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Abstract

Since transferrin is required for cellular proliferation, we in-
vestigated transferrin synthesis by a small cell lung cancer line
(NCI-H510) that survives in serum-free media without added
transferrin. Inmunoassays for human transferrin demon-
strated that these cells contained immunoreactive human
transferrin. Inmunofluorescence studies showed that the pro-
tein is expressed on the surface of cells, presumably bound to
transferrin receptor. Media conditioned by NCI-H510 cells
support proliferation of human leukemic cells that would not
survive in media lacking transferrin. [**S[Methionine incorpo-
ration documented transferrin synthesis by NCI-H510 cells as
well as three other small cell lines. Transferrin synthesis by
NCI-H510 cells increased more than 10-fold when cells en-
tered active phases of the cell cycle, and this increase was seen
before large increases in transferrin-receptor expression. Fur-
ther experiments examining the effects of agents that affect
iron metabolism show that the addition of transferrin-iron or
hemin to the media is associated with a more rapid initial rate
of proliferation and lower rates of transferrin synthesis than
control cells. Gallium salts, which inhibit iron uptake, inhib-
ited proliferation of these cells. If the cells recovered from this
effect, transferrin synthesis remained greatly increased com-
pared to control. We conclude that transferrin synthesis by
these malignant cells is ultimately related to an iron require-
ment for cellular proliferation. It appears that this synthesized
transferrin acts as part of an important autocrine mechanism
permitting proliferation of these cells, and perhaps permitting
tumor cell growth in vivo in areas not well vascularized.

Introduction

Transferrin is a plasma protein that functions as the major iron
transport protein (1). Many in vitro studies have demonstrated
" that plasma transferrin, which is synthesized in the liver, is an
essential requirement for cellular proliferation (2, 3). Thus, a
number of cell lines grown continuously in defined (serum-
free) media all demonstrate that transferrin, along with several
hormones and smaller organic compounds, is required for cel-
lular proliferation (4, 5). Although it might be inferred from
previous studies that transferrin functions as a hormone in a
capacity separate from its role in iron transport, most studies
have supported the notion that transferrin functions to main-
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tain cellular proliferation by providing iron for processes that
have not yet been defined (4-7).

The above observations lead to the conclusion that trans-
ferrin acts as a promoter of cell growth, based on its transport
of iron in plasma. It could be hypothesized, therefore, that
specialized cellular proliferation in vivo by tissues that are not
well vascularized might be limited by insufficient delivery of
transferrin-bound iron from plasma. There is good evidence,
however, that under certain conditions some tissues synthesize
transferrin, permitting specialized proliferation. One example,
the sertoli cell of the testes, synthesizes transferrin to provide
iron to proliferating spermatocytes (8). Recent experiments
demonstrate another example of transferrin synthesis by spe-
cialized cells, where transferrin synthesis by lymphocytes is a
function of the specific T, inducer subset of T lymphocytes (9).
These studies suggest that T lymphocyte proliferation is de-
pendent upon the expression of IL-2, followed by transferrin
synthesis, IL-2 receptor expression, and finally transferrin re-
ceptor expression. It appears, therefore, that transferrin is in-
volved in an autocrine pathway that is important for the in-
duction of normal T cell lymphocyte proliferation in response
to antigenic stimuli (9).

This recent demonstration of transferrin synthesis as an
autocrine mechanism for normal lymphocyte proliferation has
important implications in neoplasia, since the autocrine hy-
pothesis proposes that malignant cells produce and secrete
hormone-like substances that induce further autonomous pro-
liferation (10). Many of these factors are polypeptide hor-
mone-like substances isolated from tumor cells, with poorly
defined functions other than as growth factors. Recent studies
of small cell lung cancer cell lines grown continuously in vitro
have demonstrated that several growth factors are produced by
these cells (11-14). We investigated transferrin synthesis by
one of these cell lines that survives in serum-free media with-
out added transferrin. We have found that the cells produce a
transferrin molecule with immunologic and biochemical
characteristics similar to serum transferrin. The synthesized
transferrin appears to act as part of an important autocrine
mechanism, permitting continued proliferation of these cells
under transferrin-free conditions.

Methods

Cells and tissue culture. All small cell lung cancer cells (SCLC)' (ob-
tained from A. Gazdar, National Cancer Institute, NCI) were main-
tained in 75 cm? flasks in defined media. For the NCI-H510 cells, the
cells were maintained in HIES media (RPMI 1640 with L-glutamine,
10 nM hydrocortisone, 5 ug/ml bovine insulin, 10 nM -estradiol, and
30 nM sodium selenite), while the other SCLC were maintained in

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/88/07/0331/09 $2.00

Volume 82, July 1988, 331-339

1. Abbreviations used in this paper: HIES media, RPMI 1640 with
L-glutamine, 10 nM hydrocortisone, 5 ug/ml bovine insulin, 10 nM
B-estradiol, and 30 nM sodium selenite; MII, median immunofluores-
cent intensity; SCLC, small cell lung cancer cells.
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HITES media (HIES + 10-100 pg/ml human serum transferrin, Sigma
Chemical Co., St. Louis, MO). For specific experiments measuring
immunological transferrin or transferrin synthesis, all cells were grown
in HIES media. Most cells analyzed, including the NCI-H510 cells,
represented “classic” small cell lung cancer lines, in that they grew as
densely packed small floating aggregates (13, 14). For cell counts as
well as other experiments in which suspensions of single cells were
needed, the cells were slowly expressed through a 25-gauge needle at
the end of a 1-ml syringe, this technique resulting in a suspension of
cells in which > 90% of the cells are single cells with > 90% viability as
assessed with trypan blue (15). Cell counts from single suspensions
were compared in growth studies with “colony counts™ (14), and pro-
portional changes during cell growth utilizing this other technique
were identical to the single-cell suspension counts.

