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Summary 
Transformation of a clonal line of BHK21 cells by type 12 adenovirus (Ad 12) 

is described. A transformation rate of approximately 2 • 10 -5 per initially infected 
cell was observed after high multiplicity infection. A study of the fate of the abort- 
ively infected cells revealed, however, that  only a small fraction survived the 
infection and initiated growth of a colony. Of these rare surviving colonies, nearly 
half contained transformed cells. Of three BHK21 sublines tested, one yielded 
transformed cells only from colonies growing in soft agar suspension, a second 
yielded transformants only as loci in monolayers, while the third did not yield 
detectable transformants by either method. 

The adenovirus-transformed cells were distinguished from the parental BHK21 
cells by the following characteristics: 

1) a marked morphological alteration; 
2) the synthesis of adenovirus tumor antigen; 
3) growth to high cell density in the presence of a low concentration of serum; 
4) induction, in hamsters, of tumors identical to those induced by inoculation 

of type 12 virus; 
5) restriction in the ability to support the multiplication of type 2 adenovirus 

(Ad2). 
The latter property is most likely due to blockage of a step late in the adeno- 

virus replicative cycle, since 88% of the cells, which synthesized Ad2-specifie 
structural antigens did not yield infectious virus. A similar shift from a productive 
to a largely abortive response to Ad2 was seen in BHK21 cells simultaneously 
infected with Ad l2  and Ad2. This finding supports the view that  the restriction 
of Ad2 replication in Adl2-transformed cells, like the other characteristics men- 
tioned, is associated with continued activity of at least part  of the Ad 12 genome. 

1 Dedicated to Prof. Dr. Dr. C. HALLAU]~R on the occasion of his 70th birthday. 
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1. Introduction 

E a r l y  passage embryonic  or newborn  roden t  cells have  been used mos t  com- 
mon ly  to  demons t r a t e  in vitro t r ans fo rma t ion  b y  oncogenic adenoviruses.  Despi te  
the  inheren t  va r i ab i l i t y  of such cell popula t ions  (24), a pract ica l ,  quan t i t a t i ve  
focus-forming assay  has been descr ibed for hams te r  embryo  cells (9). I n  all repor ts  
in which quan t i t a t i ve  es t imates  could be made,  a m a x i m u m  of one t r ans fo rmed  
cell per  104 to  105 infected cells was no ted  (9, 16, 22, 24, 27, 37). 

The  he te rogene i ty  of the  cell popu la t ion  in cul tures  p repared  f rom embryos  
is an  obvious  d i s advan tage  in  s tudies  on the  mechanisms of t r ans format ion ,  if 
only  because the  specific t a rge t  cell is no t  known;  therefore  the  t r ans fo rmed  cells 
cannot  be compared  d i rec t ly  wi th  the i r  normal  cell progeni tors .  The var iable  
f requency  of t r ans fo rma t ion  f rom one set of embryos  to  another  fur ther  complic- 
ates the  s i tua t ion  (24). The  use of e lonal ly  der ived  cell lines for in vitro studies  
would overcome these  difficulties. The B H K 2 1  line of hams te r  cells (31) offers 
cer ta in  advantages ,  including the  large body  of in format ion  a l r eady  ava i lab le  
abou t  the  cells and  abou t  the i r  response to  o ther  oncogenie viruses (reviewed b y  
3). A t t e m p t s  b y  others  to  achieve t r ans fo rma t ion  of B H K  21 cells wi th  adenoviru-  
ses have  been unsuccessful  (22, 24, 44). On the  o ther  hand,  ano ther  es tab l i shed  
line of hams te r  embryo  cells (NIL-2,  11) has  been  r epor t ed  to  have  been t rans-  
formed b y  t y p e  12 adenovi rus  (Ad l2 )  (22). 

By  app rop r i a t e ly  ad jus t ing  the  condit ions,  t r ans fo rma t ion  of cer ta in  sublines 
of B H K 2 1  ceils b y  A d  12 has been achieved,  and  is descr ibed in th is  paper .  The 
isola ted A d l 2 - t r a n s f o r m e d  cells were found to have  a n u m b e r  of proper t ies  in 
common wi th  cells cu l t iva ted  from in rive induced  A d  12 tumors ,  and  these  also 

are described.  

2. Materials and Methods 
2.1.  Ce l l s  

From a stock culture of BHK21/13 cells, obtained from Dr. H. Koprowski, Wis tar  
Inst i tute,  Philadelphia, Pa., U.S.A., a homogeneously fibrob]astic subline was estab- 
lished by  two successive c]onal isolations. This subline will be designated as BL A 
second culture of B H K  21/13, 65 generations from cloning, was obtained from Dr. Ian 
Macpherson, Glasgow, Scotland. This subline was recloned and used in some of the 
later experiments, where it is referred to as Bm Repeated a t tempts  to isolate Myco- 
plasma from these cell lines were negative. Human embryonic kidney (HEK) cells 
for both growth of stock virus and plaque assay of Ad 12 were obtained commercially. 

2 .2.  V i r u s  
Ad 12 stock virus was prepared from H E K  cells infected with a plaque-purified 

isolate of Ad  12 strain Huie. After  disruption of the infected cells in a Raytheon 10 ke 
sonic oscillator, the suspension was clarified by  low speed centrifugation and stored 
frozen at  --70~ Such stock virus preparations contained 1 to 5 • 109 p.f.u, per  ml 
when assayed on H E K  cell monolayers. Adeno-assoeiated viruses could not be demons- 
t ra ted  by  serological tests carried out through the kindness of Dr. D. Hoggan, National  
Ins t i tu te  of Health, Bethesda, Maryland, U.S.A. The plaque-purified strain of Ad2  
was grown in KB cell suspension cultures, and is further described by  Rouse  et al. (26). 

2 .3.  P l a q u e  T i t r a t i o n s  
Ad2  was assayed on KB cell monolayers as described by Rouse  et al. (25), with 

the exception tha t  adsorption was carried out for 2 hours in phosphate-buffered 
saline (PBS) without  serum. The arginine concentration was 0.5 m ~  in all assays. 



Characteristics of Ad 12-transformed Cells. I I I .  95 

The A d l 2  plaque assay procedure was a modification of that  described for Ad2, 
and involved the use of H E K  cells and an enriched overlay medium, i.e., double the 
amino acid and vi tamin concentrations, as well as the addition of Eagle's non-essential 
amino acid mixture (13) and 10% fetal calf serum. 

