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The loss-of-function PCSK9°™?" variant increases ER
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Individuals harboring the loss-of-function (LOF) proprotein convertase subtilisin/kexin type 9 GIn152His variation (PCSK99'52")
have low circulating low-density lipoprotein cholesterol levels and are therefore protected against cardiovascular disease
(CVD). This uncleavable form of proPCSK9, however, is retained in the endoplasmic reticulum (ER) of liver hepatocytes, where
it would be expected to contribute to ER storage disease (ERSD), a heritable condition known to cause systemic ER stress and
liver injury. Here, we examined liver function in members of several French-Canadian families known to carry the PCSK99'52#
variation. We report that PCSK99"**" carriers exhibited marked hypocholesterolemia and normal liver function despite their
lifelong state of ER PCSK9 retention. Mechanistically, hepatic overexpression of PCSK9"°" using adeno-associated viruses

Introduction

Circulating low-density lipoprotein cholesterol (LDLc) is a major
driver in the development and progression of cardiovascular dis-
ease (CVD) (1-3). In the blood, LDLc is largely regulated by propro-
tein convertase subtilisin/kexin type 9 (PCSK9), a secreted serine
protease that enhances the degradation of hepatic LDL receptor
(LDLR) (4-6). While gain-of-function mutations in PCSK9 are
associated with elevated serum LDLc levels and premature CVD,
loss-of-function (LOF) PCSK9 mutations confer a hypocholester-
olemic phenotype with reduced CVD risk (4, 7-10). LOF muta-
tions in the serine protease catalytic domain (e.g., PCSK9%3¢4)
or in the site of autocatalytic processing of PCSK9, Gln'*?| (e.g.,
PCSK9¥2H) " fajl to undergo autocatalytic cleavage and matu-
ration in the endoplasmic reticulum (ER). As a result, PCSK9 is
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in male mice greatly increased the stability of key ER stress-response chaperones in liver hepatocytes and unexpectedly
protected against ER stress and liver injury rather than inducing them. Our findings show that ER retention of PCSK9 not

only reduced CVD risk in patients but may also protect against ERSD and other ER stress-driven conditions of the liver. In
summary, we have uncovered a cochaperone function for PCSK9%5 that explains its hepatoprotective effects and generated a
translational mouse model for further mechanistic insights into this clinically relevant LOF PCSK9 variant.

retained in this cellular compartment and thus unable to degrade
the LDLR (8, 9).

The ER is the largest organelle in secretory cells, including
liver hepatocytes, and is the major site of Ca* storage and lipid
and carbohydrate metabolism, as well as de novo protein fold-
ing (11-13). The retention of inactive or misfolded proteins in the
ER can lead to ER stress (14-19), and a wide range of heritable
LOF mutations in proteins that transit the ER are retained in this
organelle and contribute to ER storage disease (ERSD). To mit-
igate or resolve ER stress, the unfolded protein response (UPR)
drives the expression of ER-resident molecular chaperones,
such as the glucose-regulated proteins of 78 and 94 kDa (GRP78
and GRP9%4) (20, 21).

ER stress is a well-known driver of liver disease and its com-
plications (13, 22, 23). Chronic UPR activation promotes apopto-
sis, inflammation, and fibrosis, all of which contribute to terminal
hepatic disease, commonly resulting in liver cirrhosis and/or can-
cer. We reasoned that while LOF variants of PCSK9 were protec-
tive against CVD over a lifetime, the prolonged accumulation of
these proteins in the ER of hepatocytes in humans may contribute
to chronic liver disease. Although it is well known that individu-
als with the LOF PCSK9¥>!! yariation exhibit reduced CVD risk,
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Figure 1. Assessment of circulating lipid levels in carriers of the PCSK9%"*?" variation. (A) Total cholesterol, cLDL, and ApoB levels were quantified in
homozygous and heterozygous carriers (HH and QH, respectively) of the PCSK9%"*? variation and compared with those in noncarrier family members (QQ).
(B and C) Total cholesterol, LDLc, and ApoB data were further stratified to age-dependence. Data are presented as mean + SD. Unpaired, 2-tailed Student’s
t tests. (A and B) and regression analysis (C) were used to determine statistical differences between groups.

the impact of lifelong ER retention of this PCSK9 variant in liver
hepatocytes has not yet been examined’

Notably, we among others have previously reported that
ER-resident chaperones are capable of directly interacting with
PCSK9, thereby affecting its secretory status, as well as its ability
to trigger conventional UPR signaling cascades (24, 25). The pur-
pose of this study was twofold: (a) to determine whether ER reten-
tion of PCSK9 leads to chronic ER stress and liver injury in mice or
in humans, and (b) to further characterize the intracellular role(s)
of PCSK9 as a putative binding partner and cochaperone within
the ER of hepatocytes.

Results

Clinical attributes and circulating cholesterol levels in human sub-
Jjects harboring the PCSK9¥** variation. A unique cohort of human
subjects (N = 66) was assembled from 3 of the 4 French-Canadi-
an families known to harbor the LOF PCSK9¥>" variation (8, 10),
including homozygote carriers (HH; N = 3), heterozygote carriers
(QH; N = 30), and wild-type (WT) noncarrier family siblings (QQ;
N = 33). Full medical examination as well as an assessment of
blood biochemistry was carried out in these subjects. The blood

chemistry of homozygous carriers was similar to that of hetero-
zygous carriers, aside from the absence of detectable plasma
PCSK9 in the homozygotes (Supplemental Table 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI128650DS1). The 2 genotypic cohorts (HH/QH vs. QQ) had
similar distributions of age, sex, body mass index (BMI), and
blood pressure. Consistent with previous LOF PCSK9 variations,
these subjects also demonstrated marked reductions in circulating
levels of total cholesterol (TC), LDLc, and apolipoprotein B (ApoB)
(Figure 1A). Stratification of these data demonstrated that, while
LDLc differed substantially between carriers and noncarriers in
all 3 age groups, TC and ApoB did so only during and after mid-
life (Figure 1B). Further stratification revealed that TC, LDLc, and
ApoB increased with age in noncarriers at a significantly greater
rate than in PCSK9¥2! carriers (Figure 1C; P = 0.0148, 0.0317,
and 0.0258, respectively). In contrast, no significant differences in
circulating high-density lipoprotein or triglycerides were observed
between carriers and noncarriers (Supplemental Figure 1). Simi-
larly, pooling of the carrier and noncarrier groups also confirmed
that circulating PCSK9 levels strongly correlated with TC, LDLc,
and ApoB (Supplemental Figure 2; P = 0.0004, 0.0006, and
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liver function, we expressed the PCSK9Y>H
mutation in the livers of male Pcsk97 mice on
the C57BL/6] background via adeno-associated
virus-mediated (AAV-mediated) transduction
(26). The AAV constructs used in these studies
encoded either human PCSK9WT (AAV-hPCSK-
9WT), human PCSK9Y> (AAV-hPCSK952H),

or human LDLR®*V (AAV-hLDLR%*). Impor-
tantly, previous studies have demonstrated that
the retention of LDLR®*V in cultured cells
causes robust ER stress; thus, treatment with
AAV-hLDLR%®*" served as a positive control in
our studies (27). Finally, treatment with an AAV
encoding empty vector (AAV-EV) served as the
o negative control. To confirm the appropriate

