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Abstract We have previously shown that uptake of low den- 
sity lipoprotein-containing immune complexes (LDL-IC) by 
human monocyte-derived macrophages led to the transforma- 
tion of these cells into foam cells and induced a paradoxical 
increase in receptor-mediated binding of "'I-labeled LDL due 
to an increase in the number of LDL receptors (LDL-R). The 
same metabolic changes are also observed in PMA-treated 
THP-1 cells after incubation for 2 h with 150 pg/ml of im- 
mune complexes containing either native, oxidized (ox), or 
malondialdehyde (mda) LDL. After stimulation, PMA-treated 
THP-1 cells showed not only a 40-fold increase in ""I-labeled 
LDL binding but also a 40-fold increase in the immunoreac- 
tive LDL-R protein, confirming that the increase in LDL bind- 
ing is due to an increase LDL-R number. In this study we have 
investigated, in PMA-treated THP-1 cells, the regulatory mech- 
anism(s) responsible for the increased receptor-mediated 
binding of LDL induced by LDL-IC. By Northern blot and 
nuclear run-on analysis we have shown transcriptional activa- 
tion of the LDL-R gene with a 7-fold increase in the LDL-R 
mRNA level in LDL-IC stimulated cells. Due to the marked 
difference between the increase in LDL-R mRNA and LDL-R 
protein, we estimated LDL-R mRNA stability using a inhibitor 
chase method and have shown that LDL-IC did not alter the 
LDL-R mRNA stability in THP-1 cells. We have also demon- 
strated, using cycloheximide as a inhibitor of protein synthe- 
sis, that the marked increase in LDL-R protein observed in 
LDL-IC-stimulated THP-1 cells resulted from de n o v o  synthe- 
sis of LDL-R protein. To determine whether the increasc in 
transcriptional activity of the LDL-R gene was secondary 1 0  
changes in the cholesterol regulatory pool we performed ex- 
periments in which the cell cholesterol content was modified 
by the addition of either 25-hydroxycholesterol and mevalo- 
nate or inhibitors of ACAT activity (SA-58055 and progester- 
one). These experiments showed that the enhanced LDL-R 
expression was not affected by the addition of any of the abovc 
compounds. I n  conclusion, LDL-IC induced both transcrip- 
tional and post-transcriptional activation of thr. I,DL-R gene 
in PMA-treated THP-1 cells and this induction was indepen- 
dent of the free cholesterol content of these cells.-Huang, 
Y., M. J. Ghosh, and M. F. Lopes-Virella. Transcriptional and 
post-transcriptional regulation of LDL receptor gene expres- 
sion in Ph4A-treated THP-1 cells by IDL-containing immunr 
complexes. ,I. l ip id  I h .  1997. 38: 1 10- 120. 
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Subendothelial accumulation of cholesteryl ester 
(CE)-laden macrophages (foam cells) in the vessel wall 
is a prominent feature of early atherosclerotic lesions 
(1). Several mechanisms are responsible for the trans- 
formation of macrophages into foam cells. One of the 
mechanisms that has been well described by our labora- 
tory ( 2 , 3 )  and others (4,5) involves the uptake of LDL- 
containing immune complexes (LDL-IC) through Fcy 
receptors. The in vivo relevance ofthis mechanism has 
been demonstrated by studies from several indepen- 
dent investigators describing the presence of autoan ti- 
bodies against LDL as well as LDL-IC in patients with 
coronary artery disease (6, 7) ,  peripheral vascular dis- 
ease (8 ) ,  and in human atherosclerotic lesions (9). 
Studies showing a statistically significant correlation he- 
tween the rate of progression of carotid atherosclerosis 
and the titer of autoantibodies to oxidized LDL ( I O )  
and the presence of high antibody titers against oxida- 
tively modified LDL in patients with severe carotid 
atherosclerosis (1 1) further support the role of auto- 
immunity in the development and/or progression of 
arteriosclerosis. 

Besides leading to the transformation of macro- 
phages into foam cells, LDL-IC induce the release of 
biologically active mediators such as TNFa and IL-lp by 
macrophages (12) and leads to a paradoxical increase 
in LDL binding by these cells due to a marked increasc 

Abbreviations: CE, cholesteryl esters; LDL, low density 1ipopi.otein; 
ox-LDL, copper-oxidized LDL: mdaLDL, malondialdehyde I D I . ;  
LDL-IC, LDL-containing immune complexes; LDL-R, L.DL r-eccptoK 
PMA, phorhol 12-myristate 1 %acetate; HMCXoA reductase. 3-hy- 
droxy-9-methylglutaar).l coenzyme A reductase; GAPDH, glyceralde- 
hyde-%phosphate dehydrogenase; ACAT, acylKoA: cholesterol acyl- 
iratisferase; SRE, sterol regulatory element; S E R P ,  sterol regiilatory 
element binding protein; Fcy R, Fc receptor for IgG; CPP32. cystcinc 
protease protein (molecular mass, 32 kDa). 

'To whom correspondenrc should be addressed. 
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in LDL-R number (3). The increase in LDLR num- 
ber, in contrast to the release of cytokines, seems to be 
specifically induced by immune complexes containing 
native LDL, oxidized LDL, and malondialdehyde LDL, 
and not by other types of immune complexes (3) and 
it is dependent on the uptake of the LDL-IC by Fcy R. 

Therefore, we decided to investigate the regulatory 
mechanisms responsible for the increase in LDL-R ex- 
pression observed in human macrophages after stimula- 
tion with LDL-IC. The large number of human periph- 
eral monocytes necessary to perform these experiments 
was a limiting factor that severely curtailed our ability 
to perform these studies, thus we started by establishing 
that the human monocyte cell line THP-1 treated with 
PMA was a good model for human monocytederived 
macrophages. Using this cell line we have shown that 
both transcriptional and post-transcriptional regulation 
are responsible for the increased LDL-R expression. 
Furthermore, we have concluded that the increase in 
LDL-R expression observed is independent of the cell 
free cholesterol content. 

MATERIAL AND METHODS 

Cell culture 

The human monocyte cell line THP-1 was obtained 
from the American Type Culture Collection (ATCC) 
(Rockville, MD). The cells were cultured in a supple- 
mented Iscove modified Dulbecco's medium (IMDM) 
previously defined (13) to which 10% fetal calf serum 
was added. Transformation of the cells into macro- 
phage-like cells was induced by treatment with 0.16 p~ 
phorbol myristate acetate (PMA) at 37"C, for 24 h (14). 

