
dine labeling index and proliferation rate 
(9), features commonly shared in tumors 
of high polyploidy. There was no ready 
explanation for the resurgence of proges- 
terone receptors in every fourth to sixth 
transplant generation. A similar alterna- 
tion between polyploid and diploid cells 
was previously observed by Makino in 
the Watanabe ascites hepatoma model 
(10). 

We also observed a cyclic pattern in 
tumor thymidine kinase activity. Cytosol 
thymidine kinase activity was measured 
by the method of Breitman (11) in trans- 
plant generations where there was 
enough tumor tissue available (Fig. ID). 
High enzymatic activity was observed in 
the generations with a high percentage of 
polyploidy. The undulating curve of en- 
zyme activity, observed in two experi- 
mental series, was parallel to that of a 
polyploidy curve (Fig. 1B). The quality 
of the thymidine kinase activity judging 
by values for the Michaelis constant (2.2 
to 3.7 pM) was similar in tumors of high 
or low enzyme activity. 

Our results suggest that in the early 
stage of tumor development the environ- 
ment (hormonal milieu) favors the 
growth of hormone-dependent clones. 
The cyclic changes in polyploidy, thymi- 
dine kinase activity, and steroid receptor 
content suggest the continuous presence 
of regulatory mechanisms among various 
cell subpopulations. Another possibility 
is that there is some variation among 
clones and that a new clone of cells 
emerges as an older clone declines and 
disappears after maximum proliferation. 
It is also possible that in the late stage of 
tumor development genetic changes oc- 
cur that are selectively advantageous for 
the tumor in its own particular environ- 
ment. Further studies are needed to elu- 
cidate whether genetic modification is 
involved in this cyclic manifestation. 

The cyclic phenomena that we ob- 
served were not due to variations in the 
techniques used in our laboratories. Cy- 
togenetic studies were performed with 
cells from the same tumor as that used 
for receptor assay as well as with cells 
from different tumors of the same trans- 
plant generation. It is unlikely that the 
cyclic patterns were due to unequal sam- 
pling of tumor subpopulations at the time 
of each transplant and that such sam- 
pling error recurred at fixed intervals of 
every four to six generations. Since all of 
the tumors serially transplanted were 
derived originally from one tumor, more 
work with different tumors will have to 
be done before we can be sure of the 
generality of the phenomena. Neverthe- 
less, our observation is not an isolated 
one. In a previous report (12), an oscilla- 

tory pattern of progesterone receptor 
content, although not described, was 
clearly demonstrated in three of four 
different, independently arising GR tu- 
mors which had gone through eight to 
ten transplant generations. Similar re- 
ceptor changes were also observed in 
our laboratory in other transplant series 
of GR tumors, although they were not 
studied in detail for other biological 
markers. A marked fluctuation of immu- 
nological characteristics of BALBIcf 
C3H mouse mammary tumors during se- 
rial transplantation has also been de- 
scribed (13). 
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5-Azacytidine-Induced Reactivation of a Herpes Simplex 
Thymidine Kinase Gene 

Abstract. Mouse cells transformed with herpes simplex virus and containing the 
viral thymidine kinase (TK) gene in an inactive state were treated with 5-azacytidine. 
The result was the reexpression of the viral TK gene. Two days of exposure to 5- 
azacytidine followed by 2 days of expression time was suficient for maximal 
induction of the TK' phenotype. The induction of TK expression by 5-azacytidine 
was concentration-dependent, with maximal induction at 10 micromoles per liter. 5- 
Azacytidine also inhibited the decay of TK expression in TK' transformants 
removed from selective conditions. Analysis of the methylation patterns of the viral 
TK gene with restriction endonucleases Hpa ZI and Msp I showed the active gene to 
be unmethylated, the inactive gene methylated, and the 5-azacytidine-induced gene 
unmethylated. 

