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Thyroid hormones (THs) must be taken up by target
cells to act at the genomic level through binding to
nuclear thyroid hormone receptors (TRs). Exten-
sive study has been made of mechanisms by which
TH-bound TRs regulate transcription, yet little is
known about the critical upstream step, i.e. how
THs enter the cell. Growing evidence suggests that
saturable transport mechanisms mediate the
greater part of TH movement across the plasma
membrane and have important roles in the regula-
tion of TH bioavailability. For example, System L is
a multifunctional transport system serving as a
plasma membrane transporter of THs and amino
acids in mammalian cells. We have used two com-
plementary systems, the Xenopus oocyte (which

has negligible basal System L activity) and the
mammalian BeWo cell line (which has System L
activity for TH transport), to investigate the role of
this representative TH transporter in nuclear action
of THs. We demonstrate that overexpression of
System L in Xenopus oocytes increases both cy-
toplasmic and nuclear delivery of THs from exter-
nal medium and also enhances transcriptional ac-
tivation by TRs. Conversely, blocking endogenous
System L activity in BeWo cells with specific inhib-
itors reduces both TH uptake and TR function.
These results indicate that plasma membrane TH
transporters such as System L may have important
roles in gene regulation by TRs. (Molecular Endo-
crinology 17: 653-661, 2003)

THYROID HORMONES (THs; T, and T,) regulate
growth, development, and critical metabolic func-
tions in vertebrates. Both hormones are secreted by
the thyroid gland, although most plasma T is pro-
duced by extrathyroidal deiodination of T,. Major ef-
fects of THs are exerted at the genomic level through
binding of hormone (predominantly T,) to nuclear thy-
roid hormone receptors (TRs; e.g. Ref. 1 for review).
The plasma free hormone concentration appears to be
the key determinant of biological activity (2). The pro-
portion of nuclear receptor-bound T originating from
plasma T; or local deiodination of T, varies between
tissues, but it is clear that both hormones must first
cross the plasma membrane of target cells to exert
genomic effects (2, 3). Although THs have a lipophilic
nature, the polar amino acid side chain retards their
passage across cell membranes such that they are
likely to partition into, but not diffuse across, them (4).
There is growing evidence (e.g. Refs. 2, 5-7) that sat-
urable transport mechanisms (rather than diffusion)
mediate the greater part of TH movement across the
plasma membrane and have important roles in the

Abbreviations: BCH, 2-Amino[2,2,1] heptane-2-carboxylic
acid; MBM, modified Barth’s medium; RXR, retinoic acid
receptor; TH, thyroid hormone; TR, thyroid hormone
receptor.

regulation of TH metabolism and bioavailabilty. A va-
riety of TH transport mechanisms have recently been
identified, including transporters shared with certain
amino acids [e.g. System L (8-10)] or organic anions
[e.g. members of the oatp family (6, 11)]. The recog-
nition that these transporters are of major importance
for delivery of TH to the cell interior raises the strong
possibility that TH transport across the cell membrane
is an important but overlooked step for control of
cellular TH signaling and action (2, 12). Nevertheless,
beyond some evidence to suggest that active pro-
cesses help extracellular THs reach cell nuclei (13-15),
there is surprisingly little information regarding the
overall importance of membrane transport in control of
TH delivery to nuclear TRs and thus of cellular TH
action.

In the present study we have attempted to clarify
this issue using two different but complementary ex-
perimental systems, namely 1) the Xenopus oocyte
and 2) mammalian (BeWo) cell culture. Our earlier
studies have shown that System L [a transport activity
produced by members of the SLC7 gene family (16)] is
a multifunctional transport system that serves as a
plasma membrane transporter of TH as well as amino
acids in a variety of cell types (e.g. Refs. 5, 17, and 18).
The System L TH transporter was first identified as an
amino acid transporter and, for simplicity, we retain
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here the conventional nomenclature for amino acid
transporters (16). We focus here on System L as a
representative TH transporter and demonstrate that it
has an important role not only in the cellular uptake of
TH but more importantly in overall delivery of extra-
cellular TH to the nucleus, where the hormone exerts
its biological function by regulating transcription by
TRs. We show that in the Xenopus oocyte, which has
negligible basal System L activity, overexpression of a
System L transporter leads to increased cellular up-
take and nuclear appearance of TH and also enhances
transcriptional activation by TRs. Similarly, System L
blockade in the mammalian BeWo cell line is shown to
inhibit cellular uptake and nuclear delivery of TH and
reduce transcriptional activation by TRs. These results
indicate that plasma TH transporters such as System
L may have important roles in mediating and/or regu-
lating the biological functions of THs.

