7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

A suite of genome-engineered hepatic cells provides novel insights into the spatiotemporal
metabolism of apolipoprotein B and apolipoprotein B-containing lipoprotein secretion

Meurs, Amber; Ndoj, Klevis; Van Den Berg, Marlene; Marinkovi¢, Goran; Tantucci, Matteo;
Veenendaal, Tineke; Kuivenhoven, Jan Albert; Klumperman, Judith; Zelcer, Noam

Published in:
Cardiovascular Research

DOI:
10.1093/cvr/cvael2l

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2024

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Meurs, A., Ndoj, K., Van Den Berg, M., Marinkovi¢, G., Tantucci, M., Veenendaal, T., Kuivenhoven, J. A.,
Klumperman, J., & Zelcer, N. (2024). A suite of genome-engineered hepatic cells provides novel insights
into the spatiotemporal metabolism of apolipoprotein B and apolipoprotein B-containing lipoprotein
secretion. Cardiovascular Research, 120(11), 1253-1264. https://doi.org/10.1093/cvr/cvael21

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 29-04-2025


https://doi.org/10.1093/cvr/cvae121
https://research.rug.nl/en/publications/09bf6a8d-2a1b-4ab1-870c-4932a96c6871
https://doi.org/10.1093/cvr/cvae121

@ESC

Cardiovascular Research (2024) 120, 1253-1264

European Society https://doi.org/10.1093/cvr/cvae121

of Cardiology

A suite of genome-engineered hepatic cells

provides novel insights into the spatiotemporal
metabolism of apolipoprotein B and
apolipoprotein B—containing lipoprotein secretion

Amber Meurs?, Klevis Ndoj*, Marlene van den Berg', Goran Marinkovié!',
Matteo Tantucci?, Tineke Veenendaal?, Jan Albert Kuivenhoven?, Judith Klumperman?,
and Noam Zelcer ® **

Department of Medical Biochemistry, Amsterdam UMC, Amsterdam Gastroenterology Endocrinology Metabolism and Amsterdam Cardiovascular Sciences, University of Amsterdam,
Meibergdreef 9, 1105AZ Amsterdam, The Netherlands; 2Center for Molecular Medicine—Cell Biology, University Medical Center Utrecht, University of Utrecht, Heidelberglaan 100,
3584CX Utrecht, The Netherlands; and *Department of Pediatrics, University Medical Center Groningen, University of Groningen, Antonius Deusinglaan 1, 9713 AV Groningen, The Netherlands

Received 29 November 2023; revised 29 February 2024; accepted 18 April 2024; online publish-ahead-of-print 4 June 2024

Time of primary review: 51 days

Aims

Methods
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Conclusions

Apolipoprotein B (APOB)-containing very LDL (VLDL) production, secretion, and clearance by hepatocytes is a central determin-
ant of hepatic and circulating lipid levels. Impairment of any of the aforementioned processes is associated with the development of
multiple diseases. Despite the discovery of genes and processes that govern hepatic VLDL metabolism, our understanding of the =
different mechanistic steps involved is far from complete. An impediment to these studies is the lack of tractable hepatocyte-based &
systems to interrogate and follow APOB in cells, which the current study addresses. g
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To facilitate the cellular study of VLDL metabolism, we generated human hepatic HepG2 and Huh-7 cell lines in which CRISPR/Cas9- Sj
based genome engineering was used to introduce the fuorescent protein mNeonGreen into the APOB gene locus. This results in the &
production of APOB;q0-mNeon that localizes predominantly to the endoplasmic reticulum (ER) and Golgi by immunofuorescence;
and electron microscopy imaging. The production and secretion of APOB;oo-mNeon can be quantitatively followed in medium overf%:
time and results in the production of lipoproteins that are taken up via the LDL receptor pathway. Importantly, the production and é
secretion of APOB-mNeon is sensitive to established pharmacological and physiological treatments and to genetic modifers known &
to infuence VLDL production in humans. As a showcase, we used HepG2-APOB™ " cells to interrogate ER-associated degrad-
ation of APOB. The use of a dedicated sgRNA library targeting all established membrane-associated ER-resident E3 ubiquitin ligases
led to the identifcation of SYNV1 as the E3 responsible for the degradation of poorly lipidated APOB in HepG2 cells.

19)1S.

In summary, the engineered cells reported here allow the study of hepatic VLDL assembly and secretion and facilitate spatio-
temporal interrogation induced by pharmacologic and genetic perturbations.
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5. An ERAD-focused screen identifies the E3 ligase SYVN1 as a determinant of lipid-dependent degradation of APOB-mNeon
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1. Introduction

The liver serves as the central organ governing systematic lipid metabolism,
as it continuously produces, secretes, and clears lipids from circulation.
Accumulation of triglycerides and cholesterol in the liver is a hallmark of
metabolic dysfunction—associated steatotic liver disease (MASLD)* and is
viewed as the hepatic manifestation of the metabolic syndrome.? As
such, the development of MASLD shares many common risk factors
with those associated with developing the metabolic syndrome, including,
among others, a high-caloric diet, a sedentary lifestyle, and insulin resist-
ance. Moreover, dysregulation of hepatic lipid and lipoprotein metabolism
is intimately linked with the development of atherosclerotic cardiovascular
disease.>* Following carbohydrate intake, insulin stimulates cholesterol and
triglyceride biosynthesis in hepatocytes,® leading subsequently to the
production and secretion of very low-density lipoprotein (VLDL) to supply
these lipids to peripheral tissues.® Apolipoprotein B1o (APOB), the struc-
tural protein component of VLDL, is required for binding to membrane re-
ceptors such as the LDL receptor (LDLR) and facilitates the subsequent
endocytosis of VLDL.®

