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Oxyge na t e d  der iva t ives  o f  choles te ro l  inhibi t  choles tero l  synthesis ,  p r e v e n t  l y m p h o i d  cell growth,  
and  evoke cell death .  We have e m p l o y e d  a novel  select ion m e t h o d  to isolate M10 cells, a line of  
oxys t e ro l - r e s i s t an t  cells, f r o m  the sensit ive clone CEM C7. Concen t r a t i ons  of  the po ten t  s terol  
25 -hydroxycho le s t e ro l  t ha t  occupy  the oxys te ro l  b inding  p ro t e in  cause cell dea th  in CEM C7, bu t  
not  in M10 cells. Bo th  cell lines have s imi la r  a m o u n t s  of  the oxys te ro l  b inding  p ro t e in  with 
s imi l a r  affinit ies for  oxysterol .  However ,  in ne i the r  line are  the levels of  oxys te ro l  b inding  p ro t e in  
m R N A  affected by I pM 25-hydroxycho les te ro l .  F u r t h e r m o r e ,  bo th  cells express  the ce l lu lar  nucleic  
acid b ind ing  p ro t e i n  (CNBP),  a 7 zinc finger,  DNA-b ind ing  p ro t e in  of  unknown funct ion,  r egu la t ed  
by oxysterols .  The  levels o f  CNBP m R N A  are  s ignif icant ly r e d u c e d  by 25 -hydroxycho les t e ro l  in 
the  sensit ive CEM C7 cells, in which the dose response  and  t ime  course  are  consis tent  with occupancy  
of  the oxys te ro l  b inding  p r o t e i n  by oxys te ro l  and  with subsequen t  cell kill. However ,  in the  res i s tan t  
M10 cells, CNBP m R N A  levels are  unaf fec ted  by these concen t r a t i ons  of  the 25-hydroxycholes te ro l .  
Ou r  resul ts  suggest  a role  for  CNBP in oxys t e ro l - i nduced  regu la t ion  of  cell v iabi l i ty  and  growth.  
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INTRODUCTION 

During recent years there has been increasing interest 
in elucidating the role of oxygenated sterols as potent 
modulators of cellular functions, including regulation 
of genes involved in cholesterol metabolism and cell 
replication[I-4]. One of the more dramatic effects 
of oxysterols is inhibition of cell growth. The first 
demonstration of this in lymphoid cells used mitogen- 
stimulated mouse lymphocytes, in which it was shown 
that reduction in cholesterol synthesis was followed by 
proportionate reduction in DNA synthesis [5]. In the 
intervening years, considerable information has been 
gained about the regulation of the cholesterol pathway, 
but the mechanism by which oxysterols cause cell lysis 
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remains obscure. One popular theory has been that by 
blocking cholesterol synthesis, the sterols deplete repli- 
cating cells of cholesterol for membranes, with eventual 
loss of membrane integrity [6]. Recently, as an alterna- 
tive proposal, it has been suggested that oxysterol- 
induced lymphoid cell death is an example of apoptosis, 
a form of programmed cell death [7, 8]. In this process, 
hypothetical genes are thought to be regulated so as to 
cause cell death in characteristic ways [9-11]. 

We have been employing clones of the human 
lymphoid cell line CEM to study oxysterol-evoked 
lymphocytolysis. These cells contain the oxysterol 
binding protein (OBP), are growth-inhibited and after 
a delay of about 24 h, killed by 25-hydroxycholesterol. 
There is a correlation between the lethal dose of sterol 
which kills 50% of the cells [12] and its affinity for 
the oxysterol-specific, intracellular oxysterol binding 
protein [2, 13]. In this report we describe the isolation 
from CEM C7 cells of the oxysterol-resistant M10 line. 
We then compare these cells for their expression of two 
genes, OBP and the recently discovered cellular nucleic 
acid binding protein (CNBP). CNBP was isolated 
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from a screen for proteins capable of binding D N A  
sequences thought to be important for the regulation of 
genes in the cholesterol synthesis pathway[14, 15]. 
CNBP is a 19 kDa protein containing 7 zinc fingers and 
is structurally related to genes involved in yeast sporu- 
lation [16]. As suspected when originally described [14] 
and later confirmed (A. J. Lusis, personal communi-  
cation), CNBP does not seem to be involved directly 
in the pathways for cholesterol homeostasis. We find 
that OBP mRNA is expressed constitutively and that 
OBP expression and oxysterol binding are the same in 
both the sensitive and resistant cells. However,  CNBP 
mRNA levels are diminished in CEM C7 cells 
by concentrations of 25-hydroxycholesterol consistent 
with those that occupy OBP. The  suppression of 
CNBP mRNA occurs at the onset of the loss of cell 
viability in the sensitive cell line, whereas in the 
resistant M10 cells grown in oxysterol CNBP levels 
remain unchanged. 

E X P E R I M E N T A L  

Materials 

We obtained 25-hydroxycholesterol (5-cholestene- 
3fl,25-diol), Dulbecco's phosphate buffered saline 
(PBS) and bovine serum albumin (BSA) from Sigma 
(St Louis, MO); [3H]25-hydroxycholesterol from 
New England Nuclear (Boston, MA); RPMI  1640 
culture medium from Fisher (Houston, TX).  Fetal 
bovine serum (FBS) was purchased from JRH Bio- 
sciences (Kansas City, MO). All the reagents used 
for RNA extraction were molecular biology grade. 
Formamide was purchased from Gibco/BRL Life 
Technologies (Grand Island, NY),  and guanidine thio- 
cyanate was from Fluka Chemical (Rankonkoma, NY). 
Formaldehyde was obtained from J. T.  Baker Chemical 
(Phillipsburg, NJ), and electrophoresis grade agarose 
was from IBI (New Haven, CT).  The  blotting mem- 
branes were from Millipore (Bedford, MA). The  D N A  
labeling kit was purchased from Amersham (Arlington 
Heights, IL) and the 32p-labeled d C T P  (deoxycytidine 
5'-triphosphate) from ICN Radiochemicals (Cleveland, 
OH). Probes, rabbit OBP cDNA, and human CNBP 
cDNA were kindly provided by Drs P. A. Dawson 
(University of Texas Southwestern Medical Center, 
Dallas, TX)  and A. J. Lusis (University of California, 
Los Angeles, CA), respectively. 

