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Abstract

High plasma lipid/lipoprotein levels are risk factors for various metabolic diseases. We previously
showed that circadian rhythms regulate plasma lipids, and deregulation of these rhythms cause
hyperlipidemia and atherosclerosis in mice. Here, we show that global and liver-specific Bmall-
deficient mice maintained on a chow or a Western diet developed hyperlipidemia, denoted by the
presence of higher amounts of triglyceride- and ApoAlV-rich larger chylomicron and very-low-
density lipoprotein, due to overproduction. Bmall deficiency decreased Shp and increased MTP, a
key protein that facilitates primordial lipoprotein assembly and secretion. Moreover, we show that
Bmall regulates Crebh to modulate ApoAlV expression and the assembly of larger lipoproteins.
This is supported by the observation that Crebh- and ApoAlV-deficient mice, along with Bmall-
deficient mice with knockdown of Crebh, had smaller lipoproteins. Further, overexpression of
Bmall in Crebh-deficient mice had no effect on ApoAlV expression and lipoprotein size. These
studies ind15icate that regulation of ApoAlV and assembly of larger lipoproteins by Bmall
requires Crebh. Mechanistic studies showed that Bmall regulates Crebh expression by two
mechanisms. First, Bmall interacts with the Crebh promoter to control circadian regulation.
Second, Bmall increases Rev-erba expression, and Rev-erba interacts with the Crebh promoter
to repress expression. In short, Bmall modulates both the synthesis of primordial lipoproteins and
their subsequent expansion into larger lipoproteins by regulating two different proteins, MTP and
ApoALlV, via two different transcription factors, Shp and Crebh. It is likely that disruptions in
circadian mechanisms contribute to hyperlipidemia, and avoiding disruptions in circadian rhythms
may limit/prevent hyperlipidemia and atherosclerosis.
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Introduction

Early studies established that an elevated level of low-density lipoprotein (LDL) cholesterol
is a risk factor for atherosclerosis. Therefore, myriad of successful therapeutic interventions
have reduced plasma LDL and incidence of atherosclerosis worldwide. Despite these
innovations, there are significant residual risks (1-3). Recent studies identified high
triglyceride and very-low-density lipoprotein (VLDL) as risk factor for myocardial
infarction. In an eleven-year Copenhagen General Population study, VLDL cholesterol
explained 50% of the myocardial infarction risk (4). Prenner ef al. showed that VLDL
cholesterol also associates with coronary artery calcification in type 2 diabetes (5). Thus,
mechanisms that regulate plasma triglyceride-rich lipoproteins are of significant interest.

Circadian rhythms are orchestrated by enhancers and repressors called “core clock genes”
that exhibit autoregulatory mechanisms. Circadian locomotor output cycles kaput (Clock)
and brain and muscle aryl hydrocarbon receptor nuclear translocator-like 1 (Bmall)
heterodimers (Clock:Bmall) bind to enhancer-boxes (E-boxes) in the promoters of Per

and Cry genes to increase expression of period (Per) and cryptochrome (Cry) repressors,
respectively. When concentrations of Per and Cry proteins increase, they form heterodimers
to repress Clock:Bmall activity. Besides this major autoregulatory loop, circadian rhythms
are also regulated by an auxiliary loop consisting of a repressor, Rev-erba (gene Nridl),
and an activator, RORa that regulates Bmall expression (6). Clock and Bmall also regulate
several physiological processes by modulating the expression of “clock-controlled” genes (7,
8). We previously identified short heterodimer partner (Shp), USF2, and GATA4 as clock-
controlled transcription factors that regulate primordial lipoprotein assembly, macrophage
cholesterol efflux, and hepatic cholesterol excretion to bile, respectively (9-11).

Lipoprotein assembly likely occurs in two steps. In the first step, the newly-translated
apolipoprotein B (apoB) interacts with the endoplasmic reticulum (ER) membrane. ApoB
is then co-translationally assembled into smaller high-density lipoprotein (HDL)-size
primordial lipoproteins with the assistance of microsomal triglyceride transfer protein
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(MTP). The primordial lipoproteins undergo a second step of “core expansion,” resulting
in the synthesis of chylomicrons (CM) and VLDL by the intestine and liver, respectively.
Very little is known about core expansion and its regulation. Because each lipoprotein
contains one apoB molecule, the lipoprotein surface is believed to be stabilized by other
apolipoproteins during core expansion. Apolipoprotein AIV (ApoAlV, gene Apoa4) may
play a role in this process (12, 13). ApoAlV production is significantly induced during the
postprandial state and is thought to stabilize CM during core expansion (13, 14). ApoAlV is
less abundant in the liver compared to the intestine (13, 15); nevertheless, its role in VLDL
assembly in human hepatoma cells and in mice has been noted (15, 16). Increased hepatic
ApoAlV is thought to mitigate steatosis by enhancing assembly of larger (=120 nm) VLDL
particles (15, 16).

The assembly of apoB-containing lipoproteins is regulated at the post-translational level
(17). However, the synthesis of MTP and ApoAlV is regulated at the transcriptional level
(18). MTP and ApoAlV mRNA levels show circadian expression in ad /ibitum-fed mice (9,
19-21). In ClockA19419 mice, MTP and ApoAlV expression does not show diurnal rhythms
(9, 19, 22). However, the role of Bmall in ApoAlV-mediated lipid homeostasis is unknown.
ApoALIV expression is mainly regulated by cAMP-responsive element-binding protein H
(Crebh, gene Creb3/3) (23-25) which is expressed in the liver and intestine (26). Crebh
interacts with two Crebh-responsive elements in the Apoa4 promoter to increase expression
(24). Understanding the circadian regulatory mechanisms of Crebh expression is of great
importance.