2 .4 .  M e d i a  

All cells were grown in an enriched basal medium of Eagle, designated HT medium, 
as described in ROUSE et al. (26), except that  10% fetal calf serum was used. For 
cloning, 20% serum was used. Cells to be removed from Petri  dish cultures were sus- 
pended with a 0.025~o solution of Viokase (Grand Island Biological Company, Grand 
Island, New York, U.S.A.) in Ca ++- and Mg++-free PBS containing 0.02~o EDTA. 

2.5.  I m m u n o f l u o r e s c e n c e  T e c h n i q u e  

Coverslip cultures of the cel]s to be tested for virus-specific tumor (T) antigen 
were fixed for l0 minutes in pre-chil]ed (--70~ acetone at room temperature, and 
air dried. The indirect immunofluorescence technique was used. T antigen was detected 
with a pool of hamster sera from animals hyperimmunized with eultt~red Ad 12-induced 
hamster tumor cells [HT2, (36)]. The fluorescein-conjugated caprine anti-hamster 
gamma globulin was the kind gift of Baltimore Biological Laboratories, Bethesda, 
Maryland, U.S.A. Appropriate controls with normal hamster serum and with untrans- 
formed BI cells were included. Staining of Ad2 structural antigens and the determin- 
ation of the frequency of cells synthesizing any given antigen were done as described 
previously (38), except that  the microscope fieids were calibrated a,t each magnification, 
thus enabling the number of cells per culture to be eMeulated. 

2 .6.  C l o n i n g  T e c h n i q u e s  

Cloning in  soft agar: Base layers of 5 ml HT medium with 10% fetal calf serum 
and 0.45% agar were first allowed to solidify in 60 mm plastic Petri  dishes. Cells to 
be cloned were then plated in 1.5 ml of the same medium containing 0.33% agar. Such 
cultures were subsequently fed at 6--7 day intervals with an additional 5 ml of the 
0.33% nutrient agar. Yoltowing the first two such feedings, the upper layer of agar 
was removed with suction before addition of each subsequent 5 ml feeding. 

Cloning in  f luid medium : Counted numbers of the cells to be cloned were serially 
diluted and seeded into Petri  dishes containing t IT  medium supplemented with 20% 
fetal calf serum. Single colonies were isolated from the rest of the culture by attaching 
stainless steel cylinders to the surrounding area of the Petri  dish. After suspending 
a colony with a drop of Viokase, the dispersed cells were transferred to another culture 
dish for further growth and, in some cases, for a second isolation by the same procedure. 

2 .7.  C h r o m o s o m e  P r e p a r a t i o n s  

Cultures of cells whose chromosomes were to be studied were incubated with 
10 fzg per ml of eolchicine for 1.5 hours at 37 ~ C, after which the loosely attached cells 
were harvested by pipetting, incubated in 1% sodium citrate for 10 minutes at room 
temperature, and finally fixed in 50 % acetic acid. Metaphase chromosome preparations 
were spread by rapid drying of a drop of the fixed cell suspension with mild heat or 
flaming. Staining was done with Giemsa stain. 

2 .8 .  N e u t r a l i z i n g  A n t i s e r u m  

In superinfection experiments the uneclipsed Ad 2 was neutrMized with a hyper- 
immune rabbit serum prepared against gradient purified Ad2. This antiserum at a 
dilution of 1/500 could reduce the infectivity of Ad2 from 107 p.f.u, to 104 p.f.u, in 
30 minutes, hut  had no neutralizing activity against Ad 12. Anti-Ad 12 antiserum was 
prepared in similar fashion, and exhibited approximately the same neutralization 
characteristics against Ad 12, and no activity against Ad2. 
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3. Results 

3.1.  E s t a b l i s h m e n t  of A d l 2 - t r a n s f o r m e d  Clones  
In contrast to primary cell cultures, where the extent of normal cell multiplic- 

ation is quite limited, the uninfected BHK21 cells have unlimited, rapid growth 
potential. Several attempts at seeding 200 to 2,000 infected cells per plate in fluid 
medium failed to yield any recognizably transformed colonies, presumably because 
of the overgrowth by untransformed cells. In order to obtain conditions sup- 
pressing the multiplication of untransformed cells, the soft agar suspension method, 
routinely used for transformation by polyoma virus, was employed (20). 

Incomplete monolayer cultures of the BI subline of BHK21 cells (see Materials 
and Methods) were infected with plaque-purified Ad 12 at an input multiplicity 
of 350 p.f.u, per cell. After 2 hours adsorption at 37 ~ C, the inoeulum was removed, 
the cells were washed with PBS and fed with nutrient medium. After 24 hours, 
during which approximately 2 cell divisions had occurred in control cultures, the 
infected cultures were suspended with Viokase, and counted numbers of cells 
(from l0 s to 106 cells per plate) were seeded in a nutrient soft agar suspension as 
described in Methods. Uninfected control B1 cells were treated in the same way. 

Under these conditions approximately 0.2% of the infected cells underwent 
2 to 4 divisions. However, by 3 to 4 weeks, only 0.003% to 0.01% had yielded 
colonies which were grossly visible and easily removed from the agar with a 
capillary pipette. The uninfected cells also formed grossly visible colonies in 
agar; in fact, 5% of the seeded cells grew to this size. Thus, the agar technique did 
not select against the BI cells. The lower frequency of colony formation by in- 
fected cells is indicative of the cell killing produced by Adl2  infection (39, 45), 
a detailed study of which is described elsewhere (33, 34). Colonies were isolated 
from both infected and control plates, dispersed by incubation with 2 drops of 
Viokase and seeded with fluid medium into 35 mm Petri dishes. The resulting 
cultures were examined microscopically at frequent intervals during incubation 
at 37 ~ C, 

Two morphological types of cells could be recognized in the cultures derived 
from unin[ected cell colonies: the typical fibroblastic BHK21 cell and its more 
epitheloid variant described by MONTAGNIER et al. (23). Cultures established 
from infected cell colonies contained a third, very distinctive, cell type:  rounded 
and with very scant cytoplasm. This subsequently proved to be the characteristic 
type 12 adenovirus-transformed B H K  cell hereafter referred to as B(Ad). Cells 
of this morphology were not observed in any of the 63 colonies isolated from 
uninfected cells. 

