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Depletion of Hepatic SREBP2 Protects Against
Hypercholesterolemia and Atherosclerosis through the
ANGPTL3-LPL Axis
Yifan Wang, Jia You Sarafina Choe, Yu Shi, Thi Tun Thi, Xiaoyun Cao, Yang Hu,
Kai Yan Cheng, Hui Li, Yang Ji, Yan Liu, Matthew Ackers-Johnson, Roger S.Y. Foo,
Yujia Shen, and Haojie Yu*

Lipolysis of triglyceride-rich lipoproteins by peripheral lipoprotein lipase (LPL)
plays an essential role in maintaining systemic cholesterol/lipid homeostasis.
Human genetic studies have unequivocally demonstrated that activation of
LPL pathway reduces risks for both coronary artery disease (CAD) and type 2
diabetes (T2D). Although sterol regulatory element-binding protein 2
(SREBP2) is well established as the master transcription factor that regulates
the hepatic biosynthesis of both cholesterol and fatty acids, whether and how
its activity in liver interacts with peripheral LPL pathway remains unknown.
Here, it is demonstrated that acute liver-specific depletion of SREBP2 results
in divergent effects on the regulation of peripheral LPL activity in mice,
depending on the presence or absence of low-density lipoprotein receptors
(LDLR). SREBP2 deficiency drastically elevates peripheral LPL activity through
downregulation of plasma angiopoietin-related protein 3 (ANGPTL3) levels in
LDLR-deficient mice. Moreover, in addition to SREBP2’s transcriptional
regulation of ANGPTL3, it is found that SREBP2 promotes proteasome-based
degradation of ANGPTL3 in the presence of LDLR. Remarkably, acute
depletion of hepatic SREBP2 protects against hypercholesterolemia and
atherosclerosis, in which atherosclerotic lesions are reduced by 45%
compared to control littermates. Taken together, these findings outline a
liver-peripheral crosstalk mediated by SREBP2-ANGPTL3-LPL axis and
suggest that SREBP2 inhibition can be an effective strategy to tackle
homozygous familial hypercholesterolemia (HoFH).
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1. Introduction

Systemic cholesterol and lipid metabolism
is tightly regulated through the inter-
play and cross-communication of numer-
ous pathways across a range of tissues
and organs.[1] Among these, the hepatic
SREBP2 (sterol regulatory element-binding
protein 2)-mediated cholesterol/fatty acid
biosynthesis and peripheral LPL (lipopro-
tein lipase)-mediated lipolysis of triglyc-
eride (TG)-rich lipoproteins are two ma-
jor pathways that govern systemic choles-
terol/lipid homeostasis.[2,3] Dysregulation
of these pathways is associated with a
variety of cardiovascular and metabolic
diseases.[4,5]

Lipoprotein lipase catalyzes the hydrol-
ysis of intravascular TG packed in TG-
rich lipoproteins such as chylomicrons and
very low-density lipoproteins (VLDLs), pro-
viding free fatty acids for peripheral tis-
sues. LPL is highly expressed in various
tissues, including adipose tissue, skeletal
and cardiac muscle, and macrophages. Its
activity is subject to tissue-specific regu-
lation at different levels.[3] Among these
regulatory factors, liver-derived circulating
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angiopoietin-like protein 3 (ANGPTL3) plays a crucial role in
modulating LPL activities.[6–8] ANGPTL3 is exclusively expressed
in the liver, and individuals with loss-of-function variants of
ANGPTL3 are associated with combined hypolipidemia.[7] In pa-
tients with homozygous familial hypercholesterolemia (HoFH),
there is only a modest reduction in LDL-cholesterol levels (typ-
ically in the range of 10–25%) even with the highest doses of
the most potent statins,[5] primarily due to the defect or com-
plete loss of LDLR activity. However, the anti-ANGPTL3 antibody
Evinacumab has demonstrated promising lipid-lowering effects
that are independent of LDLR functionality and been approved
for the treatment of HoFH. Clinical trials have shown that Ev-
inacumab reduced LDL cholesterol by an average of 47% and
triglycerides by 55% in patients with HoFH.[9,10] The expression
of ANGPTL3 in the liver is regulated at multiple levels, with re-
ports suggesting that ANGPTL3 is transcriptionally regulated by
liver X receptor (LXR).[11] This may partially explain why mice
treated with an LXR agonist exhibit increased plasma cholesterol
and TG levels.[11]

Sterol regulatory element-binding protein 2, encoded by
SREBF2, is the master transcription factor for cholesterol/fatty
acid synthesis, and its activity is subject to feedback regulation
by LDLR-mediated cholesterol uptake.[2,12] Transgenic expres-
sion of mature SREBP2 in liver preferentially promotes expres-
sion of genes in the cholesterol biosynthetic pathway, such as
HMGCR, MVK, as well as LDLR and PCSK9.[13] Homozygous
disruption of Srebf2 in mice resulted in embryonic lethality.[2,14]

However, mice with hepatocyte-specific deletion of Srebf2 are vi-
able and have substantially reduced cholesterol and triglyceride
(TG) contents in both liver and blood without affecting liver
LDLR protein levels.[15] Consistently, hepatic expression of both
cholesterol biosynthetic genes and fatty acid biosynthetic genes
downstream of SREBP-1c are significantly downregulated in the
absence of SREBP2.[14,15] Additionally, it’s found that SREBP2-
mediated production of sterol ligand is required for LXR acti-
vation in the liver.[15] Despite these findings, it remains unclear
whether SREBP2 regulates ANGPTL3 and whether there is any
crosstalk between SREBP2-mediated lipid production and pe-
ripheral LPL-mediated fatty acid uptake. Furthermore, it remains
unknown whether the lipid-lowering effects observed in Srebf2
liver-specific knockout mice are due to developmental defects or
whether they depend on the presence of intact LDLR.
To address those questions, we employed a variety of mouse

models in which the function of SREBP2 in the regulation of
plasma lipid levels and peripheral LPL activity were studied.
Acute depletion of hepatic SREBP2 via AAV-shRNA or liver-
specific expression of Cre recombinase (AAV-TBG-Cre) reduced
plasma triglyceride (TG) and total cholesterol (TC) levels in both
Ldlr+/+ and Ldlr−/− mice, suggesting that the lipid-lowering effect
upon SREBP2 depletion does not require LDLR activity. In line
with this finding, we further demonstrated that acute depletion
of hepatic SREBP2 exhibited a synergistic cholesterol lowering
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effect with proprotein convertase subtilisin kexin 9 (PCSK9) in-
hibition in Ldlr+/+ mice. Remarkably, a single administration of
AAV significantly attenuated atherosclerotic plaque progression
in Ldlr−/− mice. Mechanistically, our findings demonstrate that
SREBP2 regulates ANGPTL3 levels through both transcriptional
and post-translationalmechanisms.While SREBP2 inhibition re-
duced VLDL secretion in both Ldlr+/+ and Ldlr−/− mice, it specifi-
cally enhanced peripheral LPL activity in Ldlr−/−mice by reducing
ANGPTL3 levels in the bloodstream. In summary, our data reveal
a novel regulatory pathway of peripheral LPL activity via hepatic
SREBP2 and indicate that targeting hepatic SREBP2might be an
efficient strategy for the treatment of HoFH.

2. Results

2.1. Acute Depletion of Hepatic SREBP2 Lowers Plasma
Triglyceride and Cholesterol Levels in Adult Mice

To examine whether acute depletion of hepatic SREBP2 in adult
mice would reduce plasma TG and total cholesterol (TC) levels,
C57BL/6J mice or LDLR-deficient (Ldlr−/−) mice were injected
with AAV8-shRNA to knock down the expression of Srebf2 in the
liver. The mRNA levels of Srebf2 in liver were substantially re-
duced by ∼67% compared to scramble control at 3 weeks post in-
jection (Figure S1A, Supporting Information). Even at 10 weeks
post injection, Srebf2mRNA levels were still significantly reduced
by ≈45% and ≈49% in C57BL/6J and Ldlr−/− mice, respectively,
compared to scramble control (Figure S1B,C, Supporting Infor-
mation).
Consistent with the lipid-lowering effects observed in liver-

specific Srebf2 knockout mice,[15] plasma TG and TC levels were
reduced by 31% and 37%, respectively, in chow-fed C57BL/6J
mice treated with Srebf2-shRNA compared to scramble-shRNA
at 4 weeks post injection (Figure 1A,B). Upon western diet (WD)
feeding for 5 weeks, plasma TG and TC levels were reduced by
37% and 14%, respectively, inmice upon SREBP2 depletion com-
pared to control littermates (Figure 1C,D). Of note, the lipid-
lowering effects in C57BL/6J mice last at least for 10 weeks post
injection (Figure 1C,D).
Remarkably, SREBP2 depletion in chow-fed Ldlr−/− mice led to

43% and 39% reduction in plasma TG and TC levels, respectively,
compared to control littermates (Figure 1E,F). After western diet
(WD) for 2 weeks, plasma TG and TC levels were reduced by
60% and 49%, respectively, in knockdownmice compared to con-
trol littermates (Figure 1G,H). Furthermore, the lipid-lowering
effects in Ldlr−/− mice last at least for 15 weeks post injection. In
summary, these data indicate that the lipid-lowering effect upon
hepatic SREBP2 depletion does not rely on LDLR-mediated LDL-
C uptake.
In line with reduced plasma TG and TC levels, circulating

