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Abstract: Rab7 (or Ypt7 in yeast) is one of the well-characterized members of the Rab family small
GTPases, which serve as master regulators of membrane trafficking in eukaryotes. It localizes
to late endosomes and lysosomes and has multiple functions in the autophagic pathway as well
as in the endocytic pathway. Because Rab7/Ypt7 has previously been shown to regulate the
autophagosome-lysosome fusion step in yeast and fruit flies (i.e., autophagosome accumulation
has been observed in both Ypt7-knockout [KO] yeast and Rab7-knockdown fruit flies), it is widely
assumed that Rab7 regulates the autophagosome-lysosome fusion step in mammals. A recent analysis
of Rab7-KO mammalian cultured cells, however, has revealed that Rab7 is essential for autolysosome
maturation (i.e., autolysosome accumulation has been observed in Rab7-KO cells), but not for
autophagosome-lysosome fusion, under nutrient-rich conditions. Thus, although Rab7/Ypt7 itself
is essential for the proper progression of autophagy in eukaryotes, the function of Rab7/Ypt7 in
autophagy in yeast/fruit flies and mammals must be different. In this review article, we describe novel
roles of Rab7 in mammalian autophagy and discuss its functional diversification during evolution.
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1. Introduction

Rab small GTPases constitute the largest subfamily of the Ras superfamily, and they are well
conserved in all eukaryotes, from yeast to mammals. They play critical roles in various membrane
trafficking steps, including vesicle formation, transport, docking, and fusion, and they control
the proper progression of various membrane trafficking events, including endocytosis, exocytosis,
and autophagy [1-4]. The same as other Ras-like small GTPases, Rabs function as switch molecules by
cycling between two nucleotide-bound states, a GDP-bound inactive state and a GTP-bound active
state. Active Rabs are recruited to specific membrane compartments and regulate their trafficking
through interaction with specific effector molecules [5]. Approximately 60 different Rab isoforms are
present in mammals, and most of them have different subcellular localizations.

Rab? (or Ypt7 in yeast) is one of the “housekeeping” Rabs that are conserved in all eukaryotes [6],
and it has been shown to play pivotal roles in late endosome trafficking and lysosome biogenesis [7,8].
In addition to being involved in the endocytic pathway, Rab7/Ypt7 is known to be involved
in the autophagic pathway [9], an intracellular degradation system that is also conserved from
yeast to mammals. Macroautophagy (unless otherwise specified, simply referred to as autophagy
below) plays important physiological roles in response to various stresses such as nutrient
starvation [10]. During autophagy isolation membranes (also called phagophores) emerge in the
cytoplasm, elongate, and sequester cytosolic contents to form double-membrane-bound spherical
structures called autophagosomes. The autophagosomes are transported to the perinuclear region
in a microtubule-dependent manner and fuse with lysosomes to form hybrid organelles called
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autolysosomes. After degradation of the contents, lysosomes are reformed from the autolysosomes [11]
(Figure 1A). Rab7 has been shown to regulate the autophagosome-lysosome fusion step in the
autophagy process in yeast and fruit flies (Figure 1B) [12-14]. Since several studies conducted by
using small interfering RNA (siRNA)-mediated knockdown (KD) of Rab7 and/or overexpression of
a dominant negative mutant (i.e., GDP-fixed form) of Rab7 in mammalian cells have supported this
finding [15,16], it is widely assumed that mammalian Rab?7 also regulates the autophagosome-lysosome
fusion step. However, a recent analysis of Rab7 knockout (KO) mammalian cultured cells generated
by using the CRISPR/Cas9 system unexpectedly showed that loss of Rab7 phenotypes in mammals
is clearly different from the loss of phenotype observed in yeast and fruit flies, and that mammalian
Rab?7 is involved in autolysosome maturation under nutrient-rich conditions [17] (Figure 1C). In this
review article, we provide an up to date overview of studies on the roles of Rab7 in mammalian
autophagy, especially highlighting the difference between its roles in autophagy in yeast/fruit flies
and in mammals.
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Figure 1. Overview of autophagy and the autophagic phenotypes reported in Rab7-KO yeast/fruit flies
and mammals. (A) Overview of autophagy. Upon induction of autophagy by stresses such as nutrient
starvation, an isolation membrane emerges in the cytoplasm and sequesters cytoplasmic contents
to form an autophagosome (formation step). The autophagosome is delivered to the perinuclear
region along microtubules (transport step), where it fuses with a lysosome to form an autolysosome
(fusion step). Energy is supplied by degradation of the cargos sequestered in the autolysosome
(maturation step), and, finally, a new lysosome is formed (reformation step). (B) Accumulation of
autophagosomes in Ypt7-KO yeast and Rab7-KD fruit flies, suggesting that Rab7/Ypt7 regulates the
autophagosome-lysosome fusion step. (C) Accumulation of autolysosomes in Rab7-KO mammalian
cultured cells, suggesting that mammalian Rab?7 regulates the autolysosome maturation step.
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2. Proposed Roles of Rab7 in Autophagy: Previous Knockdown and Overexpression Studies