In no case did the culture established from an infected cell colony consist 
entirely of transformed cells. The proportion was quite variable, and some Petri 
dishes contained only 1 to 2 loci of transformed cells among a sheet of normal 
appearing fibroblasts. The appearance of such a mixed culture, illustrating the 
characteristic morphology of the transformed cells and their tendency to pile 
up, in contrast to the untransformed cells, is shown in Fig. 1. 

In order to estimate the frequency of agar colonies containing cells of trans- 
formed morphology, two experiments were done in which the 73 largest grossly 
visible colonies were isolated between 3 and 4 weeks after infection and characterized 
with respect to morphology. The data are presented in Table 1, where it may be seen 
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that  roughly 40~o of the colonies isolated contained transformed cells. In  terms 
of the total  number  of cells seeded in these two experiments (column 2), this 
figure translates into an average transformation frequency of 1.5 to 3.2 x 10 -5 
per infected cell. However, if one considers tha t  the reduced cloning efficiency of 
infected cells relative to control cells reflects the extensive killing effect of Ad 12 
on BHK21 cells (33), and furthermore tha t  the soft agar suspension system does 
not select preferentially for Ad 12-transformed cells (see section on growth and 
tumorigenicity), the observed figure of 40 to 50~o colonies with transformed cells 
may  in fact represent the actual frequency with which survivors of the infection 
acquired and transmit ted to at ]east one descendent cell the information for event- 
ual transformation. 

Fig. 1. P h o t o m i c r o g r a p h  of m i x e d  culture,  showing  piled colony of t r a n s f o r m e d  cells [B i (Ad)] a t  edge 
of u n t r a n s f o r m e d  B H K 2 1  ( B I )  ceils. S ta ined  w i t h  Giemsa  stain.  • 200 

3.2.  V a r i a t i o n s  in T r a n s f o r m a b i l i t y  a m o n g  T h r e e  D i f f e r e n t  B H K 2 1  
S u b l i n e s  

The preceding results were obtained with the cells of one elonally isolated sub- 
line (BI) of the parental Bt tK21 line. Since there have been reports indicating 
some genetic instability of the BHK21  line (10, 23), it seemed conceivable tha t  
other sublines may  vary  with respect to ease of Ad 12 transformation under various 
conditions. That  this is, in fact, the case was shown in transformation experiments 
done with two other BHK21 cell derivatives. 

One derivative subline arose spontaneously from the BI subline used in the 
preceding experiments. I t  was recognized by virtue of a high frequency of giant 
cells: chromosome preparations demonstrated tha t  25% to 50~/o of the cells were 
polyploid. When monolayer cultures of this subline were infected at  multiplicities 
of 5 - - ]20  p.f.u, per cell and maintained in stationary phase condition under 

Arch.  ges. Virusforsch.  31/1 -- 2 7 
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medium containing 0.2% fetal calf serum (34), loci of morphologically altered 
cells of the type described above were observed 15 days after infection. Counts 
at 21 days indicated a transformation frequency of approximately 1 focus per 
10 ~ infected cells. However, none of about 100 colonies isolated from agar sus- 
pension cultures of the Adl2-infeeted polyploid subline contained transformed 
cells. Thus this subline showed a pat tern of response which was, in terms of 
detectable transformation, the converse of that  exhibited by subline BI. The 
latter was readily transformed in soft agar cultures but  not in monolayers. 

Fig. 2. nnmunofluorescent staining os Ad12 T antigen in BI(Ad) cells: (a) • (b) • 

Another sublinc (BII, see Materials and Methods), representing a relatively 
early passage level of BHK21/13, has not yet been successfully transformed with 
either method, in agreement with the published reports of negative results from 
other laboratories (22, 44). 

3 .3.  C h a r a c t e r i s t i c s  of A d e n o v i r u s - t r a n s f o r m e d  B H K 2 1  Cel ls  

For the experiments described in this section, cultures of transformed cells 
were purified by two successive clonal isolations under fluid medium. 

3.3.1. T Antigen 

A principal link recognized between an oncogenie virus and the transformed 
cells which result from infection with it is the continuing synthesis of a virus- 
specific tumor (T) antigen. Thirty-seven of the morphologically transformed 
BI(Ad) ceil isolates were tested for this antigen with the indirect immunofluores- 
eence reaction. Thirty-three of these exhibited specific fluorescence in the form 
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of intranuclear splinters or flecks in at least some of the cells, and as a single fluores- 
cent body or rod lying adjacent to the nuclear membrane in other cells (Fig. 2a  
and b). Some cells contained both. In  four of the morphologically altered isolates 
T antigen was not detectable. These would require further study to prove the 
virus-related nature of the morphological change. 

The morphologically transformed cells produced after infection of the poly- 
ploid BHK21  derivative described above were subcultured from the original 
loci and also were shown to contain T antigen. 

The correlation between fluorescence and cell morphology was underlined by 
the observation that,  in the original cell cultures isolated from agar suspension 
which contained both fibroblastic and morphologically altered cells, only the 

Table l. Recovery o/ Colonies Containing TransJormed Cells ]rom 
Ad 12-in/ected B H K  21 Cells 1 

E x p e r i m e n t  Tota l  n u m b e r  N u m b e r  of colonies 
n u m b e r  of cells 

seeded Tota l  n u m b e r  W i t h  cells of % of 
of colonies t r a n s f o r m e d  colonies wi th  
recovered  morpho logy  t r a n s f o r m e d  

cells 

1 4.8 • 105 12 7 58~o 
2 6.5 • 105 61 21 34~o 

1 BHK21 cells were infected with 350 p.f.u, of Ad 12 per cell, and 
seeded into soft nutrient agar suspension 24 hours later. Colonies 
were picked with a capillary pipette 3--4 weeks later, dispersed 
with Viokasc, and seeded into Petri dishes under fluid medium 
for determination of the cell types present. 

latter exhibited T antigen fluorescence. Furthermore, among those colonies which 
were composed only of cells of typical B t tK21  (untransformed) morphology, 
none of 22 tested contained detectable T antigen. Thus, most of the morpholog- 
ically altered cell lines did express a presumed function of the Ad 12 genome, while 
cells of unaltered morphology did not. 

