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We sequenced the promoter and coding regions of PCKI en-
coding cytosolic phosphoenolpyruvate carboxykinase from
genomic DNA of subjects with type 2 diabetes mellitus (DM).
We found nine single nucleotide polymorphisms (SNPs) that
were present with varying allele frequencies and pairwise
linkage disequilibrium relationships in different ethnic
groups. The —232C— G promoter SNP was within a cis-acting
element required for basal and cAMP-mediated PCK1 gene
transcription. The expression of a luciferase reporter con-
struct containing —232G in three different cell lines showed

significantly increased basal expression with no down-regu-
lation by insulin compared with a construct containing
—232C. The odds ratios for type 2 DM among subjects with one
or two copies of —232G compared with —232C/C homozygotes
were 1.9 (95% confidence interval, 1.2-3.0) in a Canadian ab-
original sample and 2.8 (95% confidence interval, 1.7-4.7) in a
Caucasian sample. Thus, we report a promoter SNP in PCK1
that was resistant to down-regulation by insulin in vitro and
was associated with type 2 DM in two independent study
samples. (J Clin Endocrinol Metab 89: 898-903, 2004)

YTOSOLIC PHOSPHOENOLPYRUVATE carboxykinase
(EC 4.1.1.32) catalyzes the first committed step in hepatic
gluconeogenesis (1, 2). Altered regulation of PCK1 (phos-
phoenolpyruvate carboxykinase gene) expression might arise
from genomic DNA variations that elevate basal promoter ac-
tivity and/or result in loss of negative regulation by insulin,
contributing to hyperglycemia in the context of underlying
insulin resistance (3). Previously (4) the PCK1 promoter region
was screened using single strand conformation polymorphism
(SSCP) analysis of genomic DNA from 117 subjects with type
2 diabetes mellitus (DM). Because no mutations or single nu-
cleotide polymorphisms (SNPs) were found, genetic investiga-
tors have avoided PCK1 as a candidate gene for type 2 DM. We
previously discovered several diabetes-causing mutations by
directly sequencing candidate genes from genomic DNA (5-8).
Based on this, we reevaluated PCK1 as a candidate gene for type
2 DM using direct sequencing of genomic DNA.

Subjects and Methods
Subjects

The study received approval from the University of Western Ontario
ethics review panel. PCK1 genomic sequence was studied in 12 unrelated

Abbreviations: BMI, Body mass index; C/EBP, CCAAT/enhancer-
binding protein; CI, confidence interval; db, National Center for Bio-
technology Information database; DM, diabetes mellitus; IRS, insulin
response sequence; LD, linkage disequilibrium; nt, nucleotide; OR, odds
ratio; PCK1, phosphoenolpyruvate carboxykinase gene; PGC-1, PPARy
coactivator-1; RLU, reporter luciferase units; SNP, single nucleotide
polymorphism; SSCP, single strand conformation polymorphism.
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Caucasians with type 2 DM diagnosed between age 30-54 yr (median,
44 yr), and mean body mass index (BMI) of 30.8 kg/m? (range, 27.0-40.3
kg/m?). This sample size provided 100% power to detect alleles with a
frequency greater than 0.15, and 70% power to detect alleles with a
frequency greater than 0.05. Disease association was further evaluated
in 115 clinic-based Caucasian type 2 DM subjects (42% female) with
mean * sg age and BMI of 51.6 = 5.6 yr and 31.2 + 3.5 kg/m?, respec-
tively. All type 2 DM subjects were treated with oral hypoglycemic
agents and/or insulin. We also studied 260 clinic-based normoglycemic
Caucasian controls (52% female) with age and BMI of 50.6 * 6.5 yr and
25.8 = 3.0 kg/m?, respectively. Control subjects had normal fasting
glucose according to 1997 American Diabetes Association diagnostic
criteria. PCK1 SNP allele frequencies were evaluated in population-
based normal African, European, Chinese, East Indian, Oji-Cree, and
Inuit subjects (n = 50 from each ethnic group). Disease association of
PCK1 —232C—G SNP genotype was evaluated in a well characterized,
community-based sample of 170 Oji-Cree aged 18 yr or older either with
type 2 DM or glucose intolerance and 392 normoglycemic controls (5, 9,
10). All Oji-Cree subjects were diagnosed based on a standardized glu-
cose challenge (5, 9, 10).

