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ABSTRACT

The main focus of this research has been to examine changes which
occur in iron metabolism, in particular with respect to heme and ferritin
synthesis, during erythroid differentiaticn of MEL cells. Transferrin
receptor expression, iron uptake and heme synthesis increased following
dimethylsulfoxide induced differentiation of MEL cells. Studies
investigating the regulation of heme synthesis in induced and uninduced
MEL cells support the hypothesis that scame step(s) in the pathway of iren
fram extracellular transferrin to protoporphyrin, rather than ArA
synthase, limits and controls the rate of heme and possibly hemoglobin
synthesis in erythroid cells. Results suggest that erythroid
differentiation is accampanied by the induction of a new iron pathway
which shunts increasing eamounts of iren to mitochondria for heme
svnthesis., Furthermore, iren in ferritin is not used for heme synthesis
when extracellular iron sources are available.

H and L ferritin subunit mRNA levels increased after induction of MEL
cells. Heme administration stimulated H and L ferritin mRNA accundation
in both induced and uninduced cells, while inhibition of heme synthesis
during differentiation partially inhibited the accumulation of these
rRNAs. These results suggest that the induction of ferritin mRMAs during
MEL differentiation may be mediated by heme. Iron administration
stimulated the accamilaticn of ferritin protein but did not alter ferritin
MRNA levels, suggesting that iron regulates ferritin synthesis at the
level of translation in MEL cells.

The role of transferrin in supporting cell proliferaticn was also
examined. The results indicate that its sole function is to supply cells
with iron.



RESUME
Le but de ce travail fut d'examiner les changesments que subit le

metabolism du fer et plus particuliére les variations au niveau de la
synthése du héme et de la ferritine durant la différenciation érythroide
des cellules MEL. Lorsque les cellules MEL sont indvites a se différencier
en les exposant au diméthylsulfoxide, des augmentations au niveau de
I'expression du récepteur de la transferrine, de la synthése du heme et du
transport dur fer scnt observées. Des études comparant la régulation de
la synthese du heme dans les cellules MEL induites a des cellules non
induites supportent I'hypothése que certaine(s) étape(s) du cheminement
du fer, notamment celles entre la transferrine extracellulaire et al
protoporphyrine, et non 'etape de la ALA synthase, limite(nt) et
contéle(nt) le taux de synthése du heme et méme possiblement de I'hemo-
globine dans les cellules érythroides. Les résultats suggerement que la
différenciation érythroide est accompagnée de I'induction d'un nouveas
cheminement du fer qui détourne les quantités crissantes de fer vers les
mitochondries pour la synthése du heme. De plus, le fer associé a la
ferritine n'est pas utilisé pour la synthése de heme quand des sources
extracellulaire de fer sont disponibles. .

Aprés l'induction des cellules MEL, le niveau d'ARN messager des

sous-unités H et L de la protéine ferritine augmente. L'additicn de heme
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stimule I'accumulation des ARN messagers des sous-unités H et L
indépendamment de I'état d'induction de la cellule tandis qu'une
inhibition de la synthése du héme durant la différenciation cellulaire
inhibe partiellement 'accumulation de ces ARNs messages. Ces
résultats sugerent que l'induction des ARNs messagers de la ferritine
durant la diiférenciation des cellules MEL pourrait etre causée par ie
héme. L'administration de fer stimule I'accumulation de la protéine de
ferritine sans toutefois changer les niveaux du message de la ferritine,
suggérant ainsi que le fer régulerait la synthése de la ferritine au niveau
de la transduction dans les cellules MEL.

Le role potentiel de la transferrine dans le support a la prolifération
cellulaire fut également étudié. Les résultats obtenus indiquent que

I'unique fonctions de cette protéine est de fournir du fer & la cellule.
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PREFACE

In accordance with the guidelines concerning thesis prepartion, I have
taken the option of writing the experimental portion of this thesis in the
form of original papers suitable for publication. This option is provided
by section 7 in the Guidelines Concerning Thesis Preparation, which reads

as follows:

"The candidate has the option, subject to the approval of the
Department, of including as part of the thesis the text of an original
paper, or papers, suitable for submission to learned journals for
publication. In this case the thesis must still conform to all other
requirements explained in Guidelines Concerning Thesis Preparation.
Additional material (experimenfal and design data as well as descriptions
of equipment) must be provided in sufficient detail to allow clear and
precise judgement to be made of the importance and originality of the
research reported. Abstract, full introduction and conclusion must be
included, and where more than one manuscript appears, connecting texts and
camon abstracts, introduction and conclusions are required. A mere

collection of manuscripts is not acceptable; nor can reprints of published

papers be accepted."

In this thesis, manuscripts of original papers are presented in
Chapters 2-6, and are joined by connecting texts. Each paper has its own
Abstract, Introduction, Materials and Methods, Results and Discussion
section. A cammon Abstract, Introduction, Discussion, Contribution to

Knowledge, and Reference sections are also included.
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CHAPTER 1

GENERAL INTRODUCTION



1. HEMATOPOIESIS:
1.1 Introduction
The hematopoietic system has proved to be a useful model for the study

of cellular differentiation and transformation. Wwhile in man, most
tissues consist of differentiated cells with little proliferative or
self-renewal capacity, hematopoietic tissue, intestinal mucosa and skin
are in dynamic states, continually renewing themselves. In the
hematopoietic system for example, about 1 x 100 erythrocytes came to
the end of their lifespan every hour (Whetton and Dexter, 1985). To supply
new hematopoietic cells there are a small mumber of "stem cells" which
can both replicate themselves and differentiate. This process of blood
cell formation must be regulated, able to respond rapidly to changing
physiological needs, such as would occur during blood loss or infection.
For this to occur normally, there must be a finely tuned balance between
signals for self-renewal and proliferation, and signals for temminal
differentiation. Leukemic transformation may represent an imbalance in
these signals.

1.2 The hematopoietic stem cell

Blood cell production begins fram the pluripotent hematopoietic stem
cell. These cells are characterized by their ability to maintain
themselves through self-renewal, and their capacity to differentiate into
the various blood cell lineages (erythrocyte, granulocyte-monocyte,
lymphocyte and platelets), hence the term pluripotent. All mature
hematopoietic cells will ultimately be derived from these stem cells. An
overview of the various blood elements and how they are formed is
presented in Figure 1. Red cells, platelets, gramulocytes and monocytes
are blood elements that as a group are known as myeloid cells and are



Figure 1. The development of the various blood elements from
bone marrow cells. The bane marrow contains a small number of
pluripotent stem cells which can both self renew and/or
differentiate into camitted stem cells. The committed stem
cells will in turn differentiate along specific cell lineages.
The identifiable morphological changes associated with blood
cell development are depicted. Cells below the horizontal line,
with the exception of the late normoblast may be found in normal
peripheral blood. Fram W.F. Ganong (1983): Review of Medical
Physiology 11th edition, p415.
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derived fram a cammon myeloid stem cell. In contrast, B and T lymphocytes
are most probably derived fram a cammon lymphocytic stem cell. Note that
both pluripotent and unipotent or "camitted" stem cells, with varying
proliferative and self-renewal capacities are thought to exist.
Hematopoietic stem cells are present in the bone marrow in very low
concentrations. The ratio of stem cell to nucleated marrow cell is about
1:2000 (Baboir and Stossel, 1984). The pluripotent stem cell has never
been identified morphologically or isolated in pure form. Rather the stem
cell is usually identified by its differentiated daughter cells. A number
of different experimental approaches have been used to identify,
characterize and classify the various stem cells. Fram these studies a
general scheme of hematopoiesis has been derived. |
1.3 Classification of stem cells

One of the experimental means of examining the nature of the stem cell
is the colony forming assay described by Till and McCulloch in 1961. They
found that when mice were subjected to doses of radiation sufficient to
destroy all hematopoeisis and then injected with marrow cells
(104«-105} fram syngeneic untreated mice, discrete colonies of
hematopoletic cells could be observed in the spleen 8-10 days later.

These nodules consisted of erythroid, granulocytic, megakaryocytic and
undifferentiated cells in varying mixtures. By following chromosamal
markers these colonies were shown to be clonal in origin indicating that
one marrow cell could differentiate along different pathways within the
myeloid system (CQurry and Trentin, 1967; Abramson et al., 1977). The
cells from these nodules were also shown to have self-renewal capability
as demonstrated by the ability of cell suspensions from such colonies to
form new colonies when injected into previously uninfected mice



(Siminovitch et al., 1963). These cells were temmed CFU-S (colony forming
unit-spleen) (see Figure 2).

There is extensive evidence that stem cells more primitive than CFU-S
must exist. "The most stringent definition of a primitive stem cell is one
which is able to recanstitute the hematopoietic system of lethally
irradiated mice or mice bearing a mutation in same early step in stem cell
development" (Dick et al., 1986). These are termed reconstitution
assays. Such reconstitution assays suggest that there is an earlier stem
cell (Sp) capable of differentiating into both myeloid and lymphoid
lineages.

In vitro assays are also used to characterize stem cells. Cultivation
of bone marrow in an appropriate environment can lead to the formation of
colonies of differentiating cells of specific lineages. These assays
select for the expression of camitted stem cells. The pathway taken will
depend on the local environment, specifically the growth and
differentiation factors which are present. The development of these
colonies requires the presence of the appropriate stimulatory molecules.
Both multipotential and lineage restricted growth factors have been
described. In the absence of these colony stimulating factors (CSFs)
proliferation and maturation will not occur.

A model summarizing these observations is presented in Figure 2. All
camitted progenitor cells shown on the right in Figure 2 can produce in
vitro colonies when provided with the appropriate growth and
differentiation factors. CFU-Mix is also detected in vitro, and is a
pluripotent progenitor. However, unlike CFU-S, it has a limited
self-renewal capacity. Reconstitution assays have identified a
pluripotent stem cell termed Sp in Figure 2. There is also indirect



Figure 2. Hematopoietic stem cell development. Reconstitution
assays suggest that all blood elements can be derived fram a
camnon pluripotent progenitor cell (SP) . Evidence also exists
for stem cells which have extensive self-renewal capabilities
but are restricted to either the lymphoid (S;,) or myeloid

(SM) lineages. These early stem cells which have extensive
self renewal capabilities are shown on the left of the figure.
CFU-S, a partially comnitted stem cell retricted to the myeloid
lineage, is identified by spleen colony assays. It has
significant self renwal capacity and is therefore shown in the
middle frame. Comitted stem cells with very little self
renewal capacity are identified by in vitro colony assays and
are shown on the right of the figure. From J.E. Dick et al.
(1986): Trends in Genetics, Vol.2 No.6, plé5
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evidence that these are cells with extensive self-renewal capacity, but
which are camitted to either lymphoid (SL) or myeloid (Sy) lineages
(Abramson et al., 1977; Mintz et al., 1984). Recently, these observations
have been substantiated by experiments using retroviral mediated gene
transfer into primitive hematopoietic stem cells, as a means of tagging
them. Briefly, bone marrow is removed and infected with retroviruses
carrying marker genes. The retroviruses have been genetically altered so
that they will integrate into the gename but will be unable to replicate.
The infected bone marrow is then transplanted back into lethally
irradiated mice or mice which are genetically deficient in hematopoiesis.
By following the unique integration sites of these retroviral vectors one
can unequivocally identify the progeny of a single stem cell. This
experimental procedure, therefore, allows one to identify a variety of
stem cells. In experiments such as described, evidence for SP, SM and
S, type stem cells has been presented (Dick et al., 1985).

1.4 Conclusion

In conclusion, the bone marrow camprises a great variety of

hematopoeitic cell types with varying proliferative capacities and at
various stages of camitment. To understand normal hematopoiesis it is
important to analyse the regulatory mechanisms controlling the development
of a stem cell capable of self-renewal into mature differentiated cells
that cease dividing. Such mechanisms may be blocked or became unbalanced
in leukemic transformation resulting in continued proliferation. Also it
is of interest to investigate how a stem cell becames selectively
camitted to a specific lineage, exactly what changes in gene expression
occur and how they are regulated to result in the final cell phenotype.
For example, developing erythroid cells are characterized by their ability



to synthesize large amounts of hemoglobin. Iren is a vital camponent of
the hemoglobin molecule and must be delivered to the erythroid cell fram
the external milieu. Considering the physio-chemical properties of iron
(see Introduction, section 4), one can predict that during erythroid
differentiation there are dramatic changes in iron metabolism.
Furthermore, these changes would likely be highly regulated and
coordinated with the induction of hemoglobin synthesis. The specific aim
of this study is to examine changes which occur in iron metabolism during
erythropolesis and their possible significance with respect to the
programming of erythroid differentiation.

-10-
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2. ERYTHROPOIESIS
2.1 Introduction

The process of erythropoiesis consists of the production of red blood
cells as they develop fram stem cell to mature erythrocyte. Comnitment of
the multipotential hematopoeitic stem cell to erythroid differentiation
involves a series of developmental stages. Regulation of the rate of
erythropoeisis may occur at a mumber of critical steps in this patlway.
These include, 1. proliferation of the pluripotent hematopoeitic stem
cells; 2. coamitment of hematopoietic stem cells to erythroid
differentiation ; 3. proliferation of the camitted erythroid precusor
cells, which includes several recognized sequential stages of development;
and 4. induction of the erythroid precursors to the expression of
biosynthetic and morphogenic changes characteristic of erythroid
differentiation (Marks and Rifkind, 1978). In this section the features
of erythroid development will be discussed.

2.2 Erythroid differentiation
Terminal erythroid differentiation is characterized by a) the

accumulation of hemoglobin; b) the condensation of chramatin and prior to
release into the blood stream, the extrusion of the nmucleus (Babior and
Stossel, 1984), and c) the eventual loss of protein synthesizing machinery
including RNA, endoplasmic reticulum and mitochondria. An overview of the
sequential development of the erythrocyte can be seen in Figure 3. The
earliest identifiable stage is that of the pronormoblast. This is a

large cell with an active nucleus and little, if any, hemoglobin. It

takes 3-5 days for a pronormeblast to becane a mature red cell. Wwithin
this period the cell gradually changes; it shrinks in size, hemoglobin ’
accunulates and the nucleus condenses. Note that only the first three
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precursor stages, pronormoblasts, basophilic normoblasts and
polychromatophilic normoblasts are able to divide. These cells are said
to be in the mitotic campartment (see Figure 3). The final step is the
extrusion of the mucleus forming the "reticulocyte" which is then released
into the blood stream. The reticulocyte still expresses transferrin
receptors (required for iron uptake),contains some RNA and has a few
mitochondria. These disappear within 24-48 hours to produce the mature
erythrocyte.
2.3 Control of red cell production

Red cell production is largely controlled by erythropoletin which was

the first humoral agent shown to control hematopoietic differentiation.

It is a glycoprotein produced mainly in the kidney, and its production can
be significantly increased in response to tissue hypoxia (Krantz and
Jacobson, 1970). Erythropoietin acts at the level of the camnitted stem
cell to induce both proliferation and differentiation (Goldwasser, 1975).
There are at least two classes of erythroid precursors as characterized by
in vitro clonogenic assays. An immature camitted stem cell termed BFU-E
(burst forming unit-erythroid), which responds to high levels of
erythropoeitin, producing large colonies of differentiated erythroid cells
after 8-10 days of culture, and a more mature stem cell, CFU-E (colony
forming unit-erythroid) can both be detected (Queensberry and Levitt,
1979; Till and McCullough, 1980). The latter responds to lower levels of
erythropoietin producing small differentiated colonies within two days. Of
the two, BFU-E is thought to have the greatest proliferative capacity
(Queensberry and Levitt, 1979). In conclusion, erythropoietin acts in two
ways. First, it stimulates proliferation of the cawnitted precursors and
in so doing augments red cell production by increasing the mumber of stem
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Figure 3. Erythropoiesis. The stages of red cell developreht,
from the pluripotent stem cell to the mature red blood cell are
outlined. It takes approximately 3-5 days for a pronormeblast
to becare a red cell and once in the blood stream the red cell
will live approximately 120 days. Within the mitotic
campartment division and maturation occur at the same time so
that a single proncrmoblast will produce several basophilic
normoblasts and they in turn will produce several
polychramatophilic normoblasts. Within the postmitotic
campartment the cells continue to differentiate but no longer
divide. From B.M. Babior and T.P. Stossel (1984): Hematology a
Pathophysiological Approach pl5.
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cells camitted to the erythroid lineage. Secondly, it shortens the time
required for these camitted stem cells to mature to reticulocytes
(Popovic and Adamson, 1979; Babior and Stossel, 1984). A sumary of
erythropoietin action is shown in Figure 4.
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Figure 4. The action of erythropoietin. Red cell production is
largely controlled by erythropoietin which both stimilates the
proliferation of the cammitted precursor cells and shortens the
time required for these camitted stem cells to mature to
reticodocytes. Fram B.M. Babior and T.P. Stossel (1984):

Hematology a Pathophysiological Approach p 16.
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3. HEMOGLOBIN
3.1 Introduction

The main function of the red blood cell is to transport oxygen to the
tissues. This is accamplished by the hemoglobin molecule which is
uniquely structured such that under the high partial pressure gradient for
oxygen (FO,) in the lung it picks up oxygen, while at the PO2 in the
tissues oxygen is released. It therefore plays a critical physiological
function, transporting oxygen to the tissues.

Hemoglobin is a protein with a molecular mass of 64,500 daltons. It is
camposed of four polypeptide chains each conjugated to a heme moiety (Fig.
5). The polypeptide chains, known as globins, are a family of protein
subunits. In normal adult hemoglobin there are two types of globin chains
a and B which canbine in dissimilar pairs forming the final tetrameric
molecule A8, This structure is held together primarily by
attractive forces between the dissimilar subunits. In addition within each
globin subunit is a reglon known as the heme crevice where the heme moiety
is held by strong, but non-covalent forces. Hemoglobin structure and
function have been the subject of intense study. For more extensive
reviews refer to; Dickerson and Gels, 1983; Bunn and Forget, 1985;
Stamatoyannopoulos et al., 1987.

3.2 Heme

Heme is an iron containing porphyrin derivative. It is ubiquitous and
functions as the prosthetic group in a variety of different hemoproteins.
In the proteins hemoglobin (described above) and myoglobin (a single
polypeptide chain with one heme group, found in muscle and functions as an
oxygen store), heme serves as a functiocnal group for the binding of
oxygen. Oxygen binds to the ferrous iron within the heme moiety. Ferrous
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Figure 5. Hemoglobin structure. Hemoglobin is composed of four
polypeptide chains each conjugated with a heme molety. Normal
adult hemoglobin contains two types of globin chains, a

and B . Alpha/beta dimers cambine to form the final tetrameric
molecule. Fram B.M. Babior and T.P. Stossel (1984): Hematology
a Pathophysiological Approach p22.
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iron is stabilized within the hemoglobin and myoglobin structures such
that the binding and release of oxygen does not under normal conditions
affect the oxidation state of the iron atom. This is a unique feature of
these two proteins and is important since hemoglobin and myoglobin
containing ferric heme (methemoglobin, metmyoglobin) are unable to
reversibly bind oxygen.
In addition to hemoglobin and myoglobin, heme is also the prosthetic group
for a number of vital enzymes including; cytochrome P450; the cytochrames
of the electron transport chain; catalase, which decamposes H0,;
peroxidase, which activates H,0,; and tryptophan pyrrolase, which
catalyses the oxidation of tryptophan. Within these enzymes the iron in
the heme moiety undergoes reversible changes between the ferrous (E‘e2+)
and ferric (E‘eB+} oxidation states (Lehninger, 1975). It is the ability
of the iron within the heme moeity to pick up and donate electrons which
makes it so useful in such a variety of reactions. In these forms
therefore, the complexed heme moiety serves as an electron carrier whereas
in hemoglobin and myoglobin it acts as an oxygen carrier.
3.3 Heme synthesis and requlation

Heme synthesis begins in the mitochondria with the condensation of

glycine and succinyl-coenzymeA to form §-aminolevulinic acld (ALA) (see
Fig. 6). This reaction is catalysed by the mitochondrial enzyme
§-aminolevulinic acid synthase (ALA synthase). ALA then passes into the
cytosol where, catalysed by the enzyme ALA dehydratase, two molecules of
ALA cambine to form the monopyrrol porphobilinogen (PBG). Four molecules
of PBG then condense to form the tetrapyrrol structure uroporphobilinogen
IITI. This reaction is catalysed by two enzymes, PBG deaminase, which
leads to the formation of a linear tetrapyrrol structure (Battersby et
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Figure 6. Heme biosynthesis. Presented here is an overview of
the heme biosynthetic pathway, showing the intracellular
localization of the heme biosynthetic enzymes and
intermediates. For detailed description refer to the text.
Modified from N.G. Ibraham et al., (1983): Progress in

Hematology Vol. 13 p76.
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al., 1979); and uroporphorinogen III cosynthase, which leads to the
formation of the cyclic tetrapyrrol structure uroporphyrinogen IIT
(Levine, 1968). The rapid enzymatic formation of uroporphyrinogen ITI
fram PBG, and the absence of metabolic intermediates suggests that these
two enzymes (PBG deaminase and uroporphyrinogen III cosynthase) exist as
an enzyme camplex (Frydman and Feinstein, 1974; Higuchi and Bogorad,
1875). This cyclic tetrapyrrol structure then undergoes a series of side
chain modifications. First the cytoplasmic enzyme uroporphyrinogen
decarboxylase converts four acetic acid side chains to methyl groups
forming the structure coproporphyrinogen ITI. This structure then passes
into the mitochondria where the remaining steps in heme biosynthesis take
place. Coproporphyrinogen oxidase modifies two propricnic acid side
chains to vinyl groups forming protoporphyrinogen IX and subsequently,
protoporphyrinogen oxidase removes six hydrogen atams forming
protoporphyrin IX. The final step in heme biosynthesis is the enzymatic
insertion of ferrous iron into protoporphyrin IX to form heme.
Conceptually, this biosynthetic pathway may be considered as occurring in
two distinct steps, the first being porphyrin biosynthesis and the latter,
heme biosynthesis which is the enzymatic insertion of ferrous iron into
protoporphyrin (for reviews see; Kappas et al., 1983; Ibraham et al.
1983).

As one might expect in any multistep biosynthetic pathway, the end
product, heme, regulates its own synthesis. Studies in bacteria and
hepatocytes have shown that ALA synthase is the rate limiting enzyme of
this pathway (Burnham and Lascelles, 1963; Granick and Urata, 1963), and
that heme regulates its own synthesis by feedback inhibition of the
activity (Paterniti and Beattie, 1979) and repression of the synthesis of
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this enzyme (Burnham and Lascelles, 1963; Granick et al 1975). Recent
evidence suggests however, that this is not true in erythroid cells (Ponka
and Neuwirt, 1970; Ponka et al., 1973; Woods, 1974; Sassa, 1976; Malik et
al., 1979a,b; Ponka and Schulman, 198%5a,b). It should be mentioned here
that while all cells contain heme, not all cells make heme at the same
rate. Immature erythroid cells in the bone marrow make large amounts of
heme which is used to form hemoglobin. The second largest site of heme
synthesis in the body is the liver which contains 15% of total body heme.
Hepatic heme is used for a number of hemoproteins of which cytochrame P450
is the most abundant. While heme synthesis in hepatic tissue has been
extensively studied, studies of heme synthesis in erythroid cells have
been hampered by the inability to isclate hcrmgenecms populations of early
erythroid cells which would be actively synthesizing hemoglobin. Cne of
the best studied erythroid models is the reticulocyte which can be
collected, in a partially purified form, fram the peripheral blood of
anemic animals. However, reticulocytes appear late in erythroid
development and, lacking nuclei, cannot be used for studying
transcriptional events. To study erythroid hemoglobin synthesis one may
therefore use alternative erythroid models such as the murine
erythroleukemia (MEL) cell system (see Introduction, section 4). The
regulation of heme synthesis and the possibility of a distinct regulatory
mechanism in erythroid cells is discussed in detail in Chapter 3.

3.4 The coordinate regulation of heme and globin synthesis.

Mature erythroid cells centain only camplete hemoglobin molecules and
are not capable of synthesizing heme or globin. Only minute amcunts, if
any, of free heme or unbound globin chains are detectable. This means
that during erythropoiesis there must be a very tight co-ordination
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between polypeptide chain synthesis and heme formation. This is achieved
by virtue of the fact that "free" heme, if allowed to accumulate,
stimulates both globin translation (Zucker and Schulman, 1968; Jagus et
al., 1981) and transcription (Hoffman and Ross, 1980; Fuchs et al.,
1981). At the same time "free" heme will, as described earlier, feedback
inhibit its own synthesis. How it does so is still debatable. It may a)
feedback inhibit the activity and/or synthesis of ALA synthase as is the
case in bacteria and hepatocytes (Burnham and Lascelles, 1963; Granick et
al., 1975; Paterniti and Beattie, 1979) or b) in erythroid cells it may
inhibit iron uptake from transferrin (Ponka and Neuwirt, 1969; Ponka and
Schulman 1985a,b) and thereby limit the iron available for insertion into
protoporphyrin, or c) there may be same other as yet uncharacterized
mechanism. Clearly however, one of these must operate in erythroid celis
to ensure feedback inhibition of heme synthesis, and thus coordinate
expression of heme and globin. In addition it should be noted that there
is virtually no non-hemoglobin iron in mature erythrocytes. This implies
that heme synthesis and iron uptake, are also tightly coordinated during

erythroid development.
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4. IRON METABOLISM
4.1 Ceneral Introduction.

Iron is an essential nutrient required by all cells for growth and
survival. In addition to its function as an iron-porphyrin complex
described earlier, there are several iron-proteins which require non-heme
iron. Iron complexed in this form is usually found in the active center
of the protein where it is covalently associated with either acid-labile
sulphide or cysteinyl sulphur (Worwood, 1977). Save mammalian iron
containing proteins are listed in Table 1. What makes iron so useful in
such a variety of reactions is that it is a transition metal, and as such
it can exist in two stable oxidation states Fe’' and Ee3+‘. It is the
ability of this metal to pick up and donate electrons that makes it so
useful in biological redox processes.

At physiological pH and oxygen tension however, iron is insoluble and
will precipitate as ferric hydroxide ( Fe(OH)B) (Spiro and Saltman,
1969). To overcare this solubility probian, nature has developed
sophisticated iron chelating and transporting systems to utilize this
metal. Microorganisms, for example, have evolved small non-protein
molecules specific for iron chelation which are able to sequester and
transport iron (Neilands, 1981). Higher animals, on the other hand, tend
to use proteins to transport and store iron. In mammals the serum
glycoprotein transferrin transports iron fram sites of absorption to sites
of utilization and excess iron is stored within cells in the protein
ferritin.

