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ABSTRACr 

The main focus of this research bas t:een to examine changes which 

occur in iron metal:olism, in partio.llar with respect to haœ and ferritin 

synthesis, during erythroid differentiaticn of MEL cells. Transferrin 

receptor expression, iron uptake and haœ synthesis increased following 

dimethylsulfoxide induced differentiation of MEL cells. Studies 

investigating the regulation of haœ synthesis in induced and uninduced 

MEL cells support the hypothesis that saœ step'~) in the pathway of iron 

fran extracellular transferrin to protop02:phyrin, rather than MA 

synthase, limi ts and controls the rate of haœ and possibly haroglobin 

synthesis in erythroid cells. Results suggest that erythroid 

differentiation is accanpanied by the induction of a new iron pathway 

which shunts increasing arounts of iron tc rnitochondria for hane 

synthesis. E\lrtherm:::lre, iron in ferritin is not used for haœ synthesis 

when extracellular iron sources are available. 
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H and L ferri tin sub.mi t mRNA levels increased after induction of MEL 

cells. Heœ aèm.inistration stirrulated H and L ferri tin mRNA accunulation 

in l:oth induced and uninduced cells, while inhibi tien of haœ syntb.esis 

during differentiation partially inhibited the aco..mllation of these 

mRNAs. Tr...ese results suggest that the induction of ferritin mRNi\s during 

MEL differentiation may J:::e mediated by here. Iron aèministration 

stimulated the accumulation of ferritin protein but did not alter ferritin 

mRNA levels, suggesting that iron regulates ferri tin synt.r...esis at the 

level of translation in MEL cells. 

Tr..e role of transferrin in supporting cell proliferation was also 

examined. The resul ts indicate that i ts sole function is tc supply cells 

with iron. 
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RESUMÉ 

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

metabolism du fer et plus particulière les variations au niveau de la 

synthèse du hème et de la ferritine durant la diffèrenciation érythroïde 

des cellules MEL. Lorsque les cellules MEL sont indvites à se différencier 

en les exposant au diméthylsulfoxide, des augmentations au niveau de 

l'expression du récepteur de la transferrine, de la synthèse du hème et du 

transport dur fer sont observées. Des études comparant la régulation de 

la synthèse du hème dans les cellules MEL induites à des cellules non 

induites supportent l'hypothèse que certaine(s) étape(s) du cheminement 

du fer, notamment celles entre la transferrine extracellulaire et al 

protoporphyrine, et non l'etape de la ALA synthase, limite(nt) et 

contôle(nt) le taux de synthèse du herne et même possiblement de l'hemo

globine dans les cellules érythroïdes. Les résultats suggèrement que la 

différenciation érythroïde est accompagnée de l'induction d'un nouveas 

cheminement du fer qui détourne les quantités crissantes de fer vers les 

mitochondries pour la synthèse du hème. De plus, le fer associé à la 

ferritine n'est pas utilisé pour la synthèse de hème quand des sources 

extracellulaire de fer sont disponibles. 

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

sous-unités H et L de la protéine ferritine augmente. L'addition de hème 



stimule l'accumulation des ARN messagers des sous-unités H et L 

indépendamment de J•état d'induction de la cellule tandis qu'une 

inhibition de la synthèse du hème durant la différenciation cellulaire 

inhibe partiellement l'accumulation de ces ARNs messages. Ces 

résiJitats sugèrent que l'induction des ARNs messagers de la ferritine 

durant la diiférenciation des cellules MEL pourrait etre causée par le 

hème. L'administration de fer stimule l'accumulation de la protéine de 

ferritine sans toutefois changer les niveaux du message de la ferritine, 

suggérant ainsi que le fer régulerait la synthèse de la ferritine au niveau 

de la transduction dans les cellules MEL. 

Le role potentiel de la transferrine dans le support à la prolifération 

cellulaire fut également étudié. Les résultats obtenus indiquent que 

l'unique fonctions de cette protéine est de fournir du fer à la cellule. 
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taken the option of wri ting the experimental portion of this thesis in the 

forrn of original papers suitable for p.lblication. This option is provide:J 

by section 7 in the Qlidelines Concerning Thesis Preparation, which reads 
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"The candidate has the option, subj ect to the approval of the 

:oepartrnent, of including as part of the thesis the text of an original 

paper, or papers, suitable for suhnission to leamed journals for 

p.Iblication. In this case the thesis rrust still conforrn to ail other 

requiranents explaine:J in Glidelines Conceming Thesis Preparation. 

Additional material (experimental and design data as weil as descriptions 

of equiprent) rrust be provided in sufficient detail to allow clear and 

precise judganent to be made of the importance and originality of the 

research reported. Abstract, full introduction and conclusion rrust be 

included, and where more than one manuscript appears, connecting texts and 

carm:::>n abstracts, introduction and conclusions are require:J. A mere 

collection of manuscripts is not acceptable; nor can reprints of p.Iblished 

papers be accepte:J. " 

In this thesis, manuscripts of original papers are presente:J in 

Chapters 2-6, and are j oined by connecting texts. Each paper has i ts ow.n 

Abstract, Introduction, Materials and Methcrls, Results and Discussion 

section. A carm:::>n Abstract, Introduction, Discussion, contril:ution to 

Knowledge, and Reference sections are also included. 
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1. HEMA'roroiESIS: 

1.1 Introduction 

The hanatopoietic system has proved to be a useful rrodel for the study 

of cellular differentiation and transformation. While in man, most 

tissues cansist of differentiated cells with little proliferative or 

self-renewal capacity, hanatopoietic tissue, intestinal rrucosa and skin 

are in dynanic states, continually renewing thal1Selves. In the 

hanatopoietic system for exanple, about 1 x 1010 erythrocytes cane to 

the end of their lifespan every heur (Whetton and Dexter, 1985) • To supply 

new hanatopoietic cells there are a srnall rrumber of "stem cells" which 

can both replicate thal1Sel ves and differentiate. This process of blood 

cell formation rrust be regulated, able to respond rapidly to changing 

physiological needs, such as would occur during blood loss or infection. 

For this to occur norrnally, there rrust be a finely tuned balance between 

signals for self-renewal and proliferation, and signals for tetmin.al 

differentiation. Leukanic transformation may represent an irnbalance in 

these signals. 

1. 2 The hanatopoietic stan cell 

Blood cell production begin.s fran the pluripotent hanatopoietic stan 

cell. These cells are characterized by their ability to maintain 

thanselves throogh self-renewal, and their capacity to differentiate into 

the various blood cell lineages (erythrocyte, granulocyte-monocyte, 

lymphocyte and platelets), hence the term pluripotent. Ail mature 

hematopoietic cells will ultimately be derived fran these stan cells. An 

overview of the varioos blood elements and how they are fotmed is 

presented in Figure 1. Red cells, platelets, granulocytes and monocytes 

are blood elements that as a group are known as ItW'eloid cells and are 
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Figure 1. The developœnt of the varioos blood elements fran 

bane marrc::M cells. The bane marrc::M contains a small number of 

pluripotent stan cells which can both self renew and/ or 

differentiate into carmi tted stan cells. The carrni tted stan 

cells will in tum differentiate along specifie cell lineages. 

The identifiable rrorphological changes associaterl wi th blood 

cell developœnt are depicted. cells below the horizontal line, 

with the exception of the late norrroblast may be fcund in no:rmal 

:peripheral blood. Fran W.F. Ganong (1983): Review of Medical 

Physiology 11th erlition, p415. 
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derived fran a carrron myeloid stan cell. In contrast, B and T lymphocytes 

are roost probably derived fran a carrron lymphocytic stan cell. Note that 

roth pluripotent and unipotent or "cannitted" stern cells, with varying 

proliferative and self-renewal capacities are thought to exist. 

Hanatopoietic stan cells are present in the bone marrow in very law 

concentrations. The ratio of stan cell to nucleated marrow cell is about 

1:2000 (Ba'b:>ir and Stœsel, 1984). The pluripotent stem cell has never 

teen identified roorphologically or isolated in p.1re foon. Rather the stern 

cell is usually identified by its differentiated daughter cells. A rrumber 

of different experirœntal approaches have teen used to identify, 

characterize and classify the various stan cells. Fran these studies a 

general scheme of hematopoiesis has teen deri ved. 

1. 3 Classification of stern cells 

cne of the experirœntal rneans of exanining the nature of the stem cell 

is the colony fotming assay described by Till and Mc:O.llloch in 1961. They 

found that when mice were subj ected to doses of radiation sufficient to 

destroy ail hematopoeisis and then injected with marrow cells 

( 104-105 ) fran syngeneic untreated mice, discrete colonies of 

hematopoietic 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 chrarosanal 

markers these colonies were shown to be clonal in origin indicating that 

one marrow cell could differentiate along different pathways wi thin the 

myeloid system (Clrry and Trentin, 1967; Abramson et al., 1977). The 

cells fran these nodules were also shown to have self-renewal capability 

as daronstrated by the ability of cell suspensions fran such colonies to 

foon new colonies when inj ected into previousl y uninfected mice 
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(Siminovitch et al., 1963). These cells were teJ::msd cru-s (colony forming 

unit-spleen) (see Figure 2). 

There is extensive evidence that stan cells nore primitive than cru-s 

rrust exist. "The roost stringent definition of a primitive stan cell is one 

which is able to reconsti tute the hanatopoietic systan of lethally 

irradiaterl mice or mice bearing a nutation in sane early step in stan cell 

developnent" (Dick et al. , 1986) • These are terrœd reconstitution 

assays. SUch reconstitution assays suggest that there is an earlier stan 

ce1l (Sp) capable of differentiating into beth myeloid and lymphoid 

lineages. 

In vitro assays are also use:l to characterize stan cells. Cul ti vation 

of bene marrow in an appropriate environrrent can lead to the fo:r::mation of 

colonies of differentiating cells of specifie lineages. These assays 

select for the expression of cannitte:l stan cells. The pathway taken will 

depend on the local environrrent, specifically the growth and 

differentiation factors which are present. The developnent of these 

colonies requires the presence of the appropriate st.inulatory roolecules. 

Beth rrultipotential and lineage restricte:l growth factors have l:een 

describe:l. In the absence of these colony st.inulating factors ( C:SFs) 

proliferation and maturation will not occur. 

A rrodel sumnarizing these observations is presente:l in Figure 2. Ail 

canni tte:l progeni tor cells shown on the right in Figure 2 can produce in 

vitro colonies when provide:l with the appropriate growth and. 

differentiation factors. cru-Mix is also detecte:l in vitro, and is a 

pluripotent progeni tor. However, unlike cru-s, i t has a limite:l 

self-renewal capacity. Reconstitution assays have identifie:l a 

pluripotent stan cell terrœd Sp in Figure 2. There is also indirect 
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Figure 2. Hanatopoietic stan cel1 developœnt. Reconstitution 

assays suggest that ail blood elements can be derived fran a 

c:arncn. pluripotent progeni tor cel1 ( ~) • Evidence also exists 

for stan cells which have extensive self-renewal capabilities 

rut are restricted to either the lymphoid (~) or myeloid 

(~) lineages. These early stan cells which have extensive 

self renewal capabili ties are shown on the left of the figure. 

cru-s, a partially carmitted sten cel1 retricted to the myeloid 

lineage, is identified by spleen colony assays. It has 

significant self renwal capaci ty and is therefore shoon in the 

middle frane. O::mni.tted stan cells with very little self 

renewal capacity are identified by in vitro colony assays and 

are shown on the right of the figure. Fran J .E. Dick et al. 

(1986): Trends in Genetics, Vol.2 No.6, pl65 
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evidence that these are cel.ls with extensive self-renewal capacity, rut 

which are carmi ttro to ei ther lymphoid ( SL) or yeyeloid ( ~) lineages 

(Abraœon et al., 1977; Mintz et al., 1984). Recently, these observations 

have i:::een substantiatro by exper:l.rnents using retroviral mediated gene 

transfer into primitive hematopoietic sten cel.ls, as a means of tagging 

tha:n. Briefly, bane marrow is rem:::wed and infectro with retroviruses 

carrying marker genes. The retroviruses have been genetically altered so 

that they will integrate into the genane rut will œ unable to replicate. 

The infected bane marrow is then transplantro back into lethally 

irradiated mice or mice which are genetically deficient in hematopoiesis. 

By follcwing the unique integration sites of these retroviral vectors one 

can unequivocally identify the progeny of a single sten cel.l. This 

exper:l.rnental procedure, therefore, ailc:MS one to identify a variety of 

sten cel.ls. In exper:l.rnents such as descrit:ed, evidence for SP, ~ and 

SL type sten cel.ls bas i:::een presented (Dick et al. , 1985) . 

1. 4 Conclusion 

In conclusion, the bane marrow canprises a great variety of 

hematopoeitic cell types with varying proliferative capacities and at 

various stages of ccmni bnent. To understand notmal henatopoiesis i t is 

irrtp:>rtant to analyse the regulatory rrechanisms cantrolling the developœnt 

of a sten cel.l capable of self-renewal into mab.lre differentiated cel.ls 

that cease dividing. SUch rrechanisms may œ blocked or becane unbalanced 

in leuk:emic transformation resulting in cantinued proliferation. Also it 

is of interest to investigate how a sten cell œcanes selectively 

ccmnitterl to a specifie lineage, exactly what changes in gene expression 

occur and how they are regulated to result in the final cel.l phenotype. 

For exanple, developing erythroid cells are characterized by their ability 
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to synthesize large aTOUnts of h.e:roglobin. Iron is a vital canponent of 

the h.e:roglobin rrolecul.e and rrust be deli vered to the erythroid cell fran 

the extemal milieu. Considering the physio-chemical properties of iron 

(see Introduction, section 4), one can predict that during erythroid 

differentiation there are dranatic changes in iron rretabolism. 

E\lrtheiirOre, these changes wruld likely be highly regulated and 

coordinated with the induction of h.e:roglobin synthesis. The specifie aim 

of this study is to exanine changes which OCOlr in iron rretabolism during 

eryth:rop:>iesis and their possible significance wi th respect to the 

prograrming of erythroid differentiation. 
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2. ERYTHROPOIESIS 

2 .1 Introduction 
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The process of erythropoiesis consists of the production of red blcx::d 

cells as they develop fran stan cell tc mature erythrocyte. Cœmi trrent of 

the rrultipotential hsnatopoeitic stem cell. tc erythroid differentiation 

invol ves a series of developnental stages. Regulation of the rate of 

erythropoeisis may occur at a number of critical steps in this pathway. 

These include, 1. proliferation of the pluripotent hanatopoeitic stan 

cells; 2. carmitrrent of hanatcp:>ietic stan cells tc ecythroid 

differentiation ; 3. proliferation of the carmi tted erythroid precusor 

cells, which includes several recognized secauential stages of developrent; 

and 4. induction of the erythroid precursors to the expression of 

biosynthetic and rrorphogenic changes characteristic of erythroid 

differentiation (Marks and Rifkind, 1978). In this section the features 

of ecythroid developrent will be discussed. 

2.2 Erythroid differentiation 

Terminal erythroid differentiation is characterized by a) the 

accurrulation of harx::lglobin; b) the condensation of chranatin and prier to 

release intc the blood strean, the extrusion of the nucleus (Babior and 

stcssel, 1984), and c) the eventual loss of protein synthesizing machinery 

including RNA, endoplasmic reticulum and mitochondria. An overview of the 

secauential developnent of the erythrocyte can be seen in Figure 3 . The 

earliest identifiable stage is that of the pronornoblast. This is a 

large cell wi th an active nucleus and little, if any, he:roglobin. It 

takes 3-5 days for a pronornoblast to becane a mature red cell. Within 

this period the cell gradually changes; it shrinks in size, he:roglobin 

accurrulates and the nucleus condenses. Note that only the first three 
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precursor stages, prono:t::m:lblasts, basophilie no:t::m:lblasts and 

polychranatophilic no:t::m:lblasts are able to divide. These cells are said 

to be in the mi totic canparbne.nt ( see Figure 3) . The final step is the 

extrusion of the nucleus fo:rming the "reticulocyte" which is then release:J 

into the blooèl strean. The reticulocyte still expresses transferrin 

receptors ( require:l for iron uptake) ,contains sane RNA and has a few 

mi tochondria. These disappear wi thin 24-48 hours to produce the mature 

erythrocyte. 

2. 3 COntrol of red cell production 

Red cell production is largely controlled by erythropoietin which was 

the first humoral agent shcw.n to control hematopoietic differentiation. 

It is a glycoprotein produce:l 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 ccmnitte:J stern 

cell to induce both proliferation and differentiation (Goldwasser, 1975) . 

There are at least two classes of erythroid precursors as characterize:J by 

in vitro clonogenic assays. An irrrnature ccmnitte:J stern cell terme::l BEU-E 

(rurst fo:rming unit-erythroid), which responds to high levels of 

erythropoeitin, producing large colonies of differentiate:l erythroid cells 

after 8-10 days of culture, and a rrore mature stern cell, ŒU-E (colony 

forming unit-ez:ythroid) can both be detected (Q..leensberry and Levitt, 

1979; Till and McO.lllough, 1980) • The latter responds to lower levels of 

erythropoietin producing small differentiate:J colonies wi thin two days. Of 

the two, BEU-E is thought to have the greatest proliferative capacity 

(Q.Jeensberry and Levi tt, 1979). In conclusion, erythropoietin acts in two 

ways. First, it stimulates proliferation of the committed precursors and 

in so doing augœnts red ce1l production by increasing the number of stern 

http:canparbne.nt


Figure 3. Erythropoiesis. The stages of ra:! cell developre.nt, 

fran the pluripotent stan cell to the mature red blood cell are 

outlined. It takes approximately 3-5 days for a pronot:TTOblast 

to becane a red cell and once in the blood stream the red cell 

will live approximately 120 days. Within the mitotic 

c:crnpartrrent di vision and maturation occur at the Sëllle tirne so 

that a single pronot:TTOblast will prcxfuœ several basophilie 

not:TTOblasts and they in turn will prcxfuœ several 

polychranatophilic not:TTOblasts. Wi thin the postmitotic 

canpartrrent the cells continue to differentiate rut no longer 

divide. Fran B.M. Babior and T.P. Stossel (1984): Hanatology a 

Pathophysiological Approach p15. 

http:developre.nt
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cells carmi tterl to the erythroid lineage. secandly, it shortens the time 

required for these carmitterl stan cells to mature to reticulocytes 

( Popovic and Ad ansan, 1979; Babior and Stossel, 19 84) • A SU"!Tnary of 

erythropoietin action is shawn in Figure 4. 
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Figure 4. The action of erythropoietin. Red œll production is 

largely controlled by erythropoietin which :oot.h stim.ùates the 

proliferation of the carmi tted precursor œlls and shortens the 

tirœ required for these ccmnitted stan œlls to mature to 

reticulcx::ytes. Fran B.M. Babior and T.P. Stossel (1984): 

Hanatology a Pathophysiological Approach p 16. 
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3 • HEM:Gr..OBIN 

3 .1 Introduction 

The main functian of the red blood cell is to transPJrt oxygen to the 

tissues. This is accanplished by the hem::lglobin rrolecule which is 

uniguely structured such that under the high partial pressure gradient for 

oxygen (P02) in the lung it picks up oxygen, while at the ro2 in the 

tissues oxyge.n is released. It therefore plays a cri tical physiological 

functian, transp:lrting oxygen to the tissues. 

Ha:n::x,;Jlobin is a protein with a rrolecular mass of 64,500 daltons. It is 

canposed of four PJlypeptide chains each canjugated to a hare rroiety (Fig. 

5). The ];X)lypeptide chains, known as globins, are a family of protein 

sub.m.i ts. In nonna.l adul t hem::lglobin there are two types of globin chains 

a and !3 which canbine in diss.imilar pairs for.ming the final tetrarœric 

rrolecule a2132. This structure is held together primarily by 

attractive forces between the diss.imilar sul:units. In addition within each 

globin subJni t is a region known as the herne crevice where the bane rroiety 

is held by strang, rut non-covalent forces. Hemoglobin structure and 

functian have bee.n the subj ect of intense study. For rrore exte.nsi ve 

reviews refer to; Dickersan and Geis, 1983; Bunn and Forget, 1985; 

Stamatoyannopoulos et al., 1987. 

3.2 RaTe 

RaTe is an iran cantaining PJrphyrin derivative. It is ubiquitous and 

functians as the prosthetic group in a variety of different haroproteins. 

In the proteins hem::lglobin ( descril:ed above) and myoglobin (a single 

PJlypeptide chain wi th one herne group 1 found in nuscle and functians as an 

oxygen store) 1 bane serves as a functianal group for the binding of 

oxygen. Oxygen binds to the ferrous iran wi thin the hane rroiety. Ferrous 
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Figure 5. Haooglobin structure. Haooglobin is canposai of four 

polypeptide chains each conjugatai with a hene ooiety. Normal 

adult haroglobin contains bio types of globin chains, a 

and 13 • Alpha/beta dirrers canbine to fotm the final tetra:œric 

oolecule. Fran B.M. Babior and T.P. Stossel (1984): Hanatology 

a Pathophysiological Approach p22. 
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Figure 5. He!Toglobin structure. 



iran is stabilizerl withJ.n the hernoglobin and myoglobin structures such 

that the binding and release of oxygen does not under normal conditions 

affect the oxidation state of the iron aton. This is a unique feature of 

these two proteins and is important since hem:',)globin and myoglobin 

containing ferric herne (methem::lglobin, metmyoglobin) are unable to 

reversibly bind oxygen. 

In addition to hernoglobin and myoglobin, hene is also the prosthetic group 

for a number of vital enzyrœs including; cytochrane P450; the cytochraœs 

of the electron transport chain; catalase, which decanposes ~o2 ; 

peroxidase, which acti vates ~02 ; and tryptop.han pyrrolase, which 

catalyses the oxidation of tryptop.han. Within these enzyrœs the iron in 

the heme roiety undergoes reversible changes between the ferrous (Fe
2

+) 

and ferric (Fe3+) oxidation states (Lehninger, 1975). It is the ability 

of the iron within the herne I'!'Oeity to pick. up and donate electrons which 

rnakes i t so useful in such a variety of reactions. In these fotm'3 

therefore, the canplexerl heme roiety serves as an electron carrier whereas 

in haroglobin and myoglobin i t acts as an oxygen carrier. 

3. 3 Hane synthesis and regulation 

Hane synthesis begins in the mitochondria with the condensation of 

glycine and succinyl-coenzyrneA. to form 6-aminolevulinic acid (ALA) (see 

Fig. 6). This reaction is catalyserl by the mitochondrial enzyme 

6-aminolevulinic acid synthase (ALA synthase) . ALA then passes into the 

cytosol where, catalyserl by the enzyme ALA dehydratase, two rrolecules of 

MA c:anbine to form the rronopyrrol porphobilinogen ( PBG) • Four oolecules 

of PBG then condense to fotm the tetrapyrrol structure uroporphobilinogen 

III. This reaction is catalysed by two enzymes, PBG deaninase, which 

leads to the fotmation of a linear tetrapyrrol structure (Battersby et 

-21-
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Figure 6. Hsne biosynthesis. Presented here is an overview of 

the herne biosynthetic pathway, showing the intracellular 

localization of the herre biosynthetic enzymes and 

intez:mediates. For detailerl description refer to the text. 

Modifierl fran N.G. Ibrahan et al., (1983): Progress in 

Hematology Vol. 13 p76. 



-23-

CYTOPLASM 

11/tOGCN JJr 

p 

Figure 6 • Haœ biosynthesis. 



al., 1979); and uroporphorinogen III cosynthase~ which leads to the 

formation of the cyclic tetrapyrrol strucblre uroporphyrinogen III 

(I..evine, 1968). The rapid enzymatic formation of uroporphyrinogen III 

fran PBG, and the absence of metaoolic intermediates suggests that these 

two enzyrres (PBG deani.nase and uroporphyrinogen III cosynthase) exist as 

an enzyrre canplex (Frydman and Feinstein, 1974; Higuchi and Bogorad, 

-24-

1975) . This cyclic tetrapyrrol strucblre then undergoes a series of side 

cha:ln IOOdifications. First the cytoplasmic enzyme uroporphyr:lnogen 

decarboxylase converts frur acetic acid side chains to methyl groups 

fotmi.ng the strucblre coproporphyr:lnogen III. This strucblre then passes 

:lnto the mi tochondria where the rernain:lng steps :ln bane biosynthesis take 

place. Coproporphyr:lnogen oxidase IOOdifies two proprionic acid side 

chains to v:lnyl grrups fo:rrn:lng protoporphyr:lnogen IX and subsequently, 

protoporphyr:lnogen oxidase reroves six hydrogen atans fo:rrn:lng 

protoporphyr:ln IX. The f:lnal step :ln bane biosynthesis is the enzymatic 

insertion of ferrous iron :lnto protoporphyr:ln IX to fonn bane. 

conceptualiy, this biosynthetic pathway may be considered as occurr:lng in 

two distinct steps, the first being porphyr:ln biosynthesis and the latter, 

bane biosynthesis which is the enzymatic insertion of ferrrus iron into 

protoporphyrin (for reviews see; Kappas et al., 1983; Ibraham et al. 

1983). 

As one might expect in any rrul tistep biosynthetic pathway, the end 

product, bane, regulates its ow.n synthesis. Studies :ln bacteria and 

hepatocytes have show.n that MA synthase is the rate limit:lng enzyme of 

this pathway (Burnham and tasœlles, 1963; Granick and Urata, 1963), and 

that bane regulates its ow.n synthesis by feedback inhibition of the 

activity (Pater.niti and Beattie, 1979) and repression of the synthesis of 
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this enzyrre (Burnhan and Lasœlles, 1963; Granick. et al 1975). Recent 

evidence suggests hcMever, that this is not true in erythroid œlls ( Ponk.a 

and Neuwirt, 1970; Ponka et al., 1973; Wocxls, 1974; Sassa, 1976; Malik et 

al., 1979a,b; Ponka and Schulman, 1985a,b). It should be mentioned here 

that while ali œlls contain bane, not ali œlls make haœ at the sarre 

rate. Irnna:b.lre erythroid œlls in the bone marrow make large arooun.ts of 

haœ which is used to fo:on haroglobin. The secand largest si te of bane 

synthesis in the body is the liver which contains 15% of total body haœ. 

Hepatic bane is used for a runber of haroproteins of which cytochraœ P450 

is the rrost atundant. Wh.ile bane synthesis in hepatic tissue has been 

extensively studied, studies of haœ synthesis in erythroid œlls have 

been haïtf:ered by the inability to isolate harogeneous pop..ùations of early 

erythroid œlls which wauld be actively synthesizing haroglobin. one of 

the best studied erythroid models is the reticulocyte which can be 

collected, in a partially p.1rified fo:on, fran the peripheral blood of 

anemie anirnals. However, reticulocytes appear late in erythroid 

developnent and, lack.ing nuclei, cannot be used for studying 

transcriptional events. To study erythroid haroglobin synthesis one may 

therefore use alternative erythroid models such as the nurine 

erythroleukem.ia (MEL) œil system (see Introduction, section 4). The 

regulation of herne 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 haœ and globin synthesis. 

Mature erythroid œlls contain only canplete haroglobin rrolecules and 

are not capable of synthesizing haœ or globin. Clnly minute arrounts, if 

any, of free haœ or UI1b:rund globin chains are detectable. This rreans 

that during erythropoiesis there rrust be a very tight co-ordination 

http:erythroleukem.ia


-26-

l::etween polypeptide chain synthesis and hane formation. This is achieved 

by virb.le of the fact that "free" herne, if allowed to accurrul.ate, 

stirculates both globin translation ( zucker and Schulman, 1968; Jagus et 

al. , 1981) and transcription (Hoffinan and Ross, 1980; E\.lchs et al. , 

1981) • At the same time "free" herne will, as described earlier, feedback 

inhibit its CMl1 synthesis. How it does so is still debatable. It may a) 

feedback inhibit the activity and/or synthesis of MA synthase as is the 

case in bacteria and hepatocytes (Burnham and Lascelles, 1963; Granick et 

al., 1975; Pater.niti and Beattie, 1979) orb) in erythroid cells it may 

inhibit iron uptake fran transferrin (Panka and Neuwirt, 1969; Panka and 

Schulman 1985a,b) and thereby limit the iron available for insertion into 

protoporphyrin, or c) th.ere may l::e sane oth.er as yet un.characterized 

mechanisn. Clearly hc:Mever, one of these nust operate in erythroid cells 

to ensure feedback inhibition of herne synthesis, and thus coordinate 

expression of herne and globin. In addition it should l::e noted that th.ere 

is virb.lally no non-haroglobin iron in mature erythrocytes. This .implies 

that hene synthesis and iron uptake, are also tightly coordinated during 

erythroid development. 



4. IRON MEI'ABOLISM 

4 .1 General Introduction. 

