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Abstract

Insulin resistance and type 2 diabetes are associated with low levels of high-
density lipoprotein-cholesterol (HDL-C). The insulin-repressible FoxO
transcription factors are potential mediators of insulin’s effect on HDL-C.
FoxOs mediate a substantial portion of insulin-regulated transcription, and
poor FoxO repression is thought to contribute to the excessive glucose
production in diabetes. In this work, we show that mice with liver-specific
triple FoxO knockout (L-Fox01,3,4), which are known to have reduced
hepatic glucose production, also have increased HDL-C. This was associated
with decreased expression of HDL-C clearance factors, scavenger receptor
class B type I (SR-BI) and hepatic lipase, and defective selective uptake of
HDL-cholesteryl ester by the liver. The phenotype could be rescued by re-
expression of SR-BI. These findings demonstrate that hepatic FoxOs are
required for cholesterol homeostasis and HDL-mediated reverse cholesterol

transport to the liver.



Introduction

The liver is a critical site for maintaining metabolic homeostasis. In
hepatocytes, the forkhead transcription factors of the FoxO sub-family,
FoxO1, FoxO3, and Fox04 (FoxOs), mediate a substantial portion of insulin-
regulated gene transcription (1-5). During fasting, FoxOs are active,
whereas insulin signaling suppresses FoxO activity via Akt-mediated
phosphorylation and nuclear exclusion (6, 7). The three FoxOs work in
concert to promote expression of their target genes (8). Previously, we have
demonstrated that liver-specific ablation of these three hepatic FoxOs in
mice prevents the induction of glucose-6-phosphatase and the repression of
glucokinase during fasting, thereby increasing lipogenesis at the expense of
glucose production (9). FoxOs are also required for expression of multiple
other genes involved in liver metabolic pathways (10-12). These findings
demonstrate that hepatic FoxOs play a vital role in maintaining proper

glucose and lipid homeostasis.

The liver also plays an essential role in cholesterol metabolism. One
important aspect is to facilitate the clearance of cholesterol from circulating
high-density lipoprotein (HDL) particles into the liver, where it can be
converted to bile acids or transported directly into the bile to be excreted in
the feces (13, 14). HDL-cholesterol (HDL-C) is primarily cleared by

scavenger receptor class B type I (SR-BI), a liver membrane receptor that



mediates selective HDL-cholesteryl ester (CE) uptake, defined as lipid
internalization independent of holo-particle uptake (15, 16). Acting alongside
SR-BI is the enzyme, hepatic lipase (HL) (17). Studies show that (i) HL is a
liver-secreted enzyme that hydrolyzes triglycerides and phospholipids, and is
involved in processing large lipid-rich HDL to smaller HDL (18), and (ii) HL's
ligand-binding activity may mediate interactions of lipoproteins with SR-BI or
the plasma membrane, thus facilitating selective HDL-CE uptake (19-24). As
such, mice lacking expression of either SR-BI or HL have elevated levels of

HDL-C and impaired HDL-C clearance by hepatocytes (14, 25-28).

In the current study, we utilized mice with liver-specific ablation of three
hepatic FoxOs (L-Fox01,3,4) (8, 9) and littermate controls with the
genotype Foxo1™%  Foxo3™MX and Foxo4™", to explore the role of
hepatic FoxOs in regulating HDL-C metabolism. We observed that L-
Fox01,3,4 mice have an increase in plasma HDL-C, especially when
challenged with a western-type diet (WTD). Moreover, we also found that
hepatic FoxOs are required for the expression of HDL-C clearance factors,
SR-BI and HL, suggesting that selective HDL-CE uptake by the liver may be
diminished in L-Fox01,3,4 mice. In order to directly measure selective HDL-
CE clearance, metabolic studies were performed using HDL that was
radiolabeled in both the protein (}*°I) and the lipid ([3H]) moieties. We found

that selective HDL-CE uptake by the liver was reduced in L-Fox01,3,4 mice



in vivo as well as in isolated L-Fox0O1,3,4 primary murine hepatocytes in
vitro. Moreover, the accumulation of HDL-C in L-Fox0O1,3,4 mice was
attenuated by rescue of SR-BI expression. Thus, our data indicate that the
increase in plasma HDL-C in L-Fox0O1,3,4 mice is primarily a consequence of
reduced HDL lipid uptake by the liver. These findings suggest that, in
addition to the established effects on glucose and triglyceride metabolism,
hepatic FoxOs are required for HDL-mediated reverse cholesterol transport,

a key mechanism of lipid homeostasis in vivo.



Results

Deletion of Hepatic FoxOs Increases Cholesterol Accumulation in
Large HDL Particles.

We first measured plasma cholesterol in chow-fed mice, and found 50%
higher plasma cholesterol in L-Fox01,3,4 mice compared to littermate
controls (Figure 1A). In order to determine the distribution of cholesterol
with respect to lipoprotein fractions, we separated the plasma by fast protein
liquid chromatography (FPLC). We found that chow-fed L-FoxO1,3,4 mice
had increased HDL-C and accumulation of cholesterol in the fractions that
elute similarly to large HDL (Figure 1B). We performed western blot
analysis of these fractions and found that apoA-I, the major apolipoprotein
of HDL, is shifted to the left, indicating larger HDL particles. We also found a
leftward shift of apoE (Figure 1C), which is consistent with the well-
established characteristics of large, spherical HDL particles (29, 30). In
contrast, apoB-containing particles eluted much earlier, peaking at fraction
46-48 (not shown) and disappearing by fraction 52, indicating that there is
little to no difference in LDL-C between genotypes. There were no
differences in total plasma apoA-I (Supplemental Figure S1A), suggesting
that the leftward shift of apoA-I, apoE, and HDL-C indicates the presence of

larger HDL particles in L-Fox0O1,3,4 mice.



Next, we challenged the mice with a western-type diet (WTD) consisting of
21% milkfat and 0.2% cholesterol. The WTD is known to increase plasma
cholesterol levels and to induce atherogenesis in susceptible strains (31).
After three weeks of WTD feeding, L-Fox0O1,3,4 mice showed 65% higher
plasma cholesterol compared to WTD-fed controls (Figure 1D). The
cholesterol profile in the knockouts was exacerbated on this diet, showing
accumulation of cholesterol in fractions that elute similarly to large HDL
(Figure 1E). Consistent with this, there was a leftward shift in apoA-I
(Figure 1F). There was also abundant accumulation of apoE in these shifted
fractions, similar to what is seen in other experimental mouse models with
elevated HDL levels (14, 32). On WTD, there were no differences in total
plasma apoA-I (Supplemental Figure S1B). These data support the

hypothesis that hepatic FoxOs play a role in HDL-C metabolism.

FoxOs are Required for Expression of Scavenger Receptor SR-BI and
Hepatic Lipase

To identify contributors to the accumulation of plasma HDL-C in L-Fox01,3,4
mice, we queried microarrays from livers of L-Fox01,3,4 mice (9) for genes
involved in HDL synthesis and clearance (Supplemental Table S1). We
found no differences in genes regulating HDL synthesis or biliary excretion,
including Abcal, Apoal, ApoaZ2, Lcat, Apoe, Abcg5, and Abcg8. We also

found no significant differences in Apoc3, Srebp2, Hmgcr, or Pltp. However,



L-FoxO1,3,4 mice showed reduced expression of two genes involved in HDL-
C clearance: Scarb1 (which encodes SR-BI) and Lipc (which encodes HL).
Using quantitative PCR, we verified that L-Fox0O1,3,4 mice showed significant
reductions in Scarb1 and Lipc during both chow and WTD feeding (Figure
2A-B). We also verified that there were no differences in Abcal, Apoal,
Apoa2, Apoc3, Apoe, Lcat, Srebp2, Hmgcr, Abcg5, or Abcg8. By qPCR, there
was an increase in Pltp expression, however increased Pltp alone is
insufficient to increase HDL-C (33). These data suggest that the increase in

plasma HDL-C in L-Fox01,3,4 mice is due to defective clearance.

