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Abstract

Rationale: Low density cholesterol receptor (LDLR) in the liver is critical for the clearance of
low-density lipoprotein cholesterol (LDL-C) in the blood. In atherogenic conditions, proprotein
convertase subtilisin/kexin 9 (PCSK9) secreted by the liver, in a nonenzymatic fashion, binds to
LDLR on the surface of hepatocytes, preventing its recycling and enhancing its degradation in
lysosomes, resulting in reduced LDL-C clearance. Our recent studies demonstrate that epsins, a
family of ubiquitin-binding endocytic adaptors, are critical regulators of atherogenicity. Given the
fundamental contribution of circulating LDL-C to atherosclerosis, we hypothesize that liver epsins
promote atherosclerosis by controlling LDLR endocytosis and degradation.

Objective: We will determine the role of liver epsins in promoting PCSK9-mediated LDLR
degradation and hindering LDL-C clearance to propel atherosclerosis.

Methods and Results: We generated double knockout mice in which both paralogs of epsins,
namely, epsin-1 and epsin-2, are specifically deleted in the liver (Liver-DKO) on an ApoE -
background. We discovered that western diet (WD)-induced atherogenesis was greatly inhibited,
along with diminished blood cholesterol and triglyceride levels. Mechanistically, using scRNA -
seq analysis on cells isolated from the livers of ApoE~- and ApoE~- /Liver-DKO mice on WD, we
found lipogenic Alb M hepatocytes to glycogenic HNF4a " hepatocytes transition in ApoE”
/Liver-DKO. Subsequently, gene ontology analysis of hepatocyte-derived data revealed elevated
pathways involved in LDL particle clearance and very-low-density lipoprotein (VLDL) particle
clearance under WD treatment in ApoE~-/Liver-DKO, which was coupled with diminished plasma
LDL-C levels. Further analysis using the MEBOCOST algorithm revealed enhanced
communication score between LDLR and cholesterol, suggesting elevated LDL-C clearance in the
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ApoE"- Liver-DKO mice. In addition, we showed that loss of epsins in the liver upregulates of
LDLR protein level. We further showed that epsins bind LDLR via the ubiquitin-interacting motif
(UIM), and PCSK9-triggered LDLR degradation was abolished by depletion of epsins, preventing
atheroma progression. Finally, our therapeutic strategy, which involved targeting liver epsins with
nanoparticle-encapsulated siRNAs, was highly efficacious at inhibiting dyslipidemia and
impeding atherosclerosis.

Conclusions: Liver epsins promote atherogenesis by mediating PCSK9-triggered degradation of
LDLR, thus raising the circulating LDL-C levels. Targeting epsins in the liver may serve as a novel
therapeutic strategy to treat atherosclerosis by suppression of PCSK9-mediated LDLR degradation.

#: first co-authors with equal contribution; *: corresponding author

Introduction

Atherosclerosis is the major contributor to many cardiovascular diseases (CVDs), including
coronary artery disease, stroke and peripheral vascular disease '. CVDsare the leading causes of
death globally, in the United States alone, approximately 610,000 individuals succumb to heart-
related ailments annually, constituting nearly one-quarter of all deaths?. This chronic disease
initiates with lipid accumulation in the subendothelial space of arterial walls, followed by an
inflammatory response that accelerates atherosclerotic plaque formation3. Understanding the
molecular mechanisms responsible for the initiation, growth, and destabilization of atheroma is
essential for the development of more effective and targeted therapies to prevent ischemic injury,
disability, or death in patients with CVDs*.

Modern lifestyles have rendered millions susceptible to hyperlipidemia, a key risk factor for
atherosclerosis. In addition to diet-induced hyperlipidemia, familial hypercholesterolaecmia (FH)
is the most common inherited metabolic diseases that featured as markedly elevated plasma levels
of low-density lipoprotein cholesterol (LDL-C)’. Mutations in low-density lipoprotein receptor
(LDLR) are the main genetic cause of elevated LDL-C levels in familial hypercholesterolemia®.
In the intima, LDL-C undergoes oxidative modifications by reactive oxygen species, and the
oxidized LDL cholesterol (oxLDL-C) is then taken up by macrophages for the formation of foam
cells 7. Cholesterol-laden foam cells trigger the secretion of proinflammatory cytokines, as the
inflammatory master cytokine, IL-1p activates the expression of many proinflammatory cytokines®.
The infiltration of circulating macrophages, leukocytes, and monocytes into the atherosclerotic
lesion pave the way for atherosclerosis progression®. Hence, strategies targeting LDL-C reduction
are pivotal in combating inflammation-induced atherosclerosis.

The regulation of LDL-C involves its clearance by LDLRs, predominantly expressed in
hepatocytes. LDLR is a cell surface protein predominantly expressed in hepatocytes and is the
primary mechanism whereby excess LDL-C is removed from the circulation!®. Proprotein
convertase subtilisin/kexin type 9 (PCSK9) is primarily expressed in the liver, which promotes
LDLR degradation and results in higher levels of circulating LDL-C!'!'. PCSK?9 inhibitors were
widely reported to be good candidates for lipid -lowering since they can prevent the degradation of
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90 LDLR by inhibition of the interaction between PCSK9 and LDLR. LDLR deficient mice and
91 LDLR-KO rabbits are good model for atherosclerosis study by inducing hyperlipidemia!?13. In
92  addition, Keeter ef al. reported that overexpression of PCSK9 that mediated by Adeno-associated
93  virus-8 (AAV)induces hyperlipidemia and promotes atherosclerosis!*. A recent in vivo CRISPR
94  based-editing strategy, namely, VERV 101, achieved potent and durable inactivation of the
95  expression of PCSKY in the liver, resulting in significant reduction of LDL-C in nonhuman
96  primates, making it promising strategy to treat hyperlipidemial>.

97  Despite these advancements, the mechanistic details of PCSK9-mediated LDLR degradation

98 remain insufficiently understood, posing a challenge in identifying dual-action targets that both

99  reduce cholesterol synthesis and prevent LDLR degradation. Epsins, a family of endocytic adaptor
100  proteins, have recently gained attention for their role in atherosclerosis'®. We previously showed
101  thatepsins 1 and 2 are upregulated in atherosclerotic plaques in apolipoprotein E-deficient (ApoE-
102 ) mice fed a western diet (WD), endothelial cell (EC)-specific epsin deficiency resulted in marked
103  attenuation of atherogenesis in ApoE~-mice fed a WD*. Mechanistically, epsin-deficiency reduced
104  arterial inflammation by dampening expression of adhesion molecules and hindering macrophage
105  recruitment. We also showed that myeloid-restricted epsin deficiency in ApoE~ mice fed a WD
106  retarded atherogenesis by eradicating foam cell formation and augmenting efferocytosis in the
107  lesion'7-!8. Given that the liver is one of the main sites for cholesterol and lipid synthesis 1929
108  whether epsins in the liver regulate circulating LDL-C levels through modulating LDLR stability
109  in atherosclerotic mice has not been investigated.

110 Inthisstudy, we investigated the potential role epsins in the liver play in regulating atherosclerosis

111 using novel ApoE~ mice harboring liver-specific deficiency of epsins (ApoE- /Liver-DKO). We
112 discovered that WD-induced atherogenesis was greatly inhibited and accompanied with

113  diminished blood cholesterol and triglyceride levels. Mechanistically, scRNA-seq analysis

114  identified a transition from lipogenic Alb " hepatocytes to glycogenic HNF4a hi hepatocytes in
115  ApoE” /Liver-DKO mice. Gene Ontology (GO) enrichment analysis revealed upregulated

116  pathways for LDL particle clearance in ApoE~~ /Liver-DKO mice. Additively, we further showed

117  that epsins bind LDLR via the ubiquitin-interacting motif (UIM), PCSK9-triggered LDLR
118  degradation was abolished by depletion of epsins that prevent the atheroma progression.

119  Furthermore, our findings uncovered liver epsins mediated PCSK9-triggered LDLR ubiquitination

120  for degradation. Intriguingly, we found elevated liver epsins expression in the hepatocytes from
121  gain-of-function PCSK9 D374Y mutation mice that promote LDLR degradation. Finally, our
122 therapeutic study by targeting liver epsins with nanoparticle-encapsulated siRNAs inhibit
123 dyslipidemia and impede atherosclerosis. Thus, liver epsins could be potentially novel therapeutic

124  targets for combating atherosclerosis.

125

126

127 MATERIALS and METHODS

128

129  Animal models

130

131  In this study, all animal procedures were performed in compliance with institutional guidelines

132 and mouse protocols were approved by the Institutional Animal Care and Use Committee (IACUC)
133  of Boston Children’s Hospital, MA, USA. Both male and female mice were used. C57BL/6 mice
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134 (stock #00664), ApoE -~ mice (stock #002052), Alb-Cre delete mice (stock #035593) were all
135  purchased from Jackson Research Laboratory. As double knockout mice of Epsin 1 and 2 (Epsin
136 17-; Epsin 27-) lead to embryonic lethality, we generated conditional Epsinl fl; Epsin2 -~ mice
137  previously described 2'23. ApoE - mice, Alb-Cre”~ mice and Epsinl ?; Epsin2 -~ mice were
138  backcrossed to C57BL/6 background. We bred Epsinl fl; Epsin2 *~mice with Alb-Cre*~ mice to
139  generate Epsinl fl; Epsin2 7~ ; Alb-Cre™" liver-specific Epsins deficient (Liver-DKO) mice (Fig.
140  S1).

141

142  The detailed information of all the mice used in this study were described in Fig. S1. In addition,
143 we bred Epsinl 71; Epsin2 -~ ; Alb-Cre*- mice with ApoE -~ (C57BL/6) background to generate
144  Epsinl ; Epsin2 7~ ; Alb-Cre™~ ; ApoE - mice (Liver-DKO/ ApoE ) (Fig. S1).

145

146  The control mice for Epsinl ?; Epsin2 7~ ; Alb-Cre*- (Liver-DKO) mice were Epsin **; Epsin2
147  **; Alb-Cre "~ mice (WT) (Figure S1). The control mice for Epsinl f; Epsin2 - ; Alb-Cre™- ;
148  ApoE “~mice (Liver-DKO/ ApoE -~ ) were Epsin **; Epsin2 **; Alb-Cre *~; ApoE”- (WT/ApoE-
149 ) (Fig. S1).

150

151 To induce atherosclerosis, mice were fed Western diet (WD, Protein 17% kcal, Fat 40% kcal,
152 Carbohydrate 43% kcal; D12079B, Research Diets, New Brunswick, USA) starting at the age of
153  6-8 weeks for 8-16 weeks. Mice were sacrificed at different time points based on experimental
154  design and liver, blood, heart, aorta were harvested.

155

156  For control mice, in addition to ApoE~~ ; Epsin 1**; Epsin 2 ** mice, we also used ApoE"; Epsin
157  1; Epsin 2 ** mice with a single copy of Alb-Cre, and ApoE *~mice ; Epsinl 7f; Epsin2 -~
158 littermates lacking the single copy of Alb-Cre. To simplify the terminology, we refer to these
159  control mice as ApoE~, as results were not different in any of the analyses we performed.

160

161  For each experimental model and time point, 6-10 mice were analyzed and both male and female
162  mice were used in separate groups. In the current study, we did not exclude any mice when
163  analyzing.

164

165

166  Liver single-cell preparation and single-cell RNA (scRNA) sequencing

167

168

169  For liver cell isolation, the ApoE”~ and ApoE~ /Liver-DKO mice (n=3) were anesthetized and
170  restrained and the skin sprayed with 70% ethanol. The liver and other inner organs were revealed
171 by cutting through the skin and peritoneum. A 24G needle was carefully inserted into the inferior
172 vena cava and secured with a clamp, and chelating solution (0.05M HEPES, pH 7.2 , 10 mM
173  EGTA in HBSS without CaCl2 and MgCl2) was run at a low speed (1.5 - 2mL/minute). The portal
174  vein was then cut and perfusion speed was increased to a flow rate of 7mL/minute. After that, the
175  diaphragm was cut and the anterior vena cava clamped. The chelating perfusion was run for 7
176  minutes and then switched to collagenase solution (0.05 M HEPES, pH 7.2 , 4.7mM CaCl2, 20
177  pg/mL Liberase, Sigma LIBTM-RO) at a flow rate of 7mL/minute for 7 minutes. The liver was
178  then removed and passed through a 70 um cell strainer with 10 ml ice-cold HBSS without CaCl2
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179  and MgCI2. The resulting single-cell suspension was centrifuged at 300 g for 5 minutes at 4 °C
180 and washed twice with ice-cold HBSS.

181

182  The isolated liver cells have been counted and diluted into 1000 cells/ uL.. The single cell RNA -
183  seq library construction was performed according to the 10 x genomics protocol (GEMs, Single
184  cell 3° Reagent Kits v3.1, 10 x Genomics). The prepared libraries were sequenced on the HiSeq
185 2500 Sequencing System (Illumina, San Diego, CA) with 100-bp paired end reads.

