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ABSTRACT Human chromosome 3 has been identified as re-
sponsible for expression of the transferrin receptor in mouse-hu-
man lymphocyte hybrids. The receptor was detected by immu-
noprecipitation with anti-human receptor antibody of "MI-labeled
cells. This method also detected a similar 94,000-dalton protein
in mouse cells. A radioimmunoassay developed for the human
transferrin receptor measured 10% crossreactivity with the mouse
protein. The two proteins were distinguished by NaDodSO4/
polyacrylamide gel patterns of partial proteolytic digests of the
immunoprecipitated proteins. Mouse-human hybrids were gen-
erated by fusing a mouse thymoma (BW5147) cell line to either
concanavalin A- or pokeweed mitogen-activated human periph-
eral blood lymphocytes or a mouse myeloma (NS-1) to uncultured
human peripheral blood lymphocytes. Each hybrid was karyo-
typed with respect to both mouse and human chromosomes. In
every case, expression of the human transferrin receptor corre-
lated only with human chromosome 3.

The genes for a number of human cell surface proteins have
been assigned to specific chromosomes and chromosome re-
gions by studying somatic cell hybrids between human and ro-
dent cells (1-4). Several of these genes have been assigned to
the human X chromosome (1, 2, 5-7); others have been assigned
to the autosomes (3, 4, 8-11).

In most cases, the antigens have been defined only by reac-
tivity with human cells and mouse-human hybrid clones con-
taining certain human chromosomes (1, 5, 10) although, in a
few, the marker molecules have been characterized as well (7,
9).

In this paper, we describe expression of the human trans-
ferrin receptor in mouse-human lymphocyte cell hybrids and
assign the gene for this receptor to human chromosome 3. As-
signment is based on identification of the transferrin receptor
by its molecular and immunochemical properties. Partial diges-
tion patterns were used to distinguish the human transferrin
receptor from the mouse transferrin receptor. We have also
identified and characterized molecular and immunochemical
properties of the mouse transferrin receptor.

MATERIALS AND METHODS
Fusion and Culture of Cells. A hypoxanthine/aminopterin/

thymidine-sensitive AKR mouse thymoma (BW5147) was fused
in polyethylene glycol 1500 with either concanavalin A (Con A)
(hybrids 7-28)- or pokeweed mitogen (PWM) (hybrids 1-5)-ac-
tivated human peripheral blood lymphocytes. The hybrids were
isolated in selective culture medium [Dulbecco's modified Ea-

gle's medium (GIBCO)/15% newborn calf serum (GIBCO)/
0.1 mM hypoxanthine/0.4 tuM aminopterine/13 tLM thymi-
dine containing penicillin at 100 pug/ml and streptomycin at
100 units/ml] and cloned by limiting dilution on human fibro-
blast feeders. A hypoxanthine/aminopterin/thymidine-sensi-
tive BALB/c myeloma (NS-1) was fused with human peripheral
blood lymphocytes, and the hybrids were cultured and cloned
as T-cell hybrids.

The hybrid clones and the cell lines were cultured in Dul-
becco's modified Eagle's medium/15% newborn calfserum, the
human erythroid cell line K562 was cultured in RPMI 1640
(GIBCO)/10% fetal calf serum, and BeWo cells were cultured
in BeWo medium (12). All cultures were grown in the presence
of penicillin (100 tug/ml) and streptomycin (100 units/ml)
(GIBCO).

Karyotypes and Clones. Chromosome preparations were
made from the hybrid clones on multiple occasions (see Table
2) and once from the BW5147 and NS-1 cell lines. Giemsa bands
were obtained with two different protocols: (i) a modification
of the trypsin Giemsa banding method (13) that allows discrim-
ination between mouse and human chromosomes due to G
bands and dark centromere staining of mouse, but not human,
chromosomes (Fig. 1) and (ii) G-li banding (14) that stains most
human chromosome regions faint blue and all mouse chromo-
some regions, except the centromere, dark red-blue. On each
occasion, slides were screened for human chromosomes after
G-li staining and 20 G-banded cells were analyzed in detail.

