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Monocarboxylate transporter 8 (MCT8) is a thyroid hormone (TH)-specific transporter. Mutations
in the MCT8 gene are associated with Allan-Herndon-Dudley Syndrome (AHDS), consisting of
severe psychomotor retardation and disturbed TH parameters. To study the functional conse-
quences of different MCT8 mutations in detail, we combined functional analysis in different cell
types with live-cell imaging of the cellular distribution of seven mutations that we identified in
patients with AHDS. We used two cell models to study the mutations in vitro: 1) transiently
transfected COS1 and JEG3 cells, and 2) stably transfected Flp-in 293 cells expressing a MCT8-cyan
fluorescent protein construct. All seven mutants were expressed at the protein level and showed
a defect in T3 and T4 transport in uptake and metabolism studies. Three mutants (G282C, P537L,
and G558D) had residual uptake activity in Flp-in 293 and COS1 cells, but not in JEG3 cells. Four
mutants (G221R, P321L, D453V, P537L) were expressed at the plasma membrane. The mobility in
the plasma membrane of P537L was similar to WT, but the mobility of P321L was altered. The other
mutants studied (insV236, G282C, G558D) were predominantly localized in the endoplasmic re-
ticulum. In essence, loss of function by MCT8 mutations can be divided in two groups: mutations
that result in partial or complete loss of transport activity (G221R, P321L, D453V, P537L) and
mutations that mainly disturb protein expression and trafficking (insV236, G282C, G558D). The
cell type-dependent results suggest that MCT8 mutations in AHDS patients may have tissue-
specific effects on TH transport probably caused by tissue-specific expression of yet unknown
MCT8-interacting proteins. (Molecular Endocrinology 27: 801–813, 2013)

In 2003, monocarboxylate transporter 8 (MCT8) was
identified as a specific thyroid hormone (TH) trans-

porter (1). It is expressed in tissues throughout the body,
including the brain (2), which is critically dependent on
TH during the different stages of its development (3).
Shortly after the identification of MCT8, mutations in the
MCT8 gene were linked to Allan-Herndon-Dudley Syn-
drome (AHDS) (4–6), in which severe psychomotor re-
tardation is combined with high serum T3, low T4, and
slightly increased TSH levels. Even though all patients
have high serum T3 levels, psychomotor development var-
ies between the mutations identified, ranging from a total
absence of motor skills to the ability to walk indepen-
dently (2, 6–9).

Multiple studies have been published regarding the
pathogenesis of AHDS caused by MCT8 mutations us-
ing Mct8 knockout (KO) mice and in vitro cell systems.
Although Mct8 KO mice have similarly disturbed TH
serum levels as AHDS patients, they do not have an
obvious neurologic phenotype (10 –12). This may be
explained by a lack of compensatory transport via al-
ternative transporters in humans (12). Although Mct8
KO mice are useful for studying the disturbed TH se-
rum levels in patients with AHDS, the cellular patho-
genic mechanism cannot be explored. This has been
studied using different in vitro cell models. These stud-
ies have shown a genotype-phenotype relationship for
some mutations in MCT8, as well as a relationship
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between plasma membrane (PM) localization and
transport functionality (9, 13).

However, although most mutations identified in
MCT8 patients have been functionally tested in vitro by
uptake assays, it is not clear what the cellular distribution
of wild-type (WT) MCT8 and mutants is. Furthermore, it
is unclear whether different mutations may have different
effects on transport characteristics in different tissues.
Therefore, the objective of our study was to clarify the
cellular pathogenic mechanisms of mutations in MCT8
by studying the effects of seven mutations identified in
AHDS patients on the subcellular localization and trans-
port activity of MCT8 in three different cell types.

Our results suggest that pathogenic mechanisms differ
between different MCT8 mutations and different cell
types and improve our understanding of the pathogenic
mechanism of MCT8 mutations.

Materials and Methods

Materials
Oligonucleotides were obtained from Integrated DNA Tech-

nologies (Leuven, Belgium); pECFP-N1 vector from Clontech
(Breda, The Netherlands); SYBR Green Eurogentec (Maas-
tricht, The Netherlands); pcDNA5/FRT vector, pOG44 vector,
Flp-in 293 cells (human embryonic kidney cells), culture me-
dium, fetal bovine serum, and antibiotics from Invitrogen
(Bleiswijk, The Netherlands); QuikChange XL-II Site-Directed
Mutagenesis kits from Stratagene (Amstelveen, The Nether-
lands); transfection reagent X-tremeGENE 9 from Roche (Alm-
ere, The Netherlands); culture dishes from Corning (Schiphol,
The Netherlands); sodium dodecyl sulfate (SDS) gels from
Thermo Fisher (Breda, The Netherlands); nitrocellulose mem-
brane from GE Healthcare (Zeist, The Netherlands); iodothy-
ronines, BSA, D-glucose, and Na2SeO3 from Sigma Aldrich
(Zwijndrecht, The Netherlands); Na125I from IDB Holland BV
(Baarle-Nassau, The Netherlands); and JEG3 cells from the Eu-
ropean Collection of Cell Cultures (Salisbury, United Kingdom).

[125I]Iodothyronines were prepared in our laboratory as de-
scribed previously (14).

