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StJHNARY 

Research during the past year has. been directed at induction of 

specific protein synthesis in differentiated mammalian cells. The Primer 

Hypothesis for the regulation of eukaryotic gene expression $uggests 

that RNA transcription is primed by small molecular weight R1'1A. It 

predicts that albumin mRNA transcription in a 3T3 fibroblast, which or-

dinaril~oes not produce albumin, can be initiated by RNA primer pre-
, .. 

S~lt in liver cells. In experiments this past year, mouse fibroblasts 

\·:ere. incubated with mouse liver RNA. These cells did indeed produce 
... 

albumi~ which was detected by counterimmunoelectrophoresis . 
. . 

Confluent 3T3 cell cultures were incubated with mouse liver RNA 

and polylysine in serum free media. Co~nterimmunoelectrophoresis (CIEP) 

of the di~lyzed and lyophilized media against mouse albumin antisera 

gave a single precipitin line indicating albumin synthesis by the fibro

blasts. The use of 3H leucine or 14c leucine in the incubation med~a 

resulted in a radioactive precipitin line which gave a unique radioac-

tive peak on polyacrylamide gels which ran slightly faster than carrie~ 

albumin. The albumin antise~a was monospecific by both Ouchterlony 

and CIEP_ techniques. The synthesis of this protein immunolqgically 

similar to albumin required new albumin m~~A transcription since it ~as 

not synthesized in the presence of actinomycin, could be found in media 

which had been incubated with RNA significantly smaller in size than 

albumin nilU~A, and was synthesized in. the absence of added poly A con-

taining RNA. 

These results represent the first reported demonstration that ~'lA 
. ~ 

can be taken up from the media by cells in culture, and can induce 
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in those cells the production of a differentiated cell product not ordinarily 

synthesized by those cells, i.e., a change in the normal transcription pattern 

in those cells. 

I. Introduction 
& ' • 

The effects of x-irradiation on whole animals and their multicellular 

tissues are manifold and c·omplex. To better understand these effects, .much 

of modern radiobiology has been concerned with understanding radiation 

"'-· effects at the less complex cellular and subcellular levels. A clearer 

I . 
knm11ledge of the mechaniSms of·action at these more fundamental levels 

will help to explain the diverse effects seen at the multicellular level . .. 
Studies of cellular and subcellular radiation effects have at least in 

part been motivated by the desire and the.necessity to reduce patient r~di-

ation effect in diagnostic radiology and nuclear medicine and increase the 

tumoricidal effect in therapeutic radiation. 

"Significant doses o.f x-irradiation at the cellular level lead ulti

mat~ly t.o either malignant transformation or cell death. In both cases, 

x-irradiation usually produces these effects by acting upon the sequence ,. 

of mechanisms responsible for cell division. Clearly, then, it would help 

to understand how normal cells initiate and control their division pro-

cess in order to discover how normal cells change f:;n these regards wit[! 

x-irradiation and neoplasia. 

A. Laboratory Historical Background 

1. Mit6tic Apparatus 

Efforts to understand the biocherrical mechanisms of cell division 

-2-



were begun in our laboratory fn 1964. At that ttme, we undertook a 

study on the mitotic apparatus of the dividing sea urchin egg. We de-

rived optical rotatory dispersion data fQr the dissolved apparatus and 

found that these data were ~lose to those for the muscle protein actin. 

This ~uggested the possibility of an ~ctive contractile process for 

chromosome separation (1). 

2. Patterns of Protein Synthesis During Cell Cycle 

'-· Several lines of evidence (2) suggested that the mitotic apparatus 

was not synthesized de-:-,novo at mitosis but was assembled from subunits 

formed ea~lier in the cell cycle, presumably in the q2 phase., cMoreover, 

a very la~ge proportion af the total cell pr6tein at mitosi~ was thought 
•· . 

to be mitotic apparatus protein. We therefore compared the pattern of 

protein synthesis during c
2 

with the cell cycle as a whole in: an attempt 

to differentiate one predominant band of protein synthesized during 

c
2 

which might represent the mitotic apparatus protein. Proteins labeled 

with one isotopic precursor (H3 l~ucine) durin~ c2 were mixed with pro

teins labeled with anothe; isotopic precursor (c
14 

leucine) during the 
\. 

entire cell cycle and separated on polyacrylamide gels. We compared 

the H3/c14 
ratio dotm the length of the gels to find one band showin~ 

a marked increase that could be attributed to mito~ic apparatus protein. 
0 

Instead of one unique band, we found a very complex array of differen-

ce;,s in the pattern of prote~n synthesis in c
2 

as compared to the rest 

of the cell cycle (3,4). Changes in patterns of protein synthesis form 

the biochemical basis for differentiation and are presumed to represent 

changing patterns of gene transcription. Our results d~scribing changes 

in the pattern of protein synthesis during the cell cycle suggest that 

not only d~ring development but also during a single cell cycle gen~s 

·- 3 -
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may show variations in activation and repressio~. 

3. Contact Inhibition 

These changes in the pattern of gene expression leading up to cell 

division are apparently initiated in the c
1 

phase of the cell cycle, 

prior to the DNA synthetic period. Once cells cow~it themselves to 

DNA synthesis, they almost always go on to divide (5). For this reason, 

our efforts focused on cells which ordinarily remain in a resting state 

(G
1 

or c
0

) until stimulated to divide. By understanding the mechanisms 

~- . . . . . . underly1.ng ·thl.s st1.mulat1on, \ve hoped to. ga1.n some background to the 

problem of initiation ~f cell division. 

