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CHAPTER I INTRODUCTION

"I have always thought- that the cure for canéef would be found
but -heretofore believed it would not be in our generation
unless it was fortujtously stumbled upon. I'now feeivits
discovery will cdme about within our generation."

(Nealon, T. F., 1965).

Cancer and Differentiation

The ‘enigma of cancer has been with clinicians and scientists for

more than one hundred and seventy years‘sincé the beginning of the first

organized oncogenic study (Baillie et al., 1802).- Cancer, with its

phenotypic schizophrenia including embryonic, fetal and adult charac-
teristics and somet1mes even a tumor-specific capacity, has d1sgu1sed
itself under many seemingly unrelated forms and_has been more mystifying’

and elusive than any other disease known to man. Even after numerous

intensive investigations, both the clinical and the scientific defini-

tibns of cancer are still unclear today-(Stewart, 1975; Ponten, 1976).
A1though not a singTe criterion can be used to characterize all
types of ‘cancer cells, some ¢e11u1ar characteristics are tommoh t0 mahy
forms of cancer. These characteristics include uncontrolled growth
(Skipper and Schnabel, 1973; Stee] 1973), increased uptake of glucose

(Hatanaka, 1974) and amino. acids (Foster and Pardee, 1969) Isseibacher;

1972}, higher rate of aerobic g]yco]ys1s (Wargburg, 1931; Wenner, 1975)
- and loss of the specia]ized”morpho]Ogica] structures common to their

‘normal counterparts (Auefsperg and Worth, 1966; Wilbanks and Shingleton,

1970; Auersperg and Finnegan, 1974). In many'caseé, cancer cells also

suspend or drastically reduce the synthesis of protp1ns highly character1st1c

of the1r parental normal differentiated cell type (Pitot, 1963; Stewart 1975).



Thesevvarious morpho]ogica1'and}biochemioal properties, however,

.are not only unioue:to‘cencer ce]]s_butralso common to embryonic ee]ls.r
Ih_eddition; the similarity oetueen cancer cells and embryonic cells

can»be oemonstratedtby thelexpression of'maoy fetal antigenS‘(Alexander,

1972; Coggxn and Anderson, 1974) and embryon1c forms - of 1sozymes (Criss, .
.]970 we1nhouse, 1971 Schap1ra,'1973) by,neop1ast1c t1ssues. Numerous N
ce]lu]ar const1tuents norma11y presentrduring embryoﬁic or'feta1 : Y
'-development but absent in tissues and organs of mature 1nd1v1duals, |

_have ‘been detected 1n spontaneous or exper1menta11y induced tumors

This’ para11e11sm between cancer and embryon1c cells had led to a major

“theory of cancer which postulates that carcinogenesis represents a
-eprocess of "dedifferentiatfon" of_cells Teading to the 1oss ot specia-
'1ized‘biocﬁemica1_end'morphological properties'uniqUe to}a particular
differentiated eell type'and the-reoppearance ofvmetabo1iorand bio-
.synthet1c patterns character1st1c of und1fferent1ated embryon1c ce11s

(Markert 1968 P1erce, 1970 Braun, 1974) " Cancer. cells, according

to this theory, are,thus-“dedeferentIated"- | |

Thevuse'of thevterm "dedifferentietion",-however has its serious

.1imitations Since the process of. d1fferent1at1on has been shown to

1nvo1ve ep1genet1c control mechan1sms (King, 1966 Gudon, ]968), the
'use of “dedjfferent1at1on" to define cancer would imply ‘that carc1no—

genesis5is also ah epigenetic proeess in which the basic-meehanisms
that.underlie‘the neoplastic state-are similar to'those involved in'the

”normol ce]lular differenttatioo.and the_composftiona] end behavioral. v
'Jchanges observed in tumors due to'changes7in the programmfng'of normal

genes. _Toevstrongest euidence for the epigenetic theory was provided

byvtwoviogenious transp]antation.experiments. In the first one by-



McKinnell, Deggins and Labat (1969), tumor cells from adult frog with

genetic markers were transp]anted into activated and enucleated eggS.

Normal tadpoles were found to arise from these eggs and bear the same

markers. In the second experiment by Mintz and Il]mensee (1975), mouse
teratocarcinoma cells were 1n3ected into blastocysts of a different
strain. Mice that were later developed from these b]astocysts were

found to be cellular genetic mosaics with substantia]-cdﬁtriubtions of

-tuhok—derived cells in many developmentally unrelated tissues. Together,

~ these results unequivocally demonstrated the reversibility of neoplastic

state and suggested that, in these cases, nuclei of normal and tumor

~ cells were genetically equivalent and that changes in gene structure

were not required for the devleopment of malignancy.

- The quesiton whether genetic or epigenetic mechanisms are fesponl
sible for‘CarCinogenesis in general, however, is still under much debafe_
and it has become more and more c1ear that the final answer would be'.

a complex oné. Enough evidences from studies with some heceditary ‘
diseases such aslkeroderma pigmentosum (Robbins et al., 1974), ret1no-

blastoma (Knudson, 1973), atax1a-te]ang1ectas1a (Wolman and Hor]and

'1975)_and Fanconi's anemia (Poon et al., 1974) suggests that changes

in DNA might be indeed the cause of carcinogenesis in these diseases.

It is thus likely that either genetic or epigenetic mechanisms might

initiate carcinogenesis. Since' cancer initiated by genetic mechanisms

also regularly manifests those common "dedifferentiated" characteristics -

such as uncontro]]ed growth loss of specialized morphological structures

-and b1ochem1ca1 properties, etc , it seems that once carc1nogenes1s 15

initiated, this process is then accompanied by a stage of "dediffer-

entiation" which might involve a series of epigenetic changes that are

responsible for the progression of carcinogenesis and the retrogenic



phenotyp1c a]terat1ons of ce11s toward a 1ess d1fferent1ated state.
A]though the evolut1on of the cancer phenotype 1s assoc1ated w1th

. suppress1on of norma] d1fferent1ated phenotype 1n genera] this might -

not_be the case. when a spec1a11zed d1fferent1ated product is considered.

‘Some times, the synthes1s of the d1fferent1ated product can be sur-.

1 _pressed to various degrees as the neop]ast1c process- evo1ves resu1t1ng

in a spectrum of cancer phenotypes.r For examp]e, 1nsu11nomas_may produce

,an excess1ve amount of 1nsu11n per ce]] (no inSu1in per ce]])‘or any:

| var1at1on between these extremes In cases. of ma11gnant melanomas,v
vthe neop]asms may be b]ue-b]ack or black in color ref]ect1ng the norma]
1eve1 of me]an1n synthes1s or they may be colorless as a result of the
. shutoff of the p1gment synthes1s Any var1at1on between these extremes
may also occur. The cel]u]ar heterogene1ty, in the case. of leukemia,
is not even. 11m1ted to the express1on of a spec1a1 gene product Most
‘1eukem]c popu1at1ons character1st1ca11y.contajn blast cells and some -
~less different‘iated_ancestra'] cells (Metcalf et al., 1965 McCullock
-et a]v 1975) iﬁ addition functiona1 heterogeneity-can.be‘demon-
strated within apparent]y uniform 1eukem1c popu1at1ons and some leukemic
ce]]s m1ght actua]]y be able to respond to env1ronmenta1 1nf1uences even
_ to the degree of becom1ng non—d1v1d1ng end ce]]s with a f1n1te life
"span (Whang et a] 1963 ; Jensen and K111man, 1967)

Different mechan1sms can be postu]ated to account for the appear-
ance of this spectrum of cancer phenotypes with regard to a special gene
product or funct1ona1vrespons1veness., The var1ous phenotypes canvar1se
as a‘resu1t of different degrees of udedifferentiation" during carcino-
genesis of ce]ls:inya homogeneous popu1ationt_or‘they-can represent a.
'_"maturation arrest“hdUring carcinogenesis_in the corresponding stage

| of differentiation in different-populations of cells such as multi-

<

o
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potent stem cells, progenitor ce11s or mature differentiated cells related

to the same gene product or funct1on, or they can even be the products “

of progression of neoplastic stem cells to d1fferent degrees. A]though
1t is 11ke1y that the "ded1fferent1at1on" mechanism might indeed operate
during carc1nogenes1s in many mature, differentiated t1ssues with a
homogeneous cell popu]at1on the other mechanisms might take p]ace when

the norma] populations in a partlcular tissue are heterogeneous The

term "ded1fferent1at1on" w1th regard to the change of a spec1a1 d1ffer-

entiated characteristic during carc1nogenes1s should be therefore used

with caution before detailed histological and biochemical studies ‘are
. made to identify the 1n1t1a1 population of’ the neop]ast1c cells.

: Transformation of Cultured -Cells in General

“Besides extensive knowledge about patho]ogy and h1stochem1stry of

' cancer, the Jn vivo experiments provide re]at1ve]y 11tt1e 1nformat1on

of the structural and functional differences between normal and cancer

cells-at the cellular Tlevel. Furthermore, it is usually hard to 1dent1fy

the initial neoplastic population during tumor format1on, o) the study

~.of the early events of carcinogenesis lﬂ vivo is a]ways a formidable,

~if not impossible task. To study the mechanisms of carcinogenesﬁs at

the cellular and the molecular level, one has thus to turn to the cell

culture system, which, after years of development (Shannon, Earle and

_Walt, 1952), has fina]]yvemeﬁged as one of the best'systems for bioiogical

studies. Since massive culture of cells in homogeneous population can

be maintained under fair]y-defined'conditions, the cell culture system
offers decisive advantages over an in vivo one for many biochemical
studies on the functional and structural changes of cells during

carcinogenesis.



Based on- the same criteria used for cancer ce]]s in.vivo SUch as. o T
‘i’uncontr011ed growth (Stee] 1973); a1tered metabo]1c pattern (B1sse11 o
'11976) 1oss of d1fferent1ated funct1ons (Stewart 1975), etc ; "cancer“;
can now be 1nduced in many types of cultured ce]ls by var1ous oncogenic

agents under def1ned cond1t1ons Th1s process is known as “transformat1on" L

1n cu]ture and'is'often a vaTid recap1tu1at1on of Vivo carc1nogenes1s
g P — Vi
: espec1a11y for avian and human ce11s (Ponten, 1976). . v* . ..

Transformat1on can . be induced e1ther by the. 1ntroduct1on of "trans-

_'form1ng genes" from the outs1de such as from an oncogenic DNA or RNA

'",v1rus (Tooze, 1973) or by perturbations: in the preex1st1ng ce]lu]ar

' structures brought by chem1ca1 carc1nogens (He1de1berger, 1975), by
11rrad1at1on (Borek and Sachs, 1967), or‘even spontaneously (Earle, 1943).
-Although the latter-mechanismfmight actually»account for a_high percentage,
of human cancer, themrate}of spontaneousvtransformation and the efficiency
of transformatfon by chemical and'physical carcinogens are extremely
low in-culture’for:non-rodent ce11s; -Moreover, transformation by this
- mechanism usually leads to_a heterogeneousrpopulation_of transformants'
(prehn;,lgss; Emb1etdn;and Heidélberger,_1972), so that comparison,between
normal’and transformed ce1ls isuhampered.oy the.difference~among trans-
.formants themse]ves It thus appears that, despite the theoretical and
pract1ca1 1mportance for the deve]opment of model systems in culture,
‘chem1ca1 and_phy51ca1 carc1nogenes1s st11] remain underdeye]opedr
DNA viruses'represent’a distinct class of oncogenic events.: ig
‘vivo these virusesponly caUse,tumors in a foreignpspeciesv(non-permissive _ W
host) but not in theirdnaturalvhost'(permissive host), so their role
B as natura1 carcinogens is stil] disputed in'many instances In cuiture,
vce]ls of both perm1ss1ve and non- perm1ss1ve hosts can be transformed

'-by,DNA v1ruses. Attention has been focused ma1n1y on the non-permissive’
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host cells since they offer two solid advantages: the frequency of trans-
formation is h1gher 1n these cells and they do not allow the virus to

replicate in a lytic cycle as do most of the permissjve host cells.

Consequently, the events of transformation can be better studied‘in these

cells without the complication of a preponderance of lytic events going
on concurrently'in the culture. A good correlation seems to exist for

the DNA viruses with respect to thetr activity Jn vivo and in cuTtUre

and valuable information about the mechan1sm of carcinogenesis has been .
~ obtained by comparing normal cells to cel]s transformed by these v1ruses

The transformation by DNA viruses, however, is a very 1neff1c1ent_process ,

even w1th non-permissive host ce]ls (Stoker and Abe] 1962 Macpherson

;and Montagn1er, 1964), and the transformed cells revert back to norma]

phenotype at a high frequency. A homogeneous population of transformed

- cells-can be obtained only through a tedious procedure of infection,

se]ection and replating This slow process of transformation in culture

.thus makes DNA viruses a less attractive model system for studles of

initial events of carcinogenesis.
Much 1nformat1on about the process of transformat1on is ava11ab1e
from studies with RNA tumor viruses. These viruses have been isolated
from many different species of animals (Tooze, 1973) and can be categor1zed

functionally into three major groups: sarcoma v1ruses, 1eukos1s v1ruses

~and mammary tumor viruses. A]though they can cause a variety of malig-

nancies in their natura]vhosts, mostvsarcoma viruses induce connective
tissue tumors, most leukosis viruses cause leukemias and mammary tumor
viruses cause mammary carcinomas. When grown in culture, sarcoma virueeﬁ
can induce transformation in fibroblasts with a high freuqency and . |
leukosis viruses in hemopoietic cells (Graf, 1973, Rosenberg, Ba1t1more

and Scher, 1975). Thus in both cases, the same histiotypic target ce1]s



r.yarevused tOrJtransformation by the respecttye virUses_jn'!ixg and in
'_cuTture;"In addition, various cytoiogjcal‘and biochemical studies havei
shown a perfect correspondence between the behavtor of tumors in animals

and that of transformed cells in culture. Mostvlihely,'transformation

"by sarcoma and 1eukos1s v1ruses 1n cu1ture can therefore serve as a

va11d mode1 system and reflect fa1thfu11y sarcomagenes1s and 1eukemo-

'genes1s-1n vivo. None of the current]y available cu]tured cells, however,

can be transformed by mammary tumor v1ruses, and it is not yet c]ear

.'1f the.comp11cated process of mammary carc1noma formation lgﬂ!lygvcou1d

Aone dayebefrecapitu1ated'in culture (Ownes and Hackett, 1972; Parks

‘et al., 1974).

Rous Sarcoma Virus: A Usefu1 Too] for Study of Transformat1on in Culture

. | Among RNA tumor v1ruses "the most w1de1y used and best character1zed
1>is avian sarcoma‘v1rus.: Th1s,v1rus was f1rst noted by Rous (1911) who -
foUnd that_a filterable agent (sma11er:than a bacterium) from a sponta—
"ne0us chicken sarcoma couid induce a tumor When inoculated into chickens.

" This agent was subsequent1y iso]ated,'purified, characterized and given

- the name av1an OY‘ Rous sarcoma V1Y‘US

Rous sarcoma virus is an enve]oped rough1y spherical part1c1e w1th
a d1ameter of about 100 n.m. The part1c1e is organized w1th a nucelo-
capstd core with he]ica1'Symmetryvsurrounded by a probably icosahedral core
, shei] Which, in turn, isvsurrounded by a'membraneous outer envelope. |

The nucleocapid cbntains a structura]dprotein‘With the mo]ecular‘weight
_around 12,0C0 and a{sihg]é-stranded 60S- 7OS,RNA'comp1ex_consisting of

two identical 35S subunits (Duesberg et al., 1975; Baluda et al., 1975;
Cooper and Wyke, 1975) The core-she]]Iis composed mainly of a different

structural prote1n w1th the’ mo]ecu]ar we1ght of 27,000. The viral



enve]ope conta1ns lipids and two g]ycoprote1ns The g]ycoprote1ns
protrude from the viral enve]ope as sp1kes and knobs, and are respons1b1e ’

for the 1n1t1a1 absorpt1on and 1nfect1on of host ce]]s (De G1u11 et

~al., 1975) Three more structura] prote1ns have also been 1dent1f1ed

with the v1rus but the 1ocat1on and funct1on of these virion prote1ns

. are still unknown (Bolognes1, ]974)

= M1nor structural a1terat1ons have been 1ntroduced to the gluco-

prote1ns and other structural prote1ns of Rous sarcoma virus dur1ng

passage through cells, so a heterogene1ty of host range and ant1gene-
city can be observed among 1nd1v1dua1 viruses. Based on this host- |
spec1f1c1ty and’ d1st1nct ant1gen1c1ty, Rous sarcoma virus can be c]ass1-
fied 1nto d1fferent strains and subgroups (Tooze, 1973) : The life cycle
and mechanlsms of.1nfect1on rep11cat1on and transformat1on however,
are the same for v1ruses of different strains and subgroups

Entry of Rous sarcoma virus 1nto a host ce]] requ1res a spec1f1c

_.recogn1t1on of cell surface receptors by viral envelope g]ycoprote1ns

?1f011owed by fusion or dissolution of viral and cellular membranes

(Cr1ttenden, 1968' Dales and Hanafusa, 1972) . After entry of the virus

“jﬁinto the cell, the virion RNA- dependent DNA po]ymerase becomes act1vated
”'(Ba1t1more, 1970, Tem1n and M1zutan1 1970) and virion RNA is reverse-
‘transcribed first into single and then into double stranded DNA

(Bishop and Varmus, 1975; Coffin, 1976; HaseTtine and BaltﬁmOre, 1976 ;

Stoll et al., 1977) which is later integrated into ce]lu]ar DNA (Varmus
et al., 1975; Gianni and Wetnberg,‘1975) Although it seems that
integration of the v1ra1 genome 1nto cellular DNA is a prerequisite for

transformat1on and for virus product1on (Guntaka gt_al., 1975), the

._possib11ity that some DNA provirus can remain unintegrated and function
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1n a free state has not been comp]ete]y ru1ed out.

Three virus- spec1f1c RNA species. w1th sed1mentat1on coeff1c1ents '
_ of 355 245 and 21S are synthes1zed from 1ntegrated DNA prov1rus The.
_ 355 RNA conta1ns four known genes. (from. 5' end to 3' end) g9ag, encod1ng
'structural proteins:ot the viral core, pol, encod1ng the viral RNA-
dependent DNA po]ymerase, env, encod1ng the viral RNA dependent DNA
| po]ymerase, env, encod1ng the g]ycoprote1ns of the viral enve]ope, and src; ..
which is responstb1e for the neop]astjc_transformat1on of the host:cell
-(Dnesberg'gt”al;;,1926), This.355 RNA probably servesdboth as viral ’
'genOme and as meSSengers for the'synthesisvof'vira1 core proteins and.
polymerase The po]yc1stron1c trans]at1on of g_g or gag -pol into pre-
‘cursor prote1ns is fo]]owed by se1ect1ve proteo]yt1c c]eavages (Vogt
E1senman and D1gge1man, 1975; Pawson, Mart1n and Smith, 1976). The 28S
RNA conta1ns env and sre and the 215 RNA conta1ns src. These RNAs
probab]y serve as messengers for respect1ve]y, v1ra1 g]ycoprote1ns and
‘the src gene product or transform1ng protein (Weiss, Varmus “and B1shop,
1977 Brugge and Erlkson 1977)
The extract mechan1sm by which the v1ra1 part1c1e 1s assemb1ed inside
- the cell 1S]St111 not ce]ar The re]ease of the virus takes place by
buddingvtrom.the p]asma‘membrane The new1y're1eased'v1rus usually under-
goes: a process of extrace11u1ar maturation in wh1ch a morpho]og1ca1 change
1s accompan1ed by the format1on of the stab]e 7OS RNA inside the virion
(Da]ton, 1962 Canaan1 et al. 1973) - : | ' s
One un1que advantage of Rous sarcoma virus for the study of trnas- _;:
;format1on is the'ava11ab111ty of a variety of mutants, among ‘which two
-'c1asses'deserve special attention. The ffrstvclass of mutants are no

' 1onger ab]e to transform f1brob1asts in cu]ture or to 1nduce sarcomas

_ 1n an1ma1s and hence are termed transformat1on defect1ve (td) v1ruses,
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hbut still synthesize infectious progeny virus in a single infection.

Genet1c and b1ochem1ca1 ana]ys1s show that the only d1fference between,

td v1ruses and non- defect1ve or w11d type viruses is that the former

have de]et1ons in src gene (Wang et al., 1975; Bernstein, MacCormick

‘and'Martin, 1976) . Comparlson between cells 1nfected by td v1ruses and

by w11d type viruses would thus revea] events that are truly transforma-
tion- spec1f1c.v The second class of mutants are temperature—sens1t1ve
(ts) viruses which can replicate inside the infected cells at both
permissive (35°) and non-bermissive'(41°) temperatures but only trans- -
form cells at permissive tenperature (Martin;‘1970; Wyke and Linial,

I973);ﬁeA'synchronized process of ‘transformation can thus be induced

'simply by shifting the infected cells from non-permissive temperature

to permissive temperature, and any ehange in cellular properties observed

during the temperature shift would be strictly due to transfdrmatien:

By following the courses of events after the temperature shift, the

association in time between different transformation-specific events

can be studied.

- Transformation of Chick Embryo Fibroblasts in Culture by Rous Sarcoma

Virus

Much information about transformation has_been-obtained from studies

with chick embryo fibroblasts infected by Rous sarcoma virus. Chick

_embryo fibroblasts are stable in behavior, and, unlike rodent cells, f

maintain their normal karyotype and growth regulatory properties in

‘culture (Ponten, 1976). The stability of these cells thus minimizes

the "background noise" when normal and transformed phenotypes are
compared. Furthermore, transformation frequency 6f these cells by Rous -

sarcoma virus is usually high and can be 100% under optimal conditions
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'“(Rub1n and Co]by, 1968),’50 a quant1tat1ve compar1son between norma]
hand transformed phenotypes s poss1b1e
o Two p1eces of ev1dence suggest that the transform1ng protein or
src gene product is respons1b1e for the 1n1t1at1on of transformat1on

: Th1s prote1n can be trans]ated Ain- v1tro us1ng the 3" th1rd of Rous
'h- sarcoma virus genome (Purch1o, Er1kson and Er1kson, 1977) and is present
’only 1n cel]s transformed by w11d type virus but not in cells 1nfected
vby td. v1rus The mo]ecu]ar weight of this prote1n is est1mated to be
'around_60,0QO-(Brugge-and Er1kson,_1977). _The}funct1on of th1svprote1n
has been tentativety determined to be either to phosphory1ate or to in-
duce phosphory1at1on of some target prote1ns the alterat1on of wh1ch
: m1ght eventua11y 1ead to the man1festat1on of the transformed state
(Collett and Er1kson, 1978) | |

A]though many d1fferences have been observed beween transformed

.and norma] cells, few of them have been monitored 1n the ts system.
Among those mon1tored by a temperature sh1ft down, the increase in
-glucose uptake represents one of the ear]1er events of transformat1on
(Mart1n gt.gl., 1971).v Transformed cells usually have a rate of g1ucose
. transport threefto five_t1mes higher than normal cells. When cells in-
fected‘with tsiviruspwere Shifted fromvnonfpermissive to‘permissive
" temperature, change in g1ucose uptake oan'be deteoted as early as two
hours and is comp1ete within twelve ‘hours after shift (Kawaiiand Hanafusa,
A 1971; Hynes and Wyke, 1975). This change in g]ucose uptake is probab]y a
resu]t oftacce1eratedlsynthes1s and hence an 1ncrease_number of functional
transport sites (K]etZien and'Perdue, 1975) . ‘The increase in glucose
Uptake has been-suggested by Bissell (1976) to be,the cause. of inoreased

aerobic glycolysis in transformed cells,
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v Transformation-specific events can be categorized into three major

“'typesévsurface‘chaﬁges, changes .in growth ‘properties, and metabolic

changes. Morphologically, transformed'cells are distinct from normal

. cells when attached to a culture dish. The former are round and spind1e—'
» ',shaped, more réfracti]e, and may have surface blebs or ruffles (Ambros,

‘ Chen and Buchanan, 1975; weber, Ha1e and Losasso, 1977), the latter are _

flat and better—attéched. The morpho]ogical change after transforma- |
tfon might be reléted:fo both the disruption of internal cytoskefeta1 
structures responsible for cellular ]ocqmotion and mahy'transmembrane
contr61 mechanisms (Nicholson, 1976; Edleman and Yahara, 1976; Wang and’
Goldberg, 1976) and the loss of a specific surface protein which might

be involved in the formation of an extra-cellular meshwork for cell

. .attachment (Hynes andeyke, 1975; Ali et al., 1977; Olden énd Uamada,

- 1977; Bornstein and Ash, 1977). The disruption of the organized_cyto-

skeletal structures confaining microfilaments and microtubules might k

" also be responsible for the observation that transformed cells are more

readily agg1utinated than nbrma] cells by bivalent plant lectins such
as concanavalin A or wheat germ égg]utinih (Burger and Martih, 1972,

Ash and.Singer, 1976). Trahsformatioh is also found to iﬁducebalterai
tions in the genera1 pattern of membrane proteins (Warren, Fuhrer and
Buck,'1973;'Hynes, i973; Isaka, 53 31., 1975) énd”ﬁause the appearance

of tumor specific tranSplantation antigéns (Rohrschneider, Kurth and

Bauer, 1975). In addition, changes in the compos ition of:carbohydrates

and the complexity of glycolipids have been reported to occur in the

“membrane of transformed Ce1is (Perdue, Kletzien and Wray, 1972;

Hakomori, Sasito and Vogt, 1971). Among these changes, increased
appearance of sialic acid and hya]uhonic atid in the membrane components

(Moscate]]i and Rubin, 1974; Critchley, Wyke and Hynes, 1976) deserve
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soecial attention'since these acfds can lead to a change in the surface

' charge and hence the make up and the soc1a1 behavior of the- membrane.
Under opt1ma1 cond1t1ons, the growth rates of norma] and transformed

‘ch1ck cells are genera11y the same. Under a var1ety of 11m1ted cond1- |
gt1ons, however, norma1 cells e1ther stop grow1ng or grow at a much reduced ~
f'rate, whereas transformed cells cont1nue to grow. These cond1t1ons whlch ;
d1scr1m1nate between normal and transformed ce]ls 1nc1ude growth at high
| dens1ty, growth 1n media conta1n1ng low concentrat1on of serum or serum.
depleted of growth factors, and growth 1n agar suspens1on culture
(BenJam1n, 1974) The reason why the growth of transformed cells 1s in-
- sens1t1ve to high dens1ty is not c]ear This 1nsens1t1v1ty, however,
m1ght be re]ated to the fact that transformed ce]]s can pro11ferate w1thout
.'anchorage or wh11e ‘being held in any ce11 shape and therefore can surmount
“the d1ffus1on prob]ems of crowd1ng (Gurney, 1969 Folkman and Moscona,
1978). Transformat1on proba]ly a]ters the eff1c1ency with wh1ch cells can
utilize the growthepromot1ng substances, so the growth of transformed_ce]]s
s also’iess serum—dependent In agar suspension, substratum is not bro-
v1ded and one or more growth promot1ng substance could be_bound by su]fated
po1ysacchar1des 1n agar Under th1s doub1e 11m1tat1on, norma] cells do
not grow whereas transformed cells will grow 1nto colonies. It has been
suggested that the a1tered growth propert1es in transformed cells. are the
._consequences of proteo]yt1c,act1vat1on s1nce}proteases are known to stimu-
1atefgrowth of chick embr yo fibrob]asts (Sefton and Rubin, 1970; Carney andl
_vaunningham, 1977)'and transformed ce1ls are found‘to_producetproteolytic v
~ enzymes (Unke]ess et a1' 1974) : However clones'of transformed cells that
produce low 1evels of proteo]yt1c activity have been found (Wolff and
Goldberg, 1976) The re]at1onsh1p between product1on of proteo]yt1c enzymef"

"and changes in growth propertles therefore needs further c]ar1f1cat1on
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In addition to increased aerobic g]yco]ys1s the metabo]1c changes

in transformed cells involve a decrease in the 1eve1 of cyclic adenos1ne

~_3'» 5'-monophosphate (cAMP) (Otten et al., 1972) The Tevel of cAMP |

might be ]owered as a result of a reduction in adenylate cyc]ase

act1v1ty (Anderson Johnson and Pastan, 1973; Yosh1da,v0wada and

'Toyoshima, 1975). The']owered Tevel of cAMP has been‘shown to induce
changes in”morphology,(dohnson, Friedman and Pastan, 1971), .growth rate

~ (Otten, JohnSon-and Pastan,-1971) and agglutin ability by plant lectins

(Sheppard and Lehman, 1972). However, due to its universal involvement‘
in-so many normal cellular responses (Rob1nson, Butcher and Suther]and

1968), it is not c1ear if this nucleotide can play a def1ned ro]e as'

-a spec1f1c messenger for transformat1on

Transformat1on specific phenotyp1c changes in membrane growth

B propert1es and metabo]1sm m1ght not- be all under a s1ng]e coord1nate

~control since some of these changes but not others can be select1ve1y

reversed by treating the transformed cells with certain agents (Ali

et al., 1977; Johnson, Friend and Pastan, 197]). If the phosphorylation

caused by src gene product does indeed initiate thefprocess of trans-'

format1on “there might be more than one target protein which could be

_phosphory]ated These phosphory]ated prote1ns might then serve as initia-

- tors for mutually independent transformation- spec1f1c events Although

the relationship between various transformat1on -specific events ‘is still
unknown, a map of these events in a ts shift together with 1nformat1on
about early protein phosphory]at1on after transformatlon m1ght eventually

help define the mechanism of carcinogenesis.