Iron is an essentiel nutrient required by ail cells for growth and 

survival. In addition to its function as an iron-porphyrin canplex 
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described earlier, there are several iron-proteins which require non-heœ 

iron. Iron canplexed in this form is usually fo..md in the active center 

of the protein where it is covalently associated with either acid-labile 

sulphide or cysteinyl sulphur (WOrwood, 1977). Sare marrmalian iron 

containing proteins are listed in Table 1. What makes iron sc useful in 

such a variety of reactions is that it is a transition metal, and as such 

i t can exist in two stable oxidation states Fe2+ and Fe J+. 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 hcwever, iron is insoluble and 

will precipitate as ferric hydroxide ( Fe(OH) 3) (Spiro and Saltman, 

1969) . To overcare this solubility problan, nature has developed 

sophisticated iron chelating and transporting systans to utilize this 

metal. Microorganisms, for exarnple, have evolved small non-protein 

molecules specifie for iron chelation which are able to sequester and 

transport iron (Neilands, 1981) . Higher animals, on the ether hand, tend 

tc use proteins to transport and store iron. In mamnals the serum 

glycoprotein transferrin transports iron fran sites of absorption to sites 

of utilization and excess iron is stored within cells in the ·protein 

ferri tin. 

4.2 Body iron distribution 

Total body iron content of an average 75 kg man is estimated at 4 g. 

Of this éli'OClll!lt only 1-2 mg is absorbed and excreted each day. There is no 
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Table 1. Some Mommolian lron-contoining Pro teins 

No. of fe A toms 
Prote-in Mol.wl. Per Molecule 

Herne contoining 

Hemoglobin 65,000 4 protoheme 

Myoglobin 17,000 1 protoheme 

Cylochrome a al 180.000* 2 heme a 

b 18,000-30,000• 1 Protoheme 
c, 37,000* 1 herne c 

c 12,000 1 herne c 

bs 12,000 1 proloheme 

P·450 protoheme 
Ca lolo se 240,000 4 protoheme 
lactoperoxidose 93,000 1 proloheme 

T ryptophan pyrrolose herne dependent 

Nonheme 

Aconitose 66,000 2 Fe 3 S 

(Phenylalanine hydroxylose) 100,000 2 Fe 

Adrenodoxin 12,500 2 Fe 2S 

(Complex Ill Fe·S protein) 30,000 2 fe 2 S 

(Succinate dehydrogenase Fe·S prolein) 27,000 2 Fe 2 S 

(Succinate dehydrogenase flavoprolein) 70,000 4 Fe 4 S lFAO 

NADH dehydrogenase 23-28 Fe + S FMN 

Xanthine oxidose 275,000 8 Fe 8 S 2 FAO 2 Mo 

T ronsferrin 71.000 2 
loctolerrin 17,000 2 
Ferrilin -450,000-900,000 0-4000 

Hemosiderin 

A number of Iron-dependent enzymes qr processes hove nol been induded. 
•soluble preparations of membrane·bopund cytochromes. 

tEnzyme isolated from thit source. Fo~nd in other tinues. 

Di•lribution 

Red blood cells 

Muscle 

Milochondria 

Mitochondria 

Mitochondrie 
Mitochondria 

Endoplosmic reticulum 

Endoplosmic reticulum 
Red blood cells, peroxisomes 

Milk 

liver cytosol 

Pig Heortt 

Ratlivert 

Adrenal mitochandrio 

Mitochondrie 

Milochondrio 

Mitochondria 

Mitochondrio 

Milk,t tissue 

Plasma 

Mil~. secretions 
Ali tissues 

bone marrow 

Fonction 

0 2 carrier 

0 2 carrier 

Terminal oxidose 

Electron transport 
Electron transport 

Electron transport 
Electron transport 

Steroid, drug, hydraxylotion 

Peroxide breakdown 
Peroxide breokdown 

l·tryptophon - formylkynurenine 

Citric ocid cycle 

Phenylalanine - tyrosine 

Steroid hydroxylation 

Electron transport 

Electron transport 

Electron transport 

Electron transport 

HypoKonthine - urie ocid 

Iron transport 
Iron transport 

Iron slaroge 

Iron 

FromM Worwood (1977): Serninars in Hematology, Vol 14, p.S 
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physiological route for iron excretion, it is lost passively in the 

gastorintestinal tract in the fo:rrn of blood and sloughed epithelium (Green 

et al. 1 1968) . Therefore b:::xly iron load depends on the regulation of iron 

absorption (Bothwell et al., 1979). The aroount of iron absorbed depends 

in part on the aTOUnt of iron in the diet, the content of the diet, and 

the fo:rrn in which the iron is present. Regulation of iron absorption fran 

the intestinal epithelium is p:x>rly understood; however 1 it appears to 

reflect both the leval of b:::xly iron stores and the rate of erythropoiesis 

(Stanatoyannopa.llos et al., 1987). waœn for example will loose iron each 

rrcnth in the menstrual flCM and this will be replenished by absorption of 

iron fran the diet. Under normal physiological conditions hCMever 1 iro.'1 

cycles within the b:::xly in an essentially closed loop. Figure 7 presents 

the relative distriJ:ution of iron within the b:::xly. The largest pool of 

body iron is the red blood cellsl which acca.mts for 2300 mg. Iron 

stores, found prirnarily in the retia.ùoendothelial systan acca.mts for 

1000mg and the rana.inder is distriJ:uted troughout the various cells of the 

body 1 where i t is inval ved in a variety of metabolic processes. Iron 

which is bound to plasna transferrin represents a small proportion of 

total body iron ( 3mg); hCMever, as transferrin cira.ùates within the b:::xly 

this iron load is exchanged resulting in a daily turnover of about 30mg 

(WOrwocd, 1979). 

An overview of the iron cycle is presented in Figure 8. Mature red 

blood œlls circulate for approximately 120 days after which ·they undergo 

phagocytosis by macrophages, primarily in the spleen. Haroglobin fran 

these œll ramants is broken down and the iron is ei ther deposi ted in the 

storage protein ferri tin and i ts breakdown product h.arosiderin, or 

transferred back to serum transferrin. Under normal physiological 
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Figure 7. Body iran distrirutian. The total body iran content 

of an average 75 kg man is 4000 rt:g. The major portion of body 

iran is fo.md in the red blood cells (2300 rt:g). Body stores, 

the second largest canpartment ( 100 rt:g) , cansist of the iran 

stored in ferritin and harosiderin, the majority of which is 

found in the cells of the reticuloendothelial systen. The rest 

is distriruted thrrught the body in the form of various iran 

cantaining proteins (500 mg). Transferrin iran represents only 

3 rt:g of the total iran load hc:wever i t serves an important 

functian in cycling the iran. Ccmparatively little iran is 

either absort:ed or excreted daily and therefore iran cycles 

within an essentially closed loop. Fran T.H. Bothwell et al., 

( 1979) : Iran Metal:::olism in Man p2. 
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__..,...~ Excretion < 1 mg/day 

Figure 7. Body iron distrib..ltion. 
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Figure 8. The iron cycle. In the blood iron is circulated 

b::und to the setun transport protein transferrin. Up to 80% of 

this iron will be directed tCMards .irmlature erythroid cells 

where i t is used for the synthesis of haroglobin. These cells 

develop into mature red blood cells and will circulate in the 

blood strean for approximately 120 days after which they are 

raroved by roononuclear phagocytes which digest than. Iron 

released in this process will subseg:uently be retumed tc setun 

transferrin tc canplete the cycle, or may be stored in ferritin 

for release at sane later tirre. Fran B.M. Babior and T.P. 

Stossel ( 1984) : Hernatology a Pathophysiological Approach p41. 
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conditions a substantial am::Jllilt of iran will aca..m..ùate in ferritin and so 

this macrophage pcx>l represents a major iron storage si te in the lx:dy. 

Finally the transfer of iran back. to transferrin and the subsequent 

interaction of transferrin wi th the imnature erythroid cells canpletes the 

iron cycle. 

4. 3 Transferrin 

Transferrins are a class of closely related iron binding proteins 

which in addition to transferrin include lactoferrin, (fcund in milk, 

secretions and in neutrophils) and ovotransferrin ( fc:und in egg white) 

(Mazurier et al. ,1983). Each is a rronaneric glycoprotein with the 

capacity to bind reversibly two Fe3+ ions per rolecule. While serum 

transferrin is required to transport iron in the plasma thereby supplying 

IroSt tissues, the other two proteins are prcx:luced locally and transport 

iron in restricted areas. Ovotransferrin has been shoon to supply iron to 

erythrocytes of developing chick. embyros (Williams and Wocx:lworth, 197 3) 

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 been 

identified. which show sequence harologies with normal transferrins: p97 -

a rœrnbrane protein discovered on human melanana cells ( Broon et al. , 

1982); and B lym - a transfonning protein found in chick.en B cell 

lymphanas (Goubin et al., 1983). The significance of these hanologies 

with respect to the evolution and function of normal transferrins remains 

to be detemù.ned. 

Serum transferrin is a glycoprotein with an approxirnate rolecular 

weight of 80,000. It is derived fran a single polypeptide chain (Mann et 

al. , 1970) which folds in such a way as to form two similar danains, each 
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of which contains an iron binding site (Gorinsky et al., 1979). Each 

transferrin roolecule can therefore, bind two atans of iron. ether metals 

can also be accarm:xJated rut iron is l:ound preferentially and is by far 

the roost important physiologically. Analysis of transferrin' s anino acid 

sequence (Mac:Gillivray et al., 1977) and eDNA sequence (Park et al., 1985) 

bas led to the suggestion that the two similar danains are a consequence 

of duplication of an ancestral gene during evolution. 

Iron binds to transferrin in the ferric (Fe3+) oxidation state and 

causes a confor:mational change in the roolecule so that i t becaœs roore 

carpact (Charlwood, 1971; J'arritt, 1976). This iron-transferrin canplex 

bas a characteristic orange color with a max.irn..lm absorbance between 460 

and 465 nrn. The protein-rœtal binding function is dependent on the 

concanitant binding of a carboxylate anion, which functions to coordinate 

the iron within the binding site of each danain, and is thought to fonn 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 wi thin the transferrin protein which bind iron have been a subj ect 

of intensive study. Tertiary folding of transferrin creates 1 wi thin each 

danain, an iron pocket which is highly anionic. In particular two 

tryosine residues (Pecoraro et al. 1 1981; Williams, 1982), one or possibly 

two histidines (Rogers et al. , 1977) a water roolecule and a carl:xmate ion 

(Pecoraro et al., 1981) are thought to be involved in the coordination of 

iron within these binding sites. There are several amine acids with 

cationic side chains in the vicinity of the tyrosines and the anion 

carbonate presumably neutralizes these charges allCMing iron to bind 

(Chasteen, 1983). The protein-rœtal binding is also very sensitive to pH, 

iron being l:ound very tightly at physiological pH (~==1028 M-1 ), rut 



as the pH is reduced to 6. 5 iron begins to dissociate and canpletely 

dissociates 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 th.rcugh the interaction of plasma 

transferrin with a canponent an the surface of the cel1 membrane. 

Numerous studies have since canfirmed that cellular iran uptake is 

receptor mediated, shcMing that the binding of transferrin is saturable, 

reversible, and specifie (for review see, Morgan, 1981; Huebers and Finch, 

1987). 

The transferrin receptor is a transmembrane glycoprotein with a 

ITOlecular weight of 180,000 (Witt and WOOdworth, 1978; Haniltan et al., 

1979). Treatrrent with reducing agents shows that it cansists of two 

disulfide bridged rronaœrs of 90,000 each. It bas a very high affinity 

for diferric transferrin (2-7 x 109 M) and rœy bind one or possibly two 

rolecules of transferrin (revier..red in, Na®an et al., 1982; Testa, 1985; 

Heubers and Finch, 1987). Recently eDNA and genanic clones (Schneider et 

al., 1983; Mc::Clelland et al. 1 1984; Kuhn et al., 1984) for the transferrin 

receptor have t::een isolated and sequenced. This should provide new and 

rore detailed information an transferrin receptor structure 1 function and 

regulation. 

4. 5 cellular Iron Uptake 

The cellular uptake of iron fran transferrin bas t::een extensively 

studied and these results are surrmarized in the ITOdel described belcm (see 

Figure 9) • Essentially, marrmalian cells obtain iran through the 

interaction of transferrin with specifie transferrin receptors expressed 

an the cell surface. Iran uptake involves the binding of iran-transferrin 
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Figure 9. The process of iron uptake fran transferrin by 

mannalian œlls. Iron uptake involves the binding of 

iron-transferrin to specifie œll surface transferrin receptors; 

endocytosis of the transferr.in/transferrin receptor canplex in 

an acidic endosane; at acid pH the iron is released fran 

transferrin and rroves into the cytoplasn by an unknown 

rrechanisn; apotransferrin remains t::a.md to i ts receptor and both 

are recycled to the surface where at physiological pH 

apotransferrin is released. Fran E. Morgan ( 1981) : Mol. Aspects 

Med Vol 4 p46. 
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Figure 9. The process of iron uptake fran transferrin by mamnalian œlls. 



to transferrin receptors at the cell surface; endocytosis of the 

iron-transferrinltransferrin receptor canplex in an acidic endosare; at 

acidic pH the iron is released fran transferrin and rroves into the 

cytoplasm by an unknown mechanism; apotransferrin remains bound to its 

receptor at the low pH and the endosane recyles to the surface where at 

physiological pH apotransferrin is released (for review see E. Morgan, 

1981). 
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In mcmnals 80% of the iron carried by transferrin will 'be directed 

towards irrmature ecythroid cells (Finch et al., 1970) which express large 

numbers of transferrin receptors because they require large ëi'CO.lilts of 

iron for the synthesis of hem:::globin. Transferrin receptors are also 

highly expressed on cells which are actively proliferating such as mitogen 

stim.llated lymphocytes and malignant cells. EUrthe:r:IOOre, transferrin has 

'been shown to 'be an essential growth factor for cells in culture (Bames 

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 physiological iron donor for the majority of 

cells in the body and until recently it was the only chelate which could 

supply iron for he:roglobin synthesizing cells. However, in the late 70"s 

and earl y 80's a new class of lipophilic synthetic chelating agents, 

derived fran pyridoxal isonicotinoyl hydrazone, were developed. Sare of 

these acyl hydrazones, canplexed with iron, were shown to 'be very 

effective in donating iron to he:roglobin synthesizing and prèliferating 

cells. In this laboratory • s experience the rrost efficient chelate in 

supporting he:roglobin synthesis was ferric salicylaldehyde isonicotinoyl 

hydrazone (Fe-SIH). The chanical structure of salicylaldehyde 

isonicotinoyl hydrazone is shown in Figure 10. Recent experiments show 
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Figure 10. The biochsnical structure of salicylaldehyde 

isonicotinoyl hydrazone. 
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that ferric-SIH is able to deliver iron to cells independently of the 

transferrinltransferrin receptor pathway and in am:unts greater than those 

seen with sarurating levels of iron-transferrin (Laskey et al., 1986). 

4. 6 Regulation of iron uptake 

Iron uptake may :be regulated at a rruml::er of levels. These include 

iron availabili ty 1 the rruml::er of transferrin receptors expressed, the rate 

at which they recycle, the rate at which iron is released fran transferrin 

once the canplex bas been intemalized, and the efficiency of iron 

extraction fran intemalized transferrin. It bas been observed in a 

rruml::er of different cell systems that transferrin receptor expression is 

regulatedl at least in part, by free intracellular iron levels (Ward et 

al., 1982). Raroving 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 (Rooault et al., 1985; Rao et al. 1 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 canparatively large am:unts of iron for 

the synthesis of heroglobin may have an additional regulatory mechanism. 

It bas been reported that in rabbit reticulocytes, addition of exogenous 

henin inhibits iron uptake fran transferrin (Panka and Neuwirt, 1969, 

1971), while the inhibition of endogenous haœ synthesis leads to an 

increase in iron uptake. It would app3ar therefore, that free hane may 

regulate iron uptake in erythroid cells. Under these candi tians hane, if 

allowed to accurrulate, would feedback inhibit its own synthesis by 

limiting the availability of iron for insertion into protoporphyrin. This 
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in tum would function to provide a balanced supply of hene and globin 

during erythropoiesis. 
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5 F:E:RRITIN 

5 .1 Introduction 

Ferri tin is an ubiqui tous protein which functions to store iron in a 

soluble form and protect cells fran the potentially taxie affects of free 

iron. It appears to have developed early during evolution as it is 

present in vertebrates, invertebrates, plants, fungi and bacteria (M.mro 

and Linder, 197 8) • SUch an iron storage protein is essential for living 

organisns since at physiological pH, in the presence of oxygen, iron is 

extrarely insoluble and will precipitate as hydrous ferric oxides. 

Therefore, iron which is not bamd to either protein or chelate will 

becare unavailable. E\lrtherrrore, Fe2+, in the presence of dioxygen will 

generate free radicals by the "Fenton" reaction (Halliwell and G.ltteridge, 

1984) (Figure 11) • These reactive radicals will ultimately lead to cell 

death through the destruction of cell constituants including nucleic 

acids, lipids and proteins. Ferri tin is therefore an essential 

housekeeping protein providing a reserve of iron in a soluble non-taxie 

form. It accounts for 15-30 percent of total body iron and is second only 

to hem::>globin as the rrost ab.m.dant iron protein in the body (Reeves et 

al., 1980). It was first observed by Granick in 1943 that ferritin 

synthesis is st:irrulated by iron. Since then it has been confirme::l by 

several groups that the synthesis of apoferritin can be st:irrulated by 

loading cells with iron salts, beth in vivo (Drysdale and Munro, 1966) and 

in vitro (Beek et al., 1974). 

Evidence suggests that ferritin likely serves ~ialized functions in 

certain cell types. It may for example, play an imp:>rtant role in iron 

transport and absorption in the intestinal nucosa (Siirres and Dallrnan, 

1974; Greerunan and Jacobs, 1975); in the recycling of iron in macrophages 
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Figure 11. The Fenton reaction. If a s:tngle electron is 

accepted :in the ground state by o2 it produces the superoxide 

radical 02-. 02- is formed in almost all aerobic 

cells. In aqueous solution, o2- will produce E2o2 by 

the disnutation reaction. The subsequent mixture of r3202 

and an iron salt will ge.nerate •OH radicals. It can :in fact 

provoke a whole series of radical reactions. These radicals are 

extraœly reactive and have many dëlllag:ing affects :in living 

system. Fran B. Halliwell and J.M.C. G.ltteridge (1984): 

Bioch.an. J. Vol. 219 p2. 

http:Bioch.an


Fe2+ + ~02-+ Fe3+ + •Œ + ar (Fenton reaction) 

traces of Fe3+ can react further with ~02 : 

and more reactions are possible: 

·œ + ~o2-.~o + H+ + o2-

0- + Fe3+ -+Fe2+ + 0 
2 2 

·œ + Fe2+-+ Fe3+ + œ-

Figure 11. The Fenton Reaction. 
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(Hersko, 1977); and in lang terrn iron storage in the adult liver (Siimes 

and Dallman, 1974; unger and Hershko, 1974). In addition to its role in 

iron rretabolism ferritin has also been deseribe:l as a turor marker (Hazard 

and Dcysdale, 1975) and as a possible regulator of ~opoiesis (Broxmeyer 

et al., 1982) .Tlrus while ferritin serves a ccmron :function of iron storage 

there is also evidence for cell specifie variations in strucb.lre and 

function which may be genetieally regulated features of specifie cell 

types. The recent cloning of ferri tin cDNAs frcm several species should 

provide new insight into ferritin gene organization and the regulation of 

ferritin gene expression and help to define strucb.lre-function 

relationships. 

5.2 Strucb.lre 

Ferritin is a large maerarolecule, canposed of 24 sub.mits assanbled 

in a hollow sphere-like shape, with an aggregate rrolecular weight of 

450,000 daltons. Within this apoferritin shell, anywhere frcm 0-4500 

atcms of iron may be stored in the forrn of ferrie oxyhydroxide erystals. 

Under normal physiological conditions however, it is rarely saturated. 

While the precise rrechanism of iron entry is poorly understood it is known. 

that iron enters ferritin as ferrous iron (Fe2+) and is oxidized to be 

stored finally in the ferrie (Fe3+) forrn (Maeara et al., 1972; Maeara et 

al. , 1973) . There is evidence that this oxidation is a fun.ction of the 

protein itself (Crichton and Ranan, 1978), while others speculate that 

Fe2+ is probably largely oxidized once inside the protein shell 

(Harrison et al., 1980). Iron can be raroved frcm ferritin by using 

biological redueing agents such as reduced flavins. The particular 

effieiency of the reduced flavins to rarove 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. 1 1978; Rice et al., 1983) has shown that the ferritin 

sub..mits share the sane basic structure, which cansists of 5 interlinke:l 

alpha helices (A-E, see Figure 12) • High resolution x-ray 

crystallographic data reveal the presence of eight hydrophobie channels 

fo:r:rned by the N terminal ends of three sub..mitsl while interactions of 

frur sul:units fotm six channels of ab:ut 10 A0 in dianeter, which 

penetrate into the central cavity (Figure 13). The presence of conserve:] 

residues within both types of channels suggests that they may be involve:l 

in iran transport. It ranains to be seen which of these channels (the 

three-fold 1 the four-fold, both or perhaps neither) are involve:l in iran 

uptake and which are invol ve:l in iran release. 

5.3 Isoferritins 

Exaninatian of ferri tins fran different tissues, by isoelectric 

focusing 1 reveals considerable heterogene! ty, indicating that ferri tin is 

in fact a fanily of closely relate:l isoferritins. In the late 70's 

Drysdale and his colleagues suggeste:l that these variations could be 

explaine:l by their observation that there were in fact two distinct types 

of sub.m.its (Drysdale et al., 1977a; Arosio et al., 1978; Kohgo et al. 1 

1980). Identifie:] by their respective roobility in SDS gels these two 

sub.mits were te:r:rned H or heavy sub..mit (21,000 daltons) and L or light 

sub.mit (19,000 daltons). These sub.mits canbine in varying ratios in the 

different tissues. Thus, ferri tins isolate:l fran several tissues could be 

separate:l by isoelectric focusing into isoferri tins which reflecte:l both 

:innunological differences and sub..mit CO'TifX)Sitian (Drysdale et al., 1977a; 

Arosio et al., 1978) (see Figure 14). Isoferritins may also vary within 

the sane tissue under different physiological conditions, such as iron 
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Figure 12. Ribbon diagran of ferritin sub.:mit. This schematic 

representation of the carbon ba.ckbone of a horse spleen 

apoferritin sub..uù.t shcMs the folding of the four long alpha 

helixes A,B,C,D, as well as the smaller E helix. These helixes 

are camposed of anino acid residues 10-39, 45-72, 92-120, 

124-155, and 160-169 respectively. Fran E.C. Theil (1987): Ann. 

Rev. Biochem. Vol. 56 p292. 
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Figure 12. Ribbon diagram of ferri tin sub.mi t. 
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Figure 13. The quatemary structure of ferri tin. Presented is 

a three dirnensianal m:xlel of herse spleen ferritin viewed down a 

rrolecular four-fold axis. Each sub.mit is represented by an 

oblong sha:ped l:uilding brick. Within each of these canponents, 

the area labeled N represents the N terminal region of each 

sub.mi t while the area labeled E represents the E helix end of 

each sub.mit. Fran E.C. Theil 
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Figure 13. The quaternacy structure of ferritin. 
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Figure 14. A m::xlel to explain isoferritins isolated fran :truman 

tissues. The diagran shows the variations in pi values of 

ferritins found in different :truman tissues and diseased states. 

To explain these differences D:cysdale (Drysdale, 1977a) proposed 

that isoferri tins are canposed of va:r::ying prop::>rtians of H and L 

sul::units. Fran T.H. Bothwell et al. (1979): Iron Metabolism in 

Man, p318. 
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overload, inflannation, during developnent, or following neoplastic 

transfo:anation (Drysdale et al., 1977). While the structural significance 

of these changes bas not l:een established it is now widely believed that 

they reflect differences in the ability of the two sul:units to pick up and 

store iron. This is suggested by the observation that in humans, 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 isoferri tins tend 

to have higher iron contents and predaninate in iron overloaded tissue and 

in the liver, a site of long te:r:m iron storage (Arosio et al., 1978). 

Furthe:r:more, iron challenge induces preferentiel synthesis of L sub.mi ts 

in both human (:D:tmer et al., 1983) and rat cells (Banford et al., 1981). 

The possibility that H and L ferritin sub.mits differ in their ability to 

pick up and store iron is now being tested using recanbinant 

isoferritins. Preliminary results suggest that H rich isoferritins take 

up iron rrore quickly. This results in a disordered crystalline core which 

is able to release iron faster (Harrison et al., 1987). In addition 

several groups are now using site directed nutagenesis to identify areas 

of the ferri tin sul:units which are involved in protein assembly, stability 

and iron uptake and deposition. 

5.4 The ferritin gene fanily. 

The recent cloning of ferri tin cDNAs fran several species ( see Table 

2) confims that H and L ferritin sul:units are derived fran different 

mRNAs and provides new insight into the genetic organization of these 

genes and the regulation of their expression. It also provides net~ and 

neccesary tools to address the canplex questions of ferri tin 

st:ructure-function relationships and ferri tin heterogeneity. 

Nucleotide sequence analyses of human H and L ferritin cDNAs indicate 
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Table 2. Ferritin cDNAs cloned fran various species and cell types. 

species 

human 

Rat 

Bullfrog 

cell tYJ;e 

li ver 

lymphocyte 

HL60 

U937 

li ver 

red cell 

reference 

Boyd et al. (1985) 

Boyd et al. (1984) 

Chru et al. ( 1986 ) 

Do~er et al. (1985) 

Brown et al. (1983) 

Leibold et al. (1984) 

Didsbury et al. (1986) 
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that these two genes shl::M extensive harology .ùl their cod.ùlg regions 1 l::ut 

differ marke:lly .ùl their non-cod.ùlg regions (Drysdale et al. 1 1985). 

Amine acid sequences of the two sul::units shl::M abrut 60% harology of which 

80% of those differences co..ù.d have arisen fran s.ùlgle base changes (Boyd 

et al. 1 1984). c:mparison of the 5' untranslated region (lJI'R) of H and L 

ferri tin eDNA fran human and rat daron.strates extensive harologies between 

H and H or L and L of different species l::ut no significant harologies 

between H and L within or between ei ther species. This pattern of 

conservation suggests that the two sul::units may be differentially 

regulated (Lieoold et al. 1 1984). Within the coding region the residues 

.ùlvol ved .ùl .ùlteractions of helices within and between sul::un.i ts are 

strongly conserved (Munro et al., 1985). This allCMS than to form 

sul::units of similar shapes which will be able to .ùlteract appropriately ta 

form the apoferri tm shell. The major difference .ùl the functional groups 

.ùl H and L sul::units lies .ùl the hydrophobie channel at the fcur-fold axis. 

These differences result .ùl a loss of negative charge .ùl the H sul::un.it in 

this region. This may expla.ùl why the H rich sul::un.its take up and release 

iron faster, while iron accurrulates rrore in the L rich isoferritins. (Boyd 

et al., 1985). 

E\.lrther sequence analysis suggests that these two genes are derived 

fran a carm::m precursor gene, which probably diverged abrut 200 million 

years ago (Boyd et al. 1 1985). Analysis of the ferri tin genane reveals 

that .ùl 1:unans 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 theL 

gene and 5 of the H gene (Bram et al. 1 1983) . In roth species hc:Mever 1 

only one functional gene of each type has so far been identified. In 

1:unans an expressed H gene is fcund on chrarosane 11 (WOrwood et al. 1 

http:sul::un.it
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1985) while an expressed L gene is fcond on chrarosane 19 ( caskey et al. , 

1983). The ether copies appear by variws criteria (lack of introns, the 

presence of pol y A tails and the presence of repeats at ei ther end) to be 

non-expressed pseudogenes. However, i t is concei vable that there are rrore 

than two expressed sub..mi ts and that these genes may in fact represent 

distinct sul:uni t types that are expressed in a tissue specifie or 

developnental fashion. This possibility is supported by a recent report 

there are three distinct sub..mit types in the bJllfrog red ce11 (Dickey et 

al. 1 1987). These three ferritin sul:units differ in th.eir ce11 

specificity and regulation by iron. Similar observations may easily have 

been overlooke:l in the past gi ven that these three sub.mi ts are of very 

similar rrolecular weight (20.5, 20.6 and 19.9 as predicted fran eDNA) and 

have similar mRNA length. This suggests that the ferritin genes may 

encode rrore than one species of H and L ferri tin sub..mi t and this may 

account for the canplexity of tissue isoferritins. Alternative! y, or 

possibly additionally 1 there is evidence for extensive post-translational 

rrodification of ferritin sub.mits in different tissues (WOrwood et al., 

1975) . cne or other of these observations may account for the observation 

that proteins with identical sub.mit proportions 1 i.e. HIL ratio, still 

may differ in their isoelectric point. 