186

187

188  ScRNA-seq data analysis

189

190 Firstly, we employed Cell Ranger (version 7.1.0) to map the raw reads of RN A sequencing data to
191  the mouse genome (version mm10) and count the UMI for each gene. We then proceeded with the
192  resulting UMI count matrix using the Seurat R package (version 4.3.0)%%. We retained high-quality
193  cells expressing between 200 and 2500 genes, excluding those with over 20% mitochondrial reads.
194  Additionally, we filtered out rarely expressed genes detected in fewer than 3 cells. After filtering,
195  the high-quality datawas normalized, cell-level scaled with 10k reads, and natural-log transformed
196 byadding 1. The normalized dataunderwent furtherprocessing steps: scaling (ScaleData function),
197  principal component analysis (PCA) (RunPCA function, npcs =30), Uniform Manifold
198  Approximation and Projection (UMAP) (RunUMAP function, reduction = "pca", dims = 1:30),
199  shared nearest neighbor graph (SNNG) construction (FindNeighbors function, reduction = "pca",
200 dims = 1:30), and cell clustering (FindCluster function, resolution=0.1). Further, We conducted
201  Differentially Expressed Genes (DEGs) analysis in one cluster versus other clusters using the
202  FindAllMarkers function. The Wilcoxon test method was used by default, with a minimum
203  percentage of expressed cells set to 25% and a minimum log2 fold change of 0.25. Cell types were
204  annotated based on known marker genes from PanglaoDB?>, cell-Taxonomy?®, disco?’ databases,
205  andrelevant literature. Marker gene expressions were visualized by DotPlot and VInPlot functions.
206  Forcell fatetransition, trajectory analysis, and cell rank for directed single-cell transition mapping,
207  we utilized scvelo (version 0.2.5)?%:2° monocle3 (version 1.3.1)3%31> and cellrank (version 2.0.4)*
208  with default parameters. For trajectory analysis, we kept AlbM hepatocytes as the initial cell type
209 and for cell rank for directed single-cell transition mapping we used the function of all states
210 terminal states and initial state with n_states=[4,5]. The metabolite-mediated cell-cell
211  communication was analyzed by MEBOCOST (version 1.0.0)33. The data were analyzed
212 combined for both conditions following the tutorial on the MEBOCOST website. The prediction
213  of sender-metabolite-sensor-receiver communication events was visualized by the bar and lollypop
214  plots, using the ggplot2 library. Additionally, we performed cell-cell communication analysis
215  using Cellchat (version 1.5.0)3*. The communication probability of each condition was analyzed
216  tohighlight differences between conditions, and communication events were visualized using bar,
217  flow, and circle plots. Finally, Gene Ontology (GO) functional enrichment analysis was performed
218  using the clusterProfiler R package (version 3.18.1)%3, and visualized by bar, lollipop, and cnet
219  plots.

220
221
222  Human samples
223
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224  Human healthy control and diseased aortic arch samples from atherosclerosis patients were
225  purchased from Maine Medical Center Biobank. In addition to aorta samples, liver samples from
226  human healthy control and non-alcoholic fatty liver disease (NAFLD) patients were purchased
227  from Maine Medical Center Biobank. The medical information of the atherosclerotic patients and
228  healthy people samples, and NAFLD patients and healthy people samples is in Table S1. The
229  paraffin sections were de-paraffined and performed antigen retrieval to unmask the antigenic
230  epitope with 10 mM Sodium Citrate , pH 6.0 , with 0.5% Tween 20 at 95 °C for 30 minutes. Allow
231  theslides to cool for 30 minutes before proceeding with staining procedure. Immunofluorescence
232 staining of the slides was performed with the standard protocol described below.

233

234

235

236  Synthesis of DSPE-PEG-GalNAc, preparation and characterization of targeted siRNA

237  nanoparticles (NPs)

238

239  To further improve siRNA delivery to the liver, we propose to develop targeted hybrid NPs by
240  surface modification with galactose-based ligands that can specifically bind to the ASGPR
241  receptor exclusively expressed on hepatocytes 3637, Then, a robust self-assembly method was used
242  to prepare the targeted polymer-lipid hybrid NPs for siRNA delivery 38-3° In brief, GO-C14 and
243  PLGA were dissolved separately in anhydrous dimethylformamide (DMF) to form a homogeneous
244 solution at the concentration of 2.5 mg/mL and 5 mg/mL, respectively. DSPE-PEG-OCH3 (DSPE-
245 mPEG) and DSPE-PEG-GalNAc were dissolved in HyPure water (GE Healthcare Life Sciences,
246  catalog no. SH30538) at the concentration of 0.1 mg/mL. 0.75 nmol Epsinl siRNA and 0.75 nmol
247  Epsin2 siRNA were gently mixed with 100 pL of the G0-C14 solution. The mixture of siRNA
248 and GO-C14 was incubated at room temperature for 15 minutes to ensure the full electrostatic
249  complexation. Next, 500 pL of PLGA polymers were added and mixed gently. The resultant
250 solution was subsequently added dropwise into 10 mL of HyPure water containing 1 mg lipid -
251 PEGs (i.e., 50% DSPE-PEG-GalNAc and 50% DSPE-mPEG hybrids for the GalNAc-targeted
252 siRNA NPs, or 100% DSPE-mPEG for the non-targeted siRNA NPs) under magnetic stirring
253 (1,000 rpm) for 30 minutes. The siRNA NPs were purified by an ultrafiltration device (EMD
254  Millipore, MWCO 100 kDa) to remove the organic solvent and free excess compounds via
255  centrifugation at 4 °C. After washing 3 times with HyPure water, the siRNA NPs were collected
256 and finally resuspended in pH 7.4 PBS buffer. The NPs were used freshly or stored at -80 °C for
257  further use. The physicochemical properties (particle size and surface charge) of GalNAc-
258 siEpsinl/2 were characterized by dynamic light scattering (DLS, Brookhaven Instruments
259  Corporation). The GalNAc-siEpsinl/2 was ~ 89 nm in size as measured by DLS, and their surface
260  charge was determined to be ~ -5.3 mV.

261

262

263  siRNA transfection

264

265  The siRNA transfection was performed according to the manufacturer’s instructions. Briefly,
266  HepG2 cells were transfected by RNAIMAX (Invitrogen) with either scrambled siRNA duplex or
267 epsin 1 (GAACUGGAGGCACGUCUACAAUU) or epsin 2 siRNA duplexes
268 (GCAGUGCCGUGAGAACAUCUUUU) designed by Dharmacon™ (Horizon Discovery). At 48
269  hours post transfection, cells were processed for western blot assays.
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270

271  RNA isolation and Real-time quantitative PCR

272

273  Total RNA was extracted from the liver tissue with Qiagen RNeasy Mini Kit based on
274  manufacturer’s instruction including the optional step to eliminate genomic DNA. The extracted
275 RNA was used for RT-qPCR according to the experimental designs.

276

277  For RT-qPCR, mRNA was reverse transcribed to cDNA with the iScript cDNA Synthesis Kit (Bio-
278  Rad Laboratories, Inc., Hercules, CA, United States). 2 uL of 5 fold diluted cDNA product was
279  subjected toRT-qPCR in StepOnePlusReal-Time PCR System (Applied Biosystems) using SYBR
280  Green PCR Master Mix reagent as the detector. PCR amplification was performed in triplicate on
281  96-well optical reaction plates and replicated in at least three independent experiments. The AACt
282  method was used toanalyze qPCR data. The Ct of B-actin cDNA was used to normalize all samples.
283  Primers are listed in Major Resource Table.

284

285  Analysis of plasma triglyceride and cholesterol levels

286

287

288 Blood was removed from the right atrium of the mouse heart after sacrifice with isoflurane. Blood
289  was allowed to clot for 30 minutes at room temperature followed by centrifugation at 3000 x g at
290 4 °C for 20 minutes. Serum was transferred to a new tube and stored at -20 °C. Serum cholesterol
291 and lipid levels were determined using the Cholesterol Assay Kit for HDL and LDL/VLDL and
292  Triglyceride Assay Kit from Abcam.

293

294

295  Atherosclerotic lesion characterization

296

297  The whole aortas were collected and fixed with 4% paraformaldehyde. Then, the aortas were
298  stained with Oil Red O for en face analysis. Hearts and BCA were embedded in O.C.T compound
299  and sectioned at 8 microns. Lesion area of the aortic root was quantified by hematoxylin and eosin
300 (H&E) staining. Neutral lipids deposition was determined by Oil Red O staining. Aortic lesion
301 size and lipid content of each animal were obtained by an average of three sections from the same
302 mouse.

303

304

305 En face Oil Red O staining

306  Whole aortas were dissected symmetrically, pinned to parafilm to allow the en face exposed and
307 fixed in formalin for 12 hours. Aortas were washed in PBS for 3 times, and rinsed in 100%
308 propylene glycol followed by staining with 0.5% Oil Red O solution for 20 minutes at 65 °C.
309 Aortas were then put in 85% propylene glycol for 2 minutes, followed by three washes in DD
310 Water. Slides were next incubated with hematoxylin for 30 seconds, rinsed in running tap water.
311 Imaging was performed using a Nikon SMZ1500 stereomicroscope, SPOT Insight 2Mp Firewire
312 digital camera, and SPOT Software 5.1.
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313
314  Oil Red O staining of cryostat sections

315  Cryostat sections of mouse aortic root and BCA were washed in PBS for 5 minutes, then fixed in
316 4% paraformaldehyde for 15 minutes. Slices were washed in PBS followed by staining with freshly
317  prepared 0.5% Oil Red O solution in isopropanol for 10 minutes at 37 °C. Slices were then put in
318  60% isopropanol for 30 seconds, followed by 3 washes in water. Slices were next incubated with
319  hematoxylin for 30 seconds, rinsed in running tap water, and mounted with 90% Glycerin.

320
321 H&E staining

322 Cryostat sections of mouse aortic root and BCA were washed in PBS for 5 minutes, then fixed in
323 4% paraformaldehyde for 15 minutes. Next, slides were stained with 0.1 hematoxylin for 3 minutes
324  followed by running tap water washes for 10 minutes. Slices were then dipped in Eosin working
325  solution for 30 seconds, quickly rinsed with tap water, dehydrated using graded ethanol (95% and
326  100% ethanol), followed by transparentizing by xylene: ethanol absolute (1:1) solution and 100%
327  xylene for 1 hour. Slices were mounted in synthetic resin.

328
329  Van Gieson’s staining

330 Van Gieson’s staining were performed based on manufacturer’s instruction. In brief, Cryostat
331  sections of mouse aortic root and BCA were washed in PBS for 5 minutes, then fixed in 4%
332  paraformaldehyde for 15 minutes. Slices were placed in Elastic Stain Solution (5% hematoxylin +
333 10% ferric chloride + lugol’s Iodine Solution) for 20 minutes, then rinsed in running tap water.
334  Then, slices were dipped in differentiating solution 20 times and in sodium thiosulfate solution for
335 1 min, following with rinsing in running tap water. Slices were dehydrated in 95% and 100%
336 alcohol once, respectively. Slides were cleared and mounted in synthetic resin.

337
338 Immunofluorescence staining

339 The liver tissue or aorta from both ApoE”~ and ApoE”~ Liver-DKO were subjected for
340 cryosections, and sections were further fixed in 4% paraformaldehyde for 15 minutes. The slides
341  were blocked by blocking buffer (PBS/3% BSA/3% donkey serum/0.3% triton) for 30 minutes,
342  and were further incubated by primary antibodies (epsinl, epsin2, CD68, aSMA) for overnight at
343  4°C. The slides were washed 3 times for 10 minutes each wash by PBS/0.3% triton buffer, and
344  were further incubated with secondary antibodies at room temperature for 1 hour. Then the slides
345  were washed 3 times for 10 minutes each wash by PBS/0.3% triton buffer. After the second wash,
346 DAPI was used for nuclei stain. The slides were mounted Fluoroshield™ histology mounting
347  medium. Imaging was performed using Zeiss LSM 880 Confocal Acquisition & Analysis.
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348
349 Immunoprecipitation and Western Blotting

350 For immunoprecipitation, HepG2 cells were lysed with RIPA buffer (50 mM Tris, pH 7.4, with
351 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholic acid, 0.1% sodium
352 dodecyl sulfate, 5 mM N-ethylmaleimide and protease inhibitor cocktail). For LDLR
353  ubiquitination experiments, HepG2 cells were lysed using denaturing buffer (1% SDS in 50 mM
354  Tris, pH 7.4) and boiled at 95 °C for 10 minutes to denature protein complexes. Lysates were re-
355 natured using nine volumes of ice-cold RIPA buffer then prepared for immunoprecipitation as
356  follows. Cell lysates were pre-treated with Protein A/G Sepharose beads at 4 °C for 2 hours to
357 remove nonspecific protein followed by centrifugation at 12000 rpm for 5 minutes at 4 °C.
358  Supernatant was transferred to a new tube, incubated with Protein A/G Sepharose beads and
359 antibodies against Epsinl or LDLR or ubiquitin at 4 °C overnight. Mouse 1gG was used as negative
360 control. Protein A/G beads were washed with RIPA buffer for 2 times, followed by PBS for 1 time.
361  Then, beads were suspended with 80 uL 2x loading buffer and heated at 95 °C for 10 minutes.
362  Aftercentrifugation, precipitated proteins were visualized by Western blot. Proteins were resolved
363 by SDS-PAGE gel and electroblotted to nitrocellulose membranes. NC membranes were blocked
364  with 5% milk (w/v) and blotted with antibodies. Western blots were quantified using NIH Image
365 ] software.