APOB is highly expressed in hepatocytes and, with its 4563 amino acids,
ranks as one of the largest proteins in the human proteome. APOB is con-
tinuously synthesized and, unless adequately lipidated by microsomal trigly-
ceride transfer protein (MTP, encoded by the MTTP gene) to form a
nascent particle in the endoplasmic reticulum (ER), is subject to
ER-associated degradation (ERAD).”~® The rate of VLDL production by
hepatocytes is a primary determinant of plasma VLDL levels.® In line
with this, therapeutic targeting or mutations in APOB or MTTP are asso-
ciated with reduced atherosclerotic cardiovascular disease but come at

the expense of increased risk for fatty liver development.**™® Despite
four decades of research and numerous recent studies in mice, our under-
standing of the mechanisms and genes underlying the production, degrad-
ation, lipidation, and intracellular traffcking of VLDL is still incomplete,*4*°

The lack of experimentally tractable hepatic human cell systems is an
impediment to studying cellular APOB metabolism. The large size of APOB
impedes straightforward cellular, biochemical, and genetic strategies in cells.*®
Nevertheless, COS-7 cells over-expressing green fuorescent protein
(GFP)-tagged APOB constructs were shown to be useful for studying cellular
APOB metabolism.*” However, this cell system relies on non-physiological
over-expression and regulation of APOB and on non-human cells in which
APORB is not physiologically expressed. Recently, a Zebrafsh model genetic-
ally engineered to express apoB fused to Iuciferase was reported.*® This ele-
gant model allows in vivo kinetic studies of apoB distribution and lifetime and
supports genetic interrogation of apoB metabolism in a relevant physiologic
setting. Nevertheless, the availability of a tractable human hepatic cell model
would greatly facilitate a robust interrogation of APOB metabolism and in-
form the mechanisms underlying development of MASLD in humans.
Hence, stimulated by the strategies above, we used CRISPR/Cas9-mediated
genome engineering to develop a suite of human hepatic cell lines (HepG2
and Huh-7 cells) in which the APOB alleles are endogenously tagged with
the bright fuorescent protein mNeonGreen. Here, we report that these cells
produce and secrete APOB-mNeon-containing lipoproteins that are subject
to known physiologic, pharmacologic, and genetic regulators. Furthermore,
using these cells, we identify SYVN1 as the E3 ubiquitin ligase responsible
for lipidation-dependent degradation of APOB in hepatocytes. Our results
support the use of these cell lines for studying cellular APOB and VLDL
metabolism at an unprecedented resolution in hepatic cells.
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Figure 1 Generation and characterization of APOB-mNeon-producing hepatocytes. (A) A scheme depicting the engineering of hepatocytes to produce
APOB-mNeon. A cassette containing mNeonGreen-P2A-Blast is integrated into the last exon of APOB using CRISPR/Cas9-mediated HDR. Correct integra-
tion of results in the production of APOB-mNeon protein. (B) Genomic DNA from clones with mono- and bi-allelic engineered APOB alleles is isolated and
subjected to PCR (Clones AM2 and AM1, respectively). Amplifcation of the parental wild-type (WT) and engineered alleles results in a 1024 and 2212 bp
amplicon, respectively. HepG2-APOB™Ne" clones are analysed by (C) immunoblotting of total cell lysates as indicated or (D) FACS analysis of cell-associated
fuorescence (n=4). (E) Total cell lysates from parental HepG2 (WT) and HepG2-APOB™N®°" clone AM1 are immunoprecipitated using an anti-mNeon
antibody and immunoblotted as indicated. All immunoblots are representative of at least three independent experiments. (D) The box plots show the
mean (middle line), 25th, 75th percentiles (box), and minimum and maximum values (whiskers). Data are analysed using a one-way ANOVA with a

Tukey’s test for multiple comparisons. *P < 0.05, ****P < 0.0001.

2. Methods

2.1 Chemicals

Poly-L-lysine hydrobromide (PLL), glycine, bovine serum albumin (BSA),
[-mercaptoethanol, tunicamycin, oleic acid-albumin, and polyethylenimine
were purchased from Sigma-Aldrich (the Netherlands) (; paraformaldehyde
(PFA) from Boster (the Netherlands); CP-346086 (CP) from Axon
Medchem (the Netherlands); MG132 (MG) from Calbiochem (the
Netherlands); and agarose was obtained from Invitrogen (the Netherlands).
All chemicals are listed in Supplementary material online, Table S1.

2.2 Cell culture

HepG2, Huh-7, and HEK293T cells were obtained from ATCC (France) and
cultured in Dulbecco’s modifed Eagle’s medium (DMEM) supplemented with
10% foetal bovine serum and 10 000 U/mL penicillin-streptomycin (Gibco, the
Netherlands). All cells were grown in a humidifed environment at 37°C and
5% CO.,. To evaluate intracellular regulation and subsequent secretion of
APOB, the cells were treated as indicated for 24 h, unless stated otherwise.
These treatments consisted of 1 uM CP (an inhibitor of MTP), 5 ug/mL tuni-
camycin, 25 pg/mL MG, 0.4 mM oleic acid-albumin, or a combination of the
aforementioned compounds. Vehicle control was used in all experiments.
To measure cell proliferation, parental HepG2 and HepG2-APOB™ " celis
were seeded in 6-well plates, and growth, assessed by confuence, was

AM1

measured continuously for up to 96h using an Incucyte S3 Live Cell
Analyser (Sartorius, Germany).

