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MiR-33 Contributes

to the Regulation

of Cholesterol Homeostasis
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Cholesterol metabolism is tightly regulated at the cellular level. Here we show that miR-33, an
intronic microRNA (miRNA) located within the gene encoding sterol-regulatory element—binding
factor—2 (SREBF-2), a transcriptional regulator of cholesterol synthesis, modulates the expression
of genes involved in cellular cholesterol transport. In mouse and human cells, miR-33 inhibits the
expression of the adenosine triphosphate—binding cassette (ABC) transporter, ABCA1, thereby
attenuating cholesterol efflux to apolipoprotein Al. In mouse macrophages, miR-33 also targets
ABCG1, reducing cholesterol efflux to nascent high-density lipoprotein (HDL). Lentiviral delivery of miR-
33 to mice represses ABCA1 expression in the liver, reducing circulating HDL levels. Conversely,
silencing of miR-33 in vivo increases hepatic expression of ABCA1 and plasma HDL levels. Thus, miR-
33 appears to regulate both HDL biogenesis in the liver and cellular cholesterol efflux.

holesterol is an essential cell membrane
component and precursor in metabolic
pathways, including steroid hormone and

bile acid synthesis. Control of cholesterol levels
is essential to human health. In mammalian cells,
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the sterol-response element-binding protein
(SREBP) transcription factors regulate the ex-
pression of genes involved in cholesterol bio-
synthesis and cellular uptake (7). In addition, the
liver X receptor (LXR) nuclear hormone recep-
tors are important transcriptional regulators of
genes involved in the response to cholesterol
excess (2), including those encoding the adeno-
sine triphosphate—binding cassette (ABC) trans-
porters ABCA1 and ABCGI1, which promote
cellular cholesterol efflux (2). The regulation of
these pathways is complex and likely to involve
posttranscriptional mechanisms as well.
MicroRNAs (miRNAs) are small (22-nt)
endogenous double-stranded RNAs that have

emerged as posttranscriptional regulators of phys-
iological processes (3). miRNAs bind to comple-
mentary target sites in the 3’ untranslated regions
(3'UTRs) of mRNAs, causing translational repres-
sion and/or mRNA destabilization (3). A single
miRNA can have multiple targets, potentially pro-
viding simultaneous regulation of the genes in-
volved in a physiological pathway. We explored
whether miRNAs contribute to the maintenance
of cholesterol homeostasis.

We undertook an unbiased genome-wide
screen of miRNAs modulated by cellular choles-
terol content. We identified a subset of 21
miRNAs differentially regulated in human mac-
rophages by cholesterol depletion and cholesterol
enrichment, including several whose predicted
gene targets are involved in cholesterol uptake,
transport, and efflux (table S1). Confirmation of
these candidates identified miRNAs that were
both up- and down-regulated by cellular choles-
terol content (fig. S1A). Sequence alignment re-
vealed that one of these candidates, hsa-miR-33a
and its mouse homolog mmu-miR-33 (referred to
here as miR-33), is encoded within intron 16 of
SREBF2, a gene that encodes a key transcrip-
tional regulator of cholesterol uptake and synthe-
sis (Fig. 1A) (/). Furthermore, the pre-miRNA is
highly conserved in mammals (Fig. 1A), prompt-
ing us to select miR-33 for further characteriza-
tion of its role in cholesterol metabolism.

We found that in mouse peritoneal macro-
phages, miR-33 and SREBF2 expression were
coordinately down-regulated by cholesterol loading,
suggesting that these gene regulatory elements are
cotranscribed (Fig. 1B). Furthermore, macrophages
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depleted of cholesterol with the 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) re-
ductase inhibitor simvastatin showed robust
up-regulation of both miR-33 and SREBF2, but
not SREBFI (Fig. 1B). Levels of miR-33 were
inversely correlated with the expression of an-
other cholesterol-responsive gene product, the
cholesterol transporter ABCA1 (Fig. 1B). Anal-
ysis of the kinetics of miR-33 induction revealed
a concomitant increase in miR-33 and SREBP2
levels with simvastatin treatment, consistent with
their coregulation (fig. S1B). We next determined
whether miR-33 is regulated under physiologic
conditions by measuring its expression in mice

fed a chow, rosuvastatin-supplemented, or high-
fat diet. Consistent with our in vitro observations,
hepatic miR-33 levels were inversely correlated
with cholesterol levels and ABCAI expression
and positively correlated with SREBF2 mRNA
levels, suggesting that miR-33 is regulated by
dietary cholesterol in vivo (Fig. 1C and fig. S1, C
and D). miR-33 levels were also regulated in two
mouse models of hypercholesterolemia: Ldlr™'
and Apoe”’” mice. Hepatic and peritoneal macro-
phage miR-33 levels were markedly reduced in
Ldlr™"~ mice that were fed a high-fat diet (Fig.
1D). Similarly, miR-33 levels in peritoneal macro-
phages from hypercholesterolemic Apoe”™ mice
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correlated inversely with cellular cholesterol ester
content and expression of ABCAI (fig. S2A).
We next examined miR-33 expression in mouse
tissues and various cell lines. In addition to
macrophages, miR-33 was highly expressed in
mouse and human hepatic cells and to a lesser
extent in endothelial cells (fig. S2B). Further-
more, miR-33 was widely expressed in mouse
tissues and was particularly abundant in the brain
and liver (Fig. 1E).

