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HUMMR, a hypoxia- and HIF-1a-inducible protein,
alters mitochondrial distribution and transport
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itochondrial transport is critical for main-

tenance of normal neuronal function. Here,

we identify a novel mitochondria protein,
hypoxia up-regulated mitochondrial movement regula-
tor (HUMMR), which is expressed in neurons and is
markedly induced by hypoxia-inducible factor 1 «
(HIF-1a). Interestingly, HUMMR interacts with Miro-1
and Miro-2, mitochondrial proteins that are critical
for mediating mitochondrial transport. Interestingly,
knockdown of HUMMR or HIF-1 function in neurons
exposed to hypoxia markedly reduces mitochondrial
content in axons. Because mitochondrial transport and

Introduction

Hypoxia is a potentially injurious stimulus that evokes molecu-
lar responses to enhance oxygen delivery and maintain energy
supply. Hypoxia-inducible factor 1 o (HIF-1a), a master regu-
lator of the cellular response to hypoxia, is a transcription fac-
tor stabilized and activated during hypoxia (for reviews see
Semenza, 2000a,b; Wenger, 2000; Kietzmann et al., 2001).
Recent data supports an important role for HIF-1 in modulating
mitochondrial function (Kim et al., 2006; Papandreou et al.,
2006; Fukuda et al., 2007; Zhang et al., 2007). Two studies
describe HIF-1-dependent induction of pyruvate dehydrogenase
kinase-1, which reduces mitochondrial oxygen consumption
and reactive oxygen species production during hypoxia (Kim
et al., 2006; Papandreou et al., 2006). In addition, HIF-1 also
alters electron transport chain function by mediating switching
of a subunit of complex IV, allowing the mitochondria to fine
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distribution are inextricably linked, the impact of re-
duced HUMMR function on the direction of mitochon-
drial transport was also explored. Loss of HUMMR
function in hypoxia diminished the percentage of motile
mitochondria moving in the anterograde direction and
enhanced the percentage moving in the retrograde
direction. Thus, HUMMR, a novel mitochondrial pro-
tein induced by HIF-1 and hypoxia, biases mitochon-
dria transport in the anterograde direction. These
findings have broad implications for maintenance of
neuronal viability and function during physiological
and pathological states.

tune electron transport function during hypoxia (Fukuda et al.,
2007). Finally, HIF-1 activity suppresses mitochondrial DNA
proliferation by suppression of c-Myc activity (Zhang et al.,
2007), and enhances mitochondrial autophagy by inducing the
expression of bNip-3 (Semenza, 2008; Zhang et al., 2008).

In highly polarized cell types, such as neurons, transport
of mitochondria is essential for maintenance of neuronal health
and is maintained through the actions of multiple anterograde and
retrograde protein motors and adapters (Hollenbeck and Saxton,
2005; Verstreken et al., 2005; Chang and Reynolds, 2006; Ly and
Verstreken, 2006; Frederick and Shaw, 2007). A protein conserved
from yeast to mammals, Miro, is anchored in the outer mitochon-
drial membrane (OMM), and is necessary for mitochondrial trans-
port (Fransson et al., 2003, 2006; Guo et al., 2005). Drosophila
with loss of dMiro function display abnormal perinuclear clus-
tering of mitochondria (Guo et al., 2005), as do yeast lacking
Gem 1P (Miro orthologue; Frederick et al., 2004). In addition,
loss of dMiro function restricts mitochondrial transport and
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impairs synaptic function during trains of stimulation at the
neuromuscular junction in Drosophila (Guo et al., 2005).
Milton binds to the dMiro and tethers the mitochondria to the
kinesin heavy chain. The mammalian orthologues of Milton are
GABA, receptor-interacting factor 1 (GRIF-1) and O-linked
N-acetylglucosamine transferase-interacting protein (OIP106).
Similar to dMiro, Drosophila with loss of Milton function have
restricted mitochondrial transport and synaptic dysfunction
(Gorska-Andrzejak et al., 2003; Glater et al., 2006). Recent stud-
ies suggests that Miro function and calcium-dependent control of
mitochondrial transport is important for distributing mitochon-
dria to the synapses and altering neuronal death (Macaskill et al.,
2009b; Wang and Schwarz, 2009). Therefore, Miro, Milton, and
the kinesins are integral to maintenance of mitochondrial trans-
port influencing synaptic function and neuronal health.

In this paper, we describe a mitochondrial protein in-
volved in mitochondrial transport, which we rename hypoxia
up-regulated mitochondrial movement regulator (HUMMR). In
astrocytes, neurons, and whole brain, HUMMR abundance is low
in normoxia, but it is markedly induced by hypoxia through a
HIF-1-dependent process. A prior study named this protein corneal
endothelium-specific protein-1 (Kinouchi et al., 2006), but did not
describe its function. HUMMR specifically localizes to mitochon-
dria and interacts with the Miros. Loss of HUMMR or HIF-1 func-
tion significantly reduces the number of mitochondria in the axon
in neurons exposed to hypoxia. Interestingly, loss of HUMMR or
HIF-1 function diminishes the percentage of motile mitochondria
moving in the anterograde direction, but increases the percentage
moving in the retrograde direction. Because HIF-1 is induced dur-
ing hypoxia, ischemia, and Alzheimer’s disease, these results have
broad implications for mitochondrial transport and its resultant
effects on synaptic and neuronal function during disease.

Results

HIF-1a induces a unique mitochondrial
protein, HUMMR
Microarray technology (CodeLink) was used to search for HIF-1-
dependent targets. Conditional loss of HIF-la function was
achieved in neuronal cultures using bigenic mice with a floxed
HIF-1a gene locus (HIF-1a'F; Ryan et al., 2000) and cre re-
combinase expression (synapsin I cre; Zhu et al., 2001). Known
HIF-1 targets (see Table S1) and a transcript of unknown func-
tion (available from GenBank/EMBL/DDBJ under accession
no. NM_026358) were identified as HIF-1 targets. The tran-
script has the same sequence as corneal endothelium-specific
protein (Kinouchi et al., 2006). We elected to rename this pro-
tein HUMMR to better reflect its regulation and function.
Quantitative PCR confirmed the hypoxic induction of
HUMMR transcript and its dependence on HIF-1 function (Fig. 1).
Similar to our prior reports (Rempe et al., 2007; Vangeison et al.,
2008), loss of HIF-1 function was induced in astrocytes or neurons
in vitro, and in brain cortex in vivo using HIF-1a" mice (Ryan
et al., 2000) crossed with different cre recombinase—expressing
mice (Fig. 1 A). Loss of HIF-1 function inhibited hypoxia-induced
HUMMR transcript expression (Fig. 1 B). Several (16) putative
hypoxic response elements (5'-RCGTG-3") were contained within
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the 5" promoter, introns, and 3" untranslated region of HUMMR,
which suggests that HUMMR is a HIF-1 target (Fig. 1 G).

