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Abstract 3-Hydroxy-3-methyglutaryl coenzyme A reductase
(HMGCR) is a cholesterol-regulating gene with statin rele-
vance. rs3846662 being involved in regulation of HMGCR
alternative splicing, we explored its impact on HMGCR mes-
senger RNA (mRNA) and protein levels in the brain and the
associations between those levels and levels of Alzheimer’s
disease pathological markers. We used brain samples derived
from a cohort of 33 non-demented controls and 90
Alzheimer’s disease autopsied-confirmed cases. HMGCR
mRNA levels were determined in the frontal cortex (n=114)
and cerebellum (n=110) using Taqman-qPCR, and HMGCR
protein levels were determined in the frontal cortex (n=117)
using a commercial enzyme immunoassay. While densities of
neurofibrillary tangles and senile plaques were determined in
the frontal cortex (n=74), total tau, phosphorylated Tau, and
beta-amyloid 1–42 levels were determined in the frontal cor-
tex (n=94) and cerebellum (n=91) using commercial enzyme
immunoassays. Despite an increase in full-length HMGCR
mRNA ratio in the frontal cortex of women carrying the AA
genotype, there were no associations between rs3846662 and
HMGCR mRNA or protein levels. An increased Δ13
HMGCR mRNA ratio was associated with increased levels
of HMGCR proteins and neurofibrillary tangles in the frontal

cortex but with reduced beta-amyloid 1–42 levels in the cere-
bellum, suggesting a brain cell type- or a disease progression-
dependent association.
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Introduction

Recent evidences suggest that 3-hydroxy-3-methyglutaryl co-
enzyme A reductase (HMGCR), the enzyme regulating the
rate-limiting step in cholesterol biosynthesis, might act as a
genetic modifier for risk, age at onset, and mild cognitive
impairment (MCI) conversion to Alzheimer’s disease (AD)
(Leduc et al. 2015a).More specifically, carrying a double dose
of A allele at locus rs3846662 (AA or G genotype) was shown
to be strongly protective against the onset and risk of AD,
especially in women, and to decrease MCI conversion to
AD and neurofibrillary tangle (NFT)/senile plaque (SP) accu-
mulation in subjects also carrying the apolipoprotein ε4 risk
allele (APOE4+) (Leduc et al. 2015a) (see for a review (Leduc
et al. 2011a)).

The reason for the importance of this rs3846662 single
nucleotide polymorphism (SNP) may lie with its involvement
in regulation of HMGCR alternative splicing. Indeed,
HMGCR messenger RNA (mRNA) exists in two prominent
forms: full-length (FL) HMGCR and Δ13 HMGCR (Johnson
et al. 2003), the latter possibly resulting in an HMGCR protein
with lower or null activity (Burkhardt et al. 2008; Medina and
Krauss 2009). It appears that rs3846662 is located in the bind-
ing motif of two splicing factors that are known to compete
with each other to promote exon exclusion or retention (Yu
et al. 2014). While the rs3846662 G allele is compatible with
both motifs, the A allele disrupts the binding motif of the
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splicing factor promoting retention and engenders the prefer-
ential binding of heterozygous nuclear ribonucleoprotein A1
(HNRNPA1) that promotes skipping of exon 13 (Yu et al.
2014). This finding is in accordance with previous reports
showing that the A allele at locus rs3846662 is associated with
increased proportion of Δ13 HMGCR mRNA in vitro
(Burkhardt et al. 2008; Medina et al. 2008; Simmons et al.
2011). While little is known about the effects of rs3846662 on
in vivo cholesterol homeostasis in the brain, the A allele has
been associated in the periphery with increased proportion of
Δ13 HMGCR mRNA, in vivo, in human livers (Simmons
et al. 2011); lower levels of LDL-C at baseline (Aulchenko
et al. 2009; Hiura et al. 2010; Lu et al. 2010); and a lesser
sensitivity and response to statin treatment, a drug inhibiting
HMGCR protein (Chasman et al. 2004; Krauss et al. 2008;
Medina and Krauss 2009; Chung et al. 2012). Since elevated
plasma cholesterol levels (Hofman et al. 1997; Marchant et al.
2013) and treatment of hypercholesterolemia with HMGCR
inhibitors (statins) in middle-aged individuals (Jick et al.
2000; Wolozin et al. 2000, 2007; Rockwood et al. 2002) ap-
pears respectively detrimental and protective against late-life
development of AD, it remains unclear whether rs3846662/
HMGCR affects AD risk via peripheral effects on vasculature
and/or direct effects on cholesterol homeostasis in the central
nervous system (CNS). However, evidence obtained in
humans in recent years clearly indicates that statin utilization
causes a significant reduction of phosphorylated Tau (P-Tau)
proteins in the CSF, but not of total Tau (T-Tau), beta amyloid
1–40 (Aβ40), or beta-amyloid 1–42 (Aβ42) proteins (Riekse
et al. 2006). Furthermore, antecedent statin use in elderly sub-
jects with normal cognitive functions leads, over the course of
several years, to a marked reduction of NFT accumulation but
not of SP density, at autopsy, when compared to non-users (Li
et al. 2007). Because these findings demonstrate an associa-
tion between antecedent statin use and decrease P-Tau and
NFT burden, we sought to examine whether lower HMGCR
levels were associated with lower AD neuropathologic
changes.

