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The endoplasmic reticulum resident thyroid hormone-activating type 2 deiodinase (D2) is inactivated by
ubiquitination via the hedgehog-inducible WSB-1. Ubiquitinated D2 can then be subsequently taken up by the
proteasomal system or be reactivated by USP-33/20-mediated deubiquitination. Given that heterologously
expressed D2 accumulates in Saccharomyces cerevisiae lacking the E3 ligase Doa10, we tested whether the
human Doa10 ortholog, TEB4, plays a role in D2 ubiquitination and degradation. In a setting of transient
coexpression in HEK-293 cells, TEB4 and D2 could be coimmunoprecipitated, and additional TEB4 expression
decreased D2 activity by �50% (P < 0.05). A highly efficient TEB4 knockdown (>90% reduction in mRNA and
protein levels) decreased D2 ubiquitination and increased D2 activity and protein levels by about fourfold. The
other activating deiodinase, D1, or a truncated D2 molecule (�18-D2) that lacks a critical instability domain
was not affected by TEB4 knockdown. Furthermore, TEB4 knockdown prolonged D2 activity half-life at least
fourfold, even under conditions known to promote D2 ubiquitination. Neither exposure to 1 �M of the
proteasomal inhibitor MG132 for 24 h nor RNA interference WSB-1 knockdown resulted in additive effects on
D2 expression when combined with TEB4 knockdown. Similar results were obtained with MSTO-211 cells,
which endogenously express D2, after TEB4 knockdown using a lentivirus-based transduction strategy. While
TEB4 expression predominates in the hematopoietic lineage, both WSB-1 and TEB4 are coexpressed with D2
in a number of tissues and cell types, except the thyroid and brown adipose tissue, where TEB4 expression is
minimal. We conclude that TEB4 interacts with and mediates loss of D2 activity, indicating that D2 ubiquitin-
ation and degradation can be tissue specific, depending on WSB-1 and TEB4 expression levels.

3,5,3�-Triiodothyronine (T3) modulates gene expression
through the ligand-dependent transcription factor thyroid hor-
mone receptor (15). Despite the presence of T3 (�20%) in the
thyroidal secretion, most T3 in the body is generated outside
the thyroid parenchyma via deiodination of thyroxine (T4), the
main secretory product of the thyroid gland (29). The type 2
iodothyronine deiodinase (D2) is the key thyroid hormone-
activating deiodinase, while the type 3 deiodinase (D3) plays
the opposite role, inactivating both T3 and T4 also via specific
deiodinase reactions, terminating thyroid hormone action.
While the D2 pathway is a major source of plasma T3, con-
tributing about 30% in small rodents and at least double that
in humans, thyroid hormones are cleared predominantly
through the D3 pathway (2). Combined, the roles played by D2
and D3 provided an elegant homeostatic mechanism by which
coordinated reciprocal changes in their activities ensure adap-

tation to iodine availability in the environment (reviewed in
reference 24).

Deiodinase expression can also regulate thyroid hormone
signaling on a temporal and cell-specific basis. D2 expression
results in an additional intracellular source of T3 that ulti-
mately increases the nuclear concentration of T3 and regulates
the expression of T3-responsive genes. On the contrary, D3
expression decreases availability of intracellular T3, reducing
T3-dependent gene expression (18). The relevance of such
mechanisms is illustrated in brown adipose tissue (BAT),
where a potent D2 induction increases T3 production during
cold exposure (3), and in models of resistance to diet-induced
obesity (21, 36). In the chicken developing growth plate, inac-
tivation of D2 is part of the mechanism by which Indian hedge-
hog induces PTHrP, thereby regulating chondrocyte differen-
tiation (11).

D2 is an endoplasmic reticulum (ER) resident protein (1)
that is assembled in a dimeric formation (9) and has a half-life
of about 20 min, which can be further reduced by exposure to
T4 (25, 31). This substrate-dependent downregulation provides
a potent feedback mechanism to efficiently control T3 produc-
tion (24). Ubiquitination is a key element of D2’s posttransla-
tional regulation which inactivates the enzyme and targets it
for proteasomal degradation (17). While both UBC6 and
UBC7 can function as ubiquitin-conjugating enzymes in D2
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ubiquitination (4, 22), the SOCS box-containing protein
WSB-1 has been established as an E3 ligase for D2, forming a
ubiquitinating catalytic core complex along with elongin B,
elongin C, Cul5, and Rbx1 (ECSWSB-1) (11). Furthermore,
ubiquitinated D2 (Ub-D2) can be reactivated and rescued
from proteasomal degradation by the von Hippel-Lindau pro-
tein (pVHL)-interacting deubiquitinating enzyme-1 (VDUI/
USP33) (10). In addition to mediating ubiquitination of D2,
WSB-1 has also recently been shown to be an E3 ligase for
homeodomain protein kinase 2 (HIPK2), a member of the
nuclear protein kinase family, which induces both p53- and
CtBP-mediated apoptosis (6).

