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Abstract

A full-length cDNA clone for human thyroid peroxidase
(TPO) inserted into the mammalian cell expression vector
pECE was stably transfected into Chinese hamster ovary
(CHO) cells. Clones were assayed for human TPO mRNA,
TPOprotein, and TPOenzymatic activity. One subclone, ex-
pressing the highest TPOenzymatic activity, was used in fur-
ther studies. FACSanalysis of these cells preincubated in Ha-
shimoto's serum revealed approximately 100-fold greater fluo-
rescence compared with controls, indicating that recombinant
TPOis expressed on the cell surface. Particulate antigen was
extracted from these cells and studied by Western blot analysis
using a panel of Hashimoto's sera of known antimicrosomal
antibody (anti-MSA) titer. Under nonreducing conditions a
broad, immunoreactive band of - 200 kD was observed, as
well as a doublet of - 110 kD. All of the 36 Hashimoto's sera
tested reacted with these bands, most in proportion to their
anti-MSA titer. Six normal sera tested against this antigen(s)
were nonreactive, as were the Hashimoto's sera tested against
nontransfected CHOcells. Western blots under reducing con-
ditions revealed a considerably diminished signal, with some of
the sera of lower anti-MSA titer becoming negative, the loss of
the 200-kD broad band, and the apparent conversion of the
110-kD doublet into a single band. Preincubation of cells in
tunicamycin revealed no decrease in TPOimmunoreactivity.

In conclusion, we expressed enzymaticaliy active human
TPO in nonthyroidal eukaryotic cells. Our data prove that
functionally active TPO is a major component of the thyroid
microsomal antigen.

Introduction

Hashimoto's thyroiditis is the most commonautoimmune en-
docrinopathy, affecting, at least subclinically, up to 15% of the
adult female population (1, 2). Antibodies against a number of
thyroid antigens are present in the sera of these patients, in-
cluding thyroglobulin and the thyroid microsomal antigen (3,
4). Other antigens of lesser or uncertain importance include
the second colloid antigen (3), tubulin (5), DNA(6), and au-
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toimmune thyroid disease-related antigen I (7). Antibodies
against the microsomal antigen, which is expressed on the cell
surface (8, 9), are believed to be of greater importance than
those against thyroglobulin in the pathogenesis of Hashimoto's
thyroiditis. This is because antimicrosomal antibodies (anti-
MSA)' are more closely associated with the active phase of the
disease (1, 10, I 1) and are complement fixing (8). These anti-
bodies are, therefore, likely to initiate thyroid cellular damage.

A major recent discovery regarding Hashimoto's thyroid-
itis is that the previously ill-defined microsomal antigen is, at
least in part, thyroid peroxidase (TPO), the primary enzyme
involved in thyroid hormone synthesis. This conclusion was
based on immunologic evidence (12-15) and subsequently
confirmed by the molecular cloning of the cDNA for these
proteins (16-19) and the discovery that their derived amino
acid sequences are the same (18, 20).

Until the present time, a suitable preparation of recombi-
nant TPOhas not been available for studies on the presumed
abnormalities in immune regulation in Hashimoto's thyroid-
itis or for the demonstration of the specific B and T cell epi-
topes involved in this disease. In this respect, understanding of
the molecular mechanisms involved in the pathogenesis of
Hashimoto's thyroiditis lags far behind that of myasthenia
gravis, a disease for which pure antigen (the acetylcholine re-
ceptor) has been obtained and epitopes already defined (21,
22). HumanTPO immunopurified by MAbs has been avail-
able but is of limited value because of (a) inadequate supplies
of human thyroid tissue; (b) the difficulties in purification of
this membrane-bound antigen; and (c) contamination with
other thyroid autoantigens such as thyroglobulin, which is
highly abundant. Fragments of human TPOhave been gener-
ated as recombinant bacterial fusion proteins (18). These, too,
have been of limited value because (a) no combination of
fragments has been found that react with all Hashimoto's sera;
(b) the conformation of the fusion protein may differ from that
of the native protein; and (c) the bacterial products may be
toxic when added to immune cells in culture.

