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Abstract It is well-established that over-accumulation of
dietary cholesterol in the liver inhibits sterol-regulatory ele-
ment binding protein (SREBP)-mediated LDL receptor
(LDLR) gene transcription leading to a reduced hepatic
LDLR mRNA level in hypercholesterolemic animals. How-
ever, it is unknown whether elevated cholesterol levels can
elicit a cellular response to increase LDLR mRNA turnover
to further repress LDLR expression in liver tissue. In the
current study, we examined the effect of a high cholesterol
diet on the hepatic expression of LDLR mRNA binding pro-
teins in three different animal models and in cultured he-
patic cells. Our results demonstrate that high cholesterol
feeding specifically elevates the hepatic expression of LDLR
mRNA decay promoting factor heterogeneous nuclear ri-
bonucleoprotein (HNRNP)D without affecting expressions
of other LDLR mRNA binding proteins in vivo and in vitro.
Employing the approach of adenovirus-mediated gene knock-
down, we further show that depletion of HNRNPD in the
liver results in a marked reduction of serum LDL-cholesterol
and a substantial increase in liver LDLR expression in hy-
perlipidemic mice. Additional studies of gene knockdown
in albumin-luciferase-untranslated region (UTR) transgenic
mice provide strong evidence supporting the essential role
of 3’'UTR in HNRNPD-mediated LDLR mRNA degradation
in liver tissue.lill Altogether, this work identifies a novel post-
transcriptional regulatory mechanism by which dietary cho-
lesterol inhibits liver LDLR expression via inducing
HNRNPD to accelerate LDLR mRNA degradation.—Singh,
A. B, C. F. K. Kan, V. Shende, B. Dong, and J. Liu. A novel
posttranscriptional mechanism for dietary cholesterol-me-
diated suppression of liver LDL receptor expression.
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The expression of liver LDL receptor (LDLR) regulates
human plasma LDI-cholesterol (LDL-C) homeostasis (1-3).
Increased hepatic LDLR expression results in improved
clearance of plasma LDL-C through receptor-mediated en-
docytosis, which is strongly associated with a decreased risk
of developing cardiovascular disease in humans (4, 5). Thus
far, many studies have demonstrated that intracellular cho-
lesterol levels play a primary role in determination of hepatic
LDLR expression levels through a negative feedback mecha-
nism that controls gene transcription mediated by the sterol-
regulatory element (SRE) located in LDLR promoter and
SRE binding proteins (SREBPs) (6, 7).

In addition to transcriptional regulation, LDLR gene
expression is subject to posttranscriptional regulation at
the point of mRNA stability (8-11). It is well-known that
mRNA stability plays a key role in the control of gene ex-
pression both by setting the basal level of gene expression
and as a site of regulatory responses (12). In liver cells,
when intracellular cholesterol levels rise, LDLLR mRNA lev-
els fall substantially along with transcripts of other SREBP
target genes (13). While this decrease in LDLR mRNA
abundance has been attributed to the transcriptional sup-
pression due to the inhibition of proteolytic processing of
SREBP (14, 15), it is currently unknown whether elevated
cholesterol levels can also elicit a cellular response to in-
crease LDLR mRNA turnover rate as a rapid means to
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lower LDLR expression and to further reduce cholesterol
uptake from outside of cells.

The stability of LDLR mRNA is modulated through its 3’
untranslated region (UTR) (16). This region harbors four
adenylate-uridylate (AU)-rich elements (AREs) (8, 9, 17)
that are docking sites for cytoplasmic ARE-binding pro-
teins (ARE-BPs). Some ARE-BPs are mRNA destabiliz-
ing inducers, while others can protect the mRNA from
endonuclease cleavage (18-20). Our previous studies
have identified heterogeneous nuclear ribonucleoprotein
(HNRNP)D, HNRNPI, and KH-type splicing regulatory
protein (KSRP) as decay-promoting factors that bind to
ARE sequences of LDLR 3’UTR and accelerate the mRNA
decay in HepG2 cells (21). A recent new study identified hu-
man antigen R (HuR) as a stabilizing factor for LDLR mRNA
(22). It was shown in HepG2 cells that HuR bound to the
proximal ARE site of LDLR 3'UTR and led to an increase
in LDLR mRNA half-life. In addition to LDLR mRNA, these
ARE-BPs have been shown to regulate the stability of other
mRNA targets with diverse cellular functions including in-
flammation, aging, and cell cycle (23-27). To date, there
is no literature report describing the effect of sterols on
the expression or activity of these LDLR mRNA binding
proteins.