SEPY expression and localization of these proteins,
livers were assessed by immunohistochemical
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Figure 2. Liver function in PCSK9%"*?"-expressing subjects and family controls. Correlations
between age and the circulating liver enzymes lactate dehydrogenase (LDH), aspartate amino-
transferase (AST), alanine aminotransferase (ALT), and y-glutamyl transpeptidase (GGT) for
carriers of the PCSK9¥?" variant and family member controls. Squares represent men; circles
represent women. Homozygous Q152H subjects (HH) are in red, heterozygous Q152H (QH) sub-
jects are half black, and family controls (QQ) are in white. Second-order quadratic correlation is
shown for the entire cohort. All data are presented as mean + SD and were analyzed by unpaired,

2-tailed Student’s t test.

0.0035, respectively) but not with either lipoprotein(a) or soluble
LDLR (sLDLR; P = 0.3947 and 0.1576).

Liver function in subjects harboring the PCSK9Y*" variation. It
is well established that LOF variations in PCSK9 incur a state of
hypocholesterolemia (8-10). However, the toxicological impact
of ER PCSK9 retention in the liver over a lifetime has not yet
been examined. To assess liver function in subjects harboring the
PCSK9¥52H variant, we assessed circulating liver enzymes, includ-
ing lactate dehydrogenase (LDH), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and y-glutamyl transpep-
tidase (GGT), which reside within liver hepatocytes under nor-
mal conditions. We found no increase in subjects expressing the
PCSK9¥%2! variation compared with noncarrier controls (Figure
2). Thisisindicative of normal liver function and absence of injury.
Among the older individuals, PCSK9¥5-expressing subjects (N =
6), including homozygotes (N = 2) and heterozygotes (N = 4), along
with WT family controls (N = 7) underwent abdominal MRI for
further imaging-based analysis. Consistent with the liver enzyme
data, liver volume and fat content, which are early stage markers
of liver disease, were not different in subjects with or without the
PCSK9¥52H yariation (Table 1). Because PCSK9 is also expressed
in the kidney (5), renal function was examined via quantification
of estimated glomerular filtration rate (¢GFR). Like liver function,
eGFR was not significantly different between PCSK9¥% carriers
and family controls (Supplemental Figure 3).

Design, generation, and functional characterization of Pcsk97~
mice overexpressing PCSK9¥%?H or LDLR%***". To more directly study
the retention of LOF PCSK9 in the ER and how that might affect

J Clin Invest. 2021;131(2):e128650 https://doi.org/10.1172/)C1128650
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(IHC) staining and immunoblots. Treatment
with AAV-hPCSK9¥52H caused a significant
increase in PCSK9 staining in the ER compared
with the AAV-hPCSK9W!' treatment (Figure
3, A-C). Notably, a distinct expansion of the
ER was also apparent in hepatocytes exposed
to AAV-hPCSK9¥* compared with those
exposed to AAV-hPCSK9™', a phenomenon
commonly associated with ER stress.

The secretory status of the different PCSK9
constructs was assessed by either human (Fig-
ure 3D) or mouse (Figure 3E) PCSK9 ELISAs.
Treatment of Pcsk97- mice with AAV-hPCSK9W" led to an approxi-
mately 15-fold increase in circulating PCSK9 levels compared with
AAV-hPCSK9¥52H (32,6 vs. 2.2 ng/mL) (Figure 3D) and an approx-
imately 113-fold increase compared with endogenously expressed
mouse PCSK9 in C57BL/6] mice (32.6 vs. 0.289 pg/mL) (Figure
3E). To determine whether it was the uncleaved proPCSK9 (~75
kDa) accumulating in the livers of AAV-hPCSK9¥**-treated
mice, we next analyzed their expression levels by immunoblot-
ting. A significant accumulation of proPCSK9, compared with
the mature autocatalytically cleaved PCSK9 (~63 kDa), was pres-
ent in the livers of AAV-hPCSK9%W'-treated mice (Figure 3F). The
positive control hLDLR®***V also accumulated an immature form
(LDLR-I; ~100 kDa) in the livers of mice. Consistent with these
findings, IHC staining revealed increased intracellular human
LDLR in the livers of mice treated with AAV-hLDLR®*V com-
pared with the other groups (Supplemental Figure 4). A marked
reduction in endogenously expressed hepatic cell surface mouse
LDLR (Figure 3, G and H) and an increase in plasma triglyceride
(Figure 3I) and cholesterol (Figure 3]) levels in AAV-hPCSK9W!-
treated mice compared with those treated with AAV-hPCSK9¥5
also confirmed the functionality of these human transgenes in our
mouse models (28).

Hepatic ER retention of PCSK9¥* increases the abundance
of liver ER stress-response chaperone proteins GRP78 and GRP94.
Together, our human and mouse data demonstrate that the LOF
PCSK9¥** variant strongly accumulates in an uncleaved form in
the ER of liver hepatocytes, causes substantial expansion of this
organelle, but paradoxically does not seem to negatively affect
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Table 1. Liver MRI in subjects harboring the PCSK9"*! mutation

Patient number PCSK9vs2H Age
1 HH 64.2
2 HH 653
Mean HH 647
3 HH 0.8
2 QH 89.8
4 QH 884
2 OH 647
6 QH 62.6
Mean OH 76.4
3 QH 14.7

Q0 80.6

Q0 78.0

Q0 70.2
10 00 636
a 00 635
2 00 56.9
[ 00 58.6
Mean Q0 673
= 0 9.2

HH, homozygote carrier; QH, heterozygote carrier; QQ, noncarrier sibling.

