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Abstract The genes coding for apolipoproteins A-I, C-111, and 
A-IV are closely linked to one another in the rat genome. 
Thyroid hormone stimulates apoA-I expression in rat liver by an 
unusual mechanism that enhances the maturation of mRNA. 
This hormone also increases apoA-IV mRNA abundance by a 
mechanism not yet studied, and its role in the expression of 
apoC-I11 has not been defined but may be of relevance to the 
metabolism of triglyceride-rich lipoproteins. We therefore mea- 
sured the transcriptional activity of the apoA-IV and apoC-I11 
genes and the abundance of their nuclear RNA and total cellular 
mRNA in livers of control rats and rats made hyper- and 
hypothyroid. After a single receptor-saturating dose of tri- 
iodothyronine (3 mg/100 g body weight), apoA-IV gene tran- 
scription increased at 20 min and reached a maximum of 260% 
of control at 6 h. Increases of transcription were reflected in in- 
creases of nuclear and total apoA-IV mRNA levels. ApoC-I11 
gene transcription was temporarily increased to 160% at 2 h 
without changes in the abundance of its nuclear or total mRNA 
over 24 h. Lower hormone doses (20-500 pg/lOO g body weight) 
stimulated apoA-IV mRNA transcription as well, but tended to 
reduce transcription from the apoC-I11 gene. Upon chronic ad- 
ministration of thyroid hormone, apoA-IV transcription de- 
creased to 55% and nuclear apoA-IV RNA levels to 87% of con- 
trol. However, total cellular apoA-IV mRNA levels increased to 
279% of control, implying stabilization of mRNA in the cyto- 
plasm. ApoC-111 transcription decreased to 28% of control, but 
abundance of nuclear and total cellular apoC-111 mRNA was 
reduced to a lesser extent. In hypothyroid rats, apoA-IV gene ex- 
pression was decreased fourfold at the transcriptional level. In 
contrast, apoC-I11 gene transcription increased to 178% of con- 
trol, but the abundance of nuclear and total cellular apoC-111 
mRNA did not differ from control rats. Thus, thyroid hor- 
mone affects the abundance of apoA-IV mRNA by changing its 
synthesis and its rate of degradation and enhances the efficiency 
of apoC-111 mRNA maturation, thereby blunting the net effect 
of altered mRNA synthesis on mRNA abundance.- Lin-Lee, 
Y-C., W. Strobl, S. Soyal, M. Radosavljevic, M. Song, A. M. 
Gotto, Jr., and W. Patsch. Role of thyroid hormone in the ex- 
pression of apolipoprotein A-IV and C-I11 genes in rat liver. 
J. Lipid Res 1993. 34: 249-259. 
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Apolipoproteins are structural components of plasma 
lipoproteins that serve as recognition sites for cellular up- 

take of lipoproteins and as activators of enzymes involved 
in lipoprotein metabolism. A number of physiological 
conditions have been described as altering net production 
of specific apolipoproteins by the intestine and liver 
through effects at the posttranslational (1-3), translational 
(4-6), posttranscriptional (7-9), or transcriptional level 

Apolipoproteins make up a multigene family that is 
believed to have arisen from one primordial gene (13, 14). 
Apolipoproteins A-I, C-111, and A-IV are of particular in- 
terest, not only because of their structural homologies, 
but also because the genes encoding them are closely 
linked within a 20-kb DNA segment in the human, rat, 
and mouse genome (15-17). ApoA-I and apoA-IV share 
several functions in lipoprotein metabolism. Both are acti- 
vators of LCAT (18, 19) and have been reported to medi- 
ate the uptake of high-density lipoproteins by hepatocytes 
(20-22). ApoA-IV may facilitate the transfer of apoC-I1 
to triglyceride-rich lipoproteins and thereby enhance their 
catabolism (23). In contrast, apoC-I11 is thought to 
reduce the catabolic rate of triglyceride-rich lipoproteins 
as it inhibits the activity of lipoprotein lipase (24, 25) and 
apoE-mediated remnant removal (26, 27). Indeed, in 
transgenic mice overexpression of apoC-I11 is associated 
with hypertriglyceridemia (28). Hence, the relationship 
between apoA-IV expression and apoC-I11 expression 
may be critical to triglyceride metabolism. 

Changes in thyroid hormone status have profound 
effects on plasma lipid transport (29, 30) and on the 

(9-12). 
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hepatic expression of the apoA-I and apoA-IV genes in the 
rat (30-34). However, little is known about the effects of 
T3 on apoC-I11 gene expression. In acute hyperthyroid- 
ism, apoA-I gene transcription is enhanced (9, 12). In 
chronic hyperthyroidism, apoA-I gene transcription is 
reduced but apoA-I mRNA abundance is increased three- 
fold by an unusual mechanism that involves stabilization 
and/or more efficient processing of nuclear apoA-I mRNA 
precursors (9). Also in chronic hyperthyroidism, apoA-IV 
production is augmented, which can be accounted for by 
increased apoA-IV mRNA abundance (30, 33). The rela- 
tionship among apoA-IV transcription, abundance of 
nuclear precursors, and abundance of cytoplasmic 
mRNA in chronic hyperthyroidism has not been studied. 
Conceivably, similar mechanisms could be involved in the 
hormonal stimulation of the apoA-I and apoA-IV genes. 

To gain insight into the role of T3 in the hepatic expres- 
sion of the apoA-IV and apoC-I11 genes, we measured the 
transcriptional activities and the abundance of nuclear 
and of total cellular mRNA of these two apolipoproteins 
in various settings of hormone excess and deficit. We 
report that perturbations of thyroid hormone status are 
associated with complex but distinct changes in the ex- 
pression of the apoA-IV and apoC-111 genes. The prin- 
cipal mechanism for enhanced apoA-IV gene expression 
in chronic hyperthyroidism is decreased catabolism of 
mature mRNA, as opposed to the mechanism of more 
efficient mRNA maturation previously described for 
apoA-I. ApoC-I11 mRNA abundance is less affected than 
apoA-IV mRNA abundance by changes in T3 status, 
since the pronounced hormonal effects on transcription 
are counteracted by posttranscriptional events. 

MATERIALS AND METHODS 

[5' C X - ~ ~ P I ~ C T P  (3000 Ci/mM), [5' y 32P]dATP (4500 
Ci/mM), and [5 '  a-32PIUTP (3000 Ci/mM) were pur- 
chased from ICN Radiochemicals (Irvine, CA). [a- 
35S]dATP (3000 Ci/mM) was from Amersham Corp. 
(Arlington Heights, IL). T4 DNA ligase, T 4  DNA poly- 
nucleotide kinase, RNase-free DNase I, and calf intestine 
alkaline phosphatase were obtained from Boehringer 
Mannheim (Indianapolis, IN). Amplitaq@ was from Perkin- 
Elmer Cetus (Norwalk, CT), and Quiaex was from 
Quiagen Inc. (Chatsworth, CA). The Sequenase dideoxy- 
sequencing kit was purchased from United States Bio- 
chemical Corp. (Cleveland, OH). The nick-translation kit 
was from Bethesda Research Laboratories (Gaithersburg, 
MD). Nitrocellulose and S&S Nytran membranes were 
obtained from Schleicher & Schuell, Inc. (Keene, NH). 

