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Rab5 and its effector FHF contribute to neuronal
polarity through dynein-dependent retrieval of
somatodendritic proteins from the axon
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An open question in cell biology is how the general intracellular
transport machinery is adapted to perform specialized functions in
polarized cells such as neurons. Here we illustrate this adaptation
by elucidating a role for the ubiquitous small GTPase Ras-related
protein in brain 5 (Rab5) in neuronal polarity. We show that
inactivation or depletion of Rab5 in rat hippocampal neurons
abrogates the somatodendritic polarity of the transferrin receptor
and several glutamate receptor types, resulting in their appearance
in the axon. This loss of polarity is not caused primarily by increased
transport from the soma to the axon but rather by decreased
retrieval from the axon to the soma. Retrieval is also dependent on
the Rab5 effector Fused Toes (FTS)-Hook—FTS and Hook-interacting
protein (FHIP) (FHF) complex, which interacts with the minus-end-
directed microtubule motor dynein and its activator dynactin to drive
a population of axonal retrograde carriers containing somatodendritic
proteins toward the soma. These findings emphasize the importance
of both biosynthetic sorting and axonal retrieval for the polarized
distribution of somatodendritic receptors at steady state.
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N eurons are highly polarized cells with distinct somatodendritic
and axonal domains. Synaptic inputs are received through
the somatodendritic domain, integrated at the axon initial seg-
ment (AIS), and propagated along the axon for transmission to
downstream cells. To accomplish these specialized functions,
each neuronal domain is endowed with a distinct set of proteins.
A fundamental but still largely unanswered question is how neu-
rons establish and maintain this polarized distribution of proteins
throughout their lifetimes. The available evidence indicates that
the mechanisms of polarized sorting in neurons are quite complex
(1-3). Newly synthesized transmembrane proteins travel together
from their site of synthesis in the rough endoplasmic reticulum
(ER) to the Golgi complex. Once they reach the trans-Golgi
network (TGN), the proteins are sorted into different membrane-
enclosed transport carriers destined for the somatodendritic or
axonal domains (4-8). However, the efficiency of this biosyn-
thetic sorting varies for different proteins and is often incom-
plete. Other processes, such as compartment-specific retention,
retrieval, or transcytosis, additionally contribute to establishing the
overall distribution of proteins between the somatodendritic and
axonal domains and to their localization to specialized sub-
domains (5, 9-17).

The selective incorporation of transmembrane proteins into
specialized transport carriers is a key event in the mechanisms of
polarized sorting. In some cases this process is mediated by
recognition of sorting signals in the cytosolic tails of the proteins
by components of protein coats associated with the cytosolic face
of the donor compartment. One of the best-documented examples
is the sorting of various transmembrane proteins to the somato-
dendritic domain, which depends on interaction of tyrosine-based,
dileucine-based, or noncanonical signals in the cytosolic domains of
the proteins with the clathrin-associated adaptor protein 1 (AP-1)
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complex (6, 13, 18-20) or the non—clathrin-associated AP-4 com-
plex (21, 22). After the proteins are packaged into distinct trans-
port carriers, the carriers themselves must be delivered to their
corresponding neuronal domains, a process that is driven largely
by interaction with specific microtubule motors (23, 24). Axonal
microtubules have a uniform orientation with their plus ends
pointing toward the distal axon (25). Accordingly, plus-end—directed
microtubule motors such as kinesin-1 (e.g., KIF5B) (14, 26) and
kinesin-3 (e.g., KIF1A and KIF1Bp) (27, 28) drive anterograde
transport of carrier vesicles and other organelles from the soma
to the axon. The opposite process, retrograde transport from
the distal axon toward the soma, is mediated by the coupling of
carrier vesicles and other organelles to a different type of mi-
crotubule motor: the minus-end—directed dynein in complex with
dynein activators such as dynactin (29-31). Unlike axons, den-
drites of mature hippocampal neurons have microtubule arrays of
mixed polarity (32). Consistent with this property, plus-end—directed
kinesins (e.g., KIF17) (33), minus-end-directed kinesins (e.g.,
KIFC2) (34), and the minus-end—directed dynein (35) have all
been shown to drive transport of carrier vesicles and organelles
into dendrites. Interference with either aspect of sorting—cargo
packaging into distinct transport carriers or microtubule-guided
delivery of the carriers to their corresponding neuronal domains—
alters the polarity of a wide variety of proteins, resulting in their
nonpolarized distribution between axon and dendrites.

