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Evidence for tissue-specific regulations at pre- and post-translational levels
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The proportion of ferritin light-chain and heavy-chain subunits (L and H) present in the ferritin multimeric shell varies
between different tissues. To identify the regulatory mechanisms responsible for the greater amount of L in liver than in
heart isoferritins, we analysed ferritin-gene expression at the RNA and protein levels in these two tissues of the rat. In
the heart the ratio between the amount of L and H, at the level both of synthesis and accumulation, is about 1 and
is the same as the ratio between their respective mRNAs. In contrast, in the liver, the ratio between the L- and H-mRNAs
is approx. 2 and cannot entirely explain the large predominance of L in isoferritins in this tissue. Since in the liver the L-
mRNA is neither preferentially associated with polyribosomes nor translated more efficiently than its H- counterpart, it
seems that the liver-specific isoferritin profile is determined by a combination of pre- and post-translational mechanisms,
whereas in heart the post-translational regulation does not seem to be relevant and the tissue-specific pattern is determined

at the level of mRNA accumulation.

INTRODUCTION

Ferritin is an iron-containing protein which plays a central
role in iron storage and detoxification [1]. Ferritin molecules
consist of a spherical shell composed of 24 subunits of two types,
heavy (H) and light (L); the assembly into different proportion
of the H- and L-chains originates a variety of isoferritins [2].
Each tissue possesses a characteristic H and L content and
isoferritin profile, which is modified in iron overload and other
pathophysiological conditions. L-subunit-rich isoferritins (LRI)
predominate in tissues with high levels of stored iron, such as
liver and spleen, whereas H-subunit-rich isoferritins (HRI) are
found in organs with no evident iron-storage function, such as
heart and pancreas [3). The various ferritin phenotypes may have
different functions which, although not yet clarified, could be
related to the different abilities of H and L in the handling of iron
[4]. Acute (see [5] for review) and chronic [6] changes in the
intracellular levels of iron control ferritin-gene expression, and
extensive studies have been performed to analyse the molecular
mechanisms of this iron-dependent regulation. Controls at the
transcriptional [7-9] post-transcriptional [10,11] and trans-
lational [12-15] levels have been reported, the last being
quantitatively more relevant and affecting H and L transcripts in
the same way [7,12]. The iron-independent mechanisms that
regulate the changes in ferritin-gene expression have not been
fully investigated, although Northern-blot experiments demon-
strated that expression of H and L genes is regulated by pre-
translational processes during development [16], differentiation
[17], neoplastic transformation [18,19] and stimulation with
hormones [20] or cytokines [21]. Little is known of the molecular
events that cause the differences in isoferritin profiles and
concentrations in different cell types, i.e. in tissue-specific ex-
pression of H and L. In the present work we compared ferritin
biosynthesis in rat liver and heart, two tissues which have distinct
isoferritin profiles and very different proportions of L and H and
which have been chosen as models to study at which level the
tissue-specific isoferritin pattern is determined.

EXPERIMENTAL
Animals

Male albino rats (Wistar strain) weighing approx. 200 g and fed
on a balanced diet ad libitum were used.

Ferritin purification and subunit composition

Ferritin was purified from rat liver and heart as described in
[2]. Briefly, ferritin was precipitated with 80 %-satd. (NH,),SO,
from homogenates of fresh tissues heated at 75 °C and clarified
by centrifugation; the precipitate was resuspended and loaded
on a Sepharose 6B column. Electrophoretic analysis showed the
ferritin to be pure. Subunit composition of ferritin purified from
the liver and the heart of three different rats was determined by
densitometric scanning of Coomassie Blue-stained bands after
separation on 15 %-(w/v)-acrylamide/SDS gels [22].

Protein synthesis by tissue slices

Liver and heart slices were prepared and incubated in the
presence of 100 xCi of [**S]methionine as described in [23]. At
the end of the incubation the slices were homogenized, and equal
amounts of radioactivity were taken for ferritin immuno-
precipitation.

Immunoprecipitation and electrophoretic analysis of ferritin

Immunoprecipitation of ferritin labelled in vitro was performed
as described in [23], using anti-(rat liver ferritin) polyclonal
antibodies. Immunoprecipitation products were run on 159%,-
polyacrylamide/SDS gels [22], processed for fluorography [24]
and exposed to Amersham Hyperfilm MP. The relative in-
corporation of radioactivity into each subunit was determined by
densitometric scanning of appropriately exposed films.