Unt;~ansformed cells grmvn in tissue culture multiply until they 

cover their growth surf ace (become confluent), \·.·hereupon their mitotic 

rate either drops to zero or decreases ;markedly. At this time, the . 
cells are said to shm.v "contact inhibition" (6, 7). \.fuen more growth 

area is made available by trypsinizing and reseeding into new larger 
. ~~ 

tis~ue culture flasks~ the cells once again start dividing rapidly 

until they again become confluent. At confluence, the cell~ in the 

"monolayer culture" are in th.e c
1 

phase of the cell cycle (8) ~ as are· 

most resting mammalian cells (5). h~ether or not the in vivo condi-

tion is duplicated in tissue contact, contact inhibition does not re-

present an entry into understanding celltilar m~chanisms that lead to 

cell division. 

Investigations on intracellular changes following release of 

contact inhibition had been c6nducted on cell~ reieased from contact 

inhibition by teseeding·cells in a larger gro~th area after tryp~ini-

zation, by adding fresh serum (9,10) or by transforming these cells 

0 

... , ~~' 
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(11- 13). These methods of releasing contact inhibition possess 

some disadvantages for the interpretation of experimental results. 

Increasing the growth area along a bordel of the culture leads to 

stimulation of cell division in only a very small and insignificant ,, 

fraction of cells immediately adjacent to the border. Cells within the 

center of the culture are not released from contact inhibition (14). 

We developed (15) methods for releasing contact inhibition of 

'-· division by increasing the area of growth of a confluent culture in 

a fairly uniform mannet throughout the culture. Cells are seeded into 

culture dishes in the presence of small glass beads. _The cells multi-

ply betlvet:!n the beads unt·il confluent. Contact inhibition is removed 

by discarding the beads, leaving behind.nurnerous spaces until they 

are again confluent. Using this method, we \-:ere_ able to describe the · 
. . 

changes in protein, and RJ.\lA synthesis .that occur after the release of 

contact inhibition. \\e \vere also able to shov: by comparison of tlvO 

' d~fferent mouse fibroblast lines that apparently not all resting cells 

are blocked in the same location within the G1 phase (16). 

4. Cell to Cell Communication 

Elucidation of the earliest events following the relea~e of contact 

inhibition requires knowledge of how cells in confluence signal their 

neighbors to stop dividing, and how they interrupt that signal when the 

cells have their growth area increased and are no longer confluent. 

\-.'e hoped that an understanding of this process of cell to cell cornmunica-

tion would lead to ~n approach to unraveling the intracellular control 
. 0 

mechanisms responsible for switching on the processes of cell division 

in resting cells. 

._, 
; . •' : '~ 

0 • 
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We wished first to develop a method for studying the problem of 

c 

transfer of macromolecules bet\.Jeen cells. The method had to allow for 

biochemical examination of the transferred macronolecules. "The desired 

method l.Jould also have to be able to recognize transfer between gene-

tically and phenotypically similar cells. 

A method (17) was developed to culture t\\O populations of cells 

together in tissue culture and then separate the two populations. 

One population '"as then examined for labeled macromolecules lvhich had 

' .. 
passed over. from the other. One group of cells ,,,as .gro\m in the pre-

sence of tantalum partlcl~s (2 u avg. diam.). Th8se tantalum-contain-

ing heavy cells \·Iere added to fresh cells and the tHo groups of cells ... 
cultured 'together. After 5 - 20 hours, during ~hich time the tantalum-

1 

containing cells and fresh cells became• confluent (i. e., in intimate 

contact with one another), the c'Lj,lture ,,,as tryps.;i_nized and th;e cells 

put on 0 - 17% ficoll gradients and centrifuged. The heavy tantalum-

containing cells passed to the bottom uhile the light cells floated 

upon the ficoll. The light cells were removed and the labeled 

macromolecules transferred from the heavy donor cells were examined. 

Using this method, we were able to demonstrat~ transfer ofeRNA 

I . 

between cells (18). By several different methods, we est~blished 
<it 

that high molecular weight RNA was transferred but not precursors 

or degradation products. Moreover, trivial explanations of our re-

sults, such as presence of donor cells or donor cell fragments with 

the recipient cell fraction, were ruled out. However, no unique RNA 

species that could be related to maintenance of the contact inhibited 

·state could be identified. 

- 6 -

6. 



-----
0 

7. 

· This same method also showed transfer of R.l'JA bet,.;reen transfonned 

cells (19), and intercellular protein transfer with transfer into cell 

nuclei (20). Interestingly, of all the nuclear protein fractions, the 

his tones shm.;red the greatest degree of transfer. 

Because of this finding of a relatively greater transfer of hi~tones, 

we investigated the effects of histones on gro\ving and confluent cell 

cultures. Some of the major histone fractions were found to increase 

"' 
cell number at confluence· and to cause disruption .. of the nonnal ordered 

' appearanc~ of cultures at confluence (21). It is not clear whether this 

was an intracellular eifect or was due merely to alternations caused in 

the cel~.membranes . 

