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ABSTRACT

PCSK?9 promotes the lysosomal degradation of cell surface LDL receptor (LDLR). We analyzed
how excess LDLR generated by PCSK9 deficiency is differently handled in male and female
mice to possibly unveil the mechanism leading to the lower efficacy of PCSK9 mAb on LDL-
cholesterol levels in women. Analysis of intact or ovariectomized PCSK9 knockout (KO) mice
supplemented with placebo or 17B-estradiol (E2) demonstrated that female, but not male mice
massively shed the soluble ectodomain of the LDLR in the plasma. Liver-specific PCSK9 KO or
alirocumab-treated WT mice exhibit the same pattern. This shedding is distinct from the basal
one and is inhibited by ZLDI-8, a metalloprotease inhibitor pointing at ADAM10/ADAM17. In
PCSK9 KO female mice, ZLDI-8 raises by 80% the LDLR liver content in a few hours. This
specific shedding is likely cholesterol-dependent: it is prevented in PCSK9 KO male mice that
exhibit low intra-hepatic cholesterol levels without activating SREBP-2, and enhanced by
mevalonate or high cholesterol feeding, or by E2 known to stimulate cholesterol synthesis via the
estrogen receptor-a.. Liver transcriptomics demonstrates that critically low liver cholesterol in
ovariectomized female or knockout male mice also hampers the cholesterol-dependent G2/M
transition of the cell cycle. Finally, higher levels of shed LDLR were measured in the plasma of
women treated with PCSK9 mAb. PCSK9 knockout female mice hormonally sustain cholesterol
synthesis and shed excess LDLR, seemingly like women. In contrast, male mice rely on high

surface LDLR to replenish their stocks, despite 80% lower circulating LDL.
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Abbreviations: mAb, monoclonal antibody; DEG, differentially expressed gene; E2, 17f3-
estradiol; ER, endoplasmic reticulum; ERa, estrogen receptor alpha; Gperl, G protein-coupled
estrogen receptor 1; KO, knockout; LDL-C, LDL-cholesterol; LDLR, low density lipoprotein
receptor; Ovx, ovariectomy; OvxP, ovariectomized and supplemented with placebo; PCSKO,
proprotein convertase of the subtilisin/kexin type 9; SLDLR, shed LDLR. WT, wild-type.



1. Introduction

The uptake of cholesterol-rich LDLs by the liver is a key process that protects from
atherosclerosis. The liver expresses ~70% of the whole-body LDL receptor (LDLR), and the cell
surface density of the receptor in this tissue is a major determinant for LDL clearance by
endocytosis. Aside from its exquisite transcriptional regulation [1], cell surface LDLR is tightly
regulated in this organ by different mechanisms of post-translational degradation. The strongest
regulation is exerted by PCSKO9. This protein belongs to the proprotein convertase family of
serine proteases [2], but has only itself as a substrate [3]. PCSK9 is mainly expressed in
hepatocytes, but is also abundant in the intestinal epithelium, pancreatic islets, and kidneys [4].
However, these other tissues do not significantly contribute to circulating PCSK9 [5], which only
originates from the liver [6]. PCSK9 binds the cell surface LDLR in the liver or peripheral
tissues [7], this complex is then internalized in endosomes, and eventually degraded in
lysosomes [8,9]. Gain-of-function mutations of PCSK9 lead to familial hypercholesterolemia
[10], due to reduced LDL-cholesterol (LDL-C) clearance from circulation. Conversely, loss [11]
or inhibition [12] of PCSK9 results in substantial reductions in LDL-C levels. PCSK9
monoclonal antibodies (mAb) that reduce LDL-C by 50-60% have been prescribed to
hypercholesterolemic patients for the last 7 years [13]. Several studies reveal that even though
women benefit from PCSK9 lowering therapy as well as men, they often exhibit a 15-20% lower
LDL-C reduction when treated with PCSK9 mAbs [14-17]. We also observed sex-specific
phenotypes in mice lacking PCSK9. Both male and female livers exhibit 3 to 4-fold higher levels
of total LDLR protein [6,18]. However, their cell surface LDLR density greatly differs. It is 4-
fold lower in female than in male liver plasma membrane preparations. This sexual dimorphism,
which is only observed in the absence of PCSK9, was found to be estrogen-dependent [19].

The present study takes a deep dive into the mechanism behind the 17p3-estradiol (E2)-
dependent LDLR cell surface density in mice lacking PCSK9. We show that a specific shedding
of excess LDLR takes place in female livers only and is likely achieved by the metalloprotease
ADAM17. This shedding is distinct from the basal one observed in wild-type (WT) mice or KO
male mice. The dissection of the mechanism by which E2 stimulates excess LDLR shedding in
PCSK9 KO male mice led us to discover that these mice exhibit critically low cholesterol levels,
and that excess LDLR shedding is dependent on cholesterol. Indeed, our data suggest that by



promoting estrogen receptor alpha (ERa)-mediated cholesterogenesis, E2 significantly increases
intra-hepatic cholesterol, which in turn stimulates the production of a soluble shed form of the
LDLR (sLDLR). Finally, transcriptome analysis of our mouse models revealed that low liver
cholesterol in mice lacking PCSK9 was also responsible for delaying the G2/M transition of the
cell cycle, known to depend on a cholesterol checkpoint. Finally, SLDLR measurement in the
plasma of PCSK9 mAb-treated patients support our hypothesis that lower LDL-C drops in
women are due to higher LDLR shedding.

