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We screened for a Rab39-specific effector by performing a yeast two-hybrid assay with GTP-locked
Rab39A/B as the bait and identified UACA (uveal autoantigen with coiled-coil domains and ankyrin
repeats) as a specific Rab39A/B-binding protein. Deletion analysis revealed that a C-terminal coiled-coil
domain of UACA functions as a GTP-dependent Rab39-binding domain. shRNA-mediated knockdown of
endogenous Rab39A or UACA in mouse neuroblastoma Neuro2A cells resulted in a change in retinoic
acid-induced neurite morphology from a multipolar morphology to a bipolar morphology. Taken
together, these findings indicate that UACA functions as a Rab39A effector in the retinoic acid-induced
differentiation of Neuro2A cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Rab small GTPases are conserved membrane trafficking proteins
in all eukaryotes, and they regulate a variety of steps in membrane
traffic, including vesicle budding, vesicle movement along the
cytoskeleton, vesicle docking to specific membranes, and vesicle
fusion [1,2]. Rab functions as a molecular switch by cycling be-
tween a GDP-bound inactive state (OFF state) and a GTP-bound ac-
tive state (ON state), and the GTP-bound active form mediates
membrane traffic through interaction with a specific effector mol-
ecule [3,4]. Approximately 60 distinct Rab isoforms have been
identified in mammals [5], and each isoform is thought to regulate
a specific step(s) or specific type(s) of membrane traffic. However,
since the exact function of most mammalian Rabs, especially of
mammalian specific Rabs, largely remains unknown, identification
of the specific effector molecules for each Rab isoform is one of the
most important steps toward understanding the molecular mech-
anisms of Rab-mediated membrane traffic in mammals. Several
ll rights reserved.
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attempts to comprehensively screen for mammalian Rab effectors
have been made recently [6,7], but the specific effector molecules
for most Rabs remain to be determined.

Rab39 is a less well characterized Rab isoform that is conserved
in most metazoans [5]. Two Rab39 isoforms, Rab39A and Rab39B,
are present in humans and mice, and they share 78% amino acid
identity [8,9]. Rab39A is widely expressed in a variety of tissues,
while Rab39B is specifically expressed in the neurons of mouse
and human brain [10,11]. It has been reported that Rab39A binds
caspase-1 and regulates lipopolysaccharide-induced secretion of
IL-1b in thymocytes [12] and that Rab39B is associated with X-
linked mental retardation and is involved in maintenance of neu-
rite morphology and synapse [10]. More recently, Caenorhabditis
elegans RAB-39 has been shown to be involved in the oxidative
stress response possibly through interaction with RASF-1, a homo-
logue of Ras association domain family [13]. However, the molec-
ular basis of the role of mammalian Rab39 in membrane traffic is
not fully understood.

In this study, we screened for a Rab39-specific effector by per-
forming a yeast two-hybrid assay, and the results showed that
UACA (uveal autoantigen with coiled-coil domains and ankyrin re-
peats; also known as Nucling [14]) functions as a Rab39A/B-spe-
cific binding protein. In addition, knockdown of either Rab39A or
UACA in retinoic acid (RA)-differentiated Neuro2A cells induced a
change in cell morphology from a multipolar cell to a bipolar mor-
phology. We discuss the possible function of UACA as an effector
molecule of Rab39 based on our findings.
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Fig. 1. UACA functions as a Rab39-specific binding protein. (A) Schematic representation of UACA and the truncated UACA mutants used in this study. UACA consists of an
ankyrin repeat (ANKR) domain and four coiled-coil domains (CC1-CC4). (B) Specific interaction between UACA and the GTP-fixed form of Rab39A/B. Yeast cells containing
pGBD plasmid expressing constitutive active (CA, GTP-locked) Rab protein (positions indicated in the left panel) and pAct2 plasmid expressing the C-terminal fragment of
UACA (aa 1181-1413) were streaked on SC-AHLW medium and incubated at 30 �C. (C) GTP-dependent interaction between UACA-CC4-C and Rab39A/B. Yeast cells containing
pGBD-C1-Rab39A/B(CA/CN) and pAct2-UACA-DCC4 or pAct2-UACA-CC4-C were streaked on SC-LW medium and SC-AHLW medium and incubated at 30 �C. (D) Interaction
between T7-UACA and FLAG-Rab39A/B(CA/CN) in COS-7 cells. Note that UACA appeared to bind Rab39A more preferably than Rab39B in COS-7 cells. Lanes 9–12 correspond
to the long exposure data on lanes 5–8 in the middle panel.
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2. Materials and methods