APOB levels were lower in knockdownmice compared to control
littermates (Figure 1I–L). However, in Ldlr+/+ mice (C57BL/6J),
only APOB100 was significantly reduced in SREBP2-deficent
mice, whereas in Ldlr−/− mice, both APOB100 and APOB48 were
substantially decreased in SREBP2-deficient mice compared to
their control littermates (Figure 1I–L). Consistent with the TG-
lowering effects and the reduction in plasma APOB levels, hep-
atic SREBP2 depletion significantly decreases plasma VLDL/LDL
cholesterol levels, but not high-density lipoprotein (HDL)
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Figure 1. Acute depletion of hepatic SREBP2 reduces circulating lipid levels. A–D) Plasma triglyceride (A and C) and cholesterol (B and D) levels of 16 h
fasted C57BL/6J male mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under 5-week chow diet feeding (A and B, n = 8 mice
per group, by student’s t test) and 5-week western diet feeding (C and D, n = 8 mice per group, by two-way ANOVA). E–H) Plasma triglyceride (E and
G) and cholesterol (F and H) levels of 16 h fasted male mice lacking LDLR injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under
5-week chow diet (E and F, n = 8 mice per group, by student’s t test) and 5-week western diet (G and H, n = 6–8 mice per group, by two-way ANOVA)
feeding. I–L) Western blot (I and J) and relative quantification (K and L) of APOB-100 and APOB-48 in the plasma of 4 h fasted male C57BL/6J mice (I
and K, n = 7 mice per group, by student’s t test) and mice lacking LDLR (J and L, n = 6–8 mice per group, by student’s t test) after AAV8 injection for
3 weeks. M,N) Quantification of plasma VLDL/LDL and HDL cholesterol levels in 16 h-fasted C57BL/6J and Ldlr−/− mice injected with AAV8-scramble
control or AAV8-Srebf2-shRNA viruses. Mice were maintained on a 5-week chow diet, followed by a 5-week western diet after AAV injection (n = 6–8 mice
per group, by student’s t test). *p < 0.05, **p < 0.01, and ***p < 0.001; Error bar indicate mean ± SD.

cholesterol levels, regardless of LDLR deficiency (Figure 1M,N).
It is worth noting that depletion of SREBP2 led to significantly
reduced body weight in both C57BL/6J mice and LDLR-deficient
mice fedWD diet compared to control littermates (Figure S1D,E,
Supporting Information), suggesting that hepatic SREBP2 also
plays a role in regulating whole body energy homeostasis.
Importantly, the depletion of hepatic SREBP2 via AAV8-

shRNA did not lead to any detectable adverse effects during
the study period. Furthermore, mRNA levels of genes encod-
ing proinflammatory cytokines or liver injury markers remained
unaffected following SREBP2 depletion (Figure S1F–I, Support-
ing Information). These findings indicate that acute inhibition
of SREBP2 is likely an effective strategy for lowering plasma TC
and TG levels.

2.2. Acute Depletion of SREBP2 Reduces Hepatic VLDL Secretion
Rate through the Downregulation of Hepatic Cholesterol and
Fatty Acid Biosynthesis

Liver-specific knockout of Srebf2 in Ldlr+/+ mice by Alb-Cre
resulted in substantially reduced plasma TG and TC levels,
which is likely attributed to diminished hepatic VLDL secretion
rate as hepatic LDLR protein levels are not impaired.[15] To
measure hepatic VLDL secretion, poloxamer-407, an effective
inhibitor of peripheral lipoprotein lipase, was administered in
mice at 3 weeks (chow) or 8 weeks (3 weeks of WD) post AAV
injection, and plasma TG and TC levels were monitored for 2h.
Consistently, acute depletion of hepatic SREBP2 significantly
reduced VLDL secretion in both C57BL/6J and LDLR-deficient
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mice (3 weeks post injection) compared with control littermates
fed chow (Figure 2A,B). After western diet feeding for 3 weeks,
knockdown of Srebf2 only in C57BL/6J mice, rather than in
LDLR-deficient mice, led to a significantly decreased VLDL se-
cretion rate (Figure 2C,D), suggesting that other lipid-lowering
pathways controlled by SREBP2 are involved in mice lacking
LDLR upon WD feeding.
Quantitative real-time PCR (qRT-PCR) revealed that mRNA

expression levels of SREBP2 downstream genes involved in
cholesterol biosynthesis, such as Hmgcr, Hmgcs and Mvk, were
all significantly reduced in both C57BL/6J and Ldlr−/− mice
upon depletion of SREBP2 compared with control littermates
(Figure 2E,F). Moreover, depletion of hepatic SREBP2 also at-
tenuated the transcriptional activation of LXR and fatty acid
biosynthesis genes, such as Srebf1c, Fasn and Acaca, in mice
with or without LDLR (Figure 2E,F). Furthermore, mRNA lev-
els of Mttp and Apob which play essential roles in VLDL
assembly in hepatocytes[16,17] were also significantly reduced
following SREBP2 depletion, suggesting a close interconnec-
tion between hepatic lipid production and the expression of
VLDL packaging proteins, both of which fall under the tran-
scriptional regulation of SREBP2 (Figure 2E,F). As compensa-
tion for reduced lipid production, hepatic expression of Cd36,
which encodes free fatty acids transporter, is significantly up-
regulated in the absence of SREBP2 (Figure 2E,F). There-
fore, the reduced hepatic VLDL secretion upon SREBP2 de-
pletion is likely due to the downregulation of major pathways
responsible for cholesterol/fatty acid biosynthesis and VLDL
assembly.
To further investigate if SREBP2 directly regulates VLDL

secretion in hepatocytes, we used CRISPR/Cas9 to knock out
SREBF2 in human hepatoma Huh7 cells and mouse hep-
atocyte AML12 cells with or without LDLR (Figure S2A–D,
Supporting Information). In both LDLR+/+ and LDLR−/− cells,
CRISPR/Cas9-mediated knockout reduced SREBF2 mRNA
by 60%–70% compared to scramble control (Figure S2F,G,
Supporting Information). LDLR deficiency activated SREBP2
signaling and significantly increased SREBP2 precursor protein
levels in Huh7 cells (Figure S2B,D, Supporting Information).
Moreover, SREBF2 itself, as well as its downstream target genes
HMGCR, HMGCS1, and MVK, were significantly upregulated
in the absence of LDLR in both mouse liver and in vitro-cultured
hepatocytes (Figure S2E–G, Supporting Information). In line
with the in vivo findings, expression of genes related to VLDL
assembly, cholesterol/ fatty acid biosynthesis, such as HMGCR,
FASN, SREBF1C, APOB, and MTTP, were all significantly
downregulated upon SREBF2 knockout (Figure S2F,G, Support-
ing Information). We next employed an ELISA-based assay to
measure secreted levels of APOB100 in Huh7 cells and found
that knockout of SREBF2 in both LDLR+/+ and LDLR−/− led to
significantly reduced APOB100 levels in the medium compared
to control cells with or without lipid mixture treatment (Figure
2G; Figure S2H, Supporting Information). Secreted TG levels in
the culture medium were also diminished upon SREBP2 deple-
tion (Figure 2H; Figure S2I, Supporting Information). Moreover,
depletion of SREBP2 in LDLR+/+ Huh7 cells has no effect on
uptake of LDL particles, whereas in LDLR−/− cells, it leads to
even slightly increased LDL uptake compared to control cells
(Figure S2J, Supporting Information). Taken together, these data

suggested that reduced VLDL production likely contributes to the
diminished plasma TG and TC levels in SREBP2-deficient mice.
Inhibition of hepatic VLDL production via cholesterol-

lowering therapies Lomitapide (MTP inhibitor) andMipomersen
(APOB antisense oligonucleotides) were accompanied by in-
creased liver fat contents.[18] To test if diminished VLDL pro-
duction in Srebf2-knockdown mice would also cause excessive
lipid accumulation, we examined the liver TG/TC contents in
both mouse strains. In both Ldlr+/+ and Ldlr−/− mice fed WD
for 5 weeks (10 weeks post injection), liver TG contents remain
unchanged in Srebf2 knockdown mice compared to control lit-
termates (Figure 2I,K; Figure S3, Supporting Information). In
contrast, liver TC contents were moderately reduced in SREBP2-
deficient mice compared to control littermates (Figure 2J,L;
Figure S3, Supporting Information). Consistent with in vivo find-
ings, knockout of SREBF2 in Huh7 cells had no impact on cellu-
lar TG levels but did lead to a significant reduction in cholesterol
levels compared to control cells (Figure S2K–N, Supporting Infor-
mation). These data suggest that in hepatocytes lacking SREBP2,
hepatic TG/TC contents arewell balanced through a combination
of VLDL secretion and lipid biosynthesis.