2. Materials and methods

More detailed information on Mice, LDLR immunohistochemistry and RNA-Seq analysis is
available in the Supplemental Methods.

2.1.  Mice, diets and blood collection

Mice were housed in a 12h-light/dark cycle and fed ad libitum a cholesterol-free standard
laboratory diet (2018 Teklad Global; Harlan Laboratories). The IRCM animal care committee
approved all procedures. Pcsk9™* (WT) and Pcsk9” mice were on the C57BL/6J background
(>12 backcrosses) and were F2 littermates of heterozygous breedings [6,18].

2.2.  Ovariectomy

Mice underwent sham surgery (sham) or ovariectomy (Ovx) at 8 weeks of age under 2%
isoflurane anesthesia (CDMV, Quebec, QC) as described previously [19], except that stainless
steel autoclips were used (Becton Dickinson). Two days post-Ovx, mice were re-anesthetized
and a pellet delivering either placebo (P) or ~1 ug/day of E2 (E-121, Innovative Research of
America, Sarasota, FL) was inserted subcutaneously between the ear and shoulder. The skin was
closed with a running 4-0 nylon PDS suture (Ethicon, Bridgewater, NJ) and mice were analyzed
10 to 20 days later.



2.3.  LDLR immunohistochemistry

For LDLR visualization, 8 um-thick frozen liver sections were fixed in 4% paraformaldehyde,
rinsed in 0.1% glycine in PBS, washed in PBS, blocked with 1% bovine serum albumin (BSA;
Sigma-Aldrich, St. Louis, MO) for 1 h and incubated overnight at 4°C with a goat antibody
against mouse LDLR (R&D Systems, Minneapolis, MA). LDLR labeling was visualized by
incubation for 1 hour at room temperature with Alexa Fluor 488-labeled donkey anti-goat 1gG
(Invitrogen, Carlsbad, CA) and nuclei were counterstained with Hoechst Stain solution (Sigma-
Aldrich).

2.4. E2, agonist and antagonist treatments

Female mice were distributed in groups of similar average body weights. Cyclodextrin-
encapsulated E2 (Sigma-Aldrich) was dissolved in 0.9% NaCl. Propyl pyrazole trisphenol (PPT;
Tocris Bioscience, Bristol, UK), G-1 and G15 (Cayman Chemicals, Ann Harbor, MI) were
dissolved in DMSO (Sigma-Aldrich) and further diluted to 0.2% DMSO (G1, G15) or 1.28%
DMSO (PPT) in saline, ICI 182,780 (Fulvestrant; Sigma-Aldrich) was dissolved in 100% EtOH

and diluted to 10% in corn oil.

2.5.  Shed LDLR measurement in plasma and in vivo inhibition of metalloproteases

Plasma sLDLR concentration was determined with the DuoSet ELISA (R&D Systems). Male
mice were treated with E2 (see above) and male or female mice were treated with the
metalloprotease inhibitors BB-94 and ZLDI-8 resuspended in DMSO (MedChemExpress,
Princeton, NJ) and diluted >10-fold in corn oil before intraperitoneal injection. Control mice

received vehicle DMSO in corn oil.

2.6. Plasma and liver cholesterol content



Plasma cholesterol was measured using the Infinity Cholesterol reagent (Fisher Diagnostics,
Middletown, VA). For liver cholesterol measurement, tissue (~60 mg) was homogenized in 0.5
mL of chloroform:isopropanol:NP-40 (7:11:0.1) in a micro-homogenizer. The extract was
centrifuged at room temperature for 5 min at 19,000 g, the supernatant was transferred to a new
tube, air dried at 55°C, and vacuum dried in a SpeedVac concentrator. Pellets were resuspended
in 0.2 mL of assay buffer of the cholesterol/cholesteryl ester Assay kit (Abcam, Cambridge, UK)

using sonication, and 8 uL were assessed as recommended.

2.7. Mevalonate treatment

Mevalonic acid lithium salt (MedChemExpress) was prepared in saline (7.5 mg/mL) and
sonicated. Male mice were bled, then gavaged with 0.15 mL saline or mevalonate (35
mg/kg/day) for 9 consecutive days.