2.1. Antibodies

Anti-Rab39 and anti-UACA rabbit polyclonal antibodies were
raised against glutathione S-transferase (GST)-Rab39B [15] and
GST-UACA-N (amino acid residues (aa) 1-251) as described previ-
ously [16].
2.2. Plasmid construction

cDNAs of the constitutive active (CA,GTP-fixed) mutants of Ra-
b39A(Q72L) lacking the C-terminal geranylgeranylation site (DCys)
and Rab39B(Q68L)DCys or constitutive negative (CN, GDP-fixed)
mutants of Rab39A(S22N)DCys and Rab39B(S22N)DCys were
subcloned into the pGBD-C1 vector as described previously
[6,17]. The mouse UACA cDNA (UACA-full; aa 1-1413) was ampli-
fied from Marathon-Ready mouse brain cDNA (Clontech-Takara
Bio Inc., Shiga, Japan) by PCR with specific pairs of oligonucleotides
as described previously [18], and their sequences are available
from the authors on request. Truncated mutants of UACA, i.e.,
UACA-N (aa 1-251), UACA-DCC4 (aa 1-1008), and UACA-CC4-C
(aa 1151-1413), were constructed by conventional PCR techniques.
The cDNAs of full-length UACA and the truncated mutants of UACA
were subcloned into pAct2 (Clontech-Takara Bio Inc.), pGEX-4T-3
(GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK), pEGFP-
C1 (Clontech-Takara Bio Inc.) and/or pEF-T7 tag expression vector
[18]. pEF-FLAG-Rab39A and pEF-FLAG-Rab39B were prepared as
described previously [19,20]. The cDNAs of Rab39A and Rab39B
were subcloned into pGEX-4T-3, pEGFP-C1, and/or pmStrawber-
ry-C1 (pmStr-C1) [21]. pSilencer-CMV-EGFP (enhanced green
fluorescent protein) vector (or pSilencer-CMV-mStr vector) was
generated from pSilencer 2.1-U6 neo vector (pSilencer-neo; Ambi-
on, Austin, TX) by substituting the SspI insert of pSilencer-neo for
the CMV promoter-EGFP region (or CMV promoter-mStrawberry
region), which had been amplified by PCR with the following prim-
ers by using pEGFP-C1 (or pmStr-C1) as a template: 50-AGTAATCAA
TTACGGGGTC-30 and 50-GCGTTAAGATACATTGATGAG-30. pSilenc-
er-neo, pSilencer-CMV-EGFP, and pSilencer-CMV-mStr vectors
expressing mouse Rab39A-short hairpin RNA (shRNA) (19-base tar-
get site: 50-CATGTGAAAGATTGGCTAG-30), Rab39B-shRNA (19-base
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Fig. 2. UACA colocalizes with Rab39A/B in COS-7 cells. (A-C) COS-7 cells were transfected with pmStr-C1-Rab39A (A), pmStr-C1-Rab39B (B), or pEGFP-C1-UACA (C) alone, and
the cells were fixed one day after transfection. (D) COS-7 cells were cotransfected with pEGFP-C1-UACA and pmStr-C1-Rab39A (upper panels) or with pmStr-C1-Rab39B
(lower panels) and the cells were fixed one day after transfection. The insets show magnified views of the boxed area. Bars, 20 lm.
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target site: 50-ATCAGAGAGGAGATGTTTG-30), and UACA-shRNA
(19-base target site: 50-CTGAAAATGAGATTTTAAA-30) were pre-
pared as described previously [22]. pEGFP-C1-Rab39ASR, pMyc-
Rab39ASR and pEGFP-C1-UACASR (shRNA-resistant Rab39A and
UACA mutants) were produced by a two-step PCR technique as de-
scribed previously [23], and their sequences are also available from
the authors on request.

2.3. Yeast two-hybrid assays

The yeast strain (pJ69-4A), SC-LW medium (synthetic complete
medium lacking leucine and tryptophan), selection medium
SC-AHLW (synthetic complete medium lacking adenine, histidine,
leucine, and tryptophan), culture conditions, and transformation
protocol used are described in James et al. [24]. pGBD-C1-Rab-
39A(Q72L)DCys and pGBD-C1-Rab39B(Q68L)DCys [19] were used
as bait to screen oligo(dT)-primed mouse testis and mouse embryo
mixed cDNA libraries according to the manufacturer’s instructions
(Clontech-Takara Bio Inc.), and 1 � 108 colonies were investigated
[6].