To obtain full-length human TPOfree of other potential
thyroid antigens for studying the pathogenesis of Hashimoto's
thyroiditis, we attempted the expression of recombinant
human TPO in nonthyroidal eukaryotic cells. Like native
human TPO, this recombinant TPOis enzymatically active, is
expressed on the cell surface, and is not a fusion protein. We
demonstrate further that this protein is recognized in a specific
manner by sera from patients with Hashimoto's thyroiditis
that contain anti-MSA.

1. Abbreviations used in this paper: CHO, Chinese hamster ovary;
anti-MSA, antimicrosomal antibodies; TBS, Tris-buffered saline;
TPO, thyroid peroxidase.
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Methods

Construction of a human Graves' thyroid cDNA library. A thyroid
cDNAlibrary was constructed to maximize the inclusion of full-length
cDNA in the coding orientation. Hyperplastic thyroid tissue was ob-
tained from a patient undergoing thyroidectomy for Graves' disease.
mRNAwas isolated according to the method of Han et al. (23). Dou-
ble-stranded cDNAwas synthesized from 15 MgmRNAas described by
Gubler and Hoffman (24). Not I and Xba I linker-primers/adaptors
were incorporated into the cDNAto create those restriction sites at the
5' and 3' ends, respectively, of the cDNA (23). The cDNA was size
selected (> 1 kb) by agarose gel (Seaplaque; FMC, Rockland, ME)
electrophoresis, digested with Not I and Xba I, ligated into Not I- and
Xba I-cut bacteriophage lambda-Zap using T4 DNAligase, and pack-
aged (Giga-Pak Gold; Stratagene, San Diego, CA). The resulting phage
library contained a total of 2 X 104 recombinant clones before ampli-
fication.

Screening for full-length human TPOcDNA. The amplified cDNA
library was plated at a density of 4 X 104 plaque-forming units per

1 50-mm-diam dish and probed using the insert from a partial human
TPOcDNAclone (clone 19, reference 17). Two positive bacteriophage
clones were isolated. A Bluescript phagemid containing the human
TPOcDNA insert was generated from one of these clones using the
helper phage R408, according to the Stratagene protocol. The resulting
recombinant Bluescript plasmid (pHTPO-BS) contained bases
5-3,060 of human TPOcDNA, including the start of translation and
the poly-A tail. DNA sequence was determined from this double-
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stranded plasmid using the Sequenase kit and protocol (United States
Biochemical Corp., Cleveland, OH). Sequence within the cDNAwas
confirmed to be identical to human TPOcDNAat the 5' and 3' ends
and in the regions adjacent to 10 oligonucleotide primers distributed
throughout the cDNA (17).

Construction of pHTPO-ECE. The mammalian cell expression
vector pECE(25) was obtained from Dr. William Rutter (University of
California, San Francisco). Human TPOcDNA was cloned into the
multiple cloning site of this vector as described in Fig. 1. Enzyme
reactions and DNAmanipulations were performed as described in
Maniatis et al. (26).

Transfection of Chinese hamster ovary (CHO) cells with pHTPO-
ECE. CHOcell line CHO-KI was maintained in Ham's F- 12 medium
supplemented with 10% fetal bovine serum, penicillin (125 U/ml),
streptomycin (100 ,g/ml), and amphotericin-B (2.5 Ag/ml). Transfec-
tion and selection with G-418 (Gibco Laboratories, Grand Island, NY)
was carried out by the method of Chen and Okayama (27). 20 ug
pHTPO-ECEplus 2 ,gg pSV2-neo (28) (from Dr. John Baxter, Univer-
sity of California, San Francisco) were used for the transfection. Con-
trol transfections with 20 Mg pECE plus 2 gg pSV2-neo, and 20 Mg
pSV2-neo alone, were performed concurrently.