3.3.2. Growth and Tumorigenicity 

The conversion of cells with limited growth potential, both in culture and 
in vivo, to cells with unlimited growth and considerable oncogenicity is a prime 
characteristic of the Adl2  effect in newborn hamsters and in hamster embryo 
tissue culture. Such a dramatic alteration cannot be demonstrated with BHK21  
cells, for this is an established line of rapidly growing cells, certain sublines of 
which have been shown to be quite actively oncogenic (10). I t  was possible, how- 
ever, to discern features of growth and tumorigenicity by which the transformed 
cells differed from the parental BHK21  cells. 

The multiplication rate of one clonal transformed line [BI(Ad), clone 508 No. 3] 
was compared with that  of the parental BI subline by  periodic enumeration of the 
total  cells per culture. Isolate 508 No. 3 was shown to have a doubling t ime of 
11 to 12 hours, compared with tha t  of the parental subline which was 8 to 10 
hours. The cloning efficiency of the transformed line under fluid medium was 
found to be only 0.25~o, compared with 30~o for the parental BI cells. Similarly, 

7* 
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in soft agar suspension the BI (Ad) cells had no selective advantage, as they plated 
with approximately i/5 the efficiency of BI cells. 

Oneogenieity of this transformed etone was compared with that  of the parental 
BI line by subcutaneous inoculation of 3-week-old Syrian hamsters with varying 
numbers of cells. The results are summarized in Table 2. I t  is clear that  the BI 
line produced tumors earlier and with fewer cells than did the BI(Ad) line. This 
effect may have been due to the presence of a new "transplantation" antigen on 
the surface of the transformed cells which were therefore more effectively rejected 
by the host animal (29). 

Table 2. Tumor Formation by B H K  21 and Ad 12-transformed B H K  
Cells 1 

Cell line inoculated N u m b e r  of 
cells inoculated 

Time af ter  inoculat ion 

15 days 28 days 59 days 

BHK21 (BI) i0 ~ 5/5 ~ 5/5 5/5 
lo 5 4/5 5/5 5f5 
lo~ 315 5/5 515 
]o~ o/5 5/5 5/5 
102 0/5 4/5 5/~ 

Ad 12-transformed 10 6 0/5 5/5 5/5 
[BI (Ad), clone 508 105 0/5 1/5 3/5 
No. 3] ]04 0/5 0/5 2/5 

10 a 0/5 0/5 0/5 
1 0  2 0/5 0/5 0/5 

1 3 week old Syrian hamsters were inoculated subcutaneously with 
the indicated number of cells in 0.5 ml PBS. 

2 Number of animals with a palpable tumor/number of animals 
inoculated. 

The histology of tumors resulting from inoculation of the transformed BItK21 
cells has been described in detail (35). Of particular interest was the fact that  tu- 
mors appeared to be similar in all respects to those arising after inoculation of 
the Ad 12 itself. When cells from such tumors were re-established in culture, they 
appeared identical with the original transformants. 

3.3.3. Loss o/ Contact Inhibit ion o/ Cell Division 

The loss of contact inhibition of cell division [or "density dependent inhi- 
bition" (32)] with accompanying multilayered growth of cells is a commonly 
used criterion for in  vitro transformation of normal cells. With BHK21 cells 
this criterion is more difficult to evaluate since multilayered growth is often 
observed with the non-transformed cells. When the serum concentration in the 
medium is reduced, however, a greater effect of cell density on multiplication 
of normal, as compared with transformed, cells can be observed (6, 18). 

A differential effect of serum concentration was demonstrated with the 
parental BI and transformed BI(Ad) celt lines in the following manner. Petri 
dishes were seeded with 4 • 105 cells per plate in HT medium containing 10% 
fetal calf serum. After 24 hours, the plates were washed twice with I-IT medium 
containing no serum, then fed with HT medium supplemented with either 10% 
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or 0.2% fetal calf serum. The cultures were refed with fresh medium at two day 
intervals. The total number of cells per plate was determined at various intervals 
thereafter by hemocytometer counts on Viokase-suspended cells. The results 
are presented in Fig. 3, where the counts made immediately after the initial 
medium change are designated as 0 time. 

Several points may be noted: 

1) As already mentioned, the doubling time of parental BI cells was 8 hours; 
that of BI(Ad) cells 11 hours; similar differences were observed in many repeated 
experiments. 
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2) In  low serum, BI cells reached a maximum cell density of only 15% that 
reached in high serum, whereas the transformed cells reached the same maximum 
cell density in both serum concentrations. 

3) Daily microscopic examination of the cultures, correlated with the cell 
counts, revealed that  after reaching confluence, BI cells in low serum showed no 
further increase in number, while in high serum they multiplied an additional 2- 
to 4-fold. The number of BI(Ad) cells increased 2- to 4-fold beyond confluence 
in either serum concentration. 

On the basis of these observations, we have concluded that  the parental BI 
cells exhibited a striking serum dependence for growth to high cell densities, while 
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the 131(Ad) cells exhibited a greatly reduced serum dependence for such growth. 
The usefulness of this marker in the selection of transformed cells is under further 
study. 

Increased calcium ion concentration (5 mM) has been shown to cause clumping 
and detachment of adenovirus-transformed cells which had been selected originally 
by  growth in low calcium (0.2 mM) (16). This effect was not observed with the 
BI(Ad) cells described above, possibly because they were selected and grown 
continuously in medium with the normal calcium ion concentration of 1.8 raM. 
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BI  cel l  l ine.  A f t e r  i n f e c t i o n  of r e p l i c a t e  c u l t u r e s  w i t h  
10 p . f .u ,  p e r  cell,  t h e  i n o c u l u m  w a s  r e m o v e d ,  a n d  t h e  
c u l t u r e s  w a s h e d  t w i c e  a n d  f e d  w i t h  s e r u m - f r e e  
m e d i u m .  A t  v a r i o u s  t i m e s  a f t e r  i n f e c t i o n  t h e  c u l t u r e s  
w e r e  f r o z e n  a n d  t h e  v i r u s  c o n t e n t  a s s a y e d .  T h e  
m a x f l n u m  y i e l d s  fo r  e a c h  cel l  l ine  w e r e  u s e d  i n  
p r e p a r i n g  t h i s  c h a r t ,  a n d  a re  e x p r e s s e d  as  a f r a c t i o n  
of  t h e  y i e ld  f r o m  t h e  p a r e n t a l  BI  cel l  l ine.  E a c h  
s y m b o l  r e p r e s e n t s  t h e  r e s u l t s  fo r  a d i f f e r e n t  c l o n a l  
i so l a t e  