2.8. RNA-Seq

Liver pieces (~30 mg; 3 per genotype/condition) were homogenized (Polytron) in 1 mL of TriZol
on ice. After addition of 0.2 mL of chloroform, and centrifugation, the upper phase was
collected. Contaminating DNA was digested with DNAse | and RNA was purified on Zymo-
Spin IICG columns (ZymoResearch, Irvin, CA). Liver transcripts were chemically fragmented,
and cDNA libraries were generated at the Molecular Biology and Functional Genomics platform
at the IRCM and randomly sequenced using the Illumina Kit according to the manufacturer’s

instructions on an lllumina HiSeq 2500 sequencer (PE50).

2.9.  Statistical analysis

We first checked the normality and equality of variance of our data with the Shapiro-Wilk test
and F-test, respectively. We tested the difference between two groups using parametric unpaired
Student’s t-test with Welch’s correction for unequal variance or non-parametric Mann-Whitney
U test if required. We assessed comparisons in multi-groups using non-parametric Kruskal-

Wallis test followed by Dunn’s correction when the normality/equal variance test did not pass, or



using parametric 1-way or 2-way ANOVA followed by Tukey’s multiple comparisons test when
normality/equal variance tests passed. GraphPad Prism 8 software was used for all analyses. The

number of mice used appears in figure legends.

3. Results

3.1. E2 reduces LDLR density at the hepatocyte cell surface primarily via ERa in PCSK9-

deficient mice

Higher levels of total liver LDLR protein in PCSK9 KO versus WT mice translate into an
equivalent increase of LDLR protein at the hepatocyte cell surface in male, but not female mice
(Fig. 1A) [19]. Similarly, liver cryosections of ovariectomized KO females supplemented with
placebo (OvxP) presented a typical KO male pattern, while those supplemented with E2 (OvxE2)
showed female-like surface labeling similar to WT (Fig. 1A), thereby indicating that E2 can
negatively regulate LDLR surface density. We observed the same E2-regulation of cell surface
LDLR density in another PCSK9 KO model (Supplementary Fig. S1) [18]. Note that protein
levels analyzed by Western blot were insensitive to LDLR cell surface levels. In this context,
several studies in cells, including ours [20], revealed that full length LDLR is essentially
localized in the Golgi apparatus and in endosomes, and that cell surface LDLR only represents a
small fraction of total LDLR (<5%).

A single E2 injection in PCSK9 KO Ovx females reduced surface LDLR labeling by 64%
after 24h (Supplementary Fig. S2). Surface LDLR levels were back to their pre-treatment levels
after 48h showing that the E2 effect was transitory. E2 injection in PCSK9 KO males also led to
a marked drop in LDLR labeling 24h post-injection (Fig. 1B). This effect was detectable after
>12h, indicating that E2-mediated LDLR decrease at the cell surface is a slow process. mMRNA or
protein LDLR levels remained unchanged (Supplementary Fig. S3).

In the classical pathway, cell-permeable estrogen binds cytoplasmic estrogen receptors alpha
(ERa) or beta (ERB), inducing their dimerization and translocation into the nucleus where they
bind estrogen-responsive DNA elements (long-term effect). Estrogens also exert rapid effects via

palmitoylated ERa. or Gperl, another estrogen receptor [21]. The contribution of estrogen



receptors and/or Gperl in the regulation of surface LDLR density was evaluated by testing E2,
the ERa-specific agonist propyl pyrazole trisphenol (PPT) or the Gperl-specific agonist G-1 in
PCSK9 KO Ovx females. Mice were euthanized 24h post-injection. Higher body weights in Ovx
mice and loss or recovery of uterus weight were monitored as markers of successful treatment
(Supplementary Fig. S4). LDLR labeling was 3-fold higher in vehicle-treated Ovx than sham-
operated females (Fig. 2A). Both E2 and PPT treatments restored the typically low LDLR
surface labeling observed in PCSK9 KO female mice, whereas G-1 had no effect (Fig. 2A).
Changes in surface LDLR were not caused by modifications in LDLR mRNA levels in the liver
(Supplementary Fig. S4A). We next analyzed the effect of inhibition of endogenous estrogen
receptor activity in intact PCSK9 KO females (Fig. 2B). ERa/ER inhibition by ICI 182,780
reproduced 79% of the Ovx effect on LDLR labeling, while the Gperl inhibitor G15 had no
significant effect. As above, no LDLR mRNA change was observed (Supplementary Fig. S4B).
Altogether, these data demonstrate that E2 reduces the cell surface density of the LDLR via
ERa.

