (Polyplus transfection)
according to the manufacturer’s manual. Briefly, 3 ug of plas-
mid DNA was diluted in 100 ul of sterile 0.9% (w/v) NaCl; this
solution was then mixed with an equal volume of a 6% (v/v)
jetPEI dilution in sterile 0.9% (w/v) NaCl. After incubation for
20 min at room temperature the transfection solution was
added dropwise into the cell culture dish and left for 24 h until
subsequent analysis. All cell lines used in this study were pur-
chased from the ATCC. HAFs were obtained from patients and
unaffected controls after informed consent.

Drug Treatment—Brefeldin A (BFA, 5 ug/ml), nocodazole (5
uMm), or paclitaxel (10 wm) was added directly to the culture
medium and incubated for the indicated length of time.

RNA Interference—All small interference RNAs (siRNA) spe-
cific for COH1, MAPK1, GAPDH, and negative control (scram-
ble) were purchased from Ambion or Invitrogen. All siRNA
target sequences are available on request. siRNAs were resus-
pended to 50 uM according to the manufacturer’s instructions
and stored at —80 °C. For siRNA transfection, HeLa cells were
grown to 15-30% confluence in 6-well plates and transfected
with a 200 nm concentration of each siRNA using INTERFERin
(Polyplus transfection) and OptiMEM (Invitrogen) according
to the manufacturer’s instructions. Briefly, cells were incubated
in 1 ml od cell culture medium, siRNAs were diluted to 200 nm
in a 100-ul final volume with OptiMEM, and subsequently 2 ul
of INTERFERin was added. After a 10-min incubation at room
temperature the transfection mix was added dropwise to each
well. Transfection was repeated after 12 h, medium was
changed 12 h later, and cells were cultured for another 60 h.
Finally, cells were prepared for subsequent analysis.

Quantitative PCR (qPCR)—Total RNA was isolated from cell
cultures using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. 1 ug of isolated RNA was reverse
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transcribed using a RevertAid H Minus First Strand cDNA Syn-
thesis kit and random hexamer primers (Fermentas). Primer
pairs for cDNA amplification of ACTB (the gene for B-actin)
(NM_001101.3), COHI, MAPK1 (NM_002745.4), and GAPDH
(NM_002046.3) were designed. All cDNA primer sequences are
available on request. mRNA levels were determined by qPCR
using cDNA from HAF cultures or siRNA-treated HeLa cells.
Each sample was analyzed as triplicate and amplified on an ABI
PRISM7500 instrument (Applied Biosystems). Relative mRNA
levels were quantified using the comparative Ct method (14).
The different mRNA values were normalized against the ACTB
or GAPDH mRNA level.

Immunofluorescence and Image Analysis—For staining of
overexpressed and endogenous protein, cells were grown on
glass coverslips (12 mm; Marienfeld). Cells were fixed with 4%
(w/v) paraformaldehyde in PBS at 4 °C or 100% methanol at
—20 °C, permeabilized in 1% (v/v) Triton X-100 or 0.1% (w/v)
saponin in 3% (w/v) bovine serum albumin (BSA) in PBS, and
blocked with 3% (w/v) BSA in PBS. Primary antibodies were
applied in 3% BSA in PBS for 5 h at 4 °C, coverslips were washed
in PBS, and secondary antibodies were applied in 3% BSA in
PBS for 1 h at 4 °C. Coverslips were mounted on slides using
Fluoromount-G (SouthernBiotech). Images were taken with a
confocal microscope (LSM510; Zeiss). Images for subsequent
evaluation were acquired under identical exposure conditions.
Image analysis was performed with macros in Image] or Axio-
Vision (Zeiss) under identical threshold conditions. Statistical
significance was calculated with Student’s ¢ test (two-sided,
unpaired, homogeneous variation).

Ultrastructural Analysis—Cultured cells were fixed for at
least 2 h at 4 °C in 3% glutaraldehyde solution in 0.1 m cacody-
late buffer, pH 7.4. Scraped cells were washed in buffer, post-
fixed for 1 h at4 °C in 1% osmium tetroxide, rinsed in water, and
dehydrated through graded ethanol solutions. After transfer
into propylene oxide and embedding in epoxy resin (glycide-
ther 100), ultrathin sections were cut with an ultramicrotome
(Reichert Ultracut E) and treated with uranyl acetate as well as
lead citrate. Pictures were obtained with an electron micro-
scope (Philips EM 400).