RNA extraction and Northern blot analysis. Total cellular RNA
was extracted by the method of Chomczynski and Sacchi (29). 15 Mgof
RNAwas electrophoresed in formaldehyde gels as described by Man-
iatis et al. (26). RNAwas blotted onto a Zeta-Probe membrane (Bio-
Rad Laboratories, Richmond, CA) and probed with a 0.56-kb human
TPOcDNAprobe (clone 31 insert, reference 17), labeled to a sp act of
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Figure 1. Construction of the expression plasmid pHTPO-ECE. pHTPO-BS (upper right) was digested with Not I, the ends were blunted with
the Klenow fragment of DNApolymerase I, and the DNAwas subsequently digested with Xba I. The released Bluescript vector was further di-
gested with Sca I to obtain good separation on agarose gel electrophoresis because of the similar size of this vector (2.95 kb) and the HTPO
cDNA fragment (3.1 kb). The mammalian expression vector pECE (25) (upper left) was digested with Eco RI, the ends were blunted with the
Klenow fragment of DNApolymerase I, and the DNAwas subsequently digested with Xba I. The digested pHTPO-BS and pECE fragments
were then ligated using T4 DNAligase (26). The resulting plasmid, pHTPO-ECE(bottom), was transfected into competent XLl-blue cells (Stra-
tagene, San Diego, CA).
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4 X 109 cpm/jg DNAusing the Multi-Prime labeling kit (Amersham
Corp., Arlington Heights, IL).

Western blot analysis. Transfected CHOcells were extracted to
obtain soluble protein. Five 100-mm-diam dishes were washed three
times with calcium-magnesium-free Dulbecco's PBS. After aspiration,
5 ml of 0.5% Triton X-100 in the same buffer, supplemented with 10
jig/ml leupeptin, 0.5 mg/ml bacitracin, and 2 mMPMSF(all from
Sigma Chemical Co., St. Louis, MO), was added to the first dish. This
initial cell solution was scraped and transferred successively to the
other four dishes of cells. The cell solution was then tumbled for 1 h at
4°C. After centrifugation for 3 min at 10,000 g the supernatant was
saved and stored at -20°C until use. Protein content was determined
(30) and 50 jg protein/lane electrophoresed on a 7.5% polyacrylamide
SDSgel (31). Proteins were electrotransferred (30 V for 5 h, or 250 mA
overnight) to nitrocellulose membranes (Schleicher & Schuell, Inc.,
Keene, NH) in an electroblotting apparatus (Hoeffer Scientific Instru-
ments, San Francisco, CA) containing 25 mMTris, 192 mMglycine,
and 20% methanol. In later experiments transfer was accomplished
using a Polyblot semidry electrotransfer system (American Bionetic,
Hayward, CA) according to the directions of the manufacturer. Mem-
branes were rinsed once in Tris-buffered saline (0.1 MTris, pH 8.0,
0.15 MNaCl; TBS), then for 30-60 min at room temperature in TBS
containing 0.5% Tween 20 (Sigma Chemical Co.). After three further
rinses with TBS-Tween the blots were probed as described by Young
and Davis (32) using a 1:250 dilution of a mouse MAb against the
thyroid microsomal antigen (33), followed by a 1:250 dilution of
horseradish peroxidase-conjugated goat anti-mouse IgG antibody
(Sigma Chemical Co.). In later experiments CHO-HTPO12b(see Re-
sults) cell extracts were probed using a panel of polyclonal Hashimoto's
thyroiditis sera, kindly provided by Dr. S. M. McLachlan (University
of Wales, Cardiff). Anti-MSA titers had previously been determined by
ELISA in the presence of excess thyroglobulin (11). Multiple Hashi-
moto's thyroiditis sera (diluted 1:400 in TBS-Tween unless described
otherwise in the text) were applied to a single filter overnight at 4°C
using a Miniblotter 45 manifold (Immunetics, Cambridge, MA).
Membranes were then processed as described above, except that alka-
line phosphatase-conjugated goat anti-human IgG, Fc fragment-spe-
cific (Cappel Laboratories, Cochranville, PA), was used as the second
antibody with nitroblue tetrazolium (0.3 mg/ml) and 5-bromo-4-
chloro-3-indolyl-phosphate (0.15 mg/ml) in 100 mMTris, pH 9.5, 100
mMNaCl, and 5 mMMgC12.