BMI Liver fat fraction (%) Liver volume (mL)
30.2 1040 1835.00
24.8 4.00 1371.00
275 12 1603
3.8 45 328.1
24.6 3.20 1023.00
23.7 410 1113.00
22.2 470 1780.00
21.2 4.00 1134.00
229 4 1262.5
1.5 0.6 348.3
32.0 8.70 1493.00
281 22.80 1206.00
24.8 2.80 1318.00
217 16.20 1598.00
26.0 490 1744.00
404 1040 1875.00
26.7 1.50 1217.00
294 9.6 1493
5.4 17 2611

liver function. This counterintuitive finding suggests that there
may be a compensatory mechanism triggered by the ER accu-
mulation to protect the liver. PCSK9 has been shown to interact
directly with GRP78 and GRP94 (24, 25), which are both ER-res-
ident chaperones known to play central roles in the regulation
of protein folding and UPR activation (29). We first assessed
the levels and localization of these proteins by IHC staining and
immunoblots. Overexpressing the PCSK9¥*? variant in the livers
of mice significantly increased both GRP78 and GRP94 proteins
to levels comparable to those in mice treated with the strong ER
stress-inducing agent tunicamycin (TM) (Figure 4, A-C). A simi-
lar increase in GRP78 and GRP94 levels was also observed in the
livers of mice treated with the other ER-accumulating variant,
AAV-hLDLR®*¥., Staining with an anti-KDEL antibody, which
detects both GRP94 and GRP78, demonstrated a similar increase
in the livers of AAV-hPCSK9¥?"- and AAV-hLDLR®**'~treated
mice (Supplemental Figure 5). Thus, hPCSK9¥**! and hLDL-
RSV which both accumulate in the ER, also appear to increase
the protein abundance of GRP78 and GRP94.

Further analysis revealed that AAV-hLDLR®**V-treated mice
had a significant increase in mRNA levels of these ER chaper-
ones whereas AAV-hPCSK9¥*#-treated counterparts did not
(Figure 4D). A comparison of the livers from AAV-hLDLRO>*4V-
treated mice with those of C57BL/6] mice treated with the ER
stress-inducing agent TM (250 pg/kg, 24 hours) also revealed a
similar relocalization of GRP78 from the ER to the cell surface of
hepatocytes, a hallmark of prolonged ER stress (30-33) known to
contribute to hepatocellular carcinoma as well as endothelial cell
activation and atherosclerosis (Supplemental Figure 6). Immu-
noprecipitation experiments demonstrated interaction between
GRP78 and GRP94 with LOF hPCSK9¥** but not with the WT
hPCSK9 in mouse livers (Supplemental Figure 7A). As an alterna-

tive approach to induce PCSK9 accumulation in the ER, we also
overexpressed GRP78 and GRP94. In support of our findings, this
overexpression has previously been shown to block PCSK9 secre-
tion owing to a direct interaction between the proteins in the ER
(29); this also increased LDL uptake in human liver cancer HepG2
cells (Supplemental Figure 7B).

To gain additional insights into the effect of PCSK9 on GRP78
and GRP94 stability, Pcsk97- and age-matched Pcsk97* control
mice were fed an ER stress-inducing high-fat diet (HFD) for 12
weeks (22). In a reciprocal manner to increased ER PCSKO9 levels,
asisthe case in hepatocytes exposed to AAV-hPCSK9Y>H hepatic
PCSK9 deficiency led to an attenuation of HFD-induced GRP78
and GRP94 protein levels, in comparison with Pcsk9** controls
(Figure 4, E and F, and Supplemental Figure 8A). As in AAV-treat-
ed mice, real-time PCR demonstrated that changes in the expres-
sion of GRP78 and GRP94 in HFD-fed Pcsk97" mice were restrict-
ed to the protein level (Supplemental Figure 8B).

ER retention of PCSK9 protects cultured hepatocytes from ER
stress and cytotoxicity. Given that ER retention of PCSK9¥H
increased the protein abundance of key ER stress-response
chaperones, our next aim was to determine whether expression
of PCSK9¥52H could protect against ER stress. To gain function-
al insight into that possibility, we transfected human embryon-
ic kidney (HEK293) cells with mammalian expression vectors
encoding either human PCSK9W" or PCSK9¥*? for 48 hours and
treated them with an ER stress-inducing agent, TM (2 pg/mL) or
thapsigargin (TG; 100 nM), for an additional 24 hours. As expect-
ed, treatment of PCSK9"-expressing cells with ER stress-induc-
ing agents led to a strong increase in mRNA expression of the ER
stress markers GRP78, sXBP1, IRElq, and ATF6, as determined by
real-time PCR (Figure 5A). This effect, however, was repressed in
cells expressing PCSK9¥52H, strongly suggesting that PCSK9Y5H

J Clin Invest. 2021;131(2):e128650 https://doi.org/10.1172/)C1128650
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Figure 3. Characterization of PCSK9/LDLR AAV-treated mice. Pcsk9~/~ mice (n = 5) were treated with AAV encoding empty vector (EV), human (h) PCSK9
WT, or ER-retained variants hPCSK99"?" and hLDLR®***V, (A and B) Intracellular PCSK9 expression and retention were assessed via IHC staining and quan-
tification using Image) software. (C) Immunofluorescent staining of PCSK9 and the ER marker protein disulfide isomerase (PDI) was also used to visualize
ER PCSK9 retention and expansion (ER area depicted as yellow dotted line). (D and E) Secreted PCSK9 levels were examined using human (D) and mouse
(E) PCSK9 ELISAs. (F) Liver expression of immature LDLR (LDLR-i; 100 kDa) and proPCSK3 (75 kDa) was confirmed via immunoblots. (G-J) Additional
parameters known to be modulated by secreted PCSKS, including cell surface hepatic LDLR expression (G and H), plasma triglyceride levels (1), and plasma
cholesterol levels (J), were also examined. Values are represented as mean + SD. *P < 0.05. ANOVA was used for all statistical comparisons (A-J). Scale
bars: A and G, 200 pum; C, 10 um. Original magnification, x60 (A, lower panels).
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inhibits the UPR. To further assess this, we transfected HuH7
immortalized human hepatocytes with either PCSK9¥** or
PCSK9"". Indeed, we observed a significant reduction in the
expression of key transducers of the UPR, phosphorylated PERK
(p-PERK) and IRElo, at the protein level in PCSK9¥52!-trans-
fected versus PCSK9W! control cells (Figure 5B). HepG2 human
hepatocytes transduced with PCSK9¥** also exhibited a reduc-
tion in cytotoxicity, in both the absence and the presence of TG or
TM, compared with those transfected with PCSK9"" (Figure 5C).
To determine whether the protective effect of ER PCSK9 retention
was dependent on GRP94, we repeated the experiment in HepG2
cells treated with siRNA targeted against GRP94 (siGRP94). Fol-
lowing reduced GRP94 expression, ER PCSK9 retention substan-
tially increased cytotoxicity in comparison with cells expressing
the secreted PCSK9"" in the presence or absence of either TM or
TG (Figure 5D). In a reciprocal manner, siRNA-mediated knock-
down of PCSK9 also contributed to TG-induced cytotoxicity in
HEK293, HepG2, and HuH?7 cells (Figure 5E).