Notably, both WSB-1 and USP33 are physically associated
with the D2 protein simultaneously, thus allowing rapid regu-
latory cycles of ubiquitination and deubiquitination to occur in
a dynamic manner (27). WSB-1-mediated D2 ubiquitination
takes place at K237 and/or K244 after the substrate (T4 or
3,3�,5�-triiodathyronine [rT3]) binds to the enzyme active cen-
ter. Given that K244 lies within the D2 dimer interface near
the catalytic site, its ubiquitination and/or that of its neighbor
K237 provides a putative molecular mechanism for enzyme
inactivation to occur (27).

Substantial knowledge about the mechanistic details of D2
ubiquitination was obtained by heterologously expressing hu-
man D2 in Saccharomyces cerevisiae (4). In this setting, dele-
tion of Doa10 but not Hrd1, two E3 ligases that target proteins
for ER-associated degradation, increases the accumulation of
D2 protein (26). The ER-associated degradation system is
involved in a number of human diseases, most notably cystic
fibrosis (35), and recently has also been reported as a major
player in the regulation of metabolism (28). TEB4 (MARCH-
VI) is the mammalian homolog of the yeast Doa10 protein
(23). This ER resident ubiquitin ligase contains 14 transmem-
brane helices and a conserved RING-CH finger domain at the
N terminus and ubiquitinates ER-associated proteins with a
cytoplasmic domain in a UBC7-dependent manner (5, 23, 33),
such as Mps2, UBC6, and Ste6 (5, 6, 20, 26, 34). Additionally,
as with other RING finger-containing E3 ligases, TEB4 regu-
lates its own UBC7-mediated degradation (19).

In the present work, we investigated the role of TEB4 in the
proteasomal degradation of D2 in mammalian cells. We con-
clude that TEB4 can mediate loss of D2 activity under both
basal and substrate-induced D2 ubiquitination, indicating that
control of D2 activity and expression via conjugation to ubiq-
uitin are under dual control by both WSB-1 and TEB4. Given
that most T3 in the brain is produced via the D2 pathway (16,
24), these findings could have important consequences for our
understanding of the Cri-du-chat syndrome, a neurodegenera-
tive disorder associated with a chromosome region containing
the TEB4 gene (19).

MATERIALS AND METHODS

DNA constructs. A total of 0.1 �g of a mammalian expression vector encoding
wild-type rat D1 cloned into a CDM8 vector (G21) or human D2 cloned into a
D10 vector (hD2SelP) was used for transfection in experiments that included
measurement of deiodinase activity. When measuring deiodinase protein levels,
cells were transfected with 0.5 or 1 �g of D10/D15 expression vectors encoding
human Sec133CysD2 fused to a Flag tag at the carboxyl end (Flag-D2) (10). The
green fluorescent protein (GFP)-TEB4 vector was generously provided by Mark
Hochstrasser (26). The WSB-1 RNA interference (RNAi) vector and the �18-D2
mutant have been previously described (11). The following sequences were

cloned using T4 ligase into the HindIII and BamHI sites of a pSilencer 2.1-U6
neo (Ambion, Austin, TX) to generate the TEB4 RNAi vectors: RNAi 1 (top
strand), 5�-GTATTGGCACTGCAATACG-3�; RNAi 2 (top strand), 5�-TGAT
CCAGATTTCAATCCA-3�.

Reagents. T4 and rT3 were obtained from Sigma (St. Louis, MO) and dis-
solved in 40 mM NaOH. Outer-ring-labeled [125I]T4 and [125I]rT3 (specific
activities of �4,400 Ci/mmol and �738 Ci/mmol, respectively) were from NEN
Life Science Products (Boston, MA), and MG132 was from Calbiochem (San
Diego, CA). Anti-Flag M21 was obtained from Sigma.

Cell culture and transfections. HEK-293 cells were maintained in six-well
dishes and transfected using Lipofectamine and Plus reagents (Invitrogen, Carls-
bad, CA) as described previously (11). To correct for efficiency of transfection,
cells were also cotransfected with 0.5 �g of vectors constitutively expressing
either luciferase or �-galactosidase (11). Cells were harvested 48 h after trans-
fection and immediately processed or stored at �80°C. MSTO-211 cells endog-
enously express D2 activity (8) and were used in TEB4 knockdown experiments
(see below). For all TEB4 RNAi studies of the HEK-293 cell line, cells were
transfected with 0.3 �g of each RNAi vector or 0.6 �g of nonspecific RNAi
vector.

