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Abstract

HRES-1/Rab4 is a small GTPase that regulates endocytic recycling. It has been colocalized to mitochondria and the
mechanistic target of rapamycin (mTOR), a suppressor of autophagy. Since the autophagosomal membrane component
microtubule-associated protein light chain 3 (LC3) is derived from mitochondria, we investigated the impact of HRES-1/Rab4
on the formation of LC3* autophagosomes, their colocalization with HRES-1/Rab4 and mitochondria, and the retention of
mitochondria during autophagy induced by starvation and rapamycin. HRES-1/Rab4 exhibited minimal baseline
colocalization with LC3, which was enhanced 22-fold upon starvation or 6-fold upon rapamycin treatment. Colocalization
of HRES-1/Rab4 with mitochondria was increased >2-fold by starvation or rapamycin. HRES-1/Rab4 overexpression
promoted the colocalization of mitochondria with LC3 upon starvation or rapamycin treatment. A dominant-negative
mutant, HRES-1/Rab4>*"™ had reduced colocalization with LC3 and mitochondria upon starvation but not rapamycin
treatment. A constitutively active mutant, HRES-1/Rab4?”" showed diminished colocalization with LC3 but promoted the
partitioning of mitochondria with LC3 upon starvation or rapamycin treatment. Phosphorylation-resistant mutant HRES-1/
Rab4°2%*? showed diminished colocalization with LC3 but increased partitioning to mitochondria. A newly discovered C-
terminally truncated native isoform, HRES-1/Rab4'~'2!, showed enhanced localization to LC3 and mitochondria without
starvation or rapamycin treatment. HRES-1/Rab4'~'?" increased the formation of LC3* autophagosomes in resting cells,
while other isoforms promoted autophagosome formation upon starvation. HRES-1/Rab4, HRES-1/Rab4'~"'?", HRES-1/
Rab4?7%" and HRES-1/Rab4°2%*? promoted the accumulation of mitochondria during starvation. The specificity of HRES-1/
Rab4-mediated mitochondrial accumulation is indicated by its abrogation by dominant-negative HRES-1/Rab4>*’N
mutation. The formation of interconnected mitochondrial tubular networks was markedly enhanced by HRES-1/Rab4%7%
upon starvation, which may contribute to the retention of mitochondria during autophagy. The present study thus indicates
that HRES-1/Rab4 regulates autophagy through promoting the formation of LC3* autophagosomes and the preservation of
mitochondria.
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been widely identified as a binding partner of endosomal traffic
regulator Rab G'TPases [8,9]. The early endosomal marker Rab11
has been implicated in autophagosome formation [6], while the
late endosomal Rab7 contributes to endosome maturation [9] and
progression [10].

We have previously documented that the small GTPase HRES-
1/Rab4 regulated the recycling and lysosomal degradation of
surface receptors, GLUT4 on adipocytes [11] as well as CD4 [12]

Introduction

Autophagy is a complex stress-induced catabolic process that
breaks down and recycles organelles and cytoplasmic materials
[1]. While autophagy is a fundamental mechanism of cell survival,
its dysregulation has been widely implicated in cancer, inflamma-
tory, and neurodegenerative diseases [1,2]. During autophagy, a
new organelle, the autophagosome, is assembled from membrane

components of mitochondria [3], plasma membrane [4] and
endoplasmic reticulum [5]. Recycling endosomes have been
suggested to contribute to the biogenesis of autophagosomes [6].
A signature component of the autophagosome membrane is
microtubule-associated protein light chain 3 (LC3) [7], which has
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and CD3( in T lymphocytes [13]. Expression of HRES-1/Rab4 is
redox-controlled: induced by HyOs and inhibited by glutathione
[13]. HRES-1/Rab4 was colocalized with the lysosomes and the
mechanistic target of rapamycin (mTOR), which acts as a
suppressor of autophagy [14,15]. Blockade of mTOR with
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Figure 1. Detection of LC3 fused to FP650 (FP650-LC3) and HRES-1/Rab4 isoforms, including wild-type HRES-1/Rab4, C-terminally
truncated HRES-1/Rab4'"'?", dominant-negative/GTP binding-deficient HRES-1/Rab4°?”™, constitutively active/GTPase-deficient
HRES-1/Rab4?72" and phosphorylation-resistant form HRES-1/Rab4°2°?, tagged with eGFP. A, Functional domains of proteins encoded
by the HRES-1/Rab4 cDNA at 1942 [12] (Genbank accession number: AY585832). Amino acid changes previously shown to affect Rab4 activity are
typed in red. HRES-1/Rab4>”N prevents GTP binding and acts as a dominant negative mutation [20]. HRES-1/Rab4?”" is constitutively active due to
elimination of GTPase activity [21]. HRES-1/Rab4°2%*? will not be phosphorylated by p34cdc2 kinase in mitotic cells and remains endosome-
associated throughout the cell cycle [22]. B, Amino acid sequence of HRES-1/Rab4’%, representing a 36-nucleotide out-of-frame deletion, is
attributed to alternative splicing (GenBank submission number 1591873). This results in a frameshift with an amino acid sequence corresponding to
the 96 N-terminal residues of HRES-1/Rab4 continuing into 25 C-terminal residues (typed in red characters), which are unrelated to the amino acid
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sequence of residues 97-218 in wild-type HRES-1/Rab4. C, Confocal microscopy of Hela cells transfected with expression vectors producing FP650-
LC3 (emitting red fluorescence) and HRES-1/Rab4 isoforms fused to eGFP (emitting green fluorescence) relative to control cells transfected with
vectors expressing fluorescent proteins FP650 and eGFP alone. D, Western blot analysis of HeLa cells transduced with expression vectors producing
eGFP-HRES-1/Rab4 and FP650-LC3 fusion proteins. HRES-1/Rab4 isoforms were detected with antibody SC312 directed to the C-terminus which is
absent in HRES-1/Rab4’~'2", E, Western blot analysis of HRES-1/Rab4'~'?! expression in HeLa cells transfected with pAAV-HRES-1/Rab4'~'?'-IRES-GFP
vector (clone 8466), pAAV-hrGFP-HRES-1/Rab4''?" vector (clone 9214), and pAAV-HRES-1/Rab4-IRES-GFP vector (clone 8467). Cells were incubated
without (control) or with 0.1% DMSO, bafilomycin A1 (200 nM), or leupeptin (10 pg/ml). HRES-1/Rab4'~"?" and HRES-1/Rab4'~"?"-GFP fusion protein
were detected with rabbit antibody G1432. HRES-1/Rab4 was detected with rabbit antibody 13407 [12].

