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Hypertonia, which is characterized by stiff gait, abnormal posture, jerky
movements, and tremor, is associated with a number of neurological
disorders, including cerebral palsy, dystonia, Parkinson’s disease, stroke,
and spinal cord injury. Recently, a spontaneous mutation in the gene
encoding trafficking protein, kinesin-binding 1 (Trak1), was identified as the
genetic defect that causes hypertonia in mice. The subcellular localization
and biological function of Trakl remain unclear. Here we report that Trak1
interacts with hepatocyte-growth-factor-regulated tyrosine kinase substrate
(Hrs), an essential component of the endosomal sorting and trafficking
machinery. Double-label immunofluorescence confocal studies show that
the endogenous Trakl protein partially colocalizes with Hrs on early endo-
somes. Like Hrs, both overexpression and small-interfering-RNA-mediated
knockdown of Trak1 inhibit degradation of internalized epidermal growth
factor receptors through a block in endosome-to-lysosome trafficking. Our
findings support a role for Trakl in the regulation of Hrs-mediated endo-
somal sorting and have important implications for understanding hyperto-
nia associated with neurological disorders.
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Introduction

Endosome-to-lysosome trafficking is a crucial step
in the endocytic pathway that not only controls de-
gradation of cell surface receptors but also regulates
intracellular signaling."” Receptors at the cell surface
are endocytosed either constitutively or in response
to binding of their ligands and delivered to early
endosomes. In the early endosomes, receptors are
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kinesin-binding 1; Hrs, hepatocyte-growth-factor-regulated
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rapidly and specifically sorted between recycling
and lysosomal degradation pathways. Lysosome-
bound receptors, such as the epidermal growth
factor receptor (EGFR), are recruited into invagina-
tions of the early endosome’s limiting membrane
that then bud into the endosome lumen. The luminal
contents of the endosome are delivered to the lyso-
some for degradation.'” Recent studies have identi-
fied several components of the endosomal sorting
machinery, including the hepatocyte-growth-factor-
regulated tyrosine kinase substrate (Hrs) and the
endosomal sorting complexes required for trans-
port.*® However, the molecular mechanisms that
control endosomal sorting and trafficking are not
fully understood.

The trafficking protein, kinesin-binding 1 (Trak1),
also known as OIP106 [O-GlcNAc transferase
(OGT)-interacting protein with a molecular mass of
106 kDa], is a 939-amino-acid protein initially
identified as a binding partner for the enzyme p-O-
hnked N—acetylglucosamme (O-GlcNAc) trans-
ferase.”® Subsequently, Trakl has been shown to
interact with kinesin heavy chain,” - ammo n-buty-
ric acid A (GABA 4) receptor a1 subunit,'’ and mito-
chondrial Rho GTPases (Miro-1 and Miro-2)."!
However, the functional roles of these interactions
have not yet been examined. Recently, a homozy-
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gous frameshift mutation in the mouse Trakl gene,
which produces a protein truncated at amino acid
824, was found to cause a recessively transmitted
form of hypertonia—a neurological dysfunction cha-
racterized by postural abnormalities, jerky move-
ments, and tremor."” Hypertonia is observed in a
variety of neurological disorders, including cerebral
palsy, dystonia, Parkinson’s disease, stroke, and
spinal cord injury.'’ Despite genetic evidence indi-
cating the importance of Trak1 in normal physiology,
the cellular localization and biological function of
Trakl remain unclear.

In this study, we investigated the subcellular dis-
tribution and functional role of Trakl. Our results
reveal that the endogenous Trakl protein partially
localizes to early endosomes, interacts with the
endosomal sorting machinery component Hrs, and
plays an essential role in the regulation of Hrs-
mediated endosome-to-lysosome trafficking.

Results

Trak1 is a member of the Huntingtin-associated
protein 1 N-terminal domain family

Mouse Trakl is a 939-amino-acid protein that con-
tains three putative coiled-coil domains (Fig. 1a).'*"”
The mouse hypertonia-associated Trakl mutation’
produces a mutant Trakl protein truncated at
residue 824 (Fig. 1a). Sequence analysis indicates
that the mouse Trakl protein shares a 92% overall
amino acid identity with human Trak1 (Fig. 1b). The
main difference between the 953-amino-acid human
sequence and the 939-amino-acid mouse Trakl
sequence is an insertion of 12 residues (TVITSAIGG-
LQLN) after residue 896 in the human Trakl se-
quence. Aside from this insertion, the human and
mouse Trakl C-termini are virtually identical. As
shown in Fig. 1b, Trakl contains a Huntingtin-asso-
ciated protein 1 (HAP1) N-terminal (HAPN) homo-
logous domain, which encompasses the first two
coiled-coil domains.'"* The HAPN domain is also
found in two other mammalian proteins, HAP1 and
GABA j-receptor-interacting factor 1 (GRIF1), as well
as in their Drosophila homologue, Milton (Fig. 1b).

In order to characterize the Trak1 protein, we gene-
rated a rabbit polyclonal anti-Trakl antibody against
residues 935-953 of human Trak1. To investigate the
specificity of our anti-Trakl antibody, immunoblot
analysis was performed using cell lysates prepared
from untransfected SH-SY5Y and HelLa cells, as well
as transfected HeLa cells expressing green fluorescent
protein (GFP)-tagged Trakl (Fig. 1c). The anti-Trak1
antibody specifically recognized recombinant GFP-
tagged Trakl in transfected HeLa cell lysates, as well
as the 115-kDa endogenous Trak1 protein in untrans-
fected SH-SY5Y and HeL a cell lysates, consistent with
a previous report.” In addition, the anti-Trak1 anti-
body also recognized a band at ~106 kDa (Fig. 1c,
asterisk), which might represent a Trak1 degradation
product because of its relative intensity as compared
with the 115-kDa band varied from preparation to

0

preparation. To further confirm the specificity of our
anti-Trakl antibody, we used two distinct small
interfering RNA (siRNA) duplexes, Trakl siRNA-1
and Trakl siRNA-2, which specifically target differ-
ent regions of the Trakl mRNA, to deplete endogen-
ous Trakl1 protein in HeLa cells. Immunoblot analysis
revealed that both Trakl-immunoreactive 115- and
106-kDa bands, but not the DJl-immunoreactive
band, disappeared upon treatment of cells with
Trakl siRNA-1 or Trakl siRNA-2 (Fig. 1d). These
results provide additional support for the specificity
of our anti-Trak1 antibody and are consistent with the
possibility that the 106-kDa band is a degradation
product of Trakl.