lodination and Immunoprecipitation. Cells were grown at
2-5 x 105/ml, washed three times by centrifugation at 2,000
x g for 5 min, and suspended in phosphate-buffered saline (10
mM sodium phosphate/0. 15 M NaCl, pH 7.4). They (1 X 107
cells) were then iodinated with Na125I (New England Nuclear)
by a lactoperoxidase-catalyzed reaction and washed free of un-
bound iodine as described (15). This was followed by solubili-
zation in 2 ml of 10 mM Tris-HCV0. 15 M NaCl/5 mM EDTA,
1% Triton X-100, pH 7.2, and centrifugation at 70,000 X g at
4°C for 0.5 hr to pellet undissolved material. Solubilized sam-
ples, containing 2-10 x 106 cpm of radioactivity, were first
preadsorbed with nonimmune goat serum and Staphylococcus
aureus (Calbiochem) for 1 hr at 4°C. After centrifugation (1 min,
12,000 X g), the supernatants were immunoprecipitated with
goat antiserum to the human transferrin receptor. This antibody
has been described and characterized (16). The immune com-
plex was incubated 1 hr or overnight at 40C and extensively
washed with 10 mM Tris.HCV0. 15 M NaCl/5 mM EDTA/
0.1% Triton X-100, pH 7.2/5 mM Nal containing ovalbumin

Abbreviations: PWM, pokeweed mitogen; Con A, concanavalin A.
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at 1 mg/ml. The pellet was eluted with 100 1.l of 1.5% Na-
DodSO4/0.08 M Tris-HCl, pH 6.8/5% glycerol.

NaDodSO4/Polyacrylamide Gel Electrophoresis. Electro-
phoresis was carried out on 8% acrylamide gels by the method
of Laemmli (17) with modifications by Wada et al. (15). Samples
eluted from immunoprecipitates were reduced with 5% 2-mer-
captoethanol and boiled for 1.5 min prior to electrophoresis.

Digestion with S. aureus Protease and Peptide Mapping.
The '"I-labeled material eluted from the immunoprecipitates
was loaded onto a 4% stacking gel on top of a 13% polyacryla-
mide separating gel. Digestion with S.. aureus protease (Miles)
and electrophoresis to separate the resulting peptides followed
the method of Cleveland et aL (18).

Radioimmunoassays. The radioimmunoassay for the trans-
ferrin receptor has been described (16). Briefly, purified trans-
ferrin receptor from human placentae and antibody generated
in goats against the receptor are used. The procedure described
was modified by using rabbit anti-goat immunobeads (250 ul
per tube; Bio-Rad) instead of a second antibody to separate the
labeled antigen-antibody complex from unbound labeled
antigen.

RESULTS
Establishment of Hybrid CellLines. Mouse-human hybrids

were generated by fusing a hypoxanthine/aminopterin/thy-
midine-sensitive mouse thymoma cell line, BW5147, with ac-

tivated human peripheral blood lymphocytes, and a similarly
sensitive mouse myeloma cell line, NS-1, with uncultured'hu-
man peripheral blood lymphocytes. The activated human lym-
phocytes were either Con A-stimulated (clone series 7-28) or

PWM stimulated (clone series 1-5). The clones were estab-
lished by limiting dilution.

Identification of the Human Transferrin. Receptor in
Mouse-Human Hybrid Clones. The initial procedure for
screening the hybrid clones for the human transferrin receptor
used immunoprecipitation of "2I-labeled cell surface mem-

branes with a goat anti-human transferrin receptor IgG prep-
aration. The karyotype of the clones varies from cell to cell.
However, the set of normal mouse chromosomes and mouse

marker chromosomes present in the mouse parental cell lines
can be-identified in all cells. Human chromosomes are not stable

in these hybrid clones and are lost with time in culture. Because
of this, the karyotypes were analyzed simultaneously with im-
munoprecipitation of the membranes for electrophoretic anal-
ysis. The percentages ofhuman chromosomes in each clone are

Table 2. Loss of human chromosomes with time in culture

% mitosis containing human Time in Transferrin
chromosome culture, receptor

Hybrid X 3 6 7 8 11 21 wk reactivity*

1-1 65 40 40 30 5 10 15 1 + +
1-1 10 5 11 +
1-3 50 60 20 15 1 + +
1-3 5 15 10 4 +
1-3 11 -

The presence of the transferrin receptor was determined by immu-
noprecipitation of "2'I-labeled cells followed by NaDodSO4/polyacryl-
amide gel electrophoresis (see Fig. 2).
* + +, Very reactive; +, reactive; -, not reactive.