We next confirmed that these decreases in Scarb1 and Lipc mRNA result in
decreases at the protein level. By western blot, we found that in both chow-
fed and WTD-fed mice, SR-BI protein levels decreased significantly (>85%)
in liver lysates isolated from L-FoxO1,3,4 mice compared to those of control
mice (Figure 2C). Consistent with what was observed from the gene
expression data, we found no changes in liver ABCA1 protein levels between
L-FoxO1,3,4 and control mice fed either chow or WTD (Supplemental
Figure S2). To investigate HL, we measured its activity in non-heparinized
plasma (34, 35). Compared to controls, L-Fox01,3,4 mice had a 50%
decrease in HL activity (Figure 2C). Taken together, these data
demonstrate that hepatic FoxOs are required for normal expression of both

SR-BI and HL.



HDL Metabolism in L-Fox01,3,4 and Control Mice

To address HDL metabolism in more detail, we investigated the turnover of
1251-TC-/[*H]CEt-WT-HDL in control and L-Fox01,3,4 mice on chow (Figures
3-4) and WTD (Supplemental Figure S3-4). We injected this murine HDL
preparation intravenously in mice, and thereafter, we harvested blood
samples during a 24-hour interval (15). In these studies, [3H]CEt traces the
clearance of HDL-associated CE, and ?°I-TC traces the clearance of HDL
holo-particles (36). The difference between both tracers ([3H]CEt - #°I-TC)
represents selective CE removal from HDL particles.

In control mice on chow, the plasma decay of HDL-associated [*H]CEt was
faster compared to *°’I-TC (Figure 3A), indicating selective CE removal
from the HDL plasma pool by tissues. In L-Fox0O1,3,4 mice on chow, the
plasma decay of ?’I-TC was similar to control mice (Figure 3B). However,
removal of HDL-associated [*H]CEt from plasma was slower in L-Fox01,3,4
mice compared to controls. Similarly, selective CE removal from the HDL
plasma pool was also slower in WTD-fed L-FoxO1,3,4 mice compared to
littermate controls (Supplemental Figure S3A-B). Thus, selective CE
removal from HDL was significantly reduced in both chow-fed and WTD-fed
L-FoxO1,3,4 mice. These results suggest that selective CE removal from the

HDL plasma pool is substantially reduced in mice lacking hepatic FoxOs.



From decay curves shown in Figure 3A-B and Supplemental Figure S3A-B,
we calculated the plasma-fractional catabolic rate (FCR) for both HDL-
associated tracers on chow (Figure 4A) and WTD (Supplemental Figure
S4A) (37). In control mice, the plasma-FCR for HDL-associated [*H]CEt was
substantially higher compared to 2°I-TC due to selective CE removal from
plasma by tissues. In chow-fed L-Fox01,3,4 mice, we detected no significant
difference in plasma-FCR for 2°I-TC compared to control mice, although in
WTD-fed L-FoxO1,3,4 mice, there was a slight decrease in *°I-TC decay
compared to littermate controls. However, on both diets, compared to
controls, there was a significant reduction in plasma-FCR for [3H]CEt,
yielding a significantly reduced rate of selective CE removal from plasma in
L-Fox0O1,3,4 mice. This shows that there is reduced selective CE clearance

from the plasma HDL pool by tissues in L-Fox01,3,4 mice.

Next, we investigated HDL metabolism by defined organs. 24-hours after
1251-TC-/[*H]CEt-WT-HDL injection, we analyzed tracer content of tissues,
and calculated HDL uptake in terms of organ-FCR (15). In control mice on
both diets, the hepatic organ-FCR showed selective CE uptake by the liver
from HDL (Figure 4B and Supplemental Figure S4B) that was in line with
earlier studies in wild-type mice (26, 38). In L-FoxO1,3,4 mice on both diets,
the hepatic uptake rate for *2°I-TC was similar to control mice. However, the

hepatic organ-FCR for [3*H]CEt, and the selective CE uptake from HDL, were
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decreased significantly compared to control mice on both diets. This
indicates that hepatic selective uptake of HDL-CE is defective in L-Fox01,3,4

mice.

Compared with the liver, the HDL tracer uptake rates were quantitatively low
in all non-hepatic tissues. In adrenal glands, which also express SR-BI (16),
chow-fed L-Fox0O1,3,4 mice showed a trend towards reduced selective CE
uptake (Figure 4C). However, this trend was not detected in WTD-fed L-
FoxO1,3,4 mice (Supplemental Figure S4C). We did not expect SR-BI
expression to be lower in L-Fox01,3,4 adrenals, because this is a
hepatocyte-specific FoxO knockout. Indeed, there was no change in both
Scarb1 and Foxol gene expression in L-Fox01,3,4 adrenals (Supplemental
Figure S5). However, because HL is a secreted protein that is known to
function in SR-BI-mediated uptake of HDL-C, we speculate that the low HL
activity of L-Fox0O1,3,4 mice could potentially contribute to the trend of
lower selective CE uptake in other SR-BI-expressing tissues (such as
adrenal gland), in chow-diet conditions. In the kidneys, which do not express
SR-BI, organ-FCR's for both HDL-associated tracers did not differ between
control and L-FoxO1,3,4 mice on either chow or WTD (Figure 4D and
Supplemental Figure S4D). However, consistent with previous studies,
kidney organ-FCRs for HDL-associated **°I-TC were higher compared to

HDL-associated [*H]CEt, which reflects a preferential renal catabolism of
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HDL apolipoproteins (26). In spleen, stomach, intestine and carcass, the
organ-FCR's for HDL-associated [*H]CEt were decreased in chow-fed L-
FoxO1,3,4 mice compared to controls (Table 1). Of these tissues, only the

spleen showed selective uptake.

HDL Metabolism in Primary Murine Hepatocytes

Next, we investigated HDL-CE uptake into isolated primary hepatocytes from
control and L-Fox0O1,3,4 mice in a dose-response manner. Following a 4-hr
seeding period, we incubated hepatocytes in medium containing ?°I-TC-
/[PH]CEt-WT-HDL at 10, 20, 40 or 100 ug HDL protein/ml for 2-hrs. In
control hepatocytes, [*H]CEt uptake is substantially higher than ?°I-TC at all
doses, indicating selective CE uptake from HDL (Figure 5A). This
observation is in line with previous results (26, 39). In L-Fox01,3,4
hepatocytes, 12°I-TC uptake was similar to controls (Figure 5B). However,
[*H]CEt uptake was significantly decreased compared to control cells at all
doses, yielding a ~50% decrease in selective CE uptake from HDL. We also
measured HDL-CE uptake over a 2-hr time course at 20 ug HDL protein/ml
(Supplemental Figure S6A-B). At all time points, selective HDL-CE uptake
was significantly reduced by approximately 40 % in L-Fox0O1,3,4
hepatocytes compared to controls. Western blot analysis confirmed that SR-
BI protein levels are substantially decreased in L-Fox0O1,3,4 hepatocytes

compared to controls (Figure 5C). We also observed significantly lower
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expression of Scarb1 and Lipc mRNA from L-FoxO1,3,4 hepatocytes (Figure
5D). However, we noted that the mRNA of both genes declined over time
after hepatocyte isolation, especially in wild-type hepatocytes, as was
previously observed (40). Taken together, these experiments demonstrate
that selective CE uptake from HDL is decreased in FoxO-deficient

hepatocytes in a cell autonomous manner.

Rescuing SR-BI Reverses the Accumulation of HDL-C in L-Fox01,3,4
mice

To determine whether SR-BI induction in the livers of FoxO-deficient mice
can reverse the HDL-C phenotype, we transduced WTD-fed L-Fox0O1,3,4
mice and littermate controls with an adenovirus expressing SR-BI (Ad.SR-
BI). We titrated the virus to a low-dose to achieve only mild increases in SR-
BI, because several-fold overexpression in wild-type mice is known to
potently reduce HDL-C irrespective of the HDL subclass (13). Three days
after virus injection, we measured SR-BI expression levels. As a result of the
low titer we used, there were no increases in total SR-BI levels in control
mice transduced with Ad.SR-BI compared to those transduced with a control
virus (Ad.GFP) (Figure 6A). However, L-Fox01,3,4 mice injected with
Ad.SR-BI showed a five-fold increase in liver SR-BI compared to those
injected with Ad.GFP. We noted that even after this five-fold increase, levels

of SR-BI were still significantly lower than littermate control mice.
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Transducing L-FoxO1,3,4 mice with SR-BI caused a substantial normalization
of the HDL-C accumulation (Figure 6B). Western blots confirmed that the
leftward shifts of apoA-I and apoE were also normalized (compare lanes 10-
11 with lanes 4-5) (Figure 6C). Corresponding to the fact that the wild-type
control mice transduced with this low-titer Ad.SR-BI showed no
overexpression of SR-BI, there was no decrease of HDL-C in these mice.
Neither Lipc mRNA expression nor plasma HL activity was affected by Ad.SR-
BI transduction (Supplemental Figure S7A-B). Collectively, these findings
demonstrate that rescuing SR-BI expression in hepatic FoxO-deficient mice

is sufficient to reverse the accumulation of cholesterol in large HDL particles.