doi:10.1371/journal.pone.0084392.g001

rapamycin, which is an effective treatment in patients with
systemic lupus erythematosus [16,17], inhibited the oxidative
stress-induced expression of HRES-1/Rab4 and the lysosomal
degradation of CD4 and CD3( [13]. Along these lines, mTOR has
been localized to endosomes [18], including those carrying HRES-
1/Rab4 [13]. Overexpression of HRES-1/Rab4 and activation of
mTOR can be detected in T cells of patients with systemic lupus
erythematosus (SLE) [13] and lupus-prone mice, where autophagy
appears to be involved in disease pathogenesis [19]. While HRES-
1/Rab4 promotes the lysosomal degradation of proteins by
autophagy, it appears to inhibit the autophagy of mitochondria
or mitophagy [19]. The biogenesis of LC3" autophagosomes is
dependent on the supply of membranes from mitochondria [3]. In
order to test the hypothesis that HRES-1/Rab4 influences the
formation of autophagosomes, we investigated the colocalization
of its wild-type and functionally distinct mutant isoforms with LC3
and mitochondria during autophagy, which was induced by
starvation or mTOR blockade with rapamycin in HeLa cells,
owing to the limited size and paucity of organelles in primary
human T lymphocytes. Here, we show that HRES-1/Rab4
colocalizes with the autophagosomal membrane component LC3
and promotes 1its partitioning to the mitochondria during
autophagy. Dominant-negative HRES-1/Rab4%?’Y  mutation
[20] blocked colocalization with LLG3 and partitioning to the
mitochondria induced by starvation but not by rapamycin.
Constitutively active HRES-1/Rab4?’?" [21] showed diminished
colocalization with LC3 but promoted partitioning of mitochon-
dria with LC3 upon starvation or rapamycin treatment. A newly
discovered C-terminally truncated natural isoform, HRES-1/
Rab4! 2! showed enhanced localization to LC3 and its
partitioning to mitochondria without starvation or rapamycin
treatment. CDC  kinase phosphorylation-deficient HRES-1/
Rab4®2**2 [29] showed diminished colocalization with LC3 but
facilitated its partitioning to mitochondria without starvation or
rapamycin treatment. Only HRES-1/Rab4' '?' increased the
formation of LC3" autophagosomes in resting cells, while other
1soforms promoted autophagosome formation upon starvation.
HRES-1/Rab4, HRES-1/Rab4''?!, HRES-1/Rab4¥?" and
HRES-1/Rab4™*"*2 but not HRES-1/Rab4>*"~, enhanced the
accumulation of mitochondria during starvation. The formation of
interconnected mitochondrial tubular networks was enhanced by
HRES-1/Rab4¥"?" upon starvation, which may contribute to the
preservation of mitochondria during autophagy. Overall, these
results reveal a new role of HRES-1/Rab4 in autophagy and
mitochondrial homeostasis.

Results

HRES-1/Rab4 colocalizes with the autophagosomal
membrane component LC3

The colocalization of HRES-1/Rab4 and LC3 was investigated
in HeLa cells transfected with LC3 fused to FP650 (FP650-LC3)
and HRES-1/Rab4 isoforms, including wild-type HRES-1/Rab4,
HRES-1/Rab4%*N HRES-1/Rab4%’?", HRES-1/Rab452"*2
and C-terminally truncated HRES-1/Rab4' '?!| cach tagged to
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the C-terminus of eGFP (Fig. 1). Among the mutant isoforms,
HRES-1/Rab4?"™ acts as a dominant negative mutation that
prevents GTP binding [20]. HRES-1/Rab4®?" is constitutively
active due to elimination of GTPase activity [21]. HRES-1/
Rab4****2 cannot be phosphorylated by p34cdc2 kinase in mitotic
cells and remains endosome-associated throughout the cell cycle
[22]. HRES-1/Rab4' '?' is encoded by a newly identified
alternatively spliced mRNA that represents a 36-nucleotide out-
of-frame deletion (GenBank submission number: 1591873). This
results in a frame shift with an amino acid sequence corresponding
to the 96 N-terminal residues of HRES-1/Rab4 continuing into
25 C-terminal residues unrelated to residues 97-218 of wild-type
HRES-1/Rab4 (Fig. 1B).

