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Human Equilibrative Nucleoside Transporter-3 (hENT3)
Spectrum Disorder Mutations Impair Nucleoside Transport,
Protein Localization, and Stability”
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Accumulating evidence reveals that sole mutations in hENT3
cause a spectrum of human genetic disorders. Among these
include H syndrome, characterized by scleroderma, hyperpig-
mentation, hypertrichosis, hepatomegaly, cardiac abnormali-
ties and musculoskeletal deformities, pigmented hypertrichotic
dermatosis with insulin-dependent diabetes syndrome, charac-
terized by autoantibody-negative diabetes mellitus and skin
deformities, familial Rosai-Dorfman disease, characterized by
short stature, familial histiocytosis and sinus histiocytosis with
massive lymphadenopathy (SHML), characterized by severe tis-
sue infiltration of immune cells and swollen lymph nodes.
hENT3 spectrum disorders share a common mutation and share
overlapping clinical manifestations that display many intriguing
resemblances to mitochondrial and lysosomal disorders.
Although earlier studies identify hRENT3 as a mitochondrial and
a lysosomal nucleoside transporter, the precise connections
between hENT3 and the pathophysiology of these disorders
remain unresolved. In this study, we performed functional and
biochemical characterization of these mutations in hENT3. We
report severe reductions/losses of hENT3 nucleoside transport
functions of hENT3 syndrome mutants. In addition to transport
alterations, we provide evidence for possible loss of hENT3
functions in all H and pigmented hypertrichotic dermatosis
with insulin-dependent diabetes syndromes due to either mis-
trafficking or altered stability of mutant hENT3 proteins.

H syndrome and pigmented hypertrichotic dermatosis with
insulin-dependent diabetes (PHID)? syndrome are recently
described autosomal-recessive genetic disorders in humans (1,
2). H syndrome patients display symptoms such as cutaneous
hyperpigmentation, hypertrichosis, heart anomalities, hearing
loss, hepatomegaly hypogonadism, and etc. (1). Patients with
PHID exhibit childhood onset of pigmented hypertrichotic skin
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lesions associated with insulin-dependent diabetes mellitus (2).
H and PHID syndromes are allelic with each other and share
common clinical features (e.g. hypertrichosis) (2). Two recent
reports by Molho-Pessach et al. (1) and Cliffe et al. (2) reveal
that both syndromes are caused solely by the mutations in
the SLC29A3 gene. A new report by Morgan et al. (3) shows
a common SLC29A3 mutation (hENT3-G437R) identified in
H and PHID syndromes also is involved in familial Rosai-
Dorfman disease and sinus histiocytosis with massive
lymphadenopathy (SHML) disorders. Familial Rosai-Dorf-
man disease and SHML disorders exhibit massive tissue
infiltration of histiocytes and plasma cells as well as enlarged
lymph nodes. The overlapping symptoms shared by all
hENT3 disorders (hypertrichosis, short stature, lymphade-
nopathy, etc.) demonstrate the involvement of SLC29A3
mutations in a spectrum of human genetic disorders.

The SLC29A3 gene encodes human equilibrative nucleoside
transporter 3 (hENT3), a member of a largely conserved group
of solute carrier (SLC) transporters called the ENT or SLC29
family (4, 5). These facilitative transporters mediate salvage of
hydrophilic nucleosides as well as nucleoside analogs used in
the treatment of cancers and viral diseases (4, 5). In compari-
son with the other human ENT members, hENT3 is unique
in that it functions intracellularly with maximal activity at an
acidic pH range of 5.5— 6.5 (6, 7). Whereas Baldwin et al. (6)
reported that hRENTS3 is localized partially in the late endo-
somes and lysosomes, our recent studies indicate that
hENTS3 is also localized in the mitochondria (7). Low pH
transport properties and subcellular localization of hENT3
in lysosomes and in mitochondria suggest that hENT3 pos-
sibly transports nucleosides from the inside of the lysosomes
to the cytoplasm (6) as well as across the inner mitochondrial
membrane (7). Although these data indicate that hENT3 is
likely to perform physiological functions relating to lysosomes
and mitochondria, direct evidence linking hENT3 to these
organelle functions has not yet been established.

In a study involving 10 families affected with H syndrome,
the following mutations and their consequences were docu-
mented (1). Two missense mutations (1279G— A, 1309G — A)
involve substitution of Gly**” by Ser (G427S; 1279G—A) and
Gly**” by Arg (G437R; 1309G— A), and one deletion mutation
(1045delC) leads to a frameshift from amino acid position 345
(345FS) and early C-terminal truncation of the protein at
residue 404 (1). PHID syndrome is caused by five different
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mutations: 940delT, 1330G—T, 347T—@G, 1309G—A, and
1346C—G (2). Three mutations involve single amino acid
changes, namely, substitutions of Met''® by Arg (M116R;
347T—Q), Gly**” by Arg (G437R; 1309G—A), and Thr**° by
Arg (T449R; 1346C—G). The deletion mutation 940delT leads
to a frameshift from amino acid position 314 (314FS) and trun-
cation at residue 444, and the nonsense mutation 1330G—T
leads to truncation at residue 444 (E444X) (2). Although muta-
tions in hRENT3 are known to cause H and PHID syndromes, the
mechanistic basis of development and pathogenesis of both of
these syndromes are completely unknown. To elucidate the
mechanistic basis of these syndromes, we functionally charac-
terized hEN'T3 mutations.