Transformation of Differentiated Cells in Culture

Despite the fact that chick embryo fibroblast culture is one of
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“the most def1ned systems and 1ndeed serves as- a usefu] mode] for the studyifydﬁb‘wﬂw;;

-.of transformat1on in genera] it is c1ear1y not the best system for the
j'study of the re1at1onsh1p between transformat1on and d1fferent1at1on

To study d1fferent1at1on requ1res a ce11 system where ce]ls are d1ffer-
'1ent1ated 1n1ta11y and express one or more. funct1on wh1ch cou]d be -

'eas11y def1ned The chick embryo- f1brob1asts, however, are obta1ned
:from the whole body wa11 of 10- day o]d ch1ck embryos . The.ce]]s are stt]]
at a rather early stage of d1fferent1at1on, are re1at1ve1y uncommitted

~ and heterogeneous, The d1fferent1ated characteristics of theseyce]]s

| therefore are hardbto'detine functiona11y Recent]y, a number of cell
systems have been deve]oped in wh1ch the d1fferent1ated funct1on can

be much better-def1ned These ce]]s are usua]ly ab]e to synthesize a
un1que molecu]e wh1ch serves as a b1ochem1ca1 marker to he]p define the1r
d1fferent1ated state ~ Any change in the- state of d1fferent1at1on of

'these ce]]s can therefore be mon1tored by fo]]ow1ng the synthes1s of

: the marker mo]ecules

Among the current]y ava11ab1e d1fferent1ated ce]] systems, some
}are "term1na11y“ d1fferent1ated cells such as me]anob]asts character1zed
.by the synthes1s of . me1an1n and format1on of melanosomes and chondro- )
blasts character1zed by the synthes1s of sulfated proteoglycan others ’
are funct1ona11y comm1tted cells such as myob]asts character1zed by their
ab111ty to synthes1ze musc]e-spec1f1c myos1n and to fuse under defined
: cond1t1ons Transformat1on of the term1na11y d1fferent1ated cells seems
.vto cause a "ded1fferent1at1on" of these ce11s s1nce the synthesis of
the'marker mo]ecule.is-either stopped or drastically reduced after
,-oncogenic.viral infection of meTanob1asts (Boettiger et al., 1977;
| Robyet et al., 1976)'and Ho]tzer;d1976).j On the other hand;_transforma-.

.tionhOf functionally committed cells seems to at least arrest'these cells
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at their correspond1ng stage of d1fferent1at1on since transformed myo- :
' b]asts ne1ther 1n1t1ate myos1n synthes1s nor fuse to form myotubes under
', favorab1e cond1t1ons (Holtzer et al. 1977) When myob]asts transformed

'by a ts v1rus are shifted from perm1ss1ve to non perm1ss1ve temperature,‘

:»_ they beg1n synthes1s and fuse into myotubes (Moss et al., 1977). Trans-

. format1on by oncogen1c virus. therefore does not cance] the program of

'd1fferent1at1on in these cells.
A]though studies on transformat1on of d1fferent1ated ce]]s in cu]ture
have on]y Jjust begun, preliminary results suggest that some d1screpanc1es

'do ex1st between ma11gnancy in vivo and transformat1on in cu]ture by 7

H'-v1ruses Me]anomas in vivo range from fu]]y-d1fferent1ated to ful]y-

| ded1fferent1ated yet all transformed me]anob]asts in culture seem to
'jded1fferent1ate to the same extent and form a homogeneous populat1on

Th1s homogenelty of transformed cells in culture however could be

1ooked at as an asset rather than a 11ab111ty 1f one uses the transforma-
tion of d1fferent1ated ce]ls in cu]ture as a mode] system to study
"ded1fferent1at1on" Jn vivo dur1ng carc1nogenes1s The homogene1ty of
the transformed popu1at1on, in this case, could provide a un1form »
system for b1ochem1ca1 ana1ys1s so that- the mechan1sm of "ded1fferent1a- |
tion" after transformat1on can be 1nvest1gated at the molecular level. |
,Moreover, since the state of d1fferent1at1on is usua]]y character1zed

’by the synthes1s of the marker mo1ecu1e in the d1fferent1ated cell
system the study on the process of "ded1fferent1at1on" dur1ng transforma-
tion can ‘be pract1ca]]y narrowed down to following the fate of the marker

molecule.

The Use of Co]]agen as Marker for Differentiated State

To def1ne the mechanism of ded1fferent1at1on at the molecular 1eve1

requires a clear know]edge of the b1osynthet1c pathway of the marker
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' moleculesT This would allow one to unvei] the‘regulatOry step(s)

'»n«wh1ch the synthes1s of these moTecuTes 1s b10cked or decreased after

p transformat1on< UnfortunateTy, the steps 1nvoTved 1n the synthes1s and
‘process1ng of the marker mo]ecuTes used to characterize var1ous d1ffer-
.ent1ated ceTT systems are still e1ther uncTear as in the case of meTan1n

“’format1on (Z1mmerman et-aT 1974 Hear1ng and Ekel 1976) or 1ncomp1ete

';'as in the- case of proteogTycans (Gowt1nck Pennypacker and RoyaT 1974;

‘HaskaTT: 1977) and myos1n (Hyne, gt_gl,, 1976, Emerson and Becker,,1975).

: 'The d1sadvantage of. using'these marker'mo]ecules can be overcome

' fby a better understand1ng of the1r b1osynthet1c pathway inside the cell.

- ATternat1ve1y, another d1fferent1ated ceTT system can be deveToped 1n

wh1ch the marker molecule is weTT-stud1ed. Th1s latter approach was
used by Tddaro‘ Green and Gonberg (1964); Tem]n (1965), Peterkofsky
and Prather (1974), and Schwarz. (1974)" These investigators have studied
the poss1b111ty of us1ng coTTagen as the marker for the differentiated .
state of var1ous ceTT systems. , |
The structure, funct1on and synthes1s of coTTagen has been under

1ntens1ve 1nvest1gat1on for the past ten years (Prockop et al. 1976,
'Bornste1n, 1974) -

. The coTTagen monomer is made of 3 poTypept1de cha1ns, each about
'1000~am1no_ac1ds Tong, in a tr1p1e heTncaT confjgurat1on.‘ At least
4 typestof coTlagen have been'identified (Mi]]er and Matukas, 1974) each
_ conta1n1ng d1fferent types of coTTagen poTypept1de cha1ns The synthesis
of a part1cu1ar type of. coTTagen is t1ssue spec1f1c in vivo.

The b1osynthes1s of collagen is a mu1t1 -step process. CoTTagen

. m-RNA is first trans]ated on membrane bound poTysomes (D1ege1mann et

'gl.,_1973) to gtve a precursor of coTTagen called "protoco]]agen" with

a molecular weight around 150,000. About half of . the prolines ‘and |
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one-fifth of the lysines in protocollagen are then hydroxy]ated (Margo]1s

and Lukens, 19771; Uitto and Prockop, 1974) and some of the’ hydroxy1ysy1 .

res1dues are later ga1actocosylated and in some cases further gluco-
sylated (My]]y]a, Risteli and K1v1r1kko 1975). The g]ycosy]ated proto-

co]lagen, now ca]]ed procollagen, forms a tr1p]e helix and 1s secreted.

After. secretion, both the am1no-term1na1 (mo]ecu1ar weight 20 ,000) and

._the carboxy-term1na1 (molecular weight 34 ,000) of proco]]agen are

cleaved from the mo]ecu]e (Fessler, Morr1s and Fess]er 1975; U1ttd,
1977) and the resulting collagen molecules aggregate in a specific
mannef to form collagen fibers (Bai1ey,‘Robins and Balian, 1974).

This deta11ed information about many steps 1nvo1ved in the

synthes1s and process1ng of collagen makes 1t possible to test if

.'collagen synthesis is regulated at the level of trans]ation, hydrbxy—

lation,'g1ycosy1ation; conversion of procollagen to.collagen or

- collagen fibervformatioh. Furthermore,- the techno]ogy of c- DNA pro-

duction (Howard gi_gl., 19775 Sobel et al., 1978) and in v1tro>transIa—

'tjdn (Benveniast et al.,; 1976; Adams et al., 1977) have been applied

to co11agen m-RNA,»making_it possibTe to test'whethér-ér ndt collagen
synthesis is regulated at the transcriptional ]evel' The existence of
this extensive knowledge and tehcnology about co]]agen thus makes 1t
an espec1a11y attract1ve marker in study1ng the effect of transformat1on

on the express1on of the d1fferent1ated funct1on

Tkansformation and Co]]égen Synthesis in Cuitured Cells

The re]at1onsh1p between transformat1on and collagen synthes1s

has been previously studied in 373 cells and in chick embryo f1brob1asts

_In the case of 3T3 ce]]s, Todaro, Green and Goldberg (1964) first reported

an increase in c011agen synthesis after these cells were transformed
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by oncdgenie DNA viruses. vThersame.inVestigators, however,nobsehved
eq,deerease'in.their”later study when ascerbate was present (Green, |
Go]dbergiand'Todaro,‘1966).v‘Peterkofsky and Pratheh (1974)_reported
a'reductien of co]]ééen Syhthesis in Kirsten Sarcoma v{rus-transformed-’
3T3 ce]is These contrad1ctory resu]ts are not unexpected since co]lagen
.:synthes1s in "normal" cell 11nes is a]ready unstab]e and ‘decreases. with
- passages of ‘the ce]]s (Green and.Goldberg, ]963,,Peterkofsky and K1ege1mann, |
'v1971); In.additfon, co]iagen synthesis'in these cel]s.does1hotsrespohd'
to the stimu1ation by ascorbate in the same way as it does in vivo.
' Consequent]y, 313 ce]]s are def1n1te1y not a good system for study1ng
the regu]at1on of co11agen synthesis in culture

Transformat1on of ch1ck embryo f1brob1asts by Rous sarcoma virus
was first reported‘by Tem1n (1965) to cause, if at all, only a s]1ght
reddctioh of'coilagen synthesis,j Lapef study by'Levinson, Bhatoagar
and Liu (1975) sqggested a 2-fold reduetion of.collageh_syhthesis based
~ on the analysis of the incorporation of~3H-broline intd eo1lagen~1n fhese,
| ce]Js. quther‘sfudy'by Kamine and Rubin (1977) indicate a 10-fold
'reddcfien'of'co11agen-Synthesis after trehsformation.- Although-the reason
why these'confhadic£0ry hesults eould}arise is still not clear, it'might
well be the 1owj1e§ej of'c011ageneproduced'by these ee11s thet makes
'thelasséy for col]agen}Synthesis Very dffficujt; 3FUrfhermore, the low
level of eQTfagen raises the doubt if ch]agen'synthesis does rebresent
a major differentiated function of these cells in vivo. 'it thds appears
that chick embryo f1brob1ast is a]so a less desirable system for the

"study of the regu]at1on of co]]agen sythes1s after transformat1on

Chick Tendon Cel]s

Schwarz (1974) has recent]y established a ce]] cu]ture which con-



Due to the homogene1ty and the stability of these ce]]s as we11 as.

the1r ab111ty to synthes1ze c011agen at .a high and in vivo level and -

© to respond to-env1ronmenta1 st1mu1us 1n.the same way as do the1r'counter- o

- part in v1vo ch1ck tendon ce]ls are super1or to both 373 cells and ch1ck T

embryo f1brob1asts 1n terms of express1ng a maJor d1fferent1ated funct1on1'

and fherefore proviae“axbetter system for the study of the re]at1onsh1p

between transformat1on and d1fferent1at1on

S o

Append1x II) demonstrated that ch1ck tendon cells can be transformed by '

“Rous sarcoma v1rus as Judged by standard cr1ter1a of altered morpho1ogy,' ,

loss of dens1ty-dependent growth contro1 and 1ncrease in 2- ~deoxy- D- -
Qlucose uptake The study a1so showed that co]]agen synthes1s by these |

' ce]]s drops drast1ca11y upon transformat1on - To study the t1me course
‘:of th1s event I have followed the change in col]agen synth951s after
transformat1on by a temperature sens1t1ve mutant of - the v1rus This

Achange is then compared to changes 1n other ce]]u]ar propert1es ' The'

E mechanism by wh1ch co]]agen synthes1s is regu]ated after transformat1on :

has a]so been 1nvest1gated in th1s thesis.
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'CHAPTER II MATERIALS AND METHODS

 Viruses and Ce]Ts

The w11d type, the temperature sens1t1ve mutant (LA>24) and the
transformat1on defect1ve mutant of Prague stra1n Rous sarcoma virus were
k1nd1y prov1ded by Dr G. S. Mart1n, and the ts mutant was recloned 1n -
__our Laboratory Tendon ce]1s were - prepared accord1ng to techn1ques

descr1bed prev1ous]y by Schwarz, Co]arusso and Doty (1976) Br1ef1y,

_-_tendons from 16- -day o]d ch1ck ‘embryos were dissociated 1nto s1ng1e ce]]s

- and 0.8,x 108 ce]ls were_a]]owed to attach in each 25 cm2 flask or 60 mm
p]ate in 2 ml of FiZ medium for one hour. The medium was then repdaced

_ andvchanged'dai1y. Cells were grown in”F12 with 0.2% feta1 ca1t'serum |
’ (G1bco Grand Island, NY; deact1vated for 30 min at 56° C) supp]emented

w1th fresh]y prepared ascorbic acid- (50 ug/m1 J. T. Baker Chem Co.,

Ph1111psberg, NJ) un]ess otherw1se 1nd1cated

Infect1on and Transformat1on

After tendon ce]]s “had atached the med1um was changed to 1 5 ml

vof F12 w1th 0. 2% feta1 calf serum conta1n1ng the virus at a mu1t1p11c1ty
'of 10; The cells were 1ncubated for another hour before an additional por-
- tion of.medium was added. The f1nal vo1ume of med1um was 10 m1 for each

. flask and 5 ml for each p]ate ' Norma1 ce1ls and ce115 1nfected w1th
either wild- type or. td virus were kept at 39° for the next 7 days and
cells 1nfected with LA 24 were kept at 39° for the first 2 days after
' 1nfect1on and sw1tched to either 35° or 41° on the third day after
H1nfect1on By the seventh day post- 1nfect1on more than 90% of the
"wild-type v1rus 1nfected ce]]s ma1nta1ned at 39° and LA 24 1nfected ce]]s‘
.at_359 were transformed as judged by morphology. ' The temperature-sh1fts

were usually made on the seventh day post-infection. jj
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Measurement of Radioactive Collagen and Non-collagen Proteins

For regu]ar co]lagen assay, cel]s were w1th 1 5 ml of F1z

containing 50 uCi of SH- pr011ne (New Eng1and Nuclear ‘Boston MA)vfor f

3 hours. Shorter 1abe11ng periods were used for the_time-course.studies._

If a labeling was chased the labeling medium was replaced by a fresh

med1um conta1n1ng the same 1ngred1ents except rad1oact1ve pro11ne The

1abe11ng or chase was stopped by the add1t1on of 5M NaOH to a f1na1

.concentrat1on of 0.25 M. In turn over stud1es cells and medium were

separated by removing medium from the plate and add1ng 1 5 m] of fresh ;
medium 1nto the plate. NaOH was then added to both fract1ons ”
~Co]1agen was assayed by a co]]agenase method descr1bed first by
Peterkofsky (1972a) and mod1f1ed by Schwarz, Co]arusso and Doty (1976);:
Samples (0.5 m]) were neutra11zed by 0. 1 m] 1N HC] and then added to d
the ‘incubation mixture (0.8 m]) conta1n1ng 0.1 MvNaC1 0 17 M Tes (N- |

Tr1s(hydroxymethy]) methy1 —amino- ethanesulfon1c ac1d Ca] B1ochem ),

1 mM CaC]Z, 87 mM pr011ne The mixture was d1v1ded into s1x port1ons

Dup11cate portwons were 1ncubated w1th either co]]agenase or pronase _

at 37° for one hour . The rema1n1ng two port1ons served as contro]s and

were incubated with buffer on]y The difference between the tr1chloro—

acetic ac1d prec1p1tab1e counts in contro] and co]]agenase treated port1ons'
represented collagen counts and the d1fference between those in control -
and pronase-treated port1ons represented total prote1n counts S1nce
pro]1ne is found 5. 2 t1mes more frequently in co]lagen than in the average
non-collagen prote1ns, collagen is preferentially 1abe1ed_by proline.

To correct for this'biased‘1abe11ng, the‘foliowing formula was used as
descr1bed by Schwarz Colarusso and Doty (1976) Corrected % of collagen

in total prote1n = 0.19 x uncorrected % / 1 - 0.81 x uncorrected %.
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" Focus Assay |

Assays.were performed essentiaTTy as described by Ruoin (1960T.m
In prief,ifour hoUrs after‘secondary normal chick_embryo.ceTTs were
‘seeded at 2.0 x 106 cells per 60 mm dish; medi um was removed and ce]Ts -
were exposed to the7appropriate diTution of'Virus in 1 ml of medium for
one'hour at 396 C. The liquid med1um was then removed and agar med1um -

added. Rous sarcoma foci were counted 7 days Tater

'-Measurement of RNA-dependent DNA PoTymerase Activity

N

~ The enzyme activityfwas‘measured_as previously described by
Duesberg, Von Del Helm and Canaani (1971) and mod1f1ed by Szabo, Bissell
and CaTrin*(1976) The cu]ture med1a were centr1fuged at 8,000 x g for
_20 min to remove ceTT debr1s V1rus was peTTeted by centr1fugat1on at -
- 25, 000 rpm in the Spinco no. 30 rotor for 1. 5 hr. The peTTets were re-
.suspended in standard ‘buffer (0 01 M Tr1s, pH 7. 4 0 1 M NaC1, and 0. OOOT
M EDTA) A port1on of the resuspended virus preparat1on was added d1rect1y
to the standard assay m1xture containing 0.05 M Tris (pH-8.0), 0.05 M
: KCT -0. 006 M magnes1um acetate, 5 mM d1th1othre1to] 0.02 mg of-temoTate- -
vpr1mer per ml "poTy(rA) oT1go(dT) , and the appropr1ate substrate |
"(3H TTP) at a concentrat1on of 0.02 mM and a spec1f1c act1v1ty of
1 C1/mmo]e The enzymatic act1v1ty was so]ub111zed by the 1nc1us1on of
v 0.2% Tr1ton X-100 in the assay. The react1on m1xtures were 1ncubated at :
37° C for 1 hr and the react1on was then terminated by the add1t1on of 5%
tr1chToroacet1c acid conta1n1ng 0.01 M sod1um pyrophosphate Direct |
measurement of DNA poTymerase act1v1ty in the growth med1um of 1nfected
ceTTs y1e1ded results that were comparable to those obta1ned from the

resuspended pellets. Both methods of measurement were used.



2-deoxy-D-glucose Uptake

The uptake of:2¥deoxy-DegTucdSe was measured using standard tecnni;
ques described by Bisse]] Farson and Tung (1977). Cells 1n 60 mm plates
were washed with warm, glucose free Hank's buffer and then 1ncubated
for 5 min at 39° for normal cells and 35° or 41° for LA 24-infected ce]ls |
‘with the same solution conta1n1ng 2 uCi/ml of 3H 2-deoxy-D- g1ucose (New .
Eng]and Nuc]ear 10.0 Ci/mmole). The cells were then washed three times
with ice- co]d Hank's so]ut1on conta1n1ng 10 mg/m1 cold glucose, dra1ned
and taken up directly into 2 mis of 0.1% SDS-0.01 N NaOH so]utwon 0 2 m]
of the samp]e was used for scintillation. count1ng and another 0. 2 ml was
used for protein determ1nat1on by the method descr1bed by Lowry et a]

(1951).

Cell Counts
Ce]]s were removed from the f]ask with tryps1n (O 05%) and gent]y

pipetted to eliminate c]umps They were then counted in a Cou]ter_counter.

Purification of Radioactive Co]Tagen

Co]]agen synthesis by cu1tured cells was purified from the med1um of
these cells us1ng the procedures described by Hata and Peterkofsky (]977)
Briefly, normal or 1nfected ce]ls were labeled on the1r 7th day in cu]ture
in 3 ml of F12 containing 50 pg/m1 ascorbic ac1d and 0.5 mM B -amino-
proprionitrile (Sigma, St. Louis, MO) After a 15 min preincubation’
at the respective temperature, 75 uCi of_3H-proline (New Eng]and:Nuclear;
20 uCi/mmole) was- added to each dish, which was then incubated for another
6 hr. Medium was collected, dia1yzed, and lyophilized. typhilized |
medium was then dissolved in Tris/NaC1 buffer and collagenous materta]
was precipitated by the addition of ammonium sulfate (176 mg/m1). This

collagenous material was further treated with pepsin for 6 hr at 15°
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‘to give collagen. Type I collagen Standard for reference was purified
ffrom chick calvaria accord1ng to the procedures descr1bed by Siegel

-(1974)

SDS- po]yacry]am1de Gel Electrophores1s of Pur1f1ed Co]lagen .

Acry1am1de gel e1ectrophores1s of" col]agen was carried our us1ng

Bio- phore prepared 4% po]yacry]am1de gels (Bio Rad Labs, R1chmond ,CA)
»as descr1bed by Little et al; (1977) Br1ef1y, the. samp]es were
disso]ved'tn SDSﬁsanple‘buffer (1% S0S, 0. 04 M Tr1s acetate pH 8.0,
1 mM EDTA)Vand heated to 65° for 30 min w1th or'without 40 mM dithio-
threitol? The samples were than 1ayered over 4% o1yacry1am1de ge]s

' 'equ111brated 1n B1o Rad SDS e]ectrophores1s buffer (0.2 M Tris- acetate,

- 0.1% SDS, pH 6 4). E]ectrophores1s was carr1ed out at 4 mA per gel for
1 hr and then at 7 mA per gel for another 3 hrs. Fo]]ow1ng e]ectrophore-h_
sis, the gels were sta1ned destained accord1ng to Fa1rbanks, Steck |
~ and Wa11ach (1971), and s]1ced 1nto 1 mm s]1ces Each slice was then
so]ub111zed in to]uene perma]four protoso] m1xture (New England Nuc]ear)

and counted

"Carboxymethy]-cé]]ufose (CMC) Chromatography _

- CMC chromatography under denatur1ng cond1t1ons was used as descr1bed
by Ooh1ra et al. (1974) 2 mg of calf skin acid-soluble co]lagen (Cal

' B1ochem) was used as carr1er w1th each sample.

.SDS-po1yacry1am1de Ge] Electrophoresis of ExtraCtsnfrom Labe1ed'Tendon Cells

The e]ectrophoresis was carrﬁed:out as descrtbed by Laemmli (1970).

Cells were .labeled with either 14

C-proline (New.England Nuclear,
- 255 mCi/mmole) or ]4C41eucine (New Eng]and Nuclear, 40.2 Ci/mmole) for‘.
‘ the designated period of time and so]ub111zed directly on the plate at

the end of 1abel1ng by the addition of 100 ul of. a buffer conta1n1ng



2% SDS; 50 mM Tris-HC1, pH 6.7, gimM pheny]-methylsu1phony1 f]uoride‘

' (PMSF)'(Parry_and Hawkes, 1978) ~Samples were solubilized by heating to
100° for 15 min. For samples to be d1gested with collagenase, ce]]s |
'were scraped off the p]ate in co]]agenase buffer (0. 1M Tris, 0.5 M NaC]
37.5 mM CaC]Z, pH 8. 0) and heated to 100° for 2 m1n The ce]] homogenates
were treated with purified bacterial co]lagenase’for 1 hr at 37° and the
‘mixture was made 2% SDS by the addition of appropriate amount of SDS.
Autorad1ograms were prepared by drying the gels onto f11ter paper and

expos1ng them to Kodak X-ray film.

Co]]agenase‘Assays

Co]lagenase act1v1ty was assayed as described previously by werb
and Bur1e1gh (1974) Type I co]]agen labeled w1th ]4C -proline was pro-
duced by chick ca]var1a in culture as descr1bed by Siegel (1974) and
acid- so]ub]e calf sk1n carrier collagen was obtained from Cal Biochem.
Labeled co]]agen was used directly for soluble co]]agen assay in which
medlum was incubated with co]]agen substrate for 3, 6 or 24 hrs At
‘the term1nat1on of the 1ncubat1on, 20% tr1chloroacet1c ac1d Was . added
- to the react1on mixture and acid prec1p1tab1e counts were determ1ned
by f1]ter1ng the mixture through a nitrocellulose f11ter (M1111pore Corp )

and counting the dr1ed filter. For 1nso1ub1e co]]agen assay, 1abeled
collagen and carrier co]1agen were mixed at a concentrat1on of 2 mg ml.
The mixture was dialyzed for 24 hrs aga1nst two changes of co]]agenase
buffer (0.1 M Tris, pH 8.0, 0. 5 M NaC] 37 5 CaC]z). The collagen
solution was d1spensed in 200 ul aliquots and gelled for 30 min at 37°.
The medium being tested was then added to the gelled co]]agen substrate
-and the mixture incubated for another 3, 6, or 24 hrs. The rema1njng

co1lagen after incubation was determined by trichloroacetic acid

precipitation.
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.YCHAPTER iiI‘ EFFECTS’OF TRANSFORMATION ON COLLAGEN SYNTHESIS
BY CHICK TENDON CELLS |

Co11agen synthes1s €an be expressed exther as a percentage of total
prote1n synthes1s or by the absolute rate of co]]agen synthesis. The -
former express1on was adopted by Schwarz (1974) and Schwarz and Bissell
(1977), was used in our paper (in Append1x I1), and w111 be used in
th1s chapter and chapter IV since this expression can correct for fluc-
- tuations: in the uptake of proline and overall metabo]1sm_as the cells
. change their density or growth rates, 'In addition,_the use of percentage
emphasizes the preferential synthesis'of,c011agen as opposed to other o
ce]]u]ar;proteins and therefore gives a better indication of.the'e
vdifferentiated state of'the.ce11 under study The abso]ute rate of
c011agen synthes1s, however, is also 1mportant 51nce this va]ue g1vesr
1nformat1on about ‘the regu]at1on of collagen synthes1s itself. The
absolute rate_of co]]agen.synthesls-1n normal and’ transformed tendon
'ce11s.wi11 be studied in chapter VI.. | : |

Prev1ous work in th1s 1aboratory (Schwarz, Farson, Soo and Bissell,
-see Append1x II) showed that collagen synthes1s by ch1ck tendon ce11s drops
,drastwca]]y upon transformat1on by Rous sarcoma virus. By us1ng a trans- .
format1on-defect1ve (td) mutant of the v1rus, it was also demonstrated
that- the drop in collagen synthes1s is transformation- spec1f1c In thws
work, however, no data were prov1ded to show that cells in those plates
that had been treated w1th td virus were 1ndeed 1nfected This question
is answered 1n_the present chapter by-measur1ng the vjrusespecific RNA-
dependent DNA po1ymerase_actiyity in the medium ot td virus-infected

cultures.