Plasmids
The cloning of pcDNA3-hMCT8 and pCIneo-hD3 has been

described previously (15). The hMCT8-cyan fluorescent protein
(CFP) construct was constructed similar to hMCT8-yellow flu-
orescent protein described previously (16). The MCT8-CFP chi-
meric insert was cloned into the pcDNA5/FRT vector using
HindIII and NotI restriction sites. The seven mutations identi-
fied in AHDS patients (Table 1), were introduced into WT
MCT8-pcDNA3 and in WT MCT8-CFP-pcDNA5/FRT by site-
directed mutagenesis following the QuikChange protocol. All
mutations were confirmed by sequencing.

Cell culture

Transient transfection assays
JEG3 and COS1 cells were cultured in culturing medium

(DMEM/F12�glutamax containing 9% fetal bovine serum, 1%
penicillin/streptomycin, and 100 nM Na2SeO3). Cells were
plated in six-well plates for the uptake experiments and in
24-well plates for metabolism studies. In both assays, cells
were maintained in the DMEM described, but without
penicillin/streptomycin.

For uptake studies, cells were transfected in duplicate with
250 ng empty pcDNA3 as a negative control, WT pcDNA3-
MCT8 as a positive control, or mutant pcDNA3-MCT8 to-
gether with 250 ng pSG5-CRYM. As described previously (17),
�-crystallin (CRYM) is a cytoplasmic TH-binding protein that
strongly reduces TH efflux. All transfections were carried out
using X-tremeGENE 9 following the manufacturer’s protocol.

For metabolism studies, cells were cotransfected with 100 ng
pCIneo-D3 and 100 ng pcDNA3 or WT or mutant
pcDNA3-MCT8.

All experiments using COS1 and JEG3 cells were carried out
after 48 hours transfection time.

Generation of MCT8-CFP stably expressing Flp-in
293 cells

We transfected Flp-in 293 cells with the Flp-recombinase-
containing vector pOG44 and pcDNA5/FRT-MCT8-CFP in a

Table 1. Primers Used for Introduction of the MCT8 Mutations

Mutation Location Reference Primers Tm (°C)
G221R TMD 2 29 Forward 5�-CAAGCAGCATGGGTCAGAGCCCTCGCGATG-3� 81.8

Reverse 5�-CATCGCGAGGGCTCTGACCCATGCTGCTTG-3�
InsV236 TMD 2 30 Forward 5�-CTTCTGTTCTCCCATTGTGGTGAGTATATTCACTGACCG-3� 80.8

Reverse 5�-CGGTCAGTGAATATACTCACCACAATGGGAGAACAGAAG-3�
G282C TMD 4 31 Forward 5�-GATTCTCTTTGGTTGTTGCTGTTCCTTCGCCTTTC-3� 78

Reverse 5�-GAAAGGCGAAGGAACAGCAACAACCAAAGAGAATC-3�
P321L TMD 5 29 Forward 5�-CATTTTCTCCATGTCCTTCCTCTTCCTCATCAGAATGCTG-3� 80.1

Reverse 5�-CAGCATTCTGATGAGGAAGAGGAAGGACATGGAGAAAATG-3�
D453V TMD8/ICL 4 33 Forward 5�-CAGGCCACATCAGTGTCTCCATCCCTGGAC-3� 80.6

Reverse 5�-GTCCAGGGATGGAGACACTGATGTGGCCTG-3�
P537L TMD 11 32 Forward 5�-CCAATGATTGCTGGGCTCCCCATTGCAGGCCTAC-3� 82.8

Reverse 5�-GTAGGCCTGCAATGGGGAGCCCAGCAATCATTGG-3�
G558D TMD 12 7 Forward 5�-GCCTTCTACTTTGCCGATGTGCCCCCCATCATCG-3� 82.8

Reverse 5�-CGATGATGGGGGGCACATCGGCAAAGTAGAAGGC-3�

Tm, melting temperature; TMD, transmembrane domain; ICL, intracellular loop.
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9:1 ratio using X-tremeGENE9 following the Invitrogen Flp-in
293 protocol. Selection of MCT8-CFP-expressing cells was car-
ried out by addition of 100 �g/mL hygromicin B. Subsequently
we chose six colonies per construct. MCT8-CFP expression lev-
els of the colonies were determined by SYBR Green quantitative
PCR. These MCT8 expression levels were used to select colonies
with equal expression levels of the different constructs. The cells
were maintained under 100 �g/mL hygromycin B.

TH uptake experiments
TH uptake experiments were carried out in 48 hour-trans-

fected COS1 and JEG3 cells and confluent, stably transfected
Flp-in 293 cells plated in six-well plates. First, cells were washed
with the assay buffer (D-PBS � Ca2�/Mg2� � 0.1% BSA �
0.1% D-glucose). Subsequently, cells were incubated for 10 min-
utes at 37°C with 1 nM (105 cpm) [125I]T3 or [125I]T4 in 1.5 mL
assay buffer. After incubation, cells were washed with the assay
buffer and lysed with 0.1 M NaOH. The radioactive cell lysates
were counted and protein levels were determined using the
Bradford protein assay.

TH metabolism
The cells were washed with assay buffer and subsequently

incubated for 4 hours at 37°C with 1 nM (5 � 105 cpm) [125I]T3

or [125I]T4 in 400 �L assay buffer. After incubation, 100 �L
medium was added to 100 �L ice-cold ethanol and incubated
for 30 minutes on ice. After centrifugation, 100 �L superna-
tant was mixed with 100 �L 0.02 M ammonium acetate (pH
4.0). This mixture was analyzed by HPLC as described pre-
viously (15).