DNA analysis

Primers to amplify the PCK1 promoter and exons 1-9, including at
least 50 bp of intron sequence at each boundary (Table 1) were designed
using reference sequences from the National Center for Biotechnology
Information (GenBank accession no. L_12760 and NM_002591). Ampli-
fication conditions were: denaturation at 94 C for 5 min; followed by 30
cycles comprised of 30 sec each at 94, 59, and 72 C; followed by a final
extension step at 72 C for 10 min. Amplification products were run on
1.5% agarose and purified using QIAEX II (Qiagen, Mississauga, Can-
ada). DNA was bidirectionally sequenced using amplification primers,
sequences were detected on a 377 PRISM Automated DNA Sequencer
(PE Applied Biosystems, Mississauga, Canada), and results were ana-
lyzed with Sequence Navigator software (PE Applied Biosystems). Each
PCK1 mutation was seen in both directions and was confirmed using a
second, independent amplification and resequencing on another day.

Genotyping of —1237C—T and —1107C—T SNPs was performed
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TABLE 1. Primer sequences and product sizes
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Region Primer sequence Product size (bp)
Promoter F: 5'-TCT AAG TGA GTT TGG TCG GAG G-3' 1640
R: 5’-CTG CAG AGT GCT GCT AAG GG-3'

Exon 1 F: 5'-CTG CAG AAA TGC CTC CTC AG-3’ 341
R: 5'-GTC TGA AAC TAC CCG AAG GC-3'

Exon 2 F: 5'-CTG AAG GAG ATG GTT CGC TG-3' 351
R: 5’-CTG AAG GAG ATG GTT CGC TG-3'

Exons 3 and 4 F: 5'-GGT CAT TTC TCA CCA GTG CC-3' 590
R: 5'-CAT CTG CAC ATC AGG GCT T-3'

Exon 5 F: 5'-GGT CAT TTC TCA CCA GTG CC-3’ 269
R: 5’-ATT CGC TTG AGT CCA ATC GT-3'

Exons 6 and 7 F: 5'-GCC TGG CAC TCA CTA CTG GT-3' 554
R: 5'-GAT TTC ACA GAT GCC TTC GG-3'

Exon 8 F: 5’-GTG TCT TTC CGT GTT GTG AA-3’ 227
R: 5’-CCC ACT TCT CTG TGG TTT CAG-3’

Exon 9 F: 5'-TGT CAA CAA TCA ATG GCG TC-3' 622
R: 3'-GCG TCA ATT TGG GAA CAC TT-3'

F, Forward; R, reverse.

using direct genomic DNA sequencing. Exon 3 574G—A and 610A—G
SNPs were genotyped using DNA amplification, followed by purifica-
tion using serum alkaline phosphatase and exonuclease I (Exol; PE
Applied Biosystems). The treatment reaction mixture included 2.0 ul
serum alkaline phosphatase (1.0 U/ul), 0.2 ul Exol, 6.0 ul deionized
water, and 4.0 pl amplification product. This was incubated at 37 C for
1 h and then at 72 C for 15 min to inactivate the enzyme. Additional
primers were designed to terminate one nucleotide before the SNP. For
the 574G— A and 610A— G SNPs, these primers were 5'-ATG GGG CCG
CTG GGC TC-3' and 5'-ATC GAG CTG ACG GAT TC-3’, respectively.
The PCR template and primer were treated with a SNaPshot ddNTP
Primer Extension Kit and analyzed on a PRISM 377 DNA Sequencer (PE
Applied Biosystems). Altered restriction endonuclease recognition sites
permitted genotyping of the remaining SNPs using 2% agarose gels.
Digestion of the 1640-bp promoter product with Maelll yielded frag-
ments of 494, 483, 393, 180, 38, 34, and 18 bp for the —232C allele and
fragments of 674, 483, 393, 38, 34, and 18 bp for the —232G allele.
Digestion of the 341-bp exon 1 product with Cacl yielded fragments of
195,71, and 71 bp for the 190G allele and 270 and 71 bp for the 190A allele.
Digestion of the 590-bp product that contained exons 3 and 4 with Bsrl
yielded fragments of 199, 160, 120, 85, and 17 bp for the L184 allele and
289,199, 85, and 17 bp for the V184 allele. Digestion of the same product
with Tagl yielded fragments of 484, 93, and 13 bp for the 583G allele and
484 and 106 bp for the 583A allele. Digestion of the 554-bp exon 6 product
with BsaHI yielded fragments of 334 and 220 bp for the 1261C allele and
554 bp for the 1261T allele.

