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ABSTRACT

Mitochondria play essential roles in cellular energy processes,
including ATP production, control of reactive oxygen species (ROS)
and apoptosis. While mitochondrial function is regulated by the
dynamics of fusion and fission, mitochondrial homeostasis remains
incompletely understood. Recent studies implicate dynamin-2 and
dynamin-related protein-1 (Drp1, also known as DNM1L), as GTPases
involved in mitochondrial fission. Here, we identify the ATPase and
endocytic protein EHD1 as a novel regulator of mitochondrial fission.
EHD1 depletion induces a static and elongated network of
mitochondria in the cell. However, unlike dynamin-2 and Drp1,
whose depletion protects cells from staurosporine-induced
mitochondrial fragmentation, EHD1-depleted cells remain sensitive
to staurosporine, suggesting a different mechanism for EHD1 function.
Recent studies have demonstrated that VPS35 and the retromer
complex influence mitochondrial homeostasis either by Mul1-mediated
ubiquitylation and degradation of the fusion protein Mfn2, or by removal
of inactive Drp1 from the mitochondrial membrane. We demonstrate
that EHD1 and its interaction partner rabankyrin-5 interact with the
retromer complex to influence mitochondrial dynamics, likely by
inducing VPS35-mediated removal of inactive Drp1 from
mitochondrial membranes. Our study sheds light on mitochondrial
dynamics, expanding a new paradigm of endocytic protein regulation
of mitochondrial homeostasis.

KEY WORDS: Mitochondria, Fission, Retromer, EHD1, Endocytic
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INTRODUCTION

Mitochondria play an essential role in cellular ATP production via
oxidative phosphorylation, but are also crucial for regulating other
cellular events including Ca®" signaling (Duchen, 2000; Nicholls,
2005), apoptosis (Wang and Youle, 2009), reactive oxygen species
(ROS) generation and sequestration (Hamanaka and Chandel,
2010), and others. Mitochondrial function is closely controlled by
their dynamics, and they are continually undergoing cycles of
fusion and fission, processes required for homeostasis and
mitochondrial health (Chan, 2012). Indeed, perturbations of
mitochondrial dynamics have been documented in a wide variety
of neurodegenerative disorders, including Alzheimer’s disease (Cho
et al., 2009) and Parkinson’s disease (PD) (Tang et al., 2015).
Although the specific mechanisms by which mitochondrial
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dynamics influence many neurological disorders remain unclear,
fusion and fission control mitochondrial size and shape, the number
of mitochondria for inheritance in dividing cells, and many
mitochondrial functions, such as respiration, cell survival, etc.
(Chan, 2012; Flippo and Strack, 2017). Despite the high
significance of the mitochondrial fusion and fission processes,
and the identification of a growing number of molecules involved in
these events, many questions remain unanswered regarding
mechanisms of mitochondrial dynamics.

For mitochondrial fusion to occur, there need to be two distinct
fusion events, between both the outer membranes and inner
membranes of apposing mitochondria. To date, three mammalian
GTPases have been implicated in mitochondrial fusion: the
mitofusins Mfnl and Mifn2 control fusion of the outer
mitochondrial membrane (Rojo et al., 2002) (Santel and Fuller,
2001), and a protein mutated in dominant optic atrophy, OPA1,
mediates fusion of the inner mitochondrial membrane (Alexander
et al., 2000; Delettre et al., 2000). The dynamin-related GTPase
Drpl (also known as DNM1L), has been identified as a key protein
required for mitochondrial fission (Bleazard et al., 1999; Labrousse
et al., 1999). Drpl is recruited from the cytosol by several
mitochondrial membrane receptors, and functions in constriction
and fission; its absence from the cell leads to an elongated and
hyper-fused network of mitochondria (Frank et al., 2001). A recent
study has also demonstrated that dynamin-2 (Dyn2, also known as
DNM2) coordinates its fission activity with Drpl to sequentially
mediate the final step of mitochondrial division (Lee et al., 2016).

While identification of proteins involved directly in mitochondrial
fusion and fission, and determining their mechanisms of action, has
expanded rapidly in recent years, less is known about the regulation of
mitochondrial dynamics. One exciting new area of research relates to
recent studies pointing to a novel role for endocytic regulatory
proteins in controlling mitochondrial dynamics. For example,
VPS35, a member of the retromer cargo selection complex initially
described for its role in recycling the mannose-6-phosphate receptor
from endosomes back to the trans-Golgi network (Arighi et al.,
2004), has been implicated as a key modulator of mitochondrial
dynamics and one of only a handful of proteins that causes familial
PD (Kumar et al., 2012; Vilarino-Guell et al., 2011; Zimprich et al.,
2011). Indeed, the suppression of VPS35 expression in neonatal
hippocampal neurons leads to a degenerative morphology with the
generation of abnormal dendritic spines and swollen axons (Wang
et al., 2012), and VPS35 expression is decreased in the substantia
nigra of PD patients (MacLeod et al., 2013).