3.3.4. Tumor-speci/ie Determinant o~ the Cell Sur/ace 

A factor isolated from wheat germ, which selectively agglutinates neoplastic 
cells, was first reported by AVB et al. (2) and later defined chemically as a glyco- 
protein (5). The activity of this material (kindly supplied by Dr. MAx BVRGER, 
Princeton University) in agglutinating normal and Adl2-transformed BHK21 
cells was tested by the technique of BVl~GER and GOLDBERG (5). As shown in 
Table 3, the concentration of purified agglutinin required to agglutinate normal 
BHK21 cells was at least 5 times tha t  needed for agglutination of transformed 
cells. This was a reproducible and significant difference which suggested that  mor- 
phological transformation was accompanied by  cell membrane changes thought  
to be typical of neoplastic cells in general (17). The agglutination observed with the 
untransformed BHK21 cells was not unexpected in view of the demonstrated 
capacity of these cells to induce tumors [see Table 2; (10)]. 

3.3.5. Karyotype 

Chromosomes from colchicinc-blocked metaphase figures of the parental  BI 
line and of transformed lines were prepared as described in Methods. All 
satisfactory figures were counted to determine a modal number for each cell line. 
Selected good figures -were photographed, and the easily recognized chromosomes 
X, 16--19, 20, and 21 (as numbered by  19) were studied for aneuploidy. In  ad- 
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dition, a complete karyotype analysis was carried out with a few figures from each 
cell line. The results are summarized in Table 4. The diploid number for the 
normal Syrian hamster cell is 44. I t  may be seen that there is a high frequency 
of cells, in all lines studied, of numbers differing from 44 by 1 or 2 chromosomes. 
Those with 44 generally proved to be pseudodiploid, i.e., trisomy of one chromo- 
some was balanced by monosomy of another. 

Four complete karyotype analyses of the parental line were done, and several 
additional figures examined for aneuploidy of easily recognized chromosomes. 
No single anomaly appeared to be characteristic. Similarly, no characteristic 
change appeared to be associated with the fact of transformation. Each cloned 

Table 3. Agglutination oJ Ad 12-traus]ormed Cells 
by Puri]ied Glycoprotein Agglutinin 1 

Volume of 
agg lu t in in  added  

Degree  of agg lu t ina t ion  

B H K 2 1  B I (Ad) 
( B I )  [clone 508 no. 3] 

0 02 0 
0.01 ml 0 + + ? 
0.025 ml 0 + + + 
0.05 ml + + +  + + + +  

i Cells, either untransformed (BI) or Adl2- 
transformed [BI (Ad)] were suspended in 
EDTA at approximately 3 • 106 cells/ml. To 
0.1 ml of cell suspension on a microscope slide 
was added the indicated volume of purified 
wheat germ agglutinin diluted 1/5 in EDTA. 
After a minute of agitation, the suspension 
was observed microscopically for the formation 
of aggregates. 
(0) indicates no noticeable agglutination; 
(4+) indicates all cells involved in very large 
aggregates. 

subline was characterized by its modal chromosome number and by one or more 
anomalies in the number of the easily recognized chromosomes. None of the trans- 
formed lines exhibited an anomalous number in the 16--19 group. Whether the 
observed chromosomal irregularities resulted from the transformation process 
or were already present as minor fractions of the somewhat heterogeneous (although 
recloned) BHK21 cell population cannot be determined. 

3.4.  R e s t r i c t i o n  of Ad2 R e p l i c a t i o n  in A d l 2 - t r a n s f o r m e d  
or A d l 2 - i n f e c t e d  B t { K 2 1  Cells 

3.4.1. Sulgerin/ection o/Ad12-trans/ormed Cells 

Cells cultured from hamster tumors initiated in vivo by Adl2  were shown 
to be greatly restricted in their capacity to support the replication of type 2 
adenovirus (26). The restriction manifested itself in variable but clonally stable 
degrees of reduction in yields of infectious Ad 2 from tumor-derived cells compared 
with normal hamster cells. The yields in turn reflected the proportion of virus- 
producing infectious centers. Nevertheless, all tumor-derived cells in populations 
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infected with Ad2 at sufficiently high input multiplicity were shown to synthesize 
Ad2-specific structural antigens. The fact that  this step was sensitive to inhibition 
by fluoro-deoxyuridine indicated its dependence on viral D~TA synthesis (38). 
While this restriction to an abortive replication of Ad2 in most of the cells was 
considered to be a specific result of the persistence of the Ad 12 genome,the uncer- 
tainty concerning the nature of the original normal target cell did not permit an 
unequivocal interpretation. 

The present system, however, provided the means for simultaneously testing 
the starting (untransformed) cell line and the clonally isolated transformed cell 
lines derived from it. Accordingly, a number of transformed ceil isolates were 

Table 5. Abortive Response o] Ad12-trans]ormed B H K 2 1  Cells to Ad2  Injection 1 

I n f e c t i o n s  Cells  R a t i o  of A d  2 y i e l d  A d  2 y i e l d  
cen te r s  pe r  s y n t h e s i z i n g  cells y i e l d i n g  (p.f .u.)  pe r  (p.f.u.) pe r  
10 G cel ls  A d 2  s t r u c t u r a l  i n f e c t i o u s  10 6 cells i n f e c t i o n s  

a n t i g e n s  pe r  ~ i r u s  to  cel ls  cen te r  
l 0  s cel ls  s y n t h e s i z i n g  

A d  2 s t r u c t u r a l  
a n t i g e n s  

BHK21 (BI) 8.5 • 108 2 • 104 0.43 3.3 • l0 T 3900 
BI (Ad) 6.6• 103 1.3• 0.051 8.4• 1300 
clone 508 No. 3 

z Average of two independent determinations. Parental BI cells and BI (Ad), clone 
508 No. 3 cells were infected with 1.5 and 0.83 p.f.u, per cell respectively, and after 
neutralization of uncclipsed inoculum virus with anti-Ad2 antiserum, were sus- 
pended with Viokase and assayed for the number of cells yielding infectious virus 
(infectious centers) as described in the text. Virus yields and frequencies of cells 
synthesizing Ad2 structural antigens were determined as described in the text. 

compared with regard to this characteristic with both the parental B1 cells and a 
number of untransformed clones derived from agar suspension colonies of unin- 
fected BI cells. 