Western blotting and IP. All cell samples used for Western blotting were
sonicated in 0.25 M sucrose-phosphate-EDTA buffer (pH 7.4), and gel loading
was corrected based on �-galactosidase activity as described previously (9).
Mouse anti-Flag M21 (1:5,000; Sigma, St. Louis, MO) was used as described
previously (10) with SuperSignal West Dura extended duration substrate
(Thermo Scientific, Rockford, IL) being used for detection. For immunoprecipi-
tations (IPs), cells were transfected with 3 �g GFP-TEB4 and 2 �g Flag-D2,
treated with 1 �M MG132 24 h prior to harvest in order to stabilize TEB4 and
D2 proteins, and subsequently processed, as described previously, in a buffer
containing 0.25 M Tris (pH 7.5), 0.5% Triton X-100, and 300 mM NaCl plus
protease inhibitors (Roche, Indianapolis, IN) (9). Cell lysates were incubated
with goat anti-GFP (1:300; Abcam, Cambridge, MA), and complexes were pulled
down using protein G plus/protein A agarose beads (Oncogene Research Prod-
ucts, San Diego, CA). After precipitation, Flag detection was performed as
described above with mouse anti-horseradish peroxidase (1:25,000; Roche, In-
dianapolis, IN). For ubiquitin-specific bead-based precipitation, HEK-293 cells
transiently expressing Flag-D2 were transfected with 2 �g of nonsilencing RNAi
vector or 0.4 �g of TEB4 RNAi vectors 1 and 2, as described above, and
subsequently processed using the ubiquitinated protein enrichment kit (Calbio-
chem, CA) by following the manufacturer’s recommendations. After precipita-
tion, samples were Western blotted, and detection of Flag-D2 was performed as
described above.

Deiodinase assays. D1 and D2 assays were performed with cell sonicates as
described previously (9) using 500 nM rT3 as the substrate for D1 and 0.1 nM T4
as the substrate for D2.

Lentivirus production and transduction of MSTO-211 cells. Lentivirus gen-
erating an RNAi vector targeted against either TEB4 or a nonspecific sequence
was produced using the Expression Arrest GIPZ lentiviral system (Open Bio-
systems, Huntsville, AL), and the V2LHS_12421 and V2LHS_199262 clones,
respectively. Lentivirus was produced by following the manufacturer’s recom-
mendation after transfecting HEK-293T cells with 32.5 �g of the pGIPZ vector
of interest along with 2.5 �g of pHDH-Hgpm2, 2.5 �g pHDM-tat1B, 2.5 �g
pRC/CMV-rev1B, and 2.5 �g pHDM-G per 10-cm2 dish. Forty-eight hours after
transfection, virus was harvested and stored at �70°C and then titrated in U2OS
cells. MST0-211 cells were infected at a multiplicity of infection of 1 with 8 �g/ml
of Polybrene (Invitrogen). Forty-eight hours after infection, cells were selected
using puromycin at 0.5 �g/ml for 2 weeks prior to use in experiments. Photos of
GFP-expressing cells were taken using an Olympus CXK-41 microscope, using
QCapture Pro software (Media Cybernetics, Inc., Bethesda, MD).

Real-time qPCR. Total RNA was extracted from HEK-293 or MSTO-211 cells,
using Trizol, following the manufacturer’s recommendations (Invitrogen). Real-
time quantitative PCR (qPCR) was performed as described previously (7) using
a five-point standard curve and the following primers: for TEB4, sense, 5�-TTG
TCCTTCCAAGTCCGCCAG-3�, and antisense, 5�-GACTGTGGAGGTGGTG
GAGATG-3�; for cyclophilin A, sense, 5�-GGCAAATGCTGGACCCAACAC-
3�, and antisense, 5�-TGCCATTCCTGGACCCAAAGC-3�.

Semiquantitative reverse transcriptase PCR. Total RNA was isolated from
the indicated tissues from Wistar rats as described above. cDNA was generated
using Superscript II (Invitrogen) with oligo(dT) priming and amplified in 35
cycles, using Taq with the following primers: for WSB-1, sense, 5�-CGAGGGT
CAACGAGAAAGAGAT-3�, and antisense, 5�-GACGCAGTAGCTAGTAAT
GCT-3�; for TEB4, sense, 5�-GTGTCGGTCAGAAGGAACACCTGA-3�, and
antisense, 5�-AGTGATCCATCAAGTCCAAGCAT-3�; for cyclophilin A, sense,
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5�-TGACTTCACACGCCATAATG-3�, and antisense, 5�-CCACAATGCTCAT
GCCTTC-3�. Products were then resolved using agarose gel electrophoresis.

In situ probe generation. An 819-bp-long rat TEB4 fragment was amplified by
PCR from rat hypothalamic/cortical cDNA, using the following oligonucleotides:
sense, 5�-GTGTCGGTCAGAAGGAACACCTGA-3�; antisense, 5�-AGTGAT
CCATCAAGTCCAAGCAT-3�. The resulting fragment was cloned into a
pGemT vector (Promega, Madison WI) and confirmed by sequencing. The
construct was linearized by SacII and transcribed using Sp6 polymerase in the
presence of 35S-UTP (Perkin Elmer, Waltham, MA) as described previously to
generate the antisense probe, while the sense probe was prepared using NotI and
T7 polymerase (14).

Single-label in situ hybridization. Three adult male Wistar rats were decapi-
tated, and their brains were quickly removed, snap-frozen on dry ice, and stored
at �80°C until use. Serial 12-�m-thick coronal sections were cut on a cryostat
(Leica Microsystems GmbH, Wetzlar, Germany), mounted on Superfrost Plus
slides (Fisher, Hampton, NH), dried at 42°C overnight, and then hybridized as
previously described (13). Briefly, after prehybridization, the sections were hy-
bridized under plastic coverslips in a buffer containing 50% formamide, 2	 SSC
(1	 SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10% dextran sulfate, 0.5%
sodium dodecyl sulfate, 250 �g/ml denatured salmon sperm DNA, and 105 cpm
of the probe of interest for 16 h at 56°C. Slides were then dehydrated in graded
dilutions of ethanol and were dipped into Kodak NTB autoradiography emulsion
(Eastman Kodak, Rochester, NY). Slides were developed after a 6-week expo-
sure at 4°C. Specificity of hybridization was confirmed using sense probes that
resulted in the complete absence of hybridization signal.