2.1. Roles of Rab7 in Bidirectional Transport of Autophagosomes on Microtubules

Although autophagosomes appear to be formed randomly throughout the cytoplasm, lysosomes
are mainly localized in the perinuclear region. If autophagosomes are, in fact, formed randomly
throughout the cytoplasm, then they must be delivered to the perinuclear region along microtubules in
order to be able to eliminate their cargos [18]. Microtubule-dependent transport occurs bidirectionally
through specific motor proteins: The minus-end-directed dynein-dynactin motor complex transports
its cargos to the perinuclear region, whereas plus-end-directed kinesin motor proteins transport their
cargos towards the cell periphery. Rab7 has previously been shown to regulate the proper bidirectional
transport of autophagosomes (or autolysosomes) through interaction with its specific effectors [19-21].
The plus-end-directed transport of autophagosomes is regulated by Rab7 and its effector FYCO1 (FYVE
and coiled-coil domain-containing 1) [19]. In addition to Rab7 binding, FYCOL1 is likely to interact
with kinesin in its N-terminal region, and it also interacts with LC3, which is specifically localized to
autophagosomes, and PI3P (phosphatidylinositol 3-phosphate) in its C-terminal region [19]. Thus,
FYCOI1 functions as a linker between a kinesin motor and LC3-resident autophagosomes during
plus-end-directed autophagosome transport (Figure 2). Rab7 also regulates minus-end-directed
autophagosome transport through the formation of a complex with RILP (Rab-interacting lysosomal
protein), a cholesterol sensor ORP1L (oxysterol-binding protein-related protein 1; also known as
OSBPL1A), and dynein [20,21] (Figure 2).
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Figure 2. Proposed model of the roles of Rab7 in bidirectional transport of autophagosomes on
microtubules. Rab7 links autophagosomes to kinesin through FYCO1 and facilitates microtubule-dependent
plus-end-directed transport towards the cell periphery [19]. Rab7 also mediates microtubule-dependent
minus-end-directed transport towards the perinuclear region through interaction with its effectors,
ORPI1L and RILP, which binds to the dynein-dynactin complex [20,21].

2.2. Role of Rab7 in Autophagosome-Lysosome Fusion

After autophagosomes are formed and moved to the perinuclear region, they fuse with lysosomes
(the resulting hybrid organelles are called autolysosomes), which enables degradation of their content.
Since late endosomes fuse with lysosomes and thereby enable degradation in the endocytic pathway;,
it seems reasonable to assume that the machinery used in the autophagosome-lysosome fusion step is
the same or similar to the machinery used in the late endosome-lysosome fusion step. Actually, Rab7,
which is localized to late endosomes and lysosomes and controls the late endosome-lysosome fusion
step [7,8], has been shown to play a pivotal role in the autophagosome-lysosome fusion step [12-14].
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Consistent with the above assumption, Rab7 deficiency in yeast and fruit flies has been shown to result
in massive accumulation of autophagosomes [12-14].