The mechanisms by which VPS35 and the retromer regulate
mitochondrial dynamics and impact PD are not well understood. A
recent study has demonstrated that VPS35 depletion in mouse
dopamine neurons induces a PD-like condition, including neuronal
death, a-synuclein deposition and fragmented mitochondria (Tang
et al., 2015). VPS35 depletion or mutation also led to increased
levels of the ubiquitin ligase Mull, which ubiquitylates Mfn2 on the
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mitochondrial membrane, induces its proteasomal degradation, and
may thus promote increased fission-to-fusion and fragmented
mitochondria (Tang et al., 2015). Alternatively (or in parallel), a
second study provides support for a different model for VPS35
function in the regulation of mitochondrial homeostasis and PD.
Wang et al. demonstrate that VPS35 binds to complexes of inactive
Drpl on the mitochondrial membrane, and facilitates their removal
and vesicular transport to lysosomes for degradation, thus freeing up
new recruitment sites for active Drpl and promoting fission and
fragmentation (Wang et al., 2016, 2017).

In this study, we demonstrate that the endocytic fission protein
and ATPase EHDI is a novel player in mitochondrial dynamics.
EHDI1 depletion induces an elongated network of mitochondria that
remain highly static over time. Despite having considerable
similarity to the dynamin family of GTPases, unlike depletion of
Drpl or Dyn2, EHDI1 knockdown did not prevent staurosporine
(STS)-induced mitochondrial fragmentation, suggesting that it acts
upstream of the mitochondrial fission proteins and more likely
functions in a regulatory capacity. Indeed, as we have previously
demonstrated that EHD1 and its binding partner rabankyrin-5 both
interact with the retromer complex, we now hypothesize that EHD1
might regulate mitochondria through its control of VPS35. Our
findings support a mechanism by which EHDI1 and rabankyrin-5
interact with the retromer complex and influence mitochondrial
dynamics by inducing VPS35-mediated removal of inactive Drpl
from the mitochondrial membrane.

RESULTS
EHD1 regulates mitochondrial fission
To address the potential role of EHD1 in mitochondrial fission and
homeostasis, we depleted EHD1 from retinal pigment epithelial
(RPE) cells by using siRNA. As demonstrated, siRNA-mediated
knockdown of EHD1 was highly efficient with >90% of the protein
depleted (Fig. 1E). To compare mitochondrial morphology in
mock-treated and EHD1-depleted cells, we immunostained RPE
cells with the mitochondrial membrane marker Tom20 (also known
as TOMM20) (Fig. 1A-D). Compared to mock-treated cells, which
display a typical network of mitochondria (Fig. 1A,C), cells lacking
EHDI1 displayed a very extended mitochondrial network, sporting
numerous elongated structures (Fig. 1B,D). To quantitatively
measure the differences in mitochondrial homeostasis between
mock-treated and EHDI1-depleted cells, we used the Mito
Morphology Macro plug-in on Imagel (http:/imagejdocu.tudor.
Iu/doku.php?id=plugin:morphology:mitochondrial_morphology_
macro_plug-in:start). Data from multiple cells imaged in three
separate experiments indicate that both the average mitochondrial
size (Fig. 1F) and average mitochondrial perimeter (Fig. 1G) are
significantly larger in EHD1-depleted cells. On the other hand, the
average circularity, which would be increased in a more fragmented
mitochondrial network, is significantly decreased upon EHDI1
depletion (Fig. 1H). To demonstrate the specificity of the EHD1
siRNA and rule out off-target effects, we ‘rescued’ the elongated
mitochondrial phenotype observed upon EHDI1 depletion by
transfecting siRNA-resistant GFP-Myc—EHD1 into knockdown
cells (Fig. S1). As demonstrated (Fig. SIA-F) and quantified
(Fig. S1G), EHD1 knockdown cells transfected with reintroduced
EHD1 displayed a mean mitochondrial length that was considerably
shorter than that in knockdown cells, and was similar to that
observed in mock-treated cells. Overall, these data support the
notion that EHD1 plays a role in mitochondrial fission.

Based on the increased length of mitochondria upon EHDI1
depletion, we hypothesized that if EHD1 mediates mitochondrial

2360

fission, then its absence should lead to more static and stabilized
mitochondria compared with what would be seen in mock-treated
cells. To test this, we used the mitochondria-specific dye
Mitotracker Red to follow mitochondria in living cells. As
demonstrated, in mock-treated cells, mitochondria are highly
dynamic and are continually undergoing fusion and fission
(Fig. 2A, see inset; Movie 1). The images were obtained every 15
s over 5 min, and the arrows highlight several events in which
mitochondria undergo fission (Fig. 2A, see inset). In contrast, the
elongated mitochondria in EHD1-depleted cells are very static, and
limited dynamic movement can be observed over time (Fig. 2B;
Movie 2). These experiments further support the notion that EHD1
is required for normal mitochondrial fission.