Expression assays

The PCK1 promoter was mutagenized at position —232 by the two-
primer pair method with primers: 5'-GTT GTG TCA AAA GTC ACT
ATG GTT GGT-3" and 5'-ACC AAC CAT AGT GAC TTT TGA CAC
AAC-3' (mutated nucleotide in underlined bold). A DNA fragment with
1.6 kb of PCK1 promoter was amplified using primers: 5'-TCT AAG TGA
GTT TGG TCG GAG G-3' and 5'-CTG CAG AGT GCT GCT AAG GG-3'.
The amplified promoter fragments were ligated into a TA cloning vector
(Invitrogen, Carlsbad, CA). The promoter fragment was subcloned into
the luciferase reporter PGL3 basic vector (Promega, Madison, WI) after
Sacland Xhol digestion. The fidelity of amplification, replication and the
introduction of —232C—G were confirmed by DNA sequencing. Both
wild-type and mutant constructs contained —1237C and —1107C as the
genomic backbone.

The human hepatoma HepG2 and the mouse preadipocyte NIH-
3T3 cell lines were obtained from American Type Culture Collection

(Manassas, VA). Mouse dermal fibroblasts were also studied (11).
Cells were grown in DMEM (Invitrogen, Carlsbad, CA) supple-
mented with 100 U/ml penicillin, 100 mg/ml streptomycin and 10%
(vol/vol) heated-inactivated fetal calf serum (Invitrogen). Cell cul-
tures grew to 70% confluence in six-well culture plates and then were
transfected using calcium phosphate (www.stanford.edu/group/
nolan/index.html). For each transfection, 4 ug DNA and 6.7 mg
CaCl, in HEPES-buffered saline were added. For each transfection
with the PCKI-containing vector, 2 ug pSV-p-galactosidase vector
(ProFection Mammalian Transfection System, Promega, Madison,
WI) was cotransfected. The transfection solution was removed after
20 h at 37 C and replaced by fresh medium for further culture. Insulin
was added to achieve final concentrations of 0, 10, 25, 50, and 100
nmol/liter. Cells were harvested 48 h posttransfection. Luciferase
activity was assayed (Promega Corp., Madison, WI), and lumines-
cence was determined using a Lumat LB9507 luminometer (Berthold
Systems, Pittsburgh, PA). Luciferase activities were normalized per
unit of activity of p-galactosidase [reporter luciferase units (RLU)].
The B-galactosidase assay (Promega Corp.) used 150 ul cell lysate
mixed with 150 ul 2X assay buffer and was incubated at 37 C for 3 h.
The reaction was stopped by 500 ul 1 M sodium carbonate. Spectro-
photometric absorbance at 420 nm was read. A blank was prepared
using the lysate from nontransfected cells. Each data point was the
mean of three triplicate assays from two experiments performed on
different days.

Statistical analysis

SAS version 8 (SAS Institute, Cary, NC) was used for statistical
analyses. Deviation of genotype frequencies from those predicted by
Hardy-Weinberg equilibrium for each locus in each group were eval-
uated using the conditional x* goodness of fit test using 1 df (12), with
adjustment for small numbers as described (12). Pairwise linkage dis-
equilibrium (LD) between SNP genotypes was estimated as described
using the maximal likelihood estimate of Hill and Robertson (12, 13).
Significance and confidence intervals for type 2 DM odds ratios (ORs)
were calculated based on case-control x* analysis (with 1 df). For com-
parisons of data from luciferase expression experiments, paired ¢ tests
were used to compare individual insulin concentrations, and repeated
measures ANOVA in SAS was used to compare expression curves over
the dose range of insulin. A nominal value of P < 0.05 was used for all
statistical comparisons.
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Results
SNP identification