FACSanalysis. CHO-HTPO12bcells were processed as described
by Ellis et al. (25). In brief, cells from a 100-mm-diam dish were
detached by mild trypsinization, and the cells rinsed and pelleted (5
min at 100 g, 4°C) in Ham's F-12 medium and 10% FCS (see above).
The cells were resuspended in 0.2 ml of PBS, 10 mMHepes, pH 7.4,
0.05% Na azide (buffer A). Serum to be tested (2 Ai) was added for 30
min at 4°C, followed by two rinses in buffer A with 2% FCS and
resuspension in 0.2 ml of the same solution. 25 Al of goat anti-human
IgG, Fc specific, affinity purified, R-phycoerythrin labeled (Caltag,
South San Francisco, CA), was added for another 30 min at 4°C. After
three washes in buffer A the cells were analyzed on a FACS.

Assay of human TPOenzymatic activity. HumanTPOactivity was
assayed after extraction from cell microsomes with trypsin and deoxy-
cholate as previously described (34). In later experiments a more rapid
method was used. Cells were suspended with a rubber scraper in 1.5 ml
calcium-magnesium-free PBS and protein was determined on a 5-Ml
aliquot. The cells were then pelleted in a microcentrifuge for 2 min.
Cold 0.1 %deoxycholate (0.2 ml/mg cellular protein) was added for 10
min. The extract was microcentrifuged for 5 min and the supernatant
removed for assay. One guaiacol unit is defined as a AA470 of 1.0/min,
which is equivalent to 150 nmol guaiacol oxidized/min (35). One unit
of iodide peroxidase is defined as a AA353 of 1.0/min, which corre-
sponds to 43 nmol I- formed/min (36).

Primary culture of human Graves' disease thyroid cells. Human
Graves' disease thyroid tissue was dispersed and the cells were cultured
as previously described (37). After 3 d in culture, fresh medium con-
taining 12.5 mU/ml thyroid-stimulating hormone (TSH) was added

for an additional 3 d before the cells were harvested and extracted as for
the Western blots described above.

Enzymes. Restriction enzymes, T4 DNA ligase, and DNApoly-
merase I, Klenow fragment were obtained alternatively from Bethesda
Research Laboratories (Gaithersburg, MD), New England Biolabs
(Beverly, MA), or Boehringer-Mannheim Biochemicals (Indianapolis,
IN).

Results

Because multiple screenings of our previously constructed
human thyroid cDNAlibrary in lambda gtl 1 (17) only yielded
fragments of TPOcDNA, we constructed a new thyroid cDNA
library in lambda-Zap, as described in Methods. The plasmid
pHTPO-BS containing full-length human TPO cDNA was
obtained from this library. pHTPO-ECEwas constructed from
pHTPO-BS and the mammalian expression vector pECE (25)
according to the strategy shown in Fig. 1, and was used for
subsequent cell transfections.

CHOcells were cotransfected with pHTPO-ECE and
pSV2-neo, and 12 clones were tested for the presence of TPO
mRNAby Northern blot analysis. Four of these clones, as well
as one of four control (pSV2-neo alone) clones, are shown in
Fig. 2 A, and reveal a 3.3-kb mRNAband in the pHTPO-
ECE-transfected clones. The size of the human TPOmRNAin
the transfected CHOcells is slightly larger than that in the
Graves' thyroid cells (3.1 kb), presumably because of the addi-
tional SV40 poly-A coding region at the 3' end of human TPO
cDNA in the pHTPO-ECEplasmid (see Fig. 1).

Western blot analysis (under reducing conditions) of pro-
teins extracted from TPO-transfected CHOcells using a mouse
monoclonal anti-human thyroid microsomal antibody (33)
revealed an immunoreactive protein of 105-110 kD, as ex-
pected for human TPO(12, 38) (Fig. 2 B).