RESULTS

Overexpression of System L TH Transporter in
Xenopus Oocytes Enhances Cellular Uptake and
Nuclear Appearance of TH

We first investigated whether overexpression of System
L transporter could render a cell more sensitive to effects
of external TH. For this series of experiments we used
the Xenopus oocyte. The System L transporter is formed
as a heteromeric complex consisting of a heavy-chain
glycoprotein (4F2hc) and a light-chain permease of the
glycoprotein-associated amino acid transporter family
(16): here we use IU12, the Xenopus LAT1 permease
(19). The Xenopus oocyte has low levels of IU12, which
can be enhanced by injecting lU12 mRNA (Fig. 1, upper
panel). This low level of endogenous IU12 is insufficient
for maximal function of overexpressed 4F2hc (8). 4F2hc
and 1U12 proteins overexpressed together in Xenopus
oocytes (Fig. 1, upper panel) form heteromeric com-
plexes in oocyte membranes, as visualized on Western
blots under nonreducing conditions (shown here for
4F2hc only).

To investigate the function of these 4F2hc-1U12 het-
eromeric complexes, we studied the uptake of T into
oocytes from the external medium. As shown in Fig. 1
(lower panel), the overexpression of 4F2hc-1U12 het-
eromeric complexes led to the formation of functional
System L (LAT1-like) transporter activity (8, 19), result-
ing in a 3-fold increase in whole-cell T; uptake, which
is blocked by the competing System L substrate
2-amino [2,2,1] heptane-2-carboxylic acid (BCH) (8).
This increased T, uptake resulted in a marked increase
in overall delivery of extracellular T, to the oocyte
nucleus (6.25-fold increase in nuclear appearance
over the same period; Fig. 1, lower panel). Increased
nuclear T, delivery appeared unlikely to reflect any
increase in TH transport capacity of the nucleus under
these circumstances, because System L transporters
overexpressed in oocytes do not localize to the nu-
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Fig. 1. Overexpression of System L Transporter Increases
Cellular Uptake and Nuclear Appearance of '2°|-T, in Xeno-
pus Oocytes

Oocytes were coinjected with cRNA of System L subunits
(4F2hc and 1U12) 3 d before the experiment. Upper panel,
Detection of overexpressed 4F2hc and IU12 proteins in oo-
cyte membranes. Western blots probed with antibodies to
detect 4F2hc (50 ng membrane protein/lane) or IU12 (15 pg
membrane protein/lane). No 4F2hc protein is detected in
membranes from native uninjected (u) oocytes, although IU12
is expressed at relatively low levels in these cells. In 4F2hc-
IU12 cRNA injected cells (i), 4F2hc appears as a broad band
with two distinct peaks (at 82 and 90 kDa; probably reflecting
different glycosylation states) under reducing conditions (+2-
mercaptoethanol; 2-ME), whereas under nonreducing condi-
tions it appears predominantly as higher molecular weight
species consistent with formation of a heteromeric 4F2hc-
IU12 holotransporter. Lower panel, Functional expression of
System L as a TH transporter. Oocytes were incubated in
uptake buffer containing 100 nm '2°|-T, for 2 h and processed
into nuclear and extranuclear fractions for radioactivity assay.
Whole-cell uptake is the sum of '2°|-T, associated with nu-
clear and extranuclear fractions. Representative result show-
ing mean uptake/appearance * sem for single batch of oo-
cytes (three to six measurements per data point). *, Value
significantly different from respective control value (P < 0.05
by Student’s t test).

clear membrane in detectable quantities (19, 20). Nev-
ertheless, we confirmed this directly by showing that
the initial rate of nuclear appearance of '2°|-T; injected
into the cytoplasm was equal in control and System
L-overexpressing oocytes (Fig. 2). These results indi-
cate that the surface permeability of the oocyte to T,
is a key factor limiting movement of the hormone from
extracellular medium to the cell nucleus.

System L TH Transporter Facilitates
Transcriptional Activation by TR

As the major biological effects of THs are mediated
through transcriptional regulation by TRs, we rea-
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Fig. 2. Overexpression of System L Transporter in Xenopus
Oocytes Does Not Increase Nuclear Uptake of '2°I-T, In-
jected into the Cytoplasm

