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Abstract

A small 12-kb haplotype upstream of the AKT1 gene has been found to be associated with insulin

resistance phenotypes. We sought to define the functional consequences of the three component

polymorphic loci (rs1130214, rs10141867, rs33925946) on AKT1 and the upstream ZBTB42 gene.

5′ RACE analysis of AKT1 transcripts in human skeletal muscle biopsies showed the predominant

promoter to be 2.5 kb upstream of exon 2, and distinct from those promoters previously reported

in rat. We then studied the effect of each of the three haplotype polymorphisms in transcriptional

reporter assays in muscle, bone, and fat cell culture models, and found that each modulated
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enhancer and repressor activity are in a cell-specific and differentiation-specific manner. Our

results in promoter assays are consistent with the human phenotype data; we found an anabolic

effect on muscle and bone with increased mRNA expression of AKT1, and catabolic effect on fat

with decreased expression. To test the hypothesis that rs10141867 affects transcription levels of

the novel zinc finger protein ZBTB42 in vivo, we developed the allele-specific expression assay

using Taqman technology to test for allelic differences within heterozygotes. The allele containing

the derived polymorphism (haplotype H2) showed a 1.75-fold increase in expression in human

skeletal muscle. Our data show a particularly complex effect of the component polymorphisms of

a single haplotype on cells and tissues, suggesting that the coordination of different tissue-specific

effects may have driven selection for the H2 haplotype. In light of the recent abundance of SNP

association studies, our approach can serve as a method for exploring the biological function of

polymorphisms that show significant genotype/phenotype associations.

Introduction

AKT1/PKBα is part of a family of protein kinases that includes three members (AKT1/

PKBα, AKT2/PKBβ, and AKT3/PKBγ) believed to share some functional redundancy

(Cheng et al. 1992; Jones et al. 1991a, b; Konishi et al. 1995; Peng et al. 2003;

Vanhaesebroeck and Alessi 2000; Yang et al. 2005). AKT1 is the most extensively studied

of this family. AKT1 is a key part of the IGF1/insulin-signaling pathway, is activated by

both intracellular (altered receptor tyrosine kinase, Src and Ras) and extracellular (growth

factors, cytokines, stress) stimuli, and regulates a variety of cellular processes, including cell

growth, survival, differentiation, and metabolism (Alessi et al. 1996; Burgering and Coffer

1995; Cross et al. 1995; Liu et al. 1998; Shaw et al. 1998). Murine knockouts for the AKT1

gene show stunted growth, but otherwise appear normal (Chen et al. 2001).

As a result of its position in a key signaling pathway, AKT1 has been postulated to have two

major roles: regulated induction of muscle cell hypertrophy and atrophy and as a key

mediator in the insulin-signaling pathway. Animal experiments have provided evidence that

AKT1 plays a significant role in muscle hypertrophy and atrophy (Bodine et al. 2001; Chen

et al. 2001; Stitt et al. 2004). Specifically, AKT1 phosphorylation state dictates downstream

induction of mTOR, leading to increased protein synthesis and promoting muscle

hypertrophy (Brunn et al. 1997; Lin and Lawrence 1996). In addition, AKT1 phosphorylates

(and thus inactivates) the FOXO family of transcription factors, which prevents the

induction of the atrophy signals (Sandri et al. 2004; Stitt et al. 2004).

The location of AKT1 in the insulin-signaling pathway has led to examination of its

potential role in glucose homeostasis and the development of insulin resistance. Ueki et al.

(1998) showed that expression of a constitutively active form of AKT1 induced glucose

uptake, glycogen synthesis, and protein synthesis in cultured L6 myotubes. Basal (i.e.

without insulin action) glucose uptake and basal glycogen synthesis were reduced in cells in

which AKT1 was knocked down with siRNA (Bouzakri et al. 2006). Krook et al. (1998)

found evidence for a link between AKT1 and insulin resistance when they reported that

AKT1 activity in response to maximal insulin was markedly reduced in skeletal muscle from

subjects with T2D (66% of control levels, p < 0.01) when compared to that of control
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muscles. Similar results were found in adipocytes, with AKT1 activity in response to insulin

impaired by ~50% in adipocytes from T2D subjects when compared to controls (Rondinone

et al. 1999).