4.2 Body iron distribution

Total body iron content of an average 75 kg man is estimated at 4 g.
Of this amount only 1-2 mg is absorbed and excreted each day. There is no



Table 1. Some Mommalian lron-contaoining Proteins

No. of Fe Atoms

Protein Mol. wt. Per Molecule Distribution Function Ref.
Heme containing

Hemoglobin 65,000 4 profoheme Red blood cells O, carrier Text
Myoglobin 17,000 1 protoheme Muscle O, carrier Text

Cytochrome o, 180,000* 2 heme o Mitochondria Yerminol oxidase 89
b 18,000--30,000* I Protoheme Mitochondria Electron transport 89

Q 37,000* V hemec Mitochondria Electron transport 89

4 12,000 1 heme ¢ Mitochondria Electron transport 89

by 12,000 1 protoheme Endoplasmic reficvlum Electron transport 89

P-450 e protocheme Endoplosmic reticulum Steroid, drug, hydroxylation 8¢

Caotalase 240,000 4 protoheme Red bloed cells, peroxisomes Peroxide breakdown 21

Lactoperoxidase 93,000 1 protoheme Milk Peroxide breokdown 21

Tryptophan pyrrolase heme dependent tiver cytosol Liryptophon — formylkynurenine 3

Monheme

Aconitase 66,000 2Fe 35 Pig Heartf Citric acid cycle 51

{Phenylalanine hydroxylase) 100,000 2Fe Rat livert Phenylalanine — tyrosine 51

Adrenadoxin 12,500 2Fe 25 Adrenaol mitochondria Steroid hydroxylation 5t

{Complex Il Fe-S protein) 30,000 2Fe 25 Mitochondria Electron transport 51

{Succinate dehydrogenase Fe-S pratein) 27,000 2Fe 25 Mitochondrio Electron transport 51

{Succinote dehydrogenase flavoprotein) 70,000 4Fe 45 1 FAD Mitochondria Electron transport 51

NADH dehydrogenase 23-28 Fe + 5 FMN Mitochondrio Eleciron tronsport 51

Xanthine oxidase 275,000 B8Fe 85 2FAD 2Mo Milk,1 tissue Hypoxanthine — uric acid 51
Transtertin 77.000 2 Plasma tron transport Text
Lactolerrin 77,000 2 Milk, secretions tron transport Text
Ferritin 450,000-900,000 0-4000 Al tissues tron storage Text
Hemosiderin ) Up to 37% Fe {dry wt.) Liver, spleen, bone morrow fron storage Text

A number of iron-dependent enzymes gr processes have not been included.
*Soluble preparations of membrane-bound cytochromes.
{Enzyme isoloted from this source. Found in other tissves,

From M Worwood (1977): Seminars in Hematology, Vol 14, pPe5
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physiological rothe for iron excretion, it is lost passively in the
gastorintestinal tract in the form of blood and sloughed epithelium (Green
et al., 1968). Therefore body iron load depends on the regulation of iron
absorption (Botlwell et al., 1979). The amount of iron absorbed depends
in part on the amount of iron in the diet, the content of the diet, and
the form in which the iron is present. Regulation of iron absorption fram
the intestinal epithelium is poorly understood; however, it appears to
reflect both the level of body iron stores and the rate of erythropoiesis
(Stamatoyannopoulos et al., 1987). Wamen for example will loose iron each
month in the menstrual flow and this will be replenished by absorption of
iron from the diet. Under normal physiological conditions however, iron
cycles within the body in an essentially closed loop. Figure 7 presents
the relative distribution of iron within the body. The largest pocl of
body iron is the red blood cells, which accounts for 2300 mg. Iron
stores, found primarily in the reticuloendothelial system accounts for
1000mg and the remainder is distributed troughout the various cells of the
bedy, where it is involved in a variety of metabolic processes. Iron
which is bound to plasma transferrin represents a small proportion of
total body iron (3mg); however, as transferrin circulates within the body
this iron load is exchanged resulting in a daily turnover of about 30mg
(Worwood, 1979).

An overview of the iron cycle is presented in Figure 8. Mature red
blood cells circulate for approximately 120 days after which they undergo
phagocytosis by macrophages, primarily in the spleen. Hemoglobin froam
these cell remants is broken down and the iron is either deposited in the
storage protein ferritin and its breakdown product hemosiderin, or

transferred back to serum transferrin. Under normal physiological
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Figure 7. Body iron distribution. The total body iron content
of an average 75 kg man is 4000 mg. The major portion of body
iron‘is found in the red blood cells (2300 mg). Body stores,
the second largest campartment (100 mg), cansist of the iron
stored in ferritin and hemosiderin, the majority of which is
found in the cells of the reticuloendothelial system. The rest
is distributed throught the body in the form of various iron
containing proteins (500 mg). Transferrin iron represents only
3 mg of the total iron load however it serves an important
function in cycling the iron. Camparatively little iron is
either absorbed or excreted daily and therefore iron cycles
within an essentially closed loop. From T.H. Bothwell et al.,
(1979): Iron Metabolism in Man p2.



-3]-

\\\\\\&;\;\e\;&\\\

N oo J +— Absorption ¢ Img/day

:500”‘9\\ \\\\Sﬁ » Excretion < Img/day

BN\

2300mg

Figure 7. Body iron distribution.



-32-

Figure 8. The iron cycle. In the blood iron is circulated
bound to the serum transport protein transferrin. Up to 80% of
this iron will be directed towards immature erythroid cells
wheré it is used for the synthesis of hemoglobin. These cells
develop into mature red blood cells and will circulate in the
blood stream for approximately 120 days after which they are
removed by mononuclear phagocytes which digest them. Iron
released in this process will subsequently be returned to serum
transferrin to camplete the cycle, or may be stored in ferritin
for release at same later time. From B.M. Babior and T.P.

Stossel (1984): Hematology a Pathophysioclogical Approach p4l.
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conditions a substantial amount of iron will accumulate in ferritin and so
this macrophage pool represents a major iron storage site in the body.
Finally the transfer of iron back to transferrin and the subsequent
interaction of transferrin with the immature erythroid cells campletes the
iron cycle.
4.3 Transferrin

Transferrins are a class of closely related iron binding proteins
which in addition to transferrin include lactoferrin, (found in milk,
secretions and in neutrophils) and ovotransferrin (found in egg white)
(Mazurier et al.,1983). Each is a moncmeric glycoprotein with the

capacity to bind reversibly two E‘ea+

ions per molecule. While serum
transferrin is required to transport iron in the plasma thereby supplying
most tissues, the other two proteins are produced locally and transport
iron in restricted areas. Ovotransferrin has been shown to supply iron to
erythrocytes of developing chick embyros (Williams and Woodworth, 1973)
and lactoferrin, because of its ability to bind and thereby sequester iron
at low pH (Morgan, 1981), is thought to function, at least in part, as a
bacteriostatic agent. In addition, at least two other proteins have keen
identified which show sequence hamclogies with normal transferrins: ps7 -
a membrane protein discovered on human melanama cells (Brown et al.,
1982); and B lym - a transforming protein found in chicken B cell
lymphamas (Goubin et al., 1983). The significance of these hamologies
with respect to the evolution and function of normal transferrins remains
to be determined.

Serum transferrin is a glycoprotein with an approximate molecular

welght of 80,000. It is derived fram a single polypeptide chain (Mann et
al., 1970) which folds in such a way as to form two similar domains, each
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of which contains an iron binding site (Gorinsky et al., 1979). Each
transferrin molecule can therefore, bind two atoms of iron. Other metals
can also be accammodated but iren is bound preferentially and is by far
the most important physiologically. Analysis of transferrin's amino acid
sequence (MacGlllivray et al., 1977) and cDNA sequence (Park et al., 1985)
has led to the suggestion that the two similar damains are a consequence
of duplication of an ancestral gene during evolution.

Iron binds to transferrin in the ferric (Fe>') oxidation state and
causes a conformational change in the molecule so that it becames more
campact (Charlwood, 1971; Jarritt, 1976). This iron-transferrin coamplex
has a characteristic orange color with a maximum absorbance between 460
and 465 nm. The protein-metal binding function is dependent on the
concanitant binding of a carboxylate anion, which functions to coordinate
the iren wi{:hin the binding site of each damain, and is thought to form a
bridge between the iron and the protein (Schlabach and Bates, 1976). The
nature of the iron binding sites in transferrin and the identity of the
ligands within the transferrin protein which bind iron have been a subject
of intensive study. Tertiary folding of transferrin creates, within each
domain, an iron pocket which is highly anionic. In particular two
tryosine residues (Pecoraro et al., 1981; williams, 1982), one or possibly
two histidines (Rogers et al., 1977) a water molecule and a carbaonate ion
(Pecorarc et al., 1981) are thought to be involved in the coordination of
iron within these binding sites. There are several amino acids with
cationic side chains in the vicinity of the tyrosines and the anion
carbonate presumably neutralizes these charges allowing iron to bind
(Chasteen, 1983). The protein-metal binding is also very sensitive to pH,
iron being bound very tightly at physiological pH (K =10%° M'1), but
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as the pH is reduced to 6.5 iron begins to dissociate and campletely
dissoclates by pH 4.5 (Lestas, 1976).
4.4 Transferrin Receptors.

In the early 60 s Jandl and Katz (1963) first provided evidence that,
in reticulocytes, iron was obtained through the interaction of plasma
transferrin with a canponent on the surface of the cell membrane.

Mumerous studies have since confirmed that cellular iron uptake is
receptor mediated, showing that the binding of transferrin is saturable,
reversible, and specific (for review see, Morgan, 1981; Huebers and Finch,
1987).

The transferrin receptor is a transmembrane glycoprotein with a
molecular weight of 180,000 (Witt and Woodworth, 1978; Hamilton et al.,
1979). Treatment with reducing agents shows that it consists of two
disulfide bridged monamers of 90,000 each. It has a very high affinity
for diferric transferrin (2-7 x 109 M) and may bind one or possibly two
molecules of transferrin (reviewed in, Newman et al., 1982; Testa, 1985;
Heubers and Finch, 1987). Recently cINA and genomic clones (Schneider et
al., 1983; McClelland et al., 1984; Kuhn et al., 1984) for the transferrin
receptor have been isolated and sequenced. This should provide new and
more detailed information on transferrin receptor structure, function and
regulation.

4.5 Cellular Iron Uptake

The cellular uptake of iron fram transferrin has been extensively
studied and these results are summarized in the model described below (see
Figure 9). Essentially, mammalian cells obtain iron through the
interaction of transferrin with specific transferrin receptors expressed
on the cell surface. Iron uptake involves the binding of iron-transferrin
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Figure 9. The process of iron uptake from transferrin by
mammalian cells. Iron uptake involves the binding of
iron-transferrin to specific cell surface transferrin receptors;
endocytosis of the transferrin/transferrin receptor camplex in
an acidic endoscme; at acid pH the iraon is released frem
transferrin and moves into the cytoplasm byA an unknown
mechanism; apotransferrin remains bound to its receptor and both
are recycled to the surface where at physiological pH
apotransferrin is released. Fram E. Morgan (1981): Mol. Aspects
Med Vol 4 p46.
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Figure 9. The process of iron uptake fraom transferrin by mammalian cells.
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to transferrin receptors at the cell surface; endocytosis of the
iron-transferrin/transferrin receptor camplex in an acidic endosare; at
acidic pH the iron is released from transferrin and moves into the
cytoplasm by an unknown mechanism; apotransferrin remains bound to its
receptor at the low pH and the endosame recyles to the surface where at
physiclogical pH apotransferrin is released (for review see E. Morgan,
1981).

In mamals 80% of the iron carried by transferrin will be directed
towards immature erythroid cells (Finch et al., 1970) which express large
mumbers of transferrin receptors because they require large amounts of
iron for the synthesis of hemoglobin. Transferrin receptors are also
highly expressed on cells which are actively proliferating such as mitogen
stimulated lymphocytes and malignant cells. Furthermore, transferrin has
been shown to be an essential growth factor for cells in culture (Barnes
and Sato, 1980). The possible role of transferrin and transferrin iron in
cell proliferation is discussed in detail in chapter 6.

Transferrin is the only physioclogical iron donor for the majority of
cells in the body and until recently it was the only chelate which could
supply iron for hemoglobin synthesizing cells. However, in the late 70°s
and early 80's a new class of lipophilic synthetic chelating agents,
derived from pyridoxal iscnicotinoyl hydrazone, were developed. Same of
these acyl hydrazones, camplexed with iron, were shown to be very
effective in deonating iron to hemoglobin synthesizing and proliferating
cells. In this laboratory's experience the most efficient chelate in
supporting hemoglobin synthesis was ferric salicylaldehyde isonicotinoyl
hydrazone (Fe-SIH). The chemical structure of salicylaldehyde
iscnicotinoyl hydrazone is shown in Figure 10. Recent experiments show
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Figure 10. The biochemical structure of salicylaldehyde
isonicotinoyl hydrazaone.
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Figure 10. Salicylaldehyde isonicotinoyl hydrazone.
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that ferric-STH is able to deliver iron to cells independently of the
transferrin/transferrin receptor pathway and in amounts greater than those
seen with saturating levels of iron-transferrin (Laskey et al., 1986).
4.6 Requlation of iron uptake

Iron uptake may be regulated at a mumber of levels. These include

iron availability, the number of transferrin receptors expressed, the rate
at which they recycle, the rate at which iron is released fram transferrin
once the coamplex has been internalized, and the efficiency of iron
extraction fram internalized transferrin. It has been observed in a
number of different cell systems that transferrin receptor expression is
regulated, at least in part, by free intracellular iron levels (Ward et
al., 1982). Removing intracellular iron using chelators results in an
increase in the rate of denovo transferrin receptor synthesis (Mattia et
al., 1984), while supplying iron in excess results in a decrease in
receptor synthesis (Rouault et al., 1985; Rao et al., 1985). Recent
evidence suggests that the regulation of transferrin receptor synthesis is
controlled at the level of gene transcription (Louache et al., 1985; Rao
et al., 1986).

Erythroid cells, which require camparatively large amounts of iron for
the synthesis of hemoglobin may have an additional regulatory mechanism.
It has been reported that in rabbit reticulocytes, addition of exogenous
hemin inhibits iron uptake fram transferrin (Ponka and Neuwirt, 1969,
1971), while the inhibition of endogencus heme synthesis leads to an
increase in iron uptake. It would appear therefore, that free heme may
regulate iron uptake in erythroid cells. Under these conditions heme, if
allowed to accumulate, would feedback inhibit its own synthesis by
limiting the availability of iron for insertion into protoporphyrin. This



in turn would function to provide a balanced supply of heme and globin
during erythropoiesis.
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5 FERRITIN
5.1 Introduction
Ferritin is an ubiquitous protein which functions to store iron in a

soluble form and protect cells fram the potentially toxic effects of free
iron. It appears to have developed early during evolution as it is
present in vertebrates, invertebrates, plants, fungi and bacteria (Munro
and Linder, 1978). Such an iron storage protein is essential for living
organisms since at physiological pH, in the presence of oxygen, iron is
extremely insoluble and will precipitate as hydrous ferric oxides.
Therefore, iron which is not bound to either protein or chelate will
becare unavailable. Furthemore, Ee2+, in the presence of dioxygen will
generate free radicals by the "Fenton" reaction (Halliwell and Gutteridge,
1984) (Figure 11). These reactive radicals will ultimately lead to cell
death through the destruction of cell constituents including nucleic
acids, lipids and proteins. Ferritin is therefore an essential
housekeeping protein providing a reserve of iron in a soluble non-toxic
form. It accounts for 15-30 percent of total body iron and is second only
to hemoglobin as the most abundant iron protein in the body (Reeves et
al., 1980). It was first observed by Granick in 1943 that ferritin
synthesis is stimulated by iron. Since then it has been confirmed by
several groups that the synthesis of apoferritin can be stimulated by
loading cells with iron salts, both in vivo (Drysdale and Munro, 1966) and
in vitro (Beck et al., 1974).

Evidence suggests that ferritin likely serves specialized functions in
certain cell types. It may for example, play an important role in iron
transport and absorption in the intestinal mucosa (Siimes and Dallman,
1974; Greenman and Jacobs, 1975); in the recycling of iron in macrophages
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Figure 11. The Fenton reaction. If a single electron is
accepted in the ground state by 0, it produces the superoxide
radical 02—. Oz- is formed in almost all aerobic

cells. In aqueous solution, 02" will produce H,0, by

the dismutation reaction. The subsequent mixture of H,0,

and an iron salt will generate CH radicals. It can in fact
provoke a whole series of radical reactions. These radicals are
extremely reactive and have many damaging effects in living
systems. From B. Halliwell and J.M.C. Gutteridge (1984):

Biochem. J. Vol. 219 p2.
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(Hersko, 1977); and in long term iron storage in the adult liver (Siimes
and Dallman, 1974; Unger and Hershko, 1974). In addition to its role in
iron metabolism ferritin has also been described as a tumor marker (Hazard
and Drysdale, 1975) and as a possible regulator of myelopolesis (Broxmeyer
et al., 1982).Thus while ferritin serves a camon function of iron storage
there is also evidence for cell specific variations in structure and
function which may be genetically regulated features of specific cell
types. The recent cloning of ferritin cDNAs from several species should
provide new insight into ferritin gene organization and the regulation of
ferritin gene expression and help to define structure-function
relationships.
5.2 Structure

Ferritin is a large macramolecule, camposed of 24 subunits assembled
in a hollow sphere-like shape, with an aggregate molecular weight of
450,000 daltons. Within this apoferritin shell, anywhere fram 0-4500
atams of iron may be stored in the form of ferric oxyhydroxide crystals.
Under normal physiological conditions however, it is rarely saturated.
wWhile the precise mechanism of iron entry is poorly understood it is known
that iron enters ferritin as ferrous iron (Fez+) and is oxidized to be
stored finally in the ferric (Fea+) form (Macara et al., 1972; Macara et
al., 1973). There is evidence that this oxidation is a function of the
protein itself (Crichton and Roman, 1978), while others speculate that
Fe?t is probably largely oxidized once inside the protein shell
(Harrison et al., 1980). Iron can be removed from ferritin by using
biological reducing agents such as reduced flavins. 'The particular
efficiency of the reduced flavins to remove iron has led to the
speculation that they may be the operative reductant in vivo (Sirivach et
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al., 1974). X-ray diffraction analysis of horse spleen apoferritin
(Baynard et al., 1978; Rice et al., 1983) has shown that the ferritin
subunits share the same basic structure, which consists of 5 interlinked
alpha helices (A-E, see Figure 12). High resolution X-ray
crystallographic data reveal the presence of eight hydrophobic channels
formed by the N terminal ends of three subunits, while interactions of
four subunits form six channels of about 10 A° in diameter, which
penetrate into the central cavity (Figure 13). The presence of conserved
residues within both types of channels suggests that they may be involved

in iron transport. It remains to be seen which of these channels (the

three-fold, the four-fold, both or perhaps neither) are involved in iron
uptake and which are involved in iron release.
5.3 Isoferritins

Examination of ferritins from different tissues, by iscelectric
focusing, reveals considerable heterogeneity, indicating that ferritin is
in fact a family of closely related isoferritins., 1In the late 70's
Drysdale and his colleagues suggested that these variations could be
explained by their observation that there were in fact two distinct types
of subunits (Drysdale et al., 1977a; Arosio et al., 1978; Kohgo et al.,
1980). Identified by their respective mobility in SDS gels these two
subunits were termed H or heavy subunit (21,000 daltons) and L or light
subunit (19,000 daltons). These subunits combine in varying ratios in the
different tissues. Thus, ferritins isolated from several tissues could be
separated by isocelectric focusing into isoferritins which reflected both
inmunological differences and subunit camposition (Drysdale et al., 1977a;
Arosio et al., 1978)(see Figure 14). Isoferritins may also vary within
the same tissue under different physiological conditions, such as iron
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Figu;e 12, Ribbon diagram of ferritin subunit. This schematic
representation of the carbon backbone of a horse spleen
apoferritin subunit shows the folding of the four long alpha
helixes A,B,C,D, as well as the smaller E helix. These helixes
are camposed of amino acid residues 10-39, 45-72, 92-120,

124-155, and 160-169 respectively. Fram E.C. Theil (1987): Ann.
Rev. Biochem. Vol. 56 p292.



Figure 12. Ribbon diagram of ferritin subunit.
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Figure 13. The quaternary structure of ferritin. Presented is
a three dimensional model of horse spleen ferritin viewed down a
molecular four-fold axis. Each subunit is represented by an
oblong shaped hbuilding brick. Within each of these camponents,
the area labeled N represents the N terminal region of each
subunit while the area labeled E represents the E helix end of
each subunit. From E.C. Theil
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Figure 13. The quaternary structure of ferritin.
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Figure 14. A model to explain isoferritins isolated from human
tissues. The diagram shows the variations in pI values of
ferritins found in different human tissues and diseased states.
To explain these differences Drysdale (Drysdale, 1977a) proposed
that isoferritins are composed of varying proportions of H and L
subunits. From T.H. Bothwell et al. (1979): Iron Metabolism in

Marlg p3180
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Figure 14. A model to explain isoferritins isolated fram human tissues.
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overload, inflammation, during development, or following neoplastic
transformation (Drysdale et al., 1977). While the structural significance
of these changes has not been established it is now widely believed that
they reflect differences in the ability of the two subunits to pick up and
store iron. This is suggested by the observation that in hlumans, H rich
isoferritins tend to have a low iron content and are found in tissues with
a high iron turnover such as the heart, whereas L rich isoferritins tend
to have higher iron contents and predaminate in iron overloaded tissue and
in the liver, a site of long term iron storage (Arosio et al., 1978).
Furthermore, iron challenge induces preferential synthesis of L subunits
in both human (Dorner et al., 1983) and rat cells (Banmford et al., 1981).
The possibility that H and L ferritin subunits differ in their ability to
pick up and store iron is now being tested using recambinant

isoferritins. Preliminary results suggest that H rich isoferritins take
up iron more quickly. This results in a disordered crystalline core which
is able to release iron faster (Harrison et al., 1987). 1In addition
several groups are now using site directed mutagenesis to identify areas
of the ferritin subunits which are involved in protein assembly, stability
and iron uptake and deposition.

5.4 The ferritin gene family.

The recent cloning of ferritin cDNAs from several species (see Table
2) confirms that H and L ferritin subunits are derived from different
mRNAs and provides new insight into the genetic organization of these
genes and the regulation of their expression. It also provides new and
neccesary tools to address the camplex questions of ferritin
structure-function relationships and ferritin heterogeneity.

Nucleotide sequence analyses of human H and L ferritin cDNAs indicate
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Table 2. Ferritin cDNAs cloned fraom various species and cell types.
species cell type reference
human liver Boyd et al. (1985)
lymphocyte Boyd et al. (1984)
HL60 Chou et al. (1986)
U937 Dorner et al. (1985)
Rat liver Brown et al. (1983)
Leibold et al. (1984)
Bullfrog red cell Didshury et al. (1986)
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that these two genes show extensive hamology in their coding regions, but
differ markedly in their non-coding regions (Drysdale et al., 1985).
Amino acid sequences of the two subunits show about 60% hoamclogy of which
80% of those differences could have arisen fram single base changes (Boyd
et al., 1984). Comparison of the 5' untranslated region (UIR) of Hand L
ferritin cDNA from human and rat demonstrates extensive hamologies between
H and H or L and L of different species but no significant homologies
between H and L within or between either species. This pattern of
canservation suggests that the two subunits may be differentially
requlated (Liebold et al., 1984). Within the coding region the residues
involved in interactions of helices within and between subunits are
strongly conserved (Munro et al., 1985). This allows them to form
subunits of similar shapes which will be able to interact appropriately to
form the apoferritin shell. The major difference in the functional groups
in H and L subunits lies in the hydrophobic channel at the four-fold axis.
These differences result in a loss of negative charge in the H subunit in
this region. This may explain why the H rich subunits take up and release
iron faster, while iron accumulates more in the L rich isoferritins. (Boyd
et al., 1985).

Further sequence analysis suggests that these two genes are derived
fram a common precursor gene, which probably diverged about 200 million
years ago (Boyd et al., 1985). Analysis of the ferritin gename reveals
that in humans there are 5 copies of the L gene and 15 copies of the H
ferritin gene, while in the rat there are approximately 20 copies of the L
gene and 5 of the H gene (Brown et al., 1983). In both species however,
only one functional gene of each type has so far been identified. In
humans an expressed H gene is found on chramosame 11 (Worwood et al.,
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1985) while an expressed L gene is found on chroamosame 19 (Caskey et al.,
1983). The other copies appear by various criteria (lack of introns, the
presence of poly A tails and the presence of repeats at either end) to be
non-expressed pseudogenes. However, it is conceivable that there are more
than two expressed subunits and that these genes may in fact represent
distinct subunit types that are expressed in a tissue specific or
developmental fashion. This possibility is supported by a recent report
there are three distinct subunit types in the bullfrog red cell (Dickey et
al., 1987). These three ferritin subunits differ in their cell
specificity and regulation by iron. Similar observations may easily have
been overlooked in the past given that these three subunits are of very
similar molecular weight (20.5, 20.6 and 19.9 as predicted fram cDNA) and
have similar mRNA length. This suggests that the ferritin genes may
encode more than one species of H and L ferritin subunit and this may
account for the complexity of tissue isoferritins. Alternatively, or
possibly additionally, there is evidence for extensive post-translational
modification of ferritin subunits in different tissues (Worwood et al.,
1975). One or other of these observations may account for the observation
that proteins with identical subunit proportions, i.e. H/L ratio, still
may differ in their isocelectric point.

Genamic clones for human H and L ferritin subunits have recently been
isolated (Santoro et al., 1986; Constanzo et al., 1986). Both H and L
genes cantain three introns and four exons and the exon lengths of the two
subunits are similar, supporting the hypothesis that they are derived from
a camon ancestral gene. The intron/exon structure of both subunits
corresponds well to the secondary structure of the protein obtained by
X-ray diffraction (Baynard et al., 1978; Rice et al., 1983). The first
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three exons correspond to A, B, and C alpha helices respectively whereas
the fourth exon codes for D and E alpha helices (see Figure 12).

In the process of isolating these genamic clones several other
independent clones were isolated, all of which were later determined to be
processed pseudogenes. Using a probe prepared fram the 5' flanking region
of the genomic H ferritin clone in the case of the H ferritin study, and a
3' flanking probe fram the L ferritin genamic clone in the L ferritin
study it was observed that only one copy of each gene could be found. The
authors therefore concluded that H and L apoferritin are each encoded by a
single gene, giving rise to a cammen major transcript in all cells. It is
possible however that multiple expressed genes may exist which differ in
their 5' or 3' flanking sequences. Because of the camplexity of the
ferritin gene family, more information is required before it is possible
to understand ferritin gene organization and the regulation of ferritin

gene expression.
5.5 Regulation of ferritin synthesis.