Expression of transduced eGFP-HRES-1/Rab4 and FP650-
LC3 fusion proteins was monitored by fluorescence microscopy
(Figs. 1C), flow cytometry (Figs. SIA and B), and western blot
(Figs. 1D and E). The colocalization of HRES-1/Rab4 isoforms
and LC3 was analyzed by confocal microscopy (Fig. 2) and
quantified relative to both the total LC3 (Fig. 3A) and total HRES-
1/Rab4 signal pools (Fig. 3B). HRES-1/Rab4 formed round-
shaped structures around LC3" vesicles. (Fig. 2). While minimal
colocalization was observed between HRES-1/Rab4 and LC3 in
cells cultured in complete medium (1.6%=0.5%; Fig. 3), starvation
initiated by withdrawal of serum and glutamine for 4 h enhanced
their colocalization 22-fold (23.0%5.4%, p=0.003; Figs. 3A).
Colocalization was also induced, however, to a lesser extent, 6-
fold, after exposure to rapamycin (Rapa) (9.8%£3.5%; p=0.020;
Fig. 3A). Unlike starvation-induced colocalization, the effect of
Rapa was not reduced by balifomycin Al (Baf). HRES-1/Rab4’
21" showed the most robust colocalization with LCS3 but no
responsiveness to starvation or Rapa. The disproportionately
strong colocalization of HRES-1/Rab4' "' with LC3 may be
related to an instability and susceptibility to lysosomal degradation
of this truncated isoform (Fig. 1E). Colocalization of HRES-1/
Rab4%?"N with LC3 was induced 11.6-fold (p = 0.020) by Rapa but
not starvation (Fig. 3A). Colocalization of HRES-1/Rah4?¥?"
with LC3 was robustly induced by Rapa (70-fold; p =0.0005) and
reversed by Baf (p = 0.04; Fig. 3A). HRES-1/Rab4%2**2 was least
prone to colocalize with LC3 upon starvation (Fig. 3A). The
resistance of HRES-1/Rab4?’N, HRES-1/Rab4%’? and
HRES-1/Rab452%*Q 1o starvation-induced colocalization with
LC3 implies that this process 1s dependent on GTP binding,
GTPase activity, and phosphorylation at S204.

The fraction of LC3 colocalizing with the HRES-1/Rab4 was
increased to 0.23%=0.06 upon starvation from 0.015*0.006
(p=0.0001) in complete medium (Fig. 3A). While Baf alone
moderately increased this ratio (0.0460.015, p = 0.02) relative to
cells grown in complete medium, it failed to influence the impact
of starvation. The ratio of LC3 bound to HRES-1/Rab4 was
increased by Rapa to 0.098%0.03 (p=0.001) and further
augmented by the combination of Rapa and Baf to 0.24+0.06
(p=0.00005). This pattern of changes was influenced by using
mutated HRES-1/Rab4 isoforms. LC3 showed the greatest
colocalization with C-terminally truncated HRES-1/Rab4'™'?!
at baseline and the least responsiveness to starvation or treatment
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Figure 2. Confocal microscopy of Hela cells transfected with expression vector producing LC3 tagged with FP650 (emitting red
fluorescence) and different isoforms of HRES-1/Rab4, including wild-type (HRES-1/Rab4), C-terminally truncated form (HRES-1/
Rab4'-'2"), dominant-negative form (Rab4°?’V), constitutively active (HRES-1/Rab4?’?") and phosphorylation-resistant form
(HRES-1/Rab452°%?) tagged with eGFP (emitting green fluorescence). Cells were kept in complete medium (Control), starved in serum-free
medium without glutamine (Star), or treated with autophagy-modifying agents, bafilomycin A1 (Baf) and rapamycin (Rapa) for 4 hours. Starved and
rapamycin treated cells were also treated with Baf. Images are representative of 6-40 cells analyzed during three independent experiments. Image
inserts bracketed by broken lines correspond to LC3 vesicles magnified from the original image. Individual and composite color channels are shown
for each experimental condition.

doi:10.1371/journal.pone.0084392.9002

with Rapa or Baf, suggesting that this naturally occurring HRES- 1/Rab4-positive LC3 vesicles to 0.4120.16 from 0.035%0.018 at
1/Rab4 isoform has limited functional capacity. LC3 failed to baseline (p = 0.02). Baf did not influence the colocalization of LC3
colocalize with HRES-1/Rab4%*"™ in complete medium or upon with HRES-1/Rab4%?"N in the absence or presence of Rapa. The
starvation. However, Rapa markedly increased the ratio of HRES- colocalization of LC3 with HRES-1/Rab4??" and LC3 was
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Figure 3. Cumulative analysis of colocalization of HRES-1/Rab4 and LC3 induced by starvation and rapamycin. Colocalization of HRES-
1/Rab4 and LC3 was quantified relative to total LC3 (panel A) and total HRES-1/Rab4 content (panel B). The colocalization of HRES-1/Rab4 with LC3
was most profoundly skewed by HRES-1/Rab4°*”N which blocked colocalization under starvation and promoted colocalization during mTOR
blockade. In contrast to HRES-1/Rab4>2”N, HRES-1/Rab4?’?" blocked colocalization with LC3 both under starvation and mTOR blockade. Data
represent mean * SEM of 6-29 cells acquired in 3 independent experiments. * indicates p values<0.05 reflecting comparison to control cells among
cell cultures transfected with the same construct using paired two-tailed t-tests; brackets connecting bars within each construct also reflect
comparison with paired two-tailed t-tests. Brackets connecting bars between constructs reflect p<<0.05 using ANOVA followed by Bonferroni’s post-
test.

doi:10.1371/journal.pone.0084392.g003
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moderately responsive to Baf, starvation combined with Baf, and
Rapa. The Rapa-induced colocalization of LC3 with HRES-1/
Rab4?¥?" was reduced at 0.037=0.01 relative to that with HRES-
1/Rab4%?" at 0.410.16 (p=0.029; Fig. 3A). Starvation did not
influence to the colocalization of LC3 with HRES-1/Rab4%7%",
LC3 also showed increased colocalization with HRES-1/
Rab4%***Q ypon treatment with Rapa (p = 0.005). 2-way ANOVA
and Bonferroni post-tests revealed resistance to starvation-induced
colocalization of LC3 to mutated HRES-1/Rab4 isoforms and
greatest colocalization to HRES-1/Rab4**"™ in response to
treatment with Rapa (Fig. 3A).

