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Background: Rab small GTPases are membrane trafficking proteins in eukaryotes.
Results: Comprehensive knockdown screening identified six Rab isoforms that are involved in regulating Golgi morphology in
HeLa-S3 cells.
Conclusion: Five of the six Rabs, including Rab2A and Rab2B, non-redundantly regulate Golgi morphology. A Rab2B-specific
effector, GARI-L4, also regulates it.
Significance: This is the first study to systematically analyze all human Rabs in the Golgi.

Rab small GTPases are crucial regulators of the membrane
traffic that maintains organelle identity and morphology. Sev-
eral Rab isoforms are present in the Golgi, and it has been sug-
gested that they regulate the compacted morphology of the
Golgi in mammalian cells. However, the functional relation-
ships among the Golgi-resident Rabs, e.g. whether they are func-
tionally redundant or different, are poorly understood. In this
study, we used specific siRNAs to perform genome-wide screen-
ing for human Rabs that are involved in Golgi morphology in
HeLa-S3 cells. The results showed that knockdown of any one of
the six Rab isoforms (Rab1A/1B/2A/2B/6B/8A) induced frag-
mentation of the Golgi in HeLa-S3 cells and that its phenotype
was rescued by re-expression of their respective siRNA-resistant
construct. We then performed systematic knockdown-rescue
experiments in relation to each of the six Rabs. Interestingly,
with the exception of the Rab8A knockdown, the Golgi fragmen-
tation phenotype induced by knockdown of a single Rab iso-
form, e.g. Rab2B, was efficiently rescued by re-expression of its
siRNA-resistant Rab alone, not by any of the other five Rabs, e.g.
Rab2A, which is highly homologous to Rab2B, indicating that
these Rab isoforms non-redundantly regulate Golgi morphol-
ogy possibly through interaction with isoform-specific effector
molecules. In addition, we identified Golgi-associated Rab2B
interactor-like 4 (GARI-L4) as a novel Golgi-resident Rab2B-
specific binding protein whose knockdown also induced frag-
mentation of the Golgi. Our findings suggest that the compacted
Golgi morphology of mammalian cells is finely tuned by multi-
ple sets of Rab (or Rab-effector complexes) that for the most part
function independently.

The Rab-type small GTPases constitute the largest family of
membrane trafficking proteins that are conserved in all eukary-

otic cells (for reviews, see Refs. 1– 4). They function as molec-
ular switches that when activated by binding to GTP drive
transport of vesicular carriers from donor organelles to accep-
tor organelles. Thus, the proper functions of Rab small GTPases
are thought to be important for maintenance of organelle iden-
tity and morphology (3, 4). A representative example is the role
of Rab proteins in the morphology and functions of the Golgi,
which is closely connected to the endoplasmic reticulum and
trans-Golgi network via membrane trafficking (5–9). A number
of mammalian Rab isoforms have been reported to be present
in the Golgi, including Rab1 in the cis-Golgi, Rab33B in the
medial Golgi, and Rab6 in the trans-Golgi, and functional abla-
tion of certain Golgi-resident Rabs, e.g. Rab1, Rab2, Rab6, Rab8,
Rab18, Rab29, Rab30, and Rab41/43, either by RNA interfer-
ence-mediated knockdown or by overexpression of its GTPase-
activating protein (or of a dominant negative form of Rab), has
been shown to cause a change in the morphology of the Golgi
from compacted (“compacted Golgi” located just near the
nucleus) to dispersed (“fragmented Golgi” located throughout
the cytoplasm) (10 –17). Thus, membrane trafficking within the
Golgi or between the Golgi and other organelles appears to be
important for maintenance of the identity and morphology of
the Golgi (9).

In addition to their membrane trafficking roles, Rab small
GTPases may be structurally involved in the stacked cisternal
structures of the Golgi of mammalian cells because Golgi
matrix proteins, e.g. golgin family members, are known to bind
a variety of Golgi Rabs mainly through their coiled-coil
domains (18 –24). More specifically, GCC185 contains multiple
Rab-binding sites and interacts with different Rabs, including
with Rab1 (cis-Golgi), Rab33B (medial Golgi), and Rab6 (trans-
Golgi) (24), and that may contribute to the stacking of the Golgi
cisternae. Although it is now widely believed that functions of
Rab small GTPases are indispensable for the compacted Golgi
morphology of mammalian cells (5–9), several important ques-
tions regarding the functional diversity and redundancy of Rab
small GTPases in the Golgi remain unanswered, e.g. how many
of the �60 mammalian Rab isoforms are involved in Golgi iden-
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tity/morphology, and is there any functional redundancy of the
Rabs (e.g. Rab2A and Rab2B) in maintaining the compacted
Golgi morphology?

To answer several of the remaining unanswered questions, in
this study, we comprehensively screened for Rabs that regulate
the morphology of the Golgi of HeLa-S3 cells by knocking down
each of the 62 known human classical Rabs. The results showed
that at least six Rab isoforms, Rab1A, Rab1B, Rab2A, Rab2B,
Rab6B, and Rab8A, are independently required for a compacted
Golgi and that knockdown of any one of the Rab isoforms alone
induced fragmentation of the Golgi. We also identified Golgi-
associated Rab2B interactor-like 4 (GARI-L4)2 as a novel spe-
cific Rab2B-binding protein that is also required for the Golgi
morphology of HeLa-S3 cells. We discuss the functional spe-
cialization of Rab small GTPases in the Golgi based on our
findings.