Adult male Sprague-Dawley rats (Texas Animal Spe- 
cialties, Humble, TX) weighing about 250 g were housed 
in a room with a 12-h light cycle (light between 0700- 

1900). Animals were fed normal rat chow ad libitum. T3 
was dissolved in 0.15 M NaCl, pH 11. Animals were in- 
jected subcutaneously or intraperitoneally as indicated 
under 'Results. Rats serving as injection controls received 
the alkaline 0.15 M NaCl only. Hypothyroidism was in- 
duced by feeding rat chow containing 0.1% PTU (ICN 
Nutritional Biochemicals, Cleveland, O H )  for 3 weeks. 
Food was removed at 0900, and rats were anesthetized with 
pentobarbital ( 5  mg/100 g body weight) 1-7 h later. Free 
T3 was measured by radioimmunoassay (Quantimune@ 
RIA, Bio-Rad Laboratories). Daily weight changes 
(mean SEM) of control rats, hypothyroid rats, and rats 
rendered hyperthyroid by daily subcutaneous injections of 
T3 (50 ug/lOO g body weight) for 7 days were 3.4 0.6, 
0.1 0.1, and -5.1 f 1.6 g, respectively, all differences at 
P < 0.01 (analysis of variance). 

The recombinant plasmids used in this study included 
plasmids pGEM-3Z containing full-length rat apoA-IV or 
apoC-111 cDNA inserts isolated in this laboratory (35). 
Double-stranded sequencing by the dideoxy-chain- 
termination method (36) showed complete homology to 
the published sequence of rat apoA-IV and rat apoC-I11 
cDNA (16). Plasmid pGEM-32 containing apoA-I cDNA, 
kindly provided by L. Chan, was used in previous studies 

Total RNA was extracted from 1 g of liver tissue by the 
guanidine hydrochloride method (37). Abundance of 
apoA-I, apoA-IV, and apoC-I11 mRNA was determined 
by quantitative slot blotting (37). Increasing amounts of 
RNA were applied to S&S Nytran membranes and hybri- 
dized to cDNA inserts labeled with [32P]dCTP by nick 
translation (38). Hybridization was quantified by liquid 
scintillation counting of radioactivity or by soft laser den- 
sitometry of X-ray films. Relative abundance of apoA-I, 
apoA-IV, and apoC-I11 mRNA was calculated from the 
slopes of the hybridization signals. Northern transfer of 
RNA was performed as outlined by Thomas (39). Total 
liver RNA was denatured with 1 M glyoxal, 50% DMSO 
and separated by electrophoresis in 1.2% agarose. The 
RNA was transferred to S&S Nytran membranes by 
diffusion blotting and hybridized to 32P-labeled cDNA 
inserts. The relative abundance of mRNA was deter- 
mined from the intensities of the bands, which were 
quantified by soft laser densitometry. Probe stripping and 
rehybridization of membranes was carried out according 
to the manufacturer's recommendations. 

Liver cell nuclei were prepared by the method of 
Northemann et ai. (40) as previously described (9, 11). 
The DNA content in the nuclei was determined by a 
fluorimetric assay (41) using salmon sperm DNA as 
standard. 

Cell-free transcription was performed by the method of 
Birch and Schreiber (42) as previously described (9, 11, 
35). Under our experimental conditions, total [32P]UTP 

(9, 11). 
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incorporation ranged from 0.15 to 40 pmol/mg DNA per 
min, transcription was DNA-dependent, and RNA poly- 
merase activity amounted to 55% of total transcription 
(11). Transcription from the albumin, apoE, and apoA-I 
genes was completely abolished by 2.5 pgIml amanitin (9, 
11). The newly synthesized 32P-labeled transcripts of the 
apoA-I, apoA-IV, and apoC-111 p n e s  were quantified by 
dot-blot hybridization to an excess (6-8 pg) of plasmid 
containing full-length apoA-I, apoA-IV, or apoC-111 
cDNA inserts as previously described (9, 11, 35). Non- 
recombinant plasmid GEM-37,  was used to determine 
nonspecific hybridization. Hybridization was carried out 
using 3-16 x IO6 cpm of extracted nuclear '2P-labeled 
RNA under conditions identical to those described previ- 
ously (11). To monitor hybridization efficiency, 3H-labeled 
cRNAs of apoA-I, apoA-IV, and apoC-111 were synthe- 
sized from the cDNA templates using SP6 or T7 RNA 
polymerase (43) and included in hybridizations. The rela- 
tive rates of apoA-I, apoA-IV. and apoC-111 mRNA syn- 
thesis were calculated by subtracting the counts per 
minute of '2P bound to the filters containing nonrecom- 
binant GEM-37.  (1-3 ppm) from the counts per minute 
of '2P bound to the filters with plasmids containing the 
apoA-I, apoA-IV. and apoC-111 cDNA inSCrtS. and divid- 
ing by counts per minute of 'IP bound by the 32P-labeled 
RNA input. Values w r e  carrected for efficiency of 
hybridization and arc given as parts per million of S2P- 
labeled RNA input. 

Nuclear RNA was extracted from isolated nuclei by the 
method of Lmers ,  Hanson, and Meisner (44) as previ- 
ously described (9). Nuclear RNA was analyzed by 
Northern blotting and quantitative slot blotting using the 
'2P-labeled cDNA inserts as hybridization probes. Soft 
laser densitometry was used to quantify signal intensity 
on autoradioqams. 

A@-I and apoC-111 mRNA precursors were identified 
by intron-specific hybridization. Probes specific for intron 
3 of the rat apoA-I or a&-111 gene were obtained by am- 
plification of .genomic DNA using the polymerase chain 
reaction (45). Primers were synthesized by using a 
Cyclone plus synthesizer and reapnts from Milligen Hio- 
search Division (Burlington, MA). For amplification of 
intron 3 sequences of the apoA-I gene, the following 
olipnucleotides were used (the location of 5' and 3' ends 
relative to the major transcription start site 1161 are given 
in parentheses): 5'-GCCTECAAClGGCACCAAC-3' 

CTGAGAGATGA-3' (+ 1139, + 1110). The primers for am- 
plifiation of intron 3 sequences of the apoC-111 gene were: 
5'-CACCCCXCCTK;AXCAT-3' ( + 1484, + 1502) and 

PCR assays contained 1 pg of genomic DNA isolated 
from rat liwr (38), 0.2 pM each upstream and down- 
stream primer, 200 p~ each dNTP, IO mM Tris-HCI, 
pH 8.3, 50 mM KCI, 2.5 mM M.$Iz, 2.5 U of Amplitaq 

( + 898, + 907); 5'-CTAGAGGGGAAGAGAGCAGCAG- 

5 ' - ~ ~ ~ G G C A G C T A C A C C C C - 3 '  (+  1793, + 1773). 

in a 100-pl reaction volume that was overlaid with mineral 
oil. Samples were processed through initial denaturation 
for 5 min at 94OC. 30 cycles of amplification, which con- 
sisted of 1 min at 60°C (annealing). I min at 72OC (exten- 
sion), and 1 min at 94OC (denaturation) with a final ex- 
tension at 6OoC for IO min. PCR products were separated 
by electrophoresis in 1.2% agarose, purified using Quiaex, 
and labeled with IS2P]dCTP hy nick translation. 

To evaluate differences in transcriptional activities and 
nuclear or total mRNA abundance between euthyroid 
and hyperthyroid or hypothyroid rats, one-way analysis of 
variance and planned comparison were used. For compar- 
ison of two sroup means. Student's t-test was applied. 

RESULTS 

Effects of acute hyperthyroidism 
To elucidate acute effects of thyroid hormone on 

hepatic apolipoprotein gene expression, a single dose of 

A. 