In this current study, we investigated the relationship
between dietary cholesterol and LDLR mRNA binding
proteins to explore a regulatory role of dietary cholesterol
on LDLR mRNA stability. Initially, we examined the ex-
pression of LDLR ARE-BPs in liver tissues of mice and
hamsters fed a normal diet (ND) or a high cholesterol diet
(HCD). We observed that the hepatic expression of LDLR
mRNA decay promoting factor HNRNPD was specifically
induced by HCD in mice as well as in hamsters, while ex-
pressions of HNRNPI, KSRP, and HuR were unaffected by
high cholesterol feeding. This in vivo finding was recap-
tured in subsequent in vitro studies of hepatic cell culture.
To understand the impact of elevated HNRNPD levels on
LDL-C metabolism, we applied the approach of adenovi-
rus-mediated gene knockdown. Our results demonstrated
that blocking HNRNPD-mediated degradation of LDLR
mRNA generated profound effects on upregulation of
liver LDLR and reduction of serum LDL-C under hyperc-
holesterolemic conditions. This work provides the first evi-
dence suggesting that dietary cholesterol inhibits LDLR
gene expression through the dual action mechanisms of
transcriptional suppression and acceleration of mRNA
decay.

MATERIALS AND METHODS

Animals and diets

C57BL/6] male mice, 8 weeks old, were purchased from
Charles River Laboratory and male golden Syrian hamsters, 8-10
weeks old, were purchased from Harlan. Albumin (Alb)-luciferase
(Luc)-UTR transgenic mice were generated and bred in the Vet-
erinary Medical Unit of Veterans Affairs Palo Alto Health Care
System (28). Two- to three-month-old Alb-Luc-UTR mice (male
and female) were used in the diet study. All animals were housed

1398 Journal of Lipid Research Volume 55, 2014

under controlled temperature (72°F) and lighting (12 h light/
dark cycle). Animals had free access to autoclaved water and
food. For diet studies, C57BL/6] mice and hamsters were fed
either a ND or a rodent HCD containing 1.25% cholesterol
(Product D12108, Research Diet, Inc.) for 2 weeks. Alb-Luc-UTR
mice were fed a ND or a HCD for 4 weeks. Mice were fasted for
4 h and hamsters were fasted overnight before euthanization
for serum and liver tissue collections. Livers were immediately
removed, cut into small pieces, and stored at —80°C for RNA
and protein isolation. All animal procedures and protocols
were reviewed and approved by the Institutional Animal Care
and Use Committee of the Veterans Affairs Palo Alto Health
Care System.

Adenoviral infection in C57BL/6] mice

In one study, 8-week-old male C57BL/6] mice were fed a HCD
(n = 10) for 2 weeks. At day 0, mice were fully anesthetized with
isoflurane mixed with pure oxygen. Five mice were injected with
Ad-shHNRNPD and another five mice were injected with a con-
trol adenovirus (Ad-shGFP) at a dose of 6 x 10° pfu/per mouse
via retro-orbital sinus in a total volume of 100 pl of sterile PBS.
Four hour-fasted serum samples were collected 2 days prior to
infection and at days 0, 2, 4, and 7 after infection. At the termina-
tion, all animals were euthanized and livers were collected and
stored at —80°C for isolation of total RNA and total protein
lysates. In another study, 10 ND-fed C57BL/6] mice with similar
serum lipid levels were injected with Ad-shHNRNPD (n = 5) or
Ad-shGFP (n =5) at a dose of 6 x 10° pfu/per mouse via retro-
orbital sinus in a total volume of 100 pl of sterile PBS. Body
weight and food intake were monitored during the treatment.
After 7 days of infection, mice were fasted for 4 h before euthani-
zation for serum and liver tissue collections.

Bioluminescence imaging and adenoviral infection of
Alb-Luc-UTR mice

Bioluminescence was detected with the In Vivo Imaging Sys-
tem (IVIS; Xenogen, Alameda, CA) as previously described (28).
Alb-Luc-UTR mice received an ip injection of 50 mg/kg D-
luciferin 10 min before imaging and were anesthetized with iso-
flurane during imaging. Photons emitted from living mice were
acquired as photons per second/cm” per steridian (sr) by using
Living Image software (Xenogen) and were integrated over 60 s
for photon quantification; a region of interest was manually se-
lected and kept constant within all experiments. The signal in-
tensity was converted into photons per s/cm” per sr.

For adenoviral infection experiments, 1 week prior to the in-
jection, the baseline bioluminescence imaging was obtained
from Alb-Luc-UTR mice fed a ND. Ten mice with similar biolumi-
nescent signals were divided into two groups. Five mice in one
group were injected with 4 x 10° pfu/per mouse of AdshHNRNPD,
five mice in the other group were injected with 4 x 10’ pfu/per
mouse of Ad-shLacZ as the control adenovirus via retro-orbital
sinus in a total volume of 100 pl of sterile PBS. Body weight and
food intake were monitored during the treatment. After 10 days
of infection, bioluminescence imaging was recorded before eu-
thanization of the animals. Bioluminescence was expressed as
fold induction over baseline levels. At the termination, animals
were euthanized. Livers were harvested for isolation of total RNA,
total protein lysates, and Luc activity measurement.