Thus, PCSK9¥5 js retained in the ER, inhibits the UPR, and
can attenuate ER stress-induced cytotoxicity likely by upregu-
lating GRP78 and GRP94. To test this hypothesis directly, we
examined the effect of overexpressing GRP78 and GRP94 on
ER stress-induced cytotoxicity in HepG2 cells. Consistent with
cells overexpressing PCSK9¥?H those overexpressing GRP78 or
GRP94 were protected against TG- or TM-induced cell death (Fig-
ure 5, F and G). Finally, to determine whether the expression of
PCSK9Y52H confers general protection against ER stress-induced
cytotoxicity caused by misfolded protein variants, HepG2 cells
were cotransfected with native secreted WT vasopressin (VPV7T) or
an ER-retained VP variant that was previously shown to cause
ER stress and cytotoxicity in a variety of cell lines (16, 25). Similarly
to previous studies, we observed that the retention of VPV in the
ER markedly increased cytotoxicity. This effect was attenuated by
the coexpression of ER-retained PCSK9¥52! (Figure 5H). These
findings were also confirmed by terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling (TUNEL) assay, which stains dam-
aged DNA resulting from apoptosis (Figure 5,1 and ]). The expres-
sion/inhibition of PCSK9, GRP94, GRP78, and VP in HepG2 cells
transfected with mammalian expression vectors or siRNA was
confirmed by immunoblot analysis (Figure 5K). Together with our
observations in mice, these in vitro findings indicate that ER reten-
tion of PCSK9 increases the protein abundance of ER stress-re-
sponse chaperones. Additionally, in a manner dependent on the
stress-response chaperones, ER-retained PCSK9 protects against
ER stress and cytotoxicity in cultured cells.

ER retention of LDLR®***, but not PCSK9Y*?, leads to robust
hepatic ER stress. Although both the LDLR®*V and PCSK9>*
accumulate in the ER, only AAV-hLDLR®**" induces the UPR.
Thus far, we showed that GRP78 and GRP94 are upregulated at
both the protein and mRNA levels in mice expressing hLDLR*4Y,
but only at the protein level in mice expressing hPCSK9**, and
that hPCSK9¥?H can bind GRP78 and GRP94. We therefore rea-
soned that ER-retained PCSK9¥? binds to these chaperones and
increases their stability, while ER retention of LDLR®**" induc-
es a UPR-mediated increase in their expression. Supporting this
mechanistic model, we found increased expression of the ER
stress markers p-PERK, PERK, IREla, sXBP1, p-eIF20, ATF4, and
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CHOP specifically in the livers of AAV-hLDLR®*"V-treated mice,
and not in AAV-hPCSK9¥5?"- or AAV-hPCSK9""-treated mice
(Figure 6, A and B). IHC staining also revealed increased expres-
sion of the ER stress markers p-PERK and p-IREla in the livers of
AAV-hLDLR®**'-treated mice compared with AAV-hPCSK9¥>,
as well as AAV-hPCSK9"" and AAV-EV (Figure 6C). Moreover,
the accumulation of misfolded protein aggregates resulting from
ER stress was also examined by thioflavin-S staining (Supplemen-
tal Figure 9) and demonstrated an increase in staining intensity
specifically in AAV-hLDLR®***'~treated mice. Thus, hLDLR®*V
retention in the ER, but not hPCSK9¥*! ER retention, triggers the
UPR. Finally, we examined the effect of ER stress by ER-retained
hLDLR®*" on liver function by quantifying serum ALT activity.
Despite significant retention of PCSK9 in the livers of AAV-hPC-
SK9¥52H-treated mice, liver injury was only observed in mice treat-
ed with AAV-hLDLR®*" (Figure 6D).

Prolonged and/or chronic UPR activation causes apopto-
sis, which contributes to the pathology observed in ERSD (20,
21). Therefore, we also examined the expression of proapoptotic
markers in livers of AAV-treated Pcsk97 mice. Consistent with the
observed UPR activation, increased cleaved caspase-3 staining
was observed only in the livers of AAV-hLDLR®*#'~treated mice
(Supplemental Figure 10, A and B). Additional proapoptotic medi-
ators, including poly(ADP-ribose) polymerase (PARP), cleaved
PARP, caspases, and cleaved caspases -1, -3, -7, and -9, were also
assessed by immunoblot (Supplemental Figure 10C) and real-
time PCR (Supplemental Figure 10D), and were exclusively upreg-
ulated in the livers of AAV-hLDLR®**V~treated mice.

Fibrosis and inflammation are also strong contributors to the
progression of liver disease and injury (13, 22). Thus, the livers
of AAV-treated mice were examined for fibrosis via staining of
Picrosirius red, a-smooth muscle actin (aSMA), and fibronectin
(FN1). The infiltration of CD20-positive inflammatory macro-
phages was also assessed by IHC staining. Similar to the observed
increase in UPR activation and expression of proapoptotic medi-
ators, we observed an increase in the staining of fibrotic and
inflammatory markers in the livers of AAV-hLDLR®**'~treated
mice compared with AAV-hPCSK9¥*%-treated mice (Supple-
mental Figure 11, A and B). Heightened expression of the fibrot-
ic markers aSMA, FN1, and TGF-B as well as the inflammatory
markers CD4, IL-6, IL-1f, and TNF-a were also observed in this
treatment group by immunoblot (Supplemental Figure 11C) and
real-time PCR (Supplemental Figure 11D).