Genanic clones for human H and L ferri tin sub.mi ts have recent! y been 

isolated ( Santoro et al. , 1986; Cbnstanzo et al. 1 1986) . Bath H and L 

genes contain three introns and frur exons and the exon lengths of the two 

sub.mits are similar, supporting the hypothesis that they are derived fran 

a carrron ancestral gene. The intron/exon structure of both sub.mi ts 

corresponds weil to the secondary structure of the protein obtained by 

X-ray diffraction (Baynard et al. 1 1978; Rice et al. 1 1983). The first 



three exans correspond to A, B, and C alpha helices respectively whereas 

the frurth exan codes for D and E alpha helices ( see Figure 12) • 
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In the process of isolating these genanic clones several other 

independent clones were isolated 1 ail of which were later detetmined to be 

processerl psa1dogenes. Using a probe preparerl fran the 5 1 flanking region 

of the genanic H ferri tin clone in the case of the H ferri tin study, and a 

3 1 flanking probe fran the L ferri tin genanic clone in the L ferri tin 

study i t was observerl that anly one copy of each gene cculd be famd. The 

authors therefore concluderl that H and L apoferritin are each encoderl by a 

single gene, giving rise to a cartrOil major transcript in ail cells. It is 

possible however that rrul tiple expresserl genes may exist which differ in 

their 5' or 3 1 flanking sequences. Because of the canplexity of the 

ferri tin gene fanily, oore information is requirerl before it is possible 

to understand ferritin gene organization and the regulation of ferritin 

gene expression. 

5.5 Regulation of ferritin synthesis. 

Iran administration induces ferritin synthesis in many tissues of 

intact animals (Drysdale and Munro, 1966), in culturerl cells (Beek et al., 

1974) and in cell free systans (Drysdal.e and Shafritz, 1975). 

E\lrthe:rrrore, preinOlbation wi th actin~cin 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. 1 1976). The prerlaninant site of ferritin sub.mit 

synthesis is on free polyribosanes (Puro and Richter, 1971), and 

following iron administration i t was observerl that there is a shift of 

ferritin mRNA fran the cytoplasmic to the polysanal fraction. Together 

these results suggest that iron admistratian leads to a oobilization of 
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preexisting ferritin mRNA, possibly thrrugh a derepression mechanism. 

These resul ts are surrmarized in a translation control rrodel first proposed 

by Munro and his collegues in 1976 (Zahringer et al., 1976), (Figure 15). 

In this rrodel they speculate that the represser which would bind to the 
1 

5 untranslated region of the ferritin mRNA might be a ferritin 

sub.mi t. This suggestion was based on the observations that a) free 

ferri tin sub.mits in the cytoplasm of hepatana œlls in o.ù. ture will 

assemble into ferritin upon ircn addition to the medium (Lee et al., 1975) 

and that b) in vitro , iron st.inul.ates sub.mit assembly into ferri tin 

(Drysdale and Shafritz, 1975). It was therefore suggested that iron 

entering the cytoplasm would rrobilize these sub.mi ts and thus free the 

mRNA for translation (Figure 15) • 

The precise rrechanism of translational control by iron is œrrently 

under investigation in a Iltl11ber of laboratories. Several groups are 

exanining the 5 1 and 3 1 untranslated regions (UTR) of ferri tin H and L 

cDNAs 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 abili ty of iron to stirrulate CAT expression is then rreasured. 

By selectively deleting regions of the S' or 3' UTR one may identify the 

region which is responsible for the iron response. Munro and collegues 

recently reported evidence, derived fran such an approach, that sequences 

in the 5' UI'R of rat L ferri tin mRNA contain the iron responsive ele:œnt. 

Furtherm:::>re, sequences near the beginning of the 5 1 UTR are protected 

against RNase digestion by a protein present in the œll sap of untreated 

rats. This protein factor no longer protects this sequence if iron is 
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Figure 15. A rrodel for the translational control of ferri tin 

synthesis by iron. Following iron administration there is a 

shift of ferritin mRNA fran the cytoplasmic to the polysanal 

fraction, which in turn leads to an increase in ferritin 

synthesis. This increase is not affected by treatment with 

actinarycin D or cordycepin, suggesting a cytoplasmic control 

mechanisrn. This rrodel proposed by Zahringer et al. (1976) 

suggests that ferritin suhmits adhere to ferritin mRNA 

preventing translation; however, iron administration prarotes 

the assanbly of subnints into ferri tin and thereby ran::::>ves this 

inhibition. Fran Zahinger et al. (1976): Proc. Nat. Acad. Sei. 

Vol. 73 No. 3 p860. 
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administered (Munro et al., 1987). In a similar study using a CAT-fusion 

rriRNA for human H ferritin, Klausner and his collegues (Klausner et al., 

1987) reported that , as with rat L ferritin, the iron resp:xlSive ele:nent 

in the human H ferri tin is contained in the 5' UTR. 

While these results strongly suggest, as bas 1:een classically 

described, that iron regulates ferritin synthesis at the translational 

level, there is a recent report that in Hela cells iron may also stirtulate 

ferri tin transcription (caire et al. , 1985) . These results suggest that 

iron dependent regulation of ferri tin synthesis may be rcore canplex than 

previously hypothesized. Transcriptional control rrechanisms may also be 

operative during developrent since it bas 1:een de:n::>nstrated that the 

relative proportion of H and L ferri tin mRNA is al tered during developnent 

in the b..ùlfrog red cell (Dickey et al., 1987). In addition, ferritin 

mRNA levels have been shown to change during differentiation of HL-60 

cells in culture (Chal et al., 1986). Evidence fran studies which 

examined the regulation of tagged gencmic ferritin clones (Teraoka et al., 

1985) suggest that this is a transcriptional regulation requiring 5' 

upstrean sequences to function correctly. The functional significance of 

such alterations in total ferritin mRNA levels and/or HIL ferritin ratios 

is not clear. It would however suggest that there is differentiai 

regulation of H and L ferritin. It also seems likely that the rrechanism 

of regulation may vary depending on the cell type and physiological 

conditions. So, for exanple, ferritin synthesis may depend rcore on mRNA 

concentration ( transcriptional control) in sane cells and rcore on mRNA 

utilization ( translational control) in others. 

The regulation of ferritin gene expression and synthesis in 

differentiating nurine erythroleuke:nia cells is the subj ect of chapters 
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five and six. These studies were undertaken in order to ascertain whether 

or not there is a œll specifie regulation of ferritin synthesis in 

erythroid œlls, i.e. œlls which are actively synthesizing haooglobin. 

In addition, these œlls are capable of undergoing erythroid 

differentiation in vitro and so also provide a rrodel for the study of 

ferritin regulation during differentiation. 



6. MEL CEI.J:S N3 A MJDEL Eœ. ERY'IHROID DIFFERENI'IATION 

6 .1 Introduction 

The study of normal erythropoiesis is limi too by a rrumber of factors. 

These include the inability to establish long tetm a.ù.tures, to obtain a 

synchronizoo PJP.llation of cells with respect to critical events of 

differentiation or to obtain a significant rrumber of genetic variants 

useful for studying differentiation. To overcane these obstacles 

investigators have turnoo to the study of cell lines which are capable of 

differentiating in vitro. cne such system is the Friend virus transfonneà. 

rrurine erythrola.:ikania (MEL) cell line. 

6. 2 MEL cells 

MEL cells are a virus-transfonneà. erythroid cell line, first descril:ed 

by Charlotte Friend in 1967. They are derivoo fran mice infectoo with the 

Friend virus canplex (F-MuLV) , which consists of two distinct viral 

activities. The first, Spleen Focus-Fotming Virus (SFEV) , is responsible 

for the onset of splenaœgaly, hepataœgaly and erythroleukania and is 

assayoo by i ts abili ty tc induœ colonies in the spleens of suseptible 

miœ. This virus, however, is defective and requires a second, hel:per 

virus which may be any one of a rrumber of rrurine leukemia virus (MuLV) 

strains for replication. In 1957 Charlotte Friend first isolated this 

virus (F-MuLV) fran the spleens of mice previously inoa.ù.atoo with 

filtrate fran Ehrlich ascites bm::>r cells and who had developed 

erythrola.:ikemia. Animals infectOO with Friend virus and who develo:ped the 

disease showed enlargoo spleens, li ver and hy:perplastic J:one marrow ail of 

which containoo m.merous œlls wi th the biochemical markings of the 

erythroid lineage. The target of this virus induce:i leukemia, therefore, 

appearoo to be imnature erythroid cells. Interestingly, the Friend virus 
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canplex (F-MJLV) does not contain a recognized viral ancogene, and the 

mechanism of cel1 transformation by this virus is still unknown. 

In 1967, c. Friend was successful in establishing a number of cell 

lines deri ved fran the spleen colonies of Friend virus infected mice. 
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When cloned in semi -solid agar indi vidual cells shed fran these turrors 

gave rise to colonies containing both inTnature cells and differentiated 

ecythroblasts, suggesting the p:>tential for ecythroid differentiation. 

These lines display a low level of spontane.Jos differentiation ranging 

fran • 5 - 20 %. None of the cel1 lines required erythropoei tin to survive 

nor did they respond to ecythrop:>ietin by either dividing or 

differentiating. It seens likely, therefore, that the Friend virus 

canplex infects an early erythroid precursor canparable to cru-E, and 

viral transformation then makes the target cell independant of the normal 

physiological regulator erythrep:>ietin. 

Murine ecythroleJkemia cells (MEL) are, therefore, virus transfo:r:rned 

erythroid cells blockerl in a relatively early stage in the pathway of 

differentiation. When grow.n in culture these cells display a low level of 

spontaneous erythroid differentiation ( =:;1%) • However, ecythroid 

differentiation can be induced (in vitro ) by severa! know.n chemical 

inducers (Friand et al. , 1971) • There are severa! rep:>rted inducers of 

MEL cell differentiation ( see Table 3) • They vary in their abili ty to 

induce erythroid differentiation and in the time course of the 

differentiation progran. However, this progran of induced differentiation 

in many ways parallels that of normal erythroid developnent and, 

therefore, provides a m:::del systan in which to study the cellular and 

rrolecular events which occur during tetminal erythroid differentiation. 

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



Table 3. Inducers of nurine erythroleukernic differentiation. 

Generally strong induc:ers 

Polar·planar compoundsb 

Dimcthylsulfoxide 
l·M.ethyl-2-piperidone 
N ,!11.-Dimethylacetamid« 
N·Methylpyrrolidînone 
N-Methylacetamide 
N ,N·Dimethylformamide 
N·Methylformamide 
Acetamide 
Triethylene glycol 
Polymethylene bisacetamides (n • 2-8) 
Hexamethy lene bispropionamide 
Acetamide 
Tetramethyl 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· Thioguanine 
6-Amino-2-mercaptopurine 
2-Acetylamino-6-mercaptopurine 

Fatty acids 

Butyrylcholine 

Other 

Oua bain 

Generally weak induc:ers 

Polar-planar compounds 

2-Pyrrolidinone 
Propionamide 
Pyridine-N-oxide 
Piperidone 
Pyridazine 
Dimethylurea 

Antibiotics and antitumor agents 

Vincristine 
S -Fiuorouracil 
Methramycin 
Cycloheximide 
X irradiation 
UV irradiation 
Adriamycin 
Cytosine arabinoside 
Mitomycin C 
Hydroxyurea 

Diamines 

Cadaverin.: 

Fatty acids 

Acetate 
Propionate 
Butyrate 
Iso butyrate 

Other 

Hernin 
MethyUsobutylxanthine 

Modified fran P. Marks and R. Rifkind (1978). Ann. Rev. Biochan. Vol. 47, 

p.428. 
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of the hane biosynthetic patl::!way (Sassa, 1976) b) an increase in 

transferrin receptor expression (FD..l et al. , 1977; Yeoh and Morgan, 1979; 

Wilczynska et al. 1 1984; Laskey et al. 1 1986) and iron uptake (Glass et 

al. 1 1978; Laskey et al., 1986) and c) an increase in globin mRNA (Ross et 

al. , 1976) ail of which lead tc the aCCI..1TL1lation of large arrounts of 

herroglobin. This differentiation process is accanpanied by the onset of 

terminal cell division, i.e., the loss of capacity for proliferation. 

Morphologically, the cells becaœ snaller, show a decreased nuclear tc 

cytoplasnic ratio and are canparable tc orthochranatophilic nomoblasts 

{Friend et al. , 1971) • 

6.3 MEL cell differentiation 

MEL cell differentiation can broadly speaking l:e divided intc early 

and late events. Detectable carmitment l:egins within the first 9-18 hours 

following exposure tc inducer. "Ccmni tted" cells will canplete terminal 

differentiation in the absence of inducer (Glsella et al. 1976). After 

48-72 hours 80-90% of MEL cells will have undergone irreversible 

carmitment (Fibach et al. 1 1977). It is within the initial lag phase of 

9-18 hours that the signals which drive the cells tc terminal 

differentiation are initiated. The late stage of MEL cell induction 

includes the acCI..litl.llation of herroglobin and the drop in prolifera ti ve 

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 

he:œ synthesis (Sassa, 1976). High intracellular he:œ levels are a later 

event and may play a role in rrodulating the late events {Friend et al. , 

1971; Mager and Bernstien, 1979) . Hane treatment can potentiate rM30 

induction of MEL cells, rut will not by i tself ini tiate terminal erythroid 



-69-

differentiation (Ross and Sautner, 1976; Qlesella et al. , 1980) . en the 

ether hand, inhibi tien of endogenous herne synthesis will inhibi t the onset 

of te:rntinal cell division and h.emJglobin accurrulation, and this block is 

relieved by treatment with hemin (Mager and Bernstien, 1979). Therefore, 

herne may play a necessary role in eliciting the canplete differentiation 

progran, rut only after cells reach a partio.llar stage (presumably this 

would be the ccmnitment stage) • 

Altered expression of a number of genes oco..1rs during te:rntinal MEL 

differentiation. These alterations can be considered in two distinct 

catergories, a) alterations which lead to the accurrulation of the 

characteristic features of erythroid differentiation, e.g., h.emJglobin and 

b) alterations which result in the cessation of proliferation and the loss 

of turorogenic capacity. MEL cells can therefore be used to study 

alterations in, and the regulation of, gene expression during erythroid 

developrent as weil as rrechanist1S which may be invol ved in controlling 

cell division. The regulation of globin gene expression for example, 

probably the roost striking event, bas been extensively studied and has 

provided valuable insight into transcriptional control rrechanist1S ( refer 

to; Olrtis, 1980; Marks et al., 1987). 

A number of grrups are currently investigating the possible 

involverœn.t 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~b ( decreases and rernains law) and c~c ( decreases in the 

initial 1-4 hours and then reb.lrns to normal) expression occur during the 

!ni ti al latent peri cd 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). E\lrthe:r::roore, transfe.ction of MEL cells with an 

expression ve.ctor cantaining c-reyc leads to a block: in IM30 induced 

differentiation (Coppola and Cole, 1986). While it is not yet clear how 

protooncogenes eilicit their appropriate cellular response or how the 

inducing agents gi ve rise to the changes in protooncogene expression, they 

do appear to have sane role in the differentiation progran. 



ŒARACI'ERISTICS OF rMSO INIXJCE:D MURINE 

ERYTEIROLEt.JI<En.1IC DIF.EERENTIATION 
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PREFACE 

While considerable information bas been gained fran 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 nurine erythroleukemia (MEL) cells were selected 

as a m:Xlel for erythroid differentiation. These cells provide a system in 

which to study the changes in cellular physiology and gene expression 

which lead to the developœnt of the mature erythroid phenotype. The airn 

of this chapter therefore, is to discuss MEL cells as a m::rlel and to 

characterize the basic features of MEL differentiation in relation to iron 

metabolism. 
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ABSTRACI' 

As an initial step in the investigation of iron metabolisn in 

differentiating nurine 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. In this chapter 

benzidine staining is used to determine the percentage of cells which are 

actively synthesizing haroglobin. To determine the time course and 

effectiveness of lM30 induction, cells were O.Jltured in the presence and 

absence of lM30 (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 lM30 

induction. Finally the induction of a and 13 globin mRNA was measured 

to ascertain if the pattern of globin gene expression concurred wi th 

results previc:usly reported for this cell line. Since the expected 

pattern of globin induction has already been verified in severa! 

laboratories, this systan could be used to asses the northern and dot-blot 

techniques to be used in further experiments. 



INIROOOCI'ION 

The objective of this work is ta characterize the changes which occur 

in iron metabolism and their significance during erythroid 

differentiation. While erythropoiesis constitutes one of the best 

characterized developnental systans in higher eukaryotes, the sb.ldy of 

normal erythropoiesis is limi ted 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) . Ta circumvent these problans cell lines capable of 

undergoing cellular differentiation in vitro have been established. One 

such system is the in vitro erythroid differentiation of Friend 

virus-transformed rrurine erythroleukemia cells (termed MEL or Friend 

cells) (Friend et al.,l971). 

The MEI. m::rlel provides an excellent system for the study of erythroid 

differentiation. The cells can grCM indefinitely in culture, it is 

relatively easy to generate rrutant clones and they can be induced to 

differentiate in a synchronized fashion. HCMever, the m::rlel also suffers 

fran 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 canplete erythroid maturation, e.g., 

it will not enucleate. So, while MEI. cells provide an excellent m::rlel, 

results should be interpreted cautiously. In addition, the extent and 

kinetics of induced differentiation will depend on the MEI. clone used, as 

well as on the inducing agent. Therefore, i t 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 dirnethlysulfoxide (I:M.30). 
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MATERIALS AND MEI'I:I)l)3 

Chemicals. Iron free human transferrin was obtained fran Behringwerke 

(Marl:urg, West Germany); rrouse transferrin was kindly provided by Dr. Evan 

Morgan, the university of Western Australia; lacto:peroxidase was fran 

Calbiochen (Los Angeles, CA.). Of Sephadex and CNBr activated Sepharose 4B 

were obtained fran Phannacia (J.)Qrval, Çuebec) . Ali other chan.icals were 

of the highest p1ri ty av ail able. 

59FeCJ..3 (10-25 rrCi/mg), 125I (17 Ci/mg), and 32P-dCI'P (800 

Ci/rrrrol) were p1rchased fran New England Nuclear Corp. (Boston, MA). 

Media and reagents were fran Flow Laboratories (McLean, VA) and tissue 

culture plastic ware fran Falcon (Oxnard, CA). 

Plasmids containing the cD.NAs for rrouse a-globin and (3-maj or globin 

were kindly supplied by Dr. W.French Anderson (N.I.H.), nitrocellulose 

paper was fran SChleicher & Sclruell (Keene, NH.) pore size 0.45 ].lm, the 

nick translation kit was fran Bethesda Research Laboratories 

(Gaithersrurg, MD), and NIF-RX films were fran E\lgi (Japan). 

cells and Cell a.ùture. Friend murine erythroleukan.ia cells used were 

derived fran clone 745A originally isolated by Dr. Charlotte Friend. Cell 

cultures were grcmn at 37 °C in an abrosphere of 95% air and 5% c:o2 in 

Eagle's minimal essential m::d.ium (MEM) containing 10% fetal calf serum. 

Cells were subcultured every 96 hat an initial cell concentration of 

approximately 5 X 104 cells/ml. Ebr induction, cells were grown in a 

m::d.ium containing 1.5% dimethlysulfoxide {!M30) at the time of 

subculturing. After 96 h, both induced and uninduced cells were collected 

by centrifugation at roan tenperature and washed three times wi th 

serum-free m::d.ium. The percentage of benzidine positive cells was 

determined by the method of Orkin et al. ( 1975) . 
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Studies with 59Fe and 125r transferrin. 59FeC13 in 0.5 rrol/L 

HC1 was converted to ferric citrate by the addition of a 20-fold molar 

excess of sodium citrate. 59Fe-transferrin was prepared by mixing the 

59Fe-ferric citrate with transferrin in a molar ratio of 2 mol Fe:1 mol 

transferrin. After the addition of solid NaHOJ3 to a final 

concentration of 0 .1 mol/1 the pH was adjusted to 7. 4 and the solution 

kept at roon tat'[Perature for three hours. The preparation was then 

extensively dialyzed (Martinez-Medeillin and Schulman, 1972). 
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To prepare 125r-transferrin, apotransferrin was saturated with 

unlabelled iron as its citrate canplex (1:20) and labelled with 125r 

using lactoperoxidase coupled to CNBr activated Sepharose 4B according to 

the procedure described by David ( 1972) . 

To rœasure transferrin and iron uptake, induced and uninduced Friend 

cells, at concentrations of 1 X 10 7 cells/ml, were inœbated in 

serurn-free medium containing human transferrin labelled either with 59Fe 

or 125r. At the indicated tilre periods sanples were collected by 

centrifugation and washed three tilres with cold phosphate-ruffered saline 

(PBS) and 125r and 59Fe associated with the cells were rœasured with 

an LKB Ccrrrp.lgarrma counter. 

Measurerrent of cellular herne and non-herne 59Fe were perforrneë.! either 

by an acid precipitation rœthod (Borova et al., 1973) or by acid 

rœthylethylketone extraction (Teale, 1959). There was an estimated 8% 

loss of total cellular herne during extraction with rœthylethylketone. 

When final herne estimates were corrected for this loss, the two rœthods 

yielded values which were virtually identical. In vie;.~ of the similar 

results with the two rœthods, it is unlikely that tightly bound, poorly 

extractable 59Fe is trapped by acid precipitation and as this method is 
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rrore rapid i t was the methcrl of preference. 

Northem and Dot-Blot Analysis. TO extract 'RNA, MEL cells were washed 

and resuspended ill lysis blffer (0.14M Nacl, 1.5 nM MgCJ.2, 10 rrM 

Tris-rel pH 8.0, .5% NP-40). The cell lysate was collected after 

centrifugation for 10 min ill an eppendorf microcentrifuge. The lysate was 

then extracted wi th phenol/TE and precipi tated in ethanol. The pellet was 

resuspended ill DNASe blffer and treated with 'RNA.se free DNASe for 30 min 

at roan tenperature. The preparation was then re-extracted wi th phenol/TE 

and precipitated in ethanol. Electrophoresis and transfer lf'Jere performed 

as described by Davis et al. (1986), except that 2.2 M forrnaldehyde was 

used ill the runn.ing blffer. 

For dot blot analysis, a knCMn. concentration of total cellular RNA was 

resuspended ill O.lX SSC, 7.5% forrnaldehyde and heated to 65°C for 10 

minutes. The Séll11ple was then cooled on ice for 5 minutes and serially 

diluted ill the sare blffer. Four microli ters of each dilution was then 

spotted onto nitrocellulose paper (Schleicher & Schuell), wbich had been 

previously soaked for 15 minutes ill lX ssc. The filter was subsequently 

air dried and baked ill a vaa.rum oven at 80°C for 2 h. 

Hybridizations were carried out as described by Meinkoth and Wahl 

(1984) at 42°C ill 50% formanide, sx :cenhardt's solution, 0.1% sr::s, sx 

SSPE, 200 ug/ml denatured herring sperm DNA and 10% dextran sulfate. The 

probes used were cDNAs for rrouse a and 13-globill respecti vely .. 

Nick translations were performed with 32P-dCTP according to the 

manufacturers instructions. Specifie acti vi ty of the probe was 

approxirnately 108 cpn/ug. The filters were washed accordillg to the 

method described by Meinkoth and Wahl ( 1984) . 



RESUL'IS 

Effect of I:M30 on grc:M:h and differentiation. The effect of 

dirœthlysulfoxide on growth and differentiation of MEL cells can be seen 

in Figure 1. Cells grcmn in the presence of 1. 5% :r::MSO show a sanewhat 
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slower grc:M:h rate, reaching about 80% that of control cells after 4 days 

(panel A). The ability of :r::MSO to induce differentiation can be seen in 

panel B. In cells grcmn in the absence of :r::MSO the percentage of 

benzidine positive cells is always less than 1%. Cells grcmn in I:MSO 

( 1 . 5%) show a dranatic increase in benzidine staining after the third day 

reaching a maxinun of 85% on the fourth day. 

As can l::e seen in Figure 2, after four days of grcwth in the presence 

of I:M30 there is a marked change in the color of the cell pellet. While 

the control pellet re:nains colorless throughout the induction period the 

:r::MSO treated pellet turns red, indicating the presence of herroglobin. 

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 :r::MSO induction. 

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

iron incorporation from saturating concentrations of 59Fe-transferrin 

into beth whole cells and herne are significantly increased following :r::MSO 

induction. 

Estimation of transferrin receptor nunl::ers {Figure 5) shows that 

following 4 days of exposure to :r::MSO the number of transferrin binding 

sites increases roughly three-fold. These results, together with previous 

studies (Hu et al. , 1977; Yeoh and Morgan, 19'7Q; Wilczynska and Schulrnan, 

1980) suggest that following induction, in adr! · · ; on to an increase the 

enzyrres of the herre biosynthetic pathway (Sassa, ~ 976), there is also an 
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Figure 1. The effect of dirœthylsulfoxide (IMSO} on growth and 

differentiation of MEL cells in ali ture. Cells were grown in the 

presence or absence of 1. 5% IMSO. At the indicated tirœs 

sanples were counted, and stained with benzidine, according to 

the method of Orkin et al. (1975). The effect of IMSO 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 dilœthy lsulfoxide ( r:M30) • Cells 

were grown in the presence of 1. 5% r:M30 for four days, after 

which they were collected by centrifugation and washed three 

tirees in PBS. Control cell pellets, shawn on the right of the 

photograph, are off-white. Cells grown in the presence of r:M30, 

shown on the left of the photograph, are distinctly red, 

indicating the presence of hem:Jglobin. 
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Figure 3. Benzidine stained MEL cells as they appear under the 

light microscope. MEL cells were grown. in the presence and 

absence of r:M30 for four days. Samples were then taken and 

stained wi th benzidine, according to the rrethod of Orkin et al. 

( 1975) . Control cells, as they appear under the light 

microscope, are shown. in the top frame of the photograph, ail 

cells in this view are benzidine negative. The oottan frane of 

the photograph shows induced cells, roost of which are seen to 1:e 

positively stained. 
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Figure 4. The inco:q;:oratian of 59Fe fran saturating 

concentrations of 59Fe-transferrin by induced ( • ) and 

uninduced ( o ) MEL cells. MEL cells were incubated with or 

wi thout 1. 5% :r:MSO for four days, washed, and resusp:mded in 

fresh medium without serum. Samples of 1 X 107 cells were 

incubated at 37°C in 0.5 ml (MEM medium with 1SrrM Hepes, pH 

7. 4) containing 59Fe-transferrin at a final concentration of 

20 ).lM. At the in.dicated t:irœ intervals cells were chilled, 

washed three t:irœs in phosphate b.lffered saline, and their 

incoq;orated radioactivity measured in l:::oth total cells and hene 

fractions. Since previous studies showed that IT'O..lSe 

reticulocytes utilize iron equally well fran human and fran 

IT'O..lSe transferrin (A. Wilczynska, and H.M. Sclru.l.man 1978, 

unpublished}, cannercially 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 

constant atO.lil.t of 125r-labelled transferrin rut increasing 

atO.lil.ts of unlabelled transferrin. Each sanple was incubated 

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

with cold PBS and the cell-bound 125r-radioactivity measured. 

Specifie transferrin binding was calculated by taking the 

difference bet"Ween total and non-specifie binding ru.rves. 

Non-specifie binding was calculated fran the slope of the ru.rve 

bet"Ween 25 and 50 pool of transferrin ( 0. 5 ml, final volure) . 

Right: The Scatchard analysis of the data fran the 

transferrin saturation curves representing specifie binding. 

This anal ysis plots the bound over free transferrin versus the 

atO.lil.t of transferrin bound. The linearity of the graph 

indicates the presence of one class of receptors wi th the x axis 

intercept representing the Bmax, and the negative inverse of 

the slope representing the Ka of the receptor. 
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increase in transferrin mediated iron uptake probabl y due to an increase 

in the number of transferrin receptors. 

cellular RNA levels. It has l:.:een previousl y reported ( Grandchamp et 

al., 1985; Parker and Housanan, 1985; Sherton and Kabat, 1976), that 

following IM30 induction there is a decrease in cellular RNA content. Cllr 

exper.iments confirm this finding as shawn in Table 1. After four days of 

o..ùrure in the presence of J:l.1SO there is an approximate decrease of 40% in 

total cellular RNA as canpared to control cells. Similar decrease in 

poly A+ RNA bas also l:.:een reported (Grandchanp et al. ,1985) 1 (see Table 

lB) • It is important to note however 1 that the proportion of mRNA/total 

RNA remains constant throughout the induction period. 

Induction of globin mRNA. by J.'l.1SO. In arder to determine the tirnE:: 

course of a and f3 globin mRNA acam.ùation total RNA was isolated fran 

MEL cells after various periods of tirnE:: in o..ùrure, in the presence of 

J:l.1SO (0,24,48, 72 and 96 h), and was subjected to northem analysis 

(Figures 6 and 7). As can be seen, treatrnent of MEL cells with J.'l.1SO 

results in a dramatic increase in botha and f3 globin mRNA 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. 1 1985; 

Lowenhaupt and Lingrel, 1979). Previous srudies have shawn 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 

stirrulated by treabnent with exogenous hene (Ross and Sautner 1 1976; 

Dabney and Beaudet, 1977) . 
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Table lA. The effect of :r:M50 on RNA/cell. MEL cells were 

counted and harvested after different tirres of a.llb.lre in the 

presence of 1. 5% :r:M50. Total RNA was prepared and the RNA/ cell 

estimated. Table lA shCMS these results, expressed as the rrean 

± S.D. fran seven inde:pendent experiments. 

Table lB shCMS sirnilar resul ts obtained by Grandchanp et al. 

(1985). They also rœasured poly A+ and showed that it 

decreased proportionately. 



