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ABSTRACT In this paper, we examine the response of a
translational regulatory mechanism when changes in mRNA
levels are induced. The gene that encodes the human ferritin
heavy chain has been transfected into mouse fibroblasts. Stable
transformants that express the human ferritin heavy chain
have been isolated. This protein assembles into ferritin poly-
mers and can co-assemble with host mouse ferritin. Biosyn-
thetic rates of the expressed human ferritin varied over a wide
range in response to perturbations in iron supply, but total and
cytoplasmic messenger RNA levels remained unchanged.
When changes in ferritin mRNA levels were induced by
treatment with sodium butyrate, proportional changes in the
biosynthetic rates of ferritin were observed, but the capacity for
modulating biosynthesis in response to alterations in iron
availability was preserved. These findings suggest that the final
protein biosynthetic rate of a translationally regulated gene
depends on both translational regulatory signals and underly-
ing transcription rates.

Ferritin is the major intracellular repository of iron. It is a
highly conserved heteropolymer composed of 24 assembled
subunits that are the products of the ferritin heavy (H)-chain
and the ferritin light (L)-chain genes. It serves to sequester
and thereby detoxify intracellular iron, which is not other-
wise utilized in cellular metabolism (1). Biosynthetic rates of
ferritin and cellular ferritin levels are regulated by changes in
iron availability (2). Regulation of the level of ferritin in the
lining cells of the intestinal mucosa plays a critical role in the
controlled absorption of dietary iron and is likely to be
abnormal in the common genetic disease hereditary hemo-
chromatosis (3). The regulated uptake and availability of iron
is intimately tied to cell proliferation. Thus, understanding
the regulation of ferritin remains a central problem in cellular
metabolism. It has long been known that iron enhances the
biosynthesis of ferritin in the absence of alterations in either
transcription or total ferritin mRNA (4-7). The recent cloning
of the cDNA and genes for ferritin (8-12) now makes it
possible to study in detail the mechanism of this regulation.
Here we report the expression of the human ferritin H chain
in murine cells. The human protein assembles into spheres
and co-assembles with murine H and L chains, and its
expression is regulated by changes in iron availability without
discernible changes in ferritin mRNA levels. However, when
cells are induced to increase levels of human ferritin mRNA
by treatment with sodium butyrate, protein biosynthetic rates
increase proportionally. Regulation of ferritin biosynthesis is
retained over a wide range of changes in iron availability
when mRNA levels are increased, but increased mRNA
levels are correlated with an upward shift in the range of

biosynthetic rates achieved by manipulations of iron deliv-
ery.

MATERIALS AND METHODS
Expression, Assembly, and Regulation of Protein Biosyn-

thesis. Stable transformants that express human H-chain
mRNA were prepared as previously described (12). Cells
were biosynthetically labeled with a 2-hr pulse of 50 gGCi of
[35S]methionine per ml and were lysed in 300 mM NaCl/50
mM Tris HCI, pH 7.4/1% Triton X-100 containing protease
inhibitors (0.1 mM phenylmethylsulfonyl fluoride/10 gg of
leupeptin per ml). Trichloroacetic acid-precipitable protein
(1.5 x 107 cpm) was immunoprecipitated with either a
saturating amount of a polyclonal anti-ferritin IgG, which
recognizes both mouse and human ferritins (Boehringer
Mannheim), or a saturating amount of a monoclonal antibody
specific for human H chain (courtesy of Paolo Arosio,
University of Milan, Milan, Italy) (13). After 60 min on ice,
100 ,tl of a 50% (vol/vol) suspension of protein A-Sepharose
in isotonic phosphate-buffered saline was added to each
sample, and the mixture was tumbled overnight. The resin
was then washed three times in lysis buffer and boiled in
electrophoresis sample buffer for 15 min. Samples were
electrophoresed in NaDodSO4/16.5% acrylamide gels (Na-
DodSO4/PAGE) crosslinked with Acrylaide (FMC, Rock-
land, ME) using the buffer system of Laemmli (14), and
autoradiography was performed as described previously (15).
Desfemoxamine and hemin solutions were prepared as
described previously (16).