Radioimmunoassay for human transferrin. Various samples of cells
or media were assayed for human transferrin using a radioimmunoas-
say we have previously described (16) utilizing ammonium sulfate
precipitation to separate precipitated '2°I-human transferrin bound to
rabbit anti-human transferrin antibody from free '2I-human transfer-
rin. A standard curve utilizing nonradioactive human transferrin de-
termined that this assay could sensitively measure from 1 to 100 ng of
transferrin present in various samples.

When samples of cells were assayed for immunoreactive human
transferrin, the cells were washed extensively by centrifugation, recon-
stituted in one-tenth of their original volume in 10 mM KPO,, pH 7.5,
150 mM NaCl (PBS), and the sample was frozen. The frozen sample
was then thawed and the suspension was subjected to sonication uti-
lizing three 15-s bursts. The suspension was then centrifuged at 30,000
g to remove particulate matter and the supernatant was concentrated
in a microconcentrator (Centricon-10; Amicon Corp., Danvers, MA)
100-fold before assay for transferrin. When media or various column
fractions were assayed for immunoreactive human transferrin, sam-
ples were concentrated in a similar manner.

Gel filtration of conditioned media. 2 liters of conditioned media
were collected over several months. The medium, which was obtained
from NCI-H510 cells grown in HIES media, was frozen at —80°C.
When the 2 liters of medium had been collected, it was concentrated in
an Amicon filtration apparatus with a YM10 membrane to 2 ml. To
this concentrated sample a trace amount of '*’I-human transferrin
(equivalent to ~ 1 ng of human transferrin) was added and applied to
a Sephadex G-150 column (2 X 50 cm) equilibrated with 10 mM
KPO,, 150 mM NaCl. The mixture was chromatographed and the
samples collected at 4°C, as previously described (16).

%Fe labeling of transferrin eluted from NCI-H510 cells. The trans-
ferrin utilized for *°Fe labeling was eluted from NCI-H510 cells grown
for 8 wk in 150 cm? flasks to which fresh medium was added bi-weekly.
Cells grown in this fashion, with small amounts of frequently added
fresh media, grow in larger aggregates and can attain large numbers so
that at the end of 8 wk, 10° cells were produced in four T-flasks. These
cells were harvested by centrifugation and slowly expressed in small
aliquots through a 25-gauge needle, resulting in a single cell suspen-
sion. Transferrin is then eluted by suspending the cells in 10 m1 of PBS
buffer containing 5 ug/ml of BSA. This mixture is incubated for 45
min at 37°C. The cell pellet is then separated by centrifugation and the
supernatant is dialyzed against 10 mM sodium citrate, pH 5.0, 150
mM NaCl, and 10 mM EDTA. This step is performed to remove any
excess amounts of iron that may be present in the PBS buffer as well as
iron bound to the transferrin. The supernatant is dialyzed extensively
against 10 mM Tris-HCI, pH 7.5, 150 mM NaCl to remove any resid-
ual EDTA. The dialysate was then concentrated to 2 ml (Amicon
filtration apparatus with a YM10 membrane). The immunoassay for
human transferrin indicated that this concentrated sample contained
~ 2.4 ug of transferrin. Utilizing a previously described method (15,
18), a 3-M excess of ¥Fe-NTA was added to the sample in order to
saturate the transferrin with radioactive iron. This mixture, with the
addition of a trace amount of '**I-transferrin-Fe, was then applied to a
Sephadex G-150 column equilibrated in 10 mM Tris, pH 7.5, 150 mM
NaCl, as described above. Fractions were collected as described above

332 M. Vostrejs, P. L. Moran, and P. A. Seligman

and assayed for >°Fe radioactivity as well as immunoreactive transfer-
rin. In a separate experiment, PBS buffer with BSA, concentrated,
dialyzed, and with °Fe added as described above, did not contain
measurable immunoreactive transferrin and on chromatography a
small radioactive peak representing **Fe bound to protein was present,
but represented < 3% of the radioactivity seen when the sample con-
taining immunoreactive transferrin was chromatographed. From the
sample containing the immunoreactive transferrin, separate aliquots
of each fraction representing the peak **Fe-transferrin (as well as im-
munoreactive transferrin; see Results) were then pooled and to this
mixture, solid urea was added slowly until a 7-M concentration was
achieved. This solution was incubated for 2 h at room temperature and
then reapplied to the same Sephadex G-150 column, this time equili-
brated in 10 mM Tris-HCI, pH 7.5, 150 mM NaCl, plus 7-M urea.
Fractions were then collected as described above, with the notable
exception that the column was run at room temperature due to the
high viscosity of the urea buffer. The fractions from this column were
then assayed for **Fe radioactivity.

