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of genotype and environmental factors, including diet. 
CVD is characterized by accumulation of lipoproteins, in-
fl ammatory cells, and fi brous tissues in the walls of the ar-
teries, resulting in development of lesions ( 2, 3 ). Upon 
rupture of advanced arterial plaques, occlusion of narrow 
arteries by thrombosis may lead to heart attack or stroke 
( 4 ). Thus, CVD has profound economic and social impact. 

 Dyslipidemia is a major variable in the etiology of ath-
erosclerosis; high serum levels of LDL-cholesterol (LDL-C) 
and low serum levels of HDL-cholesterol (HDL-C) are as-
sociated with high risk of developing atherosclerosis in hu-
mans and experimental animals ( 3, 5, 6 ). Because LDL-C 
is positively correlated with the extent and severity of ath-
erosclerotic lesions ( 2 ), genetic variation underlying dif-
fering individual LDL-C serum concentrations is an 
important determinant of atherosclerosis. Signifi cant in-
formation is available on a few genes that infl uence dyslipi-
demia ( 7–9 ), and microRNAs (miRNA) regulate their 
expression ( 10 ); however, these genes account for only a 
small percentage of LDL-C variation ( 11 ). In addition, de-
spite the enormous economic and social constraints caused 
by dyslipidemia, there is still lack of a comprehensive 
understanding of underlying molecular genetic mecha-
nisms regulating variation in LDL-C serum concentrations 
that, consequently, impairs efforts to develop genetically in-
formed, personalized treatment. A systems biology approach 
has the potential to uncover gene networks underlying dys-
lipidemia-related genetic variation and provide insights to 
candidate therapeutic targets. 

 Previously we used the baboon, a well-characterized 
model for atherosclerosis ( 2, 12 ), to identify a cluster of 
QTLs on chromosome (chr) 11 (homolog of human chr 
12, localized at genomic region, 12q13.13-q14.1) that en-
codes variation in multiple quantitative traits related to 
serum LDL-C ( 13 ). In a pedigreed baboon population 
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baboons (low LDL-C, n = 3; high LDL-C, n = 3) were chal-
lenged with a high-cholesterol, high-fat (HCHF) diet for 
seven weeks. Biopsies were collected from liver, the pri-
mary organ for lipid metabolism, before and after the diet 
challenge. We performed whole-genome expression pro-
fi ling to identify pathways and genes encoded within the 
QTL interval responsive to HCHF diet. Gene expression 
profi les that differed between baseline and HCHF diets 
and were discordant between low and high LDL-C ba-
boons were considered candidates encoding LDL-C phe-
notypic variation. To further prioritize the candidate genes, 
we integrated expression profi les of genes discordant 
between low and high LDL-C baboons with miRNA expres-
sion profi les. Genes and miRNAs were integrated based on 
miRNA target sites located in the gene and inverse expres-
sion between the miRNA and targeted gene. Differential 
expression of prioritized candidate genes was validated by 
QRT-PCR and Western blot. We identifi ed four candidate 
genes that infl uence variation in LDL-C levels. All four genes 
are involved in regulation of protein kinase B  � /glycogen 
synthetase 3- �  ( AKT1 / GSK3 �  ) and activin A receptor/
mothers against decapentaplegic ( ACVR / SMAD ) signal-
ing pathways. In addition, the identifi ed miRNA targets 

(n = 2,044), we phenotyped individuals for LDL-C serum 
concentrations and genotyped the baboons for microsatel-
lite markers (n = 287) localized in a baboon genome link-
age map ( 14 ). We performed genome scans and identifi ed 
a QTL on chr 11 for LDL-C serum concentration. Using 
additional markers and LDL-C traits, we identifi ed addi-
tional QTLs for multiple LDL-C related traits overlapping 
the LDL-C serum concentration QTL (  Fig. 1  ).  The identi-
fi cation of a chr 11 cluster of QTLs lead us to posit that a 
pleiotropic gene(s), discordantly expressed between low 
and high LDL-C responders, is responsible for variation in 
LDL-C serum concentration and that this gene(s) plays a 
role in lipid metabolism. 

