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Abstract HMG-CoA reductase (Hmgcr) is the rate-limiting
enzyme in the mevalonate pathway and is inhibited by
statins. In addition to cholesterol, Hmgcr activity is also re-
quired for synthesizing nonsterol isoprenoids, such as doli-
chol, ubiquinone, and farnesylated and geranylgeranylated
proteins. Here, we investigated the effects of Hmgcr inhi-
bition on nonsterol isoprenoids in the liver. We have gener-
ated new genetic models to acutely delete genes in the
mevalonate pathway in the liver using AAV-mediated deliv-
ery of Cre-recombinase (AAV-Cre) or CRISPR/Cas9 (AAV-
CRISPR). The genetic deletion of Hmgcr by AAV-Cre
resulted in extensive hepatocyte apoptosis and compensa-
tory liver regeneration. At the biochemical level, we ob-
served decreased levels of sterols and depletion of the
nonsterol isoprenoids, dolichol and ubiquinone. At the cel-
lular level, Hmgcrnull hepatocytes showed ER stress and
impaired N-glycosylation. We further hypothesized that the
depletion of dolichol, essential for N-glycosylation, could
be responsible for ER stress. Using AAV-CRISPR, we somat-
ically disrupted dehydrodolichyl diphosphate synthase sub-
unit (Dhdds), encoding a branch point enzyme required for
dolichol biosynthesis. Dhddsnull livers showed ER stress
and impaired N-glycosylation, along with apoptosis and re-
generation. Finally, the combined deletion of Hmgcr and
Dhdds synergistically exacerbated hepatocyte ER stress.Hi
Our data show a critical role for mevalonate-derived doli-
chol in the liver and suggest that dolichol depletion is at
least partially responsible for ER stress and apoptosis upon
potent Hmgcr inhibition.
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HMG-CoA reductase (HMGCR) is the rate-limiting en-
zyme in the mevalonate pathway, which leads to the pro-
duction of cholesterol (1). HMGCR is an integral
glycoprotein localized in the ER and is the target of statins,
the most widely used cholesterol-lowering drugs in the
world (2). Cholesterol biosynthesis is tightly regulated
through multiple mechanisms. First, the expression of
HMGCR and all other enzymes in the mevalonate pathway
is transcriptionally activated by SREBP-2, which is pro-
cessed when ER sterol levels are low (3). Second, the trans-
lation of HMGCR protein is subject to feedback inhibition
by cholesterol (4, 5) or other nonsterol isoprenoids (6).
Third, HMGCR undergoes insulin-induced gene (INSIG)-
dependent ubiquitination and proteasomal degradation in
conditions of high levels of sterols and the branch product
geranylgeranyl pyrophosphate in the ER (7, 8), which has
a substantial effect on the levels of the enzyme in the liver
(9, 10). Lastly, HMGCR activity is regulated by AMP-activated
protein kinase (AMPK)-mediated phosphorylation, which
can decrease cholesterol biosynthesis in low energy condi-
tions (11). Collectively, these and other regulatory mecha-
nisms finely tune HMGCR activity to maintain cellular
cholesterol levels within a narrow physiological window.

Germline deletion of Hmgeris embryonic lethal in mice
around embryonic day 9.5 (E9.5), demonstrating the impor-
tance of the mevalonate pathway for normal growth and
development. Interestingly, heterozygous mice appeared
normal and showed unaffected cholesterol biosynthesis,
due to compensatory upregulation of wild-type allele (12).
Since this initial study, Hmger has been conditionally deleted
in a number of tissues including the adipose (13), T-cells (14),
skeletal muscle (15), myeloid cells (16), and the liver (17).
The liver-specific KO (LSKO) model is of particular inter-
est, as this is the major site for whole-body cholesterol syn-
thesis in rodents (18), and is the target of the statin drugs.
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Hmger LSKO mice were generated by crossing floxed ani-
mals with the Albumin-Cre transgenic line. These animals
developed hepatic steatosis with apoptosis, hypoglycemia,
and eventually liver failure and death. Viability could be
rescued by supplementation with high doses of mevalonate
in the drinking water. The mechanism of liver injury was at
least partially attributed to impairment of H-Ras and Racl
isoprenylation (17). This work demonstrates the necessity
for Hmgcr in hepatocyte viability. However, it is important
to note that deletion with Albumin-Creis not instantaneous
but occurs gradually over a period of many weeks, i.e., 40%
at birth, 75% at weaning, and complete at 6 weeks of age in
one example (19). The gradual nature of Cre excision in
this model allows ample time for physiological compensa-
tion, making it difficult to study direct effects.

In addition to cholesterol, the mevalonate pathway pro-
duces other important nonsterol isoprenoids, such as doli-
chol, ubiquinone, and farnesyl and geranylgeranyl anchors
for protein prenylation. Depletion of these metabolites
has been suggested to be responsible for some beneficial
effects of statins (20), as well as rare adverse events (21).
However, the degree to which these metabolites are re-
duced upon Hmgcr inhibition, and their relative impor-
tance for liver physiology is not well understood. Insight
into the role of these metabolites could be gained through
genetic deletion of enzymes that occupy important branch
points from the direct route to cholesterol. Dehydrodoli-
chyl diphosphate synthase subunit (DHDDS) is a branch
point enzyme, which in complex with Nogo-B receptor
constitutes a cisprenyltransferase that catalyzes the first
committed step in the synthesis of dolichol, a glycosyl car-
rier essential for the biosynthesis of N-linked glycoproteins
(22-25). Prenyl diphosphate synthase (PDSS)1 and PDSS2
are branch point enzymes that elongate the prenyl side-
chain of ubiquinone, which acts as electron carrier in mito-
chondrial respiration (26). Likewise, farnesyltransferase
and geranylgeranyltransferase-I are branch point transfer-
ases that catalyze the covalent attachment of either the
C-15 isoprene farnesyl or the C-20 isoprene geranylgeranyl
group to the C-terminal end of multiple proteins (27).
These include the proteins of the Ras superfamily, which
are involved in cell growth, differentiation, signaling, and
mobility (28).