Measurements of transferrin receptor and transferrin

Immunofluorescence and DNA content of cells. Surface bound trans-
ferrin, as well as transferrin receptor, were measured utilizing a qualita-
tive immunofluorescent assay we have previously described for trans-
ferrin receptor (15). For these assays, approximately 1 to 3 million cells
were washed with ice-cold PBS, resuspended in 100 ul of PBS and first
incubated with 100 ul of polyclonal rabbit anti-human transferrin
receptor antisera or anti-human transferrin antisera for 1 h. The cells
were then washed by centrifugation to remove excess antibody and
resuspended in 100 ul of PBS, followed by the addition of 100 ul of
second antibody, goat antirabbit IgG labeled with fluorescein isothio-
cyanate (Gibco Laboratories, Grand Island, NY), with the second in-
cubation performed at 4°C for 30 min. Some cell populations were
analyzed separately for cellular DNA by a propidium iodide staining
technique we have previously utilized (15). Samples of cells were then
run through a fluorescent-activated cell sorter, the EPICS flow cyto-
meter (Coulter Electronics, Hialeah, FL). For immunofluorescence
studies defining surface transferrin, an automated analysis of each cell
population calculated a point on the x axis that represented the median
immunofluorescent intensity (MII) (15), as well as the percentage of
cells with positive staining as determined by a control cell population
incubated with control rabbit sera instead of antisera.

Pulse labeling and purification of radioactive transferrin. Depend-
ing on the experiment, 10° to 107 cells were harvested, centrifuged at
500 g, and reconstituted in 5 ml of methionine-free HIES media. After
an incubation at 37°C for 90 min, 0.5 mCi of [**S]methionine (ICN
Nutritional Biochemicals, Cleveland, OH) was then added to the flask,
followed by a 5-h incubation at 37°C. The contents of each flask was
then centrifuged at 500 g at 4°C, and reconstituted in PBS, washed
again twice by centrifugation. The cell pellet was then resuspended in
500 p1 of PBS and sonicated twice for 15 s and frozen for 24 to 72 h at
—80°C. The cell lysates to be placed in a given gel were thawed simulta-
neously and the synthesized radioactive transferrin was purified using
antitransferrin Sepharose as previously described (16). With this tech-
nique transferrin bound to the antibody-Sepharose is eluted with 10
mM glycine, pH 2, 150 mM NaCl and the elution buffer is quickly
neutralized utilizing KPO,, pH 7.5, in a concentration of 40 mM.

SDS polyacrylamide gel electrophoresis and autoradiography. SDS
polyacrylamide slab gel electrophoresis using 10% acrylamide was per-
formed as previously described (16) using the method of Laemmli (17).
Samples were heated at 100°C for 2 min with 1%-mercaptoethanol
before application to the gels. Gels were dried after fixation, staining
for protein, and enhancement for radiography by impregnation with 1
M sodium salicylate and 0.5% glycerol at pH 8.0. Kodak X-Omat ARS
film was exposed to each gel for 4-14 d at —80°C and, in some cases,
the protein bands were quantitated using a scanning densitometer.

Growth of NCI-H5 10 cells in culture with media containing various
agents that affect iron uptake. Certain monoclonal antibodies de-
scribed in Results were purified from mouse ascites utilizing an ammo-



nium sulfate precipitation. These partially purified monoclonal anti-
bodies were all added to cells grown in HIES media to make various

protein concentrations.

In other experiments, a sterile 2-mg/ml solution of gallium nitrate
(Aldrich Chemical Co., Milwaukee, WI) was added to cells in HIES
media to obtain concentrations of 10-100 ug/ml. Similarly, hemin
(Sigma Chemical Co.) was added to a concentration of 5 mM. In all
growth experiments, cells grown in various agents were compared to
control cells grown in HIES medium alone.

Results

Cell growth, transferrin receptor expression, and immunoreac-
tive cellular transferrin on NCI-H510 cells cultured in HIES
medium. Table I shows the results of cell counts obtained on
NCI-H510 cells subcultured (day 0) at 0.8 X 10° cells/ml. As
shown on the table, these cells grow relatively slowly until day
11, when an increase in the proportion of cells in S-phase is
seen. This increase in the number of cells in active phases of
the cell cycle is manifested by an increase to ~ 2.2 X 10°
cells/ml by day 21, when the cells reach a plateau with no
further increase in cell number. Also, as shown in Table I,
transferrin-receptor expression on these cells increases as more
cells enter S-phase of the cell cycle, which is in agreement with
our previous studies (15, 18). This increase in transferrin-re-
ceptor expression is expressed as maximal transferrin binding
based on '*’I-transferrin binding studies (15). In concert with
increased transferrin-receptor expression, the radioimmunoas-
say for human transferrin of whole cell lysates shows an in-
crease in immunoreactive transferrin present. As noted, quali-
tative immunofluorescent studies, also shown in the table, in-
dicate that these increases in total cellular immunoreactive
transferrin are reflected by changes in transferrin expression
on the cell surface. This surface transferrin (that is presumably
bound to transferrin receptor) is not only present on a greater
percentage of cells, but is also associated with a shift in the
median immunofluorescent intensity, indicating that there are
more transferrin molecules on the surface of each cell.