Strong TPOenzymatic activity was evident in clone CHO-
HTPO12 and in subclones CHO-HTPO1 2b and CHO-
HTPO1 2g, obtained by limiting dilution (Table I). Less enzy-
matic activity was detected in the other clones (data not
shown). TPO activity in the CHO-HTPO12 clones was ap-
proximately the same as TPO activity in TSH-stimulated
Graves' thyroid cells in monolayer culture (Table I).

To determine whether, as with native TPOin thyroid cells,
the recombinant human TPOwas expressed on the surface of
the CHOcells transfected with this gene, CHO-HTPO1 2b cells
were subjected to FACSanalysis (Fig. 3). Incubation of these
cells with high-titer anti-MSA Hashimoto's serum (ELISA
value of 1.772; normal < 0.2) (11) yielded approximately 100-
fold greater fluorescence than when these cells were incubated
with control serum (Fig. 3). Similar results were obtained with
three different Hashimoto's sera (data not shown). The size of
both the control and Hashimoto's serum-incubated cells was
the same (Fig. 3, E and F), excluding the possibility that dif-
ferences in cell size were, in part, responsible for the differences
in signal.

A series of Western blot studies were then performed with
protein from CHO-HTPO12bcells using a panel of Hashi-
moto's sera with known anti-MSA levels as determined by
ELISA (11). Under nonreducing conditions, all 29 Hashi-
moto's sera tested, unlike three normal sera, reacted with a
major, broad protein band of - 200 kD, as well as with a
fainterdoublet of 110kD (Fig. 4). In aggregate, in studies
performed under nonreducing conditions, a total of 36 Hashi-
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Figure 2. Northern and Western blot analyses of RNAand protein, respectively, from transfected cell lines. (A) Northern blot. Total cellular
RNA(15 ug/lane) from four pHTPO-ECEtransfected cell lines (CHO-HTP04, CHO-HTPO12, CHO-HTPO14, and CHO-HTPO17)and one

control pSV2-neo transfected cell line (CHO-pSV2-neo), was subjected to Northern blot analysis using a human TPOcDNAprobe as described
in Methods. For comparison, 1 sg of poly A+ mRNAprepared from a human thyroid gland from a patient with Graves' disease was applied to
the lane on the far right (mRNA). 28S and 18S represent ribosomal RNAmarkers, and an RNAmolecular weight ladder (Bethesda Research
Laboratories, Gaithersburg, MD) is shown on the right of the panel. (B) Western blot analysis. 50 Ag of membrane protein or 30 Mg of deoxy-
cholate (DOC)-extracted protein (Methods) from pHTPO-ECE-transfected cell lines (CHO-HTP04, CHO-HTPO12, CHO-HTPO14, and
CHO-HTPO17), from a control cell line cotransfected with pECEand pSV2-neo, and from another control cell line transfected with pSV2-neo
alone, were subjected to SDS-PAGEunder reducing conditions. The proteins were electrotransferred to nitrocellulose membranes and then
probed, as described in Methods, with a mouse MAbagainst the thyroid microsomal antigen (33).

moto's sera tested, but not 6 control sera, reacted with these
bands. The interexperimental variability in the intensity of
these bands, however, as well as methodological limitations in
analyzing many samples simultaneously, precluded compari-
son of results of all samples tested. Nevertheless, it is apparent
that within a single large experiment (Fig. 4) the strongest

Table I. TPOActivity in CHO-HTP012Cells and in TSH-
stimulated, Graves' Human Thyroid Cell Primary Cultures

Cell type Guaiacol peroxidase Iodide peroxidase

U/mg protein U/mg protein

CHO-pECE(control) 0 0

CHO-pSV2-neo (control) 0 0

Humanthyroid cells 4.7 3.0
4.6 3.4

CHO-HTP012 3.6 ND
CHO-HTP012b 4.0 3.1
CHO-HTP012g 3.1 1.9

Summary of data from multiple determinations of guaiacol and io-
dide TPOactivity measured in deoxycholate extracts (see Methods)
prepared from 100-mm-diam dishes of the indicated cells. Graves'
disease-affected human thyroid cells were cultured for 3 d in 12.5
mU/ml human TSH.