Double-label in situ hybridization for TEB4 and immunocytochemistry for
GFAP. Brain sections were prepared and hybridized for TEB4 as described
above, and glial fibrillary acidic protein (GFAP) staining was performed as
previously described (13). In brief, after posthybridization washes, sections were
treated with a mixture of 0.5% Triton X-100 and 0.5% H2O2 for 15 min and then
incubated with 1% bovine serum albumin in phosphate-buffered saline (PBS) for
20 min. Sections were then incubated with a mouse GA-5 monoclonal anti-
GFAP (1:50; Roche Molecular Biochemicals GmbH, Vienna, Austria) dilution
in 1% bovine serum albumin containing PBS overnight at 4°C. Slides were
washed with PBS and then incubated in donkey anti-mouse immunoglobulin G
(1:500; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 2 h
and ABC Elite (1:1,000; Vector Laboratories, Burlingame, CA) for 1 h. Immu-
noreactivity was detected with 0.025% 3,3�-diaminobenzidine containing
0.0036% H2O2 in 0.05 M Tris buffer (pH 7.6). After several washes in PBS, the
sections were dehydrated, dipped in emulsion, and exposed as described above.

Statistical analysis. Statistical significance was determined by using an un-
paired Student t test when two groups were compared or one-way analysis of
variance (ANOVA) with a Newman-Keuls post hoc test when more than two
groups were compared, using Prism 3.0 (GraphPad Software, San Diego, CA). In
all figures, data shown are means 
 the standard error of the mean.

RESULTS

TEB4 interacts with D2 and mediates loss of D2 activity and
protein. To assess the potential interaction between TEB4 and
D2, we used a system in which HEK-293 cells transiently co-
express a GFP-tagged TEB4 (GFP-TEB4) and a Flag-tagged
D2 (Flag-D2). In this heterologous system, D2 activity is equiv-
alent to that found in cells that endogenously express this
enzyme, and Flag-D2 has been previously shown to display ER
distribution and other properties shared by endogenously ex-
pressed D2 (27). After harvesting, cells were processed for IP
with anti-GFP to pull down TEB4. Subsequent Western blot
analysis of the IP pellets with anti-Flag revealed Flag-D2, in-
dicating that both proteins are associated together within the
cell (Fig. 1A). Next, their functional relationship was tested by
increasing the amount of coexpressed GFP-TEB4. This re-
sulted in a loss of approximately 50% of Flag-D2 activity, and
Western blot analysis indicated a progressive loss of Flag-D2
protein that reached 35% of control values (Fig. 1B).

TEB4 knockdown increases D2 activity and protein levels.
To further investigate the role of TEB4 in D2 expression, we
generated two vectors that produce two distinct RNAi vectors

targeted against TEB4 (TEB4 RNAi vector 1 and TEB4 RNAi
vector 2). Cotransfection of GFP-TEB4 and either TEB4
RNAi vector 1 or 2 in HEK-293 cells markedly decreased
GFP-TEB4 protein levels, while cotransfection of both RNAi
vectors together decreased GFP-TEB4 protein by �90% (Fig.
2A). In subsequent experiments, real-time qPCR also indi-
cated that endogenous TEB4 mRNA levels were decreased to
63% of control levels when both TEB4 RNAi 1 and 2 vectors
where cotransfected (Fig. 2A). The less-efficient knockdown of
TEB4 mRNA versus TEB4 protein presumably reflects the
transfection efficiency in these cells, which is typically about
50%.

Cotransfection of D2 with either RNAi vector alone in-
creased D2 activity by up to 50% in a dose-dependent manner
(see Fig. S1A in the supplemental material), while TEB4
knockdown using both RNAi vectors together increased D2