366
367 PCSK9 Adeno-associated Virus 8 (AAVS8) Tail Vein Injection

368  Eight-week old male C57BI/6J mice, both WT and Liver-DKO mice (n=4), were intravenously
369 injected via tail vein with a single dose of 2 x 10!'! viral PCSK9-AA VS8 and fed a WD for 8 weeks
370 and 16 weeks. The serum samples collected from both WT and Liver-DKO mice were subjected
371  fortriglyceride and cholesterol measurement. The liver tissue from both WT and Liver-DKO mice
372 were collected for further histology analysis and protein lysate preparation.

373
374  Nanoparticle-encapsulated epsinl/2 siRNAs Tail Vein Injection

375  Eight-week old male C57B1/6J mice, ApoE 7~ mice were fed a WD for 8 weeks, and furtherdivided
376  into two groups (n=4). The control group mice were intravenously injected via tail vein with
377  control siRNA NPs, and the experimental group mice were injected with 0.75 nmoles epsin1/2
378  siRNA NPs for continuous three weeks. Two doses injection per week. After injection, the serum
379 samples collected from both control siRNA and epsinl/2 siRNA NPs injected groups were
380 subjected for triglyceride and cholesterol measurement. The aortas were isolated En face ORO
381 staining and histology analysis, and the liver tissue from both control siRNA and epsinl/2 siRNA
382  NPs were collected for protein lysate preparation.

383
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384  Cell culture and plasmids transfection

385  The HepG2 cell line (ATCC no. HB-8065) was used for plasmid transfection to map the binding
386 sites of Epsinl to LDLR. Flag-tagged Epsinl WT, Epsinl AUIM, Epsinl AENTH, Epsinl-DPW
387 truncation constructs, and pcDNA vector were prepared previously in our laboratory. HepG2 cells
388  were cultured in DMEM (10% FBS and 1% Pen-Strep) at 37°C in humidified air containing 5%
389  CO; atmosphere and transfected using Lipofectamine 2000 as instructed by the manufacturer.

390
391 Epsinl/2 siRNAs transfection and PCSK9 adeno-associated virus 8 (AAVS) infection

392  HepG2 cells were cultured in DMEM (10% FBS and 1% Pen-Strep) at 37°C in humidified air
393  containing 5% CO2 atmosphere. One day before transfection, plate cells in 1 mL of growth
394 medium without antibiotics such that they will be 30-50% confluent at the time of transfection.
395  Prepare RNAi duplex-Lipofectamine ™ RNAIMAX complexes by mixture of Epsinl/2 siRNAs
396  and Lipofectamine™ RNAIMAX , keep the mixture at room temperature for 20 minutes, and add
397 the complexes to each well containing cells. Incubate the cells 48 hours at 37°C in a CO2 incubator.

398 The PCSK9-AAVS virus stock (10'3 GC/ml) was diluted by culture media into 10'° GC for the
399 infection. Remove the original cell culture media, and add the PCSK9-AAVS8 virus containing
400 media to cell culture. Collect the cells 3 days after the PCSK9-AAVS virus infection.

401 Hepatocyte Primary Culture, MG132 treatment, PCSK9-AAVS virus infection

402  The anaesthetized animals (WT and Liver-DKO) were restrained and the skin sprayed with 70%
403  ethanol. The liver and other inner organs were revealed by cutting through the skin and peritoneum.
404 A 24G needle was carefully inserted into the inferior vena cava and secured with a clamp, and
405  chelating solution (0.05 M HEPES pH 7.2, 10 mM EGTA in HBSS without CaClz and MgCl)
406  was run at a low speed (1.5-2 mL/min). The portal vein was then cut and perfusion speed was
407  increased to a flow rate of 7 mL/min. After that, the diaphragm was cut and the anterior vena cava
408 clamped. The chelating perfusion was run for 7 minutes and then switched to collagenase solution
409 (0.05 M HEPESpH 7.2, 4.7 mM CaCl2 1 mg/mL Liberase, Sigma LIBTM-RO) at a flow rate of
410 2-4 mL/minute for 15 minutes. The liver was transferred to a 10 cm plate with plating media
411 (DMEM low glucose, 5% FBS, 1% Penicillin-Streptomycin Solution), the liver cells were gently
412  released with fine tip forceps. The liver cells suspension was filtered through a 70 pm cell strainer
413  into a 50 mL tube. Spin at 50 x g for 2 minutes at 4 °C. While the samples are spinning, prepare
414  fresh Percoll solution (90% Percoll in 1xHBSS). Aspirate the supernatant , add 10 mL plating
415 media and resuspend by gentle swirling, and further add 10 mL Percoll solution and mix
416  thoroughly by inverting the tube several times. Spin at 200 x g for 10 minutes at 4 °C. Aspirate the
417  supernatant, and add 20 mL plating media , and then spin at 50 x g for 2 minutes at 4 °C. Aspirate
418  supernatant, and add 20 mL plating media. Hepatocytes were counted and plated on collagen-
419  coated cell culture 6-well plates. After 3 hours, change medium to warm maintenance media
420 (Williams E media, 1% Glutamine, 1% Penicillin-Streptomycin Solution).
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421  After 24 hours, proteasome inhibitor MG132 solution was added into the cultured primary
422  hepatocyte cells. After 6 hours, the primary culture hepatocytes were subjected to PCSK9-AAVE
423  virus infection as mentioned above. The primary culture hepatocytes were collected and lysed for
424  protein preparation.

425

426  Statistical analysis

427  Gene expression was assessed by quantifying mRNA levels of target genes via qPCR, with
428 normalization to the internal control, B-actin. Quantitative data were analyzed using either one-
429 way ANOVA or Student's t-test, as appropriate, with Prism software (GraphPad Software, San
430 Diego, CA) running on Apple OS X. All data are presented as are the mean + SEM.

431

432

433  Data availability

434  The scRNA-seq data (GSE273386) of the ApoE”~ and ApoE- /Liver-DKO are available at the
435  Gene Expression Omnibus. The scRNA-seq data (GSE254971) for D374Y mCherry-APOB mice
436  is available in published paper entitled “Kupfter cells dictate hepatic responses to the atherogenic
437  dyslipidemic insult” (https://doi.org/10.1038/s44161-024-00448-6). Source dataare provided with
438  this paper.

439

440

441  Results

442

443  Elevated Epsinl and Epsin2 Expression in Atherosclerotic Patients.

444

445  In this study, we measured the protein expression of epsinl and epsin2 between healthy control
446  and atherosclerotic patients by immunofluorescence staining. Intriguingly, we found significantly
447  elevated expression of epsinl and epsin2 protein in diseased aortic arch samples (Fig.S2A-C). As
448  expected, we found dramatically increased CD68 protein expression in atherosclerotic patients
449  (Fig.S2A, 2B), suggests more macrophages accumulation and more atherosclerotic lesion in
450 patients. Especially, we discovered significantly higher colocalization between epsinl and CD68,
451  and higher overlay percentage between epsin2 and CD68 in the macrophages in atherosclerotic
452  patients than healthy control (Fig.S2A-C).

453

454

455  Diminished LDLR and HNF4a but Elevated Epsinl and Epsin2 Expression in the Liver from
456  WD-fed Mice and NAFLD Patients

457

458 Inaddition to aorta, we found significantly elevated expression of both epsinl and epsin2 proteins
459  in theliver from WD-fed mice (Fig.4B, 4C), but with significantly diminished expression of LDLR
460  protein in the liver from WD-fed mice (Fig.4B, 4C). Itis reported that atherosclerosis and NAFLD
461  are two sides of the same coin?, therefore, we have evaluated the protein expression of epsinl,
462  epsin2, LDLR and HNF4a in the liver between healthy control and NAFLD patients. Intriguingly,
463  we also found significantly elevated epsinl and epsin2 expression in the liver from NAFLD
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464  patients (Fig.S3A, 3B), but with dramatically diminished LDLR expression in the liver from
465 NAFLD patients (Fig.S3A, 3B). In addition, we detected markedly diminished HNF40 in NAFLD
466  patients both at protein and mRNA levels (Fig.S4 A-C).

467

468  Epsins Depletion in the Liver Inhibits Atherogenesis and Reduces Lipid Levels

469 Inthis study, we explored the role of hepatic epsins in atherosclerosis by employing liver-specific
470  epsins-deficient mice (ApoE~-/Liver-DKO) and compared their phenotypic outcomes to ApoE~
471  controls. Our results demonstrated that epsins depletion significantly inhibited western diet (WD)-
472  induced atherogenesis (Fig. 5A). Specifically, the ApoE"/Liver-DKO mice exhibited markedly
473  reduced atherosclerotic lesion formation, as evidenced by decreased plaque size and lipid
474  accumulation in the arterial walls compared to the ApoE-/- controls (Fig. 5B). These findings
475 indicate that liver epsins play a crucial role in the pathogenesis of atherosclerosis.

476  Plasma cholesterol and triglyceride (TG) levels, measured by Wako enzymatic and TG Infinity
477  kits, showed decreases resulting from loss of hepatic epsins in mice injected with PCSK9-AAVS8
478  (2x10'! genomes) and fed a WD for 8 weeks. We found significantly diminished TG and plasma
479  cholesterol levels in WD-fed Liver-DKO mice after PCSK9-A AV 8 injection (Fig.5C). Additively,
480  quantitative analysis revealed that the ApoE~-/Liver-DKO mice had significantly lower plasma
481  cholesterol and triglyceride levels than those in ApoE~- mice (Fig. 5D). These reductions in lipid
482  levels are indicative of improved lipid metabolism and clearance in the absence of hepatic epsins,
483  suggesting that liver epsins contribute to hyperlipidemia in atherosclerosis. In addition, we found
484  significantly reduced hepatic lipid accumulation in ApoE-/-/Liver-DKO mice by Oil Red O
485  staining (Fig.5E). The reduced lipid levels were also associated with decreased systemic
486 inflammation, as shown by lower levels of pro-inflammatory cytokines in the serum of ApoE-/-
487  /Liver-DKO mice (Data not shown).

488

489  Single-Cell RNA Sequencing Identified Lipogenic Alb" Hepatocyte and Glycogenic HNF4a
490  hi Hepatocytes

491 To understand the cellular mechanisms underlying the observed phenotypic changes, we
492  performed single-cell RNA sequencing (scRNA-seq) on liver tissues from both ApoE~-and ApoE-
493  //Liver-DKO mice (Fig. 1A). The Uniform Manifold Approximation and Projection (UMAP)
494  visualization revealed different cell types in the liver based on cell type-specific gene markers and
495  their corresponding expression between ApoE”- and ApoE”-/Liver-DKO mice (Fig.S6A, S6B).
496  Further, the scRNA-seq analysis revealed distinct hepatocyte populations in the livers between
497  ApoE”- and ApoE”/Liver-DKO mice, highlighting the heterogeneity of hepatocyte cell
498  populations. UMAP visualization of hepatocytes illustrated a clear separation of different
499  subcluster hepatocytes between of ApoE”- and ApoE”-/Liver-DKO mice (Fig. 1B), including HC
500 HNF4a M, HC1 AlbM, HC2 Alb" , HC3 AlbM, indicating significantly transcriptional
501 reprogramming in the absence of epsins. The hepatocyte markers for hepatocytes clustering are
502  highlighted in the dotplot (Fig.1C).
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503 Intriguingly, we identified significantly elevated HNF4o expression in the HNF4o M hepatocytes
504 in ApoE”/Liver-DKO mice (Fig.1D, 1E). In addition, we found higher mean HNF4a expression
505 in HC HNF4ahi, HC1 AlbM, HC2 Alb", HC3 Alb" in ApoE~/Liver-DKO than ApoE~- (Fig.1F).
506  Especially, we discovered that Alb" hepatocytes have lower expression of apolipoprotein genes,
507 such as Apob, Apoa4 , but with their higher expression in HNF4a " hepatocytes (Fig.1F-H,
508 Fig.S11), indicating more effective LDL cholesterol clearance in HNF4o M hepatocytes that
509 transported by ApoB and ApoA4 proteins. The lipogenic genes, such as Acaca, Scdl, have their
510 higher expression in HC3 Alb" hepatocytes but lower expression in HNF4a M hepatocytes
511  (Fig.S11). Especially, HNF4a M hepatocytes have higher expression of glycogenic genes, such as
512  Pgml, Gys2, Ugp2, but with their lower expression in AlbM hepatocytes (Fig.S11), suggests
513 increased glycogenesis in HNF4a" hepatocytes. Therefore, AlbM hepatocytes prone to lipogenesis
514  in theliver, while HNF4a" hepatocytes have preference for glycogenesis. Inaddition, in the whole
515 liver, the elevated glycogenic genes expression and diminished lipogenic genes expression in
516  ApoE”/Liver-DKO that have been validated by RT-qPCR (Fig.S10A, S10B).