In studies on the transfer of the thymi- 
dine kinase (TK) gene of herpes simplex 
virus (HSV) into mammalian cells, we 
showed that the expression of the trans- 
ferred gene in the transformed cells was 
unstable (1). This instability of gene 
expression subsequently was observed 
to be a characteristic of gene transfer 
systems in general (2-5). When the 
HSV-transformed cells were removed 
from hypoxanthine - aminopterin - thymi- 
dine (HAT) medium, in which only cells 
expressing TK activity can survive (6 ) ,  
there was an exponential decay in the 
proportion of cells expressing the trans- 
formed (TK') phenotype. The viral TK 
gene, however, was retained in the TK- 
negative (TK-) cells and could be reex- 
pressed spontaneously, although rever- 
sion to the TK' phenotype occurred 
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with very low frequencies (around one 
cell in lo6) (1, 5, 7). These changes in the 
expression of the viral TK gene in the 
transformed cells did not appear to in- 
volve soluble, trans-acting regulatory 
substances (5) or gross changes in the 
viral gene sequences present in the cells 
(7 ) .  

One possible mechanism for regulating 
the expression of foreign genes in trans- 
formed cells involves the modification of 
the genes by methylation. To test this 
possibility, we examined the effects of 5- 
azacytidine (azaC) on the expression of 
the viral TK gene in HSV-transformed 
cells. 5-Azacytidine causes hypomethyl- 
ation of DNA, presumably by substitut- 
ing for cytosine residues in DNA that 
can be methylated (8). Treatment with 
azaC induces "differentiation" of mouse 
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fibroblasts into myotubes (8) and activa- 
tion of genes on inactive human X chro- 
mosomes (9). 

Cell lines LH-1 and LH-2 express 
HSV-TK activity and were derived by 
treating TK-deficient mouse cells [of the 
line LM(TK-), clone ID] with ultravio- 
let-inactivated HSV type 1 and selecting 
for TK' cells with HAT medium (1). 
Lines HT-12-1 and HT-Y, derived from 
LH-1 and LH-2, respectively, lack TK 
activity although they carry the HSV-TK 
gene (1, 5, 7). They were derived by 
prolonged propagation of HSV-TK' 
cells in nonselective medium, followed 
by cloning in nonselective medium (1). 
These cells are unable to grow in HAT 
medium, except for rare revertants that 
regain the HSV-TK activity. 

In preliminary experiments to deter- 
mine whether azaC treatment induces 
the reexpression of the inactive HSV-TK 
gene, HT-12-1 cells were cultured for 
periods of 1 to 4 weeks in the presence of 
3 yM azaC. During this period, the cells 
were fed with fresh medium and azaC at 
least twice a week. The treatment with 
azaC caused a significant increase in the 
frequency of cells able to grow in HAT 
medium, suggesting the reactivation of 
the viral TK gene. However, the fre- 
quency of TK' cells induced did not 
show any further increase when the cells 
were exposed to azaC for longer than 1 
week. Therefore, experiments were car- 
ried out to determine the optimal condi- 
tions for induction of TK activity in 
terms of the time of exposure to azaC 
and the expression time between azaC 
exposure and selection with HAT medi- 
um. Because of the results of the prelimi- 
nary experiments mentioned above, 
these experiments focused on times 
shorter than 1 week. 

Both the exposure time in the pres- 
ence of azaC (3 yM) and the expression 
time (growth in the absence of azaC) 
before the cells were plated in HAT 
selective medium were varied (Table 1). 
The number of HAT-resistant colonies 
increased approximately sevenfold as 
exposure to azaC increased from 1 to 4 
days. Varying the expression time after 
exposure to azaC also had a major effect. 
Giving the cells 2 days for expression 
after a 2-day exposure to azaC resulted 
in a threefold increase in the frequency 
of HAT-resistant colonies. In fact. the 
frequency of reversion with 2 days of 
azaC exposure plus 2 days of expression 
time was as high as the maximal rever- 
sion frequency that occurred with 4 days 
of exposure to azaC. Thus, it appears 
that 2 days of exposure to azaC is suffi- 
cient for maximal induction. 