EXPERIMENTAL PROCEDURES

Materials—NIH 3T3 fibroblasts (PA317) cells were pur-
chased from ATCC (Manassas, VA). [>H]adenosine was
obtained from Moravek Radiochemicals (Brea, CA) and
[>*S]methionine was obtained from MP Biomedicals (Solon,
OH). A polyclonal antibody against hENT3 was described ear-
lier (7), and goat polyclonal antibodies against C and N termini
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Alexa 488- and 594-conjugated donkey anti-goat second-
ary antibody was obtained from Invitrogen. Uridine, DAPI,
hexadimethrine bromide, MG132, leupeptin, and other chem-
icals were from Sigma. Collagenase A was from Roche Applied
Science. BCA protein assay reagent was from Pierce. Fetal calf
serum and horse serum were from HyClone Laboratories
(Logan, UT). Fluorescent antifade mounting reagent and peni-
cillin-streptomycin were obtained from Molecular Probes,
Invitrogen.

Site-directed Mutagenesis—pOX-A36hENT3 and pLNCX2-
hENT3HA constructs were described previously (7). Point
mutations identified in H and PHID syndromes were intro-
duced into pOX-A36hENT3 and LNCX,-A36hENT3 con-
structs using QuikChange® site-directed mutagenesis kit from
Stratagene (La Jolla, CA) per the manufacturer’s protocols.
Mutagenic primers were synthesized and purified in HPLC
grade (Integrated DNA Technologies) for mutagenesis. The
following primer sets were used: 1045delC (forward, 5'-
CCAAGTTTTTCATCCCCTCACTACCTTCCTCC-3" and
reverse, 5'-GGAGGAAGGTAGTGAGGGGATGAAAAACT-
TGG-3'); 1279G— A (forward, 5'-GGCTCAGCAACAGCTA-
CCTCAGCACC-3’" and reverse, 5'-GGTGCTGAGGTAGC-
TGTTGCTGAGCC-3'); 1309G— A (forward, 5'-CCCTCCT-
CTACAGGCCTAAGATTGTG-3' and reverse, 5'-CACAA-
TCTTAGGCCTGTAGAGGAGGG-3'); 347T—G (forward,
5'-CCCTCCTCTACAGGCCTAAGATTGTG-3' and reverse,
5'-GAAGTTGGCCACCAGGCACAGCCTGGAGGGCACG-
GTG-3'); 940delT (forward, 5'-GCTTCTGTGTCACC-
(de)ACGTCTTCTTCATCAC-3" and reverse, 5'-GTGATG-
AAGAAGACGT(del) GGTGACACAGAAGC-3'); 1330G—T,
(forward, 5'-CTAAGATTGTGCCCAGGTAGCTGGCTGAG-
3" andreverse, 5'-CTCAGCCAGCTACCTGGGCACAATCT-
TAG-3'); and 1346C—G (forward, 5'-GAGCTGGCT-
GAGGCCAGGGGAGTGGTGATGTCCTTTTATG-3’ and
reverse, 5'-CATAAAAGGACATCACCACTCCCCTGGCC-
TCAGCCAGCTC-3'). The mutated plasmids were isolated
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using E.Z.N.A."™ plasmid mini prep kit I (Omega Bio-Tek,
Norcross, GA) and the mutants were verified by sequencing at
both ends (University of Georgia Sequencing and Synthe-
sis Facility). Constructs containing both 1279G—A and
1309G—A mutations were created in a 1279G—A mutant
template using 1309G— A primer sets.

Expression in Xenopus Oocytes—Synthesis of cRNAs and
Xenopus oocyte expression study were conducted as described
previously (4). The apparent K, and V., values were esti-
mated by nonlinear regression analysis using Prism 5.0 software
(GraphPad, La Jolla, CA). Values of adenosine influx in RNA-
injected oocytes, corrected by subtracting the values of diffu-
sional uptake in H,O-injected oocytes, were used to derive
these parameters.

Cell Culture, Retroviral Production, and Stable Cell Line
Generation—A retroviral packaging cell line (ATCC, CRL
9078) was maintained in Dulbecco’s modified minimum essen-
tial medium (DMEM) supplemented with 5% fetal bovine
serum. These cells were transfected with wild-type or mutant
hENT3 constructs for viral production. Briefly, cells were incu-
bated with a complex containing 8 ug of each of the plasmids,
24 ul of FUGENE 6 reagent (Roche Applied Science), and 800 ul
of Opti-MEM serum-free medium (Invitrogen). After 48 h of
transfection, viruses in the supernatant were collected and fil-
tered. NIH 3T3 fibroblasts were virally infected few times, and
polyclonal cultures were used for immunocytochemical analy-
sis and pulse-chase experiments.