Cells. Stable transformants were maintained in Eagle's
minimum essential medium containing hypoxanthine/am-
inopterin/thymidine and supplemented with 10% heat-inac-
tivated fetal bovine serum (GIBCO). Human K562 cells were
grown as described previously (15).
RNA Preparation and Evaluation. Total RNA was prepared

by solubilizing cells in guanidinium isothiocyanate and iso-
lating RNA after ultracentrifugation through a 5.7 M CsCl
cushion (17). Formaldehyde gels of 0.7% agarose were run,
blot hybridization was performed (17), and probes from the
3' coding region of the ferritin H chain were random-primed
(18) to specific activities of 1-5 x 108 cpm per ug of DNA
using [a-32P]dCTP (3000 Ci/mmol; 1 Ci = 37 GBq; Amer-
sham).
Cytoplasmic RNA was prepared by lysis of cells in 0.1%

Nonidet P-40/10 mM Tris, pH 8.5/1.5 mM MgCI2/140 mM
NaCl/10 mM vanadyl ribonucleoside complex. Cellular lysis
and nuclear integrity were assessed, nuclei were pelleted, and
the supernatant was mixed in a 5:1 volume ratio with 50 mM
Tris/10 mM EDTA/10 mM NaCI/0.5% NaDodSO4, pH, 8.0.
A 30-min 37°C treatment with proteinase K (Boehringer
Mannheim) at 50 ,g/ml was followed by phenol extraction,

Abbreviations: H chain, heavy chain; L chain, light chain.
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ethanol precipitation, and resuspension in sterile H20, and
blot-hybridization analysis was performed.

Manipulations of Ferritin mRNA Levels. Sodium butyrate
(Sigma) was added to the medium of plated cells 24 hr before
harvesting by mechanical scraping. In experiments employ-
ing iron manipulation of butyrate-treated cells, desferriox-
amine was added to medium containing butyrate at 16 hr and
hemin at 4 hr before harvest. In the butyrate time course,
butyrate was added to cells 72, 48, and 24 hr before harvest.
Fresh medium containing butyrate was added each day.

RESULTS

Expression and Assembly of a Transfected Ferritin H-Chain
Gene Product. In a previous publication (12), we described
the stable transfection of a genomic clone of the ferritin
H-chain gene into mouse B6 fibroblasts. Analysis using S1
nuclease verified the expression of human H-chain message
in these transformed cells. Further studies of these trans-
fected cells have now been performed. To determine if
human protein is made, ferritin was immunoprecipitated from
biosynthetically labeled transformed cells (henceforth re-
ferred to as HfH transformants). Subsequent analysis on
NaDodSO4/PAGE revealed mouse H- and L-subunit chains
and a third band of intermediate size, which represents the
product of the transfected human H-chain gene. This band
was not present in nontransfected mouse cells (Fig. LA).
Immunoprecipitates from lysates of human erythroleukemia
(K562) cells (Fig. LA, lane 1) performed with a polyclonal
anti-human ferritin antibody showed one major band corre-
sponding to the H chain and a poorly resolved lower band
corresponding to the L chain. The human H-chain band in
K562 cells comigrated with the new band present in the
transfected cells. The human H-chain band appeared as the
predominant ferritin band in the HfH transformants. Further
proof that this represents the human H chain was provided by
the use of a monoclonal antibody specific for human H chain
(13). This antibody specifically precipitates ferritin from HfH
transformants but not from control murine cells (Fig. 1C).
To determine if the human subunits were incorporated into