2.3 Generation of hepatic cells that express

endogenous APOB-mNeon

To engineer hepatocytes that express APOB-mNeon, we used a CRISPR- ©
mediated homology-directed repair (HDR)-based strategy (Figure 1A). S
Briefy, we used Sapl-based golden gate cloning to incorporate APOB hom- =
ology arms into the donor plasmid TVBB C-term-mNeonGreen-P2A-Blast Y
(see Supplementary material online, Table S2; Addgene #169229), as &
recently reported by Bollen et al.'® For each arm, an 500 bp homology 2
sequence fanking the fnal coding exon of APOB was used. Integration of &
the homology arms resulted in the generation of TVBB-APOB ya- §
mNeonGreen-P2A-Blast-APOBga. TO induce a double-strand break in =
the last coding exon of APOB, an sgRNA was cloned into the Cas9-
containing plasmid px330 (Addgene #42230; forward: 5-CACCG
CCTACATGAAGCTTGCTCCA-3', reverse: 5-AAACTGGAGCAAGCT
TCATGTAGGC-3'). The correctness of all plasmids was confrmed by se-
quencing. The resulting px330-APOB, ¢ and TVBB-APOB, ja-mNeonGreen-
P2A-Blast-APOBrya Were transfected into hepatic cells at a 1.1 ratio. Cells
were selected with 6 ug/mL blasticidin, and individual clones were isolated.
To ensure correct integration of the donor template, we isolated genomic
DNA from the individual clones using the QuickDNA microprep kit
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(Z2ymo Research, the Netherlands) and analysed it with polymerase chain re-
action (PCR). A PCR using oligonucleotides external to the homology arms
was designed so as to amplify the complete donor template (forward:
5-CCATTCAGTCTCTCAAGACCAC-3' reverse: 5-ACCAGGGCTCGG
AAGGTCTCTG-3). This resulted in a 1024 bp amplicon in anon-edited allele
and a 2212 bp fragment in a correctly edited allele. Additional PCRs were used
to ensure correct integration into the APOB locus (not shown). Amplifed frag-
ments were isolated and sequenced to further ensure correct integration.

2.4 Immunoblotting analysis

Total cell lysates were prepared in a Radioimmunoprecipitation assay
(RIPA) buffer (Boston BioProducts, Milford, MA)) supplemented with pro-
tease inhibitor cocktail (Roche, Switzerland) and 10 mM phenylmethylsul-
fonyl fuoride (Sigma, the Netherlands). The samples were cleared for
10 min at 4°C at 10000g. The cleared lysates were mixed (14 ratio)
with a sample buffer (Invitrogen, the Netherlands) supplemented with
10% B-mercaptoethanol and subsequently warmed at 37°C for 10 min.
Samples containing an equal amount of protein were loaded on
NuPAGE 3-8% tris acetate gels (Invitrogen, the Netherlands) and trans-
ferred to nitrocellulose membranes. The membranes were blocked in
TBST (10 mM Tris pH 8, 0.15 mM NaCl, 0.1% Tween-20) containing 5%
milk and incubated with the primary antibodies in the same buffer for
16 h. Subsequently, the membranes were washed in TBST and incubated
with horseradish peroxidase—conjugated secondary antibodies for 2 h.
Blots were washed, visualized with chemiluminescence, and imaged on
an Amersham ImageQuant800 (GE Healthcare, the Netherlands). The re-
sults shown are representatives of at least three independent repetitions,
and protein bands were quantifed using Imagel software. All antibodies
used in this study are listed in Supplementary material online, Table S3.

2.5 Immunoprecipitation analysis

Total cell lysates were prepared in a RIPA buffer as described above. To immu-
noprecipitate APOB-mNeon, we used mNeonGreen-Trap magnetic agarose
beads following the manufacturer’s guidelines (Chromotek, cat# ntma-20, the
Netherlands). Briefy, the beads were washed once in a dilution buffer [10 mM
Tris/Cl pH 75 150mM NaCl, 05mM ethylenediaminetetraacetic acid
(EDTA)], mixed with the cell lysate, and incubated for 16 h at 4°C while rotat-
ing. Subsequently, the beads were washed thrice with a wash buffer (dilution
buffer supplemented with 0.05% NP40), and immunoprecipitated proteins
were eluted by boiling beads at 95°C for 10 min in an SDS sample buffer.
The eluted proteins were analysed by immunoblotting as described above.

2.6 Analysis of APOB-mNeon-containing

VLDL secretion

To measure the secretion of fuorescent APOB-mNeon-containing lipo-
proteins, culture media were removed and replaced with FluoroBrite
DMEM (Gibco). Medium was collected at the indicated time points and
cleared by centrifugation at 4°C for 5 min at 10 000 g. Fluorescence inten-
sity in the cleared medium was measured using a CLARIOstar plate reader
(BMG LABTECH, Germany) with excitation set at 492 nm and emission
detection at 537 nm. Fluorescence in culture media was subtracted to ac-
count for background fuorescence signal.

2.7 Flow cytometry analysis

To analyse intracellular APOB-mNeon-associated fuorescence, cells were
washed twice in phosphate-buffered saline (PBS), detached using TripLE ex-
press (Gibco, the Netherlands), and resuspended in a fuorescence-activated
cell sorting (FACS) buffer (PBS supplemented with 1% BSA and 5 mM EDTA).
Subsequently, the cells were collected and fxed with 4% PFA for 10 min. The
fxed cells were washed, resuspended in the FACS buffer, and measured on a
CytoFLEX S Flow Cytometer (Beckman Coulter, the Netherlands) using the
488 nm laser for excitation and the 525 nm fuorescent channel for emission.
Acquired data were analysed using FlowJo v10.8 Software (BD Life Sciences,

the Netherlands). Single live cells for analysis were gated using standard for-
ward scatter vs. side scatter gating.