Western blotting
Transiently transfected (48 h) COS1 and JEG3 cells and sta-

bly transfected Flp-in 293 cells in six-well plates were washed
with D-PBS, harvested in 200 �L 100 mM phosphate buffer (pH
7.2) containing 2 mM EDTA, and sonicated on ice. Cell lysate
proteins (20–50 �g) were separated on 8% or 10% precise
Tris-HEPES SDS-GEL (Fisher Scientific, Landsmeer, The Neth-
erlands), and transferred to a nitrocellulose membrane (GE
Healthcare, Diegem, Belgium). The membrane was blocked for
2 hours at 37°C in D-PBS/0.1% Tween/5% milk, washed four
times for 10 minutes in D-PBS/0.1% Tween, and incubated over-
night at 4°C in D-PBS/0.1% Tween/1% BSA with 1:10 000 N-
terminal rabbit anti-SLC16A2 antibody (Sigma) and 1:20 000
mouse anti-hGAPDH antibody MAB374 (Chemicon Interna-
tional, Amsterdam, The Netherlands). The next day, the mem-
branes were rinsed four for 10 minutes with D-PBS/0.1%Tween,
and incubated for 1 hour at room temperature in D-PBS/0.1%
Tween/1% BSA with 1:20 000 IRDye 800 CW goat antirabbit
IgG and 1:20,000 IRDye 680 LT antimouse IgG (LI-COR,
Westburg, Leusden, The Netherlands). Finally, the blots were
rinsed four times for 10 minutes with D-PBS/0.1% Tween and
additionally for 10 minutes in D-PBS alone, before scanning by
the Odyssey (LI-COR). Analyses were carried out using the
Odyssey 3.0 software.

Live-cell confocal microscopy
To study the cellular distribution of MCT8-CFP proteins,

cells were plated on poly-D-lysine (Sigma)-coated 24-mm cover
slips in six-well plates. COS1 and JEG3 cells were transfected as

described above. Intact cells were stained with Hoechst 33342
(Invitrogen) for nuclear staining and deep red CellMASK (Invit-
rogen) for PM staining. To determine the intracellular localiza-
tion, cells were incubated for 24 hours with CellLight ER-RFP
*BacMAm 2.0 (Invitrogen). After staining, intact cells were im-
aged at 37°C using a Zeiss LSM510meta confocal laser scanning
microscope and a 40 � 1.3 Plan-Neofluar oil immersion objec-
tive. The 405-nm laser line was used together with a BP 420–
480 emission filter for Hoechst, the 458-nm laser line was used
together with the LP 475 emission filter for CFP, the 543 laser
line was used together with the BP 560–615 emission filter for
CellLight ER-RFP, and the 633 laser line was used together with
the LP 650 emission for CellMASK. Images were deconvolved
and corrected for chromatic shifts using Huygens professional
software V4.1 (Scientific Volume Imaging, Hilversum, The
Netherlands).

Fluorescence recovery after photobleaching (FRAP) experi-
ments were carried out to study the mobility of WT MCT8 and
mutants in the PM using the FRAP wizard of a Leica SP5 con-
focal microscope with LAS AF software. A small PM region of
interest (ROI) was photo-bleached at maximal power for five
iterations using the FRAP booster (excitation, 458 nm; and
emission spectrum, 470–550 nm). All experiments were carried
out at 37°C in culturing medium, using a 63 � 1.4 Plan-Apo-
chromat objective. As a control for reversible photobleaching,
FRAP experiments were carried out on fixed cells. The cells were
covered with 4% paraformaldehyde in D-PBS without magne-
sium and calcium for 10 minutes at 37°C, rinsed three times for
5 minutes with D-PBS � Mg2�/Ca2�, and cover slips were
mounted on glass slides using Vectashield H-1200 (Brunschwig,
Amsterdam, The Netherlands).

FRAP data analysis was done using LAS AF software. An
ROI was drawn over the bleached area of the PM, and the
average intensity over time was plotted. The traces were nor-
malized to the fluorescence intensity before bleaching. A back-
ground correction was done by subtracting the average fluores-
cence outside the cell from the recovery curves. To optimize
visualization of the images in Figure 7, the contrast was en-
hanced and a Gaussian blur was applied (18).

Statistical analysis
Results are presented as means and SEM of at least three

experiments, each performed in duplicate. Statistical analysis
was carried out in GraphPad Prism version 5.01 for Windows
(GraphPad Software, San Diego, California). Statistical signifi-
cance of the differences in TH transport between cells trans-
fected with MCT8 mutants or empty vector was tested using
one-way ANOVA followed by Bonferroni post test with a cut-
off level of P � .05.