Crebh (=75 kDa) is an ER membrane-bound transcription factor (Crebh-ER). Its activation
involves transport to and proteolytic cleavage in the Golgi, production of a ~50 kDa
N-terminal fragment (Crebh-N), and translocation to the nucleus. Crebh-N interacts with
Crebh-responsive elements in the promoters to enhance expression of genes in lipid
metabolism (27, 28). Steady-state levels of Crebh-ER and Crebh-N proteins are regulated
differently. IL-6 and TNFa strongly induce Crebh-ER but have no effect on Crebh-N.
Crebh-ER is regulated by ER-associated degradation involving E3 ubiquitin ligase HRD1
and its co-activator SellL (29, 30). Ablation of HRD1 increases Crebh-ER and Crebh
target gene expression (30), suggesting that increases in Crebh-ER might augment Crebh-N
production and enhance gene expression. Production of Crebh-N shows rhythmicity and

is requlated by Bmall via AKT-GSK3p signaling (31). As opposed to the breadth of
knowledge about the production and catabolism of Crebh proteins, very little is known
about the transcriptional regulation of Crebh expression. Earlier studies reported no temporal
changes in Crebh mRNA (31); however, recent studies describe robust diurnal regulation
of Crebh mRNA in wild-type (WT) mice and an absence of diurnal regulation in Bmal1™~
mice (30). How Bmal1l regulates Crebh expression has not been elucidated.

We previously showed that plasma triglyceride and cholesterol, mainly in apoB-containing
lipoproteins, exhibit diurnal rhythms (19). These rhythms are not seen in C/kA29/419

mice and in Bmal1™~Apoe™~ mice (9, 22). Here, we show that Bmall and Rev-erba
temporally coordinate Crebh regulation to modulate ApoAlV expression and assembly of
larger lipoproteins.
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Sustained hyperlipidemia in chow-fed Bmall-deficient mice

Plasma triglyceride levels in total (Supplementary Figure 1A, left) and apoB-containing
lipoproteins (Supplementary Figure 1A, right) were higher at 24:00 (midnight) than at 12:00
(noon) in chow-fed Bmal1*/* mice. In contrast, triglyceride remained >2-fold higher in
Bmal1™" mice throughout the day (Supplementary Figure 1A, left), due to increases in
apoB-containing lipoproteins (Supplementary Figure 1A, right). Plasma CM and VLDL
particles were larger in Bmall™" than in Bmall*/* mice, while LDL and HDL sizes were
not different (Figure 1A). These studies indicate that hypertriglyceridemia in BmalZ™~ mice
is secondary to increases in larger lipoproteins.

We then measured hepatic triglyceride and cholesterol in the livers of these mice
(Supplementary Figure 1B, 1C). Bmall™~ mice had significantly higher amounts of
these lipids and showed increased Oil Red O staining. Thus, Bmall deficiency leads to
hepatosteatosis.

Hypertriglyceridemia can be due to reduced catabolism or overproduction of lipoproteins.
Lipoprotein catabolism begins with the hydrolysis of triglyceride by lipases. Post-heparin
plasma lipase activity in Bmal1*/* mice was high at 24:00 and low at 12:00 (Supplementary
Figure 1D), consistent with (32). This activity did not change in Bmall1™~ mice and

was high at both times (Supplementary Figure 1D). Hepatic lipoprotein lipase expression
peaked during the day and was lower at night in BmalI*/* mice, but in Bmal1™~ mice
expression was high throughout the day (Supplementary Figure 1E). These studies suggest
that hyperlipidemia in BmallI~~ mice may not be due to decreases in lipase activity.

Next, we asked whether hyperlipidemia is secondary to lipoprotein overproduction.
Intestinal triglyceride and 3H-triolein absorption (Figure 1B), as well as hepatic triglyceride
production (Figure 1C), were significantly increased in Bmall™~ mice. This indicates that
Bmall deficiency augments lipoprotein production.

We previously showed that Clock regulates MTP and Shp, and their dysregulation in
Clock®19/419 mice leads to hypertriglyceridemia (9). Similarly, MTP and Shp mRNA
showed diurnal variations in Bmal1*’*, but not in Bmal1™~, mice (Supplementary Figure
2A). Intestinal and hepatic apoB and apoAl mRNA levels in Bmal1*/* and Bmall™~ mice
did not change (Supplementary Figure 2B). Plasma ApoAlV protein levels in Bmal1**, but
not in Bmal1™~, mice, showed diurnal changes (Figure 1D). Bmal1™~ plasma contained
significantly higher amounts of ApoAlV at all times. Consistent with protein levels,
intestinal and hepatic ApoAIV mRNA levels show diurnal variations in Bmal1*/#, but not in
Bmal1™~ mice (Supplementary Figure 2C). ApoAIV mRNA levels were higher throughout
the day in Bmal1™~ mice. These studies show that Bmall deficiency abrogates diurnal
expression of MTP, Shp, and ApoAlV, and Bmall™~ mice assimilate larger triglyceride- and
ApoAIV-rich lipoproteins in the plasma.

A major regulator of ApoAlV is Crebh (24). In Bmal1** mice, intestinal and hepatic Crebh
MRNA levels showed diurnal variations (Supplementary Figure 2C). In contrast, Crebh
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mRNA levels were significantly increased in the intestine and liver of Bmall™~ mice and
did not show temporal changes. Besides ApoAlV, other targets of Crebh were also increased
in Bmal1™~ mice (Supplementary Figure 2D).

Bmall regulates Rev-erba expression (33). We also observed that intestinal and hepatic
Rev-erba mRNA levels peak in the daytime in BmalI*/* mice (Supplementary Figure 2C).
In Bmall™~ mice, Rev-erba expression was significantly reduced, and did not change
within a day.

Next, we studied changes in protein levels (Figure 1E). Consistent with mRNA levels,
intestinal and hepatic protein levels of MTP, Shp, Crebh-ER, ApoAlV, and Rev-erba
showed diurnal variations in Bmal1*’* mice. In Bmall™~ mice, these protein levels did
not show temporal changes and remained either high (MTP, Crebh-ER, ApoAlV) or low
(Shp, Crebh-N, Rev-erba).

In summary, chow-fed Bmall™~ mice accumulate ApoAlV- and triglyceride-rich larger CM-
and VLDL-size particles. Additionally, Bmall™~ mice show increased expression of hepatic
and intestinal MTP, ApoAlV, and Crebh; and reduced expression of Shp and Rev-erba..