Acute depletion of hepatic FoxOs is sufficient to induce HDL
phenotype

We predicted that Scarb1 and Lipc are transcriptional targets of FoxOs,
because (i) the mRNA expression of these genes is low in every condition
tested, (ii) motif analysis using HOMER (41) identified dozens of FoxO
consensus sequences in and near Scarbl and Lipc (Supplemental Figure
S8A-C), and (iii) publicly available microarrays are consistent with this:
transgenic overexpression of constitutively active FoxOs causes elevated
liver expression of Scarbl mRNA (11). Moreover, mice lacking the insulin
receptor substrate proteins (Irsl and Irs2) — which are expected to have

constitutively active FoxOs - have elevated liver expression of Scarb1 and
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reduced serum HDL-C. Importantly, concomitant knockout of FoxO1 with

Irs1l and Irs2 partially normalizes this phenotype (5).

To further validate that decreases in Scarb1 and Lipc are directly due to
FoxO depletion, and not compensatory defects due to long-term genetic loss
of FoxOs, we transduced chow-fed, adult Foxo1™/f % Foxo3M0x/flox and
Foxo04™Y control mice with an adeno-associated virus expressing Cre under
a hepatocyte-specific promoter (AAV8.Tbg.Cre). Two weeks after the
injection, we found that chow-fed triple-floxed mice transduced with
AAVS8.Tbg.Cre virus started to accumulate cholesterol in large HDL fractions
(Supplemental Figure S9). Four weeks after virus injection, we euthanized
the mice. At that time point, the HDL-C accumulation phenotype was
exacerbated compared to the two-week time point (Figure 7A). We verified
that AAV8.Tbg.Cre caused FoxO depletion, as well as low levels of G6pc and
high levels of Gck, two known targets of FoxO transcriptional activation and
repression, respectively (9) (Figure 7B). Moreover, it caused decreases in
Scarb1 and Lipc mRNA levels, as well as SR-BI protein levels (Figure 7C).
The levels of Scarb1 and Lipc mRNA were significantly correlated with the

level of FoxO1 knockdown (Figure 7D).

Finally, we also measured protein expression levels of PDZK1 in L-FoxO1,3,4

liver lysates and primary hepatocytes. PDZK1 is a scaffold protein that is
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essential for SR-BI stability and localization in hepatocytes, and has been
reported to post-transcriptionally regulate SR-BI levels (42, 43). We found
that in L-Fox0O1,3,4 liver lysates and primary hepatocytes, there were no
changes in PDZK1 expression levels between L-Fox0O1,3,4 and matched
controls. (Supplemental Figure S10). Thus we have no evidence for
posttranslational regulation of SR-BI by FoxOs. Taken together, these data
support a model whereby FoxOs acutely regulate Scarbl and Lipc at the
transcriptional level, thus impacting HDL-C levels and HDL-mediated reverse

cholesterol transport.

Discussion

Here we report that hepatic FoxOs are required for normal hepatic clearance
of HDL-C. Our results suggest that hepatic FoxOs promote the expression of
SR-BI and HL, which induce HDL-C uptake from the plasma into the liver.
This novel mechanism demonstrates the importance of these insulin-

inactivated transcription factors in regulating HDL-C metabolism.

SR-BI and HL are both important for plasma HDL-C turnover. Both SR-BI
and HL knockout mice have elevated plasma cholesterol levels and
cholesterol accumulation in large HDL particles (14, 28) due to impaired
selective uptake of HDL-CE by the liver (26, 27). Some studies have

suggested that SR-BI and HL promote selective uptake by acting together
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(44), although others indicate that the two act through independent
mechanisms (24). Evidence in humans also shows important roles for SR-BI
and HL in HDL-C metabolism. In genome-wide association studies, variants
near both Scarbl and Lipc have been associated with HDL-C (45-47).
Furthermore, individuals with HL deficiency were reported to have an
accumulation of large, buoyant plasma HDL particles (48-50). Thus,
mechanisms regulating HDL-C clearance through these two proteins may be

relevant across species.

Hepatic FoxOs have also been shown to control other downstream aspects of
hepatic cholesterol metabolism. Once HDL-CE enters the hepatocyte, it can
be stored, secreted on lipoproteins, or excreted into the bile. There are two
possible mechanisms to allow for cholesterol excretion into the bile. The first
is to be secreted directly into the bile via the heterodimeric cholesterol
transporters Abcg5 and Abcg8 (51, 52). The second is to be converted into
bile acids through a series of enzymatic reactions, in which Cyp7al encodes
the rate-limiting enzyme (53, 54). All three genes - Abcg5, Abcg8, and
Cyp7al - are reportedly regulated by hepatic FoxO1 (55-58). Moreover, we
have previously reported that an additional enzyme involved in bile acid
synthesis, Cyp8b1, is a FoxO1 target (10). Our current findings that hepatic
FoxOs also regulate clearance of HDL-C by the liver indicate that FoxOs have

pleiotropic effects on hepatic cholesterol homeostasis.
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The inactivation of hepatic FoxOs by insulin signaling has been well
characterized (1, 59). Several experimental mouse models have shown that
ablating the upstream FoxO regulators involved in this insulin signaling
cascade (e.g. the insulin receptor, insulin receptor substrate proteins, or
Akt) leads to impaired glucose homeostasis due to constitutive FoxO
activation (4, 5, 60, 61). Thus, these models may also provide insight into
the regulation of HDL-C levels via the insulin-FoxO pathway. For instance,
liver ablation of the insulin receptor causes decreased serum HDL-C
associated with a reduction in large, apoE containing HDL particles (60).
Similarly, Irs1/2 double knockouts have elevated Scarbl mRNA and reduced
serum HDL-C, whereas concomitant FoxO1 knockout of FoxO1 partially
reverses this (5). Furthermore, transgenic overexpression of constitutively
active FoxOs increases liver Scarbl mRNA (11). These data provide
additional evidence to suggest that hepatic FoxOs directly mediate insulin’s
effect on HDL-C metabolism through their transcriptional effects on Scarb1

and Lipc.

We propose that the regulation of HDL-C uptake by FoxOs is part of a larger
program of hepatic insulin regulation of cholesterol metabolism. In addition
to what is uncovered in the present work, liver insulin signaling is also

known to positively regulate the Srebp2 pathway (60) and the levels of the

18



LDL receptor (62), and negatively regulate the catabolism of cholesterol into
bile acids (63), biliary cholesterol excretion (55), and bile acid composition
(10). It has been proposed that fatty acid and cholesterol metabolism are
regulated by nutrient status in order to coordinate (i) the supply of cellular
membrane components, and (ii) the usage of available precursor molecules
(64). As insulin is a key regulator of the nutrient-rich state, it is possible that
its actions coordinate glucose, fatty acid, and cholesterol flux to maintain

overall energy homeostasis.

Given FoxOs’ well-known role in promoting hepatic glucose production (65),
our findings suggest a potential connection between plasma glucose and
plasma HDL-C in the setting of type 2 diabetes. Patients with type 2 diabetes
have elevated plasma glucose, along with reduced plasma HDL-C (66). As
excessive FoxO activity is expected to contribute to high hepatic glucose
production in these patients (65), perhaps it also contributes to their low
HDL-C. Indeed, one of the FoxO targets we identified—-HL-is known to have
increased activity in type 2 diabetes patients (67, 68). Hence, it is possible
that elevated FoxO activity in the setting of type 2 diabetes leads to more

rapid HDL-C turnover.

