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Abstraet--Proline independence in CHO-K1 Chinese hamster cells has in previous studies 
been characterized as an auxotrophic gene mutation. In the absence of  direct proof  an 
alternative model must be considered, based on suppression o f  proline synthesis by DNA 
methylation changes at one or more loci concerned. This concept receives strong support from 
the present study, in which we show that treatment of  CHO-KI cells with 5-azacytidine 
induces a 105-106 increase in background conversion to the proline-independent state, 
Revertants thus obtained, as well as those arising spontaneously or after treatment with ethyl 
methane sulfonate, are stable phenotypically in the presence or absence of  proline. Proline 
independence in all variants examined was correlated with increased activity o f  pyrroline- 
5-carboxylate synthase. Four of  Jive variants induced with 5-azacytidine showed simultaneous 
increases in activity of  ornithine aminotransferase as well. Our data suggest that epigenetic, 
rather than genetic changes, underlie the transitions between proline dependence and indepen- 
dence in CHO-KI cells. 

INTRODUCTION 

The requirement of CHO-KI Chinese 
hamster cells for exogenous proline is well- 
known (1, 2) and has generally been regarded 
as a prototype for auxotrophic mutations in 
mammalian cells (3-6). Several properties of 
this naturally occurring marker are consistent 
with a mutational origin. Proline dependence 
in CHO-K1 cells is stable phenotypically, and 
spontaneous reversions to proline indepen- 
dence as measured by fluctuation tests occur 
at a frequency of less than 10 7 (7) ,  The 
incidence of revertants can be increased some- 
what by exposure to mutagens (8, 9), and 
pro- and pro + cells may be distinguished by 
assays for proline synthesis in cell extracts (2). 
On this basis Puck and others (3, 4, 7, 8, 10) 
have maintained that proline deficiency in the 
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CHO-K1 line is the result of a single gene 
mutation and that reversion is likewise imple- 
mented by genetic change. 

In the absence of direct proof, an alterna- 
tive hypothesis must be considered, namely 
that the proline requirement in these cells 
represents a loss in gene expression rather 
than gene mutation. Such repression could 
stem from DNA hypermethylation at one or 
more loci involved in proline synthesis. Studies 
with 5-azacytidine (5-aza-CR) have been 
used to probe the association between methy- 
lation changes and stable phenotypic altera- 
tions in mammalian cells (1 1, 12). Activation 
of single loci by 5-aza-CR has been linked to 
decreases in DNA methylation in studies on 
the metallothionein gene (MT-1) in W7 
mouse thymoma cells (13), and in reexpres- 
sion of the herpes tk gene from an inactive 
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state in mouse LTK-  cells (14, 15). That 
these epigenetic conversions are not unique is 
indicated by related studies with other mark- 
ers. Thus, treatment with 5-aza-CR causes 
massive shifts in thymidine kinase-deficient 
Chinese hamster (16) and mouse (17) cells to 
the tk  + state, conversion of glutamine and 
asparag ine  auxo t rophs  to p ro to t rophs  
(18, 19), and activation of prolactin synthesis 
in rat pituitary tumor cells (20). In the present 
experiments we show that proline-deficient 
CHO-KI cells can similarly be converted in 
high frequency to proline independence by 
5-aza-CR, with simultaneous increases in 
activity of two enzymes involved in proline 
biosynthesis. Our results support the sugges- 
tion of Riggs and Jones (21) that stochastic 
changes in DNA methylation patterns may 
lead to heritable epigenetic changes, which 
can then masquerade as gene mutations. 

MATERIALS AND METHODS 

Cel l  L ines  and C u l t u r e  Proce-  
dures. CHO-KI cells used for this study were 
obtained originally from the American Type 
Culture Collection, Rockville, Maryland, as 
were the DON Chinese hamster cells used for 
comparison in enzyme studies. CHO-2 is a 
clonal subline of CHO-K1, isolated without 
selection, and V79-56 is subclone from stock 
V79 cells, auxotrophic for glutamine (19). 
Stock cells of each line were maintained as 
monolayers in 10% fetal calf serum plus 90% 
alpha modification of Eagle's minimum essen- 
tial medium (10FCS-c~-MEM). Ribosides 
and deoxyribosides were omitted, and the 
concentrations of glucose, bicarbonate, and 
glutamine adjusted to 4.5 mg/ml, 3.7 mg/ml, 
and 600 #g/ml, respectively. For selection of 
proline-independent (pro +) variants, cells 
were grown in 10% dialyzed fetal calf serum 
plus 90% Dulbecco's modification of Eagle's 
nutrient (PRO- medium). The serum was 
dialyzed with agitation in 50-ml aliquots for 
three days at 4~ with seven changes of 
Hanks' saline, sterilized by filtration, and 