Results

Uptake of T3 and T4 by MCT8 in COS1, JEG3 and
Flp-in 293 cells

Figure 1 shows the 10-minute uptake of [125I]T3 by
COS1 (panel A) and JEG3 (panel B) cells that had been
cotransfected for 48 hours with pSG5-CRYM and WT or
mutant pcDNA3-hMCT8. Transfection with WT MCT8
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increased [125I]T3 uptake 5.4-fold in COS1 cells, and 4.4-
fold in JEG3 cells compared with cells transfected with
empty vector. In COS1 cells, [125I]T3 uptake was signifi-
cantly but modestly increased by mutants G221R (1.2-
fold), insV236 (1.2-fold) and P321L (1.3-fold). Slightly
higher [125I]T3 uptake was facilitated by mutants G282C
(1.7-fold) and P537L (1.5-fold). The highest T3 uptake
was mediated by mutant G558D (2.3-fold). COS1 cells
transfected with D453V did not show increased uptake.
[125I]T3 uptake by JEG3 cells transfected with the differ-
ent MCT8 mutants did not significantly differ from back-
ground. Similar results were obtained in 125I-T4 uptake
experiments with transfected COS1 and JEG3 cells (Fig-
ure 1, C and D).

To study the effects of the mutations on the cellular
localization of MCT8, we generated MCT8-CFP con-
structs that were tested for [125I]T3 and [125I]T4 transport
in COS1 cells (Figure 2, A and D) and JEG3 (Figure 2, B
and E) transiently cotransfected with CRYM. The results
were compared with the [125I]T3 and [125I]T4 uptake de-
scribed above for MCT8 constructs without CFP tag in
COS1 cells (Figure 1). In general, the MCT8-CFP con-
structs were somewhat less active in transporting [125I]T3

and [125I]T4 than the constructs without CFP tag. Al-
though the fold uptake was lower, the pattern of the ac-

tivity of WT-MCT8 and mutants
was not affected by the CFP tag.

To study the function and cellular
distribution of MCT8 mutants in
cells with uniform, moderate ex-
pression levels, stably transfected
MCT8-CFP Flp-in 293 cell lines
were generated. Because the MCT8
expression in these cells is much
lower than the large overexpression
in transiently transfected JEG3 and
COS1 cells, stable transfected Flp-in
293 cells appear to represent a better
model for the study of the patho-
genic mechanisms of MCT8 muta-
tions. These cell lines were also func-
tionally tested for uptake of T3

(Figure 2C) and T4 (Figure 2F) dur-
ing 10-minute incubations using
cells stably expressing CFP alone as
control. Stable WT MCT8 express-
ing Flp-in 293 cells showed a 2.0-
fold higher T3 uptake than control
cells. This smaller MCT8-induced
fold increase in T3 uptake compared
with transiently transfected COS1
and JEG3 cells is largely explained

by the 2–4 fold higher endogenous T3 uptake of non-
transfected Flp-in 293 cells. T3 uptake was increased sig-
nificantly but very modestly by the mutants insV236-CFP
(1.1-fold), G282C-CFP (1.3-fold), and P321L-CFP (1.3-
fold). A slightly greater increase in T3 uptake was medi-
ated by P537L-CFP (1.6-fold) and by G558D-CFP
(1.4-fold).

T4 uptake experiments in these Flp-in cell lines also
showed residual uptake by the same constructs, but the
fold increase was higher for T4 than for T3 uptake. T4

uptake was increased 2.9-fold by WT MCT8-CFP, 1.3-
fold by G282C-CFP, 1.5-fold by P321L-CFP, 1.8-fold by
P537L-CFP, and G558D-CFP by 1.6-fold.

Attempts to produce stably MCT8-CFP expressing
Flp-in 293 cell lines were repeatedly unsuccessful for the
G221R and D453V mutants.

T3 and T4 metabolism in MCT8 plus D3-transfected
COS1 and JEG3 cells

Because the uptake assay reflects the initial uptake of
TH across the PM by MCT8, metabolism assays reflect
the steady state of the transporter. Therefore, the metab-
olism of [125I]T3 and [125I]T4 was studied in cells cotrans-
fected with MCT8 and D3, because deiodination of TH
takes place intracellularly, to determine effective TH

A B

C D

Figure 1. Uptake of [125I]T3 (A and B) and [125I]T4 (C and D) after 10-minute Incubation in
COS1 (A and C) or JEG3 (B and D) Cells Cotransfected with pSG5-CRYM and WT or Mutant
pcDNA3-hMCT8. Uptake is shown as percentage of added [125I]T3 or [125I]T4 corrected for
protein concentrations. Results are presented as mean � SEM (n � 3). Significance represents
empty vector versus mutant hMCT8. *P � .05; **P � .01; ***P � .001.
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transport across the PM by mutant MCT8 in the steady
state. Figure 3 presents the metabolism of [125I]T3 during
4-hour incubation with transfected COS1 (panel A) and
JEG3 (panel B) cells cotransfected with D3 and WT or
mutant MCT8. Cotransfection with WT MCT8 in-
creased [125I]T3 metabolism 2.5-fold over COS1 cells
transfected with D3 alone. No [125I]T3 metabolism was
detected in cells cotransfected with the G221R or P321L.
[125I]T3 metabolism was increased modestly by insV236
(1.5-fold) and D453V (1.4-fold), and slightly more by
G282C (1.8-fold), P537L (1.8-fold), and G558D (2.1-
fold). In JEG3 cells, cotransfection with WT MCT8 re-
sulted in a 2.5-fold greater [125I]T3 metabolism during 4
hours than in cells transfected with D3 alone. T3 metab-
olism in JEG3 cells cotransfected with the different
MCT8 mutants did not significantly differ from that in
cells transfected with D3 alone, except for mutant D453V
(1.3-fold increase). Similar results were obtained after 4
hours incubation with [125I]T4 in COS1 (Figure 3C) and
in JEG3 (Figure 3D) cells.