Collagen Synthesis by Normal and Transformed Tendon Cells

Table III-1 shows the relative level of co]]agen synthes1s in normal -

and transformed tendon ce]]s as tabulated from Fig. 4 of the paper by
Schwarz et a1 (see Append1x II) ~In this part1cu1ar exper1ment unfore
tunately, the process of transformat1on was not complete S0 that not

all the ce]]s in. the‘"transformed" cultures were transformed as Judged by
‘the1r morphology There was, nevertheless, a 2 to 3-fold d1fference

~in co]]agen synthes1s between norma] and "transformed" cells. (Most of

: the exper1ments in wh1ch transformat1on of the cu]ture was achieved
showed a5 to ]0 fo]d d1fference between norma] and transformed ce]ls,

afor example, see Fig. 5 of the same paper).

: Change in Co]]agen Synthes1s is Transformat1on -Specific

The reduct1on in co11agen synthes1s could be due to e1ther ma11gn-
ant transformat1on or the rep11cat1on of the virus since transformed
tendon ce]ls a]low Rous sarcoma v1rus to rep11cate (Tab]e 1I1- 2) To
.test if the change in co]]agen synthes1s was transformat1on spec1f1c,
| a td v1rus of the same stra1n was used for compar1son As ‘shown in
R Tab]e I1I-2, ce]]s 1nfected by td v1rus were as. active as those trans-

: _formed by the wild-type virus in produc1ng v1ra1 part1c1es as judged

‘by the virus- spec1f1c RNA- dependent DNA po]ymerase activity 1n the med1um.

v‘The co]]agen synthes1s 1n td virus-infected cells, however d1d not show
any s1gn1f1cant drop when compared to that in normal cells (Tab]e ITI-1).
f[These resu1ts suggested that the reduct1on in co]]agen synthesis is the

:result of. transformat1on rather than the virus infection per se.

,_D1scu551on
Previous stud1es on the effect of non-transforming viruses on

co]]agen synthes1s in chlck embryo f1brob1asts have ‘led to different

29
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TABLE III-1 Collagen synthesis by normal and transformed tendon cells?

Infecting virus =~ - Collagen synthesis (as percentage of total prote1n :
' v . - synthes1s
PR - 6 days after 7 days after -
_ - B infection infection
None o219 289
Ctdoviess 181 21.9
Wild-type virus - 10,9 7.2

Tendon cel]s were p]ated at a density of 8 x 105 cells per flask.
After cells had attached, the medium was changed to 1.5 ml of F12
with 0.2% serum plus e1ther the wild-type or a transformation-
 defective (td) mutant of Prague C strain Rous sarcoma virus. The
- cells were incubated for another hour before an additional 9 ml
- of medium was added. - The medium was changed daily. By the 6th
day: post1nfect1on more than 80% of the cells infected with wild-
type virus was transformed as judged by morphology. Collagen
assay was done in the 6th and 7th days post1nfect1on as descr1bed .
- in Materia]s and Methods. - _



Table I1I-2 Virus production by infected avian tendon cells?

Infecting virus Day after' Focus- c RNA-dependent
: Infection forming units DNA- polymerase
| ‘ B ~activityb
Wild-type 6 . 8x10° 4350
‘virus - S .6 :
' 7 - 1.z2x10 500
td virus s o 4050
7 0 5250
2

Chick tendon cells were plated in a 25 cm“ flask and infected as
~ described in Table III-1. Th e medium was changed every day and
- collected in a 3-hr period on the 6th and the 7th days after
infection.. The titer of the transforming virus in the collected
medium was then determined by focus assays and that of physical
-particles of the virus by RNA-dependence DNA polymerase assay.

ijctivity measured by incorporation of 3H-.thymidine-S‘-tripho_sphate
as described in Materials and Methods. The units were counts
incorporated ger minute per 25 ul of medium. In these cultures

- there were 10° cell per 25 ul of medium. S



.conc1usions.- Levinson, Bhatnagar and Liu first reported'that the
infection of chick embryo cells by an atian leukemia virus (RAV-1) did
not affect the 1eye1 of co11agen synthesis by these cells. Later study
by»Banes,.Smith;ahd7MeChaqic (]978) using a non-transforming avian |
‘mye1ob1astosfs virUs (MAVJZ( 0)), however, observed.a 3-fold increase in -
the rate of col]agen synthes1s by these ce1ls after viral infection. It
is poss1b1e that the different resu]ts obta1ned by these two groups re-
. flect a d1fference in the 1ntr1ns1c propert1es of ‘the viruses used.
' However, due to the low 1eve] of collagen synthesis by chick embryo fibro-
bTasts‘andvthet]ack of accuracy of co]1ageh assay indealtng with a sma]] :
amount of collagen, these different results could alsO'mére1y reflect
eXperimenta] errors."Sihce_co11agen synthesis,by’tendon cells is ten
times higher percehtage hise thah that by_chick embroy fibrob1asts, this
anbigufty~sh0u1d oot eXist when'tehdon'cells are used.

Collagen synthes1s by tendon cells is drast1ca11y reduced after

transformation’ of these cells by a wild- type Rous sarcoma virus. - The
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results in thlS chapter have shown that cells 1nfected by a transformat1on- |

- defective virus can st111 synthes1ze collagen at the norma] Tevel wh11e

produc1ng a s1m11ar amount of virus as transformed cells. This observat1on

1nd1cates that the v1ra1 1nfect1on per se does not alter co11agen synthes1s
;and virus—spec1f1c translation does not affect the highly biased trans- ‘
Tation of collagen m-RNA. The reduction of collagen synthes1s is there-

_ fore transformat1on spec1f1c
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CHAPTER IV CHANGE IN COLLAGEN SYNTHESIS AS AN EARLY EVENT DURING
TRANSFORMATION OF CHICK TENDON CELLS

Introduction

Tendon cells are dedifferentiated after transformation by Rous
sarcoma virus in terms of the phenotypic'expreSSion of their major
differentiated function --- collagen synthesis. The mechansim by which

transformation causes dedifferentiation is unknown. One way to study

'the relationship between the process of transformation.and dedifferen-

_tiation is to-analyze the kfnetics of the dedifferentiation process

during transformation. This approach requires a continuous monitoring
of the state of differentiation of cells undergo1ng transformat1on
Although eventually all tendon ce]ls can be transformed in a week 1n‘
culture by Rous sarcoma virus, only a fract1on of ce]]s are 1n1t1a11y»
infected s0 that a comp]ete v1ra1 transformat1on usually requires
secondary infections through spread1ng of v1urses by these 1n1t1a11y
1nfected ce]ls to other un1nfected cells. The process of transformat1on
is therefore not synchronized for all cel]s in cu]ture and the presence
of the uninfected cells could hamper the study of the events that occur
during transformation.

This problem can be overcome by the use of temperature-sensitive

(ts) mutants of the virus. Since collagen synthesis is not affected

B by'the viral infection per se and'onTy‘vira1 infection and replication
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but not transformation by ts viruses can occur at non- perm1ss1ve temperature,

a completely infected culture that behaves norma]]y with regard to colla-
gen synthesis can be obta1ned by keep1ng the ts-infected cells at this
temperature for a week. A synchronized process of transformation in

these cells can then be 1nduced ‘simply by sh1ft1ng the cells from
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non-permissive temperature to permissive temperature,'and quantitative

ana1ysis”on the;kineticsvof'different transformation-specffic'events i
~can be made o - | | _ |

| Us1ng tendon ce]]s infected by a ts mutant of Prague A stra1n of Rous
sarcoma v1rus, the k1net1cs of reduct1on 1n collagen synthesws dur1ng {
'transformat1on is exam1ned in th1s chapter “In add1t1on,‘by fo]]ow-~

1ng the courses of events after the temperature shift, the assoc1at1on
between the change in co]lagen synthes1s and other transformat1on spec1f1c

events is also stud1ed

| 'upCharacter1zat1on of Tendon Ce]]s Infected by a Temperature sens1t1ve

- _Mutant.of Rous Sarcoma V1rus

The‘temperature’sensitive system was first charaCteriied - Tendon

».ce]ls 1so]ated from 16- day old chick embryos were 1nfected with a

'temperature sens1t1ve mutant of Prague A strain Rous sarcoma v1rus,

LA 24 Infected ce11s were ma1nta1ned f1rst at 39° for two days and

then sw1tched to e1ther non- perm1ss1ve (41° ) or permissive (35°)

_temperatures for another five. days, and the1r morphology, sugar uptake

and sens1t1v1ty to dens1ty-dependent growth contro] were character1zed.
Change 1n morpho]ogy is the most common cr1ter1on for transforma-

tion. Fig. IV 1 shows the morphology of these ce]]s kept at e1ther

41 or 35° at the end of the week. Ce]]s ma1nta1ned_atv41° were poly-

gonal.and flat. Ce]]s ma1nta1ned at 35°nwere either spind]e-shaped or

'rOUnd were'more refracti]e, and usua11yvp11ed up»into areasvresemb1ing

- foci. The uptake of 2- deoxy -D- g]ucose 1s another commonly used ' - .

cr1ter1on for transformat1on Table IvV- 1 shows that the rate of uptake |

of 2- deoxy D g]ucose by these ce]ls at 35° is approx1mate1y 3 5 times

h1gher at.the.end,of thw_week. This magn1tude of change is comparable

to what‘has beenvreported-for chitkvembryo'fibroblasts}and'other cell



TABLE IV-1 Characterization'of LA 24-infected primary tendon cells?

Parameter ' . aye 35°

3H—2-déoxy-glucose Uptake

(cpm/ug proteins/5 min) 44.8 88.2

Collagen Synthesis o : L f
(as percentage of total. . 21% 4.1%
protein synthesis ' - L .

ProdUctionvof Infectious
Virus (focus-forming 0.6 x 10
units/106 cells)

6 0.5 x 10°

8.x 10° cells were seeded on each 60 mm plate. Cells were infected
with LA 24 and switched to either 41° or 35° as described in

~ Figure IV-1. On the 7th day postinfection, 2-deoxy-D-glucose

uptake and collagen synthesis were measured and the titer of the
virus was determined by focus assay as described in Materials and
Methods. Numbers for each characteristic represent average of

3 determinations.

35



FIGURE IV-1

36

Morphology of LA 24-infected tendon cells. Avian tendon

5

cells were plated at a density of 8 x 10> cells per

flask. One hr éfter p]ating; cells were infected with

’LA 24 at a multiplicity of ]0. Infected cells were kept -

at 39° for the first two days and switched to either 41° -

’Qr 35° on the third day after 1nfectioﬁ;' Cells were grown

in F12 supplemented with 0.1% tetal calf serum and 50

ug/ml ascorbate and the medium was changed daily. The

»p1Cturés were taken on the 7th day postinfecfion;

A, cells maintained at 41°

B, cells maintained at 35°
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systems (Martin gzjglﬁ,'197l;.0kayama et al., 1977). The third common

cfiterion:fpr‘trahsfofmat10n>is the‘sensitimity'to1density—dependent'
gfowth‘COntrdl: The grOWthmcurves for these cells at the two tempera-
© tures are shown in Fig. IV- 2. The'growth'of cells maintained at 41°
" was sens1t1ve to dens1ty, and ce11 d1v1s1on became neg]1g1b1e toward
the end ofvthe week when conf]uency was reaehed. The growth of ce1]s | ¢
maintéined a£'35°; hbwever; was not sensitive to hfgh den;ity. | |

- The differences observed were not due to viral rep]%cation since
theseA?e1js're]eaeed rough1y tme seme amount of 1hfectious virus at
both femberatures’(Téb1e IVel).TfThue, by fhe'criteria of morphology,
- suger upteke;énd'Sehsitivify to density-debehdeht growth control, cells
maintained'at 41° behame sfmilaf to normal,VUhinfected cells whereas
| ce]]s kept at 35° behave just like ce]]s transformed by a w11d type

stra1n of Rous sarcoma virus.

Co]]agen Synthesis by Tendon'Ce]ie Infected with LA 24

| Table IV-? a1so shomsjthe level of.col1agenfsynthesis”at the end
of the week in LA 24-infected cells kept at either 41° or 35°. The level
| of co]]agen syntheéis_by-eells kept at 41° is atv]east‘five times higher
‘thah_thap by eeils keptvat'35°., Furthermore, the level of collagen |
synthesis invinfected ceT]s kept at 41° is the same as that in normal,
uninfected celis, suggesting againvthat the viral infection per se does

not affect the 1level of collagen synthesized.

Changes 1h Morphology and Sugar:Uptake'with Temperature-Shifts e
V.Since symchronized processes of "transformation“.or "Eeversion.fo

| normal phehotype?vcan be achieved by merely‘shiffing the temperatdree

from‘41°_to 35° or XiSS.XEEEE’ the kinetics of the cellular events mhich

occur during these processes can be studied using temperature shifts.



FIGURE IV-2

Growth curves of LA 24-infected cells maintained at 41°
and 35°. »Tehdon cé]ls'were pTated'and'infected as

described in Figure IV-1. Infected cells were grown at -

35° for the first two days and switched to either 41° or
35° on the third day after infection. Cells were counted -
-as described in Materials and Methods.

0, cells maintained at 41°

o, cells maintained at 35°
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Ce]]s_infected with LA Zdwere cultured at 39° for two days and switched
 to_ejther 41° or 35° for another four days. Han‘qf the plates were

then shifted to the other temperature on the seventh day: Changes in
-morpho]ogy and 2 deoxy -D- glucose uptake were mon1tored at intervals after
the temperature sh1fts Morpho]og1ca1 changes were ‘visible in the sh1ft-
down exper1ment at about 4 hr, 1n the shift-up at about 8 hr Changes

- in morphology in e1ther d1rect1on were more _pronounced at 12 hr and were
complete at 24 hr. The change.1n the sugar uptake occurred much faster.
In the shift-down it was 75% complete by about 6 hr after shift. 'In'-
 the shfft-qp it was 75% complete at 4 hr after:shift (Fig.'IV-3f;

As a control, 2-deoxy-D-glucose uptake. by normal cells during
temperature shifts was ‘also measured. As shown in Fig. IV-4, no change -
'in'eugar uptake by normal cells was observed with either shift. The
changes observed in this b1ochem1ca1 character1st1c of LA 24-infected
cells dur1ng temperature sh1fts were therefore str1ct1y re]ated to

transformat1on

Change in Co]]agen Synthesis with Temperature-shifts

‘The time scale required for a change in collagen synthesfs after
transformation has not been studied in deta11'previous1y. Since the
change in collagen synthesis is transformationfspecific,-its-kinetics
during the process of transformation can also be studied by temperature
shifts. As shown in Fig. IV—5, temperature has no effect on the level
of co]1agen synthesis in normal or wild-type virus- transformed cells.

A quick drop in the level of collagen synthesis, however, was observed

in LA 24-infected cells when they were shifted from 41° to 35° (Fig. IV-6).

The decrease in collagen synthesis in these cells was almost 50% comp]ete

as early as 4 hr after shift-down. This observation indicates that



FIGURE IV 3 Effect of temperature sh1ft -on 2- deoxy D g]ucose by norma]
U :_tendon ce]ls 8 X 105 ce]]s were - seeded on each 60 mm
plate. Ce]]s were grown at 41° in F12 supp]emented with
: 0.1% feta] ca]f serum and 50 ug/m] ascorbate for 6 days |
and the med1um was changed every day On the 7th day ‘
' after seed1ng, ha]f of the p]ates were sh1fted to 35°
and the other half rema1ned.at 41° asvcontrol, 2-deoxy-
R D—glutoée,dptake was_measuhed at 4, 8, 12 and 24 hr after
shift as described'ih‘Materials and,Methods.
m, ce]]s rema1ned at 41°*

' ‘E], ce]]s sh1fted from 41° to’ 35°
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FIGURE IV 4 Effect of temperature sh1fts on 2- deoxy D g]ucose uptake

~by LA 24- 1nfected ce]]s 8 X 10 cells were seeded on

~ each 60 mm p]ate Ce]]s were 1nfected w1th LA 24 and
"sw1tched 0 e1ther 41° or 35° as descr1bed in F1g IV-]I
,On the 7th day post1nfect1on, ha]f of the p]ates at either

-'_ temperature were sh1fted to the other temperature and the
"rest of the p]ateSvrema1ned at the or1g1na1 temperature.

o 2 deoxy -D- g]ucose uptake was measured at 4, 8 12 and 24 hr
_ after the temperature sh1fts as descr1bed in Mathera]s and

Methods. '

'40,'¢e115 rema1ned at 35°

e, cells shifted from 35° to 41°
o A,,ee1-1s remained at 41°

S8 cells shifted.from 41° to 35°

a\‘;\‘
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. FIGURE IV 5. Effects of temperature sh1fts on co]]agen synthes1s in
. "norma1 and Prague A wild- type virus-infected tendon cells.
Tendon ce]]s:were p]ated at a dens;ty of 8 X 105 cells per
,tf]ask;'ﬂAfter celTs haddattached, half of the flasks were
intecteduwith'a wi]d—type.PraguelA'strain‘of Rous sarcoma-
'hvirus'in 1.5 mls of FI2 with 0.1% fetal calf serum and the
| gotherihalf were mock-infected. thevcells were incubated
“for another"hour‘before‘an'additional 9 mls of medium were
-_'added The med1um conta1ned F12 supp]emented w1th 0 1%
fetal ca]f serum and 50 ug/m] ascorbate and was changed
da11y Ce]]s ‘were kept at 41° for 6 days On the 7th day
h .post1nfect1on, ha]f of the flasks were sh1fted to 35° and
d‘the other ha]f rema1ned at 41° as control. Col]agen
synthes1s was measured at 4, 8 12.and 24 hr after shift for
'[ mock- 1nfected cells and at 4, 8 and at 4, 8 and 12 hr after
'_sh1ft for transformed ce]]s ad descr1bed in Materials and
Methods |
‘.., mock infected ceHs remai'ned 'at. 41°
., a, mock infected cells sh1fted from 41° to 35°
’ Prague A-1nfected ceHs remained at 41° '

"..<>; Prague A-infected cells shifted from 41° to 35° ‘
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FIGURE IV 6 Effect of temperature sh1fts on co]]agen synthes1s in
| ‘LA 24 1nfected ce]ls Tendon ce]]s were p]ated, 1nfected
with- LA 24 and sw1tched to e1ther 41° or 35° as. descr1bed .
in F1g IV 1 0n the 7th day post1nfect1on, half of the
f]asks at either temperature were sh1fted to the other
"temperature and the rest of the f]asks remained at the
original temperature. Co]]agen synthes1s was measured at
-4, 8, 12 ahd 24 -hr after the temperature shifts as
| described ih_Materia]s ahdeetheds;f |
0, ceT]s‘remained at 35°
e, cells shifted from 35° to 41°
A, cells remained at 41°

A ceHs shifted from 41° to 350
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“the a]terat1on in co]]agen synthesis is an early event during the process
- of transformat1on and is closely associated in time w1th other early
events such as sugar uptake.

When LA 24-infected cells were shifted from 35° to 41°, an in-
- crease in collagen synthe51s was detectable only by about 12 hr after
the shift. It appears that a relatively 1onger period of time is there-
fore needed to ihcreaSe collagen synthesis back to its "differentiated"
level during the’proeess of reveréion to normal phenotype.

Discussion |

In this chapter, I have examined the time eca1e required for the
reduction in eollagen synthesis and hence the process of dedifferentia-.
tion upon temperature shift'of tendon cells infected with a temberature-
sensitive mutant of Rous sarcoma virus. The change in col]agen_synthesis
was found to be ah ear1y event after transfdrmatfon. The reduction'in'
co]]égen'synthesie'was'50% complete as early as.4 hr after shjft-doWn.

'The ear1y manifestation of this decrease strongly suggeste that the
dediffekentiation proceSs 1sAa‘pr1mary event aftef transformation and
_ océure as soon as src is activated (Co]]ett and'Erikson, 1978).

' Changes in sugar uptake were almost compiete at 12 hr after either

shift when those in morphology were still not evident in many cells. It

is possible that these'two changes”actua11y take place at the same time
but that the early changes in horpho]ogy were not detected under the
‘phase microecope. The-difference in the uptake of 2-deoxy—D-g1uc05e.
between normal and transformed ce]]s; however, has been shown to occur
irrespective of the shape of the cell (Bissell, Farson and Tung, 1977).

It is thus more likely that the changes in sugar uptake take p1ace at

50



Tocal areas in membrane and occur earlier than do gross'chahges'in-
morphoiogy. | :

Although a direct relationship befween the drop in collagen synthesis
and the increase in sugar uptake is hard to imagine, it is possibTé that
the former is operationally associated with another early event of trans-
formation, the stimulation of cell proliferation. 1In this respect, it
| is 1nteresting to compare the effect of transformation on collagen
synthesis to that of serum which also stimuiates cells to proliferate.
High concentrations of serum also render norma} téndon cells unresponsive
to ascorbate modulation and reduce co]]agen synthesis to a Tevel compar-
able to that in transformed cells (Schwarz and Bissell, 1977). In
add1tion, the drop in collagen synthesis after serum add1t1on to mono]ayer
cultures occur at least as fast as after transformation and is complete
within 6 hr after a high concentration of serum (5%) is added to normal
tendon cells (Bissell, unpublished results). The common effect of both
vserum and transformation on collagen synthesis therefore suggests that
the reduction in collagen synthesis by transformation could be a result
of cell proliferation. |

The molecular mechanism by which collagen synthesis is reduced after
transformation has been previously studied by Adams et al. (1977) and
Rowe et al. (]978) using chick embryo cell culture system. These investi-
gators reported that the reduction was due to Towered level of translatable
collagen m-RNA in the transformed cells. If one assumes that the reduct1on
in co]]agen synthesis in tendon cells after transformation is under
transcriptional control, and that the mean Tifetine of collagen m-RNA is

-about 15 hr (Perry and Kelley, 1973), one could expect a 63% reduction

51
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in collagen synthesis about'15 hr after shift, a'kinetic muoh siower than
the observed here. This means'that even an 1nstant.ohange in collagen gene-
transeription_upon the’onset-ot_transformation process could not account
for the rapid decrease in Co]]agen synthesis. Therefore, the initial
reduction cou]d well be regu]ated at the degradat1on of m- -RNA or other
post- transcr1pt1ona1 steps in the biosynthetic pathway of co]]agen which
h1n turn could lead to the reductlon of col]agen gene transcription by
feedback mechanism: -To study these possib111t1es, the temperature sensi-
~tive system again provides an excellent tool. By following the time |
course of change at each step dur1ng a temperature shift, the relation-
sh1ps among the regu1atory steps could be unveiled.
The increase in collagen synthesis with shift-up was not observed

' unt11 12 hr after the shift and lagged behind the change in 2-deoxy-D-
g]ucose uptake' ‘Collagen synthesis and sugar uptake, therefore, may be
modu]ated by d1fferent events during the process of reversion. It is
rp0551b1e that the increase in co11agen synthe51s dur1ng the reversion
- to normal phenotype requires gg_ggvg_transcr1pt1on whereas the regula-
“tion of Z-deoxy-D-o]ucose uptake is at post-transcriptiona1 Tevel
'(K1etzien and perdUe;'1975). At any event, it seems‘that extra'time
11s'neededvfor the synthesis'and processing of co]Tagenrin a shift-up
exper1ment It m1ght be hypothes1zed that the add1t10na1 time 1is
'requ1red by the transformed cells to revert back first from a transformed
to an'"untransformed" phenotype character1zed by the 1ower ]evel of
vsugar uptake, etc.,-and then to a normal "d1fferent1ated" state
_ characterized by the high Tevel of collagen synthesis. To test this

hypothesis,'the kinetics'of other markers for both d1fferent1ated and



"untransformed" states have to be examined. Nevertheless, this may beva
generaiized phenomenon since in another system in which chick myoblasts
were 1nfécted with LA 29, a temperaturé-sensitive mutant of Pargue A
_’RoUs sarcoma virus similar to LA 24, the reversion of myosin synthesis
during the shift-up also lagged behind changes in sugar uptake (Moss and

Martin, personal communications).
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- CHAPTER V 1COLLAGEN'COMPONENTS SYNTHESIZED BY
| NORMAL AND VIRUS-TRANSFORMED TENDON
CELLS IN CULTURE

- Introduction

Co]]agen synthesis jg;!j!g_1s t1ssneespec1f1c.unden normal condi-
~ tions. There are at least five:genetical]y distinct co]]agen subunits
-(u chains) which combine to form four different co]]agen mo]ecules
(M1]1er,.1976). These collagen subun1ts can be identified by the1r

. amino acid compos1t10n, CNBrcpeptjde map and dist1nct antigenicity.
‘_Type 1 co11ageneis'probeb1y the only collagen found in rigid connective
" tissues such as bone and tendon. In addition, it is also found in most
pliable tissues such as skin, blood vessels, intestine, lung, etc. Two
of the three pb]ypeptide'chaine in type I col]agen are called a1(I) and
have a different amino acid sequence from the third chain called a2
Each of the three rema1n1ng collagen types conta1ns three identical
polypeptide chains which are specific for each type. Thus type II.
col]agen_(ebecific‘toecartilage) is designated [u](II)]3, type 111
co]]agenv(found e]so;in pliable tissues) is designated [a(III)]3, and

- finally type IV coT]agen (specific to basement membrane) 1s'de$ignated
[ (N)],. -

A]though the tissue-specific c011agen synthesis is normally under
'rigid contro1, quant1tative and qualitative changes could occur in
patho1ogica1 states.v‘For example, a ratio of 2-3 to 1 for type I and
' typevIII collagen 1$'usua11y observed for normal soft tissnes, but this
ratio shifts toward'more type I collagen in arferosc]erosis (McCu]]agh

and Balian, 1975) and pulmonary fibrosis (Seyen, Hutchenson and Kang,
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1976)._ In the case of Eh]erseDanlos syndrome with which patients haye
fragile but.not-extensib]e_skin,-theasynthesis ofvtype IIT collagen in ;
soft tissue can be'comp1ete1y:ehut off~(Gay et al., 1976). The abnormal
co11agen'synthesis is also observed in osteogenesis imperfecta in which
bone cells synthesize both type I and type}III collagen; and in one |
embryonal carcinoma in.which the malignant cells synthesize yet a new
type of co]jagen not found in'any nornal tissue (Little gtﬁgl,; 1977).

The disturbance in collagen synthesis has a]so been reported to
occur in cu]ture A]though most cu]tured ce]]s under norma] cond1t10ns
seem capab]e of express1ng the type of collagen specific to their tissue
or1gin (Hance and Crystal, 1977; Pacifici et al., 1977), qua11tat1ve
' changes in col]agen synthesis can be 1nduced by spec1f1c agents such as
5- bromodeoxyur1d1ne (Mayne, Vail and M111er, 1975; Daniel, 1976) and
serum (Narayanan and Page, 1977) which affect the state of differentia-
- tion of these cells in oolture (Daniel et al., 1973; Gospodarowicz
and Moran, 1976). Since transformation also affects the differentiated
state of cultured ce]]s, it is of interest to know if transform1ng
agents could cause any change 1n the collagen phenotype in culture.

Hata and Peterkofsky (1977) recently reported that transformation
by either 4-nitroquinoline-1-oxide, avchemica]vcarcinogen, or murine
sarcoma virus could 1nduce‘the synthesis of new types of collagen in 3T3.
cells. However, the new type of collogen induced by either_transforming
agent was distinct and seemed to be spécifica}]y_re1ated to that agent.
Furthermore, transformation of 3T3 cells by SV 40, a DNA virus, did not
- induce any change in the type of collagen synthesized. It is therefore

unclear if the change 1nvco11agen phenotype 15 directly related to the
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process of transformation per se or some other actions by the transforming
agents. | . |

This ambiguity can be avoided if a system is used in which only
transfbrmation-specific events are observed. To detérmine whether trans-
formation affects the type of collagen synthesized by tendon ce11s in
: culturé,‘the col]agen components synthesized by normal cells, cells
transformed by a wild-type Rous sarcoma virds, as well as cells infected -

by LA 24 are examined in this chapter.

