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Abstract

Recent advances in understanding the molecular pathogen-
esis of congenital hypothyroid goiter in cog/cog mice, have
raised important questions concerning the maturation of
thyroglobulin (the thyroid prohormone) in certain human
kindreds with congenital goiter. We have now examined af-
fected siblings from two unrelated families that synthesize
an apparently normally glycosylated, > 300 kD immunore-
active thyroglobulin, yet have a reduced quantity of intra-
glandular thyroglobulin and that secreted into the circulation.
From thyroid tissues of the four patients, light microscopic
approaches demonstrated presence of intracellular thyro-
globulin despite its absence in thyroid follicle lumina, while
electron microscopy indicated abnormal distention of the
endoplasmic reticulum (ER). We have confirmed biochemi-
cally that most intrathyroidal thyroglobulin fails to reach
the (Golgi) compartment where complex carbohydrate
modification takes place. Moreover, the disease in the af-
fected patients is associated with massive induction of spe-
cific ER molecular chaperones including the hsp90 ho-
molog, GRP94, and the hsp70 homolog, BiP. The data
suggest that these patients synthesize a mutant thyroglobu-
lin which is defective for folding/assembly, leading to a
markedly reduced ability to export the protein from the ER.
Thus, these kindreds suffer from a thyroid ER storage dis-
ease, a cell biological defect phenotypically indistinguish-
able from that found in cog/cog mice. (J. Clin. Invest. 1996.
98:2838-2844.) Key words: thyroid - protein folding -
GRP94 « BiP . intracellular transport

Introduction

Mutations in secretory or plasma membrane proteins are one
important cause of endoplasmic reticulum storage diseases
(ERSDs)! (1), which affect a variety of organ systems and rep-
resent a large group of hereditary and acquired diatheses in-
cluding subsets of patients with alpha 1-antitrypsin deficiency
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(2), osteogenesis imperfecta (3), diabetes insipidus (4), a range
of bleeding and clotting disorders (5), and familial hypercho-
lesterolemia as well as a number of others. In essentially all
cases, ERSDs are disorders affecting the folding of exportable
proteins. In each instance, the affected gene product fails to be
exported and tends to accumulate within the endoplasmic
reticulum (ER). This accumulation of misfolded proteins rou-
tinely triggers the “ER unfolded protein response,” inducing
the selective synthesis of a group of ER molecular chaperones
(6, 7) which bind to misfolded exportable proteins. The bind-
ing of ER chaperones has been implicated in what has come to
be known as “ER quality control” (8), a phenomenon in which
the release of many mutant secretory proteins is prevented by
their retention within the ER. Thus, a disease involving a se-
lective protein secretion defect with intracellular accumulation
of that secretory protein, in association with the induction of
one or more ER chaperones, meets current diagnostic criteria
for an ERSD.

We have been interested in deficient thyroglobulin (Tg) as
a cause of congenital goiter, once thought to be unusually rare
(9) but now recognized as one of the more common inborn er-
rors leading to congenital hypothyroidism. Patients suffering
from this illness—with an estimated prevalence of ~ 1/40,000
live births—can experience hypothyroid growth retardation,
abnormal central nervous system function, and local compres-
sion of neck tissues due to an enlarged thyroid mass (10). Nor-
mally, thyroid hormone formation occurs by iodination of the
thyroid prohormone, Tg; this begins around the time of its se-
cretion into the apical lumen of thyroid follicles (11, 12). To ac-
complish this, Tg monomers must first be synthesized in the
ER, where they undergo significant conformational matura-
tion and homodimerization before intracellular transport
(13, 14).

These events may fail to occur in mice homozygous for the
cog allele, linked to the Tg locus (15), which exhibit an autoso-
mal recessive phenotype similar to certain humans with con-
genital goiter (16). Recent evidence strongly supports earlier
suspicions that cog/cog mice have a mutation affecting Tg ter-
tiary/quaternary structure (17, 18), since a full-length Tg is syn-
thesized that undergoes normal N-linked glycosylation and
glucose trimming, but is defective in the monomer folding that
leads to homodimer formation (19). Consequently in thyro-
cytes of these mice, most newly synthesized Tg never arrives in
the Golgi complex, and accumulates instead within the ER
(19). Interestingly, Tg from cog/cog mice is directly bound for
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a sustained period to a subset of ER molecular chaperones (in-
cluding the hsp 90 homolog, GRP94 [20] and the hsp 70 ho-
molog, BiP [21, 22]), while Tg from normal animals associates
only transiently with these chaperones (19, 23, 24). Moreover,
GRPY4 and BiP are among a subset of ER chaperones whose
levels are specifically increased in the thyrocytes of cog/cog
mice, establishing that this form of congenital hypothyroid goi-
ter is a newly identified member of the family of ERSDs (19).