ER retention of PCSK9 attenuates LDLR***V-induced ER stressin
mice. So far in the present study, our results revealed that ER reten-
tion of PCSK9 protects against ER stress and liver dysfunction,
which could potentially be exploited for treating ERSD. Indeed,
our own previous reports have shown that ER stress causes the
retention of PCSK9 within the ER (34), which may be a physio-
logical protection mechanism. To explore this possibility further,
we repeated the AAV experiments in Pcsk9** mice to analyze the
effect on endogenous PCSK9. Consistent with previous reports (8,
9), the expression of ER-retained PCSK9¥52! caused the retention
of endogenously expressed mouse PCSK9 (Figure 7A), likely via
oligomerization of ER-retained proPCSK9 (5). Pcsk97* mice treat-
ed with AAV-hLDLR®**| which is also retained in the ER but, in
contrast to PCSK9¥5H induces ER stress, also exhibited a marked
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Figure 5. ER PCSK9 retention reduces ER stress-induced cytotoxicity in cultured immortalized hepatocytes. (A) HEK293 cells were transfected with
plasmids encoding either human PCSK9 WT (PCSKS"T) or the ER-retained variant PCSK99™%" for 48 hours and subsequently treated with the ER stress-
inducing agent thapsigargin (TG; 100 nM) or tunicamycin (TM; 2 pg/mL) for an additional 24 hours. ER stress marker expression was assessed by real-time
PCR. (B) The expression of ER stress markers p-PERK, IRE1a, and GRP34 was also assessed in HuH7 immortalized hepatocytes transfected with either
PCSK9WT or PCSK99?" in the presence and absence of TG using immunoblots. (C and D) Cytotoxicity was examined in PCSK9-transfected HepG2 cells in the
absence (C) or presence (D) of siRNA targeted against GRP94 (siGRP94) using an LDH release assay. (E) Cytotoxicity was also examined in HEK293, HuH7,
and HepG2 cells transfected with siRNA targeted against PCSK9 (siPCSK9) in the presence and absence of TG. (F and G) The effect of increased GRP78
and GRP34 expression on cytotoxicity caused by ER stress-inducing agents TG (100 nM) and TM (2 pg/mL) was also examined. (H) LDH release assays
were carried out in HepG2 cells cotransfected with WT argg;me vasopressin (VP) or a naturally occurring variant known to cause ER stress and cytotoxicity
(VPY") in the presence or absence of ER-retained PCSK9™ . (I and )) These findings were confirmed by staining of apoptotic DNA damage using a TUNEL
assay. (K) Effective transfection in HepG2 cells was confirmed using immunoblots. Values are represented as mean + SD. *P < 0.05; P < 0.05 vs. group 1;
P < 0.05 vs. group 2. ANOVA was used for all statistical comparisons (A-]). Scale bars: }, 200 um.
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Figure 6. ER retention of hLDLR®*Y,

but not hPCSK9%5?", causes a robust
UPR activation in liver. (A and B) The
livers of Pcsk9~- mice (n = 5) treated
with AAV encoding EV, hPCSK9"T,

and ER-retained variants hPCSK99"2H
and hLDLR®** were examined for
expression of UPR markers p-PERK,

IRE1a, sXBP1, p-elF2a, ATF4, and
CHOP by immunoblotting and real-
time PCR. (C) Hepatic p-PERK and

p-IRE1a expression was also examined
via IHC staining. Staining intensity

was quantified using Image) software.
(D) Liver injury was examined in these

mice via quantification of serum ALT
activity. Values are expressed as mean
+SD. *P < 0.05. ANOVA was used for

all statistical comparisons (A-D). Scale
bars: C, 200 pm.
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reduction in endogenously expressed circulating PCSK9 levels
compared with the empty vector control. An increase in hepatic
PCSK9 protein was also observed in the livers of AAV-hLDLR®*#V~
treated Pcsk9** mice, as determined by ELISA (Figure 7B). PCSK9
mRNA transcript levels in AAV-hLDLR®*V~treated Pcsk9”* mice
were unchanged, suggesting that the observed increase in PCSK9
protein in the livers of these mice did not occur as a result of de
novo synthesis (Supplemental Figure 12). Notably, consistent with
a general protective effect of ER-retained PCSK9, a reduction in
LDLR%®*"-induced expression of ER stress markers was observed
in the livers of the Pcsk9*/* mice compared with the Pcsk97- mice
(Figure 7C). Consistent with these data, assessment of liver inju-
ry revealed a substantial reduction in ALT activity in AAV-hLD-
LR®*—_treated Pcsk9** mice compared with AAV-hLDLR*4V-
treated Pcsk97- mice (Figure 7D). Here, we observed that even
endogenously expressed PCSK9 was able to mitigate ER stress
caused by an overexpressed LOF LDLR variant. These data fur-
ther support PCSK9, not only as a functional protein that transits
the ER prior to its secretion, but also as an important ER-resident
protein with chaperone-like function.

Both AAV-hPCSK9¥?H and AAV-hLDLR®*V were also
coadministered to a cohort of Pcsk97- mice to further assess
whether ER retention of hPCSK9¥%H can protect against ER
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stress. Control groups in this experiment included mice to
which either 2 equivalent doses of AAV-EV, or 1 dose of AAV-
EV and either hAAV-PCSK9¥52" or hAAV-LDLR®**| were
coadministered. Successful expression of PCSK9¥5H in mice
given 2 serial doses of AAV was confirmed by immunoblot-
ting for hepatic proPCSK9 (Figure 7E). Consistent with previ-
ous experimental cohorts, increased expression of GRP78 and
GRP94 was observed in the livers of dual hPCSK9¥*?H- and
hLDLR®*#-expressing mice, whereas increased expression of
the ER stress markers p-IRE1la, ATF6, and sXBP1 was restricted
to those expressing only hLDLR®*#". Notably, these immuno-
blots also revealed a reduction of ER stress marker abundance
in mice coexpressing hPCSK9¥*?" and hLDLR®**" compared
with those expressing hLDLR®**Y alone. Similarly, serum ALT
activity was significantly increased in hLDLR®**V-expressing
mice but not in those coexpressing hPCSK9¥**" and hLDL-
ROV (Figure 7F). Overall, these data demonstrate that PCSK9
is retained in the ER during conditions of ER stress and also
reveal that its retention can attenuate liver injury resulting
from the expression of the misfolded LDLR®***V variant known
to cause ER stress (27).

Circulating anti-GRP78 autoantibodies are elevated in patients
with nonalcoholic steatohepatitis, but not in patients expressing
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Figure 7. ER retention of PCSK9 protects against hLDLR®**'-induced ER stress. (A and B) Serum and hepatic PCSKS levels were examined in Pcsk9*/*
mice treated with AAV encoding either ER-retained hPCSK99"*?" or hLDLR®*# (n = 5). (C) ER stress and apoptosis marker expression were assessed by
immunoblotting in the livers of Pcsk9~- and Pcsk9*/* mice expressing hLDLR®*4V. Casp3, caspase-3; cCasp3, cleaved caspase-3. (D) Liver injury was exam-
ined in these mice via quantification of serum ALT activity. (E and F) ER stress marker expression and serum ALT activity was also examined in a cohort of
mice (n = 5) cotreated with (a) 2 equivalent doses of AAV-EV; (b) 1 dose of AAV-EV and 1dose of either AAV-hPCSK99"2" or AAV-hLDLR®*; or (c) 1 dose of
AAV-hPCSK99* and 1 dose of AAV-hLDLR®**#", Values are represented as mean + SD. *P < 0.05. ANOVA was used for all statistical comparisons (A-F).