Thus, these data provide good evidence that NCI-H510
cells express increased numbers of transferrin receptors as cells
enter active phases of the cell cycle, in spite of the fact that
these cells are grown in media that does not contain transfer-
rin. Additionally, utilizing immunoassays for human transfer-
rin, and even though these cells have been subcultured exten-
sively in HIES media, it appears that the cells contain a protein
immunologically similar to human transferrin, and, as noted
in the immunofluorescent studies, the protein is expressed on

the surface of cells, presumably bound to transferrin receptor.
In further studies (not shown), we determined that the media
conditioned by NCI-H510 cells showed increasing concentra-
tions of immunoreactive transferrin over time with the highest
concentrations of ~ 50 ng/ml media found when the cells had
reached their greatest density. Whether this transferrin present
in the media was the product of transferrin synthesized by the
cells, representing transferrin mainly eluted from dead cells or
cellular debris present in the media, or representing a bio-
chemically altered transferrin molecule, was unknown. Fur-
ther studies were therefore undertaken to examine the func-
tional and biochemical properties of this transferrin molecule
present in the media.

HIES media conditioned by growth of NCI-H510 cells
supports proliferation of human promyelocytic leukemia cells
(HL60). We found that HIES media that was conditioned by
growth with NCI-H510 cells for 30 d contained 52 ng/ml of
human transferrin. We set out to determine if this conditioned
media would support the growth of another cell line that re-
quired transferrin for proliferation. As shown in Fig. 1, human
promyelocytic leukemia cells (HL60), washed extensively and
with surface transferrin eluted as described in Methods, will
survive for 48 h in unconditioned HIES medium, but the cells
do not divide, and within 72 h obvious cell death occurs. How-
ever, HL60 cells grown in HIES medium conditioned by
NCI-H510 cells exhibit cellular proliferation. Counts obtained
at 72 h (1.6 X 10° cells per ml) are ~ 85% of the cell counts
obtained by growing HL60 cells in HIES medium supple-
mented with 5 ug/ml of human transferrin (15). Since it was
possible that other growth factors present in the conditioned
medium supported proliferation of HL60 cells, the following
experiments were undertaken to provide evidence that the
transferrin present was the important component in the con-
ditioned medium that sustained growth. We determined that
the addition of 50 ng/ml of transferrin to unconditioned media
would support the growth of HL60 cells with the cell counts
(1.5 X 10%ml) obtained at 72 h similar to the cell counts
obtained with the conditioned media. Additionally, when the
conditioned media was applied to antitransferrin Sepharose
(permitting the removal of > 90% of the transferrin present in
the media) cell counts obtained at 72 h for HL60 cells grown in
this preparation were 0.75 X 10%/cells per ml.

Sephadex G-150 chromatography of conditioned media.
We performed further studies of the transferrin present in the
media by chromatographing HIES medium conditioned by
growth of NCI-H510 cells on Sephadex G-150. Measurements

Table I.
Maximal Total cellular
Time in Cell transferrin transferrin Surface transferrin
culture count DNA binding (Immunoassay) immunofluorescence
d 10°/ml % inGl % inS % in G’M ng/10° cells ng/10° cells % positive cells MiIr
4 0.8* 72 16 12 2.0 0.35 95 1
8 0.8 71 15 14 3.0 0.75 97 1.4
11 1.0 59 26 15 6.2 1.24 99 1.8
21 2.2 74 14 12 1.4 0.22 66 0.6

* All values represent the mean of two experiments. Cells were plated at 0.8 X 10/ml on day 0. * Median immunofluorescent intensity of

population of cells as ratio of value obtained at day 4.
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obtained for each fraction of immunoreactive transferrin using
the radioimmunoassay resulted in a single, but broad, peak of
immunoreactive transferrin (Fig. 2). There was a plateau in the
lower molecular weight fractions, indicating that there might
be a lower molecular weight species of immunoreactive trans-
ferrin present in this medium. The '*’I human transferrin
standard peak coincided with the peak of immunoreactive
human transferrin protein (Fig. 2), indicating the majority of
the immunoreactive transferrin had the same molecular
weight as “native” transferrin, but the radioactive standard
exhibited a symmetrical peak that did not contain a plateau in
the lower molecular weight fractions. In other experiments,
utilizing crossed immunoelectrophoresis, there were identical
precipitin lines seen using either the conditioned medium or a
transferrin standard against rabbit antihuman-transferrin an-
tisera, indicating that the immunoreactive transferrin present
in the conditioned media was not greatly dissimilar, immuno-
logically, from native transferrin (data not shown).