Genomic DNA sequencing in 12 Caucasian subjects with
type 2 DM uncovered nine PCK1 polymorphisms (Table 2).
The observed genotype frequencies in all subsequent exper-
iments and sample subgroups followed Hardy-Weinberg
expectations (data not shown). Our primers captured the full
PCK1 promoter (14), and we found three promoter SNPs,
namely, —1237C—T, —1107C—T, and —232C—G; one non-
synonymous coding SNP, namely, 671C—G (trivial name
L184V); and five synonymous coding SNPs, namely,
190A—G, 574G—A, 583A—G, 610A—G, and 1261C—T. Al-
though the promoter SNPs were not present in the National
Center for Biotechnology Information database (db), the
190A—G, 574G—A, 583A—G, 610A—G, 671C—G, and
1261C—T SNPs were already assigned dbSNP reference
numbers 1042521, 1062600, 1042523, 1062601, 707555, and
2070756, respectively. All SNPs were present with varying
frequencies in different ethnic groups (Table 2). Pairwise
linkage disequilibrium relationships differed according to
ethnicity (Tables 3-5).

Association of —232C—G SNP genotype with diabetes

Genotype and allele frequencies of the PCK1 —232C—G
genotype in Oji-Cree and Caucasian type 2 DM case-control
samples are shown in Table 6. For both samples, the distri-
bution of genotypes was significantly different between
cases and controls, with ahigher number of —232G/G ho-
mozygotes in each diabetic subgroup. For both samples, the
—232G allele frequency was significantly increased in sub-
jects with type 2 DM. Compared with —232C/C homozy-
gotes, Oji-Cree and Caucasian subjects with at least one
—232G allele (dominant model, —232G/G plus —232G/C
subjects) had type 2 DM OR of 1.9 [95% confidence interval
(CI), 1.2 — 3.0; P = 0.009] and 2.8 (95% CI, 1.7-4.7; P =
0.00004), respectively. Compared with —232C/C homozy-
gotes, Oji-Cree and Caucasian subjects with two —232G al-
leles (recessive model) had type 2 DM OR of 2.3 (95% CI,
1.4-4.0; P = 0.002) and 3.1 (95% CI, 1.6-6.2; P = 0.001),
respectively. In Oji-Cree, we previously showed that the
HNF1A G319S genotype was associated with increased risk
of type 2 DM (5). In Oji-Cree more than 40 yr of age, subjects
with one or more HNFIA S319 allele had type 2 DM OR of
3.0 (95% CI, 1.2-7.5; P = 0.009), but subjects with one or more
HNF1A S319 allele and one or more PCK1 —232G allele had

TABLE 2. PCK1 SNPs
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type 2 DM OR of 3.2 (95% CI, 1.5-6.7; P = 0.002) compared
with a reference group homozygous for the wild-type allele
for each polymorphism.

Expression analysis of —232C—G SNP

DNA sequencing confirmed that all constructs contained
both —1237C and —1107C, and that the only sequence vari-
ation was either C or G at nucleotide (nt) —232. The negative
control construct contained the wild-type sequence in the
reverse orientation, with no significant difference in activity
compared with the blank (data not shown). Normalized lu-
ciferase activities (RLU) from three triplicate experiments
performed on 2 separate d are shown in Fig. 1. Basal RLU
(insulin concentration, 0 nmol/liter) was between 1.5- and
15-fold higher for the —232G-containing construct in HepG2,
3T3L1 preadipocytes and mouse dermal fibroblasts. An el-
evated basal RLU of the —232G-containing construct was
confirmed in three additional transfection experiments using
an independent fusion gene preparation, with an overall
mean 1.8-fold increase compared with the —232C-containing
construct (data not shown; P < 0.0001).

Repeated measures analysis of RLU across the range of
insulin concentrations showed significant differences be-
tween the —232G- and —232C-containing constructs trans-
fected in all three cell lines (Fig. 1). Paired ¢ tests showed that
at 50 nmol/liter insulin, reporter activity was reduced from
baseline for the —232C-containing construct in HepG2 and
3T3L1 cells, but not in fibroblasts. These differences were not
significant for the —232G-containing construct in any cell
line. These results indicate that the —232G-containing con-
struct had both increased basal activity and failure of sup-
pression of activity with insulin compared with the —232C-
containing construct.