The localization of Trakl protein is poorly charac-
terized and remains controversial. Iyer et al. reported
that Trakl immunoreactivity was present in the
nucleus and in the cytoplasm of HeLa cells with a
punctate pattern.” In contrast, Gilbert et al. found
that Trak1 immunoreactivity was absent from nuclei
and exhibited a diffuse cytosolic staining pattern in
mouse brain tissue sections.'’ To determine whether
our anti-Trakl antibodies could be used for immu-
nocytochemistry and to clarify the localization of
Trakl, we performed immunofluorescence confocal
microscopic analysis to determine the intracellular
distribution of endogenous Trakl and GFP-tagged
Trakl wild type (WT) in HeLa cells (Fig. le). We
found an extensive overlap between the staining
pattern detected by the anti-Trakl antibody and the
distribution pattern of GFP-tagged Trakl WT visua-
lized by the green fluorescence emitted by the GFP
tag (Fig. 1e, upper panel), indicating that our anti-
Trakl antibody is able to recognize Trak1 protein by
immunostaining. The endogenous Trak1 in untrans-
fected HeLa cells, detected by the anti-Trakl anti-
body, displays a punctate staining pattern that is
excluded from the nucleus (Fig. le, upper panel,
arrowhead), suggesting a vesicular localization for
Trakl. In contrast, overexpression of Trakl in
transfected cells results in a tubular staining pattern
(Fig. le, upper panel), consistent with previous
reports.”'" This pattern is different from the punctate
staining pattern of endogenous Trak1 (Fig. le, upper
panel, arrowhead), suggesting that overexpression
of Trakl induces a change in Trakl intracellular
distribution.

To further confirm the specificity of our anti-Trak1
antibody in immunostaining, we transfected HeLa
cells with Trakl siRNA-2 or nontargeting control
siRNA and then double-labeled the cells with anti-
Trak1 antibody (to detect endogenous Trak1 protein)
and with 4’,6-diamidino-2-phenylindole (to stain the
nuclei). We observed the presence of Trakl-immu-
nonegative cells only in Trakl siRNA-transfected
cultures (Fig. le, lower panel), but not in control
siRNA-transfected cultures or in untransfected HeLa
cell cultures (data not shown), suggesting that Trak1
siRNA treatment resulted in the loss of Trakl
immunoreactivity. These data, together with the
result of immunostaining in GFP-Trakl-transfected
cells (Fig. le, upper panel) and the results of our
antibody characterization by Western blot analysis
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Fig. 1. Characterization of anti-Trakl antibodies. (a) Domain structure of full-length mouse Trakl (top) and the
truncated Trakl produced in hyrt mutant mice (bottom). White boxes indicate the location of the predicted coiled-coil
regions for mouse Trak1. (b) Domain structure of Trakl and its homologues. Accession numbers are as follows: Mm Trak1,
NP_780323; Hs Trakl, NP_001036111; Hs GRIF1, NP_055864; Hs HAP1, NP_003940; and Dm Milton, NP_723249. The
amino acid identity and similarity of each protein relative to the protein sequence of human Trakl are indicated. Each
protein contains three predicted coiled-coil domains shown as white boxes. Mm Trak1: 103185, 207-356, and 489-529; Hs
Trak1: 104-186, 207-356, and 492-532; Hs GRIF1: 126-170, 198-354, and 507-519; Hs HAP1: 212-293, 307-427, 431-460,
and 593-606; Dm Milton: 133-209, 226-377, and 1021-1034. The bracket indicates the location of the HAPN domain. Mm
Trakl: 46-353; Hs Trak1: 47-354; Hs GRIF1: 47-354; Hs HAP1: 106-460; Dm Milton: 75-376. Mm, Mus musculus; Hs, Homo
sapiens; Dm, Drosophila melanogaster. (c) Specificity of the anti-Trak1 antibody. Western blot analysis of cell lysates from SH-
SY5Y, Hela, and pGFP-Trakl-transfected HeLa cells using anti-Trakl and anti-EEA1 antibodies. The asterisk indicates a
band that appears specific for the anti-Trakl antibody. (d) HeLa cells were transiently transfected with 100 nM of the
indicated siRNA constructs. Whole-cell lysates were subjected to SDS-PAGE, followed by immunoblotting with anti-
Trak1 antibody. Equal loading was confirmed by immunoblotting with anti-DJ1 antibody. The asterisk indicates a band
that appears specific to the anti-Trak1 antibody. (e) Upper panel: HeLa cells were transfected with GFP-Trakl WT (green)
and then immunostained using anti-Trak1 antibody (red). Arrowhead indicates an untransfected cell. Lower panel: HeLa
cells were transfected with Trakl siRNA-2 and then immunostained using anti-Trakl antibody (green). Nuclei were
stained using 4’,6-diamidino-2-phenylindole. Arrow indicates a transfected cell. The scale bar represents 10 pm.



Trak1 Regulates Endosomal Trafficking

641

(Fig. 1c and d), provide strong evidence supporting
the specificity of our anti-Trak1 antibody.