Measurement of serum lipid levels

Serum was isolated at room temperature and stored at —80°C.
Standard enzymatic methods were used to determine total choles-
terol (TC), LDL-C, and HDIcholesterol (HDL-C) with commercially
available kits purchased from Stanbio Laboratory (Boerne, TX).



RNA isolation and real-time quantitative RT-PCR

Total RNA was isolated from flash-frozen liver tissue using an
RNeasy kit (Qiagen, Alameda, CA). Generation of cDNA and
real-time PCR were performed as previously described (29). Each
liver cDNA sample was run in duplicate. Primer sequences of
genes used in quantitative (q)PCR are listed in supplementary
Table I. Target mRNA expression in each sarnple was normalized
to the housekeeping gene, GAPDH. The 27 %% method was used
to calculate relative mRNA expression levels.

Western blot analyses of HNRNPD and LDLR in liver
tissues and hepatic cell lines

Approximately 50 mg of frozen liver tissue from individual
mice or hamsters was homogenized in 0.3 ml RIPA buffer con-
taining 1 mM PMSF and protease inhibitor cocktail (Roche). Af-
ter protein quantification, aliquots of homogenates containing
100 pg proteins were used for SDS-PAGE and Western blotting.
For hepatic cells, aliquots of cell lysates containing 30 pg pro-
teins were used for SDS-PAGE and Western blotting. HNRNPD
p45 isoform was detected with rabbit anti-HNRNPD polyclonal
antibody obtained from Novus Biological (NBP1-61684) and
p37 isoform was detected by goat polyclonal antibody (sc-22368)
from Santa Cruz Biotechnology. LDLR antibody was obtained
from BioVision (Mountain View, CA). Mouse anti-human trans-
ferrin receptor (TFR) antibody (13-6800) was obtained from
Life Technology. Membranes were reprobed with an anti-3-
actin antibody (Sigma). Immunoreactive bands of predicted
molecular mass were visualized using an ECL plus kit (GE
Healthcare Life Sciences, Piscataway, NJ) and quantified with
the Alpha View software with normalization by signals of B-actin
or signals of TFR.

Cell culture

Human hepatoma HepG2 cells and mouse hepatoma AMLI12
cells were obtained from ATCC. HepG2 cells were cultured in
MEM with 10% FBS. AMLI12 cells were cultured in a 1:1 mixture
of Dulbecco’s modified Eagle’s medium and Ham’s F12 me-
dium with 10% FBS. For cholesterol treatment, cells were
seeded in 6-well culture plates and cultured in medium contain-
ing 10% lipoprotein-depleted serum (LPDS) overnight. The
next day, cells were treated with vehicle DMSO, cholesterol
(10 wg/ml cholesterol and 1 pwg/ml of 25-hydroxyl cholesterol),
or other compounds for 24 h before isolation of total RNA and
cell lysates. In each experiment, duplicate wells were used for
each condition.

Tissue Luc enzymatic assay

Liver samples of Alb-Luc-UTR mice were homogenized in cell
culture lysis buffer (Promega). Protein concentrations of liver
homogenates were determined using BCA™ protein assay re-
agent (Pierce). Luc activity from liver homogenate was measured
and normalized to tissue protein.

Assay of secreted PCSK9

The secreted proprotein convertase subtilisin/kexin type 9
(PCSK9) in serum of C57BL/6] mice was measured using a
mouse PCSK9 ELISA kit obtained from R&D Systems according
to the manufacturer’s instructions.

Statistical analysis

All values are expressed as mean = SEM. To determine statisti-
cal significance, one way ANOVA with Dunnett’s post hoc test
was carried out using GraphPad Prism 5 software. For two group
data analysis, unpaired two-tailed Student’s ttest was applied. P<
0.05 was considered statistically significant.

RESULTS

Upregulation of hepatic HNRNPD expression by HCD in
mice and hamsters

Feeding mice a HCD for 4 weeks increased serum cho-
lesterol levels by ~2-fold from 122 to 240 mg/dl and se-
rum LDL-C by 5-fold from 36 to 181 mg/dl, as compared
with mice fed a ND (supplementary Fig. IA). To determine
whether a HCD could alter hepatic expressions of LDLR
mRNA binding proteins, we examined mRNA levels of
HNRNPD, HNRNPI, KSRP, and HuR in liver samples of
HCD mice and compared them to ND mice. Figure 1A
shows that a HCD increased HNRNPD mRNA levels by
1.9-fold (P < 0.001) without affecting HNRNPI, KSRP, or
HuR mRNA expressions. In contrast and as expected,
mRNA levels of LDLR and other SREBP2 target genes, in-
cluding PCSK9 and SREBP2, were markedly decreased by
HCD feeding (Fig. 1B).