Recombinant AAVs are small nonintegrating nonenvel-
oped single-stranded DNA viruses that can deliver trans-
genes to the liver with high efficiency (29). AAV delivery of
Cre recombinase is rapidly gaining popularity for inducible
deletion of genes in the adult liver (30, 31). AAV can also
be used to deliver the CRISPR/Cas9 genome editing sys-
tem, which can directly disrupt genes, thus bypassing the
need to generate new floxed mouse models (32, 33). Here,
we used these tools to study the effects of mevalonate path-
way inhibition on nonsterol isoprenoids and hepatocyte
physiology. A new Hmgcer mouse model was produced
through introduction of a floxed allele into the germline,
which was used to generate LSKO mice with AAV-Cre deliv-
ery to adult mice. In Hmger KO livers, we found depletion
of certain nonsterol isoprenoids, including dolichol and
ubiquinone, along with ER stress-induced apoptosis and
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impairment of N-linked glycosylation. We demonstrate
that inhibiting the dolichol biosynthetic pathway with AAV-
CRISPR-mediated deletion of Dhdds partially phenocopied
the Hmger LSKO mice. Finally, the combined deletion of
Hmger and Dhdds resulted in exacerbation of hepatocyte
ER stress and liver injury. Altogether, our work identifies
dolichol as a nonsterol isoprenoid essential for hepatocyte
viability, which is sensitive to potent inhibition of the meva-
lonate pathway.

MATERIAL AND METHODS

Animals

Male C57BL/6] mice were obtained from Jackson Laborato-
ries. Mice harboring a “knockout first” allele for Hmgcr,
Hmga'™ *SOMWE (veferred as Hmger FRT-FLOX), were generated
by the Knockout Mouse Project at the University of California Davis.
These mice were used for generating Hmger conditional mice har-
boring the exon 5 flanked by loxP sites (ngcr“/ i ). Details are in-
cluded in the supplemental data. Liverspecific deletion of Hmger
was accomplished by delivery of Cre recombinase with AAVS vec-
tors and expression of Cre under the control of the hybrid liver-
specific promoter (HLP) (34). Liver-specific deletion of Dhddswas
performed by delivery of the CRISPR/Cas9 genome editing sys-
tem with AAVS vectors and expression of Cas9 under the control
of the HLP promoter. AAVs were diluted in 300 pl of sterile saline
and intraperitoneally injected to 6-week-old mice [2 or 5 x 10" or
1x10" genome copies (GCs) per mouse]. All treatment conditions
were randomly allocated within each cage of mice at the time of
injection. Mice were fasted for 5 h prior to injection and again
before subsequent blood collections. Blood was collected via retro-
orbital bleeding using heparinized Natelson collection tubes, and
plasma was isolated by centrifugation at 10,000 g for 20 min at
4°C. Mice were allowed free access to food and water and main-
tained on a standard chow diet. All experiments were approved by
the Baylor College of Medicine IACUC and performed in accordance
with institutional guidelines under protocol number AN-6243.
Experimental schemes in the figures were created with BioRender.

Plasmid design and cloning

1326-pAAV-HLP-CRE-2A-EGFP-WPRE-BGHpA and 1162-pAAV-
HLP-EmGFP-SpA plasmids were produced by standard molec-
ular biology techniques. A guide RNA (gRNA) targeting the
exon 5 of Dhdds was designed by manual inspection based on
the presence of a canonical NNGRRT protospacer adjacent
motif for Staphylococcus aureus Cas9 (SaCas9). Cloning of gRNA
(GCAGATGCAGATCACCCAGGAC) was accomplished by an-
nealing oligonucleotides (Sigma-Aldrich), and ligating into the
Bbsl site of 1313-pAAV-U6-SA-BbsI-Mlul-gRNA-HLP-SaCas9-HA-
OLLAS-spA (Addgene 109314) (35), to obtain 1560-pAAV-U6-SA-
mDhddsgRNA2-HLP-SaCas9-HA-OLLAS-spA. Complete plasmid
sequences are included in the supplemental data.

AAV production

Recombinant AAVS vectors were generated as previously de-
scribed (36) with several modifications (33). Plasmids required
for AAV packaging, adenoviral helper plasmid pAdDeltaF6 (PL-F-
PVADF6) and AAVS packaging plasmid pAAV2/8 (PL-T-PV0007),
were obtained from the University of Pennsylvania Vector Core.
Each AAV transgene construct was cotransfected with the packag-
ing constructs into 293T cells (ATCC, CRL-3216) using polyethyl-
enimine. Cell pellets were harvested and purified using a single
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cesium chloride density gradient centrifugation. Fractions con-
taining AAVs were pooled and then dialyzed against PBS using a
100 kDa Spectra-Por® Float-A-Lyzer® G2 dialysis device (Spec-
trum Labs) to remove the cesium chloride. Purified AAVs were
concentrated using a Sartorius™ Vivaspin™ Turbo 4 ultrafiltra-
tion unit and stored at —80°C until use. AAV titers were calculated
after DNase digestion using qPCR relative to a standard curve of
the transgene plasmid. Primers used for titer are included in sup-
plemental Table S1.