A population of endogenous Trak1 is localized
to early endosomes

To further characterize the subcellular distribution
of Trakl, we compared the distribution of endogen-
ous Trakl with that of various organelle marker
proteins using double-label immunofluorescence
confocal microscopy (Fig. 2). Previous studies re-
ported the presence of epitope-tagged Trakl in
mitochondria;?!! however, it is unclear whether the
endogenous Trakl protein also localizes to mito-
chondria. To test this possibility, we first compared
endogenous Trakl staining with that of the mito-
chondrial marker translocase of inner membrane 23
(TIM23). We observed a partial overlap (39.4+3.0%)
between Trakl and TIM23 immunoreactivities (Fig.
2) indicating that a subset of Trakl localizes to
mitochondria. The lack of complete overlap sug-
gested that Trakl is not restricted to the mitochon-
drial compartment. Given the reported localization
of other HAPN proteins to early endosomes,'*'> we
next compared Trakl staining with that of the early
endosomal markers Hrs and early endosome anti-
gen 1 (EEA1). Endogenous Trakl overlaps by 64.3+
3.7% with Hrs and by 45.1+4.8% with EEA1 (Fig. 2),
indicating that a population of Trakl is associated
with early endosomes. In contrast, we observed a
21.8+£2.1% overlap between Trakl and the late
endosome/lysosome marker lysosomal-associated
membrane protein 2 (LAMP2), and 21.2+3.0% of
Trakl overlapped with the endoplasmic reticulum
marker Lys-Asp-Glu-Leu (KDEL) (Fig. 2). Together,
these findings indicate that Trak1 is associated with
both mitochondria and endosomes; however, our
data suggest that Trak1 is predominantly associated
with early endosomes (Fig. 2b).

Trak1 interacts with Hrs in vivo and in vitro

Trak1 is a member of the HAPN family, which also
includes the Hrs-binding proteins HAP1 and
GRIF1."*" The Hrs-binding region of rat GRIF1
(residues 359-507)'* shows a 50% amino acid simi-
larity to the corresponding region (residues 359-507)
of human Trakl. This observation, along with our
data showing that Trakl localizes to early endo-
somes (Fig. 2), raises the possibility that Trakl may
associate with Hrs. To examine this possibility, we
first performed coimmunoprecipitation experiments
using lysates from HeLa cells cotransfected with
pGFP-Trakl and pHA-Hrs or pHA vector (Fig. 3a).
Immunoprecipitation of the lysates with an anti-
hemagglutinin A (HA) antibody revealed that GFP-
Trakl was specifically coimmunoprecipitated with
HA-Hrs, but not with the HA vector control. We then
performed additional coimmunoprecipitation
experiments to examine the association of endogen-
ous Trakl and Hrs in HeLa cells (Fig. 3b). The anti-
Trakl antibody, but not the preimmune serum, was
able to coimmunoprecipitate Trakl and Hrs from
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Fig. 2. Endogenous localization of Trak1. (a) HeLa cells
were double-immunostained using anti-Trakl antibody
and anti-TIM23, anti-Hrs, anti-EEA1, anti-LAMP2, and
anti-KDEL antibodies. The scale bar represents 10 pm. (b)
Quantification of Trak1 localization in HeLa cells. Images
were processed and analyzed as described in Materials
and Methods. The percentage of Trak1 that overlaps with
the indicated marker proteins is presented as mean+SEM.
The asterisks indicate a statistically significant difference
(p<0.05) from the KDEL results. Data are the result of
three to five separate experiments.

HeLa cell lysates, demonstrating the existence of an
endogenous Hrs-Trakl complex (Fig. 3b). To verify
that the interaction between Hrs and Trak1 is direct,
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we performed in vitro binding assays using recombi-
nant Hrs and Trak1 proteins. Glutathione S-transfer-
ase (GST) or GST-Trak1 fusion proteins immobilized
on glutathione agarose beads were incubated with
soluble His-tagged Hrs. As shown in Fig. 3¢, His-Hrs
is specifically bound by GST-Trak1 and not by the
GST control, indicating a direct and specific interac-
tion between recombinant Hrs and Trak1.

To further define the interaction between Trakl
and Hrs, we generated two GST-tagged Trak1 dele-
tion constructs (Fig. 4a): Trak1A1, which encodes the
N-terminal region, and Trak1A2, which encodes the
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Fig. 4. Mapping the Hrs-binding region of Trakl. (a)
Domain structure of Trakl and its deletion mutants
encoded by GST-tagged cDNA constructs. (b) Soluble
His-tagged Hrs was incubated with equal amounts of
immobilized GST or GST fusion proteins. Bound His-Hrs
and immobilized GST fusion proteins were detected by
immunoblotting with anti-Hrs and anti-GST antibodies,
respectively.

C-terminal region that includes the predicted Hrs-
binding domain (residues 359-507). Only the GST
fusion proteins containing the predicted Hrs-binding
region (Trak1 and Trak1A2) were capable of binding
Hrs (Fig. 4b). The GST-Trak1A1 fusion protein did
not interact with Hrs, suggesting that the conserved
Hrs-binding region in Trakl, which was first

Fig. 3. Trakl and Hrs associate in vivo and in vitro.
(a) Coimmunoprecipitation of Trakl with Hrs in trans-
fected HeLa cells. Hela cells were cotransfected with
pGFP-Trak1 in combination with pHA-Hrs or pHA vector.
Lysates were immunoprecipitated with anti-HA antibody,
followed by immunoblotting with anti-GFP and anti-HA
antibodies. The asterisk indicates a nonspecific band.
(b) Coimmunoprecipitation of endogenous Hrs with
Trakl in HeLa cells. HeLa cell lysates were immunopre-
cipitated with anti-Trakl antibody or preimmune serum,
followed by immunoblotting for Hrs and Trakl. (c) In vitro
association between Hrs and Trakl. Soluble His-tagged
Hrs was incubated with equal amounts of immobilized
GST or GST-Trakl fusion proteins. Bound His-Hrs and
immobilized GST fusion proteins were detected by
immunoblotting with anti-Hrs, anti-Trakl, and anti-GST
antibodies.
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identified in GRIF1,'* is required for the interaction
between Hrs and Trakl.