Involvement of mammalian Rab7 in autophagy has been investigated by siRNA-mediated
KD of Rab7 and/or overexpression of its dominant negative mutant [15,16]. Rab7 appeared to
be recruited to autophagosomes rather than to late endosomes in these studies, because Rab7
recruitment to autophagosomes was detected before fusion with LBPA (lysobisphosphatidic acid; late
endosome marker)-positive or Lamp1 (lysosome marker)-positive compartments [15,16]. Furthermore,
because there were few LC3- and Lamp1-double-positive autolysosomes in the perinuclear region,
functional ablation of Rab7 was conducted to inhibit the autolysosome formation instead of affecting
autophagosome formation. Thus, until recently Rab7 had widely been thought to regulate the
autophagosome-lysosome fusion step in mammals, the same as it does in yeast and fruit flies.

3. Rab7 Knockout Studies in Mammalian Cultured Cells and Mice

3.1. Analysis of Rab7 Knockout in Mammalian Cultured Cells: A Novel Role of Rab7 in Autolysosome
Maturation and the Discovery of Glutamine-Starvation-Induced Autolysosome Clearance

To confirm the widely assumed additional role of mammalian Rab7 as a critical regulator
in autophagosome-lysosome fusion as described above [15,16], we recently knocked out Rab7 in
MDCK-II (Madin-Darby canine kidney II) cells by using the CRISPR/Cas9 system. Although the
number of LC3 dots was dramatically increased in Rab7-KO cells, they were unexpectedly found to be
positive for Lamp?2 (a lysosome marker), indicating that autolysosomes rather than autophagosomes
(i.e.,, LC3-positive and Lamp2-negative structures) accumulated under nutrient-rich conditions
(Figure 3A) [17]. Consistent with this finding, a transmission electron microscopic analysis revealed the
presence of a number of electron-dense autolysosomes, which often contained numerous membranous
structures, in Rab7-KO cells in comparison with wild-type cells (Figure 3B). By contrast, virtually no
accumulation of double membrane structures (i.e., autophagosomes) was observed in the Rab7-KO cells
under nutrient-rich conditions. Thus, autophagosome-lysosome fusion must occur even in the absence
of Rab7, and mammalian Rab7 must instead be required for the subsequent autolysosome maturation
step [17]. Autolysosome accumulation is not a specific event in Rab7-KO MDCK-II cells, because the
same phenomenon was also observed in Rab7-KD HeLa cells. How Rab?7 regulates autolysosome
maturation is unknown, but one or more of the following three mechanisms would explain the
function of Rab7 in the maturation step (Figure 4). (1) Rab7 regulates the amphisome-lysosome fusion
step [16]. Autophagosomes are also known to fuse with endosomes to form hybrid organelles called
amphisomes before fusing with lysosomes [22,23], and thus loss of Rab7 would result in accumulation
of partially degraded amphisome-like structures (Figures 3 and 4). (2) Rab7 regulates the efficiency of
autophagosome-lysosome fusion (Figure 4B). Live-cell imaging has recently shown that the contents
of a single autophagosome are degraded by fusing with multiple lysosomes [24]. Loss of Rab7
would therefore result in a decrease in the number of lysosomes that fuse with autophagosomes,
and consequently the autolysosome maturation process would be delayed (Figure 4B). (3) Rab7
regulates the transport of lysosomal enzymes and/or lysosomal membrane proteins (e.g., vacuolar
ATPase V0 subunit) to lysosomes (Figure 4C). Actually, the amount of the mature form of cathepsin B
has been found to be reduced in Rab7-KO cells and its immature form to be abnormally secreted into
the culture medium [17,25,26]. Thus, lysosomal enzyme activity in Rab7-KO cells may be impaired,
which would lead to autolysosome accumulation, however, cathepsin B activity, monitored with Magic
Red, and lysosomal pH, monitored with LysoTracker Red, in Rab7-KO cells appeared to be normal [17].