Petri dish cultures containing approximately 3 •  s cells were exposed 
to infection with Ad2 at an input multiplicity of 10 p.f.u, per cell. After 2 hours 
adsorption at 37~ the inoculum was removed, the cells were washed twice, and 
t tT  medium without serum was added. Samples were collected at appropriate 
times by freezing replicate whole cultures. These were assayed by the plaque 
method after several cycles of freezing and thawing to release intracellular virus. 
As seen in Fig. 4, the yields from the untransformed B I t K  isolates ranged from 
0.68 to 2.9 times the yield from the parental ]31 cells, while the yields from trans- 
formed cells were never higher than 0.2 and ranged as low as 0.01 of the parental 
cells. A given reduction in yield was characteristic of each isolate in repeated 
experiments. This clonal stability was similar to that  reported for different lines 
of cells derived by long-term in  vitro cultivation from Ad12-indueed hamster 
tumors (26). 

That the reduced yields were not due to altered efficiency of adsorption of 
Ad2 was demonstrated by immunofluorescence studies in which the number 
of cells synthesizing Ad2 structural antigens in each cell line was scored at 48 and 
72 hours after infection with Ad2 at input multiplicities ranging from 0.1 to 100 
p.f.u, per cell. The frequency of cells synthesizing structural proteins was found 
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to be proportional  to the input  virus dose and was approximate ly  5-fold higher 
at any  given multiplici ty for the BI(Ad) than  for the BI cells. Furthermore,  a 
max imum frequency of antigen-positive cells greater than  90~o was achieved with 
both cell lines at  sufficiently high multiplicities. The reduced yield of infectious 
Ad2 therefore was not  due to t ransformation-related surface changes reducing 
the adsorptive capaci ty  of the t ransformed cells. 2 Because viral s tructural  proteins 
were used as the criterion for Ad 2 infection, the results also implied tha t  infection 
proceeded past  the early steps in virus replication, including synthesis of viral 
D N A  (14, 38). These results indicated tha t  Adl2- t rans fo rmed  B H K 2 1  cells were 
restricted in their response to superinfection with Ad2.  

To determine whether  the yield per cell or the frequency of yielding cells was 
reduced, the following experiment was done. Parental  and t ransformed B~ cells 
were infected with Ad2  at multiplicities of 1.5 and 0.83 p.f.n, per cell, respectively, 

Table 6. Simultaneous Injection of B H K 2 1  Cells with A d 1 2  and A d 2  : 
Reduction of A d  2 Injections Centers ~ 

I n p u t  MOI  ~Wiaximum Infec t ious  cen te rs  Virus  y ie ld  
(p.f.n./cell)  v i rus  y ie ld  (% of t o t a l  cells) per  IC 

(p . f .u . /cu l ture)  (p.f .u . / IC) 
A d l 2  A d 2  

-- 17 1.0• 109 20.5 1.1 • 104 
i702 17 2.3 • 109 0.2 2.3 X 10 a 

1 Monolayers of BHK21 cells (BII subline) were infected with either 
Ad2 alone or mixtures of Ad2 and Ad 12 at the indicated multipli- 
cities. Total virus yields were determined at 48 and 72 hours after 
infection; infections centers were assayed as in Table 5. 

2 This MOI of Ad 12 was equal to approximately 20 T antigen inducing 
nnits (TAU) per cell, as defined in STROHL (33), and determined 
by immunofluorescenee assay for T antigen in parallel cultures. 

and the yields of infectious virus and frequencies of cells synthesizing Ad2 struc- 
tural  antigens were determined as in previous experiments. I n  addition, the in- 
fected cells were t reated with Ad2-speeific neutralizing antiserum to reduce the 
background of uneclipsed virus, suspended with Viokase, and plated onto K B  
cell assay monolayers  in a 0.5 ml layer of nutr ient  agar, followed by  9.5 ml of 
additional nutr ient  agar. Typical results are given in Table 5. While 43% of the 
antigen-synthesizing BI cells yielded infectious virus, only 5% of the antigen- 
positive t ransformed cells did. If  43% is taken to reflect the infectious center 
plating efficiency under  these conditions, a max imum of 12% of infected trans- 
formed cells yielded infectious virus, and consequently 88% were abort ively 
infected. 

Table 5 also shows tha t  the t ransformed cells produced about  one-third as 
much  virus per yielding cell as did the normal  B H K 2 1  cells. This moderate  reduc- 
t ion in yield per cell was also a characteristic finding in the case of superinfected 
cultured tumor  cells (38). Thus the in  vitro t ransformed B H K 2 1  cells exhibited 

2 These findings are consistent with those reported earlier, which showed that  
adsorption of Ad2 to Adl2-indueed hamster tumor cells was more efficient than to 
normal hamster embryo cells (26). 
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the same characterist ic restr ict ion to Ad2 mul t ip l ica t ion  as did the in vivo in- 
duced hamster  t umor  cells, fur ther  support ing the view tha t  the restr ict ion is an  
expression of the presence of Ad 12 genetic mater ia l  in  the t umor  cells. 

3.4.2. A d 2 + A d 1 2  Mixed In/ection as a Model o] the Trans/ormed or Tumor Cell 

Infect ion of B H K 2 1  cells by  A d l 2  produces an abort ive response which in- 
cludes synthesis of Ad 12 T ant igen and  in i t ia t ion  of cellular DNA synthesis (34), bu t  
ne i ther  viral  DNA (12) nor  viral  s t ruc tura l  pro te in  synthesis ( S T R O H L  and  T]~]sTS, 
unpubl i shed  observations).  If  t ranscr ip t ion  of early Ad 12 gene funct ions  in t rans-  
formed and  tumor  cells were in  fact responsible for the restr ict ion of Ad 2 replic- 

Table 7. Simultaneous Injection o] B H K  21 Cells with Ad12 and Ad 2 : 
EjJect on Yield o] In]ectious Ad2 and Viral Capsid Antigens ~ 

I n p u t  MOI  M a x i m u m  M a x i m u m  CFU/p..f .u.  
(p.f .a . /cel l)  v i rus  y ie ld  CF a n t i g e n  ( • 10 -7) 

(p . f .u . /cn l ture)  t i t e r  4 
A d l 2  A d 2  

-- 7.5 8.2 • l0 s 24 0.30 
1902 7.5 1.3 • 107 8 6.20 
190 (UV) s 7.5 6.7 • l0 s 24 0.36 

1 Monolayers of BHK21 (subline BII) were infected with either Ad2 
alone or mixtures of Ad2 and Ad l2  at indicated multiplicities. 
Samples for virus yield were collected at 48 and 72 hours after 
infection. 

