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A Novel Thyroid Hormone Receptor Encoded by a
cDNA Clone from a Human Testis Library

Doris BENBROOK AND MAGNUS PFAHL*

The c-erbA gene belongs to a multigene family that encodes transcriptional regulatory
proteins including the v-erbA oncogene product, steroid hormone receptors, and the
vitamin Dj receptor. A v-e#bA DNA probe encoding the DNA-binding region of the v-
erbA protein was used to screen a human complementary DNA testis library. One of
the clones isolated, erbA-T-1, was found to encode a 490—amino acid protein (erbA-T).
The erbA-T polypeptide shows high homology with the proteins encoded by both the
chicken c-e#bA and the human c-erbA-B genes but is most closely related to the chicken
gene. The chicken c-erbA and the human c-erbA-B genes encode high-affinity receptors
for thyroid hormone, and here it is shown that the erbA-T protein binds specifically to
3,5,3'-triiodo-L-thyronine with a dissociation constant of 3.8 = 0.2 x 107°1. These
data imply that more than one thyroid hormone receptor exists in humans and that
these receptors might have different tissue- and gene-activating specificities.

HE erbA GENES ENCODE A CYS-

teine-rich domain that shows high

homology with the putative DNA-
binding domain of steroid hormone recep-
tors (I-8). The amino acid sequence of this
domain is almost fully conserved for the
glucocorticoid receptors of the mouse, rat,
and human (9, 10) and for the estrogen
receptors of the chicken and the human
(11). The chicken (7) and human erbA (8)
proteins, which are both thyroid hormone
receptors (7, 8), share only 90% homology
in this region and may therefore correspond
to different genes encoding proteins with
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similar but not identical functions. To iso-
late further members of the erbA gene fam-
ily, we used a 600-bp Ava I-Pst I DNA
fragment from v-erbA (12) encoding the
cysteine-rich domain to screen human com-
plementary DNA (cDNA) libraries. Two
¢cDNA clones, which hybridized strongly
with the *?P-labeled v-erbA probe, were
isolated from a testis library (13). Both
clones also hybridized with a probe from the
3' end of v-erbA. We subcloned and se-
quenced two Eco RI inserts of the larger of
these clones (e76A-T-1) (14). The 2112-bp-
long sequence of erbA-T-1 contains a long
open reading frame of 490 amino acids with
an initiator methionine codon at nucleotide
334 and a terminator codon at nucleotide
1804 (15).

The predicted polypeptide encoded in the
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erbA-T-1 clone has a molecular mass of
54,753 (M;, 55,000), is larger than the
polypeptides encoded by the cc-erbA and the
hc-erbA-B clones, but shows high homology
with both these proteins and the v-erbA
oncogene product (Fig. 1). The protein also
contains the domains typical for steroid (I-

6) and thyroid hormone receptors (7, 8)
(Fig. 1b).

The erbA-T protein is 71% homologous
with cc-erbA in the amino-terminal domain
but shows no homology in most of this
region with hc-erbA-B; the presumed DNA-
binding domain is 96% homologous to the