Significance

Ras-related proteins in brain (Rab) GTPases are general regu-
lators of intracellular traffic in eukaryotic cells, but their spe-
cialized roles in neurons are poorly understood. Here we report
that Rab5 contributes to the somatodendritic polarity of vari-
ous surface receptors by mediating their retrieval from the
axon. This retrieval is dependent on the Rab5 effector Fused
Toes (FTS)-Hook-FTS and Hook-interacting protein (FHIP) (FHF),
which in turn interacts with the minus-end-directed microtu-
bule motor dynein-dynactin to drive retrograde transport of
receptor-containing carriers from the axon to the soma. These
findings reveal a mechanism for coupling axonal retrograde
carriers to dynein-dynactin and demonstrate that the soma-
todendritic polarity of various receptors results from a combi-
nation of biosynthetic sorting, the barrier function of the axon
initial segment, and retrieval from the axon.
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In addition to protein coats and microtubule motors, small
GTPases of the Ras-related protein in brain (Rab) family are
ubiquitous regulators of protein trafficking and polarized sorting
in nonneuronal cells (36). Among the more than 60 Rabs encoded
in mammalian genomes, several are known to regulate protein
coats (37) or microtubule motors (38). However, the role of Rab
proteins in somatodendritic—axonal polarity has not been assessed
directly. Here we report that inactivation or depletion of the
endosome-associated Rab5 abrogates the somatodendritic polar-
ity of the transferrin receptor (TfR) and several types of glutamate
receptor in rat hippocampal neurons. For the TfR, this effect does
not result from increased transport from the soma to the axon but
from decreased retrieval of a population of TfR that escapes into
the axon. TfR retrieval also is dependent on components of a re-
cently described Rab5 effector, the Fused Toes (FTS)-Hook-FTS
and Hook-interacting protein (FHIP) (FHF) complex (39-41),
previously shown to function as an adaptor of endosomes to the
dynein—dynactin complex in filamentous fungi (42-45). These
findings uncover a mechanism for axonal retrograde transport in-
volving a Rab5-FHF-dynein—dynactin chain of interactors that
promotes retrieval of somatodendritic proteins from the axon.
More generally, our observations emphasize the notion that
somatodendritic polarity results from a combination of biosynthetic
sorting in the soma and retrieval along the length of the axon.

Results

Rab5 Regulates the Somatodendritic Distribution of TfR in Hippocampal
Neurons. To identify Rab GTPases that regulate somatodendritic
sorting, we cotransfected rat hippocampal neurons with plasmids
encoding GFP-tagged, dominant-negative mutant forms of sev-
eral Golgi or endosomal Rabs and the somatodendritic protein
mCherry-TfR at 3 days in vitro (DIV3) and examined the distri-
bution of mCherry-TfR at DIV10 (Fig. 14). Axons were identified
by staining for the AIS marker ankyrin G (AnkG) (46), and den-
drites were identified by staining for the microtubule-associated
protein MAP2 (47). The most striking result was the effect of the
dominant-negative GFP-Rab5A-S34N (48, 49), which abrogated
the somatodendritic polarity of mCherry-TfR, as evidenced by its
appearance in the axon (Fig. 14). Quantification of these results in
many neurons showed that the dendrite/axon polarity index of
mCherry-TfR decreased from 9.1 + 1.1 in control neurons expressing
GFP to 1.2 + 0.1 in neurons expressing GFP-Rab5A-S34N (Fig. 1B).
Under these experimental conditions, expression of GFP-Rab5A-
S34N did not alter the overall axonal-somatodendritic organiza-
tion of most neurons, as evidenced by the normal appearance
of the AIS and the somatodendritic polarity of MAP2 (Fig. 1C).
However, the dendrites appeared shorter and less branched
in GFP-Rab5A-S34N-expressing neurons, in line with previous
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Fig. 1. Effect of dominant-negative Rabs on the somatodendritic polarity of the TfR. (A) Rat hippocampal neurons were cotransfected at DIV3 with plasmids
encoding mCherry (mCh)-TfR together with GFP (control) or dominant-negative GFP-Rab2A-S20N, GFP-Rab4B-S22N, GFP-Rab5A-S34N, GFP-Rab6A-T27N, GFP-
Rab7A-T22N, GFP-Rab8A-T22N, or GFP-Rab11A-S25N. At DIV10, the neurons were fixed, immunostained for AnkG (an AIS marker), and imaged by confocal
microscopy. In these and all subsequent experiments, analysis of receptor polarity was performed only on neurons that exhibited a normal appearance of the
AIS. (B) Dendrite/axon polarity indexes for TfR are represented as the mean + SEM from 8-20 neurons in at least three independent experiments such as that
described in A. *P < 0.01 per one-way ANOVA followed by Dunnett’s test, compared with GFP control. (C) Neurons cotransfected at DIV3 with mCherry-TfR
and GFP-Rab5A-S34N were immunostained at DIV10 for AnkG and MAP2 (a somatodendritic marker). In both A and C, images are shown in negative
grayscale. Arrows mark the position of the AIS, and arrowheads indicate the axon. (Scale bars: 20 um.) In A, notice the presence of mCherry-TfR in the axon of