. s. Regulation of Eukaryotic Gene Expression 

At this point inour work, it seetl)~d to us that the problem of cell 

division and its initiation was bound up with th~ general b~ological 

problem of regulation of gene expression. For if cell division is 

initiated early in th~ cell cycle and if the cell cycle is accompanied 

by and presumably caused by changes in gene expression, then. the ini-

tiating trigger for cell division is probably found in the activation 

of one or more specific genes. 

Although bacterial ~ystems have mechanisms for gene control which 

have been well documented, those for eukaryotic ~ells appear to be 

more complicated. Such cells are probably controlled by different or 

additional genetic regulatory mechanisms to those described for proka-

D'Otes. Because of the enormous number of genes to be controlled with 

a eukaryotic cell, it would seem",that only ~~A or protein would have 

the necessary specificity to control sp2cified gene transcription. 

- 7 -

0 fU ci AOfMI -



8. 

RNA can use its well documented property of hybridization to uniquely 

determine its interaction \-'ith genomic D~A. 

'Because of the ability of RNA to hybridize with DNA, we haye investigated 

the possible role of RNA as an inhibitor of gen~ transcription. If ~~A were 
. . 

acting to repress gene transcription, then the more' highly differentiated a 

cell, the more rPprP.ssor RNA it 'Would have. \;fe have therefore, examin~d a 

fully differentiated cell, which shows no genetic transcription, the chick 
. 

erythrocyte, for the presence uf DNA-associated RNA. Using in vitro labeling 

procedures~~e found less than one ribonucleotide in association with 105 

deoxyribonucleotides of the avian erytltrocyte DNA, which is far too little to .. 
possibly repress all the genes within a fully mature avian erythrocyte (22) . .. 

AlthoUgh segments of RNA may not act as genetic r~pressors, .it {s still 

possible that such segments could exercise g~netic contro~ as-activators of 

transcription as porposed in several hypotheses (23-25). Ho\"ever, none of these 

hypotheses propose a source for their activator RNA. 
I 

We have therefore put for-! 
! 

ward a new hypothesis for gene regulation by activator segments of RNA which does 

postulate a source for this RNA (26,27). We propo$e that segments of ~~A derived 

from breakdown of high molecular weight RNA act as primer for ~~A synthe.sis by 

forming the 5' ends of ne\" RNA molecules .• Since we first proposed the "p'rimer 

·~ 
hypothesis" (28), two other laboratories (29,30) have proposed particular varia-: 

tions of the primer hypothesis. 

a. ·RNA Turnover 

In·studics on growing and confluent 3T3 cells (31), we found that 

ribosomal RNA does not show appreciable turnover in growidg cells but does· 

show turnover when the cells become confluent. We found a single component 

decay curve if the cells were labeled after confluence was attai~ed~ However, 

if the confluent cells were prelabeled when subconfluent, the decay curve had 
~· 

two components. \ole have also examined the methylation pattern of 18s and .28s 
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r~'A.· These studies also showed that in confluent cells, 18s rRNA was not 

1(8 turning over as rapidly as the 28s rRNA and that variations in the ratio of 

base to ribose methylation occurred during the turnover of,l8s RNA, but not 

28s RNA. These results are consistent with the "Primer Hypothesis" since 

RNA lies at the 5' end of the 45s precursor molecule. \fuen cells are in a 

' steady state ·cuw.l!Llun merely turning over their ribosomal Rt~A, the 5' end 

of the ribosomal precursor is reutilized and is therefore not labeled. Turn-

- . 
over of label therefore involves only the nonconserved portion of the precursor. 

If, however~the cells are labeled while growing, there \vill be turnover at con-

fluence of twu labeled co~ponents; the short lived nonconserved RNA and the 
·":: 

longer lived primer RNA . .. 
... 

The "Pr.imer Hypothesis': (26 ,29, 30) for regulation of eukaryotic gene tran-

scription suggests that oligonucieotide degradation products of high molecular 
' 

weight RNA prime the transcription of new RNA and thus become incorporated into 

newly synthesized RNA. To test the primer hypothesis, we sought evidence for 

en bloc incorporation of oligonucleotides into. newly synthesized RNA (32) ·. 

Labeled low molecular weight RNA oligonucleotides were incubated with HeLa 

cells in the presence of a large excess of unlabeled mononucleotides to.limit 

the incorporation of labeled mononucleotide breakdown products. The cellular 

RNA was then extracted and .examined for raui.oactiveo label in high molecular 

weight RNA. 

After incubation of HeLa cells with 3H uridine labeled oligonucleotides, 

the cellular Rt~A was extracted with phenol. After ~edimentation on sucrose 

gradients, the degraded RNA was virtually all low molecular weight RNA with 

only background radioactivity in the 18s and 28s region. The RNA extracted 

I 
from cells incubated with degraded RNA was also sedimented on sucrose gr~dients 
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and showed a radioactivity peak sedimenting at about 18s. This peak had a 

higher molecular weight than the added degraded RNA and indicated incorporation 
. ~ 

of label from the added oligonucleotide degradation product;. 