2.4. Cell cultures and transfections

COS-7 cells and Neuro2A cells were cultured in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum, 50 U/ml penicillin, and 50 U/ml streptomycin. The cells
were plated onto a 6-well or 12-well plate(s). Plasmid DNAs were
transfected into COS-7 and Neuro2A cells by using LipofectAMINE
Plus and LipofectAMINE 2000 (Invitrogen, Carlsbad, CA),
respectively.

2.5. Binding assays

Coimmunoprecipitation assays in COS-7 cells were performed
essentially as described previously [18,25].

2.6. RA-induced neuritogenesis of Neuro2A cells

Differentiation of Neuro2A cells was induced with RA as de-
scribed previously with slight modifications [26]. In brief, one
day after transfection the cells were treated with 2 lM RA (Sig-
ma–Aldrich, St. Louis, MO) in DMEM containing 2% fetal bovine
serum. Two days later the cells were fixed in 4% paraformaldehyde
in 0.1 M sodium phosphate buffer and examined for fluorescence
of EGFP or mStr with a confocal fluorescence microscope (Fluoview
1000; Olympus, Tokyo, Japan). We classified Neuro2A cells having
one or more neurites extending more than 10 lm from the cell
body as differentiated cells and counted the number of multipolar
cells (3 or more neurites) and bipolar cells (1–2 neurites) (n > 150
in three independently prepared dishes). Total neurite numbers
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Fig. 3. Expression profiles of UACA and Rab39A/B in mammalian cell lines. (A) Lysates of the cells indicated were analyzed by immunoblotting with the antibodies indicated.
The doublet bands detected by anti-Rab39 antibody (e.g., lanes 1 and 5) presumably correspond to Rab39A and Rab39B. (B) and (C) Knockdown efficiency of Rab39A-shRNA
and UACA-shRNA in Neuro2A cells. Neuro2A cells were transfected with pSilencer-neo-Control (lane 1), pSilencer-neo-Rab39A (lane 2 in B), or pSilencer-neo-UACA (lane 2 in
C). Two days after transfection the cells were lysed and the lysates were subjected to immunoblot analysis with the antibodies indicated.
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and total neurite length were determined manually by using the
ImageJ software. The proportion (%) of bipolar cells was calculated
by dividing the number of bipolar cells by the total number of dif-
ferentiated cells (bipolar cells plus multipolar cells).

2.7. Immunocytochemistry

Cells were fixed for 10 min at room temperature with 4% para-
formaldehyde (Wako Pure Chemical Industries, Osaka, Japan), per-
meabilized with 0.3% Triton X-100 for 2 min, and then stained with
specific antibodies. The cells were examined for fluorescence with
the confocal fluorescence microscope, and the images were pro-
cessed with Adobe Photoshop software (CS4).

2.8. Statistical analysis

The results in Figs. 4B–E are shown as the mean value and SEM
(n > 150). Values were analyzed for statistically significant differ-
ences by Tukey’s multiple comparison test. A p value of < 0.05
was considered statistically significant. All statistical analyses were
performed on data obtained from three independent experiments.

3. Results

3.1. Identification of UACA as a Rab39A/B-specific binding protein

To identify a novel Rab39A/B-specific effector molecule(s), we
screened mouse cDNA libraries by performing yeast two-hybrid as-
says with the constitutive active (CA, GTP-fixed) form of Rab39A/B
as bait. Using Rab39B as bait enabled us to identify a clone that en-
codes the C-terminal fragment of UACA (aa 1181-1413) (Fig. 1A). A
yeast two-hybrid assay with a panel of 60 different GTP-locked
Rabs [6] revealed that UACA-CC4-C, which contains the C-terminal
half of the coiled-coil 4 (CC4) domain, interacted with Rab39A and
Rab39B alone (Fig. 1B), and UACA-CC4-C, but not UACA-DCC4,
specifically interacted with the CA form of Rab39A/B, but not with
their CN form (Fig. 1C), indicating that UACA-CC4-C is necessary
and sufficient for specific recognition of the active Rab39. More-
over, coimmunoprecipitation assays showed that the GTP-depen-
dent Rab39A/B–UACA interaction also occurred in cultured
mammalian cells (Fig. 1D, middle).