2.8 Immunofuorescence analysis and imaging
For immunofuorescence imaging, cells were cultured on PLL-coated cov-
erslips to 50% confuency. Subsequently, the cells were washed twice with
PBS and fxed with 4% PFA in PBS for 15 min at room temperature. The
fxed cells were washed in PBS, quenched with 0.15% glycine in PBS, and
washed in PBS. Samples were then permeabilized with 0.05% triton in
PBS for 10 min, blocked with 2% BSA for 10 min, and incubated with a pri-
mary antibody in 2% BSA for 1 h. Afterward, the samples were washed
with PBS and incubated with a secondary antibody in 2% BSA for 1h.
Finally, the samples were washed in PBS, once with water, and mounted
using a ProLong Glass Antifade Mountant with NucBlue Stain (Thermo
Fisher, the Netherlands). The antibodies used are listed in
Supplementary material online, Table S3. Images were taken using a
Thunder Wide Field Fluorescent Imager (Leica) and analysed with Imagel
software.

2.9 Electron microscopy imaging of APOB
The procedure for cryo-sectioning and immunolabelling of target proteins
was previously described.° Briefy, cells were fxed by adding to a culture me-
dium an equal volume of freshly 4% PFA in a 0.1 M phosphate buffer (pH 7.4;
2Xsolution). After 10 min, the fxative was replaced with 2% PFA in the 0.1 M
phosphate buffer (pH 7.4; 1X solution) for 2 h at room temperature, after
which samples were stored in 1% PFA at 4°C until further processing.
After quenching with PBS/0.05 M glycine, the cells were scraped from the
dish in 1% gelatin in PBS and pelleted in 12% gelatin in PBS. Cell pellets
were then solidifed on ice and cut into 1 mm® blocks that were infitrated
overnight in 2.3 M sucrose for cryoprotection. Blocks were mounted on alu-
minium pins and frozen in liquid nitrogen. Ultrathin cryosections (80 nm)
were made using Leica EM UC7 ultra cryotome, transferred on transmission
electron microscopy grids with a 1:1 mixture of 23 M sucrose and 1.8%
methylcellulose, and immunolabelled using a primary goat a APOB polyclonal
antibody (Calbiochem #178467, 1:3000), followed by a secondary Rabbit
anti-Goat IgG antibody (Nordic #RAG/7S, 1:1500). The secondary antibody
was detected by Protein A conjugated to 15nm gold particles (Cell
Microscopy Core, Utrecht, The Netherlands). Pictures were collected on a
JEM1010 (JEOL) equipped with a Veleta 2k x 2k CCD camera (EMSIS,
Munster, Germany).

2.10 Endocytosis of APOB-mNeon-
containing Ilpoprotelns

An endocytosis of APOB-mNeon-containing lipoproteins into cells was con-
ducted as previously reported by us.?*?? Briefy, HepG2-APOB™N®" cells
were grown in DMEM supplemented with lipoprotein-defcient serum
(LPDS) for up to 7 days. Conditioned medium, enriched with APOB-
mNeon-containing lipoproteins, was collected, fitered through a 45 pm
mesh, and used immediately. To measure uptake, parental HepG2 cells
were cultured for 16 hin DMEM supplemented with LPDS, 2.5 pg/mL simvas-
tatin, and 100 uM mevalonate to enhance LDLR expression. Subsequently,
the culture medium was replaced with conditioned medium collected from
HepG2-APOB™Ne" cells. At the indicated time, the conditioned medium
was removed, the cells were washed thrice in cold PBS, and they were either
lysed with RIPA for immunoblotting, prepared for fow cytometry, or stained
for immunofuorescence, as described in detail above.

2.11 Construction of ERAD-associated E3

ligase sgRNA library and E3 ligase screen

We used Chopchop (https:/chopchop.cbu.uib.no) and MIT (https:/www.
zlah.bio) to design sgRNAs targeting 25 E3 ubiquitin ligases implicated in
ERAD.?® For each ligase, three independent guides were designed.
Additionally, two guides targeting APOB and MTTP were designed using
Benchling (https./www.benchling.com). As control, a guide targeting the
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Figure 2 Intracellular localization of APOB-mNeon. (A and B) Cellular localization of APOB-mNeon was determined by immunofuorescence. Nuclei were
counter-stained with Dapi (blue), APOB-mNeon (green), and (A) the ER marker Calnexin (red), or (B) the Golgi marker GM130 (red). Bar: 20 pm.
(C) Immuno-EM. Ultrathin cryosections were immuno-gold labelled using an anti-APOB antibody (10 nm gold particles). APOB was found in the ER and

Golgi complex (G), as well as in multi-vesicular endosomes (E). Bars, 100 nm.

AAVS ‘safe harbour’ locus was used. The sequence of all SgRNAs used is
listed in Supplementary material online, Table S4. The sgRNAs were cloned
into pLentiCRISPRv2 (Addgene #52961), and the correctness of all con-
structs was verifed by Sanger sequencing. Lentiviral particles were gener-
ated by HEK293T cells by co-transfecting the pLentiV2-sgRNA plasmids
with 3rd generation packaging plasmids using polyethylenimine. After
16 h, the medium was replaced with DMEM containing 20 mM HEPES,
and the medium containing lentivirus particles was collected and fltered
through a 45 pm mesh. The lentivirus-containing medium was mixed 5:1
with DMEM and 12 pg/mL polybrene (Santa Cruz, the Netherlands) and
used to transduce HepG2-APOB™N" cells (3x sgRNAs/gene pooled).
Subsequently, the cells were selected with 3 pg/mL puromycin and used

for the E3 ligase screen 5 days after the start of selection. To promote
ERAD-dependent degradation of APOB, the cells were treated for 16 h
with 1 uM CP before analysis by fow cytometry, as described above. To
ablate APOB or MTTP, the same strategy was used, except that the cells
were maintained under puromycin selection for 2 weeks.