DNA analysis

Genomic DNA was extracted from livers and peripheral tissues
using the DNeasy Blood and Tissue kit (Qiagen). One hundred
nanograms of DNA were PCR amplified for detecting Hmgcr dele-
tion with APEX TaqRed Master Mix (Apex Bioresearch Prod-
ucts). PCR products were separated by agarose gel electrophoresis.
For detecting editing at the Dhddslocus, 100 ng of DNA were PCR
amplified with Phusion DNA polymerase (Roche) and the 680 bp
product was separated by agarose gel electrophoresis and gel ex-
tracted using the QIAquick gel extraction kit (Qiagen). The PCR
product was Sanger sequenced and the indel percentage was de-
termined by inference of CRISPR edits (ICE) analysis (https://
ice.synthego.com/#/) using a control chromatogram for com-
parison. For detecting AAV-genome integration events at the
double-strand break site, 100 ng of DNA were PCR amplified with
APEX TaqRed Master Mix (Apex Bioresearch Products) using a
forward primer annealing upstream of the cut site in the Dhdds
locus and a reverse primer specific for the viral inverted terminal
repeat sequence. The AAV-CRISPR genome was PCR amplified
using primers specific for the Cas9 sequence. All primers are
listed in supplemental Table S1.

RNA analysis

RNA was isolated from liver and peripheral tissues using
RNeasy Mini Kit (Qiagen). One microgram of RNA was used for
generating cDNA by the iScript cDNA synthesis kit (Bio-Rad).
c¢DNA was diluted 1:25 and used as template for qPCR analysis
using iTaq Universal SYBR Green Supermix (Bio-Rad) and ViiA 7
real-time PCR system (Thermo Fisher Scientific). A dissociation
curve was carried out at the end of qPCR for assessing the homo-
geneity of the PCR products. Relative gene expression was calcu-
lated using the AACt method and graphed as fold change relative
to TATA-box binding protein (75p). All primers are listed in sup-
plemental Table SI.

Western blot

Liver and most of the peripheral tissues were homogenized in
~10 vol of RIPA buffer [50 mM Tris (pH 8.0), 1 mM EDTA, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxy-
cholate, 150 mM sodium chloride, and protease inhibitors
(Roche)] using a Bead Blaster 24 (Benchmark). Gastrocnemius,
diaphragm, and heart tissues were homogenized in ~10 vol of
RIPA buffer using a Polytron PT2100 homogenizer (Kinematica).
For membrane fraction isolation, ~100 mg of liver samples were
homogenized in 0.5 ml of lysing buffer (PBS supplemented with
protease inhibitors) and centrifuged for discarding nuclei and
cell debris. Supernatants were centrifuged at 57,000 g for 1 h at
4°C, using an OPTIMA TLX ultracentrifuge with a Beckman TLA
100.3 rotor. Pellets (membrane fraction) were resuspended in 0.2
ml of lysing buffer. Protein concentrations were determined us-
ing BCA assay (Thermo-Pierce). Liver and peripheral tissue ly-
sates (30-50 pg) or plasma (1 ul) were diluted in 4x LDS buffer
(Life Technologies) supplemented with 5% B-mercaptoethanol
and separated by SDS-PAGE using 4-12% gradient gels (Life
Technologies). Proteins were transferred to PVDF membranes
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(Millipore) followed by blocking for 2 h at room temperature in a
2:1 solution of Odyssey blocking buffer (Li-Cor) and PBS with
0.05% Tween-20 (PBS-T). Primary antibodies were diluted in 1%
BSA in PBS-T, and membranes were incubated overnight at 4°C.
Secondary antibodies were incubated at room temperature for
1 h and imaged using an Odyssey Classic (Li-Cor). All antibodies
are listed in supplemental Table S2.

Immunohistochemistry

Livers were formalin-fixed for 24 h and then gradually dehy-
drated with ethanol and paraffin-embedded. Immunohistochem-
istry and hematoxylin and eosin staining were performed by the
Texas Digestive Diseases Morphology Core at Baylor College of
Medicine, following standard protocols. Briefly, liver sections
were deparaffinized and subjected to antigen retrieval with Target
Retrieval Solution (DAKO). The sections were then incubated
with 3% hydrogen peroxide, followed by incubation in normal
serum to block nonspecific protein binding. Sections were incu-
bated for 1 h at room temperature with anti-Ki67 (1:60; CRM325,
Biocare). The Ki67 antibody was then detected with a Rabbit-on-
Rodent HRP-Polymer (RMR622H, Biocare) and visualized with
DAB chromogen (DB801, Biocare). TUNEL stainings were per-
formed and detected using ApopTag Peroxidase In Situ Apopto-
sis Detection Kit (Millipore, S7100). All slides were counterstained
with hematoxylin, dehydrated, and mounted with a permanent
mounting medium. A Nikon Ci-L bright field microscope was
used for imaging at the Integrated Microscopy Core (Baylor Col-
lege of Medicine). Ki67- and TUNEL-positive cell quantification
was performed by manual count of positive hepatocytes in five
200x magnification images per liver taken across the whole sec-
tion. Section area was quantified using Image]24 (https://image;j.
nih.gov/ij/).