5-Azacytidine is a relatively unstable 

compound with a half-life of approxi- 
mately 12 hours at pH 7.4 (8). Therefore, 
exposure times of 1 day or less might 
have been expected to be sufficient for 
maximal TK induction. The data in Ta- 
ble 1, however, clearly show that a 1-day 
exposure to azaC is not as effective as a 
2-day exposure. A priori, the hydrolysis 
of azaC could account for the absence of 
any increase in the reversion frequency 
with exposures of more than 2 days. 
However, the data from the preliminary 
experiments mentioned above refute this 
point; that is, when the cells were ex- 
posed to fresh azaC at least twice a week 
for 4 weeks, there was no progressive 
increase in reversion frequency. 

Results similar to those presented in 
Table: 1 were obtained with HT-Y cells 
(data not shown). When the parental 
LM(TK-) cells, which lack both cellular 
TK activity and the viral TK gene, were 
tested for inducibility of TK' cells by 3 
LM szaC. no HAT-resistant cells were 
observed among more than lo7 cells test- 
ed. 

Using the optimal induction conditions 
defined above (2 days of azaC exposure 
plus 2 days of expression time), we con- 
ducted experiments with HT-12-1 cells 
to determine the effect of varying the 
azaC concentration from 0.1 to 30 yM.  
The frequency of HAT-resistant colonies 

Table 1. Induction of TK activity by azaC in 
TK- (HT-12-1) cells. The cells (5 x 10') were 
inoculated in 100-mm dishes containing Dul- 
becco's modified Eagle's medium supple- 
mented with 10 percent fetal calf serum (E 
medium) plus 3 FM azaC. After the appropri- 
ate exposure time, cells were either harvested 
immediately or rinsed, fed with E medium 
without azaC, allowed to continue growing 
for the appropriate expression time, and then 
harvested. Harvested cells were plated in 
triplicate at a density of lo6 cells in 150-mm 
dishes containing HAT medium (6). After 8 to 
9 days, the cells were fixed and stained, and 
the colonies were counted. Only colonies 
containing 50 or more cells were counted. 
Values represent the number of colonies in 
HAT per lo6 cells, after correcting for plating 
efficimcy in E medium and for background 
color~ies developing in HAT medium from 
HT-12-1 cells not exposed to azaC (3.1 colo- 
nies per lo6 cells). Relative to untreated con- 
trols. the plating efficiency of azaC-treated 
cells in E medium ranged from 85 percent (1 
day exposure) to 77 percent (4 days expo- 
sure). 

Number of colonies per lo6 cells 
Expo- in HAT medium after various 
sure expression times 
time 

(days) 0 1 2 3 
day day days days 

increased progressively from 4.9 colo- 
nies per lo6 cells at 0.1 yM to 30.4 
colonies per lo6 cells at 10 yM azaC. 
Concentrations of azaC above 10 yM 
gave inconsistent results, apparently 
complicated by the toxic effects of azaC 
at these concentrations. However, it ap- 
pears that the induction of TK' cells is 
not further enhanced by increasing the 
azaC concentration above 10 yM. Simi- 
lar results were obtained with HT-Y 
cells. 

The ability of azaC-treated cells to 
grow in HAT medium suggests that they 
are phenotypically TK', but does not 
indicate whether the TK activity is deter- 
mined by viral or cellular genes. There- 
fore, the nature of the TK activity was 
analyzed by polyacrylamide disk gel 
electrophoresis. The TK activity from 
azaC-induced TK' revertants (from 
both HT-12-1 and HT-Y) migrated with 
the TK activity from LH-1, which ex- 
presses the viral TK activity, with a 
relative mobility (RF) of 0.5 (1). The 
activity from LM(TK') cells, which ex- 
press the cellular TK (RF = 0. I), migrat- 
ed much more slowly than the viral TK, 
and such activity was not observed in 
azaC-induced revertants. Uninduced 
HT-12-1 cells showed essentially no TK 
activity. Thus the TK activity in azaC- 
induced revertants appears to have origi- 
nated from the HSV gene. 

Although these results indicate that 
azaC treatment leads to the reappear- 
ance of viral TK activity, they do not 
indicate whether azaC induced the TK' 
revertants or exerted selection pressure 
favoring spontaneous TK' revertants. 
Transformed TK' (LH- 1) and TK- (HT- 
12-1) cells were mixed at a ratio of 1 : 100 
and grown for 1 week in the presence of 
3 yM azaC; the mixed population was 
then tested in HAT to determine the 
frequency of TK' cells. If azaC selected 
for TK' cells, then the ratio of TK' to 
TK- cells should have increased. How- 
ever, the ratio of TK' to TK- cells 
remained the same as in the initial mix- 
ture, unaffected by exposure to azaC. 
Thus, azaC exposure appears to induce 
the reexpression of TK activity. 