A Western diet exacerbates hyperlipidemia in Bmall™~ mice

Western diet-fed Bmal1™~ mice had higher plasma total and non-HDL triglyceride and
cholesterol (Figure 2A), larger CM and VLDL (Figure 2B & Supplementary Figure 3A),
and higher apoB100 and ApoAlV protein levels (Figure 2C). Since each lipoprotein
contains one apoB, increases in apoB suggest more particles. Intestinal triglyceride and
3H-triolein absorption (Supplementary Figure 3B) and hepatic triglyceride production rates
(Supplementary Figure 3C) were significantly higher in BmalZ~~ mice. These mice had
significantly higher hepatic lipids and showed enhanced Oil Red O staining (Supplementary
Figure 3D, 3E). These studies indicate that Western diet enhances plasma levels of larger
apoB100- and ApoAlV-containing triglyceride- and cholesterol-rich particles in Bmall™~
mice by increasing intestinal and hepatic lipoprotein production.

To understand mechanisms, we measured mRNA and protein levels of key genes in
lipoprotein assembly. Intestines and livers from Bmal1™~ mice had higher mRNA levels

of MTP, ApoAlV (7- to 13-fold), and Crebh (~15-fold), while mRNA levels of Shp and
Rev-erba were significantly reduced (Figure 2D). Similar changes in protein levels were
observed (Figure 2E). These studies suggest that Bmall deficiency significantly alters
intestinal and hepatic expression of several lipid metabolism genes in Western diet-fed mice.

Liver-specific ablation of Bmall increases Crebh and ApoAlV expression

We generated liver-specific Bmall-deficient (L-Bmal1™") mice by crossing Bmal1™f
mice with Alb-Cre mice, and fed a chow diet (11). Plasma triglyceride, cholesterol
(Supplementary Figure 4A), apoB100, and ApoAlV (Supplementary Figure 4B) levels
were higher in male L-Bmal1™~ mice compared to Bmal1" mice. L-Bmal1™~ mice had
larger plasma VLDL at both 24:00 and 12:00 (Supplementary Figure 4C). Hepatic Crebh,
ApoAlV, and Rev-erba mRNA levels showed diurnal variations in control Bma/1™f mice,
but not in £-Bmal1™~, mice (Supplementary Figure 4D). Hepatic Crebh-ER and ApoAlV
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protein levels were higher, but Rev-erba levels were lower, in chow-fed L-Bmall™~ mice
(Supplementary Figure 4E). Diurnal changes in intestinal Crebh, ApoAlV, and Rev-erba
mRNA were not affected (Supplementary Figure 4F), indicating liver-specific changes.

Similar to male mice, chow-fed £-Bmal1~~ female mice had higher plasma triglyceride/
cholesterol levels (Supplementary Figure 5A), higher apoB100 and ApoAlV levels
(Supplementary Figure 5B), and larger VLDL particles (Supplementary Figure 5C). Hepatic
Crebh, ApoAlV, and Rev-erba mRNA and protein levels showed diurnal variations in
Bmal1™f but not in L-Bmal1~", female mice (Supplementary Figure 5D, 5E). These
studies show that liver-specific Bmall deficiency increases plasma lipids, number of larger
VLDL particles, hepatic Crebh and ApoAlV mRNA and protein levels in chow-fed male and
female mice.

Total plasma and non-HDL triglyceride and cholesterol levels (Figure 3A), as well as
apoB100, apoB48, and ApoAlV protein levels (Figure 3B) were significantly higher in
Western diet fed male L-Bmal1~~ than in Bmal1™f mice. VLDL particles were larger in
the plasma of L-Bmal1™~ (Figure 3C & Supplementary Figure 6). These studies indicate
accretion of greater number of apoB100-containing and ApoAlV-enriched larger VLDL
particles.

We then concentrated on explaining origins of larger VLDL. Liver triglyceride production
was significantly higher in Western diet fed £-Bmal1~~ than in Bmal1™f mice (Figure 3D).
Expression analysis showed increased expression of MTP (~3-fold) and ApoAlV (~4-fold)
with no change in apoB mRNA (Figure 3E). Analysis of the transcription factors that
regulate MTP and ApoAlV expression showed significant increases in Crebh (~5-fold) and
decreases in Rev-erba and Shp (Figure 3E). Consistent with changes in mMRNA, ApoAlV
and Crebh-ER protein levels increased, and Rev-erba and Shp levels decreased (Figure 3F).
Thus, liver-specific Bmall deficiency increases plasma apoB100 and ApoAlV levels and
hepatic Crebh and ApoAlV expression.

The above studies show that Bmall deficiency decreases Rev-erba and Shp, and augments
MTP, Crebh, and ApoAlV protein and mRNA levels. We previously reported that
ClockA19/A19 and Bmal1™~Apoe™~ mice had reduced hepatic Shp and increased MTP
expression (9-11, 19). The several fold increases in Crebh and ApoAlV in Bmall-deficient
livers were, however, novel observations. Therefore, we attempted to establish relationships
amongst the expressions of these proteins and their roles in the production of larger
lipoproteins.

Nr1d1~~ mice have larger lipoproteins

Nrld1™~mice had higher plasma triglyceride and cholesterol levels at 24:00 and 12:00
(Figure 4A & Supplementary Figure 7A). The plasma apoB100, apoB48, and ApoAlV
protein levels were elevated, but apoA1l levels were unaffected in ArZdZ~~ mice (Figure
4A, bottom). The NrZd1~~ mice had larger plasma CM and VLDL compared to controls
(Figure 4B & Supplementary Figure 7B), and had higher hepatic mMRNA levels of ApoAlV
and Crebh (Supplementary Figure 7C). Thus, Rev-erba. deficiency is associated with higher
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expression of ApoAlV and Crebh, increased plasma apoB and ApoAlV, and larger plasma
lipoproteins.