Oocytes were coinjected with cRNA of System L subunits
(4F2hc and 1U12) 3 d before the experiment as indicated.
Upper panel, Time course of nuclear appearance of cytoplas-
mic '2°|-T,. The injected '2°I-T, tracer bolus distributes in the
cytoplasm and subsequently appears in the oocyte nucleus
with a linear time course over a postinjection period of at least
1 h. There is no significant leakage of '2°I-T, from oocytes
over this period [whole-cell disintegrations/min (dpm) data].
Whole-cell radioactivity is the sum of '2°|-T, disintegrations/
min associated with nuclear and extranuclear fractions. Rep-
resentative result showing mean disintegrations/min = sem
for three measurements per data point (symbols mask small
error bars in some cases). Lower panel, Whole-cell and nu-
clear '2°|-T, activities 30 min after injection of '2°|-T, into
cytoplasm of intact oocytes. Here, nuclear '2%I-T, activity
reflects initial-rate appearance of tracer in oocyte nuclei over
a 30-min period (see top panel data). Results shown are
mean disintegrations/min = sem for six experiments. There
was no significant difference between either whole-cell or
nuclear '2°I-T, activities from control and System L (4F2hc-
IU12)-overexpressing oocytes.

soned that changes in TH delivery to the cell nucleus
should be important for TH action. To investigate
whether the System L TH transporter can thus partic-
ipate in gene regulation by TRs, we took advantage of
the ability to establish a TH-dependent transcriptional
system in the Xenopus oocyte (21). The Xenopus oo-
cyte has little endogenous TR to allow TH-dependent
transcription (Fig. 3 and Ref. 21). On the other hand,
exogenous TRs can be easily introduced into the oo-
cyte by microinjection of the cRNA encoding TRs. As
retinoic acid receptor (RXR) is important for TR func-
tion in the oocyte (21), we coinjected TR and RXR
cRNAs to allow the accumulation of TR/RXR het-
erodimers in the oocyte nucleus, thus establishing a
TH-responsive system. TR/RXR expression had little
effect on basal TH uptake; neither did it prevent the
increase in System L transport activity produced by
coexpression of System L transporter subunits (Fig. 3,

upper panel).
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Fig. 3. Overexpression of System L Transporter Stimulates
Ts-Dependent Gene Transcription in Xenopus Oocytes

Oocytes were coinjected with cRNA of System L subunits
(4F2hc and 1U12) and/or thyroid receptors (TRB and RXRa)
3 d before commencement of experiments to allow expres-
sion of the encoded proteins. Upper panel, System L trans-
port activity (measured as uptake of 10 um L-[*H]tryptophan
in NaCl transport buffer) is strongly expressed in oocytes
injected with cRNA for transporter subunits but not TRs.
Lower panel, The T;-dependent luciferase reporter TREpGLB
was injected directly into the nuclei of intact oocytes express-
ing transporter subunits and/or TRs. These oocytes were
then incubated in MBM = 100 nm T5 for 24 h and lysed for
assay of luciferase activity as an index of reporter gene
expression. The main figure shows the ratio of luminescent
counts for different experimental oocyte groups compared
with oocytes injected with TREpGLB only (basal control).
Data are presented as mean value = sem from n = 4 oocyte
batches (each experiment involving seven to nine individual
oocytes per batch). *, Value significantly different from basal
control value (P < 0.05 by Student’s t test). The inset illus-
trates the inhibitory effect of 5 mm BCH on stimulation of
TREpGLB reporter expression by 10 nm T; over 24 h in
oocytes overexpressing 4F2hc/IlU12/RXRa/TRB. Raw lucif-
erase activity data [luminescent counts per second (c.p.s.)
per oocyte] are shown from experiments using a single batch
of oocytes.

To investigate whether the transporter influences TR
function, we used a reporter consisting of the TH-
dependent element of the Xenopus TRBA promoter
driving the expression of the luciferase gene
(TREpGLB; Ref. 22). When the T;-responsive lucif-
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erase reporter was injected into oocyte nuclei, it was
expressed at a low basal level, and the addition of TH
to the culture medium had little effect on its expression
(Fig. 3, lower panel). Overexpression of System L
transporter alone did not produce any significant ac-
tivation of the reporter by TH (data not shown). Over-
expression of TR/RXR in oocytes to produce a TH-
responsive system caused a repression of the basal
reporter expression, as reported earlier (21, 23) and
the addition of TH reversed this repression but with
little additional activation (Fig. 3, lower panel). In con-
trast, when System L transporter was coexpressed
with TR/RXR the addition of TH led to strong activation
of the reporter (Fig. 3), demonstrating a potentially key
permissive role for plasma membrane TH transporters
in nuclear function of TH. The importance of System L
in the present case was confirmed by the ability of
BCH to block the TH activation but not the basal
expression of the reporter (Fig. 3, inset, lower panel).