Another unexpected finding obtained in analyses of Rab7-KO cells was that Rab7 is dispensable for
starvation-induced autophagy. The autolysosome accumulation phenotype of Rab7-KO cells described
above was observed only under nutrient-rich conditions, and the autolysosomes that had accumulated
in Rab7-KO cells were rapidly cleared by a brief period of nutrient starvation [17]. Actually, normal
flux of LC3, an indicator of autophagic activity, was observed under starved conditions even in the
absence of Rab?7. Intriguingly, the starvation-induced autolysosome clearance in Rab7-KO cells is
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dependent on the presence of an amino acid, specifically glutamine, and not on the presence of serum
or glucose [17]. The same phenomenon was also observed in Rab7-KD HelLa cells, suggesting that
mammalian Rab7 regulates autolysosome maturation only under nutrient-rich conditions and that an
unidentified Rab7-independent mechanism(s) must be activated for autolysosome clearance to occur
under nutrient (glutamine)-starved conditions. This mechanism is clearly different from the known
TFEB-mediated lysosome activation [27,28], because neither actinomycin D (a transcription inhibitor)
nor cycloheximide (a translation inhibitor) inhibited glutamine-starvation-induced autolysosome
clearance in Rab7-KO cells. Furthermore, mTORCT1 inactivation is not involved in this process, because
Torin 2, a specific inhibitor of mTORC1, had no effect on autolysosome clearance in Rab7-KO cells [17].

More importantly, glutamine-starvation-induced autolysosome clearance was retained in
wild-type MDCK-II cells as well as in HeLa cells, indicating that the Rab7-independent mechanism
responsible for starvation-induced autolysosome clearance is not a backup mechanism that is activated
only in the absence of Rab7, and that it must function normally in wild-type cells. How glutamine
starvation facilitates autolysosome clearance is unknown, but lysosomal enzyme activities are
expected to be activated by an as yet unidentified mechanism(s). Glutamine starvation may promote
amphisome-lysosome fusion, additional fusion of lysosomes with autophagosomes, and/or transport
of lysosomal enzymes/ proteins to lysosomes in a Rab7-independent manner (Figure 4).
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Figure 3. Abnormal autolysosome accumulation in Rab7-KO MDCK-II cells. (A) Accumulation of
enlarged LC3 (autophagosome marker)- and Lamp2 (lysosome marker)-double positive autolysosomes
in Rab7-KO cells [17]. By contrast, only a few LC3-positive puncta were observed in wild-type cells,
and a larger portion of the LC3 puncta is negative for Lamp2 (i.e., autophagosomes). (B) Ultrastructure
of the accumulated autolysosomes in Rab7-KO cells. Transmission electron microscopic images of
autolysosomes (or lysosomes) with high-electron-dense single-membrane structures in Rab7-KO cells.
The arrowheads point to autolysosomes (or lysosomes), which were dramatically increased in Rab7-KO
cells. The images on the right show typical autolysosome (or lysosome) structures in the wild-type
cells and Rab7-KO cells.
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Figure 4. Possible models of Rab7-dependent and -independent autolysosome maturation in
mammalian cells. (A) Rab7 regulates the amphisome-lysosome fusion step. It has been suggested
that during the process of autophagy, the autophagosome sequentially fuses with an endosome and
with a lysosome to form an amphisome and an autolysosome, respectively. Loss of Rab7 would cause
autolysosome accumulation, and glutamine starvation would rapidly induce lysosome fusion to the
amphisome. (B) Rab7 regulates the efficiency of autophagosome-lysosome fusion. In this model,
an autophagosome in a mammalian cell fuses with multiple lysosomes thereby enabling complete
degradation of its content. Loss of Rab7 should result in a decrease in the number of lysosomes fused to
the autophagosome and lead to autolysosome accumulation. Glutamine starvation may rapidly induce
fusion of additional lysosomes to the autophagosome and result in complete degradation. (C) Rab7
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regulates lysosomal functions by transporting lysosomal enzymes and/or lysosomal membrane
proteins from the late endosome to the lysosome. Because delivery of lysosomal enzymes to lysosomes
is partially impaired in Rab7-KO cells [17,25,26], this process may be upregulated by glutamine
starvation. (D) Two independent SNARE complexes, the syntaxin17 (STX17)-SNAP29-VAMP8 complex
and the syntaxin7 (STX7)-SNAP29-YKT6 complex, control autophagosome-lysosome fusion [29],
consistent with the model shown in (B). Rab7 cooperates with the STX17-SNAP29-VAMP8 complex
together with Rab2 and the HOPS complex in mediating autophagosome-lysosome fusion [13].
By contrast, the STX7-SNAP29-YKT6 complex is likely to be Rab7-independent and partially mediates
the fusion even in the absence of Rab7. Future investigation will be necessary to determine whether
glutamine starvation activates the function of the STX7-SNAP29-YKT6 complex. In contrast to this
model, however, it has recently been proposed that two SNARE complexes, STX17-SNAP29-YKT6
and STX17-SNAP29-VAMP7/8, in fruit flies sequentially regulate autophagosome-lysosome fusion by
replacing YKT6 with VAMP7/8 [30].