2 See footnote No. 2, Table 6. 
3 Ad 12 diluted 1/5 in PBS and irradiated for 60 seconds at 15 cm from 

two 15 watt  germicidal bulbs. Survival of p.f.u. = 1.7 • 1073, and 
of T antigen inducing capacity = 2.5 • 10 -~. Input  refers to the 
infectivity before irradiation. 

4 Titer expressed as reciprocal of the endpoint dilution of sample; the 
microtechnique was that  of SEVER (28), and employed anti-Ad2 
antiserum, which would detect both Ad2 and A d l 2  group reactive 
antigens. In  similar experiments, homogenates from cells infected 
with Ad 12 alone had no detectable CF titer. 

at ion,  B t t K 2 1  cells abor t ively  infected with Ad 12 might  be expected to exhibi t  
the same characteristic restr ict ion to Ad2 replication. The following experiments  
bore out  this expectat ion.  

Cultures of subline BH were infected either with Ad2 alone or with mixtures  
of Ad 2 and  Ad 12. The i npu t  mul t ip l ic i ty  of Ad 12 was sufficient to induce synthesis 
of T ant igen  in  all of the cells, as demons t ra ted  by  immunofluorescence,  while 
Ad 12 s t ruc tura l  ant igens were never  detected either by  complement  f ixat ion or 
by  immunofluorescence.  I n  one type  of experiment ,  infectious centers were as- 
sayed as described in  the previous section, and  to ta l  virus yields from parallel 
cultures were harvested a t  48 and  72 hours. As seen in  Table 6, the infectious centers 
in  the mixedly  infected cells were reduced to 1 ~ of the Ad2-infected control cells, 
while the to ta l  virus yield was reduced to an even greater extent .  The yield per 
infectious center was approximate ly  20% tha t  of the control ceils infected with 
Ad2  alone. 
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I n  the  second t y p e  of exper iment ,  yields of infectious virus  and of v i ra l  
s t ruc tu ra l  ant igens  were de termined.  As seen in Table  7, s t ruc tu ra l  an t igen  syn- 
thesis was reduced  only  to  33~o of the  control  A d 2  infection, while the  infectious 
virus  y ie ld  was reduced  to  1.5~/o. I n  this  same exper iment ,  the  dependence  of the  
res t r ic t ion phenomenon  on /unctional vira l  genomes was tes ted  by  using A d l 2  
which had  been i r r ad ia t ed  wi th  UV to a surv iva l  of T an t igen- inducing  capac i ty  
of 2.5 • l0  -2. The d a t a  in Table  7 demons t r a t e  t ha t  th is  t r e a t m e n t  abol ished the  
inh ib i to ry  effect. 

Whi le  infect ion with  Ad  12 alone does no t  lead to synthesis  of s t ruc tu ra l  pro- 
teins,  i t  was possible t h a t  in those  mixed ly  infected cells which d id  yield Ad2,  
some synthesis  of A d l 2  capsid prote ins  might  occur. The poss ib i l i ty  of pheno- 
t yp i ca l ly  mixed  par t ic les  was tes ted  b y  exposing the  yields  from a mixed  infect ion 
to  e i ther  an t i -Ad2  or an t i -Ad  12 an t i se rum alone, or to  the  two ant isera  in combi- 

Table 8. ,Lack o] Ad12-sloeei]ic Virus i~ Yields ]tom B H K 2 1  Cells 
Mixedly In/ected with Ad2  and Ad121 

Serum added Yield (PFU/ml )  a t  70 hours f rom 
B H K  21 cells infected wi th  

Ad2  Ad12  Ad2  + A d l 2  

None 1.8 • l0 s <102 1.2 • l0 s 
Ant i -Ad2 1.0• 10 s <102 1.0• 104 
An t i -Ad l2  1.1 • l0 s <102 1.1 • 106 
Ant i -Ad2 + anti-Ad 12 1.4 • 106 <102 1.5 • 104 

1 Virus yields were diluted 10 1 into an antiserum-PBS mixture and in- 
cubated at 37~ for 1 hour, after which they were diluted and 
assayed on KB cell monolayers under conditions which would detect: 
Ad2, but  not Ad 12, plaque forming virus. 

na t ion,  and  assaying for A d 2  p laque  formers on K B  cell monolayers .  As seen in 
Table  8, no evidence for neu t ra l i za t ion  b y  an t i -Ad  12 ant i serum,  or enhanced  neu- 
t r a l i za t ion  b y  the  combined  ant isera ,  could be demons t ra t ed .  This exper imen t  
thus  fai led to reveal  the  presence of Ad 12-specific capsid prote ins  in yields from 
mixed ly  infected cells. 

All of these resul ts  are en t i re ly  analogous to those  repor ted  for cu l tured  adeno- 
v i rus- induced  t u m o r  cells (26) and  for the  Ad12- t r ans fo rmed  B H K 2 1  cells de- 
scr ibed in th is  paper .  They  s t rong ly  imp ly  t h a t  one or more  A d  12 gene funct ions  
interfere wi th  the  successful repl ica t ion  of A d 2 .  