System L Transporter Participates in Cellular TH
Uptake in BeWo Cells

Having established that overexpressed System L
transporter could contribute substantially to gene reg-
ulation by TRs in Xenopus oocytes, we proceeded to
examine whether this representative TH transporter
might be important for TH function in somatic cells.
For this purpose we studied the BeWo human chorio-
carcinoma cell line, which exhibits a significant com-
ponent of saturable TH uptake mediated by System L
and blocked by BCH (5). In preliminary experiments
we established that nuclear appearance as well as
total uptake of '2°|-T, tracer in BeWo cells increased
progressively for at least 60 min (Fig. 4). In subsequent
experiments with BeWo cells we used an experimental
duration of 30 min (to maximize tracer appearance in
nuclei under at least pseudoinitial rate-uptake condi-
tions) and a physiologically relevant '25I-T, tracer con-
centration of 100 pwm [a value below the level at which
nuclear TRs would exhibit full saturation (1, 2)]. Under
these conditions, nuclear appearance of '2°|-T, tracer
was significantly reduced at much lower external con-
centrations of unlabeled T; than was total cellular up-
take (Fig. 4, lower panel). These kinetic observations
on nuclear 2°|-T, appearance most likely reflect com-
petition between the radiotracer and excess unlabeled
T; for binding to TRs and other nuclear TRs, rather
than competition for uptake at the nuclear membrane.
The data for total cellular '2°I-T, uptake confirm our
previous studies with BeWo cells (5) showing that
greater than 50% of T; uptake is through saturable
transport pathways in this cell type. The amino acid
tryptophan, a known competitor of T5 transport in
BeWo cells (8) and a System L substrate, reduced (by
=55%) total uptake and nuclear appearance of '2%-T,
when added in excess (10 mwv) to the uptake buffer
(Fig. 5). Specific blockade of amino acid transport
System L using excess BCH (10 mwm) also significantly
reduced both total uptake and nuclear appearance of
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Fig. 4. Nuclear Appearance of '2°I-T, in BeWo Cells

Upper panel, Time course of whole-cell (total) and nuclear
uptake of 50 nm '2°I-T, (each point represents mean value of
three separate wells). Lower panel, Concentration depen-
dence of '2%-T, uptake. BeWo cells were incubated for 30
min in NaCl uptake buffer containing 100 pm '2°I-T, tracer
with excess unlabeled T; as indicated (=10 um, a value close
to the solubility limit for iodothyronines at physiological pH).
Representative values show percent control uptake (total and
nuclear) for a single passage of BeWo cells (each point rep-
resents mean value of three separate wells).

25]-T, in BeWo cells (Fig. 5, lower panel). A mixture of
20 natural amino acids at physiological plasma con-
centrations (24) inhibited '2°I-T, tracer uptake into
BeWo cells by only 18% (representing ~38% inhibi-
tion of saturable uptake; Fig. 5, lower panel), confirm-
ing that TH can compete reasonably effectively with
other natural substrates for cellular uptake at the
plasma membrane. Amino acid inhibitors of T trans-
port at the cell surface also reduced overall nuclear
appearance of '?°|-T, but with no apparent distur-
bance of nuclear uptake/binding kinetics (the nuclear
to cytosol ?°I-T, ratio was ~0.12 in all cases), thus
demonstrating that amino acids did not significantly
affect behavior of T; within the cell. In contrast, the
iodothyronine analog 3,3',5-triiodothyroacetic acid
does not interact with '?°I-T, uptake mechanisms at
the plasma membrane, but markedly inhibits nuclear
appearance of '2%I-T, (presumably by competing with
T for nuclear receptor sites). A broadly similar result is
also seen with T,, which is a relatively poor substrate
for System L (8) and at 10 um has only a minor inhib-
itory effect on total '?°I-T, uptake into BeWo cells
under the experimental conditions used. The substrate
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Fig. 5. Effects of Putative Inhibitors of Cellular T; Uptake on
Whole-Cell (Total) and Nuclear Uptake of '2°I-T, in BeWo
Cells

Cells were incubated in NaCl uptake buffer containing 100
pm '2%-T, for 30 min with inhibitor as indicated. Data are
presented as mean value = sem for n = 5-9 individual plates
of BeWo cells. Upper panel shows the inhibitory effect of
tryptophan on rate of '?°I-T, uptake. Lower panel summa-
rizes inhibitory effects of various substances, expressed as
percent control uptake (total and nuclear) remaining in pres-
ence of inhibitor. AA mix, A mixture of 20 natural amino acids
at physiological plasma concentrations (see Ref. 24 for exact
composition). Statistical significance of differences from con-
trol values are indicated as *, P < 0.05; **, P < 0.005; ***, P <
0.0001 (by Student’s t test). TRIAC, 3,3’,5-Triiodothyroacetic
acid.

selectivities of plasma membrane transporters and nu-
clear receptors for iodothyronines are therefore clearly
distinct, at least in relative terms.