Collagen Components Synthesized by Normal Tendon Cells and Wild-type

Rous Sarcoma Virus-transformed Cells

The collageneous méter1§1 secreted into medium of norma1 and Rous |
| sarcoma virus-transformed tendon cells was collected and purified. To-
make sure that the purified material.was present only in the form of
collagen but not avmixture of both procollaéen‘and collagen (Hata and
'Peterkofsky, 1977),}the material was furthék treated with pepsin at
15° C for 6 hrs. Under such conditions,‘a]1 procollagen wou]d be
converted to co]]agen (Bornstein; 1974). »The purity of collagen was -
o a]Ways tested by é purified collagenase (SchWarz, Colarusso and Doty, .
1976). The type of collagen was then identified by carboxymethyl- |
ce]]u]oée (CMC) chfomatography andjSDS-polyacrylémide gel electro-
phoresis (PAGE). Fig. V-1 shows the CMC chromatograms of collagen from
3H-pro]1ne—1abe1ed norha] and fransfprmed tendon cell media. The major
collagen cdmponents frpm bbfh hormal and transformed cell culture media
corresponded to the d1(I) and a, chains of chick calvaria type I collagen.
'SinCe only 70 to 90% collagen could usually be recovered from a CMC

column, a quantitative analysis of the components was not possible.



FIGURE V-1. Carboxymethy]-ce]]u]ose chromatograms of collagen from
| nofma] and‘ﬁi]d-type ?régUe A virus-transformed cells.

Cells were plated, infected, and grown in culture as
described in Table III-1. Radioactive collagen from
the medium of normal (3 x 104 cpm) and transformed
(35 x 104 cpm) cultures was prepared as described in
Materials and Methods, and'applied to a CMC column
(1.5 cm x 7.5 cm). The cofumn was wéshéd with 50 ml
starting buffer (0.03 M sodium acetate/4 M urea at
pH 4.8), then deve]bped with a NaCl concentration
gradient from 0 to 100 mM with 100 m1 each of stérting
and limiting buffer at 43°.
A, normal cells

B, transformed cells
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A better recovery (more than'95%) could be obtained from gel
vf electrophoresis.. Fig.'V-Z shows. the SDS-PAGE profiles of'collagen from

3H-pro]ine-]abel‘ed normal and tanssformed tendon cell media which were

run together with,type‘I collagen standard purified from chick ca]veria;

In the absence of’dithiothreitol, the major'co11agenfcomponents from:
~both normal and transformed cell culture media showed mobilities in
SDS-PAGE corresponding to the o H) ey being 2.33 for normal and 2.28
for the transformed media‘ These ratios were c]ose to the ca]culated
ratio of type I co]]agen (2.3) (Miller, 1976). In both profiles, there
were some R and y components which representsd1mers<x] 2 (= 812) and
[a (I)]2 (= B]]) and trimer [u (1 )] (=v) as aggregates. The transformed
cells, however, seemed in addition to secrete a different type of
}collagen which had a higher molecular weight than y Th1s type of
' co]]agen was not simply an aggregate of a- chains s1nce in different
exper1ments the amount of 8 and y chnaged but this component remained
10 to 15% of tota] collagen. Furthermore, this-new type of collagen
probably contains subunits of oy chains since upon_redoction this com-
ponent disappeared and some radioactivitybappeared in the region of 0
chains. This was evidenced in the SDS-PAGE profile in the presence of
dithiothreitol. The ot a, ratio increased from 2.28 to 2.49 and the
high-molecular-weight component in the non-reduced SDS-PAGE profile of
transformed medium disappeared; whereas thera] Poa ratio of collagen
from normal medium was 2.29, showing no change from 2.33 upon reduction.

Collagen Components Synthesized by LA 24-infected Cells

To further determine if the synthesis of the new collagen component

was transformation-specific, collagen components synthesized by

59



FIGURE V-2

. and analyzed by SDS-PAGE as described in Mater1a1s and:

60.

SDS-polyacrylamide gel e1ectrophoresis of collagen from

the med1a of norma] and. Prague A wild-type virus- -trans-

formed ce11s Rad1oact1ve co]]agen (13 x 104 and 2.3 x 104

4

cpm for non- -reduced PAGE and 10 x 107 and 2.1 x 10 cpm

for- reduced PAGE) was prepared as descr1bed in. F1g V-1 ' -

Methods. ' R | | -
A, norha] cells, reduced

B, normal cells, non-reduced

C, transformed cells, reduced

D, transtrmed cells, non-reduced
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LA 24-infected tendon cells kept at eitherv41?von 35° were analyzed.
' Fig.sv-3 shows the CMC chromatdgrams ot.c011agen from 3H—p'roHné-hbe]ed
media.of LA 24- 1nfected cells maintained at either temperature - Again
only a1(I) and a2 coule be 1dent1fied 1n e1ther culture medium by this
' techn1que ‘

Fig. V- 4 shows the SDS- PAGE prof11es of co11agen from either
medium. The additional component was found only from medium of cells
"maintained at 35° but not at‘41°. Moreover;vthe ay 10 ratio increased
from 2.29 to 2.44 and the:new cdmponenthagainvdisappeared upon reduction
in the case of co]]agen from-medium of ee1ls kept at.35° but the ratio
of ay * Op -did not change sign1f1cant1y (from 2.30 to 2.33) upon reduc-
'tion in the case of. co]]agen from medium of ce]]s kept at 41° These
results suggested ‘that the synthesis ‘of the new collagen was 1ndeed
vtransformat1on-spec1f1c.
. Discussipn. | ‘ .
Ttssue'spec1f1c1ty of collagen synthesis is another useful criterion
- for differentiation This po1ymorph1c eipression is probably‘triggered
when cells are first d1fferent1ated (Epste1n, 1974), SO that the particu-
:1ar,type of:co11agen synthesized would help define the structure and
funct1on"of the tissue (Hance anderystal 1977). ‘Thus‘not only quantity
but a1so quality are important for the d1fferent1ated state of cells.

Tendon tissue in v1vo synthesizes type I collagen wh1ch forms densely

packed f1br115 responsible for the toughness of the tissue. It was
therefone necessary to show that tendon ce11s in culture synthesize the
same type of co]]agen under conditions these cells were maintained. This
was especia]]y'true.regard1ng.the fact that cu]tured tendon cells were

grown in the presence of serum which was known to modulate the type of



FIGURE V-3.

Carboxymethyl-cellulose chromatograms of‘collagen from |
LA 24-infected tendon cells. Radioactive collagen from
the medium of'LA 24-infected -tendon cell cultures kept at
either 35° (3.5 vaO4 cpm) or 41° (4.5_x 104 cpm) was
analyzed on CMC as described in Fig. V-1.

A, cells maintained at 41°

B, cells maintaihed‘at 35°
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FIGURE V-4,
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SDS-polyacrylamide gel e]ectrophoresis of collagen from
the media of LA.é4;infected'ce1ls Rad1oact1ve collagen
(]1 X 104 cpm and 2 8 x 104 cpm for non-reduced PAGE and
9.5 x 104 cpm and 4.3 x 104 cpm for reduced PAGE) from

. media of ce]]s kept at either 41° or 35° was prepared and

analyzed as descr1bed in Fig. V-2.

A, cells maintained at 41°, reduced
B, cells maintained at 41°, non-reduced
C, cells maintained at 35°, reduced

D, cells maintained at 35°, non-reduced
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col]agen synthesized by human fibroblasts in culture (Narayanan and Page,
;v1977). Studies in this chapter have shown that, after one week in culture,
the tendon ce]]s not only synthesized the same level of co]]aqen as their
In vivo counterparts but also maintain the same type of co]]agen...These
2resu1ts indicate‘that_cultured tendon cell system quantitative]yfand -
- quaiitatively a valid mode]kfor the study of differentiation in‘cuiture.

| Transformation by Rous sarcoma v1rus does not seem to cause any -
-maJor change in co]]agen synthe51s in tendon ce]is A]though the trans—
. formed cei]s might synthesize an additional type of co]lagen at a very

low level, most of the collagen synthesized by these cells is still

-type I. 'This observation disagrees with that reported by:Hata andv
B Peterkofsky (1977) in which over 30% of the ooilagen synthesized-by '

o viraily transformed BALB 373 cells belong to a new type, but agrees

“with that made by Arbogast -et‘ai (1977) in which chick embryo fibro- -
blasts transformed by Rous sarcoma virus might synthesize the same type
of collagen as normal ce]is ~ These different observations with chick -
-and 3T3 cells may reflect either different regulatory mechanisms 1n o
co]iagen synthesis between species or again the d1fferent1at1a1 stabiiity
«of rodent ce]] ‘Tines and avian cells in pr1mary culture. It is B |
possible, however that ‘the additional type of co]]agen synthesized by

transformed tendon ce]]s is similar to that synthe51zed by transformed
BALB 3T3 cells since both contain intrahelical disu]fide bonds and are
made of subunits of O chains whether they actually represent the |
- same type of collagen would require further chemical analysis such as
CNBr peptide map and amino acid analysis.

To show that the synthesis of the additional type of collagen is

“indeed transformation-specific, one has to rule out two other possibili-
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_ ties. The first possibiiity is that the synthe51s of this co]]agen might
oniy be a result of viral infection but not the direct consequence of
transformation. This possibility is ru]ed out by the fact that LA 24-
'infected cells maintained at 41°_a110w virus to rep]icate but appear to
synthesize only typell collagen. The second possibility is that the

- synthesis of this additional type of coi]agen also occurs in normal
'.ceiis, but the 1ow 1eve1 of this co]iagne in comparison to type I

co]iagen makes its detection very difficuit The transformation

B se]ective]y reduces- the synthesis of type I collagen, so the additionai

- type of co]]agen can_now be detected. This second p0551bility can be
ruled out by the foliowing calculation. Since the additionai.type of
~collagen represents 10 to 15% of total collagen synthesized by trans-
formed ce]]s, and a 10- fo]d decrease in co]]agen synthe51s is usually
iobserved after. transformation the assumption that transformation only
reduces'the synthesiS'of type I collagen would dictate 1.0 to 1.5%
'of total collagen synthesized by normal cells to be the new type of
co]]agen; If this were the case, at 1east 1300 cpm, of this collagen

should have been detected‘w1th 13 x 104

cpm of total collagen from
‘normal culture medium was appiied to gel electrophoresis in Fig. V-2B.
However, no significant increase in counts aboye background was observed
beyond regions associated with type I'coliagen.

Recent work by Little and Church (1976) suggested theiexistence
of a new type of collagen spec1fic for embryonic ce]]s Since transforma-
tion is known to induce the expression of fetal antigens and the embryonic _
V form of isozymes, it w111 be interesting to compare the additional type
vof co]]agen synthesized by transformed tendon cells to this embryonic

type of collagen. Pre]iminary characterization of the embryonic

collagen, however, showed that this type of collagen did not contain any
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intrahelical disulfide bond (Little et al., 1977). These two types of

| collagen might thérefore represent distinct gene prodhcts.
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CHAPTER VI MECHANISM OF THE DECREASE IN THE LEVEL OF
" COLLAGEN IN CHICK TENDON CELLS AFTER TRANS-
FORMATION. 1. SYNTHESIS AND SECRETION

Introductdon f‘
| So”far 1n.thts thesis,vit~has'been estab]ished that co]lagen

‘synthes1s in av1an tendon cells, as measured by percentage of total
A prote1n synthesis, is cons1derab1y reduced after transformation of these
cells by Rous Sarcoma virus. The percentage has been used for the
eXpression'of_co11agen_synthesis since it emphasizes the state of
'.differentiation of these cells. While thisnmethod of'expreSS1on_c1ear1y
4 1nd1cates a quantitative "dedifferentiation" of tendonvcells after |
transformation in terms of co]lagen synthes1s, it 1ndeed does not provide
any information about the molecular mechanism by which co11agen synthes1s
is changed Since the rate of prote1n synthesis 1n genera] is higher in
transformed cells, the reduction of - co]]agen synthes1s as percentage of
total protein synthes1s could be due to either the decrease in collagen
synthesis or the increase 1n non-collagen protein synthes1s at the
- absolute level or both To dist1nguish these poss1b1e mechanisms would
thus require the measurement of ‘the absolute amount of collagen synthe-
sized by normal and transformed.ce]]s. | '

" The problem of determininglthe'methanism by whﬁch ¢collagen synthesis
-f is decreased after transformation is further COmpTicated by the fact that'
collagen is a secreted prote1n and the process of secretion has been
1mp]1ed to- p1ay a feedback regu]atory role on synthesis (Peterkofsky,
1972). Thus even a reduction in the abso]ute 1eve1 of co]]agen synthes1s
after transformation could be the result of a decrease 1n the rate of

secretion of tropo-proco]]agen.molecu]e and/or the decrease in the
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>biosynthesis of procollagen polypeptide itself.

In order to determine'the precise regulatory mechanisms which are
responsible for the reduction in collagen synthesis after transformation,
~the absolute level of collagen synthesis as well as the rate of secretion
of collagen by chick tendon cells before and after transformation need

to be examined. This chapter deals with the above considerations.

The Rate of Collagen Synthesis in Norma] and Transformed Tendon Cells

To determine the rate of éo]lagen synthesis in nOrma] cells and ce]]é
transformed by a wild-type Pragué A Rous sarcoma virus, radioactﬁVe]y‘
labeled proline was added to both cultures, and incorporation fnto
collagen and total protein of cells and medium after fixed intérva]s of
inéubation was measured as described in Materials and Methods. The
kinetics ofvthis incorporation is shown in Fig. VI-].‘ The incorporation
was not linear for both cultures for the first 30 min possibly because
of changes in the specific actiy1ty of precursor pools of free proline..
Non-linearity was also observéd for fransformed cu]turé‘with incorpora-
tion for more than 2 hr. This non-linearity, however, did not seem to
sighificantly affect the calculation for collagen synthesis expressed as
percentage bf>tota] protein synthesis so that the results from experiments
in Chépters IIT and IV using 3-hr incorporation were still comparable.
The collagen synthesis with 1, 2 and 3 hr incorporation was, respectively,
2.7%, 2.7% amd 2.5% of total protein synthesis. The normal cells
~ synthesized collagen as 19.0% of total protein so a 7-fold reduction was
observed after transformation if collagen synthesis was expressed as

percentage of total protein synthesis.



FIGURE VI-1.
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,The time couhse of incorpokation ofﬁ3H-pr01ine into
cO]]agen'ahdvtota1 protein of ndrma] and trans formed

' tendon cells. Cells were pTated_at a density of 8 x 10°

cells per 60 mm plate After cells had attached half
of the plates were infected with a wild-type Prague A
Strain of Rous sarcoma virus in 1.5 mis of F12 with
O.Z%tfeta1 calf serum and the other half were mock-

1nfected The cells were 1ncubated for another hour

before an add1t1ona] 9 m]s of med1um were added Ce]]s

were grown in F12 with 0.2% fetal ca]f serum and

50 ug/ml ascorbate and the med1um was changed daily.

On the 7th day postinfection, 3H-proh’ne incorporation

was carried out for 10, 20, 30, 60, 120 and 180 min and

ana]ysis of collagen and total proteins of cells and

' med1um for each t1me po1nt was carr1ed out as described

in Materials and Methods. The resu]ts presented in this

figure represent.the sum of va1ues for‘the cell and the

'medium fractions. ‘Symbols: open, norma1 cells; closed,

~ transformed cells; o, collagen; 0O, total protein.



3H —pro incorporated (cpm/,ug proféin x|0~2)

20

wr ="

l I |

102030 60 120 - 180

Time of incubation (min)

XBL 789 -4202

73



74

The absolute rate of collagen synthesis in normal and transformed
cells could be compared using the 1inear region of the k1net1c curves in
_FTg._VI—l. When the slopes of 1ncorporation of proline into collagen
. between 30 min and 2 hr were compared a 2 4-fold decrease in collagen
’synthesls was found after transformat1on of tendon cells. -The“7-fold
~decrease in collagen synthesls as percentage of total protein synthesls
‘was therefore a result of not only the decrease in collagen synthesis
_at the absolute level but also a 3.3- fold 1ncrease in non- collagen

Vprotein synthesis after transformation

"Synthesis of Collagen Subunlts by Normal and Transformed Cells

- The fact that the type I collagen synthesized by tendon cells
Vcontains two d1st1nct subunlts (a] and a2 chains) made it 1nterest1ng to.
| test 1f the synthes1s of these subunits were reduced to the same extent
by transformat1on To analyze the separate synthesis of these two a-chain

subunits would requlre an examination of the intracellular synthesis of

- the precursors of these polypeptides before they are secreted in the

form of tropo molecules s1nce the latter process would dictate a r1gld
2:1 ratio of 0 to Op chains (see Chapter V). As shown in Fig, VI-2,
collagen was secreted as early as 30 min after the addition of 3y- prol1ne,.
soithe k1net1c analysis of cellular pro- collagen was l1m1ted to this
period. |

Fig. VI-3 and_Vl-4 show the incorporation of 3H-proline into pro-o,
and‘pro-a2 collagen'subunltslin normal tendon cells'dur1ng the first
30 min incubationvafterythe addition_of the radiocactive precursor. Since

'collagenase willfnot dlstinguish between different collagen a-chains, the

SDS-polyacrylamide gel electrophoresis was used to separate pro-o, and



FIGURE VI-2.
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The time course of incorporation of 3H-proh’ne into
collagen in the medium and cell layer of normal and
transformed tendon cultures. This figure is a
magnification of Fig. VI-1 for collagen synthesis.

The results for the cell layer and the medium fractions

have also been plotted separately to indicate the amount

_.of co]]agenAsecreted at each time point. Symbols: open,

normal cells; closed, transformed cells; o, total
collagen; A, collagen in the medium fraction;

O, collagen in the cell fragtion.
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FIGURE VI-3.
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The time course of incorporation of 14

C-proline into
pro-a]-and bro-az collagen subunité of normal tendon cells.
Cells weréfseeded in 60 mm plates and maiﬁtained in F12
with 0.2% fetal calf éerum and 50 ug/ml ascorbate as des-
cribed in Materials and‘Methods. On-day 7, cells were

14

pulsed with 10 uCi ' 'C-proline per plate for 10, 20, and

30 min. The 1abe11hg medium was then withdrawn and the

cells were either homogenized in 2% SDS buffer (A}E) or in |

collagenase buffer (F,G) as described in Materials and
Methods. Sample for F was further treated withvpurifiéd |
bacterial collagenase at 37° for 1 hr. Equal amounts of
protein were applied to lane A through E while same vo]yhe
of samples were applied to F and G. SDS-polyacrylamide gel
e1ectrophoresis and autokadiography were Carrigd out as

described in Materials and Methods. Pro-a] aﬁd pro-a,

" bands were indicated by arrows. By comparing”lane F to G,

theée two bands could be identified since they were
se]ectiyeiy digested by purified collagenase.
Lane A and E,v30 mih‘inéorporation.

Lane B,‘b. F and G, 20 min incorporation.

Lane C, 10 min incorporation.
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FIGURE VI-4.

- combustion apparatus to give
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]4C-pro1ine into

The time course of incorporation of
pro?a] and pro-a, collagen subunits of normal tendon

cells. The pro-a, and p}'o-on2 bands in Tane A through

“E were cut from,thevge1 and burned in a Packard éutomatic

3H-H20 which was then counted

- in a scintillation counter. Results from Lanes A and E aS

‘well as from B and D did not differ from each other for ‘

more than 10% and were thus averaged to give single values.
O, pro-a

A, pro-a
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pro-o, and the 1ncorporat10n of radioactivity into these po]ypeptides
was determined by counting the corresponding bands on the gel as - |
described in Materials and Methods. As shown in Fig. VI- 4 the synthes1s of |
ne1ther of pro-o chains was linear during the first 30 min incorporation |
and increased with time when 3H-proh‘ne was used as the radioactive .
~precursor. This non-Tlinearity thus prevented an adequate calculation of
the rate of synthesis of these collagen subunits.

_The same problem was not observed when 3H-leucinevwas used as the
fadioactive precursor. As shown in Fig. VI 5 and Fig. VI-6, the incor-
porat10n of 3H leucine into pro- o and pro-a, was more or_]ess 11near
in both normal and transformed tendon cells between 10 and 25 min after
- the addition of the radioactive precursor. The slopes of incorporation
of leucine into pro-a]vand pro-a, cou]d‘therefdre be used for thé
calculation of the rate of synthesis of these polypeptides in normal
and transforméd cells. The reduction of the synthesis of bro-a] and -
pro-a, was, respectively, 2.3- and 2.4-fold after transformation. The
synthesis of these two collagen subunits was thus reduced to the same
extent by transformation

Secretion of Collagen by Normal and Transformed Tendon Cells

To follow the secretion of newly synthesized co]]égen, normal and
’tréﬁgformed cells were labeled with 3H-pr01ine for 3 hr and the label
was thén chased by transferring the cells tpAfresh mediuh containing
only "cold" proline. At designated intervals, the medium and cells were
separated and assayed for 3H-coHagen as described in Materials and
Methods. To correct for the difference beween the intracellular

collagen levels in normal and transformed cells (as shown in Fig. VI-2),




 FIGURE VI-5.

The time course of incorporation of 14C-]euci_ne into

proLaT-ahd pro-az'cbllagenvsubunits of normal and trans-

_fofmed téndon'ce]ls, Cells were plated, infected, and

~ maintained as described in Fig. VI-1. On the 7th day

pqstinfectﬁon, cells were pulsed for 10, 15, 20,'25, and

14

30'm{h with 10 uCi " 'C-leucine per plate. The 1ébeling

medium was withdkéwn and the cells wére'then hbmogenized

in 2% SDS buffek as described in Materials and Methods.

SDS—po]yacrylamide electrophoresis and autoradiography

were carried out as described in Materials and Methods.

For each time point, approximately equal amounts of

radioactivity from normal and transformed samples were

-applied.

Lahe B, D. F. and H, normal cells.

Lane A,'C, E, G,vand I, transformed cells. -

Lahe A and B, 10 min incorporation. each with about
50,000 cpm o |

Lane‘C and D, 15_min'incqrpofat16n,v150,000}cpm.

Lané G and H, 25 min incorporation, 450,000 Cpﬁ;

Lane I, 30 min incorporation, 500,000vcpm.

82
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'_vaIGURE V;-G; The time course of incgrbdratioh of‘]4C-1eucfne into
pro-d] and proadé co]]agén subunits of normal énd trans-
- formed tendon Cel]s; Sihce aggregates were found in
.Lane E, oh]y 10,.15, ahd 25 min time points were.used
_fdr ;a]tu]ation. Thé'pro4d]'and pro-az'bands were cut
from the ge1 and burned and counted as'describedvin
Fig. VI-4. | o
Symbols: open, normaT'cells; closed, transfofmed cells;

0, pro-a;; 4, pro-a,.
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the rate_of secretion-was.expressed as percentage of total collagen
secreted into the medium. Fig VI-7 shows that norma1 and transformed
ce]]s secrete co]]agen at a similar rate. | ¥
Th1s find1ng is a1so supported by the observation that the intra-
cellular co11agen poo]s are decreased 1n size in the same proport1on to}
the decreases in co]]agen biosynthesis (2-2. 5 fold, Figs VI-2 and
©VI=6). | | |
Discussion | v |
Studies in this chapter'indicate that the "dedifferentiation" in
transformed. tendon cells in terms of collagen synthesis is caused by
two mechanisms. First the rate of collagen synthesis is decreased 2-2.5-
fold. Second;'the synthesis of other non-co]]agen protein is increased

3-fold. Although it is not clear how these two mechanisms are related

“to each other, the results suggest that'bothvare correlated with the

5w1tch of tendon cells from a highly differentjated state to a "dediffer- -

entiated" one after transformat1on Thus not only the absolute level
of co]]agen synthesis but also the relative expression of co]]agen to
total protein should be used for monitoring the state of differentiation
since the latter covers both types of changes'and therefore serves as a
better indicator for the differentiated state of tendon cells.

It dis interesting that the intrace11u]ar pool of proline needs a
- lTonger time to reach a constant specific actiuity than that of 1eucine
'after the add1t1on of these radioactive amino acids to the med1um This
could be due to either a much larger 1ntrace]1u1ar pool size of pro]1ne
or the compartmentat1on of this amino acid inside the cell (Airhart,

‘Vidrich and Khairallah, 1974). In any event, when the 1inear region of

o AT
s



FIGURE VI-7.

Secretion of collagen by normal and transformed tendon

cells. Cells were plated, infected, and maintained as

- described in’Fig.-VI-l. On the 7th day postinfection,
each plate was pulsed with 50 uCi of 3H-proHne for

3 hr and the label was chased by replacing the medium

- With 5 ml of fresh F12 with 0.2% fetal calf serum and

50 ug/ml ascorbate. After chase times indicated, the

medium was separated from cells and analysis of toT]agen
| of_cel]s and medium was carried out as described in
'Materials and Methods. Total collagen represents the

"sum of values for the cell and medium.- fractions.

0, normal cells.

o, transformed cells.

-
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the kinetic curve for the incorporation of either amino acid was used
for calculation, the same extent of reductioh in’co]]agen synthesis
was ebserVed in transformed cells. It was noteworthy; however, that
when total protein synthe51s was compared between normal and transformedv

cells, the- use of leucine gave a 2.5-fold 1ncrease after transformation

' "wh1]e the use of proline gave only 1.7-fold increase (Fig. VI-1).

B A]thoﬁgh this difference can be ekb]ained by the fact that collagen
contains 10 t1me$ more prpline than Teucine (21% vs. 2%), and represents
20-25% of total proteins of norma] cells but oh]y 2-5% of these of -

“transformed cells, the resu]ts suggest that special considerat1on should

' be made for the choice of a particular amino acid as the radioactive

precursor for the measurement of protein synthesis in a system in which

- the synthesis of one protein constitutes a high proportion of that of
total protein.

| The finding that the synfhesis of both pro-a, and prb-a2 chains was

 reduced to the same:extent after transformation suggested a coordinate

effect on the synthesis of these collagen subunits by transformation

It is surprising, however, that the ratio of intracellular pool of pro- oy

and pro- a2 is about 1.3 for both normal and transformed cells using either
proline (Fig. VI-4) or leucine (Fig. VI-6) as the radioactive precursor

Since the ratio of a] to 0y in the med1um of normal and transfomred ce]]s'
is, respective]y, 2.3 and 2.5, it seems that the synthesis of pro-a,

and pro-a, m1ght be regulated independently It is possible that this

difference in ratios reflects a differential feedback control on e1ther

the transcript1on or the translation of these collagen subunits. A

more thorough analysis of this problem therefore requires the measurement



90

of the TeQé]s as well as the tfans]atioh.rates of the mRNA's of -these
pro-a chains. - o |

When radidécti?e pro11nefwas allowed to.incorporate into collagen
Vfdr more than 2 hr,'non-11neérity of incorpordtfon was observed for
transqumed‘but*not ndrmé] ce]is.v fh1s non-]inearity-could be due to
either a dép]etion‘of pro]ine:p001 or the dégradat1on of,newiyﬁsynthesized
coTiagen in transformed cel]s. Theilatfer posSibiIity will be examined

in more detail in the following chapter.
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CHAPTER VII MECHANISM OF THE DECREASE IN THE LEVEL OF
| | COLLAGEN IN CHICK TENDON CELLS AFTER
TRANSFORMATION. II. DEGRADATION

Introduction

Co]]ageno}ytic activity has been found to be associafed:w?th a
certain nuﬁber of 1nvasive neoplastic tissues (Dresden, Hellman and
Schmidt,v]972). These tissues can be of either epithelial or mesen-
chymal origin (Taylor, Levy and Simpson, 1970). The Co]]agenase
activity can be demonstrated in primary cultures (Débbous, Roberts and
Brinkley, 1977) or the homogenates of thése tumors (Harris; Faulkner
and Wood, 1972) and is postu1ated to facilitate the tumor invasion by
degrading the connective tissue structure of the surrounding normal tissue
(HashimotO'gg_gl,m k973). The biochemical properties and the mechanism
of action of the collagenase synthesfs by tumors jg_yiyg_have been well
characteriied (McCroskéry, Richards and Harris, 1975), and the enzyme
probab]y has-fhe same substrate specificity as those synthesized by
‘normal tissues such as skin (Eisen, Jeffrey and-Gross, 1968) during tissue
remode]fng (Eisen, Bauer and Jeffrey, 1970) and wound healing (Donoff,
chLennan and Grillo, 1971).