In human congenital hypothyroid goiter with deficient Tg,
postulated defects have included abnormal mRNA splicing,
translation, protein transport, posttranslational modifications,
or exocytosis, although the most frequently described morpho-
logical phenotype involves an enlarged thyroid gland with
minimal Tg in the follicle lumen, and intracellular Tg immu-
nopositivity within a distended, vesiculated ER (25-29). This
has led us to ask whether a thyroid ERSD similar to that of
coglcog mice might occur in humans. With this in mind, we
have studied two independent kindreds that exhibit a similar
autosomal recessive pattern of inheritance for congenital hy-
pothyroid goiter. Taken together, our studies indicate that, at
least for the four patients studied, the molecular pathogenesis
of this illness involves a thyroid-specific ERSD nearly indistin-
guishable from that observed in the cog/cog mice.

Methods

Initial patient characterization

Kindred N. Studies of the gross patient phenotype, and Tg mRNA,
from the two affected children of this consanguineous marriage, have
already been reported in detail (30).

Kindred U. In this kindred, the parents of the two affected sib-
lings are first cousins. The patients, E.N.U. and E.M.U., both with
congenital hypothyroid goiter, have been treated with L-thyroxine for
most of their lives, are without detectable neurological impairment,
and have successfully completed education (to high school and to 7th
grade level, respectively). Both have attained normal stature (178 and
180 cm) although both demonstrated continuous goiter growth and
developed mild to moderate obesity (84 and 94 kg, respectively).
When L-thyroxine replacement therapy was withheld for 24 wk,
TRH administration led to an exaggerated serum TSH response in
both patients (peak 26.4 and 47.4 pU/ml, respectively). Radioiodine
uptake was 69% at 2 h and 70% at 24 h for EM.U. and 45% at 24 h
for E.N.U. Ultrasonographic studies indicated that both had large
multinodular goiters (estimated weight, 278 g, E.N.U. at age 18;212 g,
E.M.U. at age 14). Thyroid circulating autoantibodies were negative.
Northern blotting of RNA isolated from the goiter tissues was per-
formed with the same probe and methodology as described previ-
ously (30), revealing a clear, normal-sized (8.5 kb) Tg hybridization
signal. Tg mRNAs from E.N.U. and E.M.U. were also reverse tran-
scribed from established primers, as previously described (30), and
each of the cDNA fragments individually amplified by PCR. All frag-
ments exhibited the expected sizes upon agarose gel electrophoresis
of the rt-PCR products, indicating the absence of any major deletions
within the Tg mRNA spanning from positions 57-8448. Finally, no
specific Tg-linked restriction fragment length polymorphisms have
thus far been identified from preliminary screening of genomic DNA.
These studies clearly establish that the presumptive Tg mutation in
kindred U is different from that found in kindred N.

Hormones and other reagents

L-thyroxine, protease inhibitors, and iodoacetamide were from Sigma
Chemical Co. (St. Louis, MO). Bovine TSH, used for stimulation test-
ing, was from Organon Pharmaceuticals (Sao Paulo, Brazil). Recombi-
nant endoglycosidase H was from New England Biolabs (Beverly, MA).
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Clinical assays

Thyroid hormone replacement was discontinued for 2 to 3 wk before
subtotal thyroidectomy, such that TSH levels were elevated, ranging
from 8.3-13.5 pU/ml in each of the four patients described herein.
Thyroid tissue at the time of subtotal thyroidectomy was collected in
dry ice and stored in liquid nitrogen; all tissue analysis described in
this report is derived from these samples. Immunohistochemical
staining of thick tissue sections for Tg employed a rabbit polyclonal
anti-Tg (Dako Corp., Santa Barbara, CA) with avidin-biotin—peroxi-
dase secondary amplification (31). Electron microscopic analysis of
thin sections was performed after fixation in 1% formaldehyde and
2.5% glutaraldehyde and embedding in Epon, and the sections were
subsequently stained with uranyl acetate and lead citrate. Serum Tg
measured by RIA (Diagnostic Products, Los Angeles, CA) was per-
formed as previously described (32). Serum Tg by IRMA employed
two monoclonal antibodies recognizing different Tg binding sites
(Dynotest-Tg, Henning-Berlin, Berlin, Germany) with a control
range from 11 normal subjects (see Fig. 1 A).