It is of interest that L-FoxO1,3,4 mice accumulate cholesterol preferentially

in large, apoE rich HDL particles, while the amount of cholesterol on
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“traditional” sized HDL remains unchanged between genotypes. It has been
reported that apoE facilitates the uptake of HDL-CE via SR-BI in vivo (69).
Moreover, apoE-containing HDL may be a preferred substrate for HL (70,
71). Thus it is possible that these preferences of SR-BI and HL may
contribute to the specific accumulation of apoE-containing HDL in L-
FoxO1,3,4 mice. Another observation we noted was that the difference in
HDL-C between genotypes was exacerbated on the WTD, despite the fact
that HL is halved and SR-BI is exceedingly low in L-Fox0O1,3,4 mice on both
diets. What is the cause of this HDL-C exacerbation? Interestingly, SR-BI
knockout mice also show the same exacerbation: differences in HDL-C
between SR-BI knockout mice and controls are greater after western diet
feeding than chow diet feeding (72). Thus the exacerbation is independent of
additional SR-BI lowering. We speculate that multiple factors may be
involved, including changes on the particles themselves. Some of these may
include alterations in other HDL lipid species, or HDL-bound proteins, or
potential increased competition for clearance of apoE-rich HDL particles via
the alternative pathway of LDLR/LRP1/HSPGs (in other words, western-diet
induced increases in apoB-containing particles may compete with apoE-rich

HDL for binding to LDLR/LRP1/HSPG).

In this work, we have demonstrated a novel link between the insulin-

repressible FoxO transcription factors and HDL-mediated reverse cholesterol
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transport. This cardioprotective pathway is a critical step for the excretion of
cholesterol from the periphery to the feces (73-76). Indeed, patients with a
rare loss-of-function variant in the gene encoding SR-BI have significantly
increased levels of plasma HDL-C as well as an increased risk of coronary
heart disease (47). Thus, further characterization of how the insulin-FoxO
pathway regulates reverse cholesterol transport may (i) improve our
understanding of the relationships between insulin resistance, diabetes, and
atherogenesis, and (ii) inform clinical decisions about future treatments for

diabetes-related cardiovascular disease.

Methods
Mice and Diets
Only adult male mice, 3-5 months old, were studied. L-Fox0O1,3,4 mice have

been previously described (8, 9). Control mice represent Foxo1™/ox,

3flox/flox 4ﬂox/ Y

Foxo , and Foxo mice that lack the liver-specific al-antitrypsin-
cre. Mice were fed either standard chow diet (Purina), or WTD containing
42% kcal from fat and 0.2% cholesterol (TD 88137, Harlan Teklad) for 3
weeks. For the adenovirus experiments, mice were injected intravenously
with 1 x 108 virus particles/gram of body weight 3 days prior to sacrifice.
Murine SR-BI adenovirus was a gift from Dr. Charles M. Rice (77). For the

acute FoxO depletion experiments, mice were injected intravenously with 1 x

10! virus particles/mouse 4 weeks prior to sacrifice. AAV8.Tbg.Cre was a
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gift from Dr. Morris Birnbaum. Mice were fasted for 5-hrs on the day of
sacrifice, when blood and livers were collected for analysis. Mice are housed
in a 12-hr light/dark cycle, with the dark cycle occurring between 7:00 p.m.

and 7:00 a.m.

Plasma Lipoprotein Analysis

Total plasma cholesterol was measured using a commercial colorimetric
assay (Wako). Plasma lipoproteins were analyzed by running 200 ul of
pooled plasma onto a FPLC system consisting of two Superose 6 columns
connected in series (Amersham Pharmacia Biotech) as described (78).
Fractions for chow-fed mice were collected using fraction collector FC 204
(Gilson), and fractions for WTD-fed mice were collected using fraction
collector FRAC-100 (Pharmacia LKB). For western blots of fractionated
plasma in both chow-fed and WTD-fed mice, 5 ul from each fraction were
pooled in pairs, and were run on a 4%-15% Tris-HCL gradient gel (Bio-Rad),
with the exception of adenovirus-injected mice, for which 5ul from each
fraction were pooled in groups of 4 or 6, as indicated in the figure.
Antibodies to apoA-I and apoE were from Biodesign K23500R and K23100R,

respectively.

Gene Expression
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Liver RNA was isolated using TRIzol (Invitrogen). cDNA was synthesized
using qScript (QuantaBioSciences), and gPCR was performed using SyBr
Green (New England Biolabs). Genes were normalized to 36b4. Primer

sequences are available in supplemental experimental procedures.

SR-BI expression and HL activity

Liver lysates were prepared in T-PER tissue extraction buffer (ThermoFisher)
with added protease inhibitor cocktail (Roche), and immunoblotted for SR-BI
(Novus — NB400-104), and beta-Actin (13E5, Cell Signaling - 4970S) as
loading control. For western blots of SR-BI in primary hepatocytes, cells
were isolated and incubated as described (79). Plasma HL activity was
determined as described (34). Briefly, plasma was incubated with 10%
Intralipid/[3H]-triolein (Perkin Elmer - NET431L005MC) emulsion as
substrate, and human serum as the source of apoCII (80). The contribution
of hepatic lipase in the plasma was determined by including NaCl (final
concentration 1M) (81). Because heparin was not administered to mice prior

to blood collection, the lipase activity was primarily HL (35).

Radiolabeling of HDL
HDL was prepared from wild-type (WT) mice that were fasted 4-hrs before
blood harvest. Murine WT-HDL (d = 1.063-1.21 g/ml) was isolated from

plasma by sequential ultracentrifugation (82). Murine WT-HDL was double
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labeled with 2°I-tyramine cellobiose (}?°I-TC) in the apolipoprotein moiety
and with [*H]cholesteryl hexadecyl ether ([*H]CEt) (Perkin Elmer -
NET859001MC) in the CE moiety (26, 83). [*H]CEt was introduced in **°I-
TC-WT-HDL by exchange from donor liposomal particles, which contained
[*H]CEt using human plasma cholesteryl ester transfer protein (84).The final
1251-TC-/[®H]CEt-WT-HDL preparation was extensively dialyzed against PBS

(pH 7.4, 4°C) containing EDTA (1 mM).

HDL Metabolism in Mice

For plasma decay analysis of radiolabeled WT-HDL, mice were fasted for 4-
hrs before tracer injection (15). Then '*°I-TC-/[?H]CEt-WT-HDL (30 pg
protein per mouse) was injected via tail vein, and thereafter blood samples
(30 pl per time point) were collected periodically (10 and 30 minutes, 2, 7,
22 and 24 hrs) after injection. Animals were fasted throughout the 24-hr
study period but had unlimited access to water. Plasma aliquots were
directly assayed for 12°I radioactivity and [*H] was analyzed after lipid
extraction (85). Computer modeling was used to fit (by method of least
squares) multiexponential curves, arising from a common two-pool model,
simultaneously to both tracers’ plasma decay data, and to calculate plasma
fractional catabolic rates (plasma-FCR’s) for each tracer (86). The modeling
was done separately for the data from each mouse, so that individual

plasma-FCR’s for both tracers were calculated for each animal.
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Tissue sites of uptake of HDL-associated tracers were determined 24-hrs
after injection of radiolabeled WT-HDL (15). Finally, animals were deeply
anesthetized, the abdomen and chest were opened, and a catheter was
inserted into the right heart. The inferior vena cava was cut, and the mice
were perfused extensively with saline (50 ml per animal). After perfusion,
liver, adrenals, kidneys, heart, lungs, spleen, stomach, intestine and carcass
from each mouse were harvested and homogenized. Homogenates from
each tissue and from carcass were directly assayed for 12°I radioactivity, and

aliquots were analyzed in parallel for [*H] after lipid extraction (85).

Total radioactivity recovered from all tissues and from the carcass of each
mouse was calculated (15). The fraction of total tracer uptake attributed to a
specific organ was calculated as the radioactivity recovered in that organ
divided by the total radioactivity recovered from all tissues and carcass.
Thus the % of recovered extravascular radioactivity in tissues is determined

24-hrs after injection of labeled HDL.

To allow comparison of the specific activities of various tissues in HDL
internalization and to directly compare the rates of uptake of the
apolipoprotein component and the CE moiety of HDL, the data are expressed

as organ fractional catabolic rates (organ-FCR’s) (15). These rates are
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calculated as follows: (organ-FCR in tissue X) = (Plasma-FCR) x (fraction
[%] of total body tracer recovery in tissue X). This organ-FCR represents the
fraction of the plasma pool of either HDL tracer cleared by an organ per
hour. '2°I-TC represents the uptake of HDL holo-particles by tissues (36).
Selective HDL CE uptake is calculated as the difference in organ-FCR

between [*H]CEt and '?°I-TC.