signals are seen with sera containing the highest anti-MSA
ELISA values. Some sera also recognize protein bands other
than those expected for TPO (Fig. 4, lanes 5 and 22). These
bands represent wild-type CHOantigens (presented below).
The apparent TPO-specific signal of 1O kD in lane 24 is also a

nonspecific wild-type CHOsignal (presented below).
Comparison of the recombinant TPOsignals on Western

blots performed under reducing and nonreducing conditions
(Fig. 5) revealed the following with reduction: (a) loss of the
200-kD broad band; (b) alteration of the lO-kD signal so that
it no longer clearly represents a doublet; and (c) lessening of
the specific signals so that some of the weaker sera become
negative. The nonimmune serum that reacts with a band of

IO kD (Fig. 5, lane 6) is the same serum used in Fig. 4, lane

24. This band represents a wild-type CHOprotein, and not
TPO(presented below). The nonspecific CHOproteins bound
by some of the sera tested are more evident in Fig. 5 than in
Fig. 4 because a more intense colorimetric development led to
a higher background.

The specificity of the 200- and 10-kD bands discussed
above was demonstrated in two separate experiments using
wild-type, non-TPO-transfected CHOcells (Fig. 6). In the first
experiment (left) selected, potent Hashimoto's sera tested
under the most favorable (i.e., nonreducing) conditions failed
to react with protein bands of 200 or kD. Of note are the
strong nonspecific signals of lower molecular weight seen with
the serum used in lane 3 (the same serum used in Fig. 4, lane
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cells transfected with pHTPO-
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r; n ) Methods. (A) Cells exposed to
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ond antibody alone, without prior

j200 exposure to human serum. (B)
>robobiilt. 5 Cells incubated in serum (1:100)

F from a patient with Hashimoto's
G thyroiditis (ELISA value of 1.779)
r without subsequent incubation in

PE-labeled second antibody. (C)
@ Cells sequentially incubated in the

Hashimoto's serum described in B
5 and in PE-labeled second anti-
- body. (D) As in C, except that

serum from a normal individual,
lacking anti-MSA, was used. (E)
and (F) The same data as in C
and D plotted to show the forward
scatter. These data indicate that
the relative sizes of the cell popu-

12W' lations reacting with the normal
and the Hashimoto's sera are the
same.

22). The second experiment (right) indicates that the nonim-
mune serum previously shown to react with a band of 1 10 kD
(Fig. 4, lane 24 and Fig. 5, lane 6) is a false positive. This signal
in wild-type CHOcells is strong despite the use of unfavorable
(i.e., reducing) conditions. Nonspecific CHOcell-reactive
proteins appear stronger in Fig. 6 because the colorimetric
reaction was continued for a longer period of time to empha-

size the lack of specific signals in these control, non-TPO-con-
taining cells.

To assess the sensitivity of detection of the specific signal,
Western blot analyses were performed with serial dilutions of
two Hashimoto's sera. The amount of TPO generated in
CHO-HTPO12bcells is sufficient to be detected even when
these Hashimoto's sera were diluted > 3,000-fold (Fig. 7).
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Figure 4. Reactivity of a panel of sera from patients with Hashimoto's thyroiditis with antigens in human TPO-transfected CHOcells. CHO-
HTPOI 2b cells were processed and subjected to Western blot analysis as described in Methods. Lanes 1-32 represent different sera of known
anti-MSA levels as determined by ELISA. ELISA values are represented by the pluses at the top of each lane: 0, <0.2 ODunits; +, 0.2-0.5 OD
units; ++, 0.5-1.0 ODunits; +++, 1.0-1.5 ODunits; ++++, > 1.5 ODunits. Thus, lanes 13, 24, and 32 represent normal sera. The size of
the reacting proteins is indicated relative to the molecular weight markers (in kilodaltons): 205, myosin; 1 16, /1-galactosidase; 97, phosphorylase
b; 66, bovine albumin; 45, ovalbumin; and 29, carbonic anhydrase.