Animals

At 2 mo of age, untreated cog/cog mice (obtained from the Jackson
Labs, Bar Harbor, ME) were hypothyroid (serum thyroxine < 1.0 g/
dl) compared to the genetically matched background strain (~ 4.0 g/
dl). To eliminate pituitary stimulation of the thyroid, both sets of ani-
mals were treated (12-16 wk) with 1 pwg/ml thyroxine in the drinking
water. Excised thyroid glands were obtained from euthanatized mice,
trimmed of connective tissue, rinsed several times to remove as much
albumin and other extracellular serum proteins as possible, and then
lysed directly in an SDS-containing buffer, as described previously
(19). For analysis by SDS-PAGE and staining with Coomassie blue,
samples were first normalized to DNA content.

Endoglycosidase H digestion
Endoglycosidase H digestion was performed essentially as described

(33), except that whole tissue homogenates were diluted into the di-
gestion buffer.

Antibodies

For immunoblotting, we employed a purified chicken IgY directed
against a synthetic peptide representing the first 15 amino acids of Tg
(19), and an horseradish peroxidase-conjugated anti—chicken-IgY
(Sigma Co.) was employed as a secondary. For GRP94 and BiP, we
employed rabbit polyclonal antisera directed against synthetic pep-
tides, as previously described (19).

Gel electrophoretic analysis and Tg immunoblotting

For mouse tissue samples, thyroid homogenates were analyzed by re-
ducing SDS 4-10%-PAGE and stained with Coomassie blue. For hu-
man tissue samples, thyroid homogenates were analyzed either by the
same gel system or by straight SDS 6%-PAGE. Gels were either
stained with Coomassie blue and dried by conventional methods, or
transferred to nitrocellulose for immunoblotting with enhanced chemi-
luminescence (ECL; Amersham, Arlington Heights, IL). Both stained
gels and immunoblots were analyzed by scanning densitometry.

Results

Initial evaluation of two kindreds with congenital hypothyroid
goiter. All four patients met clinical criteria for the diagnosis
of congenital goiter with deficient Tg, based on their history
and initial laboratory evaluation (see Methods), which in-
cluded intraglandular levels of radioimmunoassayable Tg that
on average (~ 1 mg/g tissue) were = 70-fold lower than nor-
mals (~ 80 mg/g tissue), as well as a diminished response of
immunoreactive serum Tg (34, 32) after acute stimulation with
bovine TSH (Fig. 1). While the genetic basis for these clinical
findings in kindred U remains unidentified (see Methods), kin-
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Figure 1. TSH stimulation testing in siblings from two kindreds with
congenital hypothyroid goiter. Serum Tg, as detected either by
IRMA (A) or by RIA (B), was measured under unstimulated condi-
tions (dark bars) or after stimulation with TSH (open bars). These
data are not by themselves unequivocally diagnostic, but in conjunc-
tion with additional clinical data (see text), they support the diagnosis
of defective Tg as the cause of congenital hypothyroid goiter in the
affected patients.