ferritin polymers, the transfected cells were lysed and frac-
tionated on a sizing column. After calibration of the column
with horse spleen ferritin, immunoprecipitation of fractions
of eluate was performed using the anti-human H-chain
monoclonal antibody. Immunoprecipitates showed a peak of
activity, which corresponds to the peak produced by native
ferritin spheres derived from horse spleen. This demonstrates
that all of the human ferritin detected by immunoprecipitation
in these lysates was incorporated into high molecular weight
molecules representing assembled ferritin (Fig. 1B). Further-
more, the human ferritin was able to co-assemble with mouse
ferritin (Fig. 1C). To demonstrate co-assembly, the previ-
ously described monoclonal antibody specific for human
ferritin was used to immunoprecipitate lysates from mouse
fibroblasts, human K562 cells, and the HfH transformants.
Immunoprecipitation of each cell type was also performed
using a polyclonal antibody incapable of distinguishing mu-
rine from human ferritin. Mouse ferritin can be immuno-
precipitated by the polyclonal antibody, but it was not
precipitated by the anti-human monoclonal antibody (Fig.
1C, lanes 1 and 2). Human H and L subunits were present in
immunoprecipitates of human K562 cells when either anti-
body was used (Fig. 1C, lanes 5 and 6). Immunoprecipitation
of lysates from the HfH cells revealed a lower band corre-
sponding to mouse ferritin when either the polyclonal or the
monoclonal antibody was used. Since the monoclonal anti-
body does not recognize mouse ferritin, the presence of
mouse subunits in the gel implies that the mouse subunits
were precipitated because of their association in heteropoly-
mers with human ferritin subunits. Thus the contact points
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FIG. 1. Expression and assembly of transfected human ferritin H
chain. (A) Expression of transfected human ferritin H chain. Human
K562 cells (lane 1), HfH transformants (lane 2), or mouse fibroblasts
(lane 3) were treated with hemin (50 ,uM) for 4 hr prior to metabolic
labeling, lysis, immunoprecipitation with polyclonal anti-ferritin
antibody, and NaDodSO4/PAGE. Migration ofmouse ferritin chains
are denoted by arrowheads and that of the human ferritin H chain by
the arrow on this autoradiograph of the 21-kDa region of the gel. (B)
Assembly of transfected human ferritin H chain. HfH transformants
were treated for 4 hr with hemin (50 ,uM) prior to metabolic labeling
and lysis. The lysate (0.5 ml) was applied to an Ultrogel AcA 34
(LKB) column (1.0 x 26 cm) and was equilibrated in lysis buffer.
Fractions of 0.55 ml were collected. Indicated fractions were -
assessed for their total radioactivity (A) by liquid scintillation
counting. Aliquots (0.4 ml) of alternate fractions were immunopre-
cipitated with a monoclonal anti-human ferritin antibody (13), and the
immunoprecipitates were subjected to NaDodSO4/PAGE, autoradi-
ography, and quantitative densitometry. All detectable human fer-
ritin (o) appeared in a peak between fractions 18 and 28. The peak
migration position of horse spleen ferritin (Sigma) on the same
column is indicated by the arrowhead. (C) Co-assembly of trans-
fected human ferritin H chain and endogenous mouse ferritin. Mouse
fibroblasts (lanes 1 and 2), HfH transformants (lanes 3 and 4), and
human K562 cells (lanes 5 and 6) were treated for 4 hr with hemin (50
,uM), metabolically labeled, lysed, and immunoprecipitated with
either a polyclonal anti-ferritin IgG lacking species discrimination
(lanes 1, 3, and 5) or with monoclonal anti-human ferritin H-chain
antibody recognizing only human H chain (lanes 2, 4, and 6).
Immunoprecipitates were subjected to electrophoresis on a 7.5%
polyacrylamide gel using the phosphate/urea buffer system of
Shapiro et al. (19). In this system, the human H chain and a mouse
ferritin band comigrate in the 18-kDa to 26-kDa region, but another
mouse ferritin band of lower apparent molecular mass is clearly
resolved at approximately 17 kDa. Human ferritin L chain migrates
at approximately 15 kDa (lanes 5 and 6). The lower molecular mass
(17 kDa) mouse femtin band is precipitated by the monoclonal
anti-human ferritin antibody from lysates of HfH transformants (lane
4) but not from lysates of mouse fibroblasts (lane 2).

for assembly are similar enough between species to allow
co-assembly between mouse and human subunits. There is a
clear disparity between the relative intensities of the upper
and lower bands in the parent mouse cells (Fig. 1C, lane 1) in
comparison to the HfH cells (Fig. 1C, lanes 3 and 4). These
data also suggest that the predominant ferritin species made
in these transformants is human H chain (see below).