3.2. Female PCSK9 KO mice shed excess LDLR from hepatocytes

ADAM10 and ADAM17/TACE (TNFa-converting enzyme) are canonical sheddases of the a-
disintegrin-and-metalloproteinase (ADAM) family. Because LDLR was shown to be shed by
ADAM17 in bone marrow-derived monocytic cells [22] or by ADAM10 in neurons [23], we
measured plasma SLDLR by ELISA in our mouse models. WT male and female mice presented
similar levels of SLDLR (~150 ng/mL), whereas PCSK9 KO mice lacking (male; OvxP) or
exposed to (female; OvxE?2) estrogen had ~2- and 4-fold higher levels of sSLDLR, respectively
(Fig. 3A). Similar data were obtained in liver-specific PCSK9 KO mice as well as WT mice
treated with alirocumab [13], a mAb neutralizing the LDLR binding of circulating PCSK9
(Supplementary Fig. S5). Thus, the absence of PCSK9 secreted from hepatocytes leads to LDLR
accumulation at the cell surface in male livers only, likely due to lower shedding. To test the
impact of E2 on LDLR shedding, WT and KO male mice received a single E2 injection and
SLDLR levels were assessed for 28 hours. E2 had no effect in WT males but induced a transient
>3-fold increase of SLDLR ~20 hours post-injection in KO male mice (Fig. 3B). In a second

experiment, a subgroup of E2-injected KO males underwent a second E2 injection 24 hours after



the first one, and exhibited the same SLDLR response, indicating that surface LDLR levels were
rapidly replenished (Supplementary Fig. S6). E2 triggered a similar peak of SLDLR in Ovx KO
females (Supplementary Fig. S7A). Thus, E2 stimulates LDLR shedding in male PCSKO9-
deficient mice.

Acute systemic in vivo inhibition of metalloproteases is scarcely reported in the literature.
First, we tested the general metalloprotease inhibitor BB-94 (Fig. 3C). In KO female mice, this
resulted 4 hours after injection in a transient 86% drop in SLDLR. In WT females, BB-94 had a
slower effect with a 66% reduction at 8 hours. Because many shedding events occur through
cleavage by ADAM10 and 17 [24], we tested the effect of ZLDI-8, a novel inhibitor of
ADAML17 and potentially additional metalloproteases (Fig. 4A) [25,26]. sSLDLR levels were
modestly affected in WT mice and PCSK9 KO male mice, but transitorily dropped to WT levels
8 hours post-injection in PCSK9 KO female mice. In agreement, ZLDI-8 specifically inhibited
LDLR shedding in females, but not males treated with alirocumab (Supplementary Fig. S5D). In
both experiments, ZLDI-8 reduced sLDLR levels back to basal WT female levels, suggesting
that a ZLDI-8-sensitive sheddase, likely ADAM10 and/or ADAML17, is specifically active in
PCSK9 KO females. In the presence of ZLDI-8, the LDLR continuously accumulates over time
at the cell surface as it is no longer shed, leading to an impressive time-dependent increase of
total LDLR at 16 hours (+81%; Fig. 4B). In parallel, LDLR staining of liver cryosections were
~2-fold increased, with no change in LDLR mRNA levels (Fig. 4C to E). ZLDI-8 also triggered
a drop in sSLDLR levels in sham-operated PCSK9 KO mice, but not Ovx ones (Supplementary
Fig. S7B). Thus, in the absence of PCSK9 and presence of estrogen, a ZLDI-8-sensitive
sheddase prevents LDLR accumulation in the liver. Neither ADAM17 nor ADAM10 mRNA
levels, whose expression is higher in female mice and enhanced by E2 (up to 62%), were
affected by genotype or ZLDI-8 treatment (Supplementary Fig. S8). Interestingly, even upon
increasing ZLDI-8 concentration up to 25 mg/kg (data not shown), shedding inhibition was
restricted to the enhanced portion of SLDLR resulting from the loss of PCSK9 in female mice,
suggesting that the metalloprotease responsible for the E2-dependent shedding differs from the
one(s) responsible for basal LDLR shedding. Notably, the maximal inhibition occurred after 8
hours at all concentrations, suggesting that ZLDI-8 has different inhibitory Kinetics or selectivity
than BB-94, which achieved a maximal effect after 4 hours (Figs. 3C and 4A).



3.3.  PCSK9 KO male mice exhibit reduced intra-hepatic cholesterol contents

Since excess LDLR is efficiently shed from female hepatocytes, but not male ones, we
hypothesized that their cholesterol content differs since high surface LDLR levels usually reflect
an increased need for cholesterol. In plasma, a similar ~40% total cholesterol reduction was
observed in KO male and female mice as compared to WT mice (Fig. 5A). In contrast, liver
cholesterol levels were 30% and 22% lower in PCSK9 KO male and OvxP mice but were
unchanged in PCSK9 KO female or OvxE2 livers (Fig. 5B). Thus, the lowest cholesterol content
was observed in mice showing the strongest cell surface density of the LDLR. To our surprise,
reduced cholesterol in male or OvxP livers did not result in the activation of the cholesterogenic
SREBP-2 pathway. HMG-CoA reductase and LDLR mRNA levels were similar in WT and KO
male mice or WT and KO OvxP female mice (Fig. 5C). To test whether LDLR shedding was
induced by cholesterol, we orally administrated male mice with saline or mevalonate. The latter
raised total cholesterol levels in KO livers by 2-fold and produced a remarkable 3-fold increase
in SLDLR levels (Fig. 5D). A standard laboratory diet enriched in cholesterol produced in two
weeks an even stronger effect with 3- and 5-fold higher levels of liver cholesterol and SLDLR,
respectively (Supplementary Fig. S9).