* 
1 .  * 

* 94 7c --....- i &a*. ..-_ 

---&- Apo c-I11 
ApoA-I 
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Hours After T3 Injection 
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ApoA-IV w m  
Aw C-111 0 0 
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Fig. 1. A: Timccouncoftmnrription ratesofthr apoA-IV. apaC-Ill. 
and a w l  pnrs  in liven from rats after a single d m  (3 mgI I0  g body 
wiighl i.p.) dT, .  Tranrription rates wrc tlrtrrmind by run-on assays 
using two pools of IHO rats per lime point, exrrpt for the 20-min 
timrpint at which nuclei fmm a single rat and a pnnl of two rats wrc 
u d .  Hvhridimtion of the nrwly svnthrrixcd nuclear RWA to plasmids 
rontaining apnA-I. apoC-Ill. or apoA-IV cDNA insens was carried out 
in duplirate o r  triplicate. R ~ ~ u l t s  arc e x p l r s d  in pcmnt of the 0-h time 
point; 'P < 0.05. analy+s of \ariancr. R: mpmcncalive dot blots illus- 
trating the rclaiive ~ranrription ratrs of Ihr apnA-IV, apoC-III. and 
a w l  gena shown in A. Rackground hvbridizaittion I O  nonmombinanl 
plasmid pGEM-37. is Iahrlrct P. Ihta on apnA-I transrription raws 
mrasuml in ihe .same nuclear preparations haw k n  publishrtl p m i -  
oudp (9) and arc shown for compariwn. 
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Fig. 2. Relationship of transcription rates (solid bars), abundance of 
nuclear (open bars) and total cellular mRNA (dashed bars) of apoA-IV 
(top), apoC-111 (middle), and apoA-I (bottom) in rat liver 6 and 24 h 
after a single dose of 3 mg/100 g of T3. Results are expressed as percent 
of control and are the means of two pools of two rats; 'P < 0.05 from 
control, analysis of variance. 

T3 was injected into rats intraperitoneally, and the gene 
transcription rates as well as the abundance of nuclear 
and of total cellular mRNA of apoA-IV, apoC-111, and 
apoA-I were followed for 24 h. A dose of 3 mg T3/100 g 
body weight was chosen to saturate nuclear T3 receptors 
over the experimental period (46). 

ApoA-IV gene transcription increased to 160% of con- 
trol ( P  < 0.05) at 20 min after the injection, the earliest 
timepoint studied (Fig. 1). ApoA-IV gene transcription 
reached a maximum of 260% at 6 h and remained 
elevated for 24 h. Total transcription did not change 
significantly during the experiment (minimum 85 % max- 
imum 95%; ns by analysis of variance). Nuclear apoA-IV 
mRNA abundance increased to 160% of control at 6 h 
(Fig. 2). At 24 h the increase of nuclear apoA-IV mRNA 
was commensurate with the increase in gene transcrip- 
tion. Total cellular apoA-IV mRNA increased to 173% of 
control at 6 h after injection and its abundance was simi- 
lar to that of nuclear apoA-IV RNA at 24 h (Fig. 2). 

ApoC-I11 gene transcription increased transiently to a 
maximum of 160% of control at 2 h ( P  < 0.05) but 
returned to baseline levels by 24 h. Neither nuclear nor 
total cellular apoC-I11 mRNA abundance changed sig- 
nificantly at the 6- and 24-h timepoints (Figs. 1 and 2). 

ApoA-I gene transcription increased rapidly to 158% of 
control levels and remained elevated for the experimental 
period. As previously shown (9), nuclear apoA-I RNA 
precursors and total cellular apoA-I mRNA increased to 
about three times the control value 24 h after the injection 
(Figs. 1 and 2), thus exceeding by twofold the levels ex- 
pected from the increase in transcription. 

To determine the acute effects of lower, more physiolog- 
ical doses of T3, transcription rates were measured 6 h 
after single doses of 20, 50, and 500 pg T,/100 g body 
weight (Table 1). Like apoA-I gene transcription (9), 
apoA-IV gene transcription increased at these lower hor- 
mone doses, although to a significant degree only at the 
highest dose, while apoC-I11 transcription rates decreased 
significantly only at the lowest dose (20 pg/lOO 9). These 
results were obtained using liver cell nuclei of individual 
animals and were confirmed using nuclei pooled from 
three animals per group. In the latter confirmatory 
experiment, apoA-IV gene transcription increased to 
119% + 276, 144% f 476, and 141% f 2% (mean f 
SEM of triplicate hybridizations) in rats injected with 20, 
50, and 500 pg T3/100 g body weight, respectively. For the 

TABLE 1 ,  Effect of acute T3 administration on the transcriptional activity of the apoA-IV and apoC-111 
genes in isolated rat liver nuclei 

Treatment ApoA-IV Transcription ApoC-111 Transcription 

Ppm 90 of control 

Saline 268 k 8 100 f 3 44 k 6 100 f 14 
T3 (20 lrg/100 g) 446 f 47 166 f 17 20 k 3 45 f 6a 
T3 (50 lrg/100 g) 370 f 74 138 + 28 32 f 8 73 + 18 
T3 (500 pg/lOO g) 440 f 35 164 f 13" 34 f 3 77 * 8 

Liver nuclei were isolated 5 h after injection of saline or various doses of T3. Transcription rates, measured by 
run-on assays using nuclei of three individual animals per group, are expressed as parts per million (ppm) of 32P- 
labeled RNA input (3 x 106 and 6 x lo6 cpm for apoA-IV and apoC-111, respectively) and are corrected for efficiency 
of hybridization. Results are means k SEM. 

"P < 0.05, analysis of variance. 
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TABLE 2. Effect of chronic T3 administration on the transcriptional activity of the apoA-IV, apoC-111, and 
apoA-I genes in isolated rat liver nuclei 

Transcription Rate 
Animal 
Set J2P-Labeled RNA Input Control TI (50 cg/lOO g, 7 d) 