3.2. Analysis of Rab7 Knockout Mice

Since Rab7-KO mice die at a very early embryonic stage [31,32], whereas mice lacking essential
autophagy proteins, including Atg3, Atg5, and Atgl6L1, are born normally but die in the neonatal
period due to defects in macroautophagy during neonatal starvation [33], deficient macroautophagy
is unlikely to be a primary cause of the embryonic lethality of Rab7-KO mice. Actually, Rab7 has
been reported to be essential for “microautophagy”, another type of autophagy that is mediated by
direct engulfment of cytosolic cargos with lysosomes [31]. During early embryogenesis, nutrients
and signaling molecules enter the embryo through an epithelial tissue called visceral endoderm
(VE). The material that has entered VE cells is delivered to lysosomes, and unusually large apical
vacuoles are formed as a result. Because Rab7 is required for the assembly of large apical vacuoles,
a massive number of small vesicles, which morphologically resembled endosomes, together with a
few large apical vacuoles were observed in Rab7-deficient VE cells [31]. However, no autophagosome
or autolysosome accumulation was reported in the VE cells of Rab7-KO mice.

Several immune cell-conditional and pancreatic cell-conditional Rab7-KO mice have also been
reported [32,34,35]. Autophagic flux monitored with LC3-II has been found to be blocked in Rab7-deficient
T cells and MEFs (embryonic fibroblasts) under nutrient-rich conditions [32], consistent with the
findings in Rab7-KO MDCK-II cells and Rab7-KD HeLa cells [17]. Moreover, a block of autophagy
flux has also been observed in Rab7-KO pancreatic cells, although a transmission electron microscopic
analysis revealed accumulation of autophagosomes rather than autolysosomes [35]. By contrast,
normal induction of autophagy and normal LC3-II flux were observed in Rab7-deficient B cells [34],
suggesting the presence of a compensatory mechanism. Such discrepancies in the Rab7-KO phenotypes
may be explained by different contributions of Rab7 to macroautophagy in different cell types
(see Perspectives below).