frozen until needed. The PRO medium was 
completed by supplementation with pyruvate, 
L-alanine, L-asparagine, L-aspartic acid, and 
L-glutamic acid to the same concentrations as 
in c~-MEM. Petri dish cultures were main- 
tained in a humidified CO2 incubator with 
fluid changes after five days, and once or 
twice a week subsequently as needed. When 
colonies were well-formed, experiments were 
terminated by staining the cultures for 30 rain 
in a saturated solution of crystal violet in 
0.85% NaCl, after which the dishes were 
washed in tap water and air dried. 

Induction and Isolation o f  Variants. All 
pro m revertants were isolated as well-defined 
colonies in PRO medium, using stock CHO- 
K1 populations. Variants were obtained in 
some cases by treatment of CHO-K 1 cultures 
for 24 h with ethyl methane sulfonate (EMS) 
at 300 ~g/ml in 10FCS-c~-MEM. After three 
days of recovery in 10FCS-ec-MEM the cells 
were assayed for colony formation in PRO 
medium. In other experiments log phase cells 
for treated for 24 h with graded concentra- 
tions of 5-aza-CR in 10FCS-c~-MEM, rinsed 
two times with 10FCS-c~-MEM, and allowed 
to recover for two days in this nutrient before 
assays in PRO medium. A similar protocol 
was followed for induction studies in 24-hour 
exposures of CHO-K1 cells to graded concen- 
trations of ara-C and hydroxyurea. Proline- 
independent variants of all types were isolated 
initially in PRO medium, after which they 
were transferred to 10FCS-c~-MEM for serial 
culture, and aliquots were frozen for further 
study. Each pro + clone was also tested for 
normal growth and plating efficiency in 
PRO medium supplemented by 50 ~g/ml 
L-proline, a nutrient in which stock CHO-K1 
auxotrophs proliferate freely. This procedure 
eliminates the effect of unidentified growth 
factors on the growth of induced or uninduced 
cells. 

Preparation o f  Cell Homogenates. Log- 
phase cells were inoculated into 100-ram petri 
dishes at 2.0-3.0 • 10  6 in 10FCS-c~-MEM 
and harvested at two days to yield 7 10 l 0  7 
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cells. The cultures were rinsed two times with 
cold Dulbecco's phosphate-buffered saline 
(PBS) and the cells gently scraped into fresh 
PBS and centrifuged 10 rain at 1000g in a 
refrigerated centrifuge. This procedure was 
repeated and the final pellet redispersed 
gently into 1.2 ml ice-cold 0.1 M KH2PO4, pH 
7.4. The cells were disrupted by freezing in a 
CO2 methanol bath and thawing twice. Ali- 
quots of the final homogenate were frozen for 
protein analysis and the remainder used for 
enzyme assays on the same day. Protein deter- 
minations were made by the procedure of 
Bradford (22), using bovine plasma gamma 
globulin as a standard, and reagents obtained 
from BioRad Laboratories. 

Assays for Pyrroline-5-Carboxylate 
Synthase. Pyrroline-5-carboxylate synthase 
(P5C synthase) activity in cell homogenates 
was determined by the procedure of Lodato et 
al. (23), which incorporates corrections into 
the method as originally described (24). In 
this procedure labeled glutamate is converted 
to pyrroline-5-carboxylate (P5C) and linked 
to O-aminobenzaldehyde (OAB), after which 
the P5C-OAB complex is separated from 
other compounds on an ion-exchange column. 
All assays for P5C synthase were performed 
with [14C]glutamate (Amersham, 280 mC/m 
mol), using 1.0 ~Ci per sample. A standard 
assay mixture of 250 #1 contained 0.1 M 
KH2PO4, pH 7.4, 5 mM ATP, 14.5 mM 
creatine phosphate, 10 mM Dc-isocitrate, 200 
mM L-proline, 0.4 mM NADPH, 25 mM 
MgCl2, 1.0 mM 2-mercaptoethanol, 0.125 mg 
O-aminobenzaldehyde (OAB), 2 units cre- 
atine phosphokinase, 0.9 units isocitrate dehy- 
drogenase, and about 200 400 #g cell protein. 
Samples were incubated on a shaker for 60 
rain at 37~ and the reaction terminated by 
addition of 50 #1 6 N HCI containing 30 rag/ 
ml OAB. The tubes were incubated an addi- 
tional 5 rain at 37~ sedimented in an Eppen- 
dorf centrifuge, and the pellets discarded. 
Fractionation of the supernatants was per- 
formed with 8-mm disposable polypropylene 
columns (Kontes) containing 3 ml bed volume 