Radioactivity in the 18s peak after incubation with radioactive oligo-

nucleotides was not due to incorporation of labeled mononucleotides produced 

by complete degradation of the added oligonucleotides. Both 18s and 28s RNA 

are synthesized as part of a single 45s precursor. If labeled mononucleotides 

were used in the synthesis·of 18s RNA, they would be expected in 28s RNA as 

"-· well. The absence of significant label in 28s RNA argues against the ra&io-

activity in the.l8s peaK being due to mononucleotide incorporation. 
• 0 

To further rule out mononucleotide reincorporation as being responsible for 

the 18s radioactivity seen or some anomaly in RNA metabolism, cells were incu

bated in 1 uCi 3H-uridine, about twice ~he radioactivity in the added degraded 

RNA in the above experiments, .,and the same amount of unlab'hled uridine as in 

the previous experiments. In this cas.e, as expected, both 18s and 28s RNA are 

labeled \~ith the prope.r ratio of 18s radioactivity to 28s radioactivity. More-

over, despite using twice as much mononucleotide radioactivity in the control 

experiment as oligonucleotide radioactivity in the original experiment, there 

was still less radioactivity noted in the 18s peak in the c::>ntrol experiment. 

Therefore, even if all the oligonucleotides had broken down to mononucleotides, 

there still would not have been sufficient radioactivity to account for that 

seen in the 18s peak in the oligonucleotide incorporation experiments. The 

excess of unlabeled uridine in the incubation media severely limited, therefore, 

the incorporation of mononucleotides. The 18s peak in radioactivity seen was~ 

derived primarily from the reincorporation of labeled oligonucleotides. 

0 

·, ': 
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C~ntrol experiments using denaturing conditions and actinomycin established 

that the radioactivity seen in the 18s peak ~as not d~e to non-specific asso-

ciation of labeled oligonucleotid~s. The 18s peak in radioactivity was also 

alkali labile indicating that it was neither a D~A nor a protein contaminant. 

. 3 
Experiments with H guanosine labeled oligonucl~otide gave similar results to 

those obtaiued with 3
H uridine labeled oligonucle~tides. 

These results (32) were strong evidence for en bloc incorporation of oligo-~ . . 
nucleotides into newly synthesized &1A --- a central prediction of the Primer 

Hypothesis~· . 

e 

• 

. . . 
. '·-· ~ .. 
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II. Report 

Albumin Synthesis in Cultured 3T3 Cells Induced by Nouse Liver RL~A 
" 

The available evidence suggests that all cells within an organism have the 

same DNA content. The specialized nature of different cells is thought to 

~ 

arise from differential gene transcription in different cell~. The primer 

hypothesis predicts that introduction into a cell or the primer for a par-
0 

ticular mRNA should result in the production of that m.Ri~A in any cell of the 

organism. ~ one step in testing the primer hypothesis, one \Wuld like to 

add primer oligonucleotides from one. specialized cell type to a different cell 
"": 

type a~d prime the production of a messenger RNA found in the first cell type .. 
·.' 

but not in the second. 
0 

The detection of synthesized mRNA is usuplly more difficult than detection 
0 

of the protein specified by that mRNA. Gurdon (33) and his associates have 

shown that after introduction into eggs of a specific mRL~~. the eggs will 

produce the protein specified by that mRNA. Anders,on (34) has passed rabbit 

globin mRNA into CHO cells using erythrocyte ghosts and detected production of 
~ 

a putative rabbit globin in these cells. It would appear, therefore, if. one 

were to activate syPthesis of a particular mRNA wit-hin a cell, one might 'be ,j 

able to detect its protein product perhaps as well as the mRNA itself. 

Liver cells produce relatively large amounts of albumin. Fibroblasts, 

however, produce .no detectable albumin (35,36). Peterson and .Weiss (37), how-

ever, have been able to demonstrate induction of mouse albumin production in 

hybrids from rat hepatoma cells and 3T3 mouse fibroblasts. Others (38) have 

shown that murine hepatoma-human leukocyte cell hybrids will produce.human 
. . . ! 

albumin. In these experiments, some factor from the hepatoma cells presumably 

.. 
. i 
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interacted with the albumin gene in the fibroblasts to cause production of 

thai gene product. 

The Primer Hypothesis would predict tha~ primer RNA was the factor'respon-

sible for the induction of albumin synthesis in the ~hove experiments. It would 
~ 

also predict that if mouse liver RNA were introduced into 3T~ mouse fibroblasts, 

v 
these: cells might produce albumin in a fashion similar to the hybrids used in 

the above experiments. Several studies (39) have shown that RNA in media can 

be taken up by cultured cell~. In some cases, this uptake can be potentiated 

' by the use of DEAE dextran, protamine (40) or polylysine (41). 

In experiments during the past two years, 've have incubated mouse 3T3 

fibroblasts.with mouse liver RNA. Both cells and media were then examined for 

" 
the presenc~ of mouse albumin using immunologic techniques.· 

Incubation of 3T3 Cells ,,,ith Mouse Liver RNA 

Mouse 3T3 cells were incubated for 48 hours with mouse liver RNA in the 
'~ 

presence of polylysine .. The media was removed, concentrated and counterimmuno-
• 

elec.trophoresed (CIEP) against mouse albumin antisera. The sta.ined CIEP plates. 

demonstrated a single precipitin line in the same location as that produced by 

mouse albumin controls (Figure 1). 