To gain insight into the function of miR-33,
we analyzed its potential gene targets, using sev-
eral miRNA target prediction algorithms (3). We
identified putative binding sites for mouse miR-33
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Fig. 2. Posttranscriptional regulation of ABCA1, ABCG1, and NPC1 by miR-33.
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in the 3'UTR of several genes involved in cel-
lular cholesterol mobilization, including ABCA1
and ABCGI and the endolysosomal transport
protein NPC1 (fig. S3), suggesting that miR-33
coordinates cholesterol homeostasis through
these pathways (4, 5). To test this hypothesis, we
determined the effect of miR-33 on the expression
of ABCA1, ABCG1, and NPC1 in macrophages
treated with acetylated low-density lipoprotein
(AcLDL) (to enrich in cholesterol) or the LXR
ligand T0901317 (to directly stimulate expression
of the three genes) (2). Transfection of mouse
peritoneal macrophages with miR-33 (but not a
control miRNA) strongly decreased the stimula-
tion of both ABCAI and ABCGI protein and
mRNA (Fig. 2A and fig. S4A; quantification in
fig. S5A). These effects of miR-33 were seen with
concentrations of as little as 5 nM (Fig. 2B) and
were reversible by co-incubation with an antisense
inhibitor of miR-33 (anti-miR-33) (Fig. 2C;
quantification in fig. S5, B and C). miR-33 also
repressed ABCA1 and ABCG1 protein in mouse
hepatic cells, indicating that its effects are not cell
type—specific (Fig. 2D). Inhibition of endogenous
miR-33 by anti-miR-33 increased the expression
of ABCA1 and ABCGI in macrophages and of
ABCAL in hepatocytes, which is consistent with
the hypothesis that miR-33 has a physiological
role in regulating the expression of these trans-
porters (Fig. 2E; quantification in fig. S6).
Although we found that miR-33 comparably
repressed ABCAL in cells of mouse and human
origin, this was not the case for NPC1 and ABCGI.
miR-33 strongly suppressed NPC1 protein in cells
of human origin (Fig. 2D), whereas in mouse cells,
miR-33 suppressed NPC1 protein levels only
modestly and had no effect on NPC1 mRNA
levels (fig. S4A). Furthermore, transfection of hu-

man macrophage, hepatic, and endothelial cells with
miR-33 had no detectable effect on ABCG1 protein
(Fig. 2D and fig. S4B). Conservation map analysis
revealed that although the predicted miR-33 tar-
get sites in the 3'UTR of mouse ABCA1 and NPC1
are highly conserved (fig. S3), the putative sites for
miR-33 in the 3'UTR of ABCGI are present only
in mouse and rat. Moreover, a second miR-33—
binding site was identified in human NPC1 (fig.
S3C), highlighting the species-specific regulation
of cholesterol metabolism genes by miR-33.

To assess the effects of miR-33 on the 3'UTR
of human and mouse ABCA1l, ABCGI, and
NPC1, we used luciferase reporter constructs.
miR-33 markedly repressed mouse, but not hu-
man, ABCG1 3'UTR activity (Fig. 3A). Further-
more, consistent with species-conserved miR-33
target sites, miR-33 significantly inhibited human
ABCAL1 (hABCALI) and hNPCI1 3'UTR activity
(Fig. 3A). Mutation of the miR-33 target sites
relieved miR-33 repression of hABCA1, murine
ABCGI (mABCG1), and hNPC1 3'UTR activity,
consistent with a direct interaction of miR-33
with these sites (Fig. 3, B to D). Mutation of both
miR-33 sites in the 3'UTR of hABCA1 and
mABCG]1 was necessary to completely reverse
the inhibitory effects of miR-33 (Fig. 3, B and D).
miR-33 more strongly repressed hNPC1 as com-
pared to mNPC1 3'UTR activity, which is con-
sistent with the presence of an additional miR-33—
binding site (fig. S4C). Together, these experiments
identify ABCA1 and NPC1 as conserved targets
of miR-33, whereas ABCG1 is a target only in
the mouse.