Preparation of murine hepatocytes

Primary hepatocytes were isolated from murine liver by perfusion (37°C, 18
min) with Hanks’ balanced salt solution supplemented with collagenase (0.3
mg/ml, type I), HEPES (10 mM), and protease inhibitor mixture “complete”
(87). Thereafter, these cells were seeded (37°C, 4.0-hr) in DMEM containing
FBS (5%, v/v), penicillin (100 pg/ml) and streptomycin (100 ug/ml). Finally,
the culture medium was aspirated, and the cells were washed (PBS, 3x).
Hepatocytes were used for 12°I-TC-/[*H]CEt-WT-HDL uptake assays. For time
course of gene expression in primary hepatocytes, we isolated RNA from
hepatocytes at multiple time points during the isolation: (1) Directly after
perfusion and before passing the cell suspension through a filter, (2) After
the filter, (3) After washing cells, (4) 2-hr after plating, (5) 6-hr after

plating, (6) 18-hr after plating, and (7) 24-hr after plating.

Uptake assay for radiolabeled HDL with hepatocytes
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To determine cellular uptake of radiolabeled HDL, hepatocytes incubated
(37°C, 10, 30 or 120 minutes) in DMEM containing BSA (5 mg/ml), penicillin
(100 pg/ml), streptomycin (100 pg/ml) and '*°I-TC-/[?H]CEt-WT-HDL (39);
the respective incubation time and the concentration of labeled HDL are
given in the figure legends. Finally, cells were harvested by trypsin/EDTA (1
x trypsin 0.05 %, EDTA 0.53 mM) treatment, and cellular uptake of HDL
tracers was measured. 1?°I was directly radioassayed, and [°H] was analyzed
after lipid extraction (85). Uptake of *°I-TC-/[3H]CEt-WT-HDL by cells is
shown in terms of apparent HDL particle uptake, expressed as HDL protein
(15, 39). This is done to compare the uptake of both tracers on a common
basis. The uptake of HDL holo-particles is represented by '2°I-TC, and the
difference between [3H]CEt and ?°I-TC yields apparent selective HDL CE

uptake by cells (36).

Motif Analysis

To determine the number of potential FoxO binding motifs within or near the
Scarb1 and Lipc sequences, we obtained the entire mouse gene sequences
of Scarb1 and Lipc (including intronic regions), along with 50kb of sequence
upstream of each gene’s transcription start site. Sequences were obtained
from the UCSC Genome Browser (https://genome.ucsc.edu). The sequences

were analyzed by the HOMER (Hypergeometric Optimization of Motif
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EnRichment) (41) algorithm software, which provided the coordinates of all

the potential FoxO binding motifs within this selected region.

Abbreviations

CE, cholesteryl ester; FCR, fractional catabolic rate; FoxO, forkhead box
class of transcription factors, family O (including FoxO1, FoxO3, and Fox04);
FPLC, fast protein liquid chromatography; HDL, high density lipoprotein;
HDL-C, HDL-cholesterol; HL, hepatic lipase; L-Fox01,3,4, liver-specific
ablation of the three hepatic FoxOs; SR-BI, scavenger receptor class B type

I; TC, tyramine cellobiose; WT, Wild-type; WTD, western-type diet

Statistical Analyses

Data are presented as mean £ SEM. Data were analyzed by two-tailed
Student's t-tests, or one-way or two-way ANOVA followed by post-hoc test
in R, as appropriate. Statistical tests used for each comparison are listed in

the figure legends. P value < 0.05 was considered statistically significant.

Study Approval
All animal protocols were approved by the Institutional Animal Care and Use
Committees of the University Hospital Hamburg and Columbia College of

Physicians and Surgeons, New York, NY.
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Table 1: HDL Metabolism of L-Fox01,3,4 Mice

Control Mice

L-Fox01,3,4 Mice

Chow Chow
125] [3H] [3H]-1251 125] [3H] [3H]-1251
Plasma-
FCR's 0.052+0.008 | 0.133+0.011 | 0.0811+0.006 | 0.049+0.003 | 0.0844+0.007* | 0.0354+0.004*
x h1
Organ-
i(;lRli Spleen 0.31+0.057 4.13+0.64 3.82+0.59 0.32 +0.022 2.30 £ 0.15* 1.38 + 0.14*
103
Stomach 1.90+0.23 1.27+0.24 1.01+0.14* 0.348+0.060*
Intestine 7.3%x1.2 4.0+0.52 7.5+0.7 2.5+0.27*
Heart 0.35+0.064 0.25+0.035 0.32+0.013 0.20+0.016
Lungs 0.55+0.11 0.64+0.088 0.57+0.059 0.49+0.039
Carcass 27.4+4.3 25.4+2.5 24.8+1.4 18.6+1.3*




Table 1 Plasma-FCRs and Tracer Uptake Rates by Tissues for '2°I-TC-
/[2H]CEt-WT-HDL in Chow-Fed L-Fox01,3,4 mice
1251-TC-/[*H]CEt-WT-HDL was injected intravenously in chow-fed L-
Fox0O1,3,4 mice and littermate controls. During the subsequent 24-hr
interval, blood was harvested periodically to determine the plasma decay of
both tracers. 12°I-TC (*2°I) and [®H]CEt ([3H]) were analyzed, and plasma-
FCRs for 1?°I-TC and [*H]CEt were calculated. The difference in plasma-FCRs
between [*H]CEt and '2°I-TC was calculated. 24-hrs after tracer injection,
the animals were euthanized, and tissues were analyzed for both tracers.
Spleen, stomach, intestine, heart, lungs and carcass organ-FCRs for 12°I-TC
(*#°1), [*H]CEt ([*H]), and the difference in organ-FCRs between [*H]CEt and
1251-TC ([®H]CEt - ?°I-TC) were calculated. All calculations were done as
described in Materials and Methods. For control mice, values are means %
SEM of n = 7 mice and for L-Fox01,3,4 mice n = 5. An independent
experiment yielded qualitatively identical results. *p < 0.05 by Student’s t-
tests.
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Figure 1. Plasma Cholesterol Profiles of Chow-fed and WTD-fed L-Fox01,3,4 Mice

(A) Total plasma cholesterol in chow-fed L-FoxO1,3,4 mice and littermate controls after a 5-hr fast
(n=5). Data are presented as mean + SEM. (B) Cholesterol levels in plasma fractionated by FPLC in
same mice as 1A. (C) Western blot of plasma apoA-l and apoE from pooled pairs of fractionated
plasma obtained from FPLC in 1B. (D) Total plasma cholesterol in WTD-fed L-FoxO1,3,4 mice and
littermate controls after a 5-hr fast (n=5). Data are presented as mean + SEM. (E) Cholesterol levels in
plasma fractionated by FPLC in same mice as 1D. (F) Western blot of plasma apoA-l and apoE from
pooled pairs of fractionated plasma obtained from FPLC in 1E. Independent FPLC-cholesterol profiles
for both chow-fed and WTD-fed mice yielded qualitatively identical results. *p < 0.05, **p < 0.01 by
Student’s t-test.
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Figure 2. Defects in HDL Metabolism Genes Due to Ablation of Hepatic FoxOs
(A-B) Relative hepatic gene expression by gPCR in (A) chow-fed L-FoxO1,3,4 mice
and littermate controls (n=4-5), and in (B) WTD-fed L-FoxO1,3,4 mice and littermate
controls (n=6-7). (C) Representative western blot of hepatic SR-BI expression in both
chow-fed and WTD-fed L-FoxO1,3,4 mice and littermate controls. SR-BI/Actin
denotes relative SR-BI expression levels by densitometric scanning (n=4 per group
total). (D) Relative plasma hepatic lipase activity in WTD-fed L-FoxO1,3,4 mice and
littermate controls (n=5-7). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; §§p <
0.01 between chow-fed L-FoxO1,3,4 mice and littermate controls; t1p < 0.01
between WTD-fed L-FoxO1,3,4 mice and littermate controls by Student’s t-tests.
Data are presented as mean + SEM.