Cell culture 

CE M C7 cells were selected by cloning the CEM line 
established originally from a patient with acute 
lymphoblastic leukemia [17]; M10 cells were obtained 
by mutagenesis of CEM C7 cells and selection as 
described below. Cells were cultured in RPMI  1640 
medium, pH 7.4, with 5-10% heat-inactivated whole 
or delipidated [18] FBS at 37°C in a humidified atmos- 
phere of 95% air and 5% CO2. All experiments were 
performed with cells maintained in logarithmic phase 
growth. 

Isolation of 25-hydroxycholesterol-resistant cells 

CEM C7 cells were grown with the mutagen ICI 191 
(1 pg/ml) in RPMI  1640 medium + 10% FBS for 16 h 
and subsequently allowed to recover by growth in fresh 
medium without mutagen for 7 days. These cells were 
subdivided and cultured in 10 -7, 10 -6, and 10-SM 
25-hydroxycholesterol for 7 days before culturing in 
fresh medium without oxysterol. This treatment had 
previously been shown to kill ,-,70% of the cells 
and provide optimal mutagenesis for studies on the 
glucocorticoid receptor[19].  For  selection against 
25-hydroxycholesterol an adaptation of the "penicillin 
disc" technique, commonly used in microbiology, was 
devised. Various numbers of CEM C7 cells were mixed 
uniformly in 0.54% agarose with growth medium 
and poured into 100mm tissue culture dishes over 
fibroblast feeder layers (Armor cells from American 
Type  Culture Collection, Rockville, MD).  After the 
gel had formed, a glass fiber filter disc (Whatman) 
was saturated in an ethanolic solution of 1 .24mM 
25-hydroxycholesterol,  air dried to the point of damp- 
ness, and placed on the surface of the gel in the center 
of the dish. As the culture was incubated, a galaxy of 
cells grew uniformly in the gel except for a "cleared" 
ring surrounding the disc. Microscopic examination of 
this cleared ring showed a gradient of cells across it: no 
cells could be seen next to the disc, and gradually 
increasing numbers of, first, individual cells, then 
colonies appeared as one moved toward the perimeter 
of the "cleared" zone. The  colonies (and cells within 
them) gradually increased in size with distance from the 
disc until they were indistinguishable from the general 
galaxy of colonies covering most of the plate. Prelimi- 
nary studies showed that the ring diameter depended 
on the concentration of 25-hydroxycholesterol used to 
saturate the disc and on the number  of cells used to 
seed the plate. M10 cells were isolated from CEM C7 
cells seeded at 104 cells/dish by this procedure. A group 
of colonies growing near the perimeter of the cleared 
ring were transferred from the agarose by Pasteur 
pipette and cultured in RP MI  1 6 4 0 + 5 %  whole 
FBS. This  was supplemented with 100 to 5 0 0nM 
25-hydroxycholesterol for several weeks, after which 
the cells were tested and found to be resistant to at 
least 1 .3/ tM 25-hydroxycholesterol. This  cell line was 
designated "M10" .  

Assays of cell cultures treated with 25-hydroxycholesterol 

Cellgrowth. Cells which had been cultured in RPMI  
1640 + 5% whole FBS were washed once with PBS 
and resuspended in RPMI  1640 + 5-10% delipidated 
serum for 24h.  Aliquots of 2 .5mg/ml  25-hydroxy- 
cholesterol in 5~o BSA + medium were added so as to 
give different final concentrations of the oxysterol. 
Ethanol alone was added ( < 1 % )  in control cultures. 
Cells were routinely counted by Coulter Counter. 
For  growth studies, a hemacytometer  was used to 
determine the number  of viable cells by trypan blue dye 
exclusion [20]. 
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Oxysterol binding protein. T o  determine 25-hydroxy-  
cholesterol/OBP binding characteristics of  C E M  C7 
and M10 cells, a modification of the methods of 
Kandus tch  and T h o m p s o n  were followed [21, 22]. Cells 
in logarithmic growth were concentrated to 3 x 1 0  6 

cells/ml in serum-free R P M I  1640 medium,  tricine 
buffered to p H 7 . 4 .  Concentrat ions f rom 5 x 1 0  - 9  

to 2 × 10 -7 M of [3H]25-hydroxycholesterol ___ 100 × 
unlabeled oxysterol were evaporated to dryness by 
gaseous N2 in microtubes before the addition of 1 ml of  
cells. After 40 min at 37°C, the cells were washed with 
cold PBS and resuspended in 500#1 buffer ( 5 0 m M  
Tr is -HC1,  p H  7.5, 1 m M  EDTA) .  A cytosolic fraction 
was prepared after a - 7 0 ° C  freeze/thaw by ultra- 
centrifugation (90,000g,  4°C, 45min)  and 350p l  
layered on top of 5 -20% sucrose gradients in 10 m M  
T r i s - H C l ,  1.5 m M  E D T A ,  0.3 M KCI. T h e  remainder  
of  the cytosol was used to determine the actual concen- 
tration of sterol and the protein concentration of the 
cytosol. Radiolabeled [14C]BSA was used as a marker  
in the gradients which were centrifuged at 150,000g 
for 17h at 4°C in an SW 50.1 rotor in a Beckman 
L8-70M ultracentrifuge. Gradient  aliquots were sus- 
pended in an aqueous scintillation cocktail and counted 
in a Beckman Scintillation Counter  LS5801. Counts as 
disintegrations per minute  (dpm) were normalized to 
1 mg protein/ml cytosol and Scatchard analysis of the 
data was carried out by use of the computer  software 
program Ligand. 