3.2. Colocalization between UACA and Rab39A/B

If UACA functions as a Rab39 effector, UACA and Rab39A should
be colocalized in cultured cells. Because the antibodies against
UACA and Rab39 that we prepared for use in this study (see next
section below) failed to work in an immunofluorescence analysis,
we coexpressed EGFP-tagged UACA and mStr-tagged Rab39A (or
Rab39B) in COS-7 cells and investigated their subcellular localiza-
tion by confocal fluorescence microscopy. Consistent with a previ-
ous observation [10], both mStr-Rab39A and mStr-Rab39B were
seen to mainly be localized in the Golgi region when they were ex-
pressed alone in COS-7 cells (Fig. 2A and B, and Supplementary
Fig. S1A), whereas EGFP-UACA was localized at unidentified dot-
like structures (Fig. 2C) that were negative for all of the organelle
markers tested, including Golgi, trans-Golgi network, endoplasmic
reticulum, endosome, and lysosome markers (Supplementary
Fig. S1B). Intriguingly, however, when EGFP-UACA and mStr-
Rab39A/B were coexpressed in COS-7 cells they were observed to
be colocalized at the dot-like structures outside the Golgi region
(Fig. 2D and Supplementary Fig. S1C). Taken together, these find-
ings indicated that UACA is a plausible candidate for Rab39-spe-
cific effector in mammalian cells.

3.3. Involvement of Rab39A and UACA in RA-induced differentiation of
Neuro2A cells

Next, we tested nine cultured mammalian cell lines for endoge-
nous expression of UACA and Rab39A/B by immunoblotting with



Fig. 4. Rab39A and UACA are involved in RA-induced neuritogenesis of Neuro2A cells. (A) Typical images of RA-differentiated Neuro2A cells in the presence of the shRNAs
indicated. The cells in the EGFP fluorescence image (i.e., shRNA-expressing cells) are shown in black. Bar, 50 lm. (B and C) Quantification of total neurite numbers (B) and
total neurite length (C) shown in (A). ⁄⁄ p < 0.01. (D and E) Quantification of the proportion of RA-differentiated Neuro2A cells having a bipolar morphology. (D) Neuro2A cells
were transfected with pSilencer-CMV-mStr-Control or pSilencer-CMV-mStr-Rab39A together with pMyc-Control or pMyc-Rab39ASR. (E) Neuro2A cells were transfected with
pSilencer-CMV-mStr-Control or pSilencer-CMV-mStr-UACA together with pEGFP-C1 or pEGFP-C1-UACASR. (A-E) Two days after treatment with RA, the cells were fixed and
examined with a confocal fluorescence microscope. The proportion (%) of Neuro2A cells having a bipolar morphology was calculated as described in the Materials and
methods section. ⁄⁄ p < 0.01; ⁄ p < 0.05.
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specific antibodies. As shown in Fig. 3A (top), the anti-UACA anti-
body specifically recognized 150-kDa bands that closely matched
the estimated molecular mass of UACA, and abundant expression
of the molecule was observed in every cell line except PC12 cells.
By contrast, the anti-Rab39 antibody, which recognized both
Rab39A and Rab39B (data not shown), detected a single band or dou-
blet bands around 22-kDa in certain cell lines. Abundant Rab39
expression was found in MEF, PC12, B16-F1, and Neuro2A cells,
but only a trace amount of Rab39 or virtually no expression of
Rab39 was observed in any of the other cell lines (Fig. 3A, middle).

We selected one of the cell lines tested, Neuro2A cells, for sub-
sequent analysis of the functional relationship between Rab39 and
UACA for two reasons. Our first reason was that Rab39B has been
shown to be involved in neuritogenesis of cultured hippocampal
neurons [10], and Neuro2A cells are known to extend neurites in
response to RA [26]. Our second reason was that Neuro2A cells
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express both UACA and a single band (or isoform) of Rab39, and
they can easily be used for RNA interference-mediated knockdown
experiments [27]. We generated specific shRNAs against Rab39A,
Rab39B, and UACA and their shRNA-resistant mutants (Supple-
mentary Figs. S2A, S2B, and S3A) and attempted to evaluate the
knockdown effect of shRNAs on RA-induced neuritogenesis. The
UACA-shRNA and Rab39A-shRNA we produced clearly decreased
the intensity of the immunoreactive bands around 150-kDa and
22-kDa, respectively, confirming the specificity of the shRNAs
(Fig. 3B and C). When Neuro2A cells were treated for 2 days with
RA, the cells often extended more than 3 neurites (multipolar cell
morphology; see Fig. 4A, left) as described previously [26]. Unex-
pectedly, Neuro2A cells extended neurites even in the absence of
Rab39A or UACA. Intriguingly, however, knockdown of either
Rab39A or UACA resulted in a significant increase in the proportion
of bipolar cells that extended 1–2 neurites from the cell body
(Fig. 4A, middle and right) and a significant decrease in the num-
bers of neurites (Fig. 4B) without altering total neurite length
(Fig. 4C). By contrast, the Rab39B-shRNA had no effect on the mor-
phology of RA-differentiated Neuro2A cells (Supplementary
Fig. S3B and S3C), suggesting that Neuro2A cells predominantly ex-
press Rab39A rather than Rab39B. This morphological change can-
not have been attributable to an off-target effect of the shRNAs,
because re-expression of an shRNA-resistant Rab39ASR mutant in
Rab39A-knockdown cells significantly decreased the proportion
of bipolar cells (Fig. 4D). Similarly, re-expression of UACASR in
UACA-knockdown cells completely restored their multipolar mor-
phology (Fig. 4E). These results indicated that both Rab39A and
UACA are involved in RA-induced differentiation of Neuro2A cells,
especially in the process of multiple neurite formation (i.e., multi-
polar morphology).
4. Discussion