Apoad~~ mice have smaller lipoproteins

Apoa4~'~ mice had lower plasma levels of total and non-HDL triglyceride at midnight

than Apoa4*/* mice (Figure 4C & Supplementary Figure 8A). ApoAlV deficiency did

not significantly affect plasma apoB100, apoB48, and apoAl levels (Figure 4C, bottom).
However, Apoa4~~ mice had smaller CM and VLDL particles (Figure 4D & Supplementary
Figure 8B). They showed no defect on the diurnal expression of intestinal and hepatic
Bmall, Re-erba, and Crebh mRNA levels (Supplementary Figure 8C). Thus, Apoa4™~ mice
have smaller CM/VLDL and lower triglyceride levels.

Creb3I37/~ mice have lower ApoAlV levels and smaller lipoproteins

Chow-fed nonfasted Creb3/37~ mice had lower plasma triglyceride and cholesterol levels
compared with Creb3/3*/* mice (Figure 4E & Supplementary Figure 9A). Creb3/37~ mice
had lower plasma apoB100, apoB48, and ApoAlV levels (Figure 4E, bottom) and had
smaller CM/VLDL particles (Figure 4F & Supplementary Figure 9B). ApoAlV mRNA
levels remained low throughout the day in the livers of Creb3/37~ mice (Supplementary
Figure 9C). The role of Crebh in ApoAlV regulation was further studied in human hepatoma
Huh-7 cells (Supplementary Figure 9D) and mouse hepatocytes (Supplementary Figure

9E) after knockdown (KD). SiCreb3I3 significantly reduced Crebh and ApoAlV without
affecting Bmall expression. These studies support the hypothesis that Crebh regulates
ApoAlV expression.

Bmall requires Crebh to regulate ApoAlV expression

Next, we asked whether Bmall can regulate ApoAlV independently of Crebh. First, we
overexpressed Bmall in Creb3/37~ mice. Adv-Bmal1 significantly increased hepatic Bmal1,
Rev-erba, and Shp, and decreased MTP, but had no effect on ApoAlV (Figure 5A). Adv-
Bmall had no effect on intestinal gene expression (Supplementary Figure 10A), and did

not significantly affect plasma apolipoproteins (Figure 5B, top) or lipoprotein sizes (Figure
5B, bottom & Supplementary Figure 10B). These data show that Bmall does not regulate
ApoAIV or VLDL size in the absence of Crebh.

Second, the role of Crebh was interrogated by KD of Crebh in L-Bmall™~ mice. ShCreb3I3
reduced hepatic Crebh and ApoAlV mRNA levels without affecting Rev-erba (Figure 5C,
top). It also reduced hepatic Crebh-ER and ApoAlV protein levels (Figure 5C, bottom),

and decreased plasma triglyceride and cholesterol (Figure 5D). Furthermore, KD of Creb3I3
in L-Bmall™~ mice reduced plasma triglyceride production rates (Figure 5E) as well as
plasma apoB100 and ApoAlV levels without affecting apoAl levels (Figure 5F, top). KD

of hepatic Crebh reduced VLDL size but had no effect on CM size (Figure 5F, bottom &
Supplementary Figure 10C). These studies suggest that production of ApoAlV and larger
VLDL in L-Bmall™" mice is regulated by Crebh.

In short, our studies interrogating the overexpression of Bmall in Creb3/3”~ mice and the
KD of Crebh in L-Bmal1™~ mice show that Crebh does not regulate Bmall or Rev-erba
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expression, and Bmall regulates ApoAlV expression by modulating Crebh expression.
Therefore, we next concentrated on explaining how Bmall regulates Crebh.

Bmall and Rev-erba cooperate to regulate Crebh expression

First, we reduced the expression of Bmall and Rev-erba—individually and in combination
—using specific siRNAs in mouse primary hepatocytes (Figure 6A) and human hepatoma
Huh-7 cells (Supplementary Figure 11). In mouse primary hepatocytes, siBmall reduced
Bmall and Rev-erba, and increased Crebh and ApoAlV mRNA levels (Figure 6A, top).
SiRev-erba reduced Rev-erba and increased Bmall, Crebh, and ApoAlV (Figure 6A,
middle). A combination of siBmall and siRev-erba reduced Bmall and Rev-erba and
increased ApoAlV and Crebh (Figure 6A, bottom). Protein levels changed similarly to
MRNA levels (Figure 6B). Similar observations were made in Huh-7 cells (Supplementary
Figure 11). These studies indicate that both Bmall and Rev-erba act as repressors of Crebh
and ApoAlV.

There are two things worth noting. SiBmall reduced both Bmall and Rev-erba, and these
reductions were associated with increases in Crebh and ApoAlV. However, siRev-erba
reduced Rev-erba and increased Bmall. Despite increases in Bmall, siRev-erba increased
Crebh and ApoAlV levels. These studies indicate that Rev-erba is a major regulator of
Crebh and ApoAlV. This is consistent with a recent report that Rev-erba plays an important
role in lipid metabolism under conditions of metabolic perturbations (34). Second, increases
in Crebh and ApoAlV in siBmall+siRev-erba-treated cells were higher than those seen in
cells individually treated with these siRNAs, indicating that these transcription factors might
additively regulate Crebh and ApoAlV expression. Thus, there might be two mechanisms
controlling Crebh expression by Bmall and Rev-erba.