RNA extraction

RNA was extracted from purified liver polyribosomes pre-
pared by the procedure of Yap et al. [25], using the phenol/

Abbreviations used: H, ferritin heavy chain; L, ferritin light chain; HRI, H-subunit-rich isoferritins; LRI, L-subunit-rich isoferritins.
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chloroform method as previously described [23]. Total cellular
RNA was prepared using the procedure of Chomczynski &
Sacchi [26]; the liver was homogenized in a glass Dounce
homogenizer, and the heart was homogenized in a Polytron
homogenizer.

Northern-blot analysis

Total and polyribosomal RNA were electrophoresed under
denaturing conditions, blotted to Hybond C extra (Amersham)
nitrocellulose filters and hybridized to 3?P-labelled probes as
described previously [7]. The DNA probes were labelled by nick-
translation using a commercially available kit (Amersham). For
the calculation of the absolute amount of ferritin mRNAs, we
used a previously described procedure [27] with minor modi-
fications. The H1110 [28] and pRLF3 [29] plasmids containing
the cDNAs of H and L were digested with Rsal-FnuDII and Pst1
respectively to excise the inserts. These fragments encompass the
complete coding regions of ferritin chains as well as several
nucleotides of untranslated flanking sequences. Various amounts
of the gel-purified H- or L-DNA fragments (3-12 ng; adjusted to
30 ug with yeast tRNA) were run in other lanes of the same gels
which contained the different RNA samples, blotted and hybrid-
ized to the appropriate H- or L-cDNA probe. These DNA
restriction fragments had approximately the same size as the
ferritin mRNAs and served as hybridization intensity standards
to construct a calibration curve after densitometric quantification
of the bands. The densitometric values were used to estimate the
amount of ferritin subunit mRNAs/ug of total RNA. Auto-
radiograms were scanned with an LKB laser densitometer,
making sure that the exposure of the film was in the linear range.
The values were corrected for the amount of rRNA loaded in
each lane as measured by hybridization of rRNA with the
pXCR?7 probe on the same filter.

Probes

The cDNA clones for the rat L and H generously provided by
Professor. H. Munro (Department of Applied Biological Sci-
ences, MIT, Cambridge, MA, U.S.A.); the pXCR7 probe con-
taining a Xenopus laevis IDNA unit was kindly provided by Dr.
I. Bozzoni (Centre for the Study of Nucleic Acids, Rome, Italy).

RESULTS

Ferritins purified from rat liver and heart were analysed by
SDS/PAGE, and a typical result is shown in Fig. 1(a). In
agreement with previous data [2,30-32] we found that purified
liver ferritin was predominantly composed of L, whereas heart
ferritin contained similar proportions of H and L. Densitometric
scanning of the bands obtained after electrophoretic separation
of three different preparations for both tissues consistently gave
an L/H ratio of about 1:1 for heart ferritin and of about 4:1 for
liver ferritin (Table 1). In order to study the molecular mechan-
isms responsible for this difference in ferritin-subunit com-
position, we developed a quantitative Northern-blot assay to
measure the absolute amounts of L- and H-mRNA in the two
tissues. H- or L-DNA fragments were present as hybridization
standards on the same filters that contained the RNA samples.
Standard curves of the hybridization intensities were generated
to estimate the absolute amount of ferritin mRNAs after
hybridization with the appropriate H- or L-DNA probe. We
found a good linearity of hybridization over the range 1.5-15 ng
for the standards and over the range of 1040 ug of total RNA
(results not shown). Replicate experiments with liver RNA
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preparation allowed one to calculate an L- and H-mRNA content
of about 200 and 100 pg/ug of total RNA respectively, with an
error below 10 %. Further experiments on different animals and
tissues were performed using the 3-12 ng range of hybridization
standards and 30 ug of total RNA. A representative auto-
radiogram is shown in Fig. 2; densitometric quantification of
three independent sets of experiments is reported in Table 1.
Both H- and L-mRNAs were more abundant in the liver than in
the heart. In the heart the ratio between the L- and the H-mRNA
was 1:1, analogous to that of the accumulated protein (Fig. 1a,
lane 2, and Table 1); in contrast, in the liver, L and H-mRNA
showed a 2:1 ratio, which is half of that predicted by the subunit
composition of the purified protein (Fig. 1a, lane 1, and Table 1).
By using a different procedure, White & Munro [8] found in rat
liver an L/H-mRNA ratio (2.4+0.3, as deduced from their
graph) very close to the value reported here. Since intracellular
distribution of mRNAs plays an important role in the regulation
of hepatic ferritin synthesis [12,15], a possible explanation for
this phenomenon could be a differential engagement of the two
hepatic mRNAs into inactive mRNPs versus actively synthesizing
polyribosomes. However, this possibility does not seem to hold
in this case, because we found a ratio between L- and H-mRNAs
in polyribosomal RNA of 2:1, analogous to that found in total
cellular RNA (Fig. 2 and Table 1). In fact about 159, of both
mRNAs was found engaged in polyribosomes, confirming pre-
vious data that showed high levels of ferritin mRNAs stored as
mRNPs [12,15]. These findings suggested that translational
controls other than initiation or post-translational events
were involved in the preferential accumulation of LRI in rat
liver. We studied the rate of synthesis of H and L in tissue
slices pulse-labelled in wvitro, since this system has been
demonstrated to be fully representative of the situation in vivo
[33]. Ferritin synthesized by tissue slices during 1 h of incubation
in the presence of radioactive methionine was immuno-
precipitated and analysed by SDS/PAGE, and the fluorogram
from one representative gel is shown in Fig. 1(b). Densitometric
quantification of ferritin bands immunoprecipitated from rep-
licate experiments of labelling using tissue slices from different
rats gave an L/H ratio of about 1:2 in heart and of about 1:1 in
liver. Taking into account the fact that the rat H has twice as
many methionine residues as the L [29], the L/H ratios can be
calculated as about 1:1 in heart and about 2:1 in liver (Table 1),
i.e. proportional to the amount of their mRNAs. Observed half-
lives of ferritin varied from 25 to 50 h [5]; therefore the short
labelling period used in this work should make the effect of
protein turnover on the estimation of synthesis rates negligible.