Discussion

These observations support earlier speculations regarding
putative common diabetes-related PCK1 promoter SNPs as-
sociated with increased basal PCK1 expression and/or fail-
ure to down-regulate in the presence of insulin (14). Tran-
scription of PCK1 is down-regulated by insulin (15) and
responds to several hormonal and nutritional stimuli (16).
Although regulation of PCK1 transcription involves several
response elements (14, 17, 18), the region between —490 and
+73 nt contains the minimal information for major transcrip-
tional properties (19). Insulin suppresses human PCKI ex-

Allele frequencies in control samples

Region SNP name” Genotyping method
African European South Asian Chinese Inult Oji-Cree
Promoter —-1237C—T Direct sequencing —1237T: 0.41 0.45 0.47 0.37 0.50 0.52
Promoter -1107C—>T Direct sequencing —1107T: 0.41 0.45 0.47 0.37 0.50 0.52
Promoter —-232C—G Maelll digestion —232G: 0.20 0.31 0.40 0.30 0.42 0.56
Exon 1 190A—G Cacl digestion 190G: 0.30 0.46 0.40 0.40 0.55 0.57
Exon 3 574G—A Allele specific method 574A:0.35 0.14 0.48 0.09 0.16 0.36
Exon 3 583A—G Taql digestion 583G: 0.33 0.45 0.43 0.08 0.17 0.31
Exon 3 610A—G Allele specific method 610G: 0.33 0.45 0.36 0.09 0.15 0.33
Exon 3 671C—G Bsrl digestion 671G: 0.03 0.13 0.25 0.31 0.21 0.33
(L184V)
Exon 6 1261C—T BsceHI digestion 1261T: 0.05 0.29 0.17 0.25 0.27 0.32

¢ Nucleotide numbering refers to numbers used in the cDNA sequence (GenBank accession no. NM_002591).
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TABLE 3. PCKI1 SNP pairwise linkage disequilibrium estimates in African (upper half) and Caucasian (lower half) samples
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-1237C—T —1107C—T —-232C—G 190A—G 574G—A 583A—G 610A—G 671C—>G 1261C—T
-1237C—-T 1.00¢ 0.150 0.017 0.010 0.037 0.014 0.268 0.264
-1107C—-T 1.00¢ 0.150 0.017 0.010 0.037 0.014 0.268 0.264
-232C—G 0.235 0.235 0.732¢ 0.080 0.601 0.056 0.105 0.103
190A—G 0.218 0.218 0.904“ 0.172 0.983“ 0.109 0.045 0.258
574G—A 0.075 0.075 0.001 0.108 0.124 0.944“ 0.223 0.162
583A—G 0.244 0.244 0.938 0.829“ 0.016 0.139 0.179
610A—G 0.036 0.036 0.035 0.010 0.828 0.010 0.340 0.179
671C—G 0.036 0.036 0.179 0.007 0.022 0.169 0.006 0.910“
1261C—T 0.060 0.060 0.191 0.103 0.135 0.103 0.496“ 0.101
“P < 0.05.
TABLE 4. PCKI1 SNP pairwise linkage disequilibrium estimates in East Indian (upper half) and Chinese (lower half) samples
—-1237C—T —-1107C—T -232C—G 190A—G 574G—A 583A—G 610A—G 671C—G 1261C—T
-1237C—T 1.00¢ 0.886“ 0.794“ 0.187 0.864“ 0.287 0.087 0.031
-1107C—-T 1.00* 0.886“ 0.794% 0.187 0.864“ 0.287 0.087 0.031
-232C—G 0.861“ 0.861“ 0.847¢ 0.158 0.927¢ 0.150 0.041 0.376
190A—G 0.010 0.010 0.062 0.244 0.923 0.227 0.066 0.046
574G—A 0.299 0.299 0.141 0.241 0.517¢ 0.884“ 0.010 0.210
583A—G 0.394“ 0.394“ 0.137¢ 0.264 0.964“ 0.140 0.075 0.371
610A—G 0.299“ 0.299 0.141 0.426“ 1.00¢ 0.916“ 0.018 0.121
671C—G 0.066 0.066 0.001 0.066 0.010 0.075 0.018 0.634“
1261C—T 0.507¢ 0.507¢ 0.042 0.338 0.012 0.023 0.012 0.296
“P < 0.05.
TABLE 5. PCK1 SNP pairwise linkage disequilibrium estimates in Oji-Cree (upper half) and Inult (lower half) samples
-1237C—-T —-1107C—T -232C—G 190A—G 574G—A 583A—G 610A—G 671C—>G 1261C—T
-1237C—T 1.00¢ 0.700“ 0.815 0.052 0.334“ 0.006 0.208 0.653
-1107C—-T 1.00¢ 0.700“ 0.815“ 0.052 0.334“ 0.006 0.208 0.653“
-232C—G 0.405“ 0.405“ 0.629 0.216 0.574“ 0.045 0.490“ 0.299“
190A—G 0.208 0.208 0.139 0.168 0.166 0.254 0.606“ 0.690
574G—A 0.104 0.104 0.418 0.229 0.146 0.952¢ 0.288 0.119
583A—G 0.456“ 0.456“ 0.456“ 0.450 0.955 0.042 0.004 0.670“
610A—G 0.282 0.282 0.592 0.487“ 0.918“ 1.00¢ 0.463“ 0.151
671C—G 0.177 0.177 0.425 0.606“ 0.288“ 0.004 0.463 0.332“
1261C—T 0.104 0.104 0.562 0.091 0.016 0.076 0.162 0.759
“P < 0.05.
TABLE 6. PCK1 —232C—G SNP genotype and allele frequencies in Caucasian and Oji-Cree samples
Total Genotype no. and frequencies P value Allele frequencies P value
-232C/C —232G/C -232G/G —232G
Oji-Cree type 2 DM 170 27 82 61 0.600
0.159 0.482 0.359
0.0065 0.0014
0ji-Cree controls 392 102 191 99 0.496
0.260 0.487 0.253
Caucasian type 2 DM 115 23 68 24 0.504
0.200 0.591 0.209
0.0002 0.0003
Caucasian controls 260 107 117 36
0.411 0.450 0.139 0.364

