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Abstract The PCSK1 (proprotein convertase subtilisin/
kexin type 1) locus encodes proprotein convertase 1/3, an
endoprotease that converts prohormones and proneuropep-
tides to their active forms. Spontaneous loss-of-function
mutations in the coding sequence of its gene have been
linked to obesity in humans. Minor alleles of two common
non-synonymous single-nucleotide polymorphisms (SNPs),
rs6232 (T>C, N221D) and rs6235 (C>G, S690T), have
been associated with increased risk of obesity in European
populations. In this study, we compared the frequencies of
the rs6232 and rs6234 (G>C, Q665E) SNPs in Aboriginal
and Caucasian populations of Northern Ontario. The two
SNPs were all relatively less frequent in Aboriginals: The
minor allele frequency of the rs6232 SNP was 0.01 in
Aboriginals and 0.08 in Caucasians (P<4.10−6); for the
rs6234 SNP, it was 0.20 and 0.32, respectively (P<0.001).
Resequencing revealed that the rs6234 SNP variation was
tightly linked to that of the rs6235 SNP, as previously

reported. Most interestingly, all carriers of the rs6232 SNP
variation also carried the rs6234/rs6235 SNP clustered var-
iations, but not the reverse, suggesting the former occurred
later on an allele already carrying the latter. These data
indicate that, in Northern Ontario Aboriginals, the triple-
variant PCSK1 allele is relatively rare and might be of lesser
significance for obesity risk in this population.
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Introduction

Proprotein convertase 1/3 (PC1/3) is a serine endoprotease
involved in the proteolytic activation of prohormones and
proneuropeptides in the secretory pathway of endocrine and
neuroendocrine cells (Seidah and Chretien 1999). It is the
product of the 14-exon PCSK1 (proprotein convertase sub-
tilisin/kexin-type 1) gene mapping on human chromosome
5. It is biosynthesized in the endoplasmic reticulum as a
secretory zymogen which gets activated in downstream
secretory compartments by successive autocatalytic removal
of segments at the amino and at the carboxyl termini (Muller
and Lindberg 1999).

PC1/3 is highly expressed in hypothalamic nuclei that
controls appetite (Dong et al. 1997). Its substrates in the
brain and the periphery include precursors of hormones and
neuropeptides that regulate feeding and food processing.
Induced PC1/3 genetic deficiency in mouse causes greater
body weight gain (Zhu et al. 2002; Lloyd et al. 2006;
Mbikay et al. 2007). Spontaneous non-synonymous muta-
tions in its sequence have been linked to obesity in humans
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(Jackson et al. 1997, 2003; Farooqi et al. 2007). In a case–
control association study in populations of European ances-
try, Benzinou et al. (2008) were the first to show that three
common non-synonymous single-nucleotide polymor-
phisms (SNPs) in the PCSK1 locus are strongly linked to
risk of obesity. Because Aboriginal populations of Canada
are disproportionably burdened by obesity (Liu et al. 2006),
we sought to determine the frequencies of these SNPs in a
sample population of Aboriginal Canadians from Northern
Ontario.

Subjects

This study was conducted with archival blood samples.
These samples were collected to determine the frequency
and distribution of genetic variations in Northern Ontario
Aboriginals and Caucasians (Currie et al. 2005). Ancestry
was the only information asked of participants. Unrelated
subjects were recruited at three Northern Ontario regional
hospitals located in Espanola (100 Aboriginals, 100
Caucasians), Sioux Lookout (100 Aboriginals), and
Wikwemikong (100 Aboriginals) (Currie et al. 2005).
Aboriginal participants were predominantly of the Cree-
Ojibwa groups. The recruitment was conducted under a
protocol approved by the Human Research Ethics Board
of each hospital. Participants were explained the nature of
the study and were asked for their informed consent and a
blood sample. All samples were anonymized.