To examine HUMMR protein regulation, an anti-mouse
HUMMR polyclonal antibody was produced. In agreement with
a prior study (Kinouchi et al., 2006), the molecular weight of
HUMMR was near 50 kD (Fig. 1 C), and was expressed in brain,
testes, and ovary (Fig. 1 F). HUMMR protein abundance was
markedly induced by hypoxia in neurons and astrocytes, which
was prevented by loss of HIF-1a function (Fig. 1, D and E).
Analysis of the amino-acid sequence of HUMMR predicted a
mitochondrial localization signal (MLS) at the amino terminus
(MitoProtlII; Claros and Vincens, 1996) and a transmembrane do-
main (TMD) following the MLS (Fig. 2 A; Tusnady and Simon,
2001). As reported previously in corneal cells (Kinouchi et al.,
2006), immunocytochemistry (ICC) confirmed the mitochon-
drial localization of HUMMR (Fig. 2 B).

HUMMR induces collapse of the
mitochondrial network, which is not
reversed by inhibiting mitochondrial fusion
or enhancing mitochondrial fission

Transfection of a C-terminal Flag-tagged version of HUMMR
(HUMMR-Flag) collapsed the mitochondrial network around the
nucleus in 80% of astrocytes (Fig. 3, B and C), which was not ob-
served with mito-YFP (Fig. 3 A; Llopis et al., 1998). HUMMR-
Flag did not colocalize with protein disulfide isomerase or GM 130
(Fig. 3, D and E), which label the ER and the Golgi apparatus, re-
spectively. The actin and microtubule intracellular cytoskeleton
structure was not altered by HUMMR-Flag (Fig. S1).

To determine if HUMMR may increase mitochondrial
fusion, which can induce a similar perinuclear clumping of mito-
chondria (Santel et al., 2003), we transfected HUMMR-Flag into
immortalized mouse embryonic fibroblasts with knockout of both
mitofusin 1 and 2 function (Chen et al., 2003). Loss of mitofusin 1
and mitofusin 2 function did not prevent HUMMR-induced
mitochondria network collapse (Fig. S2 A). Similarly, we exam-
ined the impact of expressing mitochondrial fission proteins on
HUMMR-induced mitochondrial network collapse. Although
many cells transfected with human Fis (hFis) displayed frag-
mented mitochondria, neither DIp1 nor hFis inhibited HUMMR-
induced mitochondrial network collapse (Fig. S2, B-E).

HUMMR forms a protein complex with
Miro-1, Miro-2, OIP106, and GRIF-1,

but not h-Fis

Because transfection of Milton or constitutively active Miro
collapses the mitochondrial network (Stowers et al., 2002;
Fransson et al., 2003; Glater et al., 2006), we examined poten-
tial interactions between HUMMR and these proteins, which
are critical for mitochondria transport. Immunoprecipitations
(IPs) were performed after cotransfection of Myc-tagged Miro-1
or Miro-2 (Myc—Miro-1 and Myc—Miro-2) with V5-tagged
HUMMR (HUMMR-VS5). Compared with the endogenous form,
transfected Miro-2 was 8.5-fold more abundant. Direct compar-
isons of transfected and endogenous HUMMR abundance could
not be performed because transfected HUMMR was derived
from mice, and endogenous HUMMR in HEK-293 cells is of
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Figure 1. Hypoxia induces franscriptional and franslational up-regulation of HUMMR. (A) HIF-1a exon 2 transcript abundance was reduced in astrocyte

cultures, neuronal cultures, and brain cortex. In each case, HIF-17/F

was the genotype of controls, whereas the cultures with loss of HIF-1a function were

derived from HIF-17/F::hGFAPcre (astrocytes in A, B, and E), HIF-17/::SynCre (neurons in A and B), HIF-17/F::EsrCre (neurons in D), or HIF-17/F::hGFAPcre
(cortex in A and B) mice. (B) Loss of HIF-1a function largely eliminated the hypoxia-mediated induction of HUMMR transcript. The transcript abundance in
A and B was normalized to its level in normoxia. (C) Unlike the preimmune serums (lanes 3 and 4), a specific protein band was identified near 50 kD by
the HUMMR rabbit polyclonal antibody (arrow in lane 2), which was eliminated by preincubation of the membrane with HUMMR blocking peptide (lane 1).
Black lines indicate that intervening lanes have been spliced out. (D and E) Hypoxia induced HUMMR protein abundance in primary neuron (D) and
astrocyte (E) cultures, which was largely eliminated by loss of HIF-1 function (highlighted in yellow). EsrCre, tamoxifen-regulated Cre recombinase; Tamox.,
Tamoxifen. (F) Using IB, HUMMR was identified in brain, testes, and ovary from mouse. H, human; M, mouse; R, rat. (G) A schematic diagram demonstrat-
ing multiple putative hypoxic response elements (HREs; blue boxes; containing 5'-RCGTG-3" core) in the promoter and introns of the genomic sequence of
HUMMR. The specific DNA sequences of the putative HREs are detailed below the diagram.

human origin. IPs using V5 or Myc antibodies demonstrate
that HUMMR coprecipitates with the Miros, which was not
observed in controls (Fig. 4, A—C). No interaction was identified
between HUMMR and hFis, which like Miro is anchored in

the OMM (Fig. 4 D). Finally, an Xpress-tagged version of
OIP106 and Flag-tagged version of GRIF-1 coprecipitated with
HUMMR-VS5 (Fig. 4, E-F), as would be expected for a protein
interacting with Miro.
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Figure 2. Hypoxia-induced HUMMR is localized to mitochondria. (A) A schematic diagram of HUMMR with MLS, TMD, the predicted cleavage site, a
domain of unknown function, and the area of protein recognized by the antibody. Numbers indicate amino acids. (B) A combination of hypoxia- and
dimethyloxaloylglycine-induced expression of HUMMR in astrocyte mitochondria (identified by cytochrome ¢). A blocking peptide of HUMMR eliminated
the mitochondrial labeling. All data were replicated in triplicate in three independent experiments. The boxed regions show the areas enlarged below.

The interactions of endogenous Miro and HUMMR were
examined using rabbit polyclonal antibodies that recognize human
Miro-2 or human HUMMR. The Miro-2 antibody identified a band
near 70 kD, which was lost when isolated mitochondria were
exposed to trypsin, confirming its location in the OMM (Fig. S3).
The HUMMR antibody identified a unique 40-kD band, which had
an expression pattern similar to that of mouse HUMMR (Fig. 1), in
agreement with a prior study (Kinouchi et al., 2006). Using these
antibodies, endogenous human HUMMR (hHUMMR) coprecipi-

tated with Miro-2 from protein lysates obtained from HEK-293
cells (Fig. 4, G and H).

Given that HUMMR forms a protein complex with Miro-1,
Miro-2, GRIF-1, and OIP106, we examined if these proteins co-
localize with HUMMR. As determined by ICC, Myc—Miro-1 and
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astrocytes. (B) In contrast, cotransfection of HUMMR-Flag and mitoYFP induces collapse of the mitochondrial network. ICC confirmed that the HUMMR-Flag
constructs do not localize to ER (D) or Golgi (E). (C) Quantification of mitochondrial morphology in HUMMR-ransfected cells confirms that the majority
contain collapsed mitochondrial networks. The scale bar in B, left, applies to all images in B; the scale bar in D applies to all images in D and E. Error
bars represent standard deviation averaging three different data points from one representative experiment. (***, P < 0.001). All data were replicated in

three independent experiments.