There is also evidence that AKT1 regulates heart size. Several studies have shown that

overexpression of an activated form of AKT1 induced cardiac hypertrophy via an increase in

cardiomyocyte size (Condorelli et al. 2002; Matsui et al. 2002; Shiojima et al. 2005). In

addition, mouse AKT1 knockout models failed to show the normal cardiac hypertrophy in

response to exercise training, revealing further evidence for the role of AKT1 in cardiac

growth and size (DeBosch et al. 2006).

It is clear that AKT1 plays a role in a variety of conditions; therefore, understanding

polymorphic variation in this gene may offer insight into disease states as well as normal

human phenotypic variation. Although several studies have shown associations between

AKT1 polymorphisms and various phenotypes (Bajestan et al. 2006; Emamian et al. 2004;

Ikeda et al. 2004; Ludlow et al.2007; Riska et al. 2007; Schwab et al. 2005), the literature

examining the functional role of AKT1 polymorphisms in vivo is very scarce. We have

recently conducted a SNP discovery program on the AKT1 gene, and found genotype/

phenotype associations with fasting glucose and insulin levels as well as predisposition for

the development of metabolic syndrome in human populations (J. Devaney et al.,

submitted). We determined that there are no common polymorphisms (minor allele

frequency greater than 10%) within the protein-coding sequence of the AKT1 gene;

however, there were a series of polymorphisms in introns, and upstream of the gene.

Particularly important was a 12-kb region immediately upstream of the AKT1 gene that

showed only two common haplotypes, defined by three core polymorphisms in tight linkage

disequilibrium (rs1130214, rs10141867, rs33925946). To define the functional significance

of these polymorphisms, we sought to determine their placement relative to the

transcriptional start site and promoter of the AKT1 gene in human skeletal muscle. We also

sought to determine the functional significance of the H2 haplotype polymorphisms, which

have shown associations with human metabolic phenotypes.

We characterized the novel protein ZBTB42, which contains SNP rs10141867, one of the

SNPs of haplotype H2, in its coding sequence (S. Devaney and E. Hoffman, submitted). We

showed that this protein is highly expressed in human skeletal muscle where it localizes to

the nuclei. To define the functional significance of SNP rs10141867 on transcriptional

activity of ZBTB42, we designed an assay to test the allele-specific expression of this

coding sequence SNP.

Patients, materials, and methods

Patient materials

A human muscle biopsy used for mRNA studies (5′ RACE) was from previously existing

pathological specimens from a molecular diagnostics program, where the sample was

deidentified and included a consent form for use of the specimen for research purposes

approved by the CNMC IRB (#2405). The muscle showed no evidence of degeneration or

regeneration.
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5′ RACE

5′ Rapid Amplification of cDNA Ends (RACE) was performed on total RNA isolated from a

human muscle biopsy. The RACE technique was performed using the SMART RACE

cDNA Amplification Kit (Clontech) according to manufacturer’s recommendations, using

an AKT1-specific anti-sense primer (5′-TGTACTCCCCTCG TTTGTGCAGCCAACC-3′).

Following RACE, the resultant cDNA was PCR-amplified (Clontech Advantage GC 2 PCR

Kit) using a forward primer specific to the Clontech 5′ RACE adaptor sequence and a nested

reverse primer specific for AKT1 (5′-CTTCACAATAGCCACGTCGC-3′). The PCR

products were gel-purified using Qiagen’s QIAquick Gel Extraction Kit and cloned into a

TOPO TA cloning plasmid (Invitrogen). The plasmids were then grown up in One Shot

Chemically Competent E. coli (Invitrogen) and plated on LB plates containing 50 μg/ml

ampicillin. Plasmids were isolated from ampicillin-resistant colonies using Qiagen’s

Plasmid Mini Kit, and inserts sequenced via automated sequencing (Applied Biosystems

3100 Genetic Analyzer). Sequence data were aligned and analyzed using Sequencher

software, version 4.1.4 (Gene Codes Corporation).

Synthesis of complementary DNA from total RNA extracted from muscle biopsies of
heterozygotes

Total RNA was extracted from human skeletal muscle biopsies. Complementary DNA was

reverse transcribed from 1 lg of mRNA using a cDNA synthesis kit and oligo(dT) primers

according to the manufacturer’s protocol (Invitrogen Corporation, Carlsbad, CA).