GFP-Rab5A-S34N-expressing neurons.
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studies demonstrating a role for Rab5 in dendrite morphogenesis
(50, 51). A similar loss of TfR-GFP polarity was observed upon
cotransfection with mCherry-Rab5A-S34N at DIVS and analysis
of TfR-GFP distribution at DIV7 (Fig. S1). Expression of a
GFP-tagged, dominant-negative mutant of the late-endosomal
Rab7A also decreased the somatodendritic polarity of mCherry-
TfR (polarity index 4.3 + 0.6), albeit to a lesser extent than ex-
pression of GFP-Rab5A-S34N (Fig. 1 4 and B). In contrast, the
analogous GFP-tagged, dominant-negative mutants of Rab2A,
Rab4B, Rab6A, Rab8A, and Rab11A had no effect on the
somatodendritic polarity of mCherry-TfR (Fig. 1 A and B). The
specific requirement of Rab5 activity for TfR polarity was un-
expected, because this receptor was not known to traffic through
early endosomes en route to the somatodendritic domain. This
finding prompted us to study in more detail the role of Rab5 in
somatodendritic sorting.

Rabb Is Required for Somatodendritic Sorting of Glutamate Receptors.
To determine if Rab5 regulates the somatodendritic sorting
of other cargos, we examined the effect of expressing mCherry-
tubulin (control) or mCherry-Rab5A-S34N on the distribution of
the ionotropic AMPA-type GluR1 and GluR2, the ionotropic
NMDA-type NR2A and NR2B, and the metabotropic mGluR1
glutamate-receptor proteins tagged with GFP or superecliptic
pHluorin (SEP) (Fig. 2 A and B). We observed that all these re-
ceptor proteins were most concentrated in the somatodendritic
domain in control cells (Fig. 2.4 and C) but became nonpolarized
in Rab5A-S34N-expressing cells (Fig. 2 B and C). To confirm the
requirement of Rab5 for the polarized sorting of these receptors,
we additionally used shRNAs to abrogate the expression of
all three isoforms of Rab5 (A, B, and C) (52) (hereafter referred
to as “Rab5-shRNA”). Immunofluorescence microscopy showed
that endogenous Rab5 was largely depleted in Rab5-shRNA-
transfected neurons (Fig. S2 4 and B). In agreement with the
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Expression of dominant-negative Rab5A abolishes the somatodendritic polarity of glutamate receptors. (A and B) Rat hippocampal neurons were

cotransfected at DIV4 with plasmids encoding GIuR1-GFP, SEP-GIuR2, NR2A-GFP, NR2B-GFP, or mGIuR1-GFP together with plasmids encoding mCherry (mCh)-
tubulin (control) (A) or dominant-negative mCherry-Rab5A-S34N (B). Fixed neurons were immunostained at DIV9 for GFP and AnkG and were imaged
by confocal microscopy. Images are shown in negative grayscale. Arrows mark the position of the AlIS, and arrowheads indicate the axon. (Scale bar: 20 pm.)
(C) Dendrite/axon polarity indexes for glutamate receptors are represented as the mean + SEM from 10 neurons in at least three independent experiments
such as those shown in A and B. *P < 0.01 per Student'’s t test. Notice that expression of mCherry-Rab5A-S34N abrogates the somatodendritic polarity of all

the glutamate receptor proteins.
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results of dominant-negative Rab5A expression, we found that all
the transgenic glutamate receptors localized to the somatoden-
dritic domain in neurons transfected with mCherry control plas-
mid (Fig. S2 £ and G) but appeared in the axon in neurons
transfected with the Rab5-shRNA plasmids (Fig. S2 F and G).
A similar loss of polarity was observed for endogenous TfR,
GluR1, GluR2, and NR2A in neurons transfected with Rab5-
shRNA plasmid (Fig. 3 A and B). Taken together, these results
revealed that the somatodendritic polarity of at least six different
proteins (i.e., the TfR and five glutamate receptor proteins) de-
pends on Rab5, demonstrating a general role of this Rab in
somatodendritic sorting.

Rab5 Promotes Axonal Retrograde Transport of the TfR. We next
addressed how interference with Rab5 increased the levels of
TfR in the axon. Rab5 was previously shown to associate with
both somatodendritic and axonal endosomes in rat hippocampal
neurons (53-55). Consistent with the somatodendritic polarity of
the TfR, most mCherry-TfR was found in somatodendritic foci,
many of which exhibited colocalization with GFP-Rab5SA (Fig.
4A4). Increasing the gain in the confocal microscope revealed
smaller amounts of mCherry-TfR in axonal foci, where it also
showed colocalization with GFP-Rab5A (Fig. 44). Live-cell im-
aging and kymograph analysis of mCherry-TfR foci at an axonal
segment adjacent to the distal edge of the AIS showed the
presence of this protein in faint anterograde carriers (lines with
negative slopes in the kymographs) and brighter retrograde
carriers (lines with positive slopes) as well as in stationary foci
(vertical lines) (Fig. 4B and Movie S1). Notably, GFP-Rab5A

and mCherry-TfR colocalized predominantly on the retrograde
carriers and stationary foci (Fig. 4 B and C). Retrograde carriers
containing TfR-GFP were observed throughout the axon, in-
cluding the AIS (Figs. S3 and S4), but were relatively less
abundant at the axon terminal, where most TfR-GFP foci were
stationary (Fig. S3).