Control studies were done to insure that no contaminating albumin was 

present in the hot phenol extracted liver RNA used in the incubation with 3T3 

cells. Mouse liver RNA alone counterimmunoelectrophoresed against mouse albumin 

antisera gave no precipitin line (Figure 2). Noreover, control incub&otions 

using mouse liver RNA and polylysine in identical culture dishes in the absence . 
of cells also did, not give a CIEP precipitin line~ Additional controls were 

done to insure that mouse albumin or a media compone.nt immunologically similar 

• 
to albumin did not adhere to the naked culture dish surface in these latter 

control experiments, resulting in an absent CIEP band. Media containing albumin 

-:' ,, 
I 

·) 
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Figure 1: Media from 3T3 Cultures Incubated with Liver RNA Counterimmuno
electrophoresed Against Mouse Albumin Antisera . 
Confluent 3T3 cells were incubated for 48 hours with one mg. mouse liver RNA 
complexed with 0.25 mg. polylysine in serum free media. The media was then 
dialyzed, lypholized and couriterimmunoelectrophoresed (CIEP) against goat 
anti mouse albumin. The stained CIEP plate shows an immunoprecipitant line 
at the same location as control albumin. MAA--Mouse albumin antisera in 
cathode wells. Well 1 - 200 mg. albumin. Well 2 -media from culture 
incubated with intact liver RNA. Well 3 - media from culture incubateU 
with degraded RNA. 
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Figure 2: Mouse Liver RNA Controls After CIEP Showing No Albumin Contamination 
of Mouse Liver RNA 

MAA--mouse albumin antisera. Well 1 - 200 mg. mouse albumin. Well 2 - 1 mg. 
mouse liver RNA. Well 3 - 1 mg. mouse liver RNA and 0.25 mg. polylysine 
incubated 48 hours in serum free media in culture dish without cells. Media 
centrifuged and supernatant dialyzed, lypholized and CIEP. Well 4- zoo·mg. 
albumin incubated. in serum free media in culture dishes without cells. 
CIEP shows identical precipitin line to control albumin in Well 1. 

G' 

'l.'·i .. 

-~ . 
0 ~ 
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was incubated with naked dishes and gave precipitin lines on CIEP ideneical to 

e similar amounts of albumin run directly on CIEP. 'l'tJese control studies indicate 

that the RNA used did not contain contaminating albumin. 

G Media from cultures incubated with liver RNA, polylysine and 14c leucine 

were· subjected to CIEP. Autoradiograms of the stained CIEP plates showed a 

single radioactive band in the same location as the stained band indicating that 

the precipitin line was composed of ne,~ly synthesized protein immunologically 

similar to mouse albumin. 

To r~~ out a nonspecific effect of RNA on 31;'3 cells \vhich may h~ve caused l 

production of one or more compounds immunologically similar to albumin, cultures 

,,•ere incubated \vith RNA from yeast, E. Coli and rat liver. No precipitin line .. 
was observ~ when media from these incubations was run on CIEP using mouse 

albumin antisera (Figure 3). 

Monospecificity of Antibody 

In ari Ouchterlony system the mouse antisera gave only a single precipitin t 

line. 
i 

However, the monospecificity of the mouse albumin antisera was also demon-

strated by CIEP. The antisera was counterimmunoelectrophoresed agains~ mouse 

serum. Only a single precipitin line resulted in the same location as albumin ; 

controls. This line was cut out and electrophoresed on polyacrylamide ge"ls 

(Figure 4). The stained gels showed the antibody bands and only a s!ngle other 

band in the same location as albumin on the control gel indicating the mono-

specificity of the antisera using CIEP. 

We have also determined the purity of the mouse albumin control preparation 
. , 

by CIEP of the albumin against mouse serum antisera; This~demonstrated a single 

band in contrast to many bands seen when the antisera was electrophoresed 

against mouse sera. When this band \·:as cut out and run _on polyacrylamide gels,-

it ran identically with a.mouse albumin CIEP band formed with mouse albumin 

~ntiseta· (Figures 4 and 5). 
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Figure 3: Absence of Albumin Synthesis in Nouse Cells Incubated with Rat 
Liver Rl~A 
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Confluent cell cultures were incubated 48 hours with 1 mg. rat liver RNA and 
0.25 mg. polylysine in serum free media. The media \11as dialyzed, lypholized 
and run on CIEP. No precipitin bands were visible with goat anti mouse 
albumin antisera or goat anti rat albumin antisera. t-IM--mouse albumin 
antisera. RAA--Rat albumin antisera. ~ell 1 and.4- 200 mg. mouse albumin, 
Well 2 and 3 - dialyzed lypholized media. 
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Figure 4: Monospecificity of the Goat Antimouse Albumin Antisera 
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Antisera CIEP against mouse albumin gave .a single line which was cut out and 
electro.phoresed on a 7.5% polyacrylamide gel. I--5,· g albumin, II--lp 1 mouse· 

·serum CIEP-dgainst antisera. Precipitin line cut out and electrophoresed on gel. 
Gel shows single gel band in same location as mouse albumin. III--5 g albumin 
CIEP against goat anti mouse albumin antisera showed. single line (see Figure 4) • 
Line cut· out and electrophoresed on gel. Gel shows single band in sam~ location 
as. mouse albumin. A - albumin band, B and C - antibody bands, D - bromph~pol 

blue dye marker • 

. · ... . ~ ...... ~~ ......... ' . . . .. . ·-. 
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Figur.e 5: MonospecHicity of Mouse Albumin Antisera 

Mouse albur:tin and mouse serum CIEP against goat anti mouse serum antisera and 
goat anti mouse albumin antisera demonstrating the monospecificity of the mouse 
albumin antisera. ~~--mouse albumin antisera. MSA--mouse ser~ antis~ra. 
l~ell 1 and 3 -mouse albumin, Well 2,4,5- mouse serum. 