Localization of Trak1 to early endosomes is
dependent on the presence of the Hrs-binding
domain

As a first step towards investigating the patho-
genic effects of hypertonia-associated Trakl muta-
tion, we generated a truncated Trak1Ahyrt (residues
1-824) construct to assess whether the Trakl
truncation mutation found in hyrt mice'® would
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impact the subcellular localization of Trak1 (Fig. 5a).
Using double-label immunofluorescence micro-
scopy, we compared the distribution of the Trakl
WT and TraklAhyrt mutant with Hrs (Fig. 5b). An
overlap of 51.1 + 4.5% between GFP-tagged Trakl
WT and Hrs staining was observed (Fig. 5b and c).
The GFP-tagged TraklAhyrt mutant showed a
53.3+2.1% overlap with Hrs, which appears to be
indistinguishable from that of GFP-Trakl WT (Fig.
5b and c), suggesting that the hyrt mutation does
not affect the localization of Trakl to Hrs-positive
early endosomes.
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Fig. 5. The C-terminal region of Trakl is required for the early endosomal and mitochondrial localization of Trakl.
(a) Domain structure of Trakl and its deletion mutants encoded by GFP-tagged cDNA constructs. (b) HeLa cells were
transiently transfected with pGFP-Trakl, pGFP-TraklAhyrt, pGFP-Trak1Al, or pGFP-TraklA2. GFP-Trakl was
visualized by the green fluorescence emitted by the GFP tag, and endogenous Hrs was detected using an anti-Hrs
antibody (red). The scale bar represents 10 pm. (c—e) HeLa cells were transiently transfected with pGFP-Trakl (WT),
pGFP-TraklAhyrt (Ah), pGFP-Trak1A1 (A1), or pGFP-Trak1A2 (A2). GFP-Trak1 was visualized by the green fluorescence
emitted by the GFP tag, and cells were immunostained using anti-Hrs (c), anti-TIM23 (d), and anti-LAMP?2 (e) antibodies.
Images were processed and analyzed as described in Materials and Methods. The percentage of Trak1 that overlaps with
the indicated marker proteins is presented as mean+SEM. The asterisks indicate a statistically significant difference
(p<0.05) from the WT results. Data are the result of three to five separate experiments.
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Next, we used the N-terminal region construct
(Trak1A1) and the C-terminal region construct
(Trak1AZ2) to test the effect of the Hrs-binding region
on Trakl localization (Fig. 5a). The C-terminal GFP-
Trak1A2 mutant did not exhibit the WT staining
pattern; however, an overlap of 62.5 + 3.7% between
GFP-Trak1A2 and Hrs was still observed (Fig. 5b
and c). In contrast, GFP-tagged TraklAl only
displayed an 18.3 £+ 0.9% overlap with Hrs staining
(Fig. 5b and c). These findings suggest that the
presence of the Hrs-binding domain is necessary in
targeting Trak1 to Hrs-positive early endosomes.

To further characterize the intracellular distribu-
tion of the Trak1 deletion mutants, we quantified the
overlap between our GFP-tagged Trak1 proteins and
TIM23 (Fig. 5d) and LAMP2 (Fig. 5e). Full-length
GFP-tagged Trakl, TraklAhyrt, and Trak1A2 over-
lap by 41.5+3.7%, 45.1%5.8%, and 67.4+2.3% with
TIM23, respectively (Fig. 5d). GFP-tagged Trak1A1l
only showed a 20.1+1.0% overlap with TIM23 (Fig.
5d). Endogenous Trak1 labeling was not observed to
significantly overlap with LAMP?2 (Fig. 2b); in agree-
ment with this, we did not observe any statistically
significant changes in the overlap observed between
full-length GFP-tagged Trak1, Trak1Ahyrt, Trak1A1,
and Trak1A2 (Fig. 5e). However, we did observe a
trend, which failed to reach statistical significance, of
colocalization between Trakl1A1l and LAMP2, sug-
gesting an increased localization to late endosomes/
lysosomes. Overexpressed Trak1 A1 forms inclusions
(Fig. 5b) that may be processed through auto-
phagy,'®'” hence the increased localization of
Trak1A1 to lysosomes (Fig. 5e). These results suggest
that, although the deletion of the N-terminal region
in TraklA2 produces a staining pattern that is
distinct from that of full-length Trakl (Fig. 5b), it is
similarly distributed to early endosomes and mito-
chondria (Fig. 5¢c and d). Furthermore, the ability of
Trak1A2, but not Trak1A1, to localize to early endo-
somes and mitochondria supports the idea that the
C-terminal region of Trakl contains the conserved
Hrs-binding!4 and Miro-binding'® domains.

Overexpression of Trak1 and its mutants
inhibits EGF-induced EGFR degradation, but not
endocytosis

EGF-induced degradation of the EGFR is a widely
used model for studying endocytic trafficking. Bind-
ing of EGF to the EGFR at the cell surface triggers
rapid internalization of the EGF-EGFR complex and
subsequent sorting at the early endosomes for lyso-
somal degradation.'® ' The role of Hrs in regulating
endosomal trafficking of EGFR has been well
established; both overexpression and knockdown
of Hrs inhibit ligand-induced EGFR degra-
dation.”** The observed interaction and colocaliza-
tion of Trakl with Hrs thus raise the possibility that
Trakl may participate in the regulation of EGF-
induced endocytic trafficking of EGFR to the lyso-
some for degradation. To test this possibility, we
assessed the effects of overexpressing WT and
mutant Trakl on EGF-induced EGFR internalization
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Fig. 6. Trakl inhibits the degradation of EGF-EGFR
complexes, and this action depends on the interaction with
Hrs. (a) Lysates from HeLa cells transfected with the
indicated GFP-tagged expression constructs were sub-
jected to SDS-PAGE, followed by immunoblotting with
anti-GFP antibody. (b) Trakl overexpression has no effect
on ['®IIEGF uptake. HeLa cells were transiently trans-
fected with GFP vector, GFP-tagged Hrs (Hrs), or the
following GFP-tagged Trakl constructs: Trakl (WT),
TraklAhyrt (Ah), Trak1A1 (A1), or Trak1A2 (A2). Cells
were incubated with ['*’I|EGF for 10 min at 37 °C. The
internalized ['**T]JEGF is expressed as a percentage of the
initially bound ["*IJEGE. (c) HeLa cells transfected with
the indicated constructs were allowed to internalize [1%]]
EGF for 10 min and then chased for 1 h at 37 °C. The
degraded ['*TJEGF is expressed as a percentage of the
initially internalized [**I]EGF. Data represent the mean=+
SEM from three independent experiments. The asterisks
indicate a statistically significant difference (p<0.05) from
the vector-transfected cells, whereas the pound sign
indicates a statistically significant difference (p<0.05)
from the GFP-Trakl WT-transfected cells.
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and degradation, using the overexpression of Hrs as
positive control. HeLa cells were transfected with the
indicated GFP-tagged Trakl WT and deletion con-
structs, or GFP-Hrs, and the expression of these
proteins was confirmed by Western blot analysis
(Fig. 6a). Biochemical analysis of endocytosis using a
quantitative ['*TJEGF uptake assay showed that
cells overexpressing WT or mutant Trakl interna-
lized an amount of ['*I|EGF similar to those of the
GFP-transfected or GFP-Hrs-transfected controls
(Fig. 6b). In addition, cell-based assays of endocy-
tosis with Texas Red (TR)-conjugated EGF or TR-
transferrin also showed that cells overexpressing WT
or mutant Trakl internalized amounts of TR-EGF
and TR-transferrin similar to those of the GFP-
transfected or GFP-Hrs-transfected controls (data
not shown). Together, these results indicate that, like
Hrs,”** overexpression of WT or mutant Trak1 had
no significant effect on constitutive or regulated
endocytosis.