Promoter assays

Three distinct regions of the AKT1 gene were amplified from genomic DNA from an

individual homozygous for H1 and an individual homozygous for H2 (see “Results”): region

1, +2,277 to +2,517 bp, from Genbank NM_001014431.1 containing +G2,347T

(rs1130214); region 2, −6,163 to −5,956 bp, containing −C6,024T (rs10141867); region 3,

−9,867 to −9,625 bp, containing −C9,756A (rs33925946). Each of the three regions was

cloned into a pGL3-Promoter vector (Promega) to assay enhancer/repressor activity of the

region. Three different murine cell lines were transfected, each in an undifferentiated

(proliferating) state, and in a differentiated state: C2C12 myogenic cells (myoblasts,

myotubes), 3T3-L1 adipocytes (undifferentiated, differentiated), MC3T3-E1 osteoblasts

(undifferentiated, differentiated). C2C12 cells were cultured in growth medium (DMEM,

10% FBS, 1% Penicillin/Streptomycin) and transfected when they reached 70% confluence.

Half the cells were harvested at 24 h post-transfection (myoblasts), while the other half were

switched to a differentiation media (DMEM, 2% horse serum, 1× Insulin-Transferrin-

Selenium-G supplement, 1% Penicillin/Streptomycin) at this time and then harvested 48 h

post-induction of differentiation (myotubes). 3T3-L1 cells were cultured in growth medium

(DMEM, 10% bovine calf serum, 1% Penicillin/Streptomycin) and transfected when they

reached 70% confluence. Half the cells were harvested at 24 h post-transfection

(undifferentiated), while the other half were allowed to grow for another 48 h before they

were induced to differentiate (72 h post-transfection) by switching to a differentiation media

(DMEM, 10% bovine calf serum, 0.5 mM isobutylmethylxanthine, 1 μg/ml insulin, 1 μM

dexamethasone, 1% Penicillin/Streptomycin) and re-transfected at this time. The
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differentiated cells were then harvested 72 h post-induction of differentiation. MC3T3-E1

cells were cultured in growth medium (Alpha-MEM without ascorbic acid, 10% FBS, 1%

Penicillin/Streptomycin) and transfected when they reached 70% confluence. Half the cells

were harvested at 24 h post-transfection, while the other half were switched to a

differentiation media (Alpha-MEM with ascorbic acid, 10% FBS, 10 mM beta-glycerol

phosphate, 1% Penicillin/Streptomycin) at this time and then harvested 48 h post-induction

of differentiation. Each undifferentiated and differentiated cell line was transfected at three

separate times, with triplicate plates for each transfection and luciferase assay (total 9 values

per construct and cell type and differentiation state). Three constructs for each region were

transfected (vector alone, H1, H2). Thus, data from a total of 486 transfections were

analyzed.

Transfection data were analyzed using repeated measures analysis of variance models with

replicate and transfection effects (3 replicates for each of three independent transfection

experiments; 9 transfections/construct total). All analyses except where noted were done

using Stata Ver. 8.0 (College Station, TX).

ASE assay

The template (both cDNA and the corresponding genomic DNA) is mixed with 900 nM

forward and reverse PCR primers, 200 nM fluorescent allele discrimination probes and

TaqMan® Universal PCR Master Mix, No AmpErase® UNG [Applied Biosystems (ABI),

Foster City, CA, USA] to a final volume of 25 μl. Samples are plated in triplicate. The

amplification and probe release are done in the ABI 7900HT. Fluorescent readings are taken

after each of the 44 amplification cycles.

Data analysis for ASE

Data analysis is done using Ct values, normalizing the cDNA to genomic DNA. The

normalized ΔCt VIC is then set to 1, resulting in a fold-difference of Ct FAM in reference to

VIC:

Fold-difference = 2(−ΔΔCt).