To confirm the specificity of miR-33 targeting
of ABCA1, ABCGI, and NPC1, we assessed the
effect of miR-33 overexpression on other lipid
metabolism-related genes in macrophages and

hepatocytes. Whereas ABCA1 was predictably
down-regulated in these cells, we observed few
changes in the expression of non—-miR-33 targets
(fig. S7, A and B). Other genes containing pu-
tative miR-33-binding sites such as HMGCR
and SCAP were modestly down-regulated at the
mRNA level, but there was no detectable change
in protein expression (fig. S8).

The ability of ABCA1 and ABCG1 to stim-
ulate the efflux of cholesterol from cells in the
periphery, particularly cholesterol-laden macro-
phages in atherosclerotic plaques, is an important
antiatherosclerotic mechanism (5). Transfection
of J774 murine macrophages with miR-33
attenuated cholesterol efflux to apolipoprotein
A1 (apoAl) and high-density lipoprotein (HDL),
in agreement with the known functions of ABCA1
and ABCGl, respectively (Fig. 4, A and B). miR-
33 did not impair cholesterol efflux to HDL in
human THP-1 macrophages, which is consistent
with the lack of miR-33-binding sites in the
human ABCG1 3'UTR (Fig. 4B). Similar results
were seen in human and rat hepatocytes, where
transfection of miR-33 reduced cholesterol efflux
to apoAl (fig. S9A). Antagonism of endogenous
miR-33 increased ABCA1 protein and cholester-
ol efflux to apoAl in both murine and human
macrophages (Fig. 4C and fig. S9B). Under con-
ditions in which miR-33 is increased (cholesterol
depletion), anti-miR-33 significantly increased
cholesterol efflux in both macrophages and he-
patocytes (fig. S9C). Thus, manipulation of cellu-
lar miR-33 levels alters macrophage cholesterol
efflux, a critical first step in the reverse choles-
terol transport pathway for the delivery of excess
cholesterol to the liver (5).

In addition to cellular cholesterol efflux,
ABCAL is responsible for initiating HDL for-

Fig. 4. Modulation of A | control B | control c M control
miR-33 regulates cellular 10 00 miR-33 14 O miR-33 14 O Anti-miR-33
cholesterol efflux and I 12 x 12 .
serum HDL levels. (A 88 20 S 10 z
and B) Cholesterol efflux ‘;- 6 . 83 x ‘f, 8
to (A) apoAl and (B) % . * /0= B % 6
HDL in mouse ]774 and a_z * * « £, % . .
human THP-1 macro- @ 2 * 2 2 °,
phages stimulated with & 0 =
AcLDL (Ac) or T0901317 - Ac T - Ac T - Ac T - Ac T
(T) and expressing a Mouse Human Mouse Human Mouse Human
control miR or miR-33.
(O Cholesterol efflux to D Anti- E F M Anti-miR-33
apoAl in mouse 1774 Control miR-33 Control miR-33 = — Control OmiR-33
5 1907 - miR-33 o 407,

and human THP-1 mac- ABCAT1 [IE] ABCAI1 m D 904 -A- Anti-miR-33 * o |
rophagestimulatedvith  ApceIERmE LM AsCCi L BEE £ R -
AcLDL or T0901317 and ’ o 801 ] - = 7

; ; NPC1M NPCT W] B - 9
expressing a control in- T 01d—H - =
hibitor o ant-miR-33. ~HMGCRES====| HI\"GCR_ S 60- T~ . 8 |
(D) Analysis of hepatic SRBI===88] SRBIE======] § 5| S ]
gene expression 6 days CD36[= = —~===| CD36 = oL . . I t
after infection with the HSPOO[ wer wr = #¢ ®=| HSP90 0 2 4 6 .40
control, miR-33, or anti- days

miR-33 lentiviruses. West-

ern blots are of liver tissue from three representative mice per treatment. (E) Plasma HDL levels in mice infected with the control, miR-33, or anti-miR-33
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mation in the liver (6). Thus, we investigated the
effect of manipulating miR-33 levels in vivo in
mice using lentiviruses encoding pre-miR-33,
anti-miR-33, or control. Efficient lentiviral deliv-
ery was confirmed by measuring green fluores-
cent protein in the liver (fig. S9D). Consistent
with our in vitro results, miR-33 significantly
reduced hepatic ABCA1 expression (Fig. 4D;
quantification in fig. SOE). It also modestly de-
creased ABCG1 and NPCI1 protein levels, al-
though the effect was not statistically significant.
No changes in SR-B1, a cognate receptor for
HDL in the liver (7), or other cholesterol-related
genes were observed (Fig. 4D). Moreover, an
unbiased assessment of hepatic gene expres-
sion revealed few significant differences in the
expression of other cholesterol metabolism—
related genes in mice treated with miR-33 or
anti-miR-33 lentiviruses (fig. S10). In vivo over-
expression of miR-33 resulted in a progressive
decline of plasma HDL, as expected from the
requirement of ABCA1 for HDL formation (Fig.
4E), with a 22% decrease achieved after 6 days
(Fig. 4F). Conversely, mice expressing anti-miR-
33 showed a 50% increase in hepatic ABCA1
protein and a concomitant 25% increase in
plasma HDL levels after 6 days (Fig. 4, D to F).
Thus, manipulation of miR-33 levels in vivo
alters ABCA1 expression and the mobilization of
cholesterol to HDL.