PCSK9¥>H, Finally, circulating levels of a surrogate marker of ER
stress were examined in the serum of healthy human volunteers
carrying the PCSK9¥>* variation. During conditions of prolonged
ER stress, ER-resident GRP78 can localize to the cell surface,
where it plays a variety of roles as a prosurvival signaling mole-
cule with implications in cancer progression and atherosclerosis
(30-32, 35). In line with these studies, hepatocytes in the livers of
AAV-hLDLR®***-treated mice, as well as hepatocytes in the liv-
ers of TM-treated mice, exhibited increased cell surface GRP78
expression (Supplemental Figure 6). Following the expression of
this neoantigen at the cell surface, the immune system can gener-
ate autoantibodies targeted against surface GRP78. Because this
process is dependent on ER stress, we used circulating anti-GRP78
autoantibodies as a surrogate marker of systemic ER stress in sub-
jects harboring the PCSK9¥* variation. Validating our choice
of marker, a modest yet significant increase in autoantibody
titers was observed in patients with nonalcoholic steatohepatitis
(NASH) (Figure 8A), a progressive form of liver disease in which
ER stress is a well-established and causative driver (13, 22). Thus,
ER stress-driven liver disease can increase circulating levels of
anti-GRP78 autoantibodies. However, individuals expressing
ER-retained PCSK9¥°" did not exhibit increased levels of anti-
GRP78 autoantibodies (Figure 8B). Taken together, these data

J Clin Invest. 2021;131(2):e128650

suggest that lifelong ER retention of PCSK9¥52H does not trigger
hepatic ER stress in humans.

Discussion

ERSD encompasses a variety of etiologies, most of which are
caused by heritable genetic variations in secretory or cell sur-
face proteins that transit the ER (12, 14-17). Owing to the occur-
rence of symptoms in ERSD patients, several of these diseases
have been characterized to date. It is likely, however, that many
individuals harboring LOF proteins that are retained in the ER
remain asymptomatic and thus many important genetic vari-
ations have yet to be discovered. Here, we characterize a rare
instance in which a protein that is retained in the ER not only
fails to trigger toxicity but actually protects against it. Thus, we
identified a cochaperone function for ER-retained PCSK9¥5H
that increases the abundance of GRP78 and GRP94, thereby pro-
tecting against ER stress-induced liver injury.

In support of our experimental findings and working hypoth-
esis, other proteins that promote resistance against ER stress and
liver injury by interacting with GRP78 and GRP94 have indeed
been identified. For instance, Gupta and colleagues have iden-
tified Bag5 as an ER-resident GRP78 binding partner capable
of increasing its stability and expression at the protein level in

https://doi.org/10.1172/JC1128650


https://www.jci.org
https://doi.org/10.1172/JCI128650
https://www.jci.org/articles/view/128650#sd

The Journal of Clinical Investigation

>
@

g
=}

=
o

Fold change
autoantibody titer

o

w

Fold change
autoantibody titer
5

o
<)

Figure 8. Circulating anti-GRP78 autoantibodies are elevated in the blood
of patients with NASH, but not in carriers of the PCSK9%"** variation. (A)
ELISAs were used to measure plasma levels of anti-GRP78 autoantibodies
in healthy controls (n = 12) and in patients with NASH (n = 9). (B) Anti-
GRP78 autoantibodies were then examined in the plasma of heterozy-
gous (QH; n = 12) and homozygous (HH; n = 2) carriers of the PCSK99=?"
mutation as well as in noncarrier WT family siblings (QQ; n = 15). Values
are expressed as mean + SD. *P < 0.05. ANOVA was used for all statistical
comparisons (A and B).

cardiomyocytes (36). Consistent with our observations, overex-
pression of Bag5 reduced cell death whereas siRNA-mediated
knockdown had the opposite effect. GALNT6 was also identi-
fied as an O-type glycosyltransferase capable of increasing the
protein stability of GRP78 and suppressing ER stress-induced
apoptosis (37). To increase the clinical applicability of the find-
ings outlined in this study, further research must be conducted
in order to determine whether the benefit associated with ER
retention of PCSK9 is limited to the Q152H variant. Interesting-
ly, it is now well established that PCSK9 autocatalytic cleavage
following passage through the translocon occurs spontaneous-
ly, following nearly zero-order kinetics (38). Given that (a) our
findings demonstrate that WT cleavable PCSK9 can also pro-
tect against ER stress, and (b) this form of PCSK9 likely exists
in its mature/cleaved state following its entry into the lumen of
the ER, it is possible, and perhaps even likely, that either form of
PCSK9 could interact with GRP78 to protect against ER stress.
Thus, the benefits of the PCSK9¥52! variant may also be repro-
duced among those expressing the WT secreted PCSK9 using
small-molecule inhibitors of PCSK9 autocatalytic cleavage.

Given the well-established prosurvival/protective role of
GRP?78, it is not surprising that proteins that increase its stability
also confer protection against ER stress-inducing stimuli. Accumu-
lating evidence now suggests that GRP94, similarly to GRP78, also
plays a significant protective role (39, 40). In support of this possi-
bility, recent evidence has demonstrated that (a) the knockdown of
GRP94 is embryonic lethal (39), (b) GRP94 knockout in embryonic
stem cells leads to compensatory changes in UPR signaling/activa-
tion (40), which often leads to increased susceptibility to cytotoxic-
ity (41), and (c) liver-specific deletion of GRP94 leads to liver injury
and spontaneous hepatocellular carcinoma in aged mice (42). Like-
wise, overexpression of these chaperones is also known to protect
against ER stress (39, 43).

Our previous findings demonstrated that conditions of ER
stress, via pharmacologic intervention, cause the retention of
PCSK9 in the ER of hepatocytes and reduce its levels in circula-
tion (34). We now report that overexpression of LDLR®*#, which
causes severe ER stress and liver injury in Pesk9~- mice, also abol-
ished the circulating levels of endogenously expressed mouse
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PCSK9 in Pcsk97* mice. Given that hepatic PCSK9 protein levels
are increased in AAV-hLDLR®*#'-treated mice compared with
AAV-EV-treated controls, and that mRNA transcript levels are
not affected, these data suggest that PCSK9 is being retained in
the livers of these mice as a result of ER stress. Given the use of
a liver-targeted AAV serotype in our studies, these data are also
consistent with liver-specific Pcsk9 ablation studies demonstrating
that circulating PCSK9 originates almost exclusively from liver
hepatocytes (44). The previously documented dominant-negative
effect of ER-retained PCSK9¥52H on secreted levels of endoge-
nously expressed mouse WT PCSK9 was also observed in our
studies (8, 9). Finally, in a manner consistent with our findings
in cultured cells, the cellular retention of PCSK9 in the livers of
AAV-hLDLR®*"-treated Pcsk9”* mice caused a reduction of ER
stress marker expression in comparison with mice expressing the
same LDLR variant that lack PCSK9 (AAV-hLDLR%*#'~treated
Pcsk977). Collectively, these results suggest that the retention of
PCSK9 in hepatocytes during conditions of ER stress mitigates
UPR activation and subsequent liver injury.