AG50W cation-exchange resin (200 400 
mesh, 8% cross-linked hydrogen form). Ali- 
quots of 200 ul supernatant were placed on 
columns and washed with 25 ml 2 N HC1. The 
OAB-P5C condensation product was then 
eluted as a sharp peak with 6 ml 2 N NaOH, 
and fractions collected in scintillation vials. 
Aquasol (15 ml/vial) was added and the vials 
counted in a Beckman LS 7000 liquid scintil- 
lation system. All samples were assayed in 
duplicate and blanks were run with homo- 
genate denatured by OAB in HC1 before 
incubation. 

Assays for Ornithine Arninotransfer- 
ase. Ornithine aminotransferase (OAT) ac- 
tivity was determined by measuring the con- 
version of labeled ornithine to pyrroline-5- 
carboxylate (25). Standard reaction mixtures 
of 200/tl contained 0.1 M KH2PO4, pH 8.0, 
0.7 mM L-ornithine, 0.7 mM c~-ketoglutarate, 
0.4 ug/ml pyridoxal phosphate, 0.5 uCi 
[14C]ornithine hydrochloride (Amersham, 
280 mCi/m tool), and about 200-400 #g cell 
protein. Samples were incubated on a shaker 
for 30 rain at 37~ and the reaction termi- 
nated by the addition of 50 ul 6 N HC1 con- 
taining 30 mg/ml OAB. After an additional 
incubation at 5 rain at 37~ the samples were 
centrifuged and the supernatants fractionated 
on AG50W columns as described above for 
P5C synthase. All samples were assayed in 
duplicate and blanks were run with c~-ketoglu- 
tarate omitted from the reaction mixture. 

RESULTS 

Induction of Proline-lndependent Vari- 
ants. The background frequency of proline- 
independent variants in stock populations of 
CHO-KI cells was found to be approximately 
10 7 when stock populations were maintained 
in PRO medium with adequate fluid changes 
(Table 1). Since this nutrient contains only 
one of the precursors (glutamic acid) utilized 
by animal cells for the biosynthesis of proline 
(Fig. 1), we also determined the incidence of 
pro + variants in PRO medium supplemented 
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Glutamic acid Ornithine 

PSC S y n t h a s e - - - ~  - / - -_Orni thine 
/ a r n i ~ r a s e  

Pyrroline-5-carboxylate 

- - -  P5C reductase 

Proline 

Fig. 1. Biosynthesis of proline in mammalian cells. 

with 1 mM L-ornithine. As shown in Table 1, 
the frequency of spontaneous variants was not 
significantly different in the two media. 

In agreement with earlier reports (8, 9) 
t rea tment  of CHO-K1 cells with ethyl 
methane sulfonate (EMS) increased the 
occurrence of proline-independent variants. 
Thus, exposure to EMS at 300 #g/ml  for 24 h 
resulted in a 70-fold elevation in p r o  + colo- 
nies. While this increase is clear-cut, the 
potential for reversion to proline independence 
is in fact much greater. This is shown by the 
high-frequency induction of p r o  + variants 
which takes place when CHO-K1 cultures are 
treated for 24 h with 5-aza-CR. Under opti- 
mal conditions, increases of 105-106 over 
background levels can be routinely obtained 
with a single exposure (Fig. 2). Other studies 
show that expression of proline independence 
after exposure to 5-aza-CR is progressive, 
rising sharply during the first day in culture 
and remaining thereafter at high levels (Ta- 
ble 1). The dose-response curve for a stan- 
dard expression time of two days (Fig. 2) is 
strongly concentration dependent. The pat- 
tern obtained is essentially identical, qualita- 
tively and quantitatively, to those previously 
described for induction of thymidine kinase 
and asparagine synthetase with 5-aza-CR 
(16, 18). 