The current study aims to take the first steps toward explor-
ing the impacts of rs3846662/HMGCR in the CNS affected by
AD. Correlation analyses were undertaken to identify associ-
ations between HMGCRmRNA and protein levels, with brain
levels of Aβ42, T-Tau, P-Tau, NFT, and SP. Since analysis of
the anterior cingulate cortex using SYBR Green chemistry
could not substantiate an effect of rs3846662 on HMGCR
alternative splicing in the autopsied brain (Simmons et al.
2011), we used the highly specific and sensitive TaqMan
chemistry to analyze the mRNA expression levels of the dif-
ferent HMGCR transcripts. Furthermore, as brain cell-type
heterogeneity may obscure the effects of rs3846662
(Simmons et al. 2011), we determine the HMGCR mRNA
levels in the frontal cortex, a region where non-neuronal cells
outnumber neuronal cells by a ratio of 3.8 (Azevedo et al.

2009), and in the cerebellum, a region where neuronal cells
outnumber non-neuronal cells by a ratio of 5 (Azevedo et al.
2009).

Material and Methods

Human Subjects’ Demographics

This study conformed to the Code of Ethics of the World
Medical Association and was approved by the Ethics Board
of the Douglas Hospital Research Centre. Every participant, or
his or her legal tutor, signed an informed consent statement.
Patients’ demographic characteristics are summarized in
Table 1. Definite diagnosis of AD (n=90) was based on his-
topathological confirmation of AD according to NINCDS-
ADRDA criteria (Khachaturian 1985), whereas controls (n=
33) had to be free of neurological or psychiatric diseases and
of brain structural lesions (tangle and plaque indices reading
<20/mm3 and <10/mm2, respectively). All brain tissues were
obtained from the Douglas-Bell Canada Brain Bank,
Montreal, Canada. Age at death, percent of female, percent
of French Canadian descendent, and frequency of APOE4
allele are significantly different between controls and AD sub-
jects. Except for the French Canadian status that was given for
information purposes only, all other parameters were included
as cofactors in the statistical analyses or accounted for by
stratification (see Statistical Analysis section for more details).

Table 1 Demographic characteristics of the studied cohort

CTL AD
N=33 N=90

Age at death*

mean±SD, years 72.6±12.0 78.0±8.0

Age at onset

mean±SD, years – 69.9±9.2

PMD

mean±SD, h 30.7±21.9 24.1±13.0

French Canadian*

No. (%) French Canadian 23 (70) 79 (88)

Sex**

No. (%) women 12 (36) 59 (66)

Apolipoprotein E4 allele***

Frequency 0.12 0.37

HMGCR A allele

Frequency 0.38 0.41

AD Alzheimer’s disease, CTL non-demented control, PMD post-mortem
delay, SD standard deviation, No./N number

Statistically significant difference between the CTL and AD groups ac-
cording to t test, *P≤0.05, **P≤0.01, ***P≤0.001
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DNA Extraction and Genotyping

DNA extraction and genotyping of HMGCR rs3846662 and
APOE4 allele were performed on brain tissue samples as pre-
viously described (Leduc et al. 2015a), with DNeasy Tissue
Kit (Qiagen) and pyrosequencing protocols, respectively.