Lipoprotein isolation, modification and radiolabeling 

LDL (d 1.019-1.063 g/ml) was separated from the 
plasma of normal volunteers by sequential ultracentrif- 
ugation at 60,000 rpm for 24 h at 10°C in a 60-Ti rotor 
(Beckman, Palo Alto, CA).  The isolated LDL was 
washed and concentrated by ultracentrifugation in a 
SW 41 rotor (Beckman) spun at 40,000 rpm for 24 h at 
10°C. Afterwards, the LDL was dialyzed against a 0.16 
M NaCl solution containing 300 pmol/L of EDTA, pH 
7.4, sterilized by passage through a 0.45-pm filter (Gel- 
man Sciences, Ann Arbor, MI) and stored under N2 at 
4°C. 

Copper-induced oxidation of LDL was performed as 
we previously described (12). Briefly, isolated LDL di- 
luted in Ham's F-10 medium was incubated with 10 mM 
Cue+ at 37°C for 24 h. The reaction was stopped by the 
addition of' 200 mM EDTA and 40 mM butylhydroxyto- 
luene (BHT) and the oxLDL dialyzed against PBS con- 

taining 200 mM of EDTA and 40 mM of BHT. MDA 
modification of LDL was performed as described by Ha- 
berland et al. (15). Briefly, LDL diluted in PBS, pH 7.4, 
to a concentration of 1 mg/ml was incubated with a 
MDA solution (0.2 mol/L in 0.1 mol/L sodium phos- 
phate buffer, pH 6.4) for 3 h at 37°C under nitrogen. 
The reaction was stopped by dialysis against Ca2+-free 
Tyrode's solution at 4°C. 

For the binding experiments LDL was labeled with 
le51 by the McFarlane procedure as modified by Bratzler 
et al. (16). The labeling conditions were adjusted to ob- 
tain a specific activity of 100-400 cpm/ng of protein. 
As previously shown (1 7) radioactivity of the lipid moi- 
ety of LDL in our labeling conditions constitutes less 
than 4% of the total radioactivity. 

Preparation of LDGIC 

LDLIC were prepared as previously described (13). 
Briefly, insoluble LDL-IC were prepared by incubating 
overnight, at 4"C, LDL (100 pg/ml) and a rabbit anti- 
LDL antiserum (500 pg/ml) raised in our laboratory. 
These concentrations were determined by a precipitin 
curve that was prepared, as previously described (13), 
by incubating 500-pg aliquots of the antiserum with 
varying amounts of LDL. The antigen to antibody ratio 
yielding the highest amount of precipitate was consid- 
ered to correspond to the equivalence point and was 
used for the preparation of the insoluble immune com- 
plexes. The protein content of the LDL-IC was deter- 
mined by the protein assay of Lowry et al. (17) after 
washing the immune complexes 3 times with phos- 
phate-buffered saline, pH 7.4. The Lowry assay was cali- 
brated with serial dilutions of a preparation of heavily 
aggregated IgG with known amounts of IgG. Before ad- 
dition to the cells, the LDL-IC preparations were steril- 
ized by gamma irradiation. 

Measurement of free and, esterified cholesterol 
content in PMA-treated THP-1 cells 

To perform cholesterol mass studies, the THP-1 cell 
monolayers, after being extensively washed with PBS, 
were extracted with isopropanol-hexane 2:3 (vol/vol) 
as previously described (13). Free and total cholesterol 
were assayed on a gas chromatograph equipped with 
an H2 flame ionization detector. A fused silica capillary 
column (0.53 mm diameter, 15 m long) packed with 
DB17,l micron of thickness, was used for the chromato- 
graphic separation. The oven was maintained at 255°C 
during the separation. Helium was used as the gas car- 
rier. For assay of total cholesterol the cellular extracts 
were evaporated to dryness and the residue was hy- 
drolyzed by the Ishikawa method as previously de- 
scribed (13).  Cholesteryl ester levels were obtained by 
subtracting free cholesterol from total cholesterol lev- 
els, PStigmasterol was used as an internal standard. 
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LDL binding studies 

After incubation of the 1251-labeled LDL with the cells, 
the medium was removed and the cells were washed 2 
times with phosphate-buffered saline (PBS) containing 
0.2% (wt/vol) bovine serum albumin followed by two 
additional washes with PBS without albumin. The cells 
were dissolved in 0.2 M NaOH containing 1% sodium 
dodecyl sulfate. An aliquot of the solubilized cells was 
taken to determine the amount of "Tlabeled LDL ra- 
dioactivity present in the cell pellet. Another aliquot was 
used to determine the amount of cell protein by the 
Lowry method (18). LDL receptor-mediated binding 
was calculated as the difference of the levels measured 
in the presence and absence of a 25-fold excess of unla- 
beled LDL. The results were expressed as ng of LDL 
bound/mg cell protein. 

Immunoblotting of LDL receptor protein 

To perform immunoblotting, the THP-1 cell mono- 
layers, after being extensively washed with PBS, were 
lysed with buffer containing 10 mM HEPES (pH 7.4), 
200 mM NaCl, 2 mM CaC12 2.5 mM MgC12, 2 i i i ~  PMSF, 
and 2% Triton X-100. The protein content of the lysate 
was determined by the Lowry assay. One hundred pg of 
protein was electrophoresed on 10% SDSpolyacryl- 
amide gel and transferred onto a nitrocellulose mem- 
brane (19). The nitrocellulose membrane was incu- 
bated for 1 h at room temperature with a buffer 
containing 50 mM Tris-HC1, pH 7.5, 2 mM CaCl,, 80 mM 

NaCl, 5% Carnation nonfat dry milk, 0.2% NP-40, and 
0.01 % Antifoam A. The membrane was then incubated 
for 2 h at room temperature with the same buffer con- 
taining a 1200 dilution of a rabbit antiserum against 
the carboxyl terminal peptide of the human LDL-R, 
which was kindly provided to us by Dr. Innerarity (Glad- 
stone Foundation Laboratory for Cardiovascular Dis- 
ease, University of California, at Sail Francisco) (20). 
After the incubation, the membrane was washed three 
times with the same buffer and then incubated for 2 h 
at room temperature with the same buffer containing 
I2"I-labeled anti-rabbit IgG (specific activity of 1 X 10" 
cpm/ml). The nitrocellulose membrane was washed as 
described above and the immunoreactive protein was 
visualized by exposure for 18 h at -70°C to Kodak XAK- 
2 films. The relative concentration of LDL-R protein 
was estimated by scanning densitometry of  the autora- 
diograms. 