Blockade of System L Inhibits Transcriptional
Regulation by TR in BeWo Cells

The data described above indicated to us that plasma
membrane transporters play critical roles in nuclear
accumulation of THs in BeWo cells, at least under our
experimental conditions. We next investigated
whether our observed acute effects of the TH uptake
inhibitors BCH and tryptophan on nuclear binding of
T; were mirrored by a reduced activation of TH-de-
pendent gene transcription over a longer time period.
We used a T;-responsive luciferase reporter (25) in-
troduced into BeWo cells via a replication-deficient
adenovirus vector. This luciferase reporter showed ef-
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fectively linear increases in expression over 24 h under
all experimental conditions (data not shown). The re-
porter exhibited T;-dependent activation of transcrip-
tion, which was suppressed over a 24-h period in the
presence of System L substrates (Fig. 6, upper panel)
at concentrations that would be expected to compete
out T, uptake into cells through this route (5, 8, 10). In
contrast, N-methylaminoisobutyric acid (a specific
competing substrate of amino acid transport System
A) does not interact with TH uptake in BeWo cells (5)
and was without effect on T;-dependent activation of
transcription.
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Fig. 6. Effects of Amino Acids on T;-Dependent Transcrip-
tion and T Concentration in BeWo Cells

Upper panel, Tryptophan (Trp) and BCH suppress T;-
dependent induction of luciferase reporter gene expression in
BeWo cells. Representative result showing luciferase activity
in lysates of cells containing T5-dependent luciferase reporter
(introduced by adenoviral vector) after 24-h incubation period
in NaCl uptake buffer + 25 mm glucose +/— 1 nm T and/or
inhibitors. Values are mean luminescent counts per min/
well = sem for n = 3 experiments. *, Value significantly dif-
ferent from respective control (P < 0.05 by Student’s t test).
Similar results were obtained using a different BeWo cell
passage. Lower panel, Amino acids (AA) alter steady-state
distribution of T; across BeWo cell membrane. BeWo cells
were preequilibrated with 100 pm '2%I-T, tracer for 2 h, and
then exposed to fresh medium containing '2%I-T, at the same
concentration and specific activity +/— a mixture of physio-
logical amino acids at normal plasma concentrations [AA mix
(24)]. Data are presented as mean cell T; concentration = Sem
for n = 6 separate measurements. *, Value significantly lower
than respective control (P < 0.05 by Student’s t test). MeAlIB,
N-methylaminoisobutyric acid.
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Extracellular Amino Acids Influence Intracellular
TH Concentration in BeWo Cells

Our results indicate that the activity of TH transporters
such as System L at the plasma membrane is likely to
enhance cellular responsiveness to a change in extra-
cellular TH concentration. Equally, changes in TH flux
at the cell surface due to other factors (e.g. increased
competition for transport from other substrates or al-
tered transporter gene expression) might also be pre-
dicted to influence the intracellular concentration of T,
and thus affect TH actions. We therefore progressed
to investigate the possibility that amino acids, given
that they interact with TH transporters at the cell sur-
face, might influence steady-state distribution of TH
across the plasma membrane. BeWo cells were pre-
equilibrated with '2°I-T, and then exposed to fresh
medium containing '2°I-T, at the same concentration
and specific activity +/— a mixture of physiological
amino acids at normal plasma concentrations (24). The
addition of the amino acid mixture produced a small
but significant decrease in the total quantity of T; in
cells within 30 min (indicative of a net shift in trans-
membrane TH concentration gradient), which per-
sisted for at least 3 h (Fig. 6, lower panel).