RNA Extraction, Determination of HMGCR mRNA
Levels, and Quality Control

RNAwas extracted from cerebellum (n=119) and frontal cor-
tex tissues (n=123) using the Maxwell® 16 Tissue LEV Total
RNA Purification Kit (Promega,WI, USA) on aMaxwell® 16
LEV Instrument (Promega, WI, USA). Then, complementary
DNA (cDNA) was obtained by reverse transcription on a
Multigene thermocycler (Labnet International Inc.) using the
High Capacity cDNART kit (Applied Biosystems, CA, USA)
and 200 ng of total RNA. The thermocycler was set as fol-
lows: 10 min at 25 °C, 120 min at 37 °C, and 5 min at 85 °C.
Finally, 20 ng of each cDNAwere applied in triplicate for real-
time PCR performed on a 7500 Fast Real-Time PCR System
(Applied Biosystems, CA, USA) with TaqMan® Fast
Universal PCR Master Mix (Applied Biosystems, CA,
USA). The following TaqMan® Gene Expression Assay
Kits (Applied Biosystems, CA, USA) were used: total
HMGCR, Taqman assay #Hs00168352_m1 covering exon
boundary 6/7; FL HMGCR variant, custom assay covering
e x o n b o u n d a r y 1 3 / 1 4 w i t h f o rw a r d p r im e r :
TGTGGCCAGCACCAATAGAG, reverse pr imer:
C A A C T G G G C C A C G A G T C AT a n d p r o b e :
CAGAGCAATAGGTCTTGGT; Δ13 HMGCR variant, cus-
tom assay covering exon boundary 12/14 with forward prim-
er: TCAGAACCTTCTTCTCTCCAGTACCT, reverse prim-
e r : C A C C T C C A C CAAG CAAGGA , p r o b e :
CCTTACAGGGATTATAATTA; peptidylprolyl isomerase A
(PPIA), Taqman assay # Hs99999904_m1; ubiquitin-
conjugating enzyme E2D2 (UBE2D2), Taqman assay #
Hs00366152_m1; hypoxanthine phosphoribosyltransferase 1
(HPRT1), Taqman assay # Hs99999909_m1; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), Taqman assay #
Hs99999905_m1; beta actin (ACTB), Taqman assay #
Hs99999903_m1; and cyclin-dependent kinase inhibitor 1B
(CDKN1B), Taqman assay # Hs00153277_m1. The cycling
conditions were 20 s at 95 °C and 40 cycles of 3 s at 95 °C and
30 s at 60 °C. The relative gene expression of HMGCR was
determined using the comparative Ct method (ΔΔCt method,
Applied Biosystems User Bull. #2 Dec. 97). The efficiency of
each gene expression assay kit was assessed and varied be-
tween 96 and 103 %. HEPG2 was chosen as calibrator.
Selection of the most appropriate endogenous reference gene
was performed as previously described (Leduc et al. 2011b)
on 25 randomly selected individuals, and PPIAwas selected
out of five other candidates as the single most stable reference

gene to use in our study. The plate-to-plate variability in rela-
tive quantities of the repeated samples was 5.2, 4.5, 6.2, and
2.3 % (coefficient of variation (CV)) for respectively total
HMGCR, FL HMGCR, Δ13 HMGCR, and PPIA mRNA.

To ensure the reliability of the mRNA levels deter-
mined, several precautions were duly used. In addition
to the usual quality controls, that are no reverse transcrip-
tase controls (resulted in no amplification), no template
controls (resulted in no amplification), genomic DNA
controls (resulted in no amplification), confirmation of
primer sets specificity on agarose gels (resulted in single
band of the expected molecular weight), and determina-
tion of RNA input range linearity (linear between 16 and
1000 ng of RNA), we performed RNA purity and integ-
rity measurements. The purity and integrity of RNA were
estimated using the ratio of absorbance values at 260 and
280 nm evaluated on a Biotek Synergy H1 reader (Fisher
Scientific, ON, Canada), and the RNA integrity number
(RIN) determined with a Bio-Rad’s Experion instrument
(Bio-Rad, CA, USA). The ratios of absorbance were all
over 1.5, while RINs ranged from 2 to 8.4, with 84 % of
samples over 5, the cutoff value representing good total
RNA quality (Fleige and Pfaffl 2006). All Experion’s
electropherograms showed no DNA contamination and
visible 28S and 18S peaks, and all our qPCR products
were shorter than 100 bp in length. Given that short
qRT-PCR products (70–250 bp) are mostly Bindependent^
of the RNA quality (Fleige and Pfaffl 2006), samples with
a RIN≥4 were included in statistical analysis to maximize
our sample size (n=114 for the frontal cortex, n=110 for
the cerebellum). Results are presented as HMGCR mRNA
levels and HMGCR mRNA ratios, the latter being calcu-
lated as the mRNA levels of the FL or Δ13 HMGCR
variant divided by the total mRNA levels of HMGCR
(any HMGCR transcripts containing exon boundary 6/7).
While the FL, Δ13, or total HMGCR mRNA levels reflect
the numbers of low mRNA transcripts in a given tissue,
the mRNA ratios assess the effects of splicing indepen-
dently of the effects on overall transcription.