We also quantified the ratio of HRES-1/Rab4 colocalizing with
LC3 relative to total LC3 (Fig. 3A) or HRES-1/Rab4 (IFig. 3B).
Starvation induced the fraction of HRES-1/Rab4 colocalizing
with LC3 from 0.009£0.003 in complete medium to 0.17%0.04
upon starvation (p=0.00007). The ratio of HRES-1/Rab4
colocalized with LC3 was also increased by Rapa at 0.05%0.02
(p=0.006), but this was less pronounced than the impact of
starvation (p =0.015). HRES-1/Rab4' '?! was most prominently
associated with LC3 at baseline 0.22+0.06 relative to any other
isoform tested (p<<0.01), and that was further augmented by
starvation and Baf to 0.64*0.18 (p=0.03, Fig. 2B). HRES-1/
Rab4%?"N was resistant to starvation-induced colocalization with
LC3 relative to wild-type HRES-1/Rab4 (ANOVA p<0.01;
Fig. 3B). HRES-1/Rah4¥?" failed to colocalize with LC3 upon
starvation, but it was effectively induced by Rapa to 0.096%=0.0036
from a baseline of 0.0013%0.0006 (p=0.0055) in complete
medium (Fig. 3B). Colocalization of HRES-1/Rab4°*™*2 with
LC3 was also induced by Rapa at 0.034%0.01 (p = 0.005, Fig. 3B).
2-way ANOVA and Bonferroni post-tests revealed an increased
localization of HRES-1/Rab4' '*! to LC3 over all other HRES-
1/Rab4 isoforms. Starvation-induced colocalization of HRES-1/
Rab4 with LC3 was blocked by C-terminal truncation in HRES-
1/Rab4! 121 inability to bind GTP, to exert GTPase activity, or
to respond to phosphorylation at S204 (Fig. 3B).

Colocalization of LC3 with mitochondria is modulated by
HRES-1/Rab4

After we found significant colocalization of HRES-1/Rab4 with
LC3 upon starvation, we examined whether the colocalization
between LC3 and MTDR, was affected by HRES-1/Rab4. As
evident from representative images (Iig. 4) and cumulative
analyses (Iigs. 5), there was limited MTDR-LC3 colocalization
at baseline, except with introduction of HRES-1/Rab4' !, Upon
starvation, wild-type HRES-1/Rab4 increased the ratio of LC3*
mitochondria/total ~ mitochondria to  0.226%0.049  from
0.015%0.005 at baseline (p=4.8x10">) and from 0.096+0.024
with starvation in the presence of transduced LC3 alone
(p=0.0229, Fig. 5A). In contrast, mutated HRES-1/Rab4'™'*!,
HRES-1/Rab4%?’N,  HRES-1/Rab4?’?"  and HRES-1/
Rab4%***2 limited the formation of LC3* mitochondria upon
starvation (Figs. 4 and 5A). HRES-1/Rab4 also promoted the
Rapa-induced formation of LC3" mitochondria (0.0870.027;
p=0.0008 relative to baseline), which was less pronounced with
HRES-1/Rab4%?" and HRES-1/Rab4%***2 In the presence of
Rapa and Baf, the latter being a lysosomal inhibitor, the fraction of
LC3" mitochondria was markedly enhanced to 0.259%0.111
relative to untreated controls (0.0460.022; p =0.0008, Fig. 5A).
This phenomenon, i.e. Rapa-induced colocalization of mitochon-
dria with LC3 in the presence of Baf, was obliterated by HRES-1/
Rab4?¥?" and HRES-1/Rab4%2*2 (Fig. 5A).

In contrast to the strong influence of HRES-1/Rab4 on
partitioning of mitochondria to LC3 (Fig. 5A), the influence on
partitioning of LC3 to mitochondria was modest (Fig. 5B).
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Interestingly, the partitioning of LC3 to mitochondria was reduced
from 0.112%0.041 to 0.011£0.004 in the presence of HRES-1/
Rab4 at baseline (p = 0.042; Fig. 5B). During starvation, HRES-1/
Rab4 and HRES-1/Rabh452°*2 promoted the partitioning of LC3
to mitochondria at 0.239%+0.042 (p =2.9x10~ ") and 0.115%0.031
(p=0.004), respectively (Fig. 5B). The greatest shift of LC3 to
mitochondria was elicited by HRES-1/Rab4%*"™ in the presence
of Rapa and Baf (0.586£0.263) relative to baseline (0.067%0.022;
p=0.010; Fig. 5B). The Rapa/Baf-induced partitioning of LC3 to
mitochondria was diminished by wild-type HRES-1/Rab4 and
HRES-1/Rab4¥?" (Fig. 5B).