Loss of somatodendritic polarity of the TfR upon interference
with Rab5 could result from either increased anterograde
transport or decreased retrograde transport of TfR in the axon.
To distinguish between these possibilities, we transfected neu-
rons with plasmids encoding TfR-GFP and either mCherry-tubulin
(control) or Rab5-shRNA (also expressing mCherry). We pho-
tobleached a segment of the proximal axon located 25-35 pm
beyond the distal edge of the AIS (boxed area in Fig. 4D) and
monitored by live-cell imaging and kymograph analysis the an-
terograde and retrograde TfR-GFP carriers entering the pho-
tobleach box over a 450-s period (Fig. 4 D and E and Movie S2).
This analysis showed a much smaller flux of TfR carriers into the
photobleach box in Rab5-depleted neurons relative to control
neurons (Fig. 4 D and E and Movie S2). Most importantly, al-
though no increase in the number of anterograde TfR carriers
was visible, there was a dramatic decrease in the number of
retrograde TfR carriers entering the photobleach box in the
Rab5-depleted neurons (Fig. 4 D and E and Movie S2). Similar
results were obtained when photobleaching was performed on
the AIS itself (Fig. S4 and Movie S3). From these experiments,
we concluded that Rab5 contributes to the somatodendritic po-
larity of TfR by promoting the retrieval of a population of TfR
that escapes into the axon.
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Expression of Rab5-shRNA abrogates the somatodendritic polarity of various endogenous receptors. (A and B) Rat hippocampal neurons were

transfected at DIV5 with a scrambled shRNA control plasmid (A) or Rab5-shRNA-expressing plasmid (B), both also driving expression of mCherry. Neurons
were fixed and immunostained at DIV10 for the endogenous receptor proteins TfR, GIuR1, GIuR2, or NR2A, together with AnkG for distinction of dendrites
and axons. The distribution of the receptor proteins was imaged by confocal microscopy. Fifty-micrometer segments of dendrites and axons immediately
distal to the AIS are shown. (C) Dendrite/axon polarity indexes are represented as the mean + SEM from 10 neurons in three independent experiments such as
described in A and B. *P < 0.01 per Student’s t test. Note that transfection with Rab5-shRNA plasmid abrogates the somatodendritic polarity of endogenous

TfR, GluR1, GIuR2, and NR2A.
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Fig. 4. Rab5 depletion reduces axonal retrograde transport of the TfR. (A) Colocalization of Rab5 with TfR. Rat hippocampal neurons cotransfected at DIV3
with plasmids encoding mCherry (mCh)-TfR and GFP-Rab5A were immunostained at DIV10 for AnkG. Fixed neurons were imaged by confocal microscopy.
Arrows indicate the position of the AIS. Magnifications of the boxed regions in the top row are shown in the middle and bottom rows. In the bottom row,
brightness (i.e., gain) was increased to enhance the weak mCherry-TfR fluorescence in the axon. (Scale bars: 20 um for the top row; 10 um for the middle and
bottom rows.) (B) Rat hippocampal neurons transfected as in A were surface-labeled at DIV8 with CF640-conjugated antibody to the AIS marker neurofascin
and analyzed by live-cell imaging. Dual-color images of an axon segment adjacent to the distal edge of the AlS were acquired sequentially at 1-s intervals. The
three top strips show single frames, and the two middle panels show negative grayscale kymographs from Movie S1. The bottom panel represents the
trajectories of carriers having both GFP-Rab5A and mCherry-TfR (yellow lines), only GFP-Rab5A (green), or only mCherry-TfR (red). Lines with negative and
positive slopes represent carriers moving in anterograde and retrograde directions, respectively. Vertical lines represent stationary foci. (C) Quantification of
colocalization of GFP-Rab5A and mCherry-TfR in anterograde and retrograde carriers. Values are the mean + SEM from proximal axon segments of six
neurons imaged as in B. (D) Rat hippocampal neurons were transfected at DIV3 with plasmids encoding TfR-GFP together with mCherry-tubulin (control) or
Rab5-shRNA also expressing mCherry and imaged live at DIV8 after surface-labeling with CF640-conjugated antibody to the AIS marker neurofascin. An
axonal segment 25-35 pm distal to the AIS was photobleached (PB), and TfR-GFP-containing carriers entering the photobleach box were imaged at 1.5-s
intervals. The five upper strips, extracted from Movie S2, show frames before photobleaching (pre-PB) and after 15, 60, 90, and 120 s of fluorescence recovery.
The lower panels, also from Movie S2, show negative grayscale kymographs after up to 450 s of fluorescence recovery. (E) Quantification of the number of
TfR-GFP—containing anterograde and retrograde carriers entering the photobleach box. Values are the mean + SEM from 9-12 axons imaged as in D. *P <

0.01 per Student’s t test.