Induction of proline-independent vari- 
ants by 5-aza-CR, as in the systems men- 
tioned above, is associated with growth inhibi- 
tion and a decline in plating efficiency. In the 
experiments shown in Fig. 2, the plating effi- 
ciency after  two days '  expression t ime 

l0 t 

~0 
lO ~ 

(3n 
E 

' ~  10-1 

�9 
o 
- 10-z 

u~ 

E 10 -3 
0 -5 

,4- 
o rr 10 -4 J INDUCTION OF 

PROLINE-INDEPENDENT 
COLONIES IN CHO-KI 

CHINESE HAMSTER CELLS 

# 2.0 5.0 
I [ , i , , ,  [//01 0.3 1.0 3.0 10.0 lO- 

Azacytidine, jug/ml 
Fig. 2. Induction of proline-independent variants by 5- 
aza-CR in stock CHO-KI cells, O; and in CHO-2, ~, 
subclone of CHO-KI. All populations were exposed to 
5-aza-CR for 24 h and were allowed to recover in 
10FCS-c~-MEM for two days before selective plating in 
PRO medium. Average counts for pro + colonies are 
shown as a function of the number of surviving cells (three 
to six petri dish cultures per point). 

decreased from 100% in controls to about 30% 
for cells exposed to 5-aza-CR at 1.0-10.0 
#g/ml.  The inductive action of 5-aza-CR on 
these cells, however, is not a generalized effect 
common to S-phase inhibitors. Thus, 24 hr 
treatment of CHO-KI  cultures with araC 
(0.1-1.0 #g/ml)  and with hydroxyurea (3.0- 
30.0 #g/ml)  produced similar growth inhibi- 
tion and declines in plating efficiency, but 
failed to elevate the frequency o f  p r o  + colonies 
in survivor populations above background lev- 
els (data not shown). 

Although conversion to proline indepen- 
dence is greatly increased by 5-aza-CR, it was 
not clear whether the transition was a stable 
one. In an initial test, f i v e p r o  + clones induced 
by 5-aza-CR were isolated from single colo- 
nies in PRO medium and were divided into 
paired sublines. These were maintained for 
two serial passages (10-12 doublings) as mass 
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populat ions in P R O -  medium,  with and with- 
out the addi t ion of 50 u g / m l  L-proline. The 
relat ive plat ing efficiency of each subline was 
then de termined in the presence and absence 
of L-proline, respectively. No significant dif- 
ferences were observed between the two sub- 
lines (Table  2). Subsequent ly ,  all pro + clones 
were grown serial ly for 7-11 addi t ional  pas- 
sages in prol ine-containing medium (10FCS-  
c~-MEM) in order  to conduct  biochemical  
studies. During this period each clone re ta ined 
the abi l i ty  to form colonies in PRO medium,  
in correlat ion with al tered enzymat ic  pat terns  
to be described (see below). Our  da ta  indicate  
that  proline independence,  once acquired,  is a 
stable phenotypic change,  unaffected by the 
presence or absence of proline in growth or 
plating media.  

Enzymatic  Changes in Proline-lndepen- 
dent Variants. Animal  cells in cul ture  are 

Table 2. Phenotypic Stability of Proline-lndependent 
Variants Induced by 5-Azacytidinc 

Plating efficiency per 100 
cells c 

Maintenance 
Cell line a medium b + Pro - Pro 

CHO-K1 +Pro 102.3 <1.2 x 10 5 
CHO-2 +Pro 86.8 <1.2 x l0 5 
1554-1 Pro 47.3 65.0 

+Pro 66.7 58.0 
1554-2 - Pro 74.0 73.3 

+Pro 87.7 89.0 
1554- 3 Pro 47.0 49.0 

+ Pro 57.7 51.0 
1554-4 Pro 91.3 65.0 

+ Pro 103.7 102.7 
1554-5 -Pro 101.0 95.0 

+ Pro 100.7 108.3 

aCHO-2 is a subclone of CHO-K1, isolated in nonselec- 
tive medium. 1554-1 to 1554-5 are proline-independent 
clones isolated from CHO-KI cultures after treatment 
with 5-aza-CR. 

bpopulations of variant cells were divided into sublines 
which were cultivated for two passages in the presence or 
absence of proline, prior to tests for plating efficiency. 