Results

Mapping AKT1 exon 1 in human skeletal muscle

In order to map the 5′ end (exon 1 and promoter) of the human AKT1 gene, we performed 5′

RACE on total RNA isolated from human muscle tissue. Figure 1 shows the RefSeq

transcripts for AKT1 from the UCSC genome browser (Fig. 1a) as well as the results of our

RACE analysis on the 5′ end of AKT1 (Fig. 1b). Sequence analysis of seven PCR product

clones showed two alternative promoters: six clones contained the longer transcript, one

contained a shorter transcript with an alternative exon 1, annotated exon 1B. The longer

transcript matched RefSeq transcript NM_001014431.1; however, exon 1A was truncated in

our transcript. The shorter transcript matched RefSeq transcript NM_005163.2. Both of
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these transcripts share exon 2, but with distinct 5′ untranslated regions. There were no

putative TATA boxes immediately upstream of either of these transcripts discovered via

RACE. TATA boxes are often found upstream of the promoter of genes and direct RNA

polymerases to the transcription initiation site. Because six of the seven clones contained the

longer sequence, we chose to focus on that sequence under the assumption that muscle cells

preferentially express the NM_001014431.1 RefSeq transcript. The SNP numbering for this

study is relative to exon 1A, which is the major promoter in human skeletal muscle.

However, we use the rs number for each SNP (Table 1).

The three core AKT1 H2 polymorphisms are highly conserved through human, chimp,
mouse, rat and dog genomes

Conservation of genomic DNA sequences through different species can be indicative of that

region having a functional relevance (Frazer et al. 2003; Kellis et al. 2003). We utilized the

UCSC genome browser to identify highly conserved sequences in and near the three core

loci in the H2 haplotype. This showed that the 12-kb H1 haplotype contained multiple

regions of high conservation, including local conservation around each of the three core

polymorphisms. To determine if the common alleles at each locus represented the ancestral

alleles, we compared the DNA sequences of the human AKT1 gene to chimpanzee, mouse,

rat, and dog, immediately bordering the three core loci in the H2 haplotype (Table 1). The

ancestral allele of each SNP (haplotype H1) was highly conserved between human,

chimpanzee, mouse, rat and dog as shown in the black boxes, which are centered in Table 1.

In addition, the regions surrounding the alleles of H1 showed high conservation among the

vertebrates as shown in the gray and white boxes to the left and right of the H1 SNPs in

Table 1. In each case, the H2 allele changed the polymorphism away from the conserved

sequence, suggesting that the polymorphism might have functional significance (Frazer et al.

2003; Kellis et al. 2003). SNP rs10141867 is located within the coding sequence of ZBTB42;

however, this is a synonymous change and therefore does not change the amino acid of the

gene product.

Functional assessment of component loci in the H1 and H2 haplotypes upstream of AKT1

The three component polymorphisms of H2 altered evolutionarily conserved residues yet

none were predicted to influence protein-coding sequences, which may indicate a functional

change at the protein level. Therefore, we hypothesized that the SNPs of H2 may reside in

transcriptional regulatory sequences and thus might alter transcriptional regulation of the

AKT1 or ZBTB42 genes. We studied the enhancer/repressor activity of each region in both

undifferentiated and differentiated muscle, bone, and fat cells. We chose muscle, fat and

bone, because AKT1 has been implicated in skeletal muscle hypertrophy and atrophy

(Bodine et al. 2001). In addition, bone can undergo hypertrophy following exercise (Jones et

al. 1977) and the role of AKT1 is not well understood in bone health. Subsequent analyses

showed strong associations with metabolic phenotypes in a forthcoming paper (J. Devaney

et al., in preparation).

250-bp regions were amplified, with each containing one of the three core loci (Table 1)

from human volunteers homozygous for H1, and others homozygous for H2. Each allele-

specific region was then cloned into pGL3-Promoter reporter constructs, leading to six
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constructs (two genotypes each for three regions), as well as empty vector controls. Each of

the three constructs was transfected in triplicate (9 transfections) into muscle cells (C2C12),

fat cells (3T3-L1), and bone cells (MC3T3-E1). Each construct was transfected into both

proliferating undifferentiated cells (70% confluence), and differentiated cells (differentiation

media specific for each cell type). A total of 486 transfections were performed, luciferase

activity assessed, and repeated measures analysis of variance models computed, with results

summarized in Table 2. These data show that each of the three conserved regions functioned

as either a transcriptional enhancer or repressor, with the activity often dependent on the

specific allele (H1 vs. H2), cell type (bone, muscle, or fat), and differentiation state (Table

2). Results for differentiated cells are shown in Fig. 2.