2.3. Differential Regulatory Roles of SREBP2 on ANGPTL3 and
Peripheral LPL Activity in the Presence or Absence of LDLR

Despite hepatic depletion of SREBP2 led to substantially re-
duced plasma TG/TC levels in both Ldlr+/+ and Ldlr−/− mice,
we observed certain discrepancies in terms of lipid-lowering effi-
cacy, for instance, plasma TG was reduced by ≈30% in Ldlr+/+

mice, but by ≈60% in Ldlr−/− mice following SREBP2 deple-
tion (Figure 1). In addition, after western diet feeding for 3
weeks (8 weeks post injection), we only observed significantly re-
duced VLDL secretion in Ldlr+/+ mice, but not in Ldlr−/− mice
upon SREBP2 depletion, despite the plasma TG/TC-lowering
efficacy in Ldlr−/− mice is even larger than it in Ldlr+/+ mice.
All these taken together suggest that other unknown lipid-
lowering pathways regulated by SREBP2 might be responsible
for the discrepancies observed between Ldlr+/+ and Ldlr−/− mice.
Given the fact that plasma TG levels are determined by two key
processes-hepatic production and peripheral lipolysis catabolized
by lipoprotein lipase (LPL),[19] we next measured plasma LPL lev-
els and activities in heparinized mice. We first found that plasma
post-heparin LPL levels in both Ldlr+/+ and Ldlr−/− mice fed chow
remain unchanged between Srebf2 knockdown and control mice
(Figure 3A). Surprisingly, upon SREBP2 depletion, Ldlr+/+ mice
exhibit a 40% decrease in plasma LPL activities compared to con-
trol, while Ldlr−/− mice display a 300% increase in plasma LPL
activities compared to control, showing completely opposite ef-
fects (Figure 3B). After WD feeding for 3 weeks, post-heparin
LPL activities remain significantly higher in Srebf2 knockdown
mice compared to control littermates (Figure 3C,D). These data
together suggest that liver SREBP2 plays a distinct regulatory role
in regulating peripheral LPL activities, depending on the pres-
ence or absence of LDLR. Moreover, plasma TG/TC-lowering ef-
fects in Ldlr−/− mice upon SREBP2 depletion are likely attributed
to both reduced hepatic VLDL secretion rate and promoted pe-
ripheral LPL activities. It is also worth noting that post-heparin
peripheral LPL activity in Ldlr−/− mice is only 30% of the activity
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Figure 2. Knocking down hepatic SREBF2 reduced VLDL secretion both in vitro and in vivo. A–D) Changes of plasma triglyceride after Poloxamer-407
injection in male C57BL/6J mice (A and C) and male Ldlr−/− (B and D) injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under chow
or western diet feeding. VLDL secretion levels were estimated and compared using an area-under-the-curve (AUC) approach that subtracts the baseline
value (n = 6–8 mice per group, by student’s t-test). E,F) Quantitative polymerase chain reaction (qPCR) expression analysis of de novo lipogenesis and
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observed in Ldlr+/+ mice (Figure 3A,B), indicating that LDLR de-
ficiency has resulted in diminished peripheral LPL activity. This
reduction might play a significant role in the development of the
hyperlipidemia phenotype observed in LDLR-deficient mice.
As the rate limiting enzyme for plasma TG clearance and tis-

sue uptake of fatty acids, peripheral LPL activities are largely reg-
ulated by liver-derived extracellular proteins including lipopro-
teins such as APOA5, APOC2, APOC3, and APOE; as well as
angiopoietin-like proteins such as ANGPTL3, ANGPTL4, and
ANGPTL8.[7] To explore the possible regulatory mechanisms by
which hepatic SREBP2modulates peripheral LPL activity, we per-
formed transcriptomic profiling of AML12 cells with or without
LDLR. In addition to the downregulation of genes related to de
novo lipogenesis, cholesterol biosynthesis and VLDL assembly in
Srebf2 knockout cells, the mRNA levels of Angptl3 and Angptl8
were significantly reduced compared to control cells (Figure 3E).
Consistently, mRNA levels of Angptl3 and Angptl8 in liver were
decreased by 43% and 37%, respectively, following SREBP2 de-
pletion in Ldlr+/+ mice, while they exhibited reductions of 45%
and 33%, respectively, in Ldlr−/− mice upon SREBP2 depletion
(Figure 3F,G). Furthermore, we observed that in human hepato-
cytes, SREBP2 plays similar regulatory roles in the expression of
ANGPTL3 andANGPTL8, irrespective of the presence or absence
of LDLR (Figure 3H,I).
We next examined if post-heparin plasma ANGPTL3 and

ANGPTL8 were decreased in the absence of hepatic SREBP2.
Surprisingly, despite substantial reduction of mRNA levels of
both genes in liver of Ldlr +/+ mice upon SREBP2 depletion, their
protein levels in the blood remain unchanged compared to con-
trol littermates (Figure 3J,K). However, in Ldlr−/− mice, deple-
tion of SREBP2 led to significantly decreased levels of plasma
ANGPTL3, while ANGPTL8 levels remain unaffected compared
to control littermates (Figure 3L,M). ANGPTL3 is a crucial LPL
inhibitor, and it is exclusively expressed in the liver. To exam-
ine if the decreased plasma ANGPTL3 levels is due to dimin-
ished hepatic secretion in the absence of SREBP2, we measured
ANGPTL3 levels in the medium of Huh7 cells. We found that
knockout of SREBF2 resulted in a reduction of cellular and se-
creted ANGPTL3 protein levels exclusively in LDLR−/− Huh7
cells, while such an effect was not observed in LDLR+/+ Huh7
cells, despite a similar reduction inmRNA levels in both cell lines
(Figure 3N,O). These data suggest that the enhanced peripheral
LPL activity observed in Ldlr−/− mice upon SREBP2 depletion
is very likely due to diminished blood ANGPTL3 levels. In ad-
dition to its transcriptional regulation of ANGPTL3 expression,
SREBP2 appears to mediate an unknown pathway that regulates
ANGPTL3 protein homeostasis in hepatocytes with LDLR.
Of note, we found that plasma LPL activity is significantly

lower in Ldlr−/− mice compared to age-matched C57BL/6J mice

(Figure 3B). This reduction is likely attributable to the elevated
plasma ANGPTL3 levels observed in Ldlr−/− mice (Figure 3P,Q).
Consistently, LDLR deficiency resulted in a marked increase in
secreted ANGPTL3 levels in Huh7 cells (Figure 3N,O).
In addition, we observed that in mice fed with Western diet,

which contains higher levels of cholesterol, exhibited signifi-
cantly increased LPL activity compared to those fed a chow
diet (Figure 3B,D). To determine whether this increase in
plasma LPL activity was due to elevated plasma ANGPTL3
levels, we compared plasma ANGPTL3 levels between chow-
fed and WD-fed mice. Both Ldlr−/− and C57BL/6J mice dis-
played elevated plasma ANGPTL3 levels underWD feeding com-
pared to chow feeding (Figure S4A–D, Supporting Informa-
tion). Consistently, cholesterol supplementation in both LDLR−/−

and LDLR+/+ Huh7 cells enhanced ANGPTL3 secretion (Figure
S4E–H, Supporting Information). Furthermore, statin treatment
slightly reduced ANGPTL3 secretion in LDLR−/− Huh7 cells
(Figure S4I,J, Supporting Information). These results indicated
that ANGPTL3 is unlikely to be responsible for the cholesterol-
induced increase in LPL activities. Moreover, the observed eleva-
tion in plasma/secreted ANGPTL3 appears to be independent of
SREBP2 as high cholesterol feeding increased ANGPTL3 levels
in both C57BL/6J mice and LDLR+/+ Huh7 cells, regardless of
SREBP2 depletion.

2.4. Hepatocyte-Specific Depletion of SREBP2 Enhances LPL
Activity Mainly through ANGPTL3 in the Absence of LDLR

AAV8 is widely used to target liver due to its high efficiency in
transducing hepatocytes. However, AAV8-Srebf2-shRNA also sig-
nificantly knocks down Srebf2 in epididymal white adipose tis-
sue (Figure S1C, Supporting Information). To enable hepatocyte-
specific depletion of SREBP2, an AAV8 vector with Cre recombi-
nase driven by Thyroxin BindingGlobulin promoter (AAV8-TBG-
Cre) was used to knock out Srebf2 in floxed Srebf2 (Srebf2fl/fl)mice.
Similar to the effects observed in mice with shRNA-induced
Srebf2 knockdown, hepatocyte-specific knockout of Srebf2 also
reduced circulating TG and TC levels by 45% and 31%, respec-
tively (Figure S5A,B, Supporting Information), primarily due to
decreased VLDL secretion rate (Figure S5C, Supporting Informa-
tion). Additionally, the loss of hepatocyte SREBP2, in the pres-
ence of LDLR, did not affect post-heparin plasma levels of LPL
and ANGPTL3, despite that it significantly reduced peripheral
LPL activity (Figure S5D–G, Supporting Information).
In the absence of LDLR, the SREBP2-ANGPTL3-LPL axis

might play a pivotal role in regulating plasma lipid levels. To fur-
ther investigate if the lipid-lowering effect upon SREBP2 deple-
tion is due to reduced plasmaANGPTL3 levels in Ldlr−/−mice, we
generated Srebf2 and Angptl3 double knockdown mouse models.