Additional fluorescence microscopy experiments showed that  that this TfR population was capable of mediating endocytosis
most axonal TfR-GFP foci in neurons expressing mCherry-  despite inactivation or depletion of Rab5. In addition, live-cell
Rab5A-S34N or Rab5-shRNA accumulated internalized Alexa  imaging of control neurons revealed that internalized Tf-Alexa
647-conjugated transferrin (Tf-Alexa 647) (Fig. S5), indicating 647 was present mainly in stationary foci and retrograde carriers
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(Fig. S6 and Movie S4), demonstrating that both these structures
have characteristics of endosomes.

TR Retrieval from the Axon Is Dependent on Dynein-Dynactin. How
could Rab5 regulate TfR retrieval from the axon? It is well
known that axonal retrograde transport of various organelles is
driven by dynein in complex with its activator dynactin (29-31).
Indeed, previous studies showed that disruption of dynein func-
tion caused mislocalization of somatodendritic organelles and
proteins to the axon [e.g., Golgi outposts and the ion channel
Pickpocket in Drosophila neurons (56); GluR2 in rat hippocampal
neurons (57)], although these effects were largely attributed to a
role of dynein in transport to the dendrites. Using live-cell imag-
ing, we observed that GFP-labeled dynein intermediate chain
IC2C (58) (indicated as GFP-Dynein) was mostly cytosolic when
expressed alone. However, when GFP-IC2C was coexpressed with
mCherry-Rab5A, both proteins were found in association with a
population of axonal retrograde carriers (Fig. 54 and Movie S5). In
addition, we observed that overexpression of either the mCherry-
labeled p50 (dynamitin) subunit of the dynein regulator dynactin
(59) or the mCherry-labeled CC1 domain of the p150%"*® subunit
of dynactin (60), both known to cause disassembly of the dynein—
dynactin complex, increased the levels of TfR-GFP in the axon
(Fig. 5 B and C). These findings raised the possibility that Rab5
exerts its role in retrograde transport and somatodendritic polarity
of the TfR primarily through regulation of the dynein-dynactin
complex.

The Mammalian FHF Complex Is a Rab5 Effector. Rab5 interacts with
more than 25 different effector proteins to promote the motility
(61), fusion (62), and signaling properties (63) of early endosomes.

To date, however, none of these effectors has been shown to link
Rab5 to dynein—dynactin. A recent screen for Rab interactors in
Drosophila identified the orthologs of subunits of the mammalian
FHF complex in affinity purifications using the GTP-locked form
of Drosophila Rab$ as bait (41). The mammalian FHF complex
comprises three subunits, FTS, Hook, and FHIP (40); Hook oc-
curs as three isoforms (Hookl, Hook2, and Hook3) encoded by
different genes (40, 64). Importantly, in filamentous fungi the FHF
complex couples early endosomes to dynein—dynactin, promoting
their movement toward microtubule minus ends (42, 44, 65). The
mammalian Hook3 protein also was found to interact with dynein—
dynactin, promoting its highly processive movement along micro-
tubules in vitro (43). We thus hypothesized that the role of Rab5 in
promoting axonal retrograde transport and somatodendritic po-
larity of the TfR could be mediated by the mammalian FHF
complex. To test this hypothesis, we first performed pull-down
assays using GST fused to mammalian Rab5A-WT, GTP-locked
Rab5A-Q79L, or GDP-locked Rab5A-S34N (Fig. 64) and a de-
tergent extract from human HEK293T cells. We observed robust
and specific pulldown of Hook1, Hook3, and FHIP by RabSA-Q79L
but not by RabSA-WT or Rab5SA-S34N (Fig. 6B). The behavior of
Hook2 was qualitatively similar, although the pulldown was much
weaker (Fig. 6B). In contrast, we could not detect pulldown of FTS
under any of the conditions tested (Fig. 6B), perhaps because of
dissociation from the complex during the procedure or the exis-
tence of alternative FHF assemblies. The existence of FHF variants
would be consistent with reported differences in the intracellular
localization and function of the three Hook subunit isoforms
(64, 66, 67). These results demonstrated that a mammalian FHF
complex comprised of at least Hook1, Hook3, and FHIP has the
biochemical properties of a bona fide Rab5 effector.