Preparation of cDNA probes 

A human 4.5 kb cDNA, encoding the entire human 
LDL-R sequence, was obtained from ATCC as an insert 
in the vector pcDVl . A 1.8 kb fragment of LDL-R cDNA 
wasexcisedandpurifiedbyaGeneclean Kit (Bio 101 Inc., 
La Jolla, CA) . The human 3-hydroxy-3-methylglutaryl co- 

enzyme A (HMGCoA) reductase cDNAand human glyc- 
eraldehyde-3-phosphate dehydrogenase (GAPDH) 
cDNA were also purchased from ATCC. The inserts were 
excised and purified as above. The cDNAs were radiola- 
beled using the random priming method (19). 

Northern blot and slot-blot analysis 

Total cellular RNA from LDL-IC-stimulated and iin- 
stimulated PMA-treated THP-1 cells were isolated with 
a RNAzol kit according to the procedures from the 
manufacturer (Biotecx Laboratories, INC. Houston, 
TX). For Northern blot analysis, 10 pg of total RNA for 
each sample was electrophoresed in 1% agarose gel 
with buffer containing 20 mM MOPS, pH 7.0, 5 mhi so- 
dium acetate, l mM EDTA, and 0.23 M formaldehyde. 
The presence of 28s and 18s RNA in a ratio ofapproxi- 
mately 2:1 was consistently observed. The RNA on thc 
agarose gel was transferred to a nylon membrane in 
20X saline-sodium citrate (SSC, 1.50 mmol/I. NaCl 
and 10 mmol/L sodium citrate). The nylon membrane 
was prehvbridized at 42°C for 3 h i n  buffer containing 
50% formamide and then hybridized with '"P-labeled 
LDL-R, HMGCoA reductase, and GAPDH cDNAs. The 
hybridization was carried out for 18 h at 42°C in thr 
presence of 50% formamide, 5 X  SSC, 5X Denharclt's 
solution, 0.1 % SDS, and 2 mg/ml of denatured salniori 
sperm DNA. After hybridization, the nylon membrane 
was washed for 2 h at 60°C in a buffer containing 0.1 
X SSC and 0.1% SDS. Positive hybridization was itlenti- 
fied by exposure to Kodak XAR-2 films at -70°C:. The 
relative concentration of LDL-R and HMGCoA reduc- 
tase mRNAs was estimated by scanning densitometry of' 
the autoradiograms and compared to that of GAPDH 
mRNA. For slot blot analysis, '"P-labeled LDL,-R and 
GAPDH cDNAs were hybridized t o  the RNA innnobi- 
lized on the nylon mernbraiie. The rclative LDL.-R 
mRNA concentration was determined as  described 
above for Northern blot. 

Nuclear run-on assay 

Nuclear run-on transcription assay was performed as 
described previously ( 2  1 ) . After incubation with LDL- 
IC, the THP-1 cells were washed exhaustively with PBS 
and gently dislodged from the plastic sufiace by 
scraping with a rubber policeman. The cells were centri- 
fuged and lysed in NP-40 lysis buffer (1 0 InM Tris-HC1, 

nuclei were spun down at 500 ga t  4°C and the superna- 
tant was removed. The nuclei were resuspended and 
centrifuged again and the nucleus pellet was resiis- 
pended in a buffer containing 50 1nM Tris-HC1, pH 8.3, 
40% glycerol, 5 rnM MgC12 and 0.1 mM EDTA, 0.125 
mM PMSF and stored at -70°C. After isolation, the nu- 
clei were counted on a heniocytonieter and 1 0  X 10" 
nuclei from each treatment group were iised to perform 

pH 7.4, 10 mM NaCl, 3 mM MgC12, and 5% NP-40). Thc 
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the transcription assay. The nuclei (10 X 10") were sus- 
pended in buffer containing 100 mM Tris-HC1, pH 7.8, 
60 mM NaCI, 50 iniu ammonium sulfate, 4 mM MgCI, 
1.2 imi dithiothreitol, 0.4 t n M  EDTA, 0.1 mM PMSF, and 
30% glycerol and transcription was performed, at 37°C: 
for 30 min, i n  the presence of 1 mM of each of ["'PI 
UTP (SO00 (;i/mniol), ATP, GTP, and CTP. After the 
30" inciibation, 500 pl of a solution containing 1 0  
niM Tris-HC1, pH 7.4, 100 mM NaCI, 2 n i ~  KCl, 1 mM 
EDTA, 0.5'%, SDS, 100 pg/ml proteinase K was added 
to the transcription mixture and the incubation WAS 

continued for a n  additional 30 inin at 37°C. "'P-labeled 
RNA was isolated using R N h o l  and dissolved in diethyl 
pyrocarboiiate-treated water. 

Five pg o l '  the plasmid with the inserts of LDL-K, 
HMGCoA reductase, and < X " H  cDNA were boiled 
in 0.1 N NaOH for 2 niin, chilled quickly on ice, and 
then mixed with 2 M ammonium acetate. The singlc- 
stranded DNA obtained was applied to a nitrocellulose 
menibrane moiiiited in  a slot-blot apparatus (Bio-Rad) 
arid used h i -  hybridization with the radiolabeled RNA 
obtained previously from the nuclear run-on trariscrip- 
tion assays. The hybridization was performed at 45"C, 
for 52 11 in 2 ml of a buffer containing 50 mM PIPES, 
0.5 M NaCl, 33% formamide, 0.1% SDS, 2 mM EDTA, 
arid 5 mg/ml salniori sperm DNA. The nylon mem- 
branes were rinsed with 1 X SSC with 0.1% SDS once 
at  room temperature and twice at 50°C. After drying, 
the nylon membranes were exposed to X-ray films and 
the autoradiograms were subjected to scanning densi- 
tome trv. 