Immunostaining Analysis—Immunostaining analysis was per-
formed as described previously (7). Images were captured with
Nikon Eclipse Ti fluorescence microscope fitted with a 14-bit
CCD camera (Nikon Instruments, Inc.). For double immunolocal-
ization experiments, images were deconvoluted using Ti-E soft-
ware (Nikon) and merged to identify the extent of colocalization.

3°S-Labeled Pulse-Chase Experiment—Cells in 10-cm dishes
were incubated in cysteine- and methionine-free DMEM con-
taining 5% dialyzed FBS at 37 °C for 30 min (starvation period).
Then, 15 wl of Tran®*S-label (1 mCi/ml) was added to each
plate, and the plates were incubated for 30 min at 37° C. The
radioactive media was removed by washing the cells with 2 ml
of warm PBS. After removing PBS, cells were chased for differ-
ent time points with 5 ml of warm DMEM containing 5% FBS, 2
mM methionine, and 2 mM cysteine (chase period). The media
was then removed, and the cells were washed and scraped with
0.5 ml of ice-cold PBS. The cells were transferred to microfuge
tubes and homogenized using a syringe and a 21-gauge needle
in lysis buffer (100 mm NaCl, 20 mm Tris-HCI, pH 7.6, and 1%
Triton X-100 containing 2 mm phenylmethylsulfonyl fluoride
and 5 ug of each pepstatin, leupeptin, and aprotinin) for immu-
noprecipitation and Western blotting analysis.

Immunoprecipitation, Western Blotting, and Phosphorimag-
ing Analysis—One pl of anti-hENT3 goat polyclonal antibody
was added to various protein normalized cell lysates and were
incubated for 8 h at room temperature. Subsequently, the com-
plex was treated with protein A-Sepharose beads for 4 h, and
the beads were washed three times with 1X TBST (137 mm
sodium chloride, 20 mMm Tris, 0.1% Tween 20, pH 7.6). For
Western blotting analysis, the beads were incubated with 1X
SDS gel loading buffer at 100 °C for 4 min, and the immunopre-
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FIGURE 1. Positional localization of hRENT3 syndromes mutations in hENT3. Secondary structure prediction
of hENT3 shows the arrangement of the protein into 11 transmembrane segments (blue cylinders). The nucle-
otide (parentheses) changes and the corresponding amino acid changes of H and PHID syndromes mutations
in SLC29A3 are shown in purple and green, respectively. The common mutation identified in H, PHID, Rosai-
Dorfman disease, and SHML (familial histiocytosis, FHC) syndromes is shown in red. Two mutations that cause
a frameshift and premature termination of hENT3 translation are marked fs after mutational positions.

cipitated protein samples were loaded on a 12% SDS gel. The
proteins were transferred to a polyvinylidene fluoride mem-
brane (Pall Co., Pensacola, FL) with a blotting apparatus. The
membrane was exposed to a phosphorimaging screen for 4 days
at —80 °C. Image capture and quantitation of protein bands
were done by phosphorimaging (STORM 865, GE Biosciences)
using ImageQuant TL software (GE Biosciences).

Statistical Analyses—Student’s ¢ test was used to identify sig-
nificant differences, and each experiment was repeated at least
three times. p < 0.05, p < 0.01, and p < 0.001 compared with
transport/kinetics parameters values derived from A36hENT3-
expressing oocytes were represented by one, two, and three
asterisks, respectively.

RESULTS

All H and PHID Syndrome Mutations in hENT3 Reduce Nu-
cleoside Transport Activity—Positional analyses of H and PHID
syndrome mutations in hRENT3 show that all mutations except
the M116R affect the C terminus of the protein (Fig. 1). To
characterize the functional consequences of these H and PHID
syndrome mutations, we generated mutant SLC29A3 con-
structs in a Xenopus oocyte expression vector through site-
directed mutagenesis (see “Experimental Procedures” for
details). We generated cRNAs for these mutants by in vitro
transcription and injected them into Xenopus oocytes to
examine the alterations in [*H]adenosine transports (Fig. 2,
A and B). Because full-length hENT3 is retained intracellu-
larly (6, 7), cRNAs for mutants were generated from an
N-terminal-deleted pPOXA36hENT3 construct (7), such that
the mutant proteins also lacked the first 36 amino acids at
the N terminus. As reported earlier (6, 7), oocytes expressing
A36hENT3 exhibited an acidic pH-dependent [*H]ade-
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nosine transport. This transport
was linear until ~45 min and was
maximal at pH 5.5. As depicted in
Fig. 24, all H and PHID syndrome
mutants exhibited a severe reduc-
tion in [*H]adenosine transport
at pH 5.5, A36hENT3-M116R,
A36hENT3-345FS, and A36hENT3-
G427S exhibited almost total losses in
[*H]adenosine transport, whereas
A36hENT3-314FS,  A36hENTS3-
G437R, A36hENT3E444X, and
A36hENT3-T449R retained some
transport activity that were approxi-
mately one-half to one-fourth lower
than the A36hENT3 transport.