Experimental Procedures

Antibodies—Rabbit polyclonal antibodies against Rab1A,
Rab1B, Rab2A, Rab2B, Rab6B, Rab8A-C (amino acids 162–
207), and Rab29 were generated by using purified glutathione
S-transferase (GST)-tagged Rab1A, Rab1B, Rab2A, Rab2B,
Rab6B, Rab8A-C, and Rab29, respectively, as the antigen (25),
and they were affinity-purified with antigen-immobilized beads
as described previously (26). The specificity of each anti-Rab
antibody was evaluated by probing recombinant FLAG-tagged
Rab proteins expressed in COS-7 cells as described previously
(27) (see Fig. 4A). The following other antibodies were obtained
commercially: horseradish peroxidase (HRP)-conjugated anti-
FLAG tag (M2) mouse monoclonal antibody, anti-FLAG tag
antibody-conjugated agarose (Sigma-Aldrich), HRP-conju-
gated anti-T7 tag mouse monoclonal antibody (Merck Biosci-
ences Novagen), anti-GM130 mouse monoclonal antibody (BD
Biosciences), anti-GFP rabbit polyclonal antibody (Medical and
Biological Laboratories, Co., Ltd., Nagoya, Japan), and anti-�-
actin mouse monoclonal antibody (Applied Biological Materi-
als, Richmond, British Columbia, Canada).

cDNA Cloning and Plasmid Construction—cDNAs of the 62
classical Rabs (listed in Table 1) (28) were amplified from Mar-
athon-Ready human brain and/or testis cDNA (BD Biosci-
ences) by PCR with specific oligonucleotides as described pre-
viously (29). The sequence information for the oligonucleotides
used in this study is available from the authors on request. Purified
PCR products were directly inserted into the pGEM-T Easy vector
(Promega, Madison, WI) and verified with an automated
sequencer. The cDNAs were excised from the pGEM-T Easy vec-
tor with appropriate restriction enzymes and then subcloned into
the pEGFP-C1 vector (Clontech-Takara Bio Inc.). Unless other-
wise specified, the Rabs used in this study were from humans, and
mouse Rabs are abbreviated as mRabs throughout (e.g. in Fig. 6).
cDNAs of mouse and human GARI-L4 were similarly amplified by
PCR and directly inserted into the pGEM-T Easy vector. After
verification of their sequences, human and mouse GARI-L4

cDNAs (gene IDs 149647 and 619288, respectively) were sub-
cloned into the pEGFP-C1 vector, pmStr-C1 vector (30), and/or
pEF-T7 tag expression vector (29). The sequences of the oligonu-
cleotides for GARI-L4 are also available from the authors on
request.

Small interfering RNA (siRNA)-resistant (SR) forms of
human Rabs (named RabSR) were prepared by conventional or
two-step PCR techniques essentially as described previously
(31, 32). At least five nucleotides in the target sequence of each
siRNA were changed without altering the amino acids. The
resultant human RabSR cDNAs were subcloned into the
pEGFP-C1 vector. Sequence information regarding the mutant
oligonucleotides for site-directed mutagenesis is also available
from the authors on request.

A series of deletion mutants of mouse GARI-L4, i.e. N (amino
acids 1–190), N1 (amino acids 1–97), N2 (amino acids 98 –190),
and C (191–585), was prepared by conventional PCR tech-
niques (see Fig. 6C). Each cDNA fragment of mouse GARI-L4
was subcloned into the pGAD-C1 vector (33). All other plas-
mids, including pEF-FLAG-mRab2B, pEF-FLAG-mRab2B(Q65L)
(constitutively active (CA) form), pEF-FLAG-mRab2B(S20N)
(constitutively negative (CN) form), and pGBD-C1-mRab bait
vectors, were prepared as described previously (22, 34, 35).

Cell Cultures and Transfections—HeLa-S3 cells were
obtained from the RIKEN BioResource Center (Ibaraki, Japan).
HeLa-S3 cells and COS-7 cells were cultured at 37 °C in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 100 units/ml penicillin G, and 100
�g/ml streptomycin under 5% CO2. One day after plating, plas-
mids and/or siRNAs were transfected into cultured cells by
using Lipofectamine LTX, Lipofectamine 2000, or Lipo-
fectamine RNAiMAX (Life Technologies), each according to
the manufacturer’s instructions.

RNA Interference—At least three different siRNAs against
each human Rab and human GARI-L4 (site (st) 1 target
sequence, 5�-GAGCCAACCTTACTACAAA-3�; st2 target
sequence, 5�-GACGGTTGGTTCTATGACA-3�) were chemi-
cally synthesized by Nippon Gene Co., Ltd. (Toyama, Japan).
The knockdown efficiency of the siRNAs against each Rab was
evaluated by co-expressing siRNA and pEGFP-C1-Rab (or
pEGFP-C1-RabSR) in COS-7 cells, and one or more effective
siRNAs for each Rab was selected. Knockdown of endogenous
Rab proteins in HeLa-S3 cells (see Fig. 4B) was achieved by
transfecting 2 pmol of siRNAs into HeLa-S3 cells in a 6-cm dish.
Three days after transfection, the cells were harvested, and Rab
knockdown efficiency was evaluated by immunoblotting with
specific antibodies. Because the anti-Rab6B antibody used in
this study recognized both Rab6A and Rab6B, knockdown of
endogenous Rab6B was evaluated by using 0.5 pmol of Rab6A
siRNA (e.g. 1.5 pmol of Rab6B siRNA � 0.5 pmol of Rab6A
siRNA; total, 2 pmol) to partially reduce the Rab6A protein level
(Fig. 4B).

Immunofluorescence Analysis—HeLa-S3 cells were cultured
on glass-bottomed dishes (35-mm dish; MatTek Corp., Ash-
land, MA) and transfected with siRNAs and/or plasmids as
described above. Three days after transfection, the cells were
fixed with 4% paraformaldehyde, permeabilized with 0.3% Tri-
ton X-100, and then stained with anti-GM130 antibody (1:1000

2 The abbreviations used are: GARI-L, Golgi-associated Rab2B interactor-like;
CA, constitutively active; CN, constitutively negative; EGFP, enhanced
green fluorescent protein; GARI, Golgi-associated Rab2B interactor; mRab,
mouse Rab; mStr, monomeric Strawberry; SR, siRNA-resistant; st, site.
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dilution) and DAPI as described previously (36). The stained
cells were examined for immunofluorescence signals with a
confocal laser-scanning fluorescence microscope (Fluoview
1000, Olympus, Tokyo, Japan), and the images were processed
with Adobe Photoshop software (CS5). More than 50 cells were
analyzed to obtain the results of the Golgi fragmentation assays
shown in Fig. 2A. The results of the knockdown-rescue exper-
iments in Figs. 3B and 5 were obtained by analyzing 30 cells in
one experiment and independently repeating the experiments
three times. The results are expressed as the means and S.D.
of the data obtained in three independent experiments. The
statistical analyses were performed by using Student’s unpaired
t test or Dunnett’s test, and p values �0.05 were considered
statistically significant (*, p � 0.05; **, p � 0.01).