Control Mice L-Fox0O1,3,4 Mice

-
o
(=}
-
[=}
o

W HhOO ®
W h OO ®

Percentage
N
T
Percentage
N
T

1of 0r x = 1251.TC
H B O = PHICEt
4 al
3 T T 3 T T
0 10 20 0 10 20
Time (h) Time (h)

Figure 3. Plasma Decay Kinetics of 125|-TC-/[3H]CEt-WT-HDL in Chow-Fed L-Fox01,3,4 Mice
(A-B) 1251-TC-/[3H]CEt-WT-HDL was injected intravenously in chow-fed L-FoxO1,3,4 mice and
littermate controls. Thereafter, during a 24-hr interval, periodic blood samples were harvested and
plasma was analyzed for '25|-TC (crosses) and [3H]CEt (circles). The y-axis represents the fraction
of the tracer in plasma (%). Shown is a trace from a representative mouse from each genotype, with
(A) control on the left and (B) L-FoxO1,3,4 on the right. The experiment was carried out in 7 control
and 5 L-Fox01,3,4 mice.
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Figure 4. Plasma-FCRs and Tissue Tracer Uptake Rates for 125|-TC-/[*H]CEt-WT-HDL in Chow-Fed L-
Fox01,3,4 Mice

125-TC-/[3H]CEt-WT-HDL was injected intravenously in chow-fed L-FoxO1,3,4 mice and littermate controls.
(A) During the subsequent 24-hr interval, blood was harvested periodically to determine the plasma decay
of both tracers. '25|-TC (125]) and [*H]CEt ([3H]) were analyzed, and plasma-FCRs for '25|-TC and [3H]CEt
were calculated. The difference in plasma-FCRs between [?H]CEt and '25]-TC was calculated. 24-hrs after
tracer injection, the animals were euthanized, and tissues were analyzed for both tracers. (B) Liver, (C)
adrenal and (D) kidney organ-FCRs for 125]-TC (121), [3H]CEt ([3H]), and the difference in organ-FCRs
between [H]CEt and 25I-TC ([®H]CEt - '25|-TC) were calculated. All calculations were done as described in
Materials and Methods. n = 7 control and n = 5 L-Fox0O1,3,4 mice. An independent experiment yielded
qualitatively identical results. **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student’s t-tests. In adrenal
glands, there were no significant differences between genotypes. Data are presented as mean £ SEM.
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Figure 5. Uptake of '25|-TC-/[3H]CEt-WT-HDL by Hepatocytes
Isolated from Chow-Fed L-Fox01,3,4 Mice

(A-B) Hepatocytes from chow-fed L-FoxO1,3,4 mice and littermate
controls were incubated (37°C, 2.0-hr) in medium containing
125]-TC-/[3H]CEt-WT-HDL (10, 20, 40 or 100 pg HDL protein/ml).
Finally, cells were harvested, and apparent HDL particle uptake was
analyzed as outlined in Materials and Methods. Values are means of
(A) n = 3 (control) or of (B) n = 3 (L-Fox0O1,3,4) independent
determinations. An independent similar experiment yielded
qualitatively identical results. Where no error bars are visible, the SEM
was smaller than the symbol. (C) Western blots of SR-BI in primary
hepatocytes from L-FoxO1,3,4 mice and littermate controls.
Representative bands are shown. Two independent experiments
yielded qualitatively identical results. (D) Relative Scarb1 and Lipc
expression by gPCR in hepatocytes from chow-fed L-Fox0O1,3,4 mice
and littermate controls at different stages of the cell isolation
procedure. See Materials and Methods. For (A-B): §§§p < 0.001,
§§88p < 0.0001 comparing [*H]CEt between L-FoxO1,3,4 and control
hepatocytes; ***p < 0.001, ****p < 0.0001 comparing [*H]CEt - 125|-TC
between L-Fox0O1,3,4 and control hepatocytes; tp < 0.05, t1p < 0.01
comparing '25|-TC between L-FoxO1,3,4 and control hepatocytes by
Student's t-tests. For (D): $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001
comparing gene expression between L-FoxO1,3,4 and control
hepatocytes at each stage; #p < 0.05, ##p < 0.01, ##p < 0.001,
###Hp < 0.0001 comparing gene expression between control
hepatocytes at baseline (Pre-Filter) and control hepatocytes at each
stage; &&p < 0.01, &&&&p < 0.0001 comparing gene expression
between L-FoxO1,3,4 hepatocytes at baseline (Pre-Filter) and
L-FoxO1,3,4 hepatocytes at each stage. p values in (D) were
calculated by two-way ANOVA, followed by post-hoc Tukey test, using
the pooled standard deviation, without Bonferroni correction. Data are
presented as mean + SEM.
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Figure 6. SR-Bl Adenovirus in WTD-fed L-
Fox01,3,4 Mice

(A) Western blot of hepatic SR-BI expression
in WTD-fed L-FoxO1,3,4 mice and littermate
controls transduced with Ad.SR-BI or control
virus (Ad.GFP). SR-BI/Actin denotes relative
SR-BI expression levels by densitometric
scanning (n=2-4). (B) Cholesterol levels in
plasma fractionated by FPLC in same mice
as B6A. (C) Western blot of plasma apoA-I|
and apoE in fractionated plasma obtained
from FPLC in 6B. Lanes “a, b, ¢,” correspond
to pooled fractions from lanes “30-33, 34-39,
40-45,” respectively.
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Figure 7. Acute Knockdown via Cre Adeno-Associated virus in Chow-fed Hepatic FoxO Floxed Mice
(A-D) Chow-fed, adult Foxo1flox/flox  Foxo3floxfiox - and Foxo4fox’Y control mice transduced with adeno-associated
virus (serotype 8) expressing Cre recombinase driven by the hepatocyte-specific Tbg promoter
(AAV8.Tbg.Cre) or control virus (AAV.GFP) (n=5). For comparison, we also included a group of traditional L-
FoxO1,3,4 knockout mice that were not transduced with virus, but rather had FoxO deficiency since birth
(n=4). Four weeks after virus transduction, mice were fasted for 5-hrs and then plasma and livers were
collected. (A) Cholesterol levels in plasma fractionated by FPLC 4 weeks after virus transduction. (B) Relative
hepatic gene expression by qPCR. (C) Representative western blot of hepatic SR-BI expression. SR-BI/Actin
denotes relative SR-BI expression levels by densitometric scanning. *p < 0.05, **p < 0.01 compared to
AAV.GFP mice. Between AAV8.Tbg.Cre mice and L-FoxO1,3,4 mice, there was no significant difference.

(D) Correlation between Scarb1 or Lipc mRNA with FoxO7 mRNA. p values in (B) and (C) were calculated by
one-way ANOVA, followed by post-hoc t-test, using the pooled standard deviation, without Bonferroni
correction. Data are presented as mean + SEM.
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Figure S1. Western Blot of Total Plasma apoA-Il. Related to Figure 1

(A-B) Plasma was collected from (A) chow-fed and (B) WTD-fed L-Fox0O1,3,4 mice and littermate controls. Plasma was diluted by 1:200 with
PBS, from which 20ul from each sample were run on a 4%-15% Tris-HCL gradient gel and blotted for apoA-l. Numbers denote relative apoA-I
expression levels by densitometric scanning (n=4-7). Values are presented as mean + SEM. Shown is a typical experiment. Independent

experiments yielded qualitatively identical results.



Supplemental Figure S2
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Figure S2. Western Blot of Liver ABCA1 and SR-BI from Chow-Fed and WTD-Fed L-Fox01,3,4 Mice. Related to Figure 2
Representative western blot of hepatic ABCA1 and SR-BI expression in both chow-fed and WTD-fed L-FoxO1,3,4 mice and littermate controls.
ABCA1/Actin and SR-BI/Actin denote relative ABCA1 and SR-BI expression levels by densitometric scanning, respectively (n=4). ABCA1
antibody was commercially purchased from Novus (Novus — NB400-105). Data are presented as mean + SEM.
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Figure S3. Plasma Decay Kinetics of 125|-TC-/[3H]CEt-WT-HDL in WTD-Fed L-Fox01,3,4 Mice. Related to Figure 3