given in Tables 1-3. The data from the hybrids between mouse
cells and human Con A- or PWM-activated lymphocytes show
that expression of the human transferrin receptor is always as-
sociated with the presence of human chromosome 3 (Tables 1
and 2). Furthermore, the absence of this receptor is always as-
sociated with the absence of this chromosome. However, in
early cultures (Table 1), all clones expressing the human trans-
ferrin receptor also contained the human X chromosome as well
as human chromosomes 6 and 21, while the clones carrying
human chromosomes X, 6, or 21 but not human chromosome
3 never expressed, the human transferrin receptor: After pro-
longed culture, one clone carrying only human chromosomes
X, 3,. and 21 and one clone carrying only chromosomes X and
3 expressed the human transferrin receptor (Table 2). Further-
more, a complete correlation was found between the loss of
human chromosomes 3 and X with time in culture and. simul-
taneous loss ofthe human transferrin receptor (Table 2). Karyo-
types of cells from human transferrin receptor-positive and
-negative clones are shown in Fig. 1. These experiments do not
rule out the possibility of human chromosome X participating
in transferrin receptor expression. This, in fact, is not the case,
as we have studied two mouse-human B-cell clones (25 and 73)
lacking the human X chromosome and one containing human
chromosome 3 (see Fig. 2B). The one carrying chromosome 3
was positive for the human transferrin receptor; the one lacking
it was negative (Table 3).

Distinction of Human Transferrin Receptor from Mouse
Transferrin Receptor. Close examination of the NaDodSO4/
polyacrylamide gels reveals a faint band that travels at the same
molecular weight as the human transferrin receptor in the neg-

Table 1. Karyotypic analysis of human chromosomes in mouse-human clones
% mitosis containing human chromosome Cell Transferrin

Hybrid X 3 4 5 6 7 8 10 11 12 14 16. 17 19 21 stimulation receptor*
1-1 65 40 40 30 5 10 15 PWM +
1-3 50 60 20 15 PWM +
2-3 25 30 55 55 PWM +

28-5 75 75 25 75 40 Con A +
1-2 85 5 PWM -
5-1 40 20 PWM -
7-1 85 Con A -

7-18 50 5 Con A -

13-4 90 70 Con A -

13-19 5 20 Con A -

28-3 70 70 55 50 70 10. 25 50 Con A -

28-4 80 60 70 100 70 80 20 20 10 70 Con A -

Chromosomes were analyzed within 3 days of electrophoresis with the exception of hybrids 13-4 and 28-4, which were analyzed only early in
culture. The presence of the transferrin receptor was determined by immunoprecipitation of 1251-labeled cells followed by NaDodSO/polyacryl-
amide gel electrophoresis (see Fig. 2).
* +, Present; -, absent.
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Table 3. Karyotypic analysis of human chromosomes in mouse-human B-cell clones
Human

% mitosis containing human chromosome transferrin
Hybrid X 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 receptor

25 - 70 - 10 20 50 - 90 40 60 - - 10 - 50 60 - 60 30 - 10 40 - +
73 - 10 - - - 20 - 20 - - - - - - 20 - - 10 - - 10 50 - -

The mouse-human B-cell hybrids were produced by fusion of activated human peripheral blood lymphocytes and a mouse myeloma (NS-1). Both
clones tested secrete human immunoglobulin heavy chain (mg). +, Present; -, absent.

ative hybrids as well as the mouse parent cell line. Nonspecific
binding of a Mr 94,000 protein to S. aureus was ruled out, as
shown in Fig. 2A. Eluates of the S. aureus used to preadsorb
the solubilized sample show no detectable radioactive bands.
Thus, it appears that not only is there some crossreactivity be-
tween the mouse and human transferrin receptor but the re-
ceptors have indistinguishable mobilities in denaturing Na-
DodSO4 gels. The degree of crossreactivity was quantitated by
measuring the amount of receptor present by using a radioim-
munoassay for the human transferrin receptor. The results are
summarized in Table 4. The amount of transferrin receptor in
the hybrid clones (1-1 and 1-3) is less than that in activated pe-
ripheral blood lymphocytes. This is consistent with the hybrids
containing 40-50% human chromosome 3. No significant dif-
ferences between the negative clones and the mouse parent cell
lines were seen. These values are 1/6 to 1/7 of those for the
positive cell lines, in which -50% of the cells contain human
chromosome 3 by karyotypic analysis. From this, we estimate
that there is <10% crossreactivity between mouse and human
transferrin receptors.
To exclude the possibility that human chromosome 3 could