We found that the regions containing the SNPs of the H2 haplotype showed more dramatic

effects in enhancer activities, often altering the function of the SNPs of H1. In muscle cells

(C2C12), the expression constructs containing H2 sequences showed greater enhancer

activity than H1 constructs, both in the undifferentiated and differentiated states, with the

exception of the rs1130214 allele in undifferentiated muscle, which shows no significant

change (Table 2; Fig. 2). In differentiated muscle cells, the H2 constructs showed a 1.7-fold

(rs1130214), 15.7-fold (rs10141867), and 7.5-fold (rs33925946) greater expression than the

empty vector. The H1 constructs for each of these same SNPs did not show significant

enhancer activity. These data suggest that H2 likely leads to greater expression of AKT1

mRNA in both undifferentiated and differentiated muscle cells.

The results for fat cells were more variable depending on allele and differentiation state of

cells. The results for both differentiated and undifferentiated cells are listed in Table 2, while

the results for differentiated cells are shown in Fig. 2. Here, we discuss the results of the

differentiated fat cells. The H2 rs1130214 construct decreased expression by −1.4-fold; H1

did not significantly alter expression. The H2 rs10141867 construct increased expression by

2.2-fold; H1 did not significantly alter expression. The H1 rs33925946 construct showed the

strongest effect and increased expression by 3.9-fold; H2 did not significantly alter

expression in differentiated cells (Table 2; Fig. 2). In bone cells, H2 expression constructs

showed greater enhancer activity than H1 constructs both in the undifferentiated and

differentiated states (Table 2; Fig. 2). In the rs1130214 construct, neither H1 nor H2 caused

a significant change in expression in differentiated cells. However, in the rs10141867

construct and the rs33925946 construct, H2 increased expression in differentiated cells by

2.6- and 5.8-fold, respectively. The polymorphisms showed a complex effect on enhancer

and repressor activity of the constructs, although H2 generally showed enhancer effects in

muscle and bone, and repressor effects in fat, consistent with the human phenotype data.

Overall, the most dramatic enhancer activity was of the derived allele of rs10141867, which

is within the coding region of the ZBTB42 gene. This region showed a 786-fold induction of

transcription in undifferentiated muscle, and a 15.7-fold induction in differentiated muscle

(Fig. 2; Table 2).

Development of a novel technique to measure allele-specific expression

ASE is a novel method of analyzing mRNA expression levels in heterozygotes for a SNP of

interest. The SNP of interest has to be located within the coding sequence of a gene, because
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the template is the cDNA of heterozygotes instead of genomic DNA. This assay exploits the

highly sensitive Taqman Assay, which was designed to discriminate between two alleles, by

labeling them with one of two reporter dyes, within one DNA sample with high sensitivity

in endpoint analysis.

We have named the assay the ASE assay. ASE exploits the highly sensitive Taqman Assay,

which is used to discriminate between two alleles, by labeling them with one of two reporter

dyes (VIC and FAM), within one DNA sample with high sensitivity in endpoint analysis.

We altered some components of the Taqman Allele Discrimination Assay to allow us to get

an answer to the specific question of allele-dependent transcript expression level variation.

First, the SNP must be located within the coding sequence of a gene, because the template is

the cDNA of heterozygotes instead of genomic DNA, which is used in classic genotyping.

Second, instead of using genomic DNA, we reverse transcribed a cDNA template from

mRNA. A genomic template was used from the same individual to act as a control for equal

allelic expression. Finally, ASE is done in real-time (as opposed to endpoint analysis) with

measures of fluorescence levels of each probe taken at the end of each 44 amplification

cycles. This provides us with 44 snapshots of transcript doubling, plotted as log 2. The linear

portion of this scale is then used to set a threshold at which the cycle number necessary to

reach that fluorescence level can be used as a relative value of expression in the starting

material. The cDNA values are normalized to the genomic values for the two markers

providing a fold-difference between the major and minor alleles of the coding SNP in

cDNA.