H and PHID Syndrome Mutations
in hENT3 Alter the Kinetics of Aden-
osine Transport—To probe into the
possible mechanisms of nucleoside
transport alterations, we next deter-
mined the alterations in the maxi-
mal influx rates (V,,,,) and apparent
affinities (measured by K,) for
[*H]adenosine transport by H and
PHID syndrome mutants (Fig. 2B).
Our analysis indicated that A36hENT3 transported adenosine
atan apparent K, and V., of 1.8 = 0.5 mm and 1621.0 * 93.7
pmol/oocyte/30 min, respectively. Results in Table 1 show that
the V., and/or the K, for adenosine transport were severely
diminished for the frameshift mutants, A36hENT3-314FS and
A36hENT3-345FS. The same was the case with all the mutants
occurring in the sixth intracytoplasmic domain of hRENT3, with
an exception of A36hENT3-T449R which had no significant
change in K. An analysis of the activity loss caused by each
mutation (calculated in V, . /K,,; Table 1) showed that the
frameshift mutations in hENT3 (314FS and 345FS) were asso-
ciated with 8 —16-fold decreases in activities, whereas the three
mutations in the last intracytoplasmic domain of hENT3
brought about 2—5-fold decreases.

Mutations M116R, 314FS, and 345FS Cause Mistrafficking of
hENT3 to Endoplasmic Reticulum or Golgi—Because a reduc-
tion in V. of substrate transport could be due to defects in
cellular trafficking (8), we determined whether some of the
hENT3 mutant proteins exhibited a lack of proper targeting to
mitochondria or to lysosomes. We recreated the H and PHID
syndrome mutations on full-length hENT3 with an epitope
(hemagglutinin (HA)) tag at their C or N termini. The HA-
tagged mutants were then expressed in the NIH 3T3 fibroblasts
using retroviral gene transfer (see “Experimental Procedures”
for details), and their immunolocalization patterns were exam-
ined (Fig. 3A). As reported earlier (6, 7), wild-type hENT3
exhibited vesicular and slightly elongated staining patterns (Fig.
3A) and showed partial colocalization with HSP70 mitochon-
drial marker and LAMP2 lysosomal marker (data not shown).
Furthermore, the immunostaining pattern of four of the
mutants (hENT3-G427S, hENT3-G437R, hENT3-E444.X, and
hENT3-T449R) did not differ considerably from wild-type
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cellular localization of the latter
three mutants, we further examined
their colocalization with markers of
several subcellular organelles. Fig.
3B shows that the hENT3-M116R
mutant was retained partially in the
endoplasmic reticulum (ER) as
evidenced by some colocalization
with calreticulin (an ER marker).
Conversely, hENT3-314FS and
hENT3-345FS mutant hRENT3 pro-
teins were mistargeted extensively
to the Golgi, which was indicated by
their complete colocalization with
B-COP (B-coatomer protein; a
Golgi marker) (Fig. 3B). These re-
sults suggest that mistargeting to
the ER or Golgi resulted in impaired
nucleoside transport activities of
M116R, 314FS, and 345FS mutants.

Because earlier studies indicate
that cellular mistargeting/mislocal-
ization defects of certain disease-
causing mutations (e.g. cystic fibro-
sis) in transmembrane proteins can

%* %k
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A3BhENT3
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FIGURE 2. Mutant hENT3 proteins exhibit reduced nucleoside transport activity. Uptake of [*H]adenosine
(0.026 um) in oocytes after 24 h of injection of A36hENT3 or various H and PHID syndrome mutant cRNAs.
A, pH-dependent uptake at pH = 5.5. B, concentration-dependent (0-10 mm) uptake at pH = 5.5. Data repre-
sent mean * S.E. from three independent experiments. *, p < 0.05, **, p < 0.01, and ***, p < 0.001.

TABLE 1

Kinetics of adenosine transport by H and PHID mutants

Vinaw K,,» and V /K, values of adenosine influx determined by nonlinear regres-
sion analysis (Michalis-Menten). Data (V,,,.,, K,,,) represent mean * S.E. from three

N N max’
independent experiments.

Vinax K, Vinax! K,y
pmol/oocyte/30 min mm (pmol/oocyte/30 min)/mm
A36hENT3 1621.0 = 93.7 1.8+ 0.5 900.5
M116R
314FS 155.6 = 73.4* 29*38 53.7
345FS 202.4 + 63.7° 1.9 2.0 106.3
G427S
G437R 598.7 = 72.9” 3.6 £1.0° 166.3
E444X 683.7 = 88.7% 4.1=*1.7° 166.8
T449R 750.3 + 198.9” 19*13 394.9
“p < 0.001.
b p <0.0L1.
¢ p <0.05.

hENTS3 staining (Fig. 34) (6, 7). However, hENT3-M116R
mutant exhibited a somewhat diffuse/reticular staining pattern,
whereas the two frameshift mutants (hRENT3-314FS and
hENT3-345FS) exhibited distinct “button-like” staining pat-
terns at the perinuclear area (Fig. 34). To investigate the sub-
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T449R be corrected by chemical chaper-
E444X ones or their transport substrates

. G437R (9, 10, 11), we next investigated
whether hENT3 subcellular target-

) g‘:i;g ing defects due to mutations can be
M116R corrected by treatment with a

. G427S purine (adenosine; 10 uMm) or a

pyrimidine (cytidine; 10 um) nucle-
oside (6, 7). However, our results
indicated pretreatment (16 h) of
NIH 3T3 fibroblasts or Xenopus
oocytes expressing M116R, 314FS,
or 345FS mutants with one or both
of these substrates neither rescued normal mitochondrial/lyso-
somal localization nor increased [*H]adenosine transport (data
not shown).