A B

meniabs e
B~ R

Time (120 s)

Distance (100 pm)

C

mCh-tubulin (control)
mCh-p50—%

=3

mCh-p150-CC1= 2
0 2 4 6 8 10 12 | 1fp-gGrp E*°

Dendrite/Axon Polarity Index

Fig. 5. Somatodendritic polarity of the TfR depends on dynein-dynactin. (A) Rat hippocampal neurons were transfected at DIV4 with a plasmid encoding the
1C2C dynein intermediate chain fused to GFP (indicated as GFP-Dynein) together with plasmids encoding mCherry (mCh)-Rab5A and were examined at DIV8
by live-cell imaging and kymograph analysis. Dual-color images of midaxon segments were acquired sequentially at 1-s intervals for 120 s. The top three strips
show single frames, and the two middle panels show negative grayscale kymographs (all from Movie S5). The bottom panel represents the trajectories of
carriers having mCherry-Rab5A together with GFP-Dynein (yellow lines) or only mCherry-Rab5A (red lines). (B) Rat hippocampal neurons were cotransfected
at DIV4 with plasmids encoding TfR-GFP together with tubulin (control), the p50 subunit of dynactin, or the CC1 domain of the p150%'“*? subunit of dynactin,
all tagged with mCherry. At DIV8, neurons were fixed and immunostained for AnkG and were imaged by confocal microscopy. Images are shown in negative
grayscale. Arrows mark the position of the AlS, and arrowheads indicate the axon. (Scale bar: 20 pm.) (C) Dendrite/axon polarity indexes for TfR from ex-
periments such as that described in B are represented as the mean + SEM from 20 neurons in at least three independent experiments. *P < 0.01 per one-way
ANOVA followed by Dunnett’s test.
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Fig. 6. A complex containing Hook1/3 and FHIP behaves as a Rab5 effector.
(A) Coomassie blue staining of GST fusion proteins used in the experiment.
(B) Pulldown of FHF complex subunits from HEK293T cell extracts by GST-
Rab5A proteins. Bound proteins were eluted and were analyzed by SDS/
PAGE and immunoblotting with antibodies to the proteins indicated at
right. The positions of molecular mass markers (in kilodaltons) are indicated
at left. The signal in pulled-down complexes relative to input (first lane
at left) indicates preferential interaction of GST-Rab5A-Q79L with Hook1,
Hook3, and FHIP. (C) Yeast two-hybrid assays demonstrate direct, activation-
dependent interaction of Rab5A with FHIP. Growth on selective plates
without His (—His) is indicative of interactions (Upper), and incubation on
plates containing His (+His) is a control for growth/loading of double trans-
formants (Lower). The —His plates were supplemented with 3 mM 3-amino-1,2,4-
triazole (AT), a competitive inhibitor of the His3 protein, to increase the strin-
gency of the assay. The Rabaptin-5 full-length and 551-862 fragments (84) were
used as controls for preferential interaction with Rab5A-Q79L. The Rabex-5
constructs 1-460 and 1-399 (69) served as controls for preferential interaction
with Rab5A-S34N (longer incubation times were required to detect interaction
with Rabex-5 1-399). Double transformations of Gal4-binding domain (BD)
constructs with SV40 large T-antigen (T-Ag) and of Gal4 activation domain (AD)
constructs with p53 provided negative controls. Double transformation with
T-Ag and p53 plasmids served as an additional positive control.

In filamentous fungi, FHIP is capable of associating with
endosomes independently of Hook and FTS (65). To determine
whether such an association in mammalian cells could be medi-
ated by interaction with Rab5, we tested for interaction of FHIP
with RabSA-WT, Rab5A-Q79L, and Rab5A-S34N using the yeast
two-hybrid system (Fig. 6C). Indeed, we observed that FHIP
interacted with Rab5A-Q79L more strongly than with RabSA-WT
or Rab5A-S34N (Fig. 6C), as expected for a true Rab5 effector.
The N-terminal half of FHIP (residues 1-426) interacted even
more robustly with Rab5A-Q79L and also exhibited strong in-
teraction with Rab5SA-WT (Fig. 6C). This behavior was similar to
that of the previously characterized Rab5 effector Rabaptin-5
(Fig. 6C) (68). In contrast, the control protein Rabex-5 interacted
with Rab5A-S34N but not with Rab5SA-WT or Rab5A-Q79L (Fig.
6C), as expected from its role as a Rab5 guanine nucleotide-exchange
factor (GEF) (69, 70). We concluded that FHIP interacts directly
and in a nucleotide-dependent manner with Rab5A, as is con-
sistent with its being the subunit that recruits the FHF complex
to endosomes (65).