ASE correctly quantifies the fold-changes in genomic spike-ins

To determine if our modified ASE method showed true differences in allelic expression, we

designed a gradient of genomic spike-ins representing different ratios of the major to minor

allele for rs10141867. To mimic a heterozygote but also be able to adjust the ratio between

the two alleles in a controlled manner, we mixed genomic DNA from homozygote normal

(NN) and homozygote mutant (MM) individuals for a SNP of interest at various ratios

(N:M): 1:1, 1:2, 1:5 and 1:10. The 1:1 ratio is the control sample. The design of these testing

ratios may be useful for the characterization of mitochondrial DNA heteroplasmy using ASE

(Tang and Huang 2010). Mean Ct values for the “test” ratios are normalized to this to

account for the difference in emission intensities between the two dyes. The test samples

represent a gradient of fold differences that may occur physiologically at the transcript level

in a heterozygote with a coding sequence SNP that is regulating transcription in one

direction.

The fold-changes of the different spike-ins were close to the actual ratio (Fig. 3). The

calculated fold-change of our 1:2 (N:M) genomic spike-in was 2.16 of the mutant allele in

reference to the normal allele. As the concentration of the mutant compared to the normal

increased (ratios 1:5 and 1:10), the assay got less sensitive with fold-changes of 7.39 and

9.09, respectively.
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ASE correctly quantifies the fold-change in expression in transcripts carrying nonsense
SNPs

To further test the sensitivity of the ASE method to capture intra-sample variation, we tested

the coding sequence SNP R577X of ACTN3. This SNP codes for a nonsense mutation,

which initiates nonsense-mediated decay (NMD) of the transcript in vivo resulting in

transcript level reduction of ~90% compared to the ancestral allele (North et al. 1999).

Using our new ASE method, we show a tenfold downregulation of the X allele compared to

the R allele within heterozygote individuals (Fig. 4). These data correspond with the

literature surrounding expression levels of ACTN3 R577X. This verified that the ASE

method could detect expression differences in heterozygotes for a coding sequence SNP.

The derived allele of SNP rs10141867 causes a 1.75-fold increase in expression over the
ancestral allele in ZBTB42

To test the hypothesis that SNP rs10141867 of our AKT1 haplotype affects transcription

levels of the ZBTB42 gene, we used ASE on heterozygote cDNAs. We synthesized cDNAs

from mRNA extracted from skeletal muscle from five heterozygote individuals. Genomic

DNA from the same individuals served as the controls. When normalized to their genomic

match, the derived allele of rs10141867 is expressed at 1.75-fold over the expression of the

ancestral allele within the ZBTB42 gene (Fig. 5). This is intriguing as it supports the results

of our promoter assay in C2C12 cells, which showed a significant enhancer activity for the

derived allele of rs10141867.

Discussion

AKT1 protein function is central to many signaling pathways, and recent publications have

begun to show genetic associations with human phenotypes and polymorphisms in and

upstream of the AKT1 gene (Emamian et al. 2004; Ludlow et al. 2007; Riska et al. 2007;

Schwab et al. 2005). While the AKT1 protein is strongly regulated by phosphorylation state,

the association of polymorphisms upstream of the gene suggests that transcriptional

regulation may also be important with regard to AKT1 protein function. Transgenic

knockouts of AKT1 are consistent with this; in that null mutants for AKT1 are quite runted

(Chen et al. 2001).

The H2 haplotype includes polymorphisms previously shown to be linked to muscle strength

(Ludlow et al. 2007), body composition (Riska et al. 2007), bone volume, and metabolic

syndrome. These data suggest that polymorphisms of functional significance to the

regulation of the AKT1 gene are within this 12-kb region. To query the functional

significance of the upstream haplotype and component SNPs, we first established promoter

usage in human muscle tissue. We carried out 5′ RACE on human muscle RNA, and

identified two alternative first exons (Fig. 1). The further upstream promoter (Exon 1A) was

preferentially used in muscle (6:1 relative to Exon 1B). Mapping of the upstream haplotype

showed that the 12-kb region in strong linkage disequilibrium extended from 10 kb upstream

of exon 1A (rs33925946), through Exon 1B (rs1130214), and within the coding sequence of
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ZBTB42 (rs10141867). All SNP numbering in this current study is relative to Exon 1A, the

major promoter in muscle.

Each of the three component SNPs in strong linkage disequilibrium (rs1130214,

rs10141867, rs33925946) was amplified from genomic DNA from individuals homozygous

for H1, and homozygous for H2, and ~250-bp regions containing these SNPs were studied

for transcriptional enhancer/repressor function relative to empty vector. As AKT1 genotypes

have been associated with muscle, bone and fat phenotypes (J. Devaney et al., manuscript in

preparation), we studied commonly utilized murine cell lines representing each of these

tissue types [C2C12 (muscle), 3T3-L1 (fat), MC3T3-E1 (bone)]. H1 includes the ancestral

sequence (shared with chimpanzee and other species) in all three regions tested (Table 1).