Western Blot Analysis—For Western blot analysis, all sam-
ples were diluted in 1X SDS loading buffer and resolved by gel
electrophoresis in Tris acetate SDS 3—8% polyacrylamide gra-
dient gels (Invitrogen). Protein concentrations were deter-
mined using the BCA protein assay kit (Pierce). After transfer
on nitrocellulose membranes by tank blotting and blocking in
5% block milk, 0.2% Nonidet P-40 in 1X TBS, blots were incu-
bated with the appropriate primary and secondary antibodies in
5% blocking milk and finally detected using the ECL reaction
(Amersham Biosciences) and visualized on Hyperfilm ECL
(Amersham Biosciences).

Isolation of Membrane and Cytosolic Fractions—Transiently
transfected HEK293 cells were scraped off culturing dishes and
resuspended in HPLC-H,O supplemented with 1X complete
proteinase inhibitor mixture (Roche Applied Science). Follow-
ing cell lysis by a freeze-thaw step, nuclei and cell debris were
removed by centrifugation at 5,000 X g for 5 min at 4 °C. Clar-
ified postnuclear cell lysates were centrifuged at 100,000 X g for
30 min at 4 °C in a Ti-50 rotor, and obtained supernatants were
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stored for further investigation. Membrane pellets were washed
once by resuspending in 1X TBS supplemented with 1X com-
plete proteinase inhibitor mixture, 50 mm NaF, 30 mm NaPP,,
and 5 mM EDTA (native membrane pellet lysis buffer) and again
pelleted by high speed centrifugation as described above. Mem-
brane pellets were resuspended in native membrane pellet lysis
buffer and stored at —80 °C for further investigation.

Stripping of Lipid Membranes—Native membrane pellets
were used for membrane stripping in 1 M KCl, 0.2 M Na,CO;,
and 6 M urea. Briefly, washed membrane pellets were resus-
pended in the appropriate stripping solution and incubated
under regular shaking at 4 °C for 30 min. The separation of
stripped membranes (pellet) and peripheral membrane pro-
teins (supernatant) was achieved by centrifugation at 100,000 X
gfor 30 min at 4 °C in a Ti-50 rotor. Both fractions were stored
at —80 °C until further investigation.

Triton X-114 Phase Separation—Triton X-114 phase separa-
tion was done as described previously (15). Briefly, transiently
transfected HEK293 cells were scraped off culturing dishes and
resuspended in 1X PBS supplemented with 1X complete pro-
teinase inhibitor mixture. Following cell lysis by freeze-thaw-
ing, nuclei and cell debris were removed by centrifugation at
5,000 X gfor 5 min at4 °C. Cleared postnuclear cell lysates were
precondensed with prewashed Triton X-114 solution, 4% (v/v)
final concentration, for 10 min on ice. Phase separation
occurred by incubation for 3 min at 30 °C and subsequent cen-
trifugation at 1,700 X g for 5 min at 30 °C. Both lower detergent
and upper aqueous phase were washed three times by adding
1X PBS or Triton X-114 solution, respectively. For this, con-
densation for 10 min on ice, incubation for 3 min at 30 °C, and
centrifugation at 1,700 X g for 5 min at 30 °C were repeated.
Both fractions were stored at —80 °C until further investigation.

Computational Analyses—Primary amino acid sequences
of COH1 (NP_689777.3), giantin (NP_004478.3), GM130
(NP_004477.3), and SCYL1BP1 (NP_689494.2) were used for
predictions of coiled-coil structures by COILs and of disorder
propensities by GlobPlot.