Levels of Human Ferritin in HfH Transfectants. The level of
human ferritin H-chain expression in the HfH transformants
is much higher than endogenous mRNA expression in host
murine fibroblasts or in the nontransfected K562 cells. RNA

6336 Biochemistry: Rouault et al.
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derived from mouse fibroblasts transfected by a gene unre-
lated to ferritin served as a control to demonstrate the amount
of signal that was produced by hybridization to mouse ferritin
mRNA (see Fig. 3A, lane 1). The signal obtained with RNA
from these control cells remained low compared to human
ferritin mRNA in the HfH transformants, even when the
stringency of the hybridization and wash conditions was
markedly reduced. This finding suggests that the mouse
ferritin message levels are low compared to the human
ferritin mRNA levels in the HfH cells and that low homology
of the probe to mouse mRNA is not the cause of the
decreased mouse signal (data not shown). When the mRNA
levels of the HfH transformants are compared to ferritin
mRNA levels from an equivalent amount of total RNA from
human K562 cells, the signal from the transfected cells is
generally 3-5 times higher. Southern blot analysis of total
genomic DNA from the HfH cells confirms a high average
copy number of20-30 human ferritin genes (data not shown).
Thus, the presence of high ferritin mRNA levels in the
transfected cells can be explained, but it appears that the
average mRNA production per introduced gene is lower than
that seen with the endogenous gene of K562 cells.

Regulation of Ferritin Biosynthesis. A central feature of the
biology of ferritin is the high degree of regulation of ferritin
biosynthesis that takes place in response to changes in iron
availability. We have, therefore, examined if the transfected
human gene can produce a regulated gene product. Biosyn-
thetic rates in the transfected cells were evaluated after drug
treatments designed to perturb the iron status of the cell.
Ferritin biosynthetic rates varied according to iron status; in
the presence of hemin, the biosynthetic rate of ferritin was
approximately 50 times higher than it was when a state ofiron
deprivation was induced (Fig. 2A). Total protein synthesis,
measured by incorporation of [35S]methionine into proteins,
was unchanged by treatment with either hemin or desfer-
rioxamine in these experiments, which attests to the selec-
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FIG. 2. Regulation of ferritin biosynthesis despite unaltered
ferritin mRNA levels. (A) Regulation of ferritin biosynthesis. Mouse
fibroblasts (Left) and HfH transformants (Right) were treated for 4
hr with 50 jLM hemin (lanes H) or 16 hr with 50 ,uM desferrioxamine
(lanes D) prior to metabolic labeling, lysis, immunoprecipitation with
polyclonal anti-ferritin antibody, and NaDodSO4/PAGE. The levels
of newly synthesized ferritin are compared on this autoradiograph
with those of untreated control cells (lanes C). (B) Blot-hybridization
analysis of total RNA from HfH transformants. Total RNA was

isolated and blot-hybridization analysis of 10 ,ug of RNA was

performed. Cells were treated with hemin (lane H) or desfer-
rioxamine (lane D) as described in A and are compared with
untreated control cells (lane C). (C) Blot-hybridization analysis of
cytoplasmic RNA from HfH transformants. Cells were treated with
hemin (lane H) or desferrioxamine (lane D) as described in A.
Cytoplasmic RNA was isolated and blot-hybridization analysis of 10
gg of this RNA was performed.

tivity of the effect upon ferritin synthesis. However, total
mRNA levels for human H chains were not altered by
changes in cellular iron status (Fig. 2B). Furthermore, when
cytoplasmic RNA levels for human H chain were compared
in cells treated with desferrioxamine or hemin, no differences
were seen (Fig. 2C); thus, nuclear processing or nuclear
transport as a source of regulation of biosynthesis is ruled
out. Hemin has been shown to stimulate translation in
reticulocyte lysates (20). In intact cells the effect of hemin or
ferritin synthesis can be completely blocked by iron chela-
tors, demonstrating that the hemin is functioning as an iron
source (data not shown). In contrast to reticulocyte lysates,
we do not see nonspecific increases in protein synthesis.