 The goal of this study was to identify candidate genes 
encoding variation in the chr 11 LDL-C serum concentra-
tion QTL. To augment detection of genetic variation in-
fl uencing variation in LDL-C levels, we selected three pairs 
of half-sib baboons discordant for LDL-C serum concen-
trations and discordant for genotypes of markers within 
the QTL. That is, we selected related animals at extremes 
of a population of LDL-C measures in order to minimize 
overall genetic variation and maximize variation in the re-
gion of the genome encoding the QTL. The discordant 

  Fig.   1.  Cluster of QTLs for multiple LDL-C traits on baboon chr 11, the ortholog of human chr 12q13.13-
q14.1. The lower  x  axis denotes the chromosome in centmorgans (cM), and the upper  x  axis shows the order 
and location of microsatellite markers in the baboon genome ( 14 ). The LOD are shown on the  y  axis. Lines 
in the legend represent peaks of detected QTLs for each LDL-C trait. The box indicates the 2-LOD drop 
interval for the predominant QTL (Lmed-C). This fi gure has been modifi ed from Ref.  13 .   
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Approximately 20–30 mg of frozen liver was cut on an aluminum 
plate on dry ice and homogenized in 1ml Trizol Reagent using a 
PowerGen 125 Homogenizer (Thermal Scientifi c, Pittsburgh, 
PA). Genomic DNA in the sample was sheared by passing the 
homogenate three times through a 22 gauge needle attached to 
a 1 ml syringe. The homogenized samples were incubated for 
5 min at 25°C. Chloroform (200  � l) was added to resulting lysate, 
shaken vigorously by hand for 15 s, and incubated at room tem-
perature for 3 min. Samples were then centrifuged at 14,000  g  for 
10 min at 4°C. The upper aqueous phase containing RNA was 
carefully aspirated and transferred to a cleaning column from an 
RNeasy MinElute Kit (Qiagen Valencia, CA). RNA was precipi-
tated and stored at  � 80°C. 

 Whole-genome expression profi ling 
 cRNA was synthesized and biotin labeled using Illumina Total-

Prep RNA Amplifi cation Kit (Ambion Inc., Austin, TX) accord-
ing to manufacturer’s instructions. Briefl y, total RNA was used 
for fi rst- and second-strand cDNA synthesis followed by in vitro 
transcription to synthesize biotin-labeled cRNA. cRNA was qual-
ity checked and then hybridized to Human Genome-6 BeadChips 
(Illumina Inc., San Diego, CA). Individual cRNA samples were 
used to interrogate each BeadChip (LDL-C low responders, n = 3; 
LDL-C high responders, n = 3; for chow and HCHF diets). Gene 
expression was detected and cleaned using GenomeStudio soft-
ware (Illumina Inc.) and fi ltered using quality score (>0.95). 
Array data from each sample were all-median normalized and 
log 2  transformed. Box plots were inspected to ensure that the 
median for each group was zero and variance among groups was 
similar. Statistical analyses of array data were performed by  t -test 
using GeneSifter software (GeneSifter.Net, VizX Labs, Seattle, WA) 
for pairwise comparisons. 

 Pathway analysis 
 Array data for differently expressed genes were overlaid onto 

Gene Ontological (GO) pathways (http://www.geneontology.
org/8) and KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathways (www.genome.jp/kegg.org9) using GeneSifter. Path-
ways were considered signifi cantly different between groups if 
the z-score for that pathway was greater than 2. Z-scores were cal-
culated in GeneSifter using the formula: z-score = [r � n(R/N)]/
[ √ ((n(R/N))(1 � R/N)(1 � ((n � 1)/(N � 1)))], where R = total 
number of genes meeting selection criteria, N = total number of 
genes measured, r = number of genes meeting selection criteria 
with specifi ed GO term, and n = total number of genes measured 
with specifi c GO term. 

 Network analysis 
 Network analysis was performed using Ingenuity Pathway 

Analysis (IPA; Ingenuity Systems, Redwood City, CA) by incor-
porating differentially expressed genes ( P  < 0.05) from each 
pairwise comparison. Networks were built using the IPA knowl-
edgebase, using expression profi les from this dataset and LDL-C 
miRNA expression profi les ( 19 ) and requiring direct connections 
between molecules based on experimental evidence. Network sig-
nifi cance was calculated in IPA using Fisher exact  t -test. 

 Validation of gene expression for targeted genes 
 mRNA expression levels of candidate genes were quantifi ed 

using Taqman probes (Applied Biosystems). We optimized cDNA 
concentrations for QRT-PCR by titrating a range of RNA con-
centrations from a pool of representative RNAs for the low and 
high LDL-C responder baboons. After optimization, individ-
ual cDNAs were synthesized and expression was determined by 
QRT-PCR using AB7900 Real-Time PCR System. We quantifi ed 

provide bases for identifi cation of miRNA-related func-
tional mechanism underlying baboon LDL-C variation in 
future studies. 