Anti-PCSK9 antibody therapeutics markedly reduce plasma
LDLc in patients at high risk of cardiovascular events (45). Given
the impressive LDL-lowering efficacy of PCSK9 inhibition, and
the prevalence of the underlying disease against which this strate-
gy is targeted, the need for additional PCSK9-inhibitory treatment
modalities is well justified (38, 46, 47). Currently, pharmacologic
inhibition of PCSK9 proteolysis to induce its retention in the ER has
proven to be a major challenge. Although PCSK9 autocatalytic cleav-
age represents the rate-limiting step of PCSK9 secretion and stands
out as a classical pharmacologic target, this process follows exceed-
ingly fast kinetics and is concealed from pharmacologic agents by 2
lipid bilayers (38). However, given the appealing nature of low-cost
small-molecule inhibitors of PCSKY, this highly sought-after target
is still being actively pursued in academia and industry (48, 49).

Beyond the role of proPCSK9 as a putative cochaperone for
hepatic GRP78 and GRP94, our biochemical, genetic, and clin-
ical evidence suggest that inhibition of proPCSK9 autocatalytic
cleavage in the ER may represent a safe and unique approach for
the management of hyperlipidemia as well as having the added
benefit of preventing liver dysfunction. The experimental find-
ings and clinical observations described in this study indicate
that the uncleaved proPCSK9 is an important player in ER stress
response. In further support of this conclusion, we have recent-
ly demonstrated that Pcsk97- mice exhibit increased ER stress,
inflammation, insulin resistance, and liver injury in response to
an ER stress-inducing HFD, compared with Pcsk9** mice (50).
Although individuals harboring variations in PCSK9 that reduce
its abundance in the ER or those treated with PCSK9 gene silenc-
ing therapies appear healthy, our data suggest that intracellular
PCSK9 may play an important role in maintaining the function-
ality of the UPR. To our knowledge, this is the first example of
a single variation of a human gene, already beneficial against
CVD risk, that may also offer additional protection against a
major group of liver-related diseases. The evolutionary cost of
this putative beneficial variation (if any) through the process
of natural selection in humans remains an open question to be
addressed by further experimental studies. The translational
tools generated in this work will certainly be useful for further
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mechanistic investigations in the progression of liver diseases
and in the discovery of therapeutic interventions for the treat-
ment of these disorders.

Methods

Carriers and noncarriers of PCSK9¥52H, Samples were collected after
participants fasted for 12 hours and abstained from consuming
alcohol for 48 hours. Plasma samples were separated by ultracen-
trifugation and aliquoted and stored at -80°C. Standard assays
of plasma biochemistry were performed by a certified laboratory
(Biron Health Group).

Plasma samples from NASH patients. Plasma samples from healthy
volunteers and patients with NASH were purchased from Discov-
ery Life Sciences. All samples were acquired from male volunteers/
patients over the age of 50 years.

Liver MRI. MRI was performed on a 3T system (Magnetom Sky-
ra, Siemens). 3D dual-echo spoiled gradient recalled echo (VIBE)
phase-sensitive 2-point Dixon sequences were acquired for separation
of whole-body water and fat. Two-dimensional multi-echo spoiled
gradient recalled echo sequences with 7-echo readout were acquired
during a single breath hold to cover the entire liver for calculation of
fat fraction along a dynamic scale from O to 50%.

Design and generation of AAV vector constructs. PCSK9 and LDLR
variant cDNA was inserted between a bovine growth hormone poly(A)
and an elongation factor 1a promoter. A mammalian expression cassette
was subsequently inserted and flanked by inverted terminal repeats
of AAV. HEK293 T cells were then transfected with the resulting con-
struct and recombinant AAV was collected, as described previously (51).
Briefly, 8 x 108 cells were lysed in 8 mL of serum-free DMEM through
3 rounds of freeze/thaw. AAV-containing lysate was then treated and
loaded onto AVB Sepharose columns (Cytiva). Following elution with
pH 3.0 glycine HCI, acidic pH was promptly neutralized with 1 M Tris-
HCl and dialyzed using PBS containing 1 mM MgCl, and 2.5 mM KCL.
Slid-A-Lyzer Concentration Solution (Thermo Fisher Scientific) was
then used to concentrate the isolated AAV in the dialysis cassette. The
QuickTiter AAV Quantification Kit (Cell Biolabs Inc.) was then used to
titer and quantify purified AAV particles. The parental AAV serotype 8
was used in these studies for optimal liver expression (27).

Translational mouse model and AAV administration. AAV injections
were carried out in male Pcsk97- mice on the C57BL/6] background
(n =5) and in Pcsk9*/* on the C57BL/6] background (n = 5). Mice had
access to water and normocaloric diet (NCD) ad libitum and were
maintained in rooms with 12-hour light/12-hour dark cycles. Mice
were injected with 1 dose of AAV (4.5 x 102 vector genomes) at 8 weeks
of age and sacrificed at 12 weeks of age. The 4 AAV treatment groups
were AAV-hPCSK9WT) AAV-hPCSK9¥52H | AAV-hLDLR®**V, and AAV-
EV control. A third cohort of male mice (n = 5 per group) also received
coadministration of (a) 2 equivalent doses of AAV-EV; (b) 1 dose of
AAV-EV and 1 dose of either AAV-hPCSK9¥52H or AAV-hLDLR®*#V; or
(c) 1 dose of AAV-hPCSK9¥52H and 1 dose of AAV-hLDLRS>*4Y,