HNRNPD protein has four isoforms, p37, p40, p42, and
p4b5, generated by alterative precursor mRNA splicing
(30-32). In mouse liver tissue and mouse primary hepato-
cytes, only the p37 and p45 isoforms could be detected
(28). Utilizing specific antibodies, we examined HNRNPD,
HuR, and LDLR protein levels in liver tissues of the ND
and HCD groups. The results demonstrated that HCD
feeding increased both HNRNPD p45 and p37 isoforms to
1.7- and 2.5-fold, respectively, of control and reduced
LDLR protein abundance to 50% of control (Fig. 1C, D).
Consistent with the gene expression analysis, protein lev-
els of HuR did not differ between diet groups.

Next, we questioned whether the elevated expression of
HNRNPD upon HCD feeding could be detected in other
animal models. To this end, we fed hamsters a HCD or a
ND for 2 weeks and examined HNRNPD mRNA and pro-
tein expressions in liver samples. The serum TC was in-
creased 4-fold in hamsters fed a HCD as compared with
hamsters fed a ND (supplementary Fig. IB). A HCD in-
creased the HNRNPD mRNA level approximately 2-fold
and reduced the LDLR mRNA level by 2.6-fold as com-
pared with a ND (Fig. 1E). Western blot analysis further
corroborated the induction of HNRNPD p37 protein
expression in hamster liver by HCD feeding (Fig. 1F). The
p4b isoform could not be detected in hamster liver. As ob-
served in the mouse diet study, we did not detect changes
in mRNA or protein levels of HuR in hamster livers upon
HCD feeding (supplementary Fig. II). Altogether, these
results demonstrate, for the first time, that animals responded
to a cholesterol-enriched diet by increasing HNRNPD ex-
pression in liver tissues where LDLR expressions were
reduced.

Depletion of HNRNPD in hypercholesterolemic mice
reduced serum LDL-C through upregulation of
liver LDLR

In our previous in vitro studies, we had generated an
adenovirus (Ad-shHNRNPD) to express a shRNA that tar-
gets all isoforms of mouse and human HNRNPD. Trans-
duction of Ad-shHNRNPD in mouse primary hepatocytes
was shown to reduce HNRNPD mRNA and protein levels
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ND group. E, F: Male golden Syrian hamsters were fed a HCD (n = 6) or a ND (n = 6) for 2 weeks before
cuthanization. Hepatic mRNA and protein expressions were determined as described in (A-D).

dose-dependently without affecting mRNA levels of other
ARE-BPs (HNRNP I, KSRP) or SREBP2-target genes
(HMGCR, PCSK9) (28). Thus, it is a valuable tool to assess
the in vivo role of HNRNPD in cholesterol-mediated sup-
pression of liver LDLR expression. Ad-shHNRNPD or
control virus (Ad-shGFP) was injected into C57BL/6]
mice that were fed a HCD for 2 weeks. We measured the
serum lipid levels before, during, and after 7 days of viral
injection. While on a HCD, serum cholesterol levels con-
tinued rising during the treatment in control mice
(Ad-shGFP), a significant drop in serum TC level was ob-
served after 4 days of injection in Ad-shHNRNPD-infected
mice (—13.9%, P < 0.05 compared with control mice),
and serum TC further declined to a level which was 18.2%
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(P<0.001) lower than control mice after 7 days of injec-
tion (Fig. 2A). The time-dependent reduction in serum
LDL-C levels by Ad-shHNRNPD infection in HCD mice
was even more pronounced, with ~22% lowering after
4 days and 30% lowering after 7 days, as compared with
control mice (Fig. 2B). Serum HDL-C levels were not af-
fected by HNRNPD depletion throughout the treatment
duration (Fig. 2C).

Utilizing real-time qRT-PCR, we analyzed mRNA levels of
HNRNPD and LDLR in all liver samples. We applied iso-
form-specific primers to separately measure p37 and p45
mRNA levels. In addition, we measured mRNA levels of a
few SREBP2 target genes, including PCSK9, HMGCR, and
SREBP2. Figure 2D shows that in Ad-shHNRNPD-infected
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mice, mRNA levels of p37 and p45 isoforms were both sig-  out the influence of food intake as a causing factor for
nificantly reduced to approximately 40% of that in control ~ reduced serum cholesterol levels. In addition, we mea-
mice (P < 0.001), which was associated with a marked in- sured PCSK9 serum levels. As we expected, knockdown