'·I 
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Cell cultures were washed prior to incubation in serum free media. However, 

traces of calf serum containing bovine albumin may still have been present in 

the incubation media. However, CIEP of bovine albumin against mouse serum 

albumin produced no precipitin lines or evidence of cross reactivity~ 

Albumin mRNA Newly Transcribed 
o 1 L 

These results provide strong evidence for the induction of albumin synthesis 

in 3T3 eel~. ~y mouse liver RNA. This induction may have. been caused by the 

translation of added albumin mRNA or by the transcription of new albumin mRNA 
"': 

specified by the 3T3 genome and its subsequent translation. · .. .. 
To e,xp:OOre the possibility of ne\.J mRNA transcription, the added RNA was 

degraded so that it was smaller.in size than albumin mRNA. Added liver RNA 

was degraded prior to extraction. This degraded RNA was then incubated with 

3T3 cells in the presence of polylysine. ~his RNA-was sedimented on a 15-30% 

sucrose gradient and as in previously reported experiments (44), all of the 

degraded ~~A was less than 5s in size and therefore far smaller than the 18-22s 

size of intact albumin mRNA (57). 

Media from incubation with degraded RNA was subjected to CIEP and also 

produced an immunoprecipitin b~nd identical to control albumin which could be 

seen both on the stained and radioautographed plates. The band produced in 

several experiments wa13 at least of the same.intensity as the band produced by 

undegraded ~~A and often was more intense. The added small molecular weight 
o· 

liver RNA could be acting as primers for new albumin mRNA synthesis. 

Albumin mRNA contains a poly A segment at its 3' end (58). The poly A 

containing fraction of liver RNA was retained on poly U sepharose columns and 

the remainder of the RNA incubated
0
with 3T3 cells. A characteristic precipitin 

line was found on CIEP of the media from these incubations. These result~ 

.: l:' 
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indicate that intact aibumin mRNA i.s not necessary to induce synthesis of pro-

tein immunologically· similar to albumin in 3T3 cells. 

Cells were also incubated-in the presence of liver RNA, polylysine and 

15 g/ml actinomycin. No precipitin-line was observed, suggesting again that 

new RNA synthesis and not merely mRNA translation was occurring during the in-

duction of albumin synthesis in the 3T3 cells. 

Gel 
0' 

Electr-\!:horesis of Newly Synthesized Albumin 
.. 

Media from 3T3 cell cultures incubated with liver cell RNA contain a newly 

synthesized product whic~ on CIEP produces an immunoprecipitin band with mono-

specific mouse albumin antisera which is in the same position as control mouse 
~ . 

albumin. T6 further characterize this irnmunoprecipitaple product and compare 

it with known mouse albumin, the CIEP irnmunoprecipitin lines produced from 

incubation media containing 3~ leucine label were electrophoresed on polyacryl-

amide gels with unlabeled mouse albumin marker. After electrophoresis, the gels 

were stained, destained and then sliced. Radioactivity in the slices was de-

te~ined and is plotted in Figure 6. 

A single large peak of radioactivity was found,,on the gels which haq_migrated 

approximately 2 rnm further than the stained albumin band; It ~as thought pos-

sible that this peak represented synthesized albumin which had been slightly 

degraded during procedures prior to polyacrylamide electrophoresis. To control 

for this, unlabeled mouse albumin was added to cultures incubating with liver 

RNA, polylysine and 3H leucine. The concentrated media was subjected to CIEP 

and the immunoprecipitant run on polyacrylamide gel electrophoresis. Again, 

the radioactive band ran about 2 mm ahead of the stained albumin band produced 

by the albumin added to the cultures. This data would suggest that the albumin 

'' 
;l 

-------- -- ---
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Figure 6: Polyacrylamide Gel Electrophoresis of Radioactive Albumin Synthesized 
in 3T3 Cells 

Confluent cell cultures were incubated 48 hours with 1 mg. mo~se liver RNA and 
0.25 mg. polylysine in serum free media containing 125 Ci/ml H leucine and 5 g 
carrier non radioactive albumin. Media was concentrated and counterimmunoelec
trophoresed against mouse albumin antisera. Precipitin line formed was cut 04t 
and electrophoresed on 7.5% polyacrylamide gels. Gel ~as stained, destained and 

• 

sliced. Two mm gel slices dissolved in H2o2 and then H radioactivity counted. 
Peak in radioactivity runs slightly <~ mm) faster than carrier albumin. 

c ___ ·-·---------------------------------------------------------------------------------~----
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synthesized in vitro contained less than the comple!e polypeptide chain of 

in vivo mouse albumin. 