Oxysterol binding protein and CNBP mRNA. Total  
R N A  was isolated using the acid guanidinium thio- 
cyanate-phenol -ch loroform method [23]. T h e  R N A  
samples were denatured by adding 37% formaldehyde 
in 10× SSC (1 × S S C = I 5 0 m M  NaC1, 15 raM 
sodium citrate) and incubating at 60°C for 15 min. For  
dot blot assays, serial dilutions of  these samples were 
applied to I m m o b i l o n - N  membranes  under  vacuum 
using a BioRad dot blotting apparatus.  For  Nor thern  
blot analysis, 20 #g  of total R N A  was subjected to 
electrophoresis on a 1% agarose, 3% formaldehyde gel 
and electroblotted on I m m o b i l o n - N  membranes .  T h e  
filters were treated as recommended  by the membrane ' s  
manufacturer  (Millipore). Hybridizat ion was carried 
out for 18 h at 42°C with a 32p-labeled random-pr imed  
0.5 kilobase (kb) EcoR 1 C N B P  c D N A  fragment  or a 
1.5kb EcoR 1 rabbit  OBP c D N A  fragment  with 
specific activities of  1 × 108 to 1 × 109dpm per /~g. 
Autoradiography was per formed using intensifying 
screens for 1-2 days. In  order to normalize the signals 
obtained f rom the dot blot assays, the filters were 
reprobed with i3-actin c D N A  after removal of radioac- 
tivity by boiling for 15min  in a 0.1% SDS,  5 r a m  
E D T A  solution. Nor the rn  blot normalization was ac- 
complished by using the ethidium bromide stained 
ribosomal R N A  that was transferred on the filter. The  
relative amounts  of  m R N A  on the filters were deter- 
mined by image analysis using an Image  Analyser 
(Biological Visions Inc., San Mateo,  CA). X-ray  film 
has a limited linear response range. We therefore 
checked to be sure that we were looking within this 

range. At the exposure times we used for quantitation, 
we found that all dilutions of R N A  employed gave 
signals that plotted linearly. T h e  concentration of R N A  
used for the Nor thern  blots were also within this 
response range. 

R E S U L T S  

Isolation of oxysterol-resistant human lymphoid cells 

We have recently demonstrated that C E M  C7 
cells, as well as two glucocorticoid-resistant derivative 
clones, are killed by 25-hydroxycholesterol  in concen- 
trations that occupy OBP sites [12]. This  fact provided 
a convenient way to select a resistant subline. T h e  
parental clone C E M  C7 was treated with the mutagen 
I C I  191, allowed to recover, and the mutagenized cells 
that appeared to be resistant to cell kill by 25-hydroxy-  
cholesterol were selected by the modified "penicillin 
disc" technique as described in the Experimental  
section. T h e  plate of  cells growing in agarose shown 
in Fig. I(A) demonstrates this method.  T h e  zone 
without cells, surrounding the filter disc f rom which 
25-hydroxycholesterol  was diffusing, can be seen 
clearly. Mutagenized cells could sometimes grow in the 
cleared zone. Without  mutagenesis,  resistant cells 
growing within the cleared ring near the source of 
oxysterol were rare; we have seen none in several such 
experiments.  When  purified cholesterol rather than 
25-hydroxycholesterol  was used in the disc, no effect on 
growth was seen (data not shown). Figure I(B) shows 
that at a constant concentration of oxysterol, the 
cleared area bears a log-linear relationship with the 
number  of  cells plated. A line of  cells designated M10 
was isolated by pooling several colonies growing within 
the cleared zone on a single plate. M10 cells were able 
to proliferate without pause in 1.3/~M 25-hydroxy-  
cholesterol in medium containing 5% FBS, a lethal 
oxysterol concentration for C E M  C7 cells. The  pheno-  
type of M10 cells was stable; after growth in med ium 
lacking 25-hydroxycholesterol  for several weeks, they 
were still resistant when rechallenged. Figure 2(A) 
demonstrates  the t ime course of cell kill of  C E M  C7 
cells, and the resistance of M10 cells to culture in 1/~M 
25-hydroxycholesterol  when grown in medium con- 
taining 5% FBS. We noted that significant loss of  
sensitive C E M  C7 cells did not occur for 2 4 h  in 
oxysterol, with progressive cell death following there- 
after. T h e  M10 cells, however, exhibited significant 
resistance to 25-hydroxycholesterol,  growing in the 
oxysterol as well as untreated control cells. 

T o  avoid the confounding effects of  sterols in 
whole serum, we carried out further  experiments  on 
cells grown in med ium supplemented with 5 % delipi- 
dated FBS. We first verified that M10 cells still showed 
resistance to 25-hydroxycholesterol  under  these con- 
ditions. As expected, when serum cholesterol was 
removed,  the oxysterol showed greater potency toward 
the sensitive C E M  C7 cells (20% cell kill after 24 h 
treatment).  M10 cells still demonstrated resistance, but 
under  these conditions concentrations could be reached 
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Fig. 1. Inh ib i t i on  by 25-hydroxycholes te ro l  of CEM C7 cells 
growing suspended  in agarose.  (A) Microcolonies  c rea ted  
by 10 s cells seeded in agarose  gel in a 60 m m  tissue cu l tu re  
dish f o r m  the  lawn of  whi te  par t ic les .  A c leared  a rea  sur -  
r ound ing  the  fi l ter p a p e r  disc, s a t u r a t e d  wi th  1 .24mM 
25-hydroxycholes terol ,  and  placed a top  the  agarose  gel, is 
c lear ly  seen. To allow for  quan t i f i ca t ion  of the  inh ib i t ion ,  th is  
a rea  has  been  de l inea ted  by an  out l ine  d r a w n  on the  b o t t o m  
of the  dish. (B) The re l a t ionsh ip  be tween  the  cell n u m b e r  
p la ted  and  the  a rea  c leared  of  cells by diffusion of  25-hydroxy-  
choles terol  is shown. Cells were p la ted  in soft agarose  gel a t  
104, 105 or 106 pe r  60 m m  tissue cu l tu re  dish. A disk of f i l ter  
p a p e r  s a t u r a t e d  wi th  1 .24mM 25-hydroxycholes te ro l  was 
dr ied  and  placed in the  cen te r  of  the  surface  of  the  agarose.  
Af ter  i n c u b a t i o n  for  approx.  2 weeks to allow cell g rowth  and  
cell inh ib i t ion ,  the  a rea  c leared  of  colonies was defined by 
visual  inspec t ion  and  m a r k e d  by pen  on the  b o t t o m  of  the  
dish. A t r a c ing  of th is  c leared  a rea  was m a d e  on p a p e r  and  
the  p a p e r  weighed. Resul ts  of two or th ree  dishes were 
ave raged  and  p lo t t ed  as shown. Actua l  weights  of the  paper s  
were: 104 cells p la ted  = 14.2 and  10.6 rag; 10 s cells = 8.4 and  