Induction of Increases in mRNA Levels of the Ferritin H
Chain Is Correlated with Increases in the Biosynthetic Rate.
When transfected cells were treated with various concentra-
tions of sodium butyrate for 24 hr, increases in human ferritin
H-chain mRNA levels were induced. Therefore, treatment of
cells with sodium butyrate makes it possible to change
intracellular mRNA levels in a controlled fashion and to
evaluate the response of the cell to these altered mRNA
levels. HfH transformants were treated with a range of
concentrations of butyrate (0, 3, and 10 mM) and, for each
butyrate concentration, treatments designed to alter iron
availability were included. Human ferritin mRNA levels from
cells treated with 50 ,xM desferrioxamine or 50 ,uM hemin
were determined at each butyrate concentration. From 0 to
10 mM butyrate, levels ofmRNA showed an increase ofabout
5-fold. Once again mRNA levels were clearly unaffected by
iron status at each butyrate concentration (Fig. 3A). Rates of
ferritin biosynthesis remained very responsive to cellular iron
status and increased 10- to 20-fold as delivery of iron to the
cells was increased (Fig. 3B). Although a range of iron
response remained for each butyrate concentration, higher
mRNA levels were correlated with higher protein biosyn-
thetic rates at every point (Fig. 4). The correlation between
mRNA levels and ferritin biosynthetic rates is also apparent
in HfH cells receiving 3 mM butyrate for various times up to
72 hr. Levels of ferritin mRNA were elevated 3-fold after 24
hr and remained so for the duration of the treatment (Fig. 5).
At all time points examined, the biosynthesis of femtin
closely reflected measured mRNA levels.

DISCUSSION
We have demonstrated that stable transfection of the gene for
human ferritin H chain into mouse fibroblasts results in the
expression and regulation of an apparently normal and
functional protein. All immunoprecipitable human ferritin
chains are assembled into spheres of normal size, and at least
some of these are heteropolymers that contain both human
and mouse subunits. Increased availability of iron produced
by treatment with hemin results in increased biosynthesis of
ferritin, whereas intracellular iron depletion produced by
treatment with desferrioxamine results in a marked decrease
in ferritin biosynthesis. This regulation clearly occurs at a
posttranscriptional level since cytoplasmic mRNA levels are
not altered as a result of these treatments. Many previous
reports have suggested that the regulation of ferritin levels is
accomplished through regulation of translation (4-7). Al-
though mRNA levels do not change in response to iron status,
the amount of mRNA that is associated with ribosomes and
is actively translated changes severalfold (7). We have
recently demonstrated that the 5' untranslated leader se-
quence of the ferritin H-chain mRNA is necessary for this
regulation and is sufficient to confer the capacity for iron-
dependent translational regulation when a hybrid mRNA is
formed by ligation of this sequence to the 5' end of an
otherwise unregulated gene (unpublished results).

Biochemistry: Rouault et al.
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FIG. 3. Effect of sodium butyrate treatment of HfH transform-
ants on ferritin mRNA levels and iron regulation of ferritin biosyn-
thesis. (A) Effect of sodium butyrate treatment on ferritin mRNA
levels. HfH transformants were treated for 24 hr without butyrate
(lanes 2 and 3), with 3 mM butyrate (lanes 4 and 5), or with 10 mM
butyrate (lanes 6 and 7). In addition, cells were treated for 16 hr with
50 A.M desferrioxamine (lanes 2, 4, and 6) or for 4 hr with 50 IAM
hemin (lanes 3, 5, and 7). Total RNA was isolated and blot-
hybridization analysis of 10 ,ug was performed. Lanes: 1, 20 ,ug of
RNA from untreated mouse cells transfected with an unrelated gene;
8, 10 Ag of total RNA from human K562 cells. (B) Effects of butyrate
on ferritin biosynthesis and its iron regulation. Cells were treated for
24 hr with the indicated levels of butyrate as described in A. In
addition, cells were treated for 16 hr with 50 AM desferrioxamine
(lanes 1) or for 4 hr with hemin at 2 1LM (lanes 2), at 10 A&M (lanes 3),
or at 50 ,uM (lanes 4). Biosynthetic labeling, immunoprecipitation
with monoclonal anti-human ferritin H-chain antibody, NaDodSO4/
PAGE, and autoradiography were performed. The 20-kDa regions of
these autoradiographs are shown. All data shown are derived from
the same autoradiograph exposure.