Other Considerations 

~louse fibroblasts (3T3) incubated with mouse liver RNA synthesize and 

secrete into their media a protein which is immunologically similar to mouse 

albumin. \fuen this protein is coelectrophoresed with albumin standard on 

polyacrylamide gels, it is found to run slightly ahead of albumin. Itn could 

represent ~rotein immunologically similar but distinct from albumin and very 

close to albumin in size~ which is produced and released into the media by 3T3 

cells after incubation in liver RNA. However, in vf~w of the demonstrated ... 
6.. • 

monospecificity of the anti.sera, it would appear more likely that the protein 

induced represents albumin which lacks a short segment of its polypeptide chain. 
' 

Studies are now underway, which are to be reported separately, to analyze the 

peptides produced by protease digestion of the labeled protein which reacts with .. 
mouse albumin antisera and to compare these peptides with peptides generated from 

mouse albumin. Such studies will be of help in distinguishini between these two 

possibilities. 

For these experiments, ~~A has been incubated in the presence of polylysine. 

Polylysine at the concentrations used is highly toxic to the cells. When ~'\A is 

combined with polylysine of M\~ rv 13,000 at the concentrations used in these 

experiments, a tine granular precipitate results, caused by the highly positively 
' ~ 

charged polylysine interacting with the highly negatively charged RNA. Phase 
,;· 

microscopic examination of the cultures after 24 hours of incubation demon-

strates a fine reticular I=·attern overlying the cells. \fuen polylysine at 

rv 3000:·l\·.' is used, only a fine light precipitate is seen. Ratios of RNA:polylysine 

. ,,.. ! " . .l. 
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less tnan those used results in a decreasing quantity of precipitate and in-

creased cell toxicity. Increasing this ratio also decreased the amount ·of 

precipitate but does not affect cell toxicity. 0 The. maximum synthesis of albumin 

like protein occurs at the ratio of maximum precip}tation. Presumably the cells 

~ 

phagocytize the precipitated RNA-polylysine complex and the greater the amount 

of precipitate, the greater the amount of incorporated RNA. 

Incubations of RNA and 3T3 cells Here done in serum free media. If the 

media contained 1% serum. all of the cells were dead within 24 hours. This 

effect wa~emonstrated only with mouse liver R~A. This did not appear to be 

due to a nonspecific effect of added RNA since it was not seen with yeast RNA, 

or E. Coli.RNA and polylysine or in cells incubated in serum \-.'ith liv~r RNA 
.. 

in the absence of polylysine. 

Since added liver RNA appears to in~uce· a hep~tic cell function of albumin · 
.. 

synthesis in 3T3 cells, it \·laS thought possible t~at morphologic changes in 3T3 

cells might be induced by liver RNA as ,,,ell. Ho•,:ever, no change was observed 

in the microscopic appe_~rance of the 313 cells after incubation with liver &\A 

either in confluent or growing cells. 

The Primer Hypothesis for eukaryotic gene regulation proposes that'small 
" 

molecular weight RL~A acts as primer for ne\J R..\A synthesis by hybridizing \vi th 

D~A and there initiating the transcription of a net._r RNA chai;. The experiments 

reported here indicate that small molecular weight RNA will induce the production 

of new proteins. These. results are consistent ~ith the Primer Hypothesis, and 

are the first reported demonstration that RNA can be taken up from the media 

by cells in culture and can induce in vitro the production of differentiated 

cell products. 

,. 

·,! :·· 
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JU-JA Preparation 
0 

The previously detailed experiments were begun approximately three years 

ago. It took approximately six months to work out the proper techniques and 

to produce our first albumin immunoprecipita te on CIEP. The next year v1as 

spent in gathering the data and necessary controls. In March 1979, in~ series 

of experiments, we were unable to reproduce our results and therefore held off 

publication of our findings. For the next eight months, we went carefully 

ove~all changes in technique~ that had occurred in these experiments during 

March. A~r much frustration, we narrcn,.red do\m our search to problems with .. 
the phenol used in extracting liver RNA . 

.,..: 

Before discovering that the phenol was the problem, ~e investigated such 
.. 

parameters as: age of mice, amounts of RNA and amounts of polylysine added, 
.' 

adding NaOH to increase phenol pH, stage of ~rowth•of 3T3 cells before. adding 

RNA, use of new 3T3 cells from stock cultures, molecular weight and source of 

- -
polylysine, and the possibility that albumin was being degraded by the.cells 

or media. 

We had been using phenol carefully stored from a lot purchased in 1970. 

It had been purchased from Fisher Chemical, who had in turn ?urchased it_ from 
. 

Dow Chemical, the manufacturer. While use of this old phenol resulted in active • 

RNA preparations, newer phenol did not. On checkir,g the pH of newer phenols, 

we discovered a low pH caused by the organic acids introduced by the cumene 

process of preparation as well as additives added to stabilize the phenol. 

Since our procedure for extracting whole cell RNA requires elevated temperature, 

the acid pH was probably causing acid hydrolysis of some active component- ·'Jf the RNA. 

Unfortunately, neither Dow nor any other manufacturer cu-rrently makes 
Q 

phenol by the older chloralbenzene process. By fractional distillation 

, . 

._.._.wfew L£3 I. JS.bBI!Yit ~ JiiA =-· 
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techniques, we were, however, able to produce phenol ,.,hich reproducibly gave 

active R!~A. 