7.7 rag; 108 cells = 5.5, 7.0 and  6.6 nag. 

w h i c h  c o u l d  c a u s e  t h e i r  lysis .  A c o m p a r i s o n  o f  t h e  

d o s e - r e s p o n s e  c u r v e s  o f  t h e  t w o  cel l  l i n e s  a l l o w e d  a 

q u a n t i t a t i v e  e s t i m a t e  o f  t h e  d e g r e e  o f  r e s i s t a n c e  o f  t h e  

M 1 0  ce l l s  to  b e  m a d e .  T h e  d a t a  in  F ig .  2 (B)  s h o w  t h a t  

t h e  c o n c e n t r a t i o n  o f  2 5 - h y d r o x y c h o l e s t e r o l  r e q u i r e d  to  

a c h i e v e  5 0 %  ki l l  o f  M 1 0  ce l l s  is a p p r o x .  17 t i m e s  

g r e a t e r  t h a n  t h a t  f o r  C E M  C 7  cel ls .  T h u s  C E M  C 7  a n d  

M 1 0  ce l l s  m a y  s e r v e  as a v a l u a b l e  s y s t e m  in  w h i c h  t o  

c o m p a r e  t h e  e f fec t s  o f  m o l e c u l e s  s u s p e c t e d  o f  p l a y i n g  

a ro le  in  o x y s t e r o l  r e g u l a t i o n  o f  h u m a n  l y m p h o i d  cel l  

g r o w t h  a n d  v i a b i l i t y .  I n  t h i s  p a p e r  we  e x a m i n e  c o r r e -  

l a t i o n s  b e t w e e n  t w o  k n o w n  m a c r o m o l e c u l e s :  O B P ,  

p r o p o s e d  as a n  i m p o r t a n t  r e g u l a t o r  in  c h o l e s t e r o l  

m e t a b o l i s m  a n d  cel l  g r o w t h ;  a n d  C N B P ,  a g e n e  w h o s e  

f u n c t i o n  r e m a i n s  u n k n o w n .  

Properties of the oxysterol binding protein and levels of 
oxysterol binding protein mRN.4 in sensitive and resistant 
CEM cells 

C E M  C 7  cel ls  c o n t a i n  a n  O B P  w i t h  p r o p e r t i e s  

s i m i l a r  to  t h e  c l a s s i c  f o r m  o f  t h e  p r o t e i n  [F ig .  3 (A)] .  

W e  h a v e  s h o w n  t h a t  c o n c e n t r a t i o n s  o f  2 5 - h y d r o x y -  

c h o l e s t e r o l  w h i c h  b i n d  to  t h i s  p r o t e i n  c o r r e s p o n d  to  

t h o s e  t h a t  ki l l  t h e  ce l l s  [12].  M 1 0  ce l l s  a lso  c o n t a i n  O B P  

w i t h  t h e  s a m e  s e d i m e n t a t i o n  c h a r a c t e r i s t i c s  [12].  W e  

e x a m i n e d  t h e  q u a n t i t y  o f  O B P  in  M 1 0  cel ls ,  a n d  

i ts  a f f in i ty  f o r  2 5 - h y d r o x y c h o l e s t e r o l ,  b y  c o m p e t i t i v e  
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Fig. 2. Res is tance  of  M10 cells and  sensi t ivi ty  of  CEM C7 
cells to 25-hydroxycholes tero l  t r e a t m e n t .  (A) Cells in 
l o g a r i t h m i c  growth,  cu l tu red  in R P M I  1640 m e d i u m  with  
5% whole FBS, were exposed to e i the r  e thanol  vehicle only 
( + )  or  I I~M 25-hydroxycholes tero l  ( M 1 0 = o p e n  t r iangles ,  
CEM C 7 = o p e n  circles);  e thanol  <1~/o. In i t ia l  cu l tu res  
for bo th  cell types were 10 s cel ls /ml.  E r r o r  ba r s  ind ica te  the  
m e a n  _+ s t a n d a r d  devia t ion  (~ -- 1) for at  least  t h r ee  d e t e r m i -  
nat ions .  (B) The dose- response  of  M10 and  CEM C7 cells 
to 25-hydroxycholes te ro l  t r e a t m e n t  when  cu l tu red  in 5% 
de l ip ida ted  s e r u m  is shown. M10 cells (open t r iangles)  and  
CEM C7 cells (open squares )  in  l o g a r i t h m i c  growth,  cu l tu red  
in R P M I  1640 m e d i u m  with  5% de l ip ida ted  FBS, were ex- 
posed to inc reas ing  concen t r a t ions  of e thanol ic  25-hydroxy-  
choles terol  stock solut ion d i lu ted  in R P M I  m e d i u m  + 5% 
BSA. In i t ia l  cu l tu res  for  bo th  cell types were 10 s cel ls /ml;  
final cell count  on day 4 of  cont ro ls  was 2.1 +0.2 x 1 0  6 

cel ls /mL H e m a c y t o m e t e r  counts  using t r y p a n  blue dye exclu- 
sion to d i s t inguish  viable  cells were conduc ted  on day 4; e r r o r  
ba r s  ind ica te  the  m e a n  wi th  s t a n d a r d  devia t ion  for t h r ee  