It is apparent that the level of biosynthesis of ferritin
cannot be predicted from measurements of mRNA levels in
the absence of information about the iron status of the cell.
This fact is clearly demonstrated by the presence of 50- to
100-fold variations in protein synthesis rates in the absence of
alterations in mRNA levels. To begin to understand the
mechanisms underlying this regulation and to determine the
points at which ferritin protein levels can be controlled, we
have attempted to determine if the rate of transcription of the
ferritin gene and the resulting mRNA levels can influence the
level of ferritin protein synthesis. In a recent report, a number
of different cell types were analyzed for levels of ferritin
mRNA and ferritin protein. The results of this study suggest-
ed a direct correlation between mRNA levels and protein
levels in different individual cell lines (21). However, indi-
vidual cell lines may have other unmeasured metabolic
features that account for this correlation between mRNA
levels and biosynthesis. To evaluate the effect of altered
mRNA levels on the translational regulatory apparatus, we
have examined the regulatory response to induced increases
in ferritin mRNA levels in a single cell line-the murine
fibroblasts transformed by the human H-chain gene. Treat-
ment of cells with sodium butyrate in millimolar concentra-
tions has been correlated with the activation of many genes
through a mechanism thought to involve inhibition of histone
deacetylase and accumulation of hyperacetylated core par-

FIG. 4. Quantitative correlation between ferritin mRNA levels
and ferritin biosynthesis. Autoradiographs of Fig. 3 A and B were
quantitated by scanning densitometry. Relative rates of biosynthesis
at 0 mM (A), 3 mM (9), and 10 mM (o) butyrate (BtO) are plotted as
a function of hemin concentration, and the values obtained in
desferrioxamine (DO-treated cells are also shown. (Inset) Quantita-
tion of ferritin mRNA at the indicated BtO treatment in HfH cells also
treated with either 50 jLM desferrioxamine (open bars) or 50 ,uM
hemin (solid bars).

tide histones (22). Southern analysis of genomic DNA from
the transfected cell population indicates a high gene-copy
number, which may account for elevated mRNA levels in
these cells. When this cell population is treated with 10 mM
butyrate, there is a 5-fold increase in ferritin mRNA levels,
implying that transcriptional activity of the transfected genes
increases in response to treatment with butyrate. Moreover,
a dose-dependent increase in ferritin mRNA levels correlates
directly with an increase in protein biosynthetic rate. Post-
transcriptional regulation produced by perturbations in iron
status is maintained, but the range of biosynthetic rates is
determined by mRNA levels. When cells are treated with
butyrate over a 72-hr period, there is again a strong corre-
lation between increases in biosynthetic rates and mRNA
levels over the entire course of the treatment.
These observations allow us to consider two formal models