pression through an insulin response sequence (IRS) be-
tween nt —395 and —386, which is downstream of the IRS in
the rat promoter (14, 20). No naturally occurring human
variants have been found in this region (4). Our results dem-
onstrate that a common PCK1 promoter variant remote from
the IRS might alter normal down-regulation by insulin in
vitro, although the mechanisms are unclear. Despite the ob-
vious in vitro consequences, it is not clear that the differences
observed in transcription will necessarily result in important

physiological differences leading to type 2 DM due to such
factors as redundancy of pathways in vivo. Independent rep-
lication of both the association and the transcriptional find-
ings would be required using different populations and in
vitro model systems, respectively.

As with any association study, a positive result may not
necessarily be due to the variant in question being a direct
determinant of risk, but might arise from population strat-
ification or LD with a nearby unmeasured risk determining
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H epG2 polymorphism. The results summarized in Tables 3-5 sug-

gest that there are distinctive LD relationships between PCK1

Sers SNPs in different ethnic groups. For instance, of all pairwise

LD estimates, approximately one sixth were significant in

African and Caucasian subjects, about one third were sig-

445 {L{ M nificant in East Indian and Chinese subjects, and about half

were significant in aboriginal (Oji-Cree and Inuit) popula-

fers tions, strongly suggesting interethnic differences in the ge-

netic architecture of PCK1. Furthermore, the block of alleles

most commonly associated with —232C—G differed be-

345 | tween ethnic groups; only 583A—G showed significant LD

with —232C—G in all groups. These varying LD relation-

20451 ships taken together with the clear in vitro functional impact

of —232C—G increase the likelihood that this marker is itself

a contributor to the observed genetic associations.

- . . i , i . The —232C—G SNP occurs close to a region analogous to

0 20 40 60 80 100 120 the P3(I) domain of the rat PCK1 promoter (14). This domain

Insulin (nmol/L) is trans-activated when CCAAT/enhancer-binding protein

(C/EBP) isoforms C/EBPa and C/EBP form heterodimers

and bind. C/EBP is centrally involved in regulating the mul-

3T3L1 tiple hormone response of PCK1 gene expression. Engage-

ment of the C/EBPa and C/EBPB complex to the P3(I) reg-

30000 ulatory element is required along with thyroid hormone (T5)

and the retinoid X receptor binding in a heterodimer to the

25000 1 thyroid response element for T stimulation of PCKI (21).