de t e rmina t i ons .  
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Fig. 3. O B P  b i n d i n g  c h a r a c t e r i s t i c s  o f  C E M  C7 a n d  M10 
cells d e t e r m i n e d  by  c o m p e t i t i v e  b i n d i n g  assays  on  veloci ty  
s e d i m e n t a t i o n  g r a d i e n t s .  Cells  w e r e  g r o w n  in R P M I  1640 
m e d i u m + 5 %  F B S  and  br ie f ly  t r a n s f e r r e d  to s e r u m - f r e e  
R P M I  m e d i u m ,  t r i c ine  bu f f e r ed  p H  7.4, fo r  l abe l ing  w i th  
[3H]25-hydroxycho le s t e ro l  as  d e s c r i b e d  in E x p e r i m e n t a l .  
S c a t c h a r d  ana lys i s  o f  the  d a t a  f r o m  f o u r  s e p a r a t e  d e t e r m i -  
n a t i o n s  was  c a r r i e d  ou t  by  use  o f  the  c o m p u t e r  s o f t w a r e  
p r o g r a m  Ligand .  (A) D a t a  f r o m  C E M  C7 cells a r e  shown ,  

r = 0.961 a n d  (B) f r o m  M10 cells, r = 0.944. 

binding assays [Fig. 3(B)]. Scatchard analysis of  the 
data showed that it could be fitted to a curve consistent 
with a single binding site, such as has been demon-  
strated in human  liver and rodent cells and tissues 
[24, 25]. Nei ther  proper ty  appeared to differ signifi- 
cantly between M10 and C E M  C7 cells. 

We next examined the cells for the expression and 
regulation of OBP m R N A .  Figure 4 shows the results 
of  such analyses. In  Fig. 4(A), Nor thern  blot data 
show that both C E M  C7 and M10 cells express a 
single, 4.6 kb message for OBP. Dot  blots were used to 
quantify the OBP message levels. T h e  data in Fig. 4(B) 
show that OBP m R N A  levels are not significantly 
altered in either cell line after 1, 7, or 24 h exposure to 
300 n M  25-hydroxycholesterol.  

Effect of 25-hydroxycholesterol on cellular nucleic acid 
binding protein mRNA levels 

We also examined the effects of  25-hydroxycholes-  
terol on C N B P  m R N A  levels in both C E M  C7 and 
M10 cells. Logari thmical ly growing cells of  both 
lines showed a single 1.5 kb m R N A  as determined 
by Nor thern  blotting [Fig. 5(A)] consistent with the 

original description of the m R N A  for this protein in 
H e p G 2  cells [14]. T rea tmen t  by the oxysterol for 1 or 
7 h produced no change in C N B P  m R N A  levels. But 
after 24 h there was a highly significant, 50% decrease 
in C N B P  m R N A  levels in the C E M  C7 cells 
[Fig. 5(B)]. This  effect continued for up to 48 h (data 
not shown). T h e  basal level of  C N B P  m R N A  in M10 
cells was indistinguishable f rom that of  C E M  C7 cells, 
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Fig. 4. E x p r e s s i o n  of  O B P  m R N A  in C E M  C7 and  M10 cells. 
(A) N o r t h e r n  blot  ana lys i s  of  O B P  m R N A  in c on t r o l  con-  
di t ions .  Cells we re  c u l t u r e d  in R P M I  1640 wi th  5% del ipi-  
da ted  s e r u m  and  h a r v e s t e d  24 h la ter .  20 #g  o f  to ta l  RNA w e r e  
e l e c t r o p h o r e s e d ,  t r a n s f e r r e d  to an  I m m o b i l o n - N  m e m b r a n e  
and  h y b r i d i z e d  wi th  a r a b b i t  O B P  p r obe .  The  O B P  m e s s a g e  
( a r r o w )  is s h o w n  in C E M  C7 cells ( lane 1) a n d  M10 cells 
( lane 2). RNA size was  e s t i m a t e d  by  18 a n d  28S rRNAs .  
(B) O B P  m R N A  levels a f t e r  t r e a t m e n t  w i th  25 -hyd roxy -  
choles te ro l .  Cells we re  c u l t u r e d  as above  a n d  t r e a t e d  wi th  
e i the r  vehicle  only  ( con t ro l )  or  300 n M  25 -hyd roxycho le s -  
te ro l .  C E M  C7 cells (open  b a r s )  and  M10 cells ( h a t c h e d  b a r s )  
we re  h a r v e s t e d  for  RNA e x t r a c t i o n  at  1, 7, a n d  24 h l a t e r  a n d  
ana lyzed  by dot  b lo t t i ng  as d e s c r i b e d  in E x p e r i m e n t a l .  The  
s ignals  we re  n o r m a l i z e d  by  r e p r o b i n g  the  f i l ters  wi th  ~ - ac t i n  
cDNA. E r r o r  b a r s  ind ica te  the  m e a n  + s t a n d a r d  dev ia t ion  of  
2-6 d e t e r m i n a t i o n s ;  P fo r  1, 7, 24 h were  no t  s igni f icant ly  
d i f fe ren t  at  the  0.05 level w h e n  va lues  fo r  the  con t r o l  a n d  

t r e a t e d  cells w e r e  c o m p a r e d  by  a p a i r e d  S t u d e n t ' s  t - t es t .  
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Fig. 5. Di f fe ren t ia l  r e g u l a t i o n  o f  C N B P  m R N A  in C E M  C7 
a n d  M10 cells. In  A a n d  B cond i t ions  were  the  s a m e  as in 
Fig. 4 w i th  the  excep t ion  t h a t  a h u m a n  C N B P  p r o b e  was  used.  
(B) E r r o r  b a r s  ind ica te  the  m e a n  + s t a n d a r d  dev ia t ion  of  2-6 
d e t e r m i n a t i o n s ;  fo r  C E M  C7 cells P at 24 h ~< 0.05 w h e n  values  
fo r  the  con t ro l  and  t r e a t e d  cells we re  c o m p a r e d  by a p a i r e d  

S t u d e n t ' s  t - t es t .  

but it was unaffected by exposure to the oxysterol 
[Fig. 5(B)]. 