Iron administration induces ferritin synthesis in many tissues of
intact animals (Drysdale and Munro, 1966), in cultured cells (Beck et al.,
1974) and in cell free systems (Drysdale and shafritz, 1975).
Furthermore, preincubation with actinamycin D (which inhibits
transcription) or cordeycipin (which inhibits polyadenylation) does not
inhibit the induction of ferritin synthesis by iron (Drysdale and Munro,
1966; Zahringer et al., 1976). The predaminant site of ferritin subunit
synthesis is on free polyribosames (Puro and Richter, 1971), and
following iron administration it was observed that there is a shift of
ferritin mRNA fram the cytoplasmic to the polysomal fraction. Together
these results suggest that iron admistration leads to a mobilization of
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preexisting ferritin mRNA, possibly through a derepression mechanism.
These results are sumarized in a translation control model first proposed
by Munro and his collegues in 1976 (Zahringer et al., 1976), (Figure 15).
In this model they speculate that the repressor which would bind to the

5' untranslated region of the ferritin mRMNA might be a ferritin

subunit. This suggestion was based on the observations that a) free
ferritin subunits in the cytoplasm of hepatama cells in culture will
assemble into ferritin upon iron addition to the medium (Lee et al., 1975)
and that b) in vitro , iron stimulates subunit assembly into ferritin
(Drysdale and Shafritz, 1975). It was therefore suggested that iron
entering the cytoplasm would mobilize these subunits and thus free the
mRNA for translation (Figure 15).

The precise mechanism of translational control by iron is currently
under investigation in a mumber of laboratories. Several groups are
examining the 5' and 3' untranslated regions (UTR) of ferritin H and L
c¢DNAs searching for regulatory sequences. In these studies the coding
region of the mRNA is replaced by an indicator gene - bacterial CAT
(chloramphenicaol acetyl transferase). This construct is placed into an
expression vector and transfected into an appropriate eukaryotic cell
line. The ability of iron to stimulate CAT expression is then measured.
By selectively deleting regions of the 5' or 3' UIR one may identify the
region which is responsible for the iron response. Munro and collegues
recently reported evidence, derived fram such an approach, that sequences
in the 5' UIR of rat L ferritin mRNA contain the iron responsive element.
Furthermore, seguences near the beginning of the 5' UTR are protected
against RNase digestion by a protein present in the cell sap of untreated
rats. This protein factor no longer protects this sequence if iron is



Figure 15. A model for the translational control of ferritin
synthesis by iron. Following iron administration there is a
shift of ferritin mRNA fram the cytoplasmic to the polysamal
fraction, which in turn leads to an increase in ferritin
synthesis. This increase is not affected by treatment with
actinamycin D or cordycepin, suggesting a cytoplasmic control
mechanism. This model proposed by Zahringer et al. (1976)
suggests that ferritin subunits adhere to ferritin mRNA
preventing translation; however, iron administration pramotes
the assembly of subnints into ferritin and thereby removes this
inhibition. From Zahinger et al. (1976): Proc. Nat. Acad. Sci.
Vol. 73 No. 3 p860.
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administered (Munro et al., 1987). In a similar study using a CAT-fusion
mRNA for human H ferritin, Klausner and his collegues (Klausner et al.,
1987) reported that , as with rat L ferritin, the iron responsive element
in the lnman H ferritin is contained in the 5' UTR.

While these results strongly suggest, as has been classically
described, that iren regulates ferritin synthesis at the translational
level, there is a recent report that in Hela cells iron may also stimulate
ferritin transcription (Cairoc et al., 1985). These results suggest that
iron tdependent regulation of ferritin synthesis may be more complex than
previocusly hypothesized. Transcriptional control mechanisms may also be
operative during development since it has been demonstrated that the
relative proportion of H and L ferritin mRNA is altered during development
in the bullfrog red cell (Dickey et al., 1987). In addition, ferritin
mRNA levels have been shown to change during differentiation of HL-60
cells in culture (Chou et al., 1986). Evidence fram studies which
examined the regulation of tagged genomic ferritin clones (Teracka et al.,
1985) suggest that this is a transcriptional regulation requiring 5'
upstream sequences to function correctly. The functional significance of
such alteratiaons in total ferritin mRNA levels and/or H/L ferritin ratios
is not clear. It would however suggest that there is differential
regulation of H and L ferritin. It also seems likely that the mechanism
of regulation may vary depending on the cell type and physiological
conditions., So, for example, ferritin synthesis may depend more on mRNA
concentration (transcriptional control) in scme cells and more on mRNA
utilization (translational control) in others.

The regulation of ferritin gene expression and synthesis in
differentiating murine erythroleukemia cells is the subject of chapters
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five and six. These studies were undertaken in order to ascertain whether
or not there is a cell specific regulation of ferritin synthesis in
erythroid cells, i.e. cells which are actively synthesizing hemoglobin.

In addition, these cells are capable of undergoing erythroid
differentiation in vitro and so also provide a model for the study of
ferritin regulation during differentiation.
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6. MEL, CELLS AS A MODEL FCR ERYTHROID DIFFERENTIATION
6.1 Introduction
The study of normal erythropoiesis is limited by a number of factors.

These include the inability to establish long term cultures, to obtain a
synchronized population of cells with respect to critical events of
differentiation or to obtain a significant mumber of genetic variants
useful for studying differentiation. To overcame these obstacles
investigators have turned to the study of cell lines which are capable of
differentiating in vitro. One such system is the Friend virus transformed
murine erythroleukemia (MEL) cell line.
6.2 MEL cells

MEL cells are a virus-transformed erythroid cell line, first described
by Charlotte Friend in 1967. They are derived from mice infected with the
Friend virus complex (F-MuLV), which consists of two distinct viral
activities. The first, Spleen Focus-Forming Virus (SFFV), is responsible
for the anset of splenamegaly, hepatamegaly and erythroleukemia and is
assayed by its ability to induce colonies in the spleens of suseptible
mice. This virus, however, is defective and requires a second, helper
virus which may be any one of a number of murine leukemia virus (MULV)
strains for replication. In 1957 Charlotte Friend first isolated this
virus (F-MuLV) fram the spleens of mice previocusly inoculated with
filtrate fram Ehrlich ascites tumor cells and who had developed
erythroleukemia. Animals infected with Friend virus and who developed the
disease showed enlarged spleens, liver and hyperplastic bone marrow all of
which contained mumerocus cells with the biochemical markings of the
erythroid lineage. The target of this virus induced leukemia, therefore,
appeared to be immature erythroid cells. Interestingly, the Friend virus
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complex (F-MuLV) does not contain a recognized viral oncogene, and the
mechanism of cell transformation by this virus is still unknown.

In 1967, C. Friend was successful in establishing a mumber of cell
lines derived fram the spleen colonies of Friend virus infected mice.

When cloned in semi-solid agar individual cells shed from these tumors
gave rise to colonies containing both immature cells and differentiated
erythroblasts, suggesting the potential for erythroid differentiation.
These lines display a low level of spontaneuos differentiation ranging
fram .5 - 20 %. None of the cell lines required erythropoeitin to survive
nor did they respond to erythropoietin by either dividing or
differentiating. It seems likely, therefore, that the Friend virus
camplex infects an early erythroid precursor camparable to CFU-E, and
viral transformation then makes the target cell independent of the normal
physiclogical regulator erythropoietin.

Murine erythroleukemia cells (MEL) are, therefore, virus transformed
erythroid cells blocked in a relatively early stage in the pathway of
differentiation. When grown in culture these cells display a low level of
spontanecus erythroid differentiation (S1%). However, erythroid
differentiation can be induced (in vitro ) by several known chemical
inducers (Friend et al., 1971). There are several reported inducers of
MEL cell differentiation (see Table 3). They vary in their ability to
induce erythroid differentiation and in the time course of the
differentiation program. However, this program of induced differentiation
in many ways parallels that of nommal erythroid development and,
therefore, provides a model system in which to study the cellular and
molecular events which occur during terminal erythroid differentiation.

MEL differentiation is characterized by a) an increase in the enzymes



Table 3.

Generally strong inducers

Inducers of murine erythroleukemic differentiation.

Generally weak inducers

Polar-planar compounds"

Dimethyisulfoxide
1-Methyl-2-piperidone
N.N-Dimethylacetamide
N-Methylpyrrolidinone
N-Methylacetamide
N.N-Dimethylformamide
N-Methylformamide
Acetamide

Triethylene glycol

Polymethylene bisacetamides (n = 2~8)

Hexamethylene bispropionamide
Acetamide
Tetramethvi urea

Antibiotics and antitumor agents

Bleomycin
N-Dimethylrifampicin
Actinomycin D
Actinomycin C

Purine and purine derivatives

Hypoxanthine
1-Methylhypoxanthine
2,6-Diaminopurine
6-Mercaptopurine
6-Thivguanine
6-Amino-2-mercaptopurine
2-Acetylamino-6-mercaptopurine
Fatty acids

Butyrylcholine
Other
Quabain

Polar-planar compounds

2-Pyrrolidinone
Propionamide
Pyridine-N-oxide
Piperidone
Pyridazine
Dimethylurea
Antibiotics and antitumor agents

Vincristine
5-Fluorouracil
Methramycin
Cycloheximide

X irradiation

UV irradiation
Adriamycin
Cytosine arabinoside
Mitomycin C
Hydroxyurea

Diamines
Cadaverine
Fatty acids

Acetate
Propionate
Butyrate
Iscbutyrate

Other

Hemin
Methylisobutylxanthine

Modified fram P. Marks and R. Rifkind (1978). Ann. Rev. Biochem. Vol. 47,

67~
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of the heme biosynthetic patlway (Sassa, 1976) b) an increase in
transferrin receptor expression (Hu et al., 1977; Yeoh and Morgan, 1979;
Wilczynska et al,, 1984; Laskey et al., 1986) and iron uptake (Glass et
al., 1978; Laskey et al., 1986) and ¢) an increase in globin mRNA (Ross et
al., 1976) all of which lead to the accumilation of large amounts of
hemoglobin. This differentiation process is accampanied by the onset of
terminal cell division, i.e., the loss of capacity for proliferation.
Morphologically, the cells become smaller, show a decreased nuclear to
cytoplasmic ratio and are camparable to orthochramatophilic normoblasts
(Friend et al., 1971).

6.3 MEL cell differentiation

MEL cell differentiation can broadly speaking be divided into early
and late events. Detectable camitment begins within the first 9-18 hours
following exposure to inducer. "Comnitted" cells will camplete terminal
differentiation in the absence of inducer (Gusella et al. 1976). After
48-72 hours 80-90% of MEL cells will have undergone irreversible
camitment (Fibach et al., 1977). It is within the initial lag phase of
9-18 hours that the signals which drive the cells to terminal
differentiation are initiated. The late stage of MEL cell induction
includes the accumulation of hemoglobin and the drop in proliferative
capacity. The early events require the presence of inducer while late
events do not.

An early event in the induction process is an increase in the rate of
heme synthesis (Sassa, 1976). High intracellular heme levels are a later
event and may play a role in modulating the late events (Friend et al.,
1971; Mager and Bernstien, 1979). Heme treatment can potentiate DMSO
induction of MEL cells, but will not by itself initiate terminal erythreoid



-69—

differentiation (Ross and Sautner, 1976; Guesella et al., 1980). On the
other hand, inhibition of endogenous heme synthesis will inhibit the anset
of terminal cell division and hemoglobin accumulation, and this block is
relieved by treatment with hemin (Mager and Bernstien, 1979). Therefore,
heme may play a necessary role in eliciting the camplete differentiation
program, but only after cells reach a particular stage (presumably this
would be the camitment stage).

Altered expression of a nmumber of genes occurs during terminal MEL
differentiation. These alterations can be considered in two distinct
catergories, a) alterations which lead to the accumilation of the
characteristic features of erythroid differentiation, e.g., hemoglobin and
b) alterations which result in the cessation of proliferation and the loss
of tumorogenic capacity. MEL cells can therefore be used to study
alterations in, and the regulation of, gene expression during erythroid
development as well as mechanisms which may be involved in controlling
cell division. The regulation of globin gene expression for example,
probably the most striking event, has been extensively studied and has
provided valuable insight into transcriptional control mechanisms (refer
to; Qurtis, 1980; Marks et al., 1987).

A mmber of groups are currently investigating the possible
involvement of proto-oncogenes in induced MEL differentiation. A number
of cellular proto-oncogenes are expressed in MEL cells and their
expression is altered following induction. Changes in the level of c-fos
(increases), c-myb (decreases and remains low) and c-myc (decreases in the
initial 1-4 hours and then returns to normal) expression occur during the
initial latent period suggesting that their products may function as
nuclear mediators of membrane transduced signals (Ramsay et al., 1986;
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Marks et al., 1987). Furthermore, transfection of MEL cells with an
expression vector containing c-myc leads to a block in IMSO induced
differentiation (Coppola and Cole, 1986). While it is not yet clear how
protooncogenes eilicit their appropriate cellular response or how the
inducing agents give rise to the changes in protooncogene expression, they
do appear to have same role in the differentiation program.



CHAPTER 2

CHARACTERISTICS OF DMSO INDUCED MURINE
ERYTHROLEUKEIMIC DIFFERENTTATICN
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PREFACE
While considerable information has been gained from studies of
erythroid differentiation using in vivo and in vitro culture systems,

there are several problems which limit experimental design. In this study
Friend virus transformed murine erythroleukemia (MEL) cells were selected
as a model for erythroid differentiation. These cells provide a system in
which to study the changes in cellular physiology and gene expression
which lead to the development of the mature erythroid phenotype. The aim
of this chapter therefore, is to discuss MEL cells as a model and to
characterize the basic features of MEL differentiation in relation to iron

metabol ism.
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ABSTRACT

As an initial step in the investigation of iron metabolism in
differentiating murine erythroleukemia (MEL) cells, the ability of MEL
cells to undergo erythroid differentiation in vitro was measured and the
features of MEL cell differentiation were characterized. 1In this chapter
benzidine staining is used to determine the percentage of cells which are
actively synthesizing hemoglobin. To determine the time course and
effectiveness of IMSO induction, cells were cultured in the presence and
absence of DMSO (1.5%), and cell growth and the percentage of benzidine
positive cells were measured over a 96 h period. Iron uptake and
transferrin receptor expression were measured before and after DMSO
induction. Finally the induction of a and B globin MRNA was measured
to ascertain if the pattern of globin gene expression concurred with
results previously reported for this cell line. Since the expected
pattern of globin induction has already been verified in several
laboratories, this system could be used to asses the northern and dot-blot
techniques to be used in further experiments.



INTRODUCTION

The objective of this work is to characterize the changes which occur
in iron metabolism and their significance during erythroid
differentiation. while erythropoiesis constitutes cne of the best
characterized developmental systems in higher eukaryotes, the study of
normal erythropoiesis is limited by several factors. These include the
inability to establish normal erythroid precursors in long-term culture,
limited availability of genetic variants of significance to
differentiation and difficulty in creating a differentiating population
synchronized with respect to critical events of differentiation (Marks and
Rifkind, 1978). To circumvent these problems cell lines capable of
undergeing cellular differentiation in vitro have been established. One
such system is the in vitro erythroid differentiation of Friend
virus-transformed murine erythroleukemia cells (termed MEL or Friend
cells) (Friend et al.,1971).

The MEL model provides an excellent system for the study of erythroid
differentiation. The cells can grow indefinitely in culture, it is
relatively easy to generate mutant clones and they can be induced to
differentiate in a synchronized fashion. However, the model also suffers
from limitations. It is a transformed cell line, it is not responsive to
the normal physiological regulator erythropoietin and regardless of the
inducing agent used it rarely goes to camplete erythroid maturation, e.g.,
it will not enucleate. So, while MEL cells provide an excellent model,
results should be interpreted cautiously. In addition, the extent and
kinetics of induced differentiation will depend on the MEL clone used, as
well as on the inducing agent. Therefore, it is important first to
characterize the features of differentiation of the system to be used in
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these studies. The clone used was 745 (Friend et al., 1971) and the
inducer was dimethlysulfoxide (DMSO).
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MATERTALS AND METHODS

Chemicals. Iron free human transferrin was obtained from Behringwerke
(Marburg, West Germany); mouse transferrin was kindly provided by Dr. Evan
Morgan, the University of Western Australia; lactoperoxidase was fram
Calbiochem (Los Angeles, CA.). OM Serhadex and CNBr activated Sepharose 4B
were obtained from Pharmacia (Dorval, Quebec). All other chemicals were
of the highest purity available.

reCl, (10-25 nCi/mg), *?°I (17 Ci/mg), and *?p-dcTe (800
Ci/mmol) were purchased fram New England Nuclear Corp. (Boston, MA).

Media and reagents were from Flow Laboratories (McLean, VA) and tissue
culture plastic ware from Falcon (Oxnard, Ca).

Plasmids containing the cDNas for mouse a-globin and B-major globin
were kindly supplied by Dr. W.French Anderson (N.I.H.), nitrocellulose
paper was fran Schleicher & Schuell (Keene, NH.) pore size 0.45 um, the
nick translation kit was from Bethesda Research Laboratories
(Gaithershurg, MD), and NIF-RX films were from Fugi (Japan).

Cells and Cell Qulture. Friend murine erythroleukemia cells used were

derived from clone 745A originally isolated by Dr. Charlotte Friend. Cell
cultures were grown at 37 °C in an atmosphere of 95% air and 5% CIJz in
Eagle's minimal essential medium (MEM) containing 10% fetal calf serum.
Cells were subcultured every 96 h at an initial cell concentration of
approximately 5 X 10% cells/ml. For induction, cells were grown in a
medium containing 1.5% dimethlysulfoxide (DMSO) at the time of »
subculturing. After 96 h, both induced and uninduced cells were collected
by centrifugation at room temperature and washed three times with

serun-free medium. The percentage of benzidine positive cells was

determined by the method of Orkin et al. (1975).
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Studies with 22Fe and 3251 transferrin. 595ec13 in 0.5 mol/L

K1 was converted to ferric citrate by the addition of a 20-fold molar

59

excess of sodium citrate. Fe-transferrin was prepared by mixing the

>9Fe-ferric citrate with transferrin in a molar ratio of 2 mol Fe:l mol
transferrin. After the addition of solid NaH0, to a final
concentration of 0.1 mol/1 the pH was adjusted to 7.4 and the solution
kept at room temperature for three hours. The preparation was then
extensively dialyzed (Martinez-Medeillin and Schulman, 1972).

To prepare lzsI—-transferrin, apotransferrin was saturated with
unlabelled iron as its citrate camplex (1:20) and labelled with 25T
using lactoperoxidase coupled to CNBr activated Sepharose 4B according to
the procedure described by David (1972).

To measure transferrin and iron uptake, induced and uninduced Friend
cells, at concentrations of 1 X 107 cells/ml, were incubated in
serun-free medium containing human transferrin labelled either with SgE‘e
or 1?51, At the indicated time periods samples were collected by
centrifugation and washed three times with cold phosphate-buffered saline
(PBS) and 1251 and 59Fe associated with the cells were measured with
an LKB Campugamma counter.

Measurement of cellular heme and non-heme 59

Fe were performed either
by an acid precipitation method (Borova et al., 1973) or by acid
methylethylketone extraction (Teale, 1959). There was an estimated 8%
loss of total cellular heme during extraction with methylethylketone.
wWhen final heme estimates were corrected for this loss, the two methods
yielded values which were virtually identical. In view of the similar
results with the two methods, it is unlikely that tightly bound, poorly

extractable re is trapped by acid precipitation and as this method is
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more rapid it was the method of preference.

Northern and Dot-Blet Analysis. To extract RNA, MEL cells were washed

and resuspended in lysis buffer (0.14M NaCl, 1.5 mM Mgclz, 10 mM

Tris-HC1 pH 8.0, .5% NP-40). The cell lysate was collected after
centrifugation for 10 min in an eppendorf microcentrifuge. The lysate was
then extracted with phenol/TE and precipitated in ethanol. The pellet was
resuspended in DNAse buffer and treated with RNAse free DNAse for 30 min
at roam temperature. The preparation was then re-extracted with phenocl/TE
and precipitated in ethanol. Electrophoresis and transfer were performed
as described by Davis et al. (1986), except that 2.2 M formaldehyde was
used in the running buffer.

For dot blot analysis, a known concentration of total cellular RNA was
resuspended in 0.1X SSC, 7.5% formaldehyde and heated to 65°C for 10
minutes. The sample was then cooled on ice for 5 minutes and serially
diluted in the same buffer. Four microliters of each dilution was then
spotted onto nitrocellulose paper (Schleicher & Schuell), which had been
previously soaked for 15 minutes in 1X SSC. The filter was subsequently
air dried and baked in a vacuum oven at 80°C for 2 h.

Hybridizations were carried ocut as described by Meinkoth and wahl
(1984) at 42°C in 50% formamide, 5X Denhardt's solution, 0.1% SDS, 5X
SSPE, 200 ug/ml denatured herring sperm DNA and 10% dextran sulfate. The
probes used were cDNAs for mouse a and B-globin respectively.

Nick translations were performed with 32?—-601*}? according to the
manufacturers instructions. Specific activity of the probe was
approximately 108 cpn/ug. The filters were washed according to the
method described by Meinkoth and wahl (1984).
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RESULTS
Effect of IMSO on growth and differentiation. The effect of

dimethlysulfoxide on growth and differentiation of MEL cells can be seen
in Figure 1. Cells grown in the presence of 1.5% DMSO show a somewhat
slower growth rate, reaching about 80% that of control cells after 4 days
(panel A). The ability of DMSO to induce differentiation can be seen in
panel B. In cells grown in the absence of DMSO the percentage of
benzidine positive cells is always less than 1%. Cells grown in DMSO
(1.5%) show a dramatic increase in benzidine staining after the third day
reaching a maximun of 85% on the fourth day.

As can be seen in Figure 2, after four days of growth in the presence
of DMSO there is a marked change in the color of the cell pellet. Wwhile
the control pellet remains colorless throughout the induction period the
DMSO treated pellet turns red, indicating the presence of hemoglobin.
Figure 3 shows the benzidine stained cells as they appear under the light
microscope. As is clearly evident, there is a marked increase in
benzidine staining following DMSO inductiecn.

Transferrin binding and iron uptake. Figure 4 shows that the rate of
59

iron incorporation from saturating concentrations of ““Fe-transferrin
into both whole cells and heme are significantly increased following DMSO
induction.

Estimation of transferrin receptor numbers (Figure 5) shows that
following 4 days of exposure to DMSO the number of transferrin binding
sites increases roughly three-fold. These results, together with previcus
studies (Hu et al., 1977; Yech and Morgan, 1979: Wilczynska and Schulman,
1980) suggest that following induction, in ad+ ' ion to an increase the

enzymes of the heme biosynthetic pathway (Sassa, 1976), there is also an
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Figure 1. The effect of dimethylsulfoxide (DMSO) on growth and
differentiation of MEL cells in culture. Cells were grown in the
presence or absence of 1.5% DMSO. At the indicated times
sawples were counted, and stained with benzidine, according to
the method of Orkin et al. (1975). The effect of DMSO on growth
(panel A) and differentiation (panel B) were recorded.
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Figure 2. The appearance of MEL cell pellets following growth
in the presence and absence of dimethylsulfoxide (DMSO). Cells
were grown in the presence of 1.5% DMSO for four days, after
which they were collected by centrifugation and washed three
times in PBS. Control cell pellets, shown on the right of the
photograph, are off-white. Cells grown in the presence of DMSO,
shown on the left of the photograph, are distinctly red,
indicating the presence of hemoglobin.



(8]

<80



-8l

Figure 3. Benzidine stained MEL cells as they appear under the
light microscope. MEL cells were grown in the presence and
absence of IMSO for four days. Samples were then taken and
stained with benzidine, according to the method of Orkin et al.
(1975). Control cells, as they appear under the light
microscope, are shown in the top frame of the photograph, all
cells in this view are benzidine negative. The bottom frame of
the photograph shows induced cells, most of which are seen to be

positively stained.
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Figure 4. The incorporation of sgﬁ‘e from saturating
cancentrations of >9Fe-transferrin by induced ( o ) and
uninduced ( o ) MEL cells. MEL cells were incubated with or
without 1.5% IMSO for four days, washed, and resuspended in
fresh medium without serum. Samples of 1 X 107 cells were
incubated at 37°C in 0.5 ml (MEM medium with 15mM Hepes, pH
7.4) containing 59Fe——transferrin at a final concentration of
20 M. At the indicated time intervals cells were chilled,
washed three times in phosphate buffered saline, and their
incorporated radicactivity measured in both total cells and heme
fractions. Since previcus studies showed that mouse
reticulocytes utilize iron equally well fram human and fram
mouse transferrin (A. Wilczynska, and H.M. Schulmen 1978,
unpublished), camercially available human transferrin was used
in these studies. |
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Figure 5. Left: Effect of transferrin concentrations on
transferrin uptake by uninduced (A) and induced (B) MEL cells.
To measure transferrin binding, the cells were incubated with a

£ 125

constant amount o I-labelled transferrin but increasing

amounts of unlabelled transferrin. Each sample was incubated

" for 30 min at 37°C. The cells were then washed three times

with cold PBS and the cell-bound 12°

I-radiocactivity measured.
Specific transferrin binding was calculated by taking the
difference between total and non-specific binding curves.
Non-specific binding was calculated fram the slope of the curve
between 25 and 50 pmol of transferrin (0.5 ml, final volume).
Right: The Scatchard analysis of the data fram the
transferrin saturation curves representing specific binding.
This analysis plots the bound over free transferrin versus the
amount of transferrin bound. The linearity of the graph
indicates the presence of one class of receptors with the x axis

intercept representing the Bmax’ and the negative inverse of

the slope representing the K a of the receptor.
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increase in transferrin mediated iron uptake probably due to an increase
in the mmber of transferrin receptors.

Cellular RNA levels. It has been previcusly reported ( Grandchamp et

al., 1985; Parker and Houseman, 1985; Sherton and Kabat, 1976), that
following DMSO induction there is a decrease in cellular RNA content. Our
experiments confirm this finding as shown in Table 1. After four days of
culture in the presence of DMSO there is an approximate decrease of 40% in
total cellular RNA as campared to control cells. Similar decrease in
poly A™ RNA has also been reported (Grandchamp et al.,1985), (see Table
1B). It is important to note however, that the proportion of mRNA/total
RNA remains constant throughout the induction pericd.

Induction of globin rRNA by DMSO. In order to determine the time

course of a and B globin mMRNA accumilation total RNA was isolated from
MEL cells after various periods of time in culture, in the presence of
DMSO (0,24,48,72 and 96 h), and was subjected to northern analysis
(Figures 6 and 7). As can be seen, treatment of MEL cells with DMSO
results in a dramatic increase in both a and B globin nmRNA between 48
and 96 h. Similar results are also observed when globin mRNA levels are
measured by dot-blot analysis (Figures 8 and 9). This pattern of
induction is in accord with previous data (Grandchamp et al., 1985;
Lowenhaupt and Lingrel, 1979). Previocus studies have shown that the
increase in globin mRNA is due to an increase in the rate of
transcription, and that the rate of globin transcription can be further
stimulated by treatment with exogenous heme (Ross and Sautner, 1976;
Dabney and Beaudet, 1977).
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Table 1A. The effect of DMSO on RNA/cell. MEL cells were
counted and harvested after different times of culture in the
presence of 1.5% DMSO. Total RNA was prepared and the RNA/cell
estimated. Table 1A shows these results, expressed as the mean
+ S.D. fram seven independent experiments.