 METHODS 

 Baboons and blood samples 
 Samples from 951 pedigreed baboons were previously ana-

lyzed to identify LDL-C QTLs. These animals had been geno-
typed ( 14, 15 ) and are organized into 11 three- to four-generation 
pedigrees that have a rich diversity of relative pairs. On the basis 
of phenotypic and genotypic analysis of the pedigreed baboon 
population, three pairs of half-sib baboons with contrasting phe-
notypes for LDL-C were chosen for this study. Each pair differed 
by at least two standard deviations for LDL-C serum concentra-
tions. In addition, members of each selected sibling pair were 
discordant for at least one marker loci within the chromosomal 
region of interest ( 16 ). By applying this study design strategy, we 
augmented the detection of genes infl uencing LDL-C variation 
by minimizing genetic background. 

 For collection of serum samples, baboons were immobilized 
with ketamine, blood was taken from the femoral artery and se-
rum was prepared by low-speed centrifugation. Samples were fro-
zen at  � 80°C until use. Animals were maintained at Southwest 
National Primate Research Center (SNPRC) of the Texas Bio-
medical Research Institute (Texas Biomed), a facility accredited 
by the Association for Assessment and Accreditation of Labora-
tory Animal Care International. The Institutional Animal Care 
and Use Committee approved all experimental procedures. 

 Measurement of lipid and lipoprotein traits 
 Lipid and lipoprotein traits were measured as described 

( 13, 17, 18 ). 

 Diet challenge and tissue collection 
 Baboons were maintained on a commercial monkey chow diet 

(basal diet; Teklad). Baboons were fed a HCHF (i.e., 40% of calo-
ries from lard, 1.7 mg/kcal from cholesterol) diet for seven 
weeks. Biopsies were collected from the left lobe of the liver us-
ing Temno Evolution Needle, gauge 14 (CareFusion, San Diego, 
CA) before and at the end of the seven-week HCHF diet. For liver 
biopsy collection, baboons were sedated with ketamine (10 mg/kg), 
given atropine (0.025 mg/kg), and intubated. Anesthesia was 
induced and maintained with isofl urane (1–2%). Blood pressure 
was measured by automated arm cuff (Coulin), and oxygen satu-
ration, heart, and respiration rates were monitored by pulse 
oximetry. During postbiopsy recovery, analgesia was provided in 
the form of Stadol (0.15 mg/kg twice daily for three days) and 
ampicillin (25 mg/day for ten days). Liver biopsies were quick 
frozen in liquid nitrogen at the time of collection and stored at 
 � 80°C for later RNA extractions. 

 All animal surgical procedures were conducted by staff veteri-
narians at SNPRC in conformity with the Public Health Service 
Policy on Humane Care and Use of Laboratory Animals, and con-
ducted in facilities approved by the Association for Assessment 
and Accreditation of Laboratory Animal Care International. The 
Texas Biomed Institutional Animal Care and Use Committee ap-
proved all procedures. 

 RNA isolation from liver 
 RNA was isolated from liver tissue using Trizol Reagent (Ambion 

Inc., Austin, TX) according to the manufacturer’s instructions. 
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 miRNA-mRNA integration to prioritize candidate genes 
 Previously we reported miRNAs expressed in low and high 

LDL-C livers that were identifi ed using a high-throughput se-
quencing approach ( 19 ). To prioritize LDL-C QTL candidate 
genes, we used the MiRNA Targets Filter tool embedded in IPA 
to integrate the 28 differentially expressed hepatic miRNAs in re-
sponse to the HCHF diet with the expression profi les of the seven 
LDL-C QTL candidate genes to identify miRNA targets with expres-
sion profi les that are negatively correlated with miRNA expression. 

 RESULTS 

 LDL-C serum concentrations for baboon panel 
 The mean ± SD LDL-C serum concentrations for the 

low and high LDL-C responders, before and at the end of 
the seven-week diet challenge, are shown in   Table 1  .  

 Whole-genome expression profi ling 
 For low LDL responders, we detected 9,904 genes. Of 

these genes, 83 were upregulated and 87 were downregu-
lated in response to the HCHF diet challenge. Pathway 
analysis revealed 61 biological pathways that were upregu-
lated and 59 downregulated in response to the HCHF diet 
challenge. Upregulated pathways included lysine biosyn-
thesis, ether lipid metabolism, and bile acid biosynthesis. 
Downregulated pathways included valine, leucine, and iso-
leucine biosynthesis; starch and sucrose metabolism; circa-
dian rhythm; basal transcription factors; and citrate cycle 
(TCA cycle) (supplementary Table I). For high LDL-C re-
sponders, we detected 9,992 genes. Of these genes, 96 
were upregulated and 117 were downregulated in response 
to the HCHF diet challenge. Pathway analysis revealed that 
an equal number of biological pathways (n = 16) were up-
regulated or downregulated in response to the HCHF diet 
challenge. Upregulated pathways included basal transcrip-
tion factors, bile acid biosynthesis, notch signaling, and 
glycerolipid metabolism. Downregulated pathways included 
ribosome, glycolysis/gluconeogenesis, and urea cycle and 
metabolism of amino groups (supplementary Table II). 
Overall, a greater number of genes (N = 213) were differen-
tially expressed in the livers of high LDL-C responders in 
response to the HCHF diet challenge compared with livers 
of low LDL-C responders (N = 170) ( �  2  test,  P  = 0.04). 