cholesterol synthesis genes in liver of 16h-fastedmale C57BL/6Jmice (E) and Ldlr−/− mice (F) injected with AAV8-scramble control or AAV8-Srebf2-shRNA
viruses under 5-week chow followed by 5-week western diet feeding (n = 6–8 per group, by student’s t test). G) Measurement of APOB100 secretion
levels in SREBF2 knockout or control Huh7 cells in the presence or absence of LDLR using ELISA (n = 6 replicates per experiment, representative of 3
independent experiments, by two-way ANOVA). H) Measurement of triglyceride secretion in the culture medium of SREBF2 knockout or control Huh7
cells in the presence or absence of LDLR (n = 3 replicates per experiment, representative of 3 independent experiments, by two-way ANOVA). I,K)
Hepatic triglyceride contents in 16h-fasted C57BL/6J (I) and Ldlr−/− (K) mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under
5-week chow followed by 5-week western diet feeding (n = 6–8 mice per group, by student’s t test). J,L) Hepatic total cholesterol contents in 16h-fasted
C57BL/6J (J) and Ldlr−/− (L) mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under 5-week chow followed by 5-week western
diet feeding (n = 6–8 mice per group, by student’s t test). *p < 0.05, **p < 0.01, and ***p < 0.001; Error bars indicate mean ± SD.
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Figure 3. Depletion of hepatic SREBP2 promotes Lipoprotein lipase activity in the absence of LDLR. A,B) Plasma lipoprotein lipase contents (A) and
lipoprotein lipase activity (B) measured in heparinized C57BL/6J or Ldlr−/− male mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA
viruses under chow diet feeding (n = 8 mice per group, by two-way ANOVA). C,D) Plasma lipoprotein lipase contents (C) and lipoprotein lipase activity
(D) measured in heparinized Ldlr−/− male mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under 5-week chow diet feeding
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This was achieved via using AAV-shRNA to knock down Angptl3
and using AAV-TBG-Cre to deplete SREBP2 in Ldlr−/−, Srebf2fl/fl

mice. Under a chow diet feeding, depletion of either SREBP2
or ANGPTL3 individually resulted in ≈47% and ≈42% reduc-
tions in plasma TG compared to control littermates. However,
double knockdown of Srebf2 and Angptl3 did not further reduce
plasma TG significantly compared to Srebf2 knockdown mice
(Figure 4A), suggesting that ANGPTL3-LPL axis is likely the ma-
jor downstream pathway responsible for reduced plasma TG lev-
els in Ldlr−/− mice upon SREBP2 depletion. In addition, plasma
TC reduction was ≈24% in Angptl3 knockdown mice but ≈50%
in double knockdown mice, indicating a significant contribution
of non-ANGPTL3 effects to cholesterol lowering upon SREBP2
depletion (Figure 4B). Consistently, we next found that VLDL se-
cretion rate was reduced to a larger extent in SREBP2-depleted
mice than it in ANGPTL3-depleted mice when compared to con-
trol mice (Figure 4C).
Acute depletion of hepatic ANGPTL3, a well-established

LPL inhibitor, significantly increased the LPL activity in the
heparinized plasma by 260% without affecting LPL con-
tent (Figure 4D,E). Furthermore, hepatocyte-specific deple-
tion of SREBP2 or double depletion of both SREBP2 and
ANGPTL3 resulted in a slightly greater increase in post-
heparin LPL activity compared to ANGPTL3 depletion alone
(Figure 4E). In line with the increased LPL activity, deple-
tion of SREBP2 and/or ANGPTL3 led to a significant de-
crease in ANGPTL3 protein levels in heparinized plasma
(Figure 4F,G).
To further validate whether ANGPTL3 is the direct down-

stream mediator of SREBP2 in regulating LPL activity in the
absence of LDLR, CRISPR/Cas9 system was used to knock out
SREBF2 and ANGPTL3 individually or together in human hep-
atomaHuh7 cells lacking LDLR. Serum-free cell culturemedium
was collected to examine its effect onmodulating LPL activities in
an in vitro assay. Consistent with in vivo findings, both SREBF2
and ANGPTL3 knockout resulted in a significant reduction in
ANGPTL3 protein levels in the cell lysates and culture medium,
which is accompanied with significantly enhanced LPL activity
(Figure 4H–J). Moreover, when compared to ANGPTL3 single
knockout, double knockout of SREBF2 and ANGPTL3 did not
further increase LPL activity, suggesting ANGPTL3 as the main
downstream effector of SREBP2 in regulating peripheral LPL ac-
tivity.

2.5. SREBP2 Promotes Proteasome-Mediated Degradation of
ANGPTL3 in the Presence of LDLR

ANGPTL3 has been previously identified as a direct transcrip-
tional target of LXR.[11] To investigate if SREBP2 regulates
ANGPTL3 levels and LPL activity through LXR, we examined
ANGPTL3 levels in SREBF2 knockout or control LDLR+/+ and
LDLR−/− Huh7 cells treated with T0901317, a validated LXR ago-
nist (Figure S6A, Supporting Information). Consistent with pre-
vious studies,[11] LXR activation increased ANGPTL3 mRNA lev-
els in Huh7 cells, regardless of LDLR deficiency (Figure S6B,C,
Supporting Information). However, SREBP2-KO cells still exhib-
ited significantly reduced ANGPTL3 mRNA levels in the pres-
ence of LXR agonists compared to scramble controls (Figure
S6B,C, Supporting Information), suggesting that LXR agonists
could not fully restore ANGPTL3 expression in SREBP2-depleted
hepatocytes. In line with transcription levels, LXR activation sig-
nificantly increased ANGPTL3 secretion in both scramble and
SREBP2-depleted hepatocytes (Figure S6D–G, Supporting Infor-
mation), but cannot compensate for the loss of SREBP2 in reg-
ulating ANGPTL3 secretion and LPL activity in the absence of
LDLR (Figure S6F–H, Supporting Information). Notably, con-
served sterol regulatory element (SRE) binding sites were iden-
tified in the promoter region of ANGPTL3 (Figure S6I, Support-
ing Information), suggesting that SREBP2 may directly regulate
ANGPTL3 transcription in hepatocytes. Collectively, these find-
ings indicate that SREBP2 and LXR regulate ANGPTL3 secretion
through at least partially independent mechanisms.
The inconsistent quantitative relations between ANGPTL3

mRNA and protein levels in the presence or absence of LDLR
upon SREBP2 depletion suggest the existence of a SREBP2-
controlled post-transcriptional regulatory pathway modulating
blood ANGPTL3 levels. We next asked how SREBP2 regulates
ANGPTL3 protein homeostasis in hepatocytes. Compared to
control cells, the elevated ANGPTL3 protein-to-mRNA ratio in
LDLR+/+ hepatocytes upon SREBP2 depletion might be due to
increased mRNA stability, elevated translation efficiency, or at-
tenuated protein degradation activities (Figure S6A, Supporting
Information).[20] We first measured ANGPTL3 mRNA stability
in Huh7 cells by analyzing mRNA half-life upon inhibition of
transcription via Actinomycin D.[21] ANGPTL3 mRNA degra-
dation rate is similar between SREBF2 knockout and control
Huh7 cells with or without LDLR (Figure S7A–C, Supporting

followed by 3-week western diet feeding (n = 6–8 mice per group, by student’s t test). E) Relative expression of the genes involved in de novo lipogenesis,
cholesterol synthesis and LPL regulation measured by RNA-seq using different CRISPR/Cas9-mediated genetically modified AML12 mouse hepatocyte
cell line (n = 3 replicates for each cell line). F,G) qPCR expression analysis of genes modulating LPL activity in the liver of C57BL/6J (F) and Ldlr−/− (G)
mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses under 5-week chow followed by 5-week western diet feeding (n = 5–6 mice
per group, by student’s t test). H) qPCR expression analysis of ANGPTL3, ANGPTL4, and ANGPTL8 in SREBF2 knockout and control Huh7 human
hepatoma cells (n = 3 replicates for each cell line, representative of 3 independent experiments, by student’s t test). I) qPCR expression analysis of
ANGPTL3, ANGPTL4, and ANGPTL8 in SREBF2 knockout or control Huh7 human hepatoma cells lacking LDLR (n = 3 replicates for each cell line,
representative of 3 independent experiments, by student’s t test). J–M) Western blot (J and L) and quantification (K and M) of ANGPTL3 (FL stands
for full length) and ANGPTL8 in heparinized plasma of 4h-fasted male C57BL6J mice (J and K, n = 7 mice per group, by t student’s t test) and mice
lacking LDLR (L and M, n = 6–8 mice per group, by student’s t test) injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses fed chow. N,O)
Western Blot of cellular (N) and secreted (O) ANGPTL3 protein in SREBF2 knockout and control LDLR+/+ and LDLR−/− Huh7 human hepatoma cells
(representative of 3 independent experiments). P,Q) Western blot and relative quantification of ANGPTL3 in heparinized plasma of 4 h fasted male
C57BL/6J mice and mice lacking LDLR injected with AAV8-scramble control or AAV8-Srebf2-shRNA viruses fed chow (3 representative mice of each
group consisting of 6–8 mice, by one-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001; Error bars indicate mean ± SD.
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Figure 4. Hepatic SREBP2 regulates peripheral LPL activitymainly through ANGPTL3 in the absence of LDLR. A,B) Plasma triglyceride (A) and cholesterol
(B) levels of 16 h fasted Ldlr−/−,Srebf2fl/fl male mice injected with AAV8-TBG-GFP or AAV8-TBG-Cre together with AAV8-shRNA-scramble or AAV8-shRNA-
Angptl3 to achieve hepatocyte-specific knockout of Srebf2 (Srebf2 HKO), hepatic depletion of ANGPTL3 (Angptl3 KD), and SREBP2 and ANGPTL3 double
depletion (Srebf2 HKO+ Angptl3 KD) under chow diet feeding (n = 5 mice per group, by two-way ANOVA). C) Changes of plasma triglyceride after
Poloxamer-407 injection in Ldlr−/−,Srebf2fl/fl male mice injected with different AAVs to achieve hepatic depletion of SREBP2 and/or ANGPTL3 under
chow diet feeding (n = 5 mice per group). VLDL secretion levels were estimated and compared using an area-under-the-curve (AUC) approach that
subtracts the baseline value (n = 5 mice per group, by two-way ANOVA). D,E) Plasma total lipoprotein lipase contents (D) and lipoprotein lipase activity
(E) measured in heparinized Ldlr−/−,Srebf2fl/fl male mice injected with different AAVs to achieve hepatic depletion of SREBP2 and/or ANGPTL3 under
chow diet feeding (n = 5 mice per group, by two-way ANOVA). F,G) Western blot (F) and relative quantification (G) of ANGPTL3 in heparinized plasma
of 4 h fasted male Ldlr−/−,Srebf2fl/fl male mice upon SREBP2 and ANGPTL3 single or double depletion under chow diet feeding (3 representative mice
of each group consisting of 5 mice, by two-way ANOVA). H) Activity of LPL pretreated with cell culture medium isolated from CRISPR/Cas9-mediated
SREBF2 and ANGPTL3 single or double knockout or control LDLR−/− Huh7 human hepatoma cells. (n= 3 replicates from individual wells, representative
of 3 independent experiments, by two-way ANOVA). I,J) Western blot (I) and relative quantification (J) of ANGPTL3 in the lysates or culture medium
from CRISPR/Cas9-mediated SREBF2 and ANGPTL3 single or double knockout or control LDLR−/− Huh7 human hepatoma cells. (n = 3 replicates
from individual wells, representative of 3 independent experiments, by two-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001; Error bars indicate
mean ± SD.