FIG. 1. Interrelationship between D2 and TEB4 expression.
(A) Western blot analysis of Flag-D2 after coimmunoprecipitation with
TEB4. HEK-293 cells transiently expressing GFP-TEB4 and Flag-D2, or
Flag-D2 alone as a control, were treated with 1 �M MG132 for 24 h prior
to harvesting. Cell lysates were then immunoprecipitated with anti-GFP
as indicated. IP pellets were Western blotted using anti-Flag. Two percent
of the input material Western blotted with either anti-Flag or anti-GFP is
also shown. (B) Effects of TEB4 expression on Flag-D2 protein levels and
D2 activity. D2 protein levels were assessed by Western blotting with
anti-Flag in HEK-293 cells transiently expressing Flag-D2, by increasing
amounts of GFP-TEB4 as indicated, and by a vector constitutively ex-
pressing �-galactosidase. Loading of cell lysates was normalized to �-ga-
lactosidase activity. For D2 enzyme activity, HEK-293 cells transiently
expressing D2, increasing amounts of GFP-TEB4 as indicated, and a
vector constitutively expressing Renilla luciferase were used, with enzyme
activity being normalized by luciferase. Values are mean 
 the standard
error of the mean (SEM); n � 3; ��, P � 0.001 by ANOVA; , anti. The
results shown are those from typical experiments that were repeated at
least once.
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FIG. 2. TEB4 knockdown and D2 expression. (A) Validation of RNAi constructs targeting TEB4 mRNA. HEK-293 cells transiently
expressing GFP-TEB4 and either the TEB4 RNAi vector(s) or a nonspecific RNAi vector as indicated, along with a �-galactosidase
expression vector, were treated with 1 �M MG132 for 24 h prior to harvesting to stabilize and increase TEB4 protein levels. GFP-TEB4
levels were detected by Western blotting with anti-GFP, with loading of cell lysates normalized to �-galactosidase levels. For real-time qPCR,
endogenous levels of TEB4 in HEK-293 cells were measured in the presence of either both TEB4 RNAi vectors or a nonspecific RNAi vector
as indicated. TEB4 mRNA levels are normalized by cyclophilin A (cyclo A) levels. (B) Effects of TEB4 knockdown in D2 protein levels and
activity. HEK-293 cells transiently expressing Flag-D2 and the indicated RNAi vectors were Western blotted as described in the legend for
Fig. 1B. For D2 enzyme activity, HEK-293 cells transiently expressing D2 and increasing equimolar amounts of TEB4 RNAi vectors or a
nonspecific RNAi vector, as indicated, were used. Enzyme activity was normalized to �-galactosidase levels. (C) TEB4 knockdown affects
D2 ubiquitination. Sonicates of HEK-293 cells transiently expressing Flag-D2 were processed using the ubiquitin enrichment kit, and the
resulting pellet was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting with anti-Flag (C1).
Negative controls are indicated. Ub-D2 bands (�250 kDa) are indicated and present only in cells expressing D2. In a separate experiment
(C2), high-molecular-mass Ub-D2 bands are visualized with decreased intensity during TEB4 knockdown. The effect of TEB4 knockdown
on D2 protein levels is shown in panel C3. (D) TEB4 knockdown specifically affects D2. For enzyme activity, HEK-293 cells transiently
expressing both D2 and D1 with or without nonspecific RNAi or TEB4 RNAi vectors, as indicated, and a �-galactosidase vector were assayed
as described previously (9), and enzyme activity was normalized to �-galactosidase levels. Deiodinase activity is expressed relative to
nonspecific RNAi levels. Values are mean 
 SEM; n � 3. �� indicates P � 0.001, # indicates P � 0.05, and NS indicates nonsignificant by
ANOVA. The results shown are those from typical experiments that were repeated at least once.
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activity by almost fivefold and doubled Flag-D2 protein levels
(Fig. 2B). A combined IP-Western blot analysis using ubiq-
uitin-binding beads and anti-Flag identified Ub-D2 as higher-
molecular-mass bands, as previously reported (17). Notably,
TEB4 knockdown substantially reduced the intensity of these
Ub-D2 bands (Fig. 2C) while increasing Flag-D2 protein levels
(Fig. 2C, bottom panel). Next, to test the specificity of the
D2-TEB4 interaction, we knocked down TEB4 in cells tran-
siently expressing both the type 1 deiodinase (D1), which is not
subject to degradation by the ubiquitin-proteasomal system,
and D2 (17). While D1 activity remained unaffected in these
cells, D2 activity was increased 2.5-fold (Fig. 2C).

TEB4 knockdown interferes with D2 proteasomal degrada-
tion. We next evaluated the role of TEB4 in the proteasomal
degradation of D2. Previously, we have shown that D2 inter-
action with its natural substrate, T4, promotes conformational
changes in the D2 molecule that favors D2 ubiquitination and
proteasomal degradation, resulting in loss of D2 activity (27).
Accordingly, treatment with either cycloheximide or T4 for 2 h
decreased D2 activity by 25% (Fig. 3A). However, with TEB4
knockdown, D2 activity almost doubled and was not affected by
either of these treatments (Fig. 3A). Additionally, we have
shown that treatment with the proteasomal inhibitor MG132
blocks D2 degradation, leading to increased D2 activity (30).
Thus, MG132 treatment alone increased D2 activity by about
fivefold (Fig. 3B). At the same time, while TEB4 knockdown
increased D2 activity by about threefold, a combination of both
MG132 and TEB4 knockdown elevated D2 activity only to the
same level as that seen with MG132 treatment alone (Fig. 3B).