The transferrin produced by H510 cells has the ability to
bind iron. Transferrin, eluted from H510 cells and dialyzed
extensively to remove contaminating nonradioactive iron, was
saturated with 3°Fe as described in Methods. Fig. 3 4 shows the
results of chromatography of the mixture. Immunoassays and
radioactive counts, performed in each fraction show that the
59Fe as well as immunoreactive transferrin both result in single
but broad peaks with plateaus in the lower molecular weight
fractions. Since the curves are almost superimposable, these
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Figure 2. Sephadex G-150 chromatography of HIES media condi-
tioned by growth of NCI-H510 cells. The immunoreactive human
transferrin (HTF) peak coincides with an '*’l-human transferrin
standard as indicated by the arrow.
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Figure 3. (4) Sephadex G-150 chromatography of immunoreactive
transferrin eluted from H510 cells, concentrated and dialyzed exten-
sively, and incubated with °Fe-NTA as described in Methods. The
arrow indicates the '2’I-transferrin-Fe standard. The immunoreactive
transferrin peak coincides with the main **Fe peak. The smaller **Fe
peak seen in the much lower molecular weight fractions presumably
represents free **Fe-NTA. (B) Aliquots of the *Fe major peak shown
above were incubated in 7 M urea and rechromatographed on the
Sephadex G-150 in 7 M urea as described in Methods. More than
75% of the radioactivity added was recovered from the column. The
arrow again indicates the '?’I-transferrin-Fe standard.

data indicate that the transferrin present on the surface of
H510 cells has the ability to bind iron. Based on calculations of
iron present with immunoreactive protein in individual frac-
tions, it appears that both the high as well as lower molecular
weight transferrin species have the ability to bind 2 mol of
iron. Fig. 3 B shows the result of chromatography performed
in 7 M urea of pooled peak fractions from Fig. 3 4. The resul-
tant peak also exhibits a plateau in the lower molecular weight
fractions and is similar to the peak seen in Fig. 3 4 from which
aliquots were taken. Thus, it appears that the transferrin with
molecular weight identical to the '*°I transferrin as well as the
transferrin present in the lower molecular weight fractions,
both have the ability to bind *°Fe. This bound iron even in
lower molecular weight fractions remained bound in the pres-
ence of 7 M urea, a property of transferrin-bound iron that has
been previously described by Mackey and Seal (19).
[**S1Methionine incorporation into transferrin synthesized
by NCI-H510 cells. As detailed in Methods, we studied [>*S]-
methionine incorporation into transferrin synthesized by
NCI-H510 cells. Fig. 4 shows an autoradiograph made from
exposure of x-ray film to a 10% SDS polyacrylamide gel. In the
experiment, the H510 cells pulsed with [**S]methionine were
lysed and subjected to an antitransferrin Sepharose column



Figure 4. Autoradiogra-
phy of [**S]methionine
incorporated into trans-
ferrin. NCI-H510 cells
(107) were exposed to
[>*S]methionine for § h,
then subjected to anti-
transferrin Sepharose,
and the purified S in-
corporated into trans-
ferrin is applied to an
SDS polyacrylamide gel
as described in
Methods. Lane B shows
the migration of [**S}-
methionine under these
conditions, and two ra-
dioactive bands are
seen, where the top, less
dense band comigrates
with a transferrin stan-
dard (80,000 mol wt), while the lower band is calculated at about
58,000 molecular weight. In lane 4, the same cell lysate containing
(**SJmethionine has been applied to a control Sephadex column. In
lane C, a 10-mg/ml solution of human transferrin was applied to the
anti-transferrin Sepharose column before application of the cell lysate.

and applied to the gel. On the autoradiograph (Fig. 4), two
radioactive bands indicating **S incorporation into immuno-
reactive transferrin visualized. The upper, less dense band co-
migrates with the position of the transferrin protein standard
on the SDS gel (80,000 mol wt). The lower, darker band, based
on the migration of transferrin and bovine serum albumin, is
~ 60,000 mol wt, indicating, as with the medium, the immu-
noreactive transferrin found in the cells contains a smaller
molecular weight species. Additionally, the smaller molecular
weight species was also seen in a recent study that documented
transferrin synthesis by inducer T lymphocytes (9). For H510
cells, as with the lymphocyte studies, the 80,000-mol wt pro-
tein and the smaller species are both specifically inhibited from
binding when unlabeled human transferrin is added to cell
lysates before application to the antitransferrin Sepharose (Fig.
4). Though other small cell lung cancer lines could not be
subcultured for long periods of time in HIES medium, we
found that at least three other small cell lung cancer lines
(designated NCI-N417D, NCI-H69, and NCI-H345) exhibited
transferrin synthesis, with similar [**S]methionine incorpora-
tion into two bands of different molecular weight (as shown in
Fig. 4) when the cells were subcultured for 5 d in HIES me-
dium. In contrast, three other cell lines, including one small
cell lung cancer cell line (NCI-H209) subcultured for 5d and a
human promyelocytic leukemia cell line (HL60) after 2 d in
HIES medium, did not exhibit evidence of transferrin syn-
thesis.

Transferrin synthesis related to various stages of growth of
HS510 cells. Since the previous experiments documented that
human transferrin was synthesized by NCI-H510 cells, we
sought to determine how transferrin synthesis was related to
cellular proliferation. Fig. 5 shows an autoradiograph of gel
when four sets of cells were exposed to [**S]methionine at
various times after subculture, under the exact conditions
shown in Table I. Although the smaller molecular weight spe-
cies is the denser in each sample, and using densitometry the

Figure 5. Autoradiogra-

phy of [**S]methionine

incorporated into trans-
= ferrin by NCI-H510

cells at various times

after subculture. In this

i experiment, identical

numbers of cells for
each set are pulsed for 5
h with [**S]methionine
and the cell lysate is
subjected to anti-trans-
ferrin Sepharose. The
purified radioactive
transferrin is applied to
an SDS slab gel. The
lanes represent cell sub-
cultured for: (4) 4 d;
(B)8d;(C)11d;and
(D) 21 d. The culture
conditions are shown in
Table 1. Densitometry
tracings of the various samples show the following ratios as com-
pared to day 4 cells: day 8 cells, 5.1, day 11 cells, 12.7, and day 21
cells, < 0.5. The arrow indicates migration of the faint higher molec-
ular weight band.