Myc—Miro-2 colocalized with HUMMR-VS5 (Fig. S4). Similar to
the Miros, OIP106 primarily localized to mitochondria when
transfected alone and colocalized with HUMMR with cotrans-
fection (Fig. 5, A and B). Yet, unlike the Miros, GRIF-1 and
OIP106 are not anchored to the OMM by TMDs, which may in-
crease the probability of a cytoplasmic localization under some
conditions. In fact, in only 14 + 2% of transfected astrocytes was

GRIF-1-Flag localized principally to mitochondria (Fig. 5 C).
A similar phenomenon was also found to occur in HEK-293
cells (Brickley et al., 2005). In contrast, in the presence of
HUMMR-VS5, GRIF-1-Flag colocalized with HUMMR-V5 in
the collapsed mitochondria in 77 + 3% of cells (Fig. 5 D). This
observation suggests that HUMMR augments the percentage of
GRIF-1 localized to the mitochondrial membrane.

HUMMR, HIF-1a, AND MITOCHONDRIA
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The C terminus of HUMMR

protrudes into the mitochondrial
intermembrane space (IMS)

Bas cells are a transformed astrocyte-like cell line with temperature-
sensitive large T antigen expression (Bongarzone et al., 1996).
Bas cells express HUMMR abundantly under normoxic condi-
tions and were used to explore the submitochondrial localization
of HUMMR. Because HUMMR has a TMD and interacts with
Miro-1 and Miro-2, it is likely to have one of three topologies
(Fig. 6 A): (1) TMD in the OMM with its C terminus in the cyto-
plasm, (2) TMD in the OMM with its C terminus in the IMS, or
(3) TMD in the inner mitochondrial membrane (IMM) with the
C terminus in the IMS and interacting with Miro through an un-
defined protein. To test if HUMMR is tethered to the OMM with
its C terminus in the cytoplasm (Fig. 6 A, 1), we exposed isolated
mitochondria to trypsin. Unlike the OMM proteins Tom20 and
Bcl-2, HUMMR was not degraded by trypsin (Fig. 6 B), which
suggests that the C terminus is not in the cytoplasm. Exposure of
mitochondria to hypo-osmolar solutions (osmotic shock) induces
swelling and permeability of the OMM. Thus, cotreatment of
mitochondria with osmotic shock and trypsin allows trypsin to have
access to the IMS and degrades proteins in the IMS. Unlike cyto-
chrome ¢, exposure to osmotic shock alone without trypsin did
not alter HUMMR protein abundance (Fig. 6 C). Because osmotic

JCB « VOLUME 185 « NUMBER 6 « 2008

shock alone did not reduce HUMMR, this finding suggests that
HUMMR is not free to be released from the IMS, perhaps be-
cause its TMD is anchored to either the OMM or IMM. Yet, the
combined treatment of osmotic shock and trypsin degraded
HUMMR, which strongly suggests that HUMMR’s C terminus is
in the IMS (Fig. 6 C). Similar to the approach used for Bas cells,
the topology of HUMMR was also examined in mitochondria iso-
lated from hypoxic neurons (5% O, for 24 h). As in Bas cells, the
C terminus of HUMMR was located in the IMS, but HUMMR
was not released from the IMS with osmotic shock (Fig. 6 D).

Examining the interaction domains

of HUMMR and Miro

An analysis of HUMMR topology predicts that the C terminus of
HUMMR is located inside the membrane (Tusnady and Simon,
2001), which suggests that the TMD is in the OMM with the
C terminus in the IMS. In contrast, if HUMMR is anchored in the
IMM, then its C terminus (beyond the TMD) would likely interact
either directly or indirectly with Miro (Fig. 6 A, 3). To examine
this concept, multiple C-terminal truncation mutants were con-
structed of HUMMR (Fig. 7 A). When coexpressed with Miro-1
or Miro-2, all of the C-terminal truncation mutants coprecipitated
with the Miros, which indicates that the majority of the C terminus
beyond the TMD (177 of 219 amino acids) can be eliminated
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GRIF-1-Flag with HUMMR-V5 demonstrates colocalization of HUMMR-V5 with GRIF-1-Flag to collapsed mitochondria. All data were replicated in three

independent experiments.

without interrupting HUMMR-Miro interactions (Fig. 7 B). When
larger truncations of the C terminus (>177 aa) were attempted,
HUMMR expression was not observed. In contrast to the C termi-
nus, if the N terminus (including TMD) of HUMMR is removed
(AN1-63-Flag), HUMMR no longer coprecipitates with the Miros.
Similarly, when the TMD is removed from Miro-2 (Myc—Miro-
2ATM), the interaction between HUMMR and Miro-2 is lost
(Fig. 7, C and D). However, because AN1-63-Flag HUMMR and
Myc-Miro-2ATM do not traffic to the mitochondria, this is not
definitive proof that the proteins are interacting through the N ter-
minus. Yet, these data demonstrate that much of the C terminus of
HUMMR is not required for its interaction with the Miros, which
suggests that the HUMMR and Miro interact at their TMDs.

To attenuate HUMMR protein abundance and function, small
hairpin RNA (shRNA) was designed against HUMMR and ex-
pressed with GFP (Fig. S5 A, 1). When delivered by adenovirus

to all neurons in culture, the ShRNA markedly reduced hypoxia-
induced HUMMR protein expression (Fig. S5 B). When neu-
rons are transfected at the time of culture preparation, only
20-30% of neurons are transfected. Despite this small percent-
age, a reduced abundance of HUMMR is still appreciated in
these cultures on day in vitro (DIV) 7 (Fig. S5 C). Similarly,
if HUMMR and shRNA are cotransfected into HEK-293 cells,
the abundance of transfected HUMMR is diminished in cultures
for at least 7 d after transfection (Fig. S5 D).

HUMMR interacts with proteins involved in mitochondrial
transport, which are inextricably linked to mitochondrial distribu-
tion (Stowers et al., 2002; Guo et al., 2005; Russo et al., 2009).
Thus, mitochondrial distribution was examined in the axons of
neurons that were cotransfected with sShRNA-GFP (or scrambled
RNA [scrRNA]-GFP control) and mito-DsRed. Neuronal cultures
remained in normoxia from DIV 0-7, or were exposed to 5% oxy-
gen for 24 h on DIV 6, a hypoxia exposure that induces HUMMR
expression (Fig. 8 H) without evoking neuronal death. The axons
of neurons expressing sShRNA (GFP) were identified and the
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C terminus is in the IMS, mitochondria were subjected to a combination of osmotic shock (which permeabilizes OMM) and trypsin. HUMMR is degraded by
combined osmotic shock and trypsin treatment, but not by either treatment alone. As expected, cytochrome ¢ was diminished by osmotic shock and then mark-
edly degraded by the combination of osmotic shock and trypsin. (D) When mitochondria are isolated from hypoxic neurons, the same results are observed.

mitochondria contained in the axons were identified (DsRed).
The lengths of the mitochondria were measured, summed, and
normalized to the length of the axon containing the mitochondria.
This measure, termed the mitochondrial axonal index, was a mea-
sure of the amount of mitochondria per micrometer of axon, simi-
lar to other studies (Saotome et al., 2008; MacAskill et al., 2009a).
In normoxia, the mitochondrial axonal index was 0.21 = 0.007 in
scrRNA controls (n = 3 independent experiments, 6—8 axons mea-
sured per experiment for each treatment group). Hypoxia expo-
sure modestly but significantly increased the mitochondrial axonal
index to 0.27 = 0.007 of the axon (P < 0.05, independent ¢ test;
n = 3 experiments). Interestingly, reduced HUMMR function
diminished the mitochondrial axonal index by 37 + 5% in nor-
moxia (P < 0.01, independent ¢ test; n = 3) and by 60 + 4%
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(P <0.001, independent ¢ test) in hypoxia (Fig. 8 E). This reduc-
tion of mitochondrial content in the axon mediated by loss of
HUMMR function was greater in hypoxia compared with nor-
moxia (P < 0.01, 7 test). The modest induction of mitochondrial
axonal index by hypoxia was not observed when HUMMR
function was reduced by shRNA (Fig. 8, E and F), which sug-
gests that HUMMR mediates this effect. Similar to mitochon-
drial axonal index, the number of mitochondria per micrometer
of axon was quantified and was reduced by shRNA (Fig. 8 F).
Loss of HUMMR function modestly reduced the average indi-
vidual mitochondrial length (Fig. 8 G).