We showed earlier that the expression 
of the viral TK activity decays in the 
HSV-transformed lines LH-1 and LH-2 
(1, 5). Therefore, experiments were car- 
ried out to determine whether azaC 
could alter the decay in the expression of 
the viral TK gene. LH-2 cells and two 
azaC-induced revertants of the HT-Y 
lines were grown in nonselective medi- 
um in the presence or absence of 3 yM 
azaC. At weekly intervals, the cells were 
plated in HAT medium to determine the 
proportion of TK' cells. When LH-2 

2 APRIL 1982 



I I 
cu > 

I - "  I I '  I- 
J I z L r I  I 

cells were grown in the absence of HAT, 
the proportion of cells expressing TK 
activity decayed rapidly, dropping from 
50 to 12 percent within 26 generations. In 
contrast, LH-2 cells exposed to 3 pM 
azaC while being cultured in the absence 
of HAT showed no evidence of decay 
after 23 generations. With one azaC- 
induced revertant line (HT-Ye1 azal. 
HAT clone D) grown in nonselective 
medium, the percentage of cells express- 
ing TK activity decreased from 83 to 28 
percent in 41 generations. When the cells 
were grown in the presence of 3 pM 
azaC, however, the decay was slowed, 
and the percentage of TK+ cells was still 
54 percent after 41 generations in nonse- 
lective medium. With a second azaC- 
induced revertant cell line (HT-Ye1 
azal-HAT clone B), the expression of 
TK activity remained stable whether or 
not azaC was present. These data show 
that azaC can either prevent or slow the 
rate of decay of TK activity that normal- 
ly occurs when HSV-TK' cells are 
grown in the absence of selective pres- 
sure. There appear to be at least two 
classes of revertants that can be isolated 
after azaC induction: (i) those whose TK 
activity is unstable in the absence of 
selection but whose decay is inhibited by 
azaC and (ii) those whose TK activity is 
stable for more than 50 generations in the 
absence of selective pressure and azaC. 

Because azaC appears to cause gene 
activation by decreasing the extent of 
methylation in DNA (8), we determined 
the degree of methylation for DNA's 
from cells with an active HSV-TK gene 
(LH-2), an inactive TK gene (HT-Y), 
and an azaC-induced active gene (HT- 

Fig. 1. Extent of methylation of TK genes in LH-2 cells (TK+), HT-Y 
cells (TK-), and HT-Y.1 azal.HAT clone D cells (azaC-induced 
TK+). Restriction endonuclease reactions with Msp I and Hpa I1 were 
carried out as described by the manufacturer (New England Biolabs 
or Boehriger Mannheim). The final reaction was in the presence of 
lambda phage DNA to monitor completion of digestion. Restriction 
endonuclease digests from above were subjected to electrophoresis 
on horizontal agarose gels (0.7 or 0.8 percent agarose in 2 rnM EDTA, 
90 mM tris-borate, pH 8.0). The gels were blotted to nitrocellulose 
filters (11). The blots were hybridized overnight with a 32P-labeled 
nick-translated (13) pBR322 probe containing the 3.4-kpb Barn HI 
fragment of HSV-I DNA including the HSV-TK gene. The filters 
were washed, dried, and autoradiographed (Kodak X-omat film) 
against an intensifying screen at -80°C for 2 to 7 days. Restriction 
endonucleases and DNA size markers (kbp) are indicated. HAT-D 
indicates cell line HT-Ysazal-HAT clone D. 