 Expression of genes in the QTL 2-LOD 
support interval 

 We identifi ed candidate genes encoding LDL-C concen-
tration QTL in baboons. The 2-LOD support interval of the 
QTL includes 229 genes. Among these genes, 117 passed 
quality fi lter for expression in our LDL-C discordant 

mRNA according to manufacturer’s instructions. In brief, total 
RNA (200 ng) was reverse transcribed in a 10  � l reaction using 
a SuperScript III Kit (Invitrogen). For real-time PCR, target 
cDNA, gene-specifi c primers, and 1X TaqMan Universal PCR 
master mix (Applied Biosystems) were employed. 18S rRNA 
(Hs99999901_s1) was quantifi ed as an endogenous control. Ex-
pression abundance was quantifi ed for v-erb-b2 erythroblastic 
leukemia viral oncogene homolog 3, also known as epidermal 
growth factor receptor 3  (ERBB3 ; Applied Biosystems catalog 
number Hs00951456_g1), calcium binding and coiled-coil do-
main 1 ( CALCOCO1;  Hs01548317_m1), and tensin-like C1 domain 
containing phosphatase  (TENC1;  Hs00539259_g1). All samples 
were assayed in triplicate. The relative expression of each gene 
was determined using the formula  �  � Ct by subtracting the  � Ct 
of the calibrator (optimized pool of RNA from low and high 
LDL-C) from  � Ct of target gene. Fold difference was calculated 
using the expression 2  �  �  � Ct . 

 Protein quantifi cation 
 Cell lysate was prepared by homogenizing 1–3 mg of frozen 

liver tissue in a Biomasher microhomogenizer (ISC Bio Express, 
UT) in ice-cold RIPA lysis buffer (12.5 mM Tris-HCl at pH 7.6, 
0.5% Np-40, 0.5% sodium deoxycholic acid, 0.1% sodium dode-
cylsulfate, 75 mM sodium chloride). RIPA buffer contained 1X 
Halt protease inhibitor cocktail (Thermal Scientifi c). Cell debris 
was removed by centrifugation at 15, 000  g  for 20 s at 4°C. Super-
natants were assayed for total protein concentration by Bio-Rad 
protein assay and diluted to a working concentration (3  � g/ � l) 
using the lysing buffer. 

 Protein analysis was performed using SDS-PAGE and Western 
blot. After boiling for 5 min at 95°C in 1× SDS sample buffer (50 mM 
Tris-HCl at pH 6.8, 12.5% glycerol, 1% SDS, 0.01% bromophenol 
blue) containing 5%  � -mercaptoethanol, the lysates (18  � g) were 
run in 10% polyacrylamide gel under reducing conditions and 
then transferred onto PVDF membrane (Bio-Rad Systems, Her-
cules, CA) overnight at 4°C. The membrane was washed with 
double distilled water three times for 5 min each, and then incu-
bated with a StartingBlock blocking buffer (Thermal Scientifi c) 
for 20 min at room temperature. Subsequently, the membrane 
was incubated with TENC1, ERBB3, DGKA, or ACVR1B primary 
antibodies or  � -actin (control) in blocking solution overnight at 
4°C. After washing three times with 1× TBST buffer (20 mM Tris, 
500 mM NaCl at pH 7.5, 0.05% Tween 20) for 10 min each, the 
membrane was incubated with goat anti-rabbit secondary anti-
body for 90 min at room temperature. The membrane was 
washed three times with TBST and three times with 1× TBS buf-
fer (20 mM Tris, 500 mM NaCl at pH 7.5) for 5 min each and the 
bound antibody visualized using ECL Plus Western Blotting De-
tection reagents (GE Healthcare, Buckinghamshire, UK). Poly-
clonal antibodies were obtained from the following sources: 
anti-TENC1 from Dr. Hafi zi, University of Portsmouth, United 
Kingdom, and Abcam (ab96381), Cambridge, MA; anti-ERBB3 
(c-17:sc-285),  � -actin (sc-130659), and secondary rabbit poly-
clonal antibody containing HRP conjugate (sc-2004) from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA); anti-ACVR1B 
(AF1477) from Bio-Rad Systems; anti-DGKA (H00001606-B01P) 
from Abnova (Taiwan); anti-CALCOCOL1 (ab-70564) from Ab-
cam. The membrane was scanned using Storm 480 (GE Health-
care, Waukesha, WI) and membrane-bound proteins were 
quantifi ed by ImageQuant TL v2003.02 (Amersham Biosci-
ences, UK) following the manufacturer’s instructions. Intensity 
scores for the protein bands of interest were normalized using 
 � -actin intensity scores, and mean ± SD was calculated for 
each treatment group. Signifi cance was tested by Student  t -test 
( P   �  0.05). 