We next examined and compared the effects of
overexpressing WT or mutant Trakl and Hrs on
EGF-induced EGFR degradation using a quantita-
tive ['*I]EGF degradation assay. In this assay, cells
were allowed to internalize ['?°I]JEGF for 10 min.
After the cells had been washed to remove extracel-
lular and surface-bound [**’I]JEGE, they were chased
at 37 °C for 1, 2, or 3 h to allow degradation. As
shown in Fig. 6¢, in the GFP-transfected control cells,
69.7£1.9% (n=3) of internalized ['*I]EGF was
degraded after the 1-h chase. Overexpression of
full-length Trakl significantly decreased the degra-
dation of ["*T]JEGF to 39.9+3.6% (n=3; p<0.001),
which is similar to the effect exerted by overexpres-
sion of Hrs (40.5+7.4%; n=3; p<0.001). A similar
extent of reduction in [**’I]JEGF degradation was also
observed in cells overexpressing Trakl deletion
mutants that contain the Hrs-binding domain,
specifically TraklAhyrt (40.3+2.2%; n=3; p<0.001)
and Trak1A2 (47.1+2.4%; n=3;p<0.001). In contrast,
the amount of degraded ['®TJEGF in cells over-
expressing TraklAl (70.8+£1.9%; n=3) was not
significantly different from that in the GFP-trans-
fected control cells. Similar effects of overexpressing
WT and mutant Trakl on ['*’TJEGF degradation
were also seen at the 2- and 3-h chase time points
(data not shown). These data, together with the
result obtained from an analysis of the effects of
Trakl deletions on colocalization with Hrs (Fig. 5),
suggest that the association of Trakl with Hrs-
positive early endosomes is required for the inhibi-

tory effect of Trakl overexpression on EGF-induced
EGEFR degradation.

Trak1 regulates endosome-to-lysosome
trafficking of internalized EGFR

To assess the effect of Trakl overexpression on
endosome-to-lysosome trafficking of EGF-EGFR
complexes, we used a “pulse-chase” trafficking
assay.'*" In this assay, HeLa cells were allowed to
internalize TR-EGF for 10 min, and the fate of inter-
nalized TR-EGF after a 1-, 2-, or 3-h chase period was
monitored by fluorescence confocal microscopy
(Fig. 7a). We found that the TR-EGF fluorescence
signal in untransfected cells was dramatically
reduced after the 1-h chase, indicating that most of
the internalized TR-EGF had been degraded (Fig. 7a,
asterisks). In comparison, cells overexpressing Trak1
retained a significant amount of the internalized TR-
EGF after the same 1-h chase period (Fig. 7a, arrow-
heads), suggesting that the trafficking from the early
endosome to the lysosome is impeded by Trakl
overexpression. Quantification analysis (Fig. 7b)
revealed that, in untransfected cells, 10.9+1.2% of
the internalized TR-EGF remained after the 1-h
chase, which is similar to the amount of remaining
TR-EGF (10.5+0.8%) found in GFP-transfected cells.
The amount of remaining TR-EGF was significantly
increased (p<0.001) in Trakl-overexpressing cells
(27.0+3.3%), as well as in Hrs-overexpressing cells
(25.9+5.3%), suggesting that Trakl overexpression
inhibits endosome-to-lysosome trafficking to a simi-
lar extent as Hrs overexpression. Moreover, we
found that the amount of remaining TR-EGF was
increased in cells expressing TraklAhyrt (24.8+
6.9%) and Trakl1A2 (30.2+1.5%), but not in cells
expressing TraklAl (10.5+0.5%), indicating that
only the Trakl deletion mutants containing the
conserved Hrs-binding region are capable of
inhibiting trafficking, whereas the Trakl deletion
mutant lacking the Hrs-binding region had no
effect. Similar effects of overexpressing WT and
mutant Trakl on the degradative trafficking of
internalized TR-EGF were also seen at the 2- and 3-
h chase time points (data not shown). These data
obtained from the TR-EGF trafficking assays are in
agreement with the results of our ['?’I]JEGF degra-
dation assays (Fig. 6¢c) and suggest that Trakl
regulates EGF-induced EGFR trafficking from the
early endosome to the lysosome in an Hrs-
dependent manner.