RESULTS

COH1 Localizes to the Golgi Apparatus—COHI was pre-
dicted to encode a protein of 3,997 aa lacking functional
sequence homologies to other mammalian proteins, except for
partial homology to yeast Vps13p at its N terminus and within
the C-terminal part (Fig. 14) (4, 9, 11). Because of its relevance
for the Cohen syndrome pathology, we decided to study the cell
biological role of COH1. Therefore, we cloned the ubiquitously
expressed COHI transcript (pFLAG-CMV5_COH1_1-3997;
NM_152564.3) (5, 9) into mammalian expression vectors and
generated COH1-specific polyclonal anti-peptide antibodies.
First, we analyzed the subcellular localization of endogenous
COHI1 in HeLa cells. COH1 is enriched in the perinuclear area,
where it strongly co-localizes with the cis-Golgi marker GM130
(Fig. 1B). To corroborate these data we expressed epitope-
tagged COH1 in HeLa cells and analyzed its distribution by
confocal imaging. Both anti-FLAG and anti-COH1 antibodies
showed an identical perinuclear distribution of COH1-FLAG at
the Golgi complex, suggesting that our antibodies indeed spe-
cifically recognize COH1 (Fig. 1C). Untagged COH1 was also
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found at the Golgi complex in LLC-PK1, A549, and MCE-7
cells, suggesting that COH1 localizes to the Golgi in a broad
spectrum of cells and tissues (supplemental Fig. S1A). Exoge-
nously expressed COHI1 again strongly co-localized with
GM130. Significant co-localization was also detected for the
endoplasmic reticulum (ER)-to-Golgi intermediate compart-
ment marker ERGIC53 and for the cycling TGN/recycling
endosomal protein TGN46, indicating a more widespread dis-
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contrast to this, COH1 was predicted to be embedded into the
membrane via 10 transmembrane helices (4). To study the asso-
ciation of COH1 with membranes, we analyzed subcellular
fractions from cells expressing endo- and/or exogenous COH1
following high speed centrifugation. Endogenous and full-
length COH1-FLAG were partitioned between the membrane
and soluble cytosolic fractions (Fig. 1D). The association of
COH1 with membranes was further analyzed by producing dif-
ferent N- and C-terminal truncation mutants of COH1. We
found all fragments in both membrane as well as cytosolic frac-
tions (supplemental Fig. S24). By chemical stripping of crude
membrane fractions we tested the strength of COH1 mem-
brane association. Treatment of the membrane pellet with 6 m
urea or 0.2 M Na,CO, (pH 11) led to the recovery of substantial
fractions into the supernatant, whereas high salt by 1 m KCl
washes only partially solubilized full-length or truncated COH1
(Fig. 1E). Phase separation with Triton X-114, which distin-
guishes integral and peripheral membrane proteins into a
detergent and aqueous phase, respectively, accumulated COH1
completely into the aqueous phase, suggesting that it is not
integrated into the phospholipid bilayer (Fig. 1F and supple-
mental Fig. S2B). Together, these results identify COH1 as a
peripheral membrane protein of the Golgi apparatus.

COH1 Associates with Golgi Structures upon Chemical Dis-
ruption of the Golgi Apparatus—To investigate further the
mode by which COH1 associates with the Golgi complex we
made use of the microtubule-depolymerizing agent nocoda-
zole, which induces accumulation of Golgi ministacks adjacent
to ER exit sites (16). Following nocodazole treatment, COH1
maintained its association with the resulting GM130- or
TGN46-positive Golgi fragments (Fig. 2), indicating that the
Golgi localization of COH1 does not depend on Golgi integrity.
Inline with this, COH1 Golgi association was also not disturbed
by the microtubule-stabilizing agent paclitaxel (Fig. 2). As a
further tool, we made use of BFA, a drug that interferes with
membrane traffic at the Golgi and between the ER and the Golgi
complex. BFA inhibits guanine nucleotide exchange on ARF
small GTPases, thereby inducing the redistribution of luminal
Golgi proteins into the ER and the accumulation of Golgi
matrix proteins at ER exit sites (17, 18). Similar to nocodazole,
BFA treatment did not affect the extensive co-localization of
COH1 with the Golgi matrix protein GM130 (Fig. 2). These
findings suggest that COH1 might act as a scaffolding protein

Golgi Integrity Requires COH1

by association with the cytoplasmic leaflet of the Golgi
complex.