Miscellaneous Procedures—Co-immunoprecipitation assays
in COS-7 cells to evaluate the interaction between T7-tagged
mouse GARI-L4 and FLAG-tagged mouse Rab2B and immu-
noblotting were performed essentially as described previously
(29, 37). All of the procedures used to perform yeast two-hybrid
assays have been described elsewhere (22, 33, 34).

Results

Genome-wide Screening for Rabs That Regulate the Morphol-
ogy of the Golgi in HeLa-S3 Cells—We used specific siRNAs
against 62 different human Rabs to perform knockdown exper-
iments as a means of comprehensively screening for Rabs that
regulate the morphology of the Golgi by the following proce-
dures (Fig. 1A and Table 1). First, we designed and synthesized
siRNAs for at least three different sites in each Rab. The knock-
down efficiency of each siRNA was evaluated by co-expressing
EGFP-Rabs together with their respective siRNAs in COS-7

cells, and the effective siRNAs were selected (Fig. 1B). Each of
the effective siRNAs was then introduced into HeLa-S3 cells,
and their effect on Golgi morphology was evaluated by immuno-
staining with anti-GM130 antibody (a Golgi marker). The results
of the screening showed that knockdown of any one of the eight
Rab isoforms, i.e. Rab1A, Rab1B, Rab2A, Rab2B, Rab6B, Rab8A,
Rab8B, and Rab29, affected the morphology of the Golgi in
HeLa-S3 cells (Fig. 2A, blue bars). In the control cells, GM130-
positive signals were concentrated at one side of the nucleus (so-
called compacted Golgi (Fig. 2B, far left panel in the top row),
whereas knockdown of Rab1A, Rab1B, Rab2A, Rab2B, Rab6B,
Rab8A, Rab8B, or Rab29 induced “fragmentation of the Golgi,”
and the fragmented Golgi appeared to be dispersed throughout
the cytoplasm (Fig. 2B, asterisks; more than 40% of the cells exhib-
ited the Golgi fragmentation phenotype). Most of these Rabs are
known to be associated with the cis-Golgi (Rab1A, Rab1B, and
Rab2A) or trans-Golgi/trans-Golgi network (Rab6B, Rab8A,
Rab8B, and Rab29), and knockdown of some of them (e.g. Rab1A,
Rab1B, and Rab29) had previously been shown to induce Golgi
fragmentation (10–13, 17), thereby validating our screening
procedures.

To exclude the possibility that the Golgi fragmentation phe-
notype induced by siRNAs against these eight Rabs was attrib-
utable to an off-target effect, we attempted to confirm our
results by two independent approaches. In our first approach,
we performed knockdown-rescue experiments after producing
an siRNA-resistant form of each Rab and verifying its siRNA
resistance in COS-7 cells (see Fig. 1C). As anticipated, re-ex-
pression of EGFP-tagged Rab1ASR, Rab1BSR, Rab2ASR,
Rab2BSR, Rab6BSR, or Rab8ASR in the respective Rab knock-

FIGURE 1. Screening strategy for candidates for Rabs that regulate Golgi morphology in this study. A, a flowchart of the screening procedure to identify
human Rabs that are involved in the morphology of the Golgi in HeLa-S3 cells. B, selection of siRNAs effective against Rab2B. COS-7 cells were transfected with
pEGFP-C1-Rab2B together with Rab2B siRNAs. Three days after transfection, the cells were harvested, and their cell lysates were analyzed by 10% SDS-PAGE
followed by immunoblotting with HRP-conjugated anti-GFP antibody (upper panel) and anti-actin antibody (lower panel). C, generation and validation of an SR
form of Rab2B. COS-7 cells were transfected with pEGFP-C1-Rab2B (lanes 1 and 2) or pEGFP-C1-Rab2BSR (lanes 3 and 4) together with control siRNA (lanes 1 and
3) or Rab2B siRNA st3 (lanes 2 and 4). Expression and siRNA resistance of Rab2BSR were evaluated as described in B. The positions of the molecular mass markers
(in kDa) are shown on the left in B and C.
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down cells significantly decreased the proportion of cells that
exhibited the Golgi fragmentation phenotype (Fig. 3, A and B).
Re-expression of Rab8BSR or Rab29SR in the respective knock-

down cells, however, did not restore the compacted Golgi at all
(Fig. 3, A and B) despite the fact that involvement of Rab8 and
Rab29 in Golgi morphology had been reported by other groups
(15, 17). The Rab8B and Rab29 siRNAs used in this study may
also reduce the expression level of some other unrelated mole-
cule(s) that is required for the compacted Golgi morphology.
Alternatively, the N-terminal EGFP tagging of Rab8B and
Rab29 may distort their function. Be that as it may, however,
because of the absence of any rescue effect by Rab8BSR or
Rab29SR, we decided not to include these two Rabs in our sub-
sequent analysis. In our second approach, we tested a different
siRNA site in each of the six remaining Rabs, i.e. Rab1A, Rab1B,
Rab2A, Rab2B, Rab6B, and Rab8A, and the results confirmed
that the same phenotype was observed in relation to two inde-
pendent siRNA sites (more than 40% of the siRNA-treated cells
exhibited the Golgi fragmentation phenotype; data not shown).
These results indicated that the Golgi fragmentation phenotype
that had been observed was not attributable to an off-target
effect of the siRNAs.