Table lA. The effect of d.irœthylsulfoxide (I:MSO) on total RNA. 

t.irœ after I:M30 

addition (hours) 

0 

96 

total RNA 

pg/cell 

7.15 ± 1.84 

4.51 ± 1.20 

Table lB. The effect of d.irœthylsulfoxide (I:M30) on total and polyA+ 

RNA. 

t.irœ after I:M30 

addition (hours) 

0 

96 

total RNA 

pg/cell 

8.2 ± 0.3 

5.5 ± 0.2 

P='lY A+ RNA 

pg/cell 

0.53 ± 0.02 

0.31 ± 0.01 
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Figure 6. Induction of a-globin mRNA during IM30 induced 

differentiation of MEL cells. Samples of total RNA (10 ]lg) fran 

MEL cells grow.n for various times (0,24,48,72 and 96 h) in the 

presence of 1. 5% IM30 were electorphoresed in a 1% agarose gel 

as described in Materials and Methods. The top panel shows the 

ethidium branide staining of total RNA prepared fran each 

sample, indicating that the same arrount of RNA was applied to 

each lane and that this RNA was not degraded. FollONing 

electrophoresis and transfer to nitrocellulose paper, the fil ter 

was hybridized with 32P-labelled eDNA probe for rrouse 

a-globin, specifie activity 5 x 107 cpm/]lg, 2 x 106 

cpm/ml, and autoradiographed ( bottan panel) . 
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Figure 7. Induction of rJ-globin mRNA during I:M30 induœd 

differentiation of MEL cells. Sanples of total RNA (10 ]Jg) 1 

fran MEL cells grown for various times {0124148, 721 and 96 h) in 

the presence of 1. 5% J:MSO, were electrophoresed in a 1% agarose 

gel as descril:::ed by Davis et al. ( 1986) except that the 

concentration of for:ma.l.dehyde was increased to 2. 2 M. The top 

panel shcws the ethidium branide staining of total RNA prepared 

fran each sample 1 indicating that the same am:::JUilt of RNA was 

applied to each lane and that this RNA was not degraded. After 

transfer to nitrocellulose, the filter was hybridized with 

32P-labelled eDNA prol::e for rrouse rJ-globin (specifie activity 

5 x 107 cpn/]Jg, 2 x 106 cpn/ml) and autoradiographed. 
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Figure 8. Dot blot anaylsis of a-globin mRNA induction 

during tMSO in.duced differen.tiation of MEL cells. The samples 

of total RNA isolated fran MEL cells after various periods of 

exp:>sure to I:MSO ( described in Figures 6 and 7) were also 

analyzed by dot blotting. For each time interval (0,24,48, 72, 

and 96 h), 10 llg of total RNA and serial dilutions were spotted 

onto nitrocellulose paper, as described in Materials and 

Methods. Filters were prepared in duplicate and hybridized with 

32P-labelled eDNA probes for a and ~-globin respectively. 

Specifie activity of both probes was 5 x 107 cpm/llg and 

hybridization mixtures contained 2 x 106 cpm/ml. 

Autoradiograms of these filters are presen.ted here (Figures 8 

and 9) . To analyse this type of data, such autoradiograms can be 

subsequen.tly scanned with a laser den.sitameter and arbitrary 

scann.ing uni ts calculated for each spot. For any one 

experimental condition, concentration limits can be selected 

where the inten.si ty of the RNA spots is proportional to the 

arrount of RNA spotted. In this way a linear range for each 

experimental condition can be defined. To compare between. 

groups, a single concentration which falls wi thin the linear 

range of ail groups, is selected and at this concentration, 

arbitrary scann.ing units campared. This type of analysis is 

used in Chapter 5. 
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Figure 9. I:bt blot analysis of ~-globin mRNA induction during 

dimethylsulfoxide (J:M)()) induced differentiation of MEL cells. 

Sanples of total RNA isolated fran MEL cells after varirus times 

of exp:>SUre to J:M)() 1.5%, were analyserl by dot blets and the 

relative arrounts of ~-globin mRNA visualizerl by autoradiogram. 

RNA preparation and blot an.alysis is describerl in detail in 

Figure 8. 



c( 
z 
Clll: 

œ 
:t. 

t 
lt) . 

0 <0 
0) 

- 100-



-101-

DISOJSSION 

The terminal differentiation of MEL cells has been descril:led in tenns 

of rror:phologicall biochan.ical and rrolecular changes. However 1 a number of 

different MEL cell strains have been cloned and these may vary in their 

ability to differentiate, in their respansiveness to specifie inducers 1 

and in the time course and exact pattern of induction. Perhaps one of the 

rrost carm:>nly used clones 1 and the clone used in this study, is clone 7 45A 

(Friend et al. 1 1971) . The aim of this study was to characterize the 

pattern of MEL differentiation in response to the inducing agent 

dimethlysulfoxide (IMSO) , under the candi tions and methods used in this 

laboratory. 

The resul ts confirmed that the clone used ( 7 45) followed the expected 

pattern of developnent, and provide a basis for canparison for ether 

experiments in which perturbations will be introduced. The results 

indicate that, in our hands, IMSO was an effective inducer of MEL cell 

clone 7 45. After four days of cul ture in the presence of IMSO ( 1. 5%) , 

benzidine staining reached a max:im.lm of 85% which is in accordance wi th 

previous studies (Friend et al. 1 1971). Also confirmed were the 

follc::wing: an increase in iron uptake (Glass et al., 1978; Wilczynsk:a 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 Schulman1 1980; Laskey et al. 1 1986); an increase in hene synthesis, 

as measured by 59 Fe incorporation into herre ( Granick and Sassa, 1978; 

Glass et al., 1978; Laskey et al., 1986); and an increase in a and 13 

globin mRNA accurrulation (Ross and Sautner, 1976: Grandchanp et al., 1985) 

rt can be concluded therefore, that MEL cells, when treated wi th IMSO, 

ini tiate a coordinated progran of erythroid developrent which resembles 

http:max:im.lm


normal erythroid differentiation. and leads to the accurrulation. of large 

aro.mts of herroglobin in these cells. 
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PREFACE 

In Chapter 3 the hypothesis that the regulation of hene synthesis is 

distinctly different in erythroid and non-erythroid cells is tested. As 

review'Eld in Chapter 1, previous work has shown that in rabbi t 

reticulocyt.es hene controls cellular acquisition of iron fran transferrin 

rather than controlling the synthesis of MA, which is known to regulate 

bane synthesis in hepatocytes and bacterie. Moreover, recent work has 

provided evidence that in rabbi t reticulocyt.es the rate of iron uptake 

fran transferrin, rather than MA synthase, limits the rate of bane 

formation. 

In Chapter 2, i t was deronstrated that MEL cell differentiation 

results in an increase in the .rn.l11ber of cell transferrrin receptors, 

increased iron uptake fran transferrin and an increase in the rate of haTe 

synthesis. In this respect these changes parallel those thought to occur 

during normal erythroid developnent. In this chapter MEL cells are used 

to study the control of bane synthesis before, and after IMSO induction. 

The question is asked whether erythroid specifie control of hene synthesis 

develops as the cells acquire the abili ty to synthesize large arrounts of 

hene. 
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ABS'I'RACI' 

In many types of cells the synthesis of ô-arninolevulinic acid (ALA.) 

limi ts the rate of he:ne formation. However, resul ts fran our laboratory 

with reticulocytes suggest that the rate of iron uptak.e fran transferrin 

(Tf), rather than ALA. synthase activity, limits the rate of hane synthesis 

in erythroid cells. To determine whether changes OCOlr in iron metabolism 

and the control of he:ne synthesis during erythroid cell developnent Friend 

erythrolE!Uk.ania cells induced to erythroid differentiation by 

dirnethlysulfoxide (IM30) were sb.ldied. While added ALA. st.irrulated he:ne 

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 uptak.e fran Tf limi ts and 

controls hane synthesis. Several aspects of iron rnetaoolism were 

investigated using the synthetic iron chelator salicylaldehyde 

isonicotinoyl hydrazone (Slll). Beth induced and uninduced Friend cells 

tak.e up and utilize Fe for herne synthesis directly fran Fe-Slll without the 

invol vement of transferrin and transferrin receptors and to a rruch greater 

extent than fran saturating levels of Fe-Tf ( 20 lJM) • F\lrthemore, in 

induced Friend cells lOO lJM Fe-SIH sttmulated 2-14c-glycine 

incorporation into he:ne up to 3. 6-fold as ccmpared to the incorporation 

observed with saturating concentrations of Fe-Tf. In contrast, Fe-sm, 

even when added in high concentrations, did not stirrulate herœ synthesis 

in uninduced Friend cells rut was able to do so as early as 24 to 48 h 

following induction. In addition, cantrary to previous results with 

rabbi t reticulocytes, Fe-Slll also sttmulated globin synthesis in induced 

Friend cells above the levels seen with saturating concentrations of 
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transferrin. These resul ts indicate that sane step ( s) in the pathway of 

iron fran extracellular Tf to proto};X)rphyrin, rather than the activity of 

AfA synthase, lirnits and controls the overall rate of hane synthesis and 

};X)Ssibly h.aroglobin synthesis in differentiating Friend erythroleukemia 

cells. 
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INI'ROOOCI'ION 

The first step in the formation of bane, which is synthesized in ail 

aerobic cells, is the condensation of glycine and succinyl coeneyrœ A ta 

form 5-aninolevulinic acid (AIA); a reaction catalyzed by the 

mitochondrial eneyrœ AIA synthase. In sare bacteria (Burnhan and 

Lascelles, 1963) and in hepatocytes (Granick and Urata, 1963) AIA synthase 

is the rate-l.imi ting eneyrœ of hane biosynthesis and bath the 

synthesis(Burnhan and Lascelles, 1963; Granick et al., 1975) and activity 

of the enzyrre (Patemiti and Beattie, 1979) are controlled by the level of 

intracellular hane. Although it has been suggested that hane synthesis in 

erythroid cells is regulated by a similar mechanism (London et al. 1 1964; 

London, 1980; Ibrahan et al., 1983) 1 this view has been challenged 

(Neuwirt et al. 1 1969) and a grcming body of evidence suggests that AIA 

synthase acti vi ty does not control hane synthesis in these cells (Panka 

and Neuwirt, 1970; Panka et al., 1973; Wocx:ls, 1974; Sassa, 1976; Malik et 

al. ,1979a,b; Sassa, 1980; Panka and Schulmanl 1985a,b). The existence of 

distinct regulatory features of bane biosynthesis in erythroid cells sean.s 

plausible because of the large quanti ti es of hane that are synthesized by 

erythroid as canpared ta other cells. 

In erythroid cells the control of iron supply ta mitochondrial 

ferrochelatase, the last eneyrœ in the hane pathway, may regulate hane 

synthesis (Panka and Neuwirt, 1974; Panka and SChulman, 1985a,b). The 

uptake of iron for bane synthesis in erythroid cells inval ves the binding 

of Fe-transferrin to specifie receptors at the cell surface, 

intemalization of the Fe-transferrin: receptor canplexes in endocytic 

vesicles, release of iron and i ts transport ta mi tochondrial 

ferrochelatase by an unknown mechanism, and retum of transferrin:receptor 
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canplexes to the surface where a,POtransferrin is released (Morgan. 1981) . 

In retia.ùocytes iron uptak.e is coordinated wi th its utilization for herne 

synthesis by a mech.anism in which herne feedback inhibits the uptake of 

iron fran Fe-transferrin (Ponka and Neuwirt, 1969; Ponka et al., 1974; 

Schulman et al., 1974) and this control is probably specifie for erythroid 

cells (Schulman et al., 1981). Since herne does not inhibit AIA synthase 

activity in h.a:roglobin-synthesizing cells (Ponka and Schulman, 1985a,b), 

one of the steps in the Fe-transferrin cycle may limit the overall rate of 

herne synthesis in such cells. Evidence for this was obtained (Ponka and 

Schulman, 1985a,b) by using specifie iron chelators (such as Fe-Slli which 

bypasses the Fe-transferrin cycle) and shcming that by increasing the iron 

taken up by retia.ùocytes herne synthesis is increased above the maxll!un 

observed with saturating aTOUnts of Fe-transferrin. Hcmever, retia.ùocytes 

appear late in erythroid differentiation and, lacking nuclei, cannet be 

used for studying transcriptional events. 

The aim of this present work was to extend our experiments to less 

mature erythroid cells by using the Friend murine erythroleuk.enia cell 

systan (Friend et al., 1971). These virus-transformed cells resanble 

erythroblasts and can be induced to erythroid differentiation wi th 

dimethlysulfoxide (IM30) or a variety of other agents (Reuben et al., 

1980; Marks and Rifkind, 1978) . Follcming induction the cells synthesize 

globin mRNA (Ross et al., 1972) 1 increase enzymes of the herne pathway 

(Sassa, 1976) 1 increase transferrin receptors (Wilczynska et ·al., 1984) 

and iron uptak.e (Glass et al., 1978) and synthesize and accurrulate large 

quantities of h.a:roglobin. Therefore, these cells are weil suited for the 

study of iron metabolism and heme synthesis during erythroid 

differentiation. 
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In this study Fe-Slli was used as a source of iran for Friend cells in 

order to exanine the effect of increased iran uptake on hare synthesis 

during erythroid cell developnent. The results obtained indicate that 

iron utilization fran transferrin l.imits the rate of he:ne production in 

Friend cells which are actively synthesizing h.aooglobin tut not in 

uninduced cells. 
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MATERIALS AND MErHO:œ 

Olenicals. Iron-free human transferrin was obtained fran Behringwerke 

(Marl:urg, west Germany); rrouse transferrin was kindly provided by Dr. Evan 

H. Morgan, the University of Western Australia; 4,5-dioxoheptanoic acid 

(succinylacetone, SA) was fran u.s. Biochemical Corp. (Cleveland, Ohio) 

and lactoperoxidase was fran Calbiochan (Los Angeles, CA). 01 Sephadex 

and CNBr activated Sepharose 4B were obtained fran Pharmacia (Dorval, 

Çuebec) . Ail other chanicals were of the highest p..Irity available. 

59FeC13 (10-25 mCi/mg), 2-14c-glycine (40-60 mCi/mg) and 125r (17 

Ci/mg) were p..Irchased fran New England Nuclear Corp. (Boston, MA) . 

Media and reagents were obtained fran Flow Laboratories (McLean, VA) 

and tissue culb.lre plasticware fran Falcon ( OXnard, CA) • 

Cells and cell culb.lre. Friend erythroleukania cells used were 

derived fran clone 745A originally isolated by Dr. Charlotte Friend. Cell 

culb.lres were grown at 37°C in an atm:Jsphere of 95% air and 5% m2 in 

Eagle' s minimal essential merlium (MEM) containing 10% fetal calf serum. 

Cells were subcul tured every 96 h at an initial cell concentration of 

approximately 5 X 104 cells/ml. For induction, cells were grown in a 

merlium containing 1.5% dirrethlysulfoxide (r:MSO) at the tiTre of 

subculb.lring. After 96 h, bath induced and uninduced cells were collected 

by centrifugation at roan tenperab.lre and washed three tiTres with 

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

determinai by the rrethod of Orkin et al. ( 1975) . 

Sb.ldies with 59Fe-ligands and 125r-transferrin. 59FeC1
3 

in .5 

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

molar excess of sodium citrate. 59Fe-transferrin was prepared by mixing 

the 59Fe-ferric citrate with transferrin in a molar ratio of 2 mol Fe:1 
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rrol transferrin. After additicn of solid Naf.D)3 ta a final 

concentration of 0 .1 rrol/L the pH was adjusted ta 7. 4 and the solution was 

kept at roon tenperature for 3 h. The preparation was then extensively 

dialysed (Martinez-Me:lellin and Scln.llman, 1972) . 

SIH (2-hydroxybenzal isonicotinoyl hydrazone) was prepared as 

described by Panka et al. (1979). SIH was dissolved with a few drops of 

lN NacH and diluted with inœbation m:rlium. 59Fe-ferric citrate was 

added ta a final rrolar concentration of Fe: SIH of 1: 1. The preparation 

was adjusted ta pH 7.4 and allowed ta sit at roon ta!q:lerature for 1 h. 

Ta prepare 125r-transferrin, apotransferrin was saturated with 

unlatelled iron as its citrate canplex ( 1:20) and labelled with 125r 

using lactoperoxidase coupled ta CNBr activated Sepharose 4B according ta 

the procedure described by David (1972). 

Ta l'!"easUre transferrin and iron uptake, induced and uninduced Friend 

cells, at a concentration of 1 x 107 cells/ml, were inrubated in 

serum-free rredium containing hunan transferrin labelled either with 

59Fe, 
125r, or with 59Fe-siH. At the indicated t:i.me periods samples 

were collected by centrifugation and washed three times wi th cold 

phosphate-ruffered saline (PBS) and 125r and 59Fe associated with the 

cells were measured with an LKB Ca'rp.lganna counter. 

Measurarent of cellular haœ and nonhene 59 Fe were performed ei ther 

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 hare during extraction wi th methlyethylketone. 

When final hare estimates were corrected for this loss, the two methods 

yielded values which were virtuall y identical. In view of the similar 

results with the two methods, it is unlikely that tightly boun.d, poorly 
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extractable 59 Fe is trapperl by acid precipitation and as this rrethod is 

rrore rapid i t was the met.J:xrl of preference. 

2-~-glycine incorporation into herne and globin. Induced and uninduced 

Friend cells (10 X 106) were incubated for 30 min with nonradioactive 

iron-transferrin, added at saturating concentrations (20 ].JM) or iron-sm 

(lOO ].JM), then 1.5 to 2 llCi of 2-14c-glycine (pH 7 .4) was added per 

500-}ll-sanple and the incubation continued for indicated tirre intervals. 

The cells were washed three times wi th PBS, lysed in 200 ll1 of druble 

distilled water, and kept frozen overnight. 

Follc:Ming thawing, each sanple was centifuged at 2, 800 rpn at 4 °C 

for 5 min and the supematant was applied to a CM-Sephadex colurm 

equilibrated in o .1 M phosphate b..lffer, pH 6. 6. The CM-Sephadex colurm 

was then washed with three volumes of ice cold O.lM phosphate buffer, pH 

6.6. Relatively p.1re h.a'ooglobin, as judged by sœ-PAGE, was eluted using 

0.2 M Na2HR)4/0.2 M NaCl, pH 8.9. 

Purified hem:;globin obtained in this manner was then separated into 

hene and globin fractions by "acid acetone" extraction and precipitation 

(Ponka and Schulman, 1985a,b). 

For determination of specifie acti vity, the h.aroglobin recovered fran 

the CM-Sephadex colurm was di vided into two equal fractions. one fraction 

was processed by the ac id acetone procedure as described above, and the 

counts in hene and globin were determined. The other fraction was assayed 

by the micro II::Mry technique for the determination of prote in ( r..t:::Mry et 

al., 1951). The specifie activity was expressed as cpn/pnoles of 

h.aroglobin. 
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RESULTS 

Iron uptake fran 59Fe-sm. To test the possibility that iron 

delivery fran transferrin may l.irnit the rate of haœ formation, induced 

Friend cells, which are actively synthesizing haroglobin, were inœbated 

with 59Fe-sm. Whereas the uptake of iron fran transferrin by Friend 

cells is saturated within the physiological range of plasma iron ( 20 lJM) , 

iron uptake fran Fe-Sm is not saturable in the range of 20-100 lJM (not 

shc:Mn). As shCMn in Figure 1, following 60 min of inœbation, the total 

cellular iron uptake fran 100 lJM 59Fe-sm is up to six times greater 

than that fran 20 lJM transferrin and 59Fe incorporation into haœ is 

increased three-fold. succinylacetone (1 rrM), a specifie inhibitor of 

hate synthesis (Ebert et al., 1979; Ponka et al., 1982) inhibits the 

incorporation of 59 Fe fran 59 Fe--sm into haœ by 70%, indicating that 

59Fe fran 59Fe-sm is incorporated into de novo synthesized 

protoporphyrin (data not shc:Mn). 

To exclude the possibili ty that iron incorporation fran Fe-Sm is 

rre:Uated by transferrin or transferrin receptors, induced cells were 

preinrubated with pronase (200 J.Jg/ml) for 10 min at 4°C (Schulman et 

al., 1983), washed, and then inrubated with 59Fe-transferrin or 

59Fe-sm. As seen in Figure 2, pronase treatnent inhibited iron uptake 

fran transferrin, probably by digesting surface transferrin receptors, rut 

had virtually no effect on either the uptake or utilization of 59Fe fran 

S9Fe-sm. 

It can be argued that increased 59Fe incorporation into haœ fran 

59Fe-sm may reflect an increase in the specifie activity of the prehere 

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

with Fe-Sm as canpared to Fe-transferrin. If this were the case, 
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FIGJRE 1. 
59Fe-incorporation into induce:l Friend cells fran 

diferric transferrin and ferric salicylaldehyde isanicotinoyl 

hydrazone (Sm-Fe). Samples of 1 X 107 cells were incubated 

at 37°C in o.s ml of serun-free medium containing either 

59Fe-transferrin at a final concentration of 20 lJM or 

59Fe-sm at a final concentration of 100 lJM. At the indicated 

ti.rre intervals the cells were chilled, washed three ti.rres wi th 

cold phosphate-tuffered saline, and the radioactivity 

incorporated into l:oth whole cells and hene fractions was 

measured. 
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FIG.IRE 2. The effect of preinc.lbaticn wi th pronase ( • , x ) en 

the incorporation of 59 Fe, fran transferrin ( t:.. 1 x ) and SIH-Fe 

( o , e) , resp:ctively 1 into herre in induced Friend cells. 

Induced Friend cells were preincubated with or without pronase 

(200 Jlg/ml) for 10 min at 4°C. The cells were then washed, 

resuspended in incubation med.ium containing ei ther 

59Fe-transferrin ( 20 J,lM) or 59Fe-SIH ( 100 1-!M), and incubated 

for the indicated time perio:ls. 



-117-

30 

(/) _. _. 
20 w 

u 
ID 
0 -.......... 
Q) 

u.. 
u.. 
0 
(/) 
w 

/;/ _. 
0 10 
~ 
~ 

-~~ 0/ 
t:. 

x 

0 
15 30 60 

TIME {minutes) 



.increased radioactivity .in he:ne need not reflec:t an actual increase .in 

he:ne production. The aim of further experiments was to exclude the 

possibili ty and .investi gate the effec:ts of higher than physiological 
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concentrations of iron, supplied as Fe-SIH, on the rate of he:ne synthesis 

rœasured by 2-14c-glyc.ine incorporation. 

Studies with 2~-glyc.ine. In initial experiments we exanined the 

rate of he:ne synthesis, as measured by 2-14c-glyc.ine .incorporation, in 

induced Friend cells .inOJ.bated wi th saturating concentrations of either 

ITO.ISe or human Fe-transferrin. S.ince the results with ooth transferrins 

were identical, we used human Fe-transferrin for convenience. 

Figure 3 shows the results of a typical experirœnt and Table 1 

surnnarizes the results of several experirœnts .in which induced Friend 

cells were pre.inrubated with either Fe-transferr.in or Fe-SIH for 30 m.in 

and then .inrubated with 2-14c-glyc.ine for 1 h. The .incorporation of 

2-14c-glyc.ine .into he:ne and globin was then rœasured. As seen .in Figure 

3, in .induced Friend cells, Fe-Sm (100 J.!M) stirrulates the rate of he:ne 

production up to 3.6-fold as canpared to Fe-transferr.in (20 J.!M). 

Interest.ingly, .in uninduced cells this stinulation is nearly absent. 

The stinulation of he:ne formation by Fe-SIH was also exanined at 

various times after induction. Friend cells were grcmn with J:l:.1SO for 24, 

48, 72 and 96 h, after which tirre the cells were harvested and the effects 

of either Fe-SIH or transferrin on 2-14c-glycine incorporation into herne 

were measured and canpared. Figure 4 shows that when transferrin is the 

iron donor, 2-14c-glycine incorporation into herne gradually increases as 

the cells becane induced, reaching a plateau after 4 days. However, 

between 24-48 h following I:MSO induction, the rate of he:ne production can 

be significantly increased by providing rrore iron to the cells with 
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FIGJRE 3. 2-14c-glyc.ine utilizatian for bene synthesis by 

induced and uninduced Friend cells incubated wi thout an iran 

ligand (anpty colunns), with 20 ]JM Fe-transferrin (dotted 

colunns), or with lOO ]JM Fe-Sm (dashed colunns). Samples were 

pre.in.a.lbated under the above conditions for 30 min at 37°C, 

2-14c-glycine was then added, and the cells were inœbated for 

an additianal 60 min at 37°C. The cells were then washed and 

2-14c-glycine incorporation into bene rœasured. The results 

show.n are values for a typical exper:iment and are averages of 

quadruplicate samples. Table 1 sunmarizes the results of 

several such exper:iments. 
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TABLE 1. The effect of 100 llM Fe-Sni an 2-14c-glycine incorporation 

into haTe of induced Friend erythroleukenia cells. 

Average ± SEM 

Conditions (n = 6) 

-Fe 82 ± 13.4 

Fe-Tf 100 

Fe-Sm 221 ± 72.4 

Results are expressed. as percentages of values obtained. wi th cells 

incubated. wi th sab.lrating concentrations of Fe-transferrin (Fe-Tf, 

20 lJM). The tirœ of incubation with 2-14c-glycine was 60 min. 

n, Number of experiments. 
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FIGJBE 4. The effect of Fe-transferrin or Fe-SIH on 

2-14c-glycine utilization for he:re synthesis in 

differentiating Friend ecythroleukania cells. Friend cells of 

line 7 45 were incubated wi th 1. 5% rMSO for various time pericx:ls 

and at the indicated times (24, 48, 72, 96 h), the cells were 

harvested and resusp=nded in serun-free Ine'Jium. Sanples (fran 

each t1me pericx:l) were preincubated for 30 min at 37°C ei ther 

a) witi'...out an iron ligand ( • ) , b) with 20 J.1M Fe-transferrin 

( À), or c) with 100 J.1M Fe-SIH ( •). 2-14c-glycine was then 

added to eac...~ sample and the cells incubated for an addi tional 

60 min after which tirre. cells were washed and 2-14c-glycine 

incoq:::oration into hane measured. Resul ts are averages of 

quadruplicates. 
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E'e-SIH, as canpared to the maximm arrounts of iron the cells can 

incoq:nrate fran transferrin. 

Contrary to previous resul ts wi th rabbi t reticulocytes ( Ponka and 

Schulman, 1985b) :Fe-Sm sti.Irulates the incorporation of 2-14c-glycine 
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into globin to a greater extent than :Fe-transferrin, probably by 

increasing the intracellular levels of haœ. When haœ synthesis is 

inhibited by succinylacetone, this stiiTulation of globin synthesis is not 

seen (not shawn). E'tlrthenrore, exogenous hernin (25 lJM) increases the rate 

of globin production in induced Friend cells to the level seen with 100 lJM 

E'e-SIH. In contrast, Fe-SIH does not increase globin production in 

uninduced cells, which is not surprising since :Fe-Sm does not 

significantl y increase the formation of hane in uninduced cells. The 

slight stiiTulation of haœ synthesis that is seen is probably insufficient 

to produce any detectable changes in the rate of globin formation. 

The effect of AIA on 59 Fe use for haœ synthesis. To examine 

whether or not AIA synthase is the rate limi ting enzyme of haœ synthesis 

in Friend cells, the effect of AIA ( 0 . 2 rrM) on the incorporation of 59 Fe 

into hane in uninduced and induced cells was determined. If AIA synthase 

were limi ting added AIA should stim..ùate the production of haœ as 

measured by 59
Fe insertion into protoporphyrin. Uninduced Friend cells 

synthesize trace a:tn.mts of haœ and when AIA is added to the cells hene 

synthesis, as measured by 59Fe incorporation fran transferrin, is 

increased. These results together with the results fran ether laboratories 

(Malik and Dj aldetti, 1979) suggest that prier to induction AIA synthase 

limits the rate of haœ formation. Conversely in induced Friend cells, 

when 59:Fe-transferrin is the iron donor, AIA synthase is not limiting 

since the addition of AIA does not change the rate of 59 Fe 



TABLE 2. The effect of MA on 59Fe incorporation fran either 59Fe-Tf 

or 59Fe-sm into hare of uninduced and ±nduced Friend cells. 

Iron 

Conditions danor 

Tf 

+J::MSO Tf 

+r::MSO sm-Fe 

Incubation 

conditions 

control 

+MA 

control 

+MA 

control 

+MA 

2!ganp1e values fran one experiment. 