by which iron regulates ferritin mRNA translation. Both
postulate specific effectors, presumably proteins, that regu-
late translation. The function of these effectors is determined
by the iron status in the cell and possibly by the binding of
iron to the effector proteins. In one type of model, the number
of effector molecules stoichiometrically determines the num-
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FIG. 5. Time course ofthe effect ofbutyrate on mRNA levels and
ferritin biosynthesis. HfH transformants were treated with 3 mM
butyrate for the indicated times. Relative ferritin mRNA levels (e--e)
and ferritin biosynthetic rates (n-ri) were quantitated from autora-
diographs prepared as described in Fig. 3.
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ber of actively translated mRNA molecules. The iron status
determines the number of active effectors, and the absolute
number of effectors is the sole determinant of the number of
active mRNA molecules. In this model, the total level of
ferritin mRNA beyond the number of effectors would be
irrelevant to the level of ferritin biosynthesis. Such a model
would predict no change in biosynthesis when mRNA levels
increase and, therefore, is ruled out by our data. In the
second type of model, sufficient effectors exist in the cell to
distribute over all mRNA molecules and are, therefore, not
limiting. In this type of model, iron determines the proportion
of positive (or negative) effectors, which in turn determines
the proportion of total mRNA that is translated. When we
examine the data in Fig. 4, we see that for cells treated with
either 0 or 10 mM butyrate (representing a 5-fold difference
in mRNA levels) a 50% decrease in the biosynthetic rate is
seen for each mRNA level when the hemin concentration is
decreased from 50 to 10 liM. Thus our data demonstrate that
a relatively constant ratio of ferritin biosynthetic rates is
maintained between cells that express low (untreated) and
high (butyrate-treated) mRNA levels, and this ratio remains
constant over a wide range of changes in iron status. These
studies suggest that, in addition to the high degree of
translational regulation mediated by changes in iron status,
the level of transcription of mRNA also determines the
protein levels in the cell. Thus, the dynamic range of the cell
for ferritin biosynthesis is determined by the level of ferritin
mRNA (21). Within this range, the effects of cellular iron will
be exerted at the level of translation. It appears that this
potential source of regulation is employed in normal physi-
ological settings. Studies of ferritin mRNA levels in differ-
entiating HL60 cells have shown that absolute mRNA levels
of H and L subunits rise and that H-to-L mRNA ratios
increase substantially (23). These changes are reflected in
differences in total ferritins and show that this increase in
ferritin is achieved by way of regulation of mRNA levels.
The HfH transformants express markedly elevated

amounts of ferritin H chain mRNA, and biosynthetic rates
are high. What consequences does this have for the cell? In
a previous study, we determined that the percentage of
incoming iron that was sequestered by ferritin was deter-
mined by absolute intracellular ferritin levels (15). If in-
creased biosynthetic rates result in increased intracellular
ferritin levels, large amounts of incoming iron may be
diverted away from normal metabolic pathways because of
increased sequestration of iron by ferritin (24). Important
features of intracellular iron metabolism may be revealed
when the long term impact of elevated biosynthetic rates of
ferritin is determined.

Transfection of the human H-chain gene into mouse
fibroblasts has enabled us to construct a hybrid system in
which the regulation of human gene products occurs in
conjunction with the regulatory apparatus of the mouse cell.
This system has allowed us to evaluate models that describe
the molecular mechanisms of the regulation of ferritin bio-
synthesis. Iron does not affect ferritin message levels, and
translational regulation in response to changes in iron status
is determined by effectors that are sensitive to iron supply
and determine the proportion of mRNA that is translated.
Manipulations of mRNA levels produce proportional changes
in biosynthetic rates in the absence of other perturbations,
and these findings support the view that mRNA levels
determine the range of biosynthetic rates that will be present
when translational regulatory signals are integrated into the
regulatory process. This observation may have important
implications for other systems in which translational regula-

is not a separate and distinct form of regulation but rather is
intimately tied to transcriptional rates. A complex interde-
pendence of transcriptional and translational regulation pro-
duces a responsive system of regulation, which can accom-
modate the metabolic requirements of cells in differentiation
and proliferation.

We thank Dr. David Sabatini for his suggestion of using butyrate
to manipulate mRNA levels, Dr. Stephen Keim for his work in the
initial stage of this project, and Dr. Paolo Arosio for supplying us with
the monoclonal anti-human H-chain antibody. We thank Mrs.
Ekaterini Perry for her excellent help in preparing the manuscript.
M.W.H. gratefully acknowledges a fellowship from the Deutsche
Forschungsgemeinshaft.

1. Rice, D. W., Ford, G. C., White, J. L., Smith, J. M. A. &
Harrison, P. M. (1983) in Structure and Function of Iron
Storage and Transport Proteins, eds. Urushizaki, I., Aisen, P.,
Listowsky, I. & Drysdale, J. W. (Elsevier, Amsterdam), pp.
11-16.