HumanTPOcontains five potential glycosylation sites. We
therefore examined whether carbohydrate moieties were im-
portant in the conformation of the epitope(s) in the human
TPOantigen(s) recognized by Hashimoto's sera. Western blot
analyses were performed on proteins extracted from CHO-
HTPOI 2b cells precultured for 20 h in 0.55g/ml tunicamycin,
an inhibitor of protein glycosylation. This length of time was
chosen because it was the longest tolerated without evidence of
significant toxicity (i.e., cell loss). Tunicamycin treatment had
no apparent effect on antigen recognition (Fig. 8), suggesting
that carbohydrate moieties may not be important components
of the microsomal antigen epitope(s). The mark in lane 4 (left)
is an artifact. In a control experiment tunicamycin treatment

under similar conditions decreased radiolabeled D-glucos-
amine incorporation into proteins by 56.3±4.8% (mean±SD;
n = 3).

Discussion

The present data provide a number of important advances in
the characterization of the human thyroid microsomal anti-
gen, and open the way to substantial further developments in
this field. Wehave generated recombinant, enzymatically ac-
tive human TPO in nonthyroidal eukaryotic cells. Unlike a
bacterial fusion protein, the conformation of this protein is not
encumbered by ,B-galactosidase and the protein can be glyco-
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Figure 5. Effect of antigen reduction on the reactivity of polyclonal
antisera from patients with Hashimoto's thyroiditis with recombi-
nant human TPOexpressed in CHOcells. Detergent-extracted CHO-
HTPOl2b proteins were reduced with (right) or without (left) 3-mer-

captoethanol before applying to the polyacrylamide gel. Lanes 1-9
represent different sera with anti-MSA titers indicated by the pluses
above each lane, according to the scale described in the legend to Fig.
4. The same sera were used in the indicated lanes in each panel. In
this and subsequent figures sizing of the reacting proteins was based
on the molecular weight markers shown in Fig. 4.

sylated. The demonstration of functional TPO activity indi-
cates unequivocally that the cDNA previously cloned by our
laboratory (16, 17), as well as those of others (18, 19), is in-
deed TPO.

Experiments with this recombinant TPOprotein expressed
in a nonthyroidal eukaryotic cell prove that TPO, independent
of any other potential thyroid antigen, is a major autoantigen
in Hashimoto's thyroiditis. Thus, all 36 Hashimoto's sera
tested reacted specifically with recombinant human TPOin an

approximately quantitative manner as demonstrated by West-
ern blot analysis. While previous immunological studies
strongly suggested that anti-MSA react with human TPO
(12-15), it was difficult to exclude the possibility of contami-
nation of immunopurified antigen by other, unidentified, thy-
roid antigens. The only thyroidal (or, indeed, human) protein

1 3 5 7 I 3 5 7 9t

/3-mercaptoethanol
Figure 6. Absence of Hashimoto's serum-specific 200- and I 10-kD
antigens in control CHOcells not transfected with human TPO
cDNA. Detergent-solubilized proteins were subjected to Western blot
analysis as described in Methods. Each panel represents a separate
experiment. Proteins were (right) or were not (left) pretreated with ,B-
mercaptoethanol as described in the legend to Fig. 5. The numbers at
the bottom of each lane represent individual sera. The anti-MSA
titers are represented by pluses, as described in the legend to Fig. 4.
The left panel shows that selected, highly potent antisera are

nonreactive under nonreducing conditions (where the signal is ex-

pected to be maximum; see Fig. 5). The experiment in the right
panel includes control sera to accentuate reactivity with wild-type
CHOproteins under reducing conditions (where specific signals are

expected to be diminished; see Fig. 5).

in the CHO-HTPOcells is human TPO. Even though human
sera from both normal subjects and patients with Hashimoto's
thyroiditis contain antibodies that react with some CHOcell
antigens, only the Hashimoto's patents' sera react with the
recombinant human TPO.