Comparing the enhancer and repressor activities of the three component regions of H1

(ancestral) sequences, we demonstrated that these regions functioned as a repressor in

undifferentiated muscle cells (rs1130214), undifferentiated fat cells (rs1130214), and

undifferentiated bone cells (rs10141867). This same haplotype showed enhancer activity in

differentiated fat (rs33925946). H2 showed more dramatic effects in enhancer activities,

often altering the H1 function. Overall, strong enhancer activity was seen for both the

derived alleles of rs1130214 and rs33925946 for all cell types and differentiation states, with

the strongest enhancer activities in muscle and bone cells (Table 2). Most dramatic was the

enhancer activity of the derived allele of rs10141867 within ZBTB42 (Fig. 2). This region

showed a 786-fold induction of transcription in undifferentiated muscle, and a 15.7-fold

induction in differentiated muscle. The rs33925946 region of H2 also showed strong

enhancer activity in both muscle and bone (Table 2).

The strong enhancer activity of the rs10141867 SNP of H2 led to our hypothesis that this

SNP is increasing the transcription levels of the ZBTB42 gene. We found that the derived

allele of this SNP was in fact causing a 1.75-fold increase in expression of the ZBTB42 gene

when compared to the ancestral allele within skeletal muscle of heterozygotes. These data

show that each of the three component polymorphisms of H2 upstream of the AKT1 gene

and within the coding sequence of ZBTB42 has strong functional consequences on

transcriptional activity. Our data also suggest that each of the three regions in strong linkage

disequilibrium functions as linked enhancer/repressors.

In conclusion, our study shows that the transcriptional regulation of AKT1 protein

expression is likely very complex, with multiple enhancers and repressors showing cell- and

differentiation-specific effects. Moreover, polymorphisms of three regions seem to have co-

evolved to establish a haplotype that may serve to coordinate metabolic phenotypes of

fasting glucose, insulin, BMI and predisposition to metabolic syndrome. These associations

coupled with the enhancer activity and higher expression of transcripts carrying H2 implies

a deviation from the historic need in humans to have thrifty genes. These are genes or

polymorphisms that allow the individual to be more economical with energy so that they

will be better able to survive famines and droughts. The advent of agriculture and

domestication or herding of game may have relaxed this need to store higher levels of fat

and keep muscles smaller. In this relaxation, the H2 haplotype may have developed and

grown to high frequency due to its protection against metabolic phenotypes that predispose

to comorbidities such as T2D and cardiovascular pathologies.
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Abbreviations

3T3-L1 Murine fat cells

AKT1 v-akt murine thymoma viral oncogene homolog 1

ASE Allele-specific expression assay

BMI Body mass index

C2C12 Murine muscle cells

FAMUSS Functional SNPs associated with muscle size and strength

FOXO Forkhead box O

H1 AKT1 haplotype H1

H2 AKT1 haplotype H2

LPH Lactase-phlorizin hydrolase

MAF Minor allele frequency

MC3T3-E1 Murine bone cells

MM Homozygote mutant

mTOR Mammalian target of rapamycin

mZBTB42 Mouse ZBTB42

NN Homozygote normal

PDK PI-dependent kinases

PI3K Phosphatidylinositol 3 kinase

PKB Protein kinase B

PPARg Peroxisome proliferator-activated receptor gamma

RACE Rapid Amplification of cDNA Ends

RST Resistin

S6K1 S6 kinase

SH2 Src-homology 2

SNPs Single nucleotide polymorphisms

T2D Type 2 diabetes

UTR Untranslated region

WHO World Health Organization

YRI Yoruban HapMap population

ZBTB42 Zinc finger and BTB domain containing 42
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Fig. 1.
AKT1 5′ RACE transcripts in human muscle identify preferential use of upstream promoter.