 TABLE 1. Low and high LDL-C responders’ serum LDL-C values for 
chow and HCHF diets 

Serum LDL-C Value 
on Chow Diet

Serum LDL-C Value 
on HCHF Diet

Low LDL-C responders 19.3 (8.1) 31.3 (2.5)
High LDL-C responders 43.7 (15.0) 114.3 (19.5)

Standard deviations are indicated in parenthesis.
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in high LDL-C responders (  Fig. 4  ).  Baboon ACVR1B, DGKA, 
CALCOCO1, and ERBB3 proteins were not detected using 
commercially available antibodies. 

 Candidate genes and pathways 
  ERBB3 ,  DGKA ,  TENC1 , and  ACVR1B  are involved in 

 AKT1 / GSK3 �   and  ACVR / SMAD  pathways, respectively 
(  Fig. 5  ).  

 DISCUSSION 

 Previously we reported a cluster of multiple LDL-C-re-
lated QTLs on baboon chr 11, including one QTL infl u-
encing variation in LDL-C serum concentration (LOD = 
12) ( 13 ). In the human genome, 229 genes are encoded 
within the homologous baboon 2-LOD support interval 
for the LDL-C concentration QTL (UCSC Genome 
Browser, Feb. 2009  , GRCH37/hg19). In this study, we used 
hepatic whole-genome expression profi ling of half-sib ba-
boons discordant for serum LDL-C and genotypes of mark-
ers within baboon chr 11 LDL-C concentration QTL to 
discover candidate genes encoding the LDL-C serum con-
centration QTL. This approach augmented detection of 
genes infl uencing LDL-C variation by maximizing genetic 
differences in the QTL interval and minimizing genetic 
background. 

 We identifi ed 9,945 genes expressed in the baboon liver 
transcriptome. Among these genes, 146 were differentially 
expressed in low LDL-C baboons in response to the HCHF 
diet and 213 were differentially expressed in high LDL-C 
baboons in response to the HCHF diet. The signifi cant dif-
ference in number of diet-responsive genes in low LDL-C 
responders compared with high LDL-C responders sug-
gests that different molecular mechanisms underlie the 
HCHF response between the two phenotypes. 

 We hypothesized that the candidate gene(s) encoding 
the LDL-C concentration QTL would be discordantly ex-
pressed between low and high LDL-C responders. Within 
the 2-LOD support interval of the LDL-C QTL, 117 of the 
229 genes were expressed, of which 9 were differentially 
expressed in response to HCHF diet in at least one of the 
two LDL-C responder groups. Seven of the 9 genes were 

baboons. Three genes were differentially expressed ( P   �  
0.05) in response to HCHF diet in low LDL-C baboons, while 
8 genes were differentially expressed in response to HCHF 
diet in high LDL-C responders (  Table 2  ).  Two genes, kera-
tin 80 ( KRT80 ) and glutaminase 2 ( GLS2 ), were upregu-
lated in both low and high LDL-C responders; while 7 genes, 
including activin A receptor, type IB ( ACVR1B) , diacylglyc-
erol kinase  �  ( DGKA ), keratin 73 ( KRT73 ), myosin light 
chain 6B ( MYL6B ),  TENC1 ,  CALCOCO1 , and  ERBB3 , showed 
a differential response to the HCHF diet between low and 
high LDL-C responders ( Table 2 ). 

 miRNA prioritization of candidate genes 
 To further prioritize the seven discordant candidate 

genes, we identifi ed those targeted by at least one miRNA 
that exhibited differential response to HCHF in low and 
high LDL-C baboons ( 19 ) and that showed inverse expres-
sion between the miRNA and targeted gene. Differential 
expression of these genes and the corresponding target-
ing miRNAs are shown in   Table 3  .  For example,  TENC1 , 
which is upregulated in response to HCHF diet in low 
LDL-C baboon livers, is targeted by miR-34 family that 
is downregulated in response to the diet challenge. A 
miRNA-mRNA interaction module for high LDL-C ba-
boon responders is shown in   Fig. 2  .   ERBB3  and  ACVR1B , 
which are upregulated in response to HCHF diet in high 
LDL-C baboon livers, are targeted by two or more miRNAs 
that are downregulated in response to the diet challenge. 
The miR-17 family, which is downregulated by 410-fold in 
response to the diet challenge, is predicted to target both 
 ACVR1B  and  ERBB3 . 