Table 1B shows similar results obtained by Grandchamp et al.
(1985). They also measured poly A" and showed that it
decreased proportionately.



e by

Table 1A. The effect of dimethylsulfoxide (DMSO) on total RNA.

time after DIMSO total RNA
addition (hours) pg/cell
0 7.15 + 1.84
96 4.51 + 1.20

Table 1B. The effect of dimethylsulfoxide (DMSO) on total and poly at

RNA.

time after DMSO total RNA poly A" R
addition (haurs) pg/cell pg/cell
0 8.2 £ 0.3 0.53 + 0.02

96 5.5 + 0.2 0.31 + 0.01
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Figure 6. Induction of a-globin mRNA during DMSO induced
differentiation of MEL cells. Samples of total RNA (10 ug) from
MEL cells grown for variocus times (0,24,48,72 and 96 h) in the
presence of 1.5% DMSO were electorphoresed in a 1% agarose gel
as described in Materials and Methods. The top panel shows the
ethidium bramide staining of total RNA prepared fram each
sample, indicating that the same amount of RNA was applied to
each lane and that this RNA was not degraded. Following
electrophoresis and transfer to nitrocellulose paper, the filter
was hybridized with S2p-labelled cDNA probe for mouse

a-globin, specific activity 5 x 107 cpn/ug, 2 X 106
cpn/ml, and autoradiographed (bottam panel).
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Figure 7. Induction of p-globin mRNA during DMSO induced
differentiation of MEL cells. Samples of total RNA (10 ug),
from MEL cells grown for various times (0,24,48,72, and 96 h) in
the presence of 1.5% DMSO, were electrophoresed in a 1% agarose
gel as described by Davis et al. (1986) except that the
concentration of formaldehyde was increased to 2.2 M. The top
panel shows the ethidium bromide staining of total RNA prepared
from each sample, indicating that the same amount of RNA was
applied to each lane and that this RNA was not degraded. After
transfer to nit:ocellulose, the filter was hybridized with
32P-—labelled cDNA probe for mouse p-globin (specific activity

5 x 107 cpm/ug, 2 X 106 cp/ml) and autoradiographed.
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Figure 8. Dot blot anaylsis of a-globin mRNA induction

during DMSO induced differentiation of MEL cells. The samples
of total RNA isolated fram MEL cells after various periods of
exposure to DMSO (described in Figures 6 and 7) were also
analyzed by dot blotting. For each time interval (0,24,48,72,
and 96 h), 10 ug of total RNA and serial dilutions were spotted
anto nitrocellulose paper, as described in Materials and
Methods. Filters were prepared in duplicate and hybridized with
32P—labe.'l_].ed cDNA probes for a and p-globin respectively.
Specific activity of both probes was 5 x 107 cpn/ug and
hybridization mixtures contained 2 x 10° cp/ml.

Autoradiograms of these filters are presented here (Figures 8
and 9). To analyse this type of data, such autoradiograms can be
subsequently scanned with a laser densitameter and arbitrary
scanning units calculated for each spot. For any one
experimental condition, concentration limits can be selected
where the intensity of the RNA spots is proportional to the
amount of RNA spotted. In this way a linear range for each
experimental condition can be defined. To campare between
groups, a single concentration which falls within the linear
range of all groups, is selected and at this concentratien,
arbitrary scanning units campared. This type of analysis is
used in Chapter 5.
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Figure 9. Dot blot analysis of p-globin mRNA induction during
dimethylsulfoxide (DMSO) induced differentiation of MEL cells.
Samples of total RNA isolated fram MEL cells after various times
of exposure to IMSO 1.5%, were analysed by dot blots and the
relative amounts of p-globin mRNA visualized by autoradiogram.
RNA preparation and blot analysis is described in detail in
Figure 8.



-100-

VNY B -

S

K4

(4)

ouy



-101-

DISCUSSION

The terminal differentiation of MEL cells has been described in temms
of morphological, biochemical and molecular changes. However, a number of
different MEL cell strains have been cloned and these may vary in their
ability to differentiate, in their responsiveness to specific inducers,
and in the time course and exact pattern of induction. Perhaps one of the
most camonly used clones, and the clone used in this study, is clone 745A
(Friend et al., 1971). The aim of this study was to characterize the
pattern of MEL differentiation in response to the inducing agent
dimethlysulfoxide (IMSO), under the conditions and methods used in this
laboratory.

The results confirmed that the clone used (745) followed the expected
pattern of development, and provide a basis for camparison for other
experiments in which perturbations will be introduced. The results
indicate that, in our hands, DMSO was an effective inducer of MEL cell
clone 745. After four days of culture in the presence of DMSO (1.5%),
benzidine staining reached a maximum of 85% which is in accordance with
previous studies (Friend et al., 1971). Also confirmed were the
following: an increase in iron uptake (Glass et al., 1978; Wilczynska and
Schulman, 1980; Laskey et al., 1986); an increase in the number of
transferrin receptors (Hu et al., 1977; Yeoh and Morgan, 1979; Wilczynska
and Schulman, 1980; Laskey et al., 1986); an increase in heme synthesis,
as measured by SQF’e incorporation into heme (Granick and Sassa, 1978;
Glass et al., 1978; Laskey et al., 1986); and an increase in a and B
globin mRNA accumilation (Ross and Sautner, 1976: Grandchamp et al., 1985)

It can be concluded therefore, that MEL cells, when treated with DMSO,

initiate a coordinated program of erythroid development which resembles
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normal erythroid differentiation and leads to the accumulation of large
ancunts of hemoglobin in these cells.



~103-

CHAPTER 3

CONTROL: CF HEME SYNTHESIS DURING FRIEND CELL

DIFFERENTIATICN: ROLE OF IRON AND TRANSFERRRIN



-104-

PREFACE

In Chapter 3 the hypothesis that the regulation of heme synthesis is
distinctly different in erythroid and non-erythroid cells is tested. As
reviewed in Chapter 1, previous work has shown that in rabbit
reticulocytes heme controls cellular acquisition of iron fram transferrin
rather than controlling the synthesis of ALA, which is known to regulate
heme synthesis in hepatocytes and bacteria. Moreover, recent work has
provided evidence that in rabbit reticulocytes the rate of iron uptake
from transferrin, rather than ArA synthase, limits the rate of heme
formation.

In Chapter 2, it was demonstrated that MEL cell differentiation
results in an increase in the number of cell transferrrin receptors,
increased iron uptake from transferrin and an increase in the rate of heme
synthesis. In this respect these changes parallel those thought to occur
during normal erythroid development. In this chapter MEL cells are used
to study the control of heme synthesis before, and after IMSO induction.
The question is asked whether erythroid specific control of heme synthesis
develops as the cells acquire the ability to synthesize large amounts of
heme.
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ABSTRACT

In many types of cells the synthesis of §-aminolevulinic acid (ALA)
limits the rate of heme formation. However, results from our laboratory
with reticulocytes suggest that the rate of iron uptake fraom transferrin
(Tf), rather than ArA synthase activity, limits the rate of heme synthesis
in erythroid cells. To determine whether changes occur in iron metabolism
and the control of heme synthesis during erythroid cell development Friend
erythroleukemia cells induced to erythroid differentiation by
dimethlysulfoxide (DMSO) were studied. While added ALA stimulated heme
synthesis in uninduced Friend cells (suggesting that ALA synthase is
limiting) it did not do so in induced cells. Therefore the possibility
was investigated that, in induced cells, iron uptake fram Tf limits and
controls heme synthesis. Several aspects of iron metabolism were
investigated using the synthetic iron chelator salicylaldehyde
isonicotinoyl hydrazone (SIH). Both induced and uninduced Friend cells
take up and utilize Fe for heme synthesis directly fram Fe-SIH without the
involvement of transferrin and transferrin receptors and to a much greater
extent than fram saturating levels of Fe-Tf (20 uM). Furthermore, in
induced Friend cells 100 uM Fe-SIH stimulated 2-%c-glycine
incorporation into heme up to 3.6-fold as compared to the incorporation
observed with saturating concentrations of Fe-Tf. In contrast, Fe-SIH,
even when added in high concentrations, did not stimulate heme synthesis
in uninduced Friend cells but was able to do so as early as 24 to 48 h
following induction. In addition, contrary to previocus results with
rabbit reticulocytes, Fe-SIH also stimulated globin synthesis in induced

Friend cells above the levels seen with saturating concentrations of
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transferrin. These results indicate that same step(s) in the pathway of
iron fram extracellular Tf to protoporphyrin, rather than the activity of
AIA synthase, limits and controls the overall rate of heme synthesis and
possibly hemoglobin synthesis in differentiating Friend erythroleukemia
cells.
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INTRODUCTION

The first step in the formation of heme, which is synthesized in all
aerobic cells, is the condensation of glycine and succinyl coenzyme A to
form §-aminolevulinic acid (ALA); a reaction catalyzed by the
mitochondrial enzyme ALA synthase. In same bacteria (Burnham and
Lascelles, 1963) and in hepatocytes (Granick and Urata, 1963) ALA synthase
is the rate-limiting enzyme of heme biosynthesis and both the
synthesis(Burnham and Lascelles, 1963; Granick et al., 1975) and activity
of the enzyme (Paterniti and Beattie, 1979) are controlled by the level of
intracellular heme. Although it has been suggested that heme synthesis in
erythroid cells is regulated by a similar mechanism (London et al., 1964;
London, 1980; Ibraham et al., 1983), this view has been challenged
(Neuwirt et al., 1969) and a growing body of evidence suggests that ALA
synthase activity does not control heme synthesis in these cells (Ponka
and Neuwirt, 1970; Ponka et al., 1973; Woods, 1974; Sassa, 1976; Malik et
al.,1979%a,b; Sassa, 1980; Ponka and Schulman, 1985a,b). The existence of
distinct regulatory features of heme biosynthesis in erythroid cells seems
plausible because of the large quantities of heme that are synthesized by
erythroid as campared to other cells.

In erythroid cells the control of iron supply to mitochondrial
ferrochelatase, the last enzyme in the heme pathway, may regulate heme
synthesis (Ponka and Neuwirt, 1974; Ponka and Schulman, 1985a,b). The
uptake of iron for heme synthesis in erythroid cells involves the binding
of Fe-transferrin to specific receptors at the cell surface,
internalization of the Fe-transferrin:receptor coamplexes in endocytic
vesicles, release of iron and its transport to mitochondrial
ferrochelatase by an unknown mechanism, and return of transferrin:receptor
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camplexes to the surface where apotransferrin is released (Morgan. 1981).
In reticulocytes iron uptake is coordinated with its utilization for heme
synthesis by a mechanism in which heme feedback inhibits the uptake of
iron from Fe-transferrin (Ponka and Neuwirt, 1969; Ponka et al., 1974;
Schulman et al., 1974) and this control is probably specific for erythroid
cells (Sclulman et al., 1981). Since heme does not inhibit ALA synthase
activity in hemoglobin-synthesizing cells (Ponka and Schulman, 1985a,b),
one of the steps in the Fe-transferrin cycle may limit the overall rate of
heme synthesis in such cells. Evidence for this was obtained (Ponka and
Schulman, 1985a,b) by using specific iron chelators (such as Fe-SIH which
bypasses the Fe~-transferrin cycle) and showing that by increasing the iron
taken up by reticulocytes heme synthesis is increased above the maximum
observed with saturating amounts of Fe-transferrin. However, reticulocytes
appear late in erythroid differentiation and, lacking nuclei, cannot be
used for studying transcriptional events.

The aim of this present work was to extend ocur experiments to less
mature erythroid cells by using the Friend murine erythroleukemia cell
system (Friend et al., 1971). These virus-transformed cells resemble
erythroblasts and can be induced to erythroid differentiation with
dimethlysulfoxide (DMSO) or a variety of other agents (Reuben et al.,
1980; Marks and Rifkind, 1978). Following induction the cells synthesize
globin mRNA (Ross et al., 1972), increase enzymes of the heme pathway
(Sassa, 1976), increase transferrin receptors (Wilczynska et al., 1984)
and iron uptake (Glass et al., 1978) and synthesize and accumilate large
quantities of hemoglobin. Therefore, these cells are well suited for the
study of iron metabolism and heme synthesis during erythroid

differentiation.
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In this study Fe-STH was used as a source of iron for Friend cells in
order to examine the effect of increased iron uptake on heme synthesis
during erythroid cell development. The results obtained indicate that
iron utilization fram transferrin limits the rate of heme production in
Friend cells which are actively synthesizing hemoglobin but not in
uninduced cells.
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MATERTALS AND METHODS
Chemicals. Iron-free human transferrin was obtained fram Behringwerke
(Marburg, West Germany); mouse transferrin was kindly provided by Dr. Evan
H. Morgan, the University of Western Australia; 4,5-dioxoheptanoic acid
(succinylacetone, SA) was fram U.S. Biochemical Corp. (Cleveland, Ohio)
and lactoperoxidase was from Calbiochem (Los Angeles, CA). M Sephadex
and (NBr activated Sepharose 4B were obtained fram Pharmacia (Dorval,
Quebec). All other chemicals were of the highest purity available.
125

595'e<:13 (10-25 mCi/mg), 2- 3c-glycine (40-60 mCi/mg) and

Ci/mg) were purchased from New England Nuclear Corp. (Boston, MA).

T (17

Media and reagents were obtained from Flow Laboratories (McLean, VA)
and tissue culture plasticware fram Falcon (Oxnard, CA).
Cells and cell culture. Friend erythroleukemia cells used were

derived from clone 745A originally isolated by Dr. Charlotte Friend. Cell
cultures were grown at 37°C in an atmosphere of 95% air and 5% <, in
Eagle's minimal essential medium (MEM) containing 10% fetal calf serum.
Cells were subcultured every 96 h at an initial cell concentration of
approximately 5 X :L(Zi4 cells/ml. For induction, cells were grown in a
medium containing 1.5% dimethlysulfoxide (DMSO) at the time of
subculturing. After 96 h, both induced and uninduced cells were collected
by centrifugation at roam temperature and washed three times with

serum-free medium. The percentage of benzidine positive cells was

determined by the method of Orkin et al. (1975).

studies with 22Fe-ligands and 221 transferrin. 59Fecl3 in .5

mol/L HCL was converted to ferric citrate by the addition of a 20-fold

5

molar excess of sodium citrate. >°Fe-transferrin was prepared by mixing

the 59Fe-ferric citrate with transferrin in a molar ratio of 2 mol Fe:l
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mol transferrin. After addition of solid NaHCO, to a final
concentration of 0.1 mol/L the pH was adjusted to 7.4 and the solution was
kept at room temperature for 3 h. The preparation was then extensively
dialysed (Martinez-Medellin and Schulman, 1972).

SIH (2-hydroxybenzal isonicotinoyl hydrazone) was prepared as
deécribed by Ponka et al. (1979). SIH was dissolved with a few drops of

59Ee—ferric citrate was

1IN NaCH and diluted with incubation medium.
added to a final molar concentration of Fe:STH of 1:1. The preparation
was adjusted to pH 7.4 and allowed to sit at room temperature for 1 h.

To prepare 125I—tramsferrir1, apotransferrin was saturated with
unlabelled iron as its citrate camplex (1:20) and labelled with °1
using lactoperoxidase coupled to CNBr activated Sepharose 4B according to
the procedure described by David (1972).

To measure transferrin and iron uptake, induced and uninduced Friend
cells, at a concentration of 1 x 107 cells/ml, were incubated in
serum-free medium containing human transferrin labelled either with

59 25]:, or with 59E'e—SII—I. At the indicated time periods samples

Fe, 1
were collected by centrifugation and washed three times with cold
phosphate-buffered saline (PBS) and 1257 and 5%Fe associated with the
cells were measured with an LKB Compugamma counter.

Measurement of cellular heme and nonheme °°Fe were performed either
by an acid precipitation method (Borova et al., 1973) or by acid
methlyethlyketone extraction (Teale, 1959). There was an estimated 8%
loss of total cellular heme during extraction with methlyethylketone.
when final heme estimates were corrected for this loss, the two methods
yielded values which were virtually identical. In view of the similar

results with the two methods, it is unlikely that tightly bound, poorly
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extractable “’Fe is trapped by acid precipitation and as this method is

more rapid it was the method of preference.

g_—gc—glycme incorporation into heme and globin. Induced and uninduced

Friend cells (10 X 106) were incubated for 30 min with nonradicactive
iron-transferrin, added at saturating concentrations (20 M) or iron-STH
(100 1M), then 1.5 to 2 WCi of 2-+YC-glycine (pH 7.4) was added per
500-pl-sample and the incubation continued for indicated time intervals.
The cells were washed three times with PBS, lysed in 200 ul of double
distilled water, and kept frozen overnight.

Following thawing, each sample was centifuged at 2,800 rpm at 4%
for 5 min and the supernatant was applied to a (M-Sephadex column
equilibrated in 0.1 M phosphate buffer, pH 6.6. The (M-Sephadex column
was then washed with three volumes of ice cold 0.1M phosphate buffer, pH
6.6. Relatively pure hemoglobin, as judged by SDS-PAGE, was eluted using

0.2 M Na,HPO, /0.2 M NaCl, pH 8.9.

2

Purified hemoglobin obtained in this menner was then separated into
heme and globin fractions by "acid acetone" extraction and precipitation
(Ponka and Schulmen, 1985a,b).

For determination of specific activity, the hemoglobin recovered from
the M-Sephadex column was divided into two equal fractions. One fraction
was processed by the acid acetone procedure as described above, and the
counts in heme and globin were determined. The other fraction was assayed
by the micro Lowry technique for the determination of protein (Lowry et

al., 1951). The specific activity was expressed as cpn/pmoles of
hemoglobin.
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RESULTS

Iron uptake fram §2Fe-SIH. To test the possibility that iron

delivery fram transferrin may limit the rate of heme formation, induced
Friend cells, which are actively synthesizing hemoglobin, were incubated
with 59E’e—S:T:H. Whereas the uptake of iron fram transferrin by Friend
cells is saturated within the physioclogical range of plasma iron (20 uM),
iron uptake fram Fe-SIH is not saturable in the range of 20-100 pM (not
shown). As shown in Figure 1, following 60 min of incubation, the total
cellular iron uptake from 100 M > Fe-SIH is up to six times greater
than that from 20 WM transferrin and °°Fe incorporation into heme is
increased three-fold. Succinylacetone (1 mM), a specific inhibitor of
heme synthesis (Ebert et al., 1979; Ponka et al., 1982) inhibits the

incorporation of Fe fram 33

59

Fe--SIH into heme by 70%, indicating that
e from Fe~-STH is incorporated into de novo synthesized
protoporphyrin (data not shown).

To exclude the possibility that iron incorporation fram Fe-SIH is
mediated by transferrin or transferrin receptors, induced cells were
preincubated with pronase (200 pg/ml) for 10 min at 4°C (Schulman et
al., 1983), washed, and then incubated with ° Fe-transferrin or
59Fe~—sm. As seen in Figure 2, pronase treatment inhibited iron uptake
fram transferrin, probably by digesting surface transferrin receptors, but
had virtually no effect on either the uptake or utilization of >Fe fram
S9pe-sTH.

It can be argued that increased e incorporation into heme from

S9re-sTH may reflect an increase in the specific activity of the preheme

59Fe pool, since the total cellular radiociron uptake is so increased

with Fe-SIH as campared to Fe-transferrin. If this were the case,
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FIGRE 1. °°

Fe-incorporation into induced Friend cells from

diferric transferrin and ferric salicylaldehyde isonicotinoyl
hydrazone (SIH-Fe). Samples of 1 X 107 cells were incubated

at 37°C in 0.5 ml of serum~free medium containing either

53 Fe-transferrin at a final concentration of 20 M or

5%re-STH at a final concentration of 100 yM. At the indicated
time intervals the cells were chilled, washed three times with
cold phosphate-buffered saline, and the radioactivity
incorporated into both whole cells and heme fractions was

measured.
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FIGURE 2. The effect of preincubation with pronase (e, x) on
the incorporation of 59}?\9, from transferrin (A ,x ) and SIH-Fe
(0, @), respectively, into heme in induced Friend 'c:eJJ.s.
Induced Friend cells were preincubated with or without pronase
(200 pg/ml) for 10 min at 4°C. The cells were then washed,
resuspended in incubation medium containing either

5 59

gE\r:—a—tz:ansferrj.n (20 M) or ““Fe~-SIH (100 uM), and incubated

for the indicated time periods.
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increased radiocactivity in heme need not reflect an actual increase in
heme production. The aim of further experiments was to exclude the
possibility and investigate the effects of higher than physiological
concentrations of iron, supplied as Fe-SIH, on the rate of heme synthesis
measured by 2—l4c—glycine incorporation.

Studies with 2—-}—‘§C~glycine. In initial experiments we examined the

rate of heme synthesis, as measured by 2—14C—glycine incorporation, in
induced Friend cells incubated with saturating concentrations of either
mouse or human Fe-transferrin. Since the results with both transferrins
were identical, we used human Fe-transferrin for ceonvenience.

Figure 3 shows the results of a typical experiment and Table 1
sumarizes the results of several experiments in which induced Friend
cells were preincubated with either Fe-transferrin or Fe-SIH for 30 min
and then incubated with 2—14C—glycine for 1 h. The incorporation of
2—14C—glycine into heme and globin was then measured. As seen in Figure
3, in induced Friend cells, Fe-SIH (100 uM) stimulates the rate of heme
production up to 3.6-fold as campared to Fe-transferrin (20 uM).
Interestingly, in uninduced cells this stimulation is nearly absent.

The stimulation of heme formation by Fe-SIH was also examined at
various times after induction. Friend cells were grown with DMSO for 24,
48, 72 and 96 h, after which time the cells were harvested and the effects
of either Fe-STH or transferrin on 2—~14C—glycine incorporation into heme
were measured and campared. Figure 4 shows that when transferrin is the
iron donor, 2—14C-glycine incorporation into heme gradually increases as
the cells became induced, reaching a plateau after 4 days. However,
between 24-48 h following DMSO induction, the rate of heme production can

be significantly increased by providing more iron to the cells with
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FIGURE 3. 2- %c-glycine utilization for heme synthesis by
induced and uninduced Friend cells incubated without an iron
ligand (empty colums), with 20 uM Fe-transferrin (dotted
columns), or with 100 uM Fe-STH (dashed colums). Samples were
preincubated under the above conditions for 30 min at 37°C,
2-l4c-glycine was then added, and the cells were incubated for
an additional 60 min at 37°C. The cells were then washed and
2—14C—glycine incorporation into heme measured. The results
shown are values for a typical experiment and are averages of
quadruplicate samples. Table 1 summarizes the results of
several such experiments.
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TABLE 1. The effect of 100 yM Fe-SIH on 2—14C—glycine incorporation
into heme of induced Friend erythroleukemia cells.

Average + SEM

Conditions (n=6)
—Fe 82 + 13.4
Fe-Tf 100

Fe-STH 221 + 72.4

Results are expressed as percentages of values obtained with cells
incubated with saturating concentrations of Fe-transferrin (Fe-Tf,
20 M). The time of incubation with 2-%C-glycine was 60 min.

n, Number of experiments.
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FIGJRE 4. The effect of Fe-transferrin or Fe-SIH on
2-14C-glycme utilization for heme synthesis in
differentiating Friend erythroleukemia cells. Friend cells of
line 745 were incubated with 1.5% DMSO for varicus time pericds
and at the indicated times (24, 48, 72, 96 h), the cells were
harvested and resuspended in serum-free medium. Samples (fram
each time period) were preincubated for 30 min at 37°C either
a) without an iron ligand (m ), b) with 20 uM Fe-transferrin
(a), or c) with 100 pM Fe-STH (e). 2-—14C-glycine was then
added to each sample and the cells incubated for an additicnal
60 min after which time cells were washed and 2—14C~glycine
incorporation into heme measured. Results are averages of
quadruplicates.
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Fe-STH, as campared to the maximun amounts of iron the cells can
incorporate from transferrin.

Contrary to previcus results with rabbit reticulocytes (Ponka and
Schulman, 1985b) Fe-SIH stimulates the incorporation of 2—14C—glyc'me
into globin to a greater extent than Fe-transferrin, probably by
increasing the intracellular levels of heme. When heme synthesis is
inhibited by succinylacetone, this stimulation of globin synthesis is not
seen (not shown). Furthermore, exogenous hemin (25 M) increases the rate
of globin production in induced Friend cells to the level seen with 100 M
Fe-STH. In contrast, Fe-STH does not increase globin production in
uninduced cells, which is not surprising since Fe-SIH does not
significantly increase the formation of heme in uninduced cells. The
slight stimulation of heme synthesis that is seen is probably insufficient
to produce any detectable changes in the rate of glébin formation.

The effect of ALA on g5‘—E‘e use for heme synthesis. To examine

whether or not ALA synthase is the rate limiting enzyme of heme synthesis
in Friend cells, the effect of ATA (0.2 mM) on the incorporation of 59Fe
into heme in uninduced and induced cells was determined. If ALA synthase
were limiting added ALA should stimulate the production of heme as
measured by “°Fe insertion into protoporphyrin. Uninduced Friend cells
synthesize trace amounts of heme and when ALA is added to the cells heme
synthesis, as measured by 59pe incorporation from transferrin, is
increased. These results together with the results fram other laboratories
(Malik and Djaldetti, 1979) suggest that prior to induction ALA synthase
limits the rate of heme formation. Conversely in induced Friend cells,
when SQE‘e—transferrin is the iron donor, ALA synthase is not limiting
since the addition of ALA does not change the rate of “ Fe
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TABLE 2. The effect of ALA on 59E‘e incorporation from either Sdpe-Tf
or sgﬁe-sm into heme of uninduced and induced Friend cells.

Iron
incorporation
into heme
Iron Incubation (mol/10° % control

Conditions donor conditions cells/h)?2 (n=4)
-DMSO TF Control 2.1 100

+ ATA 3.0 142 £ 21
+DMSO Tf Control 6.3 100

+ ALA 6.2 98 + 6
+DMSO STH-Fe  Control 15.8 100

+ AIA 21.0 133 + 15

aSan‘tple values fram one experiment.
Uninduced ({-IMSO) or induced (+DMSO, 4 days) Friend cells were
preincubated for 30 min at 37°C in the presence and absence of ALA

Pe-Tf (20 M) or *Fe-SIH (100 M) was then added to each

(0.2 mM), °
of the control and "+ ALA" samples and incubated for an additional 60 min
at 37°C. The samples were then chilled, washed three times in FBS, and
the *°Fe incorporation into heme measured. Higher concentrations of Ara

had an apparent toxic effect on Friend cells.
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incorporation into heme. However, when iron delivery to Friend cells is
increased by using °Fe-SIH, the addition of ALA stimulates >°Fe
incorporation into heme, suggesting that under these conditions ALA
synthase has becare limiting.
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DISCUSSION

Although all aerobic cells synthesize heme, the largest quantities of
heme are produced in developing erythroid cells following the onset of
hemoglobin synthesis. Therefore, the regulation of heme synthesis may be
different in erythroid and nonerythroid cells, in which heme synthesis is
controlled by the rate of ALA formation (Granick and Urata, 1963; Granick
et al., 1975; Paterniti and Beatie, 1979). The results of this study
provide evidence for this suggestion. Although addition of ALA stimulates
heme synthesis in uninduced Friend cells (indicating that ArA synthase is
limiting), it does not do so in induced cells. This finding and the
previcus report of Malik and Djaldetti (1979) indicate that the mode of
control of heme synthesis changes during erythroid differentiation.