Glycine at Position 427 in hENT3 Is Critical for Nucleoside
Transport Activity: Dual Mutations G427S and G437R Exhibit
Null Activity—Interestingly, hRENT3-G427S exhibited a total
loss of transport activity, despite expression in oocytes, as
judged by the presence of a band corresponding to hENT3-
G427S in Western blots of oocyte extracts (data not shown) and
no change in localization (Fig. 3A). Because this mutation
involves substitution of glycine by serine in the middle of the
10th TMD of hENT?3, we hypothesized that the hydroxyl group
of Ser blocks the transport activity of hENT3 by altering the
packing of the 10th TMD with other helices, thereby altering
the transport of the nucleoside within the translocation pore.
To test this, we first studied the effects of changing the Gly to an
amino acid with no hydroxyl group (Ala), with a bulky phenyl
group (Phe), phenyl and hydroxyl groups (Tyr), or with methyl
and hydroxyl groups (Thr). As seen in Fig. 44, none of these
substitutions in A36hENT3 regained adenosine transport

sV
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FIGURE 3. Mistargeting of mutant hENT3 proteins. A, localization of mutant hENT3 proteins in NIH 3T3 fibroblasts. Cells were infected with retroviruses
harboring hENT3 or mutant hENT3 proteins, and polyclonal cultures were examined. Cells were fixed, permeabilized, and immunostained with 1:1000
anti-hENT3 rabbit/goat polyclonal or 1:10,000 anti-HA rabbit polyclonal antibodies. The arrowheads indicate a button-like staining pattern at the paranuclear
area with 314FS and 345FS mutants, and an arrow indicates a diffuse/reticular staining pattern with M116R mutant. The original magnifications are X60.
B, subcellular localization of hENT3 mutants. NIH 3T3 fibroblasts expressing M116R, 314FS, or 345FS mutants were coimmunostained with a goat anti-hENT3
polyclonal (mouse anti-HA monoclonal for cells expressing M116R) and a rabbit anti-calreticulin or an anti-B-COP polyclonal antibody. hRENT3HA expressing
cells coimmunostained with a rabbit anti-hENT3 polyclonal and a mouse anti-HA monoclonal antibody is shown as a control (left). Nuclei stained with DAPI

(blue). The original magnification is X60.

activity, suggesting the glycine at position 427 in hENT3 is a
critical residue for nucleoside transport function.

Because one of the H syndrome patients was a compound
heterozygote for both G427S and G437R (1), we also studied the
effect of these dual mutations on the transport activity of
hENTS3. As expected, the double mutant showed a total loss of
activity (Fig. 4B, inset).

Furthermore, structural models of hENT3, built based on the
crystal structure of glycerol-3-phosphate transporter (Protein
Data Bank code 1PW4; Fig. 5), indicated that the TM10 domain
can potentially form one of the pore-lining helices for nucleo-
side transport and that mutation of Gly**” located in the TM10

SEPTEMBER 3, 2010+ VOLUME 285+NUMBER 36

domain by serine or any other amino acid can potentially alter
the size of the pore by disrupting the orientation of the pore-
lining helices.

Human ENT3 Is Predominantly Degraded by the Lysosomal
Pathway: Mutations G437R and E444X Cause Accelerated
Turnover of hENT3 Protein—The results so far suggest all
mutants except those occurring in the last cytoplasmic loop of
hENT3 bring a complete loss of hRENT3 nucleoside transport.
Because loss of protein stability could be a possible cause for
reduction in transport activity, and moreover, an earlier study
demonstrated loss of protein stability for the T449R mutant in
patients (2), we hypothesized that the three mutants closely
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FIGURE 4. Scanning mutagenesis and transport activity of A36hENT3 mutants with various substitutions at position 427. A, uptake of [*H]ladenosine
(0.026 M) in oocytes expressing the indicated mutants. B, uptake of [*Hladenosine in A36hENT31279G—A, A36hENT31309G—A, and in the dual mutant-
injected oocytes. Data represent mean = S.E. from three independent experiments. **, p < 0.01, and ***, p < 0.001.