Iron 

incorporation 

into hane 

(prol/106 

cells/h)a 

2.1 

3.0 

6.3 

6.2 

15.8 

21.0 

% control 

( n = 4 ) 

100 

142 ± 21 

100 

98 ± 6 

100 

133 ± 15 

Uninduced (-r::MSQ) or in.duced (+r::MSO, 4 days) Friend cells were 

preincubated for 30 min at 37°C in the presence and absence of MA 

(0.2 ITM), 59Fe-Tf (20 lJM) or 59Fe-sm (100 lJM) was then added to each 
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of the control and "+MA" sanples and incubated for an additional 60 min 

at 37°C. The samples were then chilled, washed three t.imes in PBS, al"..d 

the 59Fe incorporation into herne measured. Higher concentrations of MA 

had an apparent toxic effect on Friend cells. 
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inco.q::oratian into herre. Hc:Mever, when iran deli very to Friend cells is 

increased by using 59Fe-Slll, the addition of Af.A stirrulates 59Fe 

inco.q::oratian into herre, suggesting that und er these candi tians Af.A 

synthase has becane limiting. 
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DISClJSSICN 

Al though ail aerobic cells synthesize hane, the largest quanti ties of 

hane are produced in developing erythroid cells follCMing the onset of 

h.aroglobin synthesis. Therefore, the regulation of hane synthesis may be 

different in erythroid and nonerythroid cells, in which hane synthesis is 

controlled by the rate of AfA foz:mation (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 AfA stinulates 

hane synthesis in uninduced Friend cells ( indicating that AfA synthase is 

lirniting), it does not do so in induced cells. This finding and the 

previous report of Malik and Djaldetti (1979) indicate that the m::xJe of 

control of hane synthesis changes during erythroid differentiation. 

In erythroid cells, the regulation of hane synthesis involves both the 

regulatory mechanisns which induce h.aroglobin synthesis and the control of 

hane 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 hane 

synthesis during differentiation since this enzyme activity was the last 

to be increased during the induction of Friend cells. HoNever, a recent 

report indicates this may not be so (13eal..m:mt et al., 1984), since 

ferrcx:helatase was induced as early as AfA synthase during differentiation 

of Friend cells. Nevertheless, in spi te of this, the acCl1111.llation of herne 

oca.trs relati vely late during Friend cell differentiation ( :séauroont et 

al.,1984). 

Once the haroglobin synthesizing machinery is full y induced in 

erythroid cells, i t appears that the hane pathway enzymes are av ail able in 

arounts allowing maxirrun possible production of hane for haroglobin 
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synthesis. Previous studies (Panka and Neuwirt, 1970; Panka and Sclru.l.man, 

1985a,b) shcMed that .in rabbit retiaùocytes hane formation is not lirnited 

by either the rate of protop:>rphyr.in synthesis or the activity of 

ferrochelatase rut by the utilization of iron fran transferr.in. The 

resul ts of this present study confirm and extend this conclusion to Friend 

cells induced to erythroid differentiation. Uninduced and induced Friend 

cells .incorporate iron fran the synthetic chelator SIH .in an:::::unts 

several-fold higher than fran transferr.in. In induced cells this results 

in substan.tially .increased hane production over the maximm obtained with 

transferr.in, while .in un.induced cells only a very lirnited stirrulation of 

hane synthesis by Fe-SIH is observed. It is p:>ssible that .increased iron 

uptake does not stim..ù.ate hane synthesis prier to induction because .in 

these cells the enzyrres of the halle pathway are present .in limiting 

aroounts. 

Smce the utilization of iron fran transferr.in lirnits hane 

biosynthesis only .in induced cells, it was of interest to exanine the 

stirrulation of hane production by Fe-SIH at various times after 

induction. :curmg the first 24 h follow.ing the addition of IMSO there was 

no sign.ificant difference tetween the stirrulation of halle production by 

Fe-transferr.in and Fe-SIH. Hc:»Jever, as earl y as 48 h after IMSO addition, 

Fe-SIH st.inulated hane production up to two-fold as canpared to 

Fe-transferr.in. It is mterest.ing that Fe-SIH st.inulates hane production 

only after 24 h, reaching a rnaxirrum after 72 h, which follow5 the time 

course of N...A synthase induction (Sassa, 1976; Beaurront et al., 1984). 

Smce ferrochelatase also mcreases as soon as 24 h following IMSO 

(Beaum:>nt et al., 1984), it appears that it is the iron .incorporation fran 

transferrin th.at lirni ts hane production dur mg the induction period. It 

http:Fe-transferr.in
http:Fe-transferr.in
http:transferr.in
http:transferr.in
http:transferr.in
http:transferr.in
http:protop:>rphyr.in
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is interesting that in inducerl. Friend cells AfA stilrulates 59Fe 

incorp:>ration into haœ fran 59Fe-sm b..lt not fran 59Fe-transferrin, 

suggesting that unlike rabbit reticulocytes (Ponka and SChulman, 1985b) 

AfA synthase becaœs rate-limi ting for haœ synthesis when inducerl. Friend 

cells are supplied wi th nonlimi ting a:rounts of iron fran Fe-Sm. 

There is also sane evidence that iron utilization fran transferrin may 

limit not only haœ b..lt also h.atoglobin synthesis in Friend cells, since 

contrary to previrus results with rabbit reticulocytes (Ponka and 

SChulman, 1985a,b), Fe-Sm also stinulated globin synthesis in the inducerl. 

cells. It see:ns reasonable that the stinulation of globin synthesis by 

Fe-sm is rrediated by an increase in the level of intracellular herne, 

which cruld increase globin synthesis at ei ther the translational ( ZUck.er 

and Sdrulman, 1968; Jagus et al., 1981) or transcriptional (Hoffman and 

Ross, 1980; E\.lchs et al. , 1981) level or both. 

These results therefore provide further evidence that sane step(s) in 

the pathway of iron fran extracellular transferrin to protoporphyrin, 

rather than AfA synthase, limits and controls the overall rate of heme and 

possibly hanoglobin synthesis in erythroid cells. Hcmever, sane of our 

resul ts are paradoxical and require spec:ial cannent. When iron is 

provided to induced Friend cells by transferrin, only a relatively snall 

proportion ( 30-40%) of the iron taken up by the cells is used for heme 

synthesis. This finding appears to be in conflict with our main 

conclusion b..lt there are two possible explanations. First, following 

release of iron fran transferrin there may be two pathways of iron 

utilization in Friend cells, one leading to haœ and another to ferri tin, 

which cannet provide iron for heme synthesis ( Ponka et al. , 1982) • It is 

tempting to speculate that in uninduced cells allrost ail the iron enters 
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the ferri t.ln pathway and that erythroid differentiation is accanpanied by 

the induction of a new iron pathway which shunts .lncreas.lng anounts of 

iron to mitochondria for hare synthesis dur.lng cell maturation. Thus, in 

reticulocytes, virtually only the mitochondrial hare pathway exists 

(Mart.lnez-Medell.ln and SChulman, 1972; Panka et al., 1982). Second, 

follOW".lng iron release fran transferr.ln there may be an inter.mediate 

involved .ln the iron traDSIX>rt to or within mitochondria that is bypassed 

when iron is supplied fran Fe-SIH. If this .lnter.mediate is limit.lng, th.en 

its level, rather than the cellular uptake of iron, wo.ùd appear to l.imit 

iron incorporation .lnto hare. 
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PREFACE 

Iron which is not utilized for hane synthesis, or for the synthesis of 

iron requiring proteins is stored in ferritin. The exact role of ferritin 

in intracellular iron metabolism hc:Mever, is not clear. This is of 

partio..ùar interest in ecythroid cells which take up large a:ro.mts of iron 

for the synthesis of haroglobin. 

As disOJSsed in Chapter 1 ferritin is an extraœly canplex protein and 

may serve different functions in different cell types. In this chapter 

intracellular iron distril::ution and the effect of iron and hane on 

ferritin protein levels are exanin.ed. The question of whether ferritin 

iron can be utilized for hane synthesis is also addressed. These studies 

were perfotmed in order to better understand the interrelationships 

between iron uptak.e, the regulation of hane and ferritin synthesis, and 

intracellular iron flux in MEr:. cells, and how these may alter during 

erythroid differentiatian. 

http:exanin.ed


ABST.RACr 

Intracellular 59Fe distrirution and the regulation of ferri tin 

protein levels were studied in rrurine erythrola.ikenia (MEL) cells 

following dimethylsulfoxide induced erythroid differentiation. MEL cell 

differentiation is accanpanied by an increase in transferrin receptor 

expression, an increase in total cellular iron uptake, and an increase in 

heme synthesis. Following inaibation of induced and uninduced cells wi th 

59Fe-labelled transferrin the 59Fe incorporation into haœ, ferritin, 
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and stranal fractions was measured. The results show that the majority of 

newly incorporated iron, which accanpanies differentiation, is shunted to 

the mi tcx:hondria for use in haœ synthesis. E\.lrthe:rrrore, chase 

experiments prove that in the presence of saturating concentration of 

transferrin, cells which are actively synthesizing haroglobin do not use 

ferritin iron to support heme synthesis. The synthetic iron chelate, 

ferric salicylaldehyde isonicotinoyl hrydrazone (Fe-Sni), is able to 

supply cells with iron, independently of transferrin and transferrin 

receptors, and in amounts grea ter than those seen wi th saturating 

concentration of transferrin. Using this source to supply iron in great 

excess, i t was derronstrated that in induced MEL cells it is only when iron 

supply exceeds that required for bane synthesis ( these levels are above 

those seen with saturating concentrations of transferrin) that the 

proportion of iron in ferri tin increases. E\.lrthe:rrrore, iron supplied in 

this fotm stirrulates ferritin protein aCCLJrulation in beth iri.duced and 

uninduced cells, while raroval of iron wi th desferrioxamine resul ts in a 

drop in ferritin content. Addition of exogenous hernin also stirrulated 

ferritin accurrulation in beth induced and uninduced cells, and while 

inhibition of heme synthesis, with succinyl acetone, had no effect in 



uninduced cells it stirrulated ferri tin accunulatian in induced cells, 

probably by increasing intracellular iran levels. These results suggest 

that in addition to iran, endogenous herre levels may play a role in 

regulating ferri tin synthesis in differentiating MEL cells. 
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INTROIXJCI'ION 

Ferri tin is an ubiqui taJs iran storage protein found in animals, 

plants fungi and bacteria {M.mro and Linder, 1978). Its role is beth to 

store iron and to protect cells fran the potentially toxie effects of free 

iron (Halliwell and G.ltteridge, 1984) . It is well docurœnted that 

ferritin syn.thesis is stirrulated by iron (Munro and Linder 1978; Theil, 

1987) • This control bas long been thought to occur at the translational 

level (Munro and Linder 1978) although recently evidence for 

transeriptional control in Hela cells bas also been deseribed (caire et 

al., 1985). Ferritin is a large maerarolecule (450,000 daltons) canposed 

of 24 sub.mits which assanble to fotm a hollow sphere li.ke shape within 

which iron gets deposi ted as ferrie hydroxide erystals. There are two 

unique sub.mits, the H or heavy sub.mit (21,000 daltons) and theL or 

light sub.mit (19,000 daltons). These canbine in varying proportions in 

different cel1 types to form tissue specifie isoferritins (Arosio et al., 

1978). Isoferritins may also vary within the same tissue under different 

physiologieal conditions. In beth rat and 1:ruman cell types, for example, 

iron loading stim.ùates the accurrulation of L rich isoferritins. These 

observations suggest that in addition to its ubiqui tous intraeellular 

housekeeping role, there may be cell specifie variations in ferritin 

function and regulation. One such variation may be the role of ferritin in 

intracellular iron metabolisrn. 

The role of ferritin in iron flux is of particular interest in 

erythroid cells which are actively synthesizing haroglobin. These cells 

take up large a'l'D.lnts of iran, rrost of which is diverted for herne 

synthesis. The significance of intracellular ferri tin in these cells and 

i ts relationship to haroglobin synthesis is eontroversial. Saœ have 
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suggested that ferri tin merely serves as a sink for surplus iron ( Zail et 

al., 1964; Priroosigh and Thanas, 1968; Borova et al., 1973) while ethers 

argue that ferritin is an inter:mediate, :possibly an obligatory 

inter:mediate, in the pathway of iron utilization for hene synthesis (Mazur 

and carleton, 1963; Speyer and Feilding 1 1979) • 

To address this question we exanined iron distrib.ltion and ferritin 

synthesis in rrurine erythroleukemia cells (MEL) • These cells were 

selected for study as they are a useful rrodel for the investigation of 

iron metai:olis:n in developing erythroid cells. They are virus transfor:med 

imnature erythroid cells which upon treatrnent wi th a chanical inducing 

agent, such as dirrethylsulfoxide (IM30) , ini tiate a program of erythroid 

differentiation which in many ways parallels normal erythropoeisis. 

Differentiation in these cells is characterized by increases in 

transferrin reœptor rrumber (Ill et al. 1 1977; Wilczynska et al 1984; 

Laskey et al. 1 1986) 1 iron uptake (Glass et al. 1 197 8; Laskey et al. , 

1986), enzymes of the hane biosynthetic pathway (Sassa, 1976), and an 

induction of globin mRNA (Ross et al., 1972), ail of which leads to the 

accumulation of large amounts of hemoglobin. 

In this study we have used 59Fe 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 reœptor pathway, in amounts 

far greater than those sean wi th saturating levels of iron transferrin 

(Laskey et al., 1986). In this way, iron distrib.ltion and ferri tin 

synthesis can be examined, under normal physiological conditions and under 
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conditions of iron loading, in roth induced and uninduced cells. The 

results suggest that there is a tight coordination between iron uptake 

fran transferrin and herne synthesis under normal physiological conditions 

and that ferritin serves prirnarily as a storage site for surplus iron 

rather than as an inteilt'IE!diate in iron deli very for herne. 



-138-

MATERIALS AND MErr'HODS 

Cells and cell culture. M.lrine erythroleuk.ania cells, clone 74SA 

originally isolata:i by Dr. Charlotte Friend (Friand et al. , 1971) , were 

grown in suspension cultures in MEM supplanented with 10% fetal calf serum 

at 37°C in an a'b'rosphere of 95% air and 5% co2• Cells were 

sub::ul:tured every 96 h at an initial cell concentration of approximately 5 

x 104 cells/ml. For induction, 1.5% dimethlysulfoxide (IM30) was added 

to the medium at the time of sul:culturing. After 96 h induœd and 

un1nduced cells were collected by centrifugation and washed three times 

wi th phosphate b.lffered saline. 

Studies with 59Fe-transferrin and 59Fe-SIH. To prepare 

59Fe-transferrin (59Fe-Tf), 59Fe-ferric citrate (20-fold rrolar 

excess of citrate over iron) was mixed with transferrin in a rrolar ratio 

of 2 rrol Fe: 1 mol Tf. Solid Na:a::::o3, at a final concentration of 0 .1 

rrol/L , was then added and the pH was adjusted to 7. 4. The prepartion was 

kept at rean tanperature for 3 h and then dialysed extensively against 

phosphate b.lffered saline. 

SIH ( salicylaldehyde isonicotinoyl hydrazone or 2-hydroxybenzal 

isonicotinoyl hydrazone) was prepared as describerl by Ponka et al ( 1979) . 

SIH was dissolved in a feM drops of 1 N NacH and diluted with medium. To 

prepare 59 Fe-SIH, 59Fe ferric-citrate was added to the SIH solution 

at a final rrolar concentration of Fe-SIH of 1: 1. The preparation was then 

adjusted to pH 7. 4 and allCMed to sit at roan tanperature for 1 h. 

To label cells, induœd and uninduced cells (10 x 106) were 

incubated at 37°C for the indicated time preiods with either saturating 

concentrations of 59Fe-Tf (20 ].JM) or 59Fe-SIH (lOO ].JM). The cells 

were then washed three times wi th phosphate b.lffered saline and the 
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59Fe associated with the cells was measured with an LKB Ccmp..lgarrma 

counter. QJ.adruplicate sanples were then di vided into two groups, one for 

the determination of 59Fe-hene, and the ether for stranal and ferritin 

59 Fe measurarents. 

59Fe-herœ measure:nents were performed by acid precipitation (Borova 

et al. , 1973) as describe:l previously (Laskey et al. , 1986) . 

For fractionation, lysing l::uffer (lOrrM Tris, 25 rrM NacL, 10 rrM 

MgC12, 1 rrM PMSF, 1% Triton-X-lOO, 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 sp..m at 10,000 rpn for 20 min and 

separated into stranal and supematant fractions. The 59 Fe in the 

stranal fraction was then measured. To measure 59Fe in ferritin, an 

aliquot of supematant was re:roved and incubated at 37°C for 1 h with 

polyclonal rabbit anti~e ferritin antiserum. The ferritin-antibody 

canplex was then precipitated with goat-anti-rabbit-imrunobead matrix as 

described by the manufacturer (BioRad), and the 59Fe associated with the 

pellet was measured. Knowing the volume of the aliqout and of the 

supematant, and the specifie activity of the 59Fe added, the radioiron 

content in the ferri tin fraction was then calculated. 

Ferri tin radioirrrnun.oassay. The ferri tin assay developed for use in 

these studies is essentially a coventional radioimrune assay where an 

antigen canpetes with labelled antigen for a limited number of available 

antibody binding si tes. The antibody-antigen canplexes are then 

precipitated using a second antibody coupled to a solid matrix. 

QJ.antification of the label in the pellet shows an inverse relationship 

between the leval of radioactivity and the concentration of antigen. 

Using known concentrations of urùabelled ferri tin a standard curve is 



prepared.. The concentration of the '\lilk.ncMn. ferri tin sample is then 

dete:r::mined. fran the standard rutve. 

PUrified mouse ferritin was prepared and labelled with r 125 using 

lactoperoxidase coupled to amr acti vated Sepharose 4B according to the 

procedure described by David (1972). Polyclonal rabbit anti--m:use 

ferritin antiserum was collected and shown by sœ-PAGEl to precipitate 

selectively m:::use ferritin. 
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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 ruffered 

saline. Ice cold lysis ruffer was then added. and the solution was 

vortexed and left on ice for 10 minutes. This solution was then 

centrifuged. in an Eppendorf Microfuge for 10 minutes and the clarified 

lysate collected. KnCMO. ferri tin standards, and aliquots of clarified 

cell lysates were incubated at 37°C for 1 h with polyclonal rabbit 

anti--m:use ferritin antiserum in the presence of constant arrounts of 

labelled ferritin. After one hour goat anti-rabbit irrrrunanatrix (Becton 

Dickinson) was added to precipitate the ferritin-antibody canplexes. This 

reaction was allowed to continue for 30 minutes at roan tanperature, after 

which the solution was centrifuged and the irm:une canplex precipi tated. 

The radioactivity associated with the pellet was measured and a standard 

rutve was constructed. Fran this rutve the concentration of ferri tin in 

the lysates was dete:r::mined. 
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RESULTS 

Iron distrirution in induced and uninduced ME!:.. cells. we bave 

previously shown tbat follcming rM50 induced erythroid differentiation in 

MEJ:.. cells there is an approximate 3-fold increase in the number of 

transferrin reœptors which in tum results in a several fold increase in 

total iran uptake (Laskey et al., 1986). In order to determine how this 

increase in total cellular iron uptake affects intraœllular iron 

distrib.ltion we exanined iran distrib.ltion in MEL cells, before and after 

induction of heooglobin synthesis. 

Induced and uninduced MEL cells were incubated in the presence of 

saturating levels of 59Fe-Tf for 60 minutes after which the cells were 

washed, lysed and fractianated. Previously we showeà. tbat follcming J.l.1SO 

induced differentiation there is a large increase in the am::runt of 59Fe 

incorporated into the hare fraction (Laskey et al., 1986). Here we 

further show tbat while there is an increase in 59Fe recovered in the 

ferri tin fraction in induced cells i t is not canparable to the increase in 

hane 59 Fe incorporation (Figure 1) . E\lrtherroore, the concentration of 

iron recovered in the stranal fraction (which is the Triton X insoluble 

pellet) did not change follcming induction. This suggests tbat under 

normal physiological conditions rrost, rut not ail, of the additional iron 

which is taken up follcming induction is utilized for hare synthesis. 

Is ferritin iran utilized for hane synthesis? To test if iron in 

ferri tin could be used for hare synthesis, p..ùse-chase expedments were 

perfo:rrœd. Induced and uninduced cells were incubated wi th saturating 

concentrations of 59Fe-transferrin for 1 h, after which they were washed 

and resuspended in serum free merlium containing saturating am::unts of cold 

Fe-transferrin. The chase was continued for 1 h and the 59Fe in 
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Figure 1. The incorporation of 59Fe fran saturating 

concentrations of 59Fe-transferrin into the hsœ and ferritin 

fractions of induced (+IMSO) and uninduced (-IMSO) MEL œlls. 

MEL œlls were culturerl in the presence or absence of 1. 5% IMSO 

for frur days. The cells were then collected by centrifugation, 

washed and resuspe.nded in serun free rned.iun. Sanples of 1 x 

107 cells/ml were incubated at 37°C in the presence of 

saturating concentrations of 59Fe-transferrin (20 ).lM) for 60 

min, cells were chillerl, washed three tiires in phosphate 

b.lffered saline and the 59Fe in the hsœ and ferri tin 

fractions measured. The results show.n here are values for a 

typical experirœnt and are averages of triplicata sanples. This 

pattern of expression held true in three repeated experiments. 
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ferri tin before and after the chase was measured. over this period of 

tine there was no significant loss of 59Fe fran the ferri tin fraction in 

ei ther the induced or 'lll1induced cells (data not show.n) . E\.lrthet:rrOre 1 in 

parallel exper.irœnts using similar conditions, it can be darons~rated that 

induced cells do use iron fran exogenously added transferrin for their 

herne synthesis. These results shcM that in short tenn incubations in the 

presence of Fe-transferrin, 59Fe fran ferritin is not utilized for herne 

synthesis and suggests that there is a preferential use of transferrin 

iron. 
59Fe uptake fran 59Fe-transferrin and 59Fe-sm:. It was also of 

interest to examine intracellular iron distril:ution under candi tiens of 

normal and excess iron supply. Tc do this we took advantage of a chelator 

developed in our laboratory salicyladehyde isanicotinoyl hydrazone (Sni). 

Previously 1 we shcMed that Fe-Sm: could deliver iron to MEL cells in a 

manner which was transferrin and transferrin receptor independant, and in 

excess as canpared to sarurating concentrations of Fe-Tf ( Laskey et al. , 

1986) . Moreover, Fe-Sni was able to stirrulate he:œ synthesis in induced 

rut not uninduced cells suggesting that once canni tted to erythroid 

differentiation iron delivery fran transferrin becares limiting for herne 

synthesis. 

we therefore canpared the distril:ution of iron fran the two different 

iron donors, Fe-transferrin and Fe-Sm. Induced MEL cells, which are 

already taking up large arooun.ts of iron and are actively synthesizing 

haroglobin were inœbated for 1 h wi th ei ther saturating arroun.ts of 

59Fe-Tf which would be the maximal physiological iron loading condition 

or 100 1JM Fe-Sm which should supply iron in great excess canpared to 

saturating levels of Fe-Tf. Table 1 shcMs that when transferrin is the 



Table 1. Distrib.ltion of iron in induœd MEL cells p.llsed wi th either 

59Fe-transferrin or 59Fe-srn 

intracellular Iron donor 

fraction 59 Fe-Tf 

strana 8.19 ± 0.61 81.17 ± 7.03 

herne 7.17 ± 0.31 28.53 ± 2.29 

ferri tin 9.94 ± 0.24 50.36 ± 2.86 

MEL cell were grown in the presence of 1. 5% :r:M30 for four days 1 after 

which they were collected by centrifugation and washed three times in 

phosphate b.lffered saline (PBS). Samples of 1 x 10 7 cells were then 

resuspended in serum free rre:liurn in the presence of either 1 saturating 

concentration of 59Fe-Tf (20 f.IM), or 59Fe-srn (lOO f.IM) and incubated 

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

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

measured. The resu.lts are expressed in ptol Fe/ 106 cells. 

Data are rœan ±S. D. 1 n=4. 
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iron donor 1 the total cellular iron uptake is 25. 3 prol/10 6 cells/h. 

This arro.m.t is distrib.lted rrore or less equally a:rong the three measured 

fractions strana, herne and ferritin. The iran found in the strcmal 

fraction is thought to cansist mainly of harosiderin iron - harosiderin 

being a breakdown pro:luct of ferri tin (Munro and Linder 1 1978) . Fe-Sm, 

an the other han.d 1 is able to supply iran to cells in great excess as 

canpared to Fe-Tf and as previously reported this excess iron is able to 

st:l.m.llate herne synthesis (Laskey et al., 1986) . When Fe-Sm is the iron 

donor the cells took up 160 prol/106cells/h, and incorporated four tirœs 

rrore iran into heme as canpared wi th Fe-Tf incubated cells. However, the 

major portion of this excess iran is recovered in the strcmal and ferri tin 

fractions (Table 1) . 

The effect of iran an cellular ferri tin content. The effect of iron 

loading and iran depletian an ferritin content was also measured (Figure 

2) • Induced and uninduced cells were preincubated un.der the specified 

conditions for 18 h after which total cellular ferritin content was 

measured by radioirmune assay (RIA). Fe-Sm (100 JJM) was used to iron 

load the cells while desferrioxamine 1 an iron chelator 1 was used to 

deplete intracellular iran. In both induced and un.induced cells 

preincubatian with Fe-Sm resulted in ferritin accurrulation while cells 

treated with desferrioxamine had decreased ferritin contents. 

Interestingly 1 in uninduced cells the respanse to Fe-Sm is greater than 

in induced cells. 

The effect of herne an cellular ferritin content. Since heme is weil 

known to control various biochanical processes in erythroid cells (Hof:finan 

and Ross, 1980; Jagus et al., 1981; Panka et al., 1969) it is possible 

that intracellular herre levels may affect ferri tin 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 induœd 

(+r:MSO) and uninduœd (-IM50) MEL cells. MEL cells were 

a:ù.tured in the presence or absence of 1. 5% IM50 for four days. 

Prior to collecting the cells on the fourth day, MEL ce1ls were 

ino.lbated for 18 h without an iron ligand (empty columns) with 

50 l.IM Fe-SlH ( dasha:l columns) or wi th 50 l.IM desferrioxanine 

( dotted columns) . The cells were then collected by 

centrifugation, washa:l three times in phosphate b...lffered saline, 

and assayed for ferritin content. Using an estimated rrolea:ù.ar 

weight of 490,000 for ITO.lSe ferri tin, ferri tin concentrations 

were cala:ù.ated in prol/106 cells. The results are expresed 

here as percent of induœd (+IM50) and uninduœd (-IM30) 

controls, respectively. The results are mean of four 

experllœ.nts. Total estimated ferri tin content for +!M30 and 

-DMSO controls are, 0.15 ± 0.045 and 0.14 ± 0.018 pmol/106 

cells, respectively (data are mean ± s.o., n=4). 
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hours in the presence of added exogenrus henin (50 J,JM) or succinylacetone 

(SA, J.rrM) an inhibitor of herne synthesis (Ebert et al., 1979). Figure 3 

shows that in both induced and uninduced MEL cells, added henin leads to 

an increase in intracellular ferri tin content. This may :be a direct 

effect of hene itself or could alternatively result fran iron released 

fran hene. When cells were treated with both henin and SIH (which will 

chelate and rarove iron (Panka et al., 1979)) ferritin levels ranained at 

control values (data not shown.) . This could mean either that the response 

of ferritin to hane is due solely to its ability to deliver iron, or 

alternatively that both herne and iron can affect ferritin content and in 

this case they effectively canpete. 

Inhibition of haœ synthesis, using SA, resu1 ts 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 anounts of 

herne. In contrast, induced MEL cells respond to SA treatment by 

increasing their ferritin content. It has previously :been reported that 

in rabbi t reticulocytes inhibition of hane synthesis leads to an 

accurrulation of intracellular iron (Panka et al., 1982). It seanly li.kely 

therefore that inhibition of herne synthesis in induced cells which are 

tak.ing up large arrounts of iron leads to an increase in intracellular iron 

levels which in b.lrn st:imllates ferri tin acam..ùation. 
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Figure 3. The affect of hane on ferri tin content in induœ:l 

(+IMSO) and uninduœ:l (-r:MSO) MEL cells. MEL cells were 

cu.ltured in the presence (+r:MSO) and absence (-IMSO) of 1.5% 

IMSO for feur days. Prior to collecting the cells on the fourth 

day, MEL cells were incubated for 18 h with nothing added (arpty 

columns) , with 50 ).lM henin ( dashed columns) , or with llTM 

succinylacetone ( dotted columns) . The cells were then collected 

by centrifugation, washed three tirœs with phosphate ruffered 

saline, and assayed for ferri tin content. Using an estirnated 

rrolecular weight of 490,000 for rrouse ferri tin, the results were 

calcu.lated in prol/106 cells, and are expressed here as 

percent control. The mean of four different experirœnts is 

show:n. The ferritin content of +IMSO and -IMSO controls are, 

0.014 ± 0.018 and 0.15 ± 0.045, respectively (data are mean ± 

S.D., n=4). 
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DisaJSSION 

Differentiating MEL cells provide a rrodel system for the study of iron 

rretal:olism in developing erythroid cells. Of partiail..ar interest is the 

relationship between ferritin iron and herne iron, as the cells initiate 

and maximize harcglobin synthesis. we reported previously that following 

d:irnethlysulfoxide (tMSO) induced erythroid differentiation in MEL cells, 

there is an approximate three-fold increase in transferrin receptor 

expression which in tum resul ts in a several fold increase in total iron 

uptake (Laskey et al., 1986). In the present study cellular iron 

distrirution was canpared in induced MEL cells, which are synthesizing 

large ara.mts of harcglobin, and uninduced MEL cells which synthesize 

little if any harcglobin. Three major cell fractions were identified, the 

herne iron fraction, the ferritin iron fraction and stranal iron, which 

most probably represent hemosiderin, a breakdow.n product of ferritin. 