EHD1 likely functions upstream of the known mitochondrial
fission proteins Dyn2 and Drp1

To date, the dynamin-related protein Drpl is considered to be the
major protein involved in mitochondrial fission (Pitts et al., 1999;
Santel and Frank, 2008; Taguchi et al., 2007). However, a recent
study has determined that the GTPase Dyn2 is also required for
mitochondrial fission (Lee et al., 2016). Given the homology
between EHD1 and dynamin (Daumke et al., 2007), and the role of
EHD1 as an ATPase involved in endosomal fission (Cai et al., 2013,
2014; Jakobsson et al., 2011), we sought to explore the possibility
that EHD1 may also act directly in mediating mitochondrial fission.
To do so, we took advantage of a clever assay used by Lee et al. to
identify the role of Dyn2 in mitochondrial fission (Lee et al., 2016).
The broad-spectrum kinase inhibitor STS induces mitochondrial
fission and fragmentation, but such fragmentation is prevented in
cells lacking either Drpl or Dyn2, highlighting their role in direct
mitochondrial fission (Lee et al., 2016). We therefore rationalized
that if EHD1 has a similar role, acting directly in mitochondrial
fission, then EHD1 depletion should also prevent STS-induced
mitochondrial fragmentation. Accordingly, mock- and EHDI-
depleted cells were either treated or not with STS for 1 h, and then
immunostained with antibodies to Tom20 to visualize mitochondria.
Compared to mock-treated cells, EHD1-depleted cells displayed a
network of elongated mitochondria (compare Fig. 3C to 3A). These
mitochondria were larger in size (Fig. 3E) and had a greater average
perimeter (Fig. 3F), but showed decreased circularity (Fig. 3G),
consistent with our findings in Fig. 1. As anticipated, when mock-
treated cells were stimulated with STS, this induced fission and
fragmentation of mitochondria (compare Fig. 3B with 3A), and the
STS-induced cells had mitochondria that were significantly smaller
(Fig. 3E,F) with greater circularity (Fig. 3G). We then subjected
EHDI-depleted cells to STS treatment. As demonstrated, fission
and fragmentation of mitochondria were clearly observed (Fig. 3D),
and the mitochondrial size, perimeter and circularity were not
significantly different from the values we measured for mock cells
induced with STS (Fig. 3E-G). While we cannot entirely rule out the
possibility that EHD1 might act directly in mitochondrial fission,
these data are generally consistent with the idea that unlike Drp1 and
Dyn2, EHD1 does not act directly in mitochondrial fission, and may
function upstream in a regulatory capacity.

EHD1 and rabankyrin-5 regulate retromer control of
mitochondrial fission

Recent studies have identified an important role for the retromer
cargo selection complex protein VPS35 in the regulation of
mitochondrial homeostasis and PD (Kumar et al., 2012; Struhal
et al., 2014; Vilarino-Guell et al., 2011; Wang et al., 2016a,b;
Zimprich et al., 2011). One recently published mechanism suggests
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Fig. 1. EHD1 is required for mitochondrial homeostasis. (A-D) RPE cells were either mock treated (A,C) or treated with EHD1 siRNA for 72 h (B,D) and

immunostained for the mitochondrial membrane marker Tom20. C and D are images of higher magnitude to visualize mitochondrial elongation. (E) The efficacy of
the EHD1-depletion for A-D is demonstrated by immunoblotting lysates from mock and EHD1-depleted RPE cells. (F-H) The Mito Morphology Macro plugin in
ImageJ was used to quantify meants.d. for mitochondrial size, perimeter and circularity, in three independent experiments each using 10 cells per treatment.

*P<0.05 (one-tailed Student’s t-test).

that VPS35 controls the transport of the ubiquitin ligase Mull to
the mitochondrial membrane (Tang et al., 2015). Mull then
ubiquitylates the mitochondrial fusion protein Mfn2, inducing its
proteasomal degradation (see model, Fig. 4A). Since we have
previously demonstrated that both EHDI1 and its binding partner
rabankyrin-5 interact with the retromer complex, we hypothesized
that EHDI1 depletion might interfere with Mull relocation to the
mitochondrial membrane, thus skewing the fission-to-fusion ratio
toward fusion and elongated mitochondrial networks.

To test this idea, initially we set out to determine whether EHD1
interacts with Mull. As a positive control, we confirmed that

purified GST-EHD1 and the EH domain of EHD1 (EH1) pulled
down the EHD1 interaction partner MICAL-L1 from bovine brain
cytosol (Fig. 4B, top panel), consistent with our previous studies
(Sharma et al., 2009). Likewise, the purified full-length GST-
EHDI1 pulled down Mull from the cytosol, whereas GST only and
GST-EHI1 did not (Fig. 4B, middle panel). To further address
the relationship between EHDI1, rabankyrin-5, the retromer and
Mull, we performed co-immunoprecipitation studies with lysates
containing endogenous proteins (Fig. 4C). In these experiments, as
anticipated, Mull clearly co-precipitated retromer components such
as VPS26. However, in the same co-immunoprecipitations, we also
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EHD1 KD

clearly detected the EHDI interaction partner rabankyrin-5
(Fig. 4C), and low levels of EHD1 (data not shown). These data
suggest that EHD1 and rabankyrin-5 may interact with Mull to
mediate its transport to mitochondria, where it induces Mfn2
proteasomal degradation.