Starvation and bafilomycin A1 (Baf) induce colocalization
of HRES-1/Rab4 with mitochondria

During autophagy, proteins and organelles alike are carried to
the lysosome as endosomal cargo [23].Since HRES-1/Rab4
influenced the colocalization of mitochondria with LC3, we
investigated if mitochondria were associated with HRES-1/Rab4-
carrying endosomes. As shown in Fig. 4B, HRES-1/Rab4
colocalized with mitochondria. Starvation strongly promoted the
association of HRES-1/Rab4 with mitochondria (Fig. 6). HRES-
1/Rab4' 2" exhibited the greatest colocalization with mitochon-
dria, approaching 65% in response to starvation and Baf (Fig. 6).
HRES-1/Rab4¥?" also showed colocalization with mitochondria
in response to starvation and Baf or Rapa and Baf
(Fig. 6).Starvation did not induce the partitioning of HRES-1/
Rab4?N or HRES-1/Rab4°***2 to mitochondria. Rapa only
induced the colocalization of HRES-1/Rab4****2 to mitochon-
dria, which was reversed by Baf (Fig. 6). Thus, Baf promoted the
association of HRES-1/Rab4??" but inhibited the association of
HRES-1/Rabh4°2°*2 with mitochondria in the presence of Rapa
(Fig. 6).

Effect of HRES-1/Rab4 on the formation of LC3"
autophagosomes

Among the HRES-1/Rab4 isoforms, only HRES-1/Rab4' 2!
increased the formation of LC3" autophagosomes in the absence
of starvation or Rapa treatment, using two-way ANOVA and
Bonferroni’s post-test comparison (Fig. 7A). Under starvation,
autophagosome formation was enhanced by wild-type HRES-1/
Rab4, HRES-1/Rab4%?’N HRES-1/Rab4?’*" and HRES-1/
Rab4®*"™, using paired t-test (Fig. 7A). Relative to starvation,
Rapa reduced the formation of LC3* autophagosomes with
overexpression of HRES-1/Rab4 and HRES-1/Rab4?¥?", This
effect of Rapa was sustained in the presence of Baf (Fig. 7A).

HRES-1/Rab4, HRES-1/Rab4''%", HRES-1/Rab4?’?" and
HRES-1/Rab4°2°*? promote the accumulation of
mitochondria during starvation

We investigated the impact of HRES-1/Rab4 on the mito-
chondrial mass of HeLLa cells. As opposed to primary lymphocytes
and Jurkat T cells [19], HRES-1/Rab4 did not influence the
accumulation of mitochondria in resting HelLa cells. However,
HRES-1/Rab4, HRES-1/Rab4! 2!, HRES-1/Rab4¥?L and
HRES-1/Rabh452°*2 promoted the accumulation of mitochondria
during starvation (Fig. 7B). In contrast, dominant-negative HRES-
1/Rab4®*™ did not have such effect (Fig. 7B). Rapa only
promoted the accumulation of mitochondria in the presence of
HRES-1/Rab42°*2 which was reversed by Baf (Fig. 7B). In
contrast, Rapa promoted the accumulation of mitochondria in the
presence of HRES-1/Rab4¥?" when Baf was also provided
(Fig. 7B).
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Figure 4. Confocal microscopy of HRES-1/Rab4, mitochondria, and LC3" autophagosomes in HeLa cells under starvation (Star) and
treatment with rapamycin (Rapa) and bafilomycin A1 (Baf). eGFP-tagged HRES-1/Rab4 isoforms were identified by green fluorescence.
Mitochondria were stained with MTDR and visualized by blue fluorescence. LC3" autophagosomes were visualized by red fluorescence of FP650-LC3.
Individual and composite color channels are shown for each experimental condition. A, Hela cells were transfected with FP650-LC3 alone. B, HelLa
cells were transfected with FP650-LC3 and eGFP-tagged HRES-1/Rab4. C, Hela cells were transfected with FP650-LC3 and eGFP-tagged HRES-1/
Rab4''?". D, Hela cells were transfected with FP650-LC3 and eGFP-tagged HRES-1/Rab4>"". E, Hela cells were transfected with FP650-LC3 and
eGFP-tagged HRES-1/Rab4?”?", F, Hela cells were transfected with FP650-LC3 and eGFP-tagged HRES-1/Rab4°2%*2, The areas showing the formation
of mitochondrial tubular networks are delineated by white dotted rectangles in panels A and E.

doi:10.1371/journal.pone.0084392.g004

HRES-1/Rab4?72 promotes the formation of starvation of cells transfected with LC3 only, 17£11% of
mitochondrial tubular network upon starvation mitochondria assumed tubular shape (Fig. 4A). The formation of
highly interconnected tubular mitochondria was enhanced to

Mitochondria fuse and form a highly interconnected tubular ) ) Q7oL
49+17% in cells transfected with HRES-1/Rab4=~""" (p =0.02;

network upon starvation to resist degradation [24]. Upon
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Figure 5. Quantitative analysis of colocalization between LC3" autophagosomes and mitochondria in HeLa cells transfected with

eGFP-tagged HRES-1/Rab4 isoforms and FP650-LC3. Autophagy was induced by starvation (Star) or treatment with rapamycin (Rapa) in the
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presence or absence of bafilomycin A1 (Baf). A, Colocalization of FP-650 LC3 and MTDR-stained mitochondria relative to the total mitochondrial pool.
B, Colocalization of FP-650 LC3 and MTDR-stained mitochondria relative to the total LC3 pool. Data represent mean = SEM of 6-30 cells acquired in 3
independent experiments. * indicates p values<<0.05 reflecting comparison to control cells among cell cultures transfected with the same construct
using paired two-tailed t-tests; brackets connecting bars within each construct also reflect comparison with paired two-tailed t-tests. Brackets
connecting bars between constructs reflect p<<0.05 using ANOVA followed by Bonferroni's post-test.