Fig. 7. Trakl overexpression inhibits trafficking of EGF-EGFR complexes from early endosomes to the lysosomal
pathway. (a) HeLa cells expressing GFP or GFP-tagged Trak1, Trakl Ahyrt, Trak1A1, Trak1A2, and Hrs were allowed to
internalize TR-EGF for 10 min and then chased for 1 h at 37 °C. Cells were stained with a primary antibody against EEA1
and a CY5-conjugated secondary antibody. Arrowheads and asterisks indicate transfected and untransfected cells,
respectively. The scale bar represents 10 pm. (b) HeLa cells were transiently transfected with the GFP vector, GFP-tagged
Hrs (Hrs), or the following GFP-tagged Trakl constructs: Trakl (WT), TraklAhyrt (Ah), Trak1A1 (A1), or Trak1A2 (A2).
Untransfected HeLa cells were used as control (CTL). The amount of remaining TR-EGF after a 1-h chase was quantified
and expressed as a percentage of the initially internalized TR-EGF. Data represent the mean+SEM from three
independent experiments. The asterisks indicate a statistically significant difference (p<0.05) from the GFP-vector-
transfected cells, whereas the pound sign indicates a statistically significant difference (p<0.05) from the GFP-Trakl WT-

transfected cells.
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Trak1 is essential for ligand-induced EGFR
degradation

To provide further evidence supporting the role of
Trakl in the regulation of EGFR trafficking, we
examined the effect of siRNA-mediated knockdown
of Trak1 expression on the uptake and degradation of
['*IJEGF in HeLa cells, using the knockdown of Hrs
as positive control. For selective depletion of endo-
genous Trakl or Hrs, HeLa cells were transfected
with Trakl siRNA-1, Trak1 siRNA-2, Hrs siRNA-1, or
Hrs siRNA-2. Immunoblot analysis of transfected cell
lysates confirmed the knockdown of endogenous
Trakl or Hrs (Fig. 8a). We found that depletion of
Trakl or Hrs had no statistically significant effect on
[’ I]EGF internalization (Fig. 8b). As shown in Fig.
8c, we observed a statistically significant (p<0.001)
decrease in [**’IJEGF degradation in both Trakl
siRNA-1-transfected (36.2+5.2%; n=3) and Trakl
siRNA-2-transfected (32.1+7.1%; n=3) HeLa cells
compared to the control siRNA-transfected cells
(64.1+2.8%; n=3) after the 1-h chase. The effect of
Trak1 depletion on ['*IJEGF degradation is compar-
able to the effect exerted by Hrs depletion from
treatment with Hrs siRNA-1 (31.9+£9.2%; n=3) and
Hrs siRNA-2 (35.5+10.5%; n=3). Similar effects of
Trakl and Hrs on ['*°I]EGF degradation were also
seen at the 2- and 3-h chase time points (data not
shown). Together, these data provide strong evidence
supporting a functional role for Trakl in regulating
the trafficking of internalized EGF-EGFR complexes
to the lysosome for degradation.

Discussion

Recent identification of a homozygous frameshift
mutation in mouse Trak1 as the cause of a recessively
transmitted form of hypertonia'® highlights the
importance of understanding the cellular role of
Trakl, a newly discovered protein of unknown func-
tion. In the current study, we found that Trakl inter-
acts with the endosomal sorting machinery
component Hrs and provided evidence supporting a
role for Trakl as a novel regulator of endosome-to-
lysosome trafficking.

The subcellular localization of Trakl is poorly de-
fined; previous studies reported localization of Trak1
in the nucleus,” cytosol,10 mitochondria,”!! and
vesicular structures of unknown identity.” To clarify
the subcellular localization of Trakl, we generated a
specific anti-Trakl antibody and found that endo-
genous Trakl is partially localized to mitochondria,
in agreement with the reported interaction of Trakl
with the mitochondrial Miro proteins.'" Interestingly,
our studies revealed that a population of endogenous
Trakl is associated with Hrs- and EEAl-positive
early endosomes. Furthermore, deletion analysis
showed that the localization of Trakl to early
endosomes depends on its interaction with Hrs.
These data suggest that Trakl is appropriately
localized to influence Hrs-mediated endosomal sort-
ing. In support of this view, our functional studies
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Fig. 8. Trakl knockdown inhibits degradation, but not
endocytosis of ["*TIEGF. (a) HeLa cells were transiently
transfected with the indicated siRNA constructs. Whole-cell
lysates were subjected to SDS-PAGE, followed by immu-
noblotting with anti-Trakl or anti-Hrs antibodies. Equal
loading was confirmed by immunoblotting with anti-EEA1
antibody. (b) HeLa cells transfected with the indicated
siRNAs were incubated with ['*’I]EGF for 10 min at 37 °C.
The internalized ["*°I]EGF is expressed as a percentage of
the initially bound ["**T]EGF. (c) HeLa cells transfected with
the indicated siRNA constructs were allowed to internalize
["*TIEGF for 10 min and then chased for 1 h at 37 °C. The
degraded [**®TJEGF is expressed as a percentage of the
initially internalized ["*IIEGE. Data represent the mean
+SEM from three independent experiments. The asterisks
indicate a statistically significant difference (p<0.05) from
the control siRNA-transfected cells.
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indicated that overexpression of Trak1l inhibits EGF-
induced EGFR degradation by blocking endosome-
to-lysosome trafficking of the EGFR. Moreover,
Trak1 siRNA experiments showed that Trak1 is reg-
uired for ligand-induced degradation of the inter-
nalized EGF-EGFR complexes, providing further
evidence supporting a functional role for Trak1 in the
regulation of EGFR endosomal trafficking.

Trakl is a member of a small family of proteins
characterized by the presence of the HAPN domain.
Our previous work has shown that the other two
members of the HAPN family, HAP1 and GRIF1,
both interact with Hrs and regulate endosome-to-
lysosome trafficking of internalized EGFRs.'*'”
Thus, the HAPN proteins seem to share a common
function as regulators of endosomal trafficking. We
and others have shown that these three proteins are
differentially expressed; Trakl is ubiquitously
expressed in many tissues and cell types,”-'Y whereas
HAP1 and GRIF1 are mainly expressed in the brain,
where they are highly enriched in neuronal
cells.”14242> Moreover, these HAPN proteins may
have distinct functions. For example, HAP1 over-
expression induces enlarged early endosomes, ' and
GRIF1 overexpressmn produces perinuclear cluster-
ing of endosomes,'* whereas Trak1 overexpression
fails to induce either of these phenotypes. Trakl and
GRIF1 also associate with mitochondria, but HAP1
does not ! HAP1 also associates with kinesin light
chain,” rather than the conventional kinesin heavy
chains, which bind to both GRIF1 and Trak1.” These
similarities and differences among the HAPN
proteins suggest that this family of proteins may
have overlapping yet distinct functional roles.