517  Notably, the ApoE~-/Liver-DKO mice exhibited elevated gene expression related to LDL particle
518 clearance and decreased expression related to fatty acid synthesis (Fig. 1D, 2E). Real-time
519  quantitative PCR (RT-qPCR) further validated the single-cell RNA sequencing findings (Fig. 1E,
520 2F). These transcriptional changes reflect a shift towardsimproved lipid metabolism and clearance
521 in the absence of hepatic epsins. Especially, we found elevated cardiovascular disease (CAD)
522  protective score that from lipogenic AlIb" hepatocytes to glycogenic HNF4a M hepatocytes
523  (Fig.1G).

524  Lipogenic Alb M Hepatocytes to Glycogenic HNF40 " Hepatocytes Transition in ApoE*
525 Liver-DKO, and HNF4a " Hepatocytes are Protective that with Higher CAD Protective
526  Score under Western Diet Treatment.

527

528  We performed single cell transcriptome analysis for the liver cells from both ApoE-~ and ApoE*
529  Liver-DKO under western diet treatment, and the workflow for libraries preparation of scCRNA -
530 seq hasbeen illustrated (Fig.1A). Afterhepatocyte-derived dataanalysis, we isolated four different
531  hepatocyte clusters, including HC1 AlbM, HC2 Albh, HC3 Alb", and HC HNF4a M (Fig.1B), and
532  their cell proportions in the liver are highlighted (Fig.S1A). Intriguingly, we found lower
533  proportion of lipogenic Alb" hepatocytes but higher proportion of glycogenic HNF4q hi
534  hepatocytes in ApoE”"/Liver-DKO mice (Fig.S1A). Correspondingly, Gene Ontology (GO)
535 enrichment analysis revealed upregulated pathways for LDL particle clearance and downregulated
536  pathways for glycolytic process in different type of hepatocytes in the ApoE~-/Liver-DKO mice
537 (Fig. 2A, 2B; Fig.S8A-G). These pathways were significantly enriched compared to the ApoE"
538 controls, suggesting improved LDL-C clearance in the absence of hepatic epsins. Correspondingly,
539 LDLR-cholesterol communication pathways were also enhanced, as evidenced by increased
540  signaling interactions in the ApoE”-/Liver-DKO mice (Fig. 2C, 2D). This enhancement in LDL-C
541  clearance mechanisms likely contributes to the reduced atherogenesis observed in these mice.
542  Consequently, we found elevated expression of genes involved in LDL-C clearance in the liver in
543  ApoE”/Liver-DKO mice (Fig.2E, 2F). The hepatocyte markers for hepatocyte subcluster are
544  shownin dotplot (Fig.1C). Intriguingly, in HNF4ah! hepatocytes, we also discovered significantly
545  elevated HNF4o expression in ApoE”~ Liver-DKO that have been validated at both mRNA and
546  protein levels (Fig.1D-G), also diminished expression of lipogenesis genes , such as Acaca and
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547 Scdl, and gene for lipid uptake, Fabpl, but elevated gene expression of lipoprotein clearance,
548 including Apoa4 and LdlIr (Fig.1D, 1E). Especially, we found HNF4o" hepatocytes are protective
549  in ApoE” Liver-DKO, the CAD protective score is positively associated with HNF4a expression
550 in ApoE”" Liver-DKO (Fig.1G).

551

552  Further analysis identified a transition from lipogenic Albh hepatocytes to glycogenic HNF4o,hi
553  hepatocytes in the ApoE”-/Liver-DKO mice (Fig. S1B-F). Correlate to this transition, lipogenic
554  genes, such as Acaca, Scdl, Acly, Hmgcr, Fasn, show diminished expression in the hepatocytes in
555  ApoE”/Liver-DKO (Fig.S7A), while show elevated expression of apolipoprotein genes, such as
556  Apoa4 and Apob, which is positively associated with HNF4a expression (Fig.S7B). RNA velocity
557 and CellRank analyses supported these dynamic shifts, demonstrating an increased propensity for
558 hepatocyte differentiation towards a glycogenic state in the absence of hepatic epsins (Fig. S1B-
559  F). This transition is likely a compensatory mechanism to enhance glucose metabolism and reduce
560 lipid synthesis, contributing to the reduced lipid levels observed in the ApoE~-/Liver-DKO mice.
561 Inaddition, by single cell RNA-seq, undernormal chow, we also discovered downregulated genes
562 involved in lipogenesis and lipid uptake, such as Acaca, Scdl, and Fabpl, but genes respond for
563 lipoprotein clearance, including Apoa4, Apob, Apocl, are significantly upregulated in Liver-DKO
564  (Data not shown). Similarly, by comparison of cardiovascular diseases (CAD) susceptible genes
565  expression that were reported by GWAS analysis expression between WT and Liver-DKO, with
566 particularly emphasize on genes that participate in low-density lipoprotein particles removal 4.
567  We found significantly higher CAD protective score in the hepatocytes in Liver-DKO compared
568  with WT (Data not shown). Furthermore, both the RNA velocity and CellRank analyses showed
569 that higher probability from lipogenic Alb M hepatocytes to glycogenic HNF4a " hepatocytes
570 transition in Liver-DKO than WT (Data not shown).

571

572

573 HNF4a " Hepatocytes in ApoE"- Liver-DKO have Upregulated Low-density Lipoprotein
574  Particle Clearance and Glycogen Biosynthesis Compared with ApoE-- under Western Diet
575  Treatment.

576

577  Mechanistically, by Gene Ontology (GO) analysis, we found upregulated plasma lipoprotein
578 oxidation and elevated low-density lipoprotein particle clearance, but with downregulated
579  glycolytic process in ApoE”~ Liver-DKO (Fig2A, 2B). Similarly, we also found upregulated of
580 pathways involved in LDL-C particle clearance in Liver-DKO under normal chow (Data not
581  shown). Furthermore, we performed cell-cell communication analysis, we found significantly
582  upregulated Rora and Sdc4 associated pathways in ApoE~~ Liver-DK O, which inhibit lipogenesis
583 in the liver*! (Fig.2C; Fig.S9A). Similarly, under normal chow, by cell-cell communication
584  analysis, and found Sdc4 and Nrih3 pathways, which are reported to reduce steatosis 4>43, are
585  upregulated in Liver-DKO under normal chow (Data not shown). We also found downregulation
586  of Ppia and Nrlh4 pathways, which suppress lipogenesis in the liver 4443 (Fig.2D; Fig.S9B). The
587  representative genes for inhibition of lipogenesis, such as Sdc4, Rora, are significantly elevated in
588  ApoE” Liver-DKO (Fig.2E, 2F), and the lipogenic Ppary is significantly diminished in ApoE”
589 Liver-DKO (Fig2E, 2F). Likewise, under normal chow, we also discovered downregulated of
590 lipogenic pathways in Liver-DKO, such as Ppary and Ppia pathways 4446 (Data not shown). The
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591 metabolites analysis by MEBOCOSTalgorithm showed enhanced communication interactions for
592  cholesterol/LDLR and cholesterol/Rora pathways in HNF4a"' hepatocytes in ApoE”- Liver-DKO
593  (Fig.3G), and resulted in lower intensity of cholesterol in ApoE”/Liver-DKO mice (Fig.2l).
594  However, we found no significantly difference for the mean expression of Rora gene between
595 ApoE” and ApoE” Liver-DKO (Fig.2H). Similarly, We also found significant elevated
596 communication interactions for cholesterol/LDLR and cholesterol/Roro pathways in Alb" HNF4a,
597  hi hepatocytes in Liver-DKO under normal chow, and with higher mean expression of Rora gene
598 in Liver-DKO (Datanot shown), which promote the cholesterol clearance. Intriguingly, we found
599 significantly lower mean abundance of cholesterol but higher abundance of uridine diphosphate
600 glucose (UDPG) as intermediate metabolite for glycogenesis in HNF4a" hepatocytes in ApoE™
601  Liver-DKO (Fig.21), suggests elevated glycogenesis in the ApoE~/Liver-DKO mice. Similarly,
602  we also found lower mean abundance of cholesterol but higher abundance of uridine diphosphate
603  glucose (UDPGQG) as intermediate metabolite for glycogenesis in AlbM HNF4a " hepatocytes in
604  Liver-DKO under normal chow (Data not shown).

605

606 Elevated Lipogenic Gene Expression but Diminished Glycogenic Gene Expression in AlbM
607 HNF4a M Hepatocytes and with Lower CAD Protective Score in hPCSK9 D374Y Mutant.
608

609  Inaddition to ApoE” atherosclerotic mouse model, we reanalyzed liver single cell RNA -seq data
610  from hPCSK9 D374Y mutation mice. PCSK9-D374Y gain-of-function mutant has a markedly
611 increased affinity for LDLR and promote its degradation 7. As expected, we identified diminished
612  Ldlr expression in hPCSK9 D374Y mutants, especially in HC3 AlbM HNF4a M hepatocytes
613  (Fig.S13). Intriguingly, we found reduced proportion of HC3 AlbM HNF4ahi hepatocytes in
614  hPCSK9 D374Y mutants (Fig.3A), and the HC1, HC2, and HC3 hepatocytes have been clustered
615  and evaluated by the expression of HNF4a and other hepatocyte markers (Fig.3B). Subsequently,
616  we found significantly lower CAD protective score in Alb" HNF4ahi hepatocytes in hPCSK9
617  D374Y mutant than control. Intriguingly, the CAD protective score in both control and hPCSK9
618 D374Y mutant is positively correlated with HNF4a expression level, with highest CAD protective
619  score in HC3_AIbM HNF4aM hepatocytes among three different hepatocytes (Fig.3D). Especially,
620 we discovered significantly diminished HNF4a expression and with dramatically elevated epsinl
621  expression in HC3_ Alb" HNF4oh hepatocytes in hPCSK9 D374Y mutant (Fig.3C, Fig.S13).
622  Consequently, lipogenic genes, such as Acly and Fasn, are significantly induced in hPCSK9
623 D374Y mutant (Fig.S14A), suggests activated lipogenesis in hPCSK9 D374Y mutant. On the
624  opposite, glycogenic genes, such as Gys2, Ugp2, are potently inhibited in hPCSK9 D374Y mutant
625 (Fig.S14B), indicates diminished glycogenesis in hPCSK9 D374Y mutant. Almost all the
626  apolipoprotein genes, such as Apoal, Apoa2, Apoa4, Apob, Apocl, Apoc2, and Apoc3, are
627  dramatically inhibited in hPCSK9 D374Y mutant (Fig.S12), reveals diminished LDL cholesterol
628  transportation for its clearance.

629

630 Diminished Low-density Lipoprotein Particle Clearance and Glycogen Biosynthesis and
631 Hindered Alb " Hepatocytes to Alb M HNF4a " Hepatocytes Transition in the Liver of
632 hPCSK9 D374Y Mice

633

634  Mechanistically, by Gene Ontology (GO) analysis, the pathways for the regulation of low-density
635 lipoprotein particle clearance and theregulation of glycogen biosynthetic process are significantly
636  downregulated for enrichment in hPCSK9 D374Y mutant (Fig.3G), while the pathways involved
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637  in regulation of glycolytic process are significantly enriched that upregulated in hPCSK9 D374Y
638 mutant (Fig.3F), suggests diminished low-density lipoprotein clearance and inhibited glycogenesis
639 in hPCSK9 D374Y mutant. The further metabolites analysis by MEBOCOST algorithm showed
640  weakened communication interactions for cholesterol/LDLR and cholesterol/Rora pathway in Alb
641 M HNF40 M Hepatocytes in hPCSK9 D374Y mutant (Fig.3H, 3J). Consequently, we found
642  significantly higher mean abundance of cholesterol but lower abundance of uridine diphosphate
643  glucose (UDPG) as intermediate metabolite for glycogenesis in Alb "HNF40 " in hPCSK9
644  D374Y (Fig.30).

645

646  Subsequently, the pseudotime trajectory analysis showed that significantly inhibited cell fate
647 transition from HC1_lipogenic Alb M hepatocytes to glycogenic HC3_Alb P HNF4ah! inhPCSK9
648 D374Y mutant than control (Fig.3E). Correlate to this transition, lipogenic genes, such as Acly,
649  Fuasn, show elevated fatty acid synthesis in the hepatocytes in hPCSK9 D374Y mutant (Fig.S14A),
650  while show diminished expression of apolipoprotein genes, such as Apoal, Apoa2, Apoa4, Apob,
651  Apocl, Apoc2, and Apoc3, suggest impaired low-density lipoprotein cholesterol clearance in
652 hPCSK9 D374Y mutant (Fig.S12). The glycogenic genes exhibit diminished expression, such as
653  Gys2, Ugp2, indicate inhibited glycogenesis in the hepatocytes in hPCSK9 D374Y mutant
654  (Fig.S14B). RNA velocity and CellRank analyses supported these dynamic shifts, demonstrating
655  an inhibited propensity for hepatocyte differentiation towards a glycogenic state in the presence of
656 elevated hepatic epsins in hPCSK9 D374Y (Data not shown). This transition is likely a
657  pathological mechanism in hPCSK9 D374Y mutant by inhibition of glycogenesis and enhanced
658 lipid synthesis, contributing to the hyperlipidemia in hPCSK9 D374Y mutant.