We rationalized that if rabankyrin-5 cooperates with EHD1 in the
regulation of Mull transport to mitochondria, then depletion of
rabankyrin-5 should result in a similar extended mitochondrial
network to that seen upon EHDI depletion. To test this idea, we
used siRNA to knockdown rabankyrin-5 in RPE cells and
immunostained them for Tom20. As demonstrated, compared to
mock treatment, cells lacking rabankyrin-5 displayed an elongated
mitochondrial network (compare Fig. 5B to 5A). Quantification of
data from three separate experiments showed that the average size
and perimeter of rabankyrin-5-depleted mitochondria were
significantly greater than in mock-treated cells, whereas the
average circularity significantly decreased in the knockdown cells
(Fig. 5C).

Given that rabankyrin-5 is an EHDI1 interaction partner
(Zhang et al., 2012), we hypothesized that, similar to what is
seen for EHDI, rabankyrin-5 may function upstream of Drpl
and Dyn2 in mitochondrial fission. To test this idea, we again
used the STS assay (Lee et al., 2016) described in Fig. 3. As
demonstrated in Fig. S2, rabankyrin-5 knockdown cells displayed
elongated and extended mitochondria compared to mock-treated
cells (compare Fig. S2C to S2A). Moreover, incubation of both
mock-treated cells and rabankyrin-5 knockdown cells with STS
led to mitochondrial fission as shown (compare Fig. S2B and S2D)
and as quantified (Fig. S2E-G). These data are consistent with a
role for rabankyrin-5 in the regulation of mitochondrial fission
and homeostasis that is likely upstream of the fission proteins Drp1
and Dyn2.
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Fig. 2. Mitochondrial dynamics are
impaired upon EHD1 depletion. Live
imaging was performed on RPE cells
incubated with Mitotracker Red and either
mock treated (A) or treated with EHD1
siRNA for 72 h (B). 4-slice z-section images
were taken every 15 s for 5 min for each
treatment, and compiled to a maximal
projection image. The arrows depict
examples of fission events in mock-treated
cells.

Time: 45 s

Since the interaction between EHD1 and Mull was not as robust
in immunoprecipitations as that observed between rabankyrin-5 and
Mull, and EHD1 interacts with rabankyrin-5 (Zhang et al., 2012),
we hypothesized that perhaps rabankyrin-5 mediates the interaction
between Mull and EHD1. To test this notion, we used lysate from
mock-treated cells or cells treated with rabankyrin-5 siRNA in
pulldown experiments with GST-EHD1. Using lysate from mock-
treated cells, we observed significant Mull pulldown upon
incubation with GST-EHDI, but not GST alone (Fig. 5D, top
panel). However, upon efficient rabankyrin-5 depletion from the
lysate (Fig. 5D, middle panel), very little Mull was pulled down by
GST-EHDI1 (Fig. 5D, top panel). These data suggest that EHD1
interacts with Mull via rabankyrin-5.

If EHDI and rabankyrin-5 depletion promote -elongated
mitochondria by stabilizing the fusion protein Mfn2 on the
mitochondrial membrane, one would predict that the knockdown
of these proteins would result in accumulation of Mfn2. To test this
hypothesis, we knocked down EHD1, rabankyrin-5 and VPS35, and
compared the expression levels of Mfn2, as well as Drpl and actin
(control) in mock and depleted cells (Fig. 6A and quantified in B, D
and F). siRNA-mediated knockdown resulted in efficient reduction
in expression levels of all three proteins (Fig. 6A, top panels, and
quantified in Fig. 6B—G), whereas actin levels remained very similar
in mock- and siRNA-treated cells (Fig. 6A, bottom panels).
However, no difference was observed in Mfn2 or Drpl levels, and
no major observable change in Drp1 association and/or distribution
along mitochondrial membranes was noted [Fig. S3; compare A—C
(mock) to D-F (EHD1 siRNA)]. These data suggest that despite the
interaction between EHD1 and Mull, preservation/accumulation of
Mifn2 and/or Drp1 on the mitochondrial membrane did not appear to
be the mechanism by which EHDI1 depletion induced elongated
mitochondrial networks.
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Fig. 3. EHD1 plays a regulatory role in
mitochondrial fission. (A—D) RPE cells
were either mock treated (A,B) or treated
with EHD1 siRNA for 72 h (C,D), followed
by incubation with STS for the last 1 h of
treatment (B,D) or without the drug (A,C).
(E-G) The Mito Morphology Macro plugin
in ImagedJ was used for quantifying mean
+s.d. for mitochondrial size, perimeter and
circularity in three independent
experiments each using 10 cells per
treatment. *P<0.05; n.s., not statistically
significant (one-tailed Student’s t-test).
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EHD1 and rabankyrin-5 differentially regulate VPS35 to
control mitochondrial homeostasis