Since E2 stimulates liver cholesterogenesis [27] and favors LDLR shedding via ERa (Fig. 2),
we tested the capacity of E2 to simultaneously increase cholesterol and sLDLR levels. PCSK9
KO male mice were fed a regular diet supplemented or not with lovastatin, an HMG-CoA
reductase inhibitor that prevents cholesterol synthesis, thereby activating SREBP-2. Indeed,
lovastatin enhanced SREBP-2, HMG-CoA reductase and LDLR transcripts by 3-, 7-, and 1.5-
fold, respectively (Supplementary Fig. S10A). Lovastatin further reduced plasma and intra-
hepatic cholesterol levels by 40% and 50%, and led to >3-fold higher sLDLR levels
(Supplementary Fig. S10B and C). The latter are explained by higher LDLR mRNA levels, but
may also be due to a longer cell surface residence time of the LDLR. PCSK9 KO male mice
exhibit 80% lower LDL levels. An additional 40% reduction in plasma cholesterol may further
reduce LDLR internalization and enhance its shedding. Importantly, we show that this extra-
fraction of SLDLR remained insensitive to ZLDI-8, in agreement with low liver cholesterol
levels (Supplementary Fig. S10B and C). Finally, E2 injection in these mice produced similar net

effects on plasma cholesterol and sLDLR levels (Fig. 5E and F). In both conditions, a peak
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corresponding to an additional 0.7 ug/mL of SLDLR was produced 22 hours post-injection (Fig.
5F). Altogether, these data point at the existence of a cholesterol-dependent shedding that cannot

take place in male mice lacking PCSK9 because of their low intra-hepatic cholesterol content.

3.4.  Proliferating hepatocytes in PCSK9 KO Ovx mice exhibit a G2/M cell cycle arrest

We undertook a transcriptomic analysis of E2-mediated transcriptional effects in OvxP and
OvxE2 livers from WT and KO female mice. Upon E2 treatment, 736 and 80 differentially
expressed genes (DEGs) were identified in WT and KO Ovx mice, respectively (Fig. 6A).
Surprisingly, only 2% of the WT DEGs (15 genes) were similarly regulated by E2 in WT and
KO livers (Fig. 6). Thus, the loss of PCSK9 blunted the regulation of 98% of the WT DEGs by
E2, even if ERa is clearly present in all samples (Supplementary Fig. S11).

Even though the expression of Srebf2, Ldlr or the 22 cholesterogenic genes was globally
sensitive to female sex or E2 (+12 to 65%; Supplementary Fig. S12), none of these genes
exhibited a significant fold-change >1.5. Instead, we identified among the 80 DEGs in KO Ovx
mice a functional network of 54 proteins related to the G2/M transition of the cell cycle (Fig. 6B
and Supplementary Figs. S13 and S14). During this transition, chromosomal centromeres
connect with spindle microtubules via kinetochores before segregation, while material is
recruited to the cleavage furrow to prepare the final separation of the mother cell into daughter
cells. In WT samples, the 54 genes were upregulated by E2 (+48% in average; Fig. 6B and C) in
agreement with the pro-proliferative effect of E2 on hepatocytes in vivo [28,29]. In KO samples,
the average expression of the 54 genes was 116% higher than in WT ones, but reverted to OvxP
WT levels by E2 supplementation. This expression pattern was verified by QPCR for 18 genes,
both in intact and Ovx mice (Supplementary Fig. S15). The promoter regions of the 54 genes do
not share binding sites for ERa or ERa co-factors, suggesting that they are not directly regulated
by E2. In contrast, 35 of the 54 genes are regulated by the transcription factor FOXM1
(Supplementary Fig. S16), in agreement with its capacity to activate ~70% of the genes
implicated in the G2/M transition [30-32].

Our data indicate that the G2/M transition is delayed in cycling hepatocytes of PCSK9 KO
male mice because of critically low cholesterol, and that this transition is rescued by E2
supplementation. First, although G2/M represents 20% of the cell cycle in duration, only G2/M
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transition-specific transcripts were found at high levels in KO OvxP livers, suggesting that this
accumulation is caused by cell cycle arrest rather than increased proliferation. Second, FOXM1
was reported to remain active in cells arrested in G2, explaining the sustained levels of the 54
gene-set expression [33]. Third, while E2 has a pro-proliferative effect, it reduced G2/M
transcripts by 66% in KO livers, indicating that it rather normalizes G2/M mRNA levels. Finally,
we have reported previously that liver regeneration was delayed in PCSK9 KO males that

underwent partial hepatectomy, a phenotype rescued by high cholesterol feeding [6].