To date, only one other miRNA, miR-122,
has been shown to have a direct role in cho-
lesterol metabolism (8—/0). The expression of
miR-122 is highly restricted to the liver, where it
is believed to maintain the differentiated state.
Silencing of miR-122 down-regulates genes im-
plicated in cholesterol biosynthesis and tri-
glyceride metabolism, increasing hepatic fatty
acid oxidation and reducing plasma cholesterol,
hepatic fatty acid, and cholesterol synthesis. In
contrast, miR-33 is widely expressed in different
cell types and tissues, consistent with the hy-
pothesis that it has a more global effect on cel-

lular cholesterol homeostasis. Moreover, we have
shown that miR-33 specifically regulates choles-
terol transport pathways that mobilize cholesterol
from intracellular stores to HDL lipoproteins.
Although the pathways regulating the gener-
ation and uptake of LDL cholesterol are well
characterized, the molecular mechanisms regu-
lating circulating levels of HDL, the “good
cholesterol,” remain poorly defined. The identi-
fication of ABCA as the gene mutated in Tangier
disease, a condition characterized by a near-
deficiency of plasma HDL, revealed its essen-
tial role in both HDL generation and reverse
cholesterol transport (//—13). Subsequent studies
have established that ABCA1 and ABCGI prob-
ably act in a sequential fashion, with ABCA1
lipidating apoA1l to generate nascent HDL parti-
cles, which can then promote additional choles-
terol efflux via ABCGI1 (5). Despite these major
advances, it has become clear that the regulation of
these pathways is complex and influenced not only
by genetic factors but also by posttranscriptional
mechanisms (/4). Our data provide evidence for
a role for miR-33 in the epigenetic regulation of
cholesterol homeostasis. We propose that miR-33
functions via a negative feedback loop triggered
by the cholesterol content of the cell; under low
sterol conditions, the coincident transcription of
SREBF2 and miR-33 coordinate cellular choles-
terol homeostasis by simultaneously initiating
transcription of cholesterol uptake and synthesis
pathways and posttranscriptionally repressing
genes involved in cellular cholesterol export.
Our work identifies miR-33 as a potential
regulator of two central pathways that control
HDL cholesterol: (i) HDL biogenesis in the liver,
as reflected by the impact of miR-33 manipula-
tion on circulating HDL levels; and (ii) cellular
cholesterol efflux from macrophages, the first
step in the reverse cholesterol transport pathway
through which HDL and apoAl ferry excess cho-
lesterol back to the liver for excretion. Because
plasma HDL levels show a strong inverse cor-
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relation with atherosclerotic vascular disease, there
has been intense interest in therapeutically target-
ing HDL and macrophage cholesterol efflux
pathways. Our study suggests that antagonists of
endogenous miR-33 may be a useful therapeutic
strategy for enhancing ABCA1 expression and
raising HDL levels in vivo.
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Development of the Hippocampal
Cognitive Map in Preweanling Rats
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Orienting in large-scale space depends on the interaction of environmental experience and
preconfigured, possibly innate, constructs. Place, head-direction, and grid cells in the hippocampal
formation provide allocentric representations of space. Here we show how these cognitive
representations emerge and develop as rat pups first begin to explore their environment.
Directional, locational, and rhythmic organization of firing are present during initial exploration,
including adultlike directional firing. The stability and precision of place cell firing continue to
develop throughout juvenility. Stable grid cell firing appears later but matures rapidly to adult
levels. Our results demonstrate the presence of three neuronal representations of space before
extensive experience and show how they develop with age.

proposed as a Kantian synthetic a priori

The hippocampal cognitive map has been
system, partly or wholly formed geneti-
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cally, to serve as a scaffold for representing
experiential information about the external en-
vironment (/). This suggests that the basic

constituents of the cognitive map develop inde-
pendently of spatial experience, or might even
precede it, and is supported by the early de-
velopment of spatial cognition in weanling rats
(2—4). We tested this idea by looking for place
cells (5) in hippocampal region CAl, and for
grid (6) and directional cells (7) in medial
entorhinal cortex (MEC) as preweanling rats
first began to leave the nest and to actively ex-
plore their environment (8) [typically on post-
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