4. Concluding Remarks and Perspectives

In this review article, we have summarized recent findings regarding the functions of Rab7 in
mammalian autophagy, especially focusing on Rab7 KO in cultured cells and in mice. Although
mammalian Rab?7 was originally proposed to regulate autophagy, specifically at the autophagosome
transport step on microtubules and the autophagosome-lysosome fusion step [12-16,18-21], our recent
KO analyses revealed that Rab7 is involved in the autolysosome maturation step in several types of
mammalian cultured cells [17], indicating that Rab7 is not essential for the autophagosome-lysosome
fusion step in mammals. Moreover, no abnormal autophagosome or autolysosome distribution in
Rab7-KO cells has been reported thus far [17,32,34,35]. A more precise analysis such as by live-cell
autophagosome imaging will be necessary to determine whether autophagosome/autolysosome
transport is actually impaired in Rab7-KO cells.
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Why are the roles of Rab7 in autophagy in yeast/fruit flies and mammals different? The simplest
answer is the existence of the Rab7-independent autophagosome-lysosome fusion mechanism in
mammals. The most likely candidate for this mechanism is a compensatory mechanism involving
other Rabs, because mammals contain ~60 different Rab isoforms, many more than ~10 isoforms
in yeast and ~30 isoforms in fruit flies [6]. In fact, at least two Rab7-related isoforms, Rab7B (also
called Rab42) and Rab7L (also called Rab29), are present in mammals. Generation and analysis
of Rab7/7B/7L triple-KO cells in the future will be necessary to identify functional redundancies
among the Rab7-related isoforms during autophagy. Alternatively, an as yet additional unidentified
Rab-independent mechanism that mediates autophagosome-lysosome fusion may exist. We have
especially noted a recent report stating that two SNARE complexes, i.e., a syntaxin17-SNAP29-VAMPS8
complex and a syntaxin7-SNAP29-YKT6 complex, independently regulate autophagosome-lysosome
fusion [29], and the former complex has been shown to mediate autophagosome-lysosome fusion
together with Rab7 and a HOPS tethering complex in fruit flies [13] (Figure 4D). Thus, it is
highly possible that the latter complex, which presumably does not depend on any Rabs, mediates
autophagosome-lysosome fusion even in the absence of Rab7. It will be interesting to determine
whether autophagosome-lysosome fusion mediated by the latter complex is activated by glutamine
starvation in the future, because normal autophagy flux is observed under starved conditions. It is
likely that the contributions of two independent fusion mechanisms to autophagy differ, i.e., that
they are fully or partly redundant, or that one mechanism is missing in some organisms, tissues,
or cell-types, and that could explain why the Rab7-KO phenotypes differ among organisms [12-14,17]
or different cell-types in Rab7-KO mice [34,35].

In addition to being involved in macroautophagy, Rab7 has been shown to be involved in several
forms of selective autophagy in mammals [36-39]. For example, Rab7 is required for the formation of
GAS (group A Streptococcus)-containing autophagosome-like structures (a process called xenophagy)
that sequester invading pathogenic bacteria [36]. Rab7 also functions in the elongation of isolation
membranes during mitophagy [37-39]. In both cases, Rab7 plays a crucial role in the early stage of
autophagy (i.e., formation step) rather than in the late stage (i.e., maturation step). Rab7 may mediate
fusion between elongating autophagosomes and endocytic compartments that leads to sequestration
of large bacteria and mitochondria before ultimate fusion with lysosomes. However, since Rab7
involvement in xenophagy and mitophagy has mainly been demonstrated by siRNA-mediated KD
of Rab?7, it will be necessary to determine whether Rab7 KO also causes defects in these forms of
selective autophagy.

Because mutations in the RAB7 gene cause Charcot-Marie-Tooth type 2B (CMT2B) peripheral
neuropathy [40], it will also be important to investigate whether CMT2B-associated Rab7 mutations
are directly involved in autolysosome accumulation. Actually, overexpression of CMT2B-associated
Rab7 mutants in mammalian cultured cells has been shown to impair autophagic flux [41]. However,
the exact mechanism underlying the disease phenotype has not been fully understood, and further
investigation is needed to clarify the impact of CMT2B-causing mutations on autolysosome maturation.
Future re-investigation of the proposed functions of Rab7 in the endocytic pathway (e.g., in EGFR
[epidermal growth factor receptor] degradation) [7,8] and in selective autophagy by using Rab7-KO
cells will reveal the real functions of Rab7 in mammals, which would lead to a better understanding of
the impaired Rab?7 function(s) that directly causes CMT2B.
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