659

660

661 Elevated LDLR Expression in the Liver of Liver Specific Epsins Deficiency Mice and
662  Diminished LDLR Expression in the Liver from WD-fed Mice

663

664  Western blot analysis of liver tissue lysates from both WT and Liver-DKO mice revealed elevated
665 LDLR expression in Liver-DKO , and the absence of Epsinl and Epsin2 expression in Liver-DKO
666  (Fig.4A). The protein levels of LDLR in WT and Liver-DKO have been quantified (Fig.4A).
667  Intriguingly, we found significantly diminished LDLR expression in the livers of western diet
668 (WD)-fed WT mice compared to normal diet (ND)-fed WT mice (Fig.4B). However, we
669  discovered that both Epsinl and Epsin2 proteins are dramatically elevated in the livers of WD -fed
670  WT mice compared with ND-fed WT mice (Fig.4B). The protein levels of LDLR in both ND-fed
671 WT and WD-fed WT have been quantified (Fig.4B). In addition to WB analysis, we performed
672  immunofluorescence (IF) analysis of liver cryosections from both WT and Liver-DKO mice. We
673 found elevated LDLR immunofluorescence signal in the liver of Liver-DKO (Fig.4C,4D).
674  Notably, the LDLR immunofluorescence signal in the liver from WD-fed WT is markedly
675  diminished compared with ND-fed WT (Fig.4C,4D). However, the LDLR immunofluorescence
676  signal intensity in WD-fed Liver-DKO is partially maintained compared with ND-fed Liver-DKO
677  (Fig.4C,4D), suggests epsins deficiency in the liver prevention of the degradation of LDLR under
678  western diet treatment. The LDLR immunofluorescence signal intensity have been quantified
679  (Fig.4D). The absence of both Epsinl and Epsin2 immunofluorescence signals in the livers of
680 Liver-DKO mice compared to WT mice (Fig.4C).

681
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682  Liver-deficiency of Epsins Inhibits Atherosclerotic Lesion Formation and Macrophage
683  Accumulation

684

685  En face Oil Red O staining of aortas from ApoE 7~ and ApoE -~/ Liver-DKO mice fed a WD
686 revealed significantly diminished atherosclerotic lesion in ApoE 7~/ Liver-DKO mice compared
687  with ApoE “"mice (Fig.5A). The lesion areas of aortic root in both ApoE 7~ and ApoE 7~/ Liver-
688 DKO mice have been quantified (Fig.5A). In addition, aortic roots cryosections from both ApoE -
689 /-~ and ApoE -/ Liver-DKO mice were stained with Oil Red O (ORO), and we found significantly
690  reduced lesion size in ApoE 7~ /Liver-DKO mice than ApoE *~mice (Fig.5B). We also discovered
691  significantly diminished CD68 immunofluorescence signals in ApoE - / Liver-DKO mice than
692  ApoE “"mice, indicating fewer macrophage accumulation in the atherosclerotic lesions (Fig.5B).
693  We further measured plasma triglyceride (TG) and cholesterol levels in WD-fed WT and Liver-
694  DKO mice injected with PCSK9-A AV, and we detected significantly reduced TG and cholesterol
695 levels in WD-fed Liver-DKO; PCSK9-AAVS8 mice compared to WD-fed WT; PCSK9-AAVS
696 mice (Fig.5C). In addition, we also measured plasma cholesterol level from both ApoE - and
697  ApoE 7~ / Liver-DKO mice under either ND or WD treatment, and we found significantly
698  diminished plasma cholesterol in ApoE -~/ Liver-DKO mice compared to ApoE -~ mice (Fig.5D).
699  Oil Red O staining of liver cryosections were performed in both ApoE “-and ApoE 7~/ Liver-DKO
700  mice, we found significantly reduced hepatic lipids in the livers of ApoE 7~ / Liver-DKO mice
701 compared to ApoE 7~ mice (Fig.5E).

702

703 LDLR is Resistant to PCSK9-induced Proteasomal Degradation in Liver-DKO Mice and
704  LDLR Directly Binds to Epsin1 UIM Domain.

705

706  Western blot (WB) analysis of liver tissue harvested from WT and Liver-DKO mice injected with
707 PCSK9-AAVS virus (2x10'! genomes) revealed LDLR was markedly degraded by PCSK9
708  administration in WT, but not in Liver-DKO livers (Fig.6A). The protein levels of LDLR in WT
709  and Liver-DKO mice were quantified, with significantly enhanced LDLR expression in the liver
710  from Liver-DKO mice (Fig.6A). In addition to liver tissue lysate analysis, we also performed WB
711  analysis of lysate from primary hepatocytes isolated from WT and Liver-DKO mice, treated with
712 PCSKD9, cycloheximide (CHX) and MG132. We found PCSK9-induced LDLR degradation
713 occurred independent of new protein synthesis (in the presence of CHX) but was blocked by either
714 loss of epsins or proteasomal inhibitor MG132 (Fig.6B). The protein levels of LDLR were
715  quantified, with significantly higher LDLR expression in the hepatocytes from Liver-DKO under
716  either with or without MG132 treatment (Fig.6B). To study the interaction between LDLR and
717  Epsinl, we performed anti-epsinl co-immunoprecipitation (co-IPs) analysis. We found LDLR
718  directly binds epsinl in WT, but not in Liver-DKO primary hepatocytes (Fig.6C). To further study
719  which epsinl motif can bind to LDLR, we transfected different FLAG-tagged epsinl deletion
720  mutants plasmids into HepG2 cells (Fig.6D), including pcDNA (empty plasmid), full length epsinl
721  plasmid, epsinl-AENTH plasmid, epsin1-AUIM plasmid, epsin]-DPW/NPF plasmid. Intriguingly,
722 we found LDLR can specific bind to both the full length epsinl and epsin1-AENTH, but not bind
723 to epsinl-AUIM and epsinl-DPW/NPF, indicating the epsinl-UIM domain is the binding motif
724  for the interaction between epsinl and LDLR (Fig.6E). In addition, we discovered that
725  significantly diminished ubiquitinated LDLR in the liver lysate from Liver-DKO by testing
726  ubiquitin expression after LDLR antibody for immunoprecipitation (IP) (Fig.6F). In summary, by
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727  preventing PCSK9-triggered LDLR degradation, hepatic epsin depletion enhances LDL-C
728  clearance and ameliorates dyslipidemia in atherosclerosis (Fig.8).

729
730 Nanoparticle-mediated Delivery of Epsins siRNAs Potently Inhibits Lesion Development,
731 Reduces Foam Cell Formation, and Decreases Cholesterol and TG Levels in ApoE -~ Mice.

732 To explore the therapeutic potential of targeting hepatic epsins, we employed nanoparticle-
733 encapsulated siRNAs specifically targeting epsins in the liver. Therapeutically, we applied
734  galactose targeted - nanoparticles (NPs) with epsin1/2 siRNA (Fig.7E) to inject ApoE 7~ mice
735  under WD-treatment, control siRNA NPs were injected to WD-fed ApoE 7~ mice as the control.
736  Before injection of siRNA NPs into ApoE 7~ mice, we have performed cytometry to test the
737  efficiency of Gal-targeted Cy5.5-siRNA NPs and non-targeted Cy5.5-siRNA NPs in THLE-3 cells.
738  We found significantly higher uptake efficiency in Gal-targeted Cy5.5-siRNA NPs compared to
739  non-targeted Cy5.5-siRNA NPs in THLE-3 (Fig.7F). Western blots of liver lysates isolated from
740 WD-fed ApoE 7~ mice (8 weeks) that treated with control or epsins siRNA NPs revealed
741  dramatically diminished epsinl and epsin2 protein expression, indicating the highly efficiency of
742 epsins siRNA NPs for knockdown of epsinl and epsin2 proteins (Fig.7G). En face ORO staining
743  of aortas from control siRNA NP-treated or epsin1/2 siRNA NP treated ApoE 7~ mice fed a WD
744  revealed significantly diminished atherosclerotic lesion in epsinl/2 siRNA NP treated ApoE -~
745  mice compared with control siRNA NPs ApoE “~mice (Fig.7A). The lesion areas of aortic root in
746  both control siRNA NPs treated ApoE ~~mice and epsinl/2 siRNA NPs treated ApoE ~~ mice have
747  been quantified (Fig.7A). In addition, aortic roots from control siRNA NPs treated ApoE - or
748  epsinl/2 siRNA NP treated ApoE *~ mice were stained with Oil Red O or the CD68 macrophage
749  marker CD68. We found significantly reduced lesion size in epsin1/2 siRNA NP treated ApoE -~
750  mice than control siRNA NPs treated ApoE '~ mice (Fig.7B). We also discovered significantly
751  diminished CD68 immunofluorescence signals in epsinl/2 siRNA NP treated ApoE - mice than
752  control siRNA NPs treated ApoE - mice, indicating fewer macrophage accumulation in the
753  atherosclerotic lesions in epsinl/2 siRNA NP treated ApoE -~ mice (Fig.7B). We further measured
754  plasma triglyceride (TG) and cholesterol levels in both control siRNA NPs treated ApoE - mice
755  and epsinl/2 siRNA NPs treated ApoE - mice, and we detected significantly reduced TG (Fig.7C)
756  and cholesterol levels (Fig.7D) in epsin1/2 siRNA NP treated ApoE 7~ mice compared to control
757  siRNA NPs treated ApoE - mice. These findings suggest that targeting liver epsins presents a
758  novel and promising therapeutic strategy for the treatment of atherosclerosis.

759  In summary, our results demonstrate that liver-specific epsins depletion significantly inhibits
760  atherogenesis and reduces lipid levels in a mouse model of atherosclerosis. The observed
761  phenotypic changes are associated with transcriptional reprogramming of hepatocytes, lipogenic
762  Alb " Hepatocytes to glycogenic HNF4a ™ Hepatocytes, enhanced LDL-C clearance pathways,
763  and improved lipid metabolism. Mechanistically, the deficiency of liver epsins protect LDLR from
764  PCSKO9-triggered degradation. By targeting liver epsins with nanoparticle-encapsulated siRNAs,
765 it has highly efficacious at inhibiting dyslipidemia and impeding atherosclerosis. These findings
766  highlight the potential of targeting hepatic epsins as a therapeutic strategy for the treatment of
767  atherosclerosis and related cardiovascular diseases.

768
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769  Discussion

770

771  Our previous studies have elucidated an atheroprone function of epsins in both endothelial cells*,
772 macrophages!”-'8, and vascular smooth muscle cells*® due to significantly elevated inflammation
773 in the atherosclerotic plaque. However, atherosclerosis is initiated from the abnormal
774  accumulation of lipid in the subendothelial layer of the arterial wall for hyperlipidemia 4°. The
775  liver is the central organ for the control of lipid homeostasis®®. The processes of de-novo
776  lipogenesis (DNL) taking place in the liver and hepatic lipid metabolism are critical for regulation
777  of the levels and distribution of lipids throughout the body 2°. LDLR is expressed in the liver that
778 is essential to clearance of circulating LDL-C that play protective roles in prevention of
779  atherosclerosis 33!, PCSK9 is dominantly expressed in the liver, and PCSK9 binds to LDLR that
780 promote LDLR degradation 3234, Currently, PCSK9 antibody-based therapeutic to reduce
781  circulating levels of LDL have been developed by several drug companies 33-5¢; however, the
782  mechanistic details of PCSK9-mediated LDLR degradation remain insufficiently understood.
783

784  In this study, we identified significantly lower plasma cholesterol and triglyceride in ApoE~-/
785  Liver-DKO mice or WD-fed Liver-DKO mice injected with PCSK9-A AV 8 than those in ApoE™
786  controls or WD-fed WT mice (Fig.5C, 5D). Intriguingly, the plasma cholesterol and triglyceride
787  levels in epsins deficient in other different cell types, such as endothelial cell, macrophage, and
788  vascular smooth muscle cells*!7-13:48 ' do not have significantly differences when comparing with
789  ApoE" controls, indicating epsins in the hepatocytes participate in lipogenesis, which have been
790  validated with significantly diminished gene expression that involved in lipogenesis in ApoE~~/
791  Liver-DKO mice (Fig.1D, 1E). The liver is the main organ that regulate circulating LDL-C
792  homeostasis by LDLR for LDL-C clearance !°. Our single cell RNA sequencing data showed that
793  significantly elevated genes that are enriched in low-density lipoprotein particles and triglyceride-
794  rich lipoprotein particles clearance gene ontology (GO) in the hepatocytes in ApoE~~/Liver-DKO
795  mice (Fig.2A), which is consistent toits reduced plasma cholesterol and triglyceride. Subsequently,
796 we also showed evidences that with enhanced communication score between LDLR and
797  cholesterol in the hepatocytes from ApoE~-/Liver-DKO mice by MEBOCOST analysis (Fig.2G-
798 1), indicating enhanced capacity of low-density lipoprotein cholesterol (LDL-C) clearance by
799 LDLRin ApoE”/Liver-DKO mice. Consequently, we found significantly reduced atherosclerotic
800 lesion area in ApoE”-/ Liver-DKO mice than those in in ApoE~-controls (Fig.5A, 5B). In addition
801 todiminished lipogenic genes expression, the enhanced UDPG communication score in HNF4qhi
802  hepatocytes in ApoE~-/Liver-DKO mice that resulted in elevated UDPG metabolite level promote
803  hepatic glycogenesis (Fig.2I). Chen et al. recently reported that hepatic glycogenesis inhibits
804 lipogenesis®’. Consequently, the enhanced UDPG metabolite levels in the liver inhibits fatty acid
805  synthesis that could also contribute to reduced cholesterol and triglyceride in plasma in ApoE~"/
806 Liver-DKO mice.