crease in the LDLR mRNA level to 260% of control (P < of HNRNPD expression in liver had no impact on serum
0.001). In contrast to LDLR, HRNPD depletion did not af- PCSK9 concentration (supplementary Fig. IIIC). Taken
fect mRNA levels of other SREBP2 target genes that were  together, these results provided the first in vivo evidence
measured. demonstrating a key role of HNRNPD in modulation of
Western blot analysis of individual liver homogenates hepatic LDLR expression under hypercholesterolemic
further demonstrated that the p45 protein level in Ad-  conditions.
shHNRNPD-infected mice was reduced to 36% of con- Next, we examined the effect of Ad-shHRNPD injection
trol and p37 protein was lowered to 71% of control by  in normolipidemic mice. Ad-shHNRNPD injection at the
the expression of HNRNPD shRNA. This reduction of same dose into mice fed a ND resulted in a relatively mod-
HNRNPD protein abundance was associated with an in- est decrease in TC (—8%, P < 0.05; Fig. 3A) and LDL-C
crease of 163% of control in the hepatic LDLR protein (—13%, P< 0.05; Fig. 3B) compared with the control mice
level (P< 0.01) (Fig. 2E). Measurements of body weight infected with Ad-shGFP. Again, HDL-C levels were not af-
and food intake throughout the treatments did not de-  fected by Ad-shHNRNPD injection (Fig. 3C).
tect significant changes associated with Ad-shHNRNPD Analysis of hepatic gene expression by real-time qRT-PCR
injection (supplementary Fig. IIIA, B), thereby ruling showed that the substantial reductions of HNRNPD isoforms
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in ND mice increased LDLR mRNA levels to 173% of con-
trol (Fig. 3D). In addition to LDLR and HNRNPD, we as-
sessed mRNA levels of other LDLR ARE-BPs (HNRNPI,
KSRP, and HuR) and genes involved in the cholesterol
biosynthetic pathway (PCSK9, HMG-CoA reductase, and
SREBP2) in all liver samples. The results showed that none
of these mRNA levels were altered by Ad-shHNRNPD in-
fection (data not shown).

Western blot analysis further demonstrated that LDLR
protein levels were increased to 130% of control by Ad-
shHNRNPD injection while HNRNPD p45 and p37 isoforms
were reduced to 50 and 69% of control in normolipidemic
mice, respectively (Fig. 3E). Collectively, these data dem-
onstrated that hepatic depletion of HNRNPD produced a
modest yet significant impact on LDLR expression and on
LDLR-mediated removal of serum cholesterol under nor-
molipidemic conditions.

In addition, we compared mRNA and protein levels
of HNRNPD p37/45 isoforms in liver samples of con-
trol mice (Ad-shGFP) fed a ND or HCD (supplementary
Fig. IVA, B). Again, we detected significant increases in
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HNRNPD mRNA and protein levels in HCD-fed C57BL/6]
mice. Utilizing qRT-PCR, we further analyzed mRNA levels
of five HNRNPD targets (30) including cyclin B2, cyclin
D1, IL-1B, IL-6, and TNF« in these liver samples (supple-
mentary Fig. IVC). Consistent with an increased HNRNPD
expression by HCD, mRNA levels of four out of five
HNRNPD targeted transcripts were significantly reduced
in liver samples of HCD mice compared with ND-fed
mice.

Finally, by Western blotting we directly compared liver
LDLR protein levels in all four groups of mice, including
control mice (Ad-shGFP) fed a ND or HCD and Ad-
shHNRNPD-infected mice under both diets. Results showed
that a cholesterol diet lowered LDLR by 25% (P < 0.001)
as compared with the ND group in Ad-shGFP-infected
mice. Depletion of HNRNPD resulted in a 136% (P<0.001)
increase in ND-fed livers and a 119% (P< 0.01) increase in
HCD-fed livers as compared with LDLR protein levels in
control mice fed a ND (supplementary Fig. V). Again, the
increase in LDLR abundance by HNRNPD depletion was
higher when compared with HCD control groups (159%).



These data suggest that in this mouse model, depletion of
HNRNPD can overcome dietary cholesterol-mediated re-
pression of hepatic LDLR.

Collectively, the results of protein and mRNA analyses
from ND and HCD mice clearly demonstrate that choles-
terol feeding elevates the LDLR mRNA degrading protein
HNRNPD, and that eliminating HNRNPD in cholesterol-
loaded liver produced stronger effects in restoring LDLR
mRNA and protein levels, which translated into a substan-
tially improved removal of serum LDL-C in hypercholes-
terolemic mice.

In vivo knockdown of HNRNPD elevated liver LDLR
expression through mRNA stabilization in
Alb-Luc-UTR mice

To further investigate the underlying mechanism
of Ad-shHNRNPD-mediated increase in hepatic LDLR
expression, we utilized transgenic mice (Alb-Luc-UTR)
that express Luc-LDLR3"UTR reporter gene (Luc-UTR)
under the control of liver-specific Alb promoter (28).