Western blotting
Figure 4 shows the immunoblotting of transfected cell

lysates from COS1 (panels A and B), JEG3 (panels C and D),
and Flp-in 293 (panel E) cells. The housekeeping protein
GAPDH was used as a control for loading. Transfection

with WT hMCT8 resulted in two bands: a monomer band
of 60 000 and a weaker homodimer band of 120 000. Cells
transfected with WT hMCT8-CFP also expressed a mono-
mer and a weaker homodimer band. The WT and mutant
MCT8-CFP proteins showed considerably weaker bands
than the MCT8 proteins without CFP tag. The lanes loaded
with lysates of cells transfected with empty vectors showed
no MCT8-specific bands in all three cell lines.

Expression levels of the mutants G221R, P321L,
D453V, and P537L were almost identical to those for WT
in COS1 cells, but mutants insV236, G282C, and G558D
were expressed at slightly lower protein levels (Figure
4A). Similar relative findings were found for proteins with
CFP tag (Figure 4B). In addition to the monomer and
dimer bands, insV236 without CFP also shows two
smaller MCT8-specific bands probably representing pro-
teolytic fragments. In JEG3 cells (Figure 4, C and D), the
G221R and P321L proteins were expressed at the same
level as WT MCT8. Unlike the findings obtained in COS1
cells, the D453V and P537L were less expressed than WT
at both monomer and homodimer level. Mutants
insV236, G282C, and G558D showed faint bands, espe-
cially at the monomer level. A similar protein expression
was seen for the proteins with CFP tag in JEG3 cells
(Figure 4D). The stably transfected Flp-in 293 cells (Fig-

A B C

D E F

Figure 2. Cellular Uptake of [125I]T3 (A–C) and [125I]T4 (D–F) after 10-Minute Incubation in Transiently Cotransfected COS1 Cells (A and D) and
JEG3 Cells (B and E) with pSG5-CRYM and WT or Mutant pcDNA5/FRT-hMCT8-CFP, and Cellular Uptake in Stably Transfected Flp-in 293 Cells (C
and F). The uptake is shown as percentage of added T3 or T4 and corrected for protein. Results are presented as mean � SEM (n � 3). Significance
represents empty vector vs mutant hMCT8. *P � .05; **P � .01; ***P � .001.
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ure 4E) had equally intense bands for WT MCT8, and the
P321L and P537L mutants, and faint bands for insV236,
G282C, and G558D, also indicating a lower expression
of the last three mutants at the protein level in Flp-in 293
cells. Thus, all MCT8 mutants without and with CFP tag
are expressed at the protein level, although they show
considerable variability between different cell lines.

Live-cell confocal microscopy
To explain the loss of function of the MCT8 mutants,

we studied the cellular distribution of CFP-tagged WT
and mutant MCT8 in intact cells by confocal microscopy.
Figure 5 shows the cellular distribution of the stably ex-
pressed MCT8-CFP proteins in Flp-in293 cells (panel A)
and the transiently expressed fusion proteins in JEG3 cells
(panel B). A clear colocalization of WT MCT8-CFP with
the PM marker was seen, indicating the expression of CFP-
tagged WT MCT8 at the PM and confirming the robustness
of our model. The CFP-tagged G221R, P321L, D453V, and
P537L mutants showed partial colocalization with the PM
marker, suggesting substantial expression of these mutants
at the PM. In contrast, the mutant insV236, G282C, and
G558D fusion proteins showed minimal if any colocaliza-
tion with the PM marker, indicating a defect in the traffick-
ing of these mutants to the PM.

Next we studied whether the mutant proteins, which do
not substantially reach the PM, were retained in the endo-

plasmic reticulum (ER). Indeed, CFP-
tagged WT MCT8 and mutants colo-
calized with the ER marker but not
strictly (Figure 6).

FRAP
Photobleaching experiments of

the MCT8-CFP chimeras in the sta-
ble cell lines were carried out to in-
vestigate the mobility of WT MCT8-
CFP and the two mutants that are
present at the PM. A small ROI of
the PM was bleached and the fluo-
rescent recovery in this region was
measured during 5 minutes. Figure
7A shows representative sequential
images of diffusion of unbleached
WT MCT8-CFP (upper panel),
P321L-CFP (middle panel), and
P537L-CFP (lower panel) into the
bleached region. Ten seconds after
photobleaching, the PM is visible as
a thin fluorescent line in all three
constructs. To exclude reversible
photobleaching, FRAP experiments
were carried out in fixed cells, which

showed no recovery in the ROI (data not shown).
The degree of recovery after photobleaching reflects

the mobility of the protein. A decrease in recovery indi-
cates that a larger fraction of the protein is immobilized.
The normalized recovery curves (Figure 7B) show initially
a similar recovery pattern. However, at 20 seconds after
bleaching the curve for P321L-CFP deflects, with a final
recovery of approximately 60%, whereas the recovery of
WT MCT8-CFP and P537L-CFP amounts to about 80%.
These findings indicate that the P321L mutation de-
creases the mobility of CFP-tagged MCT8.

Discussion

This in vitro study demonstrates that pathogenic mecha-
nisms differ between the seven MCT8 mutations (Table
2). Three of the mutants tested were localized mainly in
the ER (insV236, G282C, G558D); four others reached
the PM but showed partial (P537L) or complete (G221R,
P321L, D453V) loss of transport function. We addition-
ally showed that protein mobility of the P321L mutant,
which did reach the PM, was altered. Interestingly, the
consequences of different mutations were dependent on
the cellular context (ie, cell type).