2.12 Statistics

Statistical analysis was performed using Prism v10 (GraphPad, Boston,
MA). Normal distribution of the data was tested using the Shapiro—Wilk
test. The signifcance of the normally distributed data was analysed by one-
way analysis of variance (ANOVA) in combination with a Tukey’s multiple
comparison test or a two-sided Student’s t-test. Data were considered
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Figure 3 Intact (post)transcriptional regulation of APOB-mNeon. (A and B) Analysis of intracellular APOB-mNeon level in HepG2-APOB™Ne" cells fol-
lowing ablation of APOB, MTTP, or AAVS as control by (A) FACS or (B) immunoblotting of total cell lysates as indicated. (C and D) HepG2-APOB™Ne" cells
were treated for 24 h with vehicle (Veh.), 5 ug/mL tunicamycin (Tun.), and 1 uM CP in the presence or absence of 25 pg/mL MG added during the last 6 h. The
level of intracellular APOB-mNeon was determined by (C) FACS, or by (D) immunoblotting of total cell lysates as indicated. (B and D) All immunoblots are
representative of at least three independent experiments, with the mean intensity of APOB-mNeon relative to vehicle control indicated. (A and C) The box
plots show the mean (middle line), 25th, 75th percentiles (box), and minimum and maximum values (whiskers). The fuorescent intensity of control was set to
1. Data were analysed using one-way ANOVA with a Tukey’s test for multiple comparisons. ***P < 0.001, ****P < 0.0001.

signifcant when P < 0.05. Signifcance is indicated with *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001.

3. Results

3.1 Generation and characterization of

APOB-mNeon-producing cells

Inan attempt to improve methods to study cellular APOB/VLDL metabolism,
we opted to develop a set of hepatic cell lines in which endogenous APOB is
fuorescently tagged. We used CRISPR/Cas9-mediated genome engineering
to integrate an in-frame mNeon-encoding sequence into the last coding
exon of APOB in hepatocyte-like HepG2 and Huh-7 cell lines (schematically il-
lustrated in Figure 1A). Clonal selection resulted in the isolation of in-frame in-
tegrated mNeon in both hepatic cell lines, as confrmed by Sanger sequencing
of PCR amplicons covering the mNeon integration site. All clones isolated
from Huh-7 cells had retained a wild-type allele, whereas in HepG2 cells,
mono- and bi-allelic edited clones were isolated (Figure 1B and
Supplementary material online, Figure S1A). For this reason, subsequent ex-
periments were conducted in HepG2-APOB™ " celis, and the results of
key experiments were validated in Huh-7-APOB™N®" cells. The proliferation
of the genome-edited clones was indistinguishable from that of controls
(see Supplementary material online, Figure S2). These cells produced

APOB-mNeon protein that was absent in parental HepG2 cells but could
be detected by immunoblotting with an anti-mNeon antibody or by FACS
analysis in HepG2-APOB™Ne" cells (Figure 1C and D). We point out that
the wild-type parental HepG2 cells shown in Figure 1C and D are not
genome-edited and have not undergone clonal selection and only serve to
demonstrate the specifcity of APOB-mNeon detection. Furthermore,
APOB mRNA levels were similar in clones AM1 (homozygous) and AM2 (het-
erozygous), indicating that the genome editing of APOB did not alter its expres-
sion (not shown). Consistent with clone AM2 retaining a wild-type APOB allele,
the intensity of the APOB-mNeon signal was  50% of that detected in clone
AM1, in which both alleles were edited. In line with the correct genome editing
of Huh-7 clones, APOB-mNeon was detected in these cells by immunoblot-
ting and FACS analysis (see Supplementary material online, Figure S1B and C).
Finally, to confrm that the identifed anti-mNeon signal indeed represents
APOB, we enriched for mNeon with immunoprecipitation and followed
this by immunoblotting for APOB. With this procedure, we detected a strong
immunoprecipitated band in HepG2-APOB™Ne" cells, In contrast, this band
was absent in parental HepG2 cells (Figure 1E).

Next, we aimed to determine the cellular localization of endogenous
APOB-mNeon protein in HepG2-APOB™N°" cells using immunofuores-
cence. The green signal emanating from APOB-mNeon could be easily vi-
sualized in both fxed and live cells. The APOB-mNeon signal co-localized
predominantly with the ER marker Calnexin (Figure 2A) and to a lesser
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Figure 4 Regulated secretion of APOB-mNeon-containing lipoprotein particles. (A) Culture medium was collected from Clones AM1 and AM2 and immu-
noblotted as indicated. Total cell lysates were prepared from the same cells, and Cy5 labelling of proteins in culture media was used to control for equal loading.
Immunoblots are representative of at least three independent experiments. (B) HepG2-APOB™N®®" and Huh7-APOB™Ne" clones, or their corresponding
parental lines were cultured as shown. The culture media were sampled at the indicated time points, and the fuorescent signal determined. Each point
and error represents the mean + standard deviation (SD) of three independent experiments done in triplicate. (C) HepG2-APOB™N®" cells were treated
for 24 h with vehicle (Veh.), 5ug/mL tunicamycin (Tun.), 1uM CP, or 04 mM oleic acid. Subsequently, culture media were collected and the
APOB-mNeon-derived fuorescence measured and plotted relative to vehicle control which was set at 1. The box plots show the mean (middle line),
25th, 75th percentiles (box), and minimum and maximum values (whiskers). Data were analysed using one-way ANOVA with a Tukey’s test for multiple com-

parisons. *P < 0.05, **P < 0.01, ***P < 0.001.