Protein Extraction for HMGCR and Aβ42/Tau Protein
Quantification

Frozen brain t issues were homogenized in cold
phosphate-buffered saline (PBS) with protease inhibitor
using a Omni beads Ruptor 24 (Omni International, GA,
USA) and ceramic beads as per manufacturer’s instruc-
tions. Protein content was determined in the frontal cortex
by the Pierce BCA protein assay (Promega) using bovine
serum albumin as standard (Sigma) and a Synergy H1
microplate reader (BioTek, VT, USA) set at a wavelength
of 562 nm. Homogenates were kept at −80 °C until use,
and repeated freeze-thaw cycles were avoided.
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Determination of HMGCR Protein Levels

HMGCR protein levels were measured in the frontal cortex
(n=117) using a commercial sandwich enzyme immunoassay
(MyBioSource, CA, USA) and a Synergy H1microplate read-
er (BioTek, VT, USA). In microtiter plates pre-coated with a
monoclonal antibody specific for HMGCR, samples and stan-
dards were incubated along with a standardized preparation of
horseradish peroxidase (HRP)-conjugated polyclonal anti-
body specific for HMGCR. The protocol was conducted as
per manufacturer’s instructions with the following modifica-
tion: The samples and standards were incubated with the bal-
ance and conjugate solutions for 3 h at 37 °C instead of 1 h.
The sensitivity of the assay is 0.1 ng/ml, and concentrations of
the samples, which all fell within the standard curve range,
varied between 0.2 and 1.2 ng/ml. Given the high degree of
inter-lot variations (mean CV of 24.7 %), all samples were
remeasured with the same lot number and the obtained intra-
lot variation (mean CV of 8.8 %) was within the manufac-
turer’s recommendation (CV<9 %).

Determination of Aβ42, T-Tau, and P-Tau Protein Levels

Aβ42, T-Tau, and 181-P-Tau concentrations were measured in
the frontal cortex (n=94) and cerebellum (n=91) using commer-
cial enzyme immunoassays (Innotest Inc., Ghent, Belgium) and a
Synergy H1 microplate reader (BioTek, VT, USA). In these as-
says, the wells of polystyrene microtiter plates were coated with
monoclonal antibodies 21F12, AT120, or HT7 for respectively
Aβ42, T-Tau, and P-Tau. The samples and standards were incu-
bated in these wells along with biotinylated monoclonal antibod-
ies 3D6, BT2/HT7, and AT270 for respectively Aβ42, T-Tau,
and P-Tau. The protocol was conducted as per manufacturer’s
instructions with the following modification: The samples were
homogenates of brain tissues rather than CSF. The sensitivity of
the assay was 50, 60, and 15.6 pg/ml for respectively Aβ42, T-
Tau, and P-Tau. Sample concentrations, which all fell within the
standard curve range, varied between the appropriate detection
limit and 10,000 times the detection limit. Intra-assay and inter-
assay variability measures were respectively 5.1 and 9.1% (CV),
consistent with the manufacturer’s recommendation.

Determination of NFT and SP Counts

NFT and SP densities were determined in the frontal cortex
(n=74) as previously described (Etienne et al. 1986) and were
consistent with the criteria used in the classification of
Khachaturian (Khachaturian 1985). Briefly, paraffin-
embedded sections were stained with hematoxylin and eosin,
modified Bielchowsky, and alkaline Congo red preparations
to visualize NFTs and SPs. Diffuse plaques were purposefully
excluded from all measurements.

Statistical Analysis

All statistics were carried out using SPSS program. As expected
given their high inter-individual variability, most of the data pro-
duced in this paper were non-normally distributed (assessed via
Kolmogorov-Smirnov, Shapiro-Wilk tests, and visual inspection
ofQ-Q plots). Several transformationswere attempted to obtain a
normal distribution but with no success. When appropriate, para-
metric tests were computed, but for the most part, the non-
parametric alternative had to be used. The goal of our paper
was to investigate the impact of rs3846662 genotype, but most
importantly of HMGCR mRNA and protein levels, on different
pathological markers of AD. Given our previous findings (Leduc
et al. 2015a), their effects had to be differentiated from the
impacts of sex, APOE4 allele, and disease status. This raises
the problem of multiple comparisons. However, the Bonferroni
correction would be overly conservative, especially here, where
several endpoints measure different aspects of the same phenom-
enon. Thus, we choose not to correct for multiple comparisons,
looking instead for consistency across the results (see
Discussion). Note that our study was large enough to allow, with
a power of 0.80 of an alpha of 0.05, the detection of medium
effect sizes.

Firstly, the impact of rs3846662 (G− vs. G+ subjects) on
HMGCR mRNA and HMGCR protein brain levels were ana-
lyzed bymeans of Kruskal-Wallis andMann-WhitneyU tests.
For all non-parametric tests, data were also split according to
disease status, sex, and APOE4 allele status to examine the
impacts of rs3846662 within each subgroup. Secondly,
Spearman correlations were used to analyze the relationship
between HMGCR mRNA or protein levels and NFT/SP ac-
cumulation and Aβ42, T-Tau, and P-Tau brain levels. These
relations were analyzed with and without splitting according
to disease status, sex, and APOE4 allele status. Finally, even
though the data were non-normally distributed, curve estima-
tion was used to estimate the nature of the relationship be-
tween these variables. The model with the lowest standard
error of the estimate was selected as best.