{ cAMP stimulation of PCK1 transcription requires both cAMP

20000 | \.—{ r/_{ response elements to bind cAMP response element-binding

- protein or C/EBP (with similar affinity) and C/EBP to bind

to the P3(I) regulatory element (22). Alterations of such

protein-DNA interactions can now be studied using PCK1
promoter —232C- and —232G-containing constructs.

10000 How might the —232G—C SNP alter insulin suppression of

PCK1 expression? In transgenic mice, mutation of the accessory

5000 | factor 2-binding region in PCK1 (between nt —451 and —353)

abolished glucocorticoid-dependent hepatic transcription, with

no inhibition of expression by insulin (23). Furthermore, the
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Insulin (anI/ L) Fia. 1. Results of in vitro expression analysis of luciferase reporter
constructs containing either PCKI1 —232C (@) or —232G (O). The
upper, middle, and lower panels show results for transfections in

. HepG2 cells, 3T3L1 cells, and dermal fibroblasts, respectively. Con-
d erm al fl brO blaStS centrations of insulin are shown on the abscissa. Normalized RLU per
unit of B-galactosidase activity are shown on the ordinate. The
mean = SE of reporter activity for each insulin concentration is shown

for three sets of triplicate experiments performed on 2 separate days.

40000 - {\{ /_//_/{ The normalized basal (insulin concentration, 0 nmol/liter) luciferase
,_,_J activity was significantly higher for HepG2 cells, 3T3L1 cells, and

i\&{ dermal fibroblasts transfected with the —232G-containing construct

than in those transfected with the —232C-containing construct (P =
0.02, P = 0.05, and P < 0.0001, respectively). Repeated measures
analysis of reporter activity across the range of insulin concentrations
20000 showed significant differences between the —232G- and —232C-
containing constructs transfected in HepG2 (P = 0.0003), 3T3L1 (P =
0.0008), and dermal fibroblast (P < 0.0001) cell lines. Paired ¢ tests
10000 showed that for an insulin concentration of 50 nmol/liter, reporter
activity was significantly reduced from baseline for the —232C-

H g £ 3 containing construct transfected in both HepG2 (P = 0.0003) and
0 3T3L1 (P = 0.02) cell lines, but not in fibroblasts. Paired ¢ tests
. . . . ; . showed that for an insulin concentration of 100 nmol/liter, reporter

normalized RLU/beta-Gal

0 20 40 60 80 100 120 activity was significantly reduced from baseline for the —232C-
. containing construct transfected in both HepG2 (P = 0.05) and 3T3L1
Insulin (nmol/ L) (P = 0.02) cell lines, but not in fibroblasts. In contrast, these differ-

ences were not significant for the —232G-containing construct in any
cell line (all P > 0.30).
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induced mutation had opposite effects in liver and kidney,
indicating that tissue specificity compounds the complexity of
PCK1 expression and demonstrating that insulin does not exert
its negative effect on the PCK1 promoter through accessory
factor 2 (23). Full PCK1 promoter activation also requires the
coactivator PPARYy coactivator-1 (PGC-1) (24). The dependence
of insulin suppression of PCK1 expression on PGC-1 was also
suggested by induction of PGC-1 expression in both type 2 DM
and mice with a disrupted insulin receptor gene (25).

The region of chromosome 20q in proximity to PCK1 was
linked with type 2 diabetes in at least two genome-wide scans
(26, 27), implicating PCK1 as a candidate gene based on both
chromosomal position and function. Although earlier analysis
of the PCK1 promoter using SSCP found no genomic variants
in type 2 DM (4), a more recent study using SSCP identified
PCK1 —232C—G and found it to be associated with type 2
diabetes in Japanese subjects (28). Thus, SSCP might have vari-
able sensitivity for detecting certain SNPs. There have been no
systematic studies comparing the sensitivity and specificity of
SSCP with direct DNA sequencing to detect mutations in dif-
ferent genomic regions using different protocols. In our facility,
the increment in cost for screening by direct genomic DNA
sequencing compared with SSCP is about 2.5-fold. Discoveries
of diabetes-causing gene mutations using sequencing as a
screening method (5-8) have lowered our threshold for using
this technology. Given the importance of minimizing false neg-
ative results when screening for DNA variants with potential
pathogenic implications, it may be advantageous to include
direct genomic sequencing in a screening strategy despite the
increment in cost.
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