'Plating efficiencies for 1554 sublines were determined by 
inoculating cells into media with or without proline (3 
petri dish cultures at 100 cells per series). Values shown 
represent average numbers of colonies per 100 cells 
plated. Plating efficiencies for CHO-K1 and CHO-2 in 

Pro medium are based on inoculation of 9 petris each 
at 105 106cells. 

known to synthesize proline from both glu- 
tamic  acid and orni thine (26, 27), a l though 
the relat ive contr ibut ion of these pa thways  
varies among cell types (9). In ear l ier  studies 
with CHO-K1 cells, conversion of g lu tamic  
acid to proline was found to be blocked, and 
al though the pa thway  from orni thine re- 
mained open, the amount  of proline thus pro- 
duced was insufficient to support  growth and 
survival (2, 9, 28). The basis for this double 
deficiency has never been explained. But since 
the addi t ion of pyrrol ine-5-carboxyla te  to 
proline-deficient media  was shown to restore 
growth and colony-forming potential  in C H O -  
K 1 cells (2), defects must  reside in one or both 
pa thways  leading to this common interme- 
diate  (Fig.  1). Tha t  both may be involved is 
suggested by reports of prol ine- independent  
var iants  from CHO-K1 cells that  are depen- 
dent on elevated levels of P5C synthase (24) 
or O A T  activi ty (25), respectively. 

As part  of the present  study, we exam- 
ined activities of P5C synthase and O A T  in 
stock cell lines, and in prol ine- independent  
var iants  arising spontaneously from CHO-K1 
or by induction with E M S  and 5-aza-CR.  
Table  3 and Figs. 3 and 4 summar ize  the da ta  
obtained for P5C synthase.  All pro + variants,  
regardless  of origin, showed enhanced levels 
of act ivi ty when compared  to parenta l  C H O -  
K I cells. P5C synthase act ivi ty in V79-56 or 
D O N  cells ,  however ,  was s u b s t a n t i a l l y  
greater .  One possible explanat ion is that  a 
single allele for P5C synthase has been acti-  
vated in pro + revertants ,  while both alleles are  
functional  in wild-type cells. Al ternat ively ,  
both alleles may be act ivated in spontaneous 
or induced revertants,  but are not expressed at 
as high a rate or efficiency as in the prototro- 
phic D O N  or V79 cells. 

O A T  act ivi ty in the same assemblage  of 
cell types presents a more complex picture 
(Table  4 and Figs. 5 and 6). Valle et al. (28) 
repor ted that  C H O - K I  cells have a basal  
O A T  activi ty which is approx imate ly  10% of 
wild- type levels, and our measurements  for 
C H O - K  1 cells are  consistent with this finding. 
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Table 3. P5C Synthase Activity in Chinese Hamster Cell Lines 

Peak counts, P5C-OAB, 
from [14C]glutamic acid 

Cell line Origin Inducing agent a (cpm/#g protein) b 

V79-56 WT 28.4 
DON 21.7 
CHO-KI 1.3 
1851-1 11.2 
1860-1 8.6 
1554-1 13.9 
1554-3 8.5 
1554-4 11.3 
1554-5 10.2 
1898-1 EMS 9.8 
1898-2 18.0 
1898-3 12.8 
1898-4 11.0 

Revertant, CHO-K 1 Spontaneous 

Revertant, CHO-K1 5-aza-CR 

Revertant, CHO-K1 

"Treatment with 5-aza-CR: 2.0 #g/ml for 24 h; with EMS: 300 #g/ml for 24 h. All variants isolated in PRO medium 
except for 1860-1, where the selective medium was supplemented with 1.0 #g/ml e-ornithine HC1. 

bTotal counts incorporated in P5C-OAB from [~4C]glutamine acid, as eluted with 6 ml 2 N NaOH. All values shown 
are averages for two or more assays performed in duplicate. 