ApoA-IV 
I 
I1 
111 

APOC-I11 
I 
I1 
111 

ApoA-I 
I 
I1 

cpm x 10-6 

16 
1 1  
6 

16 
1 1  
6 

8 
8 

~~~ ~ 

PPm 

168, 143 
176, 203 

180, 164, 170 

29, 39 
78, 40 

48, 28, 50 

52 
52 

87, 80 

80, 78, 102 
105, 123 55 f 3" 

7 ,  5 
6, 7 28 f 13" 

22, 16, 32 

19 
16 

37' 
30' 

Transcription rates were measured in three sets of animals each consisting of six control and six T,-injected rats 
by nuclear run-on assays using nuclei pooled from four to six ratdgroup. Transcription rates are expressed as parts 
per million (ppm) of 3*P-labeled RNA input for individual hybridizations and are corrected for hybridization efficiency. 

"Mean f SEM, P < 0.01, t-test. 
"For confirmation of previous results (9), only single hybridizations were performed. 

same doses of T3, apoC-I11 gene transcription was 
49% js 7%, 63% f 5%, and 98% f 2 %  of control 
levels, respectively. 

Effects of chronic hyperthyroidism 
Four sets of rats (referred to as sets I-IV in figures and 

tables) were injected subcutaneously with a nearly 
receptor-saturating dose of 50 Fg T3/100 g body weight 
per day for 7 days. Sets I11 and IV also contained a group 
of animals made hypothyroid through use of PTU (see 
below). 

Chronic thyroid hormone administration decreased the 
transcription rates of the three genes in all experiments 
(Table 2). Mean apoA-IV, apoC-111, and apoA-I mRNA 
gene transcription rates were 55, 28, and 34% of control 
( P  < O.Ol), respectively. 

Despite these coordinate decreases in transcription, the 
three apolipoproteins varied widely from one another in 
changes in nuclear and total cellular mRNA abundance 
on T3 administration (Table 3). Abundance of nuclear 
apoA-IV RNA increased slightly above the level expected 
from transcription and total cellular apoA-IV mRNA 
abundance increased 3.2-fold ( P  < 0.01) above the abun- 
dance level of nuclear A-IV RNA, implying stabilization 
of mature mRNA. Nuclear and total cellular apoC-I11 
mRNA abundance levels increased when compared with 
the rate of transcription, but remained well below the 
abundance of euthyroid control. Against the reduced level 
of apoA-I gene transcription, the abundance of nuclear 
and cellular apoA-I mRNA increased 6.7-fold and 8.5- 
fold, respectively, results consistent with our previous 
findings and, as discussed previously, with more effective 

TABLE 3. Transcriptional activity and abundance of nuclear and cellular apoA-IV, apoC-111, and apoA-I 
mRNA in livers of euthyroid and chronic hyperthyroid rats 

ApoA-IV ApoC-I11 ApoA-I 

Variable Control T3 Control T3 Control T3 

Transcription 100 f 5 55 f 3" 100 f 16 28 i 13" 100 34 
Nuclear RNA abundance 100 f 4 87 f 5* 100 f 4 53 i 8" 100 f 3 227 12" 
Cellular mRNA abundance 100 i 8 279 f 22" 100 i 5 63 i 3" 100 -t 7 289 f 9" 

Nuclei, nuclear RNA, and total cellular RNA were isolated from livers of control rats and rats injected with T3 
(50 pg/lOO g/d S.C. for 7 d). Transcription data are from Table 2. Nuclear and cellular mRNA abundance was de- 
termined by quantitative slot blotting using 6-12 pools per group, two rats per pool. Results are expressed in per- 
cent of control and are given as means f SEM. 

"P < 0.01, t-test. 
'P < 0.05. 
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processing of apoA-I mRNA precursors (9). Northern 
blotting of total cellular RNA showed mRNA species of 
expected size and confirmed the quantitative differences 
obtained by slot blotting (Fig. 3). 

Northern blots of nuclear RNA showed at least three 
nuclear apoA-I RNA species (Fig. 4). The most abundant 
a@-I RNA was similar in size to mature cytoplasmic 
RNA. At least two larger, additional species, not well 
separated from each other but clearly separated from the 
smallest nuclear apoA-I mRNA, could be identified on 
blots probed with apoA-I cDNA. These two larger RNA 
species hybridized to an intron 3-specific genomic apoA-I 
fragment and were thus apoA-I mRNA precursors (Fig. 
5A). In chronic hyperthyroidism, the smallest nuclear 
apoA-I RNA species became relatively more abundant 
(83 * 3% of total nuclear a@-I RNA in T, vs. 61 f 3% 
in control; n - 6 pooldgroup, 1-2 ratdpool; mean f 
SEM; P < 0.01). The pattern of a@-IV nuclear RNA 
species did not change in response to chronic thyroid hor- 
mone administration, while the proportion of the smallest 
nuclear a@-111 RNA increased from 86 f 2% in con- 
trol to 95 * 2% in hyperthyroid rats (mean * SEM; 
n - 6 pooldgroup; 1-2 ratdpool; P C 0.02). 

Effects of hypothyroidism 
Two groups of rats (contained in animal sets 111 and 

IV) were made hypothyroid by feeding a FTU-containing 

diet for 3 weeks. The control p u p s  were fed rat chow. 
Plasma fm T, levels were 0.5 * 0.1 pdml in the 
hypothyroid and 2.1 * 0.3 pg/ml in the euthyroid rats 
(mean f SEM; P c 0.01). 

Chronic hypothyroidism greatly reduced a@-IV gene 
transcription as well as nuclear and total cellular abun- 
dance of apoA-IV mRNA in the liver (Table 4, Fig. 3 
and 4). In contrast, the rate of a@-111 gene transcrip- 
tion increased to 178 * 24% of euthyroid controls (Table 
4). Despite the increase in transcription, chronic hypo- 
thyroidism did not significantly alter the abundance of 
nuclear or of cellular a@-111 mRNA (Table 4). The 
decrease in the abundance of nuclear apoC-111 RNA rela- 
tive to transcription was associated with a change in the 
pattern of nuclear mRNA precursors. The proportion of 
the smallest nuclear a@-111, which s h d  the same 
migration as mature apoC-I11 mRNA, decreased from 
86 f 2% in control to 68 * 4% in hypothyroid rats 
(mean * SEM; n - 4 pooldgroup, 1-2 ratdpool, P C 
0.01); the proportion of higher-molecular-weight precur- 
sors, as identified by intron 3-specific hybridization (Figs. 
4 and 5R), increased in hypothyroid animals. As expected 
from our previous experiments (9), nuclear and total cel- 
lular apoA-I mRNA abundance also decreased in hypo- 
thyroid rats (Figs. 3 and 4); this result is consistent with 
some (30.32). but not all (34) studies from other laborato- 
ries. In our previous experiments, apoA-I gene transcrip- 

PTU C T3 PTU C T3 PTU C T3 
-n mn nnn 

3054- 
3036 - 
1636 - 
1018- 0 o @ Q *  

000.0 .  

a b a b a b  - a b a b a b  a b a b a b  - - 
APO A-I  APO C-III APO A-IV 

Fig. 3. Representative a u t o d i o p m s  of Northern blots of pools (six ratdpool) of total liver RNA from PTU-fed 
animals (PTW). conirol animals (C). and rats fed the control diet and injected with 50 pg/lOO g of T, for 7 d (Ts). 
?in and 20 pg of total RNA mrc subjected to rlecirophomis in lana a and b rcspccti\rly. T h e  same blots were 
hybridized to W-lahclrd apoA-I. apoC-Ill. and apoA-IV cDNA insens. Molecular might siandads arc shown on 
thr left. 
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PTU C T3 PTU C T3 PTU C T3 
lnnl - nnn 

c - 

3054-1 

3036 - I 
1636 - 
1018- 0 .....) 