Because loss of mitochondrial content in the axon would
be expected to increase mitochondrial content in the soma, the
fluorescence intensity of mito-DsRed was examined in the
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neuronal soma. As predicted, reduced HUMMR function enhanced
mito-DsRed fluorescence in neuronal soma (Fig. 8 I). In contrast,
no change in endo-GFP was observed in the soma, which suggests
that the impact of HUMMR is specific for mitochondrial transport
and does not alter the distribution of other vesicles (Fig. 8 J).

Loss of HIF-1 function reduces
mitochondrial content in axons during
hypoxia, which is rescued by HUMMR
Because HUMMR is a HIF-1 target, we reasoned that loss of
HIF-1 function would reduce mitochondrial axonal content
through loss of HUMMR expression during hypoxia, but would

not alter mitochondrial axonal content in normoxia (Fig. 1 D). To
examine the effect of loss of HIF-1 function, neurons were pre-
pared from HIF-1"F (control) or HIF-1"*::EsrCre mice (Fig. 9 A).
HIF-1"F::EsrCre mice contain a floxed HIF-1 genomic construct
and tamoxifen-activated cre recombinase, allowing for tamoxifen-
mediated loss of HIF-1 function in the neurons (Vangeison
et al., 2008). As predicted, loss of HIF-1 function reduced the
mitochondrial axonal index by 54% (P < 0.001, independent
t test) in neurons exposed to hypoxia, which was not observed in
neurons maintained in normoxia (Fig. 9 B). Similarly, mitochon-
drial number per micrometer of axon was also reduced with loss
of HIF-1 function in hypoxia (Fig. 9 C). Because HIF-1 may alter
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Figure 8. A reduction in HUMMR function depletes mitochondria in the axon. (A-D) Cotransfection of shRNA-GFP (A and B) or scrRNA-GFP (C and D);
mito-DsRed labels neuronal processes with GFP (A and C; green arrowhead, dendrite; red arrowhead, axon), and mitochondria are labeled with DsRed
(B and D). (E and F) Reduced HUMMR function reduces mitochondrial content in the axon (as measured by mitochondrial axonal index; E) and reduces
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Endo-GFP distribution (J). Endo-GFP, GFP tagged endosomes. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bars indicate SD; experiments are means

of three independent experiments.

mitochondrial biogenesis (Zhang et al., 2007), we examined
mitochondrial mass. Loss of HIF-1 function did not reduce mito-
chondrial mass as judged by the abundance of Tom 20 in neurons
exposed to hypoxia for 24 h (Fig. 9 D).

HIF-1 alters mitochondrial oxidative phosphorylation (Kim
et al., 2006; Papandreou et al., 2006), which could alter mito-
chondrial distribution independently of HUMMR. We reasoned
that if HIF-1 alters mitochondrial distribution through processes
not involving HUMMR, then reducing both HUMMR and HIF-1
function would be expected to reduce mitochondrial axonal

content greater than loss of HUMMR function alone. Yet, com-
bined loss of HUMMR and HIF-1 function had no greater effect
on the mitochondrial axonal index than loss of HUMMR func-
tion alone (Fig. 9 E; P > 0.05, independent ¢ test). We also
explored if HUMMR could rescue the reduced mitochondrial
axonal content observed with loss of HIF-1 function. Because
high expression levels of HUMMR can induce mitochondrial
network collapse (Fig. 3), we cloned mouse HUMMR into a
vector (pVax) that displayed lower levels of HUMMR expression.
HUMMR successfully rescued axonal mitochondria to baseline
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levels in hypoxia in HIF-1-null neurons (Fig. 9, F and G). Thus,
HUMMR largely mediates HIF-1’s influence on mitochondrial
distribution in hypoxia.

Reduced HUMMR function diminishes
anterograde and increases retrograde
mitochondrial transport in hypoxia
Past studies indicate that reduced anterograde transport of mito-
chondria reduces mitochondria in the axon (Cai et al., 2005).
Because HUMMR interacts with the Miros and alters mito-
chondrial distribution, we examined mitochondrial transport with
loss of HUMMR function after transfection of shRNA with
coexpression of mito-DsRed (Fig. S5 A, 2). Mitochondrial
transport in axons was classified as retrograde or anterograde
depending on its direction relative to the cell body, as examined
on kymographs (Fig. 10 B).

When examining mitochondrial transport in normoxia
or hypoxia, approximately half of motile mitochondria showed

anterograde movement (and half retrograde movement) in
scrRNA controls (n =5 dishes with 15-25 neurons per data point
evaluated; Fig. 10 C). Reducing HUMMR function in normoxia
did not significantly alter this balance of directional transport.
In contrast, in hypoxia, reduced HUMMR function markedly
diminished the percentage of motile mitochondria with antero-
grade movement, while increasing the percentage transported in
the retrograde direction. In hypoxia, 19 + 9% of motile mito-
chondria showed anterograde movement in shRNA-transfected
cells, whereas 79 = 6% showed retrograde movement, a highly
significant difference (P < 0.001, ¢ test; n = 5; Fig. 10 C). Simi-
larly, loss of HIF-1 function altered mitochondrial transport di-
rection in hypoxia but not normoxia. In hypoxia, 19 + 4% of
motile mitochondria moved in the anterograde direction in HIF-1-
null cells, whereas 81 + 4% moved in the retrograde direction
(P <0.001, # test; n = 3; Fig. 10 D).