Dose-response  experiments were performed in the 
two cell lines in order to define the concentrations of  
oxysterol required to lower C N B P  m R N A  levels. 
Figure 6(A) shows a Nor thern  blot of  R N A  from cells 
treated with 1 # M  25-hydroxycholesterol for 24h,  
compared with vehicle-only treated cells, and probed 
with CNBP cDNA.  A single, unambiguous signal of  
about 1.5 kb was seen, with clear reduction after the 
steroid treatment.  For  a full dose response, serially 
diluted dot blot technique was employed [Fig. 6(B)]. 
Concentrations of  25-hydroxycholesterol f rom 30 n M  
to 1 ktM applied to C E M  C7 cells caused decreased 
CNBP m R N A  levels by 24 h (open bars). Between 
1 and 10 nM the sterol did not affect the message levels 

to a statistically significant extent, although there were 
numerical reductions in the values obtained for the 
mRNA.  There  was no effect of  any sterol concentration 
tested on the fl-actin signal used to normalize the 
dot blots. In M10 cells [Fig. 6(B), hatched bars], the 
basal level of CNBP m R N A  was similar to that of 
clone C E M  C7 cells, but none of the oxysterol concen- 
trations used significantly decreased the levels of  this 
message. 

DISCUSSION 

Oxysterols are powerful inhibitors of sterol synthesis 
and cell growth in a variety of cultured cells, including 
lymphocytes [3, 26-28]. T h e  strong inhibition of the 
growth of C E M  C7 cells by 25-hydroxycholesterol 
allowed the development of a simple selection 
technique for resistant cells. Bacterial geneticists often 
select resistant clones by placing a concentrated source 
of a poorly soluble substance on a " l awn"  of freshly 
plated bacteria. As the toxic agent diffuses from the 
source, a cleared ring develops, with only resistant 
clones able to grow within it. T h e  quantitative level of 
resistance is often related to the proximity of  the clones 
to the drug source. We adapted this method to our 
lymphoid cells, taking advantage of the fact that 
these cells can grow suspended in soft agarose. We 
developed conditions that permit ted growth of a three- 
dimensional "galaxy" of cells, with a cleared ring 
around the source of slowly diffusing oxysterol. Sterol, 
cell concentrations and t ime of growth were all opti- 
mized. The  M10 cells described here are the first 
example of  oxysterol-resistant cells isolated by this 
method.  This  pair of  closely related sterol-sensitive and 
sterol-resistant cell lines, M10 and its parent CEM-C7 ,  
provide interesting possibilities for contributions to 
both the basic mechanisms of oxysterol regulation of 
cell growth and cholesterol synthesis as well as for 
pharmacologic studies of oxysterols as antimalignant 
agents [29, 30]. 

Since oxysterols elicit cellular responses without the 
L D L / L D L  receptor system [1, 2, 31], a major question 
is how they do so. The  cytoplasmic protein OBP fulfills 
the pharmacologic definition of a cellular receptor in 
that it is present in limited amounts and had high 
affÉnity for its ligands, and thus OBP has been proposed 
as the specific receptor for oxysterols [2]. T h e  affinities 
of  a large number  of oxysterols for OBP correlate 
well with their potencies for regulation of H M G  CoA 
reductase and other relevant genes in mouse L 
cells [26, 32]. However ,  proof  that OBP transduces 
oxysterol signals to regulate cholesterol synthesis is still 
lacking, and the fact that overexpression of OBP 
in C H O  cells leads to its localization in what appears 
to be the Golgi apparatus [32] has confounded the 
issue. 

Our  studies demonstrate  that the human C D 4 + ,  
acute lymphoblast ic leukemic cell line C E M  C7 con- 
tains an OBP with properties similar to those reported 
for the protein f rom other mammal ian  sources. We 
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Fig. 6. Effect of various concentrations of 25-hydroxycholesterol on the level of CNBP mRNA in CEM C7 and 
M10 cells. (A) Northern blot analysis of CNBP mRNA levels after treatment with 25-hydroxycholesterol. 
Cells were cultured in RPMI 1640 medium with 5% delipidated serum and treated with either vehicle only 
(lane 1) or 1/JM 25-hydroxycholesterol (lane 2). Total RNA was extracted and analyzed 24 h after treatment. 
20/Jg of total RNA were electrophoresed, transferred to Immobilon-N membrane and hybridized with a 
human CNBP cDNA. (A) Shows ethidium bromide stained ribosomal RNA transferred to the filter as an 
indication that equal amounts of RNA were loaded and transferred in each lane. (B) Cells were cultured as 
above and exposed to either vehicle only (control) or to different concentrations of the oxysterol. After 24 h 
treatment,  total RNA was extracted and analyzed by dot blotting as described in Experimental. Double 
hatched bars represent M10 and open bars CEM-C7 cells. Error bars indicate the mean ___ standard deviation 
for at least 3 determinations. Values for the control and treated cells were significantly different at the 0.05 

level for concentrations /> 3 × 10 -8 M 25-hydroxycholesterol when compared by a paired Student's t-test. 

repor t  elsewhere that  OBP occupancy  correlates wi th  
cell kill by 25-hydroxycholes te ro l  in  these cells [12]. 
OBP has a sequence suggest ing that  it can interact  
with other  pro te ins  [25, 34], and  its effect on  gene 
regula t ion  while r e m a i n i n g  a cytoplasmic  p ro te in  may  
therefore be de t e rmined  by such in terac t ions ,  for 
example  by seques t ra t ion  of D N A - b i n d i n g  t ranscr ip -  
t ion factors. Examples  of control  t h rough  seques t ra t ion  
are k n o w n  [35]. 