a b a  b a  b a b a b a b  a b a b a b  - - - 
APO A 4  APO c-rn APO A - N  

Fig. 4. Representative autoradiogram of Northern blots of p l s  (six ratdpool) of nuclear RNA from F'TU-fed 
animals (!'TU), control rats (C). and rats fed the control chaw and injected daily with 50 figllOO g of TI for 7 d 
( T s ) .  Fifteen and 30 ~g of nuclear RNA were subjected to elmrophorcsis in l a n a  a and b. rcspectiwly. The same 
blots were hybridized to "P-labeled a w l .  a+-Ill. and apoA-IV cDNA imwns. Molecular wight  standards are 
shown on the left. 

A B tion was decreased to 60% of control (9), which would ac- 
count at least in part for the reduced total cellular apoA-I 

PTU C T3 mRNA abundance. In our current studies, the hybridiza- 
tion signals of nuclear RNA of hypothyroid rats with 
labeled apoA-I cDNA or labeled intron 3 sequences were 
too weak for reliable determination of the proportion of 
nuclear apaA-I RNA. 

I - - l l - - I n  
c T3 nn 

3054 - 
3036 - 
1636 - 
1018- 

l e  i e i j  l e  i e i e i ]  
ApoA - I APOC - 111 

Fig. 5. Autoradiograms of Northern blots of pools (six r a t d p l )  of 
nuclear RNA from control rats (C). rats fed the control chow and in- 
jected daily with 50 pg/IOO g of TI (TI), rats fed the PlW-dict (PTW). 
In A, the membrane was h y b r i d i d  with "P-lahelcd a w l  cDNA in- 
sen (e) or with a s*P-laheled pmhe specific for apoA-I iniron-3 sequences 
(i). In R. the membrane was hybridized with 1*P4abeled apoC-Ill cI)WA 
(e) or  with a '*P-labcled probe spccihc for apoC-Ill intmn-3 sequences 
(i). 

DISCUSSION 

These studies confirm and extend previous reports that 
alterations of thyroid status have major effects on the ex- 
pression of the apoA-IV and apoA-I genes in rat liver 
(30-34). The main new findings are: i) Transcription rates 
of the apoA-IV gene exhibit the largest changes in re- 
sponse to thyroid hormone excess and deficit among the 
t h m  genes studied. ii) The mechanism for the increased 
abundance of apoA-IV mRNA in chronic hyperthyroidism 
involves decreased catabolism of mRNA in the cytoplasm 
and is therefore clearly distinct from the mechanism by 
which a@-I mRNA levels are increased in this condi- 
tion. iii) Transcription rates of the apoC-111 gene differ 
severalfold between chronic hypothyroidism and chronic 
hyperthyroidism; howevcr, the impact of these transcrip- 
tion differences on apoC-111 mRNA abundance is blunted 
by counteracting changes in mRNA maturation. 

O u r  findings that mRNA abundance increased for 
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TABLE 4. Effect of chronic hypothyroidism on apoA-IV and apo-CHI gene transcription, nuclear and 
cellular mRNA abundance in rat liver 

Variable 

ApoA-IV ApoC-I11 

Control PTU Control PTU 

Transcription 100 k 13 24 & 7" 100 tr 20 178 * 24' 
Nuclear RNA abundance 100 + 6 9 * 2n 100 * 8 115 t 9 
Cellular mRNA abundance 100 f 23  6 2 2a 100 30 83 * 4 

Nuclei, nuclear RNA, and total cellular RNA were isolated from livers of control rats and rats fed a PTU- 
containing diet for 3 weeks. Transcription rates were measured by nuclear run-on assays using nuclei from four 
individual radgroup. Nuclear and total cellular RNA abundance was measured by quantitative slot blotting in three 
to six pools of two rats each per group. Transcription rates and mRNA abundance data are mean + SEM and 
expressed as percent of control. 
"P < 0.01, t-test. 
'P < 0.05. 

apoA-IV and apoA-I and decreased for apoC-I11 after 
chronic T3 administration suggest that the hepatic abun- 
dance was altered in a fashion resembling the expression 
of the apoA-IV, apoA-I, and apoC-I11 genes in the intes- 
tine (16, 47). This notion is supported by an increased 
hepatic production of apoB-48 at the expense of apoB-100 
that has been described as a response to T3 administration 
(48, 49). Because apoC-I11 may inhibit and apoA-IV may 
enhance the catabolism of triglyceride-rich lipoproteins, 
triglyceride-rich lipoproteins should be cleared faster 
from the circulation in chronic hyperthyroidism. This 
hypothesis assumes that apoC-I11 protein production is 
commensurate with changes in apoC-I11 mRNA abun- 
dance, as has been described for apoA-IV (30). 

Our studies show that the mechanisms whereby thyroid 
hormone alters the expression of the apoA-IV, apoC-111, 
and apoA-I genes operate at least at three levels, i.e., tran- 
scription, mRNA maturation, and mRNA stability. The 
transcriptional activities of all three genes changed in 
response to altered hormone status. After a single receptor- 
saturating dose of T3, transcription of the three genes in- 
creased, albeit to a different extent. Whether the rapid in- 
duction of transcriptional activity results from interaction 
of cis-acting sequences of these genes with the T3 receptor 
complex (50), or with other T3-regulated transcription 
factors (51) is not known. Stimulation of apoC-I11 tran- 
scription was short-lived and of only moderate intensity, 
resembling that of the apoE (9) and apoA-I1 (W. Strobl, 
L. Chan, and W. Patsch, unpublished observations) 
genes. Furthermore, lower, more physiological doses of T3 
inhibited apoC-I11 transcription, while stimulation of 
apoA-IV transcription and apoA-I transcription was ob- 
served (Table 1, ref. 9). The mechanism for the biphasic 
effect of T3 on apoC-I11 transcription is not known. Upon 
repeated administration of T3, transcription of all three 
genes was inhibited. Transcriptional activities of the albu- 
min (9), apoE (9), and apoA-I1 (W. Strobl, L. Chan, and 
W. Patsch, unpublished observations) genes are not influ- 
enced in these experimental conditions, implying spe- 

cificity of transcriptional effects on the apoA-IV, apoC- 
111, and apoA-I genes. The transcriptional activities of the 
three genes were comparable in ranking between chronic 
hyperthyroidism and acute thyroid hormone stimulation. 
The synthetic rate of mRNA was highest for apoA-IV and 
lowest for apoC-111. Thus, the interaction of trans factors 
with a ck-regulatory element that resulted in stimulation 
of transcription after a single dose may have been main- 
tained, but transcription of the entire gene cluster may 
have been repressed by a more effective mechanism. 

Common and unique cis- and trans-regulatory elements 
have been identified for the apoA-I and apoC-I11 genes 
(52, 53). Several members of the steroid receptor super- 
family that bind with high affinity to palindromic thyroid 
hormone-response elements (54) have been shown to con- 
verge at sites in the proximal promoter of the apoA-I and 
apoC-I11 genes. Hepatocyte nuclear factor 4 stimulates 
transcription from the apoC-I11 promoter (55), while 
retinoic acid-responsive factor (Y activates transcription 
from basal apoA-I promoters (56). Apolipoprotein A-I 
regulatory protein 1 and Ear3KOUP-TF suppress tran- 
scriptional activity from both promoters (54). Thus, the 