Although the tissue culture or homoqenate can provide enough quantity
of co]]agenase for biochemical ana1y51s, neither source affords a model
system for the study of the effect of transformation on the synthes1s and
release of this enzyme at the cellular level. Such a system would
require a wé]]-characterized cell éu]tUre in which the production of
collagenase by cells before and after fransformation in culture can be

studied. Recently, both bovine.and rabbit fibroblasts (Birkedal-Hansen
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;;t__l 19765 Werb and Bur1e1gh 1974) as well as rat bone ce11s (Puzas
and Brand, 1976) have been reported to produce co]]aqenase in culture.
However no attempt has yet been made to examine the effect of transforma-
~tion on these cells. | |

In the prev1ous chapterb there viere some ev1dence suggest1ng that
transformatjon of tendon ce]]s might increase the rate of collagen degrada-
tion in these cells. tThe increaSe catabolism of co]]agen cou]d be due
to the induction of some collagenolytic act1v1ty in transformed cells.
If th1s were the case trasnformat1on of tendon ce]]s in cu]ture would
offer a system in wh1ch the regu]at1on of.the synthes1s of collagen
cou]d be stndied at the ce]iular or even molecular level. This chapter
studies the degradat1on of collagen in normal and transformed tendon cells
and descr1bes the 1n1t1a] characterizat1on of a co]]ageno]ytic activity

released into the culture medlum by the transformed.ce]]s.

Deqradation of Collagen 1n.Norma1 and Transformed Tendon Cell Cultures

As shown in the last chapter, the “incorporation of radioactive
proline into co]]aQen-of transformed but not normal ce11s became non-
11near and leveled off between 2 and 3 hrs after the addition of the
,am1no‘ac1d - This cou]d be the’ resu]t of the degradat1on of the new]y
synthes1zed co]]agen in the transformed cu1ture To test this possi- .
b111ty, the degradat1on of co11aqen in cu]tures of norma] tendon cells as -
well as cells transformed by a wild- type Prague Rous sarcoma virus was
examined. Each plate of norma] or‘transformed cells was prelabeled with
100 uCi of 3H-prolinebfor 24Vhrs and then replaced in chase medium con-
taining only on1abe1ed pro]ine. After the‘designated,periods of time,
the amount of co]Tagen_in ce]]s”and medium combined was ana1yzed as

described in Materia1s‘and Methods. Fig. VII-1 shows the results of this‘



FIGURE_VII-]’-Degradation of collagen in normal and transformed

| tendon_ce]1 cultures. Cells were piated at é |
density'of 8 x 105 cells per 60 mm p]ate; After they
had attached, half of the plates were infected with a
vwild-type Prague A strain of Rous sarcoma virus in 1.5
mls of F12 with 0.2% fetal calf serum and the other
half were mock-infected. The cells were 1ncubéted for
‘another hour before an additional 9 mls of medium were

~ added.. Cells were grown in F12 with 0.2% serum and
50 ug/ml ascorbate and the medium was changed dai]y.;.
On the 7th day postinféctibn, each plate was pulsed
with 100 uCi of 3H-proline for 3 hrs and the Tabel was
chased by replacfng‘the medium with 1.5 mls of freéh
F12 with 50 ug/ml ascorbate. After chase time indicated,
the amount of radiqactive collagen in the chase mixture
was analyzed as describéd in Materials and Metﬁods.
0, normal cells.

o, trahsformed cells.
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pu]se—chase experiment. Although the large fluctuation of measurements
made the conclusion somewhat tentative it appeared that'norma1 cells
did not e]aborate any co]]ageno]yt1c activity during the period of
‘chase whereas transformed cells degraded up to 10% of the ]abe]ed
co]]agen dur1ng the same period of time

At temperatures above 30°, co]]agen can a]so be digested by neutral
proteases (Evanson, Jeffrey and- Krane, 1968). Since transformed cells
have been found to produce.proteolytic enzymes (Inke]ess et al., 1974),
the degradation_of collagen could be due to the presence of tnese
non#specific proteases. This possibility, nowever, was ruled out when
the degradation of non-co]]egen protein in normal end‘transformed
cy]tures was examined. As shown in Fig. ViI-2, non-collagen protein
was degraded to a much smaller extent than that of collagen in the trens-
formed culture during the same period of chase. The co1]ageno]ytic
activity in the transformed culture therefore may indicate the presence

of a specific.collagenase.

Characterization of the Collagenolytic Activity in the Culture Medium

from Transformed Cells

| To fnrther\determineiffco]]agen degradation took place inside the
~cell or in the medium, cell layer and medium were separated and tested
fbr collagenolytic activity independently. Sinee the extraee11u1ar
collagen molecules could be either sd]ub]e ae tropomo]eeules or insoluble
as fibrils,.both forms of collagen were used as substrates for the tests.
The medium fraction was first teéted. Media from normal and trans-
formed cultures were dialyzed against co]]aqenase buffer and tested for
co]]aqeno]yt1c activity either in the unconcentrated form or after -

partial purification by precipitation with ammonium sulfate at a



FIGURE VII-2.

Degradation of~n6n-c011ageh proteins- in normal and .

transformed tenddn cél] cultures. The results for

~ this figure were obtained from the same experiment

as thosevfor"Fig.~VII-l.‘ After the 3 hr pulse and

chase time indicated, the amount of 3H-non-co]_]ageh

proteins in the chase mixture was determined'as

~ described in Materials and Methods.

0, normal cells.

e, transformed cells.
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| concentrétion (20%-60%) which normaT]y precipitated all known animal
.'c011agenases.f_E1ther form of co]]agén was then édded-to the testing
 _med1um‘and-the mixture 1ncubatedrfor designatéd_périods_of time and
then ana1yied-for any degradatidnfof co]]agen; F{gsf VII-3 and VII-4
show_fhat collagenolytic activity cpu]d not be detected in the un-
conceﬁtrated med{um for.either.hdrmal’or transformed ;u]tures; The
degradation of both forms of co]]agen-by‘the ﬁart1a11y purified
mediumvfrom.tkansformed culture, however, was significant wheﬁ the
mixture Was incubaﬁed for more than 3 hrs. This degradatibn was hot
~observed with partially purified medium from normé]lculture.
-Ce]Ts homogenates of-normaT and transformed cells were also tested -
1 fbr the presénce of co]]ageno]ytic activity. ’As'shown.in Tab]e VII-1,
neither the unconcentrated nor the partially purified cell homogenates
of normallqr_trahsformed cQ11s:was found to‘be-associated'with signi-
ficant amount of collagenolytic activity. ‘
Discussion.‘ | o

When a‘speCific cd]]agenase wa§<f1rst foﬁnd,fn-hohogenates of
tumors,jg_gj!ggzit waé hypothésized that the co]Tageno1ytic enzyme was
membfane-ﬁbund andvcoqu éonfer updn tumor célis a disfinét degree of
mobility or 1nvasiveﬁéss>(Hakris, Faulkner and Wood, 1972)'. Later -
studies with cuTturés of  tumor explants (McCrbskery, Richards and
AHarris, 1975, Dabboﬁs, Roberts and Brink]éy, 1977), however, éhowed
that most‘of the enzymes wére actually re]éased into thé medium by the
tumor tissues 1nvcu1ture. A]though it is stj]j_not clear how and when
the enzyme”becomes active during the process of'secretion, it is possible
that thé'main function of collagenase is fo digest extracellular collagen

fibrillar matrix not necessarily ih contact with the cells. The resd]tsv
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FIGURE VII-3. Soluble collagen assay for collagenolytic activity in
normal and‘transformed culture media. Cells were plated,

‘infécted, and maintained as described_in Fig. VII-1,

ahd switched to serum-free medium on the GtH day
after p]ating.‘ 24 hrs 1ater, culture media were collected,
partially purified, and dialyzed against collagenase buffer
(0.1 M Tris/0.5 M Nac1.37.5 m CaCl,, pH 8.0). For each
assaying tube, the reaction mixture contained 200 ul
dialysed medium to which were added 3H-co]]agen purified

' from chick calvaria and 20 ug Bovine serum albumin.
Control tubes contained collagenase buffer instead of
medium. After designated time, the assay was stopped and"
the remajniﬁg collagen in each tube was determined as
described in Materials and Methods.
Symbo]s{ open, normal cells; closed, tkansformed cells;
0, unconcentrated media; O, partially purified media;

‘X, cohtro] tubes.
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FIGURE VII-4. Insoluble collagen assay for co]]ageno]yticvactivity in
| | _normaf and'tfansfofmed culture media. Unconcentrated
“and partially purified media were prépared as described
' 1ﬁ Fig. VII-3. The insoluble co]]agen'assay contained
‘eséentially the same reaction mixture as_the'So]ub]ev
vC011ag¢n ésséy"except that the col]agéﬁ used ﬂaS nbn-
cross-]inked and was dried to a thin f11m”for‘the assay.
Symbols: opén, normal cells; closed, transformed.cells;
0, unconcentrated media; O, partially purified media;

X, control tubes.
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| TABLE VII-1 Radiocollagen assays for collagenolytic activity in

normal and transformed cell homogenates?

Type of assay

Normal cell

‘homogenate

ammoni um sulfate
precipitate

Transformed cell
hbmogenate 5

ammonium sulfate
precipitate

Soluble collagen

Insoluble collagen

assay assay
Amounf of collagen Amount of to]]agen _
(cpm) (cpm) .
at "o" after 24 hr at "0" After 24 hr
time incubation time incubation
2038 2113 814 780
2245 2178 733 935
2143 2097 780 859
2089 2190

885 756

Acells were p1ated, infected, and maintained as described in Figure VII-T,

and .switched to serum-free medium on

the 6th day after plating. 24 hrs

later, culture media were separated, and the cell layer scraped off,
‘homogenized, dialyzed, and partially purified as described in Materials
and Methods. Soluble and insoluble collagen assays were carried out as

described in Figure VII-3 and Figure VII-4

homogenates were used.

bAverage of duplicates.

except that dialyzed cell
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~in th1s chapter demonstrated for the first time that transfomred cells in
‘cu]ture cou]d synthes1ze a spec1f1c collagenolytic enzyme -In addition, o
this enzyme was’ probably also a secreted one since most of the activ1t1es
- were found in the medium. Preliminary characterization of this collagen-
ase showed that it»might,have the same substrate specificity as other
- eo11agenases purified from cultures of normal and tumor’tissues.
It is not known if the process of trensformation actually induces
the synthesis and release ofdc011agenase or merely activates an inactive
‘form of this.enzyme Normal fibrot]ast cell 1fnes such as'3T3 ce]ls
have been reported to release 11tt1e co]]ageno]yt1c act1v1ty (Werb and
Bur1e1gh, 1974). On the other hand, there is mounting ev1dence in some
eu1ture systems of normal ce]]s for the existence of inactive precursors
ofvcollagenase_(Harper, Bloch and Gross; 1971;.Oronsky; Perper end
Schroder, 1973; Werb'gt,gl:, 1977). Moreover, it hastbeen.shown that
the zymogen of collagenase oould be activated by proteolytic enzymes
(Birkedal-Hansen gtﬁgl,g 1976). It is oossible,that normal tendon cells
also synthesize-anvinactive form of co]1agenase which is activated
E after‘transformation by non-specific oroteases synthesized by transformed
cells.. The most unequivoca] way of testing this poss1b111ty would be
to raise ant1bod1es against purified collagenase from transformed culture
medium and look for immuno-cross-reacting protein in the normal culture
- counterpart. | | | | | - |
Bornstein and Ash (]977) recently suggested that extracellular
collagen fibrils might be involved in the_formation of an external protein
meshwork responsib]e_for cell attachment and the flattened morphology
of chick embryo fibrob]asts. Since tendon cells synthesize collagen

at'e higher level and are even more "flattened" than those fibroblasts,
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it is possib]e-that the same typé of'collageh meshwork is also present in
,thfs cell type. If this is the case, the reduced level of collagen
synthesis after transformation could be intimately ré]ated to the Change
in cellular mpti]fty and morphology. .In addition, the synthesis and
release of a specific coi]agenase by transformed cells could further
‘reduce the level of collagen already associated with cell membrane or
extréce]]u]ar matrix and therefore enable these Ce]]s to completely sever
themselves from their previous ties with the substrétum. Studies with
antfbodies against collagen as well és collagenase should help elucidate
‘the mechansims of this déstructive pfOcess.' |

~ Since transfomred tendon ce]ls_a]so syntheﬁize a Tow level of
collagen, the simultaneous synthesis and breakdown of collagen by these
cells raise an.interest1ng question of How the$e apparently opposing
processes.are reqgulated. - It could bé speculated that the decrease of
'cb1]agen synthesis and the appearance of collagenolytic activity might
be under a coordinated control to reduce the_Teve] of collagen in
transformed cells as well as in their mi]iéu; Alternatively, fhe
regu]at1oh:of the production of co]]agenase‘cou]d be totally independent
from thét-of collagen éynthesis since cells hot capable of synthesizing
co]]agén can still be induced to produée collagenase. Fruther study
on the balance between these two processes under different conditions

is needed to dist1nguish between the alternatives.
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APPENDIX I

Effect of 2-deoxy-D- g]ucose on Ce]]u]ar Metabo]1sm and V1rus Maturat1on .

The word described in this append1x was carried. out dur1ng the f1rst
two years of _my graduate study. While this work and the maJor work of .
}my thes1s were not strictly related, they were related -in the sense- that
both dealt with virus- ce]] 1nteract1ons The know]edge that I gained
and the techniques that I ]earned from this project about cell culture,
~virus, viral 1nfect1on and transformat1on thus provided a useful back-:
ground for my subsequent study with the transformation of check tendon
'ce11s Th1s project also helped me to go through the transition from a
pure prec1s1on seek1ng chem1st who was 1n1t1a11y both doubtful and |
depressed about the messiness of the cell culture stud1es-to an open-
minded btochemist who appreciated the beauty aswell as the 1imits_of_ce11_
bio]ogy; I was huch.more prepared scientifically and relaxed psycho~
logically when I later began to work on tendon cell culture. L
~Part ot this work wasapub1ished in the form of an abstract in the
» pub]icatidn of the 61st ahnua1_meeting of the American Society of Bio-

Togical Chemists (Federation Proceedings 36, 741, 1977).
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© ABSTRACT

j_Effect of 2-deoxy4D-glucosé on Ce11u1ar Metébolism and Virus Maturation
| | | Whai-Jden Soo

' Thé effect of 2-deoxy-D-glucose on the cellular metébo]ism of chick
ehbryo‘fibfoblasts as well as on the rep]ication of ﬁbus'sarcoma_virus |
'1h infectéd'chick'ce11s was studied in this project. A possib]e.re1at10n-
 ship betweeh hdst'Ce11u1ar'metabo1ism and virus replication was also |
explored. o |

~ 2-deoxy-D-glucose affected_ce1]u1af glucose metabolism first by

inhibiting the uptake and phosphory]ation‘bf glucose. Inhibition of
these two»éteps led to anlimmediate drdp‘in the‘1evei.of g1ucdse-65phos-‘
phate-whjch'in turn limited g]ycoiysis. The phosphorylation of 2-deoxy-
va-glucose into Z;deonyD-glucose-6—phosphate fufther.ihterferred wjth: |
the conversion of g1ucose-6-phosphate to frUctosefﬁ-phosphate and reduced
the'rate of g]ycoiysis.' The phosphoryiation step itself also depleted
the pool'size_of‘some»important energy metabolites'inside the cell and
1htroduced abser1OUS stess to the cell. These effects together caused
| most of‘the ce]]u]ar‘mach1néry to stumble. In response to this stress,
however, the cells wére able tp operate a partia]ITCA cyc]é and managed
to'recover_g]yeo}ysis to a cértain extent. | | |
i The rep]icat10n~of Rous sarcoma virus was affected by 2-deoxy-D-
glucose by perhaps two different_mechanisms,' The inhibition of glycoly-
" sis and the depletion of energy source led to a reduction in the celiu]ar
macromolecular synthesis of the host.ce]l. Coﬁsequent1y; the correspond-
ing vifa] RNA and protein synthesis were aTso reduced and the production
of virioﬁ§ inhibited. In addition, Z-deoxy-D;glucose may ﬁéve inter-

fered with the ndrma] chain elongation of the carbohydrate moiety of the
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, side chains as a substitute for mannose

2
~viral g]ycoprote1n by poss1b1y being 1ncorporated 1nto the o1lgosacchar1de

This process appears to further

. render most of the released viruses non- 1nfect1ous
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CHAPTER T INTRODUCTION

2-deoxy-D-glucose differs from glucose 1n the substitution of the

2- OH group by a hydrogen atom and may be represented in the pyranose

_form as

CH,,OH
H H
!
Ho \OH OH
H H

It was first examined by Cramer andIWOodward (1952) for its ability
to interfere with 01ycoTysis and to inhibit the growth of malignant tumors
on the assumption that, as an analogue, 2- -deoxy-D- g]ucose might spec1f1-
cally block the g]yco]yt1c pathway and also reduce the respiration of

the neoplastic tissue through the Crabtree Effect (Crabtree, 1929). The

_fact that this sugar analogue did produce some regression of Walker

carcinoma had raised the possibility that it might be useful 1n'the
chemotherapy of certain neoplasms. Llater studies, however, found that
2-deoxy-D-glucose was also toxic te many‘norma] tissues so that its use

as a carcinostatic agent was greatly limited. This sugar analogue, .
neverthe]ess, was feund to be a valuable tool in biochemical investiga-
tions and has been extremely useful in helping to elucidate the‘regulatory
mechanisms of glycolysis, respiration, energy metabolism and their rela-

tionships inside the cell. Furthermore, recent studies kave suggested

that this sugar analogue can also be used to_examine the role of carbo-

hydrates in the synthesis and processing of glycoproteins and in their

biological functions.
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Uptake and Metabolism of 2-deoxy-D-glucose

T will discuss theIUptake and_the fate of 2?deoxy-D-glucose in cells
'_before turning to'the'metabolic disturbance produced. v2-deoxy—D-g]ucQ$e
enters the ge]] by the same transport system as that‘utiiized by g]déose
(K]étzien‘and Perdue, 1974; Renner, Plagemann and Bernlohr, 1972)."At
lower concentrations, it fs mainly taken up by facilitated diffusiony
‘and at higher concentrations, by simple diffusion: (Dolberg, Bassham.
and Bissell,_]975), The Km for 2Fdeoxy-D-g]ucose uptake is only slightly
:nigher than that7f§r g]ucosé, so at equal concentrations, this analogue
can inhibit the uptake of glucose effectively.
| Early studies by Kipnis and Cori (1959) and by Barban and Schulze
(1961) showed that 2-deoxy-D-g1ucosé could be readi]y'phOSphory]ated to
"‘2fdéoxy-D-g1uc]se-G-nhosphate in animal cells. For a while, it was.
be1ievéd tnat.the formation of 2-deoxy-D-glucose was the end of 2-dén;y-
D-glucose metabolism (Hatanaka and Hanafusa, 1970; Plagemann, 1973).
Recent study by'Schmidt, Schwarz and Scholtissek (1974), however, showed
that othérrdérivatives of 2-deoxy-D-glucose cou]d_a]so be found in many
types of’anima1 cells although in much smaller quantities. These
derivatives include 2-deoxy-D-glucose-1-phosphate, 2-deoxy-D-glucose-
],6-d1phosphate,.UDPQZ;deoxy-D-glucose, GDP-Z;deoxy-nglucose and
2-deoxy—Dég1uconic acid-6-phoéphate. The formation of GDP-Z-dgoxy—D-
glucose indicates that 2-deoxy-D-glucose can also actjas an analogue
for ménnbse.sincenmnnose butnot glucose is‘activated to GDP derivative.
‘2-deoxy—D-g1ucosé was also found to be incorpnrated in the nnaltered
form into the carbohydrate moiety of glycoproteins and glycolipids of
nnimal cells (Steinen,FCourtney and Melnick, 1973; Steiner, Somers and

Stefner, 1974).



124

Many derivatives on-deoxy-D-g]ucose can be found inside the cell,
'nevertheless, 2-de0xy—D—glueose is considered to be an unhetabo]izab]e '
: substrate in the sense that it canhot be used as an energy source by
the cell. In fact, many of 1ts derivatives are inhibitors of many
important ce]]u]ar processes

Effects of 2-deoxy—D-g1ucose on _Cellular Metabolism and Respiration

2—deoxy-D-giUcose has been shown to inhibit glycolysis in many
types of cells (Webb, 1966). The free sugar analogue competesaWith
glucose for the same transport and phosphorylation system and the
phosphorylated product, 2-deoxy-D-glucose-6-phosphate, has been shown
to inhibit the activity of the phosphoglucose isomerase (Wick et al.
1957;vNirenberg and Hogg, 1958). The inhibition of this enzyme in turn
leads to an accumulation of.g}ucose-Géphosphate which might further |
inhibit the hexokinase activity inside the cell (w1ck et a]; ]957){
these effects together then sévere]y 1fmit the input of glucose for
metabolism and greatly reduce the rate of glyco]ysis.' |

Ibsen, Coe and McKee (1960) first reported that 2-deoxy;D;91ucose,
inhibited the respiration of Ehrllch asc1tes carcinoma cells. Based on’
- the observation that this ana]ogue inhibits resp1rat1on to about the -
same degree as glucose, these authors concluded that the two acted by
the same mechan1sm, a phenomenon often ca]]ed the Crabtree, or reversed
Pasteur, effect (Crabtree, 1929). A]though it has been stated that an
acceleration of glycolysis inhibits the oxidation of pyruvate,.there 1s
no evidence to 1ink the entire glycolytic pathway with‘respiratory
control. That 2-deoxy-D-glucose inhibits glycoiysistbut'nevertheTess
reduces the rate of respiration in fact suggests that glycb]ysis fs not

necessary for the Crabtree effect (Ram et al. 1963). Based on measurements
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of the capacity for ATP synthesis by respiration and g]yco]y;is, Yushok
(1974) concluded that the maintenance of a uniform rate of ATP synthesis
might be the basis of Crabtree effect. Since 2-deoxy-D-glucose is an
ATP-depleting agent while glucose is an ATP-producing agent, it is hard
to explain how they could alter ATP synthesis in the same manner. It
seems more likely that the initial reaction neceseary for respiratory
inhibition’is‘the phosphorylation by'hexose kinase sinee the rate of
respiratory inhibition by different sugahs is corre]ated with the rate

of phoSphory]ation (Webb, 1966); It is not known, however, how the
phospherylation step can affect the rate of respiration especia11y with
regard to the report by Detwiler (1971) that only g]ucose but not 2- -deoxy-
D- g]ucose 1nh1b1ted the respiration of platelets. One ha; to await the
e]uc1dat1on of this interesting effect |

| One unique effect of 2-deoxy-D-glucose on cellular metabo]iem is

the induced degradation of adenylates (McComb and Yushok, 1964). Due to
the phosphory]etion of this analogue, most of the ATP inside the cell is
converted to ADP and AMP. These adeny]ates are further dephosphorylated
and deaminated to form IMP and inosine so the total amount of adenine
nuc]eqtides is greét]y reduced. It has been suggested that the degrada-
tion of these adenylates would a]]ow the.ce11 to utilize the acid-stable
as well as the acid- 1ab1]e phosphorus of the degraded molecules for the
synthesis of h1gh -energy compounds, especially ATP. However, there is .
no strong evidence that phosphate is indeed the pacemaker for ATP synthe-

sis and further study is needed to clarify this point.

Effects of 2-deoxy-D-glucose on Synthesis, Secretion .and Glycosylation

of Glycoproteins

The effect of 2-deoxy-D-Glucose on the synthesis of carbohydrate-

protein complex was first noticed by Farkas, Svoboda and Bauer (1970)
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. who found that 2- deoxy -D- g1ucose inhibited the regenerat1on of yeast.

| proton]asts by b]ock1ng the synthes1s of the mannan- prote1n matr1x -The
_ act1on of 2-deoxy-D-g]ucose was cons1dered to be primarily the inter-
"ference w1th the synthes1s or secret1on of mannan, and the select1ve
-b]ock1ng of mannan synthes1s further prevents the appearance of the
prote1n counterpart - Further study fo]]ow1ng the synthesis and secretion

of g]ycoprote1ns by the yeast protop]asts in the presence of 2- deoxy D-

'-‘g1ucose suggested that the 1nh1b1t1on of the carbohydrate synthes1s

~could cause both an 1nh1b1t1on of the secret1on of- the glycoproteins
-and a reduced synthes1s of ‘the protein backbone of these molecules

.(L1ras and Gascon, 1971) In the an1ma1-cells, 2-deoxy-D-g]ucose was

o found to- 1nh1b1t the synthes1s and secret1on of several types of .

'_g]ycoproteTns 1nc1ud1ng immunoglobulin (Me1chers, 1973),a1nterferon
(Have11 et al. T975), and collagen (B]umenkrantz Rosenbloom and Prockop,
1969; Kruse and Bornstein; 1975). v Stud1es on the intracellular process-
ing of these g1ycoprote1ns showed that 2- deoxy D g]ucose could inhibit
“not only the-g]ycosy1atjon but also the 1ntracel1u1ar movement of the
unglycosylated.precursor of these mo1ecu1es from membrane-bound poly-
rfbosomes intotendopTasmic reticu]um. hIt wasrsuggested that the inhibi-
tion of the g]ycosy]at1on was the cause for the b]ock of the intra-
"ce11u1ar transport and the process of g]ycosy]at1on might prov1de the

, hydroph111c dr1v1ng force for the 1ntrace11u1ar movement of the g]yco—v

E proteins (Melchers, 1973) It is not clear, however, how genera] this s
mechan1sm might be, and th1s view has been cha]]enged by Kruse and

. Bornste1n (1975) who suggested that 2-deoxy-D-glucose inhibited the trans-
cellular movement of co]]agen s1mp1y by its 1nterference w1th the energy

' metabo11sm |

The mechan1sm by which 2- deoxy-D g]ucose 1nh1b1ts g]ycosy]at1on was
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first sﬁggésted by Biely and Bauer (1968) that 2—deoxy-D-g]Ucdse could

be incorporated into the carbohydrate moiety of a glycoprotein or

~ protein-polysaccharide complex as an analogue for mannose and terminate

>further chain elongation. This view is strongly supported by the ‘find-

ings that GDP-2-deoxy-D-glucose can be formed inside the cell and that

2-deoxy-D-glucose can be incorporated into the carbohydrate moiety of

 the g]ycoproteins in animal ce]]é (Schmidt, Schwarz and Scholtissek,
- 1974; Steiner, Courtney and Melnick, 1973). 2-deoxy-D-glucose, however,

could pOtentia]Ty also inhibit the conversion of glucose to most of the

sugars inside the cell. This could reduce‘the'pool size of these sugars
and decrease their incorporation into the glycoprotein. This'hypothesis
has not been tested."

The effect of 2-deoxy~D-gTucoseyon the synthesis of membrane glco-

-protéins has never been sstudied. It is Tikely that the glycosylation of

these g]ytopfoteiné could also be inhibited by 2-deoxy-D-glucose and the

structural infegrity of the membrane might be impaired. Amos et al.

':(1976) reported that drastic morphological Changes of L cells were observed

“when glucose-containing media were supplemented with "secondary" sugars.

It on]d'be interesting to see if 2-deoxy-D-glucose could cause any major

structural change in membrane.