be stimulating expression of the mouse transferrin receptor that
crossreacts with the anti-human transferrin receptor antiserum,
we used partial proteolytic digestion patterns (16) to examine
the proteins immunoprecipitated from human, mouse-human,
and mouse cell lines. As shown in Fig. 3, protease digests ofthe
transferrin receptors from mouse and human cell lines are dif-
ferent. Fig. 3A shows that the mouse-human hybrid digestion
pattern for clone 1-3, which is positive for human chromosome
3, is a combination ofthe patterns of the receptors isolated from
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BW5147 cells and a human cell line, BeWo. This analysis was
carried out after clone 1-3 had been 4 weeks in culture and
=15% of the cells still retained human chromosome 3. Thus,
the relative intensities (radioactivity precipitated) are similar.
The clone shown in Fig. 3B, however, was immunoprecipitated
when 40% of the cells carried human chromosome 3, and so
different exposure times of the immunoprecipitates were re-
quired to compare the cell lines. Again, the digestion pattern
of the clone containing human chromosome 3 (clone 1-1) ap-
pears to be a composite of the parent mouse cell line and a hu-
man cell line (K562). In contrast, the digestion pattern of 13-19
containing no human chromosome 3 is pure mouse in character.
The proteolytic digestion patterns of the two human cell lines
showed no significant differences from gel to gel. These cells
are of diverse origin, K562 being an erythroid myeloid cell line
and BeWo being a choriocarcinoma cell line. Previous studies
have shown that the transferrin receptors isolated from various
human tissues are identical on partial proteolytic digestion
maps, suggesting all are the same molecule (19).

DISCUSSION

The transferrin receptor is a cell surface glycoprotein that has
been identified on cells in culture, cells of erythroid origin, and
placentae. In addition, it has been postulated to be a marker
of cell proliferation (20-22). Low but detectable levels of trans-
ferrin receptor have been identified in normal peripheral lym-
phocytes (23, 24) and may be from the small number of blast
cells present. Mitogen activation of peripheral lymphocytes
with Con A or phytohemagglutinin increases the amount of
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FIG. 1. Karyotypes of mouse-human hybrid clones. (A) Cell from clone 1-1 carrying one human chromosome 3 and two copies of human chro-
mosome 21. Abnormal copies of mouse chromosome 3 are indicated by arrowheads. (B) Cell from clone 28-3 carrying two copies of human chromosome
5 and one human chromosome 7.
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Table 4. Transferrin receptor values
Value, ng per % human
2 x 107 cells chromosome 3

Clone
1-1 325 ± 30 40
1-3 348 ± 30 60
5-1 60* ± 20 -
13-19 60* ± 20 -

BW5147 cells 40* + 20
ConAPBL 830 ±30

Values were measured by a radioimmunoassay. Con A PBL, Con A-
activated human peripheral blood lymphocytes.
* Limits of detectability of the radioimmunoassay.
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FIG. 2. Autoradiograms of NaDodSO4/8% polyacrylamide gel
electrophoresis of immunoprecipitates from 251I-labeled cell lines. Cell
lines were iodinated and immunoprecipitated with antiserum to the
human transferrin receptor and S. aureus. (A) Eluates of immunopre-
cipitates from mouse and human cell lines and hybrid clones. Lanes:
1, "2I-labeled human transferrin (Sigma) used as a standard; 2, K562,
a human erythroid myeloid cell line; 3 and 4, mouse-human hybrids
1-1 and 1-3, which possess human chromosome 3; 5, parent mouse cell
line BW5147; 6 and 7, mouse-human hybrids 13-19 and 5-1, which do
not possess human chromosome 3. a, Eluate from specific immuno-
precipitation with goat anti-human transferrin receptor serum and S.
aureus; b, eluate from preadsorption with nonimmunized goat serum

and S. aureus. (B) Eluates of immunoprecipitates from a mouse-human
B-cell hybrid clone and a mouse cell line. Lanes: 1, a mouse-human
B-cell hybrid 25 with 10% of the cells containing human chromosome
3; 2, a mouse cell line (BW5147); 3, 125I-labeled human transferrin as
a standard. Both cell lines were iodinated to the same extent (3 x 106
cpm) and immunoprecipitated in an identical manner. Mr markers run
simultaneously and stained with Coomassie blue were Escherichia coli
3-galactosidase (Sigma), 94,000; human transferrin (Sigma), 81,000,

bovine serum albumin (Sigma), 68,000; beef liver catalase (Boehringer
Mannheim), 60,000; chicken egg ovalbumin (Sigma), 43,000.

transferrin receptor detected by transferrin binding (24, 25).
Although the mechanism responsible for this increase in mea-

surable binding is not known, we have exploited this observation
to look for the human chromosome associated with expression
of the transferrin receptor. To accomplish this, we generated
mouse-human hybrids by using a mouse thymoma cell line
(BW5147) and mitogen-activated human lymphocytes from nor-

mal volunteers.
Assignment of the Transferrin Receptor to Human Chro-

mosomes. The association we found between the expression of
the human transferrin receptor and chromosome 3 was strong.
Not a single clone lacking human chromosome 3 was positive
for the receptor, while all clones carrying chromosome 3 ex-

pressed the receptor. The correlation between loss of the trans-

ferrin receptor and loss of human chromosome 3 with time in
culture was complete. No such correlation was found between
expression of the human transferrin receptor and the presence

of human chromosomes 6 and 21, which in early cultures were
present in clones positive for the receptor.