intracellular balance of these factors may be important for 
apoA-I and apoC-I11 transcription and may be altered by 
perturbations of thyroid status (57, 58). Much less is 
known about cis- and trans-regulatory elements determin- 
ing apoA-IV gene transcription (52). However, the sensi- 
tivity of apoA-IV gene transcription to thyroid status es- 
tablished in this study (24% of control vs. 260% of 
control, Fig. 1 and Table 4) may be exploited to delineate 
the hierarchy of cis and trans factors determining the tran- 
scriptional activity of the apoA-IV gene. 

Besides effects on transcription, thyroid status affects 
the expression of the apoA-I and apoC-I11 genes by influ- 
encing nuclear maturation of mRNA. Despite reduced 
transcription, nuclear apoA-I RNA abundance is in- 
creased in chronic hyperthyroidism (9). Northern blots 
probed with apoA-I cDNA and/or apoA-I intron 3 se- 
quences showed an increase in the level of apoA-I mRNA 
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precursors and an even greater increase in the level of 
mature nuclear RNA (Figs 4 and 5A). Considering the 
decrease in transcription, such changes in the abundance 
and proportion of nuclear RNA species are most consis- 
tent with protection of a nuclear apoA-I mRNA precursor 
from degradation or with enhancement of intron removal 
(C. Seelos, S. Soyal, Y. C. Lin-Lee, A. M. Gotto, Jr., and 
W. Patsch, unpublished observations). 

In hypothyroid rats, the abundance of nuclear apoC-I11 
RNA decreased relative to the level of transcription, and 
the proportion of high-molecular-weight precursors in- 
creased. In chronic hyperthyroid rats, the abundance of 
nuclear apoC-I11 RNA increased relative to transcrip- 
tion, and the proportion of mature nuclear RNA in- 
creased (Table 4, Figs. 4 and 5B). Thus, thyroid hormone 
increases the rate of both apoA-I and apoC-I11 mRNA 
maturation. While the factors governing the efficiency of 
mRNA maturation are not fully understood, some mecha- 
nistic insight has been presented. Changes in the stabili- 
zation of nuclear mRNA precursors may help to explain 
the different expression of the human liver/bone/kidney 
alkaline phosphatase gene in osteoblast-derived cells and 
HepG2 cells despite similar rates of transcription (59). 
Furthermore, the efficiency of splicing may indirectly con- 
trol the stability of pre-mRNA. Splicing blocks may lead 
to degradation of mRNA precursors by permitting the at- 
tack of introns by nucleolytic enzymes. Such a mechanism 
may control the expression of the L1 ribosomal protein 
gene in Xenopus laevis (60). 

Changes in the stability of cytoplasmic mRNA played 
little, if any, role in T3 effects on apoA-I or apoC-I11 gene 
expression (Figs. 2-4, Tables 3 and 4). However, apoA-IV 
gene expression is enhanced by decreased catabolism of 
mature RNA in chronic hyperthyroidism (Fig. 3, Table 
3). The molecular mechanisms that change the turnover 
of selective mRNA are only partially understood (61). 
Sequences in the 3'-noncoding region of mRNA have 
been shown to determine stability of transiently expressed 
genes, and AU sequences may be recognition signals for 
mRNA degradation pathways (62, 63). However, the half- 
life of other mRNA is determined by sequences close to 
their 5' end (64, 65), and studies with chimeric mRNA of 
0-globin and c-fos suggest that sequences at both the 5' 
and 3' ends contribute to the stability of mRNA (66). As 
chimeras with reciprocally exchanged sequences do not 
always show reciprocal half-lives, involvement of secon- 
dary structure is thought to have a significant effect on the 
degradation signal conferred by specific sequences (66). 
Indeed, the initial cleavage site for histone mRNA may be 
in stem-loop structures (67). The nucleases responsible 
for mRNA degradation have not been identified, but an 
association of such enzymes with ribosomes has been sug- 
gested (68). 

Hormones such as estrogen and prolactin reduce the 
turnover of cytoplasmic mRNA of hormone-dependent 

proteins such as vitellogenin and casein (69, 70). Estrogen 
alters as well the stability of ap6VLDL-11, a chicken apolipo- 
protein (7), but little is known about how the degradation 
pathway of these mRNA is influenced by hormones. 
ApoA-IV mRNA abundance increases twofold in rat in- 
testinal epithelial cells 4 h after a fat bolus, but tends to 
decrease towards baseline levels over the next 4 h (71). For 
enterocytes to respond rapidly and repeatedly to fat intake 
with changes in apoA-IV mRNA concentrations, their 
apoA-IV mRNA turnover must be high, so that changes 
in transcription rates are effectively converted into 
changes in mRNA levels. Alternatively, nutrient-induced 
modulations in the stability of apoA-IV mRNA could be 
involved in the rapid changes in mRNA concentrations. 
Studies in strains of inbred mice showed wide variation in 
the abundance of apoA-IV mRNA in liver that resulted 
from different rates in apoA-IV mRNA turnover. Heter- 
ogeneity in mRNA structure and trans-acting proteins was 
suggested to explain the variation of mRNA stability in 
these strains (72). These data together with our results in- 
dicate that mRNA stability is a determinant of apoA-IV 
gene expression that is of physiological relevance. Thus, 
elucidation of apoA-IV mRNA degradation pathways 
may enhance our understanding of lipid transport. I 

This work was supported by US. National Institutes of Health 
Grant HL-34457 and SCOR Contract HL-27341, and by 
Austrian Science Foundation Grant P-7944MED. The technical 
assistance of I. Y. Chen and Christian Seelos and the assistance 
of S. Simpson in editing the manuscript are greatly appreciated. 
Manuscript received 5 March 1992 and in reuisedfonn 13 August 1992. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Pullinger, C. R., J. D. North, B-B. Teng, V. A. Rifici, A. E. 
Ronhild de Brito, and J. Scott. 1989. The apolipoprotein B 
gene is constitutively expressed in HepG2 cells: regulation 
of secretion by oleic acid, albumin, and insulin, and mea- 
surement of the mRNA half-life. J.  Lipid Res. 30: 

Patsch, W., S. Franz, and G. Schonfeld. 1983. Role of insu- 
lin on lipoprotein secretion in cultured rat hepatocytes. 
J.  Clin. Invest. 71: 1161-1174. 
Patsch, W., T. Tamai, and G. Schonfeld. 1983. Effect of 
fatty acids on lipid and apoprotein secretion and associa- 
tion in hepatocyte cultures. J. Clin. Invest. 72: 371-378. 
Patsch, W., and G. Schonfeld. 1981. The degree of sialyla- 
tion of apoC-I11 is altered by diet. Diabetes. 30: 530-534. 
Go, M. E, G. Schonfeld, B. Pfleger, T. G. Cole, N. L. 
Sussman, and D. H. Alpers. 1988. Regulation of intestinal 
and hepatic apoprotein synthesis after chronic fat and cho- 
lesterol feeding. J.  Clin. Invest. 81: 1615-1620. 
Sparks, J. D., R. Zolfaghari, C. E. Sparks, H. C. Smith, 
and E. A. Fisher. 1992. Impaired hepatic apolipoprotein B 