Effects ofA24deoxy¥D—g1ucose on Virus Replication
A virus is a simple assemblage of nucleic acids, proteins, and
sometimes Tipids. It is not capable of converting food.soUrcesvinto energy

through ény metabolic pathway. When a virus replicates inside the cell,

it takes advantage'of the available cellular energy source and macromole-

cule-synthetic machineky to produce its own viral components. Based on

this hypothesis, it might be reasonable to aésume'that the replication
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'of the virus should be affected to the same extent as the cellular meta-
 bolism when the latter was perturbed by a metabo]ic inhibitor This was
" not the case, however, when the effect of 2-deoxy-D-glucose on the
replication of some viruses was examined. Kaluza, Scholtissek and Rott
(1973) found that 2-deoxy-D-glucose inhibited the repiication of Semliki
Forest rirus to a much greater extent than wou]d be expected by its
interference with the cellular energy subp]y alone. Later studies
(Courtney, Steiner and Benyesh-Meonick,_]973; Schnitzer; et.ai; 1975;
Scholtissek, et al. 1974) showed that the replication of many other
cytopathic enveloped viruses was inhibited by 2-deoxy-D-glucose in a
similar wey. Although the exact mechanism-by which 2-deoxy-D-g]ucose
inhibits the replication of these viruses is still unknown, it has
been snggested that, by acting also as an analogue for mannose; this sugar
interferes with the g]ycoéy]ation of the viral Q]ycoproteins thus in-
hibiting the proper assembly of the viral components and the release
of viral particles. ‘

While this mechanism acconnted reasonably for the effect of
2-deoxy-D-glucose on the replication of cytopathie viruses, it couid not
explain how the replication of‘tumor virns was affected by this sugar.
Prochownik, Panem and Kirsten (1975) showed that even at—high-concentra-
‘tion of 2-deoxy—D¥giucose when the RNA and protein synthesis in hoét |
.ceiis was strongly inhibited, the replication of murine sarcoma-leukemia
virus in rat kidney cells was not affected, but the released virus was
no longer infectious. These authors suggested that the interference
with glycosylation by 2-deoxy-D-giucose, in this case, might only
render the v1rus non- 1nfectious but did not 1nh1b1t the assembly and

re]ease of the virus. The authors, however, did not explain how the
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pkodUCtion of viral RNA and proteins was not affected even though the
ce]]ular.RNA and protein synthesfs were strongly inhibited.

'Since tne replication cycle and the host-virus reiationship'are
-different for cytobathic and tumor viruses, it is possible that 2- deoxy?
D-glucose acts d1fferent1y on the vreplication of these viruses. On
the other hand, it is not known 1f the observation made w1th murine |
sarcoma-leukemia- virus actua]]y represents a general case for tumor virus,-
given the fact that murine viruses are complex and defective and need |
more than one component to replicate. In add1t1on, murine system is
_usua11y unstable and prone to have secondary alterations. It is there-
fore important to study tne effect of 2-deoxy-D-glucose on the replica-
tion of a better-eharacterized tumor virus in a stable cell system.

| The mafn purpose of this project is to study the different effects
of 2-deoxy-D-g]u¢ose on cellular metabolism of chick embryo fibroblasts

and on the replication of Rous sarcoma virus in these cells.
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 CHAPTER 2 MATERIALS AND METHODS

Chemicals and Iso;gpes

2-deoxy-D- g]ucose (Ca]biochem , San Diego CA) and glucosamine
(S1gma Chem1ca1 Co., St. Lou1s Mo.) were prepared fresh immediately

before each exper1ment and were sterilized by passage throughda Mi]]ipbre

filter. Uridine-553H’(spec1fic activity 27Ci/mmole), uridine-2-1%

C
(48Ci/mm01e),:2-deoxy-D491uc05e-3H (10Ci/mmd1e), L-fucoseésH'(12Ci/mm01e),
D4ga1actdseé3H (1,643C1/mm01e),'D—g1u¢osamine-1—]4C (51mCi/mmole), DL-

14

-1eucine54,5-3H (60Ci/mm01e) DL 1euc1ne 1- (51Ci/mm01e) and 3H-deoxy—

thymidine—S'-triphosphate (18. 5C1/mm01e) were purchased from New England
Nuclear, Boston, MA. For steady—state experiments, the 32P'as H332 4
- carrier free) in HZO was purchased from New England Nuclear, and the

glueose—]4c (306Ci/mmoie) from Amersham.

Cell Culture and Virus Infect1on

Pr1mary and secondary cultures of chick embryo ce]]s were prepared
as described prev1ous]y by Rein and Rub1n (1968) and modified by Bissell
et al. (1973). Ten day old C/0 or C/B type SPF chick embryos were
removed from eggs. After decap1tat1on and evisceration, they were minced

and washed with tri- sa11ne buffer, then stirred with a’ magnetic stirrer

in 0.25% tryps1n_(S1gma). At 15 min intervals the suspended s1ng]e cells

| “were decanted into a "stop bath" containing 2/3 cold med1um 199 (Grand
Is]and) and 1.3 calf serum (Microbiological Assoeiates). “The procedure
was repeated twice. The cells were centrifpged'and‘resuspended in medipm
'199 containing 2% tryptose phosphate broth, 1% calf serum, and 1% heat

inactivated chicken serum (referred to as "2-1-1"). Primary cultures were

.seeded at 8 x 10% cells per 100nm Petri dish in 10 ml medium. Thecultures

were 1ncubated at 38—39° C in an atmosphere of 5% CO2 in air to ma1nta1n pH of

Y,
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7.3-7.4. The medium was changed to fresh 199’(2?1-1)'on the third
day. For studies with transformed cultures, hé]f the cells of a single

embryo'were infécted 4 hr after primary seeding with Prague C strain of

. Rousbsarcoma virus at the multiplicity of 0.1. Secondary cultures were
‘prepared 4-.days aftek-the primary:seéding. Cells were removed from
'dfshes by trypsinization and seedéd at either 1 x ]06 cé]ls per 35mm

'Idjsh in 2 ml medium or 2 x1106 cells per 60mm dish in 5 ml medium. For

~secondary cU]turés, an additional 1 mg/ml of glucose was added to the

medium_bringing the glucose concentration to 11.0 mM. While penicillin
and streptomycin were included, Fungizone was e]imihatédvdue to harmful

side effe@ts (Db]berg and Bissell, 1974).

‘Focus Assay

~Assays were performed’essentiélly-as described by Rubin (1960). In-

b?ief,,four hours .after secondary normal cells were seeded at 2.5 x 106

 ce11§_per 60mm dish, medium was removed and cells were exposed to the

'.appropriateidiTUffon:Of virus in 1 ml of medium for 1 hr. The liquid

medium was ‘then removed and agar medium added. Rous sarcoma: foci were

~ counted 7 days later.

* Measurement of RNA-dependent DNA Polymerase Activity

'.The enzyme activity was measured aévprevious1y'described.by Duesberg,
Von del Helm and Cénaani (1971) an&_modified”by Szabo, Bissell and Ca]vin
(1976). ~The culture hedia were céntrifuged at 8,000 x g'fdr 20 min
to remove cell debris. Virus was pelleted by centrifugation at 25,000
rpm in the Spinco No. 30 rotor for 1.5 hr. The pelletsAwere resuspended .

in Stahdard buffer (0.01 M Tris, pH 7.4, 0.1 M NaCl, and 0.001 M EDTA).

~ A portion of ‘the resuspended virus preparation was added directly to the

. standard assay mixture containing 0.05M Tris (pH 8.0), 0.05 M KC1, 0.006 M
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‘magnesium acetate,.s mM dithiothreito1, 0.02 mg of temp]ate—primer _
per‘mil" oly(rA):oligo(dT)", and the appropriate'sdbstrate‘(3H TTP) at-

- a concentrat1on of 0.02 mM and a spec1f1c act1v1ty of 1 C1/mmo1e _The‘
_enzymat1c act1v1ty was so]ub111zed by the 1nc]us1on of 0.2% Triton X-100
in the assay The assays were 1ncubated at 37° C for 1 hr and then

| term1nated by the add1t1on of 5% tr1ch10roacet1c acid conta1n1ng 0.01 M

t sod1um pyrophosphate D1rect measurement of DNA po]ymerase act1v1ty in
the growth med1um of 1nfected ce]]s y1e1ded resu]ts that were comparable
to those obtained from the resuspended pe]]ets Both methods of measure-

ment were used.

lLabe]ing of V1ra1uPartic1esi

Secondary tu]tures’were.1ncubatedvfor 36'hr after.seeding The medium
 was asp1rated and replaced w1th 5. O ml new medium conta1n1ng 0 or 5 mM
- 2- deoxy—D g]ucose The cu]tures were then labeled with e1ther D -galactose-
6f H (5 uC1/m1); L—fucose— H (5 uCi/ml), or D—g]ucosamine—]-].c<(2 uCi/mi1)
at 18'hrs ‘after 2—deoiy-D-g]cose was added The medium was collected 18
hrs 1ater and 1abe1ed v1rus particles were ana]ysed S1nce it was
reported that 2- deoxy D g]ucose 1nterfered with 3H ur1d1ne transport
: (Prochown1ck Panem and Kirsten, 1975), the cultures were 1abe1ed with
ur1d1ne-5- H (10 uCi/m]) 8 hrs before‘the sugar was added The cu]tures
were then cont1nuous]y labeled with ur1d1ne until the medium was co]]ected,
Uridine- 2—]4C (1 uC1/m]) was also used for labeling occas1ona1]y; For
cultures Tabeled with 3H-deoxy-D;giucoseg the cells were'grown'in~a
medium in which glucose was replaced by 5 mM pyruvate, and the isotope

was added to a final concentration of 5 uCi/ml.
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"V1rus Purification

Media were c]arified by. centrifugation at 8.000 x g for 20 min.
: Virus was pe]]eted from the supernatant by centrifugation for 90 min at
| 25,000 rpm in the Spinco No. 30 rotor. Virus was then resuspended in
" the standard:buffer and was centrifuged to equi]ibrium on a 1inear 20
~ to 55% sucrose gradient for 3 hr atv45,000 rpm in a Spincovsw 50.1 rotor.
"f Tovdetermine radioactivity incorborated, the gradients were fractionated,
and 1abe1ed virus was either'precipated withvtrichioroacetic acid,
: col]ected on membrane filters (Mi]]ipore Corp.) and subsequent]y counted
' ,1" toluene bases f]uid or a]ternativeiy aliquots of the gradient were
.counted direct]y in Aquasol using a Packard TriCarb Tiquid sc1nt111ationi
counter |

Steady- state Ana1y51s and Tracer Studies

Thirty-two hours after secondary seeding the medium of secondary .
cell cultures was replaced by one which contained 5.5 mM ]4C-giucosei

(56 uCi/m1, specific activity 10.2 Ci/mole), 1.25 mM inorganic 32

p-
phosphate (1}25 uCi/mT; specific activity 1 Ci/mole), and the cells were
allowed to metaoblize for at least 15 hrs-under the usUa1.growth
conditions (tissue culture incubators, 5% CO2 in air, 39?C).- The cells
were tnen transferred to a steady-state apparatus as,described‘by
.qusham, Bisselliand_White (1974)." One hour after‘the medium change,
20 mM 2—deoxy—nglucose nas added to half of the ou]tures to perturb
-the steady state; Each eXperiment’inc]uded a series of kinetic points
to follow the levels of metabo]iteipoois after the perturbation.
Immediately before the cells were killed, the medium was removed and

~ the culture was rapidly washed with cold Hank's buffer containing

unlabeled glucose. The cells were killed by the addition of cold 80%
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methanol (less than 15'$ec éfter removal pf-medium):u.The dgéd cells
'}Wefe then»séraped‘from the dish with'a rgbbef po1iceman'and disrupted
by sbnic oscillation (Bisse11 et al., 1973), aftef which ah aliquot

~ portion was applied to f1]ter paper for ana]ys1s by two-dimensional *

" paper chromatography as described by Pedersen, Kirk, and Bassham (1965)
The samp]es were first deve]oped with- phenol-water acet1c ac1d (84 16:1)
.for e1ther 24 or 48.hr. After the paper was dried, 1t_was turned 90°
and deve]opéd with'butan01—wafér~propionic acid (50:28:22) for another
24 or 48 hr. After the paper was again dr1ed the 1ocat1ons of the
Tabeled metabo11tes were detected by rad1oautography and ‘the content of
]4C in each was determined. |

Protein concentrat1ons were: determ1ned on aliquots of each sample

by the method of Lowry et al. (1951).

' CeTluTaf RNA and Protein Synthesis

‘,Secondary cultures were incubated'for 36-hrs afte} seeding; 'The
medium was'repTaced by 5.0lm1 fresh medium éontaining either 0 mM,.Sva_
or 20 mM 2fdeo*y—ngluc§se. 3 hr, 6 hr; 12 hk; and 24 hr 1atér,-the |
medium was removed and the cells pulsed With_me¢iUm,]99fconta1hfng the
'séme concentration of‘2-deoxy-D<gluc03é,p]us either .10 uCi/ml uridine-‘
34 for the measdrement Qf-RNA.synthesis or TO uCi/ml 1EUCine?3ﬁ.for the -
measurement of protéin-synthesis. After a one thr pu]se, the medium .
was removed and cells quickly washed with icé-cd]d Hank's buffer. 1.5
-ml of‘S% tfich]oroacetic acid.was.thén used to extract TCA{so]ub]éi
: materié]s for s;infil]ation counting; The TCA—précipitab1e materials
were soTuBilized into 2 ml of 0.1% SDS- 0.01. N NaOH solution. 0.2 m]l
of'fhis $amp1é was used_for-scint11lafion counting and anothér 0.2 m1

for pkotein determination.
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:CHAPTER 3 EFFECT OF 2-DEOXY~D- GLUCOSE ON CELLULAR METABOLISM IN
CHICK EMBRYO FIBROBLASTS IN CULTURE -

Introduction

Previous.studies with different types of cells showed that although

' fjfthe glycolysis was inhibited and,energy metabolism changed by 2-deoxy-

‘ jQ-g]ucose, the'reSpiratory rate could either increase (Hachenbrock et al.,

I’ﬁ1971)'or decrease (Ibsen, Coe and- Mckee, 1958). It is 11ke]y that

= ;edlfferent kinds of 1nteract1ons between g]yco]ys1s and resp1rat1on

| - m1ght exist -among dlfferent cell types. However, it is also possible

that fa11ure to carefu]]y contro] the physiological cond1t1ons of the

cells could account for these conflicting results (Bassham Bissell, and
't’wh1te, 1974) . The Iatter problem can now - be overcome by the use of

’the steady—state tracer technique (B1sse11 et a];, 1973) in which the
'.}env1ronmenta1 conditions can be carefully controlled.

In this chapter, I examine the traneient4changes in glucose and
energy'hetabOIIsm in chick.embryo fihrob]asts induced by 2-deoxy-D-
'Iiqueose using this new technique. This work was first initiated by I
White, Bissell and Bassham (]974,Iunpublished). The results in this
:chapter confirm their previous findinos.

Effect 0f12-deoxyéD491ucose on_glucose metabolism

To max1mlze ‘the effect of 2-deoxy-D- qucose a h1gh ratio of this

- ‘sugar to g]ucose was used The concentration of qucose was reduced to
f0.55 mM‘1n the medium and 20 mM of 2-deoxy-D—gIocose was used to assure

v‘an eftective Competition for the transport and phosphorylation of

IIQIUCOse. The kinetic analysis of the pool size of some representative

'lmetabolites in the -glycolytic pathway and the pentose phosphate shunt is
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shown in Fig. 3-1. The addition'of 2-d0xy4D-gldcosebcaused an

' 1mmed1ate drop of the pool. s1ze of metabo]1tes in both pathways The
metabo]1c pools, however tended to recover to vahy1ng degrees after
new steady-state levels were reached: The-]actate and fructose-1,6-
diphosphate p001s_recovered to at most 50% of thevoriginaT‘pool-sizes.
The pentose'monophosphate, oh the other hand; returned to more”than 90%
of its or1g1na1 value. |
| Wh1]e other gy]co]yt1c poo]s reached new steady state levels, the '
1eve1 of glucose-6-phosphate cont1nued to rise (F1g '3-2) ‘Since the
1eve1 of fructose-6- phosphate d1d not rise, it seemed that the conver-
sion of g]ucose—ﬁ-phosphate t0-fructose—6—phosphate was partially
inhibi ted. - : “

Fig.. 3-3 shows the k1net1c analysis of the pool size of metabo11tes

- re]ated to the TCA cycle. A]though the comp]ete TCA cyc]e was affected

by the addition of 2-deoxy-D-glucose as shown by the drop inwcitrate
.and malate pools, the immediate increase in aspartate pool and decrease
_1h g]utamate_poo]-showed'that cells responded to .this stress by quickly

B operating a partial cycle through glucogenic amiho acids.

Effect of 2- deoxy -D- g]ucose on Energy ‘Metabolism

| The most drast1c change in the energy metabo]1sm after the addition
'of'2-deoxy-D-g]ucose was the immediate drop in the ATP pool (Fig. 3-4).
The pool size of ATP remained 1ow after the new steady—state'had been
reached. sCohcprreht with thedrapid'déCreaSe in ATP pool, the ADP.andv
AMP pools rose immediately afterlZQdeoxy-Deglucose addition. The pool
size of ADP, hbWever,'dropped to about 50%-oftheunperturbed 1eVe1 when

new steady state was reached. The pool size of AMP; on:the other hahd,

Y\t
e .
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Effecté»ofVZOmM 2-deoxy-D-g]ucQ$e on the steady-state

poq]svof lactate, fruCtose-diphosphate, and pentose-

'mono—phosphate. The medium of ce]Ts used in>this experi-

ment was changéd to that containing 5.5 mM.]4C-g1ucose

(specific activity 10.2 Ci/mole) and 1.25 mM inorganic

32P-phosphate'(spe-cific activity 1 Ci/mole) 15 min and again

1 hr before the measurement of the pools to insure complete

labeling and steady-state. 20 mM 2—deoxy—D-gTucose was

added at "0" time. Ce11 samp1es were téken 30 sec, 1, 2,

5; 15, and 30 min after the additidn;=<These pools wefe:

N quanfitated.by their ]4C content (nmoles 14C/mg protein).'v
e : _ _

"> Steady-state pools

°,fpoo1s after the addition of 20mM'24dequ¥D-glucose
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FIGURE.352.1 Effects of 20 mM,ZfdeoxyéD4g]ucose on the stéady—state
| :'poo]s of glucose-6-phosphate and fructose-6-phosphate.
These pob1$~wefe measured from.the same éxperiment
describéd in Figureb3-1. '2—deoxy-D¥ghuco$e was added
- at “0"‘time.-t
“°,'steady—state-pbols'

°, pools after the addition of 20 mM 2-deoxy-D-glucose
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- FiGURE 3-3. Effects of 200 mM 2- deoxy D- g1ucose on the steady state
‘_’poo]s of aspartate, glutamate, ma]ate, and citrate.
These pools were measured from the same experiment
described ‘in Figure 3-1. 2-deoxy-D-glutdse was added at
U0 time. | | o |
¢, steady-state poo]é

°,»poo]svafter the addifibn of 20 mM 2-deoxy—D¥glucose.
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FIGURE 3-4.

Effects of 20 mM Z-dequfD-glucose on the steady-state

‘pools of ATP, ADP;'AMP; and total adenylate;' These pools -

~ were measured from the same experiment described in Figure

3-1 by'their'32P content (nCi 32P/mg protein). 2-deoxy-D-
glucose was added at "0" time. |

s stgady-State pools

0,_pooTs after the addition'bf 20 mM 2-deoxy-D-glucose
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~dropped back and stayed at the unperturbed Tevel. When the tota]

adeny]ate pool was cons1dered, 1t was found that the poo1 size decreased

'_to 21% of the unperturbed 1eve] after the new steady state was reached.

This observat1on agreed w1th those reported by McComb and Yushok (1964)

and by Overgaard-Hansen (1965) that 2-deoxy-D-glucose 1nduced ATP

degradat1on by . dephosphorylatlon and deam1nat1on to form inosine and

hypoxanth1ne which were then released 1nto the medium by the cells.

Discussion

A direct effect of 2-deoXy-D—glucose on g]ucose metabolism is . that

it strong]y 1nh1b1ts the uptake and phosphory]at1onof‘g]ucose Inhibi-
.t1on of these two steps 1eads to an 1mmed1ate drop in the 1eve1 of glucose—
B 6 phosphate after 2- deoxy-D -glucose add1t10n The Tow level of g]ucose-

'6—phosphate then 11m1t5‘glyco1ysis and the pentose phosphate cycle so

"'that the pool size of intermediates in these pathways is also reduced.

Phosphorylation of‘2—deoxy-D-gIUCOSe gives rise to Zfdeoky?D-glucose—G-
phosphate (Kipnis:and Cori,h]959t-Tsuboi and Petricciani, 1975) which

seems to 1nh1b1t the convers1on of glucose- 6 phosphate to fructose-6-

_phosphate since the former but not the latter sugar phosphate 1s accumu- -
| 1ated 1ns1de the ce]l Tne in v1tro 1nh1b1t1on of hexose phosphate

- 1somerase by 2- deoxy -D-glucose-6- phosphate has been reported by Wick et

(1957) 2- deoxy D—glucose 6- phosphate however, probab]y does not
1nh1b1t glucose-6- phosphate dehydrogenase and 6- phosphog]ucono]actonase
very effect1ve1y, so that the serious b]ock to glycolysis cou]d be
bypassed to some extent by the pentose phosphate shunt in the presence
of normal or e]evated levels of glucose-G-phosphate._ This is evidenced -

by the greater recovery for pentose‘monophosphate and less recovery for
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1ntermed1ates in g]ycolyt1c pathway after. the 1n1t1a1‘drop It seems .
" that the 1nh1b1t1on of gTycoTys1s is part1a11y re11eved by the conver-
‘s1on of some gTucose 6- phosphate to g]ycera]dehyde 3 phosphate through '
the pentose phosphate cycle | |

The qu1ck rise in the aspartate poo] and drop in g]utamate pooT
_bafter 2-deoxy-D- gTucose addition. suggested that a gTutamate aspartate

) part1a1 cycTe has to be.operated temporar1]y to ma1nta1n the TCA cycle

o activity 'bue‘to a limited supply of acetyT.CoA from'gTycoTysis, a

: part1a1 cycle has to funct1on via the gTutamate aspartate transam1nase
and convers1on of a—ketoglutarate to oxa]acetate to produce eTectron

flow for the product1on-of ATP v1a ox1dat1ve phosphory]at1on. As

; gTyco]ys1s part1a11y recovers after the f1rst m1nute aspartate and

_ glutamate pooTs returned nearTy to or1g1na1 Teve]s and the. norma] TCA
cycTe is operating. - It 1s not c]ear how the norma] flow of carbon from
g]ucose through the. TCA cyc]e is restored desp1te the fact that g]yco]ys1s
o is on]y part1a11y recovered

v The degradat1on of adeny]ates represents another 1nterest1ng effect
of 2 deoxy D-gTucose The exact mechanism by wh1ch 2-deoxy-D-glucose
can 1nduce this degradat1on 1s st111 unknown. One possibi]ity, however,
s that the degradat1on represents one way to restore the energy charge
of,the”ceTT. The energy charge, defined by Atk1nson (1968) as .
' (%%%{%é%;%%%) has been suggested to play a ro]e,jnvregulat1ng both
rgTycoTys1s and TCA cycle (Shen et aT 1968) Immediate]y after the
add1t1on of 2- deoxy D g]ucose the energy charge drops from 0.68 to 0.33. -

In order to restore the energy charge AMP has to be degraded 'since the

vaTternat1ve, the 1ncrease in ATP pool, is. not poss1b1e due to the
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--cont1nuous phosphory]at1on of 2- deoxy-D-qucose The change in energy

charge is closely associated in time with that in the poo] size of
metabo]1tes 1n both glycolysis and TCA cycle after perturbat1on by
2-deoxy-D-glucose. In addition, the energy‘charge is partially
restored when the new steady;state'is reached. These results suggest

that energy charge might indeed serve as. a "messenger" for the communica-

' t1on between g]yco]ys1s and TCA cyc]e activities. However a more

spec1f1c 1nh1b1tor which acts on]y on the energy charge is needed to
further define the role of this ratio in the regulation of cellular

metabolism.



CHAPTER 4 EFFECT OF 2-DEOXY-D-GLUCOSE ON THE REPLICATION OF ROUS
SARCOMA VIRUS IN CHICK EMBRYO FIBROBLASTS

Introduction

Rous sarcoma virus'Offers several advantages for the study of the‘

effect of 2-deoxy-D-glucose on the rep]fcation of tumor virUs.-'First,

- both the virus and its host cell, chick embryo fibroblast, are well-

characterizedst:Second, the effect of 2-deoxy-D-910cose on the cellular

~‘metabolism of chick embryo cells is known. In addition, most of the

previous stddies that examined theveffect of this sugar analogue on

the replication‘of cytophathic viruses used chick embryo cells as the

| host cells. A direct comparison bewteen effects of 2¥deoxy-D-glucose

'on the'rep1ication of cytopathic and tumor viruses is therefore possible.
The mechan1sm by wh1ch 2- deoxy D g]ucose 1nterferes with the

rep11cat1on of Rous sarcoma virus in ch1ck embryo f1brob1asts is stud1ed

in this chapter.

.Effect of 2—deoXy-D-g]ucose on the Production of Infectious and of

Physical ParticTes of Rous Sarcoma Virus

The effect of two concentrat1ons (5 and 20 mM) of 2-deoxy—D¥
| g]ucose on the product1on of Rous sarcoma v1rus in transformed ch1ck
f1brob]asts was tested Secondary transformed ce]]s were seeded in 60

6. ce]ls per dish and a]]owed to

mm Petr1 d1shes at the density of 2 x 10
grow_for 36 hr. The med1um was removed and rep]aced by 5 m] of fresh
- medium.199 conta1n1ng 0, 5, or 20 mM 2-deoxy—D-glucose. Media were

then'coTTected‘at'hour1y intervals for the first four hours and every

four ‘hours thereafter, and fresh media, containing the same concentrations -

of 2-deoxy-D-glucose, were again added. The media were c1arified_of~
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‘cell debris by centrifugation; and titered by focus assay for the infect-

vious virus and'by'RNA-dependent;DNA polymerase assay for physical particles

of the virus‘ Both concentrations of 2- -deoxy- D g]ucose reduced the titer

' - of infectious virus by more than 50% as early as 3 hr after the addition of
the sugar analogue, but on]y reduced the titer of phySica1 particles of
'.the virus by 25% at the same time The production of viral particles

was thus 1ess 1nh1b1ted than that of 1nfectious virus. This difference

was even more dramatic at 12 hr after 2-deoxy-D- g]ucose addition when the

ﬁtiter of 1nfectious virus was reduced by more than 98% and that of physical _

particles was - reduced by on]y 604 (F19 4 1).

The production of viral partic1es in the presence and absence of

2 deoxy D- glucose was a]so estimated by labeling the virus with 3H uridine.

vThe 1abe1ed virus was prec1pated from the medium, purified and banded on

the sucrose gradient, ‘and the total radioactiv1ty of the virus band was
estimated. Fig. 4-2 represents a typica] examp]e of such experiments

Between 8 and 12 hr after the addition of 20 mM 2- deoxy D- g]ucose the

amount of 1abe1ed virus produced by 2- deoxy D g]ucose treated cells was

roughly 30% of that produced by non-treated ce]]s during the same period

 of time. This resu]t agreed with the-estimation u51ng RNA- dependent DNA

po]ymerase assay as shown 1n Fig. 4 1. Furthermore, the observation
that the v1ruses produced in the presence and absence of 2-deoxy-D-glucose
were banded at the same den51ty (1.165 g/m]) on the sucrose gradient

suggested that the. sugar anaiogue did not cause any major structura] change

in the virus ,

Effect of 2-deoXy-nglucose on Cellular RNA‘and‘Protein Synthesis

The production of physical particles of the virus from Zideoxy-D-

ng]ucose¥treated_cel1s might have been inhibited because of a reduction

of macromoiecularisynthesis. To test this assumption, secondary
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Effects of 2~deoxy-D-q1ucose on the'prOduction of-infectioUs

:and phys1ca1 particles of Rous sarcoma virus. Secondary

cultures were seeded at 2. 0 X 106 ce]]s per 60 mm d1sh

‘and cells were a]]owed.to grow for 36 hr. The medlum was
-then removed and two- th1rds of the plates rece1ved fresh
_medium 199 (2-2-1) containing e1ther 5 or 25 mM 2- ~deoxy-D-
} glucose. The remaining one-third of the plates received;
~only medium 199 (2-2-])vand served eS“controls.' Media

~were then collected at hour]y 1nterva1s for the . f1rst

four hours and every four hours thereafter. The t1ter of

vihfectiOUS virus was assayed by Focus Assay and that of

physical particles of the virus by'RNA-dependent,DNA

| po]ymerase'assay as described in Materia]s'and,Methods.