A recent study presents a new model by which VPS35 and the
retromer may affect mitochondrial homeostasis; the model holds
that VPS35 interacts with Drp1, and that vesicles containing VPS35
thus remove inactive Drpl from the mitochondrial membrane,
enabling active Drp1 to mediate fission (Wang et al., 2016b, and see
Fig. 7L). By this scenario, depletion or sequestration of VPS35
would impair fission and induce hyper-elongation of mitochondria.
We therefore hypothesized that EHD1, through its interaction with
the retromer, might regulate the level of VPS35. To test this
hypothesis, we immunoblotted lysates from cells that were either
mock treated or treated with EHDI1 siRNA (Fig. 7A). As
demonstrated, under conditions where EHD1 was efficiently
depleted, there was a consistent ~50% decrease in the expression
of VPS35, suggesting that the interaction between retromer and
EHDI1 stabilizes VPS35 levels (Fig. 7A, asterisk, and quantified in
Fig. 7B). Indeed, the expression of an additional retromer cargo

selection component, Vps26, was similarly decreased upon EHD1
knockdown (Fig. S4A,B). Moreover, these data support the model
proposing that VPS35 and the retromer control mitochondrial
fission by removing inactive Drpl from the membrane, thereby
allowing fission by available and active Drpl (Fig. 7L).

We then tested whether rabankyrin-5, which both interacts with the
retromer and influences mitochondrial dynamics, similarly affects
VPS35 protein levels. Surprisingly, efficient siRNA-mediated
depletion of rabankyrin-5 had no effect on VPS35 expression
(Fig. 7C, quantified in 7D), leading us to hypothesize that rabankyrin-
5 mechanistically regulates VPS35 function in a manner distinct from
that of EHD1. One possibility was that rabankyrin-5 is needed for the
trafficking of VPS35 from endosomes to the mitochondrial
membrane. We therefore argued that if rabankyrin-5 is required for
this transport step, then its depletion should lead to an altered VPS35
localization pattern within the cell. To test this, we knocked down
rabankyrin-5, and compared the subcellular distribution of VPS35 to
that observed in mock-treated cells, using GM130 (also known as
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Fig. 4. EHD1 interacts with Mul1. (A) Model for the potential role of
EHD1 in regulating mitochondrial dynamics via Mul1. Under normal
conditions, the ubiquitin ligase Mul1 is released from an interaction
with VPS35 and the retromer components (including EHD1), and
relocates to the mitochondrial membrane, where it ubiquitylates
Mfn2, inducing its proteasomal degradation and promoting normal
mitochondrial fission. Upon EHD1 depletion, Mul1 would be
retained in association with VPS35 and the retromer, preventing
Mfn2 degradation and thus enhancing mitochondrial membrane
fusion. (B) GST pulldown from bovine brain cytosol was performed
with GST only, a GST-tagged EH domain of EHD1 (GST-EH1) and
GST-EHD1. Eluates were immunoblotted with antibodies against
MICAL-L1 (top panel), as a positive interactor with EHD1, and Mul1
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C IP: aMul1 control lysate

Light chain—s |

GOLGA?2) to mark the Golgi region as a reference point within the
cell (Fig. 7E-J). As demonstrated, compared to VPS35 distribution in
mock-treated cells, upon rabankyrin-5-depletion there was a
significant degree of sequestration of VPS35 in the Golgi region of
the cell (Fig. 7, compare F and H to E and G; dashed regions of
interest are the Golgi, as marked by GM 130 in I and J). To quantify
the difference observed, we measured the VPS35 fluorescence
localized to the Golgi region in knockdown cells and found that it was
significantly increased compared to mock-treated cells (Fig. 7K).
Overall, these data support a model by which depletion of EHD1 and
rabankyrin-5 lead to reduced VPS35 levels or an altered VPS35
subcellular distribution, respectively. This in turn may prevent
removal of inactive Drpl from mitochondrial membranes,
culminating in impaired fission, thus leading to the hyper-elongated
mitochondrial network observed in these cells (Fig. 7L).

DISCUSSION

Mitochondrial dynamics have long been correlated with their
physiological functions, and their structures appear along a
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(middle panel). GST fusion protein samples were immunoblotted
with anti-GST (bottom panel). (C) Co-immunoprecipitation (IP) of
proteins from a HelLa cell lysate using anti-Mul1 (eMul1), and
immunoblotted with anti-Vps26 and anti-rabankyrin-5 antibodies.
25 kDa immunoglobulin light chains detected by the secondary
anti-light chain antibody are indicated in the bottom panel.

continuum from tubular networks to smaller fragmented
membranes (Benard et al., 2006). Indeed, early observations
found that, upon activation of ATP synthesis, mitochondria
displayed a smaller and more-condensed phenotype
(Hackenbrock, 1966). Mitochondrial fragmentation has also been
observed in patient fibroblasts that have altered energy production
due to defects in respiratory chain subunits (Capaldi et al., 2004;
Koopman et al., 2005). Since mitochondrial dynamics are
controlled by a tight balance between fusion and fission, much
attention has been placed on identifying the proteins involved in
these processes. In particular, until recently, the role of fission was
thought to be mediated primarily by a single dynamin-related
protein, Drpl (Bleazard et al., 1999; Labrousse et al., 1999).
However, a recent study sheds new light on the fission process and
has identified Dyn2 as playing a sequential role with Drpl in the
cleavage of mitochondrial membranes (Lee et al., 2016).