In erythroid cells, the regulation of heme synthesis involves both the
regulatory mechaniams which induce hemoglobin synthesis and the control of
heme synthesis after the pathway's enzymes are fully induced. With
respect to induction, earlier reports (Sassa, 1976; Rutherford et al.,
1979) suggested that ferrochelatase is the controlling enzyme of heme
synthesis during differentiation since this enzyme activity was the last
to be increased during the induction of Friend cells. However, a recent
report indicates this may not be so (Beaumont et al., 1984), since
ferrochelatase was induced as early as ALA synthase during differentiation
of Friend cells. Nevertheless, in spite of this, the accumuilation of heme
occurs relatively late during Friend cell differentiation (Beaumont et
al.,1984).

Once the hemoglobin synthesizing machinery is fully induced in
erythroid cells, it appears that the heme pathway enzymes are available in
amounts allowing maximum possible production of heme for hemoglobin
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synthesis. Previous studies (Ponka and Neuwirt, 1970; Ponka and Schulman,
1985a,b) showed that in rabbit reticulocytes heme formation is not limited
by either the rate of protoporphyrin synthesis or the activity of
ferrochelatase but by the utilization of iron fram transferrin. The
results of this present study confirm and extend this conclusion to Friend
cells induced to erythroid differentiation. Uninduced and induced Friend
cells incorporate iron from the synthetic chelator SIH in amounts
several-fold higher than fram transferrin. In induced cells this results
in substantially increased heme production over the maximun obtained with
transferrin, while in uninduced cells only a very limited stimulation of
heme synthesis by Fe-SIH is observed. It is possible that increased iron
uptake does not stimulate heme synthesis prior to induction because in
these cells the enzymes of the heme patlway are present in limiting
amounts.

Since the utilization of iron from transferrin limits heme
biosynthesis only in induced cells, it was of interest to examine the
stimulation of heme production by Fe-SIH at variocus times after
induction. During the first 24 h following the addition of DMSO there was
no significant difference between the stimulation of heme production by
Fe-transferrin and Fe-SIH. However, as early as 48 h after DMSO addition,
Fe-STH stimulated heme production up to two-fold as campared to
Fe-transferrin. It is interesting that Fe-SIH stimulates heme production
only after 24 h, reaching a maximum after 72 h, which follows the time
course of ALA synthase induction (Sassa, 1976; Beaumont et al., 1984).
Since ferrochelatase also increases as soon as 24 h following DMSO
(Beaumont et al., 1984), it appears that it is the iron incorporation fram
transferrin that limits heme production during the induction period. It
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is interesting that in induced Friend cells ALA stimulates > Fe
incorporation into heme from > Fe-STH but not fram >°Fe-transferrin,
suggesting that unlike rabbit reticulocytes (Ponka and Schulman, 1985b)
ALA synthase becames rate-limiting for heme synthesis when induced Friend
cells are supplied with nonlimiting amounts of iron from Fe-SIH.

There is also sare evidence that iron utilization from transferrin may
limit not only heme but also hemoglobin synthesis in Friend cells, since
contrary to previocus results with rabbit reticulocytes (Ponka and
Schulman, 1985a,b), Fe-SIH also stimulated globin synthesis in the induced
cells. It seems reasonable that the stimulation of globin synthesis by
Fe-STH is mediated by an increase in the level of intracellular heme,
which could increase globin synthesis at either the translational (Zucker
and Schulman, 1968; Jagus et al., 198l1) or transcriptional (Hoffman and
Ross, 1980; Fuchs et al., 1981) level or both.

These results therefore provide further evidence that same step(s) in
the pathway of iron fram extracellular transferrin to protoporphyrin,
rather than ALA synthase, limits and controls the overall rate of heme and
possibly hemoglobin synthesis in erythroid cells. However, same of our
results are paradoxical and require special camment. When iron is
provided to induced Friend cells by transferrin, only a relatively small
proportion (30-40%) of the iron taken up by the cells is used for heme
synthesis. This finding appears to be in conflict with ocur main
conclusion but there are two possible explanations. First, following
release of iron from transferrin there may be two pathways of iron
utilization in Friend cells, one leading to heme and another to ferritin,
which cannot provide iron for heme synthesis (Ponka et al., 1982). It is
tempting to speculate that in uninduced cells almost all the iron enters
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the ferritin patlway and that erythroid differentiation is accampanied by
the induction of a new iron pathway which shunts increasing amounts of
iron to mitochondria for heme synthesis during cell maturation. Thus, in
reticulocytes, virtually only the mitochondrial heme pathway exists
(Martinez-Medellin and Schulman, 1972; Ponka et al., 1982). Second,
following iron release from transferrin there may be an intermediate
involved in the iron transport to or within mitochondria that is bypassed
when iron is supplied from Fe-SIH. If this intermediate is limiting, then
its level, rather than the cellular uptake of iron, would appear to limit

iron incorporation into heme.
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CHAPTER 4

FERRITIN AND FERRTTIN TRON METABOLISM IN MURINE

ERYTHROLEUKEMIA CELLS
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PREFACE

Iron which 1s not utilized for heme synthesis, or for the synthesis of
iron requiring proteins is stored in ferritin. The exact role of ferritin
in intracellular iron metabolism however, is not clear. This is of
particular interest in erythroid cells which take up large amounts of iron
for the synthesis of hemoglobin.

As discussed in Chapter 1 ferritin is an extremely camplex protein and
may serve different functions in different cell types. In this chapter
intracellular iron distribution and the effect of iron and heme on
ferritin protein levels are exemined. The question of whether ferritin
iron can be utilized for heme synthesis is also addressed. These studies
were performed in order to better understand the interrelationships
between iron uptake, the regulation of heme and ferritin synthesis, and
intracellular iron flux in MEL cells, and how these may alter during
erythroid differentiation.


http:exanin.ed

-133-

ABSTRACT

Intracellular > Fe distribution and the regulation of ferritin
protein levels were studied in murine erythroleukemia (MEL) cells
following dimethylsulfoxide induced erythroid differentiation. MEL cell
differentiation is accampanied by an increase in transferrin receptor
expressian, an increase in total cellular iron uptake, and an increase in
heme synthesis. Following incubation of induced and uninduced cells with
59pe-labelled transferrin the “°Fe incorporation into heme, ferritin,
and stramal fractions was measured. The results show that the majority of
newly incorporated iron, which accampanies differentiation, is shunted to
the mitochondria for use in heme synthesis. Furthermore, chase
experiments prove that in the presence of saturating concentration of
transferrin, cells which are actively synthesizing hemoglobin do not use
ferritin iron to support heme synthesis. The synthetic iron chelate,
ferric salicylaldehyde isonicotinoyl hrydrazone (Fe-SIH), is able to
supply cells with iron, independently of transferrin and transferrin
receptors, and in amounts greater than those seen with saturating
concentration of transferrin. Using this source to supply iron in great
excess, it was demonstrated that in induced MEL cells it is only when iron
supply exceeds that required for heme synthesis (these levels are above
those seen with saturating concentrations of transferrin) that the
proportion of iron in ferritin increases. Furthermore, iron supplied in
this form stimulates ferritin protein accumlation in both induced and
uninduced cells, while removal of iron with desferrioxamine results in a
drop in ferritin content. Addition of exogenous hemin also stimulated
ferritin accumilation in both induced and uninduced cells, and while
inhibition of heme synthesis, with succinyl acetane, had no effect in
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uninduced cells it stimulated ferritin accumulation in induced cells,
probably by increasing intracellular iron levels. These results suggest
that in addition to iron, endogenous heme levels may play a role in
regulating ferritin synthesis in differentiating MEL cells.
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INTRODUCTION

Ferritin is an ubiquitous iron storage protein found in animals,
plants fungi and bacteria (Munro and Linder, 1978). Its role is both to
store iron and to protect cells fram the potentially toxic effects of free
iron (Halliwell and Gutteridge, 1984). It is well documented that
ferritin synthesis is stimulated by iron (Munro and Linder 1978; Theil,
1987). This control has long been thought to occur at the translational
level (Munro and Linder 1978) although recently evidence for
transcriptional control in Hela cells has also been described (Cairc et
al., 1985). Ferritin is a large macramolecule (450,000 daltons) camposed
of 24 subunits which assemble to form a hollow sphere like shape within
which iron gets deposited as ferric hydroxide crystals. There are two
unique subunits, the H or heavy subunit (21,000 daltons) and the L or
light subunit (19,000 daltons). These cambine in varying proportions in
different cell types to form tissue specific isoferritins (Arcsio et al.,
1978). Isoferritins may also vary within the same tissue under different
physioclogical conditions. In both rat and luman cell types, for example,
iron loading stimulates the acamulation of L rich isoferritins. These
observations suggest that in addition to its ubiquitous intracellular
housekeeping role, there may be cell specific variations in ferritin
function and regulation. One such variation may be the role of ferritin in
intracellular iron metabolism.

The role of ferritin in iron flux is of particular interest in
erythroid cells which are actively synthesizing hemoglobin. These cells
take up large amounts of iron, most of which is diverted for heme
synthesis. The significance of intracellular ferritin in these cells and
its relationship to hemoglobin synthesis is controversial. Same have
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suggested that ferritin merely serves as a sink for surplus iron (2ail et
al., 1964; Primosigh and Thomas, 1968; Borova et al., 1973) while others
argue that ferritin is an intermediate, possibly an obligatory
intermediate, in the pathway of iron utilization for heme synthesis (Mazur
and Carleton, 1963; Speyer and Feilding, 1979).

To address this question we examined iron distribution and ferritin
synthesis in murine erythroleukemia cells (MEL). These cells were
selected for study as they are a useful model for the investigation of
iron metabolism in developing erythroid cells. They are virus transformed
immature erythroid cells which upon treatment with a chemical inducing
agent, such as dimethylsulfoxide (IMSO), initiate a program of erythroid
differentiation which in many ways parallels normal erythropoeisis.
Differentiation in these cells is characterized by increases in
transferrin receptor number (Hu et al., 1977; Wilczynska et al 1984;
Laskey et al., 1986), iron uptake (Glass et al., 1978; Laskey et al.,
1986), enzymes of the heme biosynthetic pathway (Sassa, 1976), and an
induction of globin mRNA (Ross et al., 1972), all of which leads to the
accunulation of large amounts of hemoglobin.

In this study we have used 5%Fe to trace iron incorporation into
various cell fractions. Two distinct iron sources were used, one
transferrin (Tf), the obligatory physiological iron donor and the other a
synthetic iron chelate ferric-salicylaldehyde isonicotinoyl hydrazone
(Fe-SIH) which we have previously shown can deliver iron to cells
independently of the transferrin:transferrin receptor pathway, in amounts
far greater than those seen with saturating levels of iron transferrin
(Laskey et al., 1986). In this way, iron distribution and ferritin
synthesis can be examined, under normal physiological conditions and under
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canditions of iron loading, in both induced and uninduced cells. The
results suggest that there is a tight coordination between iron uptake
from transferrin and heme synthesis under normal physiological conditions
and that ferritin serves primarily as a storage site for surplus iron
rather than as an intermediate in iron delivery for heme.
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MATERTALS AND METHODS
Cells and cell culture. Murine erythroleukemia cells, clone 745A

originally isolated by Dr. Charlotte Friend (Friend et al., 1971), were
grown in suspension cultures in MEM supplemented with 10% fetal calf serum
at 37°C in an atmosphere of 95% air and 5% o, . Cells were

subcultured every 96 h at an initial cell concentration of approximately 5
x 10% cells/ml. For induction, 1.5% dimethlysulfoxide (DMSO) was added
to the medium at the time of subculturing. After 96 h induced and
uninduced cells were collected by centrifugation and washed three times
with phosphate buffered saline.

Studies with QE‘e—transferrin and 2°Fe-STH. To prepare

SQEE—transferrin (SgEb—Tf P SgFe—ferric citrate (20-fold molar

excess of citrate over iron) was mixed with transferrin in a molar ratio
of 2 mol Fe:1 mol Tf. Solid NaHO,, at a final concentration of 0.1
mol/L , was then added and the pH was adjusted to 7.4. The prepartion was
kept at rocm temperature for 3 h and then dialysed extensively against
phosphate buffered saline.

SIH (salicylaldehyde isonicotinoyl hydrazone or 2-hydroxybenzal
isonicotinoyl hydrazone) was prepared as described by Ponka et al (1979).
STH was dissolved in a few drops of 1 N NaCH and diluted with medium. To

9 nge ferric-citrate was added to the SIH solution

prepare 5 Fe-SIH,
at a final molar concentration of Fe-SIH of 1:1. The preparation was then
adjusted to pH 7.4 and allowed to sit at room temperature for 1 h.

To label cells, induced and uninduced cells (10 x 10°) were
incubated at 37°C for the indicated time preiods with either saturating

89

concentrations of 59Fe——Tf (20 WM) or ““Fe-SIH (100 uM). The cells

were then washed three times with phosphate buffered saline and the
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59re associated with the cells was measured with an KB Campugamma

counter. Quadruplicate samples were then divided into two groups, one for
the determination of SgEe—here, and the other for stramal and ferritin

59Fe measurements.

59Fe-heme measurements were performed by acid precipitation (Borova
et al., 1973) as described previocusly (Laskey et al., 1986).

For fractionation, lysing buffer (10mM Tris, 25 mM NaCL, 10 mM
MgCl,, 1 mM PMSF, 1% Triton-X-100, pH 7.5) was added to the cell pellets
and the prepartion was vortexed vigorously and left on ice for ten
minutes. The solution was then spun at 10,000 rpm for 20 min and
separated into stramal and supernatant fractions. The 9% in the

stramal fraction was then measured. To measure 59

Fe in ferritin, an
aliquot of supernatant was removed and incubated at 37°C for 1 h with
polyclonal rabbit anti-mouse ferritin antiserum. The ferritin-antibody
canplex was then precipitated with goat-anti-rabbit-immunobead matrix as
described by the manufacturer (BioRad), and the °°Fe associated with the
pellet was measured. Knowing the volume of the aligqout and of the
supernatant, and the specific activity of the “°Fe added, the radioiren
content in the ferritin fraction was then calculated.

Ferritin radioimmunoassay. The ferritin assay developed for use in

these studies is essentially a coventional radioimmune assay where an
antigen campetes with labelled antigen for a limited number of available
antibody binding sites. The antibody-antigen complexes are then
precipitated using a second antibody coupled to a solid matrix.
Quantification of the label in the pellet shows an inverse relationship
between the level of radiocactivity and the concentration of antigen.
Using known concentrations of unlabelled ferritin a standard curve is
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prepared. The concentration of the unknown ferritin sample is then
determined fram the standard curve.

Purified mouse ferritin was prepared and labelled with 1'%

using
lactoperoxidase coupled to CNBr activated Sepharose 4B according to the
procedure described by David (1972). Polyclonal rabbit anti-mouse
ferritin antiserum was collected and shown by SDS-PAGE to precipitate
selectively mouse ferritin.

To measure cellular ferritin content, cells (1.0 x 107) were
incubated under the specified conditions for the indicated times,
collected by centrifugation and washed three times in phosphate buffered
saline. Ice cold lysis buffer was then added and the solution was
vortexed and left on ice for 10 mimites. This solution was then
centrifuged in an Eppendorf Microfuge for 10 mirnutes and the clarified
lysate collected. Known ferritin standards, and aliquots of clarified
cell lysates were incubated at 37°C for 1 h with polyclonal rabbit
anti-mouse ferritin antiserum in the presence of constant amounts of
labelled ferritin. After one hour goat anti-rabbit immuncmatrix (Becton
Dickinson) was added to precipitate the ferritin-antibody camplexes. This
reaction was allowed to continue for 30 minutes at room temperature, after
which the solution was centrifuged and the immune complex precipitated.
The radioactivity associated with the pellet was measured and a standard
curve was constructed. From this curve the concentration of ferritin in

the lysates was determined.
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RESULTS
Iron distribution in induced and uninduced MEL cells. We have

previously shown that following DMSO induced erythroid differentiation in
MEL cells there is an approximate 3-fold increase in the mumber of
transferrin receptors which in turn results in a several fold increase in
total iron uptake (Laskey et al., 1986). In order to determine how this
increase in total cellular iron uptake affects intracellular iron
distribution we examined iren distribution in MEL cells, before and after
induction of hemoglobin synthesis.

Induced and uninduced MEL cells were incubated in the presence of

59E‘e—-’[‘f for 60 minutes after which the cells were

saturating levels of
washed, lysed and fractionated. Previocusly we showed that following DMSO
induced differentiation there is a large increase in the amount of 59pe
incorporated into the heme fraction (Laskey et al., 1986). Here we
further show that while there is an increase in °°Fe recovered in the
ferritin fraction in induced cells it is not comparable to the increase in

heme 39

Fe incorporation (Figure 1). Furthemmore, the concentration of
iron recovered in the stramal fraction (which is the Triton X insoluble
pellet) did not change following induction. This suggests that under
normal physiological conditions most, but not all, of the additional iron
which is taken up following induction is utilized for heme synthesis.

Is ferritin iron utilized for heme synthesis? To test if iron in

ferritin could be used for heme synthesis, pulse-chase experiments were
performed. Induced and uninduced cells were incubated with saturating
concentrations of SQFE—transferrin for 1 h, after which they were washed
and resuspended in serum free medium containing saturating amounts of cold
Fe-transferrin. The chase was continued for 1 h and the “’Fe in
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Figure 1. The incorporation of >°Fe from saturating
concentrations of > Fe-transferrin into the heme and ferritin
fractions of induced (+DMSO) and uninduced (-DMSO) MEL cells.
MEL cells were cultured in the presence or absence of 1.5% DMSO
for four days. The cells were then collected by centrifugation,
washed and resuspended in serum free medium. Samples of 1 x
107 cells/ml were incubated at 37°C in the presence of
saturating concentrations of 59 Fe-transferrin (20 uM) for 60
min, cells were chilled, washed three times in phosphate
buffered saline and the °°Fe in the heme and ferritin

fractions measured. The results shown here are values for a
typical experiment and are averages of triplicate samples. This
pattern of expression held true in three repeated experiments.
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ferritin before and after the chase was measured. Over this period of
time there was no significant loss of SgFe fram the ferritin fraction in
either the induced or uninduced cells (data not shown). Furthermore, in
parallel experiments using similar conditions, it can be demonstrated that
induced cells do use iron fram exogenously added transferrin for their
heme synthesis. These results show that in short term incubations in the
presence of Fe-transferrin, 5%re from ferritin is not utilized for heme
synthesis and suggests that there is a preferential use of transferrin
iren.

§9_Fe uptake from F—’g'ﬁﬁe-transferrin and -SEEE—SIH. It was also of

interest to examine intracellular iron distribution under conditicns of
normal and excess iron supply. To do this we took advantage of a chelator
developed in our laboratory salicyladehyde isonicotinoyl hydrazone (SIH).
Previocusly, we showed that Fe-SIH could deliver iron to MEL cells in a
manner which was transferrin and transferrin receptor independent, and in
excess as campared to saturating concentrations of Fe-Tf (Laskey et al.,
1986). Moreover, Fe-SIH was able to stimulate heme synthesis in induced
but not uninduced cells suggesting that once camnitted to erythroid
differentiation iron delivery fram transferrin becames limiting for heme
synthesis.

We therefore campared the distribution of iron fram the two different
iron donors, Fe-transferrin and Fe-SIH. Induced MEL cells, which are
already taking up large amounts of iron and are actively synthesizing
hemoglobin were incubated for 1 h with either saturating amounts of
59Fe-Tf which would be the maximal physiological iron loading condition
or 100 pM Fe-STH which should supply iron in great excess campared to

saturating levels of Fe-Tf. Table 1 shows that when transferrin is the
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S9Fe-transferrin or 59Fe~SE—I
intracellular Iron donor
fraction S9pe-1f 5%e-stH
strcma 8.19 + 0.61 81.17 + 7.03
heme } 7.17 £ 0.31 28.53 + 2.29
ferritin 9.94 + 0.24 50.36 + 2.86

MEL cell were grown in the presence of 1.5% DMSO for four days, after

which they were collected by centrifugation and washed three times in

phosphate buffered saline (PBS). Samples of 1 x 10 ' cells were then

resuspended in serum free medium in the presence of either, saturating
%9 5%Fe-STH (100 W) and incubated

concentration of ““Fe-Tf (20 uM), or

for 60 minutes at 37°C . The samples were then chilled, washed three

times in PBS, and the 59pe incorporation into the various cell fractions

measured. The results are expressed in pmol Fe/ 10° cells.

Data are mean 1S.D., n=4.
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iron donor, the total cellular iron uptake is 25.3 pml/106 cells/h.
This emount is distributed more or less equally among the three measured
fractions strama, heme and ferritin. The iron found in the stromal
fraction is thought to consist mainly of hemosiderin iron - hemosiderin
being a breakdown product of ferritin (Munro and Linder, 1978). Fe-SIH,
on the other hand, is able to supply iron to cells in great excess as
campared to Fe-Tf and as previously reported this excess iron is able to
stimilate heme synthesis (Laskey et al., 1986). When Fe-SIH is the iron
donor the cells took up 160 gt'ol,floécells/h, and incorporated four times
more iron into heme as coampared with Fe-Tf incubated cells. However, the
major portion of this excess iron is recovered in the stromal and ferritin
fractions (Table 1).

The effect of iron on cellular ferritin content. The effect of iron

loading and iron depletion on ferritin content was alsc measured (Figure
2). Induced and uninduced cells were preincubated under the specified
conditions for 18 h after which total cellular ferritin content was
measured by radioimmune assay (RIA). Fe-SIH (100 uM) was used to iron
load the cells while desferrioxamine, an iron chelator, was used to
deplete intracellular iron. In both induced and uninduced cells
preincubation with Fe-SIH resulted in ferritin accumilation while cells
treated with desferrioxamine had decreased ferritin contents.
Interestingly, in uninduced cells the response to Fe-SIH is greater than
in induced cells. *

The effect of heme on cellular ferritin content. Since heme is well

known to control various biochemical processes in erythroid cells (Hoffman
and Ross, 1980; Jagus et al., 1981; Ponka et al., 1969) it is possible
that intracellular heme levels may affect ferritin synthesis. To test
this possibility induced and uninduced MEL cells were preincubated for 18
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Figure 2. The effect of iron on ferritin content of induced
(+IMSO) and uninduced (-IMSO) MEL cells. MEL cells were
cultured in the presence or absence of 1.5% IMSO for four days.
Prior to collecting the cells on the fourth day, MEL cells were
incubated for 18 h without an iron ligand (empty colums) with
50 WM Fe-SIH {dashed colums) or with 50 UM desferrioxamine
(dotted columns). The cells were then collected by
centrifugation, washed three times in phosphate buffered saline,
and assayed for ferritin content. Using an estimated molecular
weight of 490,000 for mouse ferritin, ferritin concentrations

were calculated in p'nol/m6

cells. The results are expresed
here as percent of induced (+DMSO) and uninduced (-DMSO)
controls, respectively. The results are mean of four
experiments. Total estimated ferritin content for +DMSO and
-DMSO controls are, 0.15 + 0.045 and 0.14 + 0.018 gnol/lo6

cells, respectively (data are mean t S.D., n=4).
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hours in the presence of added exogenous hemin (50 uM) or succinylacetone
(Sa, 1mM) an inhibitor of heme synthesis (Ebert et al., 1979). Figure 3
shows that inu both induced and uninduced MEL cells, added hemin leads to
an increase in intracellular ferritin content. This may be a direct
effect of heme itself or could alternatively result fram iron released
fram heme. When cells were treated with both hemin and SIH (which will
chelate and remove iron (Ponka et al., 1979)) ferritin levels remained at
control values (data not shown). This could mean either that the response
of ferritin to heme is due solely to its ability to deliver iron, or
alternatively that both heme and iron can affect ferritin content and in
this case they effectively campete. ‘

Inhibition of heme synthesis, using SA, results in a slight drop in
ferritin levels in uninduced MEL cells (Figure 3). This is not entirely
unexpected as uninduced cells are synthesizing only minute amounts of
heme. In contrast, induced MEL cells respond to SA treatment by
increasing their ferritin content. It has previously been reported that
in rabbit reticulocytes inhibition of heme synthesis leads to an
accumulation of intracellular iron (Ponka et al., 1982). It seemly likely
therefore that inhibition of heme synthesis in induced cells which are
taking up large amounts of iron leads to an increase in intracellular iron
levels which in turn stimulates ferritin accumulation.



-150-

Figure 3. The effect of heme on ferritin content in induced
(+DMSO) and uninduced (-DMSO) MEL cells. MEL cells were
cultured in the presence (+DMSQ) and absence (~DMSO) of 1.5%
IMSO for four days. Prior to collecting the cells an the fourth
day, MEL cells were incubated for 18 h with nothing added (empty
colums), with 50 uM hemin (dashed colums), or with 1lmM
succinylacetone (dotted colums). The cells were then collected
by centrifugation, washed three times with phosphate buffered
saline, and assayed for ferritin content. Using an estimated
molecular weight of 490,000 for mouse ferritin, the results were
calculated in prnvol,«f'll.o'5 cells, and are expressed here as

percent cantrol. The mean of four different experiments is
shown. The ferritin content of +DMSO and -DMSO controls are,
0.014 £ 0.018 and 0.15 £ 0.045, respectively (data are mean *
S.D., n=4).
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DISCUSSION

Differentiating MEL cells provide a model system for the study of iron
metabolism in developing erythroid cells. Of particular interest is the
relationship between ferritin iron and heme iron, as the cells initiate
and maximize hemoglobin synthesis. We reported previously that following
dimethlysulfoxide (DMSO) induced erythroid differentiation in MEL cells,
there is an approximate three-fold increase in transferrin receptor
expression which in turn results in a several fold increase in total iron
uptake (Laskey et al., 1986). In the present study cellular iron
distribution was campared in induced MEL cells, which are synthesizing
large amounts of hemoglobin, and uninduced MEL cells which synthesize
little if any hemoglobin. Three major cell fractions were identified, the
heme iron fraction, the ferritin iron fraction and stromal iren, which
most probably represent hemosiderin, a breakdown product of ferritin.