COH1 Golgi Localization Is Mediated by Its C Terminus—To
characterize the subcellular targeting of COH1 in more detail,
we expressed a series of truncated recombinant variants of
COH1 in HelLa cells (Fig. 34). Although full-length COH1 is
targeted to the perinuclear Golgi region (Fig. 3, B and E), none
of the C-terminally truncated fragments COH1_1-1104aa,
COH1_1-2347aa, and COH1_1-3682aa localized to the Golgi
apparatus (Fig. 3, C and E). Further subcellular analysis of the
COH1_1-2347aa fragment did not identify the origin of punc-
tate cytoplasmic structures as they did not co-localize with
markers of the endolysosomal system such as EEA1 or LAMP-1
(supplemental Fig. S2C). These structures may, thus, poten-
tially represent cytoplasmic aggregates. As the N terminus was
insufficient for Golgi targeting, we next tested whether the
Golgi targeting information resides within the COH1 C termi-
nus. Indeed a C-terminal fragment, COH1_2307-3997aa,
showed partial association with the Golgi apparatus. Further
truncation studies narrowed the Golgi targeting determinant
down to the C-terminal 315 residues of COHLI. Indeed, trans-
planting this 315-aa C-terminal fragment of COH1 onto EGFP
was sufficient to direct the fusion protein EGFP-COH1_3683—
3997aa to the Golgi area (Fig. 3, D and E). Because sequence
analysis of this C-terminal fragment did not identify significant
sequence homologies to other proteins apart from VPS13 fam-
ily members, these findings reveal a hitherto uncharacterized
Golgi targeting domain within the COH1 C terminus.

Loss of COH1 Disrupts Golgi Structure—Golgi matrix pro-
teins such as GM130 or p115 play an important role in Golgi
structure and biogenesis by interconnecting individual Golgi
cisternae to form typical Golgi ribbons (19). Based on our
observation that COHI is a Golgi-localized peripheral mem-
brane protein we analyzed its potential function in Golgi orga-
nization. Therefore, we depleted COH1 from HeLa cells by
three different siRNAs. Transient transfection of COH1-spe-
cific siRNAs effectively diminished COHI mRNA expression as
demonstrated by qPCR analysis (Fig. 4A4). This corresponded to
the disappearance of perinuclear COH1 staining in immuno-
fluorescence microscopy, confirming down-regulation of
COH1 on a protein level (Fig. 4C). By confocal analysis of
COHI1-depleted cells for different Golgi marker proteins, we
observed a severe fragmentation of the Golgi apparatus as evi-