In addition to focus on the proteins carrying out the process of
fission, recent works have also highlighted rapid developments in
our understanding of the regulation of Drpl- and Dyn2-mediated
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Average Size

Rabankyrin-5 KD

Fig. 5. Rabankyrin-5 mediates the
interaction between EHD1 and Mul1,
and its depletion induces an
elongated mitochondrial network
similar to that observed upon EHD1
depletion. (A,B) RPE cells were either
mock treated (A) or treated with
rabankyrin-5 siRNA for 72 h (B) and
immunostained for the mitochondrial
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mitochondrial fission. Exciting new studies implicate the VPS35
retromer subunit and the retromer complex in PD and mitochondrial
fission, forging a novel connection between an endocytic regulatory
complex and a non-endocytic organelle (Follett et al., 2014; Kumar
et al., 2012; Sharma et al., 2012; Struhal et al., 2014; Tang et al.,
2015; Vilarino-Guell et al., 2011; Zimprich et al., 2011). However,
while the relationship between VPS35, mitochondrial dynamics
and PD is now irrefutable, the precise mechanism(s) by which
VPS35 influences mitochondrial morphology remain somewhat
controversial.

In our study, we identify a novel regulatory role for EHD1 as a
potent effector of mitochondrial homeostasis. We demonstrated that
EHDI1 depletion leads to a highly static and elongated mitochondrial
network reminiscent of that seen upon Drpl depletion (Benard
etal., 2006). Given that EHD1 is an ATPase that displays homology
to the dynamin family (Daumke et al., 2007; Melo et al., 2017), this
raised the possibility that it could play a role directly in fission, in a

similar manner to that of Drpl and Dyn2. However, the failure
to observe significant levels of EHDI1 associated with the
mitochondrial membrane reduced the likelihood of such a direct
function. Additionally, whereas STS treatment failed to induce
mitochondrial fragmentation in either Drp1- or Dyn2-depleted cells
(Lee et al., 2016), STS did cause fragmentation in EHD1-depleted
cells. This suggests that the kinase inhibitor likely acts directly on
Drpl and/or Dyn2, bypassing a potential regulatory role carried out
by EHDI.

What could the potential role of EHD1 be in regulating
mitochondrial fission upstream of Drpl/Dyn2? Studies by our
group and others have linked EHDI1 to the retromer complex
(Gokool et al., 2007; Zhang et al., 2012), suggesting the intriguing
possibility that EHD1 might somehow function upstream of the
mitochondrial fission proteins. One potential mechanism by
which VPS35 and the retromer have been proposed to regulate
mitochondrial fission is via the ubiquitin ligase Mull (Tang et al.,
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Fig. 6. Depletion of EHD1, rabankyrin-5 or VPS35 does not induce Mfn2 accumulation. HelLa cells were either mock treated, or treated with EHD1,
rabankyrin-5 or Vps35 siRNA for 72 h. Depletion efficacy was validated by immunoblotting with antibodies against EHD1, rabankyrin-5 and VPS35 (A; top three
panels), and the effect of the siRNA was assessed with antibodies against Mfn2 (A; second panel from the top), Drp1 (A; third panel from the top) and actin
(A; bottom panel). (B—G) Densitometric quantification from three separate experiments. *P<0.05 (one-tailed Student’s t-test).

2015; Yun et al., 2014). Mull interacts with VPS35, and, in this
scenario, release of Mull from this interaction is thought to facilitate
Mull transport to the mitochondrial membrane, where it
ubiquitylates the fusion-promoting protein Mfn2, sending it for
proteasomal degradation and thus inducing a more-fragmented
mitochondrial phenotype (Tang et al., 2015). While we did
demonstrate that Mull interacts with EHDI1, through the EHDI1
interaction partner rabankyrin-5, which also interacts with the
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retromer (Zhang et al., 2012), we did not find increased levels of
Mifn2 as would be anticipated if less proteasomal degradation
occurs. This suggests that EHD1/VPS35 regulation of Mull is not
the primary mechanism for the control of mitochondrial dynamics.