ratios obtained compare the optical density of the smaller spe-
cies, any change in the density is proportional for both peaks,
and almost identical ratios are obtained when the 80,000-mol
wt bands are compared for samples B and C in Fig. 5. It can be
seen that the relative rate of transferrin synthesis reaches a
peak as more cells enter S-phase of the cell cycle (Fig. 5 and
Table I). Additionally, it is clear that a marked increase in
transferrin synthesis is seen even before large increases in ei-
ther transferrin receptor expression or cells entering S-phase of
the cell cycle (comparing the 8-d values found in both Fig. 5
and Table I). Additionally, transferrin synthesis is below the
limits of detection when cells are at high density and not ac-
tively proliferating, even though at this time the medium con-
tains the largest amounts of transferrin.

Effects of plating density and different agents on prolifera-
tion of NCI-H510 cells. When NCI-H510 cells, grown in HIES
medium, are plated at a relatively low density (0.3 X 10° cells/
ml), their growth is almost totally inhibited (Fig. 6). When
transferrin is added to the medium under identical conditions,
the cells can then proliferate normally, clearly showing that
transferrin is important in allowing for growth of these cells
(Fig. 6). We compared the effects of three different mono-
clonal antibodies on the growth of NCI-H510 cells plated at
somewhat higher density (0.5 X 10° cells/ml) (Fig. 7). As ex-
pected, mouse monoclonal antibody directed against a ham-
ster surface protein (designated NS1) added to cells at 100
ug/ml of protein does not effect the growth of cells as com-
pared to control cells in HIES medium (Fig. 7). However, two
other monoclonal antibodies, added at the same protein con-
centration, directed against the human transferrin receptor
and human transferrin, respectively, both markedly inhibit
NCI-H510 cellular proliferation (Fig. 7).

The antihuman transferrin-receptor monoclonal antibody
designated 3A7 has been previously utilized to inhibit the
growth of HL60 cells, and appears to specifically inhibit trans-
ferrin-mediated iron uptake by blocking transferrin binding to
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the transferrin receptor and is associated with marked down-
regulation of receptor on the cell surface (15). The antihuman
transferrin monoclonal antibody designated TF1 has been
previously described (20), although its specific effects on
transferrin-mediated iron uptake have not been characterized.
Cells exposed to 100 ug/ml of protein containing the above
monoclonal antibodies exhibit a higher percentage of dead
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Figure 7. Increase in cell count at 21 d postculture after cells were
plated at 0.5 X 10°/ml in either HIES media or with the addition of
two different concentrations of protein containing various mono-
clonal antibodies. The mouse monoclonal antibodies include the
monoclonal control antibody (designated NS1), directed against a
hamster surface antigen, a monoclonal antibody directed against the
human antitransferrin receptor protein (designated 3A7), and the
monoclonal antimonoclonal antibody directed against the human
antitransferrin protein (designated TF1). The experiments utilizing
100 pg protein per ml were performed several months apart, whereas
the experiment utilizing 10 ug protein/ml were performed in dupli-
cate for both the first passage and then a second passage after the
cells were replated again at 0.5 X 10° cells/ml and recounted at day
21 postculture. The arrow bars represent the range of the cell counts
obtained for the duplicates.
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cells at day 21, and whether the two monoclonal antibodies
have a direct cytotoxic effect or effect the biologic function of
the cells by inhibiting transferrin-iron uptake may not be en-
tirely clear.

Therefore, when all the monoclonal antibodies are plated
at protein concentrations of 10 ug/ml (Fig. 7); after the first
passage, cells exposed to the antitransferrin receptor mono-
clonal antibody proliferate normally and there is moderate
inhibition of proliferation with the antitransferrin antibody.
However, when cells are replated at lower density in the same
concentration of antibody, growth is more inhibited by the two
antibodies directed against the human proteins, particularly
3A7. The results of this experiment are similar to the results
obtained in studies performed by us utilizing lower doses of
transferrin-gallium (15), an agent that specifically inhibits iron
uptake, and studies performed by Taetle et al. (21) that ex-
posed HL60 cells to “transferrin-free medium.” In both stud-
ies cells grew fairly normally during the first passage, but
growth was significantly inhibited by the second passage, sug-
gesting that the cells obtained enough iron (possibly from
small amounts of residual transferrin-Fe) to initially maintain
a normal cellular proliferation. These studies suggest that
monoclonal antibodies directed against transferrin as well as
transferrin receptor inhibit an important biologic function are
similar to other studies measuring the effects of inhibition of
iron uptake by cells.