807

808  Currently, almost all studies involved in human liver single cell RNA-seq analysis are in the
809  context of chronic liver diseases, such as nonalcoholic fatty liver disease (NAFLD) 3839 or acute
810 liver failure (ALF) ®°. Unfortunately, no single cell RNA-seq study for dissecting of human liver
811 transcriptome for patients in the context of coronary artery disease or other cardiovascular diseases,
812  and most single cell RN A-seq studies for patients in the context of coronary artery disease are for
813  exploring the transcriptome differences for atherosclerotic plaques ¢-92, Therefore, it is impossible
814  to compare our liver single cell RNA-seq data with liver single cell RNA-seq data from human
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815 patients with coronary artery disease. However, the recently published article explored liver
816 transcriptome by single cell RNA-seq for hPCSK9-D374Y mice with emphasized analysis on
817  Kupffer cells 3, this dataset empower us to analyze heterogeneity of hepatocytes in the liver
818 between hPCSK9-D374Y mice and controls. The hPCSK9-D374Y mutation potently elevates the
819  affinity between PCSK9 and LDLR interaction, and further promote the degradation of LDLR .
820 In this study, we reanalyzed the liver single cell RNA-seq dataset by emphasizing the analysis in
821 the context of hepatocytes from hPCSK9-D374Y mice®3. Intriguingly, in the hepatocytes of
822  hPCSK9-D374Y mice, we discovered diminished glycogenic genes expression but elevated
823  lipogenic genes expression in hPCSK9-D374Y mice, results in diminished glycogenesis and
824  activated lipogenesis that is consistent with lower CAD protective score in hPCSK9-D374Y mice,
825  especially for HC3 Alb" HNF4ahi hepatocytes (Fig.3D, Fig.S14). Therefore, there are highly
826  phenotypic similarities between hPCSK9-D374Y mice and ApoE” mice. Mechanistically, we
827  identified significantly elevated epsinl expression in hPCSK9-D374Y mice that would contribute
828 to downregulated LDL particles and VLDL particles clearance by reduction of LDLR expression
829  (Fig.3G, Fig.S13). Subsequently, we found diminished communication score between LDLR and
830 cholesterol in the hepatocytes from hPCSK9-D374Y mice by MEBOCOST analysis (Fig.3H-J),
831  which is consistent to serum cholesterol accumulation due to reduced hepatic LDLR levels in
832 hPCSK9-D374Y mice 5. Similar to ApoE~~ mice, the decreased UDPG communication score in
833  glycogenic HC3 AlbM HNF4ahi hepatocytes (Fig.3H, 31), and together with diminished genes of
834  glycogenesis that further contribute to elevated lipogenesis®’. Like to ApoE”-mice, the diminished
835 tendency of cell fate transition from HC1 lipogenic AlbMhepatocytes into HC3 glycogenic Albhi
836 HNF4oh hepatocytes in hPCSK9-D374Y mice, which is consistent with its elevated lipogenic
837  genes and diminished glycogenic genes (Fig.S14). In summary, by comparison of ApoE”- and
838 hPCSK9-D374Y mice, these two mouse model for atherosclerosis study shared similar hepatocyte
839  heterogeneity and the common pathological signaling pathways for inducing atherosclerosis or
840  dyslipidemia, which might be highly correlated with the common elevated epsins expression in
841  the liver that mediate LDLR degradation.

842

843  In this study, we firstly elaborated how liver epsins mediate the LDLR degradation that triggered
844 by PCSKO in the liver (Fig.8). In liver epsins-deficient mice (Liver-DKO), significantly elevated
845 LDLR expression in the membrane of hepatocytes that empower upregulated LDL-C clearance
846  (Fig.4A, 4C), which is resistant to WD-induced espins mediated LDLR degradation (Fig.4C).
847  PCSKJ9 protein mediates LDLR protein degradation 6. In this study, by injection of PCSK9-
848 AAVS into both WT controls and Liver-DKO mice for PCSK9 overexpression, LDLR is
849  dramatically degraded in WT controls; however, the degradation of LDLR is significantly
850 inhibited in Liver-DKO mice (Fig.6A, 6B), which strongly supports that liver epsins are essential
851 for PCSK9-mediated LDLR degradation. Subsequently, we discovered that epsinl can directly
852  bind to LDLR protein that further trigger its degradation (Fig.6C). Our previous studies revealed
853  that epsins are critical adaptor proteins that involved in endocytosis 16-23:67-6° To explore which
854  motif'in epsinl can specific bind to LDLR, such as ENTH, UIM, DPW and NPF (Fig.6D), FLAG-
855  tagged epsinl deletion mutants plasmids, including pcDNA control, full length epsinl plasmid,
856  epsinl-AENTH plasmid, epsinl-AUIM plasmid and epsinl-DPW/NPF plasmid have been
857 transfected into HepG2 cells. Specifically, LDLR binds to UIM motif only but not binds to other
858  motifs (Fig.6E), the ubiquitin-interacting motif (UIM) in epsins facilitated ubiquitination mediated
859  protein degradation’?. Consequently, diminished LDLR expression in the liver due to the
860 interaction between LDLR and epsinl UIM motif for the activation of ubiquitination of LDLR
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861 facilitate to its degradation in WT controls, but not in Liver-DKO mice. In addition, we revealed
862  diminished ubiquitinated LDLR in the liver lysate in Liver-DKO by LDLR antibody
863  immunoprecipitation (IP) assay, consequently, higher LDLR expression in the input lysate in
864  Liver-DKO mice than WT controls (Fig.6F), supporting the loss of epsins enhances the stability
865 of LDLR. MG132 proteasome inhibitors blocked the degradation of LDLR by inhibition of
866  ubiquitination 7'. We further isolated primary hepatocytes from both WT and Liver-DKO for
867 PCSK9, cycloheximide (CHX) and proteasomal inhibitor MG132 treatment, identified that
868 PCSK9-induced LDLR degradation occurred independent of new protein synthesis, similar to
869 MG132 treatment, and LDLR degradation was blocked by loss of epsins in the liver. In summary,
870 epsins play gatekeeping roles in the PCSK9-mediated ubiquitination-driven LDLR degradation
871 that by interaction between epsinl UIM motif and LDLR. Therefore, the liver epsins might as
872  potential targets to treatment of dyslipidemia or further atherosclerosis by protecting hepatic
873 LDLR from degradation.

874  The liver is the primary organ of lipid nanoparticles accumulation following intravenous
875  administration 7?73, and lipid nanoparticle-mediated RNAs or siRNAs delivery holds great
876  potential to treat liver diseases 7473 In this study, we engineer the hybrid siRNA NPs for better
877  targeting of hepatocytes in vivo by surface modification with carbohydrate ligands (e.g. galactose)
878 that can recognize the asialoglycoprotein receptor (ASGPR) predominately expressed on
879  hepatocytes and minimally expressed by non-hepatic cells 3637, Finally, targeting liver epsins with
880 lipid nanoparticle encapsulated siRNAs that with highly efficacious at inhibiting dyslipidemia and
881 impeding atherosclerosis. We discovered significantly reduced atherosclerotic lesion in epsinl/2
882  siRNA NPsinjected mice comparing to control NPs group (Fig.7A, 7B). As expected, we detected
883  significantly lower cholesterol and triglyceride levels in epsinl/2 siRNA NPsinjected group than
884  control NPs group (Fig.7C, 7D). Therefore, we have tested the therapeutic efficiency for treatment
885  of atherosclerosis by targeting liver epsins in mice. However, in this study, the lack of therapeutic
886  datafrom large animals will be insufficient forevaluation of the efficiency by targeting liver epsins
887  for inhibiting atherosclerotic progression. To fill in the gaps, in future, we will test the efficiency
888  of epsinl/2 siRNA NPs targeting liver epsins in large animals, such as rabbit 7® and pig’’ for
889  atherosclerotic regression studies. It has been widely applied for rabbit model to investigate
890 familial hypercholesteromia (FH), and hypercholesteromia rabbits have very high LDL-C level
891  dueto dysfunction of LDLR, also with severe atherosclerosis '>78. By targeting epsins in the liver
892  in hypercholesteromia rabbit with epsin1/2 siRNA NPs, we will measure the plasma LDL-C level
893  and atherosclerotic lesion between control NPs group and epsinl/2 siRNA NPs group.

894

895 In this study, mechanistically, we identified significantly higher hepatocyte nuclear factor 4a
896  (HNF4a) expression in ApoE~~ /Liver-DKO mice than ApoE~ (Fig.1D-F), and HNF4a.is reported
897  as critical transcription factor that modulation of lipid homeostasis 7°. The hepatic HNF4a
898  deficiency cause severe hepatic lipid accumulation, and overexpression of hepatic HNF4a lowers
899  plasma cholesterol levels 7°. In addition, the accumulation of hepatic glycogen is disrupted by loss
900 of hepatic HNF4a 0. Intriguingly, we presented higher lipogenic genes expression in AlbM
901 hepatocytes than HNF4a" hepatocytes, while higher glycogenic genes expression in HNF4chi
902  hepatocytes than AlbM hepatocytes (Fig.S11). The higher percentage of glycogenic HNF4chi
903  hepatocytes but with lower lipogenic AlbM hepatocytes proportion in ApoE~ /Liver-DKO mice
904  than ApoE~~(Fig.2A), which contribute to reduced cholesterol and triglyceride in plasma in ApoE-
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905 -/ Liver-DKO mice. Coincidently, the cardiovascular disease (CAD) protective score is positive
906  associated with hepatic HNF4o expression in ApoE”~/ Liver-DKO mice, indicating glycogenic
907 HNF4oh hepatocytesare protective that attributable mainly to the inhibition of lipogenesis. Parviz
908 et al. and Wu ef al. demonstrated that HNF4a is essential for hepatic glycogen synthesis, and
909  hepatic HNF4a deletion induces significantly impairment of hepatic glycogen accumulation in the
910 liver 803! Inaddition to glycogenesis, Bonzo et al. demonstrated that genetic deletion of HNF4a
911 cause steatosis 82, and both Xu et al. and Yang et al. clarified that overexpression of HNF4a
912  significantly ameliorate hepatic steatosis by reducing of hepatic triglycerides and free fatty acids
913  (FFA) 3384 Inthisstudy, we discovered that significantly diminished hepatic and serum lipids in
914  ApoE”/Liver-DKO, but with elevated genes expression that involved in glycogenesis, indicating
915 upregulated hepatic glycogenesis suppress lipogenesis in the liver that is consistent to the recently
916  report that hepatic glycogenesis antagonizes lipogenesis >7. Chen et al. demonstrated that elevated
917 UDPGmediated glycogenesis that repressed the cleavage of premature SREBP1and SREBP2 into
918 mature SREBP1 and SREBP2, resulted in diminished hepatic lipogenesis >7. In this study,
919 MEBOCOST analysis revealed elevated UDPG metabolite, as intermediate of glycogenesis, in
920 HNF4oM hepatocytes in ApoE~~ /Liver-DKO, which promote hepatic glycogenesis that inhibition
921  of hepatic lipogenesis. Intriguingly, there is a significantly higher tendency of cell fate transition
922  from lipogenic Albh hepatocytes into glycogenic HNF4aM hepatocytes in ApoE~~ /Liver-DKO
923  than ApoE”" (Fig.S1B-F), suggests the activated glycogenesis and inhibited lipogenesis in the liver
924  in ApoE” /Liver-DKO. As HNF4a" hepatocytes are positively regulation of hepatic glycogenesis
925 8081 'in addition to elevated LDLR expression, the elevated hepatic glycogenesis and inhibited
926  hepatic lipogenesis is a novel casual factor that contribute to the diminished atherosclerotic plaque
927  in ApoE" /Liver-DKO mice.

928

929  Insummary, in our study, we firstly demonstrated how hepatic epsins in mediating PCSK9-driven
930 LDLR degradation (Fig.8). In the absence of hepatic epsins, PCSK9-mediated LDLR degradation
931 s significantly repressed, and higher LDLR expression in the liver that promotes the LDL-C
932  clearance in ApoE”-/Liver-DKO mice and further inhibition of atherosclerotic plaque progression.
933 Inthe presence of hepatic epsins, LDLR specially binds to the epsinl UIM motif that further be
934  processed for PCSK9-driven ubiquitination for proteosome degradation in ApoE~- mice, which
935 accelerated the LDL-C accumulation and promote the atherosclerotic plaque progression.
936  Mechanistically, we elaborated that elevated pathways involved in LDL particle clearance and
937  diminished genes of de novo lipogenesis in ApoE~~ /Liver-DKO. Especially, we firstly proposed
938 that the cell fate transition from lipogenic Alb" hepatocytes into glycogenic HNF4a"' hepatocytes
939 might be a novel protective mechanism for combating atherosclerosis in ApoE~- /Liver-DKO.
940 Finally, for therapeutic study, we synthesized lipid nanoparticles (LNP) encapsulated epsins
941  siRNAs for treatment of WD-induced atherosclerotic ApoE”- mice, which achieved significantly
942  inhibited dyslipidemia and impeded atherosclerotic plaque progression. However, as the
943  potentially therapeutic novel target for atherosclerosis, therapeutic studies on mice are not
944  sufficient for convincing its medical application. In future, we will further evaluate the efficiency
945  of LNP encapsulated epsins siRNAs in larger animals, such as rabbit or pig, for inhibition of
946  dyslipidemia and atherosclerotic plaque progression.