To understand the roles of Bmall and Rev-erba in the temporal expression of Crebh and

its target gene ApoAlV, mouse primary hepatocytes were transfected with different sSiRNAs
and then subjected to serum shock (Figure 6C-E). In siControl-treated cells, expression

of Crebh and ApoAlV increased soon after serum treatment (peak expression at 4-8 h),
followed by reduced expression and a second peak expression at 28—-32 h (Figure 6C-E).
Expression of Rev-erba and Bmall peaked at 16 h and at 36—40 h (Figure 6C-E). Rev-erba
and Bmall mRNA peak expressions were coincident with nadirs in Crebh and ApoAlV
MRNA levels. SiBmall-treated cells showed early peak expression of Crebh and ApoAlV
but did not show the second peak (Figure 6C), indicating that Bmall plays a role in their
cyclic expression. SiRev-erba significantly increased the Crebh and ApoAlV mRNA levels
at all times, and the expression levels showed cyclic changes similar to siControl-treated
cells (Figure 6D). Treatment of these cells with hemin, which increases Rev-erba expression
(35), significantly reduced the expression of Crebh, ApoAlV, and Bmall mRNA (Figure
6D). These data indicate that Rev-erba acts as a repressor. A combination of siBmall and
siRev-erba increased the expression of Crebh and ApoAlV mRNA levels, and expression
levels of these genes did not have second peak (Figure 6E). Bmal1*/* hepatocytes subjected
to serum shock showed two peaks of Crebh and ApoAlV expression (Figure 6F). The
Bmal1™~ hepatocytes only showed the first peak. Based on these data, we propose that
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Rev-erba regulates basal expression, and that Bmall modulates the diurnal expression of
Crebh.

We then investigated how Bmall and Rev-erba differentially regulate basal and cyclic
expression of Crebh. We found that the human CREB3L3 1kb promoter has one E-box
and one RORE (Supplementary Figure 12A). The mouse Creb3/3 promoter contains three
E-boxes and one RORE close to the transcription start site (Supplementary Figure 12B).
Chromatin immunoprecipitation (ChlP) analysis in mouse hepatocytes showed that Bmall
binds to all three E-boxes; however, the binding of Clock was obvious at E1 and E2
(Supplementary Figure 12C). Further, Rev-erba interacted with RORE. Thus, both Bmall
and Rev-erba interact with the Creb3/3 promoter at different sites.

Next, we studied temporal binding of Bmal1:Clock and Rev-erba to E1 and RORE,
respectively. Bmall and Clock interacted with box E1 at night in WT mice (Figure 7A),
whereas, Rev-erba mainly bound to the RORE in the daytime. Binding of Rev-erba was
significantly lower in Bmal1™~ mice (Figure 7A). We then studied the binding of different
transcription factors to the Creb3/3 promoter at noon in chow- or Western diet-fed mice
(Figure 7B). The binding of Bmall and Clock to the Creb3/3 promoter was low and the
binding of Rev-erba was high in chow-fed mice. Western diet reduced the binding of Bmall
and Rev-erba to the Creb3/3 promoter (Figure 7B). These results were further confirmed by
gPCR (Figure 7C-F & Supplementary Figure 13). These studies suggest that Bmall:Clock
and Rev-erba interact with the Crebh promoter at different times. In the absence of Bmall,
the binding of Rev-erba to the Crebh promoter is significantly reduced and may lead to
increased expression of Crebh.

Regulation of Crebh by Bmall and Rev-erba

We propose that the regulation of Crebh involves two mechanisms (Figure 8). In Bmal1**
mice, Rev-erba levels (Supplementary Figure 2C) and binding (Figure 7A) to the RORE

in the Creb3/3 promoter are high in the day (Figure 8A, 12:00). This reduces Crebh and
ApoALIV expression contributing to production of smaller-size CM and VLDL particles

in the daytime. At midnight, Bmall:Clock binding to the Creb3/3 promoter is increased
(Figure 7A), resulting in enhanced Crebh and ApoAlV expression and production of

larger CM and VVLDL particles (Figure 8A, 24:00). These changes are associated with

low triglyceride in the daytime and high triglyceride in the nighttime (Figure 8A). In
Bmal1™~ mice, Rev-erba levels are low at all times (Supplementary Figure 2C), resulting
in increased expression of Crebh and ApoAlV and more number of larger CM and VLDL
particles (Figure 8B). Our studies also suggest that Bmall regulates Shp to regulate MTP
(Supplementary Figure 2A, Figure 2D, 2E). Thus, Bmall regulates two repressors: Shp and
Rev-erba (Figure 8C). Shp regulates MTP to affect primordial lipoprotein assembly. Bmall
and Rev-erba regulate Crebh, and this might regulate the second step of the core expansion
of apoB-containing lipoproteins by increasing ApoAlV levels in the nighttime (Figure 8C).
In Bmal1™~ mice, expression of both repressors is reduced. Repression of Shp increases
MTP expression, leading to more synthesis of primordial lipoprotein particles. Repression of
Rev-erba increases Crebh expression and ApoAlV. These changes may lead to production
of more number of larger CM and VLDL particles (Figure 8D).
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Discussion

We provide evidence that Bmall deficiency increases number of larger apoB-containing
lipoproteins, CM and VLDL, due to their overproduction by the intestine and liver,
respectively. We show that Bmall regulates the diurnal expression of Crebh and ApoAlV
to control the second step of apoB-containing lipoprotein assembly based on several key
observations: (1) Mice deficient in Crebh and ApoAlV accumulate smaller lipoproteins;
(2) KD of Crebh in Bmall-deficient mice reduces number and size of apoB-containing
lipoproteins; (3) Bmall regulates the circadian regulation of Crebh in a tissue- and cell-
specific manner; (4) Bmall regulates the extent of Crebh expression by modulating Rev-
erba levels. Molecular studies show that Bmall and Rev-erba regulate Crebh expression
at the transcriptional level by interacting with the Creb3/3 promoter at different times to
impart temporal changes. Bmall interacts with the E-boxes in the Creb3/3 promoter at
night to increase transcription. Additionally, Bmall increases the expression of Rev-erba,
and Rev-erba binds to the Creb3/3 promoter in the daytime to repress transcription. A
combination of these two mechanisms controls the extent and the temporal expression of
Crebh. Changes in ApoAlV follow Crebh expression. Increased availability of ApoAlV may
support the assembly of larger lipoproteins.

Our observation that MTP expression is high and Shp expression is low in Bmal1~~
and L-Bmal1™~ mice is in concert with previous observations in Clock?19A19 and
Bmall”~Apoe™~ mice (9-11). Thus, Clock and Bmall regulate MTP via Shp in mice
of different genetic backgrounds, underscoring their dominant role in the regulation of
lipoprotein assembly and secretion.