dred N exhibits a 138-nucleotide deletion in the Tg mRNA re-
sulting in an in-frame deletion of amino acid residues 1831-1876
(30), which is positioned just proximal to Tg repeat domain
type III a.2 (35). Thus, the predicted Tg translation product in
kindred N is a mature protein of 2702 amino acids, with a loss
of 1 predicted N-linked glycosylation site. Even if this site is
used in glycosylation of normal human Tg (M, ~ 330,000) its
loss in the mutant would result in the synthesis of Tg with an
expected M, ~ 323,000, which would appear indistinguishable
from the full-length protein.
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Figure 2. Identification of Tg and other proteins in thyroid homoge-
nates from affected patients with congenital hypothyroid goiter. Thy-
roid homogenates from both affected sibs of kindred N (patients 1
and 2) and kindred U (patients 3 and 4) were analyzed by reducing
SDS-PAGE and stained with Coomassie blue, in comparison to con-
trol subjects (samples 5 and 6). The tissues of all individuals are seen
to contain stainable Tg (M, ~ 330,000; co-migrating with the position
of an authentic, full-length Tg standard, (indicated by arrow at left),
although the tissue levels of this protein were substantially inhibited
in the affected patients. By contrast, actin, serving as an internal con-
trol protein (not shown) was comparable between all samples. More-
over, two prominent Coomassie-stainable bands of M, ~ 94,000 and
~ 78,000 were notably increased in the thyroid tissue of affected pa-
tients from both kindreds. Independent immunoblotting and immu-
noprecipitation experiments (not shown) indicated that these two
bands do not exhibit Tg immunoreactivity.
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Figure 3. Identification of Tg and other proteins in thyroid homoge-
nates from cog/cog and normal mice. Thyroid homogenates were ana-
lyzed similarly to the human tissues described in Fig. 2. Mouse tissues
are seen to contain stainable Tg (the position of a full-length Tg stan-
dard is shown at left). After ER export (24), Tg in normal mice (Con-
trol) is physiologically proteolyzed to generate a COOH-terminal
fragment (a darkly staining band of M, ~ 250,000, migrating between
the 330 and 200 kD standards), which is essentially undetectable in
the mutant (cog/cog). Independent immunoblotting and immunopre-
cipitation experiments indicate that the two prominent Coomassie-
stainable bands of M, ~ 94,000 and ~ 78,000, which are notably
increased in the mutant thyroid tissue, represent GRP94 and BiP
(indicated at left).

Thyroid total protein analysis. We analyzed total proteins
contained in thyroid gland homogenates of affected patients
and genetically unrelated normal controls by 4-10% reducing
SDS-PAGE, followed by staining with Coomassie blue. As
shown in Fig. 2, all four patients exhibited a stainable band of a
size representing normal Tg (immunoreactivity of this band
was established, below), although it was diminished in quantity
when compared to controls. Thus, at least a portion of the Tg
detected in tissue and sera of these patients derives from a full-
length or near full-length Tg protein.

As reviewed above, cog/cog mice have been described to
exhibit a prototypic thyroid ERSD due to abnormal Tg folding
and assembly. To further understand the thyroid protein pro-
files from our patients with congenital hypothyroid goiter, a
similar analysis was made from wild type and cog/cog mice. As
in the human kindreds, thyroid tissue from mutant mice was
seen to contain stainable Tg of a size indistinguishable from
normal (Fig. 3). Interestingly, among other Coomassie stain-
able proteins, two bands in the region of 94 and 78 kD, respec-
tively, were selectively increased in the thyroid tissue of mu-
tant mice—recent evidence indicates that these bands are
comprised partially or completely of the ER chaperones,
GRPY%4 and BiP (19). Interestingly, when re-examining the
gels of our patients and normal human controls, it was noted
that all four affected patients showed markedly increased pro-
tein bands in the same 94 and 78 kD regions (Fig. 2). Thus,
even at this level of analysis, close similarity between the af-
fected patients and the mutant mice was already apparent.

Thyroid histological, immunohistochemical, and electron
microscopic analysis. Routine light microscopic examination
of thyroid tissue sections demonstrated that in affected pa-
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Figure 4. Immunohistochemical localization of Tg. Each thyroid section shows a central region of stromal tissue surrounded by several different
follicles cut in profile. The affected patients in kindreds N (lefr) and U (middle) exhibit the relative absence of reaction product in the follicular
lumina, with positive reaction product accumulated intracellularly in thyroid epithelial (but not stromal) cells. Note that the small amount of lu-
menal immunoreaction product in the affected patients was consistent with a low level of thyrocyte shedding into the apical space. By contrast,
in control thyroid tissue (right), the Tg accumulated in the apical lumen of assorted thyroid follicles was intensely immunoreactive.

tients from kindreds U and N, the follicle lumina were largely
devoid of accumulated Tg protein, as opposed to thyroid tissue
from control subjects (not shown). Immunohistochemical lo-
calization of Tg showed a marked decrease of reaction product
in the follicular lumina of thyroid sections from affected pa-
tients, as compared to a subject without a Tg defect (Fig. 4).
Remarkably, however, accumulation of intracellular reaction
product was clearly demonstrable in the thyroid epithelium of
affected patients (Fig. 4). Thus, the data indicate that immu-
noreactive Tg was made in these thyrocytes, although its ap-
pearance in the follicle lumen was deficient.