CUr data show that following J:t.1SO induction, the level of ferritin and 

stranal iron increases marginally, if at all, while the majority of the 

increased iron taken up is recovered in the herne fraction. In similar 

studies Ofer et al. ( 1981) have used Mossbauer spectroscoPY' to study iron 

distrirution. They identify only two fractions narrely, herne and ferri tin 

thou.gh they also show, using electron microscopie analysis 1 th.at rruch of 

the ferritin is present in lysosanes, which in our study would be rreasured 

as the stranal fraction. They reported that when transferrin was the iron 

donor 1 the level of ferri tin iron remained constant following 

differentiation and the increase in total iron was recovered in the herne 

fraction. Togetherl the results suggest that there is a preferential use 

of Tf-Fe for herne synthesis. As is suggested by the recent results of 

Offer et al. (1981), ferritin iron isl rrost probably, only used when 



-153-

extracellular iran sources are insufficient. E'Urtherrrore, they suggest, 

that following erythroid differentiatian there is a shunting of 

transferrin iron to the mitochandria for utilization in herne,synthesis. 

This is also reflected by the observation that Tf receptor expression and 

bane synthesis bath increase in a coordinated manner during erythroid 

differentiatian in these cells. 

Peta et al., (1983) have previously reported that in MEL cells iran in 

ferri tin can be chased into the herne fraction. In these experirrents cells 

were labelled for 16 h with 59FeCJ..3, washed and then resuspended in 

rne.rliurn with or withcut r:.tm and chased for periods of 4-5 days, during 

which time the cells rernain in logari thmic growth phase. At the end of 

this period however up to 30% of the 59Fe was lost, presurnably due to 

cell death (Peta et al. , 1983) . They cancluded that there is a movernent 

of iron fran the ferri tin fraction into the herne fraction, however, it is 

equally possible that in the process of cell death iran is released and 

subsequently reincorporated and therefore, lang term chase studies such as 

theirs may be incanclusive. In our study we used a short term labelling 

and chase period ( 1 h respectively) ta test if iran in ferritin can be 

utilized for hene synthesis. The results indicate that, in the presence 

of unlabelled Fe-Tf, the iran in ferri tin is not utilized for herne 

synthesis in ei ther induced or uninduced cells. This suggests that there 

is a preferential use of Fe fran Fe-TF for herne synthesis. 

Taking advantage of the synthetic iran chelate, Fe-SIH, the effect of 

iran overload an iran distril:::ution and ferritin synthesis was also 

exanined. As described previously, in differentiated MEL cells increasing 

iran supply above the am:::unts obtained with saturating levels of Fe-Tf 

stirrulated herne formation (Laskey et al.,l986), however, the majority of 
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this excess iron was recovered in the ferri tin and strana fractions. 

These data suggest that in cells which are actively synthesizing 

haTcglobin, the increase in iron uptake which accanpanies erythroid 

differentiation is used exclusively ta synthesize herne, and only if 

rnaxim.Jm levels of physiological iron uptake are surpassed, is iron then 

deposited in ferritin. E\lrtherrrore, iron delivered in the form of Fe-SIH 

leads ta an increase in ferritin content in bath induced and uninduced 

cells, while raroving iron with the chelator desferrioxanine leads ta 

decreased ferri tin content in bath cell types. Notably, the ability of 

Fe-SIH ta increase ferri tin levels in uninduced cells appears ta be 

greater than in induced MEL cells. This may be due ta the fact that in 

induced cells m.:>re of the Fe fran Fe-SIH is incorp:>rated inta herne and 

therefore free intracellular iron levels may not be exactly the sane. in 

the two groups. 

Herre, in addition ta i ts function as the prosthetic group of 

herooproteins has also been implicated in a variety of regulatory roles in 

erythroid cells, including the stim.llation of globin mRNA transcription 

(E\lchs et al., 1981) and translation (Burns and I.ondon, 1965), and the 

inhibition of iron uptake fran transferrin (Panka and Neuwrit, 1967; 

1971) . In MEL cells herne can potentiate differentiation rut cannat by 

itself initiate terminal erythroid differentiation (Marks and Rifkind, 

1978). However, herne synthesis appears ta be reg:uired ta initiate 

terminal cell division (Mager and Bernstein, 1979). Given these 

observations, it seemed logical ta exanine the possible role of herne in 

the regulation of ferri tin levels. The resul ts indicate that herne 

stirrulates ferri tin accurrulation in bath induced and uninduced cells. It 

is however diffia.ùt ta determine whether this is a direct effect of hene 

http:rnaxim.Jm
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itself or results fran iron which may be released fran hane. When sm, an 

iron chelator, is included with henin, ferri tin levels renain constant. 

This could mean either that hane exerts its effect via iron released fran 

the hane and this iron is subsec;[Uentl y raroved by sm or that the hane 

rroiety itself and SIH, have OPI,X>Sing actions which effectively canpete. 

Recently, Fibach et al. ( 1987 ) showed that 57 Fe-henin is able to donate 

iron to ferri tin in MEL cells. However, their data show only the 

incorporation of 57Fe into ferritin over a period of days, whereas in 

our studies the stinulation of ferri tin aco.m.ù.ation can be measured as 

early as 2 hours after the addition of henin. The effect of inhibiting 

endogenous hane synthesis was also exanined. In uninduced cells this 

resulted in a slight drop in ferritin levels whereas inhibition of hane 

synthesis in induced cells resulted in ferritin accurru.lation. Induced 

cells are tak:ing up large arcunts of iron and under conditions of 

inhibi ted hane synthesis free intracellular iron would be expected to 

accurru.late and stinul.ate ferri tin synthesis. In conclusion, endogenous 

"free" hane may play a role in regulating ferritin protein levels in MEL 

cells. 

Q:le final question is why, if hane synthesis is not maximal when iron 

is provided to induced MEL cells by transferrin, is only 30-40% of the 

iron tak:en up by the cells used for hane synthesis? Olr results are 

canpatible with the idea that there are two pathways of iron utilization, 

one leading to hane and another to ferritin, which is praninént in 

non-erythroid cells. E\lrthemore, the iron in ferri tin will not, in the 

presence of Fe-Tf, provide iron for hane synthesis. It appears therefore 

that erythroid differentiation is accanpanied by the induction of a new 

iron pathway which shunts increasing arcunts of iron to the mi tochondria 
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for herne synthesis. O:lly if maximal iron delivery fran transferrin can œ 
surpassed and only if this aramt surpasses that required for maximal hane 

syntheis will iron then œ incorporated into ferri tin. under normal 

physiological candi tiens 1 ln-lever 1 the tigh.t coordination œtween 

transferrin receptor expression, iron uptake fran transferrin and 

intracellular bane levels ensures that during erythroid differentiation 

iron uptake and bane synthesis will be crupled. 
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o:NI'ROL œ FERRITIN GENE EXPRESSSION r::uRING MEL ŒLL 

DIFFERENTIATION: ROLE œ mON .AND HEME 
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PREFACE 

Chapter 5 is a cantimlation of the canphrehensi ve study of ferri tin 

regulation and the role of ferritin in erythroid iron metabolis:n initiated 

in Chapter 4. Here, the regulation of ferri tin expresssion at the mRNA 

level is exanine:J using northem and dot-blot analysis. Ferritin protein 

and mRNA levels during MEL differentiation, and the effect of iron and 

hare on ferri tin mRNA levels are studie:J. 



-1Y:1-

ABSTRACI' 

The regulation of ferri tin synthesis was sb.ldied in differentiating 

rrurine erythroleukania (MEL) cells. MEL cells were induced to 

differentiate with dirnethylsulfoxide (:cMSO) and the relative levels of H 

and L ferritin sub.mit mRNA exanined by northem analysis. The results 

show that during :cMSO induced differentiatian, H férritin mRNA levels 

increase geanetrically, 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 

subseq,uently increases again, :r;;eaking after 72 h. 

The effect of iran and hare an ferritin mRNA levels was examined using 

dot-blot analysis. The synthetic chelate ferric salicyaldehyde 

isanicotinoyl hydrazane (Fe-Sni) was used as an iron source. It is an 

extrarely effective iran danor, supplying iran to cells in an:::unts 

exceeding those obtained with sab.lrating levels of transferrin. Ovemight 

incubation with Fe-Sni had no effect an ferritin mRNA levels in either 

induced or uninduced cells. E\.lrtherrrore, depletion of intracellular iran, 

using desferrioxamine, was also without effect. To sb.ldy the effect of 

herne, MEL cells were induced to differentiate with :r:M30, with and without 

added exogenous hernin, and wi th and wi thout succinylacetane (SA) an 

inhibitor of endogenous hare synthesis. The effect of herne and SA was 

also examined in uninduced cells. In both cases hernin, and SA were added 

at the tirne of subcul b.lring and the cells harvested after 4 days. The 

addition of henin 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 :r:M30 treated cells. These results 



indicate that ferritin IT1llliA levels increase during erythroid 

differentiation of MEL and that hane may play a role in this process. 
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INI'.ROOOCI'ION 

Hate, as the prosthetic group of a variety of haœ-prote.ins, plays an 

important role in a rumber of cellular functions. These functians include 

the enzyrre activities involved in oxidative phosphorylation, in the 

spli tting of hydrogen peroxide and in the detoxification of chemical · 

agents. In erythroid cells hane serves a specialized function in the 

transporting of oxygen as part of the h.aroglobin rrole::ule. 

In addition to i ts function as a prosthetic group, hane itself has 

been shown to have varirus regulatory roles in developing erythroid cells. 

HaTe stinulates beth the transcription (E\lchs et al., 1981) and 

translation (Burns and !J:m.don, 1965) of globin mRNA, thereby ensuring the 

coordinate expression of h.aroglobin. In nurine erythroleuk.ernia (MEL) 

cells induced to differentiate by dimethlysulfoxide, the addition of 

exogenrus hanin results in a greater than ten-fold increase in globin 

synthesis as canpared to cells treated with rMSO only. In contrast, 

inhibition of endogenrus herne synthesis causes a reduction in globin 

synthesis to levels canparable to uninduced cells and addition of 

exogenous hanin relieves this inhibition (Dabn.ey and Beaudet, 1977). 

However, hanin is not cansidered to be an inducer of erythroid 

differentiation since while it can stinulate globin synthesis it does not 

cause an irreversible carmitment and will not cause the onset of terminal 

cell division. On the other hand, in the presence of a chernical inducer 

inhibi tien of endogenous hane synthesis prevents the anset of terminal 

differentiation and this inhibi tien can be relieved by the addi tien of 

exogenous hanin {Mager and Bernstein, 1979) . In conclusion, it see:ns that 

hane is required, rut not in itself sufficient, for the induction of 

terminal erythroid differentiation. We therefore wanted to investigate 



the role of herre in rrod:ulating changes which occur during differentiation 

of MEL cells, particularly with respect to changes which occur in iron 

rnetaoolism. 

-lOL.-

Erythroid differentiation of MEL cells is accanpanied by an increase 

in transferrin reœptor expression which in tum results in an increase in 

total iron uptak.e. Intracellular iron may either be utilized for herre 

synthesis or stored in ferritin. Ferritin is an ubiquitous iron storage 

protein the synthesis of which is st:inulated by iron. Iron regulation of 

ferritin synthesis is thrught to occur primarily at the level of 

translation, since in rrœt cells treabnent wi th actinaeycin D does not 

inhibit the ability of iron to stinulate ferritin accurrulation (Zahringer 

et al., 1976; Munro and Linder, 1978). However, transcriptional 

regulation of ferritin expression by iron bas recently been described in 

Hela cells (cairo et al., 1985). 

The role, and rnechanism of regulation, of ferritin in erythroid œlls 

is not clear. Althrugh sare have suggested that ferritin is an 

inte:rmediate in the pathway of extracellular iron to herre, we previously 

provided evidence that in MEL cells, when extracellular iron is not 

limi ting 1 ferri tin iron is not used for herre synthesis ( Laskey et al. 1 

1987a). Furtherrrore ferritin synthesis is responsive to iron in these 

cells sinœ administration of ei ther iron or herre, 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 (Beal.lrrant et al., 1987). 

To determine if herre bas any role in rrod:ulating these changes and to 

understand better the :function of ferri tin in MEL cells 1 we examined 

changes in ferritin mRNA levels and the effect of iron and herre on 



ferritin mRNA levels, prier to and following erythroid differentiatian. 
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MATERIAI:S AND MEIHJœ 

Cells and cell cul:b.lre. Murine erythroleukania cells, clone 7 45A 

originally isolated by Dr. Charlotte Friend (Friend et al., 1971), were 

grc::Mn in suspension cultures of MEM with 10% fetal calf serum at 37°C in 

an atrrosph.ere of 95% air and 5% m2. Cells were subcultured every 96 h 

at an initial cell concentration of approximately 5 x 104 cells/ml. For 

induction, 1.5% dirœthlysulfoxide (I:MSO) was added to the rœdium at the 

tirœ of sub:ulturing. After 96 h induced and uninduced cells were 

collected by centrifugation and washed three tirœs wi th phosphate ruffered 

saline. Benzidine staining was perfor:rned as desribed by Orkin et al. 

(1975). 

Ferri tin radio.irmunoassay. Ferri tin protein levels were rneasured by a 

conventional radio.irmune assay described previously ( Laskey et al. , 

1987a) • Briefly, aliquots of clarified cell lysates 1 or known standards 1 

were incubated with a constant êm:Jllnt of la'belled 125r-ferritin and 

polyclonal rabbit anti-m:::use ferritin antiserum for 1 h at 37°C. Goat 

anti-rabbit .irmunobead matrix (Becton Dickinson) was then added and 

allowed to react for 30 minutes at rcx:xn temperature. The second reaction 

was perfor.med in order to precipitate the ferritin antibody complexes, 

which were then pel.leted by centrifugation in an Eppendorf microcentrifuge 

for 10 minutes.. After raooval of the supematant, the radioactivity 

associated wi th these pellets was rneasured, a standard curve constructed 1 

and the concentration of ferritin in the lysates determined. 

RNA isolation. Total cellular RNA was isolated fran MEL cells 

essentially as desribed by Davis et al. {1986). MEL cells were collected 

by centrifugation and washed with cold, sterile, phosphate ruffered 

saline. Cells were disrupted in an ice cold lysis ruffer (140rrM Na.cl, 1.5 

http:cm::n.mt


rrM MgC1
2

, 10rrM Tris pH a. 4 1 0. 5% NP-40) • The nuclei were discarded 

following centrifugation in an Eppendorf centrifuge for 10 minutes 1 and 

the supernatant collected, phenol extracted, and RNA isolated follOifling 

ethanol precipitation. To reroove any contaninating deoxyribonucleic acids 

the dried pellet was subsequently resuspended 1 and the solution digested 

with ribonuclease-free deoxyribonuclease 1 enzyrœl as descril:::leà by the 

manufacb.lrer (Boeringer Mannheim). To tenninate the reaction the solution 

was then diluted, phenol extracted, ethanol precipitated, and dried under 

vaarum. The final pellet was resuspended in water 1 and its concentration 

and p.lrity detennined by rreasuring the optical de.nsities at ~60 and 

~80 as described by Maniatis ( 1982) • 

Northem and rot-blot analysis of H and L ferritin mRNA. Northem 

analysis was performed essentailly as described by Davis et al. ( 1986) 1 

except that the formaldehyde concentration in the gel and running l::uffer 

was increased to 2.2 M. Briefly, RNA sanples are denatured by heating 

than to 65°C in the presence of formanide and formaldehyde, for 10 

minutes. They were then cooledl 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 Sctruell) in 

lOX SSC (lX SSC is 0.15 M Nacl, 0.015 M sodium citrate), in a standard 

procedure described by Maniatis (1982). The filters were then air driedl 

and baked in a vacuum even at eo0c for 2 h. 

For rot-blot analysis, a known concentration of total cellular RNA was 

resuspended in 0.1X SSC1 7.5% (v/v) formaldehyde and heated to 65°C for 

10 minutes. The samples were then cooled on ice for 5 minutes and 

serially diluted in the sane l::uffer. Four microliters of each dilution 

was then spotted onto nitrocellulose paper which had bee.n previously 



-166-

soaked for 15 minutes in lX ssc. The filter was air dried, and then baked 

in a vaa.rum even at ao0c for 2 h. 

Nick translation. Recanbinant plasnids containing rat H and L 

ferri tin suhmit cDNAs were a generous donation of Dr. H. Munro. For nick 

translation, the eDNA inserts were exeized fran their respective plasmids 

by cleavage with the restriction endonuclease PST 1, and electrophoresed 

in a 1% law melting point agarose gel in lX TBE l:uffer (90ITM borie aeid, 

2. 5 !TM EDI'A, 90ITM Tris-BeL, pH 8) , in the presence of ethidium branide. 

The band containing the eDNA probe was visualized under lN light, 

extracted and the DNA recovered, by first liquifing the gel at 65°C, 

then extracting twice with phenol and final! y, precipitating with ethanol 

and drying under vacuum. 

H and L ferritin cDNAs (0.5 - 1.0 ]lg) prepared in this mannar, were 

labelled with 3~ by nick translation, using a Nick Translation Kit 

(BRL), to a final specifie activity of 1.0-5.0 x 107 cpm/]lg. 

HYbridization conditions. Norther.n and dot-blot filters were 

prehybridized in a sealable bag for 4-6 h at 42°C in: 50% forrnamide, sx 

Denhardt's reagent, 100 ug denab.lred hering sperm DNA, 0.1% SDS, SX SSPE 

(lX SSPE is .15 M Nacl, O.OlM NafJ2P04 ·~o, liTM EDI'A), and 15% 

dextran sulfate. Following prehybridization and after first being 

denab.lred by heating to 100°c for 10 min, the labelled probe was then 

added to the hybridization bag. Hybridization was over.night, after which 

the filters were washed for 2 x 5 minutes in 2X SSC, 0. 5% sps at 25°C; 

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 E\.lgi NIF-RX 

film with an intensifying sereen for 24 hat -70°C. Films were 

processed in a Kodak x-onat. Autoradiograms were seanned with a LKB laser 
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densitareter. 
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RESULTS 

Analysis of ferritin mRNA levels during differentiatian. Total 

cellular RNA isolated fran MEL œlls after varirus times in culture in the 

presence of dirœthylsulfoxide was subjected to Northern analysis, and the 

relative amounts of H and L ferri tin sub..mi t mRNA determined. Figure 1 

shows that follcming :cM30 induœd differentiatian there is a dranatic 

increase in H ferritin mRNA between 48 and 96 h. This pattern of 

induction appears very similar to that previrusly reported for a and 

13-globin mRNA (Ross et al., 1972). L ferritin mRNA levels also increase 

follcming induction; however, this occurs in a biphasic pattern (Figure 

2) . This suggests that H and L ferri tin mRNAs may be regulated 

differently. 

Analysis of ferritin protein levels during differentiatian. To 

determine if ferritin protein levels follcmed the changes in H and L 

ferritin mRNA, œlls at various stages of differentiatian were analysed 

for total ferri tin content by radioimrunoassay. Resul ts fran four 

separate experirnents (Figure 3) reveal that, al though there is sare 

variation between experirnents, ferri tin protein levels do not increase 

follcming induction. 

Effect of iran an ferritin mRNA levels. Though ferritin regulation 

has lang been thought to occur at the level of translation ( Zahringer et 

al., 1976; Munro and Linder, 1978), recent evidence suggests that in Hela 

cells iran administration resul ts in an increase in H and L ferri tin 

transcription as weil as translation (Ceiro et al., 1985). we therefore 

wanted to exëmin.e the ability of iron, added in excess or raTDVed by 

chelatian, to affect ferritin mRNA levels in induced and uninduœd MEL 

œlls. To deli ver iran in excess we took advantage of a chelate developed 
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Figure 1. 01anges in H ferritin suhmit mRNA levels during 

d:l.rrethyl sulfoxide induced MEL cell differentiatian. MEL cells 

were cultured in MEM supplanented with 10% fetal calf serum and 

exposed to 1.5% d:l.rrethylsulfoxide (IMSO) for the indicated tine 

intervals (0,24,48, 72, and 96, h). Sanples of 10 }Jg of total 

RNA, fran each time interval, were fractianated an 1% agarose 

gel in 2. 2 M fo:r:maldehyde and transferred to nitrocellulose 

paper. In these studies RNA sanples were nm in duplicata sets 

an the sarre gel and two essentially identical filters prepared. 

Each fil ter was then hybridized wi th a nick translated eDNA 

probe (specifie acti vi ty 5 x 10 7 cpn/]Jg, 2 x 10 6 cpn/ml) for 

either the H or L ferritin sul:unit (Figures 1 and 2 

respectively). The lower panel in each photograph shows the 

resul ts as visulaized by autoradiogram. The top panels in both 

photographs show the ethidium branide staining of the RNA 

samples which were nm, indicating that ail lanes had equal 

concentration of RNA applied and that there was no RNA 

degradation. 
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Figure 2. Changes in L ferri tin suhmi t mRNA levels during 

d:i!rethyl sulfoxide induced MEL cell differentiation. MEL cells 

were o.llturèà in MEM supplemented with 10% fetal calf serum and 

exposed to 1 . 5% d:i!rethy lsulfoxide ( J:t.1SO) for the indicated time 

intervals (0,24,48,72, and 96 h). Relative L ferritin mRNA 

levels were rreasured by Northem analysis. RNA and northem 

blets were prepared as described in Figure 1. 
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Figure 3. Changes in ferri tin protein content following dirnethyl 

sulfoxide (IM30) induced differentiation in MEL œlls. MEL 

œlls were cul:b.rred in MEM supplerented with 10% fetal calf 

serum, and exp::>Sed to 1. 5% IM;O for the indicated time intervals 

( 0, 24,48, 72 and 96, h) • For each tirne point œlls were 

collected by centrifugation, washed three times in phosphate 

b..lffered saline, and the ferritin content deter:mined by 

radioimrune assay. Using an estimated rrolecular weight of 

490,000 for ITOUSe ferri tin, the resul ts were calculated in 

proles/106 œlls. The results of four separate experiments 

are presented. 
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recently in our lab::lratory, ferric-salicyaldehyde isanicotinoyl hydrazone 

(SIH). we shcMed previously that ferric-srn is able to deliver iron to 

MEL cells, independently of transferrin and transferrin receptors and in 

arrounts greater than those seen with saturating concentration of 

Fe-transferrin (Laskey et al., 1986). Moreover, Fe-Slli has been shown to 

st:i.rrulate the accum.ùation of ferri tin protein in these cells ( Laskey et 

al., 1987a). Therefore, using dot-blot analysis, we looked at the ability 

of Fe-Sm to affect ferritin mRNA levels in induced and uninduced cells. 

Cells were incubated overnight, in cul ture, in the presence of Fe-Slli (50 

].lM), 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. F\lrthemore, in a parallel experirrent, raTOving iron 

using the chelator desferrioxanine (50 ].lM), which has previously been 

shown to lead to a drop in ferri tin protein content ( Laskey et al. , 

1987a), did not effect ferritin mRNA levels. 

Effect of bane on ferri tin mRNA levels. Herne has been shown to have a 

number 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. , 1987 a) . To test whether bane has any regulatory 

affects on ferri tin mRNA levels, MEL cells were cul tured in the presence 

or absence of 1. 5% rMSO wi th and wi thcut added hernin (50 ].lM) or with and 

withcut added succinylacetone ( 1rrM) , an inhibitor of endogenous herne 

synthesis (Ebert et al. , 1979) , for 96 h. Added hernin results in an 

increase in H and L ferri tin mRNA in both induced and uninduced cells 

(Figure 4) . Inhibi tian of endogenous bane synthesis in uninduced cells 

had no rœasureable effect. HOwever, this is not unexpected, as endogenous 
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Figure 4. The effect of he:re on H and L ferri tin sub.m.i t mRNA 

levels. MEL cells were culb.lre::l for four days in MEM 

supplenente::l with 10% fetal calf serum, in the presence and 

absence of 1. 5% lM30, wi th and without adde::l henin (50 lJM) , and 

with an without adde::l succinyl acetone (SA, .5 rrM). After four 

days, cells were collecte::l by centrifugation, washed three times 

in sterile phosphate b.lffere::l saline, and total RNA extracte::l. 

For each experimental condition, 10 llg of total RNA and serial 

dilutions, were spotte::l onto nitrocellulose fil ters, as 

described in Materials and Methods. Fil ters were prepare::l in 

duplicate and hybridized with 32P-labelle::1 eDNA probes for H 

and L ferritin sub.m.it mRNA respectively. Specifie activity of 

beth probes was 0. 5 x 10 8 cpn/llg and hybridization mixtures 

containe::l 2 x 106 cpn/ml. Autoradiogram:s of these filters 

were subsequently scanned with a laser densitareter and 

arbi trary scanning uni ts calculate::l for each spot. For any one 

experimental condition, analysis of these serially dilute::l spots 

shc:Med that, within the dilution range use::l, concentration 

limi ts cruld be selecte::l where the intensi ty of the RNA spots 

was proportional to the éi'OOI..ln.t of RNA spotte::l. In this way the 

linear range for each experimental condition was established. 

to canpare between groups, a single concentration, which fell 

within the linear range of ali groups ccrnpare::l, was selecte::l ·and 

at this concentration, arbi trary scarming uni ts canpare::l. Here 

the resul ts are expresse:] as the percent of induce::l ( +lM30) and 

uninduce::l (-lM30) controls respectively. Presente:] here are 

rrean values fran three separate experiments. 
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bane synthesis in these cells is extremely lCM (Laskey et al., 1986). In 

cantrast, inhibition of endogenoos bane synthesis in cells o.ll tured in the 

presence of IMSO carpletely inhibits the aco.:m.ùation of harcglobin, as 

rreasured by benzidine staining ( see Table 1) • Moreover, tlùs resul ted in 

a drop in J:::oth H and L ferritin ~ levels as canpared to untreated 

induced cells. These results suggest that endogenoos hene levels may play 

a role in regulating ferritin ~ aco.:m.ùation during differentiation. 
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Table 1. The effect of succinylacetone on benzidine staining of MEL cells 

Medium addition 

none (-I:MSO) 

-IMSO + SA ( .SITM) 

+I:M30 ( 1. 5%) 

+rMSO ( 1. 5%) + SA ( • SrrM) 

% benzidine positive 

90% 

~ 1% 

MEL cells were sub:u1 tured at an initial cell densi ty of approximately 1 x 

105 in the presence and absence of 1.5% Il-180, with and without 

succinylacetone ( • SITM) • After four days of cul ture 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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DISOJSSION 

An increase in the transcription of H and L ferritin mRNA, resulting 

in the aca..JITUlation of H and L ferri tin mRNA, bas been observe:l following 

differentiation of HL60 cells (Concannon et al., 1985; Chou et al., 1986). 

Recently, :seaurront et al. ( 1987) reporte:l that during I:MSO induce:l 

differentiation of MEL cells, there is an increase in both H and L 

ferri tin mRNA levels. Using isolate:l nuclei they showed that these 

increases reflect increases in the rate of H and L ferri tin 

transcription. Together these two reports suggest that the induction of 

ferri tin mRNA may be a general fearure of differentiation. Qlr resul ts in 

MEL cells confi:r::m and extend the observations of Beal..ll'ront et al. ( 1987) . 

The observe:l pattern of ferri tin mRNA induction, however, varies sanewhat 

between the two laboratories. Qlr results show that, following I:MSO 

addition, H ferritin mRNA increases in a gecmetric fashion, reaching a 

max:i.rrun of approximately 10-fold after 96 h, whereas Beaurront et al. 

( 1987) report that H ferri tin mRNA increases in a biphasic pattern 

reaching a maxirrum of anly 3-fold after 96 h. The reason for this 

discrepancy is not clear, i t may be a function of the MEL cell clone, the 

culture procedures, exper:i.rœntal techniques, or possibly of the eDNA probe 

used since Beaurront et al use:l human eDNA probes while we use:l rat eDNA 

probes. Secondly 1 this srudy confi:r::ms the surprising observation that 

while ferritin mRNA levels increase during induction, ferritin protein 

levels ranain constant. 

There are several speculations one can make to explain this 

phenanenon. It should be note:l, for exarnple, that during erythroid 

differentiation of MEL oells there is a significant decrease (30-40%) in 

total protein synthesis (Parker and Housanan, 1985) . Therefore the 

observation that 
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ferritin protein levels remain constant following differentiation may in 

fact rœan that relative ferritin synthesis bas increased. In addition, 

during differentiation of MEL cells there are dramatic increases in the 

levels of toth a and i3 globin mRNA. Since the translational machinery 

may be limiting in induced cells (Parker and Ha.lseman, 1985), it is 

possible that increases in ferritin mRNA are required in order to canpete 

successfully with a and i3 globin mRNA for translation. 

It is weil doo.:mented that ferritin synthesis is stirrulated by iron. 

In rrost cells, this is thought to occur at the level of translation, since 

preincubation of cells with actinanycin D does not inhibi t the abili ty of 

iron to exert an effect ( Zahringer et al. , 1976; Munro and Linder, 1978) . 