Transmission electron microscopy

Livers were fixed in glutaraldehyde and processed for transmis-
sion electron microscopy at the Texas Digestive Diseases Mor-
phology Core at Baylor College of Medicine.

Lipidomics

Sterols, isoprenyl phosphates, and isoprenoids were extracted
from ~150 mg of liver samples. Sterols were analyzed as previ-
ously described (37) with some modifications. Lipidomics analy-
ses were conducted at the Genome British Columbia Proteomics
Centre, University of Victoria, Canada. A detailed method for lipi-
domics is available in the supplemental data.

Plasma analyses

Alanine aminotransferase (ALT) activity was measured using
the Teco ALT (SGPT) kinetic liquid kit. Alkaline phosphatase
(ALP) activity was measured using the Alkaline Phosphatase Assay
Kit (Colorimetric) (ab83369, Abcam). Total cholesterol was mea-
sured using the Wako Cholesterol E kit. Triglycerides were mea-
sured using the Infinity Triglycerides Reagent (Thermo Fisher).
As control of impaired glycosylation, plasma samples were enzy-
matically deglycosylated using Protein Deglycosylation Kit II
(NEB).

Cell treatments

NIH3T3 cells (CRL-1658, ATCC) were cultured in DMEM
(Fisher Scientific) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and 1% penicillin/streptomycin (VWR), at 37°C
and 5% CO,. Cells were treated with 10 pM of farnesyltransferase
inhibitor FTI-277 trifluoroacetate salt (Sigma-Aldrich) or 30 wM of
geranylgeranyltransferase-I inhibitor GGTI 298 TFA salt (Selleck-
chem) for 48 h, or 30 wM of Lovastatin (Sigma-Aldrich) for 24 h.
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Statistics

All data are shown as the mean + SD. Comparisons involving
two groups were evaluated by a two-tailed Student’s ttest. For
comparisons involving three or more groups, a one-way ANOVA
was applied, with Tukey’s posttest used to test for significant dif-
ferences among groups. In all cases, significance was assigned at
P<0.05.

RESULTS

Efficient deletion of Hmgcr in the liver by AAV-Cre

We sought to develop a novel genetic model of acute
deletion of Hmgerin the livers of adult mice. To this end,
we first generated ngcf/ " mice harboring the nonfunc-
tional Hmger FRT-FLOX allele by ES cell-mediated gene
transfer (supplemental Fig. S1A). No ngcf/f mice
were born from ngcf/ T x ngcfr/ ~ breeding pairs (sup-
plemental Fig. SIB), confirming early embryonic lethal-
ity following complete disruption of Hmger (12). Then,
this line was crossed with FLP-transgenic mice and back-
crossed to the C57BL/6] background, finally resulting in
the generation of a mouse line harboring the exon 5 of
Hmger flanked by loxP sites (Hmger'"'") (Fig. 1A). To de-
lete Hmgerin the liver, we injected ngcrﬂ/ mice with an
AAVS vector encoding the Cre recombinase under the
control of the HLP promoter (Fig. 1A, B). At 2 weeks
postinjection, Hmger LSKO mice showed the Hmgcrnull
allele in the liver (Fig. 1C), with no genetic deletion de-
tected in any of the peripheral tissues analyzed (supple-
mental Fig. S2). The Hmgcr mRNA level was found to be
significantly decreased in livers from Hmger LSKO mice
compared with control mice (Fig. 1D). Moreover, the de-
letion of Hmger resulted in transcriptional upregulation
of Srebp-2-targeted genes of the mevalonate pathway
(Fig. 1E, F), but not in any of the peripheral tissues ana-
lyzed (supplemental Fig. S3).

A ATG

Hmgcr deletion results in depletion of sterol and nonsterol
isoprenoids in the liver

Next, we aimed to investigate the effects of Hmger dele-
tion on the metabolites in the mevalonate pathway, with
particular interest in the nonsterol isoprenoids (Fig. 2A).
We used a targeted lipidomics approach for simultaneously
measuring selected sterol and nonsterol isoprenoids. Liv-
ers from Hmger LSKO mice showed an overall decrease of
cholesterol and sterol isoprenoids as compared with con-
trol mice (Fig. 2B). In terms of nonsterol isoprenoids,
Hmger KO livers showed lower levels of dolichols and ubi-
quinones compared with control mice (Fig. 2C, D), with
dolichol-18 and ubiquinone 9 being respectively the most
abundant species in mice. No changes were observed in
plasma total cholesterol and triglyceride levels (supple-
mental Fig. S4). Together, these data show that the dele-
tion of Hmger results in depletion of both sterols and
important nonsterol isoprenoids in the liver.