To correct for different rates of ce]]u]ar maCromolecular

~ synthesis during the course of the experiment,,the titers

were adjusted to be the number of foci or enzyme 3ctivity
per mg,df protein in each plate. Each point represents the

percentage of decrease in foci or enzyme activity compared

to medium from control cuTtures. _Symbo]s:'cldsed,vfocus v

forming units;_opeh, enzyme activity; °, 5 mM 2-deoxy-D-

g]ucose;.A, 20 mM 2-deoxij-glucose.
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" FIGURE 4-2.
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Effect. of 20 mM 2 deoxy D—g]ucose on the 1ncorporat1on
. of 3H ur1d1ne 1nto Rous sarcoma v1rus Secondary trans-

geformed-cells were seeded as described in~Figure 4-1. '36 hr

after seed1ng, cells were labeled w1th 3H ur1d1ne and 8 hr

. 1ater, either 20 or O mM 2 deoxy -D- g]ucose was added. The
‘:cultures were then-cont1nuous1y labeled w1th ur1d1ne‘fof’4e.'
banother 24 hr and the med1a were co]lected The virus Was
“pur1f1ed from the med1um as described in Mater1a1 and Methods.
“(A) Rous sarcoma virus labeled with 3H—ur1d1ne in the absence :

~of 2 deosy D-g]ucose, (B) Rous sarcoma virus 1abe1ed with

3H ur1d1ne in the presence of 20 mM 2 deoxy -D- g]ucose

-
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'transformed cells were again treated'with 0, 5, and 20 mM Zedeoky- ;
D-glucose and the incorporation of 3H ur1d1ne and 3H 1euc1ne 1nto
.ac1d solub]e and acid- prec1p1tab1e poo]s was measured as described
in Chapter 2. The resu]t is shown in F1gure 4-3.

Depending on the concentrations ot:the sugar ana]ogue added
~ (5 or .20 mM) , the 1ncorporat1on of 3H uridine into’ ac1d prec1p1tab1e
material was reduced by 30% or 40% w1th1n 3 hr after the addition of
2 deoxy D g]ucose and rema1ned at this Tow level thereafter. Actual
RNA synthe51s was 1nth1ted more or less, to the same extent
) s1nce the 3H uridine pool 1ns1de the cell was not significantly
changed hy e1ther concentrat1ons of 2- deoxy D- g]ucose |

The 1ncorporat1on of 3H ]euc1ne into ac1d prec1p1tab]e material
was decreased by 60% and 80% w1th1n 3 hr after 2-deoxy- D-g]ucose was
~ added. The 1ntrace]1u1ar poo] size of 3H 1euc1ne however, was |
increased by 4OA during the same period of time, so that actua] protein
rsynthes1s was thus inhibited by more than 70% and 85% respect1ve]y
~The poo] size of 3H-]eucme was back to the control'level by 12 hr
after 2- deoxy D-g]ucose add1t1on when the 1ncorporat1on into ac1d-
prec1p1tab1e mater1a1 was slightly 1ncreased The inhibition of actua] _
: prote1n synthes1s.was thus gradua]]y 1essened between 3 and 12 hr‘
.after the add1t1on of 2- deoxy D-qucose B
The effect of 20 mM 2-deoxy-D- g]ucose on the product1on of
~infectious and of phys1ca1 particles of Rous sarcoms virus is compared
to that on ce]]u]ar RNA and protein synthes1s 1n F1gure 4 4. Early
' _after the add1t1on of the sugar ana]ogue the product1on of “the phys1ca1

part1c1es of Rous sarcoma virus was inhibited 1ess than ce]]u]ar prote1n
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FIGURE 4-3.
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Effects of 2-deoxy-D-glucose on the incorporation of
34-uridine and SH-leucine into acid-soluble and acid--

precipitab1e pools of Rous sarcoma virus—tfansformed

chick fibroblasts.. Petri b]ates°were,seeded with

2.0 x 108 cells and incubated for 36 hr. The medium_v_.

was removed and-repiaeed_with,fresh medium 199 (2-2-1)
containing 0, 5, or 20 mM 2-deoxy-D-glucose for various -
1engths.of-time. Pool sizes! were determined as desefibed
in Materia]s and Methods. EaCh'point.represents_the |
average of three pldteé; (A) Incorporation of'3H-uridihe,v
~(B) Incorpqration of 3H—1euqihe; Symbols:>elosed, acid- |

precipitab]e‘radioactivity; open, acid-soluble'radioactiyity;

v’ °, 5 mM 2-deoxy-D-glucose, A, 20 mM'Z-debxnyaglucose;
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" FIGURE 4-4.°
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Compar1son of effects of 20 mM 2 deoxy -D- g]ucose on

vv-the rep11cat1on of Rous sarcoma virus and on the RNA
and prote1n synthes1s of ch1ck embryo f1brob1asts

: Effects of 20 mM 2- deoxy D- g]ucose on. the product1on of -

1nfect1ous and phys1ca1 part1c1es of the v1rus were

determ1ned as descr1bed in F1gure 4 1 except that med1a

idwere ce]}ected every 3 nr for ana]ys1s.after~2-deoxy-D~

, g]uCose.addition'ﬂ Data from Figure 4-3 were used'td N

' ca]cu]ate the 1nh1b1t1on of cellular RNA and prote1n o -
-synthes1s.as descr1bed.1n the-text. Symbo]s 0, RNA—

- dependent DNA po]ymerase act1v1ty, o, focus form1ng

i.un1ts, A, RNA synthes1s of transformed ch1ck f1brob1asts,

o prote1n synthes1s of transformed chick f1brob1asts

~.
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; synthesié. It is possible that viral prbtein synfhesfs:was_]ess sensi- -

tive to the.effett of é—deoxy-b-gluEOSe than cellular protein synthesis..
This concept'Of.differential'sensitivity, howéver,-cod]d not exp]ain why.

at a later stage by 12 hr after the addition of 2—deoXy4D-glucdsé énd"l_'
:theféafter, theAbroduction of viral partic1es.was,inhibitedfto'the same
extent as cellular protein synthesis. A better'exp]anéfion.wou1d bé thét

ﬁhe deﬁrease;inuthe prbduction of yiré]-partic]és-ﬁy Z—deoxy-D—g1ucose‘was
1‘a'direct éonsequence of the Cytofoxicbeffect of this-éugaf ana]ogue_in
genefa]'and a réductjon inwcellu]af RNA'and protein synthesis in particular.
The smaller inhibition of the production of viral partic]esvat,an_earlierf
‘stage would'then ref]ect'é.]agvperiOd during which the viral proteihs_a]ready
synthesized wefe'aséembléd into mature virél particles, a process not 1iké1yi‘

to be inhibited by 2-deoxy-D-glucose.

‘vInCOrporation of.2¥d¢bxy-D—gluCose'intovRous sarcoma Virus

" To account for ‘the drasfic inhibition of the titer of the infectious
 virusjby'é-deoxy-nglucose; a separate.mechanismvhas to be pr0posed. One -
'possibi1ity-is:that 2-de0xy—D-glucose intérferes with fhe prdper o
g]chsy]atibn of viral glycoproteins'by being incorporated into the
 cdrbdhydrate moiety of these proteins as an analogue of mannOSé and
- terminates fUrthér é]ongation of the carbohydrate chain. This cdﬁld
.rehder the resulting g1yc0profeins nohéfunctibnai and the virus non-
infections. | | |

~This idea wésbﬁeSted‘firsf by determining if é-deoxy-D-glucbsev
'¢ou1d be incorporated into Rous Sarcomaivirus;' To increase thé.chancevof.

2-deoxy-D-glucose incorporation, cells were grwon in a medium in which
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- glucose was replaced by 5 mM pyruvate. The ce]]s were labeled with

3H 2- deoxy D-g]ucose for 18 hr before the virus was co]]ected from the

medium. F1gure 4-5. shows that Rous sarcoma virus cou]d indeed be ]abe]ed ,

w1th 3H 2-deoxy-D- g]ucose A]though the exact structure and 1ocation

a of the. 1abe1ed compound in the virus was not determ1ned, it was most
V11ke1y that 1ntact 2- deoxy D g]ucose was 1ncorporated into the v1ra1

'glycoprote1ns s1nce this sugar analogue cou]d not be metab011zed to any

s1gn1f1cant extent by chick cells (P]ageman, 1973 Schm1dt Schwarz and

' 'Sch01t1ssek 1974)

Effect of 2- Deoxy D-Glucose on the Incorporat1on of Labeled Sugars into

, Rous Sarcoma Virus

If 2- deoxy D- g]ucose indeed b]ocks the g]ycosy]at1on of viral

g]ycoprote1ns, most of the non-metabolizable sugars should not be incorpo-

~rated into the virus in. the presence of this sugar analogue. This was

tested“by labeling the virus with 3H-fucose, 3H-ga1actose"and>]4C-

‘glucosamine in the presence and absence of 2-deoxy-D-glucose, As shown

1n F1g 4- 6 20 mM 2- deoxy D-glucose effect1ve1y blocked the 1ncorpora-

~ tion of all three sugars into Rous sarcoma virus. That virus was 1ndeed
'produced in the presence of 20 mM 2-deoxy-D- g]ucose was shown by a peak

I Qf RNA-dependent-DNA_po]ymerase activity on.the sucrose grad1ent.

Reversal of the Effect of 2- deoxy D-glucose by Glucose, Pyruvate and
Mannose ‘
If 2-deoxy-D-glucose inhibits the production of'infections virus

via its interference with glycosylation by acting as an analogue for

mannose, it should be possible to reverse this inhibition with high



Figure 4-5.

- At the same time, 3H-2-deoxy-D-g1ucos.e was added. Cells I
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“Incorporation Ofl3H-2-dedxy-D-glucose into Rous safcoma'f

virus. 36‘hr after'secondary trans formed cells were~

seeded, the med1um was removed and rep]aced with a spec1a]

‘one in wh1ch 5 mM Pyruvate was used 1nstead of g]ucose

' Were'inCUbated for another 24 hr and the’medium'Was collected

~and the virus pur1f1ed as descr1bed in Materla]s and Methods.

For most of the fractions of the sucrose gradient, RNA-
dependent DNA po]ymerase act1v1ty was also assayed

Symbols: .,'3H-2—deoxy-g]ucose radioactivity;v »- RNA-

. dependent. DNA po]ymekasevactivity.
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FiGURE'4;6., Effects of 20 mM'2-deoxy-D-gTucose oh tﬁe incerporationv
of labeled -sugars into Rous sarcoma virus. 36 hr éftek :
"~ secondary seed1ng, the med1um was removed and rep]aced with
Vva fresh one conta1n1ng e1ther 0 or 20 mM 2 deoxy D-glucose.

3H-fucose,

18 hr after the med1um.change, either
3H-ga]actpse or ]4C-glucosamine was added to the cultures.
The cells were incubated for another 18 hr and the media
were cO]Teeted'ahd the virus purified. :For some‘oflthe
.gradients,'most of the fractioné'were also assayed'for
RNA-dependent DNA bo]ymerasevectiQity ‘(A) Rous sakeoma
-virus 1abe1ed w1th 3H fucose in the absence of 2 deoxy D-
glucose, (B) Rous sarcoma virus labeled with 3H fucose 1n
the presence of 20 mM 2 deoxy D-glucose, (C) Rous sarcoma
v1rus 1abe]ed with 3H ga]actose in the absence of 2- deoxy -D-
"g1ucose,’(D) Rous sarcoma virus labeled with 3H-ga]ac’_cose
in the presence of 20 mM ZfdeOXy-D-glutbse; (E).Rous_sarcoma
virus labeled with ]4C-g1ucosamineeih theeabosence'of 2-deoxy-

D—g]ucose,‘(F) Rous sarcoma vikus_]abeTe& With']4c-g]ucosamine
in the presence of 20 mM 2-déoXy—D-g1uqose._'Symbo]s:.',_radio-

activity'of.the_sugars; O RNA-dependent DNAepolymerase activity.
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concentration of mannose. On the'ouher hand, because the accumujated
Z—deoxy—D—glucose?6-phosphate,inside_the'ce]1 cbu]d‘bTock the con=
Versioh ofjglucose36-phosphateto.manndse—6¢phosphate, glucose, with-
out being cngerted to'manhose,should be much 1ess effective in
reversing the effect of 2-deoxy-Dég1ucose;on glycosylation. Further- ,. .
more, since 2-deoxy—Dég1ucose—6-phosphate blocks the conversion: of
| both giucose 6-phosphate and mannose-6-phosphate to'fructore—G-
phosphate, neither glucose nor mannose should be as effect1ve as
~pyruvate in reversing ‘the 2- deoxy D-glucose inhibition of g]yco]ys1s
and thus‘ce]]u]ar macromolecular synthes1s and the produet1on of
'phys1ca1 part1c1es of the v1rus | - |

To test these assumpt1ons, ce]]s were treated with 20 mM
2- deoxy D g]ucose for 24 hr, and 5.5 mM g]ucose; 10 mM pyruvate"and
5.5 mM mannose were used to reverse: the effect of 2= deoxv D-glucose
for the next 24 hr. In the presence of 20 mM 2 deoxy -D- g]ucose for
24 hr, the titer of v1ra1 particles was reduced to 34% of the control
1eve1 and that of infectious virus to 2.2% as shown in’ Tab]e 4-1. |

‘Mannose was h1gh1y capable of reversing the effect of 2 deoxy-
D-glucose on the production of 1nfect1ous virus. and 1ncreased the titer.
ofinfectious virus from 2.2%‘to 40% of the control value. Since
it also increased the titer of vfra1 particles from 34% to 39%, the
fesultdng virus population wouldvhaue'the same infectious/noh-infectious: _ .
(or focus form1ng un1ts/reverse transcr1ptase act1v1ty) rat1o as the
control popu]at1on wh1ch was not . treated w1th 2- deoxy -D-glucose.
These results suggested that although mannose was not very effect1ve

~in revers1ng the effect. of 2- deoxy -D- g1ucose on ce]lu]ar metabolism,



165

TABLE 4-1. Reversal of 2-deoxy-D-glucose inhibition by

glucose, pyruvate, and mannose@ .

© 4of  ROoDP % of

fSugér used  FFU per 10 ,
' ' cells - control activityb ~ control

Control 8.6 x 10° 8014

2-deoxy-

D-glucose _

(20 mM) - 5 v _
Tst 24°hr © 1.9 x 10 2.2'% 2727 34%
2nd 24 hr 1.0 x 10% 0.12%2 2310 29%
Glucose 2.9 x 10° 3.9 3760  47%
(5.5 mM) ' . DR
Pyruvate 2.3 x 10° 2.7% 4078 51%
(10 mM) . - .
‘Mannose 3.5 x 10° 39.6 % 3155 39

aSecondary transformed cells were treated with 20 mM 2-deoxy-D-
 glucose for the first 24 hr. The medium was removed and replaced
with fresh medium containing 20 mM 2-deoxy-D-glucose with 5.5 mM
 glucose, or special medium without glucose but with either 10 mM
pyruvate or 5.5 mM mannose for the next 24 hr. Media were collected
at the end of this second 24 hr incubation and assayed for the titer
of infectious virus by focus assay and of physical particles of the
virus by RNA-dependent DNA polymerase assay. Control cells were not
treated with 2-deoxy-D-glucose. Media from control cells and from

- cells treated with 20 mM 2-deoxy-D-glucose for the first 24 hr were
-also assayed. , : _ » '

bEXpressed as 3H5thymidine.5'-triphosphate incorporated counts/min/25
ul of medium as described in Materials and Methods. E
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1t fully reversed the effect of this sugar ana]ogue on g]ycosy]at1on
;Both g]ucose and pyruvate were ‘more effect1ve than ‘mannose 1nrevers1ng

' the-effect of 2-deoxy—D—g1u¢ose»on the productign of viral part1c1es
and 1ncreased the titer from 34% to 47% and 51% of the contro] va]ue
respect1ve]y. These nutr1ents, however were not effect1ve 1n revers-
ing the inhib1tory.effect of 2-deoxy-ng1ucose on the product1on of
infectious virus since the titer oh]y’incheaSed from 2.2% to 3.4% by

glucose and to 2.7% by pyruvate.

Discussion |
The heSultsfh this chapter show that 2}deoxy-D-g1ucese'inhibits
»thé replicatibn of Roue sareoma.virus by two qifferent mechahisms.

‘ ‘As an‘ahalegueffor'g]ucQSe, it fnterfehee Qith g]ycoiysis, dep]etes
~the energy source, .and reduces the.matromolecular syhthesis of the host
ceil. Consequent]y, the correspond1ng synthes1s of v1ra] RNA ‘and
prote1ns and thus the product1on of physical part1c1es of the v1rus are
also reduced to the same extent. These results are in sharp contrast
to the'observatiOhs ofvPhochOWnick, Panem and Kirsten (1975), who re-
ported that the release of physical bartic]estof Kirsten murine sarcoma-
1eukemiaVVirUS was not affected ‘by_20 mM 2-deoXy-D-g]ucqse even -though
the RNA'and protein syntheefs.of the hostvrat'kidney_cell were heduced
byﬁ30%vand 60% respectively. If one assumes.that RNA.tumor yiruses
replicate by the eame mechanism,_it is ndt.clear'why such discfepaneies
could exist. These investigators, however, later reported (Prowchownick,
Panem and Kirsten, ]976) that 2-deoxy-D-glucose could induce prOduction
of type-C virions in normal rat kidney cei], It is possible that 2—deoxy¥

D-gluclse also inducedhthe production of-type—Chvirons in murine sarcoma-
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1eukem1a virus- 1nfected rat k1dney cell and these authors failed. to
d1st1ngu1sh the induced virions from sarcoma- 1eukem1a v1ra1 particles.
That 2-deoxy-D-glucose cou]d.act as an analogue for mannose'was

first suggested by studies showing that the antimetabolite could be

) activated inside the eell to the corresponding nucTeoside‘diphosphafe
:derivative.by GTP,. similar to mannose (Biely, Kratky and Bauer, 1972;

. ’Schmfdt,'SchwarZ'and Seho1tissek, ]974). .Later study with Semliki

Fbrest virus suggested that 2-deoxy—D4g]ucose could be‘incorporated
into the carbohydrate moiety of thelv1ra1 glycoprotein using GDP-2-

deoxy D G]ucose as an 1ntermed1ate and premature]y terminate  the further

elongation of the carbohydrate chain. ATh1sAsuggest1on is now further
supported by the results in this chapter that 2—deoxy-D-g]ucose can

be incorporated into Rous sarcoma virus and this incorporation effective]y

blocks the incorporation of other sugars into the virus. If the block-

~age of the proper giycosylation'indeed renders the virus non-infectious,
| - one explanation would be that the carbohydrate mbiety of the viral
’ g]ycoprotein is important for the infectivity of the’virus. This would,

| however, disagree with the study by Bolognesi et al. (1977) who found

that the removal of most of the‘carbohydrate from the g]ycoprotein of
Fr1end murine leukemia virus did not reduce the 1nterference potent1a1

of the g]ycoprote1n for the virus and concluded that carbohydrate did

: not contr1bute to the- 1nfect1v1ty of the RNA tumor virus. . Since the '

endog]ycos1dase used by these authors in their exper1ments only removed -
70% of.the sugars from the glycoprotein of the virus, the remaining

portion of the carbohydrate chains could still be responsible for the

| bio]ogica1 propertieS'of the glycoprotein. Krantz, Lee and Hung (1976)
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have suggested that‘the_g1ycoprotein of'Rous.sarcoma yirUs contains two
»types of o1igosacchar{de'Chainfand, in both types, mannosyl residues
s are 1ocated in the core portion of the carbohydrate chains.: It is
_poss1b1e ‘that the rep]acement of mannoseby 2-deoxy- D g]ucose resu]ts

in a g]ycoprote1n with even. 1ess carbohydrate and 1acks the maJor o1ogo—
sacchar1de structure which is respons1b1e for the 1nfect1v1ty of the

S virus. Th1s might be the port1on that cannot be removed eas11y by the
- endog]ycos1dase ‘used by Bo]ognes1 et a1 (1977). Th1s poss1b111ty

vwarrants further exper1mentat1on | | |

Carbohydrate on the other hand m1ght be only indirectly respons1-

ble for the b1o]og1ca1 funct1ons of the‘g1ycoprote1n, Many intracellular
“precursors of.viral g]ycoproteins‘reouire oroteo1ytio C1eavage and'most
of them are glycosylated (Ha]pern, Bolognesi and Lewandowski, 1974;
Klenk et al. 1974, Areement, et al. 1976), ‘Schwarz and K]enk (]974)
and K]enk,chholtiséek and Rott (1972) have.ouggested that the structural
positioning'of the carbohydrate'can'p1ay a centrai role in-determining
the spec1f1c c1eavage of these precursors into proper g]ycoprote1ns In
the presence of 2- deoxy -D- g]ucose the g]ycosy]at1on is inhibited and
'the cleavage becomes random so that a heterogeneous population: of non-
| functional g1ycoprotetn$ is obtained. In the case of cytopathic viruses,
these abnormal glycoproteins coqu no longer be'inooroorated into the
virions sothe production of viral partic]eslis greatly reduced. - It is
poss1b]e that the requ1rement is not so stringent in the case of Rous
v'sarcoma v1rus so that the abnorma] g]ycoprote1ns could st11] be used -
- for the assembly of the virus. -V1r1on5'that contain these_abnormal

glycoproteins, however, wou]d be rendered non-infections; The less
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-stringent»requirements’for the assembiy.of Rous sarcoma virus is
.',.Suggested by the fact that the defective Bryen high-titer strain of
- this vtrus lacks glycoprotein but is, neverthe]ess, still produced

- (De Giuli et al. 1975).  This 1dea could be further tested by a detailed

ana]ys1s on the carbohydrate s1de cha1ns as wel] as the prote1n back-

_bone of the g]ycoprote1n of Rous sarcoma virus released in the presence

- of 2-deoxy-D- g]ucose

In add1t1on to its effect on g]ucose-metabolism and glycosylation,

2- deoxy D- g]ucose could potent1a11y also inhibit the conversion of g]ucose

to many. other sugars. The suggested mechan1sm by which 2-deoxy-D-glucose

: m1ght 1nterfere with these conversions is summer1zed in Fiqg. 4-7. It

1s.poss1b1e that the format1on'of der1yat1ves of mannose, frucose,
glucosamine and sta]ic acid from g1ucose cou]d all be affected A d1rect
consequence of this 1nh1b1t1on would be a drast1c reduction of the pool
s1ze of these sugar der1vat1ves Th1s in turn could aggravate the effect
of 2- deoxy D-g]ucose in 1nh1b1t1ng the process of g]ycosy]at1on Although
this 1dea is not tested in the present study, it deserves special

cons1derat1on in future.




 FIGURE 4-7.
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Cw
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: vthe conversion of g]ucose to other sugar der1vat1ves
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T
o
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'”‘.UDPG Ep1, UDP- g]ucose ep1merase

:_M or Man ‘mannose

- Gai,'ga]actQSev

©UF. fructose

SRR
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INHIBITION OF THE MULTIPLICATION AND THE INFECTIVITY OF ROUS '
SARCOMA VIRUS IN CHICK EMBRYO FIBROBLASTS BY 2 DEOXY-D- GLUCOSE AND
GLUCOSAMINE . Wha1-Jen-Soo, M1na J. B1sse]] and James A. Bassham.
Laboratory of Chemical BIodynamics, and‘Department of Biochemistry,
'_Un1vers1ty of. CaI1forn1a, Berkeley, CA 94720 |
2-deoxy-D-glucose (2 -DG) . and qucosam1ne 1nh1b1ted the rep11cat1on
of Rous sarcoma viruses (RSV)(Schmjdt-Rupp1n,subgroup A and Prague,

subgroup C)vthrough different'mechanisms, ~.Both sugars'were cytOtoxiC"'v

. and reduced the rate of protein, RNA,’and DNA synthesis in RSV-transformed '

- chick embryo cells to the same extent. 20mM qucosam1ne 1nh1b1ted the

replication of the viruses to more than 25% in 3 hrs. and more than 99% in

6 hrs. which was in'excess of the'ce]]ularvtoxicity However- 5mM and -
20mM 2- DG reduced the yield of the viruses only to the same extent that
it reduced the rate of proteln and RNA synthes1s in. RSV transformed
cells. Furthermore the released virus in the presence of 2 DG'was non-'
infectious and it could no ‘longer be Iabe]ed by radioactive fucose or
gaIactose 3H 2-DG was found assoc1ated w1th the virus pur1f1ed by the
‘sucrose grad1ent Thus this sugar may incorporate into the viral
egCOprotein:and.interfere with its normal glycosylation. -This could -
~lead to a premature termination of the eIongation of the carbohydrate
chain and could render the virus non infectious. (Supported by the U. S.
Energy Research and Development Adm1n1strat1on and, in part by NCI Grant

CA-14828-03).

o

.
e
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MECHANISM(S) OF REDUCTION IN COLLAGEN SYNTHESIS.
UPON ONCOGENIC TRANSFORMATION |
Whai-Jen Soo, Mina J. Bissell and James A. Bassham -
Laboratory of Chemical B1odynam1cs and Department of B1ochem1stry

Un1vers1ty of Ca]1forn1a,vBerke1ey, -CA 94720

" Transformation of co]]agen-producing cells in general and primary

‘avian tendon ce1]sv(PAT) 1n,particu1ar'by oncogenic viruses resulted in

a drastic reduction in collagen synthesis. To explore the mechanism(s)

by which~vira]-transfdrmatibn leads to reduced co]]agen synthesis, we.

infected PAT cells with a'temperatUre-sensitive mutant of Rous sarcoma

.-Virds (Ts-RSV) and compared the rate of collagen synthesis at permissive

(355),and”nonpermiSSive (41°) temperatures. Collagen synthesis of non-

infected Ce]]s and cells infected with wild-type virus was not sensitive

‘to temperature change. However, there was an 8 to 10-fold difference in

collagen synthesis between ts-RSV infected cells grown at 41° (25-20%

of total protein synthesis) and at 35° (3% of total protein synthesis).

" Since these cells release the same amount of infectious virus at both

temperatures, the result 'supports the conclusion that the decrease in

collagen synthesis'is not merely the result of virus replication but a

direct consequence ofioncogenic transformation. It also rules out one
possibTe mechanism in which viral RNA is postulated to complete with
collagen m-RNA during'translation. Another possible mechanism for such

reduction may be the elaboration of co]]ageno]yt1c and/or proteo]yt1c

' act1v1ty in transformed cells. To test this, we des1gned a mix-culture
: experiment in which 3H-proh‘ne prelabeled normal'ceTIS-were mixed with
either un1abe1ed transformed cells and the level of 1abe1ed collagen measured.