 Validation of gene expression by QRT-PCR 
 Gene array expression was confi rmed by QRT-PCR 

(  Fig. 3  ).   TENC1  was upregulated in low LDL-C responders 
in response to the HCHF diet ( P  < 0.05) with no change in 
high LDL-C responders.  CALCOCO1  and  ERBB3  were up-
regulated in high LDL-C responders ( P  < 0.05) with no 
change in low LDL-C responders. 

 Quantifi cation of protein expression 
 TENC1 protein expression was upregulated in low 

LDL-C responders in response to the HCHF diet but not 

 TABLE 2. Expression change in response to diet for nine chr 11 QTL candidate genes in low and 
high LDL-C responders 

Direction of Change of Gene Expression

Gene Physical location (Mb) [Feb. 2009 (GRCh37/hg 19)] Low LDL-C liver High LDL-C liver

 ACVR1B 52.3  — ▼
 KRT80 52.5 � �
 KRT73 53.0  — ▼
 TENC1 53.4 �  — 
 CALCOCO1 54.1  — �
 DGKA 56.3  — �
 ERBB3 56.4  — ▼
 MYL6B 56.5  — ▼
 GLS2 56.8 � �

� (triangle up fi lled) indicates upregulation, ▼ (triangle down fi lled) indicates downregulation, and — 
indicates no detectable change in gene expression.
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expression. Dysregulation of miRNAs has been shown to 
result in diseases, including cancer and atherosclerosis 
( 25, 26 ). Thus, we reasoned that candidate genes tar-
geted by differentially expressed miRNAs in response to 
the diet challenge might be vital in providing insights on 
miRNA-related mechanisms infl uencing dyslipidemia in 
baboons. Therefore, we prioritized the LDL-C QTL can-
didate genes by identifying those with an miRNA target 
site in which the miRNAs also exhibited differential re-
sponse to HCHF diet in low and high LDL-C responders. 
Furthermore, we required inverse expression profi les be-
tween gene expression and miRNA expression. Using 
this strategy, we narrowed the number of candidate genes 
encoding the LDL-C concentration QTL from 229 to 4 
genes:  TENC1 ,  ERBB3 ,  DGKA , and  ACVR1B . We validated 
candidate gene expression using QRT-PCR. Further, we 
validated expression of candidate proteins using Western 

discordant between low and high LDL-C responders and 
therefore were candidates encoding the LDL-C concentra-
tion QTL. Notably, Sp1 transcription factor ( SP1 ), apoli-
poprotein F ( APOF ), sterol  O -acyltransferase 2 ( SOAT2 ), 
and LDL receptor-related protein 1 ( LRP1 ), implicated in 
lipoprotein metabolism ( 20–24 ), were not differentially 
expressed in response to the HCHF diet challenge in our 
study. Our fi ndings suggest we have identifi ed novel candi-
date genes involved in lipid metabolism-related pathways. 
Moreover, the identifi cation of multiple related LDL-C 
trait QTLs overlapping the LDL-C concentration QTL 
suggests that candidate genes underlying LDL-C concen-
tration may be pleiotropic and play a role in networks re-
lated to lipid metabolism. 

 We further hypothesized that the candidate genes were 
regulated by miRNAs. miRNAs are small, endogenous, 
noncoding RNAs that posttranscriptionally regulate gene 

 TABLE 3. Candidate genes and targeting miRNAs: differential expression in response to HCHF diet 

Candidate Gene Fold Change  P 
Differentially Expressed Liver 

miRNA Targeting Candidate Gene Fold Change   a    P    a   

 TENC1   1.40 0.04 miR-34b  � 1.10 0.00
miR-377  � 1.58 0.04

 ACVR1B 1.67 0.04 miR-34b  � 1.10 0.00
miR-93  � 410.71 0.00
miR-326  � 5.39 0.03

 DGKA 1.28 0.004 miR-200b  � 47.67 0.01
 ERBB3 1.30 0.01 miR-125b  � 17.28 0.01

miR-19b  � 7.79 0.02
   miR-93  � 410.71 0.00

  a   Taken from Ref.  48 .