Because the A isoform and B isoform of Rab1, Rab2, Rab6,
and Rab8 are highly homologous to each other, our results
showing that knockdown of only a single Rab isoform, i.e.
Rab1A, Rab1B, Rab2A, Rab2B, Rab6B, and Rab8A, is sufficient
to induce the Golgi fragmentation phenotype (Fig. 2) is some-
what surprising. We also noted that knockdown of Rab6B, but
not of Rab6A, induced the phenotype, suggesting the presence
of a difference in function between these two Rab6 isoforms in
the Golgi. Although we tried to design the siRNA sequences
we used in this study to be specific for each human Rab
isoform, we could not completely rule out the possibility that
some of the siRNAs (e.g. Rab1A siRNA) targeted other
closely related Rabs (e.g. Rab1B) despite the presence of sev-
eral mismatches (e.g. four mismatches were found between
the Rab1A siRNA target sequence and the corresponding
Rab1B sequence). To investigate this possibility, we gener-
ated a specific antibody against each Rab isoform and con-
firmed its specificity by immunoblotting with recombinant
FLAG-tagged Rab proteins expressed in COS-7 cells (27)
(Fig. 4A). The results showed that the antibodies against
Rab1A, Rab1B, Rab2B, Rab8A, and Rab29 specifically recog-
nized a single Rab isoform of the respective Rab. However,
the anti-Rab2A antibody weakly recognized Rab2B, and the
anti-Rab6B antibody recognized both A and B isoforms of
Rab6 equally. We then used these antibodies to assess the
knockdown of each Rab in siRNA-treated cells at the protein
level. As anticipated, each siRNA caused a dramatic reduc-
tion of its respective single Rab isoform; e.g. Rab1B siRNA
specifically reduced the Rab1B protein level, and other Rab
siRNAs did not affect the Rab1B protein level (Fig. 4B, second
panel, lane 3). The reduction in Rab6B protein level was not
very evident even after Rab6B siRNA treatment, but this
result was most unlikely attributable to insufficient knock-
down of endogenous Rab6B for the following reason.
Because our anti-Rab6B antibody recognized both Rab6A
and Rab6B (Fig. 4A), the residual band signals presumably
corresponded to Rab6A, and in actual fact, hardly any anti-
Rab6B-positive immunoreactive bands were detected after
double knockdown of Rab6A and Rab6B with Rab6A siRNA

TABLE 1
Target sequences of siRNAs toward all human Rabs

Name Gene ID Site siRNA target sequence

Rab1A 5861 st3 CCACAAAGAAAGTAGTAGA
st4 GGAAAGATTTCGAACAATC

Rab1B 81876 st2 CCAAGAAGGTGGTGGACAA
st3 TGACGTCACTGACCAGGAA

Rab2A 5862 st1 TGAGGCAAATGGCATTAAA
st2 TGACCTTACTATTGGTGTA

Rab2B 84932 st1 ACAGTCAATTTCAACATCA
st3 GTTCCAACATGGTTATCAT

Rab3A 5864 st2 AGGACAACATTAACGTCAA
Rab3B 5865 st3 CCAATGAAGAGTCCTTCAA
Rab3C 115827 st4 CAGTTGGGATCGATTTCAA
Rab3D 9545 st1 GGACGAACGTGTTGTGCCT
Rab4A 5867 st2 GGACCTGGATGCAGATCGT
Rab4B 53916 st1 GCCCCAACATCGTGGTCAT
Rab5A 5868 st1 AGGCCGACCTAGCAAATAA
Rab5B 5869 st2 AGACAGCTATGAACGTGAA
Rab5C 5878 st2 ACGAAATCTTCATGGCAAT
Rab6A 5870 st3 TCATCATGCTAGTAGGAAA
Rab6B 51560 st1 AGACGGACCTGGCTGATAA

st3 CCATTGGGATTGACTTCTT
Rab6C 84084 st2 CCTTTTCCCTTCATTAATA
Rab6D/41a 347517 st2 GGAGCGCTTTCACAGCCTA
Rab7/7Aa 7879 st2 GGAGCTGACTTTCTGACCA
Rab8A 4218 st1 CCATAGGAATTGACTTTAA

st2 TCATGCTGGTCTACGACAT
Rab8B 51762 st1 TGACAAAACTCAACAGAAA
Rab9A 9367 st1 GGAAGCGGTTCGAAGAGTT
Rab9B 51209 st1 GCAGGGTCTTCGTGCTGTT
Rab10 10890 st2 GGAATAGACTTCAAGATCA
Rab11A 8766 st2 GCATCCAGGTTGATGGAAA
Rab11B 9230 st1 GCAACATCGTCATCATGCT
Rab12 201475 st3 AGGAATGAGTTGTCCAATA
Rab13 5872 st1 TGAGAAATCTTTCGAGAAT
Rab14 51552 st1 ATGGCTTATTGTTCCTCGA
Rab15 376267 st2 CCTCAACATTAAAGAGTCA
Rab17 64284 st2 GGAAGGATTCCTTCCTCAA
Rab18 22931 st4 TCCAGAACTTGCAGCAACA
Rab19 401409 st2 TCTGCCAAGGAGTCAAAGA
Rab20 55647 st3 GGCCGTCACACACAGTGGA
Rab21 23011 st1 GGAACTCTTTCTTGACCTT
Rab22A 57403 st2 GAAGAGACATTTTCAACAT
Rab22B/31a 11031 st1 AGTGCGACCTCTCAGATAT
Rab23 51715 st2 GAACATCAGTGAAAGAAGA
Rab24 53917 st1 GAGGAGGGCTGCCAAATCT
Rab25 57111 st2 CCAATCTACTCTCCCGATT
Rab26 25837 st1 GGCATTGACTTCCGGAACA
Rab27A 5873 st1 CCAGTGTACTTTACCAATA
Rab27B 5874 st2 GCAAATGCTTATTGTGAAA
Rab28 9364 st2 AGGCAGATATTGTAAACTA
Rab29 8934 st1 TGAGAGTCCTCATTGAAAA
Rab30 27314 st1 GCAACAAGGTCATCACTGT
Rab32 10981 st3 CCAAAGCTTTCCTAATGAA
Rab33A 9363 st1 AAAGCATGGTCGAGCATTA
Rab33B 83452 st1 AGAGCATGGTTCAGCACTA
Rab34 83871 st3 TGCATTGCATCAACCTACT
Rab35 11021 st2 GCAGTTTACTGTTGCGTTT
Rab36 9609 st3 GCCCCAGCTTTCACAGCCA
Rab37 326624 st2 CATGTTTCCTGATCCAATT
Rab38 23682 st3 AGCACATACTTGCAAATGA
Rab39A 54734 st3 CCGACGATCTTTTGAACAT
Rab39B 116442 st4 GAGAGGAGATGTTTGTGCT
Rab40A 142684 st2 GCCTCTGCAAAGTGGAGAT
Rab40ALb 282808
Rab40B 10966 st1 CGGCATTGATCGATGGATT
Rab40C 57799 st1 AGAACTGCATGACCTTCTT
Rab41/43a 339122 st1 CCATGAAGACGCTGGAGAT
Rab42/7Ba 338382 st1 GTAGGGCTCTGTCGAGGTA
Rab43/42a 115273 st1 CCAGGTCCTTTTACCGGAA