While there was a poss1b1e small 1ncrease in the level of co]lageno]yt1c
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actiyity aftér transformatioh, it was too small to accoﬁht.for-the magniQ
jtude_of-the drob ih COITagen_syntheSis in transformed cei]é.- We are _V
'currently §tudyfng other poésibTe mechanism(é)_in which the:feductibn in
collagen SyntheSis is.cOhtfolled_either at'tranécriptidna] Or_trah$1aé
“tionaT.leVel. The reduction~appear$_to be anveariy‘eyent'agter traﬁsforma-
tfon since in a tybica] shjft?down experiment using tseRSV‘infected ce]]s

~ the decrease in colTégen synthesis'occurréd within 4 hrs after‘tempéfature

éhift-when:morphological changes were barely detecatble.
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AVIAN TENDON: A NEW CULTURE SYSTEM FOR UNDERSTANDING DIFFERENTIA-'
TION'AND_CELL-VIRUS INTERACTION. 'Richard I. Schwarz, Deborah Farson,v'
Mina J. Bissell‘and Whai-Jen Soo. Laboratory of Chem1ca1 B1odynam1cs,

' Lawrence Berke]ey Laboratory, Un1ver51ty of Ca11forn1a Berkeley, CA

Most culture syStems nsed_inlstudying vira]-transformation either
contain mixed ce]]:popu]ations and/or are re]atively'undifferentiated.
Cultures of primary ayfan tendon (PAT) ce]]s have the advantage of ,

" both be1ng a s1ng]e cell type (fibroblasts) and having the potent1a1 of
 retaining their fu]] d1fferent1ated state. At high density'and in the
»presence of‘aSCorbate,»PAT cells devote 25-30% of their total protein
- .synthetic machineryfto the synthesis'of‘co11agen, a‘rate which is compar; ‘”‘

able to the‘ig_yiyo leve] (Schwarz and Bissell, PNAS, in press). We

- now show that PAT ce]]s’are capable of undergoing malignant transforma;

tion by Rous sarcoma viruses as'demonstrated by a]tered morpho1ogy,

1ncrease in the rate of 2- deoxvg]ucose uptake, loss of growth control

and production of 1nfect1ous virus particles. The amount.of virus

) produced by PAT cells, as measured by reverse transcrtptase activity

' and focus forming units, is roughly comparab]e to that produced by
secondary chick embryo f1brob]asts infected under the same conditions.

Un]1ke many other cellular functions, the rate of co]]agen synthesis

is decreased drast1ca11y after transformat1on In addition, the ce]1s

'1ose their ability to modulate co]]agen synthes1s and in the presence or

v absence of ascorbate synthesize collagen at a rate of less than- 4% of

thefr totaj protein synthesis. The.above alterationsiare due to

- transformation rather than viral infection because ce]]srinfected with a -

transformation-defective virus behave normally. These studies document



_the fact that in addition to 1oss of growth contro] the abi]ity of a

"td1fferent1ated cell to respond correct1y to. env1ronmenta1 effectors is

also 1ost upon transformat1on It is possible that the study of loss
":of a s1ng]e prom1nant funct1on co]]agen in th1s case may prove fru1tfu1
'1n understand1ng how the viral genome 1nterferes w1th gene express1on
of hOSt cell in ma]ignant transformat1on. (Supported in part by u.s.
Energy Research & Deve]opment Adm1n1strat1on RIS 1e SUpponted‘by an

NIH post- doctora] fe]lowsh1p)

e
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-PRIMARY -AVIAN TENDON CELLS IN CULTURE--AN IMPROVED SYSTEM FOR
UNDERSTANDING MALIGNANT TRANSFORMATION
fRichard_I. Schwarz, Deborah A. Farson, Whai-Jen Soo
 and Mina J. Bissell |

Laboratory of Chemical Biodynamics
‘Lawrence‘BerkeTey;Laboratory
University of California

. Berkeley, California 94720

Primary avian tendon (PAT) cells which maintain.their differentiated

.state in culture are rapidiy transformed by Rous sarcoma virus. By criteria -

of morpho]ogy, 1ncreased rate of 2- deoxyg]ucose ‘uptake, and 1oss of den51ty
dependent growth controi, PAT cells transform as well as their less differ-‘

entiated counterpart chick embryo fibrob]asts‘ Furthermore the percentage

| of co]iagen produced by PAT ce]is drops on transformation by an order of

'1magn1tude from 23 to 2. 5% but is unaffected by viral repiication of a

transformation defective mutant.

The responSiveness of normal and transformed PAT cells to various

'environmentai factors, changes dramatically upon‘transformation Normai PAT

cells respond to the presence of ascorbate and high cell density by raising

the 1evei of co]iagen synthe51s from 5 to 23%. Transformed PAT cells are

_ totai]y unresponSive These and preViously reported resuits, 1ead us

to reiate the breakdown in the normal mechanisms used by the ceii to

maintain the differentiated state to ‘the onset of transformation
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INTRODUCTION _ _ ,

Ch1ck f1brob1asts, der1ved from the body wall of ch1ck embryos (ChiCk* '
v'émbryo fibroblasts, CEF) and ‘their Rous transformed counterparts have been
used as . models for norma1 and ma11gnant states for many years. There can
be no doubt that this system has brought advances 1n our understand1ng of
viral- transformat1on, neverthe1ess, a s1gn1f1cant 1mprovement could be
_'obta1ned by using h1gh1y d1fferent1ated f1brob1asts, which possess t1ssue-‘
spec1f1c funct1ons A basic assumpt1on'1n us1ng mixed fibroblast cultures
n-from many tissues is that they all behave the same. Whilefno one wou]d
expect ep1thel1a] ce]]s from 11ver, breast, and kidney to behave the same,
f1brob1asts from the above t1ssues are treated as if they are all equ1va1ent

Us1ng m1xed f1brob]ast cultures has. the added disadvantage of reduc1ng

one's ab111ty to_defJne with any spec1f1c1ty the differentiated state of the

cells since no clear in vivo reference po1nt exists. Furthermore, cells

are grown in comp]ex medium w1thout regard as to whether or not there are
detr1menta1 factors present or benef1c1a1 factors absent wh1ch are necessary
Vfor ma1nta1n1ng the differentiated state (20 21). Us1ng a mixed fibroblast
popu]at1on in a medium wh1ch is’ ‘most 11ke1y detr1menta1 to the expression
of d1fferent1ated funct1on, hinders our. ab111ty to reso1ve d1fferences
' between the normal d1fferent1ated state and the transformed state of the
cell (18) \Th1s may be extremely 1mportant if the mechannsms used by the
ce]] to ma1nta1n its d1fferent1ated state are the ones blocked by the virus
to createrthe transformed ‘phenotype. |

To answer the Objections.above, we have made use of primary avian
tendon (PAT):ce11s (20,21). These cel]s have several distintt advantages
over_CEF cél]s. First, they are derivedvfrom.a tissde wnich fs composed

1 a1mostvexc1usive]y of a single type of fibroblast. Therefore, we are dealing
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Wifh a hdmogenedus popu]atioh,‘ Seéohd, PAT C§1isjjn the right,envirdnment
| will maintain their djfferentiated stéte in cuiture (21). lg_xixg, or in
"cuitufe, PAT_cé]]S devote.25;30% of tﬁeirftofal'pfotein to collagen (8,21)
(the percentage increases by ];Svtimés wﬁeh 6n¢ takeé into account that
co]]aggn»is.firétvSynthesizéd_as a. pfoco]légen pretufsor r6]).v-Thi$'v
extremeTy biaséd synthesis in the direﬁtion of a differentiated function

- makes for an easy aésay of éhahges that occur aftér fransformation.

In the present communicétidn, we have two aims: One, tovshow that
“highly différentféted'PAT cells could be,transfbrmed and studied in the
same way;aslless'difFerentiated ée]] types. By using standard criteria of
morphp]dgy, Toss of density depeﬁdent growfh control, increase in Z;deoxy—
g]ucose_ﬂptake.and»decrease in collagen synthesis,'PAT ce]]é.can'be trans-
'formed as well as chick embryo fibrob]aéfs; Two; to study‘the similarity
énd'djfferehces in the normal andvtfénsformed PAT cells' reéponsé to
| environmenta]’factors which affect the stﬁbility~of,the differentiated
state (22).. An abstract of the work has appeared (23).

* MATERIALS AND METHODS | | “

. Cell Culture. PAT,ce]]s were,iSo]ated from a modification (20,21)

of the Dehm and Prockop procédure (8). PAT cells (8_x'105_ce11s in 25_cm2

flasks; Falcon, Oknard,~CA) were -allowed to attach in 5 mls of F12 medium
(]2)-for 40vmin. The medium was‘thenAChanged‘and fhetcells Qere grown
in F12 with 0.2% fetal calf sérqm.(Gibco, Grand Island, NY; deactivated

1/2 hr at 56°C) with subsequent dai]y‘thangés of~medfum;' Whén ascbrbﬁc
acid was usedvinvthe medium (50 ug/ml), it was added déily_from.100x ﬁtock.
7 The,stoék so]utjbn of‘ascorbié acid was freshly_prepared every other day.

Virus Infection and Focus Assay. After PAT cells had attached, the

medi um was changed to 5.mls of F12 with’O.Z% Serum p]us»Rous sarcoma. virus

cloned from single focus. The cells were incﬁbatéd for 1 hr and then an
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additiona1‘5 m]é of nedium'was edded The rat1o of virus to ce]l var1ed
from 1:1.to 1:20 AS Specified in the f1gure 1egends. The rate at wh1ch
fnfectionFSpread appeéred to be more e function.of the strain of the virus
than the siie of the initial innocuium;” Focus assays were performed as

deSCribed previously (4).

2—deoxyg1ucose Uptake and Reverse-Transcriptase Activi;y;v These methods

-have been described elsewhere (5, 24)'

Co]lagen Assay. The cel]s were 1abe1ed w1th 3H pro11ne for 3 hr and

were,assayed using a pur1f1ed co]]agenase as described (20,15).

Ce11iCounts. Ce]]s were removed from the f]ask w1th tryps1n (0 05%)
énd:gently oipetted to ej1m1nate c]umps. They were then counted in a Cou]ter
counter. - |
RESULTS _ _ , | _

rMorEho1o§x» One of the most dramat1c effects of transformat1on of

| m1xed chick. embryo f1brob1asts by Rous sarcoma v1rus 1s a change 1n the
." morpho1ogyvof the ce11s cells round up, pile up, and are more refract11e
under a phaee_microscopen(4): With PAT .cells the effect of'transformation

is even:more prononnceo. Normal.PAT ce]1sgin.medium which promotesvthe

differentiated_state, Tow serum (0.2%) and ascorblc ac1d (50 né/ml); assume

a very roond and flat morphology at high density. ~Under the phase m1croscope ’

: this gives the eppearance of a continuoUé sheet of cells (a]though under

the electron microSCooe the distfnct separation of‘cellsiis clear). PAT
céT]S'%nnOCUlated with Rous sarcoma.virus on the day of fsolation.show a
radical change in the morphology at the end of a week in cu]ture This is
shown in Fig. 1. Transformed PAT cells p11e up and are more sp1nd1e shaped
Vthan'thefr norma] counterpart. In add1t1on there is an. abundance. of rounded

cells. By the Criteria of morpho]ogy PAT cells are transformed.
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.Growth Contro] Another common criteria of transformat1on is a 1ack

of dens1ty dependent growth control. A]most by definition a tumor 1n vivo
has to have an impaired sens1t1v1ty for cell dens1ty, a]though the rate and

the range of cell overgrowth can vary immensely depending on the type of

‘» tumor. In culture transformed cells tend to exhibit what appears to be
~an exaggerated loss of dens1ty dependent growth contro] In this regard
- PAT cel]s are no except1on after 1nfect10n by Rous sarcoma virus, PAT cells

do not show the norma] sharp dec11ne in generation time on reach1ng a confluent

monolayer (3). The growth curves for normal and virus 1nfected PAT cells
(Fig. 2) shows that norma] cells go from a generat1on time of about 1 day

in. the ear]y part of the week, to one which approaches zero growth at the

B end of the week The transformed PAT ce]]s are much 1ess 1nh1b1ted and the

generat1on t1me only 1ncreases from 1 day to 2 days as the ce]]s reach high-

dens1ty A]so shown in Fig. 2 is the fact that PAT ce]]s 1nfected with a n

transformation defect1ve virus grow at a rate which is similar to normal

_cells Th1s common control 1nd1cates that 1oss of dens1ty-dependent growth

;1nh1b1t10n is a property of viral transformatlon and not viral infection -

and rep11cat1on To assure that infection by the defect1ve virus has 1ndeed
occurred we assayed for the presence of virus partlcles in the med1um by

]ook1ng for the presence of. reverse transcr1ptase (23) On a per cell

' ‘bas1s, on day 7 the level of enzyme act1v1ty as measured by 1ncorporat1on of

deoxythym1d1ne tr1phosphate was  approximately the same for the wild type and

- the mutant v1rus (data not shown)

By exh1b1t1ng 1oss of dens1ty dependent growth contro] PAT cells appear

to be wel] transformed

2—deoxyg1ucose Uptake  The rate of uptake of glucose is a frequent]y |

used measure of transformat1on transformed cells transport g]ucose much

more read11y than the1r norma] counterpart (4,10). By using the
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' non-metabo1iiabie'anatog,}ZedeoXyglucose; uptake (plus the first step in -
phosphorylation) canbeleaSily measured by acCUmu1ation of'the“label within
the ce11' In th1s respect a]so PAT cells: respond to be1ng transformed in
a typ1ca1 fash1on The t1me;course of 2-deoxyglucose uptake per ug_of ‘
proteinvof normal andstranSformed PAT ¢e11s'1s presented invfig;'BA.. The_
rate is 15-fold greater in the transformed cells than in the .normal ce11s;

. As has been shown with,CEF:(10,25)“and’other cell types, in the rateh
of 2-deoxyglucose uptake varies\both with the'ratio'of growth of:norma1 cells
and also after transformation | To test the effect of'growth on 2-deoxy-
g]ucose uptake th1s parameter was measured on. norma] and transformed
. PAT ce1ls over a three day period at the end of the week - in cu]ture where _
1n1t1a11yrboth~ce1] typeszwere:grow1ng at the s ame rate. _In.th1s»exper1ment,

on]y one time point on each day was taken (5 min), and a plot of this data

is presented 1n Fig. 3B. The level of uptake on day 4»‘where the generation .

times were equal . (F1g 2), showed a clear d1fference but it was a th1rd
the d1fference in magn1tude for normal versus: transformed ce]]s as-on day 6
With the use  of primary cultures, the ‘increased difference. in uptake'observed

at the end of the week ref1ects both the slowdown 1n growth of the normal

ce11s and the greater percentage of transformed cells present in- the culture.

. Desp1te th1s complex1ty, 2deoxyglucose uptaken rema1ns ‘a good 1nd1cator of

‘transformation for two_reasons Even when growth rate are equa] (day 4)

SUbstantial differences still pers1st. A]so when norma] PAT ce]]s slow

down their division rate, they also slow down by ha]fvthe1r uptake of 2—deoxy- -

g]ucOSe; transformed cells, on_the other hand,'at high cell densfty slow
down their growth'rate (aithough to a far less extent.TFig 2]) but theyv1
. 1ncrease their 1eve1 of 2- deoxyglucose uptake by two fold. Taken ‘together,
the data refects the fact that a 1arge component of the uptake mechanism

for g]ucose is d1rect1y transformat1on sens1t1ve as has also been ‘shown

t
o
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previously for CEF (10, 24)

Collagen'Synthes1s. While a drop 1n the level of co]]agen synthes1s is .

not a widely accepted Cr1ter1on of transformat1on, over the past_f1fteen.

years sereral laboratories have shown a correlation between trans- -
»format1on and a decline in the percentage of c011agen synthe51s (11;13,14,]7);
_ However the "norma]" cells utilized in these studies synthesized from 6 to
30 fold less Co11a§en thao.normallPAT ce]]s. With the Tow level of differ{

entiated syhthesis, the question has been raised as to whether or not the

changes observed on transformation reflect the actual process in vivol(17)‘

~1W1th PAT ce]]s ‘we can test the action of Rous sarcoma v1rus on a cell

.wh1ch approx1mates the in vivo s1tuat1on much more c1ose1y (21).

To study the ability of PAT cel]s to synthes1ze co]lagen after trans- -

'”format1on, cells were infected with Rous sarcoma virus and the 1eve1‘of co1la¥

gen synthesis was measured over a one week period. This was compared to -

normal cells and cells infected with a transformation defective virus. *Underr R

this protocol little change was expected until 4-5 days when»infettion:has
spread to a majority of the culture. We therefore concentrated our_ana]ysis

to the latter part of the week.b The data is presented in Fig. 4. By the

© fifth day, as the cells began to show alteration in morpho]ogy,.co]Tagen.

synthesis began to drop. Over,the.next_two days, transformation proceeded’

swift]y,and'oo1Tégen synthesiebdec1ined steadily. 1In this experiment, by -

~ the end of the week there was.a drop in co]]agen synthesis on transforma~A.rv
-tiOh from 23% to 7.5% [in other experiments, where comp1ete'transformation-

of the culture was achieved within the weék,_co]]agen’synthesis‘deo]ined to

2.5% (Fig. 5)]. This drop was a fUnction of'transformation and not juSt'

virus rep11cat1on s1nce cells 1nfected w1th a transformat1on defective: v1rus

'synthes1zed the normal percentage of co]]agen

In addition, it should be po1nted out that the sharp slow down in
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' growth rate observed 1n the normal. cells has at most on]y a minor. pos1t1ve

.effect on the percentage of co11agen synthesis (20). This is shown by

~ the fact that norma] ce1ls on day 4 can grow with a rap1d 24 hr generat1on

time (s1m11ar to transformed cells) and yet produce a]most 20% col]agen : | ’>;
(F1g 2 and 4). Therefore the drop in co]]agen synthes1s upon transform-
ation 15 an effect which 1s 1ndependent of the re]ease from dens1ty depend-
'ent growth‘contro1 ‘From this exper1ment we can conc]ude that transforma-
tion of the ce]]s has a dec1s1ve effect on collagen synthes1s of PAT cel]s
which agrees with most of the observat1ons_reported in the literature

with other fibroblasts (11, 13,14,17). ' |

vResponsiveness to Externa] Factors. While a decline in collagen

synthes1s parallels the degree of transformat1on 1n PAT ce]]s, their inter-
're]at1onsh1p is unc1ear from the above ‘experiments. We wou]d Tike to
distinguish between two poss1b]11t1es.v One, that the_contro] oficollagen
synthesis after‘transformatfon ié still normal but at a reduced~]eve1.
Two, that horma].contro]~of coi]agen synthesis has been disrqbted and
what reMain§»is'a residual synthesis which does not respond to "normal”
control mechanisms. These two mechanisms are bas1ca11y d1st1ngu1shed by
whether or not a quant1tat1ve loss in co]]agen synthes1s ref]ects a rad1ca1
change in the respons1veness.of the cell. -Norma] tendon ce1]s lﬂ.!l!ﬂ or
in culture are sensitive to their environment_and.on]yisynthesiZe_a'higher
percentage ofvcollagen when ascorbate is present and the ceils are at high
density (21); The question can then be raised asvto nhether~transformed
PAT cells are also sensitive to these same factors.

To test this poss1b1]1ty, we looked at the ab111ty of normal and
transformed PAT cells to modulate the Tevel of co]]agen synthe51s when

ascorbate was added to ascorbate-deficient cu]tures Normal: PAT cells
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responded dramatically tb_astorbate by increasing thejr co]1agen synthesis
3-fold from 8 to 23% (ng.'5). TransformevaAT cells on the other hand,
were,insensitive to ascorbate, making‘approximately'Z 5% with or”without
the'addition of the vitamin Transformed PAT cells were not only 1nsensxt1ve
to concentrat1ons of ascorbate and to dens1ty dependent 1nh1b1t1on of growth
(Fig. 2), but also to cell dens1ty stimulation of collagen synthesis. = As
has been shown before (20), and is displayed again in F1g 5, normal PAT
ce]ls seeded at a 1ow cell density respond to a sma]] degree to a density
increase even in the absence of vitamin C. If one compares normal and
transformed PAT cells Whichfwere not given vitamin C, then one sees that
as the cells reach “high ce]] density at the end of a week in cu]ture the
- normal cells respond and raise their synthes1s of co]]agen slightly from
4.5'to 8%; the transformed cu]tures remain unresponsive within experimental -
error. Thus, the d1fference between the sens1t1v1ty of the normal PAT cell
to 1ts env1ronment and the 1ack of sensitivity of its transformed counter-»
part is c]ear]y estab11shed
DISCUSSION
| In this paper we have shown that a highly d1fferent1ated f1brob1ast
. culture can be transformed by RNA-tumor viruses as eas11y as its less
differentiated predecessors. By several of the accepted criteria of trans-
“formation: a]tered morpho]ogy, 1ncreased rate of 2- deoxyg]ucose uptake,
and loss of dens1ty dependent growth contro]-—PAT cells can be transformed
by oncogenlc viruses. Because the gap between the "norma]“ d1fferent1ated
a‘state and the transformed state is broader in PAT cells than in CEF or in
A ce]] 11nes, severa] of the v1rus1nduced changes have been magn1f1ed and are

~ thus eas1er to study
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In addition we have shown that the synthesis of collagen, the major'
differentiated product of PAT-Ce]1s, is impaihéd after transformation by
over an order of magnitude Th1s result appears to agree with a number |
of prev1ous studies wh1ch have shown several fold drops in co]]agen
synthes1s upon transformat1on by oncogenic viruses (1,11,13,14). Wh1]e
in these studies the relative change in the level of collagen synthesis
upon transformetion was similar to‘thet in PAT cells,:the initial level
of synthesisvofithe "norma]f’ce]ls was either less than, or~onjy'S]ight1y
higher than a transformed PAT cell. 'COMparing 1n several ceil systems the
ratio Qf_c011agen'syntheSis'before and after transformétion becemes cen-

fusing when such large differences exist in the "normal" cells. Two

.'perspectives can be taken with respect to the large quantitative difference

between the "normal" level of collagen synthesis in PAT cells and other cell

systems (17). First is that the ability to respond is critical, while the
actual quantitetive level achieved;ishof only minor 1mportance5rﬂThe_second
view is that'the fype'of responsevthat a cell hés to transtrmatiOn_

can bevradica11y different'depending on its initia];state;_'ln the

1atteh perspective one weu1d'argue that a change in Coilagen synthesis from
23% to 2.5% (for'PAT ce]ls) may be by duiteia»different mechanism than_a
drop observed from 2% to 0.5% (for 3T3 [16,171). - Whi]e we heve~no dfrect o
evidence that the changes wh1ch occur when PAT ce]]s are transformed are
different from that of var1ous cell lines, we do know that the response of
.the respect1ve normal ce]]sv1s d1fferent-towards various externe] factors.
For examp1e,hin trying to mimic scurvey in cell cuTture,'PAT Ce]1s respond
to vitamin C by a mechanism which is similar to'cells iﬂ_li!g‘(Z). They
lower the pehcentage_qfhco]Tagen'produced7(21)~end reduee the level of |
'hydroxylation of proline (Schwarz and Bisse] unpub]ishedvr23]). Cell

lines appear only to alter the level of. hydroxylation (16).. Therefore;

e
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changes in the TeveT of synthes1s can affect the type of response as well.

PAT. ceTTs approximate the “normaT" d1fferent1ated state more- accurateTy and

lthey may also approx1mate the transformat1on process more faithfully.

* One reason why PAT cells respond more. dramatically to the transforma—
t1on process is that they w1TT grow at very Tow serum concentrat1on (0.2%).

High serum concentrat1ons ( T%) cause the same changes as viral transforma-

' t1on onTy to a Tesser degree collagen synthes1s decT1nes, the cells no

longer respond to ascorbate or as strongTy to density dependent growth

control, and morphology is changed_1n_the direction of virally transformed

ceTTs (19, éO 21, and unpubTished resplts). Therefore starting with ""normaT"
ceTTs in h1gh serum could s1gn1f1cant1y reduce the effect of v1raT
transformation. V | o

The s1m11ar1ty of effects of serum and viral transformat1on on
PAT cells raises the quest1on as to whether the1r mode of action: is s1m11ar
What these two entirely different agents appear to have in common is that
they desensitize the normal cell to its env1ronment PAT cells which

can no longer transTate h1gh ceTT dens1ty into a sTowdown in generat1on time,

- will no Tonger be able to detect ceT] density and ascorbate in order to ‘make

high levels of coTTagen‘ This muTtifacited'action of both serum and the

“virus could be because they have individual components (or branching

steps) which interact with'the ceTT in a variety of ways; or, on the other -
hand, these two effectors could disrupt a common pathway of the cell which

is essential for maintaining its d1fferent1ated state. .The fact that serum
causes the same changes to occur ‘within the cell as v1ra1 transformation but

only to a lesser degree makesfthe Tatter case more probabTe. The value of

‘the PAT cell system-is that one can approach the‘probTem of viral trans-
formation from two directions. One can use;the commOn'approach of trying to

decipher the primary_action of thefsrc gene‘against a  background of a myriad
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of secondary character1st1cs acqu1red after transformat1on An add1t1ona]
approach is to study the contro1 mechan1sms used by the normal ce]]s to

Ema1nta1n the d1fferent1ated state.. In the case of PAT ce]]s, these

'1nc1ude an understand1ng of the mode of action of ce]] den51ty and a3corbate :

on co]]agen synthes1s If the virus does 1nterfere with an essent1a] step_

'that the cell uses to ma1nta1n 1ts d1fferent1ated funct1on, then these two
'approaches.w111 come together toaa_s1nglesand morerclear1y.def1ned focus
on the mechanfsmIOf transformation. | | | :
Ammmwwmms» o
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FIGURE LEGENDS

“Figure 1

'PAT£Ce11stgrown'for oneﬁwéek\in'FIZ,'O.Z% fetal calf serum'_

. and 50 pg/m1 asCOrbate with dai1y change of'medium. A. Normal

- ce]]s B. Cells 1nfected on the day of 1so]at1on with

Schm1dt Rupp1n A subgroup of Rous ‘sarcoma virus. The rat1o of

Figure 2:

Figure.3:

_Figure 4:.

36

v1rus to ce11s was 1: 20 as’ determ1ned by focus forming un1ts ' _ .;‘
_ A

'Growth cruves for norma] ce]]s (o), cells-infected w1th w11d

type Prague C, Rous sarcoma v1rsu, (A), ce11s 1nfected w1th
transformation defectlve mutant of Prague C, Rous sarcoma virus.
(0). Cells were grown 1n,F12, as descr1bed 1nltheA]egend to

Fig. 1. The ratio of wild type virUS_to_the:ce11s wasb1:1;

The uptake of 2- deoxyglucose 1n normal (o) and transformed
(a) PAT'cells, A) Shows the time course of uptake on day 6 .

after jsolation. B) Shows the var1at1on in the 1eve1.of uptake.

e'fn'a”S'min pu]seIOn days 4-6. 'The culture conditions are the

same as those described in thef}egend to Figure 1;25-'“

-The,percentage,of.co]]agen synthesis over .a one -week period

for normal cells (o0); cells infected with wild type Rous sarcoma

.virUS.(A); and cells infected with_a transformation defective

" mutant (o). The conditions were the same as described in the ' , A

legend to FigUre_Z. The.lett}ordinate.expresses the percent- R
age of radioaotive proline which was incorporated into

collagen relative to totaT protein. The right ordinate corrects
for'the‘faot that proline.occursls.z times more often in‘c011agens

than in the average protein (9,21). The corrected value is the



'ﬁ;j'one referred to;ih the text. 7

Figure 5.

vThe effect of add1t1on of ascorb1c ac1d to the med1um of norma] .
i'f(o) and v1ra11y transformed (A) PAT ce]]s Norma] PAT cel]s
:j'and ce]]s 1nfected with Schm1dt Rupp1n Rous sarcoma v1rus '
‘ ;(20 1, respect1ve]y), were grown for 5 days in med1um def1c1entvfffir.’

in- ascorb1c ac1d (- ) 0n the 5th day, ha]f the cu]tures of '

V~sgeach set were sw1tched to med1um conta1n1ng v1tam1n c (--)
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' GROWTH RATE OF NORMAL AND

~ ROUS-INFECTED PAT CELLS
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H proline in collagen

'COLLAGEN SYNTHESIS OF NORMAL
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MODULATION OF COLLAGEN SYNTHESIS
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