a EDT-WL---H===8S==LV-=-=-- v-erbA
1 =----- TLDPL-E- - DT -WLo-===--- SS--LVo----- cc-erbA
1 MEQKPSKVECGSDPEENSARSPDGKRKRKNGQCSLKSSMS hc-erbA-T
50 SPHLIETTWTS-IFHLDHDDVN-QSVSSAQTFQTEEKKCK hc-§E§A-B
25 - - - - - e S e -- v-erbA
1 T cc-erbA
41 GYIPSYLDKDIEQCVVCGDKATGYHYRCITCEGCKGFFRRT hc-erbA-|
90 - .- - e - - Lo - mmmemeeeeeeeee e eececean- hc-erbA-8
65 - - = === TeolBoccoococecececeennsneannace- S-6- v-erbA
e S -6 -] cc-erbA
81 IQKNLHPTYSCKYDSCCVIDKITRNQCQLCRFKKCIAVAM| hc-erbA-T
130 = ------ Se---- GKoc-ooaVoeouonoono- E--o==--- Y - G -| hc-erbA-8
105 = = = = = = = & e e e e e aaa o E--Q-=-=-=-- N-K---H--S-  v-erbA
L E--ooonoennenn K---H--5- cc-erbA
121l AMDLVLDDSKRVAKRKLIEQNRERRRKEEMIRSLQQRPEP hc-erbA-T
170 =T == o e o o o = & Leoeoen- E---K--R--LQK-IGHK-=--- hc-erbA-g
185 SA == cE-ccoVVeooooooaeaaeaaaaaananaa]eonnn- LE-==--- v-erbA
159 SA-coFEocoVVocoooooeeaeaeaeennan Kf- - - - - E-=----- cc-erbA
161 TPEEWDLIHIATEAHRSTNAQGSHWKQRIRKFLPDDIGQSP hc-erbA-T
210 =D ---E=--KTVoecoeooVAoonoononananonan KP - ---E----A- hc-erbA-g
185 NA - ol - coolcoooooeeaceeanaceaennaann R--N----- v-erbA
199 M A - - - - o e e e e e e e e e e e e e e e e e et e e e eeaee.. cc-erbA
2010 IVSMPDGDKVDLEAFSEFTKIITPAITRVVDFAKKLPMFS hc-erbA-T
250 - -NA-E-G-=-=-=----- Hoemmmm e ee e e e e oo C  hc-erbA-8
2 R e R E---eenen- v-erbA
L L I T I E-------- cc-erbA
241 ELPCEDQIITLLKGCCMEIMSLRAAVRYDPESDTLTLSGE hc-erbA-T
290 - == - - e s emmmeeeea—a~ E----N--- hcerbA-g
265 - - == eeaeomaao Dmmmmmmm e e e e e ae e v-erbA
279 - - === - -eeeemea s Dewconcecceeeceaae e cc-erbA
281 VKREQLKNGGLGVVSDAIFELGKSLSAFNLDDTEVALLQ hc-erbA-T
330 --I-6G-------cc-nn-n--- D--M-=--8S--ccmn-nononoo-o- hc-erbA-8
305 ------ S--T--l-wH-weoCo=S-cnnnon-n- I-Y----- v-erbA
319 ------ I S B CovoTommannn- I-Y.---_. cc-erbA
321 AVLLMSTDRSGLLCVDKIEKSQEAYLLAFEHYVNHRKHNTI hc-erbA-T
370 - ----- S--P--A--ER-=-=-Y-DSFom-n---- I-Y---HV hc-erbA-g
345 - ---S5--.--} 44 residues v-erbA
369 - --------- 40 residues c-erbA
361 PHFWPKLLMK 120 residues hc-erbA-T
210 T---==cc-- 37 residues hc-erbA-g
b B 49 Sonny118 0 1e7 E (Hormone) 368 408 Fig. 1. Comparison of
cerbA[ 7% | 6% | ssw | 94% [ o] amino acid sequences
T 20 e Algamaent of omin
h-erbA-T [ [ J ) 18
- I acid residues encoded by
100 169 27 419 456 hc-erbA-T with the pre-
h-erbA-p| o 1] e7% | 7m% | 84% Jior) ] dicted amino acid se-
100%—

quences of v-erbA (12),

cc-erbA (7), and hc-erbA-B (8) proteins. Only amino acid residues that are different from the erbA-T
sequence are shown. Identical residues are indicated by hyphens, two gaps were inserted in the amino-
terminal region of cc-erbA to maximize the number of matches. Vertical lines indicate borders of
domains. (b) Schematic presentation of homologies among three cellular erbA proteins. Domains were
designated in accordance with Krust ef al. (28). The cysteine-rich DNA-binding domain (C) and the
hormone-binding domain (E) are connected by a possible hinge region (D). Domains C and E have
been defined by mutations for both the glucocorticoid (9, 29, 30) and the estrogen receptor (11, 31),
whereas direct functions for the two terminal domains, B and F, have not yet been determined. Percent
homologies between the erbA-T protein and the chicken and human B proteins are indicated. In one
case, the percent homology between the human B and the chicken protein is also indicated in