a The nomenclature of the human Rabs in this study is as described in Itoh et al.
(28). The human Rab6D, Rab7, Rab22B, Rab41, Rab42, and Rab43 in this study
have been registered as Rab41, Rab7A, Rab31, Rab43, Rab7B, and Rab42, respec-
tively, in the NCBI (The National Center for Biotechnology Information) data-
base, which is available at www.ncbi.nlm.nih.gov/gene/.

b Because of the high sequence identity between Rab40A and Rab40AL, Rab40A
siRNA st1 was also able to knock down Rab40AL efficiently.
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and Rab6B siRNA (Fig. 4C). These results led us to hypoth-
esize that two closely related, phylogenetically similar Rab
isoforms, i.e. an A isoform and a B isoform of Rab1, Rab2,
Rab6, and Rab8, have distinct functions at least in the Golgi.

Rab1A, Rab1B, Rab2A, Rab2B, and Rab6B Non-redundantly
Regulate the Golgi Morphology—Next, we performed system-
atic knockdown-rescue experiments to determine whether the
six Rabs, i.e. Rab1A, Rab1B, Rab2A, Rab2B, Rab6B, and Rab8A,
are involved in Golgi morphology redundantly or differently. In
brief, we attempted to rescue the Golgi fragmentation pheno-
type induced by knockdown of each Rab by expressing one of
these six Rabs. As shown in Fig. 5A, the Golgi fragmentation
phenotype induced by Rab1A knockdown was most effectively
rescued by re-expression of Rab1A itself, whereas expression of
the other Rabs, including Rab1B, had little or no significant

rescuing effect on Golgi morphology. Similar results were
obtained for Rab1B, Rab2A, Rab2B, and Rab6B: the compacted
Golgi morphology was restored by re-expression of the Rab that
had been knocked down with its specific siRNA (Fig. 5, B–E).
The Golgi fragmentation phenotype induced by Rab8A knock-
down, however, was rescued by re-expression of either Rab2A
or Rab8A, although their rescue effect was very weak (Fig. 5F),
and expression of Rab8B or Rab29, which we identified by the
initial knockdown screening (Fig. 2A), failed to rescue the Golgi
fragmentation phenotype induced by knockdown of Rab1A,
Rab1B, Rab2A, Rab2B, Rab6B, or Rab8A (Fig. 5). These results
taken together indicated that the five Rabs identified here
(Rab1A/1B/2A/2B/6B) are likely to regulate the compacted
Golgi morphology in a non-redundant manner at least in
HeLa-S3 cells.

FIGURE 2. Effect of knockdown of each human Rab isoform on the morphology of the Golgi in HeLa-S3 cells. A, screening for Rabs whose knockdown
induced fragmentation of the Golgi. Rabs whose knockdown resulted in Golgi fragmentation in more than 40% of the siRNA-transfected cells were considered
candidates for Rabs involved in the morphology of the Golgi (blue bars). B, typical images of Rab knockdown HeLa-S3 cells. HeLa-S3 cells were transfected with
each Rab siRNA or control siRNA. Three days after transfection, the cells were fixed and stained with anti-GM130 antibody (a Golgi marker; green) and DAPI (a
nucleus marker; blue). The asterisks indicate the cells that exhibited Golgi fragmentation. High magnification views of the boxed areas are shown in the lower
panels, and the cells are outlined with a broken line. Scale bars, 20 �m.
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GARI-L4 Is a Novel Rab2B-specific Binding Protein—The fact
that the five Rabs identified here non-redundantly regulate
compacted Golgi morphology led us to hypothesize that they
exert their function(s) through interaction with a single iso-

form-specific effector molecule. We especially focused on one
of the Golgi morphology-regulating Rabs, Rab2B, because
nothing had been published in the literature about its function,
including about its function in Golgi morphology, and because