C o m p a r i s o n  of OBP in the sensit ive and  resis tant  
l ines showed no significant  differences in  behavior  
of the p ro te in  on  velocity sed imen ta t ion  gradients ,  

n u m b e r  of sites per  cell, and  affinity for 25 -hydroxy-  
cholesterol.  A single species of OBP m R N A  was 
expressed equal ly  in  the two cell l ines and  was not  
affected by add ing  oxysterol  to the cul tures.  Whi le  
these tests are cer ta inly no t  exhaustive,  we tenta t ively  
conclude  that  the OBP is the same in the two cell l ines 
and  that  it is not  regulated by  oxysterols in  these cells. 
Other  l ines of oxysterol - res is tant  cells f rom other  
species have shown similar  results [36]. A single l ine of 
C H O  cells wi th  reduced  oxysterol  b i n d i n g  activity 
associated wi th  resistance to 25-hydroxycholes tero l  has 
been  p roduced  [37]. 
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On the other hand, CNBP in the sensitive and 
resistant cells responds differentially. Although the 
m R N A  size and basal level of  C N B P  were identical 
in both, in the oxysterol-resistant M10 cells this 
basal level remained unchanged when challenged with 
25-hydroxycholesterol,  whereas the C N B P  m R N A  
level was reduced significantly in the sensitive clone. 
This  reduction was observed 24 h after treatment,  the 
t ime point where the sensitive C E M  C7 cells were 
still alive. The  concentrations of  oxysterol effective in 
causing the reduction of C N B P  are consistent with 
those which should occupy OBP. Though  it is not 
statistically significant at this time, at the lower concen- 
trations there clearly is a trend towards reduction of 
C N B P  m R N A  starting at 3 × 10 -9M 25-hydroxy- 
cholesterol. The  t ime course of reduction of C N B P  
m R N A  is also consistent with it or its product  playing 
a role in the growth regulation of C E M  cells by 
oxysterols. After 4 days treatment,  all those cultures 
whose cells showed some reduction of CNBP at 24 h 
also show decreased numbers  of viable cells. Tha t  there 
is not an exact proport ion between the early amount  of 
CNBP m R N A  decrease and the later loss of  viability 
is not surprising; it suggests a continuing, amplified 
process. Why C N B P  was induced by oxysterol in 
H e p G 2  cells [14] and suppressed in C E M  C7 cells we 
do not know. Perhaps this represents fundamentally 
different regulation in liver-derived vs lymphoid 
cells. In our results, it appears that C N B P  expression 
correlates with the inhibition of cell growth by oxy- 
sterols, raising the possibility that C N B P  may play a 
role in oxysterol regulation of cell growth processes. 
T h e  cell system described here should provide the 
means to investigate this possibility. 

Acknowledgements--This manuscript was supported in part by 
NIH-NIDDK Grant 5PO1-DK42788. The authors wish to thank 
Laurie Bolding for manuscript preparation. 

R E F E R E N C E S  

1. Schroepfer G. J. Jr: Sterol biosynthesis. A. Rev. Biochem. 50 
(1981) 585-621. 

2. Taylor F. R. and Kandutsch A. A.: Oxysterol binding protein. 
Chem. Phys. Lipids 38 (1985) 187-194. 

3. Smith L. L. and Johnson B. H.: Biological activities of oxy- 
sterols. Free Rad. Biol. Med. 7 (1989) 285-332. 

4. Goldstein J. L. and Brown M. S.: Regulation of the mevalonate 
pathway. Nature 343 (1990) 425-430. 

5. Chen H. kV., Heiniger H.-J. and Kandutsch A. A.: Stimulation 
of sterol and DNA synthesis in leukemic blood cells by low 
concentrations of phytohemagglutinin. Exp. Cell Res. 109 (1977) 
253-262. 

6. Kandutsch A. A.: Biological effects of some products of choles- 
terol autoxidation. In Autoxidation in Food and Biological 
Systems (Edited by M. G. Simic and M. Karel). Plenum, New 
York (1980) pp. 589-597. 

7. Christ M., Luu B., Mejia J. E., Moosbrugger I. and BischoffP.: 
Apoptosis induced by oxysterols in murine lymphoma cells and 
in normal thymocytes. Immunology 78 (1993) 455-460. 

8. Hwang P. L. H.: Inhibitors of protein and RNA synthesis block 
the cytotoxic effects of oxygenated sterols. Biochim. Biophys. 
Acta 1136 (1992) 5-11. 

9. Wyllie A. H., Kerr J. K. R. and Currie A. R.: Cell death: 
the significance of apoptosis. Int. Rev. Cytol. 68 (1980) 
2093-2099. 

10. Cohen J. J., Duke R. C., Fadok V. A. and Sellins K. S.: 

Apoptosis and programmed cell death in immunity. A. Rev. 
lmmun. 10 (1992) 267-293. 

11. Golstein P., Ojcius D. M. and Young J. D.: Cell death mechan- 
isms and the immune system. Immun. Rev. 121 (1991) 29-65. 

12. Bakos J. T., Johnson B. H. and Thompson E. B.: Oxysterol- 
induced cell death in human leukemic T-cells correlates with 
oxysterol binding protein occupancy and is independent of 
glucocorticoid-induced apoptosis. J. Steroid Biochem. Molec. 
Biol. 46 (1993) 415-426. 

13. Dawson P. A., Hofmann S. L., van der Westhuyzen D. R., 
Sudhof T. C., Brown M. S. and Goldstein J. L.: cDNA cloning 
and expression of oxysterol-binding protein, an oligomer with a 
potential leucine zipper. J. Biol. Chem. 263 (1988) 3372-3379. 

14. Rajavashisth T. B., Taylor A. K., Andalibi A., Svenson K. L. 
and Lusis A. J.: Identification of a zinc finger protein that binds 
to the sterol regulatory element. Science 245 (1989) 640--643. 

15. Lusis A. J., Rajavashisth T. B., Klisak I., Heinzmann C., 
Mohandas T. and Sparkes R. S.: Mapping of the gene 
for CNBP, a finger protein, to human chromosome 313-324. 
Genomics 8 (1900) 411-414. 