Methods

Genotyping of the rs6232 (T>C) SNP was conducted on the
MX 3005P thermocycler (Stratagene, La Jolla, CA) using a
Taqman assay based on the presence or absence of fluores-
cence due to degradation of allele-specific fluorochrome-
conjugated probes as previously described (Sirois et al.
2008). Genotyping of the rs6234 (G>C) SNP was based on
polymerase chain reaction (PCR) and melting curve analysis
of differential fluorescence loss during heat-induced dehybrid-
ization of the probes from the SNP-containing region of
genomic amplicon (Didenko 2001). It was conducted on a
LightCycler instrument (Roche, Laval, QC).

Results and discussion

The nonsynonymous rs6234 and rs6235 SNPs are located in
exon 14; they consist of G>C and C>G transversions and
cause Q665E and S690T amino acid substitutions, respec-
tively (Benzinou et al. 2008). Genomic PCR amplicons of
this exon were produced using lymphocyte DNA from 50

Espanola participants, 25 Caucasians, and 25 Aboriginals; the
DNA amplicons was sequenced (see Electronic supplementary
material and Methods online). Twelve of the 50 participants
were double heterozygotes for both the rs6234 and the rs6235
SNPs, confirming the tight linkage between these two SNPs
(Benzinou et al. 2008).

The rs6234 SNP (G>C) was genotyped in all 400 DNA
samples. There was 100% concordance between the geno-
typing results and those of resequencing for the 50 Espanola
samples. Overall, the minor allele frequency (MAF) for this
SNP in Aboriginals and Caucasians was 0.20 and 0.32,
respectively (P<0.001 by Fisher’s exact test). The G/G, G/C,
and C/C genotype frequencies were respectively 0.62, 0.32,
and 0.04 in Aboriginals and 0.43, 0.50, and 0.07 in Caucasians
(Table 1).

The rs6232 SNP (T>C) was also genotyped; the MAF
was 0.01 in Aboriginals and 0.08 in Caucasians (P04.10−6)
(Table 2). The T/T, T/C, and CC genotype frequencies were
respectively 0.98, 0.02, and 0.00 in Aboriginals and 0.85,
0.14, and 0.01 in Caucasians. Interestingly, all carriers of the
rs6232 variation also carried the rs6234/rs6235 variation
cluster, but not the reverse, suggesting that the former oc-
curred after the latter on the same PCSK1 allele. The linkage
remains to be confirmed by sequencing. The genotype fre-
quencies associated with the rs6232 and rs6234 SNPs in the
two Northern Ontario populations were consistent with
Hardy–Weinberg equilibrium (P>0.05), excluding the pos-
sibility of a significant bias due to subject sampling, geno-
typing, or population dynamics. Through mechanisms yet to
be elucidated, SNPs tend to cluster, and these clusters are
non-randomly distributed in the human genome (Amos
2009). Our study is the first to demonstrate allelic clustering
of the three non-synonymous PCSK1 variations.

We have determined that the triple-variant zymogen spec-
ified by this allele undergoes post-translational proteolytic
processing at its termini more efficiently than the common
and the double-variant forms, when expressed ex vivo in a
pituitary cell line. We have speculated that this accelerated
processing might render this isoform unstable, causing a
functional deficit of PC1/3 enzymatic activity (Mbikay et
al. 2011).

Collectively, our data indicate that, in Northern Ontario,
the rs6232, rs6234, and rs6235 SNPs are more frequent in
Caucasians than in Aboriginals. MAFs for the rs6232 (0.08)
and rs6235 (0.35) SNPs appear on average to be higher in
Espanola Caucasians than those recently reported for vari-
ous European population samples (0.052 to 0.064 and 0.22
to 0.47, respectively) (Benzinou et al. 2008; Goossens et al.
2009; Kilpelainen et al. 2009; Willer et al. 2009; Heni et al.
2010; Gjesing et al. 2011; Rouskas et al. 2011) (see also
Electronic supplementary material Table S1). The sample
size in the latter studies was far larger than that one used in
our study, giving greater statistical power to their MAF
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determinations. The DNA panel of this study was previous-
ly used to determine the allele frequencies at the highly
polymorphic D18S535 short tandem-repeat locus. These
frequencies differed not only between Aboriginal and
Espanola Caucasians but also between the latter and
European Caucasians (Currie et al. 2005). Historical immi-
gration records indicate Northern Ontario Caucasians were
predominantly of French and British origins. It is likely that
the higher MAFs of PCSK1 SNPs obtained with our limited
sample of Northern Ontario Caucasians are due to genetic
drift (e.g., founder effect) or adaptive evolution.