In addition to examining the direction of mitochondrial
transport, mitochondrial velocity and the percentage of motile
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mitochondria were quantified. Neither anterograde nor retro-
grade mitochondrial velocity was diminished by loss of HUMMR
or HIF-1 function in normoxia or hypoxia (Table I). In nor-
moxia, the mean velocity of anterograde mitochondria was
0.12 ym/s, which is similar to other studies (Wang and Schwarz,
2009). Anterograde transport velocity was diminished in hy-
poxia compared with normoxia, but this difference did not reach
statistical significance (P = 0.23 and P = 0.08 for scrRNA and
shRNA comparing normoxia and hypoxia, respectively; n = 5).
In terms of the percentage of mitochondria that are motile, nei-
ther shRNA nor loss of HIF-1 function altered the overall per-
centage of motile mitochondria in normoxia. In normoxia, 15 +
0.02% and 17 = 0.04% of mitochondria were motile in the
axons of scrRNA- and shRNA-transfected cells, respectively (P =
0.26, t test; n = 5 experiments; n = 6 axons in each group per
experiment). In normoxia, 15 + 0.02% and 17 + 0.04% of mito-
chondria were motile with wild-type HIF-1 function and with
loss of HIF-1 function, respectively (P > 0.05, ¢ test; n = 3
experiments; n = 6 axons in each group per experiment). In
hypoxia, 11 = 0.02% and 19 = 0.03% of mitochondria were
motile in the axons of scrRNA- and shRNA-transfected cells,
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respectively (P <0.01, # test; n = 5), which was significantly dif-
ferent. Yet, this difference in motility was not observed with
loss of HIF-1 function. In hypoxia, 18 +0.03% and 20 = 0.05%
of mitochondria were motile in the axons of neurons with and
without HIF-1 function, respectively (P > 0.05, ¢ test; n = 3).
Because loss of HIF-1 or shRNA function induced similar dif-
ferences in mitochondrial distribution in hypoxia, and because
this phenotype was rescued in HIF-1-null cells by HUMMR
(Fig. 9), the significance of this difference in motility seen only
with shRNA in hypoxia is uncertain.

In contrast to our finding of 10-20% of mitochondria
being motile (see the previous paragraph), past studies suggest
that 30—40% of mitochondria are motile (Cai et al., 2005; Chang
et al., 2006a; De Vos et al., 2007; Kang et al., 2008). Yet, these
studies imaged the cells for 10-15 min or longer. When mito-
chondrial movement was examined for only 3—4 min (similar to
our 5 min), only 12% of the mitochondria were motile (Kuiper
et al., 2008). This observation suggests that a greater number
of motile mitochondria are captured with longer durations of
imaging. In fact, when examined for 15 min, 39 £ 0.05% (n =3
culture dishes; 3—4 cells per dish examined) of mitochondria



Table I.  Mitochondrial velocity

Condition Anterograde velocity Retrograde velocity
pm/s pm/s
Normoxia: scrRNA 0.12 +0.08 0.14 £ 0.06
Normoxia: shRNA 0.11 +0.03 0.14 + 0.04
Hypoxia: scrRNA 0.08 +0.02 0.20 + 0.06
Hypoxia: shRNA 0.07 £ 0.03 0.18 £ 0.06

were motile. This observation suggests that the diminished per-
centage of motile mitochondria compared with historical con-
trols is related to methodology.

Because mitochondrial membrane potential may impact
mitochondrial transport direction (Miller and Sheetz, 2004),
we also examined mitochondrial membrane potential. Reduced
HUMMR function did not alter mitochondrial membrane po-
tential (Fig. 10 E), which suggests that its impact on mitochon-
drial transport direction was not due to altered membrane
potential. Finally, reduced HUMMR function did not impact
ATP abundance (Fig. 10 F).

Discussion

Recent studies link HIF-1 activity with mitochondrial functions
including mitochondrial biogenesis, mitochondrial autophagy,
electron transport chain function, and reactive oxygen species
generation (Kim et al., 2006; Papandreou et al., 2006; Fukuda
et al., 2007; Zhang et al., 2007). In this study, we describe
another association between HIF-1 and mitochondria, the protein
HUMMR (also known as corneal endothelial specific protein).
HUMMR is induced by hypoxia through a HIF-1-dependent
mechanism and is expressed in neurons, astrocytes, and whole
brain. Interestingly, HUMMR interacts with the proteins Miro-1
and Miro-2, and alters localization of GRIF-1, an orthologue of
Milton. Loss of HUMMR or HIF-1 function decreased mito-
chondrial content in axons and reduced anterograde mitochon-
drial transport. These data strongly suggest that HUMMR is a
HIF-1-regulated mitochondrial protein that regulates mitochon-
drial transport and distribution.

Loss of function of Miro, Milton, or syntabulin, which are
all involved in anterograde mitochondrial transport, reduces the
mitochondrial number in the axon (Stowers et al., 2002; Cai et al.,
2005; Guo et al., 2005; Russo et al., 2009). Similar to these pro-
teins, reduced HUMMR function diminishes the number of mito-
chondria in the axon. This observation was apparent during
normoxia, but was significantly greater after a 24 h exposure to
5% O, (Fig. 8 E). When HUMMR function is compromised in hy-
poxia, anterograde mitochondrial movement is reduced, whereas
retrograde mitochondrial transport is enhanced. Although a small
trend toward reduced anterograde transport was observed in nor-
moxia, this small change was not significant (Fig. 10 C). This find-
ing, of course, calls into question why reduced HUMMR function
would lessen axonal mitochondrial content in normoxia (Fig. 8).
The explanation may be due to methodology. It should be appreci-
ated that the HUMMR-targeted shRNA is transfected into neurons
at the time the neuronal cultures are prepared, whereas mitochon-
drial axonal content is not measured until DIV 7. Transfection of

shRNA targeting HUMMR in cell lines reduced HUMMR protein
for 7 d after transfection. As such, it would be expected that
HUMMR function is diminished for multiple days before measur-
ing axonal mitochondrial content on DIV 7. Thus, a small decrease
in the probability of anterograde mitochondrial transport may be
difficult to appreciate in a few minutes of time-lapsed images. Yet,
if present, it may have a large impact on mitochondrial distribution
over 7 d. Thus, our methodology for measuring movement may
not be sensitive enough to find this modest change in normoxia.
We cannot, however, exclude the possibility that HUMMR may
have alternative effects on mitochondrial function that diminishes
mitochondrial axonal content.

How might HUMMR influence the directional transport of
mitochondria? Mitochondria are transported in the axon with
periods of transport intermixed with pauses, and may display
reversal of direction. As others have suggested (Frederick and Shaw,
2007), this directional movement could be achieved by varying
motor recruitment, motor activity, or anchoring of mitochondria.
Given that loss of HUMMR or HIF-1 did not alter the mean veloc-
ity of mitochondrial transport, a change in motor activity/kinetics
is unlikely. Similarly, unlike proteins known to act as anchors for
mitochondria (Kang et al., 2008), loss of HUMMR or HIF-1 did
not consistently change the percentage of motile mitochondria,
although they both reduced the number of mitochondria in the
axon, making a change in mitochondrial anchoring unlikely. In
contrast, because HUMMR interacts with the Miro—Milton pro-
tein complex and induces translocation of GRIF-1 from the cyto-
plasm to the mitochondria (Fig. 5), it is plausible that HUMMR
alters recruitment of GRIF-1 or OIP106 to the OMM, which
enhances kinesin motor recruitment. This ability of HUMMR
to increase GRIF-1 as part of the protein complex could increase
the probability of anterograde movement. Recent work suggests
that the GTPase domain of Miro-1 is particularly important for its
ability to recruit GRIF-1 to the OMM (MacAskill et al., 2009a).
Thus, perhaps HUMMR alters Miro GTPase activity. Yet, a recent
study demonstrates that Miro and kinesin heavy chain can directly
interact without GRIF-1 (Macaskill et al., 2009b). Moreover,
other proteins, including syntabulin and KIF-1-binding protein,
alter anterograde transport and localize to the mitochondria (Cai
et al., 2005; Wozniak et al., 2005). Putative interactions of
HUMMR with these proteins are unexplored.