(@) (b)

Fig. 1. SDS/PAGE analysis of liver and heart ferritins

Liver and heart ferritins were purified from tissues (a) or
immunoprecipitated from tissue slices incubated in vitro (b) as
described in the Experimental section and separated on a 159%,-
polyacrylamide gel. Ferritin bands were revealed by either Coomassie
Blue staining (a) or fluorography (b) of the gels. Lane 1, liver
ferritin; lane 2, heart ferritin; lane 3, human recombinant H.
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Table 1. H and L mRNAs and subunits in rat liver and heart

(a and b) The values of ferritin mRNAs were calculated as described in the Experimental section and are expressed as means +s.E.M. for three
separate sets of experiments. For each experiment RNAs extracted from tissue samples of different animals were run on separate gels together with
calibration standards and hybridized separately. The values of polyribosomal ferritin mRNAs were calculated assuming 50 % of total cellular
RNA as polyribosomal [44]. (c) Data obtained from lines (a) and (b). (d) The ratios of H and L subunits from three separate experiments are
reported. For each experiment slices from different tissue samples were incubated separately in the presence of [**S]methionine and the material
immunoprecipitated from homogenates was run on separate gels. The values were obtained by densitometric quantification of differently timed
autoradiographic exposures for each gel. The ratio of ferritin subunits in synthesis de novo was calculated by taking into account that rat H and
L have six and three methionine residues respectively [29]. (e) The ratios of H and L in liver and heart ferritins independently purified from the
tissues of three different rats are reported. The values were obtained by densitometric scanning of Coomassie Blue-stained SDS-containing gels

as described in the text.

Parameter

Total liver

Total heart Polyribosomal, liver

(@) L-mRNA (pg/ug of total
cellular RNA)

) H-mRNA (pg/ug of total
cellular RNA)

(c) L/H ratio (mRNAs)
(d)  L/H ratio (protein synthesis de novo)

(e) L/H ratio (accumulated protein)

220+18 40+5 34+4

112+9 36+4 16+3
1.94 1.08 2.08
231 0.83 -
2.08 1.48 -
1.97 111 -
4.35 1.10 -
3.70 0.88 -
3.83 1.17 -

18S=—

18S=

Fig. 2. Levels of ferritin mRNAs in liver and heart

The amount of ferritin L- and H-subunit mRNAs was analysed by
Northern-blot analysis using co-electrophoresed L- and H-cDNAs
as hybridization standards as described in the Experimental section.
(a) Hybridization with L probe; (b) hybridization with H probe.
Lanes 1-3, increasing amounts (3, 6, 12 ng) of L- (a) or H- (b)
cDNAss adjusted to 30 ug with yeast tRNA; lane 4, total liver RNA
(30 ug); lane 5, total heart RNA (30 xg); lane 6, polyribosomal liver
RNA (30 ug). At he left of each blot the migration position of 18 S
rRNA is indicated.