E5324 | www.pnas.org/cgi/doi/10.1073/pnas.1601844113

Hoook1/3 and FHIP Are Required for Somatodendritic Sorting of the
TfR. Hook1 and Hook3, the two isoforms pulled down by Rab5A,
are expressed predominantly in neurons, whereas Hook2 is
expressed mainly in astrocytes (71). Imaging of live neurons and
kymograph analysis showed that mCherry-labeled forms of both
Hook1 and Hook3, as well as FHIP-mCherry, colocalized with
GFP-Rab5A on axonal retrograde carriers (Fig. 74 and Movie
S6). In addition, we observed that shRNA-mediated knockdown
of Hookl, Hook3, or FHIP resulted in increased levels of
mCherry-TfR in the axon, with consequent loss of its somato-
dendritic polarity (Fig. 7 B and C). Taken together, the results of
our experiments are consistent with a role of Hook1/3 and FHIP
in linking Rab5-containing carriers to dynein—dynactin, thus
promoting axonal retrograde transport of TfR-containing car-
riers and contributing to the somatodendritic polarity of the TfR
at steady state (Fig. 8).

Discussion

The results presented here demonstrate that the endosome-
associated Rab5 contributes to neuronal polarity by mediating
the retrieval of a population of missorted somatodendritic recep-
tors from the axon to the soma. Inactivation or depletion of Rab5
causes a dramatic loss of somatodendritic polarity in several re-
ceptors, including the TfR and various glutamate receptors. We
initially entertained the hypothesis that this loss of polarity was
caused by failure of polarized sorting in an endosomal compart-
ment in the neuronal soma. This possibility would be in line with
previous studies supporting a transendosomal route for the bio-
synthetic delivery of TfR to the plasma membrane in nonneuronal
cells (72, 73). However, our photobleaching and live-cell imaging
experiments showed that depletion of Rab5 did not result in in-
creased transport of TfR from the soma to the axon but rather in
its decreased retrieval from the axon to the soma (Fig. 4). These
findings emphasize the notion that the polarized distribution of
proteins between the axonal and somatodendritic domains at steady
state results from a combination of biosynthetic sorting in the soma,
the barrier function of the AIS, and retrieval from the axon.

Retrieval of somatodendritic proteins appears to occur at
several stages on the way from the TGN to the distal axon. The
majority of somatodendritic carriers budding from the TGN are
prevented from entering the axon at a preaxonal exclusion zone
(PAEZ) in the cytoplasm of the axon hillock (8). Of the remaining
carriers that manage to penetrate this zone, some reverse di-
rection at the PAEZ (8) or the AIS (7, 8, 14, 15, 17, 74), in the
latter segment through acquisition of myosin Va (15) and/or dy-
nein (17) motors. Our findings now show that still another pop-
ulation of somatodendritic proteins that escapes sorting at the
TGN, PAEZ, and/or AIS can be retrieved from more distal parts
of the axon by a Rab5-dependent mechanism. This mechanism
does not appear to involve a simple reversal in the direction of
somatodendritic carriers, because the axonal retrograde carriers
differ in being brighter and having early endosomal contents such
as internalized transferrin (Tf). Most likely, the escaped somato-
dendritic proteins are delivered to the plasma membrane and/or
endosomes along the axon before their packaging into retrograde
carriers. Interference with any of these sequential mechanisms
leads to progressive buildup of somatodendritic proteins in the
axon, highlighting the importance of iterative axonal retrieval for
the maintenance of neuronal polarity.

Over the past decade, several studies have implicated Rab5 in
axonal retrograde transport of tetanus neurotoxin (55), the
neurotrophins nerve growth factor and brain-derived neuro-
trophic factor and their receptors p75N'™® and Trk (75, 76), and
the adenovirus CAV-2 and its receptor coxsackievirus and ade-
novirus receptor (CAR) (77), in motor neurons and dorsal root
ganglia neurons. In most of these cases, Rab5 was shown to act at
an early step in the distal axon by promoting endocytosis fol-
lowed by transfer of the internalized ligands and their receptors
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Fig. 7. Somatodendritic polarity of the TfR depends on components of the FHF complex. (A) Rat hippocampal neurons were transfected at DIV4 with
plasmids encoding GFP-Rab5A together with Hook1, Hook3, or FHIP, all tagged with mCherry, and were examined by live-cell imaging and kymograph
analysis at DIV8. Dual-color images of midaxon segments were acquired sequentially at 1-s intervals for 120 s (Movie S6). For each FHF component, the three
top strips show single frames, the two middle panels show negative grayscale kymographs, and the bottom panel represents the trajectories of carriers having
both GFP-Rab5A and an mCherry-tagged FHF subunit (yellow lines) or only GFP-Rab5A (green lines). (B) Rat hippocampal neurons were cotransfected at DIV4
with plasmids encoding mCherry-TfR together with plasmids encoding shRNAs targeting Hook1, Hook3, or FHIP as well as GFP. Fixed neurons were immu-
nostained at DIV8 for AnkG and were imaged by confocal microscopy. In this figure images for mCherry and GFP are shown in negative grayscale. Arrows
indicate the position of the AIS, and arrowheads indicate the trajectory of the axon. (Scale bar: 20 um.) (C) Dendrite/axon polarity indexes for TfR from
experiments such as those described in B are represented as the mean + SEM from 20 neurons in at least three independent experiments. *P < 0.01 per one-

way ANOVA followed by Dunnett’s test.