FIGURE 3. Functional rescue of the Golgi fragmentation of Rab knockdown cells by re-expressing the respective Rab isoform. A, typical images of Rab
knockdown cells re-expressing a respective RabSR mutant (simply designated as Rab in the figure). HeLa-S3 cells were transfected with each Rab siRNA together
with pEGFP-C1 or pEGFP-C1-RabSR. Three days after transfection, the cells were fixed and stained with anti-GM130 antibody (a Golgi marker; red) and DAPI (a
nucleus marker; blue). EGFP-expressing cells and EGFP-Rab-expressing cells were identified by green fluorescence. Scale bars, 20 �m. B, quantification of the
Golgi fragmentation shown in A. The bars represent the means and S.D. (error bars) of data from three independent experiments. *, p � 0.05; **, p � 0.01,
Student’s unpaired t test. NS, not significant. Note that the Golgi fragmentation phenotype induced by each Rab siRNA was significantly rescued by re-expres-
sion of the respective Rab isoform, although the rescue effect of Rab8ASR in Rab8A knockdown cells was relatively weak. Approximately 30 – 40% of the
Rab1A/1B/2A/2B/6B/8ASR-expressing cells still exhibited the Golgi fragmentation phenotype presumably because of the low co-transfection efficiency of the
siRNAs and plasmids.
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its effector molecule(s) had not been characterized. In a previ-
ous study in which we conducted comprehensive screening for
Rab effectors, we identified Golgi-associated Rab2B interactor
(GARI) as a Rab2B-specific binding protein whose function was
unknown (22). We also identified five GARI homologues,
named GARI-L1–5, in silico (22) (Fig. 6A) and suggested that
they also function as Rab2B effectors.

By using previously established yeast two-hybrid Rab panels
(22, 34), we succeeded in showing that GARI-L4, a previously
uncharacterized protein, specifically interacts with a constitu-
tively active form of Rab2B (mimics the GTP-bound form) but
not with its constitutively negative form (mimics the GDP-

bound form) (Fig. 6B). The GTP-dependent interaction
between GARI-L4 and Rab2B was also confirmed by co-immu-
noprecipitation assays in cultured mammalian cells (Fig. 6E),
and the results of the immunofluorescence analysis also sup-
ported our finding: GARI-L4 was well co-localized with
Rab2B(CA) in the Golgi, whereas virtually no co-localization
between Rab2B(CN) and GARI-L4 was observed in HeLa-S3
cells (Fig. 6F).

We then produced a series of truncated mutants of GARI-L4
to identify the Rab2B-binding site of GARI-L4 (Fig. 6C). The
results of the yeast two-hybrid assays showed that the N-termi-
nal 190 amino acids of GARI-L4 (GARI-L4-N in Fig. 6C), which

FIGURE 4. Knockdown of candidate Rabs in HeLa-S3 cells as revealed by immunoblotting with specific antibodies. A, specificity of the antibodies used
in this study. The specificity of each antibody was evaluated by using recombinant FLAG-tagged mouse Rab proteins expressed in COS-7 cells. The specificity
of anti-Rab1A antibody was evaluated by analyzing COS-7 cell lysates expressing FLAG-Rab1A and FLAG-Rab1B by 10% SDS-PAGE followed by immunoblot-
ting with HRP-conjugated anti-FLAG tag antibody (left panel) and anti-Rab1A antibody (right panel). All of the antibodies except anti-Rab2A antibody and
anti-Rab6B antibody specifically recognized a single Rab isoform, whereas the anti-Rab2A antibody weakly recognized Rab2B, and the anti-Rab6B antibody
recognized both Rab6A and Rab6B equally. B, knockdown of candidate Rabs in HeLa-S3 cells with specific siRNAs. Total cell lysates of HeLa-S3 cells that had
been knocked down by each Rab siRNA were analyzed by 10% SDS-PAGE followed by immunoblotting with the antibodies indicated. A longer SDS-PAGE gel
than usual (14 cm long instead of 8.5 cm long) was used to detect Rab1A by separating Rab1A (arrow) from the upper nonspecific bands (asterisk). All of the Rabs
except Rab6B were almost completely knocked down by siRNA treatment. Because our anti-Rab6B antibody also recognized Rab6A (see A), we used partially
Rab6A-knocked down samples only in the Rab6B panel (see “Experimental Procedures” for details). The residual signals in lane 6 (fifth panel) most likely
correspond to endogenous Rab6A. C, double knockdown of Rab6A and Rab6B in HeLa-S3 cells with specific siRNAs. Note that knockdown of Rab6A alone
dramatically decreased the anti-Rab6B immunoreactive bands without affecting the Golgi morphology (see Fig. 2A). In addition, double knockdown of
Rab6A/B in HeLa-S3 cells did not further increase the rate of Golgi fragmentation (data not shown). The positions of the molecular mass markers (in kDa) are
shown on the left in A–C.
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are well conserved between GARI and GARI-like proteins, are
required for specific GTP-Rab2B binding (Fig. 6D, left panels),
whereas the remaining C-terminal domain of GARI-L4 (GARI-
L4-C in Fig. 6C), which exhibits no clear sequence similarity
between GARI and GARI-like proteins, failed to interact with
Rab2B (Fig. 6D, left panels). Because further truncation of
GARI-L4-N (GARI-L4-N1 and -N2 in Fig. 6C) completely
impaired Rab2B binding activity (Fig. 6D, right panels), the
N-terminal 190 amino acids of GARI-L4 are likely to be a min-
imal GTP-Rab2B-binding domain (and have therefore been
designated as Rab-binding domain specific for Rab2B (RBD2B)
here).

GARI-L4 Is Required for the Compacted Golgi Morphology in
HeLa-S3 Cells—Finally, postulating that if GARI-L4 actually
functions as a Rab2B-specific effector in the regulation of Golgi
morphology then knockdown of GARI-L4 in HeLa-S3 cells
should phenocopy the Rab2B deficiency, i.e. fragmentation of
the Golgi, we investigated the involvement of GARI-L4 in the
compacted Golgi morphology by means of RNA interference
technology. We prepared two independent siRNAs against
human GARI-L4, both of which effectively knocked down
expression of recombinant GARI-L4 (Fig. 7A), and transfected
them into HeLa-S3 cells. As anticipated, HeLa-S3 cells that had
been treated with GARI-L4 siRNA st1/st2 often exhibited Golgi
fragmentation, the same as occurred after Rab2B knockdown
(Fig. 7, B and C). We therefore concluded that GARI-L4 as well
as Rab2B is required for the compacted Golgi morphology in
HeLa-S3 cells.