RefSeq transcripts for AKT1 from the UCSC genome browser (a) as well as the results of

our RACE analysis on the 5′ end of AKT1 (b). The initial exon of the AKT1 gene in human

muscle was identified through 5′ RACE. Seven products were sequenced, with six (N = 6)

showing a first exon (Exon 1A) corresponding to RefSeq NM_001014431.1 (a) and one

corresponding (N = 1) (b) to an alternative promoter closer to exon 2 (Exon 1B from a)
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Fig. 2.
H2 component sequences function as enhancers in differentiated muscle and bone cells, and

repressors in fat cells. Shown are representative data of allele-specific cell transfections of

differentiated cells for muscle (left-most graphs C2C12 myotubes), fat (center 3T3-L1), and

bone (right MC3T3-E1). Means and standard errors are shown for a 3 × 3 replicates (total 9

transfections). Shown are the empty promoter construct (pGL3, “Pro”), H1 sequences:

rs1130214, rs10141867, rs33925946 (Pro+2347GG, Pro−6024CC, Pro−9756CC), and H2

sequences (Pro+2347TT, Pro−6024TT, Pro−9756AA). Each SNP included approximately

250 bp surrounding the polymorphism. The polymorphisms showed a complex effect on
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enhancer and repressor activity of the constructs, although H2 generally showed enhancer

effects in muscle and bone, and repressor effects in fat, consistent with the human phenotype

data
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Fig. 3.
ASE correctly identifies the fold-change of a genomic spike-in at ratios 1:1, 1:2, 1:5 and

1:10. Genomic DNA from one individual homozygous for the H1 allele of rs10141867 and

one individual homozygous for the H2 allele of rs10141867 were mixed to create four

mixtures of varying ratios (H1:H2): 1:1, 1:2, 1:5 and 1:10. ASE analysis was done in

triplicate on the four mixtures. Expression levels of the 1:1 and 1:2 ratios showed the fold-

change expected (1:1 and 1:2.16, respectively). The 1:5 and 1:10 ratios were not as

accurately identified in fold-change by ASE, but the trend was in the correct direction

(1:7.39 and 1:9.09, respectively). ASE analysis may be better able to identify smaller fold-

changes with higher accuracy
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Fig. 4.
The nonsense SNP R577X within the ACTN3 gene causes a tenfold down-regulation of

ACTN3 expression. ASE analysis was done on cDNA (reverse transcribed from total RNA)

from frozen human skeletal muscle biopsies from heterozygote individuals for the R577X

SNP. The derived allele (the nonsense mutation) shows a tenfold down-regulation of ACTN3

expression compared to the ancestral R allele. Expression levels of the two alleles were

normalized to genomic DNA from the respective sample
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Fig. 5.
SNP rs10141867 of H2 causes a 1.75-fold increase in expression of AX721091 in human

skeletal muscle. ASE analysis was done on cDNA (reverse transcribed from total RNA)

from human skeletal muscle biopsies of heterozygote individuals for SNP rs10141867

(G/A). The derived allele (H2) confers a 1.75-fold increase in transcription of ZBTB42 in

vivo. Expression levels of the two alleles were normalized to genomic DNA from the

respective sample
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Table 1

Conservation of sequence surrounding the three core AKT1 H2 polymorphisms

Sequences are shown relative to the human reference sequence of chromosome 14. Only human, chimpanzee, mouse, rat, and dog are shown,
although there is also strong conservation through fish of the –C6024T polymorphism. The base altered by the H2 polymorphism is shown in black
and conserved residues shown in gray highlight
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Table 2

The component polymorphisms of H2 of AKT1 show cell type- and differentiation-specific effects on

transcriptional activity

AKT1 (+G2347T), rs1130214 AKT1 (−C6024T), rs10141867 AKT1 (−C9756A), rs33925946

Allele G H1 Allele T H2 Allele C H1 Allele T H2 Allele C H1 Allele A H2

Undifferentiated

 Muscle
−1.2

§ − −
+786.0

§ −
+6.6

§

 Bone − −
−1.4

§
+ 1.4

§ −
+9.0

#

 Fat −4.2 −3.2 −
+2.5

§ − −2.8

Differentiated

 Muscle −
+ 1.7

§ −
+15.7

# −
+7.5

#

 Bone − − −
+2.6

§ −
+5.8

§

 Fat − −1.4 − +2.2
+3.9

§ −

All values shown have p < 0.05;

#
p < 0.01;

§
p < 0.001; – not significant
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