FIGURE 1. COH1 localizes mainly to the cis-Golgi apparatus. A, schematic representation of the COH1T transcript (NM_152564.3) (upper) and the predicted
protein COH1 (lower, gray). White boxes, located at the N terminus and in the C-terminal part of COH1, indicate homolog regions to yeast Vps13p. Light gray box
indicates Pfam domain DUF1162 representing also a conserved region within several hypothetical eukaryotic vacuolar protein sorting-related proteins.
Further conserved patterns predicted by literature and data base searches (e.g. Prosite) implicate a leucine repeat at the N terminus and a HEXXH motif in the
C-terminal part of COH1. B, immunofluorescence staining of endogenous COH1, detected with a specific antipeptide-antibody to residues 326 -377 (GEED-
FVGNDPASTMHQ), identifying COH1 (green) as perinuclear protein. Co-localization with GM130 (red) demonstrated COH1 as Golgi protein. C, overexpressed
full-length COH1 (pFLAG-CMV5_COH1_1-3997) detected with a COH1-specific antibody, recognizing residues 111-126 (STAESTKSSIKPRRMQ) (green), as well
as a FLAG tag-specific antibody (red). Both antibodies detected COH1 at the Golgi apparatus, and their co-localization confirmed antibody specificity. COH1
(green) shows considerable overlap with the ER to Golgi intermediate compartment marker ERGIC53 (red), cis-Golgi marker GM130 (red), and trans-Golgi marker
TGN46 (red). Images were taken by confocal microscopy. Scale bars, 10 um. Fluorescence intensity profiles were achieved by ImageJ of the lines depicted in the
merged images of B; graph colors match color code in B. D, COH1, a peripheral membrane protein as shown by membrane preparations of post-nuclear protein
lysates from control and C-terminal FLAG-tagged COH1_1-3997aa-overexpressing HEK293 cells. Western blot analysis was performed using antibodies
specific for COH1 and LAMP-2. COH1 is highly enriched in the pellet (P) fraction but also detectable in the supernatant fraction (S). £, subsequent membrane
stripping with 1 MmKCl, 0.2 M Na,CO, (pH 11), or 6 m urea revealing strong association of COH1 with lipid membranes. Separated supernatant and pellet fractions
were analyzed by Western blotting using antibodies against COH1 and GAPDH. F, Triton X-114 phase separation confirming COH1 as nonintegral membrane
protein. Triton X-114 phase separation was performed on postnuclear protein lysates (PNS) from COH1_1-3997aa-overexpressing HEK293 cells. Western blot
analysis using specific antibodies identified COH1 and the peripheral membrane protein GM130 in the aqueous (A) phase whereas the integral membrane
protein LAMP-2 was separated into the detergent fraction (D).
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dent from the dispersion of the GM130-positive Golgi ribbon
into ministacks (Fig. 4C). Quantitative analysis revealed Golgi
dispersion in ~70% of COH1-depleted cells compared with
only ~18% of control cells (Fig. 4, D and E). The degree of Golgi
dispersion corresponds to the efficiency of COH1 knockdown
measured by qPCR (Fig. 44). The extent of Golgi fragmentation
was further analyzed by determining the Golgi occupied area.
These measurements revealed a significant increase of the
Golgi area by ~70% (Fig. 48). To analyze the Golgi ultrastruc-
ture in HeLa cells we turned to electron microscopy. Electron
microscopic images showed a normal Golgi morphology with
laterally linked, elongated, and flat cisternae in control cells
(Fig. 4F). By contrast, COH1-deficient cells contained frag-
mented Golgi ribbons dispersed into ministacks, confirming
the results from light microscopic imaging. Moreover, the
lumen of these Golgi ministacks occasionally appeared swollen
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(Fig. 4G). The morphological disturbance of the Golgi appara-
tus in the absence of COH1 could either be a consequence of
the altered steady-state distribution of Golgi proteins or may
reflect the inability of Golgi fragments to reassemble after dis-
assembly. To test the latter possibility directly, we induced
Golgi disruption by applying nocodazole and followed Golgi
restoration upon nocodazole washout (Fig. 5). Nocodazole
treatment induced a comparable dispersion of the Golgi com-
plex into ministacks in scrambled and COH1 siRNA-treated
HeLa cells. However, whereas control cells were able to reas-
semble compact Golgi structures within 60 min after washout
of the drug (Fig. 54), in COH1-depleted cells Golgi fragmenta-
tion persisted (Fig. 5B). Thus, COH1 plays a critical role in
Golgi (re)assembly.

Finally, we assessed the role of COH1 in Golgi polarization.
To this aim, control or COH1-deficient cells stained for various
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markers of distinct Golgi subcompartments were analyzed by
confocal imaging. The relative distribution of the ER-to-Golgi
intermediate compartment marker ERGIC53 versus the medi-
al-Golgi marker giantin was unaffected in HeLa cells lacking
COH1 (supplemental Fig. S3A). Moreover, cis-trans-Golgi ori-
entation as demonstrated by co-staining for GMAP210 and
TGN46 also appeared normal following COH1 depletion (sup-
plemental Fig. S3B). We conclude that COH1 is not required
for Golgi polarization.

COH1-deficient Cells Display Reduced Tubulation Activity
upon BFA Treatment—Membrane tubulations emanate from
Golgi stacks and are thought to be involved in membrane traf-
ficking and Golgi maintenance (20). BFA was found to enhance
the formation of Golgi-derived membrane tubulation (21). To
assess whether COH1 is implicated in Golgi tubulation, we
used a short BFA treatment (5 ug/ml, 5 min) to visualize the
formation of tubular Golgi structures. Incubation of HeLa cells
for 5 min with BFA and subsequent staining for RAB6 (Fig. 5C),
a central regulator of Golgi tubule formation and vesiculo-tu-
bular transport along microtubules (22), revealed significantly
reduced formation of RAB6-positive tubules (3.34 tubules/cell)
in COHI1-deficient cells compared with control cells (7.94
tubules/cell) (Fig. 5D). The decrease of tubule numbers/cell was
accompanied by a significant reduction of the mean tubule
length from 9.56 um in control cells to 5.62 um in COH1-
deficient cells (Fig. 5E). Similar observations were made for the
TGN as visualized by TGN46 staining (Fig. 5F). These results
establish COHL1 as a positive regulator of Golgi-derived tubule
formation.