In affected patients, most intrathyroidal thyroglobulin fails
to reach the Golgi complex. The preceding findings suggested
a disturbance in intracellular Tg transport in our patients with
congenital hypothyroid goiter. Normally, upon arrival in the
Golgi complex, most but not all of the 15 N-linked carbohy-
drates on each Tg molecule undergo modification. To establish
biochemically whether, in these patients, intracellular Tg ever
reaches the Golgi complex, thyroid tissue homogenates were
subjected to digestion with endoglycosidase H, which cleaves
the Tg N-glycans that have not been modified by Golgi pro-
cessing enzymes (33). By analysis of Coomassie stained SDS-
polyacrylamide gels (Fig. 5 A), essentially all of the intrathy-
roidal M, ~ 330,000 band from thyroid homogenates of normal
controls appeared resistant to endoglycosidase H (small mobil-
ity shift upon digestion, samples 5 and 6), whereas the same
band from affected patients of both kindreds appeared sensi-
tive to endoglycosidase H (larger mobility shift, samples 1-4).
To establish that these Coomassie-stainable bands did indeed
represent Tg, parallel samples underwent electrophoretic trans-
fer to nitrocellulose for immunoblotting with an antibody pre-
pared against the Tg NH, terminus. Indeed, immunoreactive
Tg from affected patients was primarily endoglycosidase
H-sensitive (Fig. 5 B, left), while Tg from normal controls was
primarily resistant to digestion (right). Evidently, Tg mole-
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Figure 5. Accumulation of Tg in the thyroid ER of patients with con-
genital hypothyoid goiter. (A) To detect the most abundant protein
species present in thyroid tissue in the steady state, thyroid homoge-
nates from the patients shown in Fig. 1, normalized to cellular DNA,
were digested with endoglycosidase H, analyzed by reducing 4%
SDS-PAGE, and stained with Coomassie blue. A coned-down view
of the stainable 330-kD protein is shown. In normal controls, the pre-
dominant ~ 330-kD protein exists as an endoglycosidase H-resistant
(Golgi) form (samples 5 and 6), consistent with storage in a Golgi/
post-Golgi compartment, presumably the extracellular apical lumen.
By contrast, in kindreds N and U (patients 1-4), diminished (but nev-
ertheless still Coomassie-stainable) quantities of ~ 330 kD protein
appear as an endoglycosidase H-sensitive (ER) form. (B) Thyroid ho-
mogenates normalized to similar amounts of Tg protein, were ana-
lyzed as in (A) before transfer to nitrocellulose for immunoblotting
with an antibody specifically directed against the extreme NH, termi-
nus of Tg (see Methods). Mutant Tg from kindred N appears as the
endoglycosidase H-sensitive (ER) form (samples 1 and 2), and similar
results were obtained in the patients of kindred U (not shown), indi-
cating that the protein has not arrived in the compartment where
Golgi-type carbohydrate modifications take place.
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Figure 6. Electron microsopy of thyroid tissue. Equal magnifications
of 10,000 from the goiter of an affected patient of kindred U (A) and
control thyroid tissue (B). Note the swollen-appearing, ribosome-
studded vesicles in the affected patient, which unmistakeably identify
the ER. Abundant mitochondria (ribosome-free membranes) were
also apparent in both patient and control thyroid tissue. A similarly
abnormal appearance was observed in kindred N (not shown).

cules from the affected patients had not undergone modifica-
tion of their N-linked glycans, indicating that these molecules
never reached the Golgi compartment.

In conjunction with the above studies, electron microscopy
was performed on thyroid tissue from these kindreds. Promi-
nent vesicular organelles were observed to be accumulated
throughout the cytoplasm in affected patients. As shown for
kindred U, these cytoplasmic organelles were identified as ri-
bosome-studded, vesiculated ER (Fig. 6 A)—in contrast to the
normally more flattened, tubular ER seen at the same magnifi-
cation from control thyroid tissue (Fig. 6 B). Similar ER dis-
tention was found upon thyroid electron microscopy of kin-
dred N (not shown), as well as other similar kindreds (25-29).
Taken together, the data in Figs. 5 and 6 indicate that in these
goitrous patients, Tg exhibits a specific defect in export from
the ER.