4. Discussion

In this study, we analyzed how male and female hepatocytes differentially respond to excess
LDLR generated by the absence of PCSK9. We discovered that female mice actively shed LDLR
in the plasma, thus rationalizing the absence of cell surface accumulation of the LDLR (Fig. 7).
The effect of E2 in PCSK9 KO male mice is drastic: in ~20 hours, it reduces LDLR cell surface
labeling to WT levels and concomitantly induces a 3-fold increase in circulating SLDLR in an
ERa-dependent manner.

LDLR shedding in PCSK9 KO female mice was transiently inhibited by a general
metalloprotease inhibitor. Both ADAM17 and ADAM10 were reported to shed the LDLR in
bone marrow-derived cells or primary neurons, respectively [22,23], and ADAM17 was recently
shown to shed the closely related VLDLR [34]. We thus tested ZLDI-8, which has been reported
an ADAM17-specific inhibitor [25,26,35]. Independently of its concentration, it lowered sSLDLR
levels in PCSK9 KO female plasma down to WT ones. Notably, inhibition of this female-
specific shedding generates a further 80% accumulation of the LDLR in the liver within a few
hours (Fig. 4). ZLDI-8 had no effect on SLDLR levels in WT mice or KO male mice. Although
we cannot exclude that ZLDI-8 also targets ADAM10 [36], as most hydroxamates are not highly
selective for ADAM10 or ADAML17, our data suggest that the ZLDI-8-inhibited sheddase differs
from the one(s) shedding LDLR in WT or KO male mice. Such basal shedding is 2-fold higher in
KO male mice than in WT mice. During our study, Alabi and colleagues reported that SLDLR
was reduced by 67% upon Mmpl14 (MT1-MMP) gene inactivation in the mouse liver [37]. This
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suggests that MMP14 and/or other metalloproteases can shed more LDLR upon an increased
flux of the receptor towards the hepatocyte cell surface.

E2 reduces the cell surface density of the LDLR in male or Ovx mice lacking PCSK9 via a
transcriptional effect mediated by ERa (Fig. 2) that cannot be explained by a differential
regulation of ADAM17 or ADAM10 expression in WT and KO mice (Supplementary Fig. S8).
Instead, we hypothesized that the female-specific shedding activity depends on the membrane
cholesterol content, which is lower in PCSK9 KO male and OvxP livers (-30% and -22%,
respectively; Fig. 5). Indeed, mevalonate or high cholesterol feeding that raises intra-hepatic
cholesterol also elevated plasma sLDLR levels of KO male mice (Fig. 5 and Supplementary Fig.
S10). E2 was shown to strongly stimulate via ERa cholesterol synthesis in the liver as estimated
by the rate of incorporation of *H-labeled water into sterols [27]. In our study, E2 increases
cholesterol levels in PCSK9 KO male mice in ~12 hours. Within a few more hours, excess
LDLR is shed. Shedding activities were reported to be sensitive to membrane cholesterol content
or distribution [38]. Different from ADAM10, ADAM17 is segregated to lipid rafts, together
with furin that contributes to its activation in the trans-Golgi network [39]. In the liver,
ADAM17 was shown to cleave TNFa in cholesterol-enriched domains [40]. Caveolin deficiency
or cyclodextrin treatment of primary hepatocytes also inhibited TGFB1 shedding by ADAM17
[41]. Interestingly, the LXR-IDOL degradation pathway of LDLR and VLDLR was localized in
lipid rafts [42]. It remains to be determined where the excess LDLR is targeted in PCSK9 KO
female, but not male hepatocytes to favor its shedding.

This study reveals that despite 3- to 4-fold higher levels of cell surface LDLR, KO male or
Ovx mice cannot replenish their liver cholesterol content, likely due to 80% lower levels of
circulating LDL in PCSK9 KO mice. Surprisingly, these mice do not stimulate their SREBP-2
pathway (Supplementary Fig. S12). Cholesterol trafficking from endosomes to the plasma
membrane and then to the endoplasmic reticulum (ER) may be modified in the absence of
PCSKO9 [43,44]. Whether the recruitment of the ER-anchored Aster proteins (Gramd genes) at
contact sites with lysosomal or plasma membranes differs and favors the non-vesicular transfer
of cholesterol to the ER remains to be determined [45-47]. Alternatively, phosphatidylserine
distribution may be altered. Aster proteins bind this phospholipid in the inner leaflet of the
plasma membrane, while its presence on the outer leaflet stimulates ADAM10 and 17 activity
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[48-51]. Future analysis of how the absence of PCSK9 disrupts the sensing and/or regulatory
mechanisms adjusting cholesterol synthesis through SREBP-2 should be extremely interesting.

The lack of cholesterol that hampers LDLR shedding in PCSK9 KO male mice also affects
hepatocyte proliferation. Cytokinesis requires a massive cholesterol input to form a membranous
barrier between daughter cells, and the existence of a G2 checkpoint was reported to be activated
by cholesterol deprivation through CDKL1 inactivation in synchronized cells [52,53]. Thanks to
its ERa-mediated pro-proliferation impact, E2 treatment of KO Ovx mice reverted to WT levels
the expression of 54 genes related to G2/M transition, indicating that the transient G2/M arrest is
released. In this context, it will be of interest to verify whether female mice are protected from
delayed hepatocyte proliferation and liver necrotic areas, two hallmarks of regenerating livers in
PCSK9 KO male mice that are rescued upon cholesterol feeding [6].