It has been previously established that WSB-1 is an E3 ligase
adaptor that is involved in both the ubiquitination and subse-
quent proteasomal degradation of D2 (11). When WSB-1 is
knocked down, D2 activity is increased 1.5-fold, while with
TEB4 knockdown, D2 activity is increased twofold (Fig. 3C).
Interestingly, knockdown of both TEB4 and WSB-1 elevates
D2 to levels that are comparable to those seen with TEB4
knockdown alone (Fig. 3C). A destabilization loop of 18 amino
acids, from position 92 to 109 in D2, is necessary for WSB-1-
mediated ubiquitination of D2 (11, 38). To test if this loop is
involved in TEB4-mediated D2 ubiquitination, we transiently
expressed the �18-D2 mutant, in which the destabilization
loop had been deleted, in HEK-293 cells with TEB4 knock-
down. While D2 activity increased about 1.5-fold, the D2 mu-
tant (�18-D2) remained unaffected (Fig. 3D).

TEB4 knockdown increases endogenous D2 activity. The
effects of TEB4 knockdown were also assessed in the mesothe-
lioma cell line MSTO-211 that endogenously expresses D2 (8).

FIG. 3. TEB4 knockdown interferes with D2 proteasomal degra-
dation. (A) Loss of substrate-induced D2 degradation with TEB
knockdown. HEK-293 cells transiently expressing D2 with or without
TEB4 RNAi vectors and a �-galactosidase vector were treated with
100 nM T4 or 100 �M cycloheximide for 2 h prior to harvest, as
indicated. Deiodinase activity was measured as described in the legend
for Fig. 2B, with activity levels normalized to �-galactosidase levels.
(B) HEK-293 cells transiently expressing D2 with or without TEB4
RNAi vectors and a �-galactosidase vector were treated with 1 �M
MG132 24 h prior to harvest, as indicated, and deiodinase activity was
measured as described in the legend for Fig. 2B, with activity levels
normalized to �-galactosidase levels. (C) D2 activity in the absence of
TEB4 and/or WSB-1. HEK-293 cells transiently expressing D2 with or

without TEB4/WSB-1 RNAi vectors as indicated were assayed for D2
activity as described in the legend for Fig. 2B. Enzyme activity levels
were normalized to �-galactosidase levels. (D) TEB4 knockdown does
not affect a mutant D2 lacking the instability loop. HEK-293 cells
transiently expressing either D2 or �18-D2 with or without TEB4
RNAi vectors, as indicated, were assayed for D2 activity as described
in the legend for Fig. 2B. Enzyme activity was normalized to nonspe-
cific RNAi levels. Values are mean 
 SEM; n � 3. � indicates P �
0.01, # indicates P � 0.05, and NS indicates nonsignificant by ANOVA
(A to C) or unpaired Student’s t test (D). The results shown are those
from typical experiments that were repeated at least once.
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Here, we used a lentivirus-mediated transduction strategy to
knock down TEB4 expression. Initially, a vector that encodes
sequences to generate an RNAi targeting either TEB4 or a
nonspecific control sequence, along with genes conferring pu-

romycin resistance and a GFP marker, flanked by lentiviral
long-terminal-repeat sequences was obtained from Open Bio-
systems. To validate the efficacy of the RNAi targeted against
TEB4, HEK-293 cells transiently expressing GFP-TEB4 were
also transfected with either the vector producing an RNAi
against TEB4 or a nonspecific control sequence, as shown in
Fig. 2A. Western blotting indicated that GFP-TEB4 expression
was reduced to undetectable levels compared to cells trans-
fected with the nonspecific control, confirming the effective-
ness of this vector (Fig. 4A). We first transfected MSTO-211
cells with the RNAi-generating vector, and because the trans-
fection efficiency is low, GFP-positive cells were sorted by flow
cytometry, and D2 activity was measured. Under these condi-
tions, TEB4 knockdown increased endogenous D2 activity by
about threefold (see Fig. S1B in the supplemental material).
Second, lentivirus was produced and used to infect MSTO-211
cells, which were subsequently selected with puromycin. After
2 weeks of treatment, it appeared that a majority of the
MSTO-211 cells were expressing the GFP marker and conse-
quently also the RNAi of interest (Fig. 4B). Real-time qPCR
confirmed that TEB4 mRNA levels were decreased by 75% in
the MSTO-211 cells infected with the TEB4 RNAi-producing
virus (Fig. 4C). Remarkably, D2 activity was doubled in the
same MSTO-211 cells (Fig. 4D).

WSB-1 and TEB4 have distinct patterns of tissue expres-
sion. In order to establish the pattern of tissue expression of
TEB4 and WSB-1, RNA was extracted from a variety of rat
tissues, and the relative amounts of TEB4 and WSB-1 were
determined using semiquantitative reverse transcriptase PCR
(Fig. 5). Most of the tissues examined expressed TEB4,
whereas liver had substantially lower levels of TEB4 mRNA,
and the D2-expressing brown adipose tissue (BAT) had almost
undetectable levels of TEB4 mRNA. WSB-1 mRNA is also
well expressed in most tissues, with somewhat smaller amounts
being found in kidney. Unlike TEB4, WSB-1 is well expressed
in BAT, and neither WSB-1 nor TEB4 is expressed in the rat
thyroid.