In addition to regulating EGFR endosomal traf-
ficking, the HAPN proteins may also regulate
trafficking of a variety of cell surface receptors. All
three members of the HAPN family have been
shown to associate with GABA, receptor sub-
units.'®***” In support of this hypothesis, HAP1
has been implicated in the regulation of the
endosomal trafficking of GABA, receptors” and
the nerve growth factor receptor TrkA.?® Moreover,
the altered levels of GABAA receptors observed in
Trakl mutant mice'” suggest that Trakl may also
participate in the regulation of GABA, receptor
endosomal trafficking.

The link between the homozygous Trakl trunca-
tion mutation and a recessively transmitted form of
hypertonia'® suggests that the Trakl truncation
mutation causes hypertonia through a “loss-of-func-
tion” mechanism. Based on our finding that Trakl isa
ubiquitously expressed regulator of endosome-to-
lysosome trafficking in mammalian cells, one would
expect that the Trak1 truncation mutation would lead
to dysregulation of endosome-to-lysosome traffick-
ing in many cell types. The hypertonic phenotype of
the Trakl mutant mice suggests that, compared to
other cell types, neurons are particularly vulnerable
to defects in endosomal trafficking. Consistent with
this notion, aberrant endosomal trafficking has
recently been implicated in the pathogenesis of a
number of neurological diseases. For example, muta-

tions in the endosomal fusion regulators Rab5
guanme nucleotide exchange factor alsin® and
Vps54™ cause motor neuron diseases in mammals.
Moreover, mutations in the endosomal sorting
regulators CHMPZB and Mahogunin cause fronto-
temporal dementia® and spongiform neurodege-
neration.”>** These lines of genetic evidence provide
a direct link between the dysregulation of endosomal
trafficking and neuronal dysfunction.

The mechanism by which the Trakl truncation
mutation causes hypertonia is unclear. Our analyses
failed to find any difference between TraklAhyrt
and Trakl1 in their localization or function. Previous
studies have reported a lack of effect of the Trakl
truncation mutation on the interaction with the
GABA, receptor.”’ Since the kinesin-binding” and
Hrs-binding!* domains are outside of the deleted
C-terminal region, the TraklAhyrt mutation is not
expected to affect the ability of Trak1 to bind kinesin
or Hrs. In contrast, the TraklAhyrt mutation might
disrupt the ability of Trak1 to bind the OGT enzyme
because truncation of Trakl at residue 824 deletes a
port1on of the OGT-binding domain (residues 639-
859).° Trak1 has been shown to undergo O-GIcNAc
modification by OGT enzyme,® although the func-
tional consequence of this modification has not yet
been examined. It is conceivable that the activity of
Trakl may be regulated by posttranslational mod-
ifications, such as phosphorylation and O-GlcNAc
modification,*** and that the Trak1Ahyrt mutation
may alter this regulation, thereby leading to neuro-
nal dysfunction. Future studies illuminating the
mechanisms of Trakl action and its regulation
should advance our understanding of endosomal
trafficking and its dysregulation in hypertonia and
other neurological disorders.

Materials and Methods

Antibodies

An anti-Trakl antibody against the synthetic peptide
ILTSGILMGAKLPKQTSLR, corresponding to residues
935-953 of human Trakl, was raised in rabbits. The
antibody was affinity-purified as previously described.*
Other primary antlbodles used in this study include the
following: anti-Hrs;*® anti-EEA1 and anti-TIM23 (BD
Transduction Laboratories); anti-GFP B2 and anti-GST
(Santa Cruz Biotechnologies); anti-KDEL (Stressgen); anti-
LAMP2 (H4B4; Developmental Studies Hybridoma Bank,
Iowa City, IA); and mouse monoclonal anti-HA (12CA5)
antibody. Horseradish-peroxidase-conjugated secondary
antibodies and fluorescein-isothiocyanate-, CY5-, or TR-
conjugated secondary antibodies (Jackson Immunore-
search Laboratories) were used for immunoblotting and
immunostaining, respectively.

Expression constructs

Human full-length Trakl cDNA (KIAA1042; GenBank
accession number AB028965) was a gift from Dr. Takahiro
Nagase (Kazusa DNA Institute, Japan). Conventional
molecular biological techniques were used to generate
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the following expression constructs with N-terminal GFP
(pGFP), HA (pHA), or GST (pGST) tags: Trak1 (residues 1-
953), TraklAhyrt (residues 1-824), Trak1A1 (residues 1-
419), and Trak1A2 (residues 354-953). A schematic repre-
sentation of the Trak1l constructs is shown in Figs. 4a and
5a. The full-length Hrs expression construct has been
described previously.ls”zz’36

Western blot analyses

Cell lysates were homogenized in 1% SDS and subjected
to SDS-PAGE. Western blot analysis was carried out as
described previously.'*

In vitro binding assays

Hise-tagged Hrs, GST, or various GST-Trakl fusion
proteins were individually expressed in Escherichia coli
BL21 cells and purified as described previously.'>*” In vitro
binding assays were performed as described previously'”
by incubation of equal amounts of GST or GST-Trakl
fusion proteins immobilized on glutathione agarose beads
(Sigma) with soluble Hise-tagged Hrs. Bound proteins
were analyzed by SDS-PAGE and immunoblotting.