Given HUMMR’s interaction with Miro—Milton, which are
directly involved in anterograde transport, it may be surprising
that loss of HUMMR function also increased the probability of
retrograde transport. It is worth noting that another protein,
syntabulin, which influences anterograde movement of mito-
chondria, does not have this same effect on retrograde movement.
When syntabulin function is inhibited, mitochondrial anterograde
transport is diminished and the percentage of motile mitochon-
dria declines, but retrograde transport is unchanged (Cai et al.,
2005). If loss of HUMMR function diminishes GRIF-1/OIP106
abundance on mitochondria, how would that increase retrograde
transport? Perhaps simply reducing the number of anterograde
motors attached to a given mitochondria increases the probability
of the retrograde motor being engaged, but it is unclear how this
would be mediated. Studies suggest that both anterograde and
retrograde motors bind simultaneously to bidirectional cargos
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and coordinate movement rather than work in opposition (Welte,
2004; Pilling et al., 2006). As such, it is likely that factors that acti-
vate anterograde motors also inactivate retrograde motors, and vice
versa. Other studies demonstrate an involvement of Miro in antero-
grade and retrograde transport. For example, when Miro binds cal-
cium, both anterograde and retrograde transport are inhibited (Wang
and Schwarz, 2009). Similarly, a recent study demonstrates a fun-
damental role for Miro in both anterograde and retrograde transport
(Russo et al., 2009). The coordination of directional movement is
likely complex, as inhibition of the anterograde motor, kinesin 1,
inhibits both anterograde and retrograde mitochondrial transport,
perhaps suggesting that the kinesins can act as a direct activator of
dynein in axons (Pilling et al., 2006). Although P150€"*, a member
of the dynactin protein complex, influences anterograde and retro-
grade mitochondrial transport, it is unlikely to coordinate direc-
tional changes (Pilling et al., 2006). It is still to be determined if
HUMMR can interact with or influence the proteins mediating
retrograde transport.

Regardless of the mechanism, if HUMMR maintains or
enhances mitochondrial transport into axons during hypoxia,
this could have important implications for neuronal function.
Mitochondrial transport, or lack thereof, modulates synaptic
function (Hollenbeck and Saxton, 2005; Chang and Reynolds,
2006; Mattson, 2007). Loss of synaptic mitochondria at neuro-
muscular synapses in Drosophila, induced by loss of dMiro or
DIp1 function, leads to impaired synaptic physiology during pro-
longed stimulation (Guo et al., 2005; Verstreken et al., 2005). At
the neuromuscular junction, loss of mitochondrial-generated
ATP leads to diminished recruitment of a reserve pool of synap-
tic vesicles, which accounts for this loss of synaptic function
(Verstreken et al., 2005). Loss of Milton function and mitochon-
drial transport also impairs synaptic activity of photoreceptors
(Stowers et al., 2002). Recent work describes changes in short-term
synaptic plasticity with loss of function of syntaphilin, a mitochon-
drial protein that anchors the mitochondria to axonal microtubules
and inhibits transport of mitochondria out of the axon (Kang et al.,
2008). In fact, reduced mitochondrial content mediated by loss of
syntaphilin function was of a similar magnitude as that induced by
loss of HUMMR function. This observation suggests that loss of
HUMMR function may similarly alter synaptic plasticity.

Because HUMMR protein abundance is enhanced by
hypoxia and HIF-1, its influence on mitochondrial transport/
distribution is likely to be most profound with hypoxia/ischemia
exposure. It is tempting to speculate that HUMMR function may
be particularly important in maintaining or enhancing anterograde
mitochondrial transport after focal stroke or global ischemia.
This property could maintain/support neuronal and synaptic
plasticity, which is prominent in peristroke cortex in the days
after ischemia (Carmichael, 2003). Interestingly, synaptic mito-
chondrial content increases in hippocampal dentate granule cells
after transient global ischemia (Briones et al., 2005), which sug-
gests enhanced mitochondrial transport in a condition in which
HIF-1 expression is enhanced (Chavez and LaManna, 2002).
In support of this idea, we found a modest increase in mitochon-
drial axonal content after 24 h of hypoxia exposure (Fig. 8),
which was abolished when HUMMR function was attenuated.
Yet, the impact of hypoxia on mitochondrial transport is only
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beginning to be explored. A prior study used an acute (6 h) hypoxic
(3040 mm Hg O,; ~4-6% O,) insult and observed reduced mito-
chondrial transport in neuronal processes through a nitric oxide—
mediated mechanism (Zanelli et al., 2006). Thus, the responses to
hypoxia are likely complex, with diminished mitochondrial move-
ment occuring acutely during hypoxia, which HUMMR expression
may counterbalance to improve anterograde transport during
longer periods of hypoxia. Beyond its role in hypoxia, HUMMR is
present in the brain without exposure of mice to hypoxia (Fig. 1).
Moreover, HIF-1 protein abundance, and possibly HUMMR, is
increased by stimuli other than hypoxia, such as growth factors
(Laughner et al., 2001; Chavez and LaManna, 2002), and in Alzhei-
mer’s disease (Soucek et al., 2003). Given that axonal mitochon-
drial movement is impaired in models of Alzheimer’s disease
(Ebneth et al., 1998; Pigino et al., 2003; Chang et al., 2006b), en-
hanced HIF-1 function may help maintain anterograde mitochon-
drial transport during neurodegeneration.

As described in a previous study, HUMMR is abundant in
some tissue, such as testes, ovary, and corneal epithelium in nor-
moxia (Kinouchi et al., 2006). Thus, HUMMR abundance is also
regulated by HIF-1-independent mechanisms that are operative
under normoxic conditions. The high expression of HUMMR in
testes and ovary is of interest because Milton-dependent mito-
chondrial transport in the oocyte is critical for proper inheritance
of mitochondria (Cox and Spradling, 2006). In sperm, loss of
Milton function induces deficits in mitochondrial elongation
(Aldridge et al., 2007). Thus, HUMMR function may be critical
for maintenance of reproductive function and distribution of
mitochondria to the embryo.

In summary, we describe the novel finding of a hypoxia
and HIF-1-induced mitochondrial protein HUMMR. HUMMR
interacts with the mitochondrial transportation molecular ma-
chinery, altering the distribution of mitochondria in the axon
and modifying the percentage of mitochondria moving in the
anterograde direction. These findings may have important con-
sequences for neuronal survival and function.