However, iron regulation of ferri tin expression may be rrore canplicated 

than first suspected. For example, it bas been observed in Hela cells 

that actinanycin D does not inhibi t the abili ty of iron to st:l.rnulate 

ferritin synthesis, suggesting a translational control mech.anism (Chu and 

Fineberg, 1969) . However, direct measurenents of H and L ferri tin mRNA 

levels show that iron administration resul ts in an accurrulation of roth H 

and L ferritin mRNA levels (Caire et al., 1985). E\lrthermore, analysis of 

isolated ooclei show that these increases are due to increases in the rate 

of transcription (Caire et al., 1985). We therefore wanted to examine the 

effect of iron on ferri tin mRNA levels in differentiating MEL cells. 

contrary to results reported for Hela cells, our dot-blot data show that 

addition or raroval of iron does not affect ferri tin mRNA levels in ei ther 

induced or uninduced MEL cells. These results, together with our previous 

results showing the ability of iron to induce ferritin protein (Laskey et 

al., 1987a) support the conclusion that, in erythroid cells, the 

regulation of ferritin synthesis by iron occurs at the translational 
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level. 

Herne has been shcf.m to have a number of regulator.y effects in 

er.ythroid œlls, including the stinulation of globin mRNA transcription 

(Ross et al., 1972; Jagus et al., 1981) and translation (Burns and London, 

1965; ZUCker and SChulman, 1968; Gross and Rabinovitz, 1972). We 

therefore exanined the effect of herre on ferri tin mRNA levels. ù.lr 

results show that adding henin to either induced or uninduced MEL œlls 

stirrulates the acamllation of beth H and L ferritin mRNA. Moreover, 

inhibi tien of herne synthesis during differentiation of MEL œlls prevents 

the aco..m.ù.ation of H and L ferritin mRNA. This suggests that endogenous 

"free" hane may play a role in regulating ferritin mRNA levels. 

EUrthe:t::rrere, the observation that iron does not affect ferritin mRNA 

levels precludes the possibility that herre is exerting its affect through 

iron which may, or may not, 'be released fran the herne rroiety following 

catabolisrn. The exact tœchan.i.sm of herre action reneins to be ascertained, 

it may act at the level of transcription, mRNA processing and/or mRNA 

stabili ty. Studies are present! y undetway in our laborator.y to address 

this question. 

http:m=chan.i.sm


EVIDENCE THAT TRANSFERRIN SUPPCRIS CELL P.ROLIFERATION 

BY SUPPLYIN3 mON EŒ DNA SYNI'HESIS 
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Chapter 6 diverges fran the disaJSsion of iron metal:xllism in erythroid 

cells to fOa.tS on the roore general topic of the role of transferrin iron 

deli very in supporting cell proliferation. As described in Chapter l, 

rapidly proliferating cells, both notmal and rnalignant, significantly 

increase their transferrin receptor numbers and take up considerably roore 

iron. The observation that cells require transferrin for grcwth bas led 

to debate over whether transferrin functions solely by providing iron or 

whether it bas 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 roonoclonal 

antibodies. In these studies MEL cells and Raj i cells were used as roodel 

turror cell lines, while notmal hlJrnan lymphocytes were used as a 

non-malignant roodel. Both cell growth and DNA synthesis were examined. 
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Transferrin is essential for cell proliferation and i t was suggested 

that it may trigger a proliferative response following its interaction 

with receptors, serving as a growth factor. However, since the anly 

clearly defined functian of transferrin is iran transport, it may rrerely 

serve as an iran danor. To clarify this issue further, we took advantage 

of an iran chelate, ferric salicylaldehyde isanicotinoyl hydrazane 

(Fe-Snt) which we developed and previoosly daoonstrated to supply iran 

efficiently to cel1s witha.lt using the physiological transferrin receptor 

path.way. As expected, we observed that blocking rron.cx::lanal antilxrlies 

against transferrin receptors inhibited proliferation of both Raji and 

rrurine erythroleJkemia cells. This inhibited cell growth was rescued upon 

the addi tian of Fe-Snt which was also shown to deli ver iran to Raj i cells 

in the presence of blocking rronoclanal antibodies. Moreover, blocking 

anti-transferrin receptor antibodies inhibited 3H-thymidine 

incorporation into mA and this inhibi tian co..ùd be overcane by added 

Fe-sm. In addition, Fe-Snt slightly stirrulated, while sm (an iran 

chelator) significantly inhibited DNA synthesis in 

phytohe:nagglutinin-st.im.tlated peripheral blood lymphocytes. Taken 

together, these results indicate that the anly functian of transferrin in 

supporting cell proliferation is to supply the cells wi th iran. 

http:witha.1t
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INTROIXJCl'ICN 

Iran is an essential nutrient required by all wkaryotie cells for 

growth and survival. For roost animal cells, with the possible exception 

of reticuloendothelial cells, transferrin is the obligatory physiologieal 

iron donor (Morgan, 1981). Iran uptake involves the binding of 

iran-transferrin to specifie cell surface transferrin receptors and 

intemalization of the transferrin: receptor canplex in aeidie endosares 

whereupon iron is released. The transferrin: receptor canplex is then 

recycled to the cell surface where apotransferrin is released (Morgan, 

1981). 

Transferrin receptors are highly expressed on specialized eell types 

which require iron to fulfill specifie functions, such as imnature 

erythroid cells which require large a'OOLlilts of iran for the formation of 

haroglobin. They are also highly expressed on proliferating cells such as 

neoplastie cells, mitogen-stim.ùated lymphocytes, and many established 

cell lines (Larmick: and Creswell, 1979; Galbraith et al., 1980; 

Troobridge and onary, 1981; Hamilton, 1983). T lymphocytes, for example, 

when stirrulated wi th mi togen inerease 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 requirerent for the 

enzyme ribarru.cleotide re:luctase (Thelander and Reichard, 1979), whose 

activity in tum is strongly correlated with the rate of DNA synthesis and 

is greatly inereased during S phase. The enzyme is ecrnposed of two 

non-identieal sub..mits, M1 and M2. DJ.ring the eell cycle M1 protein 

levels ranain constant, while M2 protein level fluctuates and, therefore 
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ribonucleotide reductase acti vi ty is regulated by ~ synthesis and 

break.down (Eriksson et al., 1984). Interestingly, it is the M2 sub.mit 

which requires iran for i ts activity, and recent results ( L Thelander, 

persanal camunicatians) have shown a direct effect of iran an the rate of 

translation of the M2 sub.mit. Thereforel it is p::>Ssible that the 

regulation of transferrin receptor IlU"'lber during cell proliferation is 

related to the iran require:œnt for the M2 sub.mi t 1 and that an increase 

in transferrin receptor IlU"'lber is a neccessary prerequisite for increased 

~ activity. 

Monoclonal anti-transferrin receptor antib:ldies that inhibit 

transferrin binding to their receptors and cansequently iran uptak.e, have 

been described for beth :truman ( 42/6) and rrurine (Rl7-208) systems 

(Tra-Jbridge and Lopez, 1982; Tra-Jbridge et al., 1982). Blocking the 

transferrin receptor wi th these iran-depri ving rroncx::lanal antib:ldies leads 

to an arrest of cell gra-Jth and an aCCLmJlatian of cells in s phase 

(Tra-Jbridge and Lopez, 1982). 

The inability to overcane this gra-Jth inhibition by providing iron 

salts, in sane cell systems (Tra-Jbridge and Lopez, 1982; Teatle et al. 1 

1983) , has led to the suggestion that the transferrin receptor rrolecule 

may have growth related functians ether than to provide iran (Tra-Jbridge 

and Lopezl 1982; May and OJatrecasas, 1985). However, iran salts may not 

be effective iron danors when transferrin receptors are blocked. The aim 

of the present work is to address this question using synthetic iran 

chelators which bypass the transferrin receptor cycle and yet are able to 

deliver iran to the cells far above the maxinun observed with saturating 

éll'OUilts of Fe-transferrin (Ponka et al., 1979; Ponka 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 isanicotinoyl hydrazane, developed in rur laboratory (Ponka 

et al., 1982), to replace Fe-transferrin in serum free mediun supports the 

idea that transferrin prarotes cell proliferation solely because of its 

ability to supply iran. Here we present evidence that iran, provided in 

the fo:r:m of a synthetic chelate, can overcane the growth inhibi tian 

induce::i by blocking roonoclanal anti-transferrin receptor antibodies and 

stirrulate rNA synthesis. MOreover, rur addi tianal studies indicate that 

iran is also essential for rNA synthesis in mitogen stinulated 

lymphocytes. 



MATERIALS AND METIDI:S 

Cells and Cell Clllture. Friend rrurine erythroleukemia (MEL) cells 

used were deri ved fran clone 7 4SA originally isolated by Dr. Charlotte 

Friend (Friend et al. , 1971) • Raj i cells are human B lymphoblasts 

originally isolated fran a patient with Burkitts lymphana (Pulvertaft, 

1965). The Raji and MEL cells were grc:Mn in RFMI-1640 and MEM 

respectively, suppleme.nted with 10% fetal calf serun at 37°C in an 

atrrosphere of 95% air and 5% cn2• Hl..1man peripheral blood l:yrrphocytes 

were collected fran healthy donors by density centrifugation through 

Ficoll-Paque as descril:ed by the manufacturer (Phatmacia), suspended at 

1 x 106 cells/ml in RPMI-1640 containing 10% fetal calf serun. 

Phytohanagglutinin (PHA) was added to selected cultures at a final 

concentration of 2 ]Jg/ml. 

Monoclonal antil::x:dies and their effect an cell grCMth. Monoclonal 

antil::x:dies (mAb) against the rrurine transferrin receptor (Rl7-208) and 

human transferrin receptor ( 42/6) which have been descril:ed previousl y 

(Tro;vbridge et al., 1982; Tro;vbridge and I.opez, 1982), were kindly 

provided to us by Dr. I. Tro;vbridge. To measure the effect of these 

rronoclonal antil::x:dies on cell grCMth, Raj i and MEL cells were seeded in 

triplicata cultures at initial densities of 1 x 105 cells/ml. Samples 

fran control and test cultures were tak.en and counted daily until the 

control cultures reached confluence. Ali points represent averages of 

triplicatas. 

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

hydrazane or 2-hydroxyll::enzal isonicotinoyl hydrazane) was prepared as 

descril:ed by Panka et al. (Panka et al., 1979). SIH was dissolved in a 

ff!M drops of lN Naœ: and diluted wi th medium. To prepare Fe-SIH and 
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59Fe-siH, Fe-citrate or 59Fe-citrate (20-fold rrolar excess of citrate 

over iran) was added to the SIH solution at a final rrolar ratio of Fe:STII 

of 1:1. The preparation was then adjusted to pH 7.4 and allowed to sit at 

rcx:m tanperature for 1 h. Fe-STII or SIH was sterilized by filtration. 

Studies with 59Fe-SIH and 59Fe-transferrin. To prepare 

59Fe-transferrin (59Fe-Tf), 59Fe-citrate was mixed with transferrin 

in a rrolar ratio of 2 rrol Fe:1 rrol Tf. After addition of solid NatiCD3 

to a final concentration of 0.1 rrol/L the pH was adjusted to 7.4 and the 

preparation kept at rcx:m tanperature for 3 h. The preparation was then 

dialyzed extensively against phosphate bJffered saline. 

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

in serum free rœdium cantaining either 59Fe-Tf or 59Fe-s:œ. At the 

indicated times cells were collected by centrifugation and washed three 

times with phosphate bJffered saline. 59Fe associated with the cells 

was then measured with an LKB CcrrtpJ.gamna counter. 

Studies with 125r-transferrin. To prepare 125r-transferrin, 

apo-transferrin was saturated with urùabelled iran as its citrate canplex 

( 1:20) and labelled with 125r using lactoperoxidase coupled to CNBr 

acti vated Sepharose 4B ( Phannacia) according to the prcedure described by 

David (David, 1972). To rreasure transferrin binding, resting and PHA 

stim.llated lymphocytes were prepared as described above and suspended in 

0. 25 ml sanples cantaining constant arrounts of 125r-transferrin and 

increasing arrounts of urùabelled transferrin, with final concentrations of 

2.5 to 200 ].lM. 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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Tri tiated thymidine uptake. Cells were incubated under the specifie:l 

experimental conditions for 66 h, and then divide:l into triplicata sanples 

of 300,000 œlls each and placed in microtiter plates. One llCi of 

~-thymidine was then adde:l and the incubation continued for 2-4 h, 

after which the plates were frozen and later thawerl and the cell ramants 

harvested ante methyl cellulose filters. The filters were then washed 

three times with ~0, and counted following drying. 



RESULTS 

The role of iron in mAb 42/6-induœd growth inhibition. Monoclonal 

antibody (mAb) 42/6 is an anti-human-transferrin-receptor antibody which 

inhibits iron uptake fran transferrin (Trowbridge and I..opez, 1982) . 

Figure 1 shows that Raj i cells grown in the presence of fi1Ab 42/6 ( 10 

]lg/ml) exhibit a marked decline in growth rate after 72 h1 reaching a 

maxinun inhibition of 75% after six days of cul:b.1re, (when control 

cultures reached maxinun cel1 densities) • If the inhibi tian of growth 

was due to iron deprivation, addition of utilizable chelated iron sha..ùd 

reverse 42/6 -induced inhibition. In previous studies this has been tested 

with iron salts b.lt conflicting results were rep:Jrted (Trowbridge and 

Lopez, 1982; Teatle et al. 1 1985). It is possible that the uptake of iron 

salts is meèliated b'j' the transferrin:transferrin receptor pathway and thus 

'iflOUl.d have to utilize a small proportion of transferrin receptors which 

may not have been blocked b'j' the antibody. Al.temati valy, iron sal ts, 

regardless of their entry pathway 1 may only enter in arra.mts less than 

those sean with saturating levels of Fe-transferrin. If this were the 

case the ability of iron salts to overcare the growth inhibition due to 

fi1Ab 42/6 may depend on the iron requira:nents of specifie cell types. To 

overcane this anbigui ty we have used a syn.thetic iron chelate 

Fe-salicylaldehyde isonicotinoyl hydrazone (Fe-Sni) which b'j'passes the 

transferrin: transferrin receptor pathway and deli vers iron in arramts 

above those sean with saturating levels of Fe-transferrin (Laskey et al., 

1986) • As sean in Figure 1 SllM Fe-Sm reverses the 42/6-induced 

inhibition, suggesting that iron availability is ":he limiting factor for 

cel1 growth in 42/6 treated cells. 

To assess whether this observation was cell t~ specifie, we examined 
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Figure 1. Growth of Raj i cells in the presence of m:moclonal 

antibody 42/6 with or withcut 5 lJM Fe-SIH. Raji cells were 

subcultured at 1 x 105 cells/ml in RPMI-1640 suppleme.nted with 

10% fetal calf serum. The effect of rronoclonal antibody 42/6 

(final concentration 10 llg/ml) and 42/6 with 5 lJM Fe-SIH on 

growth was recorded. Each point represents averages of 

triplicata samples. 



-194-

25 
c control 
+ mAb 42/6 

20 x mAb 4216 + Fe-SIH 

-E 
J.o. 
Cl) 

15 c. 
lO 

1 
0 .,... 
>< 10 en --Cl) 

0 
5 

0 .___....~.-__,__,___....~.-_....._,___ ...... 
0 1 2 3 4 56 7 

Time (days} 



-195-

the ability of Fe-Sni to overcane antibcxly in.duœd grc:M:h inhibition in 

nurine eythroleukenia cells. For this Rl7-208 (Trt:Mbridge et al., 1982}, 

a m:moclonal antibcxly directed against the rrurine transferrin receptor 

which inhibits iron uptake fran transferrin, was used. .As seen in Figure 

2, four days of culture with 5 }.lg/ml Rl7-208 caused a 50% inhibition of 

MEr.. cell grcM:h which was overcane by the addition of Fe-Sni ( 5 J..IM) • 

59Fe uptake fran 59Fe-transferrin and 59Fe-Sni in the presence 

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

iron uptake by Raj i cells, we exa:nined the effect of mAb 42/6 ( 10 }.lg/ml) 

on 59Fe uptake fran beth saturating levels of 59Fe-Tf ( 12.5 JJM) and 

59Fe-Sni ( 5 JJM) (Fig. 3) . .As previously reported for rrurine 

erythroleukenia cells (Laskey et al., 1986), Fe-Sni can also provide iron 

for Raj i cells with an efficiency canparable, or even higher, than that 

observed with Fe-Tf. E\lrtherrrore, while mAb 42/6 significantly inhibits 

(63%) iron uptake fran Fe-Tf, it has no effect on iron delivery fran 

Fe-Sni. These results confirm that mAb 42/6 limits iron uptake fran 

transferrin and den:mstrates that Fe-Sni can be used as an iron source in 

the presence of blocking antibcxly against the transferrin receptor. 

Fe availability and DNA synthesis. To test whether Fe availability 

limits DNA synthesis we also exarnined the effect of the rronoclonal 

antibcxly (mAb) and Fe levels on DNA synthesis in Raj i cells. .As canpared 

to control cells, those treated wi th mAb 42/6 show an approximate 50% 

decrease in the rate of ~-thymidine incorporation (Table l) •· 

Desferrioxa:nine, an iron chelator, also causes a similar drop in 

~-thymidine incorporation suggesting that in beth cases Fe supply may 

be limiting DNA synthesis. E\lrtherrrore, 3H-thymidine incorporation 

returns to nonnal levels when 42/6 treated cells are supplied with Fe-Sni. 
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Figure 2. Growth. of rrurine ecythroleukemia (MEL) cells in the 

presence and absence of rronoclonal antib:ld.y Rl7-208 with or 

without Fe-Sm. MEL cells were subcultured at an initial cell 

density of 1 x 105 cells/nù in MEM supplanenterl with 10% fetal 

calf serum. The effect of rronoclonal antib:ld.y Rl7-208 (final 

concentration 5 ~g/nù) and R17-208 wi th 5 ].lM Fe-SIH on the 

growth of MEL cells was recorded. Each point represents an 

average of triplicate samples. 
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Figure 3. Iron uptake fran 59Fe-Tf (A) or 59Fe-sm (B) in 

the presence and absence of mA.b 42/6. Raj i cells were harveste1 

by centrifugation and washed three times in phosphate wffered 

saline. The cells were then preinoibated for 30 min at 37°C 

in the presence or absence of mA.b 42/6 (10 llg/nù). 59Fe-Tf 

(12.5 lJM) or 59Fe-sm (5 lJM) was then added and the samples 

incubate1 for the indicated tirre period, after which time they 

were washed and the cell associated radioacti vi ty dete:r:mined. 

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

incorporation of ~-thymidine into DNA of Raj i cel.ls. 

~-thymidine 

Additive incorporation %control 

Nil (control) 17663 ± 3686 100 

Desferrioxanine ( l.IrM) 6600 ± 1430 37 

42/6 9778 ± 889 55 

42/6 + 2.5 ~ ~SIH 18009 ± 2878 102 

42/6 + 5.0 ~ ~SIH 16876 ± 1028 95 

2.5 ~ ~SIH 16002 ± 4801 91 

5.0 jJM ~SIH 18959 ± 2452 107 
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Raj i cells wer gram under the indicate:l candi tions for three days. 

Triplicata sa:nples of 300,000 cells/ml were then aliquoted into microtiter 

plates, 1 J,lCi of ~-thymidine was added and the inrubation continued for 

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

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

expressed as the mean of triplicata sa:nples ± S.D., the units are 

cpm/300,000 cells. 
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Interestingly, in control cells treate1 with Fe-Sm there is no 

significant change in the rate of ~-thymidine incorporation suggesting 

that under notmal. tissue culture conditions Fe is not limiting for DNA 

synthesis. 

Fe availabllity and DNA synthesis in resting and proliferating 

lymphocytes. To ascertain whether similar observations could be made with 

nan-malignant hematopoietic cells, we exanined the iron requirarents of 

mitoge.n stinulate1 peripheral blood 1~. As previcosly rep::>rted 

(Haniltan, 1982), there is a large increase in transferrin receptors 

following PHA stinulatian (Figure 4). Given that this increase in 

transferrin receptor number has been shown to be an essential prerequisi te 

for DNA synthesis (Neckers and Q:lssman, 1983) , we wanted to examine the 

effect of iron availabili ty an DNA synthesis in resting and PHA stinulated 

lymphocytes. 

DNA synthesis, as IœaSUred by ~-thymidine incorporation, was 

examined in resting and PHA stirrulated lymphocytes which had been grow:n 

for 66 h with and withrut sm (which chelates and rarcves iron) or Fe-Sm 

(which delivers iran). 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 l:::e sufficient to 

sustain the very low levels of DNA synthesis in these cells .Following PHA 

stinulation there is a dranatic increase in the rate of thymidine 

incorporation, which can be canpletely inhibite1 by the raroval of 

intraceilular iran with sm. In contrast, DNA synthesis can be stirrulated 

in PHA treate1 lymphocytes with 2.5 lJM Fe-Sni, rut 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 125r-transferrin to resting and PHA 

stinulated lymphocytes. To measure transferrin binding at each 

concentration of transferrin the cells -were incubated with a 

constant am:::unt of 125r-transferrin and inereasing am:::unts of 

unlal:elled transferrin. Each sample was incubated for 60 min at 

37°C, then washed three times with eold phosphate b.lffered 

saline, and the cell bound 125r-radioactivity measured. 

Specifie transferrin binding was ealculated by taking the 

difference between total and non-specifie binding curves (not 

shown). Non-specifie binding was ealculated fran the slOJ,::e of 

the curve between 140 and 200 nM. Specifie binding curves for 

resting and PHA stirrulated lyrrphocytes are presented. 
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Figure 5. The influence of SIH and Fe-SIH on 3H-thymidine 

uptake by resting and PHA stirrulated peripheral blcx:x:l 

lymphocytes. Resting and PHA stim.ù.ated lymphocytes were grown 

under the indicated experirœntal conditions for 66 h, then 

divided into microtiter plates in triplicate sanples of 300,000 

cells/ml. One ].ICi of ~-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 ramants 

harvested onto methly cellulose filters which were washed and 

counted. The data is expressed as counts per minute x 103 per 

300,000 cells ± S.D •. 
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necœssary to provide iron for DNA synthesis. 
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DISOJSSICN 

Many cellular reactions, including electron transport and DNA 

synthesis are iran dependent. Physiologically iron delivery to cells is 

mediated by the iron carrier transferrin, which delivers iron following 

its binding to specifie cell surface transferrin receptors. In addition, 

transferrin has been identified as an obligatory growth factor for in 

vitro culture sys1:Ems (Barnes and Sato, 1980). 

Transferrin receptors are highly expressed an both specialized cell 

types, such as er:ythroblasts (Laskey et al., 1986; Sawyer and Krantz, 

1986), and an proliferating cells, such as mitogen stirrulated lymphocytes 

(Larrick and Creswell, 1979). Transferrin receptor expression is 

correlated wi th the cell proliferati ve capacity 1 increasing during 

exponential growth and decreasing when cells are in the plateau phase 

(Testa et al., 1986; Musgrove et al. 1 1986). Theoretically, this increase 

in transferrin receptor expression in proliferating cells should reflect 

an increased iran requirernent. It has been suggested that this increase 

in iran uptake may be required for the formation and/or function of the 

enzyme ribonucleotide reductase, the rate limi ting eneyrre of DNA synthesis 

(Thelander et al., 1983; Hedley et al., 1985) the activity of which is 

strangly correlated to the rate of DNA synthesis, greatly increasing 

during S phase. This variation in enzyme activity is regulated by the de 

nova synthesis and breakdown of of one of its two sub..mits, M2 which 

requires iron for i ts acti vity. Recently iron has been shawn to have a 

direct effect on the rate of translation of the M2 sub.mit (L. 

Thelander, 1987). 

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

expression in this process is not clear. Al though blocking transferrin 
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receptars with rronoclonal antil:x::xlies leads ta the arrest of cell growth 

and the accurrulation of the cells in S phase (Trowbridge and Lopez, 1982), 

conflicting evidence as ta the mechanisms of this inhibition has been 

reported. In previous studies for example, addition of exogenous iron 

salts was able ta reverse growth inhibition of sare cells l:ut not others 

(Trowbrige and Lopez, 1982; Taeltie et al., 1985). This has led ta the 

suggestion that transferrin may have a growth factor like activity, in 

addition ta that of supplying iron. we have addressed this question using 

a new and rrore effective iron chelatar, salicyaldehyde isonicotinoyl 

hydrazone (SIH). 

we have s!nm that the inhibition of Raj i cell growth by the 

rronoclonal antil:x::xly 42/6 could be effectively overcane by supplying iron 

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 pathway supplying iron 

in arounts canparable ta those seen in the presence of saturating éiTD..ln.ts 

of Fe-transferrin. Similarly, inhibition of MEL cell growth by Rl7-208 

was overcane using Fe-SIH suggesting that in the presence of rronoclonal 

antil:x::xly it is iron availablil ty which. limi ts proliferation. These 

resul ts, together wi th 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 œil proliferation solely by 

supplying iron. 

It seans likely, therefore, that iron availability limi ts DNA 

synthesis in proliferating cells. In experiments wi th bath normal mi togen 

sti.mJ.lated lymphocytes and the Raji cell line, re:roval of iron with either 

desferrioxanin.e or SIH, bath iron chelators, results in a dranatic decline 

http:antilx:x.ly
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in DNA synthesis as measurerl by ~-thymidine incorporation. In 

cantrast, SIH and SIH-Fe appeared not to affect DNA synthesis in resting 

lyrrphocytes suggesting that iron only becares limiting once the cells have 

received the mitogenic signal for division. Neckers and OJssman (1983) 

have previously shc:lwn. that the increase in transferrin receptor expression 

in mitogen stinulated T lymphocytes is dependent on the prior expression 

of IL-2 receptors which act as a signal to stinulate DNA synthesis. 

Blocking transferrin receptors wi th nonoclonal 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 i ts effect. This present study suggests that the 

induction of transferrin receptors in proliferating cells, bath notmal and 

malignant, is requirerl to supply iron for DNA synthesis. This affect may 

occur at the leval of riborrucleotide reductase, the rate limi ting enzyme 

of DNA synthesis, since iron is essential for the activity of this enzyme 

and bath iron uptake and the aci ti vi ty of this enzyme fl.uctuate in a 

parallel fashion during the cell cycle. 
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œAPI'ER 7 

GENERAL DISOJSSION 
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1. MEL CEJ:.J:S AS A MJDEL EŒ S'IUDY 

The objective of this research was to :investi gate changes which occur 

:in iran rœtabolism during erythroid devel.opnent and their significance 

with respect to the progran of erythroid differentiatian. It was also 

hoped, in a broader cantext, to cantrit:ute to a better understand:ing of 

the role of iran and physiological iran del.i very :in the regulation of cel.l 

proliferation. 

Notmal erythroid devel.opnent occurs over a period of 3-5 days, dur:ing 

which tirœ the imnature erythroid element matures thro.lgh a series of 

recognizable devel.opnental stages - fran the earliest sta:n cel.l ultimatel.y 

to the mature erythrocyte. This is an extrEJ'C'Iely canplex process which 

inval ves the selective tuming an and off of groups of genes and gene 

products. It is thought to be primarily under the :J:n.:aroral control of 

erythropoietin (Babior and Stossel., 1984) although other growth factors 

( such as IL-3) and the stranal environrnent present in the bane marrow are 

also extrEJ'C'Iely important to notmal devel.op:ne.nt (Wheaton and Dexter, 

1986) • Moreover, the signals for proliferation and differentiation rust 

be carefully balanced, and responsive to physiological need if normal 

erythropoiesis is to be effective. The observation that the phenotypic 

abn.otmality in acute leukanias is the inability of early hanatopoietic 

elements to undergo differentiation, underlies the importance of 

understanding these phenaœna. The study of normal erythroid 

differentiation therefore provides insight into both normal blood 

physiology and malignancy. 

The study of notmal erythroid devel.opnent is difficult, because of the 

inabili ty to obta:in uniform cell p:>p..tlatians of erythroid precursors which 

would be synchronized wi th respect to the stage of erythroid developnent. 

http:develop:ne.nt


one erythroid cell which bas been extensively studied is the 

reticulocyte. Reticulocytes can be collected fran the peripheral blood of 

ananic anirnals and partially :r;urified fran other blood elements by 

centrifugation in dextran gradients. Study of these cells bas provided 

considerable information atout herne and globin synthesis, their regulation 

and co-ordinate expression. However 1 reticulocytes appear late in 

erythroid differentiation and, lacking nuclei 1 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 

hunan erythrole.Jkanic cell line k562 (Lozzio and Lozzio, 1975) and rrurine 

erythrole.Jkemia cells (MEL) (Friend et al., 1971), have been used. 

Systans such as these off er several distinct advantages: they are easy to 

maintain and manipllate in culture; they provide a harogeneous fX'P.llation; 

they can be induced, with chanical agents, to undergo erythroid 

differentiation as a synchronized popllation; and it is relatively easy to 

obtain genetic variants useful for study. In this study the virus 

transfo:t:Iœd rrurine erythroleukemic cell line was used to study changes in 

iron rœtabolisrn during erythroid differentiation, in particular with 

respect to the regulation of herne and ferri tin synthesis. 