Expression of both WSB-1 and TEB4 was found in the rat
brain, not only in neurons but also in tanycytes and astrocytes, the
two cell types that predominantly express D2 in the brain (13).
Thus, we used in situ hybridization to study TEB4 expression in

FIG. 4. TEB4 knockdown increases endogenous D2 activity. (A) HEK-
293 cells transiently expressing GFP-TEB4 and either the lentiviral TEB4
RNAi vector or the lentiviral nonspecific RNAi vector (lenti-vectors), as
indicated, were Western blotted for GFP-TEB4 levels, as described in the
legend for Fig. 2A. (B) Photos of MSTO-211 cells transduced with either the
TEB4 or nonspecific RNAi encoding lentivirus. GFP marker expression in
the lentivirus-infected MSTO-211 cells with either the nonspecific lentiviral
RNAi vector (left panels) or TEB4 RNAi vector (right panels) after 2 weeks
of puromycin selection is shown. Phase contrast images are shown in the
bottom row to illustrate the total number of cells. Images were taken with
	400 amplification. (C) Decreased endogenous TEB4 mRNA levels in
MSTO-211 cells. TEB4 mRNA levels of the cells shown in panel B were
determined by real-time qPCR, as described in the legend for Fig. 2A, and
normalized to cyclophilin A levels. (D) D2 activity in MSTO-211 cells 

lentiviral TEB4 knock down was measured as described in reference 9. Val-
ues are mean 
 SEM; n � 3. �� indicates P � 0.001, and # indicates P � 0.05
by ANOVA. The results shown are those from typical experiments that were
repeated at least once.

FIG. 5. TEB4 and WSB-1 have different tissue expression profiles.
WSB-1 and TEB4 tissue expression in rats. RNA was extracted from
the indicated rat tissues and fragments corresponding to either WSB1
or TEB4 were amplified using semiquantitative reverse transcriptase
PCR. Cyclophilin A expression was used to control for differences in
starting material. Negative controls with no cDNA synthesis had no
bands (data not shown).
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the rat brain and found its mRNA to be expressed in most brain
regions, including the hypothalamus, hippocampus, cerebellum,
and cortex (Fig. 6). Intense TEB4 signal was observed in the floor
and lateral wall of the third ventricle, between the rostral pole of
the median eminence and the mammillary recess, and in the
ependymal cells lining the wall of the third ventricle, which is
reminiscent of that of third ventricular tanycytes (Fig. 6A). In
control slides prepared in parallel, hybridization with the sense
probe resulted in the complete absence of signal (data not
shown). Using GFAP staining as a marker for astrocytes, TEB4
and GFAP signal overlapped only rarely in the cortex and hip-
pocampus, suggesting that in these regions, TEB4 is primarily
expressed by neurons. In the stratum granulosum of the cerebel-
lum, TEB4 was found in both neurons and GFAP-positive astro-
cytes (Fig. 7). In contrast to the rather ubiquitous WSB-1 expres-
sion in astrocytes (13), TEB4 expression in astrocytes exhibited a
region-specific pattern, with only a few scattered GFAP-positive
astrocytes containing TEB4 mRNA in the cortex and hippocam-

pus, which is in contrast to the pattern found in the cerebellum
(Fig. 7).

Given this diverse expression pattern of TEB4 in the rat
tissues, we next studied the relative expression of WSB-1 and
TEB4 in human tissues in silico, using data from the SymAtlas
website (http://symatlas.gnf.org/SymAtlas/) (32). It is clear that
TEB4 expression predominates over WSB-1 expression in the
immune system (cells and tissues), whereas WSB-1 expression
predominates in the central nervous system, with the exception
of pons, globus pallidus, amygdala, and cerebellum (see Fig. S2
in the supplemental material). In the other tissues, the relative
expression of WSB-1 and TEB4 is variable, without clear tis-
sue-specific predominance.

DISCUSSION

The present investigation provides evidence that D2 and the
ER resident E3 ligase TEB4 interact within the cell. First,

FIG. 6. TEB4 mRNA distribution in the brain. Dark-field images of TEB4 mRNA distribution in the ependymal cells lining the wall of the third
ventricle (3V) in the mediobasal hypothalamus (A), hippocampus (B), cerebellum (C), and cerebral cortex (D) of rats. Arrows indicate TEB4
hybridization signals detected over ependymal cells lining the floor and wall of the third ventricle (A). In the hippocampus (B), a very strong hybridization
signal was present over the pyramidal layer (CA1 to CA3) and the granular layer of the dentate gyrus (GrDG). A very intense hybridization signal was
also observed over the granular layer of the cerebellum (GR) (C). TEB4 hybridization signal was detected in the second to sixth layers of the cerebral
cortex (D). Scale bars for panels A, B, and D represent 500 �m, and the scale bar for panel C represents 1,000 �m.