Information). As proteasomal proteolysis and lysosomal prote-
olysis are the most critical pathways responsible for degrada-
tion of cellular proteins, we next interrogated if these proteoly-
sis activities are involved in the regulation of ANGPTL3 protein
homeostasis. In Huh7 cells, treatment with chloroquine (CQ), a
well-established inhibitor of lysosomal proteolysis, did not signif-
icantly affect cellular and secreted ANGPTL3 levels in both wild-
type and SREBF2 knockout cells in the presence of LDLR (Figure
S7D–F, Supporting Information). Moreover, ANGPTL3 levels re-
main comparable between with and without SREBP2 (Figure
S7D, Supporting Information). In LDLR−/− Huh7 cells, CQ treat-
ment resulted in a moderate increase in medium ANGPTL3 lev-
els in both control and SREBF2 knockout cells (Figure S7G–I,
Supporting Information). These data suggest that lysosomal pro-
teolysis is not responsible for the elevated ANGPTL3 protein-to-
mRNA ratio observed in LDLR+/+ hepatocytes following SREBP2
depletion.

Next, we subjected Huh7 cells to treatment with the protea-
somal proteolysis inhibitor MG-132. Our data in LDLR+/+ hepa-
tocytes indicate that, when compared to vehicle, scramble con-
trol cells treated with MG-132 exhibited a significantly greater
increase in secreted ANGPTL3 levels compared to SREBP2-
deficient cells (Figure 5A–C). A time course treatment of scram-
ble cells with MG-132 also showed a more rapid increase in
medium ANGPTL3 levels compared to SREBP2 depleted cells
(Figure 5D). These data suggest that SREBP2 in LDLR+/+ hep-
atocytes promotes both ANGPTL3 transcription and proteaso-
mal proteolysis-mediated protein degradation.While depletion of
SREBP2 in LDLR+/+ hepatocytes significantly reduces themRNA
levels of ANGPTL3, the diminished proteasome activity toward
ANGPTL3 keeps its protein levels unaffected.
In hepatocytes lacking LDLR, this SREBP2-proteasome-

ANGPTL3 pathway seems to be abolished or greatly attenuated as
evidenced by the observation that MG-132 treatment led to a sim-
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Figure 5. SREBP2 promotes proteasome-mediated degradation of ANGPTL3 in the presence of LDLR. A–C) Western Blot and quantification of cellular
and secreted ANGPTL3 in SREBF2 knockout or control LDLR+/+ Huh7 cells upon 1 um MG-132 or DMSO treatment for 4 h. (n = 3 replicates from
individual wells, representative of 3 independent experiments, by two-way ANOVA). D) Western Blot of cellular and secreted ANGPTL3 in SREBF2
knockout or control LDLR+/+ Huh7 cells upon 1 umMG-132 treatment for 0, 2, 4, and 6 h (representative of 3 independent experiments). E–G) Western
Blot and quantification of cellular and secreted ANGPTL3 in SREBF2 knockout or control LDLR−/− Huh7 cells upon 1 umMG-132 or DMSO treatment for
4 h. (n = 3 replicates from individual wells, representative of 3 independent experiments, by two-way ANOVA). H) Western Blot of cellular and secreted
ANGPTL3 in SREBF2 knockout or control LDLR−/− Huh7 cells upon 1uM MG-132 treatment for 0, 2, 4, and 6 h (representative of 3 independent
experiments). *p < 0.05, **p < 0.01, and ***p < 0.001; Error bars indicate mean ± SD.

ilar degree of increase of both cellular and secreted ANGPTL3 lev-
els between SREBF2 knockout and control cells (Figure 5E–H).

2.6. Acute Depletion of Hepatic SREBP2 Shows a Synergistic
Cholesterol Lowering Effect with PCSK9 Inhibition

PCSK9 inhibitors, including monoclonal antibodies and
siRNA therapies, prevent the degradation of LDLR on hep-
atocyte surfaces, showing remarkable efficacy in reducing
LDL-C and atherosclerotic events in patients with familial
hypercholesterolemia.[22] Previous studies have shown that
hepatocyte-specific deletion of Srebf2 did not affect liver LDLR
protein levels,[15] suggesting that PCSK9 inhibition might have
additive effects on cholesterol reduction when combined with
hepatic SREBP2 depletion. To determine the potential synergis-
tic effects, Alirocumab, an FDA-approved PCSK9 monoclonal
antibody, was injected to mice with hepatocyte-specific SREBP2
depletion. Consistent with previous findings, hepatocyte-specific
knockout of SREBF2 resulted in the reduction of plasma TG
(Figure 6A) and TC (Figure 6B) by 47% and 21%, respectively,
compared to the control littermates. A single-dose injection
of Alirocumab did not further reduce circulating TG in mice
lacking hepatic SREBP2 (Figure 6A), but significantly enhance
the cholesterol-lowering effects from 21% to 43% (Figure 6B),
compared to the control littermates without SREBP2 or PCSK9

inhibition. These data indicate that acute depletion of hepatic
SREBP2 works synergistically with PCSK9 inhibitors to lower
plasma cholesterol levels.

2.7. Acute Depletion of Hepatic SREBP2 Protects Against
Atherosclerosis

To determine whether the lipid-lowering effect upon SREBP2
acute depletion protects mice against atherosclerosis, we exam-
ined atherosclerotic plaques in mice lacking LDLR. Analyses of
aortic root sections showed that compared to Ldlr−/− mice in-
jected with AAV8-shRNA scramble control, the mean lesion area
and necrotic core area were reduced by ≈45% and ≈33%, respec-
tively, after one-dose AAV-shRNA based depletion of SREBP2
(Figure 7A–D; Figure S8B,C, Supporting Information). Mean-
while, en face Oil Red O staining of the full-length aorta indi-
cated that the atherosclerotic lesion area was also significantly
reduced by ≈47% (Figure 7E,F; Figure S8A, Supporting Infor-
mation). Taken together, these data suggest that acute depletion
of SREBP2 in liver of adult mice confers protection against hy-
perlipidemia and atherosclerosis.

3. Discussion

Our results show that acute depletion of SREBP2 specifi-
cally in hepatocytes reduces plasma cholesterol and TG levels
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Figure 6. Acute depletion of hepatic SREBP2 synergizes with PCSK9 inhibition to reduce plasma cholesterol levels. A,B) Plasma triglyceride (A) and
cholesterol (B) levels of Srebf2fl/fl and Srebf2 hepatocyte-specific knockout (Srebf2 HKO) mice administrated with single-dose Alirocumab or saline
(n = 5 mice per group, by two-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001; Error bars indicate mean ± SD.

substantially and confers significant protection to LDLR-deficient
mice against atherosclerosis. Mechanistically, we uncovered
that SREBP2 plays a distinct regulatory role in regulating
blood ANGPTL3 levels and peripheral LPL activities, depend-
ing on the presence or absence of LDLR. Depletion of SREBP2
drastically elevates LPL activities through downregulation of
plasma ANGPTL3 levels in LDLR-deficient mice, but not
in C57BL/6J wild-type mice. This study thus uncovered a
liver-peripheral crosstalk mediated by SREBP2-ANGPTL3 axis
and suggests that SREBP2 inhibition could be an effective
strategy to tackle homozygous familial hypercholesterolemia
(HoFH).
Homozygous familial hypercholesterolemia (HoFH) is a rare

life-threatening genetic disorder characterized by substantially
elevated levels of low-density lipoprotein cholesterol (LDL-C)
in the bloodstream, which usually is accompanied by prema-
ture atherosclerotic cardiovascular disease (ASCVD).[5] Genetic
studies have revealed that more than 95% of individuals with
HoFH carry loss-of-function mutations in both alleles of LDLR
gene.[23] Previous studies have established that hypercholes-
terolemia found in HoFH patients is attributed to greatly at-
tenuated hepatic clearance of plasma LDL-C, as well as over-
production of cholesterol in the liver due to the loss of feed-
back inhibition of SREBP2-mediated cholesterol biosynthesis.
In this study, we observed that peripheral LPL activity is signif-
icantly reduced in LDLR-deficient mice compared to wild-type
C57BL/6J mice, which likely contributes to the hyperlipidemia
phenotype. It is possible that the upregulation of hepatic SREBP2
activity in LDLR-deficient hepatocytes increases the expression of
ANGPTL3 (Figure 3N–Q), thereby inhibiting peripheral LPL ac-
tivity.
Previous studies have demonstrated the essential role of