Hmgcer LSKO mice show transient liver injury and
regeneration

Chronic deletion of Hmger in the liver was reported to
cause severe liver damage and eventually liver failure (17).
We investigated the effects of acute Hmger deletion on liver
pathophysiology in our model. Hmger KO livers showed al-
tered histology, characterized by enlarged and dying hepa-
tocytes (Fig. 3A). This resulted in significant increases in
plasma ALT and ALP levels as compared with control mice
(Fig. 3B, C). Many hepatocytes died by apoptosis, as shown
by positive TUNEL staining in Fig. 3D and E. We also ob-
served a massive burst of proliferating hepatocytes by Ki67
staining at this time point (Fig. 3F, G). Hepatocyte apopto-
sis gradually decreased at 4 and 8 weeks post-AAV-Creinjec-
tion (supplemental Fig. S5). When we looked at our model
at longer time points, we noticed a progressive loss of the
Hmgernull allele as well as enrichment of the Hmgerfloxed
allele over time (Fig. 3H), indicating selective expansion of

Hmger _ zr e ’f‘?srfip_ g floxed 1) Control (n=5) Fig. 1. Efficient deletion of Hmger in the liver by
peus FRT i 2) Hmger LSKO (n=6) AAV-Cre. A: Schematic diagram of genetic deletion of
£ [ Hmger (exon 5) by AAV-Cre in the liver of ngwﬂ/ f
ARG ﬂ' d ‘ mice. B: Six-week-old Hmger'"'" mice were injected with
ATG ; % cl,—! 2 x 10" GCs of AAV-Cre or AAV-GFP (control). Two
Hmger _ .L,r oy P ol Hmger™" Weeks weeks postinjection, liver and plasma were collected
locse FRT slisle for analyses. C: Genotyping PCR on liver DNA showing
Hmger mRNA two main bands corresponding to the Hmger floxed
C —_ N (1,364 bp) and null (544 bp) alleles. Minus (-) indi-
Kb - Control Himacr LSKO D §|§' M » r * cates water only control. D: qPCR analysis of Hmgcr
3. —. . §§ 18 ’_‘ mRNA levels in livers from control (blue) and Hmger
175 S el Zg % ! LSKO (red) mice. E: qPCR analysis of representative
o.s-i e — i llele tE e e ki genes of the mevalonate pathway in the liver of Hmger
o ® & LSKO (red) and control (blue) mice. F: Western blot
E F & & analysis of Fdftl in liver lysates from Hmger LSKO and
_ B . control mice, with B-tubulin (3-Tub) used as a loading
g8 20 [] kDa Hmgcr control. Hmgesl, HMG-CoA synthase 1; Cyp51, cyto-
-'=§ % 15 * - * 57 - Control _ LSKO chrome P450 family 51; Sqle, squalene epoxidase;
z £ 10 % ’_l ’_‘ ’_’. 42 - e g e i Idftl, farnesyl-diphosphate farnesyltransferase 1. Data
LE 5 i iE £ 57 - are shown as mean + SD with significance determined
0 S R 42 St 3 TUD E}égv(()) rtﬁ;l;c)l S:;(iegt()th test (n =5 control and 6 Hmger

o LA A : -U9.
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cells that escaped complete Hmger deletion. In contrast to
previous work (17), the viability of the mice was not ad-
versely affected by the loss of Hmger in the liver. Overall,
these data show that the deletion of Hmger results in tran-
sient hepatocyte apoptosis followed by compensatory liver
regeneration.

Hmgcer LSKO mice show hepatocyte ER stress-induced
apoptosis and impaired N-linked glycosylation

To further investigate the nature of liver injury, we per-
formed a transmission electron microscopy analysis of liv-
ers following Hmger deletion (Fig. 4A). We observed
swollen mitochondria and nucleus fragmentation as com-
mon features of apoptosis in Hmger KO hepatocytes (sup-
plemental Table S3). Most importantly, we detected
evidence of ER swelling (Fig. 4A, supplemental Table S3),
which is commonly observed in conditions of ER stress
(38). In parallel, we observed induction of the ER stress
marker, Chop, and the apoptosis marker, Bax, in liver ly-
sates from Hmger LSKO mice (Fig. 4B, C). Given the impor-
tance of dolichyl-phosphate for N-linked glycosylation in
the ER (22), we hypothesized an ongoing impairment of
the N-linked glycosylation process in Hmger KO livers. To
test this, we used Western blot for analyzing the gel mobil-
ity of -1 antitrypsin (Aat), which harbors three N-glycosyl-
ation sites (39). We observed decreased levels of mature
(fully glycosylated) Aat in liver lysates as well as plasma
from Hmger LSKO mice regardless the dose of AAV-Cre
used for deleting Hmger (Fig. 4D-F). The previously de-
scribed Hmger LSKO model showed impairment of protein
prenylation (17). In our model, we found that the farnesyl-
ation of prelamin-A was not impaired in Hmger KO livers
even when a 5-fold higher dose of AAV-Cre was used (sup-
plemental Fig. S6A, B). On the contrary, the geranylgera-
nylation of RhoA was impaired in Hmger KO livers only
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Fig. 2. Hmger deletion results in depletion of sterol
and nonsterol isoprenoids in the liver. A: Schematic
diagram of the mevalonate pathway and selected
branch point products. Representative metabolites are
shown. Nonsterol isoprenoids are shown in green.
Heat maps showing sterol isoprenoids (B), dolichols
04 (C), and ubiquinones (D) measured in livers from
Hmger LSKO and control mice by a lipidomics ap-
proach. Data are presented as relative abundance of
each metabolite in Hmger KO compared with control
livers (n = 5 control and 6 Hmger LSKO mice).