An association of the minor allele of rs6232 SNP with
obesity parameters (body mass index, waist circumference,
or waist–hip ratio) has been observed in three separate
studies of European populations (Benzinou et al. 2008;
Kilpelainen et al. 2009; Willer et al. 2009; Gjesing et al.
2011), but not two others (Heni et al. 2010; Rouskas et al.
2011). For the minor allele of rs6234 or rs6235 SNP, it was
observed in three studies (Benzinou et al. 2008; Gjesing et
al. 2011; Rouskas et al. 2011), but not in two others

(Kilpelainen et al. 2009; Renstrom et al. 2009). In Han
Chinese, the rs6234 SNP was associated with a combined
phenotype of obesity and overweight in men, but not in
women (Qi et al. 2010). In a study by Heni et al. (2010) of
a German population sample, neither the rs6232 nor the
rs6235 SNP minor allele was associated with weight-
related traits; but they were both associated with impaired
proinsulin processing and, for the rs6232 SNP, with insulin
sensitivity. Interactions of these minor alleles with glucose
homeostasis and incretin metabolism were also observed in
a Danish population (Gjesing et al. 2011).

The relatively lower frequencies of these SNPs in
Aboriginals calls for a systematic resequencing of the
PCSK1 locus to determine whether there are other common
genetic variations that might affect body mass and glucose
homeostasis in this population. This call is also applicable
for sub-Saharan Africans as our and online genotyping
data suggest that the SNPs examined in this study are even
rarer in this population (Electronic supplementary material
Table S1).

Table 1 Genotype and allele frequencies for the non-synonymous PCSK1 rs6234 (G>C, Q665E) SNP

Ethnicity Site Genotype frequencies Allele frequencies

G/G G/C C/C Total
count

G C Total
count

Freq Count Freq Count Freq Count Freq Count Freq Count

Aboriginals Espanola 0.68 68 0.28 28 0.04 4 100 0.82 164 0.18 36 200

Sioux Lookout 0.63 63 0.34 34 0.03 3 100 0.80 160 0.20 40 200

Wikweminkong 0.62 62 0.33 33 0.05 5 100 0.785 157 0.215 43 200

All 0.643 193 0.317 95 0.04 12 300 0.802 481 0.198 119* 600

Caucasians Espanola 0.43 43 0.50 50 0.07 7 100 0.68 136 0.32 64 200

Freq frequency

*P<0.001 relative to Espanola Caucasians by Fisher’s exact test

Table 2 Genotype and allele frequencies for non-synonymous PCSK1 rs6232 (T>C, N221D) SNP

Ethnicity Site Genotype frequencies Allele frequencies

T/T T/C C/C Total
count

T C Total
count

Freq Count Freq Count Freq Count Freq Count Freq Count

Aboriginals Espanola 0.97 97 0.03 3 0 0 100 0.985 197 0.015 3 200

Sioux Lookout 0.99 99 0.01 1 0 0 100 0.995 199 0.005 1 200

Wikweminkong 0.98 98 0.02 2 0 0 100 0.99 198 0.010 2 200

All 0.98 294 0.02 6 0 0 300 0.98 594 0.01 6* 600

Caucasians Espanola 0.853 81 0.137 13 0.01 1 95 0.921 175 0.079 15 190

Freq frequency

*P04.10−6 relative to Espanola Caucasians by Fisher’s exact test
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