2. Munro, H. N. & Linder, M. C. (1978) Physiol. Rev. 58,
317-3%.

3. Bothwell, T. H., Charlton, R. W. & Motulsky, A. G. (1983) in
The Metabolic Basis of Inherited Disease, eds. Stanbury,
J. B., Wyngaarden, J. B., Fredrickson, D. S., Goldstein, J. L.
& Brown, M. S. (McGraw-Hill, New York), pp. 1269-1298.

4. Zahringer, J., Baliga, B. S. & Munro, H. N. (1976) Proc. Natl.
Acad. Sci. USA 73, 857-861.

5. Shull, G. E. & Theil, E. C. (1982) J. Biol. Chem. 257, 14187-
14191.

6. Shull, G. E. & Theil, E. C. (1983) J. Biol. Chem. 258, 7921-
7923.

7. Aziz, N. & Munro, H. N. (1986) Nucleic Acids Res. 14,
915-927.

8. Boyd, D., Jain, S. K., Crampton, J., Barrett, K. J. & Drys-
dale, J. (1984) Proc. Natl. Acad. Sci. USA 81, 4751-4755.

9. Boyd, D., Vecoli, C., Belcher, D. M., Jain, S. K. & Drysdale,
J. W. (1985) J. Biol. Chem. 260, 11755-11761.

10. Jain, S. K., Barrett, K. J., Boyd, D., Farreau, M. F., Cramp-
ton, J. & Drysdale, J. W. (1985) J. Biol. Chem. 260,
11762-11768.

11. Costanzo, F., Columbo, M., Staempfli, S., Santoro, C.,
Marone, M., Frank, R., Delius, H. & Cortese, R. (1986)
Nucleic Acids Res. 14, 721-736.

12. Hentze, M. W., Keim, S., Papadopoulos, P., Leonard, W. J.,
O'Brien, S., Modi, W., Drysdale, J., Harford, J. B. & Klaus-
ner, R. D. (1986) Proc. Natl. Acad. Sci. USA 83, 7226-7231.

13. Luzzago, A., Arosio, P., lacobello, C., Ruggeri, G., Capucci,
L., Brocchi, E., de Simone, F., Gamba, D., Gabri, E., Levi, S.
& Albertini, A. (1986) Biochim. Biophys. Acta 872, 61-71.

14. Laemmli, U. K. (1970) Nature (London) 227, 680-685.
15. Mattia, E., Josic, D., Ashwell, G., Klausner, R. D. & van

Renswoude, J. (1986) J. Biol. Chem. 261, 4587-4593.
16. Rouault, T., Rao, K., Harford, J. B., Mattia, E. & Klausner,

R. D. (1985) J. Biol. Chem. 260, 14862-14867.
17. Maniatis, T., Fritsch, E. F. & Sambrook, J., eds. (1982) in

Molecular Cloning: A Laboratory Manual (Cold Spring Har-
bor Laboratory, Cold Spring Harbor, NY).

18. Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biochem. 132,
6-13.

19. Shapiro, A. L., Vinuela, E. & Maizel, J. B. (1967) Biochem.
Biophys. Res. Commun. 28, 815-820.

20. Ochoa, S. & de Haro, C. (1979) Annu. Rev. Biochem. 48,
549-580.

21. Cairo, G., Vezzoni, P., Bardella, L., Schiaffonati, L., Rap-
pocciolo, E., Levi, S., Arosio, P. & Bernalli-Zazzera (1986)
Biochem. Biophys. Res. Commun. 139, 652-657.

22. McCue, P. A., Gubler, M. L., Sherman, M. I. & Cohen, B. N.
(1984) J. Cell Biol. 98, 602-608.

23. Chou, C. C., Gatti, R. A., Fuller, M. L., Concannon, P.,
Wong, A., Chorda, S., Davis, R. C. & Salser, W. A. (1986)
Mol. Cell. Biol. 6, 566-574.

24. Mattia, E., Rao, K., Shapiro, D. S., Sussman, H. H. &

tion is present. In the ferritin system, translational regulation

Biochemistry: Rouault et al.

Klausner, R. D. (1984) J. Biol. Chem. 259, 2689-2692.