RESUI.TS 

Several experiments were performed to establish that 
PMA-treated THP-1 cells were an adequate model t o  
study the effects of LDL-IC, oxLL)LIC, or mdaLDL-IC 
in the regulation of LDL-R expression. 

Our data showed that PMA-treated THP-1 cells, like 
human monocyte-derived macrophages, had a dramatic 
increase i n  LDL binding (Fig. 1) and CE accumulation 
(Fig. 2) after incubation with 150 pg/ml of LDL-IC, 
oxLD1.-IC, or  mdaLL)I,-IC. A marked increase in unes- 
terifietl cholesterol was also observed in these cells as 
shown in Table 1. As the effects of LDL-IC, oxLDi-IC, 
arid md;iI.DL-IC: on LDI. binding to THP-1 cells were 
similar, LDL-IC; were used in the following experiments. 
Time course (Fig. 3A) and dose-response curves (Fig. 
3B) were pcrfornicd to determine the time of incuha- 
tiori arid concentration or LDLJC needed to obtain 
maximal 1,DL binding to the cells and the time and con- 
centration deemed to he ideal (2 h and 150 pg/ml, re- 
spectively) was used in the remaining experiments. To 
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Fig. 1. Rrccptor-rrirdiatt.d biiiding of "'1-l;ibeled I.DL t o  the PMA 
treated THP-I cells. PMhtreatetl THP-1 cells were incubated, for 2 
h at 37"C:, with sxnni-frec inetiiirim (SFM) alone o r  SFSl containing 
150 pg/rnl of IIIL, IgGIC;, LDl.-lC, oxI.l)l.-I(~, ur mdaLDI.-IC;. After 
thc iricubation, the c ells tccrc waslrcd exteiisively witli PKS, pH 7.4, 
and incubated for 4 h at 4°C: with IO pg/rril of "'I-labclcd LDI. in 
the prcseiice o r  al)wncc 01. a 25-Toltl exc of iinl;rbrletl 1,L)l. (2.50 
~g / i r i I ) .  The cells ~ W I C  washed \+itti PE pH 7.4, a s  ticscribed in 
Methods and dissolvcd in 1 nil 0 1  0.2 hf NaOH contairiing 1% SDS. 
(:ell-associatetl radioactivity w:is tlctci-iniiied i n  ;I gamma coiiii~cr aiid 

ccll protcin EGIS tlc!ermined by the Lowry method. Receptor-mediated 
binding was calculated as t l ir  difkrencc between "I-labelctl LDI. 
bound to the PMAtreatcd THFI  cells in the presence arid absence 
of iinlabclrd LDI,. I h t a  slio\vn are rereptor.-rncdiatrd bindirig and 
irepresent the rncan?SK.M o f  three experirncnts. 

determine whether, as in human macrophages, the in- 
crease in LDL, binding to L,i)L-IC.~-stimulated PMA- 
treated THP-1 cells was due to  an increase in LDL-R 
number, not in the binding affinity of LDL to the recep- 
tor, we measured LDL-R protein by Western blot, using 
a rabbit antibody that recognized the LDL-K carboxyl 
terminal peptide. As shown in Fig. 4, PMA-treated THP- 
1 cells cultured with medium alone expressed trace 
amounts of LDL-R protein, while the cells stiniulated 
with LDL-lC had approximately a 40-fold increase in 
LDL-K protein. 

The above set of experiments confirmed that the met- 
abolic behavior of THP-1 cells when incubated with 
LDL-IC mimicked that of human monocyte-derived 
macrophages (13) and therefore these cells arc a good 
model for the following set of experiments that propose 
to investigate the regulatory mechanisms responsible 
for the increase in LDL binding and LDL-R protein ob- 
s e n d  after stimulation of the cells with LDL-IC. Due 
to the marked increase in LDL-R protein in LDL-IC- 
stimulated cells, i t  was likely that the increase was due 
to enhanced transcription and/or  translation of the 
LDL-K gene. We started by assaying, by Northern blot, 
whether LDL-R mKNA levels in the LDL-IC:-stiriicrlated 
cells were iricrcasd. As i t  can be seen in Fig. 5A, a 7- 
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Fig. 2. (:llolc\tcryl c q t u  acculrrulation  in PM,\-treatcd THP-I cells. 
PblA-trc:tterl 'IHP-I cells were itrculxltctl tor  42 h, at  37"(;, with serum- 
Cree rrletlirlrrl (SFM) o r  with SFM conL;rining 150 pg/rnl o r  LDL, IgG- 
I(:, I ,I) l . -I(; ,  oxI.L)I,-I<;, or nldaL,DI,-l(;. Af'cenvxtls, cell lipids werc- 
extracted using ;I mixture o f  i ~ o ~ ~ r - o ~ ~ ~ ~ ~ ~ o l - l r c x a I l r  and 11-e~ antl total d g 2000- 
cholesterol were mc;tsurctl in t h r  lipid extracts b y  g;ts rhrornatogra- d l  
p11y as ticscI-ibctl  in k~icthotls. P-Stigln;rsreroi w a s  used as an intcrllal z 9  
stantlard. ( :holestcr~l ester-s W I K  calculated b y  subu.acting tree rrom -0, 

1 o t ; d  cholc\tel-ol I cc r ls .  T h e  result\ reprcsellt thc mean t SEM o f  
tI1I-t.c cxpet-imcnt\, I-UII in  triplic;ttr. 
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lidd  increase in the LDL-R mRNA level was observed in 
the cells stimulated will1 LDL-IC for 2 11 (Fig. 5A and 
Table 2).  This  increased steady  state LDL-R mRNA level 
was continuously  observed  for X h (Fig. 5B). Similar  ex- 
periments were also pcrfc)rmcd to determine  the level 
of HMCXoA reductase rnRNA in unstimulated  and 
LDL-IC: stimulated cells. Our  data clearly shows that no 
significant  increase  in HMCXoA reductase rnRNA is 
o h s e n d  in 'IHP-I cells after stirnrdation with LDL-IC 
(Table 2).  