A B

C D

Figure 3. Metabolism of [125I]T3 (A and B) and [125I]T4 (C and D) after 4-Hour Incubation in
COS1 (A and C) or JEG3 (B and D) Cells Cotransfected with pCIneo-hD3 and WT or Mutant
pcNDA3-hMCT8. Metabolism is shown as percentage T1, T1S, T2, and rT3 in the incubation
medium. Results are presented as mean � SEM (n � 3). Significance represents hD3 without a
transporter vs hD3 cotransfected with mutant hMCT8. *P � .05; **P � .01; ***P � .001
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As suggested previously by our group (9), loss-of-func-
tion mutations of MCT8 could involve several mecha-
nisms: impaired synthesis, disturbed protein folding, de-
fective trafficking, rapid protein degradation, or loss of

TH binding and transport. Impaired
synthesis is not a likely mechanism
in the MCT8 mutants tested in this
study, because all seven mutant pro-
teins were expressed in all three cell
lines, although at varying levels. Al-
though protein expression was
lower for the insV236, G282C, and
G558D mutants in all three cell
lines, mRNA levels were not differ-
ent between WT MCT8 and any of
the mutants (data not shown). This
suggests that the difference in pro-
tein levels cannot be explained by an
impaired transcription and is consis-
tent with previous studies showing
similar mRNA levels but different
protein levels between WT MCT8
and certain mutants (9). The lower
protein levels suggest that the
G282C, insV236, and G558D mu-
tant proteins are degraded more rap-
idly than WT MCT8, thus contrib-
uting to their loss of function.

Of course, trafficking to the PM
is crucial for MCT8 function. The
uptake and metabolism data suggest
that in COS1 cells the insV236,
G282C, D453V, P537L, and
G558D mutants are all expressed to
some extent at the PM. P537L is the
only one of the three active mutants
that is fully expressed at the protein
level and localized at the PM in
Flp-in 293 cells. The main defect in
the two other mutants showing par-
tial activity in Flp-in cells (G282C,
G558D) is related to decreased pro-
tein synthesis and/or increased pro-
tein degradation, perhaps associated
with impaired protein folding
and/or trafficking. Given their low
protein expression and undetect-
able PM expression, the small
amounts of these transporters
reaching the PM must be quite ac-
tive. This suggests that the activity
of MCT8 to bind and transport TH

is unchanged by the G282C and G558D mutations.
The P537L mutant is a less active transporter than the

G282C and G558D mutants, is fully expressed at the
protein level, and reaches the PM in significant quantities.
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Figure 4. Western Blots of Whole-Cell Lysates of Transiently Transfected COS1 (A and B) and
JEG3 (C and D) Cells and Stably Transfected Flp-in 293 Cells (E). The cells were transfected with
WT or mutant hMCT8 without and with CFP tag. The MCT8 constructs with and without CFP tag
show a specific monomer band and a homodimer band. The blots show a specific MCT8
monomer band of 60 000 (ie, without CFP) and approximately 87 000 (ie, with CFP) and a
homodimer band of 120 000 (ie, without CFP) and 174 000 (ie, with CFP). hGAPDH was used as
a housekeeping protein. A and B, Lanes in 10% SDS-gels (A) and in 8% gels (B) were loaded with 25
�g protein of whole-cell lysates of transiently transfected COS1 cells. C and D, Lanes in 10% (C) and
8% (D) SDS-gel were loaded with 25 �g protein of transfected JEG3 cells with WT or mutant MCT8
with or without CFP tag. E, 50 �g protein of stably transfected Flp-in 293 was loaded onto 10% SDS-
gel per lane. Immunoblots were carried out at least two times per cell line.
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The rate of T3 and T4 uptake in relation to the protein
expression level and PM localization is therefore rela-
tively low. This implies that the mechanism for the loss of
function of the P537L mutant is an intrinsic defect in TH
binding and/or transport. This mechanism applies to an

even greater extent to the G221R, P321L, and D453V
mutants, which were substantially expressed at the pro-
tein level and correctly routed to the PM but lacked any
TH transport activity. Interestingly, this difference in im-
pact between P537L and the others is supported by the

A

WT

insV236

G282C

P321L

P537L

G558D

MCT8-CFP    PM Composite
B

WT

G221R

insV236

G282C

P321L

D453V

P537L

G558D

MCT8-CFP    PM Composite

Figure 5. Live Cell Confocal Imaging of Stably Transfected Flp-in 293 Cells (A) and Transiently Transfected JEG3 Cells (B). The cellular distribution
of MCT8-CFP proteins is shown in green, nuclear staining with Hoechst in blue, and PM staining with CellMASK in red. The yellow signal in the
composite image reflects colocalization of the PM marker and MCT8-CFP, indicating that MCT8-CFP is expressed at the PM. Partial colocalization
was seen for WT MCT8, G221R, P321L, D453V, and P537L. Minimal if any colocalization was observed for insV236, G282C, and G558D. Images were
deconvolved and corrected for chromatic shift using Huygens. Contrast was enhanced to optimize visualization. Scale bar, 10 �m.
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protein mobility studies, which showed that the mobility
of the inactive P321L in the PM was disturbed whereas
the mobility of the active P537L mutant was similar to
WT.