Libert and co-workers have demonstrated the reactivity of
a number of Hashimoto's sera with small fragments of TPO
expressed as (3-galactosidase fusion proteins (18). Those data,
however, are difficult to interpret because the plaque assays
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Figure 8. Lack of effect of tunicamycin on the antigenicity of recom-

binant human TPOexpressed in CHOcells. CHO-HTPO12bcells
were cultured for 20 h with (right) or without (left) 0.5 ,ug/ml tunica-
mycin before Western blot analysis of detergent-extracted proteins as

described in Methods. Each lane is numbered to indicate the use of a

separate serum, with MSAELISA values indicated by the pluses
above each lane according to the scale described in the legend to Fig.
4. The same sera were used in each panel. The mark in lane 4, left
panel, is an artifact.

1 2
Serum

Figure 7. Sensitivity of the detection of recombinant human TPOin
CHOcells by Western blot analysis. Two separate Hashimoto's sera

with ELISA readings of 1.827 (left) and 1.772 ODunits (right) were

used at the indicated dilutions. Sizes of the reacting bands were esti-
mated relative to molecular weight markers (see legend to Fig. 4).

used require extensive preadsorption of polyclonal antisera (7)
and can yield false positive results. For example, a reported
fusion protein originally described as reactive with 19 of 20
Hashimoto's sera (reference 18, clone C2) has, upon immuno-
purification with anti-,B-galactosidase MAbs, been found to
react with fewer Hashimoto's sera in an ELISA assay (39). In
the present study, using eukaryotic recombinant TPO, we

show that all 36 Hashimoto's sera, selected to represent a range
of anti-MSA levels seen in this disease, were reactive.

Our data also shed light on previous observations that the
microsomal antigen may appear as a doublet on PAGEand
Western blot analysis (33, 40, 41). It was unclear whether this
doublet represented two separate proteins or the partial degra-
dative product of a single protein. Kimura et al. observed two

forms of human TPOmRNAand cDNA and suggested the
possibility of alternate splicing of the initial TPO transcripts
(19). Nagayama et al. reported the existence of four different
forms of human TPOmRNAtranscripts in cultured Graves'
thyroid cells after TSH stimulation (42). Our finding of a

doublet as the product of a single, intronless, human TPOgene
provides strong evidence against the likelihood of alternate
splicing as the cause of the doublet.

The apparent conversion of the doublet to a single band
after protein reduction, reminiscent of the data of Portmann et
al. with a crude human thyroid extract (33), suggests that
membrane-bound human TPO is linked through disulfide
bonds to another, unidentified protein. An alternate interpre-
tation, in line with the model of Yokoyama and Taurog (43), is
that intrachain disulfide bonds exist within TPO, and that
these may alter the migratory behavior of TPOon a gel, yield-
ing the appearance of multiple forms. Unlike data obtained
using human thyroid microsomes in which the primary anti-
gen (under nonreducing conditions) was 107 kD in size (40),
we observed under the same conditions that the major im-
munogenic form of recombinant human TPOin CHOcells is

200 kD, which disappears upon reduction to a band of
- 1 10 kD. This difference may be related to varied expression

of human TPO in different cell types (human and CHO).
However, it was also reported that a 200-kD protein was pro-
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duced by subjecting the extracted human thyroid microsomal
107-kD protein major band to gel electrophoresis under
nonreducing conditions (40). Also, our finding of a diminished
1 10-kD signal after reduction of the recombinant antigen is in
accordance with other findings using the native microsomal
antigen (44, 45). These data taken together provide evidence
that in its native state human TPOexists either as a multimer
or in association with another membrane protein of similar
size, and that epitope recognition by autoantibodies may be
conformation dependent.

Finally, studies with polyclonal antibodies using human
thyroid microsomes suggest the existence of multiple TPO
epitopes in Hashimoto's thyroiditis (46). Our generation of an
intact, functionally active, TPOprotein that reacts with Ha-
shimoto's antisera will hopefully facilitate studies to define the
disease-specific epitope(s) recognized by autoantibodies.
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