Results

Frequency of rs3846662 A Allele

Previous findings indicate that homozygosity at locus
rs3846662 is associated with the strongest and most signifi-
cant effects (Burkhardt et al. 2008). In order to investigate the
possible impact of rs3846662 onHMGCRmRNA and protein
levels, a greater proportion of tissues from homozygote sub-
jects were thus selected. Consequently, the frequency of the
HMGCR A allele at locus rs3846662 (Table 1) is lower than
those reported for the French Canadian (Leduc et al. 2015a)
and other European populations (Medina and Krauss 2009).
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Impacts of rs3846662 on HMGCR mRNA and Protein
Levels

Mann-Whitney analysis of the impacts of rs3846662 on
HMGCR was modestly significant at the level of the mRNA
(Fig. 1a to d). Indeed, irrespective of disease status, women
carrying the AA genotype (G genotype) have higher ratio of
FL HMGCR mRNA ratio (i.e., mRNA prevalence of FL
HMGCR over prevalence of all HMGCR transcript variants)
in the frontal cortex (Fig. 1b, P=0.024) and almost signifi-
cantly in the cerebellum (Fig. 1d, P=0.056). However, no
associations were observed for theΔ13HMGCRmRNA ratio

(i.e., mRNA prevalence of Δ13 HMGCR over prevalence of
all HMGCR transcript variants) or the FL, Δ13, and total
HMGCR mRNA levels (results not shown, P>0.05). Finally,
no association between rs3846662 genotype and HMGCR
protein levels were observed (results not shown, P>0.05).
Stratification by disease status, sex, or APOE4 allele status
did not modify these findings.

HMGCR Biology Versus AD Pathological Markers

The states of mRNA and protein levels are set primarily by
processes downstream of transcription. We therefore used

Fig. 1 FLHMGCRmRNA ratio in the frontal cortex (a, b) and the cerebellum (c, d) according to rs3846662 genotype in the whole studied cohort (a, c)
and sex subgroups (b, d). Bars represent means, error bars represent SEM, and P values were obtained from Kruskal-Wallis analyses, *P≤0.05
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Spearman correlations to investigate whether HMGCR biolo-
gy was associated with AD pathological markers.

First, we observe that the FL and Δ13 HMGCR mRNA
ratios do not correlate with one another in the frontal cortex
(P>0.05, Fig. 2a) but do so in the cerebellum (rs 0.644 P=
6.51×10−15, Fig. 3). In the frontal cortex, HMGCR protein
levels correlate with both HMGCR mRNA ratios, but most
notably, with the Δ13 ratio (rs 0.209 P=0.029 and rs 0.360
P=1.13×10−4, Fig. 2b, c, respectively for FL andΔ13 ratios).
The FL, Δ13, and total mRNA levels also correlated with
HMGCR protein levels: Total and FL HMGCR mRNA levels
are inversely correlated with the protein levels, while theΔ13
mRNA levels correlate positively with it (results not shown).
Overall, these data suggest that an increase in HMGCR pro-
tein levels correlate best with an increase in both the propor-
tion of exon 13 skipping and the numbers of Δ13 HMGCR
mRNA transcripts. Except for the control group where the
significance is lost, this conclusion remains valid for each
subgroup tested following stratification by disease status,
sex, and APOE4 allele status (results not shown).

Second, in the frontal cortex, very few correlations are
observed between HMGCR mRNA or protein levels and
markers of AD pathology. Regarding the mRNA expression,
we observed that the Δ13 HMGCR mRNA ratio correlates
significantly with NFT counts (0.303, P=0.011, Table 2).
Similarly, Δ13 HMGCR mRNA levels were significantly as-
sociated with NFT counts (respectively 0.265 P=0.027,
Table 2). After stratification by disease status, sex, or
APOE4 allele status, the significance of these correlations
was lost. Furthermore, no correlations were observed between
Δ13 HMGCR mRNA levels or ratio and SP accumulation,
Aβ42, T-Tau, and P-Tau. Lastly, no correlations were ob-
served between all these markers of AD pathology and FL
HMGCR mRNA ratio, FL, and total HMGCR mRNA levels.
Regarding the protein expression, HMGCR protein levels
were correlated significantly with SP accumulation (0.252,
P=0.037, Table 2) and almost significantly with NFT counts
(0.230, P=0.057, Table 2). While there were no correlations
with either NFT or SP counts after splitting by sex or disease
status, stratification by APOE4 allele status indicated that
these correlations were significant only for the APOE4-nega-
tive subgroup (0.473 P=0.011 and 0.461 P=0.013 for the
NFT and SP counts, respectively, Table 2). Lastly, no correla-
tions were observed between HMGCR protein levels and
Aβ42, T-Tau, and P-Tau levels.