Cur data show that following DMSO induction, the level of ferritin and
stramal iron increases marginally, if at all, while the majority of the
increased iron taken up is recovered in the heme fraction. In similar
studies Ofer et al. (1981) have used Mossbauer spectroscopy to study iron
distribution. They identify only two fractions namely, heme and ferritin
though they also show, using electron microscopic analysis, that much of
the ferritin is present in lysosames, which in our study would be measured
as the stramal fraction. They reported that when transferrin was the iron
donor, the level of ferritin iron remained constant following
differentiation and the increase in total iron was recovered in the heme
fraction. Together, the results suggest that there is a preferential use
of Tf-Fe for heme synthesis. As is suggested by the recent results of
Offer et al. (1981), ferritin iron is, most probably, only used when
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extracellular iron sources are insufficient. Furthermore, they suggest,
that following erythroid differentiation there is a shunting of
transferrin iron to the mitochondria for utilization in heme synthesis.
This is also reflected by the observation that Tf receptor expression and
heme synthesis both increase in a coordinated manner during erythroid
differentiation in these cells.

Peto et al., (1983) have previously reported that in MEL cells iron in
ferritin can be chased into the heme fraction. In these experiments cells
were labelled for 16 h with >°FeCl,, washed and then resuspended in
medium with or withm’t IMSO and chased for periods of 4-5 days, during
which time the cells remain in logaritlmic growth phase. At the end of

this period however up to 30% of the 59

Fe was lost, presumably due to
cell death (Peto et al., 1983). They concluded that there is a movement
of iron fram the ferritin fraction into the heme fraction, however, it is
equally possible that in the process of cell death iron is released and
subsequently reincorporated and therefore, long term chase studies such as
theirs may be inconclusive. In our study we used a short term labelling
and chase period ( 1 h respectively) to test if iron in ferritin can be
utilized for heme synthesis. The results indicate that, in the presence
of unlabelled Fe-Tf, the iron in ferritin is not utilized for heme
synthesis in either induced or uninduced cells. This suggests that there
is a preferential use of Fe fram Fe-TF for heme synthesis.

Taking advantage of the synthetic iron chelate, Fe-SIH, the effect of
iron overload on iron distribution and ferritin synthesis was also
examined. As described previously, in differentiated MEL cells increasing
iron supply above the amounts obtained with saturating levels of Fe-Tf

stimulated heme formation (Laskey et al.,1986), however, the majority of
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this excess iron was recovered in the ferritin and strama fractions.
These data suggest that in cells which are actively synthesizing
hemoglobin, the increase in iron uptake which accompanies erythroid
differentiation is used exclusively to synthesize heme, and only if
maximum levels of physiological iron uptake are surpassed, is iron then
deposited in ferritin. Furthermore, iron delivered in the form of Fe-SIH
leads to an increase in ferritin content in both induced and uninduced
cells, while removing iron with the chelator desferrioxamine leads to
decreased ferritin content in both cell types. Notably, the ability of
Fe-STH to increase ferritin levels in uninduced cells appears to be
greater than in :Lnduced MEL cells. This may be due to the fact that in
induced cells more of the Fe from Fe-SIH is incorporated into heme and
therefore free intracellular iron levels may not be exactly the same in
the two groups.

Heme, in addition to its function as the prosthetic group of
hemoproteins has also been implicated in a variety of regulatory roles in
erythroid cells, including the stimulation of globin mRNA transcription
(Fuchs et al., 1981) and translation (Burns and Londen, 1965), and the
inhibition of iron uptake fram transferrin (Panka and Neuwrit, 1967;
1971). 1In MEL cells heme can potentiate differentiation but cannot by
itself initiate terminal erythroid differentiation (Marks and Rifkind,
1978). However, heme synthesis appears to be required to initiate
terminal cell division (Mager and Bernstein, 1979). Given these
observations, it seemed logical to examine the possible role of heme in
the regulation of ferritin levels. The results indicate that heme
stimulates ferritin accumulation in both induced and uninduced cells. It
is however difficult to determine whether this is a direct effect of heme
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itself or results from iron which may be released from heme. When SIH, an
iron chelator, is included with hemin, ferritin levels remain constant.
This could mean either that heme exerts its effect via iron released fram
the heme and this iron is subsequently removed by SIH or that the heme
moiety itself and STH, have opposing actions which effectively campete.
Recently, Fibach et al. (1987) showed that > Fe-hemin is able to donate
iron to ferritin in MEL cells. However, thelr data show only the
incerporation of 57Fe into ferritin over a period of days, whereas in
aur studies the stimulation of ferritin accumilation can be measured as
early as 2 hours after the addition of hemin. The effect of inhibiting
endogenous heme synthesis was also examined. In uninduced cells this
resulted in a slight drop in ferritin levels whéreas inhibition of heme
synthesis in induced cells resulted in ferritin accunulation. Induced
cells are taking up large amounts of iron and under conditions of
inhibited heme synthesis free intracellular iron would be expected to
accunulate and stimulate ferritin synthesis. In conclusion, endogenous
"free" heme may play a role in regulating ferritin protein levels in MEL
cells.

One final question is why, if heme synthesis is not maximal when iron
is provided to induced MEL cells by transferrin, is only 30-40% of the
iron taken up by the cells used for heme synthesis? OQur results are
campatible with the idea that there are two pathways of iron utilization,
one leading to heme and another to ferritin, which is prominent in
nen-erythroid cells. Furthermore, the iron in ferritin will not, in the
presence of Fe-Tf, provide iron for heme synthesis. It appears therefore
that erythroid differentiation is accampanied by the induction of a new
iron pathway which shunts increasing amounts of iron to the mitochondria
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for heme synthesis. Only if maximal iron delivery fram transferrin can be
surpassed and only if this amount surpasses that required for maximal heme
syntheis will iron then be incorporated into ferritin. Under normal
physiological conditions, however, the tight coordination between
transferrin receptor expression, iron uptake fraom transferrin and
intracellular heme levels ensures that during erythroid differentiation
iron uptake and heme synthesis will be coupled.
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CHAPTER 5

OONTROL: OF FERRITIN GENE EXPRESSSION DURING MEL CELL
DIFFERENTTATICON: RCLE OF IRON AND HEME
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PREFACE

Chapter 5 is a contimiation of the camphrehensive study of ferritin
regulation and the role of ferritin in erythroid iron metabolism initiated
in Chapter 4. Here, the regulation of ferritin expresssion at the mRNA
level is examined using northern and dot-blot analysis. Ferritin protein
and mRNA levels during MEL differentiation, and the effect of iron and
heme on ferritin mRNA levels are studied.
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ABSTRACT

The regulation of ferritin synthesis was studied in differentiating
murine erythroleukemia (MEL) cells. MEL cells were induced to
differentiate with dimethylsulfoxide (IMSO) and the relative levels of H
and L ferritin subunit mRNA examined by northern analysis. The results
show that during IMSO induced differentiation, H ferritin mRNA levels
increase geametrically, increasing to approximately 10-fold over control
values after 96 h. L ferritin mRNA levels increase biphasically; there is
an initial increase after 24 h, followed by a drop at 48 h, after which it
subsequently increases again, peaking after 72 h.

The effect of iron and heme on ferritin mRNA levels was examined using
dot-blot analysis. The synthetic chelate ferric salicyaldehyde
isonicotinoyl hydrazone (Fe-SIH) was used as an lron source. It is an
extremely effective iron donor, supplying iron to cells in amounts
exceeding those obtained with saturating levels of transferrin. Overnight
incubation with Fe-SIH had no effect on ferritin mRNA levels in either
induced or uninduced cells. Furthermore, depletion of intracellular iron,
using desferrioxamine, was also without effect. To study the effect of
heme, MEL cells were induced to differentiate with DMSO, with and without
added exogenous hemin, and with and without succinylacetone (SA) an
inhibitor of endogencus heme synthesis. The effect of heme and SA was
also examined in uninduced cells. In both cases hemin, and SA were added
at the time of subculturing and the cells harvested after 4 days. The
addition of hemin resulted in increases in both H and L ferritin mRNA
levels, in both induced and uninduced cells. Moreover, while SA has no
effect in uninduced cells, it partially inhibits the induction of H and L
ferritin mRNA levels in DMSO treated cells. These results
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indicate that ferritin mRNA levels increase during erythroid
differentiation of MEL and that heme may play a role in this process.



INTRCDUCTION

Heme, as the prosthetic group of a variety of heme-proteins, plays an
important role in a number of cellular functions. These functions include
the enzyme activities involved in oxidative phosphorylation, in the
splitting of hydrogen peroxide and in the detoxification of chemical -
agents. In erythroid cells heme serves a specialized function in the
transporting of oxygen as part of the hemoglobin molecule.

In addition to its function as a prosthetic group, heme itself has
been shown to have various regulatory roles in developing erythroid cells.
Heme stimulates both the transcription (Fuchs et al., 1981) and
translation (Burns and London, 1965) of globin mRNA, thereby ensuring the
coordinate expression of hemoglobin. In murine erythroleukemia (MEL)
cells induced to differentiate by dimethlysulfoxide, the addition of
exogenous hemin results in a greater than ten-fold increase in globin
synthesis as campared to cells treated with DMSO only. In contrast,
inhibition of endogenous heme synthesis causes a reduction in globin
synthesis to levels camparable to uninduced cells and addition of
exogenous hemin relieves this inhibition (Dabney and Beaudet, 1977).
However, hemin is not considered to be an inducer of erythroid
differentiation since while it can stimulate globin synthesis it does not
cause an irreversible camitment and will not cause the onset of terminal
cell division. On the other hand, in the presence of a chemical inducer
inhibition of endogenous heme synthesis prevents the onset of terminal
differentiation and this inhibition can be relieved by the addition of
exogenous hemin (Mager and Bernstein, 1979). In conclusion, it seems that
heme is required, but not in itself sufficient, for the induction of
terminal erythroid differentiation. We therefore wanted to investigate
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the role of heme in modulating changes which occur during differentiation
of MEL cells, particularly with respect to changes which occur in iron
metabolism.

Erythroid differentiation of MEL cells is accampanied by an increase
in transferrin receptor expression which in turn results in an increase in
total iron uptake. Intracellular iron may either be utilized for heme
synthesis or stored in ferritin. Ferritin is an ubiquitous iron storage
protein the synthesis of which is stimulated by iron. Iron regulation of
ferritin synthesis is thought to occur primarily at the level of
translation, since in most cells treatment with actinomycin D does not
inhibit the ability of iron to stimulate ferritin accumulation (Zahringer
et al., 1976; Munro and Linder, 1978). However, transcripticnal
regulation of ferritin expression by iron has recently been described in
Hela cells (Cairo et al., 1985).

The role, and mechanism of regulation, of ferritin in erythroid cells
is not clear. Although same have suggested that ferritin is an
intermediate in the pathlway of extracellular iron to heme, we previcusly
provided evidence that in MEL cells, when extracellular iron is not
limiting, ferritin iron is not used for heme synthesis (Laskey et al.,
1987aj. Furthermore ferritin synthesis is responsive to iron in these
cells since administration of either iron or heme, to induced or
uninduced MEL cells, results in an increase in ferritin content (Laskey et
al., 1987a).

Recently, it was reported that following induction of MEL cells there
is an increase in H and L ferritin mRNA levels (Beaumont et al., 1987).
To determine if heme has any role in modulating these changes and to
understand better the function of ferritin in MEL cells, we examined
changes in ferritin mRNA levels and the effect of iron and heme on



ferritin mRNA levels, prior to and following erythroid differentiation.

v
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MATERTALS AND METHODS
Cells and cell culture. Murine erythroleukemia cells, clone 7452

originally isolated by Dr. Charlotte Friend (Friend et al., 1971), were
grown in suspension cultures of MEM with 10% fetal calf serum at 37°%C in

an atmosphere of 95% air and 5% O0,. Cells were subcultured every 96 h

2
at an initial cell concentration of approximately 5 x 10% cells/ml. For
induction, 1.5% dimethlysulfoxide (IMSO) was added to the medium at the
time of subculturing. After 96 h induced and uninduced cells were
collected by centrifugation and washed three times with phosphate buffered
saline. Benzidine staining was performed as desribed by Orkin et al.
(1975).

Ferritin radioimmunoassay. Ferritin protein levels were measured by a

conventional radioimmune assay described previously (Laskey et al.,
1987a). Briefly, aliquots of clarified cell lysates, or known standards,

were incubated with a constant amount of labelled 125

I-ferritin and
polyclonal rabbit anti-mouse ferritin antiserum for 1 h at 37°C. Goat
anti-rabbit immunobead matrix (Becton Dickinson) was then added and
allowed to react for 30 minutes at room temperature. The second reaction
was performed in order to precipitate the ferritin antibody camplexes,
which were then pelleted by centrifugation in an Eppendorf microcentrifuge
for 10 minutes.. After removal of the supernatant, the radicactivity
assoclated with these pellets was measured, a standard curve constructed,
and the concentration of ferritin in the lysates determined. A

RNA isolation. Total cellular RNA was isolated from MEL cells

essentially as desribed by Davis et al. (1986). MEL cells were collected
by centrifugation and washed with cold, sterile, phosphate buffered
saline. Cells were disrupted in an ice cold lysis buffer (140mM NaCl, 1.5
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mM Mgclz, 10mM Tris pH 8.4, 0.5% NP-40). The nuclel were discarded
following centrifugation in an Eppendorf centrifuge for 10 minutes, and
the supernatant collected, phenol extracted, and RNA isolated following
ethanol precipitation. To remove any contaminating deoxyribonucleic acids
the dried pellet was subsequently resuspended, and the solution digested
with ribomuclease-free deoxyribomuclease 1 enzyme, as described by the
marufacturer (Boeringer Mannheim). To terminate the reaction the solution
was then diluted, phenol extracted, ethanol precipitated, and dried under
vacuunm. The final pellet was resuspended in water, and its concentration
and purity determined by measuring the optical densities at A260 and
Aygg 3 described by Maniatis (1982).

Northern and Dot-blot analysis of H and L ferritin mRNA. Northern

analysis was performed essentailly as described by Davis et ’al. (1986},
except that the formaldehyde concentration in the gel and running buffer
was increased to 2.2 M. Briefly, RNA samples are denatured by heating
them to 65°C in the presence of formamide and formaldehyde, for 10
minutes. They were then cooled, loaded onto a 1% agarose gel, and
fractionated by electrophoresis in the presence of formaldehyde. The RNA
was then transferred to nitrocellulose paper (Schleicher and Schuell) in
10X SSC (1X SSC is 0.15 M NaCl, 0.015 M sodium citrate), in a standard
procedure described by Maniatis (1982). The filters were then air dried,
and baked in a vacuum oven at 80°C for 2 h.

For Dot-blot analysis, a known concentration of total cellular RNA was
resuspended in 0.1X SSC, 7.5% (v/v) formaldehyde and heated to 65°C for
10 mimutes. The samples were then cooled on ice for 5 minutes and
serially diluted in the same buffer. Four microliters of each dilution
was then spotted onto nitrocellulose paper which had been previcusly



~166—

soaked for 15 mimutes in 1X SSC. The filter was air dried, and then baked
in a vacuum oven at 80°C for 2 h.

Nick translation. Recambinant plasmids containing rat H and L

ferritin subunit cDNAs were a generous donation of Dr. H. Munro. For nick
translation, the cDNA inserts were excized fram their respective plasmids
by cleavage with the restriction endonuclease PST 1, and electrophoresed
in a 1% low melting point agarcse gel in 1X TBE huffer (90mM boric acid,
2.5 mM EDTA, 90mM Tris-HCL, pH 8), in the presence of ethidium bramide.
The band containing the ¢DNA probe was visualized under UV light,
extracted and the DNA recovered, by first liquifing the gel at 65°C,

then extracting twice with phenol and finally, precipitating with ethanol
and drying under vacuum.

H and L ferritin cDNAs (0.5 - 1.0 ug) prepared in this manner, were
labelled with 3213 by nick translation, using a Nick Translation Kit
(BRL), to a final specific activity of 1.0-5.0 x 107 cp/ug.

Hybridization conditions. Northern and dot-blot filters were

prehybridized in a sealable bag for 4-6 h at 42°C in: 50% formamide, 5X
Denhardt's reagent, 100 ug denatured hering sperm DNA, 0.1% SDS, 5X SSPE
(1X SSPE is .15 M NaCl, 0.01M NaH2P04'H20, 1mM EDTA), and 15%

dextran sulfate.b Following prehybridization and after first being
denatured by heating to 100°C for 10 min, the labelled probe was then
added to the hybridization bag. Hybridization was overnight, after which
the filters were washed for 2 x 5 minutes in 2X SSC, 0.5% SDS at 25°¢;
then 2 x 15 minutes in 2X SSC, 0.1% SDS; and finally 2 x 30 minutes 0.1X
SSC, 0.5% SDS at 42°C. The filters were then exposed to Fugi NIF-RX
film with an intensifying screen for 24 h at -70°%. Films were
processed in a Kodak X-Omat. Autoradiograms were scanned with a IKB laser
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densitameter.
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RESULTS
Analysis of ferritin nmRNA levels during differentiation. Total

cellular RNA isclated fram MEL cells after various times in culture in the
presence of dimethylsulfoxide was subjected to Northern analysis, and the
relative amounts of H and L ferritin subunit mRNA determined. Figure 1
shows that following DMSO induced differentiation there is a dramatic
increase in H ferritin mRNA between 48 and 96 h. This pattern of
induction appears very similar to that previously reported for a and
B-globin mRNA (Ross et al., 1972). L ferritin mRNA levels also increase
following induction; however, this occurs in a biphasic pattern (Figure
2). This suggests that H and L ferritin mRNAs may be regulated
differently.

Analysis of ferritin protein levels during differentiation. To
determine if ferritin protein levels followed the changes in H and L

ferritin mRNA, cells at various stages of differentiation were analysed
for total ferritin content by radioimmnoassay. Results fram four
separate experiments (Figure 3) reveal that, although there is same
variation between experiments, ferritin protein levels do not increase
following inductioen.

Effect of iron on ferritin mRNA levels. Though ferritin regulation

has long been thought to occur at the level of translation (Zahringer et
al., 1976; Munro and Linder, 1978), recent evidence suggests that in Hela
cells iron administration results in an increase in H and L ferritin
transcription as well as translation (Cairo et al., 1985). We therefore
wanted to examine the ability of iron, added in excess or removed by
chelation, to affect ferritin mRNA levels in induced and uninduced MEL
cells. To deliver iron in excess we took advantage of a chelate developed
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Figure 1. Changes in H ferritin subunit mRNA levels during
dimethyl sulfoxide induced MEL cell differentiation. MEL cells
were cultured in MEM supplemented with 10% fetal calf serum and
exposed to 1.5% dimethylsulfoxide (DMSO) for the indicated time
intervals (0,24,48,72, and 96, h). Samples of 10 ug of total
RNA, from each time interval, were fractionated on 1% agarose
gel in 2.2 M formaldehyde and transferred to nitrocellulose
paper. In these studies RNA samples were run in duplicate sets
on the same gel and two essentially identical filters prepared.
Each filter was then hybridized with a nick translated cDNA
probe (specific activity 5 x 107cpn/ug, 2 x loscpn/ml) for
either the H or L ferritin subunit (Figures 1 and 2
respectively). The lower panel in each photograph shows the
results as visulaized by autoradiogram. The top panels in both
photographs show the ethidium bramide staining of the RNA
samples which were run, indicating that all lanes had equal
concentration of RNA applied and that there was no RNA

degradation.
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Figure 2. Changes in L ferritin subunit mRNA levels during
dimethyl sulfoxide induced MEL cell differentiation. MEL cells
were cultured in MEM supplemented with 10% fetal calf serum and
exposed to 1.5% dimethylsulfoxide (DMSO) for the indicated time
intervals (0,24,48,72, and 96 h). Relative L ferritin mRNA
levels were measured by Northern analysis. RNA and northern

blots were prepared as described in Figure 1.
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Figure 3. Changes in ferritin protein content following dimethyl
sulfoxide (IMSO) induced differentiation in MEL cells. MEL
cells were cultured in MEM supplemented with 10% fetal calf
serum, and exposed to 1.5% DMSO for the indicated time intervals
(0,24,48,72 and 96, h). For each time point cells were
collected by centrifugation, washed three times in phosphate
buffered saline, and the ferritin content determined by
radioimmune assay. Using an estimated molecular weight of
490,000 for mouse ferritin, the results were calculated in
pmoles/ 106 cells. The results of four separate experiments

are presented.
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recently in our laboratory, ferric-salicyaldehyde isconicotinoyl hydrazone
(SIH). We showed previocusly that ferric-SIH is able to deliver iron to
MEL cells, independently of transferrin and transferrin receptors and in
amounts greater than those seen with saturating concentration of
Fe-transferrin (Laskey et al., 1986). Moreover, Fe-SIH has been shown to
stimulate the accumulation of ferritin protein in these cells (Laskey et
al., 1987a). Therefore, using dot-blot analysis, we looked at the ability
of Fe-STH to affect ferritin mRNA levels in induced and uninduced cells.
Cells were incubated overnight, in culture, in the presence of Fe-SIH (50
M), they were then harvested and the relative ferritin mRNA levels
determined. The results (data not shown) revealed that iron
administration does not affect ferritin mRNA levels in either induced or
uninduced cells. Furthermore, in a parallel experiment, removing iron
using the chelator desferrioxamine (50 uM), which has previcusly been
shown to lead to a drop in ferritin protein content (Laskey et al.,
1987a), did not effect ferritin nRNA levels.

Effect of heme on ferritin mRNA levels. Heme has been shown to have a
mumber of regulatory effects in erythroid cells and was previously shown
to increase ferritin protein content in both induced and uninduced MEL
cells (Laskey et al., 1987a). To test whether heme has any regulatory
effects on ferritin mRNA levels, MEL cells were cultured in the presence
or absence of 1.5% DMSO with and without added hemin (50 uM) or with and
without added succinylacetone (1mM), an inhibitor of endogenous heme
synthesis (Ebert et al., 1979), for 96 h. Added hemin resulfs in an
increase in H and L ferritin mRNA in both induced and uninduced cells
(Figure 4). Inhibition of endogenous heme synthesis in uninduced cells
had no measureable effect. However, this is not unexpected, as endogencus
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Figure 4. The effect of heme on H and L ferritin subunit mRNA
levels. MEL cells were cultured for four days in MEM
supplemented with 10% fetal calf serum, in the presence and
absence of 1.5% IMSO, with and without added hemin (50 wM), and
with an without added succinyl acetone (SA, .5 mM). After four
days, cells were collected by centrifugation, washed three times
in sterile phosphate buffered saline, and total RNA extracted.
For each experimental condition, 10 pg of total RNA and serial
dilutions, were spotted onto nitrocellulose filters, as
described in Materials and Methods. Filters were prepared in
duplicate and hybridized with 325 1abelled coi probes for H
and L ferritin subunit mRNA respectively. Specific activity of
both probes was 0.5 x 10° cpn/ig and hybridization mixtures
contained 2 x 10° cpnw/ml. Autoradiograms of these filters

were subsequently scanned with a laser densitareter and
arbitrary scanning units calculated for each spot. For any one
experimental condition, analysis of these serially diluted spots
showed that, within the dilution range used, concentration
limits could be selected where the intensity of the RNA spots
was proportional to the amount of RNA spotted. In this way the
linear range for each experimental condition was established.

to campare between groups, a single concentration, which fell
within the linear range of all groups compared, was selected and
at this concentration, arbitrary scanning units compared. Here
the results are expressed as the percent of induced (+DMSO) and
uninduced (-DMSO) controls respectively. Presented here are

mean values from three separate experiments.
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heme synthesis in these cells is extremely low (Laskey et al., 1986). In
contrast, inhibition of endogenous heme synthesis in cells cultured in the
presence of IMSO campletely inhibits the accumulation of hemoglobin, as
measured by benzidine staining (see Table 1). Moreover, this resulted in
a drop in both H and L ferritin nRNA levels as campared to untreated
induced cells. These results suggest that endogencus heme levels may play
a role in regulating ferritin mRNA accumulation during differentiation.
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Table 1. The effect of succinylacetone on benzidine staining of MEL cells

Medium addition % benzidine positive
none (-DMSO) S 1%
-IMSO + SA (.5mM) S 1%
+DMSO (1.5%) 90%
+DMSO (1.5%) + SA (.5mM) S 1%

MEL cells were subcultured at an initial cell density of approximately 1 x
10° in the presence and absence of 1.5% DMSO, with and without
succinylacetone (.5mM). After four days of culture under the specified
conditions the percentage of benzidine positive cells was determined
according to the method of Orkin et al. (1975).
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DISCUSSION

An increase in the transcription of H and L ferritin mRNA, resulting
in the accumlation of H and L ferritin mRNA, has been observed following
differentiation of HL60 cells (Concannon et al., 1985; Chou et al., 1986).
Recently, Beaumont et al. (1987) reported that during DMSO induced
differentiation of MEL cells, there is an increase in both H and L
ferritin mRNA levels. Using isolated nuclei they showed that these
increases reflect increases in the rate of H and L ferritin
transcription. Together these two reports suggest that the induction of
ferritin mRNA may be a general feature of differentiation. Our results in
MEL cells confirm and extend the observations of Beaumont et al. (1987).
The observed pattern of ferritin mRNA induction, however, varies samewhat
between the two laboratories. Our results show that, following DMSO
addition, H ferritin mRNA increases in a geametric fashion, reaching a
maximm of approximately 10-fold after 96 h, whereas Beaumont et al.
(1987) report that H ferritin mRNA increases in a biphasic pattern
reaching a maximum of only 3-fold after 96 h. The reason for this
discrepancy is not clear, it may be a function of the MEL cell clone, the
culture procedures, experimental techniques, or possibly of the cDNA probe
used since Beaumont et al used human cDNA probes while we used rat cDNA
probes. Secondly, this study confirms the surprising observation that
while ferritin mRNA levels increase during induction, ferritin protein
levels remain constant.

There are several speculations one can make to explain this
phencmenon. It should be noted, for example, that during erythroid
differentiation of MEL cells there is a significant decrease (30-40%) in
total protein synthesis (Parker and Houseman, 1985). Therefore the
observation that
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ferritin protein levels remain constant following differentiation may in
fact mean that relative ferritin synthesis has increased. In addition,
during differentiation of MEL cells there are dramatic increases in the
levels of both a and B globin MRNA. Since the translational machinery
may be limiting in induced cells (Parker and Houseman, 1985), it is
possible that increases in ferritin mRNA are required in order to compete
successfully with a and g globin mRNA for translation.