Materials and methods

Transgenic mice, cell culture, and hypoxic conditions

We used floxed HIF-1a (HIF-1a™f) mice (a gift of R. Johnson, University of
California, San Diego, La Jolla, CA; Ryan et al., 2000), which were crossed
with synapsin | cre (Zhu et al., 2001), ESRcre (tamoxifen-inducible Bé.
Cg-Tg(cre/Esr1); The Jackson Laboratory), and hGFAPcre mice (Zhuo et al.,
2001). Primary astrocyte cultures were prepared from postnatal day O (P.)
neonatal mice (Rempe et al., 2006). In brief, the brain was removed, then,
using a dissecting microscope, the cortex and hippocampus were dissected
away from the brain stem. Meninges were removed, and the telencephalon
was placed into ice-cold HBSS. The telencephalon was cut info 1-mm cubes
and dissociated by repeated pipetting. The cells were pelleted and resus-
pended with glia minimal essential medium (minimal essential medium
[11095-080; Invitrogen] supplemented with 6 g/liter glucose, 1 mM sodium
pyruvate, 6% horse serum, and 4% fetal bovine serum). The cells were fed
every 3-4 d until they were 100% confluent. Neurons were isolated from
embryonic day (E) 14.5 embryos (Rempe et al., 2007). In brief, the embryos
were removed and placed into ice-cold Dulbecco’s minimal essential me-
dium. Using a dissecting microscope, the cortex and hippocampus were dis-
sected away from the brainstem, the meninges were removed, and the
telencephalon was placed into ice-cold HBSS. The tissue was placed in tryp-
sin with EDTA (0.1%) for 20 min, washed three times in Dulbecco’s minimal
essential medium, and dispersed in neurobasal medium containing B27,
l-glutamine, and glutamic acid. The cells were plated in 60-mm plates and
maintained in neurobasal media containing B27. HEK-293 cells were



obtained from the American Type Culture Collection and grown in DME with
high glucose (Mediatech) supplemented with 10% FCS (Thermo Fisher Scien-
tific), 50 U/ml penicillin, and 50 U/ml streptomycin in a humidified incuba-
tor at 37°C under 5% CO,. Hypoxic exposures were accomplished by
placing cultures into a triple gas incubator that replaces oxygen with nitro-
gen to achieve the desired oxygen percentage (Thermo Fisher Scientific).
To attenuate HIF-1 function, neurons were prepared from HIF-1a::EsrCre
mice and treated with tamoxifen for 48 h, then the tamoxifen was removed
by 75% media exchange (Fig. 9 A).

Microarray analysis and quantitative real-time PCR

RNA was isolated from astrocyte or neuronal cultures and treated with
DNase according to the manufacturer’s instructions (QIAGEN). For microarray
analysis, the manufacturer’s instructions were followed (Codelink; GE Health-
care). Synthesis of cDNA used random hexamers as per the manufacture’s in-
structions (SuperScript Ill; Invitrogen). For quantitative PCR, primer—probe sets
were designed with Primer Express lll (Applied Biosystems). Primer probe sets
for HIF-1a exon 2 were: 5" -TGAACGTCGAAAAGAAAAGTCTAGAG-3’,
5'-GCAAGCTCATAAAAAACTTCAGACTC-3’, and 5'-TGCAGCAAGATCT-
CGGCGAAGCA-3’ (probe). The primer probes used to detect HUMMR
were: 5-TCCCTGCCGAAGCTGC-3', 5'-TCGGTTATCTTCAGCTCAGGC-3’,
and 5 TGGTGGAGGCATCCTTATCGAGCTCA-3" (probe). Transcript was
quantified with a sequence detector realtime PCR thermocycler (prism 7300;
Applied Biosystems). B-actin served as an infernal control.

¢DNA and shRNA constructs

Fulllength HUMMR cDNA was made by PCR with 5’ primers containing
a Notl site and 3" primers with a Flag or V5 tag followed by Hindlll site,
and were cloned into pshuttle-cytomegalovirus vector (He et al., 1998).
HUMMR AC27, AC84, AC127, AC177, and AN1-63 with a Flag tag at
the C terminal were made by PCR and cloned into a pshuttle-CMV vector.
HUMMR-Flag was also cloned into pVAX vector for some experiments.
To construct the shRNA-expressing vector, the target sequence and scrambled
control were designed using the BIOPREDsi program (www.biopredsi.org)
and synthesized by a commercial supplier (Integrated DNA technologies).
They were then annealed and cloned into the psuper.neo.GFP vector,
which drives expression of the shRNA from an H1 promoter. The H1 and
shRNA/scrambled sequences were then subcloned into the pAdTrack (for
packaging adenovirus) or mito-DsRed vector (Clontech Laboratories, Inc.)
for live cell imaging. Endo-GFP was obtained from Clontech Laboratories,
Inc. The following constructs and cells were kindly provided by the investi-
gators as indicated: mito-YFP (provided by R. Tsien, University of California
San Diego); rat Flagtagged GRIF-1 (F.A. Stephenson; School of Pharmacy,
University of London, England, UK); human Xpress-OIP106 (G. Hart; Johns
Hopkins University School of Medicine, Baltimore, MA); Myc-Miro-1,
Myc-Miro-2, and Myc-Miro-2ATM (Fransson et al., 2003); Myc-hFis and
DRP-1 (Y. Yoon; University of Rochester, Rochester, NY); and Mfn-1 and
Mfn-2 double knockout mouse embryonic fibroblasts (D. Chan; California
Institute of Technology, Pasadena, CA).

Immunostaining

For ICC, cells were fixed in freshly prepared 4% paraformaldehyde. The cells
were permeabilized in blotto (0.9% NaCl, 20 mM Tris buffer, pH 7.5, and
4.5% nonfat dry milk) containing 0.1% Triton X-100 (Sigma-Aldrich), then
incubated in primary antibody. Immunostaining was visualized by incuba-
tion with appropriate secondary antibodies at 1:1,000 dilutions. The cover-
slips were mounted on microscope slides with FluorSave reagent (EMD), and
cells were visualized with a uPlanFl 40x/0.75 NA or 60x/1.25 NA oil
objective lens on a BX61 microscope (all from Olympus). Images were taken
with photometrics CoolSNAP camera (Roper Scientific) using IP laboratory
software (QImaging). Fluorochromes used were Alexa Fluor 488 and Alexa
Fluor 594. Photoshop (Adobe) was used for imaging processing using only
linear adjustments of levels or contrast.

For Western blotting, protein lysates were fractionated on 7-12%
polyacrylamide-SDS gel and transferred to polyvinylidene fluoride mem-
branes (Bio-Rad Laboratories). Membranes were blocked in blocking buf-
fer (PBS containing 4% nonfat dry milk) for 1 h at room temperature.
Membranes were transferred to a primary antibody dilution and incubated
overnight at 4°C. After washed three times with PBS, membranes were in-
cubated with HRP-conjugated secondary antibody diluted for 1 h af room
temperature, washed with PBS, and then exposed to chemiluminescence
substrate (Western Lightening; PerkinElmer).

Anti-mouse HUMMR polyclonal antibody was produced by immu-
nizing two rabbits with synthetic peptide corresponding to residues Ser?*°-
Gly?®® of mouse HUMMR, then the sera was pooled and the antibody
isolated (Thermo Fisher Scientific). Anti-human HUMMR antibody was

produced by immunizing rabbits with synthetic peptide corresponding to
residues (Glu?'®-Gly?*) of human HUMMR (Thermo Fisher Scientific). Anti-
body was purified from immune serum by affinity chromatography. Anti—
human Miro-2 polyclonal antibody was produced by immunizing rabbits
with a synthetic peptide corresponding to amino acid residues Cys79-1le93
of human Miro-2 (Agrisera). Other antibodies used include: mouse and rab-
bit anti-Flag (M2; Sigma-Aldrich), mouse anti-V5 (Invitrogen), rabbit anti-V5
(Immunology Consultants Laboratory, Inc.), mouse anti-Myc (Cell Signaling
Technology), rabbit anti-Myc (Abcam), mouse anti-cytochrome ¢ (BD), mouse
anti—ertubulin (Sigma-Aldrich), mouse ant-GM130 (Abcam), and mouse
anti-protein disulfide isomerase (Abcam). Filamentous actin was visualized
by TRITCconjugated phalloidin (Sigma-Aldrich). The following fluorescently
labeled secondary antibodies were used: goat anti-mouse Alexa Fluor 488,
goat anti-mouse Alexa Fluor 594, goat anti-rabbit Alexa Fluor 488, and
goat anti-rabbit Alexa Fluor 594 (Invitrogen).