to Rab7-associated carriers that then undergo retrograde trans-
port toward the soma. Although in previous studies Rab5 was
found in foci distributed throughout the axon, most of these foci
were reportedly static or oscillatory and did not translocate over
long distances. The effects of inactivating or depleting Rab5 on
the polarized distribution of TfR observed in our study could be
explained in part by inhibition of internalization or transfer to
Rab7-associated retrograde carriers in the distal axon. However,
TfR-containing foci in Rab5-deficient cells were accessible to
internalized Tf (Fig. S5). Moreover, although treatment with an
shRNA targeting the p2 subunit of AP-2 inhibited TfR endocy-
tosis, it did not alter the somatodendritic polarity of the TfR (6).
Finally, the expression of dominant-negative Rab7A had less
effect on TfR polarity than the expression of dominant-negative

Guo et al.

Rab5A (an approximately twofold vs. an approximately eightfold
decrease, respectively) (Fig. 1). These findings suggested that
Rab5 has an additional role in retrograde transport.

In our experiments, we confirmed that many Rab5 foci were
static, but we also observed a population of rapidly moving
Rab5-containing retrograde carriers along the axon of hippo-
campal neurons (Figs. 4, 5, and 7). The majority of the static and
retrogradely moving Rab5 foci also contained TfR (Fig. 4 B and
C) and internalized Tf (Figs. S5 and S6), suggesting that they
were early endosomal in nature and likely were distinct from the
Rab7-associated carriers that transport neurotrophins and their
receptors. In nonneuronal cells, Rab7 recruits its effectors RILP
and ORPIL to late endosomes, linking them to dynein—dynactin
for centripetal transport toward microtubule minus ends (78-80).
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Fig. 8. Schematic representation of the role of Rab5, the FHF complex, and
dynein-dynactin in axonal retrieval of the TfR. A population of somato-
dendritic proteins that escape into the axon is packed into Rab5-associated
retrograde carriers. The GTP-bound form of Rab5 recruits its effector FHF
complex via an interaction with the FHIP subunit. The Hook subunits of FHF
then bind the minus end-directed microtubule motor dynein-dynactin (42—
44), promoting retrograde movement of the transport carriers. Rab5 and
FHF thus function as a regulated adaptor complex for coupling of TfR-con-
taining retrograde carriers to dynein-dynactin.

A similar mechanism might be responsible for the transport of
Rab7-associated carriers in neurons. Nevertheless, the existence
of retrograde carriers containing Rab5 and TfR presented the
problem that Rab5 was not known to be physically coupled to
dynein—dynactin. The recent identification of FHF subunit
orthologs as nucleotide-dependent interactors of Rab5 in Dro-
sophila (41) and the role of the FHF complex in coupling early
endosomes to dynein—-dynactin in filamentous fungi (42-44, 65)
suggested a possible link. Indeed, we found that the mammalian
Hook1/3 and FHIP subunits of FHF preferentially interacted with
the GTP-bound form of Rab5 (Fig. 6), that they comoved with
Rab5A-containing axonal retrograde carriers (Fig. 74 and Movie
S6), and that their depletion abrogated TfR somatodendritic po-
larity (Fig. 7 B and C). From these results, we concluded that the
mammalian FHF complex is a Rab5 effector that may couple
TfR-containing axonal retrograde carriers to dynein—dynactin.
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It is worth mentioning that interference with Rab5 (Figs. 1 and
3) or the FHF complex (Fig. 7) did not lead to complete accu-
mulation of TfR at axon tips. This finding might be explained by
the retrieval occuring at sites along the entire length of the axon
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could promote some retrieval, as discussed above. Moreover,
Hook has also been shown to act as an adaptor for the plus-end—
directed kinesin-3 motor in filamentous fungi (42). If Hook had a
similar function for some of the ~10 kinesin-3 family members in
mammals, then the effect of interfering with Hook proteins po-
tentially could affect axonal anterograde transport of TfR as well.
The faintness of the TfR-containing anterograde carriers pre-
vented us from reliably quantifying an effect of Rab5-FHF inter-
ference on the motility of these carriers.

On the basis of these observations, we propose the scheme
shown in Fig. 8. A Rab5 GEF exchanges GTP for GDP on Rab5,
promoting Rab5 recruitment to a population of axonal retro-
grade carriers containing TfR. This recruitment initiates a chain
of interactions involving the FHF complex and dynein—dynactin
that drives transport of the carriers toward the soma. This mech-
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relevant for the retrograde transport of carriers with characteristics
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