In the cerebellum, we observe significant correlations be-
tween Aβ42 levels and Δ13 HMGCR mRNA ratio and Δ13
HMGCR mRNA levels (−0.351 P=0.001 and −0.359 P=
0.001 for Δ13 ratio and Δ13 mRNA levels, respectively,
Table 3). Except for the control group where the significance
is lost most likely due to an absence of pre-symptomatic am-
yloid pathology, this conclusion remains valid for each sub-
group tested following stratification by disease status, sex, and

APOE4 allele status (results not shown). No correlations were
observed between HMGCR mRNA levels or ratios and T-Tau
and P-Tau levels.

Discussion

Late-onset AD is a chronic neurodegenerative disorder that
represents the commonest cause of dementia and the fourth
most common cause of death in the developed world (Kalaria
et al. 2008). Given the absence of curative treatment and the
overwhelming number of failed Alzheimer’s clinical trials
witnessed over the last decade, research on AD has gradually
shifted his focus toward pre-Alzheimer’s interventions and
protective factors. APOE encodes the main lipid carrier pro-
tein in the CNS and is the most robustly and consistently
associated gene with AD risk, with the ɛ4 (APOE4) and ɛ2
(APOE2) alleles substantially increasing and decreasing the
risk level, respectively (Corder et al. 1993, 1994; Poirier et al.
1993; Saunders et al. 1993; Strittmatter et al. 1993; Benjamin
et al. 1994). The recent discovery that rs3846662, which mod-
ulates the alternative splicing of HMGCR, confers a signifi-
cant protection against AD risk (Leduc et al. 2015a) stressed,
once again, the importance of cholesterol homeostasis for neu-
ronal function and CNS proper functioning. However, wheth-
er the protective effects of this SNP are mediated through
reduction of vascular risk factors or through the direct modu-
lation of CNS cholesterol homeostasis remains to be clarified.

This study was designed to explore the hypothesis that the
beneficial effects of HMGCR are mediated through direct
modulation of CNS cholesterol homeostasis. Brain cells are
believed to use HMGCR and internalization of lipoproteins
via the APOE/LDLR pathway to fulfill its cholesterol needs
(Poirier 2005; Yu et al. 2010). Thus, our working hypothesis is
that HMGCR A allele homozygocity at locus rs3846662 ulti-
mately results in an HMGCR with lower activity. This
prompts a compensatory upregulation of the internalization
of lipoproteins via the APOE/LDLR pathway, resulting in a
more efficient utilization of local resources (cholesterol and
ATPs) and an increase energy reserve to face unexpected neu-
ronal insults or, neurodegenerative disorders. Even though our
cross-sectional design study is not suitable to study causality,
two causally related factors should cluster more frequently
than is expected by chance, and therefore, a cross-sectional
design should find an association between these factors (Spies
et al. 2013). The purpose of this in vivo study was thus to

�Fig. 2 Scatter plot between the FL and Δ13 HMGCR mRNA ratios (a)
and scatter plots between FL (b) or Δ13 (c) HMGCR mRNA ratios and
HMGCR protein levels. Results are for the frontal cortex. Curve
estimation was used to estimate the nature of the relationship between
the variables. rs represents Spearman correlation, *P≤0.05, **P≤0.01,
***P≤0.001

114 J Mol Neurosci (2016) 58:109–119



J Mol Neurosci (2016) 58:109–119 115



assess if biomarkers for AD are related to local HMGCR al-
ternative splicing. The two most predominant pathological
features of AD being the extracellular SP primarily composed
of Aβ peptides, and the intracellular NFT, resulting from the
truncation and/or hyperphosphorylation of the microtubule-
stabilizing Tau proteins (reviewed in (Adlard and Cummings
2004)); we quantified SP, Aβ42, NFT, T-Tau, and P-Tau
levels in the brain. Increased levels of these specific parame-
ters have been associated with increased brain damage and
AD severity (Khatoon et al. 1992; Delacourte et al. 1999;
Thal et al. 2002; Verdile et al. 2004), and lower levels are
expected to correlate with the protective A allele and thus with
increased Δ13 HMGCR mRNA levels/ratio.