  Fig.   2.  miRNA-mRNA interaction module in high-LDL-C responder baboons. Shown are candidate genes 
and miRNAs differentially expressed in response to HCHF diet challenge. Genes and miRNAs are repre-
sented as nodes. Red nodes indicate upregulated genes, and green nodes denote downregulated miRNAs. 
The intensity of the color indicates the degree of differential expression. Numerals below each colored node 
represent expression fold-change and  P -values. The molecular relationship between nodes is represented as 
a line (edge); arrows indicate the direction of interaction.   
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rylation, respectively, regulates the pathway. For the high 
LDL-C responder baboons,  DGKA  and  ERRB3  were up-
regulated in response to HCHF diet, with no signifi cant 
change in expression of  TENC1 . Previous studies indicate 
that stimulation of Src tyrosine kinase receptor by growth 
factors infl uences receptor binding to  DGKA , which phos-
phorylates DG lipid molecule to yield PIP2 ( 37 ). To gen-
erate  AKT1  substrate, PIP3, an  ERBB3  receptor, upon 
stimulation by an epidermal growth factor recruits and 
forms a heteromeric complex with ERBB2, which pos-
sesses intrinsic kinase activity ( 38 ). The complex binds 
and activates phosphoinositide 3-kinase ( PI3K ), which 
phosphorylates and converts PIP2 to PIP3. PIP3 activates 
 AKT1 , which phosphorylates and inactivates  GSK3 �   ( 39 ). 
Inactivated  GSK3 �   promotes stability and enhances tran-
scription activity of primarily  SREBF2  and lipid production 
( 36, 40 ).  SREBF2  is a transcription factor that activates 
expression of genes involved in lipid and cholesterol syn-
thesis ( 41 ).  GSK3 �   inhibits  SREBF  activity by phosphory-
lation, triggering targeted ubiquitination and proteosomal 
degradation ( 42 ). In contrast,  TENC1  phosphotase, up-
regulated in low LDL-C baboon responders, dephospho-
rylates PIP3 to PIP2, inhibiting  AKT1  activation ( 43 ). 
Consequently, the ability of  GSK3 �   to inhibit  SREBF  tran-
scription activity is enhanced, and the result is reduced 

blot and observed that TENC1 expression is in concor-
dance with mRNA levels. The baboon TENC1 protein 
localized to approximately 148 kDa on PVDF membrane, 
similar to the human isoform_1 or isoform_2 protein 
( 27 ). TENC1 isoforms 1 and 2 have been shown to in-
hibit cell migration ( 28, 29 ). We were not successful in 
detecting baboon ERBB3, CALCOCOL1, DGKA, or 
ACVR1B proteins, probably due to sequence differences 
between baboon and commercially targeted human 
epitopes. 

 The resulting miRNA-mRNA interaction module from 
high LDL-C responders indicates that a single miRNA 
regulates more than one candidate gene and, conversely, 
that a single gene is targeted by more than one miRNA. 
For example, the miR-125, miR-19, and miR-17 families 
are predicated to target  ERBB3 , and the miR-17 and miR-
326 families regulate  ACVR1B . This observation is consis-
tent with previous fi ndings ( 30, 31 ) and suggests that 
these miRNAs are master coordinators of the cellular 
processes infl uenced by the candidate genes. Most of the 
miRNAs in the module have been implicated in cell 
proliferation-related diseases, such as cancer and chemore-
sistance. For example, miR-17 is associated with retino-
blastoma ( 32 ) and miR-125 and miR-19 with cancer 
chemoresistance ( 33, 34 ). To our knowledge, there are 
no previous publications that implicate these miRNAs in 
dyslipidemia, suggesting novel targets for therapeutic 
intervention. 

 Although a few genes have previously been associated 
with LDL-C variation, it is plausible that well-coordinated 
signaling pathways regulate dyslipidemia. The four priori-
tized candidate genes in our study play central roles in 
 AKT1 / GSK3 �   and  ACVR / SMAD  pathways. These pathways 
infl uence key cell biological processes, including cell 
growth and proliferation, cholesterol homeostasis, and in-
fl ammation. Further, deregulation of these pathways is as-
sociated with complex diseases, including various types of 
cancers ( 35, 36 ). 

 For the  AKT1 / GSK3 �   pathway, key molecules include 
three candidate genes ( TENC1 ,  ERBB3 ,  DGKA ). The 
switching of the phosphatidylinositol biphosphate ( PIP2 ) 
lipid molecule to phosphatidylinositol triphosphate ( PIP3 ) 
and vice versa through phosphorylation and dephospho-

  Fig.   4.  Quantifi cation   of TENC1 protein expressed in response 
to HCHF diet in low and high LDL-C baboon livers. The  y  axis de-
notes protein expression normalized to  � -actin; bars represent 
standard errors. * P   �  0.05.   