extent with the Golgi marker GM130 (Figure 2B). This suggests that the
bulk of intracellular APOB is found in the ER. There is a paucity on the
localization of endogenous APOB in human cells and in hepatocytes in
particular. Therefore, to further study the localization of APOB-mNeon
in ultrastructural detail, we performed immuno-electron microscopy
(immuno-EM) using immuno-gold labelling of ultrathin cryosections.
Unfortunately, the anti-mNeon antibody was not compatible with
immuno-EM, which is why we used an anti-APOB antibody instead. As
all APOB alleles have been edited in the HepG2-APOB™N®" ¢clone AM1
(Figure 1B), this refects the localization of APOB-mNeon in the engineered
cells. We immuno-detected APOB-mNeon predominantly in the ER and
Golgi stacks (Figure 2C). Furthermore, APOB was found at the plasma
membrane and occasionally in clathrin-coated pits (see Supplementary
material online, Figure S3A). In addition, APOB was found in multi-vesicular
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endosomes, likely refecting endocytosed APOB (Figure 2C and 3
Supplementary material online, Figure S3B). Collectively, these results con-
frm that we generated APOB-mNeon-producing hepatic cells, which can =
be used for studying endogenous APOB intracellularly.

aqu

¥20c

3.2 Intact (post)transcriptional regulation of
APOB-mNeon

Having generated a set of APOB-mNeon hepatic cell lines, we questioned
whether these cells could be used to interrogate the (post)transcriptional
regulation of endogenous APOB. For this, we evaluated known genetic,
pharmacologic, and physiological regulators of APOB. The MTP-mediated
co-translational lipidation of APOB is a central determinant of its stability,
as diminished lipidation results in rapid APOB proteasomal degradation.”®
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Figure 5 HepG2-APOB™ " cells produce APOB-mNeon-containing VLDL that can be endocytosed. (A) Conditioned culture media (CM) from
HepG2-APOB™Ye" cells that were cultured with lipid-defcient medium for 6 days was collected and fitered. Subsequently, sterol-depleted parental
HepG2 cells were cultured for the indicated time with CM supplemented with 10% LPDS or 10% FCS, extensively washed and total cell lysates immunoblotted
as indicated (n = 3 independent experiments). A representative immunoblot is shown. (B and C) Parental HepG2 cells were cultured as described in (A), and
the time-dependent uptake of ApoB-mNeon from CM was determined. Each point and error represents the mean = SD (n = 4 independent experiments
done in triplicate), or (C) imaged for cellular uptake of ApoB-mNeon-containing lipoprotein particles (xCM) as indicated. Data were analysed using

Welch's t-test.*P < 0.05.

Consistent with this, CRISPR-mediated deletion of MTTP in HepG2-
APOB™N®" cells led to a marked decrease in cellular APOB, as assessed
by both FACS and immunoblotting (Figure 3A and B), in the absence of com-
pensatory changes in SREBP signalling (not shown). This decrease was com-
parable to that observed when we ablated APOB itself. Next, we evaluated
whether the regulation of APOB-mNeon in HepG2-APOB™N®" cells in re-
sponse to established perturbations is intact. Herein, we evaluated the re-
sponse to pharmacological inhibition of MTP by the high-affnity inhibitor
CP, the glycosylation inhibitor tunicamycin which induces ER stress (Tun),
and proteasomal inhibition by MG.2*® Inhibition of MTP activity, similar
to its genetic ablation, and of glycosylation has been previously reported to
promote the ubiquitination and subsequent proteasomal degradation of
APOB.2*?® Accordingly, treatment with CP and tunicamycin dramatically de-
creased the abundance of detectable APOB-mNeon (Figure 3C and D).
Inhibiting proteasomal activity alone with MG resulted in a trend towards in-
creased APOB-mNeon protein (P = 0.06). The same treatment could largely
reverse the decrease in APOB-mNeon levels in response to CP and tunica-
mycin, in line with these treatments promoting the ERAD-mediated degrad-
ation of APOB in HepG2-APOB™Ne" cells. In aggregate, these results
indicate that the regulation of cellular APOB is intact in the developed cells,
and that these can be readily used for interrogating APOB using genetic
and pharmacologic perturbations.

3.3 Regulated secretion of functional
APOB-mNeon-containing lipoprotein

particles

Having established that the developed cells can be used to study intracel-
lular APOB, we tested whether these cells can also be used in parallel to
study the secretion of APOB-containing lipoproteins. For this, we frst
collected culture media from HepG2-APOB™N" cells and used immuno-
blotting to test whether secreted APOB-mNeon could be detected.
A comparable level of APOB was detected in media from the two
independent HepG2-APOB™N®" clones (Figure 4A). As anticipated,
APOB-mNeon was only detected in culture media collected from
APOB-mNeon-producing HepG2 and Huh-7 edited clones (Figure 4A
and Supplementary material online, Figure S1B). Notably, the level of se-
creted APOB-mNeon was 50% lower in the heterozygous clone (clone
AM2) then in the homozygous clone (AM1).