A

Ad-shLacZ

Ad-shHNRNPD

Luciferase activity
(fold of Ad-shLacZ)
N
L

o

Normalized mRNA levels

Alb-Luc-UTR is a unique in vivo model to study the func-
tion of 3UTR in mediating LDLR mRNA decay in liver
tissue. We injected Alb-Luc-UTR mice with either Ad-
shHNRNPD or with a control adenovirus, Ad-shlLacZ, while
all mice were on a ND. We conducted live bioluminescence
imaging before and after 10 days of viral infections on all
mice. Figure 4A shows representatives of bioluminescent
imaging of Ad-shHNRNPD- and Ad-shLacZ-infected
mice. Figure 4B is the summarized imaging results (mean +
SEM) showing that Ad-shHNRNPD infection increased
bioluminescence signal 4.2-fold over the control virus (P<
0.001). We further measured ex vivo Luc activity of indi-
vidual liver samples and observed a 3.2-fold higher Luc
activity in Ad-shHNRNPD-infected livers as compared
with control (Fig. 4C). Utilizing real-time qRT-PCR, we
analyzed liver mRNA levels of HNRNPD p45/p37, Luc-
UTR transgene, and endogenous LDLR mRNA (Fig. 4D).
Similar to C57BL/6] mice, expression of HNRNPD shRNA
in the liver of Alb-Luc-UTR mice resulted in marked re-
ductions of p45 and p37 mRNA levels with corresponding
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Fig. 4. The effect of Ad-shHNRNPD injection on hepatic gene expression of Alb-Luc-UTR mice. Alb-Luc-
UTR mice (n =5 per group) were injected with 4 x 10° pfu/mouse Ad-shHNRNPD or control adenovirus
(Ad-shLacZ). Bioluminescence imaging was recorded before viral injection and was recorded after 10 days
of infection before euthanizing the animals. The results are the mean + SEM of five animals per group,
*##%P<0.001. A: Representative bioluminescent emissions before termination. B: Bioluminescence was quantified
from each mouse and expressed as fold induction over the baseline values. The fold induction in control mice is
expressed as one. C: Luc activity from liver homogenate was measured and normalized to tissue protein and rela-
tive activity was presented. D: Hepatic gene expression was measured by real-time PCR.
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increases of Luc-UTR mRNA level (2.1-fold of control)
and mouse endogenous LDLR mRNA level (1.8-fold of
control). As observed in C57BL/6] mice, hepatic mRNA
levels of other mRNA binding proteins (HNRNPI, KSRP)
were not affected by Ad-shHNRNPD injection.

Upregulation of HNRNPD mRNA levels in hepatic cell
lines by cholesterol

In an attempt to recapture the inducing effect of choles-
terol on HNRNPD expression under in vitro conditions,
HepG2 cells and mouse AMLI2 cells were cultured in me-
dium containing LPDS overnight and were then treated
with cholesterol or rosuvastatin (RSV) for 24 h. Gene ex-
pression analysis by qRT-PCR shows that cholesterol sup-
plementation increased HNRNPD mRNA levels to 131%
(P < 0.001) of control in HepG2 cells (Fig. 5A) and ele-
vated HNRNPD mRNA levels to 133% (P < 0.001) of con-
trol in AMLI2 cells (Fig. 5B) while RSV had no effect on
HNRNPD expression in both cell lines. In contrast to
HNRNPD, LDLR mRNA levels were suppressed by choles-
terol treatment and were strongly elevated by RSV. These
data suggest that HNRNPD gene expression is not regu-
lated by the SREBP pathway but could be a downstream
target of the liver X receptor (LXR) signaling pathway that
regulates many genes involved in cholesterol metabolism
in liver tissue (33).

It is well-known that certain oxysterols, including 24S-
hydroxycholestrol (24-OHC) and 24,25-epoxycholesterol
(24,25-EC), are endogenous LXR ligands (34). Activation
of LXR by oxysterols positively regulates LXR target genes
and inhibits SREBP processing. Thus, we treated HepG2
cells cultured in LPDS medium with 24-OHC (20 puM) or
24,25-EC (10 and 20 uM) for 24 h. In this set of experi-
ments, we included RSV and cholesterol as positive controls.
Figure 5C shows that mRNA levels of inducible degrader of
the LDLR (Idol) and ABCAl were markedly elevated in
cells treated with 24-OHC and 24,25-EC. Surprisingly,
HNRNPD mRNA levels were unchanged by 24,25-EC at
both 10 and 20 uM concentrations and were only elevated
approximately 10% over control by 24-OHC. As we ex-
pected, mRNA levels of SREBP2 target genes, including
LDLR, PCSK9, and SREBP2, were strongly repressed by
oxysterols. Similar to the finding in HepG2 cells, we ob-
served no substantial changes in HNRNPD mRNA levels in
AML12 cells after 24 h treatment with 24-OHC or 24,25-EC,
despite huge increases in Idol and ABCA1 mRNA levels
(supplementary Fig. VI). Altogether, these results show
that in cultured hepatic cells, HNRNPD mRNA expression
was modestly and consistently elevated by cholesterol, but
it did not respond to activators of LXR or SREBP. The mo-
lecular mechanisms by which cholesterol affects HNRNPD
expression remain to be investigated.