4. Discussion 

The t r ans fo rma t ion  by  t ype  12 adenovi rus  of a cloned subl ine of B H K 2 I  
cells and  the  proper t ies  of the  t r ans fo rmed  cells have  been described.  A t t e m p t s  
to s t andard ize  the  t r ans fo rma t ion  sys tem and to ex tend  i t  to  o ther  B H K 2 1  cell 
sublines have  under l ined  the  impor t ance  of the  genet ic  na tu re  of the  cell to  be 
t rans formed.  The  proper t ies  of the  t r ans fo rmed  cells descr ibed here leave no d o u b t  
as to  the  adenovi rus - re la ted  na tu re  of the  a l te ra t ion .  Like  cells der ived  by  in 
vitro cu l t iva t ion  f rom Ad 12-induced hams te r  tumors ,  t h e y  are  charac ter ized  b y  
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(a) unmistakable morphological features, (b) presence of adenovirus-specific T 
antigen, (e) decreased sensitivity to density dependent, or "contact"  inhibition 
of multiplication, (d) restriction in their capacity to support the replication of type 2 
adenovirus. On the other hand, the important criterion of Ad 12-induced tumori- 
genicity cannot be approached with this system because of the highly neoplastic 
nature of the starting B H K  21 cells themselves. Thus, while the mechanisms under- 
lying oncogenicity cannot be explored with this system, the larger problem of 
the mechanisms by which viruses confer new genetic properties upon clonally 
derived cells can. 

This problem of the oncogcnicity of untransformcd cells is particularly evident 
in the observations relating to tumorigenicity and in vitro growth of cells. The ap- 
parent loss of tumorigenic potential in the transformed cells may in part reflect 
the acquisition by them of new, virus-specified antigenic determinants on the cell 
surface. A similar reduced tumorigenicity has been found following the transfor- 
mation of highly tumorigenic mouse embryo cells by SV40 (1). 

The final saturation density to which cells will grow in vitro has been observed 
to be a function of the serum content of the medium, as well as of the frequency 
with which the medium is changed (6, 18, 41). In general, virus-transformed cells 
appear to have a reduced serum requirement for achieving their maximum satur- 
ation density as compared with the non-transformed cells from which they were 
derived. The morphological alteration and T antigen synthesis of the Adl2  
transformed cells in the present study were clearly accompanied by this reduced 
serum requirement for growth to the maximum saturation density. The relation- 
ship of this change to the increased agglutinability by wheat germ phytoagglutinin 
is not clear. Agglutinability has been reported to be proportional to the lack of 
"contact inhibition" in various BHK21 cell sublines (17). 

While the transformation frequency calculated on the basis of infected cells 
is very low (approximately 2 • 10 -5 per infected cell) calcnlations allowing for cell 
killing and for cloning efficiency in agar suggest that  a surprisingly high proportion 
(40%) of surviving cells may actually give rise to transformed cells. First, the clon- 
ing efficiency in agar of uninfected Bi cells was 5 • 10 -2 and that  of infected cells 
about 5 • 10 -5. Thus the relative clone survival in agar of infected cells was 10 -8. 
Among those cells surviving the infection, then, the transformation frequency can 
be calculated to be 2 • 10 -e, or 2~o. Furthermore, it should be noted that,  as used 
in the present experiments, the soft agar suspension method apparently did not 
selectively favor the adenovirus-transformed cells. In fact, they plated with lower 
efficiency in agar suspension than did the parental BI cells. I t  therefore might not 
be unreasonable to assume that  the observed frequency of clones with transformed 
cells (i.e., 40%) does in fact reflect the actual frequency of transformation occur- 
ring among those cells surviving the infection. 

This frequency determination was done only at high multiplicity, and there- 
fore the effect of varying multiplicity on the efficiency of transformation cannot 
be evaluated. High multiplicity infection of BHK21 cells by polyoma virus re- 
sulted in a high proportion of mixed colonies, composed of normal and transformed 
sectors of cells (30). Under similar conditions, capsid antigen as well as intact 
polyoma virus was found to persist in some cells for several days after infection 
(4, 15). The recovery of Ad I2-transformed cells only from mixed colonies suggests 
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that  here, too, there may  be a delay before the transforming event is completed. 
Asynchronous initiation of a productive adenovirus infection has previously been 
demonstrated by  low multiplicity infection of single human tonsil cells with Ad2, 
in which delays as long as 5 days were observed (40). I t  is conceivable, then, 
tha t  the transforming events are initiated by virus particles which for some reason 
do not begin to function immediately after infection. This seems to be particularly 
plausible in the adenovirus system, since the initial interaction results in the death 
of most of the cells (33, 39, 45). The prolonged intracellular period could provide 
time for random damages to inactivate that  part  of the viral genome responsible 
for cell death. On the other hand, in transformation with both simian adenovirus 
SAT (9) and SV40 (43) the necessity for a critical cell function in the establish- 
ment  of transformation was demonstrated. Such a critical period in transformation 
by adenoviruses might represent a portion of the cell cycle in which the adeno- 
virus gene function leading to cell death is either repressed or its effect minimized. 

The response of the Adl2- t ransformed BHK21 cells to superinfection with 
Ad2 was of particular interest, since the transformed cell could be compared 
directly with the untransformed parental cell. Imposition of a restriction to pro- 
ductive supcrinfection on the in  vitro transformed, clonally derived cells streng- 
thened the view that  this transformation involved events which were basically 
similar to those occurring in tumor induction in  vivo (26, 38). The fact tha t  un- 
infected cell clones picked from agar suspension were all as susceptible as the par- 
ental BHK21  cell line eliminated the possibility that  the restricted response to 
superinfection was correlated with ability to grow in agar. 

That  the Ad 12 genome itself is involved is suggested by  the experiments with 
simultaneous A d 2 - - A d l 2  mixed infection of BHK21  cells. Since transformed 
cells represent a minute fraction of the total  cell population initially exposed to 
Ad 12, it was conceivable that  they might be non-permissive for Ad2 even before 
transformation, and that  the presence of the Ad 12 genome was therefore unrelated 
to the restricted Ad2 replication. The results obtained after mixed infection make 
this possibility very unlikely inasmuch as 20% of the cells infected with Ad2 
alone registered as infectious centers. The role of an Ad 12 genome function acting 
to restrict Ad2 replication, as described for cultured tumor cells, transformed 
B H K  cells, and mixedly infected B H K  cells, is further supported by  the results 
of MAX (21), who reported reduced synthesis of Ad2 DNA and RNA in the pre- 
sence of (replicating) Ad12 in mixedly infected human cells. The existence of 
possible "repressor" activity in extracts of SV40-transformed or-infected ceils 
has been reported by  CASSI~CGE~A and TOU~SXER (7) and CASSI~GECCA et aI. (8). 
The synthesis of such a "repressor" by Ad 12 tumor and transformed cells would 
offer an attractive explanation for the observed superinfeetion restriction. Pre- 
liminary experimental evidence obtained in this laboratory is compatible with the 
existence of such a material. 
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