Another surprising observation is that the loss of PCSK9 leads to a dramatic loss of E2
regulation that cannot be explained by the loss of ERac mMRNA or protein (Supplementary Fig.
S7): only 2% of the 736 genes regulated by E2 supplementation in WT Ovx females were
similarly regulated in PCSK9 KO Ovx females. Also, the hypothesis of increased E2
neutralization via sulfation, which prevents ERa binding, or E2 conversion to estrone seems
unlikely as the pellets generate an average 15-fold excess in circulating E2 compared to
physiological levels. Whether ERa. trafficking between the cytosol and nucleus or its association
with membranes (palmitoylation and/or interaction with caveolin-1) is modified in the absence of

PCSKO9, making ERa. less available for nuclear regulation, remains to be analyzed.

5. Conclusion

In this study, we showed that female mice lacking PCSK9 exhibit an alternative pathway to
control surface LDLR density in the liver. This E2-driven process may respond to female-
specific needs. Lower levels of cell surface LDLR in the liver may favor lipoprotein uptake by
peripheral tissues or growing embryos. In this context, we previously observed that the loss of
PCSK9 leads to higher surface levels of the LDLR in enterocytes and VLDLR in visceral
adipose tissue of female, but not male mice [19]. Interestingly, PCSK9 pseudogenization in the
large group of placental mammals Laurasiatheria occurred repeatedly, indicating that alteration

in their cholesterol metabolism made them more susceptible to lose PCSK9 [54]. Therefore, in
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species lacking PCSK9, including pigs, bovines, camels, whales, bats, cats, dogs, bears and
horses, it would be interesting to evaluate the functional relevance and metabolic consequences
of E2-mediated shedding of liver surface LDLR.

Even though women benefit from PCSK9 lowering therapy as well as men, they often exhibit
a 15-20% lower LDL-C reduction when treated with PCSK9 mAbs [14-17]. Because this may
reflect higher LDLR shedding in women lacking PCSK9, we measured sLDLR levels in the
plasma of men and pre-menopausal women that receive PCSK9 mAbs and matched for age
(Supplementary Fig. S13). Pre-menopausal women exhibited 1.8-fold higher sLDLR, thus
supporting the translational relevance of our mouse data. The analysis of the plasma of loss-of-
function women should be highly informative. But these latter samples are rare and difficult to
obtain. The physiological role(s) of circulating SLDLR is still a matter of debate [55]. How lower
surface LDLR levels or higher circulating SLDLR affect lipoprotein clearance, and possibly
other functions of the receptor, as pathogen lipid clearance or inflammation [13], will require

further studies in patients.
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Figure legends

Fig. 1. The cell surface density of the LDLR in the liver of PCSK9-deficient mice is reduced by
estrogens. (A) LDLR staining of liver sections from PCSK9 WT and KO male and female mice,
or OvxP and OvxE2 female mice was quantified (n=9-10 mice). (B) LDLR staining of liver
sections from KO males that received a single injection of E2 was assessed during 24 hours
(n=4-5 mice). Mean£SEM. P values were determined by using Kruskal-Wallis followed by
Dunn’s multiple comparisons test.

Fig. 2. E2 reduces LDLR density at the hepatocyte cell surface via ERa in PCSK9-deficient
mice. (A) PCSK9-deficient female mice were sham-operated or ovariectomized (Ovx) and
injected with vehicle (Veh), E2 (50 ug/kg) or the ERa and Gperl agonists, PPT (2.5 mg/kg) and
G-1 (50 mg/kg), respectively (n=7-8 mice). (B) Ovx or intact PCSK9-deficient mice were
injected with Veh, ERo/ER inhibitor ICI 182,780 (daily injection of 10 mg/kg for 4 days) or
Gperl inhibitor G15 (0.25 mg/kg). All mice were analyzed 24h post-treatment (n=4-5 mice).
LDLR labeling intensity was normalized to values for Ovx (A) or intact (B) mice treated with
Veh. MeanzSEM. P were determined using Kruskal-Wallis test followed by Dunn’s multiple
comparisons test.

Fig. 3. Shedding of excess LDLR in PCSK9-deficient mice depends on estrogen and is achieved
by metalloproteases. (A) Plasma levels of shed LDLR (sLDLR) were assessed in all mouse
models and normalized to WT male levels. n=4-5 mice. (B) sLDLR was measured for 28h in WT
and KO male mice after vehicle (Veh) or E2 injection (50 pg/kg; n=4-6 mice). (C) WT and KO
female mice received an intraperitoneal injection of vehicle or the metalloprotease inhibitor BB-
94 (12.5 mg/kg; n=4-5 mice). Mean+SEM were normalized to WT Veh value at t=0 and set to 1.
P values were determined using Mann-Whitney U test (A; non parametric data) and 2-way
ANOVA followed by Tukey’s multiple comparisons test (B and C).