DISCUSSION

TH action is mediated largely through TR-dependent
gene regulation in the cell nucleus. It is clear that TH in
the plasma must first cross the surface membrane of
target cells to reach the nucleus. Several different
types of TH transporter have now been identified (e.g.
Refs. 2, 6, and 12 for review), although the extent to
which they each contribute to delivery of plasma TH to
the cytosol and thus ultimately to transcription through
TR is largely unknown. Our experiments using Xeno-
pus oocytes presensitized to TH by coexpression of
TR and RXR demonstrate that increasing surface per-
meability to TH by overexpressing a representative TH
transporter (here we use System L) enhances the cel-
lular response to TH in terms of transcriptional activa-
tion. Conversely, blockade of T, uptake into BeWo
cells using competing System L substrates markedly
blunts cellular T5 sensitivity in terms of the activation of
transcription through nuclear TRs. The fact that com-
petitive blockade of a different amino acid transporter
(System A) fails to inhibit TH-induced transcription in
such experiments (Fig. 6) confirms the specificity of
the effect to System L and Tj; this also argues against
the possibility that our observations result from indi-
rect suppression of transcription and/or translation
(e.g. in response to osmotic effects of exogenous
amino acid competitors). An immediate and important
conclusion to be drawn from our studies is that T, is a
transportable substrate of System L (reaching the nu-
cleus and activating TH-dependent gene transcription
through this route) rather than simply a high-affinity
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inhibitor of amino acid transport as proposed else-
where (10, 26). On a broader front, the results provide
direct evidence that plasma membrane transport of T,
at physiologically relevant concentrations (100 pm to 1
nm) through System L may be an important determi-
nant of nuclear T, availability and TH action. Further-
more, the observation that a mixture of 20 amino acids
at physiological plasma concentrations has a relatively
small effect on '25I-T, tracer uptake into BeWo cells
both confirms that THs can compete effectively with
other natural substrates for cellular uptake and sup-
ports the idea that saturable transport mechanisms
may contribute significantly to cellular TH delivery in
vivo. Plasma TH levels exhibit relatively slow adjust-
ment in vivo and factors other than membrane trans-
port (notably TH synthesis, release, and metabolism)
also have vital roles in TH signaling and action. Nev-
ertheless, our data show clearly that TH transporters
such as System L participate in regulating cellular T,
actions over physiologically relevant periods of at least
24 h. System L may have a widespread role in cellular
TH signaling, given that it is expressed ubiquitously in
mammalian cells (16) and accepts both T, and T, as
substrates with relatively high affinity [albeit the less
potent T, is transported poorly in comparison to T,
(8)]- Other TH transporters including various members
of the oatp family are expressed in a highly tissue-
specific manner (6) and may therefore also be antici-
pated to contribute to TH signaling and action to a
greater or lesser degree in particular cell types. Such
cell-specific complements of TH transporters may not
only facilitate (and also possibly regulate) delivery and
bioavailability of TH to the cell interior, but also provide
a therapeutic target for TH disorders (6, 12).

Membrane transport, unlike diffusion, offers the
possibility of regulating TH actions at the point of
cellular entry (or exit). Specific functional properties of
a TH transporter may enable it to contribute at more
subtle and gradual levels of control of hormone action,
appropriate to the whole organism. For example, we
have found that external amino acids are capable of
altering steady-state intracellular T, concentration, at
least in BeWo cells. This may be related, at least in
part, to specific transport properties of System L
(probably the major TH transporter in this cell type),
which operates as an obligate exchanger of substrates
[with different Michaelis-Menten (K,,,) values for influx
and efflux (27)] thus enhancing the potential influence
of trans-substrates on TH distribution. Such influences
may conceivably have a role in fine tuning of TH-
regulatory mechanisms in vivo.

For oocytes overexpressing System L, the in-
creased rate of appearance of TH tracer in the nucleus
is proportionally greater than that in the whole cell
(6.25-fold as opposed to 3-fold control value, respec-
tively; see Fig. 1, lower panel). These results are con-
sistent with the suggestion (3) that plasma THs may be
selectively channeled to nuclear TRs in certain cell
types (thus further enhancing the importance of mem-
brane transport for TH signaling) rather than merely

Downloaded from mend.endojournals.org by on March 13, 2010


http://mend.endojournals.org

Ritchie et al. ® Functions of Thyroid Hormone Transporter

entering a general metabolic TH pool within the cyto-
plasm. In contrast to these results, we found no evi-
dence that T; was targeted preferentially to the nu-
cleus of oocytes overexpressing System L if the
25T, tracer was injected directly into the cell, by-
passing the transport step (See Fig. 2). It seems evi-
dent, therefore, that any channeling that occurs is
likely to be initiated close to the inner cell surface,
immediately after the TH molecule is released from the
TH transporter. Unfortunately, the mechanisms by
which transported THs move from the inner face of the
plasma membrane to the cell nucleus remain largely
unknown. At least some cytoplasmic THs may simply
diffuse to the nucleus, although discrete cytosolic TH-
binding proteins that could conceivably help channel
TH to the nucleus have been identified (e.g. Ref. 28).
Cytoskeletal disruptors such as colchicine have been
reported to significantly retard nuclear TH appearance
in certain cell types (13), and there is also some evi-
dence (29) that a proportion of unbound TRs may
reside in the cytosol and translocate to the nucleus
after cellular TH stimulation, possibly as a TR + TH +
chaperone complex. Our observation that blockade of
System L in BeWo cells suppresses TH-dependent
transcription (Fig. 6, upper panel) to a greater extent
than might be predicted by the reduction in nuclear TH
appearance (Fig. 5, lower panel) provides additional
evidence that plasma TH may be selectively chan-
neled to active nuclear TR. It is noteworthy in this
regard that T, receptor sites on the nuclear envelope
distinct from nuclear TR have been reported (30), in
which case a proportion of TH binding sites associ-
ated with the nuclear fraction may not be directly
involved with TH-dependent transcriptional activation.
Partial inhibition of nuclear TH appearance through
blockade of the System L TH transporter would be
sufficient to almost totally suppress TH-dependent
transcription in BeWo cells if the inhibited part re-
flected blockade of a pathway associated specifically
with active nuclear TRs.