Ubiquinone-7 1.0
Ubiquinone-8
0.5 q 0.9
Ubiquincne-9 0.8
Ubiguinone-10 07
Dolichol-19 0.90 Ubiquinone-11 06

Hmger LSKO

upon injection of the highest dose of AAV-Cre, resulting in
the abnormal accumulation of RhoA in the cytosol (sup-
plemental Fig. S6C, D). Together, these data show that the
deletion of Hmger results in hepatocyte ER stress-induced
apoptosis and impaired N-linked glycosylation.

Dhdds LSKO mice show hepatocyte ER stress-induced
apoptosis and impaired N-linked glycosylation

Next, we hypothesized that the depletion of newly syn-
thesized dolichyl phosphate could be responsible for the
ER stress-induced apoptosis observed in Hmger KO livers
(Figs. 2, 4). We used the AAV-CRISPR system to somatically
delete Dhdds, which encodes a branch point enzyme of the
mevalonate pathway that, in complex with Nogo-B receptor,
catalyzes the first committed step of dolichol biosynthesis
(22). We injected mice with AAV-CRISPR or AAV-GFP
(control) and collected liver and plasma samples at 2 and 4
weeks postinjection (Fig. 5A). AAV-CRISPR treatment re-
sulted in the liver-restricted SaCas9 expression by the HLP
promoter and efficient indel formation in exon 5 of Dhdds
(supplemental Fig. S7), which was accompanied by a sig-
nificant decrease of hepatic Dhdds mRNA levels (Fig. 5B).
No detectable Dhdds editing was observed in any of the pe-
ripheral tissues analyzed (supplemental Fig. S8). The livers
from Dhdds LSKO mice showed severe hepatocyte apopto-
sis and regeneration at 4 weeks postinjection (Fig. 5C-F).
Most importantly, we observed a large induction of Chop
along with increased levels of Bax in livers from Dhdds
LSKO mice (Fig. 5G, H). However, the observed liver dam-
age was not reflected by significant elevation of ALT or
ALP in plasma (supplemental Fig. S9), contrary to what
was observed in Hmger LSKO mice (Fig. 3). We next tested
whether the deletion of Dhdds would result in impairment
of N-linked glycosylation. Although there were not obvious
differences in hepatic Aatlevels (Fig. 5I), we found decreased
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levels of mature (fully glycosylated) Aat in plasma from (6 weeks), we found that Dhdds mRNA levels had returned
Dhdds LSKO mice, along with a band of lower molecular ~ to normal with no evidence of increased ER stress or N-
weight at 4 weeks postinjection (Fig. 5], K), suggesting im-  glycosylation impairment (supplemental Fig. S10), sug-
pairment of N-glycosylation and processing. When we  gesting compensatory liver regeneration following the
looked at the effects of Dhdds editing at a longer time point ~ hepatocyte apoptosis observed at 4 weeks (Fig. 5C-F). Over-

1680 [ Lipid Res. (2020) 61(12) 1675-1686 SASBMB



A Control

_ Hmgcr LSKO

Fig. 4. Hmger LSKO mice show hepatocyte ER stress-
induced apoptosis and impaired N-glycosylation. A:
Representative transmission electron microscopy of
hepatocytes in liver from control and Hmger LSKO
mice. Scale bar is 5 wM. Western blot analysis of Chop
(B), Bax (C), and Aat (D) in liver lysates from control
and Hmger LSKO mice, with B-tubulin used as a load-
ing control. E: Western blot analysis of Aat in plasma
from control and Hmger LSKO mice, with Apoal used
as aloading control. F: Densitometry analysis of plasma
Aat in control (blue) and Hmger LSKO (red) mice.
Hmger LSKO samples in D and E)are from ngcrﬂ/ i
mice injected with either 2 x 10" (AAV-Cre normal) or
10"* (AAV-Crehigh) GCs of AAV-Cre. In panels D and E,
plasma was treated with an enzymatic deglycosylation
kit (+) or sham (—) as control of the effect of glyco-
sylation on protein mobility. Aat Glyc., glycosylated
(mature) Aat; Aat Deglyc., deglycosylated Aat. Repre-
sentative Western blots are shown. Densitometry data
are normalized to Apoal and shown as mean + SD with
significance determined by two-tailed Student’s #test
(n=3). ¥*P<0.05.

<+ Aat Glyc.
W’ +—Aat Deglyc.

B 2 control  HmgerLsko E _aavcre nomal _aavicre high
o Hmger Hmgcr
24.- R Chop kDa Control _LSKO _Control _LSKO -
O~ 57 - gy w0
i _i-—n—n-----u B-Tub ﬁ J
~ Apoal
- - S e
C “Pa_ control _HmgerLsko G -
24 .- F
G - e — — — — Bax E 25
5 T 220
ot e e e e e e’ [3-TUD E i
“ 2 15 E‘
Bl e &=
D AAV-Cre normal AAV-Cre high 2 § 1.0
Hmger Hmger <2
kDa control _LSKO Control _LSKO _- + Eg'o.s
Bl W <+AatGlyc. a
'~ s KR o b .
uﬁ—Aat Deglyc. o b

A2 - T e e e e

- N ‘
57- oé‘? <

o B-Tub <

42

all, these data show that the liver-specific deletion of Dhdds
results in transient hepatocyte ER stress-induced apoptosis
and impaired N-linked glycosylation.