Y.1 azal-HAT clone D). The DNA's 
were purified (10) and digested to com- 
pletion with several restriction endonu- 
cleases to assess both the structure and 
the methylation patterns of the TK 
genes. The digested DNA's were sub- 
jected to electrophoresis and analyzed 
by Southern blot hybridization (11, 12). 
Hybridization was carried out with a 
nick-translated (13) plasmid containing 
the viral TK gene in a 3.4-kbp Bam HI 
fragment of HSV-1 DNA. All three cell 
lines contained a prominent 3.4-kbp Bam 
HI fragment, consistent with the pres- 
ence of HSV-1 TK genes that are struc- 
turally similar in the three lines (lanes 1 
to 3 in Fig. 1). Digestion with Eco RI also 
suggested that the TK genes were struc- 
turally similar in the three lines (lanes 4 
to 6 in Fig. 1). Restriction endonucleases 
Hpa I1 and Msp I have identical restric- 
tion sites (CCGG) except that Hpa I1 will 
not cut if the internal cytosine residue at 
this site is methylated (14). The DNA's 
of all three cell lines were digested by 
Msp I to molecular weights of less than 
0.57 kbp (lanes 8 to 10 in Fig. 1). The 
DNA's from LH-2 cells (TK') and from 
HT-Ye1 azal-HAT clone D cells (azaC- 
induced TK') were digested to the same 
extent by Hpa I1 (lanes 11 and 13) as by 
Msp I. However, digestion of DNA from 
HT-Y cells (TK-) with Hpa I1 yielded 
several bands of higher molecular weight 
(greater than 1.8 kbp) (lane 12 in Fig. 1). 
Thus, there appear to be restriction sites 
in the viral gene that are methylated 
(restriction-resistant) in the TK- cells, 
but unmethylated in the TK' cells. 
These results suggest an association be- 
tween DNA methylation and the expres- 

sion of the viral TK genes in these cells. 
Our results show that azaC can induce 

the reexpression of the viral TK activity 
in cells containing an inactive HSV-TK 
gene. Two days of exposure to azaC 
seems to be sufficient for maximal induc- 
tion of TK expression; this suggests that 
all the primary events involved in the 
induction of TK activity occur within the 
first two generations of exposure to azaC 
and that further propagation in the pres- 
ence of azaC does not result in further 
induction. However, in the absence of 
azaC, an additional 2 days seems to be 
necessary to allow for maximal expres- 
sion. 

5-Azacytidine causes hypomethyla- 
tion of DNA, presumably by substituting 
for cytosine residues that can be methyl- 
ated (8). Our results with Hpa I1 and Msp 
I digestion suggest that azaC affects the 
induction and disappearance of HSV-TK 
expression by altering methylation pat- 
terns, and that the changes in HSV gene 
expression in the transformed cells are 
regulated by DNA methylation. The ef- 
fect of azaC on both reexpression and 
decay also suggests that hypomethyla- 
tion of the inactive TK gene leads to 
reexpression, but that the gene can be 
methylated again--even in the continued 
presence of azaC-leading again to the 
loss of TK activity. The expression of 
transferred genes in other systems may 
also be regulated by DNA methylation. 
These suggestions are consistent with 
the observations that the HSV-TK gene 
is hypermethylated in a line of trans- 
formed cells which have stably lost the 
viral TK activity (15) and that the 
reexpression of the TK gene in these 
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cells can be induced by azaC (16). Fur- 
ther evidence of a role for DNA methyl- 
ation in the regulation of exogenous viral 
genes in eukaryotic cells is provided by 
studies with adenovirus type 12 (1 7) and 
herpes saimirii (IS), in which correla- 
tions between methylation and gene 
expression have been observed. The sys- 
tem we have described should allow a 
specific and quantifiable assessment of 
the role of DNA methylation in the regu- 
lation of gene expression in eukaryotic 
cells. 
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Transplantation of the Cockroach Circadian Pacemaker 

Abstract. Surgical removal of the optic lobes of the cockroach Leucophaea 
maderae followed by transplantation of the optic lobes from another individual led to 
a restoration of the circadian activity rhythm in 4 to 8 weeks. The free-running period 
of the restored rhythm was determined by the period of the donor rhythm before 
surgery. The results suggest that the transplanted optic lobe contains a circadian 
clock that regenerates those neural connections with the host brain that are 
necessary to drive the circadian rhythm of activity. 