The loss-of-function caused by the insV236 mutation
possibly involves a combined pathogenic mechanism of 1)
protein folding and/or trafficking defect, and 2) partial
loss of TH binding and/or transport. Increased protein
degradation is suggested by the low mutant protein level
in JEG3 and Flp-in 293 cells and proteolytic bands in
COS1. A partial decrease in transport function is sug-
gested by the lack of activity in uptake experiments com-

bined with modest activity in metabolism studies of both
T3 and T4 substrates in COS1 cells. It should be pointed
out that the uptake studies mainly address the inward
movement of substrates, whereas the metabolism data
may rather reflect the intracellular TH concentration. It is
not excluded that mutations have differential effects on
TH uptake and efflux activities of MCT8.

Previous studies of the differences in function of
MCT8 mutants showed a relation between transport ac-
tivity and PM localization (8, 9, 13, 19). In general, our
studies of the subcellular localization and functional
properties of MCT8 mutants are in agreement with
pathogenic mechanisms of other MCT8 mutations stud-
ied previously (8, 9, 13, 19). Our findings of the insV236
mutant in JEG3 cells show a similar loss of function as
was found by Kinne et al. (13) in JEG1 cells.

The same group found in their cell lines also a cell
type-dependent TH transport by MCT8 mutants that was
dependent on surface translocation as determined in bi-
otinylation experiments (13). An important difference be-
tween the cell lines we used is that JEG3 cells lack endog-
enous MCT8 expression, whereas COS1 and Flp-in 293
cells do express endogenous MCT8 (15). We therefore
hypothesized that exogenous MCT8 mutants without in-
trinsic transport activity may heterodimerize with endog-
enous WT MCT8 and thus chaperone functional MCT8
to the PM. This hypothesis was tested in JEG3 cells by
cotransfecting inactive MCT8 mutants with small
amounts of WT MCT8. This did not result in an increased
functional expression of MCT8 (data not shown).

An alternative explanation may lie in different expres-
sion profiles of interacting proteins in these cell lines. The
JEG3 cells may lack some important MCT8 interacting
proteins. The maturation and cellular surface localization
of MCT1, MCT3, MCT4 (20, 21), and MCT12 (22) are
dependent on the accessory protein basigin (CD147)
whereas functional expression of MCT2 depends on em-
bigin (23). Although MCT8 function is not dependent on
basigin or embigin (24), it may well depend on other
interacting proteins. The first modulating protein interac-
tion has been shown recently between the proto-oncogene
pituitary tumor-transforming gene-binding factor and
MCT8 in the thyroid gland (25). Our findings of the
larger immobile PM fraction of the P321L mutant may
suggest a more rigid binding to interacting proteins than
WT MCT8.

Another reason for the difference in functional studies
between COS1 and JEG3 cells may be a difference in
molecular chaperones within the ER. Studies of the cystic
fibrosis transmembrane conductance regulator protein,
which is mutated in cystic fibrosis, have shown that dif-
ferent molecular chaperones and cochaperones within the

WT

insV236

G282C

P321L

P537L

G558D

MCT8-CFP    ER-RFP Composite

Figure 6. Live Cell Confocal Images of MCT8-CFP Stably Transfected
Flp-in 293 Cells. The cellular distribution of MCT8-CFP proteins is
shown in green, nuclear staining with Hoechst in blue, and ER staining
with CellLight ER-RFP in red. The yellow signal in the composite image
reflects colocalization of MCT8-CFP and the ER marker. CFP-tagged
WT MCT8 and mutants colocalized with the ER marker but not strictly.
Images were deconvolved and corrected for chromatic shift using
Huygens. Contrast was enhanced to optimize visualization. Scale bar,
10 �m.
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ER are involved in the folding and cellular quality control
of cystic fibrosis transmembrane conductance regulator
(26). Although JEG3 cells are capable of expressing func-
tional WT MCT8, they may lack certain chaperone pro-
teins that allow functional expression of even mutated
MCT8 in COS1 cells. We studied the subcellular localiza-
tion of WT and mutant MCT8 in JEG3 and COS1 cells
using fusion proteins and by immunocytochemistry, but
unfortunately PM localization of mutant and WT MCT8
was too low in either assay to detect a fluorescent signal at
the PM in COS1 cells to carry out colocalization studies
(data not shown). However, the similar PM localization
of the mutants in combination with the difference in TH
transport of the mutants in JEG3 and Flp-in 293 cells
suggest that the folding of the transporters might be dis-
turbed in JEG3 cells. Up to now we can only speculate on
the explanation of cell type-dependent uptake.

Our studies and those of Schweizer’s group of the cell
type-dependent uptake of TH by MCT8 mutants suggest
that choriocarcinoma JEG cell lines do not provide a rep-
resentative model for all MCT8-expressing tissues. Stud-

ies of additional cell types may increase our insight into
the pathogenic mechanism of MCT8 mutations. Assum-
ing that interacting proteins are necessary for the proper
expression and function of MCT8, the activity of MCT8
mutants in different tissues may depend on the expression
of interacting proteins, such as scaffolding, ancillary, and
chaperone proteins. Our findings suggest that this may
well be the case for the G282C, P537L, and G558D
mutants.