doi:10.1371/journal.pone.0084392.9005
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Figure 6. Quantitative analysis of colocalization between HRES-1/Rab4 and mitochondria in HeLa cells transfected with eGFP-
tagged HRES-1/Rab4 isoforms and FP650-LC3. Autophagy was induced by starvation (Star) or treatment with rapamycin (Rapa) in the presence
or absence of bafilomycin A1 (Baf). A, Colocalization of HRES-1/Rab4 and MTDR-stained mitochondria relative to the total mitochondrial pool. B,
Colocalization of HRES-1/Rab4 and MTDR-stained mitochondria relative to the total HRES-1/Rab4 pool. Bars represent mean * SEM. Data represent
mean = SEM of 6-29 cells acquired in 3 independent experiments. * indicates p values<<0.05 reflecting comparison to control cells among cell
cultures transfected with the same construct using paired two-tailed t-tests; brackets connecting bars within each construct also reflect comparison
with paired two-tailed t-tests. Brackets connecting bars between constructs reflect p<<0.05 using ANOVA followed by Bonferroni’s post-test.
doi:10.1371/journal.pone.0084392.9g006
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Figure 7. Quantitative analyses of the effect by HRES-1/Rab4 on the accumulation of LC3* autophagosomes (panel A) and MTDR-
stained mitochondria (panel B). Hela cells were transfected with eGFP-tagged HRES-1/Rab4 isoforms and FP650-LC3. Autophagy was induced by
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starvation (Star) or treatment with rapamycin (Rapa) in the presence or absence of bafilomycin A1 (Baf). Data represent mean * SEM of 6-30 cells
acquired in 3 independent experiments. * indicates p values<<0.05 reflecting comparison to cells transfected with LC3 alone using paired two-tailed t-
tests; brackets connecting bars within each construct also reflect comparison with paired two-tailed t-tests. Brackets connecting bars between

constructs reflect p<<0.05 using ANOVA followed by Bonferroni’s post-test.

doi:10.1371/journal.pone.0084392.g007

Fig. 4E). No other HRES-1/Rab4 isoform increased the formation
of mitochondrial tubular network (cumulative data not shown).

Discussion

The present study provides evidence that the endosomal
recycling regulator small GTPase HRES-1/Rab4 colocalizes with
the autophagosomal membrane component LC3 and mitochon-
dria, and, moreover, it promotes the colocalization between LC3
and mitochondria. These findings are consistent with recent
observations that 1) recycling endosomes contribute to the
biogenesis of autophagosomal membrane [6], 2) mitochondria
and endosomes are juxtaposed under cellular stress [25], and 3)
autophagosomes originate from membrane components of mito-
chondria (3], which may be linked to the turnover of mitochon-
dria, termed mitophagy [26]. Thus, the enhanced colocalization of
LC3 and mitochondria by HRES-1/Rab4 may reflect increased
formation of autophagosomes. All active isoforms of HRES-1/
Rab4, HRES-1/Rab4! '?! HRES-1/Rab4?"?" and HRES-1/
Rab4%2°*2 but not the dominant-negative HRES-1/Rab4S27N
promoted the accumulation of mitochondria during starvation,
suggesting that this small GTPase inhibits mitophagy, particularly
under the conditions of cellular stress. Along these lines, blockade
of mTOR by Rapa promoted the accumulation of mitochondria
in the presence of HRES-1/Rab4%2**2 which was reversed by
Baf. Since HRES-1/Rab4%?**? cannot be phosphorylated by
p34cdc? kinase and remains endosome-associated throughout the
cell cycle [22], this indicates that mTOR blockade may promote
the accumulation of mitochondria [16] through interacting with
endosome-bound HRES-1/Rab4. This notion is supported by the
finding that Rapa-induced colocalization of mitochondria with
LCS3 was obliterated by HRES-1/Rab4?"?". Rapa also increased
mitochondrial mass in the presence of HRES-1/Rab4%"*" when
Baf was provided, suggesting that such accumulation of mito-
chondria may depend on lysosomal function. The marked
enhancement of interconnected mitochondrial tubular networks
by HRES-1/Rab4?"?" documents its impact on a key checkpoint
of mitochondrial preservation during autophagy. Therefore, the
colocalization of LC3 with mitochondria upon starvation and the
enhancement of this colocalization by HRES-1/Rab4 may
represent coordinated steps between autophagosome formation
and retention of mitochondria through reduced mitophagy (Fig. 8).

The colocalization of HRES-1/Rab4 with LC3 was enhanced
by starvation and Rapa, both of which induce autophagy [14,15].
The induction of this colocalization was compromised by
mutations at $¥, Q% and $?”*, indicating that this activity
requires the complete functional integrity of HRES-1/Rab4. The
association of HRES-1/Rab4 with LC3 and mitochondria was
also enhanced by Baf. While Baf has been widely used as an
inhibitor of autophagy [27], it can also lead to mitochondrial
membrane depolarization and mitochondrial damage [28,29],
which is consistent with our findings.