LDLR in the liver to communicate with blood thereby regulat-
ing hepatic cholesterol production via SREBP2-mediated signal-
ing pathway.[12] In addition to liver, the enzyme lipoprotein li-
pase in peripheral tissues also plays a major role in regulat-
ing cholesterol and lipid homeostasis. Given the essential roles
of hepatic SREBP2-LDLR axis and peripheral LPL in regulating
systemic cholesterol and lipid metabolism, it is possible that a
mechanism exists for facilitating crosstalk between these two
pathways, thus ensuring the maintenance of whole-body choles-
terol/TG homeostasis. In LDLR-deficient mice, we have iden-

tified hepatic ANGPTL3 as the mediator enabling SREBP2 to
communicate with peripheral LPL-mediated hydrolysis of TG-
rich lipoproteins. The study of SREBP2 and ANGPTL3 double
depletion in LDLR-deficient mice revealed that while the TG-
lowering effects upon SREBP2 depletion are primarily driven
by the downregulation of ANGPTL3, there may be additional
non-ANGPTL3-related contributions to the reduction in plasma
cholesterol in SREBP2-deficient mice. Notably, the hepatic VLDL
secretion rate is reduced to a larger extent in SREBP2-deficient
mice than in ANGPTL3-deficient mice when compared to con-
trol mice (Figure 4C). These findings suggest that SREBP2 regu-
lates plasma TC levels through both the ANGPTL3-LPL axis and
hepatic VLDL production, as well as potentially through other un-
known pathways. Importantly, our study also confirmed that the
depletion of hepatic ANGPTL3 inhibits VLDL secretion, suggest-
ing that ANGPTL3 regulates circulating TG and TC levels not
only by modulating peripheral LPL activity but also by regulating
cellular lipoprotein metabolism.[24,25]

This SREBP2-ANGPTL3-LPL axis functions under disease
condition where LDLR is lacking. However, in wild-typemice un-
der physiological conditions, the detailed molecular mechanism
underlying reduced peripheral LPL activity following SREBP2
depletion remains unclear. This regulatory effect on LPL activ-
ity by SREBP2 is a plausible way for the liver to reduce the
uptake of fatty acids by peripheral tissues when lipid produc-
tion is decreased. It seems that ANGPTL3 is not involved, as
we did not observe a significant increase in its protein levels in
the blood. Nevertheless, we did notice a significant downregu-
lation in the expression of Apoa5, which encodes a critical LPL
activator, in both Ldlr+/+ and Ldlr−/− mice following SREBP2 de-
pletion (Figure 3F,G). Further studies are necessary to investi-
gate whether SREBP2 regulates peripheral LPL activity through
APOA5.
It appears that SREBP2 regulates hepatic ANGPTL3 levels

through both transcriptional and post-translationalmechanisms.
In hepatocytes with LDLR, depletion of SREBP2 results in the
downregulates of both ANGPTL3 transcription and proteasome-
mediated protein degradation. Consequently, this leads to no
changes in the total protein levels of ANGPTL3. We found
that LDLR is not involved in SREBP2’s transcriptional regula-
tion of ANGPTL3. However, the inhibitory effect on ANGPTL3
degradation upon SREBP2 knockout is abolished or significantly
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Figure 7. Acute depletion of hepatic SREBP2 protects against atherosclerosis. A,B) Representative images (A) and quantification of aortic lesion areas (B)
from cross sectional aortic root sections stained with Oil Red O and hematoxylin for lesion area from LDLR-Deficient mice injected with AAV8-scramble
control or AAV8-Srebf2-shRNA and fed western diet for 14 weeks (n = 4–5 mice per group, each mouse has at least 3 sections for analysis, by student’s
t test). C,D) Representative images (C) and quantification of necrosis level (D) from cross sectional aortic root sections stained with hematoxylin and
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attenuated by the depletion of LDLR, which restores the correla-
tion between ANGPTL3 mRNA and protein levels.
Our findings strongly support a direct role for SREBP2 in

regulating proteasome-mediated ANGPTL3 degradation in hep-
atocytes expressing LDLR; however, the underlying molecu-
lar mechanism remains unclear. One potential explanation is
the existence of a specific E3 ligase, transcriptionally regu-
lated by SREBP2, that recognizes ANGPTL3 as its substrate
in hepatocytes. Alternatively, as a master transcriptional reg-
ulator of lipid metabolism, SREBP2 depletion alters the ex-
pression of many genes and downstream biological processes.
Consequently, ANGPTL3 degradation might be secondary to
pathways downstream of SREBP2. Although our data sug-
gest that reduced ANGPTL3 degradation upon SREBP2 deple-
tion is not attributable to changes in cellular cholesterol levels
(Figure S4C,D,G,H, Supporting Information), the possibility that
ANGPTL3 degradation is mediated or modulated by other sec-
ondary pathways downstreamof SREBP2 cannot be excluded. Fu-
ture studies are required to elucidate this complex regulatory net-
work, including the identification of specific E3 ligases and other
indirect regulators downstream of SREBP2, to fully understand
the mechanisms underlying the proteasome-mediated degrada-
tion of ANGPTL3.
Of note, regulation of LDL receptor by SREBP2 is the dom-

inant mechanism by which statin drugs lower plasma LDL-
cholesterol levels. Statins, upon untaken by the liver, block
cholesterol production by inhibiting the enzymatic activity of
HMG-CoA reductase. Subsequently, the depletion of cellular
cholesterol levels activates SREBP2, leading to an increase in
LDL-cholesterol uptake through the upregulation of LDLR ex-
pression in the liver cells. However, patients with HoFH ex-
hibit a significantly diminished response to statins due to the
defect or complete loss of LDLR activity. Thus, development
of LDLR-independent cholesterol-lowering therapies is still ur-
gently needed to address this unmet medical need for the treat-
ment of HoFH. Of note, while our study demonstrated that acute
depletion of SREBP2 in C57BL/6J wild-type and LDLR-deficient
mice did not result in excessive lipid accumulation, increased
neutrophil infiltration, or elevated pro-inflammatory cytokine ex-
pression, concerns remain regarding the development of ther-
apies targeting SREBP2. Given the central role of SREBP2 in
cholesterol and lipid metabolism, the long-term side effects of
liver SREBP2 inhibition, if there is any, remain unknown. Ad-
dressing these concerns will be critical for the successful devel-
opment of SREBP2-targeted therapies for HoFH.
In summary, our findings demonstrate that acute depletion

of hepatic SREBP2 protects against hypercholesterolemia and
atherosclerosis. We elucidated distinct functions of SREBP2 in
regulating ANGPTL3 expression and peripheral LPL activities
in the presence and absence of LDLR. This study has also pro-
vided insights into a long-standing question: whether the lipid-

lowering effects upon SREBP2 depletion requires intact LDLR.
These data taken together suggest that SREBP2 inhibition could
serve as an effective strategy to address the challenges posed by
HoFH.

4. Experimental Model and Subject Details

4.1. E. coli Strain

To reduce the frequency of homologous recombination of long terminal
repeat (LTRs), E. coli stbl3 strain cultured in LB broth was used to clone all
of the lentiviral vectors.

4.2. Animal Models

All animal care and experimental procedures utilized in this study were
granted approval by the Institutional Animal Care and Use Commit-
tee of the National University of Singapore. Mice were housed in a
controlled environment with a 12 h light-dark cycle, ensuring free ac-
cess to water and a standard chow diet. C57BL/6J (The Jackson Labo-
ratory, RRID: IMSR_JAX:000664) and Ldlr−/− mice (The Jackson Labora-
tory, RRID: IMSR_JAX:01 0803) were procured from Jackson Laboratory
at 8 weeks of age. Floxed Srebf2 (Srebf2fl/fl) mice were gifts from Dr.
Ling Shuo-Chien, Department of Physiology, NUS Yong Loo Lin School
of Medicine. Srebf2fl/fl mice were crossed with Ldlr−/− mice to generate
Ldlr−/−/Srebf2fl/fl mice. Male littermate mice aged between 6 to 22 weeks
were selected to ensure matching age and sex. In experiments involv-
ing special diets, 7-week-old mice were placed on a high-fat diet (60/Fat,
TD.06414, Envigo) for a total duration of 10 weeks or a western diet
(TD.10885, Envigo) for a total period of 10–14 weeks.

4.3. Cell Lines and Culture Conditions

The Huh7 cell line is a hepatocyte-derived carcinoma cell line that origi-
nated from a liver tumor in a 57-year-old Japanese male (JCRB Cell Bank,
JCRB0403). The AML12 (alpha mouse liver 12) cell line was established
from hepatocytes obtained from a male mouse (CD1 strain, line MT42)
transgenic for human TGF alpha (ATCC, ATCC CRL-2254). HEK293T cells
were derived from human embryonic kidney 293 cells expressing SV40 T-
antigen (ATCC, ATCC CRL-3216). Huh7 and HEK293T cells were cultured
inDulbecco’sModified Eagle’sMedium (DMEM) supplementedwith 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. AML12 cells
were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 Ham with 10% FBS, 1% penicillin/streptomycin, 0.005 mg mL−1 in-
sulin, 0.005 mg mL−1 transferrin, 5 ng mL−1 selenium, and 40 ng mL−1

dexamethasone. All cells were maintained in a 5% CO2 atmosphere at
37 °C.