16. Xu H.-P., Rajavashisth T., Grewal N., Jung V., Riggs M., 
Rodgers L. and Wigler M.: A gene encoding a protein with seven 
zinc finger domains acts on the sexual differentiation pathways 
of Schizosaccharomyces pombe. Molec. Biol. Cell 3 (1992) 
721-734. 

17. Norman M. R. and Thompson E. B.: Characterization of a 
glucocorticoid-sensitive human lymphoid cell line. Cancer Res. 
37 (1977) 3785-3791. 

18. Rothlelat G. H., Arbogast L. Y., Owelette L. and Howard B. V.: 
Preparation of delipidized serum protein for use in cell culture 
systems. In Vitro 12 (1976) 554-557. 

19. Harmon J. M. and Thompson E. B.: Isolation and characteriz- 
ation of dexamethasone-resistant mutants from human lymphoid 
cell line CEM-C7. Molec. Cell. Biol. 1 (1981) 512-521. 

20. Philips, H. J.: Dye exclusion test for cell viability. In Tissue 
Culture: Methods and Applications (Edited by M. K. Kruse Jr 
and P. F. Patterson Jr). Academic Press, New York (1973) 
pp. 406-408. 

21. Saucier E. E., Kandutsch A. A., Taylor F. R., Spencer T. A., 
Phirwa S. and Gayen A. K.: Identification of regulatory oxy- 
sterols, 24(S), 25-epoxycholesterol and 25-hydroxycholesterol, 
in cultured fibroblasts. J. Biol. Chem. 260 (1985) 13,391-13,394. 

22. Kandutsch A. A. and Thompson E. B.: Cytosolic proteins that 
bind oxygenated sterols: Cellular distribution, specificity, and 
some properties, ft. Biol. Chem. 255 (1980) 10,813-10,826. 

23. Chomczynski P. and Sacchi N.: Single-step method of RNA 
isolation by acid guanidinium thiocyanate-phenol-chloroform 
extraction. N. Analyt. Biochern. 162 (1987) 156-159. 

24. Patel N. T. and Thompson E. B.: Human oxysterol-binding 
protein. I. Identification and characterization in liver. J. Clin. 
Endocr. Metab. 71 (1990) 1637-1645. 

25. Taylor F. R., Saucier S. E., Shown E. P., Parish E. J. and 
Kandutsch A. A.: Correlation between oxysterol binding to a 
cytosolic binding protein and potency in the repression of 
hydroxymethylglutaryl coenzyme A reductase. J. Biol. Chem. 
259 (1989) 12,383-12,387. 

26. Chen H. W., Heiniger H. J. and Kandutsch A. A.: Relation- 
ship between sterol synthesis and DNA synthesis in phyto- 
hemagglutinin-stimulated mouse lymphocytes. Proc. Natn. 
Acad. Sci. U.S.A. 72 (1975) 1950-1954. 

27. Philippot J. R., Cooper A. G. and Wallach D. F. H.: 
25-Hydroxycholecalciferol and 1,25-dihydroxycholecalciferol 
are potent inhibitors of cholesterol biosynthesis by normal and 
leukemic (L 2 C) guinea pig lymphocytes. Biochem. Biophys. Res. 
Commun. 72 (1976) 1035-1041. 

28. Luu B. and Moog C.: Oxysterols: biological activities and 
physicochemical studies. Biochimie 73 (1991) 1317-1320. 

29. Parish E. J., Chitrakorn S., Luu B., Schmidt G. and Ourisson 
G.: Studies of the oxysterol inhibition of tumor cell growth. 
Steroids 53 (1989) 579-596. 

30. Parish E. J., Kixon K. L., Chitrakorn S., Taylor F. R., Luu B. 
and Ourisson G.: 6-Nitrocholesterol inhibits 3-hydroxy-3- 
methylglutaryl coenzyme A reductase and tumor cell growth. 
Biochem. Biophys. Res. Commun. 153 (1988) 671-675. 

31. Kandutsch A. A.: Apo B-dependent and -independent cellular 
cholesterol homeostatsis. Biochem. Biol. Plasma Lipoproteins 1 
(1986) 281-300. 

32. Taylor F. R.: Correlation among oxysterol potencies in the 
regulation of the degradation of 3-hydroxy-3-methylglutaryl 
CoA reductase, the repression of 3-hydroxy-3-methylglutaryl 



Oxysterol  Regula t ion  of  C N B P  315 

CoA synthase and affinities for the oxysterol receptor. Biochem. 
Biophys. Res. Commun. 186 (1992) 182-189. 

33. Ridgway M. D., Dawson P. A., Ho Y. K., Brown M. S. and 
Goldstein J. L: Translocation of oxysterol binding protein to 
golgi apparatus triggered by ligand binding. J. Cell Biol. 116 
(1992) 307-319. 

34. Dawson P. A., Ridgway N. D., Slaughter C. A., Brown M. S. 
and Goldstein J. L.: cDNA cloning and expression of oxysterol- 
binding protein, an oligomer with a potential leucine zipper. 
ft. Biol. Chem. 264 (1989) 16,798-16,803. 

35. Weintraub H., Davis R., Tapscott S., Thayer M., Krause M., 
Benezra R., Blackwell T. K., Turner  D., Rupp R., Hollenberg 
S., Zhuang U. and Lassar A.: The myoD gene family: nodal 

point during specification of the muscle cell lineage. Science 251 
(1991) 761-766. 

36. Chen H. U., Leonard D. A., Shown E. P. and Kandutsch 
A. A.: Regulation of cholesterol biosynthesis by oxysterols: 
nuclear localization of oxysterol binding protein in dede and 
25-hydroxycholesterol resistant mutant cells. In Biological 
Activities of Oxygenated Sterols (Edited by J. P. Beck and 
A. Crastes de Paulet). Colloque INSERM, Paris, Vol. 166 (1988) 
pp. 85-100. 

37. Sinensky M., Logel J. and Torget R.: Complementary recessive 
25-hydroxycholesterol-resistant somatic cell mutants--assay of 
25-hydroxycholesterol binding activity. J. Cell. Physiol. 113 
(1982) 314-319. 