Given the cell-specific residual uptake by the muta-
tions studied, one could argue that the Mct8 KO mouse is
not a suitable model to study the pathogenic mechanism
of mutations that do not result in an absent MCT8 ex-
pression. However, we have studied different patients
with large deletions including the first exon of MCT8 that
should result in the complete absence of MCT8 expres-
sion (4, 8, 19). The clinical phenotype of these patients is
as severe as that of patients with other inactivating mu-
tations (9). It may also be hypothesized that MCT8 mu-
tations affect the expression of MCT8-related proteins at
the cellular level. Some MCTs are known to form ho-

Prebleach Postbleach 0 sec 10 sec 30 sec 300 sec

WT

P321L

P537L

A

B

Figure 7. Live Cell Qualitative FRAP Recovery. A, Images of stably transfected WT-CFP (upper panel), mutant P321L (middle panel), and mutant
P537L (lower panel). Images were captured before bleaching (Prebleach), immediately after bleaching (Postbleach), and at increasing points in time
to 300 seconds after bleaching. The scale bar corresponds to 10 �m. B, Qualitatively normalized recovery curves of the measured fluorescence of
the CFP constructs in panel A that moved into the bleached ROI. Each recovery curve represents mean � SEM of cells (n � 6) produced from the
raw data. A Gaussian blur was applied to the images, and contrast was enhanced to optimize visualization.
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modimers (17, 24, 27, 28) and even larger complexes with
ancillary proteins (20–23). Therefore, it is possible that
MCT8 dimerizes with other MCT family members, al-
though evidence for the formation of such heterodimers
has not been reported. If such heterodimers exist, it is
possible that deletions or mutations in MCT8 have dif-
ferent effects on the functional expression of other MCT8
partners. Again, the association of large deletions and of
various missense mutations in MCT8 with a similar, se-
vere clinical phenotype argues against an important in-
volvement of other MCTs.

Our model has some limitations because we use in
vitro overexpression systems with generic promoters in
genetically modified cell lines that may not reflect the in
vivo MCT8 expression. The overexpression may induce
artifacts in protein folding and trafficking. These limita-
tions apply especially to the transient transfection studies
using JEG3 and COS1 cells and less to the stable expres-
sion studies in Flp-in 293 cells. Nevertheless, these limi-

tations should be considered in the translation to the in
vivo situation. The MCT8 mutations studied here have all
been identified in severely affected AHDS patients; none
of them was reported to have any advanced psychomotor
development, such as acquisition of speech or ability to
walk (7, 29–32). Although all MCT8 mutations resulted
in a severe phenotype, the cellular pathogenic mecha-
nisms were different, ie, a defect in intrinsic transport
activity for some mutations and impaired protein expres-
sion and trafficking for other mutations. Thus, an im-
paired TH transport by MCT8 mutants results in a severe
clinical phenotype irrespective of the underlying patho-
genic mechanism, suggesting that TH transport is the crit-
ical function of MCT8 with respect to brain development.

In conclusion, all seven MCT8 mutations studied im-
paired T3 and T4 uptake and metabolism in COS1 and
Flp-in 293 cells, and especially in JEG3 cells. The MCT8
mutations could be divided in two major groups: muta-
tions directly interfering the transport activity (ie,

Table 2. In-Vitro Functional Characteristics of MCT8 Mutations

Functional analysis
Subcellular
localization

Mutation Protein expression Uptake Metabolism PM ER

COS1 JEG3
Flp-in
293 COS1 JEG3

Flp-in
293 COS1 JEG3

Flp-in
293 JEG3

Flp-in
293

Main cellular
pathogenic
mechanism

G221R n n n.d. � � n.d. � � n.d. � n.d. Loss of transport
activity

insV236 low low low � � � � � � � � Protein
degradation
and trafficking
defect plus
partial loss of
transport
activity

G282C low low low � � � � � � � � Decreased protein
synthesis and/
or increased
protein
degradation

P321L n n n � � � � � � � � Loss of transport
activity

D453V n n n.d. � � n.d. � � n.d. � n.d. Loss of transport
activity

P537L n n n � � � � � � � � Loss of transport
activity

G558D low low low � � � � � � � � Decreased protein
synthesis and/
or increased
protein
degradation

Functional analysis: n, normal, similar to WT; low, lower expression than WT; �, no significant difference compared with empty vector for T3
uptake; �, significant T3 uptake compared with empty vector; n.d., not done; �, no significant difference compared to D3 alone for T3
metabolism; �, significant T3 metabolism compared to D3 alone.
Subcellular localization: �, minimal if any colocalization; �, colocalization.
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G221R, P321L, D453V, and P537L), and mutations pre-
dominantly disturbing protein expression and trafficking
(ie, insV236, G282C, and G558D). This is the first study
that provides insights in the mobility of WT and mutant
MCT8 protein in cells by showing that although mutant
proteins reach the PM, the protein mobility can be al-
tered. The cell-type dependent residual uptake by G282C,
P537L, and G558D supports the idea that in vivo TH
transport by MCT8 mutants may be tissue specific de-
pending on the expression of yet unknown MCT8-inter-
acting proteins (13). This highlights the importance of
understanding the pathogenic mechanism of MCT8 mu-
tations in different cell types, which may help to identify
proteins necessary for the folding of the protein and the
trafficking to the PM. The identification of MCT8-inter-
acting proteins might help us to define decisive therapeu-
tic approaches for MCT8 patients.
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