In summary, we have presented evidence that
plasma membrane uptake of T, through System L (a
representative TH transporter) may be an important
determinant of nuclear T; delivery from plasma and
hence cellular TH action. Nevertheless, the reported
presence of multiple TH transport systems in many cell
types (2, 5-7) makes it likely that individual TH trans-
porters contribute to shared control of intracellular TH
availability and action, in conjunction with processes
such as TH metabolism. Differences in tissue sensitiv-
ity to TH may arise, at least in part, from developmen-
tal and/or tissue-specific regulation of expression of
TH transporters (5, 6). For example, the effective TH
level in individual tissues during amphibian metamor-
phosis, which is believed (31) to be critical for temporal
regulation of tissue-specific transformations, appears
to correlate with expression of the System L trans-
porter subunit IU12 (32). Interactions between trans-
port of TH and other substrates of TH transporters
(e.g. amino acids for System L, organic anions for oatp
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family members) may also have pathological implica-
tions (2, 12). With regard to amino acids, there are
pathophysiological circumstances revealing a rela-
tionship between tryptophan and TH distributions and
abundance that might reflect competition between
these substrates for the L-type transporter in vivo. For
example, tryptophan-deficient chickens show signs of
relative hyperthyroidism compared with pair-fed con-
trols (33). Equally, in newly diagnosed hypothyroid
patients the cerebrospinal fluid concentrations of tryp-
tophan and tyrosine [both important neurotransmitter
precursors delivered across the blood-brain barrier by
System L (10)] are elevated and correlate positively
with extent of hypothyroid state; cerebrospinal fluid
concentrations of these amino acids also decrease
significantly during treatment to normalize the thyroid
state (34). High dosages of the dopamine precursor
L-dopa [another substrate for System L (35) that
should compete with TH for transport by this route] are
also reported to alter plasma thyroid status (36) and
free TH concentrations (37), although interpretation of
such data in vivo is complicated by possible interac-
tions between dopaminergic and TH systems.

MATERIALS AND METHODS

Chemicals

Unless otherwise specified, chemicals were obtained from
Sigma (Poole, UK). ['2%I]T; and [*H]-L-tryptophan radiotracers
were purchased from Perkin-Elmer Corp. (Norwalk, CT).

Studies Using X. laevis Oocytes

Oocytes were isolated by collagenase treatment of ovarian
tissue obtained from mature female Xenopus laevis toads
(South African Xenopus facility, Noordhoek, S.A.) using meth-
ods described previously (38). Defolliculated, stage V-VI
(prophase-arrested) oocytes were selected and maintained
at 18 C in modified Barth’s medium (MBM) containing (in
millimolar concentration): 88 NaCl, 1 KCI, 2.4 NaHCO,, 0.82
MgSOQO,, 0.66 NaNO,, 0.75 CaCl,, and 5.0 HEPES, pH 7.6
(adjusted with Tris base), and 10 mg/liter gentamycin sulfate.

A System L amino acid transporter was overexpressed in
oocytes using the following procedure. Plasmids containing
cDNA for the System L transporter subunits 4F2hc [kindly
provided by Dr. L. C. Kuhn, Institute of Physiology, University
of Zurich, Zurich, Switzerland (39)] and 1U12 (32) were linear-
ized before cRNA synthesis (mMMessage mMachine, Ambion,
Inc., Austin, TX). Individual oocytes were coinjected with
4F2hc and 1U12 cRNA (40 ng of each cRNA in 50 nl cyto-
plasmic injectate) on the day of isolation. Oocytes were in-
cubated in MBM for 2-4 d to allow expression of injected
cRNA before experimentation. In certain studies the nuclear
hormone receptors RXRa and TR were also overexpressed
in oocytes using similar methods (21).

Initial-rate uptake of radiotracers into oocytes was mea-
sured over periods of up to 2 h using methods described
previously (8). At the end of certain uptake experiments,
oocyte nuclei were isolated using the following procedure:
groups of three oocytes were rinsed and incubated in 1 ml
ice-cold 10% trichloroacetic acid for 10 min, after which the
visible nuclei were excised using needles under a micro-
scope. All three nuclei were solubilized together in 0.5 ml of
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0.2 M NaOH and processed for radioactive scintillation count-
ing. Radioactivity in the residual oocyte debris (extranuclear
fraction) was measured similarly. Nuclear uptake of tracer
25T, (~0.1 kBq in 20 nl water) injected into cytoplasm of
intact oocytes was monitored using similar procedures;
groups of three '2%I-T, injected oocytes were processed to-
gether into nuclear and extranuclear fractions for radioactivity
assay at timed periods post injection, as described above.