Cell transfection and immunoprecipitation

HelLa cells were transfected with the indicated plasmids
using Lipofectamine 2000 reagent (Invitrogen) in accor-
dance with the manufacturer’s instructions. Immunopre-
cipitations were carried out 24 h posttransfection as
described previously” using whole-cell lysates and the
indicated primary antibodies. Immunocomplexes were
then analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence confocal microscopy

HeLa cells were grown on poly-L-lysine-coated glass
coverslips. Cells were fixed in 4% paraformaldehyde,
stained with appropriate primary and secondary anti-
bodies, and processed for indirect immunofluorescence
microscopy as described previously."> Analysis and
acquisition were performed using a Zeiss LSM 510
confocal laser-scanning microscope. Images were exported
in TIFF format using LSM-510 software (Carl Zeiss
Microlmaging, Inc.) and processed using Adobe Photo-
shop CS (Adobe Systems, Inc.).

Quantitative analysis of colocalization

Quantification of the colocalization of Trakl with
various marker proteins (Hrs, EEA1, LAMP2, TIM23,
and KDEL) was performed on unprocessed images of cells
double-labeled for Trak1 and the indicated marker protein
by using Metamorph Imaging System Software (Universal
Imaging Corp.) as previously described.*>>® Briefly, the
average gray-scale pixel intensity +1 SD of a small region
of the cell-free area was measured in the Trak1 and marker
channels and defined as background. Each field contained
several cells, and single cells were manually selected by
tracing the cell outlines. Background was subtracted from
the cell images by setting the threshold of each channel to
the value obtained for the background. The percentage of
overlap between Trakl pixels and Hrs, EEA1, LAMP2,
TIM23, or KDEL pixels was determined. For quantifica-

tion of Trakl colocalization with each of the marker
proteins, 25 cells were randomly selected for analysis.
Experiments were repeated at least three times, and the
data were subjected to statistical analysis by ANOVA and
Tukey’s post hoc test.

siRNA transfection

Two siRNAs (Dharmacon) were generated against
human Trakl mRNA sequences 3'-UGAAAGAGUU-
GGCCAGAUGUU-5" and 3-GACGAAGUGUACUGC-
CUUAUU-5’, called Trakl siRNA-1 and siRNA-2,
respectively. In addition, a control siRNA with no
known mammalian homology (siCONTROL Non-Tar-
geting siRNA no. 1; Dharmacon) was used as negative
control. HeLa cells were transfected with the indicated
siRNA (100 nM) using the TransIT siQUEST (Mirus)
reagent in accordance with the manufacturer’s instruc-
tions. Forty-eight hours later, the cells were transfected a
second time with the siRNA. Experiments were per-
formed 48 h after the final siRNA treatment. For
silencing Hrs expression, we used two small hairpin
RNAs (shRNAs) targeted against the human Hrs mRNA
sequences 3'-CCGGCCGCATGAAGAGTAACCA-
CATCTCGAGATGTGGTTACTCTTCATGCGGTTTTTG-
5 and 3’-CCGGGCACGTCTTTCCAGAATTCAACTC-
GAGTTGAATTCTGGAAAGACGTGCTTTTTG-5, called
Hrs siRNA-1 and Hrs siRNA-2, respectively (MISSION
shRNAs; Sigma). Hela cells were transfected with the
indicated shRNA using Lipofectamine 2000 (Invitrogen)
in accordance with the manufacturer’s instructions.
Experiments were performed 48 h after transfection.

Endocytic trafficking assays

For measurement of TR-transferrin or TR-EGF endocy-
tosis, HeLa cells transfected with the indicated GFP-tagged
Trakl and control plasmids were incubated in serum-free
media for 1 h, and then treated with 100 pg/ml TR-
transferrin (Invitrogen) at 37 °C for 30 min, or with 3 pg/ml
TR-EGF (Invitrogen) in the presence of 0.1% bovine serum
albumin (BSA) at 37 °C for 10 min. The cells were then
processed for immunofluorescence microscopy.'® For
measurement of TR-EGF trafficking after internalization,
cells were washed three times with the media to remove
extracellular TR-EGF and incubated for an additional 1, 2,
or 3 h at 37 °C prior to fixation and processing for
immunofluorescence microscopy.'” Quantification of the
amount of intracellular TR-EGF was performed on
unprocessed confocal images of 100 randomly selected
transfected cells by using Metamorph Imaging System
Software as previously described.333® Background was
subtracted from the cell images, and the integrated TR-
EGF pixel intensity was determined. Experiments were
repeated at least three times, and the data were subjected to
statistical analysis by ANOVA and Tukey’s post hoc test.

['?°I]EGF internalization and degradation assays

For measurement of ["*’IJEGF internalization, HeLa
cells transfected with indicated Trakl and control plas-
mids were serum-starved for 2 h, then incubated on ice
with ~20 ng/ml ["**TIEGF (MP Biochemicals) in binding
buffer (1% BSA in serum-free DMEM). Cells were then
washed with cold binding buffer and either lysed
immediately to measure the initially bound ["*’IJEGF or
transferred to 37 °C for 10 min. After the cells had been
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washed with acid wash (0.5 M NaCl and 0.2 M acetic acid,
pH 2.8) on ice, the internalized [*®TJEGF was measured as
described®*” and expressed as a percentage of the ini-
tially bound [**°TJEGFE. For measurement of ['®I|JEGF
degradation after internalization, transfected HeLa cells
were incubated with [**’TJEGF at 37 °C for 10 min and then
acid-washed to remove unbound and surface-bound [**°I]
EGF. Cells were then lysed to measure the internalized
['*IJEGF or chased in serum-free DMEM containing
1.5 pg/ml EGF and 1% BSA at 37 °C for 1, 2, or 3 h. The
amount of ["**IJEGF remaining in the cells at the indicated
chase time point was measured as described.’”*’ The
amount of degraded ['**TIEGF was determined by
subtraction of the remaining ['®IJEGF from the inter-
nalized ['*I]EGF and was expressed as a percentage of the
internalized [**’IJEGE. All measurements of [125I]JEGF
levels were performed by determining radioactivity (‘*°I
counts per minute) in a Wallac Wizard 1470 Automatic
Gamma Counter. Data were obtained from at least three
independent experiments and analyzed by ANOVA and
Tukey’s post hoc test.
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