Mouse studies involving the feeding of a HFD were carried out
at McMaster University and performed in strict accordance with
the institutional animal ethics guidelines. Male Pcsk97" mice on a
C57BL/6] background and age-matched C57BL/6] Pcsk9** controls
(n = 5; The Jackson Laboratory) were started on either HFD or NCD
diet at 6 weeks of age for a duration of 12 weeks. These mice were also
housed in rooms with 12-hour light/12-hour dark cycles.
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Cell culture, treatments and transfections. HepG2 cells (ATCC,
HB-8065), HEK293 cells (CRL-1573, ATCC), and HuH?7 cells (gen-
erated in-house) were grown in DMEM (Gibco, Thermo Fisher
Scientific) supplemented with 10% (vol/vol) FBS (MilliporeSig-
ma) and 50 U/mL of penicillin and streptomycin (MilliporeSigma).
Cells were seeded in 6-well cell culture dishes to a confluence of
60% and transfected 24 hours later. The transfection cocktail
consisted of 1 ug DNA, 3 pL X-tremeGENE HP DNA reagent (Mil-
liporeSigma), and 100 uL Opti-MEM (Gibco, Thermo Fisher Sci-
entific) per well of cells containing 1 mL complete DMEM. The
c¢DNA of human PCSK9 or its corresponding Q152H variant was
cloned into pIRES-EGFP (Clontech), and a V5 tag was inserted
between the N-terminal signal peptide (residues 1-30) and the start
of the prosegment, as described previously (8). Human GRP78
and GRP94 cDNA were cloned into the pcDNA3.1 vector. Small
interfering RNA targeted against GRP94 (SMARTpool siGenome
HSP90B1) and PCSK9 (SMARTpool siGenome PCSK9) were pur-
chased from Dharmacon and transfected using RNAIMAX (Ther-
mo Fisher Scientific). Cells were incubated in the transfection
cocktail for 24 hours, and medium was subsequently replaced with
fresh DMEM containing 1% FBS for an additional 48 hours prior
to lysis or assessment of cytotoxicity with LDH release assays. For
assessment of ER stress and/or ER stress-induced cytotoxicity,
cells were treated with vehicle (containing equimolar DMSO), TG
(300 nM), or TM (2 ng/mL) 24 hours before lysis.

Immunoblots and protein quantification. Small fragments of fresh,
flash-frozen mouse livers (0.05 g) were lysed in SDS-containing
buffer and normalized to total protein before being electrophoreti-
cally resolved on polyacrylamide gels. Resolved proteins were then
transferred to nitrocellulose membranes, blocked in skim milk, and
exposed to primary antibodies overnight (18 hours) on a gentle rocker
at 4°C. Unbound primary antibodies were subsequently removed via
Tris-buffered saline (TBS) washes. Immunoblots were then incubated
in horseradish peroxidase-conjugated (HRP-conjugated) secondary
antibodies, developed using chemiluminescent reagent (FroggaBio),
and quantified using a Bio-Rad Imaging system with immunoblots
reprobed against B-actin or GAPDH. Immunoblot quantifications are
presented in Supplemental Tables 2-8. Commercial antibodies used
for immunoblots are shown in Supplemental Table 9. See complete
unedited blots in the supplemental material.

Real-time PCR. Liver RNA was collected using RNeasy Mini Kits
(QIAGEN) and normalized to 2 ug before being reverse-transcribed to
cDNA using SuperScript VILO ¢cDNA synthesis kit (Life Technologies).
The viia7 system (Thermo Fisher Scientific) in conjunction with FAST
SYBR Green (Life Technologies) was used for quantitative real-time
PCR assessment of mRNA species in each sample with specific primer
sets (Supplemental Table 10).

Quantification of serum GRP78 autoantibodies. Autoantibod-
ies were detected by ELISA as described previously (33). Briefly,
96-well plates coated with a KLH-conjugated GRP78-specific pep-
tide (CNVSKDSC) were blocked in PBS-Tween containing 3% BSA.
Serum samples diluted 1:100 were added to the plates and incubat-
ed for 18 hours. Excess sample was then removed via washing, and
the plate was subsequently exposed to alkaline phosphatase-con-
jugated anti-human IgG and developed using alkaline phosphatase
substrate at a wavelength of 405 nm in a standard spectrophotom-
eter (Molecular Devices).
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IHC and immunofluorescent staining of paraffin-embedded tis-
sue. IHC was conducted as described previously (25, 35). Briefly,
4-um-thick paraffin-embedded mouse liver or adipose tissue sections
were stained with primary antibodies overnight (18 hours). Sections
were then stained with biotinylated secondary antibodies and strepta-
vidin-HRP. Exposure to NovaRED peroxidase kit for 5 minutes or less
permitted the visualization of analyte antibody complexes. Thiofla-
vin-S staining was also carried out in paraffin-embedded tissues. After
deparaffinization, sections were exposed to a 1% filtered aqueous solu-
tion of thioflavin-S (MilliporeSigma) for 10 minutes and subsequently
washed in 80% ethanol. Slides were mounted in aqueous mount and
imaged immediately to avoid photobleaching. All images were taken
with a high-powered light microscope and processed and/or quanti-
fied using Image] software (NIH). For quantification purposes, several
images were taken from the livers of each mouse using a x20 objective
and staining intensity measured with a fixed pixel-density threshold
between groups. Commercial antibodies used for IHC are shown in
Supplemental Table 9.

LDH and TUNEL assays in cultured cells. Transfected cells were
incubated in DMEM containing 1% FBS 24 hours before LDH
release assays. Assay was carried out per the manufacturer’s instruc-
tions (Roche). TUNEL staining of apoptotic nuclei in transfected
HuH?7 cells was also carried out per the manufacturer’s instructions
(Trevigen). Briefly, HuH7 cells were fixed in paraformaldehyde and
permeabilized in TBS containing 0.02% Triton-X. Cells were then
incubated with the TdT labeling enzyme at 37°C for 1 hour and sub-
sequently incubated in 594-labeled streptavidin. Cells were visual-
ized using a fluorescent microscope (EVOS, Life Technologies) and
quantified using Image] software (NIH).

Quantitative assessment of plasma ALT activity, triglyceride/choleste-
rol levels, and circulating PCSK9. Examination of plasma ALT (Cayman
Chemical), triglycerides (Wako Diagnostics), and cholesterol (Wako
Diagnostics) was carried out using colorimetric assays and serum/
hepatic PCSK9 levels via ELISA (R&D Systems).

Statistics. All values are expressed as mean with SD indicated by
error bars. Statistical analysis was done for 2-group comparisons using
the unpaired, 2-tailed Student’s ¢ test, and for comparisons involving
multiple groups using 1-way ANOVA. Differences between groups
were considered statistically significant at P less than 0.05.

Study approval. All subjects fully agreed to the study protocol and
signed a consent form, which was approved by the Montreal Clini-
cal Research Institute (Montreal, Canada) ethics committee. Mouse
studies conducted at Amgen Inc. were approved by Amgen’s Institu-
tional Animal Care and Use Committee. Mouse studies conducted at
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McMaster University were approved and conducted in strict accor-
dance with the institutional animal ethics guidelines.
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