and E translation in streptozotocin diabetic rats. J.  Clin. 
Invest. 89: 1418-1430. 
Gordon, D. A., G. S. Shelness, M. Nicosia, and D. L. 
Williams. 1988. Estrogen-induced destabilization of yolk 

1065-1077. 

Lin-Lee et al. Thyroid hormones and hepatic apolipoprotein expression 257 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


8. 

9 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20 

21. 

22 

23 

precursor protein mRNAs in avian 1iver.J. Bwl. Chem. 263: 
2625-2631. 
Panduro, A,, Y. C. Lin-Lee, L. Chan, and A. Shafritz. 
1990. Transcriptional and posttranscriptional regulation of 
apolipoprotein E, A-I, and A-I1 gene expression in normal 
rat liver and during several pathophysiologic states. 
Biochemisty. 29: 8430-8435. 
Strobl, W., N. L. Gorder, Y. C. Lin-Lee, A. M. Gotto, Jr., 
and W. Patsch. 1990. Role of thyroid hormones in apolipo- 
protein A-I gene expression in rat liver. J. Clin. Invest. 85: 

Chan, L., R. L. Jackson, B. W. OMalley, and A. R. 
Means. 1976. Synthesis of very low density lipoproteins in 
the cockerel: effects of estr0gen.J Clin. Invest. 58: 368-379. 
Strobl, W., N. L. Gorder, Y. C. Lin-Lee, G. A. Fienup, 
A. M. Gotto, Jr., and W. Patsch. 1989. Effect of sucrose diet 
on apolipoprotein biosynthesis in rat liver: increase in apo- 
lipoprotein E gene transcription. J.  Biol. Chem. 264: 

Apostolopoulos, J. J., M. J. La Scala, and G. J. Howlett. 
1988. The effect of triiodothyronine on rat apolipoprotein 
A-I and A-IV gene transcription. Biochem. Biophys. Res. 
Commun. 154: 997-1002. 
Barker, W. C., and M. 0. Dayhoff. 1977. Evolution of 
lipoproteins deduced from protein sequence data. Comp. 
Biochem. Physiol. 57B: 309-315. 
Luo, C. C., W. H. Li, M. N. Moore, and L. Cham 1986. 
Structure and evolution of the apolipoprotein multigene 
family. J. Mol. Biol. 187: 325-340. 
Karathanasis, S. K. 1985. Apolipoprotein multigene family 
and tandem organization of human apolipoprotein A-I, 
C-111, and A-IV genes. Proc. Natl. Acad. Sci. USA. 82: 
6374-6378. 
Haddad, I. A,, J. M. Ordovas, T. Fitzpatrick, and 
S. Karathanasis. 1986. Linkage, evolution, and expression 
of the rat apolipoprotein A-I, (2-111, and A-IV genes. 
J.  Biol. Chem. 261: 13268-13277. 
Williams, S. C., S. G. Grant, K. Reue, B. Carrasquillo, 
A. J. Lusis, and A. J. Kinniburgh. 1989. Cis-acting deter- 
minants of basal and lipid-regulated apolipoprotein A-IV 
expression in mice. J.  Biol. Chem. 264: 19009-19016. 
Fielding, C. J., V. G. Shore, and P. E. Fielding. 1972. A 
protein cofactor of 1ecithin:cholesterol acyltransferase. 
Biochem. Biophys. Res. Commun. 46: 1493-1498. 
Chen, C. H., and J. J. Albers. 1985. Activation of leci- 
thin:cholesterol acyltransferase by apolipoprotein E-2, E-3 
and A-IV isolated from human plasma. Biochim. Biophys. 
Acta. 836 279-285. 
Dvorin, E., N. L. Gorder, D. M. Benson, and A. M. Gotto, 
Jr. 1986. Apolipoprotein A-IV a determinant for binding 
and uptake of high density lipoproteins by rat hepatocytes. 
J.  Biol. Chem. 261: 15714-15718. 
Rifici, V. A,, and H. A. Eder. 1984. A hepatocyte receptor 
for high-density lipoproteins specific for apolipoprotein A-I. 
J. Biol. Chem. 259: 13814-13818. 
Monaco, L., H. M. Bond, K. E. Howell, and R. Cortese. 
1987. A recombinant apoA-I-protein A reproduces the 
binding parameters of HDL to its receptor. EMBOJ.  6: 

Goldberg, I. J., C. A. Scheraldi, L. K. Yakoub, U. Saxena, 
and C. L. Bisgaier. 1990. Lipoprotein apoC-I1 activation of 
lipoprotein lipase. . I .  Biol. Chem. 8: 4266-4272. 

659-667. 

1190-1194. 

3253-3260. 

24. Wang, C. S.; W. 1. McConnathy, H. U. Kloer, and P. 
Alaupovic. 1985. Modulation of lipoprotein lipase activity 
by apolipoproteins: effect of apolipoprotein C-111. J Clin. 
Invest. 75: 384-390. 

25. Ginsberg, H. N., N. A. Le, I. A. Goldberg, J. C. Gibson, 
A. Rubinstein, P. Wang-Iverson, R. Norum, and W. V. 
Brown. 1986. Apolipoprotein B metabolism in subjects with 
deficiency of apolipoproteins C-I11 and A-I: evidence that 
apolipoprotein C-I11 inhibits catabolism of triglyceride-rich 
lipoproteins by lipoprotein lipase in vivo. J.  Clin. Invest. 78: 

26. Shelburne, F., J. Hanks, W. Meyers, and S. Quarfordt. 
1980. Effect of apoproteins on hepatic uptake of triglyceride 
emulsions in the rat. J.  Clin. Invest. 65: 652-658. 

27. Windler, E., and R. J. Havel. 1985. Inhibitory effects of 
C apolipoproteins from rats and humans on the uptake of 
triglyceride-rich lipoproteins and their remnants by the 
perfused rat liver. J.  Lipid Res. 26: 556-565. 

28. Ito, Y., N. Azrolan, A. OConnell, A. Walsh, and J. L. 
Breslow. 1990. Hypertriglyceridemia as a result of human 
apoC-I11 gene expression in transgenic mice. Science. 249: 

29. Keyes, W. G., and M. Heimberg. 1979. Influence of thyroid 
status on lipid metabolism in the perfused liver. J.  Clin. 
Invest. 64: 182-190. 

30. Davidson, N. O., R. C. Carlos, M. J. Drewek, and T. G. 
Parmer. 1988. Apolipoprotein gene expression in the rat is 
regulated in a tissue-specific manner by thyroid hormone. 
J. Lipid Res. 29: 1511-1522. 
Wilcox, H. G., W. G. Keyes, T. A. Hale, R. Frank, D. W. 
Morgan, and M. Heimberg. 1982. Effects of triiodothyro- 
nine and propylthiouracil on plasma lipoproteins in male 
rats. J Lipid Res. 23: 1159-1166. 

32. Apostolopoulos, J. J., G. J. Howlett, and N. Fidge. 1987. 
Effects of dietary cholesterol and hypothyroidism on rat 
apolipoprotein mRNA metabolism. J.  Lipid Res. 28: 642- 
648. 

33. Staels, B., A. van Tol, G. Verhoeven, and J. Auwerx. 1990. 
Apolipoprotein A-IV messenger ribonucleic acid abun- 
dance is regulated in a tissue-specific manner. Endocrinology. 
126: 2153-2163. 

34. Staels, B., A. van Tol, L. Chan, H. Will, G. Verhoeven, and 
J. Auwerx. 1990. Alterations in thyroid status modulate 
apolipoprotein, hepatic triglyceride lipase, and low density 
lipoprotein receptor in rats. Endocrinology. 127: 1144-1152. 

35. Radosavljevic, M., Y. C. Lin-Lee, S. M. Soyal, W. Strobl, 
C. Seelos, A. M. Gotto, Jr., and W. Patsch. 1992. Effect of 
sucrose diet on expression of apolipoprotein genes A-I, 
C-I11 and A-IV in rat liver. Atherosclerosis. 95: 147-156. 
Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA 
sequencing with chain-terminating inhibitors. Proc. Natl. 
Acad. Sci, USA. 74: 5463-5467. 
Lin-Lee, Y. C., F. T. Kao, P. Cheung, and L. Chan. 1985. 
Apolipoprotein E gene mapping and expression: localiza- 
tion of the structural gene to human chromosome 19 and 
expression of apoE mRNA in lipoprotein and non- 
lipoprotein-producing tissues. Biochemistry. 24: 3751-3756. 

38. Maniatis, T., E. E Fritsch, and J. Sambrook. 1982. 
Molecular Cloning: A Laboratory Manual. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY. 

39. Thomas, P. 1980. Hybridization of denatured RNA and 
small DNA fragments transferred to nitrocellulose. Proc. 
Natl. Acad Sci. USA. 77: 5201-5205. 