Cohen Syndrome Mutations Disturb Golgi Integrity—The
majority of COHI mutations is predicted to result in a prema-
ture translational stop, suggesting that a loss-of-function
underlies Cohen syndrome (5). Such loss-of-function might
then cause changes in the Golgi structure similar to those we
observed following depletion of COH1 in HeLa cells. To assess
the role of COH1 mutations in Golgi integrity we analyzed HAF
cultures derived from Cohen syndrome patients carrying the
homozygous mutations p.Arg2814X or p.Tyr3111fsX16. COH1
mRNA expression as determined by qPCR was reduced by
more than 60% in patient HAFs compared with controls (Fig.
6C), possibly due to nonsense-mediated mRNA decay. Confo-
cal imaging demonstrated the absence of perinuclear COH1
staining, further confirming that COHI1 HAF cells are COH1-
deficient. Furthermore, COHI HAF cells showed a disrupted

permeabilized Hela cells. Overexpression of full-length COH1 (B) and N-ter-
minal COH1 fragments (C) was detected with an antibody recognizing resi-
dues 326-377 (GEEDFVGNDPASTMHQ), and C-terminal COH1 fragments
were stained with an antibody to residues 3706 -3720 (EHYNRQEEWRRQLPE)
(D). Golgi localization was analyzed by counterstaining of COH1 (green) with
GM130 (red). Nuclei were stained with DAPI (blue). Images were taken by
confocal microscopy. Scale bars, 10 um. Fluorescence intensity profiles of the
lines are depicted in the merged and magnified images of B-D; graph colors
match color code in B-D. Analysis was performed with Imagel. E, for quanti-
tative analysis of co-localization, Pearson’s correlation coefficient calculated
using a JACoP plugin in ImagelJ software. Average Pearson’s coefficients for
COH1 and GM130 were estimated for overexpressed full-length COH1
(COH1_1-3997aa), N-terminal (COH1_1-1104aa, COH1_1-2347aa, and
COH1_1-3682aa), and C-terminal (COH1_2307-3997aa and COH1_3683-
3997aa) fragments. Error bars show S.D. (n = 3 independent experiments with
10 images/condition). Statistical significance was calculated by t test.
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(visualized by giantin) is significantly increased. C, endogenous COH1
showed perinuclear Golgi enrichment as demonstrated by co-localization
with GM130in HelLa cells. Efficient RNAi-mediated loss is confirmed by absent
COH1 staining; and COH1 depletion induced Golgi dispersion into ministacks
as illustrated by GM130 staining. Images of siRNA-treated Hela cells stained
with antibodies specific to COH1 (green) and GM130 (red) as well as DAPI
(blue) were taken by confocal microscopy. Scale bars, 10 um. D, Hela cells
were transiently transfected with scrambled or COH1 siRNA, processed for
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Golgi morphology (Fig. 6A4) and thus recapitulate the cellular
phenotype upon COH1 knockdown, supporting the idea that
COH1 mutations result in COH1 loss-of-function. To analyze
these alterations further, HAFs from Cohen syndrome patients
and appropriate controls were processed for electron micros-
copy. Ultrastructural analysis confirmed that COHI mutations
induce fragmentation of the normally laterally linked Golgi rib-
bon into mini-stacks with swollen cisternae (Fig. 6B). We con-
clude that COH1 is a peripheral protein required for Golgi
maintenance and postulate that loss of Golgi integrity contrib-
utes to the pathology of Cohen syndrome.

DISCUSSION

Mutations in COH1 are well established to cause autosomal
recessive Cohen syndrome (4, 5, 23-25); however, no study has
addressed the biochemical characteristics or cellular localiza-
tion and function of the encoded protein COH1 so far. We
provide here by multiple lines of evidence that COH1 is a Golgi-
associated protein that co-localizes with the cis-Golgi marker
protein GM130. The strong Golgi association of COH1 is pre-
served even upon disruption of the Golgi architecture by
nocodazole, paclitaxel, or following BFA treatment. Biochemi-
cal fractionation and partitioning experiments further show
that COH1 is a peripheral membrane protein, similar to
Vps13p in yeast (4, 9). Vpsl3p has been found to regulate
anterograde and retrograde vesicular transport of transmem-
brane proteins between the prevacuolar compartment and the
TGN (10, 11). In agreement with these data we find COH1 to be
required for the maintenance of Golgi stacks and for the reas-
sembly of Golgi cisternae from ministacks. Furthermore,
COHI regulates the formation of Golgi-derived membrane
tubules, consistent with its possible function in intracellular
membrane traffic. COH1 therefore functionally resembles gol-
gins, Golgi membrane-associated coiled-coil proteins required
for the assembly of Golgi stacks (19, 26) via integrating the
activity of small GTPases and cytoskeletal elements (27-31).
Membrane targeting of golgins occurs via GRAB or GRIP
domains as found in GMAP210 or p230, respectively (32-35).
COH1, however, contains no predictable GRAB or GRIP
domains, and its close association with the Golgi apparatus is
mediated at least by its C-terminal 315 residues, which com-
prise a hitherto uncharacterized Golgi targeting domain. The
molecular details by which this domain targets COH1 to the
Golgi complex remain to be determined.