Combined deletion of Hmgcr and Dhdds exacerbates liver
injury and hepatocyte ER stress

We next tested to determine whether there is a genetic
interaction between Hmgcr and Dhdds inhibition in regard
to ER stress. We injected ngcrﬂ/ " mice with AAV-Cre and
AAV-CRISPR in order to simultaneously delete Hmgcr and
Dhdds in the liver [double KO (DKO) mice; Fig. 6A]. As
controls, ngcrﬂ/ " mice were injected with either AAV-Cre
or AAV-CRISPR alone. DKO mice showed efficient dele-
tion of Hmger along with CRISPR editing of Dhdds, which
was readily detected by PCR for integration of the AAV ge-
nome at the cutsite. Cre deletion and AAV-CRISPR editing
resulted in significantly decreased levels of Hmger and
Dhdds mRNA, respectively (supplemental Figs. S11, S12).
We observed higher levels of ALT and ALP in plasma (Fig.
6B, C) as well as Chop in liver lysates from DKO mice as
compared with Hmger and Dhdds LSKO mice (Fig. 6D, E).
These data show that further restriction of isoprenoid flux
to dolichol synthesis via Dhdds disruption acts synergisti-
cally with Hmger deletion to cause ER stress-induced
apoptosis.

DISCUSSION

Here, we report a new Hmger LSKO mouse model and its
effects on isoprenoid metabolism and liver physiology. In

SASBMB

contrast to the previous Albumin-Cremodel, acute deletion
of Hmger in the livers of adult mice is not lethal. Loss of
Hmger results in transient liver injury characterized by he-
patocyte apoptosis and compensatory liver regeneration.
Livers from Hmger LSKO mice show depletion of important
nonsterol isoprenoids, dolichol and ubiquinone, along
with ER stress and defective N-linked glycosylation. We
show that AAV-CRISPR-mediated deletion of Dhdds pheno-
copies the loss of Hmgerin regard to ER stress and impaired
N-linked glycosylation. Finally, further restriction of meta-
bolic flux to dolichol, via the combined deletion of Hmger
and Dhdds, synergistically exacerbates ER stress and liver
injury.

The previously described Albumin-Cre Hmger deletion
model resulted in liver failure and eventually death. Inter-
estingly, cholesterol biosynthesis was only modestly af-
fected, whereas protein isoprenylation was shown to be
impaired, suggesting a direct role for prenylation defects in
the liver failure (17). However, this phenotype may be a
consequence of chronic deficiency of Hmgcr since birth
and potentially biased by adaptation mechanisms and com-
pensatory changes. Moreover, it is reasonable to speculate
that other nonsterol isoprenoids would also have been de-
pleted at the time point of analysis. Here, we found that the
acute deletion of Hmgerin the liver resulted in depletion of
dolichol and ubiquinone, suggesting that these nonsterol
isoprenoids are particularly sensitive to potent mevalonate
pathway inhibition. In contrast to the findings of Nagashima
et al. (17), we did not observe major effects on protein
prenylation. In fact, we observed accumulation of RhoA in
liver cytosolic fractions as marker of geranylgeranylation
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impairment (40) only after delivery of a 5-fold higher AAV-
Cre dose, whereas prelamin-A farnesylation was never af-
fected. Therefore, our data suggest that protein prenylation
is not the branch product that is most sensitive to Hmgcr
inhibition in the liver and unlikely to account for hepato-
cyte apoptosis and liver injury. T-cells and myeloid cells
have been reported to be more sensitive to the effects of
Hmger deletion or high-dose statins on prenylation of the
Ras superfamily, possibly reflecting cell-specific differences
in enzymatic activities or availability of their protein sub-
strates (14, 16, 41).

Dolichol is a branch point product of the mevalonate
pathway produced from farnesyl pyrophosphate. DHDDS
and Nogo-B receptor form a cis-prenyltransferase that cat-
alyzes the first committed step of dolichol biosynthesis,
connecting the mevalonate pathway to N-linked glycosyl-
ation (23-25). Newly synthesized dolichyl-phosphates are
converted to dolichol-linked oligosaccharides required for
N-linked glycosylation (22). Defects in the dolichol oligo-
saccharide assembly pathway or accumulation of hypoglyco-
sylated misfolded glycoproteins cause a chronic induction
of the unfolded protein response pathway and ER stress
(42). In Hmger KO livers, we noticed hepatocyte ER stress-
induced apoptosis along with impairment of N-linked
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glycosylation. All these data suggested that the depletion of
dolichol could be responsible for this phenotype. We con-
firmed this hypothesis by inhibiting the synthesis of doli-
chol via genetic deletion of Dhdds. Indeed, we observed
hepatocyte ER stress and apoptosis, along with impairment
of N-linked glycosylation. These results are consistent with
the marked induction of ER stress and impaired N-linked
glycosylation observed in Nogo-B receptor mutant fibro-
blasts (23). Moreover, mutations of DHDDS in humans
have been associated with inherited retinitis pigmentosa
because of impaired glycosylation of opsin, and type I con-
genital disorders of glycosylation (43, 44). Finally, the syn-
ergistic effect on liver ER stress by the disruption of dolichol
biosynthesis combined with the genetically induced inhibi-
tion of Hmgcr further demonstrates the importance of
mevalonate-derived dolichol synthesis for hepatocytes. Be-
sides N-linked glycosylation, other dolichol-dependent
modifications, such as O-mannosylation, C-mannosylation,
and glycosylphosphatidylinositol (GPI)-anchor modifica-
tion, may also be impaired in our models. In this regard,
the elevation of ALP activity in plasma of Hmger LSKO
and DKO mice might be a direct result of liver damage
but could also be due to defective attachment of the GPI-
anchor, which anchors ALP to the plasma membrane.