  Fig.   3.  Validation of gene expression in response 
to HCHF diet. The  x  axis shows gene IDs, and the 
 y  axis denotes gene expression normalized to 18S 
rRNA. Bars represent standard errors. * P   �  0.05.   
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 CONCLUSIONS 

 Using whole-genome expression profi ling, QRT-PCR 
and Western blots for expression profi le validation, and 
integration of miRNA and mRNA expression profi les, we 
identifi ed four candidate genes encoding an LDL-C con-
centration QTL on baboon chr 11 that may regulate lipid 
metabolism via the  AKT1 / GSK3 �   and  ACVR / SMAD  path-
ways. Discordant expression between low and high LDL ani-
mals with inverse expression profi les of miRNAs targeting 
these candidate genes supports their role in LDL-C metabo-
lism. Of the four candidate genes identifi ed in this study, 
none are reportedly associated with lipid metabolism, sug-
gesting these are novel genes involved in lipid metabolism-
related pathways. Taken together, our results suggest that 
the chr 11 QTL for LDL-C concentration is encoded by 
multiple genes and that miRNAs regulate these genes. 
miRNA-mRNA interaction studies are required to validate 
the network modules. By deciphering the miRNA-mRNA in-
teractions and the mechanisms by which the HCHF diet 
regulate these miRNAs and mRNAs, we will gain new insights 
into dyslipidemia. The interconnectedness of the candidate 
genes underlines potential molecular genetic complexities 
leading to dyslipidemia and atherosclerosis and suggests 
that a systems biology approach will be required for disease 
intervention. For example, alleviation of LDL-C levels may 
demand control of various checkpoints in the  AKT1 / GSK3 �   
and  ACVR/SMAD  pathways, including increasing  TENC1  
and  GSK3 �   proteins and inactivation of  ERBB3  and  DGKA . 
Emerging evidence indicates that biological processes lead-
ing to distinct complex diseases are interlinked; thus, 

lipid production and low serum LDL-C levels. The in-
volvement of  TENC1  and  ERBB3  in the  AKT1/GSK3 �   
pathway appears to be agonistic, which is consistent with 
their discordant expression in low and high LDL-C 
baboons. 

 For the  ACVR / SMAD  pathway, activin is a key stimula-
tor of signal transduction through type I and II activin 
receptors.  ACVR1B  (type I receptor) was upregulated in 
response to diet challenge in high LDL-C responders, 
whereas there was no signifi cant expression change in 
low LDL-C animals. Evidence indicates that dietary cho-
lesterol induces hepatic infl ammation ( 44 ), and our study 
suggests that the  ACVR / SMAD  pathway could be involved 
and modulated by  ACVR1B  to trigger an anti-infl amma-
tory response.  ACVR1B  lacks an active tyrosine kinase do-
main; thus, when bound by activin, the receptor recruits 
type II activin receptor to activate  SMAD 2/3 complex, 
which interacts with  SMAD4  to regulate transcription 
activity of  CTNNB1  ( � -catennin), a coactivator for TCF/
LEP transcription factors that control expression of in-
terleukin cytokines and cell-cycle control genes, such as 
CDK activators and inhibitors ( 45 ). Thus, the  ACVR / SMAD  
pathway may infl uence a plethora of biological processes 
depending on cell type and context.  ACVR1B  is a mem-
ber of the transforming growth factor- �  receptor ( TGFR ) 
family of receptors that are master regulators of infl am-
mation, cell proliferation, and differentiation ( 46 ). More-
over, both  ACVR1B  and  TGFR  are transducers of  ACVR /
 SMAD  pathway and are anti-inflammatory, which ex-
plains the alleviation of  TGFR  in atherosclerosis patients 
( 45, 47 ). 

  Fig.   5.  Schematic representation of  AKT1/GSK-3 �   and  ACVR1B/ SMAD signaling pathways regulation in response to HCHF diet. Major 
genes in the pathways are shown. Red boxes represent candidate genes in the LDL-C QTL interval.  RTK , receptor tyrosine kinase;  TENC1 , 
tensin-like C1 domain containing phosphatase;  DGKA , diacylglycerol kinase  � ; DG, diacylglycerol;  ERBB2/3 , epidermal growth factor recep-
tor 2/3;  PIP2/3 , phosphatidylinositol bi/triphosphate; PI3K, phosphoinositide 3-kinase;  AKT1 , protein kinase B  � ;  GSK3 �  , glycogen syn-
thase kinase 3- � ;  ACVR1B/2B , activin A receptor, type IB/IIB;  SMAD , mothers against decapentaplegic;  CTNNB1 ,   �  -catennin;  TCF/LEF , 
T-cell-specifi c/lymphoid enhancer factor;  CDKN2A , cyclin-dependent kinase inhibitor 2A;  SREBP2 , sterol regulatory element-binding tran-
scription factor 2. Red arrows indicate gene expression response to the HCHF diet in low LDL-C   responders, and green arrows indicate 
gene expression response to the HCHF diet in high LDL-C responders.   
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