To ascertain whether MEL cells were a good m::xlel for the study of 

erythroid iron rœtabolism, in Chapter 2, the characteristics of 

dirœthylsulfoxide (l:MSO) induced erythroid differentiation in MEL cells 

were studied. The cell line studied was originally derived fran MEL cell 

clone 745, first isolated by Dr. Charlotte Friend (Friend et al., 1971). 

Before attenpting to manipllate the experirren.tal m::xlel, it was first 

necessary to characterize the differentiation pattern of this particular 

clone under the experirren.tal conditions used in this laboratory. It was 
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observe::! that cells which were allowe:l to grow in medium containing 1. 5% 

rMSO mature::! fran the stage of ecythroblast to noiitDblast. This 

maturation was characterized by the aCCI.li1.llation of haroglobin and could 

be rreasured by benzidine staining. In accordance with previously reporteii 

data, it was observe::! that following rMSO induction there was an 

approximate 10-fold increase in the levels of beth a and 13-globin mRNA 

(Ross et al., 1972; Boyer et al., 1972). In addition, a 3-fold increase 

in transferrin receptor expression (B..l et al., 1977; Wilczynska et al., 

1980) and a 6 to 10-fold increase in total cellular iron uptake (Glass et 

al. , 1978) , presumably mediate::! by the increase in transferrin receptor 

number 1 was observe::!. The rate of he.1'le! synthesis, as measured by 59 Fe 

incorporation, also increased. In 1976 Sassa reporte::! that following J:l.:1SO 

addition to MEL cells, there is a sequential induction of the e.n.eymes of 

the he.1'le! biosynthetic pathway. La ter, Grandchamp et al. ( 19 85 ) showerl 

that the induction of at least two of these e.n.eymes (porphobilinogen 

deaninase and uroporphyrinogen decarboxylase) is accounted for by a 

coordinate increase in the ir respective mRNAs. Together, these 

observations show that during chemically induced differentiation of MEL 

cells, a number of genes and gene products are acti vated to produce the 

final phenotype which is characterized by the aCCI.li1.llation of large 

arounts of haroglobin. More ilnf:ortantly 1 this pattern of gene activation 

and expression in many ways parallels those changes seen in normal 

erythropoiesis. 

MEL cells are however, a transforrœd cell line and changes in iron 

metabolism have been reporte::! to occur following transformation. 

Malignant cells 1 for exarnple, are known. to have higher that usual numbers 

of transferrin receptors and a larger total cellular iron uptake (B..lebers 
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and Fin.ch, 1987). This increase in iron uptake appears to be requira:l to 

supp:>rt rNA synthesis in rapidly dividing cells {Mendelsohn et al., 1983; 

Neckers and Cossnan, 1983; Laskey et al., 1987c). E\lrthe:t:!T'Ore, malign.ant 

cells have teen shown to have higher than average levels of ferri tin 

(Drysdale et al., 1977). This may be relaterl to the increase in iron 

uptake or may serve an as yet undefinerl function in these œlls. 

As a resu1 t, results obtainerl fran this systan rrust be interpreterl 

cautiously. The basal level of iron metaoolism in the uninducerl cell may, 

or may not, be sanewhat higher than wa.lld be found in the normal 

prono:t:!T'Oblast (the physiological equivalent) . However, chanical induction 

dœs result in the regulaterl and coordinats expression of haooglobin, and 

transferrin reœptor expression and iron uptake both increase as W'OUld be 

expected, in arder to supp:>rt h.eœ synthesis. Therefore, it is arguerl 

that, al though the basal level of iron metabolism may be higher than 

normal, this systan is a good rro:lel for the study of changes which OCOJr 

in iron metabolism, gene activity and the regulation of gene expression 

during erythroid developnent. 

2. IRON MEI'ABOLISM AND THE REGJIATION OF HEME SYNI'HESIS. 

It has long been recognizerl that the biosynthesis of h.eœ in both 

erythroid and non-erythroid cells is subject to negative feedback, rut in 

erythroid cells there is controversy as to where this occurs. In Chapter 

3, the postulate that the regulation of h.eœ synthesis is distinctly 

different in erythroid and non-erythroid cells was testerl. In 

non-erythroid cells such as hepatocytes and bacteria h.eœ controls the 

synthesis and activity of ALA synthase (Burnhan and Lascelles, 1963; 

Granick et al., 1975), the first and rate limiting enzyrre (Granick and 

Urata, 1963) in the hane biosynthetic pathway, thereby regulating h.eœ 
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fo:c:mation. Hol/eVer, a grCMing body of evidence suggests that M..A synthase 

acti vi ty does not control bane synthesis in erythroid cells (Panka and 

Neuwirt, 1970; Panka et al., 1973; WOOds, 1973; Sassa, 1976; Malik et al., 

1979a,b; Sassa, 1980; Panka and Schulman, 1985a,b). In reticulocytes herne 

has been shawn ta control the cellular acquisi tian of iron fran 

transferrin (Panka and Neuwirt, 1969; Panka et al., 1974; Schulman et al., 

1974), and recent evidence (Panka and Shulman, 1985a,b) suggests that, at 

least in rabbi t reticulocytes, the rate of iron uptake fran transferrin 

limits the rate of herne fo:c:mation. Ta see if these observations were true 

of less mature erythroid cells and ta see if the regulation of bane 

synthesis changes during erythroid developnent, MEL cells were studied, 

prier ta and follCMing differentiation. The results suggest that in 

undifferentiated MEL cells, which synthesizes little if any h.aroglobin, 

ALA synthase is rate limi ting for bane synthesis. However, follCMing IM30 

addi tian and the induction of the bane pathway enzymes, the rate of iron 

deli very fran transferrin rather than ALA synthase acti vi ty limi ts and 

controls the rate of bane synthesis. 

While these data provide a strong argument for this hypothesis, the 

regulation of haœ synthesis in erythroid cells remains an area of ongoing 

controversy. Earlier studies in MEL cells had shawn that there is a 

sequential induction of the enzymes of the bene biosynthetic pathway and 

that h.aroglobin did not appear until after ferrochelatase induction 

(Sassa, 1976), suggesting that ferrochelatse is limiting. rurther.rrore, 

cell lines which do not induce ferrochelatase do not differentiate and 

will not synthesize haroglobin (Sassa et al., 1978). However a recent 

report of Beauroont et al. ( 1984) suggests that this argument may not be 

true, since they sh.cM ferrochelatase being induced as early as ALA 
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synthase during differe.ntiatian of MEL cells. 

Another approach to testing whether ferrochelatase is rate limiting is 

to exanine the effects of exoge.nously supplied protoporphyrin an the total 

am:ont of cellular haœ prcrluœrl. It is assurred that if the early 

porphyr.in biosynthetic enzymes were limiting the addi tian of 

protoporphyr.in woo.ld bypass these steps and supply sufficie.nt porphyrin 

for bane biosynthesis. Using such an approach, Fadigan and Dailey ( 1987) 

have rece.ntly provided evidence, directly in canflict with our earlier 

data, that ferrochelatase is rate limit.ing .in induœrl MEL cells. Their 

data show that supplaœn.tatian wi th protoporphyr.in did not al ter haœ 

biosynthesis until 48 h post induction, suggesting that iran insertion was. 

limiting up to that tirne, and that 72 h post induction cultures, supplied 

with varying cance.ntratians of protoporphyrin, had cellular bane levels 

directly proportianal to the an:ount of protoporphyr.in. These results are 

in direct canflict with rur data showing that the addition of AIA to 

uninduced cells was able to stirrulate haœ synthesis (as measured by 

59Fe .incorporation into haœ). one criticisn of the results of Fadigan 

and Dailey is that protoporphyrin was supplied .in culture over extensive 

tirne pericds. It is possible that this addition affected the pattern of 

bane biosynthetic enzyme induction. If their results are valid it shou.ld 

have been sho;tm that in short term incubations, addi tian of protoporphyrin 

woo.ld stirrulate, or fail to stirrulate, bane prcrluctian. By test.ing induced 

and uninduced cells in this manner the possibili ty that protoporphyrin 

adm.inistratian in sane way affected haœ enzyme induction or acti vi ty 

would have been excluded. 

3. IRCN MEI'ABOLISM AND THE REœLATION OF FERRITIN SYNI.'HESIS. 

In order to better understand iran metabolisn and the regulation of 
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intracellular iran distrirutian in developing ecyth.roid cells, iran 

distrirutian and the regulation of ferritin synthesis in differentiating 

MEL cells were exêmined. The resul ts 1 presented in Chapter 4, shc:M that 

following differentiatian there is an increase in total iran uptak.e and 

that the majority of this newly incorporated iran is shunted to the herne 

fraction. Wy when iran is supplied in excess of that which is seen with 

saturating concentrations of Fe-transferrin is the iran then directed to 

ferri tin. This suggests that transferrin receptor expression induction and 

bane synthesis induction are closely coopled to ensure that iran in excess 

of that required for herne synthesis is not tak.en up. E\lrtherrrore, when 

extracellular iran is not limi ting 1 iran stored in ferri tin is not used 

for bane synthesis. These resul ts, together wi th previous observations 

that ferri tin iran is not used for h.aroglobin synthesis in reticulocytes 

( Ponka et al. 1 1982) , and is not an intermediate in the utilizatian of 

iran for bane synthesis in newt erythropoietic cells (Grasse et al. , 

1984), suggest that ferritin functions primarily as an iran store rather 

than as an intermediate in the pathway of iron to herne biosynthesis. 

In rabbi t reticulocytes up to 90% of the incaning iran will be 

utilized for herne synthesis (Ponka and Schulrnan, 198Sa,b). In 

differentiatied MEL cells, after one hour of incubation wi th 

59Fe-transferrin, 1/3 of the iran is foun.d in the herne fraction, 1/3 in 

the ferritin fraction and 1/3 in the stranal fraction. The stranal bound 

iran rrost likely represents herrosiderin, which is insoluble, although a 

certain proportion may also arise fran trapped mi tochondria and therefore 

sane herne iran may also be present in this fraction. Why the distrirution 

of iran into the herne fraction is so low canpared to reticulocytes is 

uncertain. It is possible that this occurs because these cells are less 
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ma:b.lre, and that a similar distrib.ltion \\l'OLlld be found in normal œlls at 

an equivalent stage of developrent. This is supported by the observation 

of Konijn et al. (1979) who sb.ldied normal erythroid precursor cells fran 

rabbit bane marrCM and showe:J that undifferentiated œlls synthesize 12 

times rrore protein and 20 times rrore ferri tin than reticulocytes; and Ali 

et al. ( 1983) who rœasured ferri tin concentrations in human erythroblasts 

isolated fran the bane marrCM and found concentrations approximately 2,000 

times higher than in mab.lre erythrocytes. A second altemati ve is that 

high intraœllular ferritin levels and high ferritin iron content, are a 

function of the transfotrœd phenotype. Mattia et al. (1986) recently 

provided evidence that in K562 œlls, the proportion of iron which goes to 

ferritin is a function of cellular ferritin content. They loaded K562 

cells with 59Fe 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 rur results wi th MEL œlls) • As the 

incubation continued, hcmever, iron in the ferri tin fraction represented 

increasing proportions of the total and this in b.lm was shc:Mn. to reflect 

changes in total ferri tin content. If this is true in all cell types, and 

if indeed transfotrœd œlls, MEL cells in particular, are expressing 

higher than normal levels of ferritin (Drysdale et al., 1977) then this 

may explain the iron distrib.ltion disparity between induced MEL œlls and 

reticulocytes. E\.lrther sb.ldies are needed to clarify these observations. 

Nevertheless, the observation that follCMing induction there is a shunting 

of iron to haœ and that ferritin iron is not utilized for haœ synthesis 

when extracellular iron sources are present, should be valid. 

In rrost cells ferritin synthesis is regulated by iron. This is also 

true for MEL cells. Iron administration is able to stirrulate ferritin 

http:developre.nt
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aco..mllation in roth induœd and uninduœd œlls. Hane will also 

stinulate ferritin acet.:m.Jlation, although it is difficult ta ascertain 

whether this is an effect of the here rroiety itself or of iran, which may 

be released fran heœ. 

The regulation of ferritin biosynthesis at the transcriptional level 

was studied in Chapter 5 and the results shcMed that following n.1SO 

induction there is an increase in roth H and L ferri tin mRNA levels. H 

ferritin levels increase in a geaœtric fashion accum..ù.ating dramatically 

betwee.n 48-96 h. After 96 h in culb.lre in the presence of n.1SO H ferritin 

rnRNA levels are approximately 10-fold over uninduœd levels. L ferri tin 

rnRNA levels also increase rut in a biphasic pattern reach.ing a maxirrun of 

approximately 5-fold over uninduced levels. These results are canfirmed 

by a recent report of :sea.urront et al, (1987) who provide additianal 

evidence that these increases are due ta increases in the rates of H and L 

ferritin gene transcription • 

SUrprisingly, though ferri tin mRNA levels increase ferri tin protein 

levels do not change following induction. The reason for this discrepancy 

is not clear rut the fact that this observation is reported by two 

independant groups (Bea.urront 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 

content reneins the sane rrean.s that relative synthesis has increased. It 

may also be that higher levels of ferri tin mRNA are required ta canpete 

successfully with the increasing quantities of a and 13 globin mRNA 

which appear following induction. These two explanations are of course 

not nutally exclusive. Peta (Peta et al., 1986), :sea.urront (Beauront et 

al. , 1987) and this author (unp.lblished data) have observed 
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that following differentiatian of MEr.. cells, there is no change in the 

rate of 355 incoq:x:_:lratian into irrrrunoprecipitable ferritin protein. It 

seans likely th.erefore that the relative proportion of ferritin to total 

protein increases following induction because of the ability of increasing 

levels of ferritin mRNA to canpete successfully for diminishing 

translational machinery. No change in 355 incoq:x:_:lratian would be 

expecte:l under these candi tiens. If ferri tin mRNA levels did not increase 

then ferritin levels would be expected to fall. One may canclude then 

that the maintenance of cellular ferritin levels is important during 

erythroid developrent. 

In attempting to understand the transcriptianal regulation of 

ferritin, the ability of iran to alter ferritin mRNA levels was tested. 

Caire et al. ( 1985) have previc:usly shawn that in Hela cells iron 

administration stinulates both the transcription and translation of 

ferritin mRNA, suggesting that iron regulation of ferritin synthesis may 

l:e rrore canplex than first suggested ( Zahringer et al. , 1976) . How'ever, 

in MEr.. cells nei ther iron administration nor raroval al ter ferri tin mRNA 

levels, irnplying that iron regulation of ferritin synthesis OCOJrs at the 

translational level. Together these resul ts suggest that there are cell 

specifie variations in ferritin regulation. 

He:ne bas l:een shawn to have a rrumber of regulatory functions in 

erythroid cells and so the ability of added henin or inhibi tian of 

endogenc:us haœ synthesis , to alter ferritin mRNA levels was also 

exanined. Hernin administration resulted in increases in H and L ferritin 

mRNA levels in both induced and uninduced cells. Since iron had l:een 

shawn not to alter ferritin mRNA levels in these cells, the possibility 

that haœ was exerting this effect through release of iron was excluded. 
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Inhibition of heœ synthesis in uninduced cells , w!ùch synthesize very 

little heœ, bad no significant effect, as wo.lld be expected. However, 

inhibition of heœ synthesis during differentiation, inhibited mRNA 

induction. To observe this effect, succinylacetone (SA, the heœ 

synthesis inhibitor) bad to be added at the tirre of sutx::ulturing. If SA 

was added after 72 hours no significant drop in ferritin mRNA was 

observed. It is concl.uded therefore, that inhibition of heœ accurrulation 

is the critical factor. Interestingly, SA administration also results in 

an increase in ferri tin protein levels in induced cells. This may be 

explained by the observation that in!ùbi tion of endoge.n.rus heœ synthesis 

in induced cells which are taking up large art'O.ll'lts of iron, results in the 

accurrulation of intraœllular, non-heœ iron w!ùch l(,10U]_d in tum stirrulate 

ferritin synthesis. E\.lrther studies need to be done to determine the 

rœchanism of heœ action. In light of the data, the rrost plausible 

ex.planation is that ha:œ is involved in the transcriptional activation of 

H and L ferri tin genes during differentiation; hcmever, i t may 

altematively or additionally, affect ferri tin mRNA processing and/or 

stability. 

These studies suggest that free heœ plays an important role in the 

differentiation process. As previously docurœnted, herne acts to ensure 

the coordinate expression of heooglobin by stinulating globin mRNA 

transcription and translation, and by regulating its own synthesis through 

feedback inhibi tien. Evidence is provided that, in erythroid cells, this 

regulation may occur at the level of iron deli very fran transferrin rather 

than ArA synthase. E\.lrthe:r.:rrore, herne may regulate ferri tin gene 

expression during erythroid developrent. 
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4. THE ROLE OF T.RANSFERRIN IN SUPPORTING ŒLL PROLIFERATICN. 

The primary function of transferrin is thought to be the transport of 

iron. Iron is required by ail cells for growth and survival sin.ce many 

cellular reactions, including electron transport and DNA synthesis, are 

iron dependent. However, the observation that transferrin was an absolute 

requiranent in serum free media (Bames and Sato, 1980) and that 

transferrin receptors are highly expressed on proliferating cells led sane 

investigators to suspect that transferrin may have growth related 

functions independant of its abili ty to del.i ver iron. To test this 

possibility experirnents were perfotmed to attempt to segregate these two 

functions, and their respective effects on proliferation. one such 

experimental design was to supply iron in the fonn of law rrolecular weight 

chelates while blocking transferrin binding with m:moclonal antibodies 

(mAb) directed against the transferrin receptor. Unfortunatel.y, these 

experirnents gave conflicting results, sin.ce in sone cel1 systans iron 

supplied in such a form was able to support growth while in ethers i t was 

not, suggesting a requiranent for transferrin (Trowbridge and Lopez, 1982; 

Teatle et al. , 1983; May and Olatrecasas, 1985) . However, iron chelates 

such as these may not supply iron in a:rounts which would be canparable to 

transferrin-Fe del.i very. In Chapter 6 this question is addressed, taking 

advantage of a new iron chelator, salicylaldehyde isonicotinoyl hydrazone 

( SIH) (Panka et al. , 1979) . This chelator is very effective in donating 

iron to a variety of cel1 types, and can deliver iron independently of 

transferrin and transferrin receptors and in arrcunts greater than those 

seen with saturating concentrations of Fe-transferrin (Laskey et al., 

1986) . Qlr data show that iron, supplied in the fonn of Fe-Sm, is able 

to overcaœ the growth inhibition induced by treating cel.ls wi th blocking 
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m:::ncx:lonal antibodies against the transferrin receptor. 

The results presenterl in Chapter 6 suggest that the acquisition of 

iron by proliferating cells is necessary in arder to support DNA synthesis 

since raooval of iron (either by using a chelator, or by blocking 

transferrin receptors with blocking m:::ncx:lonal antibodies) inhibits rNA 

synthesis while addition of iron stirrulates DNA synthesis. This is ttue of 

beth malignant and non-rnalignant œlls 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 tetm 

incubations, such as those describerl here, the iron which is in ferri tin 

(beth Raj i and lymphocytes, have measurable ferri tin levels) , is not 

available to support DNA synthesis. Iron is reg:uirerl for the synthesis 

and acti vi ty of ribonucleotide reductase, which is the rate limi ting 

enzyrœ. of DNA synthesis (Thelander and Reichard, 1979). Recent evidence 

suggests that newly incorporaterl iron is reg:uirerl to support the function 

of this enzyrœ. This may explain the observation that beth ribenucleotide 

reductase activity and transferrin receptor expression beth increase just 

prier to S phase during œll division. Taken together these results 

suggest that the only function of transferrin in supporting cell growth is 

to supply cells with iron. E\lrthe:rrrore, acquisition of iron fran 

extraœllular sources appears to be reg:uire:l in arder to support DNA 

synthesis suggesting that ferritin iron is insufficient or unavailable 

under these conditions. 
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The follcming novel findings and observations have been dem:mstrated 

in this thesis: 

1. The synthetic chelate ferric salicyaldehyde isonicotinoyl hydrazone 

(Fe-SIH) can deliver iron to induced and uninduced MEL cells without 

the involvanent of transferrin and transferrin receptors and to a 

rruch greater extent than fran saturating concentrations of 

transferrin. Iron taken up in this form can l::e utilized. for herne 

synthesis. 

2. Increasing iron delivery above the levels obtained with saturating 

concentrations of transferrin, using Fe-Sni, stinulated herre 

synthesis in induced. 1:ut not uninduced. MEL cells. The abili ty of 

Fe-SIH to stinulate herne synthesis could l::e detected as early as 

24-48 h follcming dimethylsulfoxide (r::M30) addition. Fe-SIH also 

stinulated globin synthesis above levels seen with saturating 

concentrations of transferrin, in induced cells. 

3. Exogenous AI.A stirrulated herne synthesis, as rœasured by 59 Fe 

incorporation fran transferrin, in uninduced cells rut not in induced 

cells. This implies that AI.A synthase is rate limi ting for herne 

synthesis in uninduced cells onl y. The resul ts of experiments using 

59Fe-SIH suggest that AI.A synthase becanes rate limi ting in induced 

cells only when the transferrin/transferrin receptor pathway is 

bypassed. to supply cells with non-limiting anounts of iron. 
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Tagether, these results support the hypothesis that sare step ( s) in 

the pathway of iron fran extracellular transferrin to protoporphyrin, 

rather than AIA synthase, lirni ts and controls the rate of bane and 

possibly haroglobin synthesis in erythroid cells. 

3. Chase experirrents s~ that haroglobin synthesizing MEL cells 1 

incubated in the presence of saturating concentrations of 

transferrin, do not use ferri tin iron for bane synthesis. 

4. H and L ferritin ~t mRNA levels both increase during MEL cell 

differentiation; however 1 ferri tin protein levels ranain constant. 

s. Iron administration, using Fe-SIH, stinulates ferritin protein 

accunulation in both induced and uninduced MEL cellsl although for 

the sana concentration the response is sanewhat greater in un:induced 

cells. Fe-SIH has no affect on ei ther H or L ferri tin sul:uni t mRNA 

levels. 

6. Reroval of iron with desferrioxanine results in a decrease in 

ferritin content in both induced and un:induced MEL cells, rut has no 

affect on either H or L ferritin sub.lnit mRNA levels. 

Together, these resul ts indicate that in differentiating MEL cells 

iron regulates ferritin synthesis at the level of translation. 

7. OVemight exposure to exogenœs hernin stinulated ferri tin protein 
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accum.ùation in b::>th induced. and uninduced. cells. Addition of henin 

at the time of subculb.lring, resulted in an increase in b::>th H and L 

ferri tin mRNA levels in induced. and uninduced cells. 

a. Short term inhibition of hare synthesis, with succinyl acetone, bas 

no effect on ferritin protein levels in uninduced cells rut increases 

ferri tin content in induced. cells. When succinyl acetone is added to 

MEL cells at the time of subcul turing and the cells harvested after 

frur days, it partially inhibits the induction of H and L ferritin 

mRNA levels shawn to oco.lr in IM30 treated cells. 

TOgether, these results suggest that herne may regulate ferri tin 

synthesis, and may play a role in the induction of ferri tin mRNA 

which oco.lrs during MEL differentiation. 

9. Fe-SIH was shawn to effectively deliver iron to Raji cells in the 

presence of blocking m:::moclonal antibcx:Ues (mA.b) to the transferrin 

receptor. 

10. Blocking transferrin receptors with mAbs was shawn to inhibit the 

proliferation of b::>th Raj i and MEL cells. This inhibi ted cell 

growth was reversed by Fe-SIH. E\.lrtherrTOre, in Raj i cells, mAbs were 

shown to inhibit DNA synthesis, as measured by ~-thymidine 

incorporation into DNA, and this effect cruld be overcaœ by added 

Fe-SIH. Fe-SIH also stim..ùated DNA synthesis in PHA stim..ùated 

lymphocytes, whereas re:roving iron with the chelator SIH inhibited 

DNA 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 incaning 

source of iron is required to support DNA synthesis in rapidly 

dividing œlls. 



APPENDIX 



Ferritin radio~oassayo 

This section descril::es in detail the developnent of the ferritin 

radioirmunoassay (RIA) which was used in these studieso As descril:ed in 

Chapter 4, the assay is a conventional RIA in which an antigen canpetes 

wi th labelled antigen for a limi ted number of available antibody binding 

si tes o To develop this assay i t was neccessary first to isolate and 

p.lrify rrouse ferri tin and then to use this antigen to raise antibodies in 

rabbits. 

Ferritin purification. 

Ferri tin was p.1rified fran the li vers of iron inj ected mica. Mica 

(25g) were injected intraperitoneally with lmg of iron-dextran on three 

sucœssi ve · days, left un.treated for the next two, and inj ected once again 

on the sixth day o The mice were sacrified on the seventh day by 

decapitation and their livers were removed. 

The li ver tissue was harogenized in four volumes of 1 rrM 

!3-mercaptoethanol (BME). It was then heated quick:ly (reaching temperature 

in 1 min) to 70°C, for 10 minutes. The han::lgerlate was then centri:fuged 

at 19,000 x g for 20 minutes and the supematant collected. Wh.ile rrost 

other proteins coagulate at 70°C, ferritin is stable and will therefore 

renain in the supematant fraction. 

The ranaining protein in the supematant fraction was precipitated 

with a.mon.ium sulfate ( 313 mg/ml in 1 rrM BME, stirring for three hours at 

4°C), and the solution then centri:fuged at 48,000 x g for 20 minutes at 

4 °c. Following centrifugation the pellet was collected, redissol ved in 

potassium phosphate pH=6. 8, l.rTM BME and dialysed ovemight against the 

sa:ne tuf fer. This was then centri:fuged at 44,000 x g, for 10 minutes at 

4 °c and the supematant fraction collected. 



Ferritin in the final supematant was precipitated by centrifugation 

at 100,000 x g, for 3 h, at 4°C, and the pellet resuspended in 20 rrM 

phosphate, 1rrM EME. 

Harogenei ty after these procedures was assessed by sœ-PAŒ perfol1'!'\Erl 

on a 6-22% gradient gel. 

Purified rrouse ferritin prepared in this mannar was subsequen.tly used 

for a variety of :purposes. It was a) used to raise antil:xx:lies in rabbi ts 

(described bela•l), b) labelled with 125r, using lactoperoxidase coupled 

to amr acti vated Sepharose 4B according to the procedure described by 

David ( 1972) , for use in the RIA and c) i t was used as standards in the 

creation of the standard œrve for the RIA. 

Antil:xx:ly Production. 

Antibodies to rrouse ferritin were raised in rabbits by sub::utaneous 

injections of rrouse ferri tin ( 0. 5-l. 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 p.mcture and the serum collected, 

and frozen. Aliquots of these serum samples were tested by ELISA for 

their reactivity with the antigen rrouse ferritin. The sample with the 

highest reacti vity was selected for use in these studies. To ensure that 

this reaction is specifie for ferritin, cell lysates were inœbated with 

either, rabbit anti~se-ferritin antiserum or with nonnal rabbit serum 

and the innunoprecipitates anaylsed by SDS-PAGE. The results of these 

tests show that there is selective precipitation of ferri tin when. the 

antiserum is used. The antiserum was not processed further. 

Assay perfo:rman.ce. 

The ferritin RIA was perfor.med using the :purifie:) rrouse ferritin as a 

standard and 125r~e-ferritin as the labelled antigen. The standards, 

http:perfonnan.ce
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labelled antigen and antiserum were ail diluted in b.Jffer 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 b.Jffer for the RIA. To use and analyse the 

assay a standard œrve is constructed. Ferri tin standards ranging fran 

0-500 ng, and unknown samples are mixed with a constant amount of 125r 

ferritin and a constant amount of {X)lyclonal rabbit anti-rrouse-ferritin 

antiserum and inœbated for 1 h, at 37°C. After one hour goat 

anti-rabbit antibody coupled to a solid matrix is added to precipitate the 

ferritin-antibody ccmplexes. This reaction is allowed to continue for 30 

minutes at rean temperature, after which the solution is centrifuged and 

the immune complex precipitated. The radioactivity associated with the 

pellet is measured and a standard œrve constructed. Fran this œrve the 

concentration of ferri tin unknowns can be calœlated. Table 1 shows 

typical data for the RIA standard œrve, these data are plotted in Figure 

1. 

Note: In these experiments the matrix used was either the goat 

anti-rabbit tmmunobead matrix supplied by Biorad or the goat anti-rabbit 

matrix which is supplied with the Ferritin Immunoradiametric Assay Kit 

(human) supplied by Becton Dickenson. Beth were equally effective in 

precipi tating the antigen-antibody canplexes and were therefore used 

interchangeably depending upon availability. 
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Figure 1. Ferritin RIA, standard œrve. Graphie 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 sani -log paper or the data are transfo:r:med and plotterl 

as the log of the ferritin concentration. The cpn (specifie binding) 

recovered in the pellet are plotted on the y-axis; these data are not 

transfonned. The acœracy of the standard œrve was assessed by 

calœlating the coefficient of linear regression(r). one can also 

calœlate the equation of the line which subsequently allows for 

mathematical derivation of the ferri tin concentrations in the unknown 

samples. A standard œrve was rootinely run with each experirnent, the "r" 

values were always • 85 or better. 
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