To determine  whether  the  increase in LDL-K nlRNA 

TTXI%I,E I .  (:holcstel-).l c \ t e ~ -  antl tlncsrclified rllolestcrol content 
i n  1'hlA-trmited THP-I cells 

~~~ 

( d l $  I I N  I I I X I ~ Y I  n i t h  (:hol(~\tcnl l.;tcr\ L ncwcr-ifirrl (holcstrrol 
~~~~~- 

,q/q wll f)rot[,in/.lZ h 

SFM 2 - t  I 24 2 1 
lg(;-l(; 2 2  I Ii f 1 
l ,l)l,-r(: 220 2 3 127 -t 2 
oxI.l)l,-I(: 228 -t 2 136 2 3 
t n ~ l c ~ l , I ~ l ~ - l ~ ~  189 ? 5 125 -t 3 

~~~~~ 

P~MAt rca tcd  TI 11'-1 cell\ \\'crc irlcrlh~ltetl  with  scrum-1I-cc me- 
tiittrrr (SFM) alone 0 1  SPkI contairlillg 150 p g / d  or lgGI(;, LDLAC, 
oxIBI , - l (~ ,  or ~nrlaI,Dl,-l( :  a t  JiY: Cot. 42 11 .  Cell  lipids were extracted 
with isol~~or ' ;~~~oI- t~cxarre  a n d  unestcrified and total cholcstel-ol were 
;tssayctl b y  PIS t l l ronr;r~ogr;~pl~y  ;I\ tlescribed  in  Methods. (:holesterTl 
esters wcrc calc~~latet l  I?) suhtr;lcting mestcrified cholesterol I r~c l s  
~ I - O I I I  totill cllolcstcrol Itvels. 'l'he data are 1-cpresrntative o f  thl-ee ex- 
pet-imcrlls with sirnila1. ~ e s u l t \ .  

0 1  
0 100 200 300 

LDL-IC (lg/ml) 

Fig. 3. Time rourw and con(:entr;ttion stutlics o l  t-ccc~.'tor-~rlediatc.d 
hincting of '"I-labeled I D L  by PM4-trcated THP-1 cells nftrr LDI.-IC 
stirnldation. k. PhlA-tre;mxl THP-I cells were incubated a t  37°C with 
srrutn-frcc  medium alone (A) or SFM containing I.I)l.-I(: (150 pg/ 
m l )  (0) for the period\ o r  rime  indicated ill the fig:urc. B: PXLA- 
treated TI 11'-1 ( t 4 l s  were incubated li)r 2 11, a t  37"(:, wit11 scrun-l'rcc 
medium  (SFM) or SFM containing 1.DL-IC at the  concentrations i n d i -  
cated ill thc f ig~~rc.  .After the  incubation,  binding w;ts tletet-minctt a s  
described  in the Icgentl  tor Fig. 1. The results repl-cscnt the mea11 -t 
SI<M of three experiment\, r u n  in  triplicatc. 

obsenwl  in PMA-treated THP-1 cells stimulated b y  
LDL-IC was due to changes in the  rate of LDL-K mRNA 
gene  transcription, a nuclear  run-on assay was per- 
formed. Nuclei  were  isolated from the LDI,-I(:-stirnu- 
lated or  unstimulated cells and  in vitro transcription was 
carried  out in the  presence of '"P-UTP, as described  in 
Material and Methods. The trdnScrihCd products were 
then analyzed by hybridization to denatured  IDL-R, 
HMGCoA reductase, and GAF'DH cDNAs immobilized 
on nylon membranes.  The results showed  a 3-fold in- 
crease i n  the  hybridization signal of LDL-R using  tran- 
scription  products  from  nuclei of LDI.-I(:-stimulated 
cells, as compared with those  from  nuclei of nnstirnu- 
lated cells (Fig. 6) .  In  contrast a d ,  as expected,  the 
hybridization  signal of HMGCoA reductase WAS not sig- 
nificantly increased (Fig. 6). As the above data clearly 
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Fig. 4. I,Dl,-R prorcin in 1.1~1.-1(~stimiiIated and unstimulsted THP- 
I cells tlcterniincd by itntniitioblottitig. PMA-treated THP-I cells \vcrc 
incuhatctl wirh SFM or SFM containing I50 pg/ml of  l,DI,-lC for 2 
h iit .?io(:. Alicr the inciihation the cells were washed three titncs with 
PDS, pH 5.4, ;ind then lysed with a hufTcr containing Triton X-100 
and profcase inhihitors (see Mctliods). Otic huntlrctl pg of prorcin 
was clcctropl~orcscd o n  ii 10% SDS-polyacrylamide gel and trans- 
fcrrcd o n t o  nitrocellulose. Imniunohlotting was performed with i t t i  

;intibody recognizing the carhoxyl-terniinal peptitlc o f  LDLK as tlc- 
scrihetl i n  Mcthotls. The imniunorcactive h;incls were identified hy 
inciihation with "'I-lahcletl anti-rahhit IgG ancl visualizccl by cxposr~rc 
t o  Kodak film lor I X  11 ;it -70°<:. The rclatiw electrophoretic inohility 
of  tnolcctilar wight markers is indicated on thc Icl't. 

showed that the increase in LDL-R protein (40-fold) was 
greater than that expected for the increase observed in 
LDL-R mRNA (7-fold) we determined the effect of LDL- 
IC on LDL-R mRNA stability. Our data showed that the 
degradation rates of LDL-R mRNA in both control and 
LDL-IGtreated cells were similar (Fig. 7), suggesting 
that LDL-IC stimulation did not alter LDL-R mRNA sta- 
bility. The concentration of actinomycin D used in the 
above experiments was 5 pg/ml as this concentration 
was shown to inhibit 98% of [JH] uridine incorporation 
into RNA. 

As a change in LDL-R mRNA stability could not ex- 
plain the marked increase in LDL-R protein, we deter- 
mined next whether or  not LDL-IC stimulation led to 
translational activation of LDL-R mRNA. Our data show 
that there was no increase in LDL-R protein when the 
cells were incubated with LDL-IC in presence of 10 pg/ 
ml of cycloheximide (Fig. 8), suggesting that transla- 
tional activation of LDL-K mRNA occurred during the 
stimulation of the cells with LDL-IC. 

As shown in the initial experiments, the stimulation 
of PMA-treated THP-1 cells with LDL-IC led to a marked 
accumulation of CE in these cells and to their transfor- 
mation into foam cells (Fig. 2 and Table 1).  A substan- 
tial increase in free cholesterol was also observed in the 
same cells (Table 1).  Regardless of the increase in free 
cholesterol content, these cells showed a significant in- 

crease in LDL-R transcription. To determine whether 
the increase in LDL-R transcription was secondary to a 
depletion in the cell cholesterol regulatory pool despite 
the increase observed in the cell total free cholesterol 
content, several experiments were performed. We 
started by repeating the LDL binding experiment5 in 
cells stimulated with LDL-IC in the presence or absence 
of 12 mM mevalonolactone and two different concen- 
trations of 25 hydroxycholesterol (5 and 25 pg/ml of 
medium). The results of these experiment5 are summa- 
rized in Fig. 9 and show that the addition of mevalono- 
lactone, a precursor for the endogenous synthesis of 
cholesterol, and of 2.5-hydroxycholesterol to the LDL- 
IC-stimulated cells did not prevent the marked increase 
in LDL binding. In contrast, when mevalonolactone 