Peptide Analysis 

To further assure ourselves that· the protein th~t produces:an irnmunopre-

cipitate with mouse albumin antisera is bona fide mouse albumin, we have 
" 

atte8pted peptide analysis on this protein. We first attempted. to do this by 

the techniques of Cleveland; et al (44), who demonstrated peptide bands from 

proteins d~sted with staph aureus protease, while the proteins were in an 

SDS containing polyacryl~ide gel. After several months of work along these 

lines, we ~witched to other methods because the peptide bands produced in the .. 
gels were of, poor quality, and the technique gave considerable variability 

from one experiment to the next. 

:-lost recently we have worked with peptides, PEoduced. by cyanogen Bromide. 

During the incubation of the cells with mouse liver RNA and polylysine, c14 

leucine is put in to th~ media. After CIEP of the dialyzed and lyopholized 

med~um, the radioactive immunoprecipitant band is cut out of~the agarose and 

digested with cyanogen bromide. The digest is then run on a p~lyacrylamide 

slab gel. A second channel on the gel contains a cyanogen bromide digest of 

purified albumin. The second channel is stained and the first channel under-

goes autoradiography. A comparison of the stained and radioactive bands can 

then be done. 

In order to compare the radioactive bands to the stained bands, we had 

to obtain pure mouse albumin for our control stained cyanogen bromide~peptides. 

None of the commercial preparations of mouse albumin resulted in a single band 

on polyacrylamide gels, and ~11 had contamination with ot1er proteins. Initially, 
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we had a~tempted to isolate pure mouse albumin by cutting out the stained 

albumin band from a gel on which the crude albumin had been electrophoresed. 

Ho\-.~ever, the fixed, stained albumin could not be eluted from the gel. \.Je · 

finally \oJOrked out the follm-.~ing method to extract the pure albumin from the 

gel. 

The gel is electrophoresed with the crude albN~in in several channels. 

\llien electrophoresis is completed, one of the glass plates is removed from 

the gel, and the gel is left adhering to the back plate. The gel is turned 

"'.- '-

on its side and the gel and plate are wrapped in Saran wrap -- except for the 

lower-most channel --It~ keep the•gel from drying out. The gel is now put in 

a rectangular chromatography tank, with the lower-most _channel submerged in .. . ·· 
coomassie blue stain. After 30 minutes the stain is removed_and the gel is 

destained. When the bands become visibl~ (about 30 minutes later), the gel 

. ~ 

is removed, the Saran wrap taken off, and the unshained, pure albumin bands 

cut out of the gel using the stained albumin band as a marker. The unstained 
0 

bands are cut up into s.mall pieces, and put on top of a 7!:2%. acrylamide cylin-

0 
dr~~al gel. The albumin is then electrophoresed overnight into a dialysis bag. 

This electrophoretically purified albumin results in only a single band. on 

acrylamide gels. 

Search for Transferrin Svnthesis 

Since'albumin appears to be synthesized by 3i3 cells undei the ihfluence 

of mouse liver RNA, it seemed \Wrth\oJhile to examine the media for the synthesis~ 

0 

of mouse transferrin which, like albumin, is produced by the liver. CIEP of 

' media which produced an immunoprecipitate with mouse albumin antibody, however, 

failed to show an immunoprecipitant line with p10use transferrin antibody. 



28. 

Replacement for Polylysine 

Several studies have shown that calcium chloride will interact with 

DNA to cause uptake of DNA into cells. We therefore tried a similar 
I 

technique to enhance uptake of RNA. However, medium from cultures so 
• 

trt!att!d failed to shm-1 albumin production when tested by CIEP. 

Laboratory Move 

In th~idst of and 9uring the above experiments, this '"ork was 

i 

.I 

moved from the Massachus~tts General Hospital to the Beth Israel 

Hospital, ,.,here the .principal investigator ,.;as appointed as Director of 

... 
the Divis'iop of Nuclear Ned.icine, which is a member of the Joint Program 

of Nuclear Medicine of 
1 
the Harvard.Medical School. The laboratory" has . ' 

just now been reassembled after construction of new laboratory facili-

ties at the Beth Israel Hospital. 
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III. Time and Effort 

During the past year, the principal investigator has spent about 50% of 

his time on the projects outlined in this progress report. He will continue 

to spend about 50% of his time and effort on these projects during the remain-

der of the current term of the agreement . 

. . 
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IV. Pu~lications and Reports 

Since the previous progress report, the following publications reporting 

on the work described in this progress report and previous reports have been 

published: 

Toombs, B.D., Kolodny, G.M. and Strandberg, ~1.W.: ~ynergistic Biological 
Effects of Ultrasound and Ionizing Radiations Evaluated in vitro. Radiology 
132:731 (1979). 

Kolodny, G.M.: Albumin Synthesis in Cultured 3T3 Cells Induced by Mouse Liver 
~~A. J~ell Biol. 83:408a (1979) . .. 

1': 

The follo~ing publications are no~ in press: .. 
Scott, J.R.,LLader, C.D., Miller, S.W. and Kolodny, C.M.: Effects of Radiographic 

Contrast'Material on Cultured Myocardial Cells. Investigative Radiology. 

Book: 

Eukaryotic Gene Expression; Editor, G.M. -~olodny, Uniscience 
Series, CRC Press·, Cleveland, Ohio (1979). 

The following manuscript based on the ·work described in this and previous 

progress reports has been submitted for publication: 

Scott, J.R., Konstam, ~!. and Kolodny, G.M.: Effect•of Vasopressin on Cardiac 
Cells in Culture. 

o. 
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