947

948

949  Conclusion and Perspective

950


https://doi.org/10.1101/2024.08.26.609742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.26.609742; this version posted August 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

951 In this study, we discovered significantly elevated epsinl and epsin2 expression in both WD -fed
952  mice and atherosclerotic patients, but with dramatically diminished expression of LDLR protein
953 in the liver from WD-fed mice and fatty liver disease patients. To study the roles of liver epsins in
954  atherosclerosis, we specific deleted liver epsinl and epsin2 using albumin Cre (Liver-DKO) on an
955  ApoE " background. We discovered that WD-induced atherosclerosis was significantly inhibited,
956 along with diminished blood cholesterol and triglyceride levels in ApoE - Liver-DKO mice.

957

958  Mechanistically, scRNA-seq analysis on hepatocyte-derived data revealed elevated pathways
959 involved in LDL particle clearance under WD treatment in ApoE~- /Liver-DKO mice, which was
960 coupled withdiminished plasma LDL-C levels. Further analysis using the MEBOCOST algorithm
961 revealed enhanced communication score between LDLR and cholesterol, suggesting elevated
962 LDL-C clearance in the ApoE"~ Liver-DKO mice. In addition, we showed that loss of epsins in the
963 liver upregulates of LDLR protein level. We further showed that epsins bind LDLR via the
964  ubiquitin-interacting motif (UIM), and PCSK9-triggered LDLR degradation was abolished by
965 depletion of epsins, preventing atheroma progression.

966

967 Intriguingly, scRNA-seq analysis revealed the activated cell fate transition from lipogenic Alb M
968  hepatocytes to glycogenic HNF4a hi hepatocytes in the liver of ApoE~ Liver-DKO mice, which
969 is consistent with its diminished lipogenic genes expression but elevated glycogenic genes
970  expression. The CAD protective score in HNF4a M hepatocytes is higher than Alb M hepatocytes,
971  which is positively correlated with HNF4o expression level in ApoE~~ Liver-DKO mice. In
972  additionto ApoE”-mice, analysis of hepatocyte-derived data from hPCSK9-D374Y mice revealed
973  similar pathological pathwaysinvolved in atherosclerosis or dyslipidemia as WD-fed ApoE~~ mice,
974  with significantly elevated epsins expression in both hPCSK9-D374Y and WD-fed ApoE-~mice
975  that mediated LDLR degradation.

976

977  Finally, our therapeutic strategy, which involved targeting liver epsins with nanoparticle-
978  encapsulated epsins siRNAs, was highly efficacious at inhibiting dyslipidemia and impeding
979  atherosclerosis. Targeting epsins in the liver may serve as a novel therapeutic strategy to treat
980  atherosclerosis by suppression of PCSK9-mediated LDLR degradation. In future, targeting epsins
981 in the liver using nanoparticle-encapsulated epsins siRNAs, we will test its efficiency at inhibiting
982  of dyslipidemia and impeding atherosclerosis in larger animals, such as rabbit or pig.
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1246  Fig. 1: Single-cell RNA-sequencing reveals gene expression dynamics in Liver-DKO mice on
1247 an ApoE-/- background. A: Schematic representation of the single-cell RNA-sequencing
1248  (snRNA-seq) process performed on liver tissues from ApoE”- and ApoE~/Liver-DKO mice. B:
1249 UMAP visualization illustrating the heterogeneity of hepatocyte cell populations indicating
1250  distinct clustering patterns of hepatocytes in ApoE~”-/Liver-DKO mice compared to ApoE*
1251  controls. C: Dot plot showing the expression of gene markers in respective sub-cell types. D-E:
1252  Elevated gene expression related to LDL particle clearance and decreased gene expression related
1253  to fatty acid synthesis in ApoE”-/Liver-DKO as compared to ApoE”, shown through single-cell
1254  analysis (D) and real-time quantitative PCR (QPCR) (E). F: Elevated HNF4a expression level in
1255 Liver-DKO mice. Immunofluorescence stain of HNF4a ,Albumin in the liver from both WT and
1256  Liver-DKO mice (left), HNF4a is in red color, Albumin is in green color (marker of hepatocytes),
1257  and DAPI is used for nuclei stain. Quantification of HNF4 o immunofluorescence signal intensity
1258  between WT and Liver-DKO (right). G: Western blot of HNF4a for the liver lysates from WT
1259  and Liver-DKO, beta-Actin is used as internal reference (left), the quantification of HNF4a. H:


https://doi.org/10.1101/2024.08.26.609742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.26.609742; this version posted August 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1260  Hnf4aexpression increasing from HC1 Alb" to HC3 Albh in both conditions ApoE~- and ApoE”
1261  /Liver-DKO. I: Coronary artery disease (CAD) protective score comparing ApoE~/Liver-DKO to
1262  ApoE”~. Note: We used the two-tailed t- test to compare the samples in panel (E). expression in
1263  both WT and Liver-DKO (right). n=3, **p<0.01, ***p<0.001.

1264

1265

1266  Fig. 2: Enhanced LDL particle clearance and LDLR-cholesterol communication elucidate
1267 improved LDL-C clearance and reduced atherogenesis. A-B: Gene Ontology (GO) analysis
1268  showing significantly enriched pathways for LDL particle clearance that are upregulated (A) and
1269  downregulated (B) in ApoE”/Liver-DKO relative to ApoE”. C-D: Illustration of LDLR-
1270  cholesterol communication pathways with increased signaling interactions (C) and decreased
1271  signaling (D) in ApoE”/Liver-DKO relative to ApoE”", indicating enhanced LDL-C particle
1272 clearance in ApoE”-/Liver-DKO. E-F: Elevated gene expression related to LDLR-cholesterol
1273  interactions and decreased gene expression related to fatty acid synthesis in ApoE~"/Liver-DKO
1274  mice, shown through single-cell analysis (E) and real-time quantitative PCR (qPCR) (F). G:
1275  Quantitative analysis demonstrating reduced blood cholesterol and triglyceride levels in ApoE "
1276  /Liver-DKO mice, suggesting improved lipid metabolism and clearance. H: Relative receptor
1277  expression in ApoE~/Liver-DKO compared to ApoE~".1i: Relative metabolite abundancein ApoE-
1278  /Liver-DKO compared to ApoE”". Note: We used the CellChat default method for the
1279  permutation test to calculate significant communication in panels (C) and (D). We also used the
1280 two-tailed t- test to compare the samples in panel (E).

1281

1282  Fig. 3: Single-cell RNA-sequencing reveals gene expression dynamics in PCSK9 D374Y
1283 mutated mice. A: UMAP visualization illustrating the heterogeneity of hepatocyte cell
1284  populations indicating distinct clustering patterns of hepatocytes in control mice compared to
1285 D374Y mutated. B: Dot plot showing the expression of gene markers in respective sub-cell types.
1286  C: Hnf4a expression increased from HC1 Albh to HC3 AlbM in both control and D374Y mutated
1287  conditions. D: Coronary artery disease (CAD)protective score comparing D374 mutated to control.
1288 E: Pseudotime trajectory and RNA velocity analysis mapping the transition pathway from
1289  lipogenic AlbM hepatocytes (HC1 AlbM) to glucogenic Hnf4ah! hepatocytes (HC3 Alb") in control,
1290 in contrast to D374Y mutated. F-G: Gene Ontology (GO) analysis showing significantly enriched
1291  pathways for upregulated glycolytic process (F) and downregulated LDL particle clearance (G)
1292  and in D374Y mutated relative to control. H: Quantitative analysis demonstrating metabolite
1293  communication score in D374Y mutated mice compared to control. I: Relative metabolite
1294  expression abundance in D374Y mutation compared to control. J: Relative metabolite receptor
1295  expression abundance in D374Y mutated compared to control.

1296

1297

1298  Fig. 4: Elevated LDLR expression in the liver of liver specific epsin deficiency mice and
1299  diminished LDLR expression in the liver of WD-fed mice. (A) Western blot (WB) analysis of
1300  liver tissue harvested from WT and Liver-DKO mice revealed elevated LDLR expression in Liver-
1301 DKO (left). Data quantification of LDLR expression (right) (n=3, *p< 0.05). (B) Western blot
1302  (WB) analysis of liver tissue harvested from WT (normal diet, ND) and WT (western diet, WD)
1303  mice showed diminished LDLR expression and elevated epsinl and epsin2 expression in WT-WD
1304  (left). Data quantification of LDLR expression (right) (n=3, ***p<0.001). (C)
1305 Immunofluorescence (IF)analysis of liver cryosections from WT, Liver-DKO mice, and WT-WD


https://doi.org/10.1101/2024.08.26.609742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.26.609742; this version posted August 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1306  revealed elevated LDLR expression in Liver-DKO (left), but diminished LDLR expression in the
1307  liver from WD-fed WT mice (left), however, the diminished LDLR expression in the liver from
1308 WD-fed is inhibited in WD-fed Liver-DKO (left). Data quantification of LDLR, Epsinl, Epsin2
1309  expression (right) (n=4, **p<0.01).

1310

1311  Fig.5: Liver-deficiency of epsins inhibits atherosclerotic lesion formation and macrophage
1312  accumulation. (A) En face ORO staining of aortas (top) from ApoE-/- or ApoE-/- / Liver-DKO
1313  mice fed a WD, and unpaired t-test (bottom) for the lesion areas (n=4, ***p< 0.001) (B) Aortic
1314  roots from WD-fed ApoE-/- or ApoE-/- Liver-DKO mice stained with ORO or the CD68
1315  macrophage marker. Scale bars=500 um. (C) Plasma triglyceride (TG) and cholesterol levels in
1316  WD-fed WT and Liver-DKO mice treated with AAV8-PCSK9 (n=4, *<0.05) (D) Cholesterol in
1317  ApoE-/- and ApoE-/- Liver-DKO mice after 8§ weeks on a WD (n=4, p*<0.05) (E) ORO staining
1318  of liver tissue (n=4).

1319

1320 Fig.6: LDLR is resistant to PCSK9-induced proteasomal degradation in Liver-DKO mice
1321  and Liver-DKO primary hepatocytes and directly bind to epsin1 UIM. (A) Western blot (WB)
1322  analysis ofliver tissue harvested from WT and Liver-DKO mice injected with PCSK9-AAV 8 virus
1323  revealed PCSK9-triggered LDLR degradation is inhibited in Liver-DKO mice (left). Data
1324  quantification (right) (n=3, **<0.01). (B) WB analysis of lysate from primary hepatocytes isolated
1325  from WT and Liver-DKO mice, treated with PCSK9, cycloheximide (CHX) and MG 132 showed
1326  PCSKO9-induced LDLR degradation occurred independent of new protein synthesis (in the
1327  presence of CHX) but was blocked by either loss of epsins or proteasomal inhibitor MG 132 (left).
1328  Data quantification (right) (n=3, **p<0.01 vs lane 1, *p<0.05 vs lane 2). (C) Anti-epsinl co-IPs
1329  showed LDLR directly binds epsin 1 in WT, but not Liver-DK O mouse primary hepatocytes (n=4).
1330 (D) Epsin deletion mutants and individual protein domains (E) LDLR antibody
1331  immunoprecipitation with lysates from HepG2 cell that were transfected by Flag-fused plasmids,
1332  including pcDNA full length epsinl, AENTH, AUIM, DPW/NPF. Anti-FLAG antibody was used
1333  fordetect the binding between LDLR and epsinl , AUIM is essential for LDLR bind to epsinl. F:
1334  LDLR antibody immunoprecipitation with lysates from liver tissues in both WT and Liver-DKO,
1335  Anti-ubiquitin antibody was used for detect the ubiquitinated LDLR between WT and Liver-DKO.
1336  Liver lysates from both WT and Liver-DKO were also used as Input control for testing anti-LDLR,
1337  Epsinl, Epsin2, and GAPDH antibodies.