4000-  
P5C-OAB 

3000, f - V 7 9 - 5 6  

E 

~o-2000- 

[3_ 
0 

100C ~ C ~  DON 

~2N HCI- ~/~ % 

~ CHO-KI 

0 I 2 3 4 5 6 

Eff luent ,  ml 2 N - N o O H  

Fig. 3. P5C synthase activity (peak counts of [14C]glu- 
tamic acid incorporated into P5C OAB) in stock cell 
lines. V79-56, O; DON, A; CHO-K1,O . Protein per 
sample: V79-56, 415 #g; DON, 273 #g; CHO-K1, 273 
#g. 

P5C-OAB 
1 

12OO ~1898 -1  
1100 (EMS revertont) 

I000 ~ -5 (5-aza-CR revertanl) 900 

800 

"E 700 
$ 
o- 600 

s 500 

4O0 

300 revertent) 

200 ~N HCl- 

1000 ~ C H O  KI 

0 I 2 5 4 5 6 

Effluent, ml 2N-NoOH 

Fig. 4. P5C synthase activity (peak counts of [14C]glu- 
tamic acid incorporated into P5C-OAB) for CHO-K1 
and proline-independent sublines. 1851-1 (spontaneous 
revertant), [7; 1554-5 (5-aza-CR)revertant), O; 1898-1 
(EMS revertant), zx. Protein per sample: 1851-1,345 #g; 
1554-5, 490 #g; 1898-1, 390 #g. CHO-K1 values (from 
Fig. 2) are shown for comparison. 
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Table 4. Ornithine Aminotransferase Activity in Chinese Hamster  Cells 

Peak counts, P5C OAB 
from [14C]ornithine HC1 

Cell line Origin Inducing agent a (cpm/~g protein) b 

V79-56 WT 177.5 
DON 112.7 
CHO-K1 16.5 
CHO-2 21.9 
1851-1 17.2 
1860-1 13.4 
1898-1 14.6 
1898-2 21.8 
1898-3 21.4 
1898-4 16.9 
1554-1 97.0 
1554-2 28.2 
1554-3 57.1 
1554-4 68.1 
1554-5 45.3 

Subclone of CHO-K1 
Revertant, CHO-K 1 

Revertant, CHO-K1 

Spontaneous 

EMS 

Revertant, CHO-K l 5-aza-CR 

"Revertants were induced by 300 #g /ml  EMS for 24 h with a three-day expression time, and by 2.0 ug /ml  5-aza-CR 
with a two-day expression time. Revertants were isolated as clones in PRO medium (supplemented for 1860-1 with 
1.0 mM ornithine). 

hCounts eluted with 6.0 ml 2 N NaOH from AG50W columns. Values shown are based on two or more independent 
determinations, each performed in duplicate. 

20,000 

15,000 

Q" 10,000 
13_ 
0 

5000 

P5C-OAB 

Fig. 5. Ornithine aminotransferase activity (peak counts 
of [14C]ornithine HC1 incorporated into P5C-OAB) in 
stock cell lines. V79-56, O; DON, &; CHO-2 (subclone of 
CHO-K1) ,O  . Protein per sample: V79-56, 408 /*g; 
DON, 530 #g; CHO-2,  313 #g. 

O__NN 4o0o r p cioA B 

i I 

50001~ 

I 1554-5 ( 5-aza-CR revertant) 

l ~ ~ 9 - 5 6  ~-" HO-2 (subclone of CHO-KI) 
1 0 0 0  

/ r~ ~ ~)1898-5(EMS ..... tant) 

ltaneous 2N HCI- CHO 2 1851-1 (SpOervertant) 

0 1 2 5 4 5 6 
Effluent, ml 2N-NaOH 

0 I 2 ~ 4 5 6 Fig. 6. Ornithine aminotransferase activity (peak counts 
Effluent, ml 2N-NaOH of [J4C]ornithine HCI incorporated in P5C-OAB) for 