FIGURE 5. Structural model of hENT3 and predicted location of G427S mutation. Left, structural model of
hENT3 showing the location of Gly**” (in spheres representation; red). The model was built using the MUSTER
(25) threading program. Because glycerol 3-phosphate transporter (Protein Data Bank code 1pw4 (26)) showed
the highest Z-score (Z-score = 6) with hENT3, it was used as the structural template for threading. Right, model
of hENT3 showing the location of G427S mutant. G427S mutation in hENT3 (red) was modeled using the
MODELLER program (27) and displayed using the PyMOL program. The membrane spanning helical segments
and loop regions are shown by schematic representation (green), and the predicted translocation pore (based
on the crystal structure of glycerol 3-phosphate transporter) is shown by an asterisk.

NIH 3T3 fibroblasts expressing
hENT3HA with a proteasomal in-
hibitor (20 um MG132) or a lysoso-
mal inhibitor (10 uMm leupeptin), and
the levels of accumulation of
hENT3 were judged by immunocy-
tochemical (Fig. 6A) and Western
blotting analyses (Fig. 6B). Treat-
ment of leupeptin increased the
staining intensity of hENT3 and dis-
played a more vesicular staining
pattern for hENT3 compared with
the vehicle-treated cells (Fig. 6A).
These results were consistent with
accumulation of hENT3 protein
in the lysosomes. However, the
MG132 treatment exhibited no dis-
cernable alterations in hENT3
staining pattern and was compara-

positioned in the last cytoplasmic loop of hENT3 (G437R, ble to vehicle-treated cells (Fig. 6A). Consistently, Western
E444.X, and T449R) would exhibit altered protein stabilities. To  blotting analysis indicated increased accumulation of hENT3
address this, we first examined the pathways of degradation of ~protein only in leupeptin-treated cells and not in MG132-
wild-type hENT3 in mammalian cells. To do so, we treated treated cells (Fig. 6B). Together, these data indicate that the
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DISCUSSION

Earlier studies in Xenopus oo-
cytes demonstrated hENT3 as
an acidic pH-dependent nucleoside
transporter (6, 7). This character-
ization was performed after deletion

B ¢°\ Q;\, & of 36 N-terminal amino residues

& (34 Q@Q (A36hENT3) or after replacement

83kDa e N \&\) of the dileucine motif at positions 31
hENT3 and 32 with alanine residues to

— S allow redirection of hENT3 to the
oocyte cell surface (6, 7). At the

45KkDa B-actin  beginning of the study, we have
e —— tried extensively to redirect hRENT3

leupeptin

FIGURE 6. hENT3 is predominantly degraded by the lysosomal pathway. NIH 3T3 fibroblasts expressing
hENT3HA were treated with dimethyl sulfoxide (control), 20 um MG132 (proteasomal inhibitor), or 10 um
leupeptin (lysosomal inhibitor) for 16 h, and hENT3 was accumulation examined. A, immunostaining
analysis of hENT3 (red) using 1:1000 rabbit anti-HA polyclonal antibody indicated increased staining
intensity of hENT3 in leupeptin-treated cells (bottom panel) but not in MG132-treated cells (middle panel).
The original magnification is X40. B, Western blotting analysis indicated a higher accumulation of hENT3
(~65kDa) in leupeptin-treated cells (right lane) than seen in MG132-treated cells (middle lane). B-Actin (45

kDa) was used as a loading control.

wild-type hENT3 was predominantly subjected to lysosomal
degradation. Consequently, we investigated the turnover of
three mutant proteins (hRENT3-G437R, hENT3-E444X, and
hENT3-T449R) by performing 3°S-labeled pulse-chase
experiments (see “Experimental Procedures” for details).
After radiolabeling the proteins (pulse), we examined the
disappearance of mutant hENT3 proteins for different time
intervals (chase) and compared the results with that seen in
wild-type hENT3. The results depicted in Fig. 7 clearly show
an accelerated turnover of two of the three hRENT3 mutants
examined (G437R and E444X), suggesting decreased stabil-
ity as an additional cause of aberrant nucleoside transport in
H and PHID syndrome patients. T449R mutant turnover was
only slightly increased (Fig. 7) compared with the wild-type
hENTS3.

Finally, to test whether differences in the protein stability of
hENT3 mutants can be reflected in the transport activity of
Xenopus oocytes expressing these mutants, we performed a
timed analysis of [*H]adenosine uptake in G437R, F444X, and
T449R mutant cRNA-injected Xenopus oocytes. Results shown
in Fig. 8 confirmed parallel reductions in [*H]adenosine influx
rates in oocytes expressing these mutants compared with those
expressing A36hENT3.
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to the mammalian (Madin-Darby
canine kidney) cell surface by the
aforementioned approaches to
retrieve functional hENT3 trans-
port activity at the cell surface.
Despite successful targeting of both
A36hENT3 and hENT3LL-AA to
the Madin-Darby canine kidney cell
surface, so far, all of our attempts to
retrieve hENT3 transport activity at
the mammalian cell surface have
failed. Because of this technical
issue, we characterized mutations in
hENT3 in Xenopus oocytes after
removing the first 36 amino acids in
mutant hENT3 proteins. Kinetic
characterization of mutations in
hENT3 in oocytes identified all
hENT3 mutations exhibiting severe
reductions in the maximal influx
rates (decrease in V) and appar-
ent affinities (increase in K,,,) for adenosine transport with an
overall impairment in intrinsic transport activities (decrease in
Vinax!K,,,). Four of seven hENT3 mutations (M116R, 314FS,
345FS, and G427S) exhibited almost a complete reduction in
adenosine transport activity, whereas three mutations occur-
ring at the C terminus end of hENT3 (G437R, E444X, and
T449R) displayed a partial reduction in nucleoside transport
activity. These data provide direct evidence of aberrations in
nucleoside transport occurring as a consequence of disease-
causing mutations in hENT3.