These data taken together with the data presented in Fig. 5
and Fig. 6 lend strong support to the notion that synthesis and
uptake of transferrin is a requirement for maintenance of cel-
lular proliferation by NCI-H510 cells in HIES medium. We
therefore sought to examine the effects of specific agents that
would effect iron utilization by H510 cells to further examine
this transferrin requirement. Fig. 8 4 shows differences in rate
of growth among cells treated with various agents. Cells grown
in medium with added transferrin-iron (HITES), as well as
cells grown in hemin, show an initially faster growth rate than
control cells grown in HIES medium with significant differ-
ences (P < 0.01-< 0.05) seen at 15 and 20 d postculture, indi-
cating that either delivery of iron by transferrin, or providing
iron in soluble form that can freely enter cells, permits a more
optimal rate of growth. Alternatively, cells grown in HIES
medium with added gallium nitrate exhibit a slower growth
rate. Gallium specifically inhibits iron uptake (15), and at 75
ug of gallium/ml (Fig. 8 A) there is marked growth inhibition
with ~ 20% of the cells trypan blue positive at day 40. As
shown in the figure, gallium at 20 ug/ml shows an initially
slower growth rate, but eventually recovery of proliferation to
control levels is achieved (Fig. 8 A). These changes in initial
growth rate related to decreased iron availability are also re-
flected by differences in transferrin synthesis. Thus, as shown
in Fig. 8 B, when cells have been subcultured for 15 d, a time
when control cells show the greatest increase in transferrin
synthesis, there is a marked decrease in transferrin synthesis by
cells exposed to transferrin-Fe or hemin, and a slight increase
in transferrin synthesis in cells exposed to 20 ug/ml gallium.
Although cells provided with adequate amounts of available
iron continue to exhibit decreased transferrin synthesis as
compared to control, cells exposed to lower dose gallium con-
sistently show increased transferrin synthesis, even at day 30, a
time when control cells exhibit little or no transferrin synthe-
sis, whereas cells treated with 20 ug/ml gallium maintain a
relatively high rate of transferrin synthesis (data not shown).
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Figure 8. (Top) Cell counts obtained at various time points after sub-
culture with cells plated at 0.4 X 10° cells/ml for NCI-H510 cells
grown in HIES media alone (control cells) and with added human
transferrin (100 ug/ml), gallium (20 ug/ml as gallium nitrate), gal-
lium (75 pg/ml as gallium nitrate) or 5 mM hemin. Points represent
mean of three experiments, where standard deviation for each point
is represented by the bars. (Bottom) Densitometry tracing of autora-
diograph of a gel containing purified transferrin from day 15 cells.
(a) gallium-treated cells; (b) control cells; (¢) cells treated with hemin;
(d) cells exposed to transferrin-iron.

Further characterization of the transferrin molecule synthe-
sized by NCI H-510 cells. To determine the relationship be-
tween the large and smaller molecular weight transferrin spe-
cies, several studies have been performed. First, two aliquots of
cells were removed from the same T-flask, and one aliquot was
pulsed with [**S]methionine for 5 h as described in Methods,
the other aliquot was “pulsed” for 5 h followed by 5-h “chase”
with nonradioactive methionine added to the medium. Puri-
fied [**S]methionine incorporated into transferrin for each ali-
quot was subjected to autoradiography as described in
Methods. Although the cells that had been “chased” exhibited
very slightly less dense bands on the autoradiograph, the pro-
portional density of small molecular weight species as com-
pared to the large molecular weight species for both cell ali-
quots was the same, indicating that under the conditions of
this pulse-chase experiment as well as other experiments for
different time periods, the smaller molecular weight species
did not appear to be a product of the larger species. Attempts
to purify the [**S]methionine incorporated into immunoreac-
tive transferrin from the media under the conditions described
above were not successful, probably since the cells utilized
were actively proliferating (with high densities of transferrin
receptors) and it may be presumed that the majority of the

synthesized transferrin is bound to the cell surface. The me-
dium from cells pulsed for 24 h with and without a 24-h chase
did contain a small amount of [**S]methionine incorporated
into transferrin, and the very faint bands seen on the autora-
diograph did not show any changes in the proportion of the
two species when comparing the pulsed cells with cells that
were also chased. On the other hand, further experiments sug-
gested that the smaller species might, to a large extent, be
produced by the larger species during the process of sample
preparation since cells pulsed for 5 h as described in Methods
but reconstituted in 10 mM Tris, pH 7.5, 150 mM NacCl
buffer, lysed, and subjected to transferrin-Sepharose for purifi-
cation of [**Sjmethionine-labeled transferrin the same day and
immediately applied to SDS polyacrylamide gel electrophore-
sis showed a somewhat different pattern on autoradiography.
As shown in Fig. 9, the autoradiograph produced by three sets
of cells at various times after subculture (in a similar experi-
ment to that shown in Fig. 5) as expected, shows marked
changes in density of the bands with the highest rate of synthe-
sis seen at day 11. What is also clear is that when utilizing a
number of molecular weight standards, the more dense band
in all three samples is calculated as 80,000 mol wt and migrates
in an identical fashion to the transferrin standard. The lower
molecular weight less dense band is calculated to be 63,000
mol wt. These data, taken along with the Sephadex G-150
chromatographic data presented in Figs. 2 and 3 also suggest
that the predominant form of transferrin found in tissue cul-
ture is the larger molecular weight species with the molecular
weight identical to native serum transferrin.