and 2.5-hydroxycholesterol were added to unstimulated 
cells, a marked drop of LDL binding (to 38% of base- 
line level) was observed. We then performed experi- 
ment$ where inhibitors of ACAT were used to prevent 
cholesterol esterification. Two different inhibitors were 
used: progesterone and the Sandoz compound 58-035. 
Binding of LDL to THP-1 cells stimulated with LDL-IC 
was markedly enhanced regardless of the addition of 
either of  these two ACAT inhibitors to the medium (Fig. 
10). Both of these compounds, however, in the concen- 
trations used in our experiments, were able to markedly 
inhibit the incorporation of ["Cloleate into cholesteryl 
esters in THP-1 cells incubated with LDL-IC. In the a h  
sence of the Sandoz compound 58-035 or progesterone, 
the THP-1 cells stimulated by LDL-IC incorporated 
4531 pmol/of ["C]oleate/mg cell protein per 18 h. 
When 1 pg of the Sandoz compound 58-035 was added 
to the medium simultaneously with LDL-IC, the incor- 
poration of ["Cloleate was reduced to 122.6 pmol/mg 
cell protein (97.3% inhibition). Similarly, when 300 pg 
of progesterone was added, the incorporation of 
[ "Cloleate dropped to 486.5 pmol/mg cell protein 
(89.3% inhibition). The concentrations of the ACAT 
inhibitors used in our experiments were previously de- 
termined to lead to maximal inhibition of ["Cloleate 
incorporation into cholesteryl esters without inducing 
cell toxicity. 

DISCUSSION 

It has been shown that human monocytic THP-1 cells, 
when exposed to phorbol ester treatment, stop dividing 
and quickly acquire macrophagedifferentiated func- 
tions, including a marked decrease in LDL-R expression 
(14). In the present study, we have demonstrated that 
PMA-treated THP-1 cells, after stimulation with LDLIC, 
ox-LDL-IC, and mda-LDL-IC, have the same alterations 
in lipid/lipoprotein metabolism that we have observed 
in human monocytederived macrophages, i.e., en- 
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Fig. 5. Northern blot analysis of LDLR mRNA in PMA-treated THP-I cells stimulated with LDLIC. A PMA- 
trcatctl THP-I cells were incubated at 37°C with serum-free medium (SFM) or SFM containing 150 pg/ml 
of LDI.-IC for 2 h. Total RNA isolated from the l.DI~-ICstimulatrd and tinstimulated cells was subjected 10 
electrophoresis on 1% agarose/forinaldeliyde and transferred to a nylon mrmbranc. The I.DI.-R and CAPDH 
m R N h  immobilized on the nylon membrane were hybridized with '"P-labeled LDL-R and GAPDH cDNAs 
as described in Methods. The relative concentration of LDL-R mRNA was estimated hv densitometry of the 
autoradiograms and compared to that of  GAPDH mRNA. D: PMA-treated THP-I cells were incubated with 150 
pg/ml of LDL-IC for dilrcrent time periods as indicated. After incubation, total RNA was isolated and Northern 
blot was performed as described above and in Methods. This figure is representative of  three different experi- 
ments. 

hanced receptor-mediated binding of LDL and in- 
creased CE accumulation leading to their transforma- 
tion into foam cells. By Western blot, using an antibody 
against the carboxyl-terminal domain of the LDL-R, we 
have also clearly demonstrated that the marked increase 
in receptor-mediated LDL binding was paralleled by a 
similar increase in LDL-R protein, thus confirming that 

TABLE 2. Densitometric scanning of the autoradiogram from 
Northern blot analysis 

Relative Intcnsitv 

LDL-R/GAPDH 0.14 0.95 6.79 
HM<>CoA reductase/GAPDH 0.24 0.25 1.04 

PMA-treated THP-I cells were incubated in the serum-free me- 
dium (SFM) with or vvithout 150 pg/inI of LDL-I(: at %''<: for 2 h. 
Total RNA was isolated and LDL-R, HMGCoA reductase and GAPDH 
mRNA were analyzed by Northern blot as described in Methods. Den- 
sitometric scanning of the autoradiograms was performed to tleter- 
mine the relativr intensity of the hands. An arbitrary unit of 1.0 was 
assigned to the background of the film. The data shown represent 
the average of two experiments. 

the increase in LDL bindingwassecondary to an increase 
in LDL-R number as previously described (13). 

As THP-I cells were shown by the above experiments 
to be a good model for human monocytederived mac- 
rophages and both cholesterol loading and LDL-R up 
regulation were induced to a similar extent by immune 
complexes containing either native or oxidized LDL, all 
the experiments designed to investigate the molecular 
mechanisms responsible for the induced LDLR expres- 
sion were performed in PMA-treated THP-I cells stimu- 
lated by LDL-IC. 

There were two major advantages in using THP-1 
cells to perform these experiments. THP-I cells are easy 
to grow and thus i t  was technically easier and more eco- 
nomical to perform the experiments with these cells in- 
stead of human macrophages. Furthermore, due to the 
large amount of peripheral monocytes required for each 
experiment, the performance of the different experi- 
ments using cells from the same donor would have been 
impossible. In the other hand using different monocyte 
donors would not allow us to compare the findings of the 
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Fig. 6. Nuclear run-on analysis o f  transcriptional activity of I.DI,-R 
and HMCXoA reductase in PMA-treated THP-I cells stimulated with 
L I ~ I A C .  PMA-treated THP-I cells (20 X 10") were incubated with se- 
rum-free mctliiim (SFM) or SFM containing 150 pg/nil o f  1.DI;IC 
(LDI,-IC) for 6 11. Nuclei were prepared as described in Methods from 
stimulated o r  unstimulated cells for i n  vitro RNA synthesis. '"1'-labeled 
RNA \\'as then purified and hybridized to nylon membranes in which 
I.DIrR. HMGCoA reductase, and GAPDH cDNA.5 have been prcvi- 
ously immobilized. The hlot was aiitoratliographed and the film was 
subjected to densitometric scanning. The relative conccntri\tions o f  
1.DI;R and HMCX:oA reductase mRNA from I.DI,-l<'~stimulatetI antl 
unstimiilated cells were measured antl compared to that of GAPDH 
mRNA. This is ii representative experiment from a total of two experi- 