5. Experimental Section
In Vivo Depletion of Hepatic Srebf2 and Angptl3 Using AAV-Delivered

shRNA or AAV-TBG-Cre: To knock down hepatic Srebf2 in vivo,
AAV8-Srebf2-shRNA (Vector Biolabs) were administered to six-week-old

eosin for lesion area from LDLR-Deficient mice injected with AAV8-scramble control or AAV8-Srebf2-shRNA and fed western diet for 14 weeks (n = 4–5
mice per group, each mouse has at least 3 sections for analysis, by student’s t test). E,F) Representative images (E) and quantification of aortic lesion
areas (F) from en face analysis of aortas before and after Oil Red O staining in the male Ldlr−/− mice injected with AAV8-scramble control or AAV8-
Srebf2-shRNA and fed with western diet for 14 weeks (n = 4–5 mice per group, by student’s t test). G) Model of the mechanism by which hepatic SREBP2
differentially regulates ANGPTL3 and peripheral LPL activity in the presence or absence of LDLR. *p < 0.05, **p < 0.01, and ***p < 0.001; Error bars
indicate mean ± SD.
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C57BL/6J, Ldlr−/− mice via retro-orbital injection at a dose of 6 × 1011

gc per male mouse, same dose of AAV8-scramble-shRNA (Vector Bio-
labs) was used as the control. To achieve hepatocyte-specific knockout of
Srebf2 in vivo, AAV8-TBG-Cre were administered to six-week-old Srebf2fl/fl

or Ldlr−/−/Srebf2fl/fl mice via retro-orbital injection at a dose of 3 × 1011 gc
per male mouse, same dose of AAV8-TBG-EGFP was used as the control.

To perform Srebf2 and Angptl3 double knockdown experiments, age
matched Ldlr−/−/Srebf2fl/fl mice were randomly divided into 4 groups:
Group 1 (control): received 3 × 1011 gc AAV8-TBG-EGFP and 3 × 1011

gc AAV8-scramble-shRNA; Group 2 (hepatocyte-specific Srebf2 knockout,
Srebf2 HKO): received 3 × 1011 gc AAV8-TBG-Cre and 3 × 1011 gc AAV8-
scramble-shRNA; Group 3 (Angptl3 knockdown, Angptl3 KD): received
3 × 1011 gc AAV8-TBG-EGFP and 3 × 1011 gc AAV8-Angptl3-shRNA; Group
4 (hepatocyte-specific Srebf2 knockout + Angptl3 knockdown, Srebf2 HKO
+ Angptl3 KD): received 3 × 1011 gc AAV8-TBG-Cre and 3 × 1011 gc AAV8-
Angptl3-shRNA. AAV8 administration was performed via retro-orbital in-
jection at the age of 6–8 weeks, special diet-feeding was initiated at either
1- or 6-weeks post-injection. Heparinized blood and liver samples were
collected at specified time points after injection for further analysis.

Blood and Cellular Lipid Assays: Mouse blood was collected from tail
tips at different conditions as specified, and plasma were further iso-
lated via 10 min 1500 × g centrifugation at 4 °C. Cellular lipids of mouse
liver or cultured cell lines were extracted using Folch’s extraction method
(Folch et al., 1957) with optimization. In brief, snap-frozen liver samples
or cell pellets suspended in PBS were mixed with six-fold volume 2:1 (v:v)
chloroform-methanol mixture and vortexed vigorously for at least 30 s.
Then 75 ul of PBS was added, followed by another round of vigorous vor-
tex. The mixture was centrifuged at 4200 × g for 10 min at 4 °C, 200 ul of
the organic layer (bottom phase) was transferred into a clean tube to dry
overnight. The dried residue was dissolved in 100 ul ethanol containing 1%
Triton X-100 and dried using a SpeedVac concentrator. The final dried cel-
lular lipids were dissolved in 100 ul 1% Triton X-100 in PBS and proceeded
for analysis. Triglyceride and total cholesterol levels were measured us-
ing Infinity Triglycerides Reagent (Thermo Fisher) and Infinity Cholesterol
Reagent (Thermo Fisher) respectively according to the manufacturer’s in-
structions.

CRISPR-Induced Depletion of SREBP2, LDLR, and ANGPTL3 in Human
Hepatoma Huh7 Cells and Mouse AML12 Cells: Gene knockout exper-
iments using CRISPR/Cas9 were performed in human Huh7 cells and
mouse AML12 cells, following a modified protocol from a previous study
(Yu et al., 2019). In brief, stable cell lines expressing Cas9 were gener-
ated in Huh7/AML12 cells through a two-round infection of packaged in
lentiviruses containing lentiCas9-Blast (Addgene) for 16 h, followed by se-
lection with 30 μg ml−1 blasticidin (ThermoFisher, A1113903) for 5 days.
Subsequently, three guide RNAs targeting either human SREBF2 ormouse
Srebf2 were constructed into lentiGuide-Puro (Addgene). The lentiviruses
containing corresponding CRISPR lentiviral vectors were packaged from
HEK293FT cells and used to infect Huh7 2xCas9 cells or AML12 2xCas9
cells for 24 h, followed by selection using 10 μg ml−1 puromycin (Ther-
moFisher, A1113803) for five days prior to conducting assays.

In Vitro APOB100 Secretion Assay: Huh7 cells with different CRISPR-
mediated gene depletion were seeded 24 h prior to the assay for recovery,
followed by a 12 h culture in serum-freeDMEMmedium. Subsequently, the
medium was collected and the quantity of secreted APOB100 was mea-
sured using ELISA kit (ThermoFisher, EH34RB) in accordance with the
manufacturer’s instructions.

In Vitro LDL Uptake Assay: To measure LDL uptake, Huh7 cells were
seeded 16 h prior to the assay. Then, the cells were rinsed once with PBS
and incubated in serum-free DMEMmedium for 4 h before 1 h incubation
in serum-free medium containing 5 μg mL−1 of Dil-LDL (Thermo Fisher).
The cells were then carefully washed with PBS to remove unbound or
surface-bound LDL and fixed with 4% paraformaldehyde and co-stained
with DAPI for imaging. In parallel, cells were collected to perform flow cy-
tometry analysis to quantify the mean fluorescence intensity (MFI) as a
measure of LDL uptake by the cells.

Hepatic VLDL Secretion Assay: To measure the hepatic VLDL secre-
tion rate, mice were fasted for 4 h. Subsequently, they received an in-
traperitoneal injection of 1g kg−1 body weight Poloxamer-407 (Sigma).

Immediately before, at 60 min, and 120 min after the administration of
Poloxamer-407, blood samples were collected from the tail tips. Plasma
triglyceride levels were measured using the Infinity Triglycerides Reagent
(Thermo Fisher) as mentioned previously. VLDL secretion rate was esti-
mated and compared using an area-under-the-curve (AUC) approach that
subtracts the baseline value.

Lipoprotein Lipase Activity and ELISA Assay: The activity of lipopro-
tein lipase (LPL) was assessed in the fasting post-heparin plasma us-
ing a fluorometric kit (Cell Biolabs, STA-610). Prior to and 10 min after
the retro-orbital injection of 0.1U heparin per gram of the mouse’s body
weight, blood was collected from the tail vein into heparinized tubes. The
plasma was then separated and processed for the assay in accordance
with the manufacturer’s instructions. Fluorescence was measured using
a microplate reader at an excitation wavelength of 485 nm and an emis-
sion wavelength of 525 nm. LPL activity was calculated and reported as
mU ml−1. The circulating lipoprotein lipase protein levels in the mouse
post-heparin plasma were determined by a mouse-specific ELISA kit (Cus-
abio, CSB-E08495 m) in accordance with the manufacturer’s instructions.

Immunoblotting: Tissue or cell samples were lysed in RIPA lysis buffer
consisting of 50 mm Tris-HCl (pH 7.5), 150 mm NaCl, 1 mm EDTA, 1 mm
DTT, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v)
SDS, and a protease and phosphatase inhibitor cocktail (Thermo Fisher,
78443). Protein concentrations were determined using the BCA Protein
Quantification Kit (Thermo Fisher, 23227). Proteins (20–50 μg) were then
subjected to 8–12% SDS-PAGE and transferred to a Nitrocellulose Mem-
brane (Bio-rad, 1 620 094) for immunoblot analysis. After blocking the
membrane with 5% (w/v) milk in TBST (Tris-buffered saline with 0.1%
Tween 20), it was incubated overnight with the primary antibody, followed
by three washes with TBST. Subsequently, the membrane was incubated
with the corresponding secondary HRP-conjugated antibody diluted in
TBST containing 5% milk (w/v). After three additional washes with TBST,
the bands on the membrane were detected using the iBright FL1500 sys-
tem (Thermo Fisher, FL1500).

For immunoblotting with mouse plasma, equal amounts of the plasma
were diluted with PBS for 5–20 folds and mixed with loading buffer before
proceeding to the SDS-PAGE. Membrane was stained with Ponceau S and
the total protein stain was used as the loading control for quantification.