Baldwin et al. (6) reported a partial localization of hRENT3 in
acidic late endosomal/lysosomal compartments. Subsequently,
we reported that in addition to lysosomes, endogenous hENT3
islocalized substantially to mitochondria in a number of human
cell types (7). Because loss or reduction of nucleoside transport
functions due to reduction in V., can occur due to the mistar-
geting of mutant proteins away from mitochondria or lyso-
somes, we further examined mislocalization as a possible out-
come for mutations in hENT3. Because our previous studies
demonstrate that tagging yellow florescence protein (YFP) to
the N terminus of hENT3 largely diverts the fusion protein to
lysosomes (7), we recreated the disease mutations on full-
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FIGURE 7. Accelerated turnover of intracytoplasmic mutant hENT3 proteins. NIH 3T3 fibroblasts express-
ing the wild-type or mutant hENT3 proteins were subjected to [**SImethionine labeled pulse-chase experi-
ments, and turnover rates were examined (see “Experimental Procedures”). The intensity of hENT3 and mutant
hENT3 protein bands was quantified by densitometry and normalized to the control. Results are average = S.D.
of two independent experiments. A representative blot is shown (inset).
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FIGURE 8. Decreased [*H]adenosine influx rates by Xenopus oocytes expressing intracytoplasmic mutant
hENT3 proteins. Uptake of [*H]adenosine (0.026 um) in oocytes expressing A36hENT3 or intracytoplasmic
mutant A36hENT3 proteins was measured after allowing expression of proteins for various time intervals (days
1-5). Uptake in oocytes injected with H,O was used as a control. The bars represent mean = S.E. (n = 3).

ever, two frameshift mutants in the
TMS8 and TM10 domains (314FS
and 345FS) and the mutation
replacing a hydrophobic residue by
a basic amino acid in the TM2
domain of hENT3 (M116R) dis-
played a partial or complete mistar-
geting to the ER or Golgi. Although
the precise reasons for the retention
of M116R mutant in the ER is
unclear, it is likely that the large
irrelevant peptide sequence replac-
ing the transmembrane domains
8-11 of hENT3 consequent to
frame shifts at positions 314 and 345
resulted in misfolding and mistar-
geting of these two mutants. Never-
theless, mislocalization seemed to
be mainly responsible for the very
low activity or inactivity of these
three mutants in Xenopus oocytes. If
such perturbations also occur in
mammalian cells, the abundance of
hENT3 (hence V) targeted to
mitochondria or lysosomes also will
be reduced. Loss of mitochondrial
or lysosomal nucleoside transport
coupled with the possible gain of
function in other subcellular
organelles (e.g. Golgi) could resultin
severe alterations in subcellular
compartmentalization of nucleo-
sides. These outcomes likely are to
result in abnormal cellular signaling
and/or aberrant cellular metabo-
lism exhibited as severe disease
manifestations. The wide-ranging
spectrum of deformities seen in all
hENT3 spectrum disorders as well
as their clinical heterogeneities and
severities (1-3) support this possi-
bility very well.

Mutants 314FS, 345FS, and
M116R are clearly mislocalized to
the ER/Golgi and, as expected, had
only very low or very minimal V.
levels (~10-fold lesser). Unlike
these three mutants, the complete
inactivity of the G427S mutant was
quite surprising despite the lack of
any obvious change in the subcellu-
lar localization. Because loss of
nucleoside transport activity could
be due to the lack of expression