Throughout these studies, we noticed that Bmall deficiency increased Crebh mRNA levels
and Crebh-ER protein levels but not Crebh-N protein levels. In most instances, Crebh-N
levels were low despite increased Crebh mRNA and Crebh-ER protein levels. In a few
instances, such as after treatment with siBmall+siRev-erba, both Crebh-ER and Crebh-

N protein levels were high (Figure 6B, Supplementary Fig 11). These studies indicate
differential regulation of Creh-ER and Crebh-N, and are consistent with studies that show
that Crebh-N levels are regulated by the AKT-GSK3p pathway (31).

Another discrepancy was that steady state levels of Crebh-N protein were not in concert with
expression of Crebh target genes. Even though Crebh-N protein levels did not increase, there
was a significant increase in the Crebh target gene, ApoAlV, under various conditions.
Changes in ApoAlV correlated with Crebh mRNA and Crebh-ER protein levels. We
interpret these results to suggest that Crebh-N protein levels undergo rapid turnover and

that steady-state levels are kept low. The rapid turnover is reflected in increased expression
of Crebh target genes.

A drawback of our studies is that the observations made in Bmal1~~and L-Bmal1~~ mice
may be either related to a specific role of Bmall in lipid metabolism or a reflection of
general disruptions in circadian regulatory mechanisms. Our studies in Clock- and Bmal1-
deficient mice showed similar phenotypes with regard to Shp and MTP expression. With
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the use of different mouse models deficient in specific clock genes, it might be possible to
identify gene-specific and circadian-related mechanisms of metabolic dysregulations.

It is well established that high plasma lipids and lipoproteins are risk factors for heart
disease. Although plasma lipids can be effectively reduced by increasing their removal using
drugs such as statins and PCSK inhibitors (36-38), there is still need for new therapeutic
modalities, as some people are refractory to these treatments or develop unmanageable

side effects (39-41). Therefore, attempts have been made to target lipoprotein assembly
and secretion. Very effective drugs targeting apoB and MTP have been discovered but they
are associated with steatosis (42). Hence, there is a need for new approaches to modulate
lipoprotein assembly and secretion without causing steatosis (43). Our observation that
apoAlV could modulate the size of lipoproteins, makes this apolipoprotein a possible target
to produce smaller remnant like lipoproteins from the intestine and reduce plasma lipids.
This is because apoAlV is mainly expressed in the intestine and its liver expression in
humans is low.

In conclusion, we provide evidence that Bmall is a key transcription factor that orchestrates
the regulation of different steps in the biosynthesis of apoB-containing lipoproteins by
modulating the expression of Shp and Crebh. These transcription factors then regulate

the expression of MTP and ApoAlYV, respectively. Via these mechanisms, Bmall appears

to regulate both number and size of plasma apoB-containing lipoproteins. Our previous
studies showed that C/k429A19 mice also exhibit hyperlipidemia. Thus, chronic disruptions
in circadian rhythm genes contribute to dyslipidemia. It is likely that avoidance of circadian
disruptions may be beneficial in controlling concentrations of triglyceride-rich larger
lipoproteins.

MATERIALS AND METHODS

Cells, animals, and diets:

Huh-7 cells and mouse primary hepatocytes were cultured as before (35). Bmall™",
Bmal1**, Bmal1™¥ [ -Bmal1~~, Apoa4*’*, and Apoa4~'~ mice have been described before
(11, 21). Nr1d1™~, Creb3/3~ mice were from the Jackson Laboratory. All mice were in
rooms with a 07:00-19:00 lights-on schedule with unlimited access to chow diet (Lab diet,
5053; % calories: protein 25%, fat 13%, and carbohydrates 62%). Heterozygous pairs were
bred to obtain WT and KO siblings for experiments. All experiments were started in 12-

to 16-week-old mice. Both male and female mice were sacrificed at different times and
plasma and tissues were collected for various analyses. Different viruses were introduced
via intravenous tail vein injections. In some experiments, 12- to 16-week-old mice were fed
a western diet (Envigo, TD.88137; % calories: protein 15%, fat 43%, and carbohydrates
42%) for 2 months. Procedures were approved by the Animal Care and Use Committees of
SUNY Downstate Medical Center and NYU Long Island School of Medicine, conforming to
accepted standards of humane animal care. Bmall™~and Bmall*/* mice received their diets
in Petri dishes placed in the bottom. However, water bottles were placed on the top of the
cages. Consequently, there were no significant differences in daily food intake and weight
gain between Bmall™~and Bmall*’* mice.
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Intestinal lipid absorption and hepatic triglyceride production:

For intestinal absorption, non-fasted mice were injected with 0.5 mL of P407 (1:6, v/vin
PBS; 30 mg/mouse). After 1 h, mice were gavaged with 3H-triolein (2 pCi) in olive oil

(50 pL). Blood was collected before and after injections at regular intervals to measure
triglyceride and radioactivity. For hepatic triglyceride production, mice fasted for 5 h were
injected intraperitoneally with 0.5 mL of P407, and blood was collected from the tail vein to
measure triglyceride levels.

Statistical Analyses:

All cellular and biochemical experiments were done in triplicate and repeated at least
three times. Data are presented as the mean + standard deviation (SD). Statistical testing
was performed using the paired Student’s #test. Temporal comparisons between 2 groups
were performed with 2-way ANOVA followed by Bonferroni post-test (GraphPad Prism
9.0). Comparisons among multiple groups were performed by ANOVA followed by the
Student-Newman-Keuls test. A p-value <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HDL high-density lipoproteins

HNF hepatocyte nuclear factor

KD knockdown

KO knockout

LDL low-density lipoproteins

LpL lipoprotein lipase

MTP Microsomal triglyceride transfer protein

P407 Poloxamer 407

gPCR quantitative real-time polymerase chain reaction
Rev-erba (NrlD1) Nuclear receptor subfamily 1 Group D Member 1
RORa RAR related Orphan receptor

RORE ROR response elements

Shp Small heterodimer partner
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Figure 1: Hypertriglyceridemia and larger lipoproteins in chow-fed Bmall™~ mice.
Bmal1™~ and Bmall** male siblings (12-week-old, ad /ibitum chow-fed) were sacrificed at

4 h intervals.