First, let us consider the genetic portion of the study.We found
that women carrying the AA genotype had slightly higher FL
HMGCRmRNA ratio than women carrying at least one copy of
the G allele in the frontal cortex (P<0.05, 1.13±0.03 vs 1.04±

0.03, respectively) and almost significantly in the cerebellum
(P=0.056, 0.99±0.06 vs 0.89±0.03, respectively). However,
no effects of the rs3846662 SNP was found on HMGCR
mRNA or protein levels, indicating that the increased proportion
of FL variant does not translate into higher numbers of mRNA
transcripts or higher protein levels. However, it could very well
translate into higher activity levels since the catalytically active
HMGCR is found as a tetramer (Istvan et al. 2000). Indeed, while
it is still unclear whether the Δ13 HMGCR mRNA transcript is
translated in vivo into proteins, its translation into inactive mono-
mer proteins could lead to the formation of heterotetramers with
reduced enzymatic activity (Medina and Krauss 2009). Higher
FL HMGCR mRNA ratio would therefore be associated with
higher HMGCR activity despite unchanged HMGCR mRNA
or protein levels. In any case, our finding of an increase FL
HMGCR mRNA ratio in women carrying the AA genotype is
unexpected. We offer two possible explanations for this finding.

Fig. 3 Scatter plot between FL
and Δ13 HMGCR mRNA ratios
in the cerebellum. rs represents
Spearman correlation, ***P≤
0.001

Table 2 Spearman
correlations between key
HMGCR parameters and
markers of AD
pathology in the frontal
cortex

AD
markers

HMGCR Impact on significance
of stratification by

HMGCR Impact on significance
of stratification by

Δ13 ratio Δ13 levels Disease Sex APOE4 Protein Disease Sex APOE4

NFT 0.303* 0.265* Lost Lost Lost 0.230 No No 0.473* for E4−
T-Tau No No No No No No No No No

P-Tau No No No No No No No No No

SP No No No No No 0.252* Lost Lost 0.461* for E4−
Aβ42 No No No No No No No No No

No no correlation

*P≤0.05
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Firstly, it has been suggested that the alternative splicing of
HMGCR may exist primarily to correct small imbalances in
cholesterol homeostasis, allowing the cell to dodge the need
for stimulation of a robust transcriptional response when cho-
lesterol disequilibrium occurs (Medina et al. 2011).
Alternative splicing and rs3846662 would thus be expected
to have a stronger impact on baseline lipid levels (Medina
et al. 2011) and in normal conditions rather than in disease
states. As such, the association between the AA genotype and
increase FL HMGCR mRNA ratio observed in aging or AD
subjects may not be related to its impact on HMGCR alterna-
tive splicing. In accordance with this hypothesis, a recent
in vivo study of the impacts of rs3846662 on statin efficacy
and lipid levels in familial hypercholesterolemia also reported
increase FL HMGCR mRNA ratio/levels in women receiving
statin and carrying the AA genotype (Leduc et al. 2015b).
Overall, these findings suggest that the effects mediated by
the AA genotype in conditions deviating from physiological
conditions may be independent from its impact on HMGCR
alternative splicing (Leduc et al. 2015b).

Secondly, because the significant increase in FL HMGCR
mRNA ratio observed in women carrying the AA genotype
would not survive Bonferroni correction, this finding might
simply reflect spurious correlation arising from multiple sta-
tistical comparisons rather than true association. Simmons and
colleagues also found no association between rs3846662 ge-
notype andHMGCRmRNA prevalence in the brain, a finding
they attributed to the confounding bias of cell type heteroge-
neity and differential expression of RNA splicing factors in
the CNS (Simmons et al. 2011). However, since we quantified
the HMGCR mRNA levels in brain regions with two very
distinct neuronal to non-neuronal ratios, we should have been
able to identify cell type-specific effects, if any. To explore
whether the second assumption can explain the lack of asso-
ciation between the HMGCR A allele and Δ13 HMGCR
mRNA levels/ratio, we performed a literature search to assess
the current status of HNRNPA1 (also known as hnRNP A1)
expression in the brain. An immunochemistry study per-
formed on several mouse tissues confirmed that HNRNPA1
abundance vary between cell types, with neurons displaying
much stronger staining intensity than glial cells (Kamma et al.

1995). Mouse HNRNPA1 expression in glial and neuronal
cells respectively equals and surpasses that observed in hepa-
tocytes (Kamma et al. 1995). In accordance, immunochemis-
try analysis of normal human tissues suggests that HNRNPA1
expression is strong in some neurons, undetectable in glial
cells, and moderate in hepatocytes (Patry et al. 2003). More
importantly, while there is little HNRNPA1 expression in nor-
mal human tissues (Patry et al. 2003), HNRNPA1 expression
is high in proliferating and transformed cells (Biamonti et al.
1993; Patry et al. 2003) as well as most cancer (Patry et al.
2003; Pino et al. 2003; Ushigome et al. 2005; Boukakis et al.
2010; Jean-Philippe et al. 2013) and markedly reduced in
senescent cells (Hubbard et al. 1995; Shimada et al. 2009) as
well as in AD (Berson et al. 2013; Jean-Philippe et al. 2013).
In considering these results, we speculate that rs3846662 ge-
notype may not be significantly functional in the brain, espe-
cially in older individuals suffering of AD. Indeed, even
though the A allele engenders the preferential binding of
HNRNPA1 to promote exon 13 skipping (Burkhardt et al.
2008; Medina et al. 2008), its effects may be canceled by
the low levels of HNRNPA1 in the brain.