parentheses.
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chicken protein and 87% homologous to
the other human protein (Fig. 1). Similarly
high homologies are observed in the hor-
mone-binding domain, 94 and 84% for the
chicken and human proteins, respectively
(Fig. 1). Domain D shows decreased ho-
mology (85% with the chicken and 71%
with the other human receptor) in compari-
son with its adjacent domains with known
functions. The carboxyl-terminal portion of
the erbA-T protein shows no similarity to
the other two erbA proteins (which are 97%
homologous in this region) and is much
longer. The erbA-T protein is overall more
closely related to the chicken protein than to
the other human protein; however, all three
cellular genes and the v-erbA gene encode
three colinear highly homologous domains
of identical sizes (Fig. 1b).

The chicken c-erbA and the human c-
erbA-B encode high-affinity receptors for the
thyroid hormone 3,5,3’-triiodo-L-thyronine
(T3) (7, 8), whereas the v-erbA oncogene
product does not bind T3 and appears to be
a constitutively active molecule (7). Because
of the possibility that our new erbA gene
product was also a thyroid hormone recep-
tor, we used in vitro transcription and trans-
lation systems (16) to synthesize the protein
encoded by the erbA-T clone and tested its
affinity for thyroid hormone in vitro (17).
As a control gene, we used the human
estrogen receptor (2). RNA from erbA-T
clones containing the complete or a partially
deleted 5' flanking region was poorly trans-

116=—
93—

66—

45=

31 =

—— S

Fig. 2. In vitro synthesis of the hc-erbA-T protein.
RNA synthesized in vitro (16) using T; or T3
RNA polymerase was translated in rabbit reticu-
locyte lysates. Lane A, lysate without RNA; lane
B, translation of RNA from clone T-1-4 (which
has 296 bp deleted from the 5’ end); lane C,
translation of RNA from clone T-1-222 (which
has 22 bp deleted from the 5’ end); lane D,
translation of RNA from a construct that contains
the human estrogen receptor cDNA clone (2).
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Fig. 3. Specific T5-binding of the erbA-T translation product. (@) In vitro translated protein from clone
T-1-4 (@) was incubated with various concentrations of '**I-T; (New England Nuclear) in the presence
and absence of unlabeled Ts. Specifically bound counts were determined as described (17). Specific
binding to reticulocyte lysate which had not been incubated with RNA is also shown (O). (b) Scatchard
plot of binding data. For these calculations, the radioactivity bound (expressed in counts per minute) in
the control extract were substracted from the specifically bound radioactivity in the T-1-4 extract.

lated (Fig. 2, lane C), whereas RNA from a
clone (T-1-4) in which we deleted all but 37
bp of the 333-bp 5’ flanking region (Fig. 2,
lane B) was translated as efficiently as the
estrogen control gene (Fig. 2, lane D). Four
major protein bands were detected when the
T-1-4 clone was transcribed in the sense
direction and translated (Fig. 2, lane B). The
largest protein (about M, 56,000) probably
represents the complete polypeptide en-
coded in the erbA-T clone. The smaller
proteins may represent translation products
initiating at methionines 39, 120, 122, or
150, or they could be incomplete translation
or proteolytic breakdown products. In the
case of the ER clone, one major product of
66,000 was observed (Fig. 2, lane D). It is
of interest that the ER translation start
sequence is GGACCATGA, which is close-
ly related to the high-efficiency translation
start sequence CCpuCCATGpu (18, 19),
while the erbA-T clone sequence (AGT-
GAATGG) differs considerably from the
high-efficiency start sequence.