1338

1339  Fig.7 Nanoparticles (NP) with epsinl/2 siRNA inhibits lesion formation and macrophage
1340 accumulation. (A) En face ORO staining of aortas (top) from control siRNA NP-treated ApoE*
1341  orepsinl/2 siRNA NP treated ApoE~~ mice fed a WD, and unpaired t-test (bottom) for lesion areas
1342  (n=4, ***p<0.001). (B) Aortic roots from control siRNA NP-treated ApoE"~ orepsinl/2 siRNA
1343 NP treated ApoE~- mice were stained with ORO or the CD68 macrophage marker CD68. Scale =
1344 500 um. (C) Plasma triglyceride (TG) levels in WD-fed ApoE-/- (WT) and epsin siRNA-
1345  nanoparticle (NP) treated mice (n=4, *p<0.05). (D) Cholesterol levels in WD-fed ApoE-/- (WT)
1346  and epsin siRNA-nanoparticle (NP) treated mice (n=4, *p<0.05). (E) Schematic of the targeted
1347  hybrid siRNA NP platform composed of a lipid-PEG shell with a targeting ligand and a PLGA
1348  core containing GO-C14/siRNA complexes (left). Synthesis of GO-C14 by reacting alkyl epoxides
1349  with polyamidoamine generation 0 (PAMAM, GO) with a ratio of 7:1 through ring-opening
1350  chemistry (right). We will synthesize G0-C14 analogs by changing the GO to C14 ratio and the
1351  alkyl chain length. (F) Cytometry of uptake of Gal-targeted Cy5.5-siRNA NPs vs non-targeted
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1352  Cy5.5-siRNA NPs in THLE-3 cells. (G) Western blots of liver lysates isolated from WD-fed
1353  ApoE-/- mice (8 weeks) and treated with control or epsin siRNA NPs (0.75 nmoles) for 3 weeks
1354 (2 doses/week) (n=4).

1355

1356

1357  Fig.8 Western diet (WD)-fed ApoE-"-/Liver-DKO mice have elevated low-density lipoprotein
1358  cholesterol (LDL-C) clearance compared with WD-fed ApoE-~ mice that is attributable to
1359  promoted the cell fate transition from AlbM lipogenic hepatocytes to HNFa M glycogenic
1360  hepatocytes. In the liver, the glycogenesis inhibits lipogenesis. Consequently, the progression of
1361  atherosclerotic plaques are significantly ameliorated in WD-fed ApoE” /Liver-DKO mice.
1362  Mechanistically, loss of epsins protein in the liver prevent ubiquitination-driven LDLR
1363  degradation. The expressed LDLR in hepatocyte cell membrane uptakes LDL-C from the
1364  circulation. In the presence of epsins protein in the liver (top), in WT mice, PCSK9 bind to LDLR,
1365  epsins protein mediate LDLR ubiquitination, and the ubiquitinated LDLR is directed to lysosomes
1366  for protein degradation. As a result, elevated circulating LDL-C due to PCSK9-mediated LDLR
1367  degradation. In the absence of epsins protein in the liver (bottom), in epsinl/2 Liver-DKO mice,
1368  PCSK9 bind to LDLR, but the LDLR ubiquitination is abolished thanks to the deficiency of epsins
1369  protein. The LDLR is directed to recycling endosomes, and LDLR protein can be recycled and
1370  back to the membrane of hepatocytes. As a result, diminished circulating LDL-C thanks to the
1371  recycling LDLR.

1372

1373

1374  Fig.S1 Overview of animal models. A: Workflow of generation of epsinl V1, epsin2 -, Albumin
1375 Cre - (Liver-DKO), epsinl **, and epsin2 *'*, Albumin Cre "~ as control group (WT). B:
1376  Workflow of generation of epsinl "1, epsin2 -, Albumin Cre ¥, Apoe - (Liver-DKO / Apoe ),
1377  and epsinl *'*, epsin2 *'*, Albumin Cre ™~ , Apoe 7~ as control group (WT / Apoe 7).

1378

1379  Fig.S2 Elevated epsinl and epsin2 expression in the aorta from CAD patients, and
1380 recruitment of CD68 positive macrophages in the aorta from CAD patients that
1381  colocalization to both epsinl and epsin2. A: Immunofluorescence co-stain of epsinl and CD68
1382  antibodies in aortas from both healthy control and CAD patients, epsinl is in red color, CD68 is
1383 in green color, and DAPI is used for nuclei stain. The atherosclerotic lesion is encircled with
1384  dashed line in CAD patients. B: Immunofluorescence co-stain of epsin2 and CD68 antibodies in
1385  aortas from both healthy control and CAD patients, epsin2 is in red color, CD68 is in green color,
1386 and DAPI is used for nuclei stain. The atherosclerotic lesion is highlighted that below the dashed
1387  line in CAD patients. C: Quantification of epsinl and epsin2 immunofluorescence signal intensity
1388  between healthy control and CAD patients. CD68 expression is highly colocalized with both
1389  epsinl and epsin2 in CAD patients, and the overlay percentage between CD68 and epsinl or CD68
1390 and epsin2 are quantified. N=5, *** p<0.001.

1391

1392  Fig.S3 Elevated expression of epsinl and epsin2 but diminished expression of LDLR protein
1393  in hepatocytes from the livers of NASH patients. A: Immunofluorescence staining of epsinl,
1394  epsin2 , LDLR and albumin protein in the livers of healthy control (left) and NASH patients (right).
1395 LDLR protein signals in green color, and albumin protein signals in red color, DAPI is used for
1396  nuclei stain. B: Quantification of epsinl, epsin2, LDLR immunofluorescence signal intensity in
1397  both healthy control and NASH patients. N=5, *** p<0.001.
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1398

1399 Fig.S4 Diminished HNF40 expression level in NASH (Cirrhosis) patients. A:
1400  Immunofluorescence stain of HNF4a in the liver from both healthy control and cirrhosis patients
1401  (left), HNF4a is in green color, and DAPI is used for nuclei stain. Quantification of HNF4a
1402  immunofluorescence signal intensity between healthy control and cirrhosis patients (right). B:
1403  Western blot of HNF4a for the liver lysates from biopsy in both healthy control and NASH patients,
1404  beta-Actin is used as internal reference (left), the quantification of HNF4a expression in both
1405  healthy control and cirrhosis patients (right). C: Relative expression of HNF4o mRNA in both
1406  healthy control and NASH patients measured by RT-qPCR. N=3, * p<0.05, ** p<0.01, ***
1407  p<0.001.

1408

1409  Fig. S5: Single-cell RNA-sequencing reveals hepatocyte transition in Liver-DKO mice on an
1410  ApoE~~background. A: A relatively high proportion of HC Hnf4aM in ApoE~-/Liver-DKO and a
1411  relatively high proportion of HC2 AlbM and HC3 Alb" of ApoE~~. B: Pseudotime trajectory and
1412  Rna velocity analysis mapping the transition pathway from lipogenic Albh hepatocytes to
1413  glucogenic Hnf4oM hepatocytes in ApoE”*/Liver-DKO, in contrast to ApoE”~. C-E: CellRank
1414  analysis indicating more dynamic shifts from lipogenic AlbM hepatocytes to glucogenic Hnf4oM
1415  hepatocytes in ApoE”-/Liver-DKO compared to ApoE~-. CellRank probability calculation for
1416  hepatocyte sub-cell populations in ApoE~- (C), and in ApoE”*/Liver-DKO (E). D-F: Violin plots
1417  show transition probabilities of initial to terminal states within hepatocyte sub-cell populations. in
1418  ApoE” controls (D), and in ApoE~/Liver-DKO mice (F). Note: We used the two-sample
1419  proportion test to compare the cell’s proportion in panel (A).

1420

1421  Fig.S6: Comprehensive cell type-specific gene markers and their corresponding expressions.
1422  A: UMAP visualization of ApoE~-/Liver-DKO cell populations compared to ApoE~~. B: Dot plot
1423  illustrating the percentage of cells expressing each gene marker corresponding to specific cell types
1424  in ApoE”/Liver-DKO and ApoE~ mice. The size of the dots represents the proportion of cells
1425  expressing the marker, while the color intensity indicates the expression level of the gene marker
1426  in each cell type.

1427

1428  Fig.S7: Diminished expression of lipogenic genes and elevated apolipoprotein genes are
1429  identified as indicators of inhibition of lipogenesis in HNF4aM hepatocytes. A: Feature plots
1430  show diminished expression of lipogenic genes in ApoE~/Liver-DKO compared to ApoE™"". B:
1431  Shows gene expression dynamic with respect to pseudo time from Alb"to Hnf4 oM hepatocytes.
1432  The elevated HNF4a expression in HNF4oM hepatocytes is positively correlated to the diminished
1433  expression of Acaca and the elevated expression of Apoa4 and Apob in ApoE~-/Liver-DKO.
1434

1435  Fig.S8: Enhanced GO pathways enriched in plasma lipoprotein particle clearance and
1436  diminished glycolytic process in ApoE--/Liver-DKO hepatocytes. A-C: CNET plots highlight
1437  the specific GO pathway enrichments related to genes upregulated in ApoE--/Liver-DKO within
1438  the hepatocyte subtypes. D-G: CNET plots highlight the GO pathway enrichments related to genes
1439  downregulated in ApoE”-/Liver-DKO within the hepatocyte sub-populations. Note: The edge
1440  color represents different pathways, and the corresponding circle’s number indicates the number
1441  of genes associated with the pathway.

1442
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1443  Fig.S9: Enhanced Rora-cholesterol and Sdc4-Fnl communication pathways and diminished
1444  Bsg-Ppia and Nrlh4-AndrosteroneHSD17B6 communication pathways in ApoE--/Liver-
1445 DKO hepatocytes. A: Chord plot highlights the specific Rora-cholesterol and Sdc4-Fnl
1446  communication related to genes and metabolites upregulated in ApoE~-/Liver-DKO.B: Chord plot
1447  exhibits the specific Bsg-Ppia and Nrlh4-AndrosteroneHSD17B6 communication associated to
1448  genes and metabolites downregulated in ApoE~-/Liver-DKO. Note: Edge and outer lower half-
1449  circle colors represent sender cell types, while inner lower and upper half-circle colors indicate
1450  receiver cell types.

1451

1452  Fig.S10: Elevated gene expression related to glycogenesis and diminished lipogenic gene
1453  expression in ApoE~-/Liver-DKO as compared to ApoE--, shown through single-cell analysis
1454  and real-time quantitative PCR (qPCR) validation. A: Violin plots of gene expression related
1455  to glycogenesis (Gys2, Gek, Pgml) and lipogenesis (Acly) and cholesterol clearance (Apoa2,
1456  Apob) in ApoE"-/Liver-DKO as compared to ApoE~~, shown through single-cell analysis B:
1457  Validation of genes expression involved in glycogenesis and lipogenesis by real-time quantitative
1458 PCR (gPCR) in the liver from both ApoE”- and ApoE”-/Liver-DKO mice. N=3, * p<0.05, **
1459  p<0.001, *** p<0.0001.

1460

1461

1462  Fig.S11: Elevated gene expression related to glycogenesis and diminished lipogenic gene
1463  expression in different clustered hepatocytes, including HC1 AlbM, HC2 Alb", HC3 Alb",
1464 and HC HNF4a"in ApoE--/Liver-DKO as compared to ApoE~-. A: Downregulated expression
1465  of lipogenic genes, such as Scd1, Acaca, but with upregulated expression apolipoprotein genes
1466  (Apoad, Apob) in different clustered hepatocytes in the liver of ApoE~-/Liver-DKO, indicates
1467  diminished lipogenesis and elevated capacity for low-density lipoprotein clearance in the liver of
1468  ApoE”/Liver-DKO. B: Upregulated expression of glycogenic genes, such as Pgml, Gys2, and
1469  Ugp2, in different clustered hepatocytes in the liver of ApoE”-/Liver-DKO, reveals elevated
1470  glycogenesis in the liver of ApoE"-/Liver-DKO.

1471

1472  Fig.S12: Diminished apolipoprotein genes expression in hPCSK9-D374Y mutant compared
1473  with control. Downregulated expression of apolipoprotein genes, such as Apoal, Apoa2, Apoa4,
1474  Apocl, Apoc2, Apoc3 and Apob, in different clustered hepatocytes (HC1, HC2, HC3)in hPCSK9-
1475  D374Y mutant compared with control, indicates diminished low-density lipoprotein clearance in
1476  hPCSK9-D374Y mutant.

1477

1478 Fig.S13: Diminished HNF4a and elevated epsinl expression in the different clustered
1479  hepatocytes in the liver from hPCSK9-D374Y mutant. Downregulated expression of genes
1480 involved in the transportation of low-density lipoprotein cholesterol and lipogenesis, such as Ldlr,
1481  Abcal, and genes participate in fatty acid metabolism (Sdc4) in the different clustered hepatocytes
1482  in theliver from hPCSK9-D374Y mutant, indicates the dyslipidemia in hPCSK9-D374Y mutant.
1483  Diminished HNF4a and Albumin expression in the different clustered hepatocytes (HC1, HC2,
1484  HC3) in the liver in hPCSK9-D374Y mutant, which negatively correlated to its elevated epsinl
1485  expression.

1486

1487  Fig.S14: Elevated expression lipogenic genes and diminished glycogenic genes in the different
1488  clustered hepatocytes in the liver in hPCSK9-D374Y mutant. A: Upregulated expression of
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1489  genes involved in lipogenesis, such as Acly and Fasn, in the different clustered hepatocytes in the
1490 liver in hPCSK9-D374Y mutant. B: Downregulated expression of genes that participate in
1491  glycogenesis, such as Gys2 and Ugp2, in the different clustered hepatocytes in the liver in
1492  hPCSK9-D374Y mutant.
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