Next, since rs3846662 was initially thought to alleviate AD
risk via its modulation of HMGCR alternative splicing, the mo-
lecular biology portion of this study was intended to explore
whether HMGCR mRNA and protein levels correlated with
AD pathological markers. More specifically, we were expecting
higherΔ13 HMGCRmRNA ratio/levels to correlate with lower
AD pathology. While we observed only a few correlations be-
tweenHMGCRmRNA ratio/levels and AD biomarkers, the dis-
parate findings between the two brains regions raise considerable
interest. In the frontal cortex, we observed an unexpected corre-
lation between increased Δ13 HMGCR mRNA ratio/levels and
increased NFT counts (Spearman correlations 0.303* and
0.265*, respectively). In contrast, in the cerebellum, we observed
a significant correlation between increased Δ13 HMGCR
mRNA ratio/levels and decreased Aβ42 levels. This dichotomy
between the frontal cortex and cerebellummight reflect cell type-
dependent effects of HMGCR or, that the beneficial effects of
HMGCR are dependent upon disease severity and progression.

In line with this hypothesis, we observed that the in-
crease in the proportion and numbers of Δ13 HMGCR

Table 3 Spearman correlations
between key HMGCR parameters
and markers of AD pathology in
the cerebellum

AD
markers

HMGCR Impact on significance
of stratification by

FL ratio Δ13 ratio Δ13 levels Disease Sex APOE4

T-Tau No No No No No No

P-Tau No No No No No No

Aβ42 No −0.351*** −0.359*** AD only Holds Holds

No no correlation

***P≤0.001
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mRNA transcripts in the frontal cortex correlated consis-
tently across all subgroups (except control) with higher
HMGCR protein levels. Since HMGCR protein levels
are increased by 200-fold following inhibition of its ac-
tivity (Goldstein and Brown 1990), whether the observed
increase in protein levels is an attempt for the cell to
compensate for lower HMGCR activity levels in the brain
remains to be determined. Interestingly, we observed a
positive correlation between increased HMGCR protein
levels and increased NFT and SP but only in the
APOE4-negative subgroup (Spearman correlations
0.473* and 0.416*, respectively). We have previously
demonstrated that the HMGCR AA genotype do not mod-
ulate the APOE4 risk in subjects affected by full-blown
AD (Leduc et al. 2015a). However, the AA genotype was
shown to modulate APOE4 risk in cognitively intact and
mild cognitive impairment (MCI) subjects, to delay age of
onset of AD, and to decrease the lifelong accumulation of
NFT and SP pathology in APOE4 carriers (Leduc et al.
2015a). The observation that HMGCR protein levels no
longer modulate NFT/SP pathology in APOE4 carriers
might reflect the exhaustion of the HMGCR system in
end-stage AD. The modulation of NFT/SP accumulation
in APOE4 carriers by the AA genotype reported previous-
ly (Leduc et al. 2015a) might occur in the early rather
than later stages of the disease. Overall, this hypothesis
is in line with the observation that for HMGCR inhibitors
(statins) to reduce the risk of AD (Jick et al. 2000;
Wolozin et al. 2000, 2007; Rockwood et al. 2002), it must
be taken during a critical period, for a certain length of
time and years before the expected onset of the disease
(Leduc et al. 2015a); otherwise, when used in subjects
with an established diagnosis, statins offer no detectable
benefits (Feldman et al. 2010).

In conclusion, data obtained in vivo from a cohort of
autopsied AD and non-demented control brain samples did
not confirm the effects of the A allele at locus rs3846662 on
HMGCR alternative splicing. The association between
rs3846662 and AD may be more complicated than initially
though, involving in a complex web of pleiotropic effects,
epistasis, and gender interactions. While the beneficial effects
of HMGCR might be brain cell type- and disease-progression
dependent, our current results do not support an extensive role
of localHMGCR splicing onAD pathogenesis. Given the high
interindividual variability in the levels of AD biomarkers, rep-
lication of our findings in larger samples would be recom-
mended. The use of postmortem brain tissues from subjects
with different stages of AD and MCI as well as measurement
of HMGCR activity should be considered in subsequent study.
Finally, we remain convinced that it is still conceivable that the
protective effects of rs3846662 might be mediated through
vascular effects (such as arteriosclerosis). This hypothesis
needs to be further investigated.
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