CHO-2 (subclone of CHO-K1)  and proline-independent 
sublines obtained from CHO-K1. 1851-1 (spontaneous 
revertant), El; 1898-3 (EMS revertant), zx; 1554-3 (5- 
aza-CR revertant), O. Protein per sample: 1851-1, 345 
pg; 1898-3, 250 pg; 1554-3, 338 #g. CHO-2 values (from 
Fig. 4) are shown for comparison. 
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Values for subclone CHO-2 were essentially 
unchanged, indicating that the basal OAT 
activity in CHO-K1 cells is not to be 
explained by accumulation of spontaneous 
p r o  + revertants in stock populations. Neither 
of two spontaneous p r o  + revertants tested, 
isolated in the presence and absence of orni- 
thine, respectively, showed any increase in 
OAT activity over the CHO-KI background 
level. Similarly, four p r o  + clones induced with 
EMS displayed levels of OAT activity indis- 
tinguishable from CHO-KI parent cells. In 
contrast, OAT activity was significantly 
enhanced in four of five p r o  + clones obtained 
with 5-aza-CR, with one clone unresponsive 
after inductive treatment. It should be empha- 
sized that all five of the 5-aza-CR clones also 
exhibited elevated levels of P5C synthase 
activity (Table 3). Thus, simultaneous activa- 
tion of these enzymes occurs frequently after 
5-aza-CR treatment, a phenomenon not pre- 
viously reported for p r o  + revertants in CHO- 
K1 cells. 

DISCUSSION 

A central question in this work is 
whether transitions between proline depen- 
dence and independence in CHO-K1 cells are 
based on genetic changes or on stable shifts in 
gene expression. Fluctuation tests (7) show 
that p r o  + revertants arise by spontaneous and 
random changes, but do not reveal the nature 
of the underlying process. While we have 
shown that 5-aza-CR induces high-frequency 
conversion to proline independence, it is diffi- 
cult to account for this effect on a genetic 
basis. The data of Landolph and Jones (29) 
suggest, in fact, that 5-aza-CR has little if any 
mutagenic activity on mammalian cells in 
conventional test systems. On the other hand, 
the ability of 5-aza-CR to cause changes in 
gene expression is well-established (11, 21). 
Thus, it appears probable the action of 5- 
aza-CR is epigenetic, involving DNA hypo- 
methylation at one or more control sites in loci 

responsible for proline biosynthesis. Low-level 
induction of p r o  + variants by EMS could 
conceivably also be mediated by methylation 
changes, although the intermediate stages 
remain to be defined. A possible link may be 
found in the observations of Wilson and Jones 
(30), which show that EMS and other alkylat- 
ing agents can directly inhibit DNA methyla- 
tion reactions in vitro. Alternatively, methyla- 
tion changes may arise during the repair of 
DNA damaged by exposure to EMS. It has 
been shown that DNA methylation in repair 
patches is slow and incomplete, which raises 
the possibility of heritable loss of methylation 
at some sites in the surviving cells (31 ). 

The requirement for proline in CHO-K1 
cells has usually been attributed to a lesion in 
the conversion of glutamic acid to pyrroline- 
5-carboxylate (2-4). It has become evident, 
however, that reversions to proline indepen- 
dence may involve either the glutamic acid or 
ornithine pathways, or both. In epigenetic 
terms, these data suggest that spontaneous or 
induced derepression of the alleles for P5C 
synthase and OAT may occur at different 
rates, with the frequency and type of variants 
dependent on the probability of DNA methy- 
lation changes at the loci concerned. Evidently 
the probability is greatest for the activation of 
P5C synthase, since p r o  + variants of all types 
in the present study showed elevated P5C 
synthase activity. Within the limited number 
of revertants we examined, increases in OAT 
activity were observed only in variants 
induced with 5-aza-CR, and none of these 
showed increased OAT activity alone. How- 
ever, one such variant has been described by 
Smith and Phang (25), obtained from CHO- 
K1 cells after EMS treatment. The variant 
cells had high OAT activity, but were unable 
to convert labeled glutamic acid to proline. 
Increased activity in both glutamic acid and 
ornithine pathways has been reported for a 
p r o  + variant obtained by Baich (9) with EMS 
from CHO-KI cells. In the present study, 
dual increases were a conspicuous feature in 
four of five p r o  + variants induced by 5-aza- 
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C R .  I t  r ema ins  to be  seen whe the r  s imul ta -  

neous  ac t iva t ion  of  P 5 C  syn thase  and O A T  at  

h igh  f r equency  by 5 - a z a - C R  can be exp la ined  

on a pure ly  s tochas t ic  basis,  or  w h e t h e r  the  

coo rd ina t e  response,  as in the  r eac t iva t ion  of  

X - c h r o m o s o m e s  ( 3 2 - 3 5 ) ,  m a y  be based on a 

b roade r  pa t t e rn  of  induc t ive  changes .  
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