(A-B) 125I-TC-/[®H]CEt-WT-HDL was injected intravenously in WTD-fed L-FoxO1,3,4 mice and littermate controls. Thereafter, during a
24-hr interval, periodic blood samples were harvested and plasma was analyzed for 125]-TC (crosses) and [®H]CEt (circles). The y-axis
represents the fraction of the tracer in plasma (%). Shown is a trace from a representative mouse from each genotype, with (A) control
on the left and (B) L-FoxO1,3,4 on the right. The experiment was carried out in 6 control and 5 L-Fox0O1,3,4 mice.
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Figure S4. Plasma-FCRs and Tissue Tracer Uptake Rates for 125I-TC-/[*H]CEt-WT-HDL in WTD-Fed L-Fox01,3,4 Mice. Related to Figure 4
125-TC-/[®H]CEt-WT-HDL was injected intravenously in WTD-fed L-FoxO1,3,4 mice and littermate controls. (A) During the subsequent 24-hr interval,
blood was harvested periodically to determine the plasma decay of both tracers. 125I-TC ('25]) and [3H]CEt ([®H]) were analyzed, and plasma-FCRs for
1251-TC and [3H]CEt were calculated. The difference in plasma-FCRs between [?H]CEt and 125I-TC was calculated. 24-hrs after tracer injection, the
animals were euthanized, and tissues were analyzed for both tracers. (B) Liver, (C) adrenal and (D) kidney organ-FCRs for '25|-TC (1251), [3H]CEt
([3H]), and the difference in organ-FCRs between [H]CEt and 25I-TC ([3H]CEt - '25|-TC) were calculated. All calculations were done as described in
Materials and Methods. n = 6 control and n = 5 L-Fox01,3,4 mice. An independent similar experiment with n=5 control mice and n=4 L-Fox0O1,3,4
mice yielded qualitatively identical results as shown in the graphs. *p < 0.05, **p < 0.01, by Student’s t-tests. Data are presented as mean + SEM.
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Figure S5. Adrenal Gene Expression in Chow-Fed L-Fox01,3,4 Mice. Related to Figure 4
Relative adrenal Scarb1 and Foxo1 gene expression by qPCR in chow-fed L-Fox01,3,4 mice (n=3) and littermate controls (n=3). Data are presented as
mean + SEM.



Supplemental Figure S6
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Figure S6. Kinetics of Uptake of 125|-TC-/[3H]CEt-WT-HDL by Hepatocytes Isolated from Chow-Fed

L-FoxO1,3,4 Mice. Related to Figure 5
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(A-B) Hepatocytes from chow-fed L-FoxO1,3,4 mice and litermate controls were incubated (37°C, 10, 30 or 120 minutes) in medium containing '25|-TC-/
[BH]CEt-WT-HDL (20 ug HDL protein/ml). Finally, cells were harvested, and apparent HDL particle uptake was analyzed as outlined in Materials and
Methods. Values are means of (A) n = 3 (control) or of (B) n = 3 (L-FoxO1,3,4) independent determinations. Shown is a typical experiment. An
independent similar experiment yielded qualitatively identical results. §§ p < 0.01, §§§ p < 0.001 comparing [*H]CEt between L-Fox0O1,3,4 and control
hepatocytes; ** p < 0.01, *** p < 0.001, **** p < 0.0001 comparing [*H]CEt - '2°|-TC between L-FoxO1,3,4 and control hepatocytes by Student’s t-tests.
Data are presented as mean + SEM. Where no error bars are visible, the error was smaller than the symbol.



Supplemental Figure S7
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Figure S7. Effect of SR-Bl Adenovirus on HL in WTD-fed L-FoxO1,3,4 Mice. Related to Figure 6 (A) Relative hepatic Lipc expression by
gPCR in WTD-fed L-FoxO1,3,4 mice and littermate controls transduced with Adeno.SR-BI or control virus (Adeno.GFP). (n=3-4). **p<0.01 by
two-way ANOVA. (B) Relative Plasma hepatic lipase activity in same mice as (A). **p<0.01 by two-way ANOVA.



Supplemental Figure S8
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Figure S8. Potential FoxO Binding Site Analysis of Scarb? and Lipc Using HOMER Motif Discovery Algorithm.

(A) Summary of potential FoxO binding motifs near Scarb1 and Lipc. The entire sequences for mouse Scarb1 and Lipc, along with 50kb of
sequence upstream of their respective transcription start sites were taken from the UCSC Genome Browser (https://genome.ucsc.edu).
The sequences were analyzed by the HOMER algorithm software, which provided the coordinates of all the potential FoxO binding motifs
within the selected regions. Values are grouped by motifs within the gene sequence, motifs from the transcription start site to 5kb
upstream of start site, 5kb-20kb upstream of start site, 20kb-50kb upstream of start site, and total number of motifs.

(B-C) Schematics from the UCSC Genome Browser highlighting positions of all motifs in selected region for (B) Scarb1 and (C) Lipc.
Highlighted in yellow are the relative coordinates of all potential FoxO binding motifs found though HOMER. Each motif is represented as
a vertical line (“|"). Transcription start sites are indicated by the red arrow (both genes are transcribed in the reverse direction).
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Figure S9. Cholesterol Levels in Plasma Fractionated by FPLC in Chow-fed Hepatic FoxO Floxed Mice Transduced with Liver Specific Adeno-
Associated Virus Expressing Cre. Related to Figure 7

Plasma was collected 2 weeks after virus transduction and fractionated by FPLC in chow-fed, adult control mice containing all three FoxO alleles floxed
(Foxo1floxffiox - Foxo3fioxfiox and Foxo4foxY), and transduced with liver specific adeno-associated virus expressing either Cre (AAV8.Tbg.Cre) or control virus
(AAV.GFP).
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Figure S10. Western Blot of Liver PDZK1 from WTD-Fed L-Fox01,3,4 Mice and Hepatocytes Isolated from L-Fox01,3,4 mice. Related to
Figure 7

(A-B) Representative western blot of hepatic PDZK1 expression from (A) WTD-fed L-FoxO1,3,4 mice and littermate controls in vivo, or (B)
hepatocytes isolated from chow-fed L-FoxO1,3,4 mice and littermate controls in vitro. PDZK1 antibody was commercially purchased from Novus
(Novus — NB400-149).



Supplemental Figure Legends

Figure S1. Western Blot of Total Plasma apoA-I. Related to Figure 1

(A-B) Plasma was collected from (A) chow-fed and (B) WTD-fed L-FoxO1,3,4 mice and littermate controls. Plasma
was diluted by 1:200 with PBS, from which 20ul from each sample were run on a 4%-15% Tris-HCL gradient gel
and blotted for apoA-I. Numbers denote relative apoA-I expression levels by densitometric scanning (n=4-7).
Values are presented as mean + SEM. Shown is a typical experiment. Independent experiments yielded qualitatively
identical results.

Figure S2. Western Blot of Liver ABCA1 and SR-BI from Chow-Fed and WTD-Fed L-FoxO1,3,4 Mice.
Related to Figure 2

Representative western blot of hepatic ABCA1 and SR-BI expression in both chow-fed and WTD-fed L-FoxO1,3,4
mice and littermate controls. ABCA1/Actin and SR-BI/Actin denote relative ABCA1 and SR-BI expression levels
by densitometric scanning, respectively (n=4). ABCA1 antibody was commercially purchased from Novus (Novus —
NB400-105). Data are presented as mean + SEM.

Figure S3. Plasma Decay Kinetics of '*’I-TC-/["H|CEt-WT-HDL in WTD-Fed L-Fox01,3,4 Mice. Related to
Figure 3

(A-B) '"I-TC-/[’H]CEt-WT-HDL was injected intravenously in WTD-fed L-FoxO1,3,4 mice and littermate
controls. Thereafter, during a 24-hr interval, periodic blood samples were harvested and plasma was analyzed for
BLTC (crosses) and ["H]CEt (circles). The y-axis represents the fraction of the tracer in plasma (%). Shown is a
trace from a representative mouse from each genotype, with (A) control on the left and (B) L-FoxO1,3,4 on the
right. The experiment was carried out in 6 control and 5 L-FoxO1,3,4 mice.

Figure S4. Plasma-FCRs and Tissue Tracer Uptake Rates for '*I-TC-/[’H|CEt-WT-HDL in WTD-Fed L-
Fox01,3,4 Mice. Related to Figure 4

51 TC-/[’H]CEt-WT-HDL was injected intravenously in WTD-fed L-FoxO1,3,4 mice and littermate controls. (A)
During the subsequent 24-hr interval, blood was harvested periodically to determine the plasma decay of both
tracers. '>I-TC (1251) and ["H]CEt ([3H]) were analyzed, and plasma-FCRs for B1.TC and [’H]CEt were calculated.
The difference in plasma-FCRs between [*’H]CEt and '*’I-TC was calculated. 24-hrs after tracer injection, the
animals were euthanized, and tissues were analyzed for both tracers. (B) Liver, (C) adrenal and (D) kidney organ-
FCRs for "*I-TC (**’I), [’H]CEt ([’H]), and the difference in organ-FCRs between ["H]CEt and '*’I-TC ([*H]CEt -
BL.TC) were calculated. All calculations were done as described in Materials and Methods. n = 6 control and n = 5
L-Fox0O1,3,4 mice. An independent similar experiment with n=5 control mice and n=4 L-FoxO1,3,4 mice yielded
qualitatively identical results as shown in the graphs. *p < 0.05, **p < 0.01, by Student’s t-tests. Data are presented
as mean = SEM.