Unlike other golgins, such as GM130, COH1 does not con-
tain typical coiled-coil domains (supplemental Fig. S4, A-D)

immunofluorescence, and analyzed by confocal microscopy. For morpholog-
ical analysis diverse Golgi marker proteins were stained and quantified. Cells
with small and more roundly Golgi structures were counted as “compact,”
whereas an elongated and/or disconnected staining was counted as “dis-
persed.” Error bars show S.D., and statistical significance was calculated by t
test. E, representative images for quantitative analysis of Golgi morphology
quantified in D show fragmented and disconnected Golgi apparatus after
COH1 siRNA depletion. Immunofluorescence staining occurred with Golgi
marker GS27 and giantin. Scale bars, 10 um. F and G, representative electron
microscopic images from siRNA-treated glutaraldehyde fixed HelLa cells are
shown. Control cells display long, flat, and laterally connected Golgi-stacks
(F). COH1-deficient cells display disconnected Golgi ministacks. Arrows indi-
cate swollen cisternae (G). Contrast was enhanced simultaneously in magni-
fied electron microscopic images.
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but rather comprises arrays of ordered globular domains of
unknown structure (supplemental Fig. S4, E and F). We hypoth-
esize that COH1 via these domains facilitates the assembly of
Golgi stacks or fragments. This idea is supported by the severe
fragmentation of the Golgi in COH1-depleted cells, whereas
the cis-trans polarization of these fragments remained intact.
The altered architecture and dynamics of the Golgi complex
in COHI1-depleted cells are also reflected by the significant
reduced formation of Golgi-derived RAB6-positive membrane
tubules. Such membrane tubules have recently been identified

OCTOBER 28,2011 +VOLUME 286-NUMBER 43

to mediate Golgi reassembly (36), a process defective in COH1-
deficient cells. Together, these results clearly establish COH1 as
a crucial factor in Golgi maintenance and function.
Consistent with our findings in COH1-depleted HeLa cells,
fibroblasts from two previously reported Cohen syndrome
patients (5, 7) display fragmented Golgi cisternae, suggesting
that Golgi maintenance is directly linked to Cohen syndrome
pathology. The vast majority of Cohen syndrome-associated
mutations presumably result in premature termination of pro-
tein translation because of nonsense or frameshift changes.
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Therefore, we expect that HAF cultures obtained from two
Cohen syndrome patients and analyzed here are representative
of most COHI mutations. COHI HAF cultures display severe
nonsense-mediated mRNA decay, an absence of COH1 at the
Golgi, and fragmented Golgi structures. These results are con-
sistent with observations from RNAi experiments in HeLa cells
and render it highly likely that Cohen syndrome is caused by
loss-of-function of the COH1 protein. However, further work
still has to consider that persisting COH1 protein fragments,
such as truncations of the C-terminal Golgi targeting determi-
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nant, might have an impact on Cohen syndrome pathology.
Although no phenotype-genotype correlation or mutational
hotspot has been identified so far, the impact of rarely detected
COH1 missense and in-frame deletion mutations on COH1
protein level and function might in the future be helpful to
unravel the pathomechanism of Cohen syndrome.

In summary, our study identifies COH1 as Golgi-associated
peripheral membrane protein that is required for maintaining
Golgi integrity and function. Our results may form the basis for
a more detailed dissection of the molecular function of COH1
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in Golgi membrane traffic and are essential to understand bet-
ter its role in brain development, neuronal function, and in
Cohen syndrome pathology.
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