It has also been proposed that VPS35 regulates mitochondrial
dynamics by a different mechanism, whereby VPS35-containing
vesicles interact with inactive Drpl on the mitochondrial
membrane, removing the inactive Drp1 fission-promoting protein.
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Fig. 7. Depletion of EHD1 and rabankyrin-5 results in reduced and sequestered VPS35, respectively. (A-D) Hela cells were either mock treated, treated
with EHD1 siRNA (A) or treated with rabankyrin-5 (Rank-5) siRNA (C) for 72 h and immunoblotted for VPS35, EHD1, Rank-5 and actin. The asterisk (in A)
indicates reduced VPS35 protein levels. (B,D) Quantification of protein levels from three independent experiments. *P<0.05 (one-tailed Student’s t-test).
(E-J) RPE cells were either mock treated (E,G,|) or treated with rabankyrin-5 siRNA for 72 h (F,H,J), and immunostained for VPS35 and the Golgi membrane
marker GM130. Regions of interest were drawn with a dashed line around the GM130 Golgi stain (I,J) and superimposed in the merged images (E,F) and

in the VPS35-stained images (G,H; note, the region of interest is not shown in G and H so the VPS35 distribution pattern can be observed more clearly). Scale bar:
10 pm. (K) ImageJ was used to quantify the meanzs.d. for fluorescence of VPS35 localized to the central Golgi region marked by the regions of interest in
three independent experiments each using 10 cells per treatment. *P<0.05 (one-tailed Student’s t-test). (L) Current working model showing the proposed
mechanism for EHD1 regulation of mitochondrial dynamics. In this scenario, EHD1 might act in facilitating fission of vesicles that transport VPS35 from
endosomes to the mitochondrial membrane. VPS35 might then interact with inactive Drp1, removing it from the mitochondrial membrane and facilitating the
function of active Drp1 leading to mitochondrial fission. Thus, the absence of EHD1 might prevent this transport step and lead to elongated mitochondria.
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This is turn frees mitochondrial membrane space for new active
Drpl, thus leading to fission (Wang et al., 2016b). Under this
scenario, loss of VPS35, or potentially its altered regulation in the
absence of EHD1, could lead to impaired fission, resulting in the
generation of an elongated and static mitochondrial network.
Indeed, we observed decreased VPS35 expression upon EHDI
depletion, providing support for this idea. Surprisingly, rabankyrin-
S-depletion did not induce a similar decrease in VPS35 levels to that
observed upon EHD1 depletion. However, rabankyrin-5 depletion
did cause an altered subcellular distribution of VPS35, providing a
mechanism, albeit different from that of EHD1, for the formation of
elongated mitochondrial networks. While we cannot rule out other
potential mechanisms for the involvement of EHD1 and rabankyrin-
5 in the regulation of mitochondrial homeostasis, including the
possibility that EHD1 might serve (at least in part) as a direct
mitochondrial fission protein, to date our studies broadly support a
more regulatory role for these proteins upstream of the
mitochondrial membrane.

In summary, our study highlights a new layer of regulation of
mitochondrial dynamics, and further tightens the growing crosstalk
between endocytic and mitochondrial pathways. Although, to date,
mutations or impaired expression levels of EHD1 and rabankyrin-5
have not been implicated in PD, the expansion of key mitochondrial
regulatory proteins to additional retromer components (and their
interaction partners) is likely to shed new light on mechanisms of PD.

MATERIALS AND METHODS

Reagents and antibodies

Mitotracker Red was purchased from Thermo Fisher Scientific. STS was
purchased from Sigma-Aldrich. Antibodies against the following proteins
were used: EHD1 (ab109311, 1:1000 dilution for immunoblotting), Vps26
(ab23892, 1:500 dilution for immunoblotting), VPS35 (ab97545, 1:500
dilution for immunoblotting), Mfn2 (ab56889, 1:500 dilution for
immunoblotting) and actin (ab14128, 1:4000 dilution for immunoblotting)
from Abcam; Tom20 (sc-11415, Santa Cruz Biotechnology, 1:1000 dilution
for immunofluorescence); Mull (GTX112673, GeneTex, 1:500 dilution for
immunoblotting); GST conjugated to horseradish peroxidase (HRP) (NA935,
Amersham, 1:5000 dilution for immunoblotting); MICAL-L1 (H00085377-
BO1P, Abnova, 1:500 dilution for immunoblotting); rabankyrin-5 (PAS5-
24640, Thermo Scientific, 1:200 dilution for immunoblotting); Drp1 (8570s,
Cell Signaling, 1:500 dilution for immunoblotting); GM130 (610822, BD
Biosciences, 1:500 dilution for immunoblotting); donkey anti-mouse IgG
light chain conjugated to HRP (715-035-151, 1:10,000 dilution for
immunoblotting), mouse anti-rabbit IgG light chain conjugated to HRP
(211-032-171, 1:10,000 dilution for immunoblotting), from Jackson; and
donkey anti-mouse-IgG conjugated to Alexa Fluor 488 (A21202, 1:700
dilution for immunofluorescence), donkey anti-mouse-IgG conjugated to
Alexa Fluor 568 (21043, 1:700 dilution for immunofluorescence), goat
anti-rabbit-IgG  Alexa Fluor 488 (A11034, 1:700 dilution for
immunofluorescence), and goat anti-rabbit-IgG conjugated to Alexa Fluor
568 (A11036, 1:700 dilution for immunofluorescence) from Molecular
Probes.