Figure S5. Adrenal Gene Expression in Chow-Fed L-FoxO1,3,4 Mice. Related to Figure 4
Relative adrenal Scarbl and Foxol gene expression by qPCR in chow-fed L-FoxO1,3,4 mice (n=3) and littermate
controls (n=3). Data are presented as mean = SEM.

Figure S6. Kinetics of Uptake of '**I-TC-/[’H]|CEt-WT-HDL by Hepatocytes Isolated from Chow-Fed
L-Fox01,3,4 Mice. Related to Figure 5

(A-B) Hepatocytes from chow-fed L-FoxO1,3,4 mice and littermate controls were incubated (37°C, 10, 30 or 120
minutes) in medium containing '*I-TC-/[’H]CEt-WT-HDL (20 pg HDL protein/ml). Finally, cells were harvested,
and apparent HDL particle uptake was analyzed as outlined in Materials and Methods. Values are means of (A) n =
3 (control) or of (B) n = 3 (L-FoxO1,3,4) independent determinations. Shown is a typical experiment. An
independent similar experiment yielded qualitatively identical results. §§ p < 0.01, §§§ p <0.001 comparing
[’H]CEt between L-FoxO1,3,4 and control hepatocytes; ** p < 0.01, ¥** p < 0.001, **** p < 0.0001 comparing
[’H]CEt - '*I-TC between L-FoxO1,3,4 and control hepatocytes by Student’s t-tests. Data are presented as mean =
SEM. Where no error bars are visible, the error was smaller than the symbol.



Figure S7. Effect of SR-BI Adenovirus on HL in WTD-fed L-FoxO1,3,4 Mice. Related to Figure 6

(A) Relative hepatic Lipc expression by qPCR in WTD-fed L-FoxO1,3,4 mice and littermate controls transduced
with Adeno.SR-BI or control virus (Adeno.GFP). (n=3-4). **p<0.01 by two-way ANOVA. (B) Relative Plasma
hepatic lipase activity in same mice as (A). ¥**p<0.01 by two-way ANOVA.

Figure S8. Potential FoxO Binding Site Analysis of Scarbl and Lipc Using HOMER Motif Discovery
Algorithm.

(A) Summary of potential FoxO binding motifs near Scarb! and Lipc. The entire sequences for mouse Scarb! and
Lipc, along with 50kb of sequence upstream of their respective transcription start sites were taken from the UCSC
Genome Browser (https://genome.ucsc.edu). The sequences were analyzed by the HOMER algorithm software,
which provided the coordinates of all the potential FoxO binding motifs within the selected regions. Values are
grouped by motifs within the gene sequence, motifs from the transcription start site to Skb upstream of start site,
Skb-20kb upstream of start site, 20kb-50kb upstream of start site, and total number of motifs.

(B-C) Schematics from the UCSC Genome Browser highlighting positions of all motifs in selected region for (B)
Scarbl and (C) Lipc. Highlighted in yellow are the relative coordinates of all potential FoxO binding motifs found
though HOMER. Each motif is represented as a vertical line (“|””). Transcription start sites are indicated by the red
arrow (both genes are transcribed in the reverse direction).

Figure S9. Cholesterol Levels in Plasma Fractionated by FPLC in Chow-fed Hepatic FoxO Floxed Mice
Transduced with Liver Specific Adeno-Associated Virus Expressing Cre. Related to Figure 7

Plasma was collected 2 weeks after virus transduction and fractionated by FPLC in chow-fed, adult control mice
containing all three FoxO alleles floxed (Foxol” 10x10Y - Eox03""* and Foxo4" ”‘”/Y), and transduced with liver
specific adeno-associated virus expressing either Cre (AAVS8.Tbg.Cre) or control virus (AAV.GFP).

Figure S10. Western Blot of Liver PDZK1 from WTD-Fed L-Fox01,3,4 Mice and Hepatocytes Isolated from
L-Fox01,3,4 mice. Related to Figure 7

(A-B) Representative western blot of hepatic PDZK1 expression from (A) WTD-fed L-FoxO1,3,4 mice and
littermate controls in vivo, or (B) hepatocytes isolated from chow-fed L-FoxO1,3,4 mice and littermate controls in
vitro. PDZK1 antibody was commercially purchased from Novus (Novus — NB400-149).

Table S1. L-Fox01,3,4 Microarray From Liver Tissues. Microarrays were performed from liver tissues of chow-
fed L-Fox0O1,3,4 mice and littermate controls (Haeusler et al., 2014).

Gene Control | L-FoxO1,3,4 | P value
Scarbl | 1 0.727 0.043
Lipc 1 0.364 0.00091
Abcal |1 1.132 0.27
Apoal |1 0.950 0.17
Apoa2 |1 0.96 0.56
Apoc3 | 1 0.86 0.28
Apoe 1 0.951 0.25
Lcat 1 1.021 0.86
Srebp2 | 1 0.80 0.47
Hmgcer | 1 0.473 0.22
Plp 1 1.89 0.11
Abcgs | 1 0.928 0.76
Abcg8 | 1 0.825 0.532




Supplemental Experimental Procedures
Primer Sequences. Primer sequences for genes that were measured via qPCR. For liver and adrenal tissues, genes
were normalized to 36b4. For primary hepatocytes, genes were normalized to B2m.

Gene Direction Sequence (5'-3")

36b4 Forward AGATGCAGCAGATCCGCAT

36b4 Reverse GTTCTTGCCCATCAGCACC

B2m Forward CTGGTGCTTGTCTCACTGAC

B2m Reverse GTTCAGTATGTTCGGCTTCC

Abcal Forward GGTTTGGAGATGGTTATACAATAGTTGT
Abcal Reverse CCCGGAAACGCAAGTCC

Abcgs Forward TGGATCCAACACCTCTATGCTAAA
Abcgs Reverse GGCAGGTTTTCTCGATGAACTG
Abcg8 Forward GTAGCTGATGCCGATGACAA
Abcg8 Reverse GGGGCTGATGCAGATTCA

Apoal Forward TGTGTATGTGGATGCGGTCA
Apoal Reverse ATCCCAGAAGTCCCGAGTCA
Apoc3 Forward GCATCTGCCCGAGCTGAAGAG
Apoc3 Reverse CTGAAGTGATTGTCCATCCAGC
Apoe Forward CCGGTGCTGTTGGTCACATTGCTGACAGGAT
Apoe Reverse GTTCTTGTGTGACTTGGGAGCTCTGCAGCT
Foxol Forward TCCAGTTCCTTCATTCTGCACT
Foxol Reverse GCGTGCCCTACTTCAAGGATAA
Gb6pc Forward GTCTGGATTCTACCTGCTAC

Gb6pc Reverse AAAGACTTCTTGTGTGTCTGTC
Gcek Forward CTGTTAGCAGGATGGCAGCTT

Gcek Reverse TTTCCTGGAGAGATGCTGTGG
Hmgcr Forward CTTGTGGAATGCCTTGTGATTG
Hmgcr Reverse AGCCGAAGCAGCACATGAT

Lcat Forward GCTGGCCTGGTAGAGGAGATG
Lcat Reverse CCAAGGCTATGCCCAATGA

Lipc Forward GACGGGAAGAACAAGATTGG

lipc Reverse GGCATCATCAGGAGAAAGG

Pltp Forward TGGGACGGTGTTGCTCAA

Plip Reverse CCCACGAGATCATCCACAGA
Scarbl Forward GGCTGCTGTTTGCTGCG

Scarbl Reverse GCTGCTTGATGAGGGAGGG
Srebp2 Forward GATGATCACCCCGACGTTCAG
Srebp?2 Reverse GTACCGTCTGCACCTGCTGCT
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