ments. 

different experiments due to the variability in the degree 
of response between individual donors. 

By Northern blot and nuclear run-on assays we have 
clearly demonstrated that there is an increase in the 
transcriptional activation of the LDLR gene. LDL-R 
mRNA levels were increased from 2- to 7-fold after stim- 
ulation of the cells with LDL-IC for 2 h and that increase 
was maintained for several hours. Similarly, the nuclear 
run-on assay showed a Sfold increase in the incorpora- 
tion of "P-UTP into the LDL-R mRNA. The above re- 
sults demonstrated that increased transcription of the 
LDL-R gene is partially responsible for the increase in 
LDL-R protein but cannot, on its own, explain it. The 
binding and Western blot studies showed, on average, 
a 40-fold increase in receptor-mediated LDL binding 
(binding studies) and LDL-R protein (Western blot) in 
LDL-IGstimulated cells as compared to unstimulated 
cells. The increase in LDL-R protein is, therefore, much 
higher than that of LDL-R mRNA. Thus, the increase 
in LDL-R expression induced by LDL-IC in PMA-treated 

SFM 

LDL-IC w 

0 1 
0 2 4 6 8 10 

Time (Hours) 

Fig. 7. Degradation of I.DI,-R mRNA in PMA-treated THP-I cells. 
PMA-treated THP-I cells were incubated, at 3 7 O < : ,  with serum-free me- 
dium (SFM) or SFM containing 150 pg/ml of L.DI.-IC for 2 h prior 
t o  the addition o f  5 pg/ml of  actinoniycin D. The incubation was 
continued for X h afterwards. Total RNA was isolated before (0 time) 
antl 2, 4, 6, and X h after the addition of actinomycin D. Slot-blot 
analysis o f  I.DI,-R mRNA was performed as described in Methods. 

205 - 

116 - 
97 - 

66 - 

1 2 3  

Fig. 8. The effect o f  cycloheximide on the tipregulation of LDLR 
expression induced by LDIrlC. PMA-treated THP-I cells were incu- 
bated with serum-free medium (SFM) (lane I ) ,  or with SFM con- 
taining 150 pg/mI ofLDI,-I<: in the absence of 10 pg/ml ofcyclohexi- 
mide (lane 2) or in the presence of cycloheximide (lane 3) at 37OC 
for 2 h. Alter the incubation, the cells were lysed and the lysates were 
suhjectetl to Western hlot analysis as described in Methods. Protein 
molecular weight markers are shown on the left. 
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THP-1 cells is secondaty not only to the activation of 
transcription of the LDL-R gene but also to the activa- 
tion of a post-transcriptional event. Possible post-tran- 
scriptional events include altered mRNA stability, trans- 
lational activation, decreased protein degradation, and 
increased translocation to the membrane of LDL-R pro- 
tein. As our Western blot in the unstimulated whole cell 
extract showed only trace amounts of LDLR protein, it 
was unlikely that decreased degradation or increased 
translocation to the membrane of the LDL-R protein 
was responsible for the marked increase in LDL-R ex- 
pression. Altered message stability and/or  translational 
activation were the most likely post-transcriptional 
events to explain the increase in LDL-R protein. LDL- 
R mRNA stability was estimated by a inhibitor chase 

- 
v)  

N c 
m 
K 10 

Fig. 9. Receptor-mediated binding of "'I-labeled 
LDL to THP-I cells stimulated with LDL-IC in the 
presence or absence of mevalonic acid lactone and 
2.5-hydroxycholesterol. PMA-treated THP-I cells were 
incubated with SFM or  with SFM to which 12 mM mcv- 
alonic acid lactone and either 5 or 2.5 pg/ml 25-hv- 
droxycholesterol were added. To half of the wells con- 
taining the different additives, 150 pg/ml of LDLIC 
was added and the cells were incubated for 2 h at 
37°C. After this incubation the medium was removed, 
the cells were washed, and SFM was added to all the 
wells. The cells were then cooled to 4OC and 10 pg/ 
ml of "'I-labeled LDL was added to all wells in the 
presence or absence of 250 pg/ml of unlaheled LDI. 
to determine receptor-mediated hinding (see Meth- 
ods). The cells were incubated again at 4'C for 4 h 
and harvested aftcnvards for gamma counting and 
protein determination. The results represent the 
mean2SEM of three experiments run in duplicate. 

study that clearly showed that there was no change in 
the LDLR mRNA degradation rate after LDLIC stimu- 
lation. In contrast, the addition of cycloheximide com- 
pletely abolished LDL-R expression in the LDL-IGstim- 
ulated cells, suggesting that translation activation as 
demonstrated by increased de novo synthesis of LDL-R 
protein is likely the post-transcriptional event induced 
by LDL-IC stimulation. 

Transcriptional and post-transcriptional regulation 
of LDL-R gene expression has been described previ- 
ously. Vitols et al. (22) reported a multilevel regulation 
of the LDL-R gene expression in leukemic cells during 
cholesterol deprivation. They found that LDL-R activity 
in these cells increased 5fold as compared to that in 
normal cells whereas LDL-R mRNA levels only in- 

Fig. 10. Receptor-mediated hinding of "'I-labeled 
1,DL to THP-I cells stimulated with LDLIC in the 
presence or ahsence of  two ACAT inhibitors: Sandoz 
compound 58-035 and progesterone. PMA-treated 
THP-I cells were incubated with SFM or with SFM to 
which either 1 pg/ml of the Sandoz compound 58- 
035 or 300 pg of progesterone was added. To half of 
the wells containing the different additives, 150 pg/ 
ml of LDL-IC was added and the cells were incuhated 
for 2 h at 37°C. After this incubation the medium was 
removed, the cells were washed, and SFM was added 
to all the wells. The cells were then cooled to 4'C and 
I O  pg/ml of "'I-labeled LDL was added to all wells. 
To half of the wells in each treatment, 250 pg/ml of 
unlaheled LDI. was added to determine nonspecific 
LDL binding. The cells were then incubated again at 
4'C for 4 h and harvested afterwards for gamma 
countinrr and Drotein determination. as described in 

0 ,  

SFM LDL-IC SFM LDL-IC SFM LDL-IC Methods. Receptor-mediated binding was determined 
as described in Methods. These results represent the 
mean?SEM of three experiments run in duplicate. 