(A) Plasma collected at 12:00 was subjected to sequential density gradient
ultracentrifugation. Isolated lipoproteins were negatively stained for electron microscopy
(left). Scale bar = 50 nm. Diameters of different particles were quantified (right). Values are
mean * SD. ** p<0.01 and *** p<0.001, £test.

(B) Mice fasted overnight were injected intraperitoneally with P407. After 1 h, they were
gavaged with 3H-triolein in olive oil (50 uL) at 12:00. Blood was collected at the indicated
times to measure triglyceride (left) and radioactivity (right). Two-way ANOVA, ** p<0.05,
*** n<0.001.

(C) Mice fasted for 5 h were injected with P407 at 12:00, and plasma triglycerides were
determined at different times. Time-dependent increases in plasma triglycerides (left) and
triglyceride production rates (right) were significantly higher in Bmal1~~ than in Bmal1*/*
mice. Mean £ SD, n = 5-6 for each time point. Two-way ANOVA and #test *** p<0.001.
(D) Plasma (1 pL) from different times was subjected to Western blotting to measure
different apolipoproteins.

(E) Equal amounts of liver protein (25 ug) were used to detect proteins.
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Figure 2: Hyperlipidemia in Western diet-fed Bmall™~ mice.
Male, 12-week-old Bmal1*/* and Bmal1™~ mice were fed a Western diet for 2 months.

Plasma and tissues were collected at 12:00.

(A) Cholesterol and triglyceride concentrations were measured in total and non-HDL
plasma. *** p<0.001, #test. Each dot represents individual mouse.

(B) Isolated plasma lipoproteins were subjected to negative staining. Scale bar = 50 nm.
(C) Plasma (1 L) was used to measure different apolipoproteins by Western blotting.

(D) Intestinal and hepatic mMRNA levels of MTP and ApoAlV and the transcription factors
that regulate their expression were compared. Values are mean + SD, n=6. *** p<0.001,
ttest.

(E) Intestinal and hepatic proteins were determined using specific antibodies.
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Figure 3: Hyperlipidemia in L-Bmal1™/~ mice fed a Western diet.
Male 16-week-old Bmal1™f and L-Bmal1~~ mice were fed a Western diet for 2 months.

Plasma and tissues were collected at 12:00.

(A) Total and non-HDL plasma cholesterol and triglyceride concentrations. Values are mean
+ SD, n=6. ** p<0.01, and *** p<0.001, #test.

(B) Plasma was used to measure apolipoproteins by western blotting.

(C) Plasma VLDL and HDL particle diameters were measured. Scale bar = 50 nm.

(D) Mice were fasted for 5 h and were injected intraperitoneally with P407 (30 mg/mouse)
at 12:00. Triglyceride determinations were done before injection (0 minutes) and at the
indicated times (left). The triglyceride production rates were higher in Bma/I™" than in
Bmal1*’* mice (right). Two-way ANOVA and £test ** p<0.01.
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(E) Expression of MTP and ApoAlV were significantly increased in £-Bmal1™" livers.
Crebh mRNA increased by ~5-fold. Values are mean + SD. *** p<0.001, #test.
(F) Hepatic protein expression determined by Western blotting.
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Figure 4: Effects of Rev-erba, ApoAlV, and Crebh deficiencies on plasma lipoproteins and
apolipoproteins.

(A-B) Male 12-week-old Nr1d1~~and Nrid1*/* mice were fed a chow diet. (A, top) Plasma
triglyceride levels were quantified at 24:00 and 12:00. (A, bottom) Apolipoprotein levels

in plasma collected at 12:00 were measured via Western blotting. (B) Isolated lipoproteins
were analyzed by electron microscopy. Scale bar = 50 nm.

(C-D) Male 16-week-old Apoa4~~ and Apoa4?’* mice were fed a chow diet. (C)
Triglyceride levels were measured at 24:00 and 12:00 in total plasma (top). Plasma obtained
at 12:00 was used to detect apoB and apoALl levels (bottom), and (D) were used to isolate
different lipoproteins for negative staining. Scale bar = 50 nm.

(E-F) Male 16-week-old Creb3/3~~and Creb3/3*/* mice on a chow diet were sacrificed at
different times. Plasma was used (top) to measure total triglyceride and cholesterol, Values
are mean + SD. *** p<0.001, #test, and (bottom) to detect apolipoproteins by western
blotting. (F) Lipoproteins were isolated at 12:00 and for negative staining. Scale bar = 50
nm.
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Figure 5: Overexpression of Bmall in the livers of Creb313™/~ mice and knockdown of Crebh in
L-Bmal1™/~ mice have no effect on ApoALV expression.

(A-B) Male Creb3/37~ mice were intravenously injected with adenoviruses expressing GFP
or Bmall (1.5 x 1011 GC/mouse). After 4 weeks, livers and intestines were used to measure
MRNA levels. Mean + SD. N=5-6, *** p<0.001, #test. (B) Top, plasma was used to
measure apolipoproteins by western blotting. Bottom, isolated lipoproteins were studied by
electron microscopy. Scale bar = 50 nm.

(C-F) L-Bmal1™~ (16-weeks-old, male) mice were transduced intravenously with AAV-
shCrebh3lI3 (2.5 x 101 GC/mouse). After 3 months, plasma and tissues were collected. (C)
Livers were used to measure mRNA (top), and protein (bottom) levels. (D) Plasma was used
to measure lipid levels. Values are represented as mean + SD. * p<0.05, and *** p<0.001,
ttest. (E) Mice were injected with P407 to measure plasma triglyceride levels (left) and
triglyceride production rates (right). (F) Plasma collected at 12:00 was used to measure
apolipoproteins (top) and to isolate lipoproteins for negative staining (bottom). Scale bar =
50 nm.
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Figure 6: Regulation of Crebh expression by Bmall and Rev-erba.
(A-B) (A) Primary hepatocytes from 10 week-old male WT mice were transfected with

different indicated siRNAs (pool of four siRNAs) and mRNA levels were quantified after 48
h. (B) Cell lysates were used for Western blotting. Values are represented as mean + SD. ***
p<0.001, #test.