Although all clones positive for the receptor carried the hu-
man X as well, it is unlikely that this chromosome is involved
in expression of the human transferrin receptor, since none of
the clones carrying this chromosome but lacking chromosome
3 were positive. This is further supported by study of
mouse-human B-lymphocyte hybrids that do not have the hu-
man X chromosome but carry 3 and express the human trans-
ferrin receptor. Our data have been independently confirmed
by Goodfellow et al. (§), who showed expression of the human
transferrin receptor correlated with human chromosome 3 by
using a monoclonal antibody to the receptor, OKT-9, in
mouse-human hybrids.

Identification of the Human Transferrin Receptor. To dis-
tinguish between mouse and human transferrin receptors, anti-
serum to purified human transferrin receptor was used. This
was done for a variety of reasons. Specific binding of human
transferrin has been measured in a mouse teratocarcinoma stem
cell line by Karrin and Mintz (26), in a mouse erythroleukemia
cell line by Wilczynska and Schulman (27), and in a variety of
human tissues and cells. Since the binding constant measured
for the human transferrin-mouse receptor interaction on tera-
tocarcinoma cells (Ka = 1.49 X 108 M-') was no weaker than
binding constants for human transferrin-human receptor in-
teractions (Ka = 107-109 M-') (15, 23, 28, 29), it is not a defin-
itive criterion for identifying human transferrin receptors in
mouse-human hybrids. In addition, transferrin has been iden-
tified as being a requirement for growth of cells in culture (30).
This makes it unlikely that one could select a mouse mutant
lacking transferrin receptor.

The antiserum generated against the human transferrin re-

ceptor enabled us to distinguish between the species' specific
phenotypes. Although there was some degree ofcrossreactivity
(10%) between human and mouse transferrin receptors, we

could distinguish between them quantitatively by using a ra-

dioimmunoassay and definitively by using partial proteolytic
digestion patterns.
Human transferrin has been shown to specifically bind to the

surface membranes of a variety of intergeneic animal species
(including rat, mouse, and rabbit) (26, 31, 32). Not only must
the binding sites be similar but, as we have shown, there is some
degree of immunological crossreactivity and a striking similar-

§ Goodfellow, P. N., Banting, G., Sutherland, R., Greaves, M., Sol-
omon, E. & Povey, S. Abstracts of Sixth International Workshop on
Human Gene Mapping, Oslo, Norway, June 29-July 3, 1981. (F. H.
Ruddle, personal communication.)
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FIG. 3. Digestion patterns of eluates of antitransferrin receptor immunoprecipitates from mouse, human, and mouse-human hybrid clones.
Iodinated cell lines were immunoprecipitated with antitransferrin receptor IgG, washed, and eluted with NaDodSO4. Eluates of each cell line were
loaded into each of four wells and S. aureus protease at 12.5 mg (lanes 2, 6, 10, and 14), 25 mg (lanes 3, 7, 11, and 15), or 50 mg (lanes 4, 8, 12, and
16) was layered on each set of samples. Lanes: 1, 5,9, and 13, no S. aureus. (A) Lanes: 1-4, mouse cell line BW5147 (1,500 cpm per well); 5-8, human
cell line BeWo (2,400 cpm per well); 9-12, mouse-human hybrid clone 1-3 containing chromosome 3 in 15% of the cells (1,250 cpm per well). X-Omat
film (Kodak) was exposed 9 days at -76oC. (B) Lanes: 1-4, mouse cell line BW5147 (800 cpm per well); 5-8, K562, a human erythroid myeloid cell
line (2,500 cpm per well); 9-12, mouse-human hybrid 1-1 with 40% of the cells containing human chromosome 3 (3,300 cpm per well); 13-16,
mouse-human hybrid 13-19 lacking human chromosome 3. Film was exposed 5 days at -76OC for the K562 and 1-1 cells and 20 days for 13-19 and
BW5147 (ells. Arrows indicate major differences between mouse and human transferrin receptor proteolytic digestion patterns.

ity in the proteolytic digestion patterns of the crossreactive
materials.
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