DISCUSSION

It has been well-established that cholesterol feeding
reduces LDLR mRNA and mRNAs encoding multiple
enzymes in the cholesterol biosynthetic pathway in the
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livers of mice (15) and hamsters (13, 14). Over-accumu-
lation of dietary cholesterol in the liver prevents the
proteolytic activation of SREBPs and leads to a decline
in the expression of SREBP target genes, including
LDLR and SREBP2 itself. For decades, it has been
thought that this transcriptional suppression is the sole
mechanism accounting for reduced LDLR mRNA lev-
els. The results from this current study demonstrate, for
the first time, that dietary cholesterol reduces liver
LDLR mRNA through dual action mechanisms of tran-
scriptional suppression and acceleration of mRNA decay
mediated by HNRNPD, the LDLR mRNA decay promot-
ing ARE binding protein.

We began this study by exploring the relationship be-
tween cholesterol feeding and cellular abundance of LDLR
mRNA binding proteins. From our previous in vitro studies,
HNRNPD, along with two other LDLR ARE-BPs (HNRNPI
and KSRP), were demonstrated to act as mRNA decay-
promoting factors (21). Knocking down each of these pro-
teins in HepG2 cells resulted in elevations of LDLR mRNA.
Besides these negative regulators, a recent study reported
that HuR, a ubiquitously expressed ARE binding protein,
was capable of binding the proximal ARE site of LDLR
mRNA 3’UTR and prolonging the mRNA halflife (22).
Thus, initially, we examined the mRNA expression of these
known negative and positive regulators of LDLR mRNA
stability in livers of animals fed a normal chow diet con-
taining little dietary cholesterol or fed a cholesterol-enriched
rodent diet. These investigations led us to discover that
feeding animals a HCD, specifically and uniformly elevated
the expression of HNRNPD in liver tissue.

The significant induction of HNRNPD mRNA and pro-
tein by a HCD in both mice and hamsters suggested that
this mRNA decay-promoting protein might contribute to
the downregulation of LDLR mRNA levels in cholesterol-
loaded livers.

Adenovirus Ad-shHNRNPD expresses a shRNA that tar-
gets all isoforms of mouse and human HNRNPD. Our pre-
vious in vitro studies have demonstrated that transduction
of Ad-shHNRNPD in mouse primary hepatocytes, as well
as in HepG2 cells, substantially reduced HNRNPD cellular
levels with corresponding increases in LDLR mRNA and
protein levels (28). Thus, in the present study with this
valuable tool in hand, we wanted to address two important
questions: /) whether knockdown of this decay-promoting
protein would increase liver LDLR expression and affect
serum LDL-C levels; and 2) in what physiological condi-
tions changes in LDLR mRNA stability would generate the
most impact on serum LDL-C levels.

We administered equal amounts of Ad-shHNRNPD or
control adenovirus (Ad-shGFP) to C57BL/6] mice fed a
HCD or a ND. Our results clearly showed that compared
with normolipidemic mice, reduction of hepatic HNRNPD
protein in hyperlipidemic mice produced greater effects
on elevation of liver LDLLR mRNA levels (2.6-fold in HCD
mice vs. 1.7-fold in ND mice) and on lowering serum TC
(—18.2% vs. —8%) and LDL-C (—30% vs. —13.2%).
These new findings suggest that when the intracellular
cholesterol level is elevated due to HCD and the SREBP
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Fig. 5. Induction of HNRNPD mRNA expression by cholesterol in cultured hepatic cell lines. HepG2 cells (A) or AML12 cells (B)
were seeded in 6-well culture plates and cultured in medium supplemented with 10% LPDS overnight. The next day, DMSO (as vehicle),
cholesterol (10 pg/ml cholesterol + 1 pg/ml 25-hydroxycholesterol), or 5 uM RSV was added to the cells for 24 h prior to isolation of
total RNA. Hepatic mRNA levels of HNRNPD, LDLR, and GAPDH were assessed by qRT-PCR using specific primers with triplicate mea-
surement of each cDNA sample. After normalization with GAPDH mRNA levels, the relative levels are presented. The data shown are
the summarized results of two separate experiments in which duplicate wells were used in each condition. ¥*P< 0.01, ***P< (0.001 com-
pared with control. CHO, cholesterol. C: HepG2 cells cultured overnight in 10% LPDS medium were treated with RSV, 24-OHC,
24,25-EC, or CHO at the indicated concentrations for 24 h. Gene expression analysis was conducted as in (A) and (B). Duplicate wells
were used for each treatment condition.
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pathway is repressed, stabilizing LDLR mRNA by block-
ing HNRNPD-mediated mRNA decay might be a viable
means to increase hepatic LDLR activity to remove exces-
sive LDL-C from the circulation. This could be clinically
important.