A Ts-responsive luciferase reporter construct was also
used to investigate T;-dependent activation of transcription
in the oocyte expression system. This DNA construct,
TREpGLB (22), was made by inserting the 1.6-kb Sacl-Bglll
fragment of the Xenopus laevis TRBA promoter (23) upstream
of the luciferase reporter gene in pGL2B plasmid (Promega
Corp., Madison, WI). The construct was injected directly into
the nucleus of oocytes (13 ng in 18 nl water) 3 d after isola-
tion/cRNA injection. Oocytes were allowed to recover from
injection for 3 h in MBM and then transferred to MBM =+ T,
and/or the synthetic System L substrate BCH at specified
concentrations for 24 h. At the end of this incubation period,
oocytes were rinsed and lysed individually in Steady-Glo
luciferase assay reagent (Promega Corp.) within single wells
of a 96-well plate before luminescence counting.

Plasma membranes were isolated from uninjected (native)
X. laevis oocytes and those overexpressing 4F2hc and 1U12
(8 d post injection) using methods described previously (40).
Plasma membrane samples were subjected to SDS-PAGE
under both reducing and nonreducing conditions (presence
or absence of 5% 2-mercaptoethanol, respectively) and elec-
trophoretically transferred to a nitrocellulose membrane us-
ing a wet transfer apparatus. The membrane was then
probed by Western blotting for 4F2hc (as described in Ref. 5)
or IU12. IU12 was detected using 1:500 dilution of serum
from a rabbit coimmunized with two synthetic peptides
based on the IU12 primary amino acid sequence [MAADS-
VKRRQSGASKTEEEDRQ (residues 1-22) and RYKKPELER-
PIKVN (residues 419-432)] and visualized using a horseradish
peroxidase-conjugated antirabbit IgG secondary antibody (1:
5000 dilution) and enhanced chemiluminescence.

Studies Using BeWo Cell Culture

The BeWo human choriocarcinoma cell line (gift from Dr. H.
McArdle, Rowett Research Institute, Aberdeen, UK) was
maintained in continuous culture in 90% Hams F-12 nutrient
mixture, 10% fetal calf serum, at 37 C in an atmosphere of
95% air-5% CO,. BeWo cells were cultured on 175-cm?
flasks and subcultured onto dishes or multiwell plates as
required for experimentation; culture media were changed
every second day and on the day before experimentation.

Radiotracer uptake experiments were performed at 37 C
on BeWo cells that had just reached confluence. Basic NaCl
uptake buffer contained, in millimolar concentration: 121
NaCl, 4.9 KCl, 2.5 MgSO,, 20 Tris hydrochloride, and 1 CaCl,
at pH 7.4. Initial-rate radiotracer uptakes were measured
using cells grown on 24-well plates as described previously
(5). To measure nuclear uptake of radiotracer, BeWo cells
were grown on 10-cm culture dishes and then incubated in
NaCl uptake buffer containing 100 pm '2°I-T, for 30 min
followed by rapid subcellular fractionation [Nuclei EZ-Prep kit
(Sigma, St. Louis, MO) used according to the manufacturer’s
instructions] to produce highly purified nuclear and cytosolic
fractions. These fractions were assayed for radioactivity and
protein as described previously (5). In certain experiments,
BeWo cells were preequilibrated with 100 pm '2°I-T, for 2 h,
and then exposed to fresh medium containing '2°I-T, at the
same concentration and specific activity +/— a mixture of
physiological amino acids at normal plasma concentrations
(24). After incubation periods of 30 or 200 min, cells were
rinsed thoroughly and then processed and assayed as de-
scribed above.

In separate experiments, a T;-responsive luciferase re-
porter in a replication-deficient adenovirus vector [Ad5-tk-
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palx3-Luc (25, 41)] was introduced into BeWo cells to inves-
tigate T;-dependent activation of transcription. Cells were
cultured in QBSF-51 medium containing 10% charcoal-
treated FBS for 24 h before addition of adenovirus (at a
multiplicity of infection of 5) for 3 h. Virus was then removed
and cells incubated in fresh QBSF-51 medium for at least
24 h before experiments were begun. Cells were then washed
in warm PBS and incubated in NaCl uptake buffer + 25 mm
glucose = T and/or inhibitors for timed periods of up to 24 h
(41). Reporter expression was assessed by luciferase assay
using the Promega Corp. Bright-Glo system (according to the
manufacturer’s instructions) and measuring sample lumines-
cence on a MicroBeta counter (Wallac, Inc., Gaithersburg,
MD).
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