+ + 
Progesterone Sandoz 58-035 
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creased 2-fold. The regulation of LDL-R gene expres- 
sion that is not mediated by the transcriptional activa- 
tion via the sterol regulatory element (SRE) has also 
been described by Sharkey et al. (23). They observed 
that the LDL-R activity was still sterol-responsive in re- 
ceptor-deficient cells transfected with cDNA for the 
LDL-R but lacking the sterol regulatory element, sug- 
gesting that more mechanisms, including other regula- 
tory element(s) in the LDL-R gene or translational acti- 
vation, may be involved in the regulation of LDL-R gene 
expression. Multilevel regulation of gene expression 
other than LDL-R has also been described in several 
studies. For example, Mueckler, Merrill, and Pitol (24) 
described translational and pretranslational control of 
ornithine aminotransferase synthesis in rat liver. Guy- 
ette, Matusik, and Rosen (25) also demonstrated a pro- 
lactin-mediated transcriptional and post-transcriptional 
regulation in the expression of the casein gene. There- 
fore, multilevel control of gene expression is not an un- 
common regulatory event and it is present in the biosyn- 
thesis of many proteins. 

As regulation of LDL-R transcription has been closely 
related to the presence of an intracellular regulatory 
pool of free cholesterol, we decided also to investigate 
whether the increased transcriptional activity of the 
LDL-R gene was secondary to a decrease in the cell ste- 
rol regulatory pool. Although THP-1 cells after stimula- 
tion with LDL-IC are transformed into foam cells and 
contain a significant increase in free cholesterol, the 
possibility that during cell activation most of the free 
cholesterol is used for membrane synthesis or is devi- 
ated from the regulatory pool to the ACAT pool for CE 
synthesis cannot be excluded. If that is the case, depriva- 
tion of free cholesterol in the regulatory pool may occur 
and lead to an increase in the transcriptional activity of 
the LDL-R gene. 

We performed experiments to explore these two pos- 
sibilities. If the reason behind depletion of free choles- 
terol in the regulatory pool was increased need for 
membrane synthesis, adding mevalonate and 25-hy- 
droxycholesterol to the medium should obviate the 
problem. On the other hand, if deviation of free choles- 
terol to the ACAT pool was the major reason for the 
cholesterol depletion in the regulatory pool, adding 
ACAT inhibitors to the culture medium should resolve 
the problem. Progesterone and the Sandoz compound 
58-035 were chosen for the experiments. The first com- 
pound has been shown to redirect free cholesterol 
from the ACAT pool to the LDL-R regulatory pool; in 
contrast, the Sandoz compound 58-035 will not redirect 
free cholesterol to the LDL-R regulatory pool. Our data 
showed that no inhibition in the receptor-mediated 
binding of LDL was observed in the cells stimulated 
with LDL-IC when 25-hydroxycholestero1 and meva- 
lonic acid lactone were added to the medium. In con- 

trast, and as expected, in the unstimulated cells a de- 
crease in receptor-mediated LDL binding was clearly 
seen when the above compounds were added to the cul- 
ture medium. Similarly, no inhibition in the receptor- 
mediated binding of LDL was observed either in LDL- 
IGstimulated or unstimulated cells when either of the 
two ACAT inhibitors mentioned above was added to the 
culture medium. 

These data, as a whole, strongly suggest that in THP- 
1 cells stimulated with LDL-IC, the cell free cholesterol 
content does not play a role in the upregulation of 
LDL-R expression. It also clearly shows that the increase 
in transcription of the LDL-R is not secondary to a de- 
crease in the intracellular sterol regulatory pool. 

Wang et al. (26) have recently shown that the cell 
sterol regulatory pool inhibits the activity of CPP32, a 
cysteine protease protein that is responsible for the 
cleavage of the sterol regulatory element binding pro- 
tein (SREBP) 1 and 2. The cleavage of these proteins 
leads to the formation of a protein with lower molecular 
weight that binds to the sterol regulatory element 
(SRE), a 10-base pair element in the 5’ flanking region 
of LDL-R gene, and enhances transcription of the LDL- 
R gene. Our studies examining the effect of cell choles- 
terol content on the LDL-R expression do not exclude 
the possibility that activation of the cell by LDLIC 
may lead to a marked increase in the activity of either 
SREBP or CPP32 that totally overrides the inhibition 
of CPP32 induced by the sterol regulatory pool. Alterna- 
tively, it is possible that the mechanisms involved in the 
increased transcription of the LDLR gene are totally 
independent of the binding of these proteins to the 
SRE. 

The fact that LDL-IC did not induce HMGCoA re- 
ductase gene expression does not exclude the possibil- 
ity that an increase in activity of either SREBP or CPP32 
is behind the up-regulation of LDL-R expression, as re- 
cently, Wang et al. (27) have shown that the region that 
is necessary for sterol-mediated regulation in the HMG 
CoA reductase gene loosely resembles the SRE but can- 
not be bound by SREBP. 

In conclusion, we have proved that PMA-treated 
THP-1 cells are a good model for studying the upregu- 
lation of LDL-R expression induced by LDL-IC. We 
have also demonstrated that the up-regulation of LDL- 
R expression in these cells is due not only to activation 
of the transcription of the LDL-R gene but also to a 
post-transcriptional event, most likely translation activa- 
tion. Furthermore, we excluded the free cholesterol 
regulatory pool content as a possible reason behind the 
up-regulation of LDL-R expression in the same cells. 
Mechanisms responsible for the increased transcrip- 
tional activation of the LDL-R gene during cell activa- 
tion by LDL-IC are presently under investigation in our 
1aboratory.M 
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