ER stress following Hmger deletion in the liver 1683



The Nogo-B receptor has recently been identified as a
negative regulator of hepatic lipogenesis and LXRa activ-
ity. Albumin-Cremediated deletion of the Nogo-B receptor
in the liver resulted in increased levels of plasma triglycer-
ides and hepatic steatosis. In this report, loss of the Nogo-B
receptor was accompanied by increased nuclear transloca-
tion of LXRa, activation of lipogenic gene expression, and
lipid accumulation in hepatocytes (45). Given the known
interaction of the Nogo-B receptor with Dhdds (23, 24), it
would be interesting to know whether there is a direct con-
nection between cisprenyltransferase activity of this com-
plex and hepatic lipogenesis. Liver-specific deletion of
Dhdds using either floxed mice or AAV-CRISPR deletion
could be useful in resolving this issue.

In Hmger KO livers, we also observed decreased levels of
ubiquinone, a branch product that acts as electron carrier
in the electron transport chain. Although we cannot fully
exclude an effect of ubiquinone depletion on hepatocyte
ER stress and apoptosis, several reports show that ubiqui-
none deficiency affects mainly brain and kidney. In hu-
mans, mutations in PDSSI and PDSS2have been respectively
associated with neurological disorder and Leigh syndrome
with nephropathy (46, 47). Pdss2 mutant mice recapitu-
lated the ubiquinone deficiency and kidney disease pheno-
type, with no extrarenal disease (26, 48). More importantly,
the liver-specific deletion of Pdss2 resulted in depletion of
ubiquinone, but no evidence of liver pathology (26, 49).
Altogether, these reports suggest that the liver is not pri-
marily affected by ubiquinone deficiency or may compen-
sate for its depletion. For instance, the liver can scavenge
the ubiquinone carried by circulating lipoproteins (50),
perhaps at levels adequate to support normal mitochon-
drial respiration.

The acute Hmger LSKO model showed extensive hepato-
cyte death and liver regeneration. When we investigated
the effects of Hmger deletion over time, we observed a pro-
gressive loss of the Hmgcrnull allele and a corresponding
increase in the floxed allele. This is clear evidence for ex-
pansion of hepatocytes that escaped complete removal of
Hmger with AAV-Cre. The dose of virus used (2 x 10" GCs)
is sufficient to mediate complete excision in >99% of hepa-
tocytes (30), so this is an excellent model to study acute
effects. However, because AAV-Cre is nonintegrating, the
viral transgene is lost with cell division, essentially allowing
the liver to be repopulated with ngcr+ hepatocytes over
time. It is also possible that some of the regenerating cells
are not hepatocyte-derived, an event that can happen in
very severe cases of liver injury (31). Regardless of the cel-
lular source of the ngcr+ hepatocytes, there is sufficient
metabolic capacity to protect these animals from liver fail-
ure. This is in direct contrast to the Albumin-Cre transgenic
model, which showed a more severe phenotype and died at
6 weeks of age (17), which is expected for such an inte-
grated transgene. For this reason, our study adds value to
the current models, because it is a tractable system to inac-
tivate mevalonate synthesis, while avoiding any confound-
ing developmental compensation.

Here, we also show that AAV-CRISPR is an efficient ge-
netic tool for deleting genes in the mevalonate pathway in
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the livers of adult mice, with the great advantage of bypass-
ing the need to generate new floxed animals. Similar to the
Hmger LSKO mice, our Dhdds LSKO model also showed
transient hepatocyte apoptosis and liver regeneration,
which resolved at a later time point. It is notable that Dhdds
disruption did not cause equivalent liver damage to the
Hmger LSKO and DKO mice, at least based on the lack of
significant increases in ALT and ALP. This could be due to
the different efficiency and kinetics of gene disruption be-
tween the AAV-Cre and the AAV-CRISPR systems. Optimi-
zation of gRNA design and vector dose may overcome
these limitations. However, we also cannot exclude that dif-
ferent cell death mechanisms other than apoptosis may oc-
cur (i.e., necrosis) and differentially impact ALT elevations
in the Hmgcr versus Dhdds KO mice. Finally, the depletion
of other nonsterol isoprenoids may also contribute to the
greater degree of liver damage observed in Hmger LSKO
compared with Dhdds LSKO mice.

In conclusion, we report a genetic model to acutely in-
hibit the mevalonate pathway in the liver. We show that the
deletion of Hmger results in depletion of the nonsterol iso-
prenoids, dolichol and ubiquinone, and severe ER stress.
We demonstrate that the genetic inhibition of dolichol bio-
synthesis partially mimics the liver phenotype observed in
Hmger LSKO mice. Moreover, the combined inhibition of
the mevalonate pathway and dolichol biosynthesis exacer-
bates liver injury and hepatocyte ER stress. Altogether, our
data show a critical role for mevalonate-derived dolichol in
the liver and suggest that this metabolite could play an im-
portant role in mediating the effects of statins on liver

physiology.
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