To measure specific hormone binding of
the translation products, we added '*I-
labeled T3 to the translation reactions in the
presence and absence of a 1000-fold excess
of unlabeled hormone, the ER translation
product serving as one control. As a further
control, untreated reticulocyte lysate was
also incubated with »I-labeled T; in the
presence and absence of unlabeled hormone.

Figure 3 shows specific T3 binding of the
erbA-T protein when incubated with in-
creasing concentrations of the labeled hor-
mone. At high concentrations of the hor-
mone, some specific T3 binding was also
detected in the control extract (Fig. 3a).
Scatchard analysis (20) of T3 binding (Fig.
3b) revealed a dissociation constant (Kq) of
3.8 £ 0.2 x 1071°, which is similar to
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that observed for the chicken thyroid hor-
mone receptor (2.1 x 1071 to 3.3 x
1071%1) (7), but larger than that observed
for the human erbA-B receptor (5 X
1071121) (8).

The data we present show that we have
isolated a cDNA clone that encodes a novel
human thyroid hormone receptor. The exis-
tence of different thyroid hormone receptors
has not been predicted by physiological
studies although thyroid hormone receptors
of different molecular weights have been
described (21-23). Multiple human homo-
logs to v-erbA have also been described (24),
and the homolog most closely related to v-
erbA (called hc-erbAl) has been assigned to
chromosome 17 and is located between
17p11 and 17q21 (25). From the high
homologies observed between the v-erbA
protein and the erbA-T protein (Fig. 1a), we
consider it likely that the hc-erbAl gene on
chromosome 17 encodes the erbA-T pro-
tein, whereas the hc-erbA-B gene is located
on chromosome 3 (8). For other members
of the erbA-steroid hormone receptor gene
family, multiple functional receptors have
not yet been described. The existence of
multiple thyroid hormone receptors allows
the assumption that these different receptors
fulfill different functions in that they are
cither tissue-specific, have different ligand
affinities, or are able to activate different
genes.

Recently, a T; derivative that stimulates
liver function but has very little effect on
cardiac function has been described (26).
Different receptors expressed in a tissue-
specific manner may account for these re-
sults. The novel human Tj receptor encoded
by the erbA-T gene is likely to be expressed
at least in some cell types of the testis and
has a lower affinity for T3 than the previous-

ly described erbA-B receptor for which the
cDNA clone was isolated from a human
placental ¢cDNA library (8). The erbA-T
receptor also binds thyroxine (T4) but with
a more than tenfold reduced affinity (27).
The incomplete homology (87%) of the two
human receptors in the putative DNA-bind-
ing domain also suggests that these recep-
tors may exhibit different target gene speci-
ficities. These target gene specificities and
the tissue-specific expression of the Tj re-
ceptors can now be examined.
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Early Restriction of the Human Antibody Repertoire

HArRrRY W. SCHROEDER, JR., JAN L. HiLLSON, ROGER M. PERLMUTTER*

Diversification of the antibody repertoire in mammals results from a series of
apparently random somatically propagated gene rearrangement and mutational events.
Nevertheless, it is well known that the adult repertoire of antibody specificities is
acquired in a developmentally programmed fashion. As previously shown, rearrange-
ment of the gene segments encoding the heavy-chain variable regions (Vy) of mouse
antibodies is also developmentally ordered: the number of Vg gene segments rear-
ranged in B lymphocytes of fetal mice is small but increases progressively after birth. In
this report, human fetal B-lineage cells were also shown to rearrange a highly restricted
set of Vi gene segments. In a sample of heavy-chain transcripts from a 130-day human
fetus the most frequently expressed human Vg element proved to be closely related to
the Vy element most frequently expressed in murine fetal B-lineage cells. These
observations are important in understanding the development of immunocompetence.