IPs

To perform IPs, HEK-293 cells were cotransfected with the relevant con-
structs. 48 h after transfection, cells were collected in PBS and lysed in lysis
buffer (10 mM Tris buffer, pH 8.0, 5 mM EDTA, 150 mM NaCl, 1 mM
iodoacetamide, and 1% Triton X-100) containing 1 mM PMSF and prote-
ase inhibitor (Sigma-Aldrich). Primary antibodies were added to cell lysate
and incubated at 4°C overnight. Protein A—agarose (Santa Cruz Biotech-
nology, Inc.) was used to elute the antibody protein complex. For IP of
endogenous Miro-2 and hHUMMR, human Miro-2 antibody was used to
immunoprecipitate Miro-2. The eluted IP complex was tested against
hHUMMR to test the endogenous interaction.

Mitochondria isolation from cells

Cells were collected in cold isolation buffer (320 mM sucrose, 10 mM Hepes,
and 1 mM EDTA, pH 7.2) and lysed in N2 cavitation bomb under 2,000 psi.
Homogenates were centrifuged at 700 g for 8 min, the supernatant was col-
lected, and the pellet was resuspended and recentrifuged at 700 g for 3 min.
The combined first and second supernatant was centrifuged at 8,000 g for
11 min fo pellet the mitochondria. Mitochondria pellet was washed three
times and resuspended in 50 pl of buffer for further analysis.

For osmotic shock, 10 pl of the mitochondria preparation was mixed
with 490 pl of 10 mM potassium phosphate buffer, pH 7.2, and left on ice for
20 min. The content of the tube was then pipetted 10 times to facilitate perme-
abilization of the OMM. Mitochondria were centrifuged in a cold room at
8,000 g for 11 min and resuspended in isolation buffer for the trypsin treat-
ment (O, 5, 25, or 100 pg/ml trypsin for 30 min at room temperature). At the
end of digestion, trypsin was removed by centrifugation and the mitochondria
pellet was washed before Western blot analysis.

Measuring anterograde and retrograde mitochondrial transport

When examining the impact of HUMMR on mitochondrial transport, E14
mouse cortical neurons were transfected with mito-DsRed-H1-shRNA- or
mito-DsRed-H 1-scrRNA-expressing vectors at the time of neuronal culture
preparation and before plating (Halterman et al., 2009). When examining
the impact of loss of HIF-1 function on mitochondrial transport, neuronal
cultures were prepared from E14 HIF-17/F::EsrCre (test) or HIF-17/F (control)
mouse cortical neurons. These neurons were transfected with mito-DsRed
at the time of preparation (Halterman et al., 2009). These cultures were
subsequently exposed to 100 nM tamoxifen to eliminate HIF-1 function
(Vangeison et al., 2008). On DIV 7, imaging of DsRed (+) mitochondria
allowed for identification of transfected neurons (Fig. 8 B). Imaging of
mitochondrial movement was performed similar to others (Ligon and Steward,
2000a,b; Zanelli et al., 2006). The samples were maintained at 37°C
(in 5% CO; to maintain pH) in phenol red—free neurobasal medium supple-
mented with 10 mM Hepes, while mitochondrial images (RETIGA EXi
cooled camera driven by IP laboratory software) were obtained on an in-
verted microscope (IX70; Olympus) with an Ach 60x/0.80 NA objective
lens (Olympus) every 5 s for 5 min using 75 ms (VMM-D1 shutter drive;
Uniblitz) of light exposure (mercury light source) per image. The light
source was aftenuated by 90% with neutral density filters to prevent
phototoxicity. We selected axonal processes for quantitative analysis of
mitochondrial movement. Axonal processes were chosen for recordings
based on known morphological characteristics (Banker and Cowan,
1979). A neuronal process was considered an axon if it was at least twice
the length of any of the other processes and did not taper during its course.
Only those that appeared to be single axons and isolated from other trans-
fected neurons in the field were chosen. Mitochondrial movement was
imaged in 3-5 different dishes (3-5 axons per dish and 60-80 mitochondria
per dish) of neurons for each condition. Thus, when combining three inde-
pendent experiments, a total of ~15 axons and 180-300 mitochondria

HUMMR, HIF-1a, AND MITOCHONDRIA ¢ Li et al.

1079



1080

were measured in each condition. MetaMorph 6.1 software (MDS Ana-
lytical Technologies) was used to generate a kymograph for each field.
A movement was counted only if the net displacement was at least 2.5 pm
within the 5-min time frame. The net direction of movement was determined
by comparing the net displacement between its initial and final positions
relative to the cell body.

Quantifying mitochondria content in axons and cell body

E14 C57 mouse embryos were used to prepare neuronal cultures. Neurons
were cotransfected by psuper. GFP-shRNA (or GFP-scrRNA) and mito-DsRed
vectors at DIV 0. In some cases, endo-GFP (Clontech Laboratories, Inc.) was
transfected in the neurons. The cultures were maintained in normoxia until
DIV 6, exposed to 5% O, for 24 h from DIV 6-7, and then fixed in 4%
paraformaldehyde. ICC was performed with a GFP antibody (Invitrogen).
For imaging, the axons of single neurons were traced, and GFP and mito-
DsRed images were obtained for each field and colocalized. In general, the
axon of each neuron was traced for up to 500 pm, the number of mitochon-
dria in the axon was counted, and their lengths were measured by Meta-
Morph software. Mitochondrial lengths were summed and divided by the
axon length to get the mitochondrial axonal index (average mitochondrial
length per micrometer of axon; Saotome et al., 2008; MacAskill et al.,
2009a). We also measured mean fluorescence intensity of mito-DsRed in
cell bodies expressing either shRNA or scrRNA as an indication of mito-
chondrial abundance in cell bodies.

ATP and mitochondria membrane potential measurement

E14 C57 mouse cortical neurons were plated and infected by lentivirus-
expressing shRNA or scrRNA on DIV 2; 100% infection efficiency was
achieved and confirmed by looking at GFP* cells. Cells were kept in normoxia
until DIV 6 and exposed to 5% oxygen for 24 h from DIV 6-7. At DIV 7, cellu-
lar ATP level was measured using an ATP bioluminescent assay kit (Sigma-
Aldrich) according to the manufacturer’s instructions. In separate cultures,
5 nM tetramethyl rhodamine methyl ester was used to measure mitochondrial
membrane potential by comparing fluorescence intensity between groups.

Online supplemental material

Fig. S1 shows images of the intracellular cytoskeleton with HUMMR ex-
pression. Fig. S2 illustrates that loss of mitochondrial fusion or enhanced
mitochondrial fission does not alter HUMMR-induced mitochondrial net-
work collapse. Fig. S3 demonstrates the characterization of human Miro-2
and hHUMMR antibody. Fig. S4 shows colocalization of Miro-1 and Miro-2
with HUMMR by ICC. Fig. S5 demonstrates the effectiveness of shRNA
in knocking down HUMMR. Table S1 lists multiple transcripts found on
microarray to be regulated by HIF-1. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.200811033/DC1.
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