Here, we documented the existence of a novel splice variant of
HRES-1/Rab4, encoding a 121 amino-acid-long N-terminal
polypeptide, HRES-1/Rab4'™'?! which exhibited the most robust
colocalization with both LC3 and mitochondria relative to all
other HRES-1/Rab4 isoforms. The increased localization of
HRES-1/Rab4' '?' to LC3 and mitochondria was also the least
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Figure 8. Schematic diagram of the impact by HRES-1/Rab4 on
autophagy. HRES-1/Rab4 promotes the formation of LC3* autophago-
somes, the accumulation of mitochondria, and their colocalization
during autophagy induced by starvation or treatment with rapamycin.
LC3* autophagosomes are encircled by HRES-1/Rab4" endosomes. The
formation of interconnected mitochondrial tubular networks is
enhanced by HRES-1/Rab4?’?" upon starvation.
doi:10.1371/journal.pone.0084392.g008

regulated by starvation, Rapa, or Baf, possibly due to the absence
of C-terminal prenylation site that allows association with
membrane moieties. As HRES-1/Rab4' 2! showed the greatest
colocalization with LC3 without starvation or Rapa treatment, this
truncated isoform may not act through promoting but rather
retaining the association of mitochondria with LC3" lysosomes.
Alternatively, the strong association of HRES-1/Rab4' 2! with
LC3 may reflect its targeting for degradation through the
autophagy-lysosome pathway [15,30], which has been also
documented for other proteins such as misfolded superoxide
dismutase [31] and truncated Cln6 [32].
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These findings complement earlier observations about the
involvement of early endosomal small GTPases in autophagy [8],
such as Rabll in autophagosome formation [6] and Rab7 in
autophagosome progression [10] and maturation [9]. The role of
HRES-1/Rab4 in mitophagy may be particularly relevant for the
pathogenesis of mitochondrial dysfunction and oxidative stress in
T cells of SLE patients [33]. Redox-controlled overexpression of
HRES-1/Rab4 in lupus T cells 1s partially reversed by Rapa [13].
Interestingly, the accumulation of mitochondria in lupus T cells is
resistant to mTOR blockade by Rapa [16] or NAC [34]. As shown
in this study, the accumulation of mitochondria was induced
during starvation by wild-type HRES-1/Rab4, C-terminally
truncated HRES-1/Rab4' 2! constitutively active/GTPase-defi-
cient HRES-1/Rab4%7%" and phosphorylation-resistant HRES-1/
Rab4%2°*2 but not by dominant-negative/GTP binding-deficient
HRES-1/Rab4%", Thus, the specificity of HRES-1/Rab4-
mediated mitochondrial accumulation is indicated through its
abrogation by the dominant-negative HRES-1/Rab4**"N muta-
tion. These findings are consistent with recent observations that
HRES-1/Rab4 depletes the mitophagy iitiator Drpl and thus
facilitates the accumulation of mitochondria [19]. Along these
lines, dominant-negative HRES-1/ Rab4%*™™ or pharmacological
blockade of HRES-1/Rab4 enhanced Drpl levels and diminished
mitochondrial mass in human and mouse T cells [19]. In
accordance with these observations, pharmacological blockade of
Drpl also elicited the accumulation of mitochondria [35].The
present study further substantiates the involvement of HRES-1/
Rab4 in autophagy, indicating its potential roles in formation of
autophagosomes and preservation of mitochondria by reduced
mitophagy.

Materials and Methods

Vector constructs

HRES-1/Rab4 ¢cDNA was inserted into the multiple cloning
site (MCS) of the pAAV-MCS vector fused to the C-terminus of
enhanced green fluorescent protein (eGFP; Stratagene, La Jolla,
CA) or fluorescent protein 650 (FP650), as described previously
[12,36]. We also made bicistronic constructs having the internal
ribosomal entry site positioned between the two open reading
frames (pAAV-HRES-1/Rab4-IRES-GFP) [12]. Point mutations
were created by site-directed mutagenesis using the PCR-based
Quick Change method (Stratagene, La Jolla, CA) to produce wild-
type ~ HRES-1/Rab4,  GDP-locked ~ HRES-1/Rab4%*"~
(TCT—AAT), GTP-locked HRES-1/Rab4¥?" (CAA—CTA),
HRES-1/Rab4''?' (C-terminally truncated) and cell cycle
phosphorylation-defective HRES-1/ Rab4%2”*2 mutants (TCA—
CAA). The GDP-locked HRES-1/Rab4%*N prevents GTP
binding and creates a dominant-negative mutation [20]. The
GTP-locked HRES-1/Rab4??" mutant is constitutively active
due to elimination of GTPase activity [21]. HRES-1/ Rah45204Q
will not be phosphorylated by p34cdc2 kinase in mitotic cells and
remains endosome-associated throughout the cell cycle [22].
Amino acid sequence of HRES-1/Rab4' '?! represents a 36-
nucleotide out-of-frame deletion, which was attributed to alterna-
tive splicing (GenBank submission number 1591873). This results
in a frameshift with a new protein corresponding to the 96 N-
terminal amino acid residues of HRES-1/Rab4 continuing into 25
C-terminal amino acid residues, which are unrelated to the C-
terminal 97-218 peptide domain of wild-type HRES-1/Rab4. A
schematic diagram of all investigated HRES-1/Rab4 isoforms is
shown in Figs. 1A and B.
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Transfections

HelLa cell were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 2 mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, 10 pg/mlL am-
photericin B. 24 h before transfection. 10° cells per well were
seeded in glass bottom dishes Petri dishes (MatTek, Ashland, MA;
Cat no. P35GC-1.5-10-C). Cells were washed in PBS and
transfected with 1200 ng of DNA in serum-free DMEM for
6 hours using Lipofectamine 2000 reagent and protocol (Life
Technologies, Grand Island, NY). After transfection, cells were
washed with PBS, incubated in complete DMEM medium for
48 hours, followed by induction of autophagy, and subsequent
analyses by microscopy, western blot, and flow cytometry

(Fig. S1).