Cell culture

The HeLa cervical cancer cell line was obtained from the American Type
Culture Collection (ATCC) and grown in DMEM (high glucose) containing
10% fetal bovine serum (FBS), 1x penicillin-streptomycin (Invitrogen) and
2 mM glutamine. The immortalized retinal pigment epithelium (RPE) cell
line from the ATCC was grown in DMEM/F12 containing 10% FBS, 1x
penicillin-streptomycin and 2 mM glutamine. Cell lines were routinely
tested for mycoplasma contamination.

siRNA transfections and rescue experiments
Custom EHD1 siRNA oligonucleotide (Sharma et al., 2009), and On-Target
rabankyrin-5 siRNA oligonucleotides were obtained from Dharmacon. RPE
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cells were transfected using Liptofectamine RNAIMAX (Invitrogen) with
40 nM oligonucleotide. The efficiency of protein knockdown was measured
at 72 h post transfection by immunoblotting or immunofluorescence for
each experiment. For rescue experiments, RPE cells were simultaneously
treated for EHD1 siRNA and transfected using Fugene 6 (Roche) with a
GFP-Myc-EHDI1 construct engineered with silent mutations rendering it
resistant to the siRNA oligonucleotides.

Immunoblotting

Cells were washed twice in ice-cold PBS and were then scraped off plates
with a rubber policeman into ice-cold lysis buffer (50 mM Tris-HCI pH 7.4,
100 mM NaCl, 0.5% Triton X-100 and 1x protease cocktail inhibitor).
Protein levels of postnuclear lysates were quantified by using the Bradford
assay for equal protein level loading. For immunoblotting, 20-30 ug of
protein per lysate (from either RPE or HeLa cells) were separated by 10%
SDS-PAGE. Proteins were transferred onto nitrocellulose membranes, and
blocked for 30 min at room temperature in PBS with 0.3% Tween 20 and 5%
non-fat dry milk (PBST). The membranes were then incubated overnight
with primary antibodies diluted in PBST. Membranes were washed with
TBST and then incubated with the appropriate secondary antibody in PBST
for 30 min.

Quantification of immunoblots

The adjusted relative density of the immunoblots was measured in ImageJ
according to the following protocol: http:/www1.med.umn.edu/starrlab_
deleteme/prod/groups/med/@pub/@med/@starrlab/documents/content/med_
content_370494 . html.

Quantification of mitochondrial parameters

The average size, perimeter, and circularity of mitochondria were measured in
Imagel, using a plugin called Mito Morphology Macro (http:/imagejdocu.
tudor.lu/doku.php?id=plugin:morphology:mitochondrial_morphology_macro_
plug-in:start). Images of Tom20-stained cells were imported into ImagelJ
where the program was able to set a common threshold and calculate the
mitochondrial parameters.

Quantification of VPS35 subcellular distribution

The distribution of VPS35-containing vesicles was assessed in Imagel.
Multi-channel images were split into separate channels. An area was drawn
around the Golgi region as marked by the Golgi marker GM 130, using the
‘free hand’ tool. This region was then superimposed on the image of the
VPS35 immunostaining, and the mean VPS35 fluorescence intensity of that
region was measured and calculated.

Immunofluorescence

RPE cells were treated as indicated in the text and then fixed in 4%
paraformaldehyde in PBS for 10 min at room temperature. Cells were rinsed
three times in PBS. The cells were then incubated with primary antibody in
PBS containing 0.5% BSA and 0.2% saponin for 1 h at room temperature,
washed three times in PBS and then incubated with the appropriate
fluorochrome-conjugated secondary antibodies diluted in PBS containing
0.5% BSA and 0.2% saponin for 30 min. Cells were washed three times in
PBS and mounted in Fluoromount.

Using a Zeiss LSM800 confocal microscope with a 63x1.4 NA oil
objective, z-stack confocal images were collected. The series of images from
a z-stack was then processed to yield a maximal projection image using the
Zeiss Zen software. For quantification, collected maximal projection images
were imported into ImageJ as described above.

Live imaging
RPE cells were plated on 35 mm glass-bottom plates and transfected with
the appropriate siRNA treatment. At 72 h post transfection, the cells were
treated with 25 nM Mitotracker Red for 15 min in Opti-mem media. The
cells were then washed two times with DMEM/F12 (no Phenol Red), and
10% FBS was added to the cells.

Using the system described above, a four slice z-stack image was taken
every 15 s for 5 min. Each time-point z-stack was then converted into a
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maximal projection image as described above. Image quantification was
performed as described above.

STS assay

RPE cells were treated with 1 uM STS (Sigma Aldrich) for the last 1 h of a
72 h siRNA transfection. The cells then underwent processing for
immunofluorescence as described above.

Statistics

Data from Imagel] was imported into Microsoft Excel. The mean and the s.d.
were calculated from data obtained from three independent experiments
with at least 10 images taken per treatment. Statistical significance was
calculated using a Student’s #-test with the Vassarstats program (http:/www.
vassarstats.net).
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