NTIBODY GENES ARE ASSEMBLED
from discontinuous germline gene
segments that are juxtaposed during

B lymphocyte development (I, 2). In human

heavy chains, one of several diversity (Dg)

gene segments is first joined to one of six
joining (Ju) gene segments that are clus-
tered several kilobases on the 5’ side of the
element encoding the constant region (Cp.)

of antibodies of the immunoglobulin M

(IgM) class (3). Subsequent joining of one

of a large number of variable (Vy) gene

segments (several hundred have been identi-
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fied in mouse DNA) to the Dy-Jy element
generates a complete transcriptional unit.
Cells bearing this rearrangement and pro-
ducing a cytoplasmic p heavy chain are
referred to as pre-B cells. Juxtaposition of
the Vi and ] gene segments of light chains
occurs next and results in the synthesis of the
complete IgM molecule that is displayed on
the surface of the B lymphocyte.
Considerable evidence indicates that the
pool of functional antibody gene rearrange-
ments is generated randomly in the adult
mouse (4). Nevertheless, recent studies sug-
gest that the murine fetal Vy repertoire
preferentially includes members of the 7183
Vu gene family, particularly the Vu81X
gene segment (5, 6). This preference has
been observed in both B cells and pre-B
cells, which, lacking surface antibody, can-
not be targets for antigen-driven selection.

With these observations in mind, we have
used molecular cloning strategies to examine
the development of the human Vy reper-
toire at 130 days of gestation. In humans,
fetal B lymphopoiesis begins in the liver,
with pre-B cells first becoming detectable by
about 8 weeks of life (7). We therefore
isolated fetal liver mononuclear cells, which
are rich in B cell precursors (8), and used
RNA from these cells to obtain complemen-
tary DNA (cDNA) clones containing hu-
man fetal heavy-chain sequences. These Cp.-
containing clones proved to be typical of
those found in immature B-lineage cells in
that one-third (9 of 27) were derived from
“sterile” transcripts that had initiated within
the Cp. intron. A high level of such tran-
scripts is characteristic of early pre-B cells
(9). Similarly, the library contains three
times as many Cp.-containing recombinants
as light-chain recombinants.

We determined the complete nucleotide
sequences of the first 15 Jy- and Vy-con-
taining clones selected only on the basis of
the order in which they were isolated. One
of these clones (64P1) ended within the Ju
region; each of the others resulted from a
different Vy-Dy-Jy joining event (Figs. 1A
and 2). Thus, each cDNA clone defines an
independent gene rearrangement selected
from the total repertoire of such rearrange-
ments that are capable of generating tran-
scripts in these cells. All but five of these
clones include a complete Vy coding se-
quence. Two (13P1 and 60P1) end within
the second hypervariable region, whereas
two others (37P1 and 20P1) include more
than two-thirds of the Vy segment. We
assumed that the ascertainment of sequences
in our sample was unbiased with respect to
the transcriptional efficiency of different Vg
elements, an assumption supported by data
obtained in murine lymphocytes (10). How-
ever, it is noteworthy that all but one
(20P3) of the variable region sequences
resulted from a productive Vy-Dy-Ju join-
ing event, perhaps as a result of decreased
stability of nonproductive heavy-chain mes-
senger RNAs (mRNAs), which should oth-
erwise comprise most of the Cp. transcripts
(1). Thus, the sequences presented here
sample mainly the translatable repertoire of
fetal heavy chains.

Analysis of these variable region se-
quences reveals that certain antibody gene
segments are preferentially rearranged in
human fetal B cells. For example, although
there are six functional human Jy gene
segments, only Jy3 (seven sequences), Ju4
(six sequences), and Jy5 (two sequences) are
represented in these early fetal cDNAs (Fig.
2). Two allelic forms of the Ju3 sequence
were observed (compare 37P1 with 51P1 in
Fig. 2), indicating that readout of the Jy
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