length hENT3 proteins that contained a small peptide HA tagat  and/or low intrinsic specific activity, we first examined whether
their C or N termini. Our results demonstrate that wild-type the lack of expression in oocytes caused a problem in detecting
hENT?3 tagged to HA faithfully reproduced endogenous hENT3  transport activity for G427S mutant. However, our results ver-
localization in several human cell types (data not shown). How- ified the expression of this mutant in oocytes by identifying a
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band corresponding to del36hENT3-1279 in oocyte extracts.
This suggests that expression of this mutant is not the reason
for inactivity. One likely possibility is that the G427S mutation
allows proper expression and mitochondrial/lysosomal target-
ing but renders the transporter dysfunctional by other mecha-
nisms such as improper packing of TM domains lining the
translocation pore or altering the local transporter-substrate
interactions. Although we do not have definitive evidence for
the latter, the following findings support this assertion. First,
none of the experimented amino acid substitutions at this
mutational position (427), except for the original glycine, could
retain nucleoside transport activity (Fig. 44). The fact that
minor substitutions such as alanine or other amino acids with
or without a hydroxyl group made no difference in activity level
indicated that it was not the hydroxyl group in particular, but
any side chain substitution cannot be tolerated at the Gly**”
position without compromising transport function. Second,
another hENT3 disease mutant, G437R, which exhibited
reduced nucleoside transport compared with wild-type
hENTS3, became completely inactive when the G427S mutation
was additionally introduced to the G437R mutation (see Fig.
4B). Third, several examples in literature (9), including another
member of the ENT family (ENT1) (12), have shown that muta-
tions replacing glycine residues in the transmembrane domains
can affect functionality without perturbing cellular expres-
sion or membrane targeting. Fourth, a molecular modeling
approach identified Gly**” as a putative translocation pore-lin-
ing residue in hRENT3 and that any substitutions could poten-
tially alter the size of the translocation pore. Consistently, sev-
eral previous studies on membrane proteins have highlighted
the importance of conserved glycines in helix packing (13) and
ligand transport across the membrane (14). These data,
together with the fact that Gly**” is highly conserved across
species (1), support that Gly**” per se is an absolute require-
ment for facilitating hENT3-mediated nucleoside transport
activity.

Membrane proteins can be targeted to both proteasomal and
lysosomal degradation pathways and mutations in membrane
proteins can increase the turnover of these proteins by these
pathways. Although the degradation pathways of equilibrative
and concentrative nucleoside transporters are largely un-
known, an earlier study has shown the third member of the
concentrative nucleoside transporter family (hCNT3) is not
sensitive to inhibition by a proteasomal inhibitor (MG132) (15).
Consistently, our studies identified the degradation of hRENT3
to be predominantly via the lysosomal pathway and not the
proteasomal pathway. Cliffe et al. (2) recently showed that the
reduction of activity in A36hENT3-T449R, positionally local-
ized in the last cytoplasmic domain in hENT3, was associated
with the presence of low levels of mutated hENT3 mRNA and
proteins in patients. As mutations that are closely located in the
cytoplasm domain are likely to have common outcomes, we
tested whether the three closely positioned mutations in the
last cytoplasmic domain of hENT3 would trigger rapid hRENT3
protein turnover. We found that hENT3-T449R turnover was
increased only slightly (Fig. 7) compared with the wild-type
hENT3. These data suggest that the reduced hENT3 mRNA
levels, as observed in patients (2), and not decreased protein
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stability, acted as a major cause for the decrease in transport of
the T449R mutant. However, mutants G437R and the trunca-
tion mutant E444.X both clearly exhibited an accelerated turn-
over compared with wild-type hENT3. These results show
decreased hENT?3 stability as an additional cause of dysfunction
in H and PHID syndrome patients carrying mutations G437R
and E444X. In addition, these data also suggest that the last
cytoplasmic loop in hENT3 could act as an important regula-
tory domain governing the degradation and turnover of hRENT3
protein.

In summary, this is the first study where the functional
activity of mutations in hENT3 associated with a spectrum of
human genetic disorders is characterized. We have identified
defects in subcellular localization with M116R, 314FS, and
345FS mutants, impairments in protein stability with G437R
and E444X mutants, and reductions in nucleoside transport
activity with all H and PHID syndrome mutants. By identifying
these defects, we have obtained evidence for the loss of hRENT3
function in all H and PHID syndrome patients. The noticeable
similarities between hENT3 spectrum disorders and their
resemblances to mitochondrial DNA (mtDNA) mutations (e.g.
short stature, cardiovascular problems) (16, 17), mtDNA rear-
rangements (e.g. diabetes, sensorineural hearing loss) (18, 19),
mitochondrial respiratory chain defects (e.g. mental retarda-
tion) (20), and lysosomal defects (e.g reticuloendothelial
involvement) (1), suggest that the abnormalities arise from a
common dysfunction that is potentially linked to hRENT3 trans-
port activities in the mitochondrial and lysosomal compart-
ments. As hENT3 is normally functional in the membranes of
mitochondria and lysosomes (6, 7), hRENT3 syndrome muta-
tions are likely to alter nucleoside pools in those organelles.
These alterations could potentially perturb mitochondrial and
lysosomal homeostatic functions dependent on hENT3 sub-
strates (e.g nucleosides, nucleobases) (6, 7). For instance, when
the level of guanosine sensed by mitochondria decreases, apo-
ptosis may not be initiated, and cell proliferation could be
affected (21). Another likely consequence is the reduction in
mitochondrial NTP production, which could lead to a decrease
in the synthesis of mtDNA. The level of mitochondrial ATP
goes down as well, decreasing the synthesis of other triphos-
phonucleosides such as GTP, which is important for protein
synthesis (22). The lower level of ATP also means less energy to
power the chaperones of the protein import machinery in mito-
chondria (23). Because the mitochondrial ATP level is also in
control of the (excitatory) neurotransmission and/or intracel-
lular signaling, many of the normal physiological roles medi-
ated by ATP could become altered (24). Future studies are
needed to further identify the effects of aberrant hRENT3 nucle-
oside transport on the pathogenesis of these syndromes.
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