Several functions of Rab39 have been reported previously
[10,12,13], but the molecular basis of the role of Rab39 in mem-
brane traffic is not fully understood. In the present study, we have
presented several lines of evidence showing that UACA is a plausi-
ble candidate for a Rab39 effector in mammals. First, we identified
UACA as a GTP-Rab39A/B-specific binding protein and mapped its
binding site to the C-terminal region of the CC4 domain (Fig. 1).
Although several Rab39-binding proteins have been identified
[7,12,13], UACA is the only Rab39-binding protein whose Rab bind-
ing specificity has been precisely determined, because UACA was
shown to interact exclusively with Rab39A/B and not to interact
with 58 other Rabs (Fig. 1B). Second, we demonstrated that
EGFP-UACA and mStr-Rab39A/B are colocalized in COS-7 cells
(Fig. 2D). Third, we found that both UACA and Rab39A are endog-
enously expressed in Neuro2A cells (Fig. 3) and that knockdown of
either molecule in RA-differentiated Neuro2A cells causes a change
in cell morphology from a multipolar morphology to a bipolar mor-
phology (Fig. 4).

It has been reported that Rab39B is involved in the neuritogen-
esis of cultured mouse hippocampal neurons and that knockdown
of Rab39B decreases the number of neuronal branches [10]. This
phenotype closely resembles the bipolar morphology (i.e., de-
creased number of neurites) of Rab39A-knockdown Neuro2A cells
in this study (Fig. 4A). Thus, it is tempting to speculate that both
Rab39A and Rab39B have essentially the same ability to regulate
neurite morphology and that both isoforms are differently ex-
pressed in mouse tissues or cells. Actually, Rab39B is predominant
in mouse brain [10], whereas Rab39A seemed to be predominant in
Neuro2A cells (Fig. 3B). We also demonstrated that knockdown of
UACA phenocopies the Rab39A deficiency in RA-differentiated
Neuro2A cells (Fig. 4D and E), although the effect of UACA-shRNA
was weaker than that of Rab39A-shRNA. The weaker effect of
UACA-shRNA may have been attributable to insufficient knock-
down of endogenous UACA. Alternatively, another type of Rab39
effector molecule, e.g., caspase-1 [12] or RASSF-1 [13], may be in-
volved in this process [28]. Since UACA is also expressed in mouse
brain (our unpublished data), it is highly possible that UACA func-
tions as a Rab39B effector during the process of neurite branching
in hippocampal neurons. Further research will be necessary to
determine whether UACA is actually involved in the regulation of
neuritogenesis and/or synapse formation by neurons in the same
way as Rab39B is [10].

UACA was originally identified as an autoantigen in patients
with panuveitis [29] and it has been shown to be associated with
myocardial differentiation [14] and apoptosis [30,31], but involve-
ment of Rab39 in these cellular functions has never been investi-
gated. However, since Rab39A physically interacts with caspase-1
[12], it will be very interesting to determine whether the Rab39–
UACA complex is also involved in myocardial differentiation and
apoptosis in the future.

In summary, we have identified UACA as a Rab39A/B-specific
binding protein and demonstrated that knockdown of endogenous
Rab39A or UACA in RA-differentiated Neuro2A cells changed their
morphology from a multipolar morphology to a bipolar morphol-
ogy. We propose that UACA functions as a specific Rab39 effector
molecule that regulates the branching or formation of neurites,
possibly by promoting membrane traffic from the Golgi, where
Rab39 is usually present (Fig. 2A and B) [10], to neurites.
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