Selective elevation of ER chaperones in thyroids of patients
with congenital hypothyroid goiter. Among several possibili-
ties, augmentation of protein bands in the region of M,
~ 94,000 and M, ~ 78,000 in the thyroid glands of affected pa-
tients (Fig. 2) could represent foreshortened forms of Tg (36),
or alternatively, might represent GRP94 and BiP, respectively,
two ER chaperones that have been proved to increase an aver-
age of approximately eightfold in the thyroid tissue of cog/cog
mice (19). We note that attempts to pick up these bands upon
specific immunoblotting with polyclonal antisera to Tg were
negative (not shown).

We therefore employed immunoblotting with specific
chaperone antibodies. Although GRP94 and BiP are already
among the two most abundant proteins in the ER of normal
cells, (37), when normalized for total cellular DNA, there was
a further increase in the expression of these two ER chaper-
ones that was selective to the tissue from the four affected pa-
tients (Fig. 7 A). Quantitation of these data suggested that the
goiter levels of BiP were increased 2—4-fold while GRP94 rose
5-10-fold (Fig. 7 B). In toto, the data indicate that the congen-
ital hypothyroid goiter in patients from both kindreds studied,
involves an ERSD nearly indistinguishable from that recently
reported for cog/cog mice (19).
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Figure 7. Induction of the molecular chaperones GRP94 and BiP/
GRP78 in thyrocytes from affected patients in kindreds N and U.
Thyroid homogenates, normalized to DNA, were resolved by SDS-
PAGE under reducing conditions, before transfer to nitrocellulose.
Immunoblots using affinity-purified anti-BiP or anti-GRP94 are
shown in (A). Quantitation by scanning densitometry (B), revealed
significant increases in the levels of both chaperones in thyroids of
the affected patients when compared to controls, similar to the chap-
erone induction reported in the thyroids of cog/cog mice (19).

Discussion

Recent studies exploring the molecular and cell biology of the
endoplasmic reticulum have converged with the identification
of ERSDs as significant clinical entities. The primary observa-
tions are summarized in the following paragraphs. In the over-
all protein secretion pathway, the ER is now understood as a
protein folding compartment. Because the kinetics of folding
and assembly of native oligomeric proteins in vivo generally
occurs within a rapid timescale, it has seemed plausible that
ER resident chaperones such as BiP and GRP94 could, in ef-
fect, act as folding catalysts (38). However, unlike true ER fol-
dases (39, 40), these two chaperones appear mostly to prevent
protein aggregation and other nonproductive folding path-
ways, a function that is especially important within a compart-
ment where concentrations of unfolded proteins are excep-
tionally high (41). Thus, while the complete absence of certain
ER chaperones (e.g., in genetic knockout experiments) may be
incompatible with cell viability (42), there is nevertheless little
evidence that these chaperones actually accelerate folding. For
that matter, it has actually been difficult to obtain unequivocal
evidence that ER residents (other than protein disulfide
isomerase) can increase the efficiency of secretory protein
folding (23, 43-45).2 So why do normal cells of the body have
these multiple different chaperones in the ER (19)?

When considering this question, it must be acknowledged
that protein folding/assembly in the secretory pathway directs
not only the unique biological activity for which each export-
able protein is evolutionarily designed, but also is required for
the acquisition of transport competence, allowing the protein
to advance to the intracellular destination where the primary
activity is engaged. ER chaperones like GRP94 and BiP ap-
pear to play a major role in the acquisition of transport compe-
tence, for which there are currently two possible mechanisms.
One theory is that unfolded proteins in the ER might be bio-
physically unable to advance through the secretory pathway
(i.e., due to insolubility) (46); in this case, GRP94 and BiP
might assist protein folding and solvation (47, 48) to a point
where such advance is possible. Alternatively, the mere act of
associating with binding proteins such as GRP94 or BiP, which
themselves are largely anchored within the ER (49), may serve
to prevent export of secretory proteins—part of the process

2. Muresan, Z., and P. Arvan. Manuscript submitted for publication.



known as ER quality control (8). Indeed, independent eleva-
tion of the level of either GRPY94 or BiP is, in and of itself,
sufficient to prolong the ER residence time for nonmutant
secretory proteins (44) including Tg,? implicating these specific
chaperones as important factors for retaining exportable pro-
teins. Thus, according to the quality control model, a central
feature required for secretory protein export is the escape
from association with ER chaperones.