It is well documented that ferritin synthesis is stimulated by iron.
In most cells, this is thought to occur at the level of translation, since
preincubation of cells with actinawcin D does not inhibit the ability of
iron to exert an effect (Zahringer et al., 1976; Munro and Linder, 1978).
However, iron regulation of ferritin expression may be more camplicated
than first suspected. For example, it has been observed in Hela cells
that actinamycin D does not inhibit the ability of iron to stimuilate
ferritin synthesis, suggesting a translational control mechanism (Ctu and
Fineberg, 1969). However, direct measurements of H and L ferritin mRNA
levels show that iron administration results in an accumilation of both H
and L ferritin mRNA levels (Cairo et al., 1985). Furthermore, analysis of
isolated nuclei show that these increases are due to increases in the rate
of transcription (Cairo et al., 1985). We therefore wanted to examine the
effect of iron on ferritin mRNA levels in differentiating MEL cells.
Contrary to results reported for Hela cells, our dot-blot data show that
addition or removal of iron does not affect ferritin mRNA levels in either
induced or uninduced MEL cells. These results, together with ocur previous
results showing the ability of iron to induce ferritin protein (Laskey et
al., 1987a) support the conclusion that, in erythroid cells, the
requlation of ferritin synthesis by iron occurs at the translational

»
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level.

Heme has been shown to have a mumber of regulatory effects in
erythroid cells, including the stimulation of globin mRNA transcription
(Ross et al., 1972; Jagus et al., 1981) and translation (Burns and Londen,
1965; Zucker and Schulman, 1968; Gross and Rabinovitz, 1972). We
therefore examined the effect of heme on ferritin mRNA levels. Our
results show that adding hemin to either induced or uninduced MEL cells
stimilates the accumulation of both H and L ferritin mRNA. Moreover,
inhibition of heme synthesis during differentiation of MEL cells prevents
the accumulation of H and L ferritin nRNA. This suggests that endogenous
"free" heme may play a role in regulating ferritin mRNA levels.
Furthermore, the observation that iron does not affect ferritin mRNA
levels precludes the possibility that heme is exerting its affect through
iron which may, or may not, be released from the heme moiety following
catabolism. The exact mechanism of heme action remains to be ascertained,
it may act at the level of transcription, mRNA processing and/or mRNA
stability. Studies are presently underway in our laboratory to address
this question.
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CHAPIER 6

EVIDENCE THAT TRANSFERRIN SUPPCRTS CELL PROLIFERATION
BY SUPPLYING IRCN FOR DNA SYNTHESIS
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PREFACE

Chapter 6 diverges fram the discussion of iron metabolism in erythroid
cells to focus on the more general topic of the role of transferrin iron
delivery in supporting cell proliferation. As described in Chapter 1,
rapidly proliferating cells, both normal and malignant, significantly
increase their transferrin receptor numbers and take up considerably more
iron. The observation that cells require transferrin for growth has led
to debate over whether transferrin functions soclely by providing iron or
whether it has in addition, a growth factor like activity. Chapter 6
addresses this question taking advantage of the synthetic chelate Fe-SIH
to supply iron while blocking transferrin receptors with monoclonal
antibodies. In these studies MEL cells and Raji cells were used as model
tumor cell lines, while normal human lymphocytes were used as a
non-malignant model. Both cell growth and DNA synthesis were examined.
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ABSTRACT

Transferrin is essential for cell proliferation and it was suggested
that it may trigger a proliferative response following its interaction
with receptors, serving as a growth factor. However, since the only
clearly defined function of transferrin is iron transport, it may merely
serve as an iron donor. To clarify this issue further, we took advantage
of an iron chelate, ferric salicylaldehyde isonicotinoyl hydrazone
(Fe-SIH) which we developed and previously demonstrated to supply iron
efficiently to cells without using the physiclogical transferrin receptor
pathway. As expected, we observed that blocking monoclonal antibodies
against transferrin receptors inhibited proliferation of both Raji and
murine erythroleukemia cells. This inhibited cell growth was rescued upon
the addition of Fe-SIH which was also shown to deliver iron to Raji cells
in the presence of blocking monoclonal antibodies. Moreover, blocking
anti-transferrin receptor antibodies inhibited SH-thymidine
incorporation into DNA and this inhibition could be overcame by added
Fe-SIH. In addition, Fe-SIH slightly stimulated, while SIH (an iron
chelator) significantly inhibited DNA synthesis in
phytohemagglutinin-stimulated peripheral blood lymphocytes. Taken
together, these results indicate that the only function of transferrin in
supporting cell proliferation is to supply the cells with iron.
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INTRODUCTION

Iron is an essential nutrient required by all eukaryotic cells for
growth and survival. For most animal cells, with the possible exception
of reticuloendothelial cells, transferrin is the obligatory physiological
iron donor (Morgan, 1981). Iron uptake involves the binding of
iron-transferrin to specific cell surface transferrin receptors and
internalization of the transferrin:receptor camplex in acidic endosames
whereupon iron is released. The transferrin:receptor complex is then
recycled to the cell surface where apotransferrin is released (Morgan,
1981).

Transferrin receptors are highly expressed on specialized cell types
which require iron to fulfill specific functions, such as immature
erythroid cells which require large amounts of iron for the formation of
hemoglobin. They are also highly expressed on proliferating cells such as
neoplastic cells, mitogen-stimilated lymphocytes, and many established
cell lines (Larrnick and Creswell, 1979; Galbraith et al., 1980;
Trowbridge and Cmary, 1981; Hamilton, 1983). T lymphocytes, for example,
when stimulated with mitogen increase their transferrin receptor number.
This increase precedes the onset of DNA synthesis (Mendelsohn et al.,
1983; Neckers and Cossman, 1983).

The correlation between transferrin receptors and cell proliferation
may be related to the fact that iron is an essential requirement for the
enzyme ribomicleotide reductase (Thelander and Reichard, 1979), whose
activity in turn is strongly correlated with the rate of DNA synthesis and
is greatly increased during S phase. The enzyme is camposed of two
non-identical subunits, M and M,. During the cell cycle M protein
levels remain constant, while M, protein level fluctuates and, therefore
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ribomucleotide reductase activity is regulated by M, synthesis and
breakdown (Eriksson et al., 1984). Interestingly, it is the M, subunit
which requires iron for its activity, and recent results (L Thelander,
personal camunications) have shown a direct effect of iron on the rate of
translation of the M, subunit. Therefore, it is possible that the
regulation of transferrin receptor mumber during cell proliferation is
related to the iron requirement for the M, subunit, and that an increase
in transferrin receptor mumber is a neccessary prerequisite for increased
M, activity.

Monoclonal anti-transferrin receptor antibodies that inhibit
transferrin binding to their receptors and consequently iron uptake, have
been described for both human (42/6) and murine (R17-208) systems
(Trowbridge and Lopez, 1982; Trowbridge et al., 1982). Blocking the
transferrin receptor with these iron-depriving monoclonal antibodies leads
to an arrest of cell growth and an accumulation of cells in S phase
(Trowbridge and Lopez, 1982).

The inability to overcame this growth inhibition by providing iron
salts, in same cell systems (Trowbridge and Lopez, 1982; Teatle et al.,
1983), has led to the suggestion that the transferrin receptor molecule
may have growth related functions other than to provide iron (Trowbridge
and Lopez, 1982; May and Cuatrecasas, 1985). However, iron salts may not
be effective iron donors when transferrin receptors are blocked. The aim
of the present work is to address this question using synthetic iron
chelators which bypass the transferrin receptor cycle and yet are able to
deliver iron to the cells far above the maximum observed with saturating
amounts of Fe-transferrin (Ponka et al., 1979; Panka and Schulman,
1985a,b; Laskey et al., 1986). Recent evidence (Landschulz et al., 1984;
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Brock and Stevenson, 1987) showing the ability of such a chelate,
Fe-pyridoxal isonicotinoyl hydrazone, developed in cur laboratory (Ponka
et al., 1982), to replace Fe-transferrin in serum free medium supports the
idea that transferrin pramotes cell proliferation solely because of its
ability to supply iron. Here we present evidence that iron, provided in
the form of a synthetic chelate, can overcare the growth inhibition
induced by blocking monoclonal anti-transferrin receptor antibodies and
stimulate DNA synthesis. Moreover, ocur additional studies indicate that
iran ;Ls also essential for DNA synthesis in mitogen stimulated

lymphocytes.
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MATERTALS AND METHODS
Cells and Cell Culture. Friend murine erythroleukemia (MEL) cells

used were derived fram clone 745A originally isolated by Dr. Charlotte
Friend (Friend et al., 1971). Raji cells are human B lymphoblasts
originally isolated fram a patient with Burkitts lymphema (Pulvertaft,
1965). The Raji and MEL cells were grown in RPMI-1640 and MEM
respectively, supplemented with 10% fetal calf serum at 37°C in an
atmosphere of 95% air and 5% C0,. Human peripheral blood lymphocytes
were collected from healthy donors by density centrifugation through
Ficoll-Paque as described by the manufacturer (Pharmacia), suspended at
1x 106 cells/ml in RPMI-1640 containing 10% fetal calf serum.
Phytohemagglutinin (PHA) was added to selected cultures at a final

concentration of 2 ug/ml.

Monoclonal antibodies and their effect on cell growth. Monoclonal

antibodies (mAb) against the murine transferrin receptor (R17-208) and
human transferrin receptor (42/6) which have been described previcusly
(Trowbridge et al., 1982; Trowbridge and Lopez, 1982), were kindly
provided to us by Dr. I. Trowbridge. To measure the effect of these
monoclonal antibodies on cell growth, Raji and MEL cells were seeded in
triplicate cultures at initial densities of 1 x 10° cells/ml. Samples
fram control and test cultures were taken and counted daily until the
control cultures reached confluence. All points represent averages of
triplicates. '

Studies with SIH and STH-Fe. SIH (salicylaldehyde isonicotinoyl

hydrazene or 2-hydroxylbenzal isonicotinoyl hydrazone) was prepared as
described by Ponka et al. (Ponka et al., 1979). SIH was dissolved in a

few drops of 1IN NaCH and diluted with medium. To prepare Fe-SIH and
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59 59

Fe-SIH, Fe-citrate or ““Fe-citrate (20-fold molar excess of citrate
over iron) was added to the SIH solution at a final molar ratio of Fe:SIH
of 1:1. The preparation was then adjusted to pH 7.4 and allowed to sit at
roam temperature for 1 h. Fe-SIH or SIH was sterilized by filtration.

Studies with 2E‘e—-SIH and §2Fe—transferri_n. To prepare

SgEe-transferrin ( nge-Tf ¥, 59 Fe-citrate was mixed with transferrin

in a molar ratioc of 2 mol Fe:1 mol Tf. After addition of solid Nal-m3

to a final concentration of 0.1 mol/L the pH was adjusted to 7.4 and the
preparation kept at roam temperature for 3 h. The preparation was then
dialyzed extensively against phosphate buffered saline.

To measure iron uptake, Raji cells (1 x 107 cells/ml) were incubated

59

in serum free medium containing either 59Fe—‘1‘f or ““Fe-SIH. At the

indicated times cells were collected by centrifugation and washed three

59

times with phosphate buffered saline. Fe associated with the cells

was then measured with an ILXB Campugamma counter.

125 125

Studies with =—I-transferrin. To prepare I-transferrin,

apo-transferrin was saturated with unlabelled iron as its citrate camplex
(1:20) and labelled with 25T using lactoperoxidase coupled to CNBr
activated Sepharose 4B (Pharmacia) according to the prcedure described by
David (David, 1972). To measure transferrin binding, resting and PHA
stimulated lymphocytes were prepared as described above and suspended in
0.25 ml samples containing constant amounts of 12°T-transferrin and
increasing amounts of unlabelled transferrin, with final concentrations of
2.5 to 200 WM. After incubation for 60 minutes at 37°C, the cells were
washed at 4°C and counted. Receptor numbers were determined by

Scatchard analysis (Scatchard, 1949)
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Tritiated thymidine uptake. Cells were incubated under the specified
experimental conditions for 66 h, and then divided into triplicate samples

of 300,000 cells each and placed in microtiter plates. One uCi of
34-thymidine was then added and the incubation continued for 2-4 h,
after which the plates were frozen and later thawed and the cell remnants
harvested onto methyl cellulose filters. The filters were then washed
three times with HO, and counted following drying.
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RESULTS
The role of iron in mab 42/6-induced growth inhibition. Monoclonal

antibody (mAb) 42/6 is an anti-luman-transferrin-receptor antibody which
inhibits iron uptake from transferrin (Trowbridge and Lopez, 1982).
Figure 1 shows that Raji cells grown in the presence of mab 42/6 (10
ug/ml) exhibit a marked decline in growth rate after 72 h, reaching a
maximum inhibition of 75% after six days of culture, (when control
cultures reached maximum cell densities). If the inhibition of growth
was due to iron deprivation, addition of utilizable chelated iron should
reverse 42/6 -induced inhibition. In previous studies this has been tested
with iron salts but conflicting results were reported (Trowbridge and
Lopez, 1982; Teatle et al., 1985). It is possible that the uptake of iron
salts is mediated by the transferrin:transferrin receptor pathway and thus
would have to utilize a small proportion of transferrin receptors which
may not have been blocked by the antibody. Alternatively, iron salts,
regardless of their entry pathway, may only enter in amounts less than
those seen with saturating levels of Fe-transferrin. If this were the
case the ability of iron salts to overcame the growth inhibition due to
mAb 42/6 may depend on the iron requirements of specific cell types. To
overcame this ambiguity we have used a synthetic iron chelate
Fe-salicylaldehyde isonicotinoyl hydrazone (Fe-SIH) which bypasses the
transferrin:transferrin receptor pathway and delivers iron in amounts
above those seen with saturating levels of Fe-transferrin (Léskey et al.,
1986). As seen in Figure 1 5uM Fe-SIH reverses the 42/6-induced
inhibition, suggesting that iron availability is +he limiting factor for
cell growth in 42/6 treated cells.

To assess whether this observation was cell type specific, we examined
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Figure 1. CGrowth of Raji cells in the presence of monoclonal
antibody 42/6 with or without 5 uM Fe-SIH. Raji cells were
subcultured at 1 x 10° cells/ml in RPMI-1640 Supplemented with
10% fetal calf serum. The effect of monoclonal antibody 42/6
(final concentration 10 pug/ml) and 42/6 with 5 uM Fe-SIH on
growth was recorded. Each point represents averages of
triplicate samples.



Cells x 107° per mli

25

20

g control
+ MAb 42/6
| x mAD 42/6 + Fe-SIH

1 1 ] {

0 1 2 3 4 5
Time (days)

-194~



-195~

the ability of Fe-SIH to overcame antibody induced growth inhibition in
murine eythroleukemia cells. For this R17-208 (Trowbridge et al., 1982),
a monoclonal antibody directed against the nurine transferrin receptor
which inhibits iron uptake from transferrin, was used. As seen in Figure
2, four days of culture with 5 ug/ml R17-208 caused a 50% inhibition of
MEL cell growth which was overcare by the addition of Fe-STH (5 uM).

59%e uptake from 22Fe-transferrin and 2°Fe-STH in the presence

and absence of madb 42/6. To clarify further the effect of mAb 42/6 on

iron uptake by Rajl cells, we examined the effect of mAb 42/6 (10 ug/ml)
on 59Ee uptake fram both saturating levels of 59E‘e—Tf (12.5 uM) and
59Fe-SIH (5 M) (Fig. 3). As previously reported for murine
erythroleukemia cells (Laskey et al., 1986), Fe~SIH can also provide iron
for Rajl cells with an efficiency camparable, or even higher, than that
observed with Fe-Tf. Furthermore, while mAb 42/6 significantly inhibits
(63%) iron uptake fram Fe-Tf, it has no effect on iron delivery fram
Fe-SIH. These results confirm that mab 42/6 limits iron uptake fram
transferrin and demonstrates that Fe-SIH can be used as an iron source in
the presence of blocking antibody against the transferrin receptor.

Fe availability and DNA synthesis. To test whether Fe availability

limits DNA synthesis we also examined the effect of the monoclonal
antibody (mab) and Fe levels on DNA synthesis in Raji cells. As campared
to control cells, those treated with mAb 42/6 show an approximate 50%
decrease in the rate of °H-thymidine incorporation (Table 1).
Desferrioxamine, an iron chelator, also causes a similar drop in
3H-thymidine incorporation suggesting that in both cases Fe supply may

be limiting DNA synthesis. Furthermore, 3H—~thymidine Incorporation
returns to normal levels when 42/6 treated cells are supplied with Fe-SIH.
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Figure 2. Growth of murine erythroleukemia (MEL) cells in the
presence and absence of monoclonal antibody R17-208 with or
without Fe-SIH. MEL cells were subcultured at an initial cell
density of 1 x 10° cells/ml in MEM supplemented with 10% fetal
calf serum. The effect of monoclonal antibody R17-208 (final
concentration 5 ug/ml) and R17-208 with 5 uM Fe-SIH on the
growth of MEL cells was recorded. Each point represents an
average of triplicate samples.
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59 59

Figure 3. Iron uptake fram ““Fe-Tf (A) or “"Fe-SIH (B) in

the presence and absence of maAb 42/6. Raji cells were harvested
by centrifugation and washed three times in phosphate buffered
saline. The cells were then preincubated for 30 min at 37°%

in the presence or absence of mab 42/6 (10 ug/ml). 53

59

Fe-Tf
(12.5 M) or ““Fe-SIH (5 M) was then added and the samples
incubated for the indicated time period, after which time they
were washed and the cell associated radicactivity determined.

Each point represents the average value of duplicate samples.
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Table 1. The effect of mAb 42/6 and iron availability on the

incorporation of SH-thymidine into DMA of Raji cells.

34-thymidine
Additive incorporation % control
Nil (control) 17663 + 3686 100
Desferrioxamine (1lmM) 6600 + 1430 37
42/6 9778 t 889 55
42/6 + 2.5 WM Fe-STH 18009 £ 2878 102
42/6 + 5.0 UM Fe-STH 16876 + 1028 95
2.5 WM Fe-SIH 16002 £ 4801 91
5.0 M Fe-SIH 18959 + 2452 107

Raji cells wer grown under the indicated conditions for three days.

Triplicate samples of 300,000 cells/ml were then aliquoted into microtiter

plates, 1 puCi of 3H--‘l:l'xymiéij.ne was added and the incubation continued for

4 h. The plates wer frozen, subsequently thawed, and harvested onto

methyl cellulose filters which were then washed and counted. Results are

expressed as the mean of triplicate samples + S.D., the units are

cpm/300,000 cells.
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Interestingly, in control cells treated with Fe-STH there is no
significant change in the rate of 3H-thymidine incorporation suggesting
that under normal tissue culture conditions Fe is not limiting for DNA
synthesis.

Fe availability and DNA synthesis in resting and proliferating

lymphocytes. To ascertain whether similar observations could be made with
non-malignant hematopoietic cells, we examined the iren requirements of
mitogen stimulated peripheral blood lymphocytes. As previously reported
(Hamilton, 1982), there is a large increase in transferrin receptors
following PHA stimulation (Figure 4). Given that this increase in
transferrin receptor mumber has been shown to be an essential prerequisite
for DNA synthesis (Neckers and Cossman, 1983), we wanted to examine the
effect of iron availability on DNA synthesis in resting and PHA stimulated
lymphocytes.

DNA synthesis, as measured by SH-thymidine incorporation, was
examined in resting and PHA stimulated lymphocytes which had been grown
for 66 h with and without SIH (which chelates and removes iron) or Fe-SIH
(which delivers iron). Figure 5 shows that in resting lymphocytes
increasing or decreasing the cellular iron levels appeared to have no
effect on DNA synthesis. Intracellular iron stores may be sufficient to
sustain the very low levels of DNA synthesis in these cells.Following PHA
stimilation there is a dramatic increase in the rate of thymidine
incorporation, which can be campletely inhibited by the removal of
intracellular iron with SIH. In contrast, DNA synthesis can be stimulated
in PHA treated lymphocytes with 2.5 pM Fe-SIH, but iron levels beyond this
concentration are toxic. Together these results suggest that the increase
in transferrin receptor expression in proliferating cells is
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Figure 4. Binding of lzsI—transferrin to resting and PHA
stimulated lymphocytes. To measure transferrin binding at each
concentration of transferrin the cells were incubated with a

constant amount of 125

I-transferrin and increasing amounts of
unlabelled transferrin. Each sample was incubated for 60 min at
37°C, then washed three times with cold phosphate buffered
saline, and the cell bound J‘253:-r.:aciij.c.):;xctiv:u:y measured.

Specific transferrin binding was calculated by taking the
difference between total and non-specific binding curves (not
shown). Non-specific binding was calculated from the slope of
the curve between 140 and 200 nM. Specific binding curves for

resting and PHA stimulated lymphocytes are presented.
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Figure 5. The influence of SIH and Fe-STH on SH-thymidine
uptake by resting and PHA stimulated peripheral blood
lymphocytes. Resting and PHA stimulated lymphocytes were grown
under the indicated experimental conditions for 66 h, then
divided into microtiter plates in triplicate samples of 300,000
cells/ml. One uCi of H-thymidine was then added and the
incubation allowed to continue for 2-4 h. After incubation, the
plates were frozen and later thawed and the cell remnants
harvested onte methly cellulose filters which were washed and
counted. The data is expressed as counts per minute x 10° per
300,000 cells £ S.D. .
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neccessary to provide iron for DNA synthesis.
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DISCUSSION

Many cellular reactions, including electron transport and DNA
synthesis are iron dependent. Physiologically iron delivery to cells is
mediated by the iron carrier transferrin, which delivers iron following
its binding to specific cell surface transferrin receptors. In addition,
transferrin has been identified as an obligatory growth factor for in
vitro culture systems (Barnes and Sato, 1980).

Transferrin receptors are highly expressed on both specialized cell
types, such as erythroblasts (Laskey et al., 1986; Sawyer and Krantz,
1986), and on proliferating cells, such as mitogen stimulated lymphocytes
(Larrick and Creswell, 1979). Transferrin receptor expression is
correlated with the cell proliferative capacity, increasing during
exponential growth and decreasing when cells are in the plateau phase
(Testa et al., 1986; Musgrove et al., 1986). Theoretically, this increase
in transferrin receptor expression in proliferating cells should reflect
an increased iron requirement. It has been suggested that this increase
in iron uptake may be required for the formation and/or function of the
enzyme ribomucleotide reductase, the rate limiting enzyme of DNA synthesis
(Thelander et al., 1983; Hedley et al., 1985) the activity of which is
strongly correlated to the rate of DNA synthesis, greatly increasing
during S phase. This variation in enzyme activity is regulated by the de

novo synthesis and breakdown of of one of its two subunits, M, which

2
requires iron for its activity. Recently iron has been showh to have a
direct effect on the rate of translation of the M2 subunit (L.
Thelander, 1987).

The exact role, however, of transferrin iron and transferrin receptor

expression in this process is not clear. Although blocking transferrin
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receptors with monoclonal antibodies leads to the arrest of cell growth
and the accunulation of the cells in S phase (Trowbridge and Lopez, 1982),
conflicting evidence as to the mechanisms of this inhibition has been
reported. In previous studies for example, addition of exogenous iraon
salts was able to reverse growth inhibition of same cells but not others
(Trowbrige and Lopez, 1982; Taeltle et al., 1985). This has led to the
suggestion that transferrin may have a growth factor like activity, in
addition to that of supplying iron. We have addressed this question using
a new and more effective iran chelator, salicyaldehyde isanicotinoyl
hydrazone (SIH).

We have shown that the inhibition of Raji cell growth by the
monoclanal antibody 42/6 could be effectively overcame by supplying iren
in the form of Fe-SIH. As described earlier (Laskey et al., 1986) and
confirmed in this study (Figure 3), Fe-SIH is an effective iron donor
which bypasses the transferrin:transferrin receptor patlway supplying iron
in amounts camparable to those seen in the presence of saturating amounts
of Fe-transferrin. Similarly, inhibition of MEL cell growth by R17-208
was overcane using Fe~STH suggesting that in the presence of monoclonal
antibody it is iron availablilty which limits proliferation. These
results, together with the observation that in serum free medium
transferrin can be replaced by a Fe-PIH (Landschulz et al., 1984; Brock et
al., 1987), suggest that transferrin supports cell proliferation solely by
supplying iren. |

It seems likely, therefore, that iron availability limits DNA
synthesis in proliferating cells. In experiments with both normal mitogen
stimilated lymphocytes and the Raji cell line, removal of iron with either
desferrioxamine or SIH, both iron chelators, results in a dramatic decline
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in DNA synthesis as measured by 3H-thymidine incorporation. 1In

contrast, SIH and SIH-Fe appeared not to affect DNA synthesis in resting
lymphocytes suggesting that iron only becomes limiting once the cells have
received the mitogenic signal for division. Neckers and Cossman (1983)
have previocusly shown that the increase in transferrin receptor expression
in mitogen stimulated T lymphocytes is dependent on the prior expression
of IL-2 receptors which act as a signal to stimulate DNA synthesis.
Blocking transferrin receptors with monoclonal antibodies, however,
eliminates the mitogenic capacity of Il-2 (Neckers and Cossman, 1983). In
their study however, they did not examine the mechanism by which
transferrin exerted its effect. This present study suggests that the
induction of transferrin receptors in proliferating cells, both normal and
malignant, is required to supply iron for DNA synthesis. This effect may
occur at the level of ribonucleotide reductase, the rate limiting enzyme
of DNA synthesis, since iron is essential for the activity of this enzyme
and both iron uptake and the acitivity of this enzyme fluctuate in a
parallel fashion during the cell cycle.
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CHAPTER 7

GENERAL DISCUSSION
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1. MEL CELLS AS A MODEL FCR STUDY

The objective of this research was to investigate changes which occur
in iron metabolism during erythroid development and their significance
with respect to the program of erythroid differentiation. It was also
hoped, in a broader context, to contribute to a better understanding of
the role of iron and physiological iron delivery in the regulation of cell
proliferation.

Normal erythroid development occurs over a period of 3-5 days, during
which time the immature erythroid element matures through a series of
recognizable developmental stages - fram the earliest stem cell ultimately
to the mature erythrocyte. This is an extremely camplex process which
involves the selective turning on and off of groups of genes and gene
products. It is thought to be primarily under the humoral control of
erythropoietin (Babior and Stossel, 1984) although other growth factors
(such as II-3) and the stramal environment present in the bone marrow are
also extremely important to normal development (Wheaton and Dexter,

1886). Moreover, the signals for proliferation and differentiation must
be carefully balanced, and responsive to physiological need if normal
erythropoiesis is to be effective. The observation that the phenotypic
abnormality in acute leukemias is the inability of early hematopoietic
elements to undergo differentiation, underlies the importance of
understanding these phenamena. The study of normal erythroid
differentiation therefore provides insight into both normal Elood
physiology and malignancy.

The study of normal erythroid development is difficult, because of the
inability to obtain uniform cell populations of erythroid precursors which
would be synchronized with respect to the stage of erythroid development.
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Cne erythroid cell which has been extensively studied is the

reticulocyte. Reticulocytes can be collected from the peripheral blood of
anemic animals and partially purified fram other blood elements by
centrifugation in dextran gradients. Study of these cells has provided
considerable information about heme and globin synthesis, their regulation
and co-ordinate expression. However, reticulocytes appear late in
erythroid differentiation and, lacking nuclei, cannot be used for studying
transcriptional events. To study less mature erythroid cells, cell lines
capable of undergoing erythroid differentiation in vitro, such as the
human erythroleukemic cell line k562 (Lozzio and Lozzio, 1975) and murine
erythroleukemia cells (MEL) (Friend et al., 1971), have been used.