The function of HNRNPD in mRNA turnover has been
extensively studied. To date, most studies that characterize
HNRNPD-mediated mRNA decay were conducted in a cell
culture system (31, 32) or a cell free system (35, 36). Be-
cause our results showed the strong inverse correlation of
HNRNPD cellular abundance with LDLLR mRNA levels in
Ad-shHNRNPD-infected C57BL/6] mice, it was crucial to
demonstrate that the effect of HNRNPD was indeed medi-
ated through LDLR3'UTR without the involvement of
LDLR gene transcription in vivo. Our Alb-Luc-UTR trans-
genic mouse is the first in vivo model to exclusively study
the function of 3’'UTR in liver tissue in living mice. Driven
by the liver-specific Alb promoter, the Luc-UTR is exclu-
sively expressed in liver tissue. By infecting the transgenic
mice with Ad-shHNRNPD virus or the control adenovi-
rus, we showed that adenovirus-mediated depletion of
HNRNPD strongly increased hepatic bioluminescent
signals, Luc activity, and Luc-UTR mRNA expression
along with elevating endogenous LDLR mRNA levels in
these transgenic mice. These in vivo data clearly validated
the action mechanism of Ad-shHNRNPD via reducing
HNRNPD-mediated LDLR mRNA degradation through
3'UTR.

In this present study, we attempted to examine the cho-
lesterol induction of HNRNPD in cultured hepatoma cells
of mouse and human. We consistently detected elevations
of HNRNPD mRNA levels in these hepatic cell lines, but
the increases were relatively modest as compared with in
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vivo data. We have also treated hepatic cells with oxys-
terols that are strong activators of LXR or RSV to acti-
vate SREBP2. None of these treatments altered HNRNPD
mRNA expression in cultured hepatic cells. How dietary
cholesterol induces HNRNPD expression in liver tissue
could be complex, and further in depth investigations are
required to delineate the underlying mechanisms.

HNRNPD has been shown to regulate the stability or
translational efficiency of diverse mRNA targets (30). Many
of its target mRNAs encode proteins involved in the cell
cycle, apoptosis, or inflammation. In the past, studies of
HNRNPD have been focused on its target interaction and
activity, little is known about how HNRNPD is regulated
under normal physiological conditions or in disease sit-
uations. The results of our current studies not only dem-
onstrate the key role of HNRNPD in regulation of lipid
metabolism by targeting LDLR, but also unravel its regula-
tion by dietary cholesterol in liver tissue.

While the exact molecular mechanisms underlying the
inducing effect of cholesterol feeding on hepatic HNRNPD
expression in mice and hamsters await further investiga-
tions, results from the current study allow us to propose a
model (Fig. 6) in which accumulation of intracellular cho-
lesterols in liver reduce LDLR mRNA and subsequent pro-
tein amounts on the surface of hepatocytes by preventing
the binding of SREBP2 to SREI of the LDLR promoter
and by increasing the interaction of HNRNPD with ARE
motifs of the LDLR3’UTR. This unique two-tier regulation
at the transcriptional and posttranscriptional levels likely
represents a natural response of liver tissue to cholesterol-
enriched diets to reduce LDLR-mediated cholesterol uptake
from circulation in order to maintain cellular cholesterol
homeostasis. B
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Fig. 6. A model for the two-tier regulation of hepatocyte LDLR expression by intracellular cholesterol
(CHO). When the intracellular cholesterol level is low, mature SREBP2 is translocated to nucleus where it
binds the SRE-1 site of the LDLR promoter and stimulates gene transcription, while ARE sites in 3'UTR are
minimally occupied due to the low cellular abundance of HNRNPD, leading to mRNA stabilization. These dual
effects result in more LDLR proteins reaching the hepatocyte surface. Conversely, when dietary cholesterol ac-
cumulates in the liver, the increased expression of HNRNPD in cytoplasm accelerates LDLR mRNA degrada-
tion by binding to multiple ARE sites in 3’UTR, and in nucleus SRE-1 site of LDLR promoter is not occupied
by SREBP2, leading to a blockage of LDLR gene transcription. The fall in transcription rate combined with
enhanced decay of mRNA ensures a reduced amount of LDLR reaching to the hepatocyte surface.
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