Next, we determined the time-dependent secretion profle of
APOB-mNeon in the genome-edited HepG2 and Huh-7 cells. Secretion of
APOB-mNeon into the culture mediumincreased linearly over time and could
be followed for up to 7 days in HepG2 and Huh-7 cells (Figure 4B). We then
questioned whether the treatments used to evaluate the intracellular levels of
APOB-mNeon (Figure 3) are mirrored by a corresponding change in its
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Figure 6 An ERAD-focused E3 ligase sgRNA screen identifes SYVNL1 as a key determinant of lipidation-dependent APOB degradation. (A) A scheme de-

picting the key steps used for identifying E3(s) involved in lipidation-dependent degradation of APOB-mNeon. Briefy, HepG2-APO

BMNeON cells were plated

and subsequently transduced with pooled lentiviral particles (3x sgRNAs/E3/well). The cells were selected with puromycin for 5 days and then treated with
1 uM CP for 16 h. The cells were then detached and intracellular APOB-mNeon fuorescence was measured using FACS. (B) The fuorescence signal in the
presence of CP (+CP, second bar) relative to that in AAVS control without CP (—CP, frst bar) was plotted. The mean = SD of three independent experiments
is shown. (C) The level of intracellular APOB-mNeon was determined by FACS in control AAVS- and SYVN1-ablated HepG2-APOB™N®°" and
Huh7-APOB™Ne°" cells cultured in the absence of CP. The abundance of APOB-mNeon in each cell line is plotted relative to the corresponding AAVS control
(dashed line) which was set at 1. The box plots show the mean (middle line), 25th, 75th percentiles (box), and minimum and maximum values (whiskers). Data
were analysed using (B) one-way ANOVA with a Tukey’s test for multiple comparisons, or (C) two-sided Student’s t-test vs. corresponding AAVS control.

*P <0.05, **P < 0.01, ****P < 0.0001.

secretion. Reduced intracellular APOB-mNeon following tunicamycin and CP
treatment was directly coupled to a decrease in fuorescent lipoproteins in the
culture medium (Figure 4C). Conversely, oleic acid treatment promoted the
secretion of APOB-mNeon lipoproteins, as previously reported®"?® Of
note, we did not observe any overt change in intracellular localization of
APOB-mNeon in response to exogenous oleic acid treatment (not shown).
Collectively, these results demonstrate that the developed cells can be used
for the parallel quantifcation of both intra- and extra-cellular APOB.

We then asked whether the secreted APOB-mNeon-containing parti-
cles produced by HepG2-APOB™Ne®" cells could be endocytosed. For
this, we cultured parental HepG2 cells in lipoprotein-depleted medium
and determined their ability to take up fuorescent lipoproteins present
in conditioned media collected from HepG2-APOB™Ne" cells. Already
within 5 min, we were able to detect endocytosed APOB-mNeon protein
in cell lysates of parental cells (Figure 5A). The signal further increased with a
longer incubation time and could be competed off by the addition of excess
lipoproteins in serum. The time-dependent endocytosis of APOB-mNeon-
containing particles could also be quantifed by FACS analysis, and evident
by immunofuorescence imaging of cells (Figure 5B and C). Notably, with
electron microscopy, we also observed the presence of APOB on the

plasma membrane, within clathrin-coated pits, and inside multi-vesicular
bodies (see Supplementary material online, Figure S3A and B). This localiza-
tion is also consistent with endocytosis of ApoB-mNeon-containing
lipoproteins by hepatocytes. Overall, these results indicate that HepG2-
APOB™N" cells produce functional APOB-mNeon-containing APOB
that can be endocytosed.

3.4 An ERAD-focused genetic screen to

identify determinants of APOB degradation

Non-lipidated APOB is subject to rapid ubiquitylation in the ER and subse-
quent proteasomal degradation. However, the identity of the E3 ubiquitin
ligase(s) responsible for this step is unclear. Therefore, as a proof of con-
cept for the utility of the genome-engineered hepatocytes, we aimed to
identify ERAD-associated E3 ubiquitin ligase(s) responsible for the
lipidation-dependent degradation of APOB. To do so, we constructed a
dedicated lentiviral sgRNA library targeting all 25 identifed
membrane-resident ER-resident E3 ligases (3 syRNAs/E3).%® As control,
we targeted the ‘safe-harbour’ AAVS locus. HepG2-APOB™ " cells
were transduced with this library in an arrayed manner (i.e. 1xE3/well)
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and subsequently treated with CP to inhibit MTP-mediated lipidation of
APOB-mNeon, as schematically shown in Figure 6A. As described above,
the treatment with the MTP inhibitor reduces the level of intracellular
APOB-mNeon due to enhanced proteasomal degradation (Figure 6B;
compare AAVS —CP (frst bar) to AAVS +CP (second bar). Of the 25 li-
gases evaluated, only ablation of SYVN1 (also known as HRD1) prevented
the MTP inhibitor-induced degradation of APOB. Deletion of SYVNL1 in
the absence of CP treatment also slightly increased the basal level of
APOB-mNeon in HepG2 and Huh7 genome-edited cells (Figure 6C).
The higher levels of intracellular APOB-mNeon in HepG2 cells did not
result in elevated secretion of APOB-mNeon (see Supplementary
material online, Figure S4). Taken together, these results suggest that
the E3 ligase SYVN1/HRD1 is part of a homeostatic mechanism that con-
trols the physiological abundance of APOB in hepatocytes and highlights
the potential of conducting genetic screens in the APOB-mNeon cell
lines.

4. Discussion

In this study, we report the development of a suite of genetically engi-
neered human hepatic cells to study the spatiotemporal metabolism of en-
dogenous APOB/VLDL production and secretion. We demonstrate that
endogenously produced APOB-mNeon retains its known physiological
regulation and results in the secretion of lipoprotein particles that can
be endocytosed. Showcasing the usefulness of these engineered cells, we
conducted an ERAD-focused CRISPR screen that resulted in the implica-
tion of the E3 ubiquitin ligase SYVN1 in lipidation-dependent proteasomal
degradation of APOB. Collectively, this highlights the utility of the devel-
oped engineered cells as valuable models for further research and explor-
ation of hepatic APOB-related processes.