A generally accepted criterion for the 
localization of a circadian pacemaker 
that controls a specific behavioral 
rhythm is to demonstrate that transplan- 
tation of the putative pacemaker tissue 
from one animal to another (in which the 
tissue has been removed) both restores a 
free-running rhythm and confers either 
the phase or the period of the donor's 
rhythm on the rhythm of the host. This 
criterion has been successfully met in 
three organisms: the silk moth (I), the 
fruit fly (2), and the sparrow (3). In each 
of these cases, the transplanted tissue 
appears to control rhythmicity by release 
of a hormone, and neural connections 
between the pacemaker tissue and the 
nervous system of the host are not re- 
quired. 

In the cockroach Leucophaea ma- 
derae, there is substantial evidence to 
suggest that the circadian pacemaker 
driving the rhythm of locomotor activity 
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is composed of two bilaterally paired and 
mutually coupled oscillators-one in 
each optic lobe of the protocerebrum- 
that are independently able to drive 
rhythmicity (4-6). However, the ability 
of the optic lobe to sustain a rhythm of 
activity depends on intact neural connec- 
tions between optic lobe and the mid- 
brain (4, 5). This requirement seemed to 
preclude critical transplantation experi- 
ments. I have discovered, however, that 
although bilateral section of the optic 
tracts invariably abolishes the free-run- 
ning rhythm of locomotor activity, if the 
optic lobes are left in situ, the rhythm 
consistently reappears in 3 to 5 weeks, 
with a free-running period near that of 
the rhythm before surgery (7). The re- 
turn of rhythmicity likely depends on 
regeneration of neural connections be- 
tween the optic lobe and the midbrain 
since (i) if the optic lobes are removed 
from the animal, arrhythmicity persists 

indefinitely (4, 7, 8); (ii) histological (7, 
9), electrophysiological (9, and behav- 
ioral (9) data show that regeneration be- 
tween neurons of the optic lobe and 
midbrain does occur; and (iii) the time 
course of regeneration is similar to that 
of the return of rhythmicity (7). 

These results prompted an effort to 
transplant the optic lobes from ope ani- 
mal into another whose own optic lobes 
had been removed. In these experi- 
ments, adult males that had been raised 
frombirthinLD 11:l l  or LD l3:l3 were 
used (10). The periods (T) of the free- 
running activity rhythms of animals that 
have been reared in these two conditions 
are substantially different (11). The aver- 
age T in constant darkness for males 
raised in LD 11: 11 is 22.7 5 0.27 (stan- 
dard deviation) hours (N = 21), and for 
males raised in LD 13 : 13 is 24.2 -t 0.26 
hours (N = 15). A period difference of 
more than 1 hour is maintained between 
the two groups for at least 5 months after 
the animals are transferred to constant 
darkness (11) and probably persists 
throughout the life of the cockroach (12). 

Two separate series of transplantation 
experiments were performed with a total 
of 18 animals (nine from each light cy- 
cle). Individuals were placed in activity 
monitors in constant darkness for ap- 
proximately 4 weeks to determine the 
period of the free-running activity (13). 
Optic lobes were then exchanged be- 
tween individuals of the two groups, and 
the animals were returned to the activity 
monitors (14). Of the 18 animals, 12 
survived for 40 or more days after sur- 
gery. 

Activity was invariably disrupted and 
apparently aperiodic for several weeks 
after transplantation; however, in 10 of 
the 12 animals that survived surgery, a 
clear circadian rhythm of activity reap- 
peared between 26 and 56 days postoper- 
atively (15) (Fig. 1). The remaining two 
animals were a pair between which the 
optic lobes had been exchanged. Activi- 
ty patterns of these two animals, record- 
ed for 75 days after surgery, showed no 
convincing evidence of periodicity. 

In every case in which a rhythm was 
reestablished, the free-running period 
was near the period of donor animal's 
rhythm before transplantation of the op- 
tic lobes (Fig. 2). In most cases, there 
was either an increase or decrease of 
more than 1 hour in the period of the host 
rhythm-a major change in T for adult 
Leucophaea in which the free-running 
period is normally stable (11). It is sub- 
stantially larger than any period changes 
~ccurring spontaneously (11, 16), as a 
result of aging or aftereffects of entrain- 
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