Fig. 4. Shedding of excess LDLR in PCSK9-deficient female mice is specifically inhibited by
ZLDI-8. (A) SLDLR was assessed in WT and KO plasma after injection the ADAML17 inhibitor
ZLDI-8 (10 mg/kg). (B-E) Liver LDLR protein, mRNA, and surface LDLR staining were
analyzed (n=5-9 mice). Mean+SEM. P values were determined using 2-way ANOVA followed
by Tukey’s multiple comparisons test.

Fig. 5. PCSK9-deficient male and OvxP mice exhibit low liver cholesterol contents that are
normalized by mevalonate feeding or E2, leading to excess LDLR shedding. (A) Plasma (n=5-14
mice) and (B) liver total cholesterol (n=8-10 mice) were measured. (C) Levels of transcripts
encoding HMG-CoA reductase (Hmgcr), LDLR and PCSK9 were analyzed by QPCR in WT and
KO intact or OvxP and OvxE2 mice. n=4-5 mice. (D) Liver cholesterol and sSLDLR levels were
stimulated in PCSK9 KO male mice after 9 days of gavage with saline (normalized values set to
1) or mevalonate (35 mg/kg/day; n=7-11 mice). (E) Plasma cholesterol and sLDLR levels were
similarly upregulated by E2 in mice fed a regular diet supplemented or not with 0.2% lovastatin
for 10 days (n=9-10 mice). Mean+SEM. P values were determined using Mann-Whitney U test
(A and D), unpaired Student’s t-test with Welch’s correction (B), Kruskal-Wallis followed by
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Dunn’s multiple comparisons test (C), and 2-way ANOVA followed by Tukey’s multiple
comparisons test (E-F).

Fig. 6. Effect of E2 supplementation on the liver transcriptome of Ovx females. (A) The Venn
diagram shows that 736 genes are regulated by E2 in WT Ovx livers, while 80 genes are
regulated by E2 in KO livers (n=3). (B) Out of these 80 differently expressed genes (DEGS),
STRING analysis identified a single cluster of proteins implicating 54 DEGs related to the cell
cycle (Supplementary Fig. S14; FDR, false discovery rate). A box plot of the 54 DEGs
normalized counts in WT and KO OvxP or OvxE2 livers is shown, and medians are
compared. (C) The 80 DEGs are sorted by decreasing log2(E2/P) in KO livers (red bars).
Corresponding WT log2(E2/P) values are shown in green. The 15 DEGs that are similarly
upregulated by E2 in both WT and KO Ovx livers (Venn diagram) appear in a blue box. Squares
point at the 54 DEGs and filled ones were confirmed by QPCR.

Fig. 7. Sex-specific consequences of the absence of PCSK9 on LDLR levels in mouse
hepatocytes. In male and female WT mice (green box), only a portion of the LDLR is recycled
back to the cell surface following LDL internalization. Indeed, circulating PCSK9 can bind cell
surface LDLR and prevent its recycling by escorting it to lysosomes. In addition, a fraction of the
cell surface LDLR is shed by metalloproteases (basal shedding). In PCSK9 KO mice, total liver
LDLR protein levels are 4-fold higher, but cell surface LDLR levels differ in male (x 4) and
female (x 2) mice. The absence of PCSK9 in male mice is associated with an increased LDLR
basal shedding (x 2) and results in critically low liver cholesterol (left red box), leading to a
delay in the G2/M transition of the cell cycle, a step known to be dependent on cholesterol. In
contrast, female cholesterol levels are sustained by the cholesterogenic effect of 17p-estradiol
(E2) mediated via the estrogen receptor alpha (ERo) and SREBP-2 activation (right red box).
This results in a female-specific and cholesterol-dependent shedding by ADAM10/17 that
doubles shed LDLR levels (sSLDLR) in plasma. This cholesterol-dependent LDLR shedding may
explain the 15-20% lower LDL-cholesterol reduction observed in women treated with PCSK9
monoclonal antibodies.
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Highlights

* In female, but not male mice lacking PCSK9, LDLR cell surface density is greatly
reduced by a specific shedding of excess LDLR. The latter differs from basal LDLR
shedding, is cholesterol-dependent and may be achieved by ADAM10/17.

*+ PCSK9 KO male mice exhibit critically low intra-hepatic cholesterol. Excess LDLR
shedding is induced in these mice by the cholesterogenic effect of 17p3-estradiol (E2)
mediated by the estrogen receptor alpha.

* This cholesterol-dependent LDLR shedding may explain the 15-20% lower LDL-
cholesterol reduction observed in women treated with PCSK9 monoclonal antibodies.

* Low cholesterol in the liver of PCSK9 KO male mice also delay the G2/M transition of
the cell cycle, a step known to be dependent on cholesterol.
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