Discussion

This manuscript presents data that conclusively demonstrate
transferrin synthesis by human small-cell lung cancer céll lines
in vitro. One SCLC line (designated NCI-H510) exhibits cel-
lular proliferation in media lacking transferrin, a characteristic
that is different from the other SCLC cell lines studied thus far.
However, based on [**S]methionine incorporation into trans-
ferrin, we have found that at least three other SCLC lines

Figure 9. Autoradiography
of [**S]methionine incorpo-
rated into transferrin by
NCI-H510 cells at various
times after subculture uti-
lizing cells similar to those
shown in Fig. 5. The meth-
odology is different in this
experiment in that the cells
are lysed in a different
buffer system, purified the
same day and then the
sample is applied almost
immediately to SDS-poly-
acrylamide gel electropho-
resis. The lanes indicate
cells at A: 4 d postculture,
B: 7 d postculture; and C:
11 d postculture. As ex-
pected, cells at day 11 postculture synthesize the most transferrin.
The arrows to the left of the figure indicate the molecular weight
standards that from the top are: beta-galactosidase, 116 kD; phos-
phorylase, 97 kD; transferrin 79 kD; bovine albumin, 66 kD; and
IgG albumin 45 kD.
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subcultured for short periods of time in media lacking trans-
ferrin also have some ability to. synthesize transferrin. These
data taken together provide evidence that certain human ma-
lignant cells have the ability to produce transferrin, a plasma
protein necessary for cell growth. Transferrin synthesized by
these malignant cells has marked functional and biochemical
similarities to transferrin synthesized by T-lymphocytes (9), as
well as native serum transferrin and is distinguished from pre-
viously reparted molecules such as the 6,000 mol wt chicken
lymphoma cell oncogene product with homology to transfer-
rin (22), and the “transferrin-like” molecule present in media
conditioned by a mouse lymphoma cell line (23). Similar to
previous studies that utilized other techniques for document-
ing transferrin synthesis by T lymphocytes, the [**S]-
methionine incorporation data indicated that the synthesized
transferrin was composed of two immunoreactive species, one
with a calculated molecular weight identical to transferrin, and
the other smaller species of ~ 60,000 mol wt. Our studies
suggest that the smaller species, although found to some extent
in tissue culture, is also formed from the larger species during
the sample preparation necessary for analysis of [3°S]-
methionine incorporation into transferrin. Further biochemi-
cal characterization of the smaller species found in both SCLC,
as well as other cells including human lymphocytes requires
further study.

The transferrin produced by these lung cancer cells acts as
an autocrine promoter of cellular proliferation, in a similar
fashion to a number of other growth factors synthesized by
malignant cells (11-14). That autocrine secretion of transfer-
rin promotes cell growth of NCI-H510 celis is supported by the
fact that transferrin synthesis markedly increases shortly be-
fore and during the period when the cells are entering active
phases of the cell cycle, a time when it appears that transferrin,
and particularly iron, is necessary for cell division to proceed.
Whether the stimulus for transferrin synthesis is related to
recruitment of a certain subpopulation of cells or dependent
on synthesis of other growth promoters has not been deter-
mined. Our studies do suggest, however, that an increase in
transferrin synthesis appears to precede increased expression
of transferrin receptors, and this latter event is clearly impor-
tant in maintaining cellular proliferation of NCI-H510 cells.

In further experiments, we examined the effects of various
agents that would affect iron metabolism on cellular prolifera-
tion of NCI-H510 cells. At low plating density, growth of these
cells is dependent on added transferrin, and at higher plating
density, the addition of transferrin-iron to the media is asso-
ciated with a more rapid initial rate of proliferation, as op-
posed to cells grown in transferrin-free medium. Based on
extremely low rates of transferrin synthesis, transferrin synthe-
sis as a requirement for proliferation appears to be no longer
necessary. In further experiments to examine if the transferrin
requirement was, as might be expected, related to an iron re-
quirement, we measured the effects of hemin and gallium salts.
The addition of hemin, which allows for delivery of iron to
cells in a soluble state, was associated with the same degree of
cellular proliferation, but less transferrin synthesis as com-
pared to cells grown without hemin. Gallium salts, which have
been shown previously to inhibit proliferation by a mechianism
associated with inhibition of cellular iron uptake (24), had a
dose-related effect on inhibition of proliferation. As cells
showed recovery from lower dose gallium effects by exhibiting
proliferation, transferrin synthesis remained increased when
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compared to cells grown in transferrin-free media without gal-
lium. These experiments taken together indicate that transfer-
rin synthesis as a requirement for proliferation of NCI-H510
cells is ultimately related to an iron requirement as cells enter
active phases of the cell cycle. v

Since transferrin synthesis by certain small cell lung cancer
cell lines in vitro allows for the appropriate delivery of iron to
cells so as to sustain cellular proliferation, further studies are
important in order to determine if transferrin synthesis occurs
in vivo. Transferrin, along with the synthesis of other auto-
crine promoters of cell growth, may permit tumor cell growth
in vivo in areas not well vascularized. Synthesis of this impor-
tant plasma growth factor may explain why small cell lung
cancer has an extremely short doubling time for a tumor with-
out much vascularization (25). Additionally, specific agents
that would affect iron metabolism, including monoclonal anti-
bodies against transferrin or transferrin receptors, as well as
gallium nitrate (24, 26), may provide new strategies in the
treatment of small cell lung cancers.
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