Discussion

Because functional ablation of certain Rab isoforms either by
knockdown or overexpression of their dominant negative
mutants has been found to induce fragmentation of the Golgi in
mammalian cells (10 –17), Rab proteins are generally thought
to be key regulators of Golgi morphology in mammalian cells
(5–9). However, the functional relationships among these pre-
sumed Golgi morphology-regulating Rabs or the involvement
of additional Rab isoforms in the Golgi morphology of mam-
malian cells had never been investigated. In the present study,
we performed systematic genome-wide screening for Rabs that
are involved in the compacted Golgi morphology of HeLa-S3
cells (Fig. 1) and succeeded in identifying six candidate Rabs,
Rab1A, Rab1B, Rab2A, Rab2B, Rab6B, and Rab8A, whose
knockdown caused fragmentation of the Golgi (Figs. 2 and 3).
We then performed systematic knockdown-rescue experi-
ments in regard to each of these six Rabs and demonstrated that

FIGURE 5. Non-redundant roles of Rab1A, Rab1B, Rab2A, Rab2B, and
Rab6B in the compacted Golgi morphology. HeLa-S3 cells were trans-
fected with Rab1A siRNA (A), Rab1B siRNA (B), Rab2A siRNA (C), Rab2B

siRNA (D), Rab6B siRNA (E), and Rab8A siRNA (F) together with pEGFP-C1 or
pEGFP-C1-Rab1A/1B/2A/2B/6B/8A/8B/29 (or their RabSR mutant). Three
days after transfection, the cells were fixed and stained with anti-GM130
antibody and DAPI. EGFP-expressing cells and EGFP-Rab-expressing cells
were identified by green fluorescence, and their Golgi morphology was
analyzed. The bars represent the means and S.D. (error bars) of data from
three independent experiments. *, p � 0.05; **, p � 0.01, Dunnett’s test.
Note that the Golgi fragmentation phenotype induced by knockdown of
Rab1A, Rab1B, Rab2A, Rab2B, and Rab6B was most effectively rescued by
re-expression of Rab1ASR, Rab1BSR, Rab2ASR, Rab2BSR, and Rab6BSR,
respectively (blue bars). Approximately 30 – 40% of the Rab1A/1B/2A/2B/
6BSR-expressing cells (blue bars) still exhibited the Golgi fragmentation
phenotype presumably because of the low co-transfection efficiency of
the siRNAs and plasmids.
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they independently regulate the morphology of the Golgi in
HeLa-S3 cells (Fig. 5). It should be noted that the functions of
two phylogenetically related Rabs, i.e. Rab1A and Rab1B (91.7%
amino acid identity), Rab2A and Rab2B (85.8% amino acid
identity), Rab6A and Rab6B (90.9% amino acid identity), and
Rab8A and Rab8B (84.4% amino acid identity), are not inter-
changeable in terms of their function in relation to compacted

Golgi morphology. Because the intracellular distribution of
Rab1A and Rab1B, of Rab2A and Rab2B, of Rab6A and Rab6B,
or of Rab8A and Rab8B in HeLa-S3 cells was indistinguishable
at least at the fluorescence microscopy level (data not shown),
different functions of the two Rab isoforms are unlikely to be
attributable to their different subcellular localizations in
HeLa-S3 cells.

FIGURE 6. GARI-L4 is a novel Rab2B-specific binding protein in the Golgi. A, phylogenetic relationships between mouse GARI (shaded box) and its
related proteins, GARI-L1–5. GARI-L4, on which we focused in this study, is shown against a black background. The phylogenetic tree was drawn by using
the ClustalW program set at the default parameters. B, specific interaction between GARI-L4 and Rab2B(CA) as revealed by yeast two-hybrid assays. The
assays were performed as described previously (22, 33, 34). Yeast cells containing pGAD-C1-GARI-L4 and pGBD-C1-Rabs(CA/CN)�Cys (34) were streaked
on synthetic complete medium lacking adenine, histidine, leucine, and tryptophan (selection medium) and incubated at 30 °C for 1 week. A positive
patch is represented by a white box. C, schematic representation of the truncated mutants of mouse GARI-L4 used in this study. The N-terminal 190
amino acids of GARI-L4 showed high similarity to the N-terminal domain of GARI (22) and were found to function as a Rab-binding domain specific for
Rab2B (RBD2B) (see D). D, mapping of the site responsible for Rab2B binding in mouse GARI-L4. Interaction between GARI-L4 mutants (in C) and
Rab2B(CA/CN) was assessed by yeast two-hybrid assays as described in B. Yeast cells containing pGAD-C1-GARI-L4 mutants and pGBD-C1-Rab2B(CA/
CN)�Cys (34) were streaked on synthetic complete medium lacking leucine and tryptophan (SC-LW) and synthetic complete medium lacking adenine,
histidine, leucine, and tryptophan (selection medium; SC-AHLW) and incubated at 30 °C for 1 day and 1 week, respectively. E, GTP-dependent interaction
between T7-tagged mouse GARI-L4 and FLAG-tagged mouse Rab2B (WT/CA/CN) in cultured mammalian cells. Co-immunoprecipitation assays in COS-7
cells were performed as described previously (29, 37). F, co-localization of mouse GARI-L4 with Rab2B(CA), but not with Rab2B(CN), in HeLa-S3 cells.
HeLa-S3 cells were co-transfected with pmStr-C1-mGARI-L4 and pEGFP-C1-mRab2B(CA or CN) and then analyzed by confocal fluorescence microscopy.
Scale bars, 20 �m.
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Mammalian Rabs have been classified into �40 subfamilies
(Rab1– 43 in humans and mice) (28, 38), and members in the
same subfamily were originally thought to have a redundant
function(s) at least in part. Actually, four members of the Rab3
subfamily (Rab3A/B/C/D) are known to have redundant roles
in mouse survival (39), and two members of the Rab8 subfamily
(Rab8A/B) have compensatory roles in the apical transport of
epithelial cells (40). Recent accumulating evidence, however,
indicates that the A and B isoforms of Rabs have different func-
tions in certain membrane trafficking events and different sub-
cellular localizations even within the same cell type (41– 47).
One good example is the Rab27 subfamily in which Rab27A and
Rab27B differently regulate the exocytosis of certain types of
lysosome-related organelles, e.g. azurophilic granules in neu-
trophils (41) and secretory granules in mast cells (42), and the
exosome secretion pathway (43). More specifically, Rab27A
and Rab27B have been suggested to regulate exosome secretion
through interaction with different effector molecules, Slp4-a
and Slac2-b, respectively (43). Therefore, it is highly possible
that the Golgi morphology-regulating Rabs identified here also
recruit single-isoform-specific effector molecules to regulate
the compacted Golgi morphology in HeLa-S3 cells rather than
binding to the same or multiple Rab effector molecules, e.g.
golgins (18 –24). Actually, it has been reported that SKIP (SifA
and kinesin-interacting protein) (48), GARI (22), and TRIP8b