Gene Expression Analysis: For mRNA expression analysis, total RNA
was isolated using Trizol (Invitrogen, 15596018) and the expression lev-
els of specific genes were measured by quantitative real-time PCR (qRT-
PCR) usingHigh-Capacity cDNAReverse Transcription Kit (Thermo Fisher,
4 368 813) and SYBR-green qPCR master-mix (Qiagen, 208057) with the
recommended setup. For the reverse transcription, the thermocycler con-
ditions were 25 °C 10 min, 37 °C 120 min, and 85 °C 5 min. For the quan-
titative PCR, the thermocycle was 95 °C for 5 min, followed by 40 cycles
of 95 °C (denaturation) for 10 s and 60 °C (annealing and extension) for
30 s. The melting curve was determined by one-cycle 95 °C for 15 s and
60 °C for 1 min at last. The expression level was quantified using the ΔCt
method, standardized against the Ct value of a housekeeping gene RPLP0.
Primer sequences used in this study were listed in Table S1 (Supporting
Information).

RNA-seq and Data Analysis: For the RNA-seq assay, total mRNA was
isolated from AML12 cell samples using Trizol (Invitrogen, 15 596 018).
The extracted total RNA was quantified using a Nanodrop 2000 spec-
trophotometer (Thermo Fisher) and assessed for quality using a Bioana-
lyzer. cDNA library preparation and mRNA sequencing were performed by
Novogene, utilizing the state-of-the-art Illumina NovaSeq platforms and a
paired-end 150 bp sequencing strategy.

For data analysis, the raw reads were initially processed with FastQC
and Cutadapt to eliminate adapters, over-represented sequences, and low-
quality sequences. Subsequently, the alignment of the reads was con-
ducted using the HISAT2 software. SAMtools was utilized for sorting and
converting themapped reads to the BAM format. Following that, reads per
kilobase per million (RPKM) values were calculated for each gene, and dif-
ferentially expressed genes (DEGs) were identified using DESeq2, consid-
ering those with a fold change of more than 1.5 and an adjusted P value of
less than 0.05. To further explore the biological implications of the DEGs,
Gene Ontology (GO) biological process term enrichment analysis was
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carried out employing the clusterProfiler package. Gene sets with a P value
below 0.05 were considered statistically significant.

In Vitro Lipoprotein Lipase Activity Assay: To evaluate the regulatory ac-
tivity of secretory factor from the hepatocytes, an in vitro LPL activity as-
say was used as described[26] with modifications. Briefly, 25 ul serum-free
overnight cell culture medium fromHuh7 cells was diluted to 100 ul using
1xLPL Assay buffer containing 15mUml−1 LPL from the commercial assay
kit (Cell Biolabs, STA-610). The reaction was first carried out for 30 min at
37 °C and proceeded in accordance with the manufacturer’s instructions.
The signal of the fluorescent product was measured using a microplate
reader at an excitation wavelength of 485 nm and an emission wavelength
of 525 nm.

RNA Stability Analysis: Huh7 cells were incubated with 1 ugml−1 Acti-
nomycin D (dissolved in DMSO) for different time courses (0, 3, 6, 12,
and 24 h) to inhibit RNA synthesis. Cultures that were treated with DMSO
only served as the vehicle control. Subsequently, gene expression was de-
termined and normalized to GAPDH, a housekeeping gene with stable
transcripts. Myc, whose mRNA has an extreme instability in various cell
types (Dani et al., 1984), was used as a positive control for the transcrip-
tion inhibition.

Protein Degradation Inhibitor Treatment: Cells (5× 105) were seeded in
6-well plates 24 h prior to the treatment to let them fully adhere to the sur-
face and present healthy phenotype. After recovery, cells were first starved
in serum-free DMEM medium for 4 h and then changed into the serum-
free medium supplementary with different inhibitors (1 um Proteasome
inhibitor MG-132 dissolved in DMSO (MedChemExpress, HY-13259) or
50 um Lysosomal autophagy inhibitor Chloroquine dissolved in ethanol
(MedChemExpress, HY-17589A)) or equal volume of the solvents as the
vehicle control for treatment of various lengths (0, 2, 4, and 6 h). When the
treatment terminated, both cell lysates and culturemediumwere collected
for immunoblotting.

LXR Agonist, Cholesterol, and Statin Treatment: Cells (5 × 105) were
seeded in 6-well plates 24 h prior to the treatment to let them fully adhere
to the surface and present healthy phenotype. After recovery, cells were
first starved in serum-free DMEM medium for 4 h and then changed into
the serum-free medium supplementary with different chemicals or sup-
plements (1uM LXR agonist T0901317 dissolved in DMSO (MedChemEx-
press, HY-10626) or 50 um Cholesterol–methyl-𝛽-cyclodextrin dissolved
in H2O (Sigma-Aldrich, C4951) or 10 um Simvastatin (MedChemExpress,
HY-17502)) or equal volume of the solvents as the vehicle control for
overnight treatment (16 h). When the treatment terminated, both cell
lysates and culture medium were collected for immunoblotting.

Synergistic Effect of PCSK9 Inhibitors and SREBP2 Depletion In Vivo: To
evaluate the synergistic effect of PCSK9 inhibition and SREBP2 depletion.
Six-week-old Srebf2fl/flmice injectedwith AAV8-TBG-EGFP or AAV-TBG-Cre
weremaintained on chowdiet. Alirocumab (10mg kg−1) was administered
via tail vein injections after three weeks of AAV injection. Immediately be-
fore and 120 h after Alirocumab injection, overnight fasted blood samples
was collected from tail tips for lipid analysis.

En Face Quantification of Atherosclerotic Lesions in Aorta: Seven-week-
old Ldlr−/− mice injected with AAV8-scramble-shRNA (Vector Biolabs)
or AAV8-Gpr146-shRNA (Vector Biolabs) were placed on western diet
(TD.10885, Envigo) for a total period of 14 weeks. At the end of the di-
etary intervention, the mice were anesthetized, and their aorta was care-
fully perfused with 10 mL of saline via the left ventricle. The heart, along
with the attached full-length aorta, was then carefully detached and fixed
in 10% formalin for a duration of 3 days. Following removal of the heart
and surrounding adventitial fat tissue under a dissection microscope, the
aorta was longitudinally opened from the aortic root to iliac bifurcation
and pinned on a black rubber plate. To visualize the plaques, the aorta was
treated with 60% isopropanol for 10 min before staining with an oil red O
solution (3 mg mL−1 in 60% isopropanol, filtered twice through a 0.2 μm
filter) for 15 min. After staining, the aorta was destained with 60% iso-
propanol for 5 min to eliminate background staining. The stained aortas
were then stored in 10% formalin until images were captured. Quantifica-
tion of the oil-red O-stained atherosclerotic lesion area in the full-length
aorta was performed using ImageJ software. All image capture and quan-
titation procedures were conducted in a blinded manner.

Histology and Immunohistochemistry: Mouse hearts were perfused in
situ with 0.9% w/v saline via a cannula inserted into the left ventricle, with
outflow through an incision in the right atrium. The perfused hearts were
then embedded fresh in cryo-embedding media (Tissue-Tek OCT com-
pound). Frozen tissue blocks were mounted on a cryostat mold, ensuring
that the tip of the heart faced outward, and sectioning commenced until
the appearance of the first aortic valve. Subsequently, serial sections were
collected at a thickness of 10 micrometers per section, covering the com-
plete sequence of 2 aortic valves, followed by 3 aortic valves, and finally 1
aortic valve. For individual mouse, one aortic root sections containing at
least 2 aortic valves were stained with Oil Red O and counterstained with
hematoxylin for lesion area analysis. A consecutive section was stained
with Hematoxylin and Eosin for necrosis quantification. Quantification of
both the lesion area and necrosis level was performed using ImageJ soft-
ware. The lesion area fraction was calculated by dividing the lesion area
(Oil Red O positive area) by the area of the aortic wall and expressed as
a percentage. The necrosis level was determined by dividing necrotic core
areas (defined as anuclear, afibrotic, and eosin-negative areas) by the le-
sion area and expressed as a percentage.

Mouse livers were fixed in 4% paraformaldehyde for 48 h followed by
gradual dehydration in a series of alcohol solutions with increasing con-
centrations. Subsequently, the liver samples were cleared in xylene, infil-
trated with liquid paraffin, and embedded in paraffin blocks for sectioning.
Sections with 4micrometers thick were cut andmounted onto glass slides.
After deparaffinization and rehydration, the slides were stained with hema-
toxylin and counterstained with eosin for further observation and analysis.
The steatosis level was graded using a standardized NAFLD Activity Score
(NAS). All quantification and scoring were conducted in a blindedmanner.

Quantification and Statistical Analysis: All statistical analyses were
performed using GraphPad Prism 9.3. Data were expressed as the
mean ± standard deviation using at least three biologically indepen-
dent replicates. The statistical differences between the two experimental
groups were calculated using a heteroscedastic two-tailed student’s t-test.
For comparisons among multiple groups, one-way analysis of variance
(ANOVA) was used, followed by Tukey’s or Dunnett’s post hoc test, as ap-
propriate. For experiments involving two independent variables, two-way
ANOVAwas employed to evaluate interactions andmain effects, with Bon-
ferroni’s post hoc tests applied for pairwise comparisons where necessary.
A p-value of <0.05 was considered statistically significant.
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Supporting Information is available from the Wiley Online Library or from
the author.
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