DISCUSSION

Genes which are strictly tissue-specific or exhibit a strong
inductive tesponse are, in general, transcriptionally regulated
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[34,35]. On the other hand, several ‘housekeeping’ genes are
post-transcriptionally regulated [36]. Ferritin genes belong to
both groups, since their expression is at the same time ubiquitous
and induced by iron [5]. In fact ferritin biosynthesis is regulated
at multiple levels, although, in contrast with other genes, post-
transcriptional mechanisms seem more important in the response
to iron induction, and transcriptional events play a role in other
types of iron-independent pathophysiological situations [3]. The
aim of this work was to identify the molecular mechanisms
responsible for the distinct isoferritin profiles of rat liver and
heart. The two ferritins had strikingty different structures, since
ferritin purified from rat heart contained equivalent proportions
and H and L, whereas hepatic ferritin was richer in L. We believe
that the L/H ratios in the two ferritins (4:1 in liver and 1:1 in
heart) are representative of the actual isoferritin composition
inside the two tissues because: (i) heart and liver ferritin were
purified by the same procedure; (i) different purification
procedures gave similar results [2,30-32]; (iii) in humans, where
specific anti-H and anti-L antibodies are available for Western-
blot experiments, the subunit composition of the purified ferritin
provides a reliable index of the total subunit composition in the
various tissues [37,38]. By means of quantitative hybridization
experiments we found that the liver has levels of H- and L-
mRNAs higher than those of the heart, which may explain its
larger ferritin accumulation, and has a higher L/H-mRNA ratio,
which can partially account for the larger proportion of L in liver
isoferritin. The finding that, in the heart, the ratio of the H- and
L-mRNAs is analogous to that of the subunits, whereas in the
liver the L/H-mRNAs ratio of 2:1 corresponded to an L/H
subunit ratio of 4:1 and led us to study the intermediate steps of
ferritin biosynthesis. We found that the ratio of L- to H-mRNAs
in polyribosomal RNA is similar to that in total cellular RNA,
indicating that the different intracellular distribution of ferritin
mRNAs that is involved in the response of the cell to both acute
and chronic iron load [12,15] is not adequate to explain the
preferential accumulation of LRI in rat liver. Fractionation of
rat liver postmitochondrial supernatant on sucrose gradients
did not reveal differences in distribution between L- and H-
mRNA [12,15], making it unlikely that the two ferritin mRNAs
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are associated with polyribosomes of different sizes and hence
translated with different efficiencies. The results obtained for
ferritin synthesis de novo in tissue slices confirmed that the two
mRNA species are translated with similar efficiency, since in
both heart and liver the synthesis of H and L is proportional to
the amount of their respective mRNAs.

In conclusion, we found that the heart maintains .the same
L/H ratio (about 1:1) from mRNA steady-state levels to protein
accumulation; in contrast, the liver maintains an L/H ratio of
2:1 from mRNA levels up to subunit synthesis de novo, and then
it shows a dramatic change to a ratio of 4:1 in the purified
protein. These results therefore suggest that the tissue-specific
isoferritin expression in rat heart and liver is controlled by at
least two mechanisms: a pre-translational one, which leads to
differential accumulation of L- and H-mRNAs, and a post-
translational one, which determines a further increase in the
proportion of L in the liver. The relative increase in L in the
accumulated as against the newly synthesized ferritin may be due
to a reduced half-life of HRI. In fact, previous studies indicated
a longer half-life of hepatic LRI [39,40]. Alternatively, or ad-
ditionally, a possible regulatory step, largely unexplored, of
ferritin synthesis may be localized in the transition of ferritin
from a pool of free subunits to assembled shells [41], as also
suggested from experiments with monocytes in which iron
induced a strong increase in the accumulation of ferritin without
a significant enhancement of synthesis de novo [42,43). The lack
of differences in subunit ratio between newly synthesized and
accumulated ferritin in the heart suggests that either the rate of
relative degradation of the two subunits or the assembly into
shells, or both, are controlled in a tissue-specific way.
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