FIG. 7. Cell type specificity of TEB4 expression in the rat brain. (A) In the cortex, the TEB4 signal is absent in GFAP-positive astrocytes
(brown) but is expressed in many GFAP-negative cells. (B) A strong TEB4 hybridization signal is observed in the GFAP-negative cells of the CA3
region of the hippocampus but is absent in the GFAP-positive astrocytes. (C) A strong hybridization signal is present over both GFAP-positive
(indicated by arrows) and -negative cells in the granular layer of the cerebellum. Scale bar, 50 �m.
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these two proteins were coimmunoprecipitated (Fig. 1A), sug-
gesting that they either share common interacting surfaces or
are part of a larger multiprotein complex. Second, their func-
tional relationship is evident by the fact that increased TEB4
expression reduces D2 activity and protein levels in a dose-
dependent manner (Fig. 1B), while TEB4 knockdown in-
creases D2 activity and protein levels by more than 50% (Fig.
2B), while reducing Ub-D2 levels (Fig. 2C). These effects are
also observed in cells endogenously expressing D2 (Fig. 4D).
Third, the T4-induced D2 ubiquitination and subsequent loss
of D2 activity are greatly reduced in cells with TEB4 knock-
down, illustrating that this E3 ligase mediates substrate-in-
duced D2 proteolysis (Fig. 3A). These effects seem to be highly
D2 specific, given that D1, the other thyroid hormone-activat-
ing deiodinase (17), is not affected by TEB4 knockdown, even
when coexpressed with D2 in the same cell (Fig. 2D). Taken
together, these results indicate that TEB4 mediates the pro-
teasomal degradation of D2 in cells that coexpress both pro-
teins at endogenous levels.

In view of the well-established role played by WSB-1 as an
E3 ligase adaptor for D2 (11), the current findings that TEB4
can also mediate D2 degradation illustrates that a critical step
in thyroid hormone activation can be regulated by at least two
ubiquitin ligases. A similar situation is found with Eps15, a
protein that regulates EGF receptor internalization, the ubiq-
uitination of which is mediated by the HECT domain E3 ligase
Nedd4 and parkin, a RING finger-containing E3 ligase (12,
37). While we currently do not understand if or how these two
pathways interact to regulate D2, it is puzzling that no addi-
tional protective effect on D2 activity was noted when both
WSB-1 and TEB4 were knocked down at the same time (Fig.
3C). This suggests that both pathways are not necessarily ex-
clusive and in fact could even contribute to D2 ubiquitination
in a sequential fashion. While both WSB-1 and TEB4 function
in association with UBC7 (11, 19), these ligases differ in their
structures and substrate-processing mechanisms. WSB-1 is a
small sonic hedgehog-inducible WD40-SOCS box-containing
protein that is part of the ECSWSB-1 complex and remains
associated with the ER membrane (11). Ubiquitination of D2
via this pathway results in an inactive D2 that remains fully
assembled in the ER membrane and can be easily reactivated
by USP33/20 deubiquitinases (10, 27). On the other hand,
TEB4 is a large CH4C3 RING finger-containing protein that
spans the ER membrane multiple times (19, 23) and is thought
to associate with Sec61 and -� translocon units and mediate
retrotranslocation of multiple ubiquitinated ER proteins to the
proteasome complex (19). Thus, given the decrease in Ub-D2
and accumulation of D2 protein during TEB4 knockdown (Fig.
2C), it is likely that ubiquitination of D2 through this pathway
is followed by terminal protein disassembly.

Interaction of D2 with its natural substrate, T4, is thought to
promote conformational changes that expose critical lysine
residues (K237 and K244) in D2 that then can undergo ubiq-
uitination (27). This is lost in �18-D2, a mutant D2 lacking an
18-amino-acid loop required for interaction with WSB-1 (11).
A similar mechanism is likely to take place with TEB4, given
that substrate-induced loss in D2 activity and processing of the
�18-D2 molecule are both greatly minimized in cells with
TEB4 knockdown (Fig. 3A and D). It is remarkable that de-
spite two very different pathways for D2 ubiquitination, the

intrinsic mechanisms regulating its conjugation to ubiquitin
still seem to be the same in both cases and highly dependent on
this instability loop.

The existence of two ubiquitin ligases, WSB-1 and TEB4, to
process D2 would gain additional relevance if these proteins
had different expression patterns and/or regulation. However,
based on data publically available (http://symatlas.gnf.org/
SymAtlas/; see also Fig. S2A in the supplemental material) and
our own reverse transcriptase PCR studies (Fig. 5), it is clear
that both WSB-1 and TEB4 are widely expressed in human and
rodent tissues. At the same time, quantitative analyses reveal
that TEB4 predominates in cells of the immune system, testes,
and some splanchnic tissues, whereas WSB-1 predominates in
the brain, ovary, and uterus (see Fig. S2B in the supplemental
material). Of particular interest is the isolated expression of
WSB-1 in BAT, which normally expresses high levels of D2
(Fig. 5). In the brain, in situ hybridization studies revealed that
TEB4, similar to WSB-1, is expressed in tanycytes, while
astrocytes in the hippocampus and cortex express WSB1 but
not TEB4 (Fig. 6 and 7) (13).

In conclusion, our studies have linked TEB4 to D2 ubiquitin-
ation and proteasomal degradation, suggesting that it may be a
key regulator of thyroid hormone activation in a number of
tissues, including those of the brain. Given the recognized
importance of thyroid hormone during brain development, the
presence of TEB4 in a chromosomal locus linked to the Cri-du-
chat syndrome (19) raises the possibility that patients with this
genetic disorder might have altered D2 regulation and thyroid
hormone signaling during critical periods of brain develop-
ment.
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