(C-F) (C) SiBmal1l or siControl were introduced in WT mouse hepatocytes. After 48 h, cells
were cultured in serum-free media for 16 h, exposed to media containing 50% FBS for 2 h,
and then cultured in serum-free media. At different times, cells were collected to measure
MRNA levels. (D) Rev-erba was knocked down in mouse primary hepatocytes using a pool
of four siRNA duplexes, or its expression was increased by treating cells with hemin (25
uM) for 48 h. Cells were then subjected to serum shock as above. In cells treated with
hemin, hemin was present at all times. Different wells were collected at indicated times

to measure mRNA levels. (E) WT hepatocytes were transfected with siBmall+SiRev-erba
and subjected to serum shock, and cells collected at different times were used to measure
temporal changes in gene expression. (F) Hepatocytes isolated from 12 week-old male
Bmal1*/* and Bmall™~ mice were subjected to serum shock and used to quantify temporal
changes in gene expression.
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Figure 7: Binding of Bmall and Rev-erba to the Crebh promoter.
(A-B) Livers from (A) chow-fed or (B) chow- and Western diet-fed Bmal1*/* and Bmal1~~

mice were collected to study the binding of Bmall, Clock, or Rev-erba to E-Boxes or

RORE in the Creb3/3 promoter by ChlP.

(C-D) Temporal changes in the occupancy of Bmall, Clock, and Rev-erba on the Creb3/3
promoter was studied by ChIP and then quantified by qRT-PCR in the livers of (C) Bmal1™~
and Bmal1*/* and (D) Bmal1™f and L-Bmal1™~ mice.

(E-F) Livers from chow- and Western diet-fed (E) Bmal1*’* and Bmall™~ and (F) Bmal1""
and L-Bmal1™~ mice were collected at 12:00 to study the binding of Bmal1, Clock, or
Rev-erba to the Creb3/3 promoter by ChIP and gPCR. Values are represented as mean +

SD. n=6, *** p<0.001, ~test.

Hepatology. Author manuscript; available in PMC 2023 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pan and Hussain

(A) Bmal1++

At 12:00 h

At 24:00 h TBmaI1ICIock

(B) Bmal1”-

At 12:00 h

At 24:00 h

C
Bmal1+*

Ribosome

Bmal1 Shp

o
Ke]

/&’

Crebh

V=-er

Page 24

C™M

. TR;‘:’:“ _I—> CREBHi \LApoA IV——> Small VLDL
-Box |m— R

cm
PCREB“T TApoAIV Large VLDL

Rev-erba

E-Box = RORE

Low triglyceride in daytime
High triglyceride at night

l Rev-erba CcM é
[ CREBH 11 ApoAIv—> Large VIDL £
= RORE E =
lRev-erbu CcM ® 2
|—> CREBH ApoA IV Large VLDL £8
x [=—| RORE T T 32
oE
Zc
2
I
D
Bmal1+
Endoplasmic Ribosome Endoplasmic
m\ Reticulum membrane m\ Reticulum membrane
MTP 3% Shp|==mTP 32

S8 pl/ T = c

58 53

33 8 1

£8 w¢ £2

a3 a3
~—"°. P

2 - s o -

ApoAlV | 5 Crebh‘[*—v ApoAlIV | §E
P S £ Lipid Droplets T P © & Lipid Droplets

@

CM/VLDL Larger CM/VLDL

Figure 8: Bmall regulates both steps involved in lipoprotein biosynthesis by regulating different
transcription factors and proteins.

(A-B) Schematic representation of the temporal regulation of Creb/1by Bmall and Rev-

erba.

(A) Bmal1*/*, 12:00: the binding of Rev-erba to Creb3/3 promoter is high. This is
associated with reduced expression of Crebh in the daytime. Reduced Crebh is associated
with reduced apoAlV levels and smaller lipoproteins. Bmal1*/*, 24:00: The Bmall:Clock
heterodimer interacts at night with the E-boxes in the Creb/ promoter to enhance expression.
This leads to increased apoAlV production and assembly of larger lipoproteins. At this time,
binding of Rev-erba to RORE is low.

(B) Bmal1™/~, 12:00 and 24:00: In Bmall™~ mice, decreased expression of Rev-erba
results in reduced binding to the RORE in the Crebh promoter, which results in increased
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gene transcription. In addition, due to the absence of Bmall, the expression of Crebh does
not show daily variations. The sustained increase in Crebh results in higher levels of apoAlIV
at all times. These higher apoAlV levels may support assembly of larger lipoproteins,
contributing to hyperlipidemia in Bmall™~ mice.

(C) Bmal1*/*: Bmall regulates MTP expression involving Shp to control number of
primordial lipoprotein assembly. The second step of lipoprotein assembly is “core
expansion,” which is less well understood. In this process, primordial lipoproteins increase
in size, presumably owing to bulk lipid addition to the core. This is accompanied by

surface expansion and requires surface stabilization by the adsorption of exchangeable
apolipoproteins, such as apoAlV. Our studies suggest that Bmall regulates apoAlV
expression by modulating Crebh expression via two mechanisms: (1) Bmall interacts with
the Crebh promoter to increase expression at night. Increased levels of Crebh enhance
apoAlV expression. (2) Bmall increases Rev-erba, which then acts as a repressor of Crebh
during the day. These dual mechanisms control the extent and the timing of Crebh and
apoAlV expression.

(D) Bmal1™~: In the absence of Bmall, there is a decrease in Shp and an increase in MTP
expression throughout the day. This leads to increased production of primordial lipoproteins.
In addition, direct regulation of Crebh by Bmall is abrogated. This results in loss of diurnal
regulation of Crebh and apoAlV expression. Bmall deficiency also decreases production of
Rev-erba, a repressor of Crebh, contributing to higher expression of Crebh and apoAlV. All
these changes may contribute to assembly of greater number of larger VLDL particles and
their accretion in the plasma.
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