(49) are a Rab1A-specific binding protein, Rab2B-specific bind-
ing protein, and Rab8B-specific binding protein, respectively,
although their involvement in Golgi morphology has never
been investigated. In this study, we identified GARI-L4 as a
novel GTP-Rab2B-specific binding protein (Fig. 6) that has no
sequence similarity to the known Rab-binding proteins in the
Golgi, e.g. GCC185, which binds 14 Rabs, including Rab2A/B
(24). In addition, we found that knockdown of GARI-L4 also
caused fragmentation of the Golgi (Fig. 7), the same as Rab2B
knockdown did. These results indicated that GARI-L4 is likely
to function as a Rab2B-specific effector that regulates the com-
pacted Golgi morphology of HeLa-S3 cells. It would be inter-
esting to determine whether the Golgi fragmentation pheno-
type induced by knockdown of other Rabs can be reversed by
co-expression of both Rab2B and GARI-L4. In our preliminary
experiments, co-expression of Rab2B and GARI-L4 in Rab1B
knockdown cells did not restore compacted Golgi morphology
(data not shown). Further studies are now underway in our
laboratory.

Because we systematically knocked down each Rab isoform
in HeLa-S3 cells, we cannot rule out the possibility that some
members of the same Rab subfamily redundantly regulate com-
pacted Golgi morphology. One of the candidate Rab subfami-
lies for involvement in the morphology of the Golgi was the
Rab33 subfamily because both Rab33A and Rab33B are present
in the Golgi (47, 50). However, simultaneous knockdown of
both Rab33A and Rab33B had no effect on the Golgi morphol-
ogy of HeLa-S3 cells (data not shown). Similarly, knockdown of
all members of the Rab3, Rab4, and Rab5 subfamilies had no
clear effect on the Golgi morphology of HeLa-S3 cells (data not
shown), suggesting that members of the same Rab subfamily
may not have redundant roles in the regulation of Golgi mor-
phology at least not in HeLa-S3 cells. At any rate, further sys-
tematic combinational knockdown studies will be necessary to
determine whether Rab isoforms (especially comparing differ-
ent Rab subfamilies) have redundant functions in the regulation
of Golgi morphology. During the course of preparing this man-
uscript, Galea et al. (51) reported the results of a systematic
analysis of “58 human Rabs” (but not all Rabs) in the Golgi-to-
endoplasmic reticulum retrograde trafficking in HeLa cells.
Importantly, combinational knockdown of Rabs in their study
revealed functional cooperation between different subfamilies
of Rabs, although they did not analyze functional redundancy
between A and B isoforms of Rabs and single isoform-specific
effectors at all. Thus, two independent studies, both of which
focused on the Golgi, are different, and their findings may com-
plement each other in making it possible to understand the
mechanism of regulation of Golgi morphology in mammalian
cells.

In summary, we comprehensively analyzed all known human
Rab isoforms with regard to a possible role in Golgi morphology
and found that six Rab isoforms, i.e. Rab1A, Rab1B, Rab2A,
Rab2B, Rab6B, and Rab8A, independently regulate the Golgi
morphology of HeLa-S3 cells possibly through interaction with
a single isoform-specific Rab effector molecule, including
GARI-L4. We speculate that each of these six Rabs controls a
specific step or specific type of membrane traffic in the Golgi
that cannot be compensated for by other Rab isoforms. Further

FIGURE 7. Knockdown of GARI-L4 in HeLa-S3 cells induced the Golgi
fragmentation phenotype, the same as Rab2B knockdown did. A,
knockdown efficiency of siRNAs against human GARI-L4 (hGARI-L4) as
assessed in COS-7 cells. COS-7 cells were co-transfected with GARI-L4
siRNA st1/st2 and pEGFP-C1-hGARI-L4, and their knockdown effect was
evaluated by immunoblotting with anti-GFP antibody (upper panel) and
anti-actin antibody (lower panel). The positions of the molecular mass
markers (in kDa) are shown on the left. B, typical images of GARI-L4 knock-
down HeLa-S3 cells. HeLa-S3 cells were transfected with GARI-L4 siRNA or
control siRNA. Three days after transfection, the cells were fixed and
stained with anti-GM130 antibody (a Golgi marker; green) and DAPI (a
nucleus marker; blue). The asterisks indicate the cells that exhibited Golgi
fragmentation. Scale bar, 20 �m. C, quantification of the Golgi fragmenta-
tion shown in B. The bars represent the means and S.D. (error bars) of data
from three independent experiments. **, p � 0.01, Dunnett’s test.
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investigation of the precise membrane traffic pathways medi-
ated by these six Rabs should provide new insights into the
mechanism of the maintenance of the compacted Golgi mor-
phology of mammalian cells.
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