Importantly, evidence suggests that during progression
through different stages of the folding of exportable proteins,
ER chaperones such as BiP (22) go through successive cycles
of binding and release. Individual domains of exportable pro-
teins may take advantage of these brief periods of chaperone
dissociation to bury potential binding sites; in this view, bury-
ing all such potential sites is the culmination of the process of
successful protein folding and assembly (23; 19)2 Thus, it is not
difficult to understand how small mutations in secretory pro-
teins like Tg can lead to an ERSD such as occurs in our pa-
tients with congenital hypothyroid goiter. Newly synthesized
Tg associates with many copies of BiP and GRP94 en route to
homodimerization, during which time, the number of interact-
ing BiP and GRP94 molecules normally declines progressively
to zero (19, 23).2 However, Tg mutants may have defects in
their ability to bury potential chaperone binding sites. Conse-
quently, although chaperones might dissociate normally from
newly synthesized Tg mutants, these binding proteins would
tend to re-associate with the defective region in a cyclical fash-
ion. By spending an increased fraction of time bound to chap-
erones like GRP94 and BiP, the opportunity for Tg to be ex-
ported from the ER is diminished, leading to its accumulation
in this compartment (Figs. 5 and 6).

Accumulation of misfolded proteins in the ER induces the
synthesis of ER chaperones to augmented levels (6, 7), and
this occurs in the affected patients described herein (Figs. 2
and 7). Using this feedback mechanism, cells maintain a chap-
erone reserve for further binding to unfolded/misfolded pro-
teins that enter the ER, thereby increasing retention capacity
and swelling the ER compartment (19). Consequently, it ap-
pears that the ER quality control mechanism itself may con-
tribute as much to the pathogenesis of ERSDs as the original
mutation or other insults that interfere with the folding of ex-
portable proteins (8; 19). Moreover, to survive the original in-
sult, misfolded proteins in the ER ultimately must be degraded
(50) by mechanisms that are as yet poorly understood (51-54).
Thus, it is not surprising that despite the accumulation of mu-
tant Tg in the ER, intraglandular Tg levels in patients with de-
ficient Tg are actually well below normal (Fig. 2).

Because Tg homodimerization normally occurs before ER
export, Tg mutations causing congenital goiter are likely to re-
sult in the least efficient dimerization when both monomers
are mutant. The autosomal recessive pattern of inheritance in
congenital hypothyroid goiter (10) suggests that in most cases,
the mutant allele is a passive bystander that does not interfere
with the conformational maturation of wild-type Tg. Because
Tg synthesis normally exceeds that needed to maintain thyroid
hormone levels from day to day [the excess Tg being stored in
the follicle lumina], a much larger population of heterozygotes
expressing deficient Tg presumably remains clinically silent,
although such individuals may be predisposed to various forms
of goiter (55).

Based upon the precise location within the coding se-
quence, different mutations in Tg may result in molecules that
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advance to different intermediate stages before further folding
becomes rate limiting; thus, many mutant Tgs may never
achieve homodimerization, which is a kinetically late event
(13). In cogl/cog mice (the only animal model of congenital hy-
pothyroidism in which the Tg folding pathway has been
mapped), the fraction of Tg which reaches the point of ho-
modimerization or exit from the ER is at the lower limits of
detection, while interactions with GRP94 and BiP appear to be
protracted indefinitely (19). This is not unlike the sustained ac-
cumulation of unassembled immunoglobulin chains in associa-
tion with BiP (21) and GRP9%4 (56) in myeloma cells, or the
sustained association of AF508 mutant CFTR with calnexin
(57) in cells expressing this form of the cystic fibrosis chloride
channel. Investigative attempts are actively in progress to
identify the specific mutation(s) in Tg from cog/cog mice and
the human kindred U, while the affected patients in kindred N
are already known to express Tg with a minor in-frame coding
sequence deletion (30). Further work is still needed to know if
the various genetic defects in Tg leading to congenital hy-
pothyroid goiter tend to cluster in any particular region of this
2750 amino acid molecule. Nevertheless, congenital hypothy-
roid goiter with deficient Tg must now be considered a proto-
typic ERSD, one of a series of illnesses classified not by the or-
gan system(s) affected, but by the underlying cell biological
principles that bring about the illness.
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