The lack of tractable hepatocyte-based models to study endogenous
APOB has hampered studying its intracellular metabolism. Walsh et al.*’
recently reported the generation of Cos-7 cells stably over-expressing
APOB-GFP constructs that were used for studying both intracellular and
secreted APOB. A limitation of this cell-based system is the use of an
APOB over-expression approach, and the reliance on a cell type in which
APOB is not physiologically expressed. Different from Cos-7 cells, HepG2
and HuH-7 cells are extensively used as human hepatocyte-like models and
are also established for studying assembly and secretion of
APOB-containing VLDL?"? and of other genes implicated in the develop-
ment of MALSD, like PNPLA3 and TM65F2.%°2 Hence, the development
of genome-engineered hepatic APOB-mNeon cells, reported in this study,
allows studying the transcriptional and post-transcriptional regulation of
APOB in cells with hepatic machinery. As a tool, these cells facilitate the par-
allel interrogation of both intracellular and secreted APOB using common
experimental strategies. An inherent limitation of using the immortalized
human hepatic cell lines, or for that matter, any other non-physiological
heterologous expression system, is the known production and secretion
of lipid-poor VLDL particles.>”?® With the exception of VLDL-sized parti-
cles that are produced in rat McArdle cells,*>** these particles do not fully
mimic VLDL in humans. To a certain degree, this challenge can be mitigated

by culturing the same hepatic cell lines used in our study with human ser-
um, a condition that ‘humanizes’ their lipoprotein metabolism.*>3¢
Needless to say, any cell-based model will not be able to fully reproduce
the in vivo setting and to replace the use of animal models, in which the
intracellular and systemic metabolism of APOB/VLDL is intact. However,
for hepatocyte-intrinsic factors that control assembly and secretion of
APOB-containing VLDL, the engineered cells developed here represent
an attractive experimental discovery and validation model.

The ubiquitin proteasomal system has been implicated in the regulated
degradation of key nodes of lipid metabolism.3” Notable examples are the
stimulated degradation of the LDLR by the E3 ubiquitin ligase Inducible de-
grader of the LDLR (IDOL),*3° and of the rate-limiting enzymes in the
mevalonate pathway HMGCR (by GP78, TRC8, HRD1, RNF145)* and
SQLE (MARCHF6).*? Similarly, the lipidation-dependent ERAD of
APOB is a central determinant of VLDL assembly and subsequent secre-
tion.*® In a seemingly futile cycle, APOB is continuously produced and un-
less adequately lipidated is ubiquitylated and degraded in cytosolic
proteasomes after its extraction from the ER lumen. The E3 ligase GP78
has been proposed to mediate this process, as its over-expression in
HepG2 cells stimulates the degradation of APOB.** Reciprocally, silencing
of GP78 attenuated the appearance of poly-ubiquitylated APOB forms but
did not increase abundance of APOB protein.° Hence, despite ERAD of
APOB being a key step in VLDL assembly, the conclusive identity of the
E3 ligase(s) responsible for lipidation-dependent ubiquitylation of APOB
is still elusive. As a showecase for the utility of the developed cells, we there-
fore questioned which of the 25 membrane-associated ERAD-implicated
E3 ligases is responsible for this activity.>®> Using an ERAD-focused
CRISPR library, we found that SYVN1 (also known as HRD1) is the E3
responsible for the degradation of poorly lipidated APOB in
HepG2-APOB™N®°" cells, In this setting of MTP inhibition, ablation of
GP78 had no effect on intracellular APOB-mNeon. SYVN1/HRD1 has,
thus, far not been directly implicated in the ERAD of APOB. However,
one earlier study reported that SYVNZ1and APOB interact by immunopre-
cipitation in HepG2 cells, in line with APOB being a potential target for
HRD-mediated ubiquitylation.*® In mice, global deletion of SYVN1 results
in embryonic lethality.*® Liver-specifc HRD1 knockout mice have been re-
ported and display a complex metabolic phenotype, owing to the fact that
HRD1 has multiple important and interlinked metabolic targets.*’
Unfortunately, the level of APOB in the livers or plasma of these mice
was not reported. In humans, no diseases or lipid-associated traits have
been associated with mutations in SYVN1,*® even though levels of this
E3 may be involved in the development of multiple sclerosis and
Alzheimer's disease.”®*° Further studies on the role of SYVN1/HRD1 in
VLDL assembly and secretion are therefore clearly warranted.

In conclusion, in this study, we report the development of a suite of
genome-engineered hepatic lines that produce endogenous APOB-
mNeon and report on its localization, levels, and secretion. These cells
can be used to interrogate the assembly and secretion of APOB-containing
particles in a quantitative manner and empower the discovery of new de-
terminants and therapeutic targets in these processes that are amenable to
pharmacologic and genetic perturbations.

Translational perspective

Dysregulated hepatic production of apolipoprotein B (APOB)-containing very LDL (VLDL) particles is a central determinant of plasma lipoprotein
levels and development of atherosclerosis. The mechanisms underlying VLDL production are not fully understood, emphasizing the need for tractable
human hepatocyte models to study this. In this study, we developed a suite of genome-engineered human hepatocytes that produce
APOB-mNeonGreen, which allows the physiologic, genetic, and pharmacologic interrogation of APOB/VLDL metabolism. With these cells, we iden-
tifed SYVNL1 as the E3 ubiquitin ligase responsible for the degradation of lipid-poor APOB. Our study highlights the use of developed models for high-
throughput discovery of genetic and pharmacologic interventions to target hepatic VLDL production.
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