Autophagy induction

After transfection, cells were washed with PBS and starved with
serum-free DMEM and compared to cells maintained in complete
DMEM for 4 hours. Parallel cultures were treated for 4 hours with
200 nM bafilomycin Al (Baf), a lysosomal or vacuolar type H*-
ATPase inhibitor commonly used to prevent autophagosome-
lysosome fusion [37,38]. However, the effect of Baf on lysosomes
may be non-selective, recent studies revealed its mitochondrial
toxicity [29,39]. Before flow cytometry and microscopy, cells were
loaded with 100 nM Mito Tracker Deep Red (MTDR) for
30 minutes and washed with PBS twice. Indeed, we observed a
32%5% loss of MTDR fluorescence by flow cytometry after 4 h
treatment with Baf (p = 0.001; data not shown). To inhibit mTOR
[13], cells were treated by 100 nM rapamycin (Rapa) for 4 hours.
Control cultures included 0.1% dimethylsulfoxide (DMSO) used
as solvent for Baf and Rapa.

Flow cytometry

Transfection of expression vectors producing eGFP (excitation:
488 nm, emission: 507 nm; FL1 A channel) and IFP650 (excita-
tion: 592 nm, emission: 650 nm; YDC-A channel) and staining of
mitochondria with 100 nM MitoTracker Deep Red (MTDR,
excitation: 644 nm, emission: 665 nm; Red C-A channel) were
monitored by flow cytometry. Samples were analyzed using a
Becton Dickinson LSRII flow cytometer equipped with 20 mW
solid-state Ng-YAG (emission at 355 nm), 20 mW argon (emission
at 488 nm), 10 mW diode-pumped solid-state yellow-green
(emission at 535 nm), and 16 mW helium-neon lasers (emission
at 634 nm). Data were analyzed with Flow Jo 7.6 software
(TreeStar Corporation, Ashland, OR). Dead cells and debris were
excluded from the analysis by electronic gating of forward (FSC)
and side scatter (SSC) measurements. Each measurement was
carried out on =10,000 cells.

Western blot analysis

Cells were trypsinized, washed once with PBS, and resuspended
in radio-immunoprecipitation assay buffer (150 mM NaCl, 2%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris
pH 8.0, 1 mM PMSF, 1 pg/ml aproptinin, 1 pg/ml pepstatin,
1 pg/ml leupeptin, 1 mM NaF, 1 mM sodium orthovanadate,
0.1 mM sodium molybdate, 10 mM sodium pyrophosphate) at a
density of 107 cells/ml on ice, followed by addition of equal
volumes of Laemmli protein sample buffer (60 mM Tris-Cl pH
6.8, 2% SDS, 10% glycerol, 5% PB-mercaptoethanol, 0.01%
bromophenol blue) and heated to 95°C for 5 minutes prior to
separation on SDS-PAGE gels and transfer to 0.45 pm nitrocel-
lulose membranes. HRES-1/Rab4 was detected by primary rabbit
antibodies directed to the C-terminus (Santa Cruz SC312) and Ab
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13407 directed to full-length native protein [12]. Expression of
HRES-1/Rab4' "' was detected by G1432 rabbit antibody
directed to peptide residues 100-121 (Genemed, San Antonio,
TX). LC3A/B (#4108), and LC3B (#2775) antibodies were
obtained from Cell Signaling. Reactivities to primary antibodies
were detected with horseradish peroxidase-conjugated secondary
antibodies (Jackson, West Grove, PA) and visualized by enhanced
chemiluminescence (Western Lightning Chemiluminescence Re-
agent Plus, GE Health Care/PerkinElmer Life Sciences, Inc.,
Boston, Massachusetts). Automated densitometry was used to
quantify the relative levels of protein expression using a Kodak
Image Station 440CF with Kodak 1D Image Analysis Software
(Eastman Kodak Company, Rochester, NY).

Confocal microscopy

After autophagy induction, culture dishes with adherent cells
were kept in PBS on ice until images were taken using a Zeiss LSM
510 confocal microscope and 63x oil objective. Visualization of the
specimens on the slides was carried out under a Zeiss 510 LSM
Meta confocal microscope using Zeiss LSM Image Browser
software version 4.2 (Carl Zeiss Microimaging, Thornwood, NJ).
Camera gain was calibrated on cells that have been untransfected
and unstained. Sequential scanning was used to record eGFP
(excitation: 488 nm, emission: 507 nm), FP650 (excitation:
592 nm, emission: 650 nm), and MTDR (excitation: 644 nm,
emission: 665 nm); the RGB images were converted to 8-bit
grayscales and pseudo-colored in green, red, and blue, respective-
ly. The means for negative controls were set at 0 intensity.
Fluorescence intensities were recorded in a range of 0-255.
Fluorescence intensity was determined for each pixel using
Image](http://rsbweb.nih.gov/3/). Image] was used to quantify
colocalization between eGFP-tagged Rab4, FP650 tagged LC3
and Mitotracker Deep Red loaded mitochondria within cells. Cells
were selected and the region of interest (ROI) was defined by an
ROI analyzer plugin. Mean intensity values were taken in each
channels for each pixel. For each experiment data were generated
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