Systems such as these offer several distinct advantages: they are easy to
maintain and manipulate in c.:lture} they provide a homogeneous popllation;
they can be induced, with chemical agents, to undergo erythroid
differentiation as a synchronized population; and it is relatively easy to
obtain genetic variants useful for study. In this study the virus
transformed murine erythroleukemic cell line was used to study changes in
iron metabolism during erythroid differentiation, in particular with
respect to the regulation of heme and ferritin synthesis.

To ascertain whether MEL cells were a good model for the study of
erythroid iron metabolism, in Chapter 2, the characteristics of
dimethylsulfoxide (DMSO) induced erythroid differentiation in MEL cells
were studied. The cell line studied was originally derived from MEL cell
clone 745, first isolated by Dr. Charlotte Friend (Friend et al., 1971).
Before attempting to manipulate the experimental model, it was first
necessary to characterize the differentiation pattern of this particular
clone under the experimental conditions used in this laboratory. It was
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observed that cells which were allowed to grow in medium containing 1.5%
MsSO matured fram the stage of erythroblast to normmcblast. This
maturation was characterized by the accumulation of hemoglobin and could
be measured by benzidine staining. In accordance with previously reported
data, it was observed that following DIMSO induction there was an
approximate 10-fold increase in the levels of both a and p-globin mRNA
(Ross et al., 1972; Boyer et al., 1972). In addition, a 3-fold increase
in transferrin receptor expression (Hu et al., 1977; Wilczynska et al.,
1980) and a 6 to 10-fold increase in total cellular iron uptake (Glass et
al., 1978), presumebly mediated by the increase in transferrin receptor
number, was Aobse:ved. The rate of heme synthesis, as measured by 591?6
incorporation, also increased. In 1976 Sassa reported that following DMSO
addition to MEL cells, there is a sequential induction of the enzymes of
the heme biosynthetic pathway. Later, Grandchamp et al. (1985) showed
that the induction of at least two of these enzymes (porphobilinogen
deaminase and ufoporphyrinogen decarboxylase) is accounted for by a
coordinate increase in their respective mRNAs. Together, these
observations show that during chemically induced differentiation of MEL
cells, a number of genes and gene products are activated to produce the
final phenotype which is characterized by the accumulation of large
amounts of hemoglobin. More importantly, this pattern of gene activation
and expression in many ways parallels those changes seen in normal
erythropoiesis. '

MEL cells are however, a transformed cell line and changes in iron
metabolism have been reported to occur following transformation.
Malignant cells, for example, are known to have higher that usual numbers
of transferrin receptors and a larger total cellular iron uptake (Huebers
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and Finch, 1987). This increase in iron uptake appears to be required to
support DNA synthesis in rapidly dividing cells (Mendelsohn et al., 1983;
Neckers and Cossman, 1983; Laskey et al., 1987c). Furthermore, malignant
cells have been shown to have higher than average levels of ferritin
(Drysdale et al., 1977). This may be related to the increase in iron
uptake or may serve an as yet undefined function in these cells.

As a result, results obtained fram this system must be interpreted
cautiously. The basal level of iron metabolism in the uninduced cell may,
or may not, be scmewhat higher than would be found in the normal
pronormoblast (the physiological equivalent). However, chemical induction
does result in the regulated and coordinate expression of hemoglobin, and
transferrin receptor expression and iron uptake both increase as would be
expected, in order to support heme synthesis. Therefore, it is argued
that, although the basal levél of iron metabolism may be higher than
normal, this system is a good model for the study of changes which occur
in iron metabolism, gene activity and the regulation of gene expression
during erythroid development.

2. TRON METABCLISM AND THE REGULATION OF HEME SYNTHESIS.

It has long been recognized that the biosynthesis of heme in both
erythroid and non-erythroid cells is subject to negative feedback, but in
erythrold cells there is controversy as to where this occurs. In Chapter
3, the postulate that the regulation of heme synthesis is distinctly
different in erythroid and non-erythroid cells was tested. In
non-erythroid cells such as hepatocytes and bacteria heme controls the
synthesis and activity of AIA synthase (Burnham and Lascelles, 1963;
Granick et al., 1975), the first and rate limiting enzyme (Granick and
Urata, 1963) in the heme biosynthetic pathway, thereby regulating heme
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formation. However, a growing body of evidence suggests that ALA synthase
activity does not control heme synthesis in erythroid cells (Ponka and
Neuwirt, 1970; Ponka et al., 1973; Woods, 1973; Sassa, 1976; Malik et al.,
1979a,b; Sassa, 1980; Ponka and Schulman, 1985a,b). In reticulocytes heme
has been shown to control the cellular acquisition of iron fram
transferrin (Ponka and Neuwirt, 1969; Ponka et al., 1974;’ Schulman et al.,
1974), and recent evidence (Ponka and Shulman, 1985a,b) suggests that, at
least in rabbit reticulocytes, the rate of iron uptake frem transferrin
limits the rate of heme formation. To see if these observations were true
of less mature erythroid cells and to see if the regulation of heme
synthesis changes during erythroid development, MEL cells were studied,
prior to and following differentiation. The results suggest that in
undifferentiated MEL cells, which synthesizes little if any hemoglobin,
ALA synthase is rate limiting for heme synthesis. However, following DMSO
addition and the induction of the heme patlway enzymes, the rate of iron
delivery from transferrin rather than ALA synthase activity limits and
controls the rate of heme synthesis.

While these data provide a strong argument for this hypothesis, the
regulation of heme synthesis in erythroid cells remains an area of ongoing
controversy. Earlier studies in MEL cells had shown that there is a
sequential induction of the enzymes of the heme bilosynthetic pathway and
that hemoglobin did not appear until after ferrochelatase induction
(Sassa, 1976), suggesting that ferrochelatse is limiting. Furthermore,
cell lines which do not induce ferrochelatase do not differentiate and
will not synthesize hemoglobin (Sassa et al., 1978). However a recent
report of Beaumont et al. (1984) suggests that this argument may not be
true, since they show ferrochelatase being induced as early as ALA
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synthase during differentiation of MEL cells.

Another approach to testing whether ferrochelatase is rate limiting is
to examine the effects of exogenously supplied protoporphyrin on the total
amount of cellular heme produced. It is assumed that if the early
porphyrin biosynthetic enzymes were limiting the addition of
protoporphyrin would bypass these steps and supply sufficient porphyrin
for heme biosynthesis. Using such an approach, Fadigan and Dailey (1987)
have recently provided evidence, directly in conflict with our earlier
data, that ferrochelatase is rate limiting in induced MEL cells. Their
data show that supplementation with protoporphyrin did not alter heme
biosynthesis until 48 h post induction, suggesting that iron insertion was
limiting up to that time, and that 72 h post induction cultures, supplied
with varying concentrations of protoporphyrin, had cellular heme levels
directly proportional to the amount of protoporphyrin. These results are
in direct conflict with ocur data showing that the addition of ArA to
uninduced cells was able to stimulate heme synthesis (as measured by
S9re incorporation into heme). One criticism of the results of Fadigan
and Dailey is that protoporphyrin was supplied in culture over extensive
time periods. It is possible that this addition affected the pattern of
heme biosynthetic enzyme induction. If their results are valid it should
have been shown that in short term incubations, addition of protoporphyrin
would stimulate, or fail to stimilate, heme production. By testing induced
and uninduced cells in this manner the possibility that protoporphyrin
administration in scme way affected heme enzyme induction or activity
would have been excluded.

3. IRON METABOLISM AND THE REGULATION OF FERRITIN SYNTHESIS.

In order to better understand iron metabolism and the regulation of
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intracellular iron distribution in developing erythroid cells, iron
distribution and the regulation of ferritin synthesis in differentiating
MEL cells were examined. The results, presented in Chapter 4, show that
following differentiation there is an increase in total iron uptake and
that the majority of this newly incorporated iron is shunted to the heme
fraction. Only when iron is supplied in excess of that which is seen with
saturating concentrations of Fe-transferrin is the iron then directed to
ferritin. This suggests that transferrin receptor expression induction and
heme synthesis induction are closely coupled to ensure that iron in excess
of that required for heme synthesis is not taken up. Furthermore, when
extracellular iron is not limiting, iron stored in ferritin is not used
for heme synthesis. These results, together with previous observations
that ferritin iron is not used for hemoglobin synthesis in reticulocytes
(Ponka et al., 1982), and is not an intermediate in the utilization of
iron for heme synthesis in newt erythropoietic cells (Grasso et al.,
1984), suggest that ferritin functions primarily as an iron store rather
than as an intermediate in the patlway of iron to heme biosynthesis.

In rabbit reticulocytes up to 90% of the incaming iron will be
utilized for heme synthesis (Ponka and Schulman, 1985a,b). In
differentiatied MEL cells, after one hour of incubation with
59E‘e—’t:ransferrin, 1/3 of the iron is found in the heme fraction, 1/3 in
the ferritin fraction and 1/3 in the stromal fraction. The stramal bound
iron most likely represents hemosiderin, which is insoluble, although a
certain proportion may also arise fram trapped mitochondria and therefore
sane heme iron may also be present in this fraction. why the distribution
of iron into the heme fraction is so low campared to reticulocytes is
uncertain. It is possible that this occurs because these cells are less
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mature, and that a similar distribution would be found in normal cells at
an equivalent stage of development. This is supported by the observation
of Konijn et al. (1979) who studied normal erythroid precursor cells from
rabbit bone marrow and showed that undifferentiated cells synthesize 12
times more protein and 20 times more ferritin than reticulocytes; and Alil
et al. (1983) who measured ferritin concentrations in human erythroblasts
isolated fram the bone marrow and found concentrations approximately 2,000
times higher than in mature erythrocytes. A second alternative is that
high intracellular ferritin levels and high ferritin iron content, are a
function of the transformed phenotype. Mattia et al. (1986) recently
- provided evidence that in K562 cells, the proportion of iron which goes to
ferritin is a function of cellular ferritin content. They loaded K562
cells with 2°Fe over a period of hours, and found that after 1 h
approximately 30% of the iron was recovered in the ferritin fraction
(notably, this result is similar to our results with MEL cells). As the
incubation continued, however, iron in the ferritin fraction represented
increasing proportions of the total and this in turn was shown to reflect
changes in total ferritin content. If this is true in all cell types, and
if indeed transformed cells, MEL cells in particular, are expressing
higher than normal levels of ferritin (Drysdale et al., 1977) then this
may explain the iron distribution disparity between induced MEL cells and
reticulocytes. Further studies are needed to clarify these observations.
Nevertheless, the observation that following induction there is a shunting
of iron to heme and that ferritin iron is not utilized for heme synthesis
when extracellular iron sources are present, should be valid.

In most cells ferritin synthesis is regulated by iron. This is also
true for MEL cells. Iron administration is able to stimulate ferritin
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accumulation in both induced and uninduced cells., Heme will also
stimilate ferritin accumilation, although it is difficult to ascertain
whether this is an effect of the heme moiety itself or of iron, which may
be released fram heme.

The regulation of ferritin biosynthesis at the transcriptional level
was studied in Chapter 5 and the results showed that following DMSO
induction there is an increase in both H and L ferritin nRNA levels. H
ferritin levels increase in a geametric fashion accumulating dramatically
between 48-96 h. After 96 h in culture in the presence of IMSO H ferritin
nRNA levels are approximately 10-fold over mﬂnduced levels. L ferritin
mRNA levels also increase but in a biphasic pattern reaching a maximun of
approximately 5-fold over uninduced levels. These results are confirmed
by a recent report of Beaumont et al, (1987) who provide additional
evidence that these increases are due to increases in the rates of H and L
ferritin gene transcription .

Surprisingly, though ferritin mRNA levels increase ferritin protein
levels do not change following induction. The reason for this discrepancy
is not clear but the fact that this observation is reported by two
independent groups (Beaumont et al., 1987; Laskey et al., 1987b) suggests
that the data are solid. It is possible that since total RNA and total
protein synthesis drop during differentiation, the fact that ferritin
cantent remains the same means that relative synthesis has increased. It
may also be that higher levels of ferritin mRNA are required to campete
successfully with the increasing quantities of a and g globin mRNA
which appear following induction. These two explanations are of course
not mutally exclusive. Peto (Peto et al., 1986), Beaumont (Beaumont et
al., 1987) and this author (unpublished data) have observed
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that following differentiation of MEL cells, there is no change in the

353 incorporation into immunoprecipitable ferritin protein. It

rate of
seems likely therefore that the relative proportion of ferritin to total
protein increases following induction because of the ability of increasing
levels of ferritin mRNA to campete successfully for diminishing
translational machinery. No change in 35 incorporation would be
expected under these conditions. If ferritin mRNA levels did not increase
then ferritin levels would be expected to fall. O(ne may conclude then
that the maintenance of cellular ferritin levels is important during
erythroid development.

In attempting to understand the transcriptional regulation of
ferritin, the ability of iron to alter ferritin mRNA levels was tested.
Cairo et al. (1985) have previously shown that in Hela cells iron
administration stimulates both the transcription and translation of
ferritin nRNA, suggesting that iron regulation of ferritin synthesis may
be more camplex than first suggested (Zahringer et al., 1976). However,
in MEL cells neither iraon administration nor removal alter ferritin mRNA
levels, implying that iron regulation of ferritin synthesis occurs at the
translational level. Together these results suggest that there are cell
specific variations in ferritin regulation.

Heme has been shown to have a number of regulatory functions in
erythroid cells and so the ability of added hemin or inhibition of
endogenous heme synthesis , to alter ferritin nRNA levels was also
examined. Hemin administration resulted in increases in H and L ferritin
mRNA levels in both induced and uninduced cells. Since iron had been
shown not to alter ferritin mRNA levels in these cells, the possibility
that heme was exerting this effect through release of iron was excluded.
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Inhibition of heme synthesis in uninduced cells , which synthesize very
little heme, had no significant effect, as would be expected. However,
inhibition of heme synthesis during differentiation, inhibited mRNA
induction. To observe this effect, succinylacetone (SA, the heme
synthesis inhibitor) had to be added at the time of subculturing. If SaA
was added after 72 hours no significant drop in ferritin mRNA was
observed. It is concluded therefore, that inhibition of heme accumulatieon
is the critical factor. Interestingly, SA administration also results in
an increase in ferritin protein levels in induced cells. This may be
explained by the observation that inhibition of endogencus heme synthesis
in induced cells which are taking up large amounts of iron, resﬁlts in the
accumilation of intracellular, non-heme iron which would in turn stimulate
ferritin synthesis. Further studies need to be done to determine the
mechanism of heme action. 1In light of the data, the most plausible
explanation is that heme is involved in the transcriptional activation of
H and L ferritin genes during differentiation; however, it may
alternatively or additionally, affect ferritin mRNA processing and/or
stability.

These studies suggest that free heme plays an important role in the
differentiation process. As previocusly documented, heme acts to ensure
the coordinate expression of hemoglobin by stimulating globin mRNA
transcription and translation, and by regulating its own synthesis through
feedback inhibition. Evidence is provided that, in erythroid cells, this
regulation may occur at the level of iron delivery from transferrin rather
than ALA synthase. Furthermore, heme may regulate ferritin gene
expression during erythroid development.
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4. THE ROLE CF TRANSFERRIN IN SUPPCRTING CELL PROLIFERATION.

The primary function of transferrin is thought to be the transport of
iron. TIron is required by all cells for growth and survival since many
cellular reactions, including electron transport and DNA synthesis, are
iron dependent. However, the observation that transferrin was an absolute
requirement in serum free media (Barnes and Sato, 1980) and that
transferrin receptors are highly expressed on proliferating cells led same
investigators to suspect that transferrin may have growth related
functions independent of its ability to deliver iron. To test this
possibility experiments were performed to attempt to segregate these two
functions, and their respective effects on proliferation. One such
experimental design was to supply iron in the form of low molecular weight
chelates while blocking transferrin binding with monoclonal antibodies
(mAb) directed against the transferrin receptor. Unfortunately, these
experiments gave conflicting results, since in same cell systems iron
supplied in such a form was able to support growth while in others it was
not, suggesting a requirement for transferrin (Trowbridge and Lopez, 1982;
Teatle et al., 1983; May and Cuatrecasas, 1985). However, iron chelates
such as these may not supply iron in amounts which would be camparable to
transferrin-Fe delivery. In Chapter 6 this question is addressed, taking
advantage of a new iron chelator, salicylaldehyde isonicotinoyl hydrazone
(SIH) (Ponka et al., 1979). This chelator is very effective in donating
iron to a variety of cell types, and can deliver iron indepehdently of
transferrin and transferrin receptors and in amounts greater than those
seen with saturating concentrations of Fe-transferrin (Laskey et al.,
1986). Our data show that iron, supplied in the form of Fe-SIH, is able
to overcare the growth inhibition induced by treating cells with blocking
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monoclonal antibodies against the transferrin receptor.

The results presented in Chapter 6 suggest that the acquisition of
iron by proliferating cells is necessary in order to support DNA synthesis
since removal of iron (either by using a chelator, or by blocking
transferrin receptors with blocking monoclonal antibodies) inhibits DNA
synthesis while addition of iron stimulates DNA synthesis. This is true of
both malignant and non-malignant cells which are actively dividing.
Indirectly these data support the conclusion that the primary function of
ferritin is iron storage, since it appears that even in short temm
incubations, such as those described here, the iron which is in ferritin
(both Raji and lymphocytes, have measurable ferritin levels), is not
avallable to support DNA synthesis. Iron is required for the synthesis
and activity of ribomuclectide reductase, which is the rate limiting
enzyme of DNA synthesis (Thelander and Reichard, 1979). Recent evidence
suggests that newly incorporated iron is required to support the function
of this enzyme. This may explain the observation that both ribomucleotide
reductase activity and transferrin receptor expression both increase just
prior to S phase during cell division. Taken together these results
suggest that the only function of transferrin in supporting cell growth is
to supply cells with iron. Furthermore, acquisition of iron from
extracellular sources appears to be required in order to support DNA
synthesis suggesting that ferritin iron is insufficient or unavailable
under these conditions.
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CONTRIBUTION TO CRIGINAL KNOWLEDGE

The following novel findings and observations have been demonstrated
in this thesis:

1. The synthetic chelate ferric salicyaldehyde isonicotinoyl hydrazone
(Fe-SIH) can deliver iron to induced and uninduced MEL cells without
the involvement of transferrin and transferrin receptors and to a
much greater extent than fram saturating concentrations of
transferrin. Iron taken up in this form can be utilized for heme

synthesis.

2. Increasing iron delivery above the levels obtained with saturating
concentrations of transferrin, using Fe-STH, stimulated heme
synthesis in induced but not uninduced MEL cells. The ability of
Fe~-STH to stimulate heme synthesis could be detected as early as
24-48 h following dimethylsulfoxide (DMSO) addition. Fe-SIH also
stimulated globin synthesis above levels seen with saturating

concentrations of transferrin, in induced cells.

3. Exogencus ALA stimulated heme synthesis, as measured by 5%re
incorporation fram transferrin, in uninduced cells but not in induced
cells. This implies that ALA synthase is rate limiting for heme
synthesis in uninduced cells only. The results of experiments using
59Fe-STH suggest that AlA synthase becames rate limiting in induced
cells only when the transferrin/transferrin receptor pathway is
bypassed to supply ce]ls with non-limiting amounts of iron.
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Together, these results support the hypothesis that same step(s) in
the patlway of iron from extracellular transferrin to protoporphyrin,
rather than AILA synthase, limits and controls the rate of heme and
possibly hemoglobin synthesis in erythroid cells.

Chase experiments showed that hemoglobin synthesizing MEL cells,
incubated in the presence of saturating concentrations of
transferrin, do not use ferritin iron for heme synthesis.

H and L ferritin subunit mRNA levels both increase during MEL cell

differentiation; however, ferritin protein levels remain constant.

Iron administration, using Fe-SIH, stimulates ferritin protein
accumalation in both induced and uninduced MEL cells, although for
the same concentration the response is samewhat greater in uninduced
cells. Fe-SIH has no effect on either H or L ferritin subunit mRNA
levels.

Removal of iron with desferrioxamine results in a decrease in
ferritin content in both induced and uninduced MEL cells, but has no

effect on either H or I ferritin subunit mRNA levels.

Together, these results indicate that in differentiating MEL cells
iren regulates ferritin synthesis at the level of translation.

Overnight exposure to exogencus hemin stimulated ferritin protein



lo'

DNA

~226—~

accumulation in both induced and uninduced cells. Addition of hemin
at the time of subculturing, resulted in an increase in both H and L
ferritin mRNA levels in induced and uninduced cells.

Short term inhibition of heme synthesis, with succinyl acetone, has
no effect on ferritin protein levels in uninduced cells but increases
ferritin content in induced cells. When succinyl acetone is added to
MEL cells at the time of subculturing and the cells harvested after
four days, it partially inhibits the induction of H and L ferritin
MRNA levels shown to occur in DMSO treated cells.

Together, these results suggest that heme may regulate ferritin
synthesis, and may play a role in the induction of ferritin mRNA

which occurs during MEL differentiation.

Fe-STH was shown to effectively deliver iron to Raji cells in the
presence of blocking monoclonal antibodies (mAb) to the transferrin

receptor,

Blocking transferrin receptors with mAbs was shown to inhibit the
proliferation of both Raji and MEL cells. This inhibited cell
growth was reversed by Fe-SIH. Furthermore, in Raji cells, mAbs were
shown to inhibit DNA synthesis, as measured by SH-thymidine
incorporation into DNA, and this effect could be overcame by added
Fe-SIH. Fe-SIH also stimulated DNA synthesis in PHA stimulated
lymphocytes, whereas removing iron with the chelator SIH inhibited
synthesis.
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~ These results suggest that the sole function of transferrin in
supporting cell proliferation is to supply iron, and that an incoming

source of iron is required to support DNA synthesis in rapidly
dividing cells.
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Ferritin radioimmunoassay.

This section describes in detail the development of the ferritin
radioimmunoassay (RIA) which was used in these studies. As described in
Chapter 4, the assay is a conventiocnal RTA in which an antigen competes
with labelled antigen for a limited number of available antibody binding
sites. To develop this assay it was neccessary first to isolate and
purify mouse ferritin and then to use this antigen to raise antibodies in
rabbits.

Ferritin purification.

Ferritin was purified fram the livers of iron injected mice. Mice
(25g) were injected intraperitoneally with img of iron-dextran on three
successive days, left untreated for the next two, and injected once again
on the sixth day. The mice were sacrified on the seventh day by
decapitation and their livers were removed.

The liver tissue was homogenized in four volumes of 1 mM
p-mercaptoethanol (BME). It was then heated quickly (reaching temperature
in 1 min) to 70°C, for 10 minutes. The hamogenate was then centrifuged
at 19,000 x g for 20 minutes and the supernatant collected. While most
other proteins coagulate at 70°C, ferritin is stable and will therefore
remain in the supernatant fraction.

The remaining protein in the supernatant fraction was precipitated
with ammonium sulfate (313 mg/ml in 1 mM BME, stirring for three hours at
4OC), and the solution then centrifuged at 48,000 x g for 20 m_nm:es at
4%. Following centrifugation the pellet was collected, redissolved in
potassium phosphate pH=6.8, 1mM BME and dialysed overnight against the
same buffer. This was then centrifuged at 44,000 x g, for 10 minutes at
4% and the supernatant fraction collected.
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Ferritin in the final supernatant was precipitated by centrifugation
at 100,000 x g, for 3 h, at 4°C, and the pellet resuspended in 20 mM
phosphate, 1mM BME.

Homogeneity after these procedures was assessed by SDS-PAGE performed
on a 6-22% gradient gel.

Purified mouse ferritin prepared in this manner was subéequently used
for a variety of purposes. It was a) used to raise antibodies in rabbits
(described below), b) labelled with 1251, using lactoperoxidase coupled
to ONBr activated Sepharose 4B according to the procedure described by
David (1972), for use in the RIA and c) it was used as standards in the
creation of the standard curve for the RIA.

Antibody Production.

Antibodies ‘to mouse ferritin were raised in rabbits by subcutaneous
injections of mouse ferritin (0.5-1.0 mg), mixed 1:1 with Freund's
adjuvant. This procedure was repeated weekly for three weeks. After the
fourth week animals were bled by cardiac puncture and the serum collected,
and frozen. Aliquots of these serum samples were tested by ELISA for
their reactivity with the antigen mouse ferritin. The sample with the
highest reactivity was selected for use in these studies. To ensure that
this reaction is specific for ferritin, cell lysates were incubated with
either, rabbit anti-mouse-ferritin antiserum or with normal rabbit serum
and the immunoprecipitates anaylsed by SDS-PAGE. The results of these
tests show that there is selective precipitation of ferritin when the
antiserum is used. The antiserum was not processed further.

Assay performance.

The ferritin RTA was performed using the purified mouse ferritin as a
standard and 3'25J:-~mcmse:-f."err:‘:l:in as the labelled antigen. The standards,
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labelled antigen and antiserum were all diluted in buffer A (0.05 M Tris,
0.2 M NaCl, 0.05 M lysine, 0.05 M leucine, 1% BSA and 0.1% Triton X-100,
pH 7.2), which is the reaction buffer for the RIA. To use and analyse the
assay a standard curve is constructed. Ferritin standards ranging fram
0-500 ng, and unknown samples are mixed with a constant amount of 1251
ferritin and a constant amount of polyclonal rabbit anti-mouse-ferritin
antiserum and incubated for 1 h, at 37°C. After cne hour goat
anti-rabbit antibody coupled to a solid matrix is added to precipitate the
ferritin-antibody camplexes. This reaction is allowed to contimue for 30
minutes at roam temperature, after which the solution is centrifuged and
the immune camplex precipitated. The radiocactivity associated with the
pellet is measured and a standard curve constructed. Fram this curve the
concentration of ferritin unknowns can be calculated. Table 1 shows
typical data for the RIA standard curve, these data are plotted in Figure
1.

Note: In these experiments the matrix used was either the goat
anti-rabbit immunobead matrix supplied by Biorad or the goat anti-rabbit
matrix which is supplied with the Ferritin Immunoradiametric Assay Kit
(human) supplied by Becton Dickenson. Both were equally effective in
precipitating the antigen-antibody camplexes and were therefore used

interchangeably depending upon availability.
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Figure 1. Ferritin RIA, standard curve. Graphic representation of the
data presented in Table 1.
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The ferritin concentration is usually plotted on the x-axis and is
either plotted on semi-log paper or the data are transformed and plotted
as the log of the ferritin concentration. The cpm (specific binding)
recovered in the pellet are plotted on the y-axis; these data are not
transformed. The accuracy of the standard curve was assessed by
calculating the coefficient of linear regression(r). One can also
calculate the equation of the line which subsequently allows for
mathematical derivation of the ferritin concentrations in the unknown
samples. A standard curve was routinely run with each experiment, the "r"
values were always .85 or better.
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