Northemann, W., M. Heisig, D. Kunz, and P. C. Heinrich. 
1985. Molecular cloning of cDNA sequences for rat 
a2-macroglobulin and measurement of its transcription 
during experimental inflammation. J Biol. Chem. 260: 
6200-6205. 
Kapuscinski, J., and B. Skoczylas. 1977. Simple and rapid 
fluorimetric method for DNA microassay. Anal. Biochem. 

1287-1295. 

790-793. 

31. 

36. 

37. 

40. 

41. 

258 Journal of Lipid Research Volume 34, 1993 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

83: 252-257. 
Birch, H. E., and G. Schreiber. 1986. Transcriptional regu- 
lation of plasma protein synthesis during inflammation. 
J Biol. Chem. 261: 8077-8080. 
Melton, D. A,, P. A. Krieg, M. R. Rebagliati, T. Maniatis, 
K. Zinn, and M. R. Green. 1984. Efficient in vitro synthe- 
sis of biologically active RNA and RNA hybridization 
probes from plasmids containing a bacteriophage SP6 
promoter. Nucleic Acidc Res. 12: 7035-7056. 
Lamers, W. H., R. W. Hanson, and H. M. Meisner. 1982. 
CAMP stimulates transcription of the gene for cytosolic 
phosphoenolpyruvate carboxykinase in rat liver. Proc. Natl. 
Acad. Sci. USA. 79: 5137-5141. 
Saiki, R., S. Scharf, F. Faloona, K. B. Mullis, G. T. Horn, 
H. A. Erlich, and N. Arnheim. 1985. Enzymatic amplifica- 
tion of 0-globin genomic sequences and restriction site 
analysis for diagnosis of sickle cell anemia. Science. 230: 

Oppenheimer, J. H., H. L. Schwartz, and M. I. Surks. 
1975. Nuclear binding capacity appears to limit the hepatic 
response to L-triiodothyronine (T3). Endoct: Res. Commun. 

Wu, A. L., and H. G. Windmueller. 1979. Relative contri- 
butions by liver and intestine to individual plasma 
apolipoproteins in the rat. J Biol. Chem. 254: 7314-7322. 
Davidson, N. O., L. M. Powell, S. C. Wallis, and J. Scott. 
1988. Thyroid hormone modulates the introduction of a 
stop codon in rat liver apolipoprotein B messenger RNA. 
J Biol. Chem. 263: 13482-13485. 
Baum, C. L., B. B. Teng, and N. 0. Davidson. 1990. Apo- 
lipoprotein B messenger RNA editing in the rat liver: 
modulation by fasting and refeeding a high carbohydrate 
diet. J Biol. Chem. 265: 19263-19270. 
Samuels, H. H., B. M. Forman, Z. D. Horowitz, and Z. S. 
Ye. 1988. Regulation of gene expression by thyroid hor- 
mone. J Clin. Inuest. 81: 957-967. 
Petty, K. J., H. Morioka, T. Mitsuhashi, and V. M. 
Nikodem. 1989. Thyroid hormone regulation of transcrip- 
tion factors involved in malic enzyme gene expression. 
J Biol. Chem. 264: 11483-11490. 
Zannis, V. I., D. Kardassis, P. Cardot, M. Hadzopoulou- 
Cladaras, E. E. Zanni, and C. Cladaras. 1992. Molecular 
biology of the human apolipoprotein genes: gene regulation 
and structurelfunction relationship. Cum Opinion Lipidol. 3: 

Reue, K., T. Leff, and J. L. Breslow. 1988. Human apo- 
lipoprotein C-I11 gene expression is regulated by positive 
and negative cir-acting elements and tissue-specific protein 
factors. J Biol. Chem. 263: 6857-6864. 
Ladias, J. A. A., and S. K. Karathanasis. 1991. Regulation 
of the apolipoprotein A-I gene by ARP-1, a novel member 
of the steroid receptor superfamily. Science. 251: 561-565. 
Sladek, F. M., W. Zhong, E. Lai, and J. E. Darnell, Jr. 
1990. Liver-enriched transcription factor HNF-4 is a novel 
member of the steroid hormone receptor superfamily. Genes 
& Dev. 4: 2353-2365. 
Rottman, J. N., R. L. Widom, B. Nadal-Ginard, V. 
Mahdavi, and S. K. Karathanasis. 1991. A retinoic acid- 
responsive element in the apolipoprotein A-I gene distin- 
guishes between two different retinoic acid response path- 
ways. Mol. Cell. Biol. 11: 3814-3820. 

1350-1354. 

2: 309-325. 

96-113. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

Widom, R. L., J. A. A. Ladias, S. Kouidou, and S. K. 
Karathanasis. 1991. Synergistic interactions between tran- 
scription factors control expression of the apolipoprotein 
A-I gene in liver cells. Mol. Cell. Biol. 11: 677-687. 
Mietus-Snyder, M., E M. Sladek, G. S. Ginsburg, C. E 
Kuo, J. A. A. Ladias, J. E. Darnell, Jr., and S. K. 
Karathanasis. 1992. Antagonism between apolipoprotein 
A-I regulatory protein 1, Ear/Coup-TF, and hepatocyte 
nuclear factor 4 modulates apolipoprotein C-I11 gene ex- 
pression in liver and intestinal cells. Mol. Cell. Biol. 12: 

Kiledjian, M., and T. Kadesch. 1991. Post-transcriptional 
regulation of the human liver/bone/kidney alkaline phos- 
phatase gene. J Biol. Chem. 266: 4207-4213. 
Caffarelli, E., P. Fragapane, C. Gehring, and I. Bozzoni. 
1987. The accumulation of mature RNA for the Xenopus 
laeuis ribosomal protein L1 is controlled at the level of splic- 
ing and turnover of the precursor RNA. EMBO J 6: 

Atwater, J. A., R. Wisdom, and I. M. Verma. 1990. Regu- 
lated mRNA stability. Annu. Rev. Genet. 24: 519-541. 
Shaw, G., and R. Kamen. 1986. A conserved AU sequence 
from the 3' untranslated region of GM-CSF mRNA medi- 
ates selective mRNA degradation. Cell. 46: 659-667. 
Owen, D., and L. C. Kuhn. 1987. Noncoding 3' sequences 
of the transferrin receptor gene are required for mRNA 
regulation by iron. EMBOJ 6: 1287-1293. 
Yen, T. J., D. A. Gay, J. S. Pachter and D. W. Cleveland. 
1988. Autoregulated changes in stability of polyribosome- 
bound P-tubulin mRNAs are specified by the first 13 trans- 
lated nucleotides. Mol. Cell. Biol. 8: 1224-1235. 
Rabbitts, P. H., A. Forster, M. A. Stinson, and T. H. 
Rabbits. 1985. Truncation of exon 1 from the c-myc gene 
results in prolonged c-myc expression. EMBO J 4: 

Kabnick, K. S., and D. E. Housman. 1988. Determinants 
that contribute to cytoplasmic stability of human c-fos and 
@-globin mRNAs are located at several sites in each 
mRNA. Mol. Cell. Biol. 8: 3244-3250. 
Ross, J., and G. Kobs. 1986. H4 histone messenger RNA 
decay in cell-free extracts initiates at or near the 3 'terminus 
and proceeds 3' to 5'. J Mol. Biol. 188: 579-593. 
Ross, J., G. Kobs, G. Brewer, and S. W. Peltz. 1987. Proper- 
ties of the exonuclease activity that degrades H4 histone 
mRNA. J Biol. Chem. 262: 9374-9381. 
Brock, M. L., and D. J. Shapiro. 1983. Estrogen stabilizes 
vitellogenin mRNA against cytoplasmic degradation. Cell. 

Guyette, W. A., R. J. Matusik, and J. M. Rosen. 1979. 
Prolactin-mediated transcriptional and post-transcriptional 
control of casein gene expression. Cell. 17: 1013-1023. 
Gordon, J. I., D. P. Smith, D. H. Alpers, and A. W. 
Strauss. 1982. Cloning of a complementary deoxyribo- 
nucleic acid encoding a portion of rat intestinal preapo- 
lipoprotein A-IV messenger ribonucleic acid. Biochemisty. 

Reue, K., D. Purcell, T. Leete, and A. J. Lusis. 1990. 
Genetic variation in apoA-IV mRNA levels is controlled 
post-transcriptionally by a combination of cis- and tram- 
acting regulatory elements. Circulation. 82 (Supplement): 

1708-1718. 

3493-3498. 

3727-3733. 

34: 207-214. 

21: 5424-5431. 

111-4. 

Lin-Lee et al. Thyroid hormones and hepatic apolipoprotein expression 259 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

